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  Pref ace   

 Nanotechnology is an integral part of our reality. One can hardly imagine modern 
life without nanomaterials, which can be found in diverse spheres of human activi-
ties ranging from food production and conservation, medicine and biotechnology, to 
computers, telecommunications, transport, and space exploration. 

 Unfortunately, all this comes at a cost. As any other chemical process, the pro-
duction of nanomaterials inevitably contributes to environmental contamination. 
Given the constantly growing rate of nanomaterial production, the related environ-
mental issues become more and more obvious and pressing and thus urge for radical 
solutions. The present book represents a joint effort of a number of authors to sum-
marize recent advances in the green chemistry of nanomaterials and related areas. 
In particular, the chapters touch upon such aspects as environmentally friendly 
chemical synthesis and functionalization of different types of nanoparticles, from 
simple inorganic (e.g., metal, metal oxides, carbon nanotubes, and nanodiamond) to 
organic dendrimers and biomimetic nanomaterials; the use of biological synthesis 
as an alternative to traditional chemical synthesis of nanoparticles; properties 
(including catalytical, toxicity, and antibacterial) and applications of nanomaterials 
obtained via green routes in catalysis, solar energy conversion, medicine, etc.; the 
use of theoretical approaches to generate important guidelines for designing and 
improving photovoltaic and photocatalytic devices for nanotechnologies; life cycle 
assessment of nanomaterials; and, fi nally, the economic contributions of nanotech-
nology to green and sustainable growth. 

 We are deeply grateful to all our contributors for their outstanding chapters, who 
not only accepted to contribute and to share their valuable experience in spite of 
their infi nite routine with numerous commitments (projects, reports, students, pre-
sentations, other chapters and papers, etc.), but,  most importantly , fulfi lled their 
promise and thus helped us to complete this book project in a timely manner. 

 We would also like to thank Merry Stuber, editorial assistant at Springer, who 
encouraged us to undertake editing of the present book; Prasad Gurunadham, the 
book project coordinator; Sharmila Kirouchenadassou, the project manager; and the 
entire Springer team involved into its publication, for their hard work, skillful han-
dling of related technical issues, support, and patience. 
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 Finally, we thank the reader, who noticed this book, read, and found it interesting 
and useful. We welcome any comments regarding its content and form of 
presentation.  

  Mexico-City, Mexico     Vladimir     A.     Basiuk     
      Elena     V.     Basiuk    
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    Chapter 1   
 Sustainable and Very-Low-Temperature 
Wet- Chemistry Routes for the Synthesis 
of Crystalline Inorganic Nanostructures 

             Silvia     Gross    

    Abstract     In this chapter, selected low (T < 200 °C)-temperature wet-chemistry 
routes for the synthesis of crystalline inorganic compounds are described and 
reviewed, outlining their main features and application fi elds. In particular, the cho-
sen approaches are hydro/solvothermal synthesis, template-assisted approaches, 
nucleation and growth in solution/suspension, microemulsion and miniemulsion. 
The described synthetic strategies have been selected since all of them, once opti-
mized the experimental set-up and conditions, comply with the paradigms of green 
chemistry, being based on low (or even room) temperature of processing, on low 
chemical consumption (they are all bottom-up approach), in many cases having water 
as solvent or dispersing medium. In this regard, environmentally friendly methodolo-
gies for the controlled synthesis of inorganic nanostructures represent a stimulating 
research playground, since the use of environmentally friendly, green, cost-effective 
and technically sound approaches to inorganic crystalline nanostructures does not 
necessarily imply to sacrifi ce the sample crystallinity, purity, and monodispersity.  

  Keywords     Wet-chemistry   •   Colloids   •   Crystalline   •   Inorganic compounds   •   Low 
temperature   •   Room temperature   •   Colloidal routes  

1.1         Introduction 

 The concepts of green chemistry are currently entailing all the fi elds of chemistry 
and particularly inorganic chemistry represents an exciting playground for the 
design and optimisation of green chemistry-inspired routes. Green chemistry, 
defi ned as “the utilization of a set of principles that reduces or eliminates the use or 
generation of hazardous substances in the design, manufacture, and application of 

        S.   Gross      (*) 
  Istituto per l’Energetica e le Interfasi, IENI-CNR, Dipartimento di Scienze Chimiche , 
 Consiglio Nationale delle Richerche (CNR), Università degli Studi di Padova and INSTM , 
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chemical products” [    1 ] is an already established and widened concept in the fi eld of 
preparative chemistry, its extension to inorganic chemistry being one of the most 
bewitching developments. Environmentally friendly methodologies for the con-
trolled synthesis of inorganic nanostructures are a noticeably stimulating research 
fi eld since this encompasses not only the control of the fi nal composition but also, 
and more importantly, a fi ne-tuning of the obtained materials in terms of crystallin-
ity (crystalline phase, crystallite size), shape, morphology. 

 The control over size, shape, and morphology, combined with mild conditions of 
processing parameters (mainly in terms of temperature and pressure), are important 
conditions to be fulfi lled for sustainable and cost-effi cient production of functional 
inorganic materials. Further requirements to be met in order to chemically design 
and implement from the environmental, technical, and economical points of view 
sustainable synthesis routes are (1) reproducibility, (2) ease of processing, (3) use of 
safe, cost-effective, earth-abundant and common chemicals and solvents, (4) easy 
purifi cation steps, and (5) high yields. 

 As pointed out by Wong, Mao et al. [ 2 ] in one excellent review on the topic, the 
use of environmentally friendly, green, cost-effective and technically sound 
approaches to inorganic crystalline nanostructures does not necessarily imply to 
sacrifi ce the sample crystallinity, purity, and monodispersity. Furthermore, the huge 
application potential of functional inorganic nanomaterials in many fi elds can be 
realized only provided that large quantities of materials can be prepared with high 
reproducibility in terms of composition, size, shape, morphology by applying sus-
tainable and green procedures, involving (1) the lowest amount of toxic chemical 
and/or solvents, (2) low temperature and, last but not least, (3) easy-to-be- 
implemented and to-be-scaled-up safe procedures. 

 Several synthetic approaches to crystalline inorganic nanostructures, either 
metallic or binary (oxides, chalcogenides, halides) compounds, have been exten-
sively described in some books and excellent reviews [ 3 – 7 ]. In particular, the books 
of Caruso [ 8 ] and Schmid [ 9 ] provide a comprehensive collection of the main syn-
thetic approaches to colloids, colloids assemblies, and nanostructures, together with 
a thorough overview on their properties and applications. One of the mentioned 
reviews, the one by Dahl et al. [ 4 ] is particularly focused on “green approaches” to 
engineered nanomaterials, outlining the possibility to produce, in an environmen-
tally friendly approach, ligand-functionalized inorganic nanoparticles. In this 
regard, the use of novel dispersing phases such as ionic liquid and supercritical 
fl uids has also been reported. 

 In a further comprehensive review by Cushing et al. [ 3 ], the main advances in the 
liquid-based processing of inorganic materials, ranging from coprecipitation, to 
sol–gel process and Pechini method, to microemulsion to hydrothermal/solvother-
mal and from template synthesis to biomimetic-based routes have been extensively 
reviewed. Some of the above-mentioned approaches such as sol–gel or the Pechini 
method will, however, not be further discussed in this review, since they involve a 
fi nal annealing step at high temperatures. 

S. Gross
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 The present review chapter is instead devoted to provide a general overview, with 
no aim to be extensive and comprehensive, on the most important, technically rele-
vant, and sustainable wet-chemistry routes to inorganic materials. 

 Wet-chemical routes are preferred to solid-state ones for preparing inorganic 
crystalline materials since the liquid phase is more versatile with respect to the 
variation of structural, compositional, and morphological features of the resulting 
compound materials. Furthermore, the molecular homogeneity of the starting solu-
tion or the microscopic homogeneity of the suspensions typically used in colloidal- 
based methods is generally retained in the fi nal materials. At variance to that, an 
inherent limit of solid-state reactions is that there is no medium in which the reac-
tants are dissolved, therefore severely limiting the interaction between components. 
The reaction can only take place either at the interface between the two solid precur-
sors, or through migration of the reactants through a third phase; such processes are 
therefore usually relatively slow, can lead to nonhomogeneous fi nal products and/or 
require high energies and/or intermediate milling steps. Also from the environmen-
tal point of view, solid-state syntheses present several drawbacks, such as long pro-
cessing times and high energy consumption, determined by the high processing 
temperatures. The main advantage of these techniques is that they are relatively 
simple to implement and, once the protocol has been optimized, they proceed with-
out signifi cant intervention on part of the operator. Also, scaling-up of the protocols 
is generally quite straightforward [ 10 ]. 

 In conclusion, within the framework of nanostructures synthesis, liquid-phase 
synthetic routes are instead generally considered a more promising alternative to the 
ceramic method and ball milling [ 11 – 13 ] (mechanosynthesis) method, as these lat-
ter are rather crude and energy-consuming approaches, whereas liquid-phase syn-
thesis allow a fi ner and more direct control over the reaction pathways on a molecular 
level during the synthetic process itself. In this context, a fi rst distinction among 
wet-chemistry approaches can be performed between surfactant-assisted and 
surfactant- free approaches, the latter being characterized in some cases by the pres-
ence of coordinating organic solvents [ 14 ], which may play also the role of stabiliz-
ing agents. 

 In this chapter, the underlying idea is to focus on low temperature-based routes, 
being in this particular context “low” intended as lower than 200 °C, since this 
further constraint not only fulfi lls one of the paradigms of green chemistry but also 
enables unusual crystallization pathways to be explored. The other focal point of 
this chapter is the obtainment of “crystalline” inorganic nanomaterials since, as 
already outlined in a previous work by Muñoz-Espí et al. [ 15 ], crystallinity is in 
many case  conditio sine qua non  for the achievement of particular functional prop-
erties. It is worth to mention,  inter alia , luminescence as well as catalytic, 
 electronic, and magnetic properties. Also Liz-Marzan with coauthors has exten-
sively pointed out the role played by nanostructures shape, morphology, and pos-
sible anisotropy in dictating some relevant functional properties, typically optical 
ones [ 16 – 19 ]. 

1 Sustainable and Very-Low-Temperature Wet-Chemistry Routes for the Synthesis…
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 To accomplish an ordered growth of the targeted nanostructures, which is a man-
datory requirement to control also their structure and morphology at the upper 
(up to micrometers) length scales, is a fascinating and even challenging playground 
for the preparative inorganic chemist. In fact, the mastery of nanocrystal nucleation 
and growth represents a primary challenge in inorganic materials chemistry and the 
formation of an ordered array of atoms or molecules (i.e., the obtainment of a crys-
talline structure) is, as already outlined, in many cases a necessary requirement to 
afford enhanced functional properties [ 17 ]. Although the temperature can be set by 
the operator, to dictate the structural evolution of an inorganic systems toward the 
3D long-range periodical order characterizing crystalline materials is not straight-
forward. To better understand the pathways leading to crystallization in order to 
properly orientate the structurally controlled formation of the materials, in situ as 
well as temperature- and time resolved studies are always required [ 20 – 22 ]. 

 In this regard, the basic concept of achieving a fi ne control on the evolution of the 
resulting material over several length scales, up to fi nal crystalline phase, is the  fi le 
rouge  of many recently implemented low-temperature routes to inorganic colloids. 
Several authors have thorough investigated the effect of the different experimental 
parameters in directing and ruling the growth of the obtained nanostructures [ 23 ]. 

 This review chapter is aimed at providing a broad overview on the main features 
as well as on the  pros  and  cons  of the some selected routes for the low or even room 
temperature obtainment of targeted crystalline inorganic materials. 

 The chapter begins with the description of more classical wet-chemistry 
approaches to crystalline inorganic nanostructures, such as the hydrothermal one, 
and then review some of the most relevant colloidal-based approaches, with a spe-
cial focus on those affording crystallization of the desired nanostructures in con-
fi ned space, such as miniemulsion and microemulsion. The template-assisted 
synthesis of nanostructures is also concisely reviewed, as well as the classical col-
loidal methods based on the nucleation and growth of nanostructures from solu-
tions/suspensions, typically in presence of stabilizing ligands [ 3 ]. Although some 
examples are provided, the detailed discussion of the application of the described 
routes to the synthesis of different types of inorganic materials is out of the scope of 
the present contributions, aimed instead at providing a comprehensive, though gen-
eral, perspective. Nevertheless several bibliographic references are provided for 
interested readers. 

 As mentioned at the very beginning, being the topic of the chapter the low- 
temperature synthesis of inorganic nanosized materials, only those examples and 
routes involving the low-temperature solution- or suspension-based processing of 
materials will be reviewed and discussed. Moreover, due to the broadness of the 
topic, several references to tutorial textbooks are also provided thorough. Due to 
space constraints, some methods will only be shortly mentioned, and interested 
readers are referred to pertinent references. In particular, some less common, though 
very elegant, routes such as biomimetic approaches [ 24 – 28 ], sonochemical  synthesis 
[ 4 ,  29 – 31 ] and the use of supercritical fl uids [ 10 ,  32 – 34 ], though low temperature, 
are not discussed further.  

S. Gross
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1.2     Wet-Chemistry Approaches to Crystalline Inorganic 
Nanostructures 

1.2.1     Hydrothermal and Solvothermal Synthesis 

 The term  hydrothermal synthesis  typically refers to synthesis based on an aqueous 
medium which are carried out at relatively high pressures and temperatures [ 2 ,  10 , 
 21 ,  33 – 50 ], either above or under critical conditions. The analogous term “solvo-
thermal” refers instead to the same typology of reactions carried out in solvents 
other than water. Being, however, the focus of this chapter on sustainable wet- 
chemistry routes, the former will be discussed in more detail. 

 Whereas the fi rst hydrothermal synthesis protocols were developed to mimic the 
conditions in which crystals grow within the Earth crust [ 38 ,  44 ], more recently, this 
method has been applied to the synthesis of more complex systems, such as binary 
or ternary metal compounds, in nanosized crystalline form. As it can be appreciated 
by the fi gures below (   Fig.  1.1 ), the interest towards hydrothermal synthesis for the 
production of inorganic nanostructures has exponentially and steadily increased in 
the last 20 years.  

 This general and versatile strategy has been widely implemented to the prepara-
tion of different classes of inorganic compounds, encompassing binary and ternary 
oxides, sulfi des, nitrides, etc., as extensively reported elsewhere [ 21 ,  51 ]. In their 
review, Mao, Park et al. [ 2 ] describe the application of these methods to the synthe-
sis of titania and titanate nanostructures. 

 Several works have been published on many different compounds such as zinc 
oxide [ 52 ,  53 ], titania [ 54 ,  55 ], ceria [ 56 ], metal sulfi des [ 57 – 60 ] as well as several 
more complex ternary oxide compounds [ 21 ] such as titanates [ 2 ], phosphates [ 61 ] 
and ferrites [ 11 ,  34 ,  43 ,  62 – 67 ]. As far as interesting class of ternary oxides, e.g., 
ferrites, are concerned, the literature reports several examples of hydro/solvother-
mal approaches to these functional inorganic materials. Most commonly synthe-
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  Fig. 1.1    Published items in each year ( left ) and citations in each year ( right ) on the “hydrothermal 
synthesis of nanostructures” (used keywords: “hydrothermal synthesis” and “nanostructures”). 
Source Web of Science December 2014       
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sized ferrites are perovskite ferrites, with general formula MFeO 3 , and spinel ferrites 
with general formula MFe 2 O 4 . When the hydrothermal method is taken into consid-
eration, the bismuth ferrite BiFeO 3  is the most commonly synthesized perovskite. 
Low temperature hydrothermal routes (60–250 °C) have also been used for the syn-
thesis of spinel ferrites (e.g., CoFe 2 O 4 , NiFe 2 O 4,  and ZnFe 2 O 4 ) [ 65 ,  68 – 70 ]. Recently 
we have applied hydrothermal synthesis to the preparation of nanostructured crys-
talline spinel ferrites and manganites [ 67 ]. The synthesis is based on the successful 
combination of coprecipitation of metal oxalates from an aqueous solution with 
hydrothermal treatment of the resulting suspension at mild temperatures (i.e., 
< 180 °C). In this protocol, hydrothermal conditions, though sub-critical, were 
achieved through autogenous pressure (by heating the reaction mixture in a closed 
vessel); additionally the possible decomposition of oxalate species to carbon diox-
ide could also determine a further increase in pressure. This approach has been 
proven to be very attractive due to several factors: (1) excellent reproducibility, (2) 
ease of procedure and implementation (possibly scale-up), (3) nontoxic precursors, 
(4) mild temperatures, (5) the use of water as greenest solvent, (6) easy and quick 
purifi cation of products (without the need for other solvents), (7) high yields, (8) 
high product purity, (9) and high versatility (numerous different compounds were 
synthesized through this method, since oxalates of many metals can be easily pre-
pared). Hydrothermal synthesis of transition metal oxides such as W, Mo, V, Mn, Ti, 
Fe oxides under milder conditions (i.e., temperature < 200 °C) has been the topic of 
a contribution by Whittingham [ 40 ,  41 ], whereas more recently a paper focused on 
hydrothermal synthesis strategies for inorganic semiconductor nanostructures has 
appeared [ 51 ] In this latter review, the authors describe the most representative 
hydrothermal synthetic strategies of inorganic semiconducting nanostructures in 
particular evidencing four types of approaches: (1) organic additive- and template- 
free hydrothermal synthesis, (2) organic additive-assisted hydrothermal synthesis, 
(3) template-assisted hydrothermal synthesis, and (4) substrate-assisted hydrother-
mal synthesis. In addition, the two strategies based on exterior reaction environment 
adjustments, including microwave-assisted and magnetic fi eld-assisted hydrother-
mal synthesis, are also reviewed. 

 All these hydrothermal-related synthetic protocols take advantage of the particu-
lar physical conditions involved whenever the starting solution or suspension is sub-
jected to an increase of pressure and temperature, both parameters being either 
separately changed or interdependent. In fact, hydrothermal (and solvothermal) 
synthesis can be actually carried out by using special devices such as autoclaves, 
ensuring a separate control of temperature and pressure, or rather by using hermeti-
cally closed reactors in which the increase in the pressure (autogeneous pressure) is 
determined by the fact that the reaction suspension/solution is heated in a closed 
vessel. The temperature can be either under or at the critical point of the chosen 
solvents, both conditions, however, affording remarkable variations in the main 
physicochemical properties of the solvent. In fact, in general, ionic product of the 
solvent tends to increase with rising temperature and pressure, whereas viscosity 
decreases. In the case of water, the dielectric constant depends on both pressure and 
temperature as it is directly proportional with the former, but inversely proportional 

S. Gross
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with the latter [ 10 ,  44 ]. All these variations strongly affect the kinetics of dissolution 
of the inorganic precursors and also of the nucleation and growth phenomena of the 
resulting materials, also disclosing unusual pathways for the crystallization of the 
targeted compounds. 

 In this regard, being the present chapter focussed on crystalline inorganic com-
pounds, it is worth to devote some attention to the pathways leading to crystalliza-
tion under (even subcritical) hydrothermal conditions. In this context, whenever 
nanocrystals form from an aqueous supersaturated solution, the precipitation pro-
cess should occur slowly [ 71 ], in order to avoid the uncontrolled formation of amor-
phous solids. The nonstandard conditions in which hydrothermal synthesis takes 
place [ 2 ,  34 – 39 ,  43 – 45 ,  72 – 76 ], enables the solubilization of generally less soluble 
compounds which can, in these particular solvent-dependent conditions, be solvated 
more effi ciently and therefore react more fastly and easily [ 37 ,  44 ]. Many different 
process mechanisms can be hypothesized, also depending on the specifi c synthetic 
protocol adopted. As outlined in one of our recent publication on the topic [ 67 ], in 
the most widely accepted theory [ 36 ,  37 ,  54 ,  66 ], the process involves two steps: (1) 
in situ transformation followed by (2) precipitation and growth. During the former 
phase the inorganic precursors are dissolved: therefore tiny amounts of the target 
oxide form as solvated species (owing to the conditions in which the process 
occurs); during the second phase, the low solubility of the aforementioned products 
causes them to nucleate and form crystals. Depending on the conditions involved 
(temperature, pressure, precursors, etc.) different products and/or crystalline poly-
morphs can nucleate and grow. 

 In general, hydrothermal synthesis is attractive, compared to more traditional 
synthesis protocols, due to the fact that crystalline products with high purity and 
compositional uniformity, as well as appreciable crystallinity, may be obtained 
under relatively mild conditions. Furthermore, since, as mentioned, changing the 
temperature and pressure of the reaction mixture induces relevant variations in the 
properties of the solvent [ 10 ,  36 ,  79 ], nonclassical crystallization pathways may be 
explored [ 80 ]. The environmental signifi cant aspect of this class of synthesis is that 
hydrothermal and solvothermal routes allow inorganic materials to be prepared at 
substantially lower temperatures than those typically employed in solid-state reac-
tions or also in many wet-chemistry routes such as the Pechini method or the sol–
gel process, both involving a fi nal annealing step at high temperature. 

    As reported in the cited as well as in further books and reviews [ 2 ,  10 ,  33 – 37 ,  39 , 
 42 – 45 ,  47 ,  48 ,  50 ,  79 – 84 ] on the topic, solvo- and hydrothermal routes have been 
extensively applied to prepare a wide array of different inorganic compounds, many 
with also technological relevance such as ternary oxides. Recently, Walton [ 21 ] 
reviewed the mild solvothermal synthesis of metal perovskites and pyrochlores, by 
wisely outlining as solvothermal route is not a “processing step,” but rather a “genu-
ine synthesis method,” allowing in most cases a one-pot and one-step formation of 
a highly crystalline form of the desired inorganic compounds. Furthermore, this 
approach enables, by using easy set-ups and recovery/purifi cation steps, the synthe-
sis of a wide plethora of inorganic materials in high yield and with reasonably short 
processing times. 

1 Sustainable and Very-Low-Temperature Wet-Chemistry Routes for the Synthesis…
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 Nevertheless, a challenging aspect of solvo/hydrothermal syntheses is that they 
occur in closed vessel, thus in many cases hindering the evolution of the system to 
be followed by spectroscopic, diffraction, or microscopy-related methods. Also the 
monitoring of the complex relationships among temperature, pressure, and the sol-
vent chemicophysical properties (e.g., viscosity, dielectric constant), which have 
been extensively studied only for water [ 48 ,  85 ,  86 ] and which are relevant for the 
solubilization and recrystallization of the precursors, is in many cases prevented, or 
at least dramatically limited, by the reaction occurring in the “black-box” repre-
sented by the autoclave or by the reactor. In this context many efforts have been 
devoted to time- and temperature-resolved studies, always carried out at synchro-
tron facilities, thus exploiting the high spectral resolution and the shorter acquisition 
times (critical to follow the different steps of the reaction) enabled by the use of 
synchrotron light. 

 Recent and future developments in this fi eld are to be mainly envisioned in the 
application of continuous fl ow reactors [ 87 – 92 ] as well as in the combination of 
hydrothermal synthesis with microwave heating [ 4 ,  43 ,  46 ,  62 ,  87 ,  93 – 96 ], afford-
ing formation of the targeted structures at relatively low temperatures.  

1.2.2     Template-Assisted Synthesis Approaches 

 In the wide realm of low-temperature green synthesis approaches towards inor-
ganic nanostructures, the use of structure directing agents such as templating agents 
and membranes, scaffolds, surfactants micelles, and ligands represents a powerful 
tool to direct the structural evolution of the targeted nanostructures [ 2 ,  27 ,  28 ,  97 –
 116 ]. The resulting nanostructures display typically, depending on the morphology 
of the template, either 3D, 1D, or hollow morphologies. As outlined by Cushing 
et al. in their comprehensive review on the topic [ 3 ], a sharp distinction and clas-
sifi cation can be hardly performed, since the general defi nition “template synthe-
sis” encompasses a wide range of synthetic routes and methods which can be better 
described as hybrid approaches among further already discussed strategies (e.g., 
seeded growth in the presence of a ligand and colloidal-related methods). 

 The template-assisted synthesis is conceptually simple: the nucleation/growth of 
the targeted materials is let to occur either  on  or  inside/within  a suitable chosen or 
designed templating scaffold (typically displaying a completely different chemical 
nature and composition) dictating both the shape as well as the size of the forming 
material. In other words, the replication of one structure into another is accom-
plished under structural inversion. The scaffold can be either an assembly of 
 monodispersed and shape-controlled nanostructures, a porous materials    (the poros-
ity being tuneable from the micro- (pore diameter  d  < 2 nm) to the mesoporous 
(2 <  d  < 50) scale, according to IUPAC defi nition [ 117 ]), or a membrane (for instance 
in the case nanotubes or nanorods are the targeted morphology). 

 The most acknowledged defi nition of a template is as “a structure-directing 
agent.” As reported by Thomas [ 100 ], in case of direct or “true” templating, the 
templated material is a 1:1 (but inverse) copy of the template structure, and no 
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changes in order or length scale of the template structure occur. Templating can 
therefore be seen as an effective approach to the formation of nanostructured or 
porous materials, as size and shape of the resulting pore structures can be easily 
tuned by choosing the appropriate template structures. 

 A further rough distinction can be performed between soft templating and hard 
templating [ 100 ]. The former are typically soft materials, such as micelles, gels, 
nature-derived scaffolds (e.g., chitin), affording the formation of globular or spheri-
cal systems which serve as templates, which then yield 3D, typically spherical. On 
the contrary, in the case of hard templating, hard inorganic materials such as silica 
and alumina are employed as negative replica of the targeted materials. In both 
cases, the removal of the templating agent (in the former case by typically using 
thermal treatment to trigger the oxidative degradation of the organic material or by 
an extraction with suitable solvents, in the latter one by selectively dissolving the 
inorganic template with etching agents such as HF) affords the formation of a mate-
rial displaying a morphology which is the replica of the templating scaffold. The 
material can be either grown  on  the template or  within  the template. The use of 
reactive templates, acting both as structure directing agents as well as precursors 
have been also reviewed in the literature [ 104 ]. 

 As far as the use of hard templates for the shaping of soft materials is concerned, 
a relevant contribution in this fi eld is the paper by Thomas, Goettmann, and Antonietti 
[ 100 ], reviewing the use of hard templates for soft materials, also outlining the 
related critical issues. This review describes the possibilities of using hard templates 
to create nanostructured “soft” materials, for example, polymer networks, or carbo-
naceous materials. The authors give fi rst of all a classifi cation based on the distinction 
between endo- (e.g., silica and colloidal crystals) and exotemplating (e.g., zeolites, 
periodic mesoporous silica, and alumina membranes) inorganic materials (see 
Scheme  1.1 ), and for each class of approaches they provide extensive examples con-
cerning the whole range of hard templates described in the literature, such as silica 
nanoparticles, zeolites, periodic mesoporous silicas, aluminum oxide membranes, 
and colloidal crystals. These approaches are, however, mostly devoted to the synthesis 
of soft materials, though the review of Thomas reports also the use of porous materi-
als and membrane as scaffold for the synthesis of inorganic materials.  

 In the last years, an increasing interest has been devoted to the use of well defi ned 
and shape-controlled, ideally monodisperse polymer particles (latex) to be used as 
soft templates for the synthesis of metal or metal oxide nanoparticles. The template 
can be either sacrifi cial, being removed (through calcination or etching agents) in 
the fi nal step of the synthesis (and yielding in this case hollow spheres), or rather be 
the core of a core-shell nanostructure. Alternatively, also inorganic hard templates 
can be used for the controlled formation of inorganic hollow spheres, although these 
latter approaches typically require the etching of valuable inorganic cores such as 
Au or Ag. Very spread is also the use of porous structures [ 3 ] to afford the spatially 
controlled growth on nanostructures. Zeolites [ 72 ,  73 ,  118 – 123 ], mesoporous mate-
rials [ 120 ,  124 – 135 ] as well as metalorganic framework [ 136 – 144 ] can be conve-
niently used as 3D scaffolds and/or nanoreactors for the formation of metal, metal 
oxides, and further inorganic binary or even ternary compounds. The main applica-
tion for this kind of inorganic nanocomposites (typically metal or metal oxide 
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nanoparticles inside metal oxides templating matrices) is as supported catalysts 
[ 145 ,  146 ] in the fi eld of heterogeneous catalysis, although some authors have envi-
sioned also further fascinating potential uses of these nanocomposites, for instance 
as luminescent materials [ 147 – 150 ]. A further implementation is represented by 
inorganic scaffolds serving as templates for the growth of further inorganic hard 
materials. As it can be appreciated from the fi gure below (Fig.  1.2 ), the degree of 
control on the fi nal structures and morphology is very high.  

 In this case, which could be also envisioned as a particular case of growth in 
confi ned spaces, the wall of the porous material acts as “seed” for the formation of 
the targeted structure. For instance, mesoporous alumina has proven to display suit-
able surface chemistry to promote the adsorption of ions from aqueous solution 
[ 151 ], whereas a further and related approach is the impregnation of these porous 

  Scheme 1.1    Schematic presentation of templating approaches toward nanostructured soft materi-
als using endo and exotemplates. Reprinted with permission from ref. [ 100 ]. Copyright 2008 
American Chemical Society       
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  Fig. 1.2       SEM images of a 
macro-/mesoporous silica 
template, its carbon nitride 
replica, and a titanium nitride 
replica derived therefrom. 
Reprinted with permission 
from ref. [ 100 ]. Copyright 
2008 American Chemical 
Society       
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materials in solution of a salt of the targeted compound and subsequent chemical 
reduction to the metal species. By this route, several examples on M-SiO 2  (M = Pt, 
Pd, Au) have been reported in the literature. As outlined in the review of Cushing 
et al., the aqueous nature of the reactions in which these processes occur somehow 
limits the number of metals (i.e., metals with negative standard electron potential 
are excluded) which can be produced by this approach [ 3 ]. 

 As far as 1D nanostructures are concerned [ 100 ,  104 ], their ordered growth typi-
cally requires the presence of a tubular channel-based template. In this regard, a 
very widely used approach is based on the resort to inorganic membranes to tem-
plate and direct the growth of anisotropic inorganic nanostructures. As reported in 
the review by Wong et al. [ 2 ], by using the cylindrical channels of membranes, dif-
ferent inorganic nanorods, nanowires, nanofi bers, also displaying impressively 
ordered vertical assembly, have been prepared. From the sustainability point of 
view, as outlined by Wong, these template-assisted approaches are typically high- 
throughput, relatively simple, cost-effective, and requiring a low amount of reagents, 
the reactions typically occurring in aqueous media, and at low temperatures. The 
fi nal step, implying the transformation of the precursors into the targeted compound 
is typically chemically triggered (i.e. a chemical reduction). Therefore, they can be 
generally considered environmentally friendly approaches. The use of the template 
method for the controlled synthesis of ordered array of inorganic functional materi-
als, among which several ternary oxides (BiFeO 3 , Bi 2 Ti 2 O 7 , BaCrO 4 , BaWO 4 ) as 
well as of metal fl uorides such as CaF 2 , SrF 2 , BaF 2  have been reviewed by several 
authors [ 2 ,  104 ]. In particular, an exhaustive overview of different kinds of inor-
ganic 1D nanostructures, also chiral ones, grown inside the channels of inorganic 
oxides is reported by Qi [ 104 ], discussing also the complex topological and 
 structural relationships existing among the templating matrix and the resulting 
materials, as well as the obtainment of complex architectures and superstructures. 

 Hollow particles [ 8 ,  98 ,  102 ,  152 – 158 ] have gained an increasing attention, also 
in the fi eld of drug delivery and biomedicine, for their unique ability to serve as 
confi ned reaction cavities as well as delivery systems able to release encapsulated 
substances upon certain stimuli. As far as hollow structures are instead concerned, 
their formation is typically based on the oriented growth of the fi nal material on a 
sacrifi cial templating scaffold. In this framework, different authors have reported 
the successful synthesis of hollow spheres by typically using soft templates, which 
are then eventually removed.   

1.3     Colloidal and Colloid Assemblies for the Synthesis 
of Inorganic Nanostructures 

 By exploiting the bewitching and fascinating potentials of the colloidal state 
[ 160 – 173 ], it can be realized how colloidal methods are among the most appealing 
routes for the low temperature preparation of inorganic colloids, since the complex 
interplay among the different experimental parameters involved (chemical nature 
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and chemico-physical properties of the surfactants, cosurfactants, dispersing media, 
and of dispersed phase) represents a versatile playground for the tailored growth of 
nanocrystals, enabling, in the above-mentioned mild conditions, a fi ne control on 
the very early stages of nanostructure formation (i.e., nucleation and growth). 

 As a matter of fact, the interplay among the different parameters involved (nature 
of dispersing and dispersed phase, chemical nature and structure of the surfactant(s), 
temperature, pH, power and time of sonication concentration of the reactants, the 
possible presence of electrolytes, water content, etc.) strongly affects the stability 
of the resulting colloidal dispersion, as well as size and polydispersity of the 
obtained nanostructures, and their role has been the topic of different reports and 
investigations [ 8 ,  15 ,  159 – 173 ]. The use of colloidal systems for crystallization 
processes in liquid phase has been recently reviewed by Rafael Muñoz-Espí et al. 
[ 15 ], but in the following section, we focus on the approaches involving a controlled 
nucleation and growth of crystalline colloidal nanostructures from solution/suspen-
sion and on the synthesis in confi ned space by exploiting the confi nement dictated 
by the boundaries of droplets in suspension. Also, the crystallization of colloidal 
systems have been the focus of several investigations [ 15 ,  161 ,  166 ,  174 – 191 ]. 

1.3.1      Nucleation and Growth of Crystalline Colloidal 
Nanostructures from Solution/Suspension 

 This very wide class of approaches encompasses not only the experimentally 
optimized (1) nucleation and growth of inorganic nanocrystals in suspension 
(typically in the presence of stabilizing ligands) [ 192 ,  193 ], (2) the chemical reduc-
tion of metal salts to give different kinds of metal featuring very different morpholo-
gies (nanoparticles, nanoprisms, nanostars, etc.), and combination thereof, but also 
(3) the seeded growth in which small (<5 nm) nanoparticles act as seed for the epi-
taxial attachment of metal ions to give bigger nanostructures, thus turning a suspen-
sion of small nanoparticles into larger colloids. 

 Several further low temperature synthetic approaches are reported in the litera-
ture, which are based on colloids, colloid assemblies. A comprehensive overview is 
reported in some dedicated books [ 8 ,  9 ]. 

 The nucleation of crystals from solution has been the topic of extensive investi-
gations, from both the experimental and theoretical point of view. In this regard, 
classical and two-step models have been recently reviewed [ 80 ,  194 ]. In this paper 
by Erdemir it is pointed out as, in solution crystallization, the fi rst event of nucle-
ation plays a decisive role in determining the crystal structure and size distribution. 
The account further discusses the shortcomings and limitations of classical nucle-
ation theory and review studies contributing to the development of the modern 
two-step model. This latter is based on the assumption that a suffi cient-sized cluster 
of solute molecules forms fi rst, followed by reorganization of that cluster into an 
ordered structure (Fig.  1.3 ).  
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 The molecular mechanism of nucleation, the evolution from nuclei to seeds, and 
from seeds to nanocrystals, and the infl uence on it of thermodynamic and kinetic 
control, have been described also by Xia and other authors in a recent review [ 195 ] 
devoted to shape-controlled synthesis of metal nanocrystals, highlighting also the 
pivotal role played by structure, shape, and exposed facets of an inorganic nanocrys-
tal in catalysis and optics. In a comprehensive and excellent paper, Polarz [ 196 ] 
discusses the morphology energy landscape leading to anisotropy of inorganic col-
loidal particles and points out the strong effects that shape and morphology have not 
only on the catalytic properties but also on the optical, electronic, mechanical, and 
self-assembly properties. Therefore, the tailoring of particle shape, size, morphol-
ogy, and crystallinity becomes a condition to get the desired functionality and prop-
erties [ 104 ,  187 ,  189 ,  197 – 201 ]. 

 As far as the nucleation and growth of metal colloidal nanostructures is con-
cerned, some comprehensive reviews have been published dealing with the synthe-
sis of nanosized metal and alloys nanoparticles from solution. Starting from the 
pioneering work of Faraday, dated back to 1857, the chemical reduction of transi-
tion metal salts in the presence of stabilizing agents to generate zerovalent metal 
colloids in aqueous or organic media is one of the most applied approach to the 
wet-chemistry low-temperature synthesis of these materials (S. Bradley, in: [ 202 ]). 
The fi rst reproducible standard protocols for the preparation of metal colloids (e.g., 
gold by reduction of HAuCl 4  with sodium citrate) were established by Turkevich 
[ 174 ,  203 ], but afterwards several further paramount contributions were reported 
[ 204 ]. Solution synthesis of metal nanoparticles and their applications have been 
reviewed by several authors [ 4 ,  8 ,  16 ,  49 ,  182 ,  205 – 213 ]. 

 As far as this approach is concerned, reducing metal salts to the zerovalent metal-
lic form is a widely used, effective, one-step and one-pot strategy to produce a wide 
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  Fig. 1.3    Alternative pathways leading from solution to solid crystal: ( a ) supersaturated solution; 
( b ) ordered subcritical cluster of solute molecules, proposed by classical nucleation theory; ( c ) 
liquid like cluster of solute molecules, dense precursor proposed by two-step nucleation theory; ( d ) 
ordered crystalline nuclei; ( e ) solid crystal. Reprinted with permission from Ref. [ 194 ]. Copyright 
2008 American Chemical Society       
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plethora of metal nanostructure. This real bottom-up approach ensures limited use 
of reactants and thus complies with the atom economy paradigm of green chemistry. 
Typically used ligands are, according to the nature of the metal to be stabilized, 
thiol, amines, phosphines. For instance, gold nanoparticles are effectively stabilized 
by thiol ligands. Different thiol-stabilized noble metal nanoparticles (e.g., Au, Ag, 
Pt, Pd) have been extensively reviewed elsewhere [ 4 ,  17 ,  23 ,  207 ,  214 – 217 ]. The 
synthesis of metals through reduction from both aqueous and not aqueous solutions 
has been extensively reviewed by Cushing et al., also reporting a survey of metals 
(Fe, Co, Ni, Ru, Ag, Au) and metal alloys (Co x Ni y , Fe x Ni 1−x ) reduced from both 
typologies of solutions. The review by Cushing also reports a very detailed (though 
not updated, dating the review 2004) survey of several coordinating polymers and 
capping ligands for the stabilization of nucleated colloids, based on O-, C-, N-, P-, 
S- donor atoms [ 3 ]. 

 In regard to the synthesis of inorganic oxidic nanostructures, the surfactants-free 
nucleation/growth of transparent suspensions of colloidal nanocrystals from a pre-
cursors solution is typically relying on the sol–gel reaction of suitable precursors 
(e.g., metal acetates and acetylacetonates) in the presence of a base. Among metal 
oxides, one of the most investigated ones is zinc oxide. ZnO is a very intensively 
studied material: and its properties, applications [ 218 – 220 ] and synthesis route have 
been extensively reviewed by several authors [ 52 ,  53 ,  182 ,  218 – 237 ], to which 
interested readers are referred. The classical route to ZnO nanocrystals explored by 
Bahnemann is based on the reaction of zinc acetate with NaOH in 2-propanol [ 192 ]. 
In this paper, Bahnemann and coworkers observed as the changes in the solvent 
nature could affect also the spectral features of the obtained colloids. In an analo-
gous fashion, we have recently performed a thorough study and pointed out also the 
role that the chemicophysical properties of the dispersing medium, mainly its vis-
cosity and dielectric constant, have on the structural and morphological evolution of 
the forming inorganic colloids, in our case nanosized zinc oxide [ 238 ]. In our case, 
by modifying and optimizing the well-known procedure reported by Spanhel et al. 
and Bahmemann et al. [ 192 ,  193 ,  221 ,  229 ,  239 ], we developed an easy and highly 
reproducible route to nanostructured colloidal ZnO nanoparticles based on the con-
trolled hydrolysis and condensation of zinc acetylacetonate (acac) in alkaline condi-
tions. It turned out that the four different tested dispersing media (water, glycol, 
2-propanol, ethanol) proven to exert a strong infl uence not on the crystalline phase 
(in all cases wurtzite) but on the growth direction of the nanostructures and on their 
fi nal shape and morphology (spherical or needle-like). In the case of metal oxides, 
effective moieties to strong bind the ligand to the hydroxylated surface of the oxides 
are carboxylates, cathecolates, phosphates [ 240 – 247 ]. 

 Many further example of the application of these straightforward syntheses to 
other inorganic crystalline materials are reported in the literature. The same 
approach, based on a controlled precipitation, can be implemented to the synthesis of 
metal sulfi des and further oxide colloids. A further approach relies on the reaction 
of suitably tailored molecular precursors, which spontaneously or under application of 
stimuli (e.g., heat) decomposes to give the targeted M x S y  compounds. 
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 As far as the seeded growth is instead concerned, it turns out that the use of struc-
turally well defi ned seeds is critical to afford nanostructures with controlled mor-
phologies and narrow size distribution. The co-presence, in the precursor suspension, 
of further structure directing agents such as surfactants can further contribute to 
achieve, for instance, anisotropic structures. By suitably optimizing the experimental 
conditions, the controlled, low or even room temperature crystallization of inorganic 
nanomaterials can be accomplished. In this regard, the review of Dahl also discusses 
in detail the role that seeds, reducing agent, additives and ligands (if present) have 
on the fi nal morphology, structure, size, and size distribution of the resulting inor-
ganic materials. The use of etching agents and methods enable in this context to 
access also exotic anisotropic nanostructures (such as nanoprisms), whose achievement 
is justifi ed by enhanced functional properties, typically optical ones, anisotropic 
nanostructures are endowed with [ 248 ]. In fact, just to cite the most relevant ones, 
the optical properties of nanostructures are shown to be mainly infl uenced by the 
surface plasmon resonance of conduction electrons, the frequency of which is 
determined not only by the nature of the metal but also by a number of other param-
eters, such as particle size and shape, the presence of a capping shell on the particle 
surface, or the dielectric properties of the surrounding medium [ 16 ]. In this frame-
work, Mulvaney, Alivisatos, Marzan, Pileni [ 16 ,  23 ,  179 ,  183 ,  201 ,  249 – 256 ] and 
further authors have also investigated the role that surfactants as well as ligands can 
play in orienting the anisotropic growth by, for instance, directing the epitaxial 
growth of one crystallographic phase at the same time hindering the growth of 
 others. As far as the use of etching agents is concerned, their use allows modifying 
the growth mechanism within typical reduction-based approaches, affording the 
crystallization of colloids featuring unusual and exotic geometries. A very simple 
example in this regard is the adaptation of the classical reduction synthesis method 
for silver nanoparticles, typically obtained by reduction of silver nitrate in the pres-
ence of either citrate or sodium borohydride. If hydrogen peroxide and potassium 
bromide are added in tiny amounts to the starting solution, before the reducing agent 
is added, instead of the classical spherical shaped nanoparticles, the formation of 
silver nanoprims [ 210 ,  249 ] can be observed. In this case, the careful choice of 
suitable shape modifying agents affords the growth of the nanostructures in the 
desired morphology. Analogously, Murphy et al. successfully prepared silver 
nanowires by etching the metallic nanostructures with sodium hydroxide [ 257 ]. 

 As far as other binary metal compounds are concerned, metal sulfi des [ 5 ,  182 , 
 258 – 262 ] are surely those attracting most interest, due to their exciting functional 
properties. One example of interesting colloidal approach to metal sulfi des by 
exploiting the different experimental parameters of colloidal suspensions is the one 
we developed some years ago, addressing the synthesis of colloidal CuS nanostruc-
tures by taking advantage of the peculiar features, i.e. inherent viscosity and low 
dielectric constant, of the dispersing media, in this case carboxylic acids [ 263 ]. The 
crystalline hexagonal phase (covellite) of CuS is often described as a p-type semi-
conductor ( energy gap  1.2–2.0 eV) [ 264 – 268 ] which shows superconductivity at 
1.6 K. In our case, we design an original synthesis route base on promoting the 
controlled nucleation and growth on the CuS nanoparticles in a carboxylic acid. 
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In detail, the optimized methodology was based on the fast nucleation of the sulfi de 
triggered by the reaction of thioacetic acid (acting as a slowly releasing sulfi de 
source) with water and copper carboxylates (acetate, propionate) in the corresponding 
carboxylic acid (acetic, propionic) as a solvent.  

1.3.2     Miniemulsion and Microemulsion: Chemistry 
in Nanoreactors 

 This section is not intended to be comprehensive and cover the whole array of avail-
able colloidal emulsion-based methods, but rather to focus on selected methods 
allowing the spatially controlled formation and growth of colloidal nanostructures. 
Among these colloidal methods, those of microemulsion and the related miniemul-
sion approaches represent a very appealing option. Although the reviewed methods 
have been initially developed for polymer and hybrid systems, our attention will be 
exclusively focused on their implementation in the fi eld of inorganic preparative 
chemistry. At the beginning the defi nition of microemulsion was quite contested 
[ 269 ], but presently a general accepted defi nition describes microemulsion as a dis-
persion made of water, oil, and surfactant(s), which is an isotropic and thermody-
namically stable system with dispersed structure having a diameter typically ranging 
in the 1–100 nm range [ 167 ,  168 ,  270 – 272 ]. In this context, the role of the surfactant 
is to reduce the interfacial tension and stabilize the whole dispersion: its chemical 
nature, in particular in terms of hydrophilic-lipophilic balance (HLB) is one of the 
most important parameters in ruling the dispersion stability. HLB is an empirical 
value which numerically depends on the amount and nature of the hydrophilic/lipo-
philic chemical moieties present in the given surfactant chemical structure [ 273 ]. 

 Though the many similarities and common features, at variance to that, miniemul-
sions are kinetically stabilized heterophase system with an average droplet size is in 
the range of 30–500 nm [ 15 ,  152 ,  169 ,  274 – 282 ]. This metastable state is repre-
sented by a critically stabilized system for which droplets collision and diffusional 
degradation processes are hindered. This means that, whereas upon mixing two 
microemulsions there is an immediate reagents exchange, when mixing two 
miniemulsions the droplets do not spontaneously exchange reactants, but rather 
require an external stimulus (i.e., ultrasound). 

 Both systems can be classifi ed according to the nature of the prevailing phase as 
direct or inverse micro- or miniemulsion, the former being characterized by oil 
droplets dispersed in water as dispersing medium (oil-in-water (O/W) micro- or 
miniemulsions) the latter being instead characterized by water droplets in dispersed 
in the continuous organic phase (water-in-oil, W/O). 

 In miniemulsion, the diffusional degradation processes, leading to the Ostwald 
ripening phenomenon (larger droplets growing at the expense of smaller ones), is 
counteracted by adding a “co-stabilizer” or “osmotic pressure agent.” This additive 
is insoluble in the continuous phase and therefore generates an osmotic pressure 
between the droplets, which counterbalances the Laplace pressure (due to the 
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curved interfaces and causing the diffusional degradation) and restricts the mass 
transfer. This co-stabilizer is usually a long-chain hydrocarbon (most commonly 
hexadecane) in the case of direct miniemulsions, whereas in the case of inverse 
miniemulsion is either a salt or a sugar. 

 Whereas microemulsions are typically spontaneously formed by mechanical 
stirring, miniemulsion does instead require high shear forces produced by high 
energy ultrasounds (on a lab scale) or high-pressure devices (for upscaled applica-
tions). These high shear forces induce constant fi ssion and fusion processes between 
the droplets, leading to a strong decrease in droplets size and polydispersity, until a 
“steady state” is eventually reached (see Fig.  1.4 ) [ 152 ,  169 ,  275 – 278 ,  283 ].  

 Although, as previously mentioned, they have been mostly used for the prepara-
tion of polymer or hybrid systems [ 274 – 276 ,  284 – 289 ], the fascinating concept 
underlying the extension of these two approaches to the inorganic synthesis is the 
use of the formed droplets to let the desired reaction to occur within the confi ned 
space dictated by the droplets boundaries. This “chemistry in a nanoreactor” has 
been successfully applied by several authors to accomplish the formation of crystal-
line inorganic nanostructures at low or even room temperatures [ 15 ,  152 ,  169 ,  173 , 
 277 ,  278 ,  281 ,  282 ,  290 ]. In particular, if the inorganic nanoparticles and nanostruc-
tures are targeted, inverse W/O microemulsions are the most convenient systems to 
be used, since the involved reactions are typically occurring in aqueous medium and 
also because the solubility of inorganic precursors in water is typically higher than 
in organic solvents. 

 For both methods, the nanoreactor approach is a two steps one: two different 
micro- or miniemulsion are prepared: one containing a metal salt aqueous solution, 
the other one an aqueous solution containing a precipitating (e.g., a base and a sul-
fi de source) or a reducing agent (e.g., sodium borohydride and a citrate). Upon 
miniemulsifi cation, the shear forces imparted on the individual droplets of both 
precursors force them to undergo fi ssion and fusion processes, leading to an imme-
diate reaction between the precursors, typically a precipitation or a chemical 
reduction. 

 The described two-microemulsions/miniemulsions-based approach can be 
conveniently used to prepare binary metal compounds such as metal halogenides, 
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  Fig. 1.4    Scheme for the formation of miniemulsion by ultrasounds. Reprinted with permission 
from ref. [ 276 ]. Copyright 2002 Elsevier       
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sulfi de and oxide. These latter represents the main class of compounds prepared 
through microemulsion systems, being the reaction of choice typically a precipita-
tion of the targeted oxide by adding to the micro- or miniemulsion containing the 
metal oxide 

 Mini- and microemulsion can be also conveniently used for the preparation of 
hollow structures [ 154 ,  291 ], as well as of core-shell nanostructures [ 173 ,  292 ], 
either fully inorganic or hybrid organic–inorganic. The most common strategy to 
prepare hollow particles relies on the use of a sacrifi cial template, removed after-
wards by thermolysis or dissolution [ 98 ,  153 ,  293 ]. An even more elegant approach 
to these inorganic nanocapsules is to promote the sol–gel processes at the liquid–
liquid interface. This is possible through the so-called “soft- template” routes, 
involving the presence of surface-active agents [ 15 ]. 

 Whereas for silica several examples are reported [ 291 ], for metal compounds 
such as metal oxides and chalcogenides, reports on the formation of hollow particles 
by soft-template methods are much more limited. Recently, Muñoz-Espí et al. suc-
cessfully addressed the synthesis of transition metal oxides and hydroxides of group 
4 (i.e., TiO 2 , ZrO 2 , and HfO 2 ) by exploiting the sol–gel precipitation of zirconium 
and hafnium hydroxides (ZrO(OH) 2  · H 2 O and HfO(OH) 2  · H 2 O) at the droplet inter-
face by creating interfacial species through the addition of triethylamine to water 
in- oil miniemulsions containing the inorganic precursor (zirconium or hafnium 
oxychloride). In this case, a mild thermal treatment of the samples was required to 
yield the corresponding metal oxide, ZrO 2  or HfO 2 , being the method suitable also 
to prepare mixed metal oxides of defi ned composition, Hf x Zr 1−x O 2  [ 294 ] 

 The careful optimization of the surfactant self-assembly and concentration 
enables also a fi ne control over particle shape, which can be also tailored through 
the addition of different salts to the emulsion [ 295 ]. As outlined in Sect.   1.3.1 , the 
most straightforward approach to metallic nanoparticles is the chemical reduction 
of corresponding metal salts. Such method can be easily implemented to micro- and 
miniemulsion systems, letting the reduction reaction to occur in the confi ned space 
of the droplets. As far as microemulsions are concerned, Pileni and coworkers have 
pioneered an interesting approach in which an anionic surfactant (typically Aerosol 
OT (AOT)), is used, whose counter ion is the metal of interest [ 296 ,  297 ]. 
They reported the successful synthesis of metallic copper [ 298 ,  299 ] and silver 
[ 300 – 302 ]. 

 An alternative route relies on the incorporation and subsequent decomposition of 
single-source precursors such as metal complexes with 2-ethylhexanoates, acetyl-
acetonates, or 1,5-cyclooctadienes into o/w microemulsion to promote the synthesis 
of metallic nanoparticles [ 303 ]. Microemulsions were also exploited for the prepa-
ration of substitutional alloys, such as Fe x Pt y  alloys [ 304 ]. 

 As far as the resort to inverse miniemulsion for the synthesis of metal or metal 
alloys is concerned, Landfester et al. [ 274 ,  290 ] used, as polar phase, low melting 
point metals (gallium, mp = 29 °C or sodium, mp = 98 °C) or alloys (Wood’s metal, 
mp = 70 °C or Rose’s metal, mp = 110 °C), which were heated above their melting 
temperature and miniemulsifi ed in hydrophobic continuous phase by using amphi-
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philic block copolymers. By lowering again the temperature, solidifi cation of the 
metal and formation of stable nanoparticles were accomplished. 

 For oxidic nanostructures, the sol–gel process is particularly convenient for the 
preparation of oxide materials, especially when aiming at porous materials, due to 
the high fl exibility and tunability they allow (good control on stoichiometry of the 
fi nal products). At the same time, micro- and miniemulsion ensure a fi ner and more 
controllable grain size [ 305 ,  306 ]. 

 By the two miniemulsions-based route, different inorganic crystalline com-
pounds were produced by precipitation in confi ned space, such as pure and doped 
ZnO [ 307 ,  308 ], M(OH) 2  (M = Ca, Mg) [ 309 ], lanthanide- based phosphors [ 310 ], 
ZrO 2 /HfO 2 , CeO 2  [ 311 ], TiO 2  [ 312 ,  313 ]. The nanoreactor concept can be also con-
veniently exploited to afford the controlled decomposition of tailored single–source 
to yield crystalline nanocomposites, for instance through decomposition processes 
triggered by light. An example in this framework is reported by our group [ 314 ]. 
The gold-containing titanium peroxo-complex AuCl 4 (NH 4 ) 7 [T i2 (O 2 ) 2 (Hcit)
(cit)] 2  · 12H 2 O is a crystalline molecular single-source precursor of the composite 
Au/TiO 2  [ 315 ]. Upon thermal treatment at 700 °C it decomposes to generate the 
crystalline composite; the decomposition can also be induced by UV irradiation. In 
the mentioned work, the single- source precursor was suspended in an inverse 
miniemulsion and subjected to photodecomposition. As expected by this pathway, 
a fi ne dispersion of crystalline gold nanoparticles dispersed on amorphous titania 
was obtained. The products were used as catalyst in the gaseous phase oxidation of 
2-propanol, also comparing them with similar products obtained in bulk suspension. 
Interestingly, samples prepared in miniemulsion showed a strong increase in both 
conversion and selectivity. 

 All these examples have shown as, in the confi ned space produced inside the 
droplets, unconventional crystallization pathways can occur, leading to the crystal-
lization already at room temperature. For instance, in the case of miniemulsion, 
Landfester and coworkers [ 15 ,  152 ,  169 ,  275 ,  277 ,  278 ,  283 ] have already pointed 
out interesting effects of the confi ned space on the fate and structural evolution of 
the contained inorganic systems. It was pointed out as physical properties of liquids 
in nanodroplets can be substantially different from those of the bulk phase and 
therefore the morphosynthetical control of the crystalline  habitus  of the formed 
structures was highlighted. 

 Also, the confi ned space can alter the fate of the chemical systems. As a working 
example, in the case of ZnO synthesis in inverse miniemulsion [ 307 ], the confi ne-
ment of the precursor formulation in a the droplet was proven to be a key issue in 
determining the formation of wurtzite instead of the expected (in the adopted pH 
range) zinc hydroxide. In fact, in basic media (in our case the pH of the fi nal 
miniemulsion was determined to be 13.4), Zn II  ions form the amphoteric hydroxide 
species, ZnO x (OH) g (H 2 O) z  in a colloidal state, which forms as amorphous or crys-
talline species. This species spontaneously evolves to crystalline wurtzite ZnO not 
only under the action of heating or irradiation, through a dehydration process, but 
also upon prolonged storing and aging in its mother liquor, which in this case was 
pursued by their confi nement.   
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1.4     Conclusions 

 In this chapter, four of the most employed wet-chemistry and colloid-based routes 
affording the controlled crystallization of different inorganic nanostructures at low 
or even room temperature, have been reviewed and discussed. In particular, the 
focus of the contribution was on synthetic approaches based on mild conditions and/
or low temperatures. In most of the presented examples, the crystallization of the 
inorganic nanostructures was pursued at low (T < 200 °C) or room temperature. 
Though not comprehensive, the chapter aimed at providing a broad overview on the 
potential and advantages of these low temperature approaches to controlled shaped 
inorganic nanostructures.     
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Chapter 2
Green Techniques for Biomedical Metallic 
Materials with Nanotechnology

Kelvii Wei Guo and Hon Yuen Tam

Abstract From a clinic or medical viewpoint, it is important that the surgical 
implant retains a combination of high strength (including surface wear resistance), 
good biocompatibility, and chemical stability. To enable safe interactions between 
the surgical implants and tissues, surface modification and functionalization are 
commonly employed.

Biological coatings such as TiN and titanium oxides are widely adopted and 
functionalized with various biological properties such as corrosion resistance, bio-
activity, cytocompatibility, and bioconductivity. However, failure of the biological 
coatings due to the long term corrosion and wear or fretting is the main problem and 
debris from the materials is the main cause of joint replacement failure. Since the 
surgical implants are implanted into the human body for a long time, cyclic motions 
between the surgical implants and human tissues may disrupt the protective biologi-
cal coatings accelerating corrosion and increasing the risks of immunological 
response by the leached metallic ions.

Therefore, improved metallic biomaterials and the relevant manufacturing tech-
niques are being introduced to meet this demand. Apart from the biocompatibility 
requirement, metallic biomedical materials also have to meet high standards regard-
ing its performance (functionality, reliability) and selection criteria (cost, manufac-
turing ability). Up to now, the most often used metallic biomedical materials include 
stainless steel, cobalt-based alloys, and commercially pure titanium or titanium- 
based alloys. However, the implant metallic biomaterials, like all mechanical com-
ponents, are subjected to degradation and have limited lifetime. Damaged implant 
requires successive operation to replace worn components and so intensive efforts 
are made to increase durability of implants metallic biomaterials.

For enhancing the mechanical retention, engineered nanostructures on the 
 surface are normally taken to increase effective surface area on implant surfaces 
(such as both dental and orthopedic applications) to exhibit biological, mechanical, 
and morphological compatibilities to receiving vital hard/soft tissue, resulting in 
promoting osseointegration.

K.W. Guo (*) • H.Y. Tam
Department of Mechanical and Biomedical Engineering, City University  
of Hong Kong, Kowloon Tong, Kowloon 999077, Hong Kong
e-mail: guoweichinese@yahoo.com
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The surface engineered nanostructures play a crucial role in biomedical metallic 
materials because (1) the surface of a biomaterials is the only part contacting with the 
bioenvironment, (2) the surface region of a biomaterial is almost always different in 
morphology and composition from the bulk, (3) for biomaterials that do not release or 
leak biologically active or toxic substance, the characteristics of the  surface governs 
the biological response (foreign material vs. host tissue), and (4) surface properties 
such as topography affect the mechanical stability of the implant-tissue interface.

Therefore, aim to provide vital information about the growing field of engineered 
nanostructures on the surface of metallic biomedical materials, the relevant green 
technologies such as equal channel angular extrusion (ECAE), high pressure torsion 
(HPT), cold rolling, heat rolling, high energy ball milling, sandblasting, and shot 
peening are reviewed.

At the same time, implant industry is experiencing rapid growth mainly due to 
age-related degenerative diseases. with the increase of the need to diagnose diseases 
at an early stage in accordance with the saying: prevention is better than cure, the 
future prospects related to the significantly feasible surface nanostructured technol-
ogy for the foreseeable future are also pointed out. It indicates that new surface 
bioengineering technologies should be explored to help the scientists and clinicians 
in the initiation of targeted treatments and in the follow-up of treatment responses.

Keywords Nanostructure • Green technique • Equal channel angular extrusion
(ECAE) • High pressure torsion (HPT) • Cold rolling • Heat rolling • Ball milling  
• Sandblasting • Shot peening

2.1  Introduction

An increasing demand for reliable metallic biomedical materials is being observed 
as a result of an aging population with higher quality of life expectations. Improved 
metallic biomaterials and the relevant manufacturing techniques are being intro-
duced to meet this demand. Apart from the biocompatibility requirement, metallic 
biomedical materials also have to meet high standards regarding its performance 
(functionality, reliability) and selection criteria (cost, manufacturing ability).

Up to now, the most often used metallic biomedical materials include stainless 
steel, cobalt-based alloys, and commercially pure titanium or titanium-based alloys. 
However, the implant metallic biomaterials, like all mechanical components, are 
subjected to degradation and have limited lifetime. Damaged implant requires 
 successive operation to replace worn components and so intensive efforts are made 
to increase durability of implants metallic biomaterials.

For instance, Titanium alloy such as Ti6Al4V has been widely used in implant-
able devices for several decades, because of its attractive mechanical and corrosion 
characteristics [1]. However, failure often occurs, due to wear in the contact areas 
[2, 3]. Release of metallic ions and wear fragments due to wear corrosion lead to 
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allergy and to tissues inflammation. Cytotoxicity concerns are mainly related to the 
presence of vanadium, but also high concentrations of titanium and aluminum ions 
can be dangerous [4–6].

Many titanium alloys have been studied under co-joint action of corrosion and 
sliding wear [3]. Under these conditions, Ti6Al4V is found to undergo the strongest 
degradation, among all the alloys tested, but according to different tests it results the 
best combination of both corrosion and wear resistance [1]. The wear corrosion 
mechanism consists in the removal of the surface passive film in the sliding contact 
and its subsequent regeneration [7]. It should be stressed that the two mechanisms 
of degradation, that is, wear and corrosion, do not proceed separately but depend on 
each other in a complex way. Normally corrosion is accelerated by wear, and, simi-
larly, wear may be affected by corrosion phenomena [1, 3, 8, 9]. Corrosion was 
found to be stimulated by wear, because of galvanic coupling between the anodic 
wear track and the cathodic region outside [6]. The effect of wear on the electro-
chemical behavior is marked and depends on frictional load, applied potential and 
pH of the solution [10]. Duisabeau et al. [11] studied the tribocorrosion behavior of 
a Ti6Al4V/316L stainless steel pairs in a Ringer’s solution, under gross slip condi-
tions and concluded that the dissipated mechanical energy and fretting regimes are 
strongly affected by the presence of a corrosive lubricant, because of the electro-
chemical phenomena caused by the electrolyte. Many investigations on titanium 
and its alloys are carried out under fretting corrosion. Degradation is accompanied 
by depassivation and repassivation phenomena which can be investigated by elec-
trochemical noise technique [12]. At anodic potentials, it is found that the electro-
chemical response of the alloy to tribocorrosion is critically affected by the 
prevailing fretting regime (stick, mixed, or slip regime) and significant wear and 
enhancement of the anodic current occurred only in the presence of slip [13]. The 
applied potential markedly stimulates the wear process, owing to continuous oxida-
tion of the surface layer formed by mechanical mixing of plastically deformed metal 
and oxide debris [14].

Biological survival, particularly longevity of biological adhesive joints, is often 
dependent on thin surface films. Surfaces and interfaces behave completely differ-
ent from bulk properties. The characteristics of a biomaterial surface govern the 
processes involved in biological response. Surface properties such as surface chem-
istry, surface energy, and surface morphology play a crucial role in biological inter-
actions for four reasons: (1) the surface of a biomaterials is the only part contacting 
with the bioenvironment, (2) the surface region of a biomaterial is almost always 
different in morphology and composition from the bulk, (3) for biomaterials that  
do not release or leak biologically active or toxic substance, the characteristics of 
the surface governs the biological response (foreign material vs. host tissue), and 
(4) some surface properties such as topography affect the mechanical stability of the 
implant-tissue interface. Like the interface, the surface has a certain characteristic 
thickness, (1) for the case when the interatomic reaction is dominant, such as  wetting 
or adhesion, atoms within a depth of 100 nm (1,000 Å) will be important, (2) for the 
case of the mechanical interaction, such as tribology and surface hardening, since 
the elasticity due to the surface contact and the plastically deformed layer will be a 
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governing area, the thickness of about 0.1–10 μm will be important, and (3) for the 
case when mass transfer or corrosion is involved, the effective layer for preventing 
the diffusion will be within 1–100 μm.

Current implants materials such as stainless steels and Co–Cr alloys have 
Young’s module varying from 100 to 200 GPa and the values are quite different
from that of human bones (1–30 GPa) [15]. An implant with a high Young’s module
absorbs most of the loading causing “stress shielding effects” to loosen human 
bones [16]. Nowadays, the commonly used materials for surgical implantation are 
titanium alloys, stainless steels, and Co–Cr alloys, and Table 2.1 lists the mechani-
cal properties of commonly used surgical materials.

Although surfaces of biomaterials have been modified by various techniques 
(laser melting [18], sol–gel method [19, 20], multi-arc ion plating [21], O implanta-
tion [22, 23], ion implantation [24–27], thermal oxidation [28, 29], electrochemical 
treatment [30–32]) to improve the specific surface properties and functions, all the 
problems cannot be overcome and further surface modification is often needed. One 
of the problems is associated with Ni which is known to have some toxicity and 
causes allergic reactions in some people. Recent study shows that the amount of Ni 
released from commercial orthodontic wires varied in a wide range from 0.2 to 
7 μg/cm2 [33]. It has also been reported that Ni release can increase significantly 
with time and the high concentration will be maintained up to a few months [34].

Another problem is the disruption of the surface coatings due to the mechanical 
abrasion. Cyclic motions between the implants and human tissues not only disrupt 
the protective surface coatings but also generate wear debris, further increasing the 
risks of immunological response. The failure of biological coatings due to the long 
term corrosion, wear, and fretting is a serious concern and it has been reported that 
wear debris mainly causes the failure of joint replacements [35].

However, the TiN or TiO film fabricated on biomaterials is usually less than 
200 nm thick and any disruption of the film due to mechanical abrasion can easily 
reduce its biocompatibility. Although a thicker titanium oxide layer can be pro-
duced on biomaterials by thermal oxidation, the phase transformation behavior is 
usually occurred during the processing. Hence, in order to obtain a high-quality 
biological coating on biomaterials for long term biomedical application, the treat-
ment temperature, bonding strength between the coating and substrate, and thick-
ness of the coatings should be considered.

Nowadays, nanotechnology has been defined as “the creation of functional mate-
rials, devices and systems through control of matter on the nanometer length scale 
(1–100 nm), and exploitation of novel phenomena and properties (physical, chemi-
cal, and biological) at that length scale” [36]. Nanotechnology involves materials 
that have the nanosized topography or are composed of nanosized materials. These 
materials have a size range between 1 and 100 nm (10−9 m). Nanostructured materi-
als also have enormous surface areas per unit weight or volume, so that vastly more 
surface area is available for interactions with other materials around them. That is 
useful because many important chemical and electrical reactions occur only at sur-
faces and are sensitive to the shape and texture of a surface as well as its chemical 
composition.
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The novel properties of nanomaterials offer great promise to provide new 
 technological breakthroughs. Nanotechnology has been explored for creating lighter 
and stronger materials, for cleaning contaminated groundwater, for replacing toxic 
chemicals in various applications, for enhancing solar cell efficiency, and for 
 targeted cancer treatment. Nanotechnology is already used in hundreds of products 
across various industries such as electronics, healthcare, chemicals, cosmetics, 
materials, and energy [36–42].

Nanotechnology has become a powerful tool in modern materials science. It is able 
to incorporate biomimicry on the nanoscale into materials engineering. Research on 
nanotechnology/nanostructured biomaterials is also one of the hottest topics in  
the biomaterials field and in fact, “nanotechnology/nanostructured biomaterials” 
are also very important keywords in WBC (World Biomaterial Congress) 2008. 
Nanoscale materials are thought to interact with some proteins more effectively 
than conventional materials. For instance, osteoblast functions are mediated due  
to their similar size and altered energetics. Balasundaram et al. [43] suggested that 
nanophase materials may be alternative orthopedic implant materials because of 
their ability to mimic the dimensions of the constituents and components in natural 
bone-like proteins and hydroxyapatite. Nanofibers with shape resembling hydroxy-
apatite crystals in bones can influence the conformation of typical adhesive proteins 
such as fibronectin and vitronectin as well as osteoblast behavior [44, 45]. Some 
other nanostructures that spur enhanced response from osteoblasts and subsequently 
more efficient deposition of calcium-containing minerals include nanometals, car-
bon nanofibers and nanotubes, nanopolymers, and nanocomposites of ceramics and 
polymers. A number of studies have been conducted to evaluate the nanomaterials 
chemistry and preliminary results suggest that increased bone cell functions may be 
independent of the bulk materials chemistry but rather rely on the degree of the 
nanostructured surface roughness [46–49].

Many nanostructures can be found in nature [50]. For example, the surface of 
lotus leaves is composed of microscale and nanoscale hierarchical structures com-
posed of fine-branched nanostructures (ca. 120 nm) on top of micropapillae 
(5–9 mm). Scanning electron microscopy (SEM) reveals that on the lotus leave 
surface, every epidermal cell forms a micrometer-scale papilla and has a dense layer 
of epicuticular waxes superimposed on it. Each of the papillae consists of branch-
like nanostructures. The synergistic effects between these special double-scale sur-
face structures and hydrophobic cuticular waxes are thought to be the reason for the 
super-hydrophobicity as indicated by a high water contact angle and low sliding 
angle. As another example, butterflies [51] and cicadae [52] can keep themselves 
uncontaminated by removing dust particles, dew, or water droplets easily from their 
wings spontaneously. Such properties also originate from the special structures on 
their wings. The cicada wing is composed of aligned nanocolumns with diameters 
of about 70 nm and a column-to-column distance of about 90 nm. These surface 
microstructures bestow the wing with its self-cleaning property. The relevant refer-
ences cited are listed in Table 2.2.

Nanostructures also exist in the human body. For example, the size of ions, DNA, 
proteins, and virus in the human body ranges from several nanometers to sub- 
micrometers. Human bones are composed of nanosized organic and mineral phases 
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agglomerating to form a large macrostructure. Proteins present in the extracellular 
matrix of bones are nanostructured comparable to collagen fibrils. Furthermore, tiny 
mineral particles composed of calcium phosphate, an important constituent of the 
bone matrix, is compositionally and structurally nanostructured.

It is well known that nanotechnology has been applied to metallic biomedical 
materials in order to improve its mechanical, chemical, and physical properties  
such as anti-abrasion, corrosion resistance, biocompatibility, surface energy, etc. 
and understand the long term impact on human health.

For enhancing the mechanical retention, engineered nanostructures on the surface 
are normally taken to increase effective surface area on implant surfaces (such as 
both dental and orthopedic applications) to exhibit biological, mechanical, and mor-
phological compatibilities to receiving vital hard/soft tissue, resulting in promoting 
osseointegration.

The surface engineered nanostructures play a crucial role in biomedical applica-
tions because (1) the surface of a biomaterials is the only part contacting with the 
bioenvironment, (2) the surface region of a biomaterial is almost always different in 
morphology and composition from the bulk, (3) for biomaterials that do not release or 
leak biologically active or toxic substance, the characteristics of the surface  governs 
the biological response (foreign material vs. host tissue), and (4) surface properties 
such as topography affect the mechanical stability of the implant-tissue interface.

Nanostructured surfaces can be produced on conventional biomaterials by surface 
modification. Depending on the ways surfaces are modified, nano- functionalization 
techniques can be categorized into two groups, namely nano coating and film deposi-
tion as well as in situ surface nano-functionalization. These two types of techniques 
are often combined to produce surfaces with hybrid nanostructures such as a coating/
film and a nanostructured zone.

In the past 10 years, much work has been performed on surface nanofunctional-
ization of titanium. Coatings and films with nanostructures such as nanograins, nano-
pores, nanotubes, nanoparticles, nanowires, and nanorods have been synthesized on 
titanium and its alloys.

Moreover, such important surfaces can be fabricated in a favorable fashion to 
accommodate, facilitate, or promote more biofunctionality and bioactivity in mechan-
ical, chemical, electrochemical, thermal, or any combination of these technologies.

However, to date, a new generation of green technologies is expected to arrive, as 
pressures on resources grow and investors see healthy profit in a wide range of inno-
vative products. Moreover, in an attempt to alleviate fossil fuel usage and CO2 emis-
sions, fuels, heat, or electricity must be produced from biological sources in a way that 
is economic (and therefore efficient at a local scale), energetically (and greenhouse 
gas) efficient, environmentally friendly, and not competitive with food production. 
Aims to advance the development of clean technologies using nanotechnology, to 
minimize potential environmental and human health risks associated with the manu-
facture and use of nanotechnology products in general, to apply nano to solve legacy 
environmental problems, and to encourage replacement of existing products with new 
nanoproducts, bionanotechnology, a new crosscutting technology platform, should 
build an environmentally sustainable society in the twenty- first century.
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2.2  Fabrication of Nanocrystalline Metals

Generally, two complementary approaches are commonly employed to synthesize 
nanostructured solids. One is the “bottom-up” approach in which the nanostruc-
tured materials are assembled from individual atoms or from nanoscale building 
blocks such as nanoparticles. The second one is the “top-down” approach in which 
existing coarse-grained materials are processed to produce substantial grain refine-
ment and nanostructure. The most successful top-down approaches which are eco to 
environments, mainly involved the application of large plastic deformation in which 
materials are subjected to plastic strain typically larger than 4–6.

Nanocrystalline metals and alloys are usually produced by severe plastic defor-
mation (SPD). There are several variations of SPD based techniques such as high 
pressure torsion (HPT) [53–55], equal channel angular pressing (ECAP)/equal chan-
nel angular extrusion (ECAE) [56–60], cold rolling [61–65], hot rolling [66–68], 
high energy milling (ball milling) [69–73], sandblasting [74–90], and shot peening 
[91–93].

2.2.1  High Pressure Torsion (HPT)

One of the major tools to produce bulk nanocrystalline metals is high pressure tor-
sion (HPT) which can produce extremely high pressure and strain consequently 
leading to exceptional grain refinement. Generally, HPT produces nano-grains with 
size ranging from 50 to 100 nm. The schematic setup of HPT is depicted in Fig. 2.1. 

Fig. 2.1 Setup of high 
pressure torsion (HPT). In a 
high pressure torsion device, 
a metallic disk is constrained 
by high pressure between two 
anvils as one keeps steady 
and the other one rotates, 
leading to a very strain onto 
the sample [55]. Reprinted 
with permission from 
Elsevier
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The HPT treated sample is usually in the form of a thin disk with a thickness of 
0.8 mm. This disk is placed between two massive anvils and held in place within a 
depression machined into the face of each anvil. During operation, the sample is 
subjected to a high applied pressure, P, and concurrent torsional straining through 
rotation of the lower anvil. This process is designated quasi-constrained HPT 
because there is some limited outward flow of the materials around the periphery of 
the disk during operation [53].

In order to assess the advantages of HPT-processed titanium over the conventional 
and coated titanium implants, as both mechanical properties and cellular response, 
Faghihi et al. [54] investigated the nature and mechanism of cell–substrate interac-
tion, in particular, the molecular machinery controlling cell response to the surface of 
the nanostructured titanium based material produced by the high pressure torsion 
(HPT) process. Titanium disks with diameters of ~12 mm and thicknesses of ~0.3 mm 
were chosen for processing by HPT. Each disk was placed between anvils and com-
pressed and deformed under an applied pressure (P) of 6 GPa at room temperature to 
a total of five complete revolutions, equivalent to a true logarithmic strain of ~6.

Annealed titanium substrates were prepared by heating the titanium disks in a tube 
furnace for 12 h at 800 °C in an atmosphere of ultrapure argon and then cooling to 
room temperature. The untreated, nanostructured, and annealed disks of the titanium 
substrates with a diameter of one centimeter were placed in 24-well culture plates and 
incubated in alpha minimum essential medium (α-MEM, Invitrogen Corporation, 
USA) and Dulbecco’s modified Eagle’s medium supplemented with 10 % fetal 
bovine serum, 100 U/ml penicillin containing 100 mg/ml streptomycin at 37 °C in  
a humidified atmosphere of 5 % CO2 and 95 % air using mouse pre- osteoblast 
MC3T3-E1 subclone 14 and rat fibroblast Rat1 cell lines. Fluorescent labeling of 
nucleic acids was performed to assess the number of attached pre- osteoblasts and 
fibroblasts on the surface of the titanium substrates with different microstructures. 
Results show that the microstructure of the untreated titanium substrate had a mean 
grain size of ~9 mm (Fig. 2.2a) as determined by orientation image microscopy 
(OIM). After 12 h annealing at 800 °C under an argon atmosphere, its mean grain size 
increased to ~50 μm (Fig. 2.2b). The microstructure of the HPT processed titanium 
substrate was below the resolution limit of the OIM and its nanostructure was inves-
tigated in ultrathin section obtained by the FIB system. The FETEM showed the 
substrates to have a highly disordered, very fine-grained, polycrystalline structure 
that ranged in size between 10 and 50 nm (Fig. 2.2c). The grain boundaries of the 
individual grains were, however, difficult to recognize. Lattice-fringe images showed 
that coherent regions of the crystal structure within individual grains are even smaller 
and ranged in size between 5 and 10 nm.

The results of immunofluorescence microscopy (IM) suggest that the expression 
level of fibronectin (FN) varied among samples with different microstructure where 
higher concentration was observed in the cells grown on the HPT processed sub-
strate (Fig. 2.3). There was a reduction in FN expression in cells grown on the 
untreated and annealed substrates. To further understand the nature of the interac-
tions of pre-osteoblasts with different substrates, the expression level of vinculin 
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and the organization of actin filaments were determined by immunofluorescence 
technique (Fig. 2.4). Immunofluorescence microscopy of pre-osteoblasts grown on 
HPT-processed substrates showed strong vinculin signals associated with the actin 
stress fibers in peripheral regions of the cells as well as throughout the cellular 
extensions (Fig. 2.5). Vinculin was also present along the extended actin microfila-
ments with the highest concentration at their leading edges which resulted in focal 
adhesion on the surface of these substrates (Fig. 2.4a). On the untreated substrates, 
the vinculin signal was less intense (Fig. 2.4b). On the surface of annealed sub-
strates, the vinculin signal was not visible at the contact sites, but was present along 
the actin stress fibers (Fig. 2.4c). Immunofluorescence of the actin labeling showed 
a different organization of the microfilaments on all three fabricated substrates. Pre- 
osteoblasts grown on HPT-processed and untreated substrates developed a strong 
network of more well-defined and elongated fibers (Fig. 2.4d–e), whereas cells on 
annealed substrates had fewer prominent stress fibers crossing the cells (Fig. 2.4f).

Fig. 2.2 Structure of untreated, annealed, and HPT processed titanium substrates. (a, b) Gray 
scale map type of orientation image microscope (OIM) images of untreated, and annealed titanium 
substrates showing the grain size and statistics of individual grain boundaries. (c) TEM images of 
ultrathin section obtained from the focused ion beam (FIB) system of HPT processed titanium 
substrates showing highly disordered, polycrystalline nanoparticles which is ranged in size 
between 10 and 50 nm. High resolution TEM image representing lattice-fringe image suggests the 
coherent regions of the crystal structure within individual grains is ranged in size between 5 and 
10 nm (bar shows 5 nm) [54]. Reprinted with permission from Elsevier
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Western blot analysis from pre-osteoblast cells were also in agreement with the 
immunofluorescence results and showed elevated expression levels of fibronectin 
and vinculin in cells cultured on the HPT processed substrates compared to the 
annealed untreated substrates and the control (Fig. 2.6).

Cell culture experiments on microstructured and nanostructured solid substrates 
fabricated through heat treatment and HPT of commercially available pure titanium 
show that pre-osteoblast cell responses are strongly influenced by the surface struc-
tural features of the titanium substrates. Pre-osteoblast attachment and growth rate 
is improved on the surface of ultrafine grained titanium substrates produced by the 
HPT process. These nanostructured titanium substrates had superior properties in 
terms of their interaction with pre-osteoblast cells compared to other analyzed sub-
strates. These substrates preferentially supported the attachment and spreading of 
pre-osteoblasts over fibroblasts as well as increased cytoskeletal and extracellular 
matrix activity.

Fig. 2.3 Immunocytochemistry of fibronectin expressed by pre-osteoblast cells after 2 days of 
incubation. (a) HPT-processed, (b) untreated and (c) annealed titanium substrates. Pre-osteoblast 
cells cultured on HPT processed substrates show an increased fluorescent intensity with distinct 
network pattern. DAPI staining of the cell nuclei demonstrated that the cellular density was com-
parable for the selected area in all the samples (insets). Bars show 50 μm [54]. Reprinted with 
permission from Elsevier

K.W. Guo and H.Y. Tam



47

Fig. 2.4 Visualization of focal contacts and stress fibers in pre-osteoblast cells and level of vinculin 
expression on the surface of titanium substrates after 2 days of incubation. (a) Vinculin was more 
expressed and detected at the focal contact site in the cells grown on HPT-processed substrates than 
in the cells cultured on (b) untreated and (c) annealed titanium substrates. Pre- osteoblasts grown on 
(d) HPT-processed and (e) untreated titanium substrates exhibited well-defined stress fibers whereas 
cells cultured on (f) annealed substrates, formed poor bundles of stress fibers. Bars show 5 μm [54]. 
Reprinted with permission from Elsevier
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Fig. 2.6 Immunoblot of cell lysates prepared from mouse monoclonal antivinculin (upper) indi-
cate that there is a reduction of vinculin expression on annealed substrates, compared to HPT- 
processed titanium substrates. Immunoblots of cell lysates prepared from mouse monoclonal 
antifibronectin (middle) indicating the highest expression of fibronectin in pre-osteoblast cells cul-
tured on HPT-processed substrates. Lower bands show expression of actin as loading control [54]. 
Reprinted with permission from Elsevier

Fig. 2.5 Merged fluorescence images of nucleus (blue), actin filaments (red), and vinculin (green) 
in pre-osteoblast cells grown on HPT-processed titanium substrates after 2 days incubation. The 
arrows show the focal contact sites where vinculin is visible at the actin leading edges that connect 
cells to the titanium substrate. Bar shows 25 μm [54]. Reprinted with permission from Elsevier
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2.2.2  Equal Channel Angular Pressing (ECAP)/Equal 
Channel Angular Extrusion (ECAE)

Equal channel angular pressing (ECAP)/Equal channel angular extrusion (ECAE) is 
a more recent technique to produce ultrafine grained metals or alloys. The schematic 
setup of ECAE is illustrated in Fig. 2.7. In a typical ECAE process, intense shear is 
concentrated on the shear plane and each pass imposes an equivalent strain ε of 
about 1. Usually, the sample is subjected to several passes to attain exceptionally 
high strain covering the whole cross-sectional area. In the case of hard-to- deform 
materials, ECAP/ECAE is conducted at elevated temperature. The technique can 
produce ultrafine grained metals or alloys, bulk nanostructured materials with 
 submicrometer-sized grains, subgrain structures, nanoparticles, or other nano-sized 
structural features. Grain refinement during ECAP/ECAE is associated with some 
dislocation characteristics, e.g., cells, subgrains, microbands, that are established 
during the first one or two passes and their transformation to ultrafine grains during 
further straining [59]. At present, ECAP/ECAE is the most popular severe plastic 
deformation technique and has been used in grain refinement in various metals and 
alloys including commercial ones. However, the final grain size, grain phase, and 
fraction of high angle grain boundaries depend strongly on the processing methods 
and parameters as well as material properties.

Shin et al. [57] studied the microstructure development during equal-channel 
angular pressing of titanium. The experimental material was 18 mm diameter × 
130 mm length machined from commercial-purity titanium (grade 2) bars with an 

Fig. 2.7 Illustration of the ECAE process. During the treatment, material is forced through a 
channel that contains a sharp bend, resulting in large deformations at the shearing plane. Repeating 
the process creates very large strains [59]. Reprinted with permission from Elsevier
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average grain size of 30 μm. Before ECAP, the samples were annealed at 1,073 K 
for 1 h under an argon atmosphere in order to remove any residual hot work. ECAP 
die was designed to yield a shear strain of ~1.83 during each pass. It contained an 
inner contact angle (Φ) and arc of curvature at the outer point of contact between the 
channels (Ψ) of 90 and 20°, respectively. Pressing through a single pass or two 
passes was conducted at 623 K at a constant pressing speed of 2 mm/s. The pressing 
temperature was chosen to avoid shear localization that characterizes ECAP of 
commercial-purity titanium at temperatures between 298 and 598 K.

Figure 2.8a shows an optical micrograph of the as annealed titanium used as the 
starting material. The grain structure was equiaxed with an average size of ~100 μm. 
During the first ECAP pass, fine microstructural features inclined ~30° to the longi-
tudinal direction were developed (Fig. 2.8b). (The micrograph in Fig. 2.8b was 
taken from the Y plane as shown in Fig. 2.9.) Observation of the fine features in 
titanium at a higher magnification, however, revealed that they consisted of defor-
mation twins (Fig. 2.8c). In particular, grains with three distinct microstructures, 

Fig. 2.8 Optical and SEM micrographs of as-annealed and as-pressed (single pass) Ti: (a) as- 
annealed and (b–d) as-pressed. Etched with a solution of 4 % HF, 20 % perchloric acid, and 76 % 
distilled water [57]. Reprinted with permission from Elsevier
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marked A, B, and C, were observed. In A, twins spanning the entire grain were 
formed parallel to the flow lines. On the other hand, the twins in B were inclined 
approximately 40° to the orientation of the deformation zone of the pressing, and 
were observed to include microtwins inside. Inasmuch as the optical microstructure 
of C was not as evident as those of A and B, SEM observation of this region was 
required for a detailed analysis (Fig. 2.8d). As shown in the figure, the grain con-
tained microtwins whose width was less than 1 μm. Thus, all of the observations 
after the first ECAP pass revealed deformation twins either on a macroscale or a 
microscale.

A TEM micrograph of the structure developed during the first ECAP pass is 
shown in Fig. 2.10. Elongated parallel bands with a width of ~0.07 μm were 
observed. These bands were similar in appearance to slip bands formed in cubic 
metals, but were much finer. A SAD pattern from a region containing two adjacent 
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Fig. 2.9 (a) Macroscopic shearing path associated with a single passage. (b) Macroscopic shear-
ing patterns associated with different processing routes. (c) Schematic diagram of the sectioning of 
pressed samples for microstructural observation [57]. Reprinted with permission from Elsevier
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bands (marked “A” in Fig. 2.10a) was taken using a 1210   zone axis (Fig. 2.10b). 

The mirror spots of the 1210   diffraction pattern appeared with respect to the 

1011( ) plane, indicating that the two adjacent bands constituted a 1011{ }  twin 
structure. The same twin system was consistently observed for more than 50 differ-
ent regions, even from twins aligned differently in the same grain. In addition, the 
dislocation density within the bands was approximately 1013/m2, a value much 
lower than that typically developed in heavily deformed cubic metals, i.e., ~1015/m2.

Results show that during the first ECAP pass, titanium was observed to deform 

by deformation twinning. TEM analysis revealed that twinning occurred on 1011{ }  

planes. During the second ECAP pass, however, strain was accommodated primar-
ily by dislocation-glide processes. The specific slip system was strongly dependent 
on the processing route, i.e., route A, B, or C as shown in Fig. 2.9. Also, the texture 
formed during the first pass and the resolved shear stress for each slip system deter-
mine the deformation mechanism during the second ECAP pass and thus must be 
carefully considered in understanding microstructure development during equal- 
channel angular pressing.

2.2.3  Cold Rolling

Cold rolling is one kind of severe plastic deformation (SPD) techniques. González 
et al. [65] investigated the properties of the new Ti25Nb16Hf alloy (wt.%, vacuum 
arc-melted, treated at 1,100 °C for 1.5 h and quenched in a mixture of ethanol/water 
at 0 °C) for biomedical application before and after 95 % cold rolling (95 % C.R.). 
Rectangular samples of the alloy were cold rolled at room temperature to a 95 % 
reduction in thickness in a laboratory rolling mill with tool steel work rolls 

Fig. 2.10 (a) TEM micrograph of Ti after a single ECAP pass and (b) the corresponding SAD 
pattern [57]. Reprinted with permission from Elsevier
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measuring 92 mm in diameter. Unidirectional multipass rolling was carried out 
using 5 % reduction per pass using a fixed rolling speed of 35 rpm and silicone 
grease as lubricant.

The microstructure of the Ti25Nb16Hf (0 % C.R.) alloy is shown in Fig. 2.11a. 
X-ray diffraction analysis confirms the presence of β-phase, together with a low 
fraction of α″ phase (inset in Fig. 2.11a). Figure 2.11b shows a bright field image 
obtained by TEM from the 95 % C.R. alloy. The picture shows the formation of a 
nanocrystalline structure with grain size less than 50 nm. Inset in Fig. 2.11b shows 
the corresponding selected area electron diffraction pattern with continual diffrac-
tion rings, which confirms the presence of many crystalline grains. The indexation 
of the rings corresponds to the reticular parameters of β-phase.

Moreover, Ti25Nb16Hf (95 % C.R.) alloy was selected for the cell adhesion test 
due to its low elastic modulus and to its high corrosion resistance. In the cell adhe-
sion studies, 3 × 104 MG63 cells were seeded on triplicate specimens and incu-
bated for 4 h in a 48-well culture plate. After 4 h the cells were fixed with 4 % 
paraformaldehyde/PBS for 15 min at room temperature, permeabilized with 
0.05 % Triton X-100/PBS for 10 min and blocked with 1 % BSA/PBS for 30 min 
for nonspecific binding. After that the cells were stained using the double indirect 
immunofluorescence technique. Primary monoclonal antivinculin V9131 antibod-
ies from mice (Sigma-Aldrich) were used during 30 min to stain the focal points. 
The designated antibodies were conjugated with Alexa Fluor 488 anti-mouse IgG 
(Molecular Probes). Then the cells were incubated for 30 min with rhodamine-
phalloidin and secondary Hoechst antibodies (Invitrogen), for the actin filaments 
and cell nuclei, respectively. Between each step, cells were washed with PBS for 
three times. Coverslips were mounted on glass slides in Mowiol (Calbiochem) 
mounting medium.

Immunofluorescence images (Fig. 2.12) show the cells adhering to the new alloy 
and to the control materials after 4 h of culture. MG63 cells were stained to visual-
ize focal contacts (green), cytoskeletal structures of actin filaments (red) and nuclei 
(blue). The observation of the cell morphology shows a good polygon-like adherent 

Fig. 2.11 Optical microscopy image of Ti25Nb16Hf (0 % C.R.) alloy with an X-ray diffraction 
pattern (a) and a bright-field TEM image of the 95 % C.R. alloy with an electron diffraction pattern 
of the selected area (b) [65]. Reprinted with permission from Elsevier
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growth and good cell spreading with well-defined clusters of focal adhesion points 
in the different surfaces studied. The figure shows a lower number of adhering cells 
on the Ti25Nb16Hf specimen, compared to the control materials. The higher cell 
recruitment corresponds to the TCPS surface.

It demonstrates that the potentialities of the cold rolled novel Ti alloy are similar 
to those of cortical bone and with a good osteoblast cell response. This material 
could be considered a good candidate to be used in implant devices for replacing 
failed hard tissue.

Fig. 2.12 Double immunofluorescence staining (blue—nucleus, red—actin filaments and green—
focal points) of MG63 adhered cells after 4 h of culture corresponding to the Ti25Nb16Hf alloy,  
Ti grade II and TCPS substrates [65]. Reprinted with permission from Elsevier
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2.2.4  Hot Rolling

As for hot rolling, Li et al. [67] studied the contribution of twinning and slip to the 
evolution of texture and microstructure during large strain hot rolling of magnesium 
alloy ME20 (Mg-2.0Mn-0.3Ce) using X-ray and EBSD analysis. The rolling speci-
mens with a dimension of 60 mm × 40 mm × 4 mm were machined out in such a way 
that the crystallographic c-axis was parallel to the normal direction (ND), parallel to 
the transverse direction (TD) and 30° inclined from the transverse direction (TD) 
towards the rolling direction (RD) in the RD-TD plane (Fig. 2.13). Solution heat 
treatment at 400 °C for 30 min was applied in order to obtain a homogeneous micro-
structure prior to processing. Large strain hot rolling (LSHR) experiments at 400 °C 
up to 90 % reductions were carried out. The materials were hot rolled using a labo-
ratory rolling mill with diameter 250 mm and rolling speed of 23 m/min. After 
LSHR, the samples were quickly quenched in water.

The microstructure and second phase distribution images of the initial ME20 hot 
rolled plate after 400 °C for 30 min annealing are presented in Fig. 2.14. Figure 2.14a 
shows equiaxed grains with an average grain size of about 9.5 μm; the range  
of grain size is from 3 to 20 μm. After annealing, the microstructure is composed of  
fully recrystallized grains without any twinning left. Figure 2.14b shows the most 
 prominent second phase particles observed in the initial ME20 rolled plate. The 
second phase particles containing Mg and Ce with a stoichiometry of Mg12Ce were 
identified by energy dispersive X-ray spectroscopy (EDS) in the form of rod and 
plate morphology (Fig. 2.14c). The Mg12Ce particles were homogeneously distrib-
uted throughout the matrix with a size of 1–4 μm (Fig. 2.14b). Additionally, very 
fine ellipsoidal particles (<20 nm) were detected by TEM-EDS as pure Mn in 

Fig. 2.13 Schematic diagram of sample types and their reference system for the large strain hot 
rolling (LSHR) experiments [67]. Reprinted with permission from Elsevier
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Fig. 2.14c. The structure of the fine particles was further investigated by HRTEM 
techniques, as shown in Fig. 2.14d. It is clear that the interface between the particles 
and matrix is semi-coherent.

Figures 2.15a, c EBSD maps illustrate the different types of twins that are pro-
duced in ME20 during lower strain hot rolling. As can be seen, in type 3 the main 

twins are 1012{ }  extension twins with a misorientation angle 86°; 1011 1012{ }−{ }  

double twins with a misorientation angle 38° were also present but were fewer in 

number. Only a few 1011{ }  contraction twins were formed and most of these are 

located near the double twins. However, in type 1, only a few extension twins are 
formed during the hot rolling deformation. The volume fraction of extension twins 
is 3.97 and 20.52 % in type 1 and type 3, respectively.

Figure 2.16 shows microstructure and orientation distributions of the parent 
grains and selective twins in type 3 at 400 °C after 5 % thickness reduction. The 
matrix grains are nearly consumed by the growth of new tension twins in excess of 
40 % indicated by naked eye. In Fig. 2.16a, twin seems across the grain boundary; 
theoretically speaking, grain boundary is a barrier to impede the dislocation motion. 

Fig. 2.14 The microstructures of the ME20 alloy prior to hot rolling after annealing at 400 °C for 
30 min: (a) optical micrograph revealing equiaxed grains without twinning observation, (b) SEM, 
(c) STEM and (d) HRTEM images showing second phase particles sizes and distributions [67]. 
Reprinted with permission from Elsevier
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It is found that some twins can be intersected near the grain boundary. The matrix 
and twin orientations of all determined twins are displayed in pole figure in 
Fig. 2.15b. It is also visible that the matrix grains in pole figure are oriented such 
that the c-axis is tilted 45–90° away from the normal direction.

It elucidates that in type 1, a strong basal texture was found to be retained during 
all stage deformations of ME20. The texture intensity increases with growing thick-
ness reductions. The main deformation modes were basal and prismatic <a> slips. 
In type 2 and type 3, at low strains, the texture was made up of two components: 
initial prismatic orientation and newly off-basal orientation. The main deformation 

modes were 1012{ } -twinning, basal, and prismatic <a> slips. When the thickness 

reduction exceeds 30 %, a stable basal fiber texture was observed. The basal, prismatic 
<a>, and pyramidal <c + a> slip systems are also active. At 90 % reductions, apart 
from the dislocation glide, shear bands became another contributor to accommodate 
the strain and significantly alter the final textures. There is no obvious recrystallization 
behavior observed in type 1; on the contrary, to a certain extent recrystallization took 
place in type 3. The addition of cerium to magnesium in relatively small amount 
(0.3 wt%) probably promotes activation of the prismatic <a> glide.

Fig. 2.15 EBSD images of ME20 samples after hot rolled at 400 °C for 5 % thickness reductions: 
(a) type 1 and (c) type 3; raw data of (0002) pole figure was shown in corresponding EBSD images, 
(b) type 1 and (d) type 3 [67]. Reprinted with permission from Elsevier
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Fig. 2.16 (a) Crystallographic orientation map of sample type 3 obtained by hot rolling at 400 °C 
for 5 % thickness reduction along the RD and grains from 1 to 5 indicated in the image, (b) crystal-
lographic orientation of parent grains and twin bands TT tension twin, CT contraction twin [67]. 
Reprinted with permission from Elsevier
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2.2.5  High Energy Ball Milling/Mechanical Alloying

The earliest plastic deformation technique for synthesizing nanostructured mate-
rials was ball milling, and it is still used to fabricate nanostructured materials. The 
ball milled powders need to be consolidated to form the bulk nanostructured materi-
als. This technique has been successfully used to form a nanostructured surface 
layer on alloys. Ortiz et al. [69] reported that nano-grains and grain size gradient 
were introduced into the surface of nickel-based C-2000 alloy after high energy ball 
milling.

Over the past few years, mechanical alloying (MA) has shown great potential in 
synthesizing a wide variety of nanocrystalline, supersaturated solid solutions and 
amorphous phase with unique characteristics [71]. Nasiri-Tabrizi et al. [72] studied 
the influence of milling parameters (time and atmosphere) on the mechanochemical 
synthesis of nanocrystalline hydroxyapatite (n-HAp) using different raw materials. 
Starting materials including calcium hydroxide (Ca(OH)2), anhydrous dicalcium 
phosphate (CaHPO4,) and calcium carbonate (CaCO3) with given stoichiometric 
proportionality within the reagents were milled using a high energy planetary ball 
mill under air or in a purified argon (99.998 vol.%) atmosphere. Mechanical activa-
tion was performed in polyamide-6 vials (volume of 125 ml) using Zirconia balls 
(20 mm in diameter) for 15, 40, and 80 h. The weight ratio of ball-to-powder and 
rotational speed were 20:1 and 600 rpm, respectively. To control temperature and 
prevent excessive heat, the millings were completed in 45 min milling steps with 
15 min interval pauses. Two distinct chemical reactions were utilized as follows to 
investigate the effect of chemical composition of raw materials on the mechanosyn-
thesis and purity of final products:

 
6 4 64 2 10 4 6 2 2CaHPO Ca OH Ca PO OH H O+ ( ) → ( ) ( ) +

 
(2.1)

 
4 6 4 23 4 10 4 6 2 2 2CaCO CaHPO Ca PO OH CO H O+ → ( ) ( ) + +

 
(2.2)

Subsequently, the mechanically activated powder was filled in a quartz boat, and 
then annealed for 1 h under atmospheric pressure at 800 °C. The heating rate from 
room temperature up to the desired temperature was fixed at 10 °C min−1.

The morphological characteristics of the n-HAp out of reaction (1) after 80 h 
milling under both milling atmospheres are shown in Fig. 2.17. TEM observations 
showed that the HAp particles had rod-like morphology with an average length of 
about 20 and 25 nm under air and argon atmospheres, respectively. However, in 
outcomes from reaction (1), there are some particles with ellipse-like morphology, 
and it is because of the axis orientation of nanorods with respect to the image plane. 
In fact, if the rod axis is perpendicular or oblique to the image plane, the rod may be 
seen as a full circle or ellipse shape, subsequently. It has been found that the n-HAp 
with ellipse- or rod-like morphology inhibit the proliferation of malignant  melanoma 
cells. Therefore, these nanostructures may be helpful to remedy cancer. Furthermore, 
since the synthetic HAp nanorods have an excellent sinterability, using this structure 
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is an effective route to obtain dense bioceramics with high mechanical properties. 
As a result, the gained HAp nanorods may be utilized as strength enhancing addi-
tives for the preparation of the bionanocomposites with improved mechanical 
properties.

Figure 2.18 shows the TEM images of n-HAp out of reaction (2) after 80 h mill-
ing under both milling atmospheres. According to this figure, the HAp particles had 
spheroidal morphology with an average size of about 23 and 25 nm under air and 
argon atmospheres, respectively. It has been found that spherical particles are better 
than other irregular shapes due to the well space fillings and the low percentage of 
voids in the final product. Besides, granules with a smooth spherical geometry are 
useful in growth and attachment of bone tissue that improve osseointegration.

The synthesized powders exhibited average sizes about 32 and 27 nm under air 
atmosphere, and about 32 and 34 nm under argon atmosphere. The results of mor-
phological evaluation confirmed the formation of n-HAp with different  morphologies 
each of which can be used for particular purpose.

Fig. 2.17 TEM images of n-HAp powders produced through reaction (1) after 80 h milling under 
(a) air and (b) argon atmospheres [72]. Reprinted with permission from Elsevier

K.W. Guo and H.Y. Tam



61

2.2.6  Sandblasting

Usually blasting is explained as the use of abrasive particles such as hard ceramics 
against another material under high pressure in order to make it smoother, remove 
surface contaminants or to roughen the surface [74–76]. The dynamic contact 
between the forced particles and the surface leads to higher roughness values, 
increasing metal surface reactivity [77]. The desired roughness can be set up by the 
particle size. Thus, for the blasting of biomedical materials the particles should be 
chemically stable and biocompatible. Usually alumina, titania, or hydroxyapatite 
particles are applied for blasting treatments.

Sandblasting possesses three purposes: (1) cleaning surface contaminants,  
(2) rough ening surfaces to increase effective surface area, and (3) producing ben-
eficial surface compressive residual stress. As a result, such treated surfaces exhibit 
higher surface energy, indicating higher surface chemical and physical activities, 
and enhancing fatigue strength as well as fatigue life.

Fig. 2.18 TEM images of n-HAp powders produced through reaction (2) after 80 h milling under 
(a) air and (b) argon atmospheres [72]. Reprinted with permission from Elsevier
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In order to obtain satisfactory fixation and biofunctionality of biotolerated and 
bioinert materials, some of the mechanical surface alternation such as threaded sur-
face, grooved surface, pored surface, and rough surface have been produced that 
promote tissue and bone ingrowth. But so far, there is no report on suitable rough-
ness to specific metallic biomaterials. In general, on the macroscopic level (>10 μm), 
roughness will influence the mechanical properties of the interface, the way stresses 
are distributed and transmitted, the mechanical interlocking of the interface, and the 
biocompatibility of biomaterials. On a smaller scale, surface roughness in the range 
from 10 nm to 10 μm may influence the interface biology, since it is of the same 
order in size as cells and large biomolecules. Topographic variations of the order of 
10 nm and less may become important because micro-roughness on this scale length 
consists of material defects such as grain boundaries, steps, and vacancies, which 
are known to be active sites for adsorption, and thus may influence the bonding  
of biomolecules to the implant surface. There is evidence that surface roughness on 
a micron scale allows cellular adhesion that alters the overall tissue response to 
biomaterials. Micro-rough surfaces allow early better adhesion of mineral ions or 
atoms, biomolecules, and cells, form stronger fixation of bone or connective tissue, 
result in a thinner tissue-reaction layer with inflammatory cells decreased or absent, 
and prevent microorganism adhesion and plaque accumulation, when compared 
with the smooth surfaces [78].

Although alumina (Al2O3) or silica (SiO2) particles are most frequently used as a 
blasting media, there are several different types of powder particles utilized as 
media. This process may cause the release of cytotoxic silicon or aluminum ions in 
the periimplant tissue. To generate a biocompatible roughened titanium surface, an 
innovative grid-blasting process using biphasic calcium phosphate (BCP) particles 
was developed. Ti6Al4V disks were either polished, BCP grid-blasted, or left 
 as- machined. BCP grid-blasting created an average surface roughness of 1.57 μm 
compared to the original machined surface of 0.58 μm. X-ray photoelectron spec-
troscopy indicated traces of calcium and phosphorus and relatively less aluminum 
on the BCP grid-blasted surface than on the initial titanium specimen [79].

Figure 2.19 shows a clear discrepancy between each of the three groups. Polished 
titanium samples (Fig. 2.19a) display a mirror polished surface. On the contrary, 
both Tipassiv (Fig. 2.19b) and Tiblast (Fig. 2.19c) samples exhibited a highly 
 rugged and irregular surface.

SEM images of cell morphology are illustrated in Fig. 2.20a–f. On Tipolish (mirror- 
polished titanium disks) samples (Fig. 2.20a, b) cells exhibited large spreading with 
numerous dorsal microvilli and numerous specula-like lamelipodes. On Tipassiv  
(as-machined and passivated titanium disks) samples (Fig. 2.20c, d) MC3T3-E1 had an 
almost spread-out aspect, with multiple peripheral filopodia, dorsal microvilli, and 
cytoplasmic extensions. On Tiblast (BCP grid-blasted  titanium disks) samples, 
MC3T3-E1 cells had a round shape, displayed dorsal microvilli but exhibited few cyto-
plasmic extensions (Fig. 2.20e, f ). Cellular interconnections were frequently observed 
whatever the surface treatment (Fig. 2.20b, d, f ). Cellular distribution appears to be 
obvious only on the polished surface (Fig. 2.20a) with the appearance of multicellular 
spindles. Cells showed particular distribution neither on the surface of Tipassiv 
(Fig. 2.20c) nor Tiblast samples (Fig. 2.20e).
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It was reported that (1) according to scanning electronic microscopy observations 
and measurement of mitochondrial activity (MTS assay), it showed that osteoblas-
tic MC3T3-E1 cells were viable in contact with the BCP grid-blasted titanium 
 surface, (2) MC3T3-E1 cells expressed alkaline phosphate (ALP) activity and con-
served their responsiveness to bone morphogenetic protein BMP-2, and (3) the 
 calcium phosphate grid-blasting technique increased the roughness of titanium 
implants and provided a non-cytotoxic surface with regard to mouse osteoblasts [79]. 
Tribo-chemical treatment has been proposed to enhance the bond strength between 
titanium crown and resin base [80]. Using silica-coated alumina as a blasting media 
under relatively low pressure, silica layer is expected to remain on the blasted sur-
face so that retention force is enhanced by silan coupling treatment.

Although blasting shows several advantages, there is evidence of adverse effects: 
(1) surface contamination, depending on type of blasting media, and (2) distortion 
of blasted workpiece, depending on blasting manner and intensity. Miyakawa et al. 
[81] studied the surface contamination of abraded titanium. Despite low grinding 
speeds and water cooling, the abraded surfaces were found to be contaminated by 
abrasive constituent elements. Element analysis and chemical bond state analysis  
of the contaminants were performed using an electron probe microanalyzer. X-ray 
diffraction of the abraded surface was performed to identify the contaminants.  

Fig. 2.19 SEM micrographs showing the surface roughness of the various tested titanium disks.  
(a) mirror-polished titanium disks (Tipolish); (b) as-machined and passivated titanium disks 
(Tipassiv); (c) BCP grid-blasted titanium disks (Tiblast). Original magnification 1,000×; Bar = 10 mm 
[79]. Reprinted with permission from Elsevier
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It was reported that (1) the contamination of titanium was related to its reactivity as 
well as its hardness, (2) in spite of water cooling and slow-speed abrading, titanium 
surfaces were obviously contaminated, (3) contaminant deposits with dimensions 
ranging from about 10 to 30 μm occurred throughout the surfaces, and (4) the con-
taminant of titanium, although related also to the hardness, resulted primarily from 
a reaction with abrasive materials, and such contamination could negatively influ-
ence titanium’s resistance to corrosion and its biocompatibility [81].

Normally, fine alumina particles (50 μm Al2O3) are recycled within the sand-
blasting machine. Ceramics such as alumina are brittle in nature, and therefore, 

Fig. 2.20 SEM observation of MC3T3-E1 morphology after a 2 days culture in direct contact on 
titanium disks with different surface roughness. (a, b) Group Tipolish, (c) and (d) Group Tipassiv, 
(e, f) Group Tiblast. (a, c, e) Samples were observed using back-scattered electrons. Original mag-
nification 250×, bar = 100 mm. (b, d, f) Samples were observed using secondary electrons. Original 
magnification 3,000×; bar = 10 mm [79]. Reprinted with permission from Elsevier
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some portions of recycled alumina might be brittle-fractured. If fractured sandblast-
ing particles are involved in the recycling media, it might result in irregular surfaces, 
as well as potential contamination. Using fractal dimension analysis [82–85], a 
sample plate surface was weekly analyzed in terms of topographic changes, as well 
as chemical analysis of sampled recycled Al2O3 particles. It was found that after 
accumulated use time exceeded 30 min, the fractal dimension (DF) [82] remained a 
constant value of about 1.4, prior to which it continuously increased from 1.25 to 
1.4. By the electron probe microanalysis on collected blasting particles, unused 
Al2O3 contains 100 % Al, whereas used (accumulated usage time was about 2,400 s) 
particles contained Al (83.32 wt%), Ti (5.48), Ca (1.68), Ni (1.36), Mo (1.31), S 
(1.02), Si (0.65), P (0.55), Mn (0.49), K (0.29), Cl (0.26), and V (0.08), strongly 
indicating that used alumina powder was heavily contaminated, and a high risk for 
the next material surface to be contaminated. Such contaminants were from previ-
ously blasted materials having various chemical compositions, and investing mate-
rials as well [85].

There are several evidences of surface contamination due to mechanical abrasive 
actions. As a metallographic preparation, the surface needs to be mechanically pol-
ished with a metallographic paper (which is normally SiC-adhered paper) under 
running water [86, 87]. It is worth mentioning here that polishing paper should be 
changed between different types of materials, and particularly when a dissimilar 
metal-couple is used for galvanic corrosion tests, such couple should not be pol-
ished prior to corrosion testing because both materials could become cross- 
contaminated [87]. Hence, there are attempts to use TiO2 powder for blasting onto 
titanium material surfaces. It was reported that titanium surfaces were sandblasted 
using TiO2 powder (particle size ranging from 45, 45–63, and 63–90 μm) to produce 
the different surface textures prior to fibroblast cell attachment [88].

Recently, it has been reported that sandblasting using alumina as a media caused 
a remarkable distortion on a Co–Cr alloy and a noble alloy [89, 90]. It was estimated 
that the stress causing the deflection exceeded the yield strength of tested materials. 
It was also suggested that the sandblasting should be done using the lowest air pres-
sure, duration of blasting period, and particle size alumina in order to minimize 
distortion of crowns and frameworks. To measure distortion, Co–Cr alloy plates 
(25 mm long, 5 mm wide, and 0.7 mm thick) were sandblasted with Al2O3 of 
125 μm. Distortion was determined as the deflection of the plates as a distance of 
20 mm from the surface. It was reported that (1) the mean deflections varied between 
0.37 and 1.72 mm, and (2) deflection increased by an increase in duration of the 
blasting, pressure, particle size, and by a decrease in plate thickness [89].

2.2.7  Shot Peening and Laser Shock Peening

Shot peening (which is a similar process to sandblasting, but has more controlled 
peening power, intensity, and direction) is a cold working process in which the sur-
face of a part is bombarded with small spherical media called shot. Each piece of 
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shot striking the material acts as a tiny hammer, imparting to the surface small 
indentations or dimples. In order for the dimple to be created, the surface fibers of 
the material must be yielded in tension. Below the surface, the fibers try to restore 
the surface to its original shape, thereby producing below the dimple a hemisphere 
of cold-worked material highly stressed in compression. Overlapping dimples 
(which are sometimes called forged dimples) develop an even layer of metal in 
residual compressive stress. It is well known that cracks will not initiate or propa-
gate in a compressively stressed zone due to a tendency of crack-closure. Since 
nearly all fatigue and stress corrosion cracking failures originate at the surface of a 
part, compressive stresses induced by shot peening provide considerable increases 
in part life, since advancing crack-opening is suppressed by preexisting compres-
sive residual stress. The maximum compressive residual stress produced at or under 
the surface of a part by shot peening is at least as great as half the yield strength of 
the material being peened. Many materials will also increase in surface hardness 
due to the cold working effect of shot peening. Both compressive stresses and cold 
working effects are used in the application of shot peening in forming metal parts, 
called “shot forming” [91].

Hashemi et al. [92] investigated the wear resistance of shot peened–nitrided 
316 L austenitic stainless steel. The shot peening treatment was performed on some 
of the 316 L stainless steel sheet samples (3 mm in thickness) for 15 min using an 
SBRT-ISO shot peening machine containing steel balls with mean hardness of 
40–45 RC, diameter of 1–2 mm, and shooting angle of 45°. Wear tests were carried 
out using a rotating pin-on-disk wear testing machine with a speed of 2 cm/s. The 
diameter of wearing circumferential trajectory was adjusted to be 7 mm. These tests 
were performed against a 5 mm diameter SAE 52100 pin (ball) and repeated at least 
three times per specimen. The sliding distance was 250 m with normal loads of 5 
and 10 N. The weight loss value of the specimens and the traversed distance were 
the criterion for comparison of the wear resistance.

Figure 2.21 shows the cross-section microstructure of different specimens. A gray 
layer or nitrided layer was seen at the surface of nitride specimen (Fig. 2.21c, d). The 
nitrided layer of shot peened–nitrided specimen was thicker than the nitrided speci-
men without shot peening. The increase of dislocations density and grain refinement 
at the surface layers of specimen after shot peening was shown in Fig. 2.21b.

Results show that severe plastic deformations due to shot peening caused strain- 
induced martensite transformation in the surface layers, and the amounts of grain 
boundaries and other defects increased in the shot peened specimens. The wear rate 
due to motion of pin on specimen’s surface at a constant load, for the shot peened–
nitrided specimen was less than this quantity for the nitride specimen, which was 
itself less than that of the untreated specimen. When 5 N load was exerted, the wear 
rate of specimens was eligible; however, exerting the 10 N load made the wear rate 
of untreated specimens to increase intensely. While, the wear rate for the other 
specimens did not show a significant increase. Therefore, surface treatments played 
an important role in increasing the hardness and wear resistance of 316 L stainless 
steel, and according to surface hardness of specimens, shot peening–nitriding 
 treatment had the highest effect in decreasing wear. Signs of a mixture of adhesive 
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(which was usually the predominant mechanism in wear of austenitic stainless 
steel) and abrasive wear mechanisms were observed on the surface of the untreated 
specimen. The crushed particles due to the high pressure of the pin were probably 
the reason of abrasive wear between the ball and the specimen.

It seems that how much the surface hardness increases, the abrasive mechanism 
becomes more controlling. The controlling mechanism for the untreated specimen 
is adhesive–abrasive, according to its low hardness value. While, investigating shot 
peened specimens showed that the controlling mechanism goes more and more to 
abrasive mechanism, because of the considerable increase in the surface hardness.

The laser peening (laser shock peening) technology has been recently developed, 
claiming non-contact, no-media, and contamination-free peening method. Before 
treatment, the workpiece was covered with a protective ablative layer (paint or tape) 
and a thin layer of water. High-intensity (5–15 GW/cm2) nanosecond pulses (10–
30 ns) of laser light beam (3–5 mm width) striking the ablative layer generated a 
short-lived plasma which caused a shock wave to travel into the workpiece. The 
shock wave induced compressive residual stress that penetrated beneath the surface 
and strengthened the workpiece, resulting in improvements in fatigue life and 
retarding in stress corrosion cracking occurrence.

Sealy et al. [93] researched surface integrity and process mechanics of 
laser shock peening of novel biodegradable magnesium–calcium (Mg–Ca) alloy. 

Fig. 2.21 (a) Cross-section microstructure of untreated specimen, (b) shot peened specimen, (c) 
nitrided specimen and (d) SEM micrograph of nitrided specimen [92]. Reprinted with permission 
from Elsevier
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An Nd:YAG laser (wavelength D 1,064 nm, pulse width (τ) = 5–7 ns, frequency 
(f) = 30 Hz) with power range 0.1–10 W was used in the experiments. The estimated 
spot diameter was approximately 250 μm using a 100 mm focal length lens where 
the cross-sectional area was 0:0491 mm2. The sample was oriented vertically so 
particulate could not accumulate in the laser’s path. Each experiment was performed 
in water confined regime at a depth of 1–2 mm. Black tape with a thickness of 
0.05 mm was used as the ablative medium. The average power measured 8 W.

Figure 2.22 shows the optical images of dents by sequential and single laser 
shock peening (LSP). As material behavior is characterized by stress/strain graphs 
along the peening or depth direction and radial directions, tensile pile up is critical 
to tribological applications in implants. Results showed that due to the radial expan-
sion of neighboring peens, the magnitude of the pile up increased approximately 
50 %, which drastically affected the wear and fatigue performance of a surface.

2.3  Future Prospects

Green technologies or hybrid eco-friendly techniques should be developed for 
nanostructured metallic biomaterials with/without masking the unwanted area. 
Through the choice of processing parameters, the width and depth of the nanotex-
tured features can be controlled over a wide range resulted in higher quality in the 
bio environment. Nanotexturing such prosthetic items as hip implants; textures 
could be sized and shaped to favor the ingrowth of adjacent bone to anchor the 
implants with the suitable properties of tribology in the practical applications.

Proposing an ideal implant structure with nano modification or nanostructure 
should be integrated by bioengineering, nanotechnology, and biomaterials science. 
The four important factors and requirements for successful and biofunctional implant 

Fig. 2.22 Dent topography [93]. (a) Sequential LSP. (b) Single LSP. Reprinted with permission 
from Elsevier
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systems should be satisfied: (1) biological compatibility (or, biocompatibility); (2) 
mechanical compatibility (or mechanocompatibility); (3) morphological compatibil-
ity, and (4) crystallographic compatibility (or micromorphological compatibility).

Up to now there is no absolute knowledge on the influence of nanostructure fea-
tures on the biological environment, because of the absence of standardized sur-
faces with repetitive topography at the nanoscale level with highly controllable 
lateral resolution. The increasing availability of well understood and standardized 
surface structures in the sub-100 nm scale will strongly help to understand the inter-
actions between specific proteins and cells.
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    Chapter 3   
 Recent Development of Metal Nanoparticles 
Catalysts and Their Use for Effi cient 
Hydrogenation of Biomass-Derived 
Levulinic Acid 

             Kai     Yan      and     Huixia     Luo   

    Abstract     In this chapter we concentrate our attention on the green processes of metal 
nanoparticles and utilization for catalytic hydrogenation of biomass-derived levulinic 
acid, from the pioneering studies to the present state of the art. An overview of the 
different methods and recent advances for the fabrication of metal nanoparticles, 
especially for the green methods, are commented and compared. Challenges and areas 
that need improvement are also highlighted in the corresponding area. The resulting 
catalysts are commented for the catalytic upgrading of levulinic acid which is a chem-
ical building block from lignocellulosic biomass for the production of transportation 
fuels, as well as useful chemicals. Specifi c examples are reviewed with emphasis on 
different synthetic methods, comparing the behavior of different metal catalysts.  

  Keywords     Green processes   •   Metal nanoparticle   •   Development   •   Hydrogenation
   •   Levulinic acid  

3.1         Introduction 

    Due to the diminishing of fossil fuels and its associated seriously environmental 
issues, sustainable alternatives have been taken for environmental protection and 
rational utilization of renewable energy [ 1 – 5 ]. Lignocellulosic biomass is the 
renewable and abundant source that can be used as a replacement for fossil 
resources in the sustainable production of transportation fuels and chemicals [ 6 – 8 ]. 
However, the high concentration of oxygen functionalized units in biomass pres-
ents a challenge for the development of biomass-based processes [ 9 – 12 ]. Over the 
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last several decades, it has been demonstrated that one of the most effective meth-
odology is to transform the high concentration of oxygen functionalized  biomass to 
levulinic acid (LA) that has low oxygen content, followed by catalytic conversion 
of LA into fuels and valuable chemicals as shown in Fig.  3.1 . Besides, LA has been 
identifi ed as one of the most promising top-12 building blocks for the sustainable 
production of fuels and useful chemicals in the replacement of fossil resources [ 13 , 
 14 ]. Homogeneous catalytic conversion of LA is very effi cient and selective due to 
the easy access to the catalytic active center [ 6 ,  15 ], but it often suffers from the 
diffi culty in the removal of the catalyst from the reaction media and its relatively 
poor thermal stability [ 16 ]. To develop a green processes, environment-friendly 
catalysts with low- cost and high-performance should be designed for easy removal 
from the reaction media and recycling [ 17 – 19 ]. In this context, the use of metal 
nanoparticles (NPs) in catalysis is crucial and thereby brings enhanced selectivity 
and effi ciency [ 20 ].  

 Metal nanoparticles with small size and uniform distribution exhibit interesting 
chemical and physical properties due to their attractive properties and high surface 
area [ 21 – 24 ]. They have attracted enormous attentions among all nanostructured 
materials due to their fascinating properties and potential applications in daily lives 
[ 25 ]. The progress of nanoscience and nanotechnology has resulted in the develop-
ment of various synthesis methods for the synthesis of metal nanoparticles with 
different morphologies and controllable sizes. Due to these unique properties of 
metal nanoparticles, they have been widely used as catalysts in the energy process-
ing, fi ne chemical production and air pollution control [ 26 – 29 ]. Especially for Ru, 
Cu, Pd, and Pt, they have deeply attracted researchers and industry owing to their 
capability of using fewer catalysts to achieve higher catalytic activity. For example, 
Pd nanoparticles have been utilized in the selective production of hydrogen from 
alcohols, Fischer–Tropsch synthesis, CO oxidation, and NO  x   reduction [ 30 – 32 ]. 
The utilized metal nanoparticles are usually dispersed fi nely on metal oxide support 
to prevent particle growth and aggregation, where the metal oxide support can 
enhance the surface area, light absorption, and charge-carrier separation [ 24 ,  33 , 
 34 ]. In the regard, the support for metal nanoparticles catalysts should have stable 
chemical, mechanical, and thermal properties [ 35 ]. On the other hand, the high sur-
face area to volume ratio can lead to modifi cations in structure and properties. The 
uniform nanoparticle distributions will undoubtedly benefi t the catalytic reaction 
[ 30 ]. This chapter is an up-to-date review of the literature available on the subject of 
hydrogenation of biomass-derived LA platform using metal nanoparticles synthe-
sized by various green methods.  

  Fig. 3.1    Production route of fuels and chemicals from lignocellulosic biomass       
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3.2     Typical and Green Methods for Synthesis 
of Metal Nanoparticles 

 Over the last decades, several routes have been used to synthesize supported metal 
catalysts including chemical co-precipitation, vapor deposition, incipient wetness 
impregnation-reduction, and others [ 24 ,  30 ,  36 ,  37 ]. One important aspect of the 
synthesis of supported catalysts is that many different sizes will exhibit slightly dif-
ferent properties. For example, in the catalysis of CO to CO 2 , gold nanoparticles 
that were supported on a substrate must be within the size distribution of about 
2–5 nm [ 38 – 40 ]. In the following sections are the discussions on the different 
approaches to synthesize nanoscale catalysts, followed by some modern approaches. 
It has become the goal of many researchers to obtain nanoparticles with predictable 
and uniform sizes through a green route. Despite the availability of all these syn-
thetic methods, control of different morphologies, nanoparticle size, shape, and 
composition has been a major challenge in catalyst development [ 41 ]. 

3.2.1     Co-precipitation Method 

 Co-precipitation method is often based on the slow addition of a mixed solution 
containing the metal precursor into a reactor. A second solution (alkaline solution) 
was added in the reactor to maintain the pH at a selected value leading to the co- 
precipitation of the two metallic salts, which is followed by fi ltering, washing, and 
drying [ 42 – 45 ]. This yielded fairly substantial amounts of products within a reason-
able period of time [ 2 ]. This method offers high degree of control for process 
parameters such as pH, temperature, aging time, mixing rate, ratio of metal precur-
sor’s concentration [ 46 – 48 ]. This method conventionally caters for synthesis of 
hydrotalcite-like compounds as our previous reports [ 18 ,  45 ,  49 – 51 ]. Depending on 
these precipitations conditions, it can generally obtain well crystallized hydrotalcite 
phases and also control the properties of hydrotalcite particles including crystallin-
ity, size, size distribution, purity, and stability. 

 In the synthesis of metal nanoparticles, a suspension of substrates (e.g., TiO 2 , 
SiO 2 , Al 2 O 3 , etc.) is kept with continuous stirring [ 52 ,  53 ]. A soluble metal solution 
[such as Pd(NO 3 ) 2 ] was added and combined under vigorous stirring at a tuned pH 
value, which caused the dissolved metal to begin to be reduced. After the metal 
particles were formed and deposited on the substrate, the resulting solution was 
dried or centrifuged to obtain the fi nal metal nanoparticles [ 54 ,  55 ]. Co-precipitation 
method is very powerful for the synthesis of high percent loading. Besides, the 
 particles are directly deposited on the surface of the substrate, which greatly shorten 
the preparation time [ 56 ]. However, the disadvantage of this method is that 
the deposited metal nanoparticles are easy to aggregate and diffi cult to control the 
shapes [ 57 ]. 
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 Benito et al. [ 58 ] studied the preparation procedure and the La 2 O 3 /Pd weight 
ratio of a series of Pd/La 2 O 3 /SiO 2  catalysts (5 wt% Pd). If the precipitation  procedure 
leaded to La 2 O 3  deposition in the fi nal step, the coverage of Pd particles by La 2 O 3  
patches would occurs which would negatively affect the activity. Co-precipitation of 
La and Pd at fi xed pH was found to result in an optimized interaction of Pd with 
La 2 O 3  and thus to an optimized use of expensive Pd. Recently, we have also 
employed the co-precipitation method to initially produce Cu-hydrotalcite and then 
obtain Cu-catalysts by reduction, the resulting metal catalysts display high selectiv-
ity and high effi ciency for the hydrogenation of biomass-derived LA [ 22 ,  23 ,  59 ]. 
Barau et al. [ 34 ] recently prepared supported Pd metal nanoparticles on mesoporous 
silica and the typical HR-TEM images are show in Fig.  3.2 . Such metallic Pd 
nanoparticles, with particle sizes around 4–5 nm, were found to be relatively well 
dispersed on the surface of silica. They also show a tendency to aggregate on the 
surface of the mesoporous silica at higher loadings and the nanoparticles were less 
homogeneously dispersed.   

3.2.2     Incipient Wetness Impregnation-Reduction 

 In incipient wetness impregnation process, the active metal precursor was initially 
dissolved in an aqueous or organic solution with a suspended support (having a known 
porous volume) under stirring condition. The solution of the dissolved metal was usu-
ally made with a volume equal to the pore size of the support [ 60 ,  61 ]. Through the 
slow capillary action, the solubilized metal was adsorbed into the pores of the used 
support. The solution was then dried either through evaporation at room temperature 
or calcined to drive off the volatile components within the solution, leaving the metal 
precursor suspended on the surface or confi ned inside the porous structure. The 
 maximum loading was limited by the solubility of the precursor in the solution. 

  Fig. 3.2    High-resolution transmission electron microscopy (HR-TEM) images of Pd nanoparti-
cles on the silica support ( right ) and on the edges of the silica support ( left ). Reprinted from ref. 
[ 34 ] with permission by American Chemical Society       
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The concentration profi le of the impregnated compound depended on the mass trans-
fer conditions within the pores during impregnation and drying [ 62 – 64 ]. 

 In the followed reduction section, the remaining solids were dried or calcined in 
air at the specifi c temperature for some time, and subsequently reduced in fl owing 
H 2  (mixed in N 2  or Ar) after which it was fi nally cooled to room temperature under 
a fl ow of pure Ar or N 2 . Another reduction method is the chemical reduction using 
chemical agents such as formaldehyde, NaBH 4 , and LiAlH 4 . For example, NaBH 4  
was the most often used as reducing agent to prepare Pt deposited surface [ 65 ]. One 
synthetic diagram of the dendrimer-encapsulated metal nanoparticles is shown in 
Fig.  3.3  [ 66 ].  

 Recently, we employed the palladium precursors (e.g., palladium nitrate, palla-
dium (II) acetylacetonate) to fabricate Pd nanoparticles confi ned in the mesoporous 
supports or loaded on multi-walled carbon nanotubes using incipient wetness 
impregnation-reduction method [ 67 ,  68 ]. Through careful control, Pd nanoparticle 
can be highly dispersed on the surface of multi-walled carbon nanotubes (Fig.  3.4a, b ) 
or confi ned inside the mesoporous channels of SiO 2  supports (Fig.  3.4c, d ). Taking 
the synthesis of 3 wt% Pd supported on multi-walled carbon nanotubes (CNT) for 
example, the typical procedure was performed as following [ 68 ]: fi rstly, a defi nite 
amount of CNT support (~0.3 g), ethanol (5 mL) and the pre-calculated amount of 
Pd(acac) 2  was added into a 50 mL glass-bottle under argon environment. The mix-
ture was impregnated under the stirring condition with a speed of 1,000 rpm for 12 h 
to ensure the high dispersion of the Pd(acac) 2  on the CNT support at room tempera-
ture. After this, 5 mL NaBH 4  (0.5 M) was added inside for the reduction of 1 h at 
80 °C under argon environment. The obtained solution was centrifuged at a rate of 

  Fig. 3.3    Synthesis process of dendrimer-encapsulated metal (M) nanoparticles. Reprinted from 
ref. [ 66 ] with permission by American Chemical Society       
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3,500 rpm for 10 min and the obtained gel was dried at 90 °C for 6 h under argon 
environment. Table  3.1  summarizes some typical works of common metal nanopar-
ticle synthesis by incipient wetness impregnation-reduction method. 

   Although this method is very useful for the synthesis of readily active catalysts, 
it also suffers from many of the same drawbacks. The resulting particles typically 
have a broad distribution in size. Besides, some organic materials or excess solvents 
may need to be driven away at high temperature, which causes an increase in the 
size of the particles [ 20 ].  

3.2.3     Chemical Vapor Deposition 

 In a typical Chemical Vapor Deposition (CVD) process, the wafer (substrate) is 
exposed to one or more volatile precursors, which react and/or decompose on the 
substrate surface to produce the desired deposit. The process is often used in the 

  Fig. 3.4    TEM images of 3 wt% Pd/CNT images ( a  and  b ). Reprinted from ref. [ 68 ] with permis-
sion, Copyright 2013 Springer; 5 wt% Pd nanoparticles on MCM-41 ( c ) and TiMCM-41( d ). 
Reprinted from ref. [ 67 ] with permission, Copyright 2014 Elsevier       
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semiconductor industry to produce thin fi lms. In a chemical vapor deposition 
method to fabricate metal nanoparticles, particle formation often occurs in a gas 
phase fl ow that is usually heated to induce decomposition of one or more precursor 
compounds, generating vapor-phase atoms or reactive molecules [ 79 ]. Evaporation 
of solvent, evaporation or sublimation of precursor compounds, precursor decom-
position, particle nucleation, growth, and aggregation may all be involved in the 
synthesis process [ 80 ]. Haruta et al. studied different methods for the preparation of 
gold catalysts on various oxide supports (e.g., TiO 2 , Al 2 O 3 , SiO 2 , MgO, ZnO, or 
Fe 2 O 3 ): liquid-phase methods using HAuCl 4  precursor and [Au(CH 3 ) 2 (acac)] as 
volatile precursor for chemical vapor deposition [ 81 – 83 ]. They reported the deposi-
tion of active gold nanoparticles with relatively high dispersion of 2–6 nm gold 
nanoparticles. Synthesis of nanoparticles in the vapor phase is usually a continuous 
method that can provide better controllability and reproducibility compared to batch 
methods. In such pure vapor-phase methods, solid nanoparticles nucleate directly 
from the vapor phase. For this to occur, the vapor phase mixture must be thermody-
namically unstable relative to formation of solid particles. The product nanoparti-
cles nucleate from a supersaturated vapor of atoms or reactive molecular fragments 
[ 84 ]. High temperature is usually applied to drive precursor decomposition. For this 
method, a nebulizer is required to generate small enough droplets (nano/micro-
sized), which are then carried by gas fl ow and experience solvent evaporation and 
solute precipitation. Therefore, the size of produced particles with this mechanism 
depends mainly on the size of original droplets. Vapor phase methods have been 
applied to produce a variety of metal particles (e.g., Pt, Pd, Cu, Ru) [ 85 – 89 ]. 

 Liang et al. [ 90 ] reported Pd nanoparticle/functionalized carbon anno fi ber 
(CNF) composites were synthesized by a two-step chemical vapor deposition using 

   Table 3.1    Summary of common metal nanoparticle synthesis by the incipient wetness 
impregnation-reduction method   

 No.  Catalyst  Precursor 
 Particle 
size (nm)  References 

 1  5 wt% Ru/C  RuCl 3   6.0  [ 69 ] 
 2  5 wt% Ru/C  RuCl 3   1.7  [ 70 ] 
 3  2 wt% Ru/C  RuCl 3   3.3  [ 71 ] 
 4  1.5 wt% Ru/C  Ru(NO)(NO 3 ) 3   1.5–2.2  [ 72 ] 
 5  3 wt% Pd/CNT  Pd(acac) 2   2.8  [ 68 ] 
 6  3 wt% Pd/CNT  Pd(acac) 2   4.5  [ 68 ] 
 7     0.6 wt% Au–0.65 wt% Pd/SiO 2   HAuCl 4 , PdCl 2   6.2  [ 73 ] 
 8  0.5 wt% Au–0.5 wt% Pd/C  HAuCl 4 , PdCl 2   ~6  [ 74 ] 
 9  5 wt% Ru/Al 2 O 3   RuCl 3   15.2  [ 69 ] 
 10  5 wt% Ru/Al 2 O 3   Ru(NO)(NO 3 ) 3   10.8  [ 75 ] 
 11  2.5 wt% Au–2.5 wt% Pd/C  HAuCl 4 , PdCl 2   4.6  [ 76 ] 
 12  2.5 wt% Au–2.5 wt% Pd/Al 2 O 3   HAuCl 4 , Pd(NO 3 ) 2   2–10  [ 77 ] 
 13  5 wt % Pd/MCM-41  Pd(NO 3 ) 2   2–10  [ 67 ] 
 14  5 wt % Pd/TiMCM-41  Pd(NO 3 ) 2   2–10  [ 67 ] 
 15  2.5 wt% Au–2.5 wt% Pd/Al 2 O 3   HAuCl 4 , Pd(NO 3 ) 2   1–8  [ 78 ] 
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cyclopentadienyl allyl palladium [Pd(allyl)(Cp)] as precursor at atmospheric pres-
sure. They found that the Pd(allyl)(Cp) precursor could be dissociatively adsorbed 
on the surface of the CNF by the reaction between the ligands and the surface oxy-
gen groups. Further reduction in H 2  would produce the Pd/CNF nanocomposites. 
TEM results (Fig.  3.5 ) show that highly dispersed and evenly distributed Pd parti-
cles with diameters of 2–4 nm could be prepared by this two-step CVD method.   

3.2.4     Chemical Fluid Deposition 

 Chemical Fluid Deposition (CFD) involves the chemical reduction of organometal-
lic compounds in supercritical fl uid (e.g., CO 2 ) to yield high purity metal deposits 
[ 91 ]. Typically, the reaction was initiated upon the addition of H 2  or other reducing 
agent. The advantages of chemical fl uid deposition over most conventional deposi-
tion techniques were due to the unique properties of the supercritical fl uids, where 
it involved the chemical reduction of organometallic compounds inside to yield high 

  Fig. 3.5    TEM images and EDX analysis of Pd particles supported on the functionalized CNF 
composites. 2.04 % Pd/CNFs ( a ); 3.22 % Pd/CNFs ( b ); 4.30 % Pd/CNFs ( c ); EDX analysis of 
2.04 % Pd/CNFs ( d ). Reprinted from ref. [ 90 ] with permission by American Chemical Society       
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purity deposits [ 92 ]. The environmentally benign CO 2  in its liquid or supercritical 
state (scCO 2 ) has a tremendous potential as a green reaction medium for the sustain-
able preparation of nanoparticles because it is nonfl ammable, nontoxic and it has 
convenient critical parameters (Tc = 31 °C, Pc = 73.8 bar) [ 32 ,  93 ]. The low surface 
tension of liquid CO 2  (from 4.5 dyn/cm at 0 °C to zero at the critical point of 
7.38 MPa at 31.1 °C) makes it as an excellent wetting agent [ 94 ,  95 ]. 

 The pioneering CFD-studies by  Watkins  were dedicated towards the formation of 
metallic fi lms on supports [ 97 ,  98 ]. The process involves the dissolution of a metal-
lic precursor in a supercritical fl uid, its sorption onto a support and the conversion 
to metal ensembles by reduction in H 2  or other reducing agent. The typical setup is 
shown in Fig.  3.6  [ 96 ], a certain amount of organometallic precursor platinum 
dimethyl (cyclooctadiene) [PtMe 2 COD], a stirring bar, and a certain amount of sup-
port were placed into the high-pressure vessel. The vessel was sealed and heated to 
the desired temperature (often over 60 °C), then CO 2  was slowly purged inside and 
impregnated for several hours. After this, hydrogen was often input for chemical 
reduction of Pt precursor into Pt(0). In the fi nal step, the Pt(0) supported on the 
substrate can be achieved after the release of gas. HR-TEM was used to study the 
textural structure of the resulting nanoparticles as shown in Fig.  3.7 . In each case, 
these micrographs reveal uniformly dispersed metal nanoparticles with a mean par-
ticle size of 1.2–6.4 nm and a narrow particle size distribution. Comparison of the 
micrographs obtained from sample E and sample F, as well as those from samples 
G and H, show that higher metal contents result in larger particle sizes and broader 
distributions.   

 The approach has been used to prepare a wide variety of metallic fi lms including 
Pt, Pd, Ru and Rh on various types of supports [ 24 ,  99 – 101 ]. Although the scCO 2  

  Fig. 3.6    Schematic diagram for supercritical impregnation. Reprinted from ref. [ 96 ] with permis-
sion by American Chemical Society       
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derived CFD method was advanced, the employed supercritical fl uid often associ-
ated with high temperature and high pressure, which often presented high require-
ment toward the reaction fi xture and increasing the corresponding cost. Thus, the 
CFD method based on liquid carbon dioxide was also developed. Kim et al. [ 94 ,  95 ] 
reported the fi rst use of liquid carbon dioxide (L-CO 2 ) in the preparation of sup-
ported metal catalysts. The low surface tension of liquid CO 2  may help increase the 
dispersion of metal precursors. However, a liquid CO 2 -derived method often limited 
to the metal precursor is suffi ciently soluble in this medium. Table  3.2  presents the 
typical works of metal nanoparticles synthesis using chemical fl uid deposition 
methods. In general, the chemical fl uid method are very attractive since it offered 
many advantages rather than the traditional impregnation method, including the 
minimization of liquid waste generation, avoiding the use of aqueous means, 
enhancing the environmental benignity, and rapid separation of fi nal nanoparticles 
[ 28 ,  102 ,  103 ].

   The understanding of the catalytic activities and other technological applications 
of nanoparticles and catalysts requires a combination analysis of the particle size, 
shape, morphology, and surface properties. Various spectroscopic, microscopic, 
crystallographic and other physical techniques have been utilized for the character-
ization of nanostructured materials and their reactivity. Examples of these tech-
niques include Fourier transform infrared spectroscopy, ultraviolet-visible 
spectroscopy, fl uorescence spectroscopy, Raman spectroscopy, X-ray photoelectron 
spectroscopy, transmission electron microscopy, scanning electron microscopy, 
powder X-ray diffraction, as well as many other methods [ 20 ,  35 ].   

   Table 3.2    Summary of representative studies from literatures for the preparation of metal 
nanoparticles using chemical fl uid deposition method   

 No.  Catalysts  Precursor  Reaction conditions  References 

 1  Pd/Al 2 O 3   Pd(hfac) 2   H 2 , CO 2 , 75 °C (impregnation), 
250 °C (reduction) 

 [ 104 ] 

 2  Pd/Al 2 O 3   Pd(hfac) 2   H 2 , CO 2 , 28.5 °C (impregnation), 
75 °C (reduction) 

 [ 95 ] 

 3  Pd/SiO  x    Pd(hfac) 2   H 2 , CO 2 , 40–150 °C  [ 94 ] 
 4  Pd/SBA-15  Pd(hfac) 2   H 2 , CO 2 , 40 °C  [ 105 ] 
 5  Pd/CNT  Pd(hfac) 2   H 2 , CO 2   [ 103 ] 
 6  Pd/MCM-41  Pd(acac) 2   H 2 , CO 2 , 200 °C  [ 106 ] 
 7  Pt-Cu/CNT  Pt(acac) 2 , 

Cu(hfac) 2  
 H 2 , CO 2 , 200 °C  [ 103 ] 

 8  Pt/CNT  Pt(acac) 2   H 2 , CO 2 , 200 °C  [ 103 ] 
 9  Pt/MCM-41  Pd(hfac) 2   H 2 , CO 2 , 60 °C  [ 107 ] 
 10  Pt/C  (cod)

Pt(Me) 2  
 H 2 , CO 2 , 80 °C (impregnation), 
200 °C (reduction) 

 [ 96 ] 

 11  Ru/C  Ru(acac) 3   H 2 , CO 2 , 80–200 °C  [ 101 ] 
 12  Ru/MCM-41  Ru(acac) 3   H 2 , CO 2 , 200 °C  [ 106 ] 

  Note:  CNT:  carbon nanotubes  
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3.3     Hydrogenation of Levulinic Acid on Metal Nanoparticles 

 Catalytic hydrogenation using hydrogen gas and metal nanoparticles catalysts can 
be considered as the most important catalytic method in the synthesis of fi ne chemi-
cals on both laboratory and production scales. The classical hydrogenation catalysts 
(e.g., Noble metals, Raney nickel, and supported Ni and Cu) have been often uti-
lized [ 41 ,  66 ,  108 ]. The design of new eco-friendly catalysts with low cost for effi -
cient transformation of natural or biomass-derived platform chemicals is one of the 
promising approaches for the sustainable development [ 109 ,  110 ]. For most of the 
approaches being investigated, platform intermediate levulinic acid (LA), which are 
traditionally produced from renewable lignocellulosic biomass [ 111 – 113 ], are often 
employed as feedstock for the production of value-added chemicals and biofuels 
[ 28 ,  59 ,  114 ,  115 ]. 

 Biofuel γ-valerolactone (GVL) and 2-methyltetrahydrofuran (MTHF) coupled 
with value-added pentanoic acid (PA) can be produced through the hydrogenation of 
LA on metal nanoparticles (Nps) catalysts as shown in Fig.  3.8 . It has recently been 
demonstrated that GVL, a frequently used food additive, exhibits the most important 
characteristics of an ideal sustainable liquid, including the possibility to utilize it for 
the production of either energy or carbon-based consumer products [ 116 ]. In addition, 
GVL does not hydrolyze under neutral conditions and no measurable amount of per-
oxides was formed in a glass fl ask under air in weeks, making it a safe material for 
large scale use [ 116 ,  117 ]. A comparative evaluation of GVL and ethanol as fuel addi-
tives [ 116 ], with a mixture of 10 v/v% GVL or EtOH and 90 v/v% 95-octane gasoline, 
exhibited very similar fuel properties. Since GVL did not form an azeotrope with 
water, resulting in a less energy demanding process for the production of GVL than 
that of absolute ethanol [ 117 ,  118 ], which has attractive applications as a liquid fuel.  

 However, it was reported that GVL has the problem in blending limits for use in 
conventional combustion engines, thus it may be more attractive to convert GVL 
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  Fig. 3.8    Various fuels and chemicals derived from the hydrogenation of levulinic acid [ 116 ]       
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into liquid alkenes (or alkanes) [ 109 ]. GVL went through the ring-opening and 
 further got decarboxylated to produce butane, which can be oligomerized at ele-
vated pressures. One of benefi t allowing GVL to be a practical biofuel is that it is 
relatively inexpensive to produce. Using a cheap feedstock (e.g., glucose), this bio-
fuel can be produced at prices between 2 and 3 US$/gallon [ 116 ]. A group of 
researchers at Shell Global Solutions have shown the conversion of glucose-derived 
GVL to the valeric biofuels, like alkyl valerate esters, where valeric fuels are pro-
duced in four steps [ 119 ,  120 ]. 

 In general, GVL can be worked as solvent, fuels, fuel additives, or fuel precur-
sors. How to effi ciently produced GVL has becoming crucial. The hydrogenation of 
LA to GVL using the homogeneous Ru-complex derived catalysts, appeared attrac-
tive, high conversion as well as good selectivity were often obtained [ 6 ,  121 ,  122 ]. 
However, the recovery of expensive metal catalysts from reaction residues remains 
still a challenge. Due to its relatively easy recycle and separation, heterogeneous 
catalysts appeared more attractive and the supported transitional metal catalysts have 
been often employed, the typical hydrogenation of LA to GVL have been performed 
in solvent free [ 123 ,  124 ] or in organic solvents like dioxane, ethylether. Over 99 % 
yield of GVL was achieved on Ru/Al 2 O 3  catalyst under the condition of 200 °C, 
20 MPa molecular hydrogen and water coupled with supercritical CO 2  as the reac-
tion medium [ 123 ]. Manzer reported that 97 % yield of GVL was obtained using 
Ru/C catalyst at 150 °C and 34.5 bar hydrogen in dioxane [ 124 ]. Recently, we have 
reported the synthesis of a series of Pd nanoparticles on SiO 2  using CO 2 - assisted 
chemical fl uid deposition method and the resulting Pd nanoparticles display highly 
effi cient performance in the selective production of GVL [ 28 ,  102 ]. Carmen et al. 
report the synthesis of Ru nanoparticles on a DOWEX 50WX2-100 gel-type resin 
using the incipient wetness impregnation-reduction method and the resulting Ru 
nanoparticles (2.8 ± 0.8 nm) are highly effi cient for the hydrogenation of LA [ 125 ]. 

 Understanding the reaction mechanisms will certainly progress technological 
development of GVL application. At present, one of the biggest issues with the 
catalytic transformation of LA to GVL or other commodity chemicals is the high 
yield of coke produced during the process. Effi ciently addressing the formation of 
intractable coke and effi cient conversion of LA are attracting numerous attentions 
from researchers and industry. Jesse and coworkers [ 126 ] have studied the hydroge-
nation mechanism of LA to GVL using the Ru/C catalyst, they initially envisaged 
two different pathways for the transformation as shown in Fig.  3.9 . Pathway 1 illus-
trated the sequence initiated by hydrogenation of the ketone group in LA to form 
4-hydroxypentanoic acid (HPA), which would went through acid-catalyzed, intra-
molecular esterifi cation to form the thermodynamically preferred lactone, 
GVL. Alternatively, angelicalactones (AL) can form via endothermic dehydration 
of LA, and they become increasingly prevalent in acidic media and at elevated tem-
peratures (pathway 2). They thought angelicalactones are anticipated to rapidly 
hydrogenate, forming GVL in the presence of Ru/C and under H 2  atmospheres.  

 They further investigated the turnover frequencies of LA hydrogenation over 
Ru/C as a function of time on-stream at different reaction temperature as shown in 
Fig.  3.10  [ 126 ]. As shown in Fig.  3.10a , LA hydrogenation rates decreased rapidly 
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in the aqueous-phase system, even at mild temperatures (323 K). At low tempera-
tures, intramolecular esterifi cation of HPA appeared to control the rate of GVL for-
mation, whereas at high temperatures, mass transfer limited the rate of hydrogenation. 
They also reported the independent of the reaction conditions, the time decay of 
hydrogenation rates at short times on-stream (less than 8 h) by a second-order model 
(Fig.  3.10b ). The pronounced deactivation of monometallic Ru/C even started under 
mild conditions. Through the further calculation of reaction kinetics and comparison 
between experimental and predicted models, they got the conclusion that LA can be 
hydrogenated at near ambient temperature, proceeding primarily through a HPA-
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  Fig. 3.9    Pathways for the hydrogenation of LA to GVL [ 126 ]       

  Fig. 3.10    ( a ) Rates of LA hydrogenation over Ru/C at 323 K ( open diamond ), 343 K ( open cir-
cle ), and 363 K ( open square ) as a function of time on-stream. ( b ) Linearized rate data illustrating 
second-order deactivation and method employed for estimation of rates at zero time on-stream. For 
all experiments summarized here, the aqueous phase concentrations of LA and H 2  were 0.50 and 
0.016 M. Reprinted from ref. [ 126 ] with permission by American Chemical Society       
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mediated pathway in which hydrogenation occurred fi rst and was followed by acid-
catalyzed dehydration. They also pointed out for the future metal nanoparticles 
design, where LA hydrogenation was best suited to bifunctional catalysts exhibiting 
hydrogenation functionality alongside acidity.  

 The employed Ru catalysts display good performance, but the high cost and 
 relatively easy deactivation of Ru catalysts make them diffi cult to be utilized in 
practice. Developing an effective, stable, cheap, and eco-friendly catalyst with high 
effi ciency spurges the exploration of more robust catalysts. Recently, Rong et al. 
[ 127 ] employed a series of Raney Ni, Raney Co, Raney Cu, and Raney Fe catalysts 
for the hydrogenation of LA, Raney Ni catalysts display the highest activity in terms 
of GVL yields (82 %). They fabricated RQ-Ni nanoparticle catalyst, and it pre-
sented ~94 % yield, which has a clear enhancement in comparison with the com-
mercial Raney Ni catalysts. Subsequently, the authors performed the stability tests 
on the fabricated RQ-Ni and commercial Raney Ni catalysts over six runs (Fig.  3.11 ). 
It was evident that there are declines on LA conversion as well as GVL selectivity. 
However, RQ-Ni metal nanoparticles display much better stability than that of com-
mercial Raney Ni catalysts.  

 Due to the tunable composition, size, and electronic properties linked to various 
applications including magnetism, electronics, photonics, and especially catalysis, 
bimetallic nanoparticles are of great importance [ 129 ]. Yang et al. [ 128 ] reported an 
elegant metal complex-involved multicomponent assembly route to highly effi cient 
Ru-Ni bimetallic nanoparticles in ordered mesoporous carbons (OMC), which dis-
played high activity for the hydrogenation of LA as shown in Fig.  3.12 . The fabrica-
tion of composition-tuned Ru-Ni bimetallics in OMC (Ru  x  Ni 1− x  -OMC,  x  = 0.5 − 0.9) 
was facilely realized via in situ construction of CTAB-directed cubic Ia3d chitosan–
ruthenium–nickel–silica mesophase before pyrolysis and silica removal (Fig.  3.13 ) 
(More representative studies for the hydrogenation of levulinic acid using metal 
nanoparticles have been summarized in Table  3.3 ).  

  Fig. 3.11    The effect of recycling times on LA hydrogenation over RQ-Ni ( a ) and Raney Ni ( b ) 
( black square  of LA conversion,  grey square  of the selectivity of GVL). Reaction conditions: 
Cat. 200 mg, LA 500 mg, isopropanol 20 ml, 373 K, 1.5 MPa, 4 h. Reproduced from ref. [ 127 ], 
Springer 2014       
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  Fig. 3.12    Synthesis of Ru-Ni bimetallic nanoparticles in ordered mesoporous carbons for the 
hydrogenation of LA. Reproduced from ref. [ 128 ], American Chemistry Society       

   Table 3.3    Representative studies for hydrogenation of levulinic acid using metal nanoparticles   

 No.  Catalyst  Reaction conditions  Y (GVL)/%  References 

 1  5 % Ru/C  150 °C, 800 psi H 2 , 
2 h, 1,4-Dixoane 

 72  [ 124 ] 

 2  Raney Ni  ~200 °C, 48.3 bar H 2   94  [ 123 ] 
 3  5 % Ru/C  130 °C, 1.2 Mpa H 2 , 

160 min, methanol solvent 
 91.3  [ 130 ] 

 4  5 %Ru/Al 2 O 3   70 °C, 3.0 Mpa H 2 , 
acid-assisted, H 2 O solvent 

 56.2  [ 131 ] 

 5  5 % Ru/C  265 °C, 1–25 bar H 2 , 
50 h, 1,4-Dioxane 

 98.6  [ 132 ] 

 6  5 % Pd/C  265 °C, 1–25 bar H 2 , 
50 h, 1,4-Dioxane 

 90  [ 132 ] 

 7  5 % Pt/C  265 °C, 1–25 bar H 2 , 
50 h, 1,4-Dioxane 

 30  [ 132 ] 

 8  Raney Ni  220 °C, 48 bar H 2 , 3 h  94  [ 133 ] 
 9  5 wt% Ru/C  180 °C, WHSV = 1.2, propyl 

guaiacol solvent, formic acid 
 93  [ 134 ] 

 10  5 wt% Ru/C  130 °C, 1.2 Mpa H 2 , 
methanol solvent 

 91.1  [ 135 ] 

(continued)
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   Overall, the confi nement of metal nanoparticles in the mesoporous channel could 
prevent the potential metal leach or aggregation, which could enhance the stability 
of metal nanoparticles in the processes. Many of these processes for the highly 
selective hydrogenation of LA are still early in their development, and would benefi t 
greatly from additional research.  

  Fig. 3.13    Recyclability test for Ru 0.9 Ni 0.1 -OMC ( blue ) and Ru 0.7 Ni 0.3 -OMC ( gray ). Reaction con-
ditions: LA (5.0 g), catalyst (15 mg), H 2  (4.5 MPa), 423 K, and 2 h [ 128 ]. Reproduced from ref. 
[ 128 ] with permission of American Chemistry Society       

 No.  Catalyst  Reaction conditions  Y (GVL)/%  References 

 11  5 % Pt/SiO 2   180 °C, 9 MPa, 6 h, 
water solvent 

 97.3  [ 102 ] 

 12  1 mol % Au/ZrO 2   150 °C, 6 h, equimolar amount 
of LA and formic acid 

 >99  [ 136 ] 

 13  3 wt% Pd/Al 2 O 3   160 °C, 6 h, H 2 O  46.3  [ 28 ] 
 14  Ru/C  150 °C, 6 h, 580 psi H 2 , 

1 h, formic acid 
 67  [ 137 ] 

 15  Ru/TiO 2   150 °C, 6 h, 580 psi H 2 , 
1 h, formic acid 

 63  [ 137 ] 

 16  5 wt% Ru/hydroxyapatite  70 °C, 5 bar H 2 , 38 mL H 2 O  99  [ 138 ] 
 17  5 wt% Pd/hydroxyapatite  70 °C, 5 bar H 2 , 38 mL H 2 O  23.4  [ 138 ] 
 18  5 wt% Pt/hydroxyapatite  70 °C, 5 bar H 2 , 38 mL H 2 O  37.0  [ 138 ] 

Table 3.3 (continued)
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3.4     Conclusion and Outlook 

 Recent progress in the design and preparation of supported metal nanoparticles sug-
gested that a numerous variety of metal nanoparticles can nowadays be synthesized 
through different preparation routes. However, the preparation of supported metal 
nanoparticles should be performed in a more sustainable way, with less waste gen-
eration, avoiding the toxic compounds and decreasing the production costs. The 
direct supercritical fl uid (e.g., CO 2 ) deposition method of making bimetallic 
nanoparticles appears to provide a simple way of preparing and studying catalytic 
properties of various bimetallic nanocatalysts. The technology itself represents a 
green chemistry approach for nanomaterials synthesis. Monodisperse metal NPs 
(1–10 nm) including bimetallic and trimetallic NP catalysts, most often more effi -
cient than those containing only one type of metal, are attracting for many current 
reactions with great catalytic effi ciency. 

 The selective conversion of lignocellulosic biomass provides a possible approach 
to the sustainable production of fuels and chemical products. The catalysts devel-
oped should fully use a variety of catalytic functions, including acid sites, basic 
sites, and metal hydrogenation sites, to accomplish the common goal of selectively 
removing oxygen functional groups. By identifying and tuning important catalyst 
parameters, more effective catalytic materials are designed with improved selectiv-
ity to desirable products and increased rate of reaction. Future attention may also 
focus more on the metal nanoparticles catalysts deactivation and regeneration; 
mechanical stability; and economic viability.     
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    Chapter 4   
 Green Synthesis of Metallic and Metal 
Oxide Nanoparticles and Their Antibacterial 
Activities 

                P.    C.     Nagajyothi     and     T.    V.    M.     Sreekanth    

    Abstract     In recent years, the development of metallic and metal oxide  nanoparticles 
in an eco-friendly manner using plant materials has attracted considerable attention. 
The biogenic reduction of metal ions to the base metal is quite rapid, can be con-
ducted readily at room temperature under sunlight conditions, can be scaled up 
easily, and the method is eco-friendly. The reducing agents involved include various 
water-soluble metabolites (e.g., alkaloids, terpenoids, polyphenolic compounds) 
and coenzymes. Noble metals (silver and gold) have been the main focus of plant- 
based synthesis. These green synthesized nanoparticles have a range of shapes and 
sizes compared to those produced by other organisms. The advantages of using 
plant-derived materials for nanoparticle synthesis have attracted the interest of 
researchers to investigate the mechanisms of metal ions uptake and bio-reduction by 
plants. These biosynthesized metallic and metal oxide nanoparticles have a wide 
range of biological applications. This chapter, however, discusses only the antibac-
terial activities.  

  Keywords     Green synthesis   •   Eco-friendly   •   Antiparticles   •   Antibacterial activities  

4.1         Introduction 

 Nanotechnology or nanoscale technology normally considers sizes below 100 nm. 
Nanoscience studies the phenomena, properties and responses of materials at the 
atomic, molecular, and macromolecular scales, usually at sizes between 1 and 
100 nm [ 1 ].    At this size range, materials exhibit remarkable properties and are 
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 gaining importance in the areas of mechanics, optics, biomedical sciences, 
 chemical industry, electronics, drug-gene delivery, energy science, catalysis [ 2 ,  3 ] 
optoelectronics [ 4 ,  5 ] photo electrochemical applications [ 6 ], and nonlinear optical 
devices [ 7 ,  8 ]. Therefore, the production of nanoparticles with innovative applica-
tions can be achieved by controlling the size and shape on the nanometer scale. 
Nanoparticles can exhibit size and shape-dependent properties, which are of interest 
for applications ranging from biosensing and catalysts to optics, antimicrobials, and 
modern electronics. These particles also have applications in a range of fi elds, such 
as medical imaging, drug delivery, nanocomposites, and hyperthermia of tumors 
[ 9 – 12 ]. AuNPs and AgNPs are most common NPs in biomedical applications and 
interdisciplinary fi eld of nanobiotechnology [ 13 ,  14 ]. AuNPs have been used for a 
range of purposes, such as markers for biological screening and immunoassay [ 15 ], 
protein assay [ 16 ] anticancer [ 17 ], antimicrobial activities [ 18 – 21 ], antimelanoma 
[ 19 ] tyrosinase inhibitory [ 19 ], and capillary electrophoresis [ 22 ]. AgNPs have 
extensive applications in areas, such as integrated circuits [ 23 ], sensors [ 24 ], biola-
belling fi lters [ 24 ], antimicrobial deodorant fi bers [ 25 ], antimicrobials [ 26 – 29 ], cell 
electrodes [ 30 ], antioxidants [ 28 ], and antiproliferative activities [ 29 ]. These AgNPs 
have potential antimicrobial effects against infectious organisms, such as  Escherichia 
coli ,  Bacillus subtilis ,  Vibrio cholera ,  Pseudomonas aeruginosa ,  Syphilis typhus , 
and  Staphylococcus aureus  [ 31 ,  32 ]. ZnO NPs are used widely in industrial applica-
tions, such as pigments [ 33 ], dye-sensitized solar cells [ 34 ], photo-catalysts [ 35 ], 
and sensors [ 36 ]. ZnO is a wide bandgap semiconductor (II–IV) with an energy gap 
of 3.37 eV at room temperature, and ZnO NPs have a great advantage in their appli-
cation as catalysts owing to their large surface area and high catalytic activity [ 37 ], 
as well as their antibacterial, antioxidant, and cytotoxic activities [ 38 ].  

4.2     Synthesis of Nanoparticles 

 Nanoparticles can be synthesized using two methods: “top-down (Fig.  4.1 )” 
approach or “bottom-up” approach. In the “top-down” approach, the bulk materials 
are broken down gradually to nanosized materials (lithographic techniques, e.g., 
grinding, milling), whereas in bottom-up approach, atoms or molecules are assem-
bled to molecular structures in the nanometer range [ 39 ].  

 In bottom-up synthesis, nanoparticles are constructed from smaller entities, e.g., 
by joining atoms, molecules, and smaller particles [ 40 ]. In bottom-up synthesis, the 
nanostructured building blocks of nanoparticles form fi rst and then assemble to pro-
duce the fi nal particle [ 41 ]. Figure  4.2  shows the probable mechanism of nanopar-
ticle synthesis by a bottom-up approach.  

 Of the biological methods of synthesis, methods based on microorganisms have 
been reported widely [ 22 – 25 ,  42 ]. Microbial synthesis is of course readily scalable, 
environmentally benign, and compatible with the use of the product for medical 
applications. On the other hand, these methods require multiple purifi cation steps, 
or the maintenance of microbial cell cultures is more cost-incurring. 
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  Fig. 4.1    Various approaches for making nanoparticles and cofactor dependent bioreduction with 
slight modifi cations. Reprinted from ref. [ 39 ] with permission from Elsevier       

  Fig. 4.2    Schematic representation of nanoparticle synthesis from plant extracts       
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4.2.1     Plant Biomass/Living Plant for Nanoparticle 
Synthesis (Green Synthesis; Fig.  4.3 ) 

    The use of plant materials is considered a green route and a reliable method for 
green synthesis of nanoparticles owing to its eco-friendly nature. Plants have been 
exploited successfully for rapid and extracellular biosynthesis of noble metallic and 
metal oxide nanoparticles [ 43 – 50 ]. Table  4.1  summarizes some of the reports per-
taining to metallic and metal oxide nanoparticle synthesized by using various plant 
extracts, including their size and shape.

4.2.2        Silver Nanoparticles (AgNPs) 

 AgNPs have been synthesized from various types of plant extracts (Fig.  4.4 ), yeast, 
fungi, and bacteria. The use of plant extracts for the synthesis of AgNPs can be 
advantageous over other environmentally benign biological processes by 

  Fig. 4.3    Schematic diagram showing the mechanisms behind the biogenic synthesis of metallic 
nanoparticles. Reprinted from ref. [ 46 ] with permission from the American Chemical Society       
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   Table 4.1       Green synthesis of metallic and metal oxide nanoparticles from different plant extracts 
and their size and shapes   

 Plant name 
 Type of 
NPs  Shape and size  Tested microorganism  Reference 

 Soybean–
garlic aqueous 
extract 

 AuNPs  Spherical 
(7–12.4 nm) 

  S. aureus ,  P. aeruginosa ,      
and  A. baumannii/
haemolyticus  

 El-Batal et al. 
[ 124 ] 

  Dioscorea 
batatas  
rhizome 

 AuNPs  Triangular, 
hexagonal, rod, 
and irregular 
(18.48–
56.18 nm) 

  S. aureus ,  S. epidermidis , 
and  E. coli  

 Sreekanth et al. 
[ 125 ] 

 Grapes fruit  AuNPs  Spherical (−)   S. aureus ,  C. koseri , 
 B. cereus ,  P. aeruginosa , 
 E. coli , and  C. albicans  

 Lokina and 
Narayanan [ 126 ] 

  Aerva lanata  
fl ower 

 AuNPs  Spherical 
(48.4 nm) 

  S. aureus ,  B. cereus , 
and  P. aeruginosa  

 Kirubha and 
Alagumuthu [ 127 ] 

  Senna siamea  
leaf 

 AuNPs  Spherical and 
hexagonal 
(70 nm) 

  S. aureus ,  B. subtilis , 
 E. coli ,  P. aeruginosa , 
and  K. pneumonia  

 Rajasekhar et al. 
[ 128 ] 

  Tephrosia 
purpurea  leaf 

 AuNPs  Spherical 
(~100 nm) 

  E. coli ,  E. faecalis , 
and  K. pneumonia  

 Jisha et al. [ 129 ] 

  Caesalpinia 
pulcherrima  
fl ower 

 AuNPs  Spherical 
(10–50 nm) 

  A. niger ,  A. fl avus ,  E. coli , 
and  Streptobacillus  sp. 

 Nagaraj et al. 
[ 130 ] 

  Bacopa 
monnieri  plant 

 Spherical 
(15–35 nm) 

  E. coli ,  S. aureus , 
 B. subtilis , and 
 Enterococcus  

 Mahitha et al. 
[ 131 ] 

  Plumeria alba  
fl ower 

 AuNPs  Spherical 
20–30 nm and 
80–150 nm 

  A. niger ,  A. fl avus ,  E. coli  
and  Streptobacillus  sp. 

 Nagaraj et al. 
[ 132 ] 

  Ziziphus 
Jujuba  fruit 

 AuNPs  Spherical 
(34.8 nm) 

  E. coli ,  S. aureus , 
 B. cereus , and  P. 
aeruginosa  

 Kirubha and. 
Alagumuthu [ 133 ] 

  Abelia 
grandifl ora  
root 

 AgNPs  Spherical 
(10–30 nm) 

  E. coli ,  B. megaterium , 
 B. subtilis ,  S. aureus , 
 K. pneumonia , and 
 P. vulgaris  

 Sharma et al. [ 134 ] 

  Mimusops 
elengi  leaf 

 AgNPs  Spherical 
(55–80 nm) 

  K. pneumonia ,  S. aureus , 
and  Micrococcus luteus  

 Prakash et al. 
[ 135 ] 

  Vanda 
Tessellate  
leaves 

 AgNPs  Cubic, 
hexagonal 
(10–50 nm) 

  E. coli ,  Salmonella  sp, 
and  S. aureus  

 Manjunath et al. 
[ 136 ] 

  Nelumbo 
nucifera  seed 

 AgNPs  Spherical 
(2.76–
16.62 nm) 

  B. cereus ,  S. typhimurium , 
 S. epidermidis , 
 B. megaterium  

 Nguyen Thi Mai 
Tho et al. [ 137 ] 

  Lycopersicon 
esculentum  

 AgNPs  Square 
(10–45 nm) 

  E. coli   Smaranika Das 
et al. [ 138 ] 

 Carob leaf  AgNPs  Spherical 
(5–40 nm) 

  E. coli   Awwad et al. [ 139 ] 

(continued)
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eliminating the need for elaborate processes of maintaining cell cultures. Plants/
plant extracts can act as both reducing and stabilizing agents in the synthesis of 
nanoparticles. Jose-Yacaman et al. fi rst reported the formation of gold and silver 
nanoparticles synthesized from living plants [ 44 ,  45 ]. Triangular, hexagonal, cubic, 
and circular AgNPs were synthesized from a  Pseudocydonia sinensis  fruit extract 
[ 46 ]. Sathiskumar et al. [ 47 ] examined the ability of the extracts of powder and bark 
of  Curcuma longa  towards the formation of AgNPs, and reported that a bark extract 
can produce a large amount of AgNPs compared to the powder extract. The resulting 
nanoparticles varied in shape and size but exhibited strong antibacterial activity 
against  E. coli . Sreekanth et al. [ 51 ] reported the formation of spherical AgNPs using 
a  Citrus reticulata  juice extract. Similarly, many other studies have synthesized 
AgNPs from the leaf extract of  Argemone mexicana  [ 52 ], bran powder of Sorghum 
spp., [ 53 ], and the leaf extracts of  Allium cepa  [ 54 ] and  Euphorbia hirta  [ 55 ].  

 Sreekanth et al. [ 56 ] reported the synthesis of AgNPs using  Nelumbo nucifera  
root extract, in which AgNPs were predominantly spherical and had a mean size of 
16.7 nm. Quite recently, AgNPs have been synthesized using a variety of plants, 
such as banana (spherical shape), neem (triangular), and tulsi (cuboidal shape) [ 57 ], 
 Abelia grandifl ora  (spherical shape and mean size of 10–30 nm) [ 58 ],  Malus domes-
tica  fruit extract [ 59 ],  Zingiber offi cinale  root extract (spherical and size ranging 
from 10 to 20 nm) [ 60 ], orange peel extract (spherical and a mean size of 91.89 nm) 
[ 61 ],  Sterculia foetida  L young leaves (spherical, irregular and nanoparticle size 

Table 4.1 (continued)

 Plant name 
 Type of 
NPs  Shape and size  Tested microorganism  Reference 

  Bacopa 
monnieri  
whole plant 

 AgNPs  Spherical 
(22 nm) 

  S. aureus ,  B. subtilis , 
 E. coli ,  K. pneumoniae  

 Mahitha et al. 
[ 140 ] 

  Phyllanthus 
amarus  whole 
plant 

 AgNPs  Spherical 
(8–24 nm) 

  P. aeruginosa   Singh et al. [ 141 ] 

 Pomegranate 
peel 

 AgNPs  5–50 nm   S. aureus ,  P. aeruginosa , 
and  E. coli  

 Shanmugavadivu 
et al. [ 142 ] 

  Elaeagnus 
indica  leaves 

 AgNPs  Mono- 
dispersive 
(30 nm) 

  E. coli ,  P. putida , 
 B. subtilis  and  S. aureus , 
 A. fl avus  and 
 F. oxysporum  

 Natarajan et al. 
[ 143 ] 

 Aloe leaf  ZnONPs  Spherical 
(25–55 nm) 

  S. aureus ,  S. marcescens , 
 P. mirabilis , and 
 C. freundii  

 Sangeetha et al. 
[ 144 ] 

  Solanum 
nigrum  leaf 

 ZnONPs  Quasi- spherical 
(29.79 nm) 

  S. aureus ,  S. paratyphi , 
 V. cholera , and  E. coli  

 Ramesh et al. 
[ 145 ] 

 Aloe vera  ZnONPs  Irregular, 
triangular 
(69 nm) 

  S. aureus ,  S. pyogenes , 
 P. aeruginosa ,  E. coli , 
and  S. typhi  

 Ayeshamariam 
et al. [ 146 ] 
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ranges from 30 to 50 nm) [ 62 ],  Ocimum tenuifl orum  (spherical particles with a 
mean size of 29 nm), and  Catharanthus roseus  (spherical shape nanoparticles with 
a mean size of 19 nm) [ 63 ], respectively.  

4.2.3     Gold Nanoparticles (AuNPs) 

 AuNPs are the most attractive noble metal nanoparticles because of their potential 
applications in catalysis, optics nanoelectronics, gene expression, and clinical 
 diagnosis [ 64 ]. 

 Huang et al. [ 65 ] reported the formation of gold nanoparticles from the sun-dried 
leaves of  Cinnamomum camphora . Narayanan and Sakthivel [ 66 ] reported the 
extracellular synthesis of gold nanoparticles using the leaf extract of  Coriandrum 
sativum . They found that the synthesized nanoparticles were triangular, truncated 
and decahedral in morphology with a mean size of 6.7–57.9 nm. Ramezani et al. 
[ 67 ] tested the leaf extracts of three different plants, i.e.,  Eucalyptus camaldulensis, 
Pelargonium roseum , and  A. indica , for the reduction of aqueous chloroaurate solu-
tions. The results indicated that all the leaf extracts tested could produce gold 
nanoparticles, but a signifi cant increase in reduction was observed when the  menthol 
extracts of  E. camaldulensis  and  P. roseum  were used compared to the  A. indica  leaf 
extract. Raghunandan et al. [ 68 ] reported that the addition of a microwave- exposed 
aqueous extracellular guava leaf extract to an aqueous gold chloride solution yielded 
stable poly-shaped gold nanoparticles with high purity. Ankamwar [ 69 ] reported the 
formation of highly stable gold nanoparticles (10−35 nm) when the leaf extract of 
 Terminalia catappa  was exposed to an aqueous chloroaurate solution. Gold nanopar-
ticles with various sizes were also obtained using the dried leaf extract of  Stevia 
rebaudiana  [ 70 ]. Moreover, Thirumurugan et al. [ 71 ] also produced the gold 
nanoparticles using the leaf extract of  A. indica . 

 Recently, Singh and Bhakat [ 72 ] reported the synthesis of gold nanoparticles 
using the leaves and bark of Ficus carica. In addition, the synthesis of spherical 
gold nanoparticles by the reduction of AuCl 4  −  by the leaf extracts of  Sphaeranthus 
amaranthoides  [ 73 ] and  Putranjiva roxburghii  [ 74 ] was reported. The syntheses 
of gold nanoparticles with different sizes in the range of 15 − 25 nm were 
obtained by controlling the synthetic parameters using the leaf extract of fenu-
greek [ 75 ]. 

 Several studies have independently reported the reduction of aqueous chloro-
aurate solution using a variety of plant parts (Fig.  4.5 ). The formation of gold 
nanowires was reported from the pulp extract of  Beta vulgaris  [ 76 ]. Similarly, 
spherical-shaped crystalline gold nanoparticles were synthesized using the 
fl ower extract of  Nycanthes arbor-tristis  [ 77 ] and the leaf extract of  Mangifera 
indica  [ 78 ].   
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4.2.4     Zinc Oxide Nanoparticles (ZnONPs) 

 ZnONPs is an attractive semiconductor material for nano-electronic and photonic 
applications [ 79 ]. ZnO NPs are used widely in industrial applications, such as pig-
ments, dye-sensitized solar cells [ 80 ], photocatalysts [ 40 ], and sensors [ 41 ]. ZnO is 
a wide band-gap semiconductor (II–IV) with an energy gap of 3.37 eV at room 
temperature, and ZnO NPs have great advantage in catalyst applications owing to 
their large surface area and high catalytic activity [ 42 ]. 

 Nagajyothi et al. [ 38 ] reported ZnO NPs synthesized using a Coptidis rhizoma 
root extract and studied the antibacterial, antioxidant, and cytotoxic activities, and 
observed nanoparticles with a mean size of 8.50 nm and spherical and rod shapes 
(Fig.  4.6 ). They also synthesized ZnO NPs from  P. trifoliata  fruits and examined the 
catalytic activity using the Claisen–Schmidt condensation reaction [ 81 ], (Fig.  4.7 ).   

 Similarly, there are many reports on ZnO NPs. Divya et al. [ 48 ] synthesized ZnO 
NPs using  Hibiscus rosa-sinensis  leaf extract and examined their antibacterial activ-
ity against  Staphylococcus  aureus , Escherichia coli ,  Pseudomonas aeruginosa, 
Klebsiella pneumonia . The ZnO NPs showed the least activity against  Klebsiella 
pneumonia . Vijayakumar et al. [ 49 ] reported ZnO NPs synthesized using a 
 Plectranthus amboinicus  leaf extract and studied S taphylococcus aureus . An 
 Eichhornia crassipes  leaf extract was used for the synthesis of ZnONPs with a mean 
size of 32 ± 4 nm [ 50 ]. Salam et al. [ 82 ] synthesized ZnONPs from  Ocimum basili-
cum  L.; the nanoparticles were hexagonal and less than 20 nm in size. 

  Fig. 4.5       Green-synthesized AuNPs from  Nelumbo nucifera  seed extract .  Reprinted from ref. 
[ 137 ] with permission from the Slovenian Chemical Society       
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 Recently, ZnO NPs have been synthesized using different plants, such as 
 Camellia sinensis  (16 nm) [ 83 ],  Borassus fl abellifer  fruit extract (rod shape and size 
ranged from 50 to 60 nm) [ 84 ],  Coriandrum sativum  leaf extract (fl ower shape with 
a mean size of 66 nm) [ 85 ,  86 ],  Citrus paradisi  peel extract (spherical shape and 
particle sizes ranging from 12 to 72 nm) [ 87 ,  88 ], leaves of  Adhatoda vasica  (dis-
coid in shape with a mean size of 19–60 nm) [ 87 ],  Olea europaea  leaf extract 
(nanosheets or nanoplatelets with sizes in the range, 18–30 nm) [ 88 ],  Azadirachta 
indica  (nanofl owers of 51 nm), and  Emblica offi cinalis  (nanofl akes, 16 nm in size) 
[ 89 ] respectively.   

  Fig. 4.6       Green-synthesized ZnO NPs from coptidis rhizoma: ( a ) TEM images ( b ) high resolution 
TEM image ( c ,  d ) selected area electron diffraction (SAED). Reprinted from ref. [ 38 ] with permis-
sion from Elsevier       
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4.3     Characterization of Nanoparticles 

 Nanoparticles are generally characterized by their shape, size, surface area, and 
disparity. In addition, the homogeneity of these properties is important for many 
applications. The common instruments used for characterization are as follows 
[ 18 – 21 ,  28 ,  29 ]:

    1.    UV–Visible spectroscopy.   
   2.    Fourier transform infrared (FT-IR) spectroscopy.   
   3.    Scanning electron microscopy (SEM).   
   4.    Energy dispersive X-ray spectroscopy (EDS).   
   5.    Transmission electron microscopy (TEM).   
   6.    Atomic force microscopy (AFM).   
   7.    X-ray diffraction (XRD).   
   8.    Dynamic light scattering (DLS).    

  UV–Visible spectroscopy is a commonly used technique. The light wavelengths 
in the range, 200–700 nm, are generally used to characterize a range of metallic and 
metal oxide nanoparticles. Spectrophotometric absorption measurements in the 
wavelength ranges of 400–450, 500–550, and 300–400 nm are used to characterize 
Ag, Au, and ZnO nanoparticles, respectively. 

  Fig. 4.7       Green-synthesized ZnO NPs from  Poncirus trifoliata.  Reprinted from ref. [ 81 ] with per-
mission from Elsevier       
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 FTIR spectroscopy is useful for characterizing the surface chemistry. Organic 
functional groups (e.g., carbonyls, hydroxyls) attached to the surface of  nanoparticles 
and the other surface chemical residues are detected by FTIR spectroscopy. 

 When the synthesis is completed, the size, shape, and dispersion state of metal 
and metal oxide nanoparticles are normally measured by SEM, TEM, and AFM. 

 SEM and TEM are used for morphological characterization on the nanometer to 
micrometer scale. TEM has a 1,000-fold higher resolution than SEM. The elemen-
tal composition of metal nanoparticles is commonly established using energy dis-
persive spectroscopy (EDS). 

 AFM offers visualization in three dimensions. The resolution in the vertical, or 
 Z -axis, is limited by the vibration environment of the instrument, whereas the reso-
lution in the horizontal, or  X – Y -axis, is limited by the diameter of the tip used for 
scanning. AFM provides surface characterization on the atomic scale. 

 XRD is used for phase identifi cation and characterization of the crystal structure 
of nanoparticles. X-rays penetrate into the nanomaterial and the resulting diffraction 
pattern is compared with standards to obtain structural information. 

 DLS is used to characterize the surface charge and size distribution of particles 
suspended in a liquid.  

4.4     Antibacterial Studies of AuNPs 

 The antibacterial activity of AuNPs with antibiotics exhibit a larger zone of inhibi-
tion compared to standard antibiotics [ 90 ]. Another study reported similar results 
for the Marigold fl ower [ 91 ]. The effi cacy of the antibacterial activity of AuNPs can 
be increased by the addition of antibiotics [ 92 ]. Williams et al. [ 93 ] reported that 
gold NPs do not affect bacterial growth or functional activity, whereas conjugates of 
vancomycin to AuNPs decrease the number of growing bacterial cells [ 94 ] Gu et al. 
[ 95 ] synthesized gold NPs covered with an antibiotic (vancomycin) and reported 
signifi cant enhancement of the antibacterial activity for this conjugate compared to 
the activity of the free antibiotic. Ciprofl oxacin with gold nanoshells showed high 
antibacterial activity against  E. coli  [ 96 ,  97 ]. The coating of aminoglycosidic anti-
biotics with AuNPs had a signifi cant antibacterial effect on gram-positive and gram- 
negative bacteria [ 97 ]. Cefaclor (a second-generation β-lactam antibiotic)-reduced 
AuNPs exhibited potent antibacterial activity on both gram-positive ( S. aureus ) and 
gram-negative bacteria ( E. coli ) compared to Cefaclor and AuNPs alone [ 98 ]. 

4.4.1     Mechanism of the Bactericidal Action of AuNPs 

 The mechanism of the inhibitory effects of metallic nanoparticles on microorgan-
isms is partially known, but there are still some questions on the mechanism of 
action along with the spectrum of antibacterial activity [ 99 ]. 
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 Grace and Pandian [ 97 ] reported that the AuNPs have a great bactericidal effect 
and possess well-developed surface chemistry, chemical stability, and an  appropriate 
smaller size, which make them easier to interact with microorganisms. The nanopar-
ticles bind to the building elements of the outer membrane causing structural 
changes, degradation, and fi nally cell death. 

 Every AuNP is surrounded by a number of stabilizer molecules, which prevent 
agglomeration and reduce the surface area and interfacial free energy of the nanopar-
ticles, thereby maintaining the particle reactivity [ 100 ]. This makes the particles 
interact easily with the outer membrane components of the cell, and causes signifi -
cant changes and damage to their surfaces leading to cell death. 

 Chwalibog et al. [ 101 ] reported that the interaction between AuNPs and 
 Staphylococcus aureus  was prevented by a biofi lm and the substance released by the 
cells caused distortions of the cell wall. AuNPs bind closely to the surface of the 
microorganisms, causing visible damage to the cells, which can minimize the treat-
ment durations and side effects of drugs [ 102 ]. AuNPs generate holes in the cell 
wall, resulting in leakage of the cell contents and fi nally cell death. In another way, 
it can bind to the DNA of bacteria and inhibit DNA transcription [ 98 ].   

4.5     Antibacterial Studies of AgNPs 

 Among the non-organic antibacterial agents, Ag ions or Ag NPs are strong antimi-
crobial agents. A minute amount of silver is harmless to human cells but is biocidal 
to microbial cells [ 103 ]. 

 Priya et al. [ 104 ] reported that AgNPs synthesized from banana leaf extract 
exhibits the maximum inhibition for gram-positive bacteria ( Bacillus ). Silver ions 
and AgNPs have also inhibitory and lethal effects on both gram-positive and gram- 
negative bacteria ( E. coli , and  S. aureus ) [ 104 ].  E. coli  (gram-negative) was less 
sensitive to Ag NPs compared to gram-positive bacteria  S. aureus . Similar results 
were observed by Sondi and Salopek-Sondi [ 105 ]. On the other hand, Kim et al. 
[ 106 ] reported that gram-positive  S. aureus  was less affected by AgNPs compared 
to  E. coli , even at high concentrations. The AgNPs were tested against both gram- 
positive and gram-negative bacteria ( E. coli ,  S. aureus , and  B. substilis ) in liquid 
systems. The concentrations tested (50, 70, and 90 μg/μL) produced inhibition per-
centages of 11.43, 40.26, and 51.53; 9.94, 11.95, and 43.64; and 8.69, 12.5, and 
44.63 mm, respectively [ 51 ]. Agar well diffusion studies showed that green synthe-
sized AgNPs exhibited effective inhibitory action against  S. aureus ,  B. cereus , 
 L. monocytogenes , and  S. fl exneri  [ 107 ]. The effects of AgNPs, penicillin and tetra-
cycline against both gram-negative ( E. coli and P. mirabilis ) and gram-positive 
bacteria ( S. epidermidis ) were examined using the disk diffusion method. The anti-
bacterial activity of penicillin against gram-negative and gram-positive bacteria was 
greater in the presence of AgNPs than tetracycline. The largest increase in the fold 
area was observed against  S. epidermidis  (75 %) followed in order by  E. coli  
(46.66 %) and  P. mirabilis  (13.63 %). Tetracycline in combination with AgNPs 
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produced an increase in the fold area against  S. epidermidis  (42.85 %) followed in 
order by  E. coli  (31.57 %) and  P. mirabilis  (9.09 %) [ 28 ]. Raffi n et al. [ 108 ] reported 
that 16 nm silver nanoparticles were completely cytotoxic to the gram-negative 
bacteria,  E. coli , at low concentrations (60 μg/mL). 

4.5.1     Mechanism of the Bactericidal Action of AgNPs 

 The antibacterial mechanism(s) of AgNPs are not completely understood, but vari-
ous studies have shown that Ag NPs can attach to the surface of the cell membrane, 
thereby disturbing the permeability and respirational functions of the cell [ 109 ]. 
Furthermore, AgNPs interact with the surface of a membrane and can penetrate the 
bacterium [ 110 ]. 

 Wang et al. [ 111 ] reported that AgNPs react with sulfur-containing proteins in 
the interior of the cells, and those phosphorous-containing compounds, such as vital 
enzymes and DNA bases, will affect the respiratory chain and cell division in bac-
teria, ultimately causing cell death. 

 Key factors such as size (surface area) and particle shape affect the antibacterial 
activity of AgNPs [ 112 ]. Pal et al. reported that triangular AgNPs are more effective 
against the gram-negative bacteria,  E. coli , than spherical and rod-shaped AgNPs, 
suggesting that the shape of AgNPs should be considered when developing highly 
effi cient antibacterial agents [ 113 ].   

4.6     Antibacterial Studies of ZnO NPs 

 Among the several metal oxides studied for their antibacterial activity, ZnO NPs 
exhibit selective toxicity to bacteria but have a minimal effect on human cells [ 114 –
 117 ]. Jayaseelan et al. [ 118 ] reported that the green synthesized ZnO NPs showed 
the maximum inhibition zones in the ZnO NPs (25 μg/mL)  P. aeruginosa  
(22 ± 1.8 mm) and  A. fl avus  (19 ± 1.0 mm).  A. hydrophila ,  E. coli ,  E. faecalis , and  C. 
albicans  exhibited a minimum inhibitory concentration at 1.2, 1.2, 1.5, and 0.9 μg/
mL. The antibacterial activity of ZnO NPs was evolved against gram-negative and 
-positive bacteria using the resazurin incorporation method. The MICs of ZnO NPs 
against  E. coli ,  P. aeruginosa , and  S. aureus  were observed at 500 μg/mL, 500 μg/
mL, and 125 μg/mL, respectively, by the resazurin incorporation method [ 119 ]. The 
MIC of the ZnO nanoparticles against  E. coli  was found to be 500 μg/mL using the 
disk diffusion method [ 119 ]. ZnONPs had a much stronger antibacterial effect on 
gram-positive bacteria than on gram-negative bacteria [ 120 ,  121 ]. Other reports 
have confi rmed the strong antimicrobial activity of ZnO NPs in the food-borne bac-
teria,  Salmonella typhimurium  and  Staphylococcus aureus  [ 122 ]. In another report, 
12 nm ZnO NPs inhibited the growth of  E. coli  by disintegrating the cell membrane 
and increasing the membrane permeability [ 123 ]. Nagajyothi et al. [ 38 ] reported the 
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maximum antibacterial activity against  E. coli  (11 mm) according to the disk 
 diffusion method with much less activity against  B. megaterium  (10 mm),  B. pumi-
lus  (9 mm), and  B. cereus  (9 mm). Sawai [ 120 ] reported that ZnO is a biocidal agent 
and that the antibacterial activity was dependent on the agent concentration. 

4.6.1     Mechanism of the Bactericidal Action of ZnO NPs 

 The production of hydrogen peroxide from the surface of ZnO is considered as an 
effi cient means for the inhibition of bacterial growth [ 121 ]. The number of ZnO 
powder particles per unit volume of powder slurry increases with decreasing parti-
cle size, resulting in an increased surface area and increased generation of hydrogen 
peroxide. The antibacterial activity of ZnO was attributed to the release of Zn 2+  ions, 
which damage the cell membrane and interact with the intracellular contents [ 114 ]. 
The antibacterial activity of nanoparticles depends on its size, by which ZnO NPs 
smaller in size than the pore size in the bacteria can cross the cell membrane without 
hindrance [ 121 ].   

4.7     Conclusions 

 This chapter summarizes recent research works on the synthesis of gold, silver, and 
zinc oxide nanoparticles using plant extracts and their potential applications in the 
fi eld of biology. Chemical synthesis methods have enjoyed a colorful history in the 
production of metallic and metal oxide nanoparticles. These chemically produced 
nanoparticles have however been implicated in cellular and tissue toxicity. Moreover, 
the production is environmentally unfriendly and quite expensive. This has made the 
use of plants the preferred alternatives. Green synthesized gold, silver, and zinc oxide 
nanoparticles have demonstrated mild to exceptional antimicrobial activities over the 
past few years. However, one major challenge confronting this biogenic method is 
the attachment of biological materials onto the nanostructure. Further studies are 
therefore warranted into the green synthesis of unadulterated nanostructures which 
may further improve activity and reduce the unlikely probability of toxicity. 
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    Chapter 5   
 Green Synthesis: Properties and Potential 
Applications in Nanomaterials and Biomass 
Nanocomposites 

             Ming-Guo     Ma    

    Abstract     Development of green processes for nanotechnology is of great importance 
for broadening and improving the industrial applications of nanomaterials and nano-
composites. This chapter focuses on the recent developments in green synthesis, its 
properties, and its potential applications in nanomaterials and biomass nanocompos-
ites. Among the various green processes for nanotechnology, we pay more attention to 
the microwave-assisted method, which has been accepted as a promising green meth-
odology in the synthesis of nanomaterials and nanocomposites. Undoubtedly, the 
microwave-assisted method conforms to the principles of green chemistry such as 
“ minimize the use of solvents and other auxiliary substances ” and “ minimize energy 
use ” due to its characteristics of reduced energy consumption, reduced pollution, 
shorter reaction time, and higher product yield. 

 In recent years, rapid progress has been made in the preparation of nanomateri-
als and nanocomposites by a microwave-assisted method. In this chapter, the 
green microwave-assisted synthesis of various nanomaterials including metal 
nanomaterials, metal oxides nanomaterials, metal chalcogenides nanomaterials, 
bio- nanomaterials, nanocomposites, and biomass nanocomposites is reviewed. 
Some typical examples by our research group and by other groups are introduced, 
which would favor the understanding of the green microwave processes for nano-
technology. Finally, we propose the future perspectives of this green methodology 
for the fabrication of nanomaterials and nanocomposites.  

  Keywords     Green   •   Nanomaterials   •   Nanocomposites   •   Microwave   •   Biomass  
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5.1         Introduction 

 In general, green production refers to realizing reasonable utilization of resources 
and reducing harm to the environment and humans, which includes the main ways 
of comprehensive utilization of resources and waste, green production process, and 
the improvement and development of green technology. Recently, green processes 
for nanotechnology have been receiving more and more attention, which has favored 
environmental protection and sustainable economic development. Various green 
processes for nanotechnology have been reported such as hydrothermal/solvother-
mal method, sol–gel method, microwave-assisted method, and ultrasound agitation 
method. Among these reported green methods, microwave-assisted method has 
characteristics of reduced energy consumption, reduced pollution, shorter reaction 
time, and higher product yield, which has been widely accepted as a promising 
greener methodology for nanotechnology. In early 2003, a review on the application 
of microwave chemistry appeared in  Nature  [ 1 ]. In our previous review paper, we 
described the recent developments in the synthesis of nanomaterials by means of the 
microwave-assisted ionic-liquid method [ 2 ]. This review covered the research work 
done on the microwave synthesis of nanomaterials in ionic liquids. We discussed 
most typical examples including noble metals, metal oxides, complex metal oxides, 
metal sulfi des, and other nanomaterials. More recently, Zhu and Chen reviewed the 
microwave-assisted preparation of inorganic nanostructures in liquid phase in 
 Chemical Reviews  [ 3 ]. They reviewed most inorganic nanostructured materials 
including metals, semimetals, alloys, metal oxides, metal sulfi des, metal selenides, 
metal tellurides, calcium-based salts and other oxysalts, inorganic–inorganic nano-
composites, and inorganic–organic nanocomposites, in various solvents including 
water, polyols, ionic liquids, and mixed solvents prepared by microwave heating. 
This review also compared the differences between microwave heating and conven-
tional heating in the formation of inorganic nanostructures in liquid phase and sug-
gested the future prospects and challenges for microwave-assisted preparation of 
inorganic nanostructures in liquid phase. This chapter highlights the recent progress 
of the nanomaterials and nanocomposites especially biomass nanocomposites via 
the microwave-assisted method. More importantly, some typical examples are intro-
duced in our research group and by other groups. We believe that this chapter con-
tributes an interesting content emphasizing the topic of the book “ Green Processes 
for Nanotechnology :  From Inorganic to Bioinspired Nanomaterials ”.  

5.2     Green Synthesis, Properties, and Potential Applications 
of Nanomaterials 

5.2.1     Microwave-Assisted Synthesis of Metal Nanomaterials 

 The metal nanomaterials have been the topic of intensive research due to their unique 
properties and promising applications. It is reported that green and rapid microwave-
assisted method is used for the synthesis of various transition-metal nanomaterials 
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including chromium, molybdenum, tungsten, manganese, rhenium, ruthenium, 
osmium, cobalt, rhodium, and iridium nanoparticles with a very small (0.8–5 nm) and 
uniform size under an argon atmosphere from their metal–carbonyl precursors 
[M  x  (CO)  y  ] in the ionic liquid (IL, 1-butyl-3-methylimidazolium tetrafl uoroborate, 
[Bmim][BF 4 ]) for 3 min [ 4 ]. Experimental results revealed ruthenium, rhodium, or 
iridium nanoparticle/IL dispersions as highly active and easily recyclable catalysts for 
biphasic liquid–liquid hydrogenation of cyclohexene to cyclohexane with activities of 
up to 522 (mol product) (mol Ru) −1  h −1  and 884 (mol product) (mol Rh) −1  h −1 , which 
gave almost quantitative conversion within 2 h at 10 bar H 2  and 90 °C. Especially, in 
comparison to UV-photolytic (1,000 W, 15 min) or conventional thermal decomposi-
tion (180–250 °C, 6–12 h) method, metal nanomaterials with smaller size and better 
dispersion were obtained by microwave method (Fig.  5.1 ). However, the only fl y in 
the ointment is that [Bmim][BF 4 ] is a toxic solvent. Choosing nontoxic IL favors the 
green synthesis of transition-metal nanomaterials.  

 One-dimensional rod-like nanostructures composed of Rh(0) and Rh(I) were syn-
thesized on the glass surface by microwave-assisted method using cetyltrimethylam-
monium bromide (CTAB) as a reducing agent as well as soft template of reduction 
of Rh(III) ions from boiling aqueous solution only in the 1990s [ 5 ]. More impor-
tantly, it obtained a high yield of gram quantity sample. pH was reported to have a 
remarkable infl uence on the alteration of aspect ratio and sharpening of the edges of 
Rh nanorods. It was reported that interesting shape transformation from nanorods 
and nanowires to octahedral or spherical particles was observed categorically by 
deploying a redox reaction in a selective redox environment. The authors suggested 
that all the oxide layer, Rh(I), and the surface of redox environment, carbon-coated 
Cu grid surface, were the main factors for rod-to-octahedral shape transformation; 
the oxidized rhodium species got adsorbed on (100) facets of the nanocubes and 
were reduced during the oxidation of metallic Cu present in the grids; Rh nanorods 
were transformed into small spherical particles even in the solution phase and were 

  Fig. 5.1    Re-nanoparticles from [Re 2 (CO) 10 ] by microwave method ( left ) and photolytic decompo-
sition ( right ). From ref. [ 4 ]. Reprinted with permission from Wiley-VCH       
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deposited on the Cu wire surfaces (Fig.  5.2 ). Cyclic voltammetric measurement 
 indicated that Rh nanonetwork and spherical showed almost the behavior of the 
glassy carbon electrode and as-prepared Rh nanorods displayed high current genera-
tion at lower potential, compared to the blank glassy carbon electrode, which could 
be used as a potential candidate for oxygen evolution.  

 A microwave-assisted method was used for the rapid synthesis of uniform and 
ultralong chemically stable single-crystalline tellurium (Te) nanowires in aqueous 
solution [ 6 ]. Te nanowires were observed with high aspect ratios, an average diam-
eter of 20 nm, and lengths up to tens of micrometers (Fig.  5.3a ). The dispersion of 
Te nanowires in water is deep blue (the inset of Fig.  5.3a ). The selected area electron 
diffraction (SAED) pattern of a typical nanowire revealed it to be single crystalline 
(inset in Fig.  5.3b ). From the HR-TEM, the lattice spacing was ca. 5.9 Å, 4.0 Å, and 
3.2 Å, corresponding to the lattice spacings of the (001), (100), and (101) planes for 
hexagonal tellurium, respectively, suggesting that the Te nanowires grow along 
[001] direction. It was found that polyvinylpyrrolidone (PVP), pH value, reaction 
time, and a suitable surfactant all were key parameters for the formation of high- 
quality Te nanowires with a high aspect ratio. The as-prepared hydrophilic Te 
nanowires were reported to display a broadened luminescent emission from short-
wave ultraviolet to visible region under the vacuum-ultraviolet (VUV) excitation at 

  Fig. 5.2    Mechanistic pathway showing the ex situ transformation of pentagonal faceted nanorod 
to octahedra. From ref. [ 5 ]. Reprinted with permission from ACS       
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room temperature, and they were more easily oxidized by storing in water than that 
synthesized by hydrothermal process.  

 Microwave radiation method was reported in the synthesis of Ag nanoparticles 
in aqueous media by reduction of the diaminesilver(I) complex, [Ag(NH 3 ) 2 ] +  with 
carboxymethylcellulose (CMC) in both batch-type and continuous-fl ow reactor sys-
tems [ 7 ]. It was reported that Ag nanoparticles with sizes spanning the range of 
1–2 nm and 1.4–3.6 nm (average size ~3 nm) were obtained using 390-Watt micro-
waves (MW-390 W/Cool protocol) and 170-Watt microwaves (no cooling; 
MW-170 W protocol), respectively. The microwave radiation method is compared 
to a conventional heating method in detail. Experimental results revealed clear dif-
ferences in the heating mechanisms between conventional heating and microwave 
heating by the dielectric characteristics of the aqueous media and the Ag colloidal 
sol in the reactor. After a 4-min and 5-min heating time, the UV-visible spectra 
revealed an LSPR band at 417 nm and 424 nm for microwave method and 413 nm 
and 421 nm for oil bath heating method, respectively (Fig.  5.4a, b ). A fairly mono-
dispersed particle size distribution from microwave heating (1.8–3.6 nm; average 
size ~3 nm) and a broader size distribution (1–5 nm) from conventional heating 
(Fig.  5.4c, d ) were observed. Light scattering measurements indicated a size distri-
bution in the range 1–2.3 nm by microwave heating (Fig.  5.4e ) and polydispersed 
nanoparticles mostly in the 3–5.7 nm range by conventional heating (Fig.  5.4f ).  

 A rapid microwave-assisted green approach was developed for highly fl uores-
cent Ag nanoclusters with favorable monodispersity and good stability in aqueous 
solution as a novel fl uorescence probe for Cr 3+  sensing with high sensitivity and 

  Fig. 5.3    TEM images of Te nanowires. ( a ) TEM image of the Te nanowires. ( b ) TEM image of a 
single nanowire. The  inset  of ( a ) displays the digital photograph of Te nanowires and  inset  of ( b ) 
shows the corresponding HR-TEM and the corresponding SAED pattern obtained from the single 
nanowire. The electron beam was focused along [010] axis. The sample was prepared from 2 mL 
solution by microwave heating at 150 °C for 15 min, which was taken from a 38 mL mother solution 
made of 33 mL of deionized water, 1.0 g of PVP, 0.0922 g of Na 2 TeO 3 , 3.33 mL of aqueous ammo-
nia, and 1.67 mL of hydrazine hydrate. From ref. [ 6 ]. Reprinted with permission from ACS       
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excellent selectivity [ 8 ], which exhibited bright and photostable emission excited by 
visible light. Ag nanoclusters were known to have widespread applications in bio- 
imaging, chemical, and single-molecule studies. Microwave irradiation was used 
for the synthesis of an average size of 1.6 nm for water-soluble fl uorescent Ag nano-
clusters in aqueous solution with red fl uorescence emission around 608 nm and a 
characteristic absorption peak at about 508 nm [ 9 ]. 

 A comparison of initiation methods (thermal, microwave assisted, hard ultravio-
let light, and sonication) in relation to the size, monodispersity, and shape of nearly 
monodisperse Au nanoparticles formed by the Turkevich method using a constant 
concentration of auric acid (0.28 mM) and varying concentrations of tri-sodium 
citrate (0–3.88 mM) has been demonstrated [ 10 ]. Au nanoparticles have the average 
size of 11.0–11.9 nm in thermal reactions, 16.9–18.0 nm in sonolysis reactions, 
11.3–17.2 nm in microwave-assisted reactions, and 8.0–10.9 nm in hard ultraviolet 
light initiated reactions. Monodisperse Au nanoparticle colloids with signifi cantly 
varying average size (8.0–18.0 nm) were obtained by simply changing the initiation 
method. 

 A green microwave-assisted method has been developed for the preparation of 
fl uorescent bovine serum albumin (BSA)-stabilized and HAS protected Au nano-
clusters with strong red emission and excellent stability in both solution and solid 
forms by employing BSA as a reducing and capping agent within a very short time 

  Fig. 5.4    UV-visible absorption spectra, TEM images and particle size distribution with light 
 scattering of the silver nanoparticles produced by microwave and oil bath heating methods (micro-
wave heating,  a ,  c , and  e ; oil bath heating,  b ,  d , and  f ). Note that the 5-min UV-visible absorption 
bands of the samples were obtained after a fourfold dilution of the respective colloidal sols. 
Concentrations: CMC, 0.05 % w/v and diaminesilver(I) aqueous solution, 60 mM. From ref. [ 7 ]. 
Reprinted with permission from RSC       
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(several minutes) [ 11 ], which has applications in fl uorescent biosensors,  bioanalysis, 
and medicine fi elds. A one-step green microwave-assisted method is also used for 
the synthesis of highly stable BSA-protected small Au nanoclusters from a BSA–
HAuCl 4  aqueous solution as a fl uorescence enhanced sensor for detection of silver 
(I) ions with high selectivity and sensitivity [ 12 ]. 

 A green microwave-assisted strategy was also introduced for synthesizing dihy-
drolipoic acid (DHLA) capped fl uorescent Au nanoclusters [ 13 ], which possessed 
ultrasmall size, good photophysical property, low cytotoxicity, and good cell mem-
brane permeability. Microwave irradiation was found to enhance the fl uorescence 
quantum yield of Au nanoclusters by about fi vefold and shortened the reaction time 
from hours to several minutes (Scheme  5.1 ). The as-prepared DHLA-Au nanoclus-
ters were capable of sensing Hg 2+  through the specifi c interaction between Hg 2+  and 
Au +  on the surface of Au nanoclusters.  

 A rapid microwave-assisted green method was introduced for the preparation of 
metal Ag, Au, Pt, and Pd nanoparticles in aqueous solutions using beet juice as both 
a reducing and a capping reagent [ 14 ]. The as-prepared Ag nanoparticles prepared 
by beet juice were found to exhibit higher catalytic activity and durability than those 
prepared using NaBH 4  for the reduction of 4-nitrophenol to 4-aminophenol. 
Before the reaction only the peak of 4-nitrophenol at 400 nm was observed and then 
the peak of 4-nitrophenol disappeared, and a new peak of 4-aminophenol appeared 
at 290 nm after the addition of Ag nanoparticles (Fig.  5.5 ). The as-prepared Ag 

  Scheme 5.1    Schematic illustration of microwave-assisted synthesis of fl uorescent AuNCs and 
their fl uorescence quenching upon interaction with Hg 2+  ions. From ref. [ 13 ]. Reprinted with per-
mission from RSC       
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nanoparticles quickly exhibited excellent stable catalytic reduction effi ciency of 
100 % within 2 min after every addition even after fi ve runs. No change was 
observed for absorption peak of 4-nitrophenol even after 30 min without catalyst 
(Fig.  5.5c ). The complete conversion of 4-nitrophenol needed 20 min for Ag sample 
prepared by NaBH 4  (Fig.  5.5d ).  

 A microwave-assisted method was also developed for highly effi cient and large 
scale synthesizing uniform single-crystal Cu nanowires using ascorbic acid in hexa-
decylamine (HDA) [ 15 ]. Cu nanowires have an average diameter of 50 ± 10 nm and 
lengths of longer than 10 mm (Fig.  5.6 ). It was observed that the fringes had lattice 
spacings of 2.12 Å, 2.58 Å, and 1.85 Å, corresponding to the {111}, {110}, and 
{200} plane, respectively, indicating the growth direction of <1-10> (Fig.  5.6d ). 
The as- obtained Cu nanowires were found to show outstanding conductivity, 
comparable with electrospun copper nanofi bers.   

  Fig. 5.5    Catalytic reduction of 4-nitrophenol: ( a ) UV–Vis spectra of solutions of reaction mixture 
in the presence of Ag nanoparticles prepared by beet juice; ( b ) catalytic activity and recyclability 
of Ag nanoparticles prepared by beet juice; ( c ) UV–Vis spectra of solutions without catalyst; 
( d ) catalytic activity and recyclability of Ag nanoparticles prepared by NaBH 4 . From ref. [ 14 ]. 
Reprinted with permission from RSC       
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5.2.2     Microwave-Assisted Synthesis of Metal Oxides 
Nanomaterials 

 Considerable progress has been made in green microwave-assisted synthesis of 
 various metal oxides nanomaterials. A microwave-assisted approach was used for 
the synthesis of silver indium tungsten oxide AgIn(WO 4 ) 2  mesocrystals with high 
hierarchical structures [ 16 ], which displayed high and selective photocatalytic 
activity for the degradation of different organic dyes under UV and visible light 
irradiation. The AgIn(WO 4 ) 2  mesocrystals showed a pure monoclinic structure 
(JCPDS card No. 77-2098) (Fig.  5.7d ) and displayed the high hierarchy of the 
caterpillar- like architectures uniform with diameters of 350–500 nm at the middle 
part and lengths of 800–1,000 nm (Fig.  5.7a–c ). It was reported that pH played an 
important role in the phase formation and shape evolution process.  

  Fig. 5.6    Structural and morphological characterization of Cu nanowires: ( a ) SEM image; ( b ) mag-
nifi ed SEM image; ( c ) TEM image; and ( d ) high resolution TEM image. The  inset  in ( d ) shows an 
SAED image of single Cu nanowire in ( c ). From ref. [ 15 ]. Reprinted with permission from RSC       
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 Highly crystalline SnO 2  quantum dots with a narrow size distribution 
(4.27 ± 0.67 nm) was achieved by microwave-assisted decomposition of Sn(OtBu) 4  
in IL [ 17 ], which showed typical semiconducting I–V behaviors and gas sensing 
properties as ink-jet printing nano-bridges between gold electrodes on polycarbonate 
and on silicon chip as well. 

 A microwave-assisted hydrothermal technique is presented to prepare 
cryptomelane- type manganese oxide octahedral molecular sieves for 10 s [ 18 ]. 
Reaction time and temperature are found to determine the formation conditions of 
manganese oxide octahedral molecular sieves. Amorphous manganese oxide below 
80 °C and crystalline phase manganese oxide octahedral molecular sieves at 100 °C 
or above were obtained. Effi cient microwave-assisted hydrothermal synthesis of CuO 
sea urchin-like architectures was also reported via a mesoscale self-assembly in water 
[ 19 ]. The tenorite phase of CuO with amonoclinic structure (JCPDS 48-1548; 
Fig.  5.8a ) was found. As-obtained CuO was composed of urchin-like architectures 
with diameters of around 2.2 mm (Fig.  5.8b ). The bright diffraction points corre-
sponding SAED pattern can be indexed by the monoclinic structure of CuO resultant 
to the diffraction of (110), (11-2), and (00-2) planes (Fig.  5.8c ). HR-TEM image 
 indicated the same crystallographic orientation (like a single crystal) (Fig.  5.8d ). 

  Fig. 5.7    ( a ) and ( b ) SEM images of AgIn(WO 4 ) 2  mesocrystals prepared by microwave-assisted 
synthesis at 180 °C for 20 min. ( c ) TEM image of individual caterpillar-like particle. ( d ) XRD 
pattern of the AgIn(WO 4 ) 2  mesocrystals. From ref. [ 16 ]. Reprinted with permission from RSC       
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The interfringe distance was found to be 0.27 nm for plane (110) and 0.25 nm for 
plane (002), indicating that the [11-2] direction is the bisector of the triangle.  

 Green microwave-assisted hydrothermal method was used for the synthesis of a 
self-assembled photocatalytically active rutile TiO 2  mesocrystals assembled with 
ultralong nanowires using TiCl 3  at 200 °C for only 1 min [ 20 ]. TiO 2  mesocrystals 
have the BET specifi c surface area of 16 m 2  g −1  and exhibit an obvious red-shift of 
0.2 eV with aspect to that of pure rutile TiO 2 , ascribing to the high aspect ratio of 
rutile nanowires. The mesocrystals show excellent photocatalytic activity for NO 
removal in air and the activity is well maintained after three cycles and gold modi-
fi cation on the rutile TiO 2  results in a 50 % improvement in the photocatalytic per-
formance. The TiO 2  was assigned to a pure tetragonal rutile phase with high purity 
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  Fig. 5.8    ( a ) Powder XRD pattern recorded for CuO synthesized by microwave-assisted hydro-
thermal method in 15 min, and ( b ) FE-SEM image, ( c ) TEM image,  inset  a SAD pattern, and ( d ) 
HR-TEM image of a single plate of the CuO sea urchin-like microcrystal. From ref. [ 19 ]. Reprinted 
with permission from RSC       
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and good crystallinity (JCPDS card, 21-1276, Fig.  5.9a ). It was observed that the 
2 mm nanowire arrays grow radially from a cross section of a hemisphere (Fig.  5.9b ). 
The superstructure is composed of individual nanowires (Fig.  5.9c ). The HR-TEM 
image (Fig.  5.9d ) indicated the growth direction of the nanowires along the (001) 
direction and the periodic fringe spacing of ~0.32 nm corresponding to the interpla-
nar spacing between the (110) plane.  

 A convenient microwave-hydrothermal synthesis of nanostructured Cu 2+ -
substituted ZnGa 2 O 4  spinels was reported [ 21 ]. Moreover, hexagonal WO 3  nanow-
ires with high aspect ratio of 625 and specifi c surface area of 139 m 2  g −1  were 
prepared for the fi rst time by a microwave-assisted hydrothermal method at 150 °C 
for 3 h in a solution containing (NH 4 ) 2 SO 4  as a capping reagent and Na 2 WO 4  as a 
starting material [ 22 ]. WO 3  nanowires had a diameter of 5–10 nm and lengths of up 
to several micrometers. WO 3  was found to have excellent electrocatalytic activity 
for hydrogen evolution reaction with high activity and stability in water by cyclic 
voltammetry and linear sweep voltammetry. 
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  Fig. 5.9    XRD pattern ( a ), SEM ( b ), TEM ( c ) and HR-TEM ( d ) image of the self-assembled rutile 
TiO 2  by microwave heating TiCl 3  at 200 °C for 1 min suggest that the mesocrystals are promising 
photocatalyst for solar driven applications. From ref. [ 20 ]. Reprinted with permission from RSC       
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 Vanadium pentoxide (V 2 O 5 ) nanomaterials with excellent catalytic activities 
were prepared by a facile microwave-assisted refl uxing reaction of VOSO 4  and 
(NH 4 ) 2 S 2 O 8  solutions under atmospheric pressure at 100 °C for 1 h under atmo-
spheric pressure [ 23 ]. The as-synthesized V 2 O 5  nanomaterials were found to display 
excellent catalytic performance for the oxidative cyanation of  N , N -dimethylaniline 
to  N -methyl- N -phenylcyanamide. The conversion of  N , N -dimethylaniline to 
 N -methyl- N -phenylcyanamide was found to increase with an increase in the amount 
of V 2 O 5  catalyst. 

 Microwave-assisted heating was also reported to prepare unique lamellar sodium/
potassium iron oxide nanosheets nanomaterials with unique architectures and mul-
tifunctionalities, ferromagnetic properties and electrochemical properties consist-
ing of two-dimensional iron oxide building blocks using the suspension of iron(II) 
sulfate, sodium thiosulfate, and sodium/potassium hydroxide within 5 min [ 24 ]. 
Na 2.4 Fe 10.99 O 16.03  nanosheets were assembled from thin nanosheets into a three- 
dimensional fl ower-like architecture with an edge length of more than 500 nm in 
both dimensions (Fig.  5.10a ). HR-TEM image indicated some edge and screw dis-
locations in nanosheets (Fig.  5.10e, f ), and the fringe spacings of about 4.1 for the 
(015) plane and 4.4 Å for the (104) plane (Fig.  5.10 ).  

 The preparation of fl ower-like Bi 2 WO 6  with a good thermal stability was reported 
via a simple, rapid, microwave-assisted solution phase process [ 25 ]. The time- 
dependent experiments were found to show an Ostwald ripening mechanism in the 
crystal growth process. The as-prepared Bi 2 WO 6  was reported to have excellent 
photocatalytic activities for the degradation of Rhodamine B (RhB) under visible 
light irradiation. 

 Microwave-assisted solution-phase approach was applied for the preparation of 
monodisperse erythrocyte-like Cd 2 Ge 2 O 6  superstructures by employing 
Cd(Ac) 2 ·2H 2 O and GeO 2  as the reactants in the presence of hydrazine monohydrate 
[ 26 ]. Monoclinic phase Cd 2 Ge 2 O 6  erythrocyte-like microstructures were found to 
have a relatively good dispersion and uniform diameters of ~8 mm (Fig.  5.11a ) and 
be constructed by abundant single crystalline nanoneedles (Fig.  5.11b, c ). HR-TEM 
image displayed the lattice fringes of single crystalline nature and the neighboring 
planes correspond to the (1-10) and (001) plane of Cd 2 Ge 2 O 6  (Fig.  5.11d ). 
Experimental results discovered that Cd 2 Ge 2 O 6  had the absorption edge of 318 nm 
and a band gap of ~3.91 eV.  

 A rapid and facile microwave-assisted route was developed for the synthesis of 
rhombic dodecahedral Fe 3 O 4  nanocrystals for the fi rst time in the presence of ILs at 
temperatures as low as 90 °C within 15 min [ 27 ]. The magnetic study reveals that 
the  T  B  of the Fe 3 O 4  nanocrystals is found to be at 120 K, and the saturation magne-
tization is 86 emu g −1  at room temperature. Furthermore, it was observed that the 
rhombic dodecahedral Fe 3 O 4  nanocrystals bound with 12 high-energy {110} facets 
probably lead to future prospects toward their potential applications such as con-
spicuous catalytic activity. 

 Microwave-assisted hydrothermal synthesis was used to synthesize titanium–tin 
oxide solid solutions from a solution containing TiCl 3  and SnCl 4  [ 28 ]. Single-phase 
rutile-type Ti  x  Sn 1− x  O 2  solid solutions are achieved by annealing in air. 
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 Co 3 O 4  nanowires could be synthesized in conventional refl ux and microwave- 
assisted methods under homogeneous precipitation conditions [ 29 ]. Co 3 O 4  with ran-
domly distributed thin nanowires were obtained by the conventional refl ux method 
and higher-dimensional and arranged nanowires by the microwave refl ux method. 
The lower-dimensional nanowires were more ferromagnetic than the higher- 
dimensional Co 3 O 4  nanowires. Co 3 O 4  shows better high rate cyclic stability due to its 
more rigid orientated nanowire structure using the microwave-assisted method. 

  Fig. 5.10    ( a ) SEM image and ( b ) TEM image of the as-prepared Na 2.4 Fe 10.99 O 16.03  nanosheets via 
microwave-assisted synthesis at 180 °C for 5 min. HRTEM images of ( c ) a vertical and ( d ) a planar 
Na 2.4 Fe 10.99 O 16.03  nanosheet ( inset  is the SAED pattern). ( e ) and ( f ) HRTEM images of different 
vertical Na 2.4 Fe 10.99 O 16.03  nanosheets. Dislocations in the layered structures are marked by the 
 dashed ellipses . From ref. [ 24 ]. Reprinted with permission from ACS       
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 α-Fe 2 O 3  nanomaterials with a surface area of around 173.0 m 2  g −1  was synthesized 
by a microwave-assisted hydrothermal reaction of Fe(NO 3 ) 3  and urea at 120 °C for 
30 min [ 30 ]. α-Fe 2 O 3  nanomaterials were reported to display excellent catalytic 
performance for the oxidation of CO and 2-propanol to CO 2  and adsorption perfor-
mance for the removal of As(III) of 51.8 mg g −1  at room temperature in water treat-
ment. Magnetic nanorods with aspect ratio 3.2 were prepared in water by a simple 
and fast microwave-assisted reduction using akaganeite β-FeOOH nanorods and 
hydrazine as precursors and redactor only in 2 min [ 31 ]. 

 Li 4 Ti 5 O 12  microspheres composed of nanofl akes were rapid synthesized within 
1 h by a combination of a microwave-assisted hydrothermal method and a micro-
wave post-annealing process [ 32 ]. The electrode using CMC as binder had better 
high-rate capability, much lower charge transfer resistance, lower apparent activa-
tion energy, and lower apparent diffusion activation energy than the one with poly-
vinylidene fl uoride binder. Unique porous ZnO polygonal nanofl akes with excellent 
NO 2  sensing performances were also synthesized by the microwave hydrothermal 
method with a subsequent annealing process [ 33 ]. 

 Single-crystal α-MnO 2  nanotubes were synthesized by microwave-assisted hydro-
thermal of potassium permanganate in the presence of hydrochloric acid [ 34 ]. The 
as-synthesized MnO 2  nanostructures are reported to be incorporated in air  cathodes 

  Fig. 5.11    ( a – c ) SEM images, ( d ) HR-TEM image, ( e ) the corresponding fast Fourier transforma-
tion image and ( f ) the SAED pattern of the as prepared Cd 2 Ge 2 O 6  erythrocyte-like superstructures 
(The FFT and SAED images were taken from the  marked area  in Fig.  5.3d ). From ref. [ 26 ]. 
Reprinted with permission from RSC          
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of lithium-air batteries as electrocatalysts for the oxygen reduction and evolution 
reactions. The electrodes made of single-crystalline α-MnO 2  nanotubes were found 
to exhibit much better stability than those made of α-MnO 2  nanowires and δ-MnO 2  
nanosheet-based microfl owers in both charge and discharge processes. 

 CeO 2  nanoparticles were synthesized by a microwave-assisted hydrothermal 
method under different synthesis temperatures [ 35 ]. The synthesis temperature was 
found to effect morphology of the samples. Spherical particles of about 5 nm at 
80 °C, a mix of spherical and rod-like nanoparticles at 120 °C, nanorods with 10 nm 
average diameter and 70 nm length at 160 °C were obtained. 

 Rod-like FeWO 4  nanocrystals with wolframite-type monoclinic structures were 
carried out by the microwave hydrothermal method at 170 °C for 45 min [ 36 ]. 
FeWO 4  nanocrystals prepared with polyethylene glycol-200 have a partial preferen-
tial orientation in the (011) plane in relation to other nanocrystals prepared with 
sodium bis(2-ethylhexyl)sulfosuccinate and water. Experimental results show that 
nanocrystals grow by self-assembly, an oriented attachment process and the aggre-
gation of small nanocrystals with a further growth of rod-like FeWO 4  crystals. PL 
properties of these nanocrystals are found to be dependent on distortions in octahe-
dral [FeO 6 ]/[WO 6 ] clusters and partial preferential orientation in the (011) crystal-
lographic plane of these nanocrystals. 

 Preparation of lanthanide (Eu 3+ , Tb 3+ , Sm 3+ , and Dy 3+ ) phosphors luminescent mate-
rials (red, green, orange-red, and blue-yellow) one-dimensional nanorods with diame-
ters of 10–20 nm and lengths of up to 200 nm were achieved at low temperature (70 °C) 
in 45 min using simultaneous supersonic and microwave  irradiation [ 37 ]. 

 Micronano self-assembled NaY(WO 4 ) 2  hierarchical dumbbells were synthesized 
by a microwave-assisted hydrothermal approach, followed by a heat treatment [ 38 ]. 
It was found that the amount of trisodium citrate plays a crucial role in the assembly 
process of the precursor. Yb 3+ /Er 3+ , Yb 3+ /Tm 3+ , and Yb 3+ /Ho 3+  codoped NaY(WO 4 ) 2  
were found to exhibit strong green, blue, and yellow emissions under 980 nm excita-
tion, respectively. The luminescence colors of Yb 3+ /Ho 3+ /Tm 3+  tridoped NaY(WO 4 ) 2  
can be tuned from blue through white to yellow by simply adjusting the doping 
 concentrations of the activator ions under 980 nm excitation. 

 A fast and facile microwave-assisted hydrothermal process is reported for the prepa-
ration of perovskite NaTaO 3  nanocrystals with Ta 2 O 5  and NaOH as starting materials 
[ 39 ], which showed photocatalytic activity for overall water splitting more than two 
times greater than those prepared under conventional hydrothermal conditions. 

 Visible light-activated SnNb 2 O 6  nanosheets with a thickness of 1–4 nm versus 
several hundred nanometres in lateral size were prepared by a microwave-assisted 
template-free hydrothermal method without exfoliation for the fi rst time [ 40 ]. 
Authors suggested that the formation mechanism of SnNb 2 O 6  nanosheets reasonably 
follows a synergy interaction of reaction–crystallization and dissolution–recrystalli-
zation processes. SnNb 2 O 6  nanosheets show much higher photocatalytic activities 
for the degradation of rhodamine B (RhB), compared with their counterparts pre-
pared by the traditional solid-state reaction, due to the unique morphology, larger 
surface area, smaller crystallites, and stronger redox ability of the photogenerated 
hole–electron pair. It was reported that the reaction rate is enhanced by over 4 times 
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and the RhB molecule can be mineralized into CO 2  and H 2 O over SnNb 2 O 6  
nanosheets. Highly crystalline and single phase Zn 2 SnO 4  quantum dots with a good 
crystallinity and a narrow size distribution were also achieved by microwave- assisted 
hydrothermal synthesis [ 41 ]. 

 Copper oxides have been widely used as catalysts, gas sensors, adsorbents, and 
electrode materials. Urchin-like architectured CuO nanomaterials with excellent 
catalytic and electrochemical performance were synthesized via a facile microwave- 
assisted hydrothermal process in Cu(CH 3 COO) 2  (0.1 M)/urea(0.5 M) and Cu(NO 3 ) 2  
(0.1 M)/urea(0.5 M) aqueous systems at 150 °C for 30 min [ 42 ]. CuO nanoparticles, 
spheroidal form (CuO-1) in Cu(CH 3 COO) 2 /urea aqueous solution, and CuO 
nanorods (CuO-2) in the Cu(NO 3 ) 2 /urea aqueous system were observed. 
Experimental results indicated that CuO nanomaterials exhibit excellent catalytic 
activities for the epoxidation of alkenes and the oxidation of CO to CO 2 . The con-
versions of styrene and norbornene were observed to reach 100 % with selectivity 
of about 45 % and 100 % after 24 h of catalytic reaction, respectively. The conver-
sions of trans-β-methylstyrene were observed to approach 97 % with selectivity of 
100 % with the reaction proceeded for 8 h. 

 A microwave-assisted hydrothermal method was introduced to monitor the 
growth process of SrTiO 3  nanospheres by taking “snapshots” of reaction interme-
diates [ 43 ]. Authors proposed a possible formation mechanism based on dehydra-
tion of titanium and strontium clusters followed by mesoscale transformation and 
a self- assembly process along an oriented attachment mechanism resulting in 
spherical- like shape. 

 The microwave-assisted hydrothermal method was also reported for the synthe-
sis of Sn 2+ -doped ZnWO 4  nanocrystals with controlled particle sizes and lattice 
structures for tunable optical and photocatalytic properties [ 44 ]. Sn 2+ -doped ZnWO 4  
nanocrystals greatly enlarged the BET surface areas from 40.1 to ~110 m 2  g −1 . 
An abnormal band gap narrowing of Sn 2+ -doped ZnWO 4  nanocrystals as a conse-
quence of bulk and surface doping effects as well as lattice variations was observed. 

 Nanostructured Cu  x  Zn 1− x  Al 2 O 4  with a Cu:Zn ratio of 1/4:3/4, an average size of 
approximately 5 nm and a high specifi c surface area (above 250 m 2  g −1 ) was pre-
pared as a precursor for Cu/ZnO/Al 2 O 3 -based catalysts by a microwave-assisted 
hydrothermal method at 150 °C [ 45 ]. 

 Visible-light-induced antibacterial activity of carbon-doped anatase-brookite 
titania nano-heterojunction photocatalysts were synthesized by microwave-assisted 
method at 100 °C [ 46 ]. The most active photocatalyst was obtained after 60 min of 
microwave irradiation, which was found to exhibit a twofold higher visible-light 
induced photocatalytic activity in contrast to the standard commercial photocatalyst 
Evonik-Degussa P-25. 

 A microwave hydrothermal reaction is presented for the synthesis of highly crys-
tallized anisotropic TiO 2  single nanocrystals for high performance dye-sensitized 
solar cells within 60 min [ 47 ]. The photoelectrode consisting of anisotropic nanorods 
and V-shaped twins was found to have a signifi cant advantage for achieving an 
appreciable incident photon-to-current conversion effi ciency of 85.6 % for the dye- 
sensitized solar cell.  
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5.2.3     Microwave-Assisted Synthesis of Metal Chalcogenides 
Nanomaterials 

 Metal chalcogenides nanomaterials are important functional materials and widely 
used in various fi elds. A green microwave synthesis route is described for the 
Cu(In 1− x  Ga  x  )Se 2  nanoparticles with an average crystallite size of 3 nm and variable 
Ga content in an aqueous solution containing mercapto-acetic acid for the fi rst time 
[ 48 ]. UV-visible absorption confi rmed the tunable optical properties and could be 
applied in high density photovoltaic fi lms and other optoelectronic applications. 

 Two methods were compared for the synthesis of hierarchical nanostructured 
CdIn 2 S 4  resembling marigold fl owers in aqueous medium and CdIn 2 S 4  nanotubes 
in methanol medium using a hydrothermal method more than 24 h, and CdIn 2 S 4  
with mixed morphologies (fl owers, spheres and pyramids) using a microwave 
method within 15 min [ 49 ]. It was found that CdIn 2 S 4  had the band gap of 2.27 eV 
using the microwave method and 2.23 eV using the hydrothermal method. 
Experimental results indicated that the marigold fl owers, nanoparticle spheres, and 
nanopyramids of CdIn 2 S 4  synthesized by microwave method showed excellent 
photocatalytic activity and gave almost 30 % enhancement in the degradation of 
methylene blue (MB) as compared to CdS under direct sunlight. 

 Water soluble and optically active penicillamine (Pen) capped CdSe nanocrystals 
quantum dots with broad spectral distribution (430–780 nm) of photoluminescence 
were produced by microwave irradiation [ 50 ]. The nanoparticles show a very broad 
distribution of photoluminescence, attributing to emission from surface defect 
states. 

 Highly emissive CdSe, CdSe/CdS, and CdSe/CdS/ZnS quantum dots with size 
control, narrowing of size distributions, and improved quantum yields were fabri-
cated under fi ne-tuned microwave-hydrothermal conditions using a synthetic micro-
wave reactor for dielectric heating that provides both kinetic control, and in situ 
monitoring of temperature and pressure [ 51 ]. The optical characteristics were 
obtained after growth of CdS (ii), ZnS (iii), and CdS/ZnS (iv) shells at CdSe cores 
(i) (Fig.  5.12 ). Shell growth showed characteristic red shifts and notable increases 
in quantum yields from ~3 to 20–40 % with  r  and annealing time (Fig.  5.12a, b ).  

 An ideal illustration of the automated microwave irradiation based synthesis setup 
employed (Fig.  5.13a ), as well as the in situ temperature (Fig.  5.13b ) and systems 
pressure characteristics (Fig.  5.13c ) profi les obtained during a typical synthesis of 
CdSe quantum dots at temperatures of 60–180 °C, is shown. Both heating and cool-
ing rates are rapid. One can observe the rapid increase in hydrothermal temperature 
( T  H ) to a desired set-point (region-i), followed by a stable annealing temperature 
(region-ii), and the rapid temperature quenching (region-iii) due to absence of micro-
wave irradiation coupled with high fl ow rate purging of the microwave cavity by 
compressed N 2 . A similar profi le is shown for the systems pressure characteristics 
(Fig.  5.13c ).  

 A facile two-step, microwave-assisted method was described for the synthesis of 
the C@CdS core–shell hybrid spheres with the good dispersity and uniformity [ 52 ]. 
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The thickness of the CdS nanoparticles shell could be varied or controlled by the 
irradiation time. C@CdS core–shell hybrid spheres showed a higher photocatalytic 
degradation activity when exposed to visible light irradiation than that of CdS nano-
spheres under the same conditions, which have potential applications in photocata-
lytic cleaners, optoelectronic devices, water purifi cation, environmental cleaning, 
and solar energy conversion. 
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  Fig. 5.12    A representative set of the UV–Vis ( a ) and PL emission ( b ) for CdSe-cores synthesized at 
160 °C ( i ), and after CdS ( ii ), ZnS ( iii ), and CdS/ZnS ( iv ) shell growth at  T  H  = 120 °C. The TCSPC 
results ( c ) for the as-synthesized CdSe-cores before ( i ) and after ZnS shell growth ( iii ) with 420 nm 
excitation. From ref. [ 51 ]. Reprinted with permission from ACS       
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  Fig. 5.13    A schematic illustration ( a ) of the synthesis strategy employed. Microwave irradiation 
based dielectric heating to hydrothermal temperatures allows for automated synthesis, high 
throughput, and in situ monitoring of reaction temperature ( b ), and pressure ( c ) during hydrothermal 
quantum dot synthesis. From ref. [ 51 ]. Reprinted with permission from ACS       
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 A facile and rapid microwave-assistance approach was also reported for the 
 fabrication of CdTe/poly( N -methylolacrylamide) (CdTe/PNMA) and CdTe/poly 
( N -methylolacrylamide-co-dimethyl diallyl ammonium chloride) (CdTe/poly 
(NMA-co-DMDAAC)) hydrogels with a high quantum yield and excellent photolu-
minescence stability [ 53 ]. The CdTe/PNMA hydrogels are responsive to different 
kinds of heavy metal ions including Pb 2+ , Cd 2+ , Zn 2+ , and Mn 2+ , and the CdTe/
poly(NMA-co-DMDAAC) fl uorescent slices exhibit selective fl uorescent sensing 
toward organoamines of  n -propylamine (PPA), triethylamine (TEA), and  N , N - 
dimethylaniline  (DMA). 

 A microwave-assisted process was used for the rapid synthesis of highly lumines-
cent thiol-capped CdTe nanocrystals with high photoluminescence intensity in an IL 
based on a universal growth model under the assumption that the growth rate expo-
nentially converges as the reaction proceeds [ 54 ]. The microwave irradiation was 
found to play a pivotal role in the limiting step of the growth of nanocrystals including 
the activation of nanocrystal precursor and the subsequent formation of nuclei. 

 A microwave-assisted synthesis method was used to prepare water-soluble and 
highly luminescent glutathione-capped Zn 1− x  Cd  x  Te alloyed quantum dots with 
excellent biocompatibility using pollutant-free sodium tellurite (Na 2 TeO 3 ) as the 
Te source [ 55 ]. It was observed that the size could be tuned from 500 to 610 nm 
and the photoluminescent quantum yield can reach up to 90 %. The cytotoxicity of 
the glutathione- capped Zn 1− x  Cd  x  Te alloyed quantum dots towards living cells can 
be reduced to a small extent due to the incorporation of the Zn ions as shown by 
in vitro cytotoxicity studies (MTT-assay). The authors suggested that high-perfor-
mance Zn 1− x  Cd  x  Te alloyed quantum dots are highly promising biological fl uores-
cent labels in biological applications. 

 The optical properties of glutathione-capped  Zn 1− x  Cd  x  Te alloyed quantum dots 
showed the quantum size effect by through the temporal evolution of UV-visible 
and PL spectra (Fig.  5.14 ). PL peaks of the samples are dominated by the band-edge 
emission without a broad deep-trap emission peak with the Cd/Zn feed ratio of 3:2 
and the reaction time from 10 min to 5 h (Fig.  5.14b ). Increase in size with a longer 
growth time and a narrow size distribution of alloyed quantum dots were observed. 
Moreover, the as-prepared alloyed quantum dots are transparent under visible light, 
suggesting that these alloyed quantum dots are well-dispersed in aqueous phase 
without further treatment (Fig.  5.14c ). The as-prepared alloyed quantum dots solu-
tions emit bright fl uorescence of cyan blue, green, yellow, orange, and red under UV 
irradiation (Fig.  5.14d ).   

5.2.4     Microwave-Assisted Synthesis of Bio-nanomaterials 

 Bio-nanomaterials have wide applications in the biomedical fi elds. A rapid 
microwave- assisted hydrothermal method has been developed for the preparation of 
highly stable amorphous calcium phosphate (ACP) porous nanospheres with a rela-
tively uniform size and an average pore diameter of about 10 nm by using CaCl 2  · 2H 2 O 
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as the calcium source and adenosine 5′-triphosphate disodium salt (ATP) as the 
phosphorus source and stabilizer [ 56 ]. The as-prepared ACP porous nanospheres 
are found to be effi cient for anticancer drug (docetaxel) loading and release, and a 
high ability to damage tumor cells. 

 The experimental parameters were found to affect the size of ACP porous nano-
spheres. ACP porous nanospheres had relatively uniform in size with an average 
diameter of (260 ± 51) nm at 100 °C for 30 min (Fig.  5.15a ), (257 ± 37) nm at 120 °C 
for 30 min (Fig.  5.15b ), (238 ± 35) nm at 120 °C for 10 min, (320 ± 53) nm with 
50 mm Ca 2+  (Fig.  5.15c ), (400 ± 76) nm at pH 10 (Fig.  5.15d ), and (227 ± 28) nm 
with 25 mm Ca 2+  at 120 °C for 60 min (Fig.  5.15e ).  

 A microwave-assisted hydrothermal method was also reported for the rapid and 
sustainable synthesis of hydroxyapatite (HA) hierarchically nanostructured porous 
hollow microspheres with specifi c surface area of 87.3 m 2  g −1  and average pore size 
of 20.6 nm by using biocompatible creatine phosphate disodium salt as an organic 
phosphorus source in aqueous solution [ 57 ]. It was observed that HA hierarchically 
nanostructured porous hollow microspheres within the range of 0.8–1.5 mm con-
sisted of nanosheets or nanorods as the building blocks. Using creatine phosphate as 

  Fig. 5.14    Temporal evolution of ( a ) UV–Vis absorption and ( b ) PL emission spectra of 
glutathione- capped Zn 1− x  Cd  x  Te alloyed quantum dots. Photographs of GSH capped Zn 1− x  Cd  x  Te 
alloyed quantum dots under visible light ( c ) and 365 nm UV light ( d ). (reaction time: 10 min, 
30 min, 1 h, 2 h, 5 h, from  left  to  right ). From ref. [ 55 ]. Reprinted with permission from RSC       
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the organic phosphorus source, nanosheets/nanorods hierarchically were assembled 
into nanostructured porous hollow microspheres with a relatively uniform size and 
the diameters of HA porous hollow microspheres were about 1 mm (Fig.  5.16c–f ). 
The control sample consisted of a mixture of nanorods and nanosheets and no 
porous hollow microspheres were observed (Fig.  5.16a, b ). The as-prepared porous 
hollow microspheres have been found to show a relatively high drug-loading capac-
ity and protein-adsorption ability, as well as sustained drug and protein release, by 
using ibuprofen as a model drug and hemoglobin (Hb) as a model protein, 
respectively.  

 A surfactant-free rapid microwave-assisted hydrothermal method was reported 
for the synthesis of HA nanosheet-assembled fl ower-like hierarchical nanostruc-
tures with a high protein and DNA loading capacity and pH-controlled protein 
release function [ 58 ]. The morphology from fl ower-like to polyhedra can be varied 
by adjusting the microwave heating temperature. The loading capacities obtained 
for bovine serum albumin (BSA), hemoglobin (Hb), and fi sh sperm DNA were 
165 mg g −1 , 164 mg g −1 , and 112 mg g −1 , respectively. 

 One-pot microwave-assisted hydrothermal method was also reported for the 
 biocompatible europium-doped calcium HA and fl uoroapatite nanophosphors 
functionalized with poly(acrylic acid) through a from aqueous basic solutions con-
taining calcium nitrate, sodium phosphate monobasic, as well as sodium fl uoride 
in the case of the fl uoroapatite particles [ 59 ]. The size of the nanospindles was 
191(32) × 40(5) nm for calcium HA and 152(24) × 38(6) nm for calcium fl uoroapatite. 
The as- prepared samples showed a very high colloidal stability in 2-( N -morpholino)
ethanesulfonic acid at pH 6.5.  

  Fig. 5.15    SEM micrographs of ACP porous nanospheres synthesized by using CaCl 2  · 2H 2 O as the 
calcium source and ATP as both the phosphorus source and stabilizer by the microwave-assisted 
hydrothermal method under different conditions: ( a ) 25 mm Ca 2+ , pH 5, 100 °C for 30 min; ( b ) 
25 mm Ca 2+ , pH 5, 120 °C for 30 min; ( c ) 50 mm Ca 2+ , pH 5, 120 °C for 30 min; ( d ) 25 mm Ca 2+ , 
pH 10, 120 °C for 30 min; ( e ) 25 mm Ca 2+ , pH 5, 120 °C for 60 min. From ref. [ 56 ]. Reprinted with 
permission from Wiley-VCH       
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5.2.5     Microwave-Assisted Synthesis of Nanocomposites 

 Green microwave-assisted method was also reported to the synthesis of various 
nanocomposites. A green and rapid microwave-assisted synthetic procedure is pre-
sented for the preparation of low-toxic Mn: ZnSe/ZnS core/shell nanocrystals with 

  Fig. 5.16    SEM ( left ) and TEM images ( right ): ( a ,  b ) Control sample that was obtained by using 
Na 2 HPO 4  · 12H 2 O in the absence of creatine phosphate; ( c – f ) HAP hierarchically nanostructured 
porous hollow microspheres that were prepared by using CaCl 2  and creatine phosphate in aqueous 
solution through a microwave-assisted hydrothermal method at 120 °C for 10 min. From ref. [ 57 ]. 
Reprinted with permission from Wiley-VCH       
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good crystallizability and favorable monodispersity to label antibodies for selective 
detection of human immunoglobulin G based on fl uorescence resonance energy 
transfer between the Mn: ZnSe/ZnS and Au nanoparticles [ 60 ]. 

 Three-dimensional Pd@Pt core–shell nanostructures with controllable shape 
and composition were synthesized using a microwave heating method [ 61 ]. Pd@Pt 
electrocatalysts were found to exhibit higher catalytic activity than pure Pd and pure 
Pt catalysts for both the oxygen electroreduction reaction and methanol electro- 
oxidation reaction, and the highest activity are obtained at the Pd@Pt electrocata-
lyst with a Pd/Pt molar ratio of 1:3. 

 Dope submicrometer carbon spheres with Ag nanoparticles was used to fabricate 
Ag nanoparticles–C composites via microwaving suspensions of nanoporous car-
bon spheres in aqueous Ag(NH 3 ) 2  +  solutions with poly( N -vinylpyrrolidone) as 
reducer in high yield within a short reaction time [ 62 ]. The composite spheres were 
reported to exhibit not only a tunable plasmon resonance shift but also an excellent 
catalytic activity toward the reduction of 4-nitrophenol by sodium borohydride 
using controlling the Ag doping. 

 Reduced graphene oxide–Fe 2 O 3  nanocomposite was prepared as a high- 
performance anode material for lithium ion batteries using a facile two-step synthesis 
by homogeneous precipitation and subsequent reduction of the G-O with hydrazine 
under microwave irradiation to yield reduced graphene oxide platelets decorated 
with Fe 2 O 3  nanoparticles [ 63 ]. Graphene oxide–Fe 2 O 3  nanocomposite exhibited the 
fi rst discharge and charge capacities of 1,693 mA h g −1  and 1,227 mA h g −1  at a cur-
rent density of 100 mA h g −1 , respectively. It shows good capacity retention with 
1,027 mA h g −1  after the 50th discharge, as well as ∼800 mA h g −1  of discharge 
capacity even at the current density of 800 mA g −1 . 

 Microwave-assisted method was used to synthesize a core–shell multiwalled 
 carbon nanotubes/graphene oxide nanoribbons heterostructure with excellent elec-
trochemical performance for electrochemically detect ascorbic acid, dopamine, and 
uric acid [ 64 ]. The authors attributed this to the unique electronic structure of a high 
density of unoccupied electronic states above the Fermi level and enriched oxygen- 
based functionality at the edge of the graphene-like structures. 

 CdS-reduced graphene oxide nanocomposites are synthesized via the microwave- 
assisted reduction of graphite oxide in a CdS precursor solution [ 65 ]. These com-
posites exhibit enhanced photocatalytic performance for the reduction of Cr(VI) 
with a maximum removal rate of 92 % under visible light irradiation as compared 
with pure CdS (79 %) due to the increased light absorption intensity and the reduc-
tion of electron–hole pair recombination in CdS with the introduction of reduced 
graphene oxide. 

 Preparation of ZnO–ZnS core–shell nanorods was described via microwave- 
assisted method in situ surface sulfi dation of ZnO nanorods [ 66 ]. ZnO–ZnS core–
shell nanorods possess signifi cantly higher visible light photocatalytic activity, 
which is twice that of the original ZnO nanorods. The thickness and nanoparticle 
size of the ZnS shell can be conveniently varied or controlled by the concentration 
of the organo-sulfur source thioacetamide. The pure ZnO hexangular rods of about 
120 nm in diameter with smooth surface (Fig.  5.17a ). The surface of the ZnO 
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nanorods became rougher and thicker, implying an increasing conversion from ZnO 
to ZnO/ZnS hybrid structures via the surface sulfi dation with increasing concentra-
tion of thioacetamide (Fig.  5.17b–f ). The as-prepared products were reported to 
exhibit narrowed band gap and strong orange luminescence at 621 nm, due to the 
interstitial oxygen ion defect present in hydrothermally grown ZnO. It was also 
reported that the PL intensity gradually decreases with the increase of the thickness 
of ZnS shell, indicating charge transfer between the two components of the ZnO–
ZnS hybrids. The ZnO–ZnS hybrid structures evinced a signifi cantly higher (by 
100 % increase) photocatalytic activity in the degradation of RhB than that of pure 
ZnO NRs under the same conditions.  

  Fig. 5.17    Typical SEM images of as-prepared ( a ) pure ZnO nanorods and ZnO–ZnS core–shell 
nanorods obtained via microwave irradiation with different concentration of thioacetamide: ( b ) 
0.0025 M, ( c ) 0.0075 M, ( d ) 0.0125 M ( e ) 0.0175 M and ( f ) 0.0225 M. From ref. [ 66 ]. Reprinted 
with permission from RSC       
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 SnO 2 –graphene composites were synthesized as a superior anode for lithium-ion 
batteries by an ultrafast and environmentally friendly microwave autoclave method, 
consisting of a few layers of graphene nanosheets sandwiching SnO 2  nanoparticles 
with a highly uniform distribution, which show signifi cantly improved cycle lives, 
compared with the bare SnO 2  electrode due to the active function of the graphene 
nanosheets in the composites [ 67 ]. It was reported that SnO 2 –graphene composites 
with a graphene content of 33.3 wt% exhibits a very stable capacity of about 
590 mA h g −1  without noticeable fading for up to 200 cycles. 

 Formation of bimetallic Au–Pd and Au–Pt nanoparticles was reported at 110 and 
130 °C by the reduction of chlorocomplexes of gold (III) from muriatic solutions by 
nanocrystal powders of palladium and platinum under hydrothermal conditions and 
microwave irradiation [ 68 ]. 

 TiO 2 -reduced graphene oxide composites are synthesized via the microwave- 
assisted reduction of graphite oxide in a TiO 2  suspension [ 69 ]. The composites 
exhibit enhanced photocatalytic performance for the reduction of Cr(VI) with a 
maximum removal rate of 91 % under UV light irradiation as compared with pure 
TiO 2  (83 %) and commercial TiO 2  P25 (70 %) due to the increased light absorption 
intensity and range as well as the reduction of electron–hole pair recombination in 
TiO 2  with the introduction of reduced graphene oxide. 

 A microwave-assisted synthesis technique was also used to produce copper- 
doped and  64 Cu-doped iron oxide nanoparticles with a dextran coating within only 
5 min [ 70 ]. Highly luminescent and low toxic glutathione-capped CdSeTe@ZnS–
SiO 2  quantum dots were synthesized for the detection of Cu(II) via a microwave- 
assisted method [ 71 ]. The as-prepared quantum dots showed high luminescence, 
low toxicity and good water solubility. 

 Hollow ZnO core/ZnS shell structures with enhanced photocatalytic properties 
were prepared by microwave hydrothermal method [ 72 ]. The Kirkendall effect and 
an Ostwald ripening process were suggested for the fabrication of core/ZnS shell 
structures. The ZnO/ZnS heterostructures fi ll the surface defects of ZnO crystals 
and improve the stability of the photocatalysts by overcoming the photocorrosion 
effect of a single ZnO photocatalyst under UV light irradiation. 

 A green rapid microwave-assisted method was reported for the synthesis of 
ZnO–Au hybrids with excellent control over the morphology, loading and interface 
nature using just water as the solvent and reducing agent for CO oxidation [ 73 ]. The 
hybrids exhibit good catalytic activity for CO oxidation, compared to similar 
hybrids reported in the literature. 

 Microwave irradiation technique was employed for the synthesis of small-sized 
highly luminescent CdSeS–ZnS core–shell quantum dots for live cell imaging [ 74 ]. 
The prepared CdSeS–ZnS core–shell quantum dots showed signifi cantly enhanced 
luminescence and photostability than that of CdSeS core quantum dots. The small 
size quantum dots were localized predominantly in the nuclear compartment of 
Hela cells with negligible cytotoxicity, even at a concentration of 300 μg mL −1  after 
24 h incubation. 

 Porous CdO–CdS core–shell nanoboxes with uniform morphology and good 
structural stability were prepared by microwave-assisted in situ surface sulfi dation 
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of CdCO 3  nanocubes followed by annealing treatment [ 75 ]. The as-obtained products 
exhibit much higher visible-light-driven photocatalytic activity in the reduction of 
aqueous Cr(VI) than pure CdS. 

 LiFePO 4 –C–graphene composites as cathode materials for Li-ion batteries with 
enhanced rate capability were synthesized by a rapid, one-pot, microwave-assisted 
hydrothermal method within 15 min at 200 °C, followed by sintering at 600 °C for 
2 h under a H 2 –Ar (5:95, v/v) atmosphere [ 76 ]. The LiFePO 4 –C–graphene composite 
exhibited a discharge capacity of 165 mA h g −1  at 0.1 °C and 88 mA h g −1  at 10 °C, 
respectively. 

 Biocompatible hollow doughnut-like ZnO–Au nanocomposites were synthe-
sized with the coordination and selective adsorption effect of trisodium citrate 
through a fast one-step microwave-assisted hydrothermal route [ 77 ]. The hollow 
ZnO–Au nanocomposites are photostable with a strong resonance Raman signal. 
ZnO–Au nanomaterials have low biological cytotoxicity on human colon cancer 
cells (LOVO cells) at the concentration of 50 μg mL −1 . 

 Porous ZnO nanostructures were synthesized by a microwave-assisted hydro-
thermal reaction then converted into porous ZnO–ZnSe nanocomposites by a 
microwave- assisted dissolution-recrystallization process using an aqueous solution 
containing selenium ions [ 78 ]. The porous ZnO–ZnSe nanocomposites had much 
higher activities than the porous ZnO nanostructures. The main photocatalytic 
activity of the synthesized nanostructures arose from photoexcitation of the semi-
conductor (ZnO or ZnSe) via absorption of light of energy equal to or exceeding the 
band gap energy. 

 Microwave-assisted method was also developed to fabricate SnO 2 -reduced 
 graphene oxide–carbon nanotube composites for lithium ion batteries [ 79 ]. The as- 
prepared composites with 60 wt% SnO 2  achieve a maximum capacity of 
502 mA h g −1  after 50 cycles at 100 mA g −1  and a capacity of 344 mA h g −1  at a high 
current density of 1,000 mA g −1 .   

5.3     Green Synthesis of Biomass Nanocomposites 

 Biomass is generated in organisms by photosynthesis and has characters of renewal, 
biodegradation, low pollution, and widespread distribution. Nanocomposites con-
sisted of two or more than two kinds of components, which produced new properties 
to meet the industrial requirements by synergistic effect between components. 
Biomass nanocomposites were obtained by combining the advantages of biomass 
and nanocomposites. Green microwave-assisted method was applied for the synthe-
sis of biomass nanocomposites in accordance with the principles of green chemistry 
including biodegradation, low toxicity, environment-friendly, economy-friendly, and 
energy-saving. Cellulose is typical biomass composed of glucose molecules. In this 
section, cellulose nanocomposites were used as the typical examples for the green 
synthesis of biomass nanocomposites. Our research group has done a lot of work on 
the green synthesis of biomass nanocomposites by microwave-assisted method. 

5 Green Synthesis: Properties and Potential Applications in Nanomaterials…



146

 As early as 2010, the green microwave-assisted method was developed for 
 preparation of cellulose–carbonated hydroxyapatite (CHA) nanocomposites only 
within 15 min [ 80 ]. The cellulose nanocomposites were obtained in NaOH-urea 
aqueous solution without organic solvents. Microcrystalline cellulose was known to 
have irregular fl ake shape. CHA nanostructures were found to be dispersed in the 
cellulose matrix. Then, microwave-assisted method was used to prepare the cellu-
lose–CHA nanocomposites in IL [ 81 ], which combined the advantages of micro-
wave, IL, and biomass. It is well known that IL is the solvent for dissolution of 
cellulose and the better solvent for absorbing microwave. CHA was observed to 
display the aggregated nanorods and cellulose nanocomposites had rough surface. 
Experimental results showed that different shape and crystallinity were observed 
using microwave and oil heating method. Some loose particles and pore structures 
were observed by oil heating at 130 °C for 24 h. Moreover, different thermal stabili-
ties were shown using microwave and oil heating method. The regenerated cellulose 
had ~69.1 % of weight loss. Cellulose–CHA nanocomposites had ~20.3 and 35.9 % 
of weight losses by microwave method with 2 and 5 wt% microcrystalline cellulose. 
Nanocomposites had ~26.1, 23.3, and 14.2 % of weight losses using oil heating 
method with 2, 4, and 5 wt% microcrystalline cellulose. 

 After that, microwave-assisted ILs method was also applied to synthesize the 
cellulose–F-substituted hydroxyapatite (FHA) nanocomposites [ 82 ]. Experimental 
results indicated he cellulose–CaF nanocomposites at high NaF concentration. FHA 
particles were found to be embedded in the cellulose matrix or dispersed on the 
surface of cellulose matrix. The F-substituted HA particles were embedded in 
the cellulose matrix without IL (Fig.  5.18a ). F-substituted HA were dispersed on the 
surface of cellulose matrix using 0.5 g IL (Fig.  5.18b ). FHA particles were  dispersed 
on the surface of irregular cellulose fi bers using 1.0 g IL (Fig.  5.18c, d ). The size of 
FHA particles increased and the number decreased with 2.0 g IL (Fig.  5.18e, f ). 
Obviously, IL had an effect on the FHA in cellulose nanocomposites.  

  Fig. 5.18    SEM images of the cellulose–FHA nanocomposites using different concentrations of IL: 
( a ) 0 g; ( b ) 0.5 g; ( c ,  d ) 1.0 g; ( e ,  f ) 2.0 g. From ref. [ 82 ]. Reprinted with permission from Elsevier       
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 It is known that CaCO 3  is the major inorganic components of shells and limestone. 
The cellulose–CaCO 3  composites are also reported as the biomedical materials and 
have biological activities such as protein-adhesive properties, cell compatibility, 
and hard tissue compatibility. Microwave-assisted method was also employed to 
synthesize the cellulose–CaCO 3  composites [ 83 ]. Cellulose has various types such 
as wood fi ber, plant fi ber, microcrystalline cellulose, microfi brillated cellulose, 
nanofi brillated cellulose, cellulose nanocrystals, bacterial cellulose, and so on. 
Cellulose types of alkali extraction cellulose and microcrystalline cellulose were 
found to play an important role in the microstructure and morphologies of the 
 cellulose–CaCO 3  composites. It was observed that the sample had better crystallin-
ity using microcrystalline cellulose than that using alkali extraction cellulose. Using 
microcrystalline cellulose, cellulose with irregular shape and CaCO 3  microspheres 
was observed. The cellulose fi bers and CaCO 3  particles were observed using alkali 
extraction cellulose. 

 Microwave-assisted IL method is also applied for the preparation of cellulose–
CaCO 3  nanocomposites using alkali extraction cellulose [ 84 ]. CaCO 3  is well- 
crystallized calcite with the hexagonal structure. The crystallinity of calcite 
dramatically increased with increasing alkali extraction cellulose concentration. 
The regenerated cellulose had fi ber-like shape with clear surface and some pores 
structure. The change process of morphology was observed from polyhedral to 
cubes to particles. CaCO 3  with polyhedral-like shape was observed on the surface 
of cellulose using 2 wt% alkali extraction cellulose. CaCO 3  crystals with cube-like 
shape embedded in the cellulose matrix were observed using 5 wt% alkali extrac-
tion cellulose. With 10 wt% alkali extraction cellulose, CaCO 3  particles dispersed 
on the surface of cellulose were shown. 

 Cytotoxicity experiments demonstrated that the cellulose–CaCO 3  nanocomposites 
have good biocompatibility, which can be used as a safe biomaterial for biomedical 
applications. Cell cytotoxicity of the cellulose nanocomposites was tested via 
5-dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide (MTT) assay. The samples 
were synthesized in IL (Fig.  5.19B ) and ethylene glycol (Fig.  5.19A ) using the alkali 
extraction cellulose concentration (5 %) by microwave-assisted method. Cell viability 
values were 91.3, 94.6, 86.9, 82.7, and 84.9 % with the increasing nanocomposites 
concentrations from 0.1 to 1 to 10 to 100 to 500 μg mL −1  (Fig.  5.19B ). Using ethylene 
glycol as solvent, the cell viability values were 91.7 %, 94.6 %, 92.1 %, 85.3 %, and 
89.2 % (Fig.  5.19A ), respectively. Cytotoxicity experiments indicated that cellulose–
CaCO 3  nanocomposites had essentially no in vitro cytotoxicity and biologically safe 
for the application in biomedical fi eld.  

 These wood nanocomposites can utilize the main valid components of biomass 
and can be a candidate for biomedical applications. A green microwave-assisted 
method was developed for the preparation of CaCO 3  particles-fi lled wood powder 
nanocomposites using dewaxed wood powder in the NaOH/urea solution [ 85 ]. 
The urea acted as part of the CO 3  2−  source and provided a basic condition for the 
 synthesis of CaCO 3 . Heating time was reported to play an important role in the 
morphology and dispersion of CaCO 3  in the nanocomposites. The CaCO 3  congregates 
with rice-like shape grew on wood powder as substrate in a heating time of 10 min. 
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It was shown that CaCO 3  congregates and particles were obtained for 30 min. When 
the heating time was 1 h, one can observe powder fi bers with CaCO 3  congregates 
and particles. 

 Calcium silicate has good biocompatibility, bioactivity, and degradability, and 
wide applications in drug delivery and bone tissue engineering fi eld. A rapid and 
green microwave-assisted method was used for the synthesis of the cellulose–calcium 
silicate nanocomposites in ILs and recycled ILs [ 86 ]. It was observed that the calcium 
silicate nanoparticles or nanosheets homogeneously dispersed in the cellulose matrix 
with slight differences for ILs and recycled ILs. The cross polarization magic angle 
spinning (CP/MAS)  1 H NMR spectrum of the starting IL has the noticeable signals 
in the region between 0.50 and 11.00 ppm, which attributed to the typical peaks of 
different hydrogens of IL (Fig.  5.20a ). Similar  1 H NMR spectra of the recycled IL 
(Fig.  5.20b–d ) were observed. The slight differences at 10.37 ppm was observed 
between starting IL and recycled IL. The peaks moved among the recycled IL due to 
the existence of ethanol and cellulose. IL was found to have an effect on the morphol-
ogy of the cellulose–calcium silicate nanocomposites. Cellulose–calcium silicate 
nanocomposites with calcium silicate nanoparticles  dispersed in the cellulose matrix 
using IL, and cellulose–calcium silicate nanocomposites with calcium silicate 
nanosheets dispersed in the cellulose matrix using recycled IL.  

 Ag has known to have strong antimicrobial activity against nearly 650 types of 
bacteria and has potential applications in various fi elds such as antibacterial fi lters, 
wound dressing materials, and food packaging fi eld. Cellulose–Ag nanocomposites 
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  Fig. 5.19    Viabilities of normal human fi broblasts incubated with the cellulose–CaCO 3  nanocom-
posites: ( A ) using ethylene glycol and ( B ) using ionic liquid. They were determined by survival 
cells per well relative to that of untreated cells. The error bars stand for standard deviations. From 
ref. [ 84 ]. Reprinted with permission from Elsevier       
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were also fabricated by the green microwave-assisted method using reducing silver 
nitrate in ethylene glycol (EG), which was acted as a solvent, a reducing reagent, 
and a microwave absorber [ 87 ]. It was observed that Ag particles with diameters of 
about 100 nm homogeneously dispersed in the cellulose substrate. The cellulose–
Ag nanocomposites were found to exhibit a strong antibacterial activity against both 
 E. coli  (gram-negative bacteria) and  S. aureus  (gram-positive bacteria). The cellu-
lose–Ag nanocomposites displayed inhibition zones of 10 mm and 2.5 mm for 
 E. coli  and  S. aureus  with low concentration (0.075 g) (Fig.  5.21a, b ), and inhibition 
zones of 12.5 mm and 6.5 mm for  E. coli  and  S. aureus  with high concentration 
(0.150 g), respectively (Fig.  5.21c, d ).  

 Silver chloride (AgCl), as a photosensitive material, has wide applications in 
photometry, plating, electrochemical, and biomedical fi elds. Cellulose and AgX 
(X = Cl, Br) hybrids were carried out by microwave-assisted ionic liquids method 
[ 88 ], in which ILs acted simultaneously as a solvent, a microwave absorber, and 
a reactant by providing Cl −  or Br −  to the synthesis of AgCl or AgBr crystals. 
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  Fig. 5.20    CP/MAS  1 H NMR spectra of ( a ) the starting ionic liquids and ( b – d ) the recycled ionic 
liquids. From ref. [ 83 ]. Reprinted with permission from Elsevier       
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The cellulose–Ag/AgCl hybrid and cellulose–Ag/AgBr hybrid were found to be 
synthesized using cellulose–AgCl and cellulose–AgBr hybrids as precursors. 

 It was found that well-crystallized AgCl with a cubic structure was obtained 
using [Bmim]Cl and [Amim]Cl as solvents (Fig.  5.22a, b ). Using [Bmim]Br chosen 
as solvent, well-crystallized AgBr with a cubic structure was observed (Fig.  5.22c ). 
Using [Bmim]Cl as solvent, mechanical mixture of AgCl crystals and cellulose was 
obtained (Fig.  5.23a ). The AgCl crystals were embedded in the cellulose substrate 
using [Amim]Cl (Fig.  5.23b ). AgBr crystals with dendrite-like shape using [Bmim]
Br (Fig.  5.23d–f ) were observed. The melting point and viscosity of IL were found 
to have an effect on the formation of cellulose and AgX (X = Cl, Br) hybrids.   

 Cellulose–AgCl and cellulose–AgBr hybrids were found to have different chemi-
cal stability. Cellulose–AgCl hybrids had no obvious change using cellulose–AgCl 
hybrid as precursor and ascorbic acid as the reducing reagent in [Amim]Cl via micro-
wave heating at 130 °C for 30 min (Fig.  5.24a ). The as-obtained cellulose–AgCl 
hybrids had highly chemical stability. Cellulose–AgCl/Ag hybrids were observed 
using AgNO 3  and ascorbic acid in ionic liquid at 130 °C for 30 min via microwave 
heating (Fig.  5.24b ). Cellulose–Ag/AgBr hybrid was shown using  cellulose–AgBr 
hybrid as precursor and ascorbic acid as the reducing reagent in [Bmim]Br via micro-
wave heating at 130 °C for 30 min (Fig.  5.24c ). Cellulose–AgBr hybrid was shown 

  Fig. 5.21    Antimicrobial activities of the cellulose–Ag nanocomposites: ( a ,  c )  E. coli  and ( b ,  d )  S. 
aureus . From ref. [ 87 ]. Reprinted with permission from Elsevier       
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using AgNO 3  and ascorbic acid in ionic liquid at 130 °C for 30 min via microwave 
heating (Fig.  5.24d ). Experimental results indicated that the cellulose played an 
important role in the chemical stability of cellulose hybrids.  

 CuO, as a transition metal oxide with a narrow band gap (Eg = 1.2 eV), has unique 
electronic, photoconductive, and photochemical properties and wide applications in 
photovoltaic thin fi lm solar cells, a photocatalyst for water splitting, high- temperature 
superconductors, and magnetoresist materials. The microwave-assisted IL route was 
used for the preparation of cellulose–CuO nanocomposites [ 89 ]. CuO crystals were 
formed by thermal treatment of the cellulose–CuO nanocomposites at 800 °C for 3 h 
in air. It was found that the ratio of cellulose solution to ionic liquid had an effect on 
the shapes of CuO in nanocomposites. 

 Experimental results revealed that the CuO shape changed from nanosheets to 
bundles and to particles with increasing heating time. CuO crystals with bundle-like 
shape consisting of nanosheets grew on cellulose substrate in IL (10 mL)/cellulose 
solution (10 mL) by microwave heating at 100 °C for 20 min (Fig.  5.25 ). CuO crys-
tals displayed relatively uniform size and consisted of regular nanosheets with a 
heating time of 10 min. CuO particles with diameters of about 300 nm for 40 min 
were obtained. Obviously, choosing an appropriate heating time is important for the 
formation of the cellulose–CuO nanocomposites.  

 ZnO, a wide band gap II-VI semiconducting material, has unique properties such 
as large exciton binding energy (60 meV), optical transparency, electric conductivity, 
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  Fig. 5.22    XRD patterns of ( a ,  b ) the cellulose–AgCl and ( c ) cellulose–AgBr hybrids prepared by 
microwave heating using different types of ionic liquids: ( a ) [Bmim]Cl; ( b ) [Amim]Cl; ( c ) [Bmim]
Br. From ref. [ 88 ]. Reprinted with permission from Elsevier       
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piezoelectricity and possible applications in short-wavelength optoelectronics, 
gas sensors, solar energy conversion, and fi eld emission. Microwave-assisted method 
was developed for the fabrication of Zn 5 (OH) 8 Cl 2 ·H 2 O sheets using microcrystalline 
cellulose as matrix from ZnCl 2  · 3H 2 O (Fig.  5.26 ) [ 90 ]. ZnO crystals were formed by 
the thermal decomposition of the Zn 5 (OH) 8 Cl 2 ·H 2 O at 600 °C for 3 h in air.  

 The cellulose was found to have fi ber-like shape by oil heating (Fig.  5.26a ). 
Zn 5 (OH) 8 Cl 2 ·H 2 O hexagonal sheets with the thickness of about 70 nm and the 
 average size of about 1.2 μm were obtained on the surface of cellulose by microwave 

  Fig. 5.23    SEM    images of ( a – c ) the cellulose–AgCl and ( d – f ) cellulose–AgBr hybrids prepared by 
microwave heating using different types of ionic liquids: ( a ) [Bmim]Cl; ( b ) and ( c ) [Amim]Cl; 
( d – f ) [Bmim]Br. From ref. [ 88 ]. Reprinted with permission from Elsevier       
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  Fig. 5.24    XRD patterns of the cellulose–AgX/Ag hybrids prepared by microwave heating using 
different types of ionic liquids: ( a ) and ( b ) [Amim]Cl; ( c ) and ( d ) [Bmim]Br. From ref. [ 88 ]. 
Reprinted with permission from Elsevier       

  Fig. 5.25    SEM images of the cellulose–CuO nanocomposites prepared in ionic liquid (10 mL)/
cellulose solution (10 mL) by microwave heating at 100 °C for 20 min. From ref. [ 89 ]. Reprinted 
with permission from Elsevier       

 

 

5 Green Synthesis: Properties and Potential Applications in Nanomaterials…



154

heating (Fig.  5.26b–d ). The size of Zn 5 (OH) 8 Cl 2 ·H 2 O hexagonal sheets was observed 
to increase with heating time. 

 Green microwave-assisted method was also developed for the synthesis of the 
manganese-containing cellulose nanocomposites using microcrystalline cellulose 
and Mn(CH 3 COO) 2  · 4H 2 O in the NaOH/urea aqueous solutions [ 91 ]. Microcrystalline 
cellulose pretreated with NaOH/urea aqueous solutions was found to play an impor-
tant role in the phase, shape, and thermal stability of cellulose nanocomposites. 
Well-crystalline manganese oxides during the synthetic procedure were not observed 
before and after thermal treatment (Fig.  5.27 ). The interesting restrain effect of cel-
lulose treated with NaOH/urea aqueous solutions was found.  

 It was reported that cellulose treated with NaOH/urea was known to display an 
irregular fl ake-like shape. Irregular cellulose fl akes and aggregated nanosheets were 
observed for 10 min (Fig.  5.28a–c ). The nanosheets with the dramatically decreasing 
size were observed to grow on the cellulose substrate for 40 min (Fig.  5.28d–f ). The 
nanosheets bundles were found at the surface of cellulose for 60 min (Fig.  5.28g–i ).  

 Based on the abovementioned experimental results, one can deduce that green 
microwave-assisted method can be widely employed for the synthesis of various 
biomass nanocomposites such as cellulose–metal, cellulose–metal oxides, cellu-
lose–metal complex oxides nanocomposites, and so on. However, the properties, 
mechanism, and potential applications of these biomass nanocomposites still need 

  Fig. 5.26    SEM images of the Zn 5 (OH) 8 Cl 2 ⋅H 2 O sheets prepared ( a ) by oil heating and ( b – d ) by 
microwave heating for different times: ( b ,  c ) 30 min; ( d ) 60 min. From ref. [ 90 ]. Reprinted with 
permission from Elsevier       
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  Fig. 5.27    XRD patterns of the samples prepared at 80 °C for ( a ) 10 min, ( b ) 40 min, and ( c ) 
60 min. From ref. [ 91 ]. Reprinted with permission from Elsevier       

  Fig. 5.28    SEM images of the manganese-containing cellulose nanocomposites prepared at 80 °C 
for ( a – c ) 10 min, ( d – f ) 40 min, and ( g – i ) 60 min. From ref. [ 91 ]. Reprinted with permission from 
Elsevier       
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to be further explored in the near future. The improved properties and wide potential 
applications of biomass nanocomposites refl ect real advantages of green strategies 
including method, solvent, materials, and procedure.  

5.4     Future Prospects 

 The abovementioned works have indicated that there are several research works on the 
nanomaterials and nanocomposites via the microwave-assisted method. In comparison 
to other green processes, this microwave-assisted method has exhibited obvious advan-
tages, obtained different results, and had wide potential applications. The different 
results and improved properties could open new applications of nanomaterials and 
nanocomposites. In the near future, more and more examples would be provided, 
which may display the advantages of green microwave-assisted method. 

 As mentioned in our earlier review [ 2 ] and the review by Zhu and Chen [ 3 ], the 
near future research trends and directions should be focused including the in-depth 
understanding of the detailed mechanisms under microwave-assisted method, 
comparative studies between the microwave heating and conventional heating, 
theoretical and computer simulations of microwave effects and microwave mecha-
nisms, and microwave-assisted large-scale production, and so on. 

 It is well known that the green processes are system concepts. The synthetic 
method only is a part of the green processes. Besides green synthetic route, the other 
green processes such as green solvents, green resources, green materials, green 
design, and green production also should be considered. In some examples, toxic 
solvent such as [Bmim][BF 4 ] was used.  

5.5     Summary 

 In summary, this chapter describes the green microwave-assisted method for the 
 preparation of nanomaterials and nanocomposites. As described above, there are many 
reports on the research of various nanomaterials including metal nanomaterials, metal 
oxides nanomaterials, metal chalcogenides nanomaterials, bio- nanomaterials, nano-
composites, and biomass-based nanocomposites via this green process. The as-obtained 
nanomaterials and nanocomposites display excellent properties and have wide poten-
tial applications such as biomedical, gas sensing, photocatalyst, printing, drug delivery, 
protein/DNA adsorption, adsorbents, dye-sensitized solar cells, antibacterial materials, 
and anode materials especially for lithium-ion battery. Obviously, the green micro-
wave-assisted method is a promising process for nanotechnology.     
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Chapter 6
Solvent-Free Functionalization of Carbon 
Nanomaterials

Elena V. Basiuk and Vladimir A. Basiuk

Abstract Meeting the growing needs for more ecologically friendly, “green” 
 processes for the functionalization of carbon nanomaterials (CNMs), a variety of 
chemical reactions proceeding under solvent-free conditions were proposed. 
Significant advances were achieved in the solvent-free covalent functionalization of 
carbon nanotubes (CNTs): a number of reactions were proposed to introduce 
organic moieties into the nanotube ends and sidewalls, which can be initiated by 
temperature, plasma, or mechanochemical treatment. In a number of instances, 
however, the concept “solvent-free” is applied to the reaction conditions only, 
whereas the entire synthetic protocol still requires auxiliary purification steps, 
which consume organic solvents along with an additional time, labor, and equip-
ment. Our group systematically worked on the development of totally solvent-free 
functionalization techniques, with an emphasis on the covalent modification of 
CNTs, and attempting to further apply the same solvent-free protocols to other 
CNMs, nanodiamond in particular. The functionalization protocols designed by us 
are based on thermally activated reactions of amidation and nucleophilic addition 
with chemical compounds (mainly amines and thiols), which are stable and volatile 
at 150–200 °C under reduced pressure. Among main advantages of this approach is 
that not only the reactions per se take place at a high rate but also excess reagents 
are spontaneously removed from the functionalized material, thus making its addi-
tional purification unnecessary. As regards other CNMs, while the research effort 
undertaken for the chemical modification of ND, graphene, and graphene oxide as 
a whole is significant, the possibility of using solvent-free techniques for this 
 purpose remains strongly underexplored.
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6.1  Introduction

Among the most important materials for modern nanoscience and nanotechnology 
are carbon nanomaterials (CNMs), comprising fullerenes, carbon nanotubes 
(CNTs), nanodiamond (ND), graphene, and graphene oxide (GO). The areas of
their already existing and potential applications include electronics, energy genera-
tion and storage, catalysis, composites, and biomedicine (see, for example, the 
chapters in the refs. [1–3]).

One of the properties of most of CNMs is that they are poorly soluble in organic 
and especially aqueous solvent media, which is especially typical for fullerenes, 
graphene and all the known types of CNTs, namely single-walled, double-walled, 
and multi-walled nanotubes (SWNTs, DWNTs, and MWNTs, respectively). For
example, CNTs tend to agglomerate into bundles, in which individual nanotubes 
stick together due to strong hydrophobic interactions and are extremely difficult to 
separate from each other. This trend to agglomeration grossly complicates process-
ability of CNMs and, in particular, makes virtually impossible their integration into 
aqueous-based biological media, which is indispensable for biomedical applica-
tions. Other specific areas, in which mechanical handling of individual carbon 
nanoparticles is required, are the fabrication of CNT-based probes for atomic force 
microscopy (AFM), scanning tunneling microscopy (STM), nanoelectronic and
nanoelectromechanical devices.

The solubility/dispersibility, and thus processability, of CNMs can be dramati-
cally enhanced by means of their chemical modification (see the refs. [4–7]). The 
term of chemical modification implies intentional changes of the local chemical 
nature of nanoparticles (NPs) and other materials in order to tune their chemical, 
physical, mechanical, and other properties. In the case of CNMs, this can be done 
by attaching new chemical groups to the fullerene cage [4], to CNT sidewalls and/
or ends [5], to the surface of ND particles [6], and finally to the planes and/or edges 
of graphene and GO sheets [7]. This can be afforded in different ways, and as a 
result, a large number of both covalent and noncovalent techniques of chemical 
modification have been designed up to now.

The reader can be confused with other two terms commonly used along with or 
instead of “chemical modification,” which are “functionalization” and “derivatiza-
tion.” The difference between the three terms is sometimes rather vague and subtle, 
without any strict guidelines of how to use them. In some cases, “chemical modi-
fication” can be performed by exploring weak (van der Waals and π–π stacking) 
noncovalent interactions with relatively unreactive molecules. The term “function-
alization” is also used in the above context, though more frequently implies cova-
lent bonding of reactive functional groups to the nanostructure. The term 
“derivatization” (that is, the covalent formation of chemical derivatives) can be 
often found as a synonym of “functionalization”; at the same time, its narrower 
meaning is a further chemical conversion of the functional groups already intro-
duced into the nanoparticle.
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Despite the fact that noncovalent modification can be very useful and even 
 optimal for some applications, a major research effort is done toward the design of 
new and efficient covalent linking techniques. One of the best illustrative exam-
ples is the covalent derivatization based on the chemistry of oxygenated function-
alities, where carboxylic groups COOH prevail. In the case of CNTs and graphene, 
they can be generated at the nanotube tips and sidewall defect sites by means of 
oxidation in strong acidic media. Carboxylic groups are intrinsic to detonation 
ND, and their concentration can be further increased by the oxidation. Regardless 
of their origin and of CNM considered, COOH groups are relatively inert under 
ambient conditions, and therefore need to be activated for a further derivatization 
step. Their treatment with such activating reagents as thionyl chloride SOCl2 or 
carbodiimides produces reactive groups, which can be converted into amides by 
reacting with amines of variable structure and molecular weight [5, 8–13]. In this 
way, the amide derivatization is inevitably performed in two steps. But what is 
worse, the whole reaction sequence requires the use of large amounts of organic 
solvents; it is very tedious and labor-consuming due to a number of auxiliary steps 
such as washing, centrifugation, and drying; if SOCl2 is employed as an activating 
reagent, its corrosive and toxic properties must be added to the above list. Many 
other currently used techniques of CNM covalent modification exhibit similar 
characteristics.

Within the global trend of looking for more ecologically friendly, “green” pro-
cesses and technologies, the chemistry of CNMs is no exception. All twelve basic 
principles of green chemistry formulated by Anastas and Warner [14] are applicable 
to nanocarbons, but we draw the reader’s attention to three of them:

 Principle 1.  Prevention: It is preferable to prevent waste than to treat or clean up 
waste after it has been created.

 Principle 3.  Less hazardous chemical syntheses: Wherever practicable, synthetic 
techniques should be designed to use and generate substances that pos-
sess low or no toxicity to human health and the environment.

 Principle 5.  Safer solvents and auxiliaries: The use of auxiliary substances 
 (solvents, separation agents, etc.) should be minimized wherever pos-
sible and innocuous when used.

These principles clearly imply the importance of reducing, or even better 
avoiding, the consumption of organic solvents for a chemical process. In our stud-
ies on the chemistry of carbon nanomaterials, we systematically addressed and 
emphasized this aspect. The present review focuses on the application of solvent-
free techniques for covalent and noncovalent functionalization of SWNTs, 
MWNTs, ND, graphene, and GO with organic (as well as some inorganic) com-
pounds obtained up to now, with a limited consideration of the relevant data for 
fullerenes.
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6.2  Fullerenes

While fullerenes are often mentioned as a class of CNMs, sensu stricto they belong 
to molecular materials due to a well-defined and constant molecular structure (C60, 
C70, C80, etc.), as opposed to CNTs and graphene. A reader interested in the solvent- 
free techniques for chemical modification of fullerenes with organic compounds 
can be addressed to other sources of bibliographic information, for example to the 
review [15] focusing on mechanochemistry of fullerenes. Here we only consider 
some experimental results on the gas-phase procedures which are more or less 
equally applicable for the functionalization of fullerenes and other CNMs (CNTs in 
particular).

C60 is the most common and best studied fullerene in all regards, including its 
extremely rich chemistry. The most widely employed approaches to its covalent 
functionalization with organic compounds are based on the nucleophilic addition 
reactions. Among these reactions, which take advantage of a strong electrophilic 
nature of C60, one of the first explored was the addition of aliphatic amines [16, 17]. 
The amine addition onto C60 cage was performed by several research groups [16–
23] under variable experimental conditions. Most implementations of this reaction 
are unable to fully control the stoichiometry, and produce complex mixtures of 
adducts with a variable number of amine molecules added onto C60 and of uncertain 
stereochemistry, which are very difficult (if possible at all) to separate. On average, 
the number of amine addends may vary between two and six, depending on the 
amine and reaction conditions used.

In our first report on the solvent-free amination of C60 [24], the latter was first 
impregnated from solution onto the surface of silica gel, then the silica-supported 
fullerene was treated with nonylamine (NA) vapor at about 150 °C under reduced 
pressure. Our consideration was that the dispersion of crystalline C60 over an inert 
solid surface can significantly enhance the yield of addition products. High- 
performance liquid chromatographic analysis found that the reaction produced a 
complex mixture of addition products. According to the C:N ratio calculated from 
elemental analysis, the number of NA molecules attached to C60 was 3 on average, 
whereas field-desorption mass spectrometric study detected a number of molecular 
and fragment ions corresponding to the molecular species with up to six NA moi-
eties added to C60.

The regioselectivity of gas-phase amine polyaddition onto C60 (and higher fuller-
enes) is an important aspect, but unfortunately, it is very difficult to study experi-
mentally. The only relevant information was obtained using density functional 
theory (DFT) calculations [25], by performing a systematic analysis of possible 
nucleophilic addition sites of one to six methylamine molecules onto C60 cage. By 
comparing the formation energies for different possible isomeric adducts, we found 
that the thermodynamically favorable additions are always observed on the 6,6 C=C 
bonds, and never on the 5,6 junctions. A preferable polyaddition pattern is the one 
where –NHCH3 and –H addends form an aligned chain, with the C atoms to which 
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they are attached alternating in a zigzag order. Later, we also approached the 
 problem of regioselectivity in C60 fullerene using general-purpose reactivity indica-
tors [26]. While higher fullerenes are of limited interest for nanotechnology due to 
their much higher cost as compared to that of C60, their reactivity characteristics are 
of definite scientific interest as well. To provide an insight, we performed DFTmod-
eling of the gas-phase functionalization of C80 by methylamine through successive 
reactions with up to three methylamine molecules [27] and found that the addition 
preferentially takes place onto the 5,6 bonds (in contrast to what was observed for 
C60 [25]) and that the preferred addition sites are C atoms of the 5,6 bonds of the 
five-membered ring next to the pentagon of previous addition.

The gas-phase addition of more complex amines, including aliphatic and aro-
matic mono and diamines, onto C60 bulk material and thin films was explored as 
well. The functionalization of C60 with 1,8-diaminooctane (1,8-DAO) at 150–170 °C 
was employed to prepare cross-linked thin films of fullerene capable of binding 
silver nanoparticles (AgNPs) [28, 29]. The latter were attached to 1,8-DAO- 
functionalized films through the Ag coordination to the N donor atoms of diamine. 
High-resolution transmission electron microscopy (HRTEM) imaging showed that 
AgNPs had an average diameter of about 5 nm on the functionalized C60, whereas 
when deposited onto pristine C60, they had much more variable dimensions and 
showed a trend to twinning.

In another study [30], thin films of C60 were first deposited onto silicon substrates 
and then either functionalized with 1,8-DAO or, for comparison, polymerized by 
UV pulsed laser irradiation; their comparative characterization was carried out by 
AFM, optical reflectance, transmittance, and photoluminescence spectroscopies, as
well as by measuring the photovoltaic response and electrical parameters of Au/C60/
Si heterostructures. The highest photoluminescence efficiency and light transmit-
tance, along with the lowest photocurrent of diode structure, were observed for the 
chemically functionalized films. Further measurements [31] showed that the deco-
ration of pristine and 1,8-DAO-functionalized C60 films with AgNPs did not change 
the photocurrent spectra as compared to those for undecorated films, but lowered 
the values of internal quantum efficiency.

The gas-phase functionalization with 1,5-diaminonaphthalene (DAN) as a repre-
sentative of aromatic amines was proposed as a simple way to modify electronic 
properties of C60 thin films [32]. A temperature of about 190 ° C and reaction time 
of 4 h were chosen as optimal reaction conditions. Similarly to the functionalization 
with aliphatic bifunctional 1,8-DAO, two amino groups of DAN were expected to 
cross-link neighboring fullerene cages. The resulting oligomeric and/or polymeric 
adducts exhibited a reduced solubility in toluene as compared to pristine C60 films, 
as well as a lower surface roughness as found by AFM. DAN molecules were able
to penetrate into the C60 bulk, and thus provided an efficient and uniform function-
alization. As a result, the DAN-functionalized films acquired better electrical con-
ductivity as compared to that of pristine films not only along the surface layer but 
also through the entire phase of C60, by one and four orders of magnitude, respec-
tively. Further characterization of optical, photoluminescence and photoelectric
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properties of C60 fullerene films covalently functionalized with DAN (and with 
 aromatic monoamines 1-aminopyrene and 1-pyrenemethylamine, for comparison) 
was undertaken for Au/C60/Si photodiode heterostructures [33].

Chemical mechanisms of the gas-phase cross-linking of C60 molecules with 1,8- 
DAO and DAN were studied in detail by means of DFT calculations and different
experimental techniques [34], where two alternative mechanisms of the amination 
reaction via polyaddition and cross-linking were considered. In terms of the calcu-
lated relative energies of formation, the cross-linking mechanism turned to be 
more exothermically preferred than that the diaddition pathway. The experimental 
techniques used were laser desorption/ionization time-of-flight mass spectrometry
(LDI-TOF MS), thermogravimetric analysis (TGA), and AFM. LDI-TOF mass
spectra confirmed the covalent attachment of 1,8-DAO and DAN to C60. Both mech-
anisms were equally efficient in the case of DAN (Fig. 6.1), where the peaks due to 
(C60)2 + DAN, (C60)2 + (DAN)2, and (C60)2 + (DAN)3 were clearly seen in LDI-TOF
mass spectra. At the same time, the polyaddition pathway seems to be more prefer-
able in the case of 1,8-DAO, where the attachment of up to four diamine molecules 
was observed, without evident presence of cross-linked C60 molecules (Fig. 6.2).

Thiols were found to add onto fullerene cage similarly to amines, even though 
sulfhydryl groups SH are less active nucleophiles as compared to NH2 groups. The 
addition reaction was exemplified by the solvent-free functionalization C60 thin 
films with 1,8-octanedithiol (1,8-ODT) at about 140 °C [35]. The dithiol- 
functionalized films obtained were used as supports for stable and homogeneous 
deposition of Au nanoparticles (AuNPs), whose average size was about 5 nm 
according to HRTEM observations. Further comparative optical and photoelectrical
characterization of the Au/C60/Si heterostructures [36–38] was performed for differ-
ent types of C60 thin films: pristine, 1,8-DAO and 1,8-ODT-functionalized, without 
and with deposited AgNPs and AuNPs, respectively. The direct band (or mobility) 
gap value of C60 showed almost no change after diamine and dithiol functionaliza-
tion, with a slight decrease after further deposition of metal nanoparticles [38]. Both 
types of functionalization changed the optical gap value, but in a different way: 1,8- 
DAO functionalization increased, whereas 1,8-ODT functionalization decreased the 
optical gap. The deposition of AgNPs and AuNPs decreased all the optical param-
eters as a result of reducing structural disorder in the functionalized films.

In the context of fullerene functionalization, a class of compounds of special 
interest is porphyrins and related macrocyclic systems, which is due to a significant 
research effort toward the design of new efficient light-harvesting systems (for 
example, see reviews [39–41] and references cited therein). The applicability of 
solvent-free functionalization technique is limited here due to very low volatility of 
porphyrin-type compounds, unless high-vacuum conditions are employed. As a 
consequence, instead of functionalizing crystalline fullerene powders, the macro-
cyclic compounds are deposited onto C60 films by means of physical vapor deposi-
tion (PVD), and therefore, only noncovalent interactions are explored. In the 
porphyrin–fullerene hybrid films obtained by PVD, a structural aspect of particular 
interest is self-assembled monolayers (SAMs) of porphyrins. In our report [42], 
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Fig. 6.1 Representative positive (a) and negative ion (b) LDI-TOF mass spectra of
1,5-diaminonaphthalene- functionalized fullerene C60 [34]. Reprinted with permission from the 
American Chemical Society
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we performed combined theoretical–experimental analysis of the behavior of 
meso- tetraphenylporphine (also called 5,10,15,20-tetraphenyl-21H,23H-porphine, 
or H2TPP) and its transition metal complexes with Ni(II) and Co(II) (NiTPP and 
CoTPP, respectively), adsorbed from the gas phase onto C60 films supported on 
highly oriented pyrolytic graphite (C60@HOPG). The results of STM imaging of
adsorbed porphyrin molecules were compared with theoretical models, consisting 
of graphene sheets covered with a dense monolayer of C60 (C60@G) and accom-
modating H2TPP molecules in different ways, whose geometry was optimized by 
using MM+ molecular mechanics. NiTPP and CoTPP molecules were found to 
form ordered surface arrangements on C60@HOPG films (Fig. 6.3), whose basic 
structural elements included equilateral triangles or parallel rows formed by por-
phyrin species. At the same time, the assemblies covered very limited areas, evi-
dently due to the fact that the fullerene films are composed of overlapping 
20–70 nm-sized clusters, and each individual cluster exhibits additional imperfec-
tions, thus preventing the formation of extended porphyrin arrays. In addition to the 
molecular mechanics modeling [42], a number of theoretical studies attempted 
DFT description of noncovalent porphyrin–fullerene interactions; however, due to
computational limitations the model systems were limited to porphyrin–C60 dyads 
and triads (see refs. [41, 43–48] and references therein).
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DAO [34]. Reprinted with permission from the American Chemical Society

E.V. Basiuk and V.A. Basiuk



171

Fig. 6.3 Comparison between (a) MM+ optimized model for the most energetically favorable 
arrangement of 12 H2TPP molecules on C60@G (formation energy in kcal mol−1), and STM topo-
graphic images of experimentally observed self-assemblies of (b, c) CoTPP (IT = 0.8 nA, V = −0.8 V, 
and IT = 0.8 nA, V = −0.5 V, respectively) and (d, e) NiTPP (IT = 0.7 nA, V = −0.5 V, and IT = 0.8 nA, 
V = −0.5 V, respectively) formed on the surface of C60@HOPG thin film. The theoretical model
predicts the formation of interacting equilateral triangles or parallel rows of porphyrins with a 
1.8 nm periodicity. The STM images show similar geometries of assembly, with periodicities of 
1.8–1.9 nm for CoTPP, and 1.7–1.8 nm for NiTPP, that is in good agreement with the modeling 
results. Reprinted from ref. [42], with permission by Elsevier
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6.3  Carbon Nanotubes

Both covalent and noncovalent modification with organic (as well as with some 
inorganic) compounds can help to dramatically improve solubility/dispersibility 
and therefore processability of CNTs [5, 9–11] crucial for many applications. 
A particularly important circumstance from the point of view of biomedical uses is 
that pristine and oxidized CNTs can cause toxic effects in most living organisms 
and cells (see refs. [49–51] and references therein), which can be mitigated by 
“masking” nanotube sidewalls by various functionalizing chemical species.

A large number of both noncovalent and covalent procedures to the functional-
ization of CNTs was proposed up to now, which, unfortunately, often require large 
amounts of organic solvents. Thus, the importance of developing alternative, 
solvent- free functionalization techniques cannot be overestimated [52].

6.3.1  Nanotube Sidewalls

Among the most explored techniques of chemical modification of CNTs [52] is fluo-
rination [53–78], for a number of reasons. For example, fluorinated SWNTs produce
metastable solutions in dimethylformamide, tetrahydrofuran, and alcohols after 
ultrasonication. Fluorination strongly modifies conductivity properties of CNTs,
which can be important for their electronic applications. In addition, fluorination can
serve as a chemical gateway to further chemical conversions on the nanotube side-
walls. In most cases, the fluorination was performed by reaction of solid CNTs with
fluorine gas, although other fluorinating reagents were found to be efficient such as
CF4 plasma [66, 72, 76, 77], gas mixtures of BrF3 and Br2 [68], as well as of F2, O2, 
and N2 [70]. As opposed to traditional fluorination with F2 and other aggressive gas-
eous reagents, the reaction of MWNTs with xenon difluoride XeF2, which takes 
place at ambient temperature under the sunlight or halogen lamp illumination [71], 
can be considered as the most ecologically friendly implementation of nanotube 
fluorination due to its extreme simplicity in performance and safety.

The in situ reaction of reactive aryl diazonium species, obtained from 4- substituted 
anilines (R-C6H4-NH2, where R = Cl, Br, tert-butyl, CO2CH3, NO2, etc.) through the 
addition of isoamyl nitrite or sodium nitrite in sulfuric or acetic acid, was a tech-
nique proposed to covalently functionalize SWNT sidewalls in the absence of com-
mon organic solvents [79–81]: instead, isoamyl nitrite, H2SO4, and acetic acid are 
liquids serving as the reaction medium. A mechanochemical variety of the same 
functionalization reaction for SWNTs employed ball milling [79]. The reaction of 
SWNTs with diazonium salts performed in imidazolium and pyridinium-based 
ionic liquids instead of common organic solvents, results in functionalized individ-
ual nanotubes, whose properties are comparable to those of the SWNTs functional-
ized under harsh reaction conditions [82]. The latter procedure explores the unique 
solvent properties of ionic liquids and can be completed in minutes at ambient 
 temperature. Thus, despite the fact that this method does employ solvents, it allows 
for an obvious gain from the point of view of green chemistry.
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A scalable solvent-free process yielding highly functionalized and dispersible 
MWNTs was developed by using in situ generated aryl diazonium salts in the pres-
ence of ammonium persulfate and 2,2′-azoisobutyronitrile [83]. Sidewalls of both 
MWNTs and SWNTs can be functionalized under solvent-free conditions with 
 azobenzene and anthraquinone residues possessing redox activity, for potential 
applications in functional catalysis and memory storage devices [84].

Polyurethane-grafted SWNTs were obtained by the coupling reaction of alkyne 
moiety-decorated nanotubes with azide moiety containing polyurethane using Cu(I) 
catalyzed Huisgen [3+2] cycloaddition [85], where alkyne functionalization of 
SWNTs was performed through their reaction with p-aminophenyl propargyl ether 
using a solvent-free diazotization procedure.

Brunetti et al. [86] proposed a facile approach which uses microwave irradiation 
to functionalize CNTs through 1,3-dipolar cycloaddition of aziridines under solvent- 
free conditions. The efficiency of microwave treatment was demonstrated by com-
parison to a similar protocol under classical conditions for the azomethine ylides in 
dimethylformamide: under the classical conditions, the reaction was completed in 5 
days versus 1 h under microwave irradiation, and the functionalization degree was 
considerably lower. Solvent-free, one-pot functionalization of MWNTs based on 
the 1,3-dipolar cycloaddition of azomethine ylides using N-benzyloxycarbonyl gly-
cine and formaldehyde was reported in ref. [87]. A straightforward solvent-free 
synthetic procedure for delta-1-pyrroline grafted onto MWNTs by the 1,3-dipolar 
cycloaddition of the mesoionic 4-methyl-2-phenyloxazol-5(4H)-one was described 
by Grassi et al. [88]. One more fast and reproducible approach to the solvent-free, 
microwave-assisted 1,3-dipolar cycloaddition to SWNTs used carbonyl ylides gen-
erated from a series of oxiranes [89]. The treatment of SWNTs with benzyliden-
malononitrile epoxide gave rise to a gem-dicyano derivative, which is convenient 
for further transformation into esters or amides via the Pinner reaction. In a recent 
implementation of covalent functionalization of SWNTs sidewalls through 
1,3- dipolar cycloaddition [90], 3-phenyl-phthalazinium-1-olate was employed, 
which is a stable and reactive azomethine imine; in this case, microwave heating 
was found to be more efficient than conventional and solvent-free heating.

Covalent functionalization of nanotube sidewalls with 4-vinylaniline under 
solvent- free conditions was used as a preliminary step in the preparation of SWNT–
polystyrene composites [91]. Another example of CNT sidewall modification with 
alkenes employed gas phase reagents, thus providing a clean, efficient, and scalable 
methodology [92]. Covalent functionalization of SWNTs with alcohols was per-
formed under microwave irradiation [93], where an electrophilic addition reaction 
between a series of alcohols and nanotube sidewalls resulted in the attachment of 
alkyl and OH groups.

Ye et al. [94] designed solvent-free, one-step functionalization of aligned 
MWNTs using initiated chemical vapor deposition (CVD), where aligned MWNTs 
were uniformly functionalized with an epoxy polymer. Electrically conducting 
poly(3,4-ethylenedioxythiophene)/MWNT composites were prepared by in situ 
oxidative polymerization of ethylenedioxythiophene in the presence of nanotubes in 
supercritical carbon dioxide as a reaction medium [95]; prior to the polymerization, 
MWNTs were modified with 3-(trimethoxysilyl)propyl methacrylate to improve 
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their dispersibility in CO2. Covalent attachment of 2,2′-(ethylenedioxy)-diethyl-
amine to MWNTs was shown to yield amino-functionalized nanotubes which 
behaved like liquids at ambient temperature, and therefore could be homogeneously 
dispersed and chemically embedded in an epoxy matrix through a solvent-free pro-
cess [96]. As was exemplified by the solvent-free deposition of tertiary phosphines 
onto SWNTs, the dispersibility in common organic solvents can be also enhanced 
by means of noncovalent functionalization of nanotubes [97].

A number of reports dealt with the solvent-free functionalization of CNTs with 
inorganic compounds. The authors of the works [98, 99] looked for a controllable 
route to stable titania layers on MWNT surfaces, where precursor compounds such 
as TiBr4, TiCl4, Ti(Oi-Pr)4, and Ti(OEt)4 were used to cover nanotubes under 
solvent- free conditions. Microwave irradiation was shown to be an efficient energy 
source for the rapid decomposition of organic metal salts (for example, Fe(II),
Co(II), Ni(II), Ag(I), and Pd(II) acetates) in solid mixtures with SWNTs and 
MWNTs under completely solvent-free conditions [100]. The rapid and local Joule 
heating of nanotube substrates resulted in the instantaneous formation of metal 
(e.g., Ag, Au, Co, Ni, Pd, Pt) and metal oxide (Fe3O4, MnO, TiO2, etc.) nanoparti-
cles on CNT surfaces in high yields within seconds of microwave exposure. Cobalt 
molybdate (CoMoO4) nanoplatelets with a crystalline–amorphous core–shell struc-
ture were anchored to MWNTs in a similar way, where the microwave treatment 
took 15 min only [101]. Ruthenium nanoparticles uniformly dispersed on CNT sup-
ports were obtained by using solvent-free microwave-assisted thermolysis of dode-
cacarbonyltriruthenium precursor [102].

An energy source alternative to conventional and microwave heating is plasma 
ionization. We already mentioned above the possibility to use it for CNT fluorina-
tion by means of CF4 plasma treatment [66, 72, 76, 77]. Further applicability of the
plasma technique was demonstrated by Felten et al. [77]. In particular, the use of O2 
and NH3 atmosphere instead of CF4 allowed for grafting O- and N-containing func-
tionalities to MWNTs: functional groups formed in this way at the nanotube surface 
included OH, C=O, COOH, NH2, etc., whose specific type and concentration 
depended on the plasma conditions.

A cold plasma approach under NH3 atmosphere was also used to functionalize 
SWNTs by Khare et al. [103]. FTIR spectra proved successful functionalization as
short as after 20 min of discharge; infrared features detected were due to N−H 
stretching and bending vibrations of primary and secondary amines, as well as due 
to C=N and C−H bonds. The same research group later exposed SWNTs to 
microwave- generated N2 plasma [104]. The results strongly depended on the dis-
tance between the discharge source and SWNT sample, due to the possibility of N 
atom loss due to recombination. The chemical groups generated in this way were 
very similar to those identified in the study with NH3 glow discharge [103].

The approach proposed by Chen et al. [105] for chemical modification of 
aligned MWNTs employed radio frequency glow-discharge plasma activation with 
acetaldehyde or ethylenediamine vapor. As a result of plasma-initiated polymeriza-
tion, a concentric layer of homogeneous polymer film formed around each of the 
aligned nanotubes. A hollow cathode glow discharge was used for the solvent-free 
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functionalization of SWNTs [106]. This low temperature, facile and fast treatment 
can be used to efficiently generate a variety of functional groups including COOH, 
OH, NH2, NO2, and NO to the open ends and sidewalls of SWNTs. The functional-
ities obtained open the possibility for the further attachment to nanotubes of such 
complex species as enzymes and antibodies.

Mechanochemical treatment is one more way to covalently functionalize CNTs 
[15]. This approach can produce local high-pressure spots and therefore bring the 
reacting species into the closest contact to initiate novel chemical reactions. 
Apparently, Kónya et al. [107] were first to demonstrate the efficiency of this type 
of treatment for the chemical modification of CNTs. Their experiments consisted in 
a large-scale ball-milling production of short MWNTs with simultaneous attach-
ment of thiol, amine, amide, carbonyl, and other chemical groups, by supplying a 
suitable reactant gas (H2S, NH3, Cl2, CO, CH3SH, or COCl2) to MWNT sample 
during the entire ball-milling process. Mechanochemical modification of SWNTs 
was also undertaken with halocarbons exemplified by trifluoromethane, trichloro-
methane, tetrachloroethylene, and hexafluoropropene, which can easily produce
reactive radical species [108].

While the latter two studies employed reagents, which are gaseous or easily vola-
tile under ambient temperature, Li et al. [109] showed that even nonvolatile com-
pounds such as fullerenes can be used for the chemical modification of CNTs, 
giving rise to C60-decorated nanotubes. Likewise, Pan et al. [110] employed the 
high-speed vibration mill technique for the reaction of SWNTs with potassium 
hydroxide, where a simple milling SWNTs and KOH together under ambient atmo-
sphere and temperature for 2 h produced highly hydrophilic nanotubes with cova-
lently attached OH groups. A more detailed survey of the use of mechanochemical 
treatment for functionalization of CNTs was presented in the recent review [15].

There are a large number of compounds, which are nonvolatile at room tempera-
ture but can sublime without decomposition under vacuum at elevated temperatures. 
Their particular representatives, which can be used for the gas-phase functionaliza-
tion of CNTs, are simpler synthetic porphyrins, phthalocyanines, and even fuller-
enes. Among the most interesting examples illustrating a high-temperature limit of 
the gas-phase procedure one should mention the works [111, 112], in which 
cobalt(II) phthalocyanine (CoPc) was encapsulated in DWNTs and MWNTs. In this 
rather rare example of noncovalent endohedral modification of CNTs, the open-end 
nanotubes were treated with CoPc vapor under 370–375 °C and high vacuum during 
3 days. CoPc deposited on the outside nanotube walls was removed by repeated 
rinsing with a mixture of chloroform and 1 % trifluoroacetic acid, resulting in endo-
hedrally functionalized materials; their structure was confirmed by TEM, and the 
corresponding images are presented in Fig. 6.4.

A simpler representative of tetraazamacrocyclic annulene complexes is Ni(II) 
complex of 5,7,12,14-tetramethyldibenzo-1,4,8,11-tetraazacyclotetradeca- 3,5,7, 
10,12,14-hexaene (also called Ni(II)-tetramethyldibenzotetraaza[14]annulene, or 
NiTMTAA for simplicity; Fig. 6.5). The gas-phase noncovalent functionalization of 
both open-end SWNTs and pristine MWNTs with NiTMTAA was tested at two 
selected temperatures of 220 and 270 °C [113]. The nanohybrid materials obtained 
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Fig. 6.4 TEM images of CoPc filled nanotubes: (a) the narrowest observed DWNT (15 Å inner 
diameter) filled with CoPc; (b, c) two MWNTs showing a near optimal degree of filling. Note that 
all nanotubes have pristine surfaces. Inset: schematic drawing of a CoPc molecule, central ion: 
cobalt, black: nitrogen, grey: carbon, white: hydrogen. Reprinted from ref. [112], with permission 
by WILEY-VCHVerlag GmbH & Co

N

N N

N

Ni

CH3

CH3
H3C

H3C

Fig. 6.5 Ni(II) complex of 5,7,12,14-tetramethyldibenzo-1,4,8,11-tetraazacyclotetradeca- 
3,5,7,10,12,14-hexaene, also called Ni(II)-tetramethyldibenzotetraaza[14]annulene, or NiTMTAA 
for simplicity
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were characterized by means of a number of electron microscopic and spectro-
scopic techniques, as well as TGA. Thermogravimetric analysis found interesting
differences in their composition. In the case of MWNTs (Fig. 6.6b) the separation 
at about 380 °C between the two weight losses was rather straightforward, whereas 
for SWNTs (Fig. 6.6a) an additional minor step until ca. 480 °C was observed. 
These results were interpreted as follows. Pristine MWNTs have closed ends and 
thus their inner cavities are inaccessible for NiTMTAA. As a result, the latter was 
adsorbed on the external sidewalls only: this adsorbed form is decomposed until 
380 °C producing relatively homogeneous weight loss. On the other hand, SWNTs 
were acid-purified, had open ends and therefore accessible inner cavities: accord-
ingly, NiTMTAA can adsorb on both external sidewalls and inside the nanotubes, 
producing two weight loss steps. Increasing the temperature of sublimation reduced 
adsorption on the external surface, but helped NiTMTAA to penetrate into the nano-
tube cavities. For comparison, H2TPP, its metal complexes and hemin, which were 
deposited onto the same open-end SWNTs from solution and whose molecular size 
is considerably larger than that of NiTMTAA, did not show any signs of endohedral 
adsorption [114]. The possibility of both exohedral and endohedral adsorption is an 
important factor to bear in mind in noncovalent functionalization of CNTs with 
relatively small chemical species. Unfortunately, it is usually ignored, unless endo-
hedral functionalization is intentional, as it was in the case of CoPc [111, 112].

Speaking in a broader sense, the term “solvent-free” functionalization may be 
applied not only to a process in which the liquid reaction medium was totally absent 
but also to the one which did not employ an organic solvent. That is, the function-
alization carried out in aqueous solutions can be considered as solvent-free as well. 
This type of functionalization is particularly common in the noncovalent attachment 
of biomolecules, especially proteins [115–117], since the latter simply do not dis-
solve in organic solvents. CNTs with strongly adsorbed proteins can serve as tem-
plates for the further deposition of metal nanoparticles. For example, this was
demonstrated for human serum albumin (HSA) adsorbed on MWNTs, which was 
used for the decoration with AgNPs [117] generated by reduction of silver nitrate 
AgNO3 with citric acid [28]. AgNPs deposited onto HSA-functionalized MWNTs 
(TEM images shown in Fig. 6.7) had a controlled diameter of about 2 nm and a nar-
row size distribution.

6.3.2  Oxidized Carbon Nanotubes

The functionalization techniques considered in the previous section explore mainly 
the chemistry of CNT sidewalls. At the same time, a number of methods for nano-
tube chemical modification employ the chemistry of oxidized defects. The com-
monly used strong-acid purification processes open the nanotube ends generating 
there oxygen-containing functionalities, in which carboxylic groups prevail [5, 9–
11, 118–120]. And it is COOH groups which can be subjected to further derivatiza-
tion reactions. The most common approach among the latter is the formation of 
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Fig. 6.6 TGA curves for (a) SWNTs and (b) MWNTs (denoted as S and M, respectively) nonco-
valently functionalized with NiTMTAA (N) at 220 and 270 °C, in comparison with the curves for 
pure components [113]. Reprinted with permission from Elsevier
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Fig. 6.7 TEM images at of (a) pristine MWNTs; (b) HSA − MWNT hybrid; (c–e) AgNP/HSA−
MWNT hybrid material at different magnifications; (f) AgNPs deposited onto a TEM grid without 
HSA−MWNTs. Inset in (f) shows selected area fast-Fourier-transform diffraction pattern for
AgNPs. Reprinted from ref. [117] with permission from the Canadian Society for Chemical 
Engineering
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amide derivatives. Nevertheless, COOH groups by themselves are relatively inert at 
room temperature and thus require activation. It is conventionally performed via the 
treatment with thionyl chloride SOCl2 in an aprotic organic solvent, which converts 
carboxylic groups into the corresponding acid chlorides C(=O)-Cl. At the second 
step, the acid chlorides react with aliphatic and aromatic amines producing amide 
derivatives as explained in Scheme 1:

CNT C O OH SOCl CNT C O Cl CNT C O NHR- - -
H NR
-HCl

- - -=( ) + ® =( ) ¾ ®¾¾ =( )2
2

 
(Scheme 1)

where R is alkyl or aryl substituent. Thionyl chloride is known to be a corrosive and 
toxic compound, and is sometimes substituted with less ecologically unfriendly car-
bodiimides, which are soft amide-coupling agents widely used in peptide and pro-
tein chemistry. The only pro for SOCl2 is its volatility, due to which its excess can 
be easily removed, whereas substituted ureas (final products of carbodiimide- 
coupling reactions) are not volatile, and need an additional washing off to be 
removed. A very similar esterification reaction can be carried out by substituting 
amine reagent with an alcohol HOR, under the same reaction conditions as for the 
amidation derivatization:

 
CNT C O OH SOCl CNT C O Cl CNT C O OR- - -HOR

-HCl
- - -=( ) + ® =( ) ¾ ®¾¾ =( )2  

(Scheme 2)

As an alternative to the liquid-phase protocol, the acid chloride-activated SWNTs 
were derivatized with long-chain amines exemplified by octadecylamine (ODA) 
CH3(CH2)17NH2 and 4-dodecyl-aniline (4-CH3(CH2)13C6H4NH2) under solvent-free 
conditions at elevated temperature of 100 °C for 4 days [121, 122]. The same coupling 
between amino groups of ODA and COOH groups of oxidized SWNTs was carried 
out with the help of dicyclohexylcarbodiimide (DCC) as carboxyl activation reagent 
[123–125]. In the reports [126, 127], the solvent-free reaction conditions were 
employed for amidation and esterification according to Scheme 1 and Scheme 2, 
respectively, of acid chloride-activated SWNTs and MWNTs with lipophilic and 
hydrophilic dendron species; in this case, the protocol included heating of the compo-
nent mixture at 75 °C and vigorous stirring for 48 h under N2 protection.

Looking for the formation of carboxylate salts through a simple acid–base inter-
action (Scheme 3), Chen et al. [128] directly heated ODA with carboxylated 
SWNTs:

 
SWNT COOH H N CH CH SWNT COO NH CH CH- - -+ ( ) ® ( )+

2 2 17 3 3 2 17 3  
(Scheme 3)

The mixture of SWNTs with ODA (whose melting point is 55–57 °C) was heated 
for 4–8 days at 120–130 °C. Nevertheless, the authors did not account for one of 
the fundamental properties of carboxylic acids and amines: they can form amides 
under higher temperatures (>100 °C) directly via thermal activation, without any 
additional chemical activation of COOH groups. In other words, the reaction of 
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oxidized CNTs with amines in this case should be described by Scheme 4 instead 
of Scheme 3:

 
CNT C O OH H NR CNT C O NHR- --H2

- =( ) + ¾ ®¾¾ - =( )2 O  
(Scheme 4)

Therefore, the authors [128] must have unintentionally obtained the amide deriva-
tives of ODA instead of its carboxylate salts. On the contrary, Lin et al. [129] inten-
tionally used the solvent-free melting treatment to derivatize oxidized MWNTs with 
poly-(propionylethylenimine-co-ethylenimine) through amidation reaction. The 
derivatization was first carried out at 160–180 °C for 12 h under N2 atmosphere 
[129]; however, later it was found to be equally efficient when treating the melts at 
165 °C for as short as 20 min [130, 131].

While the latter techniques of CNT amidation and esterification employ solvent- 
free reaction conditions, the derivatized nanotubes still need further purification 
from the excess organic reagent. The purification implies such auxiliary operations 
as extraction, centrifugation, precipitation, filtration, solvent evaporation, and dry-
ing (often in vacuum), which are quite tedious and typically take an incomparably 
longer time than the derivatization reaction per se, not to mention the need for addi-
tional instruments (centrifuges, filtration systems, rotary evaporators, ovens, etc.). 
As a result, from the point of view of green chemistry, the gain afforded is insignifi-
cant. This circumstance motivated us to look for more simplified solvent-free tech-
niques for the amide derivatization of oxidized CNTs, which would also minimize 
the auxiliary purification steps.

A suitable approach was already tested and proved to be efficient, though in a 
quite distant area: namely, in the chemical modification of silica gel-based station-
ary phases for liquid chromatography. Systematic efforts were undertaken on the 
design of the solvent-free, gas-phase covalent modification of silica with polyazam-
acrocyclic ligands, pyrimidine bases, and low-molecular-weight carboxylic acids 
[132–135], which are crystalline and nonvolatile compounds under ambient tem-
perature and pressure. We found that decreasing the pressure to a moderate vacuum 
and simultaneously increasing the temperature to >150 °C makes all the above com-
pounds sublime and form efficiently the covalently bonded derivatives on silica 
surface. In the context of CNT functionalization, the most relevant example is the 
reaction between silica-bonded aminopropyl groups and carboxylic acid vapor giv-
ing rise to the formation of surface amides, similar to the one described by Scheme 4. 
This temperature-activated amidation proceeds readily at 150–180 °C without the 
need for chemical activation of the COOH groups: the whole procedure takes about 
1 h and produces high yields of the amide derivatives (>50 % based on the starting 
surface concentration of aminopropyl functionalities). Excess of the derivatizing 
reagent is spontaneously removed from the hot reaction zone due to the heating 
under dynamic (and in some cases static) vacuum, thus making purification of the 
derivatized material and the use of solvents unnecessary. In other words, the entire 
process turns to be 100 % solvent-free.
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As applied to CNT functionalization, this gas-phase protocol was first tested for 
the direct amidation of oxidized SWNT defects (Scheme 4) [136, 137], where the 
reaction is typically carried out at 150–170 °C for 1–2 h. Other authors [138] later 
found that the reaction temperature can be even lower, for example 110 °C, but then 
the treatment time should be substantially prolonged, to 40 h. Amide-derivatized 
SWNTs acquired an enhanced solubility/dispersibility in many organic solvents; 
the strongest effect was found for ODA [137], although the derivatization with 
shorter amines such as nonylamine gave good results as well [136]. An important 
aspect we addressed both experimentally and theoretically is that solubility and 
other characteristics of the derivatized nanotubes can be influenced by the presence
of physically adsorbed amine molecules; energetically preferable sites for their 
adsorption are most likely the nanotube cavities [136, 139]. The improved solubility 
is usually a positive effect; however, there are other CNT properties which might be 
compromised due to the presence of unaccounted adsorption species. For example,
when biomedical applications are targeted, the excess reagent can be released into 
an organism in an uncontrolled way and produce adverse or even toxic effects, 
depending on its chemical nature. These considerations are equally valid for the 
liquid-phase functionalization of CNTs.

If the amidation reaction is performed with a diamine, the second NH2 group can 
remain dangling and thus available for another derivatization step. We demonstrated 
this possibility by using 1,8-DAO-amide derivatized SWNTs for the second amida-
tion with l-alanine and ε-caprolactam [140], according to the reactions explained in 
Fig. 6.8. The volatility of ε-caprolactam is relatively high, and the derivatization 
can be performed under static vacuum at about 160 °C, whereas the reaction with 
 l-  alanine requires constant evacuation (i.e., dynamic vacuum) and higher tempera-
tures of 160–200 °C due to a poor volatility of α-amino acids. The reaction with 
ε-caprolactam turned to be especially interesting, where we found clear indications 
of its polymerization into nylon 6 apparently initiated by the dangling amino groups 
of 1,8-DAO (Fig. 6.8; last reaction). SEM imaging revealed dramatic changes in the 
structure of SWNT bundles: while oxidized SWNTs exhibit a typical fluffy mor-
phology with numerous single nanotubes and thin bundles coming out of the bulk 
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Fig. 6.8 Amide attachment of 1,8-diaminooctane to oxidized SWNTs and further solvent-free 
derivatization reactions with l-alanine and ε-caprolactam [140]
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(Fig. 6.9a), the polymeric phase formed in the ε-caprolactam-treated nanotubes 
“glues” them together and makes the samples look much more compact and less 
porous (Fig. 6.9b). Covalent cross-linking of this kind might be useful for improv-
ing mechanical properties of CNT–polymer composites.

6.3.3  Pristine Multi-walled Carbon Nanotubes

Pristine MWNTs produced by CVD have certain advantages as compared to open- 
end acid-oxidized SWNTs. First, the former are synthesized with a high degree of
purity, and thus already do not require the acid purification, which makes same- 
quality SWNTs so expensive (usually two orders of magnitude more expensive than 
pristine MWNTs). Another reason is that the ends of pristine MWNTs are closed 

Fig. 6.9 Comparison of 
SEM images of oxidized 
SWNTs (a) before and 
(b) after two-step 
derivatization with 
1,8-diaminooctane and 
ε-caprolactam. Reprinted 
from ref. [140] with 
permission by the Royal 
Society of Chemistry
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with fullerene-type caps, and therefore, organic reagents and solvents can hardly 
penetrate inside the nanotubes: in this way, uncontrolled endohedral adsorption is 
minimized (Interestingly, the ends of catalytic CVD-grown MWNTs can be opened 
without the oxidative treatment, but instead by means of microwave irradiation in 
vacuum, which apparently makes metal catalyst particles remaining at the nanotube 
ends after the CVD synthesis to “explode” [141].).

As regards their chemical reactivity, pristine MWNTs do not have heteroatom- 
containing functional groups similar to COOH, which could be subjected to 
derivatization. However, instead they have pentagonal, heptagonal, and apparently 
larger-ring cyclic defects, which are responsible for the spherical curvature of the 
closed caps, as well as for the nanotube kinking and junctions if they are present in 
the sidewalls. Their high reactivity explains the fact that it is these sites which are 
oxidized first under the strong-acid treatment, and as a result, these structural ele-
ments cannot be found anymore in the purified nanotubes.

It was quite logical and natural to expect that the nucleophilic addition of pri-
mary and secondary amines, well explored for spherical fullerenes [16–23], can 
occur in a similar way at the closed caps of pristine MWNTs, and that the solvent- 
free conditions of amine functionalization of C60 [24, 28, 32, 34] discussed in 
Sect. 6.2 can be successfully applied to the closed-end nanotubes.

This type of functionalization was first attempted with octadecylamine [142]. 
The successful attachment of hydrophobic long-chain ODA to MWNTs manifested 
itself in a significant increase in the nanotube solubility/dispersibility in organic 
solvents. In particular, 20-min ultrasonication of ODA-MWNTs obtained in isopro-
panol produced stable dispersions which did not exhibit visible precipitation for 
more than one month; for comparison, pristine MWNTs started to precipitate almost 
immediately after ultrasonication. Other monofunctional amines tested afterwards 
for the functionalization of pristine MWNTs were NA, dodecylamine, and 
4- phenyl-butylamine [143].
TGA results for the amine-functionalized MWNTs [142, 143] and their compari-

son with the relevant data published by other authors [144] helped to make prelimi-
nary conclusions that (1) the amine species are found mainly in covalently bonded 
state, and (2) their major fraction is distributed along MWNT sidewalls. The second 
explanation is hardly compatible with the chemistry of ideal, defect-free nanotube 
sidewalls, which are known to be chemically inert with respect to chemical reagents 
like amines. Instead, it suggested the existence of reactive structural defects distrib-
uted along the sidewalls of pristine MWNTs. The hypothesis on the addition sites 
was supported by TEM observations of ODA-MWNTs [142]. As it is shown in 
Fig. 6.10a, pristine MWNTs were composed of about 10 coaxial tubes, with their 
closed ends having an irregular shape. Similar closed ends were clearly seen in 
ODA-MWNTs; however, they were covered with about 2-nm layer of an amor-
phous material (Fig. 6.10b), which apparently originated from high-energy electron 
beam degradation of ODA molecules covalently bonded to the pentagons and/or 
other defect sites. More interestingly, TEM observation of the sidewalls of ODA- 
MWNTs found similar amorphous formations (Fig. 6.10c) located at the sites with 
well-pronounced curvature (or kinks). On the contrary, almost ideal MWNT 
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 sidewalls did not contain visible amounts of any additional material. The reactivity 
of pentagonal defects in the nanotubes toward amines was supported by our semiem-
pirical calculations [142] and later DFT results by Lin et al. [145]. The applicability 
of Raman spectroscopy to differentiate between pristine and amine-functionalized 
MWNTs was discussed in ref. [146].

The use of bifunctional and polyfunctional amine reagents for the solvent-free 
functionalization of pristine MWNTs was explored as well. Even polymeric amines 
such as polyethylene glycol diamine (PEGDA) and polyethylenimine (PEI) can be
employed for this purpose [147, 148]. Since the polymeric amines are nonvolatile 
and cannot be used for the gas-phase functionalization, the procedure had to be 
modified by performing it under melt conditions. Unfortunately, the advantages of 
the gas-phase functionalization were lost in part, since unreacted amine cannot be 
removed by heating and pumping out, but instead repeated washing in water, cen-
trifugation, decantation and drying under vacuum had to be done. On the other 
hand, even though the latter auxiliary steps were necessary, no solvents except for 
water were used.

The case of diamines is especially interesting and attractive, from different points 
of view [149]. For example, CNT functionalization with diamines can facilitate a

Fig. 6.10 HRTEM images showing closed ends of pristine MWNTs (a), of ODA-MWNTs (b), 
and sidewalls of ODA-MWNTs (c). Black arrows point to an amorphous material originating from 
ODA molecules bound to the defect sites; white arrow points to almost ideal sidewalls where no 
similar material can be observed. Reprinted from ref. [142] with permission by the American 
Chemical Society
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number of biomedical applications, where strong electrostatic interactions between 
amino groups and biological components can ensure reliable immobilization of bio-
logical compounds onto the nanotube surface. Speaking of electronic applications, 
the chemical functionalization with bifunctional molecules can be envisioned as a 
way to cross-link and integrate CNTs into complex networks for nanoscale elec-
tronic circuits. Moreover, the mechanical stability of non-functionalized CNT 
agglomerates is limited due to relatively weak van der Waals interaction between 
individual nanotubes, whereas covalent cross-linking can dramatically enhance 
their mechanical strength.

With these considerations in mind, we undertook a morphological analysis of 
cross-linking effects in MWNTs covalently functionalized via the gas-phase tech-
nique with three aliphatic diamines 1,8-DAO, 1,10-diaminodecane (1,10-DAD), 
and 1,12-diaminododecane (1,12-DAD), as well as with aromatic DAN [149]. We 
found manifestations of nanotube cross-linking in different experiments, including 
a simple solubility/dispersibility test, where the diamine functionalization made 
MWNTs totally insoluble in isopropanol in the case of 1,8-DAO, 1,10-DAD, and 
1,12-DAD, and strongly reduced nanotube dispersibility in the case of 
DAN. Dramatic changes in the morphology of MWNT agglomerates were observed 
by conventional TEM. While in pristine MWNTs well-distinguishable individual 
nanotubes had a typical random orientation, diamine-functionalized MWNTs 
appeared as very dense yarn-like structures (Fig. 6.11) with some degree of order-
ing. High-resolution TEM found the presence of amorphous matter at the sites of 
closed contact between MWNTs (Fig. 6.12) originating from the cross-linking 
diamine molecules. The most interesting effect was observed in AFM images
(Fig. 6.13), in which all the diamine-functionalized MWNTs exhibited a strong 
trend to self-assembly through their rectification and arrangement into parallel 
aggregates. This phenomenon was interpreted as cross-linking of MWNTs with 
diamine interlinkers according to three different patterns, namely “side-to-side,” 
“end-to-side,” and “end-to-end” interconnections (Fig. 6.14).

Despite the cross-linking effects described in the previous paragraph, there are 
no indications that all the diamine molecules have both NH2 termini forming cova-
lent bonds with nanotubes. Therefore, a possibility exists that the dangling NH2 
groups can be further derivatized in a way similar to the one discussed in Sect. 6.3.2 
for the case of 1,8-DAO-amide functionalized SWNTs [140] and explained in 
Fig. 6.8. The same reaction sequence was applied for the two-step covalent modifi-
cation of pristine MWNTs (Fig. 6.15), under the reaction conditions similar to those 
employed for SWNT functionalization. And again, we found clear indications of 
ε-caprolactam polymerization into nylon 6 initiated by the amino groups of 1,8- 
DAO attached to MWNTs. This result seemed to be especially interesting and 
potentially useful from the point of view of polymer–nanotube composites, and in a 
subsequent study [150] we attempted to approach optimal reaction conditions for 
the solvent-free polymerization of ε-caprolactam on 1,8-DAO-MWNTs.

To conclude on the amino functionalization of pristine MWNTs with amines, 
one should mention two reports [50, 151] on biocompatibility properties, which 
showed that MWNTs functionalized with ODA, 1,8-DAO, l-alanine, and nylon 6 
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by using the solvent-free gas-phase technique have considerably improved biocom-
patibility as compared to pristine MWNTs.

Amines are not the only nucleophilic reagents which can add onto the defect sites 
of pristine MWNTs. SH groups can act as nucleophiles as well, and this property was 
used for the gas-phase solvent-free addition of bifunctional aliphatic thiols to pristine 
MWNTs [152, 153]. The reaction conditions were very similar to those for the func-
tionalization with volatile amines, since all the reagents tested (1,4- butanedithiol, 
1,6-hexanedithiol, 1,8-octanedithiol, and 2-aminoethanethiol) are volatile under 
reduced pressure and elevated temperature. MWNTs functionalized in this way were 
further used as supports for the deposition of AuNPs [153]. Small Au particles, with a 
narrow size distribution around 1.7 nm, were obtained on 1,6-hexanedithiol-modified 

Fig. 6.11 Representative TEM images for (a) pristine MWNTs and diamine-functionalized nano-
tube samples at different magnifications: (b, c) 1,8-DAO-MWNTs; (d, e) 1,10-DAD-MWNTs;  
(f, g) 1,12-DAD-MWNTs; (h, i) DAN-MWNTs. Reprinted from ref. [149] with permission by 
Elsevier
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MWNTs (Fig. 6.16a, c). For MWNTs functionalized with 2-aminoethanethiol, the
average size of AuNPs was larger, of about 5.5 nm (Fig. 6.16b, d), which was 
explained by their higher mobility and coalescence phenomena.A Gatan image filter
coupled to TEM helped to obtain the filtered images around sulfur L edge (165 eV) 
and carbon K edge (284 eV) pointing to the location of S-containing moieties. 
Figure 6.17a shows a bent nanotube with an AuNP of about 6-nm size. The corre-
sponding filtered images at carbon K edge and sulfur L edge peak are presented in 
Fig. 6.17b, c, respectively. In the latter image one can see that S element is present at 
the nanotube surface; however, its distribution is inhomogeneous, with a notably 
higher S concentration observed around the AuNP location.

In addition to the deposition of metal NPs, dithiol groups covalently attached to 
pristine MWNTs via the solvent-free functionalization can be suggested for the uses 

Fig. 6.12 High-resolution TEM images showing the sites (arrows) of MWNT cross-linking 
with diamine molecules: (a) 1,8-DAO-MWNTs; (b) 1,10-DAD-MWNTs; (c) 1,12-DAD-MWNTs; 
(d) DAN-MWNTs. Reprinted from ref. [149] with permission by Elsevier
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as chemical linkers for anchoring metal complexes, attaching the nanotubes to gold 
tips for scanning probe microscopies, as well as for adsorption and concentration of 
trace metal ions. Similarly to amine-functionalized MWNTs, thiol-functionalized 
nanotubes have a better biocompatibility as compared to non-functionalized, 
 pristine MWNTs [151].

Fig. 6.13 AFM topography images (on Si/SiO2 substrates) for (a) pristine MWNTs, (b) 1,8-DAO- 
MWNTs, (c) 1,10-DAD-MWNTs, (d) 1,12-DAD-MWNTs, and (e, f) DAN-MWNTs at different 
magnifications. Reprinted from ref. [149] with permission by Elsevier
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Fig. 6.14 Amplified AFM topography image (on Si/SiO2 substrate) for 1,10-DAD-MWNTs 
exemplifying three possible cross-linking patterns, indicated with circles of different colors: yel-
low, “end-to-end,” red, “side-to-side”; blue, “end-to-side.” Scale bar, 500 nm. Reprinted from ref. 
[149] with permission by Elsevier
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Fig. 6.15 Chemical attachment of 1,8-diaminooctane to pristine MWNTs and further solvent-free 
derivatization reactions with l-alanine and ε-caprolactam [140]
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Fig. 6.16 HRTEM images of gold nanoparticles on (a) 1,6-hexanedithiol-functionalized and 
(b) 2-aminoethanethiol-functionalized MWNTs, along with the corresponding size histograms for 
AuNPs (c and d, respectively). White solid and dashed arrows in (b) point to examples of overlap-
ping and coalescing AuNPs on 2-aminoethanethiol-functionalized MWNTs. Adapted from ref. 
[153] with permission by the American Chemical Society

Fig. 6.17 (a) TEM image of a bent MWNT with a gold nanoparticle of about 6-nm size; (b) the 
corresponding image filtered around carbon K-edge (284 eV), and (c) filtered image around the 
sulfur L-edge (165 eV). Reprinted from ref. [153] with permission by the American Chemical 
Society
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6.4  Nanodiamond

The main hybridization state of carbon atoms in ND is sp3, which makes this nano-
material very distinct from sp2-dominated fullerenes and CNTs in terms of bulk 
structure, electronic, optical, mechanical, and other properties. Nevertheless, one 
feature makes ND have much in common with oxidized CNTs: the presence of 
oxygen-containing functionalities, including carboxylic groups, on its surface [6, 
13, 154]. ND surface functionalization is of great interest for improving the parti-
cles dispersion, changing their wettability and adhesion characteristics, improving 
catalytic and biocompatibility properties, among others. At the same time, while the 
research effort undertaken for ND chemical modification as a whole is significant 
(for example, see recent reviews [155–157] and references therein), the possibility 
of using solvent-free techniques for this purpose remains underexplored.

Adopting the solvent-free amidation protocol described above for the derivatiza-
tion of oxidized SWNTs (Sect. 6.3.2, Scheme 4) proved to be a very efficient 
approach to change the chemical nature of ND surface. A number of amines was 
tested for the temperature-activated conversion of COOH groups of ND into respec-
tive amide derivatives, which include 1,8-DAO, 1,10-DAD, 1,12-DAD, DAN, 
PEGDA, and PEI [149, 158]. According to solubility/dispersibility tests in water 
and isopropanol, the functionalization of ND increased its lipophilicity [158]. 
However, the functionalization with aliphatic diamines 1,8-DAO, 1,10-DAD, and 
1,12-DAD reduced suspension stability due to the cross-linking effect [149]. The 
organic content, as estimated from TGA curves, strongly depended on the amine
employed: while the content of covalently bonded 1,8-DAO, 1,10-DAD, and 1,12- 
DAD moieties spanned from <10 % for 1,12-DAD-ND to almost 20 % for 
1,8-DAO-ND, the organic content in DAN-ND was lower by roughly one order of 
magnitude.

As it can be observed by SEM [149], both pristine and functionalized ND sam-
ples exist as large agglomerates of a few micrometers in size. Nevertheless, the big 
difference between them is that for pristine ND it was possible to discern 101–
102 nm-sized primary agglomerates, whereas for 1,8-DAO-ND, 1,10-DAD-ND, and 
1,12-DAD-ND the μm-sized grains exhibited smoother surfaces with less evident 
fine structure, which was attributed to the cross-linking phenomenon and further 
confirmed by AFM imaging (Fig. 6.18). The 101–102 nm-sized primary agglomer-
ates were seen byAFM in all ND samples. In agreement with the SEM results, they
appeared more dispersed and “fluffy” in pristine ND (Fig. 6.18a), whereas in all the 
diamine-functionalized samples the agglomerates were considerably denser with a 
smooth globular shape (Fig. 6.18b–f). DAN-ND (Fig. 6.18f) represented an inter-
mediate case, with smaller primary agglomerates than for aliphatic diamine- 
functionalized NDs. The latter observation was explained by a lower diamine 
content and consequently by a lower degree of cross-linking.

E.V. Basiuk and V.A. Basiuk



193

Fig. 6.18 AFM topography images (on Si/SiO2 substrates) for (a) pristine ND, (b) 1,8-DAO-ND, 
(c) 1,10-DAD-ND, (d, e) 1,12-DAD-ND at different magnifications, and (f) DAN-ND. Reprinted 
from ref. [149] with permission by Elsevier

6 Solvent-Free Functionalization of Carbon Nanomaterials



194

6.5  Graphene and Graphene Oxide

Strictly speaking, the possibility of applying the solvent-free functionalization 
methodology to graphene seems to be very problematic. Contrary to fullerenes, 
CNTs and ND, which keep their intrinsic properties both in solution/suspension and 
in solid state (powder), the highly exfoliated state which distinguishes graphene 
from graphite presupposes the existence of a dispersing solvent. That is, the very 
concepts of “graphene” and “solvent-free” are generally incompatible. Single gra-
phene sheets deposited from solution/dispersion or CVD-grown on solid supports 
are an exception: in this case the solvent-free technique is definitely applicable. On 
the other hand, the resulting minute-size samples can hardly be characterized by 
TGA and most spectral techniques, which is indispensable to prove successful func-
tionalization. The solvent-free functionalization of graphene oxide would not 
 represent any problem in principle.
Nevertheless, graphene and GO are by more than one decade “younger” than

CNTs, and correspondingly, less time was available to propose and refine suitable 
techniques for their functionalization. Especially this is true as regards the solvent- 
free techniques. One of the useful approaches can employ mechanochemical reac-
tions: for example, ball milling of graphite with solid inorganic compounds such as 
KOH, KMnO4, (NH4)2S2O8, SO3, and dry ice gives rise to graphene and GO with a
different degree of oxidation and different types of oxidized groups (see refs. [15, 
159] and references therein).

The solvent-free microwave irradiation was shown to be widely applicable to 
various organic metal salts (mainly acetates) with graphene, forming substrate- 
supported metal (e.g., Ag, Au, Co, Ni, Pd, Pt) or metal oxide (e.g., Fe3O4, MnO, 
TiO2) nanoparticles in high yields within as short duration of microwave irradiation 
as about 1–2 min [100]. As shown in the TEM images in Fig. 6.19, the products 
contained few-layered graphene structures with surfaces decorated with NPs of 
various average sizes: for example, from <5 nm Pt and TiO2 nanoparticles to 
5–15 nm Pd and Fe3O4 NPs. Other works on using microwave irradiation for the 
deposition of inorganic nanoparticles described the decoration of graphene with 
molybdenum disulfide (MoS2) NPs with effective hydrodesulfurization activity for 
carbonyl sulfide conversion at low temperature [160]; facile synthesis of magnetic 
FeNPs on graphene by means of microwave treatment of GO–ferrocene mixtures,
for heavy metal removal and disinfection control of drinking water [161]; and the 
synthesis of AuNPs–reduced GO composites using ascorbic acid as eco-friendly
reducing agent [162]. Also, stable Ru and Rh metal NPs were supported on gra-
phene surfaces by microwave decomposition of the respective metal carbonyl 
precursors in the ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate [163].

Interesting holey nanostructures for potential uses as fillers for polymeric com-
posites were synthesized in a study by Lin et al. [164]. First, the deposition of
AgNPs onto the graphene sheet surface was carried out by solid-state mixing of 
silver acetate with graphene, with subsequent thermal treatment under a nitrogen 
atmosphere to decompose the acetate. Then, the Ag catalyst-loaded graphene sam-
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ples were  subjected to thermal treatment in air: in this way, the graphitic carbon in 
contact with AgNPs was selectively oxidized into gaseous byproducts CO and/or 
CO2, leaving holes in the graphene surface. At the last step, the Ag was removed by 
refluxing in diluted nitric acid to obtain the final holey graphene products.

As regards the solvent-free functionalization of graphene with organic 
 compounds, the number of relevant research reports is rather limited. Besides, even 
though the chemical procedures were presented as “solvent-free” due to performing 
the functionalization reactions in aqueous media, they required further auxiliary 
operations of redispersing, ultrasonication, filtering, washing, etc., usually employ-
ing organic solvents. The works to be mentioned include the diazotization of 

Fig. 6.19 TEM images of various metal or metal oxide nanoparticle-decorated graphene samples 
from modulated microwave heating (maximum power = 50 W, set temperature = 300 °C) of the cor-
responding salt/graphene solid mixtures, with the corresponding XRD patterns in the insets: (a) 
Ag, (b) Pd, (c) Pt, (d) Au, (e) Ni, (f) Co/CoO, (g) Fe3O4, (h) TiO2, and (i) MnO. The metal-to-C 
contents in all samples were ~10 mol % except for c and d, which were both ~5 mol %. Reprinted 
from ref. [100] with permission by the American Chemical Society
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 graphene with 4-ethynylaniline–isoamyl nitrite mixture [165] and 4-chloroaniline/
NaNO2 mixture [166]. An example of more complex covalent chemistry was 
described by Du et al. [167], where 5,6-diaminopyrazine-2,3-dicarbonitrile was 
grafted on the graphene sheets through the cyclization reaction between COOH 
groups of GO and the amino groups of 5,6-diaminopyrazine-2,3-dicarbonitrile in
the presence of  polyphosphoric acid, with simultaneous hydrolysis of cyano groups 
(Fig. 6.20); at the second step, the functionalized GO was reduced by hydrazine to
remove the remaining oxygen- containing groups.

6.6  Conclusions

Meeting the needs for more ecologically friendly, “green” processes in the chemis-
try of CNMs, a variety of chemical reactions proceeding under solvent- free condi-
tions have been proposed for their functionalization. In turn, the main emphasis was 
up to now on the covalent chemical modification of CNTs: these reactions can be 
exemplified by fluorination, additions of reactive aryl diazonium and other radical
species, which can be initiated by temperature, plasma, or mechanochemical treat-
ment. Similarly to the conventional liquid- phase reactions, the solvent-free 
approaches allow for the introduction of organic moieties into the nanotube ends 
and sidewalls. The resulting materials exhibit improved solubility/dispersibility in 
organic and aqueous solvents, enhanced reactivity required for further chemical 
derivatization, among other potentially useful properties. In a number of instances, 
however, the concept “solvent-free” is applied to the reaction conditions only: while 
the use of typical large amounts of solvents is grossly reduced, the entire synthetic 
protocol still requires auxiliary purification steps (washing, filtering, drying, cen-
trifugation, etc.), which consume organic solvents along with an additional time, 
labor, and equipment.
For more than one decade, our research group systematically has worked on the

development of totally solvent-free functionalization techniques, with an emphasis 
on the covalent modification of CNTs, and attempting to further apply the same 
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solvent-free protocols to other forms of nanocarbon, ND in particular. The function-
alization protocols designed by us are based on thermally activated reactions of 
amidation and nucleophilic addition with chemical compounds (mainly amines and 
thiols), which are stable and volatile at 150–200 °C under reduced pressure. Among 
main advantages of this approach is that not only the reactions per se take place at a 
high rate but also excess reagents are spontaneously removed from the functional-
ized material, thus making its additional purification unnecessary.

As a last general comment, significant advances have been achieved in the sol-
vent-free functionalization of CNTs with important implications for different appli-
cation areas. As regards other CNMs, while the research effort undertaken for the 
chemical modification of ND, graphene and GO as a whole is significant, the pos-
sibility of using solvent-free techniques for this purpose remains strongly underex-
plored and, in our opinion, should be duly addressed in the near future.
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    Chapter 7   
 Green Chemical and Biological Synthesis 
of Nanoparticles and Their Biomedical 
Applications 

             Mehdi     Razavi    ,     Erfan     Salahinejad    ,     Mina     Fahmy    ,     Mostafa     Yazdimamaghani    , 
    Daryoosh     Vashaee    , and     Lobat     Tayebi    

    Abstract     To generate nanoparticles with particular shapes and dimensions, various 
techniques including physicochemical and biological routes have been developed. 
The physical and chemical processes are typically expensive and require hazardous 
chemicals. In this chapter, we introduce current advancements in the green synthesis 
of nanoparticles as eco-friendly, cost-effective, and simple approaches. The micro bial 
synthesis of nanoparticles using bacteria, fungi, and viruses; phototrophic eukary-
otes including plants, diatoms, and algae; heterotrophic human cell lines and some 
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other biological agents is especially emphasized in this review. It also declares the 
applications of these nanomaterials in a broad range of potential areas, such as medi-
cal biology, labeling, sensors, drug delivery, dentistry, and environmental cleanup.  

  Keywords     Green chemistry   •   Bio-inspired synthesis   •   Nanoparticle   •   Green synthesis    

7.1         Introduction 

    During the last decade, nanotechnology has become a cutting edge and highly interdis-
ciplinary research area including basic sciences, material science and medicine. The 
word “nano” has been derived from a Greek word “nanos” translated from “dwarf” and 
refers to the size of one billionth (10 −9  m). Due to the more surface atoms and larger 
surface energy of nanomaterials, compared to bulk materials, they present considerable 
changes in physical, mechanical, chemical, electrical, magnetic, optical, and biological 
properties [ 1 ,  2 ]. Recently, nano-biotechnology, as one of the most imperative areas, 
has attracted much attention in the nanoscience. Typically, nanomaterials are consid-
ered as the next generation of biosensors and various bioelectronic applications, as a 
result of enhanced Rayleigh scattering and quantum size effects [ 3 ]. 

 Latest innovations in nanotechnology have resulted in the synthesis of nanoma-
terials with different shapes, such as wires, tubes, and particles for doable appli-
cations in different fi elds. Nanoparticles with dimensions smaller than 100 nm is 
normally produced by using two following techniques: top-down and bottom-up 
[ 4 ]. Bulk materials are little-by-little collapsed to nanoparticles in top-down meth-
ods; conversely, in bottom-up approaches, a nanomaterial is constructed by bonding 
of atoms or molecules. The latter route is generally comprised of chemical and 
biological techniques. In view of the fact that the size, shape and crystallinity of 
nanomaterials may be a vital effectual parameter of their physicochemical proper-
ties, the preparation of monodispersed particles with desirable dimensions and 
shapes for different applications is a main challenge [ 5 ]. For this purpose, particular 
techniques have been employed to produce nanoparticles with specifi c shapes and 
sizes. Unfortunately, in common wet methods, different unsafe initial precursors, 
for example tetrakis(hydroxymethyl)phosphonium chloride, poly- N -vinyl pyrrol-
idone, and sodium borohydride, are normally utilized. On the other hand, in dry 
methods, UV, lithography, and aerosol are not regarded as environment-friendly 
techniques. Remained toxic elements on the surface of the synthesized materials 
lead to restrictions in clinical applications. Hence, an increasing tendency has been 
created to develop biocompatible materials by environment-friendly routes [ 5 ,  6 ], 
simultaneously considering economical issues for future commercial purposes. 

 The growing knowledge in the direction of green chemistry has led to a necessity 
to expand plain, inexpensive, and environment-friendly procedures [ 5 ]. Green nano-
technology aims to design novel materials having profi ts on fi nancial, medicine, and 
environment issues, in order to solve the negative aspects of nano from the com-
mencement [ 7 ]. To assemble an enhanced command for using nanoparticles in 
medicine, nanoparticles are required to be produced throughout “green” techniques 
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with minor toxic materials. It is necessary to widen capable green synthesis routes, 
given that the majority of applied methods involve organic solvents, low materials 
conversion, toxic reducing agents, diffi cult and wasteful purifi cations. Employing 
apt solvents, reducing and stabilizing agents in the preparation of nanoparticles via 
green technologies are different from other methods. Thus, there is a strange prospect 
to employ science and engineering to develop new products which take human and 
environmental health into the consideration. Following this opportunity has resulted 
in the development of the “Green Nanoscience” idea [ 8 ]. Although green processes 
are regarded as harmless, inexpensive, sustainable, and biocompatible, they com-
prise some shortcomings in handling microbes and in providing improved features 
over dimension distribution, form, and crystallinity. Furthermore, the nanoparticles 
synthesized by biological techniques have no monodispersity and involve a time- 
consuming process. However, the aforementioned points could be organized by the 
optimization of parameters, including pH, temperature, time, and the quantityof bio-
logical materials [ 9 ]. In this chapter, we aim to focus on the production of nanopar-
ticles using different techniques in the scope of green nanotechnology.  

7.2     Categorization of Nanomaterials 

 A wide range of nanomaterials with different physical and chemical behaviors has 
been developed. The classifi cation of nanomaterials is continually being changed, due 
to new inventions in nanotechnology. Nanomaterials can be divided into a number of 
various groups, including nanoclusters, nanopowders, nanocrystals, nanoparticles, 
nanorods, nanospheres, nanodiamonds, and quantum dots [ 10 ].  

7.3     Physicochemical Synthesis of Nanoparticles 

 To synthesize metallic nanoparticles (MNPs), several techniques including laser 
ablation [ 11 ], sol–gel [ 12 ], ion sputtering [ 13 ], solvothermal [ 14 ], and chemical 
reduction [ 9 ] have been employed. Moreover, micropatterning, photolithography, 
and ink jet printing have been introduced as known examples for top-down 
approaches [ 9 ]. 

7.3.1     Laser Ablation 

 Laser ablation is considered as a “green technique” for attaining noble MNPs. In this 
method, a bulk plate is immersed into a solution and nanoparticles are formed with 
a plasma plume produced by the laser ablation. The high energy needed and the 
slight control over the growth rate of the produced nanoparticles may be considered 
as the main weaknesses of the laser ablation technique [ 11 ].  

7 Green Chemical and Biological Synthesis of Nanoparticles…
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7.3.2     Inert Gas Condensation 

 Inert gas condensation (IGC) has been considerably utilized to produce metallic 
nanoparticles [ 15 ]. Through the IGC technique, the metal is placed in a high vac-
uum chamber. He and Ar gases are usually employed at the pressure of around a few 
hundred Pascal. The metal is evaporated through this process and again condensed 
as a result of losing its kinetic energy though collisions with the gas atoms in the 
environment. As a result, nanocrystals are formed by the Brownian coagulation and 
coalescence. The synthesis of Au/Pd nanoparticles with a controlled dimension has 
been reported by this technique [ 16 ].  

7.3.3     Sol–Gel Method 

 As a wet chemical route, the sol–gel method has been recently developed in the 
nanomaterials science. Inorganic nanoparticles are produced by the sol–gel tech-
nique, through a sequential process including the formation of a colloidal suspen-
sion (sol) and gelation in a continuous liquid state (gel). The size and stability of 
nanoparticles can be controlled by adjusting parameters and adding different mix-
tures. However, the basic crisis of aqueous sol–gel methods is the complexity of the 
procedure and is the fact that the as-synthesized products normally have an amor-
phous structure. Another mode of the sol–gel process can be done via a nonaqueous 
chemistry route, whereas the transformation of the initial materials occurs in an 
organic solvent. The non-hydrolytic methods are able to surmount some of the fore-
most constraints of aqueous modes, thereby signifying a powerful and multipurpose 
choice. The benefi ts are a direct outcome of the manifold function of organic con-
stituents in the reaction system (e.g., solvent, surfactants). Currently, the family of 
nanoparticles, ranging from plain binary metal oxides to multi-metal and doped 
systems, is preferred to be synthesized by nonaqueous techniques [ 9 ,  12 ].  

7.3.4     Hydrothermal and Solvothermal Synthesis 

 The hydrothermal and solvothermal synthesis processes of inorganic materials are 
considered as a prominent technique in the preparation of nanomaterials. In hydro-
thermal techniques, the synthetic process happens in an aqueous solution over the 
boiling temperature of water, while in solvothermal techniques the reaction is per-
formed in organic solvents at about 200–300 °C above their boiling temperatures. 
Although the hydrothermal and solvothermal methods have a long history, these 
methods have been recently employed in materials production processes. Generally, 
hydrothermal and solvothermal reactions are preformed in a particularly sealed con-
tainer or autoclave. In the mentioned states, the solubility of reactants is notably 
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enhanced, facilitating the reaction to happen at lower temperatures. Amongst several 
instances, TiO 2  photocatalysts have been synthesized throughout a hydrothermal 
route [ 17 ]. Due to the inexpensive cost and energy expenditure, hydrothermal meth-
ods may be applicable for industrial manufacturing. Furthermore, solvothermal 
techniques enable the selection amongst various solvents or blends thereof, thereby 
rising the adaptability of the synthesis. For instance, nanostructured TiO 2  have been 
produced using solvents HF and 2-propanol [ 18 ].  

7.3.5     Colloidal Methods 

 Crystallographic features on the nucleation and growth of metallic nanoparticles has 
broadly been accomplished by means of colloidal systems. Overall, metallic nanopar-
ticles are synthesized by reducing precursor salts with compositions similar to hydra-
zine, borohydride, citrate, etc., followed by surface modifi cation with appropriate 
capping ligands to avoid aggregation and to present superior surface characteristics. 
The particular applications of organic solvents in this synthetic way regularly 
increase environmental matters. Multi-shaped nanoparticles are produced using 
the mentioned technique which needs differential centrifugation and thus possesses 
a low yield. Consequently, the expansion of trustworthy experimental protocols for 
synthesizing of the nanomaterials, over a range of chemical composition, size, and 
enough monodispersity, demands concerns in the modern nanotechnology [ 19 ,  20 ]. 
In this situation, current researches focus on the development of green and biosyn-
thetic technologies for making nanocrystals with a needed size and a desired shape.   

7.4     Green Chemistry Synthesis of Nanoparticles 

7.4.1     Tollens Process 

 The tollens synthesis is a one-step method that, for example, can yield Ag nanopar-
ticles with a controlled size [ 21 ,  22 ]. Through a study conducted on the saccharide 
reduction of Ag +  ions by the tollens process [ 22 ], it was found that small particles 
of 57 nm is size are formed with glucose at low ammonia concentrations (0.005 M). 
Different particle sizes can be achieved by varying the concentration of ammonia, 
whereas the higher concentration of ammonia would lead to a larger particle size 
[ 23 ]. Le et al. [ 24 ] also pointed out a modifi ed tollens technique, in which oleic acid 
is added as a stabilizer and a UV radiation is simultaneously used with treatment by 
glucose during the reduction process, to attain silver nanoparticles with a controlled 
size. Yin et al. [ 21 ] examined the potential of the tollens method in preparing silver 
nanoparticles. In another method described by Yin and colleagues [ 24 ], there is a 
delay period greater than 5 min, which allows the complete mixing of reactants. 
Most have concluded that, the synthesis by the tollens method is environmentally 
green, due to the use of nontoxic chemicals.  

7 Green Chemical and Biological Synthesis of Nanoparticles…
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7.4.2     Microwave Irradiation 

 Microwave (MW) heating of particles was discovered in 1940s and has become 
 successful in the food industry with applications in chemistry [ 25 ]. Microwave irra-
diation is an electromagnetic radiation between frequencies of 0.3–300 GHz. 
Microwave chemistry is based on the principle of dielectric heating [ 26 ]. There are 
two main mechanisms for microwave irradiation, namely dipolar polarization and 
ionic conduction mechanisms. The irradiation of matter in turn causes the align-
ment of dipoles or ions in the electric fi eld [ 27 ]. Because electromagnetic radiations 
(EMR) produce an oscillating fi eld, these dipoles or ions attempt to realign them-
selves within this fi eld and produce heat through molecular friction [ 27 ]. Using 
microwaves to heat the samples is a green method for the synthesis of nanoparticles, 
while it also yields desirable features, including shorter reaction periods and better 
product yields [ 28 ]. 

 Microwave irradiation has several advantages within the realm of chemical 
 synthesis. For instance, in the preparation of inorganic nanoparticles, conductive 
heating is carried out by using an external heat source; however, this method is slow 
and relatively ineffi cient. In contrast, microwave irradiation produces effi cient 
internal heating, while uniformly raising the temperature of the entire reaction mix-
ture. Furthermore, microwave heating increases the reaction rate; for instance, Au 
nanowires have been synthesized under the microwave irradiation method within 
2–3 min [ 29 ]. Moreover, the heat source does not come into direct contact with 
reactants, allowing the precise control of reaction parameters and the reduction of 
chemical wastes. There are also limitations to the use of irradiation techniques, 
including the short penetration depth [ 30 ]. MW-assisted heating has been used for 
the preparation of nanostructures, including Ag, Au, Pt, and Au–Pd. In addition to 
spherical nanoparticles, crystalline polygonal plates, sheets, rods, and wires have 
also been prepared within only a few minutes under MW irradiation conditions 
[ 31 ]. Besides requiring less energy, microwave irradiation should be more 
environment- friendly than conventional heating methods [ 32 ].  

7.4.3     Use of Polyoxometalates 

 Polyoxometalates (POMs) are anionic structures composed of early transition metal 
elements in their highest oxidation state [ 33 ]. Since POMs are soluble in water and 
have the capability of undergoing stepwise, multielectron redox reactions without 
disturbing their structure have the potential for synthesizing Ag nanoparticles [ 33 ,  34 ]. 
Ag nanoparticles with different shapes and sizes can be obtained by using different 
POMs, in which POMs serve as a reductant as well as a stabilizer [ 23 ]. Zhang et al. 
[ 35 ] described a synthesis method of metal nanoparticles. They found that for the 
effi cient synthesis of Pd and Pt nanoparticles, reduced POMs were constructive, as 
both reducing and capping agents at room temperature in water. 
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 Georgakilas et al. [ 36 ] focused on the process of decorating carbon nanotubes 
(CNTs) with nanoparticles in order to produce novel nanohybrid materials for a 
wider range of applications. The attachment of Au nanoparticles to CNTs’ sidewalls 
has shown to be promising for highly effi cient electrochemical cells and photoelec-
tronic sensor devices. POMs serve as reducing, encapsulating and bridging mole-
cules and avoid the introduction of other organic toxic molecules. The nanohybrids 
produced using the POMs enhance photocatalytic activities under visible light 
irradiations.   

7.5     Bio-inspired Green Synthesis of Nanomaterials 

 Green chemistry is gradually incorporated into up-to-date developments in mainte-
nance with a worldwide attempt to decrease the production of dangerous wastes and 
to develop energy-effi cient synthesis methods. To do so, any synthetic means or 
chemical procedures have to deal with the basic standards of green chemistry, by 
using environmentally kind solvents and nontoxic chemicals [ 37 ]. The green syn-
thesis of nanoparticles ought to encompass main steps, which are consistent with 
green chemistry outlooks with regard to the choice of: biocompatible and nontoxic 
solvents, environmentally reducing materials, and nontoxic agents for stabilizing 
the produced nanoparticles. Applying the aforementioned decisions into nano- 
science will aid the processing of intrinsically safer nanomaterials and nanostruc-
tured devices. Consequently, green nanotechnology aims to apply green chemistry 
theories in developing nanoscale materials, and to design production techniques 
with decreased dangerous waste generation and safer applications [ 38 ]. 

 Moreover, biochemical processes can occur at low temperatures, as a result 
of the high specifi city of biocatalysts. Thus, a synthetic method containing one or 
more biological steps would cause the energy saving and lesser environmental 
impacts, compared to conventional techniques. In order to optimize safer nanopar-
ticle fabrication, it is popular to use bio-based techniques minimizing the dangerous 
forms of material production. Using examples from nature, the fact that living 
organisms create inorganic materials during bio-guided routes should be adopted as 
an advanced approach to nanomaterials assembly [ 39 ]. Typically, biomineralization 
methods develop biomolecular models, which relate to nano-scaled inorganic mate-
rials, leading to very competent and controlled syntheses. The structures of these 
materials are well controlled at both nano- and macro-scale levels, allowing the 
design of multifunctional behaviors. Simpler organisms including bacteria, algae, 
and fungi, have developed plans for biominerals production throughout 100 millions 
of years of advancement. The objective of templating biomolecules in the mineral-
ization process is to present an artifi cial microenvironment in which the inorganic 
phase morphology is fi rmly controlled by a range of low-range interactions. 

 Nature has devised a variety of progressions for the creation of nano- and micro- 
scaled inorganic materials, contributing to the improvement of fairly innovative 
(Fig.  7.1 ) and mostly unexplored research areas in regard to the biosynthesis of 
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nanomaterials [ 9 ,  40 ]. Biosynthesis of nanoparticles is a category of bottom-up 
methods in which the foremost chemical reaction is reduction and oxidation. 
Antioxidant and reducing agents in microbial enzymes or plant phytochemicals are 
typically considered for reducing metal constituents into nanoparticles [ 41 ].  

7.5.1     Microbial Synthesis of Nanoparticles 

 The microbial synthesis of nanoparticles is considered as a green chemistry method 
that correlates between nanoscience and microbial biotechnology. Biosynthesis of 
Au, Ag, Au–Ag alloy, Se, Pt, Pd, SiO 2 , TiO 2 , ZrO 2 , quantum dots, magnetite, and 
uraninite nanoparticles using bacteria, fungi, yeasts, viruses, and actinomycetes 
have been reported. However, biological nanoparticles, in spite of stability, are not 
monodispersed and their synthesis rate is time-consuming. To conquer these crises, 
numerous factors including microbial cultivation techniques and extraction methods 
are useful, where combinatorial approaches, for example photobiological methods, 
may be utilized. Cellular, biochemical, and molecular mechanisms that contribute 
to the preparation of biological nanoparticles need to be assessed in depth to enhance 
the production rate and to improve nanoparticle properties. 

  Fig. 7.1    A schematic representation of bio-inspired green synthesis of nanomaterials. Reprinted 
from ref. [ 9 ] with permission by Elsevier       
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 Due to the rich biodiversity of microbes, they as biological materials for nanoparticle 
production are still up for investigation investigated. Investigating natural secrets 
for the production of nanoparticles by microbes is considered as strong eco- friendly 
green nanofactories. The synthesis of nanoparticles using microbial techniques has 
appeared as a talented research area in the nanobiotechnology fi eld, which intercon-
nects biotechnology and nanotechnology [ 6 ]. 

 The chemical detoxifi cation and ion effl ux from cells by membrane proteins 
may be the main reason for the resistance of the majority of toxic heavy metals 
to microbes. The solubility alteration may be another reason for the microbial resis-
tance. Hence, microbial systems are able to detoxify metal ions by reduction and 
deposition processes. Additionally, the inorganic toxic ions convert to metal nontoxic 
nanoclusters [ 6 ]. Microbial detoxifi cation may be prepared by extracellular biominer-
alization, complexation, biosorption, precipitation, or intracellular bioaccumulation. 

 Extracellular synthesis of metal nanoparticles possesses further commercial uses 
in different fi elds. Since polydispersity is the main issue, it is essential to consider 
the optimization parameters for monodispersity in a biological process [ 42 ]. Regar-
ding the intracellular approach, the accumulated particles have specifi c sizes with a 
lesser amount of polydispersity. However, further steps including ultrasound pro-
cesses or reactions with appropriate detergents are needed for intracellularly synthe-
sized nanoparticles. This may be employed in the recovery of expensive metals 
from wastes and leachates. Moreover, bio-matrix metal nanoparticles as catalysts in 
chemical reactions will aid to maintain nanoparticles for permanent applications 
in bioreactors [ 43 ]. Microbial production of metal nanoparticles is related to the 
localization of cell reductive constituents. Once reductive enzymes in cell walls or 
secreted enzymes are engaged in the reduction of metal ions, it is clear to get metal 
nanoparticles extracellularly. Compared to intracellular approaches, extracellular 
synthesis has been found to have wide applications in electronics and bio imaging.  

7.5.2     Biosynthesis of Nanoparticles by Bacteria 

 Bacteria play a vital role in biogeochemical cycling and metal mineral creations in 
surface [ 44 ]. Employing microbial cells for the synthesis of nanosized materials is 
accounted as a new advancement for the production of metal nanoparticles. While 
attempts for the biosynthesis of nanomaterials are being currently made, relations 
between microorganisms and metals have been well reported and the capacity 
of microorganisms to extract metals is applied in commercial biotechnological 
approaches including bioleaching and bioremediation [ 45 ]. 

 Bacteria usually synthesize inorganic materials, using intracellular or extracel-
lular mechanisms. Microorganisms are regarded as a possible biofactory for the 
manufacturing of nanoparticles like Au, Ag and CdS. As known bacteria, prokary-
otic  Escherichia coli ,  Pseudomonas stutzeri ,  Pseudomonas aeruginosa ,  Plectonema 
boryanum ,     Salmonella typhi ,  Staphylococcus currens ,  Vibrio cholerae  have attracted 
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much attention for the synthesis of metallic nanoparticles through extracellular and 
intracellular processes [ 46 ]. Moreover, some bacteria for the production of inor-
ganic nanoparticles have been recognized, such as magnetotactic bacteria which are 
employed for magnetic nanoparticles and S-layer bacteria for producing gypsum 
and calcium carbonate layers [ 47 ]. 

 A number of microorganisms are able to live and grow at the high concentrations 
of metal ions, owing to their resistance to the metal. The mechanisms involve: effl ux 
systems, solubility alteration and toxicity, bioaccumulation, biosorption, an extra-
cellular complex at the precipitation of metals and the lack of particular metal trans-
port systems [ 48 ]. 

 Recently, bacterial activity has been used in the precipitation of mineral ores. 
For Fe- and Mn-oxide precipitation processes, Pedomicrobium-like budding bacte-
ria in an Alaskan placer has previously been utilized; also, it has recently been 
employed to synthesize Au [ 1 ,  16 ].  Bacillus subtilis  168 reduces water-soluble Au +3  
ions to Au 0 , synthesizing octahedral structures in the cell walls with the size of 
around 5–25 nm [ 49 ]. Also, the bioreduction of chloroauric acid to Au 0  nanoparti-
cles by means of  Escherichia coli  DH5α has been recently reported [ 50 ]. The produ-
ced nanoparticles on the surface of cells were mainly sphere-shaped with a few 
other features of triangles and hexagonals. These cell-bound nanoparticles have been 
 recognized as a suitable choice in describing the electrochemistry of hemoglobin 
and proteins [ 50 ]. 

 As a typical instance, Fig.  7.2  indicates a dark-fi eld TEM photomicrograph 
of S-algae cells accompanied by Pt nanoparticles deposited in a periplasmic space. 
At the ambient temperature and neutral pH, S-algae were placed anaerobically in a 
H 2 PtCl 6  solution. In the existence of lactate as the electron donor, PtCl 6  −2  ions were 
converted to 5 nm Pt nanoparticles within 1 h [ 51 ].   

  Fig. 7.2    Dark-fi eld TEM 
image of S-algae cells with 
platinum nanoparticles 
deposited in the periplasmic 
space. Reprinted from 
ref. [ 51 ] with permission 
by Elsevier       
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7.5.3     Biosynthesis of Nanoparticles by Fungi 

 The production of fungal-mediated metal nanoparticles is a quite modern research 
area. Fungi have been considerably employed for the biosynthesis of nanoparticles, 
where the mechanistic characteristics governing the nanoparticle synthesis have 
been considered for a small number of them. Nanoparticles with monodispersity 
and appropriate dimensions may be achieved using fungi. Fungi could be utilized as 
a source for the synthesis of a huge quantity of nanoparticles against bacteria, since 
fungi produce the higher amounts of proteins leading to higher nanoparticle prod-
uction [ 40 ]. As an Ascomycetes class of fungi, yeast has presented an excellent 
ability for nanoparticle production. Fungi are more favorable in comparison to other 
microorganisms, plants, and bacteria in regard to easier handling, simpler fabrica-
tion ability, withstanding fl ow pressure and agitation in bioreactors. 

 Nowadays, fungi such as  Colletotrichum  sp. [ 52 ],  Fusarium oxysporum  [ 53 ], 
 Trichothecium  sp.,  Trichoderma asperellum ,  T. viride  [ 54 ],  Phanerochaete chrysospo-
rium  [ 55 ],  F. solani  USM 3799 [ 56 ],  A. fumigatus  [ 57 ],  F. semitectum  [ 56 ],  Aspergillus 
niger  [ 58 ],  Coriolus versicolor  [ 59 ],  Phoma glomerata  [ 60 ],  Penicillium brevicom-
pactum  [ 61 ], and  Penicillium fellutanum  [ 62 ] are used for producing nanoparticles. 
For example, Au nanoparticles have been intracellularly produced by the  Verticillium 
luteoalbum  fungus [ 40 ]. The production rate and the size of nanoparticles can be 
 controlled by adjusting pH, temperature, concentration of Au, and incubation time. 
A biological process with this ability to rigorously control the particle shape would be 
a signifi cant benefi t. 

 The extracellular secretions of reductive proteins can be simply handled in 
downstream processing. In addition, given that the nanoparticles form at the outer 
layer of the cells and unneeded cellular constituents are avoided, it can be directly 
employed in different applications. The nanoparticles formed by the extracellularly 
reduced approaches is larger than those formed within microorganisms. Thus, the 
size limit could have been corresponded to the nucleation of particles inside the 
organisms [ 6 ]. 

 Mukherjee et al. [ 63 ] focused on the use of eukaryotic microorganisms in 
the biological production of Au nanoparticles using  Verticillium  sp. (AAT-TS-4). 
According to this research, the Au nanoparticles of about 20 nm in size, well-defi ned 
dimensions and good dispersity were reported on the surface of the cytoplasmic 
membrane of fungal mycelium. TEM analyses indicated ultrathin sections of fungal 
mycelia, with nanoparticles of triangles and hexagonal morphologies on the cell 
walls and of quasi-hexagonal morphologies on the cytoplasmic membrane.  Tricho-
thecium  sp. was also used to synthesize Au nanoparticles intracellularly [ 64 ]. 

 The synthesis of nanoparticles in cell outer layers (extracellularly) has many 
usages, since it evades adjoining cellular constituents from the cell. Typically, fungi 
are considered as organisms that synthesize nanoparticles extracellularly, due to their 
vast range of secretory components, which involve in decreasing particle size and    cap-
ping of nanoparticles. Shankar et al. [ 52 ] found an endophytic fungus,  Colletotrichum  
sp. isolated from the leaves of geranium plants ( Pelargonium graveolens ), which 
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quickly reduced Au ions to zero-valent Au nanoparticles with a polydispersed spherical 
morphology. These Au nanoparticles had a combination of disk and rod-like struc-
tures. Glutathiones as the capping agents of Au nanoparticles bind with free amine 
groups or cysteine residues [ 65 ]. 

 As one of the classifi cations of prokaryotes, Actinomycetes have main characteris-
tics of fungi. Additionally, a new extremophilic actinomycete,  Thermomonospora  sp. 
was found to produce extracellular monodispersed Au nanoparticles. These synthesized 
Au nanoparticles had a spherical morphology with a size of around 8 nm [ 66 ].  

7.5.4     Virus-Mediated Biosynthesis of Nanoparticles 

 A few biomolecules similar to amino acids, fatty acids, and polyphates are utilized 
for the synthesis of semiconductor nanostructures. Especially, through a change in 
the ratio of fatty acids, various shapes of CdSe, CdTe, and CdS nanocrystals can be 
obtained [ 67 ]. Moreover, there exists other biological materials for the environ-
ment-friendly production of inorganic materials such as DNA [ 68 ], protein cages [ 69 ], 
viroid capsules [ 70 ], biolipid cylinders [ 71 ], bacterial rapidosomes [ 72 ], multicel-
lular superstructures [ 73 ] and S-layers [ 74 ]. By using glutamate and aspartate on the 
outer layer of virus, tobacco mosaic virus (TMV) has been utilized to produce iron 
oxides by hydrolysis, co-crystallization of CdS and PbS, and the sol–gel synthesis 
of silica [ 75 ]. For the synthesis of quantum dot nanowires, the self- assembled viral 
capsid of genetically engineered viruses was exploited as biological templates. 

 A7 and J140 peptides with the capability of ZnS and CdS nanocrystal nucleation 
were expressed as pVIII proteins into the crystalline capsid of viruses. ZnS nano-
crystals were assembled on the viral capsid with a size of about 5 nm and hexagonal 
wurtzite morphology, and CdS nanowires were assembled with a size of 3–5 nm. 
Hybrid nanowires including ZnS and CdS were obtained with a dual peptide virus 
engineered to express A7 and J140 within the same viral capsid [ 76 ,  77 ] (Fig.  7.3 ).   

7.5.5     Biosynthesis of Metal Nanoparticles by Terrestrial 
Phototrophic Eukaryotes (Plants) 

 Since phototrophs are sustainable supplies, they may be utilized mostly in the green 
synthesis of nanoparticles. In this regard, the green chemistry method is an alternate 
method for producing biocompatible nanoparticles with chemical synthesis, which is 
the most recent doable route of linking material science and biotechnology in the fi eld 
of nanobiotechnology [ 5 ]. Nanobiotechnology has more benefi ts compared to usual 
techniques, because of the availability of more constituents by biological bodies for the 
formation of nanostructures. The rich biodiversity of such biological  bodies needs to be 
studied for the production of bionanomaterials. Molecular cloning and engineering of 
genes encoding particular enzymes, that facilitate the bioreduction of metals, are inves-
tigated to help the simplistic manufacturing of nanomaterials [ 5 ]. 
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 Until today, different phototrophic eukaryotes including plants, microbes (diatoms), 
algae, and heterotrophic human cell lines and some biocompatible agents, which are 
considered as effective environment-friendly green nanofactories, have been nota-
bly employed for the synthesis of different inorganic nanoparticles. Phototrophic 
eukaryotes including plants, algae, diatoms and heterotrophic human cell lines and 
other biocompatible agents have been expressed to produce green nanoparticles 
such as Co, Cu, Ag, Au, SiO 2 , Pd, Pt, Ir, bimetallic alloys, magnetite, and quantum 
dots. Due to their variety and sustainability, applying phototrophic, heterotrophic 
eukaryotes and biocompatible agents for the development of nanomaterials is still 
to be entirely investigated [ 5 ]. 

 In the past, only prokaryotes had been used for the biosorption and bioreduction 
of insoluble toxic metal ions to soluble nontoxic metal salts or valency changes. 
However, it was understood that highly developed organisms such as plants, algae, 
diatoms, human cells and other components of eukaryotes have the ability to reduce 
metal ions to metal nanoparticles. Eukaryotes give further information in their 
genetic material to encode a variety of reducing/stabilizing agents that facilitate the 
production of metal nanoparticles. Phototrophic eukaryotes obtain energy from 
 sunlight, using photosynthesis, and thereby fi x inorganic carbon into organic mate-
rials, while heterotrophic eukaryotes similar to human cells employ organic carbon 
synthesized by other organisms for growth. Terrestrial environments comprise pre-
dominant phototrophs like plants, algae, and diatoms in aquatic environments [ 5 ]. 

 The benefi t of plants for the synthesis of nanoparticles is that they are accessible, 
harmless to handle and have a wide variability of metabolites that help in reduction. 
Some of the plants have been recently explored for their function in the production 
of nanoparticles (Fig.  7.4 ) [ 9 ]. Au nanoparticles with a size variety between 2 and 
20 nm have been produced by live Alfalfa plants [ 78 ]. Moreover, Ag, Co, Ni, Zn, 

  Fig. 7.3    A7-pVIII-engineered viruses related to the synthesis of ZnS nanocrystals. ( a ) The dia-
gram showing A7 peptide expression on pVIII protein upon phage amplifi cation and assembly, 
then the consequent nucleation of ZnS nanocrystals. ( b ) ADF STEM images that show the 
 morphology of ZnS-virus nanowires. Reprinted from ref. [ 77 ] with permission by the National 
Academy of Sciences       
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and Cu nanoparticles have been produced in the live plants of Alfalfa,  Brassica 
juncea  (Indian mustard), and  Helianthus annuus . Some of the plants, for example 
 B. juncea , have been known as hyperaccumulators, synthesizing more concentra-
tions of metal ions, as compared to others [ 79 ].  

 Today, much research has been conducted on the reduction of metal nanopar ticles 
with plants and the particular function of phytochemicals. The main water- soluble 
phytochemicals such as organic acids, fl avones, and quinines which can conduct 
reduction processes. The phytochemicals existing in  Cyprus  sp. (Mesophytes), 
 Bryophyllum  sp. (Xerophytes), and  Hydrilla  sp. (Hydrophytes) were investigated for 
their role in the production of Ag nanoparticles. The Xerophytes consist of emodin 
as an anthraquinone, which could undergo redial tautomerization, resulting in the 
precipitation of Ag nanoparticles. Currently, Au nanoparticles have been produced 
using the extracts of  Magnolia kobus  and  Diospyros kaki  leaf extracts. The infl uence 
of temperature on the synthesis process of nanoparticles was examined, and it was 
reported that at lower temperatures, polydispersed particles with a size of between 
5 and 300 nm was acquired, whilst the formation of smaller spherical particles hap-
pens at higher temperatures [ 80 ]. 

 Although the synthesis of metal ions by using microbes, including fungi and 
bacteria, requires a relatively longer reduction duration, water soluble phytochemi-
cals perform it in a much lesser period. Accordingly, in comparison to the microbes, 

  Fig. 7.4    A schematic representation of plants as a source of green nanosynthesis, its characterization 
and biomedical applications. Reprinted from ref. [ 9 ] with permission by Elsevier       
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the plants are superior selections for the production of nanoparticles. Fahmy et al. [ 81 ] 
pointed out green nanotechnology as an entrance technique for the benefi ciation of 
natural cellulose fi bers. Plant tissue culture routes and downstream processing 
mediate in manufacturing metallic and oxide nanoparticles on a trade scale, once 
matters such as the metabolic status of the plant etc. are correctly addressed. 

 Plants are considered principal photosynthetic autotrophs as the high level and 
food chain manufacturers, with a high biomass production in terrestrial environ-
ments. Plants receive about 75 % of light energy from sun and convert it into the 
chemical energy of glucose. In comparison to prokaryotic microbes which require 
costly techniques for maintaining microbial cultures and downstream processing, 
the plants and their products are regarded as sustainable and renewable resources 
for the production of nanoparticles. Phytomining has been known as an inexpensive 
and eco-friendly approach compared to conventional chemical routes. Phytomining 
employs the plants in order to recover noble metals from ore mines and runoffs. 
Compared to other chemical routes which are less effectual for producing the low 
levels of metals, it is able to synthesize even a very low level of metal accumulated 
in tissues. 

 Nontoxic chelators, such as thiourea, iodide, bromide, thiocyanate, cyanide, and 
thiosulfate, can solubilize metals from ores and mediate a proper uptake by plants. 
Accumulation of metal ions in plants is mostly utilized in phytoremediation which 
has been considered as a cost-effective, environment-friendly, and profi cient method 
for the cleanup of polluted sites [ 82 ]. In phytomining, plants that bioconcentrate 
metal ions into their biomass from a large volume of soil are hunted for, which can 
be harvested and recovered from contaminated sites. In  Berkheya coddii  and 
 Brassica juncea , hyperaccumulation of Au was found with thiocyanate solution as 
the solubilizer, whereas  B. juncea  and chicory hyperaccumulated Au with bromide, 
iodide, cyanide, thiosulfate, or thiocyanate solutions. The solubilizer, cyanide induced 
a higher accumulation of Au in leaves and stems of  B. juncea  and  B. coddii , while 
the accumulation was found to be higher in roots with the addition of thiocyanate. 
As a result of the effect of plant’s internal pH on complexes, the mentioned distinc-
tions in the translocation abilities between cyanide and thiocyanate are observed 
[ 83 ]. Many investigations have been performed in order to eliminate high concen-
trations of Au (III) ions from solutions and soils with different solubilizers. 

 Several metal nanoparticles possess catalytic activities, and in homogeneous 
solutions they are hard to recover after the downstream procedures of chemical 
reactions. Sharma et al. [ 43 ] used the roots and shoots of  Sesbania drummondii  for 
the intracellular synthesis of Au nanoparticles, when grown in sterile aqueous agar 
containing Au ions. The reduction process was believed to be facilitated by the 
existence of secondary metabolites in the cells. TEM results of the root cells indi-
cated the existence of monodispersed nanoparticles with a size of 6–20 nm in organ-
elles and multiple spherical nanoparticles surrounding the cell organelles in the 
cytoplasm. In this regard, for the reduction of industrially toxic pollutants like 
4-nitrophenol, the biomatrixed nanomaterial containing Au nanoparticles was 
employed as the stable catalyst (Fig.  7.5 ).  
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 As previously mentioned, plant biomass is a renewable energy supply attained 
from living or dead plants. These are usually utilized to produce electricity, biofuel, 
biogas, etc. Thus, the use of biomass wastes in the production of nanoparticles is 
of high importance. Commonly, the generation of biomass by phototrophs is cost- 
effective, as it only requires sunlight, water, carbon dioxide, and inorganic salts. 
In the situation of the alarming rise of global warming, the fabrication of plant bio-
mass is a natural bioprocess of carbon sequestration from the air. Alfalfa biomass 
produces Au nanoparticles of ~100 nm and irregular shapes by the reduction of Au 

  Fig. 7.5    ( a ) TEM micrograph of  Sesbania drummondii  root, which shows gold nanoparticles that 
surround organelles (scale marker = 500 nm). ( b ) UV–visible absorption spectra during the succes-
sive reduction of 4-nitrophenolate ions by gold nanoparticle-rich biomatrix. Reprinted from ref. [ 43 ] 
with permission by the American Chemical Society       
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(III) ions in a pH-dependent mode [ 84 ]. Also, Herrera et al. [ 85 ] reported the  binding 
of Ag (I) ions by alfalfa biomass from an aqueous solution in a pH-dependent mode. 

 The existence of different reducing agents including secondary metabolites, pro-
teins, and enzymes is normally involved in the production of metal nanoparticles by 
plant components. In bioaccumulation, the nanoparticle localization is according to 
the attendance of specifi c enzymes or proteins. The recovery of these nanoparticles 
from plant components is time-consuming and costly, and requires enzymes to sur-
round and then degrade cellulosic materials [ 86 ]. Accordingly, the production of 
different metal nanoparticles by plant extracts is simple in downstream and scaling 
up processing of nanoparticles. Most recently, plant extracts are extensively utilized 
as a practical and simplistic approach for the production of metal nanoparticles, 
compared to physical and chemical routes. Geranium plant extracts from stem, leaf, 
and root have been reported for the extracellular synthesis of Au nanoparticles. 
Shankar et al. [ 52 ] reported the biological reduction of Au ions to Au nanoparticles, by 
using geranium leaf broth, with the size of 20–40 nm and multiply twinned particles. 
In the reduction process of Au ions, the ethanol groups of terpenoids are oxidized to 
carbonyl, and an amide (II) band of proteins was involved in stabilizing molecules in 
the formation of nanoparticles. Nanoparticles with a size of around 14 nm and a spher-
ical morphology were formed by geranium stem extracts [ 52 ]. Shankar et al. [ 47 ] 
showed the synthesis of Ag nanoparticles with adding Ag(NO 3 ) to the leaf extract of 
neem after 4 h. Since the redox has lesser ability for the reduction of Ag ions to metal-
lic Ag compared to Au, this process takes a long duration. Ag nanoparticles with a size 
range of 5–35 nm and spherical morphology have been produced using terpenoids in 
the leaf extract, which facilitate the reduction of Ag ions by the oxidation of aldehyde 
groups in molecules to carboxylic acid. 

 Dried powder of alfalfa was also employed in the production of new nanomate-
rials, according to bimetallic particles such as Eu–Au nanoparticles, which has a 
broad application in nuclear medicine and nanophotonics. Europium (Eu) is a 
material with low oxidation resistance and most reactive among rare elements. 
Eu–Au bimetallic nanoparticle with the size range of 2–20 nm was synthesized by 
the reduction of Eu +3  and Au +3  into MTP clusters of Eu 0 /Au 0  at pH = 8.0 [ 87 ]. There 
are some plants which produce several kinds of nanoparticles. For example, the 
leaf extract of  Azadirachta indica  is employed for the production of Au, Ag, and 
Au core–Ag shell nanoparticles. The synthesized Au–Ag core–shell structure had 
a mixture of Ag and Au ions in the ratio of 1:1, with spherical shape and a size of 
50–100 nm [ 47 ]. 

 Platinum group metals (PGMs) are valuable D-block transition metals, which 
have a tendency to come together in mineral deposits having remarkable chemical 
catalytic properties for the transformation of toxic elements and in electronic 
devices. The aqueous extract of the fruit of Gardenia was utilized in the bioreduc-
tion of PdCl 2  to Pd nanoparticles as the catalytic hydrogenation of p-nitrotoluene 
with the size of 3–5 nm and uniform distribution. Antioxidants such as geniposide, 
chlorogenic acid, crocetin, and crocins reduced and stabilized nanoparticles [ 88 ].  
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7.5.6     Biosynthesis of Nanoparticles by Aquatic Phototrophic 
Eukaryotes (Algae) 

 Algae are eukaryotic aquatic oxygenic photoautotrophs, which generate their food 
using sunlight photosynthesis with the production of O 2 . Their photosynthesis 
mechanism has been developed from cyanobacteria via endosymbiosis, which is of 
the main producers in many aquatic environments. Amongst a variety of algae, 
 Chlorella  sp. was found to synthesize different heavy metals such as Cd [ 89 ], U, Cu, 
and Ni [ 90 ].  Chlorella vulgaris  is a single-celled green alga belonging to phylum 
Chlorophyta, and its extracts indicated antitumor performances [ 91 ]. Dried algal 
cells were understood to present a strong binding ability to tetrachloroaurate (III) 
ions in order to produce algal-bound Au, which was afterward reduced to form Au 
(0). Almost 88 % of algal-bound Au reached the metallic state and Au crystals were 
synthesized in the inner and outer layer of the cell surfaces with tetrahedral, icosa-
hedral, and decahedral structures. 

 In this approach, the optimization of parameters such as pH, temperature and 
metal ions (solute) concentration for accelerating the biological accumulation of 
nanoparticles with thin sizes and appropriate shapes is compulsory. Up to now, only 
very few researches have been focused on optimization in biological processes. 
For synthesizing Au nanoparticles with a controlled size and shape, and a hexagonal 
morphology, a 28-kDa “gold shape-directing protein (GSP)” in the extract of green 
alga,  C. vulgaris  has been employed, where with the increase of concentration in 
GSP, Au plates with lateral sizes up to micrometers were accumulated [ 92 ].  

7.5.7     Biosynthesis of Nanoparticles by Aquatic Phototrophic 
Eukaryotes (Diatoms) 

 As the nonmotile and unicellular eukaryotic photosynthetic algae, diatoms are 
encased inside a silica unique cell wall. Diatoms are also a manufacturer of around 
25 % of the world net primary production from solar energy. Diatoms are different 
nanostructures producing organisms, by fi nding the correlation between morpho-
genesis and the diatom genome. Controlling the 3D shape and pattern of diatoms 
leads to the appearance of a new research area called “diatom nanobiotechnology.” 
Marine diatom cells of  Cyclotella meneghiniana ,  Glyphodiscus stellatus ,  Isthmia 
nervosa , and  Roperia tesselata  that create amorphous clear silica glass valves with 
special shapes and sizes in microscale or nanoscale structures have found broad 
applications such as biomedical, electronic, optical, semiconductor  nanolithography, 
sensing, and drug delivery (Fig.  7.6 ) [ 93 ].  

 The heavy metal pollution of water bodies from industries like metal smelting, 
casting, electroplating, and mining waste materials is currently a vital issue. The 
application of microalgae for removing the heavy metals contamination, even at low 
amounts, is more than that of plants, algae, bacteria, and fungi. It is the cost effective 
and environmentally friendly process, and the use of the microalgae that synthesize 
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metal nanoparticles from insoluble heavy metal pollutants which has dual benefi ts 
in the recovery and production of valuable nanoparticles. Similar to a microbial 
biomass, microalgae adsorb confi scate heavy metal ions by the production of phyto-
chelatin [ 94 ]. However, the microalgal biomass synthesis is more costly compared 
to terrestrial plants. 

 Diatoms usually make silica for their cell wall during the biomineralization pro-
cesses, together with particular organic macromolecules including silaffi ns to form 
a complex microscopic confi guration. These silaffi ns that diatoms exploit to direct 
silica precipitation could be utilized in the semiconductor industry. In the same way, 
in diatom,  Coscinodiscus granii  and cationic polypeptides quickly induce the depo-
sition of silica from silicic acid in vitro. Furthermore, adding polyamines produces 
silica by the precipitation of silicic acid. The formed nanostructured materials are 
monodispersed particles of 100–200 nm in size with a spherical morphology. 
Therefore, the research on the components involved in the biosilica of diatoms aids 
to biomimic the natural process and results in the precipitation of complex nano-
structures at ambient conditions and neutral pH [ 95 ].  

7.5.8     Biosynthesis of Nanoparticles by Heterotrophic 
Eukaryotic Cell Lines (Human) 

 Human cells are heterotrophic in nutrition and require to be supplied with energy for 
their survival. Human cancerous and noncancerous cells, mimicking the natural envi-
ronment of cells are able to synthesize some metal nanoparticles in vitro intracellularly. 

  Fig. 7.6    Transmission electron microscopic images of marine centric diatoms and close-ups of 
surface features, courtesy of Mary Ann Tiffany. ( a  and  b )  Glyphodiscus stellatus , ( c  and  d ) 
 Cyclotella meneghiniana , ( e  and  f )  Roperia tesselata , and ( g  and  h )  Isthmia nervosa . Reprinted 
from ref. [ 93 ] with permission by Elsevier       
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By using a tetrachloroaurate solution (1 mM), cancer cells such as SiHa (malignant 
cervical epithelial cells), HeLa (malignant cervical epithelial cells), and SKNSH 
(human neuroblastoma) and non-cancer cells like HEK-293 (nonmalignant human 
embryonic kidney cells) have produced Au nanoparticles with sizes between 20 and 
100 nm. These nanoparticles were produced in the cytoplasm and in the nucleus of the 
cells. The size of these nanoparticles in nucleus was smaller than that of the cytoplas-
mic particles [ 96 ].   

7.6     Applications of Metal Nanoparticles in Medical Biology 

 In the research fi eld of nanomaterials, metal nanoparticles have attracted very much 
interest because of their broad uses in catalysis, electronics, photonics, sensing, envi-
ronmental cleanup, imaging, and drug delivery [ 9 ,  97 ]. The reason why nanoparticles 
are attractive for biomedical applications is due to their distinctive properties including 
high surface-to-mass ratio compared to other particles, their quantum properties and 
their ability to adsorb and bring other compounds such as drugs, probes and protein to 
determined locations. The biological application of metal nanoparticles has indicated 
a fast advancement in the area of labeling, delivery, heating, and sensing. Typically, the 
optical properties of colloidal Au nanoparticles have been employed for new biomedi-
cal applications with an importance on cancer diagnostics and therapeutics [ 9 ]. 

7.6.1     Labeling 

 Metal nanoparticles are used to produce contrast due to their electron absorbing proper-
ties. Au nanoparticles are suitable as a contrasting agent in transmission electron micros-
copy, since they highly absorb electrons. In addition, due to the same size of nanoparticles 
with proteins, they are utilized for bio tagging or labeling [ 98 ]. Au nanoparticles provide 
a very high spatial resolution and so have been applied in some of labeling applications, 
as a result of their small size and functionalizing properties, i.e., with antibodies (immu-
nostaining) [ 99 ]. Furthermore, optical detection methods are extensive in the biological 
fi eld, due to the change in the optical or fl uorescence properties of nanomaterials. 
Correspondingly, the optical properties of particles including strong absorption, scatter-
ing and particularly plasmon resonance, make them valuable for light-based methods 
such as photothermal or photo- acoustic imaging. Moreover, radioactive Au nanoparti-
cles make it applicable for sensitive detection and as an X-ray contrast agent [ 9 ].  

7.6.2     Sensors 

 Metal nanoparticles can be utilized as sensors. The electronic and optical sensing 
properties of biomaterial surfaces is a usual practice in analytical biochemistry. 
Thus, the immobilization of biomolecule–nanoparticle conjugates on the surface 

M. Razavi et al.



227

provides a broad approach for the development of optical or electronic biosensors. 
Metal nanoparticles like Au or Ag indicate plasmon absorbance bands in the visible 
spectral region, which are controlled by the particles size. Their optical behavior 
can be altered by binding to special molecules, allowing the ion detection and quan-
tifi cation of analytes. The absorption properties of Au nanoparticles change consid-
erably when agglomeration occurs. Many researches have been documented on 
bioassay labeling and tissue staining, using metal particles as an approach to observ-
ing biological processes. Espectral shifts which come from agglomerated metal 
nanoparticles, like Au, are considered in the development of biosensors, based on a 
hybrid system being composed of biomolecule and nanoparticles. For example, 
nanoparticles that were functionalized with two types of nucleic acid, which were 
matching to two parts of an analyzed DNA, were hybridized with analyzed DNA, 
resulting in agglomeration of the nanoparticles and in the detection of a red shifted 
interparticle plasmon absorbance of the agglomerated nanoparticle [ 100 ].  

7.6.3     Drug Delivery 

 Nanoparticles have an appropriate prospect in the form of drug therapies [ 101 ]. 
An effective dose of drugs could be reached to a defi nite targeted tissue but engi-
neered to deliver in a planned time period in order to ensure the highest effi ciency 
as well as the patient’s safety. Due to the nontoxicity and nonimmunogenicity and 
functionalization properties, Au nanoparticles are superlative for the preparation of 
scaffolds and vehicles for drug delivery. Aubin-Tam et al. [ 102 ] designed a drug 
delivery system with Au nanoparticles and infrared light which released multiple 
drugs in a controlled fashion, since the different shapes of nanoparticles respond to 
various infrared wavelengths. For example, nanobones and nanocapsules are melted 
at light wavelengths corresponding to 1,100 and 800 nm, respectively. Thus, excita-
tion at a specifi c wavelength can melt specifi c kinds of Au nanorods and release a 
specifi c kind of DNA strand. Brown et al. [ 103 ] also conducted research on Au 
nanoparticles for an improved anticancer property of the active component of oxali-
platin. To do so, naked Au nanoparticles were functionalized with a thiolated 
poly(ethyleneglycol) (PEG) monolayer capped with a carboxylate group, and then 
[Pt(1 R ,2 R diaminocyclohexane)(H 2 O) 2 ] 2 NO 3  was added to the PEG surface to make 
a supramolecular complex with drug molecules. The cytocompatibility, drug uptake, 
and localization in lung epithelial cancer cell line (A549) and colon cancer cell lines 
(HCT116, HCT15, HT29, and RKO) were studied for platinum-tethered nanopar-
ticles. The platinum-tethered nanoparticles presented a signifi cant improvement in 
biocompatibility, compared to oxaliplatinal in all of the mentioned cell lines, and 
an extraordinary ability to infi ltrate the nucleus in the lung cancer cells. The light 
absorbing behavior of Au nanoparticles formulate it appropriate as heat mediating 
objects, where the absorbed light energy is scattered into the particles environment, 
producing a high temperature in their surrounding area. This result may be utilized 
to open polymer microcapsules for drug delivery applications and even destroy 
 cancerous cells. Moreover, nanoparticles are functionalized with antibodies 
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corresponding to cancerous cells. These nanoparticles specifi cally attach to targeting 
cells, which are then killed by hyperthermal therapy. 

 It is worth noting that, for such in vivo purposes, the cell compatibility of the 
nanoparticles might be considered as an issue and should be studied with care. Due 
to biocompatibility of Au nanoparticles and their hyperthermal activity, this mate-
rial has found an extensive application for treating malignant cancerous cells [ 104 ]. 
Recently, Melancon et al. [ 105 ] showed the photothermal infl uence of hollow Au 
nanoshells with the diameter of around 30 nm bound to monoclonal antibody on the 
destruction of cancerous cells. Au nanoshells directed to the epidermal growth fac-
tor receptor (EGFR) and the resulting anti-EGFR-Au indicated a good colloidal 
stability and profi cient photothermal infl uence in the near-infrared region. The irra-
diation of A431 tumor cells treated with anti-EGFR-Au with near-infrared laser led 
to cell death. Au nanoparticles have also been employed to increase the biore-
cognition of anticancer drugs. Dacarbazine [5-(3,3-dimethyl-1-triazeno)imidazole-
4- carboxamide; DTIC] is usually utilized as an anticancer drug. Au nanoparticles 
are negatively charged by PPh3 and the oxidized DTIC is positive charged. 
Therefore, DTIC could be simply assembled onto the surface of Au nanoparticles, 
and the particular interactions between anticancer drug DTIC and DNA or DNA 
bases are facilitated by Au nanoparticles.  

7.6.4     Nanoparticles in Medicine and Dentistry 

 In bone implants, if the surface is left smooth, the body will try to reject it. This is 
due to the fact that the smooth surface will likely cause the production of a fi brous 
tissue, covering the surface of the implant. This fi brous layer in turn reduces the 
contact area between the implant and bone, which may lead to loosening of the 
implant and infl ammation in that area. It was shown that having nano-sized features 
on the surface of the prosthesis could reduce the chances of rejection, in addition to 
stimulating the production of osteoblasts [ 99 ]. 

 Furthermore, in the realm of dentistry, titanium is extensively used, because of 
its high fracture resistance, and ductility. However, it lacks bioactivity, so that it 
does not support cell adhesion and growth. Apatite coatings have been used in the 
past due to their bioactivity and ability to bond to the bone. However, the thickness 
and nonuniformity of apatite coatings on titanium are considered as limitations. 
Moreover, porous structures are needed to support nutrient transport. Ceramic 
nanoparticles are used to prepare an artifi cial hybrid material which could be placed 
on the tooth surface to improve scratch resistance [ 99 ,  106 ]. 

 Nanoparticles have been also shown to have antimicrobial properties, due to their 
large surface area. Metallic nanoparticles can be used to effectively inhibit growth 
in a number of microorganisms and thereby have numerous applications in medi-
cine and dentistry. Specifi cally, in dental materials, nanoparticles can be used as 
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active antibacterial agents. Secondary caries are found to be the main reason for 
restoration failure and are primarily caused by the invasion of plaque bacteria 
such as  Streptococcus mutans  and  Lactobacillus  in the presence of fermentable 
 carbohydrates. In order to ensure a long-lasting restoration and the possible control 
of oral infections, the use of nanoparticles to make antimicrobial materials should 
be explored [ 107 ].  

7.6.5     Environmental Cleanup as Defense Against 
Environmental Challenges to Medical Biology 

 Although metal nanoparticles are widely being used in various areas, their applica-
tion in environmental biotechnology is still restricted. One of the important envi-
ronmental issues is the pollution of water bodies by various chemicals, because of 
different anthropogenic and industrial wastes. One of the most fascinating use 
of metal nanoparticles is refi nement of drinking water polluted with heavy metals. 
Recent restrictions in the elimination of heavy metals have been aimed to be con-
quered by the adsorption process on metal nanoparticles via the formation of alloys. 
Au and Hg are found in numerous phases including AuHg, Au 3 Hg, and AuHg 3 . The 
relation of Ag nanoparticles with Hg 2+  ions was examined due to the increased abil-
ity of Ag to form alloys in different phases. It was found that the surface plasmon of 
Ag nanoparticles blue shifted with a reduction in intensity, directly after adding 
Hg 2+  ions [ 108 ]. The partial oxidation of Ag nanoparticles to Ag ions is responsible 
for the reduction in intensity, so that the shift is due to the integration of Hg into Ag 
nanoparticles. The potential of Ag nanoparticles to decrease heavy metals can also 
be viewed as a technique for alloy nanoparticles preparation, for example Ag–Hg 
bimetallic nanoparticles. Currently, the colorimetric detection of heavy metals like 
As, Hg, Pb, etc., has also been investigated by using metal nanoparticles. 

 One of the key properties indicated by functionalized metal nanoparticles sur-
faces is the recognition of heavy metals. In this technique, heavy metal biomolecule 
functionalized Au nanoparticles can be used. An instance of this method is the inter-
action of metal ions with nucleotides, whereas Hg 2+  facilitates the thymine–thymine 
base pairs formation [ 109 ]. In related ways, ligands such as (gallic acid (Pb 2+ ), cys-
teine (Hg 2+ , Cu 2+ ), and mercaptoundecanoic acid (Pb 2+ , Cd 2+ , Hg 2+ )) functionalized 
metal nanoparticles have been utilized for identifying particular metal ions, leading 
to the formation of ligand–metal ion complex and the changes in optical proper-
ties at low level concentrations (ppm) [ 110 ]. The removal of pesticides by metal 
nanoparticles is an innovative idea to this research area. Amongst other pollutants, 
the existence of pesticide residue in drinkable water higher than permissible limit is 
of big alarms to public health. This occurs as a result of the discriminate use of 
pesticide, in particular belonging to organophosphorus groups, in agricultural appli-
cations. It is necessary to decrease the amount of pesticide in drinkable water, which 
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is diffi cult to reach by conventional chemical routes, owing to the broad variation of 
their chemical structures. To address the mentioned environmental issues, recent 
research focused on planning techniques based on nanotechnology. Das et al. [ 111 ] 
showed the adsorption of various organophosphorous pesticides on the surface 
of Au nanoparticles. Au nanoparticles produced on the surface of the  R. oryzae  
mycelia in a single set were then employed for the adsorption of different 
  organo phosphorous   pesticides. Following the adsorption of these pesticides, the 
surface morphology obviously changes compared to the unadsorbed nanomaterial, 
as confi rmed with atomic force microscopic photomicrographs.   

7.7     Conclusions 

 Nanomaterials, with typical dimensions in the range of 1–100 nm, are at the leading 
edge of nanoscience and nanotechnology. Recently, nanomaterials, particularly 
metal nanoparticles, have attracted special interest in the diverse fi eld of applied 
science ranging from material science to biotechnology. Moreover, exponentially 
growing attention has been observed in the biological synthesis of nanomaterials. 
The knowledge increase towards green chemistry and biological approaches has 
resulted in the use of eco-friendly techniques for the manufacturing of nontoxic and 
biocompatible nanomaterials. The development of environment-friendly routes in 
the production of material is of signifi cant importance to enlarge their biological 
purposes. Recently, a range of green nanoparticles with defi nite chemical composi-
tions, sizes, and structures have been produced by various techniques, and their 
uses in many cutting-edge technological areas have been examined. Different bio-
logical bodies have been developed in the biosynthetic methods of metal nano-
particles and the use of organisms or constituents that facilitate the synthesis of 
monodispersed metallic nanoparticles. Consequently, the simplistic biosynthesis 
of nanoparticles with controlled dimensions and shapes by using molecular cloning 
and genetic engineering approaches and other photobiological techniques will be a 
marvelous expansion in the nanobiotechnology area. Expediting research on such 
organisms, biocomponents, or parameters will eject such conservative dangerous 
processes. Terrestrial and aquatic phototrophic eukaryotes, heterotrophic eukary-
otes, and  biocompatible agents have enormous capability to create metal nanopar-
ticles. Phototrophic eukaryotes such as plants, algae and diatoms are considered as 
potentially sustainable and renewable biofactories for the production of nanopar-
ticles. Nanomaterials by renewable bioresources and biocompatible agents with 
exceptional physicochemical, optoelectronics, and electronic properties are of 
immense signifi cance for wider purposes in the areas of chemistry, medicine, elec-
tronics, and agriculture.    
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    Chapter 8   
 Nanoparticle Synthesis by Biogenic Approach 

             Sarvesh     Kumar     Srivastava    ,     Chiaki     Ogino    , and     Akihiko     Kondo    

    Abstract     Biological synthesis of nanoparticles has been present in living  organisms 
over the course of evolution to serve a variety of purposes. In this chapter, we 
 discuss the latest trends and application for nanoparticle synthesis via plants, algae, 
yeast, bacteria, fungi, etc. There exists several review articles among others docu-
menting studies about various biogenic sources and associated nanoparticle synthe-
sis; we have rather emphasized on recent research works which probed into novel 
applications of these bio-nanoparticles along with some important historical fi nd-
ings. Also, we have discussed the challenges faced by biogenic methods along with 
possible areas to tweak in order to standardize this synthesis technique. Biogenic 
synthesis of nanoparticles has the potential to provide cost-effective, eco-friendly 
alternative to work as “biological nanofactories”/functionalization method once the 
attention has been shifted to understand the underlying mechanism, its in vitro rep-
lication and obtaining shape/size control over the nanoparticles being synthesized.  

  Keywords     Biosynthesis   •   Bioinspired materials   •   Biogenic synthesis   •   Green 
chemistry   •   Nanoparticles   •   Nanotechnology  

8.1         Introduction 

    In recent years, nanoscience and nanotechnology has made considerable progress 
towards synthesis and characterization of new materials due to their widespread 
application in everyday life. Nanoparticles in particular have revolutionized almost 
all the spheres of our life: catalysis, drug delivery, sensors, paints, surface coatings, 
energy systems, electronics, cosmetics/clothing/accessories, aerospace/defence, 
etc. During the last decade, exhaustive research has been carried out in understand-
ing more about these nanoparticles and their possible applications. 
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 Today, nanoparticles are not only responsible for miniaturization of devices but 
also for the development of several key-enabled technologies which could not have 
been possible without them. As per the National Nanotechnology Initiative, nano-
technology can be defi ned as the manipulation of matter with at least one dimension 
in the size range from 1 to 100 nm or 10 −9  of a metre. This miniaturization allows 
them to exhibit novel and signifi cantly improved physical, chemical, and biologi-
cal properties, phenomena and processes owing to their size. When characteristic 
structural features are intermediate between isolated atoms and bulk materials in 
the range of about 1–100 nm, the objects often display physical attributes substan-
tially different from those displayed by either atoms or bulk materials. The prop-
erties of material changes as their size approaches the nanoscale and as the 
percentage of atoms at the surface of a material becomes signifi cant at the nano-
scale size- dependent properties are observed. These interesting and sometimes 
unexpected properties of nanoparticles (NPs) are therefore largely due to the large 
surface area of the material which governs the contribution made by the small 
bulk of material [ 1 ]. 

 Important behavioural changes are caused not only by continuous modifi cation 
of characteristics with diminishing size but also by the emergence of totally new 
phenomena such as quantum confi nement [ 2 ], a typical example of which is that the 
colour of light emitting from semiconductor nanoparticles depends on their sizes. 

 Generally speaking, the fi rst way is to start with a bulk material and then break 
it into smaller pieces using mechanical, chemical or other form of energy (top-down). 
An opposite approach is to synthesize the material from atomic or molecular spe-
cies via chemical reactions, allowing for the precursor particles to grow in size 
(bottom-up). Then there are functional approaches like Biogenic techniques, which 
seek to develop components of desired functionality without less control on how 
they might be assembled. Last two decades have witnessed rapid increase in environ-
mentally sustainable processes in material development and chemical engineering 
as a result of worldwide problems associated with environmental contamination. 
Nature has been the oldest and largest producer of several nano-structures which are 
not only organized at multiple scales but, in many ways, adapted to the environment [ 3 ]. 
These materials are generally formed in mild conditions like neutral pH, minimal 
temperature control and low reactant concentrations. Furthermore, these processes 
are highly effi cient with the continuous recycling of materials and minimal toxicity 
to surrounding environment. Keeping our discussion limited for nanoparticles only, 
there exists several “natural systems” around us which produce nanoparticles of 
different size and functions: silica shells of diatoms, heavy metal remediation by 
microbes, uptake of mineral and elements by plants, etc. In fact, ever since incep-
tion of life on planet Earth, biological entities have been in constant touch with 
organic/inorganic materials present in the atmosphere (volcanoes, oceans, mineral 
deposits, etc.) resulting in life as we see today. The rise in alchemy resulted in the 
intentional addition of different metals and their salts (e.g. Au, Pb, Cu, Ag, As and 
Hg) to food and plant extracts, which were then “formulated” into medicinal 
potions, potentially yielding complex mixtures of nano-biocomposites [ 4 ]. Some 
of these can still be seen today in form of Roman Chalice, Chichen Itza statue 
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(Mayan blue dye) and several ancient medicinal formulations (like bhasma in 
Ayurveda) [ 5 ]. It is evident that biogenic nanomaterials and its application has 
always been a part of human history albeit not scientifi cally well understood/ana-
lyzed as we can do today and will be righteous to understand the face that despite 
our great advances in synthetic  materials, nature still has plenty to teach us [ 6 ]. 

 Biogenic synthesis of nanomaterials revolves around the philosophy of utilizing 
active compounds present in our nature for synthesizing/imparting novel properties 
which in turn can provide a breakthrough in its application [ 7 ,  8 ]. With the help of 
nature’s molecules, chemical engineers have found ways to create new materials 
that can do everything ranging from bone/tissue regeneration, cancer treatment, 
effi cient chemical catalysis and clean energy production [ 9 ]. This requires identifi -
cation and extraction of active biomolecules which may originate from any living 
system or part of living system with the possibility of creating bio-nano hybrid 
systems [ 10 ]. Also, due to its biological origin, these nanomaterials are generally 
observed to be eco-friendly and non-toxic thereby proving to be excellent material 
for drug delivery [ 11 ] and clean energy [ 12 ]. This subset of bio-nanotechnology can 
be defi ned as a fi eld representing all facets of research at the intersection of biology 
and material science generally following the principles of green chemistry. These 
biogenic materials tend to inherit specifi c chemical/material properties either in 
form of functional activity or passively incorporated as an inert coating/layer or 
scaffolding material. It is important to note that although there exists several physi-
cal and chemical methods to produce monodisperse nanoparticles, they require 
extensive process control including surfactants (for stability) and use of toxic 
chemicals (reductants). Also, the traces of toxic chemicals over the nanoparticle 
surface and non-polar solvents in their synthesis medium limit their application in 
the clinical fi eld. 

 Nanoparticles can be classifi ed into two major categories namely organic and 
inorganic nanoparticles. Carbon nanoparticles/carbonaceous substrates comprises 
for organic nanoparticles. Metal nanoparticles which for the majority of nanoparti-
cle applications as stated above falls under the category of inorganic nanoparticles. 
This chapter is focused on inorganic nanoparticle synthesis by biogenic agents 
including both eukaryotic and prokaryotic sources. With abundant biological 
resources available in the nature in form of plants/phytochemicals, algae, fungi, 
yeast, bacteria, etc., we have emphasized on developing industrially feasible, cost- 
effi cient and environmentally benign processes for nanoparticles synthesis with the 
inherent potential to be developed into biomimetic systems. 

 Although, each biogenic agent has a specifi c reaction mechanism, they essen-
tially work in the same manner where we a “complex broth” results in formation of 
desired nanostructures. Apart from characterization of such nanostructures, empha-
sis should be laid on extraction and analysis of the involved biological (macro)-
molecules in order to use them as templates for the nanomaterial synthesis, better 
described as “biomimetic materials”. Although still in its infancy, some biogenic 
methods have evolved into biomimetic approach giving rise to complex bionanohy-
brid materials, self-assembled functional materials, advanced biomedical applica-
tions, etc. In this chapter, we provide an overview on different classes of biogenic 
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agents that can be used to synthesize a vast array of nanoparticles. It should be noted 
that there have been tremendous developments in the fi eld of biogenic production of 
nanoparticles and their applications over the last decade. Therefore, we have focused 
our discussion on the groundbreaking approaches/applications of these  nanoparticles. 
At the end of this chapter, we have discussed in brief about recent studies showing 
successful transformation of biogenic approach into biomimetic model for nanopar-
ticle synthesis and application. This paradigm shift from using a “broth mixture” to 
pinning the active molecules for a stand-alone assembly is the need and challenge 
for biogenic nanomaterials.  

8.2     Biogenic Synthesis of Nanoparticles 

8.2.1     Bacteria and Yeast 

 As discussed above, the use of biological systems has emerged as a radical technol-
ogy for synthesizing nanoparticles with an aim to control nanoparticle morphology 
and imparting value-added properties. Bacteria have an innate ability to reduce 
metallic ions to their respective metallic nanoparticles functioning as “green” nano-
factories. This reduction mechanism in bacteria is due to their chemical detoxifi ca-
tion acting as a defence [ 13 ] mechanism as well as due to energy-dependent ion 
effl ux from the cell by membrane proteins that function either as ATPase or ion- 
transporters [ 14 ]. In fact, interactions between metals and microbes have been used 
for such biological applications [ 15 ] as biomineralization, bioremediation, biole-
aching and biocorrosion leading to microbial synthesis of nanoparticles. 

 Examples include the formation of magnetic nanoparticles by magnetotactic 
bacteria, synthesis of gold nanoparticles with varying shape and sizes by several 
fungal species, the production of silver nanoparticles within the periplasmic space 
of  Pseudomonas stutzeri , synthesis of nanoscale, semi-conducting CdS crystals in 
the yeast  Schizosaccharomyces pombe,  the formation of palladium nanoparticles 
using sulphate reducing bacteria in the presence of an exogenous electron donor, 
etc. The interest also extends to the synthesis of other nanostructures like nanowires 
and the assembly of nanoparticles using biological templates such as DNA, pro-
teins, S-layers and viruses [ 15 – 17 ]. 

 Bacteria can produce inorganic nanoparticles either intracellularly or extracel-
lularly with a well-defi ned shape and monodispersity. Nanoparticle production by 
microorganisms can be broadly divided into three categories: chemolithotrophy for 
energy production, use of such particles for specialized functions and detoxifi cation 
for survival in toxic environments [ 18 ]. Detoxifi cation of its immediate environ-
ment is vital for bacteria’s survival and to overcome the same, it either reduces the 
ions or form water insoluble complexes by incorporating hydrophobic moieties as a 
defence mechanism [ 19 ]. The exact mechanism of bioreduction however will 
largely depend on the bacterial strain and growth conditions of the reaction mixture. 
Also, bacterial structural diversity in its morphology such as bacillus, coccus, 
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spirillum, fusiform bacilli, star-shaped bacteria [ 20 ] can be utilized for template 
based synthesis as discussed later. It is interesting to note that starting from the ear-
lier reporting of silver nanoparticle (35–45 nm) produced by a silver-resistant strain 
isolated from a silver mine, we have witnessed biomimetic synthesis of silver 
nanoparticles [ 21 ] using silver-binding peptides identifi ed from a combinatorial 
phage display peptide library. Extracellular reductases (NADH-dependent, nitrate- 
dependent, etc.) produced by the microorganisms tends to reduce the silver ions. 
The reductase enzyme gets its electrons from NADH, which is then oxidized to 
NAD+. Also, certain genes have been identifi ed which suggests molecular evidence 
of silver resistance in bacteria [ 22 ]. Silver nanoparticles of the size range of 
10–15 nm [ 23 ] were produced with the dried cells of  Corynebacterium  sp. were 
treated with diamine silver complex. The ionized carboxyl group of amino acid resi-
dues and the amide of peptide chains and some reducing groups, such as aldehyde 
and ketone were the main groups found responsible for trapping [Ag(NH 3 ) 2 ] +  onto 
the cell wall. They were associated with the subsequent bioreduction of the ions to 
nanoparticles. Similarly, gold nanoparticles have been synthesized extensively from 
various biogenic agents. Klaus et al. observed that variation in incubation condi-
tions may lead to different particle sizes [ 24 ]. In another bacteria ( R. capsulate ) 
mediated synthesis of Au NPs, the shape of the gold nanoparticles was found to be 
pH dependent. Gold nanoparticles of size range 10–20 nm were formed at pH 7 
while nanoplates/spherical gold nanoparticles were observed at pH 4 [ 25 ]. In 
another study, Ahmad et al. showed extracellular synthesis of gold nanoparticle by 
an extremophile ( Thermomonospora  sp.) [ 26 ], while Lahr et al. demonstrated 
Surface-Enhanced Raman Spectroscopy (SERS) cellular imaging of intracellularly 
biosynthesized ( Pseudokirchneriella subcapitata ) gold nanoparticles [ 27 ]. Sloick 
et al. presented cowpea chlorotic mottle viral templates for gold nanoparticle syn-
thesis where the viral capsid actively carried out the reduction of AuCl 4  −  by electron 
transfer from surface tyrosine residue [ 28 ]. In another “biogenic to biomimetic” 
transition, Kim et al. published peptide-mediated shape- and size-tunable synthesis 
of gold nanostructures which linked single amino acid change greatly infl uencing 
the size of nanoparticle (~100 nm) being synthesized [ 29 ]. We also demonstrated an 
array of monometallic nanoparticles (Ag, Pd, Fe, Rh, Ni, Ru, Pt, Co and Li) synthe-
sized from  Pseudomonas aeruginosa  SM1 as shown in Fig.  8.1 .  

 This fi rst of its kind study showed room-temperature synthesis of several 
 important catalytically active nanoparticles produced in a very effi cient and low-
cost manner. 

 In another study, we successfully utilized the  E. coli  extracellular matrix in a 
fi xed column reactor for continuous production of Au NPs. Similarly, semiconduc-
tor nanoparticles like that of CdS have been formed by  E. coli  (intracellularly) as 
well as extracellularly by  Rhodopseudomonas palustris  [ 31 ]. Shenton et al. demon-
strated synthesis of cadmium sulphide superlattices (5 nm) using self-assembled 
bacterial S-layers [ 32 ]. Nucleation of the inorganic phase was confi ned to the pores 
between subunits in the S-layers. Platinum nanoparticles (5 nm) has been reportedly 
produced by  S. algae  (in the periplasm) when hexachloroplatinate ions were intro-
duced in presence of lactate as electron donor [ 33 ]. In another study, Riddin et al. 
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demonstrated cell-free, cell-soluble protein extract from a consortium of sulphate- 
reducing bacteria in the biosynthesis of geometric Pt(0) nanoparticles [ 34 ]. 
Similarly, Bharde et al. demonstrated magnetite nanoparticle synthesis by 
 Actinobacter , a nonmagnetotactic bacterium, using iron precursors under aerobic 
conditions [ 35 ]. While earlier studies were very slow (about 1 week) and required 
strictly anaerobic conditions, this study tends to ease the required process control, 
one of the several benefi ts of biogenic synthesis. 

 Apart from monometallic nanoparticles, bacterial have shown unique properties 
for producing an altogether different and complex nanoparticles. Li et al. showed 
in-situ CdS nanoparticles (8 nm) synthesis and via bacterial cellulose (BC) 
 nanofi bers [ 36 ]. In another study, Bao et al. showed biosynthesis of CdTe quantum 
dots using  E. coli  [ 37 ] and yeast cells. In this process, yeast secreted proteins coor-
dinated with Cd 2  +  and Te 2  +  ions forming caps on the surface of the QDs (~3 nm) 
thereby improving the biocompatibility as well as high fl uorescent properties as 
shown in Fig.  8.2  [ 38 ].  

 This work provides a cost-effective green approach to synthesize highly fl uores-
cent biocompatible CdTe QDs with high quantum yield ~33 % at a reaction tem-
perature of 35 °C as compared to high quality CdTe nanocrystals obtained under 
hydrothermal conditions 180 °C [ 39 ], indicating that the biosynthesized CdTe QDs 
area good candidate for bio-imaging. It is worth noting that yeasts can accumulate 

  Fig. 8.1    Room temperature synthesis of ( a ) Ag, ( b ) Pd, ( c ) Fe, ( d ) Rh, ( e ) Ni, ( f ) Ru, ( g ) Pt, ( h ) 
Co, ( i ) Li. Reprinted from ref. [ 30 ] with permission by Springer Science + Business Media B.V.       
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signifi cantly high amounts of toxic metals. This species has developed different 
mechanism to overcome the toxic effects of heavy metals including enzymatic oxi-
dation or reduction, sorption at the cell wall, chelating with extracellular peptides or 
polysaccharides, controlled cell membrane transport of heavy metals towards or 
their active effl ux from the cell. Ability of yeast to produce CdS and PbS has earned 
them the tag of green factories for semi-conductor crystals [ 40 ]. While discussing 
complex nanoparticles, it is worth noting that microbial systems have shown capa-
bility to produce bimetallic nanoparticles as well. Hosseinkhani et al. showed syn-
thesis of bimetallic Pd-Au nanoparticles via  Cupriavidus necator  cells as support 
material [ 41 ]. The synthesis was carried out in two steps where monometallic Pd(0) 
and Au(0) layer was formed on  Cupriavidus necator  cell surface followed by for-
mate assisted reduction of Au(III)/Pd(II) on to the pre-formed core. In another inter-
esting study, Deplance et al. reported a novel biochemical method based on 
sacrifi cial hydrogen strategy to synthesize core/shell Pd@Au NPs as shown in 
Fig.  8.3  [ 42 ]. They utilized the ability of  E. coli  cells supplied with H2 as electron 
donor to precipitate Pd(II) ions from solution followed by the reduction of soluble 
Au(III) over its surface thereby generating characteristic core-shell morphology 
with high catalytic activity in oxidation of benzyl alcohol.  

 In another study by Carmona et al. magneto-optical bacteria were produced 
using probiotic  Lactobacillus fermentum  [ 43 ]. By exploiting metal-reduction prop-
erties (to produce gold nanoparticles) and their capacity to incorporate iron oxide 
nanoparticles at their external surface, they reported living magneto-optical bacteria 
behaving as a magnet at room temperature. Biogenic inorganic NP synthesis has 
several advantages due to their fl exibility in terms of minimal process control, 
benign reaction conditions, minimal by-products and non-toxic nanomaterials. 
Bacteria and yeast in particular are an interesting class to function as green nano- 
factory mainly because while former has high multiplication rate the latter happens 
to be one of the most researched living system. Bacterial cultures can be easily 
scaled up depending upon the strain type and large amounts of required extracellu-
lar proteins/surfactants responsible for certain type of nanomaterial synthesis can be 
extracted at high purity. Similarly, yeast offers an additional advantage to act as a 
host for genetic modifi cations leading to highly specifi c bio-nano hybrids including 

  Fig. 8.2    Confocal image of CdTe QDs ( a ) excited by 488 nm laser ( b ) bright-fi eld image ( c ) over-
laid image. Reprinted from ref. [ 38 ] with permission by Springer Science + Business Media B.V.       
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special function nanoparticles. However, there are several challenges which need to 
be addressed before microbial assisted nanoparticles synthesis can become an 
industrially viable alternative for nanomaterial production. The fi rst and foremost, 
similar to other biogenic agents, nanomaterial synthesis happens by a complex 
 mixture of broth where one or more chemical entities may be responsible for the 
synthesis/functioning of the desired nanomaterial. There exists a plethora of reports 
where “mix n match” approach of utilizing different strain with different metal ion 
solution results in certain type of precipitation/reduction leading to colloidal 
nanoparticle solution. However, not much is being been done in pinning the active 
biomolecules which are responsible for the nanoparticle/nanomaterial synthesis. 
The aim biogenic synthesis should remain the same as with almost all the domains 

  Fig. 8.3     E.coli  mediated 
synthesis of bimetallic Au-Pd 
nanoparticles. ( a ) TEM 
image following sequential 
reduction of Pd (II) and ( b ) 
Au (III) ( c ) EDX mapping of 
two Pd–Au particles showing 
superimposed Au and Pd 
distributions. Reprinted from 
ref. [ 42 ] with permission by 
the Royal Society       

 

S.K. Srivastava et al.



245

of science, i.e. to evolve into a more concrete and standard practice. Further, bacte-
rial synthesis of nanoparticles generally results in coating of extracellular biomole-
cules (resulting in stabilization) over the nanoparticle being synthesized. This may 
not be required for certain specifi c applications along with the probability of 
 initiating step for purifi cation of resulting nanoparticles. Therefore, biogenic 
 chemists should focus on developing “standard operating procedures” which can 
create a benchmark for homogeneity of the process among similar strains and cul-
ture conditions. As of now, production of nanoparticle by microbial strain has been 
established. Therefore, microbial synthesis of nanoparticle needs a little more than 
just synthesis characterization and generic application to combat its existing chal-
lenges. Emphasis should be laid on understanding the biochemical mechanism of 
nanoparticle synthesis via proteomic, genetic or metabolomics analysis. With the 
advent of biomimetic materials and template assisted synthesis of nanomaterials, 
these well- studied and well-developed biogenic systems will play a key-role in the 
future of green processes for nanotechnology. Similarly, there exists a vast plethora 
of bacteria and yeast mediated nanoparticle synthesis as shown in Table  8.1 .

8.2.2        Fungi and Algae 

 Fungi and algae are among the prominent key players for biogenic synthesis of 
nanoparticles. In fact, fungi offer some distinct advantages as compared to other 
biogenic agents in terms of high enzymatic production, ability to scale-up (e.g. thin 
substrate fermentation method) and high tolerance against metals. High 

   Table 8.1    Summary of nanoparticles synthesized by biogenic approach   

 Microbe 
 Nanoparticle type 
and morphology  Reference 

  Escherichia coli   Au (50 nm, circular)  Srivastava et al. [ 44 ] 
  Rhodopseudomonas capsulata   Au nanowires (10–20 nm)  He et al. [ 45 ] 
  Lactobacillus  sp.  Au (20–50 nm, Hexagonal)  Nair et al. [ 46 ] 
  Clostridium thermoaceticum   CdS  Cunningham et al. [ 47 ] 
  Actinobacter  sp.  Magnetite (10–40 nm)  Bharde et al. [ 35 ] 
  Shewanella oneidensis   Uranium (IV) extracellular  Marshall et al. [ 48 ] 
  Desulfovibrio desulfuricans   Pd (~50 nm)  Yong et al. [ 49 ] 
  Klebsiella pneumoniae   Ag (5–30 nm)  Shahverdi et al. [ 50 ] 
  Pseudomonas aeruginosa   Ag (13 nm, spherical)  Ganesh Kumar et al. [ 51 ] 
  Streptomyces  sp.  MnSO 4  and ZnSO 4  

(10–20 nm) 
 Waghmare et al. [ 52 ] 

  Candida glabrata   CdS (200 nm)  Dameron et al. [ 53 ] 
  Pichia jadinii   Au (~100 nm)  Gericke et al. [ 54 ] 
  Yarrowia lipolytica   Au  Agnihotri et al. [ 55 ] 
  Torulopsis sp.   PbS (2–5 nm)  Kowshik et al. [ 56 ] 
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extracellular proteins/enzymes results in high yield of nanoparticles. Mukherjee 
et al. reported biosynthesis of silver nanoparticles (25 ± 12 nm) using  Verticillium  sp 
[ 57 ]. While exposure to fungal biomass in presence of aqueous Ag +  ions solution 
resulted in the intracellular reduction of the metal ions, the cells continued to multi-
ply after biosynthesis of the silver nanoparticles showing high metal resistance. 
This study was important as silver nanoparticles are generally regarded as the 
panache for antimicrobial agent. Similarly, Ahmad et al. reported extracellular syn-
thesis of CdS nanoparticles by  Fusarium oxysporum  via extracellular sulphate 
reductase enzymes [ 58 ]. The enzyme mixture was responsible for the conversion of 
sulphate ions to sulphide ions that subsequently reacted with aqueous Cd 2  +  ions to 
yield highly stable CdS nanoparticles. 

 High extracellular protein yield from fungal systems were also utilized for the 
synthesis of gold nanocrystals with varied morphology including spherical, regular 
nanoplates, spiral nanoplates, nanowalls, lamellar nanoagglomerates, and spherical 
nanoagglomerates via mycelia-free spent medium ( Aspergillus niger ) which were 
found to be temperature and pH dependent [ 59 ]. Similarly, heat treatment of cell- 
free fi ltrate ( T. koningii ) indicated that the presence of aromatic and aliphatic amines 
(Cysteine, Tyrosine, etc.) is responsible for the nanoparticle production and stabili-
zation [ 60 ,  61 ]. This extracellular yield of enzyme/proteins from fungal system with 
its ability to grow on mineral media (metal ions) is a key feature for biogenic syn-
thesis of nanoparticles via fungal strains. A SDS-PAGE study on Au NP synthe-
sized via  Rhizopus oryzae  confi rmed that two proteins of 45 and 42 kDa participate 
in gold reduction, while an 80 kDa protein serves as a capping agent [ 62 ]. This 
“capping agent” property from fungus was also utilized in the synthesis of core- 
shell nanoparticle (silver-protein; 30.5 ± 4.0 nm) synthesis by spent mushroom sub-
strate [ 63 ].  Fusarium oxysporum  provided some interesting results by producing Pt 
NPs (5–30 nm) via “two-cycle two-electron mechanism” for Pt NP formation. 
H 2 PtCl 6  with its octahedral structure was may fi t into the hydrolase active site, and 
then subsequently getting reduced at the surface of the enzyme to form Pt +2 . Next, 
PtCl 2  moves to the hydrophobic channel of the hydrolase active site and is reduced 
at pH 7.5 and 38 °C. This study further reaffi rms the importance of reaction param-
eters like pH and temperature as stated above since H 2 PtCl 6  was unreactive at 
pH 7.5, 38 °C; PtCl 2  was unreactive at pH 9, 65 °C [ 64 ]. Also, a fungal strains of 
 Fusarium  sp. found to produce Au–Ag bimetallic nanoparticles and silica nanopar-
ticles. In another study, magnetite nanoparticles were produced by  Verticillium  sp. 
and subsequent SDS-PAGE analysis suggested cationic 55 kDa protein may be 
responsible for the hydrolysis of the [Fe(CN) 6 ] 3  and [Fe(CN) 6 ] 4  precursors; The 
presence of the 13 kDa protein, which was suggested to be induced by the presence 
of the iron complexes. Therefore, as evident, despite a decade long research of uti-
lizing fungal strains for nanoparticle production and being able to establish some 
key-fi ndings regarding the “extracellular synthesis” route, biogenic synthesis is in 
dire need of identifying the underlying mechanism of such processes. Although a 
few studies reported preliminary SDS-PAGE analysis asserting extracellular pro-
teins responsible for nanoparticle production, it is vital to establish the proteomic/
genetic route of such biogenic studies. Since, biogenic synthesis is an established 
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route of nanomaterial synthesis (as is the case now), a collective effort is needed to 
mimic the underlying molecular machinery so that the same advantages can be 
achieved more “controlled” manner. Also, it should be noted that a majority of fi la-
mentous fungi that have been reported for nanoparticle synthesis are plant and/or 
human pathogen. This makes handling and disposal of the biomass a major 
 inconvenience toward commercialization of the process. Further, lack of proper 
control studies to ascertain the mechanism behind nanoparticle production is a 
major challenge which microbial biogenic synthesis needs to assess [ 60 ,  61 ]. 
Diatoms have been long regarded as a perfect “natural design” with highly effi cient 
metabolism to remove large amounts of carbon dioxide, a major greenhouse gas. 
The very interesting design trait includes their cell wall which is made up entirely 
of glass, i.e. silica or silicon dioxide. The shell of these unicellular organisms are 
ornately patterned with features just tens of nanometers in size. With thousands of 
different species of diatoms, we have virtually a large library of extracellular design 
patterns waiting to be explored and utilized for nano-motors, nano-scale reactors, 
etc. Kröger et al. provided the fi rst of its kind study to utilize polycationic peptides 
from diatom biosilica to direct silica nanosphere formation [ 65 ]. This set of polyca-
tionic peptides better known as silaffi ns were isolated from diatom cell walls and 
were responsible to form a network of silica nanospheres when added to a solution 
of silicic acid within a few seconds. Since, silaffi ns contain covalently modifi ed 
lysine-lysine elements; this not only suggested the role of primary/secondary amines 
for catalytic structure formation but was able to confi rm the underlying mechanism 
within a few years. The study done by Kröger et al. is all the more important since 
it addressed the major issue of biogenic synthesis, i.e. not only to synthesize/char-
acterize the material but to provide in-depth analysis of the underlying mechanism 
in subsequent studies. Among early studies, Torres et al. also reported biosynthesis 
of gold nanoparticles by a single-step room temperature method of aqueous chloro-
aurate ions by brown seaweed ( Fucus spiralis ) [ 66 ]. Similarly, several algal strains 
have been found to produce Au, Ag and Pt NPs. Also, a batch reactor study of 
 Chlorella vulgaris  for silver nanoparticle synthesis in a continuously stirred non-
aerated culture assembly was carried out to produce polydispersed (8–20 nm) Ag 
NPs [ 67 ]. On a slightly different perspective, alginate which is an algal polysaccha-
ride has found application in the synthesis of ferromagnetic nanoparticles as well as 
an effi cient catalyst matrix for oxidation reactions [ 24 ]. In another study, Govindaraju 
et al. investigated interaction of single-cell protein of  Spirulina platensis  for the 
synthesis of Ag, Au and Au core—Ag shell nanoparticles [ 68 ].  

8.2.3     Plant Derived Materials 

 Plants have the tendency (often required as micronutrients and macronutrients) to 
uptake very low levels of metals and accumulate in tissues compared to the chemical 
methods, which is less effective in low levels of metals. It is interesting to note that 
although the biological reduction of metals by plant extracts has been known since 
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the early 1900s, the synthesis of nanoparticles using plant materials has only recently 
been studied within the decade [ 69 ]. The synthesis of metal nanoparticles using 
biological materials has been shown to produce nanoparticles of the same shapes 
and sizes as those produced through chemical or physical methods. An added advan-
tage with using plants as biogenic agent is often their compatibility with living sys-
tems. A recent study by Zhang et al. reported that exosome-like nanoparticles from 
inexpensive, edible plants might be used to make nanovectors to bypass toxicity and 
cost related challenges. The nanoparticles from the juice of grapefruits, grapes and 
tomatoes were undertaken for this study [ 11 ]. However, the current chapter dis-
cusses important plant mediated nanoparticle synthesis strategies and reaction 
parameters required for obtaining desired nanoparticle morphology. In fact, the 
accumulation of metal ions in plants has been largely used in phytoremediation for 
about three decades or so, which has been a low-cost eco-friendly and effi cient envi-
ronmental clean-up technique [ 70 ]. This also resulted in phytomining technique 
where plants were used to extract mineral traces from below the Earth’s surface [ 71 ]. 
In 2002, Gardea-Torresday et al. reported formation and growth of Au NP inside live 
alfalfa plant where they presented the possibility of using live plants for fabrication 
of nanoparticles. As claimed in this report, this indeed opened up a new and exciting 
method to fabricate nanoparticles with successive contribution for the now emerging 
fi eld of nanobiotechnology. With nanoanalytical instruments and imaging coming 
into focus, subsequent years reported several reports of nanocrystalline metal in 
plants suggesting plant phytochemicals has not only the potential to reduce but also 
to stabilize the resulting nanoparticles [ 72 ]. Marshall et al. utilized  B. juncea  to 
report accumulation of metallic gold as nanoparticles (5–50 nm) [ 73 ]. Similarly, 
among earlier studies, Gardea-Torresdey et al. reported silver nanoparticles synthe-
sis in alfalfa seedlings [ 74 ]. They reported that when seedlings were grown under 
aseptic conditions in a basal medium containing silver nitrate, silver(I) ions were 
reduced and accumulated as Ag(0) nanoparticles at physiological pH (5.8) both in 
roots and shoots. However, as expected from other biogenic agents, extracellular 
nanoparticle synthesis is what we are looking for. One major advantage of using 
plant extracts as biogenic agent for nanoparticle synthesis is that in comparison to 
microorganisms, the phytosynthesis method does not require complex processes 
like microbial isolation, culturing, maintenance, etc., thereby making it an ideal 
choice for cost-effective bulk production of nanoparticles. Also, there have been 
studies claiming that that the rate of nanoparticle synthesis is faster and more stable 
using plants as compared to microbes [ 75 ]. Shankar et al. reported formation of gold 
nanotriangles by lemongrass leaf extract [ 76 ]. They reported that the nanotriangles 
seem to grow by a process involving rapid reduction, assembly and room-tempera-
ture sintering of “liquid-like” spherical gold nanoparticles. In addition, leaf extracts 
of several plants including lemongrass, neem, tamarind, geranium,  Aloe vera , and 
 Capsicum annuum  have been reported to demonstrated their potential in formation 
of Au and Ag nanoparticles [ 77 ] In another study, Gangula et al. reported synthesis 
of Gold (Au) and Silver (Ag) nanoparticles (NPs) from the stem extract of  Breynia 
rhamnoides  [ 78 ]. The phenolic glycosides and reducing sugars present in the extract 
were reported to be responsible for the rapid reduction rates of Au 3+  ions to AuNPs. 
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 Similarly, Huang et al. reported Au NP formation from the sun-dried leaves of 
 Cinnamomum camphora  [ 79 ]. Song et al. claimed fi rst report of Pt nanoparticles 
using the leaf extract of  Diospyros kaki  from aqueous H 2 PtCl 6  · 6H 2 O solution [ 80 ]. 
This study also highlighted the fact that biogenic nanoparticle synthesis may not 
necessarily be an enzyme dependent process. Likewise, syntheses of platinum and 
palladium nanoparticles have been reported using extracts of several different plant 
species [ 81 ,  82 ]. Jia et al. reported formation of Pd nanocatalyst for p-Nitrotoluene 
hydrogenation with  Gardenia jasminoides  stating 100 % conversion effi ciency 
under specifi ed reaction conditions [ 83 ]. This study highlighted that geniposide, 
chlorogenic acid, crocins and crocetin played an important part in reduction and 
stabilization of Pd nanoparticles (temperature dependent). Coccia et al. also reported 
one-pot synthesis of platinum and palladium nanoparticles using lignin isolated 
from red pine ( Pinus resinosa ) [ 84 ]. Likewise, bimetallic nanoparticles have also 
been synthesized using plant extracts. Lu et al. reported Ag − Pd alloy nanoparticles 
(NPs) using the aqueous extract of  Cacumen platycladi  leaves and its application as 
a catalyst for hydrogenation of 1,3-butadiene [ 85 ]. The results reported that biomol-
ecules including saccharides, polyphenols, or carbonyl compounds were involved in 
the reduction process with (NH)C = O groups were responsible for the stabilization 
of the NPs. Similarly, Zhang et al. reported synthesis of bimetallic Au-Pd nanopar-
ticles (~7 nm) with  Cacumen platycladi  leaf extract in aqueous environment [ 86 ]. 
Preliminary investigation suggested C = O and C-O groups in the plant extract 
responsible for capping the nanoparticles. Similarly, bimetallic nanoparticle synthe-
sis of Au-Ag nanoparticles have been reported using dried leaf extract of  Anacardium 
occidentale  where water soluble biomolecules like polyols and proteins were sug-
gested to be responsible for the bio-reduction [ 87 ]. In another study, Patel et al. 
demonstrated high-performance nanothermite composites derived from super- 
reactive CuO nanorods oxidizers fabricated by simple biogenic routes using  Aloe 
vera  plant extracts [ 88 ]. 

 Recently, Nolasco-Arizmendi et al. reported silk–gold nanocomposite fabric by 
reduction of gold ions using aqueous extract of grapefruit pulp ( Citrus paradisi ) 
suggesting potential in development of functional fi bres/fabrics using plant medi-
ated biogenic method [ 89 ]. Carbohydrates and organic acids, present in  C. paradisi  
were believed to be responsible for the formation of nanoparticles [ 89 ]. Also, Hang 
et al. reported bimetallic Au–Pd/TiO 2  catalysts for solvent-free oxidation of benzyl 
alcohol (BzOH) to benzaldehyde (BzH) with  Cacumen platycladi  ( CP ) extract [ 90 ]. 
With high BzOH conversion (~78 %) and selectivity (~96 %), recycling tests 
showed that even after seven recycles, the catalyst still remained suggesting excel-
lent durability and reusability leading towards industrial application [ 90 ]. 

 Although with tremendous development shown towards plant mediated synthe-
sis of inorganic nanoparticles, among prime challenges, it is important to under-
stand the underlying mechanism and functional biomolecules involved for its 
subsequent developmental stage of biomimetic nanomaterial synthesis. Several 
researchers have reported that larger nanoparticles are formed at lower pH (2–4) 
while smaller nanoparticles are formed as the pH level increases [ 82 ,  83 ]. This was 
presumed as at low pH (pH 2 in case of Au NPs) they tend to aggregate to form 
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larger nanoparticles rather than to nucleate and form new nanoparticles. In contrast, 
at pH 3 and 4, a greater number of functional groups (carbonyl and hydroxyl) are 
available to act as nucleation sites, thereby producing nanoparticles of relatively 
small size. Similarly, it was reported that nanoparticles are formed at a higher rate 
with increase in temperatures. Grecke and Pinches observed that Au nanorods and 
platelets were synthesized at higher temperatures, while spherical-shaped nanopar-
ticles were formed at lower temperatures [ 91 ]. This is understandable as with 
increase in temperature, the rate of reaction also increases, thereby enhancing the 
synthesis of nanoparticles [ 92 ,  93 ]. 

 However, as evident from plant being used as biogenic agents, there exists no 
core proof underlining the reaction mechanism with purifi ed active compound and 
the assessment of its catalytic binding site. This is detrimental for the growth of 
plants as biogenic agents since numerous plant extracts were randomly used to 
make metallic nanoparticles (Au and Ag due to their ease in synthesis and SPR 
related preliminary observation). Chemical groups including fl avonoids, terpenoids, 
primary/secondary amines, polysaccharides, carbonyl and sulfhydryl groups, etc. 
have all been reported for NP synthesis. In absence of any process control, plant 
biogenic synthesis needs standardized protocols where the focus should shift from 
mere chemical groups (as provided from FTIR study) to actual extraction, purifi ca-
tion and assessment of phytoactive chemicals. Very recently, a number of reports 
have been published on the synthesis of noble metal nanoparticles from plants with 
possible mechanism studies [ 94 – 96 ].   

8.3     Challenges for Biogenic Synthesis of Nanoparticles 

 Similar to any other nascent technology, biogenic synthesis of nanomaterials (or 
nanoparticles in particular) has several challenges which it needs to address before 
being considered as a viable alternative for industrial production of nanomaterials/
nanoparticles. In this concluding section, our aim is highlight some key-challenges 
which need to be addressed for biogenic synthesis being evolved into biomimetic 
synthesis. It is interesting to note that although a plethora of scientifi c articles have 
been published in fi eld of biogenic synthesis of nanoparticles within a decade, 
the challenges being highlighted here remains as important as they were before and 
for the future. 

8.3.1     Protocol Designing: Stringent Control Setup 

 The fi rst and foremost caution for biogenic synthesis is the designing of synthesis 
experiment. In a very recent article, Liu et al. showed synthesis of nanoparticles (Au) 
and reduced graphene oxide by using chemically defi ned microbe culture media 
alone, without the involvement of microbes [ 97 ]. These studies in one go highlighted 
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what many studies may have claimed in the past to be achieved microbiologically, 
could have been a mere control error. As this paper correctly points out that “using 
this article to alert researchers in the microbial nanosynthesis fi eld to carefully design 
control experiments to avoid the misunderstanding of the microbial synthesis mecha-
nisms and realize the implementation of complete green methods to fabricate techno-
logically important nanomaterials.” This is indeed an important issue which needs to 
be addressed systematically and providing video evidence (with time-lapsed study) 
to prove only the sought biogenic agent is being active is very important.  

8.3.2     Putting Emphasis on Reaction Kinetics and Process 
Control: Understanding Reaction Mechanism 

 As of now, it is an established fact that biogenic agents can be used to produce 
metallic nanoparticles. As highlighted throughout this chapter, several eukaryotic 
and prokaryotic organisms have been utilized to synthesize an array of nanoparti-
cles. Therefore, upcoming studies must focus on standardizing the protocol, under-
standing of reaction mechanism and controlling the morphology of nanoparticles in 
liquid media. The overexploitation of biogenic agents merely to report the synthesis 
aspect should be accompanied by the factors controlling the study. This can be bet-
ter understood by the fact that as of now several plants/bacteria has been identifi ed 
to produce nanoparticles while exact mechanism still largely remains elusive or 
rather process dependent. Although, utilizing a dozen different species to catalogue 
the nanoparticles being produced makes sense provided each of it undergoes to 
establish the rigorous process parameters for a more comprehensive and new set of 
information. Too often reports have been published where nanoparticle synthesis 
has been reported by a biogenic agent with the change of strain, part of the plant, 
culture condition, etc. This can be the initial foundation of the study but then needs 
greater information to be built upon before scientifi c community can transform such 
studies into more accurate biomimetic platforms. This can be better understood by 
the fact that recently Bhaduri et al. claimed Ag NP synthesis by sunlight [ 98 ]. 
Similarly, Kim et al. showed sunlight based synthesis of gold nanoparticles [ 99 ]. 

 Therefore, what we see here is some studies which claim to achieve the nanopar-
ticle synthesis just like biogenic agents with no requirement of laborious microor-
ganism screening, plant culturing/Soxhlet extraction, cultivating and complex 
downstream separation processing can be eliminated. Our intention here is to high-
light the importance that merely changing the biogenic substrate (knowing well that 
they are indeed capable of producing nanoparticles) and subsequent characteriza-
tion of nanoparticles may not be suffi cient considering the sheer amount of publica-
tions within the last decade. We need to address the underlying mechanism by 
carrying out proteomic and metabolomics studies as and when required. In place of 
multiple publications by utilizing different biogenic agents to produce Au/Ag or any 
nanoparticles, emphasis should be laid on advancing the already established bio-
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genic agents with greater process control so that they can be mimicked into the lab 
for real applications. Although we have cited several biomimetic studies in this 
chapter, a good example at this point will be liposomes which are composed of lipid 
membranes just like cell-membrane with the ability to control the reaction kinetics 
at nano/micro scale [ 100 ]. While the fi rst part of the issue is scientifi c where there 
is need to study the underlying mechanism, the latter is more ethical where the 
“quality and impact” of a study is considered into account.  

8.3.3     Importance of the “Choice of Characterization” Studies 

 “There is no doubt that SPR from Au NPs can serve as the preliminary indicator for 
Au NP synthesis. However, as of now, where ample of studies has been done indi-
cating the same, there is need to dwell deeper and extract more meaningful informa-
tion like reaction kinetics or time-dependent stability of nanoparticles etc.” The 
above statement highlights another important challenge for biogenic nanoparticle 
synthesis, i.e. the need to set a higher benchmark when it comes to characterization 
of nanomaterials. Another example of it can be TEM images where several biogenic 
synthesis studies claimed the nanoparticles to be “highly monodispersed” but did 
not provided a bell-graph study confi rming the same. Obtaining highly monodis-
perse nanoparticles is a challenge for biogenic systems since there are several 
parameters acting upon. Studies done by Bastús et al. [ 101 ] and Perrault et al. [ 102 ] 
can be used as a benchmark while reporting reaction process dependent nanoparti-
cle morphology and associated kinetics. Another key-feature as we have seen across 
most of the biogenic studies is the inclusion of FT-IR data generally confi rming 
some active chemical groups (primary amines, secondary amines, thiols, etc.) which 
may be responsible for the chemical reaction. This needs to be further confi rmed 
and complemented by more conclusive analytical studies including SDS-PAGE fol-
lowed by 2D-PAGE and if possible, protein sequencing. This is important because 
as of now, it is already established that almost all sorts of active proteins in aqueous 
condition have the capacity to produce nanoparticles (especially Au NPs because of 
its low reduction potential). Therefore, there is an urgent need to raise the necessary 
scientifi c evidence from mere detection to its “extraction-purifi cation and subse-
quent characterization” so that biogenic synthesis can match pace with the ever- 
growing need of biomimetic materials. Another important point is utilization of 
EDX data while confi rming reduction taking place. It should be noted that EDX can 
detect the element even if it is present in its compound (salt) form and may not nec-
essarily means reduction taking place or associated quantitative changes. Therefore, 
it is important to utilize XPS among others which given an edge over (EDX and 
FT-IR) by providing information about the chemical state of all the elements 
involved in the reaction.      
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    Chapter 9   
 Green Synthesis of Metal Nanoparticles 
by Plants: Current Trends and Challenges 

             Luciano     Paulino     Silva     ,     Ivy     Garcez     Reis    , and     Cínthia     Caetano     Bonatto   

    Abstract     Metal nanoparticles (MNPs) have been widely used in a range of recent 
scientifi c and technological applications. They can be produced by conventional 
chemical synthesis or green synthesis methods. Green synthesis consists of a myr-
iad of promising approaches for the production of MNPs with desired properties. 
Plants represent the most explored group of living organisms for the green synthesis 
of MNPs, and to date, hundreds of species have been used. However, several factors 
that should be taken into account when performing green synthesis of MNPs remain 
underestimated or unexplored. This chapter does not focus on any specifi c plant 
species or experimental conditions leading to the synthesis of MNPs since there are 
numerous recent publications reviewing the literature in this outstanding fi eld. The 
present chapter instead focuses on the trends and challenges in MNPs synthesis 
using plants which include reproducibility, scale-up, predictability, and develop-
ment of strategies for effective management of governance, regulatory, and 
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 compliance risks. Finally, the major aim of this chapter is to provide an overview of 
relevant concerns raised or neglected by the available scientifi c literature regarding 
the green synthesis of MNPs using plants.  

  Keywords     Metal nanoparticles   •   Green synthesis   •   Plants  

9.1         Green Nanotechnology for Sustainable Development 

 Green nanotechnology is an emerging and powerful nanotechnology fi eld that is 
supporting the development of innovative, reliable, and sustainable solutions to 
address global issues through research, development, and innovation. Indeed, green 
nanotechnology is based on lowering the risk of producing and applying nanomate-
rials [ 1 ]. The goal of the green nanotechnology is to use whole biological organisms 
or their parts (molecules, cells, tissues, or organs) as bioengineers or raw materials 
to develop novel and valuable nanomaterials with sustainable benefi ts. 

 The unique physical, chemical, and biological properties of nanomaterials devel-
oped through eco-friendly routes, such as catalytic potential [ 2 ], electrical conduc-
tivity [ 3 ], optical sensitivity [ 4 ], magnetic behavior [ 5 ], or biological reactivity [ 6 ], 
emerge from factors such as shape, size, surface charge, surface area, chemical 
composition, crystallinity, and agglomeration/aggregation properties of nanoscale 
featured materials. Currently, a myriad of nanostructured materials and nano-objects 
have been produced by sustainable methods and without the use of organic solvents 
and chemical reagents harmful to the environment [ 7 ]. Among the nano-objects that 
have been synthesized by green nanotechnology approaches, perhaps the most 
promising are the metal nanoparticles (MNPs) which are widely used as functional 
materials due to the properties uniquely accessible by these nanostructures [ 8 ]. 

 In fact, the new properties of MNPs originated from atomic ordering to the 
nanoscale are largely different from those of their individual atoms or bulk metallic 
materials [ 9 ]. The current applications of MNPs include their use as: catalysts [ 10 ]; 
delivery systems for drugs [ 11 ]; enhancing contrast agents [ 12 ]; active food packag-
ing materials [ 13 ]; components aiming the construction of nanobiosensors [ 14 ]; 
gene transfer systems [ 11 ]; antibiotics, antiseptics, and disinfectants aiming the 
control of pathogens and pests [ 15 ]; and nanoelectronic components [ 16 ].  

9.2     Green Synthesis of MNPs: General Considerations 

 Most often, the synthesis of MNPs involves the chemical reduction of metal ions 
from salt solutions in the presence of a strong base (reducing agent), such as sodium 
borohydride or sodium hydroxide (Fig.  9.1 ), followed by the addition of a stabiliz-
ing agent, also called as capping agent or stabilizer [ 9 ]. However, the reagents used 
as reducing agents and the solvents used to dissolve the stabilizers are commonly 
toxic substances which may have adverse and deleterious health and environmental 
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effects if residues of them are present in the fi nal nanosystems [ 17 ]. Thus, this may 
lead to several concerns regarding safety applications of MNPs as well as to search 
for novel alternative approaches aiming their synthesis [ 18 ]. One of these alterna-
tives is the green synthesis of MNPs using biological systems that is based on the 
principles of green chemistry [ 19 – 22 ].  

 The green synthesis of MNPs may be performed using prokaryotic [ 23 ] or 
eukaryotic [ 4 ] organisms (including microorganisms, plants, and animals) or parts 
thereof, and can occur through intracellular [ 24 ] or extracellular [ 25 ] pathways. The 
biological components (primary and secondary metabolites) act as agents to pro-
mote the reduction of a target metal ion resulting in the formation of MNPs 
(Fig.  9.1 ). These same reducing compounds or other surrounding molecules may 
also form a stabilizing layer (coating) on the surface of MNPs, preventing or at least 
minimizing them to agglomerate/aggregate or grow in a disorderly manner during 
their production [ 26 ]. Furthermore, specifi c experimental conditions (temperature, 
pH, and reagents concentration) can modulate the production and properties of 
MNPs obtained by green synthesis approaches [ 3 ]. 

 Most of the MNPs obtained from green synthesis strategies show as desirable 
characteristics under the sustainability perspective the fact that they are eco-friendly 
(use of lesser toxic reagents and solvents); are simple and rapid to produce (smaller 
number of steps); are biocompatible (can be used directly to target applications 
without prior purifi cation steps); are biodegradable (can be hydrolyzed by  biological 
pathways); and have low cost of production and high yield.  

9.3     Green Synthesis of MNPs by Plants 

 Living organisms representing all biological kingdoms may have potential for use 
in green synthesis of MNPs. Fortunately, many of these organisms that can be used 
in green synthesis, beyond being species of the biodiversity; they are also grown or 

  Fig. 9.1    Schematic illustration of the two main approaches used for the synthesis of metal 
nanoparticles: Green and Chemical (Classical) synthesis. Additional details are shown for the 
green synthesis of metal nanoparticles using dicotyledons and monocotyledons via reduction of 
metal salts using plant parts as reducing and stabilizing agents       
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raised for food and feed purposes. Plants are typically the fi rst choice of researchers 
aiming the green synthesis of MNPs due to their biomass abundance, species diver-
sity, and molecular repertoires [ 26 – 28 ]. Plants use primary and secondary metabo-
lites for various aspects related to their surviving strategies (e.g., seasonality changes 
and reproductive behavior) and physiological responses to stressor agents (e.g., her-
bivores, pathogens, and climate changes). These same molecules are responsible for 
making the plant one of the major bioreactors and molecule suppliers for green 
synthesis approaches [ 28 ]. 

 In fact, it is now well accepted that plants produce a wide range of metabolites 
that can act synergistically in the reduction of metal ions to their metallic counter-
parts and/or the stabilization of MNPs surface [ 26 ]. It is believed that the primary 
compounds responsible for the reduction of metal ions by plants are amino acids 
[ 29 ], citric acid [ 5 ], fl avonoids [ 30 ], phenolic compounds [ 31 ], terpenoids [ 32 ], het-
erocyclic compounds [ 33 ], enzymes [ 34 ], peptides [ 35 ], polysaccharides [ 36 ], sapo-
nins [ 37 ], tannins [ 38 ], among others. 

 Green synthesis of MNPs mediated by plants use extracts of organs/tissues or the 
whole organisms [ 27 ,  39 ]. Indeed, an important aspect concerning the green synthe-
sis of MNPs by plants is the fact that different plant parts (e.g., leaves, seeds, barks, 
roots, fruits, and others) may produce nano-objects with different characteristics 
[ 40 ,  41 ], and for this reason should be considered separately. For each plant part, 
there is a specifi c phytochemical profi le with different composition or concentration 
according to the needs of each organ, and the type of biotic or abiotic stress to which 
a plant may be subjected. 

9.3.1     Current Trends 

 Green synthesis using plants consists of a contemporary nanobiotechnology fi eld 
that can help researchers studying MNPs understand the molecular mechanisms 
orchestrating bioreduction, nucleation, growth, and stabilization. Researchers fi rst 
attempts were based on the utilization of plant extracts selected empirically from the 
endemic or global biodiversity. In those studies, MNPs were synthesized using 
extracts from different plant species and parts in the presence of metal salts and 
producing structures with different compositions, shapes, sizes, and activities 
(Fig.  9.2 ). Several studies describing green synthesis of MNPs using plants were 
based on the reduction of noble metals [ 3 ,  26 ,  27 ,  42 ,  43 ], including gold (Au), sil-
ver (Ag), platinum (Pt), and copper (Cu). The MNPs shape usually observed in the 
green synthesis using plants are spheres [ 3 ,  44 – 46 ] and triangles [ 45 ,  47 ]. The size 
of the greenly synthesized MNPs is commonly in the range of 15–50 nm of hydro-
dynamic diameter [ 48 ]. Among the biological activities of MNPs obtained by green 
synthesis using plants include antibacterial    [ 49 ,  50 ], antifungal [ 3 ], anticancer [ 51 ], 
larvicidal [ 52 ], among others.  

 Leaves’ extract is the most common choice for performing green synthesis of 
MNPs from plant organs, but the application of seed, bark, fl ower, fruit, tuber, and 
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root extracts has also been reported [ 26 ]. Leaves are commonly the major source of 
metabolites aiming the green synthesis of MNPs due to the fact that they are renew-
able, non-destructive, and abundant, unlike other plant tissues. Therefore, the parent 
material (plant part), in association with the season or the place of collection of a 
plant organ as well as the presence of abiotic (cold, water, presence of metals, or 
pesticides) or biotic (presence of pests or pathogens) stressor agents may have major 
infl uence on the synthesis and characteristics of the MNPs. Surprisingly, almost all 
these plant features are solely neglected in almost all experimental designs in spite 
of the fact that they would be crucial for reproducibility and scaling-up of MNPs 
production. 

 Moreover, besides the variety of nanoscale features obtained by MNPs synthe-
sized using different plant extracts, researchers can alter a number of other synthesis 
conditions. Reaction time [ 53 ,  54 ], concentration of extracts    [ 45 ,  55 ] and/or metal 

  Fig. 9.2    Green synthesis of metal nanoparticles using extracts obtained from leaves of different 
plant species leading to the production of structures with different compositions, shapes, and sizes       

 

9 Green Synthesis of Metal Nanoparticles by Plants…



264

ions [ 53 – 55 ], temperature [ 3 ,  42 ,  54 ,  55 ], and pH [ 53 – 56 ] are some of the tunable 
parameters which help researchers to optimize the effi ciency and speed of the green 
synthesis of MNPs even resembling the typical features of conventional chemical 
synthesis. Therefore, it is worth mentioning the importance of variation of the syn-
thesis parameters for obtaining MNPs with the desired characteristics. In addition, 
they also provide insight into formation mechanisms of the MNPs [ 49 ,  50 ,  57 ]. 

 Green synthesis of MNPs can also occur with the plant in vivo [ 58 ,  59 ]. It is 
documented that plants respond to the stress generated by the presence of metals by 
a process of binding and complexation with phytochelatins and secondary metabo-
lites [ 60 – 63 ]. However, this process is slower and has a higher cost than exploit 
plant extracts when performing the synthesis of MNPs.  

9.3.2     Challenges in Green Synthesis of MNPs by Plants 

9.3.2.1     Reproducibility 

 Achieving high reproducibility is a challenging component of the green synthesis 
of MNPs using plants. In the course of the solar year, the plants are under a variety of 
environmental pressures including water stress [ 28 ], lack [ 28 ] or excess [ 64 ] of essen-
tial nutrients, changes in the soil pH [ 65 ], herbivores and parasites attack [ 30 ], 
competition among species    [ 66 ], excess [ 67 ] or lack [ 68 ] of light exposure, among 
others. Beyond the environmental pressures there is also the incidental (e.g., pollu-
tion) and intentional (e.g., use of herbicides and pesticides) anthropic actions [ 69 ]. 
In response to those stimuli the plant metabolism is altered to propitiate improved 
conditions for the survival of the plant, maximizing its fi tness [ 70 ]. For this reason, 
the production of primary and secondary metabolites is upregulated or downregu-
lated according to the stimulus [ 71 ]. 

 Moreover, the age of a plant organ (e.g., young or senescent leaves) also may 
infl uence in the concentration and presence of metabolites (Fig.  9.3 ). The genetic 
background of the plant material is another factor that should be considered during 
the selection of a candidate but it has been absolutely neglected during the green 
synthesis of MNPs. This plant physiology scenario ends up leaving the extract 
with a different fi nal composition, depending on each season or stimulus suffered 
by the plant.  

 The metabolites found in a plant are the reducing agents and stabilizers used for 
the green synthesis of MNPs using plants [ 27 ,  34 ,  72 ]. If the composition and\or the 
concentration of the metabolites in a plant extract are different, distinct profi les of 
MNPs will be formed in the synthesis. Therefore, the care with the season in which 
the biological material was collected is an essential requirement aiming the repro-
ducibility of the synthesis. Several studies do not pay any attention to reporting the 
period of the year in which the plant material for the MNPs synthesis was collected, 
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describing the conditions of growth wherein the plant was cultivated or collected, 
and quantifying the major metabolites present in the extract. All those information 
must be considered essential for the reproducibility of the process and to understand 
the mechanisms culminating in the formation of MNPs. 

 After the elucidation of the molecular mechanisms underlying the formation of 
MNPs, researchers could select plants that contain high concentration of the struc-
turing agents and even combine two or more plant extracts with additive or com-
plementary properties. In this case, plants can also be cultivated and multiplied in 
greenhouses with biotic and abiotic factors strictly controlled, under stress- 
regulated conditions, aiming the production of metabolites with key roles in the 
synthesis of MNPs. Another approach aiming the controlled production of metab-
olites that remains unexplored would be the use of tissue culturing techniques. 
Plant tissues cultured in vitro are not only ecologically viable, but also allow 
higher yields, hence lowering the need for seeding and cropping [ 73 ]. This is a 
facile and rapid model to obtain the molecules responsible for the reduction of the 
metallic ions with no need to wait for the growth of the plant and the synthesis and 
accumulation of the metabolites by the plant organs (e.g., leaves). If using this 
method, the key metabolites could be directly secreted in the growth medium, 
providing a controlled production of those molecules that could be involved in the 
green synthesis of MNPs. 

 It is also possible to obtain plants as bioreactors for production of pre-selected 
molecules through metabolic pathways engineering [ 73 – 75 ] and these genetically 
modifi ed organisms (GMOs) could be used for the green synthesis of MNPs. 
Therefore, by integrating synthetic biology approaches based on GMOs with green 
nanotechnology, the fi ne tuning of the molecular components guiding the MNPs 
assembly and structure will be possible.  

  Fig. 9.3    Different metabolic states/ages of leaves from a same plant species when used in the 
green synthesis of metal nanoparticles and may lead to the formation of structures with different 
sizes and thereby interfering in the reproducibility of the reactions       

 

9 Green Synthesis of Metal Nanoparticles by Plants…



266

9.3.2.2     Scale-Up 

 The scale-up is probably one of the challenging steps involved in the production of 
nanostructures [ 45 ]. The challenges of scaling up the MNPs’ green synthesis using 
plants include the low abundance of raw materials (e.g., non-cultivated plants), lack 
of appropriate equipment to render the necessary amounts, diffi culty to control the 
molecular composition, and the heterogeneity of plant extracts. 

 The extraction of the metabolites which will form a plant extract should be done in 
the same conditions for all the plants under comparison or a batch of the plant material 
in order to obtain a considerable homogeneity. However, it would not be surprising if 
a plant species previously identifi ed as a potent green synthesis driver could be further 
considered inexpressive or vice versa due to the presence of enhancers or inhibitors. 
Any modifi cation on the metabolites production and extraction method could yield 
molecules that would not be necessarily the same with the best performance in green 
synthesis of MNPs. If the molecules present in an extract are obtained directly from 
non-cultivated plants in order to obtain large amounts of plant biomass it would be 
expected dramatic differences in metabolic profi le among different batches that fi nally 
could produce MNPs with distinct physicochemical characteristics. This fact occurs 
since each harvest cycle would expose the plant to different stress profi les. In order to 
avoid or at least minimize such limitations, the metabolites extraction aiming green 
synthesis of MNPs should be done in each cycle with plants grown under similar 
conditions, which could let the processes impracticable due to the growth time and the 
fact that a number of species do not grow easily under controlled conditions. 

 The use of plant tissue cultures is probably a fi rst-class choice to the large scale 
production of MNPs, since this method offers independent and uniform biochemi-
cal products. The biotic and abiotic elements that directly infl uence the production 
of metabolites can be strictly controlled in vitro, including pathogens, temperature, 
humidity, and some chemicals products that can mimic the interaction with other 
living organisms and the environment. The plant tissues cultivation is simpler than 
plant crops since it does not depends on the climatic conditions, soil, and others 
regional characteristics. The reproducibility and productivity of a plant tissue cul-
tured in vitro under strictly controlled conditions can always be close to the theoreti-
cal maximum due to the tuning of the reaction medium and has an excellent yield 
since they are commonly faster and more effi cient in extracting primary and second-
ary metabolites from plant tissue cultures than the entire plants. Unfortunately, there 
are plant metabolites which are only produced by specifi c organs of whole plants or 
present in a preferential site of bioaccumulation and lack the ability to accumulate 
in dedifferentiated cells, similar to those from explants [ 74 ]. 

 In addition to homogenization of the metabolites profi le, the application of 
 automated synthesis reactors with volumes from few milliliters to several liters 
which are based on batch and fl ow processes can lead to rapid, scalable and repro-
ducible large scale synthesis of MNPs using plant extracts (Fig.  9.4 ). However, 
there are only few commercial instruments available which are applicable or at 
least adaptable to the synthesis of MNPs under controlled conditions and novel 
developments are expected in the coming years. Forthcoming instruments will revo-
lutionize the means by which manufacturers produce MNPs.   
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9.3.2.3     Predictability 

 Predictability of nanostructures formation and activity represents a recent trend in 
nanotechnology [ 76 ]. One option is to perform a high-throughput screening to iden-
tify novel species that enable green synthesis of MNPs, characterize the synthesized 
nanostructures from physical, chemical, and biological viewpoints, and compile 
such metadata into easily manageable databases. Thus, these data would be useful 
to translate into benefi ts in terms of the development of simulators based on math-
ematical modeling of nanoscale phenomena. The utilization of simulations to pre-
dict the factors critically infl uencing the process of green synthesis of MNPs by 
plants has potential to revolutionize the way by which researchers design, conceive, 
and perform their experiments. Therefore, it makes sense to replace the empirical 
process by the use of mathematical modeling and computer-aided design (Fig.  9.5 ). 
The next few years will demonstrate whether or not simulators will have a feasible 
application in the green synthesis of MNPs.    

  Fig. 9.4    Scale-up of the green synthesis of metal nanoparticles using plant leaves of a same spe-
cies. There are dramatic differences on reproducibility of the produced structures using reservoirs 
with different volume capacity (5 mL–5 L). The use of reactors (batch or fl ow) can produce higher 
amounts (up to 50 L) and standardize the shape and size of the synthesized structures       
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9.3.3     Challenges for Applicability of MNPs Obtained 
by Green Synthesis Using Plants 

9.3.3.1    Risk Assessment and Risk Management 

 Taking into account the increased interest and development of nanomaterials in 
recent years, emerges a fi eld of the nanotechnology research, termed nanotoxicology, 
whose foremost focus is to evaluate the interactions between the nanomaterials and 
the three domains of living organisms, and environment [ 77 ,  78 ]. Thus, there is an 
absolutely urgent need for policies to regulate the safe use of nanomaterials, 

  Fig. 9.5    Schematic illustration of the use of mathematical modeling and rational experimental 
design by computer-assisted predictability of the synthesis routes of metal nanoparticles using 
plants aiming higher homogeneity and reproducibility of the reactions       
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including MNPs synthesized by green chemistry approaches. This need is related to 
the minimization of exposure of the researchers, workers, and consumers, as well as 
the environment to potentially hazardous nanosystems (Fig.  9.6 ).  

 The steps which can be considered as essentials in the process of understanding 
these questions include: fi rstly, it is necessary to defi ne the applicability of a nano-
material; secondly, it is necessary to identify the physicochemical properties of the 
nanomaterial (e.g., mean size and size distribution, shape, charge, chemical compo-
sition, potential for agglomeration/aggregation, crystallinity, solubility, density, sta-
bility, porosity, and surface area); thirdly, it is necessary to determine the 
mechanism(s) of interaction between the nanomaterial and living systems at 

  Fig. 9.6    Schematic illustration of the personal protective equipments that are commonly recom-
mended for nanotechnology workers to reduce the risks of exposition to nanomaterials with differ-
ent physical and chemical characteristics. In addition, the safety potential of the nanomaterials, 
including metal nanoparticles, must be assessed by in vitro and in vivo assays       
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 molecular, cellular, tissue, systemic, and ecosystems levels using in silico, in vitro, 
and in vivo assays (Fig.  9.6 ); and lastly, the critical training of the population 
towards the understanding of regulatory issues related to the use of nanoparticles 
and nanostructured materials is necessary. 

 An adequate characterization is necessary in order to minimize the possibilities 
of leading to an incorrect result. The most used parameter is the size, but it alone 
does not provide suffi cient information to forecast the possible interactions between 
the MNPs and the biological medium [ 79 ]. The surface charge and the agglomera-
tion/aggregation range of the MNPs can also indicate in which conditions could the 
adsorption of metabolites (e.g., proteins) or interaction with others components 
present in the organism or environment, like ions and others dispersed solutes, occur 
[ 80 ]. The absorption peak associated with the surface plasmon resonance of the 
MNPs can exclude multiple tests that use the same wavelength range of absorption 
to quantify the activity [ 26 ]. 

 Beyond the interaction between the nanomaterial and the compounds available 
in the system, the dose and the knowledge of the mechanism of action are funda-
mental to predict the nanotoxicity and consequently the therapeutic range to the 
MNPs produced using plants. Unfortunately, the separation of the toxicity from the 
therapeutic use is not a trivial challenge. Determining the dose is a key point to 
separate the toxicity from the therapeutic range [ 81 ]; oftentimes an excessive con-
centration of MNPs is applied in the biological assays due the diffi culty to quantify 
the correct dose, which leads to a widespread toxicity caused by the nanoparticles 
and not a treatment as expected. 

 In the current global scenario, it is clear that there is the need for improvement 
and development of conceptual, experimental, and computational methodologies 
that could be considered standards to interpret and understand the majority of the 
trusted and reliable data on the physical, chemical, biological, and toxicological 
interactions of MNPs [ 82 ].  

9.3.3.2    Regulatory Challenges 

 Currently, for almost all the countries neither chemically nor greenly synthesized 
MNPs have been subject to special regulations regarding production, handling, stor-
age, or disposal [ 83 ]. Currently, the managing risk is determined for the bulk materi-
als rather than describe the potential impacts from the nanostructuring [ 84 ]. 
Regulatory bodies are starting to devote additional attention to nano-objects, includ-
ing MNPs, but their discussions are far to compare and mainly differentiate MNPs 
produced by classical chemistry and green chemistry syntheses (Fig.  9.7 ). The 
forthcoming years will be essential to defi ne the standards to be used by the regula-
tory agencies, but regardless of anything, a factor that should be considered is that 
green synthesis methods are not only much less toxic and environment friendly but 
also cost-effective, rapid, and simple to perform.     
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9.4     Conclusion 

 This chapter covers several concerns and trends that should be kept in mind when 
performing green synthesis of MNPs using plants. It is possible that the challenges 
addressed in this chapter may not be resolved by any single researcher or even a team 
of researchers. In order to increase the confi dence of the green synthesis of MNPs by 
plants, some paradigm shift must take place. Firstly, researchers have to understand 
the mechanisms underlying the bioreduction, nucleation, growth, and stabilization of 
MNPs using plants and accept that this task could not be satisfactorily accomplished 
without a consideration of the phenomenon as whole and including all related vari-
ables. Secondly, they should prospect innovative solutions for current and future 
challenges towards the reliable and effi cient use of MNPs synthesized using plants. 
Finally, researchers must prove that green synthesis of MNPs using plants is predict-
able, reproducible, scalable, and safe to be used on multiple threads.     
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Chapter 10
Biomimetic Soft Polymer Nanomaterials 
for Efficient Chemical Processes

Matt McTaggart, Manish Jugroot, and Cecile Malardier-Jugroot

Abstract Nanostructured soft materials combine structure and function to produce 
effects inspired by natural systems. Recent innovations in polymer science and 
supramolecular chemistry have led to the development of materials that can respond 
to and control their microenvironment, allowing them to increase the efficiency of 
chemical processes while decreasing their ecological impact. Size effects are pro-
found at the nanoscale, allowing for a broad range of applications. This chapter 
features synthetic biomimetic nanosystems at different size regimes and match 
them with biological counterparts from tissues through cell walls to vesicles and 
proteins. The application of soft, bioinspired nanomaterials in fields ranging from 
medicine to sustainable energy represents a fundamental advancement in science 
and technology.

10.1  Introduction

Nearly every biological process depends on soft, self-assembling nanostructures 
that sense or alter the local environment to ensure efficient and selective action. 
Living organisms routinely produce highly structured macromolecules to accom-
plish functions that humanity performs through industry: energy collection, fuel 
production and storage, material transport, and detoxification of waste products 
among them [1]. Soft matter in nature, ranging from tissues through cellular mem-
branes to proteins, is therefore an obvious source of inspiration for addressing the 
technological challenges that arise as we seek to improve the efficiency of industrial 
processes. Although the effectiveness of natural materials has long been recognized, 
it is only in recent decades that we have developed the methods needed to measure 
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their structure and dynamics or indeed to begin to reproduce them synthetically [2]. 
Biomimicry, whether by adapting natural molecules to new purposes or by recreat-
ing the chemical and physical properties of biological systems in new materials, is 
an emerging area in material science [3]. Biomimetic soft materials represent a
fundamental advancement in fields as far reaching as medicine, energy, and chemi-
cal catalysis towards efficient and environmentally friendly processes.
Because of their simple synthesis, low cost, tunable mechanical properties, and

generally inert reactivity, polymers are ubiquitous as macroscopic structures, but 
lately new nanoscale structural and functional properties have been discovered [4]. 
Conductive polymers permit electrochemical processes to occur in disperse networks
free from metals [5], both important considerations for maximizing efficiency and 
minimizing toxicity [6]. Copolymer arrangements of charged, hydrophobic, or
hydrogen-bonding monomers interact in solution to produce specific effects similar 
to those of proteins—complex natural polymers of amino acids. Like their biological 
counterparts, the conformation of synthetic polymers containing surface active 
groups can be very sensitive to changes in the physical environment [7]. Polymers 
can be finely tuned to adsorb or shed solvent molecules through changes in tempera-
ture or light, to alter electrostatic bonds by changes to ionic strength, and to change 
conformation of weak acid or base containing polymers in relation to pH [8]. Both
naturally occurring and synthetic soft nanomaterials can produce very precise nano-
architectures through the self-assembly of small molecules [9]. Amphiphilic surfac-
tants may be similarly used to build micelles of varying shapes from tens to hundreds 
of nanometers in radius through a process that mimics self-assembly of the lipid 
bilayer that composes cellular membranes [10].

It is obvious to say but bears mentioning that the size of individual components, as 
well as their proportional contributions, becomes increasingly important as the size of 
the system decreases. At the microscale, materials in applications such as tissue scaf-
folding and sensing actuators may express dramatic statistical effects on the perfor-
mance of the system by the random inclusion of a small percentage of functional 
polymer fibres. Systems in the 10–100 nm size regime, such as selective membranes 
and encapsulating reaction vessels, contain highly organized functional elements and 
have precisely determined functions. With dimensions less than 10 nm, self-assembling 
materials composed of single molecules or supramolecular structures can produce 
emergent properties that mimic functional proteins or enzymes. This review surveys 
applications in each of these three size regimes to illustrate the advantages of using 
soft nanomaterials to sense and alter their local chemical and physical environment to 
improve the efficiency and sustainability of processes.

10.2  Structures from 100 to 1,000 nm

Nanostructured materials near the micrometre range are able to influence or respond 
to environmental conditions such as temperature, pH, light, and electrical stimula-
tion. The specific mechanical and electrical response of polymer-based materials in 
this regime can be tailored according to application.
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10.2.1  Tissue Engineering

Inherently conductive polymers have been subject to intense study in recent decades 
for application in microelectronics, optics, and fuel cells among others. Given the 
crowded and conductive nature of the extracellular matrix (ECM) in living organ-
isms, conductive polymers were tested as a scaffold for tissue regeneration and engi-
neering [11] In addition to conduction, in vivo applications have specific toxicity, 
inflammatory, and mechanical demands that must be met. Due to its high  conductivity, 
polypyrrole is of particular interest although poor solubility, degradability, and elas-
ticity limit its usefulness.

Fonner et al. [12] examined the effect of polypyrrole’s synthesis method on its 
morphology, conduction, and suitability for medical implant. They found that sur-
face roughness and choice of counter ion play important roles in cell adhesion and 
long-term viability; changing the dopant allows the material to be altered to suit the 
application. For example, tosylate (ToS) produces a more conductive polymer than
doping with chloride (Cl) or polystyrene sulfonate (PSS) and so is better suited for
electrochemical coatings. PSS treated polypyrrole films are more stable in aqueous 
environments making it the preferred choice for long-term in vivo implantation. 
Chloride counter ions, as presented in Fig. 10.1, were observed to improve cell 
viability on thicker films due to enhanced surface roughness.
By coating a polymer exhibiting more desirable mechanical properties with

polypyrrole researchers have improved cell development and adhesion to tissue 
engineering scaffolds. Polypyrrole–polylactide blends from 5 to 10 % have been 
used for electrical stimulation-enhanced tissue regeneration, the results of which are 
shown in Fig. 10.2 [13]. Cell size, adhesion, viability, and cytokine release were
all improved in the presence of mild electrical stimulation. Because of its
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Fig. 10.1 Viability of PC-12 cells cultured on polypyrrole films of 150 nm (thin) and 650 nm 
(thick) using three different counter ion dopants. (Reproduced from Fonner et al. [12] with permis-
sion by IOP Science)
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 non- degradability in vivo, it is preferable to minimize the amount of polypyrrole per 
supporting  polymer structure. Fibres containing as little as a 1:39 ratio of  polypyrrole 
to chitosan were found to sufficiently maintain the positive mechanical and conduc-
tive aspects of each.

10.2.2  Sensing Membranes

Reactive polymers can sense changes in their environment such as pH, temperature, 
and ionic concentration [14]. Figure 10.3 shows examples of thin films of respon-
sive polyelectrolyte hydrogels. Light or thermoresponsive polymers can be pro-
duced by tuning its relationship with its solvent so that its conformation changes in 
response to transition through the critical solution temperature [15]. As the poly-
mer’s relative affinity to itself and its solvent changes, solvent molecules will be 
either drawn into the polymer matrix or expelled from it. The volume and permea-
bility of the matrix will change accordingly. The rate of responsiveness is limited by 
diffusion so thin layer depositions are ideal.

Fig. 10.2 Images of PC-12 cell growth on polypyrrole-coated poly(lactic-co-glycolic acid) fibres.
A potential of 10 mV/cm stimulated increased neurite formation and length by 40–90 % and
40–50 % respectively (neurites indicated by black arrows). Fibre alignment (b, lower right) also 
improved these factors over a random mesh (a, upper right). (Reproduced from Lee et al. [13] with 
permission by Elsevier)
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Similarly, polymer affinity for a specific solute can produce a measurable 
response in the material and act as a reusable sensor for that molecule. An example 
of this is a 200 nm electropolymerized m-acrylamidophenyl-boronic acid with 
acrylamide reported by Gabai et al. [16]. The film acts as an ion gate governed by 

Fig. 10.3 Responsive polymer gating materials: (a) self-standing bulk gel film, (b) surface- attached 
planar thin film, (c) thin film immobilized on the walls of a porous substrate, (d) self- standing com-
posite film with inclusions of stimuli-sensitive polymer, and (e) thin-film gel membrane on top of a 
porous substrate. (Reproduced from Tokarev and Minko [8] with permission by Wiley)
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the presence of glucose: boronic acid sites will bond preferentially to glucose and 
swell the polymer matrix, increasing permeability to a redox couple that is readily 
measured. The selectivity of sensing and switching mechanisms near the microscale 
suffers due to the random nature of its matrix. As permeability increases in the 
above sample, more and more varied chemical species are able to traverse the mem-
brane. In addition, glucose may not be the only molecule, or indeed the only sugar, 
capable of bonding to boronic acid, leaving open the possibility for false positives 
or mismanagement of cross-membrane exchange.

10.3  Structures from 10 to 100 nm

As in nature, polymer or amphiphilic monomer membranes can enclose a volume 
and isolate it from interaction with bulk solvent [17]. Membranes of cells and cel-
lular organelles perform this function and incorporate selective and responsive 
pores in the membrane to precisely control traffic into and out of the enclosed space. 
If a catalytic centre is included in the membrane or enclosed within it, the reactions 
it promotes will be enhanced by confinement. In fact, confinement can be a deter-
mining factor for reaction energetics and major products depending on the size of 
the system under study. Integration into a membrane, whether enclosed or porous, 
can also enhance the rate of multi-step reactions by coordinating the placement of 
catalysts, cofactors, and substrates.

10.3.1  Selective Membranes

Membranes enclosing nanoscale volumes can control the flow of solutes by the 
inclusion of pores. Active and passive gate proteins in the cellular membrane are 
critical for the functioning of biological processes by ensuring the appropriate con-
centration balance of ions and reaction substrates in and outside of the cell. Unlike 
the sensing membranes described above, the membranes themselves remain imper-
meable but selective gates at nanopores selectively control solute exchange in 
response to environmental conditions.

Lin et al. [18] describe a method for monitoring glucose according to ion current 
through an enzyme decorated nanochannel (Fig. 10.4). Ion track etching was used 
to produce a 20 nm hourglass-shaped channel in a 12 μm polyimide membrane. 
Using NaOCl as the chemical etching agent produces carboxyl groups along the
channel whose negative charges maintain the channel aperture and create high cation 
selectivity. Functionalizing the channel with glucose oxidase (GOx) and horseradish
peroxidase (HRP) produces the following reaction to the presence of glucose:

 Glucose O H O Gluconic acid H O O H O
GO HRPx

+ + - ® + ® +2 2 2 2 2 2  (10.1)
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The reduction of pH in channel produced by the local concentration of gluconic 
acid neutralizes the carboxyl groups, narrowing the channel and reducing its cation 
affinity in proportion to the amount of glucose present. Ion current is thereby 
reduced or increased by a reduction or increase in channel pH. Since the glucose 
oxidase enzyme is known to be highly selective for glucose, cation passage serves 
as an equally selective glucose sensor (Fig. 10.5).

10.3.2  Vesicle-Like Confinement

Reaction sites within a cell are located in crowded, confined spaces. Confinement in
a small volume improves the reaction rates and efficiency of catalyzed reactions by 
restricting diffusion, reducing rotational and translational energy loss, and increasing 
the effective molarity of the catalyst’s local environment.

Minten and co-workers [19] used the capsid of the Cowpea Chlorotic Mottle
Virus (CCMV) to encapsulate enzymes and investigate the role of confinement on

Fig. 10.4 Chemically etched double-conical nanochannel modified with GOx and HRP. Presence
of glucose in the test produced gluconic acid and H2O2 by GOx catalysis; H2O2 was then decom-
posed into H2O and O2 by HRP. Accumulation of gluconic acid decreased channel pH and negative 
charge density leading to a current decline. (Reproduced from Lin et al. [18] with permission by 
the American Chemical Society)
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enzyme reaction rates. The CCMV capsid comprises 180 identical proteins which
separate into 90 dimers at pH 7.5 and self-assemble when returned to pH 5. 
This reversible association permits the simple removal of viral RNA and its replace-
ment with a molecule of interest, in this case the acid-tolerant enzyme PalB.

Fig. 10.5 (a) Dose response of bare and functionalized nanochannels. (b) Selectivity analysis for 
glucose response. The galactose, fructose, and mannose molarity were 1 mM each; the strongly 
selective glucose response was achieved with only 0.1 mM . (Reproduced from Lin et al. [18] with 
permission by the American Chemical Society)
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Figure 10.6 shows the results from testing enzymatic catalysis in saturating substrate 
 concentrations and demonstrates that the encapsulated enzymes outperform their 
unconfined counterparts. Furthermore, the molarity within confinement spaces con-
taining a single substrate molecule was increased by a factor of 104 and enzyme 
concentration was effectively 25 times greater than the bulk. Consequently, the
 likelihood of finding more than one substrate molecule within a given capsid was 
negligibly low, removing any advantage of including more than one enzyme in 
the confinement space. Minten did, however, show that different enzymes could be 
encapsulated in a single capsid, opening the potential for highly coordinated cas-
cade reactions.

The effect of confinement can also be significant on the sensitivity and 
efficiency of physical processes like photon emission. Chemoluminescence is
used for many analytical applications due to its high sensitivity to dilute samples. 
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(a) Schematic representation of the experimental set-up. (b) Normalized initial rates with respect 
to 1.3 PalB/capsid experiment. Black bars represent initial rates of samples with encapsulated 
PalB, white bars indicate the rate for free PalB. (c) Normalized initial rates per PalB and per
capsid. (Reproduced from Minten et al. [19] with permission by Royal Society of Chemistry)
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Luminol fluoresces in the presence of haemoglobin but generally achieves no bet-
ter than 1 % quantum yield in solution. The quantum yield of bioluminescent sys-
tems, alternately, is much higher: 88 % of the light-generating reactions in fireflies 
are reported to successfully produce photon emission. Wang et al. [20] were able 
to significantly increase the quantum yield of luminol reactions while extending 
their half life by mimicking the intercellular environment with supramolecular 
hydrogels (Fig. 10.7). For example, (9-fluoroethylmethyl) carbamate peptides in
water, mixed with luminol and met-haemoglobin increased the quantum yield to 
11.22 % from 1.02 % without the hydrogel. Likewise, emission time and intensity 
were raised by 4–6 times with hydrogel in solution over water alone. Confinement
within the hydrogel reduces  diffusion and rotation, thereby minimizing radiation-
less decay to increase reaction efficiency. The biomimetic environment produced 
by the polymeric gel also increased sensitivity of a 106 diluted haemoglobin 
 solution to match the response from a solution two orders of magnitude more 
concentrated.
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Fig. 10.7 (a) The chemoluminescent (CL) emission spectra of the 0.025 mm luminol and
0.0375 mm Hb in the supramolecular hydrogel, PAM hydrogel, or solution initiated by adding 
0.25 mm H2O2, respectively; (b) the time-dependent CL intensity curve of various systems; (c) the 
CL emission spectra catalyzed by rabbit blood at various dilutions; (d) the numbers of photons 
emitted from the CL reactions of luminol in hydrogel (Gel1+2[3]) or free ([3]) with H2O2 catalyzed 
by blood at various dilutions from an initial concentration of 11.9 mg Hb mL−1 (Reproduced from
Wang et al. [20] with permission by Wiley)
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10.3.3  Multi-step Reactions

Both photosynthesis and glucose metabolism depend on the proximity and separation
of the cellular membrane. Synthetic analogues of these cellular processes can also 
benefit from compartmentalization across solid state nanostructures [21].

Photocatalytic water splitting is an attempt to mimic hydrogenases, chiefly those 
of photosystem II, that employ visible light to drive the separation of protons from a 
donor species, ideally water [22]. PSII is a complex of protein subunits, cofactors, 
and electron donor and mediator molecules all operating in concert to achieve near 
quantum efficiency of photon capture. Natural photosynthesis incorporates light har-
vesting, charge stabilization, cofactor reduction, and the accumulation of oxidation 
equivalents for use by the oxygen evolving complex (water oxidizing complex). It is
sufficiently complicated that in spite of intense research efforts the exact structure 
and mechanism of key active areas remains hotly debated [23]. However, artificial 
systems may be able to model the critical aspects, as illustrated by Fig. 10.8.

The challenge of efficient water splitting lies in bridging single electron photo-
chemistry with the four electron chemistry of water oxidation.

 2 4 42 2H O O H e® + ++ -

 (10.2)

While the majority of photocatalytic research has focused on inorganic films 
and metal particles, there are some examples of self-assembling soft materials 

Fig. 10.8 Schematics of (a) natural and (b) artificial photocatalysis using electron mediating 
cofactors. (Reproduced from Kim et al. [24] with permission by Elsevier)
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 playing a functional role in photon capture and storage. Kim et al. describe a PSI 
mimic composed of a self-assembled diphenylalanine and tetra(p-hydroxyphenyl)
porphyrin (THPP), shown in Fig. 10.9. Exciton coupling between THPP monomers
accelerated light collection while platinum nanoparticles on the structure’s surface 
accelerated charge separation between donor and mediator. On the platinum-por-
phyrin structure, a greater level of coordination between subunits leads to activity 
>40 times THPP alone.

Like their biological counterparts, the efficiency of biomimetic systems at this 
scale is highly dependent on the design of their subcomponents, which become a 
crucial element in the development of novel materials.

Fig. 10.9 Schematics of (a) natural photosynthesis in photosystem I and (b) biomimetic photo-
synthesis supported by light-harvesting and conductive peptide nanotubes. White and black arrows 
indicate electron photoexcitation and transfer, respectively. (Reproduced from Kim et al. [25] with 
permission by Wiley)
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10.4  Structures from 1 to 10 nm

Reactions typically involve bulk organic solvents and metal catalysts; however, only 
the immediate chemical environment has any bearing on the reactants. Waste, toxic 
by-products, and inefficiencies could be significantly reduced by the development 
of water soluble reaction vessels just large enough for the reaction to occur within 
an interior surface matching the ideal solvent and containing precise, high surface 
area catalytic materials. Such a sustainable alternative sounds unlikely, yet enzymes 
operate in exactly this fashion. Enzymes are extremely efficient catalytic materials
composed necessarily of organic macromolecules and the most common metals of 
the Earth’s crust. Enzymes are not simply catalysts, or reaction vessels, or nanosen-
sors, but all of these combined [26]. The active site is capable of bonding, catalyz-
ing, and expelling substrates with phenomenal turnover.

They are not only able to recognize their specific precursors but in many cases 
they also sense and respond to the need for its reaction product and regulate its 
clearance rate accordingly. Enzymatic catalysis comprises substrate recognition and
binding, geometric optimization, and catalytic binding of the transition state fol-
lowed by efficient desolvation [27]. Broadly speaking, these phenomena fall into
concerted thermodynamic and kinetic effects - confinement and catalysis. Putting a 
finer point on the effects either excludes too many enzymes to be general or includes 
properties too difficult to quantify to be of analytic use.

While there have been claims to the production of artificial enzymes, none match 
their biological counterparts for efficiency, specificity, and regulatory function [28]. 
That being said, the demands and constraints of natural and industrial products are 
very different. Enzymes in cytosol must separate their specific substrate from the
variety of molecules present; synthetic reaction systems can be made to include 
only those molecules necessary for the desired product. Enzymes are also highly
sensitive to environmental conditions and will lose conformation and effectiveness 
outside of tight boundaries of pH, radiation, temperature, ionic strength, and 
mechanical forces. An effective enzyme mimic should therefore incorporate the 
mechanisms of enzyme catalysis, though perhaps not their specificity, in a stable, 
confinement enhancing superstructure.

As Koblenz et al. [29] note, the difference in reactivity in a confined nanospace 
or in the bulk will either alter ∆G of activation (∆G#) or not. A change indicates that 
the catalytic structure is able to stabilize the transition state. Enthalpic stabilization
is achieved by the reduction in energy through covalent or non-covalent bonding of 
the transition state; entropic advantage is obtained by restricted rotational, vibra-
tional, and translational motion in the confined nanodomain. A simplified profile of 
transition state stabilization within the nanoreactor is shown in Fig. 10.10a. If ∆G# 
under confinement is equal to that of the bulk then the increased reaction rate is due 
only to the rise in effective molarity within the reaction vessel.

A confined microenvironment can also dictate whether one or another possible 
reaction product is optimized by blocking the pathway to others either by steric or 
energetic means. A schematic of this effect is shown in Fig. 10.10b.
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10.4.1  Confined Catalysis

Enzymes in aqueous solution contain nanodomains lined by a combination of amino
acid side groups that form a better solvation shell than the bulk solvent for substrate 
molecules but not for the reaction product. As described above, higher order con-
finement within vesicles or crowded cytosol contributes to the effectiveness of 
enzymes by increasing the probability of interaction with its substrate. Synthetic 
macromolecules can produce similar, though much less refined, nanodomains [30]. 
In seeking to minimize interfacial energy, certain amphiphilic molecules in water 
will take conformations which produce internal hydrophobic regions. Interfacial 
tension between component molecules and water is fundamental for supramolecu-
lar self-assembly [10]. As a component molecule moves within the solvent, its sec-
tions with relatively high interfacial tension will tend to remain in contact with each 
other while more soluble, low interfacial tension areas will tend to remain in contact 
with the solvent. This process of surface energy minimization supports or indeed 
makes possible weak (van der Waal’s, electrostatic, hydrophobic, hydrogen) bond-
ing between components. Self-assembly can be said to occur if these associations 
produce an ordered structure at either thermodynamic equilibrium (static) or while
dissipating energy (dynamic) [31]. This process is well understood for surfactant 
micelles and for morphological transitions by amphiphilic diblock copolymers [32]. 
If the resulting structure contains cavities lined with non-polar moieties these areas 
act as hydrophobic nanodomains. Accordingly, small molecules that are insoluble in 
water will accumulate within these cavities by a process similar to that which drove 
structural self-assembly.

Loading of the nanodomains will continue until reaching equilibrium with coun-
teracting forces, most notably the electronic repulsion that determines the intrinsic 
density of the small molecule solute. To the extent that compressive forces are greater 
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Fig. 10.10 (a) Simplified reaction profiles of a reaction in the bulk solution (dashed line) and 
within a nanoreactor (solid line). (b) Simplified reaction profiles of a reaction leading to product D 
which is unfavoured within a nanoreactor (solid line) compared to the bulk solution (dashed line), 
and of a reaction leading to product E which is stabilized by the nanoreactor (solid line) compared 
to the bulk solution (dashed line) (Reproduced from Koblenz et al. [29] with permission by the 
Royal Society of Chemistry)
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than repulsive forces, random movements by the solute molecules decrease and 
occupancy increases until reaching a stable packing conformation that minimizes 
global energy. In certain cases, the increased electronic excitation and lower entropy 
that result from the increased density and decreased degrees of freedom are sufficient 
to allow otherwise unfavourable reactions to be thermally initiated. It is the observa-
tion of molecular and reaction dynamics under nanoscale confinement which are 
inconsistent with bulk properties that define the confinement effect. The increase of 
reaction efficiency under confinement is often measured as effective molarity (EM),
the ratio of the intermolecular versus intramolecular reaction rates [33].

10.4.2  Templated Nanoparticle Synthesis

An early biomimetic strategy for inorganic nanocrystal formation was to use the 
naturally occurring protein apoferritin as collector and cage for transition metal and 
metal oxides [34]. Because the cavity of apoferritin is 7 nm in diameter, monodis-
perse nanoparticles of iron, nickel, and chromium among others have been pro-
duced at that size [35].

As well as promoting thermodynamically unfavourable reactions, effective molarity 
under confinement may also allow for reactions which are kinetically unfavourable in 
ambient conditions. Lee et al. [36] observed that GaCl3 in pH 10 solution with bolaam-
phiphile peptide could be hydrolyzed to β-Ga2O3 at room temperature (Fig. 10.11). 

Fig. 10.11 Illustration of β-Ga2O3 growth mechanism via peptide capping and aggregation. 
(Reproduced from Lee et al. [36] with permission by Elsevier)
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They observed that without the peptide in solution, the reaction conditions could 
produce GaO2H but were too mild for further oxidation. Initial hydrolysis and size 
stabilization within the self-assembled peptide templates also produced GaO2H in 
monodisperse 10 nm crystals. In the second stage of the synthesis, the peptide contain-
ers aggregated and their contents fused into 50 nm metal oxide  crystals. It is in this step 
that the peptide is thought to play the critical catalytic role leading from mixed phase 
clusters to pure β-Ga2O3 nanocrystals.

10.4.3  Solar Fuel

Solar fuels refer to the end products of photocatalyzed or photoelectrically driven 
reactions that store the energy of collected solar radiation in chemical bonds. To be 
practical, the chemical products should be relatively easy to store, handle, and use; 
ideally no less so than current chemical fuels. Water splitting, as described above, 
produces a solar fuel in hydrogen gas. Its energy to mass ratio and clean combustion 
product, water, are excellent, but it becomes less attractive when considering the 
low energy to volume ratio and the accompanying difficulties in storage and distri-
bution. Bearing in mind that nearly all of the energy humanity has ever used in our
bodies and machines were sourced from plant-synthesized carbohydrates, and that 
the sun provides enough power in 1 h to power human civilization for a year, pho-
tocatalytic fuel production is a high-value research goal [37]. The steady rise in 
atmospheric CO2 and its adverse effects since the industrial revolution makes the 
development of an industrial analogue to the Calvin cycle doubly attractive as it
would provide a solution for energy and condensed carbon storage.
The simplicity of the concept belies the difficulty of the challenge: CO2 is very 

stable and reducing it back to a useable fuel via light energy is a thus far intractable 
problem. Neither the enthalpic nor entropic components of reaction thermodynam-
ics favour CO2 reduction; reaction kinetics are likewise reduced by the need for 
multiple electron coordination. Kumar et al. [38] cite the thermodynamic potentials 
listed in Eqs. (10.3, 10.4, and 10.5) against a hydrogen electrode, pH 7, STP, 1 M 
for other solutes.

 CO H e HCO HE V2 2
02 2 61+ + ® = -+ - .  (10.3)

 CO H e CH OH H OE V2 2 2
06 6 38+ + ® + = -+ - .  (10.4)

 CO H e CH H OE V2 4 2
08 8 2 24+ + ® + = -+ - .  (10.5)

Naturally, the biological solutions are a source of inspiration. The extant litera-
ture on photoelectric or photocatalytic energy capture largely focuses on inorganic 
chemistry and as such lie outside the scope of this chapter. However, the transfer 
mechanism of protons and excited electrons from the cathode or semiconductor 
junction is typically dependent on organo-hydride molecules. Natural photosynthesis 
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and nanobiosynthetic model systems use the nicotinamide adenine dinucleotide 
phosphate (NADP+) and NADPH redox couple as an electron mediator for CO2 
reduction. Barton et al. [39] demonstrated 88–100 % faradaic efficiency of CO2 
reduction to CH3OH using a p-GaP semiconductor electrode illuminated with light 
in the solar spectrum in pH 5.2 aqueous solution. The presence of pyridine allowed 
for the reaction to occur at significant undervoltages, but the catalytic mechanism 
was unknown.

Lim et al. [40] used quantum mechanical methods to investigate pyridine’s role in 
the transfer of two photoexcited electrons to CO2. The redox pathway from pyridine 
(Py) to 1,2,-dihydropyridine (PyH2) and the reduction energies they found are shown 
in Fig. 10.12. Density functional theory M06/6-31G** was employed to map the 
reaction cycle and Møller–Plesset perturbation theory with aug-ccPVTZ basis sets 
were used to calculate point energies of the reaction and transition state energies to 
high precision. As Fig. 10.13 illustrates, that study revealed that the Py-PyH2 redox 
couple coordinates the reduction of CO2 to formic acid HCO2H, methanediol 
CH2(OH)2, and finally to methanol CH3OH by sequential hydride (2e− + H+) and 
proton (H+) transfers (HTPT).

Fig. 10.12 Formation of 1,2-dihydropyridine from pyridine (Reproduced from Lim et al. [40] 
with permission by the American Chemical Society)

Fig. 10.13 Conversion of CO2 to CH3OH and H2O by PyH2 proceeds through three hydride and 
proton transfer steps. The reported free energies correspond to stationary points along the reaction 
potential energy surface models, catalyzed by the PyH2/Py redox couple. (Reproduced from Lim
et al. [40] with permission by the American Chemical Society)

10 Biomimetic Soft Polymer Nanomaterials for Efficient Chemical Processes



294

Pyridine’s function as a recyclable two electron mediator through HTPT makes it 
a small, stable synthetic analogue to NADP(H) for catalyzing the reduction of CO2 
into a usable fuel. The original experimental work was performed in bulk solution 
with a macro-scale semiconductor electrode. In combination with metal or semicon-
ductor nanocrystals and a macromolecular confinement structure, the results of this 
theoretical study could be incorporated into an efficient and fully artificial mimic of 
the biological carbon reduction process.

10.4.4  Biomimetic Nanoreactors

Polystyrene-alt-maleic anhydride is a particularly interesting polymer for the 
 construction of soft nanoarchitectures that confine and support organic reactions in 
water (Fig. 10.14). It is an amphiphilic alternating copolymer which has been shown 
to produce supramolecular nanotubes (14 Å inner and 21 Å outer diameters) and
nanosheet bilayers, a model of which is shown in Fig. 10.15, according to the aver-
age molecular weight of the polymer chains. The lighter, nanotube forming chains 
will lose their linear conformation in high or low pH and cause structural collapse, 
as with enzymes. Longer, nanosheet forming chains have proven to be stable over a 
broader pH range.
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Fig. 10.14 The pH sensitivity of poly(styrene-alt-maleic acid) is produced by the successive
deprotonation of its maleic acid moiety. Supramolecular association is optimized in the monode-
protonated state. (Reproduced fromMalardier-Jugroot et al. [41] with permission by the American 
Chemical Society)
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The self-assembly of either structure produces hydrophobic interior spaces that act 
as host to small hydrophobic molecules and exploit confinement to promote otherwise 
unfavourable reactions. This was shown by the spontaneous polymerization reaction 
of pyrrole in the SMA interior. When mixed into a 1 % wt/wt aqueous solution pyrrole 
is confined and polymerizes without additional chemical or physical inducement. 
The effective molarity is difficult to calculate in this case since the reaction rate of 
pyrrole outside of confinement is too slow to be practicably quantified.

Fig. 10.15 DFT-B3LYP/6-31G optimized oligomers of SMA at pH 7 fit the interchain and π–π 
bond spacings as well as the bond progression angle observed under high-resolution TEM.
(a) Shows the top view; (b) illustrates the concentration of hydrophobic groups in the bilayer 
interior (Reproduced from McTaggart et al. [42])
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Part of the reason for the lack of spontaneous polymerization in bulk solution is 
the fact that association only becomes an energetically favourable state for oligo-
mers of six or more pyrrole molecules: where the bonding reaction of two is unlikely, 
the probability of six is effectively zero. The influence of confinement was proven 
by attempting pyrrole polymerization inside larger styrene-maleic acid micelles up 
to 50 nm in diameter. No reaction was observed in the larger volume. As mentioned 
previously, polypyrrole is an increasingly important conductive polymer for a wide 
range of technological fields whose polymerization generally requires specialized 
reaction agents and association with a degradable polymer superstructure. The 
polypyrrole synthesis method developed by Li and Malardier-Jugroot [43] both 
removes the need for chemical polymerization agents and incorporates the product 
into a biocompatible, biodegradable polymer nanoarchitecture.

The well-defined structure of the cavities of the SMA template provides a con-
trolled environment for the growth of metal nanoclusters. Indeed the hydrophobic 
metal salt platinum(II) chloride was also added to SMA solution with NaBH4 reduc-
ing agent to produce nanoparticles through a process analogous to biotemplated 
crystal growth. Given the interstitial spaces, metal crystals under 3 nm were expected. 
Monodisperse platinum crystals were observed to form with or, surprisingly, without 
an additional reducing agent. Figure 10.16 shows high-resolution transmission 
 electron micrographs of the SMA nanosheet and platinum-SMA nanoreactor system. 
By reproducing the pyrrole polymerization experiment in the Pt-SMA nanoreactor
the reaction rate was three times faster than in SMA alone (Fig. 10.17). By initiating
and catalyzing an energetically unfavourable reaction through confinement and 
metal coordination the Pt-SMA nanoreactor mimics enzymatic action in an environ-
mentally friendly synthetic process.

Fig. 10.16 HR-TEM image
of the SMA-platinum 
nanoreactor. Dark spots are 
monodisperse platinum 
nanocrystals confined to the 
SMA interior. Inset is a 
magnified view of the SMA 
surface. (Reproduced from
McTaggart et al. [42])
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The advantage of artificial materials to reproduce biologically inspired physical 
effects becomes apparent when considering stability across environmental condi-
tions. Further experimentation showed that both the platinum nanocrystal synthetic 
method and the SMA-Pt nanoreactor are stable in pH ranging from 3.2 to 9, shown 
in Fig. 10.18, affording very high potential for application in proton exchange mem-
brane fuel cells.
The synthetic method was also applied to gold(I) chloride but with very different

results. Atomically thin and flat gold monolayers were observed to form on the 
exterior surface of the SMA bilayer (Fig. 10.19). Small angle neutron scattering 
models indicate that SMA and gold layers alternate into stacks in solution, poten-
tially creating hydrophilic confined reaction spaces. The hexagonal close-packed 
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atomic arrangement of the gold monolayer is of interest as a synthetic or catabolic 
catalyst, as well as for applications in microelectronics, plasmonics, optics, and 
medicine [45].

As stated previously, true artificial enzymes incorporating the selectivity, reaction 
rate, and regulatory functions of the naturally produced variety remain out of reach, but 
advances in soft biomimetic nanomaterials are drawing closer to that ideal.

10.5  Conclusion

It is only recently that we have developed the tools needed to probe the structures 
and mechanisms of biological nanosystems tailored over millions of years of 
 evolutionary optimization. Soft, responsive polymeric nanoarchitectures are well 

Fig. 10.18 The platinum nanocrystal synthetic method and resultant SMA-platinum nanoreactor 
are stable in between pH 3.6–9. (Reproduced from McTaggart et al. [42])
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suited to adapt the lessons of nature to improve processes in medicine, science, and 
technology. Inherently conductive polymer fibre networks and hydrogels are able 
to model the extracellular matrix and cytosol. Self-assembling systems can create 
confined environments that improve the catalytic efficiency of enzymes or indeed 
mimic confinement within enzymes themselves. The development of biomimetic 
polymer nanostructures is an important advance for sustainable energy collection, 
storage, and use that opens the possibility of closing the industrial carbon cycle for 
long-term energy security and climate management.
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    Chapter 11   
 Nanoarchitectonics Prepared by MAPLE 
for Biomedical Applications 

             Roxana     Cristina     Popescu     and     Alexandru     Mihai     Grumezescu    

    Abstract     Thin fi lm depositions by Matrix-Assisted Pulsed Laser Evaporation 
(MAPLE) technique have been intensively used in order to obtain nanoarchitecton-
ics with different biomedical applications, like drug delivery systems, tissue engi-
neering, implants with improved biocompatibility, improved adherent surfaces, 
antibacterial surfaces, etc. This chapter presents a description of the latest research 
regarding magnetite-based thin fi lms and hybrid organic–inorganic thin fi lms 
obtained by MAPLE. The most encountered preparation methods for magnetite- 
based thin fi lms and several hybrid organic–inorganic systems are presented. 
Regarding the biomedical applications, our attention is directed to the antibacterial 
properties of differently modifi ed surfaces for implants and medical devices.  

  Keywords     Nanoarchitectonics   •   Thin fi lm deposition   •   Matrix-assisted pulsed 
laser evaporation   •   Magnetite nanoparticles   •   Hybrid organic–inorganic  

11.1         Matrix-Assisted Pulsed Laser Evaporation 
Technique: General Approach 

 Thin fi lms are defi ned as layers of material with a thickness between nanometers to 
micrometers, while the thin fi lm deposition is a term which refers to the technique 
of applying a fi lm onto a substrate. The main techniques used for thin fi lm deposi-
tion are classifi ed as: (1) laser assisted deposition techniques and (2) non-laser 
assisted deposition techniques. Laser assisted techniques used for obtaining thin 
fi lm depositions on different substrates have multiple advantages compared to other 
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techniques given the following facts: (1) control of the monolayer thickness; 
(2) strong adhesion of the thin fi lm to the surface of the monolayer; (3) low substrate 
temperature; (4) ensuring the stoichiometry of precursors; (5) economical consump-
tion of precursors [ 1 ]. The main laser-assisted techniques used for the deposition of 
thin fi lms are: (1) pulsed laser deposition [ 2 ,  3 ]; (2) matrix-assisted pulsed laser 
evaporation technique [ 4 – 6 ]; (3) spin coating technique [ 7 ,  8 ]; (4) drop casting tech-
nique [ 9 ]. 

 The interest for laser deposition techniques is given by the fact that the resulted 
thin fi lms have a controlled topography, which can be manipulated at nanometric 
level [ 10 ]. These materials provide several important applications in the biological 
fi eld, such as: (1) drug delivery systems [ 11 – 13 ], (2) tissue engineering [ 14 ], 
(3) implants with improved biocompatibility [ 4 ,  12 ], (4) improved adherent surfaces 
[ 15 ,  16 ], (5) antibacterial surfaces [ 17 ,  18 ], (6) gas sensors [ 19 ,  20 ], etc. 

 Matrix-assisted pulsed laser evaporation (MAPLE) technique is derived from 
pulsed laser deposition (PLD) technique, where the target is represented by a frozen 
homogenous solution of the material of interest, which is diluted in a volatile sol-
vent (matrix solvent). The temperature at which the target solution is frozen is given 
by the liquid nitrogen temperature. The target is placed in a vacuum chamber and a 
high energy laser is directed trough it. The pulsed laser energy is absorbed by the 
solvent in the target and it is converted in thermal energy, which determines the 
evaporation of the solvent. The evaporating molecules of the solvent collide with 
the solute (material) molecules, which are transformed in a gas phase, because of 
the transferred kinetic energy. The advantages of MAPLE compared to PLD are 
given by the fact that this technique avoids the photochemical damage and the 
decomposition in PLD technique, which is determined by high energy of the laser 
pulses [ 10 ]    (Fig.  11.1 ).   

Target Laser pulse

Solvent 
molecules

Biomaterial Substrate

  Fig. 11.1    Schematic representation of the principle of matrix-assisted pulsed laser evaporation 
technique (MAPLE)       
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11.2     The MAPLE Deposition Apparatus 

 The MAPLE technique was developed as an improvement for the PLD technique, 
in order to be used for thin fi lm depositions of organic materials. It was imple-
mented for the fi rst time in the 1990s by the US Naval Research Laboratory to 
obtain functionalized polymer fi lms [ 21 ]. 

 The MAPLE apparatus, as shown in Fig.  11.2 , consists of a sealed chamber 
which presents a cryogenically cooled rotating target holder and a substrate holder, 
also having a rotation movement. The target holder is connected to a liquid nitrogen 
tank. The chamber has an input for a background gas and for vacuum. It also pres-
ents the laser beam focusing system, which directs pulsating laser beam at a 45° 
angle, on the target surface [ 21 ].  

 Usually the technique uses an excimer laser such as KrF, with λ = 248 nm, or ArF, 
with λ = 193 nm, and a pulse width between 10 and 30 ns, focused on the target in a 
1–10 mm 2  spot. The repetition rate is usually set between 1 and 20 Hz and the laser 
fl uence is between 0.01 and 1.0 J/cm 2 , being set according to the type of material 
(solute) and solvent used to make the target. The process can be held at different 
pressures, from vacuum, to 70 Pa, in the presence of an inert gas or a background 
gas [ 21 ].  

Background gas

Vacuum 

N2(lq) tank

Target rotation 
system

Target

Substrate

Substrate 
rotation system 

Laser beam 
focusing system 

Laser beam

  Fig. 11.2    Schematic representation of matrix-assisted pulsed laser evaporation (MAPLE) system; 
Important parameters in the technological process of MAPLE thin fi lm deposition are the follow-
ing: (1) the fl uency of the laser, (2) the repetition rate, (3) the number of pulses, (4) the target rota-
tion rate, (5) the angle at which the laser beam scans the target surface, (6) the background pressure, 
(7) the distance between substrate and target [ 22 ,  23 ]       
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11.3     Thin Films Based on Magnetite Nanostructures 

 Magnetite nanoparticles are intensively used in different biomedical applications 
especially due to their magnetic properties [ 24 ], biocompatibility [ 25 ], and easy 
obtaining methods [ 26 – 28 ]. Thus, Fe 3 O 4  nanoparticle-based materials are used as: 
(1) drug delivery systems [ 29 – 31 ]; (2) antimicrobial materials [ 32 – 34 ]; (3) hyper-
thermia applications for cancer treatment [ 35 ,  36 ]; (4) contrast substance for mag-
netic resonance imaging techniques [ 35 ,  37 ]; etc. 

11.3.1     Preparation 

 Magnetite can be found as a natural mineral, but it can also be artifi cially obtained 
using different chemical methods. Fe 3 O 4  nanoparticles were obtained for the fi rst 
time as a ferrofl uid in 1981, by Massart [ 38 ] using a co-precipitation method, based 
on the combination of ferric and ferrous salts in an alkaline medium (sodium 
hydroxide). 

 Regarding the composition of magnetite, it is an iron oxide consisting of Fe 3+  and 
Fe 2+  ions, with a characteristic molar ratio of Fe 3+ :Fe 2+  = 2:1 [ 39 ]. 

 The main preparation methods are presented in Table  11.1 , where the methods’ 
principle and the implied factors are briefl y summarized.

11.3.2        Functionalized Magnetite Nanostructures 

 The functionalization of nanomaterials consists in modifying the surface of nanopar-
ticles by means of attaching different type of molecules, in order to improve the 
properties of the inorganic structure: (1) the biocompatibility [ 50 ,  51 ], (2) stability 
[ 52 ,  53 ], (3) targeting properties [ 31 ,  35 ,  54 ,  55 ], (4) carrier properties [ 56 – 58 ] 
(Fig.  11.3 ).  

 Magnetite surface chemistry depends on the pH, acting like Lewis acids in aque-
ous systems: at low pH values the surface of Fe 3 O 4  is positively charged, while at 
high pH values the magnetite surface is negatively charged [ 59 – 61 ]. The main 
classes of magnetite functionalization methods are: (1) covalent bonding and 
(2) non-covalent bonding. The non-covalent bonding between the functionalizing 
molecules and the magnetite nanoparticle surface is commonly encountered by 
means of hydrogen bonding with HO −  groups in Fe 3 O 4 . 

 The functionalizing agents which can interact with Fe 3 O 4  nanoparticles are clas-
sifi ed as follows: (1) organic functionalizations and (2) inorganic functionalizations. 
In the fi rst class are included small molecules and surfactants (dehydroascorbic acid 
[ 37 ], silane compounds [ 62 ], folic acid [ 35 ], carboxyl [ 36 ]) generally applied to 
reduce the aggregation phenomena of magnetite nanoparticles in suspension; 
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 polymers (PEG [ 63 ], chitosan [ 64 ], PVA [ 65 ]), used to improve biocompatibility, 
stability, or to modify the character of the nanoparticle surface; enzymes (pullulanase 
[ 66 ], porphyrin [ 67 ], glucose oxidase [ 68 ]), with sensing properties; respectively, 
therapeutic molecules (docetaxel [ 31 ], usnic acid [ 32 ], danorubicin [ 69 ], umbellip-
renin [ 70 ], rotavirus capsid surface protein [ 57 ]), used to obtain drug delivery systems. 
Magnetite functionalization with inorganic coatings is generally applied for different 
reasons, like: (1) enhancing the magnetic properties of the nanoparticles [ 71 – 73 ]; (2) 
enhancing the antioxidant properties of magnetite [ 74 ]; (3) inducing antibacterial 
properties [ 75 ]; (4) improving the biocompatibility of the system [ 76 ,  77 ].  

11.3.3     Thin Films 

 Magnetite-based thin fi lms can be obtained by several techniques, as follows: 
(1) pulsed laser deposition technique [ 78 ], (2) matrix-assisted laser evaporation tech-
nique [ 79 ], (3) ultrasound-enhanced ferrite plating [ 80 ], (4) chemical vapor deposition 
[ 81 ], (5) DC reactive magnetron sputtering [ 82 ] and reactive sputtering [ 83 ]. 

 Previously obtained Fe 3 O 4  functionalized nanoparticles are prepared as a diluted 
suspension in the matrix solvent (chloroform 1 % wt./vol.) [ 84 ] and then put into a 
precooled target holder and frozen in liquid nitrogen. For example, Cristescu et al. 
[ 84 ] used the following experimental parameters for all of the Fe 3 O 4 @oleic acid@
antibiotic MAPLE deposited thin fi lm samples: a laser fl uence between 65 and 
300 mJ/cm 2 , a repetition rate of 10 Hz, 7,200–20,000 laser pulses, a target rotation 

Therapeutic 
molecule

Targeting 
molecule

Organic 
biocompatible 
molecule

Tissue Engineering

Drug Delivery

Diagnostics

Therapy

  Fig. 11.3    Applications of functionalized magnetite nanoparticles       
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rate of 0.4 Hz, an angle of 45° between the laser beam and the target surface, a dis-
tance of 4 cm between the substrate and target, and a background pressure of 
30–100 Pa [ 84 ].  

11.3.4     Biological Applications 

 Nosocomial infections, or hospital-acquired infections, are a current problem of 
the medical system, over 1.7 million hospital-associated infections contributing 
and causing over 99.000 deaths every year [ 85 ]. In Europe, gram-negative associ-
ated infections cause the most numerous untreatable infections [ 86 ], therefore 
combating the antibiotic resistance being an important subject of the latest scien-
tifi c studies in the biomedical fi eld. Biofi lms are microbial communities included 
in a polysaccharide matrix, attached to a substrate. These are commonly encoun-
tered in unsterile prosthetic devices, contributing to a large number of infectious 
cases. Thus, there are several studies conducted in order to obtain anti-biofi lm 
surface coatings for medical devices, and matrix-assisted pulsed laser evaporation 
technique offers great solutions; Table  11.2  gives a summary of the latest exam-
ples regarding this aspect.

   Table  11.2  presents several examples of MAPLE deposited thin fi lms based on 
modifi ed magnetite nanoparticles, which exhibit antibacterial properties, which can 
be used as a growth support for cells. The Fe 3 O 4 @oleic acid/antibiotic thin fi lms are 
excellent candidates which can be used as surface modifi cation methods for medical 
devices and implants, with anti-adherence and antimicrobial properties [ 17 ]. 
However, the anti-adherence property refers only to the microbial colonies, as it was 
proved that human epithelial carcinoma HeLa cell monolayers can grow on these 
modifi ed surfaces. The antimicrobial properties of the obtained samples were tested 
against both gram-negative ( Pseudomonas aeruginosa ,  Klebsiella pneumoniae , 
 Escherichia coli ) and gram-positive ( Staphylococcus aureus ,  Bacillus subtilis ) bac-
teria, using the antimicrobial activity assay (API 20E biochemical tests, VITEK I 
automatic system), to compare the substrate effect with several antibiotic substrates 
and the microbiological assay investigation procedure to measure the percent of 
viable bacterial cells attached to the substrates (compared to a control, represented 
by glass substrate). The in vitro biocompatibility of the obtained samples was evalu-
ated after the addition of the microbial suspensions over the HeLa cell monolayer 
cultivated on the MAPLE modifi ed substrates. The samples were prepared by 
Giemsa staining and evaluated using an inverted microscope to conclude over the 
degree of cell confl uency, the cytotoxic effect of nanoparticles, the number of adher-
ent bacteria, and the adherence pattern (localized adherence, where bacteria form 
microcolonies, diffuse adherence, where bacteria adhere to the whole cell surface 
and aggregative adherence, where aggregates of bacteria attach to the cells, forming 
an overlapped arrangement. The cell morphology was not affected by the presence 
of the nanoparticles, neither was the adherence pattern or the adherence index, 
compared to control samples. 
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 Our group obtained Fe 3 O 4 @eugenol nanoparticles by co-precipitation method, 
which were embedded in poly(3-hydroxybutyric acid-co-3-hydroxyvaleric acid)–
polyvinyl alcohol (P(3HB-3HV)–PVA) microspheres by oil-in-water microemul-
sion method; these resulted microspheres were used as modifying material for inert 
substrates [ 79 ]. The P(3HB-3HV)–PVA–Fe 3 O 4 @eugenol thin fi lms were obtained 
by MAPLE deposition from 1 % (w/v) microsphere suspension in DMSO using a 
KrF *  laser source (248 nm, 25 ns laser pulses, 300–500 mJ/cm 2  laser fl uence and a 
repetition rate of 15 Hz, with 45,000–160,000 laser pulses). The in vitro biocompat-
ibility was evaluated using human endothelial cells EAhy929; the proliferation and 
viability of the cells was tested using commercial kits, resulting in high viability of 

    Table 11.2    Matrix-assisted pulsed laser evaporation technique for anti-biofi lm surface coatings   

 No.  Description  Biological investigations  Reference 

 1  PLGA–PVA–Fe 3 O 4 @usnic acid thin 
fi lm depositions obtained by MAPLE 

  Staphylococcus aureus  anti- 
biofi lm adherence surfaces 

 [ 87 ] 

 2  magnetite/salicylic acid/silica shell/
antibiotics thin fi lm depositions 
obtained by MAPLE 

 Anti-adherence of  Staphylococcus 
aureus  and  Pseudomonas 
aeruginosa  biofi lms; 
biocompatibility proven for 
eukaryotic HEp-2 cells 

 [ 88 ] 

 3  Fe 3 O 4 @oleic acid@ceftriaxone/
cefepime thin fi lms deposited 
by MAPLE onto inert substrates 

 Microbial viability and microbial 
adherence tests using gram- 
negative and gram-positive 
bacteria proved the antibacterial 
activity of these fi lms; proved 
biocompatibility for HeLa cells 

 [ 84 ] 

 4  Fe 3 O 4 @ Cinnamomum verum  
MAPLE deposited thin fi lms 
on gastrostomy tubes 

 Normal development of endothelial 
cells on the surface of the modifi ed 
gastrostomy tubes; anti-adherent 
properties against gram-positive 
and gram-negative bacteria 

 [ 89 ] 

 5  PLA–CS–Fe 3 O 4 @eugenol thin fi lm 
depositions using MAPLE 

 The obtained substrates have 
bioactive properties for human 
endothelial cells and anti- 
adherence properties against 
 Staphylococcus aureus  and 
 Pseudomonas aeruginosa  bacteria 

 [ 90 ] 

 6  Poly(3-hydroxybutyric acid-co-3- 
hydroxyvaleric acid)–polyvinyl 
alcohol–PVA–Fe 3 O 4 @eugenol 
MAPLE deposited thin fi lms 

 Antibacterial and anti-biofi lm 
characteristics of the obtained thin 
fi lms proved by viable cell count 
method on  Staphylococcus aureus  
and  Pseudomonas aeruginosa  
cultures; biocompatibility proved 
by analyzing the thin fi lms 
interaction with EAhy926 human 
endothelial cells 

 [ 79 ] 
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the endothelial cells, the cells’ proliferation being increased at 24 h after incubation 
and being maintained at 48 and 72 h (compared to control). The obtained samples 
were also tested against biofi lm formation for  Staphylococcus aureus  and 
 Pseudomonas aeruginosa  bacteria using the microbial biofi lm assay, which demon-
strated the anti-biofi lm antibacterial growth effect of the resulted biomaterial. 

 The same experimental procedure was used by Holban et al. [ 90 ] to obtain poly-
lactic acid (PLA)–chitosan (CS)–Fe 3 O 4 @eugenol microsphere thin fi lms deposi-
tions. The in vitro biocompatibility was tested for human endothelial cells 
EAhy926, using a commercial cell proliferation assay and a fl uorescence long 
term-tracking method. The tests showed that the obtained thin fi lms offer biocom-
patible support for endothelial cells growth, their morphology and proliferation 
capability being normal [ 90 ]. For the anti-biofi lm evaluation,  Staphylococcus 
aureus  and  Pseudomonas aeruginosa  strains were cultured in Luria Broth medium 
and put in contact with the resulted biomaterials. The biofi lm formation is affected 
after 24 and 48 h of incubation compared to uncoated magnetite embedded in 
microspheres control. 

 Our research group also obtained polylactic-co-glycolic acid (PLGA)–polyvinyl 
alcohol (PVA)–Fe 3 O 4 @usnic acid thin fi lm depositions by MAPLE using a KrF* 
laser source (248 nm, 25 ns laser pulses, 200–400 mJ/cm 2  laser fl uence and a repeti-
tion rate of 10 Hz, with 10,000–20,000 laser pulses) [ 87 ]. The in vitro biocompati-
bility was evaluated for human mesenchymal stem cells from human bone marrow. 
The viability of the cultured cells was over 92 %, proving that the obtained thin 
fi lms can support the normal development of the cells. Also, the normal morphol-
ogy of the cells showed that the obtained materials have biocompatible properties. 
To evaluate the antibacterial effect, a minimal inhibitory assay and a microbial 
adherence and biofi lm assay were employed for  S. aureus  bacteria. The obtained 
thin fi lm inhibited the formation of bacterial strains for 3 days under static condi-
tions, diminishing  S. aureus  adherence and biofi lm formation. 

 Anghel et al. [ 89 ] obtained Fe 3 O 4 @ Cinnamomum verum  MAPLE thin fi lm depo-
sitions on gastrostomy tubes, having antibacterial activity against gram-positive 
( S. aureus ) and gram-negative ( E. coli ) bacteria [ 89 ].  Cinnamomum verum  is a natu-
ral oil with anti-infl ammatory, antiseptic, antifungal, and antiviral properties, which 
can stimulate the immune system and have antioxidant properties. The  functionalized 
magnetite nanoparticles were obtained by co-precipitation method and dispersed in 
DMSO (1.5 % w/v solution) and frozen in liquid nitrogen. The MAPLE deposition 
was held using a KrF*laser (248 nm, 25 ns laser pulses, 300–500 mJ/cm 2  laser fl u-
ence and a repetition rate of 0.4 Hz, with 30,000–60,000 laser pulses). Regarding 
the antibacterial effect of the modifi ed tubes, the most inhibitory effect was proved 
for  S. aureus  (compared to control). The in vitro biocompatibility effect, tested 
using the MTT assay on human endothelial cells, proved a normal development at 
24 and 48 h after incubation, and an improved proliferation at 72 h, compared to 
control. The fl uorescence microscopy images obtained at 5 days after incubation 
showed a normal growth and morphology of the cells.   
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11.4     Thin Films Based on Inorganic–Organic Hybrid 
Nanomaterials 

 Hybrid organic–inorganic nanomaterials have been intensively used in different 
biomedical applications due to the combination of properties from both organic and 
inorganic moieties [ 91 ]. Examples of such applications are: (1) tissue engineering 
[ 15 ], (2) antibacterial and anti-biofi lm effect [ 92 ], (3) drug delivery systems [ 93 ]. 

 There are several reasons for developing such materials, excelling in the improve-
ment of properties like: (1) increased biocompatibility of the designed nanomateri-
als, by applying several organic functionalizing agents; (2) antibacterial properties 
of the organic material; (3) increased stability; (4) modifying the surface character; 
(5) drug loading. 

11.4.1     Preparation 

 The preparation of hybrid nanomaterials can be done in several ways, which are 
grouped in two main classes, depending on the interactions that take place between 
the organic and inorganic phases: (1) methods where no covalent bond is formed 
between the two phases, (2) methods where covalent bonds are formed between the 
two phases. Table  11.3  [ 94 ] summarizes the main methods for obtaining organic–
inorganic hybrid nanomaterials (Fig.  11.4 ).

11.4.2         Thin Films 

 Birjega et al. [ 119 ] obtained layered double hydroxide (LDH)–polyethylene glycol 
(PEG)/ethylene glycol (EG) thin fi lms deposited by MAPLE technique [ 119 ]. The 
interest for LDH is given by the fact that it is an artifi cial clay, which consists of 
positively charged layers, arranged parallel one to another. It acts as a host material 
for anions located in the interlayer regions, which can be easily replaced by other 
negatively charged molecules of biological interest. The main application of these 
thin fi lm coatings consists in modifying the surface character and controls its sur-
face wetting. The Mg-Al LDH (Mg/Al = 3) was obtained using a co-precipitation 
method (at suprasaturation, pH = 10) from aqueous solutions of Mg and Al nitrates, 
sodium hydroxide and carbonate, resulting in a gel, which underwent a drying pro-
cess (85 °C, 24 h), followed by a calcination process (460 °C, 18 h, nitrogen atmo-
sphere). LDH-polymer (PEG/EG) composites were prepared by immersing Mg(Al)
O mixed oxides powders immersed in aqueous polymer solutions 
(200 amu/1,450 amu, where Mg(Al)O/PEG and Mg(Al)O/EG = 1.76/1), separated 
by vacuum fi ltration and dried (vacuum, 30 °C, 24 h) [ 119 ]. For MAPLE deposition 
of the thin fi lms, a Nd:YAG laser (266 nm, 5 ns pulses, with a repetition rate of 
10Hz, a laser fl uence of 1–2 J/cm 2 ) was used. Other important parameters are: (1) a 
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  Fig. 11.4    Schematic    representations of non-covalent bonding methods for obtaining hybrid 
nanomaterials       

45° angle between the laser and the target; (2) a laser spot size between 0.6 and 
0.8 mm 2 ; (3) 40,000–60,000 laser pulses. 

 Predoi et al. obtained γ-Fe 2 O 3 @dextran thin fi lms deposited by MAPLE tech-
nique using a UV KrF *  excimer laser (248 nm), with 25 ns pulses and a repetition 
rate of 10 Hz. 25 × 10 3  laser pulses were applied and a fl uence of 0.5 J/cm 2  was 
assured [ 120 ]. The target was prepared using a solution of 0–25 wt.% iron oxide 
nanoparticles obtained by co-precipitation method, 10 wt.% dextran (2,500 Da) and 
distillated, frozen in liquid nitrogen solution. The surface morphology of the 
obtained samples was investigated by scanning electron microscopy technique, 
which proved an aggregated aspect of the fi lms, consisting of micrometer sized 
grains. Also, by other investigations, the authors concluded that the resulted thin 
fi lms have a crystallinity, chemical composition, and molecular structure identical 
to the materials used for target preparation. 

 In the experiment described by Miroiu et al. [ 15 ], hydroxyapatite–silk fi broin 
thin fi lms were obtained by MAPLE deposition. The target was prepared using 
polymer solutions (2 wt.% and 4 wt.%, respectively) and adding hydroxyapatite 
(HA) in order to obtain a HA–fi broin weight ratio of about 3:2 and 3:4 respectively. 
The HA–fi broin solutions were mechanically stirred and several drops of NaOH or 
NaCl were added in order to adjust the pH to 7.4 (physiological value). Then, the 
solutions were frozen in liquid nitrogen to obtain the targets. For the deposition 
process, a KrF *  excimer laser (248 nm, with 25 ns pulses, a repetition rate of 
10–15 Hz and a laser fl uence of 0.4–0.5 J/cm 2 ) was used; 20,000–50,000 pulses 
were applied for each fi lm [ 15 ].  
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11.4.3     Biological Applications 

 Miroiu et al. obtained hydroxyapatite–silk fi broin thin fi lms deposited by MAPLE 
on the surface of metallic prosthesis. The aim of the study was given by the fact that 
the biomimetic modifi es surface display enhanced properties like bioaffi nity and 
osteoconductivity. The in vitro biocompatibility test using SaOs2 osteosarcoma 
cells cultured for 72 h on the surface of the modifi ed implants showed an improved 
viability and spreading of the cells. The elongated morphology of the cells proved 
that the resulted hydroxyapatite–silk fi broin coatings have good performances as 
bone implants, assuring an optimal interface between the living tissue and the metal-
lic surface of the prosthesis. The best results were given by the HA3-FIB4 sample 
(3 wt% hydroxyapatite–4 wt% fi broin) [ 15 ]. 

 The γ-Fe 2 O 3 @dextran thin fi lm depositions obtained using MAPLE technique 
by Predoi et al. [ 120 ] were investigated as biocompatible structures used for implant 
modifi cation coatings in locoregional cancer treatment by hyperthermia after a sur-
gical intervention. Thus, human hepatocarcinoma cells HepG2 were cultivated on 
the obtained thin fi lms, the viability investigated by MTT colorimetric assay, result-
ing in a good biocompatibility of the materials. Regarding the morphological aspect 
of the cells, the cells cultured on the 5 wt.% iron oxide samples grew into larger 
multicellular aggregates [ 120 ] (Table  11.4 ).

11.5         Conclusions and Perspectives 

 Matrix-assisted pulsed laser evaporation is the most frequently used method to 
obtain thin fi lm nanoarchitectonics for biomedical applications, because of its 
numerous advantages, like assuring control of the monolayer thickness, a strong 
adhesion of the thin fi lm to the surface of the monolayer, low substrate tempera-
ture, ensuring the stoichiometry of precursors, and economical consumption of 
precursors. This technique has been applied to obtain magnetite modifi ed sur-
faces with antibacterial properties, used for implants and medical devices, in 
order to prevent the nosocomial infections, frequently associated with improper 
sterilization or surgical procedures. However, these systems do not affect the 
adherence and biocompatibility of tissue cells. Hybrid organic–inorganic nano-
materials are preferred because they combine properties from both components, 
resulting in an increased biocompatibility of the designed nanomaterials, by 
applying several organic functionalizing agents, antibacterial properties of the 
organic material, increased stability, a modifi ed surface character, drug loading. 
Such thin fi lms have been applied for modifi ed surface prosthesis with antibacte-
rial properties and improved biocompatibility and cellular adherence. Some sys-
tems have been designed for delivery action, in order to improve some properties, 
or for therapeutic effects.    
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    Chapter 12   
 Safer Nanoformulation for the Next Decade 

                Debjani     Nath    

    Abstract     Nanotechnology is one of the exciting, albeit infrequent, technological 
change that can infl uence all industries. It holds the potential for pervasive and revo-
lutionary changes. These changes can either follow a path leading to waste, pollution 
and energy ineffi ciency or follow a path of green nanotechnology to a more sustain-
able future. It is our choice while the window of opportunity still remains open. Green 
nanotechnology offers the opportunity to head off adverse effects before they occur. 
It can proactively infl uence the design of nanomaterials or products by eliminating or 
minimizing pollution from the production of the nanomaterials, taking a life cycle 
approach to nanoproducts to estimate and mitigate where environmental impact might 
occur in the product chain, designing toxicity out of nanomaterials and using nanoma-
terial to remediate existing environmental problem.  

  Keywords     Green synthesis   •   Engineered nanoparticles   •   Nanotoxicity   •   Formulation  
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   AgNP    Silver nanoparticle   
  AuNP    Gold nanoparticle   
  DRAM    Dynamic random access memory   
  ENM    Engineered nanomaterial   
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  HTS    High throughput screening   
  IGC    Inert gas condensation   
  LDH    Lactate dehydrogenase   
  MNP    Magnetic nanoparticle   
  MTS    3-(4,5 Dimethylthiazol-2yl)-5-(3-carbonymethyl-2-(4sulphonyl)-2H- 

tetrazolium salt   
  MTT    3-(4,5 Dimethylthiazol-2yl)-2,5 diphenyltetrazolium bromide   
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  QNTR    Quantitative nanostructure toxicity relationship   
  QSAR    Quantitative structure-activity relationship   
  REACH    Registration evaluation and authorization of chemicals   
  Sb 2 O 3     Antimony trioxide   
  SRAM    Selective random access memory   
  SRM    Standard reference nanomaterials   
  TiO 2     Titanium dioxide   

12.1           Introduction 

    Nanomaterials and nanotechnology have attracted a lot of attention both in the 
 scientifi c fi eld and in media communication. But up to now nanoproducts still target 
future possibilities in support of the concept of sustainability. The term sustainable 
development was coined in the paper “ Our Common Future ,” released by the 
Brundtland Commission as “Sustainable    development is the kind of development 
that meets the need of the present without compromising the ability of future gen-
erations to meet their own needs”. The two key concepts of sustainable development 
were indicated as: (1) the concept of “needs” in particular the essential needs of the 
world’s poorest people, to which they should be given overriding priority; and (2) 
the idea of limitations which is imposed by the state of technology and social orga-
nization on the environment’s ability to meet both present and future needs [ 1 ].    
The development goes well beyond manufacturing to encompass all human produc-
tion and consumption activities, such as agriculture, land, air and water resource 
management, human habitat management, biodiversity, etc. [ 2 ]. 

 Sustainable energy too has long been a dream of nanotechnologies and it has 
been seen as a technology with the potential to reduce green house emissions, but to 
date this has not been quantifi ed. Many of the initial ideas were based around replac-
ing current manufacturing techniques with bottom up technologies, whether assem-
bling items atom by atom as proposed by Eric Drexler [ 3 ] “ Coal and diamonds, 
sand and computer chips, cancer and healthy tissue: throughout history, variations 
in the arrangement of atoms have distinguished the cheap from the cherished, the 
diseased from the healthy. Arranged one way, atoms make up soil, air, and water; 
arranged another, they make up ripe strawberries. Arranged one way, they make up 
homes and fresh air; arranged another, they make up ash and smoke .” or by attempt-
ing to understand how nature assembles useful devices from the bottom up and 
mimic or control these techniques. While bottom up nanomaterial engineering 
remains a topic of much interest,many of these applications of nanotechnology are 
still at the stage of infancy and there is general agreement that a breakthrough is still 
10–15 years in the future. 

 Green nanotechnology maintains a commitment to rigor with application related 
to sustainability as well as alerts the prevention of harmful consequences from its 
successful implementations. In terms of nanofabrication process it is less energy and 
resource intense and as the principles of Green Chemistry green nanotechnology 
involve (a) the use of cost-effective, nontoxic precursors; (b) minimization of 
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 carcinogenic reagents and solvents (if possible, through utilization of aqueous 
 solvents in order to bypass potentially toxic, acidic, or basic analogues); (c) reduction 
of experiments carried out with either pyrophoric compounds or unstable precursors 
to avoid risk; (d) the use of relatively few numbers of reagents, i.e., atom economy, 
coupled with a conscious effort to circumvent the generation of greenhouse gases; (e) 
minimization of reaction steps leading to a reduction in waste, reagent use, and 
power consumption; (f) development of reactions to generate high-purity materials 
with little if any byproducts through high-yield processes; (g) ambient temperature 
and pressure synthesis, if at all possible, so as to preclude the need for either vacuum 
or high temperature processes; and (h) effi ciency of scale-up (Fig.  12.1 ) [ 4 ].   

12.2     Challenges of Nanosafety 

12.2.1     Defi nition of Nanomaterial from the Viewpoint 
of Nanosafety 

 ENMs (engineered nano materials) are characterized by their complexity. This 
complexity is evident not only in their physico-chemical characteristics but 
also in their interactions with living systems. Due to the diverse nature of 
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nanomaterials, they have contributed to the birth of several subfi elds of nanosciences 
such as  optoelectronics and printed electronics, innovative construction materials, 
novel surfaces and packaging. They have been the impetus for the creation of the 
discipline of safety-related nanotoxicology. Nanosciences and nanotechnologies 
deal with the manipulation of matter in a size-range from 1 to 100 nm in at least 
one dimension. Some of the recognized engineered nonmaterials have dimensions 
even smaller than 1 nm (e.g., fullerenes). This was truly not followed by the defi -
nition of EU in its true nature in the line of nanoformulation and designing. The 
European Commission has recently adopted a recommendation on the defi nition 
of nanomaterial (COM (2011) 696), according to which “nanomaterial    means a 
natural, or manufactured material containing particles, in an unbound state or as 
an aggregate or as an agglomerate and where, for 50 % or more of the particles in 
the number size distribution, one or more external dimensions is in the size range 
of 1–100 nm. In specifi c cases and where warranted by concerns for the environ-
ment, health, safety or competitiveness the number size distribution threshold of 
50 % may be replaced by a threshold between 1 and 50 %”. Even though this defi -
nition has been currently incorporated into some pieces of EU legislation, it has 
also recently been challenged because it has been considered to be an obstacle for 
research in addition to being a refl ection of relatively a static, not a dynamic, 
understanding of the nature of nanosized materials for the purpose of regulations 
[ 5 ]. The defi nition has indeed been defended by the regulatory requirements of 
engineered nanomaterials [ 6 ]. A number of engineered nanodevices of nanomate-
rials include functionalized carbon/organic/metal nanotubes, nanowires, metal, 
metal oxide and organics nanoparticles, and graphene. They also include bioac-
tive and biodegradable ceramics and polymers, active gels, piezoelectrics, elec-
trostrictives, ferroelectrics, multiferroics, nonlinear/tunable metamaterials, shape 
memory materials, supramolecular polymers, stimuli sensitive polymers, and pos-
sible combinations of these materials. Sometimes they are present in organized 
arrays, and sometimes as simple mixtures. They can express characteristics that 
enable self-assembly of nanosized materials into chemically similar but micro-
sized structure. However, it is the fl exibility for physical manipulation that endows 
all these materials with an amazing color of micro designs (Fig.  12.2 ). This is why 
products with nanomaterials can be so  creative and innovative. However, this 
plethora of different types of materials at nanoscale not only confers almost 
unlimited technological benefi ts, but it also holds the possibilities for unexpected 
interactions between these materials and biological systems at the molecular, cel-
lular, organ and organismic levels [ 7 – 9 ]. Furthermore, according to a recent eval-
uation by the European Commission (2nd Regulatory Review of REACH (EC 
(2012) 572), it is unlikely that the size of nanomaterials per se causes hazards or 
harm to the human health or the environment. Small size does enable easy access 
to living organisms and hence may lead to increased risks to various living sys-
tems. This leads directly to scientifi c uncertainty about the general safety of these 
materials, stressing the need for safety assessment of the nanosized substances.   
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12.2.2     Challenges of Nanosafety: Pre-assessment 
of Nanotoxicity 

 Nanotechnology has rapidly encouraged the development a new generation of smart 
and innovative products and processes, and has created a tremendous growth poten-
tial for a large number of industry sectors. It is important that this development con-
tinues so that all the useful properties of engineered nanomaterials (ENM) can be 
safely utilized in a number of nanotechnology applications. However, there is a 
strong debate about the potential risks of ENM and nanotechnologies. In this regard, 
it is important to consider that research and innovation and application are the key 
drivers of social and economic prosperity. Policies on nanosafety are in a key- position 
to solve any challenges related to the concerns of ENM health or environmental 
effects and causing challenges to the promotion of these technologies. Without nano-
safety research, widespread use of nanotechnologies in many sectors of society may 
well be slowed down and could even come to a complete stand still. 

 It is important to understand that we are still dealing with the fi rst generation of 
nano-enabled products (i.e., passive nanostructures), but it is likely that we will 

  Fig. 12.2    Size variation of different nanoparticles in relation to biological elements       
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soon be achieving the second generation products containing active nanostructures 
and then to the third generation systems of integrated nano-systems and fi nally, 
by the year 2020, according to some prior predictions, to the fourth generation 
 products or heterogeneous molecular nano-systems that allow the manufacture of 
molecular devices “ by design .” This indicates that methods for assessment of the 
safety of next generation nano-enabled products also must be evolved to confi rm the 
safe existence of the systems in the next decade. 

 Challenges that we are facing in the science of nanosafety are the testing  program 
of hazards in biological system. In this aspect, we need urgently a “new” pro-
grammed approach of toxicology for the validation of safer nanomaterials for the 
twenty-fi rst century [ 10 ]. The central part of this novel toxicology is to describe 
toxicity pathways that lead to understanding the molecular fundamentals using tox-
icity testing primarily in animal models to in vitro assays and in vivo assays using 
lower model organisms, along with computational modeling, thus enabling the 
 evolution of toxicology from being an observational science into a predictive sci-
ence showing identifi cation of the main modes of actions of toxicity for ENMs, 
understanding the transformation of ENMs during their life cycle and how this may 
infl uence their hazard potential and identifi cation of the key physicochemical deter-
minants that modulate ENM interactions and toxicity in biological systems. 
Currently, most of the existing in vitro or in vivo toxicity studies allow one at best, 
to make some kind of comparison in terms of the relative hazard potential provided 
that the batch-to-batch variability has been considered; the materials adequately 
characterized; the appropriate number of graded doses has been used and predictive 
endpoints have been measured (Fig.  12.3 ). In addition to the shortcomings described 
above, very little is known of the true internal dose of the materials to which living 
organisms are being exposed. In most cases, we do not have adequate methods to 
assess many crucial parameters, e.g., the dose received by liver or other organs, 
because we do not possess the required knowledge of the translocation of the mate-
rials in the body and across biological barriers, or the means to assess the dose in a 
given organ or type of cell in vivo [ 11 ].   

12.2.3     Towards a New Toxicology for the Twenty-First 
Century: A Possible Move to Face Challenges 

 So the key challenge for nanomaterial safety assessment is the ability to handle the 
large number of newly engineered nanomaterials (ENMs), including developing 
cost-effective methods that can be used for hazard screening [ 12 ]. In order to 
develop an appropriate screening platform, it is necessary to assemble and synthe-
size nanomaterial libraries that can be used to screen for specifi c material composi-
tions and properties that may lead to the generation of a biological hazard [ 12 – 15 ]. 
The acquisition and characterization of standard reference nanomaterial (SRM) 
libraries forms the basic infrastructure requirement that is necessary to screen for 
toxicity and to elucidate the material properties that are most likely to result in 
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biological injury [ 16 ]. The selection of the library materials should take into 
 consideration the commercial production volumes of the different nanomaterials, 
incorporating the major current ENM classes of materials (metals, metal oxides, 
silica, and carbon-based nanomaterials). The choice of materials should also con-
sider the exposure potential, route of exposure and delivery pathway (Fig.  12.4 ). For 
example, free nanoparticles or powders are more likely to become airborne with the 
potential to generate pulmonary toxicity after inhalation. Thus, it is appropriate to 
investigate this scenario using lung cells (in vitro) and pulmonary exposure (in vivo) 
that ideally should be linked in terms of mechanisms of potential injury. Ideal ENM 
libraries should also include positive and negative control ENMs to provide a refer-
ence point for the evaluation of material toxicity.  

12.2.3.1     Development of In Vitro Screening Assays 

 Much of the knowledge about ENM cellular toxicity has been generated using fairly 
straightforward cellular viability assays such as the lactate dehydrogenase (LDH) 
and the colorimetric MTT/MTS assays or propidium iodide (PI) staining. The major 
drawback is that these assays are often not informative of a specifi c toxicological 
pathway because multiple stimuli can result in the same assay outcome, establishing 

  Fig. 12.3    Schematic representation on challenges of safety related nanotoxicity determination       
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little connectivity between the biological outcome and specifi c ENM properties. 
Moreover, cellular viability assays also do not refl ect sublethal toxicity effects. For 
these reasons there is a need of a mechanism-based in vitro assays because this is 
conceptually the easiest way to link in vitro toxicity screening with pathological 
effects in vivo. Currently, there are approximately ten major mechanistic pathways 
of toxicity that have been linked to ENMs (Table  12.1 ). These include injury para-
digms such as the generation of reactive oxygen species and oxidative stress, 

  Fig. 12.4    Roadmap of nanotoxicity assessment       

   Table 12.1       Toxicological pathways related to different sized nanomaterials   

 Toxicological pathways  Nanomaterials 

 1. Membrane damage/leakage/thinning  Cationic NPs 
 2.  Protein binding/unfolded responses/loss of functions/

fi brillation 
 Metal oxide NPs, polystyrene, 
dendrimers, carbon nanomaterials 

 3. DNA cleavage/mutation  Nano-Ag 
 4. Mitochondrial damage: e-transfer/ATP/apoptosis  UFPs, cationic NPs 
 5.  Lysosomal damage: proton pump activity/lysis/frustrated 

phagocytosis 
 UFRs, cationic NPs, CNTs 

 6.  Infl ammation: signaling cascades/cytokines/chemokines/
adhesion 

 Metal oxide NPs, CNTs 

 7. Fibrogenesis and tissue modeling injury  CNTs 
 8. Vascular, endothelial and clotting abnormalities  SiO 2  
 9.  Oxidative stress injury, radical production, GSH depletion, 

lipid peroxidation, membrane oxidation, protein oxidation 
 UFPs, CNTs, metal oxide NPs, 
cationic NPs 
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frustrated phagocytosis (e.g., in mesothelial surfaces), changes in protein structure 
and function (e.g., loss of enzymatic activity), protein unfolding response, immune 
response activation (e.g., through exposure of cryptic epitopes or immunostimula-
tory effects), fi brogenesis and tissue remodeling, blood clotting, vascular injury, 
neurotoxicity (e.g., oxidative stress and protein fi brillation), and genotoxicity.

12.2.3.2        Development of Rapid Screening for In Vitro Pathway 
Assessment 

 Particle-induced oxidative stress invokes three tiers of cellular responses including 
cellular antioxidant defense, activation of pro-infl ammatory signaling pathways lead-
ing to the production of cytokines/chemokines, and mitochondria-mediated cell death 
[ 15 ,  17 – 19 ]. However, performing the entire panel of tests necessary to study the three 
tiers of oxidative stress requires at least 2–3 weeks of labor-intensive effort. A rapid 
throughput screening approach could offer several advantages over conventional 
assays. First, this approach speeds up the pace of knowledge generation that is possi-
ble with compositional and combinatorial ENM libraries. High- throughput screening 
(HTS) provides a rapid readout because of the standardization of the procedure, auto-
mation (e.g., cell seeding, liquid handling, imaging, and image analysis), and minia-
turization (requiring smaller amounts of reagents and lowering the cost per assay) 
(Fig.  12.5 ). Not only is HTS capable of screening large libraries, but it can also accom-
modate multiple cell lines, time points and doses of exposure within the same experi-
ment. Coupled with good bioinformatics and decision- making tools, this approach 
can signifi cantly improve the reliability of toxicological screening as well as estab-
lishment of property–activity relationships [ 19 ].  

 In vivo screening is time consuming and expensive. A complete set of toxicologi-
cal assays for a single chemical, including assessment of carcinogenicity, reproduction, 
and developmental effects could involve hundreds of animals and costs in the range 
of $1–3 million per test. As a result, less than 2 % of industrial chemicals have under-
gone toxicity testing in rodents. But the in vivo results are important to validate the 
in vitro screening as “predictive,” thereby allowing the in vitro platform to be used as 
the primary screening procedure.  

12.2.3.3     Quantitative Nanostructure–Toxicity Relationship (QNTR) 

 Quantitative structure–activity relationship (QSAR) has been widely used in 
 pharmacology and related fi elds to predict the toxicity of drugs without the need for 
tedious, time-consuming, and expensive animal testing. An analogue of the model, 
QNTR, has been extended to nanomaterials. In this context, Winkler et al. [ 20 ] recently 
noted that structural properties of nanomaterials, which infl uence toxicity, may include 
size, shape, surface area, and degree of electrostatic interaction between nanomaterials 
and their cellular environments as well as other physicochemical properties of nanoma-
terials. These properties have been used as descriptors [ 20 – 22 ] for the prediction of the 
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properties of new materials or for the explaining of their biological effects. In many 
instances, such predictions are facilitated by the use of multivariate data analysis 
 techniques including regression models and artifi cial neural networks and verifi ed by 
cross-validation, using training and validation data sets [ 23 ]. 

 Emerging results from these types of studies indicate that the structural proper-
ties, which infl uence the toxicity of nanomaterials, can reside both in the core and 
on the surface of the materials [ 20 ,  24 ]. However, to extend QSAR to QNTR 
 effectively, a number of challenges need to be addressed. Winkler et al. [ 20 ] have 
mentioned some of these challenges as (1) lack of adequate defi nition and under-
standing of the biologically important entities that moderate the adverse effects of 
nanomaterials, (2) need to choose the right assays that can be used to model and 
correlate the toxic effects of nanomaterials in vitro and in vivo, (3) accurate model-
ing of the complex interactions between nanomaterials and biological systems, (4) 
understanding of the relationship between QNTR methods and other computational 
approaches such as quantum chemistry and molecular dynamics. 

 These challenges arise due to following data gaps: (1) lack of suffi cient empiri-
cal data on the composition of biocorona on the surfaces of nanomaterials; (2) lack 
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  Fig. 12.5    In vitro and in vivo methods of nanotoxicity assessment for next decade       
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of in vitro data that can be used to predict in vivo effects of nanomaterials, and 
(3) the paucity of descriptors that can specifi cally be used for nanomaterials [ 20 ]. 
Despite these challenges and data gaps, progress has been made in probing and 
understanding the interactions of nanomaterials with their biological environ-
ments. However, the gaps in knowledge must be fully identifi ed and understood 
before an internationally acceptable approach to QNTR is proposed, which can 
appeal to all stakeholders.    

12.3     Why Green Synthesis? 

 The microelectronics industry once was considered “clean” when compared with 
heavy industries of the past, but we now know that its environmental impact is far 
greater than it fi rst appeared. A single dynamic random access memory (DRAM) 
microchip that weighs a mere 2 g and goes inside a computer requires 1.7 kg of raw 
material inputs, including chemicals, water and fossil fuels [ 25 ]. So, the race is on 
to develop a memory chip that is faster and cheaper, requires less energy and mate-
rial inputs and generates less waste than conventional DRAM, selective random 
access memory (SRAM) and fl ash memory. Since 2000, the semiconductor indus-
try has been engaged in nanoscale manufacturing [ 25 ,  26 ]. And now, though very 
small in volume, nanomaterials are becoming a part of the waste stream from that 
factories [ 27 ]. This is only an example of a large number of companies that are 
engaged in the manufacturing nano-based products from computer chips to auto-
mobile parts and from clothing to cosmetics and dietary supplements At this early 
stage of nanotechnology commercialization, little is known about the transport and 
fate of these nanomaterials in the environment or about their risks to wildlife and 
people [ 27 ]. 

 Today, a cadre of research scientists and engineers is working to develop cutting- 
edge methods for green manufacturing of nanoelectronics and other nanoproducts 
that are more people- and planet-friendly. A growing number of researchers are 
merging green chemistry and green engineering with nanotechnology, and they see a 
bright future for a new topic known as “ Green Nano .” Green chemistry is the utiliza-
tion of a set of principle that reduces or eliminates the use or generations of hazard-
ous substances in the designing, manufacturing and application of chemical products 
[ 28 ]. The 12 principles of green chemistry have now been applied to the design of a 
variety of chemical products and processes with the aim of minimizing chemical 
hazards to health and environment, reducing waste materials and preventing pollu-
tion. If green chemistry principles can be employed successfully in the production of 
highly functionalized nanomaterials like pharmaceuticals, a successful application of 
these materials could be expected. The development of high precision and low waste 
materials is also added with high quality for commercialization. So, green chemistry 
can provide best opportunities to add new vigor to this product with maximum 
 benefi ts to the society and to the environment.  
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12.4     Application of Green Chemistry in Greenanomics 

  Green nanoscience / nanotechnology / greenanomics  involves the application of green 
chemistry principles in designing and studying the nanoscale products, the develop-
ment of production methods, and the application of nanomaterials [ 29 ]. It strives to 
discover synthesis/production methods that eliminate the need for harmful reagents 
and enhance the effi ciency of these methods, while providing the necessary volume 
of pure material in an economically viable manner. It also provides proactive design 
schemes for assuring their inherent safety by assessing the biological and ecological 
hazards in tandem with design. In addition, a growing number of applications of 
nanotechnology are being developed that promise environmental benefi t, including 
new catalysts for environmental remediation [ 28 ], cheap and effi cient photovoltaics 
[ 30 ], thermoelectric materials for cooling without refrigerants [ 31 ], lightweight 
(and thus energy-conserving) nanocomposite materials for vehicles [ 32 ], miniatur-
ized devices that reduce material consumption, and sensors that eliminate the need 
for (often) wasteful wet-chemical analyses. Nanoscale sensors [ 33 ] can also offer 
faster response times and lower detection limits, making on-site, real-time detection 
possible [ 34 ]. 

 To realize new nanotechnologies that pose little harm to human health or the 
environment and to develop technologies that can be used to improve or protect the 
environment, it is desirable to design and use greener nanomaterials and to develop 
greener nanoproduction methods. Nearly all of the principles of green chemistry 
can be readily applied to the design of nanoscale products, the development of 
nanosynthesis methods, and the application of nanomaterials. Three of the 12 prin-
ciples relate directly to nanomaterial design and the application of these materials 
toward nanodevices. These are principle 4 (Designing Safer Chemicals), principle 
10 (Design for Degradation/Design for End of Life), and principle 12 (Inherent 
Safety). In some cases, self-assembled nanoscale systems might be disassembled 
for reuse in new devices. Application of principle 4 to product design involves con-
sidering the structural features of the nanomaterial (i.e., the size, shape, composi-
tion, and surface chemistry) that dictate its health hazards (e.g., toxicity) as well as 
its physical properties. In order to routinely implement this design approach, 
improved understanding of the structure—activity relationships for nanomaterials is 
needed. The rich structural diversity of nanomaterials provides signifi cant 
 opportunities to tune and optimize the physical and toxicological properties. 

 Ultrafi ne particle data show that materials such as silicates, asbestos fi bers, and, to 
a lesser extent, carbon black and titanium dioxide can cause oxidative stress, induce 
pulmonary infl ammation, trigger the release of cytokines, and induce signal transduc-
tion pathways [ 12 ]. “Nanoparticles” represent intentionally engineered products 
below 100 nm in diameter with carefully controlled sizes, shapes, and surface chem-
istries. The unusual properties of nanoparticles (e.g., chemical, optical, or electronic) 
could lead to adverse biological effects that may be unique compared to larger com-
positions of the same material. Variations in particle size [ 35 – 37 ] and surface chemis-
try [ 12 ,  37 ] can affect the degree of toxicity. For instance, smaller nanoparticles are 
more likely to enter the circulatory system and travel throughout the body, lodging in 
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distal organs [ 12 ,  38 ]. Methods developed to analyze the toxicity of ultrafi ne particles 
may provide a starting point for determining the toxicity of engineered nanoparticles, 
and comparisons can be made in terms of methods of injury (e.g., oxidative stress, 
infl ammatory responses, signal transduction pathways, etc.). Traditional testing and 
screening strategies may be employed initially, leading to novel detection methods 
that account for the unique properties of nanoparticles. These include in vitro cellular 
assays [ 35 ,  39 ,  40 ] and biochemical analyses which probe the generation of reactive 
oxygen species and effects on enzymatic pathways. Using in vitro assays, the route of 
nanoparticle entry can be determined with its biochemical effects (protein interac-
tions, DNA damage, gene expression changes, or generation of reactive oxygen spe-
cies). Genomics and proteomics can track oxidative stress, induction of signal 
transduction pathways, and apoptosis. Since susceptibility factors vary across a given 
population based on individual genetic makeup, risk assessment evaluation should 
accompany information provided by various assays and screens. In vivo studies are 
essential for identifying potential target organs, travel routes of nanoparticles within 
the body, or other phenotypic changes. Such studies could lead to reliable methods for 
tracking and quantifying nanoparticles in cells and whole animals [ 41 ]. In addition, 
dose–response relationships, calculated using a variety of metrics including mass, 
number of nanoparticles, and surface area, provide a means of normalizing informa-
tion gathered from individual toxicology studies. Thus, engineered nanoparticles 
should be well characterized, with known size and/or distribution, surface area, shape, 
solubility, purity, surface chemistry, and physical (e.g., crystal structure), electronic, 
or optical properties [ 34 ]. 

 Principle 10 focuses on design related to the environmental impacts of nanoma-
terials. Here the design criteria aim to reduce harm to the environment from materi-
als that may be released through their application or at the end of their product life. 
The approach is to design materials that rapidly degrade in the environment, 
 producing innocuous degradation products. In order to implement principle 10, 
advanced understanding of the fate of designed nanomaterials in the environment 
will be needed. Long-term effects of nanoparticles in the air, soil, and water are also 
important considering its relation to human health because persistence in the envi-
ronment is directly proportional to the amount of nanoparticles in use [ 36 ,  42 ]. 
Environmental impacts of nanoparticles are usually considered in terms of toxicity 
or exposure [ 36 ], but information gathered from the biological studies described 
above would complement our understanding of the corresponding environmental 
implications because bioaccumulation in aquatic and terrestrial organisms will aid 
in developing models for environmental impact. Taxonomic and genetic suscepti-
bilities are also of important considerations. Since chronic exposures often mimic 
false picture to depict ecological risk so that, as precautionary measures long-term 
studies analyzing a range of sublethal doses should be included [ 13 ,  14 ,  43 ,  44 ]. 
However, very little is known yet to date concerning the detailed analytical data on 
ecotoxicity or chronic effects of nanomaterials. 

 Principle 12 addresses the inherent safety of the material being used. For 
example, nanomaterials that are incorporated into macroscale structures are less 
likely to be released into the workplace or environment. The high surface area of 
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nanoparticles may lead to higher reactivities, explosions, or fi res in large-scale 
production. Taken together, principles 4, 10, and 12 provide a robust framework 
for designing nanomaterials with safety concerns on reduced biological and envi-
ronmental toxicological impact.  

12.5     Green Synthesis of Metal Nanoparticles 

 Many syntheses of nanoparticles have been developed in recent years, in an effort to 
produce structures that have a specifi c form and function relevant to a given applica-
tion. The preparation of functionalized nanoparticles within a green context poses 
interrelated challenges in terms of maintaining product integrity (such as structure, 
shape and size dispersity, functionality, purity, and stability) while employing 
greener methods whenever possible. For example, control over particle size and 
dispersity may reduce purifi cation requirements by eliminating the need for exten-
sive separations, while the ability to control surface functionalization, intended to 
enhance particle stability and dictate surface chemistry, solubility, and the degree of 
particle interactions, helps to better defi ne the safety. 

 Direct synthesis involves nanoparticle preparation under conditions where the 
nanoparticles nucleate and grow, usually by the reduction of metal ions. Nanoparticles 
are often synthesized in the presence of a ligand or a stabilizer that can bind to the 
surface of the newly formed particle, offering stability, modifying surface reactivity 
and possibly arrest of further particle growth, thus offering increased control over 
nanoparticle size and polydispersity. It is critical that the ligand does not interfere 
with particle development in an undesirable manner (i.e., by preventing reduction of 
the metal ion precursor, or inducing the formation of misshaped particles). Typical 
ligands include phosphines, thiol, and amines, which may be organic or water solu-
ble, depending on the pendant functionality. 

 Synthesis of MNPs is carried out by several physical and chemical methods that 
include laser ablation [ 45 ], ion sputtering [ 46 ], solvothermal synthesis [ 47 ], chemi-
cal reduction [ 48 ], and sol–gel [ 49 ] method. All these methods are conventional 
either physical or chemical methods which should address the fundamental 
 principles of “green chemistry” by using environmentally benign solvents and non-
toxic chemicals. Basically, there are two approaches for nanoparticle synthesis, the 
top- down and bottom-up.  Laser ablation  [ 45 ] enables to obtain colloidal nanopar-
ticles solutions in a variety of solvents. Nanoparticles are formed during the conden-
sation of a plasma plume produced by the laser ablation of a bulk metal plate dipped 
in a liquid solution. This technique is considered as a “green technique” alternative 
to the chemical reduction method for obtaining noble MNPs. However, the main 
drawbacks of this methodology are the high energy required per unit of MNPs pro-
duced and the little control over the growth rate of the MNPs.  Inert gas condensa-
tion  (IGC) is the most widely used methods for MNPs synthesis at laboratory-scale. 
Gleiter [ 50 ] introduced the IGC technique in nanotechnology by synthesizing iron 
nanoparticles. In IGC, metals are evaporated in ultra high vacuum chamber 
fi lled with helium or argon gas at typical pressure of few hundreds Pascal’s. 
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The evaporated metal atoms lose their kinetic energy by collisions with the gas, and 
condense into small particles. These particles then grow by Brownian coagulation 
and coalescence and fi nally form nano-crystals. Recent application of this technique 
includes size-controlled synthesis of Au/Pd NPs [ 51 ] and hetero-sized Au nanoclu-
sters for non-volatile memory cell applications [ 52 ]. The  sol–gel process  is a wet-
chemical technique developed recently in nanomaterial synthesis. The inorganic 
nanostructures are formed by the sol–gel process through formation of colloidal 
suspension (sol) and gelation of the sol to integrated network in continuous liquid 
phase (gel). Size and stability control quantum-confi ned semiconductor, metal, and 
metal oxide nanoparticles have been achieved by inverted micelles [ 53 ], polymer 
blends [ 54 ], block copolymers [ 55 ] and ex situ particle-capping techniques [ 56 ]. 
However, the fundamental problem of aqueous sol–gel chemistry is the complexity 
of process and the fact that the synthesized precipitates are generally amorphous. 
The  hydrothermal and solvothermal  synthesis of inorganic materials is an important 
methodology in nanomaterial synthesis. In hydrothermal method, the synthetic pro-
cess occurs in aqueous solution above the boiling point of water, whereas in solvo-
thermal method the reaction is carried out in organic solvents at temperatures 
(200–300 °C) higher than their boiling points. Though the development of hydro-
thermal and solvothermal synthesis has a history of 100 years, recently this tech-
nique has been applied in material synthesis process. Normally, hydrothermal and 
solvothermal reactions are conducted in a specially sealed container or high pres-
sure autoclave under subcritical or supercritical solvent conditions. Under such con-
ditions, the solubility of reactants increases signifi cantly, enabling reaction to take 
place at lower temperature. Among numerous examples, TiO 2  photocatalysts were 
synthesized through hydrothermal process [ 57 ]. Because low cost and energy con-
sumption, hydrothermal process can be scaled-up for industrial production. 
Solvothermal process enables to choose among numerous solvents or mixture 
thereof, thus increasing the versatility of the synthesis. For example, well-faceted 
nanocrystals of TiO 2  with high reactivity were synthesized in a mixture of the sol-
vents hydrogen fl uoride (HF) and 2-propanol [ 58 ]. The crystallographic control 
over the nucleation and growth of noble-metal nanoparticles has most widely been 
achieved using colloidal methods [ 59 – 62 ]. In general, metal nanoparticles are syn-
thesized by reducing metal salt with chemical reducing agents like borodride, 
hydrazine, citrate, etc., followed by surface modifi cation with suitable capping 
ligands to prevent aggregation and confer additional surface properties. Occasional 
use of organic solvents in this synthetic process often raises environmental ques-
tions. At the same time, these approaches produce multi-shaped nanoparticles 
requiring purifi cation by differential centrifugation and consequently have low 
yield. Thus, the development of reliable experimental protocols for the synthesis of 
nanomaterials over a range of chemical compositions, sizes, and high monodisper-
sity is one of the challenging issues in current nanotechnology. In this context, cur-
rent drive focused on the development of green and biosynthetic technologies in for 
the production of nanocrystals with desired size and shape. 

 One of the key tenets of biology is the ability of biomolecules to self-assemble 
into supramolecular structures. This intrinsic ability has picked the interest of scien-
tists and engineers to develop a bottom-up approach to nanofabrication. Biological 
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self-assembly occurs at the molecular scale and is often reversible, self-correct-
ing, and self-healing. The shape and size of self-assembled structures are intri-
cately controlled on the nanoscale. Understanding how biology self-assembled 
structures can also lead to synthetic methods for creating supramolecular struc-
tures, using nature’s blueprints to create synthetic nanomaterials. Some organisms 
have the capability to take up minerals from their surrounding environment and 
create intricate inorganic–organic hybrid structures that possess remarkable 
nanoscale properties. Extracellular nanoparticle production could provide highly 
pure nanoparticles, thus eliminating the need to extract nanoparticles from intra-
cellular biomass. This would expand the capability of nanoparticles for use in 
such systems as nonlinear optics, optoelectronic devices, or thin fi lms. Most of 
these biogenic nanoparticles have not been tested in device applications. One 
potential problem with using whole organisms to produce nanoparticles might 
reside in the methods needed to purify the nanoparticles after synthesis. Extraction 
and purifi cation methods might be critical, involve organic solvents, or cause 
destabilization of the nanoparticle. Though biological contaminants may not be 
toxic or environmentally harmful, they could interfere with device applications. 
Nevertheless, using whole organisms as putative bioreactors could be a poignant 
environmentally friendly method to produce nanoparticles, particularly semicon-
ductor nanoparticles that are often made under harsh conditions. Biologically pro-
duced nanoparticles tend to be stable in solution, perhaps due to protein interactions, 
further suggesting that purifi cation may not be an issue in some cases.  

12.6     Biological Synthesis: By Whole Organisms 

 The use of microbial cells for the synthesis of nanosized materials has emerged as a 
novel approach for the synthesis of metal nanoparticles.  Bacteria  play a crucial role 
in metal biogeochemical cycling and mineral formation in surface and subsurface 
environments [ 63 ,  64 ]. Although the efforts directed towards the biosynthesis of 
nanomaterials are recent, the interactions between microorganisms and metals have 
been well documented, and the ability of microorganisms to extract and/or accumu-
late metals is employed in commercial biotechnological processes such as bioleach-
ing and bioremediation [ 65 ]. Bacteria are known to produce inorganic materials 
either intra cellularly or extra cellularly. Microorganisms are considered as a poten-
tial biofactory for the synthesis of nanoparticles like gold, silver, zinc and cadmium 
sulphide. The formation of extracellular and intracellular metal nanoparticles by 
bacteria like  Escherichia coli ,  Pseudomonas stutzeri ,  Pseudomonas aeruginosa , 
 Plectonema boryanum, Salmonells typlus ,  Staphylococcus currens, Vibrio cholerae , 
etc., has been reported [ 66 – 69 ]. Many microorganisms are known to produce nano-
structured mineral crystals and metallic nanoparticles with properties similar to 
chemically synthesized materials, while exercising strict control over size, shape 
and composition of the particles. Examples include the formation of magnetic 
nanoparticles by magnetotactic bacteria, the production of silver nanoparticles 
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within the periplasmic space of  Pseudomonas stutzeri  and the formation of 
 palladium nanoparticles using sulphate reducing bacteria in the presence of an 
exogenous electron donor [ 65 ]. The supernatant of gram positive, thermophilic bac-
terium  Bacillus licheniformis  synthesized AgNPs in the range of 50 nm [ 70 ]. 
Formation of nanoscale elemental silver particles through enzymatic reduction was 
reported in  Geobacter sulfurreducens  [ 71 ]. Kalimuthu and co-workers [ 72 ] studied 
AgNPs synthesis using bacteria  B. licheniformis , isolated from sewage collected 
from municipal wastes, and ultrasonically lysed bacterial cell. The synthesized 
AgNPs had average particle size of around 50 nm. Recently, a rapid method for 
synthesizing small (1–7 nm) monodiperse AgNPs has been described by electro-
chemically active biofi lm (EAB) using sodium acetate as an electron donor [ 73 ]. 
Biofi lm formation of gram-negative β-proteobacterium  Cupriavidus metallidurans  
is very common on Au grains. The isolated  C. metallidurans  from soils and sedi-
ments from temperate and tropical Australian sites interacted with Au +3  ions and 
form AuNPs distributed homogenously throughout cell wall [ 74 ]. The AuNPs were 
also synthesized on the surface of  Rhodopseudomans capsulate  by interaction bac-
terial cells with HAuCl 4  solution [ 75 ]. The aqueous chloroaurate ions were reduced 
after 48 h of incubation and transformed to AuNPs. The pH value of the solution 
controlled the shape of AuNPs. In the case of bacteria, most metal ions are toxic and 
therefore the reduction of ions or the formation of water insoluble complexes is a 
defense mechanism developed by the bacteria to overcome such toxicity [ 76 ]. 

  Actinomycetes  are microorganisms that share important characteristics of fungi 
and prokaryotes such as bacteria. Even though they are classifi ed as prokaryotes, 
they were originally designated as ray fungi. It has been observed that a novel alka-
lothermophilic actinomycete  Thermomonospora sp.  synthesized gold nanoparticles 
extracellularly when exposed to gold ions under alkaline conditions [ 76 ]. In an 
effort to elucidate the mechanism or the processes favouring the formation of 
nanoparticles with desired features, Ahmad and co-workers [ 77 ], studied the forma-
tion of monodisperse gold nanoparticles by  Thermomonospora sp.  and concluded 
that extreme biological conditions such as alkaline and slightly elevated tempera-
ture conditions were favourable for the formation of monodisperse particles. Based 
on this hypothesis, alkalotolerant actinomycete  Rhodococcus sp.  has been used for 
the intracellular synthesis of monodisperse gold nanoparticle [ 77 ]. In this study it 
was observed that the concentration of nanoparticles was more on the cytoplasmic 
membrane. This could have been due to the reduction of metal ions by the enzymes 
present in the cell wall and on the cytoplasmic membrane but not in the cytosol. The 
metal ions were also found to be nontoxic to the cells which continued to multiply 
even after the formation of the nanoparticles. 

 The  fungal -mediated MNP synthesis is a relatively recent research area. Fungi 
have been widely used for the biosynthesis of nanoparticles and the mechanistic 
aspects governing the nanoparticle formation have also been documented for a few 
of them. In addition to monodispersity, nanoparticles with well-defi ned dimensions 
can be obtained using fungi. Yeast, belonging to the class ascomycetes of fungi, has 
shown to have good potential for the synthesis of nanoparticles. Gold nanoparticles 
have been synthesized intracellularly using the fungi  V. luteoalbum . The rate of 
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particle formation and the size of the nanoparticles could be manipulated to an 
extent by controlling physical parameters such as pH, temperature, concentration of 
metal (gold) and exposure time. A biological process with this ability to strictly 
control the shape of the particles would be a considerable advantage [ 65 ]. Yeast, 
belonging to the class ascomycetes, has shown to have good potential for the syn-
thesis of nanoparticles. Cells  of Schizosaccharomyces pombe  were found to synthe-
size semiconductor CdS nanocrystals and the productivity was maximum during the 
mid log phase of growth. Addition of Cd in the initial exponential phase of yeast 
growth affected the metabolism of the organism [ 78 ]. Baker’s yeast ( Saccharomyces 
cerevisiae ) has been reported to be a potential candidate for the transformation of 
Sb 2 O 3  nanoparticles and the tolerance of the organism towards Sb 2 O 3  has also been 
assessed. Particles with a size range of 2–10 nm were obtained in this condition. 
Extracellular secretion of the microorganisms offers the advantage of obtaining 
large quantities of materials in a relatively pure state, free from other cellular pro-
teins associated with the organism with relatively simpler downstream processing. 
Mycelia free spent medium of the fungus,  Cladosporium cladosporioides  was used 
to synthesize silver nanoparticles extracellularly. It was hypothesized that proteins, 
polysaccharides and organic acids released by the fungus were able to differentiate 
different crystal shapes and were able to direct their growth into extended spherical 
crystals [ 79 ]. The extracellular synthesis of AgNPs by a marine fungus  Penicillium 
fellutanum,  isolated from costal mangrove sediment, has been described by 
Kathiresan and co-workers [ 80 ].  Fusarium oxysporum  has been reported to synthe-
size silver nanoparticles extracellularly. Studies indicate that a nitrate reductase was 
responsible for the reduction of silver ions and the corresponding formation of sil-
ver nanoparticles. However  Fusarium moniliformae  did not produce nanoparticles 
either intracellularly or extracellularly even though they had intracellular and extra-
cellular reductases in the same fashion as  Fusarium oxysporum . This indicates that 
probably the reductases in  F.moniliformae  were necessary for the reduction of Fe 
(III) to Fe (II) and not for Ag (I) to Ag (0) [ 81 ].  Aspergillus fl avus  has been found to 
accumulate silver nanoparticles on the surface of its cell wall when challenged with 
silver nitrate solution. Monodisperse silver nanoparticles with a size range of 
8.92 ± 1.61 nm were obtained and it was also found that a protein from the fungi 
acted as a capping agent on the nanoparticles [ 82 ]. In addition to the synthesis of 
silver nanoparticles,  Fusarium oxysporum  has also been used to synthesize zirconia 
nanoparticles. It has been reported that cationic proteins with a molecular weight of 
24–28 kDa (similar in nature to silicatein) were responsible for the synthesis of the 
nanoparticles [ 83 ]. The exposure of  Verticillium  sp. to silver ions resulted in a simi-
lar intracellular growth of silver nanoparticles (AgNPs) [ 84 ]. The intracellular for-
mation mechanism of AuNPs and AgNPs has not been understood. However, it has 
been postulated that the gold and silver ions initially bind on the fungal cell surface 
through electrostatic interaction. The adsorbed metal ions are then reduced by 
enzymes present in the cell wall, leading to the formation of the metal nuclei, which 
subsequently grow through further reduction of metal ions. Absar et al. [ 85 ] reported 
the extra- and intracellular biosynthesis of AuNPs by fungus  Trichothecium  sp. 
They observed that  Trichothecium  sp. reacted with gold ions during stationary phase 
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and forms extracellular AuNPs of various morphologies, such as spherical, rod-like 
and triangular. However, under shaking conditions, the same fungal biomass forms 
intracellular AuNPs under shaking conditions. It was postulated that under shaking 
condition fungi secretes enzymes and proteins into the medium, however in shaking 
conditions these enzymes and proteins are not being released, thus resulting in the 
formation of extracellular or intracellular AuNP, respectively. Fungal templates 
have been used for noble-MNP synthesis [ 86 ]. Fungal cells were grown in the pres-
ence of AuNP. Growth of a variety of fungi, such as  Penicillium citreonigrum , 
 Trametes versicolor ,  Fusarium sp. ,  Phanaerochaete crysosporium ,  Trichoderma 
viride ,  Neurospora crassa ,  Nematolona frowardii , and  Bjerkandera adusta  was 
tested in citrate-stabilized colloidal medium containing different noble-metal 
nanoparticles.  Thermomonos  Sp. reduced the gold ions extracellularly, yielding 
ANPs [ 76 ]. Even the edible mushroom  Volvariella volvacea  can produce Au and Ag 
NPs through metal reducing compounds. The mushroom was boiled initially in 
water and then fi ltered. The fi ltrate was cooled to room temperature and used as a 
reducing agent for AuNPs synthesis. Following reduction, purple-colored AuNPs 
was formed. The mushroom biomass also prevents NPs aggregation after their for-
mation [ 87 ]. Microbiological methods generate nanoparticles at a much slower rate 
than that observed when plant extracts are used. This is one of the major drawbacks 
of biological synthesis of nanoparticles using microorganisms and must be cor-
rected if it must compete with other methods. 

 The advantage of using  plants  for the synthesis of nanoparticles is that they are 
easily available, safe to handle and possess a broad variability of metabolites that 
may aid in reduction. Gold nanoparticles with a size range of 2–20 nm have been 
synthesized using the live alfa alfa plants [ 88 ]. Nanoparticles of silver, nickel, cobalt, 
zinc and copper have also been synthesized inside the live plants of  Brassica juncea  
(Indian mustard),  Medicago sativa  (Alfa alfa) and  Heliantus annus  (Sunfl ower). 
Certain plants are known to accumulate higher concentrations of metals compared to 
others and such plants are termed as hyperaccumulators. Of the plants investigated, 
 Brassica juncea  had better metal accumulating ability and later assimilating it as 
nanoparticles [ 89 ]. Recently much work has been done with regard to plant-assisted 
reduction of metal nanoparticles and the respective role of phytochemicals. The main 
phytochemicals responsible have been identifi ed as terpenoids, fl avones, ketones, 
aldehydes, amides and carboxylic acids in the light of IR spectroscopic studies. The 
main water soluble phytochemicals are fl avones, organic acids and quinones which 
are responsible for immediate reduction. The phytochemicals present in  Bryophyllum 
sp . (Xerophytes),  Cyprus sp.  (Mesophytes) and  Hydrilla sp.  (Hydrophytes) were 
studied for their role in the synthesis of silver nanoparticles. The Xerophytes were 
found to contain emodin, an anthraquinone which could undergo redial tautomeriza-
tion leading to the formation of silver nanoparticles. 

 While fungi and bacteria require a comparatively longer incubation time for the 
reduction of metal ions, water soluble phytochemicals do it in a much lesser time. 
Therefore, compared to bacteria and fungi, plants are better candidates for the syn-
thesis of nanoparticles. Recently, Fahmy et al. introduced fully green nanotechnol-
ogy as a gateway to benefi ciation of natural cellulose fi bers [ 90 ,  91 ]. Taking use of 
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plant tissue culture techniques and downstream processing procedures, it is possible 
to synthesize metallic as well as oxide nanoparticles on an industrial scale once 
issues like the metabolic status of the plant, etc. are properly addressed. Recently, 
scientists in India have reported the green synthesis of silver nanoparticles using the 
leaves of the obnoxious weed,  Parthenium hysterophorus . Particles in the size range 
of 30–80 nm were obtained after 10 min of reaction. The use of this noxious weed 
has an added advantage in that it can be used by nanotechnology processing indus-
tries [ 92 ].  Mentha piperita  leaf extract has also been used recently for the synthesis 
of silver nanoparticles. Nanoparticles in the size range of 10–25 nm were obtained 
within 15 min of the reaction [ 92 ].  Azadirachta indica  leaf extract has also been used 
for the synthesis of silver, gold and bimetallic (silver and gold) nanoparticles. Studies 
indicated that the reducing phytochemicals in the neem leaf consisted mainly of ter-
penoids. It was found that these reducing components also served as capping and 
stabilizing agents in addition to reduction as revealed from FTIR studies. The major 
advantage of using the neem leaves is that it is a commonly available medicinal plant 
and the antibacterial activity of the biosynthesized silver nanoparticle might have 
been enhanced as it was capped with the neem leaf extract. The major chemical 
 constituents in the extract were identifi ed as nimbin and quercetin [ 93 ,  94 ].  

12.7     Conclusion 

 Nanotechnologies belong to emerging technologies which hold the promise of 
bringing signifi cant economic and technological benefi ts but there is only limited 
knowledge on their possible hazard potential; for example, exposure to these mate-
rials either in the environment or via consumer products. Assessing true workplace 
exposure may be challenging in some cases because of lack of understanding of the 
predictive value of different metrics in predicting human hazard and risk. Today, the 
most urgent challenge related to ENM and nanotechnologies is how can we gather 
the essential knowledge that could be utilized for reliable risk assessment and ade-
quate risk management and governance. Even though there is an increasing amount 
of information of the hazard potential on several ENM, there is a dramatic lack of 
systematic, and especially relevant, information on the potential hazards associated 
with these materials. What is lacking is the kind of scientifi c knowledge which 
would be suitable for regulatory decision making, i.e., reliable risk assessment data. 
As valuable as mechanistic studies are for our understanding of the potential hazard 
mechanisms of these materials, using their results in regulatory risk assessment is 
challenging unless they are associated with acceptable experimental animal studies 
serving risk assessment and management purposes. To be able to respond to the 
societal needs for safe nanomaterials and nanotechnologies, it is necessary to com-
plement valuable mechanistic studies with systematic short-term and long-term ani-
mal experiments that would allow a reliable estimation of the possible risks of 
ENM. Currently, studies on nanomaterials cannot be used for risk assessment unless 
they have been adequately validated against appropriate animal studies as this is the 
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only way to demonstrate that they have any predictive power. At present, these kinds 
of validated in vitro studies simply do not exist, and this has hindered the develop-
ment of novel intelligent testing strategies of these materials. The current situation 
is especially challenging, as testing abilities and resources do not allow investiga-
tors to make an adequate assessment of safety and risks of ENM. As long as there is 
no clear evidence of the predictive power of these approaches for in vivo systems, 
their acceptance as a part of the regulatory framework of nanomaterials or other 
chemicals is highly unlikely; there are simply too many uncertainties and safety is 
not an area where we can afford to take risks with untested technologies and tech-
niques. Currently, most of the existing in vitro or in vivo toxicity studies of ENM 
allow—at best—one to make some kind of comparison in terms of the relative haz-
ard potential provided that the batch-to-batch variability has been considered, the 
materials adequately characterized, the appropriate number of graded doses have 
been used, and predictive endpoints have been measured. Often the data are interest-
ing but not suitable for quantitative or even qualitative risk assessment. 

 One of the major challenges is that, in many cases, technologies that would 
deliver the required piece of information do not exist, or even if theoretically the 
techniques are available, they would require such exhaustive resources to negate 
their implantation. There is enough information to question whether all the assess-
ments are necessary—or, in the worst case scenario—enough. The majority of 
ENM may be harmless or only modestly harmful, but there is a plethora of evidence 
revealing many of the materials may be highly harmful. Hence, the crucial chal-
lenge in all cases is to identify the harmful agents and to differentiate them from 
their innocent counterparts so that the appropriate regulatory decisions can be made 
to protect human health and the environment. Thus, it is very important to gather 
reliable data on the toxicity of ENM to be used for risk assessment. It is equally 
important to gather all available data on exposure levels in workplaces, in the envi-
ronment and through consumer products so that the state-of-the-art in terms of haz-
ard and exposure can be evaluated. Hence in the coming years the most remarkable 
challenge for the nanotechnology industry, the academia and the regulators will be 
the exploitation of the novel safety culture in nanomaterial research and engineering   . 
Incorporating the safety-by-design as a part of the core research activities of nano-
material sciences and the production of ENM would be a major step forward in 
assuring nanosafety. This strategy will not be inexpensive, but the benefi ts that it 
will confer will be undeniable. In order to incorporate nanosafety as part of the 
creative process and in the fi nal formulation of the devices or materials themselves, 
some steps must be taken. As mentioned above, it is the fi rst necessity to gather 
knowledge on the safety issues of ENM, e.g., relating toxicity of the materials with 
material characteristics, to learn about the toxicity of the different generations of 
materials, their stability and degradability. Such information is available for a small 
number of ENM, but for most materials this information is lacking. Then, a proper 
risk assessment throughout the Life Cycle of the materials from their generation to 
disposal becomes an unavoidable issue. The Life Cycle Analysis needs to become a key 
tool for safety assessment. It will be necessary to know when and where the product 
throughout its lifetime could be viewed as hazardous. The potential for exposure must 
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be assessed separately for each of the generations of nanomaterial to the end of their 
life cycle. In the risk analysis, the integration of a nanomaterial into some material, 
and the use and possible degradation of the materials must be taken into account. 
This knowledge must be then integrated in the fabrication process but the success of 
this approach will only become apparent when scientists, government, and industry 
are convinced that this is the way to proceed. A strong dissemination and exploita-
tion of this new approach is therefore required to create the awareness- consciousness 
of the various benefi ts and risks and ways that risk can be mitigated in the context 
of nanotechnologies. In addition, tools must be provided to ensure the transfer of 
knowledge acquired in the nanosafety studies done in research institutes to the com-
panies manufacturing nanomaterials. Finally, the expected massive production of 
ENM may lead to new issues related to their  disposal and the treatment of ENM 
waste. This is an aspect which is too easily over-looked but it has to be recognized 
that it may have important long-term consequences for the human health and the 
environment.
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Chapter 13
Time-Domain Ab Initio Modeling of Charge 
and Exciton Dynamics in Nanomaterials

Linjun Wang, Run Long, Dhara Trivedi, and Oleg V. Prezhdo

Abstract Nonequilibrium dynamical processes in nanoscale materials involving 
 electrons, excitons, and vibrations are under active experimental investigation. 
Corresponding theoretical studies, however, are much scarcer. This chapter starts with 
the basics of time-dependent density functional theory, recent developments in non-
adiabatic molecular dynamics methods, and the fusion of the two techniques. Ab initio 
simulations of this kind allow us to directly mimic a great variety of time-resolved 
experiments performed with pump-probe laser spectroscopies. We systematically 
investigate two important building blocks of modern nanotechnology, namely, quan-
tum dots (QDs) and titanium dioxide (TiO2). The focus is on the ultrafast photoinduced 
charge and exciton dynamics at interfaces formed by two complementary materials, 
including QD-TiO2 hybrids, organic-QD and organic-TiO2 interfaces, and all organic 
systems. These interfaces involve bulk semiconductors, metallic and semiconducting 
nanoclusters, graphene, carbon nanotubes, fullerenes, polymers, molecules and molec-
ular crystals. The detailed atomistic insights available from time-domain ab initio stud-
ies provide a unique description and a comprehensive understanding of the competition 
between various dynamical processes (e.g., electron transfer, thermal relaxation, energy 
transfer, and charge recombination). These advances now make it possible to directly 
guide the development of organic and hybrid solar cells, as well as photocatalytic, 
electronic, spintronic, and other devices relying on complex interfacial dynamics.
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13.1  Introduction

Electron transfer (ET) at nano interfaces [1] is at the heart of many research fields, 
including photovoltaics [2, 3], photocatalysis [4, 5], photosynthesis [6, 7], photo-
chemistry [8, 9], electrolysis [10, 11], as well as molecular electronics [12, 13] and 
spintronics [14, 15]. As shown in Fig. 13.1, efficient ET needs to compete with many 
other charge or exciton dynamical processes, e.g., thermal relaxation, energy transfer, 
and charge recombination. As a whole, they ultimately determine the overall device 
performance and have attracted numerous efforts to explore the underlying mecha-
nisms and nonequilibrium nature. Time-resolved experiments, such as transient 
absorption spectroscopy [16, 17] and optical second harmonic generation techniques 
[18–20], have been widely used to obtain the time scales for all of these dynamical 
channels. On the theoretical side, nonadiabatic molecular dynamics (NAMD) pro-
vides the most popular and reliable solution to catch the essence of the experimental 
observations [21, 22]. Over the last two decades, a suite of NAMD approaches have 
been developed and implemented atomistically to model the dynamics in the time 
domain and at the ab initio level [23–29]. This chapter presents the current perspective 
on theory basics of various NAMD strategies and summaries the applications at dif-
ferent kinds of nano interfaces carried out by the Prezhdo group in recent years.

We present the standard approaches, including mean field (MF) [30–32], fewest 
switches surface hopping (FSSH) [21, 33], and quantized Hamiltonian dynamics
(QHD) [34, 35]. Especially, Tully’s FSSH has retained its popularity because of its 

Fig. 13.1 Photoinduced electron transfer from a donor to an acceptor (highlighted with the dashed 
square frame), competing with thermal relaxation, energy transfer, and charge recombination pro-
cesses. The energy levels of the donor and acceptor are shown as red and blue solid horizontal 
lines, respectively. Electron and hole are represented by solid and open orange circles
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general reliability and ease of implementation, namely, we do not require explicit 
propagation of the nuclear wave function, and key quantities like forces and non-
adiabatic (NA) couplings can be computed on-the-fly by efficient analytical derivate 
methods [22, 36, 37]. Due to its great success, FSSH has attracted intense attention, 
and a variety of situations requiring improvements have been identified. When high 
density of states (DOS) comes into play, in particular, in nanoscale materials, stan-
dard FSSH encounters the so-called trivial, or unavoided, crossing problem [38–41]. 
It can be overcome with several modern developments, including self-consistent 
fewest switches surface hopping (SC-FSSH) [42] and adaptive flexible surface hop-
ping (FSH) [43, 44]. In addition, FSSH lacks the capability to describe the superex-
change mechanism of population transfer, which can be well captured by global flux 
surface hopping (GFSH) developed very recently [45]. Decoherence is another 
issue that needs for proper descriptions when we encounter slow transitions between 
states separated by significant energy gaps [46–48]. Decoherence can be realized
through the stochastic mean field (SMF) [49], decoherence-induced surface  hopping 
(DISH) [50], and coherence penalty functional (CPF) [51] methods.

Ab initio density functional theory (DFT) provides a rigorous and efficient method 
to obtain the electronic structure of systems ranging from organic and inorganic mate-
rials to hybrids. In recent years, time-dependent density functional  theory (TDDFT) 
has been extensively applied to a broad range of inorganic and organic systems 
 undergoing energy relaxation, energy transfer, charge separation, charge recombination, 
charge transport, and chemical reactions [23–29]. Inorganic materials generally 
exhibit strong chemical bonding and high electrical conductivity. Their large dielec-
tric constants result in strong electric field screening and reduced Coulomb binding 
between electrons and holes [52]. In contrast, organic systems are generally loosely 
packed with small charge mobility due to the weak electron–electron coupling and 
strong electron–phonon interaction [53–56]. Small dielectric constants lead to strong 
Coulombic binding of electron–hole pairs, and excitons tend to be localized [57–59]. 
The fundamentally different properties of inorganic and organic materials are 
described by either physics or chemistry, which differ in concepts and language: com-
pare—band structure, excitons, phonons—employed by physicists with—orbitals, 
electron correlation, vibrations—used by chemists. Thus, significant challenges arise 
when trying to develop a unified description of inorganic and organic components and 
their hybrids. In this aspect, the state-of-the-art simulation approach combining 
NAMD and TDDFT provides a general time- domain atomistic solution to the various 
nonequilibrium charge and exciton dynamics in different kinds of materials that are 
fundamental to a wide variety of nanoscale applications.

Quantum dots (QDs) and titanium dioxide (TiO2) are the important building 
blocks of modern nanotechnology due to their unique electronic properties. This 
chapter firstly covers the ab initio studies on the electronic structure of QDs and TiO2 
and then discusses charge and exciton dynamics at interfaces formed by two comple-
mentary materials, including QD–TiO2 hybrids, organic–QD and organic–TiO2 inter-
faces, and all organic systems (see Fig. 13.2). For QD–TiO2 hybrids, the time-domain 
simulation has shown that hot electrons can be extracted from PbSe QDs prior to
relaxation inside the QD [60]; electron–hole recombination rate can be minimized
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via tuning QD size and bridge length [61]; and the mechanism of electron injection 
from a CdSe QD donor into nanoscale TiO2 acceptor depends on the acceptor dimen-
sionality [62]. To exemplify organic–TiO2 interfaces, we investigate graphene on 
TiO2 and explain why metallic graphene can be used as a photosensitizer for the
generation of high photocurrent [63]. Considering organic–QD interfaces, we reveal 
that atomic defects can be beneficial for charge separation at RhB–QD interface [64]; 
why a long, insulating bridge can accelerate ET in C60–QD system [65]; nanoscale 
materials exhibit a new, Auger-assisted type of ET [66]; and dimensionality is 
inverted at a QD and conjugated polymer heterojunction [67]. Finally, for all organic 
systems, we demonstrate that optically dark states govern the rates and quantum 
yields of singlet fission and charge transfer at a pentacene/C60 interface [68]; and how 
the asymmetry in the electron and hole transfer at a polymer/nanotube heterojunction 
can be used to optimize solar cell performance [69].

In brief, we establish the mechanisms of all relevant photo-initiated dynamical 
processes, characterize the key electronic states and phonon modes involved, and
describe the interplay between productive and unfavorable channels of photoin-
duced electron and energy flow. The summarized time-domain ab initio simulations
provide valuable insights into the nature of the charge and energy transfer together 
with other related dynamical processes on the nanoscale, and generate important 
guidelines for designing and improvement of photovoltaic and photocatalytic 
devices for nanotechnologies.

Fig. 13.2 Illustration of the applications discussed in the chapter: QD–TiO2 hybrids (top panel), 
organic–TiO2 and organic–QD interfaces (middle panel), and organic systems (bottom panel). (a) 
PbSe QD on TiO2 surface, (b) CdSe QD connecting to either TiO2 QD or TiO2 nanobelt, (c) gra-
phene interfaced on TiO2 surface, (d) RhB molecule interacting with PbS QD, (e) C60 bound to 
CdSe QD, (f) CdX QD interacting with Y molecule (X=S, Se, and Te; Y=AQ, MV2+, and MB+), 
(g) P3HT on CdS QD, (h) pentacene–C60 composite, and (i) P3HT–CNT heterojunction
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13.2  Theoretical Approaches

13.2.1  Density Functional Theory

Wavefunction is the heart and soul of quantum mechanics and determines all observ-
able properties through the calculation of expectation values [70]. However, it is 
still a forbidden task to find out the true many-electron wavefunction for large sys-
tems. The Hohenberg-Kohn theorems have demonstrated that the ground state prop-
erties of any system under the influence of a static external potential can be obtained 
directly from the electron density, which relies only on three spatial coordinates 
[71]. The many-electron problem can be further reduced by approximating it to a 
tractable picture of noninteracting electrons moving in an effective potential, result-
ing in the Kohn-Sham (KS) framework of DFT [72]. With proper choices of 
exchange-correlation (XC) functionals, DFT finds an increasingly broad application 
in physics, chemistry, biology, and material sciences for the atomistic interpretation 
and prediction of complex behavior [73].

13.2.2  Time-Domain Density Functional Theory

When the external perturbations, e.g., electro-magnetic field and vibrational 
motions, evolve in time, the Runge-Gross (RG) theorem has shown that the three- 
dimensional electron density is also sufficient to describe the time-dependent 
response of the system [74]. The obtained theory is known as TDDFT [75]. Within 
the KS representation, the electron density at time t, ρ(r, t), is given as a summation 
over all occupied single-electron KS orbitals, {φi(r, t)} [75],
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where Ne is the number of electrons and r represents the coordinates of the assemble 
of 3Ne electrons. The time-dependent variational principle can be applied to the KS 
energy [75],
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where K(r) is the kinetic energy operator of noninteracting electrons, V(r; R) is the 
electron-nuclear attraction potential energy that relies on both electronic coordi-
nates r and nuclear coordinates R, the third term describes electron–electron 
Coulomb repulsion, and Exc{ρ} is the XC functional taking into account the many- 
body interactions. The time-dependent variational principle gives a set of coupled 
single-particle KS equations of motion (EOM) [75–77],
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where the Hamiltonian H(r;R) is a functional of the overall electron density, and 
therefore all occupied KS orbitals.

The adiabatic KS basis can be viewed as a numerical tool for solving the time- 
dependent Kohn-Sham (TDKS) equations given in Eq. (13.3) [78]. Expansion of the 
TDKS orbitals in the adiabatic KS basis, j j r;R( ){ } ,
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yields a set of EOM for the expansion coefficients [21],
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where e˜ k  is the corresponding energy of adiabatic KS state, j˜ k r;R( ) . The last term 
of Eq. (13.5) is the nonadiabatic coupling (NAC) constant [79–83],
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which arises from the dependence of the adiabatic KS orbitals on the nuclear coor-
dinates R [84]. Solving the TDKS equations in the adiabatic KS basis reduces the 
computational difficulty to the TDDFT problem [85].

Slater determinants formed from the single-electron KS orbitals can be viewed as 
an approximation to the many-electron adiabatic states [85]. A state basis is needed 
to perform NAMD, as discussed in the next subsection. The NACs between the Slater 
determinants are nonzero only if the determinants differ by only one orbital. As a
result, the propagation involves very sparse matrices, allowing us to adopt large 
many-electron basis sets. At the level of TDKS equations, the adiabatic KS represen-
tation makes no approximations and can be regarded as a particular choice of basis 
set for NAMD. It also carries a number of other advantages associated with the fact 
that adiabatic KS orbitals are routinely computed by most DFT codes. The KS rep-
resentation of excited states assumes that the error made in the calculation of the 
potential energy surface (PES) due to the missing TDDFT correction is constant in
time, and therefore, it is independent of the structural evolution. As a result, the adia-
batic KS states can be viewed as the zeroth-order adiabatic states in the linear
response time-dependent density functional theory (LR-TDDFT) [86]. In practice, 
the KS excitation is generally the leading term in the expression of LR-TDDFT [87]. 
The agreement with LR-TDDFT is better for pure DFT functionals than for hybrid 
functionals. Larger systems with a greater number of electrons exhibit better agree-
ment as well. The errors introduced with the KS description of electronic excitations 
should be compared with other approximations, such as those involved in the choice 
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of the DFT functional and in the classical description of vibrational motions, neglect-
ing zero-point energy contributions to the NAC and decoherence in the electronic
subsystem induced by quantum vibrations [78].

13.2.3  Nonadiabatic Molecular Dynamics

NAMD is a mixed quantum-classical molecular dynamical approach, which 
includes transitions between electronic states. It can describe excited state dynamics 
involving strong interstate couplings when Born-Oppenheimer approximation is 
broken down. This is achieved in a self-consistent way: the nuclear motions drive 
the electronic evolution, for instance, by TDDFT, and the electronic evolution influ-
ences the classical nuclear dynamics [33]. The latter can be carried out in a MF 
manner, leading to the Ehrenfest approximation [30]. Correlations between the 
dynamics of nuclei and electrons can be included by surface hopping (SH) tech-
niques [21]. Typically, SH approaches are better performed in the adiabatic basis 
[88, 89], which is readily available from electronic structure calculations.

13.2.3.1  Classical Path and Ehrenfest Approximations, Quantized 
Hamilton Dynamics

The classical path approximation (CPA) [90] provides a very simple solution to the 
quantum back-reaction problem, that is, the influence of the electronic evolution on the 
classical nuclei. CPA assumes that the classical trajectory is independent of electronic
dynamics, while the electronic dynamics still depends on the classical coordinates. 
CPA is appropriate if electron–electron interactions are much stronger than electron–
phonon couplings [91], or the energy of the electrons is sufficiently smaller than that of 
the nuclei, such that the electron-nuclear energy exchange does not affect the nuclear 
evolution apparently. CPA is also valid if the PESs that are associated with different
electronic states differ only slightly, in comparison for instance, with the amplitude of 
nuclear fluctuations due to thermal or zero-point energy.

The Ehrenfest approximation is another attractive choice for NAMD simulations 
due to its straightforward and rigorous foundations [30–32]. There, the force applied 
on any classical degree of freedom is obtained through the gradient of the expecta-
tion value of the Hamiltonian acting on the time-evolving wavefunction. If the 
energy flow between electronic and nuclear subsystems is insignificant, Ehrenfest is 
sufficient. At the Ehrenfest level, NAMD is independent of the chosen electronic 
basis, and thus the adiabatic representation is equivalent to spatial and plane-wave 
grids [76, 92] or a localized atomic basis [93]. When electron-nuclear correlations 
are important and nuclear trajectories branch depending on the electronic state, a 
trajectory SH needs to be adopted [21, 33, 88].
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Instead of the Schrödinger representation, correlated electron-nuclear dynamics can 
be also studied within the Heisenberg representation. By treating quantum mechani-
cally, not only the electron creation and annihilation operators, but also the nuclear 
position and momentum variables, the time derivative of the expectation value for any 
system observable of interest can be achieved from the Heisenberg equation. In this 
QHD method, there exists an interesting phenomenon: the original operators become 
coupled to higher order operators, resulting in a hierarchy of equations [34, 35, 94–96]. 
Different level of approximations to the quantum dynamics are achieved through 
the termination of the chain with a closure that expresses the expectation values of the 
higher order operators in terms of products of the expectations of the lower order opera-
tors. In particular, it was found that the first- order QHD coincides with the Ehrenfest 
theory [35]. Simple extensions to higher order QHDs can  efficiently represent quantum 
nuclear effects, such as phonon zero-point energy, tunneling, and loss of coherence in
the electronic subsystem caused by phonons.

13.2.3.2  Fewest Switches Surface Hopping, Self-Consistent Fewest Switches 
Surface Hopping, and Adaptive Flexible Surface Hopping

Among all SH strategies, Tully’s FSSH [21] is the most widely used approach. 
It minimizes the number of surface hops by prescribing a SH probability based on
population fluxes, rather than populations themselves. The NACs are used, along 
with the wavefunction amplitudes, to determine the SH probabilities. The time 
dependent probability of hopping between state i and state j within a time step Δt 
reads [21],
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A ground state nuclear trajectory can be used to sample initial conditions to create 
ensemble averages for the excited state dynamics.

SH studies on weakly interacting or large-scale systems suffer severely from the 
trivial crossing problem, arising due to the high density of adiabatic PESs [38–41]. 
Around the trivial crossing point, the NAC becomes a delta function, FSSH proba-
bilities cannot be computed accurately in numerical calculations using a finite time 
step. The SC-FSSH technique [42] offers a straightforward solution to the problem 
by introducing a self-consistency test into the standard FSSH procedure. The total 
FSSH probability hopping out of the active state i satisfies [42],
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After calculating the energy differences between state i and all other adiabatic 
states, we find out the adiabatic state k, which gives the smallest value, and identify 
it as the main source of the trivial crossing. Then, we can correct the error by com-
puting the SH probability corresponding to the trivial crossing, gik, using the simple 
expression,
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Using the Holstein Hamiltonian as an example, SC-FSSH allows us to reduce the 
simulation time 10,000-fold while retaining the FSSH accuracy already in a five- 
state system [42].

Because an electron is delocalized over a finite space and electron–phonon inter-
actions are generally quite local [97–99], only a limited number of nuclear degrees 
of freedom (DOF) are strongly coupled to the electron dynamics. Thereby, one can 
treat only a small portion of the nuclei surrounding the electron in a SH manner, and 
the rest of the nuclei simply at the molecular dynamics (MD) level [43]. As both the 
central position and extension of the electron may change in time, this should be 
done in a flexible way through adding and/or removing neighboring nuclear DOF 
to/from the SH subsystem at each time step. In this aspect, the problematic trivial 
crossing problem is avoided because all adiabatic states are spatially close. Also, the 
computational cost is largely reduced because only a much smaller Hamiltonian 
matrix is diagonalized to obtain all important PESs. A flexible time step technique,
which ensures the smoothness of all time-dependent adiabatic states, enables us to 
describe SH accurately with a relative large time step. This FSH algorithm [43, 44] 
based on a minimum subsystem implementing SH and a maximum time step for SH 
dynamics can recover all charge transport regimes described by existing theories 
[100–102] and can be easily extended to more complex Hamiltonians.

13.2.3.3  Global Flux Surface Hopping

Superexchange is a class of dynamical processes [103], where two electronic states 
are coupled indirectly through an intermediate state, typically with a higher energy. 
Common to nanoscale systems, Auger-type electron–hole energy exchange, multi-
exciton generation and annihilation [104–106], are multiparticle reactions, which 
also involve intermediate states with high energy. Transitions into such intermediate 
states violate energy conservation and are forbidden in FSSH. Besides, FSSH only 
allows transitions between directly coupled states, and thus it mistreats quantum 
processes involving the superexchange mechanism. GFSH solves this problem 
while remaining identical to FSSH in other instances. Instead of using the FSSH 
state-to-state flux given by Eq. (13.7), the GFSH method [45] considers the gross 
population flow between states. The SH probabilities are expressed as
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No other types of state switches are allowed. Similar to FSSH, GFSH uses a flux of 
populations rather than their absolute values, and therefore, it also minimizes the
number of hops. Analogous to FSSH, GFSH fulfills the internal consistency: the 
changes in the state populations according to the SH rules, Eqs. (13.7) and (13.12), 
agree with the changes produced by solving the Schrödinger equation. Numerical 
calculation shows that GFSH captures the superexchange mechanism and Auger- 
type population transfer. GFSH can replace FSSH despite that further tests are 
needed [45].

13.2.3.4  Stochastic Mean Field, Decoherence Induced Surface Hopping, 
and Coherence Penalty Functional Theories

The SMF method [49] bridges the gap between mixed quantum-classical and full 
quantum descriptions. With the presence of additional terms in the Schrödinger 
equation to represent the system–environment interaction, SMF accounts for the 
quantum features of the environment with the Lindblad approach [107]. In the sim-
plest form, the quantum environment, such as a set of harmonic oscillators linearly 
coupled to the system, is described by Markovian diffusion terms in the Schrödinger 
equation [49]. The SMF method simultaneously resolves the two major drawbacks 
of NAMD: decoherence effects within the quantum subsystem due to interactions 
with the environment are rigorously included, and the physical mechanism for 
 trajectory branching is provided by decoherence. Besides, hop rejection due to 
 violation of energy conservation disappears in SMF.

The quantum mechanical wave packet of the whole system, including both 
 electrons and nuclei, splits into uncorrelated branches and loses coherence over time. 
The resulting decoherence can be viewed as an environment-induced destruction of 
the superposition between quantum states in the microscopic system [108, 109]. 
Inspired from the above SMF [49], stochastic Schrödinger and master equation meth-
ods [110–112], the DISH method [50] was proposed. By combining the computa-
tional simplicity of quantum-classical NAMD with a formal treatment of quantum 
decoherence, DISH provides a straightforward and physically justified SH scheme, in 
which quantum transitions between surfaces only occur during decoherence events. 
The transition probabilities are computed according to the standard quantum mechan-
ical rules. On one hand, DISH can be regarded as a SH approach to quantum dynamics 
in dissipative environments. On the other hand, DISH unifies decoherence and NA 
transitions, providing a nonphenomenological account of quantum transitions in con-
densed-phase systems. DISH largely extends the feasibility of quantum-classical 
simulations to quantum systems in macroscopic environments.
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The CPF method [51] is another approach to incorporate decoherence into 
NAMD. The method originates from a simple idea to dynamically penalize develop-
ment of coherences during evolution of quantum DOF. The methodology is formu-
lated on the grounds of the Ehrenfest method for semiclassical dynamics. Decoherence 
effects are introduced via an additional term in the classically mapped Hamiltonian, 
thus hold the overall Hamiltonian structure of the EOM. The CPF is analogous to XC
functionals in DFT. It provides an effective way for introducing dynamical correlation 
effects, such as decoherence, on top of the Ehrenfest approach. The CPF methodology
has a certain relation to QHD, and the method can be enhanced by allowing some of 
the variables entering the penalty functional to depend on time. A simple form for 
penalty functional has been proposed, and good results have been demonstrated [51]. 
The dependence of the penalty functional on coherences can be rather arbitrary, in 
principle, and other functional forms may prove more accurate, more general, or both. 
It is straightforward to combine the CPF scheme with FSSH and related approaches
discussed above, where SH probabilities can include decoherence effects through the 
modified time-dependent Schrödinger equation.

13.2.4  User-Friendly Implementation: The PYXAID Program

The PYXAID (PYthon eXtension for Ab Initio Dynamics) simulation package has
been developed as an open-source, flexible, and computationally efficient imple-
mentation of the NAMD methodology in the framework of KS DFT for large-scale 
condensed-phase systems [90, 113]. It carries out a great deal of basic and more 
advanced functionalities, including standard FSSH, DISH to consider decoherence 
corrections, the use of multiexciton basis configurations of the TDKS equations, 
and the direct simulation of photoexcitation via explicit light-mater interaction. 
Advanced integration techniques with Trotter factorization [114] of the evolution 
operator for solving the TD Schrödinger equation significantly speed up and stabi-
lize the calculations. In addition, the CPA approximation [90] achieves considerable 
computational savings, and makes it possible to study photoinduced dynamics at the 
ab initio level in systems composed of hundreds of atoms and involving thousands 
of electronic states. The software is interfaced with Quantum Espresso [115], which 
is used as an efficient driver for ab initio electronic structure and MD simulations. 
The key features of the PYXAID program have been demonstrated by studying the
electron-nuclear dynamics in a variety of systems. PYXAID is organized as a
Python extension module and can be easily combined with other Python-driven
modules, enhancing user-friendliness and flexibility of the software. In addition to 
Quantum Espresso, PYXAID has been interfaced with VASP and semiempirical
electronic structure codes. The source and additional information are available on 
the web at http://gdriv.es/pyxaid. The program is released under the GNU General 
Public License.
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13.3  Quantum Dots

Nanoscale clusters of bulk materials, known as QDs, exhibit unique electronic 
 properties due to quantum confinement [116, 117]. Unlike either bulk or molecular 
materials, the optical spectra of QDs can be continuously modulated over the whole 
spectrum by changes in shape and size. The high absorption cross sections, decreased
electron–phonon relaxation rates [118, 119], and multiple exciton generation (MEG) 
[120–122] make QDs excellent paradigms for modern nanotechnology, especially 
photovoltaic [117] and photocatalytic [4] applications.

As shown in Fig. 13.3, electronic excitations in QDs lead to complex dynamical 
processes. One photon normally excites one electron when the energy of incident 
photon matches or exceeds the band gap, producing one correlated electron–hole 
pair called exciton. Both electron and hole can exchange energy with phonons, and 
relax to the band edge. If the photon energy is not less than twice the energy of 
the band gap, the MEG phenomenon may occur, and more than one exciton can be 
created [123–125]. This effect is also known as impact ionization, which is the
inverse of the Auger recombination. The multiple exciton states (MEs) are formed by 
coherent superpositions of single excitons (SEs). Elastic electron–phonon scattering 
induces dephasing, destroys this superposition, and breaks MEs into incoherent com-
binations of SEs, which, for instance, can emit independently. This process is named 
multiple exciton fission (MEF) [125]. In all of these dynamical processes, electronic 
structure, electron–hole and charge–phonon interactions carry both fundamental and 
practical importance.

Fig. 13.3 Diagram showing pairs of electronic states involved in light absorption/luminescence, 
electron/hole relaxation, MEG, and MEF. The energy levels are shown as black solid horizontal 
lines. Electron and hole are represented by solid and open blue circles
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Based on the state-of-the-art approaches described in the previous subsection for 
both the energy and time domains, we present below a comprehensive discussion of 
the dynamical processes in QDs, ranging from the initial light absorption to the final 
photon emission. The atomistic description of QDs complements phenomenological 
models, provides important details and creates new scientific paradigms. The ab 
initio approaches are particularly useful for studying geometric and electronic 
 structure of QDs because they treat bulk, surface, ligands, and defects on equal foot-
ing and incorporate electronic correlation effects. NAMD simulations most closely 
mimic the complex coupled evolutions of charges, phonons, and spins as they occur 
in nature.

13.3.1  Symmetry Breaking in the Band Structure

The DOS for Cd33Se33 and Pb68Se68 QDs, obtained using DFT, are shown in Fig. 13.4 
[26]. In the CdSe QD, there is an evident peak at the bottom of the conductive band 
(CB). This state, which is mainly contributed by the s electrons, is roughly spheri-
cally symmetric and is delocalized over the whole QD. Higher energy peaks can be
attributed to p, d, etc. electronic orbitals, but state symmetries become harder to 
discern from electron densities [126, 127]. Relatively speaking, the valence band 
(VB) structure is less pronounced. Although DOS of VB still shows distinct peaks,
they are separated only at the top of VB. In contrast, the band structures of PbSe
QDs are significantly more symmetric. This behavior can be seen particularly well 
from peak heights of the DOS. Due to the asymmetric electron and hole band 
 structures, CdSe QDs show a complex spectrum with more allowed transitions.

Both ab initio and atomistic pseudopotential calculations [128, 129] have dem-
onstrated that atomic structure, surface effects, core/shell coupling, thermal fluctua-
tions, spin-orbit and Coulomb interactions can further break degeneracies and create 

Fig. 13.4 DFT calculated DOS of core/shell Cd33Se33/Zn78S78 and core Cd33Se33 QDs (left panel) 
and Pb68Se68 QD (right panel). Adapted from Acc. Chem. Res. 42, 2005 (2009). Copyright 2009 
American Chemical Society
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complicated multilevel electronic structure near band edge. This observation is 
supported by experimental measurements with single PbS QDs [130], where fluo-
rescence spectra show homogeneous broadening and complex structure. 
Photoluminescence blinking in single QDs also indicates that the photo-generated
exciton is distributed over multiple on/off states. In Fig. 13.4, the DOS of core/shell 
Cd33Se33/Zn78S78 QD is also shown [26]. In comparison with bare CdSe QDs,  surface 
passivation by ZnS shells dramatically changes the DOS. Because the VB edge of
ZnS aligns with that of CdSe and ZnS has a much larger bandgap than CdSe, the 
DOS of CdSe and CdSe/ZnS QDs differ significantly only at higher energies. Low- 
energy CB states are localized entirely on the core, while low-energy VB states have
notable contributions from both core and shell.

13.3.2  Ultrafast Relaxation at High Energies and Phonon 
Bottleneck at Low Energies

In Fig. 13.5, we use Pb68Se68 QD as an illustration to show the thermal fluctuations in 
the electronic DOS induced by nuclear vibrations. Although the strength of the fluc-
tuations is minor, e.g., CB and VB edges change by less than 0.1 eV, phonon motions
mix states of different symmetries and reduce gaps between states. NAMD is per-
formed to simulate electron and hole relaxation due to coupling to phonons [126, 127, 
131]. We can find that charge carriers spread first, visit multiple states during relax-
ation, and finally reappear near the band gap. Relaxation is nearly complete within a 
picosecond, in agreement with experiment [132, 133]. Due to small electronic energy 
gaps at high energies, transitions involve small amounts of energy that are close to 
phonon energies of 12–25 meV. Transitions involving larger amounts of energy using
multiple phonon quanta also occur. Occasionally, up to 0.3–0.6 eV of electronic
energy can be lost to phonons in a single event [126, 127, 131]. Such resonant elec-
tron–phonon energy exchange is efficient, particularly at higher energies.

Fig. 13.5 Time-dependent DOS (left panel), electron and hole relaxation (right panel) in Pb68Se68 
QD at room temperature. Adapted from Acc. Chem. Res. 42, 2005 (2009). Copyright 2009 
American Chemical Society
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For QDs like Cd33Se33, the DOS indicates that only s-electron state is separated 
from the rest (see Fig. 13.4). As a result, partial phonon bottleneck is associated 
with only final stages of electron relaxation [127], agreeing with observed slowing 
of charge relaxation as carriers approached band edge. Recent experiments detected 
nanosecond relaxation between p- and s-states of electrons injected into carefully 
designed multilayer CdSe QDs [119]. As this transition occurs slower than 
 decoherence, NAMD must be augmented to properly include the decoherence. 
Theoretical analysis suggests that decoherence significantly decelerates the relax-
ation [134]. This expectation is closely related to quantum Zeno effect [135]. Note 
that the relaxation involving dense electronic state manifolds is not affected by 
coherence loss due to the large transition rate.

13.3.3  Optical Linewidths and Pure Dephasing

The optical linewidths of QDs have two major contributors, that is, inhomogeneous and 
homogeneous broadenings. The former is associated with distributions of optically 
active species, while the latter is an intrinsic property of optical transitions that is 
inversely proportional to the dephasing time, Γ = 1/T2 [136]. To be more precise, we have 
the expression Γ = 1/(2T1) + 1/T2*, where T1 is the excited-state lifetime and T2* is the 
pure dephasing time [26]. In general, the first excited-state lifetimes in semiconducting 
QDs are very long, and thus both luminescence and lowest energy absorption linewidths 
are determined by pure dephasing.

Essentially speaking, pure dephasing is a result of the fluctuations of electronic 
levels due to coupling to phonons. The dephasing function describing the dephasing 
process between a pair of entangled states in a coherent superposition can be 
obtained directly by
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where ω is the thermally averaged transition energy <ΔE> divided by ħ. Note that 
the dephasing function can be also easily obtained using the second-order cumulant 
approximation [137]. The pure dephasing time is determined by the timescale of 
decay of the dephasing functions. Numerical calculations have found that phonon- 
induced pure dephasing between the ground and lowest energy excited states in 
light absorption/luminescence takes about 10 fs, and lowering temperature from 
300 to 100 K can double the time [26]. The corresponding linewidths are calculated 
to be around 100 meV, in good agreement with experiment [130]. Note that Debye- 
type relaxation attributed to reorientation of surface ligands may produce additional 
dephasing and increase in optical linewidths [138]. Normally, electron–phonon cou-
pling grows with decreasing system size, and thus dephasing is faster in smaller
QDs [134].

13 Time-Domain Ab Initio Modeling of Charge and Exciton Dynamics in Nanomaterials



368

13.3.4  Multiple Exciton Generation

MEG of QDs has significant advantages in solar cells: it can potentially enhance the 
photoinduced current and increase the solar energy conversion efficiency [120–122, 
126, 139]. The Si29H24 QD has been investigated to explore the mechanism of MEG 
[140]. The hydrogen passivation not only heals the dangling bonds on the bare Si QD 
surface, but also provides high-frequency vibrational modes due to the light hydro-
gen atoms. Figure 13.6 shows the DOS of SE and double exciton (DE) states. The 
bandgap, Eg, is calculated to be 2.1 eV, and thus the excitations with energies up to
twice the bandgap, 4.2 eV, are all SEs. The DE DOS comes out at higher energies and
increases significantly faster with energy compared to the SE DOS, due to the 
increasing combinatorial number of DEs with energy. If the photoexcitation energy 
can be exchanged freely between SE and ME states, most of the initial population 
will flow into DEs at high energy, and SEs appear only at low energies. However, 
actual transitions are also influenced by dynamics in SE states.

The right panel of Fig. 13.6 shows the decay of the total SE population, started from 
an initially excited SE state of different energies. As the SE population flows solely into 
DE states, this plot directly exhibits how the MEG appears in the Si29H24 QD. This 
strong energy dependence of MEG dynamics agrees well with the previous experimen-
tal observations and theoretical predictions [129, 139, 141, 142]. The NAMD simula-
tion produces a transformation from an initial Gaussian decay to the later exponential 
decay, which is generic for all quantum dynamical process and appears only when 
sufficiently many quantum states are involved in the dynamics. Surprisingly, the MEG 
is observed even with the initial energy lower than the electronic threshold, 2 Eg, as 
seen in the 1.8 Eg case. The lack of the electronic energy, about 0.2 Eg, is compensated 
by the high-frequency Si-H surface vibrational modes, which are around 2,000/cm 
(0.25 eV) in the Si29H24 QD. It is expected that the surface ligands should become less
important in larger QDs due to the decreased surface-to-volume ratio.

Fig. 13.6 DOS of SE and DE states (left panel) and decay of the total SE population starting from 
the initially excited SE with the displayed energy in the Si29H24 QD. Adapted from ACS Nano. 6, 
1239 (2012). Copyright 2012 American Chemical Society
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13.3.5  Multiple Exciton Fission

For luminescence, MEG, and MEF dynamics, the pure dephasing time is related to 
fluctuations and uncertainties in the energy levels that arise from the coupling 
between electrons and phonons in the system. The fluctuations in the energy levels 
are best described in terms of correlation functions. The normalized autocorrelation
function (ACF) for a transition of energy E is defined as C(t) = <ΔE(t)ΔE(0)>/<ΔE(0)
ΔE(0)>, where ΔE = E − <E>, and the angular brackets denote the statistical average 
over a canonical ensemble. The Fourier transform of the ACF is known as the influ-
ence spectrum or spectral density. It identifies which phonon mode frequencies are 
efficiently coupled to the electronic subsystem.

Based on the ACF shown in Fig. 13.7, the phonon-induced dephasing time for 
MEF is found to be an order of magnitude longer than the dephasing times for the 
luminescence and MEG [125]. This significantly slower MEF can be rationalized
by the long-lived coherence between the two SE states that have similar energy and 
orbitals. Luminescence and MEG involve both acoustic and optical phonon modes 
up to high frequencies, while MEF only involves low-frequency acoustic modes. 
The dephasing between two coherent SE states of similar energy and orbitals during 
MEF involves only low-frequency phonon modes of the semiconductor core, with 
frequencies up to 200 cm-1. The temperature dependence of the MEF dephasing 
related to low-frequency acoustic phonon modes is stronger than in the luminescence 
and MEG, whose electron–phonon couplings involve more modes, up to the high-
frequency optical phonons [125]. The MEF exhibits four times faster decoherence 
at 300 K than at 80 K, where the dephasing is only twice faster for the luminescence 
and MEG at the higher temperature. The difference in the temperature dependence 
appears because the low-frequency phonons require small amounts of thermal 
energy and are more susceptible to temperature change.

Fig. 13.7 Autocorrelation functions (left panel) describing phonon-induced pure dephasing involved 
in luminescence, MEG, and MEF processes for the Si29H24 QD at room temperature, and the corre-
sponding Fourier transform (right panel). Adapted from ACS Nano. 3, 2487 (2009). Copyright 2009 
American Chemical Society
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13.4  Titanium Dioxide

TiO2 is a semiconductor with a long history in photoelectrochemistry [143, 144]. 
It has a lot of striking features, e.g., high stability, efficient photoactivity, white 
color, reliable safety, and low cost. Among many candidates for photocatalysts, 
TiO2 is no doubt the most widely used material at present and also probably in the 
future. For instance, TiO2 has great potential to be used for hydrolysis, that is, break 
water into oxygen and hydrogen [145], which can be collected as a fuel for energy 
production. TiO2 is also extensively used in dye-sensitized solar cells (DSSCs)
[146] to convert sunlight to electricity. A modern DSSC device is typically com-
posed of a porous layer of TiO2 nanoparticles covered with organic dyes. Sunlight 
passes through a transparent electrode into the dye molecules where they are excited 
and rapidly inject electrons into TiO2 network. TiO2 thus serves double duty: it is 
used as a scaffold to hold a large number of dye molecules in a three dimensional 
matrix and also as a material for charge transport.

For a complete theoretical description of TiO2-related photocatalytic and photo-
voltaic systems, one needs to reveal the role of oxygen vacancies and other relevant 
surface defects. This section is focused on the distribution of the electrons when 
they are first injected and the subsequent electron relaxation dynamics inside TiO2 
(see Fig. 13.8). The interfacial ET from dye molecules to TiO2 will be systemically 
discussed in Sect. 13.6. Initially, the electrons are transferred from the chromo-
phore to a localized surface state, and the injection typically occurs over a range of
energies somewhere in the middle of the TiO2 CB. Thus, the surface electron can 
simultaneously relax down in energy to the bottom of the CB or delocalize into
the TiO2 bulk.

13.4.1  Various TiO2 Surfaces

TiO2 nanoparticles exist as a mixture of rutile and anatase crystal forms with a  variety 
of exposed surfaces [147–149] as shown in Fig. 13.9. Bare TiO2 is highly chemically 
reactive and will interact with the substances that are present in solution and air. 
Under high vacuum, the surface will reconstruct in order to saturate the dangling 
bonds as much as possible. Variations in the structure can significantly influence the
chemistry of surface reactions. Rutile (110) is one of the most stable and best studied 
surfaces. It has a well-described ideal structure, but several different kinds of defects 
can complicate the depiction. These include step edges, oxygen vacancies, line 
defects, and impurities. Rutile (100) has been less subjected to investigation, but it 
has several advantages when used in theoretical calculations. The (100) surface 
allows for a smaller cell, and the interaction of water with rutile (100) is straightfor-
ward [149], and a general form of the stable surface termination can be easily estab-
lished. Compared with rutile (110) surface, it was found that both oxygen and other 
relevant point defects on anatase (101) are energetically more stable at bulk and 
subsurface sites than on the surface [28]. Besides, the energy barrier for the defects 
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to diffuse from surface to bulk is much lower than the opposite process from bulk to 
surface. Surface terminating oxygens interact with chromophores and water. Two 
types of oxygens are seen: (1) those that protrude from the surface have unsaturated 
bonds and are chemically reactive, and (2) the bridging oxygens located between 
surface titaniums have no dangling bonds and can interact with the adsorbed species 

Fig. 13.8 Energy diagram of the electronic states participating in the electron dynamics at the 
chromophore–TiO2 interface in DSSCs. The chromophore is excited from its ground state to an 
excited state. Following a rapid injection into the TiO2 CB, the electron delocalizes to the bulk and
relaxes down in energy to the CB edge. The delocalized electron can return to the TiO2 surface, 
particularly in the presence of surface defects, which create trap states. A photoexcited electron at 
interface can be lost by recombination with the positive charge created on the chromophore by the 
photoexcitation, or by transfer to an electrolyte molecule. The electrolyte is present in the DSSC 
in order to regenerate the neutral chromophore by a separate ET event from the electrolyte to the 
chromophore ground state. Adapted from Acc. Chem. Res. 41, 339 (2008). Copyright 2008 
American Chemical Society

Fig. 13.9 Most commonly used TiO2 semiconductor surfaces based on two existed crystalline 
forms: rutile and anatase. Adapted from Prog. Surf. Sci. 84, 30 (2009). Copyright 2009 Elsevier
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via hydrogen bonding. In any case, the presence of oxygen vacancies, dopants, and 
other point defects has a direct impact on the electronic structure of TiO2 and, hence, 
on the photocatalytic properties of the resulting material.

13.4.2  Energy Distribution of the Injected Electrons

Thermal fluctuations in the atomic coordinates create an inhomogeneous ensemble 
of initial conditions for photoexcitation [150, 151]. Since the ET occurs faster than 
relaxation, the distribution of the injected electrons inside either chromophore or 
TiO2 is determined by the photoexcited states. As a result, the injected electrons 
occupy multiple surface states with a distribution of localizations over a broad
energy range, as exemplified with the alizarin-TiO2 system in Fig. 13.10. Below the 
CB edge, the TiO2 DOS is low, and there is very little mixing between the chromo-
phore and TiO2 states. The photoexcited state is therefore well localized on the
chromophore (filled circles). As the energy increases progressively, more semicon-
ductor states mix with the chromophore state. Under these circumstances, the local-
ization decreases (empty circles), and a significant fraction of the photoexcited
electron spreads onto TiO2. In some instances, the photoexcited state is well local-
ized on the chromophore. In other cases, over half of the photoexcited state density
is on TiO2. This depends on several factors even in a perfect system, including the 
energy match between the chromophore and surface states and the strength of the 
chromophore-TiO2 coupling. The large variation in the localization strength within
the CB band is somewhat unexpected and indicates that even in a perfect system, 
with no defects and well-defined bulk and surface structures, the ET process is very 
inhomogeneous and changes from sample to sample.

Fig. 13.10 Localization strength of the photoexcited states in the alizarin-TiO2 system as a func-
tion of state energy (filled and empty circles) superimposed on the TiO2 DOS (solid red line). 
Adapted from Prog. Surf. Sci. 84, 30 (2009). Copyright 2009 Elsevier
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Chromophore-TiO2 interface cannot be viewed as a single homogeneous object. 
At a finite temperature, nuclear coordinates fluctuate around the equilibrium geom-
etry, and the number of TiO2 states that can couple to the chromophore at a particular 
energy vary over time. In a given sample, the density of TiO2 surface states at the 
chromophore state energy can be greater or less than the average. The spatial overlap 
between them and the chromophore excited state also varies substantially between 
the configurations. When the semiconductor produces an instantaneous nuclear fluc-
tuation that makes the surface states energetically and spatially close to the molecular 
state, the chromophore excited state becomes strongly coupled and mixed with the 
states of the semiconductor. Using the alizarin-TiO2 system as an example, the ab 
initio trajectories at 50 and 350 K have been obtained. It is found that the TiO2 struc-
ture changes very little at the elevated temperature. However, the small fluctuations 
in the TiO2 coordinates generate disorder in the crystal structure and lower the CB 
edge. The alizarin molecule and the hydrogens that terminate the interface move
significant distances, making the distribution of the excited state energy significantly 
broader. As a result, the photoexcited electron is able to interact with a higher density 
of TiO2 states, and a larger fraction of the state is delocalized on TiO2. These both 
effects are favorable for the electron injection at higher temperatures.

13.4.3  Electron Delocalization and Relaxation

The photoexcited electron on the chromophore is difficult to relax in energy, because 
the ground molecular state is much lower in energy, while triplet states have differ-
ent spin symmetry, and spin-orbit coupling is quite weak in purely organic chromo-
phores [152–154]. The situation changes drastically once the electron is injected to 
TiO2. The continuum of CB states facilitates rapid relaxation of the electron energy, 
which is released in the form of heat by exciting semiconductor vibrations.

The photoexcited electrons diffuse from the surface into the bulk, experiencing a 
sequence of NA electronic transitions [155]. Initially, the injected electron occupies 
a fairly localized surface state. The simulation shows that this state resides within the
first few layers of the semiconductor [156, 157], and a single Ti atom can contribute 
up to 20 % of the state density [150, 158]. In detail, the chromophore distorts the 
TiO2 surface geometry and carries a positive electrostatic charge after the photoin-
duced electron injection. Both effects can create well-defined localized surface defect
states, which involves the chromophore itself. Infrared measurements [159, 160] 
show that the Fermi level of defective surfaces is quite close to the CB minimum. 
Occasionally, deep traps lie below the CB edge by much more than kBT. In either 
case, and especially in the latter situation, the photoexcited electron trapped near the 
surface has a chance to interact with both the chromophore and the electrolyte, and 
to be annihilated by recombination with the positive charge without any further 
contribution.

The injected electron leaves the semiconductor surface and escapes into the bulk. 
The efficiency of electron delocalization into TiO2 bulk is critical for many applica-
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tions. Simulations [157] indicate that the electron leaves the surface region and 
delocalizes into the semiconductor bulk on a 100 fs time scale, in agreement with the
available experimental data [161]. The electron evolves inside TiO2 both spatially and 
energetically by the NA mechanism, since it involves quantum transitions between 
different electronic states. Generally, the delocalization process is not uniform in
space but rather exhibits preferential directions, which depend on the symmetry of the 
photoexcited state.

Simultaneously with the energy delocalization, the injected electron loses its
energy to phonons and relaxes to the bottom of the CB. As shown in Fig. 13.11, the 
relaxation time scale is essentially independent of the injection energy, indicating 
that the transfers between energetically separated states make a strong contribution 
to the movement of the electron downward through the band. As much as half an 
electron volt of energy can be lost in a single hop (see inset in Fig. 13.11). Still, the 
majority of the hops induce only small energy changes, as emphasized by the expo-
nential decay of the probability distribution. The probability of a gain in the electron 
energy is, however, significantly smaller than the possibility of an energy loss, espe-
cially for large energy hops. The relaxation creates a quasi-equilibrium distribution 
of state populations near the bottom of the CB.

13.5  QD–TiO2 Hybrids

Inorganic materials, e.g., colloidal QDs and TiO2, exhibit high charge carrier 
conductivity and excellent photostability. Photoinduced ET across their interfaces is
essential for various photovoltaic and photocatalytic applications. Transfer of the pho-
toexcited electron localized on the donor into the acceptor can proceed by either an
adiabatic or a NA mechanism [60]. Adiabatic ET is induced by a vibrational motion 
driving the electronic subsystem over a transition state, and NA ET occurs by a 

Fig. 13.11 (Left panel) CB DOS of the alizarin-TiO2 system. The three arrows indicate injection 
energies corresponding to the DOS local maxima. The inset gives the probability distribution of 
the hop energy. (Right panel) time-dependent population of the indicated states characterizing the
relaxation of the electron injected into the TiO2 CB. Adapted from Acc. Chem. Res. 41, 339 (2008). 
Copyright 2008 American Chemical Society
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quantum transition between electron donor and acceptor states. Adiabatic ET relies on 
strong donor–acceptor coupling, while NA ET operates in the weak- coupling regime. 
The NA ET rate is enhanced by high density of acceptor states. The adiabatic and NA 
mechanisms are described by different mathematical expressions, e.g., an Arrhenius 
expression and Fermi’s golden rule [54], respectively. The complex interplay of donor–
acceptor and electron–phonon interactions creates a broad spectrum of electron injec-
tion scenarios. This section describes recent atomistic simulations on real time 
photoinduced ET at interfaces of bulk and nanoscale TiO2 sensitized with semicon-
ducting and metallic nanoparticles. We analyze in detail why hot electrons can be effi-
ciently extracted from PbSe QDs into TiO2, how modulation of QDs size and bridge
length minimize electron–hole recombination on TiO2 sensitized with PbSe QDs, and
how TiO2 dimensionality determines the mechanism of ET from CdSe QDs.

13.5.1  Extraction of Hot Electrons from a PbSe QD into 
a TiO2 Slab

QD is an appealing alternative to organic dyes and has been extensively employed 
as chromophores for TiO2 sensitization producing quantum dot-sensitized solar
cells (QDSCs) [162]. Advantages of QDs include the tunability of optical properties 
with size, better heterojunction with the solid conductors, large intrinsic dipole
moments, high extinction coefficients, and good photostability. Particularly, QDSCs
have the unique potential to produce photon-to-electron quantum yields greater than 
one because of MEG. QDs provide great opportunities for increasing solar cell volt-
age by rapid extraction of hot charge carriers and enhancing current by using the 
additional energy available at the blue end of the solar spectrum [163]. In order to 
achieve high currents and voltages, the separation and transport of photogenerated 
carriers as well as interfacial ET across the contact to the semiconductor must be 
fast compared to the carrier cooling.

Among all processes, photoinduced ET is the key for QDSC performance 
because it determines the charge separation efficiency and quantum yields of free 
charge carriers. As a representative, the photogenerated ET from a PbSe QD into a
rutile TiO2 (110) surface has been investigated [60]. A good agreement between the 
theoretical simulations and the recent time-resolved experiments is obtained [19, 20]. 
The calculated result directly demonstrates that the ultrafast interfacial ET in the 
PbSe-TiO2 system successfully competes with energy losses due to electron– phonon 
relaxation inside the PbSe QD. The ET proceeds primarily by the adiabatic mecha-
nism because of the strong coupling between the two parts of the hybrid systems, 
while the NA transfer component is nearly an order of magnitude slower. Due to the 
large size and high rigidity of QDs, the electron donor density is spread over
the whole QD, while the acceptor density is distributed nearly uniformly across the 
TiO2 slab. The optical phonons available in the PbSe-TiO2 system are of the same 
order of magnitude of thermal energies because QDs are composed of heavy 
elements. These vibrations, in particular polar Pb-Se and Ti-O stretches, promote
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the ET, because they can rapidly shift the electronic density between the donor and 
acceptor species. Low frequency modes of TiO2 and PbSe create an inhomogeneous
distribution of initial conditions for ET.

13.5.2  Minimizing Electron–Hole Recombination on TiO2 
Sensitized with PbSe QDs

Despite the rapid interfacial charge separation, electron–hole recombination 
occurring at the interface limits the quantum yields of the light-induced processes 
in QDSCs. Minimizing charge recombination can highly enhance the photon-to-
electron conversion efficiency and maintain high solar cells voltage.

We have investigated the charge recombination at the PbSe QD-TiO2 interface by 
a unique ab initio NAMD combined with analytic theory [61]. The time-domain 
atomistic simulation directly mimics the laser experiment [20]. The studies generate 
important details of the recombination mechanism, indicating that the recombination 
is promoted largely by a high-frequency optical Raman-active mode of TiO2, while 
lower frequency optical modes contribute to a lesser extent. The elastic electron–
phonon scattering occurs within 40 fs, which is an order of magnitude shorter than 
the picosecond time scale of inelastic scattering. A good agreement for the electron–
hole recombination time scale is achieved between simulation and experiment [20]. 
In contrast to the photoinduced charge separation process occurring from a QD state 
with a bit delocalization onto TiO2 into a full TiO2 state, the donor and acceptor states 
are strongly localized on the corresponding materials for charge recombination,
which is significantly slower than the charge separation. Unexpectedly, the PbSe-
TiO2 bonding becomes stronger at an elevated temperature, because thermal fluctua-
tions disrupt the optimized geometry and create additional bonding opportunities.

An analytic theory extends the simulation results to larger QDs and longer 
QD-TiO2 bridges. It shows that the electron–hole recombination rate can be sup-
pressed exponentially by increasing either the bridge length or the QD size. Changes
in both donor–acceptor coupling and energy gap give rise to the exponential depen-
dence, with the coupling providing a more significant contribution. By varying QD 
size and/or ligand length, one can reduce charge losses while still maintaining effi-
cient charge separation, providing design principles for optimizing solar cells.

13.5.3  Dimensionality of TiO2 Determines Photoinduced ET 
Mechanism from CdSe QDs

Recently, highly ordered one-dimensional (1D) nanostructures, e.g., nanotubes, 
nanowires, and nanorods, have received considerable attention as a solar material 
[164–166]. They provide significant improvement in the charge transport and photo-
conversion efficiency compared to zero-dimensional (0D) QDs. The photoinjection
mechanism of electron across QD–TiO2 interfaces may vary with the shape of the 
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semiconductor nanostructure. As shown in Sect. 13.3, the decrease in dimensionality 
from bulks to QDs results in a dramatic transformation of the electronic structure from 
energy bands to atomic-like discrete levels. Further reduction of acceptor TiO2 dimen-
sionality can alter the interaction between the QDs and TiO2 and affect the ET mecha-
nism. The dependence of ET efficiency on system properties is very different for the 
adiabatic and NA ET mechanisms. The adiabatic mechanism requires strong donor–
acceptor coupling, and therefore, it is very sensitive to the binding mode, and presence 
and length of a bridge. In contrast, the NA mechanism operates in the weak donor–
acceptor coupling regime, and requires a high density of acceptor states and available 
phonon modes to accommodate the electronic energy losses during NA transitions. As 
a result, the efficiency of NA ET relies on the photoexcitation energy and acceptor size.

In order to explore the impact of dimensionality of nanoscale TiO2 on the photo-
induced ET, a CdSe QD interfaced with quasi-0D TiO2 QD and 1D TiO2 nanobelt 
has been studied [62]. As shown in Fig. 13.12, the adiabatic mechanism dominates 
in the TiO2-QD system due to the strong chemical binding between the two compo-
nents of the system, arising from unsaturated chemical bonds on the QD surface. 
The density of acceptor states in TiO2 QD is low, inhibiting the NA mechanism. 
In contrast, the NA mechanism operates in the TiO2 nanobelt system, because the 
donor–acceptor coupling is weak, the acceptor state density is high, and multiple 
phonons can accommodate changes in the electronic energy. The CdSe adsorbent 

Fig. 13.12 Photoinduced ET dynamics from a CdSe QD into either a TiO2 QD (left) or a TiO2 
nanobelt (right). The solid black, dash-dotted blue, and dashed red lines represent the total, non-
adiabatic, and adiabatic ET, respectively. The brown lines show the exponential fits of the total ET 
data. Adapted from Nano Lett. 14, 1790 (2014). Copyright 2014 American Chemical Society
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breaks the symmetry of delocalized band-type states of the TiO2 nanobelt, creating 
localized acceptor states. It also relaxes donor–acceptor and NA coupling selection
rules, and creates more ET channels. Although both mechanisms generate efficient 
and ultrafast injection, the fundamental principles leading to efficient charge separa-
tion depend strongly on the nanoscale materials themselves.

13.6  Organic–TiO2 and Organic–QD Interfaces

Organic/inorganic nanocomposites are not simple mixtures of two types of materials. 
They possess advantageous properties over each of them and have a broad of applica-
tions in photovoltaic, photocatalytic, and transport devices. Metallic graphene exhibits 
ultrahigh charge mobility and extremely excellent mechanical property [167, 168]. 
Efficient photoinduced charge separation needs to compete successfully with energy 
losses due to rapid geminate electron–hole annihilation in graphene. In contrast, bulk 
semiconductors, QDs, molecules, and polymers possess band gaps, thus charge recom-
bination can be restrained. In this section, we describe recent work focusing on 
 graphene–TiO2, QD–molecule, and QD–polymer interfaces. We show that both 
 electron and energy transfer from graphene to the TiO2 surface are consistently faster 
than energy relaxation. We find that defects are essential rather than detrimental for fast 
ET from QDs to molecules. We rationalize a counter-intuitive result that along insulat-
ing bridge can enhance photoinduced charge separation. We introduce a new type of 
ET mechanism—Auger-assisted ET—which eliminates the ET rate reduction in the 
Marcus inverted regime. Since Auger-type processes are generic to nanoscale materi-
als, Auger-assisted ET should be very common in these systems. Finally, we reveal that 
inverted dimensionality gives rise to a symmetric electron and hole transfer dynamics 
in QD-polymer hybrid systems.

13.6.1  Efficient Photoinduced Charge Separation Across 
the Graphene–TiO2 Interface

Recently, a number of experimental efforts are focusing on synthesis of hybrid 
graphene- TiO2 nanocomposites for photovoltaic and photocatalytic applications 
[169, 170]. The advantages of graphene include high surface area for interfacial con-
tact, excellent charge conductivity, and outstanding mechanical properties. Graphene 
can harvest a larger fraction of the solar spectrum than many other nanostructured 
materials. It has been found that photovoltaic cells using graphene hybridized with
TiO2 achieve efficient photocurrent conversion [171]. However, graphene is a metal, 
and thus the photogenerated electrons and holes may rapidly relax through the 
 continuous manifold of states and annihilate, providing strong motivation to explore 
the electron and energy transfer as well as energy relaxation dynamics in this system.

A representative hybrid graphene-TiO2 system has been constructed [63]. 
At ambient temperatures, the interfacial oxygen atoms disrupt the π-electron system 
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of graphene. This makes graphene locally semiconducting, and strengthens gra-
phene–TiO2 bonding. The electron and energy transfer in graphene–TiO2 compos-
ites can proceed in both directions, depending on the energy of the excited electron. 
Once the electron relaxes to the bottom of the TiO2 CB, it can move back onto gra-
phene because graphene has energy levels within the TiO2 band gap. The back-
transfer process competes with electron delocalization into bulk TiO2 that is driven 
by entropy, related to the TiO2 DOS.

NAMD simulations have been adapted to obtain the photoinduced electron and 
energy transfer as well as electron–phonon energy relaxation time scales. The ultrafast 
electron injection takes place due to the strong donor–acceptor coupling, favoring 
photoexcitation of states that are delocalized significantly between the two subsys-
tems. Injection is promoted by both out-of-plane graphene motions and high- frequency 
bond stretching and bending vibrations. The former modulates the graphene–TiO2 
distance and interaction, while the latter creates large NA coupling. NA mechanism 
dominates over adiabatic mechanism primarily because of the high  density of donor 
and acceptor states and the weak donor–acceptor coupling due to the absence of cova-
lent bonding between graphene and TiO2 [60]. The subsequent evolution occurs by 
rapid NA transitions down the manifold of delocalized states, resulting in simultaneous
ET, energy transfer and electron-vibrational energy relaxation. The simulation shows 
that both ET and energy transfer from graphene to the TiO2 surface are consistently 
faster than the relaxation, regardless of the excitation energy. This finding rationalizes
the experimental observation that graphene–TiO2 solar cells display high direct light-
to-current conversion efficiencies [171]. Consequently, graphene–TiO2 composites 
can form the basis for photovoltaic and photocatalytic devices.

13.6.2  Defects Are Needed for Fast Photoinduced  
ET from a QD to a Molecule

Surfaces of most optically active QDs are metal rich because metal atoms can recon-
struct nanocrystal surfaces to eliminate unsaturated chemical bonds and other defects 
[172]. As a result, QD surfaces miss the complementary elements, for instance, S 
atoms in CdS QDs, creating defect states below the edge of CB [173]. In many appli-
cations, defects are detrimental, e.g., QD blinking happens due to charge trapping and 
rapid electron–phonon energy losses arising from decreased electronic energy gaps 
and increased electron–phonon coupling. Surface defects, however, have a positive 
effect on the photoinduced charge separation at QD–molecule interface, thereby hold-
ing the promise for improving solar energy conversion efficiencies [64].

Experiment reported an interesting result in a hybrid system formed by PbS QD
and the rhodamine B (RhB) molecule that charge separation is faster than charge 
recombination despite the donor–acceptor energy gap in the former process is 
about twice larger than the latter. To clarify this divarication, we have systemically 
investigated the ET from a PbS QD to the RhB molecule and subsequent electron
return from RhB to the QD, referring to charge separation and recombination pro-
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cesses, respectively [64]. Both charge separation and recombination are NA pro-
cesses, driven by atomic motions. The NA electron–phonon coupling is created 
primarily by the molecular motions, because it is composed of lighter atoms and is 
more labile than the QD. In contrast, the donor–acceptor coupling arises because 
the wavefunction of QD is more delocalized and leaks onto the adsorbed molecular
species,  generating the required overlap between the donor and the acceptor wave-
functions. Although the donor–acceptor energy gap is smaller for the recombina-
tion, the NAMD simulation supports the experimental observation [174] that charge 
recombination is slower than separation, rationalizing this fact by a twice-weaker
averaged NA coupling absolute value for the backward than the forward ET reac-
tion. The computed electron–hole recombination time scale obtained for the system 
without defects agreed very well with experiment [174]. The charge separation time 
scale, however, is significantly overestimated. Repeating the simulation by includ-
ing a sulfur vacancy has improved agreement between theory and experiment. 
Missing sulfur creates unsaturated chemical bonds on Pb atoms, which gives rise to
defect states below the CB edge of the PbS. As a result, the QD lowest unoccupied
molecular orbital (LUMO) is lowered in energy, decreasing the donor–acceptor 
energy gap. Mostly importantly, the unsaturated bonds extend the LUMO density 
onto the adsorbed molecule, increasing the donor–acceptor coupling. The combination 
of a decreased energy gap and an increased NA coupling accelerates the charge 
separation (see Fig. 13.13). The counterintuitive conclusion that defects are helpful 
rather than harmful to charge separation brings a novel perspective on QD synthesis 
for photovoltaic and photocatalytic applications.

Fig. 13.13 Energy levels and time scales involved in the charge separation and recombination 
processes in the PbS QD-RhB system. The geometries of the QD and RhB are shown next to their
corresponding levels. Adapted from J. Am. Chem. Soc. 135, 18892 (2013). Copyright 2013 
American Chemical Society
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13.6.3  An Insulating Bridge Greatly Enhances Photoinduced 
ET in QD-Fullerene Nanocomposites

Fullerene-QD solar cells have attracted great attention because QDs possess unique 
electronic properties and fullerene serves as an excellent electron-accepting material. 
To effectively harvest solar energy, a key strategy is to construct the heterojunction 
with a type II band alignment, which facilitates charge separation at the interface. 
Generally, the electron donor and acceptor parts are chemically linked to enhance the 
interaction between them and stabilize the architecture. As shown in the experiment
[175], C60 can be functionalized with a thiol compound and covalently linked to the
CdSe QD. The photoinduced ET from the QD to C60 has been investigated using 
time-resolved transient absorption spectroscopy. Interestingly, the covalent linking 
provided a significant improvement in the charge separation and photoconversion 
efficiency compared with the previous work utilizing a mechanical blend.

In order to rationalize the experimental findings, we have investigated the photoin-
duced ET from a CdSe QD into a C60 with and without covalent binding in between 
[65], using the state-of-the-art approach combing TDDFT with NAMD. We have 
shown that a covalent bridge connecting the QD to C60 significantly accelerates the ET 
from the QD photon-harvester to the C60 electron acceptor. In contrast, the ET dynam-
ics is decelerated in the mechanical mixtures of QD and C60 because van der Waals 
interaction provides a notably weaker donor–acceptor coupling than a molecular 
bridge despite of its length and insulation. We have also demonstrated that the ET rate 
in a nonbonded mixture can be enhanced by C60 doping with Li. The calculated ET 
times are in good agreement with experiment [175]. The following three factors are 
responsible for the enhanced ET rate in the QD-C60 system involving chemical bonds. 
(1) The NA coupling is enhanced by the bridge because of its high- frequency vibra-
tional modes. The electron–photon coupling is vital to the ET, because significant 
amounts of the electronic energy have to be deposited into vibrational modes. At the 
same time, the bridge improves the donor–acceptor interaction. (2) The QD wave-
function is allowed to extend onto the bridge. Consequently, the QD size is effectively
increased, the QD band gap is lowered, and then the donor–acceptor energy gap is 
reduced. (3) The bridge provides long-range correlations between the atomic motions 
of the donor and acceptor species. As a result, the phonon-induced pure-dephasing 
rate is decreased and quantum coherence during the NA transition is protracted. This 
study generates valuable insights into design principle for enhancing photoinduced 
charge separation in nanoscale light harvesting materials.

13.6.4  Auger-Assisted ET from Photoexcited QDs  
to Molecular Acceptors

In chemistry, ET processes are traditionally described in terms of the Marcus theory, 
which has gained considerable success [176]. Because of strong electron–phonon 
interaction in molecules, intermolecular ET is accompanied by large rearrangement 
of nuclear configuration. The dependence of the ET rate on the driving force, ranging 
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from the normal, barrier-less, to inverted regimes, can be described by the Marcus 
theory. In bulk inorganic semiconductors, ET requires negligible change in nuclear 
geometry because of weak electron–nuclear interaction [177], and charge carriers are 
regarded as quasi-free particles. Both electron–hole and electron–phonon interac-
tions in nanoscale materials fall between those in molecules and bulk. The most 
appropriate model and method for describing photoinduced ET on the nanoscale 
interfaces containing two different materials remain unclear and are under rapid 
development.

Because of quantum confinement, semiconductor QDs exhibit atomic-like 
 discrete electronic levels and corresponding excitonic transitions that can be 
broadly modulated by QD size [178], providing an ideal platform for testing 
theoretical models for describing ET. Bearing this in mind, the photoinduced 
ET from CdS, CdSe, and CdTe QDs to three molecular acceptors, anthraqui-
none (AQ), methyl viologen (MV2+), and methylene blue (MB+) has been experi-
mentally studied combing with a model analysis in detail [66]. The reported ET 
rates increase with decreasing QD size, regardless of QD compositions and
acceptor redox potentials, showing a lack of the Marcus inverted regime over a 
broad range of driving force from 0 to 1.3 eV. The unexpected driving force
dependence can be explained by the recently proposed Auger-assisted ET model 
[66], in which the transfer of the electron is coupled to excitation of the hole, 
circumventing the unfavorable Franck-Condon overlap in the Marcus inverted 
regime. This model is supported by time-domain NAMD computational studies 
on a realistic CdSe QD-MB+ complex.

The study illustrates that the photoinduced ET from QDs is fundamentally 
different from those in molecular chromophores and bulk semiconductors. Based 
on the time-resolved energies of various parts of the system along a representative 
trajectory, we proposed the Auger-assisted ET mechanism, which accounts for 
experimental observations. During ET, the energy lost by the electron during the 
transfer is gained at the initial stage exclusively by the hole rather than by pho-
nons. Because Auger-type processes are common in most nanomaterials exhibit-
ing quantum confinement, the Auger-assisted ET model proposed for CdX (X = S, 
Se, Te) QDs can be generally applied to exciton dissociation in other nanomateri-
als, including nanotubes, nanowires, quantum wells, graphene, and so on.

13.6.5  Inverted Dimensionality Restores Electron–Hole 
Symmetry in a QD-Polymer Hybrid

Compared to small molecules, polymers can tune their electronic properties by 
changing their morphology. Other advantages include solution processability and 
straightforward chemical synthesis. Combing inorganic QDs and polymers shows 
great promise for fabrication of hybrid heterojunction photovoltaic cells for 
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low- cost and scalable solar power conversion. However, Coulomb interactions 
between charge carriers are strong due to low dielectric constants, giving rise to 
strongly bound electron–hole pairs [179]. This drawback significantly reduces the 
power conversion efficiency of polymer-based solar cells.

Compared to fullerenes, used as electron acceptors in traditional organic solar 
cells, colloidal QDs exhibit better environmental stability and higher electron 
mobilities. In addition, QDs improve light harvesting due to large absorption 
cross sections, easily tunable over the entire solar spectrum. Hot-carrier genera-
tion and carrier multiplication provide opportunities to improve conversion effi-
ciencies of QDSCs by reducing the loss of high-energy carriers. Using the 
advantageous of both organic polymer and inorganic QD materials opens new 
ways of enhancing solar cell performance. There, charge separation, nongeminate 
recombination across the interface, and geminate recombination inside the same 
material compete with each other and significantly affect the final conversion 
efficiencies.

We chose a heterojunction formed by a poly(3-hexylthiophene) (P3HT) and a
CdS QD, and investigated the photoinduced electron and hole dynamics, as well 
as nongeminate and geminate recombination using the approach combining 
NAMD with TDDFT. In conventional view, QDs are viewed as quasi-0D materi-
als with discrete energy levels, while polymers are 1D possessing continuous 
bands. However, the DFT calculations give a different picture. Generally, QDs 
exhibit discrete levels only close to the band gap. Indeed, Fig. 13.14 shows that 
CdS QD LUMO is separated from LUMO + 1 by about 0.5 eV. At higher energies
relevant for the charge separation dynamics, the QD spectrum is continuous. The 
polymer indeed exhibits band-like electronic structure. At the same time, the 
DOS of the polymer is much lower than that of the QD. In the local interaction 
QD-P3HT region involved in the photoinduced charge separation, and at the rel-
evant energy range, P3HT behaves as a molecule, while QD is nearly bulk-like.
The inversion of the dimensionally, relative to the common expectation, helps to 
balance the electron and hole injection rates. Such balance is essential for a solar 
device, since otherwise one of the charges will present a bottleneck to the photo-
induced dynamics. The driving force for the hole transfer from QD to P3HT is
larger, but the density of P3HT acceptor states is small (Fig. 13.14). In compari-
son, the driving force for the ET from P3HT to QD is small, but the density of
QD acceptor states is large. The leveling of the two factors produce electron and 
hole injection times on a time scale of several hundred femtoseconds, in agree-
ment with experiment [180]. The phonon- induced nongeminate recombination 
across the QD/polymer interface is slower than the geminate recombination 
across the band gap of each species, in particular on the QDs, indicating that hole 
transfer  following by excitation of QD could lead to high solar cells performance, 
as reported by experiment [180]. Our simulations suggest novel design principles 
such as selective photoexcitation materials for developing photovoltaic and pho-
tocatalytic devices.
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13.7  Organic Nanosystems

Organic systems, including small molecules and polymers, exhibit both advantages 
and disadvantages compared to inorganic compounds. They are extremely diverse, 
mechanically flexible, and light-weight, providing an essentially unlimited availabil-
ity of raw materials for mass production at low cost. However, they contain strong 
bounded electron–hole pairs inside, which challenge photoinduced charge separa-
tion. The opposite process—radiative recombination of injected charges—occurs 
more readily, giving rise to light-emitting diodes. At the same time, electron–phonon 
interaction is strong in organic materials, generating polarons with large effective 
masses and low mobilities. Due to these demerits, knowledge of charge and exciton 
dynamics at organic interfaces are essential for solar energy and electronics applica-
tions. In this section, we present a comprehensive kinetics at a pentacene–C60 inter-
face, exhibiting a fundamentally interesting and practically important phenomenon 
known as singlet fission (SF). SF allows one to convert one photon into two electron–
hole pairs, thereby greatly increasing photon-to-electron yields. We also explore the 
origin of significant asymmetric dynamics in electron and hole transfer at a 

Fig. 13.14 Projected DOS of the P3HT-CdSe QD system and charge densities of the correspond-
ing donor and acceptor orbitals for the electron and hole transfer, where the energy offsets between 
the donor and acceptor orbitals are shown in the inset. The electron donor state is delocalized sig-
nificantly between P3HT and QD. Similarity, the hole donor state is also shared by QD and
P3HT. The acceptor states are localized in both cases. The vertical arrows relate the donor and 
acceptor orbital densities to the energies
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polymer–carbon nanotube (CNT) interface, and propose how this asymmetry can be 
utilized to tune photovoltaic performance.

13.7.1  Singlet Fission and Charge Transfer  
at the Pentacene–C60 Interface

SF characterizes the phenomenon in organic systems that a single absorbed photon
generates two electron–hole pairs [181–183]. On one hand, SF is interesting from 
the fundamental point of view, because simple selection rules forbid excitation of 
two electrons by one photon. On the other hand, SF is important because it provides 
the possibility that a low-cost photovoltaic cell could achieve a high power conver-
sion efficiency, which is determined by complex dynamics involving key electronic 
states coupled to particular nuclear motions. Extensive experimental and theoretical 
studies are dedicated to this topic, generating multiple opinions on the nature of 
such states and motions, their properties, and mechanisms of the competing pro-
cesses, including electron–phonon relaxation, SF, and charge separation [181, 182]. 
Time-domain NAMD simulations can identify the most important steps involved in 
SF and subsequent charge separation, and build a comprehensive kinetic scheme 
that agrees with the available experimental and theoretical results. The model 
reveals the importance of intermediate charge transfer states and the nature of 
energy level alignment, SF mechanism, and time scales of quantum dynamics.

A minimalistic atomistic model has been constructed to describe SF at the pen-
tacene/C60 interface [68]. The simulation has demonstrated that SF competes with 
the traditional photoinduced ET between pentacene and C60 layers. Efficient SF 
relies on the presence of intermediate dark states. These configurations can be 
viewed as either independent states, or components of the multiexciton (ME) and 
triplet pair (TT) states arising due to electron correlation. Several pentacene–penta-
cene and pentacene–fullerene charge transfer (CT) states should be taken into 
account, including the lowest energy CT state (CT0) and excited CT states (CT1 and 
CT2). Having ME and CT character, these states play critical roles in the dynamics 
and should be considered explicitly when explaining the entire process from the 
photoexcitation to the final charge separation.

The relative energies of the states involved in the photoinduced dynamics should 
be carefully aligned with respect to each other. Assigning the energy of the CT0 state 
around 0.5 eV according to the experiment [184], produces a consistent quantum 
dynamical scheme. Energy alignment provides an interesting way to control the SF 
efficiency. If CT2 is designed to have the energy larger than that of TT, triplet pro-
duction can be maximized. After dissociation of TT, each triplet can access states of
the CT0 type, provided that their energy is lower than the energy of TT. Then, the 
generation of two electron–hole pairs will be maximized. The S1 (the lowest singlet 
state) and ME states involved in the SF process are coupled weakly. Direct NA 
transitions between these states are suppressed, although not forbidden. Because S1 
and TT are also weakly coupled, the triplet production originates only from the ME 
state, which is populated during photoexcitation (see Fig. 13.15). Generally, photo-
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excitation creates a superposition of the S1 and ME configurations. To maximize
the SF yield, one should design systems and utilize photoexcitation conditions,
under which the contribution of the ME configurations is maximized. One can also
 consider designing electromagnetic fields to directionally pump S1 into ME or TT. 
The reported analysis enhances the understanding of the complex quantum dynam-
ics in nanoscale materials capable of the SF and charge transfer processes.

13.7.2  Asymmetric Electron and Hole Transfer at a P3HT- 
CNT Heterojunction

Bulk-heterojunction organic photovoltaics have been demonstrated as low-cost 
alternatives to silicon-based solar cells, offering a long-term solution for clean and 
renewable energy [185]. To achieve high photon-to-charge conversion efficiency, 
the electron–hole pair generated by photon absorption in organic photovoltaic sys-
tems must overcome the Coulomb attraction, which often results in voltage loss. 
Efficient charge separation at the all organic interfaces requires a type II band alignment 
with large driving forces for both electrons and holes in order to break the strongly 
bound electron–hole pairs into free charge carriers. Often, the electron and hole 
transfer has diversity and is determined by driving force, donor–acceptor coupling, 
NA coupling, and the involved phonon modes.

As a representative, the photoinduced electron and hole transfer dynamics as 
well as energy relaxation across a P3HT–CNT interface have been investigated,
using the unique methodologies combining TDDFT and NAMD [69]. The simula-
tions establish that the electron and hole dynamics are highly asymmetric. 
Particularly, photoexcitation of the polymer results in a 100 fs ET, in agreement
with experiment [186], followed by a loss of 0.6 eV of energy within 0.5 ps.
Photoexcitation of the CNT leads to hole transfer, which requires nearly 2 ps, but
loses only 0.3 eV of energy. The strong disparity arises due to the differences in the

Fig. 13.15 (Left panel) Simulated pentacene–C60 interface, and (right panel) comprehensive 
kinetic scheme of the singlet fission and charge transfer processes at the interface. Adapted from 
J. Am. Chem. Soc. 136, 1599 (2014). Copyright 2014 American Chemical Society
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localization of the photoexcited donor states, the densities of the acceptor states, the
strength of donor–acceptor interaction, and the phonon modes involved. The trans-
fer of both electrons and holes is promoted primarily by the high-frequency C–C 
stretching modes of both materials, while the electron relaxation additionally 
involves low-frequency radial breathing modes of CNT and P3HT torsional motions.
Used as a chromophore, P3HT induces fast charge separation but results in large
energy losses, and cannot harvest light in the red region of the solar spectrum. In 
contrast, CNT can absorb a broader range of photons and reduce energy losses but 
gives less efficient charge separation.

The complementary properties of P3HT and CNT can be utilized to improve the per-
formance of solar cells by optimizing simultaneously light harvesting, charge separation,
and energy relaxation, which affect photovoltaic yields, current, and voltage. By increas-
ing the CNT concentration, one can harvest a broader range of solar spectrum and reduce 
energy and voltage losses. By increasing the P3HT concentration, one achieves better
charge separation and higher currents. The simulations provide a comprehensive descrip-
tion of the charge transfer and energy relaxation dynamics in the hybrid nanoscale materi-
als, and produce novel design principles for photovoltaic and photocatalytic devices with 
photoexcitation of selective component in a type-II heterojunction.

13.8  Conclusions and Outlook

The amount of solar energy reaching the Earth’s surface is about 7,000 times more 
than the current human energy consumption. It carries an enormous potential to 
resolve the current energy and environmental pollution problems. Development of 
efficient tools for conversion of sunlight to electrical and chemical energy is critical 
for promoting the renewable energy economy. A diversity of materials have been 
designed, synthesized, and applied in photovoltaic and photocatalytic devices, and
some of them show great promise for commercialization. Due to substantial differ-
ence in the origin and nature of the investigated inorganics and organics, ab initio 
atomistic simulations hold great advantages of exploring the charge and exciton 
dynamics in photovoltaic and photocatalytic devices.

In combination with TDDFT, NAMD has been applied to a broad spectrum of 
systems to study various nonequilibrium processes, and it has obtained a series 
of success. This chapter has summarized recent efforts in both methodological
developments and realistic applications. The time scales for various processes, such 
as electron and energy transfer, thermal relaxation, and charge recombination, have 
been obtained in many systems consisting of two complementary inorganic and/or 
organic materials and have been compared extensively with available experiments. 
The competition among the various dynamical processes governs the global efficiency 
of photovoltaic and photocatalytic devices and determines efficiency bottlenecks. A 
comprehensive understanding of the mechanisms underlying each dynamical channel 
generates critical insights and useful guidelines for improving solar cells performance. 
The obtained knowledge can be used in electronic, spintronic, and other types of 
transport devices, where the above-addressed issues are widely encountered.
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An atomistic simulation of nonequilibrium processes in molecular, nanoscale, 
and condensed-phase systems relies on an accurate description of the electronic 
structure and a reliable representation of the electron–phonon dynamics. These 
require development of more robust and efficient XC DFT functionals for proper 
description of long-range interaction, bond breaking, multiply excited states, and 
other situations that take the system far from the ground state equilibrium. At the 
same time, the computational cost for electronic structure in large-scale systems 
has to be reduced. The density-functional tight-binding (DFTB) method [187], 
which parameterizes the key DFT quantities, such as pseudo-atomic orbitals,
matrix elements, and short-range repulsions, affords promising solution and has 
received significant attention. DFTB can reduce significantly the computational 
complexity, while maintaining reasonable accuracy [188]. Implementing time-
dependent DFTB can greatly extend the NAMD applications from inorganic and/
or organic composites to large-scale biological systems. To date, most NAMD 
applications still neglect decoherence [46–48] and other quantum nuclear effects, 
which play important roles in many dynamical processes and deserve serious con-
siderations. With rare exceptions, semiclassical NAMD algorithms are capable of 
capturing these effects but only apply to model or small systems. Further simplify-
ing approximations and implementations of such schemes are definitely needed. 
NAMD simulations can explore longer dynamics in the time domain, and thus hold 
great power to handle a wide range of issues arising in systems perturbed far from 
equilibrium, satisfying the impending demand of mechanism exploration and 
material design for more efficient nanotechnological devices.
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    Chapter 14   
 Life Cycle Assessment of Nanomaterials 

             Girish     Upreti     ,     Rajive     Dhingra    ,     Sasikumar     Naidu    ,     Isaac     Atuahene    , 
and     Rapinder     Sawhney   

    Abstract     Nanotechnology has wide range of applications. This paper emphasizes 
the need to conduct “life cycle”-based assessments as early in the new product 
development process as possible, for a better understanding of the potential environ-
mental and human health consequences of nanomaterials over the entire life cycle of 
a nano-enabled product. This is further supported through an illustrative case study 
on automotive exterior body panels, which shows that the perceived environmental 
benefi ts of nano-based products in the Use stage may not adequately represent the 
complete picture, without examining the impacts in the other life cycle stages, par-
ticularly Materials Processing and Manufacturing. Nanomanufacturing methods 
often have associated environmental and human health impacts, which must be kept 
in perspective when evaluating nanoproducts for their “greenness.” Incorporating 
life cycle thinking for making informed decisions at the product design stage, com-
bining life cycle and risk analysis, using sustainable manufacturing practices, and 
employing green chemistry alternatives are seen as possible solutions.  

  Keywords     Nanomaterials   •   Life cycle assessment   •   Risk analysis  

14.1         Nanomaterials 

 A nanometer is one-billionth of a meter. According to the National Nanotechnology 
Initiative, a program established in 2001 to coordinate federal nanotechnology 
research and development, nanotechnology is the “the understanding and control 
of matter at dimensions between approximately 1 and 100 nm, where unique 
 phenomena enable novel applications. Encompassing nanoscale science, engineer-
ing, and technology, nanotechnology involves imaging, measuring, modeling, and 
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manipulating matter at this length scale” [ 1 ]. Nanotechnology is considered an all- 
pervasive “enabling” technology [ 2 ] that transcends sectoral boundaries, resulting 
in novel applications of nanomaterials that promise radical improvements in various 
spheres of life. Examples include paper-thin, high-energy, nanoengineered batter-
ies. Capable of being folded and cut like paper and infused with carbon nanotubes, 
these sheets of nanocomposite paper serve as ultra-thin, fl exible batteries and energy 
storage devices for next-generation electronics and implantable medical equipment 
[ 3 ]. Nano-enabled miniaturized diagnostic devices can be implanted in the human 
body for early diagnosis of illnesses, and the use of nanotechnology for in vivo drug 
delivery and imaging systems is expanding rapidly [ 4 ]. Nano-based coatings can 
improve the bioactivity and biocompatibility of implants [ 5 ], while nanocoatings 
are also fi nding use in corrosion-resistance, dirt repellency, water repellency, ther-
mal insulation, and anti-microbial applications. 

 Applications of nanotechnology that directly benefi t the environment are nano-
technologies for site remediation and wastewater treatment [ 6 ], nanomaterial-based 
solar cells for improved energy effi ciency, the use of nanocatalysts for air purifi cation 
[ 7 ], and nanostructured fi lters or nanoreactive membranes for water purifi cation [ 8 ]. 

 Despite the seemingly obvious benefi ts of nanotechnology, there could be unin-
tended health and environmental risks associated with the widespread use of nano-
materials which might not have yet been fully understood. As discussed in the 
following sections, there is a need to use a life cycle-based approach, possibly com-
bined with risk assessment, in order to better understand the potential problems, and 
to adopt green nanomanufacturing methods that are less burdensome to the environ-
ment and human health. 

 Hischier proposes the identifi cation of advantages and disadvantages of nanoma-
terials from a sustainability perspective which comprise: inventory modeling; col-
lection of comprehensive, transparently documented and quality ensured data of the 
most important engineered nanomaterials and making them available in a widely 
accepted format; and Identifi cation of physical characteristics for toxicity assess-
ment of nanoparticles [ 9 ]. The study concludes that 7 out of the 17 studies identifi ed 
are based on a functional unit of 1 weight unit of produced nanomaterial which is 
acceptable when analyzing the production process of the respective engineered 
nanomaterial, but not when comparing the functionality of nanomaterials with tra-
ditional materials. Finally, a reiteration on a complete lack of characterization fac-
tors for release of nanoparticles indoors and outdoors with respect to impact 
assessment is presented. 

 The burgeoning fi eld of nanotech applications has left us with no doubt that 
nano-enabled products will play a dominant role in global manufacturing in the not-
so- distant future. With new applications being discovered every day in areas as 
diverse as medicine, automotive, energy, agriculture, and entertainment, we are 
becoming increasingly aware of the benefi ts of nanotechnology in terms of cost and 
energy savings, increased productivity, increased effi ciency, as well as reduced 
environmental impacts. According to Lux Research, the total revenue from products 
incorporating nanotechnology is expected to be $2.5 trillion in 2015, even though 
this estimate is down 21 % from their previous projections [ 10 ], the downward 
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 revision being made considering the global economic downturn, as a result of which 
the rate of nanotech adoption was expected to be somewhat slower than originally 
anticipated.  

14.2       Nanomanufacturing Technique 
and Environmental Effect 

 Nanoscale manufacturing involves one of two approaches: top-down or bottom-up. 
The top-down approach starts with micro-systems and miniaturizes them, through 
carving or grinding methods, such as lithography, etching, or milling. Bottom-up 
methods mimic nature by starting at the atomic or molecular level and building-up 
through nucleation and/or growth from liquid, solid, or gas precursors by chemical 
reactions or physical processes. Examples of techniques include sol-gel or epitaxy 
[ 5 ,  11 ]. It is generally believed that top-down methods generate a lot more waste. 
Though the bottom-up approach is in its early development phase, it promises 
sweeping changes to current methods of production. 

 Nanostructured materials can be classifi ed as one-dimensional (1D), two- 
dimensional (2D), or three-dimensional (3D). Examples of 1-D nanoproducts are 
thin fi lms and coatings, while 2-D include nanotubes and nanorods, and 3-D nano-
products include fullerenes and nanoparticles. The production of 2-D and 3-D nano-
products, generally, has stricter purity requirements. Many of the processes required 
to manufacture them have low process yields and, therefore, low material effi cien-
cies, resulting in excessive waste. Moreover, these processes usually consume large 
quantities of energy, water, and solvents. In addition to being excessively resource 
and energy intensive, some of these processes have the potential to cause unin-
tended acute and chronic human health impacts, from accidental exposure to 
nanomaterials. 

 Sengül et al. [ 11 ] have discussed various nanomanufacturing methods and have 
summarized the characteristics of nanomanufacturing processes that make them 
energy and resource intensive as follows:

•    Stricter purity requirements  
•   Lower process yields  
•   Repeated processing, postprocessing, or reprocessing steps of a single process or 

batch  
•   Use of toxic, acidic, or basic chemicals and organic solvents  
•   Need for moderate to high vacuum  
•   Use of or generation of greenhouse gases    

 Sengul et al. article [ 11 ] provides an in-depth analysis of the issues pertaining to 
nanomanufacturing methods for 1-D, 2-D, and 3-D nanostructured materials. The 
manufactured quantities of nanomaterials are expected to increase as the technology 
becomes pervasive and starts displacing conventional materials in products. The 
starting materials used in manufacturing processes are usually rare and involve 
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resource intensive extraction or processing that puts additional strain on natural 
resources and increases the overall life cycle environmental impact of the product 
they are ultimately used in, as demonstrated in a case study that follows. This raises 
the issue of fi nding suitable starting materials for nanomanufacturing methods.  

14.3     Industrial Ecology and LCA 

 Industrial Ecology is a systems approach that provides a holistic view of environ-
mental problems, and helps us understand the way humans use natural resources in 
the production of goods and services. It emphasizes the need to study the interac-
tions of industrial systems with the environment, and to design products and manu-
facturing processes in a way that optimizes the use of by-products, maximizes 
recycling, and minimizes waste [ 12 ]. This approach strives to ensure that industrial 
growth in the future is sustainable and in harmony with the environment. The fore-
going discussion leads us right to the defi nition of Sustainable Development which, 
according to a World Commission on Environment and Development (WCED) 
report of 1987, is “Development that meets the needs of the present without com-
promising the ability of future generations to meet their own needs” [ 13 ]. 

 The wide-ranging applications of nanotechnology have an equally widespread 
potential to adversely affect human health and the environment, through various 
exposure routes of nanoparticles [ 14 ], including occupational exposure [ 15 ]. Despite 
early calls to adopt measures that would ensure the sustained growth of nanotech-
nology, little has been done so far, in the unrelenting quest to rapidly introduce more 
and more novel nano-applications [ 16 ]. 

 Life Cycle Assessment (LCA) is an invaluable tool for assessing the environ-
mental impacts associated with the entire life cycle of a product. In fact, it would be 
premature to make any claims on the environmental benefi ts of a product or manu-
facturing process without fi rst considering its environmental consequences in a “life 
cycle” context. 

 The steps typically involved in an LCA are (1) defi ning the goals and scope of 
the assessment, (2) quantifying the material and energy inputs, as well as the envi-
ronmental releases for each unit process that forms part of the assessment (known 
as Life-Cycle Inventory or LCI), (3) evaluating the potential human health and envi-
ronmental impacts associated with the inputs and outputs identifi ed in the LCI data 
collection step, and (4) interpreting the results, highlighting signifi cant issues, 
drawing conclusions, and making recommendations [ 17 ]. The life cycle stages usu-
ally considered are Material Extraction, Processing, Manufacturing, Use, 
Transportation, and End-of-Life (Recycling/Disposal). 

 Conducting a life cycle assessment of conventional products is in itself a daunt-
ing task, with boundaries often having to be drawn to limit the scope of the 
 assessment, in order to complete it within a reasonable amount of time, with the 
fi nite resources available. Some of the methods available for curtailing the scope of 
the assessment (also known as LCA streamlining) include (1) restricting it to certain 
life cycle stages of interest, for example, the Use stage, (2) identifying certain 
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 environmental impact categories of particular relevance, such as Global Warming, 
or (3) just conducting a comparative study of two different manufacturing processes 
that result in the creation of otherwise identical products. 

 With nanomaterials, the task of conducting a life cycle assessment becomes even 
more diffi cult because of lack of available inventory data on these materials, since 
their manufacturing processes are new and often subject to confi dentiality con-
straints [ 18 ]. Another reason for not being able to use inventory data the same way 
as in the case of conventional materials is that cutoffs based on mass alone do not 
make sense for nanoparticles [ 14 ]. Also, current impact assessment methodologies 
do not incorporate formulas for computing the health and environmental effects of 
nanomaterials, simply because these effects are not yet fully known. Moreover, 
manufacturing processes for the production of nanomaterials are not yet standard-
ized, but are in an evolutionary stage, changing constantly. For this reason, the envi-
ronmental impacts associated with Production Method A for a given product could 
vary considerably from those associated with Production Method B. In the case of 
new technologies such as these, which are in their developmental phase, it might be 
benefi cial to conduct scenario analyses when performing LCAs, for addressing 
uncertainties in possible future outcomes. 

 Hischier study’s the inventory modeling rules and presents an application exam-
ple of LCA of manufactured nanomaterials [ 19 ]. This study identify and tackle 
weak points in LCA studies, which includes the lack of inventory data and missing 
characterization factors, partly due to a lack of clear modeling rules for a LCA of 
MNM. The study provides a foundation for a clear guidance for coherent and com-
prehensive inventory modeling of nanomaterials along their complete life cycle. 
Most importantly, four main objectives are addressed which have been published in 
separately in three different journals; (1) A general set-up that allows the applica-
tion of life cycle thinking principles (being the driving force behind the LCA tool) 
to the whole spectrum of applications of MNM; (2) An up-to-date and comprehen-
sive overview of current published work in the area of ‘LCA and nanotechnology’ 
in order to clearly identify weaknesses and missing elements that have so far pre-
vented a coherent and comprehensive application of the LCA process along the 
complete life cycle of MNM; (3) A framework on the level of inventory modeling 
that eliminates the weaknesses and missing elements identifi ed beforehand, by 
keeping in mind the requirements from (the subsequent) impact assessment step; 
and fi nally (4) A fi rst application example of the methodological developments by 
applying the framework on a display technology (the fi eld emission display technol-
ogy) using carbon nanotubes. 

 Miseljic presents a literature review of assessment status on LCA of engineered 
nanomaterials [ 20 ]. This study analyzes the 29 case studies of published literature on 
LCA of engineered nano materials. An investigation of the sensitivity of case studies 
with respect to ecotoxicity impacts through a quantifi cation of the potential ecotox-
icity impacts to algae, daphnia, and fi sh as a result of direct release of Ag and TiO 2  
ENPs (mainly <200 nm in nominal diameter size) from various ENM products to the 
freshwater compartment is presented. The study fi nds a linear regression between Ag 
ENM content in the considered products and the potential ecotoxicity impacts to the 
freshwater species, according to release of total Ag during use (mainly washing). 
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 In spite of the challenges faced in conducting LCAs of nanomaterials, a number 
of LCAs have been attempted [ 21 – 26 ], and even if complete LCAs cannot be per-
formed, it is important to take a life cycle view of new technologies such as these, 
to help bring to light any issues or concerns in any of the upstream or downstream 
stages that may be elusive at fi rst. This “life cycle thinking” approach needs to be 
applied at an early stage in the product development process, in order to better 
understand the environmental implications of new technologies and to be able to 
make informed decisions on the benefi ts or drawbacks of one alternative over 
another. There have been several suggestions to apply the life cycle thinking 
approach to nanotechnology development [ 15 ,  27 – 29 ]. 

 Recognizing the drawbacks of LCA in being inadequate for analyzing the health 
effects and exposure routes of nanoparticles, this paper later describes more appro-
priate frameworks that combine the LCA approach with Risk Assessment (RA). 
The two frameworks discussed are nanoLCRA (Life Cycle Risk Assessment) and 
Comprehensive Environmental Assessment (CEA). Likely environmental impacts 
during each life cycle stage of nano-enabled products are shown in Fig.  14.1 .  

 The apparent benefi ts of nano-enabled products, usually in the “Use” stage, often 
take center stage, while the environmental problems associated with the remaining 
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upstream and downstream life cycle stages tend to get overlooked [ 28 ]. Of particu-
lar concern are the Materials Processing and End-of-Life (Recycling/Disposal) 
stages. The creation of nanomaterials can often be highly energy and resource inten-
sive, as discussed earlier in Sect.  14.2 . At the End-of-Life stage, we are confronted 
with the problem of disposing of the nano-enabled product, if it is not fully recy-
clable and/or reusable. Manufactured nanomaterials have the potential to be released 
to the environment at each stage of the product life cycle [ 30 ].  

14.4     Energy Intensity of Carbon Nanofi bers 
and Nanoparticles 

 Although aluminum is thought to be one of the most energy intensive materials to 
produce, it has highly desirable properties, namely, light weight and higher strength as 
compared to steel, the material it usually competes with. Another drawback of alumi-
num is its higher price, but both the price and higher energy intensity do not usually 
come in the way of its use in certain critical aerospace, automotive and other applica-
tions. Because of its high energy intensity, aluminum has become a kind of yardstick 
by which some other, newer, materials are evaluated for their energy intensities. 

 Carbon nanoparticles and nanofi bers are examples of such materials that are much 
more energy intensive to produce than aluminum. Two recent studies, one on nanofi -
bers and the other on nanoparticles, show that carbon nanofi bers produced from a 
range of feedstock materials require 13–50 times the energy required for the produc-
tion of primary aluminum on an equal mass basis [ 31 ], while the carbon nanoparti-
cles study fi nds their energy intensity to be 2–100 times that of aluminum [ 32 ]. 

 When selecting conventional (non-nano) materials for use in a new product or 
application, product designers have traditionally been confronted with issues like 
strength, performance, cost, and esthetics. More recently, keeping the principles of 
Design for the Environment (DfE) in mind, additional environmental considerations 
like energy intensity, toxicity, recyclability, and ease of disassembly have made 
their way into their list of design criteria. The advent of nanomaterials, however, has 
necessitated a change in the traditional material selection process, because now 
product designers will not only have to keep the above issues in consideration but 
will also have to think about the health and safety of those who might be exposed to 
these nanoscale materials that have the potential to be inhaled or to penetrate the 
skin, and possibly affect vital organs.  

14.5     Automotive Body Panels: A Case Study 

 The results from one of the author’s previous studies have been used to show how 
nano-based products that seem environmentally preferable over other alternatives in 
the Use stage may not actually turn out to be so when the whole life cycle is consid-
ered. The original study compared lightweight alternatives to exterior body panels in 
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vehicles of the future [ 33 ,  34 ]. Aluminum, carbon fi ber reinforced polymer (CFRP) 
composite, and glass fi ber reinforced polymer (GFRP) composite were considered 
as alternatives to steel closure panels (consisting of the four doors, hood, and deck 
lid) in a baseline vehicle [ 35 ]. The data for that study (which we will refer to as the 
“exterior body panels” study) were based on carbon fi ber produced from polyacry-
lonitrile (PAN) precursor fi ber, which is oxidized and carbonized into carbon fi ber 
by exposing it to progressively higher temperatures in the presence of nitrogen. 

 The energy required to produce the PAN-based carbon fi ber is substituted with 
the energy required to produce carbon nanofi ber, the data for which have been taken 
from a recent study on carbon nanofi ber production [ 31 ], performed by Khanna 
et al., based on vapor grown fi bers synthesized from three different hydrocarbon 
feedstocks—methane, ethylene, and benzene, using the average energy of the range 
provided in the study (2,872–10,925 MJ/kg). Thus, the carbon fi ber reinforced poly-
mer (CFRP) composite in the exterior body panels study has been replaced with 
carbon nanofi ber reinforced polymer (CNFRP) composite material, focusing only 
on the life cycle energy requirements. 

 The major assumptions of the previous study are stated in Table  14.1 .
   Based on the above assumptions, using a material substitution factor of 0.4 for 

CFRP [ 36 ], it was estimated that the weight of CFRP panels would be 88 lb if they 
were to replace 220 lb of steel, resulting in overall weight savings of 132 lb. 
However, any major weight reduction in vehicle weight provides opportunities for 
additional weight reductions in other components (known as secondary weight sav-
ings). Taking the secondary weight savings into account, the overall weight savings 
go up to 198 lb, bringing the CFRP vehicle weight down to 3,050 lb. Applying the 
fuel effi ciency improvement factor of 0.7 to the baseline vehicle fuel effi ciency of 
26.6 mpg, the fuel effi ciency of the CFRP vehicle was calculated to be 27.74 mpg. 
This works out to 4,327 gal of gasoline used by the CFRP vehicle over its lifetime, 
as against 4,511 gal by the baseline vehicle. Since the functional unit for the exterior 
body panels study was not the whole vehicle, but only the closure panels driven over 
the lifetime of the vehicle, the quantity of gasoline consumed on account of the 

   Table 14.1    Exterior body panels study: Major assumptions   

 Mass of the baseline (1994 Taurus class) vehicle  3,248 lb 
 Useful life of vehicle  120,000 miles 
 Life of body panels  Equal to life of vehicle 
 Baseline vehicle fuel effi ciency  26.6 mpg 
 Mass of steel closure panels  220 lb 
 Material substitution factor for CFRP  0.4 
 CFRP composition  30 % CF in epoxy resin 
 Secondary weight savings factor  1.5 
 Fuel effi ciency improvement factor  0.7 a  
 Gasoline density  6.154 lb/gal 
 Gasoline heat content  115,400 BTUs/gal 

   a Vehicle fuel effi ciency improves by 7 % for each 10 % reduction in vehicle weight [ 22 ]  
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body panels alone is the fractional ratio of the mass of CFRP closure panels to the 
whole car, or 124.8 gal. This translates to 768 lb, embodying an energy content of 
14.40 million BTUs (MMBTUs). 

 The Energy use results from the exterior body panels study, as well as the modi-
fi cations incorporating carbon nanofi bers in place of bulk carbon fi bers, are pre-
sented in Table  14.2 . It has been assumed that the CNFRP composite will require 
only half the mass of carbon fi bers, as compared to the CFRP composite material in 
the original study, because of the much higher strength of nanofi bers. The 70/30 
epoxy/carbon fi ber mix in the original study, therefore, has been replaced with an 
85/15 epoxy/carbon nanofi ber mix, requiring only 13.2 lb of nanofi ber in 88 lb of 
CNFRP panels. In estimating the energy requirements of CNFRP panels, the addi-
tional energy required to produce nanofi bers has been taken into account, based on 
an average value of 6,899 MJ/kg (taken from the study by Khanna et al., as described 
above), as well as the energy required to produce the additional quantity of epoxy 
resin in the mix. Their study revealed that the production of nanofi bres and polymer 
nanocomposites is more energy demanding than a steel product.

   Table  14.2  shows the results of the previous study, along with an additional row 
representing the new CNFRP analysis (in bold). It is observed that the only change 
in energy numbers for CNFRP over CFRP is in the Extraction & Materials 
Processing (E&MP) stage, on account of the additional energy required to produce 
carbon nanofi bers, with everything else remaining the same. In the previous study, 
CFRP turned out to be the material of choice, not only on account of its lowest total 
life cycle energy requirement, but also because it was less environmentally burden-
some in 8 other environmental impact categories (not shown here), out of a total of 
14 impact categories evaluated [ 33 ,  34 ]. 

 It is noteworthy that, while the Use (driving) stage typically dominates the envi-
ronmental life cycle of the automobile, accounting for about 80 % of the environ-
mental impacts, substituting the body panels with nanofi ber-based material, albeit 
in a small quantity, makes the Use stage seem insignifi cant compared to the 
Extraction and Materials Processing stage [ 37 ]. In the previous assessment, alumi-
num was the most energy intensive material to produce, with its E&MP stage 
accounting for 35 % of the life cycle energy impacts. However, the introduction of 
CNFRP makes the E&MP stage for this material the biggest contributor to total life 
cycle energy, as depicted in Fig.  14.2 . In fact, the use of nanofi bers totally turns the 
results of the study around, to make this choice of material the worst, at least on the 
energy front.  

    Table 14.2    Energy use for exterior body panels by life cycle stages   

 Energy use (MMBTUs)  E&MP  Use—fuel use  Use—fuel prod.  EOL  Total 

 Steel  1.19  35.25  7.78  0.01  44.24 
 Aluminum  12.97  19.69  4.35  0.02  37.02 
 GFRP  2.00  24.58  5.43  0.01  32.02 
 CFRP  4.53  14.40  3.18  0.00  22.11 
  CNFRP    43.67    14.40    3.18    0.00    61.26  
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 The above study clearly indicates that newer materials that are being chosen have 
numerous advantages, by way of their high strength, light weight, etc., but are also 
likely to have a relatively higher energy and material resource intensity in the 
upstream processing stages. In order to derive maximum benefi t from the use of 
these materials in an environmentally responsible manner, we need to look at ways 
in which we can reduce their environmental burden in the life cycle stages prior to 
the Use stage. 

 Since the above results are based on the assumption that half the quantity of car-
bon nanofi bers will be needed in the CNFRP composite as compared to the CFRP 
material, a sensitivity analysis was conducted using higher and lower percentages of 
carbon nanofi ber in the epoxy resin mix. Values of 10 and 20 % by mass of carbon 
nanofi bers were utilized to calculate the changes in the energy  consumption. The 
energy required by the three different compositions of CNFRP in the Extraction and 
Materials Processing stage is graphically depicted in Figure  14.3 , which also shows 
comparisons with the energy requirements of the other competing materials.  

 It is observed that in spite of varying the quantity of carbon nanofi bers in the 
epoxy composite mix, the E&MP energy of the nanocomposites is still much higher 
than that of the other materials, with the nanofi bers continuing to play a dominant 
role in the total energy requirement. Noting that the purpose of vehicle weight 
reduction is to maximize fuel economy, with a corresponding decrease in fuel use, 
it is seen that in the case of all three CNFRP compositions, the benefi t of reduced 
fuel use is negated by the high energy required for the production of these materials. 
This is clearly understood by taking a look at the total energy results for the various 
CNFRP compositions compared to the four competing materials, steel, aluminum, 
GFRP, and CFRP, as shown in Table  14.3 .
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  Fig. 14.2    Contribution of the extraction and materials processing stage to total life-cycle energy. 
Reprinted from [ 37 ] with permission by the Molecular Diversity Preservation International AG       
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   In the case of the 10 % CNFRP material, the total energy approaches the baseline 
vehicle energy of 44 MMBTUs. However, it is the strength of carbon nanofi bers and 
the mechanics of the nanofi ber-matrix interface that ultimately determine the quan-
tity of nanofi bers in the epoxy resin mix. For comparison, aluminum has a tensile 
strength of 110 MegaPascals (MPa), with carbon nanofi ber being approximately 50 
times stronger, having a tensile strength of 5,000 MPa, or 5 GigaPascals (GPa). 
Carbon nanofi ber is also about 10–15 times stronger than the grade of steel used for 
automotive body panels (which has a tensile strength of about 400 MPa) [ 38 ,  39 ]. 
A study conducted on the strength of carbon nanofi ber-epoxy composites estimates 
the minimum interfacial strength of the nanofi ber-epoxy composite system to be 
170 MPa [ 39 ]. Carbon Nanotubes (CNTs), on the other hand, are much stronger 
than even carbon nanofi ber, with a tensile strength in the range of 30–200 GPa [ 40 ]. 

 In addition to being highly energy-intensive, nanomanufacturing processes can 
be highly resource-intensive, too. Certain nanomaterials require a practically 
contaminant- free environment, such as clean rooms and ultrapure water. 
Nanomanufacturing methods and the environmental concerns associated with them 
are discussed earlier in Sect.  14.2 .  
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  Fig. 14.3    Comparison of extraction and materials processing energy. Reprinted from [ 37 ] with 
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  Table 14.3    Energy Use 
Sensitivity to CNFRP 
Composition  

 Energy use (MMBTUs)  E&MP  Total 

 Steel  1.19  44.24 
 Aluminum  12.97  37.02 
 GFRP  2.00  32.02 
 CFRP  4.53  22.11 
  CNFRP (10 %)    30.78    48.36  
  CNFRP (15 %)    43.67    61.26  
  CNFRP (20 %)    56.57    74.15  
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14.6     Proposed Solutions 

 Considering that the production of nanomaterials could be environmentally burden-
some, and that there are potential health and safety concerns associated with their 
production, it is important for us to study the tradeoffs involved by weighing the 
prospective benefi ts of nano-based products against their unintended negative 
impacts. Compounding the problem is the fact that existing policies regulate only 
conventional chemical substances, and there is no obligation on the part of manu-
facturing companies to label nanomaterials on their products [ 41 ]. Potential solu-
tions are seen in the form of greener nanosynthesis methods, which we call “Green 
Alternatives,” and assessment frameworks that combine life cycle and risk assess-
ment, such as Comprehensive Environmental Assessment (CEA) and Life Cycle 
Risk Assessment (LCRA). These are discussed in the following sub-sections. 

14.6.1     Green Alternatives 

 Michael Berger of Nanowerk LLC [ 42 ] has suggested a potential solution by apply-
ing the following principles of green chemistry, as outlined by the US Environmental 
Protection Agency (EPA) on their “Green Chemistry” website, to nanomanufactur-
ing processes.

    1.    Design chemical syntheses to prevent waste   
   2.    Design safer chemicals and products   
   3.    Design less-hazardous chemical syntheses   
   4.    Use raw materials and feedstocks that are renewable   
   5.    Minimize waste by using catalytic reactions   
   6.    Avoid chemical derivatives   
   7.    Maximize atom economy   
   8.    Use safer solvents and reaction conditions   
   9.    Increase energy effi ciency   
   10.    Design chemicals and products to degrade after use   
   11.    Analyze in real time to prevent pollution   
   12.    Minimize the potential for accidents    

  The application and acceptance of such methods in manufacturing can only be 
achieved if all the stakeholders are involved in the decision-making process, and the 
benefi ts and drawbacks of manufacturing alternatives are evaluated both from pro-
cess metrics and green chemistry metrics [ 43 ]. James Hutchison, director of the Safer 
Nanomaterials and Nanomanufacturing Initiative (SNNI), which is the leading green 
nanotechnology effort in the world, suggests an evolving approach towards nano-
technology Environmental Health and Safety (EHS) research in three phases [ 44 ].

    1.    Studies of nanomaterial implications.   
   2.    Coordinated applications and implications research.   
   3.    A green nanoscience approach to material and process design to eliminate haz-

ards throughout the material’s life cycle.    
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  While research activities are presently being carried out in each of the above 
three phases, the bulk of the research currently being done is transitioning from 
Phase 1 to Phase 2, with activities in Phases 2 and 3 each just beginning. The maxi-
mum benefi t can be achieved by focusing on the development of Phase 3, which is 
a more proactive approach, as it attacks the problem at the source. This leads to 
reduced potential environmental and human health impacts from the manufacturing 
process itself and helps us focus on the environmental impacts of nanomaterials and 
nanoenabled products because most of the syntheses of nanomaterials begin with 
known toxic materials as raw materials or solvents, which impose additional envi-
ronmental burdens associated with nanomaterials and nanoenabled products. If 
there are health and/or safety concerns in handling materials used in the production 
of nanomaterials, we should study the tradeoffs involved and then see if alternative 
methods of production can be used to manufacture them. Examples of alternative 
processes based on green chemistry [ 45 ] are:

    1.    Electrochemical methods and Microcapillary and Integrated Microchannel reac-
tors that minimize the use of solvents, reactants, and process times.   

   2.    Sonochemistry and Microwave-based techniques as sources of energy which 
shorten process times and energy consumption.   

   3.    Alternate solvents like Supercritical Fluids (SCF), Ionic Liquids, mixture of SCF 
and organic solvents that are environmentally benign.   

   4.    Bio-based approaches using biomimetic synthesis or biosynthetic approaches 
that use microorganisms to grow nanomaterials.    

  Though efforts to make nanomanufacturing processes greener are currently 
underway, they need to be coordinated with the efforts of LCA practitioners and 
product designers who are actually concerned with studying the impact of the use of 
these materials in nano-enabled products.  

14.6.2     Combining Life Cycle and Risk Assessment 

 There is defi nitely a need for adequately addressing the human health consequences 
of the use of nanomaterials. However, current LCA methodology does have its limi-
tations, as pointed out earlier. For instance, current LCA methodology has no means 
of distinguishing nanoparticles from bulk materials. Moreover in Step 3 of LCA 
methodology (Impact Assessment), the effects on human health and the environ-
ment are characterized based on environmental loadings. In other words, human 
health and environmental impacts are calculated using formulas based upon quanti-
ties of pollutants discharged to air, water, and land. Life-Cycle Assessment, there-
fore, can essentially only conclude that less is better but not whether one particular 
impact is more signifi cant than another, when tradeoffs are involved [ 46 ]. Risk 
Assessment addresses that issue, by helping us better understand the nature and 
probability of adverse human health effects from exposure to toxic substances and 
other contaminants [ 47 ]. Risk Assessment goes from quantities of pollutants dis-
charged to analyzing their effects under ambient conditions, through various 
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exposure pathways. In the case of nanomaterials where, in addition to quantity, 
additional parameters such as particle size and surface area play a signifi cant role in 
affecting human health, an approach that combines LCA and Risk Assessment is 
likely to work well; even though they are faced with similar challenges in terms of 
data gaps for nanomaterials, they complement each other [ 48 ,  49 ]. One such 
approach that combines LCA and Risk Assessment is the ten-step Nano LCRA 
(Life Cycle Risk Assessment) framework for nanomaterials, an iterative process 
that involves the following [ 50 ]:

    1.    Describe the life cycle of the product.   
   2.    Identify the materials and assess potential hazards in each life cycle stage.   
   3.    Conduct a qualitative exposure assessment for materials at each life cycle stage.   
   4.    Identify stages of life cycle when exposure may occur.   
   5.    Evaluate potential human and nonhuman toxicity at key life cycle stages.   
   6.    Analyze risk potential for selected life cycle stages.   
   7.    Identify key uncertainties and data gaps.   
   8.    Develop mitigation/risk management strategies and next steps.   
   9.    Gather additional information.   
   10.    Iterate process, revisit assumptions, adjust evaluation and management steps.    

  Another approach that combines the “environmental impact” focus of LCA with 
the “exposure” focus of Risk Assessment (RA) and includes toxicological effects of 
nanomaterials is Comprehensive Risk Assessment (CEA). A basic structure to 
 summarize the CEA approach is proposed by Davis [ 51 ]. It begins with a qualitative 
description of the life cycle of the product, thus providing a framework for system-
atically characterizing the potential multimedia impacts associated with the nano-
materials. Primary and secondary contaminants are then identifi ed as entering 
various exposure pathways. The process ends with the evaluation of their effects on 
human health and ecosystems. 

 No instances could be found from studies that have been conducted using any of 
the above “combined approach” frameworks. This is because of lack of inventory 
data and the fact that impact and risk characterization methods have not yet been 
developed for nanomaterials. In the future, when more data become available on 
these materials, using a combined LCA-RA approach would be immensely useful 
in evaluating the environmental and human health consequences of nanomaterials. 
This process can be speeded up if practitioners in the areas of LCA and RA work 
more closely together in the future, specifi cally in the area of nanomaterials.      
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    Chapter 15   
 The Economic Contributions of Nanotechnology 
to Green and Sustainable Growth 

             Philip     Shapira      and     Jan     Youtie    

    Abstract     One of the impact promises associated with nanotechnology is that it will 
facilitate greener and more sustainable economic growth. We explore the extent to 
which nanotechnology development and commercialization is achieving this goal, 
drawing on secondary sources and available data. After defi ning the concepts of nano-
technology and green and sustainable development, we examine six nanotechnology 
application areas that are pertinent to green growth and sustainability. These applica-
tion areas are assessed relative to their scale and scope through market forecasts, green 
benefi ts and potential issues and limitations. These six application areas are: nano-
enabled solar cells, energy storage, nanogenerators, thermal energy, fuel catalysis, and 
water treatment. Nanotechnology-enabled applications in these areas offer potential 
benefi ts, such as reduced costs, less toxicity, greater effi ciency,  operating frequency, 
voltage, reduced complexity, and reliability. However, many sales forecasts associated 
with these applications have been adjusted downwards not only as a result of the eco-
nomic downturn in the fi rst decade of the 2000s but also due to the limited value 
offered by these nanotechnology-enabled application compared to what is already on 
the market (the incumbent technology). We fi nd that while green nanotechnologies 
have the potential to make contributions both to addressing green challenges and to 
fostering sustainable economic development, development and diffusion is taking 
longer than previously anticipated, and in some cases the promised scale of benefi ts is 
unlikely to be realized. Additionally, the potential life cycle environmental overheads 
of some complex engineered nanomaterials must be taken more fully into account in 
assessing net contributions to green growth.     
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15.1         Introduction 

 Green nanotechnologies have attracted recent attention in discussions about how 
nanotechnology can address societal grand challenges. This paper identifi es and dis-
cusses a range of specifi c applications of nanotechnology to green and sustainable 
growth, focusing especially on the use of nanotechnology in sustainable energy pro-
duction and use, water provision, and other environmental applications. 1  The global 
demand for energy is estimated to increase by more than 30 % from 2010 to 2035 [ 1 ], 
while more than 800 million people worldwide currently are without access to safe 
drinking water [ 2 ]. The development of affordable and safe ways of meeting these 
needs has never been more pressing, further bolstered by fl uctuations and uncertain-
ties in markets and the reliability of supplies and by demands to reduce carbon emis-
sions and other environmental impacts. While requirements for new energy sources 
and clean water are particularly pressing in non-OECD countries, developed coun-
tries also need to fi nd ways to sustainably fuel and support their people and econo-
mies. These challenges drive interest in the applications of nanotechnology both to 
improve existing technologies and to offer new alternatives. 

 The paper considers examples of the possible scale and scope of contributions of 
nanotechnology to energy production and use, water provision, and other environ-
mental applications. It provides some insight into how the economic contribution of 
nanotechnology to green and sustainable growth might be conceptualized and val-
ued. Questions about potential issues and risks are also raised. The paper begins 
with a review of how nanotechnology in general, and green nanotechnology in par-
ticular, have been defi ned. This is followed by discussion of green nanotechnology 
applications, market forecast examples, and indicators of economic impact. Our 
concluding remarks stress the importance of assessing the economic impact of nan-
otechnology from a life-cycle perspective that considers the full range of economic, 
environmental, and societal implications.  

15.2     Defi nitions 

 It has been suggested that green nanotechnology will allow us to make and use 
products “with the environment in mind” [ 3 ]. This could include using nanotechnol-
ogy to make solar cells more effi cient in generating renewable electricity or more 

1   This chapter is reprinted (with permission) from P. Shapira and J. Youtie, The Economic 
Contributions of Nanotechnology to Green and Sustainable Growth, Background Paper 3, 
 OCED / NNI International Symposium on Assessing the Economic Impact of Nanotechnology , 
DSTI/STP/NANO(2012)14, Organisation for Economic and Cooperation, March 2012. While a 
few details are corrected in the version printed in this book, the data and forecasts contained in this 
chapter are as available at the time of original preparation (late 2011/early 2012). The opinions 
expressed and arguments employed herein should not be taken as representing the views or posi-
tions of the OECD or its member countries. 

P. Shapira and J. Youtie



411

effectively cleaning polluted water. But what is nanotechnology? And, what makes 
a particular application of nanotechnology green? 

 To consider the fi rst question, the US National Nanotechnology Initiative (NNI) 
highlights size, novelty, and human manipulation in its defi nition of nanotechnology.

  Nanotechnology is the creation and utilization of materials, devices, and systems through 
the control of matter on the nanometer-length scale, that is at the level of atoms, mole-
cules, and supramolecular structures. The essence of nanotechnology is the ability to work 
at these levels to generate structures with fundamentally new molecular organization. 
These “nanostructures” … exhibit novel physical, chemical, and biological properties and 
phenomena ([ 4 ], p. iii). 

   Other offi cial organizations have proposed similar types of defi nitions of nano-
technology, with some variations by nanoscale dimensional lengths (see, for exam-
ple, [ 5 ], pp. 5–6; also [ 6 ]). Nanotechnology is frequently characterized at the length 
scale of 1–100 nm (with 1 nm equivalent to one billionth of a meter). Several biblio-
metric defi nitions have arisen to delineate scientifi c research in nanotechnology. 
Based on academic journal articles, researchers have used a range of methods to 
portray nanotechnology research. For example, Porter and colleagues use a two- 
stage Boolean search strategy comprised of keyword based search terms for nanoma-
terials, nano-processes, and instruments heavily used in nanotechnology; a second 
stage follows in which articles defi ning nanotechnology based on size alone are 
excluded [ 7 ]. In contrast, Zitt and Bassecoulard [ 8 ] use a citation-based approach for 
fi eld defi nition. Across most of these defi nitions, the studies have found nanotechnol-
ogy to be highly multidisciplinary, centered on materials science, physics, and chem-
istry, with biomedical fi elds comprising a growing share of research publications 
   [ 9 ,  10 ]. In addition, there is evidence that nanotechnology has early characteristics of 
a general purpose technology, which suggests that nanotechnology has the potential 
to enable future waves of technological and economic innovation [ 11 ]. 

 These scientifi c defi nitions fi t less easily into commercialization characteriza-
tions, however. While nanotechnology has applications across multiple industries, 
there are no standard classifi cations of nanotechnology developing or using sectors. 
This has given rise to the use of various patent classes (including nanotechnology 
“cross-classes” such as International Patent Class B82, the Japanese Patent and Trade 
Offi ce Class ZNM, the US Patent and Trademark Offi ce (USPTO) Class 977, and the 
European Patent Offi ce Class Y01N), product inventories, and case studies to deter-
mine the extent to which companies and products are indeed engaged in nanotech-
nology [ 12 ]. Companies and countries vary in practices to indicate whether products 
and processes are nano-enabled. With limited requirements to declare the use of 
nanotechnology through labeling or other disclosures, much remains unknown about 
the scale and scope of nanotechnology in commercial sectors. 

 The second question, about the nature of green nanotechnology, adds a further 
level of complexity. There is much diversity about what a green application is and 
green growth is arguably an even harder concept to measure and track than nano-
technology per se. One approach to understanding greenness is by focusing on out-
comes and identifying how nanotechnology is contributing to sustainability targets. 
The OECD Green Growth Strategy, for example, promotes economic growth and 
development alongside the preservation of natural assets and the environment [ 13 ]. 
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Yet there is diversity in targets and strategies among member countries. For  example, 
Korea has set an emission reduction target of 30 % reduction in greenhouse gas 
emissions by 2020 over base year 2005 estimates and is seeking to meet this target 
through voluntary commitments and measures to allocate 2 % of GDP to green 
growth in the country’s 5-year plan. Ireland’s National Development Plan [ 14 ] 
addresses waste management, transportation, sustainable energy, and climate 
change and environmental research through investment plans amounting to a €25 
billion (2007–2013). China’s Twelfth Five Year Plan includes six green pillars: 
resource management, closed-loop economics, environmental and ecosystem pro-
tection, water conservation, disaster recovery, and climate change. The plan includes 
several emission reduction targets, for example a 17 % reduction of carbon per GDP 
unit by 2017 [ 15 ]. 

 The OECD has itself promulgated indicators for measuring green growth mile-
stones. These indicators recognize innovation as a key to green growth but it requires 
multidisciplinary involvement from fi elds outside energy and environmental 
domains, absorptive capacity through human capital and trade and foreign direct 
investment, and collaborative intellectual property mechanisms to scale-up diffu-
sion in developing countries. Monitoring green growth strategies involves the devel-
opment of indicators of the environment and resource productivity of the economy, 
natural asset base, environment health risks as well as services and amenities, eco-
nomic opportunities and policies in regulation and other areas, and socioeconomic 
context [ 16 ]. Measuring the contribution of nanotechnology to the achievement of 
these indicators across these broad categories would be a major undertaking, with 
information requirements that would be problematic to satisfy particularly if multi- 
country or global benchmarks are sought. 

 Another approach to assessing nanotechnology’s contribution to green growth 
and development is by looking at the production system—the means and processes 
of green growth rather than the ends. For instance, there have been attempts to defi ne 
green industries and sectors. The US Bureau of Labor Statistics [ 17 ] proposed two 
approaches to measuring green industries and occupations. The narrower output 
approach identifi es establishments that produce green goods and services. These are 
goods or activities which have favorable impacts on the environment. The broader 
process approach identifi es establishments that utilize environmentally friendly pro-
duction processes based on worker responsibilities. These defi nitions result in fi ve 
broad groupings: (1) energy from renewable sources, including wind, biomass, geo-
thermal, solar, ocean, hydropower, and landfi ll gas and municipal solid waste, (2) 
energy effi ciency, including energy-effi cient equipment, appliances, buildings, and 
vehicles, as well as products and services that improve the energy effi ciency of build-
ings and the effi ciency of energy storage and distribution, such as Smart Grid tech-
nologies, (3) pollution reduction and removal, greenhouse gas reduction, and 
recycling and reuse, (4) natural resources conservation, including organic agriculture 
and sustainable forestry; land management; soil, water, or wildlife conservation; and 
storm water management, and (5) environmental compliance, education and training, 
and public awareness. The former four comprise businesses with a more technological 
orientation. 
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 This approach is consistent with the defi nitions promulgated by the United 
Nations and OECD. The United Nations Environment Program defi nes green jobs 
as “positions in agriculture, manufacturing, construction, installation, and mainte-
nance, as well as scientifi c and technical, administrative, and service-related activi-
ties, which contribute substantially to preserving or restoring environmental quality. 
Specifi cally, but not exclusively, this includes jobs that help to protect and restore 
ecosystems and biodiversity; reduce energy, materials, and water consumption 
through high-effi ciency and avoidance strategies; de-carbonize the economy; and 
minimize or altogether avoid generation of all forms of waste and pollution” ([ 18 ], 
pp. 35–36). OECD research concludes that “green jobs span a wide array of skills, 
educational backgrounds, occupational models, and can be found at any point on the 
supply chain of what are considered to be green fi rms or business” ([ 19 ], p. 21). 

 A complementary approach to identifying potential green nanotechnology 
applications is offered through patent records. Patent fi lings indicate inventions 
that promise novelty and utility. While only a subset of granted patents subse-
quently have innovation value, trends in patent applications and grants can help in 
signifying technological  trajectories and corporate intellectual property strategies 
in emerging domains. As already noted, patent offi ces in the USA, Europe, and 
Japan have developed cross-classes for defi ning nanotechnology. Technometric 
search strategies have also been used to identify nanotechnology patents [ 7 ]. 
Additionally, patent offi ces and databases have developed green patent classes that 
address many of the areas already specifi ed. The USPTO’s defi nition of green pat-
ent classes in its Green Technology Pilot Program (to provide accelerated review 
of patents related to green technologies) encompasses alternative and renewable 
energy production, energy storage (batteries and fuel cells), energy distribution 
(including “smart grid”), energy conservation and effi ciency improvements, green-
house gas reduction, carbon sequestration, environmental purifi cation, protection 
or remediation, and environmentally friendly farming [ 20 ]. The World Intellectual 
Property Offi ce has a defi nition of green patent classes that encompasses similar 
categories of “environmentally sound technologies”: alternative energy production, 
transportation, energy conservation, waste management, agriculture and forestry, 
administrative, regulatory or design aspects, and nuclear power generation [ 21 ]. 
Derwent World Patents Index also codes green patents based on a set of technology 
manual codes [ 22 ]. 

 Several studies have addressed the overlap between nanotechnology and green 
applications. Strumsky and Lobo [ 23 ] examine the subset of USPTO that fall in 
nanotechnology cross-class 977. Nine percent of nanotechnology patents are 
 classifi ed as green technologies, based on this defi nition. The authors fi nd that green 
nanotechnology patents have the same number of inventors as the average green 
patent but more claims, more citations received, and more technology codes, sug-
gesting that these patents are substantially more inventively novel than the average 
green patent. Lux Research [ 24 ] reported that nanotechnology comprises 5 % of 
government investment in green technology, 24 % of publications related to green 
science and technology research, 15 % of green patents, 19 % of cleantech startups, 
and 15 % of venture capital devoted to green technology.  
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15.3     Green Applications of Nanotechnology 

 Consideration of the overlap between green and nanotechnology application has 
attracted increasing attention and investment. In the USA, nanotechnology for solar 
energy collection and conversion was one of three signature initiatives in the NNI’s 
2011 strategic plan. This area was comprised of research investments in seven dif-
ferent areas: (1) conversion effi ciency (photovoltaic, thermophotovoltaic), (2) solar 
thermal, thermal conductivity, (3) nanoparticle fl uid, heat transfer, (4) thermoelec-
tric, (5) solar fuel, (6) solar characterization, and (7) energy storage [ 25 ]. This initia-
tive received 3.7 % (US$68.8 million) of the overall NNI budget and the proposed 
budget for fi scal year 2012 called for the budget to nearly double and account for 
5.9 % of the NNI budget. 

 Green nanotechnology also plays a central role in future roadmaps for the larger 
nanotechnology fi eld. A recent example is Nanotechnology Research Directions for 
Societal Needs in 2020 (“Nano 2”)—which included a prospective outlook compo-
nent engaging a wide range of US researchers, companies, analysts, and other stake-
holders along with expert workshops in Europe and Asia [ 26 ]. A central element of 
this future vision concerned green nanotechnology, with particular attention given 
to several areas for nanotechnology emergence: (1) nanostructured photovoltaics 
(organic, inorganic), (2) artifi cial photosynthesis for fuel production, (3) nanostruc-
tures for energy storage (batteries), (4) solid state lighting, (5) thermoelectrics, and 
(6) water treatment, desalination, reuse. 

 These green nanotechnology areas can be better seen through a presentation of 
illustrative applications and research areas. Nano-enabled solar cells use lower cost 
organic materials (as opposed to current photovoltaic technologies which use rare 
materials such as platinum) to convert solar energy. In addition, nano-enabled solar 
cells can be less expensive to produce. Examples include die sensitized solar cells, 
which use dye molecules, which take in sunlight, over a scaffold of titanium oxide 
nanoparticles. Copper zinc tin sulfi de based solar cells represent another approach 
that uses less rare and toxic materials for photovoltaic solar electricity generation. 
The biggest limiting factor in current nano-enabled solar cells is the need for effi -
ciency and lifetime (i.e., stability of materials) to be on par with conventional 
inorganic- based photovoltaics [ 27 ]. For inorganic photovoltaics, nanostructures 
have been used through colloidal synthesis to increase photovoltaic performance. 
In addition, nanostructuring can reduce charge travel distances, allowing the use of 
less costly materials. 

 Nanogenerators use piezoelectric material such as zinc oxide nanowires to trans-
fer human movement to energy. By stacking of deposits of millions of nanogenera-
tors on polymer chips, it could be possible to generate the energy equivalent of AA 
batteries. Self-powered sensors, wearable devices, and implantable energy receivers 
are examples of nanogenerators applications [ 28 ]. 

 Energy storage can be viewed in terms of the use of nanotechnology for improve-
ments to existing batteries and nano-enabled fuel cells. Many current batteries use 
lithium-ion technologies. Nanoparticles offer improvements such as quicker recharging 
capability and greater shelf life. Research into printed batteries suggests that electrolyte 
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components of a battery can be thinly layered with nanotube ink, eventually  producing 
a battery that can be used with disposable products such as Radio-frequency identifi -
cation (RFID) tags and certain applications that require greater power [ 29 ]. Fuel cells 
face a barrier in their use of rare platinum materials to act as catalysts for generating 
electrical currents. Nanotechnology plays a near-term and longer-term role concern-
ing these catalysts. In the nearer term, nanomaterials are used to improve the perfor-
mance of platinum-based electrocatalysts. Longer term directions point toward 
non-platinum electrocatalysts composed of nanocomposites that are less expensive, 
more stable and durable, and have greater effi ciency [ 30 ]. 

 Thermal energy applications of nanotechnology include not only improvements 
in energy sources but also insulation. Nanoparticle coatings are widely used on 
glass to provide UV protection, self-cleaning capabilities, and water resistance and 
are also available in paints. Vacuum insulation panels are expected to be among the 
major uses of nanoporous aerogel and nanoparticulate fumed silica [ 31 ]. 

 In fuel catalysis, nanoparticles are used in production, refi ning, fuels, and auto-
mobile emission reduction. Dewaxing compounds for lubricants and low sulfur 
fuels are provided through shape selectivity features of certain molecules. High 
silica, porous zeolites are used for support for catalytic converters. Molybdenum 
disulfi de and copper–zinc oxide particles have application in removal of sulfur and 
hydrogen in mixed fuel stocks from diesel or methanol sources. Future platforms 
for energy conversion and biofuel processing are long-term applications of nano-
technology in fuel catalysis [ 32 ,  33 ]. 

 The provision of safe drinking water has been a major area for nanotechnology 
research. Nanotechnology-based solutions to water shortage issues involve treat-
ment, desalination, and reuse [ 34 ]. Nanoabsorbents (such as nanoclays, zeolites, 
metal oxide nanoparticles, nanoporous carbon fi bers, and polymeric adsorbents) 
can eliminate particulates from contaminated water. Toxic organic solutions can be 
converted into nontoxic by-products through nanocatalysts and redox active 
nanoparticles. Bacteria can be deactivated without creating by-products through the 
use of nanobiocides. Carbon nanotube fi lters, reverse osmosis membranes using 
zeolite nanocomposites and carbon nanotube membranes, and polymeric nanofi -
brous membranes have been used for water treatment and desalination. Dendrimer- 
based ultrafi ltration systems and nanofl uidic systems have used low-pressure 
membrane systems to remove ions from water solutions [ 35 ]. Photocatalytic meth-
ods using UV-light to irradiate pollutants is another example of the use of nanotech-
nology in this area, with nanoparticles such as titanium dioxide and zinc oxide used 
as the photocatalyst [ 36 ].  

15.4     Market Forecasts: Examples 

 There are four main issues with forecasts of green nanotechnologies. Green industries 
and nanotechnology have been characterized as platform technologies which to date 
have exhibited evolutionary patterns of development while, many early forecasts 
 suggested steeper growth trajectories. Some of these growth trajectories now appear 
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aggressive because large shares of the sectors in which nanotechnology is deployed 
are attributed to the estimate. For example, the 2001 forecast of nanotechnology’s 
global market size of US$1 trillion by 2015 was fi rst introduced in Roco and 
Bainbridge [ 37 ]. This estimate is based on the total anticipated manufacturing, elec-
tronics, health care, pharmaceuticals, chemical processing, transportation, and sus-
tainability improvements arising from nanotechnology. Sustainability improvements 
were estimated at a savings of US$100 billion a year for 10–15 years based on nano-
technology-enabled lighting. This estimate also indicated a 200 billion ton reduction 
in carbon emissions from nanotechnology-enabled lighting. Lux Research’s 2007 
estimates of the size of the nanotechnology market also assumed a steep growth 
 trajectory to US$2.6 trillion by 2014. This estimate was more than 70 % higher than 
Lux’s earlier 2005 report estimate [ 38 ,  39 ]. 

 Overly optimistic forecasts may also be possible in that the full sales of products 
with a small nanotechnology contribution may be attributed in a green nanotechnol-
ogy forecast rather than apportioning out the true nanotechnology part of the prod-
uct, which indeed may be very diffi cult for some products that use nanomaterials 
and processes. Nanotechnology’s contribution may emerge from incorporation of 
nanomaterials, processes or instruments used to develop nanomaterials, and even 
the science itself that has developed around nanotechnology. These potential contri-
butions may be over-estimated or even under-reported (in that there is diffi culty in 
linking advances in a fi eld of science to an application). In looking at the size of the 
nanomaterials market relative to the size of the overall estimates for nanotechnol-
ogy, one can see that the former is much smaller than the latter. Lux Research’s 
estimates of nanomaterials versus products from these materials (through nanoin-
termediaries and nano-enabled products) published in 2005 suggested that nanoma-
terials would comprise only 0.5 % of product sales or US$3.6 billion (by 2010) out 
of a total global nanotechnology market estimate of US$1.5 trillion [ 38 ]. 

 The economic downturn since 2008 has caused some downward adjustment in 
these market forecasts. Lux Research’s 2009 global nanotechnology market fore-
cast was decreased to $2.5 trillion by 2015, 4 % less than the 2007 estimates. 
Declines in the automobile and construction industries were also estimated to affect 
market demand for nanomaterials and composites    [ 40 ]. 

 Finally, the viability of forecasts relates to the extent to which the technology 
will be able to produce signifi cant benefi ts over and above what is already on the 
market. These benefi ts include not only lower costs but other factors as well, such 
as effi ciency, operating frequency, voltage, reduced complexity, and reliability and 
lifetime. 

 A summary of available forecasts for selected green nanotechnology products 
generally presents a picture of moderate estimates of potential market size on a 
global basis (see Fig.  15.1 ). It should be noted that some of these forecasts are for 
specifi c and targeted green nanotechnologies. We have examined a number of 
selected green nanotechnology applications in more detail. For each technology, we 
consider benefi ts relative to green growth and potential market size forecasts. Issues 
in estimating application market size are noted as are barriers to achieving nanotech-
nology contributions to green growth. (See also Table  15.1  for a summary of these 
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   Table 15.1    Selected nano-enabled green applications: benefi ts, global market estimates, and issues   

 Application  Green benefi ts 
 Market estimate 
(worldwide)  Issues and challenges 

 Nano-enabled 
solar cells 

 Lower cost, less toxic, 
more abundant materials 

 US$1.2 billion 
for 2011 (2007 
estimate) 

 Nano-enabled solar cells must 
be able to reach performance 
and cost levels of existing 
non-organic PVs 

 Energy storage  Improved performance of 
existing materials (e.g., 
quicker recharge, greater 
shelf life) and long-term 
use of new less expensive, 
more stable and durable, 
and effi cient new 
materials 

 US$3.7 billion 
in 2011 (2007 
estimate) 

 Substitutes for rare materials 
not yet technologically 
available. 

 Nanogenerators  Self-powering of small 
electronic devices 

 See energy 
storage 
estimates. 

 Application of nanogenerators 
awaits market 
commercialization 

 Thermal energy  Integration into existing 
materials for greater 
insulation, UV protection, 
water resistance. 

 Aerogels: 
US$140 million 
(2012 estimate) 

 Cost of these materials 
compared to traditional 
building materials is an issue. 
The strong integration of 
nanotechnology into the 
existing product makes it 
diffi cult to separate the 
contribution of nanotechnology 

(continued)

  Fig. 15.1       Global sales forecasts—selected green nanotechnologies.  Sources : Cientifi ca [ 41 ]; Lux 
Research [ 24 ,  40 ]; BCC Research [ 42 ]; Global Industry Analytics [ 43 ]. Year of estimate in paren-
theses. PV = Photovoltaic; OPV = Organic Photovoltaic       
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selected nanotechnology applications and their benefi ts relative to green growth.) 
The selected green nanotechnology applications are broadly in energy, water, and 
related environmental domains and are discussed below. 

    Solar cells and photovoltaics . Nanotechnology-enabled solar cells and photovoltaic 
applications are frequently highlighted as potential growth markets. Lux Research’s 
[ 24 ] estimate of the global market for nano-enabled solar cells for 2011 was US$1.2 
billion. However, promised performance relative to cost advantages have yet to fully 
materialize. Additionally, the price of conventional silicon solar cell panels has con-
tinued to fall in recent years as manufacturers (particularly those based in China) 
have expanded increasingly effi cient production facilities [ 44 ]. The segment of this 
market concerning organic photovoltaics (OPV) is illustrative. Earlier reports from 
2007 and 2008 projected signifi cant growth for the OPV market. These reports 
acknowledged the underlying technological challenges of OPV, but they believed 
market growth would result from substantial technological improvements and the 
low comparative costs for OPV compared to conventional PV. According to these 
reports, these advances, at least partially, would be supported by dramatic increases 
in venture capital investments and policy initiatives from the US Department of 
Energy’s Solar Technology Energies Program. NanoMarkets [ 45 ] projected the 
2015 worldwide market for organic photovoltaics to grow to US$1 billion, driven 
by a projected US$470 million building-integrated photovoltaics (BIPV) market. 
However, these technologies have not advanced in the marketplace by as much as 
earlier reports had anticipated. Technology challenges present signifi cant obstacles 
to commercialization and future market growth. Conversion effi ciency for OPV 
cells is expected to continue to increase, but the technology will not be able to com-
pete with conventional silicon-based photovoltaics for some time. Additionally, 
costs—the widely cited advantage of OPV versus traditional PV technologies—
continue to be a challenge. As conventional PV technologies have seen rapid 
decreases in costs, some reports fi nd that OPV is losing its cost advantage [ 46 ]. 

 Application  Green benefi ts 
 Market estimate 
(worldwide)  Issues and challenges 

 Fuel catalysis  Greater effi ciency and 
performance in fuel use 

 US$5–US$8 
billion a year as 
of 2008 

 Assumes that nanotechnology 
derived synthetic methods can 
be applied to the full fuel 
catalysis market 

 Water 
treatment, 
desalination, 
reuse 

 New clean, safe water 
sources 

 US$6.6 billion 
in 2015 

 Market is in developing 
countries while technological 
leadership is in developed 
countries plus China. Potential 
environmental, health and 
safety concerns may limit 
commercialization. 

   Note : See text for sources and further discussion  

Table 15.1 (continued)
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 To successfully commercialize, OPV technology must overcome signifi cant 
 conversion effi ciency, lifetime, and cost barriers. Given these continued challenges, 
by 2011 market researchers were taking a much more conservative outlook for 
OPV. Recent market reports believed future growth of OPV applications would be 
limited to specifi c product segments, such as portable power, where fl exibility and 
low costs are necessary and effi ciency and lifetime are less important. Until effi -
ciency, lifetimes, and costs can compare with conventional PV technologies, OPV 
will not compete with other PV product segments. NanoMarkets, which in early 
2008 expected the OPV market to grow to $1 billion by 2015, revised its forecast to 
$387 million by 2016 [ 47 ]. Rather than building-integrated photovoltaics, portable 
power is now expected to drive more modest OPV growth. OPV portable power, for 
which the technology’s challenges of effi ciency and lifetime are not major concerns, 
is projected to grow to $250 million by 2016. Potential growth for BIPV, however, 
remains limited by the technology challenges, as well as an overall decline in con-
struction with the most recent recession. Nanomarkets subsequently projected BIPV 
to be much slower to grow in popularity, with only $113 million in revenue by 2016 
[ 47 ]. Lux Research shares a similar, but less-optimistic view about OPV growth. 
Citing that conventional PV manufacturing costs continue to decrease, the report 
forecasts the entire OPV market to grow to only $159 million by 2020. Like 
NanoMarkets, Lux Research (in Energy Weekly News [ 48 ]) believes this growth 
will be driven by portable power, primarily used in the defense industry, and by 
BIPV applications. With this forecast, these two segments will account for approxi-
mately $80 million and $44 million of the entire market, respectively. 

  Energy storage . Nanotechnology in energy storage in 2007 was estimated to be a 
US$3.7 billion market by 2011 according to Lux Research. Printed batteries for 
energy storage are an enabling component for other organic electronic applications, 
including RFID tags, smart cards, and sensors. With the growth of these applica-
tions, industry analysts project revenue from printed batteries to exceed US$1 bil-
lion by 2016 [ 49 ]. Despite printed battery’s potential for widespread 
commercialization, analysts note that the cluster faces signifi cant funding and 
investment hurdles before the technology can fully develop and be used in these 
other applications [ 50 ].  Nanogenerators  have yet to reach the market in a signifi cant 
commercial way. Limited commercial activity for this technology makes it diffi cult 
to estimate the size of the market. Estimates associated with the energy storage 
market are likely to be most applicable. 

  Thermal energy . Nanotechnology in the thermal energy domain has diverse appli-
cations that are lighter and reduce the porosity of building materials and make 
them more energy effi cient. Aerogels, a nano-structured solid foam that substitutes 
for denser foam-based insulation, was projected to increase in global market size 
from about $140 million in 2012 to more than $330 million by 2017 [ 51 ]. The 
primary uses are for insulation in gas and oil pipes, medical devices, and aerospace 
rather than insulation in building construction. Other applications, such as nano- 
coating of fl at glass for thermal control, are penetrating high-performance con-
struction market sectors [ 52 ]. Yet the relatively high cost of these materials, relative 
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to conventional building materials for insulation and coated glass, is a barrier to 
entry. Similarly constraints to the adoption and penetration of nano-coated glass in 
the automotive industry include cost and the ability to incorporate machines and 
skills into production lines. 

  Fuel catalysis . Fuel catalysis is a major area for nanotechnology application. 
Nanotechnology derived synthetic methods have been estimated to be used in 
30–40 % of global fuel catalysis products representing US$18–20 billion a year. 
However, the extent to which this share of the fuel catalysis market that can be 
claimed as a direct effect of nanotechnology is debatable [ 33 ]. 

  Water and water treatment . There is signifi cant need in developing countries for clean, 
safe water, especially in rural areas, as well as in rapidly expanding mega- cities, and 
this is a signifi cant potential market. Worldwide, more than 0.8 billion people are 
without access to safe drinking water, with 2.6 billion people lacking improved sanita-
tion facilities [ 2 ]. This imposes high human, environmental, and  economic costs. 
Nano-engineered structures, membranes and crystals have been put forward for water 
disinfection and cleaning as well as for desalination [ 53 ]. The market for nano-enabled 
water and wastewater applications is predicted to reach $6.6 billion by 2015, up from 
$1.6 billion in 2007. Nano-enabled applications are said to have energy-saving advan-
tages over conventional approaches. For example, current desalination techniques 
(such as reverse osmosis) require signifi cant amounts of energy. Less energy-intensive 
nanotechnology-enabled applications have been proposed, including using desalina-
tion batteries with sodium manganese oxide nanorods and silver electrodes to gener-
ate drinking water from seawater by extracting sodium and chloride ions [ 54 ]. 
Developed countries (such as the USA, Germany, and Japan) are considered to be 
developing the most advanced nano- enabled water treatment technologies, although 
China also is developing capabilities. The greatest needs are in rural Asia, Africa, 
and Central and South America. The disjuncture between the location of capabilities 
and areas of greatest need could limit opportunities for the commercialization of 
nano-enabled water treatment technologies. This is not only because of knowledge 
and market demand gaps but also because of potential concerns (validated or not) in 
the sending (developed) as well as receiving (developing) countries related to the 
environmental, health, and safety implications of nano-enabled water treatments.  

15.5     Indicators of Economic Impact 

 There are several ways of approaching the question of the economic impact of green 
nanotechnologies and indicators to assess those impacts. This section considers 
how direct and indirect economic impacts can be conceptualized. We also highlight 
potential indicators of impact and discuss issues and cautions associated with the 
application of those indicators. 

 The market studies discussed in the previous section suggest that there are major 
potential markets for green nanotechnologies. However, investment, including in 
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research, technological development, production, testing, marketing, standards 
 setting, regulation, user adoption, and monitoring needs to occur before these mar-
kets can be realized. The range of public and private capital and ongoing costs 
associated with the application of green nanotechnologies needs to be offset against 
benefi ts, taking into account such factors as the timing and distribution of various 
benefi ts and costs, interest rates and opportunity costs, and the relative advantages 
of green nanotechnologies compared with conventional applications. In the process 
of producing and using green nanotechnology products, there are likely to be a 
series of indirect effects, including on supply chains and other spillovers to third 
parties and the environment. Not all of these benefi ts and costs will be measurable, 
and some impacts (including health, safety and environmental impacts) may not be 
apparent (or known not to be an issue) until years after initial use. 

 Simple analyses of the economic contribution of green nanotechnologies would 
give consideration to the net costs of technological development and market entry 
relative to the value of the outputs and outcomes achieved, taking into account con-
siderations of time and perspective (or standing). The net costs include such inputs 
as public R&D, knowledge development, and facilities costs, private industry R&D 
costs, and prototyping, testing, commercialization, production start-up, and market-
ing costs. The outputs of such expenditures can include contributions to science and 
knowledge, generic or specifi c technologies developed, intellectual property devel-
opment (including patents and licenses), standards development, and new company 
start-ups. These outputs can have intermediate economic value, but the greatest eco-
nomic potential is through outcomes such as profi table sales from new products, 
increased productivity and other process improvements, savings of costs that would 
otherwise be incurred, employment and wage generation, and benefi ts to consumers 
and users. These outcomes can lead to developmental and public benefi ts including 
contributions to national and regional gross domestic product, improved competi-
tiveness and balance of trade, and environmental and other societal benefi ts. There 
can also be strategic benefi ts in the use of nanomaterials, for example to reduce 
reliance on rare metals and materials sourced from overseas locations. However, 
standing is critical: the relative weight of benefi ts and costs of a new technology 
may vary according to whether the perspective is that of a producer, competitor, 
customer, worker, industry, region, or country. 

 Policymakers are often especially interested in the economic development effects 
of new technologies, such as green nanotechnologies, including impacts on jobs and 
wages. Employment will be generated through research, manufacturing, delivery, 
use, and maintenance related to green nanotechnology products and processes, and 
associated industries and services, although predicting the number of new jobs is 
diffi cult. Existing workers may shift into green nanotechnology activities as con-
ventional products are replaced. It is also diffi cult to defi ne what is a nanotechnol-
ogy job or a green job, let alone what is a green nanotechnology job. Nanotechnology 
is a broad platform technology, it cuts across multiple industrial sectors, and fre-
quently represents a small proportion of other downstream products, raising issues 
of the unit of analysis. Hence wide ranges are seen in estimates of nanotechnology 
jobs. US estimates of nanotechnology jobs have varied from tens of thousands today 
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to close to one million by 2015, with worldwide estimates of nanotechnology jobs 
(see Fig.  15.2 ) apparently diminishing from earlier estimates of ten million (in man-
ufacturing) in 2014 to six million by 2020 (see also discussion in [ 55 ]). Green nano-
technology jobs will employ a signifi cant share of the nanotechnology workforce, 
depending on the share designated as green, with potentially a share of other green 
sector jobs again depending on the defi nitions used (for recent attempts to defi ne 
and measure green jobs, see [ 17 ,  18 ,  56 ]). Not all nanotechnology jobs will be well- 
paid, and there will likely to be some offset in employment as certain conventional 
products and skills are replaced [ 55 ].  

 A further reason why it is diffi cult to predict jobs related to nanotechnology, 
including green nanotechnology, lies in the often lengthy time scale for the economic 
development benefi ts of emerging technologies to materialize. Different kinds of 
cost and benefi ts usually occur differentially over time. For example, R&D costs 
typically occur early in the cycle of a new technology, although there may well be 
ongoing R&D costs as the technology is continuously improved and adapted. 
Similarly, as Tassey [ 57 ] notes, various benefi ts can occur at different time scales. 
In the short-term, intermediate outcomes such as patents, R&D partnering, prototyp-
ing, and the attraction of venture capital may occur; in the medium-term, new prod-
ucts and processes and company growth may be seen; while it is in the longer term 
that broad industry, economic and societal benefi ts appear. The defi nition of these 
terms (by years) varies by the technology and market acceptability. Nanotechnology 
R&D began to take off in the mid-1990s, with big boosts in public R&D from the 
2000s onwards [ 58 ]. After more than a decade of signifi cant worldwide public and 
private R&D, and many scientifi c and technological achievements [ 26 ], most nano-
technologies are arguably still at early stages of development. Cost–benefi t analyses 
conventionally discount future costs and benefi ts to today’s values, using the current 
interest rate or alternate (often higher) hurdle rates of return. 

  Fig. 15.2    Nanotechnology and green jobs—selected worldwide forecasts.  Sources : Invernizzi 
[ 55 ]; UNEP [ 18 ]. Year of estimate in parentheses       
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 A well-elaborated example of a comparative method for assessing the economic 
value of nanotechnologies is provided by Walsh et al. [ 59 ] in a study for the UK 
Department for Environment, Food and Rural Affairs (DEFRA). This study delineates 
a methodology for estimating the net value-added of a nanotechnology innovation, 
which is defi ned as the difference between the value-added of the nano-enabled prod-
uct and that of the comparable incumbent product. It assumes that that there are con-
ventional incumbent products against which new nanotechnology products can be 
matched. The net value added is comprised of three elements: producer surplus (sales 
less costs) plus consumer surplus (consumer value less price); plus other externalities 
(net benefi ts to third parties). A multistep process is employed which involves defi n-
ing the nano-enabled product, identifying its use and function, identifying a compa-
rable incumbent product, determining the production costs of the nano product and its 
comparator, determining sales prices, identifying the nano-product’s effect on the 
market, determining externalities (including net environmental benefi ts and R&D 
spillovers), and calculating producer surplus, consumer surplus, and externalities. 
Market scenarios are identifi ed where the incumbent product is replaced with the new 
product but with variations as to whether the market size is unchanged or increased 
and whether functionality is increased, with consumer surplus a function of price 
declines and improved performance for the nano product relative to the incumbent. 
The approach further allows geographic allocation of producer surplus and externali-
ties (where location of production differs from location of consumption). The model 
considers the “phase-in” time of the product (diffusion time) using an S-curve model. 
Discount rates are applied to adjust future expected cash fl ows to present values. 
The rate is comprised of two parts: a normal (or risk free) component accounting for 
expected infl ation; and a premium that discounts the probability that the product may 
not successfully reach the market. Walsh and colleagues apply their approach to sev-
eral green nanotechnology cases studies, including nano-enabled food packaging, 
thin-fi lm photovoltaics, fuel catalysts,   amperometric     electrochemical gas sensors, 
nano-enabled antifouling paints, and nZVI technology [ 59 ]. The case studies illustrate 
that net economic benefi ts are relatively small where the nano-enabled product has 
limited advantages over incumbent products and market size is unchanged; larger 
benefi ts accrue where the nano product reduces costs compared with the incumbent, 
markets are expanded, and diffusion is relatively rapid (Table  15.2 ). The cases studies 
take a national perspective. For the UK, economic externalities are reduced for some 
technologies because R&D, materials production, or manufacturing are overseas. 
In the main, net benefi ts are estimated for UK markets (which are a relatively small 
share of potential global markets). Environmental benefi ts and costs outside of the UK 
are not included in the analyses (although they are mentioned). The authors recognize 
that there are signifi cant uncertainties in the forecasts of markets and nanotechnology 
penetration. It is also noted that environmental impacts often cannot be reliably mon-
etized, and that current evidence is inconclusive on some potential environmental 
impacts. Subsequent fi ndings of health or environmental harm would negatively 
change the calculated benefi t–cost ratios.

   This kind of approach to estimating economic value is instructive, but it is 
 sensitive to the assumptions and discount rates used and there are a series of caveats. 
The comparative approach assumes that nanotechnology innovations do not offer 
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completely new functionalities and that matching conventional products can be 
found. The approach also works best with one nanotechnology innovation and one 
function at a time. Indirect effects, for example on suppliers, are not included. 
Nanotechnology product prices are assumed to decline over time (although this 
assumption can be modifi ed). Where data is not available, proxies are used, which 
may or may not be accurate. Environmental impacts can be included as externalities 
but only where they can be foreseen and monetized (for example, valuing reduced 
carbon emissions based on traded carbon prices). 

 The approach described above also assumes that societal benefi t will be maxi-
mized when producers and consumers maximize their own benefi ts. This may or may 
not be the case. End users, when analyzing from their own specifi c economic perspec-
tives, will typically consider the price-performance parameters of a new technology 
such as nanotechnology when compared with other alternatives. Direct purchasing, 
capital and operational costs will surely be of concern. Depending on the user and 
application, the societal impacts of the product or process may or may not be of 
 particular interest compared with specifi c factors of performance and functionality. 
For example, a medical device could be made smaller with increased operating life by 
incorporating a nano-enabled printed battery sheet; a user needing this medical device 
is likely to focus on those improved performance characteristics, including reliability 
and accuracy, and may well pay a premium for them. How this device is made and 
how it can be disposed of or recycled after use may or may not be of concern at the 
point of purchase. Similarly, for a novel nano-enabled insulating window glass, a 
customer will likely be interested in the cost of purchase and installation and in the 
savings in energy costs over multiple years compared with conventional window 
units. Considerations of the energy required to manufacture and recycle the new nano 
units again may, or may not, be infl uential in the adoption decision. Such spillovers 
are typically not in the control of the producer or consumer, and assessment of them 
may not be prominent in the purchasing or adoption decision. The extent to which 
these externalities are considered by individual  purchasers in the valuations they make 
of the relative advantages or disadvantages of green nanotechnologies will vary, 
although they may be infl uenced by the availability of information, regulatory provi-
sions, standards, and the adoption of codes of practice related to sustainability. 

 However, from a broader economic and societal perspective, as well as from the 
view of responsible and sustainable innovation, these life cycle considerations are of 
fundamental importance in considering the potential and applications of green nano-
technologies. Life cycle assessment (LCA) considers a “product’s full life cycle: from 
the extraction of resources, through production, use, and recycling, up to the disposal 
of remaining waste” ([ 60 ], p. iv). There are a variety of approaches and tools within the 
rubric of LCA, including methods focusing on economic inputs and outputs and asso-
ciated environmental impacts and on direct and indirect energy requirements over the 
life of a product (for reviews of LCA, see: [ 61 ,  62 ]). An LCA perspective raises a series 
of important issues for the evaluation of green nanotechnologies:

•    While green nanotechnology applications may save energy costs and reduce 
carbon emissions in use, signifi cant amounts of energy can be involved in the 
upstream production of component nanomaterials. Early estimates of the amount 
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of energy required to produce single-walled carbon nanotubes (SWCNT) were 
relatively high [ 63 ]; another study concludes that two of the most economically 
viable methods of carbon nanotube production were energy intensive (due to the 
high temperatures and pressures required) and would thus add signifi cant carbon 
dioxide emissions [ 64 ]. More recent estimates [ 65 ] continue to suggest wide 
disparities in energy requirements for SWNT manufacture, depending on the 
method used although large variations are reported for what seem to be similar 
processes. Using a prospective LCA approach, Wender and Seager [ 66 ] argue 
that the intensive energy requirements for the large-scale manufacture of 
SWCNT-enabled lithium-ion batteries currently make them impracticable. 
Energy and manufacturing costs for nanomaterial production are likely to reduce 
over time as process technologies are improved and new materials emerge. 
Nonetheless, it remains important to track and consider energy and other resource 
extraction costs associated with the production of materials used in green nano-
technology applications.  

•   Some green nanotechnology applications have raised concerns about environ-
mental, health and safety (EHS) implications. There has been attention to poten-
tial exposure risks to workers in laboratories and factories involved in the 
development and manufacturing of various forms of nanostructures [ 67 ,  68 ]. 
Reviews of standards and guidance to minimize occupational and other exposure 
risks from nanostructures indicate a range of actions and activities under way 
(mainly in developed countries and by international bodies) but also limited and 
inconsistent evidence on longer-term implications [ 69 ]. Concerns are also 
extended to potential EHS risks through the use and disposal of nanostructures 
employed in green nanotechnology applications. For example, nanomaterials 
such as nZVI (nano metallic iron) are effective in absorbing and remove 
 groundwater pollutants    [ 70 ,  71 ]. nZVI has been used in a series of remediation 
projects in the USA and in several European countries including Germany, Italy, 
and the Czech Republic [ 72 ]. Yet apprehension has been raised about potential 
EHS impacts, including the toxicity of partially remediated compounds and 
downstream entry into water sources and plant and food chains [ 72 – 74 ]. 
Similarly, quantum dots—extremely small particles of semiconductor materials 
with customizable electrical and optical features—have potential green applica-
tions in low energy lighting and more effi cient solar cells. Quantum dots are 
often comprised from cadmium and selenium and they may, under certain condi-
tions, release toxic compounds in use or on disposal    [ 75 ,  76 ]. There are many 
permutations and varied applications of quantum dots and the toxicology is not 
yet defi nitive. Additionally, at least one company (UK-based Nanoco) now offers 
cadmium-free quantum dots, now under development for LED lighting [ 77 ]. 
These examples highlight the uncertainties, particularly over the long run, asso-
ciated with the EHS profi les of an unknown number of green nanotechnology 
applications. Risk concerns may or may not be justifi ed, and more biocompatible 
alternatives may be found. Many recent and current nanotechnology EHS studies 
contain calls for further research and monitoring. Studies in the insurance industry 
have suggested that, potentially, there may be major economic consequences 
related to the production and use of nanotechnology [ 78 ,  79 ].  
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•   Nanotechnology development and production is geographically widespread, 
with more than 60 countries pursuing national nanotechnology research and 
innovation programs [ 58 ], with the use and application of nanotechnology occur-
ring globally. Regulation and oversight is primarily national, with some growth 
in nanotechnology information exchange, harmonization, and standards setting 
at supranational and international levels [ 69 ], including activity by the OECD 
through its Working Parties on Nanotechnology    [ 80 ] and on Manufactured 
Nanomaterials [ 81 ]. Arguably, some best practices are emerging [ 82 ], but there 
remain signifi cant differences by countries in the governance and regulation of 
nanotechnology. There are variations in the overall approaches to, and invest-
ment in, the assessment of environmental, health, safety, ethical, legal, and soci-
etal implications of nanotechnology; differences in legislative and regulatory 
actions, including the role of formal requirements and voluntary codes; and con-
trasts in the infrastructures of governance, including the roles of agencies, indus-
try, consumer groups, think tanks, and other organizations in deliberations on 
nanotechnology research, commercialization, labeling, education, and regulation 
[ 83 ]. There are also signifi cant differences between and among developed and 
developing countries in their activities and capabilities in nanotechnology and in 
its regulation and governance (see, for example, [ 84 ]). As global production and 
consumption chains emerge in nanotechnology, including green nanotechnology 
applications, there are anticipated opportunities for developing countries to ben-
efi t from applications pioneered in other countries. Yet there is also the potential 
for an inequitable distribution of risks and benefi ts. Intellectual property rights 
(including patents) in nanotechnology are assigned mainly to developed coun-
tries and a few emerging economies, potentially limiting access or increasing 
application costs in developing countries. Some green nanotechnology applica-
tions, for example in selectively enhancing agricultural productivity, may nega-
tively affect countries that rely on conventional methods [ 85 ]. Nanotechnology 
applications may be marketed in, and nanomaterials production outsourced to, 
countries with less-developed capabilities for risk monitoring and regulatory 
control. Over the life cycle of nanotechnology products, costs and benefi ts may 
thus accrue asymmetrically.    

 The potential risks of new green nanotechnologies need to be compared against 
those of current technologies (which may also be energy intensive and present vari-
ous risks) and against the human and environmental costs of not effectively address-
ing key global challenges (such as reducing carbon emissions or providing potable 
water). Yet it is apparent that labeling or promoting a nanotechnology as green does 
not, in and of itself, mean that this technology or its applications are sustainable or 
risk-free. Nor does it mean that the technology is without possible economic costs 
as well as economic benefi ts. This reinforces the point that, in considering indica-
tors of the impact of green nanotechnology, it is appropriate to ask how that indica-
tor contributes to the appreciation of the range of potential economic, environmental, 
and societal implications over time and space. 

 Ideally, from a broader societal perspective, LCA needs to be situated in the con-
text of an anticipatory and socially responsible approach to governing innovation. 
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Anticipatory governance is the capacity to model, deliberate upon, and prepare for 
future developments with the involvement of key stakeholders and public engagement 
[ 86 ]. The methods of anticipatory governance can include foresight, scenarios, tech-
nology assessment, and other analytical techniques (such as LCA) as well as connect-
ing research and innovation agendas and integrating the natural and social sciences. 
A socially responsible approach to innovation (also known as responsible research 
and innovation) considers social and environmental benefi ts in the design of research 
and innovation, engages societal groups, takes account of social, ethical, and environ-
mental impacts, and incorporates openness and transparency [ 87 ].  

15.6     Concluding Remarks 

 Landmark studies of the long-term economic impacts of major technological 
accomplishments are typically retrospective in nature. Martin and Tang [ 88 ] offered 
a review of multiple studies that have examined the consequences of public R&D 
investments. These studies fall into three groups: econometric studies, surveys, and 
case studies. Martin and Tang also note the variety of channels through which 
 economic and societal impacts are generated, including through growth in the stock 
of knowledge, human capital enhancement, new instruments and methods, net-
works and social interaction, problem solving, new fi rms, and social knowledge. 

 A key point about such studies is that they are retrospective. The innovations are 
known, and a suffi cient time has elapsed since their introduction for them to be 
recognized and for their economic and societal impacts to be assessed. Such studies 
are always diffi cult to do well, but there are methods and sources that can be tapped. 
When we seek to prospectively assess and measure the impacts of new technolo-
gies, there are available methods including technological foresight and forecasting 
methods. However, particularly if we seek to go out many years, a great deal of 
uncertainty is inevitable not only in the trajectory of technological development but 
also in predicting economic and societal conditions which will infl uence take-up 
and use. In the nanotechnology domain, prospective economic assessment is further 
complicated by uncertainty about the environmental, health and safety implications 
of some nanotechnologies. 

 That said, the complications and uncertainties of predicting future technology tra-
jectories should motivate rather than discourage efforts to evaluate the likely eco-
nomic implications of green nanotechnology. There are a range of methodological 
options that are available to probe these potential implications including the use of 
multi-criteria and dynamic assessment techniques, anticipatory life-cycle approaches, 
and scenarios and modeling. Interdisciplinary opportunities (engaging natural and 
social scientists) to advance these and other methodologies should be pursued. 

 Although development and diffusion may take longer than previously antici-
pated, green nanotechnologies have the potential to make signifi cant contributions 
both to addressing green challenges and to fostering sustainable economic devel-
opment. There appears to be substantial promise particularly in nano-enabled 
applications in solar cells, photovoltaics, batteries, fuel catalysts, and water fi ltration. 
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Other nano-enabled applications have the potential to reduce operational energy 
needs through offering comparable or better performance yet with less weight, more 
durability or greater effi ciency. Yet attention has to be given over the life cycle to 
the energy and resource requirements to initially produce nano-scale materials, to the 
sources of energy (renewable or nonrenewable) required for their large-scale manu-
facture, to the fate and disposition of nanomaterials during and after use and associ-
ated environmental, health, safety and societal implications, and to broader societal 
values and considerations. We have suggested that such considerations can be incor-
porated through an anticipatory approach which models, deliberates upon, and pre-
pares for future developments. An anticipatory approach is likely to be facilitated 
through a mix of measures and methods, with the ability to model and probe different 
scenarios and to prompt “what if” and “what about” questions.     
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 artifi cial enzymes , 289  
 confi ned catalysis , 290–291  
 DFT-B3LYP/6-31G optimized 

oligomers , 294, 295  
 enthalpic stabilization , 289  
 enzymatic catalysis , 289  
 gold monolayer, SMA , 298, 299  
 platinum nanocrystal synthetic method , 

297, 298  
 polymerization, bulk solution , 296  
 polystyrene-alt-maleic anhydride , 294  
 reaction, bulk solution , 289, 290  
 reactions, bulk organic solvents/metal 

catalysts , 289  
 SMA , 295–297  
 solar fuels , 292–294  
 templated nanoparticle synthesis , 

291–292  
 from 10 to 100 nm 

 active and passive gate proteins , 282  
 glucose oxidase enzyme , 283  
 glucose sensor , 283, 284  
 method, monitoring glucose , 282, 283  
 multi-step reactions , 287–288  
 polymer/amphiphilic monomer 

membranes , 282  
 vesicle-like confi nement , 283–286  

 from 100 to 1,000 nm 
 environmental conditions , 278  
 sensing membranes , 280–282  
 tissue engineering , 279–280  

   Bio-nanomaterials 
 ACP , 138, 139  
 ATP , 139, 140  
 calcium fl uoroapatite , 140  
 creatine phosphate , 141  
 hollow microspheres , 140, 141  
 hydroxyapatite (HA) , 139  

   Bovine serum albumin (BSA) , 124  
   Broader process approach , 412  
   Building-integrated photovoltaics (BIPV) 

market , 418, 419  

    C 
  Carbon fi ber reinforced polymer (CFRP) 

composite , 400–402  
   Carbon nanofi ber reinforced polymer 

(CNFRP) composite , 400–403  
   Carbon nanofi bers and nanoparticles , 399  
   Carbon nanomaterials (CNMs) 

 chemical modifi cation , 164  
 chemistry , 165  
 CNTs   ( see  Carbon nanotubes (CNTs)) 
 covalent derivatization , 165  
 fullerenes   ( see  Fullerenes) 
 organic solvents , 165  
 processability , 164  
 properties , 164  

   Carbon nanotubes (CNTs) 
 amidation and esterifi cation , 181  
 cobalt(II) phthalocyanine (CoPc) , 175, 176  
 covalent and noncovalent modifi cation , 172  
 1,8-diaminooctane , 182  
 functionalization , 182  
 mechanochemical treatment , 175  
 MWNTs , 177, 179  
 Ni(II) complex , 175, 176  
 NiTMTAA , 177  
 sidewalls , 172  
 “solvent-free” , 177  
 SWNTs , 174–175, 178, 183  
 thermogravimetric analysis , 176  
 thionyl chloride , 180  

   Carboxymethylcellulose (CMC) , 123  
   CEA.    See  Comprehensive Environmental 

Assessment (CEA) 
   Cellulose–carbonated hydroxyapatite 

(CHA) , 146  
   Cellulose–F-substituted hydroxyapatite 

(FHA) nanocomposites , 146  
   Cetyltrimethylammonium bromide (CTAB) , 121  
   CFD.    See  Chemical fl uid deposition (CFD) 
   Chalcogenides 

 CdIn 2 S 4  , 136  
 CdSe-cores , 136, 137  
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 cytotoxicity studies , 138  
 hydrothermal temperatures , 136, 137  
 luminescent glutathione , 138  
 photoluminescence , 136  
 shell growth , 136  
 UV-visible absorption , 136  

   Chemical fl uid deposition (CFD) 
 advantages , 82  
 catalytic activities , 85  
 HR-TEM micrographs, Ru and Pt 

nanoparticles , 83, 84  
 metal nanoparticles synthesis , 85  
 reduction, organometallic compounds , 82  
 supercritical impregnation , 83  

   Chemical vapor deposition (CVD) , 78–81  
   Chemolithotrophy , 239, 240  
   China’s Twelfth Five Year Plan , 412  
   Claisen–Schmidt condensation reaction , 107  
   Classical path approximation (CPA) , 359  
   CNMs.    See  Carbon nanomaterials (CNMs) 
   Coherence penalty functional (CPF) , 354, 362  
   Cold rolling 

 immunofl uorescence staining , 53–54  
 SPD techniques , 52  
 Ti25Nb16Hf alloy , 53  

   Colloidal routes , 23  
   Colloids 

 bewitching and potentials , 13  
 crystallization processes   ( see  Crystalline 

colloidal nanostructures) 
 nanoreactors , 17–21  
 parameters , 13  

   Comprehensive environmental assessment 
(CEA) , 398, 404, 406  

   Copper zinc tin sulfi de based solar cells , 414  
   Co-precipitation method , 77–78  
   CPA.    See  Classical path approximation (CPA) 
   CPF.    See  Coherence penalty functional (CPF) 
   Cross polarization magic angle spinning 

(CP/MAS) , 148, 149  
   Crystalline colloidal nanostructures 

 classical nucleation theory , 14  
 CuS nanostructures , 17  
 etching agents , 16  
 low temperature synthetic approaches , 13  
 modern two-step model , 14  
 nucleation , 14  
 seeded growth , 16  
 solution synthesis , 15  
 zerovalent metallic , 15  
 ZnO , 15  

   Crystalline inorganic nanostructures 
 chalcogenides , 2  
 and colloid assemblies , 13–14  
 halides , 2  

 hydrothermal and solvothermal , 5–9  
  inter alia   ,  4  
 mechanosynthesis , 3  
 methodologies , 2  
 miniemulsion and microemulsion , 4  
 nucleation and growth , 14–18  
 pechini method , 3  
 sol–gel process , 3  
 template-assisted synthesis , 9–13  
 wet-chemical routes   ( see  Wet-chemistry 

approaches) 
   CVD.    See  Chemical vapor deposition (CVD) 

    D 
  Decoherence 

 CPF , 354  
 DISH , 354  
 SMF , 354  

   Decoherence-induced surface hopping 
(DISH) , 354, 362  

   DEFRA.    See  UK Department for 
Environment, Food and Rural 
Affairs (DEFRA) 

   Density functional theory (DFT) , 356  
   UK Department for Environment, Food and 

Rural Affairs (DEFRA) , 423–425  
   Derwent World Patents Index , 413  
   Design for the Environment (DfE) , 399  
   DFT.    See  Density functional theory (DFT) 
   Diatoms , 247  
   Die sensitized solar cells , 414  
   Dihydrolipoic acid (DHLA) , 125  
   DISH.    See  Decoherence-induced surface 

hopping (DISH) 
   DRAM.    See  Dynamic random access memory 

(DRAM) 
   Dye-sensitized solar cells (DSSCs) , 369  
   Dynamic random access memory (DRAM) , 337  

    E 
  ECAE.    See  Equal channel angular extrusion 

(ECAE) 
   ECAP.    See  Equal channel angular pressing 

(ECAP) 
   Economic impact, green nanotechnology 

 anticipatory governance , 429  
 cost–benefi t analyses , 422  
 DEFRA case studies , 423–425  
 direct effects , 420  
 environmental impacts , 426  
 indirect effects , 420, 421, 426  
 investment , 420–421  
 LCA , 426–429  
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 Economic impact, green nanotechnology (cont.) 
 market scenarios , 423  
 nanotechnology and green jobs , 421–422  
 net costs , 421  
 net value added , 423  
 outputs , 421  
 policymakers , 421  
 potential risks , 428  
 public and private capital and ongoing 

costs , 421  
 R&D costs , 422  
 S-curve model , 423  
 societal benefi t , 426  

   Electron transfer (ET) 
 CdSe QDs , 376–378  
 charge/exciton dynamical processes , 

353, 354  
 QD-fullerene nanocomposites , 381  
 QD to molecule , 379–380  

   Engineered nanomaterial (ENMs) , 397  
   Engineered nanoparticles , 339  
   ENMs.    See  Engineered nanomaterial (ENMs) 
   Environmental health and safety (EHS) 

research , 404–405, 427  
   Environmentally sound technologies , 413  
   US Environmental Protection Agency (EPA) , 

404  
   Equal channel angular extrusion (ECAE) , 49–52  
   Equal channel angular pressing (ECAP) 

 grain refi nement , 49  
 macroscopic shearing path , 51  
 optical micrograph, annealed titanium , 50  
 setup , 49  
 TEM micrograph, Ti , 52  

   The European Patent Offi ce Class Y01N , 411  
   Extraction and materials processing energy 

(E&MP energy) , 402–403  
   Extraction & materials processing (E&MP) 

stage , 401–402  

    F 
  Fewest switches surface hopping (FSSH) 

 description , 354, 360  
 FSH , 354, 361  
 SC-FSSH , 354, 360  

   Flexible surface hopping (FSH) , 354, 361  
   Forecasts, green nanotechnology 

 economic downturn , 416  
 energy storage , 419  
 fuel catalysis , 420  
 global sales , 416–417  
 growth trajectories , 415–416  
 Lux Research’s 2009 , 416  

 nano-enabled green applications , 416–418  
 solar cells and photovoltaics , 418–419  
 thermal energy , 419–420  
 and water treatment , 420  

   Fossil fuels , 75  
   FSH.    See  Flexible surface hopping (FSH) 
   FSSH.    See  Fewest switches surface hopping 

(FSSH) 
   F-substituted hydroxyapatite (FHA) , 146  
   Fullerenes 

 C 60  , 166  
 1,8-DAO , 166  
 1,5-diaminonaphthalene (DAN) , 166–167  
 1,8-diaminooctane-functionalized , 168, 170  
 gas-phase amine polyaddition , 166  
 12 H 2 TPP molecules , 170, 171  
 nonylamine (NA) vapor , 166  
 physical vapor deposition (PVD) , 168  
 positive and negative ion , 168–169  
 thiols , 168  

   Functionalization.    See  Carbon nanotubes 
(CNTs) 

   Fungi and algae 
 description , 246  
 diatoms , 247  
  Fusarium oxysporum   ,  246  

    G 
  Geranium plant , 223  
   GFSH.    See  Global fl ux surface hopping (GFSH) 
   Glass fi ber reinforced polymer (GFRP) 

composite , 400, 402  
   Global fl ux surface hopping (GFSH) , 361  
   Gold nanoparticles (AuNPs) 

 antibacterial studies 
 agglomeration , 111  
 DNA transcription , 111  
 mechanism , 110–111  
 stabilizer molecules , 111  

 synthesis , 106–107  
   Graphene 

 5,6-diaminopyrazine-2,3-dicarbonitrile , 
195–196  

 functionalization , 195  
 and GO , 194  
 metal oxide nanoparticle , 194–195  
 microwave irradiation , 194  
 “solvent-free” , 194  

   Green alternatives 
 bio-based approaches , 405  
 EHS research , 404–405  
 electrochemical methods , 405  
 EPA , 404  
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 microcapillary and microchannel reactors , 
405  

 nanomanufacturing process , 404  
 SNNI , 404  
 sonochemistry and microwave-based 

techniques , 405  
   Greenanomics , 338–340  
   Green chemistry , 211–213  
   Green growth, nanotechnology 

 advantages , 416  
 and application , 411  
 GDP , 412  
 monitoring , 412  
 nano-enabled green applications , 416–418  
 OECD , 411, 412  
 production system , 412  

   Green nanotechnology 
 anticipatory approach , 430  
 applications 

 copper zinc tin sulfi de based solar cells , 
414  

 disposable products , 415  
 energy storage , 414–415  
 fuel catalysis , 415  
 future roadmaps , 414  
 investment , 414  
 nanoabsorbents , 415  
 nano-enabled solar cells , 414  
 nanogenerators , 414  
 nanoparticle coatings , 415  
 near-term and longer-term role , 415  
 photocatalytic methods , 415  
 thermal energy applications , 415  
 toxic organic solutions , 415  
 vacuum insulation panels , 415  
 water shortage issues , 415  

 bibliometric defi nitions , 411  
 China’s Twelfth Five Year Plan , 412  
 citation-based approach, fi eld defi nition , 411  
 commercialization characterizations , 411  
 complementary approach , 413  
 development and diffusion , 429  
 economic impact   ( see  Economic impact, 

green nanotechnology) 
 economic implications , 429  
 emission reduction , 412  
 forecasts , 415–420  
 global demand, energy , 410  
 goal , 260  
 Ireland’s National Development Plan , 412  
 MNPs   ( see  metal nanoparticles (MNPs)) 
 nano-enabled applications , 430  
 nanomaterials development , 260  
 nano-objects , 260  

 NNI , 411  
 OECD , 411–413  
 patent classes , 411  
 patent fi lings , 413  
 production process , 412  
 public R&D investments , 429  
 renewable electricity , 410–411  
 technometric search strategies , 413  
 two-stage Boolean search strategy , 411  
 United Nations Environment Program , 413  
 USPTO’s , 413  
 World Intellectual Property Offi ce , 413  

   Green synthesis 
 application , 338–340  
 bio-inspired   ( see  Bio-inspired green 

synthesis) 
 chemistry 

 MW irradiation , 212  
 POMs , 212–213  
 tollens process , 211  

 cuttingedge methods , 337  
 DRAM , 337  
 environmental protection , 120  
 fl ash memory , 337  
 “Green Nano” , 337  
 ionic-liquid method , 120  
 metal nanoparticles , 340–342  
 microelectronics industry , 337  
 MNPs   ( see  Metal nanoparticles (MNPs)) 
 nanomaterials   ( see  Nanomaterials, green 

synthesis) 
 principles, green chemistry , 337  
 reduction, metal nanomaterials , 329  
 SRAM , 337  

   Green technique.    See  Metallic biomedical 
materials 

    H 
  Hexadecylamine (HDA) , 126  
   High energy ball milling/mechanical alloying , 

59–61  
   High pressure torsion (HPT) 

 cell culture experiments , 46  
 expression level 

 fi bronectin (FN) , 44, 46  
 vinculin , 44–45, 47  

 fl uorescence images, vinculin , 45, 48  
 immunoblot, cell lysates , 46, 48  
 nano-grains , 43  
 pre-osteoblast cells , 45–47  
 setup , 43  
 titanium disks , 44  
 untreated and annealed titanium , 44, 45  
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   High-resolution transmission electron 
microscopy (HR-TEM) , 130  

   HLB.    See  Hydrophilic-lipophilic balance 
(HLB) 

   Hot rolling 
 crystallographic orientation map , 56, 58  
 EBSD maps, ME20 , 56, 57  
 LSHR experiments , 55  
 magnesium alloy ME20 , 55, 56  
 RD-TD plane , 55  

   HPT.    See  High pressure torsion (HPT) 
   Hybrid organic–inorganic.    See  Inorganic–

organic hybrid nanomaterials 
   Hydrogenation, LA 

 biofuel g-valerolactone (GVL) , 86, 87  
 development, GVL application , 87  
 2-methyltetrahydrofuran (MTHF) , 86  
 pathways , 87, 88  
 pentanoic acid (PA) , 86  
 recyclability test , 89, 91  
 recycling times , 89  
 RQ–Ni nanoparticle catalyst , 89  
 Ru-complex derived catalysts , 87  
 Ru–Ni bimetallic nanoparticles , 89, 90  
 studies , 89–91  
 time decay of rates , 88  

   Hydrophilic-lipophilic balance (HLB) , 19  
   Hydrothermal and solvothermal synthesis 

 black-box , 9  
 genuine synthesis method , 8  
 inorganic semiconductor , 7  
 metal oxalates , 6  
 spinel ferrites synthesis , 6  
 titanate nanostructures , 6  
 titania synthesis , 6  

    I 
  IGC.    See  Inert gas condensation (IGC) 
   Industrial ecology and LCA 

 disadvantages , 398  
 ENM , 397  
 environmental problems , 396  
 LCI , 396  
 life cycle of nanomaterials , 398–399  
 MNM , 397  
 nanomaterials , 397  
 occupational exposure , 396  
 stages , 396  
 streamlining , 396–397  
 WCED , 396  

   Inert gas condensation (IGC) , 210  
   Inorganic compounds.    See  Crystalline 

inorganic nanostructures 

   Inorganic–organic hybrid nanomaterials 
 applications , 312  
 biological applications , 316–317  
 preparation , 312–315  
 thin fi lms , 312, 316  

   International Patent Class B82 , 411  
   In vitro screening assays 

 development , 333–335  
 screening , 335–336  

   Ireland’s National Development Plan , 412  

    J 
  The Japanese Patent and Trade Offi ce Class 

ZNM , 411  

    L 
  Large strain hot rolling (LSHR) , 55  
   Laser ablation , 209  
   Laser shock peening (LSP) , 67–68  
   LCA.    See  Life cycle assessment (LCA) 
   Levulinic acid (LA) 

 homogeneous catalytic conversion , 76  
 hydrogenation   ( see  Hydrogenation, LA) 
 oxygen functionalized biomass , 76  

   Life cycle assessment (LCA) 
 automotive body panels , 399–403  
 carbon nanofi bers and nanoparticles, 

energy intensity , 399  
 EHS implications , 427  
 environmental effect , 395–396  
 green alternatives , 404–405  
 and industrial ecology , 396–399  
 LCRA , 405–406  
 nanomanufacturing technique , 395–396  
 nanomaterials , 393–395  
 nanotechnology development and 

production , 428  
 nZVI , 427  
 product’s full life cycle , 426  
 quantum dots , 427  
 SWCNT , 426–427  

   Life-cycle inventory (LCI) , 396  
   Life cycle risk assessment (LCRA) , 398, 

404–406  
   Lignocellulosic biomass , 75, 76, 92  
   LSHR.    See  Large strain hot rolling (LSHR) 
   LSP.    See  Laser shock peening (LSP) 

    M 
  Magnetite nanoparticles 

 biological applications 
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 anti-adherence property , 309  
 anti-biofi lm surface coatings , 309, 310  
 antibiotic resistance , 309  
 antimicrobial properties , 309  
 Fe 3 O 4 @eugenol nanoparticles , 310  
 thin fi lm depositions , 311  

 biomedical applications , 306  
 Fe 3 O 4  nanoparticle , 306  
 functionalized magnetite nanostructures , 

306, 308  
 preparation methods, Fe 3 O 4  nanoparticles , 

306, 307  
 thin fi lms , 308–309  

   Magneto-optical bacteria , 243  
   Manufactured nanomaterials (MNM) , 397  
   Matrix-assisted pulsed laser evaporation 

(MAPLE) 
 anti-biofi lm surface coatings , 309, 310  
 deposition apparatus , 305  
 laser assisted techniques , 303–304  
 PLD technique , 304  
 principle , 304  
 thin fi lms defi nition , 303  

   Mechanochemical treatment , 175  
   MEF.    See  Multiple exciton fi ssion (MEF) 
   MEG.    See  Multiple exciton generation (MEG) 
   MEs.    See  Multiple exciton states (MEs) 
   Metallic biomedical materials 

 biocompatibility requirement , 36  
 biofunctional implant , 68–69  
 cited references , 40, 41  
 cyclic motions , 38  
 implants materials , 38  
 mechanical properties , 38, 39  
 nanocrystalline metals   ( see  Nanocrystalline 

metals) 
 nanofi bers , 40  
 nanostructures 

 fi lm deposition , 42  
 human body , 40, 42  
 lotus leave , 40  
 nano coating , 42  
 surface engineered , 42  

 nanotechnology , 38  
 surface properties , 37  
 TiN/TiO fi lm , 38  
 titanium alloy , 36, 37  

   Metal nanoparticles (MNPs) 
 capping agent/stabilizer , 260  
 CFD , 82–85  
 chemical reduction , 260, 261  
 co-precipitation method , 77–78  
 CVD process , 80–82  
 hydrogenation, LA   ( see  Hydrogenation, LA) 

 incipient wetness impregnation process 
 dendrimer-encapsulated metal 

nanoparticles , 79  
 dissolved metal , 78  
 palladium precursors , 79  
 Pd/CNT images , 79, 80  
 reduction method , 79–81  
 solubility , 78–79  

 plants   ( see  Plants, green synthesis of MNPs) 
 prokaryotic/eukaryotic organisms , 261  

   Metal oxides, nanomaterials 
 AgIn(WO 4 ) 2  mesocrystals , 127, 128  
 Bi 2 WO 6  , 131  
 Cd 2 Ge 2 O 6  , 131, 133  
 CeO 2  , 134  
 Co 3 O 4  nanowires , 132  
 CuO , 128, 129  
 α-Fe 2 O 3  nanomaterials , 133  
 FeWO 4  nanocrystals , 134  
 HR-TEM , 130  
 hydrothermal technique , 128  
 luminescence , 134  
 MnO 2  nanotubes , 133  
 photocatalysts , 135  
 SAED pattern , 128, 132, 133  
 shape evolution process , 127  
 Sn(OtBu) 4  , 128  
 SnNb 2 O 6  nanosheets , 134  
 styrene and norbornene , 135  
 TEM , 128, 129  
 TiO 2  mesocrystals , 129  
 titanium and strontium , 135  
 vanadium pentoxide (V 2 O 5 ) , 131  
 WO 3  nanowires , 130  
 XRD pattern , 129, 130  

   Microbial synthesis, nanoparticles , 214–215  
   Microcrystalline cellulose , 146  
   Microwave (MW) irradiation , 212  
   Microwave synthesis 

 Ag nanoparticles , 123, 125, 126  
 AuNCs , 124, 125  
 chalcogenides , 136–138  
 CTAB , 121  
 Cu nanowires , 126, 127  
 cyclic voltammetrics , 122  
 cyclohexane , 121  
 light scattering , 123, 124  
 metal oxides , 127–135  
 4-nitrophenol , 125, 126  
 photolytic decomposition , 121  
 re-nanoparticles , 121  
 Rh nanorods , 121–122  
 SEM , 126, 127  
 TEM , 122, 123  
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 Microwave synthesis (cont.) 
 Te nanowires , 122  
 UV-visible absorption , 123, 124  

   Miniemulsion and microemulsion 
 chalcogenides , 21  
 dispersion and stability , 18–19  
 metal halogenides , 20  
 osmotic pressure agent , 19  
 steady state , 19  

   Multiple exciton fi ssion (MEF) , 364, 368–369  
   Multiple exciton generation (MEG) , 367–368  
   Multiple exciton states (MEs) , 363–364  
   Multi-walled carbon nanotubes (MWNTs) 

 AFM topography images , 186, 189  
 amines , 187  
 bifunctional and polyfunctional amine 

reagents , 185  
 cross-linking effects , 186  
 CVD , 183–184  
 and diamine-functionalized nanotube , 

186–187  
 diamine molecules , 186, 188  
 1,8-diaminooctane , 186, 190  
 functionalization , 184  
 gold nanoparticles , 186, 191  
 HRTEM images , 184–5  
 ODA , 184  
 TGA , 184  

    N 
  Nanoarchitectonics.    See  Matrix-assisted 

pulsed laser evaporation (MAPLE) 
   Nanocomposites 

 Ag nanoparticles , 142  
 biomass , 145–156  
 CdS , 142  
 CdSeS , 144  
 CO oxidation , 144  
 graphene oxide-Fe 2 O 3  , 142  
 human immunoglobulin , 141–142  
 LiFePO 4  , 145  
 4-nitrophenol , 142  
 Pd and Pt electrocatalysts , 142  
 photocatalytic properties , 144  
 RhB , 143  
 SnO 2 -graphene composites , 144  
 thioacetamide , 142, 143  
 TiO2-graphene oxide , 144  
 ZnO nanorods , 142, 143  

   Nanocrystalline metals 
 “bottom-up” approach , 43  
 cold rolling , 52–54  
 ECAE , 48–52  
 ECAP , 48–52  

 high energy ball milling , 59–61  
 hot rolling , 54–58  
 HPT , 43–48  
 laser shock peening , 65–68  
 mechanical alloying , 59–61  
 sandblasting , 61–65  
 shot peening , 65–68  
 “top-down” approach , 43  

   Nanodiamond (ND) 
 AFM imaging , 192–193  
 carbon atoms , 192  
 solubility/dispersibility tests , 192  
 solvent-free amidation protocol , 192  
 surface functionalization , 192  

   Nano-enabled solar cells , 414, 418  
   Nanomanufacturing technique 

 bottom-up approach , 395  
 characteristics , 395  
 top-down approach , 395  

   Nanomaterials 
 green synthesis 

 microwave assisted synthesis   ( see  
Microwave synthesis) 

 nanocomposites , 141–145  
 LCA 

 advantages , 394  
 applications of nanotechnology , 394  
 description , 393–394  
 disadvantages , 394  
 nanocoatings , 394  
 nano-enabled miniaturized diagnostic 

devices , 394  
   Nanoparticles 

 AgNPs , 102–106  
 antibacterial studies   ( see  Antibacterial 

studies, nanoparticles) 
 applications, medical biology   ( see  

Biological application, metal 
nanoparticles) 

 AuNPs , 106–107  
 biogenic synthesis 

 bacteria and yeast , 239–245  
 “choice of characterization” studies , 252  
 fungi and algae , 245–247  
 plant derived materials , 247–250  
 reaction mechanism , 251  
 stringent control setup , 250–1  

 bio-inspired green synthesis , 213  
 bottom-up approach , 100, 101  
 characterization , 109–110  
 cost-incurring , 100  
 green chemistry synthesis 

 MW irradiation , 212  
 POMs , 212–213  
 tollens process , 211  
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 microbial synthesis , 100  
 physicochemical synthesis , 209–211  
 plant biomass/living plant, synthesis , 

102–104  
 top-down approach , 100, 101  
 ZnONPs , 107–109  

   Nanoparticle synthesis 
 behavioural changes , 237  
 biogenic techniques , 238–239  
 “complex broth” , 239  
 nanoscience and nanotechnology , 237  
 organic and inorganic , 238–239  

   Nanosafety 
 cost-effective methods , 332  
 formulation , 347  
 in vitro screening assays , 333–335  
 nanomaterial defi nition , 329–331  
 nanotoxicity assessment , 333, 334  
 pre-assessment, nanotoxicity , 331–333  
 QNTR , 335–337  
 screening, in vitro pathway , 335, 336  
 standard reference nanomaterial (SRM) 

libraries , 332  
   Nanostructured materials 

 bottom-up approach , 43  
 classifi cation , 85, 395  
 inorganic , 120  
 micrometre range , 278  
 myriad , 260  
 plastic deformation technique , 59  

   Nanostructures 
 fi lm deposition , 42  
 human body , 40, 42  
 lotus leave , 40  
 nano coating , 42  
 surface engineered , 42  

   Nanotechnology 
 awareness-consciousness , 348  
 green   ( see  Green nanotechnology) 
 safety issues , 347  
 scientifi c knowledge , 346  

   Nanotechnology Research Directions for 
Societal Needs in 2020 
(“Nano 2”) , 414  

   Nanotexturing , 68  
   Nanotoxicity 

 assessment , 334  
 challenges , 332–333  
 ENM , 347  
 in vivo screening , 335  
 nanomaterials , 334  
 nanosafety , 331–332  
 QSAR , 335–337  
 safety , 330  

   Narrower output approach , 412  
   Ni(II)-tetramethyldibenzotetraaza[14]annulene 

(NiTMTAA) , 175–178  
   Nonadiabatic molecular dynamics 

(NAMD) 
 adaptive fl exible surface hopping , 

360–361  
 approaches , 354  
 Born-Oppenheimer approximation , 358  
 CPA , 359  
 CPF method , 362  
 DISH method , 362  
 FSSH , 360–361  
 GFSH , 361  
 nuclear motions , 358  
 QHD method , 359  
 SC-FSSH , 360  
 SH approaches , 358–359  
 SMF method , 362  

   Nucleation and growth 
 capping shell , 17  
 potassium bromide , 18  
 room temperature , 17  
 sodium borohydride , 18  
 thioacetic acid , 18  
 zerovalent , 15  

    O 
  One-dimensional (1-D) nanoproducts , 395  
   Organic nanosystems 

 bulk-heterojunction organic photovoltaics , 
386  

 charge transfer, pentacene-C 60  interface , 
385–386  

 description , 384  
 P3HT-CNT interface , 386–387  
 SF , 385  

   Organic photovoltaics (OPV) , 418–419  
   Organic-TiO 2  and-QD interfaces 

 Auger-assisted ET mechanism , 
381–382  

 electron and energy transfer , 378  
 photoinduced 

 charge separation, graphene-TiO 2  , 
378–379  

 fullerene-QD solar cells , 381  
 PbS QD-RhB system , 379–380  

 QD-polymer hybrid 
 Coulomb interactions , 383  
 heterojunction photovoltaic cells , 

382–383  
 P3HT-CdSe QD system , 

383, 384  
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    P 
  Pechini method , 3  
   Physicochemical synthesis, nanoparticles 

 colloidal methods , 211  
 hydrothermal , 210–211  
 IGC , 210  
 laser ablation , 209  
 sol–gel method , 210  
 solvothermal synthesis , 210–211  

   Plant derived materials 
 biogenic synthesis , 250  
 edible plants , 248  
 inorganic nanoparticles , 249–50  
 metal nanoparticles , 247  
 nanoanalytical instruments , 248  
 palladium nanoparticles , 249  

   Plants, green synthesis of MNPs 
 choice of researchers , 262  
 comparison, classical and green chemistry , 

270, 271  
 conventional chemical synthesis , 264  
 leaves extraction , 262, 263  
 metal ions reduction , 262  
 nanoscale features , 263  
 predictability , 267–268  
 reproducibility , 264–265  
 risk assessment , 268–270  
 risk management , 268–270  
 scale-up , 266–267  

   Polyacrylonitrile (PAN) precursor fi ber , 400  
   Polyoxometalates (POMs) , 212–213  
    Pseudomonas aeruginosa   ,  100, 107, 241, 309, 

311, 342  
    Pseudomonas stutzeri   ,  215, 240, 342–343  
   Python extension for ab initio dynamics 

(PYXAID) , 363  

    Q 
  QD-TiO 2  hybrids 

 adiabatic mechanism , 377  
 charge and exciton dynamics , 355  
 1D nanostructures , 376  
 donor-acceptor coupling , 377  
 electron-hole recombination , 376  
 extraction of electrons, PbSe , 375  
 photoinduced ET , 374  
 photo-initiated dynamical processes , 356  
 photoinjection mechanism , 376  
 time-domain simulation , 355–356  

   QHDs.    See  Quantized hamilton dynamics 
(QHDs) 

   QNTR.    See  Quantitative nanostructure-
toxicity relationship (QNTR) 

   QSAR.    See  Quantitative structure-activity 
relationship (QSAR) 

   Quantitative nanostructure-toxicity 
relationship (QNTR) , 335–337  

   Quantitative structure-activity relationship 
(QSAR) , 335  

   Quantized hamilton dynamics (QHDs) , 359  
   Quantum dots (QDs) 

 atomistic description , 364  
 elastic electron-phonon scattering , 364  
 electronic excitations , 363, 364  
 MEF , 364, 368–369  
 MEG , 367–368  
 MEs , 363–364  
 optical linewidths , 367  
 pure dephasing , 367  
 symmetry breaking, band structure , 365  
 ultrafast relaxation , 366  

    R 
  Radio-frequency identifi cation (RFID) , 415, 419  
   Rhodamine B (RhB) , 143  
    Rhodopseudomonas palustris   ,  241  
   Risk analysis.    See  Life cycle risk assessment 

(LCRA) 
   Runge–Gross (RG) theorem , 357  

    S 
  SAED.    See  Selected area electron diffraction 

(SAED) 
   Safer Nanomaterials and Nanomanufacturing 

Initiative (SNNI) , 404  
   Sandblasting 

 advantages , 63  
 alumina particles , 64–65  
 BCP grid-blasted surface , 62  
 Co–Cr alloy plates , 65  
 micro-rough surfaces , 62  
 possesses , 61  
 SEM images, cell morphology , 62, 64  
 silica-coated alumina , 63  
 surface contamination , 65  
 surface roughness, titanium disks , 62, 63  
 Ti6Al4V disks , 62  
 tribo-chemical treatment , 63  

   SC-FSSH.    See  Self-consistent fewest switches 
surface hopping (SC-FSSH) 

    Schizosaccharomyces pombe   ,  240, 344  
   S-curve model , 423  
   Secondary weight savings , 400  
   Selected area electron diffraction (SAED) , 

108, 122  

IndexIndex



445

   Selective random access memory 
(SRAM) , 337  

   Self-consistent fewest switches surface 
hopping (SC-FSSH) , 354, 360  

   Severe plastic deformation (SPD) 
 ball milling , 59–61  
 cold rolling , 52–54  
 ECAE , 48–52  
 ECAP , 48–52  
 hot rolling , 54–58  
 HPT , 43–48  
 sandblasting , 61–65  
 shot peening , 65–68  

   SF.    See  Singlet fi ssion (SF) 
   Shot peening 

 cross-section microstructure, specimens , 
66, 67  

 defi nition , 65–66  
 316 L stainless steel sheet , 66  

   Silver nanoparticles (AgNPs) 
 antibacterial studies 

 disk diffusion method , 111  
 mechanism , 112  
 respiratory chain , 112  
 spherical/rod-shaped , 112  
 sulfur-containing proteins , 112  

 synthesis 
 antibacterial activity , 104  
  Carthamus tinctorius  fl ower extracts , 

102, 105  
 cell cultures , 104  
 reducing/stabilizing agents , 104  

   Singlet fi ssion (SF) , 384, 385  
   Single-walled carbon nanotubes (SWCNT) , 

426–427  
   SMF.    See  Stochastic mean fi eld (SMF) 
   Solar fuels , 292–294  
   Sol–gel method , 210  
   “Solvent-free” , 163, 177, 194–196  
   SPD.    See  Severe plastic deformation 

(SPD) 
   SRAM.    See  Selective random access memory 

(SRAM) 
   Stochastic mean fi eld (SMF) , 354, 362  
   Stringent control setup , 250–1  
   Sustainability 

 energy production , 410  
 and green growth   ( see  Green growth, 

nanotechnology) 
 improvements , 416  
 Ireland’s National Development Plan , 412  
 LCA , 426  
 and organic agriculture , 412  
 and risk-free , 428  

    T 
  Technometric search strategies , 413  
   Template-assisted synthesis 

 carbonaceous materials , 10  
 hollow morphologies , 9  
 nanofi bers , 13  
 nanorods , 13  
 nanowires , 13  
 structure-directing agent , 10  

   Templated nanoparticle synthesis , 291–292  
   Terrestrial phototrophic eukaryotes 

 benefi t , 219  
 bioaccumulation , 223  
 Eu–Au nanoparticles , 223  
 geranium plant , 223  
 industrially toxic pollutants reduction , 221  
 molecular cloning and engineering , 218  
 nanoparticles size , 219  
 nontoxic chelators , 221  
 phytomining , 221  
 plant tissue culture , 221  
 platinum group metals (PGMs) , 223  
  Sesbania drummondii  root , 221, 222  
 water-soluble phytochemicals , 220  
 xerophytes , 220  

   Thin fi lm depositions 
 defi nition , 303  
 inorganic-organic hybrid nanomaterials , 

312, 316  
 magnetite nanoparticles , 308–309, 311  

   Thionyl chloride , 165, 180  
   Three-dimensional (3-D) nanoproducts , 395  
   Time-domain density functional theory (TDDFT) 

 electron-electron Coulomb repulsion , 357  
 inorganic and organic systems , 354–355  
 nonadiabatic coupling (NAC) constant , 357  
 Runge–Gross (RG) theorem , 357  
 single-electron KS orbitals , 357  
 single-particle KS EOM , 357, 358  
 time-dependent Kohn–Sham (TDKS) 

equations , 357  
   Time-resolved experiments , 353  
   Titanium dioxide (TiO 2 ) 

 crystalline forms , 371  
 description , 369  
 DSSCs , 369  
 electron delocalization and relaxation , 

373–374  
 energy diagram, electronic states , 370  
 energy distribution, injected electrons , 

371–373  
 surface terminating oxygens , 371  

   Tollens synthesis , 211  
   Two-dimensional (2-D) nanoproducts , 395  

IndexIndex



446

    U 
  The US Bureau of Labor Statistics , 412  
   The US Patent and Trademark Offi ce 

(USPTO) Class 977 , 411, 413  

    V 
  Vesicle-like confi nement, biomimetic 

nanosystems 
 acid-tolerant enzyme PalB , 284  
 CCMV , 283, 284  
 chemoluminescent (CL) emission spectra , 

285–286  
 kinetics, PalB encapsulation , 285  
 reaction sites , 283  

    W 
  Wet-chemistry approaches 

 hydrothermal synthesis , 5–8  

 solvothermal synthesis , 5–8  
 template-assisted synthesis approaches , 8–12  

   World Commission on Environment and 
Development (WCED) , 396  

   World Intellectual Property Offi ce , 413  

    X 
  Xerophytes , 220, 345  
   X-ray diffraction (XRD) , 150, 153, 154  

    Z 
  Zinc oxide nanoparticles (ZnONPs) 

 antibacterial studies 
 disk diffusion method , 112  
 mechanism , 113  
 membrane permeability , 112  
 resazurin incorporation method , 112  

 synthesis , 106–107         

IndexIndex


	Preface
	Contents
	Chapter 1: Sustainable and Very-Low-Temperature Wet-Chemistry Routes for the Synthesis of Crystalline Inorganic Nanostructures
	1.1 Introduction
	1.2 Wet-Chemistry Approaches to Crystalline Inorganic Nanostructures
	1.2.1 Hydrothermal and Solvothermal Synthesis
	1.2.2 Template-Assisted Synthesis Approaches

	1.3 Colloidal and Colloid Assemblies for the Synthesis of Inorganic Nanostructures
	1.3.1 Nucleation and Growth of Crystalline Colloidal Nanostructures from Solution/Suspension
	1.3.2 Miniemulsion and Microemulsion: Chemistry in Nanoreactors

	1.4 Conclusions
	References

	Chapter 2: Green Techniques for Biomedical Metallic Materials with Nanotechnology
	2.1 Introduction
	2.2 Fabrication of Nanocrystalline Metals
	2.2.1 High Pressure Torsion (HPT)
	2.2.2 Equal Channel Angular Pressing (ECAP)/Equal Channel Angular Extrusion (ECAE)
	2.2.3 Cold Rolling
	2.2.4 Hot Rolling
	2.2.5 High Energy Ball Milling/Mechanical Alloying
	2.2.6 Sandblasting
	2.2.7 Shot Peening and Laser Shock Peening

	2.3 Future Prospects
	References

	Chapter 3: Recent Development of Metal Nanoparticles Catalysts and Their Use for Efficient Hydrogenation of Biomass-Derived Levulinic Acid
	3.1 Introduction
	3.2 Typical and Green Methods for Synthesis of Metal Nanoparticles
	3.2.1 Co-precipitation Method
	3.2.2 Incipient Wetness Impregnation-Reduction
	3.2.3 Chemical Vapor Deposition
	3.2.4 Chemical Fluid Deposition

	3.3 Hydrogenation of Levulinic Acid on Metal Nanoparticles
	3.4 Conclusion and Outlook
	References

	Chapter 4: Green Synthesis of Metallic and Metal Oxide Nanoparticles and Their Antibacterial Activities
	4.1 Introduction
	4.2 Synthesis of Nanoparticles
	4.2.1 Plant Biomass/Living Plant for Nanoparticle Synthesis (Green Synthesis; Fig. 4.3)
	4.2.2 Silver Nanoparticles (AgNPs)
	4.2.3 Gold Nanoparticles (AuNPs)
	4.2.4 Zinc Oxide Nanoparticles (ZnONPs)

	4.3 Characterization of Nanoparticles
	4.4 Antibacterial Studies of AuNPs
	4.4.1 Mechanism of the Bactericidal Action of AuNPs

	4.5 Antibacterial Studies of AgNPs
	4.5.1 Mechanism of the Bactericidal Action of AgNPs

	4.6 Antibacterial Studies of ZnO NPs
	4.6.1 Mechanism of the Bactericidal Action of ZnO NPs

	4.7 Conclusions
	References

	Chapter 5: Green Synthesis: Properties and Potential Applications in Nanomaterials and Biomass Nanocomposites
	5.1 Introduction
	5.2 Green Synthesis, Properties, and Potential Applications of Nanomaterials
	5.2.1 Microwave-Assisted Synthesis of Metal Nanomaterials
	5.2.2 Microwave-Assisted Synthesis of Metal Oxides Nanomaterials
	5.2.3 Microwave-Assisted Synthesis of Metal Chalcogenides Nanomaterials
	5.2.4 Microwave-Assisted Synthesis of Bio-nanomaterials
	5.2.5 Microwave-Assisted Synthesis of Nanocomposites

	5.3 Green Synthesis of Biomass Nanocomposites
	5.4 Future Prospects
	5.5 Summary
	References

	Chapter 6: Solvent-Free Functionalization of Carbon Nanomaterials
	6.1 Introduction
	6.2 Fullerenes
	6.3 Carbon Nanotubes
	6.3.1 Nanotube Sidewalls
	6.3.2 Oxidized Carbon Nanotubes
	6.3.3 Pristine Multi-walled Carbon Nanotubes

	6.4 Nanodiamond
	6.5 Graphene and Graphene Oxide
	6.6 Conclusions
	References

	Chapter 7: Green Chemical and Biological Synthesis of Nanoparticles and Their Biomedical Applications
	7.1 Introduction
	7.2 Categorization of Nanomaterials
	7.3 Physicochemical Synthesis of Nanoparticles
	7.3.1 Laser Ablation
	7.3.2 Inert Gas Condensation
	7.3.3 Sol–Gel Method
	7.3.4 Hydrothermal and Solvothermal Synthesis
	7.3.5 Colloidal Methods

	7.4 Green Chemistry Synthesis of Nanoparticles
	7.4.1 Tollens Process
	7.4.2 Microwave Irradiation
	7.4.3 Use of Polyoxometalates

	7.5 Bio-inspired Green Synthesis of Nanomaterials
	7.5.1 Microbial Synthesis of Nanoparticles
	7.5.2 Biosynthesis of Nanoparticles by Bacteria
	7.5.3 Biosynthesis of Nanoparticles by Fungi
	7.5.4 Virus-Mediated Biosynthesis of Nanoparticles
	7.5.5 Biosynthesis of Metal Nanoparticles by Terrestrial Phototrophic Eukaryotes (Plants)
	7.5.6 Biosynthesis of Nanoparticles by Aquatic Phototrophic Eukaryotes (Algae)
	7.5.7 Biosynthesis of Nanoparticles by Aquatic Phototrophic Eukaryotes (Diatoms)
	7.5.8 Biosynthesis of Nanoparticles by Heterotrophic Eukaryotic Cell Lines (Human)

	7.6 Applications of Metal Nanoparticles in Medical Biology
	7.6.1 Labeling
	7.6.2 Sensors
	7.6.3 Drug Delivery
	7.6.4 Nanoparticles in Medicine and Dentistry
	7.6.5 Environmental Cleanup as Defense Against Environmental Challenges to Medical Biology

	7.7 Conclusions
	References

	Chapter 8: Nanoparticle Synthesis by Biogenic Approach
	8.1 Introduction
	8.2 Biogenic Synthesis of Nanoparticles
	8.2.1 Bacteria and Yeast
	8.2.2 Fungi and Algae
	8.2.3 Plant Derived Materials

	8.3 Challenges for Biogenic Synthesis of Nanoparticles
	8.3.1 Protocol Designing: Stringent Control Setup
	8.3.2 Putting Emphasis on Reaction Kinetics and Process Control: Understanding Reaction Mechanism
	8.3.3 Importance of the “Choice of Characterization” Studies

	References

	Chapter 9: Green Synthesis of Metal Nanoparticles by Plants: Current Trends and Challenges
	9.1 Green Nanotechnology for Sustainable Development
	9.2 Green Synthesis of MNPs: General Considerations
	9.3 Green Synthesis of MNPs by Plants
	9.3.1 Current Trends
	9.3.2 Challenges in Green Synthesis of MNPs by Plants
	9.3.2.1 Reproducibility
	9.3.2.2 Scale-Up
	9.3.2.3 Predictability

	9.3.3 Challenges for Applicability of MNPs Obtained by Green Synthesis Using Plants
	9.3.3.1 Risk Assessment and Risk Management
	9.3.3.2 Regulatory Challenges


	9.4 Conclusion
	References

	Chapter 10: Biomimetic Soft Polymer Nanomaterials for Efficient Chemical Processes
	10.1 Introduction
	10.2 Structures from 100 to 1,000 nm
	10.2.1 Tissue Engineering
	10.2.2 Sensing Membranes

	10.3 Structures from 10 to 100 nm
	10.3.1 Selective Membranes
	10.3.2 Vesicle-Like Confinement
	10.3.3 Multi-step Reactions

	10.4 Structures from 1 to 10 nm
	10.4.1 Confined Catalysis
	10.4.2 Templated Nanoparticle Synthesis
	10.4.3 Solar Fuel
	10.4.4 Biomimetic Nanoreactors

	10.5 Conclusion
	References

	Chapter 11: Nanoarchitectonics Prepared by MAPLE for Biomedical Applications
	11.1 Matrix-Assisted Pulsed Laser Evaporation Technique: General Approach
	11.2 The MAPLE Deposition Apparatus
	11.3 Thin Films Based on Magnetite Nanostructures
	11.3.1 Preparation
	11.3.2 Functionalized Magnetite Nanostructures
	11.3.3 Thin Films
	11.3.4 Biological Applications

	11.4 Thin Films Based on Inorganic–Organic Hybrid Nanomaterials
	11.4.1 Preparation
	11.4.2 Thin Films
	11.4.3 Biological Applications

	11.5 Conclusions and Perspectives
	References

	Chapter 12: Safer Nanoformulation for the Next Decade
	12.1 Introduction
	12.2 Challenges of Nanosafety
	12.2.1 Definition of Nanomaterial from the Viewpoint of Nanosafety
	12.2.2 Challenges of Nanosafety: Pre-assessment of Nanotoxicity
	12.2.3 Towards a New Toxicology for the Twenty-First Century: A Possible Move to Face Challenges
	12.2.3.1 Development of In Vitro Screening Assays
	12.2.3.2 Development of Rapid Screening for In Vitro Pathway Assessment
	12.2.3.3 Quantitative Nanostructure–Toxicity Relationship (QNTR)


	12.3 Why Green Synthesis?
	12.4 Application of Green Chemistry in Greenanomics
	12.5 Green Synthesis of Metal Nanoparticles
	12.6 Biological Synthesis: By Whole Organisms
	12.7 Conclusion
	References

	Chapter 13: Time-Domain Ab Initio Modeling of Charge and Exciton Dynamics in Nanomaterials
	13.1 Introduction
	13.2 Theoretical Approaches
	13.2.1 Density Functional Theory
	13.2.2 Time-Domain Density Functional Theory
	13.2.3 Nonadiabatic Molecular Dynamics
	13.2.3.1 Classical Path and Ehrenfest Approximations, Quantized Hamilton Dynamics
	13.2.3.2 Fewest Switches Surface Hopping, Self-Consistent Fewest Switches Surface Hopping, and Adaptive Flexible Surface Hopping
	13.2.3.3 Global Flux Surface Hopping
	13.2.3.4 Stochastic Mean Field, Decoherence Induced Surface Hopping, and Coherence Penalty Functional Theories

	13.2.4 User-Friendly Implementation: The PYXAID Program

	13.3 Quantum Dots
	13.3.1 Symmetry Breaking in the Band Structure
	13.3.2 Ultrafast Relaxation at High Energies and Phonon Bottleneck at Low Energies
	13.3.3 Optical Linewidths and Pure Dephasing
	13.3.4 Multiple Exciton Generation
	13.3.5 Multiple Exciton Fission

	13.4 Titanium Dioxide
	13.4.1 Various TiO2 Surfaces
	13.4.2 Energy Distribution of the Injected Electrons
	13.4.3 Electron Delocalization and Relaxation

	13.5 QD–TiO2 Hybrids
	13.5.1 Extraction of Hot Electrons from a PbSe QD into a TiO2 Slab
	13.5.2 Minimizing Electron–Hole Recombination on TiO2 Sensitized with PbSe QDs
	13.5.3 Dimensionality of TiO2 Determines Photoinduced ET Mechanism from CdSe QDs

	13.6 Organic–TiO2 and Organic–QD Interfaces
	13.6.1 Efficient Photoinduced Charge Separation Across the Graphene–TiO2 Interface
	13.6.2 Defects Are Needed for Fast Photoinduced ET from a QD to a Molecule
	13.6.3 An Insulating Bridge Greatly Enhances Photoinduced ET in QD-Fullerene Nanocomposites
	13.6.4 Auger-Assisted ET from Photoexcited QDs to Molecular Acceptors
	13.6.5 Inverted Dimensionality Restores Electron–Hole Symmetry in a QD-Polymer Hybrid

	13.7 Organic Nanosystems
	13.7.1 Singlet Fission and Charge Transfer at the Pentacene–C60 Interface
	13.7.2 Asymmetric Electron and Hole Transfer at a P3HT-CNT Heterojunction

	13.8 Conclusions and Outlook
	References

	Chapter 14: Life Cycle Assessment of Nanomaterials
	14.1 Nanomaterials
	14.2 Nanomanufacturing Technique and Environmental Effect
	14.3 Industrial Ecology and LCA
	14.4 Energy Intensity of Carbon Nanofibers and Nanoparticles
	14.5 Automotive Body Panels: A Case Study
	14.6 Proposed Solutions
	14.6.1 Green Alternatives
	14.6.2 Combining Life Cycle and Risk Assessment

	References

	Chapter 15: The Economic Contributions of Nanotechnology to Green and Sustainable Growth
	15.1 Introduction
	15.2 Definitions
	15.3 Green Applications of Nanotechnology
	15.4 Market Forecasts: Examples
	15.5 Indicators of Economic Impact
	15.6 Concluding Remarks
	References

	Index

