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Preface

Among the existing condensation pathways for the production of nanomaterials, the
thermolysis of metal compounds is one of the simplest and inexpensive methods for
obtaining nanoparticles with a narrow size distribution, low crystalline defects, and
tunable shapes. It is known as a general method for the synthesis of a wide range of
nanomaterials, including metals, metal oxides, mixed oxides, metal sulfides,
non-oxide ceramics, carbon materials. Its undoubted advantages include economy
and environmental friendliness, high yields, the possibility of large-scale produc-
tion, control of synthesis conditions, as well as the purity, size, and morphology
of the particles. In addition, thermolysis allows to avoid special equipment, com-
plex technological processes, and heavy synthesis conditions. It should be
emphasized that the central component of any successful synthesis of nanomaterials
using thermolysis is the initial choice of precursors in combination with rational
thermolysis conditions. Among the most well-known examples of precursors, metal
chelates occupy a special place, the undeniable advantages of which include epy
ease of synthesis, stability with respect to moisture and atmospheric oxygen at room
temperature, safety, and, in many cases, greater economy compared to, for example,
multicomponent systems. In addition, good scalability and controllability of the
process of obtaining nanomaterials by thermolysis of metal chelates are attractive.
Currently, coordination chemistry is an extensive library of metal chelates, which
are potential precursors for nanomaterials.

This book is devoted to obtaining nanomaterials by thermolysis of metal che-
lates. We believe that this is the first comprehensive analysis of this field of science,
so we tried to fully consider this problem, and we hope that missed problems are not
fundamental. It should be specially noted that this monograph is mainly devoted to
the logic of research and the internal methodological and scientific interrelations in
this field. It reflects the current state of the problems under consideration, and many
ideas are still being developed.

We are very pleased to present this book to English-speaking readers. Any author
is satisfied with his book, published by the world-famous Springer publishing house,
in which the most fundamental scientific works are published. This is also important
for us, because this book is a continuation of already published monographs in
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the Springer series in the field of materials science from our laboratory: A.
D. Pomogailo and V. N. Kestelman, Metallopolymer Nanocomposites (Springer,
Berlin, Heidelberg, New York, 2005), A. D. Pomogailo, G. I. Dzhardimalieva and
V. N. Kestelman, Macromolecular Metal Carboxylates and Their Nanocomposites
(Springer, Berlin, Heidelberg, 2010), A. D. Pomogailo and G. I. Dzhardimalieva,
Nanostructured Materials Preparation via Condensation Ways (Springer,
Dordrecht, Heidelberg, New York, London, 2014).

Who is our potential reader? The preparation of nanomaterials by the thermol-
ysis of metal chelates, like any interdisciplinary field of science and technology, is
rapidly developing, and the intensive accumulation of experimental data in this area
confuses not only novices, but also experienced researchers working in this field.
First of all, this book can be useful for a wide range of scientists and engineers of
research institutes and industry. After 25 years of our own research in this field and
analysis of the literature, we believe in the necessity of the appearance of this book,
which summarizes the accumulated data on all aspects of Nanomaterials
Preparation by Thermolysis of Metal Chelates.

Chernogolovka, Moscow Region, Russia Gulzhian I. Dzhardimalieva
Rostov-on-Don, Russia Federation Igor E. Uflyand
January 2018
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Chapter 1
General Introduction

Advances in the chemistry and technology of nanomaterials whose sizes are less
than 100 nm in at least one dimension led to exponential development in many
fields of science and industry [1–19]. They find wide applications in chemistry,
physics, and biology, including energy conversion and storage [20–24], image
generation [25, 26], biomedicine [27, 28], highly sensitive gas sensors for leak
detection [29], optical applications [25, 30], nanofluids for enhanced heat transfer
[31], extinguishing powder for high-profile fire [32], catalytic reactors [33], catal-
ysis [34–36], magnetism [37], optics [38–41], sensors [42–44], biosensing [44–47],
medical diagnostics [48, 49], data storage [50, 51], and others.

Nanomaterials are of interest in academic research and technical applications due
to various unique physical, chemical, and biological properties, which are induced
by their nanometric size and which are different from those of molecular species
and bulk materials [52–64]. Size- and shape-associated properties of nanomaterials
include the small-size effect, surface and interface effect, quantum size effect, and
macroscopical quantum tunnel effect [65–70]. In particular, the quantization of
electronic states becomes apparent leading to very sensitive size-dependent effects
such as optical and magnetic properties [71]. In addition, the high surface-to-
volume ratio leads to a high number of potential active sites at their surface.

It is now generally accepted that the properties of nanomaterials, as well as final
productivity and applications, are largely determined by the structure, morphology,
phase, shape, size, distribution, and spatial arrangement of the nanoparticles
(NPs) [72, 73]. Since synthetic methodologies and preparing conditions have an
obvious effect on the morphology, size, and surface properties of NPs, it is vital to
find reasonable and suitable approaches to the preparation of monodisperse NPs
[74–78]. The synthesis of nanomaterials has become a major interdisciplinary area
of research over the past 20 years, because nanotechnology is demanding
high-quality materials in industrial scale with facile, green, efficient, and econom-
ically feasible processing methods [79]. The ability to prepare nanomaterials of
high quality (uniform size and shape, no defects except those desired, designed
surface, etc.) is a key point in the area of nanoscience, and also interesting in its
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own right. The design and controlled synthesis of nanomaterials with different
sizes, shapes, and morphologies is very important from the viewpoint of both basic
science and technology [80–83].

Most techniques for the synthesis of nanomaterials, including physical, chemi-
cal, or biological methods, are still limited to laboratory scale, while a number of
methods have found wide application in industry. It was found that, despite the
many methods of production of nanomaterials, the entire versatility of synthetic
approaches to the preparation of NPs and their self-assembly can be reduced to two
fundamentally different ways (Fig. 1.1): “top-down” (descending way) and
“bottom-up” (ascending way) [84–88].

In the former method, NPs can be obtained by such techniques as milling or
lithography which generates small particles from the corresponding bulk materials
[89]. By nature, this method is not cheap and quick to manufacture, not suitable for
large-scale production, and has high requirements on experiment condition
including clean room, vacuum, etc. The bottom-up approach of nanomaterial
synthesis first forms the nanostructured building blocks (NPs) and then assembles
these into the final material [90]. The latter method is low cost and highly efficient
and is more widely used due to its variability and potential abilities than the
dispersion method. A researcher can predict in advance properties of obtained NPs:
He can choose composition and properties of initial components, stabilizing agents,
can estimate their role, predict conditions of nucleation and growth of the NPs at
each stage, thus constructing targeted nanomaterials.

Mechanical milling/ball milling
Lithography
Chemical etching
Thermal ablation/laser ablation
Explosion processes
Sputtering

Chemical/electrochemical precipitation
Vapor deposition
Atomic/molecular condensation
Sol-gel process
Spray pyrolysis
Aerosol processes
Thermolysis

Fig. 1.1 Schematic of various NP syntheses
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It should be noted the biosynthesis of nanomaterials, for example, the production
of nanoparticles under the influence of microorganisms, bio-templates, plant
extracts, etc. [91–95].

The most general kinetic principle of the NP formation is based on the combi-
nation of the high rate of the metal-containing phase origin and the low rate of its
growth. These fundamental kinetic parameters of the NP synthesis determine the
dimension of the formed NPs and are of particular importance for technology. The
developed interphase surface and the excessive quantity of surface atoms with
respect to the bulk material promote extremely high chemical activity of the NPs
formed [96–98]. This peculiarity is further enhanced in case of NPs with hollow or
porous core [99–102]. Therefore, “energy saturated” NPs which are formed under
strongly non-equilibrium conditions interact vigorously with the components of the
reaction medium. Sometimes such high chemical activity of the NPs is useful, but
more often one needs to solve the problems of their stabilization for safe storage
and transport. In this regard, the search for effective methods of chemical passi-
vation of the NPs is of particular importance. The stabilization of highly dispersed
and active particles is one of the basic problems in the physical chemistry of the
ultradispersed state based on the competition of formation and growth of produced
particles on one hand and stabilization of readily reacting particles on the
other [103].

Currently, various methods for stabilizing NPs are available [104]. In particular,
in order to stabilize and avoid aggregation of NPs, their surface is usually coated
with desired functional polymers or surfactants. The surfactant, while limiting the
particle growth, also plays important role in the nucleation process. Therefore, the
choice of the stabilizing agent maybe fundamental as it will influence the growth,
stability, and surface chemistry of the nanostructures that are of high importance for
any target application [105–107]. The various functional organic molecules
[108–110], surfactants [111], polymers [112], dendrimers [113, 114], ionic liquids
[115, 116], etc., are used for this purpose. For example, metal-containing NPs with
a core–shell structure (Scheme 1.1) in which polymers [117–122] can be used as
surface layers (shells) have become the objects of many studies.

Interest to metal-containing polymeric nanocomposites is caused by a unique
combination of properties of metal, metal oxide, and chalcogenide NPs, and by
mechanical, film-forming, and other characteristics of polymers with opportunities
of their use as magnetic materials for record and storage of information, as catalysts
and sensors, in medicine and biology [123–125]. The advantages of metal–polymer
nanostructures over other types of nanomaterials are based on the flexibility with
which their structures can be modified to produce materials of different composi-
tions, morphologies, sizes, and surface properties, with the possibility of hierar-
chical assembly of several nanomaterials of various components into one design.
The solution of the problem is facilitated in many respects by the high adsorption
capability of the NPs toward macromolecules. The full NP protection by polymers
is achieved due to the formation of structured adsorption-solvate layers, which
serve as structural–mechanical barriers preventing their aggregation [126]. The
aggregation stability of NPs is determined, on the one hand, by both the stability of
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such structures and their ability to recover, as well as the properties of the formed
nanocomposites, on the other hand. There are two basic approaches to the formation
of these hybrid structures [127]: grafting-onto method, in which the macro-
molecules of a polymer interact with a modified surface of a NP via their terminal
functional groups [128–130] and grafting-from method, in which polymer chain
propagation begins directly from the NP surface coated with the monolayer, which
contains a polymerization initiator [131]. The former method is very flexible
because different types of polymers and copolymers can be grafted, and thus, it can
be effectively used with large particles. However, in the case of very small NPs,
there is a high probability of grafting the polymer chain simultaneously to several
particles, which leads to the formation of clusters. In addition, the grafting-onto
method usually requires particles with a bare surface and is, therefore, most effi-
ciently adopted to stabilize particles during their nucleation phase. In order to obtain
a polymer shell, a NP surface is commonly modified with certain functionalities,
which are subsequently used to bind a polymer; in another case, the role of a
modifier is played by initiator molecules that are involved in graft polymerization
[132]. For these purposes, ROP (ring-opening polymerization) [133–136] and
various living radical polymerization methods, for example ATRP (atom transfer
radical polymerization) [137–141] are widely used, which allows the development
of polymer shells with homogeneous structures and controlled thickness.

As a typical example, we note surface modification of the NPs with hydrophilic
and biocompatible polymers such as polyethylene glycol (PEG), polylactic acid,
and poly(lactic-co-glycolic acid) (Scheme 1.2) [142]. The oleic acid (OA) and
oleylamine (OAm) moieties initially present on the NP surface are replaced with
other ligands that possess high affinity for the NP surface, provide direct solubility
in water, and expose functional hydroxyl groups. The hydroxyl groups have been
used both to initiate catalyzed ROP from the particle surfaces and coat the particles

Scheme 1.1 Proposed core–shell structure of the nanocomposite. Reproduced with permission
from Ref. [122]. Copyright (2012) John Wiley and Sons
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with a layer of polylactic acid or have been reacted with a powerful acylating agent
to form esters that can be used as initiators for ATRP polymerization. A notable
feature of the proposed strategy is that by appropriate selection of a ligand, particles
can be obtained that are soluble either in organic solvents (both non-polar and
highly polar) or in water, which allows for greater flexibility in the choice of
monomers and polymerization conditions. It should be noted that many polyelec-
trolytes, both anionic and cationic, were grown from the NP surface. With
pH-sensitive polymers, aggregation of the particles was caused by a change in pH
conditions, and in almost all cases, the aggregation behavior could be reversed by
switching back to the pH conditions that ensured the presence of charges on the
particle surfaces.

Polymer coatings of PEG, polyvinyl alcohol, and poly(acrylic/methacrylic acid)
are simple polymeric coatings for NPs [143]. These polymers are selected to pro-
vide stability by preventing agglomeration and enhancing the hydrophilicity of NPs
for waterborne applications. Typically, the coating process is carried out by sus-
pending NPs in solution with the polymer. However, grafting-through and
grafting-to techniques allow for a more unique polymer functionalization of NPs. It
is of interest to use poly(maleic anhydride) as a polymer coating for magnetic NPs.

Scheme 1.2 Scheme of procedure for the functionalization of magnetic NPs. Steps 1A and 1B:
ligand exchange reactions. Step 2: acylation of hydroxyl groups to obtain surface ATRP initiators.
Step 3A: surface-initiated ROP of L-lactide. Step 3B: surface-initiated ATRP. Step 4: deprotection
or additional reaction after polymerization. Step 5: grafting of the terminal functionalized PEG
chains onto the NP surface using amidation chemistry. Reproduced with permission from Ref.
[142]. Copyright (2007) American Chemical Society
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For example, this polymer was used to functionalize several NPs (Scheme 1.3),
including iron oxide NPs [144]. The binding of poly(maleic anhydride) to the
surface of NPs is due to the fact that the ring opening of the maleic anhydride
groups with amines generates a grafting point for the amide, along with the for-
mation of a carboxylic acid that can participate in aqueous and electrostatic inter-
actions. Addition of PEG, biotin and fluorescein together with long-chain
alkylamines to the polymer was carried out, which could then be used to coat the
NPs via hydrophobic interactions. In neutral water, carboxylic acid groups are
deprotonated, yielding particles of pure negative charge, which minimizes
aggregation.

Glycidyl methacrylate (GMA) is a promising choice for grafting-through and
grafting-to methodologies, as the epoxide can react with native –OH groups on the
outside of metal oxide NPs. For example, poly(methacryloxyethyl trimethylam-
monium chloride)-coated Fe3O4 NPs were produced by coating them with GMA,

Scheme 1.3 Scheme for synthesis of amphiphilic polymer and NP coating. The central column
shows the synthesis of an amphiphilic polymer. To the polymer backbone, poly(isobutylene-alt-
maleic anhydride) (top line), the alkylamine chains are linked by direct amidation between maleic
anhydride and an amino-ligand (middle line). In an additional step, the functional groups (drawn in
green) with an amino-terminal group are also linked to the polymer (bottom line). In the left
column, the amide linkage between amino ligands and anhydride rings is shown in detail. NPs
with a hydrophobic capping (right column, top line) are coated with an amphiphilic polymer by a
hydrophobic interaction between the alkyl chains of the polymer and the surfactant molecules at
the NPs (middle line). This works similarly for polymers with (bottom) and without (middle)
embedded functional molecules. Solubility in water is provided by opening the anhydride rings
(drawn in red) for the carboxylic groups (drawn in blue), which introduce a negative charge on the
surface of the particles and lead to electrostatic repulsion between the particles. Reproduced with
permission from Ref. [144]. Copyright (2008) John Wiley and Sons
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then polymerizing in solution the corresponding polymer and GMA with an azo
initiator [145]. It should be noted the synthesis of a polystyrene (PS) shell on
nanoparticles by polymerization with a reversible addition-fragmentation chain
transfer (RAFT) using 2-[(dodecylsulfanyl)-carbonothioyl] sulfanylpropanoic acid
as the RAFT agent [146]. The PS has carboxylic end groups that can undergo
ligand exchange with smaller ligands on iron oxide to yield NPs coated with a PS
brush. It is noteworthy that polymer brushes are efficient stabilizers at high grafting
densities [147] and lead to brush coated NPs with low aggregation behavior [148].
ATRP was used to grow polymer from chloropropionic acid-coated MnFe2O4 NPs
[149]. In this early case, the coating generated was PS. However, more interesting
coatings such as activated esters [124], antibacterial quaternary amines [150], and
poly-2-(dimethylamino) ethyl methacrylate (capable of gene delivery) [151] have
also been prepared. In particular, ATRP and click chemistry were combined to
make FA-functionalized NPs (FA is folic acid) that target tumor cells while
maintaining low immuno-recognition [152]. Other controlled polymerization
techniques like nitroxide-mediated polymerization (NMP) or ROP are also amen-
able to grafting-from polymerization for magnetic NP surfaces [153, 154].

Of interest are ferromagnetic magnetite nanocubes which were coated with
poly-2-(dimethylamino) ethyl methacrylate, a water-soluble, biodegradable, and
pH-responsive polymer, in order to produce good drug carriers with excellent
dispersity in biological buffer, low cytotoxicity, and controllable drug release [155].
The polymer coating was performed using ATRP.

The synthesis of nanomaterials described in the many studies is based on the
formation of NPs in polymeric matrix as reaction medium. The multistage synthetic
procedure usually involves the following sequential steps: The synthesis of the
proper polymeric support; addition of metal precursor into the polymeric matrix
either from the gaseous or from liquid phases (more rarely by mixing the com-
ponents in the solid phase); formation of NPs followed by the removal of undesired
(unbound) chemical products and solvents. However, many of these methods are
multistage and quite laborious.

Among the wide variety of existing ways for the nanomaterials preparation, the
thermolysis of their metal compounds is one of the simplest and most inexpensive
methods for preparing NPs with narrow size distribution, low crystalline defects,
and tunable shapes [1–7, 86, 156–179]. Thermolysis is known as general method to
synthesize a wide range of nanomaterials including metals (M), metal oxides
(MOs), metal sulfides (MSs), etc. Thermolysis technique is a chemical process in
which chemical precursors decompose under suitable thermal treatment into one
solid compound and unwanted by-products evaporate or can be removed by
washing with solvents. Thermolysis has a number of advantages, primarily related
to its economy and environmental friendliness [180, 181]. In addition, thermolysis
methods are very promising [182–184], since they allow to regulating the synthesis
conditions, particle size, and morphology, and also their purity [185–188]. Of no
small importance is the fact that thermolysis requires a short time and has high
yields, low cost, and low power consumption. Using thermolysis leads to the NPs
with various morphologies, for example, nanorods [189], nanoflowers [190],
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nanoplastics [191], and also provides the possibility of large-scale production [192,
193]. Therefore, it is considered as an easily accessible and economical way of
obtaining NPs of controlled sizes and shapes in large quantities [191, 194–196]. It
is important that thermolysis not only allows to avoiding special equipment,
complex technological processes, and heavy synthesis conditions, but also pro-
viding a good control of the composition, homogeneity, purity, phase, and
microstructure of the produced nanomaterials [197–212].

The synthesis of nanomaterials can be implemented by two main methods: “dry”
and “wet.” The dry method is characterized by the complete elimination of a solvent
from the technological process (Fig. 1.2). In the thermolysis without solvent, pre-
cursor decomposes at high temperature. The atmosphere of the reaction can affect
the type of NPs. For instance, MO NPs and metal NPs are formed in air and inert
atmosphere, respectively. The choice of the precursor is paramount in the dry
method of thermolysis. The thermolysis temperature of the precursor should not be
too high, since an increase in the reaction temperature results in the formation of
larger particles with a wide particle size distribution. During this procedure, some
other chemicals are also added to the system to produce the final product with the
desired morphology. Due to the poor solubility of the components, and in some
cases of their chemical instability, as well as the difficulties in the subsequent
removal of certain solvents, including environmental aspects, a “dry” process for
the production of nanomaterials is preferred.

Fig. 1.2 Schematic of the experimental setup for the thermolysis of a precursor
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The wet process is characterized by one component (or at least one stage of a
multistage process) used as a solution or dispersion in solution. Water or an organic
solvent is used as the solvent, the first being the best among all the decomposing
media. A remarkable advantage of the hydrothermal technology for the production
of nanomaterials is the preparation of monodisperse NPs with complete control of
their shape and size, as well as chemical homogeneity (Fig. 1.3) [65]. Thus, a
significant number of advanced nanomaterials, NPs, and nanocomposites with
conductive and semiconducting properties, including compounds of elements II–VI
and III–V groups, silicates, sulfides, hydroxides, tungstates, titanates, carbon, ze-
olites, ceramics, composites, etc., has been synthesized using a hydrothermal pro-
cess. Despite all the advantages, there are some disadvantages in hydrothermal
technology, such as low safety, high pressure, and temperature; in addition, there is
always the danger of an autoclave explosion [65].

Thermal degradation of precursor in organic solvents is another kind of ther-
molysis method (Fig. 1.4) [180]. Thermolysis in organic solvents is less aggressive
than dry method, because the associated decomposition rate is more controlled than
thermal treatment. In this method, to obtain more dispersed particles with a smaller
size, there are many parameters that can be optimized, such as solvent, reaction
temperature and time. To reduce the rate of thermolysis, some other chemicals, such

Fig. 1.3 Simplified process flow of a continuous hydrothermal flow synthesis type process for the
synthesis of NPs in an engineered mixer under high pressure. Reproduced with permission from
Ref. [65]. Copyright (2017) American Chemical Society
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as surfactants or capping agents, are used additionally. By reducing the rate of
thermolysis, the size, particle size distribution, and shape of the NPs are more
governable. According to this method, special NPs can be easily synthesized for a
specific application.

Regarding the critical role of thermal energy, various thermal sources, including
furnaces, lasers, ultrasonic equipment, electric discharge, microwave, plasma, and
many other thermal resources were used to decompose the precursors. For this
purpose, any individual method can provide uniform or temporary thermal energy.
Some thermal sources can even supply energy in picoseconds or nanoseconds in a
very small space.

For the synthesis of NPs by thermolysis, various types of chemical compounds,
including carbonyls, nitrates, carboxylates (such as acetates, oleates, oxalates,
phthalates), acetylacetonates, polymers, and complex coordination compounds are
suitable precursors. These precursors are able to decompose into solid substances,
NPs, and other volatile by-products. It should be noted that the choice of precursors

Fig. 1.4 Schematic diagram
of the experimental setup for
thermolysis: (1) surfactant/
reducer solution; (2) water
condenser; (3) water outlet;
(4) water inlet;
(5) thermometer; (6) tree-neck
flask; (7) precursor solution;
(8) oil bath; (9) heat control;
(10) speed control.
Reproduced with permission
from Ref. [180]. Copyright
(2017) Elsevier
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is an important step in the thermolysis method, since it determines the size of the
final particles and their size distribution.

Thermolysis usually requires metallic precursors with certain properties such as
high purity, easy handling, facile storage, non-toxicity, low temperature decom-
position [213–216]. Depending on the synthetic route chosen to convert these
precursors into nanomaterials, some additional properties are also required, such as
improved stability, solubility, or volatility. Bi- and multimetallic nanomaterials can
be prepared using either a mixture of precursors or a “single-source” precursor
(SSP) containing all the necessary elements in one molecule, the latter providing
better homogeneity at the molecular level. Nevertheless, then the correct stoi-
chiometry corresponding to the final materials is required. The use of precursor
chemistry makes it possible to control the chemical and phase composition, crys-
tallinity, morphology, porosity, and surface characteristics of the nanomaterials
obtained.

Some of the most important precursors are metal complexes [217–224]. It should
be emphasized that the central component of any successful synthesis of nano-
materials using thermolysis is the initial choice of metal complexes with a corre-
sponding ligand environment in combination with rational thermolysis conditions
[2, 6, 7, 97–101, 180, 225–227].

It is well known that in coordination chemistry, the ligand environment in metal
complexes determines their overall thermodynamic and kinetic stability. Among the
most well-known examples, mention should be made of chelating ligands that
provide thermodynamic stabilization of metal complexes by chelating or macro-
cyclic effect [228, 229]. Chelation is the type of binding of ligands to metal ions. It
involves the formation or the presence of two or more separate coordination or
coordination and covalent bonds between a polydentate (multiply connected) ligand
and one central metal atom. According to the classical definition, the chelate effect
is the enhanced affinity of the chelating ligands to the metal ion compared to the
affinity of a set of similar non-chelating (monodentate) ligands for the same metal.
Ligands that contain more than one binding site for the metal ion are called
chelating ligands (from the Greek word vηkή, chēlē, which means “claw”). As the
name suggests, chelating ligands have a high affinity for metal ions with respect to
ligands with only one binding group (called monodentate = “single tooth”) ligands.
The macrocyclic effect follows the same principle as the chelate effect, but the effect
is further enhanced by the cyclic conformation of the ligand. Macrocyclic ligands
are not only multidentate but also covalently bounded by their cyclic form, which
allows for less conformational freedom. It is believed that the chelating ligand is
“pre-organized” for binding, and to wrap it around the metal ion, there is a slight
restriction of entropy. The strategy of using chelating ligands helps in achieving
many of the aforementioned properties of the precursors.

The classification of metal chelates adopted in this monograph includes four
types of compounds: molecular metal chelates, intracomplex compounds, macro-
cyclic complexes, and polynuclear chelates of metals. In metal chelates of molec-
ular type, chelation of metal ions occurs only through coordination bonds. The
binding of the metal ion by both covalent and coordination bonds is characteristic
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for intracomplex compounds. Chelating of metals with ligands containing macro-
cyclic groups leads to macrocyclic complexes. Finally, polynuclear metal chelates
contain two or more metal ions and at least one of them must be part of the
metallocycle. In the future, metal chelates are classified depending on the nature of
the donor atoms (N,N–, N,O–, N,S–, O,O–, etc.).

The unquestionable advantages of metal chelates include the ease of synthesis,
stability with respect to moisture and atmospheric oxygen at room temperature,
safety, and in many cases more cost-effective than, for example, multicomponent
systems. In addition, good scalability and controllability of the process of obtaining
nanomaterials by means of thermolysis of metal chelates are also attractive.
Currently, coordination chemistry provides an extensive library of potential metal
chelates, which are regarded as precursors for nanomaterials. Possible roles of
chelating ligands in the preparation of nanomaterials by thermolysis of metal
chelates are as follows [180, 225–227]:

– regulation of kinetic and thermodynamic stability of precursors by metal
chelation,

– increase in colloidal stability by coordinating the chelating ligand with NP
surface,

– determination of the direction of growth of the nanocrystal into the targeted
forms by coordinating the chelating ligand with NP surface,

– use of a ligand as a reducing agent and/or a capping agent.

As an interesting example, we note the influence of the structure of the metal
chelate precursor on the characteristics of the produced NPs. In particular, the
change in the geometry of the precursor affects the morphology of NPs from
spherical to pyramidal when the precursor geometry changes from octahedral to
square pyramidal, respectively [230].

The growing interest in the thermolysis of metal chelates in the condensed phase
is associated with the possibility of obtaining a variety of materials possessing a
nanoscale spatial organization: Metal-containing particles form a core stabilized by
a polymer shell consisting of the chelating ligand decomposition products [5, 122,
181, 231–233]. This synthetic technique is an example of a bottom-up approach for
assembling NP from individual atoms (or ions and then reducing them) to an NP of
the required size in the presence of a precursor of a polymer stabilizing matrix. It is
important that the properties of the nanostructured materials obtained can be con-
trolled by changing the composition and properties of the metal chelate precursors
[234, 235].

The synthetic technique for obtaining nanostructured materials is often also
based on the thermolysis of metal chelates like SSP in a hot organic solvent with a
high-boiling point. It is important that this method does not require the use of a
reducing agent, which is one of the most attractive advantages of this approach. In
some cases, the solvent itself acts as a reducing agent depending on the elec-
tropositivity of the metal cation used. Very often, a surfactant is added to the
solvent to reduce the coalescence between the NPs, increasing their mutual
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repulsion. This method is widely used because it leads to a narrow NP size dis-
tribution and provides significant control over the shape of NPs for various metals
[25, 40, 180, 227, 236].

It should also be noted the use of precursors consisting of several metal chelates
for the purposeful synthesis of bi- and polymetallic nanostructured materials [34,
57, 237–239]. Despite the wide usage of such approaches, including two or more
precursors, they have significant limitations, since the formation of the targeted
nanomaterial often depends on the relative reactivity of each component, their
stability, etc.

In the field of hybrid materials science [240, 241], thermolysis is a challenging
technique for the manufacture of metal–polymer nanocomposites.

The use of concepts and methods for the chemistry of metal chelates provided
significant advances in the development of well-defined nanomaterials, indicating
the key roles of both metal chelates and stabilizing agents (polymers, dendrimers,
ionic liquids, ligands, etc.) in three main stages of nanostructure formation: release
of metal atoms, nucleation, and growth [242]. It is now recognized that the inter-
action between a metal chelate and a stabilizing agent can generate intermediate
complexes in a reactive medium that can change the course of the reaction. In
addition, the coordination of the chelating ligand on growing seeds is recognized as
an important factor affecting the growth of nanostructures. Finally, coordination of
the chelating ligand on the surface of nanostructures can cause a change in their
physical and chemical properties by adjusting the electron density and steric hin-
drances on their surface.

The idea that a metal surfactant complex can act both as the metal ion source as
well as NP protector opens up a new method for nanosynthesis while eliminating
the need for any stabilizing or capping agents.

It should be noted that the use of metallosurfactants as SSPs for the synthesis of
NPs is a relatively simple and highly effective way to high-quality crystalline
nanostructures with good yields. This “one-pot” synthetic route allows you to
effectively control the size and shape of the NPs by simply changing the reaction
conditions [243, 244]. Because metal-surfactant complex can act both as a source of
metal ions and as NP protector, this method for the synthesis of nanomaterials
eliminates the need for any stabilizing or capping agents.

In this book, we analyze all types of metal chelates used as precursors for the
fabrication of nanomaterials via thermolysis. In particular, of special interest are
polymeric metal chelates (PMCs), in which the metal is chemically bound to the
polymer, containing active chelating fragments. The characteristic features allowing
to reliably identifying PMCs as a specific class of chemical compounds are the
presence of the polymer chains and metallochelate cycles [245]. PMCs are a
promising field of coordination chemistry because of their specific properties and
high thermal stability in comparison with conventional polymeric complexes. In
addition, PMCs are located at the intersection of the border areas of science,
polymer, and coordination chemistry. The combination of metal chelates and
polymers in a single chemical facility is a rather complex path, where in each case it
is necessary to use their own methods of synthesis and research. PMCs are very
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interesting materials that combine typical polymer features with properties of metal
chelates. The polymer chain in PMCs allows them in many cases to behave like
ordinary macromolecular compounds, and the presence of a metal ion in the chain
is responsible for a number of properties characteristic of a given metal ion.

The extended hybrid crystalline complex compounds formed by organic ligands
(also called spacers) and metal ions expanding in one, two or three dimensions due
to the formation of a metal–ligand (M-L) coordination bond are called coordination
polymers (CPs) [246–253]. CPs refer to a special class of PMC containing a metal
in the backbone, the feature of which is the destruction of the polymer chain after
metal removal. For the first time, the term “coordination polymer” was used in 1964
[254]. In the first stage of the studies, CPs were obtained by simply mixing the
components or using a template method, resulting in insoluble substances whose
exact structure could not be determined. A great leap forward in the directed
synthesis of CPs was made in the 1990s due to the wide introduction of new
methods for the production of such materials, primarily the solvothermal method
[255, 256], which made it possible to obtain pure substances suitable for X-ray
investigation. Controlling the process of molecular self-assembly of CPs, it is
possible to obtain new crystalline functional materials with specified practical
properties. Because they contain large voids in the crystal structure, they were
called porous CPs or metal–organic frameworks (MOF). This term MOF was
popularized around 1995 [257, 258], and it highlights their similarity to traditional
structure of solids, in particular, zeolite framework materials, and thus characterizes
reliability and porosity. MOFs are characterized by an interesting architecture,
crystalline state, capable of surface modification and have potential applications in
the areas of storage of gaseous fuel, catalysis, magnetism, and separation. The
emergence of MOFs became a real outbreak in science and served as a powerful
catalyst for the intensive development of CP chemistry.

It should be noted the development of PMC studies as precursors of nanoma-
terials, since they serve not only as a starting material for the design of sizes,
shapes, and the chemical composition of the final product, but also for the stabi-
lization of the formed NPs [1, 2, 4, 6, 7, 123, 259–265]. In addition, the use of
PMCs makes it possible to obtain nanomaterials with low crystal defects, a narrow
size distribution, and tunable shapes under high-temperature thermolysis [156,
261]. From the point of view of designing functional nanomaterials, solid-state
thermolysis of PMCs with a wide variety of structures, compositions, and archi-
tectures provides a simple and efficient method for the synthesis of new nanos-
tructured materials. Of considerable interest is the development of many important
concepts, such as size distribution focusing, selective adhesion shape control, and
branching to describe the thermolysis process [3, 5, 261, 266]. Thermolysis of
PMCs under various conditions has been extensively studied for obtaining
metal-containing nanostructures with target morphologies and sizes [1, 2, 4, 6, 7,
123, 157, 158, 160, 259, 267–270]. It is important that various nanomaterials, such
as metals, metal oxides, metal sulfides, and metal halides, can be obtained using
PMCs or their precursors.
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Recently, a new approach has been developed [122], based on the use of metal
chelate monomers (MCMs) as precursors. These monomers contain metal chelate
cycle and multiple bonds to polymerization or functionality that may be involved in
the polycondensation [271–278]. It is important that the undoubted advantage of
MCMs is the increased stability compared to unchelated counterparts due to the
chelate or macrocyclic effect [258]. This method involves thermal polymerization
of the MCM with the formation of corresponding metal-containing polymer and its
controlled thermolysis, resulting in NPs with the structure “core–shell.” Thus, the
MCM polymerization and synthesis of metal NPs occur simultaneously during the
thermal transformation.

This book covers the major advances in the nanomaterials preparation by ther-
molysis of metal chelates and includes chapters devoted general characteristics of
the methods of thermolysis of metal compounds, thermolysis of low molecular
weight metal chelates and PMCs, the conjugate thermolysis—thermal polymer-
ization of MCMs and thermolysis of polymers formed in situ, as well as applica-
tions of nanomaterials prepared by thermolysis of metal chelates. We focused on
emphasizing achievements and problems in this interesting field, which will be
periodically filled with new experimental and theoretical results, thus creating a
complete pattern.
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Chapter 2
General Characteristics of the Methods
of Thermolysis of Metal Compounds

The study of thermolysis of metal-containing compounds can be carried out in
closed or open systems both under isothermal and non-isothermal conditions using
external and internal heating sources. Depending on the tasks, different approaches
allow controlling the degree of conversion and determining the choice of equipment
for the experimental study of thermolysis of compounds [1–14]. Weight (thermo-
gravimetry, TG) or volumetric (volumetry) methods are the most common.
Although the development of experimental facilities for the study of thermolysis
kinetics began in the first quarter of the twentieth century, the current state of TA
can be characterized as diverse and dynamic. In particular, improved tools, meth-
ods, and applications are constantly appearing on the market and in scientific
research. It should be noted that practically any compound in a solid, semi-solid, or
liquid state can be analyzed and characterized by thermal analysis (TA) methods. In
recent years, integrated (synchronous) devices have begun to appear that combine
several methods for analyzing the conversion of matter with automation and using
the capabilities of modern computers in a single approach. In this chapter, we will
consider the features of the basic methods used to study the kinetics of thermolysis
of metal-containing compounds.

Theoretically, various methods can be used to detect effects caused by a change
in temperature. All TA methods are based on measuring some characteristic of the
material (e.g., its weight, volume.) or on changing its behavior in comparison with
the reference substance. This, in turn, allows access to information about macro-
scopic theories of matter, including equilibrium and irreversible thermodynamics
and kinetics [1]. Although there are numerous analytical methods, they differ from
one another in measurable properties (Table 2.1).
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Table 2.1 Common TA methods and the properties measured

Method Abbreviation Measured characteristics Application

Common methods

Dielectric thermal
analysis

DEA Dielectric permittivity and
loss factor (dielectric
constant)

Phase changes, changes in
polymers

Differential thermal
analysis

DTA Temperature difference
versus temperature or time
(temperature difference
between the reference and
the tested compound)

Phase transitions
(temperature and heat) and
chemical reaction (heat
capacity)

Differential
scanning
calorimetry

DSC Heat flow changes versus
temperature or time
(enthalpy)

Phase transitions
(temperature and heat) and
chemical reaction (heat
capacity)

Dilatometry DIL Volume changes with
temperature change

Progress of chemical
reactions, the rate of phase
changes, thermal
expansion

Dynamic
mechanical analysis

DMA or
DMTA

Measures storage modulus
(stiffness) and loss
modulus (damping) versus
temperature, time and
frequency (deformation)

Glass transition
temperature of the material
and its composition

Evolved gas
analysis

EGA Analysis of gases evolved
during heating of a
material, usually
decomposition products

Thermal degradation
processes (oxidation,
thermolysis), chemical
reactions, characterization
of starting materials and
end products

Laser flash analysis LFA Thermal diffusivity and
thermal conductivity

Progress of chemical
reactions, characterization
of starting materials and
end products

Thermogravimetric
analysis

TGA Weight change versus
temperature or time

Phase destruction,
dehydration, oxidation

Thermomechanical
analysis

TMA Dimensional changes
versus temperature or time
(deformation)

Mechanical changes,
deformations

Thermo-optical
analysis

TOA Optical properties Phase changes, surface
reactions, color changes

Specific methods

Synchronous thermal analysis Combines two or more methods of sample investigation

Thermal analysis with a specified
process rate

The rate of the change of sample properties is maintained
constant
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2.1 Thermogravimetric Methods

Various chemical changes (e.g., thermal decomposition, oxidation.) and some
physical processes (desorption of solvent or water, evaporation, sublimation, etc.)
can occur when the substance is heated with subsequent changes in the weight of
the sample. The study of these processes is the task of thermogravimetric analysis
(TGA). TGA is the TA method in which changes in the physical and chemical
properties of substances are measured with increasing temperature (with a constant
heating rate) or with time (constant temperature and/or constant weight loss). TGA
provides information on physical phenomena such as second-order phase transi-
tions, including evaporation, sublimation, adsorption, and desorption, as well as
chemical phenomena, including chemisorption, desolvation (especially dehydra-
tion), decomposition, and solid–gas reactions (e.g., oxidation or reduction).

TGA is based on a high degree of accuracy in measuring the weight and tem-
perature as a function of time. Therefore, the main instrumental components of the
TGA are the exact balance, the pan loaded with the sample, and the programmable
furnace (Fig. 2.1). The furnace can be programmed either for a constant heating
rate, or for heating, which allows you to obtain a constant weight loss with time. In
addition to controlling the temperature of the sample, it is also important to monitor
its environment (e.g., the atmosphere). Measurements can be carried out in the air
or under an inert gas (e.g., nitrogen or helium). Modern thermobalance continu-
ously (automatically) determines the change in sample weight (Dm) as a function of
time or temperature. TGA is a traditional non-isothermal version of the linear
heating method. Several experimental factors, such as the heating rate and furnace
atmosphere, furnace geometry and sample holder, the speed of the recording device,
the amount of sample, the particle size, the heat of reaction, the compactness of the
sample, affect the course and nature of the TGA curves.

Measurements of changes in the weight of the sample with temperature are
carried out using a thermobalance, sometimes called a thermogravimetric analyzer
[8, 15]. Thermobalance consists of a suitable electronic microbalance, furnace,

Fig. 2.1 Schematic principle
of TGA measurement
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temperature programmer, and computer for control, which allows you to simulta-
neously weigh and heat or cool the sample, as well as obtain data on weight, time,
and temperature. The balance should be in a properly closed system so that the
nature and pressure of the atmosphere around the sample can be controlled.

When heat is applied to the sample, processes accompanied by a change in
enthalpy can occur, which is not necessarily related to changes in weight (crys-
tallographic changes, melting, etc.) [16]. These processes are the subject of a dif-
ferential thermal analysis (DTA) study in which the temperature difference between
a sample and a reference material is controlled in time or temperature, while the
temperature of the sample in a given atmosphere is programmed. The principle
involves measuring the potential difference between two thermocouples in the test
sample and a thermally inert material in a bridge circuit with a galvanometer as
zero-instrument (Fig. 2.2). The deflection of a galvanometer, which is proportional
to the temperature difference between the sample and the reference material, is
plotted against the temperature. This curve is a differential thermoanalytic curve.

In addition to X-ray and spectroscopic methods, TA measurements make it
possible to obtain a more complete characterization of the substance by studying the
thermally induced mechanisms of decomposition [18–20].

In particular, it was found that the thermal behavior of azomethine metal chelates
is determined by the nature of the metal, the composition and structural features of
the chelating ligands, the nature of the metal–ligand bond, and, in general, the
stability of the metal chelate [21–23]. Here, we carry out a comparative analysis of
various azomethine metal chelates to determine the influence of the ligand envi-
ronment on their thermal stability. The thermal characteristics of azomethine metal
chelates are given in Table 2.2.

As expected, the thermal stability of azomethine metal chelates depends on the
type of chelating ligand. For example, among nickel chelates Ni1–Ni4, the fol-
lowing regularities can be noted. Firstly, the melting point is the maximum for the

Fig. 2.2 Block diagram of
DTA. Reproduced with
permission from Ref. [17].
Copyright (2011) Springer
Nature
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Ni4 chelate; secondly, the temperature of the onset of decomposition increases in
the series Ni3 < Ni2 < Ni1 < Ni4; and, thirdly, the weight loss at 1073 K is
minimal for the Ni4 chelate. This allows us to conclude that the metal chelates Ni1
and Ni4 based on tetradentate azomethine ligands are much more stable than the
metal chelates based on bidentate azomethines, and the introduction of allyl frag-
ments into the aldehyde and amine parts leads to a significant decrease in the
melting point. It should also be noted the thermal behavior of the Ni4 chelate: up to
663 K, an increase in weight is observed at 3.6%, which, apparently, is due to the
oxidation process; at 723 K the sharp drop in weight continues to 31%, then this
process slows down, and at 1073 K, the weight loss is 43%.

Ni1
Ni2

Ni3 Ni4

Table 2.2 Thermal properties of azomethine chelates

Chelate Temperature, K Weight loss in full
decomposition, %Melting Decomposition

onset
Decomposition
at 50%

Decomposition
end

Ni1 —a 623 663 1023 70.8

Ni2 —a 498 708 1013 62.5

Ni3 365.8 593 663 823 79.9

Ni4 638.2 653 – 1053 35.7

Cu1 498 543 – 1033 40.4

Cu2 450 463 565 973 67.8

Cu3 383 598 – 963 45.8

Cu4 413 373 – 973 47.4

Cu5 518 533 695 933 60.2

Cu6 – 558 993 1053 53.3

Cu7 – 538 1053 1063 50.1

Cu8 – 473 – 1003 46.0

Cu9 561 473 675 893 68.9

Cu10 591.3 603 648 1003 84.6

Cu11 – 483 – 1013 37.0

Co1 411.1 596 – 833 48.8

Co2 624.9 628 – 1003 35.2

Co3 464 493 – 973 42.7
aPrior to the decomposition onset the melting is not observed
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Similar results were obtained in the study of copper azomethine metal chelates.
For example, the Cu1 chelate based on the tetradentate ligand has the highest
melting point. It is important that the introduction of alcohol fragments into the
amine part of the Cu2 chelate leads to a decrease in the melting point. In addition,
heterometallic complexes based on chelates Cu3 and Cu4 are less stable and
already begin to melt at 383 and 413 K, respectively (see Table 2.2). It should be
noted that in the case of Cu6–Cu9 and Cu11 chelates, the introduction of methyl-
and methoxy-groups in the phenyl ring lowers the melting point from 495 to 464 K.
For chelates Cu9 and Cu10, the introduction of alkoxy-groups in the benzene rings
of amine fragments also results in a decrease in the melting point in comparison
with unsubstituted analogs.

Cu1
Cu2 Cu3 Cu4

Cu5 Cu6
Cu7

Cu8

Cu9

Cu10
Cu11

In most cases, copper chelates are more heat resistant than nickel chelates: for
them, weight loss at 773 K, as determined by TA, is not more than 50% by weight
(Fig. 2.3) [22].

Cobalt chelate Co1 is a stable substance up to 473 K and its weight loss is
21.8% to 583 K, then the process slows down, and the total weight loss resulting
from thermolysis to 1073 K is 48.8%. The melting peak corresponds to 411.1 K
with heat absorption of 50.67 J g−1, and at 596.2 K an exothermic process is
observed with heat absorption of 258 J g−1. Above 823 K, the chelate decomposes.
Among the studied cobalt chelates, Co2 is the most stable: Its melting point is
624.9 K, and the loss of Co2 during thermolysis to 1073 K is only 35.2% (see
Table 2.2). As in the case of nickel chelates, allyl substituents reduce the melting
point in comparison with aryl substituents. It should be noted that the Co2 chelate,
based on the tetradentate salen ligand, has a significantly higher melting point
(>573 K) as compared with chelates of bidentate ligands.
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Co1 Co2 Co3

With programmable heating rates, concepts such as the temperature of the onset
of decomposition, the decomposition stage, the temperature ranges of stability of
intermediate compounds, which are the kinetic characteristics of the process, are
important [24, 25]. Taking into account the peculiarities of exo- and endothermic
reactions, as well as the influence of heat transfer parameters (heat transfer coef-
ficient, heating rate, reaction heat, sample weight, etc.) allows us to conclude that
the method used to determine the kinetic data is correct.

The development of DTA in the direction of increasing the accuracy of the
quantitative determination of thermal effects led to the development of TA method
called differential scanning calorimetry (DSC) [26–28]. The main difference
between DTA and DSC methods is that the former measures the difference in
temperature, while the second, in principle, allows measuring the change in the
enthalpy of chemical reactions [29]. DSC is a method in which the difference in
heat flow rate in a sample and a reference material is measured. It provides a simple
way to obtain thermodynamic parameters of chemical compounds, in particular,
free Gibbs energy, enthalpy, and entropy.

Simultaneous TA involves the use of TGA and DSC to the same sample in a
single instrument. It is important that the test conditions are absolutely identical for

Fig. 2.3 TGA data for
azomethine copper(II)
chelates [22]
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the TGA and DSC signals (the same atmosphere, gas flow rate, sample vapor
pressure, heating rate, thermal contact with crucible and sample sensor, radiation
effect, etc.).

TA approaches, including TGA/DTA and DSC, are becoming increasingly
important for the study of kinetic and thermodynamic parameters, as well as the
thermal stability of metal chelates [6, 7].

As a typical example, let us consider binuclear complexes of La(III), Ce(III), Pr
(III), and Nd(III) ions with N-phenylanthranilic acid (L) of the general formula
Ln2(L)5(OH)∙nH2O [30]. The detailed TG/DTG–DSC analysis (Fig. 2.4) made it
possible to obtain information on the thermal behavior of these binuclear com-
pounds in an atmosphere of nitrogen and air. In particular, TGA indicates that
thermolysis processes are multistage, and dehydration is the first stage of ther-
molysis. The calculated enthalpies of dehydration are low for all the complexes
studied; thus, it can be concluded that the dehydration is connected with the release
of weakly bonded water molecules. It is important that the thermal stability and the
thermolysis mechanism of these compounds depend on the nature of the metal ions
and the atmosphere used.

Fig. 2.4 Simultaneous TG/DTG–DSC curves of the compounds in N2: a La–L, b Ce–L, c Pr–L,
d Nd–L and in air: e La–L, f Ce–L, g Pr–L, h Nd–L. Reproduced with permission from Ref. [30].
Copyright (2017) Elsevier
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In another interesting example, the simultaneous TG/DTG–DTA method was
used to analyze the thermolysis of cobalt(II) complexes with 2,2′-dipyridylamine
(L) and substituted salicylaldehyde ligands (X-saloH, where X = 5 − NO2, CH3,
Br, and Cl) with the general formula [Co(X-salo)2(L)] in an inert atmosphere [31].
It turned out that their thermolysis pathways are of a multistage nature, accompa-
nied by the release of molecules of the salicylaldehyde ligand. In addition, the
thermolysis kinetics analyzed using Vyazovkin’s advanced isoconversional method
and associated with the elimination of ligand molecules in the 473–673 K range
confirmed the stability order estimate obtained only on the basis of thermolysis
temperatures. It is important that the comparison of the TG/DTG–DTA curves
showed a significant effect of the nature of the substituent at the 5-position of both
salicylaldehyde rings on the thermal behavior of the tested complexes.

Of great interest is the connection of TGA with chemometrics as a new ana-
lytical tool using TA for the characterization of metal compounds [32]. This
approach includes a multivariate statistical analysis of the TG curves, which allows
one to identify significant differences in the thermal profile of the test sample. In
some cases, small sample-to-sample differences may cause very small differences in
TG profile. This means that the resulting TG data depend simultaneously on more
than one variable and, therefore, are multidimensional. Therefore, chemometric
approach based on multifactor analysis becomes very useful.

2.1.1 Volumetric Methods

Volumetric methods are used to study the early stages of thermolysis and to detect
the decomposition of a small amount of matter. Evolved gas analysis (EGA),
including the study of the dependence of the volume of the evolved gas [V(t)], can
be carried out either discretely or continuously. The main disadvantage of
manometers is a direct contact of evolved gaseous products, which can be chem-
ically aggressive, with corrosive metal parts and mercury, is. Therefore, it is more
attractive to use manometers, such as a glass membrane, where there are no metal
parts. They have a short response time, which allows one to study the rates of fast
processes in a closed reactor space using a Bourdon membrane-type manometer
(Fig. 2.5). The evolution of gas during thermolysis occurs in a self-generated
atmosphere (SGA). The reaction volume proceeds under static isothermal condi-
tions and is completely thermostatic. The pressure created in the reaction chamber
deforms the membrane 1 and this causes the bend rod 3 to flex to it. If the com-
pensating gas is supplied to the compensation chamber through the valve 8 at a
pressure equal to the pressure of the gases released from the sample, the rod 3
returns to its original position, which is detected by the pointer 4.

This reactor, made of quartz glass and having a sealed reaction chamber, is
suitable for studying the kinetics of thermolysis of metal compounds at sufficiently
high temperatures (1270–1470 K) under completely isothermal conditions, as well
as for analyzing and interrupting gas evolution at any stage of thermolysis.
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The number of moles of the evolved heated gas (nexp), reduced by the number of
moles (nR) of gas released at room temperature (Tr), is found from equation:

nexp=nP ¼ ðVexp=VPÞðTr=TexpÞ ð2:1Þ

Typically, the reactor is constructed in such a way that the ratio of the heated
volume (Vexp) to the total volume of the reactor (VR) is 1–5%.

Recently, this method was called RAPET (Reaction under Autogenic Pressure at
Elevated Temperature) [33] . This method has a number of significant advantages, as
it is a simple, reproducible, effective, safe, non-aqueous approach without the use of
templates, surfactants, or solvents. In addition, it allows the production of
well-crystalline, stoichiometric materials with high yields and is applicable to haz-
ardous or carcinogenic materials (e.g., carbonyls) with the prospect of scaling up to
mass production. RAPET is not an analog of the solvothermal process, since a
complete thermolysis of the chemical takes place, and then a nanomaterial is formed.

Fig. 2.5 Schematic diagram
of the reaction vessel with a
Bourdon manometer for
kinetic measurements. (1)
Quartz crescent-shaped
membrane, (2) tested
compound, (3) rod, (4) zero
indicator (zero reader), (5)
vacuum valve, (6) recording
mercury manometer, (7)
valves, (8) compensating gas
inlet, (9) pumping out, (10)
high-temperature thermostat,
(11) vacuum sealing-off
position, (12) position of the
reaction vessel relative to the
thermostat in the
non-isothermal scheme
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For example, the RAPET method was used to fabricate magnetic NPs with or
without using an external high magnetic field (10 T) [34].

A continuous real-time analysis of the weight loss and gas evolution can be
obtained by combining mass spectrometry with thermogravimetry (TG-MS) [35–
40]. One of the advantages of the TG-MS method is that it avoids the multistage
preparation of the sample and provides more detailed information on the decom-
position of metal complexes by identifying fragment ions at different temperatures
[41, 42].

In a typical example, the EGA-MS method was used to determine the ther-
molysis steps of the Cd(II), Mn(II), and Zn(II) biomimetic complexes with the 1,1-
diaminobutane-Schiff base [43]. EGA-MS confirmed the release of two water
molecules by detecting fragments at m/z = 17 and 18 (Fig. 2.6, left) regardless of
the nature of the atmosphere (air or Ar). The presence of fragments at m/z = 28 and
29 (see Fig. 2.6, left) and the calculated percentage weight loss indicate a rupture of
the ligand ring (Fig. 2.6, right), and a temporary subsequent rearrangement. The
final thermally induced step leads to the complete decomposition of the residual
compound to produce a metal oxide.

In another interesting example, the EGA-MS method was used to characterize
metal complexes with a polycarboxylate ligand, imidazole-4,5-dicarboxylic acid
[44]. This method allowed to confirming for the complexes the expected stages of
thermolysis, calculated by the percentage weight loss. In particular, only peaks with
m/z = 18 (H2O

+) and m/z = 17 (OH+) were detected in the temperature range 473–
543 K, which confirms the release of water molecules. In the temperature range
corresponding to the second main stage of thermolysis, m/z = 46 (HCOOH+) and
m/z = 29 (H2CNH

+) were found, which are caused by the rupture of the imidazole
ring. EGA, associated with the fourth and final stage of thermolysis, showed
fragments that are characteristic for the release of CO2 due to the decomposition of
the metal carbonate to the metal oxide. Based on the results of TA and EGA, the
general decomposition mechanism for all complexes, irrespective of the metal ion,
is graphically generalized in Fig. 2.7.

Fig. 2.6 (left) Evolved gas analysis by mass spectrometry: m/z traces as a function of the
temperature, (right) General thermolysis mechanism of complexes with N,N′-bis
(2-hydroxybenzylidene)-1,1-diaminobutane ligand. Reproduced with permission from Ref. [43].
Copyright (2017) Springer Nature
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It should be noted the use of the EGA-MS method to describe the thermolysis of
the Co(II), Cu(II), and Ni(II) complexes with the 2-aminomethylbenzimidazole
(L) ligand (Fig. 2.8, left) [45]. Their thermolysis is based on three main stages. In
the temperature range 403–453 K, m/z = 36 was detected for chloride complexes,
which corresponds to the release of HCl, while m/z = 79 (HBr) was detected for
bromide complexes. Thus, the first thermally induced process is the removal of the
anion. In the temperature range corresponding to the second main stage of ther-
molysis, ions with m/z = 118, 91 and 63 were detected, as expected for the typical
fragmentation of the benzimidazole molecule. At the last stage of thermolysis,
metal oxide forms.

The possibility of online combination of TA with Fourier transformation infrared
(FTIR) or MS spectroscopies makes it possible to correctly characterize the ther-
molysis stages [46–52] and propose its mechanisms for metal complexes [53, 54].
This method can also be used to conduct additional analysis of the released gases
during the thermal treatment of polymers, which facilitates the determination of the
structure and composition of polymeric metal complexes. In particular, EGA during
thermolysis of PMCs based on thiourea–formaldehyde resin was conducted for
thermolysis up to 1073 K, using both online TG-FTIR and simultaneous TG-MS
[55]. The total weight loss resulting from thermolysis of PMC-Cu(II) at 1043 K was
73.26, and 44.02% of the initial weight was lost at 498–598 K. Based on the results
of TG-FTIR-MS, the main volatile products obtained during thermolysis were
carbon disulfide (CS2), ammonia (NH3), sulfur dioxide (SO2), carbonyl sulfide
(COS), hydrogen cyanide (HCN), cyanamide (H2NCN), and isothiocyanic acid
(HNCS). Comparison of the results obtained with TG-FTIR and TG-MS methods
indicate some differences due to the change in residence time caused by experi-
mental devices and the uncertainty of some gases with FTIR, such as H2 and Cl2.

Fig. 2.7 Scheme of the mechanism of thermolysis of the analyzed complexes. Reproduced with
permission from Ref. [44]. Copyright (2014) Elsevier
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Of interest are the 3D contour maps of the IR spectra of the thermolysis products
(Fig. 2.9a) and IR spectra made at different temperatures for the gaseous products
evolved during the thermolysis of the neodymium complex with N-phenylanthranilic
acid in nitrogen atmosphere (Fig. 2.9b) [30]. In the temperature range of 303–423 K,
onlym/z17 and18 (see Fig. 2.9a) are detected corresponding to the release ofOH+and
H2O

+ species. The FTIR spectrum recorded at 361 K shows characteristic bands at
3550–3200, 1630–1600, and 600–400 cm−1 which correspond to asymmetric and
symmetric O–H stretching, and HOH bending and rotational oscillations of water
molecules, respectively. Thus, the first step of thermolysis corresponds only to the
removal of water molecules.

2.1.2 Linear Pyrolysis Method

Linear pyrolysis (LP) is a stationary one-dimensional propagation of the reaction
front of thermolysis in a condensed matter, when heat is supplied from an external
source [56]. Depending on the relationship between the parameters, LP can occur in
either of two modes: kinetic, when the pyrolysis macrokinetics coincides with the
true kinetics of decomposition and Eeff � Etr or the regime of internal diffusion

Fig. 2.8 (left) Structure of complexes; (right) EGA-MS m/z traces for the (a) first [(1) bromide
complexes and (2) chloride complexes], (b) second, and (c) third [(3) TGA nitrogen flow and (4)
TGA air flow] thermolysis steps of complexes as functions of temperature. Reproduced with
permission from Ref. [45]. Copyright (2017) Springer Nature
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(with heating), when Eeff � Etr/2. The development of this method was caused by
the need to study the kinetics of fast high-temperature processes in condensed
media, where transition from one temperature region to another is accompanied by
a change in the rate-limiting step of the reaction.

The principle of operation of the devices based on LP-method (Fig. 2.10) is that
a sample of the test compound is constantly pressed upon the surface of the heating
plate at a constant temperature. During the experiment, the surface temperature of
the heater (T0) and the migration rate of the sample (U) equal to the linear rate of
decomposition are recorded. When the LP rate associated with the experiment
parameters is below a certain limiting value (as is true for most real conditions), the
surface temperature of a hot sample can be considered to be T0 without significant
errors. For a condensed substance with low thermophysical characteristics, the LP is
fast enough.

Fig. 2.9 EGA-FTIR for the
Nd(III) complex in a nitrogen
atmosphere: a a stacked plot
of the FTIR spectra of the
evolved gases; b FTIR spectra
of the evolved gases formed
at different temperatures
(m—stretching vibrations,
p—deformation out-of-plane
vibrations). Reproduced with
permission from Ref. [30].
Copyright (2017) Elsevier
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Under conditions of low heat exchange with the environment, its rate is deter-
mined (for a zero-order reaction) by the Merzhanov relation [56]:

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ak0RT2

S expð�E=RTsÞ
E½ðTs � T0Þ � Q=2c�

s
ð2:2Þ

where a and c are the temperature conductivity and the heat capacity of the com-
pound, respectively, k0 is the pre-exponential factor in the Arrhenius equation, Ts is
the temperature of the environment and of the opposite surface of the sample, Q is
the reaction heat.

2.1.3 Thermolysis Induced by High-Energy Radiation

The thermal methods considered above are based on external heating of the test
sample. High-frequency (HF) electric field can be used as an alternative heating
source [57–61]. The essence of the HF method is that, on the one hand, polar
groups and fragments of the organic parts of metal complexes (dielectric material)
placed in an alternating electric field are oriented in accordance with a change in its
polarity. On the other hand, thermal motion, as well as other groups and molecules,
hinder such orientation. The energy expended in overcoming the disorientation of
the material dissipates in the material and heats it. The intensity of heating increases
with increasing frequency and electric field strength. The main advantage of HF
heating is that the heating occurs without contact throughout the entire volume of
the test sample.

Fig. 2.10 Schematic diagram
for LP. (1) Heater plate,
(2) conducting planes,
(3) current lead,
(4) thermocouple, (5) sample,
(6) sliding piston, (7) ring
loads, (8) guide bar,
(9) photodiode block for
process rate recording,
(10) control and heater plate
temperature recording block,
(11) computer block with a
monitor, (12) massive vinyl
plastic plate, (13) cover
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A promising approach is the thermal treatment of metallopolymer materials
under the action of lasers or accelerated electrons [62].

2.1.4 Spray Pyrolysis

By its nature and design, spray pyrolysis differs from the methods described above.
This is an aerosol process, which is an effective alternative method for obtaining
metallic and oxide NPs, ceramics, nanostructured materials [63, 64]. Widely used
are ultrasonic, laser and plasma pyrolysis, as well as flame spray pyrolysis [65–67].
The method of aerosol spray pyrolysis is a promising strategy for increasing both
surface area and crystallinity, which ensures consistent, easy, and large-scale pro-
duction of nanomaterials [68–74].

Spray pyrolysis includes five main stages. In the first stage, the liquid precursor
is sprayed using an appropriate droplet generator. It is interesting to note that under
certain conditions it is possible to observe processes of self-assembly caused by
evaporation or the formation of micelles, which leads to highly organized structures
[75]. Then, it is followed by spray transport with air or an inert gas stream during
which the solvent evaporates. The next step is the precipitation of the solute after
the critical limit of supersaturation is reached in the drops. A combination of sol–gel
synthesis and spray pyrolysis methods is rarely used. The main stage is the ther-
molysis of the precipitated substance, leading to nanoporous particles, followed by
their calcination to obtain dense materials. The process of extracting particles from
the gas stream completes the process. The methods of gas-particle conversion and
liquid–solid-phase transformations with subsequent thermolysis and grinding have
advantages related to the purity of the resulting material, its homogeneous chemical
composition, the narrow particle size and shape distribution, the ability to syn-
thesize multicomponent systems, the simplicity and scalability of the process.

Although some stages of spray pyrolysis [76] continue to develop (e.g., the
formation of droplets [77], evaporation and drying [78], spraying through various
devices—sprays, atomizers, ultrasonic generators, etc.), there is still no deep
understanding of the effect of changes in reaction conditions (concentration, flow
rate, evaporation–precipitation stage of thermolysis) on the mechanism and the
possibility of controlling the uniform formation of NPs. By now, it is generally
accepted that temperature has the most significant effect on the formation of
nanocrystals. It should be noted that nanocomposites based on metal oxides
obtained by spray pyrolysis are described in sufficient detail (see, for example,
[79–86]).

Depending on the state of the precursor (based on water, solvent, or vapor) and
the conditions of thermolysis, the methods for the synthesis of flame aerosols is
divided into three general groups [87, 88]: (a) the synthesis of an aerosol flame with
a vapor phase (VAFS) into which a metal precursor is supplied in the form of vapor,
such as SiCl4 and TiCl4, for the manufacture of the most advanced ceramic products
[89]; (b) flame aerosol spray pyrolysis (FASP), where the feed is supplied in a state
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with a low enthalpy (<50% of the total thermolysis energy), usually in an aqueous
solvent, and therefore an auxiliary hydrogen or hydrocarbon flame is necessary for
its combustion [90] and (c) flame spray pyrolysis (FSP), where the precursor is also
in liquid form, but with a significantly higher combustion enthalpy (>50% of the
total energy of combustion), usually in an organic solvent [91]. FSP, which is the
youngest of the three processes, has important technological elements such as
self-sustaining flame, the use of liquid feeds and less volatile precursors, proven
scalability, high-temperature flame and large temperature gradients. It has also been
most actively used in the recent years for the production of complex and functional
nanomaterials [92–96]. As a typical example, we note FSP synthesis of nanos-
tructured ZnO (particle diameter 10–20 nm), which can be represented by a
schematic diagram (Fig. 2.11) [97, 98].

FSP allows the production of nano-oxide powders from highly volatile gaseous
metal chlorides that decompose/oxidize in a hydrogen–oxygen flame [94, 99–104].
However, products derived from the FSP vapor-phase process are limited to Al, Ti,
Zr, and Si oxides from their metal chlorides.

Interest in the production of more complex materials required a new method-
ology called liquid-feed flame spray pyrolysis (LF-FSP) [105–107]. LF-FSP
method can be used to produce mixed and single MOs easily from low-cost starting

Fig. 2.11 A scheme of FSP (a) and a view of the high-temperature stream reactor (b)
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materials in a single step without forming harmful by-products [104, 108–110].
A LF-FSP device has five parts: aerosol generator with fluid feed and reservoir,
cylindrical quartz combustion chamber, Y-shaped quartz tube, four wire-in-cylinder
(electrostatic precipitators) connected in parallel–series, and exhaust piping
(Fig. 2.12).

Typically, the solvent acts as a fuel, so ethanol or other “inexpensive” alcohols
are used to dissolve the precursors. The oxygen/alcohol aerosol undergoes rapid
combustion for milliseconds, oxidizing all organic components at temperatures up
to 2273 K, leaving only the MOs in the gas phase [111]. The formed particles form
clusters and, finally, particles up to 100 nm in size, as shown in Fig. 2.13.

As a typical example, we note the preparation of submicron-sized mesoporous
nickel ferrite (NiFe2O4) spheres by an aerosol spray pyrolysis method using
Pluronic F127 as a structure-directing agent (Fig. 2.14) [112].

It should be also noted that spray pyrolysis has been applied to deposit a wide
variety of thin films [113, 114]. Thin-film deposition, using the spray pyrolysis
technique, involves spraying a metal salt solution onto a heated substrate
(Fig. 2.15). Droplets impact on the substrate surface, spread into a disk-shaped
structure, and undergo thermal decomposition. The substrate surface temperature is
the most critical parameter as it influences film roughness, cracking, crystallinity,
etc.

Of interest is ultrasonic aerosol pyrolysis (USP), widely used for the synthesis of
the nanomaterials, especially metals and metal oxides, various morphologies
[115–121]. It is important that higher reaction temperatures give a larger APS,
which increases coalescence and NP growth [122]. NPs exhibit depressive melting
points in comparison with their bulk analog, which is another important factor for
the fusion and growth of the particles [123, 124]. The range of materials that can be
obtained with ultrasound is dramatically increased due to the diversification of
precursors with the inclusion of solid-phase reactants, such as metal acetates
[125, 126]. Control over the particle size and aggregation state in the aerosol can be

Fig. 2.12 Schematic of LF-FSP device. In spray head, purple, orange, and blue correspond to
auxiliary oxygen, ignition torch, and aerosol generator, respectively
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Fig. 2.13 Formation route of a single phase ceramic via LF-FSP

Fig. 2.14 Synthesis of NiFe2O4 via LF-FSP. Reproduced with permission from Ref. [112].
Copyright (2014) American Chemical Society
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achieved by a reasonable choice of process parameters [127–132]. The crystalline
phase, the degree of oxidation, the morphology and size of particles strongly
depend on the synthesis process and, in addition, the precursor used for metallic
NPs [133]. USP technology has shown better control over the synthesis of nano-
materials, leading to target dimensions, spherical morphology, and high purity
[134–138].

2.1.5 Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a chemical process used to produce high
quality, high performance, solid materials, as well as thin films [139–142]. In typical
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 targeted
material (Fig. 2.16) [143]. Frequently, volatile by-products are also produced,
which are removed by gas flow through the reaction chamber.

In the CVD process, solids are grown in the form of polycrystalline, epitaxial, or
amorphous films, depending on the materials and conditions of the reactor [144,
145]. The CVD process is determined by chemical reactions on the surface and in
the gas phase, so parameters such as temperature, pressure, input concentration and
reaction flow rate, substrate material, morphology and coating material, thickness
and uniformity of the film, availability of precursors, and their cost are important
[146, 147].

The principle of the CVD process includes the following consecutive stages:

(1) The precursors are transported in the gas phase, in which gas-phase reactions
occur;

(2) Adsorption and transport of precursors on the surface;
(3) Supply of energy (thermal, plasma, light) for the destruction of precursor

molecules and the formation of a film;

Fig. 2.15 Schematic diagram of spray pyrolysis equipment. Reproduced with permission from
Ref. [113]. Copyright (2017) American Chemical Society
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(4) Transportation and desorption of by-products from the surface;
(5) Transport of the gas phase and evacuation of by-products in the gas phase

[148].

As a typical example, the reaction pathways for the fragmentation of the
ruthenium chelate molecule with trifluoroacetylacetone are shown in Fig. 2.17
[149], of which the following conclusions follow:

(1) Ru chelate provides most of the oxygen in the RuO2 film and the reaction is
unimolecular.

(2) The growth rate exponentially changes with the temperature of the substrate.
Nevertheless, the growth rate of the film increases with decreasing partial
pressure and it saturates at high partial pressures. This indicates that the kinetics
of the reaction follows the adsorption isotherm of Langmuir.

(3) Water vapor is required to precipitate thin ruthenium films, since water mole-
cules destabilize the precursors by partial protonation of the ligands.

Various variants of CVD technology are commonly used to produce metal–
polymer nanocomposite materials [150, 151]. Their essence lies in the joint or
sequential deposition of metallic and organic components and the formation of
metallic NPs in a growing film. The volume fraction of metallic NPs in the resulting
film is controlled by deposition rates of metallic and organic components [152].

It should be noted that metal oxide nanomaterials are one of the most frequently
compounds obtained using CVD methods [153–156].

Methods of metal–organic chemical vapor deposition (MOCVD) are widely
used to produce a variety of film nanomaterials [157–159]. The use of metal che-
lates in gas-phase processes for the production of nanocomposite materials has a

Fig. 2.16 Complete apparatus setup for CVD [143]
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number of advantages, since the presence of strongly bound components makes it
possible to obtain qualitative products without defects with stoichiometric com-
position [160], including thin-film materials based on cadmium [161, 162], iron
[163, 164], sulfides of antimony and bismuth [165], etc. The advantages of the
MOCVD method are the control of thickness, precise doping, large deposition area,
and morphological diversity.

Fig. 2.17 Reaction mechanism of the Ru chelate precursor molecule at the substrate surface.
(1) Thermolysis with the formation of highly reactive radicals, without water. (2) Volatile reaction
by-products formation by protonation of the ligands in the presence of water. Reproduced with
permission from ref. 149. Copyright (2000) John Wiley and Sons
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Of interest is the use of MOCVD as an effective means for manufacturing
yttria-stabilized zirconia (YSZ) for thermal barrier coating [166]. The precursors of
MOCVD were Y(L)3 and Zr(L)4 (L = 2,2,6,6-tetramethyl-3,5-heptanedianato). The
maximum deposition rate of YSZ was 14.2 ± 1.3 lmh−1 at 1000 K, which pro-
vided a microstructure of the layered coating. The growth rate was the first order
with a temperature below 1000 K with an apparent activation energy of
50.9 ± 4.3 kJ mol−1, and the coating efficiency was a maximum of about 10% at
the highest growth rates. MOCVD method was also used with aerosol-assisted
liquid delivery system (Fig. 2.18) [166].

It should be noted that different CVD methods are often used to obtain nano-
materials because of their advantages over physical vapor deposition
(PVD) methods [167]. In particular, CVD methods include atmospheric pressure
[168], hot filament [169], microwave plasma [170], plasma enhanced [171] types,
and so on. As an example, Fig. 2.19 shows schematic images of the methods of
microwave plasma (a) and hot filament (b).

CVD experiments with pulsed spray evaporation (PSE–CVD) of liquid solutions
of Ni and Co acetylacetonates in ethanol as precursors were used for production of
deposited Ni and Co metal films [172]. It turned out that addition of water improves
growth of a metallic Ni film and reduces carbon contamination, while in the case of
Co(acac)2, even smallest amounts of water promote complete oxidation of the
deposited film.

Of interest is also the method of atomic layer deposition (ALD), which is the
widespread replacement of the conventional bubbler evaporator with a direct liquid

Fig. 2.18 Schematic of the MOCVD reactor utilizing aerosol-assisted liquid delivery and a
vertical cold-wall stagnation plane flow injector. Reproduced with permission from Ref. [166].
Copyright (2009) Elsevier
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delivery as schematically shown in Scheme 2.1 [173]. In ALD method, either liquid
precursors or liquid feedstocks are introduced into the heated evaporation chamber
under vacuum in the form of a fine spray. The precursor is dissolved in a reactive or
inert solvent that provides a fine control of the composition and places less stringent
demands on the thermal stability of the precursors.

Fig. 2.19 Schematic diagram of the a microwave-plasma and b hot-filament CVD techniques.
Reproduced with permission from Ref. [167]. Copyright (2012) John Wiley and Sons

Scheme 2.1 Delivery
strategies: a bubbler
evaporator, b direct liquid
delivery using a pulsed spray
evaporator (PSE).
Reproduced with permission
from Ref. [173]. Copyright
(2011) Royal Society of
Chemistry
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2.1.6 Kinetic Approaches to the Investigation
of Thermolysis of Metal Chelates

Kinetic approaches to studies of the thermolysis of metal chelates are very
promising as a tool for understanding the mechanisms of physical and chemical
processes that occur in each stage for relatively slow processes at temperatures
below 1370 K. Kinetic analyses of thermolysis processes are of interest for many
researchers because it is inherently bound with the thermolysis mechanisms. The
knowledge of the mechanism allows postulating the kinetic equations or vice versa,
kinetics is the starting point for postulating thermolysis mechanisms [174].
Isothermal kinetic studies are performed by recording the gas evolution in static
non-isothermal reactor (Fig. 2.20) using a zero-manometer [175].

It should be noted that any thermal process is to some extent accompanied by a
change in the internal heat content of the system, i.e., absorption or release of heat.
At low-temperature thermolysis of the majority of condensed systems, the con-
version rates are relatively small, and the temperatures for sufficiently intense heat
transfer are rather low. Such processes, regardless of the magnitude of the thermal
effect, are spatially isothermal in time, i.e., the temperature of the surface of the
condensed sample (Ta) coincides with the temperature of the surrounding medium
(Ts) [56]. In this case, it is possible to use isothermal methods of classical chemical
kinetics, and the process conditions are formulated from the requirements of its
scaling, in particular from the ratio of the characteristic times of heating (sh) and
transformation (tr).

In general, most methods of kinetic analysis of TA data begin with the
Arrhenius’ equation,

Fig. 2.20 Scheme of a unit
for kinetic studies of
thermolysis of test
compounds: (1) a reaction
vessel, (2) a vacuum gauge,
(3) a sampling vessel for
gaseous products, (4) a
vacuum cock, (5) a
calcination furnace, (6)
thermocouple, (7) a heat
regulator and (8) an ampoule
with a substance [175]
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KðTÞ ¼ A exp �Ea=RTð Þ; ð2:3Þ

where A is the pre-exponential factor (s−1), Ea is the apparent activation energy
(kJ mol−1), T is the absolute temperature (K), and R is the gas constant.

The kinetics of thermolysis of metal chelates in general form is described by the
macrokinetic equation:

WðT ;gÞ ¼ kðTÞuðgÞ; ð2:4Þ

where W(T, η) is the reaction rate (s−1), k(T) is the temperature-dependent rate
constant of the reaction (s−1), determined by its mechanism, and u(η) is the kinetic
function. The latter depends on the reaction mechanism and reflects the ratio
between the concentrations of the unreacted and reacted substances:

uðgÞ ¼ ð1�gÞn ð2:5Þ

where n is the order of the reaction, η is the degree of conversion varying from 0 to 1.
The kinetic function assumes different mathematical forms depending on the

reaction mechanism [176].
Then the characteristic reaction time

sr � WðT;gÞ�1 ð2:6Þ

Since the transformations take place in the condensed phase, it is advisable to
use the characteristic sample heating time for sh as macrokinetics [177]:

sh ¼ d2=a; ð2:7Þ

where d is the diameter of the sample, and a is its temperature conductivity. In this
case, in order to obtain reliable kinetic results, the following conditions must be
fulfilled:

sh\\sp ð2:8Þ

As a rule, thermolysis of metal chelates is a multistep process. When studying its
mechanism, various types of kinetic models are used. In a pseudo-one-component
model, the sample is regarded as an ordered single-component one, and to describe
the loss of weight, the kinetics of the solid-phase or gas-phase reaction is studied in
the entire temperature range [178]. However, such a model does not describe
possible changes in the kinetics and mechanism with increasing thermolysis
temperature.

A pseudo-multicomponent composite model analyzes the sample as consisting
of various pseudo-components, each of which represents a separate real component
or a mixture of several ones, and the thermolysis of the metal chelate is modeled by
a superposition of the decomposition of these components. However, this approach
significantly complicates the kinetic studies of thermolysis.

50 2 General Characteristics of the Methods of Thermolysis …



In particular, PMCs are characterized by awide variety of thermal transformations.
For example, thermolysis of Cu–PMCs based on polyacrylamidoxime fibers [179]
includes three temperature-separated stages: at 398–603 K (weight loss by 14.3%),
603–715 K (10.8%), and 715–965 K (68.6%). It can be seen that themainweight loss
occurs at thefinal stage of the thermolysis, which is somewhat lower than in the case of
the chelating polymer ligand.One possible reason for thismay be the catalytic effect of
copper ions on the process of thermal decomposition of a polymer, especially as its
rate increases with an increase in the content of copper ions.

A pseudo-two-component stepwise-separated first-order model treats the sample
as being decomposable in two temperature regions, which are described by different
kinetic models. The temperature corresponding to the minimum on the derivato-
gram is the point of separation between the two stages of weight loss. This method
is greatly complicated when two peaks are not completely separated, but overlap
with each other.

A non-isothermal method is widely used to describe the kinetics and mechanism
of reactions in the condensed phase. Since the rate of thermolysis depends on
temperature, the change in weight of the sample can be represented as a function:

dg
dt

¼ k Tð Þu gð Þ ¼ Aexp � Ea

RT

� �
u gð Þ ð2:9Þ

However, due to the complexity of the kinetic description concerning the solid
state thermolysis processes it is usually assumed that the activation energy is not a
constant value but depends on η [180–182].

When the temperature of the sample is controlled by a constant heating rate b
(b = dT/dt), this equation becomes:

dg
dt

¼ A
b
exp � Ea

RT

� �
1� gð Þn ð2:10Þ

In integral form, expression (2.9) looks like this:

u gð Þ ¼
Zg
0

dg
1� gð Þn ¼

A
b

ZT
0

exp � Ea

RT

� �
dT ¼ AEa

bR
P xð Þ ð2:11Þ

and

ln
u gð Þ
T2

� �
¼ ln

AR
bEa

� Ea

RT
ð2:12Þ

For the special case n = 1,
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ln �ln
1� g
T2

� �
¼ ln

AR
bEa

� Ea

RT
ð2:13Þ

For n 6¼ 1 in the most cases expression (2.12) is solved numerically.
In the case of metal chelates, the thermolysis process follows either a sigmoidal

function or a deceleration (acceleration) function. Table 2.3 shows expressions
of u(η) for the different solid-state mechanisms [183].

Equations (2.11) and (2.12) are the fundamental expressions for calculating the
kinetic parameters from TG data. These are analyzed using the different methods in
the differential and integral forms [184–187]. P(x) has no analytical solution but has
many approximations, among of which we consider the most commonly used.
These methods allow to calculating values of A, E, and n from a single curve or
from a series of curves recorded at different heating rates.

Coats-Redfern method
This method [188] is an integral method and involves the thermolysis mechanism.
The following equation can be obtained with using an asymptotic approximation
for solution of Eq. (2.11):

ln
u gð Þ
T2

� �
¼ ln

AR
bEa

1� 2RT
Ea

� �� �
� Ea

RT

� �
ð2:14Þ

Coats-Redfern method supposes that 1� 2RT
Ea

� �
! 0 for the Doyle approxima-

tion [189], obtaining in natural logarithmic form:

lnu gð Þ ffi ln
AR
bEa

� �
� Ea

RT
ð2:15Þ

A straight line can be obtained from the relationship ln (u(η)/T2) versus 1000/
T. The slope of the line gives −Ea/R.

van Krevelen method
The integral method used by van Krevelen [190] is expressed as:

lnu gð Þ ¼ ln
A 0:368=Tmð Þ Ea

RTm

b Ea
RTm

þ 1
� �

0
@

1
Aþ Ea

RTm
þ 1

� �
ln T ð2:16Þ

where Tm is the temperature at the maximum rate of weight loss. Therefore, E can
be obtained from the slope of a plot of ln u(η) versus ln T.

MacCallum-Tanner method
The method by MacCallum and Tanner [191] provides an approximation integrated
from the rate of thermolysis as a function of temperature. The rate of thermolysis
can be expressed by:
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logu gð Þ ¼ log
AEa

bR
� 0:4828E0:4351 � 0:449þ 0:217Ea

10�3T

� �
ð2:17Þ

A plot of log u(η) versus 1/T can give E from the slope, and A is calculated
from the intersection with the Y axis.

Table 2.3 Algebraic expressions for the most frequently used mechanisms of solid state process

No Mechanisms Symbol Differential form, f
(η)

Integral form,
u(η)

Sigmoidal curves

1 N and G (n = 1) A1 (1 − η) [−ln(1 − η)]

2 N and G (n = 1.5) A1.5 (3/2)(1 − η)[− ln
(1 − η)]1/3

[−ln(1 − η)]2/3

3 N and G (n = 2) A2 2(1 − η)[−ln
(1 − η)]1/2

[−ln(1 − η)]1/2

4 N and G (n = 3) A3 3(1 − η)[−ln
(1 − η)]2/3

[−ln(1 − η)]1/3

5 N and G (n = 4) A4 4(1 − η)[−ln
(1 − η)]3/4

[−ln(1 − η)]1/4

Deceleration curves

6 Diffusion, 1D D1 1/(2η) η2

7 Diffusion, 2D D2 1/(ln(1 − η)) (1 − η)ln(1 − η)
+ η

8 Diffusion, 3D D3 1.5/[(1 − η)−1/
3 − 1]

(1 − 2 η/
3) − (1 − η)2/3

9 Diffusion, 3D D4 [1.5(1 − η)2/3]
[1 − (1 − η)1/3]−1

[1 − (1 − η)1/3]2

10 Diffusion, 3D D5 (3/2)(1 + η)2/
3[(1 + η)1/3 − 1]−1

[(1 + η)1/3 − 1]2

11 Diffusion, 3D D6 (3/2)(1 − η) 4/3[[1/
(1 − η)1/3] − 1]−1

[[1/(1 − η)]1/
3 − 1]2

12 Contracted geometry shape
(cylindrical symmetry)

R2 3(1 − η)2/3 1 − (1 − η)1/3

13 Contracted geometry shape (sphere
symmetry)

R3 3(1 − η)2/3 1 − (1 − η)1/3

Acceleration curves

14 Mample power law P1 1 η

15 Mample power law (n = 2) P2 2η1/2 η1/2

16 Mample power law (n = 3) P3 (1.5) η2/3 η1/3

17 Mample power law (n = 4) P4 4η3/4 η1/4

18 Mample power law (n = 2/3) P3/2 2/3(η)−1/2 η3/2

19 Mample power law (n = 3/2) P2/3 3/2(η)1/3 η2/3

20 Mample power law (n = 4/3) P3/4 4/3(η)−1/3 η3/4

2.1 Thermogravimetric Methods 53



Broido model
This method [192] is based on the following equation:

lnuðgÞ ¼ ln½A=b� R=EÞT2
max

	 
�ðE=RÞ � 1=T ð2:18Þ

The activation energy, E, and the frequency factor, A, were computed from the
slope and the intercept of a plot of ln u(η) versus 1/T after linear regression of the
data.

As an example, we consider thermolysis of PMCs–Cu(II) based on the chelating
resins synthesized by condensing a phenolic Schiff base derived from 4,4′-diami-
nodiphenylmethane and o-hydroxyacetophenone with formaldehyde (ligand I) or
furfuraldehyde (ligand II) [193]. The TG data were fitted into different models and
subjected to computational analysis to calculate the kinetic parameters (Table 2.4).
It should be noted that the Coats and Redfern model does not involve Tmax in the
expression. This model was used to evaluate the kinetic parameters in the entire
range (403–883 K). On the other hand, the Van Krevelen and Broido models
involve Tmax in the expressions and, hence, were used to calculate the kinetic
parameters for different thermolysis stages using the relevant Tmax value of each
stage. The entropy of activation, DS (cal K−1 mol−1) was calculated using the
relation A = (kTmax/h)∙(eD

S/R), where k is the Boltzmann constant and h is Planck’s
constant. Data analysis of activation energy shows that both ligands were less stable
than their respective PMCs–Cu(II).

In another interesting example, the reaction order, n, the apparent activation
energies of thermolysis, Ea, entropies, DS*, enthalpy change, DH*, free energy
change, DG*, pre-exponential factor, A, and the linearization curves of the ther-
molysis of oligo-2-[(4-bromophenylimino) methyl] phenol and its PMC–Co, –Ni,

Table 2.4 Kinetic parameters

Compound Temperature
range (K)

Tmax

(K)
Methoda E (kcal) A (s−1) DS (cal K−1

mol−1)

Ligand I 403–883 – CR 13.862 1.52E + 04 −41.470

843.33 vK 6.666 2.09E + 00 −59.150

843.33 BR 5.445 6.06E − 01 −61.608

PMC–Cu 403–883 – CR 4.848 1.00E + 02 −51.220

748.01 vK 19.115 2.61E + 05 −35.582

748.01 BR 16.522 3.82E + 04 −39.405

Ligand II 403–883 – CR 9.062 2.90E + 03 −44.720

823.2 vK 9.952 1.26E + 02 −50.948

823.2 BR 6.954 2.35E + 00 −58.866

PMC–Cu 403–883 – CR 23.155 1.82E + 10 −13.045

620.67 vK 20.508 1.58E + 07 −27.053

620.67 BR 20.740 2.85E + 07 −25.887
aCR Coats–Redfern, vK Van Krevelen, BR Broido
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and –Cu have been calculated from the TGA curves by the Coats-Redfern method
(CR), MacCallum-Tanner method (MC), and van Krevelen method
(vK) (Table 2.5) [194]. The results indicate that the values of all methods are
comparable and the values of correlation coefficients of ligand and PMCs are
approximately 1.00. In this case, the values of the apparent activation energy of
thermolysis of oligomer metal chelates change in the following order
Cu > Ni > Co.

Madhusudanan-Krishnan-Ninan method
In the Madhusudanan method [195], the equation used has the form:

ln
u gð Þ
T1:9206 ¼ � ln

AR
bE

þ 3:7678� 1:9206 lnE � 0:1240
E
RT

ð2:19Þ

Table 2.5 Thermodynamic and kinetic parameters obtained by the different methodsa

Materials Stageb Methods n Ea ln A DS* DH* DG* r

Ligand I (453–
581 K)

MC 0.9 105.4 28.07 −16.51 100.9 109.9 0.99701

vK 0.9 107.4 28.71 −11.20 102.9 109.0 0.99665

CR 0.9 96.31 19.53 −87.52 91.76 139.6 0.99654

PMC–
Co

I (475–
590 K)

MC 0.1 47.22 14.37 −130.3 42.69 113.6 0.99656

vK 0.2 45.14 10.11 −165.8 40.61 130.8 0.99519

CR 0.2 39.84 5.811 −201.6 35.31 145.0 0.99439

II (626–
977 K)

vK 0.8 39.29 6.052 −203.9 31.70 217.6 0.99733

MC 0.6 35.91 9.694 −173.6 28.32 186.6 0.99655

CR 0.9 31.34 0.693 −248.4 23.75 250.3 0.98027

PMC–
Cu

I (502–
626 K)

MC 0.5 110.2 26.89 −27.17 105.2 121.6 0.99899

vK 0.5 112.3 24.53 −46.79 107.3 135.4 0.99809

CR 0.5 100.2 18.16 −99.75 95.29 155.2 0.99876

II (626–
977 K)

MC 0.9 76.51 15.48 −125.1 69.17 179.5 0.99528

CR 1.0 65.36 6.327 −201.3 57.96 235.5 0.99347

vK 0.1 78.05 10.81 −164.0 70.71 215.3 0.99055

PMC–Ni I (530–
656 K)

MC 0.7 65.18 14.41 −131.3 59.90 143.1 0.99756

vK 0.8 60.83 12.08 −150.7 55.55 151.1 0.99568

CR 0.8 62.04 6.476 −197.3 56.76 181.9 0.98792

II (656–
899 K)

vK 0.4 57.79 12.59 −147.7 51.63 160.9 0.99701

MC 0.4 58.95 15.89 −120.3 52.79 141.8 0.99567

CR 0.4 48.81 6.823 −195.7 42.65 187.5 0.99421
aEa is measured in kJ mol−1, A in s−1, DS* in kJ mol−1, DH* in kJ mol−1, DG* in kJ mol−1, r is
the correlation coefficients of the linear plot, and n is the order of reaction
bI and II are the temperature regions of initial and 50% weight loss
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Wanjun-Yuwen-Hen-Cunxin method
Wanjun et al. [196] proposed another approximate formula for the Arrhenius
temperature integral, which gives the following linear equation:

ln
u gð Þ
T1:8946 ¼ �ln

AR
bE

þ 3:6350� 1:8946lnE � 1:0014
E
RT

ð2:20Þ

Horowitz-Metzger method
The Horowitz-Metzger method [197] introduced a characteristic
temperature Tm and a parameter h as follows:

h ¼ T�Tm: ð2:21Þ

If the reaction order is 1, Tm is defined as the temperature at which
(1 − η)m = 1/e = 0.368 and the final expression becomes:

lnu gð Þ ¼ Eh
RT2

m
ð2:22Þ

If the reaction order is unknown, Tm is defined for the maximum heating rate.
When h = 0, (1 − η) = (1 − η)m and (1 − η)m = n1/1−n and

ln
1� ð1� gÞn

1� nð Þ
� �

� ln
ART2

m

bE
� E
RTm

þ Eh
RT2

m
ð2:23Þ

Activation energy can be calculated from the line drawn between ln u(η) versus
h.

Criado–Malek–Ortega method
If the value of the activation energy is known, the kinetic model of the process can
be determined by Criado–Malek–Ortega method [198], which can accurately
determine the reaction mechanism in a solid-phase reaction process. This is defined
by a z(η) type function:

z gð Þ ¼
dg
dt

� �
b

p xð ÞT ; ð2:24Þ

where x = Ea/RT, and p(x) is an approximation of the temperature integral, which
cannot be expressed in a simple analytical form. In this case, the fourth rational

expression of Senum and Yang [199] is used. Combining a rate expression dg
dt ¼

ku gð Þ and Eq. (2.10), we can obtain:
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z gð Þ ¼ u gð ÞF gð Þ ð2:25Þ

Equation (2.25) is used to represent the experimental curve. By comparing these
two curves, the type of mechanism involved in the thermolysis can be identified.

Tang Method
Using a suitable approximation to solve Eq. (2.11), when it is taken logarithm each
side, the following equation can be obtained [200]:

ln
b

T1:894661

� �
¼ ln

AEa

Ru gð Þ
� �

þ 3:635041 � 1:894661 lnEa � 1:001450Ea

RT
ð2:26Þ

Plots of ln (b/T1.894661) versus 1/T give a group of straight lines. The activation
energy E can be obtained from the slope (−1.001450E/R) of the regression line
calculated for the same thermolysis values at different heating rates.

Kissinger–Akahira–Sunose Method
This method [201] is an isoconversional method like Tang method and the fol-
lowing equation can be obtained:

ln
b
T2

� �
¼ ln

AR
Eau gð Þ

� �
� Ea

RT
ð2:27Þ

Activation energy can be calculated using the following equation without
knowing the solid state thermolysis reaction mechanism.

ln
b

T2
max

� �
¼ ln

AR
Ea

þ ln n 1� umaxð Þn�1
h i� �

� Ea

RTmax
ð2:28Þ

Tmax is temperature related to maximum reaction rate; amax is maximum
degradation fraction. The dynamic parameter of thermolysis under linear heating is
determined from the modified Kissinger equation at Tmax, i.e., the temperature
corresponding to the maximum conversion in the TG curves. The Kissinger method
assumes that ln (1 − ηm)

n is independent of the heating rate. It also assumes that the
reaction order remains constant, and is nearly equal to unity. The straight-line plot
ln (b/Tmax

2 ) − 1000/Tmax, calculated for the same η values at different heating rates
b, is used to calculate the activation energy and the pre-exponential factor.

Flynn–Wall–Ozawa method
This is the simplest method for determining activation energies directly from weight
loss against temperature obtained at several heating rates. This technique assumes
that A, (1 − η)n and Ea are independent of T; A and Ea are independent of η. The
Flynn–Wall–Ozawa [202, 203] plot is obtained by using the following expression:
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logu gð Þ ¼ log
AEa

R
� log bþ log p

Ea

RT

� �
ð2:29Þ

If Ea/RT < 20, Doyle approximation [189] is used and the following equation
can be obtained:

log b ¼ log
AEa

R
� logu gð Þ � 2:315� 0:4567

Ea

RT
ð2:30Þ

Therefore, for different heating rates (b) and a given degree of conversion (η), a
linear relationship is observed by plotting log b versus 1/T, and the Ea is obtained
from the slope of the straight line. This method cannot give the other kinetic
parameters except for the activation energy.

Friedman Method
The differential isoconversional method suggested by Friedman [204] is based on
following expression:

ln
dg
dt

� �
¼ ln Að Þþ n ln 1� nð Þ � Ea

RT
ð2:31Þ

This is the simplest method and it assumes that thermolysis process is inde-
pendent of temperature and depends only on the instantaneous weight of the
material. The plot of ln (dη/dt) versus 1/T should be linear with the slope Ea/R, from
which Ea can be obtained.

Kim–Park Method
The Kim–Park method [205] assumes that ηm (the weight loss at the maximum
thermolysis rate) is independent of the heating rate b, activation energy Ea, and a
pre-exponential factor A.

ln b ¼ lnAþ ln
A
R

� �
þ 1� nþ n

0:9440

� �h i
� 5:3305� 1:0516

Ea

RTm

� �
ð2:32Þ

Activation energy can be determined from the slope of ln b versus 1/Tm. Since
the conversion factor is taken as unity, this method can be considered as more
accurate than the other methods.

Unfortunately, these methods have severe restrictions due to the procedure used
that need a separation of variables: the u(η) function (and therefore the values of
both Arrhenius parameters) must be constant at constant temperature within the
whole range of η [206]. To overcome this problem, Vyazovkin developed a method
that provides results with a highest accuracy [207–209] by minimizing the fol-
lowing function:
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u Eg
	  ¼ Xn

i¼1

Xn
j6¼1

fJ½Eg; TiðtgÞ�=J½Eg; TjðtgÞ�g; ð2:33Þ

being J½Eg; T tg
	  ¼ R Tg

0 exp½�Eg=RT tð ÞdT . Minimization of the function u(η) is
achieved at each value of η, thus providing a conversion dependency of activation
energy.

Several kinetic methods were used to investigate the thermolysis of chromium
polyacrylate complexes [210, 211]. Under comparable conditions, the initial tem-
peratures for the ligand and the PMC were 628 and 591 K, respectively, and the
final temperatures were 806 and 813 K; the temperature peaks in the derivatogram
were observed at 713 and 690 K, the weight losses (%) were 53.40 and 65.56, and
the activation energies of thermolysis (at 0.05 < η < 0.90) were 187.8 and
122.5 kJ mol−1. The orders of reaction differed from unity for all of the thermolysis
models. These parameters depend to some extent on the storage time of the aged
(for 1–5 weeks) PMC.

Thermal treatment considerably changes the structure and properties of a
polymeric material. This is due, first of all, to the physical and chemical processes
that accompany the polymer destruction. The processes of physical destruction
(crystallization, recrystallization, etc.) are usually reversible and do not lead to
cleavage or cross-linking of polymer chains. The chemical processes are irre-
versible and are accompanied by chemical bond cleavage, cross-linking of
macromolecules, changes in the chemical structure, or decrease/increase in the
molecular weight [212, 213].

For the design of metallopolymer systems, the thermal stability of polymer
matrices is important. It can be estimated from the strength of the bond between
atoms. According to the Boltzmann law, the bond strength is determined by the
expression S = Eb/RT

2, where Eb is the bond energy (in kJ mol−1). The dependence
of S on c = (EX–Y − EC–C)/EC–C, i.e., the change in the bond energy between the
atoms X and Y (EX–Y) relative to the average energy of carbon–carbon bond (EC–C)
inorganic polymer, shows that organic homo- and heterochain polymers are least
thermally stable. Inorganic matrices (clays, hexagonal boron nitride, silicate glasses,
zeolites, etc.) having no carbon backbone and graphite are distinguished by
enhanced thermal stability and mechanical strength. The bond energies between
most typical atoms of the organic and inorganic matrices are summarized in
Table 2.6 [214, 215]. Polymeric compounds have especially strong Si–O, B–N and
B–O bonds (note that the probability of chemical bond cleavage depends also on
temperature).
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A different kinetic picture is observed at relatively high temperature. In the case
of high-temperature thermolysis, the time sr related to the temperature Ta decreases
and sh does not depend on Ta and remains constant. Then in the case of exothermic
reaction at sh � sr, thermal explosion is possible, and at sh � sr, the ignition
occurs long before the test compound was heated and had time to react in the area
adjacent to the hot surface [56]. In the case of fast endothermic reactions,
self-ignition does not occur after the increase in Ta, and the temperature profile for
the test compound is not spatially isothermal. It depends on both the reaction
coordinate and time, and the temperature assignment of the detected conversion is
undefined. Hence, the classical isothermal methods are inapplicable to the kinetics
of fast high-temperature processes. These processes are to be studied using the
approaches of non-isothermal chemical kinetics [56].

Of interest are the PMCs formed by the interaction of MXn, where M = Cu(II), Ni
(II), Co(II), Zn(II), Mn(II), VO(II), UO(II), Zr(IV), Ti(IV), with chelating polymers
containing amino-, hydroxyamino- and hydroxyl groups [216]. It turned out that the
thermal stability of PMCs falls in the row Ni > Zn > Mn > Co > Cu >
Ti > UO > Zr > VO; moreover, the initial polymer is characterized by the highest
thermal stability. Similar regularities have been found in the series of diaminoalkane
copolymers with Schiff’s base of 5,5′-methylene-bis (3-bromosalicylaldehyde)
[217, 218].

Table 2.6 Bond energy between the atoms in the polymer matrices

Bond Bond energy, kJ mol−1 Bond Bond energy, kJ mol−1

Carbon-containing matrices

C–C 336 C–B 372

C–O 327 Al–N 363

C–N 277 Si–O 364

C–Si 241 B–O 500

C–Al 258 B–N 387

Inorganic polymer matrices

C–Al 715a Ti–O 933

Al–O 1027.6 B–O 1047

Al–N 1121 B–N 1289

Si–O 586
aFor crystalline graphite

60 2 General Characteristics of the Methods of Thermolysis …



The change in the ratio of comonomers and metal nature has a significant effect
on the thermal behavior of PMC–Cu(II) and PMC–Co(II) based on poly
(N-phenylmaleimide-co-acrylic acid) in the temperature range 473–1073 K [219].
In particular, it has been found that an increase in the amount of N-phenylmaleimide
units in the copolymer chain increases Tg and the thermal stability of the PMCs.
Nevertheless, this increase is not as significant as expected, for example, it is
optimally from 623 to 646 K, and in the case of a number of copolymer compo-
sitions it even decreases to 488 K.

In the case of copper(II), cobalt(II), and nickel(II) chelateswith polymer synthesized
from 5,5′-methylene-bissalicylaldehyde and polyurethane-urea (PUU) prepolymer
based on polyethylene adipate diol, hexamethylene diisocyanate and ethylene diamine,
the initial temperatures of thermolysis are in the range between458 and 500 K,which is
lower than the parent ligand [220]. This result indicates that the metal acts as a catalyst
and facilitates the first stage of thermolysis. All the PMCs show multiple-stage ther-
molyses. According to the values of activation energy of thermolysis, it can be con-
cluded that the thermal stability decreases in the following order: Ni > Cu > Cowhich
corresponds to the decrease of metal electronegativity.
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The order of stability of PMCs based on polyesters according to TG results
appeared to be Zn(II) < Cu(II) > Co(II) > Ni(II) > Mn(II) (Fig. 2.21) [221]. This
order matched with Irving–Williams order of stability of the complexes of divalent
metal ions.

Fig. 2.21 TG curves of polyester complexes. Reproduced with permission from Ref. [221].
Copyright (2011) Springer Nature

Fig. 2.22 TG curves of PMCs (1—Mn, 2—Cd, 3—Co, 4—Ni, 5—Cu). Reproduced with per-
mission from Ref. [222]. Copyright (2007) John Wiley and Sons
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PMC–Mn demonstrated also higher thermal stability among azomethine PMCs
[222]. The initial thermolysis temperature and the temperature after 53.82% weight
loss of PMC–Mn were found to be 430 and 1273 K, respectively. According to TG
curves (Fig. 2.22), high thermal stability of PMCs may indicate the formation of
covalent metal-oxygen and coordination metal-nitrogen linkages between the oli-
gomeric ligand and metal ions.
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Chapter 3
Thermolysis of Low Molecular Weight
Metal Chelates

Knowledge of the effect of the chemical structure of SSP and the nature of its
constituent ions on the efficiency of NP formation provides the possibility of a
purposeful change in the functional characteristics of the nanomaterials prepared.
At the present time, the problem of the influence of the nature of the chelating
ligand on the physicochemical properties and architecture of nanomaterials is being
actively studied with a view to predicting possible directions for their application.
This problem, like many other problems in the nanomaterial chemistry, it is
advisable to investigate based on individual classes of SSPs. In this chapter, we
discuss using well-defined and unambiguously characterized metal chelates as SSPs
for the preparation of nanomaterials by thermolysis. We are not attempting to give
an exhaustive analysis of the entire array of experimental data to date. The main
attention will be paid to the specifics of preparing nanomaterials by thermolysis of
metal chelates with the most typical and in detail studied ligands.

3.1 Metal Carboxylates

Metal carboxylates refer to promising classes of SSPs for the NP preparation,
because they are commercially available, easy to handle, and low toxic. Of great
importance is the fact that metal carboxylates act as the main intermediates in
certain NP growth processes. This is because they can be formed in situ by using a
long-chain carboxylic acid as a NP stabilizer, thus leading to a complete or partial
modification of the initial metal complex.

Metal carboxylates are a wide range of metal complexes containing carboxylate
functionality with a diverse type of coordination with the metal atom, including by
chelation (Scheme 3.1) [1–4]. Most often the RCOO− carboxylate group is coor-
dinated with the metal in the form of a monodentate (I) anti- and sin-configuration,
bidentate cyclic (chelating) (II), bidentate bridged (III), tridentate (IV), and
tetradentate ligand (V).
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Among this variety ofmodes for coordinating the carboxylate group, the basic ones
are bidentate chelate or bridge coordination [2, 3, 5–7]. It should be noted that the
formation offour-membered chelate cycles involving a carboxyl group requires a large
deformation of the valence angles of the metal atom. The least deformation occurs in
compounds of rare earth elements, and therefore, the probability of cyclic chelate
coordination increases. This is probably also facilitated by an increase in the polarity of
the metal–ligand (M–L) bond and the high coordination numbers of the rare earth
metals. In addition, the usingmixed-ligandmetal chelates,which include, in addition to
the carboxylate group, auxiliary chelating donor ligands, such as 2,2′-bipyridine (bpy),
1,10-phenanthroline (phen), mono-, di-, and triethanolamine, are also widespread.

The thermolysis of metal mono- and dicarboxylates has been extensively studied
for the preparation of metal and MO NPs of technological importance [2, 3, 8–17].
Among the basic requirements for metal carboxylates as SSPs of nanomaterials, we
note the following [7]:

• They must be either commercially available or easily synthesized and purified.
• They must have a well-defined molecular structure and belong to high purity

materials.
• They must be air-stable to facilitate processing.
• The metal content in them must be high to prevent a significant decrease in

volume during thermolysis.
• They should be characterized by high solubility in the chosen solvent.
• Decomposition of the SSP should not lead to the formation of volatile

metal-containing intermediates, melts, carbon contamination, and toxic gases.
This particularly applies to carboxylates containing heteroatoms, for example,
nitrogen, sulfur, or fluorine in the chain, which often lead to highly toxic gases
during thermolysis.

Scheme 3.1 Scheme of diverse bonding modes of metal carboxylates [2]
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The thermolysis mechanism of metal carboxylates based on saturated carboxylic
acids has been studied in detail in a wide series of works. Without going into the
details of the well-studied mechanism of this process, it should be noted that metal
carboxylates are usually monohydrates, the dehydration of which is characterized
by a phase transformation and a significant loss of crystallinity at a temperature T1
(>383 K) [18, 19]. After reaching the temperature T2, which decreases exponen-
tially after increasing the number of carbon atoms in the carboxylate fragment, they
begin to decompose over a wide temperature range exceeding 573 K. The process
of thermolysis of metal carboxylates involves two separate stages: the nucleation
and growth of a crystal. In particular, it has been suggested that during the ther-
molysis of hydrated iron carboxylate, nucleation initiates the thermal generation of
free radicals from the metal carboxylate [20]:

M� COOR !593KMþRCOO

M� COOR !593KMxOy þRCO

In the following, free radicals formed can recombine or form volatile products,
for example, CO, CO2, H2O, ethers.

3.1.1 Metal Formates

In general case, the mechanism of thermolysis of metal formates corresponds to the
above scheme and includes a series of successive temperature-separated processes.
Thus, thermolysis of formates Fe(II), Fe(III), Ni(II), Cu(II), Co(II), and Pb(II) with
the general formula M(HCOO)n includes dehydration and subsequent thermolysis
of anhydrous carboxylate [21]. The kinetics of their isothermal decomposition in
SGA is determined by such parameters as the temperature, the rate of previous
dehydration, and the ratio of the sample weight to the volume of the reaction vessel.

Among the gaseous products of thermolysis of anhydrous metal formates, it
should be noted H2, CO, CO2, water vapor, which also evaporates in the dehy-
dration stage, as well as CH3OH, CH3COOH, and thermolysis products of formic
acid. It is important that the block structure of the crystals of the starting compounds
is retained in the solid products of thermolysis. Blocks having sufficient porosity are
“attached” to the crystal by a polymer substance with the formula –[–CH(R)–O–]s–
[–CH(COOH)–O–]r–, where r � s. Apparently, the metals or MOs formed during
the thermolysis catalyze the formation of such a polymer under SGA conditions by
catalytic thickening (polymerization) of gaseous products of thermolysis CO2, H2,
CO, H2O, HCOOH (Scheme 3.2) [21].

As the results of the investigation of electron microscopy (EM) show, the
thermolysis of metal formates results in zero-valence metal and/or MO NPs of less
than 100 nm in size with a narrow size distribution (Table 3.1) [22] and an almost
spherical shape.
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Table 3.1 Average particle size (APS) and thickness of the polymeric shell for thermolysis
products of metal carboxylates

Compound Tex, K Df
s, nm

a dEM, nm
b DLshell, nm

c Productd

Fe(HCOO)2∙2H2O 543 27.0 20.0 3–5 Fe3O4

Fe(HCOO)3 543 *25.0 – – Fe3O4

Ni(HCOO)2∙2H2O 483 *30.0 50.0 *4.0 Ni

Cu(HCOO)2 413 *30.0 *30.0 – Cu

Cu(HCOO)2∙L
e 398 – 69–75 – Cu

Cu(N2H3COO)2∙2H2O
f 393 – 200–300 – Cu

Pb(HCOO)2 493 *150.0 *3000.0 – Pb

Pb(HCOO)2∙L 525 – *3000.0(*46.0)g – Pb
aParticle diameter calculated from the specific surface area data for the solid products at the end of
thermolysis
bAverage particle diameter calculated from EM data
cPolymer shell thickness
dPowder X-ray diffraction (XRD) and electron diffraction data
eL is monoethanolamine
fHydrazinocarboxylate
gAfter ultrasonic treatment

Scheme 3.2 Formation of polymer products during the thermolysis of metal formates [21]

74 3 Thermolysis of Low Molecular Weight Metal Chelates



In addition, in the process of thermolysis, a less electron-dense passivation
polymeric shell is formed on the surface of the electron-dense NPs formed. It is
important that the thickness of the polymeric shell is 3–5 nm, while the size of the
NPs is 1.5–2.5 nm, and the rate of shell formation competes with the growth rate of
the NPs.

The formation of NPs with a similar “core–shell” structure was also observed
during thermolysis of bismuth monocarboxylates with different alkyl chain lengths
[23]. This process occurs progressively: Firstly, bismuth NPs (1–2 nm) are formed
in ordered layered structures with an interlayer distance of *5 nm, which are
subsequently converted into core–shell structures with sizes up to 50 nm. It should
be noted that in the air various polymorphs of bismuth oxide or their mixture with
the metal were prepared, whereas a nanocrystalline bismuth powder is formed in a
vacuum, an inert medium- or a high-boiling (423–523 K) organic solvent (e.g.,
benzyl alcohol).

The complex multichannel nature of the thermolysis is confirmed by studying
the composition of volatile products formed during high vacuum pyrolysis of
copper formate in the cavity of the mass spectrometer [24] under conditions that
exclude secondary reactions. It turned out that in the early stages of the thermolysis,
to the degree of conversion vR * 0.5, where vR represents the fraction of the total
intensity of the main mass peaks at the end of the thermolysis and R includes
summation over all components, the main gaseous products (CO2, CO, H2O, and
HCO2H) are formed simultaneously. It is worth noting the established relationship
between the thermolysis products vCO2 > vH2O � vCO > vHCO2H, and fur-
thermore, the accumulation of H2O and CO practically stops.

It is of interest to study the flame pyrolysis of a solution of copper formate in an
excess of hydrogen, which leads to the formation of copper NPs coated with carbon
according to the following scheme [25]:

Cu HCO2ð Þ2�xH2O aqð Þ ! Cu HCO2ð Þ2 Ið Þþ xH2O gð Þ
Cu HCO2ð Þ2 Ið Þ ! CuO crð ÞþH2O gð Þþ 2CO gð Þ
CuO crð ÞþH2 gð Þ $ Cu crð ÞþH2O gð Þ
CO gð ÞþH2 gð Þ $ C gð ÞþH2O gð Þ
Cu crð ÞþC gð Þ ! Cu/C 50 nmð Þ

It should be noted the preparation of mixed cubic FeO–Fe3O4 NPs by ther-
molysis of iron formates in the presence of OA as a surfactant and trioctylamine
(TOA) as a solvent and cosurfactant at elevated temperatures (about 643 K) under
an inert atmosphere [26]. It is important that, depending on the reaction parameters
(type and concentration of the SSP, surfactant concentration, water concentration,
thermolysis time, and temperature), various NPs (spheres, hexagons, and cubes) are
obtained. In particular, it has been established that nanocubes are single crystal
FexO (wüstite) with small amounts of Fe3O4 (magnetite).
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3.1.2 Metal Acetates

As a typical example of the thermolysis of metal acetates (Ac), we shall note the
preparation of CuO NPs by colloid-thermal synthesis via thermolysis of Cu(II)
acetate monohydrate as a SSP in the presence of dimethylformamide (DMF) as a
solvent [27]. The synthesis of CuO NPs with dimensions of approximately 3–5 nm
can be described by the following equation [28, 29]:

Cu Acð Þ2�H2O þ CH3ð Þ2NC Oð ÞH ! CuOþ Acð Þ2CHN CH3ð Þ2 þH2O

Numerous studies have been devoted to the thermolysis of nickel acetate
tetrahydrate (Ni(Ac)2�4H2O), which also proceeds stepwise with the release of
water at ca. 393 K at the first stage [30]. It is assumed that an intermediate is the
basic nickel acetate with the formula 0.86 Ni(Ac)2–0.14 Ni(OH)2 with the subse-
quent stage of its dehydration at ca. 613 K. The thermolysis products are either NiO
or Ni in air or in H2 atmosphere, respectively. Relatively, large nickel NPs were
prepared by thermolysis of the same SSP in OAm in the presence of 1-adamantane
carboxylic acid (ACA) and trioctylphosphine oxide (TOPO) [31]. It is important
that high crystalline hcp NPs of different sizes were prepared at 563 K, whereas at
relatively low temperatures fcc NPs are predominant. The particle size varied from
50 to 150 nm by properly adjusting the proportion of the capping ligands. In the
absence of surfactants, pure OAm inhibits the growth of Ni NPs, size of which does
not exceed 5.5 nm (Fig. 3.1a). This is probably due to the dense coating and strong
binding of linear OAm molecules on the Ni NPs surface, as well as the formation of
the Ni–OAm complex, which increases the energy requirement for decomposition
and retards the growth stage. At the same time, the addition of ACA causes a
significant increase in the size of Ni NPs reaching 110 nm (Fig. 3.1b). In this case,
a large volume of ACA molecules increases the percentage of the unoccupied
surface of Ni NPs, which leads to the growth of larger particles. It should be also

Fig. 3.1 Transmission electron microscopy (TEM) images of Ni NPs obtained in the presence of
inclusive OAm (a) or ACA (b). Reproduced with permission from Ref. [31]. Copyright (2010)
Springer Nature
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noted the preparation of Ni NPs by thermolysis of nickel acetate tetrahydrate in the
presence of long-chain amines, which act as solvents and reducing agents [32]. In
this process, the hcp or fcc crystal structures of Ni NPs can be synthesized by
controlling the thermolysis temperature. In particular, higher temperatures con-
tribute to the formation of the hcp structure. The thermolysis of the SSP in the
presence of hexadecylamine (HDA) used as solvent, reducing agent, and stabilizing
agent made it possible to obtain nickel NPs with a diameter of 7 nm and a product
purity of 74.3% [33, 34]. Interestingly, in some cases, intermediate products, in
particular, Ni3C nanocrystals were identified. Alkylphosphine surfactants, in par-
ticular, TOP (trioctylphosphine) and TOPO, are quite effective for controlling the
crystalline phase, morphology, particle size, and size distribution of Ni NPs [35].
Thus, for example, using TOP as a surfactant, hcp structures of Ni NPs were
obtained, which have a spherical shape with APS of 6.5 ± 0.6 nm.

Of interest are a promising one-pot solvent-, catalyst-, and template-free syn-
thesis of a single-phase crystalline hexagonal luminescent europium oxycarbonate
Eu2O2∙CO3 consisting of nanoplates by europium acetate thermolysis at 923 K for
3 days in the SGA [36].

Using a similar process, zinc acetate was converted to pencil-shaped luminescent
ZnO with micro- or nanoscale diameters [37]. It is important that the SSP ther-
molysis leads to carbon sphere-decorated ZnO micropencils under autogenic pres-
sure or uniformly carbon-coated ZnO nanopencils under released pressure
(Fig. 3.2).

It should be noted the preparation of homogenous high-quality thin ZnO films
having a controlled morphology of wurtzite on Si(111) substrates by USP of zinc
acetate solutions [38]. At the same time, the thermolysis of the same SSP on a
silicon substrate by a modified CVD at relatively low temperature (473–523 K)
leads to the formation of NPs, nanowires, and nanowalls [39]. In particular,
quasi-spherical ZnO NPs with diameters of 100 nm were obtained on silicon

Fig. 3.2 Scanning electron microscopy (SEM) images of ZnO micropencils (left) and ZnO
nanopencils (right). Reproduced with permission from Ref. [37]. Copyright (2008) American
Chemical Society
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substrate A with a local temperature of 473 K in the downstream region of the
quartz tube (Fig. 3.3a). A flat ZnO nanostructured films with diameters in the range
of 80–120 nm were formed on silicon substrate B with a local temperature of
673 K in the downstream region of the quartz tube (Fig. 3.3b). ZnO nanowalls
formed on ZnO particles were synthesized on silicon substrate C with a local
temperature of 523 K in the upstream region of the quartz tube (Fig. 3.3c). The
thickness of the nanowalls was around 20 nm (Fig. 3.3d). Finally, ZnO nanos-
tructures were prepared on silicon substrate D with a local temperature of 503 K in
the upstream region of the quartz tube (Fig. 3.3e). In particular, several nanowires
were grown on NPs, and their diameter and length are around 20 and 200 nm,
respectively.

Of interest is the synthesis of PbS nanocrystals of various forms by thermolysis
of lead acetate and sulfur sources: star-shaped nanocrystals in the presence of
thioacetamide [40, 41], dendritic hierarchical nanostructures with amino acids
[42–44], as well as nanotubes and dendrites using thiourea [45]. A wide variety of
PbS micro- and nanostructures with different morphologies, for example, stars,
dendrites, hexapods, and cubes, was also prepared by thermolysis of lead acetate by
varying the synthesis parameters, such as [Pb2+]:[S2−] ratio, thermolysis tempera-
ture, time, and sulfur source (Table 3.2) [45].

In particular, sample 1 (prepared using a 1:1 ratio) has a symmetrical
hexapod-like morphology with smooth edges (Fig. 3.4a). With an increase in this
ratio to 1:2 (sample 2), star-shaped dendrites are formed (Fig. 3.4b). For the micro-/
nanostructure of PbS (ratio 1:4, sample 3), well-developed dendrites are typical

Fig. 3.3 SEM images of as-synthesized ZnO diverse nanostructures: NPs synthesized on
substrate A (a), nanostructured films synthesized on substrate B (b), low magnification image of
nanowalls synthesized on substrate C (c), high magnification image of as-synthesized nanowalls
(d), nanowires/NPs synthesized on substrate D. Reproduced with permission from Ref. [39].
Copyright (2008) Springer Nature
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(Fig. 3.4c). Finally, a subsequent increase in this ratio leads to an increase in the
length of the sub-branches (Fig. 3.4d, e) to 150 nm (ratio 1:6, sample 4) and
200 nm (ratio 1:8, sample 5).

The thermolysis of manganese acetate in a mixture of OA and TOA at 473 K
leads to an interesting metastable MnO having a 2D structure with a size
(10.2 ± 0.6) nm � (6.8 ± 0.4) nm (Fig. 3.5a) [47, 48]. Controlled chemical oxi-
dation can ensure the preparation of Mn3O4 nanocrystals from MnO. Interestingly,
by varying the post-treatment procedure and the polarity of the dispersants, the
resulting nanoplates are aligned to form self-assembling nanoarrays either in

Table 3.2 Reaction conditions for the synthesis of various PbS micro- and nanostructures with
their morphologies

Sample Reactants Reaction
conditions

Morphology

1 Pb(Ac)2 + thiourea (1:1) 393 K, 5 min Hexapods (microstructures)

2 Pb(Ac)2 + thiourea (1:2) 393 K, 5 min Star-shaped nanostructures

3 Pb(Ac)2 + thiourea (1:4) 393 K, 5 min Dendrites

4 Pb(Ac)2 + thiourea (1:6) 393 K, 5 min Dendrites with elongated arms

5 Pb(Ac)2 + thiourea (1:8) 393 K, 5 min Dendrites with elongated arms and
small NPs

6 Pb(Ac)2 + thiourea (1:2) 323 K, 60 min Irregular nanostructures

7 Pb(Ac)2 + thiourea (1:2) 353 K, 60 min Underdeveloped hexapods
(microstructures)

8 Pb(Ac)2 + thiourea (1:2) 393 K, 60 min Dendrites

9 Pb(Ac)2 + thiourea (1:2) 423 K, 60 min Dendrites with flattened arms

10 Pb(Ac)2 + thiourea (1:2) 453 K, 60 min Broken hexapods

11 Pb(Ac)2 + thiourea (1:2) 493 K, 60 min Broken arms of hexapods

12 Pb(Ac)2 + thiourea (1:1) 393 K, 5 min Hexapods

13 Pb(Ac)2 + thiourea (1:1) 393 K, 30 min Hexapods with ridges in arms

14 Pb(Ac)2 + thiourea (1:1) 393 K, 60 min Hexapods with deep ridges in arms

15 Pb(Ac)2 + thiourea (1:1) 393 K, 90 min Broken arms

16 Pb(Ac)2 + thiourea (1:1) 393 K, 120 min Truncated nanocubes

17 Pb(Ac)2 + thiourea (1:1) 393 K, 180 min Truncated microcubes

18 Pb(Ac)2 + thiourea (1:2) 393 K, 5 min Star-shaped dendrites

19 Pb(Ac)2 + thiourea (1:2) 393 K, 30 min Dendrites

20 Pb(Ac)2 + thiourea (1:2) 393 K, 60 min Dendrites with flattened arms

21 Pb(Ac)2 + thiourea (1:2) 393 K, 90 min Dendrites with flattened arms

22 Pb(Ac)2 + thiourea (1:2) 393 K, 120 min Micro-hexapods and small NPs

23 Pb(Ac)2 + thiourea (1:2) 393 K, 180 min Nanocubes

24 Pb(Ac)2 + thioacetamide
(1:1)

393 K, 5 min Irregular nanoplatelets

25 Pb(Ac)2 + thioacetamide
(1:2)

393 K, 5 min Irregular nanoplatelets
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“side-to-side” or “face-to-face” form. For example, using a mixture of toluene/
hexane as a dispersant allows to the locating the MnO nanoplates on their bottom
surfaces, forming a “side-to-side” pattern (Fig. 3.5b). Adding a certain amount of
ethanol to the toluene/hexane mixture leads to a change in the orientation of the

Fig. 3.4 Field emission scanning electron microscopy (FESEM) images of PbS
micro-nanostructures prepared using different [Pb2+]:[S2−] molar ratios (thermolysis time = 5 min
and temperature = 393 K): a 1:1 (1), b 1:2 (2), c 1:4 (3), d 1:6 (4), and e 1:8 (5). Scale bar
200 nm. Reproduced with permission from Ref. [46]. Copyright (2016) Springer Nature
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nanoplates to form a “face-to-face” pattern (Fig. 3.5c). It should be noted that the
MnO nanoplates prepared are single crystalline and are enclosed by {100} and
{110} planes (inserts in Fig. 3.5b and c). In addition, a highly ordered 3D super-
lattice of MnO nanoplates precipitated from a concentrated dispersion of
nanocrystals is formed in some sections of the TEM grid (Fig. 3.5d).

Among the other interesting examples, we note the controlled thermolysis of
Fe3(Ac)6(OH)2(Ac) in a closed reactor under an inert atmosphere at 973 K, which
gives ferromagnetic octahedra Fe3O4 with an average edge length of about 6–
10 lm without using a solvent or catalyst (Fig. 3.6a) [49]. It is important that only
carbon dioxide, oxygen, iron (Fig. 3.6b), and Fe3O4 octahedra of high purity were

Fig. 3.5 a TEM image of MnO nanoplates, the lower inset shows the schematic diagram of a
nanoplate. b “Side-to-side” self-assembly nanoarrays and high-resolution transmission electron
microscopy (HRTEM) (inset) images of MnO nanoplates. c “Face-to-face” self-assembly
nanoarrays and HRTEM (inset) images of MnO nanoplates. d TEM image of highly ordered
MnO nanoplate arrays with 3D superlattice in some parts of TEM grids. Reproduced with per-
mission from Ref. [48]. Copyright (2009) American Chemical Society
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detected. In addition, the octahedral particles were in situ decorated with small
carbon particles (Fig. 3.6c). It should be noted that a regular octahedron is a pla-
tonic solid composed of eight equilateral triangles, four of which meet at each
vertex (Fig. 3.6d).

It is of interest to obtain polycrystalline CdO thin films onto a hot glass substrate
at 673 K by spray pyrolysis from an aqueous cadmium acetate solution [50]. The
pure phase оf fcc CdO quantum dots (QDs) was obtained by thermolysis of
c-irradiated anhydrous cadmium acetate at 673 K for three hours in the presence
and absence of benzyl alcohol as a surfactant [51]. It turned out that the thermolysis
without benzyl alcohol led to the mesoporous structure of CdO NPs (Fig. 3.7, left),
whereas the presence of benzyl alcohol surfactant allows preparing the
cauliflower-like mesoporous structure of CdO (Fig. 3.7, right).

The thermolysis of cobalt acetate was used to produce Co NPs with dimensions
of 8–200 nm [52]. It is important that the use of various combinations of TOP,
OAm, and OA as surfactants allows controlling the particle size.

Of interest is using thermolysis of silver acetate in an inert atmosphere as a
promising method for the preparation of highly dispersed silver [53]. The same

Fig. 3.6 a Low-resolution SEM of Fe3O4 octahedra, b energy-dispersive X-ray spectroscopy
(EDS) of bulk Fe3O4 octahedra, c high-resolution SEM of Fe3O4 octahedron, and d colored sketch
of octahedral. Reproduced with permission from Ref. [49]. Copyright (2010) American Chemical
Society
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process in diphenyl ether as a solvent in the presence of OA and OAm as surfactant
leads to the formation of silver NPs [54]. The overall kinetic scheme of the ther-
molysis of silver acetate including two partially overlapping reaction steps was
proposed using systematic kinetic and morphological analyses [55]. The apparent
activation energies of these steps were comparable (approximately 75 kJ mol−1);
however, the first reaction step was regulated by the first-order law because of the
consumption of reactive sites on the end surfaces of columnar crystals, whereas the
second reaction step is advanced by shrinkage of the side surfaces of the crystals
with an accelerating linear shrinkage rate, leading to slimming of the crystals. The
time-dependent XRD pattern points out to the attenuations of the XRD peaks of
silver acetate and gradual growth of those that belong to metallic Ag (Fig. 3.8a).
The changes in the size of the crystallites of silver acetate and metallic Ag
(Fig. 3.8b) clearly indicate the formation of Ag NPs, which gradually increase from
15 to 24 nm as the reaction progresses.

At a very early stage of the reaction (a = 0.05), spherical NPs are observed on
the end surfaces of the columnar crystals (Fig. 3.9a, b). As the overall reaction
advances, the Ag NP aggregates start to appear on the side surfaces of the reactant
crystals (Fig. 3.9c, a = 0.49). The time lag of the reaction initiations on the end and
side surfaces is associated with the different nucleation rates in each surface. The
initially formed spherical Ag NP aggregates grow gradually to submicron-sized
spherical particles, and these are positioned on certain parts of the reactant surface
(Fig. 3.9d). The resulting product forms a chain of Ag NP aggregates along with the
original columnar crystals of the reactant (Fig. 3.9e). Finally, the chain is formed by
the sintering of aggregates of submicron-sized spherical particles (Fig. 3.9f).

It should be also noted the formation of Au NPs by the rapid and violent
fragmentation of reactant particles during the thermolysis of gold(III) acetate [56].

Fig. 3.7 (left) SEM images of CdO NPs synthesized by thermolysis of c-irradiated cadmium
acetate for three hours at 673 K; (right) SEM images of CdO NPs synthesized in presence of
benzyl alcohol as surfactant-free [51]
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3.1.3 Metal Oleates

The products of the thermolysis of metal–oleate (M–Ol) complexes are metal
nanocrystals, MOs, and metal sulfides [57]. The general synthetic procedure used
for the ultralarge-scale preparation of monodisperse nanocrystals by thermolysis of
M–Ol complex has been represented in Scheme 3.3 [58].

Among the M–Ol complexes, the thermolysis of iron oleate has been studied
most thoroughly, since it is an effective way for relatively large monodisperse iron
oxide nanocrystals with an accurate narrow size distribution and multiple shapes
[8, 20, 59–63]. The undoubted advantage of iron oleate complexes as an iron
precursor by thermolysis is the possibility to ultralarge-scale obtaining iron oxide
NPs with wide range of sizes by varying reaction conditions (Scheme 3.4).

As a typical example, we note thermolysis of anhydrous iron oleate at 573 K
leading to superparamagnetic iron oxide particles [8, 35, 64]. The particle size of
the iron oxide NPs is easily controlled by using solvents with different boiling
points [65]. In particular, NPs with accurate sizes of 5, 9, 12, 16, and 22 nm were
prepared by varying the boiling points of each solvent, such as 1-hexadecene
(b.p. 547 K), octyl ether (b.p. 560 K), 1-octadecene (b.p. 590 K), 1-eicosene
(b.p. 603 K), and TOA (b.p. 638 K) [8]. Controlled modification of the iron oleate
thermolysis method made it possible to obtain faceted iron oxide NPs with octa-
hedral shape [66, 67]. The basis of this approach is the formation in situ of tri-
octylammonium bromide through decomposition of quaternary ammonium salts.
The presence of both metallic iron and iron oxide within the nano-octahedra was
shown.

Fig. 3.8 Changes in XRD
pattern during isothermal
heating of silver acetate at
443 K in flowing N2

(100 cm3 min−1): a changes
in XRD pattern with time and
b changes in the crystallite
sizes of silver acetate and
metallic Ag as the reaction
advances. Reproduced with
permission from Ref. [55].
Copyright (2016) American
Chemical Society
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Of interest is the synthesis of metal nanocrystals of a highly crystalline structure
by the very easy, economical, and nontoxic thermolysis method under low pressure
at about 593 K without any solvent (Scheme 3.5) [68]. The prepared nanocrystals
were controlled by the thermolysis time and vacuum pressure. It is important that
TEM images of products showed the 2D assembly of nanocrystals with the particle
size of 10.6 ± 1.2 nm for iron and 9.5 ± 0.7 nm for silver.

Fig. 3.9 Typical SEM images of partially decomposed silver acetate obtained by heating the
sample to different temperatures at b = 5 K min−1 in flowing N2 (80 cm3 min−1): a, b a = 0.05
(453 K), c, d a = 0.49 (468 K), and e, f a = 1.00 (573 K). Reproduced with permission from Ref.
[55]. Copyright (2016) American Chemical Society
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It should be noted that the thermolysis of metal oleates in high-boiling solvents
of 1-octadecene (ODE) type is the most widespread (see, for example, [8]). Thus,
the thermolysis of the solution of Fe(III)–Ol in ODE or docosane led to the for-
mation of a clear black solution containing iron oxide nanocrystals [20]. The
magnetite nanocrystals present spherical dots with very narrow size distributions,
typically 5–10% (Fig. 3.10). It is important that the nanocrystal average diameter
increased with the reaction time and the molar ratios of OA to FeO(OH).

Scheme 3.3 Overall scheme for the ultralarge scale synthesis of monodisperse nanocrystals.
Reproduced with permission from Ref. [58]. Copyright (2002) Royal Society of Chemistry

Scheme 3.4 Overall scheme for the ultralarge-scale synthesis of monodisperse iron oxide NPs.
M–Ol precursors were prepared from the reaction of metal chloride and NaOl. The thermolysis of
the M–Ol precursors in high-boiling solvent produced monodisperse nanocrystals. The TEM
image clearly demonstrates that the nanocrystals are highly uniform in particle size distribution.
Inset is a photograph showing a petri dish containing 40 g of the monodisperse magnetite
nanocrystals, and a US one cent coin for comparison. Reproduced with permission from Ref. [8].
Copyright (2004) Springer Nature
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In particular, NPs with 6.4-, 7.7-, and 9.0-nm diameter were obtained when the
reaction time was 35, 45, and 60 min, respectively.

Magnetic iron oxide (Fe3−xO4) nanoplates with a high aspect ratio (lateral size/
thickness ratio of >50) were synthesized via a facile hydrothermal treatment of an
iron oleate precursor [69]. Representative TEM images of the Fe3−xO4 nanoplates
(Fig. 3.11a, b) show hexagonal nanoplates with flat surfaces and lateral size of ca.
50–500 nm. The clear facet of a well-defined crystalline lattice is observed
(Fig. 3.11c). The lattice spacing distance is ca. 2.9 Å and corresponds to the
(220) plane of inverse spinel iron oxide. The fast Fourier transform (FFT) pattern of
the nanoplate (Fig. 3.11c, inset) indicates the (111) plane of the Fe3−xO4, and the
diffraction spots are regularly aligned indicating a single crystal.

Scheme 3.5 A procedure for synthesizing nanocrystallites using M-Ol complex (M = Ag+, Fe2+,
etc.). Reproduced with permission from Ref. [68]. Copyright (2008) American Chemical Society

Fig. 3.10 TEM micrograph (left) and histogram (right) of the as-prepared magnetite nanocrystals.
The y-axis of the histogram represents the number of particles (1 k * 1000). Reproduced with
permission from Ref. [20]. Copyright (2004) Royal Society of Chemistry
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Additionally, the thermolysis method is a promising way to prepare iron oxide
NPs with different shapes, such as 0D nanocubes [61, 70–75] and nano-bipyramids
(Fig. 3.12a–c) [76, 77]. In particular, it was shown that spherical iron oxide NPs are
formed using OA as surfactant, and cubic iron oxide NPs are obtained by replacing
the OA with oleate salt (NaOl or K–Ol). Besides, the sizes of both spherical and
cubic iron oxide NPs increase with temperature (Fig. 3.12d–f). It is interesting that
bipyramidal iron oxide NPs are synthesized by decreasing the molar ratio of Ol/Fe–
Ol (Fig. 3.12g).

Of interest is the comparative analysis of using hydrated and non-hydrated iron
oleate complexes as SSPs for iron oxide NPs by thermolysis [64]. In these com-
pounds, iron ions coordinate with dimeric Ol ligands in both bidentate and bridging
modes without water or ethanol molecules (Scheme 3.6).

In particular, the reaction of metal nitrate and carboxylic acid at 393 K was used
to synthesize the non-hydrated iron oleate complexes with subsequent thermolysis
of iron oleate at 573 K in non-coordination solvent to form the in situ-prepared
superparamagnetic iron oxide NPs. The diameter of obtained NPs can be regulated
by changing molar ratios of Fe-Ol/OA from 1:1 to 1:5 at fixed reaction temperature
(593 K) and time (30 min). Using molar ratio of 1:1, the NP (sample 1) with
different morphologies, such as triangle, cubic, spherical, and irregular shapes was
synthesized (Fig. 3.13a). With increasing OA concentration, the size of NPs was
increased, and the morphology of NPs changes to hexagonal in sample 2 and
sample 3, cubic in sample 4, and spherical in sample 5. It is interesting that the most
intense lattice fringes are observed from the {220} to {311} planes in sample 4
(Fig. 3.13f, inset). The average diameters of the NPs in samples 1–5 were equal to
8.4, 11.1, 12.3, 15, and 10 nm, respectively (Fig. 3.13g). It should be noted that the
particle size increases by increasing the OA molar ratio from 1:1 to 1:4 and then
decreases when OA molar ratio is raised to 1:5.

It was shown that the thermolysis of iron oleate proceeds stepwise: First, one Ol
ligand is released at 473–513 K, and then the remaining two Ol moieties are
released at *573 K [59]. The NPs were not prepared at 583 K, whereas the

Fig. 3.11 a, b Representative TEM images of the Fe3−xO4 nanoplates. c HRTEM image of the
marked area in (b). Inset shows the corresponding FFT pattern. Reproduced with permission from
Ref. [69]. Copyright (2017) Elsevier
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relatively uniform NPs in size range of 8–11 nm are formed at 593 K (Fig. 3.14).
The formation of monodisperse NPs of 12 nm size is observed in the samples taken
after aging at 593 K for 10, 20, and 30 min.

Of interest is a solvent-free technique to synthesize highly crystalline and
monodisperse Fe3O4 NPs [78]. This process was carried out at room temperature
instead of refluxing temperatures (*538–623 K) by solid-state reaction of Fe(II)–
and Fe(III)–Ol complexes with NaOH to form monodisperse and highly crystalline
Fe3O4 nanocrystals in a self-assembled, 2D, and uniform periodic array
(Scheme 3.7).

It should be noted the study the influence of reaction conditions and the chain
length on the NP size and morphology in the case of thermolysis of long-chain iron
carboxylates such as Fe(III) oleate, palmitate, and myristate [79]. Besides the
usually forming spherical NPs, a number of interesting morphologies are observed

Fig. 3.12 TEM images of monodisperse spherical (a–c), cubic (d–f), and bipyramidal (g) Fe3O4

NPs with different particle sizes. These Fe3O4 NPs with different morphologies are obtained by
changing the stabilizer and the ratio of oleate/Fe–Ol. Fe3O4 NPs with different sizes are obtained
by changing the temperature. Reproduced with permission from Ref. [76]. Copyright (2007)
American Chemical Society
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in some “extreme” conditions. In particular, iron oxide nanostars are prepared in
eicosane at the high Fe–Ol/OA ratio (Fig. 3.15). At the same time, the cubic NPs
with flat facets are prepared by thermolysis of iron palmitate, and, finally, elliptical
NPs are formed from Fe myristate with the most well-defined structure.

Of interest is the study of effect of the temperature, the nature of organic solvent,
heating rate, and the mode of the heating on the thermolysis process of Fe–Ol dried
at 303 and 443 K in high-boiling organic solvents [80]. It turned out that heating on
wood alloy with simultaneous bubbling of argon through the reaction mixture
versus the heating on mantel with magnetic stirring is a promising route to improve
the monodispersity of the resulting NPs (Fig. 3.16). It is important that the heating
mode and rate are additional factors affecting the kinetic separation of nucleation
and NP growth processes.

It should be noted the preparation of the hematite nanocubes by iron oleate
thermolysis (Fig. 3.16) [81]. The nanocubes are highly uniform in terms of size and

Scheme 3.6 Structure of Fe–Ol complex: a hydrated iron oleate complex and b non-hydrated iron
oleate. Reproduced with permission from Ref. [64]. Copyright (2012) Springer Nature
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shape, and their cyclohexane-dispersed colloidal solution is red (the color turns
deeper with increasing the NP concentration) and usually stable for months under
ambient conditions (Fig. 3.17a, inset). By controlling the solvent evaporation rate
and the concentration of nanocubes, a superlattice structure can be prepared from
these nanocubes (Fig. 3.17b). The edges of the nanocubes have a mean size of
14.7 nm and an interparticle distance estimated at ca. 4.3 nm. The single nanocube
has a well-defined shape and highly crystalline nature (Fig. 3.17b, inset).

To obtain homogeneous hexagonal nanocrystalline ZnO, thermolysis of Zn–Ol
complex was used [82]. In particular, the thermolysis starts at 523 K and ends at
763 K, and the size of nanocrystallites depends on time (from 1 to 10 h) and
temperature of thermolysis, as well as a solvent nature (Fig. 3.18).

Fig. 3.13 TEM images of sample 1–5 prepared by thermolysis at 593 K for 30 min in ODE (a–
e), HRTEM image of sample 4 (f), and the variation of magnetic particle size depending on molar
ratio (indicated by sample numbers) of metal ion and OA (g). Reproduced with permission from
Ref. [76]. Copyright (2007) American Chemical Society
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Co–Ol complexes were used for the preparation of Co NPs by thermolysis [83].
It is important that the NPs need to be coated with organic surfactants to prevent
them from irreversible aggregation and to form ordered 2D or 3D self-assembled
superlattices [84]. It should be noted the synthesis of uniformly sized, pencil-shaped
CoO nanorods with an extraordinary wurtzite ZnO crystal structure by the ther-
molysis of a Co–Ol complex [85]. These uniformly sized nanorods self-assembled
to form both horizontal parallel arrangements and perpendicular hexagonal hon-
eycomb superlattice structures. The diameters and lengths of the CoO nanorods
could be controlled by varying the synthetic conditions, such as the monomer
concentration, heating rate, and aging time (Fig. 3.19). In particular, when a
reaction mixture composed of Co–Ol complex and ODE was heated to 593 K at a
rate of 3.1 deg min−1, CoO nanorods with dimensions 23 nm (base edge) � 28 nm

Fig. 3.14 TEM images (upper: low magnification; bottom: higher magnification) of the iron oxide
NPs at various reaction time intervals. Reproduced with permission from Ref. [59]. Copyright
(2014) Elsevier

Scheme 3.7 Overall scheme for synthesis of monodisperse Fe3O4 NPs. Reproduced with per-
mission from Ref. [59]. Copyright (2014) Elsevier
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Fig. 3.15 HRTEM image of a star-like NP (a), its FFT image (b), and XRD profile (c).
Reproduced with permission from Ref. [79]. Copyright (2011) American Chemical Society

Fig. 3.16 TEM images of the iron oxide spherical, monodisperse 22-nm-sized particles
synthesized in octadecane (top) and microphotographs of the iron oxide NPs with an increased
polydispersity synthesized in eicosane (bottom). Reproduced with permission from Ref. [80].
Copyright (2016) Springer Nature
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(height) were obtained (Fig. 3.19a). At the same time, when the heating rate was
decreased to 1.9 and 1.0 deg min−1, 12 nm � 19 nm (Fig. 3.19b) and 8 nm
26 nm (Fig. 3.19c) CoO nanorods were prepared, respectively. The overall size of
the nanorods was also increased by increasing the amount of Co–Ol complex while
keeping the other experimental conditions unchanged. For example, when the
amount of the Co–Ol complex was increased to 10 and 15 mM, CoO nanorods with
dimensions 9 nm � 28 nm (Fig. 3.19d) and 20 nm � 38 nm (Fig. 3.19e) were
prepared, respectively. The size of the CoO nanorods was further controlled by

Fig. 3.17 a General view of hematite nanocubes. The inset shows the sample photograph; b a
typical self-assembled monolayer of hematite nanocubes. Inset HRTEM image of single nanocube,
bar 8 nm. Reproduced with permission from Ref. [81]. Copyright (2007) American Chemical
Society

Fig. 3.18 (top) TEM micrographs of ZnO nanocrystals: a synthesized in ODE medium;
b synthesized in octyl ether medium, (down) SEM micrographs of ZnO nanocrystals: a synthesized
in ODE medium; b synthesized in octyl ether medium. Reproduced with permission from Ref.
[82]. Copyright (2008) Springer Nature
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varying the aging time. When the aging time was increased from 30 min to 1 h, the
length of the nanorods was increased from 19 nm (see Fig. 3.19b) to 46 nm
(Fig. 3.19f), while their diameter was decreased slightly.

Of interest is thermolysis of Ni–Ol complex under inert gas flow leading to Ni
NPs (Scheme 3.8) [86]. The mean particle sizes of the cubic-phase Ni NPs prepared
at 623, 653, and 673 K were 5.1, 5.5, and 6.6 nm, respectively.

3.1.4 Other Metal Monocarboxylates

Among the other metal monocarboxylates, we note ethylene glycol-functionalized
Co(II) carboxylate [Co(CO2CH2(OC2H4)OMe)2] used as an SSP for preparing
Co3O4 NPs by solid-phase thermolysis in air [87]. It is important that NPs with

Fig. 3.19 TEM images of pencil-shaped CoO nanorods obtained using various synthetic
conditions. CoO nanorods with dimensions of 23 nm (base edge) � 28 nm (height) (a),
12 nm � 19 nm (b), and 8 nm � 26 nm (c), synthesized at heating rates of 3.1, 1.9, and
1.0 deg min−1, respectively, with the same Co–Ol concentration of 5 mM. CoO nanorods with
dimensions of 9 nm � 28 nm (d) and 20 nm � 38 nm (e) were synthesized using 10 and 15 mM
of Co–Ol with the same heating rate of 1.9 deg min−1. f 9 nm � 46 nm CoO nanorods were
synthesized using the Co–Ol concentration of 5 mM and a heating rate of 1.9 deg min−1, but an
increased aging time of 1 h. Reproduced with permission from Ref. [85]. Copyright (2007)
American Chemical Society
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different chemical composition (including Co3O4, CoO, and Co) and with particle
sizes from 9 to 18 nm are formed depending on the time of thermolysis. For
example, APS of Co3O4 NPs was equal 18 ± 1, 14 ± 1, and 16 ± 1 nm after 10,
20, and 30 min, respectively.

Thermolysis of Fe(III) glucuronate led to monodisperse superparamagnetic
Fe3O4 NPs coated with OA (Scheme 3.9) [88]. It turned out that the size, shape,
and particle size distribution can be regulated by varying the reaction parameters, in
particular, the reaction temperature, concentration of the stabilizer, and type of
high-boiling-point solvents. In order to obtain the Fe3O4 NPs dispersible in water,
the NP surface was treated with a-carboxyl-x-bis(ethane-2,1-diyl) phosphonic
acid-terminated poly(3-O-methacryloyl-a-D-glucopyranose).

Thermolysis of the complex EuL∙6H2O, where H3L is 1,3,5-benzene
tricarboxylic acid, resulted to 1D Eu2O3 nanorods of 10–20 nm thick with 50–
100 nm width, and a length ranging from hundreds nanometers to several
micrometers [89–91].

Of interest is also thermolysis of ZnL2 (HL = 2-aminonicotinic acid) at 823 K
for 4 h leading to the formation of a pure ZnO with a hexagonal wurtzite structure
and various morphologies (Scheme 3.10) [92].

Hollow microblocks of ZnL2 (Fig. 3.20a, c) are converted to porous microbricks
that comprise ZnO NPs with a size of *30 nm (Fig. 3.20d, f). The prepared
products possess a mesoporous structure with a surface area of 8.13 m2 g−1 and a
pore size of 22.6 nm (Fig. 3.20g, i).

Scheme 3.8 Schematic
diagram of the synthesis of Ni
NPs using thermolysis.
Reproduced with permission
from Ref. [86]. Copyright
(2009) Elsevier
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3.1.5 Metal Oxalates

The solid-state thermolysis of metal complexes of dicarboxylic acids, in particular,
oxalates (ox) showing the wide variety of coordination modes predominantly gives
MOs and mixed oxides as intermediates and end products. It has been investigated
for a long time (see, for example, [93–95]). Prehistory (temperature and duration of
thermolysis, aging, morphology) affects essentially the structure of a thermolysis
product as, for example, in case of the most thoroughly studied iron oxalate.
In particular, thermolysis in air results to hematite (a-Fe2O3), and deficiency of
oxygen at 773–973 K leads to the formation of Fe3O4 NPs of 35–55 nm of size:

2FeC2O4 � 2H2Oþ 5=12O2 ! 1=2Fe2O3 þ 1=3Fe3O4 þ 2COþ 2CO2 þ 4H2O

In the case of thermolysis of Fe(III) oxalate tetrahydrate in a dynamic inert
atmosphere, the main products are FeO (wustite), a-Fe, magnetite, and small
amounts of superparamagnetic Fe(III) oxide [96]. At the same time, thermolysis in

Scheme 3.9 Scheme of the preparation of Fe3O4 NPs dispersible in water. Reproduced with
permission from Ref. [88]. Copyright (2016) American Chemical Society

Scheme 3.10 Formation reaction for the zinc complex and for zinc oxide. Reproduced with
permission from Ref. [92]. Copyright (2015) Elsevier
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Fig. 3.20 SEM images of hollow microblocks of the ZnL2 in a, b a wide and c a close-up window
and d, e ZnO microbricks containing f ZnO NPs; TEM images (g–i) of the mesoporous structure of
the ZnO NPs. Reproduced with permission from Ref. [92]. Copyright (2015) Elsevier

Scheme 3.11 Products
formed during thermolysis of
ferrous oxalate dihydrate
depending on experimental
conditions

an oxidative atmosphere consists of dehydration, reduction to Fe(II), and the sub-
sequent decarboxylation to hematite.

The numerous studies of the thermolysis of ferrous oxalate dihydrate Fe(ox)
∙2H2O showed that experimental conditions such as reaction atmosphere and
duration or temperature of thermolysis influence the formation of the final products
(Scheme 3.11) [94, 97–99].
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In particular, it was well established that the final product of thermolysis of
ferrous oxalate in air is hematite, a-Fe2O3 [94, 96, 97, 100–102]. It is important that
the morphology of the oxalate crystals is preserved during thermolysis; the oxalates
are transformed into spinel particle aggregates of similar size (40 or 55 nm) and
shape [94]. The detailed investigation of intermediate and final products by XRD
measurements performed simultaneously with the thermolysis process of Fe(ox)
∙2H2O nanorod sample has shown that diffraction peaks characteristic of ferrous
oxalate disappeared at T = 453 K [103]. At the next stage of the thermolysis, the
poorly crystalline Fe2O3 phase is formed, which was stable in the whole temper-
ature interval. In the last stage, the final product was identified as bulk hematite
a-Fe2O3.

Of interest is solid-state thermolysis of a chiral, 3D anhydrous potassium tris
(oxalato)ferrate(III) (K3[Fe(ox)3]) precursor in air to form the four iron oxide
polymorphs: iron oxide NPs hematite (a-Fe2O3), maghemite (c-Fe2O3), magnetite
(Fe3O4), and wustite (FeO) (Fig. 3.21) [104].

Thermolysis of the copper oxalate at 573 K for 1 h leads to the products con-
taining Cu, Cu2O (cuprite), as well as CuO (tenorite) depending on temperature and
includes the following stages: [Cu] ! Cu + Cu2O (458-573 K), 0.5Cu2O + 2CuO
(573–618 K), 3CuO (618–673 K) [105–107].

Thermolysis of Co(ox)∙2H2O proceeds in two steps: dehydration to anhydrous
oxalate and subsequent decomposition to Co and CoO in two parallel reactions
[93]. It should be noted that both reactions obey Avrami–Erofeev equations. In
particular, for the first reaction leading to metallic cobalt, parameter n and

Fig. 3.21 a-Fe2O3, c-Fe2O3, Fe3O4, and FeO obtained from the K3[Fe(ox)3] precursor using
different thermolysis temperatures. Reproduced with permission from Ref. [104]. Copyright
(2015) Elsevier
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activation energy are equal to 2 and 97 ± 14 kJ mol−1, accordingly. At the same
time, the thermolysis to CoO includes two stages. First stage proceeds with n = 2
and activation energy 251 ± 15 kJ mol−1, while second stage proceeds with n = 1
and activation energy 203 ± 21 kJ mol−1. Similar kinetic regularities were
obtained during a study on kinetics of isothermal thermolysis of cobalt oxalate at
six different temperatures between 568 and 643 K in reducing (He + 15 vol% H2)
atmosphere [108]. The powder size was less than 100 nm at the thermolysis tem-
peratures below 643 K (Fig. 3.22). At the same time, thermolysis at 823 K for
30 min was found to be optimum condition preparing fine size, non-pyrophoric,
and spherical powder in larger scale of preparation.

1D array of Co3O4 NPs was prepared via the thermolysis of cobalt oxalate
nanorods [109, 110]. By using the combinations of TPP and OAm as surfactants,
the morphology of the particles can be regulated (Scheme 3.12).

The diameters of the prepared Co3O4 nanorods are 20 nm, and the average
lengths are around 500 nm. Due to the whiskers-like structure, very thin arrays of
Co3O4 NPs are observed (Fig. 3.23a). It is important that the formed NPs consist of
a large number of the nanorods (Fig. 3.23b).

Fig. 3.22 (left) SEM image showing nanosized cobalt powder formation at 613 K, (middle) SEM
image showing nanopowder chain formation at 643 K, (right) micron size cobalt powder produced
after decomposition at 823 K for 30 min. Reproduced with permission from Ref. [108]. Copyright
(2008) Elsevier

Scheme 3.12 Overall synthetic procedure of the formation Co3O4 nanorods and view of the
growth rod-like shapes by thermolysis. Reproduced with permission from Ref. [110]. Copyright
(2009) Elsevier

100 3 Thermolysis of Low Molecular Weight Metal Chelates



It is interesting that particle size of initial cobalt oxalate plays a crucial role in
determining the size of prepared oxide particles [111]. In particular, cobalt oxalate
particles with sizes of *60 and 30 nm were prepared with (sample SP) and without
surfactant (sample SA), respectively (Fig. 3.24a, b). As a thermolysis result, the
Co3O4 NPs with sizes of *60 nm and 25 nm for first and second samples were
obtained (Fig. 3.24c, d).

It should be noted that thermolysis of manganese oxalate and its ethylene glycol
crystal solvate having quasi-unidimensional structure leads to Mn3O4 and
Mn2O3 nanowhiskers in air and MnO in an inert gas environment [112]. It is
important that thermolysis of these compounds completely conserves their initial
crystal shape. In particular, manganese oxalate trihydrate forms needles about 1 lm
in diameter (Fig. 3.25a), while its solvate crystallizes as thinner needles and fibers
that tend to longitudinally intergrowth (Fig. 3.25b). Thermolysis of the solvate in
air and in an inert gas environment leads to the separation of the initial crystals into
thinner extended aggregates of Mn2O3 and MnO, respectively (Fig. 3.25c, d).

3.1.6 Metal Malonates

Of interest are kinetic and thermodynamic studies of the non-isothermal decom-
positions of nickel and cobalt malonates dihydrate and nickel and cobalt hydrogen
malonates dihydrate [113], isothermal and non-isothermal decomposition of zinc
malonates [114], and thermolysis of transition metal malonates [14]. The binding of
the carboxylate group to the metal is chelating bidentate and/or bridging in these
compounds. This conclusion is supported (at least in the case of the Cu and Zn
compounds) by the results of the crystal structure determination of Cu malonate
trihydrate [115] and Zn malonate dihydrate [116]. The thermolysis of metal mal-
onates occurred preferentially with the release of carbon dioxide due to decar-
boxylation and oxidation of organic part.

Fig. 3.23 SEM images of Co3O4 nanorods. Reproduced with permission from Ref. [110].
Copyright (2009) Elsevier
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It should be also noted thermolysis of copper malonate [CuCH2C2O4�2H2O]
with surfactant OAm and triphenylphosphine (TPP) as capping agent leading to
copper NPs (Scheme 3.13) [117]. It is important that CuO instead of Cu is formed
as a result of thermolysis of copper malonate without using surfactants. However,
thermolysis with OAm and TPP as surfactants gives pure Cu NPs with diameter
of *35 nm, because the surfactants inhibit oxygen diffusion to the NP surface and
prevent from oxidation.

The study of thermolysis of transition metal malonates MCH2C2O4�nH2O
(M = Mn(II), Fe(II), Co(II), Ni(II), Cu(II), Zn(II)) showed that the dehydration and
the thermal decomposition of the anhydrous compounds occur in one step [118].
The final residue of thermolysis at 608 (Mn), 673 (Fe), 613 (Co), 623 (Ni), 793
(Cu), and 723 K (Zn) is Mn3O4, Fe2O3, Co3O4, NiO, CuO, and ZnO, respectively.

Fig. 3.24 TEM images of Co(ox)∙2H2O: SP (a), SA (b) and Co3O4: c produced from SP,
d produced from SA. Reproduced with permission from Ref. [111]. Copyright (2015) Springer
Nature
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Thermolysis of cadmium malonate led to CdO nanoplatelets, which are randomly
agglomerated fcc structures with the APS of 40–50 nm [119]. Thermolysis of
cadmium malonate hydrates was studied in dynamic helium and air atmospheres
[120]. It turned out that the mechanism of thermolysis of cadmiummalonate strongly
depends on the amount of water in the initial sample. In particular, the degree of
decomposition of dehydrated malonate obtained from sample with 1.4 hydration
water molecules is greater than the degree of decomposition of the dehydrated
malonate obtained from samples with 0.2 hydration water molecules at the same
temperature. The initial temperature of decomposition of anhydrous malonate for all

Fig. 3.25 SEM images (�2500) of a Mn(ox)�3H2O, b Mn(ox)(HOCH2CH2OH), c product of
thermolysis of the solvate in air at 723 K, d product of thermolysis in a helium atmosphere at
873 K. Reproduced with permission from Ref. [112]. Copyright (2009) Springer Nature

Scheme 3.13 Illustration of the formation of Cu NPs by copper malonate as a Cu precursor.
Reproduced with permission from Ref. [117]. Copyright (2013) Elsevier
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the samples is in the range 518–523 K which can indicate the same mechanism of
decomposition. The primary solid product of thermolysis is metallic cadmium both
in air and in helium, and the gaseous products are acetone, isobutylene, propyne,
CO2, and H2O. In helium, metallic cadmium evaporates at the temperature of de-
composition. In air, cadmium immediately oxidizes and forms CdO.

3.1.7 Metal Succinates

Copper and copper oxide NPs with the sizes of 50 nm are the products of ther-
molysis of Cu(II) succinate with OAm as a capping agent [121]. A procedure has
been proposed for the preparation of copper/polymer composites through Cu
(C4H4O4)�H2O succinate thermolysis [122]. Three types of copper NPs have been
incorporated into a fibrous carbon–polymer matrix of the composite: cubic
(350 � 350 nm) and needle-like (40–80 nm in diameter and 4.5–5.5 lm in length)
crystals and spherical copper particles ranging in size from 5 to 45 nm (Fig. 3.26).

Fig. 3.26 TEM micrographs of the composite prepared through copper(II) succinate thermolysis.
Reproduced with permission from Ref. [122]. Copyright (2014) Springer Nature
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3.1.8 Metal Phthalates

Metal phthalates are the promising candidates for the thermolysis process. Phthalic
acid (H2L), an aromatic dicarboxylic acid, can be used to bind two acid groups with
metal atoms. The simultaneous interaction of two carboxylate groups of the H2L
with one metal ion leads to the lower thermal stability of phthalate complexes in
comparison with isophthalate and terephthalate ones. The obtained structure is a
seven-member metal chelate cycle which stabilizes the complex, increases the
intermolecular interactions, and decreases the intermolecular bonds leading to a
consequent decrease in the thermal stability. Thus, for example, the thermolysis of
ortho-[Ni(H2O)2(L)](H2O)2, [Cu(H2O)(L)], and acid [M(H2O)6](HL)2 (M = Fe(II),
Co(II), and Ni(II)), [Cu(H2O)2(HL)2] phthalates gives the nanocomposites with NPs
embedded in carbon–polymer matrices [123]. It is interesting that nickel/copper
composites consist only of metal NPs, and in iron/cobalt polymer nanocomposites
there are metal NPs with oxide NP impurities. In addition, the copper-based
composite matrix contains spherical conglomerates (50–200 nm) with numerous
spherical Cu NPs (5–10 nm), while nickel NPs with the diameters of 6–8 nm are
covered with disordered graphene layers.

The mechanism of thermolysis of phthalate complexes has well been studied in
the absence of surfactants [124, 125]; however, surfactants optimize particle size,
morphology, and synthesis methods of nanomaterials. For example, the chain-like
Mn2O3 NPs were obtained via thermolysis of manganese phthalate SSPs in the
presence of OA and TPP as stabilizer and capping agent at 493 K [126]. It is
important that OA and TPP could not react with the surface Mn2O3 atoms, but in
the thermolysis process metal ions could be capped by OA and TPP [127]. The
chain-like structures are composed of nano-sized (approximately 35–40 nm) pri-
mary particles (Fig. 3.27, left). It should be noted the preparation of pure tin dioxide
(SnO2) NPs by thermolysis of tin phthalate in the presence of OA as solvent
(Fig. 3.27, right) [128].

Fig. 3.27 (left) TEM images of SnO2 obtained from [Sn(L)(H2O)]n. Reproduced with permission
from Ref. [128]. Copyright (2010) Elsevier; (right) TEM image of Mn2O3 nanostructures.
Reproduced with permission from Ref. [126]. Copyright (2009) Elsevier
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Of interest is synthesis of NiO NPs by solid-state thermolysis of layered coor-
dination nickel phthalate SSPs [129]. The smaller particle size and lower ag-
glomeration level were obtained when the molar ratio of ligand to metal increased
and thermolysis temperature decreased. Thermolysis of [Ni(L)(H2O)2] complex at
773 K leads to the formation of spherical particles with a maximum diameter of
about 25 nm (Fig. 3.28). At the same time, uniform spherical NiO NPs with particle
size of about 10–15 nm were obtained by thermolysis of NiL2 complex at 773 K.

Thermolysis of Co–phthalate with OA as a surfactant along with TPP as a
modulating additive led to highly dispersed Co3O4 NPs with APS of about 20–
30 nm. It was shown that OA is chemisorbed via a carboxylate fragment onto the
NPs in a bidentate mode. In addition, TPP is an appropriate surfactant which
provides greater steric hindrance than the straight-chained alkyl group; therefore,
TPP reduces growth rate of the NPs during the reaction and results in producing
much smaller NPs (Fig. 3.29) [130].

Fig. 3.28 Scheme of the synthesis and thermolysis of [Ni(L)(H2O)2] and NiL2. Reproduced with
permission from Ref. [129]. Copyright (2009) Elsevier
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3.2 Metal Acetylacetonates

The acetylacetonate anion (acac) interacts with many metal ions to form the metal
chelates containing a six-membered chelate cycle. These SSPs are one of the most
promising compounds in nanomaterials preparation by thermolysis [131, 132]. The
b-diketonate bidentate ligands coordinate to the metal center strongly and are
believed to provide for more controlled reaction rates than monodentate ligands in
the synthesis of metal oxide NPs. In the presence of surfactants, for example, OA or
OAm, which form intermediate complexes with M(acac)2, thermolysis of these
compounds leads to the formation of evenly shaped monodisperse NPs. Long-chain
amines, thiols, carboxylic acids, and phosphine oxides are efficient stabilizing
agents of metal NPs in different solvents, because they prevent aggregation of NPs
formed during thermolysis.

3.2.1 Nickel Acetylacetonate

Nickel acetylacetonate was thermolyzed in OAm under inert atmosphere to form
nanocrystals of two cubic phases and a hexagonal phase (Fig. 3.30, left) [133]. It was
shown that one cubic phase was fcc metallic nickel, the other cubic phase was novel
cubic nickel carbide, and the hexagonal phase was nickel carbide. It is interesting that
theNi(acac)2�nH2O released its hydratedwater at *373 K, then it decomposed above
509 K, and the weight steeply decreased up to 554 K (Fig. 3.30, right).

Spherical Ni NPs (23–114 nm in diameter) were prepared by thermolysis of Ni
(acac)2 with OA and OAm both as surfactant and as solvent [61]. All samples are
single-phase with fcc structure, and APS of the prepared Ni NPs increases with
increasing reaction temperature (Fig. 3.31). It is important that perfect cubic
symmetry can be clearly identified for the polycrystalline Ni NPs
(Fig. 3.31a, inset). In addition, the HRTEM image (Fig. 3.31b) shows the granular
morphology and the surface nature of magnetically dead layer.

Fig. 3.29 a TEM images of Co3O4 NPs obtained in the presence of OA and TPP and b TEM
image of Co3O4 NPs obtained in the presence of OA without TPP. Reproduced with permission
from Ref. [130]. Copyright (2010) Elsevier
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Ni NPs were synthesized by the thermolysis of Ni acetylacetonate in OAm at
493 K with TOP as the capping agent [134]. It is important that an increase in the
TOP/Ni ratio resulted in the NP size decrease.

3.2.2 Aluminum Acetylacetonate

NPs of a-Al2O3 were prepared by thermolysis of Al(acac)3 at 1273 K for 2 h [135].
It should be noted that the key factor for the formation of a-Al2O3 nanopowders is
the volumetric ratio (alumina to acetylacetone) of the SSP solutions. In addition, the

Fig. 3.30 (left) Scheme of thermolysis of Ni acetylacetonate and (right) the result of TG analysis
of Ni acetylacetonate in flowing Ar gas. Reproduced with permission from Ref. [133]. Copyright
(2008) American Chemical Society

Fig. 3.31 XRD patterns (a) and HRTEM image (b). Ni NPs formed at a 513 K, b 528 K, c
543 K, and d 558 K. Selected area electron diffraction (SAED) pattern and HRTEM image relative
to Ni NPs formed at 528 K. Reproduced with permission from Ref. [61]. Copyright (2004)
American Chemical Society
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prepared nanomaterials can be modified from segregated NP to NP aggregates by
reducing the volume ratio of alumina to acac from 8:2 to 5:5 in the SSP solutions.

3.2.3 Copper Acetylacetonate

Of interest are uniform Cu2O-coated Cu NPs prepared by the thermolysis of Cu
(acac)2 in OAm followed by air oxidation (Scheme 3.14) [136].

The prepared products are uniform 15-nm-sized copper NPs and have the
polycrystalline nature (Fig. 3.32a, b). After exposure to air, the color of the NP
solution changed to blue, showing the formation of copper oxide Cu2O
(Fig. 3.32c).

Scheme 3.14 Synthetic procedure for Cu2O-coated Cu NPs. Reproduced with permission from
Ref. [136]. Copyright (2004) Royal Society of Chemistry

Fig. 3.32 a TEM and b HRTEM images of 15-nm Cu2O-coated Cu NPs. c Photographs of the
colloidal solution containing Cu NPs (left) and Cu2O-coated Cu NPs (right). Reproduced with
permission from Ref. [136]. Copyright (2004) Royal Society of Chemistry
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Of interest is synthesis of CuS nanodisks with APS of 15 nm by the reaction of
Cu(acac)2 with elemental sulfur in o-dichlorobenzene using OAm and octanoic acid
as the surfactant at 455 K for 60 min [137]. It is important that the disks lie flat on
their hexagonal faces and look spherical (or hexagonal) when isolated on a sub-
strate. At the same time, they look like rods when stacked together. In addition,
tilting of the stacked disks (Fig. 3.33) confirms their disk shape.

It should be noted an interesting approach to the synthesis of size-controllable
and potentially shape-controllable molecularly capped copper NPs by thermolysis
of Cu(acac)2 [138]. It involved the regulation of reaction temperature for the syn-
thesis of copper NPs in organic solvents in the presence of amine and acid capping
agents (Scheme 3.15). Control of the reaction temperature and capping molecules
allows to preparing copper NPs ranging from 5 to 25 nm with different shapes such
as rods and cubes.

Fig. 3.33 TEM images of a row of stacked CuS nanodisks imaged at different tilt angles: a +18.5°
and b −18.5° in the x direction. c, d Schematic illustration of the nanodisk morphology and how
their overlap affects the image. Reproduced with permission from Ref. [137]. Copyright (2005)
American Chemical Society
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3.2.4 Cobalt Acetylacetonates

The precursor Co(acac)2 has been thermolyzed in the presence of OA and TOP to
form Co NPs (*3 nm) [139]. At the same time, using Co(acac)3 as SSP at 408 K
under an Ar atmosphere allows to preparing the interesting wurtzite-type hexagonal
CoO nanocrystals [140]. It is important that cubic CoO nanocrystals were prepared
under similar synthetic conditions using longer reaction time at 408 K. In addition,
size and shape of the CoO NPs can be regulated by changing the SSP concentration.
For example, using a solution with 1:200 molar ratio of Co(acac)3 to OAm leads to
rod-shaped CoO nanocrystals with 11 ± 1.7 nm in width and 40 ± 7.3 nm in
length (Fig. 3.34a), which can be well indexed to the wurtzite structure
(Fig. 3.34b). Hexagonal pyramid-shaped CoO nanocrystals of 47 ± 4.6 nm inside
edge length and 24 ± 2.4 nm in basal edge length (Fig. 3.34d) were synthesized
using a solution of 1:100 molar ratio of Co(acac)3 and OAm. It should be noted that
similar shaped with larger nanocrystals of 83 ± 9.2 nm inside edge length and
42 ± 4.5 nm in basal edge length (Fig. 3.34e) was grown from a 1:50 molar ratio
solution.

3.2.5 Zirconium Acetylacetonate

Pure zirconium oxide nanocrystals were successfully prepared via thermolysis of
precursor [Zr(acac)3(H2O)2](NO3) in coordinating solvent of OA or PEG and TPP
[141].

Scheme 3.15 Schematic illustration of the synthesis of copper NPs in the presence of capping
agents in organic solvent. Reproduced with permission from Ref. [138]. Copyright (2007)
American Chemical Society
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3.2.6 Zinc Acetylacetonate

Zn(acac)2 was used as SSP to prepare ZnO NPs by thermolysis with the different
combinations of TPP and OAm as surfactants to control the NP size (Fig. 3.35, left)
[142]. The synthesized ZnO NPs have a hexagonal zincate structure with diameter
in the range of 12–20 nm (Fig. 3.35, right).

3.2.7 Manganese Acetylacetonate

Thermolysis of Mn(acac)2 in OAm leads to size-controlled nanocrystals of two
different manganese oxides, Mn3O4 and MnO [143]. The product shows nearly
monodisperse spherical NPs of 10 nm in diameter (Fig. 3.36a) having the highly

Fig. 3.34 TEM micrographs of hexagonal CoO nanocrystals: a TEM image, b SAED pattern, and
c HRTEM image of rod-shaped nanocrystals with average width of 11 ± 1.7 nm and average
length of 40 ± 7.3 nm. TEM images of hexagonal pyramid-shaped nanocrystals with average side
edge lengths of d 47 ± 4.6 nm and e 83 ± 9.2 nm. Reproduced with permission from Ref. [140].
Copyright (2005) American Chemical Society
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crystalline nature (Fig. 3.36b). It is important that the particle size can be easily
regulated by a change in the thermolysis temperature. For example, smaller NPs of
6 nm in diameter were prepared at 423 K (Fig. 3.36d) and larger NPs of 15 nm in

Fig. 3.35 (left) Synthesis of ZnO NPs by thermolysis of Zn(acac)2 and (right) SEM image of ZnO
NPs. Reproduced with permission from Ref. [142]. Copyright (2008) Elsevier

Fig. 3.36 TEM micrographs of Mn3O4 NPs: a TEM image, b HRTEM image, and c an SAED
pattern of 10 nm NPs. TEM images of d 6 nm and e 15 nm NPs. HRTEM images are shown in the
insets. Reproduced with permission from Ref. [143]. Copyright (2004) John Wiley and Sons
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diameter were synthesized at 523 K (Fig. 3.36e). An interesting observation was
made during adding water to the reaction slurry of Mn(acac)2 in OAm (1:24 molar
ratio). As a result, only pure cubic MnO was prepared without contamination by
Mn3O4.

It should be noted the preparation of an ordered (predominantly cubic) 3D array
of monodispersed Mn3O4 NPs (diameter ca. 8 nm) with the core–shell structure by
thermolysis of Mn(acac)2 in OAm [144]. It is interesting that these particles have a
highly crystalline Mn3O4 core encapsulated within a thin shell of MnO2, which is
capped by OAm.

3.2.8 Iron Acetylacetonates

Highly monodisperse iron oxide NPs with high crystallinity and uniform size
distribution were synthesized on a large scale by thermolysis of Fe(acac)3 in a hot
surfactant solution [145–155]. Thermolysis of Fe(acac)3 with 1,2-hexadecanediol in
the presence of OA and OAm leads to monodisperse magnetite (Fe3O4) NPs with a
cubic spinel structure, whose diameter can be tuned from 3 to 20 nm by a change of
thermolysis conditions or by seed-mediated growth [156]. It is important that the
hydrophobic NPs can be converted into hydrophilic ones by adding bipolar sur-
factants. Water-dispersible magnetite NPs were directly obtained using thermolysis
of Fe(acac)3 in triethylene glycol (TEG), which plays a triple role as high-boiling
solvent, reducing agent, and stabilizer, as well as can prevent from interparticle
aggregation [157]. Fe3O4 NP sizes prepared from Fe(acac)3 via solvent-free ther-
molysis method increase with increasing temperature and reaction time [157].
Monodisperse 8-nm Fe3O4 NPs (Fig. 3.37) were synthesized by the thermolysis of
Fe(acac)3 in OAm and then were deposited onto n-type silicon wafer [158].

Fig. 3.37 A representative
TEM image of Fe3O4 NPs.
Reproduced with permission
from Ref. [158]. Copyright
(2016) Elsevier
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Thermolysis of Fe(acac)3 in the presence of OA, OAm, and a series of alcohols
was shown to be economically attractive alternative for the synthesis of iron oxide
NPs without compromising their size and shape control [159]. It is important that
the relative cost for the preparation of Fe3O4 NPs is reduced to only 21% and 9% of
the original cost when using 1,2-octanediol and cyclohexanol, respectively. It
should be noted that the thermolysis carried out in the presence of OAm, as the only
one stabilizing agent, led to a material with a poor morphology and size control,
while in the presence of OA, as the only one stabilizing agent, a material with better
dispersion was obtained. The same synthesis with a mixture of OA and OAm
(without 1,2-alkanediol) gives a product with quite a uniform size distribution of
NPs, which shows faceted NPs with a mean diameter of 9.0 nm. It is interesting that
the thermolysis in the presence of OA, OAm, and 1,2-octanediol resulted in
reproducible products with well-dispersed spherical-shaped NPs of 5.5 nm with
narrow size distribution.

Of interest is a low-cost route for synthesis of NPs with sizes from 7 to 10 nm by
thermolysis of Fe(acac)3 at temperature as low as 443 K in dibenzyl ether and OAm
(Fig. 3.38a) [160]. The NP size was tunable by varying the volumetric ratio of
benzyl ether and OAm (Fig. 3.38b, c).

It should be noted the preparation of Fe3O4 nanoflowers with diameters of
42 ± 8, 30 ± 5, and 19 ± 3 nm (Fig. 3.39a–c) by thermolysis of the mixture of Fe
(acac)3, PEG bis(carboxymethyl) ether, OAm, and phenyl ether in solution [161]. It
is important that Fe3O4 nanoflowers consist of clusters connected in three dimen-
sions (Fig. 3.39d) and the average diameters of the primary Fe3O4 NPs in the
nanoflowers are approximately 4.3 nm (42-nm Fe3O4 nanoflowers), 4.8 nm (30-nm
Fe3O4 nanoflowers), and 4.5 nm (19-nm Fe3O4 nanoflowers), respectively.

Large iron oxide nanocubes from 20 to 160 nm were obtained by the thermolysis
of Fe(acac)3 in the presence of OA and benzyl ether at 563 K [162]. The prepared
nanocubes have a uniform edge length of 79 nm (Fig. 3.40a) and the highly crys-
talline nature (Fig. 3.40a, inset). It is important that the dimensions of the nanocubes
could be regulated by a change of the thermolysis conditions, for example, the
amount of benzyl ether. Thus, reducing the amount of benzyl ether to 5.2 g and
increasing the reaction time to 1 h led to *110-nm-sized particles composed of
truncated cubes and truncated octahedra (Fig. 3.40b). At the same time, when the
thermolysis time increased to 1.5 and 2 h, the particles grew to a larger size and more
perfect cubic shape with edge dimensions of 150 nm (Fig. 3.40c) and 160 nm
(Fig. 3.40d), respectively. In addition, using 4-biphenylcarboxylic acid and OA at
keeping all the other thermolysis conditions, the smaller 22-nm-sized nanocubes
were obtained (Fig. 3.40e). The overall evolution of NP shapes is illustrated in
Fig. 3.40f.

Among the other interesting examples, we note the preparation of single crys-
talline iron oxide NPs with few defects and similar physical properties by intro-
ducing molecular oxygen as one of the reactive species in the thermolysis process
[163]. Of interest is also the preparation of nanosized iron(III) oxide by thermolysis
of Fe(acac)3 using diphenyl ether as a dispersion medium [164]. In particular, it has
been shown that at low-temperature thermolysis (453 K) the obtained particles
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differ in form and there is a trend to form particles of triangle shape with APS of
12–15 nm (Fig. 3.41a). Increase in thermolysis temperature leads not only to
decrease of APS but also formation of particles of uniform shape (Fig. 3.41b). In
addition, increasing thermolysis temperature from 453 to 523 K provides more than
twofold decrease of APS of iron(III) oxide particles (Fig. 3.41c).

Fig. 3.38 (top) Schematic illustration of the synthetic process. (down) TEM images of
Fe3O4 NPs: a 7 ± 0.5 nm, b 8 ± 0.4 nm, c 9 ± 0.6 nm, and d 10 ± 0.8 nm. Scale bar is
20 nm. Reproduced with permission from Ref. [160]. Copyright (2009) American Chemical
Society
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3.2.9 Cadmium Acetylacetonate

Of interest is the formation of CdO thin films by thermolysis of cadmium
hexafluoroacetylacetonate dihydrate [165, 166]. This process was carried out in a
low-pressure horizontal hot-wall reactor on optically transparent SiO2 substrates.
The prepared products consist of highly oriented cubic crystals.

3.2.10 Gold Acetylacetonate

The gold NPs of variable sizes were obtained by thermolysis of gold(I) complexes,
such as Au(acac)PPh3, in coordinating solvents [167]. The advantage of this method
is the control of the NP’s growth rate by selection of the SSP, the stabilizer, the
thermolysis temperature, and time. In particular, a time-dependent growth of gold
NPs was observed during the thermolysis of Au(acac)PPh3 in the presence of HDA
and TOPO in diphenyl ether (Fig. 3.42, left). When the as-prepared NPs have
diameters less than 15 nm, they are relatively monodisperse in size (Fig. 3.42, right).

Fig. 3.39 a–c TEM images of a 42 nm, b 30 nm, and c 19 nm Fe3O4 nanoflowers. Insets are
electron diffraction patterns. Scale bar 100 nm. d HRTEM image of 30 nm Fe3O4 nanoflowers.
Scale bar 10 nm. Reproduced with permission from Ref. [161]. Copyright (2010) Royal Society
of Chemistry
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Fig. 3.40 TEM images of a 79-nm-sized Fe3O4 nanocubes (inset HRTEM image); b mixture of
truncated cubic and truncated octahedral NPs with an average dimension of 110 nm;
c 150-nm-sized truncated nanocubes; d 160-nm-sized nanocubes; e 22-nm-sized nanocubes.
f Schematics showing the overall shape evolution of the Fe3O4 NPs. Reproduced with permission
from Ref. [162]. Copyright (2008) American Chemical Society
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Fig. 3.41 TEM image of nano-Fe2O3: a thermolysis at 453 K, b thermolysis at 523 K,
dependence of APS on thermolysis temperature (c). Reproduced with permission from Ref. [164].
Copyright (2016) Springer Nature

Fig. 3.42 (left) Evolution of APS over time for samples containing 0% (dot), 25% (filled square),
50% (filled triangle), and 75% (filled diamond) TOPO. Size increases until about 15 nm (closed
symbols), at which point particles become destabilized and aggregation occurs (open symbols). At
this point, particle dispersities also dramatically increase, (right) Representative TEM image of Au
NPs removed from a 50:50 mixture of TOPO and HDA after 38 min. Particle size was calculated
to be 10.2 ± 1.4 nm. The inset shows a histogram calculated from 465 particles measured from
different areas on the TEM grid. Reproduced with permission from Ref. [167]. Copyright (2004)
American Chemical Society
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3.2.11 Platinum Acetylacetonate

Pt nanocubes were synthesized from the thermolysis of Pt(acac)2 in the organic
phase with gaseous CO [168]. In this process, CO is capable of serving as both a
reducing agent and a capping agent for structure control. In particular, the presence
of CO may account for the expression of {100} facets and nanocube formation. The
similar results were obtained during the study of the thermolysis of Pt(acac)2 in
OAm and OA when tungsten hexacarbonyl W(CO)6 served as the source of CO
[169].

It should be noted that the GRAILS method (gas reducing agent in liquid
solution) is a common method for the formation of metallic nanocrystals with a
controlled shape [170]. For example, Pt(acac)2 was reduced by CO and saturated in
a solution containing dodecylamine, OA, and Y(acac)3 as a cocapping agent to form
the Pt icosahedra (Fig. 3.43a) [171]. It is interesting that without CO, hyper-
branched Pt structures are formed (Fig. 3.43b). At the same time, maintaining a CO
atmosphere with simultaneous slowing the nucleation process via temperature
control facilitated the formation of single crystalline Pt octahedra or cuboctahedra
(Fig. 3.43c) whereas incomplete degassing prior to CO addition led the formation
of Pt octapods (Fig. 3.43d).

Fig. 3.43 a Schematic of the monodisperse Pt icosahedra synthesis using GRAILS and the
corresponding TEM image (bottom right). TEM images of (b) hyperbranched Pt nanostructures
synthesized with the omission of CO, c Pt nanocubes synthesized by slowing the nucleation
process but maintaining a CO atmosphere, and d Pt octapods synthesized under conditions in
which degassing prior to CO addition was incomplete. Reproduced with permission from Ref.
[171]. Copyright (2011) American Chemical Society
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Pt dendritic nanocubes were successfully synthesized in OAm under a 1 bar H2

atmosphere via thermolysis of Pt(acac)2 (Scheme 3.16) [172].

3.2.12 Palladium Acetylacetonate

Of interest is the study of the formation of Pd nanostructures using palladium
acetylacetonate and palladium hexafluoroacetylacetonate as SSPs in OAm to
evaluate the role of the local ligand environment [173–177]. During thermolysis, all
SSPs gave polycrystalline Pd nanodendrites formed via the aggregation of smaller,
single crystalline Pd NPs (Fig. 3.44a). Adding softer ligands (phosphines) to the Pd
(acac)2–OAm system [173] leads to a significant morphology change as single
crystalline quasi-spherical Pd NPs are produced rather than polycrystalline Pd
nanodendrites (Fig. 3.44b). A more stable complex is formed by coordination to the
Pd(II) center, and nucleation is delayed by 22 h.

The different shapes of palladium NPs were obtained by thermolyzing a mixture
of OAm, formaldehyde, and Pd(acac)2 in an autoclave at 373 K for 8 h (Fig. 3.45)
[176]. In particular, the formation of the icosahedron (an edge length of
8.8 ± 0.6 nm), decahedron (an edge length of 10.3 ± 0.8 nm), octahedron (an
edge length of 6.6 ± 0.5 nm), tetrahedron (an edge length of 12.9 ± 1.4 nm), and
triangular plate (an edge length of 17.3 ± 4.1 nm) was shown.

It should be noted the thermolysis of Pd(acac)2 with OAm as both the capping
agent and solvent in an argon atmosphere at 403 K [178]. In this case, Pd nanos-
tructures with branched morphology 10–20 nm across and composed of smaller
spherical crystallites with diameters of about 4 nm were prepared (Fig. 3.46a–c). It
is important that APS was equal to 4.37 nm, and the discrete Pd particles were
formed in the early stages of the thermolysis.

Scheme 3.16 Illustration of the formation of Pt dendritic nanocubes (DNCs). Reproduced with
permission from Ref. [172]. Copyright (2015) Royal Society of Chemistry

3.2 Metal Acetylacetonates 121



3.2.13 Ruthenium Acetylacetonates

Ruthenium acetylacetonates are the promising SSPs in CVD for the formation of
different ruthenium films [179]. As a typical example, we consider the acetylace-
tonates 1–2 as CVD precursors [180].

The complexes 1 and 2 were used as SSPs for preparing ruthenium thin film at
temperatures of 623–723 K under H2 atmosphere or at temperatures of 548–673 K
using a 2% mixture of O2 in argon as carrier gas. It is interesting that using complex
1 under 100% O2 atmosphere, conductive RuO2 thin films with the lowest resis-
tivity (156 lX cm) were deposited at a preferred (200) orientation at 623 K. In
addition, the controlled partial pressure of oxygen (i.e., 2%) and accurate control of

Fig. 3.44 a TEM image of dendritic Pd structures generated from heating Pd(acac)2 in OAm,
which serves as a reducing agent, capping agent, and solvent. The amine-assisted reduction to Pd
(0) is facilitated by the coordination of OAm to the SSP, and the subsequent weak binding of OAm
to the generated quasi-spherical 5 nm subunits facilitates larger branched structures via
aggregation. b TEM image of sub-10-nm spherical Pd NPs formed upon addition of an
extraneous ligand, TOP, in the presence of Pd(acac)2 and OAm. Reproduced with permission from
Ref. [173]. Copyright (2012) John Wiley and Sons
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Fig. 3.45 TEM images of Pd NPs with different shapes: a–c icosahedron, d–f decahedron,
g–i octahedron, j–l tetrahedron, and m–o triangular plate. Reproduced with permission from
Ref. [176]. Copyright (2011) John Wiley and Sons
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the deposition temperature are key factors for the formation of pure thin films. In
particular, a higher partial pressure of O2 and higher temperature lead to a mixture
of Ru and RuO2 thin films (Table 3.3) [180].

Of interest is the study of the initial growth of Ru on Si (100) surfaces from Ru
(L)2(CO)2, where L is hexafluoroacetylacetone anion, in a temperature range of
548 � T � 623 K [181]. It turned out that the nucleation rate increases with
increasing substrate surface termination sites and the Volmer–Weber growth
dominates the initial stage of the deposition of the growing film. The nuclei

Fig. 3.46 Characterization of Pd nanodendrites synthesized by the thermolysis of Pd(acac)2 in the
presence of OAm: a TEM image and corresponding EDX analysis (inset); the Cu signal arises
from the TEM grid, and * denotes signals from the sample holder; b higher magnification TEM
image of (a); c HRTEM image of the selected area denoted in (b), with FFT of the selected area
(inset) in (c); and d powder XRD pattern of Pd nanodendrites. Reproduced with permission from
Ref. [178]. Copyright (2014) American Chemical Society
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formation process proceeds with lower activation energy on H-terminated surface
(5 kcal mol−1) than on the oxide surface (11 kcal mol−1). In addition, the deposi-
tion is controlled by L dissociation step due to high dissociation energy for Ru–L
(241 kcal mol−1) compared to Ru–CO (57 kcal mol−1). The proposed surface
chemistry mechanism is shown in Scheme 3.17.

3.2.14 Indium Acetylacetonate

It should be noted the preparation of colloidal, highly crystalline, and
size-controlled indium oxide NPs by thermolysis of the In(acac)3 in the presence of
OAm as a stabilizing surfactant [182]. Using a 1:12 molar ratio of In(acac)3/OAm,
nearly monodisperse spherical NPs with diameter of 6 nm were obtained
(Fig. 3.47a). The In2O3 NPs formed have the highly crystalline nature (Fig. 3.47b).
It is interesting that a 3D close-packed In2O3 superlattice is observed in the case a
sample obtained with a concentrated dichloromethane solution of In2O3 NPs
(Fig. 3.47c). In addition, the SAED of the NPs is consistent with cubic In2O3 with
strong ring patterns (Fig. 3.49d).

Table 3.3 Experimental data of CVD experiments

Source CGFR (sccm) Ts
(K)

TD/
K

Ps

(Torr)
Thickness
(Å)

D rate
(Å min−1)

Resistivity q
(lX cm)

1 H2 (20) 28 623 5 1600 23 618

1 H2 (20) 28 673 5 3200 46 39

1 H2 (20) 28 723 5 4800 69 26

1 O2 (2%)/Ar (10) 50 573 5 600 12 34

1 O2 (2%)/Ar (10) 50 623 5 1450 28 15

1 O2 (2%)/Ar (10) 50 673 5 5000 96 37

2 O2 (2%)/Ar (10) 80 548 1 1400 31 206

2 O2 (2%)/Ar (10) 80 598 1 1600 36 111

2 O2 (2%)/Ar (10) 80 648 1 3000 67 24

1 O2 (10) 25 573 5 1600 80 218

1 O2 (10) 25 623 5 4800 240 156

1 O2 (10) 25 673 5 5400 270 170

CGFR carrier gas flow rate, Ts source temperature, TD deposition temperature, Ps initial system
pressure, D rate deposition rate

3.2 Metal Acetylacetonates 125



Scheme 3.17 Reaction mechanism proposed for Ru(L)2(CO)2 on both a H-terminated and
b OH-terminated Si(100) surfaces. Reproduced with permission from Ref. [181]. Copyright (2005)
Elsevier

Fig. 3.47 TEM micrographs of 6-nm In2O3 NPs: a TEM image of a monolayer assembly,
b HRTEM image, c TEM image of a 3D superlattice, d SAED pattern. Reproduced with per-
mission from Ref. [182]. Copyright (2003) John Wiley and Sons
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3.3 Metal Chelates Based on Other O,O-Donor Ligands

In addition to the metal carboxylates and acetylacetonates considered above, a
number of other metal chelates with O,O-donor ligands were used as SSPs for the
thermolysis. We consider the most typical examples.

3.3.1 Metal Salicylaldehydates

Cobalt NPs of diameter 25–35 nm were prepared by thermolysis of CoL2, where
HL is salicylaldehyde, without any additional reducing agents [183]. The use of
different combinations of TPP and OAm as surfactants allows to tuning the particle
size (Scheme 3.18). It is interesting that the addition of TPP into the mixture of
OAm and CoL2 as an additional surfactant reduced the particle size and resulted in
uniform size distribution. In its turn, OAm as a ligand binds tightly on the metal
NPs surface accompanied by TPP, thus providing a more profound effect than that
of individual contribution. The morphology of cobalt NPs was spherical in shape,
and primary NPs were single crystals of nearly uniform size.

In another interesting example, cubic-phase Co3O4 NPs with the size of mostly
20–30 nm were produced by thermolysis of the CoL2 in air at 773 K for 5 h [184].
The diameter of the quasi-spherical NPs is 25 nm. It is important that the prepared
particles were dense agglomerates with uniform size (Fig. 3.48).

Scheme 3.18 Overall synthetic procedure for Co NP synthesis. Reproduced with permission from
Ref. [183]. Copyright (2008) Elsevier
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It should be noted the preparation of Mn3O4 NPs by thermolysis of MnL2 [185].
Depending on thermolysis conditions, the Mn3O4 NPs were formed with different
size distribution and morphologies. In particular, mixing and heating MnL2 and
OAm led to the Mn3O4 NPs (10–15 nm), and the obtained NPs were irregular, but
not monodispersed. At the same time, to obtain the monodispersed Mn3O4 NPs,
TPP, as a stabilizing agent, was injected into the solution at 373 K for 90 min.
Uniform-shaped Mn3O4 NPs were prepared with APS of 20–30 nm (Fig. 3.49).

Of interest is the preparing CdS NPs by thermolysis of CdL2 with elemental
sulfur in OAm [186]. This method allows to obtaining different morphologies of
CdS, including NPs, long, and short nanorods. It is important that shape and size of
the prepared nanomaterials were changed by increasing the SSP concentration
(Table 3.4).

Thermolysis of [Zr(L)3(H2O)2](NO3) in OAm was used for obtaining
single-phase ZrO2 ceramics with a cubic shape (Scheme 3.19) [187].

Fig. 3.48 a SEM and b TEM
images of Co3O4 NPs.
Reproduced with permission
from Ref. [184]. Copyright
(2012) Springer Nature
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Fig. 3.49 TEM image of Mn3O4 NPs. Reproduced with permission from Ref. [185]. Copyright
(2008) Elsevier

Table 3.4 Nanomaterials synthesized in [186]

Type of nanomaterials Concentration (mmol) Temperature (°C) Size (nm)

CdS nanoparticles 0.05 383 10–15

CdS long nanorods 0.1 383 20 � 300

CdS short nanorods 0.2 403 5 � 20

Scheme 3.19 Synthetic procedure for ZrO2 NPs. Reproduced with permission from Ref. [187].
Copyright (2012) Springer Nature
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Under certain conditions, ZrO2 NPs of the quasi-spherical shape and about
30 nm of size are formed. To control the particle size, combination of OAm and
TPP as surfactants was applied (Table 3.5) [187]. It is important that the OAm and
TPP play a key role in preventing aggregation of ZrO2 nanocrystals.

Covellite (hexagonal structure of CuS) NPs were obtained by low-temperature
thermolysis using (CuL2)–OAm complex and sulfur as the Cu2+ source and S
source, respectively [188]. It turned out that the shape, size, and phase of CuS
nanostructures is determined by thermolysis parameters, such as the copper:sulfur
molar ratio, the thermolysis temperature, and time. In particular, the covellite with
APS between 20 and 45 nm was prepared with the Cu:S molar ratio of 1:3 at 378 K
for 60 min. At the same time, non-stoichiometric Cu1.65S with APS of 25–50 nm
was obtained by increasing the thermolysis temperature from 378 to 473 K due to
the different existing states of the released Cu2+ ions from the (CuL2)–OAm
complex.

3.3.2 Metal 2-Hydroxyacetophenone

Metal chelates based on 2-hydroxyacetophenone (HL) are promising SSPs for the
synthesis of MO NPs via thermolysis (Table 3.6) [189–194].

The overall synthetic procedure of the preparation of MO NPs is shown in
Scheme 3.20 using NiL2 as an example [192]. It is important that the different
combinations of TPP and OAm were used as surfactants to tuning the particle size.
The TEM images of these NPs are shown in Fig. 3.50.

Table 3.5 Preparation of ZnO under different conditions

Sample Capping agent Temperature (K) Time Morphology and particles size

1 – 873 4 h Irregular shape and size

2 OAm 518 90 min Quasi-spherical (30 nm)

3 TPP 518 90 min No product

4 OAm + TPP 518 90 min Spherical (25 nm)

Table 3.6 Summary of the
researches carried out with
2-hydroxyacetophenone as
ligand for the synthesis of
NPs

Metal T (K) Time
(min)

Size
(nm)

Reference

SnO2 493 40 15–20 [189]

Co/
Co3O4

513 60 13–25 [190]

ZnO 503 60 15–25 [191]

Ni/NiO 508 45 14–22 [192]

Cu/CuO 518 35 2–4 [193]

ZrO2 523 90 30–40 [194]
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Scheme 3.20 Schematic diagram illustrating the formation of NiO NPs. Reproduced with per-
mission from Ref. [192]. Copyright (2009) Elsevier

Fig. 3.50 TEM images of a Co NPs. Reproduced with permission from Ref. [190]. Copyright
(2009) Elsevier, b Ni NPs (the inset shows the electronic diffraction (ED) pattern). Reproduced
with permission from Ref. [192]. Copyright (2009) Elsevier, c Cu nanocrystals. Reproduced with
permission from Ref. [193]. Copyright (2009) Elsevier, d ZnO nanocrystals. Reproduced with
permission from Ref. [191]. Copyright (2011) Elsevier, e ZrO2 NPs. Reproduced with permission
from Ref. [194]. Copyright (2009) Elsevier, and f SnO2 NPs. Reproduced with permission from
Ref. [189]. Copyright (2010) Elsevier

3.3.3 Metal 2-Hydroxy-1-Naphthaldehydates

Cu NPs were obtained by thermolysis of CuL2, where HL is 2-hydroxy-
1-naphthaldehyde, in the OAm as a capping agent and solvent in order to com-
pletely protect the metallic NPs [195]. Two different approaches were used,
including thermolysis in presence and absence of protecting agent (Table 3.7) [195].
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It is interesting that Cu NPs were not prepared without capping agent, and CuO
particles were synthesized. In addition, increasing the thermolysis temperature led to
enhancing the size and density of products. Aggregated nanostructures are formed at
673 K, but when temperature increased, the NPs have grown and turned into bulk
structures.

NiO nanocrystals were also obtained via thermolysis of NiL2 [196]. When both
OAm and TPP were used as capping agents, no product was precipitated after
washing with organic solvents. In addition, the combination of OAm and TPP
resulted in a narrow size distribution [197]. When increasing the temperature,
agglomerated NPs are formed at 773 K while their separation is observed at 873 K.

It should be also noted the preparation of Mn3O4 NPs by thermolysis of MnL2

[198]. It is interesting that at 673 K NPs with the smallest size were prepared. At
higher temperature (773 K), the small NPs grow; however, further increase in
thermolysis temperature up to 873 K causes agglomeration of the particles with
string shapes (Table 3.8).

Complex bis(2-hydroxy-1-naphthaldehydato) manganese(II) was used as SSP in
the presence of OAm as both surfactant and solvent to control the size of resulting
NP (Scheme 3.21). Synthesized manganese oxide NPs have a tetragonal structure
with APS of 9–24 nm.

Of interest is the synthesis of ZnO and CdO NPs using ZnL2 and CdL2 via
thermolysis technique using TOPO as a capping agent. The spherical NPs of ZnO
and CdO revealed the fcc phase in both materials [199]. It should be noted using
CdL2 as SSP for the synthesis of CdO NPs via thermolysis method at various
temperatures (393, 433, and 473 K) using HDA as a stabilizing agent, as well as
CdO thin films onto the glass substrates by spin coating and consequent thermolysis
at 523, 573, and 623 K, respectively [200].

Table 3.7 Two different approaches for the synthesis of metallic Cu NPs

Sample Capping agent T (K) Time (min) Results

1 OAm 518 65 30 nm metallic Cu particles

2 OAm + TPP 518 65 No products

3 – 673 300 CuO NPs

4 – 773 300 Agglomerated CuO particles

5 – 873 300 Agglomerated CuO particles

Table 3.8 Comparison of particle size of metal and MO synthesized by thermolysis of [bis
(2-hydroxy-1-naphthaldehydato)metal(II)] complex

Metal Product Size (nm) Reference

Cu Cu/CuO 20–35 [195]

Ni NiO 15–20 [196]

Mn Mn3O4 9–24 [198]
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3.3.4 Metal Glycerolates

As an example of such metal chelates, we note the preparation of CoO and Co3O4

NPs with tunable sizes by thermolysis of a cobalt glycerolate complex at different
temperatures and atmospheres [201]. Thermolysis of this SSP was carried out in a
controlled oxygen/nitrogen atmosphere for 1 h at the temperature range from 723 to
923 K. It turned out that under pure nitrogen atmosphere NPs of CoO were
obtained, while the oxygen atmosphere led to a formation of Co3O4 NPs
(Fig. 3.51). Co3O4 NPs with sizes ranging from 14.2 to 24.6 nm and CoO NPs
from 8.4 to 21.6 nm were obtained only by changing the thermolysis temperature of
cobalt oxides precursors. The smallest NPs were obtained at 723 K and the largest
ones at 923 K.

3.3.5 Metal Cupferronates

The interesting results were obtained during study of thermolysis of metal chelates
based on cupferron (Cup: N-nitrosophenylhydroxylamine, C6H5N(NO)O

−) with the
metal ion coordinated via the oxygen atoms of the cup ligand in a bidentate manner
[202]. Thermolysis of respective metal cupferron complexes in the presence of a hot
coordinating solvent allows to synthesizing magnetic oxide NPs including c-Fe2O3,
Fe3O4, and Co3O4 and semiconductor NPs such as ZnO and ZnS. Thus, for
example, c-Fe2O3 NPs were synthesized from the direct decomposition of FeCup3
(Fig. 3.52a) [203]. The NPs were generated by the rapid injection of a FeCup3
solution into a TOA solution at high temperature under vigorous stirring
(Fig. 3.52b). It is interesting that the obtained product forms a stable suspension
consisting of MO NPs, and NP has core–shell structure. In addition, NPs with
uniform size distribution (s < 7%) can be achieved through size-selective precipi-
tation steps and the organic monolayer coordinating each NP surface enables to
self-assemble into NP superlattices under controlled conditions.

Scheme 3.21 Schematic diagram illustrating the formation of Mn3O4 NPs. Reproduced with
permission from Ref. [198]. Copyright (2010) Elsevier
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At the same time, Fe3O4 particles were synthesized by thermolysis of cupfer-
ronates in H2 atmosphere [204]. It is interesting that the 2D assembly of
OAm-capped Co3O4 and dodecylamine-capped Fe3O4 occurred spontaneously on
the copper TEM grids after the evaporation of the solvents, indicating the regular
shapes and narrow size distribution of these NPs. It should be also noted the
preparation of OAm-capped ZnO and ZnS NPs by thermolysis of zinc cupferron
complex under Ar and H2S atmosphere, respectively (Fig. 3.53) [205].

3.4 Metal Chelates with N,N-Containing Ligands

Metal complexes with N,N-chelating ligands are the wide class of the compounds
used as SSPs for thermolysis process.

Fig. 3.51 TEM images of CoO NPs (both on the left) and Co3O4 NPs (both on the right) prepared
at 923 K. Reproduced with permission from Ref. [201]. Copyright (2014) Elsevier
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3.4.1 2,2′-Diamino-5,5′-Dimethyl-4,4′-Bithiazole

NPs and single crystals of an azido Co(II) complex [CoL2(N3)2]0.25CH3OH were
obtained by the reaction of cobalt chloride, sodium azide, and 2,2′-diamino-5,5′-
dimethyl-4,4′-bithiazole ligand (L) using sonochemical and heat gradient methods,
respectively, (Scheme 3.22) [206]. The coordination number of cobalt in the
compound was six with spatial structure of distorted octahedron, CoN6. In this
compound, L acts as bidentate ligand to form five-membered chelate rings with
different internal angles in coordination polyhedron.

Co3O4 NPs of spinel structure with APS of 32 nm were obtained by the ther-
molysis of the metal chelate at 723 K under air (Fig. 3.54).

Of interest is the preparation of an oxide sulfide nanocomposite CdO–CdS with
APS of 43 nm by thermolysis of [CdL3](ClO3)2 [207]. At the same time, CdS NPs
were prepared by thermolysis of Cd(II) complex [CdL2(NO2)2] (Fig. 3.55, left) as

Fig. 3.52 a Reaction scheme for the preparation of MO NPs, and b schematic representation of
steps involved in obtaining ordered NP assemblies: (i) synthesis of NPs by thermolysis,
(ii) narrowing the NP sample by size-selective precipitation, (iii) deposition of NP dispersions to
self-assemble, and (iv) ordered NP assemblies (superlattices) [202]
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Fig. 3.53 TEM micrographs of OAm-capped: a ZnO and b ZnS semiconductor NPs (insets
SAED patterns). Reproduced with permission from Ref. [205]. Copyright (2004) Elsevier
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Scheme 3.22 Scheme of the reaction between Co(II) chloride, NaN3, and L to form single crystal
or NPs of metal chelate, in two different conditions, and the preparation of Co3O4. Reproduced
with permission from Ref. [206]. Copyright (2012) Elsevier

Fig. 3.54 SEM photographs of Co3O4 NPs prepared from direct thermolysis of nanosized metal
chelate. Reproduced with permission from Ref. [206]. Copyright (2012) Elsevier

Fig. 3.55 (left) Oak Ridge Thermal Ellipsoid Plot (ORTEP) drawing of [CdL2(NO2)2] showing
the atom-labeling scheme and 50% probability level displacement ellipsoids. Reproduced with
permission from Ref. [208]. Copyright (2011) Elsevier. (right) ORTEP drawing of {[ZnL3]
(SCN)2∙4H2O}n showing the atom-labeling scheme and 50% probability level displacement
ellipsoids. Reproduced with permission from Ref. [209]. Copyright (2014) Elsevier
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SSP [208]. It should be noted using NPs and single crystals of a tris-chelate Zn(II)
compound, [ZnL3](SCN)2∙4H2O (Fig. 3.55, right), synthesized by sonochemical
and branched tube methods, respectively, as SSPs for thermolysis [209]. The
process at 673 K under argon atmosphere led to ZnS wurtzite nanostructures with
APS of 50 nm.

3.4.2 2,2′-Bipyridine

2,2′-Bipyridine is one of the most popular ligands for the synthesis of metal chelates
used as SSPs for thermolysis [21]. The different mechanisms of thermolysis of SSPs
based on bpy metal chelates are postulated on the assumption of the composition
and structure of the resulting products [210–217]. First of all, it concerns bpy
complexes Zn(II) and Cd(II) [210, 211] as well as Fe(II) [218] and Ni(II) [219].
Thus, for example, thermolysis of the tris(bpy)nickel(II) chloride (1) and bis(bpy)
nickel(II) chloride (2) [219] proceeds at 723 K for 24 h in an argon stream,
resulting to fcc phase of Ni NPs of 3.5–5.0 nm in size. Their clean thermolysis
pathway to zero-valent nickel was shown (Scheme 3.23). Such parameters as
heating rate and argon gas flow rate affect purity, particle size, and shape of the
formed NPs.

The same way, thermolysis mechanism of tric(bpy)iron(II) dichloride in an
argon stream comprises of two stage of the ligand removing with the formation of
coordinatively unsaturated iron centers. This process is facilitated by the H
detachment in the pyridine cycle with subsequent attaching the chlorine ion and
reduction of Fe(II) ion to Fe(0) NPs of 50–72 nm in size (Scheme 3.24).

Scheme 3.23 Proposed mechanism for thermolysis of complexes (1) and (2) to Ni(0) NPs.
Reproduced with permission from Ref. [219]. Copyright (2013) Springer Nature
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The study of bipyridine complexes has shown that their stability is changed in
the next row: bpy > 4,4′-bipyridine > 2,4′-bipyridine. The higher stability of bpy is
attributed to its ability to form five-membered metal chelate ring [212].

The difference in thermolysis patterns of the bipyridine metal chelates was
attributed to the presence of different anions. Thus, for example, nickel and copper
nitrate complexes with bpy as an N-donor ligand and nitrate and water as O-donor
ligands of the general formula [M(NO3)(bpy)(H2O)3](NO3), where M = Ni and Cu,
were used as SSPs for thermolysis [220]. In the case of Ni chelate, the resulting
product is a mixture of Ni and NiO. At the same time, thermolysis of copper chelate
led to CuO according to the following scheme:

Cu NO3ð Þ C10HgN2 H2Oð Þ3
� �� �

NO3ð Þ ������!� 3H2Oð Þ
90�115�C

Cu NO3ð Þ C10HgN2
� �� �

NO3ð Þ

��������������!� C10HgN2 þ 2NO2 þ 1=2O2ð Þ
215�320�C

CuO

It should be noted thermolysis of two Zn(II) chelates Zn(6,6′-dimethyl-bpy)Cl2
(1) and Zn(6,6′-dimethyl-bpy)I2 (2) at two different temperatures [221]. ZnO NPs
with APS of 50 nm and 60 nm were obtained from chelates 1 and 2, respectively,
(Fig. 3.56, left). In addition, the higher temperature (873 K) leads to an increasing
agglomeration and thus small and spherical ZnO NPs with good separation were
obtained by the thermolysis of compound 1 at 453 K by using surfactant (Fig. 3.56,
right).

Scheme 3.24 Mechanism of thermolysis of tric(bpy)iron(II) dichloride to Fe(0) in an inert
atmosphere. Reproduced with permission from Ref. [218]. Copyright (2012) Springer Nature
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No constant pattern of thermolysis was observed in the case of [M(bpy)3]Br2,
where M = Mn(II), Co(II), and Zn(II). In addition, the thermolysis of hydrated and
anhydrous complexes shows various thermolysis patterns at different temperatures.
It should be noted that in the case of transition metal perchlorate complexes with
bpy such as [Mn(bpy)2(H2O)(ClO4)]ClO4, [Cu(bpy)(ClO4)2(H2O)2], [Zn
(bpy)2(H2O)](ClO4)2, the Mn and Cu chelates are thermolyzed in one stage whereas
thermolysis of Zn chelate proceeds in two steps [222]. For these chelates, the
explosion delay and activation energy decrease in the next row: Zn > Cu > Mn. In
dimeric complexes of type [LnL3(bpy)]2, where Ln = Tb and Dy, L = cinnamic
acid, the thermolysis proceeds by elimination of bpy and acid ligand to form MO
NPs [215]. At the same time, thermolysis of W(bpy)Cl4 chelate under argon
atmosphere in the presence of excess of bpy leads to the formation of tungsten
carbides WC and W2C. It is interesting that the formation of the zero-valent metal is
possible in samples where bpy is present in small amounts owing to its evaporation
during heating before decomposition [216]. Thermolysis of [Rh(bpy)3]

3+ gave
metallic Rh irrespective of the type of halide atom present [223]. It is important that
the formed planar 2D NPs have core–shell structure including ruthenium metal
stabilized in the carbon matrix. In these Ru@C composites, ruthenium particles of
sizes 1.5–2.0 nm with the interplanar distance of 0.21 nm are observed (Fig. 3.57).
In addition, the metal NPs are uniformly distributed in the carbon matrix consisting
of mutually disordered carbon layers with the interlayer distance of 0.35 nm, which
is characteristic of a turbostratic graphite-like carbon structure.

3.4.3 Ethylenediamine and Related Ligands

It should be noted the numerous examples of the thermolysis of metal chelates with
such interesting ligands as ethylene diamine (en) [224, 225], propylenediamine
[226, 227], 1,4-diaminobutane [228, 229], 1,6-diaminohexane [230, 231]. In par-
ticular, high energy thermolysis of nitrate complexes of bis-ethylenediamine
[M(en)2](NO3)2 (M = Cu, Co, Ni and Zn) is investigated in detail [224]. Their

Fig. 3.56 (left) SEM photograph of ZnO NPs produced by thermolysis of a precursor 1 and
b precursor 2 at 873 K, and (right) SEM image of ZnO nanostructure prepared by the thermolysis
of compound 1 with OA as a surfactant at 453 K. Reproduced with permission from Ref. [221].
Copyright (2013) Springer Nature
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thermolysis occurs in two stages involving the separation of one molecule of
ethylenediamine and formation of mono (ethylene diamine) complex, and then
obtaining high-dispersed MOs. The following mechanism of thermolysis has been
proposed:

Of interest is the thermolysis of such metal chelates as Ni(formate)2(en)2 at 523
or 573 K [232], as well as [Ni(saccharinate)2(en)2]en [233], [Ni(en)3](ox) [234], Ni
(succinate)(en) [235], and Ni(en)3SO4 [236] at 573, 598, 683, and 739 K, respec-
tively. It is important that in helium atmosphere, [Ni(en)3](ox) gives nickel as the
product, whereas the thermolysis of Ni(en)3SO4 leads to a mixture of nickel and
nickel sulfide phases as the final product [237]. However, thermolysis of both
chelates gives NiO as a final product in air. The comparison of tris(ethylenedi-
amine)nickel(II) oxalate dihydrate, intermediates isolated at different temperatures
and the residue in air has shown that the initial chelate and the dehydrated amine
complex have an elongated morphology (Fig. 3.58). In the case of mono
(ethylenediamine) nickel(II) oxalate, there is an apparent change in morphology and
a reduction of the size. The resulting product NiO appears as very small rods.

In the case of tris(ethylenediamine)nickel(II) sulfate, the initial chelate has a
rod-like structure and NiO product is agglomerated (Fig. 3.59).

Of interest is the formation of nanocrystalline nickel (18.1 nm) at the controlled
thermolysis of chelate [Ni(en)2(H2O)2](NO3)2 [238]. It is important that under static

Fig. 3.57 TEM image of the Ru@C composite. Reproduced with permission from Ref. [223].
Copyright (2009) Springer Nature
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conditions an autogenic thermolysis proceeds at 473 K, and its kinetics follows the
Johnson–Mehl–Avrami mechanism with the activation energy of 135.1 kJ mol−1.
In addition, the formed product is stable and not oxidized up to 623 K. NiO NPs
with size about 13 and 15 nm were also synthesized by solid-state thermolysis of
octahedral [Ni(en)3](NO3)2 complex for 1 h in the temperature range of 473–
673 K, respectively, [239].

Fig. 3.58 SEM pictures of a [Ni(en)3](ox)∙2H2O, b [Ni(en)3](ox), c Ni(en)(ox), and d NiO.
Reproduced with permission from Ref. [234]. Copyright (2010) Springer Nature

Fig. 3.59 SEM pictures of a [Ni(en)3]SO4 and b NiO. Reproduced with permission from Ref.
[234]. Copyright (2010) Springer Nature
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Important direction of the application of thermolysis is the preparation of sup-
ported nickel catalysts by thermolysis of Ni-en chelates [240–242]. This approach is
based on the thermolysis of catalyst precursors (the support and the nickel chelate)
in an inert atmosphere. For example, 1.5 Ni wt%/Al2O3 catalysts have been pre-
pared by incipient wetness impregnation using [Ni(diamine)x(H2O)6–2x]Y2 precur-
sors (diamine = en and trans-1,2-cyclohexanediamine; x = 0, 1, and 2; Y = NO3

−

and Cl−) to avoid the formation, during thermolysis, of difficult-to-reduce nickel
aluminate (Fig. 3.60) [241]. After treatment of [Ni(en)2(H2O)2]Y2 chelates at
503 K, Ni(II) ions were grafted to the alumina via two O–Al bonds and en ligands
still remain coordinated to the grafted nickel ions but monodentate way.
Temperature-programmed reduction leads to the metallic state at 773 K, in contrast
with the aluminate obtained when the preparation is carried out from [Ni(H2O)6]

2+,
which is reduced only partly at 1223 K. In addition, a total self-reduction of nickel
chelates leading to 2–5-nm metal NPs proceeds upon thermal treatment via the
hydrogen released by a hydrogen-rich ligand such as trans-1,2-cyclohe
xanediamine. It is important that an appropriate choice of the ligand and the
counterion allows then to preparing selectively Ni(II) ions or the dispersed phase of
the reduced nickel.

In another interesting example, a 15 Ni wt%/Al2O3 catalyst is obtained by
impregnation by [Ni(en)2(H2O)2](NO3)2 as SSP [242]. The use of metal chelate is
effective to obtain nickel NPs by a one-stage thermolysis at 773 K in argon, leading
to a complete autoreduction of the chelates. It should be noted that small
monodisperse nickel NPs (2–5 nm) are obtained after decomposition of the larger
[Ni(en)2(H2O)2](NO3)2 crystals formed during impregnation.

Important observation was made during the study of the thermolysis of Cd
nitrate en chelate and thiourea to the preparation of CdS nanorods [243]. It turned
out that the chelating ability of en with Cd2+ provides the growth of CdS nanorods
along c axis. For this process, an accordion-like folding mechanism was proposed.

Cd(II) chelates in dicationic form with general formula [Cd(dien)2]CdBr4 (1),
where dien is diethylenetriamine, and [Cd(dipn)2]CdBr4 (2), where dipn is
dipropylenetriamine, (Scheme 3.25) are the promising SSPs [244].

In particular, thermolysis of complex 1 revealed the formation of a cubic regular
spherical CdO NPs with the *60-nm APS (Fig. 3.61). For complex 1, particles
were irregular before thermolysis, while after thermolysis regular spherical NPs
were collected, confirming that tridentate organic ligands play de-structure role
during thermolysis process.

Cadmium bromide chelate based on dien was used as SSP for preparation of
CdO NPs by thermolysis (Scheme 3.26) [245].

The resulting product has fcc structure of CdO NPs with the high crystallinity.
APS of CdO NPs of spherical shape is about 25.5 nm (Fig. 3.62).
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Fig. 3.60 Speciation of nickel on alumina during the history of the preparation of catalysts Ni(en)
Y (a–d) and Ni(en)2Y (e–j). Reproduced with permission from Ref. [241]. Copyright (2005)
American Chemical Society
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3.4.4 1,10-Phenanthroline and Related Ligands

In the synthesis of NiO NPs, a [Ni(phen)2]
2+ chelate was used as a SSP in solid-state

thermolysis process at air at 773 K [246]. Synthesized NiO microstructures have a
cubic phase with APS of 56 nm through NPs, which exist on the surface of a

Scheme 3.25 Synthesis of the desired complexes [244]

Fig. 3.61 (left) SEM image of complex 1 (a) before and (b) after thermolysis to produce CdO
NPs and (right) TEM image of CdO NPs of an average diameter of *60 nm [244]
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Scheme 3.26 Synthesis of the cadmium bromide chelate. Reproduced with permission from Ref.
[245]. Copyright (2017) Elsevier

Fig. 3.62 a SEM image of
CdLBr2 complex prepared by
sonochemical process. b SEM
image of cadmium oxide NPs.
Reproduced with permission
from Ref. [245]. Copyright
(2017) Elsevier
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pyramidal microstructure. ZnO NPs of the typical zincate structure have been pre-
pared by thermolysis of two Zn(II) chelates, [Zn(phen)Cl2] (1) and [Zn(phen)Br2] (2),
at 773 K [247]. It is interesting that the formation of NPs or single crystals of these
chelates depends on process conditions (Scheme 3.27) [248].

It should be noted CdO NPs derived from cis-[(2,9-dimethyl-phen)-CdI2] chelate
via a one-step thermolysis at 1073 K for 120 min (Scheme 3.28) [249].

The CdO NPs have regular spherical or elliptical shape and uniform size, with
APS of 50 nm and some coalesced NPs with a size of about 100 nm (Fig. 3.63).

[NiCl2(2,9-dimethyl-phen)(H2O)] chelate was subjected to thermolysis at low
temperature of 673 K in an open atmosphere for preparing pure NiO NPs with
uniform spherical shape of fcc phase [250]. APS of the NiO NPs was equal to
16 nm, and particles had crystalline nature. The powder of the initial complex
included very large block crystals of different sizes (Fig. 3.64a). At the same time,
the shape and size of the particles obtained are significantly different from the SSP
(Fig. 3.64b). In particular, the product consisted of extremely thin hemispherical
particles that were poorly aggregated.

Of interest are the Ni(II) chelates [Ni(L)2](ClO4)2 (1) and [Ni(L)2(NO3)2] (2),
where L is the ligand of 4,5,9,13,14-pentaaza-benzo[b] triphenylene, (Scheme 3.29)
[251]. NPs of chelate (1) were synthesized using sonochemistry (3) and solvother-
mal (4) methods, thermolysis of which in air at 773 K resulted in NiO NPs.

Scheme 3.28 Synthesis of the desired cis-[(2,9-dimethyl-phen)-CdI2] chelate and CdO NP [249]

Scheme 3.27 Materials produced and synthetic methods. Reproduced with permission from Ref.
[248]. Copyright (2017) Elsevier
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Fig. 3.63 (left) SEM image of CdO NPs of an average diameter of 40–100 nm and (right) TEM
image of CdO NPs of an average diameter of 50 nm [249]

Fig. 3.64 SEM micrographs a NiCl2(2,9-dimethyl-phen)�H2O chelate and b NiO NPs [250]
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3.4.5 Aminoiminates

It should be noted the thermolysis of the metal chelate SSPs based on two other N,
N-donor ligands: N,N′-diisopropyl-aminotroponiminate (ATI) and N,N′-bis

Scheme 3.29 a Syntheses and structure of the L ligand. b Suggested structures of Ni(II) chelates.
c The formation of nanocompounds and synthetic methods. Reproduced with permission from Ref.
[251]. Copyright (2010) Springer Nature
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(trimethylsilyl)phenyl amidinate (Am) [252]. In particular, the preparation ofGe/GeO2

NPs with core–shell structure with a mean diameter close to 5 nm with a narrow size
distribution (<15%) was reached by using the aminoiminate Ge(II) (ATI)GeZ chelate,
where Z = OMe or NPh2 (Scheme 3.30). In this process, OA has an important role in
the establishment of the equilibrium between the initial metal chelate and formed
intermediate (ATI)GeOl even at room temperature during mixing (ATI)GeOMe with
an acid. It is interesting that substitution of OA byHDAor its mixture with OA as well
as using separately obtained (ATI)GeOl complex does not lead to the NPs formation.
Apparently, the presence of the initial chelate (ATI)GeOMe in the system is necessary
for the nucleation process, while the OA promotes the decoordination of a strong
chelating ATI ligand under the influence of an acidic proton. Whereas the high tem-
peratures (>573 K) classically reported in the literature for the preparation of Ge-based
NPs, the use of a weaker chelating ligand as amidinate can significantly reduce (up to
433 K) operating temperatures of the synthesis of germanium NPs.

It should be emphasized that the lower reactivity of (ATI)GeZ (for which the
concomitant use of high temperature and acidic reagent is required) was explained
in terms of lower ring strain compared to the case of bis(amidinato)germylene
(Am)2Ge.

Scheme 3.30 Mechanism of Ge/GeO2 NP formation by thermolysis of (ATI)GeOMe.
Reproduced with permission from Ref. [252]. Copyright (2015) Royal Society of Chemistry
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3.4.6 Pyridine Carboxamides

Cobalt oxide NPs have been synthesized by thermolysis of [Co(L1)] and [Co(L2)]
chelates at 773 K for 2 h (Scheme 3.31) [253]. The morphology of these oxides is
influenced by the difference in the structure of {3,4-bis(2-quinolinecarboxamido)
benzophenone (L1) and {bis(2-quinolinecarboxamido)-1,2-benzen} (L2), differing
only by a benzoyl substituent. The size of NPs is 30 and 33 nm, respectively. The
NPs obtained from first SSP are agglomerated and polymorphic, with a
non-uniform distribution of sizes and shape. At the same time, the Co3O4 NPs
obtained from thermolysis of the second SSP are mostly crystalline with a narrow
shape and size distribution forming chains of well-ordered NPs.

3.4.7 Dimethylglyoxime

The cubic-phase NiO NPs with APS of 12 nm and a high specific surface area of
88.5 m2 g−1 were easily prepared via the thermolysis of the complex Ni(dmgH)2
(Fig. 3.65, left) [254]. The NiO powder is a crystalline aggregate of NPs (Fig. 3.65,
right). The particles possess a narrow size distribution in a range from 8 to 16 nm
(inset of Fig. 3.65b, right).

3.5 Azomethine Metal Chelates

In recent years, special attention is paid to preparing new bi- and tridentate
azomethine ligands with oxygen-, nitrogen-, sulfur-containing chelating fragments
and their metal chelates [255–259]. Undoubted advantages of these metal chelates
are the possibility of a wide variation of heteroligand environment of the metal,
their high thermal and chemical stability, relatively simple synthetic schemes, and
the availability of the initial reagents. This allows to considering azomethine metal

Scheme 3.31 Synthesis of carboxamide ligands L1 and L2. Reproduced with permission from
Ref. [253]. Copyright (2017) Springer Nature
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chelates as promising SSPs for obtaining a wide range of metal–polymer nano-
materials including the specific polymer (oligomer) shell is formed from ligand
decomposition products.

3.5.1 Metal Chelates Based on 2-Hydroxyacetophenonimine

Such complexes are typical representatives of azomethine metal chelates. As an
example, we note the surfactant-free thermolysis of praseodymium metal chelate
[PrL(NO3)2]NO3, where L is N,N′-bis(2′-hydroxyacetophenonimine)-o-dipropy-
lene triamine), which was carried out at different temperatures 573–1073 K
(Scheme 3.32) [260]. Thermolysis product is praseodymium oxide with very uni-
form sphere-like shape, small grain size, and pure cubic phase.

In another interesting example, Cd(II) chelate [CdL0.5(NO3)(H2O)], where
L = N,N′-bis (2′-hydroxyacetophenone) ethylene diamine, has been synthesized as
single crystal and nano size [261]. The latter was used as SSP to obtain CdO NPs
having 40–60 nm range sizes and perfect morphology at 673 K by direct
thermolysis.

It should be noted azomethine metal chelates with the general formulae NiL,
CuL, and VOL, where H2L means S-ethyl-N1-(2-hydroxyacetophenone)-N4-(sal-
icylidene) isothiosemicarbazide (Scheme 3.33) [262]. It is important that the che-
lates have similar thermolysis patterns. In the first stage of the thermolysis of Ni(II)
and VO(IV) chelates, the S-ethyl and methyl fragments are removed, while these
fragments are removed in two stages for Cu(II) chelate. In the second step of
thermolysis of Ni(II) and VO(IV) chelates, and the third step of thermolysis of Cu
(II) chelate, the remainder of the organic moiety is removed completely. The NPs of
NiO, CuO, and V2O5, with APS of 27, 22, and 39 nm, are formed as the final
products.

Fig. 3.65 (left) Scheme of synthesis of metal chelate and NPs; (right) SEM (a) and TEM
(b) images of the NiO NPs. Reproduced with permission from Ref. [254]. Copyright (2011)
Elsevier
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3.5.2 Metal Chelates of Salicylaldimine Type

As a typical example of these chelates, we note VO(IV) azomethine chelate (1)
containing an ethyl bromide pendant group which was synthesized by the reaction
of the bidentate N,O-ligand (HL) and VO(acac)2 in a 2:1 ratio in methanol, under
reflux conditions (Scheme 3.34) [263]. The vanadium center in this chelate has a

Scheme 3.32 Schematic diagram of the Pr6O11 NPs preparation. Reproduced with permission
from Ref. [260]. Copyright (2016) Springer Nature

Scheme 3.33 Structures of azomethine metal chelates. Reproduced with permission from Ref.
[262]. Copyright (2014) Elsevier
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distorted tetragonal pyramidal N2O3 coordination sphere with a six-membered
chelating ring. Chelate 1 thermolyzed in air at 933 K to form V2O5 NPs with APS
of 57 nm. It should be noted that in this case thermolysis of the chelate 1 proceeds
in two stages.

Co(III), Ni(II), and Cu(II) chelates based on asymmetric bidentate azomethine
ligand 2-[(4-methoxy-2-nitrophenyl) iminomethyl] phenol (Scheme 3.35) have
been used for the preparation of corresponding MO NPs by controlled aerobic
thermolysis at 773 K [264].

The size and shape of the NPs depended on the type of SSP. In particular, the
NPs of Co3O4 are hexagonal, NiO are plate, and CuO are both spherical and cubic
(Fig. 3.66).

It should be noted a bidentate azomethine ligand N-(4-amino-2-chlorophenyl)-
2-hydroxybenzaldehyde (L) and its octahedral Mn(III) chelate MnL3 [265]. It
turned out that this chelate is SSP for the facile preparation of Mn3O4 NPs of
hausmannite structure via solid-state thermolysis under aerobic conditions at a
temperature of ca. 723 K. In addition, the nanoplate shape of the rather
monodisperse crystalline Mn3O4 NPs, with an average diameter of ca. 10 nm, is
observed.

Scheme 3.34 Preparation procedures of HL and its vanadyl(IV) chelate 1. Reproduced with
permission from Ref. [263]. Copyright (2014) Elsevier
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The controlled thermolysis of metal chelates with azomethine ligands, contain-
ing oxygen, nitrogen, and sulfur atoms in the chelate rings, allows to prepare the
various nanocomposites including metals, metal carbides, or sulfides [266].
Thermolysis (643 and 873 K) of metal chelates of this type in the condensed phase,
apparently, is a multistep process, the total scheme of which can be represented as
follows (Scheme 3.36) [267].

Scheme 3.35 Structures of Co(III), Ni(II), and Cu(II) chelates. Reproduced with permission from
Ref. [264]. Copyright (2014) Springer Nature

Fig. 3.66 SEM images of Co3O4 NPs (left), NiO NPs (middle), and CuO NPs (right). Reproduced
with permission from Ref. [264]. Copyright (2014) Springer Nature

3.5 Azomethine Metal Chelates 155



The thermolysis products of azomethine metal chelates are core–shell-structured
metallopolymer nanocomposites: A metal compound (or metal) is surrounded by a
shell of ligand decomposition products. The core consists of small NPs (2–3 nm in
size), which form larger aggregates (10–20 nm or more in size).

It is important that the products of the thermolysis are matrix-stabilized NPs
which are homogeneously distributed in size and in the space of a matrix. In
particular, the size of cobalt NPs in the thermolysis product of azomethine cobalt
chelate (T = 873 K) was *15 nm. For different metal chelates, the formation of
self-organized nanocomposites are based on crystalline cobalt sulfide clusters
Co9S8 (thermolysis at 593 K) and Co6S5 (thermolysis at 873 K), Ni3S2 and NiC,
nanocrystalline copper with structure core–shell [268].

It should be noted that azomethine metal chelates are effective SSPs for the fab-
rication of self-organized nanocomposites stabilized by the thermolysis products of
the ligand environment to prevent further aggregation. Thermolysis optimization of
these chelates (Table 3.9), the possibility of the formation of alloys based on
heterometallic complexes, alongwith the identification of the thermolysis mechanism
and detailed characteristic of the properties of emerging products will promote further
progress of modern nanochemistry toward effective fabrication of composite nano-
materials [269].

3.5.3 Salen Chelates

The main component of such chelates is salen—N,N′-bis(salicylaldehyde)
ethylenediamine. As a typical example of these chelates, we note using Ni(salen) as
SSP for the preparation of NiO NPs via thermolysis [270]. Ni(salen) has been
synthesized via two methods: solid-state reaction in absence solvent and copre-
cipitation reaction in presence of propanol as solvent, respectively. The formed NPs
with APS between 15 and 30 nm have a spherical shape, and their distribution is
not uniformed. It is important that varying molar ratio of metal salt to ligand
resulted in morphological changes in NPs (Fig. 3.67).

The interesting results were obtained during study of the ZnO NPs synthesized
by thermolysis at 773 K for 5 h of Zn(salen) chelates prepared by using the

Scheme 3.36 Thermolysis of
azomethine metal chelates
[267]
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solid-state method at the Zn(Ac)2�2H2O to salen molar ratios of 1:1, 1:2, and 1:3,
respectively (Fig. 3.68) [271]. In particular, it was shown that APS of ZnO NPs
decreased with decreasing Zn(Ac)2�2H2O to salen molar ratio. In addition, the
aggregation of NPs is observed that points out to a quasi-spherical morphology of
ZnO NPs. It is important that NPs are uniform in both morphology and particle size,
which averages 10–20 nm.

Mononuclear azomethine Ni(II) chelates based on N,N′-bis(salicylaldehyde)-
1,4-diaminobuthane (1) or-2,2-dimethylpropylenediamine (2) were employed as
SSPs in solid-state thermolysis (Scheme 3.37) [272]. The synthesized NiO NPs of
the spinel structure have fcc phases with an average diameter of around 5–15 nm.

Of interest are 2,3-bis-[(3-ethoxy-2-hydroxybenzylidene)amino]but-2-enedin
itrile azomethine ligand and its corresponding copper/nickel chelates used as SSPs
for the formation of irregular Cu and Ni NPs with APS of 25 nm and 28 nm,
respectively, (Fig. 3.69) [273].

It is important that the surface area of the obtained Ni NPs and Cu NPs and com-
mercial Raney Ni samples were determined to be 42, 33, and 35 m2 g−1, respectively,
(Table 3.10) [273]. In addition, the volume of pores for the obtained Ni NPs was
significantly greater than that of commercialRaneyNi,while the valueof porediameter
in the obtained Ni NPs is smaller than that found in the commercial Raney Ni.

Fig. 3.67 SEM images of NiO NPs prepared from Ni(salen) in a molar ratio 1:1 (a), 1:2 (b), 1:3
(c), and 1:4 (d) by the thermolysis of Ni(salen) at 773 K for 5 h. Reproduced with permission from
Ref. [270]. Copyright (2013) Springer Nature
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Fig. 3.68 A diagram illustrating the formation of ZnO nanostructures and SEM images of ZnO
NPs prepared from Zn(salen) in molar ratios of (left) 1:1, (middle) 1:2, and (right) 1:3, by
thermolysis of SSP at 773 K for 5 h. Reproduced with permission from Ref. [271]. Copyright
(2012) Elsevier

Scheme 3.37 Chemical structures of the chelates (1) and (2) [272]
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3.5.4 Salphen Chelates

Another interesting type of azomethine metal chelates is metal complexes based on
N-N′-bis(salicylaldehyde)-1,2-phenylenediamine (salphen). For example, Co(sal-
phen) was used as SSP for the preparation of pure single crystalline cubic-phase
Co3O4 NPs by thermolysis in air at 773 K for 5 h (Fig. 3.70) [274]. The Co3O4

NPs obtained have a spherical shape, and their distribution is not uniformed
(30–50 nm). It is important that the increase of thermolysis temperature resulted in
obvious size growth of the NPs.

Of interest is the preparation of NiO NPs from chelates Ni(salphen) and Ni
(Me-salphen) (Scheme 3.38) by solid-state thermolysis at 823 K for 3.5 h [275].
It turned out that the NiO NPs have uniform shape with APS between 35 and
70 nm.

It should be noted that the choice of metal chelates as SSPs is a key step in the
preparation of NiO NPs (Table 3.11).

Fig. 3.69 (left) Synthesis of 2,3-bis-[(3-ethoxy-2-hydroxybenzylidene) amino] but-2-enedinitrile
metal complex (ML), TEM micrograph of obtained Ni NPs (middle) and Cu NPs (right).
Reproduced with permission from Ref. [273]. Copyright (2014) Elsevier

Table 3.10 Surface area and porosity of Cu NPs, commercial Raney Ni, and Ni NPs

Sample SBET (m2 g−1) Vp (cm
3 g−1) R (Å)

Cu 33 0.140 11.00

Ni 42 0.190 7.00

Commercial Raney Ni 35 0.072 53

SBET is BET surface area, Vp is the total pore volume, and R is the mean pore radius
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Fig. 3.70 a SEM, b TEM image of Co3O4 NPs obtained at 773 K for 5 h, SEM images of
obtained Co3O4 at c 873 K and d 973 K for 5 h. Reproduced with permission from Ref. [274].
Copyright (2009) Elsevier

Scheme 3.38 Synthesis and chemical structure of Ni(II) azomethine chelates Ni(salphen) (R=H)
and Ni(Me-salphen) (R=CH3). Reproduced with permission from Ref. [275]. Copyright (2013)
Springer Nature
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3.5.5 Metal Chelates Based on Tridentate Azomethine
Ligands

As a typical example of these chelates, we note cationic Cu(II) complex [Cu(L)
(H2O)]NO3 based on a tridentate ONO ligand (E)-N′-((2-hydroxynaphthalen-1-yl)
methylene) acetohydrazide (HL), which was used as SSP for the preparation of
nanocrystalline CuO with APS of 23 nm via thermolysis (Scheme 3.39) [276]. It is
interesting that the obtained CuO NPs was in a monoclinic phase.

Ni(II) chelate based on N-(5-bromosalicylaldehyde)-1,2-phenylenediamine,
whose thermolysis at 823 K for 3.5 h led to NiO NPs of cubic phase with the
diameter of 45 nm (Scheme 3.40), is of interest [277].

3.5.6 Metal Chelates with Other Azomethine Ligands

We note also a number of other azomethine metal chelates. For example, Cu(II), Co
(II), and Ni(II) chelates of 2-[(5-o-chlorophenylazo-2-hydroxybenzylidin) amino]-
phenol azomethine ligands (Scheme 3.41) were used as SSPs for the preparation of
single phases of CuO, CoO, and NiO NPs via a solid-state thermolysis procedure
[278]. APS for the cobalt and nickel NPs thus obtained was 51 and 29 nm,
respectively.

Table 3.11 Comparison of particle size of NiO NPs prepared by thermolysis method of Ni(II)
azomethine chelates

Sample Precursor T (K) Reaction
time (h)

Particle size (nm) according to
XRD results

Reference

1 Ni(salen) 773 5 15-20 [270]

2 Ni chelatea 823 3.5 55 [272]

3 Ni(salphen) 823 3.5 35 [273]

4 Ni(Me-salphen) 823 3.5 70 [273]
aIt is shown in Scheme 3.39

Scheme 3.39 Schematic diagram for chelation process. Reproduced with permission from Ref.
[276]. Copyright (2015) Elsevier
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Of interest is the preparation of Ni/NiO nanocomposite using solid-state ther-
molysis of bis(N-(2-hydroxyphenyl) cinnamaldimine) nickel(II) at 673, 773, and
873 K (Scheme 3.42) [279].

Scheme 3.40 Synthesis and chemical structure of Ni(II) chelate. Reproduced with permission
from Ref. [277]. Copyright (2013) Springer Nature

Scheme 3.41 Structures of Cu(II), Co(II), and Ni(II) chelates. Reproduced with permission from
Ref. [278]. Copyright (2013) Elsevier

Scheme 3.42 Chemical
structure of nickel(II) chelate.
Reproduced with permission
from Ref. [279]. Copyright
(2016) Springer Nature
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It is important that the composites were a mixture of Ni and NiO and they were
almost similar morphology. In addition, upon increasing the temperature from 673
to 873 K in air atmosphere, the amount of metallic Ni decreased due to transfor-
mation to NiO. In particular, the weight ratio between Ni and NiO prepared at 673,
773, and 873 K is decreasing in order of 10:90, 8:92, and 4:96%, respectively. High
temperature for preparation increases the agglomeration of NPs with non-uniform
morphology (Fig. 3.71).

It should be noted azomethine metal chelates derived from 4-amino antipyrine
with 2-furaldehyde, 2-thiophene carboxaldehyde, and 2-methoxybenzaldehyde
(Scheme 3.43) [280]. In these chelates, azomethine ligands are coordinated to the

Fig. 3.71 SEM image of Ni/NiO nanocomposites prepared at 673 (a), 773 (b), and 873 K (c).
Reproduced with permission from Ref. [279]. Copyright (2016) Springer Nature
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Scheme 3.43 Speculated structures of Ni(II) complexes. Reproduced with permission from Ref.
[280]. Copyright (2016) Elsevier
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Ni(II) ions by bidentate ON and NS fashion with the 2-furaldehyde,
2-methoxybenzaldehyde, and 2-thiophene carboxaldehyde, respectively. These
chelates were used as SSPs to prepare NiO NPs by thermolysis in static air.

3.6 Metal Chelates with N,O-Donor Ligands

Using thermolysis of the Cu(II) precursor [Cu(OCH(Me)CH2NMe2)2] synthesized by
reacting Cu(II) methanolate with the corresponding aminoalcohol in a hot coordi-
nating solvent without further reducing agents allows to obtaining highly monodis-
persed capped copper metal NPs of good quality [281]. The formation of copper
nanomaterial as well-defined, spherical particles with a diameter of about 7.5 nm is
observed (Fig. 3.72). The size and shape of the nanocrystals are very uniform, and the
individual NPs are separated by about 2 nm due to the repulsion of their shells of
surfactant from neighboring particles. Apparently, the small NP size leads to the
formation of hexagonally 2D ordered lattices of free-standing copper colloids.

Thermolysis in TOPO allows to obtaining mostly spherical particles of different
sizes ranging from 50 to 3.7 mm (Fig. 3.73, left). Thus, the use of TOPO leads to

Fig. 3.72 TEM image of individual copper metal NPs showing a tendency toward 2D ordering.
The nanocrystals were deposited from a toluene dispersion onto a carbon support film on an Au
grid: bar = 110 nm. Reproduced with permission from Ref. [281]. Copyright (2002) Royal
Society of Chemistry
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the particles that are larger by a factor of at least 10 compared to the thermolysis in
HDA. When a solution of metal chelate in tri-n-butylphosphine is injected into hot
TOPO, the diameter of NPs decreases and various copper NP shapes are observed:
spherical, oval, elongated, and cylindrical (Fig. 3.73, right). Their sizes range from
8 to 60 nm for spherical NPs and 15–40 (short axis) and 50–100 nm (long axis) for
the elongated NPs, respectively.

Single crystal Fe3O4 nanosheets with average edge length in the range of 80–
100 nm and thickness of about 30 nm were obtained on a large scale via ther-
molysis of iron complex with ethylenediaminetetraacetic acid (EDTA) [282]. The
product has a highly symmetrical lattice, which reveals the single crystalline nature
of the obtained Fe3O4 nanosheets. It is important that the morphology of the
products is strongly affected by the thermolysis temperature. In particular, during
thermolysis at 673 K for 6 h, sheet-like structured Fe3O4 with average edge length
of 90 nm appeared (Fig. 3.74a). With increasing temperature to 773 K, Fe3O4

nanosheets with average edge length of 100 nm (Fig. 3.74b) were also obtained.
Finally, when temperature increases to 873 K, irregular structures (Fig. 3.74c)
appeared.

A silver complex, Ag(PPh3)2(L)�0.5H2O�0.5C2H5OH (Fig. 3.75, left), where L
is 2-pyridinecarboxylic acid, was used as a SSP for the preparation of silver NPs
with APS of 60 nm and spherical morphology by thermolysis at 623 K in the
presence of OA as a surfactant (Fig. 3.75, right) [283]. It is interesting that bulk
silver particles of a granulated shape were obtained instead of silver NPs when
thermolysis of the silver complex was carried out in the absence of OA.

Of interest is the Zn(II) chelate, [pydaH]+2[Zn(L)2]
2−{(pydaH)+ = pyridine-

2,6-diamuniun, (L)2− = pyridine-2,6-dicarboxylate}, obtained by sonochemical

Fig. 3.73 Image of insoluble copper NPs synthesized (left) by thermolysis of SSP in hot TOPO:
bar = 200 nm. (right) by thermolysis of a solution of SSP (in tri-n-butylphosphine) in hot TOPO:
bar = 950 nm. Reproduced with permission from Ref. [281]. Copyright (2002) Royal Society of
Chemistry
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method in two different solvents [284]. It turned out that thermolysis of chelates
obtained in dry methanol and deionized water as solvents led to two different kinds
of ZnO NPs with the APS of about 30 and 350 nm, respectively, (Scheme 3.44).

Zirconia (ZrO2) nanopowders were obtained by the thermolysis of the similar
nanostructured Zr(IV) chelate, (pydaH)2[Zr(L)3]∙5H2O (Scheme 3.45) [285].

Fig. 3.74 TEM images of the products at a 673, b 773, and c 823 K for the same reaction time of
6 h. Reproduced with permission from Ref. [282]. Copyright (2010) Elsevier

Fig. 3.75 ORTEP diagram of Ag(PPh3)2(L) (left), SEM micrographs of silver NPs obtained from
heat treatment of the silver complex, Ag(PPh3)2(L), in the presence (middle) and absence (right) of
OA. Reproduced with permission from Ref. [283]. Copyright (2013) Springer Nature

Scheme 3.44 Schematic diagram is illustrating the formation of ZnO NPs. Reproduced with
permission from Ref. [284]. Copyright (2016) Elsevier
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The sizes of the nanostructures were approximately 50 nm. It is interesting that
thermolysis of chelate under argon and air atmospheres provided two different
kinds of crystal systems of zirconia, tetragonal, and mixture of monoclinic and
tetragonal with APS about 35 and 28 nm, respectively.

It should be noted Ce(III) chelate with the same ligand, (XH+)2[Ce4(L)6(HL)2
(H2O)8]∙8H2O, where X = nicotinamide [286]. Its structure consists of tetranuclear
building units that extend into a 3D supramolecular network via non-covalent inter-
actions mainly H bonding (Fig. 3.76, left). Ceria NPs were prepared upon the ther-
molysis of chelate at 1073 K under atmospheric air for 2.5 h (Fig. 3.76, right).

The promising SSPs were obtained by the reaction of Cd(II), Pb(II), and In(III)
salts with in situ generated pyruvic acid oxime (ketoacidoximate) of the type

Scheme 3.45 Schematic diagram illustrating the formation of chelate and ZrO2 nanopowders.
Reprinted by permission from Springer Nature: Iran. J. Sci. Technol. Trans. Sci., advance online
publication, 02 August 2016 (https://doi.org/10.1007/s40995-016-0069-9)

Fig. 3.76 Coordination environment of Ce(III) cations in chelate (left) and SEM image of CeO2

NPs, prepared by thermolysis of chelate at 1073 K. Reproduced with permission from Ref. [286].
Copyright (2016) Elsevier
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[O2CC(R) = NOH]− (R = CH3 or-CH2-C6H5) [287]. The mononuclear In(III) and
dinuclear, l2-oxo-bridged Cd(II), Pb(II) complexes undergo thermolysis below
483 K to the corresponding MOs. It is interesting that the thermal stability of
ketoacidoximate complexes of zinc is dependent on the substituents present on the
chelating ligand. In particular, ZnO in the form of thin films and particles were
prepared by taking advantage of the flexibility in tuning the thermolysis behavior of
ketoacidoximate complexes of zinc. APS of the oxides decreases in the order
In2O3 < CdO < PbO and is 10–20 nm, 50–150 nm and several microns for In2O3,
CdO, and PbO, respectively.

It should be noted the low-temperature thermolysis of different metal oximate
complexes leading to a large variety of MO particles [288–292]. For example, zinc
complexes of pyruvic and glyoxylic acid oximes are potential SSPs for single-
source chemical vapor deposition (SSCVD) of ZnO thin films (Scheme 3.46).

Of interest are the complexes 1–4 derived from reaction of Cu(II) salts (Cl−, Br−,
CH3COO

−, and SO4
−2) with 2-(3-amino-4,6-dimethyl-1H-pyrazolo[3,4-b]pyridin-1-yl)

acetohydrazide used as SSPs for the preparation of CuO NPs with 15.5 nm of particle
size via solid-state thermolysis (Scheme 3.47) [293].

The randomly distributed CuO grains with small size, agglomeration of particles,
and slight distortion are observed (Fig. 3.77). In addition, the uniform, nearly
spherical ball-like shapes CuO NPs in the form of clusters are formed, and their
surfaces are for the most part homogeneous.

3.7 Metal Chelates with S,O-Donor Ligands

As a typical example of the metal chelates with S,O-donor ligands, we note Zn(II)
cysteine complex [ZnI2(L)]n (L is 2-amino-3-mercaptopropanoic acid) used as SSP
of the hexagonal microcrystalline ZnO by thermolysis at 873 K for 2 h
(Scheme 3.48) [294]. It is interesting that nanocrystals with APS about 54 nm are
formed, and after hydrothermal treatment in an autoclave their size reduced up to
about 38 nm.

Scheme 3.46 Scheme of the thermolysis of zinc complexes of pyruvic and glyoxylic acid oximes.
Reproduced with permission from Ref. [288]. Copyright (2005) Elsevier
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Scheme 3.47 Proposal structures of Cu(II) complexes of hydrazide ligand. Reproduced with
permission from Ref. [293]. Copyright (2017) Springer Nature

Fig. 3.77 a SEM; b TEM photographs of CuO NPs. Reproduced with permission from Ref.
[293]. Copyright (2017) Springer Nature
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Another interesting example is Fe(L)3 chelate based on 2-mercapto-5-met
hylpyridine-N-oxide (L) obtained accordingly to Scheme 3.49 [295]. The ther-
molysis of this chelate at 623 K yielded highly pure reddish-brown c-Fe2O3

nanocrystallites with APS of 6.2 nm and a specific surface area of 51.5 m2 g−1. The
undoubtable advantages of producing nano-c-Fe2O3 by thermolysis of this metal
chelate are a high purity and low particle size of the product, a high specific surface
area due to the formation of considerable amounts of volatile materials in the
thermolysis process, using aqueous media and, therefore, the possibility of com-
mercial production.

It should be noted copper chelate CuL (Scheme 3.50), where L is
2-mercapto-6-picoline-N-oxide, used as SSP for the preparation of CuO NPs (APS
of 6.8 nm) via thermolysis [296].

CdS NPs with different shapes and sizes (rods and spheres) were obtained by
thermolysis of complex [Cd(SOCPh)2Lut2] (Fig. 3.78), where Lut = 3,5-dimeth
ylpyridine (lutidine), using structure-directing solvents such as en, dimethylsulfoxide
(DMSO) and ammonia [297].

It is important that different morphologies (cubic, and hexagonal phases) and the
sizes of CdS can be obtained from the same SSP, depending on the reaction
parameters (Table 3.12) [297]. For example, the obtained CdS NPs looks like rod
(hexagonal crystallite) when en was used as the solvent (393 K for 15 min).

Scheme 3.48 Materials produced and synthetic methods [294]

Scheme 3.49 Stages for the preparation of iron(III) chelate. Reproduced with permission from
Ref. [295]. Copyright (2011) John Wiley and Sons
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Using DMSO and NH3 as solvents (393 K for 15 min and 300 K for 12 h) allows
to obtaining the CdS NPs showing spherical morphology (hexagonal crystallite). In
addition, direct thermolysis of the SSP gives nanospheres of larger size than that of
DMSO and NH3, with cubic crystallite.

Thermolysis of the similar precursor [Pb(SCOPh)2] led to PbS [298].

Scheme 3.50 a 2-Mercapto-6-picoline-N-oxide (L); b Cu(II)-bis(2-thio-6-picoline-N-oxide)
(CuL). Reproduced with permission from Ref. [296]. Copyright (2013) Elsevier

Fig. 3.78 ORTEP diagram of the complex [Cd(SOCPh)2Lut2]. Reproduced with permission from
Ref. [297]. Copyright (2012) Elsevier
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3.7.1 Metal Chelates with N,S (Se, Te)-Donor Ligands

Metal complexes with N,S (Se, Te)-chelating ligands are paid wide attention due to
the possibility of synthesis of semiconductor nanomaterials such as CdSe, CdS,
ZnS, and PbS [299–303]. It is anticipated that the size and shape of such nano-
materials entirely depend upon the crystal structures of the initial SSPs. As a typical
example, we note the preparation of CuS nanowires from Cu-dithiooxamide by a
hydrothermal method at 393 K for 24 h (Scheme 3.51) [304]. It is important that
the nanowires are 40–80 nm in diameter and up to a few microns long. In addition,
reaction temperature, duration, and solvents have substantial effect on the formation
of a covellite form of CuS having a hexagonal phase.

Of interest are the thiosemicarbazide complexes [Cd(NH2CSNHNH2)Cl2]�H2O
(complex A) and [Cd(NH2CSNHNH2)2Cl2] (complex B) which are effective SSPs
for the preparation of CdS nanomaterials (Fig. 3.79) [305, 306].

Their thermolysis in HDA results in the formation of nanorods of different
dimensions (Fig. 3.80). It is interesting that in both cases there is a predominance of
anisotropic material. However, while the aspect ratios of the materials are
approximately the same, there is a significant difference in the widths of the rods.
Complex A gave rods with widths approaching the Bohr radius of 6.0 ± 1.5 nm,
whereas complex B results in rods with significantly smaller widths of
3.0 ± 0.5 nm.

It should be noted using of thiosemicarbazide complexes of lead bromide as
SSPs for the preparation of a cubic phase of galena by thermolysis (Scheme 3.52)
[307]. It turned out that the nature of the chelate utilized in the synthesis of PbS via
SSP method has a significant impact on the properties of the NPs. In particular,
smaller cubic shapes and QDs were yielded from cinnamaldehyde thiosemicar-
bazide and benzophenone thiosemicarbazide complexes due to larger ligands and
the symmetrical position of the thiosemicarbazide group in benzophenone chelate.
At the same time, relatively larger NPs were obtained from acetophenone

Table 3.12 Summary of reaction conditions and experiments results

Reactants Temp
(K)

Time Shape Average size
(nm)

Average
pore
diameter
(nm)

Specific
surface
area
(m2 g−1)

XRD TEM

Precursor 673 1 h Spherical 6.7 10 4.5 57.3

Precursor + en 393 15 min Rod 5.1 D = 6a,
L = 25–
100b

3.8 43.2

Precursor + DMSO 393 15 min Sphere 3.8 4 2.9 33.1

Precursor + NH3 300 12 h Sphere 3.86 4 2.2 26.6
aDiameter
bLength
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Scheme 3.51 Thermolysis of Cu-dithiooxamide complex under hydrothermal conditions.
Reproduced with permission from Ref. [304]. Copyright (2006) American Chemical Society

Fig. 3.79 Structures of [Cd(NH2CSNHNH2)Cl2]�H2O (left) and [Cd(NH2CSNHNH2)2Cl2]
(right). Reproduced with permission from Ref. [306]. Copyright (2009) Elsevier
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thiosemicarbazide complex. In addition, the shape and size of PbS NPs also depend
on the temperature of synthesis.

Cd(II) thiosemicarbazone chelates were used as SSPs for the synthesis of
OAm-capped CdS NPs by solvothermal decomposition [308]. It is important that
CdS NPs in the form of cubes/spheres/rods and nanodendrite structures were
obtained from CdCl2 and CdI2 thiosemicarbazone chelates, respectively. In this
process, the size, morphology, and shape of the NPs depend on the temperature of
formation.

Nanoflowers and nanospheres of palladium sulfide Pd4S were obtained from a
SSP [PdCl2(PhS-CH2CH2CH2-NH2)] by its one-pot thermolysis at 468 K [309].
Thermolysis of 3-phenylsulfonylpropylamine chelate of palladium chloride
(Fig. 3.81, left) at 468 K in OAm leads to the formation of flower-shaped NPs,
whereas Pd4S nanospheres (size in the range *23–38 nm and 15–28 nm,

Fig. 3.80 TEM of nanorods prepared from complex A (left) and complex B (right) at 453 K in
HAD. Reproduced with permission from Ref. [306]. Copyright (2009) Elsevier

Scheme 3.52 Scheme of synthesis of PbS NPs by thermolysis of thiosemicarbazide chelates
[307]
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respectively) are formed in OA and ODE mixture (1:1). Apparently, the flower
shape of the obtained NPs is determined by the stronger complexing and reducing
properties of OAm [147, 292]. This can be appreciated easily on monitoring the
thermolysis carried out in OAm at 10, 20, and 30 min intervals by recording the
TEM of the NPs formed (Fig. 3.81, right).

These NPs were grafted on graphene oxide (GO) at room temperature to form
nanocomposite materials, GO–Pd4S (Scheme 3.53). It is interesting that the shape of
the resulting NPs is not changed during their attachment to the GO as a carrier and
has a significant influence on the catalytic properties of these nanocomposites in

Fig. 3.81 (left) The scheme for obtaining NPs of palladium sulfide from precursor
[PdCl2(PhS-CH2CH2CH2-NH2)] and (right) HRTEM images of the synthesized Pd4S nanoflowers
at different reaction times; a 10 min (scale bar 100 nm), b 20 min (scale bar 50 nm), and c 30 min
(scale bar 50 nm). Reproduced with permission from Ref. [309]. Copyright (2014) Royal Society
of Chemistry

Scheme 3.53 Synthesis of nanocomposite GO–Pd4S nanoflowers and nanospheres. Reproduced
with permission from Ref. [309]. Copyright (2014) Royal Society of Chemistry
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Suzuki–Miyaura coupling reactions. In particular, the catalytic efficiency follows the
order GO–Pd4S-nanoflowers > GO–Pd4S-nanospheres > Pd4S nanoflowers > Pd4S
nanospheres.

It should be noted that one of the most interesting families of chelating ligands
for the synthesis of SSP is chalcogenepyridines:

Metal chelates of 2-thio and 2-selenopyridines are well known, while the
coordination chemistry of 2-telluriumpyridines is just beginning to develop. For
example, thermolysis of [M(Te-Py)2] in a furnace or in coordinating solvents such
as HDA/TOPO at 623 and 433 K, respectively, gave MTe NPs [310].

Interestingly, thermolysis of Cd[E(L)]2 [E = S, Se; L = 2-
(4,4-dimethyl-2-oxazolinyl) benzene] in TOPO medium at 553 K led to CdS or
CdSe NPs with a sufficiently large size up to 200 nm according to the following
scheme [311]:

CdS NPs capped with 1-R-5-thiotetrazoles were obtained using two different
synthetic schemes: solution-phase (Scheme 3.54) and solventless single precursor

Scheme 3.54 Solution-phase synthesis of CdS NPs capped with 1-R-5-thiotetrazoles.
Reproduced with permission from Ref. [312]. Copyright (2008) American Chemical Society
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approaches [312]. It is important that in both synthetic procedures cadmium
thiotetrazolates were used as cadmium precursors and sources of surfactant.

The monodisperse 3.7 ± 0.3-nm-diameter CdS NPs were synthesized from
cadmium 1-ethyl-5-thiotetrazolate at 423 K (Fig. 3.82a). At the same time, under
heating at 453 K CdS NPs with different shapes and sizes are formed depending on
the nature of substituent R. In particular, with R = Et or Ad spherical NPs were
prepared, and R = Hex led to tetrahedral NPs with *8 nm edge (Fig. 3.82b).
However, in the case of R = t-Bu both spherical and tetrahedral NPs were prepared
(Fig. 3.82c).

3.8 Metal Dichalcogenides

Currently, a wide variety of metal chelates with dichalcogen-containing ligands
such as the metal dithio/diselenocarbamates [313–318], xanthates [319, 320],
dialkylchalcogenephosphates, dichalcogeneimidophosphates [321–323], and
imino-bis(diisopropylphosphine)selenides [324] are used as SSPs for the synthesis
of CdS, CdSe, ZnS, ZnSe, and other NPs. The possibility of a wide selection of
solvents and surfactant molecules and varying the synthesis conditions allow to
tuning the properties of the resulting products and to preparing nanomaterials with
targeted characteristics.

Up to now, many ligands from dithiocarbamate (dtc) compounds are used as
SSP for metal sulfide production [325, 326]. In particular, metal chelates based on
dimethyl-dtc [327], diethyl-dtc [313, 328–337], N-alkyl-N-cyclohexyl-dtc [338], N-
methyl-N-phenyl-dtc [339], ethylbutyl-dtc [340] are the typical representatives of
such SSPs. In thermolysis process with OA and OAm as surfactants, metal sulfides
such as 0D Ag2S, ZnS and CdS QDs, 1D CdS nanorods and ZnS ultrathin nano-
wires, 2D SnS nanosheets, Bi2S3 and Fe7S8 nanoplates were obtained. For example,

Fig. 3.82 TEM images of CdS NPs as-synthesized by solution-phase approach using
1-R-5-thiotetrazolates a R = Et, b R = Hex, and c R = t-Bu. Reproduced with permission from
Ref. [312]. Copyright (2008) American Chemical Society
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single crystalline Ag2S QDs, with a size of 10.2 ± 0.4 nm, were prepared by the
thermolysis of Ag(diethyl-dtc) (Fig. 3.83, left) [341]. Single crystalline ZnS QDs
with a size of 9.5 nm were also obtained (Fig. 3.83a, right) by the thermolysis of Zn
(diethyl-dtc)2 in the presence of OA, OAm, and ODE [342]. In addition, the size
and shape of the same metal sulfides could be simply controlled by changing the
type of surfactants and solvents. Thus, ultrathin crystalline ZnS nanowires, with a
diameter of 4.4 nm and length of 300 nm, were prepared from the reaction with
OAm as surfactant in ODE solvent. At the same time, under these conditions, ZnS
nanocrystals were able to grow along <001> direction due to the selective
adsorption of OAm onto the {100} crystal planes and the inhibition of isotropic
growth (Fig. 3.83b, right).

In a similar way, CdS QDs with a diameter of 7.5 nm and CdS nanorods with a
diameter of 5.7 nm and length of 16 nm were obtained (Fig. 3.84a, b, left) [341,
343]. It should be noted the preparation of PbS nanocubes with APS of 50 nm in
the OAm/ODE system in addition to 0D QDs and 1D nanowires (Fig. 3.84a, right).

Fig. 3.83 (left) a TEM image of Ag2S QDs. Insets in (a) are the HRTEM images of a typical
Ag2S QD. Reproduced with permission from Ref. [341]. Copyright (2011) Royal Society of
Chemistry; (right) TEM images and XRD patterns of ZnS QDs (a) and nanowires (b). Reproduced
with permission from Ref. [342]. Copyright (2010) Royal Society of Chemistry

Fig. 3.84 (left) TEM images of CdS QDs (a) and nanorods (b); (right) TEM image (a) of PbS
nanocubes. Reproduced with permission from Ref. [341]. Copyright (2011) Royal Society of
Chemistry

3.8 Metal Dichalcogenides 181



CdS flower-like nanostructures were synthesized through facile hydrothermal
decomposition of the cadmium diethyl-dtc SSP solution. The morphologies of the
nanostructures can be controlled by manipulating the precursor concentration and
the reaction time [341]. Bi2S3 nanoplates with a diameter of 16 nm and length of
80 nm were also obtained (Fig. 3.85).

SnS rectangular nanosheets were synthesized under low concentration of SSP
with OAm as capping ligand (Fig. 3.86a–c) [344]. The prepared nanosheets rep-
resent a uniform size of 7000 nm � 3000 nm � 20 nm and have the highly
crystalline nature (inset in Fig. 3.86b).

When using Fe(diethyl-dtc)3 as SSP and carrying out the thermolysis in the
mixture of OAm and ODE, Fe3S4 NPs were obtained. These NPs with sizes in the
range of 30–200 nm have the tendency to form aggregates (Fig. 3.87, left, a, b)
[345]. In addition, the as-synthesized Fe3S4 NPs are single crystal with a
cubic-phase structure (inset in Fig. 3.87, left, b). Solvents also play an important
role in controlling the composition of metal sulfides. When Cu(diethyl-dtc)2 was
thermolyzed in dodecanethiol at 493 K, Cu2S QDs with a uniform size of 6.5 nm
were obtained (Fig. 3.87, right, a).

The formation of cuprous sulfide (Cu2S) and lead sulfide (PbS) nanomaterials
directly on substrates by the thermolysis of SSPs, Cu(diethyl-dtc)2 and Pb
(diethyl-dtc)2, was shown [313]. The final morphology and arrangement of the
nanomaterials may be controlled through the concentration of the dissolved SSPs
and choice of solvent. 1D morphologies may also be grown onto substrates with the
addition of a metal catalyst layer through solution–liquid–solid growth.

Core–shell microspheres (Fig. 3.88) can be made from hexagonal CuS by
thermolysis of Cu(octyl-dtc)2 precursors at 403–453 K under N2 flow for 0.5 h
[346].

Nature of ligand of the metal chelate SSP could be used in the modification of
the size and shape of the NPs. For example, variation of the alkyl groups on the dtc
ligand led to the particles with non-spherical morphologies [318]. It was also shown
that SSP with shorter alkyl group yields larger rods of Bi2S3 [347]. Nanorods of

Fig. 3.85 a SEM image and b TEM image of Bi2S3 nanoplates. Reproduced with permission
from Ref. [341]. Copyright (2011) Royal Society of Chemistry
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bismuth sulfide were prepared by thermolysis of Bi(N-ethyl cyclohexyl dtc)2
(Scheme 3.55) at different thermolysis duration [348].

At 673 K, SSP was fully thermolyzed to orthorhombic bismuth sulfide after 2 h
of thermolysis, while a mixture of short and long nanorods of Bi2S3 was obtained
after thermolysis from 2 to 6 h (Fig. 3.89). It is important that different thermolysis
duration does not affect the morphology of the sample except for a slight change in
the particle size. Bi2S3 nanorods with an average width ranging from 29 to 36 nm
were obtained. Different sizes of Bi2S3 are observed due to the non-uniform

Fig. 3.86 SEM, TEM, and HRTEM images of SnS nanosheets (a–c) and SnS2 nanoplates (d–f).
Reproduced with permission from Ref. [344]. Copyright (2011) Royal Society of Chemistry

Fig. 3.87 (left) As-obtained Fe3S4 NPs. a SEM image; b TEM and HRTEM (inset) images,
obtained at room temperature (300 K). Reproduced with permission from Ref. [345]. Copyright
(2010) Royal Society of Chemistry; (right) c TEM image of Cu2S QDs. d TEM image of Cu7S4
NPs. Reproduced with permission from Ref. [346]. Copyright (2014) Royal Society of Chemistry
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formation of Bi2S3 and overlapping of particles caused by agglomeration. Besides,
the particle may compose of two or more individual crystallites. Increment in
thermolysis duration has resulted in the formation of larger size Bi2S3 nanorods.

The similar Zn(N-ethyl cyclohexyl dtc)2 precursor (Scheme 3.56) was ther-
molyzed to hexagonal ZnS after 2–6 h of thermolysis duration at 673 K [349]. The
sizes of ZnS NPs were about 6–11 nm. The existence of the hexagonal wurtzite
ZnS phase is not affected by the thermolysis duration, while only a slight difference
in the crystallinity and crystallite size of ZnS is observed. Pure ZnS can be prepared
at a temperature of 673 K, which is about three times smaller than that of bulk ZnS
phase transition temperature (1293 K).

ZnS NPs were prepared via two approaches, involving the thermolysis of the
SSP, Zn(N,N-diallyl dtc)2, in a furnace and by solvothermal process in the presence
of hexadecylamine (HDA–ZnS) [313]. HDA–ZnS are spherical and monodispersed
with APS of 4.5 nm. It should be noted that the ZnS NPs prepared by thermolysis
have the hexagonal wurtzite phase, whereas the HDA–ZnS NPs showed a mixture
of wurtzite and cubic phase with the cubic phase being dominant.

Hexagonal CuS NPs were prepared by thermolysis of Cu(but-dtc)2 as SSP at two
different temperatures [350]. Particles are almost spherical in shapes with APS of
21–38 nm for CuS1 prepared at 453 K and 3–7 nm for CuS2 prepared at 393 K.
This confirms that the choice of thermolysis temperature allows to controlling the
crystallite sizes of the NPs. Both CuS1 and CuS2 are spherically shaped NPs

Fig. 3.88 a–d SEM images of CuS hierarchical microflowers. Reproduced with permission from
Ref. [346]. Copyright (2014) Royal Society of Chemistry
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(Fig. 3.90, left, a and b). The topographical view of the NPs (Fig. 3.90, right)
indicated that the as-prepared NPs were rich in dents and irregular surfaces. The
room temperature square roughness (Rq) for CuS1 is 29.3 nm with average
roughness (Ra) of 21.3 nm. For CuS2, the Rq and Ra values are 155 and 130 nm,
respectively.

It should be also noted using Ni(II) dtc complexes as SSPs to prepare
HDA-capped NiS nanocrystals with cubic crystalline phases [351]. TEM images
showed spherical and close-to-spherical nanocrystals with the size in the range 12–
38 nm for NPs from nickel(II) anisidine dtc complex, 8–11 nm for NPs from nickel
(II) dibenzyl dtc complex, and 9–16 nm for NPs from nickel(II) butyl dtc complex.

Among dtc SSPs, the substantial place is heterocyclic derivatives of dtc, in
particular piperidine-dtc (pip-dtc) and tetrahydroquinoline-dtc (thq-dtc) chelates
(Scheme 3.57) [352].

For example, Cd chelates based on these ligands were thermolyzed in HDA to
form HDA-capped CdS NPs. A combination of close to spherical, rod, bipods, and
tripods was obtained by varying the thermolysis parameters such as SSP concen-
tration and temperature (Table 3.13) [352].

It should be noted that Cd(thq-dtc)2 was also used as SSP for the synthesis of
large faceted hexagonal and close to cubic-shaped HDA-capped CdS NPs [353]. In
this case, crystalline NPs of stable wurtzite phase in the shape of a hexagon are
clearly observed.

Zn(pip-dtc)2 and Zn(thq-dtc)2 thermograms show a single-stage weight loss
corresponding to thermal decomposition of the organic ligand with the endothermic
peak on the DSC curves at 614.9 K (DH = 214.3 J g−1) and 567.5 K
(DH = 188.0 J g−1), respectively, [354]. At the same time, a two-stage decompo-
sition is observed with a weight loss at 483 (15.6%) and 577 K (65.5%) in the case
of Fe(pip-dtc)3 [355]. According to the proposed mechanism based on TA and gas
chromatography–mass spectroscopy (GC-MS), the detachment of one of the three
dtc ligands (m/z 160) proceeds initially to form a four-coordinated intermediate and

Scheme 3.55 General reaction of bismuth dithiocarbamate. Reproduced with permission from
Ref. [348]. Copyright (2016) Elsevier

3.8 Metal Dichalcogenides 185



Fig. 3.89 EM images of bismuth sulfide prepared at 673 K and different thermolysis duration:
a 2 h (FESEM), b 4 h (FESEM), c 6 h (FESEM), d 2 h (TEM), e 4 h (TEM), and f 6 h (TEM).
Reproduced with permission from Ref. [348]. Copyright (2016) Elsevier

Scheme 3.56 General reaction of zinc dithiocarbamate. Reproduced with permission from Ref.
[349]. Copyright (2016) Elsevier

186 3 Thermolysis of Low Molecular Weight Metal Chelates



then a final removal of organic components (m/z 290) leads to the resulting FeS (m/
z 86) product (Scheme 3.58).

The interesting observations were made during the deposition of iron sulfide thin
films by aerosol-assisted chemical vapor deposition (AACVD) using Fe(pip-dtc)3
and Fe(thq-dtc)3 as SSPs [355]. Iron sulfide films from both complexes are flakes/
leaves/sheets, spherical granules, and nanofibres. The sizes and shapes of these
crystallites depended on the nature of the SSP, temperature, solvent, and the amount
of tert-butyl thiol used. Iron sulfide films deposited using Fe(pip-dtc)3 in toluene
(solvent) show the growth of sheet-like structures at 623 K and nanoleaf-/flake-like

Fig. 3.90 (left) TEM images of CuS1 (a) and CuS2 (b) NPs; (right) AFM and 3D topographical
images of the CuS NPs. Reproduced with permission from Ref. [350]. Copyright (2016) Elsevier

Scheme 3.57 Reaction scheme for the synthesis of Cd pip-dtc complex (left) and Cd thq-dtc
complex (right). Reproduced with permission from Ref. [352]. Copyright (2009) Elsevier
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Table 3.13 CdS nanocrystals synthesized with Cd(pip-dtc)2 and Cd(thq-dtc)2 with HDA at 313
and 353 K

Cd
chelate

Mass of
HDA (g)

Thermolysis
temp. (K)

Particle
shape

Particle size (nm)

Cd
(pip-dtc)2

3.0 313 Oblate Diameter = 7.9 ± 0.9

6.0 313 Rods Length = 14.1 ± 2.1
Breadth = 4.1 ± 0.65

3.0 353 Dots 19.71 ± 3.24

6.0 353 Rods
Bipods
Tripods

Length = 19.35 ± 2.98
Breadth = 5.80 ± 0.78

Cd
(thq-dtc)2

3.0 313 Rods Length = 9.99 ± 1.38
Breadth = 5.31 ± 0.9

6.0 313 Rods
Bipods
tripods

Length = 18.18 ± 2.10
Breadth = 4.82 ± 0.77

3.0 353 Dots Diameter = 20.61 ± 4.72

6.0 353 Rods
Bipods
tripods

Length = 20.91 ± 2.96
Breadth = 6.13 ± 1.02

Scheme 3.58 Scheme of the thermolysis of Fe(pip-dtc)3 [355]
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crystallites at 673 and 723 K (Fig. 3.91). The film size increased from 0.6 to
1.0 lm with an increase in deposition temperature from 673 to 723 K.

A similar trend was observed when Fe(thq-dtc)3 was used as the SSP to deposit a
pyrrhotite film (Fig. 3.92a, b). The backscattered electron scanning electron
microscopy (BSE SEM) image (which provide Z contrast) of iron sulfide films
shows small particles with bright contrast embedded into flakes of darker contrast.
Point scanning EDX spectroscopy revealed that the white spots (chunks) were
S-rich (Fe 53.7% and S 46.3%), while the opposite is observed for the black spots
(flakes) which are Fe-rich (Fe 66.9% and S 33.1%) (Fig. 3.92c). This phenomenon

Fig. 3.91 Representative secondary electron SEM images of the iron sulfide thin films deposited
at (a, b) 623, 673 (c, d), and (e, f) 723 K using Fe(pip-dtc)3 [355]
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validates that Fe and S atoms in an iron sulfide thin film are unevenly distributed on
a substrate.

Of interest is the preparation of CdS NPs by the thermolysis of Cd(pip-dtc)2 or
Cd(thq-dtc)2, and their growth is effectively controlled using capping agents of
HDA and TOPO of various concentrations [356]. The thermolysis conditions such
as the amount of capping group and thermolysis temperature have an effect on the
properties and morphology of the NPs. In particular, elongated CdS particles in the
form of rods, bipods, and tripods were obtained for the HDA-capped CdS whereas
spherical particles were observed when TOPO was used as the capping material
(Fig. 3.93).

It should be noted the using Cd(pip-dtc)2 or Cd(thq-dtc)2 as SSPs to deposit CdS
films on glass substrates at 623, 673, and 723 K via the AACVD method [357].
APS is in the range between 50–110 nm and 100–220 nm for first and second
chelate, respectively. It is important that the morphology, size, and composition of
the films are influenced by the deposition temperature.

NP synthesis temperature plays also an important role in the structural-phase
transformations. For example, for CdS NPs it is demonstrated that the hexagonal
phase is the predominant one at high thermolysis temperatures [358, 359]. During
CdS NP preparation by thermolysis of Cd(pip-dtc)2 in castor oil at 463, 503, 543,

Fig. 3.92 Representative secondary electron SEM images of the iron sulfide thin films deposited
at (a, b) 723 K and a BSE SEM image (c) and a representative EDX spectrum (d) when Fe
(thq-dtc)3 was used [355]
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and 573 K, hexagonal phase was formed at all temperatures, while during the Cd
(thq-dtc)2 thermolysis at 463 and 503 K, metastable cubic phase was formed, and
thermodynamically stable hexagonal phase was observed at 543 and 573 K [360].
In contrast, thermolysis of these SSPs in the ricinoleic acid at all temperatures leads
to the cubic-phase formation. It should be noted that the occurrence of CdS
metastable cubic phase also indicates the quantum confinement effect, because the
cubic phase is only characteristic of CdS nanocrystal unlike the hexagonal form
which is characteristic of both nanocrystalline and the bulk material [361].

The wide variation in morphology and the phase composition of thin films of
iron sulfide from dtc Fe(III) complexes is observed when the conditions change
during AACVD process, e.g., temperature, the precursor nature, the solvent type
(Table 3.14) [362].

Fig. 3.93 TEM (a, b) and HRTEM (c) CdS NPs images obtained by thermolysis of Cd(pip-dtc)2
at temperatures 413 (a) and 453 K (b, c) in HAD. Reproduced with permission from Ref. [356].
Copyright (2011) Royal Society of Chemistry

Table 3.14 Morphology and phase composition of the iron sulfide thin films obtained at different
reaction conditions

Precursor Conditions Morphology Phase composition

Fe
(pip-dtc)3

Toluene, 623–723 K,
2 h

Leaf, flake, sheet Hexagonal (Fe0.975S), marcasite
(FeS2)

Chloroform, 623–
723 K, 30 min

Fiber Hexagonal (Fe0.975S), smythite
(Fe3S4)

tert-Butyl thiol, 723 K,
2 h

Flower, spherical–
globular

Greigite (Fe3S4)

Fe
(thq-dtc)3

Toluene, 623–723 K,
2 h

Leaf, flake, sheet Pyrrhotite (Fe0.95S1.05),
hexagonal (Fe0.975S)

Chloroform, 623–
723 K, 30 min

Fiber Hexagonal (Fe0.975S)

tert-Butyl thiol, 723 K,
2 h

Spherical and flake Greigite (Fe3S4)
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Of interest is the preparation of nanocrystals of SnS by thermolysis of metal
diethyl-dtc in OAm at 443 K [363].

The nitrogen-containing ancillary ligands like pyridine (Py) have a significant
effect on the thermal stability and volatility of the chalcogenide metal complexes
[364–366]. In particular, two stages of thermolysis at temperatures of 403 and
593 K are typical for the pyridine adduct of Cd(pip-dtc)2, the first of which cor-
responds to a loss of Py ligand (Fig. 3.94, left) [314]. In contrast, dtc Cd(II)
complexes, which does not contain donor adducts, are decomposed in a single step
at 604 and 593 K with weight loss of 64.9 and 70.9% for the Cd(pip-dtc)2 and Cd
(thq-dtc)2 complexes, respectively, (Fig. 3.94, right) [367]. The nonvolatile resi-
dues represent 35.1 and 29.1% that is slightly higher than the estimated values of
CdS (33.4 and 27.3%), obtained from these complexes.

The same SSP was used for the synthesis of hexagonal CdS NPs by thermolysis
in HDA at different temperatures in the range 463–543 K and CdS thin films by
AACVD method [367].

It is important that CdS NPs obtained by [Cd(pip-dtc)2Py] thermolysis at 463 K
had rod form with a length of 64.38 ± 4.62 nm and a width of 5.20±0.98 nm with
an aspect ratio of 12.38 (Fig. 3.95) [314]. At 503 K, nanorods had a size of
24.84 ± 4.42 nm in length and 6.58 ± 1.02 nm in width, whereas oval-shaped
NPs with a diameter of 16.8–23.3 nm along with rod shape NPs are formed at
543 K.

Complexes catena-(l2-nitrato-O,O′)bis(pip-dtc) bismuth(III) (1) and tetrakis
(l-nitrato)tetrakis[bis(thq-dtc) bismuth(III)] (2) were used as SSPs for the synthesis
of dodecylamine-, HDA-, OAm-, and TOPO-capped orthorhombic Bi2S3 NPs at
different temperatures [368]. High-quality, crystalline, long, and short Bi2S3
nanorods were obtained depending on the thermolysis temperature, which was
varied from 463 to 543 K. A general trend of increasing NP breadth with increasing
thermolysis temperature and increasing length of the carbon chain of the amine
(capping agent) is shown (Table 3.15).

Fig. 3.94 TG curves for complexes of (left) [Cd(pip-dtc)2Рy] [314] and (b) Cd(pip-dtc)2 (1) and
Cd(thq-dtc)2 (right) [367]
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It should be noted that depending on the nature of the substituent on the nitrogen
atom, the symmetrical diselenocarbamate complexes produced selenium clusters
during the thermolysis, while metal selenides are formed in the case of asymmetric
diselenocarbamates [369]. By mass spectrometry with electron ionization (electron
ionization mass spectrometry EI-MS) and high-resolution pyrolysis GC-MS anal-
ysis, it is shown that slight differences in the alkyl substituents on the nitrogen atom
of the diselenocarbamate ligand of Zn(Se2CNEt2)2 and Zn(Se2CNMenHex)2 com-
plexes are responsible for the two routes of their thermolysis. In the first case, Sen
clusters (n = 1–7) are formed from the intermediate diethyldiselenide EtSe2Et,
whereas stable five-membered intermediate dihydroselenazole Zn(Se2CNMenHex)2

Fig. 3.95 TEM and HRTEM images of HDA-capped CdS NPs obtained by thermolysis of [Cd
(pip-dtc)2Py] at 463 (a, b), 503 (c, d), and 543 K (e, f) [314]
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is formed in the latter case, which completely removed from system, and the final
product of the thermolysis is metal selenide (Scheme 3.59).

Of interest is using bis(hexylmethyldiselenocarbamato)cadmium(II)/zinc(II) (M
(Se2CNMenHex)2 [M = Zn, Cd]) as SSPs for the preparation of TOPO-capped
CdSe and ZnSe NPs [370]. The NPs were of high quality, close to monodispersed,
spherical particles. Two samples of CdSe (t = 10 min and t = 24 h) show
well-defined, monodispersed, spherical TOPO-capped CdSe particles (Fig. 3.96).

Thin films of several zinc or cadmium selenides have been deposited on
glass substrates by low-pressure MOCVD (LP-MOCVD) using SSPs,

Table 3.15 Lengths (L) and widths (W) of the Bi2S3 nanorods synthesized from 1 with various
reaction parameters

Capping agent T, K L, nm W, nm Aspect ratio (± 0.1)

Dodecylamine 463 161.9 ± 0.3 16.5 ± 0.1 9.8

Dodecylamine 503 154.7 ± 0.4 22.7 ± 0.1 6.8

Dodecylamine 543 76.1 ± 0.5 23.9 ± 0.1 3.2

HDA 463 236.9 ± 0.2 20.3 ± 0.1 11.7

HDA 503 217.2 ± 0.1 24.4 ± 0.1 8.9

HDA 543 193.5 ± 0.3 49.9 ± 0.2 3.9

OAm 463 252.6 ± 0.2 31.2 ± 0.1 8.1

OAm 503 221.5 ± 0.2 36.4 ± 0.2 6.1

OAm 543 194.2 ± 0.4 38.3 ± 0.2 5.1

TOPO 463 182.3 ± 0.2 29.2 ± 0.2 6.2

TOPO 503 106.6 ± 0.1 42.8 ± 0.2 2.4

TOPO 543 95.4 ± 0.3 44.1 ± 0.2 2.1

Scheme 3.59 Thermolysis mechanism of bis(hexyl(methyl)diselenocarbamato)zinc. Reproduced
with permission from Ref. [369]. Copyright (1999) Royal Society of Chemistry
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[M{(SePiPr2)2N}2], where M = Cd(II), Zn(II) [322]. The morphology of film
deposited at 698 and 723 K consists of randomly oriented domains of compacted
thin acicular crystallites with ca. 1.75 lm in thickness (Fig. 3.97, top). The surface
of the film deposited at 748 K consists of globules ranging in size 0.25–1.25 lm.
Cross-sectional SEM image of the film indicates columnar growth for ZnS, and the
growth rate is equal to ca. 1 lm h−1 (Fig. 3.97, bottom).

[Cd(Se2P
iPr2)2] was used as SSP in OAm for the synthesis of CdSe NPs in a

microcapillary reactor (Fig. 3.98) [315]. The different reaction parameters (SSP
concentration, growth temperature and residence time) have substantial effect on the
size and the optical properties of the NPs.

Of interest is approach to the one-step synthesis of CdSe QDs using the
air-stable complex cadmium imino-bis(diisopropylphosphine selenide)
(Scheme 3.60) [324]. The prepared QDs are of comparable quality with those

Fig. 3.96 CdSe NPs: a TEM image of (t = 10 min) and b corresponding particle size distribution;
c TEM of (t = 24 h) and d corresponding particle size distribution. Reproduced with permission
from Ref. [370]. Copyright (2001) American Chemical Society
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obtained by conventional methods, and the QD sizes derived from Cd[N
(SePiPr2)2]2 can be precisely controlled by the reaction time.

It should be noted the preparation of nanowires and nanorods of Sb2Se3 by
thermolysis of [Sb{Se2P(O

iPr)2}3] at 373–423 K [371].
As a typical example of the preparation of CdTe NPs, we note AACVD using

[Cd[(TePiPr2)2N]2] at substrate temperatures between 648 and 748 K [372]. The
compounds [M(l-Te)N(iPr2PTe)2]3 (M = In, Ga) were used to deposit M2Te3 films
onto glass and Si(100) substrates at deposition temperatures between 598 and
748 K [373]. The indium SSP gave cubic In2Te3 exclusively, whereas the gallium
complex generated a mixture of cubic Ga2Te3, monoclinic GaTe, and hexagonal Te.

Fig. 3.97 (top) SEM images of CdS films from [Cd{(SPiPr2)2N}2] deposited at a 698 K and
b 723 K; (bottom) SEM images of ZnS films deposited at 748 K from [Zn{[SPiPr2)2N}2] by
LP-MOCVD. Reproduced with permission from Ref. [322]. Copyright (2004) John Wiley and
Sons

Fig. 3.98 Illustration of the
experimental setup using the
microcapillary reactor.
Reproduced with permission
from Ref. [315]. Copyright
(2011) Royal Society of
Chemistry
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Of interest is using metal xanthates as SSPs for the preparation NPs and thin
films of metal sulfides [374–376]. As an example, melt reaction synthesis of PbS
nanomaterials from Pb(II) alkylxanthates, [Pb(S2COR)2], is shown in Scheme 3.61
[377].

Metal xanthates breakdown via Chugaev elimination produces volatile
by-products that should be removed at the reaction temperature [377–380].
The study of the thermolysis of Pb(II) alkylxanthates, [Pb(S2COR)2] (R = ethyl,
n-propyl, n-butyl, n-hexyl or n-octyl), showed that the choice of SSP has an
influence on nanocrystal size. In particular, thermolysis of SSPs with longer alkyl
chains results in smaller cubic nanocrystals (Fig. 3.99). In addition to cubes, ani-
sotropic growth was observed during decomposition of xanthate. It is important that
with increasing alkyl chain length the TGA patterns change from a single-step to a
two-step thermolysis and in parallel the crystal structures show an increased dif-
ference in bonding modes between the two xanthate ligands. The change in bonding
modes may be responsible for changes in the thermolysis pathways leading to the
appearance of a two-step thermolysis indicating the decomposition of one ligand
before the other.

The similar results were obtained during thermolysis of copper(I) xanthate
SSPs [(PPh3)2Cu(S2COR)] (R = iso-butyl, 2-methoxyethyl, 2-ethoxyethyl,

Scheme 3.60 Synthesis of CdSe QDs from cadmium imino-bis(diisopropylphosphine selenide).
Reproduced with permission from Ref. [324]. Copyright (2003) Royal Society of Chemistry
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1-methoxy-2-propyl, 3-methoxy-1-butyl, and 3-methoxy-3-methyl-1-butyl) [381]. In
particular, it turned out the width of the obtained rods is dependent on the length of the
xanthate chain. The longer chain xanthates lead to the formation of rods of decreased
width. At long thermolysis times, heavily aggregated Cu2S is formed, while short times
result in Cu1.74S nanorods.

A Lewis base solvent is used to achieve a low thermolysis temperature of 323–
423 K, usually in air [382]. The precise control over the particle size (by regulating
the temperature or the concentration) was shown on example of the preparation of
CdS. It is important that CdS/ZnS core–shell particles are prepared using the same

Scheme 3.61 Solventless thermolysis of lead(II) xanthates to form PbS nanocrystals. Reproduced
with permission from Ref. [377]. Copyright (2016) Royal Society of Chemistry

Fig. 3.99 Mean particle edge
length from SEM against
length of alkyl chain for
decomposition at 423 K.
Standard errors for the size
measurements are displayed
(n = 55). Reproduced with
permission from Ref. [377].
Copyright (2016) Royal
Society of Chemistry
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SSP. Nearly monodisperse CdS NPs are observed with average diameters of 5.2
(± 0.6) and 3.5(± 0.4) nm when thermolysis proceeds with HAD at 343 and
363 K, respectively, (Fig. 3.100).

In another interesting example, Lewis base alkylamine solvents promoted the
thermolysis of metal alkyl xanthates at low temperatures (from below room tem-
perature up to *423 K) [383]. By this method, monodisperse crystalline size- and
shape-tunable NPs were prepared. This tunability is achieved by controlling
parameters such as the thermolysis temperature and time, the concentration of the
SSP, and the alkyl chain length. Core–shell structures are synthesized with the same
method, using the same SSPs, applying either a single-stage or a dual-stage process.
In this process, first, the solvent might activate the O−C−S2Cd group, moving
charge density from the C−S bond toward the S−Cd bond (Scheme 3.62a). Second,
the Lewis base solvent can serve as a protonated intermediate and facilitate the
proton transfer required in the reaction (Scheme 3.62b). Third, it can link the
cadmium (Scheme 3.62c), weakening at least one CdS bond in the dixanthate,
activating it as a convenient leaving group and thus facilitating the formation of a
full CdS bond. Finally, the solvent can stabilize the particles (and the intermediate
embryo cores) by forming a capping layer, as well as the xanthic acid. All these
effects depend on the nature of Lewis base solvent.

It should be noted the shape- and phase-controlled synthesis of ZnS nanocrystals
(nanorods and nanodots) by the selection of ligand molecules with a simple method
of thermolysis of SSP–zinc ethylxanthate with OAm or TOP as solvents [384]. In
HDA + OAm system, diameter- and aspect-ratio-tunable hexagonal wurtzite ZnS
nanorods were obtained in the temperature range of 423–523 K, and the nanorods
self-assembled into 2D aligned arrays. While in the HDA + TOP system, a shape
changes from rod to spherical particle and a phase transition from wurtzite to

Fig. 3.100 TEM of CdS NPs produced in HDA at 343 K. (Top insert) EDS spectrum; (bottom
insert) diffraction pattern. Size distribution histograms of particles grown at 343 and 363 K (both
thermolyzed at 393 K). Reproduced with permission from Ref. [382]. Copyright (2003) American
Chemical Society
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sphalerite simultaneously occurred with the increase of TOP content in the solution,
and sphalerite nanodots were prepared in high TOP content or in TOP (or TOA)
solution without HDA. In addition, the ordered arrays of the nanorods and nanodots
were obtained on a relatively large scale. For example, at 423 K and thermolysis for
10 h, the ZnS nanorods with an average 200 nm in length and 2.5 nm in width were
prepared, and the ZnS nanorods were aggregated into bundles (Fig. 3.101a). At

Scheme 3.62 Possible ways of involvement of a Lewis base in the thermolysis of Cd-xanthate
(Z = xanthate). Reproduced with permission from Ref. [383]. Copyright (2003) American
Chemical Society
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473 K and thermolysis for 6 h, the resultant ZnS nanorods were an average 25 nm
in length and 3.5 nm in width (Fig. 3.101b). At 523 K and thermolysis for 4 h, the
formed nanorods were an average 35 nm in length and 4.5 nm in width, and a few
spherical particles also appeared (Fig. 3.101c), while at the same conditions but
higher SSP concentration, the longer nanorods with an average 50 nm in length and
4.5 nm in width were formed, and the nanorods self-assembled into 2D ordered
array (Fig. 3.101d). Most rods are parallelly arranged with a distance of an average
2.4 nm (one to the other), and each rod is a single crystal with the interplanar
distances of 0.338 nm which is consistent with that of wurtzite ZnS (Fig. 3.101e).

Of interest is the thermolysis of cadmium ethylxanthate in hot HDA solution
leading to CdS nanocrystals including nanorods and faceted NPs [319]. It is
important that under the conditions of high SSP concentration and adequate ther-
molysis time (3 h), long multiarmed nanorods were prepared dominantly when the
thermolysis temperature was not higher than 473 K, while at high temperature
(533 K), the formation of short single-armed nanorods was preferred. When the
SSP concentration was low, spherical-shaped nanocrystals were mainly obtained.
By optimal combination of the thermolysis temperature, SSP concentration, and
thermolysis time, size- and aspect-ratio-tunable 1D CdS nanorods and

Fig. 3.101 TEM images of the ZnS nanorods prepared in the solution of HDA + OA with
different reaction conditions: a at 423 K, 0.35 g of SSP, and for 10 h; b at 473 K, 0.2 g of SSP,
and for 6 h; c at 523 K, 0.35 g of SSP, and for 4 h; d at 523 K, 0.5 g of SSP, and for 4 h; e large
area HRTEM images for (d) (the inset (left side) is a magnified HRTEM image). Reproduced with
permission from Ref. [384]. Copyright (2004) American Chemical Society
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hexagonal-like CdS nanocrystals which self-assembled into superlattice arrays
were obtained.

CdS NPs capped with TOPO were prepared by a thermolysis using cadmium
ethylxanthate as a SSP [319]. The product is hexagonal with a calculated particle
size of 3.9 nm. M(S2COCH(CH3)2)2 (M = Zn, Cd) were used as SSPs for the
preparation of nanostructured ZnxCd1−xS (0 � x � 1) thin films by CVD method
on SiO2 substrates [385]. The method of preparation used consisted in the
sequential deposition of single-phase MS coatings (M = Zn, Cd) at 573 K in a
N2 flow, followed by ex situ annealing in an inert atmosphere at various temper-
atures in the range 673–973 K. Irrespective of the annealing conditions, all the
obtained films were contaminant-free and nanophasic (/ � 25 nm) and possessed
a hexagonal crystal structure, the lattice parameters of which decreased linearly
with increasing zinc molar fraction.

Thermolysis of calcium isopropylxanthate and bis(triphenylphosphine) copper
2-methoxyethylxanthate with barium isopropylxanthate leads to the clean formation
of complex alkaline earth metal copper sulfide (CaCu2S2, b-BaCu2S2, and
b-BaCu4S3) thin films [386]. The alkaline earth metal copper sulfides consist of
conjoined spheres 0.1–0.5 mm in diameter.

The complex [PdPh(S2COPr
i)(PMe2Ph)] has been used to deposit thin film of

tetragonal Pd4S on glass by AACVD method [387]. It should be also noted the
utility of Pd(S2COR)2 as SSPs for PdS NPs and thin films [388]. AACVD gen-
erated PdS films with matted, needle-like, or granular morphologies depending on
temperature and substrate. Solvothermal (ethylene glycol) decomposition led to
sulfur-rich PdS NPs with diameters 120–400 nm. When dodecanethiol was
employed as a capping agent, PdS1.75 NPs < 10 nm were obtained from SSP.

Thus, chalcogenide metal chelates are effective SSPs for the preparation of the
nanocomposites, stabilized against further aggregation by shell from thermolysis
products of ligands (Table 3.16).

3.9 Mixed-Ligand Metal Chelates

The interesting SSPs are metal complexes in which one metal ion is connected with
two or more different chelating ligands. As an example, we consider SSPs formed
by the interaction of metal dtc complexes with chelating bpy and phen ligands
(Scheme 3.63).

Thus, when using Fe(diethyl-dtc)2(phen) as SSP for thermolysis with OAm and
ODE, Fe7S8 hexagonal nanoplates with sizes ranging from 500 to 1000 nm and
thicknesses from 20 to 55 nm were obtained (Fig. 3.102a, b) [345].

By increasing the concentration of Fe(diethyl-dtc)2(phen) precursor and adding
OA to the mixture of OAm and ODE, Fe1.2S nanoribbons with a width of 15 nm
and length up to several microns were prepared (Fig. 3.103a, b) [345].

In similar way, CdS nanorods with diameter ca. 7 nm and length 50–75 nm were
prepared by thermolysis of [Cd(thq-dtc)2(phen)] in diethylenetriamine at 372 K for
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Table 3.16 Chalcogenide metal chelates as SSP of the nanostructured materials

SSP Thermolysis
conditions

Phase composition, NP
shape and dimensions

Reference

Metal alkyl (R = ethyl,
decyl, hexadecyl) xanthates
M = Cd, Zn, Pb, Hg, Cu,
Ni, Mn

HDA, decylamine,
TOA, 393–413 K

CdS, ZnS (4.5 nm),
spherical, CdS rods (5-nm
width, 20-nm length),
CdS/ZnS, CuS, NiS, MnS
(spherical, rods), PbS, and
HgS (r.t., decylamine)

[360]

Cd(pip-dtc)2 623–723 K (AACVD) CdS, thin film, 57.37 nm
(623 K), 63.57 nm
(673 K), 72.97 nm
(723 K)

[365]

Cd(pip-dtc)2 TOP, HDA, 453 K CdS, rods, bipods, tripods
(19.11 ± 7.29 nm length,
3.64 ± 0.78 breadth)

[366]

Cd(pip-dtc)2 TOP/TOPO, 513 K CdS, spheres,
3.97 ± 0.69 nm,
4.33 ± 0.59 nm

[366]

Fe(pip-dtc)3 AACVD, chloroform,
toluene, 623–723 K

Fe0.975S, FeS2 (623,
673 K), FeS, hexagonal
phase (723 K); sheet-like
(623 K), nanoleaf-/
flake-like (673, 723 K)

[342]

Zn(pip-dtc)2 HDA, TOP, TOPO,
453, 543 K

ZnS (spherical to
elongated),
4.74 ± 0.64 nm (453 K),
6.43 ± 0.60 nm (543 K)

[353]

Cd(thq-dtc)2 623–723 K (AACVD) CdS, thin film, 160–
220 nm, cubic to spherical

[365]

Cd(thq-dtc)2 TOP, HDA, 453 K CdS, rods, bipods
(21.61 ± 6.08-nm length,
4.55 ± 1.04 breadth)

[366]

Cd(thq-dtc)2 Castor oil, ricinoleic
acid, 463-473 K, N2,
30 min-2 h

CdS (castor oil), spherical,
short rods, and oval,
15.53 ± 3.18 nm
(503 K), 15.6 ± 3.74 nm
(543 K),
17.96 ± 1.95 nm
(573 K); CdS (ricinoleic
acid) 21.12 ± 3.57 nm
(543 K),
22.67 ± 3.58 nm (573 K)

[349]

Cd(thq-dtc)2 Castor oil, ricinoleic
acid, 463–573 K, N2,
30 min-2 h

CdS, oval rod,
13.36 ± 1.82 nm
(543 K), spherical
15.7 ± 1.73 nm (573 K)

[349]

Fe(thq-dtc)3 AACVD, chloroform,
toluene, 623–723 K

FeS, hexagonal (623,
673 K), nanosheet-like;

[342]

(continued)
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2 min [316] and ZnS nanosheets of 75–225 width and 90–375 nm length were
obtained by thermolysis of Zn(thq-dtc)2(bpy) in triethylenetetraamine [317].

It should be noted the preparation of high surface area (86.7 m2 g−1) NiO NPs
through thermolysis of [Ni(L)(bpy)]∙CH3OH chelate, where L = racemic-1,1′-
bi-2-naphtholate, as SSP [389]. The mixed-ligand chelate was obtained by the
reaction of rac-Na2(L) with Ni(II) ion coordinated to bpy ligand in alcoholic
solution to form yellow-brown colored solid (Scheme 3.64).

APS of the NiO was 8.9 nm. The as-synthesized NiO NPs consisted of homo-
geneous, uniform, and spherical NPs with narrow size distribution of 15–30 nm
(Fig. 3.104, left). The used synthetic route is facile and economic that makes it
suitable for large-scale preparation of pure NiO NPs.

Table 3.16 (continued)

SSP Thermolysis
conditions

Phase composition, NP
shape and dimensions

Reference

Fe0.95S1.05, hexagonal
pyrrhotite (723 K)

Zn(thq-dtc)2 HDA, TOP, TOPO,
453, 543 K

ZnS, spherical,
5.94 ± 0.25 nm (543 K)

[353]

[Cd(pip-dtc)2Py] HDA, TOP, 463 K;
thin films, chloroform,
(AACVD, 623, 673,
723 K)

CdS, rods,
64.38 ± 4.62 nm length,
5.20 ± 0.98 nm width
(463 K), 24.84±4.42 nm
length, 6.58 ± 1.02 nm
breadth (503 K), oval,
16.8–23.3 nm; CdS, thin
film

[355]

Metal N-hexadecyl-dtc
M = Cd, Zn, Pb, Hg, Cu,
Ni, Mn

HDA, 443–473 K CdS, ZnS (spherical),
ZnS/CdS (343–443 K)

[361]

Metal
hexadecyltrithiocarbamate
M = Cd, Zn, Pb, Hg, Cu,
Ni, Mn

HDA, 453–473 K CdS (5 nm) [361]

Cd(II) butyl amine-dtc TOP, HDA, 453–
393 K, 60 min, N2

CuS, spherical, 15.8 nm
(453 K), 6.61 nm (393 K)

[248]

Zn(II)
diethyldiselenocarbamate

Thermolysis GC-MS,
553 K

Sen, n * 1 ± 7, ZnSe [343]

Cd(II)
diethyldiselenocarbamate

Thermolysis GC-MS,
553 K

Sen, n * 1 ± 7, CdSe [343]

Zn(II) bis[methyl(n-hexyl)-
diselenocarbamato]

Thermolysis GC-MS,
553 K

ZnSe [343]

Cd(II) bis[methyl(n-hexyl)-
diselenocarbamato]

Thermolysis GC-MS,
553 K

CdSe [343]
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Of interest are nanorods of the mixed-ligand chelate of Cd(II)
fluorine-substituted b-diketonate with bpy, [Cd(bpy)(L)2], where
L = 4,4-difluoro-1-phenyl-1,3-butandion, obtained by a sonochemical method
[390]. Regularly shaped cubic CdO NPs with the diameter 35 nm (Fig. 3.104,
right) were obtained by thermolysis of this SSP at 453 K in air with OA as a
surfactant.

Scheme 3.63 Scheme of the formation of [M(thq-dtc)2] complexes with additional chelating
ligands phen or bpy

Fig. 3.102 As-obtained Fe7S8 nanoplates. a SEM image, b TEM image, and c HRTEM image.
Reproduced with permission from Ref. [345]. Copyright (2010) Royal Society of Chemistry
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The cubic CdO NPs were also prepared by thermolysis of another mixed-ligand
chelate of Cd(II) fluorine-substituted b-diketonate, [Cd(2,9-dimethyl-phen)(TTA)2]
(Fig. 3.105, left), where TTA is thenoyl-trifluoro-acac, at 453 K in air with OA as
the surfactant [391]. The bulk powder of SSP gave regularly shaped CdO NPs with
a diameter of about 35 nm (Fig. 3.105, right).

It should be noted the preparation of the cubic CdO NPs (45 nm) by thermolysis
of another mixed-ligand chelate [Cd(phen)(TTA)2] at 453 K in air with OA as a
surfactant [392]. After thermolysis at 673 K of nanosized flower-like Cd(II) chelate,
[Cd(bpy)(L)2]n (L = furoyltrifluoroacetonate), pure phase cubic CdO NPs were

Fig. 3.103 As-obtained Fe1.2S nanoribbons. a SEM image and b TEM image. Reproduced with
permission from Ref. [345]. Copyright (2010) Royal Society of Chemistry

Scheme 3.64 Synthetic scheme of mixed-ligand chelate [Ni(L)(bpy)]∙CH3OH. Reproduced with
permission from Ref. [389]. Copyright (2016) Springer Nature
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produced [393]. These NPs show a high degree of crystallinity. The CdO NPs
obtained from thermolysis of the SSP at 673 K in air have a diameter distribution of
20–35 nm and an average diameter of about 25 nm (Fig. 3.106). At higher tem-
peratures (823 K), agglomeration occurs and the particles formed have a larger size.
It is important that the size of the SSP correlates to the particle size of the CdO NPs,
and the nanosized SSP produces smaller particles of CdO.

Fig. 3.104 (left) SEM image for NiO NPs. Reproduced with permission from Ref. [389].
Copyright (2016) Springer Nature; (right) SEM images of CdO NPs produced by thermolysis of
[Cd(bpy)(L)2] using OA as surfactant at 453 K. Reproduced with permission from Ref. [390].
Copyright (2012) Springer Nature

Fig. 3.105 ORTEP view of complex [Cd(2,9-dimethyl-phen)(TTA)2] (left) and SEM pho-
tographs of CdO NPs produced by the thermolysis of SSP using OA as the surfactant at 453 K
(right). Reproduced with permission from Ref. [391]. Copyright (2012) Springer Nature
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3.10 Polynuclear Metal Chelates

In recent years, considerable attention has been paid to the study of SSPs based on
polynuclear metal chelates, which allow purposefully to obtaining the desired
nanomaterials with a given ratio of metals. First, we will consider homometallic
polynuclear complexes. As a typical example, we note binuclear complexes of Ni
(II), Cu(II), and Fe(II) with azomethine ligands 1–5 containing oxygen, nitrogen,
and sulfur atoms in the chelate rings allowing to examine the effect of the ligand
environment on the thermal stability and composition of the resulting nanoproducts
[266]. Binuclear nickel complex 1 is stable below 453 K, and heating up to 623 K
is accompanied by a small weight loss (4.19%). At 733 K, the complex loses
weight abruptly (to 57%). Consequent heating up to 1073 K results in a 7% weight
loss, and the total weight loss is 64.0%. The DSC curve shows endothermic peaks
at 495.6 and 595.6 K; the complex decomposes above 993 K. At the same time,
binuclear copper complex 2 is stable below 578 K but loses weight rapidly when
heated to 653 K (by 57.4%). The total weight loss at 1073 K is 64.6%. For this
compound, the DSC analysis revealed melting at 581 K; the complex decomposes
above 1013 K. Complex 3 is stable below 483 K and then incurs a stepwise weight
loss: by 1.55% at 543 K and by 6.43% at 553 K. Further heating is accompanied by
a more monotonic decrease in the weight (by 35% at 673 K). The process slows
down more strongly above 673 K. The weight loss at 1073 K is 44.65%. In this
case, the DSC curve shows an endothermic peak at 542.9 K and the complex
decomposes above 948 K. Binuclear copper complex 4 with the azomethine ligand
containing allyl substituents is stable below 423 K and then loses weight (by 0.96%
at 533 K). Consequent heating increases the thermolysis rate; the weight loss at
1073 K is 40.81%. The DSC curve shows an exothermic peak at 514 K and an
endothermic peak at 561 K. Binuclear iron complex 5 is stable below 373 K and
then loses weight in a stepwise manner: by 3.17% at 423 K, by 4.23% at 463 K, by
2.55% at 601 K, and by 4.66% at 623 K. The total weight loss at 1073 K is

Fig. 3.106 SEM photographs of CdO nanopowders produced by thermolysis of nanoflowers of
the SSP at 673 (left) and 823 K (right). Reproduced with permission from Ref. [393]. Copyright
(2012) Springer Nature
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54.67%. For this chelate, the DSC curve shows exothermic peaks at 420.3, 441.8,
and 474.1 K; the complex decomposes above 743 K. Consequently, the binuclear
chelates are stable up to >473 K.

1

2

3

4
5

It is important that the nature of the chelating ligands and, as a consequence, the
formed stabilizing shell on their basis, has a significant effect on the sizes of the NPs
obtained and the nature of their size distribution, exemplified by the thermolysis
products of the binuclear copper(II) chelates 2 and 3 (Fig. 3.107).

Of interest is SSP based on a binuclear Ni(II) chelate from a hexadentate imine
ligand (NNO)2 prepared via condensation of 9-hexyl-9H-carbazole-3,6-dicarbaldehy
de or 2-amino-3,5-dibromobenzaldehyde and 5-bromo-2-hydroxyaniline using an
ultrasonicmethod (Fig. 3.108, top) [394].NPsofNiO (32 nm)wereproduced from the
SSP by a thermolysis method. The morphology evolution of the prepared NiO NPs
showed spherical shapes, aggregated with APS of 53 nm (Fig. 3.108, bottom). The
agglomeration of particles was related to many factors such as shape factor, surface
area, porosity, and density.

MO NPs were obtained via solid-state thermolysis of binuclear chelates of Ni
(II), Co(II), and Cu(II) based on a symmetric tetradentate Schiff base ligand, N,N′-
bis(5-bromosalicylaldehyde)-1,3-phenylenediamine, as SSPs (Scheme 3.65)
[395, 396].

Solid-state thermolysis of the Ni(II) SSP was carried out at 723 K for 3 h to
form NiO NPs with the square shape between 10 and 15 nm. The Co(II) and Cu(II)
SSPs are thermolyzed in the electrical furnace at 873 K leading to the formation of
the Co2O3 and CuO NPs. Co2O3 NPs are plate-like, while CuO NPs are almost
spherical (Fig. 3.109).

It should be noted the thermolysis of the homobinuclear Co(II) complex
[Co2(L)2(H2O)5]�2H2O, where H2L is pyridine-2,6-dicarboxylic acid, to form CoO
NPs [397] and Zn(II) azomethine chelate, [Zn(HL)NO3]2 (Scheme 3.66), where
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Fig. 3.107 SEM images (a, b) and histograms showing the size distribution of NPs (c, d) for the
thermolysis products (873 K) of Cu chelates 2 (a, c) and 3 (b, d) [266]

Fig. 3.108 (top) Synthesis of the SSP, (bottom) SEM images of the SSP (left) and NiO
nanostructure (right). Reproduced with permission from Ref. [394]. Copyright (2016) Royal
Society of Chemistry
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H2L = 2-[(2-hydroxy-propylimino) methyl] phenol, synthesized using solvother-
mal method [398].

Hexagonal ZnO NPs were simply synthesized by solid-state thermolysis of the
SSP at 973 K in air atmosphere. The ZnO products have uniform morphology
(Fig. 3.110a), and their diameter is varying between 15 and 20 nm with APS of
17 nm (Fig. 3.110b).

Two double-helical binuclear Cu(II) chelates of N,O-bidentate azomethine
ligands bis (3-methoxy-N-salicylidene-4,4′-diaminodiphenyl) sulfone (L1) and bis
(5-bromo-N-salicylidene-4,4′-diaminodiphenyl) sulfone (L2) were used as SSPs to
form the CuO NPs by thermolysis in solid state at 793 K for 3 h (Scheme 3.67)
[399]. The prepared CuO NPs of a similar shape were very small with an APS of
about <50 nm.

Binuclear Cu(II) chelates with azomethine ligands based on 3-substituted-4-
amino-5-mercapto-1,2,4-triazole and dibenzoylmethane (Scheme 3.68) were used

Scheme 3.65 Synthesis of binuclear chelates. Reproduced with permission from Ref. [396].
Copyright (2013) Springer Nature

Fig. 3.109 SEM images of a Co2O3 and b CuO NPs obtained from thermolyzed metal chelates at
873 K. Reproduced with permission from Ref. [396]. Copyright (2013) Springer Nature

3.10 Polynuclear Metal Chelates 211



as SSPs for CuO NPs [400]. The estimated crystal sizes of CuO samples from Cu
(II) complexes of HL1, HL2, and HL3 were 35.60, 34.47, and 28.28 nm,
respectively.

Scheme 3.66 Schematic representation of the synthesis of [Zn(HL)NO3]2. Reproduced with
permission from Ref. [398]. Copyright (2016) Elsevier

Fig. 3.110 a SEM images of ZnO NPs prepared by direct thermolysis of the SSP; b the particle
size distribution of ZnO NPs. Reproduced with permission from Ref. [398]. Copyright (2016)
Elsevier
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A convenient solvothermal single-source route at a relatively low temperature
was developed for the bulk synthesis of CdS nanorods using stable in air dimeric
Cd(II) chelate of S-benzyldithiocarbazate PhCH2SC(= S)NHNH2 (L), [Cd(L)Cl2]2
[401]. The thermolysis of the SSP was carried out by heating at 433 K in hex-
amethylenediamine (HMDA) to give amine-capped CdS nanocrystals (rods). The
rod morphology with lengths in the range 18–22 nm and diameters in the range
3.5–5.0 nm as well as the clear crystallinity of CdS NPs with lattice fringe spacing
3.33 Å, corresponding to the (002) planes, was shown.

It should be noted heterobimetallic SSPs [Ti4(L)6(í-OH)(í-O)6Cu6(OAc)9∙H2O]
(1) and [Zn7(OAc)10(í-OH)6Cu5(L)4Cl4] (2) [L = (N,N-dimethylamino)ethanolate]
for the deposition of MO thin films of Cu6Ti4O12 (Cu3TiO4, TiO2) and Cu5Zn7O12

(ZnO, CuO) [402]. SSPs 1 and 2 are easily thermolyzed at 573 and 733 K to form
thin films of Cu/Ti and Cu/Zn mixed MOs, respectively. An oxide thin film
deposited from complex 1 has film morphology with small crystallites evenly
distributed with no preferred orientation and grains with a variable shape without
well-defined boundaries. At the same time, an oxide thin film deposited from
complex 2 has compact and smooth film morphology with homogenously dispersed
particles and grains that are well-defined with distinct boundaries.

Of interest also are heterobimetallic SSPs based on the same ligand L
[Co2(acac)2(í-OH)2Cu4(L)4Cl4] and [Ni2(acac)2(l-OH)2Cu4(L)4Cl4] for the depo-
sition of mixed oxide thin films [403]. Both complexes are thermolyzed at 723 K to
give impurity-free crystalline mixed oxide films with APS ranging from 0.55 to

Scheme 3.67 Chemical structure of Schiff base double-helical binuclear Cu(II) chelates [399]
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2.0 lm. In these complexes, each metal center is coordinatively saturated with
oxygen atoms of the chelating acac and L ligands, which eliminates the need for
additional oxygen to form oxides.

Cubic Co3O4 NPs were synthesized via thermolysis in air, using [CoII{(m-L)
(m-OAc)CoIII(NCS)}2], where H2L = salen = 1,6-bis(2-hydroxyphenyl)-
2,5-diazahexa-1,5-diene, as SSP (Scheme 3.69) [404]. The temperature of ther-
molysis and citric acid, as an emulsifier, has a significant effect on the phase

Scheme 3.68 Synthesis of binuclear Cu(II) chelates. Reproduced with permission from Ref.
[400]. Copyright (2015) Elsevier
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formation and the distribution of product particles in size. In particular, thermolysis
of SSP at 873 K in the presence of citric acid leads to the formation of CO3O4 NP
with APS *13 nm.

The thermolysis of M2W2(O)2(acac)2(OMe)10 involving two metals in the same
molecule (Fig. 3.111) [M = Co (1), Mg (3)] as SSP led to metal tungstates MWO4

[405].
When the thermolysis is carried out under an autogenic pressure (RAPET) at

973 K, complex 1 forms monoclinic CoWO4 NPs together with WOx-filled carbon
nanotubes and amorphous carbon (Fig. 3.112), while complex 3 forms MgWO4

NPs and rods, although the latter do not have a carbonaceous shell and are much
shorter in length.

Scheme 3.69 Synthesis procedure for Co3O4 NPs. Reproduced with permission from Ref. [404].
Copyright (2016) Elsevier

Fig. 3.111 Asymmetric unit of M = Co (1), Mg (3) showing the labeling scheme used; thermal
ellipsoids are at the 50% probability level. Reproduced with permission from Ref. [405].
Copyright (2013) Elsevier
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Bimetallic nitrides and carbides Co–Mo were obtained from the thermolysis of
heterometallic chelates based on ammonium heptamolybdate ((NH4)6Mo7
O24∙4H2O), cobalt acetylacetonate hydrate (Co(acac)2∙xH2O), and hexam-
ethylenetetramine (L) under inert atmosphere [406]. During the thermolysis, L acts
at once as a reducing agent and as a source of carbon and nitrogen. The composition
of SSPs and the thermolysis conditions are the key parameters that affect the nature
of the phases obtained. Chemical composition of the products depends on Co/Mo
and C/(Co + Mo) ratios in the solutions (Table 3.17) [406]. Complexes with a Co/
Mo ratio of 1 were of primary interest, since SSPs with such Co/Mo would result in
pure bimetallic nitrides. Thermolysis of SSP at 1023 K gave Co3Mo3N as a single
phase. However, the thermolysis at a lower temperature (923 K) led to a mixture of
metallic cobalt and bimetallic nitride Co3Mo3N.

Fig. 3.112 EM images of the products of the thermolysis of 1 under RAPET conditions at 973 K:
a, b TEM, bar = 50 nm, and c SEM, bar = 100 nm. Reproduced with permission from Ref. [405].
Copyright (2013) Elsevier

Table 3.17 Composition of the precursors and properties of the materials obtained by their
thermolysis under nitrogen at different temperatures

Sample Precursor Atomic ratios in
solution

Atomic ratios in
the solid

T (K) XRD phases SBET
(m2 g−1)

Co/
Mo

C/
(Co + Mo)

Co/
Mo

C/
(Co + Mo)

1 Co
(acac)2

1 15 0.99 3.5 823 Co –

923 Co3Mo3N,
eCo

120

1073 Co3Mo3N –

2 Co
(acac)2

1 30 1 5.8 923 Co, Mo2C,
Co3Mo3N

39

1073 Co3Mo3C,
Co3Mo3N

–
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It should be noted that use of heterometallic carboxylate complexes as SSPs of
fine-dispersed mixed MOs and metal/oxide systems has some advantages over
thermolysis of multicomponent systems, mainly due to precise control of stoi-
chiometry and the potential ability to obtain the most uniform distribution of metals
caused by the initial presence of covalent M1–O–M2 bridge in a polynuclear metal
chelate. In addition, using heterometallic metal chelates with readily decomposable
ligands can reduce the thermolysis temperature to 483 K [407]. It is important that
Zn/Mn and Cu/Mn heterometallic complexes can be obtained using a simple
one-pot synthetic procedure (the so-called direct synthesis [408]), starting with
cheap and conventional reagents with good reproducibility and high yield. The
thermolysis of such SSPs, for example, [M2Mn(OAc)6(bpy)2], where M = Cu (1),
Co (2), Zn (3), at 623 K leads to the formation of solids from nano- to microdi-
mensional dispersion levels (Fig. 3.113) [409–412]. In particular, by selectively
converting these heterometallic carboxylate complexes with bpy by thermolysis,
either a well-defined spinel ZnMn2O4 over ZnO or well-dispersed copper particles
surrounded by manganese oxide (Mn3O4) in a core–shell like structure [413] can be
obtained.

Fe(II), Co(II), and Ni(II) ferrite NPs in the range of 9–25 nm were synthesized
by thermolysis of trimetallic acetate complex SSPs MFe2O(CH3COO)6(H2O)3
(M = Fe, Co, Ni) in benzyl ether in the presence of OA and OAm, using
1,2-dodecanediol as the reducing agent (Scheme 3.70) [413]. Compared to spinel
ferrites NPs prepared from stoichiometric mixtures of metal acetate metal acety-
lacetonate, ferrite NPs were more uniform and had a narrower size distribution
when trimetallic complexes were used as SSPs.

3.11 Multicomponent Precursors Based on Metal Chelates

Simultaneous thermolysis of multicomponent precursors leads to the formation of
zero-valent metal atoms, which are nucleated and grow together to form poly-
metallic NPs [414]. The difference in thermolysis rates can be regulated by con-
trolling the relative precursor concentrations and/or by introducing additional
chemicals (e.g., catalysts or other ligands). The reaction at temperatures below the
thermolysis temperature of the less stable metal precursor consists in the formation

Fig. 3.113 Labeled ORTEP plots of the molecular structures of 1 (a), 2 (b), and 3 (c). The
ellipsoids of the hydrogen atoms have been drawn at the 40% probability level with H atoms
omitted for clarity. Reproduced with permission from Ref. [410]. Copyright (2010) Elsevier
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of monometallic NPs, the second metal precursor still intact in the solution. Newly
formed NPs can catalyze the thermolysis of a second metal precursor and serve as
active centers (or seeds) for heterogeneous nucleation. As an example, we note the
preparation of Pd@Ni core–shell NPs through the successive thermolysis of Pd
(acac)2 and Ni(acac)2 precursors [415]. In the first step, the Ni–TOP complex is
thermolyzed at a lower temperature than Pd–TOP. Finally, the temperature was
slowly increased to 508 K, at which the Pd–TOP complex was decomposed,
forming the Pd shells on the already formed Ni NPs.

It is of interest to synthesize uniform 9-nm Pt–Ni octahedra from Pt(acac)2 and
Ni(acac)2 using OAm and OA as surfactants and W(CO)6 as a source of CO which
can contribute to the formation of {111} faces in the presence of Ni [416]. The
introduction of benzyl ether as a solvent is possible to reduce the coverage of both
surfactants on the surface of the Pt–Ni octahedra formed, while the octahedral form
was still attained. The resulting Pt–Ni octahedral with an average edge length of
9 nm indicates the formation of an octahedral form with a high degree of purity
along with good uniformity in size (Fig. 3.114a). The d-spacing for neighboring
lattice fringes was 2.25 ± 0.05 Å, which is less than that (2.27 Å) of the {111}
planes of fcc bulk Pt (Fig. 3.114b, c). It should be also noted that the particle is
inhomogeneous (Fig. 3.114d). The amine group of OAm can be coordinated with
Pt(acac)2 at the initial stage of synthesis. This so-called ligand effect slowed the
reduction of the Pt precursor, which led to a higher Pt content in the peripheral
region of NP.

Scheme 3.70 Series of reactions proposed for thermolysis of the heterometallic acetate
complexes (M = Co(II), Ni(II)). Reproduced with permission from Ref. [413]. Copyright (2011)
Elsevier
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It should be noted a wet chemical approach to the production of monodisperse
Pt3Ni nanoctahedra and nanocubes ending with {111} and {100} facets, respec-
tively, by thermolysis of Pt(acac)2 and Ni(acac)2 in the presence of OAm and OA
with the addition of tungsten hexacarbonyl (W(CO)6) at 503 K (Fig. 3.115) [417].
Due to the high uniformity both in size and shape, Pt3Ni nanoctahedra can be
assembled into a multilayer superlattice with characteristic dimensions on the order
of micrometers.

It is of interest to use the GRAILS method to produce various Pt–M alloy
(M = Co, Fe, Ni, Pd) nanocrystals with cubic and octahedral morphology under the
same conditions (Fig. 3.116) [171]. For example, cubic Pt–Ni alloys were homo-
geneous, and the typical edge length was 10–20 nm. It is important that the
GRAILS method allows obtaining uniform shapes and composition-controlled
nanocrystals of Pt alloys.

Fig. 3.114 a TEM and b HRTEM images of as-obtained Pt–Ni octahedra with 9-nm edge length
synthesized in benzyl ether containing OAm and OA at low concentrations. c Scanning TEM-high
angle annular dark-field image and d EDS spot analysis for elemental distribution of Pt/Ni ratios at
different positions of the as-obtained Pt–Ni octahedron. Reproduced with permission from Ref.
[416]. Copyright (2013) American Chemical Society

3.11 Multicomponent Precursors Based on Metal Chelates 219



It should be noted using Co(acac)2 and Ni(acac)2 as precursors for the synthesis
of Co–Ni NPs [418]. The proposed reaction mechanism is shown schematically in
Scheme 3.71. Interestingly, a higher atomic percentage of Ni leads to a larger size
of Co–Ni NPs that is explained by the different rates of thermolysis of Ni–TOP and
Co–TOP complexes.

Monodisperse spherical Fe–Co NPs were synthesized by thermolysis of Fe
(acac)3 and Co(acac)2 in the presence of surfactants and 1,2-hexadecanediol [419].

Fig. 3.115 a–e Images for Pt3Ni nanoctahedra. f–j Images for Pt3Ni nanocubes. a,
f Field-emission SEM images. b, g High-resolution SEM images. c 3D image of an octahedron.
d, i TEM images. e, j HRTEM images of single nanocubes. h 3D image of a cube. Reproduced
with permission from Ref. [416]. Copyright (2013) American Chemical Society

Fig. 3.116 Scheme of the
preparation of Pt–M alloy
(M = Co, Fe, Ni, Pd)
nanocrystals with cubic and
octahedral morphologies.
Reproduced with permission
from Ref. [171]. Copyright
(2011) American Chemical
Society
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The particle size can be controlled by varying the surfactants. The presence of
surfactants on the surface of the nanocrystal protects them from surface oxidation.
Synthesized Fe–Co NPs can be obtained air-stable by thermolysis at 773 K for
30 min without sintering the particles. The formation of Fe–Co NPs with an
average diameter of 20 nm is shown (Fig. 3.117).

High-temperature thermolysis of Fe(acac)3 and M(acac)2 (Fig. 3.118) with
1,2-hexadecanediol, OA, and OAm in a high-boiling ether solvent allows to
preparing monodisperse MFe2O4 NPs (M = Fe, Co, Mn, Mg, etc.) [145, 156,
414]. The composition of the particles can be controlled by the initial molar ratio of
Fe(acac)3 and M(acac)2, and the particle diameter can be adjusted from 3 to 20 nm
by changing the conditions of thermolysis or seed-mediated growth. It is important
that hydrophobic NPs can be converted to hydrophilic ones by the addition of
bipolar surfactants, and therefore, an aqueous dispersion of NPs can be easily
prepared (Fig. 3.119).

Scheme 3.71 Reaction mechanism of the synthesis of alloy Co–Ni. Reproduced with permission
from Ref. [418]. Copyright (2010) Elsevier

Fig. 3.117 TEM bright-field image of the Fe–Co NPs. Reproduced with permission from Ref.
[419]. Copyright (2007) American Chemical Society
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The thermolysis of Fe(acac)3 and Co(acac)2 in benzyl ether with OA and NaOl
as surfactants at 563 K for 1 h leads to monodisperse CoxFe3-xO4 nanocubes with
x and then adjusted the molar ratio of Co(acac)2/Fe(acac)3 [420]. Synthesized NPs
deposited on an amorphous carbon-coated Cu grid have an average edge size of

Fig. 3.118 Solution-phase thermolysis of Fe(acac)3 and M(acac)2 and TEM image of MFe2O4

NPs. Reproduced with permission from Ref. [156]. Copyright (2004) American Chemical Society

Fig. 3.119 TEM images of the as-synthesized a 10 nm, b 15 nm, and c 20 nm Co0.6Fe2.4O4

nanocubes; (D) HRTEM image of a single 20-nm nanocube. Reproduced with permission from
Ref. [420]. Copyright (2014) American Chemical Society
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10 ± 0.7 nm (Fig. 3.120a). Larger nanocubes with a size of 15 ± 0.6 nm and
20 ± 1 nm were obtained by increasing the amount of Fe(acac)3 and Co(acac)2
while maintaining other parameters unchanged (Fig. 3.120b).

Monodisperse MnFe2O4 NPs with cube-like (Fig. 3.120a) and polyhedron
shapes (Fig. 3.120b) were prepared by thermolysis of Fe(acac)3 and Mn(acac)2
with 1,2-hexadecanediol, OA, and OAm [72]. In a single cube-like MnFe2O4 NP,
the interfringe distance is 0.214 nm (Fig. 3.120c), and in the case of a
polyhedron-shaped particle (Fig. 3.120d) the interfringe distance is 0.257 nm. It is
important that controlled evaporation of the dispersion of particles allows the
production of superlattices of NPs.

In another interesting example, Co(acac)2 and Fe(acac)3 were thermolyzed in
benzyl ether in the presence of OA and OAm to produce CoFe2O4 NPs [421]. The
composition of CoxFe3−xO4 NPs was regulated either by thermolysis conditions or
by the Co(acac)2/Fe(acac)3 molar ratio, and the NPs size was controlled by the
amounts of OA and OAm added or the thermolysis temperature. In particular, NPs

Fig. 3.120 TEM images of the as-synthesized a 12-nm cube-like and b 12-nm polyhedron-shaped
MnFe2O4 NPs. HRTEM images of a part of a single c cube-like and d polyhedron-shaped
MnFe2O4 NPs. Reproduced with permission from Ref. [72]. Copyright (2004) American Chemical
Society
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obtained from 0.5 to 1 h of thermolysis had compositions of Co0.6Fe2.4O4, but those
separated after 2 h of thermolysis showed a total composition reaching
Co0.9Fe2.1O4. However, in both cases, the size and morphology of the NPs were
almost identical (Fig. 3.121a). NP is in a single crystal state and has a lattice fringe
of 0.47 nm, close to the spacing of the (111) planes in the inverse spinel structured
fcc CoFe2O4 (0.48 nm) (Fig. 3.121b).

It is of interest to easily synthesize monodisperse ferromagnetic CoxFe3−xO4

nanocubes (Fig. 3.122a) by thermolysis of Fe(acac)3 and Co(acac)2 in the presence
of OA and NaOl [422, 423]. The sizes of the nanocubes vary from 10 to 60 nm.
The size and morphology of the NPs are successfully regulated by thermolysis
parameters, such as the thermolysis temperature, the amount of OAm as the
reducing agent, and the amount of benzyl ether as solvent. Statistical size analysis
of the prepared CoFe2O4 NPs showed APS of 28.0 nm and a standard deviation of
1.32 nm (Fig. 3.122b). The SAED image (Fig. 3.122c) has a clear diffraction circle
in the (220), (311), and (400) CoFe2O4 crystal planes. There is a lattice fringe with
an interfringe distance in single NPs at 0.25 nm, which is confirmed by the lattice
spacing of (311) planes at 0.25 nm in the reverse spinel CoFe2O4 (Fig. 3.122d).

It is important that CoFe2O4 NPs had a cubic morphology, a uniform size
distribution, and a pure phase structure. The crystallite sizes for the CoFe2O4 NPs
obtained at different temperatures are 26.45, 32.67, 35.83, and 38.60 nm
(Fig. 3.123a). In addition, the lattice parameter increases with thermolysis tem-
perature (Fig. 3.123b), which indicates the redistribution of Co2+ ions from the
octahedral to the tetrahedral site with increasing thermolysis temperature.

It should be noted the synthesis of CoFe2O4 NPs by thermolysis of Fe(acac)3 and
Co(acac)2 compounds in organic solvents in the presence of OA/OAm as surfac-
tants and 1,2-hexadecanediol (HDD) or octadecanol (OCD-ol) as an accelerating
agent [424]. The thermolysis parameters, such as thermolysis time, temperature,
surfactant concentration, solvent, precursor ratio, and accelerating agent, were
studied in detail to determine the best conditions for the synthesis of the

Fig. 3.121 a) TEM image of the 35-nm Co0.6Fe2.4O4 NPs synthesized at 563 K for 1 h.
b HRTEM image of a representative NP shown in (a). Reproduced with permission from Ref.
[421]. Copyright (2013) John Wiley and Sons
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Fig. 3.122 a TEM image of the as-prepared, b size histogram with log-normal fitting curve (solid
line), c SAED pattern of CoFe2O4 NPs, and d HRTEM image of single NPs. Reproduced with
permission from Ref. [423]. Copyright (2017) Springer Nature

Fig. 3.123 a Particle size and b lattice parameter variation of the CoFe2O4 NPs at different
temperatures. Reproduced with permission from Ref. [423]. Copyright (2017) Springer Nature
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CoFe2O4 NPs. As a result, a schematic diagram of the evolution of the morphology
of NPs with respect to solvents, reducing agents, surfactant concentrations, and
thermolysis time was proposed (Fig. 3.124). At a low concentration of surfactants
throughout the thermolysis process, NPs were obtained only with a spherical shape
(Fig. 3.124a, d–f). However, in the future, the development of the initial spheres
proceeded in different morphologies including rounded cubes, cubes, and faceted
NPs (Fig. 3.124b) or cubes and stars at higher surfactant concentrations in the case
of dioctyl ether as the solvent (Fig. 3.124c). Increasing the time of thermolysis and
concentration of surfactants led to large NPs (Fig. 3.124e, f). In similar synthetic
conditions, the NPs formed with OCD-ol were larger than those prepared with the
HDD, which is due to the difference in the reducing ability between HDD and
OCD-ol.

The morphology-controlled synthesis of highly crystalline CoFe2O4 NPs by
thermolysis with Fe(acac)3 and Co(acac)2 as precursors, as well as OA and OAm
used as solvents, stabilizers, and reducing agents, is of interest [425]. NPs have
well-defined shapes of different size, and their morphology can be varied by
adjusting the time of thermolysis, solvent, and temperature. In particular,
monodisperse sphere-like shapes of 6.41-nm size of CoFe2O4 NP were prepared
using 40 mL of benzyl ether and 3 mL of each OA and OAm for 45 min of
thermolysis time (Fig. 3.125a). However, a highly crystalline nanocube with an

Fig. 3.124 Schematic diagram of morphological evolution of NPs under different synthetic
conditions: a–c in dioctyl ether with HDD at different reaction times and low (a), medium (b), and
high concentrations of OA and OLA (c): d–f in octadecene at different reaction times and
concentrations of OA and OLA without HDD/OCD-ol (d), with HDD (e), and OCD-ol (f) [424]
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APS of 68.25 nm was obtained by reducing the amount of solvent to 20 mL and
using OA as the sole reducing agent in a 30-min thermolysis time (Fig. 3.125b). It
should be noted that the subsequent decrease in the amount of solvent to 15 mL and
the increase in the thermolysis time to 90 min led to the fact that the shape of the
nanocubes was hexagonal with an APS of 96.65 nm (Fig. 3.125c, d). The evolution
of the NPs shape is mainly due to the determining role of the surfactant and the
thermolysis time.

An effective method for the preparation of composite oxide NPs such as mag-
netic MFe2O4 (M = Fe, Co, Mg, Zn or Mn) using thermolysis is shown by
changing bimetal precursors in a certain molar ratio. In particular, CoFe2O4 and
MnFe2O4 spinel ferrite NPs with a diameter of *10 nm were obtained, which
formed 2D patterns on TEM grids and showed good uniformity (Fig. 3.126) [426].

Fig. 3.125 TEM images of CoFe2O4 NPs with different shapes (a) sphere shape, (b) cube shape,
and (c, d) hexagonal shape. The inset is a statistical analysis of the NPs including APS and SD.
Reproduced with permission from Ref. [425]. Copyright (2016) Royal Society of Chemistry
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It should be noted using liquid-feed flame spray pyrolysis (LF-FSP) for the
synthesis of Mg–Fe-containing nanopowders in the (MgO)x(Fe2O3)1-x system from
bimetallic precursors [427]. In a typical example, the iron propionate Fe
(O2CCH2CH3)3 and Mg(acac)2�2H2O precursors were dissolved in ethanol, aero-
solized with oxygen and thermolyzed at 1773 K, and then quickly quenched. The
resulting nanopowders were un-aggregated and had APS < 45 nm with a specific
surface area of 40–65 m2 g−1. It is important that the powders with different
compositions (x = 0.30, 0.45, 0.50, 0.65, 0.75, and 0.90 ± 0.02) were obtained and
their particle size generally increased with increasing proportion of MgO.

Monodisperse ternary ferrite (MFe2O4, M = Co, Ni, Mn, and Fe) nanocrystals
were prepared using thermolysis of an intimately mixed binary M2+Fe2+–Ol
complex with a similar thermolysis temperature of the constituents (Fig. 3.127)
[428].

Bimetallic nanocrystals can also be prepared by combining thermolysis with
reduction. As a typical example, we note the synthesis of Fe–Pt nanocrystals

Fig. 3.126 TEM micrographs of n-octylamine capped magnetic spinel ferrite NPs: (left) CoFe2O4

and (right) MnFe2O4. Reproduced with permission from Ref. [426]. Copyright (2002) Springer
Nature

Fig. 3.127 Thermolysis of M2+Fe2+-Ol complex and TEM images of MFe2O4 NPs. Reproduced
with permission from Ref. [428]. Copyright (2007) American Chemical Society
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through the simultaneous reduction of Pt(acac)2 and thermolysis of Fe(CO)5 in the
presence of OA and OAm stabilizers (Fig. 3.128a) [429–431]. In this case, Fe(CO)5
decomposes to Fe0 and CO at high temperature while the Pt(acac)2 is reduced to Pt0

and acac by the polyol. The combination of Fe and Pt results in Fe–Pt spherical
nanocrystals of equal size (Fig. 3.128b). The nucleation rate greatly influences the
overall size and element uniformity; in particular, slower rates generate nanocrys-
tals of larger sizes and nonhomogeneous compositions while the more rapid
nucleation rates resulted in smaller, more homogeneous nanocrystals [432]. The
Fe–Pt particle composition is easy to control by changing the Pt(acac)2 to Fe(CO)5
ratio, and the size is tunable from 3- to 10-nm diameter with a standard deviation
(SD) less than 5% (Fig. 3.128c). Interestingly, these NPs self-assemble into 3D
superlattices. In addition, the thermolysis converts the chemically disordered fcc
FePt into chemically ordered fct FePt, and the annealed assembly shows a strong
(001) texture in the directions parallel and perpendicular to the substrate. It is

Fig. 3.128 a Schematic illustration showing the formation of Fe–Pt nanocrystals via simultaneous
thermolysis of Fe(CO)5 and chemical reduction of Pt(acac)2. b TEM image of a representative
sample of the Fe–Pt spherical nanocrystals. c Correlation between the amount of Fe(CO)5 used and
the x in FexPt(100−x) based on the use of 0.5 mM of Pt(acac)2. d TEM image of Fe–Pt nanocubes
obtained from a synthesis that involved the introduction of OA in the initial stage of the reaction.
Reproduced with permission from Ref. [433]. Copyright (2006) American Chemical Society
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important that composition, size, and shape of the nanocrystals were controlled by
changing the synthetic parameters, including the molar ratio of stabilizer to metal
precursor, the sequence of adding the stabilizers and metal precursors, heating
profile and temperature, and duration of synthesis [431]. For example, highly
faceted Fe–Pt nanocubes were formed by simultaneous thermolysis of Fe(CO)5 and
reduction of Pt(acac)2 after the reaction temperature was reduced from 573 to
478 K, and also by the addition of OA first in the reaction solution (Fig. 3.128d)
[433].

This general approach is also applicable to other metal precursors. In particular,
monodisperse, highly crystalline CoPt3 nanocrystals were obtained by simultane-
ously reducing and thermolysis of Pt(acac)2 and Co2(CO)8 in the presence of ACA
in different compositions [434]. The APS can vary from 1.5 to 7.2 nm by con-
trolling the reaction conditions and the type of precursors. Synthesized
CoPt3 particles represent single crystal domains and have chemically disordered fcc
structure. Interestingly, nearly spherical CoPt3 nanocrystals assemble in 2D and 3D
structures. Slow precipitation led to the formation of facetted colloidal crystals with
sizes up to 20 lm (Fig. 3.129).

Monodisperse 4 nm Fe–Pt magnetic NPs were prepared by superhydride re-
duction of FeCl2 and Pt(acac)2 in the presence of OA, OAm, and
1,2-hexadecanediol at high temperature, and thin assemblies of Fe–Pt NPs with
controlled thickness were formed through polymer-mediated self-assembly
(Scheme 3.72) [435]. It is important that the final Fe–Pt composition of the parti-
cles was readily tuned. In addition, the adsorption of a layer of polyethylene imine
(PEI) and Fe–Pt NPs on a solid substrate led to the NP assemblies with tunable
thickness. Thermolysis induced internal changes in the structure of the particles
from chemically disordered fcc to chemically ordered fct and transformed the thin
assembly from superparamagnetic to ferromagnetic.

Controlled reduction of Pt(acac)2 and thermolysis of Fe(CO)5 in a mixture of
OAm and ODE leads to Fe–Pt nanowires and nanorods with a diameter of 2–3 nm
[436]. The length of the nanowires/nanorods is tunable from over 200 nm to 20 nm
simply by controlling the volume ratio of OAm and ODE. For example, for Fe–Pt
nanowires with length of 200 nm, using 0.15 mL [Fe(CO)5] led to about 55%Fe in
the final product, while using 0.1 mL [Fe(CO)5] resulted in approximately 45% of
Fe (Fig. 3.130). The interfringe distance was measured equal to 0.214 nm, which is
close to the lattice spacing of the (111) planes (0.22 nm) in the fcc FePt structure. It
should be noted that Co–Pt nanowires can also be obtained by reduction of Pt
(acac)2 and thermolysis of Co2(CO)8 under similar reaction conditions.

Of interest is polyol reduction of Pt(acac)2 precursor together with the ther-
molysis of Fe(CO)5 and Co2(CO)8 for the preparation of hard magnetic alloys of the
type Fe–Pt or Co–Pt NPs [437]. In another interesting example, polyol reduction of
Sm(acac)3 was used in association with the thermolysis of Co2(CO)8 to prepare
SmCo5 NPs [438]. It should be also noted thermolysis of MnCl2, Fe(acac)3 OAc,
OAm dioctyl ether and CoCl2, Fe(acac)3 OAc, OAm dioctyl ether [439], as well as
ZnCl2, Fe(acac)3 OAc, OAm dioctyl ether [440].
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Fig. 3.129 TEM and HRTEM images showing the effect of the reaction temperature on the mean
size and SD of 3.7, 4.9, 6.3, and 9.3 nm CoPt3 nanocrystals prepared at 493, 473, 343, and 318 K
and annealed at 553 K for 1 h. Molar ratio of Pt:Co:ACA is 1:3:6 for all samples. Reproduced
with permission from Ref. [434]. Copyright (2002) American Chemical Society

3.11 Multicomponent Precursors Based on Metal Chelates 231



It is important that during thermolysis were allocated a large amount of gas that
led to the formation of NPS with high surface area. It turned out that the temper-
ature and time of thermolysis have a significant impact on reducing the size of the
particles.

Pure greenish-blue cobalt chromite (CoCr2O4) NPs with a narrow particle range
of 4.1 ± 1.9 nm and the surface area of the 78.2 m2 g−1 were obtained by the
thermolysis of mixed chelates of corresponding metals using 2-mercaptopyridine N-
oxide sodium salt as chelating agent (Scheme 3.73) [441]. It is important that
during thermolysis, a large amount of gas was emitted that led to the formation of
NPs with high surface area. It turned that the temperature and time of thermolysis
have a significant impact on reducing the size of the particles.

It should be noted the preparation of cobalt ferrite (CoFe2O4) NPs in two ways.
The first method is based on the thermolysis of metal complexes with
a-nitroso-b-naphthol [442]. In the second method, a template-free sonochemical
treatment of mixed cobalt and iron chelates of a-nitroso-b-naphthol is used. The
products prepared with first method were spherical, with a high specific surface area
(54.39 m2 g−1) and small APS of 13 nm. However, the CoFe2O4 NPs prepared by
the second method were in random shapes, with a wide range of crystal sizes and
low specific surface area of 25.46 m2 g−1 though highly pure.

Scheme 3.72 Schematic illustration of Fe–Pt NP synthesis by superhydride reduction of FeCl2
and Pt(acac)2 in the presence of OA, OAm, and 1,2-hexadecanediol. Reproduced with permission
from Ref. [435]. Copyright (2003) American Chemical Society
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Fig. 3.130 a–c TEM images of Fe55Pt45 nanowires with a length of 200 nm (a), 50 nm (b), and
20 nm (c). d HRTEM image of portions of two single 50-nm Fe55Pt45 nanowires. Reproduced
with permission from Ref. [436]. Copyright (2007) John Wiley and Sons

Scheme 3.73 Scheme of synthesis of Co(II) chelate with 2-mercaptopyridine N-oxide [441]
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Chapter 4
Thermolysis of Polymeric Metal
Chelates

Solid-state thermolysis of various metal chelates is a simple and rational way of
synthesizing new nanostructured materials characterized by a narrow size distri-
bution, low crystal defects, and controlled forms [1–11]. Target thermolysis of
PMCs in different conditions allows obtaining nanomaterials with desired dimen-
sions and morphologies [12–29]. It should be noted that PMCs are not only a
starting materials, but also stabilizers of the NPs formed [1–6, 24, 25, 30].

Usually, PMCs are used as templates or sacrificial templates for the production
of targeted nanomaterials [31]. In the first case, the initial chelate is first converted
into a nanoform and then nanomaterials are made from it. It is important that in this
approach, the morphology of the PMC precursor will determine the shape of the
nanomaterials produced. With this approach, it became possible to obtain a wide
variety of nanomaterials with improved and more interesting properties [12, 32, 33],
as well as different morphologies from different precursors of PMC [7, 34–37]. In
the sacrificial template approach, insoluble macroscopic crystalline materials are
used, and in this case, the original crystal structure of PMC will determine the form
and size of the NPs formed [7, 17, 38–47].

Of particular note is the use of 1D, 2D, and 3D PMCs in the synthesis of a wide
range of nano- and microarchitectures [48–66]. It is important that the carbon and
nitrogen components of these PMCs are easily oxidized to the gases that are
released during thermolysis leading to the formation of a porous nanoframework
preserving the shape of the precursor [67–69].

Thermolysis of PMCs for the production of nanomaterials is a method with
interesting advantages [70–73], for example:

– the simplicity of the process and the lack of the need for the use of special
equipment;

– the relationship between the architectures of the final materials and the starting
compounds;

– the possibility of phase control of products;
– easy regulation of process conditions;
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– the ability to control the size, structure, and purity of the final NPs;
– decrease in the probability of interparticle collisions;
– economic efficiency and potential for large-scale production.

Additional advantages arise when using metal–organic frameworks (MOFs) as
precursors, which are a specific subclass of PMCs, in particular:

– a large number of MOFs has been received so far in the most diverse compo-
sitions, morphologies, and architectures;

– the possibility of penetration and polymerization of additional precursors inside
the pores of MOF, similar to mesoporous silicas and zeolites;

– easy regulation of MOF pore size and structure;
– target design of MOFs, which allows to obtaining nanomaterials with desired

topologies and properties;
– well-defined MOF morphologies are important for manufacturing anisotropic

nanomaterials that are difficult to obtain using conventional approaches [74];
– structural stability of MOF, which avoids undesirable aggregation or structural

breakdown of the framework during thermolysis.

The undoubted advantage of PMC thermolysis is also the possibility of
obtaining nanomaterials that cannot be prepared in the usual way [7].

It should be specially emphasized that the target synthesis of the desired
nanomaterials with uniform dimensions and controlled structures is of paramount
importance for the regulation of their chemical and physical properties. This is due
to the fact that most of the parameters of these nanomaterials, for example, elec-
tronic structure, surface energy, coupling and chemical reactivity, are uniquely
related to their surface morphology. It is important that thermolysis of PMCs as
precursors allows obtaining nanomaterials with target forms, in particular, nano-
wires, nanorods, NPs, microplates, nanolayers, spongy forms, hollow, and coralloid
nanostructures, etc. Such a design is possible by controlling both the thermolysis
conditions, for example, the thermolysis temperature and time, and the precursors.

We also note the production of hybrid nanomaterials (e.g., nanosized bi- or
multimetal oxides), which often show interesting chemical and physical properties
that are not characteristic of each individual component, which is connected,
apparently, with their synergistic effects [21, 75]. It is important that materials
including such multicomponent formulations or heteroatomic dopants obtained on
the basis of purposefully synthesized PMCs often exhibit excellent characteristics,
for example, in catalysis and energy storage.

Since PMCs are formed from inorganic metal particles and organic ligands, their
thermolysis under various conditions can lead to a wide variety of products
including nanoporous carbon (NPC), metal, metal oxides, metal sulfides, metals and
metal oxides decorated with carbon compositions M/MO@C, etc. (Scheme 4.1)
[7, 17, 20, 27, 40, 41, 53, 76–106].

Target production of various nanostructured materials is possible by adjusting
the thermolysis conditions, for example, temperature, gas atmosphere,
post-synthetic treatment, etc. In particular, we note that thermolysis of PMC in an
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inert atmosphere (N2, Ar) usually leads to M/C hybrids. To obtain nanomaterials
with a high NPC content, additional removal of the metal forms present in the
carbon is necessary. Thermolysis in an atmosphere of air or oxygen gives the
nanostructured MO as main products, since at high temperatures various forms of
carbon are oxidized with formation of carbon oxides. It is important that each type
of nanomaterials derived from PMCs demonstrates promising applications in var-
ious fields.

It is necessary to emphasize the superiority of nanomaterials obtained by ther-
molysis of PMCs over similar materials prepared by traditional methods [107, 108].
It is important that the use of PMC for the synthesis of nanostructured materials
improves their practical application on an experimental and industrial scale [75,
109]. The potential use of these nanomaterials for nanotechnological applications is
very extensive, from heterogeneous catalytic reactions, including electrocatalysis,
organocatalysis, and photocatalysis, to lithium storage, electrical energy storage,
sensors, sorbents and remediation agents, magnetic applications, supercapacitors,
and drug delivery [8, 85, 104–106, 110, 111]. First of all, this is due to the fact that
nanomaterials demonstrate new interesting physical and chemical properties
depending on the size, which cannot be observed in their bulk analogue [112, 113].

Scheme 4.1 Use of PMCs as templates and/or precursors to prepare nanostructured functional
materials
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4.1 Synthesis of Carbon Nanomaterials

It should be noted that the use of carbon nanomaterials is largely determined by
their internal characteristics, for example, pore structure and micromorphology,
which in turn depend on the method of obtaining them. In this regard, it is very
promising to synthesize NPCs with hierarchical pore structures that allow to sig-
nificantly expanding the use of carbon materials [114]. The main advantages of
hierarchical carbons compared to the 1D porous carbon associated with increasing
mass transport through macro- or mesopores, as well as increasing of specific
surface area through small meso- or micropores.

Numerous studies have shown that thermolysis of PMCs is an easy and per-
spective way to NPC materials [38, 45, 76, 77, 104, 107, 115–144]. PMCs are used
as effective templates and/or precursors for preparing NPCs and nanostructured
functional materials based on them due to their unique characteristics, such as high
surface area, controlled high porosity, wide variability of structures and composi-
tions, as well as metal-containing units in their frameworks [42, 104, 118, 119,
145]. Long-range ordering in PMC structures is also of great importance. The main
parameters that exert a decisive influence on the structure of the carbon nanoma-
terials formed are the heating rate, the thermolysis time, and the nature of metal and
chelating fragments in the PMCs [104, 122, 146–148]. It is important that the PMC
pore structure plays a key role in determining the texture of the pores of the
NPC-forming materials. The use of PMCs with a variety of metal-containing units
allows to obtaining new types of NPC materials with promising applications.

The NPC is obtained by thermolysis of the PMCs in an inert atmosphere using
two methods. In the first method, PMC is used as a sacrificial template and pre-
cursor with addition of an additional carbon source, for example, furfuryl alcohol
[38, 76, 120], phenolic resin, carbon tetrachloride, or ethylenediamine (en) [145] in
the reaction system. Due to the presence of large cavities in the PMC architecture,
an additional source penetrates into these cavities, which allows to significantly
improving the technological characteristics of the obtained nanomaterials, in par-
ticular, surface area and porosity. The most widely used for this method are Zn- or
Al-based MOFs. The synthesis procedure consists of successive stages of PMC
impregnation with an additional source of carbon and its polymerization within the
PMC micropores. The subsequent thermolysis of PMCs containing an additional
carbon source allows to obtaining NPC materials.

The second method of obtaining NPC materials is based on direct thermolysis of
PMC without additional use of other carbon sources [75, 76, 107, 120, 121, 146,
149], since they themselves contain a significant amount of organic fragments and
can act as precursors of carbon. During process, the thermolysis of PMC and the
formation of a NPC network occur simultaneously. In other words, PMCs are both
sacrificial templates and secondary carbon sources. Since the PMC includes a large
number of metal ions that are an integral part of the whole polymer architecture, it is
necessary to remove these metallic species from the products of thermolysis in
order to obtain high surface area of carbon materials. Therefore, at the final stage of
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the thermolysis, the prepared product is thoroughly washed with an acid solution to
remove the metal NPs, or the metal is evaporated to remove from the reaction
system at higher temperatures (up to 1273 K). However, this method allows to
producing carbon materials with a low surface area, even after post-synthetic
treatment of the thermolysis product. One method of increasing the surface area
(>2000 m2 g−1) is to heat the mixture of the product obtained and potassium
hydroxide at high temperatures, followed by acid treatment to remove impurities
[150, 151]. However, more promising is the approach in which thermolysis of PMC
and the removal of metal particles are carried out simultaneously. For example,
thermolysis of Zn-PMC precursor in an inert atmosphere leads to the formation of
ZnO, which is very difficult to remove at relatively low temperatures (1173–
1223 K), since it has a very high-boiling point (2633 K) compared to Zn (1181 K).
At the same time, thermolysis of PMC also results in the formation of carbon,
which effectively reduces ZnO to Zn at 1173 K [38, 152]. The subsequent evap-
oration of Zn made it possible to obtain a pure carbon material with a high surface
area of 3447 m2 g−1 (Fig. 4.1) [147].

This method was extended by using an oxygen-abundant Zn-MOF-74 to pro-
duce NPCs of exceptional quality with high yield (Scheme 4.2) [153]. In this case,
the obtained ZnO is reduced by carbon with the formation of metallic Zn, which is
removed by evaporation, when the temperature reaches its boiling point (about
1181 K) that leads to the formation of a metal-free NPC. In addition, the high

Fig. 4.1 Structural changes of PMC with heat treatment to yield PMC-derived carbon: schematic
view. Reproduced with permission from Ref. [147]. Copyright (2012) American Chemical Society

Scheme 4.2 Process of preparation of the nitrogen-doped NPC. Reproduced with permission
from Ref. [153]. Copyright (2017) John Wiley and Sons
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oxygen content of Zn-MOF-74 promotes the formation of more gaseous products,
in particular, CO2 and H2O, which allows to producing nanomaterials with large
pore sizes.

NPC-1273 obtained at the thermolysis temperature of 1273 K has a similar
shape and size as the original Zn-MOF-74, thus confirming the preservation of the
morphology of Zn-MOF-74 during thermolysis (Fig. 4.2a, b). At the same time,
NPC-1273 shows a rougher surface with the appearance of some observable pores
and the absence of the Zn element, which is evidence of the removal of Zn via
high-temperature evaporation. In addition, the pores in the NPC-1273 have an
average pore diameter of about 10–12 nm (Fig. 4.2c–e) and an interplanar crys-
talline space of 0.34 nm, indicating the formation of graphic carbon (Fig. 4.2f)
[153]. It is important that the nitrogen element is uniformly doped in NPC-1273
(Fig. 4.2g–i).

Thermolysis products may contain metallic species at lower thermolysis tem-
peratures or for PMCs based on metals having higher boiling points than Zn (in
particular, Fe, Co, Cu, etc.). To remove them, post-synthetic acid treatment is
carried out, which will make it possible to obtain pure NPC materials with tailored
nanostructures and functions [121].

Fig. 4.2 SEM of a Zn-MOF-74, b NPC-1273, c–e TEM and f HRTEM of NPC-1273, g–i the
elemental mapping of NPC-1273. Reproduced with permission from Ref. [153]. Copyright (2017)
John Wiley and Sons

252 4 Thermolysis of Polymeric Metal Chelates



It should be emphasized that by varying the structure of the initial PMC and
thermolysis conditions, it is possible to obtain various forms of carbon nanoma-
terials ranging from 0D to 3D. As an example of 0D carbon, we note carbon
nanodots with an APS of 2.2 nm prepared by MOF thermolysis at a mild tem-
perature (773 K) [154]. By thermolysis of Fe-, Co-, and Ni-PMCs, carbon nan-
otubes, which are a typical 1D material, were obtained. In this process, metallic Fe,
Co, or Ni NPs are first formed, which then catalyze the formation of carbon nan-
otubes on the surface. Of interest is the production of 1D carbon nanorods [155] as
well as multiwalled carbon nanotubes (MWCNT) by thermolysis of Ni-MOF in a
conventional tubular furnace at 773 K for 20 h without additional catalyst or carrier
gas [156]. The similar non-hollow (solid) carbon nanorods are the basis for the
synthesis of two-to six-layered graphene nanoribbons using a sonochemical
methodology with post-synthetic chemical activation. 2D carbon materials, for
example, graphene-like carbon nanosheets, were also obtained by thermolysis of
PMCs under an Ar atmosphere at 1223 K for 5 h [123]. The PMC-derived 3D
NPCs showed a hierarchically porous structure and a high surface area
(1820 m2 g−1) [157]. It should be also noted using PMC thermolysis to preparing
NPCs with special morphologies, for example, cube, polyhedron, etc. [158–162].
These examples demonstrate the importance of choosing proper PMC for targeted
synthesis of PMC-derived carbon nanomaterials.

It is of interest to synthesize hybrids of nitrogen-doped graphitic NPCs and
carbon nanotubes by thermolysis of typical MOF and urea as precursors of carbon
and nitrogen with the participation of nickel, which acts as a catalyst for graphi-
tization [163]. The resulting hybrids showed interesting catalytic properties due to
the synergistic contributions of the components of their hybrid architecture, high
nitrogen content, significant degree of graphitization, and large surface area.

The usual process of obtaining NPC materials by thermolysis of typical
Al-MOFs purified by removal of Al2O3 a solution of HF was modified by
double-template method (Fig. 4.3) [164]. In this method, PMC is used as a template
and a precursor, and an additional metal ion (Cu2+) is introduced as a second
template. It is important that the particle size of Al2O3 is determined by the amount
of preintroduced Cu2+ ions before thermolysis, which allows to producing the NPC
with a hierarchical pore structure and controlled pore parameters (pore size, surface
area, and pore volume) after removing metal particles from the resulting carbons.

Fig. 4.3 Schematic representation of double-template method. Reproduced with permission from
Ref. [164]. Copyright (2014) Royal Society of Chemistry
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It should be noted that the temperature of thermolysis of MOFs templates is
difficult to affect the characteristics of the obtained carbon material. For example,
3D framework structure of aluminum naphthalenedicarboxylate (Al-PCP where
PCP is porous coordination polymer) contains two types of pores which is square in
shape, in particular, the large and small channels with dimensions 7.7 � 7.7 and
3.0 � 3.0 Å2, respectively (Fig. 4.4, left) [130]. Apparently, the structure of the
coordination template in conditions of direct thermolysis at 1073 K promotes
formation of NPC (Fig. 4.4, right) with an extremely high surface area
(5500 m2 g−1) [121]. But during thermolysis over 1173 K specific surface area
decreases to 200 m2 g−1 due to the collapse of the structure caused by the
graphitization of the product. In such cases, additional sources of carbon are
required for the preservation of the porous structure in the system, such as the use of
typical carbon precursor, for example, furfuryl alcohol.

An interesting example is MOF-5 having a 3D interconnected system of chan-
nels with 18 Å cavities [165]. NPC obtained at 803 K has the largest surface area
(3040 m2 g−1), and with a further increase in temperature from 923 to
1073 K-specific surface area decreased from 1521 to 1141 m2 g−1. But if the
thermolysis temperature exceeds 1173–1273 K, then again there is an increase in
the specific surface area from 1647 to 2524 m2 g−1 is again observed, which may
be associated with the evaporation of Zn at temperatures above 1073 K. In the
process of thermolysis at a temperature of 1273 K under a flow of argon MOF-5
decomposes with the formation of NPC with a specific surface area and pore
volume 2872 m2 g−1 and 2.06 cm3 g−1. It is important that the MOF-5 is charac-
terized by mesoporous structure, while the nature of the curves of adsorption–
desorption isotherms indicates the presence of macropores along with a low content
of micropores (Fig. 4.5) [115].

Fig. 4.4 (left) Crystal structure of Al-PCP. Reproduced with permission from Ref. [130].
Copyright (2008) American Chemical Society. (right) The adsorption–desorption N2 isotherms for
carbonization products of coordination polymer Al-PCP at different temperatures. Reproduced
with permission from Ref. [121]. Copyright (2012) American Chemical Society
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Over the past ten years, numerous studies on the synthesis of NPC materials by
PMC thermolysis have been carried out, but the influence of the nature of PMC
precursors on the structure and properties of the resulting NPC materials remains
unclear.

4.2 Preparation of Metal and Metal Oxide–Carbon
Nanocomposites

Various types of nanostructured materials, such as metal/carbon (M@C), metal
oxides/carbon (MO@C), and metal/metal oxides/carbon (M/MO@C), can be
obtained by thermolysis of PMCs that are their SSPs [41, 104, 120, 166–175]. They
allow to improving the properties of NPC materials by the introduction of func-
tional NPs in the matrix of NPC, graphene, or carbon nanotube due to the syner-
getic effect of combining two or more components [176–193].

During PMC thermolysis, metal-containing units are converted to metal or metal
oxide NPs and organic fragments form porous carbon structures with controlled
pore sizes. Ultimately, this results in a variety of M/MO@C nanomaterials without
removing metallic sites [38, 194–197]. Among the most interesting examples, we
note nanomaterials containing MnO2 [198–200], RuO2 [201–203], SnO2 [204–
206], cobalt oxides [207, 208], and iron oxides [209–212]. It is important that
PMCs are thermolysis precursors for the production of nanomaterials with a
homogeneous distribution of metallic NPs and in situ formed metal-free NPC layers
[105, 178, 213].

The spindle-like monodisperse nanosized Fe-MOFs, MIL-88B-NH3 (Fe3OL3,
L = 2-aminoterephthalic acid) with uniform diameters of *50 nm and lengths of
*140 nm (Fig. 4.6a) were thermolyzed in NPs at 1173 K in Ar for 6 h [135]. It is
important that the shape and size of NPs are preserved after the thermolysis process

Fig. 4.5 Nitrogen adsorption–desorption isotherms (a) and pore size distribution (b) of thermol-
ysis products for MOF-5 obtained at various temperatures. Reproduced with permission from Ref.
[115]. Copyright (2010) Elsevier
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(Fig. 4.6b). The obtained NPs have an increased porosity of 326 m2 g−1 with
uniform pore sizes of about 3.8 nm, but the arrangement of the pores inside the NPs
is disordered (Fig. 4.6c).

Numerous studies are devoted to the thermolysis of porphyrin-containing PMC
[214, 215]. For example, nanomaterials obtained by the template-free thermolysis
of conjugated mesoporous polymer frameworks based on cobalt porphyrin
(Co-PMC) [214] are of considerable interest. Co-PMC frameworks (Scheme 4.3)
were synthesized by Yamamoto polycondensation of 5,10,15,20-tetrakis(4′-bro-
mophenyl) porphyrin-Co(II) catalyzed by Ni(COD)2 (COD is cyclooctadiene) and
bpy in dry dioxane.

Co-PMC frameworks, having a rigid conjugated matrix with a 3D cross-linked
architecture, proved to be promising SSPs for obtaining nitrogen-enriched NPCs

Fig. 4.6 a, b TEM images of nanosized MIL-88B-NH3 and NPs formed; c HRTEM image of NPs
formed. Reproduced with permission from Ref. [135]. Copyright (2014) American Chemical
Society

Scheme 4.3 Schematic representation of the chemical synthesis of metalloporphyrin-based
conjugated mesoporous polymer frameworks (M = Co). Reproduced with permission from Ref.
[214]. Copyright (2014) John Wiley and Sons
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with inclusion of cobalt NPs by thermolysis at 873, 1073, and 1273 K. Obtained
nanomaterials are characterized by a number of interesting features, for example,
high surface area, a ribbon-shaped morphology, and mesoporous structure (4–
20 nm). In particular, such a conventional ribbon-like monolithic morphology has a
length of up to tens of micrometers and a width from hundreds of nanometers to
micrometers (Fig. 4.7a). In addition, this highly porous ribbon-like monolith is
characterized by interconnected framework constructed of densely entangled
nanofibers with a length of tens to hundreds of nanometers and a width from 10 to
30 nm (Fig. 4.7b). It is important that the nanomaterials contain uniformly dis-
tributed cobalt NPs embedded in nitrogen-enriched carbon framework (Fig. 4.7c)
and fully encapsulated in graphitic carbon nanoshells (Fig. 4.7d).

Interesting SSPs for the synthesis of nanomaterials by thermolysis are such
PMCs as CPM-99X (CPM = crystalline porous material, X = Zn, Co, Fe). They
have a binodal cubic network consisting of 12-connected Zr6O4(OH)4 cuboctahedra
(Fig. 4.8b) connected by tetrakis(4-carboxybiphenyl) porphyrin (Fig. 4.8a) [215]. It
should be noted that the 3D framework consists of large cubic cages with an edge
length of up to 2.5 nm (Fig. 4.8c), and nanocubic cavities enclosed in a primitive
cubic lattice (Fig. 4.8d). It is important that black cube-shaped crystals (Fig. 4.8e),

Fig. 4.7 a Low- and b high-magnification SEM images of cobalt NPs embedded in a
nitrogen-enriched NPC, c TEM and d HRTEM images of cobalt NPs embedded in a
nitrogen-enriched NPC. Reproduced with permission from Ref. [214]. Copyright (2014) John
Wiley and Sons
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having a size of*0.20 mm, made it possible to determine the structure of the PMC
by the single crystal X-ray method.

Thermolysis of PMCs at the optimum temperature of 973 K allows to obtaining
(metallo)porphyrinic carbons, denoted as CPM-99X/C (X = Zn, Co, Fe), contain-
ing also cubic ZrO2. Removal of ZrO2 was achieved by leaching with dilute HF. It
should be noted that the obtained CPM-99X/C retain the cubic morphology of the
original precursors (Fig. 4.9).

Fe-PMC is easily thermolyzed into Fe/N-codoped hierarchical NPCs (C–Fe/N–
X, where X is thermolysis temperature) at various temperatures (973–1173 K) and

Fig. 4.8 a Augmented tetracarboxylic porphyrinic linkers (X = Zn, Co, Fe). b 12-connected
Zr6(l3-O)4(l3-OH)4(O2C)12 cluster. c Cubic cage with 2.5 nm edge length. d The 3D network
with Zr6 clusters shown as polyhedra and 3D cubic-cavity packing in CPM-99Fe. Color scheme:
Zr (teal); Fe (lime); O (red); N (blue); C (gray). e Photograph of CPM-99Fe. Reproduced with
permission from Ref. [215]. Copyright (2014) American Chemical Society
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by etching (Scheme 4.4) [216]. The obtained NPCs are characterized by high
specific surface areas up to 518 m2 g−1 and a content of N and Fe up to 3.28 at%
and 0.85 wt%, respectively.

Fig. 4.9 a, b SEM images for CPM-99Fe and CPM-99Fe/C. Reproduced with permission from
Ref. [215]. Copyright (2014) American Chemical Society

Scheme 4.4 Overall synthetic procedure of C–Fe/N–X. (i) silica nanosphere, 1,4-phthalaldehyde
and pyrrole in CH2Cl2 at room temperature for 12 h, then p-chloranil at 323 K for 12 h;
(ii) etching of SiO2 templates in NaOH solution; (iii) coordinated with FeCl2�4H2O in DMF at
423 K for 12 h; (iv) thermolysis of Fe-PMC under N2 at different temperatures and etching in HCl
solution to produce C–Fe/N–X (X = 973, 1073 and 1173 K). Reproduced with permission from
Ref. [216]. Copyright (2017) Elsevier

4.2 Preparation of Metal and Metal Oxide–Carbon Nanocomposites 259



In contrast to the N 1s core-level spectrum of the original Fe-PMC (Fig. 4.10a),
samples of the nanomaterials obtained have more than one type of nitrogen, with
the exception of pyrrole-type nitrogen, which passes into other types of nitrogen
during thermolysis. The total nitrogen content of C–Fe/N-973, -1073 and -1173 is
3.28, 2.71 and 2.01 at%, respectively, including a pyridinic nitrogen content of
1.54, 1.16, and 0.56 at%, respectively (Fig. 4.10b). It is interesting that when the
temperature of thermolysis increases, the content of graphitic nitrogen remains
constant, while the content of pyridinic nitrogen decreases significantly, indicating
that this type of nitrogen is less stable at high temperatures. It should be noted that
the Fe content is 0.85, 0.88, and 0.90 wt% for C–Fe/N-973, -1073, and -1173,
respectively (Fig. 4.10c).

Thermolysis of the porous PMCs based on a catechol-substituted porphyrin
[meso-tetrakis(3,4-dihydroxyphenyl)-porphyrin] with nanorod morphology leads to
the NPCs with large surface areas (up to 800 m2 g−1), containing MO NPs
(Scheme 4.5) [217]. After thermolysis at 1073 K, the nanorod-like morphology
was to some extent retained although random structures also emerged probably due
to the destruction of the crystals during thermolysis.

Fig. 4.10 a High-resolution N 1s spectra of Fe-PMC, C–Fe/N-973, C–Fe/N-1073, and C–Fe/
N-1173; N content (b) and Fe content (c) of C–Fe/N-973, C–Fe/N-1073 and C–Fe/N-1173,
respectively. Reproduced with permission from Ref. [216]. Copyright (2017) Elsevier
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Powder XRD patterns confirm the formation of c-Fe2O3, CoO/Co, NiO/Ni, and
Cu2O contained in the carbonized matrix (Fig. 4.11a). It should be noted that the
observed Raman peaks at 1337 and 1589 cm−1 (Fig. 4.11b) refer to the D and G
bands of amorphous graphitic carbon in the nanomaterials obtained. In addition,
X-ray photoelectron spectroscopy (XPS) shows the formation of hybrid materials in
these systems (Fig. 4.11c for PMC before thermolysis, Fig. 4.11d, e for
M/MO@C). It is important that in the process of thermolysis, an increase in the

Scheme 4.5 a Schematic illustration of the preparation of MO@C hybrid materials from
porphyrin PMCs. Purple sphere: metal cation; green sphere: metal oxide NP; b Model structure of
PMC. Reproduced with permission from Ref. [217]. Copyright (2016) Royal Society of Chemistry

Fig. 4.11 a Power XRD profiles of samples M/MO@C: (i) Fe2O3@C; (ii) CoO/Co@C; (iii) NiO/
Ni@C; (iv) Cu2O@C. b Raman spectra of PMCs after thermolysis. c XPS survey scans for PMCs.
d, e Representative XPS spectra of M/MO@C for NiO/Ni@C (carbon 1s region) and Fe2O3@C
(Fe 2p region). Reproduced with permission from Ref. [217]. Copyright (2016) Royal Society of
Chemistry
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carbon content from 65 to 80 wt% is observed with a simultaneous decrease in the
oxygen content. Thermolysis also leads to an increase in the metal content, in
particular, up to 6 wt% for Fe2O3 and NiO, and about 12 wt% for CoO and Cu2O.

The poor solubility of the porphyrin-based polymers in most common solvents
does not allow to preparing the PMCs; therefore, they were prepared by poly-
condensation of metal chelate monomers (MCMs) based on 5,10,15,20-tetrakis
(4′-bromobiphenyl) porphine (Scheme 4.6) [218, 219]. The subsequent thermolysis
of the PMCs at optimized temperature of 1223 K leads to M@C nanomaterials
(M = Fe, Co, or Mn).

The presence of a strong G band and a one-peak 2D band in Raman spectra
(Fig. 4.12a) indicates a multilayered graphitic structure for all M@C samples. In
addition, TEM images show the porous texture of Fe@C nanomaterials (Fig. 4.12b,
c). In accordance with the elemental mapping on the TEM unit (Fig. 4.12d), carbon
(Fig. 4.12e), iron (Fig. 4.12f) and cobalt atoms are homogeneously dispersed over the
carbonmatrix.We note also that the corresponding high-resolutionN1s peaks present
in the XPS spectrum (Fig. 4.12g) refer to pyrrole N and metal-coordinated N atoms.
The results show that the porphyrin rings in the main framework of PMC precursors
are retained after high-temperature thermolysis, and all M@C samples have high
thermal stability with a weight loss of less than 20% even at 1073 K.

Even more attractive is the scheme for synthesizing polymetallic porphyrinic
conjugated networks (PCNs) by polycondensation of the Sonogashira–Hagihara
type of two different-metal porphyrin monomers (Fig. 4.13) [220]. As a result of
such processes, a series of PMCs with three different combinations of metals
(MM = FeCo, FeFe, CoCo) was obtained. Subsequent thermolysis allowed to
producing heterometalloporphyrin carbons.

It should be noted the study of the effect of air impurities on the thermolysis
process of MOF based on copper porphyrin. The systematic structural characteristic

Scheme 4.6 Scheme for synthesizing PMCs and their thermolysis. Reproduced with permission
from Ref. [219]. Copyright (2014) John Wiley and Sons
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of copper- and nitrogen-doped carbon materials showed that partial etching of
carbon by air leads to an increased porosity of the samples, which consequently has
a much larger surface area (Fig. 4.14) [221].

Of interest is a low-temperature and gram-scale approach to synthesizing iron
phthalocyanine-embedded 2D carbon sheets by thermolysis at 723 K [222]. It is
important that such process of the preparation of Fe–N–C-based carbon nanoma-
terials is useful for maintaining the Fe–N–C structure while enhancing coupling
with carbon.

Particular attention should be paid to the strategy of synthesis of a wide range of
metals and metal oxide NPs, such as Cu/CuO, Co/Co3O4, ZnO, Mn2O3, MgO, and
CdS/CdO, embedded in the carbon matrix through controlled thermolysis of the
MOFs [17]. This strategy is based on the use of the metal reduction potential in the
design of the nanomaterial obtained. In particular, if the metal reduction potential is
−0.27 V or higher, metal NPs are the final products of thermolysis. At the same

Fig. 4.12 a Solid‐state 13C NMR spectra of COP–P–M (M = Fe, Co, and Mn). b SEM image of
COP–P–Fe. c Raman spectra of C–COP–P–M (M = Fe, Co, or Mn). d TEM image of C–COP–P–
Fe. Inset The selected‐area electron diffraction (SAED) pattern. e An enlarged view of the area
within the square in (d). f TEM image of C–COP–P–Fe for element mapping. g Carbon atom
mapping of the C–COP–P–Fe sample. h Iron atom mapping of the C–COP–P–Fe sample. i XPS
N 1s spectrum of the C–COP–P–Fe. The N 1s peak can be fitted with two Lorentzian peaks
corresponding to Fe–N (398.7 eV) and pyrrolic N (400.6 eV), respectively. Reproduced with
permission from Ref. [219]. Copyright (2014) John Wiley and Sons

4.2 Preparation of Metal and Metal Oxide–Carbon Nanocomposites 263



time, metal ions with a reduction potential below −0.27 V form metal oxide NPs
during thermolysis in N2 (Fig. 4.15). One of the important conditions for using this
strategy is the relationship between NP sizes and the distance between secondary
building blocks (SBUs) inside the MOF precursors.

The composition of the products formed is also significantly influenced by the
environment (N2 or air) during thermolysis. As a typical example, we consider the
thermolysis of Cd-MOF-1 containing the [CdL(bpy)(H2O)] units, where
H2L = thiophene-2,5-dicarboxylic acid. Since the reduction potential of Cd is
−0.4 V, it does not form metal NPs during thermolysis, and the final products of
thermolysis are CdO NPs in air and CdS NPs in nitrogen (Fig. 4.16).

It is of interest to synthesize non-hollow (solid) 1D carbon nanorods with
dimensions of 20–40 nm (width) and 200–450 nm (length) by self-sacrificial and
morphology-preserved thermolysis of MOF-74 [223] in an argon flow with 1D

Fig. 4.13 Schematic diagram of the synthesis of a, b TIPP-M and c, d TEPP-M (M = Fe, Co)
monomers, e, f porphyrinic conjugated network PCN–FeCo, and g thermolysis product
PCN-FeCo/C. (FeFe/C and CoCo/C are prepared by the same synthetic route).
TIPP = 5,10,15,20-tetrakis(4-iodophenyl) porphyrin and TEPP = 5,10,15,20-tetrakis
(4-ethynylphenyl) porphyrin. Reproduced with permission from Ref. [220]. Copyright (2015)
John Wiley and Sons

Fig. 4.14 Schematic
representation of influence of
air impurities on the process
of thermolysis of MOF based
on copper porphyrin.
Reproduced with permission
from Ref. [221]. Copyright
(2016) American Chemical
Society
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rod-shaped morphology (MOF-74-Rod), which was obtained at room temperature
using a unique modulator-assisted methodology (Scheme 4.7) [155]. Sonochemical
treatment of the resulting solid carbon nanorods with subsequent thermal activation
at 1073 K results in graphene nanoribbons (50–70 nm wide and 100–150 nm long)
with two- to six-layer thickness.

It should be noted the preparation of small Co NPs embedded in the N-doped
carbons by simple thermolysis of Co-MOF. It is important that Co NPs are highly
dispersed with APS of ca. 7 nm [224]. Similar results were obtained by studying
the thermolysis of MOF with [CoL(L′)0.5]�2DMF�0.2 H2O unit (H2L = 1,4-benzene
dicarboxylic acid, L′ = triethylenediamine) as a sacrificial template using i-PrOH as
hydrogen-donating solvent [157]. The XRD patterns of the formed Co@C–N-X-T

Fig. 4.15 Effect of reduction potential of metal atoms present in the MOFs on the formation of the
M–MO NPs. Metals having a reduction potential above −0.27 V undergo thermolysis in an N2

atmosphere to give pure metal NPs, whereas metals with a reduction potential less than −0.27 V,
even in an N2 atmosphere, produce only MOs. Reproduced with permission from Ref. [17].
Copyright (2012) Royal Society of Chemistry
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(here X and T represent the temperature and time of thermolysis, respectively)
nanomaterials show five diffraction peaks characteristics of metallic Co that have an
improved intensity for nanomaterials obtained at higher thermolysis temperatures
with longer times due to the higher degree of crystallization of Co. It is important
that all Co@C–N nanomaterials exhibit similar particle shapes compared to the
original Co-MOF. Elemental mapping (Fig. 4.17) showed a very uniform distri-
bution of Co, C, and N on the surface of Co@C–N nanomaterials.

Co NPs are homogeneously dispersed in Co@C–N nanomaterials (Fig. 4.18),
and Co NPs obtained at higher thermolysis temperatures are relatively large. APS
varied from 6 to 17 nm with an increase in the thermolysis temperature from 773 to
1173 K.

Solid-state thermolysis of a similar Ni-MOF with [NiL(L′)0.5] unit (Fig. 4.19a)
made it possible to obtain porous Ni/C composites (Fig. 4.19b) [225]. Carrying out
thermolysis in the NH3 atmosphere leads to a significant decrease in the carbon
content. For example, in the case of the Ni–Ar sample, the carbon content is more
than 30 wt%, whereas for the Ni-0.2NH3 sample this value is only 1.22 wt%.
A notable feature of the Ni–Ar sample is that it consists of Ni NPs having a
diameter of less than 10 nm and uniformly distributed in the carbon matrix

Fig. 4.16 A scheme of the synthesis for CdS/CdO NPs dispersed in a carbon matrix from
Cd-MOF-1 after thermolysis in nitrogen and an air environment. Hydrogen atoms and guest
molecules are omitted for clarity. Color code: Cd (dark green), N (blue), O (red), C (black).
Reproduced with permission from Ref. [17]. Copyright (2012) Royal Society of Chemistry

Scheme 4.7 Scheme of synthesis of MOF-74-Rod, carbon nanorods and graphene nanoribbons .
Reproduced with permission from Ref. [223]. Copyright (2006) American Chemical Society
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(Fig. 4.19c). It is interesting that for this sample a graphitic layer is located near Ni
NPs, and the carbon matrix is an amorphous mass (Fig. 4.19d). It is important that
thermolysis products in NH3 atmosphere are Ni NPs with a thin layer of carbon, for
example, for the Ni-0.2NH3 sample, the coating thickness is only 2 nm (Fig. 4.19f),
whereas the Ni-0.4NH3 sample practically does not contain carbon coating
(Fig. 4.19h). Both samples obtained in the NH3 atmosphere contain Ni NPs about
30–50 nm (Fig. 4.19e, g).

Al-DTPA (DTPA is diethylenetriamine pentaacetic acid) microfibers were used
as cost-effective SSPs (Fig. 4.20) for the preparation of nitrogen-doped carbon
microfibers (NCF) [226].

The thermolysis of Al-DTPA (Fig. 4.21a) under optimized temperatures and
acid-leaching leads to well-defined NCFs with preservation of the microfiber
morphology of Al-DTPA (Fig. 4.21b–e). Fibers with a diameter of*500 nm and a
length of about 50 mm are formed as a result of Al-DTPA thermolysis at 1173 K
(Fig. 4.21b–d). An increase in the thermolysis temperature leads to a slight increase
in the graphitization degree of carbon microfibers (Fig. 4.21e, inset). It should be
noted that Al-DTPA microfibers can also be used as SSPs for the c-Al2O3

microfibers. After heat treatment of Al-DTPA in air at 1073 K, c-Al2O3 with
clearly defined microfiber morphology was observed in SEM images (Fig. 4.21f).
There is an obvious shrink in diameter (350 nm) and length (50 mm), in contrast to

Fig. 4.17 SEM image (a), and elemental mapping of Co@C–N-1173-15 h: C (b), N (c), Co (d).
Reproduced with permission from Ref. [157]. Copyright (2015) Royal Society of Chemistry
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Al-DTPA microfibers (see Fig. 4.21a). The resulting c-Al2O3 has a smaller BET
surface area (50 m2 g−1) and a pore size distribution in the range of 2–15 nm.

The total BET surface area of NCF-1023, -1173, and -1173 are 604, 933, and
1072 m2 g−1, respectively (Table 4.1). Thus, the NCFs with a uniform fiber mor-
phology, nanoporous structure, and appropriate graphitization degree were suc-
cessfully obtained by this unique thermolysis of Al-DTPA.

The PMC templates have a number of important advantages associated with
their nanoporous architecture, high thermal stability, and the possibility of small
molecules penetrating into PMC pores with their subsequent participation in vari-
ous «ship-in-bottle» reactions [142–144]. These advantages were clearly realized in
the production of various nanostructured carbon materials, including the M/MO@C
type (Fig. 4.22). The process scheme includes a number of sequential operations:
polymerization of small molecules inside the PMC template pores (Fig. 4.22a),
thermolysis to obtain the M@C nanocomposite (Fig. 4.22b), and post-thermal
processing for conversion from metal to metal oxide NPs (Fig. 4.22c). It is
important that parameters, such as the porosity of the carbon matrix and the
dimensions of M/MO NPs, can be monitored at each stage of the process. Typical

Fig. 4.18 TEM images of Co@C–N-1173-15 h (a, b), EDS (c), and the corresponding size
distribution of Co NPs (d). Reproduced with permission from Ref. [157]. Copyright (2015) Royal
Society of Chemistry
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Fig. 4.19 a Structure of the Ni coordination environment in [NiL(L′)0.5], b XRD patterns of the
Ni-MOF derived NPs, and c–h TEM images of the Ni-MOF derived NPs: c, d Ni–Ar, e,
f Ni-0.2NH3, and g, h Ni-0.4NH3. Reproduced with permission from Ref. [225]. Copyright (2015)
Royal Society of Chemistry

Fig. 4.20 Schematic illustration of the formation process of the nanoporous NCFs and solid acids
microfibers. Reproduced with permission from Ref. [226]. Copyright (2015) Royal Society of
Chemistry
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Fig. 4.21 a SEM images of Al-DTPA microfibers; b, c SEM images of NCF-1173; d, e TEM
images of NCF-1173. Inset is the corresponding SAED pattern of NCF-1173; f SEM images of
c-Al2O3 obtained by heating Al-DTPA at 1073 K in air. Reproduced with permission from Ref.
[226]. Copyright (2015) Royal Society of Chemistry

Table 4.1 Textual data of NCFs obtained at 1023, 1173 and 1173 K

Samples SBET
(cm2 g−1)

Smeso

(cm3 g−1)
Smicro

(cm3 g−1)
Vtotal

(cm3 g−1)
Vmicro
T

(cm3 g−1)

1023 604 84 520 0.39 0.28

1173 933 108 825 0.58 0.43

1173 1072 67 1005 0.65 0.55
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examples include the preparation of Zn@C, ZnO@C [227], and Cu@C, Cu2O@C
or CuO@C nanocomposites [195], preserving the octahedral morphology of the
original PMCs. An important feature of the nanomaterials obtained is that the NPs
are interconnected by an NPC matrix, and its diffusion properties allow the use of
materials in a wide variety of applications.

Of particular interest is the preparation of mixed oxides of cobalt and manganese
embedded in the NPC matrix (M/MO@C) by direct thermolysis of binary
(CoMn-MOF-74) heterometallic PMC (Scheme 4.8) [228]. It turned out that the
optimum temperature of thermolysis is the most important parameter for obtaining
such M/MO@C nanomaterial.

The original MOF is characterized by a uniform rod-like structure without any
contamination by an amorphous phase (Fig. 4.23a), with one particle built from
many nanorods (Fig. 4.23b), and all elements, including Co, Mn, carbon and
oxygen, are evenly distributed in the selected area (Fig. 4.23c) [229]. It is important
that during the thermolysis the morphology of the CoMn-MOF-74 precursor is
practically preserved (Fig. 4.23d–f), while CoO and MnO NPs are homogeneously
dispersed in the carbon matrix (Fig. 4.23g). The M/MO NPs, with porous carbon
walls outside, are embedded in the carbon framework (Fig. 4.23h–j) [229, 230].

Fig. 4.22 Scheme of the transformation of MOFs in M/MO@C composite. Reproduced with
permission from Ref. [227]. Copyright (2010) American Chemical Society

Scheme 4.8 Schematic illustration for the preparation of M/MO@C. Reproduced with permis-
sion from Ref. [228]. Copyright (2016) Royal Society of Chemistry
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It should be also noted the heterobimetallic copolymer precursor NiCo-PMC
prepared by the reaction of the presynthesized Ni-PMC with Co2(CO)8 in a yield of
95% (Scheme 4.9) [231]. For NiCo-PMC, values of Mn = 7700, Mw = 10,900 and
polydispersity index (PDI) = 1.41 were obtained, and the integrity of the polymer
backbone retained after the introduction of carbonyl clusters of cobalt.

Thin films of Ni-PMC and NiCo-PMC (about 5 lm thick), created by
drop-casting a solution of each polymer in chlorobenzene on a silicon wafer, were
thermolyzed at 1173 K (Fig. 4.24). As a result of thermolysis, nanomaterials with
poorly defined NPs in a porous matrix were obtained (Fig. 4.24a, b). It is important

Fig. 4.23 a Low-magnification SEM image of CoMn-MOF-74, b SEM images of a single
particle of CoMn-MOF-74, c EDS mappings of each element in CoMn-MOF-74, d–f SEM images
of M/MO@C, g EDS mappings of each element in M/MO@C-1073, h–j TEM images of M/
MO@C. Reproduced with permission from Ref. [229]. Copyright (2008) American Chemical
Society

Scheme 4.9 Synthesis of NiCo-PMC from Ni-PMC. Reproduced with permission from Ref.
[231]. Copyright (2016) John Wiley and Sons
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that NPs are rich in cobalt and nickel, and the cobalt and nickel alloys are more
susceptible to oxidation (Fig. 4.24d). In addition, the ratio of cobalt to nickel (about
5.5:1) deviated from the 4:1 ratio of metals present in NiCo-PMC.

Analysis of the available experimental data shows that the combination of a huge
selection of metal ions/ligands and the PMC architecture, as well as thermolysis
conditions, gives considerable flexibility in the development of the desirable
nanomaterials (Fig. 4.25) [232]. Thus, the metal center in PMC can be converted
into metal oxides (MO), metal sulfides (MS), single metal carbides (MC) or
heterometallic carbides, by changing the composition of MOF or the conditions of
the thermolysis process [44, 45, 94, 233–235]. In addition, PMC can be converted
to metal-free nanomaterials, such as nitrogen-doped carbons, after metal removal by
acid etching or evaporation of metals [38, 124]. The introduction of multiple het-
eroatom dopants (e.g., N, P, or S) into carbon nanomaterials can be achieved by
modifying the parent ligands or adding a second precursor to the MOF pores [148,
236, 237]. Finally, thermolysis of MOF allows to obtaining, under certain condi-
tions, purely carbon nanomaterials that can act as a microporous host for a variety
of molecules to expand applications of nanostructured materials [106, 238–241].

Fig. 4.24 SEMs of the nanomaterials resulting from thermolysis of a Ni-PMC and b NiCo-PMC.
Elemental maps (EDX spectroscopy) of the nanomaterials resulting from the thermolysis of
c Ni-PMC and d NiCo-PMC. Light areas indicate a positive response for the elements in question.
Reproduced with permission from Ref. [231]. Copyright (2016) John Wiley and Sons
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4.3 Preparation of Metal Oxide Nanomaterials

Synthesis of MO nanomaterials is the subject of intensive research with a special
interest in the control of the shape, size, composition, porosity, and surface area of
the obtained MO NPs [87, 242–250]. Thermolysis of the PMCs is one of the
promising methods for producing MO nanomaterials with the desired properties,
since it refers to one-stage, low-cost, well-reproducible, and easily scalable pro-
cesses [7, 12, 32, 81, 84, 86, 251, 252]. It is important that the morphology and
properties of the resulting MO nanomaterials depend on such factors as crystal
structure and architecture of the original PMC precursor, the particle size, and the
thermolysis conditions (temperature, environment, the presence of a surfactant, etc.)
[7, 253–255]. In addition, the structure and properties of synthesized MO nano-
materials can be easily regulated by changing the nature of ligands, metal ions or
their stoichiometry [256]. During thermolysis process, the decomposition of organic
ligands and the growth of metal nuclei in MO NPs occur spontaneously and the
rates of these two processes are the main factors determining textural properties
(e.g., morphology, pore size, etc.) of the corresponding MO nanomaterials [11].

However, the forms of MO NPs obtained are often limited by simple spherical
topology, which is connected with the difficulty in preparing anisotropic templates
[257]. Therefore, PMCs with anisotropic topologies and rigid frameworks

Fig. 4.25 Schematic illustration showing the construction of PMC-derived nanomaterials.
Reproduced with permission from Ref. [232]. Copyright (2016) John Wiley and Sons
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[72, 258–265] are promising templates for the production of well-controlled,
non-spherical, and highly porous MOs [266]. Among the numerous examples of
MOs with different morphological anisotropies based on PMC templates, we note
cubic [267, 268], quadrate tubular box [269], spindle-like [40], elongated
hexagon-shaped [270], rod [39, 271–275], wires [276–278], needles [279, 280],
tubes [281, 282], belts [283–285], hooks [286], cables (i.e., coaxial wires) [287,
288], ribbons [289, 290], fibers [291], tips [292], helices (or spirals) [293, 294],
zigzags [294], ring [84], truncated tetragon [295], octahedron [90], rhombic
dodecahedron [296], polyhedral [297], octahedron [298], and tetrahedron [299]
nanocrystals (Fig. 4.26).

In recent years, the synthetic methodologies of MO NPs, such as ZnO [78, 300–
306], Co3O4 [79, 307–312], Fe2O3 [39, 40, 243, 313, 314], Mn3O4 [244, 315], CdO
[7], Cu2O [316, 317], CuO [242, 297, 318–320], Tl2O3 [321], PbO [42, 70–72, 85,
322–328], are developed. They are widely studied for the fundamental scientific
and technological applications as new class of the nanomaterials. We consider the
most common examples.

Fig. 4.26 Examples of various PMC-derived MOs with different morphological anisotropy:
a cubes, b quadrate tubular boxes, c spindle-like, d elongated hexagon-shaped, e rod, f ring,
g truncated tetragon, h octahedron, i rhombic dodecahedron, j polyhedrons, k octahedron, and
l tetrahedron. Reproduced with permission from Ref. [11]. Copyright (2017) John Wiley and Sons
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4.3.1 Transition Metal Oxides

Transition MO NPs are substantial interest due to their different applications and
properties [70–72, 242–244, 302–306, 310–312, 315–320, 325].

4.3.1.1 Zinc Oxide

PMC proved to be convenient precursors, which allow regulating the production of
ZnO nanocrystals with controlled structures, compositions, and properties [50, 53,
87, 329–335]. Their thermolysis under various conditions, such as different tem-
peratures, precursor concentrations, surfactants, and solvents, was used to control
the shape and size of the ZnO nanomaterials [19, 27, 48, 50, 53, 78, 82, 87, 96, 227,
245, 300, 301, 329, 336–355]. In particular, the thermolysis of Zn-PMCs in the
presence or absence of air/N2 leads to ZnO nanomaterials with different mor-
phologies [7, 48, 50, 53, 78, 82, 87, 301, 330, 331, 346, 356–364], including
nanowires [365], nanobelts [366], nanorods [367], nanorings [368], nanotubes
[369], nanotetrapods [370, 371], nanoflowers [372], nanodisks [373], cones [374],
towers [375], hollow spheres [376], nanosprings and nanospirals [377, 378],
nanobridges and nanonails [379], nanohelix [380], hierarchical nanostructures [381,
382], and colloidal or arrayed nanocrystals [383–385]. It is important that the shape
of the initial MOF is sometimes retained after its thermolysis into the nanomaterials
[39, 53, 347, 386–389].

As a typical example, we note the use of thermolysis of infinite
rectangular-tubular helices [ZnCl2L] and [ZnBr2L], where L is bis(3-pyridyl)
cyclotetramethylenesilane, at 773 K to obtain homogeneous hexagonal tubular
spire ZnO crystals of 1.2 � 1.2 � 4.0 lm3 dimensions and spheres, respectively
(Fig. 4.27) [390]. Interestingly, for [ZnCl2L] thermolysis at 773 K leads to the
growth process of each ZnO single crystal.

It is of interest to synthesize ZnO NPs by thermolysis of Zn(II) CPs,
[ZnL2(N3)2]n and [ZnL2(SCN)2]n, where L is 2-aminomethylpyridine, at 873 K in

Fig. 4.27 SEM images of thermolysis residue of [ZnCl2L] (a) and [ZnBr2L] (b) thermolyzed at
773 K for 2 h. Reproduced with permission from Ref. [390]. Copyright (2015) Royal Society of
Chemistry
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an air atmosphere [391]. The product obtained is hexagonal ZnO with a diameter
distribution of 60–70 nm (Fig. 4.28).

The nanorod morphology is characteristic of the thermolysis products of PMC
with [Zn(4,4′-bipy)Cl2]n unit [50], and during the thermolysis of PMC with [Zn(ox)
(4,4′-bipy)]n unit ZnO nanostructure is formed in radially spaced nanoneedles. In
other words, the different framework structure of the initial PMCs affects the final
morphology of the ZnO nanostructures formed. It should be noted that the lengths
of ZnO nanorods ranged from 1.5 to 2.8 lm, while the diameters were in the range
of 80–100 nm and the direction of growth of the nanorod was along [001] direction.
At the same time, a typical single nanoneedle has a diameter of 80 nm and the
direction of growth of the nanoneedle is also along [001] with a high degree of
crystallinity. In this case, the resulting product was composed of assemblies of ZnO
nanoneedles with a high content of about 90% and their diameters ranged from 1.5
to 2.2 lm.

Zn(II) CPs (NH4)n[Zn(HL)Cl2]n, [ZnL(H2O)2]n, [Zn(HL)2]n�4nH2O (H2L =
iminodiacetic acid) can serve as good SSPs for ZnO NPs at thermolysis at 773 K
[392]. In particular, the product based on the first CP has the shape of a regular
hexagonal pyramid (Fig. 4.29a). The average diameter and length of the ZnO crystal
are about 2.6 and 4.6 mm, respectively, and the aspect (length/width) ratio is about
1.8:1. Regular granular crystallites of ZnO NPs having diameters in the range 25–
202 nm were prepared from the second and third CP (Fig. 4.29b). The formation of
various shapes and sizes of ZnO crystallites under the same thermolysis conditions is
explained by the different network structures of the studied CPs and the presence of
the chloride anion. In other words, the nucleation and growth of nanomaterials were
influenced by the molecular chemistry of SSPs [393, 394].

It should be noted that N,S-containing ligands were used not only to prepare MS
NPs, as expected, but also MO NPs, more thermodynamically stable in air. Thus,
the ZnO nanostructure was obtained by direct thermolysis of NPs of Zn(II) CP,

Fig. 4.28 SEM image of ZnO nanostructure prepared by thermolysis of the PMC at 873 K.
Reproduced with permission from Ref. [391]. Copyright (2016) Springer Nature
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[ZnL(CH3COO)2]n (L = 2,2′-diamino-5,5′-dimethyl-4,4′-bithiazole), at 773 K
under the air [395]. In this four-coordinate CP with almost C2 symmetry, the metal
is in a pseudotetrahedral environment and is ligated by two nitrogens of bithiazole
rings and oxygen from each of the two monodentate acetates.

ZnO NPs were synthesized from the thermolysis of [ZnL2(H2O)4]n, where L is
picolinic acid N-oxide, in two different ways (with a surfactant and without a
surfactant) and at two temperatures (473 and 873 K) [314]. In the crystal structure
of the PMC, Zn(II) is six-coordinate by four oxygen atoms from picolinic acid the
N-oxide ligand and two water molecules (Fig. 4.30).

Comparison of SEM images of ZnO NPs obtained by two different methods and
at two temperatures (Fig. 4.31) shows that a higher temperature leads to an increase
in agglomeration. In particular, small and spherical ZnO NPs with good separation
were obtained by thermolysis of the compounds at 473 K and using a surfactant
(OA). In addition, the dispersion range size is about 50–60 nm in this method. In
both methods, the final product from the PMC is hexagonal ZnO.

Fig. 4.29 SEM images of: a (NH4)n[Zn(HL)Cl2]n thermolyzed at 773 K for 4 h, b [ZnL(H2O)2]n
and [Zn(HL)]n�4H2O thermolyzed at 773 K for 4 h. Reproduced with permission from Ref. [392].
Copyright (2009) Elsevier

Fig. 4.30 ORTEP diagram (left) and packing diagram (right) of the PMC. Reproduced with
permission from Ref. [314]. Copyright (2016) Elsevier
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ZnO NPs were synthesized from the thermolysis of nanocompound [Zn(5,5′-di-
tert-butyl-bpy)Cl2]n at 873 K and the analogous compound, [Zn(5,5′-dimethyl-bpy)
Cl2]n, by two different methods (with and without surfactant) [396]. SEM images
show that APS of ZnO NPs is 78 and 50 nm for these compounds, respectively.

It should be noted the unique method of manufacturing ZnO hexagonal tubes
and rings from Zn-PMC based on two kinds of carboxy-functionalized organic
building blocks (salphen ligand N,N′-phenylenebis(salicylideneimine)dicarboxylic
acid and 1,4-benzenedicarboxylic acid) in 1:5 molar ratio (Fig. 4.32, left) [84]. In
this process, the CPs acted as sacrificial templates for the growth of ZnO hexagonal
tubes and rings using thermolysis. This simple method is a new paradigm in
preparing the desired MO NPs [84, 329] and was easily extended to other materials
[13, 70, 270, 397–404]. At the early stage of the growth process, the reaction
product consists exclusively of hexagonal disks (Fig. 4.32, right, a). During heat
treatment, a lateral growth of secondary CPs began on the initial disk templates
without an apparent change in the disk thickness (Fig. 4.32, right, b). The
template-directed growth process upon heating was also accompanied by a gradual
dissolution of the templates. The complete removal of the starting templates with
polar organic solvents such as DMF in the final stage of particle growth led to the
formation of hexagonal rings of CPs with an average internal diameter of 2 mm and
a thickness of 1 mm (Fig. 4.32, right, c). Amorphous CP rings can be used to
prepare polycrystalline ZnO rings. Conversion to ZnO can be achieved by ther-
molysis at 823 K (Fig. 4.32, right, d). It is important that the hexagonal ring-shaped
crystal morphology is maintained during solid-state thermolysis. The wurtzite
structure and elemental composition of the ZnO rings are shown.

2D CP [ZnLH2O]n, where L is the thiodiacetate ligand S(CH2COO)2
2−, is ther-

molyzed at T > 573 K to obtain a ZnO sponge with a surface area of 40 m2 g−1,
which makes it an attractive SSP for nanoporous ZnO [405–407]. A porous ZnO
structure with an extensive connection of thick flakes containing large pores of an

Fig. 4.31 SEM images of ZnO nanostructures prepared by thermolysis of the PMC at 873 K
without (left) and with surfactant at 473 K (right). Reproduced with permission from Ref. [314].
Copyright (2016) Elsevier
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average diameter of 10 lm is observed (Fig. 4.33). The fine structure of a single
flake consists of countless ZnO crystals of an average size of 10 nm (inset of
Fig. 4.34). The formation of ZnO flakes may be due to a change in the coordination
modes from the octahedral to the tetrahedral environment of the Zn2+ cation.

Fig. 4.33 SEM image of
ZnO from thermolysis at
T > 573 K. The photograph
includes magnified pictures
showing the fine structure of
ZnO flakes. Reproduced with
permission from Ref. [405].
Copyright (2006) American
Chemical Society

Fig. 4.32 (left) Proposed mechanism for the synthesis of micrometer-sized hexagonal ZnO rings
by a combination of template-directed CP growth and thermolysis. –O2C–L–CO2– = deprotonated
A or B, (right) a SEM image of the hexagonal CP disks formed at the early stage of the particle
growth process. b, c SEM images of the CP microstructures formed at the later stages of the
growth process during heat-up (insets are high-magnification SEM images of the as-synthesized
microstructures). d High-magnification SEM image of the ZnO rings formed after thermolysis at
823 K. Reproduced with permission from Ref. [84]. Copyright (2009) John Wiley and Sons
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Nitrilotriacetic acid (NTAH3) reacts in the solid phase with zinc hydroxide to
form two different MOFs by changing the metal to ligand ratio (Scheme 4.10) [87].
An infinite array of metallocycles forms interesting ladder and rectangular net-like
structures. The first mononuclear PMC contains a 1D zigzag infinite water chain.
The stability of the water chain is due to strong H-bond interactions with the
carboxylate group and the metal-bound water molecules. The second binuclear
PMC contains a very rare l-oxo carboxylato bridge, where one carboxylate ligand
simultaneously binds to three metal centers.

The thermolysis of the first PMC at 973 K for 6 h in a muffle furnace leads to
wafers of ZnO with a length of 0.2–1.2 mm. The average size of these wafers
remains unchanged with a longer reaction time, up to 14 h. The entire wafer is
formed from a homogeneous and densely packed array of ZnO NPs with a diameter
of 10–60 nm (Fig. 4.34a). The second PMC decomposes above 773 K to form ZnO
microwires with a length of 200 nm to 8 lm (Fig. 4.34b). The average size and
shape of these microwires does not change with the thermolysis temperature and
time. In both cases, a wurtzite structure of ZnO is formed.

Fig. 4.34 SEM micrographs of microwafers made of ZnO NPs (left) and SEM micrographs of
ZnO microwires (right). Reproduced with permission from Ref. [87]. Copyright (2007) John
Wiley and Sons

Scheme 4.10 Scheme of synthesis of two different MOFs based on Zn(II) and nitrilotriacetic acid.
Reproduced with permission from Ref. [87]. Copyright (2007) John Wiley and Sons
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Of interest are Zn(II)-based nanoCPs obtained at room temperature from three
different isomers of the dihydroxysalphen (DHS) ligand with Zn(OAc)2�2H2O and
1,4-benzenedicarboxylic acid in a DMF solvent (Scheme 4.11). Easy thermolysis of
PMCs under ambient conditions yields porous ZnO hexagonal nanodisks [408].

The results show that the obtained ZnO have different sizes, surface areas, and
porosity. In particular, after the thermolysis of CPs, the shape of the obtained ZnO
becomes the type of the hexagonal disk due to the removal of the organic template
from the hexagonal-lump PMCs, and the average size of the ZnO nanodisks
decreases to *60–80 nm from that of the hexagonal-lump CP precursor (*80–
180 nm). This also fits well with FESEM images (Fig. 4.35). Since the size of
2,4-PMC was the smallest, the size of the corresponding 2,4-ZnO is also smaller
(*60 nm) than 2,3- or 2,5-ZnO (*80 nm). It is interesting that the size of all ZnO
was almost half of the CP precursors, which is due to*55% removal of the organic
fragment from the CPs. The interplanar distance of 0.31 nm in each sample cor-
responds to the (220) plane of hexagonal ZnO.

It is of interest to select metal-ion exchange in polymer particles, which was
achieved due to the labile nature of interactions between the zinc ion and the Schiff
base ligand in the open framework of Zn-PMC structures (Fig. 4.36) [409]. Using
this ion-exchange approach, CP nano- and microparticles that contain Cu(II), Mn
(II), and Pd(II) ions were deliberately synthesized from a single set of particle
precursors in a controlled process. It is interesting that the particle transformation
can even be controlled by the naked eye. During thermolysis at elevated temper-
atures, these composite particles can be converted into hybrid MO NPs with pre-
determined morphologies in high yields.

ZnO NPs of different sizes were obtained by thermolysis of PMC [Zn2L
(DMF)2]n (L = 1,2,4,5-benzenetetracarboxylate) at 873 K in an air atmosphere.
The size and morphology of ZnO NPs are determined by the particles size of the
PMC; in particular, the decrease in the PMC particles size leads to a decrease in the
particle size of ZnO NPs [359]. A Zn(II) MOF, [Zn2L(DMF)2]n, based on the same
ligand, was synthesized using the thermal gradient approach and sonochemical

Scheme 4.11 (left) Structure of the dihydroxysalphen (DHS) ligands a 2,3-DHS, b 2,4-DHS, and
c 2,5-DHS; (right) Schematic representation of the formation of the hexagonal-shaped hollow Zn
(II)-based CPs and corresponding zinc oxides. Reproduced with permission from Ref. [408].
Copyright (2016) Elsevier
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irradiation. The SEM image of the product obtained in the direct thermolysis of
MOF single crystals at 873 K shows the formation of ZnO NPs (Fig. 4.37, left).
The size of ZnO NPs obtained from the direct thermolysis of the MOF nanos-
tructure prepared by the sonochemical process at 873 K is 37 nm (Fig. 4.37, right).
These experiments show that the size of the CP precursor correlates with the size
particle of the formed ZnO NPs and that the nanoscale precursor produces smaller
particles of ZnO.

It should be noted the use of 4′-(4-pyridyl)-2,2′:6′,2″-terpyridine (L) as a ligand
to obtain three Zn(II) CPs, [ZnL(OAc)]ClO4, [ZnLI2], and [ZnL2](ClO4)2(H2O)2.9.
The pure phase of ZnO NPs with different sizes and morphology was obtained by
direct thermolysis of each SSP [339].

Hexagonal microcrystalline ZnO was prepared using cysteine Zn-PMC [ZnI2L]n
(L = 2-amino-3-mercaptopropionic acid) as SSP by thermolysis at 873 K for 2 h
(Fig. 4.38) [410]. It is important that this synthesis method not only gives a good
yield, but also does not require high temperatures or high pressures.

Thus, Zn-PMCs can be suitable SSPs for the production of ZnO nanomaterials
and it does not need special conditions such as high temperature, long time, and

Fig. 4.35 FESEM image of the ZnO a 2,3-ZnO, b, c 2,4-ZnO, and d 2,5-ZnO obtained from
corresponding CPs after thermolysis at 823 K for 75 min. Reproduced with permission from Ref.
[408]. Copyright (2016) Elsevier
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Fig. 4.36 Representation of ion-exchange reaction in Zn-PMC nano- and microparticles. The
difference in relative binding strengths means Zn2+ ions are readily replaced from the tridentate
Schiff base ligand coordination sites (M), but not from the carboxylate sites. BMSB = bimetallic
tridentate Schiff base; L = pyridine, water, methanol; M = Zn2+ (1), Cu2+ (2), Mn2+ (3), Pd2+ (4).
Reproduced with permission from Ref. [409]. Copyright (2006) John Wiley and Sons

Fig. 4.37 (left) SEM images of ZnO nanostructure prepared by thermolysis of single crystals of
MOF at 873 K, (right) SEM image of ZnO nanostructures attained from the direct thermolysis of
nanostructure of MOF prepared by sonochemical process at 873 K. Reproduced with permission
from Ref. [359]. Copyright (2015) Elsevier
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pressure control [311, 314]. In addition, surfactants are often used to synthesize
ZnO nanostructures in order to change the morphology and particle size [19, 20].

4.3.1.2 Cobalt Oxides

The porous Co3O4 nano-/microsuperstructures were obtained from the solid-state
thermolysis of MOF precursor based on 1,4-benzenedicarboxylic acid at 723 K for
2 h [307]. The Co3O4 product consists of 3D superstructures that are actually
assembled from hundreds of microscale 2D sheets (Fig. 4.39). The resulting
superstructures were assembled by porous microsheet building blocks, which
basically consist of homogeneous NPs with a calculated average size of ca. 30 nm.

It should be noted that during MOF thermolysis, an MO nanostructure composed
of the same primary particles can be prepared, but with a secondary and tertiary
architecture, thus modulating the macroscopic structure of the initial CP. For
example, two types of Co3O4 nanomaterials with plate-like and rod-like mor-
phology of the NPs, based on the Co-containing plate-shaped ([Co3L3(DMF)4]n, p-
MOF) and rod-shaped ([CoL(DMSO)]n, r-MOF) CPs, consisting of the same
constituent units (Co2+ and 1,4-benzenedicarboxylate (L)) (Scheme 4.12), were
prepared by pseudomorphic transformation [411].

Co3O4 NPs were synthesized by thermolysis at 873 K of Co-MOF
Co3L3(DMF)4 (L = 2,6-naphthalenedicarboxylate) [79]. A pure phase of Co3O4

with a 250 nm agglomerate structure consisting of smaller primary particles of
25 nm was obtained. The measured low specific surface area (5.3 m2 g−1) corre-
sponded to a diameter of 250 nm.

[CoL(H2O)]n polymer, where H2L is phthalic acid, is introduced as an SSP for the
synthesis of Co3O4 NPs in the presence of OA and TPP [412]. Injection of organic
surfactants, such as OA and TPP, into molecular SSPs gives samples with size
control, narrow size distributions, and crystallinity of individual nanocrystals. The
NPs with APS of about 20–30 nm are not completely spherical, but each particle is
separated from its neighbors by the organic surfactant shell (Fig. 4.40a, b).

Fig. 4.38 SEM photograph of ZnO (produced by thermolysis of the Zn(II) cysteine complex in
air atmosphere) [410]
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Fig. 4.39 Typical FESEM images (a, b) and TEM images (c, d) of Co3O4 nano/
microsuperstructures [307]

Scheme 4.12 Scheme of pseudomorphic conversion of Co-based MOFs. Reproduced with per-
mission from Ref. [411]. Copyright (2014) Royal Society of Chemistry
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Comparison of NPs obtained in the presence of OA and TPP (Fig. 4.40b) and in the
presence of OA without TPP (Fig. 4.40c) shows that the dispersed NPs obtained in
the first case are less without any agglomeration.

OA and TPP with a chain length of about 2.0 nm are used as a stabilizer to
control particle growth. It is important that OA is coordinated with the surface
Co3O4 atoms to prevent agglomeration of the NPs. It is believed that [CoL]-Ol
micelles are formed in the presence of OA and during the heat process (408 K for
60 min), Co3O4 nucleation occurs (Scheme 4.13).

A simple approach to the preparation of Co3O4 NPs based on two
hollow-structured CP precursors was developed: CPP-1 prepared in water and
CPP-2 obtained in a water/ethanol mixture [413]. Thermolysis of CPP-1 and CPP-2
at 723 K in air leads to the formation of cobalt oxides, namely Co3O4-1 and Co3O4-
2, respectively. Co3O4-1 had short rod-like motifs with rough surfaces (Fig. 4.41a,
b). The rod-like motifs were porous with a length and width of 100–150 and 30–
90 nm separately (Fig. 4.41c, d).

Fig. 4.40 a SEM, b TEM images of Co3O4 NPs obtained in the presence of OA and TPP, and
c TEM image of Co3O4 NPs obtained in the presence of OA without TPP. Reproduced with
permission from Ref. [412]. Copyright (2010) Elsevier

Co3O4 NPs           burst of nuclei         nucleation           OA micelle

Scheme 4.13 Proposed mechanism for preparation of [CoL(H2O)]n as SSP and Co3O4 NPs as
final product. Reproduced with permission from Ref. [412]. Copyright (2010) Elsevier
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Like Co3O4-1, Co3O4-2 morphology displayed rice-like particles (Fig. 4.42a, b)
and was not inherited from their original precursor, CPP-2. Rice-like particles were
uneven and arranged in random order with sizes of 5–110 nm (Fig. 4.42c, d).

In addition, thermolysis of CPP-2 under N2 conditions at 723 K for 30 min may
allow the preparation of a carbon/CoO composite. Unlike Co3O4 particles, the
morphology of C/CoO composite inherited a portion of flake-like shape from the
original CPP-2 and these flakes were located in a flower-like motif (Fig. 4.43a). It
should be noted that some lamellar structures were parallel, and the others were
vertical (Fig. 4.43b).

It is of interest to prepare Co3O4 hexagonal nanorings and nanoplates/
nanoparticles by thermolysis of Co-MOFs with an organic amine [326]. It was
found that the rate of Co(II) release into the reaction system and the spatial hin-
drance of organic linkers of MOFs determine the final morphology of Co3O4.

4.3.1.3 Iron Oxides

MOFs with various architectures and morphologies were recognized as promising
SSPs/templates for the development of porous iron oxides [38, 81, 267, 282, 307,

Fig. 4.41 a, b SEM images for the porous Co3O4-1 structure. c, d TEM images show the detailed
Co3O4-1 structure NPs clusters to short-rods in comparison with the original precursor CPP-1.
Reproduced with permission from Ref. [413]. Copyright (2015) Elsevier
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313, 414–417]. In particular, the a-Fe2O3 and Fe3O4 nanorods were obtained by
monitoring the thermolysis conditions of MIL-88B [39]. It was demonstrated that
thermolysis in air can be provide only hematite (a-Fe2O3) by direct thermal
transformation of MIL-88B, whereas a two-stage method (thermolysis followed by
heating in an inert atmosphere) yields magnetite (Fe3O4). The two-step thermolysis

Fig. 4.42 a, b SEM images for the porous Co3O4-2 structure. c, d TEM images show the Co3O4-2
particles. Reproduced with permission from Ref. [413]. Copyright (2015) Elsevier

Fig. 4.43 a, b TEM images for C/CoO composites structure which inherited the morphology of
CPP-2 precursor. Reproduced with permission from Ref. [413]. Copyright (2015) Elsevier
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method of MIL-88(Fe) as a sacrificial template, including thermolysis in N2 med-
ium and oxidation in air, resulted in the spindle-like mesoporous structures of
Fe2O3 with a surface area of 75 m2 g−1 [40]. The MOF morphology was retained
after thermolysis, and the resulting iron oxide consisted of aggregated 20 nm-sized
NPs, between which non-ordered mesopores formed (Fig. 4.44).

Porous c-Fe2O3 NPs were prepared by solid-state thermolysis of a mesoporous
Fe(III) carboxylate crystal, MIL-100(Fe) [418]. This nanomaterial has a relatively
large specific surface area of 123.5 m2 g−1, which is expected to benefit from a
two-step thermolysis of the template MIL-100(Fe). In addition, the pore size dis-
tribution shows that most of the pore is concentrated at 10 nm, which indicates that
the mesopores are effective for c-Fe2O3. The average size of Fe2O3 nanorods
obtained from MIL-100(Fe) at temperatures of 623, 823, and 1023 K is 50, 150,
and 200 nm, respectively [419]. As a rule, the surface area, pore volume and pore
size decrease with increasing thermolysis temperature, which also agrees with the
fact that the thermoregulated crystal growth reduces porosity with increasing
thermolysis temperature.

Fig. 4.44 Scheme of the preparation of porous a-Fe2O3 together with the SEM micrographs
acquired for a the MIL-88-Fe crystals obtained by solvothermal synthesis and b the a-Fe2O3 NPs
produced after MOF thermolysis in air. Inset TEM image of an a-Fe2O3 particle formed by
aggregated 20 nm-sized a-Fe2O3 NPs. Reproduced with permission from Ref. [40]. Copyright
(2012) American Chemical Society
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Over the past decade, magnetite (Fe3O4) nanostructures have attracted much
attention due to their numerous applications in the field of information storage,
ferro-fluids, magnetic refrigeration, catalysis, bio-medicine, etc. [420–427]. For
these reasons, thermolysis methods have been successfully used to synthesize
various 0D, 1D, 2D, and 3D Fe3O4 nanostructures with shapes of particles, spheres,
polyhedra, belts, tubes, plates, and flowers. For example, iron(III) oxide NPs were
obtained by thermolysis of Fe(II) 1D CP, [FeL2](SCN)2�MeOH, where L is 4′-
(4-pyridyl)-2,2′:6′,2″-terpyridine, in OA (surfactant) at 559 K in an air atmosphere
[428]. It turned out that Fe(II) CPs are suitable SSPs for simple one-pot preparation
of iron oxide nanomaterials.

4.3.1.4 Titanium Oxides

Thermolysis of Ti-MOFs (MIL-125 and MIL-125-NH2) at 623 K for 6 h in the air
produced TiO2 NPs of ca. 10 nm in diameter (Scheme 4.14) [429].

The resulting NPs were randomly aggregated in each crystalline particle of their
MOF precursors. When MIL-125 and MIL-125-NH2 were respectively heated at
623 K for 6 h in air, TiO2 anatase particles (called TiO2(1) and TiO2(2)) were
obtained with almost identical particle sizes and shapes (Fig. 4.45a). TiO2(1) is
formed as thick rectangular plates with ca. 200 nm in size (Fig. 4.45b), whereas
TiO2(2) particles are sharp rectangles with a large size, ca. 500 nm (Fig. 4.45c).
The particle sizes were calculated as ca. 10 nm for TiO2(1) and TiO2(2) particles.

It is important that each TiO2 particle is not a single crystal, but an aggregate
consisting of randomly oriented *10 nm TiO2 particles (Fig. 4.46). The lattice
fringes of each NP correspond to the d-spacing (0.36 nm) of the (110) crystallo-
graphic plane (Fig. 4.46, inset). It is interesting that these *10 nm particles
aggregate to form larger particles with well-developed surfaces, which is analogous
to their MOF precursor crystals. This means that the formation of TiO2 NPs occurs
within each particle and not with the participation of interparticle reactions. In other

Scheme 4.14 Steps for the production of the aggregated TiO2 NPs by the thermolysis of MIL-125
or MIL-125-NH2 crystals. Reproduced with permission from Ref. [429]. Copyright (2014) Korean
Chemical Society
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words, 10 nm TiO2 NPs are formed in each MOF crystal during thermolysis and
become aggregated and stabilized while maintaining the original morphology of the
MOF crystal.

Fig. 4.45 a Overlapped power XRD patterns of TiO2(1) and c TiO2(2), and SEM images of
b TiO2(1) and c TiO2(2). Reproduced with permission from Ref. [429]. Copyright (2014) Korean
Chemical Society

Fig. 4.46 a, b TEM images of TiO2(1) (inset SAED pattern); c, d TEM images of TiO2(2) (inset
SAED pattern). The images b and d show random aggregation of small NPs with about 10 nm
domains. Reproduced with permission from Ref. [429]. Copyright (2014) Korean Chemical
Society
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Mesoporous anatase TiO2 (MAT) with disk-like morphology was prepared by
direct thermolysis of MIL-125(Ti) in air [430]. The disk-shaped particles with an
average diameter and a thickness of around 1 lm and 400 nm, respectively, are
observed (Fig. 4.47a). A porous nature of a material with a pore size of several
nanometers was obtained (Fig. 4.47b, c). A single microsize disk-type particle
consists of interconnected NPs of ca. 10 nm (Fig. 4.47c). In addition, a lattice
fringe width of 0.352 nm corresponds to the interplanar spacing of the anatase
TiO2(101) plane (Fig. 4.47d).

The mechanism of formation of MAT from high porous MOF (average pore size
� 1.25 nm) is schematically illustrated in Scheme 4.15 [26]. During the thermol-
ysis of the precursor, Ti4+ was converted to TiO2, while carbon and other elements
were oxidized into gas molecules. The gas was gradually released from the pre-
cursor along the micropore channels and, accordingly, the sizes of the secondary
particles decreased, which ultimately led to an increase in the micropores in the
mesopores.

Fig. 4.47 SEM (a), TEM (b, c), and HRTEM (d) images of MAT. Reproduced with permission
from Ref. [430]. Copyright (2016) Elsevier
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4.3.1.5 Manganese Oxides

Thermolysis of the MOF precursor in an air-saturated NaOH solution results in the
displacement of ligands by oxygen, and c-MnO2 nanowire formation with diam-
eters of 20–40 nm grown in the [002] crystalline direction [54].

Temperature is an important parameter controlling the phase composition and
morphology of the nanostructures obtained. Thus, the controlled thermolysis of
[Mn2L(DMA)2]n (L is meso-butane-1,2,3,4-tetracarboxylate, DMA is N,
N-dimethylacetamide) [395] and [Mn2L′] (L′ is 2,5-dihydroxyterephthalate) [431]
by changing the temperature and the atmosphere results in the formation of a
number of nanoporous manganese oxides with different degrees of oxidation: MnO,
Mn3O4, Mn5O8, and Mn2O and maintaining the initial morphology of the original
precursor (Fig. 4.48). In addition, a change in the temperature of thermolysis (573–
973 K) of Mn2(L′) [431] leads to a decrease in lattice defects, increasing the
crystallinity degree of the thermolysis products. It is important that rare low-valence
oxide MnO and metastable phases of Mn5O8 with nanoporous architecture are thus
obtained. In other words, MOF thermolysis can significantly enrich the composi-
tion, structure, and functional properties of the nanoporous MO materials obtained
[41].

A veriety of a-Mn2O3 nanostructures were obtained from the nitrogen-rich
energetic CP [Mn(L)(H2O)2]n (L = 1H,1′H-[5,5′-bitetrazole]-1,1′-bis(olate)) by
changing the thermolysis atmosphere [432]. The results show that the energetic
constituent and thermolysis conditions are the main factors for obtaining completely
different morphologies of thermolysis products. In particular, when the thermolysis
reaction occurs under N2 or O2, rod-shaped mesoporous a-Mn2O3 with a large
specific surface of 50.2 m2 g−1 and monodisperse a-Mn2O3 with a size of 10–
20 nm can be prepared.

Scheme 4.15 Schematic illustration of the formation mechanism of MAT. Reproduced with
permission from Ref. [430]. Copyright (2016) Elsevier
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4.3.1.6 Cadmium Oxide

Cubic CdO NPs were synthesized from the thermolysis of [Cd(2,9-dimethyl-phen)
(TTA)2]n in OA at 453 K in air [34]. The bulk powder of the product showed
regularly shaped Cd(II) oxide NPs with a diameter of about 35 nm (Fig. 4.49).

It should be noted the preparation of CdO nanowires by thermolysis of Cd CP
based on 1,4-benzenedicarboxylic acid, which displays a neutral layered framework
along the ab plane created of the H-bonding interaction through infinite zigzag
chains (Fig. 4.50) [49].

Interestingly, at a higher temperature, the crystal SSP was transformed into
homogeneous CdO nanowires (Fig. 4.51a), which indicated an effective and rea-
sonable complex-precursor procedure to obtain 1D crystalline nanomaterials. It can
be seen that entangled wires have a high degree of purity, and their diameters range
from several to a few ten nanometers, usually about of 20 nm (Fig. 4.51d). In the
sample, only Cd and O are present; in addition, the correct stoichiometry of the
CdO nanowires is confirmed (Fig. 4.51b). From the morphology of nanowires, it
should be noted that some wires in the form of a cluster are assembled by several
parts of a single wire (Fig. 4.51c, d).

It is of interest to obtain CdO NPs by the thermolysis of 3D Cd(II) compound,
[CdL2(H2O)2] (L

− is 1H-1,2,4-triazole-3-carboxylate), at 923 K in air [433].
Thermolysis of nanoplates of two Cd-MOFs TMU-8 and TMU-9 with V-shaped

flexible dicarboxylate ligand 4,4′-oxybis(benzoic acid) and N-donor ligand 1,4-bis
(4-pyridyl)-2,3-diaza-1,3-butadiene at 823 K in an air atmosphere yields CdO NPs

Fig. 4.48 SEM micrographs and diagram of structural transformations of (([Mn2L(DMA)2]n in
manganese oxides during thermolysis [395]
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Fig. 4.50 a ORTEP diagram of 1D zigzag chain with solvent molecules omitted for clarity and
b ORTEP diagram of coordination environment of cadmium ion (hydrogen atoms of solvent H2O
were not added). Reproduced with permission from Ref. [49]. Copyright (2008) Elsevier

Fig. 4.49 SEM photographs of CdO NPs produced by the thermolysis of CP using OA as the
surfactant at 453 K. Reproduced with permission from Ref. [34]. Copyright (2011) Springer
Nature
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(Fig. 4.52) [434]. The formation of aggregation of CdO NPs in the range of 60–
160 nm is observed. It is important that APS of CdO obtained by thermolysis of
TMU-9 be less than that of thermolysis of TMU-8, which is related to the structures
of these two MOFs that affect the final morphology of CdO NPs [7].

Phase pure CdO NPs were obtained by thermolysis of 3D Cd(II) CP, [Cd2L
(N3)3(CH3OH)]n (L = 2-pyridinecarbaldehyde isonicotinoylhydrazonate), in OA at
453 K in an air atmosphere [435]. It should be also noted CdO NPs synthesized
from the thermolysis of Cd(II) CPs, [CdL2(N3)2]n and [CdL2(SCN)2]n (Fig. 4.53),
where L is 2-aminomethylpyridine, at 873 K in air atmosphere for 4 h [435].

The results obtained show that Cd(II) PMCs can be suitable SSPs for the pro-
duction of nanomaterials and do not need special conditions such as high tem-
perature, long time, and pressure control [13, 314, 342, 434, 436].

Fig. 4.51 TEM images of (a, c, d) and EDX spectrum (b) obtained from nanowires. Reproduced
with permission from Ref. [49]. Copyright (2008) Elsevier
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4.3.1.7 Copper(II) Oxide

1D Copper CP [Cu(HL)NO3]n (H2L = [2-[1-(2-hydroxy-propylimino)-ethyl]-phe-
nol]) (Fig. 4.54) was used as an SSP to produce single-phase CuO NPs through a
solid-state thermolysis procedure [437].

CuO NPs with an average diameter of 40 nm were obtained from direct ther-
molysis of SSP at 773 K under air (Fig. 4.55).

The thermolysis of nanoscale Cu(II) CP, [CuL(H2O)2]n
(L = 2,6-pyridinedicarboxylate), at 773 K under air [438] and MOF
[Cu3L2(H2O)3]n (where L is benzene-1,3,5-tricarboxylate) gives CuO NPs [415]. In
addition, spongy CuO (average diameter varying from 10 to 20 lm) was synthe-
sized [439] by direct thermolysis of microporous MOF [Cu3L2]
(L = benzene-1,3,5-tricarboxylate) in a horizontal tube furnace in air, in which

Fig. 4.52 FE-SEM images and the corresponding particle size distribution histogram of CdO NPs
prepared by thermolysis of a TMU-8 and b TMU-9 at 823 K. Reproduced with permission from
Ref. [434]. Copyright (2016) Elsevier

Fig. 4.53 ORTEP diagrams of compounds [CdL2(N3)2]n and [CdL2(SCN)2]n. Reproduced with
permission from Ref. [435]. Copyright (2016) American Chemical Society
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Cu3(L)2 was used as a source of Cu and a precursor of the complexing molecule.
The thermolysis temperature played a key role in the formation of spongy CuO
microstructures. The product consisted of nanosheets with an average edge length
of 80–200 nm and a thickness of about 30 nm. The nanostructures of porous CP
{[Cu2(L)2(dabco)]DMF.3H2O} (L = 2-amino-1,4-benzenedicarboxylate, dabco is

Fig. 4.54 (left) Schematic representation of the synthesis of PMC, and (right) a view of
coordination number of Cu. The long Cu–O bonds are indicated by dashed lines. The coordination
number of Cu with long Cu–O bonds is 6. Reproduced with permission from Ref. [437]. Copyright
(2016) Taylor & Francis

Fig. 4.55 SEM images of CuO NPs prepared by direct thermolysis of Cu(II) CP. Reproduced
with permission from Ref. [437]. Copyright (2016) Taylor & Francis
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1,4-diazabicyclo[2.2.2]octane) are thermolyzed at 773 K for 1 h to obtain nanorods
and nanotubes of CuO [254].

The blue complex [CuL2]n (L− = N,N-bis(2-hydroxyethyl)glycinate) heated to
773 K for 6 h in a muffle furnace leads to the formation of black CuO (tenorite)
microplates [440]. The thermolysis product was obtained in the microplate mor-
phology (Fig. 4.56). The length and width of these plates vary from 3 to 12 lm and
from 0.5 to 3 lm, respectively. The average size and shape of these plates remain
unchanged with a longer thermolysis time, up to 14 h.

It should be noted that copper oxide NPs have been successfully synthesized by
one-step solid-state thermolysis of two MOFs, [Cu3L2] (1) and [Cu(L′)(DMF)] (2),
(L = benzene-1,3,5-tricarboxylate, L′ = therephtalic acid = 1,4-benzendicarboxylic
acid) in an air atmosphere at 673, 773, and 873 K [441]. It is important that the
thermolysis temperature plays an important role in the formation of copper oxide
NPs.

The conducted studies show that MOFs can be used as the SSPs for obtaining
CuO nanomaterials with different and remarkable morphology.

4.3.1.8 Nickel Oxide

Routes of thermolysis [442–444] were studied to obtain nickel oxide NPs. In
particular, thermolysis of bulk powder and nanoscale Ni-MOF with cubic building
blocks and 1D open channels, in particular, {[Na16(Ni8L12)(H2O)20(H2O)4]
(CH3CN)(H2O)18.5} ∞ (H3L = 4,5-imidazoledicarboxylic acid), at 973 K under
air led to NPs with the size and morphology of NiO NPs, depending on the particle
size of the parent compound (Scheme 4.16) [445].

The compound [NiLH2O]n, where L is the thiodiacetate ligand S(CH2COO)2
2−,

was synthesized, and its thermolysis yielded microcrystalline NiS/NiO [363]. The
NPs of CP based on 1,4-benzenedicarboxylic acid were thermolyzed at controlled
temperature to produce nickel oxide NPs, which have regular multilayered

Fig. 4.56 (left) Coordination environment of [CuL2]. All hydrogen atoms are omitted for clarity,
(right) SEM of CuO after thermolysis of 1 at 773 K (6 h). Reproduced with permission from Ref.
[440]. Copyright (2007) Elsevier
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morphology and a high degree of crystallinity [446]. In addition, the NiO NPs had a
relatively high BET specific surface area (112 m2 g−1) and a well-defined pore size
(10 nm), and, therefore, showed considerable potential for use in a wide variety of
applications.

4.3.1.9 Chromium Oxide

Mesoporous Cr2O3/Al2O3 with a large specific surface area and a high pore volume
was synthesized using MIL-101 as the host matrix and chromium as a precursor
along with aluminum isopropoxide as an aluminum precursor [328]. A scalable
synthesis strategy for the production of octahedral Cr2O3 with a large surface area
and porosity was developed by thermolysis synthesis using MIL-101(Cr) as a
sacrificial template [298].

4.3.1.10 Palladium Oxide

PdO NPs with a diameter of 5–7 nm were prepared in situ by thermolysis of meso-
tetrakis(pyridyl)porphyrin and Na2PdCl4 in a molar ratio of 1:4 in DMF [447].

4.3.2 Main Group Metal Oxides

Porous In(III) MOF, [In2(OH)2L]n�2nH2O (MIL-60, L = 1,2,4,5-benz
enetetracarboxylate) was used to obtain In2O3 NPs by direct thermolysis at
723 K under air [448], in which there is no aggregation of particles, and the NPs are
clearly different.

It should be noted that indium(III) oxide NPs (50–65 nm) were obtained by
thermolysis of [In2(OH)3(L)1.5]n (L is 1,4-benzenedicarboxylate) at 723 K in air
[449]. Also from the thermolysis of the series of In(III) coordination polymer

Scheme 4.16 Materials produced and synthetic methods. Reproduced with permission from Ref.
[445]. Copyright (2012) Elsevier

4.3 Preparation of Metal Oxide Nanomaterials 301



particles (CPP), CPP-1, CPP-2 [80], CPP-3, CPP-5 [270], CPP-6, CPP-7, and
CPP-8 [450], various morphologies of In2O3 have been achieved. Hollow and
non-hollow In2O3 particles with different morphologies can be selectively obtained
from PMCs in accordance with their chemical composition and porosity. During
thermolysis at 823 K, the hexagonal rod microparticles of the CPP-1 based on
1,4-benzenedicarboxylate and In(III) ions form hexagonal polycrystalline NPs
(consisting of*20 nm crystallites) of In2O3 in the form of rods whose size is about
35% smaller than the original SSP [80]. A similar character of morphology
transformation during thermolysis is shown in the case of CPP-2, consisting of In
(III) and 2,6-bis[(4-carboxyanilino) carbonyl] pyridine with the particles in the form
of hexagons (Fig. 4.57).

Interesting are porous CPs, CPP-3, and CPP-5 with [In(OH)(L)]n unit (L is
1,4-benzenedicarboxylate), which have the same components but have different
morphologies, as well as CPP-6, CPP-7, and CPP-8, obtained by the solvothermal
reaction of In(NO3)3�xH2O and L ligands in which the morphology of compounds
changes by simply adding acetonitrile under identical reaction conditions. During
thermolysis, the initial PMC precursor morphology was retained [80]. These
morphologies include non-hollow microhexagonal rod-shaped, non-hollow
hexagonal disk-shaped, hollow microelongated hexagonal-shaped, hollow
microellipsoid and rod-shaped, which are polycrystalline In2O3 consisting of
numerous In2O3 NPs with APS of � 20–40 nm. The difference in composition and

Fig. 4.57 a SEM images of (a-top) hexagonal rod-shaped precursor CPP-1, b (b-top) elongated
hexagon-shaped precursor CPP-2. SEM (middle) and TEM (bottom) images of a non-hollow
hexagonal rod-shaped In2O3, b hollow elongated hexagon-shaped In2O3. Reproduced with per-
mission from Ref. [80]. Copyright (2009) Royal Society of Chemistry
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porosity can influence the production of different morphologies of non-hollow and
hollow, influenced by the thermolysis mechanism of PMC precursors.

Another MO that can be obtained from PMC thermolysis is lead oxide, which is
captivating due to its numerous compositions and phases, such as PbO, Pb2O,
Pb2O3, and Pb3O4. The use of PMCs as SSPs for the production of PbO has not yet
been thoroughly investigated [57, 58, 451–453]. Among the various synthesis
methods for the preparation of lead oxide, the thermolysis of lead complexes has
advantages due to its relatively low processing costs, much milder processing
conditions and the ability to control the grain size. A series of Pb-PMCs was used to
form PbO NP [454, 455]. In all cases, PbO obtained from nanoPMCs or using a
surfactant has a better morphology or particle size.

Thus, [Pb2(2,9-dimethyl-phen)2(l-N3)2(l-ClO4)2]n [456] was used to obtain
PbO NPs. We also note PbO NPs (*25 nm) obtained by thermolysis of
plate-shaped nanostructures of 1D Pb(II)-PMC containing the Pb2(l-I)2 motif,
[PbLI2]n (L = neocuproine or 2,9-dimethyl-phen), at 453 K with OA as a surfactant
[457]. The thermolysis of the 3D CP [Pb(phen)(l-N3)(l-NO3)]n containing the
azide-anion ligand at 453 K with OA as a surfactant gave PbO NPs [458]. The
average diameter of the NPs was estimated as 33 nm by the Scherrer equation. 3D
Pb(II) CP, [Pb3(2,9-dimethyl-phen)2Cl6]n (Fig. 4.58, left), obtained by the reaction
of PbCl2 with 2,9-dimethyl-phen was used as SSP for the preparation of PbO NPs
by direct thermolysis at 873 K in the air [459]. Diffraction peaks are consistent with
the orthorhombic crystalline system. It was found that APS of the NPs is about
70 nm, and the NPs have a narrow size distribution (23–56 nm) and good particle
separation (Fig. 4.58, middle). Analysis of the EDX spectrum (Fig. 4.58, right)
proved the existence of lead and oxygen in NPs without any impurities, indicating
complete removal of the organic part.

NPs of two CPs, [Pb(5,5′-dimethyl-bpy)Cl2]n and [Pb(5,5′-dimethyl-bpy)Br2]n,
were synthesized by ultrasonic at various concentrations [460]. Metal oxide NPs
were prepared from CP thermolysis at 873 K in an air atmosphere for 4 h
(Fig. 4.59). The formation of lead(II) oxide NPs with an average diameter of about
80 and 90 nm for the first and second CP, respectively, is shown. The XRD pattern
corresponds to standard pattern of the orthorhombic PbO structure. It is important
that the size of the CP SSP and temperature correlate with the particle size of the
resulting lead(II) oxide NPs.

Fig. 4.58 (left) ORTEP diagram of the asymmetric unit of the PMC. Thermal ellipsoids are drawn
at 40% probability level; (middle) SEM image, and (right) EDX spectrum of PbO NPs.
Reproduced with permission from Ref. [459]. Copyright (2014) Springer Nature
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The PMC of Pb(II) nitrate complex with bridging trans-1,2-bis(4-pyridyl) ethene
(L) ligand, [Pb(l-NO3)2L(MeOH)]n, was used [461] to prepare PbO NPs by two
different ways. Nanostructured PbI2 and PbO were synthesized from Pb(II) CP, [Pb
(l-L)(l-I)2]n, where L is pyrazine, by thermolysis with argon and air, respectively
[462]. Various N-heterocyclic ligands with carboxyl or carboxamide groups were
also used. Thus, after thermolysis of nanobelts of Pb(II) CP, [Pb2]n,
HL = 3-pyridinecarboxylic acid, a pure phase of nanoscale PbO was obtained at
673 K [386]. The crystalline and nanostructures of two Pb(II) CPs,
[Pb2L4(MeOH)]n (L = 2-pyrazinecarboxylic acid) and [Pb(L′)2]n (L′ = 2-qui
nolinecarboxylic acid), were heated to 873 K to obtain PbO NPs with different
morphology and size [463].

It is of interest to synthesize PbO NPs (*30 nm) by thermolysis of the Pb(II)
complex, {[Pb2L2(NO3)4]�MeOH}n, where L is N,N′,N″-tris(pyrid-3-ylmethyl)-1,3,
5-benzenetricarboxamide, at 453 K with OA as a surfactant [461]. The thermolysis
of 2D Pb(II) CPs, [Pb2(l2-L)2(NO3)4]n, where L is 1,6-bis(2-pyridyl)-2,
5-diaza-1,5-hexadiene, in OA as a surfactant at 453 and 473 K under air led to PbO
particles of about 60 nm [464].

It should be noted the preparation of PbO NPs by thermolysis of 1D Pb(II) CP,
[Pb3L3(N3)3(NO3)3]n (1), (L = pyridin-2-ylmethanamine), at 453 K with OA as a
surfactant (Fig. 4.60, top) [465]. The nanostructure of CP was obtained by ultra-
sonic irradiation in an aqueous methanol solution, and single crystal material was
obtained using a heat gradient applied to a solution of the reagents (the “branched
tube method”). In these compounds, the three Pb(II) centers have different coor-
dination numbers. In addition, three interesting coordination modes of azide anions
(l2-1,1, l3-1,1,3 and terminal azide anions) are observed in the structure. The
thermolysis process produces a regular shape of PbO NPs with a diameter of about
20–30 nm (Fig. 4.60, bottom). The final product of PMC thermolysis corresponds
to the standard pattern of tetragonal PbO.

PbO NPs can be synthesized from the thermolysis of 1D Pb(II) CP, [Pb(l-NO2)
(l-L)(H2O)]n (HL = 2-pyridinecarboxylic acid) under two different conditions with
OA and OAm as a bisurfactant (Fig. 4.61a) or OA as a surfactant (Fig. 4.61b) in an

Fig. 4.59 SEM image of PbO nanostructure prepared by thermolysis of first (left) and second CP
(right) at 873 K. Reproduced with permission from Ref. [460]. Copyright (2017) Springer Nature
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air atmosphere [466]. The final products in the PMC thermolysis are tetragonal PbO
NPs of regular shape.

The nanoflower Pb(II) CP, [PbLN3MeOH]n, where L is 2-pyridinecarbaldehyde
isonicotinoylhydrazoneate), was synthesized using a sonochemical method, and
single crystalline material was obtained using a heat gradient applied to the reagent
solution [467]. After thermolysis of CP at 453 K with OA, a pure phase of
nanoscale PbO was obtained. At the same time, nanopowders of tetragonal PbO
were prepared by thermolysis in an air atmosphere of nanoflowers (Fig. 4.62).

Fig. 4.60 (top) Materials produced and synthetic methods, (bottom, left) From three nuclear
building blocks (monomer) to 1D coordination polymer, (bottom, right) SEM photographs of PbO
nanopowders (produced by thermolysis of nanoPMC). Reproduced with permission from Ref.
[465]. Copyright (2011) Taylor & Francis

Fig. 4.61 SEM photographs of PbO NPs produced by thermolysis of PMC under two different
conditions; a using bisurfactant, OA and OAm, and b using only OA as a surfactant. Reproduced
with permission from Ref. [466]. Copyright (2010) Elsevier
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PMC [Pb2L2(OAc)2]n, (HL = 5-chloroquinolin-8-ol) (Fig. 4.63), synthesized in
the presence of MeCN, was used as an SSP to produce PbO NPs by thermolysis in
OA [468].

The resulting compounds are PbO NPs (Fig. 4.64a). These NPs have a diameter
of 8–27 nm, but the frequency (the number of NPs in each size distribution) of NPs
with 10–15 nm diameters is higher than that of others (Fig. 4.64b). In fact, OA
forms micelles as nanoreactors, kinetically preventing agglomeration of NPs.

Among the other interesting examples, we note the preparation of PbO from
thermolysis of the CPs such as [Pb4(l-8-hydroxyquinolin)6(NO3)2]n [469], [Pb
(2-quinolincarbaldehyde nicotinohydrazide)(NO3)2]n [470], [Pb(H2O)(l-OAc)
(l-saccharin)]n [471], [Pb3(8-hydroxyquinolin)2(l-Br)4]n [472], [Pb(2,3-pyridined
icarboxylic acid)(H2O)]n [473], [Pb2(2-pyridinecarboxilic acid)2(I)2]n and
[Pb2(2-pyridinecarboxilic acid)2(Br)2]n [474], [Pb2(4-pyridinecarboxilic acid)2I2
(H2O)]n and [Pb(3-pyridinecarboxilic acid)I]n [475], [Pb(diphenyl acetic acid)2]n and
[Pb(monophenyl acetic acid)2]n [62], [Pb2(2-Me-8-hydroxyquinolin)2(MeOH)2]n
[476], and nanostructures of lead(II) oxalate (PbC2O4) [477].

As an example of the production of MgO NPs, we note solid-state thermolysis at
923 K of bulk powder and nanosized MOF {[Mg(HL)(H2O)2]�1.5H2O}n,
(H3L = 4,5-imidazoledicarboxylic acid) prepared using two different paths
(Fig. 4.65). It is important that the size and morphology of MgO NPs depend on the
size and morphology of PMC [478].

Fig. 4.62 a TEM image, b SAED pattern, and c SEM photographs of PbO nanopowders
produced by thermolysis of PMC. Reproduced with permission from Ref. [467]. Copyright (2013)
Springer Nature

Fig. 4.63 a Primary structural building unit of [Pb2(L)2(OAc)2]n, b formation of 1D
supramolecular polymer as a result of secondary Pb … C interactions, and c another view of
this 1D supramolecular polymer, (Pb = orange, O = red, N = blue, C = gray, Cl = green, and
H = white). Reproduced with permission from Ref. [468]. Copyright (2017) Elsevier
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It is of interest to prepare mesoporous and nanostructure alumina from
Al-MOFs, such as MIL-53, DUT-5, MIL-100, MIL-110, and MIL-96 as SSPs [479,
480]. It is important that the final alumina texture, such as morphology, porosity,
and crystallinity, strongly depend on the SBU and the ligand type that was used to
construct the MOF [481]. All of the aforementioned MOFs produce amorphous
alumina or alumina with a low degree of crystallinity and a low surface area. At the
same time, the aluminum fumarate MOFA520 was used as an SSP to produce
mesoporous alumina with a high surface area during thermolysis at 1023 K
(Fig. 4.66) [482–484]. A well-crystallized mesoporous c-alumina with a surface
area of 205 m2 g−1 and a narrow pore size distribution is observed. In addition,
warm-like morphology of MOFA520 was maintained and did not collapse during
thermolysis; it is simply compressed and transferred to c-alumina. It is interesting
that 1D fibrous morphology is shown in which fibers, twisted and manufactured
scrolls are present.

It should be noted that the sharp bands of MOFA520 after heat treatment at
723 K collapsed, which clearly indicates the destruction of the MOFA520 frame-
work. The brownish color of the material (Fig. 4.67b) confirmed this conclusion.

Fig. 4.65 a Overview of the methods used for the synthesis of PMC, and SEM images of b PMC
nanorods prepared by a sonochemical process, and c MgO nanostructure prepared by the
solid-state thermolysis of the PMC nanostructure at 923 K [478]

Fig. 4.64 a SEM image of PbO NPs synthesized from thermolysis of PMC microrods prepared in
1:1 mixture of MeOH:MeCN as the bulk sample, b corresponding histogram of it. Reproduced
with permission from Ref. [468]. Copyright (2017) Elsevier
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Fig. 4.66 Preparation of MOFA520 and conversion to nanosheet and nanorolls alumina.
Reproduced with permission from Ref. [484]. Copyright (2016) Elsevier

Fig. 4.67 MOF A520 as-synthesized (a), A520-723 K (b), A520-823 K (c), A520-923 K (d).
Reproduced with permission from Ref. [484]. Copyright (2016) Elsevier
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With further heat treatment, the color of the material changed, and in the FTIR
spectrum, the valley began to develop between 435 and 1000 cm−1, and after
thermolysis at 1023 K, two bands at 738 and 620 cm−1 were solved, which were
associated with the bending vibrations of Al–O and Al–O–Al of c-alumina,
respectively [32].

4.3.3 Rare Earth Metal Oxides

There are few reports on the synthesis of nanoceria from PMCs [485, 486]. As a
typical example, we note the thermolysis of the cerium-based CPs micro/
nanostructures such as NPs, nanorods, and microflowers based on three isomers
of benzenedicarboxylic acid at a high temperature, leading to ceria with retention of
morphology [487]. It is important that the amorphous products were obtained using
benzene-1,2-dicarboxylic acid. At the same time, well-crystallized CeO2 NPs were
obtained with the other two isomers by thermolysis at 1073 K for 2.5 h (Fig. 4.68a).
Powder XRD pattern of the residue confirmed the formation of CeO2 (Fig. 4.68b).

NPs of Ce(III) CP, (NAMH+)2[Ce4L6(HL)2(H2O)8]
−8H2O, (H2L = 2,6-pyri

dinedicarboxylic acid, NAM = nicotinamide), are synthesized using the sono-
chemical method [488]. Ceria NPs were obtained by thermolysis of PMC at 1073 K
in atmospheric air. In another interesting example, the thermolysis of 2D cerium
(III) CP, [Ce(L)(HL)(H2O)3]n, (H2L = 2,3-pyrazinedicarboxylic acid) at 1073 K in
the air atmosphere yields ceria NPs [489].

Thermolysis of monolithic macroporous foams of lanthanide-organic CPs
(Ln = La, Ce, Pr, Nd, Sm, Eu) based on L-asparagine as SSPs gives hierarchically
mesomacroporous or macroporous monolithic foams of lanthanide oxides (La2O3,
CeO2, Pr6O11, Nd2O3, Sm2O3, and Eu2O3) [490]. For La2O3, CeO2 and Pr6O11

foams, macropore walls consist of crystal flakes, aggregation of nanocrystals, and
meshwork of crystal Pr6O11 nanorods, respectively, whereas in the case of Sm2O3

and Eu2O3 foams irregular macropores of different sizes are observed. The
mixed-lanthanide oxides and lanthanide transition metal oxides can be obtained
using doped lanthanide CP foams [490].

Fig. 4.68 SEM image (left) and XRD pattern (right) of CeO2 NPs, prepared by thermolysis of
PMC at 1073 K. Reproduced with permission from Ref. [487]. Copyright (2017) Taylor & Francis
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4.3.4 Preparation of Metal Nanomaterials

There are many ways to generate metallic NPs with different shapes and sizes [491,
492]. However, the solid-phase synthesis of metallic NPs through the precursor
complex synthesis is very rare. In particular, the use of silver CPs or silver nanoCPs
for the preparation of silver NPs has not been widely studied. As an example, we
note the thermolysis of CP chains assembled from Ni(II) hexaazamacrocycle based
on cyclam (1,4,8,11-tetraazacyclotetradecane) and sodium 4,4′-biphenyldicarbox-
ylate, which can be packed to form a porous framework (Fig. 4.69).
Nanocomposites of silver NPs and matrices can be obtained by immersing the
framework in AgNO3 solution and the matrix-free silver NPs (�3 nm), isolated by
solid treatment with boiling dioctyl ether containing OA [28].

It should be noted that the temperature of thermolysis of two silver(I) CPs, [Ag
(HQ)(Q)]n and {[Ag(HQ)2]NO3}n, where HQ is 8-hydroxyquinoline, has effect on
the formation of silver NPs [18]. Single crystal X-ray analysis showed that CPs
have a 3D supramolecular network (Fig. 4.70).

It turned out that with increasing temperature, the tendency toward agglomera-
tion of silver NPs increases (Fig. 4.71).

The thermolysis of the sinusoidal CP [AgL](ClO4), where L is diethylbis
(4-pyridyl)silane, at 673 K creates the circle morphology with the evolving burned
organics and at 873 K forms network circles consisting of silver(0)/silver chloride
(chlorargyrite)/silicon(IV) oxide composite with a microsized convexo-concave
surface [493]. In contrast, the thermolysis of [Ag(L)](BF4) crystals at 873 K pro-
duces silver(0) materials without silicon(IV) oxide.

The solid-phase grinding of the unique framework-builder bpy with AgNO3 led
to the efficient formation of 2D CP of Ag(I) SSP (Fig. 4.72) [56]. The crystalline
SSP is transformed into silver NPs during thermolysis. Supramolecular preorga-
nization of SSP in the solid-state plays a significant role in the formation of Ag NPs.
This is an efficient way of synthesis of Ag NPs in solid state in bulk without the use
of a reducing agent and a stabilizer. Ag NPs have a uniform size distribution.

Ag NPs were synthesized by thermolysis of crystalline PMC. The SSP was
heated to about 823 K in an N2 atmosphere in a muffle furnace. The formation of

Fig. 4.69 Synthesis of CP based on 4,4′-biphenyldicarboxylate and cyclam, the stacking of the
linear chains to generate 1D channel and HRTEM images of the solid isolated after immersion of
the desolvated CP in a methanolic solution of AgNO3 at room temperature for 10 min.
Reproduced with permission from Ref. [28]. Copyright (2005) John Wiley and Sons
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spherical Ag NPs in the prepared sample is shown (Fig. 4.73). There is an accurate
size distribution and a well-stabilized Ag NPs with a critical size of 15 nm
(Fig. 4.73, inset). These solid NPs are stable for 15 day when stored under N2

atmosphere at room temperature.

Fig. 4.70 Fragments of supramolecular networks in first (a) and second CP (b), showing the role
of secondary Ag … C and hydrogen bonding interactions in the formation of these polymers, (Ag
violet, O red, N blue, C gray, H white). Reproduced with permission from Ref. [18]. Copyright
(2016) Springer Nature

Fig. 4.71 SEM images of silver NPs obtained from the thermolysis of PMC at a 673, b 873, and
c 973 K. Reproduced with permission from Ref. [18]. Copyright (2016) Springer Nature
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Two linear silver(I) nitrate CPs with the bitopic ligand 1,1,2,2-tetra(pyrazol-1-yl)
ethane were synthesized [494]. In both structures, silver ions are connected through
the bridging molecules of the ligand to form polymeric chains with a five-atomic
environment. The coordination environment of the central atom corresponds to a
distorted trigonal bipyramid with two N atoms of different ligands in apical posi-
tions (Fig. 4.74).

Thermolysis of CPs in a reducing atmosphere (H2/He) leads to the formation of
silver NPs with a narrow size distribution. The effect of the atmosphere and the final
temperature of thermolysis on the size of product crystallites have been studied for
complex 2. Thermolysis of 2 in a reducing atmosphere showed that parameters such
as the thermolysis time and the final temperature do not have a significant effect on
the crystallite size of the formed Ag NPs, and in the helium atmosphere such
dependence exists. The formation of amorphous carbon obviously has a great

Fig. 4.72 Solid-phase precursor synthesis of Ag NPs. Reproduced with permission from Ref.
[56]. Copyright (2010) Royal Society of Chemistry

Fig. 4.73 TEM pictures of Ag NPs. Inset particle size distributions of the as-prepared Ag NPs.
Reproduced with permission from Ref. [56]. Copyright (2010) Royal Society of Chemistry
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influence on the stabilization of the formed silver NPs, and its crystallite size is
always in the range of 9–21 nm. On the other hand, the size distribution for NPs
formed in the helium atmosphere was wider and reached 12–53 nm (Table 4.2)
[494].

The micro- and nanostructures of 1D CP [Ag2(l2-L)2]n (HL = 2,4-dichlo
rophenoxyacetic acid) with corrugated tape chains synthesized as a bulk sample by
sonochemical process and from a mechanochemical reaction were used as SSPs for
the preparation of silver NPs by direct thermolysis at 573 K and thermolysis in OA
as a surfactant at 453 K [73]. It turned out that in the presence of OA less
agglomerated nanostructures are formed. It is important that the size, dispersion,
morphology, and agglomeration of the original SSP have a direct influence on the
size, dispersion, morphology, and agglomeration of metallic silver.

The thermolysis of nanostructures of 1D CP [Ag(HL)(L)]n (HL = 2-methyl-
8-hydroxyquinoline) synthesized by the reaction of HL and AgNO3 by sono-
chemical process in OA leads to the formation of a silver nanostructure (Fig. 4.75)
[97].

Agglomerated metallic silver with spongy nanostructure from direct thermolysis
of nanostructures of 2D CP [Ag(l3-HL)]n (H2L = maleic acid) was obtained [353].

An interesting strategy is the preparation of symmetrical coralloid Cu 3D
superstructures with a surface alternating with clusters of Cu NPs by direct ther-
molysis of [Cu3L2]n (L = benzene-1,3,5-tricarboxylato) MOF in a one-end-closed
horizontal tube furnace [495].

Table 4.2 Crystallite size of Ag NPs: final products of PMC (2) thermolysis under different
conditions [494]

Thermolysis conditions (T, thermolysis time) Crystallite size range for
different atmospheres (nm)

He H2/He (7.2%)

673 K, 0 h 12–23 11–20

673 K, 3 h – 11–20

673 K, 10 h 17–30 10–20

873 K, 0 h – 10–21

1073 K, 0 h 26–53 –

Fig. 4.74 Thermal ellipsoid plots of complexes 1 (a) and 2 (b) showing 50% probability
ellipsoids. Hydrogen atoms have been omitted for clarity [494]
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The oriented growth of single crystalline Cu(111) flake, which is usually pre-
pared by depositing high-quality metal films (substrates) on the surface, was syn-
thesized by simply thermolysis of the 1D chain-like hybrid CP [(CuBr)2(bpy)]n by
adjusting the heating procedures (Fig. 4.76) [496]. It is important that thermolysis
conditions influence the morphology of the product and provide a simple method
for the synthesis of Cu(111) flake.

The SEM image indicates that the sample is a folded flake (Fig. 4.77a) and EDS
data (Fig. 4.77b) show that the product contains only Cu, C, and O. The TEM and
HRTEM images (Fig. 4.77c, d) show that the Cu flake is a single crystal and
corresponds to the [111] zone axis. Together, the data obtained are consistent with
the oriented growth of the Cu(111) flakes.

CPs can also be used in the synthesis of certain alloys, which is a rare phe-
nomenon [497]. As an example, we note the synthesis of GeFe1.4 alloy NPs using
nano CP, Ge–ox–Fe as SSP, in a reaction involving the solid-phase reduction at H2

above 1073 K, accompanied by decomposition. The transformed GeFe1.4 NPs
demonstrated a unique ferromagnetic behavior [315].

Fig. 4.75 SEM images of CP nanostructure prepared by sonochemical process (left) and silver
nanostructure prepared by thermolysis (right). Reproduced with permission from Ref. [97].
Copyright (2014) Elsevier

[(CuBr)2(bpy)]n                                                                                        Cu(111) 

Fig. 4.76 Preparation of Cu(111) flake by thermolysis of [(CuBr)2(bpy)]n under N2 at 1023 K.
Reproduced with permission from Ref. [496]. Copyright (2009) Royal Society of Chemistry
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4.4 Preparation of Mixed-Oxide Nanocomposites

Heterometallic PMCs can be used as SSPs for the synthesis of functional oxide
materials (e.g., metal oxide ceramics) because of the existence of various types of
metals in the structure. In this case, heterometallic PMCs have the following
advantages: the ratio of metal ions is precisely determined, the temperature of
solid-phase thermolysis to oxide is relatively low, and the size of the resulting
particles can be controlled, which is usually in the nanometer range, changing the
thermolysis temperature [498]. It should be noted that heterometallic carboxylate
PMCs constitute a significant proportion of such SSPs [499]. Interest in these PMCs
is due to their structure: ions of different metals are located relatively close to each
other in the molecule [500–502], and carboxylate groups provide a sufficient
number of oxygen atoms, which can facilitate the thermolysis to metal oxides. This
allows the use of such heterometallic PMCs as SSPs for the thermal synthesis of

Fig. 4.77 a SEM image, b EDS spectrum, c TEM, and d HRTEM images of sample: Cu(111)
flake from thermolysis of [(CuBr)2(bpy)]n at 1023 K for half an hour with under N2. Reproduced
with permission from Ref. [496]. Copyright (2009) Royal Society of Chemistry
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mixed oxides [503–505]. It is important that carboxylate PMCs are usually readily
available, which is important for large-scale synthesis of oxides.

Spinel ferrite NPs with the formula of MFe2O4 (M = Co, Ni, Zn, or other
metals) have both technological and scientific significance due to their exceptional
properties and a wide range of applications in various fields [506–514]. Among
spinel ferrites, CoFe2O4 has a cubic spinel structure and is widely studied because
of its high chemical stability, mechanical hardness, and interesting magnetic
properties [493]. Several synthesis routes have been developed for the production
of cobalt ferrite NPs [515, 516]. The route of synthesis is an important factor
affecting the physical and chemical properties of spinel NPs; therefore, a large
number of studies on these materials with respect to methods of their preparation
have been carried out [511].

Mixed-metal oxalate PMCs were used to obtain bimetallic or mixed-oxide NPs.
Thus, a family of 2D polymetallic oxalate-bridged polymeric networks [517] with
general formula [MII(H2O)2]3[M

III(ox)3]2(18-crown-6)2 (MIII = Cr, Fe; MII = Mn,
Fe, Co, Ni) exhibiting ferro-(Cr3+) or ferrimagnetic (Fe3+) ordering in the 3.6–20 K
interval, depending on the nature of the trivalent metal ion, was used as SSPs to
obtain pure phases of mixed oxides of spinel-like structures as (Mn,Co,Fe)3O4,
which behave like a magnet at room temperature (Scheme 4.17).

Mesoporous nickel ferrite (NiFe2O4) spheres were prepared by aerosol spray
pyrolysis method using Pluronic F127 as a structure-directing agent, and metal
nitrates were used as inorganic precursors for the oxide [518]. Self-assembly of
organic and inorganic species with subsequent decomposition of metal nitrate and

Scheme 4.17 Transformation of polymetallic oxalate-based 2D magnets into spinel-like magnetic
oxides by thermolysis. Reproduced with permission from Ref. [517]. Copyright (2016) American
Chemical Society
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inorganic polymerization was carried out in droplets of ethanol aerosol in N2

atmosphere at 673 K. It is important that evaporation of the solvent at 323 K in the
chamber caused self-assembly between the structure-directing agent and the metal
ions. It should be noted that the mesoporous crystalline nickel ferrite spheres were
obtained after the spheres were thermolyzed at 573 K in air to remove the
structure-directing agent and increase the crystallinity. Mesoporous NiFe2O4

spheres with a high specific surface area (278 m2 g−1) with a highly crystalline
framework were prepared by adjusting the amount of structure-directing agent and
the thermolysis conditions.

It is interesting to use the “escape-by-crafty-scheme” strategy to obtain spinel
oxides AMn2O4 (A = Zn, Co or Ni) by thermolysis of the corresponding MOF
SSPs [519]. The synthesis starts from mixed-metal MOFs containing two metal
cations using the appropriate metal acetates and perylene-3,4,9,10-tetracarboxylic
dianhydride (L) as a ligand. Synthesized MOFs, ZnMn2-L, is a gypsum-flower-like
morphology with a size of ca. 3 mm (Fig. 4.78a). In a second step, MOFs are
thermally transformed into a structured spinel of ZnMn2O4 with a morphology
inherited from the MOFs precursors. The spinels retained the morphology of the
precursor MOFs, showing gypsum-flower-like morphology of 2–3 mm, containing

Fig. 4.78 Illustration of the ZnMn2-PTCDA MOF precursor. a SEM image of ZnMn2-L, b SEM,
and c TEM images of ZnMn2O4. Reproduced with permission from Ref. [573]. Copyright (2012)
Royal Society of Chemistry
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platelets 60 nm in thickness (Fig. 4.78b, c). The ZnMn2O4 material has a meso-
porous structure and a specific surface area of 42 m2 g−1.

Hollow structures of mixed valence metal oxides (CuO/Cu2O) were obtained
from MOF [Cu3(L)2]n (L = benzene-1,3,5-tricarboxylate) by thermolysis at 623 K
(Scheme 4.18) [397].

Two types of d-f heterometallic CP SSPs, {Sm[M(ox)3]�nH2O}x (M = Fe and
Co), were prepared by the reaction of K3[M(ox)3]�3H2O with Sm(NO3)3�nH2O in
methanol solvent [520]. It was found that oxides of the perovskite type, SmMO3

(M = Fe and Co), are formed in the temperature range >873 K. The average
dimensions of the SmFeO3 crystallites in the (110) direction, as well as BET
specific surface areas of the SmFeO3 samples thermolyzed at each temperature are
shown in Table 4.3 [520]. The estimated average sizes decreased with a decrease in
the thermolysis temperature of the heterometallic CP SSP, and the specific surface
areas increased with decreasing temperature of thermolysis.

Another typical example of the use of CPs for the production of mixed-metal
oxides is the thermolysis of MOF [Gd(H2O)3Co(L)3] (L is 2,3-pyridinedi
carboxylate) at 673, 973, and 1073 K, which results in the production of
GdCoO3 mixed-metal oxides with APS of 3 ± 2, 12 ± 3, and 200 ± 20 nm,
respectively [521].

Comparative study of the thermolysis processes of CPs [BaCuL2]n, [BaCu
L2(H2O)]n and [Ba3Cu3L6(H2O)11]n�2n(H2O), where H2L is 1,1-cyclopropan
edicarboxylic, 1,1-cyclobutanedicarboxylic, and butylmalonic acid, respectively,
showed that dehydration proceeds according to one scheme, and the bonds between
structural fragments in anhydrous intermediates become stronger [522]. Thermal
destruction of anhydrous CPs occurs above 443 K. It is important that the phase
compositions of their solid products are determined by the conditions of

Scheme 4.18 Schematic illustration of the formation of CuO/Cu2O hollow polyhedrons with a
porous shell. Reproduced with permission from Ref. [397]. Copyright (2006) American Chemical
Society
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thermolysis, and the formation of BaCuO2 from the last CP could be realized under
softer conditions than the formation from the first two CPs.

It should be noted the isostructural complexes [LnL(acac)2(H2O)]n (Ln = Eu, Gd,
Tb, Dy, Ho, Er; L = (η5-C5H4)Mn(CO)3) having a polymer structure based on
L-bridged {Ln(acac)2(H2O)} fragments, which were prepared by the exchange reac-
tions of hydrated Ln acetylacetonates with L in a mixture of CHCl3-EtOH-H2O [523].
Thermolysis of CPs in air and in the atmosphere of Ar gives the phases of LnMnO3.

3D porous CPs [(H2O)3(l-H2O)2CuBa(l3-L)L]n and [(l-H2O)CuBa(l3-L)
(l4-L)]n are of interest, where HL is dimethylmalonic acid [524]. Full solid-phase
thermolysis of CPs leads to a mixture of BaCuO2, BaCO3, and CuO. It is important
that the crystalline phase of the pure cubic BaCuO2 can be obtained using specific
conditions. The thermolysis of Ba-Co and Ba-Zn heterometallic 3D CPs
[BaM(H2O)5L2]n based on the same ligand occurs in one step [525]. Crystalline
BaCoO3−x and BaZnO2 are formed as a result of solid-phase thermolysis of the CPs
under the following conditions: air flow rate 60 ml min−1, heating rate 10 K min−1 to
t = 1073 or 1023 K, followed by storage for 12 h at the same temperatures
(Fig. 4.79).

The ultrafine powders obtained by thermolysis of the polymeric SSP of the
La2Mo2O9 composition were successfully prepared by the in situ polymerizable
complex method [526]. The high-temperature cubic phase of La2Mo2O9 can be

Table 4.3 Average sizes of crystallite and specific surface areas of products thermolyzed at each
temperature

Sample Thermolysis temperature
(K)

Crystallite size
(nm)a

Surface area
(m2 g−1)

Sm[Fe(ox)3]�
3H2O

823 –
b

–
c

Sm[Fe(ox)3]�
3H2O

873 22 8.6

Sm[Fe(ox)3]�
3H2O

923 23 –
c

Sm[Fe(ox)3]�
3H2O

973 25 7.9

Sm[Fe(ox)3]�
3H2O

1073 27 3.3

Sm[Fe(ox)3]�
3H2O

1173 29 –
c

Sm[Fe(ox)3]�
3H2O

1273 31 1.8

Sm[Co(ox)3]�
8H2O

973 36 3.9

aThe average sizes of SmFeO3 and SmCoO3 crystallites in the (110) and (002) directions,
respectively, were evaluated from XRD line broadening using Scherrer’s equation
bNo peaks
cNot measured
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directly obtained by thermolysis of SSP at relatively low temperatures. The results
of TA show that the polymer precursor of La2Mo2O9 has a crystallization tem-
perature of about 823 K, and a characteristic behavior of the decomposition com-
pared to the decomposition of individual cationic polymer precursors. SEM
demonstrates a different morphology of powder particles after thermolysis at
selected temperatures and powder XRD patterns were obtained for identify the
phase (Fig. 4.80).

Fig. 4.79 Preparation of crystalline BaCoO3−x and BaZnO2 as a result of solid-state thermolysis
of the CPs. Reproduced with permission from Ref. [525]. Copyright (2015) Elsevier

Fig. 4.80 SEM of the phase La2Mo2O9 prepared at different temperatures. Reproduced with
permission from Ref. [526]. Copyright (2003) American Chemical Society

320 4 Thermolysis of Polymeric Metal Chelates



Ni–Fe bimetallic oxide nanotubes with hollow and porous structures were
synthesized using MOF thermolysis processes [527]. The Ni/Fe molar ratios in
binary MO were rationally developed. As a rule, Ni0.62Fe2.38O4 nanotubes with a
tubular shell of about 10 nm have a specific surface area of 134.3 m2 g−1 and
consist of nanosized primary particles.

Mixed ceramic oxide materials from isostructural cage-like heterobimetallic
molecular SSPs [Co2(acac)2(l-OH)2Cu4(L)4Cl4] and [Ni2(acac)2(l-OH)2
Cu4(L)4Cl4] (HL = N,N-dimethylaminoethanol) were obtained [528]. SSPs for the
deposition of mixed-oxide thin films were prepared by the interaction of tetrameric
N,N-dimethylaminoethanolato copper(II) chloride, [Cu(L)Cl]4 with M
(acac)2�xH2O, (M = Co, Ni) in toluene. Both complexes undergo controlled ther-
molysis at 723 K to obtain mixed metal oxides (Scheme 4.19). The obtained results
indicate the formation of impurity-free crystalline mixed-oxide films with APS in
the range from 0.55 to 2.0 lm.

Two types of ternary MO, MnCo2O4.5, and MnNi6O8, NPs have been separately
synthesized through chemical transformation from the corresponding bimetallic CP
particles SSP under high-heating conditions [529]. MnCo2O4.5 NPs with different
sizes have been firstly fabricated by a straightforward soft template route (using a
Mn–Co-CP SSP based on 3-amino-1,2,4-triazole-5-carboxylic acid hemihydrate)
followed by high heat treatment at different temperature. The Mn/Co-based ternary
oxide NPs (denoted as Mn/Co-673) are then prepared by the thermolysis of the
Mn–Co-CP SSP at 673 K for 1 h using a muffle furnace. The structure of Mn/
Co-673 displays an irregularly particle-like morphology that originated from the
SSP, but APS reduces to nanometers with mean diameter of 65 nm. Increasing the
thermolysis temperature to 773 K leads to the morphology of the bimetallic com-
posites, namely Mn/Co-773. Smaller particles with mean diameter of 43 nm
gathered together to form a bigger motif. At consequent increasing the heating
temperature to 873 K, the particles sizes of the thermolysis sample (denoted as Mn/
Co-873) increase from 40 to 200 nm. Similarly, thermolysis of Mn–Ni-CP SSP at
673, 773, and 873 K for 60 min can lead to the formation of ternary oxide Mn/
Ni-based nanomaterials. Mn/Ni-673 inherits the morphology from the
SSP. Interestingly, each petal still consists of many NPs with a diameter of

Scheme 4.19 Synthesis of SSPs and their thermolysis into mixed metal oxides. Reproduced with
permission from Ref. [528]. Copyright (2006) American Chemical Society
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5–50 nm and these particles are adsorbed together due to high surface energy. At
the same time, the external morphology of Mn/Ni-773 changes from flower-like to
block-like and the block-like motif is a hybrid of particles and flakes. It should be
noted that the structure of Mn/Ni-873 is also a bulk composition of monodispersive
particles, in which the particles are chaotic and the size of these particles is larger
than that of Mn/Ni-673. Thus, the change in temperature of thermolysis plays a key
role in the temperature of thermolysis shape.

A series of bimetallic lanthanide CPs with 2,5-dihydroxy-1,4-benzoquinone
(L) as a bridging ligand (Scheme 4.20) is used as SSPs for mixed-oxide synthesis
[530]. Thermolysis at 1123 K of the CP readily yielded mixed NdxGd(1−x) and
NdxCe(1−x) oxides in the form of solid solutions in which x varies from 0 to 1. It is
important that the morphology of the SSP powders is maintained during thermol-
ysis, which makes it easy to control some of the properties of the oxides at the stage
of synthesis of the coordination compound. In particular, BET measurements
indicated that the choice of anhydrous reaction conditions for the synthesis of SSP
leads to an increase in the specific surface areas of oxides by an order of magnitude.
It should be noted that the use of well-characterized CPs as SSPs adds another
advantage to the solution route processes, because it allows you to control the
sequences of atoms in the chains, the number of coordination bonds, and the
dimensionality of the SSP structure.

Another example of the preservation of the morphology of SSP during ther-
molysis to oxides is shown in the example of LnFeO3 [531]. It should be noted that
this is a key step in the process of modulation of the macroscopic properties of
ceramics. The morphology of the SSPs, and therefore the oxides, can be modified
by selecting suitable synthesis conditions, which in turn are likely to affect such
properties as the specific surface area. Thus, a thorough design of the SSP
microstructure through fine chemical control can be an efficient tool in engineering
ceramics with special macroscopic properties.

It is of interest to synthesize YSZ from Y-doped MOFs by two-step thermolysis
in an inert atmosphere and then in oxygen [532]. The resulting YSZ had a large
surface area, a crystalline framework and a high conductivity of oxygen ions.

Scheme 4.20 A representation of free and coordinated L. Reproduced with permission from Ref.
[530]. Copyright (2012) John Wiley and Sons
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4.5 Preparation of Metal Sulfide Nanomaterials

Metal sulfide nanomaterials are a large class of solid compounds that are not as
widely studied as metal oxides [533]. Among the various metal chalcogenides,
copper sulfides have been extensively studied in recent years due to their semi-
conductor and non-toxic nature, which makes them useful in a wide range of
applications [534]. In particular, stoichiometric compositions of nanoscale copper
sulfides from Cu-rich (Cu2S) to Cu-deficient (CuS2) exist with different crystal
structures, as well as with phases, which leads to different unique properties. As a
typical example, we note nanowires [Cu(L)]Cl�0.5H2O (diameter 100 nm), where L
is thiourea, which were synthesized by mixing a solution of CuCl2 with L [535].
The well-aligned [Cu(L)]Cl�0.5H2O nanowires were self-assembled into a dande-
lion- or thorn-like architecture, depending on the initial concentrations of L and
CuCl2. Prepared nanowire SSPs were used to produce black porous CuS nanotubes
with good morphological and high chemical purity in an alkaline aqueous solution
under ambient conditions. It is important that SSP nanowire architectures influence
the morphology of the CuS nanotubes product (Scheme 4.21).

H-bound 1D CP, {[Cu(HSglu)(H2O)]�H2O}n, where H3Sglu is N-(2-hydr
oxybenzyl)-l-glutamic acid, was used as an SSP and also sacrificial template to
synthesize covellite CuS nanomaterials with a predetermined shape [536]. From a
detailed study of the effect of experimental conditions on final products, a
remarkable correlation was found between the repeating samples of metal atoms in
the CP with the preliminary shape of the obtained CuS. In particular, the reaction
conditions were optimized to obtain the morphology of the petal bed-like,
flower-like, and rice-balls (Fig. 4.81). The mechanism for the formation of the final

Scheme 4.21 Growth mechanisms of the hierarchical nanotubular structures from steps 1–3 using
a dandelion- and b thorn-like [Cu(L)]Cl�1/2H2O nanowires. Reproduced with permission from
Ref. [535]. Copyright (2009) American Chemical Society
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mesostructured product was explained on the basis of the role of the chelating
ligand and solvents in the self-assembly process.

The use of a 2D CP based on the trinuclear building block [Cu3(HSser)3(H2O)2]�
2H2O, where H3Sser is N-(2-hydroxybenzyl)-l-serine, as an SSP in the synthesis of
copper sulfide resulted in a hierarchical 3D color structure of CuS and hollow
nanospheres (Fig. 4.82) [51]. CuS 3D flower-like mesostructure is an assembly of
many plate-like petals, and the hollow spheres of CuS were self-assembled from
nanorod/plate particles with a shell thickness of 70 ± 7 nm. The formation of
hollow materials is explained by the angular arrangement of Cu(II) atoms and
ligands in the crystal lattice.

Dandelion-like architectures of 1D CP Pb-cysteine assembled from well-aligned
nanowires in the aqueous solution of L-cysteine and Pb(OAc)2 are of interest. They
were converted to spherical and various flower-like microstructures of PbS by
ordinary hydrothermal conditions [537].

By thermolysis at 673 K of nanostructures of two Pb(II) 2D CPs, [Pb(2-L)
(NCS)]n and [Pb(3-L)(NCS)]n (HL = pyridinecarboxylic acid), nanorods and
nanoplates of PbS were obtained, accordingly [52]. It is important that the
dimensions and shapes of the nanostructures are related to the CP structure and
various frameworks leading to different morphologies of PbS.

In another interesting example, various types of Bi2S3 nanorods were obtained
from CP SSPs, [Bi6(L)8(HL)2(L′)8] and {[Bi2(L)3(L″)(H2O)2]�3H2O}n
(HL = 2,6-pyridinedicarboxylic acid, L′ is thiourea, L″ is thiosemicarbazide) using
various thermolysis methods and conditions (solvent, temperature, and surfactant)
[538]. It should be noted that the formation of Bi2S31D nanostructures in aniso-
tropic growth along the c axis can be caused by strong covalent bonds along the

Fig. 4.81 Portion of the 2D sheet-like structure of {[Cu(HSglu)(H2O)]�H2O}n. Reproduced with
permission from Ref. [536]. Copyright (2009) American Chemical Society
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c crystallographic axis and by a much weaker van der Waals bonding between
chains of CP layered structures. In addition, the capping ability of surfactants plays
an important role in the formation of nanorods of various morphologies. Along the
lamellar lines in [001] direction, a long-range strain diffraction contrast is observed
within individual nanorods, which is better identified at a higher resolution
(Fig. 4.83a, lines A–C). HRTEM images (Fig. 4.83b, c) show that this contrast is
caused by a number of crystal defects: linear defects (dislocations), planar defects
(stacking faults), and atomic distortions (displacements of atoms from their regular
positions). This means that the crystal lattice in these areas is under strong stress.

Semiconductor silver sulfide NPs were formed with the same shape as Ag(I)-
cysteine nanofiber templates [539]. The resulting NP superstructures appear in
chains consisting of individual Ag2S NPs in the acanthite phase with a diameter of
4–9 nm.

4.6 Preparation of Polymer-Derived Non-oxide
Nanocomposites

Si-based advanced ceramics, commonly referred to as polymer-derived ceramics
(PDCs), has gained considerable research interest in recent years [540–547]. In
contrast to porous nanomaterials based on oxide and carbon, much less research
was conducted on porous non-oxide-type ceramics derived from self-assembled

Fig. 4.82 Effect of experimental conditions and the packing patterns of the complexes on the
formation mechanism of the morphologically different CuS. Reproduced with permission from
Ref. [51]. Copyright (2009) American Chemical Society
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composites [548]. High-temperature stability, corrosion resistance, and durability
are provided by amorphous SiCN precursor ceramics [549], such as polysiloxane,
polycarbosilane, and polysilazane [540, 550]. Because of the molecular path to this
ceramic, they are highly tunable and versatile materials [551–558].

The production of porous ceramics from various specialized SSPs suppliers
offers advantages in terms of simple processing methodology, low processing cost,
and ease of control over porosity and other properties arising from the composition
of the resulting ceramics [559, 560]. Particular attention is paid to the discussion of
the close relationship between chemistry and structural architecture of the precur-
sor, as well as the structural features and properties of the resulting ceramic
nanocomposites [542]. Therefore, studies concerning the relationships between
their molecular architecture and the microstructure and properties of the ceramic
materials obtained there are of decisive importance [542, 550, 561]. Thermolysis of
Si-based preceramic polymers under specific atmosphere conditions and heat
treatment is a straightforward and inexpensive additive-free process [550, 562]
which allows controlling and regulating the phase composition and microstructure
and, consequently, the properties of the ceramic materials.

Fig. 4.83 HRTEM images of a Bi2S3 NP showing a variety of structural defects. a Image
showing long-range deformation contrast caused by the presence of defects along the [001]
direction (arrows A–C). b Black arrows point out dislocations and white arrows atomic distortions.
c The white arrows indicate planar defects (stacking faults). d Image showing the origin of split
rods along one of the lines where the defects have collected. Reproduced with permission from
Ref. [538]. Copyright (2009) American Chemical Society
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Controlled thermolysis of silicon-based polymers provides nanostructured
ceramics with nanostructures that are strongly determined by chemistry and the
architecture of precursors, their technological way and parameters used for their
thermolysis (heating rate, reactive or inert atmosphere, and thermolysis time).
Depending on the temperature, preceramic polymers undergo various processes
during their transformation into ceramics. After polymerization, the molding and
cross-linking of the polymer can be easily carried out at moderate temperatures to
produce complex-shaped green bodies that can retain their shape during thermolysis
to 1673 K, and also during high-temperature annealing up to 2273 K (Fig. 4.84)
[563].

The process of transformation of the polymer into ceramics has made it possible
to achieve significant technological breakthroughs in ceramic science and tech-
nology, such as the development of ceramic fibers, coatings or ceramics that are
stable at ultrahigh temperatures (up to 2273 K) with respect to decomposition,
crystallization, phase separation, and creep. In recent years, several important
achievements have been achieved, such as the discovery of a variety of functional
properties associated with the PDCs. Moreover, new views on their structure at the
nanoscale level have contributed to a fundamental understanding of the various
useful and unique features of PDCs associated with their high chemical resistance
or high creep resistance or semiconducting behavior. From a processing point of
view, SSPs were used as reactive binders to produce technical ceramics and were
processed to ensure the formation of ordered pores in the mesorange. They were
tested to combine advanced ceramic components and were processed into bulk or
macroporous components. Consequently, the possible applications of the PDCs
have significantly expanded due to recent research and development. Several key
engineering areas suitable for PDC applications include high-temperature materials
(energy materials, automotive, aerospace, etc.), hard materials, chemical engi-
neering (catalyst support, food and biotechnology, etc.), or functional materials in
electrical engineering, as well as in micro-/nanoelectronics.

Fig. 4.84 Polymer-to-ceramic transformation of preceramic polymers. Reproduced with permis-
sion from Ref. [563]. Copyright (2010) John Wiley and Sons
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Unlike the classical manufacture of ceramic powders at high temperatures, PDC
treatment is a relatively young technology and has several advantages over the
conventional method [546]. Using various compounds and different types of
reactions, the chemical and physical properties of the SSPs, such as elemental
composition, solubility, fusibility and viscosity, are regulated. Expansion of prop-
erty profiles, such as improving electrical and thermal conductivity, should be
achieved by introducing transition metals into the ceramic. In particular, metal
chelates allow further polymer modification to produce completely new ceramic
materials with a high degree of purity and homogenous distribution of elements.
They provide 3D cross-linking with a non-meltable polymer (green body), which is
a prerequisite for ceramics. The transformation of a thermoset material into ceramic
materials already occurs at relatively low temperatures (1273 K).

As an example, we consider a chemical modification of a commercially available
polysilazane (HTT1800) using an aminopyridinato Ni(II) chelate based on
(4-methylpyridin-2-yl) trimethylsilanylamine, which resulted in the formation of a
nanoporous silicon oxycarbonitride ceramics modified by Ni NPs [564]. Amido
complexes can be synthesized with good yields on a large-scale and soluble in
conventional organic solvents, so a good mixing of the polymer/coordination
compound is possible. In addition, they contain the same elements as the precursor
polymer, which avoids the penetration of any alien element into the ceramic
composites. The amido ligand contributes to the achievement of the ceramic yield
by providing Si, C, and N atoms to the ceramic. Ni-polysilazane SSPs are super-
paramagnetic, indicating the formation of nickel NPs (� 2–3 nm). The resulting
aminopyridinato nickel chelate modified polysilazane precursors were thermolyzed
at 973 K and converted into ceramic nanocomposites, exhibiting a nanoporous
structure, revealing a BET surface area of 215 m2 g−1, a surface area of the
micropores of 205 m2 g−1 and a micropore volume of 0.113 cm3 g−1. Although Si–
C–N–(O) ceramics obtained from native polysilazane is non-porous, the pro-
nounced development of porosity in the Ni/Si–C–N–(O) system is explained by the
stabilizing effect of carbosilane bonds, which inhibit the formation of macropores
during thermolysis, a reduced barrier for heterogeneous pore nucleation as a result
of in situ created nickel NPs, and a decrease in the viscous flow of pores due to the
presence of nickel NPs and turbostratic carbon. The formation of turbostratic car-
bon is associated with the reactions catalyzed by nickel NPs, which leads to the
laying of graphene.

Formation in situ of Ni NPs at room temperature during the reaction between poly
(vinylmethyl)-co-poly(methylhydro)silazane (polysilazane hereafter, Fig. 4.85a, e)
and trans-bis(acetato-kO)bis(2-aminoethanol-k2N,O)nickel(II) (Ni(II)-complex
hereafter, Fig. 4.85b, f) was reported [565]. This reaction results in a stable dis-
persion of Ni NPs in THF (Fig. 4.85g). After removal of THF in vacuo, a super-
paramagentic material containing well-dispersed Ni NPs is obtained. Formation
in situ and stabilization of Ni NPs are achieved by reducing silane groups and formed
in situ amphiphilic molecules, respectively.

The reaction between the polysilazane and Ni(II) complex causes the release of
certain silazane bonds in the form of ammonia [565].
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Ni NPs in situ are formed at room temperature in the reaction between the Ni(II)-
complex and the commercial polysilazane HTT. The transfer of an electron from
the negatively charged hydrogen in the silane group (Si+d–H−d) in Ni2+ in the Ni
(II)-complex induces the reduction of Ni2+ with the simultaneous nucleophilic
substitution of ethanolamine in the Si centers, which leads to the formation of
aminoethoxysilyl (NH2CH2CH2OSi–) and acetoxysilyl (CH3COOSi–) groups. As a
result, Ni NPs become stable in situ by amphiphilic polysilazane molecules, pro-
tecting them against agglomeration and growth.

After thermolysis of the Ni/polysilazane nanocomposite at 973 K in the Ar
atmosphere, the average size and superparamagnetism of Ni NPs are conserved in
the Ni/SiCNO nanocomposite, indicating a higher than expected saturation
magnetization.

The nanocomposite (solution) of Ni/polysilazane can be formed to produce
various ceramic materials, including a ceramic monolith, a foam, and a membrane.

Superparamagnetic Ni NPs with a diameter of about 3 nm are formed in situ at
room temperature in a polysilazane matrix, forming Ni/polysilazane nanocomposite
in the reaction between polysilazane and trans-bis(acetokO)bis(2-aminoe
thanol-k2N,O)nickel(II) [565]. Thermolysis of the Ni/polysilazane nanocomposite
at 973 K in an argon atmosphere results in a microporous superparamagnetic Ni/
silicon oxycarbonitride (Ni/SiCNO) ceramic nanocomposite. The growth of Ni NPs

Fig. 4.85 a, e Polysilazane reacted with b, f 40 wt% Ni(II)-complex to form c, g, h superpara-
magnetic Ni/polysilazane nanocomposite. d Nucleophilic substitution of ethanolamine and acetate
groups at the Si centers in the polysilazane replaces silazane linkages (–Si–NH–Si–) with
aminoethoxysilyl (NH2CH2CH2OSi–) and acetoxysilyl (CH3COOSi–) groups forming amphiphi-
lic polysilazane molecules. g Ni NPs are encapsulated by amphiphilic polysilazane molecules and
are sterically stabilized in solution. g Dispersion of Ni/polysilazane in THF results in h a
superparamagnetic elastomer, which after thermolysis at 973 K transforms into i a superparam-
agnetic Ni/SiCNO nanocomposite. Reproduced with permission from Ref. [565]. Copyright
(2014) American Chemical Society
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in a ceramic Ni/SiCNO nanocomposite is completely suppressed even after ther-
molysis at 973 K.

An analysis of the saturation magnetization of Ni NPs in Ni/polysilazane and Ni/
SiCNO nanocomposites indicates that the saturation magnetization of Ni NPs is
higher than expected values and that Ni NP surfaces are not oxidized. The
microporous superparamagnetic Ni/SiCNO nanocomposite has the form of a
monolithic and foam plastic. In addition, Ni/SiCNO membranes are manufactured
by the dip-coating of tubular alumina in a dispersion of Ni/polysilazane in THF,
followed by thermolysis in 973 K under an argon atmosphere.

Similar robust microporous nanocomposites (specific surface area � 400 m2 g−1)
containing nickel NPs were synthesized using various and controlled Si:Ni ratios in
THF [566]. The amido nickel complex catalyzed the cross-linking of HTT1800 by
hydrosilylation at room temperature. In thermolysis at 873 K in an inert atmosphere,
nickel NPs and micropores are generated in a concerted process. It is important that a
specific surface area, pore volume, and nickel particle size can be adjusted. In addition,
the materials demonstrate excellent retention of the shape during pyrolysis, which
makes it possible to manufacture monoliths. It is important that, after thermolysis to
873 K in an inert atmosphere, Ni NPs located near the outer surface of the SiCN
ceramic and also inside the internal voids were obtained.

By changing character of SSP and using commercial allylhydridopolycarbosi-
lane, Ni-containing SiC ceramics can be synthesized by self-assembly of allylhy-
dridopolycarbosilane-b-polyethylene (PE) [567]. The block copolymer was
synthesized by Ni complex-catalyzed Si–H dehydrocoupling in allylhydridopoly-
carbosilane with O–H in hydroxy-terminated PE. The added aminopyridinato nickel
complex also catalyzes the cross-linking of the block of allylhydridopolycarbosi-
lane, for example, by dehydrocoupling reactions of Si–H bonds.

During the modification of HTT1800 by aminopyridinato copper complexes,
metal is transferred from the complex to the polymer (Fig. 4.86, left) [546]. 1H and
13C NMR investigations of the reaction showed the release of the free protonated
ligand, which indirectly indicates the transfer of the metal to the nitrogen donor
atoms of the polymer (Fig. 4.86, right).

The metal-modified polymer was cross-linked using dicumylperoxide and
thermolyzed at 1273 K to form copper-containing SiCN (Cu@SiCN). Copper
cations bound to a polymer backbone are reduced to a copper metal during the
thermolysis stage. The loading of copper can vary in a wide range up to the ratio of
Si to Cu 5. The size of the Cu particles found in Cu@SiCN increases with the
increase in the loading of the copper complex (Fig. 4.87). Due to the presence of
aminopyridinato complexes, this bottom-up approach should be expandable to
other transition metals.

Interestingly, a very different behavior was observed for palladium aminopy-
ridinates (compared to copper), which generate intermetallic NPs. In particular,
simultaneous chemical modification and cross-linking of polyorganosilazane were
achieved using aminopyridinato palladium complex at room temperature [568].
Cross-linking occurs with the evolution of hydrogen, supporting the dehydrocou-
pling mechanism in parallel with hydrosilylation, which increases the yield of
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Fig. 4.86 (left) Modification of HTT1800 with an aminopyridinato copper complex leading to
Cu-containing SiCN ceramics by thermolysis to 1273 K under nitrogen, (right) 1H (left) and 13C
NMR spectra (right) of ApTMSH (top), [Cu2Ap2TMS] (middle), and after its reaction with
HTT1800 (bottom). Reproduced with permission from Ref. [546]. Copyright (2012) Royal Society
of Chemistry

Fig. 4.87 TEM micrographs of Cu@SiCN: a Si/Cu = 10 b Si/Cu = 100 including particle size
distribution statistics. Reproduced with permission from Ref. [546]. Copyright (2012) Royal
Society of Chemistry
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ceramics due to the retention of carbon and nitrogen atoms. The ceramic yield was
even higher than in the case of a pure polyorganosilazane cross-linked by the
addition of free radical initiators such as dicumylperoxide. Thermolysis at 1373 K
in the N2 atmosphere provides Pd2Si@SiCN. Powder XRD studies confirmed the
presence of hexagonal phases of Pd2Si in an amorphous SiCN matrix, and the size
of the particles formed depends on the nature of the solvent used in the
cross-linking stage. The amount of added palladium complex apparently does not
affect the size of the formed particles, but increases their population density
(Fig. 4.88).

Fig. 4.88 TEM micrographs of ceramic materials. a SiCN ceramic without palladium loading
does not show any particles; b lower loading of palladium (0.2 wt%, Si/Pd ratio 1000) decreases
the density of particles keeping their size in the same regime; c Pd2Si particles uniformly
distributed over the ceramic support Si/Pd = 20 (8 wt% Pd); d particle size distribution for the
sample shown in (c). Reproduced with permission from Ref. [568]. Copyright (2011) Royal
Society of Chemistry
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In an attempt to relate the generation of metal NPs and porosity in SiCN
ceramics, the chemical modification of HTT1800 with aminopyridinato metal
complexes (M = Fe, Co, Pt, Cu, Ag, Au) along with the addition of the sacrificial
filler (PE) has been investigated [569]. In the simultaneous process, both porosity
(Fig. 4.89) and MWCNT (Figs. 4.89c and 4.90) were generated. Thermolysis of PE
leads not only to the formation of open porosity, but also to the reaction in situ of its
thermolysis products with metal NPs to form the MWCNT in the pores. During the
thermolysis, gaseous hydrocarbons are formed, the decomposition of which leads to
the production of MWCNT by a CVD process. It was found that cobalt and iron are
more efficient in generating MWCNT than other metals used.

Using higher magnifications, it is clearly seen that the metal particles are located
on the top of the MWCNT (Fig. 4.90a). The lattice fringe distance of metal particles
could be determined up to 215 pm (Fig. 4.90b), which agrees perfectly with the
hcp-Co distance. In addition, TEM micrographs allow an approximate calculation

Fig. 4.89 a–c SEM micrographs of an Au@SiCN ceramic (1273 K/N2; Au:Si = 1:50).
Reproduced with permission from Ref. [569]. Copyright (2011) Elsevier

Fig. 4.90 a–c TEM micrographs of a Co@SiCN ceramic (Co:Si = 1:50), d core-loss electron
energy loss spectrocopy (EELS) of the metal particle, e core-loss EELS of the MWCNT.
Reproduced with permission from Ref. [569]. Copyright (2011) Elsevier
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of the number of carbon sheets of MWCNT. For example, the MWCNT investi-
gated in Fig. 4.90c consists of 13–15 walls (along the red arrow).

An interesting method for the simultaneous formation of catalytically active
metal NPs, MWCNTs and/or turbostratic carbon and porous M@SiCN (M = Fe,
Co, Pt, Cu, Ag, Au) ceramics during the thermolysis of metal-modified polysi-
lazanes and PE particles as sacrificial filler is described (Fig. 4.91). Thermolysis of
PE leads not only to the generation of the porosity, but also to the reduction in situ
of metal compounds to metal NPs due to the reducing atmosphere. Depending on
the metal, carbon nanotubes, as well as turbostratic carbon, were formed in different
amounts because of conditions similar to CVD. The obtained carbon phases,
ceramics, and metal NPs were studied, which indicates the presence of carbon
phases and metal particles.

Fig. 4.91 Processing scheme of the porous M@SiCN precursor ceramics (M = Fe, Co, Pt, Cu,
Ag, Au). Reproduced with permission from Ref. [569]. Copyright (2011) Elsevier
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Only a few examples have been described in which the formation of carbon
nanotubes and turbostratic carbon in the metal-loaded PDC has been observed
in situ. In a unique “one-pot” synthesis, both are formed during the
polymer-to-ceramic transformation of polysiloxanes, catalytically active metal
particles and carbonic decomposition gases [570–572]. Initially, measurements
confirm the presence of an open pore network in ceramic (Fig. 4.92a, b). Using
M = Cu, Ag, and Au, only a few CNTs could be detected in M@SiCN ceramics, as
these metals are known to be not very active in the catalytic formation of C–C
bonds (Fig. 4.92c).

The elemental composition of this structure was analyzed using an EDS map-
ping. The study confirms that the tubes consist of pure carbon, which includes
catalytically active metal particles at the upper part (Fig. 4.93) or sometimes at their
bottom.

Fig. 4.92 a–c SEM micrographs of the Au@SiCN ceramic (1000 °C/N2; Au:Si = 1:50).
Reproduced with permission from Ref. [569]. Copyright (2011) Elsevier

Fig. 4.93 a SEM micrograph of the Cu@SiCN ceramic (1273 K/N2 Cu:Si = 1:50), b EDS
mapping (C–Ka), c EDS mapping (Cu–Ka), d EDS mapping (Si–Ka). Reproduced with permis-
sion from Ref. [569]. Copyright (2011) Elsevier
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Chapter 5
The Conjugate Thermolysis—Thermal
Polymerization of Metal Chelate
Monomers and Thermolysis of Polymers
Formed In Situ

A common drawback of practically all methods for obtaining metal–polymer
nanocomposite materials with “core–shell” structure is the multistage of process, on
the one hand, and the formation of polydispersed systems with a wide distribution
of particle size, on the other hand. Traditional approaches are rather laborious and
include the stage of formation of macromolecular complexes, metal ions reduction
reaction to form nano-sized particles, separation of the phase of chemically
unbound components [1–7]. In addition, NPs tend to aggregate, and the chemically
inert material in the dispersed state becomes even more reactive. This, sometimes, is
a big problem.

In this respect, it is of particular interest to find ways to reduce the synthesis
stages. In particular, self-regulated systems, in which the synthesis of the polymer
matrix and the nucleation and growth of NPs simultaneously proceed, can be useful
for solving the problem of stabilizing NPs with polymers and their structural
organization. Particularly, promising is the self-stabilization of highly dispersed
metal particles or as metal-containing precursors, or in the form of monomers,
which are then subjected to polymerization and thermolysis. This approach is based
on solid-phase homo- and copolymerization of metal chelate monomers (MCMs)
followed by controlled thermolysis of the resulting metal-containing polymers
[8–12]. This direction of research is most intensive in recent years.

Characteristic features that make it possible to reliably identify MCMs as a
special class of chemical compounds are the presence of a chelate cycle and a
multiple bond for polymerization or functionalities that can be involved in poly-
condensation [13, 14]. The undoubted advantage of this method is the possibility of
one-step production of polymeric metal chelates (PMCs), in which each chelating
fragment contains a metal ion with a certain spatial configuration. Because of the
chelate effect, MCM is much more stable than other metal-containing monomers
[15]. MCM proved to be convenient for studying a number of theoretical problems,
such as the effect of metal on the reactivity of multiple bonds and functionality
contained in MCM, as well as the effect of double bonding and functionality on the
stereochemistry of the chelate node and the electronic properties of the metal.
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5.1 General Characteristics of Metal Chelate Monomers
Used in Conjugated Thermolysis

Thermolysis of MCMs is intensively rapidly developing field of research, which
may be the best embodiment of the idea of NP stabilization in situ. We consider this
process as an example of such an interesting class of MCMs as metal carboxylates
of unsaturated mono- and dicarboxylic acids [2–7]. Metal carboxylates are a large
group of metal complexes containing a carboxylate functional group with a dif-
ferent type of coordination with the metal atom, including chelation type
(Scheme 5.1) [2, 3]. In the most typical cases, the RCOO− carboxylate group can be
coordinated with the metal as a monodentate (I) anti- and syn-configuration,
bidentate cyclic (chelating) (II), bidentate bridging (III), tridentate (IV), and the
tetradentate ligand (V). Such a wide variety of possible metal carboxylate com-
positions and structures in the case of unsaturated analogs can be supplemented by
the structural function of multiple bonds, which, as is known, can participate in
coordination with the metal atom to form the p-bond (VI).

The simplest representatives of this class of MCMs are metal acrylates (MAcrn)
and methacrylates (MMacrn) [3–5].

The synthesis of certain MAcrn is accompanied by an increase in metal ion
nuclearity. Metal acrylates have mono- (NiAcr2, CoAcr2), bi- (CuAcr2), and trin-
uclear (FeAcr3, CrAcr3, VAcrn) structures. The binuclear structure of CuAcr2,
[Cu2(Acr)4(ROH)2]ROH (R==CH3 or C2H5), determined by X-ray analysis [16] ,
consists of a binuclear cluster with a Cu−Cu distance of 0.2617 nm. Coordination

Scheme 5.1 Possible coordination modes of unsaturated carboxylates
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of copper atoms is square pyramidal (CuO5), and four oxygen atoms bounded by
two bidentate carboxylate bridges form an almost regular square base of the
pyramid. The fifth oxygen atom of the structure is from C2H5OH molecule. The
Cu–O bond length ranges from 0.1947 to 0.1956 nm.

In addition to acrylate, other donor ligands such as phen [17–21], bpy [18–22],
4,4′-bipyridine [23], en [24], 3-amino-4H-1,2,4-triazole [25], benzimidazole,
2-methyl-, 5-methyl- or 5,6-dimethylbenzimidazole [26–28] are often contained in
the metal carboxylate complex.

In particular, it is of interest to study the thermal stability of mixed Acr and en
metal complexes [M(en)(Acr)2]�nH2O (M = Ni, n = 2; M = Cu, n = 0; M = Zn,
n = 2) [24]. After dehydration and elimination of ethylenediamine, the MO product
is formed, with the exception of metallic copper originating from the copper
complex.

In complexes with mixed ligands of the type [ML(Acr)2]n�H2O (M= Mn, Co(II),
Ni(II), Cu(II), Zn(II); n = 0–4; L= 3-amino-1,2,4-triazole), L acts as bridge,
whereas Acr is a bidentate ligand, with the exception of the Zn(II) complex, where
it is found to be unidentate (Fig. 5.1) [25]. Thermolysis is a complex process
involving dehydration, as well as the decomposition of Acr ion and
3-amino-1,2,4-triazole, respectively. The final products of thermolysis are the most
stable metal oxides, with the exception of the Cu(II) complex leading to metallic
copper.

It should be noted that these complexes have a different structure depending on
the metal nature. Thus, in Ni(II) complexes with mixed ligands, Acr ions act both as

Fig. 5.1 Proposed coordination for complexes; M = Mn, Co, Ni, Cu. Reproduced with permis-
sion from Ref. [25]. Copyright (2009) Springer Nature
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a unidentate and chelate ligands in complexes (1)–(3), and in complex (4) it is only
a chelating ligand (Fig. 5.2).

At the same time, in the Cu(II) complexes, the Acr ion acts as a uni- or bidentate
ligand forming mono- and binuclear compounds (Fig. 5.3) [27].

An X-ray characteristic of the cadmium complex [Cd(H2O)(Acr)2(phen)] is of
interest, where the seven-coordinated Cd atom uses a distorted monocapped octa-
hedral environment formed by two nitrogen atoms of the phen ligand and five
oxygen atoms from one aqua ligand and two Acr anion groups with the Acr O2
atom residing at the cap site and the axial apical positions occupied by one aromatic
pyridyl atoms (N2) and one Acr O atom (O1) (Fig. 5.4, left) [29]. Changing the pH
of the initial solution, the complex [CdCl(Acr)(phen)2] was obtained [30]. In this
complex, the Cd atoms are pentagonal bipyramidally coordinated by one chloro
atom, two oxygen atoms of Acr anion, and four nitrogen atoms of two phen ligands
with apical positions occupied by each aromatic pyridyl N3 atom and a chloro atom
(Fig. 5.4, right). In addition, three other aromatic pyridyl N atoms and two Acr
oxygen atoms are located on the equatorial plane sites.

It should be noted the synthesis of lanthanide-containing (Ln = Eu, Tb, Nd, Gd)
MCMs based on acrylic and methacrylic acids [31]. It turned out that the infinite
chains of Eu(Macr)3 molecules are directed along the crystallographic c-axis and
are connected by van der Waals interactions (Fig. 5.5).

Fig. 5.2 Proposed coordination for Ni(II) complexes (1)–(4). Reproduced with permission from
Ref. [25]. Copyright (2009) Springer Nature

Fig. 5.3 Proposed formulation for Cu(II) complexes. Reproduced with permission from Ref. [27].
Copyright (2013) Springer Nature
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The formation of four-membered cycles during chelation of carboxyl group
requires a large deformation of the valence angles of the metal atom. In compounds
of rare earth elements, such a strain does not arise and the probability of bidentate
cyclic coordination increases. This is probably facilitated by an increase in the
polarity of the M–L bond and the high coordination numbers of the metal. For
example, in the heteronuclear Cu2La2- [32, 33] or CoCe- [34] methacrylate com-
plexes, the chelate groups are also located at the lanthanide center together with the
bridging groups. Moreover, in the carboxylates of this type, the tridentate coordi-
nation of methacrylate groups is not unusual when one of the O atoms of the

Fig. 5.4 Crystal structure of the complexes [Cd(H2O)(Acr)2(phen)] (left) [29] and [CdCl(Acr)
(phen)2] (right) [30]

Fig. 5.5 Fragment of the europium methacrylate polymeric chain. Reproduced with permission
from Ref. [31]. Copyright (2002) Springer Nature
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carboxyl group forms bonds simultaneously with two metal atoms. In isomorphic
binuclear complexes of trans-2,3-dimethacrylates La or Gd [M(OOC(CH3)C(CH3)
CH)3(phen)]2, metal atoms are bound by two bridged bidentate and two tridentate
carboxylate groups (I) [35]. The nature of the magnetic behavior of Cu(II) (meth)
acrylate complexes, [Cu(Acr)2Cu(OH)2] [36] and [Cu(Macr)2Cu(OH)2] [37], is
associated with their possible tetrameric structure (II).
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Complexes of MAcrn with tetradentate tripod ligands were also synthesized and
structurally characterized [38–40]. In particular, in zinc complexes containing a
tripod ligand tris(2-benzimidazolylmethyl) amine, the zinc ion is a 5-coordinate
with the N4O ligand set, and the coordination geometry of the zinc ion is best
described as a distorted trigonal bipyramid [39].

It should be noted that the complexes carrying Acr and the aromatic amine were
synthesized to modulate biological properties; in particular, such complexes show
the superoxide dismutase-like activity. However, in these works the stage of
polymerization, the feature of thermolysis of such complexes and, consequently, the
properties of the resulting NPs are ignored.

Acetylene-type monocarboxylates are attractive because of their propensity for
solid-state polymerization, favored by the presence of an infinite chain of short
acetylene–acetylene contacts, as well as the energy of the crystal lattice and the
absorption cross section of X-ray or c-rays. Most propiolates of heavy metals meet
these structural criteria [41–43]. The distances between the acetylene fragments in
lanthanide propynoate complexes [41] are 3.5–3.94 Å; in dimethylthallium
propynoate [42] and scandium(III) tripropiolate [42], they are, respectively, 3.454
and 3.79–4.02 Å. It should be noted that the introduction of a more cumbersome
ligand into the molecule leads to the fact that the chain of acetylene–acetylene
contacts is shortened. For example, when bpy is introduced into the structure of
La2O(OOCC�CH)6(H2O)4�2H2O, a complex La2O(OOCC�CH)6(bpy)(H2O)2�2
(bpy)�4H2O is formed, where the chain of acetylene–acetylene contacts is reduced
to 5–6 [41], which cannot but be reflected in the reactivity in the polymerization
transformations.

Among a wide variety of MCMs based on unsaturated carboxylic acids, a special
place belongs to complexes of unsaturated dicarboxylic acids, for example maleates
(MMaln), itaconates (MItacn), fumarates (MFumn) of metals, which exhibit both
unsaturated and carboxylate functions [3–5, 44–50]. The presence of two carboxyl
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groups in the molecule of dicarboxylic acids increases their functional capabilities
as ligands and creates on their basis a variety of monomeric and polymeric struc-
tures of metal carboxylates. Synthetic approaches and the structure of prether-
molyzed carboxylates of unsaturated dicarboxylic acids differ from those of
monocarboxylic acids. First, at the stage of their synthesis (as shown for metal
maleates, fumarates, itaconates, acetylenedicarboxylates [45, 51]) coordination
polymers (CPs) are formed. Thus, according to X-ray diffraction analysis, unsat-
urated metal dicarboxylates have both monomeric (Co(II) and Fe(II) hydromaleates,
M(HMal)2�4H2O) and chain (Co(II) fumarate, CoFum�5H2O) or 3D (Co(II) mal-
eate, CoMal�3H2O) polymeric structure (Fig. 5.6), the multiple bonds of which are
not coordinated with the metal.

Itaconic acid (H2Itac) ligands are completely deprotonated and give seven types
of coordination modes (Scheme 5.2).

In addition, itaconic acid is easily isomerized to citraconic or mesaconic acid.

It is known that coordination compounds containing citraconate
(2-methylmaleate) or its isomer, mesaconate, have interesting electrical and optical
properties [52–56].

It should be noted lanthanide CPs with three different structures:
{[La2(Itac)3(phen)2]�2H2O}n (1), {[Ln(Itac)1.5(phen)]�xH2O}n [x = 1, Ln = Eu (2);
x = 0.25, Ln = Dy (3)], and [Ln(Itac)1.5(phen)]n [Ln = Er (4); Yb (5)] [57].

Fig. 5.6 Molecular structure of CPs of CoFum�5H2O (a) and CoMal�3H2O (b) [45]
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Compound 1 contains 1D double chain, which are then assembled into a 3D
supramolecular structure through H-bonds and p–p stacks between the phen
molecules. In compounds 2 and 3, there are 2D infinite networks, which are further
designed to form 3D supramolecular architectures with a 1D channel by p-p aro-
matic interactions. Finally, compounds 4 and 5 have 2D layer structures consisting
of three types of rings, which are further architectured to form 3D supramolecular
structures with the help of C–H…O hydrogen bonds. The H2Itac ligands are
completely deprotonated and exhibit tetra-, penta-, and hexadentate coordination
modes in complexes.

Scheme 5.2 Seven crystallographically established coordination modes of the Itac ligands
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A complex of Cu(II) with nicotinamide (L) and itaconic acid [Cu
(Itac)2(L)2(H2O)2�2(H2O)] is of interest [58]. The octahedral geometry around the
copper(II) ion is CuN2O4, consisting of two L molecules acting as a monodentate
ligand through the nitrogen atoms, two H2Itac ligand molecules, and two coordi-
nated water molecules, each coordinated through the oxygen atoms. The structure
of the complex showed that infinite chains grow, linking molecules together
through strong O–H/O and N–H/O intermolecular H-bonds generating 2D network
sheet along the c-axis.

It should be noted the synthesis of two lead(II) CPs, [Pb2(mpic)4(H2O)]�0.5H2O
(1) and [Pb2(phen)2(cit)(mes)]�2H2O (2), where mpic = 3-methylpicolinate,
H2cit = citraconic acid, H2mes = mesaconic acid (Scheme 5.3) [55]. The com-
plexes contain topologically distinct 1D polymer chains stabilized by weak inter-
actions, and both contain tetranuclear Pb4 units bound by carboxylate groups. In
compound 1, 3-methylpicolinic acid is formed in situ from 3-methylpicolinate and
mesaconate and citraconate anions were unexpectedly formed from itaconic acid
during synthesis of 2.

CP [Zn(mesaconate)(L)]n (L = 4,4′-dipyridylamine) was obtained from
hydrothermal treatment of zinc chloride, L and itaconic acid [52].

It should be noted that maleic acid (H2Mal) tends to form an intramolecular
H-bond, which leads to a large difference between the dissociation constants [45].
Therefore, H2Mal can provide only one carboxyl group for substitution, which
functions as a monodentate ligand and forms, most often, acid salts. The formation
of acid or normal metal salts of carboxylic acids affects the structure of the car-
boxylate in the condensed phase [44, 45, 48, 59, 60]. In particular, cobalt and nickel

Scheme 5.3 Reaction scheme. Reproduced with permission from Ref. [55]. Copyright (2013)
Elsevier
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hydrogen maleates form a monomeric structure, whereas a normal cobalt maleate
exists as a 3D structure (CP) [45, 61]. Both carboxyl groups of H2Mal participate in
the binding of metal in these maleates. The formation of a seven-membered chelate
ring is an interesting feature of these structures (Fig. 5.7, left). The coordination
polyhedron is a slightly distorted octahedron consisting of four O atoms from two
Mal ligands and two O atoms of coordinated water molecules. The third H2O
molecule is crystalline water, which is weakly bound by the structure during
thermolysis, apparently providing an infinite chain of alternating coordinated and
crystalline H2O molecules [45]. Acid maleates of Mn(II), Fe(II), Co(II), and Ni(II)
have a monomeric chain structure (Fig. 5.7, right) [61]. Two monodentate H2Mal
residues are bound to the metal atom in the centrosymmetrical complex; coordi-
nation is supplemented to the octahedral by four oxygen atoms of water molecules.

The structures of the metal carboxylate affect the thermal transformations and
properties of the metal-containing nanocomposites formed. Therefore, the study of
the influence of intramolecular H-bonding in molecules of unsaturated dicarboxylic
acid on the formation of metal carboxylates is of interest for predicting the prop-
erties of nanocomposites formed during the thermolysis of carboxylate. For
example, the multiple bonds in CuMal do not participate in coordination, which is
important for subsequent polymerization transformations of salts based on unsat-
urated dicarboxylic acids.

It should be noted that all of the unsaturated dicarboxylic acid form cobalt
hydrogen carboxylates when synthesized in aqueous solutions [62]. In particular,

Fig. 5.7 A fragment of
coordination polyhedron of
normal maleates [M
(H2O)2(Mal)](H2O) (M = Co
(II), Ni(II)) (top); molecular
structure of acid maleates [M
(H2O)4(HMal)2] (M = Mn
(II), Fe(II), Co(II), Ni(II))
(down). Reproduced with
permission from Ref. [61].
Copyright (2014) Springer
Nature
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the formation of cobalt and nickel acid salts of allylmalonic, itaconic, and cis,cis-
muconic acids is energetically more favorable than the formation of normal car-
boxylates [63].

MS and theoretical studies of decarboxylation of anionic lithium complexes of
doubly deprotonated dicarboxylic acids, which include succinic acid, L-malic acid,
L-mercaptosuccinic acid, L-aspartic acid, and oxaloacetic acid, are interesting [64].
It turned out that decarboxylation reactions of these complexes in the gas phase can
take place, and a-substituted groups in dicarboxylic acids such as −OH, −NH2, and
−SH can promote decarboxylation of the corresponding anionic lithium complexes.

It should be noted the study of the crystal structure of trans-bis(2-methylmaleato-
k2O,O′) bis(piperazinium-kN) cobalt(II) trihydrate (Fig. 5.8) [65]. It contains discrete
cobalt(II) complex fragments and lattice water molecules. The crystallographically
unique Co atom is coordinated by four oxygen atoms from two symmetry-related
citraconate ligands. The nitrogen atoms of two monoprotonated piperazine ligands in
the trans-configuration fill the distorted octahedral environment of Co.

It should be also noted trinuclear chromium, iron, and vanadium acrylates, as
well as chromium and iron maleates and itaconates [47, 66–69]. In particular, the
mass spectra of Cr(III) maleate and itaconate contain peaks with m/z = 862, 894,
and 926 and 946, 978, and 1010 corresponding to [Cr3O(Mal)6]

+ and [Cr3O(Ita)6]
+

cationic clusters that are either solvent-free or solvated with one or two methanol
molecules, respectively.

Interest in carboxylates with unsaturated ligands of acetylene type depends on
their ability to polymerize in the solid state, determined by the short distances

Fig. 5.8 Crystal structure of trans-bis(2-methylmaleato-k2O,O′) bis(piperazinium-kN) cobalt(II)
trihydrate [65]
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between reaction centers and appearance of short acetylene–acetylene contacts. In
addition, complexes of dicarboxylic acids with bidentate carboxylic bridges
between paramagnetic centers are efficient magnetically concentrated systems [70].
There is a wide variety of structures, including monomeric salts, linear and 3D CPs,
depending on the type of metal. Thus, acetylenedicarboxylic acid (H2ADC) is a
promising candidate for the synthesis of new metal–organic networks with inter-
esting properties. It can be considered as one of the simplest linear bifunctional
linker ligands with a rigid carbon backbone, which allows us to investigate the basic
mechanisms and interactions that lead to the formation of a specific structural
arrangement in the CP.

Up to now, numerous metal compounds with the ADC2− anion have been
reported [71–103]. They can be classified into the following three categories. The
first of these includes anhydrous CPs, for example PbADC [75], CaADC [76],
SrADC [77], and Tl2ADC [78, 79].

The second group includes a variety of hydrates like PbADC�H2O [75],
MnADC�2H2O [76], BaADC�H2O [77], Bi2ADC3�8H2O [78], K2ADC�H2O [79],
Na2ADC�4H2O [79], La2ADC3�8H2O [80]. Finally, CPs were obtained that contain
ADC2− and additional ligands, such as N-donor ligands or anions such as CO3

2−

and NO3
− [81–87].

All known compounds can be further subdivided into the dimension of the
formed polymer network. Anhydrous CPs only create 3D networks, whereas for
hydrates 1D, 2D, and 3D networks are detected. The rich structural universality of
the ADC2− ligand is further confirmed by the formation of supramolecular net-
works, such as [Be(H2O)4]ADC [88] and [Co(NH3)6](ADC)(HADC)�2H2O [89].

It is well known that acetylenedicarboxylic acid as carboxylic acids with short
aliphatic chains forms complexes with transition metals such as Cu(II) [90], Mn(II)
[90, 91], Ni(II) [11], Co(II) and Cd(II) [92–94], Zn(II) [95], or lanthanide cations
[80, 81, 96] either in a single crystal or in the form of a powder. Metal cations are
coordinated with both carboxylate groups in the chelating regime, forming metal–
organic chains. It is interesting that the triple bond centered between the carboxylate
units of acetylenedicarboxylic acid gives new design parameters for the synthesis of
new structures. Among the most interesting examples, we note a topochemical
reaction between [Pb(ADC)] and [Pb(ADC)(H2O)] [75] and the crystallization of
acentric CPs with the addition of trigonal planar NO3

− as additional ligand [81].
MOF-type CPs with ADC2− as bridging ligand are also of interest [95, 97].

It should be noted the diamond-like topology of the crystal structure of anhy-
drous strontium acetylenedicarboxylate [Sr(ADC)] [72] (Fig. 5.9, left) and the
complex [Zn(ADC)2(HTEA)2]n (HTEA is triethylamine) [95]. Each zinc ion in the
latter binds monodently to four different carboxylate bridges, forming two inter-
penetrating diamond-like networks (Fig. 5.9, right). It is believed that the four
carboxylate carbon atoms in each Zn(CO2)4 unit as a tetrahedral unit, occupying the
position of the vertex C in the diamond structure, can enlarge and expand the
framework, that is, serve as a molecular building block for creating new complex
structures. It is noteworthy that Sr(C4O4) exhibits extraordinary thermal stability.
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In air, the decomposition of the complex begins only at 723 K, whereas in argon it
begins at 753 K. Of interest is negative thermal expansion in [Sr(ADC)] [72].

The structural diversity ofMn(II) complexes with ADC2− and hexadentate ancillary
ligands should be noted: N,N,N′,N′-tetrakis-(2-pyridylmethyl)-1,2-diaminoethane,
N,N,N′,N′-tetrakis-(2-pyridylmethyl)-1,2-diaminopropane, N,N,N′,N′-tetrakis-(2-pyri
dylmethyl)-1,3-diaminopropane, N,N′,N″,N‴-tetrakis-(2-pyridylmethyl)-1,4-diamino
butane, N,N′,N″,N‴-tetrakis-(2-pyridylmethyl)-1,5-diaminopentane [98]. It turned out
that the length of methylene chain plays a decisive role in coordination architectures. In
another interesting example, theMn ions in the compound [Mn(ADC)2(L)]�H2O,where
L is 1,3-bis(4-pyridyl)propane, are connected by acetylenedicarboxylate to a 1D zigzag
chain, which binds to the L ligand to generate a 3D six-bonded structure [99]. The
coordination polymers 2

1[Bi(ADC)2/4(ADC)3/3(H2O)2]�2H2O and 3
1[Bi(ADC)2/

4(ADC)3/3(H2O)3]�H2O are hydrate isomers with taking into account the central
Bi3+ ion, which leads to completely different topologies of the resultant CPs [73].
Also of interest are lithium-containing coordination polymers Li2ADC�2H2O and
Li2ADC, in which LiO4 tetrahedra are interconnected by ADC

2− anions to form a 3D
polymeric structure [100].

The specific structural features of metal acetylenedicarboxylates also correspond
to the structural criteria of solid-phase polymerization, since in this case the ori-
entation of the MCMs is optimal for the formation of new chemical bonds [101].
For example, carbon–carbon triple bonds in CPs of zinc(II) and cobalt(II)
acetylenedicarboxylates are at distances of *3.8 Å from each other, which is most
advantageous for solid-state polymerization (Fig. 5.10) [102]. Compound
[Zn(ADC)(H2O)2]n is a CP formed by Zn2+ cations containing four ADC ligands
and two water molecules in the nearest environment [51, 102]. Metal ions have a
centrosymmetric octahedral environment and are bound by carboxyl groups to form

Fig. 5.9 Diamond-like structures in the acetylenedicarboxylates of Sr(II) (left) and Zn(II) (right).
Reproduced with permission from Ref. [72]. Copyright (2002) John Wiley and Sons, and
reproduced with permission from Ref. [95]. Copyright (2001) American Chemical Society
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layers parallel to the (011) plane. These layers are bound by the second carboxyl
groups of dianions to the 3D coordination structure. The growth of the polymer
chain can occur in the plane of building units—parallel close-packed molecules of
ZnADC�2H2O and CoADC�2H2O. The possibility of carrying out solid-phase
polymerization of these compounds has been experimentally confirmed [51].

However, the mechanisms of initiation, polymerization, and thermal transfor-
mation of unsaturated carboxylates and, mainly, acetylene-type metal-containing
monomers have been poorly understood [51, 59, 93, 103].

5.2 Thermal Polymerization of Metal Chelate Monomers

Most of the metal carboxylates at room temperature are solid substances (crystalline
or amorphous). The use of solid-phase polymerization methods makes it possible to
reduce the role of a number of side processes that arise in solutions, for example the
dissociation of salts in solutions and the limitation of the range of solvents in which
sufficiently concentrated solutions of monomers can be obtained. Metal carboxy-
lates are often convenient objects for solid-state polymerization in the structural
plan, since the orientation of their molecules is optimal for the formation of
chemical bonds between monomers. Growth of chains occurs in the plane of
“billets”: parallel to each other densely packed monomer molecules. Such a process
is not typical for either a liquid or a gaseous state. The basis of the kinetic scheme of
solid-phase polymerization, regardless of the type of initiation, is the almost
complete absence of translational diffusion of the reacting particles,

Fig. 5.10 Crystal structures of CoADC (left) and ZnADC (right) [51]
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the heterogeneity of the crystal lattice (the place of termination of growing chains),
the anisotropy of the reactivity of molecules (determines the direction of chain
growth) [104].

In thermal generation, free radicals arise from the opening of C–C or C–H
bonds, or the opening of a double bond (to form biradicals). The polymerization
rate increases with increasing temperature.

It should be noted that thermal polymerization of MCM for the production of
metal-containing polymers has been poorly studied. Among the most typical
examples, we note the use of a thermally induced polymerization process to pro-
duce various metal–polymer coatings by depositing an MCM solution on the
electrode surface followed by thermal polymerization. The effectiveness of this
approach is shown by the example of the polymerization of ethynyl Zn-porphyrin,
which has different models of 1–4 ethyne or protected ethyne groups and various
non-bonding substituents. These MCMs undergo thermal in situ polymerization on
surface, which gives robust M-porphyrin films with a controlled thickness; in
particular, films obtained on different surfaces of Si(100), SiO2, Au(111), or glass
have a thickness in the range from tens to hundreds of nm (Scheme 5.4) [105].

In another interesting example, physical vapor deposition polymerization of the
MCM was carried out by evaporating the vinyl monomers followed by heat
treatment [106]. This method is used to obtain hole-transport and emission layers of
organic light-emitting diodes (OLEDs) (Fig. 5.11). In particular, the emission
layers were doped with red- or blue-emitting phosphorescent Ir complexes, modi-
fied by styril fragments, and deposition polymerization was very promising for
increasing the irradiation efficiency.

It should be noted the thermal solid-state polymerization of zinc diacrylate
separately and with additives, such as diphenyl disulfide and thiophenol derivatives
and dicumyl peroxide [107]. This polymerization is non-topochemical, and the

Scheme 5.4 Schematic
representation of the thermal
polymerization of ethynyl
Zn-porphyrin. Reproduced
with permission from Ref.
[105]. Copyright (2005)
American Chemical Society
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main polymer structure is polyacrylate with acrylate or polyacrylate bound by Zn2+,
although part of the monomer structure was eliminated during polymerization. The
effect of these additives can be explained by the ability of initiation and chain
transfer for the radical polymerization of additives.

It is of interest to thermal polymerization of 1:1 mixtures of zinc diacrylate and
zinc dialkanoate [108]. The mixtures began to melt at lower temperatures than the
melting points of the original components, and the polymerization of the acrylate
parts progressed in the molten state at lower temperatures than the thermal poly-
merization temperature of zinc diacrylate alone. It is found that the accelerated
polymerization rate is initiated by ion exchange in which one of the carboxylate
anions of zinc diacrylate is exchanged with the alkanoate of zinc dialkanoate, just
above the melting point.

It should be noted that data on acetylenedicarboxylate polymerization and the
properties of the resulting metallopolymers are insufficient. A typical example is
solid-state polymerization of cadmium salt of acetylenedicarboxylic acid [93] . In
1D CP [Cd(ADC)(H2O)3]H2O, carbon–carbon triple bonds are in the immediate
vicinity (3.27 Å) along the a-axis. This causes, when heating, polymerization to
form conjugated polycarboxylic chains. EPR data show that either thermal treat-
ment or X-ray irradiation of CP can create long-lived paramagnetic radicals. In all
cases, the main component is a radical with g about 2.0038 and a line width of
about 4.5 G (Fig. 5.12). It delocalizes over a chain fragment that includes alter-
native carbon bonds and side carboxylates.

It has also been demonstrated that CP of Ln acetylenedicarboxylate tends to
undergo thermal solid-state polymerization in situ [80].

However, special approaches are often required in this case, especially for dis-
ubstituted acetylene molecules with low reactivity. Regardless of the method for
initiating solid-state polymerization, its kinetic scheme includes the following
prerequisites: The spatial displacement of growing macroradicals and their colli-
sions with monomer molecules only lead to chain growth events (due to the absence

Fig. 5.11 OLED structures having a single emissive layers (EML) and b double EMLs, including
tetraphenyldiaminobiphenyl (DvTPD), bis(2-methyl-8-quinolinato)-4-phenylphenolate aluminum
(BAlq), bathocuproine (BCP), poly (3,4-ethylene dioxythiophene)/poly (styrene sulfonate)
(PEDOT/PSS), and indium tin oxide (ITO). Chemical structures of synthesized vinyl monomers
bis[(4,6-difluorophenyl) pyridinato-N,C2][3-(4-vinyl-benzyloxy)picolinato] Ir(III) (I) and bis
(1-phenylisoquinolinate)-6-(4-vinylphenyl)acetylacetonate Ir(III) (II) are shown in (c).
Reproduced with permission from Ref. [106]. Copyright (2009) Elsevier
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of translational diffusion of reacting species); defects of the crystal lattice (dislo-
cations, gaps, vacancies, etc.) cause the chain to terminate; the reactivity of growing
macromolecules in the crystal lattice is anisotropic, and consequently, there is a
preferred crystallographic axis of their growth. Free radical (less often ionic)
solid-state polymerization of unsaturated metal carboxylates can be initiated in
different ways. The most frequently used are thermal, photochemical and radiation
initiation, and less studied is mechanochemical initiation. As an example, we
consider high-pressure polymerization under shear deformation (HP + SD) of
ZnADC. It is known that polymerization of many classes of monomers takes place
under HP + SD conditions, even if monomers are usually difficult to polymerize
(as, for example, with acetylene derivatives). Indeed, ZnADC tends to polymerize
when its solid sample is compressed in appropriate equipment such as the Bridgman
anvil (Fig. 5.13) under high pressure, combined with shear deformation (pressure
5–10 kbar, rotation angles 100° and 300°): The resulting colored product is rarely
soluble in water and insoluble in organic solvents [51].

According to obtained data, the yield of the product increases with increasing
pressure (5–10 kbar) and the degree of conversion is generally dependent on the
shear deformation expressed in terms of an angle of rotation (100°–300°). Note that
the IR spectrum of the product obtained is similar to the spectra of polymer samples

Fig. 5.12 (left) EPR spectrum of CP heated at 363 K for different periods of time; (right) EPR
spectra of CP heated at 433 K for 24 h (upper trace), followed by subsequent X-ray irradiation for
6 h (lower trace). Reproduced with permission from Ref. [93]. Copyright (2003) American
Chemical Society
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synthesized from ZnADC in alternative ways; this suggests their structural
similarity.

The DSC curve of ZnADC shows an exothermic peak at 187.8 °C due to
thermal polymerization (heat effect 180.4 J g−1). According to TGA data, the
weight loss at the step immediately preceding the polymerization corresponds to the
elimination of water of crystallization and a CO2 molecule; the polymerization
properly entails no changes in the sample weight. Polymerization of ZnADC under
isothermal conditions in an inert atmosphere and in vacuum at 150 °C for 2 h yields
a colored polymer. The product is insoluble in water or organic solvents and can
pass into solution only when 0.1 M HNO3 is used. The proposed scheme for
ZnADC solid-phase polymerization is shown in Scheme 5.5.

In addition, the formation of the polymer is indirectly confirmed by the 13C
NMR spectra of ZnADC and its polymerization product (Fig. 5.14a). The former
spectrum consists of two singlets for two types of carbon atoms in ZnADC:

Fig. 5.13 Bridgman’s anvil scheme: 1—hydropress cylinder; 2—anvils; 3—elastic element; 4—
mechanotrope; 5—thrust ball bearing; 6—the radial ball bearing; 7—thermostatic shirt; 8—places
for thermocouples; 9—thrust bearing from heat insulator [51]
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at d 159.5 (COO) and 78 (C�C). The latter spectrum (Fig. 5.14b) is strongly
broadened, which suggests the polymeric structure of the sample. In addition, the
presence of more peaks is characteristic of a more complicated structure that can
result from molecular reorganization following fragment elimination of CO and/or
CO2 during the polymerization, e.g., the formation of cyclic structures. The spec-
trum contains weak peaks at d 162 (COO) and 75 (C�C) and intense peaks at d 176
and 40, which can be assigned to the C(O)–C–O and CH2 fragment.

Scheme 5.5 Scheme of solid-state polymerization of ZnADC [51]

Fig. 5.14 13C NMR spectra
of ZnADC (a) and the product
obtained by its thermal
polymerization (b) [51]
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However, most of the results of investigations of thermal transformations of
MCMs are qualitative [109–115].

It should be noted such interesting approach as melt surface graft functional-
ization of MCMs in polymer matrixes [116–134]. In particular, it was used in situ
polymerization of zinc dimethacrylate in poly(oxyethylene) elastomer [135] and
calcium di(meth)acrylate divinyl monomers in linear low-density polyethylene
[136] . It turned out that the in situ polymerization of zinc dimethacrylate is almost
complete at the beginning stage of curing and that substantial cross-linking starts
subsequently.

At present, such a promising method of polymerization of metal-containing
monomers, such as thermal frontal polymerization (FP), attracts considerable
attention [137, 138]. The FP process involves converting the monomer into a
polymer in a localized reaction zone that is propagated in a bulk medium. The
modern application of FP and the study of its kinetics and dynamics are widely used
[139–143]. Among the advantages of frontal polymerization, one can note a high
reaction rate, a short reaction time, low energy consumption, and the possibility of
polymerization in an environmentally friendly manner without the addition of a
solvent. FP provides a significant increase in the homogeneity of the polymer chain
composition, despite the higher conversion [144]. The formation and stabilization
of the polymerization front are affected by the chemical evolution of heat and its
dispersion by thermal conductivity. Therefore, high exothermic reactions are pre-
ferred for FP reactions in which the heat of reaction is greater than the heat loss. The
use of FP to polymerize metal-containing monomers in the condensed phase was
discovered in the early 1980s [145]. In particular, this reaction was found to be
characteristic of acrylamide complexes of transition metal nitrates [146]. FP of
these monomers is the first example of thermal initiation of a process without
chemical initiators. The FP method was used to polymerize CoADC [50] by heating
a quartz vessel with CoADC in a tubular furnace. The process was carried out in a
vacuum at 473 K and heated for 1 h (the temperature gradually increased, and to
reach 473 K it took about an hour and a half). A general concept of mathematical
modeling of complex multistage reactions, accompanied by an essentially uneven
thermal pattern, is proposed for describing the FP of metal-containing monomers
[147] . This concept mainly focuses on the chemical kinetics of the transformations
that occur, and a mathematical model of the thermal FP of metal-containing
monomers based on the simplest chemical kinetic scheme is constructed in its
framework.

5.3 Overall Scheme of Conjugated Thermolysis

Studies of the thermolysis of MCMs in the TA regime in air and in an inert
atmosphere give only a qualitative pattern of the transformations that occur during
their thermolysis [110, 148]. The most complete information on the influence of
various factors on the kinetics and dispersion of the products prepared can be
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obtained by isothermal studies of the thermolysis of MCMs in SGA. Thus, ther-
molysis was studied for a number of unsaturated metal carboxylates, in particular,
CuAcr2 [149], CoAcr2 [150], NiAcr2 [10, 107], ScAcr4 [151], polynuclear
oxoacrylate FeAcr3 [152], cocrystallizates FeAcr3 and CoAcr2, FeAcr3 and NiAcr2
with atomic ratio of Fe/Co equal to 1:0.8 (FeCoAcr) and 2:1 (Fe2CoAcr) [153], Fe/
Ni = 2:1 (Fe2NiAcr), Hf(IV) (meth)acrylate and fumarate derivatives [154, 155],
maleates CoMal�2H2O [47] and Fe3O(OH)(Mal)6�3H2O [156], etc.

In general, the study of MCM thermolysis in TA and SGA regimes showed an
overall pattern of the nature of their transformation, consisting in a sequence of
three main differing in temperature macrostages [6, 8, 11, 157–160]: dehydration
(desolvation) of the original MCMs (403–473 K); solid-phase homo- or copoly-
merization of dehydrated MCMs (473–573 K); decarboxylation of the resulting
metallopolymer into a metal-containing phase; and an oxygen-free polymer matrix
at temperatures >523 K (in the case of copper MCMs above 453 K), accompanied
by intense gas evolution. A stage mechanism of thermolysis has been also proposed
for complex acrylates of the composition of M(phen)(Acr)2(H2O)y, M = Mn(II)
(y = 0), Ni(II) (y = 2), Cu(II) (y = 1), Zn(II) (y = 2) (TG, DTG, air, 293–1273 K,
rate heating 10 deg min−1) [17]. For these acrylates, with the exception of the
Zn-complex, all macrostages were exothermic. The solid products are Mn2O3, NiO,
CuO, and ZnO, respectively.

The initial decomposition temperatures of acrylates increase in the sequence of
metals: Fe < Cr < Ni < Co < Mn; however, these temperatures are lower than the
decomposition temperature of polyacrylic acid. This is probably due the catalytic
effect of metal ions or NPs on the destruction of polyacrylate fragments.
Preliminary c-irradiation (200–600 kGy) of Ni(II), Co(II), and Cu(II) polyacrylates
and increase in the irradiation dose lead to a decrease in the initial decomposition
temperatures [161].

The thermolysis of the Co(II), Ni(II) normal maleates, and Mn(II), Fe(II), Co(II),
Ni(II) acid maleates proceeds in three stages [61]. The initial decomposition tem-
peratures for the first and second stages decrease in the series of normal maleates
Co(II) � Ni(II) and increase in the series of acid maleates Fe(II) < Co(II) < Ni
(II) � Mn(II). The temperature of the beginning of the third stage decreases in the
series of both the normal maleates Co(II) > Ni(II) and the acid maleates Mn
(II) > Fe(II) > Co(II) > Ni(II). At the same time, the thermolysis of neutral ([Cu
(H2O)(Mal)]) and acidic ([Cu(H2O)4](HMal)2) maleates can be divided into four
stages: (1) dehydration, (2) polymerization, (3) isomerization of the Mal ion with
the simultaneous reduction Cu(II) ! Cu(I), and (4) decarboxylation of copper(I)
fumarate [60]. The third and fourth stages of thermolysis of these salts coincide.
The residue after thermolysis of copper(II) maleates in the He stream is a composite
consisting of aggregates ranging in size from 50 nm to several microns. Spherical
conglomerates (50–200 nm) containing many spherical Cu particles (5–10 nm) are
included in the organic polymer matrix of these aggregates.

It is of interest to obtain bimetallic NPs containing solid solutions of transition
metals with parameters (e.g., conductivity, catalytic activity, and magnetic prop-
erties), other than single-metal NPs. As an example, we note the thermolysis of

5.3 Overall Scheme of Conjugated Thermolysis 371



solid solutions in which one cation is replaced by another in the systems Co(II)
hydrogen maleate–Ni(II) hydrogen maleate; Fe(II) hydrogen maleate–Co(II)
hydrogen maleate; and Fe(II) hydrogen maleate–Ni(II) hydrogen maleate [162].
When heated, bimetallic NPs embedded in the polymeric matrix of composites
obtained by thermolysis of solid solutions of hydrogen maleates undergo a
second-order phase transition, which leads to the decomposition of solid metal
solutions at the Curie temperature.

The thermolysis of M(Mal/Fum) �xH2O (M = Mn, Co, Ni, Cu, Zn) has been
studied in the static air atmosphere by non-isothermal methods (TGA, DTG, DTA)
from ambient to 773 K [163, 164]. After dehydration, anhydrous maleate salts
decompose to metal oxalate in a temperature range of 593–633 K, which is sub-
jected to a sharp oxidative thermolysis to oxides at a higher temperature. It was
found that the anhydrous fumarate salts are thermolyzed directly into the oxide
phase. Comparison of TA shows that fumarates are thermally more stable than
maleates.

Based on various TA studies, the following mechanism for the air decomposi-
tion of transition metal maleates can be proposed (Scheme 5.6).

In the study of the thermolysis of the ferrimaleates M3[Fe(Mal)3]2�xH2O
(M = Mn, Co, Ni, Cu), the general characteristics of the decomposition process
were established in a static air atmosphere at temperatures up to 873 K [109]. This
is a multistep transformation, starting with the dehydration of ferrimaleates to fer-
rites; after dehydration, the Fe(III) precursor is converted to an intermediate Fe(II)
derivative, M3[Fe(Mal)2]2; after this, the degradation of the monomer gives iron(III)
oxide and a metal oxide. The formation of ferrite MFe2O4 can be described by the
following reactions:

M3½FeðMalÞ3�2xH2O !443�548K
M3½FeðMalÞ2�2 !573�673K

Fe2O3þMO !623�773K
KMFe2O4

In the case of non-isothermal decompositions of copper and cobalt itaconate
complexes, thermolysis proceeds in three steps: dehydration, formation of the
corresponding metal carbonate, and its decomposition to form a metal oxide [165] .

Scheme 5.6 A scheme of thermolysis of metal maleates and fumarates in air
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It is of interest to study the mechanism of local order near iron atoms during
thermolysis of [Fe3O(Mal)6]OH�3H2O as the initial stage of nucleation of NPs in
metal–polymer systems using EXAFS spectroscopy [166]. The following processes
associated with thermolysis were reported: dehydration with simultaneous rear-
rangement of the ligand environment, partial removal of maleic acid molecules, and
thermal polymerization of the rearranged monomer, while maintaining the coor-
dination of the trinuclear Fe3O fragment with maleic ligands. The cluster of the
metal carboxylate [Fe3OR6] decomposes without metal–metal binding at the initial
stage of decarboxylation, followed by the formation of Fe–O-containing phases.
This process can be regarded as the nucleation of NPs in a metal–polymer system.

5.3.1 Dehydration

At low temperatures of thermolysis (Ttherm < 473 K), dehydration of monomeric
crystallohydrates takes place. According to the studies of TG, DTA, and DTG,
dehydration of MCMs occurs at Ttherm = 353–487 (FeAcr3), 413–453 (CoAcr2),
373–473 K (NiAcr2), 393–433 K (CoMal), and 373–433 K (FeMal). A detailed
study of the dehydration of CoAcr2 under isothermal conditions at Ttherm = 303–
433 K indicates a reversible process [155]. This was also confirmed by IR spec-
troscopy. As a result of the dehydration, the absorption bands associated with the
crystallization water modes m(O–H) 3000–3600 cm−1, qx(O–H) + m(Co–OH2)
880 cm−1 disappear. The intensity of the modes due to d(O–H) + m(C=C)
1655 cm−1, qx(CH2) + d(Co-OH2) 690 cm−1, d(CH2) + d(Co-OH2) 595 cm−1

decreases simultaneously. In some cases, there are two areas of evaporation. For
example, during dehydration of CoAcr2 under completely isothermal conditions,
evaporation at 303–348 K is limited by evaporation of dehydrated water, PH2O

(Ttherm) = 1.7 � 107exp[−9200/RT)] кPa, and evaporation heat DHst

(H2O) = 38.5 kJ mol−1 is close to the heat of evaporation of H2O, DHevap

(H2O) = 43.9 kJ mol−1 [155]. The evaporation at Ttherm > 348 K is described by
the dependence of PH2O(Ttherm) = 2.7�104exp[−4800/RT)] кPa and is limited
directly by the dehydration of CoAcr2, DHevap(H2O) = 20.1 kJ mol−1. A similar
process of dehydration is observed in the case of thermolysis of CoMal (Fig. 5.15).
Endoeffects at 400 and 433 K are associated with a two-step process of dehydration
of CoMal and are accompanied by a weight loss of 15.2 wt% (calc. 17.23%).

Thermolysis of Cu(II) and Zn(II) [163] maleates and fumarates was studied by
non-isothermal methods (TGA, DTG, DTA) in the temperature range 273–873 K.
Dehydration of the complexes showed that the thermal stability of copper and zinc
fumarates was higher than stability of the corresponding maleates, dehydrated
copper fumarates and maleates were equivalent in stability, and zinc fumarate was
more stable than zinc maleate.

The comparative analysis of the thermolysis of geometry isomers (cis- and trans-
) was carried out for Zn(II) and Cu(II) [164] and Mn(II), Co(II), and Ni(II) [163]
maleates and fumarates, respectively, to studying the influence of the ligand
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structure on the thermal stability and the mechanism of thermolysis of the corre-
sponding complexes. In the case of the nickel MCMs, dehydration begins at 403 K
and ends at 498 K. The second stage involves a rapid oxidative decomposition
(weight loss 69% at 663 K) to NiO. This indicates that the yield product occurs
directly from nickel fumarate.

In the first stage of decomposition, Co(II) and Ni(II) normal maleates eliminate
one crystal water molecule and the next two coordination water molecules, which
are in good agreement with structural data [61]. In the first stage of the decom-
position of Mn(II), Fe(II), Co(II), and Ni(II) acid maleates, the coordinated water
removal proceeds in two stages, which correlates with the M–O(H2O) distance in
the coordination octahedron containing two water molecules in two different
positions. Diffractograms of samples of both normal and acid maleates after the
completion of the first stage show that the products obtained are amorphous. As a
result of chemical analysis and IR spectroscopy, it was found that no complete
removal of H2O (m(OH)) = 3400 cm−1) took place.

The main weight loss of CoADC (Fig. 5.16) observed in the TG profile was
between 433 and 463 K [51]. Probably, the final weight loss, observed in the range
of 588–673 K, can be associated with the loss of absorbed water molecules.

During dehydration in vacuum, the crystals of cobalt and zinc acetylenedicar-
boxylates (CoADC�2H2O and ZnADC�2H2O) [101] are stable only up to some
minimum content of coordination water, at which there is a sharp release of gaseous
products of thermolysis and the formation of reactive residues capable of initiating
the solid-phase MCM polymerization. According to quantum chemical calculations
(DFT), the dehydration energy of crystallohydrates CoADC�2H2O and ZnADC�
2H2O is equal to 150–200 kJ mol−1. Such a large amount can lead to
mechanochemical activation of crystal decomposition and coordination structures
of CoADC�2H2O and ZnADC�2H2O during their dehydration. The structural fea-
ture of cobalt and zinc acetylenedicarboxylates is important for understanding the

Fig. 5.15 TA curves of the thermolysis of CoMal (left) and FeMal (right): 1—TGA, 2—DTGA,
3—DTA [155]
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mechanism of solid-phase polymerization. This is the presence of critical conditions
for the existence. During dehydration, the test compounds retain stable only up to a
certain critical moment corresponding to the minimum content of coordinated
water, after which the acetylenedicarboxylate anion undergoes thermolysis
accompanied by the accumulation of CO2 in the solid phase. After reaching the
critical (for this temperature) concentration of CO2, there is a strong release of
gaseous products of thermolysis. The kinetic dependences of the weight loss of the
sample in the temperature range 366–413 K are satisfactorily described by the
first-order reaction equation. The reaction constants derived from this equation are
listed in Table 5.1. The temperature dependence of the rate constant of thermolysis
for ZnADC�2H2O obeys the Arrhenius equation. The logarithm of the preexpo-
nential factor and the activation energy calculated from this dependence are
2.7 ± 0.3 s−1 and 51 ± 7 kJ mol−1, respectively. Low values of activation
parameters show that weight loss in this temperature range is most likely related to
physical processes, such as dehydration and diffusion.

In addition, in the studies of thermal transformations of ZnADC�2H2O and
CoADC�2H2O in vacuum (Fig. 5.17), a so-called boiling layer is observed,

Fig. 5.16 DSC and TGA for CoADC (argon) [51]

Table 5.1 Thermolysis rate
constants (k) and the critical
weight loss values
((Dm/m0)cr) for crystalline
hydrates of zinc and cobalt
dicarboxylates

Sample T/K k � 104/s−1 (Dm/m0)cr
ZnADC�2H2O 366 1.2 >0.185

375 2.2 >0.205

386 2.8 >0.180

395 5.7 >0.181

413 7.5 >0.181

CoADC�2H2O 366 3.3 >0.160

386 3.6 –

405 – >0.216
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accompanied by a significant entrainment of solid particles from the reactor. This
strong evolution of gaseous products upon the destruction of crystalline hydrates
was observed irrespective of the conditions used (isothermal, non-isothermal) and
the rate of temperature growth. The energetic release of the gaseous products of
thermolysis of crystalline hydrates, leading to the boiling of a powdered sample, is
not associated with a certain characteristic temperature and occurs even at low
heating rates. Thus, at a heating rate of 0.8 deg min−1, this temperature for
ZnADC�2H2O is 403 K and at a heating rate of 1.6 deg min−1, 415 K. At a heating
rate of 2.4 deg min−1, the boiling of the zinc salt occurs at 421 K and of the cobalt
salt, at 422 K.

5.3.2 Polymerization

Analysis of chemical transformation pathways shows that the state of a part of Acr
ligands can change as a result of MCM dehydration in the temperature range 333–
403 K, which causes non-equivalence of the M–O bonds [111, 160]. This leads to
the rupture of the weak M–O bond and the formation of the radical CH2=CHCOO

.,
which initiates the formation of polymers with a linear structure (Scheme 5.7).
According to the adopted scheme [167], the polymerization of bifunctional acrylic
monomers gives a comb-shaped linear polymer, which usually has a conventional
structure in the first stage and 3D network in the subsequent stage. It should be
noted that changes can be tracked due to the formation of 3D polymer network
structure in the system when the chain growth reaction involves the C=C bonds in
the side chains of macroradicals. At this stage, the chain grows with a strong steric
hindrance and a high level of internal stresses. As was shown earlier [168],

Fig. 5.17 Temperature
dependences of the relative
weight loss for ZnADC�2H2O
(1, 2, and 4) and
CoADC�2H2O (3) in vacuo.
The temperature rise rate is
0.8 (1), 1.6 (2), and
2.4 deg min−1 (3, 4) [101]
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low-frequency IR spectra of polyacrylate in the regions of –O–M–O– vibrations
show a broad band at 340 cm−1 instead of two narrowband characteristic of MCM.

The mechanism of thermolysis of dicarboxylates is analogous to that of unsat-
urated monocarboxylic acid salts [111]. It can be assumed that with an increase in
the level of thermal vibrations in the lattice of the monomer, the rupture of the
weakest M–O bonds is most likely. As a result, the biradicals .OOCCH═CHCOO.

are formed, for example, from maleates. The formed radicals react with the
metal-containing maleate fragments to give corresponding acids and H-depleted
radical R. of the Mal groups according to the following scheme:

�OOCCH ¼ CHCOO� þRH ¼ HOOCCH = CHCOOHþRI

Here, RH ¼ ðCHCOO)2Mnþ
2=n ;RI ¼ ðCCOO)2Mnþ

1=n .

The resulting RI initiates polymerization to produce linear or network polymers.

RI þ sðOOCCH ¼ CHCOOÞMnþ
2=n

! R1 � ½�M1=nOOCCH� CHCOOM1=n��s � RI

Scheme 5.7 Scheme of second step of thermolysis of MCMs
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Increasing the temperature to Ttherm = 473–573 K leads to solid-state polymer-
ization of the dehydrated monomer. Transformation of MCMs under the conditions
of TA and SGA showed that in this temperature range there is a small evolution of
the gas, as well as a small loss of sample weight (<<10 wt%). In the case of metal
acrylates and maleates, the main contribution is made by CO2 and vapors of HAcr
and HMal condensed on the walls of the reactor at room temperature, respectively.
This is confirmed by the results of the IR and MS study. According to TA data,
typical polymerization temperature ranges (Tpolym) are as follows: *543 K
(CoAcr2), *563 K (NiAcr2), *510 K (CuAcr2), *518 K (FeAcr3), 488–518 K
(CoMal), *518 K (FeMal). During the polymerization, the IR absorption spectrum
of the dehydrated monomer changes due to a decrease in the absorption intensity of
the stretching band of the C=C bond and the absorption frequency of stretching of
C=O bond valence modes resulting in the appearance of a broadened absorption
band in the 1540–1560 cm−1 region (Tables 5.2, 5.3, and 5.4). It is interesting that in
the thermolysis of NiAcr2 (Texp = 593 K) at low degrees of gassing (warm-up time)
a regularly band (RB) appears with W = 1.27 (dC–H 830 cm−1, mC–H 2930 cm−1)
which disappears with increasing conversion and is not observed at Texp = 573 K.
The appearance of RB indicates an ongoing polymerization process that precedes the
evolution of the base gas.

According to the results of the TA analysis, when FeMal is thermolyzed, the loss
of weight Dm of the sample with the thermal effect of DTA with a maximum at 433
and 518 K is 31.2 and 8.7 wt%, respectively. The first endoeffect (strong enough)
is associated with the dehydration process (5.2% for the loss of three water
molecules) and, apparently, with the partial elimination of three molecules of
maleic acid (36.8% calc.) (Fig. 5.18a). EXAFS study of solid of the product in the
initial stage of thermolysis (Tterm = 5 min at 643 K) also indicates a rearrangement
of the FeMal ligand environment during its dehydration and polymerization. As a
result, the Fe atoms coordinate the O atoms of both carboxylate groups of the
maleate anion (Fig. 5.18b). The second weak endoeffect, accompanied by the loss
of weight of the sample, is most likely due to the polymerization of the dehydrated
monomer. Finally, Dm in this area is about 40%.

5.3.3 Decarboxylation

At Ttherm > 523 K (for CuAcr2 Ttherm > 453 K), the thermopolymerized samples
undergo an intensive evolution of the gas (Scheme 5.8). The kinetics of the process
under isothermal conditions and in a SGA was studied [149, 150] for CuAcr2
(<Ttherm> = 363–513 K), CoAcr2 (623–663 K), NiAcr2 (573–633 K), FeAcr3
(473–643 K), FeCoAcr (613–633 K), Fe2CoAcr (613–633 K), Fe2NiAcr (603–
643 K), CoMal (613–643 K), FeMal (573–643 K).

The rate of gas evolution W = dη/dt decreases monotonically with increasing
degree of conversion, η = DaP, t/DaP, f, where DaP, t = aP, t − aP, 0, DaP,

f = aP, f − aP, 0, aP, f, aP, t, and aP, 0, respectively, the final, current, and initial
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number of moles of gaseous products released per mole of the starting sample at
room temperature. The kinetics of the evolution of the gas η(s) in the general case
(up η 	 0.95) is satisfactorily approximated by the equation for the two parallel
reactions:

gðsÞ ¼ g1f ½1�expð�k1sÞ�þ ð1�g1fÞ½1�expð�k2sÞ� ð5:1Þ

where s = t − t0 (t0 is the time of heating), η1f = η(s)∣k2t ! 0, k1t ! ∞, and k1, k2 are
the effective rate constants. Parameters k1, k2, η1f, DaP, f depend on the temperature
of the thermolysis (Ttherm):

g1f ;Da
Pf ¼ Aexp[� Ea;eff=ðRTthermÞ� ð5:2Þ

keff ¼ k0;effexp �Ea;eff= RTtermð Þ� � ð5:3Þ

where A and k0,eff are preexponential factors and Ea,eff is the effective activation
energy.

Fig. 5.18 Structure of FeMal (a) and product of its thermolysis (b) at initial stage of thermolysis

Scheme 5.8 Scheme of decarboxylation process
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The initial rate of gas evolution Ws = 0 = W0 is

W0 ¼ g1fk1 þð1�g1fÞk2 ð5:4Þ

Equations (5.1) and (5.4) describe the kinetics of the gas evolution of NiAcr2,
FeCoAcr, Fe2CoAcr, Fe2NiAcr, and FeMal (Fig. 5.19) [11, 149, 150].

When k2 � 0, η1f ! 1

gðsÞ � 1�expð�k1sÞ ð5:5Þ

W0 � k1 ð5:6Þ

Equations (5.5) and (5.6) describe the kinetics of the gas evolution during
thermolysis of CoAcr2 and CoMal (Fig. 5.20).

Fig. 5.19 Kinetics of accumulation of gaseous products during thermolysis of cocrystallizates
FeCoAcr (left) and Fe2CoAcr (right). Curves are calculation of Eq. (5.1); points are the
experimental values: Texp = 613 (1), 623 (2), 633 (3), 643 (4), 653 (5), 663 K (6); m0/V = 1.80
(±0.05), 10−3 [11, 149, 150]

Fig. 5.20 (left) Kinetics of the thermolysis of CoAcr: a dependence η(t) at various temperatures:
663 (1), 653 (2), 643 (3), 633 (4), 623 K (5); b the dependence lgk versus 1/T; (right) thermolysis
of CoMal in SGA: a gas evolution kinetics η(t); b semilogarithmic anamorphosis [lg(1−η), t].
1—653, 2—643, 3—633, 4—623, 5—613 K
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In the case where s << 1/k2, k1 >> k2,

gðsÞ � g1f ½1�expð�k1sÞ� þ ð1�g1fÞg2s ð5:7Þ

W0 � g1fk1 ð5:8Þ

Dependence of η on time (t) during thermolysis of CuAcr2 is satisfactorily
described by Eq. (5.7) (Fig. 5.21).

Kinetic parameters of gas evolution during MCM thermolysis are presented in
Table 5.5.

It should be noted that when the thermopolymerized FeAcr3 is heated, two
regions of gas evolution are observed (Fig. 5.22) [152]: a low-temperature region
(<Ttherm> = 473–573 K) and a high-temperature region (<Ttherm> = 603–643 K).
Their gas evolution rate is well approximated by Eqs. (5.5 and 5.6), but with
different values of k and DaP, f (see Table 5.5). It is possible that the difference in
the kinetic parameters of FeAcr3 thermolysis in the low- and high-temperature
regions or in the case of the difference of FeCoAcr, Fe2CoAcr, Fe2NiAcr at the η1f
level at constant values of other kinetic parameters (DaP,f, k1, k2) is due to the
presence of two parallel processes of gas evolution.

Using the values of W0, the reactivity of metal acrylates in thermolysis can be
arranged as follows: Cu � Fe > Co > Ni. The values of effective activation
energies of the initial gas evolution rate under SGA conditions for CuAcr2
(Ea,eff = 202.7 kJ mol−1), NiAcr2 (Ea,eff = 246.6 kJ mol−1) shown in Table 5.5 are
close to the calculated values of Ea,eff for thermolysis in TA regime [10]: 211.1 and
244.1 kJ mol−1. At the same time, Ea,eff = 238.3 kJ mol−1 of the initial rate for
CoAcr2 thermolysis in SGA regime is higher than for the corresponding value
Ea,eff = 206.1 kJ mol−1 under TA conditions. Attention is drawn to the difference in
the rate constants of gas evolution from cobalt acrylate and maleate thermolysis.
The values of the FeMal activation parameters are close to those for FeAcr3,
FeCoAcr, Fe2CoAcr, and Fe2NiAcr in the same region of Ttherm.

Fig. 5.21 Dependence
η(t) during the thermolysis of
CuAcr2: 1—463, 2—473,
3—483, 4—493, 5—503,
6—513 K; m0/v = 2.45
(±0.1) � 10−3
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As the temperature rises, the metal-containing fragments of the formed polymers
decompose to produce the metal (or its oxide) and CO2.

RI � ½� M1=nOOC
� �

CH� CH COOM1=n
� ���s � RI !

CH � C� ½�CH� CH��s � C � CHþ 2 sþ 2ð ÞCO2 þM:

Polymers obtained as a result of the decarboxylation reaction can be additionally
thermopolymerized to form a network with conjugated multiple bonds.

5.4 The Composition of Gaseous and Solid Products
of Conjugated Thermolysis

5.4.1 Gaseous and Condensed Products

The main gaseous product of the conversion of the metal acrylates and maleates as
well as their cocrystallizates is CO2. This confirmed the data of IR spectroscopy and
MS. CO (IR, MS), H2 (MS), condensed at Troom H2O vapor (IR, MS), as well as
HAcr (IR, MS) and H2Mal (IR, MS) ligands, which are thermolysis products of the
corresponding MCMs, are evolved in much less amount. Evolution of the main
quantity of vapors of the condensed product is observed in the early stages of the
evolution of the gas (during the warm-up of the sample aP,0) and is associated with
dehydration and solid-state polymerization processes, which are the previous main
evolution of the gas. This is indicated by comparing the amount of gaseous
products released and the weight loss of the sample. In addition to these gaseous
products, CH4 (IR, MS) was detected in the case of CoAcr2 (trace amount) and

Fig. 5.22 a Gas evolution kinetics during FeAcr3 thermolysis at Texp: 1—488, 2—523, 3—548,
4—573, 5—623, 6—513 K. The arrow shows the moment of temperature increase. b Dependence
η(T) versus Texp: 1—473, 2—478, 3—483, 4—488, 5—493, 6—503, 7—513 K
(mo/v = 6.7 � 10−3 g cm−3). c The dependence η(t) versus Texp: 1—643, 2—633, 3—623,
4—613, 5—603 K. d Semilogarithmic anamorphosis of the dependence η(t) [152]
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NiAcr2 (commensurate with the amount of CO2) (Table 5.6). C2H4 (IR, MS) is
formed in the CuAcr2 conversion products in measurable quantities.

In the IR spectra of gaseous products that condense at 88 K (Fig. 5.23, left),
there is a system of characteristic absorption bands in the 3600–3700, 2320–2340,
625–670 cm−1 regions associated with CO2 oscillations. Absorptions at frequencies
of 2990, 2930, 1750sh, 1725, 1630, 1370, 1350 cm−1 with respect to the oscilla-
tions of m(C–H), m(C=O), m(C=C), d(C–H) are due to the presence of vapor of HAcr.
In the case of CuAcr2, there are also absorption bands of C2H4 (m(CH) 3106, 3020,
3000, 2970 cm−1 in similar IR spectra; m(C=C) 1625 cm−1; das(CH2) 1445 cm−1;
ds(CH2) 1380 cm−1; qw(CH2) 950 cm−1). In the IR spectra of gaseous products that
do not condense at 88 K, in the region of 2140 and 2100 cm−1 there are absorption
bands associated with CO oscillations (Fig. 5.23, right) [149].

The level of the general evolution of gas at the end of thermolysis (aP, f) is
specific for each compound and increases with Ttherm (see Table 5.6). At a constant

Table 5.6 Composition of the gaseous and condensable thermolysis products of MCMs [48, 149,
150, 153, 156]

MCM Products (% oб.)

Condensable at 88 K Non-condensable at 88 K

CO2 C2H4 Vapor HAcr
(H2Mal)

Vapor
H2O

H2 CO CH4

CoAcr2 >90 – + + 56.8 34.0 9.2

CuAcr2 >90 5–6 + + 19.4 77.6 3

NiAcr2 79 + + 0.5 *0.5 18.5
from aR

FeAcr3 90–
93

– + 2.3 2.7 from
aR

– –

CoMal 90 – + + 2–2.5
from aR

2–2.5 from aR –

FeMal 90 – + + Trace 	 10 from aR

CO2

Fig. 5.23 (left) IR absorption spectra of the gaseous products (1) and the product condensed on
the walls of the reaction vessel (2) during the thermolysis of CoAcr2; (right) the IR absorption
spectra of the gaseous products of thermolysis of CuAcr2, non-condensing at 88 K [149]
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value of Ttherm, aP, f increases with increasing amount of Acr ligands in acrylate
monomers. With an increase in Ttherm, the loss of weight of the sample at the end of
the gas evolution also increases, but does not reach the values that could be
expected for the decomposition of metal carboxylates onto the metal or its oxide.

The main gaseous products of CoADC thermolysis in the temperature range
413–1223 K are CO2, C2H2, C6H6 which can be attributed to the decarboxylation
process the polymerization of MCM (Fig. 5.24) [51]. In the temperature range 413–
453 K, the rate of gas evolution during the thermolysis of CoADC is satisfactorily
approximated by the first-order equation.

W ¼ dg=dt ¼ kð1� gÞ

where η = (at−a0)/(a1−a0) is the degree of transformation and at, a0, and a1 are
current, initial, and final total amount of gaseous thermolysis products produced per
mole of the original CoADC, k = 1.61015exp[−35,800/(RT)], s−1.

It was found that the complete decarboxylation of metal-containing fragments of
CoADC completes over 673 K, and the complete evolution of the gas n ends
at >1073 K. In this case, a significant loss of sample weight (up to 70% at 1223 K)
was observed.

Fig. 5.24 TGA, DSC, and mass spectra of CoADC (heating rate 5 deg min−1, argon) [51]
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5.4.2 The Composition of the Solid-Phase Products

In the thermolysis of MCMs, changes in the IR absorption spectra of solid products
of thermolysis are observed with increasing aP, t. They lie in the evolution of the
relative intensity of the absorption bands Irel and the shift of the absorption bands.
Despite the inherent individuality of each of the compounds studied in the changes
in the IR absorption spectrum, there are general regularities connected primarily
with the system of mode of C=C and COO bonds:

(i) At low degrees of gas evolution, including thermolysis of FeAcr3 at low
temperatures, the Irel values of the modes m(>C=C<), q(CH2), m(=C–C), and
p(–CH=CH2) and the IR spectrum become analogous to the spectrum of the
corresponding metal polyacrylates [170] and polymaleates [8, 45]. This is
evidenced by the comparison of Irel in the IR spectra of products of ther-
molysis and individual polyacrylate and polymaleate.

(ii) An increase in the degree of gas evolution leads to a decrease in the Irel stretching
values m(C(O)–O) and the bending of d(C–O) to their complete disappearance.
This conclusion indicates the decomposition of carboxylate groups.

(iii) Simultaneously with the drop in the Irel of the C(O)O mode, a shift of the
absorption bands of the stretching m(C–H) modes in the high-frequency
region is observed, which indicates the strengthening of the C–H bond. This
is typical of =CH– fragments.

(iv) Absorption in the range 1630–1655 cm−1, associated with the vibrations of
m(C=C–) shifted in the high-frequency region 1685–1720 cm−1 with a
decrease in Irel. This may be due to the appearance of stretching modes in
conjugated C=C– fragments of reaction products.

In general, quantitative monitoring of evolution in the transformation of IR
absorption spectra of solid products of thermolysis of carboxylate MCMs suggests
decarboxylation of metal-containing fragments and the appearance of conjugated
C=C bonds.

The formation of a new phase in the decarboxylation of a metal-containing poly-
mermanifests itself in a stepwise increase in the dielectric losses (the imaginary part of
the complex permittivity e″) by six orders ofmagnitude at an electricfield frequency of
1 Hz and a temperature T � 533 K (Fig. 5.25, surface 1; inset, curve 1) [171]. When
CoAcr2 is heated, e’’ varies from 10 to 107, which corresponds to a conductivity
change of 10−13 to 10−7 S cm−1. After cooling and reheating, the achieved dielectric
loss remains at the same high level (Fig. 5.25, surface 2; inset, curve 2).

The EM study of the final thermolysis products of CoAcr2, FeAcr3, CoMal,
Fe2NiAcr, FeCoAcr, and Fe2CoAcr showed that they are characterized by a mor-
phologically similar character: There are electron-dense particles in electron-less-
dense matrix. Analysis of the data obtained shows that thermolysis of MCMs leads
to the formation of metal–polymer nanocomposites that contain NPs of metals
and/or oxides and carbides evenly distributed in stabilizing polymer matrices and
having different core–shell interfaces (Scheme 5.9). In these systems, NPs are
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Fig. 5.25 Dependences e″(f, T) for CoAcr2 measured upon (1) first and (2) repeated heating to
533 K. Dependence e″(T) at f = 1 Hz is presented in inset [171]

Scheme 5.9 Structure of core–shell NPs
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characterized by a certain core–shell structure, which contains a metal-containing
core and a polymer shell as a surface layer. They are stable over time; i.e., at their
long-term storage, there are no changes in the chemical composition, size, and form
of the NP.

In the products of thermolysis of carboxylate MCMs, the metal-containing cores
contain significant fractions of oxide shells. For example, upon the thermolysis of
CoAcr, the CoO fraction in the core reaches 85%; in thermolysis of NiAcr (wt%),
NiO � 43; NiO � 35; and Ni3C � 22, while in the case of thermolysis of its
polymer, NiO � 75 wt% and NiO � 25 wt%. For comparison, the composition of
the thermolysis products of Ni(II) polyacrylate, which was obtained by the inter-
action between polyacrylic acid and Ni(II) acetate and underwent thermolysis under
the same conditions, was equal to Ni � 84 wt% and NiC � 16 wt% [10].

The particles are close to spherical in shape, have a narrow size distribution, and
are present either individually or as aggregates of 3–10 particles (Figs. 5.26 and
5.27).

The average particle diameter (dEM,av) is shown in Table 5.7.
NPs are distributed fairly evenly in the matrix with an average center-to-center

distance of 8–10 nm. In the case of CoMal, along with spherical NPs, relatively
large aggregates are also observed in the form of a cubic crystal habitus with
dimensions of 10–20 nm. Assuming that the volume of the initial acrylate con-
sumed for the formation of a metal-containing particle MOx (having a size of dMOx

and a specific density of qMOx), like the initial particle MAcrn, spherical symmetry,
and diameter dAcr, the final product is the decarboxylated matrix (–CH2–CH=CH–
CH2−)n− composition with immobilized MOx molecules in it and has an average
density �qprod � 0.5(qMOx + qAcr), where qAcr is the density of the initial monomer
(qAcr = 1.5 g cm−3). Then, we get the average center-to-center distance dprod
between NPs:

Fig. 5.26 TEM microstructure (left) and electron diffraction (right) of the thermolysis product of
CoAcr2 at 643 K [10]
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�dprod ¼ �dMOxn
1=3

Here, n = qMOx(1 + nl2/l1)/ �qprod, l1 = lMOx is the molecular weight of MOx,
l2 = lCH2CH, and n is the number of Acr groups in the original monomer per unit
atom M.

For qMOx = 5.2 g cm−3 (specific density of Fe3O4 or Fe2CoO4),
�qprod ¼ 3:35g cm3, lMOx = 78, lCH2CH = 27, n = 3, we obtain dprod ≅ 1.5 �dMOX .
Thus, for �dMOX = 5.0–9.0 nm we have �dprod = 7.5–13.5 nm, which is close to the
interparticle distance in the decarboxylated matrix.

It is important to note that the APS formed during the thermolysis of unsaturated
metal carboxylates is lower than that of the products of thermolysis of saturated
metal carboxylates (Fig. 5.28) [12].

In chemical reactions of the solid phase, the most important factors affecting the
process rate are the morphological characteristics of the starting compounds, such
as the dispersity, the specific surface, and topography of the particles. On the one
hand, knowledge about the evolution of the morphology of solid-phase products
allows one to evaluate the kinetic features of the process. On the other hand, the
study of the topography of solid-phase products, in particular, at the end of the
thermolysis, allows us to understand physicochemical properties of the materials

Table 5.7 Average size of the spherical clusters in decarboxylated matrix

Sample CoAcr2 FeAcr3 FeCoAcr Fe2CoAcr Fe2NiAcr CoMal

dEM, av, nm 7 7–9 5–6 5–6 6–8 3–4

Fig. 5.27 Thermolysis product microstructure of Fe2CoAcr at 643 K according to the TEM (left)
and HRTEM (right) [10]
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formed. In this respect, the morphology of metal-containing polymeric nanocom-
posites obtained, for example, by thermolysis of the corresponding MCMs in the
self-organizing regime, has been little studied.

The initial samples of MAcrn and MMaln are optically transparent crystal-like
porous particles without crystallinity at distances comparable to the transmitted
light wavelength. They have a relatively large specific surface area (Ssp

0 = 9–30 m2

g−1), which does not change significantly during thermolysis. However, in some
cases (for CuAcr2, CoAcr2 and several for NiAcr2), large aggregates are dispersed.
As a result, APS decreases, and Ssp increases by 2–3 times and then decreases again
due to particle sintering [149, 150]. Even in the early stages (during the sample
warming up), the particles lose transparency, and their surface becomes sugar-like,
probably as a result of desolvation processes, which may indicate a significant
contribution of a bulk homogeneous reaction. Thus, the thermolysis of these
compounds is a heterogeneous–homogeneous process [10, 151, 154].

APS of decarboxylated metallopolymer (Ssp measurement data) is estimated
as *20–30 nm for CuAcr2 and *30–50 nm for CoAcr2. Electron microscopy and
electron diffraction studies [10, 48] of the microstructure of the sample showed
(Fig. 5.29a) a rather narrow particle size distribution, an average particle diameter
of 4–9 nm (Fig. 5.29b) and an 8–10 nm average distance between the particles in
the matrix. Even distribution of particles in the matrix and a narrow particle size
distribution may indicate a high degree of pseudohomogeneity of decarboxylation
and the formation of a new phase. It should be noted that the average size of
thermolysis products is much higher for salts of saturated carboxylic acids than for
the unsaturated acid salts (see Fig. 5.29b).

As can be seen from the results of optical microscopy (OM) studies (Table 5.8),
the metal carboxylate powders are characterized by a high and very similar dis-
persity [11].

It was shown that the starting powders consist of both agglomerates of trans-
parent particles as plates or flat prisms (CoMal) and shapeless glassy particles.
Some large crystals had macrodefects, such as deposits and cracks. In many cases,
metal powder particles of metal carboxylates did not rotate the polarized plane of
transmitted light in crossed polaroids. This means that the particles are amorphous,
whose dimensions are comparable to the wavelength of transmitted light.

Fig. 5.28 Size distribution of metal-containing particles. Products of thermolysis of metal
carboxylates (left): CoAcr2, (middle) cocrystallizate Fe2CoAcr, and (right) 1—FeAcr3, 2—Fe
(HCOO)2�2H2O, 3—CoMal [12]
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The CoMal particles formed two fractions: amorphous particles and crystalline
flattened prism particles (in some cases, they were well faceted with an average size
of *50 � 15 � 5 lm3) that rotated plane-polarized light in crossed polaroids. The
estimated weight ratio of the first and second fractions was 1:1. APSs, calculated
from S0,sp, are 0.01–0.05 lm (without taking into account the shape factor). This is
substantially less than APSOM. Such differences between the values of APS show
the high porosity of the original samples, i.e., the block structure with transparent
interblock boundaries. Only amorphous particles (the first fraction) were studied by
electron microscopy. They demonstrated a homogeneous network of increased
electron density with a unit cell size of *2.0 nm (Fig. 5.30).

During thermolysis, it was found that specific surface Ssp,f of the sample
increases in the case of CuAcr2, CoAcr2, and NiAcr2. The main changes occur at
the early stage of conversion, and at the end, the value of Ssp,f exceeds the value of

Fig. 5.29 EM image of the thermolysis product of Co(Mal)2H�2O at 623 K (a) and size
distribution of metal-containing particles (b) [36] (1) Fe3O(OH)(Acr)6�3H2O, (2) Fe
(HCOO)2�2H2O, (3) Co(Mal)2.H2O [10, 48]

Table 5.8 Dispersity of the initial MCMs and their thermolysis products

MCM S0,sp (m
2 g−1) Sf,sp (m

2 g−1) APSOM (lm)

CuAcr2 14.7 48.0 (463 K)–53.8 (473 K)–43.8 (503 K) 5–50

CoAcr2 20.2 24.1 (623 K)–42.1 (663 K) 100–150

FeAcr3 15.0 15.0 1–5

NiAcr2 16.0 55.0–60.5 60–100

FeCoAcr 9.0 13.6 5–10

Fe2CoAcr 8.1 11.3 10–15

Fe2NiAcr 8.5 13.5 100–200

CoMal 30.0 30.0 5–70

FeMal 24.0 26.0 30–50
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Ssp,0 by 2–3 times (see Table 5.8). In the case of CuAcr2, the behavior of Ssp,f(Tterm)
is peculiar. The first value of Ssp,f increases from Ttemp to 493 K and then decreases.
The decrease in Ssp,f at Tterm > 493 K is apparently determined by particle sintering.
However, in the thermal conversion of FeAcr3, FeCoAcr, Fe2CoAcr, Fe2NiAcr,
CoMal, and FeMal, the values of Ssp,f do not change substantially.

It should be noted that APS is 6.0–13.0 nm in the case of FeAcr6 (based on the
electron diffraction data, the main product is Fe3O4), 6.0 nm for FeCoAcr8 and
Fe2CoAcr14 (Fe3O4, CoO, Fe2CoO4), and 6 nm for CoMal2 (CoO) [172]. The
formed material consists of NPs uniformly distributed in the polymer matrix.

The composites obtained by thermolysis of unsaturated cobalt hydrogen car-
boxylates in an argon flow are black powders and, according to XRD data
(Fig. 5.31), consist of two structural elements: Co3O4 NPs (cubic symmetry) with
small CoO impurities (tetragonal symmetry) and metallic cobalt (hexagonal sym-
metry) in the polymeric shell are embedded in the organic polymer matrix [62]. The
black color of the composites is due to the presence of amorphous carbon. The C:H
ratio in the synthesized composite is equal to *1. This indicates that the content of
(=CH–) fragments in the formed polymer matrix is very large.

The SEM and TEM studies of the composites show that they consist of ag-
gregates with sizes from 100 nm to 8 lm. The composite prepared by the ther-
molysis of cobalt hydrogen itaconate exhibits the reflections corresponding to
cobalt, oxygen, and carbon. In combination with chemical analysis data, these
reflections prove the formation of Co3O4 NPs in a polymer shell, which generally
consists of (=CH–) moieties. The TEM image processing stages for the composite
prepared by the thermolysis of cobalt hydrogen itaconate are illustrated in Fig. 5.32.

According to XRD data (Table 5.9), the thermolysis of nickel(II) itaconate,
acetylenedicarboxylate, and allylmalonate leads to the formation of NiO and b-Ni,
and the composite obtained by thermolysis of nickel glutaconate contains a-Ni in
addition to the listed phases [173]. The nickel maleate and cis,cis-muconate ther-
molysis products contain NiO, b-Ni, and impurities of a-Ni.

Fig. 5.30 Electron
micrograph of initial particles
of fraction 2 of CoMal [11]
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Fig. 5.31 XRD patterns of the composites synthesized from precursors: a cobalt hydrogen
maleate, b cobalt hydrogen allylmalonate, c cobalt hydrogen cis-,cis-muconate, d cobalt
acetylenedicarboxylate, e cobalt hydrogen glutaconate [62]
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Fig. 5.32 Stages of TEM image processing with the LabVIEW 8.5.1 software for the
nanocomposite synthesized by the thermolysis of cobalt hydrogen itaconate [62]

Table 5.9 XRD results for the nickel(II) carboxylate thermolysis products

MCM Phase Symmetry
system

Space
group

Unit cell
parameters, Å

Content,
wt%

Nickel maleate NiO Cubic Fm3m a = 4.184 33.4 ± 0.1

b-Ni Cubic Fm3m a = 3.519 57.3 ± 0.1

a-Ni Hexagonal P63/mmc – 9.3 ± 0.1

Nickel itaconate NiO Cubic Fm3m a = 4.175 73.3 ± 0.1

Cubic Fm3m a = 3.523 26.7 ± 0.1

a-Ni Hexagonal – – –

Nickel
acetylenedicarboxylate

NiO Cubic Fm3m a = 4.176 73.7 ± 0.1

b-Ni Cubic Fm3m a = 3.525 26.3 ± 0.1

a-Ni Hexagonal – – –

Nickel allylmalonate NiO Cubic Fm3m a = 4.178 67.8 ± 0.0

b-Ni Cubic Fm3m a = 3.522 32.2 ± 0.0

a-Ni Hexagonal – – –

Nickel glutaconate NiO Cubic Fm3m a = 4.178 21.6 ± 0.1

b-Ni Cubic Fm3m a = 3.521 56.8 ± 0.1

a-Ni Hexagonal P63/mmc a = 2.485
c = 4.093

21.5 ± 0.1

Nickel cis-,cis-
muconate

NiO Cubic Fm3m a = 4.197 30.0 ± 0.2

b-Ni Cubic Fm3m a = 3.517 66.8 ± 0.2

a-Ni Hexagonal P63/mmc – 2.9 ± 0.1
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Table 5.10 Micrographs and aggregate size for the nickel carboxylate thermolysis products

Nanocomposite
precursor

Aggregate
size, lm

SEM image

Nickel maleate 5.5–20.5

Nickel
acetylenedicarboxylate

0.6–173

Nickel allylmalonate 0.6–267

(continued)
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The SEM and TEM studies of the composites show that they consist of ag-
gregates of 0.3–260 lm in size (Table 5.10).

It is noteworthy that carbon nanotubes are formed in the nanocomposite, which
results from the thermolysis of nickel itaconate (Fig. 5.33). As a rule, the growth
temperature of carbon nanotubes is usually in the range of 773–1273 K; however,
in this case synthesis of nanocomposites was carried out at 608 K.

The residues after the thermolysis (up to 723 K) of salts (both normal and acid)
of transition metals with maleic acid are composites comprising two structural

Table 5.10 (continued)

Nanocomposite
precursor

Aggregate
size, lm

SEM image

Nickel glutaconate 1.4–107

Nickel cis,cis-
muconate

0.3–211
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Fig. 5.33 TEM image of the nanocomposite obtained by the thermolysis of NiIta [173]

Fig. 5.34 A photograph of the composite synthesized from CuMal [174]
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components: an organic polymer matrix and spherical conglomerates of metal
grains coated with a polymer (Fig. 5.34) [174].

The composition and monophase homogeneity of the normal Co(II), Ni(II)
maleates and Mn(II), Fe(II), Co(II), Ni(II) acid maleates greatly influence the
thermolysis process, which is accompanied by graphitization of the matrix and NPs
[61]. The thermolysis conditions (temperature, atmosphere), ligand environment,
and the nature of the metal in the precursor favor the decomposition reactions along
different paths, with the formation in the solid residue of various NPs: metallic,
oxide, carbide embedded in the polymer matrix or incorporated into the
carbon-containing shell.

The metallic NPs were embedded into the polymer composite matrix during the
thermolysis of normal (Co(II), Ni(II), Cu(II)) and acid (Fe(II), Co(II), Ni(II), Cu(II))
maleates in the He atmosphere, around which there is a negligible small envelope
(Fe) matrix together with a polymer (Co) or graphene (Ni) shell containing oxide
impurities (only for iron- and cobalt-based composites) [60, 61, 175]. In particular,
the polymer matrix of the composite obtained from cobalt maleate contained four
types of NPs: a-Co, b-Co and CoO in polymer shells, and Co3O4 without a polymer
shell. Spherical conglomerates (50–200 nm) with numerous copper spherical par-
ticles (5–10 nm) are introduced into the polymer matrix in composites with Cu.
After 7-day exposure of copper-based composites in air, they show the oxide phase
of Cu2O in addition to the metallic phase. Longer storage results in almost complete
oxidation of copper.

The study of the non-isothermal thermolysis of cadmium itaconate monohydrate
Cd(Ita)�H2O between ambient temperature and 873 K in different dynamic atmo-
spheres of N2, H2, and air showed that CdO is the only solid product obtained from
thermolysis in air [176]. In N2, the product solid was dominated by cadmium oxide
along with traces of cadmium metal and cadmium hydroxide Cd(OH)2. However, in
the H2 atmosphere, the cadmium metal was obtained as the main product, which
sublimes above 723 K.

It should be noted the preparation of ZnO and CdO NPs with APSs around 13
and 30 nm by thermolysis of the precursor M(L)2�(N2H4)2 (M = Zn/Cd,
L = cinnamic acid) [177]. It is interesting that in the case of Zn-complex, randomly
distributed ZnO grains with smaller size are formed, while the products of the
thermolysis of Cd complex are rock candy-like CdO structures with agglomeration
of particles (Fig. 5.35).

Polymerization of metal acetylenedicarboxylates was accompanied by the for-
mation of polyconjugated chains [51]. The nanocomposites obtained are pyrolyzed
polymer matrices with homogeneous distribution of metal-containing NPs
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[159, 178]. Iron (<10 nm) and cobalt NPs (10–20 nm) are spherical, while zinc NPs
(*20 nm) look like plates (Fig. 5.36).

SEM images (Fig. 5.37) demonstrated nanorods with a diameter of 30–60 nm
and a length of several micrometers. Image verification shows that the thermolysis
of CP Zn(ABDC)(ADC) at 873 K led to the formation of more uniform rods with a
longer length (Fig. 5.37c) [179].

Spherical silver NPs embedded in the carbon matrix were synthesized by
thermolysis of AgADC. It is important that these NPs, which are formed either by
thermolysis at 573 K in an autoclave or by thermolysis in a xylene suspension at
reflux temperature, act catalytically for graphite layers [103]. Both reactions

Fig. 5.35 a SEM micrograph of ZnO NPs (�10,000), b SEM micrograph of ZnO NPs (�60,000),
c SEM micrograph of CdO NPs (�10,000), d SEM micrograph of CdO NPs (�20,000) [177]
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Fig. 5.36 SEM (a–c) and TEM images (d–f) of the thermolysis products of CoADC (a, d),
FeADC (b, e), and ZnADC (c, f) [51]
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proceed through in situ reduction of silver cations and polymerization of the
central acetylene triple bonds, and the exact reaction temperature can be moni-
tored by DTA . Interestingly, the thermolysis of this silver salt in xylene partially
results in a negligible fraction of quasi-crystalline silver. The graphitic layers
covering silver NPs are clearly visible in HRTEM images (Fig. 5.38) and, in
addition, are determined by the presence of sp2 carbon in the Raman spectra of
both samples. Silver NPs seem to be the core areas of the composite, which are
interconnected by layers of carbon. This corresponds to the reaction steps when
the formation of silver NPs is the catalytic stage of polymerization of the central
acetylene units.

Thus, during MCM thermolysis, a material consisting of NPs stabilized in a
matrix with a narrow size distribution is formed. The phase composition, mor-
phology, and structure of the formed nanocomposites are discussed in more detail
below.

Fig. 5.37 SEM images of ZnO nanorods obtained by thermolysis of Zn(ABDC)(ADC) at a 673
b 773 and c 873 K [178]
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5.5 Kinetic Schemes and Reactions of Thermal
Transformation of Metal Chelate Monomers

The thermal stability of MCMs can be measured by the relative strength of the M–O
and C–O interatomic bonds in its crystallochemical structure. The lengths of M–O
and C–O bonds in the coordination polyhedron can vary significantly, which
indicates their difference in energy. According to the IR spectroscopy of dehydrated
monomers (see Tables 5.2, 5.3 and 5.4), during dehydration the basic unit of the
structure of MCMs is usually preserved. But in this case, the denticity of a certain
portion of the unsaturated ligands can change and, like the anhydrous carboxylates
of unsaturated acids, they begin, simultaneously, to fulfill the role of the ligand and
the missing solvate function in the crystal structure. An increase in the ligand
denticity leads to a distortion of the oxygen environment of the metal with a
corresponding change in the distances of M–O and C–O in the structure and,
consequently, a change in their strength. In particular, the difference in the energy
of M–OOCCH=CH2 in FeAcr3 indicates [66] the dependence of Acr ion

Fig. 5.38 HRTEM images of the Ag/pyr sample. The graphitic layers can be seen surrounding the
individual silver NPs, thus forming a carbon matrix where the NPs are encapsulated. In the last
image, a single silver NP and its typical interlayer spacing are shown in magnification [103]
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fragmentation on the accelerating field voltage in MS studies on fragmentation of
[Fe3O(Acr)6]

+ ion. The mass spectrum at U = 400 V (Fig. 5.39) of ions with
m/z = 539, 468, 397 corresponds to the evolution of one, two, or three Acr groups,
and the ion with m/z = 341 corresponds to the evolution of FeAcr3 molecules from
[Fe3O(Acr)6]

+ molecular ion.

5.5.1 General Kinetic Scheme and Ways of Decomposition
of Metal Chelate Monomers

Analysis of the chemical transformation pathways shows that, assuming the energy
non-equivalence of the M–O bonds in the unsaturated metal carboxylates, the
primary decomposition stage is the formation of the radicals: acrylic
(CH2=CHCOO

�) and maleic (�OOCCH=CHCOO�) radicals for acrylates and mal-
eates, respectively. Radicals initiate polymerization, followed by decarboxylation of
the metal–polymer.

With an increase in the level of thermal vibrations of the lattice of the dehydrated
monomer (with increasing temperature), the breakdown of the weakest M–O bonds
is, in all probability, mono- or biradicals of the ligands: CH2=CHCOO

� in the case
of acrylates and �OOCCH=CHCOO� if maleates. The interaction of these radicals
with metal-containing maleate or acrylate residues leads to the corresponding acids
and the radical R� with the H-depleted acrylate (maleate) group:

CH2 ¼ CHCOO� þRH ! CH2¼CHCOOHþRI; ð5:9Þ
�OOCCH ¼ CHCOO� þRH ! HOOCCH¼CHCOOHþRI ð5:10Þ

where RH¼ðCH2CHCOO)Mnþ
1=n ;R

I ¼ ð�CHCHCOO)Mnþ
1=n (in the case of acrylate)

and RH¼ðCHCOO)2Mnþ
2=n ;R

I¼ð:CCOO)2Mnþ
1=n (in the case of maleate).

The resulting RI radical participates in the growth and chain termination reaction
to form a network polymer or a linear structure:

Fig. 5.39 Mass spectra of positive ions extracted from the aqueous alcoholic solution of FeAcr3 at
U = 200 V (a) and 400 V (b) [66]
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RI þ s(CH2= CHCOO)Mnþ
1=n ! RI�½�CH2�CHCOOM1=n��s � RI ð5:11Þ

RI þ s(OOCCH=CHCOO)Mnþ
2=n ! RI�½�M1=nOOCCH�CHCOOM1=n��sRI

ð5:12Þ

With increasing temperature, the metal-containing groups of the resulting
polymer undergo decarboxylation to form a metal and (or) its oxide:

RI� �CH2�CHCOOM1=n�
� �

s�RI!CH2¼CH�CH¼CH

� �CH2�CH¼CH�CH2�½ �s=2�CH¼CH�CH¼CH2þ 2 sþ1ð ÞCO2þ sþ2ð ÞM
ð5:13Þ

RI�½�M1=nOOCCH�CHCOOM1=n��s � RI ! CH � C�½�CH�CH��s�C
� CHþ 2ðsþ 2ÞCO2 þðsþ 2ÞM:

ð5:14Þ

Additional thermal polymerization involving multiple bonds in decarboxylated
products is likely to contribute to the creation of a cross-linked network structure, as
evidenced by the lack of solubility of the reaction product in organic solvents.

Taking into account the material balance equations and quantitative data on the
yields of gaseous and volatile thermolysis products, it was found that the compo-
sition of the solid phase changes during the thermolysis. It can be represented by the
following balance relationship: for the acrylates MOr(CH2CHCOO)p−k(CH2

CH)k(CHCHCOO)q−l(CHCH)l and for the maleates MOr(= CHCOO)2p−k(= C–)k
(=CCOO)2q−l(= C–)l, where before decarboxylation, r = k = l = 0 (r 6¼ 0 for
FeAcr3), p and q are the numbers of internal and terminal (hydrogen-depleted)
carboxylate groups, respectively.

Thus, in general, a solid thermolytic product composition of metal acrylates and
maleates can be represented as a sum of a fraction of a C–H–O fragment:

MOzðCH2CHCOOÞp�xðCHCHCOOÞq�yðCH2CHÞxðCHCHÞH; ðfor acrylatesÞ
ð5:15Þ

MOzð¼CHCOOÞ2p�xð¼CCOOÞ2q�yð¼CH�Þxð


C�ÞH; ðfor maleates) ð5:16Þ

where x = y = z = 0 (z 6¼ 0 in the case of FeAcr3 and FeMal), and p and q are the
amounts of intrachain and terminal H-depleted groups (p + q = 1), respectively.
The most likely way of forming metal oxides is the oxidation reaction.

Mþ k1CO2 ¼ MOz þðk1 � zÞCO2 þ zCO ð5:17Þ

Mþ k2H2O ¼ MOz þðk2 � z)H2Oþ zH2 ð5:18Þ
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By solving the mass balance equation using quantitative data on the evolution of
gas, the weight loss of the sample, low-temperature fractionation, and MS analysis
of the composition of the gaseous products, CO2, H2, and CO and the yield of the
thermolysis product of the complexes under analysis were calculated [149, 150,
152, 153]. Consider this in more detail using the example of CoAcr2.

5.5.2 Transformation Pathways of Cobalt Acrylate

As mentioned above, as a result of dehydration (desolvation), the denticity of the
part of Acr ligands changes, which leads to mismatch of M–O bonds. As a result,
the breakdown of the weak M–O bond occurs with the formation of the radical
CH2=CHCOO

.

Co CH2¼CHCOOð Þ2! CH2¼CHCOO�

þ Co CH2¼CHCOOð Þ½ � ! Coþ 2CH2¼CHCOO� ð5:19Þ

The resulting CH2=CHCOO. radical can then be consumed through the following
channels1:

CH2¼CHCOO� ! CO2 þCH2¼CH� � 218:2 kJ mol�1 ð5:20Þ

CH2¼CHCOO� þRH ! CH2¼CHCOOHþR� þ 0� 20:9 kJmol�1
� � ð5:21Þ

where
R = CH=CH

oCO OC
CH2=CH

OC O
and further2

CH2¼CH� þRH ! CH2 ¼ CH2 þR� þ � 0 kJmol�1Þ ð5:22Þ

CH2¼CHCOOH ! C2H4 þCO2 � ð0� 4:18 kJmol�1Þ½66� ð5:23Þ

CH2¼CHCOOH ! output from the reaction zone evaporationð Þ ð5:24Þ

1It is believed that E(CH2CHCOOH) (g) = 461.5 kJ mol−1.
2Estimates of the thermal effects were carried out for a gas-phase reaction using the
following data and assumptions: E CH2CHCOOH gð Þð Þ ¼ E MeCOOHð Þ ¼ 461:5 kJ mol�1,
DHo

f CH2CHCOOH lð Þð Þ ¼ �384:6 kJ mol�1, DHev CH2CHCOOH lð Þð Þ ¼ 545:6 kJ mol�1,
DHo

f CH2CHCOOH gð Þð Þ ¼ 96:2 kJ mol�1, DHo
f CH2CHð gð ÞÞ � 271:7 kJ mol�1,

DHo
f 0 C2H4 gð Þð Þ ¼ 52:3 kJ mol�1;DHo

f CO2 gð Þð Þ ¼ �393 kJ mol�1.
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Since C2H4 in the gaseous products of the decomposition of CoAcr2 is not
detected (see Table 5.5), it can be assumed that the disappearance of the radical
CH2=CHCOO

. occurs mainly in the reactions (5.21) and (5.24) in the investigated
temperature range of the thermal decomposition of CoAcr2. The radical formed by
the reaction (5.21) can participate in the polymerization of the monomeric car-
boxylate and acrylic acid (5.26) and (5.27) followed by decarboxylation of COOH
and Co(COO)2 fragments of the polymer product. It is also likely that these pro-
cesses are preceded by the intramolecular opening of the double bond in R.

CH=CH
oCO OC
CH2=CH

OC O
CH2 C CH2 CH

OCO oC CO O
R1

ð5:25Þ

CH2=CH
CO O

CH2=CH
OCO oC

2R1 + CH2 CH CH2 CHR1 R1

OCOoCO OC
n ð5:26Þ

It is assumed that both linear and network structures of the formed polymer are
possible:

CH2 CH CH2 CHR1 R1

C OO

Co
O

CO

CO O

Co
O

C O
R1R1 HC HC2HC HC2 n

n

2R1 + CH2=CHCOOH2s CH2 CH CH2 CHR1 R1

COOH COOH
s

ð5:27Þ

CH2 CH CH2 CHR1 R1

OCOoCO OC
n (n + 2)Co + (2n + 2)CO2 n+ R2 CH2HC HC HC2 R2

ð5:28Þ
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CH2 CH CH2 CHR1 R1

COOH COOH
s s+ R2 R2CH2CH2 CH2 CH2(2s + 2)CO2

ð5:29Þ
where R2 = CH2=CH–CH=CH.

After the transformation, the polymeric product (PP) can have the following
composition:

CoC6H6O4ð Þp�x C4H6ð Þxð CoC6H4O4ð Þq�y C4H4ð Þy C6H8O4ð Þl�z C4H8ð Þz

However, with regard to the thermolysis of CoAcr2, which occurs at 623–653 K,

it is difficult to expect that
CH2 CH

COOH
groups can be present in the PP, since the

latter excludes the amount of CO2 already at 473–488 K [126].
As already noted, in non-condensable at 88 K gaseous products of thermolysis,

the main components are H2 and CO, the appearance of which is most likely due to
the oxidation of the metal produced by H2O and CO2 vapor:

Coþ k1CO2 ! CoOr þðk1 � r)CO2 + rCO ð5:30Þ

Coþ k1H2O ! CoOr þðk1 � r)H2Oþ rH2 ð5:31Þ

Based on data on gas evolution and weight loss of the sample as a result of the
thermolysis CoAcr2, the following system of equations is constructed which relates
the values of ai of the decomposition products:

6aC6H8O4þ4aC4H8 þ6aCoC6H6O4þ4aC4H6þ6aCoC6H4O4 þ4aC4H4

¼6�aCO2 �aCO�3aC3H4O2

4aC6H8O4þ4aC4H8 þ3aCoC6H6O4þ3aC4H6þ2aCoC6H4O4 þ2aC4H4

¼4�aH2 �aH2O�2aC3H4O2

4aC6H8O4þ4aCoC6H6O4þ4aCoC6H4O4

¼5�2aCO2 �aCO�2aC3H4O2 �aH2O�raCoOr

aCoOr þaCoC6H6O4þaCoC6H4O4 ¼1

aH2þaCO¼p¼ raCoOr ;aH2=aCO¼b

aH2þaH2O¼1;aCOþ1:64aC3H4O2 ¼a

ð5:32Þ

Here, aCO2;aH2 þ aCO ¼ p; a ¼ 1=44ðDm=no � 18þ 16pÞ � aCO2 is the experi-
mentally determined values (Dm is the weight loss of the sample; no is the number
of moles in the sample before the experiment).

Assuming that aC6H8O4 = 0, b = 2 (according to the determination of MS), the
yield of thermolysis products was calculated and the various options for PP were
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analyzed. Experimental data satisfy the polymer composition (CoC6H6O4)p−x
(C4H6)x(C4H4)y.

At higher temperatures (Fig. 5.40), the values of aCO2, aH2O decrease somewhat,
aCO, aH2 ; aC3H4O2 ; and aCoOr increase, and aC3H4O2 increases rather strongly:

aC3H4O2 ¼ 2:5 � 108 exp �100= RTð Þ½ �:

The ratio [O]:[Co] = r is independent of Ttherm and is 0.43 ± 0.03, which cor-
responds to a mixture of metal and its oxide (Co + kCoO), where k is 0.75, 0.20,
and 0.16 for CoO, Co2O3, and Co3O4, respectively.

The main source of CO2 in the thermolysis of CoAcr2 appears to be decar-
boxylation processes, while additional reactions due to the appearance of C2H4 and
CO2 [reactions (5.20) and (5.23)] appear in the thermolysis of CuAcr2.

The absence of polyacrylic acid fragments in PP indicates that the resulting
acrylic acid from the reaction zone is faster than the start time of the polymerization.

Fig. 5.40 Product yield at
the thermolysis end of
CoAcr2: 1—aCO2; 2—aCoOr;
3—aAcr; 4—aH2O; 5—aH2; 6
—aCO

Table 5.11 Composition of PP (CoC6H6O4)p–x(C4H6)x(C4H4)y at various Ttherm

PP composition 623 К 633 К 643 К 653 К 663 К

aCoC6H6O4 ¼ p� x 0.22
(0.26)

0.16
(0.20)

0.03
(0.04)

0.02
(0.03)

0.01
(0.02)

aC4H6 ¼ x 0.51
(0.59)

0.45
(0.56)

0.31
(0.46)

0.28
(0.46)

0.26
(0.41)

aC4H4 ¼ y 0.13
(0.15)

0.19
(0.24)

0.33
(0.49)

0.31
(0.51)

0.36
(0.57)

aCoC6H6O4 þ aC4H6 ¼ p 0.73
(0.85)

0.61
(0.76)

0.34
(0.50)

0.30
(0.49)

0.27
(0.43)

aCoC6H6O4 þ aC4H6 þ aC4H4 0.86 0.80 0.67 0.61 0.63

aC4H6=aCoC6H6O4 ¼ c 2.32 2.81 10.3 14.0 26.0

Note In parenthesis, the proportion of fragment in the overall composition of the PP is given
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The presence of C4H4 fragments in the composition of PP as a result of the
decarboxylation of CoC6H6O4 fragments seems to indicate, as in the case of other
carboxylates studied, the low thermal stability of the metal carboxylate units. The
ratio of the fragments CoC6H6O4, C4H6, and C4H4 in PP depends on Ttherm
(Table 5.11).

It is noteworthy that with increasing Ttherm:

– The total yield of PP ðaPP ¼ aCoC6H6O4 þ aC4H6 þ aC4H4Þ falls aPP = 1.9 �
10−3exp[34/(RT)].

– The yield aCoC6H6O4 ; aC4H6 decreases and aC4H4 increases.
– The ratio x = p/y decreases and aC4H6=aCoC6H6O4 ¼ c increases.

x ¼ 4:7� 10�16 exp 192= RTð Þ½ �
c ¼ 7:1� 1019 exp �238= RTð Þ½ �

Considering that the fragments of CoC6H4O4 (after decarboxylation of C4H4)
form short polymer chains, a drop of x can indicate a decrease in the length of
chains of Co-polyacrylate in PP with an increase in Ttherm. While the fragments of
CoC6H4O4 decarboxylate at Ttherm < 623 K, the CoC6H6O4 fragments at 623 K are
fairly quite stable (their fraction is *30%), but even at 663 K they are practically
absent in PP (<4%). Compare the effective activation energy of the gas evolution
rate constants, and the activation parameter of the temperature dependence
c(T) (Ea = 238.3 kJ mol−1) shows that the decarboxylation reaction of polyacrylate
fragments (CoC6H4O4) is a rate-limiting step in the evolution of the gas.

Within the framework of the proposed thermolysis scheme, the appearance of
fragments (C2H2)2 (or C4H4) is possible only due to the recombination of polymer
radicals R3 formed from the R1 radical to form PP and subsequent decarboxylation.

nCH2=C CH2 CH
OCOoCO OC OCO oC CO O

CH2HC HC2 CH
OCO oC CO O

HC HC2HC HC2

CH2=C CH2 CH
OCOoCO OC OCO oC CO O

CH2HC HC2 CH CH
OCOoCO OC

CH2 C CH22n

-2CO2 2n
CH2 CH CH CH CHCH2 CH CH2

OCOoCO OC
CH CH CH CH

R3

ð5:33Þ

Assuming that the radicals R3 formed are highly reactive, it can make the
assumption that during the thermolysis of CoAcr2, the kinetic equilibrium con-
centration of the growing radicals is established in the reaction zone, and the
amount of recombinant radicals R3 at the end of thermolysis is close to the number
of acrylic acid formed. As a result, the value of x is the ratio of the polymer radical
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growth rate (WP) to the rate of PP formation (recombination rate R3). Therefore, WP

� WPP � kPPx[R
3]2 � kPPxa2CH2CHCOOH = 0.26 � 102exp[−8/(RT)]�kPP, where kPP

is the rate constant of radical R3 recombination. The yield of acrylic acid is equal to
the ratio of the rate of formation of acrylic acid and the rate of consumption of
CoAcr2:

aCH2CHCOOH ¼ WCH2CHCOOH

Wo þWCH2CHCOOH þW
¼ Wo

Wo þWp
; ð5:34Þ

where W0 is the rate of CH2=CHCOO
. radical formation. Assuming that WP >> W0,

we get

pCHCOOH2CHoи
p
o

CHCOOH2CH αα WWW
W

≈= ≈ 6.5⋅109exp[-109/(RT)]⋅kPP = 6.5⋅109exp[- (Ea + 109) /(RT)]⋅k0
PP.

The effective activation energy for the formation of the radical CH2=CHCOO
. �

109.0 kJ mol−1. Thus, by increasing Ttherm, the proportion of CoAcr2 monomer
molecules, immediately subjected to thermolysis, increases with the part that

Fig. 5.41 Dependence of the
product yield at the
thermolysis end of CoMal
from at Ttherm (m0/V)
� 103 = 2.04 g cm−3:
1—aPf, 2—aCO2f, 3—aH2f,
aCOf, 4—a(=CHCOO)2f,
5—10a(=CHCOOH)2f �
10a(�C–)2f, 6—a(=CH–)2f,
7—aCoOf, 8—aH2Of,
9—(Dm/pO) � 10−2

[48, 156]
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participates in the polymerization process. The composition of the PP and its
evolution at higher temperatures show that the end groups of metal carboxylates are
much more susceptible to decarboxylation than the CoC6H6O4 fragments.

The value of c, equal to the ratio of the amount of metal carboxylate groups in the
polymer chain, including decarboxylated groups, to the number of end groups at the
end of the gas evolution ..., decreases with increasing Ttherm (Figs. 5.41 and 5.42)
[48, 156].

The analysis of experimental data and calculation results show the following:

(i) Polymerization and, accordingly, the formation of HAcr and H2Mal occur
significantly at lower temperatures than the characteristic of the main release
of gas. In the latter case, most of the condensable at Troom products appear at
the early stages of thermolysis (the warm-up period in the sample).

(ii) The formation of radicals (CH2=CHCOO
.,.OCOCH=CHCOO.) leading to

the initiation of polymerization depends on the thermal stability of the M–O
bond in the desolvated monomer. For example, investigations of the ther-
molysis of cocrystallizates FeCoAcr and Fe2CoAcr have shown that
CH2=CHCOO

. radicals formed from Fe-containing cluster monomer that is

Fig. 5.42 Thermolysis product yield of FeAcr3 at 473–513 (a) and 603–643 K (b): aCH2¼CH

þ aCH2CHð1Þ; aH2Oð2Þ; 2zðaÞ; zðbÞ ð3Þ; aCO2 ð4Þ; aCH2¼CHCOOHaCHCHCOO þ aCHCHð5Þ; aH2 ð6Þ; aCH2

CHð8Þ; aCH2CHCOOð9Þ [48, 156]
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less thermally stable than the Co-containing monomer play the main role in
initiating the copolymerization process. In this system, at a high Ttherm, it is
possible to exclude two Acr radicals on the dehydrated molecule [Fe3O
(Acr)6](OH).

(iii) Decarboxylation is a key reaction in the gas evolution process. Thus,
H-depleted terminal groups of metal carboxylate are much more susceptible
to decarboxylation than the corresponding intrachain ones. This is consistent
with the concept of increased energy saturation of terminal groups of
long-chain polymers [180]. Thus, during the CuAcr2, CoAcr2, CoMal ther-
molysis, the decomposition of the terminal groups of the metal carboxylate
already occurs during the test heated sample, the degree of decarboxylation
of the intrachain groups of the metal carboxylate at the end of the gas
evolution depends on the temperature, and only with high Ttherm CO2 release
is achieved almost completely. The pattern is very important for the ther-
molysis of FeAcr3. The decomposition of terminal carboxylate groups is the
main factor in the evolution of the gas at low temperatures (Fig. 5.42a)
against the background of the thermal stability of the corresponding intra-
chain groups that decompose at high temperatures (Fig. 5.42b).

(iv) In copolymers based on FeCoAcr and Fe2CoAcr, unlike improved thermal
stability of CoAcr2 as compared to FeAcr3, intrachain and terminal
Co-containing carboxylate fragments are thermally less stable than the cor-
responding Fe-containing ones prior to the elimination of Acr radical.

(v) The ratio of c is equal to the amount of metal carboxylate groups in the polymer
chain, including decarboxylated groups, to the number of terminal groups at the
end of the gas evolution [c = (aCH2CHCOO + aCH2CH)/(aCHCHCOO + aCHCH)
for acrylates and c = (a(=CHCOO)2 + a(=CH–)2)/(a(=CCOO)2 + a(=C–)2) for mal-
eates] decreases with increasing Ttherm. Thus, the level c is in the range of 5.75
(473 K)/5.0 (513 K) and 2.64 (603 K)/1.4 (643 K) for FeAcr3, respectively, in
areaswith high temperature and low temperature and 12.9 (613 K)/9.2 (653 K)
for CoMal. In the case of Fe–Co-cocrystallizates at the same Ttherm = 613–
663 K, the level of c is slightly higher than FeAcr3 andCoAcr2, and c = 7.7/5.0
(FeCoAcr), 5.5/3.8 (Fe2CoAcr). The value of 2c can characterize the effective
length of the formed polymer chain, and its change with increasing Ttherm
indicates a change in the ratio of the elimination rate and the reaction zone of the
thermo-initiated radical (CH2=CHCOO

.,.OOCCH=CHCOO.) and the rate of
radical polymerization. This is most pronounced when thermolysis of CuAcr2
and CoAcr2 for a decrease in c is also observed with the growth of Ttherm.
However, for CoAcr2 at Ttherm > 643 K and for CuAcr2 in the entire studied
Ttherm range, the value of c is less than unity. This is probably due to the high
concentration of radicals initiating the polymerization in the transformation
zone, in particular, to competition of polymerization initiation and radical
recombination followed by decarboxylation of the recombination products.

(vi) The composition of the metal-containing phase in solid products of the
conversion of metal carboxylates at the end of the gas evolution depends on
the thermolysis temperature (Tterm). With increasing temperature, the
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proportion of the metal oxide phase increases, which is associated with an
increase in the rate of oxidation of the reactions (5.17) and (5.18), and is
accompanied by an increase in the yield of CO and H2. In the case of
CuAcr2, a Cu is formed at low temperatures, but at Ttherm > 503 K copper
oxides are found (z 	 0.05). After thermolysis of CoAcr2, the value of z is
0.43 ± 0.03, which corresponds to a composition of 0.25Co + 0.75CoO
(Fig. 5.43, left). The proportion of the oxide phase in CoMal at the end of
thermolysis is less than 15.0 mol% of the total metal content of the starting
compound. In the thermolysis of FeAcr3, the metal-containing products are a
mixture of Fe + FeOz in Ttherm over the entire range in the high-temperature
region (see Fig. 5.27) 0 < z < 1. Taking into account that FeOz = Fe3O4, we
can assume that the value of aFe3O4 is close to the content Fe atom in Fe3O4

(Fig. 5.43, middle), determined by measuring the specific magnetization of
solid-phase products. The value of z in MOz in thermolysis products of
FeCoAcr and Fe2CoAcr (where M = Fe1−aCoa) also increases with Ttherm. At
the same time, the yield of ferrite aCoFe2O4 < 1, which is lower than the
maximum expected for FeCoAcr and Fe2CoAcr (Fig. 5.43, right). The for-
mation of CoFe2O4 occurs only in the final stages of thermolysis during
decarboxylation of Fe-containing carboxylate groups, as evidenced by the
dynamics of the change in the magnetic characteristics of solid-state prod-
ucts: a strong increase in vr, rs, HC due to the appearance of the CoFe2O4

phase during thermolysis.

Thus, the thermolysis of MCMs and the study of the properties of products
indicate a combining of the synthesis of NPs with simultaneous stabilization of the
obtained decarboxylated matrix of controlled thickness («one-pot» process).

Fig. 5.43 (left) XRD patterns of CoAcr2 (1) and the thermolysis products at 643 K and different
depths conversion: Dm = 17.5% (2), 26.2% (3), 48.6% (4); (middle) XRD patterns of FeAcr3
(1) and the thermolysis products at 663 K and different depths conversion: Dm = 27.4% (2),
33.3% (3), 55.5% (4); (right) XRD patterns of Fe2CoAcr (1) and the thermolysis products at 643 K
and different depths conversion: Dm = 25.1% (2), 37.3% (3), 42.0% (4)
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Chapter 6
Thermolysis of Metal Chelates
in Polymer Matrices

In recent years, nanostructured materials (nanocomposites), consisting of a polymer
matrix (thermoplastic, thermosets or elastomers), filled with small amounts of metal
or metal oxide NPs, have attracted the considerable attention of researchers [1–7].
Organic matrix, i.e., polymer, forms the basis of such nanocomposites, while NPs
are dispersed in the polymer matrix and have a significant and unique influence on
its macroscopic properties and are also able to interact with the polymer matrix at
the molecular level [8–10]. It is known that the combination of the advantages of
simple processing and structural flexibility of polymers with optical properties and
stability provided by inorganic material has strong synergistic effects [11, 12].
Nanostructured materials offer many applications because of their diverse physical
and chemical properties. They can be adapted in a wide range, using various
combinations of materials, morphology, and nanostructure. In particular,
nanocomposites attract great interest in the materials of photovoltaic-cell materials,
where the combined absorption band of both materials can also collect sunlight
better [13–15]. Such devices are known as potential candidates for inexpensive and
efficient conversion of solar energy and constitute the so-called solar cells of the
third generation. In this new class of photovoltaic devices, the inclusion of oxide
and metallic NPs were successfully achieved. Hybrid polymer/NPs devices offer a
number of advantages over more traditional polymer/fullerene systems. However,
the current efficiency of such devices is much lower than for polymer/fullerene
devices. This is mainly due to the fact that achieving a controlled continuous
percolation network and a well-defined interface between the NPs and the polymer
matrix remains a challenge.

It should be noted that iron oxide NPs localized in the polymer matrix exhibits
unique superparamagnetic properties and can be used in various fields of
biotechnology, including purification of proteins, viruses, nucleic acids, in
biosensors, and immobilization of enzymes. [16–21]. Targeting in vivo of Au NPs,
PEG has been recommended as a capping material used to provide Au NP with the
required stealth against the reticuloendothelial system, which was an important
component of the immune system consisting of phagocytic cells [22]. PEG-coated
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Au NPs were successful as image contrast and treatment agents for in vivo targeting
[23, 24]. In order for PEG–Au NPs to have practical application in the field as a
biomedical agent, they need a synthetic pathway with the possibility of mass
production [25]. It is important that the agglomeration of Au NPs significantly alters
biological traits and the toxicology of Au NPs as well as limits their application in
several areas of human activity, especially in the areas of biomedicine [26–30].
Therefore, PEG is used as an agent for coating Au NPs to increase their stability
and further interaction due to its good solubility, biocompatibility, and antifouling
property [31–34]. In addition, PEG will help in the protection of colloids that will
be absorbed on the surface of Au NPs, which will lead to the separation of colloids
from each other and to preventing their agglomeration [35–37].

The properties of nanocomposites depend on the type of polymer matrix, the
nature of NPs, their shape, size, and concentration, as well as the intensity of
interfacial interactions between the polymer matrix and NPs. The choice of polymer
matrix is usually determined by the mechanical and thermal behavior of the
polymer, hydrophobic/hydrophilic balance, chemical stability, biocompatibility,
optical and/or electronic properties, and chemical functionality (i.e., solvation,
template effect, wettability.). It is important that even with extremely low NP loads
in polymer matrices, there is a significant change in the properties of the polymer
matrix, such as mechanical, chemical, barrier, thermal, electrophysical, magnetic,
optical, catalytic, and other [38–42]. It should be noted that the thermal stability of
the polymer usually determines its upper limit of operating temperature in the
environment, which is related to the kinetic parameters: initial temperature and
destruction rate [43]. Knowledge of these parameters is necessary for the applica-
tion and storage of polymers [44]. Ways thermolysis of polymers is universal
[45–50]. In addition, thermolysis of polymers is a complex process involving a
number of chemical reactions: destruction, cross-linking, transformation of func-
tional groups, and intramolecular rearrangements. The chemical or physical intro-
duction of metal-containing particles is sometimes used to stabilize the polymer and
reduce its reactivity, which allows the production of new materials and composite
systems. It should be noted that the introduction of certain types of NPs, such as
Ag, Au, and TiO2, can induce or improve the antimicrobial efficacy of the polymer
matrix [51–57]. In the thermolysis stage, various additives can be incorporated into
polymers, including those containing a metal, that affect the thermolysis mechanism
and lead to a variety of interesting products, for example, polymer derivatives of
ceramics. Thus, by thermolysis of polyvinyl alcohol (PVA), a polymer with con-
jugated bonds like polyacetylene is obtained, and when additives such as lead and
bismuth formates are added in the PVA, a doped conjugated polymer is formed
[58]. Metallic NPs formed to promote the transfer of electrons between polymer
chains and, consequently, increase the conductivity of the polymer. One of the most
interesting properties of polymers, which can be influenced by the presence of NPs,
is the glass transition temperature (Tg), since changes in Tg correlate with changes in
the dynamics of polymer chains and regimes of chain relaxation. The value of Tg
depends on the nature and molecular weight of the polymer, the NP content, the
thermal history of nanocomposites, interparticle distances, and mainly on the
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interfacial interaction between the polymer matrix and NPs. This interaction may be
attractive (which leads to a decrease in the dynamics of the polymer chains and an
increase in the value of Tg) [59–61] or repulsion (leading to an acceleration in the
dynamics of the polymer chains and a decrease in the Tg value) [62–65]. If these
interphase interactions are very weak, then NPs practically do not affect the
dynamics of polymer chains and the value of Tg will not change [66–69]. The
presence of NPs can also have a certain effect on the molecular weight and PDI of
the polymer matrix, the degree of the crystallinity of the polymer, etc. [69–73].

The main task in the preparation of nanocomposites is to prevent the aggregation
of NPs and the formation of large agglomerates or unwanted assemblies that can
arise due to the high interfacial reactivity of NPs and their high surface tension
energy. In addition, most polymers are hydrophobic, whereas the NP surface is
usually hydrophilic, which leads to NP incompatibility with the polymer, lack of
uniform distribution within the polymer matrix, aggregation and extended phase
separation between the NPs and the polymer matrix. As a result, nanocomposites
will not show the expected improvement in properties. Therefore, effective stabi-
lization and uniform distribution of NPs in the polymer matrix is necessary for
polymer nanotechnology to prevent the aggregation of NPs before, during and after
their production or to achieve deagglomeration.

There are two choices for the introduction of metal NPs into a polymer matrix:
ex situ and in situ (Fig. 6.1) [74, 75].

In the classical ex situ approach (in the second moment), inorganic NPs are
synthesized in a first, separate stage, after which they are purified and usually sub-
jected to a ligand exchange reaction. Then they aremixedwith the polymer in solution
or in a melt or by grinding [38–40, 61–63, 76–79]. Typically, NPs are synthesized
using organic capping ligands to stabilize their size and prevent aggregation [80–83].
The starting ligands are usually exchanged for shorter ones, such as pyridine, n-
butylamine and tert-butylthiol [81, 84, 85]. This approach, moreover, requires the use
of conventional solvents for NPs and polymer, which can adversely affect the solu-
bility of nanocrystals and the orientation of the polymer chains. Such an approach can
also lead to a disruption of the uniformity of the surface quality of the sample [86].

In the in situ approach, NPs are formed directly from precursors in the polymer
matrix through the thermolysis of the corresponding metal chelate or its conversion
products [60, 64, 66–73, 87–94]. As a rule, the polymer matrix affects the rate of
decomposition of the thermolyzed compound. However, at low polymer concen-
trations, when the viscosity of the system is low, the kinetics of the thermolysis of
the precursor in the polymer solution and in the solution of the free polymer is the
same. To overcome the undesirable effect of ligands, the synthesis of uncapped NPs
within the polymer matrix is carried out without the use of surfactants or ligands
[90, 91, 95]. Therefore, it is not necessary to exchange the surface ligand during the
growth and nucleation of the NPs, since the polymer itself controls the growth of
NPs and thus eliminates the need for additional capping agents. The change in the
time and temperature of thermolysis of the molecular precursor can control the size
of the NP produced. During the reaction, the polymer acts as a capping agent and
prevents the extensive growth of the NPs. It should be specially emphasized that in
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recent years, various new in situ approaches have appeared, which enable easier
control of the dispersion of NPs and result in a more well-defined structure of
nanocomposites [96, 97].

The preparation of in situ nanocomposites can be carried out in solution or
without solvent by the solid-state reaction directly in the polymer matrix using
various precursors. To develop a suitable in situ route, it is necessary to highlight
some general aspects.

1. The precursor should be converted into the desired nanocomposites using
experimental conditions compatible with the polymers (low temperatures, no
reactions of precursors and by-products with polymer, etc.).

2. The resulting by-products of thermolysis must be removed from the final
nanocomposite, so they must be volatile or extractable.

3. The precursor and polymer must be dissolved in the same solvent or mixture of
solvents.

4. For industrial use, the precursor itself and its solution with the polymer must be
stable, and, of course, the precursor must be easily obtained and cheap.

Fig. 6.1 Routes toward the preparation of nanocomposites [74]
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The thermolysis process was studied in detail in M(acac)n—polymer matrix
systems. In particular, it is established that in the process of thermolysis, the metal
chelate can perform a dual function. On the one hand, thermolysis of the precursor
leads to the formation of metal-containing NPs, on the other hand, it interacts with
the matrix, initiating its destruction and depolymerization. As the most interesting
examples, we note the thermolysis of the systems Co(acac)3—poly(methyl
methacrylate) (PMMA) and Mn(acac)3—PMMA in a wide range of M(acac)3/
PMMA ratios (from 1:10 to 1:400) [98, 99]. For the thermolysis of the
Co-containing system, the four steps corresponding to the maximum temperatures
of 405, 460, 540, and 610–630 K are typical (Scheme 6.1). The first stage is
associated with the gradual reduction of Co(acac)3 and the formation of acety-
lacetone and Co(acac)2, which is linked with unsaturated terminal groups of
PMMA. The decomposition of this complex is accompanied by the evolution of the
monomer, which is the main product of decomposition. The formation of the
monomer continues in the second and third stages by continuous reduction of Co
(III) to form a complex and subsequent depolymerization of the remaining end

Scheme 6.1 Mechanism of the thermal destruction in the system of PMMA-Co(acac)3.
Reproduced with permission from Ref. [98]. Copyright (1990) Elsevier
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groups. Simultaneously, Co(acac)2 can be coordinated with ester groups, acceler-
ating the degradation of the latter and generating methoxy radicals CH3O, which, in
turn, can attack ester groups to form anhydride fragments. The fourth stage is due to
the decomposition, characterized by the strongest release of gases, mainly
non-condensable gases.

A similar situation is observed in the thermolysis of an Mn-containing system. In
particular, the decomposition begins at 395 K (i.e., at a lower temperature than for
pure PMMA); however, the main process proceeds at higher temperatures. This
conclusion is confirmed by comparing the temperatures of the beginning of the
decomposition (Td) and the main decomposition (Tmax), presented in Table 6.1
[99].

It is of interest to thermolysis Rh(acac)3 in the presence of polyols as reducing
agents to form rhodium nanocrystals of various shapes (multipods, cubes, horns,
cuboctedra) [100]. Another convenient method for the preparation of these
polymer-protected monodisperse rhodium NPs (5–15 nm in size) is the one-step
reduction of Rh(acac)3 rhodium complex in the presence of butane-1,4-diol and
poly (vinylpyrrolidone) (PVp) (Mw = 55,000) at temperatures of 240–300 K [101].
This process leads to triangular, pentagonal, and hexagonal particles, the cab of
which forms Langmuir–Blodgett films on the surface of silicon.

Thus, thermolysis of analyzed systems is a multistage process and usually
develops in two main mutually influencing directions: immediate decomposition of
the precursor and inhibition of various transformations of the polymer chain (mi-
gration of double bonds, depolymerization, cross-linking, degradation, etc.). At the
same time, the formed NPs can have a catalytic effect on the processes of car-
bonization and graphitization of polymers, in particular, at the deep stages of
decomposition of organic polymers, the mechanisms of which are not completely
clear in most cases. This greatly contributes to the study of such interactions. The
only obvious is the tendency: an increase in NP dispersion during thermolysis
promotes an increase in the content of the polar group in the polymer [1].

In another interesting example, an experimental approach is presented that
makes it possible to obtain deposited on a substrate a hexagonally arranged metallic
alloy NPs with a narrow size distribution, clearly defined interparticle distances and

Table 6.1 Thermal stability of PMMA and its complexes with Mn(acac)3

Polymer The number of monomer units
per Mn(acac)3 molecule

Td (K) Tmax (K)

High-molecular-weight PMMA Seea 483 623

50 403 638

10 398 673

Low-molecular-weight PMMA Seea 493 633

50 403 638

10 403 673
aNeat polymer
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controlled chemical composition [102]. In particular, PS and PMMA colloids
containing complexes of Fe- and Pt-precursors in a predetermined ratio are
deposited on hydrophilic Si/SiO2 substrates by dip-coating, forming a highly
ordered monolayer (Fig. 6.2). After reactive ion etching and thermolysis, hexago-
nally ordered arrays of crystalline FePt NPs are formed, demonstrating the desired
Fe:Pt ratio of 1:1, as determined by a detailed analysis after each production step.

Of interest is a silver NPs/PS nanocomposite prepared by dissolving silver
1,5-cyclooctadiene-hexafluoroacetylacetonate [Ag(hfac)(COD)]) in an amorphous
PS followed by heating for ca. 10 s at a convenient temperature (453 K). Under
these conditions, the metal precursor decomposes and forms silver atoms, which
diffuse into the polymer matrix and cluster, which leads to the formation of a
contact-free dispersion of silver NPs (Fig. 6.3) [103, 104]. Pseudospherical silver
NPs with a narrow particle size distribution (average diameter of ca. 7 nm) appear
to be uniformly distributed in a continuous PS matrix. Interestingly, light-fast color
filters (intensely and brightly colored) can be easily prepared by dying optical
plastics with surface plasmon resonance (SPR) of nanocomposites obtained.

It should be noted the synthetic pathway to inorganic nanoheterostructures with
adjustable size and morphology using self-assembled block copolymer mesophase
templates PS-b-poly-4-vinylpyridine (PS–P4VP, where the molecular weight ratio
PS/P4VP was 22,000–22,000 or 40,000/5500) [105]. Two precursors of Fe, tri-
carbonyl(cyclooctatetraene) iron and Fe(acac)3 were dissolved together with the Pt
precursor, platinum dimethylcyclooctadiene, in a toluene solution containing
self-assembled block copolymer and the solution was transferred to a Petri dish
(Fig. 6.4a). Different compositions of the copolymers resulted in the generation of
two different mesophases (Fig. 6.4b, c). The application of an external magnetic
field (10 T) to PS–P4VP composites (40,000/5500) at 453 K led to a phase tran-
sition of the P4VP block from spheres into hexagonal cylinders (Fig. 6.4d). After
removal of the copolymer by pyrolysis, periodically ordered inorganic
nanoheterostructures (spheres, hexagonal cylinders and layers of the hard magnetic
phase of FePt) were built into the inorganic matrix of the soft magnetic phase of
a-Fe (Fig. 6.4e–g). It is important that the morphology and domain size of
nanoheterostructures could be adjusted by controlling the molecular weight and the

Fig. 6.2 Highly ordered
alloy NPs based on
precursor-filled latex spheres.
Reproduced with permission
from Ref. [102]. Copyright
(2012) American Chemical
Society
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relative lengths of the block copolymer blocks. Thus, block copolymers exhibiting
microphase separation into ordered morphologies, such as lamellar, cylindrical, and
spherical microdomains, provide a convenient self-assembled template for the
synthesis of nanocomposites. These microdomains are nanoreactors, within which
many NPs can be synthesized.

It should be specially emphasized that the adjustment of the process of nucle-
ation with the help of a hosting medium that encapsulates the precursors, dispersing
them in separate compartments, improves control over the formation of particles
[106]. These inorganic–organic hybrids inherit properties from both organic and
inorganic material, whereas the organic component can also introduce specific
functionality into particles or prevent their aggregation in water. In other words, the
shape and size of the synthesized NPs can to some extent be controlled by the
geometry and size of the organic templates used, which can thus be considered as
nanometer-scale molds for both porous continuous matrices and suspensions. This
approach is especially useful experimentally for synthetic linear polymer templates,
since they can possess controlled chemical structures, molecular weights, and
molecular weight distributions, which allows to obtain NPs with enhanced colloidal
stability and biocompatibility.

It is widely recognized that the main limitation of the thermolysis of Fe(CO)5 for
the production of monodisperse Fe3O4 NPs is the high toxicity of the carbonyl
precursor. In an attempt to solve this problem, Fe(acac)3 was used in the one-pot
polyol reduction process in an octyl ether and in the presence of a water-soluble

Fig. 6.3 TEM micrograph of a nanocomposite sample (1% by weight of [Ag(hfac)(COD)]). As
visible, quite pseudospherical silver particles of narrow particle size distribution are present.
Reproduced with permission from Ref. [103]. Copyright (2012) John Wiley and Sons
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polymer PVp playing the role of a polymer stabilizer [107]. The obtained
PVp-coated monodisperse Fe3O4 NPs had a diameter <5 nm and showed a clearly
defined superparamagnetic behavior at room temperature with zero Hc.

Interestingly, even water-insoluble cross-linked PS microspheres can serve as
hosts for the thermolysis of encapsulated Fe(Ol)3 after swelling of microspheres in
an organic solvent (CHCl3) to facilitate impregnation [108]. Iron oxide NPs were
formed in the polymer matrix by thermolysis of trivalent iron oleate (at 573 K, for
0.5 h, nitrogen atmosphere). Almost spherical iron oxide NPs with an average
diameter of 11 nm and low size dispersity (standard deviation of 21%) were uni-
formly distributed within the network serving as a matrix (Fig. 6.5).

It should be noted that the polymer matrix, in turn, can affect the thermal
transformation of metal complexes, but information on this issue is limited.

Of interest is a non-hydrolytic method for the synthesis of nanocrystalline
magnetite (Fe3O4) in the presence of rigid matrices, namely linear x-sulfonate PS
(Mw 5000), x-thiolated PS (Mw 5000), and x-carboxylate PS (Mw 39,400) [109].
The thermolysis of iron(III) acetylacetonate is carried out in hexadecane-1,2-diol at
532–537 K. It is important that x-carboxypolystyrene stabilizes iron NPs more
effectively than other PSs; the size of magnetite NPs is 3–10 nm and decreases with

Fig. 6.4 Preparation of periodically ordered inorganic nanoheterostructures from self-assembled
block copolymer composites. a Dissolution of PS–P4VP block copolymers (PS, green; P4VP,
pink) and Fe (brown and blue spheres) and Pt (red spheres) precursors. b Self-assembly of a
lamellar structure from PS–P4VP (22,000/22,000) and precursors. c Self-assembly of a
spheres-in-a-matrix structure (P4VP spheres, pink; PS matrix, green) from PS–P4VP (40,000/
5500) and precursors. d Self-assembly of hexagonal cylinders upon application of a magnetic field
to sample shown in panel (c). Pyrolytic formation of periodically ordered nanoheterostructures
consisting of (e) layers, (f) spheres, and (g) cylinders (purple) embedded in a matrix (light blue).
Reproduced with permission from Ref. [105]. Copyright (2013) American Chemical Society
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increasing polymer content. The resulting magnetic composites with APS less than
10 nm can be easily dissolved in organic solvents, forming stable organosols.

Among other carefully studied precursors, we note the thermolysis of metal
acetates in polymer matrices. For example, metal-polymer composites are formed at
high-temperature (1273 K) thermolysis of cobalt acetate in the presence of PS, poly
(acrylic acid) or poly (methyl vinyl ketone) [110]. Carbonization of the organic
polymer gives a material containing metallic cobalt clusters.

Fig. 6.5 (top) Schematic representation of the preparation of Fe3O4 NPs embedded in PS
microspheres by thermolysis of Fe(Ol)3 at 573 K; (down) SEM images for: a the polymer seed
microspheres prepared by dispersion polymerization; b the magnetic polymer microspheres
prepared by swelling and thermolysis; c the outer surface of magnetic polymer microspheres; and
d TEM image for the ultramicrotomed magnetic polymer microspheres, showing the location of
the iron oxide NPs in the microspheres. Reproduced with permission from Ref. [108]. Copyright
(2010) American Chemical Society
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In another interesting example, Au NPs were synthesized using the Au(III)
acetate precursor in PEG on the USP modular device (Fig. 6.6) [111]. Evaporation
and reaction temperatures (373 and 573 K) of USP were selected based on the
detected decomposition temperatures of Au(III) acetate with TGA–DT.

It was confirmed (Fig. 6.7a–c) the presence of circular shaped, unagglomerated
Au NPs with circularity value range of 0.89–0.92 synthesized at different con-
centrations of Au acetate of 2, 1 and 0.5 g l−1 (Experiments 1, 2, and 3). The
average diameters with standard deviation of Au NPs, measured in Experiments 1,
2, and 3, were 26.90 ± 6.40, 16.90 ± 5.70, and 14.20 ± 4.50 nm, respectively.
This indicates that as the concentration of the Au (III) acetate precursor increases,
the size of the Au NPs increases and vice versa (Fig. 6.7d).

It is of interest to use thermolysis of metal chelates in polymer matrices to obtain
ZnO and its use in hybrid solar cells [112–115]. One of the alternative strategies in
this regard is the deposition of films from polymer solutions, which also contain a
soluble precursor. This approach has been studied using soluble zinc chelates that
decompose during and after the deposition process by interacting with water from
the surrounding atmosphere to produce bicontinuous, interpenetrating ZnO, and
polymer networks in the resulting film [113, 116]. Moreover, an impressive power
conversion efficiency (PCE) of more than 2% was recorded for the ZnO/polymer
solar cells using this production approach [113].

It should be noted that several blocks and grafts copolymers were prepared on
the basis of the polythiophene chain serving as an absorber and donor material and
poly (zinc methacrylate) chains (Scheme 6.2) [117–119]. The precursor film of
active layers obtained from chlorobenzene solutions contains a zinc source coor-
dinated directly to the polymer phase, which leads to a complete homogeneous
distribution of zinc in the bulk, but with some predetermined phase separation due

Fig. 6.6 Schematic diagram of experimental setup of USP comprising of ultrasonic generator,
evaporation chamber, reaction chamber, quartz transport tubes, and collection bottles for Au NPs.
Reproduced with permission from Ref. [111]. Copyright (2017) Springer Nature
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to the self-assembly properties of such polymers. Using zinc dimethacrylate,
already cross-linked polymer structures were obtained in the polymerization pro-
cess [117, 118], whereas non-cross-linked polymer chains were obtained using
asymmetric zinc acetate methacrylate as the monomer [119]. It is important that
with this approach, promising PCEs of 0.6% have already been obtained.

Fig. 6.7 a–c The TEM images of the Au NPs synthesized from Exps. 1, 2, and 3, respectively.
d The size distribution of Au NPs obtained by TEM characterization and UV–Vis measurement of
the Au NPs from Exps. 1, 2, and 3, respectively. Reproduced with permission from Ref. [111].
Copyright (2017) Springer Nature
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It is of interest to prepare hybrid ZnO/polymer nanomaterials in a solution in situ
approach before the active layer is coated. In this case, the conjugated polymer
controls growth and prevents agglomeration and precipitation of the NPs. In par-
ticular, functional groups in poly (3-alkylthiophenes), for example, poly(3-[(2′-
(2-ethoxy)ethoxy)ethoxy]-thiophene) P3EEET, capable of interacting with ZnO,
are favorable for implementing this concept (Fig. 6.8) [120]. Chains with a side
alkoxy group can be coordinated with the zinc cations used, controlling growth and
interacting also with final ZnO NPs. It is important that this method makes it
possible to obtain luminescent nanomaterials.

The growth of ZnO NPs, starting with zinc acetate in a mixture of PVA and
poly (para-phenylenevinilene) (PPV)-precursor polymer, has been studied [121].
The precursor solution is then cast on the PEDOT:PSS (poly
(3,4-ethylenedioxythiophene)/polystyrene sulfonate) layer and during thermolysis
at 433 K for 6 h ZnO is formed and at the same time PPV from the PPV precursor.
The solar cells obtained with this method show a PCE of 0.026%.

Scheme 6.2 Structure of poly(3-hexylthiophene) (P3HT)—Zn-methacrylate copolymers: poly-
thiophene-g-p[Zn(Macr)2]. Reproduced with permission from Ref. [117]. Copyright (2010)
Elsevier; P3HT-b-p[Zn(Macr)(OAc)] [119], P3HT-b-p[Zn(Macr)2]. Reproduced with permission
from Ref. [118]. Copyright (2012) Elsevier

Fig. 6.8 Qualitative illustration of polymer backbone conformation with Zn(II) ion complexation
and polymer–ZnO nanocomposite using P3EEET as template. Reproduced with permission from
Ref. [120]. Copyright (2009) Royal Society of Chemistry
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Thermolysis of metal chelates in polymeric matrices proved to be an effective
method for the synthesis of metal chalcogenide NPs [122–124]. As an example, we
note the synthesis of PbS NPs by thermolysis of a molecular precursor, such as
xanthate or carbamate, in PS [122].

To date, various inorganic NPs have been synthesized in situ in the presence of
polymers [90, 91, 95, 125–127]. An interesting example is the controlled assembly
of PbS nanostructures through oriented attachment of PbS NPs synthesized in the
presence of MEH-PPV (MEH is poly (2-methoxy-5-(2′-ethylhexyloxy)) [90]. The
lead acetate trihydrate was used as a precursor and was reacted with sulfur in the
presence of a polymer in a mixture of DMSO and dichlorobenzene at temperatures
from 373 to 451 K. The composite precipitated from the solution by the rapid
addition of alcohols, and the aggregation of NPs depended on the polarity of the
alcohol. In particular, the use of methanol led to the ordered aggregation of NPs into
spherical particles, and precipitation by other alcohols, such as ethanol, propanol, or
hexanol, consisted in the formation of nanorods.

A similar synthetic methodology was used in the synthesis of CdS nanostruc-
tures with different proportions in the presence of head-to-tail P3HT [92]. The
particle geometry and size were monitored by varying the temperature, Cd pre-
cursor concentration or time (Fig. 6.9). It is important to note that the choice of
solvent affects the conformation of the P3HT chains, which contain the electron
donating sulfur functionality, the potential fixation for nucleation and growth of
NPs, along with steric hindrances due to long hexyl side chains. For example, a
planar P3HT conformation can provide a flat, stacked molecular architecture to
guide the growth of CdS NPs in an oriented approach. The aspect ratio of the
nanorod obtained can be controlled in accordance with the scale of the length of the
P3HT chain, which propagates to the dilution medium and is controlled by a change
in the composition of the solvent. Devices prepared using these composites showed
a PCE of up to 2.9%.

Fig. 6.9 (left) Scheme of the synthesis of P3HT/CdS composites by in situ synthesis of CdS
spherical nanocrystals or nanorods via reaction of cadmium acetate dehydrate and sulfur in the
presence of the polymer, DMSO, and dichlorobenzene. The Cd2+ ions are assumed to be coupled
with the unpaired S along the P3HT planar chain network. (right) Average aspect ratio of CdS
nanocrystals plotted as a function of the reaction time for the CdS nanorods growth. Reproduced
with permission from Ref. [92]. Copyright (2009) American Chemical Society
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It should be noted direct synthesis of CdSe QDs in a 1-octadecene solution in the
presence of a P3HT polymer [91]. A similar route was used for the synthesis of
CdTe NPs in the P3HT matrix, using cadmium acetate dihydrate and tellurium
powder in TOP as precursors [95]. It turned out that the ratio of P3HT to the
cadmium acetate precursor plays an important role in regulating the size and shape
of nanocomposites. In particular, at a low concentration of CdTe, P3HT will have a
greater binding ability, which will lead to the formation of some nanorod-shaped
particles, and as the concentration of CdTe increases, NP precipitation occurs. It
was suggested that the optimal condition happen when both effects are suppressed.

General method for preparation of metal sulfide NPs/polymer films using
inexpensive and low-temperature path based on the controlled in situ thermolysis of
a solution-processable precursor metal xanthate precursor complex Cd
(S2COEt)2(Py)2 in the semiconductor polymer film is interesting (Fig. 6.10c) [93].
Hybrid photoactive layers of CdS/P3HT were prepared by spin casting from a
chlorobenzene solution containing a precursor and P3HT (Step 1, Fig. 6.10). The
casted solid film P3HT: precursor was heated to 393–433 K to provide the pre-
cursor decomposition, and CdS NPs are formed in the polymer matrix (Step 2,
Fig. 6.10). It is important that the nanomorphology of such CdS/P3HT films
strongly depends on the thermolysis temperature [128].

This approach was extended to the design of polymer/CuInS2 (CIS) [129, 130]
and polymer/Sb2S3 nanocomposites [131] and for the deposition of nanocrystalline
thin ZnS films hosting CdSe–CdS–ZnS QDs [132], indicating that in situ thermolysis
of metal chelates is an attractive and universal way for hybrid inorganic–organic
nanocomposites and can be applied to other metal chalcogenides. In particular,
in recent years, metal xanthate SSPs has been developed for the solid-phase synthesis

Fig. 6.10 Illustration of the preparation of the CdS/P3HT films from a chlorobenzene mixture
a of b P3HT and c cadmium ethylxanthate pyridine [Cd(S2COEt)2.2Py]. Deposition of this
mixture through spin coating (step 1) results in d the formation of a thin film comprising the metal
xanthate precursor and the polymer. Upon thermolysis (step 2) a hybrid cadmium sulfide NPs/
polymer film e is formed. Reproduced with permission from Ref. [93]. Copyright (2010) American
Chemical Society
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of hybrid nanomaterials in situ, which solve problems of solubility and by-products.
Through this metal xanthate route the polymer/CdS and polymer/CIS nanocom-
posites have been prepared (Fig. 6.11) [93, 128, 129]. The advantages of metal
xanthates are that they decompose at temperatures well below 473 K and that their
solubility can be tuned by changing the alkyl part of the xanthate group. In addition,
additional ligands, such as pyridine, can be introduced to optimize the decomposition
temperature and solubility. Despite their relatively low decomposition temperatures,
they are stable for a long time at room temperature, even in solution.

It should be noted that polymer/NP nanocomposites have been actively studied
in recent years in hybrid solar cells because of their promising prospects of com-
bining the advantages of the polymer component, such as high absorption coeffi-
cient and simplicity of the solution-based processing [133], with those of inorganic
nanoparticular semiconductors, such as a regulated form (nanodot, nanorod, and
tetrapod) [134], tunable absorption properties (quantum confinement effect) [135]
and high conductivity [136]. In this respect, it is of interest to use various com-
binations of polymer/NP as absorbing layers of bulk heterojunction hybrid solar
cells [83, 85, 133, 136–142]. As typical examples, we note combinations of con-
jugated polymers such as polythiophenes, PPVs, or various low band gap polymers
with NPs, including CdSe [143], CdS [144], CdTe [145], CIS [129], PbS [146], or
ZnO [113]. Currently, the best polymer/NP hybrid solar cells show maximum levels
of PCE from 4 to 5.5% [144, 145, 147, 148].

It is of considerable interest in situ to obtain PbS NPs in the presence of a
conjugated polymer, MEH–PPV, or P3HT, by heating a solution of PbAc2, ele-
mental sulfur and polymer in a mixture of DMSO and toluene solvents to 433 K for
15 min [125, 149–153]. The removal of excess lead and sulfur ions by precipitation

Fig. 6.11 Scheme of the metal xanthate—solid state in situ route (Me: metal ions, Cu, In, Cd; n =
oxidation number of the metal; R1, R2: H, alkyl) [74]
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and re-dissolution followed by coating on the substrates completes the preparation
of the nanocomposite layers. The crystalline NPs are not aggregated and well
dispersed in the polymer matrix and have high crystallinity. It is important that
in situ synthesis makes it possible to control the size and shape of NPs mainly by
changing the reaction time and temperature. In addition, the shape of the NPs can
be regulated by both precursor materials and solvents or solvent mixtures used for
synthesis. For example, using elemental sulfur for the reaction, spherical NPs are
obtained, and when H2S as a source of sulfur is used, cubic nanostructures are
formed [149]. It is shown that the controlled formation of PbS NPs in the presence
of a conjugated polymer is explained by the steric effects of long polymer chains.
The size of NPs was observed to depend on the molecular weight of the polymer:
the higher molecular weight of the conjugated polymer resulted in smaller NPs
[150].

The influence of the nature of the solvent on the shape of nanostructures was
also shown during the synthesis of hybrid CdS/P3HT nanomaterials from Cd
(Ac)2(H2O)2 and elemental sulfur [92, 154]. In particular, by using various ratios of
dichlorobenzene and DMSO, nanorods with different aspect ratios in the P3HT
matrix were obtained. Thus, a higher content of dichlorobenzene in a mixture of
solvents led to an increase in the aspect ratio of prepared nanorods (Fig. 6.12).

Instead of elemental sulfur, Na2S was used to produce CdS NPs with dimensions
of 5–6 nm [155], and CdSe NPs were synthesized using Na2SeO3 as a source of
selenium [156] in the P3HT matrix. The ordered morphology of CdS and CdSe NPs
in the presence of a polymer matrix is shown. In particular, the structure and
apparent morphology of nanocomposites differ significantly from the structure of
the polymer (Fig. 6.13a). For example, in polymers, pores with certain edges with

Fig. 6.12 TEM image of CdS nanorods synthesized in P3HT with volume ratios
dichlorobenzene-to-DMSO of a 9:3 and b 7:5. Reproduced with permission from Ref. [92].
Copyright (2009) American Chemical Society
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different distributions are visible, while the CdS/P3HT nanocomposite (Fig. 6.13b)
shows identical NPs with a constant interparticle separation. Interestingly, for the
CdSe/P3HT sample (Fig. 6.13c), relatively large particles with different separation
between the particles are characteristic. Black spots of 1 lm size refer to the for-
mation of clusters within the polymer matrix, which may be due to NP aggregation.
The apparent morphology shows NPs/polymer nanocomposites with large dimen-
sions, and these features clearly show the capture of NPs in the polymer matrix.

We also note the use of a not defined cadmium ethyl xanthate complex as a
precursor for the preparation of the P3HT/CdS nanocomposite [157].

The in situ synthesis of nanomaterials by thermolysis of metal chelates in
polymers gives a potentially shorter path to thin films of bicontinuous phases of
inorganic NPs and polymers. The wide range of SSPs and available polymers
makes the growth of nanomaterials directly within polymers an attractive route for
the synthesis of composite thin films and was used for PbS [158], CdS [93, 128,
159–161], Bi2S3 [162], CIS [129, 163–166], Sb2S3 [130, 131] in photovoltaic and
thermoelectric devices [167].

As a typical example, we note the production of lead sulfide from SSPs in the PS
matrix with the formation of PbS NP networks [158]. The treatment is carried out
by spin coating a solution containing SSP and PS onto the substrate, followed by
heating of the film to decompose the SSP (Fig. 6.14). As SSPs, lead(II) dithio-
carbamates, their phen adducts and lead(II) xanthates with different alkyl chain
lengths (butyl, hexyl, and octyl) were used. It turned out that xanthates are more
promising SSPs, providing control of the size and shape of NPs when changing the
length of the alkyl chain. In particular, the lead(II) octylxantate complex causes
anisotropic growth, forming PbS nanowires inside the polymer matrix.

It should be noted that molecular tuning of the metal xanthate precursors has a
significant effect on the heterojunction morphology of hybrid P3HT/CdS blends
and, as a result, the photochemical processes and the total productivity of in situ
prepared hybrid solar cells [159]. It is shown that in situ method gives an increased
yield of charge generation and the overall performance of the device as compared to
an equivalent device manufactured using the conventional ex situ method of
blending NPs with the polymer before thin film formation [168]. The in situ method
is also potentially compatible with large-scale production, which is considered
critical for the success of solution-processed photovoltaic technologies [169, 170].

Fig. 6.13 SEM images of a P3HT, b CdS nanocomposites and c CdSe nanocomposites [155]
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Although extensive studies on the optimization of charge generation in these sys-
tems have been carried out [94, 171], little is known about how to influence the
nanomorphology of in situ produced hybrid solar cells and the process of in situ
formation of NPs themselves. In particular, it has been suggested that the
nanomorphology of the absorber layer will be a key factor in the further opti-
mization of the PCEs of this new type of solar cells [172]. For example, the effect of
various NP shapes (spherical, rod-like) [173] or size [174] on the characteristics of
the devices was shown.

It is of interest a convenient method for in situ formation of QDs from the
nanocomposites of the blue emitting polymer [9,9-bis(3,5-di-tert-butylphenyl)-
9H-fluorene] (PBPFO) together with the complex of cadmium diethylxanthate and
bpy (CdDEX) (Fig. 6.15) [160].

Micrographswith lowandhighmagnification (Fig. 6.16a andb, respectively) before
heating the nanocomposite show that the organic–inorganic matrix is uniformly dis-
tributed over the carbon film, and no QD aggregates are observed under these condi-
tions. In addition, there are no crystalline particles in the sample, and the observed radial
distribution is typical of the polymer (Fig. 6.16c). After the film is heated at 433 K for

Fig. 6.14 Schematic of the in situ approach employed to fabricate the PbS–polymer films.
Reproduced with permission from Ref. [158]. Copyright (2015) American Chemical Society

Fig. 6.15 Molecular structure of a PBPFO polymer and b CdDEX precursor [160]
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10 min, the formation of nanocrystals occurs in the polymer matrix, and these particles
within the polymer tend to aggregate in clusters between 20–60 nm in size (Fig. 6.16d).
It is important that the particle size is from 3 to 6 nm (Fig. 6.16e), and the resultingNPs
are hexagonal CdS (Fig. 6.16f). However, it is impossible to exclude the cubic phase,
because the reflections of the two phases overlap.

Cadmium ethyl xanthate was used as SSP to obtain CdS NPs directly in the
P3HT matrix at 393 K [161]. It is important that monodisperse CdS NPs of average
size 4 nm are formed and the nanosize can be controlled by the concentration of the
polymer additive in the composite. The atom force microscopy (AFM) images of
the pure P3HT and P3HT/CdS composite films of 1:1, 1:4, and 1:8 ratios show
(Fig. 6.17a–d) that the composite with a high NP content is more rough than the
pure P3HT film. In addition, the values of the surface roughness of films increase
with increasing content of NPs; in particular, for a pure P3HT film it was 2 nm, but
it increased to 3.5 nm for a 1:4 sample and was 11.5 nm for a 1:8 sample. It should
be noted that partial aggregation was detected (see Fig. 6.17d) on the surface of a
sample containing a large the number of NPs (1:8). The P3HT–CdS nanocomposite
is characterized by a homogeneous morphology with small nanocrystallites
aggregated to nodule size of 40 nm, so the segregation of NPs or polymer in these
composites is not high.

Fig. 6.16 a Low magnification and b high magnification images of polymer–CdDEX precursor
blend before baking c SAED image before baking. d Low and e high magnification images of QDs
generated by thermolysis of the polymer–precursor film at 433 K for 10 min; the SAED f confirms
the presence of crystalline species. The diffraction rings indicated by a red and an orange arrow are
compatible with both CdS cubic or hexagonal phase, while the one highlighted in green is typical
of the hexagonal phase only [160]
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Of great interest is the use of bismuth xanthate [bismuth(III)
O-3,3-dimethylbutan-2-yl dithiocarbonate] (BiHexXan) to obtain Bi2S3 NPs
directly within the polymer matrix (PMMA or P3NT) [162]. The bismuth xanthate
can be converted to Bi2S3 NPs with an orthorhombic crystal structure through a
thermally induced solid-state reaction at moderate temperatures below 473 K
(Fig. 6.18, left). The polymer forms several large domains with a length of 100 nm
(Fig. 6.18, right). In addition, in the Bi2S3–PMMA layers, structures with smaller
dimensions of about 50 nm are also visible, which can be attributed to the Bi2S3
nanostructures present in the nanocomposite. However, these smaller structures are
not observed in the AFM image of the Bi2S3–P3HT hybrid layer.

Fig. 6.17 AFM for a P3HT, b P3HT–CdS 1:2, c P3HT–CdS 1:4 d P3HT–CdS 1:8. Reproduced
with permission from Ref. [161]. Copyright (2013) Springer Nature
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It should be noted the direct synthetic pathway for the preparation of P3HT/CdS
nanocomposites with cadmium acetate dihydrate [Cd(OOCCH3)2∙2H2O] used as a
source of cadmium, sulfur powder as a source of sulfur, dichlorobenzene and
DMSO as co-solvents, phosphonic ester end-functionalized P3HT as a conjugated
polymer matrix [175]. It turned out that the size and distribution of CdS NPs were
not only temperature-dependent, but also strongly depend on the molar ratio S/Cd.
In addition, CdS NPs were evenly dispersed in P3HT/CdS nanocomposites, indi-
cating that the end-functionalized P3HT can be used as a template to prevent
effective aggregation of CdS.

CIS NPs were directly synthesized in a P3HT matrix with different concentra-
tions ratio of P3HT and CIS (1:2, 1:4, and 1:8) by decomposition of CIX [176]. In
this process, copper indium xanthate and P3HT were homogeneously mixed in o-
dichlorobenzene, which led to the formation of a CIS NPs by thermolysis of the
SSP in situ at temperatures up to 383 K. It is important that CIS nanocrystals are
capped by P3HT (Fig. 6.19, left, a), and the size of NPs synthesized in P3HT/CIS
nanocomposites of composition 1:4 is *5–6 nm (Fig. 6.19, left, b). The results
obtained (Fig. 6.19, left, c and d) indicate the tetragonal crystal structure of the CIS,
clearly showing that in situ growth of NPs in polymer templates controls the
dispersion of inorganic NPs in the polymer matrix, thereby providing a large dis-
tributed surface area for the charge separation in these nanocomposites. In addition,
the decrease in the dominance of the P3HT polymer with increasing CIX

Fig. 6.18 (left) Synthesis of BiHexXan and Bi2S3–polymer hybrid materials; (right) AFM images
(a and b topography; c phase contrast) of a Bi2S3–PMMA hybrid layer and a Bi2S3–P3HT layer
(d and e topography; f phase contrast) [162]
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concentration is shown. For a neat P3HT film, densely packed polymer nodules are
characteristic, which results in a surface roughness of 1.67 nm (Fig. 6.19, right, a).
At the same time, P3HT/CIS nanocomposites (Fig. 6.19, right, b–d) clearly
demonstrate a homogeneous morphology with small NPs without significant seg-
regation of NP or polymeric nodules. Surface roughness values increased from 7 to
12.2 nm with an increase in CIS concentration from 1:2 to 1:8.

It should be also noted the synthesis of lead sulfide NPs in a solution-processable
sulfur “inverse vulcanization” polymer thin film matrix during in situ thermolysis of
lead(II) n-octylxanthate, [Pb(S2COOct)2] (Fig. 6.20, left) [177]. The “reverse vul-
canization” polymer contains a hybrid linker system that exhibits high solubility in
organic solvents, which allows the treatment of a sulfur-based polymer solution
ideally suited for the formation of thin films. It is important that, beyond a certain
concentration of SSPs, the formed NPs were not only inside the film, but also on the
surface, which indicated a limiting load in the polymer. Well-defined cubes with
random small elongation forming irregular cuboids were obtained (Fig. 6.20, right,
a–d) [178]. The size of the NPs did not show a trend with increasing concentration,
although all the NPs obtained were less than 80 nm along the edge length. Using
0.1 mmol [Pb(S2COOct)2], the resulting NPs showed the highest monodispersity and
the lowest average size (28.6 nm) (see Fig. 6.20, right, b). In other words, 0.1 mmol
[Pb(S2COOct)2] is the optimum amount of SSP in terms of particle monodispersion.

CdS/PVA nanocomposite thin films on glass substrates were obtained by in situ
thermolysis of cadmium acetate and thiourea as initial reagents dispersed in PVA
[179]. It is important that the developed synthetic technology does not contain a
complexing agent and, therefore, does not require the control of the pH of the
solution, as in the case of conventional chemical bath deposition (CBD). CdS NPs

Fig. 6.19 (left) TEM (a) and HRTEM (b) images of P3HT/CIS nanocomposites. Magnified views
of circled area (c). Selected area diffraction pattern (SADP) of P3HT/CIS composites (d). (right)
AFM images of the films: a P3HT, b P3HT/CIS (1:2), c P3HT/CIS (1:4), and d P3HT/CIS (1:4)
nanocomposites. Reproduced with permission from Ref. [176]. Copyright (2013) Springer Nature

6 Thermolysis of Metal Chelates in Polymer Matrices 447



with a hexagonal phase are formed in the pores of the PVA matrix and, as the films
grow, they become uniform, without visible spots and cracks.

It should be noted that organic–inorganic hybrid solar cells made from a bulk
heterojunction between semiconductor NPs and conjugated polymers are a
promising type of solution-processable solar cells and have made significant pro-
gress in recent years [180]. Despite a number of potential advantages of hybrid solar
cells, their efficiency still lags behind those obtained for purely organic solar cells,
as well as devices using only NPs as an absorber. However, in situ approach is very
promising, bearing in mind that this is a fairly young research topic. Further
optimization of the device architecture, as well as, for example, the introduction of
adapted interface layers, can lead to an additional improvement in in situ produced
hybrid solar cells. Table 6.2 lists important examples of inorganic–organic hybrid
solar cells prepared on in situ routes [74].

Fig. 6.20 (left) The processing of precursor and polymer to form PbS nanocrystals within the
sulfur polymer. (right) TEM images and corresponding size analysis of the extracted PbS
nanocrystals formed within the S-polymer when using a 0.05 mmol, b 0.1 mmol, c 0.15 mmol,
and d 0.2 mmol of [Pb(S2COOct)2] [177]
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Another interesting trend in the practical use of thermolysis of metal chelates in
polymer matrices was the catalytic curing of an epoxy composite under the action
of NPs [181]. In particular, in this process, Cu(I), Pb(II), Sb(III), Zn(II), Cb(III), Zn
(II), Cd(II), In(III), Ga(III) xanthates were used, which, when thermolysis at 423 K,
give corresponding metal sulfides. It was shown that the order of the curing time at
a given temperature and the trend of the decomposition temperature of the metal
xanthate were the same. The analysis of the epoxy composite, consisting of metal
xanthates cured by thermal annealing, illustrates the generation of metal sulfide
in situ in the matrix. More detailed studies of this process were carried out with the
example of linear and branched zinc(II) xanthates with different alkyl chain length
[182]. The presence of ZnS in situ in the composite matrix was shown, indicating
the thermal decomposition of zinc (II) xanthates in situ as a likely mechanism for
curing. It is interesting that in the case of linear alkylzinc(II) xanthates with
increasing alkyl chain length, both the thermal decomposition temperature and the
curing time were increased. In contrast, in the case of branched alkyl chain zinc(II)
xanthates, the temperature of the thermal decomposition as well as the curing time
decreases with increasing length of the alkyl chain.

It should also be noted the thermolysis of metal chelates in other matrices, for
example, reduced graphene oxide (RGO) [183, 184]. As a typical example, we note
an efficient approach to the production of porous iron oxide ribbons by controlling
the nucleation and growth of the iron precursor (iron acetylacetonate/ethylene
glycol) on the surface of RGO and subsequent annealing treatment [185]. The
obtained iron oxide ribbons have a large aspect ratio, a porous structure, a thin
feature and improved open edges. The general procedure for the synthesis of porous
iron oxide ribbons is schematically illustrated in Fig. 6.21. The chemically RGO
was first dispersed in an ethylene glycol solution to create a dark suspension with a
dispersant, PVp. The suspension was then mixed with iron(II) acetylacetonate by
ultrasonic treatment and then heated to 343 K for the heterogeneous nucleation of
iron glycolate on the surface of RGO. As soon as the nucleation takes place, the
residual iron precursor will further grow around the nucleus to form iron glycolate
ribbons of various lengths with an increase in the reaction time from 30 min to 5 h.
Subsequent thermal annealing of the resulting ribbons at different temperatures
(523–673 K) in air provided iron oxide ribbons.

It is also of considerable interest to synthesize high-performance Cu-based ORR
catalysts by pyrolysis of mesoporous KIT-6 silica-supported phthalocyanines at
superhigh temperature (1473 K) by grinding-nanocasting technique (Fig. 6.22)
[186].

It should be noted an in situ production of Pt NPs incorporated into 1D NPCs via
an organometallic precursor-controlled thermolysis approach [187]. In this process,
platinum dichloride complex of 3,4-bis(4-dodecynylphenyl)-2,5-bis(4-(2,2′-bipyr-
idyl)phenyl) cyclopentadienone are chosen as SSP for the synthesis of NPCs
integrated with Pt NPs (Fig. 6.23, left). The platinum complex is first impregnated
into the nanochannels of AAO (anodic alumina oxide) membranes (Fig. 6.23,
right). The intermolecular Diels–Alder reaction of these precursor molecules affords
the formation of platinum functionalized polyphenylene skeletons. Subsequent
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thermolysis transforms the polyphenylene backbones into 1D NPC frameworks,
while the metallic moieties are reduced into Pt NPs. After removal of the AAO
template, 1D NPCs/Pt is obtained.

It is important that Pt NPs with an average diameter of 2–6 nm are homoge-
neously distributed into carbon frameworks (Fig. 6.24a, b), and the metallic phase
is composed of Pt single crystals (Fig. 6.24c–e). In accordance with nanoelectron
diffraction (NED) patterns (Fig. 6.24f), the only crystalline phase presented in
NPCs/Pt is metallic platinum showing high-resolution lattice fringes. The resulting
product contains both the C and Pt components (Fig. 6.24g) and additional peaks
for Cu and O can be attributed to the underlying copper grid.

Fig. 6.22 Phthalocyanine-derived mesoporous Cu-based electrocatalysts for oxygen electrore-
duction. Reproduced with permission from Ref. [186]. Copyright (2017) Elsevier

Fig. 6.21 Fabrication of iron oxide ribbons. It includes (1) and (2) controllable nucleation and
growth of the iron glycolate onto the surface of the RGO at 443 K, and (3) thermolysis at different
temperatures (523–673 K) in air [185]
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Fig. 6.23 (left) Structure of the SSP. (right) Schematic illustration of the preparation of 1D NPCs/
Pt. Reproduced with permission from Ref. [187]. Copyright (2003) American Chemical Society

Fig. 6.24 a STEM image of NPCs/Pt (dark field) overview shows the typical tubular feature of
the carbons. b TEM image of NPCs/Pt discloses the homogeneously dispersed platinum NPs on
1D carbon substrates with rounded shape. c–e HRTEM images of different oriented platinum NPs
demonstrate that each particle is a single crystal. f NED patterns show that the only crystalline
phase is metallic Pt. g EDX reveals both C and Pt peaks and a small O peak possibly coming from
the Cu grid. Reproduced with permission from Ref. [187]. Copyright (2003) American Chemical
Society
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Chapter 7
Application of Nanomaterials Prepared
by Thermolysis of Metal Chelates

Nanomaterials obtained by thermolysis of metal chelates are widely used in many
promising areas: from catalysis and sensing to energy storage [1–42]. This is
achieved by easy fabrication of NPs obtained from metal chelates and other
properties, including a large active surface area, optimized porosity, size selectivity,
and controlled texture and composition, as well as high photocatalytic activity, high
adsorption capacity, good electrocatalytic activity, and outstanding electrochemical
performance. These properties have led to applications in many fields, such as the
lithium-ion battery (LIB) [43–53], electrochemical capacitors (ECs) [54, 55], sen-
sors [56], catalysis [57–62], adsorption/separation of gases [63]. Nanomaterials
obtained by thermolysis of MOFs with chelated units deserve special attention
(Table 7.1).

7.1 Fuel Cells

The increase in global energy demand has led to intensive research in the field of
storage technologies and conversion of renewable energy sources to replace fossil
fuel energy for sustainable development. At present, the development of
high-performance storage and energy conversion devices is an important step
toward alternative energy technologies [81, 82]. Electrochemical storage of energy
is considered one of the most promising ways of storing energy. Among these
systems, fuel cells are one of the most promising sources of clean energy as an
alternative to traditional fossil fuel technology [83–86]. In these cells, the fuel reacts
with oxygen through soft electrochemical processes without combustion, and the
overall efficiency of fuel conversion is not limited by the laws of the Carnot cycle.
The advantages of fuel cells allowed them to develop into widespread commercial
use in the field of transport, as well as in stationary and portable electronics and thus
contribute to solving the global energy demand problem [87].
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Among the fuel cells that convert the energy of the chemical reaction into
electricity, proton-exchange membrane fuel cells (PEMFCs) are characterized by
low operating temperature, high power density, attractive conversion efficiency,
low environmental impact, and rapid start-up and are actively developing for supply
of future electric vehicles, portable electronics, and other energy-consuming devices
[42, 88–97]. They consume fuel (hydrogen, methanol, ethanol, or formic acid) and
generate electricity through gentle electrochemical reactions. Each fuel cell consists
of an anode, a cathode, and an electrolyte (Fig. 7.1) [87]. In an alkaline fuel cell, the
oxygen reagent can be reduced to OH− with a general reaction of
O2 + 2H2O + 4e− = 4OH− from the cathode side. Obtained OH− anions reach the
anode through the electrolyte of the anion-exchange membrane. On the side of the
anode, hydrogen (H2) can interact with OH− as a fuel and produce H2O and
electrons 2H2 þ 4OH� ¼ 4H2Oþ 4e�ð Þ. Electrons are transferred to the cathode
through an external circuit, and hydroxide ions reach the cathode through the
electrolyte membrane.

Generally, in typical H2–O2 fuel cells [98–100], the hydrogen oxidation reaction
(HOR) at the anode and oxygen reduction reaction (ORR) at the cathode can be
simplified as two half-cell reactions [Eqs. (7.1 and 7.2)]:

Fig. 7.1 Fuel cell components. Reproduced with permission from Ref. [87]. Copyright (2012)
Springer Nature

462 7 Application of Nanomaterials Prepared by Thermolysis …



HOR : 2H2 ¼ 4Hþ þ 4e�;E0 ¼ 0V vs:RHEð Þ ð7:1Þ

ORR : O2 þ 4Hþ þ 4e� ¼ 2H2O; E0 ¼ 1 : 23V vs:RHEð Þ ð7:2Þ

where RHE is reversible hydrogen electrode.
The kinetics of these two reactions is critical to the output characteristics of the

fuel cells. However, in low-temperature fuel cells, both reactions are limited by
huge activation energy barriers that can be conquered by catalysts that induce lower
energy intermediates [101].

The development of inexpensive, highly active, and durable cathode material is a
priority area of research in the commercialization of low-temperature fuel cells [86].
Currently, carbon-supported Pt NPs are widely used as catalysts both at the anode
and at the cathode to accelerate the kinetics of the HOR and ORR reactions [102–
106]. The reaction rate of HOR on Pt is fast enough, so the required amount of Pt
loading at the anode can be less than 0.05 mg cm−2. However, on the cathode, the
slow kinetics of the ORR reaction requires a much higher Pt load (*0.4 mg cm−2)
for achieving the appropriate characteristics of fuel cells [107–109]. Pt-based noble
metal catalysts still suffer from a number of critical problems such as high cost, low
abundance, poor stability, crossover effect, CO poisoning, low selectivity, and
harmful environmental effects [110–118]. Moreover, excessive cost and Pt defi-
ciency also limit the commercialization of PEMFCs. These bottlenecks impede the
widespread commercialization of fuel cells. Under these conditions, the reduction in
the load of Pt or even the study of alternatives for the replacement of the expensive
Pt alloy was intensively studied for the creation of high-efficiency inexpensive
non-noble metal catalysts.

Great efforts have been made to develop high-efficient, economical, and stable
ORR catalysts, including advanced Pt-based catalysts, core–shell structures,
heteroatom-doped carbon, and transition metal/metal oxide–carbon composite
catalysts (Fig. 7.2) [88, 119–140].

In general, two different approaches (or a combination thereof) can be used to
reduce Pt’s load in PEFC: (i) the development of the surface structure (i.e., the
atomic arrangement) of catalytic Pt NPs and hence the maximization of specific
activity [141–144]; and (ii) the inclusion of another less expensive metal (e.g., Ni,
Co, Fe, Cu, and Pd, among others) in NPs to create a core–shell or a doped
nanostructure and, thus, improve the dispersion of Pt and change its electronic
properties [141, 145–148].

As a typical example, we note the synthesis in non-hydrolytic systems of highly
homogeneous Pt icosahedra nanocrystals with an edge length of 8.8 nm using the
GRAILS method with hot injection [149]. The structural feature of the icosahedron
is its surfaces surrounded by {111} faces. This is important for applications in
electrocatalysis, since the expanded surface of Pt (111) is nine times more active
than the highly active commercial Pt/C catalysts relative to ORR [148]. The
electrocatalytic properties of icosahedra, cubes, and 3-nm Pt NPs on carbon were
studied using a three-electrode system (Fig. 7.3). The onset potentials for the ORR
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polarization curves follow the order of icosahedra > cubes > Pt reference (com-
mercial). The specific surface activity reached 0.83 ± 0.14 mA cm−2 Pt for Pt
icosahedra and 0.35 ± 0.06 mA cm−2 Pt for cubes Pt. These results indicate that
the intrinsic ORR activity of the (111) surface coated with the Pt-icosahedron was
about four times higher than that of the reference Pt/C catalyst
(0.20 ± 0.03 mA cm−2 Pt) and about half the value evacuated, expanded single
crystal (111) surface of Pt. It should be noted that recent simulations and experi-
mental data suggest that twinning in NPs of Pt and some Pt alloys helps to shift the
binding energy of the reacting intermediates due to the surface and deformation

Fig. 7.2 Illustration of typical pathways of oxygen reduction reaction in an alkaline fuel cell and
three categories of the cathode catalysts used for ORR [132]

Fig. 7.3 ORR polarization
curves for icosahedra (blue),
cubes (red), and commercial
(black) Pt catalysts. The upper
inset shows their
corresponding cyclic
voltammogram (CV) curves.
The inset at the bottom shows
their specific-area activities at
0.9 V. Reproduced with
permission from Ref. [149].
Copyright (2013) American
Chemical Society
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effect of NPs [150–152]. Thus, the significantly improved ORR activity for
icosahedral NP catalysts can be attributed to the {111} factor and the presence of
double planes in such types of NP electrocatalysts.

It is of interest to investigate inexpensive alternatives with high activity and
excellent stability as replacements for Pt catalysts, such as Pt-M alloys (M = Fe,
Co, Ni) and Pt-free catalysts [153–156]. In particular, various bimetallic Pt
nanocrystals with controlled faces were rationally synthesized and shown with
strongly extended activities for ORR [115, 118, 155, 157–162]. Among them, the
octahedral NPs of Pt3Ni have shown the greatest interest in recent years, as a study
of the Pt3Ni (111) single crystal was published in 2007, in which a 90-fold
improvement in the specific activity over the commercial Pt/C catalyst was
observed. After that, the octahedral NPs Pt-Ni alloys enclosed by {111} faces were
successfully obtained [157, 158, 163]. An over sevenfold improvement in
area-specific activity in the ORR was achieved by changing from the (100) to
(111) Pt3Ni single crystal surfaces [149]. Therefore, morphology control over Pt
alloy nanocrystals has great technological implications [164–166]. However, the
highest ORR activity (both specific and Pt mass) obtained from these catalysts was
only ten times higher than the commercial Pt/C catalyst, far below the values
proposed in the work based on bulk single crystals.

It should be noted the synthesis of homogeneous 9-nm Pt-Ni octahedra using
OAm and OA as surfactants and W(CO)6 as a source of CO, which can promote the
formation of {111} faces in the presence of Ni [167]. By removing surfactants with
acetic acid, the specific activity was observed 51 times higher than that of the Pt/C
catalyst for ORR at 0.93 V together with a record high mass activity of 3.3 A mgPt

−1

at 0.9 V. A significant increase in ORR activity can be explained by the presence of
a clean, well-preserved (111) surface for octahedral Pt-Ni (Fig. 7.4).

A wet chemical approach to the production of monodisperse Pt3Ni
nano-octahedra and nanocubes ending in {111} and {100} faces, respectively, is of
interest [168]. In particular, it was shown that the ORR activity on Pt3Ni
nano-octahedra is five times higher than for nanocubes with the same size
(Fig. 7.5). In addition, a comparison of ORR activity between carbon-supported
Pt3Ni nano-octahedra and commercial Pt/C shows that Pt3Ni nano-octahedra are
highly active electrocatalysts.

The polarization curves of the rotating disk electrode (RDE) show that the cubic
and octahedral Pt3Ni catalysts have more positive onset potentials and, therefore,
are more active than Pt (Fig. 7.6a) [156]. It was found that the ORR specific activity
at 0.9 V is 0.85 mA cm−2 Pt for cubic and 1.26 mA cm−2 Pt for octahedral Pt3Ni
catalysts (Fig. 7.6b). ORR activity increased with the change in shape from cube to
octahedron. The mass activity of the octahedral Pt3Ni catalyst reaches 0.44 A mgPt

−1

(Fig. 7.6c), which is approximately three times the activity of the reference Pt/C
and is one of the highest values for Pt3Ni nanocrystals with a controlled shape [156,
168].
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Studies on the search for efficient and economical electrocatalysts for ORR have
led to the appearance of some new competitors, including some porous carbona-
ceous materials, due to their outstanding advantages, for example, high electrical
conductivity, large surface area, and high thermal and chemical stability [169–171].
Nevertheless, carbon itself exhibits low internal activity of ORR [172]. At the same

Fig. 7.4 Scanning TEM-high angle annular dark field (STEM-HAADF) image of the as-obtained
Pt-Ni octahedron and comparative analysis of mass and specific activity of Pt/C and Pt2.5Ni/C.
Reproduced with permission from Ref. [167]. Copyright (2013) American Chemical Society

Fig. 7.5 a Polarization curves for ORR on Pt3Ni nano-octahedra, Pt3Ni nanocubes, and Pt
nanocubes supported on a rotating glassy carbon (GC) disk electrode in O2-saturated 0.1 M HClO4

solution at 295 K; scan rate, 20 mV s−1; rotation rate, 900 rpm. Catalyst loading in terms of Pt
mass: Pt3Ni octahedra, 3.0 lg; Pt3Ni cube, 2.0 lg; Pt cube, 1.1 lg. Current density was
normalized to the GC geometric surface area (0.196 cm2). The arrow indicates the potential scan
direction. b Comparison of the ORR activities on the three types of catalysts. Specific activity and
mass activity were all measured at 0.9 V vs RHE at 295 K. Reproduced with permission from Ref.
[168]. Copyright (2010) American Chemical Society
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time, carbon materials obtained by thermolysis of metal chelates are widely used in
devices for storing and converting energy [14, 21, 35, 173–182]. It is widely
recognized that the inclusion of nitrogen atoms in the carbon lattice can signifi-
cantly improve the surface polarity and electron-donor tendency of the carbon
matrix, leading to advanced electrocatalytic characteristics with respect to ORR
[166, 183, 184]. Functional NPC materials doped with a heteroatom are considered
promising metal-free electrocatalysts in fuel cells because of their unique physical
and chemical characteristics, pronounced electrocatalytic activity, long-term
stability, and relatively low costs [89, 185, 186]. Among them, nanocarbon com-
posites (e.g., nanocarbon/carbon nanotubes (CNTs), nanocarbon/graphene) [187–
189], as well as single- [190–192] and multidoped nanocarbon [193–200],
as effective electrocatalysts in fuel cells were studied. Recent studies have shown
that the inclusion of heteroatoms of nitrogen and non-noble transition metals in
nanostructured carbon materials can significantly improve the electrocatalytic
characteristics [129, 166, 201].

One of the main achievements is the development of metal–nitrogen–carbon
catalysts (M–N–C), obtained from the precursors based on macrocyclic complexes
of transition metals. Since the discovery of the 1960s that the phthalocyanines of Co
catalyze ORR [202], much work has been done using Co and Fe complexes with
macrocycles, such as porphyrins and other nitrogen-containing ligands, as catalysts
for ORR. Later, it was found that thermolysis products of these compounds, as well
as other complexes derived from Co and Fe salts, N-donor ligands, and/or polymers
applied to different carbon atoms, exhibit higher activity and stability than their
precursor materials, comparable in some cases with a platinum catalyst [203–207].
Among them, special attention was paid to catalysts based on porphyrin polymers
with coordinated transition metal [38, 208, 209].

As a typical example, we note a porous Co–N–C catalyst (Fig. 7.7a) with a high
specific surface area (1074 m2 g−1) [210]. This catalyst showed a high performance
in the hydrogen evolution reaction (HER) at all pH values, such as 10 10 mA cm−2,

Fig. 7.6 Comparison of electrocatalytic properties of cubic and octahedral Pt3Ni nanocrystals:
a ORR polarization and CV (insert) curves, b area, and c mass specific activities. Reproduced with
permission from Ref. [156]. Copyright (2010) American Chemical Society, and reproduced with
permission from Ref. [168]. Copyright (2010) American Chemical Society
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achieved with 133 mV overpotential in the acid and an unprecedented turnover
frequency (TOF), where TOFs per atom Co are 0.39 and 6.5 s−1 at an overpotential
of 100 and 200 mV, respectively (Fig. 7.7b, c). In addition, thiocyanate ions
(SCN−), which can poison metal-centered catalytic centers in acid, have been
adapted to demonstrate that the active sites are CoNx centers (Fig. 7.7d, e).

It should be noted that there are still some disagreements regarding the nature of
the active sites on which the ORR occurs. For example, it has been suggested that
pyridine nitrogen atoms, in particular those that do not contain metals, are active
centers [211]. On the other hand, it was shown that Fe–Nx or Co–Nx groups with
coordinated pyridine N atoms correspond to active sites [212–216]. Finally,

Fig. 7.7 a Schematic illustration of the synthesis of CoNx/C electrocatalysts. b HER polarization
plots of CoNx/C, N/C, Co/N and Pt/C catalysts in 0.5 M H2SO4. c Comparison of the TOF of
CoNx/C with other catalysts. d Comparison of the HER activity of CoNPs/CoNx/C and CoNx/C
catalysts, showing the influence of acid leaching. Insets are TEM images demonstrating that all Co
particles were removed by acid leaching. e HER polarization plots of CoNx/C with and without
10 mM KSCN in 0.5 M H2SO4 [210]
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high-activity catalysts based on Fe were found in which no direct coordination of
metal-nitrogen was observed [217].

Of interest are carbon-based non-precious metal nanocatalysts with porous
structures considered as the class of the most promising ORR catalysts because of
the low cost and high availability of their raw materials. They are effective in ORR
due to the provision of abundant open active sites, increased availability of
reagents, rapid mass transfer, and electron transfer [185, 218, 219]. These properties
play an important role in improving the catalytic characteristics. Generally, catalysts
with a high surface area, a large percentage of mesopores, and a narrow pore
distribution are highly desirable for ORR catalysis. For example, mesoporous Co,
N-doped carbon (Co–N–C) and Fe,N-doped carbon (Fe–N–C) catalysts based on
vitamin B12 and polyaniline-Fe, respectively, were obtained [220]. Silicon NPs,
ordered mesoporous silica SBA-15, and montmorillonite were also used as tem-
plates for the preparation of porous structures. Despite the almost identical com-
position of these three Co–N–C catalysts, a strong correlation was observed
between the activity and the BET surface area, demonstrating the importance of the
porous structure for ORR. The increased electrocatalytic characteristics of these
catalysts were due to the homogeneous distribution of the metal–nitrogen–carbon
active centers (M–N–C), the high BET surface area, and the narrow pore distri-
bution. As rigid templates for the synthesis of porous Fe/N-doped carbon catalysts
for ORR in the presence of dopant and carbon sources, silica NPs with different
diameters were also used [221].

Carbon nanomaterials designed by heteroatoms (e.g., N, B, P, S, and F) have
made it possible to achieve a marked improvement in the activity of the catalyzed
ORR due to their tunable electronic properties and conductivity [191, 222–228]. In
particular, nitrogen-doping in nanocarbon is the easiest-to-implement strategy for
the development of Pt-alternative ORR electrocatalysts because of their good
performance, high stability, low cost, and environmental friendliness [171, 183,
184, 217, 229–238]. Doping nitrogen atoms into carbon matrices can disrupt the
electrical homogeneity of the carbon framework and create active centers of ORR
with a higher electron density [88, 157, 239–245]. The additional electron density
of nitrogen-doped carbons makes it possible to obtain a larger number of protonic
acid sites (–SO3H) by sulfonation [220, 246, 247]. As a result, nitrogen-doped
carbon materials have high catalytic activity for ORR and can be used as effective
carriers for the protonic acid sites [248, 249].

It should be noted that MOF materials have been widely used as templates and/
or precursors for the production of porous carbon and related functional nanoma-
terials that exhibit excellent catalytic activity against ORR or oxygen evolution
reaction (OER) and possess composition and morphology-dependent catalytic
performances (Scheme 7.1) [81, 123, 221, 250–252].

Due to the subtle design of the MOF precursors, as well as the careful
post-processing, the advantages and catalytic activity of MOF materials can be
completely inherited by nanomaterials derived from MOF. For example,
MOF-derived heteroatom-doped nanocarbon [187–190], transition metal/metal
oxide–carbon hybrids, and composites [46, 65, 176, 253–255] with high surface
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area and porosity exhibit excellent catalytic activity and stability and also show
outstanding bifunctional activity with respect to the ORR and OER. It should be
noted that the MOF precursors used in the preparation of the heteroatom-doped
nanocarbon can be readily adapted by binding them to a second
heteroatom-containing precursor. This duality makes it possible to control both the
chemical composition and the porous structure of the final carbon product [172]. In
addition, N [44, 166, 256–259], B [222, 260–262], S [263–266], P [265, 267–270],
and the halogen atom [270] have been widely used to produce single-, double-, or
triple-doped porous carbon atoms to increase ORR activity, especially transition
metals (e.g., Fe, Co) containing nitrogen-doped porous carbon materials showed
promising results [38, 207, 208, 271, 272]. In particular, the double or triple doping
of nitrogen, sulfur, and phosphorus in carbon has been further optimized to improve
ORR activity [273]. Theoretical calculations have shown that the S atom is posi-
tively charged and is considered an effective catalytic center of the ORR, whereas
P-doping can enhance the delocalization of the charge of carbon atoms and lead to
carbon structures with increased edge sites.

It should be noted that the inclusion of an ultrathin layer of MOF-derived
nanocarbon on graphene oxide sheets can lead to the formation of a nanocarbon/
graphene oxide/nanocarbon sandwich-like structure with a high specific surface
area and excellent electronic conductivity.

Furthermore, a large cathodic current density (5.06 mA cm−2) was observed,
with a value slightly higher than that found for Pt/C (4.76 mA cm−2). Notably, the
excellent ORR catalytic performance typically results from the unique
heterostructure of N-doped graphite porous nanocarbon (NGPC)/ N-doped carbon
nanotubes (NCNTs) composite. Based on the fact that the decrease in N content in
NGPC/NCNTs does not lead to a proportional drop in ORR activity, the authors

Scheme 7.1 Non-precious metal nanoparticles (NPMNs) derived from MOFs. Reproduced with
permission from Ref. [250]. Copyright (2017) John Wiley and Sons
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discovered that pyridine-N and pyrrolic-N, located at graphitic plane sites, play a
critical role for obtaining high ORR activity [193].

In addition to the graphene carrier, CNTs and NCNTs used in the synthesis of
nanocarbon composite materials have also demonstrated enhanced activity and the
durability of ORR. In particular, NGPC)/NCNT composites were studied as ORR
catalysts operating in alkaline media [223]. The MOF-5, [Zn4O(BDC)3], in com-
bination with urea and nickel was used as the precursor and catalyst for the
development of the NGPC/NCNT composite at 1173 K under N2. The resulting
NGPC/NCNTs catalyst contains NCNT of ca. 30 nm with an outside diameter and
in joint length is ca. 20 nm (Fig. 7.8). It is important that bamboo-like defects on
NCNTs are a typical morphological feature of N-doping and help in creating active
sites for ORR. The ORR half-wave potential measured with the NGPC/NCNTs
composite catalyst is by ca. 8 mV higher than for Pt/C. In addition, a large cathode
current density (5.06 mA cm−2) was observed with a value, slightly exceeding the
value found for Pt/C (4.76 mA cm−2).

Fig. 7.8 a Schematic illustration of the stepwise structural evolution from MOF-5 to NGPC/
NCNTs; b HRTEM images of NCNTs in NGPC/NCNT-900; c CVs of NGPC/NCNT-900 and Pt/
C; d Linear sweep voltammograms (LSVs) of GPC (trace 1), CMOF-5 (trace 2), NPC (trace 3),
NGPC/NCNT-800 (trace 4), NGPC/NCNT-900 (trace 5), NGPC/NCNT-1000 (trace 6), and Pt/C
(trace 7) in O2-saturated 0.1 M KOH with an electrode rotation speed of 1600 rpm. Reproduced
with permission from Ref. [223]. Copyright (2012) American Chemical Society
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A reliable and controllable route suitable for the preparation of nitrogen-doped
porous carbon with high yields and exceptional quality by Zn-MOF-74 thermolysis
is of interest [274]. The prepared NPC demonstrates the advantages of high activity,
high durability, and methanol resistance as an effective pH-universal electrocatalyst
for ORR, demonstrating comparable or even better activity compared to commer-
cial Pt/C catalysts not only in alkaline media but also in acid and neutral electrolyte.
In particular, the CV curves of NPC-1000 (Fig. 7.9a) show that the peak was not
observed in the absence of an electrolyte without O2, whereas in the O2-saturated
electrolyte a distinct peak at 0.828 V was observed, indicating a high catalytic ORR
activity of the NPC-1000. An onset potential of the NPC-1000 is 1.02 V, and the
potential of a half-wave (E1/2) of 0.902 V with a limiting current density is of about
−5.85 mA cm−2 (Fig. 7.9b). These performance parameters outperform the original
Zn-MOF-74. The RDE voltammograms for ORR on the prepared electrode
NPC-1000 were run at a rotation speed of 400–2500 rpm (Fig. 7.9c). The
Koutecky–Levich (K–L) linear plots assume the kinetics of a first-order reaction
with respect to the concentration of dissolved O2 and a similar number of electron
transfer for ORR at different potentials. In addition, the ratio of the undesirable
production of H2O2 at the NPC-1000 electrode with a low percentage (<10%) is
consistent with commercial Pt/C, indicating a high catalytic selectivity of the
NPC-1000 (Fig. 7.9d). The NPC-1000 exhibited very slow damping with high
current retention of more than 98% after a continuous reaction of 20,000 s, while
the Pt/C catalyst showed a decrease in activity of 6.0% in the same state (Fig. 7.9e).
Compared to commercial Pt/C and PC-1000, the NPC-1000 demonstrates a
noticeable negative shift in the onset potential (0.818 V) and a significant
improvement in the diffusion-limiting current density (Fig. 7.9f). This may be due
to the protonation of nitrogen atoms and, consequently, adsorbs the SO4

2− anion on
the NPC surface to block some active sites [275, 276]. When the ORR is performed
in O2-saturated phosphate buffer, the NPC-1000 showed an onset potential of
1.03 V and E1/2 of 0.818 B, which are more positive than those obtained on Pt/C
and PC-1000 (Fig. 7.9h). As with the alkaline solution, the NPC-1000 is highly
durable and does not contain methanol poisoning under both conditions, whereas
the Pt/C demonstrates low stability and low tolerance of methanol under similar
conditions (Fig. 7.9g, i).

Nanoporous nitrogen-doped carbon microfibers were easily synthesized by
thermolysis of CP microfibers of Al-DTPA [277]. NCF characteristics, including
high surface area, nanoporous structure, appropriate degree of graphitization, and
abundant nitrogen-doped carbon sites, can allow the use of NCF as efficient ORR
electrocatalysts. In the Ar-saturated 0.1 M KOH solution, there appear faceless
voltammetric curves for NCFs, while in the 0.1 M KOH solution saturated with O2,
noticeable cathodic ORR peaks are observed at about 0.8 V, which illustrates their
effective ORR activity in alkaline media (Fig. 7.10a). NCFs obtained at different
temperatures show different ORR activities in terms of their onset ORR potentials
and E½ (Fig. 7.10b). The corresponding K–L plots from the RDE curves (Fig. 7.10c,
d) between 0.5 and 0.0 V showed good parallel straight lines, which indicates the
order of reaction of one with respect to oxygen in this potential range. The significant

472 7 Application of Nanomaterials Prepared by Thermolysis …



effect of methanol on the ORR current density over the Pt/C cathode was observed
on the corresponding (i–t) curve after the addition of methanol (Fig. 7.10e).
Moreover, the durability of the NCF-900 during the ORR exceeds the Pt/C materials,
and the corresponding i–t plots of NCF-900 show a relative slow decay (Fig. 7.10f).

However, the electrocatalytic characteristics of most of the developed doped
porous carbons are still far beyond modern noble metal catalysts. In addition,
although it has been shown that pyridinic-N and graphitic-N are the main catalytic

Fig. 7.9 a CV of NPC-1000 in N2- and O2-saturated 0.1 M KOH solution at a scan rate of
50 mV s−1. b LSV curves for Zn-MOF-74, NPC-1000, PC-1000, and a benchmark Pt/C at an
RDE rotation rate of 1600 rpm with a scan rate of 10 mV s−1. c LSV curves of NPC-1000 at
different rotating speeds. d Rotating ring-disk electrode (RRDE) curve for NPC-1000 for a rotation
speed of 1600 rpm. e Current–time (i–t) chronoamperometric response of NPC-1000 and
benchmark Pt/C electrodes at 0.56 V in O2-saturated 0.1 M KOH at a rotation rate of 1600 rpm.
f LSV curves for PC-1000, NPC-1000, and Pt/C at an RDE rotation rate of 1600 rpm with a scan
rate of 10 mV s−1 in O2-saturated 0.5 M H2SO4 solution. g i–t chronoamperometric response of
NPC-1000 and benchmark Pt/C electrodes at 0.62 V in O2-saturated 0.5 M H2SO4 solution at a
rotation rate of 1600 rpm. h) LSV curves for PC-1000, NPC-1000, and Pt/C at an RDE rotation
rate of 1600 rpm with a scan rate of 10 mV s−1 in O2-saturated 0.1 M buffer. i i–t
chronoamperometric response of NPC-1000 and benchmark Pt/C electrodes at 0.25 V in O2-
saturated 0.1 M buffer solution at a rotation rate of 1600 rpm. Reproduced with permission from
Ref. [274]. Copyright (2011) American Chemical Society
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active sites for ORR [166, 183, 249, 278–283], it is difficult to adjust the amount
and mode of N-doping in the synthesis of N-doped nanocarbon. More importantly,
most N-doped nanocarbon can show comparable ORR catalytic characteristics with
Pt-based catalysts only in alkaline electrolyte, while they cannot work well as
Pt-based catalysts in acidic and neutral solutions [275, 284–287].

MOF-derived metal-containing NPs are demonstrated to possess great potential
in ORR electrocatalysis by serving as catalysts or supports [177, 271, 288, 289].
Among the non-noble metal catalysts, the transition metal/oxide–carbons (e.g., Co/
Co3O4–C, Co–Nx–C, Fe–Nx–C) have been the main research direction due to their
excellent electrocatalytic activity, high stability, and low cost [216, 289–295]. In
particular, non-precious metal catalysts made from MOF precursors were investi-
gated and demonstrated a number of advantages due to their high specific surface
area, porous structure, and abundantly high distribution of active sites. In addition,
the method for manufacturing metal/metal oxide–carbon electrocatalysts from MOF
precursors not only offers a promising approach for further enhancing the catalytic
activity, but also helps overcome the limitations on the internal activity and con-
ductivity of the existing transition metal/metal oxide NPs. Unfortunately, most of
the M–N–C catalysts currently reported are still unlikely to meet the requirements
of high activity, strong strength, and low cost.

The main achievements of metal/nanocarbon composite catalysts derived from
MOF are the synergistic effect that occurs between loaded transition metal NPs and
a nanocarbon matrix, which leads to a significant increase in catalytic activity. To

Fig. 7.10 a CVs recorded on porous NCF-900 in a Ar- or O2-saturated 0.1 M KOH solution at a
scan rate of 10 mV s−1; b RDE voltammograms recorded on porous NCFs obtained at different
temperatures and Pt/C (10 wt%) in 0.1 M O2-saturated KOH solution; C RDE voltammograms
recorded on porous NCF-900 at different rotation speeds from 400 to 2500 rpm; d K–L plots of J−1

versus w−1/2 on porous NCF-900 at different potentials; E current–time (i–t) plots of NCF-900 and
Pt/C at 0.55 V in the presence of methanol; F current–time (i–t) plots of NCFs-900 and Pt/C at
0.55 V in O2-saturated KOH solution [277]
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date, carbon-supported Co/Co3O4 is one of the most widely studied catalysts for
oxygen reduction in fuel cells [39, 294–296]. For example, Co3O4 nanocrystals
embedded in N-doped mesoporous graphitic carbon layer/MWCNT hybrids are
obtained by simplified carbonization and subsequent oxidation process of
MWCNT-based MOFs [297]. As a result, in alkaline media, the hybrid material
catalyzes OER with an onset potential of 1.50 V (vs. RHE) and overpotential of
only 320 mV to achieve a stable current density of 10 mA cm−2 for at least 25 h.
The same hybrids also exhibit similar catalytic activity, but excellent stability to a
commercial 20 wt% Pt/C catalyst for ORR, which makes it a highly effective cheap
bi-catalyst for OER and ORR.

The direct growth of MOF precursors on metal substrates for the production of
electrodes from porous nanowire arrays is suggested (Fig. 7.11) [298].

Fig. 7.11 a and b SEM and [inset in (a)] optical image of Co3O4–C-nanowire arrays. c Schematic
illustration of Co3O4-C nanowire array formation on Cu foil. Reproduced with permission from
Ref. [298]. Copyright (2014) American Chemical Society
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The precursor MOF, Co-NDC, was grown directly on a Cu film from a simple
hydrothermal reaction at 353 K. MOF was then converted to porous nanowire
arrays consisting of strongly interacting Co3O4 and carbon by heat treatment in an
N2 atmosphere. The developed electrode with porous nanowire arrays showed
abundant active sites, highly improved conductivity and extremely strong stability
and therefore excellently performed as an OER electrocatalyst. The original mor-
phology of the nanowire of the parent MOF was retained in the derivative product
with the addition of additional micro- and mesopores. Co3O4/C nanowires have a
smooth surface with no signs of morphologically dissimilar particles, which indi-
cates that all types of Co3O4 and C species are well integrated into the nanowire
arrays. By combining the distinctive properties of Co3O4 with nanocarbon and
using their uniform distribution, the obtained Co3O4/C-nanowire arrays have
improved catalytic characteristics compared to conventional electrode materials. It
is remarkable that excellent performance results from a unique nanostructure. First,
in situ, the incorporation of nanocarbon in the arrays of Co3O4/C provided using
MOF as a precursor results in a structure with strongly interacting Co3O4 and a
nanocarbon matrix. Secondly, the conducting and porous structure is favorable for
rapid charge transfer and mass transport, which also ensures a smooth progression
of the oxygen reaction.

Co nanomaterials obtained by thermolysis of Co-MOF, CPM-24
[(CH3)2NH2]10[Co2(L)4(Ac)2][Co2(BTC)2(H2O)]4[Co2(OH)(L)3]4
(L = isonicotinic acid), show excellent electrocatalytic activity for ORR with an
efficiency comparable to the commercial Pt/C catalyst [299]. A clear cathode peak
centered at −0.23 V appeared on the CV curve when the electrolyte was saturated
with O2, indicating a marked catalytic activity for the cobalt porphyrin-based
conjugated mesoporous polymer (CoP-CMP) frameworks CoP-CMP800 for the
ORR (Fig. 7.12a). The CoP-CMP800 provided E1/2 of −0.18 V, which was more
positive than for CoP-CMP (−0.48 V), CoP-CMP600 (−0.26 V), CoP-CMP1000
(−0.23 V), and the CoP-CMP800 showed a highly stable diffusion-limiting current
(*4.6 mA cm−2), which exceeded CoP-CMP, CoP-CMP600, CoP-CMP1000, and
Pt/C (*4.5 mA cm−2) (Fig. 7.12b). Measurements of RRDE showed that the
electron transfer number (n) of the CoP-CMP800 is 3.83–3.86 at −0.40 to 0.30 V,
indicating a preferential four-electron reduction process oxygen (Fig. 7.12c). In
contrast, CoP-CMP, CoP-CMP600, CoP-CMP1000, and H2P-CMP800 showed
significantly smaller values of n *3.55, *3.63, *3.60, and 3.54 at −0.35 V,
respectively (Fig. 7.12d).

It is of interest to use of cobalt oxide NPs for the manufacture of metal
oxide-based electrodes. These NPs are obtained by thermolysis of suitable cobalt
chelates [300], in particular, Co(C6H5COO)2(N2H4)2 [301]. It should also be noted
cobalt oxides Co3O4 (1) and (2) synthesized by thermolysis of [Co(L)] and [Co(L’)]
(L2− is {3,4-bis(2-quinoline carboxamido) benzophenone} and (L’)2− is {bis
(2-quinolinecarboxamido)-1,2-benzene}), respectively [302]. Oxides 1 and 2
exhibited higher catalytic activity compared to 10 wt% Pt/C and showed lower
onset potential and higher current densities at 0.8 V (Fig. 7.13a). In addition, the
Tafel slope for oxide 1 was lower, than oxide 2, i.e., 78 versus 84 mV dec−1,
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respectively (Fig. 7.13b). These results show that the surface of oxides significantly
enhances OER, which agrees with the results obtained in the literature [303, 304].
However, the aging tests of the two oxides in OER revealed that oxide 1 is more
stable than oxide 2. These results demonstrated that oxide 1 has a superior per-
formance which can be employed in the alkaline water electrolyzer anode.

In addition to Co-containing MOFs, mention should be made of Fe-based MOFs
that were used as precursors in the preparation of Fe–Nx–C and N-doped Fe/
Fe3C@C/RGO catalysts, where RGO is reduced graphene oxide, to activate ORR
in alkaline media [124, 305–310]. In particular, it was found [306] that
Fe-containing MOF, MIL-88B-NH3, based on 2-aminoterephthalic acid can be used

Fig. 7.12 a LSV curves for CoP-CMP800 at different rotation rates in O2-saturated 0.1 M KOH
at 10 mV s−1. The inset shows K–L plot. b LSV curves for CoP-CMP, CoP-CMP600,
CoP-CMP800, CoP-CMP1000, H2PCMP800, and Pt/C in O2-saturated 0.1 M KOH at 10 mV s−1

at 1600 rpm. c RRDE test of the ORR on CoP-CMP800 in O2-saturated 0.1 M KOH electrolyte at
1600 rpm. The inset shows the electron transfer number (n) against electrode potential. d The
n values of CoP-CMP, CoP-CMP600, CoP-CMP800, CoP-CMP1000, H2P-CMP800, and Pt/C
against electrode potential. Reproduced with permission from Ref. [299]. Copyright (2015) Royal
Society of Chemistry
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as a template and as thermolysis precursor for the development of the Fe-Nx-C
nanostructure as an electrocatalyst. It is established that the onset potential and E1/2

of the Fe-Nx-C catalyst for ORR are 1.03 and 0.92 V (vs. RHE) in 0.1 M KOH,
respectively. In addition, when using the cathode of the alkaline direct fuel cell, the
power density obtained with carbonated NP (CNP) reaches mW cm−2, which is 1.7
times higher than that of commercial Pt/C catalysts (Fig. 7.14).

It should be noted the rational design of Fe/N-codoped hierarchical porous
carbons (HPC-Fe/N–X, X = 700–900) by thermolysis of iron-porphyrin-containing
conjugated microporous polymeric sphere with a hollow structure at various tem-
peratures and by etching [311]. The onset potential for HPC-Fe/N-700 was
approximately 0.92 V, and the calculated electron transfer number and H2O2

concentration were 3.89 and 5.4% at 0.65 versus RHE (Fig. 7.15a) respectively,
which indicated a direct conversion of oxygen into water into a four-electron

Fig. 7.13 a LSV of (a) oxide 1, (b) oxide 2, and (c) 10 wt% Pt/C at 5 mV s−1 in 1 M KOH.
b Corresponding Tafel plots for OER on (a) oxide 1 and (b) oxide 2. Reproduced with permission
from Ref. [302]. Copyright (2017) Springer Nature

Fig. 7.14 a Photograph of CNPs at gram level obtained by one batch synthesis; b alkaline direct
methanol fuel cell single-cell performance constructed with CNPs and Pt/C catalysts at 333 K
under the same condition. The loading amount of both CNPs and Pt/C is set to 3 mg cm−2.
Reproduced with permission from Ref. [306]. Copyright (2014) American Chemical Society
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transfer mechanism. Voltammetric profiles of RDE in O2-saturated 0.1 M KOH
showed that the current density was increased by increasing the rotation transfer
from 225 to 1600 rpm (Fig. 7.15b). The corresponding K–L plots (Fig. 7.15c)
show a good linear relationship for HPC-Fe/N-700, indicating the kinetics of the
first-order reaction relative to the concentration of dissolved O2. The HPC-Fe/
N-700 exhibits the lowest onset potential at 0.92 V and the maximum current
density to 5.19 mA cm−2, which is slightly lower than for Pt/C (Fig. 7.15d). Thus,
due to the high surface area and the Fe/N codoped nature, HPC-Fe/N-700 exhibited
excellent electrochemical catalytic characteristics for ORR under alkaline condi-
tions (0.1 M KOH) with a low E½ (0.84 V), dominant four-electron transfer
mechanism, as well as a high diffusion-limiting current density comparable to those
of porous ORR carbon-based catalysts with excellent electrochemical
characteristics.

It is of interest the class of 2D covalent organic polymers (COPs) comprising a
metal (such as Fe, Co, Mn) with precisely controlled locations of nitrogen

Fig. 7.15 a RRDE voltammogram for HPC-Fe/N-700 in 0.1 M KOH solution saturated with O2.
The electrode rotation rate was 1600 rpm, and the Pt ring electrode was held at 0.5 V (inset
electron transfer number and percentage of H2O2 as a function of potential); b RDE
voltammograms for HPC-Fe/N-700 in 0.1 M KOH solution saturated with O2; c K–L plots
obtained from the RDE curves; (d) oxygen reduction polarization curves for HPC-Fe/N-700,
HPC-Fe/N-800, HPC-Fe/N-900 and Pt/C at 1600 rpm in 0.1 M KOH. Reproduced with permis-
sion from Ref. [311]. Copyright (2017) Elsevier
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heteroatoms and holes obtained from various N-containing organometallic com-
plexes (e.g., metalloporphyrin complexes) by nickel-catalyzed Yamamoto reaction
[208]. Subsequent thermolysis of the metal-incorporated COPs led to the formation
of COP-based graphene analogues that acted as effective electrocatalysts for ORR
in both alkaline and acidic media with good stability and without any methanol
crossover/CO poisoning effects. All three electrodes with metal-incorporated
C-COP-P-M (M = Fe, Co, or Mn) exhibited remarkably improved electrocatalytic
properties compared to the metal-free C-COP-P graphene (Fig. 7.16a). Among
them, the C-COP-P-Fe electrode showed a similar onset potential, as in commer-
cially available Pt/C (0.98 V vs. RHE), while the C-COP-P-Co electrode showed a
higher limited current than that of the limited Pt/C (Fig. 7.16b). The transfer
number of electrons (n) per O2 molecule for the C-COP-Fe and C-COP-P-Co
electrodes was calculated from the K–L curves to 3.81 and 3.56, respectively, at
0.35 V (Fig. 7.16c, e), which indicates the almost 4e− path for oxygen reduction. In
addition, the kinetic-limiting current densities (jk) of C-COP-P-Co were obtained
from the K–L plots as 13.50 mA cm−2 at 0.75 V, which are the highest values
exceeding the commercial Pt/C of 9 mA cm−2 at 0.75 V (Fig. 7.16c). The electron
transfer number, calculated from the RRDE measurements (Fig. 7.16d, e), is similar
to the number obtained from the K–L plots, which confirms the almost 4e− oxygen
reduction process. It should be noted that the calculated H2O2 yields are less than
16% for the C-COP-P-Fe electrode and below 28% for the C-COP-P-Co electrode
in the 0.00–0.80 V potential range (Fig. 7.16e).

It should be noted Fe/Fe3C-embedded nitrogen-doped carbon obtained by
thermolysis of iron-porphyrin-encapsulated mesoporous MOFs PCN-333 (Fe),
where “PCN” means “porous coordination network” and TCPP is tetra(car-
boxyphenyl)porphyrin, at 973 K (Scheme 7.2) [312]. The resulting FeP-P333-700
demonstrated excellent electrocatalytic characteristics for ORR and HER due to the
synergistic effect of the active sites Fe/Fe3C and Fe–N–C active sites.

It is of interest to produce oxide-derived Cu/carbon (OD Cu/C) by the facile
thermolysis of MOF (HKUST-1) based on Cu(NO3)2 and BTC (Fig. 7.17a) [313].
By selecting a suitable thermolysis temperature, the optimized OD Cu/C-1000,
consisting of Cu NPs on a porous carbon framework, retained the morphology and
size of the precursor HKUST-1 (Fig. 7.17b, c, d). Due to its useful components,
morphology, and structure, OD Cu/C-1000 exhibited high activity and selectivity
for the energy conversion reaction, reaching a very low overpotential of �190 mV
for ethanol formation, as well as high production rates for methanol and ethanol to
12.4 and 13.4 mg L−1 h−1, respectively (Fig. 7.17e, f).

A representative metalloporphyrinic MOF, PCN-600-Ni, combined with RGO,
was used as a precursor and template to produce a bimetallic iron–nickel phosphide/
RGO composite (denoted as Fe–Ni–P/RGO-T; T represents the thermolysis tem-
perature) by thermolysis and the subsequent phosphidation process (Scheme 7.3)
[314]. Due to the highly porous structure, the synergistic effect of Fe and Ni
elements in the bimetallic phosphide, and the good conductivity provided by RGO,
the optimized Fe–Ni–P/RGO-400 exhibits remarkable OER activity in 1 M KOH
solution, providing an extremely low overpotential of 240 mV at 10 mA cm−2,
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which is far superior to commercial IrO2 and is one of the best in all non-noble
metal electrocatalysts.

It should be noted exceptionally active bifunctional catalysts for oxygen elec-
trodes containing Mn3O4 and Co3O4 NPs embedded in nitrogen-doped carbon
obtained by selective pyrolysis and subsequent soft calcination of N4 macrocyclic

Fig. 7.16 a CV curves of the metal-incorporated and metal-free C-COP-P on GC electrodes in
O2-saturated (solid line) or N2-saturated (dashed line) in 0.1 M KOH at a sweep rate of
10 mV s−1. b LSV curves of metal-incorporated C-COP-P-M in O2-saturated 0.1 M KOH at
1600 rpm at a sweep rate of 5 mV s−1. c The comparison of electrochemical activity given as the
kinetic-limiting current density (jk) at 0.75 V (versus RHE) for the metal-incorporated
C-COP-P-M. Also included are the calculated electron transfer numbers. d) RRDE voltammo-
grams recorded with the metal-incorporated C-COP-P-M graphene in O2-saturated 0.1 M KOH at
1600 rpm. Disk current (Id) (solid line) is shown on the lower half and the ring current (Ir) (dotted
line) is shown on the upper half of the graph. The disk potential was scanned at 5 mV s−1, and the
ring potential was constant at 1.5 V versus RHE. e The calculated percentage of peroxide (solid
line) and the electron transfer number (n) (dotted line) for the metal-incorporated C-COP-P-M
(M = Fe, Co) samples at various potentials, derived from the corresponding RRDE data in (d).
Reproduced with permission from Ref. [208]. Copyright (2014) John Wiley and Sons

Scheme 7.2 Synthesis of FeP-P333-700 by thermolysis of Fe-TCPP@PCN-333. Reproduced
with permission from Ref. [312]. Copyright (2016) American Chemical Society
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complexes of manganese and cobalt [315]. In particular, MnxOy/NC, where NC is
nitrogen-doped carbon, clearly shows a higher oxygen evolution current for all
potentials compared to conventional manganese oxides (Fig. 7.18a). In addition,
the catalysts give significantly lower reversible overpotentials in KOH (0.1 M) than
the catalysts RuO2, IrO2, Pt, NiO, Mn3O4, and Co3O4 (Fig. 7.18b). It is interesting
to note that this method also works very well for the synthesis of the corresponding
cobalt catalysts, CoxOy/NC (Fig. 7.18c) and nickel NixOy/NC (Fig. 7.18d), which
exceed Co3O4 and NiO, respectively, for both ORR and OER.

It is well known that the overvoltage between ORR and OER leads to a decrease
in efficiency and, therefore, is a very important parameter for evaluating the

Fig. 7.17 a Schematic illustration of the synthesis process of oxide-derived Cu/carbon catalysts.
b, c SEM and d TEM images of the OD Cu/C-1000. e LSV curves of OD Cu/C materials in Ar- or
CO2-saturated solution with a scan rate of 5 mV s−1. f Methanol and ethanol production rate of
OD Cu/C-1000 for electrochemical CO2 reduction (applied potential from −0.1 to −0.7 versus
RHE and electrolyte concentration 0.1 m KHCO3). Reproduced with permission from Ref. [313].
Copyright (2017) American Chemical Society
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Scheme 7.3 Synthesis of Fe–Ni–P/RGO by thermolysis of PCN-600-Ni and subsequent
phosphating. Reproduced with permission from Ref. [314]. Copyright (2017) American
Chemical Society

Fig. 7.18 LSVs showing the electrocatalysis of oxygen reduction and water oxidation by
a MnxOy/NC and commercial manganese oxides, b MnxOy/NC and Pt/C, IrO2, and RuO2,
c CoxOy/NC compared with Co3O4 and d NixOy/NC compared with NiO, in oxygen saturated
KOH (0.1 M) at a scan rate of 10 mV s−1 and rotation of 1600 rpm. Reproduced with permission
from Ref. [315]. Copyright (2014) John Wiley and Sons
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bifunctional electrocatalytic activity of the test catalyst. It turned out that a low
overvoltage between ORR and OER using bifunctional catalysts CoxOy/NC,
MnxOy/NC, and NixOy/NC instead of Pt/C will result in energy savings of at least
80, 70, and 10 mV, respectively [316].

The metallic-constituent-controllable metallomultiporphyrin porous conjugated
networks, denoted as PCN-MM (MM = FeCo, FeFe, CoCo), whose thermolysis
leads to heterometalloporphyrin carbon PCN/C, are of interest [198]. The
well-defined cathodic peaks appear in all CV curves of three samples in a solution
saturated with O2 (Fig. 7.19a). Compared to the pure cobalt-containing sample
PCN-CoCo/C (peak potential �0.83 V versus RHE), Fe-incorporated PCN-FeFe/C
showed much more positive ORR potentials (0.86 V). In particular, the peak
potential of the double-doped Fe and Co electrode (PCN-FeCo/C) reached 0.88 V.
It was found that PCN-FeCo/C exhibits a more positive onset potential (1.00 V)
than the PCN-FeFe/C (0.97 V), and PCN-CoCo/C (0.92 V) (Fig. 7.19b). In addi-
tion, the heterometallic product gives E½ of 0.85 V, comparable to the Pt/C
potential (0.84 V). PCN-FeCo/C showed a very stable diffusion-limiting current,
superior to monometallic analogs and even comparable to Pt/C. Based on the RDE
polarization curves at different rotational rates, the electron transfer number (n) of
PCN-FeCo/C was calculated as 4.2 ± 0.1 at 0.1–0.6 V (Fig. 7.19d). In addition to

Fig. 7.19 a CV and b RDE polarization curves (at rotation rate of 1600 rpm) on PCN/C and 20%
Pt/C in 0.1 M KOH solution. c RDE polarization curves on PCN-FeCo/C at different rotation
rates, inset K–L plot of J−1 versus x−1. d) RDE polarization curves at 1600 rpm on PCN/C and
20% Pt/C in 0.1 M HClO4 solution. e RDE polarization curves on PCN-FeCo/C at different
rotation rates, inset K–L plot of J−1 versus x−1. f Current versus time (i–t) chronoamperometric
response of the PCN/C and Pt/C at 0.5 V (vs. RHE) in O2-saturated 0.1 M HClO4 at 1600 rpm,
respectively. Reproduced with permission from Ref. [198]. Copyright (2014) American Chemical
Society
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high activity, nanocomposites obtained from PCN also have high stability
(Fig. 7.19f). Among them, the current density of PCN-FeCo/C decreases only by
10% after 14 h that indicates a much longer durability in acid solution than Pt/C.

Cubic zirconium-porphyrin frameworks, CPM-99 (H2, Zn, Co, Fe), were syn-
thesized by a molecular-configuration-guided strategy [272]. The rigid template
effect of the Zr6-polyoxo-cluster and uniformly embedded (metallo)-porphyrin
centers affords CPM-99 with highly desirable properties as precursors for ORR
catalysts. Thermolysis products not only retain the microcubic morphology of the
parent CPM-99, but also possess porphyrinic active sites, hierarchical porosity, and
highly conducting networks. The electrocatalytic activity of CPM-99X/C has the
following order: Fe > Co > Zn � H2 (Fig. 7.20a). The CPM-99Fe/C shows the
best ORR activity among the electrodes obtained from the CPM-99, showing the
onset and half-wave potentials (0.950 and 0.802 V) close to those (0.978 and
0.818 V) of the 20 wt% Pt/C (Fig. 7.20b). These results show that CPM-99Fe/C
has ORR catalytic activity comparable to commercial Pt/C catalyst. In addition, the

Fig. 7.20 a CVs and b RDE polarization curves on CPM-99X/C and 20% Pt/C in 0.1 M KOH
solution. c RDE polarization curves on CPM-99Fe/C at different rotation rates. Inset K–L plot of
J−1 versus x−1 at different potentials. d RDE polarization curves on CPM-99X/C and 20% Pt/C in
0.1 M HClO4 solution. The scan rate is 10 mV s−1. Reproduced with permission from Ref. [209].
Copyright (2015) American Chemical Society
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K–L plots from the RDE polarization curves (Fig. 7.20c) for CPM-99Fe/C between
0.6 and 0.1 V showed good parallel straight lines and the number of electrons
transferred was 4.1 ± 0.1, which means that CPM-99Fe/C catalyzed four-electron
ORR in a 0.1 M solution of KOH. The CPM-99Fe/C electrode showed better
electrocatalytic activity among four samples with an onset potential (0.875 V)
comparable to Pt/C (0.880 V), while CPM-99Co/C, CPM-99Zn/C and CPM-99H2/
C electrodes showed a much lower onset potential and current density (Fig. 7.20d).

To increase the efficiency of electricity-to-hydrogen conversion, effective elec-
trocatalysts for the HER are required. As an ordinary inexpensive alternative to Pt in
many catalytic reactions, Ni-based electrodes are widely used in modern commercial
alkaline cells. In particular, controlled thermolysis of MOFs is an effective method to
prepare highly efficient noble metal-free HER catalysts. As a typical example, we
noted thermolysis of a Ni-based MOF in NH3, which yields Ni NPs with surface
nitridation together with thin carbon coating layers [317]. Such subtle surface
modification significantly improves the catalytic performance for the HER. The
surface-modified Ni NPs show a low overpotential of only 88 mV at a current density
of 20 mA cm−2, which is one of the most efficient HER catalysts based on metallic
Ni. It is noteworthy that the Ni-0.2NH3 sample demonstrates very high HER activity,
which is characterized by a low overvoltage at a certain current density
j (h10 = 61 mV and h20 = 88 mV) (Fig. 7.21a). However, the efficiency of HER is
very sensitive to the partial pressure of NH3 during thermolysis; in particular, the
performance of the Ni-0.4NH3 sample is lower (h20 = 112 mV). At the same time,
the Ni–Ar sample is rather inactive (h20 = 390 mV). In addition, catalysts derived
from Ni-MOF also have different HER mechanisms that can be derived from the
Tafel plots (Fig. 7.21b). The Tafel slope for catalysts obtained in NH3 is in the range
of 71–83 mV per decade, suggesting a mixed Volmer and Heyrovsky mechanism for
HER; that is, the HER rate is determined by both the evolution of H2O and the
desorption of H2 from the catalyst surface. For the Ni–Ar catalyst, the Tafel slope is

Fig. 7.21 a LSVs and b Tafel plots of the MOF-derived catalysts in 1 M KOH solution.
Reproduced with permission from Ref. [317]. Copyright (2015) Royal Society of Chemistry
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much higher (147 mV per decade), which indicates that the Volmer mechanism
dominates in the HER; i.e., it is determined by the evolution of H2O.

7.2 Supercapacitors

Supercapacitors, also called “electrochemical capacitors” (ECs), have recently
attracted much attention for energy storage than conventional batteries or capacitors
due to their fast charging/discharging, high power density, moderate energy density,
safe operation, and long life cycle [20, 96, 103, 107, 124, 249, 318–327].
Depending on the charge–discharge mechanism, ECs can be divided into two types:
an electric two-layer capacitor (EDLC) and Faradic pseudocapacitors (or redox
supercapacitors) [16, 30, 96, 327]. EDLC consists of two activated carbon elec-
trodes that are impregnated with a non-aqueous or aqueous electrolyte and sepa-
rated by a porous membrane separator (Fig. 7.22a) [30]. EDLC stores electrical
energy directly by forming an electrical double layer (EDL) on the surface of each
electrode that diffuses very quickly, thereby providing a very fast discharge and,
hence, giving higher power densities. The most important parameters that influence
the capacitance characteristics of EDLC are the surface area, pore size distribution,
pore volume, and size of electrolyte ions in solvated and desolvated shells [328–
332]. Pseudocapacitors include active redox species, for example, transition metal
oxides [54, 333] or electroactive polymers [334], using a reversible Faradaic re-
action for storing charges [319, 335, 336]. This class of materials showed signifi-
cantly higher capacitive capabilities, which improve the energy density, at least by
an order of magnitude. Pseudocapacitance of materials strongly depends on the size

Fig. 7.22 a Schematic representation of an EDLC (in its charged state) and b Ragone plot for
various electrical energy storage devices. Reproduced with permission from Ref. [30]. Copyright
(2016) Royal Society of Chemistry
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of active redox species, porosity (to ensure quick access to the electrolyte), crys-
tallinity (optimization of deep diffusion of electrolyte), and surface area of electrode
materials.

The breakthrough in electrode materials is the key to improving the character-
istics of the supercapacitor. Up to now, improved carbon materials, including
activated carbon, CNTs, and carbon foams, have been mainly studied as a super-
capacitor electrode because of their remarkable advantages such as a large surface
area, excellent chemical stability, relatively low cost, a controlled pore structure,
and the desired electrical conductivity [205, 337–355]. In general, EDLC can
demonstrate high power density up to 105 W kg−1 and a long life cycle in millions
of cycles. However, the tortuous microporosity and non-graphitic structure of the
carbon walls in the activated carbons lead to long diffusion distances with a rela-
tively high ion resistance, in addition to low electronic conductivity, which do not
satisfy the need for high energy density of ECs at high power output (Fig. 7.22b)
[30]. In addition, carbon-based supercapacitors often have low specific capacitance
and energy density [206, 356], since the capacitance of carbon materials is due to
the separation of electrostatic charges at the electrode–electrolyte interface based on
double-layer capacitors, and several electrochemical reactions occur between the
carbon electrode and electrolyte.

Therefore, lately attention has been focused on increasing the EDLC energy
density, to improve which it is necessary either to increase the specific capacitance
of the electrodes, or to increase the operating voltage in the cells [319, 323, 357,
358]. Currently, the main strategy is the development of pseudocapacitive elec-
trodes based on fast redox reactions on electrode surfaces or inside nanodomains
[334, 336, 359–368]. Nevertheless, it remains a huge problem to increase the
energy density of supercapacitors without sacrificing the most valuable EDLC
characteristics, high power density, and long life cycle. In this regard, it is of
interest to obtain carbon materials with improved electrochemical characteristics by
thermolysis of MOF with chelated units [369]. Table 7.2 shows different types of
carbon from MOFs with their respective surface areas and capacitive characteristics.

Table 7.2 Surface area and capacitances of carbon derived from different MOF precursorsa

Precursor T (K) SBET (m2 g−1) V (cm3 g−1) C (F g−1) References

MOF-5 1273 2872 2.06 204 @ 5 mV s−1 [370]

MOF-5 1223 2587 3.14 344 @ 50 mA g−1 [371]

MOF-5 773 2222 1.14 271 @ 2 mV s−1 [372]

MOF-5 873 1521 1.48 100 @ 5 mV s−1 [373]

MOF-2 1273 1378 – 165 @ 10 mV s−1 [374]

IRMOF-3 1223 553 0.34 239 @ 5 mV s−1 [375]

Al-PCP 1073 1103 1.04 174 @ 1 A g−1 [376]

HKUST-1 1073 50 1.46 83 @ 1 A g−1 [376]
aC = specific capacitance; T = thermolysis temperature; V = pore volume
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MOFs have recently begun to be used as precursors to produce highly disperse
NPC materials for supercapacitors due to structural diversity, large specific surface
areas, and porous properties [369, 370, 377–380]. MOF-derived NPC materials had
a high capacitance comparable to the highest values obtained for supercapacitors
with carbon electrodes, probably due to high surface areas and optimal micropore
diameters [173]. Despite extensive research on synthesis, the rational design of
supercapacitive electrodes that can meet the requirements of high capacity, high
energy density, and outstanding stability remains a serious problem. As a typical
example, we note the production of NPCs by direct thermolysis of HKUST-1,
MOF-5, and Al-PCP without additional carbon precursors [376]. It turned out that
the MOF-5- and Al-PCP-derived carbons showed the ideal behavior of the
capacitors, whereas the HKUST-1-derived carbon had poor capacitive behavior at
different sweep rates and current densities. In addition, Al-PCP-derived carbons
exhibited the highest specific capacity (232.8 F g−1) in a 30% KOH solution at a
current density of 100 mA g−1.

Of interest is the analysis of the usability of carbon nanorods and graphene
nanocarbons from rod-shaped MOF-74 in a two-electrode symmetric supercapac-
itor cell using 1.0 M H2SO4 as the electrolyte (Fig. 7.23a) [20]. In steady-state CVs
for graphene nanocarbons, conventional rectangular shapes without any redox
peaks show excellent capacitive behavior (Fig. 7.23d). The specific capacitance for
nanocarbons reaches 193 F g−1 at 10 mV s−1, which decreases to 123 F g−1 at
400 mV s−1, indicating a 35% drop in capacitance with an increase in sweep rate
(Fig. 7.23c). In addition, in galvanostatic charge–discharge measurements, typical
triangular profiles confirm the excellent electrochemical capacitive properties of
these nanoribbons (Fig. 7.23g). The specific capacitance for carbon nanorods is
164 F g−1 at a sweep rate of 10 mV s−1, which decreases to 116 F g−1 at
400 mV s−1, which shows a *33% drop in capacitance with an increase in sweep
rate (Fig. 7.23c, e). The specific capacitances calculated from charge–discharge
curves at current densities of 50 and 100 mA g−1 are 187 and 174 F g−1, respec-
tively (Fig. 7.23g). Compared to carbon nanorods, lower capacitances (110 F g−1 at
10 mV s−1 and 71 F g−1 at 400 mV s−1) for microporous carbon (MPC) are
observed, but with the same capacitance decrease (Fig. 7.23f). Lower specific
capacitance values (120 F g−1 at 50 mA g−1 and 114 F g−1 at 100 mA g−1) have
also been obtained for the MPC from the charge–discharge curves (Fig. 7.23g). The
reason for the low performance of the supercapacitor for MPCs can be a noticeable
presence of microporosity and its lower electrical conductivity (Fig. 6.23b). On the
Nyquist plots, especially in the inset in Fig. 7.23h, there are observed effects of
improving the transport of ion and electronic conductivity in a small semicircle
(first segment), the Waburg diffusion line (second segment), and the capacitive line
(third segment). The Bode plot (phase angle as a function of frequency) shows a
phase angle of *90° with a frequency of 0.1 Hz for nanoribbons and nanorods,
which indicates an ideal capacitive behavior (Fig. 7.23i).

It is worth noting the production of NPCs by the polymerization of an additional
carbon source (furfuryl alcohol) located in MOF-5 followed by thermolysis of the
product obtained [373]. NPC samples obtained at temperatures above 873 K as
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electrode materials for a supercapacitor demonstrate the ideal behavior of capacitors
and give an almost constant specific capacitance (above 100 F g−1 at 5 mV s−1) at
different sweep rates, which is due to their mesoporous characteristics. However,
the NPC sample with the highest BET surface area (3040 m2 g−1) obtained by
thermolysis at 803 K gives an unusually low capacitance (12 F g−1 at 5 mV s−1),
which can be attributed to poor conductivity of NPC due to low thermolysis
temperature.

It has recently been demonstrated that, among doped carbons, nitrogen-doped
carbonaceous materials allow improving the capacitance through surface faradaic

Fig. 7.23 Applications of graphene nanoribbons and carbon nanorods for electrochemical energy
storage. a Schematic of a simple supercapacitor cell. Electrolyte presentation is omitted for clarity.
b Comparative current–voltage characteristics of graphene nanoribbons (GNRib), carbon nanorods
(CNRod), and MPC showing improved conductivity for GNRib due to unraveling and annealing.
c Representation of specific capacitance as a function of scan rate for GNRib, CNRod, and MPC.
d Morphological demonstration of GNRib and CVs at different sweep rates using GNRib as an
electrode material. e Morphological illustration of CNRod and CVs at different sweep rates using
CNRod as an electrode material. f Morphological representation of MPC and CVs at different
sweep rates using MPC as an electrode material. g Comparative galvanostatic charge–discharge
curves for GNRib, CNRod and MPC at a current density of 50 mA g−1, showing the better
performance for GNRib. h Nyquist plots for GNRib and CNRod, showing the imaginary part
versus the real part of the impedance. Inset impedance data in the high-frequency range showing
the lower electrochemical series resistance values for GNRib. i Bode phase plots for GNRib and
CNRod showing the phase angle (h) close to 90°. Inset Equivalent circuit for the electrode–
solution interface. CI, double-layer capacitance. The Faradic impedance includes Zw (the Warburg
impedance) and Rct (the charge-transfer resistance). Rs, spreading resistance. Reproduced with
permission from Ref. [20]. Copyright (2016) Springer Nature
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reactions without sacrificing high rate capability and long life cycle. Due to the high
electronic conductivity and improved hydrophilic properties, along with their easy
synthesis, low cost, and the possibility of broad functionalization, N-doped carbons
showed great potential in applications for energy storage and conversion [30, 367].
MOFs can ensure the inherent presence of nitrogen atoms in the ligands that will be
retained in the resulting product during thermolysis, thereby providing N-doped
carbonaceous material (Table 7.3).

In particular, the thermolysis of a nitrogen-rich MOF with an IRMOF-3-like
structure at 1223 K resulted in the formation of N-rich carbonaceous materials
[381]. This N-doped carbon with a 3D structure exhibited a high capacity of 239 F
g−1 with a scan rate of 5 mV s−1 (Fig. 7.24).

Investigation of electrode materials for ECs with improved energy density has
also been directed to many other materials, such as nano-sized MO, conducting
polymers and heteroatom-doped (such as B, P, O and S) carbons, which are capable

Table 7.3 Nitrogen-doped carbons for supercapacitors

N
content
(wt%)

Surface
area
(m2 g−1)

Electrolyte Capacitance
(F g−1)

E (W h
kg−1)

P
(W kg−1)

References

– 720 H2SO4 130 at 50 mV s−1 – – [369]

3.3 553 H2SO4 239 at 0.5 A g−1 – – [381]

10.6 1276 H2SO4 270 at 2 A g−1 – – [183]

0.98 2188 H2SO4 307 at 1 A g−1 – – [382]

– 2264 H2SO4 168 at 5 mV s−1 – – [378]

– 943 H2SO4 238 at 20 mV s−1 19.6/11.0 700/22 900 [383]

Fig. 7.24 Supercapacitor application of a nitrogen-containing MOF (IRMOF-3)-derived carbon
product. Reproduced with permission from Ref. [381]. Copyright (2014) American Chemical
Society
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of providing a high specific capacity and energy density by means of a storage
mechanism based on reversible faradaic redox reactions [139, 384–386].

It should be noted that transition metal oxides attracted considerable attention for
energy storage applications, such as supercapacitors, because of their good elec-
trical conductivity, high electrochemical reaction (by providing the Faradaic reac-
tion), low production costs, and easy processability [387, 388]. For example, 1D
MO nanomaterials are excellent candidates for supercapacitors because of their
large surface area and prominent capillary paths, which gives them a good charge
storage capacity and high specific capacity [31]. The schematic diagram of a
supercapacitor based on the MO nanostructure, which consists of 1D MO materials,
electrolyte solution, a separator, and two indium tin oxide (ITO) thin-film elec-
trodes, is shown in Fig. 7.25.

In recent years, the MOF has received considerable attention as precursors or
templates for the production of porous metal oxide nanostructures and nanocom-
posites for supercapacitor applications of the next generation (Table 7.4).

Fig. 7.25 Schematic diagram
of a 1D MO
nanostructure-based
supercapacitor. Reproduced
with permission from Ref.
[31]. Copyright (2012) John
Wiley and Sons
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Co3O4 has been extensively researched as the electrode material for pseudoca-
pacitors [395–400]. As a typical example, we note a simple thermolysis in air to
convert Co-based MOF based on BDC to obtain Co3O4 nanomaterials for capacitive
energy storage [401]. The resulting nanomaterials exhibited a specific capacitance of
208 F g−1 at a current density of 1Ag−1 and a specific capacitance retention of ca. 97%
after 1000 continuous charge–discharge cycles in 6.0 M aqueous KOH solution (vs.
SCE), suggesting their potential applications for supercapacitors. In another inter-
esting example, a straightforward approach has been developed to fabricate Co3O4

nanostructures (1 and 2) by thermolysis of hollow-structured coordination polymer
particles (CPP-1 and CPP-2) based on 3,5-diaminobenzoic acid, which have been
synthesized in different solvent systems H2O/DMF and H2O/EtOH, respectively
[402]. It turned out that the porous Co3O4 rods have less charge-transfer resistance and
a higher ion diffusion rate compared to Co3O4 particles and exhibit better cyclic
properties at a charge–discharge intensity of 3 A g−1. The CV curves (Fig. 7.26a, b)
are almost symmetrical and show two pairs of redox peaks.Wide redox reaction peaks
originating from the redox processes of Co3O4/CoOOH/CoO2 are characteristic of
electrochemical pseudocapacitors from reversible faradaic redox reactions occurring
in electroactive materials [403, 404]. It is important that porous oxide 1 can provide
fast ion and electron transfer, which is advantageous for electrochemical character-
istics (Fig. 7.26c). The shapes of the charge–discharge curves show the characteristics
of the pseudocapacitor (Fig. 7.26d), which are consistent with the result of the CV
curves. Both samples represent two ranges of variation during the charging and dis-
charging steps, and the increase in charging time is a higher capacity of oxide 1 rods.

High-grade Co3O4 nanomaterials were also obtained from Co-MOF with a
relatively smaller pore distribution having a capacitance of up to 150 F g−1 at a
discharge rate of 1 A g−1 [54].

It should be especially noted that MOF composites with highly conducting
substrates lead to further improvement in the characteristics of electrode materials
by decorating the MO with porous carbon or graphene. In particular, highly porous
composites Fe2O3-3DGN (3DGN is three-dimensional graphene network) were
obtained from composites Fe-MOF with RGO followed by annealing (Fig. 7.27)
[405]. The composite provided a high capacity of 864 mA h g−1 at 200 mA g−1

even after 50 cycles.
Mixed cobalt and manganese oxides embedded in the nanoporous carbon

framework (M/MO@C), which were obtained by direct carbonization of the binary
mixed-metal organic framework (CoMn-MOF-74) [390], are of considerable
interest. The obtained carbon materials M/MO@C retained the basic morphology of
CoMn-MOF-74 and showed homogeneous dispersibility of Co, MnO, and CoO
NPs in the carbon matrix and, therefore, significantly increased the conductivity of
M/MO@C materials. In particular, a remarkable specific capacitance of 800 F g−1

was obtained using the M/MO@C-700 sample at a current density of 1 A g−1 in
6 M KOH electrolyte (Fig. 7.28a). The CV curves, which are completely different
from the ideal rectangular shape of the electric double-layer capacitance, contain
redox peaks, suggesting that the main mechanism of charge storage is pseudoca-
pacitive (Fig. 7.28b).
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Fig. 7.26 a and b CV curves of 1 and 2 at various scan rates of 5-200 mV s−1. c CV curves for 1
and 2 at scan rate of 10 mV s−1. d Charge–discharge curves for 1 and 2 at the same current density
of 1 A g−1. Reproduced with permission from Ref. [402]. Copyright (2015) Elsevier

Fig. 7.27 a Schematic illustration of the process used for the synthesis of MO-3DGN composites.
b, c Rate capacity of electrodes composed of the Fe2O3-3DGN composite (b) and Fe2O3 (c).
Square and triangle symbols indicate the discharge and charge specific capacities, respectively.
Reproduced with permission from Ref. [405]. Copyright (2014) John Wiley and Sons
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In addition, the sample M/MO@C showed good cycling stability with capaci-
tance retention of 85% after 1000 cycles. It is important that the optimized car-
bonization temperature is a critical parameter for obtaining a nanoporous carbon
framework M/MO@C with the best capacitive characteristics (Fig. 7.29).
A specific capacitance change of the M/MO@C-700 between −0.85 and 0.15 V
with a scanning rate of 20 mV s−1 in the 6 M KOH electrolyte was obtained.

At present, ternary transition metal oxides, such as MgCo2O4, NiCo2O4,
ZnCo2O4, CuCo2O4, MnCo2O4, have been extensively studied as electrode mate-
rials for the EC because of the combined advantages over other EC materials in
terms of low cost, availability, and high theoretical capacity [280, 407–415]. In
addition, it has been shown that the introduction of the secondary metal element
into the ternary transition metal oxides can contribute to their electrochemical
characteristics due to increased electronic conductivity and electrochemical activity
and the coupling effect of the two metal particles that provide rich sites of redox
reactions.

As a typical example, we note two types of ternary MOs, MnCo2O4.5 and
MnNi6O8 NPs, synthesized by thermolysis of the corresponding precursors,
bimetallic CP particles [416]. It turned out that the MnCo2O4.5 structure, especially

Fig. 7.28 a CV curves of M/MO@C at a scanning rate of 100 mV s−1, b CV curves of M/
MO@C-700 at various scanning rates, c electrochemical impedance spectroscopy (EIS) of all three
samples, d galvanostatic charge–discharge curves of M/MO@C-700 at different current densities.
Reproduced with permission from Ref. [390]. Copyright (2016) Royal Society of Chemistry
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Mn/Co-600, has a much higher capacitance than MnNi6O8 NPs, showing that the
MnCo2O4.5 electrode is more suitable for use in a neutral electrolyte system. The
Mn/Co-600 electrode has a specific capacitance of 158 F g−1 at 5 mV s−1, a good
rate capability of 53.8% with a 20-fold increase in current density, good cycle
performance (92.9% of capacity retention after 1000 cycles), and high power
density (a specific power of 5760 W kg−1 at 4.0 A g−1) with a low charge-transfer
resistance of 1.8 U.

It has been found that MO–C nanocomposites are very interesting for super-
capacitor applications with performances above 1000 F g−1 due to the presence of
active redox substances. However, until now a very limited number of MO–C
composites from MOF for the application of supercapacitors have been reported
[35]. In this respect, it is of interest to use nanoscale metal particles with a carbon
coating [416, 417] or decorate them on a high-conductivity substrate [368, 418–
420]. Carbon coating on metallic species is important to prevent agglomeration of
particles during the charge–discharge process and increase the electrical conduc-
tivity of the composite.

7.3 Lithium-Ion Batteries

Lithium-ion battery (LIBs) have developed tremendously in recent years due to
their high reversible capacity, light weight, small volume, high energy density, long
life span, environmental friendliness, lack of memory effects, and widespread use in
various portable electronic devices (e.g., electric cars, laptops, smartphones) [72,
405, 421–433]. Primitive LIBs used graphite and lithium cobalt oxide (LiCoO2) as
anode and cathode materials, respectively [434]. However, in our time, their
practical application is seriously hampered by the low theoretical capacity
(372 mA h g−1 for graphite and 148 mA h g−1 for LiCoO2). These primitive
electrode materials were replaced by lithium alloys, which significantly improved

Fig. 7.29 CV cycling
stability of M/MO@C-700.
Reproduced with permission
from Ref. [390]. Copyright
(2016) Royal Society of
Chemistry
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capacities, but were accompanied by large volume changes that caused damage to
the electrode and ultimately affected the performance. In this regard, a significant
number of studies have been devoted to the search for alternative electrode mate-
rials that can provide better performance and rate of lithium storage in order to meet
the ever-growing demands of all kinds of electronic equipment.

In particular, nanostructured electrodes have been developed, such as NP,
nanowires, or nanotubes, or hybrid composites with an inactive matrix such as
carbon that mechanically buffers against volume changes [426, 435–439]. The most
common and practical method is to use MOFs as sacrificial precursors in the
formation of transition MO NPs, which are often used as LIB anode materials.
Because of their high surface area and nanoporosity, MOFs provide ideal sacrificial
templates for the production of nanoporous MO or metal sulfides with a high
surface area for LIB (Table 7.5) [439–445].

Considering natural abundance, non-toxicity, low cost, and environmental
friendliness, nanoscale ZnO has attracted universal attention as an alternative anode
material for LIB [457–459]. In addition, its specific capacity (981 mA h g−1) is
higher than that of commercial graphite (372 mA h g−1) [50, 460]. However, ZnO
NPs usually suffer from severe aggregation caused by extensive volume deforma-
tion during the lithiation/delithiation process, which inevitably leads to electrode
collapse, a sharp loss of capacity, and inferior cycling stability. Taking into account
these shortcomings, it is very limited in its practical application. To further increase
the electrochemical properties of ZnO, the researchers focused on the coating of
ZnO with carbon and doping ZnO by graphene (Table 7.6).

In particular, Zn-based MOF, IRMOF-1, was used to produce hierarchically
porous carbon-coated ZnO QDs (*3.5 nm) with a high surface area [45]. It was
found that the temperature and duration of thermolysis play a decisive role in
determining the characteristics of the product. Thermolysis of IRMOF-1 at 550 °C
resulted in the formation of carbon-coated ZnO QDs without agglomeration, which
have a high capacity of >1200 mA h g−1 at 75 mA g−1 and excellent charge
storage reversibility (capacity retention >100% after 50 cycles). It should also be
noted the synthesis of ZnO@ZnO QDs/C core–shell nanorod arrays derived from
MOF grown on flexible carbon cloth, as an anode for LIB, which combine the
advantages of the ZnO/C core–shell architecture and unique 3D nanorod arrays
[433]. Despite these huge successes, rational design and simple synthesis of
excellent ZnO-based anode materials are still very complex. Hybrid hollow porous
ZnO/C nanocages with high surface areas of 256 m2 g−1 and a high carbon content
of about 50%, obtained by thermolysis of the hollow MOF-5 material both as a
precursor and as a self-sacrificial template in the N2 atmosphere, are of interest
[446]. The hollow porous ZnO/C nanocages showed an initial discharge capacity of
1928 mA h g−1 at a current density of 100 mA g−1 and retained a high reversible
capacity of 750 mA h g−1 after 100 cycles. In addition, they had a good rate
capability of 351 mA h g−1 at a relatively high current density of 2 A g−1. It is
important that these excellent electrochemical characteristics are mainly due to the
special nanostructures of the materials produced.
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Porous hollow Co3O4 parallelepipeds synthesized by thermolysis of a paral-
lelepiped Co-MOF ([Co3(HCOO)6]�DMF) crystal template were used as an anode
material for LIBs [468]. Interestingly, the product obtained demonstrates an
improved reversible capacity, excellent cyclic stability (1115 mA h g−1 at
100 mA g−1 after 50 cycles), and good rate capability.

It should be noted the use of agglomerated Co3O4 NPs, obtained from
Co3(NDC)3(DMF)4 MOF, as a Li-ion battery material [48]. At the first discharge
process (Fig. 7.30a), a high discharge capacity (1118 mA h g−1) was obtained. The
capacity shows a gradual increase in subsequent cycles to a peak value of
965 mA h g−1 at the 50th cycle (Fig. 7.30b), which is 86% of the initial capacity.
The cycle performance at a higher current density of 100 mA shows similar
behavior with the measured at a current density of 50 mA g−1 (Fig. 7.30c, d). The
capacity in the first discharge cycle is 1090 mA h g−1, 730 mA h g−1 of which
remains above 100 cycles with a maximum value of 824 mA h g−1 in the 39th
cycle (Fig. 7.30d).

An effective approach for the production of porous iron oxide ribbons is inter-
esting by controlling the nucleation and growth of the iron precursor Fe(acac)3 on
the graphene surface followed by annealing treatment. The resulting iron oxide
ribbons exhibit a high reversible capacity and excellent cycle stability for lithium
storage [436]. In particular, a high first discharge capacity of 1426 mA is shown for
ribbons (Fig. 7.31a). It is important that the reversible charge capacity can be
maintained almost 100% after 130 cycles (Fig. 7.31b), which is an excellent
retention property. The influence of the annealing temperature on the electro-
chemical characteristics of FeO ribbons was studied, because it can effectively
adapt the nanostructure, including the porous structure and crystal size in FeO
ribbons. In particular, when the annealing temperature rises from 523 to 623 K, the
storage capacity retention decreases significantly, although their first reversible
capacity is similar (about 1000 mA h g−1) (Fig. 7.31c). More importantly, the rate
capabilities of iron oxide ribbons depend strongly on the annealing temperature
(Fig. 7.31d).

Table 7.6 Comparison of the performance of ZnO-based materials as anode materials for LIBs

Active material Current density mA g−1 Reversible capacity
(Nth) mA h g−1

References

ZnO/porous carbon 100 653 (100) [461]

C/Cu/ZnO 50 818 (100) [462]

Cobalt-doped ZnO@C 100 725 (50) [447]

ZnO@ZnO QDs/C 500 615 (100) [433]

ZnO/RGO 200 360 (200) [463]

ZnO/graphene 100 610 (500) [464]

Porous carbon-ZnO 100 706 (100) [465]

ZnO nanospheres 450 400 (30) [466]

ZnO QD/graphene 100 960 (50) [467]

Hollow ZnO/C 100 750 (100) [446]
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Anatase TiO2 is a promising alternative anode for LIB because of its high
volumetric and gravimetric energy densities [469, 470]. In addition, TiO2 is an
abundant, cheap, environmentally friendly material that is sufficiently safe to use at
a higher lithium extraction potential of 1.6 V compared to Li/Li+ [471–473].
However, due to poor electronic conductivity and slow diffusion of lithium ions, it
is practically impossible to use TiO2 in systems with high output power [474].
Therefore, nanostructured materials constructed by NPs have been developed which
have excellent rate capabilities as anode materials in the LIB because of their
greater electrode–electrolyte contact area and shorter lengths of Li+ and e− transport
(Table 7.7) [475–480].

As a typical example, we note the mesoporous anatase TiO2 (MAT) with
disc-shaped morphology obtained by direct thermolysis of titanium MOF [MIL-125
(Ti)] in air [455]. When used as an anode material for LIBs, the prepared MAT
electrode showed excellent lithium storage properties with a slight capacity loss at
high charge–discharge rates. At a rate of 10C, the prepared electrode still fed a high
reversible capacity of 127 mA h g−1 after 1100 cycles (Fig. 7.32a). The first
discharge–charge capacities are 265/228 (0.1C), 185/180 (1C), 176/173 (2C),

Fig. 7.30 a Charge–discharge curves and b cycle performance at a current density of 50 mA g−1

and c charge–discharge curves and (d) cycle performance at a current density of 100 mA g−1 for
the as-prepared Co3O4/Li half-cell cycled between 3.0 and 0.01 V. Only the mass of Co3O4 was
considered in calculating the specific capacity. Reproduced with permission from Ref. [48].
Copyright (2010) Elsevier
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Fig. 7.31 Electrochemical properties of the iron oxide ribbons for lithium storage. a First two
discharge–charge curves and b cycle performance of FeO-250 ribbons at a current density of
74 mA g−1. c Comparisons of the cycle performance of FeO-250, FeO-300 and FeO-350 ribbons
during 30 cycles, as well as d rate capabilities of FeO-250, FeO-300 and FeO-350 ribbons at the
current densities of 74, 372, 1680 and 3720 mA g−1 after 30 cycles [436]

Table 7.7 Comparison of the electrochemical performance of the porous TiO2 electrodes

Sample Capacity/C-rate
(mA h g−1)

Cycling stability References

Porous TiO2 170/1C 3.2, 22.4 and 50%
capacity loss after 500
cycles at 1C, 5C and 10C,
respectively

[456]

140/5C

110/10C

Porous TiO2 wires 152.1/1C 31.7% capacity loss after
51 cycles at 0.625C

[481]

139.7/2C

116.1/5C

Nanoporous TiO2 mesocrystals 164.9/1C 25.8% capacity loss after
60 cycles at 1.2C

[482]

151.7/2C

Mesoporous TiO2 microspheres 175/0.6C 3.8% capacity loss after
50 cycles at 1.2C

[483]

156/1.2C

Mesoporous TiO2 microdisc 122/10C No obvious capacity loss
after 1100 cycles

[455]

502 7 Application of Nanomaterials Prepared by Thermolysis …



149/144 (5C), and 126/123 (10C) mA h g−1, respectively (Fig. 7.32b). It is of
interest to compare the rate characteristics of the MAT electrode with the nano-
porous anatase (NAT) electrode (Fig. 7.32c). It turned out that the rate capacities of
the MAT electrode are much higher than those of the NAT electrode. In addition to
excellent rate characteristics, the MAT electrode also exhibits high cycle stability
(Fig. 7.32d).

It should be noted the use of mixed-metal oxides (such as spinel oxides) for LIBs
with improved characteristics, in particular spinel-structured ternary cobalt-based
oxides (ZnCo2O4 [430, 484], NiCo2O4 [485, 486], MnCo2O4 [487, 488], etc.), in
which Co is partially replaced by less expensive and environmentally friendly
metals. A promising method of increasing the efficiency of such materials is the
production of composites with a conducting buffer matrix, for example, carbon
materials, which lead to a remarkable improvement in electrochemical character-
istics. As a typical example, we note a ZnMn2O4/carbon aerogel composite, which
demonstrated a significant increase in electrochemical performance compared to
pure ZnMn2O4 [489]. Carbon materials can not only greatly facilitate the transfer of

Fig. 7.32 a CV of the MAT electrode at a scan speed of 0.1 mV s−1. b First discharge–charge
voltage profiles of the MAT electrode at different rates (1C = 168 mA g−1). c Rate-dependent
cycling performance of the MAT electrode and the NAT electrode. d Cycle performance of the
MAT electrode at 10C with corresponding CEs. Reproduced with permission from Ref. [455].
Copyright (2016) Elsevier
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charge, but also serve as a cushion layer for changing the buffer volume, which
leads to a marked enhancement in electrochemical characteristics.

Of interest is a sandwich-like structure with RGO-wrapped MOF-derived
ZnCo2O4-ZnO-C polyhedrons on nickel foam as an anode for high-productivity
LIBs obtained by simply growing MOF on Ni foam and wrapping GO nanosheets
on MOFs, and then annealing in the atmosphere N2 (Scheme 7.4) [490]. When
tested as anodes for LIBs, they have superior Coulomb efficiency (CE), excellent
cycling stability, and rate capability. The in situ formed carbon layers outside of
ZnCo2O4-ZnO act as both a conductive substrate and a buffer layer for volume
change. Open pores in ZnCo2O4-ZnO-C polyhedrons provide sufficient electrolyte
and also serve as a cushion space for further softening of volume changes. RGO
nanosheets act as a flexible protector for firmly fix polyhedrons on Ni foam, as well
as a conductive substrate for joining all polyhedra. The interconnected carbon
layers and two high-conductivity substrates (RGO and Ni foams) together form an
unobstructed backbone for charge transfer during discharge–charge processes,
promising good electrochemical characteristics.

It should be noted a unique hollow octahedral nanoarchitecture consisting of
3D-interconnected, porous carbon-stabilized ZnO/ZnFe2O4 networks, proposed for
storage of lithium ions (Scheme 7.5) [72].

At the first cathode scan, two distinct peaks can be observed at 0.75 and 0.2 V
(Fig. 7.33a). The CV profiles remain steady after the first cycle, since they do not
change significantly with further sweeps, which indicates highly reversible

Scheme 7.4 Schematic illustration of the formation of the sandwich-like RGO/ZnCo2O4-ZnO-C/
Ni electrode. Reproduced with permission from Ref. [490]. Copyright (2015) Royal Society of
Chemistry
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electrochemical reactions. The initial discharge–charge capacities are 1385 and
1047 mA h g−1, respectively (Fig. 7.33b), and the initial value of CE is 75.6%
(Fig. 7.33c). It is important to note that the porous ZnO/ZnFe2O4/C electrode has
excellent cycling characteristics at a much higher current density of 2 A g−1, and it
is capable of delivering a capacity of 988 mA h g−1 after 100 discharge–charge
cycles (Fig. 7.33d). The resulting hybrid demonstrates excellent capacity retention
at different rates (Fig. 7.33e). Figure 7.33f shows the current-rate dependence of the
discharge capacitance of the ZnO/ZnFe2O4/C electrode.

2D CP based on the trinuclear building block [Cu3(HSser)3(H2O)2]32H2O was
used as a precursor for the preparation of CuS nanospheres with hollow interiors
[491]. The electrochemical behavior (Fig. 7.34) of these nano-sized CuS
mesoassemblies (CuS-1) as a cathode material for LIBs has shown that the reaction
proceeds through the insertion and deinsertion mechanisms, and the CuS with a
hollow interior is more efficient and has good cyclability in comparison with that
with flower-like morphology (CuS-2). The electrochemical storage behavior of
nanostructured CuS (hollow and flower-like) in the first cycle is very similar to
those described previously on commercially available bulk CuS. In particular,
during the first discharge, the plateau at 2.09 V corresponds to the insertion of Li+

ion into the covellite CuS lattice, which forms a homogeneous LixCuS phase.
Further insertion of lithium leads to a transformation reaction, forming Cu and Li2S
nanocomposite.

Scheme 7.5 Schematic illustration for the preparation process of porous hollow ZnO/ZnFe2O4/C
octahedral. Reproduced with permission from Ref. [72]. Copyright (2014) John Wiley and Sons

7.3 Lithium-Ion Batteries 505



Fig. 7.33 Electrochemical performances of the electrode made of the as-formed porous ZnO/
ZnFe2O4/C hollow octahedra: a representative CVs at a scan rate of 0.2 mV s−1 for the first,
second, and third cycles; b charge–discharge profiles at a current density of 0.5 A g−1;
c comparison of initial CE; d cycling performance at current densities of 0.5 and 2 A g−1; e rate
capability at current densities of 0.5, 1, 2, 5, 10 A g−1; f current-rate dependence of charge
capacities. All the measurements were carried out in the potential range of 0.005–3 V versus Li+/
Li. Reproduced with permission from Ref. [72]. Copyright (2014) John Wiley and Sons
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7.4 Nanocatalysis

The current interest in NPs for catalysis (the so-called nanocatalysis) is high, since
with small dimensions the catalytic properties of particles are significantly
improved in terms of efficiency, catalyst recovery, and minimization of contami-
nation by ions and metal particles [27, 35, 81, 492, 493]. At present, a large number
of nanocatalysts have been developed, appropriate theoretical concepts have been
developed, and nanocatalysis technologies have been substantiated. Nanocatalysts
have well-defined structures and are monodisperse in nature, which retains the
advantage of homogeneous catalysts under conditions of rapid kinetic behavior,
easy flexibility, and rationalization. Nanocatalysts can be easily removed from the
reaction mixture by precipitation, membrane or nanofiltration methods because of
their large dimensions compared to products, which increases the benefits of
heterogeneous catalysts. In addition, the catalytic properties of nanocatalysts can be
precisely regulated by changing their structure, size, shape, chemical functionality,
and solubility. The properties of NPs also depend on the shape, like nanorods,
nanowires, nanocubes, nanopribes, nano-octahedra/tetrahedra, nanoplates and
nanoflowers or nanostars differ in their properties (including catalytic ones) [165,
494]. For example, it was found that the Pd and Pt nanoflowers are excellent for
catalysis of the reduction of ferricyanide by thiosulfate [495] and electro-oxidation
of methanol [496]. It should be noted that the NPs fixed on the carrier [497–500]
are many times more effective for catalysis. In addition, metal or MO NPs are often
introduced into the carbonaceous shell, which makes them excellent candidates for
catalysis [48, 296, 299, 377, 501–504]. Composites of the nanostructures and
carbon materials, such as carbon nanotubes, nanorods, and graphenes, increase the
stability and activity of catalysts [505, 506]. Thus, nanomaterials have been pro-
posed to bridge the gap between homogeneous and heterogeneous catalysis, and
nanocatalysts can approach catalysts that have high activity, selectivity, stability,
and easy separation.

Fig. 7.34 a, b Galvonostatic
cycling of CuS-1 and CuS-2;
c cycle number versus
capacity plots of CuS-1 and
CuS-2; d CVs of hollow
CuS-1. Reproduced with
permission from Ref. [491].
Copyright (2009) American
Chemical Society
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7.4.1 Catalytic Hydrogenation

As a typical example, we note the performances of Ni NPs synthesized by ther-
molysis of nickel chelate with 2,3-bis-[(3-ethoxy-2-hydroxybenzylidene)amino]
but-2-enedinitrile Schiff base ligand and commercial Raney Ni as catalysts for the
hydrogenation of nitrobenzene without any catalyst prereduction (Fig. 7.35) [507].
Linear conversion of nitrobenzene with time from the beginning of the reaction
clearly indicates the stability of Ni NPs. The catalytic activity of synthesized Ni
NPs showed high selectivity for aniline (98%). In addition, the catalytic efficiency
of prepared Ni NPs is slightly higher compared to commercial Ni Raney, which
may be due to the large surface area, large pore volume, and small pore radius of
prepared Ni NPs. It is important that no other intermediate products were found
during the reduction of nitrobenzene and the magnetic behavior of the prepared Ni
NPs provides a simple way to remove the catalyst from the reaction medium by
applying an external magnetic field.

In another interesting example, the catalytic activities of Co@C–N–X–T mate-
rials obtained after Co-MOF thermolysis (here X and T represent the thermolysis
temperature and time, respectively) were tested in the transfer hydrogenation of
acetophenone to phenethanol as a model process [508]. It turned out that nano-
materials obtained at longer times of thermolysis and at higher temperatures show
higher activity and selectivity. Ethylbenzene was the main by-product obtained in
this reaction. It was shown that Co@C–N-900-15 h is the best catalyst among the
materials studied in terms of conversion and selectivity to phenethanol. There is no
noticeable loss of conversion or selectivity up to four runs. A study of the transfer
hydrogenation of different unsaturated chemicals, including aldehydes, ketones,
nitro compounds, nitriles, and alkenes (Table 7.8), has demonstrated the general
applicability of this catalytic system. Since the basic sites were present in the
synthesized Co@C–N materials, it was suggested that they could play a similar role
with base additives to facilitate proton transfer in Co NPs to form Co metal
hydrides, thereby contributing to the desired hydrogenation products.

Fig. 7.35 Performance of Ni
NPs as a catalyst in the
hydrogenation of
nitrobenzene without
prereduction. Reproduced
with permission from Ref.
[507]. Copyright (2014)
Elsevier
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SiCN catalysts containing palladium silicide (Pd2Si@SiCN) were used for the
selective hydrogenation of aromatic ketones [509]. The selectivity of the reaction
with respect to alcohol products remained very high and did not change with the
content of palladium or with the amount of catalysts added. Importantly, the con-
version increased with both the reaction temperature and the amount of catalyst
used, while it decreased with increasing alkyl chain length and branching at
a-carbon. Catalysts showed appreciable reusability and no loss in catalyst activity
were observed up to six consecutive catalytic runs (Fig. 7.36).

The chemical catalytic activity of Pt dendritic nanocubes (DNCs) was studied
using alkenes, alkynes, and nitrobenzene as substrates [510]. It turned out that
styrene, p-methylstyrene, and p-methoxystyrene were completely converted to form
a single C–C bond for 1 h using 0.5 mol% of the catalyst (Table 7.9). In the case of
hydrogenation of alkynes, 1-ethynylbenzene, p-methyl, and p-methox-
yethynylbenzene provided 100% conversion to the corresponding ethyl benzene

Table 7.8 Transfer hydrogenation of various substrates with isopropanola

Entry Substrate Time (h) Con.(%) Sel. (%) Entry Substrate Time (h) Con.(%) Sel. (%)

1 17 99 16b 36 >99

2 12 >99 17 30 >99

3 30 >99 18c 50 >99

4 30 >99 19c 46 >99

5b 24 >99 20b, c 40 >99

6b 24 >99 21b,c 46 >99

7b 24 >99 22b,c 24 >99

8b 60 95 23d 80 80

9 34 >99 24b 50 >99

10 40 >99 25b 50 >99

11 45 >99 26d 60 95

12 40 >99 27d 50 98

13 45 >99 28 20 >99

14 35 >99 29 20 >99

15b 35 >99

aReaction conditions: substrate (0.5 mmol), Co@C–N-900-15 h (Co 10 mol%), isopropanol
(2 mL), 353 K
b373 K
cIsopropanol (1 mL)
dCatalyst (Co 20 mol%), 423 K
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products, respectively. In addition, with Pt DNCs catalysts, nitrobenzene, p-methyl-
and p-methoxy-nitrobenzene were converted into the corresponding aniline products
in 3 h.

When used in the hydrogenation of glucose, nickel catalysts obtained using a
complex of nickel with ethylenediamine show almost no nickel leaching compared
to the commercial Ni/SiO2 catalyst (Ni70S), but they are slightly less active (TOF:
2 to 10 � 10−3 s−1) than the commercial catalyst (TOF: 14 � 10−3 s−1), and
showed a lower yield of sorbitol (3–42% compared to 60%) [511]. Interestingly, the
catalytic results depend on the pretreatment conditions performed. In particular,
with preliminary calcination of the catalysts, a higher conversion (19–45%) and
sorbitol selectivity (81–92%) are obtained than with the catalyst without prelimi-
nary calcination (conversion: 10–16% and sorbitol selectivity: 21–59%) after 5 h
reaction time, respectively (Fig. 7.37). The difference was due to the fact that
complete decomposition of the precursor of nickel ethylenediamine was achieved
only with the preliminary calcination.

Fig. 7.36 a Schematic representation of catalytic hydrogenation of ketones to different products;
b hydrogenation of acetophenone with catalyst at 348 K under 20 bar hydrogen for 24 h. The
conversion decreases with decrease in the amount of palladium contained by the ceramics;
c hydrogenation of acetophenone using catalyst under 20 bar hydrogen pressure for 24 h. The
conversion increases with temperature keeping the selectivity constant; d hydrogenation of
acetophenone with the catalyst under 20 bar hydrogen pressure at 348 K for 24 h. The figure
shows reusability of the catalyst up to six catalyst runs. Reproduced with permission from Ref.
[509]. Copyright (2011) Royal Society of Chemistry
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Carbon-embedded fcc cobalt NP composites, Co@C, prepared by thermolysis of
the 1D polymeric cobalt(II) coordination complex ([Co(L)(L’)2]n,
H2L = benzenedicarboxylic acid; L’ = N-methylimidazole), show excellent cat-
alytic activity in the reduction of nitrophenol to aminophenol, studied as a model
reaction [512]. Preliminary reaction of p-nitrophenol with 5 mol% of catalyst using
20 eq. NaBH4 (catalyst: p-nitrophenol: NaBH4 = 1: 20: 400) in H2O at 293 K gave
quantitative conversion to p-aminophenol (Fig. 7.38). The slope of near-linear fit
plot of the natural log of absorbance at 400 nm versus time (the inset in Fig. 7.38,

Table 7.9 Hydrogenation of olefin, alkynes, and nitrobenzene over Pt DNCsa

Enter Substrate Product Yieldb, % Time (h)
>1 99 1

>2 99 1

>3 99 1

>4 99 1

>5 99 3

>6 99 3

>7 99 3

>8 99 3

>9 99 3

aAll reactions were carried out with 1 mg Pt DNCs, 1.0 mmol substrates and 2 mL methanol at
323 K in hydrogen balloon condition. bGas chromatography yield

Fig. 7.37 Conversion of glucose for the Ni/SiO2 catalysts with 5, 10, and 20 wt% nickel activated
by reduction treatment only (Ni/SiO2-R) and by calcination and reduction treatments (Ni/SiO2–

CR) as well as for the commercial catalyst (thermally treated and reduced) (reaction conditions:
493 K, 120 bar, 5 h, 20 wt% aqueous glucose solution). Reproduced with permission from Ref.
[511]. Copyright (2007) Elsevier
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the red line) gives an apparent rate constant (Kapp = 0.31 ± 0.02 min−1). It was
found that the induction period is independent of the NaBH4 concentration and
strongly depends on the p-nitrophenol concentration, indicating that the p-nitro-
phenol restructuring over the active catalytic center dictates the induction period.
The activation energy, measured between 293 and 323 K for the catalytic process,
is calculated to be 24.97 kJ mol−1, which is relatively lower than reported for Co/
Ni NPs (25.7–27.8 kJ mol−1) [513, 514], but relatively higher than the Pt cubes
(12 kJ mol−1) [515–518].

NiO NPs with an average size of 12 nm and a high specific surface of 88.5 m2

g−1 obtained by thermolysis of the Ni(dmgH)2 complex were used as a heteroge-
neous catalyst for the reduction of nitroarenes into their corresponding amines [519].
Effective and selective reduction was observed using ethanol as a hydrogen-donor
(reducing agent) and KOH as a promoter under microwave irradiation. This highly
regio- and chemoselective method is fast, simple, inexpensive, high-performance,
pure, and compatible with several sensitive functional groups such as halogens, –
OH, –OCH3, –CHO, –COCH3, –COOH, –COOEt, –CONH2, –CN, –CH–CH2, and
–NHCOCH3. It is important that the method is suitable for large-scale preparation of
various substituted anilines, as well as other arylamines. It should be emphasized
that the catalytic activity of nano-sized NiO is higher than that of a bulk sample. As
shown in Scheme 7.6, the formation of aniline from nitrobenzene occurs by the
formation of nitrosobenzene (b) and N-phenylhydroxylamine (c) as intermediates.
Since the nitro group can remove electrons from the aromatic ring more strongly
than other functional groups, it can be readily adsorbed on the surface of the catalyst,
resulting in amine products. This may be the reason for the chemoselective reduction
of the nitro group in front of the carbonyl group.

Monolithic microporous Ni@SiCN materials were selective hydrogenation
catalysts for the conversion of phenylacetylene to styrene (selectivity � 89% and
conversion � 99%) [520]. By changing the nature of the PDC phase (SiC), the
micro-, meso-, and hierarchically porous Ni@SiC catalysts obtained can be active

Fig. 7.38 Catalytic reduction
of p-nitrophenol studied by
UV–Vis with increment of
time. Inset plot of natural log
of A/Ao versus time showing
the apparent rate constant
marked by red line.
Reproduced with permission
from Ref. [512]. Copyright
(2016) Royal Society of
Chemistry
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and highly selective in the selective hydrogenolysis of aromatic carbon–oxygen (C–
O) bonds [521]. In particular, the most active catalysts were the hierarchically
structured Ni@SiC materials.

7.4.2 Oxidation Reactions

Depending on the nature of the metal, the resulting metal-containing PDC
nanocomposites can be used for heterogeneous catalysis for reactions under harsh
conditions due to the robust nature of the non-oxide ceramic such as SiC and SiCN,
the differences in polarity and acidic properties in comparison with oxide ceramics,
their inertness, and chemical resistance [522]. As a proof-of-principle experiments,
the catalytic activity and thermal stability of the highly porous and hierarchically
ordered SiCN ceramics combining well-dispersed Pt NPs were tested in the total
oxidation (combustion) of methane (Fig. 7.39) [523]. Carbon dioxide was the only
product detected, indicating complete oxidation of methane under experimental
conditions.

Copper-containing silicon carbonitride ceramics (Cu@SiCN) using sily-
laminopyridinate complexes were used as a robust, efficient, heterogeneous, and
recyclable catalyst with respect to the oxidation of cycloalkanes with air as an
oxidant [524]. It has been demonstrated that selectivity problems can be solved by
adapting the copper content and the nature of the metal loading into the polymer. In
particular, with increasing copper content in the ceramic, the selectivity rises
gradually up to 80% for the mono-oxygenation product cyclooctanone (Fig. 7.40).
It is important that the catalysts showed no loss of activity up to four consecutive
catalytic runs.

Scheme 7.6 Plausible pathway for the reduction of nitrobenzene over the nano-sized NiO
catalyst. Reproduced with permission from Ref. [519]. Copyright (2011) Elsevier
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Fig. 7.40 Scheme showing the formation of different products obtained by the oxidation of
cyclooctane using Cu@SiCN as catalyst (a). Selectivities (%) of different catalysts (b). The copper
to silicon ratios vary from 1:5 to 1:100. Reproduced with permission from Ref. [524]. Copyright
(2010) John Wiley and Sons

Fig. 7.39 Methane conversion (activity) of highly porous and hierarchically ordered SiCN
ceramics that integrate well-dispersed Pt NPs as a function of the reaction temperature during two
heating/cooling cycles. Reproduced with permission from Ref. [523]. Copyright (2009) American
Chemical Society
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Catalysts based on Pt/CeO2/SiC composites showed good catalytic activity and
stability with respect to methane oxidation, which was explained by the presence of
nano-sized platinum and cerium particles [525]. It is important that the catalytic
activity decreases both with a decrease in the specific surface area and in the
amount of cerium oxide contained in the catalysts.

It is of interest to investigate the oxidation of trichloroethylene over CoCr2O4

nanocrystallite (Fig. 7.41) [526]. It was found that CoCr2O4 NPs, obtained in
accordance with the thermolysis procedure (average particle size is 4.1 nm),
showed a higher conversion (97%) than the sample (particle size in the range of 30–
60 nm) obtained by the conventional coprecipitation method, which gave a 70%
conversion. Comparison of the catalytic activity and the crystallite size of the
samples confirmed that the catalyst with a smaller crystallite size gives more
favorable active sites for the decomposition of trichloroethylene.

It should be noted CoFe2O4 nanocomposite particles, synthesized using the
template MOF and precursors, which retained the morphology of the template [59].
Using potassium peroxymonosulfate as an oxidant, the nanomaterials obtained
showed relatively high catalytic characteristics for the oxidation degradation of
phenol. In particular, after 120 min of degradation, the phenol concentration was
reduced by about 95%, and the regenerated catalysts showed high catalytic per-
formance in successive runs.

Among other catalytic nanomaterials, we also note CuO-CeO2 NP catalysts for
CO oxidation [62].

It is of interest to investigate the intrinsic peroxidase-like activity of CdS NPs
with respect to peroxidase substrates 3,3′,5,5′-tetramethyl benzidine and hydrogen
peroxide [527]. Catalysis by CdS NPs shows the typical Michaelis–Menten
kinetics, and the synthesized CdS NPs exhibit higher catalytic characteristics with
higher binding affinity for the substrate than horseradish peroxidase and other
nanomimetics. Optimized catalytic conditions are approximately equal to pH 4.0
and a temperature of 313 K. A slight decrease in the intensity of absorption is

Fig. 7.41 Trichloroethylene
conversion over CoCr2O4

samples prepared by
optimized thermolysis
procedure and conventional
coprecipitation method at
weight hourly space
velocities: 60 L g−1 h−1 [526]
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observed after five consecutive cycles (Fig. 7.42), showing that CdS NPs are stable
and have excellent reproducibility during the cycling process.

7.4.3 Ullmann-Type Amination Coupling Reaction

Uniform Cu2O-coated Cu NPs, obtained from the thermolysis of copper acety-
lacetonate and subsequent oxidation in air, were used as catalysts for Ullmann-type
amination coupling reactions of aryl chlorides [528]. When coupling reactions
using aryl bromides, such as 2-bromopyridine and 4-bromoacetophenone, were
carried out in DMSO at 423 K, the reactions proceeded to the completion. High
yields were obtained in the case of the Ullmann-type amination reactions of imi-
dazole with various aryl chlorides having electron-withdrawing groups using
Cu2O-coated copper NPs as catalysts (entries 1–8 in Table 7.10). This high cat-
alytic activity of the catalysts is apparently due to the high surface area derived from
the NPs. In addition, coordination of OAm on the NPs can affect catalytic activity.

Fig. 7.42 Catalytic activity
of CdS NPs in five successive
recycles. Inset relative activity
versus number of cycles.
Reproduced with permission
from Ref. [527]. Copyright
(2012) Elsevier

Table 7.10 Catalytic reactions using Cu2O-coated Cu NPs for Ullmann coupling of imidazole
with various aryl chloridesa

Entry Reactant Product Yield(%)b Entry Reactant Product Yield(%)b

1 95 6 69

2 91 7 86

3 90 8 88

4 85 9 0

5 97 10 0

a5 mol% Cu2O-coated Cu NPs and 2 eq. imidazole used, Cs2CO3, DMSO, 523 K, 18 h
bIsolated yield
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It should be noted that commercially available bulk Cu2O powder showed only a
16% conversion for 4-chloroacetophenone under the same conditions. In the case of
non-activated aryl chlorides, such as chlorobenzene and 4-methoxychlorobenzene,
it was not possible to isolate any coupled product (entries 9 and 10 in Table 6.10).
As expected, the single imidazole coupled product, 4-chloroimidazolylbenzene, is
selectively obtained in 69% yield (entry 6 in Table 7.10). Freshly prepared Cu NPs
also showed good activity for this Ullmann-type amination (95% isolated yield for
4-chlorofluorobenzene).

7.4.4 Suzuki–Miyaura Coupling Reaction

It is known that some reactions of formation of carbon–carbon bonds, for example,
Suzuki coupling based on Pd(0) or its compounds, are associated with NPs [529–
531]. Thus, the nanoflowers and nanospheres of Pd4S NPs obtained by thermolysis
at 468 K of the SSP, [PdCl2(PhS–CH2CH2CH2–NH2)], were investigated indi-
vidually and as composites with GO for the catalysis of Suzuki–Miyaura coupling
reactions [532]. It turned out that the flower-shaped NPs exceed the spherical for
this catalysis in aqueous ethanol, and the catalytic efficiency increases when
grafting the nanoflowers/spheres onto the GO. The conversion was *99% (after
5 h, at 353 K) for GO composite with Pd4S nanoflowers (Pd: 0.2 mol%). The
catalytic efficiency corresponds to the order of the GO-Pd4S-nanoflowers >
GO-Pd4S-nanospheres > Pd4S nanoflowers > Pd4S nanospheres. Recyclability of
the GO-Pd4S nanoflower catalyst in the fourth run turned out to be *46% even
after increasing the reaction time to 12 h. The scope of the Suzuki–Miyaura
reaction with GO-Pd4S nanoflowers/spheres as a catalyst was investigated using
various substrates (Table 7.11) with optimum conditions. It has been found that the

Table 7.11 Suzuki–Miyaura coupling reactions catalyzed with GO-Pd4S nanoflowers and
nanospheres

S. No. Aryl halide Yield (%)

GO-Pd4S nanoflower GO-Pd4S nanosphere

1 4-Bromobenzaldehyde *99 36

2 1-Bromo-4-nitrobenzene *99 58

3 4-Bromobenzonitrile 80 26

4 4-Bromoacetophenone *99 42

5 4-Bromobenzoic acid 93 45

6 Bromobenzene 91 19

7 4-Bromotoluene 73 17

Reaction conditions: aryl bromide, 1.0 mmol; phenylboronic acid, 1.2 equiv.; K2CO3, 2.0 equiv.;
GO-Pd4S 0.2 mol% Pd, time 5 h; EtOH-H2O (3:1), TBAB 1.0 mmol, temperature 353 K; yield:
NMR % yield
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performance of a composite catalyst based on Pd4S nanosphere is better than that of
a Pd4S nanosphere in comparable experimental conditions. The higher catalytic
activity of nanoflowers compared to nanospheres can be attributed to the flower
surface structure, which leads to catalytically active Pd atoms along the edges or
corners and a large number of reaction sites.

7.4.5 Fischer–Tropsch Synthesis

Modern technologies for the conversion of natural gas into liquid products are
carried out by the formation of carbon monoxide and hydrogen (syn-gas), which is
then converted to higher products through the Fischer–Tropsch chemistry. As a
typical example, we note the use of CoO nanocrystals with tunable particle sizes
obtained by thermolysis of cobalt (II) acetate in various long-chain alkylamines for
the synthesis of a supported catalyst that showed higher catalytic activity in the
Fischer–Tropsch reaction demonstrating that nanocrystals are active precursors
[533]. The TOF of CO on a catalyst prepared from CoO nanocrystals is *1.5 times
higher than for a conventional catalyst with the same particle size, indicating that
the introduction of CoO nanocrystals with a narrow size distribution can be used to
obtain more active sites.

It should be noted the strategy of obtaining highly dispersed iron carbides
embedded in the matrix of porous carbon, Fe@C catalysts, which were tested in the
Fischer–Tropsch synthesis (Fig. 7.43a) [254]. Regardless of the method of prepa-
ration, all materials showed very high conversion levels, ranging from 72 to 77%
after 90 h on stream. The selectivity to olefins (C2–C5) ranges from 14.6 to 15.5%.
The striking stability of Fe@C catalysts is explained by the fact that most Fe NPs
are less than 9 nm and to the spatial limitation created by encapsulated carbon.
Conversion profiles and product distributions of the 38-Fe@C catalysts, promoted
with 0.6, 0.7 and 1.0 wt% of K, are shown in Fig. 7.43b, c, respectively. Among the
promoted samples, an optimum amount of K 0.6 wt% was found. The higher
activity of the catalyst is associated with an increase in the water gas shift func-
tionality and the higher ratio of olefins to paraffin with modulation of the hydro-
genation ability, as a direct consequence of the promotion of K.

7.4.6 Enantioselective Catalysis

Enantioselective catalysis is crucial for the industrial production of many biologi-
cally active compounds and presents an interesting problem in terms of developing
a basic-molecular-level understanding of issues that control selectivity in hetero-
geneous catalysis [534]. One successful approach included the modification of
conventional NPs by adsorption of chiral molecules [535]. The adsorption geom-
etry of a chiral ligand on a metal surface is crucial for observing asymmetric

518 7 Application of Nanomaterials Prepared by Thermolysis …



induction. Enantioselection can be strongly influenced not only by the interaction of
the substrate–modifier–metal, but also by the interactions of substrate–substrate,
substrate–solvent and product–modifier [536].

As a typical example, we note the use of chiral xylofuranoside diphosphites-
modified Pd NPs in the allylic alkylation of rac-3-acetoxy-1,3-diphenyl-1-propene
with dimethyl malonate [537]. These NPs showed high selectivity, mainly the
reaction proceeded with one enantiomer of the substrate with enantiomeric
excess (ee)>95%, which demonstrated a very high degree of kinetic resolution.
These systems depend both on ligands and substrates in a much more dramatic
manner than the corresponding molecular systems. In another interesting example,
Pd NPs stabilized with chiral mono- and bisphosphine ligands, for example, the
2,2′-bis(diarylphosphino)-1,1′-binaphthyl (BINAP), 5,5′-bis(diphenylphosphino)-
4,4′-bi-1,3-benzodioxole (SEGPHOS), and 2,3-O-isopropylidene-2,3-dihydroxy-

Fig. 7.43 a Time-on-stream evolution of CO conversion for the unpromoted Fe@C catalysts.
b Time-on-stream evolution of CO conversion for K-promoted 38-Fe@C catalysts. c Product
distribution after 10 h TOS for the unpromoted and promoted 38-Fe@C catalysts. Reaction
conditions: 613 K, 20 bar, H2/CO = 1, and GHSV of 30,000 h−1 (space velocity based on catalyst
bed volume). Reproduced with permission from Ref. [254]. Copyright (2015) Springer Nature
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1,4-bis(diphenylphosphino)butane (DIOP) derivatives, are active nanocatalysts in
the Suzuki–Miyaura cross-coupling reactions. Depending on the ligand, enantios-
electivity varied up to 58% ee [538, 539]. It should also be noted magnetic FePd
magnetic NPs modified with chiral BINAP, which acted as a recoverable catalyst
for the same asymmetric coupling reaction [540]. In general, nanocatalysts are
much more sensitive to regulation between a metal, a ligand, and a substrate than
the corresponding molecular catalysts and can resemble enzymatic systems.

7.4.7 Photocatalysis

Numerous studies have been devoted to the study of the photocatalytic activity of
nanomaterials obtained by thermolysis of metal chelates. As a typical example, we
note a study of the photocatalytic activity of a porous ZnO nanostructure obtained
by the thermolysis of hollow microblocks [Zn(L)2], where HL is 2-aminonicotinic
acid, to remove Congo red (CR), as a typical toxic azo dye, from an aqueous
solution [541]. It turned out that the nanomaterial can be used as an effective
photocatalyst for wastewater treatment with high degradation efficiency. In par-
ticular, the maximum CR removal efficiency after 3 h of illumination was 96%,
which confirms the excellent performance of the synthesized ZnO NPs in the
photodegradation of CR under light illumination in a short time. In addition, the
highest CR removal efficiency occurs at pH 6, which is close to neutral pH.

In another interesting example, the photocatalytic activity of porous hexagonal
ZnO nanodisks with different sizes, surface areas, and porosities obtained by
thermolysis of [Zn(DHS)(L)]�nH2O (DHS are three different isomers of dihy-
droxysalphen ligand and L is 1,4-benzenedicarboxylic acid) was studied [542]. In
particular, in the presence of UV illumination, the degradation of methylene blue
(MB) reaches up to 95% in 1 h for the 2,4-ZnO (Fig. 7.44). Interestingly, the

Fig. 7.44 Comparative MB degradation kinetic plot (Ct/C0 vs. time) of the prepared ZnOs
photocatalyst. Reproduced with permission from Ref. [542]. Copyright (2016) Elsevier
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photocatalytic activity is significantly reduced to 75% in 1 h for 2,3-ZnO, whereas
2,5-ZnO exhibits moderate photocatalytic activity (85% in 1 h). Importantly,
commercial ZnO showed relatively low photocatalytic activity (65% in 1 h) than
nano-CPs-derived ZnO. The ZnO surface areas followed the order
2,4-ZnO > 2,5-ZnO > 2,3-ZnO > commercial ZnO, which is in good agreement
with the photocatalytic activity. Accordingly, MO with a lower surface area will
have poor photocatalytic activity.

It should be noted ZnO-C nanocomposite, obtained by solid-state conversion of
[Zn(L)(L’)0.5]�H2O [L = 4,4′-(hexaflouroisopropylene)bis(benzoic acid);
L’ = 1,4-bis(4-pyridyl)-2,3-diaza-1,3-butadiene] [543]. The synthesized nanoma-
terial shows good photocatalytic activity for degradation of MB in aqueous solution
under UV irradiation (Fig. 7.45). For example, as the irradiation time increases, the
concentration of MB decreases, and after 100 min, the degree of degradation of MB
was 89%. At the same time, the estimated value of the kapp constant for degradation
of MB was lower than that of pure ZnO NPs and may be due to the large amount of
carbon present in the sample.

ZnO NPs and ZnO@C hybrid composites derived from MOF-5 under several
heating and atmospheric (air or nitrogen) conditions showed relatively high pho-
tocatalytic decomposition activity and significantly enhanced the adsorption
capacity for the organic pollutant Rhodamine-B (RhB) under UV irradiation [544].
It turned out that the commercial TiO2 materials P25 and ST01 decomposed 98 and
83% of the RhB, respectively, after irradiation with UV light for 12 h (Fig. 7.46a).
Interestingly, sample 600A has an activity comparable to that of P25 with increased
activity compared to ST01. In addition, 600A 3 h and 700A samples showed
slightly higher activity than ST01. Samples (600N and 600N 3 h) obtained under a
nitrogen atmosphere showed relatively low activity due to the large amount of
porous carbon present in the samples. It should be noted that photodegradation of
RhB obeys first-order kinetics (Fig. 7.46b), and the slope of the graphs provides

Fig. 7.45 Time-dependent
UV/Vis absorption spectra for
the degradation of MB with
ZnO-C nanocomposite.
Reproduced with permission
from Ref. [543]. Copyright
(2015) John Wiley and Sons
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Fig. 7.46 a Photodegradation of RhB as a function of UV irradiation time in the presence of the
prepared nanomaterials. b Linear-log plot of (a). c Degradation rate constants of the products.
Reproduced with permission from Ref. [544]. Copyright (2011) Elsevier
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quantitative estimates for the photocatalytic activity of the samples (Fig. 7.46c). In
particular, the slope showed that the choice of the samples obtained can provide
ZnO-based photocatalysts to remove organic pollutants from the wastewater.

Hexagonal ZnO nanomaterials obtained by thermolysis of the complex [ZnL]n
(H2L = 4-[(1H-imidazol-4-yl)methylamino]benzoic acid) have photocatalytic
properties, and ZnO formed at a lower thermolysis temperature has a higher pho-
tocatalytic activity [545]. It was found that SSP and the resulting ZnO can pho-
tocatalytically degrade RhB, since the intensity of the absorption peak at 552 nm
corresponding to RhB decreases in the presence of SSP and ZnO. Furthermore, it
can be seen that SSP showed the weakest photocatalytic ability, while ZnO ther-
molyzed at 773 K, showed the strongest one. In addition, the intensity of the
absorption peak of RhB rapidly decreases with increasing irradiation time, which
indicates that the C–N bond of the dye is vulnerable to attack.

Photocatalytic activity of CuO NPs obtained by thermolysis of Cu(II) complexes
of copper(II) salts (Cl−, Br−, CH3COO

−, and SO4
−2) with 2-(3-amino-4,6-dimethyl-

1H-pyrazolo[3,4-b]pyridin-1-yl)acetohydrazide was evaluated by MB dye degrada-
tion (Fig. 7.47) [546]. The bleaching reaction follows a pseudo-first-order reaction,
and the results showed an efficiency of 97% at a degradation rate of 0.018 min−1.

The degradation of MB dye over CuO obtained by thermolysis of the Cu(II)
complex with 3-ethyl-4-amino-5-mercapto-1,2,4-triazole was studied, under UV
illumination in the presence of H2O2 to investigate the photocatalytic activity via
photo-Fenton reaction [547]. The intensity of absorption of the dye solution
gradually decreases with increasing exposed time, indicating a decrease in the
concentration of MB dye, which means, therefore, an effective photodegradation of
the dye using a CuO catalyst under UV illumination in the presence of H2O2

Fig. 7.47 Absorbance of MB
at regular intervals during
photocatalytic degradation
using CuO NPs. Reproduced
with permission from Ref.
[546]. Copyright (2017)
Springer Nature
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(Fig. 7.48a, b). Almost 96.18% of the MB dye decomposes under UV illumination
in the presence of H2O2 for 6 h.

The mechanism of the photodegradation reaction in the presence of only UV
(catalyst + UV) and (UV + catalyst + H2O2) was clarified in Scheme 7.7. After
absorbing only UV radiation, the excited MB reduces O2 to O2

−∙, which in turn
reacts with the proton (from the autoprotolysis of the solvent water) to produce
OOH−. In general, the cationic radical of the dye degrades to carbon dioxide, water,
and mineral acids through intermediate. Photocatalytic degradation of MB dye in
the presence of (catalyst + UV) usually involves the separation of electron–hole
pairs and subsequent redox reactions under UV irradiation, and electrons and holes
are generated on the CuO surface. Electrons absorbed by the adsorbed molecular
oxygen species, and holes trapped in water or adsorbed MB molecules.

Fig. 7.48 a Photocatalytic degradation of MB dye using CuO and b % degradation versus time.
Reproduced with permission from Ref. [547]. Copyright (2015) Elsevier

Scheme 7.7 Proposed reactions for the photodegradation of MB dye in the presence of UV only,
(catalyst + UV), and (UV + catalyst + H2O2). Reproduced with permission from Ref. [547].
Copyright (2015) Elsevier

524 7 Application of Nanomaterials Prepared by Thermolysis …



The addition of H2O2 in the presence of a catalyst and UV increases the pho-
todegradation rate of the MB dye, since the direct decomposition of H2O2 under
UV light produces OH−, which directly oxidizes the MB dye.

Due to strong absorption in the visible region and excellent skeletal stability
under various pH conditions, the dyes can be used to study their photodegradation
by CuS. In the case of MB, a decrease in the absorbance at 663 nm (Fig. 7.49a) was
scanned for the photocatalytic activity of rod-shaped CuS NPs obtained by ther-
molysis of Cu(acac)2 in the presence of thioacetamide (Fig. 7.49b) [548]. It is
important that the photoreaction becomes faster with increasing catalyst concen-
tration, and the change in the rate of degradation of the dye can be explained from
the CuS–dye interaction, and it was stated that hydroxyl ions are present on the CuS
surface that encompasses cationic dye molecules with electrostatic attraction and
facilitates electron transfer. The most suitable for catalytic activity are adsorption
and desorption on the catalyst surface. The high specific surface area of the
nanocatalyst leads to the appearance of more unsaturated surface sites of coordi-
nation that are exposed to the reactants.

The photocatalytic activity of CdS NPs of various shapes and sizes (rods and
spheres) synthesized by thermolysis of the precursor complex [Cd(SOCPh)2Lut2]
was evaluated by degradation of the Rose Bengal (RB) dye in an aqueous solution
under white light illumination [549]. CdS NPs have an excellent photocatalytic
activity compared to the commercial TiO2. As can be seen from the time-dependent
UV–Vis absorption curves of the RB solution catalyzed by CdS NPs (Fig. 7.50),
the absorption intensity of RB at 554 nm rapidly decreases and disappears

Fig. 7.49 a Photodegradation of MB dye in visible light, plot of absorbance (A) versus wave
length and the inset image indicates the decolorization reaction. b FESEM image of CuS NPs.
Reproduced with permission from Ref. [548]. Copyright (2010) American Chemical Society
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completely after 55 min. A study of the mechanism of photocatalytic degradation of
RB in the presence of CdS NPs showed that photogenerated holes are the pre-
dominant active species.

It should also be noted the study of the photocatalytic activity of nanocrystalline
cobalt ferrite for the degradation of a representative pollutant, MB, and visible light
as an energy source [550]. The results showed that approximately 92% of MB
degradation can be achieved in 7 h of visible light irradiation. The resulting catalyst
demonstrated rather good photochemical properties.

Fig. 7.50 a Time-dependent UV–Vis absorption spectral changes of aqueous RB solution
catalyzed by CdS NPs under light irradiation, b degradation of RB in terms of relative
concentration versus time plots under different conditions, c kinetic plots for the photodegradation
process of RB catalyzed by CdS NPs and d cyclic run for the catalytic decomposition of RB with
CdS NPs. Reproduced with permission from Ref. [549]. Copyright (2012) Elsevier
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Conclusions and Future Prospects

As the content of this book shows, the preparation of nanomaterials by thermolysis
of metal chelates is an intensively developing field of materials science and coor-
dination chemistry, which has its own objects and methods of research, and is based
on its design principles and methodological approaches. Information in this area is
constantly accumulating, gathering facts that previously seemed strange, and end-
ing with the logical structuring of new ways of obtaining nanomaterials with high
marketing potential.

We can say with confidence that the current stage in the development of this
interesting field of chemistry has reached its peak in the accumulation of experi-
mental facts, their theoretical interpretation and generalization, although this is only
the tip of the iceberg in terms of their potential applications and methods of syn-
thesis. Many new types of NPs will appear as a research topic. The advantages of
this environmentally friendly technology, the possibility of mass production and
low costs can make these materials promising for future industrial applications.
Nevertheless, until now, unfortunately, it is impossible to find correlations between
the composition, structural features, and properties of nanomaterials obtained by
this method, which in many respects hinders the development of a scientifically
grounded approach to structuring these materials and predicting their promising
properties.

How do we see the development of this interesting field of modern chemistry?
First, special attention will be paid to metrological research of new nanomate-

rials obtained by thermolysis of metal chelates: the development of subtle methods
of monitoring, analysis, increasing sensitivity, the accuracy of methods, increasing
their express performance, and reliability of new measurement equipment con-
taining a modern electronic component base.

The promising way will be further development of new metal chelate precursors,
the use of which can be useful and will open a new way for preparing nanomaterials
with favorable properties. The processes of thermolysis will be studied on the basis
of combined roles of chelating ligands during the thermolysis process, which
determines its suitability as a capping agent, reductant, and also its ease of
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decomposition. Ultimately, the shape and the size of the obtained NPs can be
tailored by careful choice of chelating ligands and metal chelates based on them. On
the other hand, there are superior potential applications for the resulting NPs in a
number of different fields, included applying in drug delivery, gene therapy, etc.,
which would remarkably increase the value of thermolysis method in the near
future. The use of structurally characterized precursors based on metals for the
formation of nanomaterials gives an idea of the relationships between the structural
features of the precursors and the morphology of the materials. In this context, a
comprehensive approach, involving synthetic chemistry, physical chemistry, and
chemical engineering, is of considerable interest for materials science.

Despite advances in chemistry and the application of these fascinating metal
chelate precursors, some areas have yet to be explored further. For example, the
development of heterometallic SSPs for bimetallic nanomaterials is one of those
areas that need to be investigated further because of their potential applications.
Some recent publications highlight the advantages of these SSPs over homometallic
precursors. It should also be noted that precursors based on metal chelates can also
be used in a polymer matrix to produce transparent nanocomposite films for various
applications (e.g., scratch-resistant lenses, laser optics, and waveguide amplifiers).

The use of PMCs as precursors for the production of nanomaterials, such as
metals, metal oxides, metal sulfides, carbon, is a method with interesting advan-
tages. However, this process entails complex stages associated with the preparation
of precursors based on polymer ligands. Most likely, the mechanism of formation of
the final morphology in nanomaterials depends on various intermediates controlled
by internal and external forces in the process of formation. Finally, the main task in
this area is to find precise and clear mechanisms for the transformation of PMCs
into the necessary nanomaterials. Thus, future research should focus on describing
and explaining the mechanisms of nanomaterial formation and defining rules that
determine the relationship between influential factors and final morphologies. This
can be achieved through the targeted use of various PMCs with different compo-
sitions and structural varieties, for example, 1D, 2D, 3D, as well as porous and
non-porous structures. In addition, the design of novel PMCs with different parti-
cles sizes and structures may be an effective way to improve the properties of the
derived materials.
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