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v

This book covers the current research on graphene oxide (GO), including its syn-
thesis and characterization, structural modeling and fundamental physical proper-
ties, as well as potential applications, aiming to giving a comprehensive reference 
for scientists in the related fields or graduate students who want to know about GO.

Graphite oxide is a substance known for almost 150 years. The monolayer sheet 
of graphite oxide, namely graphene oxide, is not only an important raw material 
to synthesize graphene, but also shows excellent physical and chemical properties 
that might find important applications in electronics and optics. Meanwhile, exist-
ence of various oxygen-containing functional groups also enables GO promising 
prospects in energy and environmental science, as well as biotechnology. Due to 
numerous literatures in this fast-growing field, here we only highlight the most 
essential progresses instead of presenting an exhaustive bibliography. Eight chap-
ters included in this book are summarized as follows.

Chapter 1 begins with the fabrication and reduction of GO. Three main meth-
ods to fabricate graphite oxide are described. Monolayer or multilayer GO sheets 
can be obtained from exfoliating graphite oxide. On the other hand, the production 
of graphene from reduction of GO is also introduced, focusing on chemical reduc-
tion of GO and its atomistic mechanism.

Chapter 2 illustrates the structural characterization of GO by means of both 
spectroscopic and microscopic approaches. In general, spectroscopic techniques 
(e.g., NMR, XPS, and FT-IR) can directly feature the atomic structures of GO, 
including the types of oxygenated functional groups and their distributions. On 
the other hand, microscopic techniques (e.g., TEM, STM, and AFM) can provide 
essential insights into the lattice atoms and topological defects.

Chapter 3 covers the theoretical modeling of GO structure, as well as the phys-
ical properties based on these structural models. As the most abundant oxygen-
containing groups in GO, epoxy and hydroxyl groups are mainly considered in 
various structural models of GO. Depending on the coverage and arrangement of 
these functional groups, the physical properties of GO, such as electronic band 
gap, electrical conductivity, Young’s modulus, and optical transmittance, are tun-
able in wide ranges.
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Chapter 4 summarizes the application of GO in electronics and optics. By 
appropriately controlling the deposition and reduction parameters, GO films can 
be made insulating, semiconducting, or semimetallic, while maintaining opti-
cal transparency. The tunable electronic and optical properties of GO films lead 
to some exciting applications in the fields of transparent conductors, field-effect 
devices, flexible electronic materials, surface-enhanced Raman scattering, optical 
sensing/detecting, etc.

Chapter 5 describes the great potential of GO and GO-based composites in 
energy storage and conversion. The tunable electronic properties render GO 
and GO-based composites excellent catalysts for light-driven hydrogen produc-
tion from water splitting. Also, their high surface area or porous configurations 
together with the functional groups contribute to the dehydrogenation of hydrides 
as well as the physisorption of molecular hydrogen. Moreover, moderate func-
tional groups on GO can immobilize various active species, render various hybrid 
architectures and simultaneously retain the electrical conductivity for electrode 
materials in both lithium batteries and supercapacitors.

Chapter 6 depicts the utility of GO and GO composites in air pollutant removal 
and wastewater treatment. The oxygenated functional groups on the basal plane 
and edges make GO capable to covalently and noncovalently interact with dif-
ferent molecules. Moreover, the high surface area and functional groups endow 
GO-based materials great capability to capture the heavy metal ions and organic 
species. Owing to surface chemistry and architectures, GO-based materials can 
also function as excellent catalysts or further hybridize with the effective catalysts 
for converting the harmful gases and organic species in wastewater.

Chapter 7 addresses the application of GO in biotechnology. Benefiting from 
functional groups such as hydroxyl, epoxy, and carboxyl, GO is allowed to non-
covalently interact with biomolecules through electrostatic interaction, π‒π stack-
ing, and hydrogen bonding. Moreover, the excellent optical and electromechanical 
properties of GO extend its applications in biotechnology, especially as a biosen-
sor, which can be used to detect enzyme, DNA, and other biomolecules with high 
sensitivity and selectivity.

Chapter 8 briefly summarizes the structures, physical properties, and applica-
tions of GO and gives some outlooks of this field from the authors.
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Abstract  GO is a monolayer of graphite oxide. Graphite oxide was successfully 
fabricated in laboratory for over one and half centuries ago. Generally, there are 
three main approaches to synthesize graphite oxide. By exfoliating graphite oxide 
into monolayered structures, GO sheets can be obtained. The formation mecha-
nism of GO from oxidizing graphene will also be discussed. On the other hand, 
GO is an important raw material to mass-produce graphene via removing the oxy-
gen-containing groups, i.e. reduction of GO. Among different reduction methods, 
the chemical reduction can occur at low or moderate temperatures with the help of 
reducing reagents, which is one of the most commonly used approaches to trans-
form GO back into graphene.

1.1 � Experimental Fabrication

Similar to graphene (monolayer of graphite), GO can be considered as a mon-
olayer of graphite oxide. As for the graphite oxide, its fabrication can be traced 
back to more than one and half centuries ago [1, 2]. Early in 1859, Brodie reported 
synthesis of graphite oxide during investigating the structure of graphite [3]. By 
treating graphite with the mixture of KClO3 and HNO3 at 60 °C for three to four 
days, he found that the product had an increased overall mass. Further analy-
sis showed the product was composed of carbon, hydrogen, and oxygen, with a 
measured molecular formula of C2.19H0.80O1.00. After heating to a temperature of 
220 °C, the chemical composition of this material changed to C5.51H0.48O1.00, cou-
pled with a loss of carbonic acid and carbonic oxide. Since the material was dis-
persible in pure or basic water, but not in acidic media, Brodie termed this material 
“graphic acid”.

Later in 1898, Staudenmaier [4] improved Brodie’s approach by adding the 
chlorate (such as KClO3 or NaClO3) in multiple aliquots during the reaction, as 
well as adding the concentrated H2SO4 to increase the acidity of the mixture.  
The graphite was then treated with the chlorate, H2SO4, and HNO3. Such slight 
change in the procedure resulted in an overall extent of oxidation similar to 
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Brodie’s multiple oxidation approach (C:O ~ 2:1), but performed more practically 
in a single reaction vessel.

In 1958, Hummers and Offeman [5] developed an alternative oxidation method 
by reacting graphite with a mixture of KMnO4 and concentrated H2SO4, which 
also achieved similar levels of oxidation. Graphite oxide was prepared by mixing 
ultrapure graphite powder and NaNO3 in H2SO4. Then KMnO4 was added to cata-
lyze the reaction and finally a brownish grey gel was obtained. After water dilut-
ing and hydrogen peroxide treatment, a yellow-brown graphite oxide residue was 
obtained, which can be used to fabricate graphite oxide suspension with aid of 
sonication. Though permanganate is a commonly used oxidant, the real active spe-
cies is Mn2O7 [1], which is able to selectively oxidize unsaturated aliphatic double 
bonds over aromatic double bonds.

Generally speaking, Brodie, Staudenmaier, and Hummers are the three major 
methods to produce graphite oxide from graphite. However, both the Brodie and 
Staudenmaier methods generate ClO2 gas, which must be handled with caution 
due to its high toxicity and tendency to decompose in air to produce explosions. 
Fortunately, this drawback can be eliminated by the Hummers method, which 
has relatively shorter reaction time and is absent of hazardous ClO2. Nowadays, 
the Hummers method has been widely used, with still one drawback, that is, the 
potential contamination by excess permanganate ions. Such contamination can be 
removed by H2O2 treatment, followed by washing and thorough dialysis [6]. On 
the other hand, it has been demonstrated that the products of graphite oxide syn-
thesis reactions show strong variance, depending on not only the particular oxi-
dants used, but also the graphite source and reaction conditions.

After fabrication of graphite oxide, GO can be obtained by exfoliating graphite 
oxide into monolayer sheets through a variety of thermal and mechanical meth-
ods [1]. Early in 1962, Boehm et al. pioneered the thermal exfoliation of graphite 
oxide, where thin layered carbon films were prepared by thermal deflagration of 
graphite oxide [7]. Afterwards, thermal exfoliation gradually becomes a popular 
method to peel graphite oxide to achieve graphene [8, 9]. According to McAllister 
et  al.’s report [10], the mechanism of thermal exfoliation of graphite oxide can 
be described in Fig. 1.1. During heating, the oxygen-containing functional groups 
attached on carbon plane decompose into gases such as H2O, CO2, and CO, 
which will diffuse along the lateral direction; the exfoliation occurs only if the 
decomposition rate of functional groups surpasses the diffusion rate of evolved 
gases. In the case, the interlayer pressure existing among adjacent layers is large 
enough to overcome their van der Waals interactions and pushes the layers sep-
arated from each other. Generally, a minimum temperature of 550  °C was sug-
gested to be necessary for the successful exfoliation at atmospheric pressure [10]. 
Moreover, the method of thermal exfoliation has been widely used to obtain gra-
phene, as illustrated in Fig. 1.1, where graphite oxide was thermal exfoliated into 
graphene [11].

Another conventional way of converting from graphite oxide to GO is to 
mechanically exfoliate graphite oxide. For example, by sonicating graphite oxide 
in water or polar organic media, one can completely exfoliate the graphite oxide 
into GO [12–15]. Besides, through mechanically stirring graphite oxide in water, 
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graphite oxide can be also well exfoliated [16, 17]. Especially, sonicating and 
mechanical stirring can be combined together to exfoliate graphite oxide with a 
better efficiency than using any individual method. Generally speaking, sonicating 
graphite oxide in water or polar organic media is much faster compared with the 
mechanical stirring, but it has a great disadvantage in causing substantial damage 
to the GO platelets [15]. Figure 1.2 displays schematically the mechanical exfolia-
tion of graphite oxide by sonication.

Fig.  1.1   Schematic showing thermal exfoliation of graphite oxide. Reprinted with permission 
from Ref. [11]. Copyright (2009) American Chemical Society

Fig. 1.2   Schematic showing the exfoliation of graphite oxide in water by sonication. Reprinted 
with permission from Ref. [18]. Copyright (2008) Nature Publishing Group

1.1  Experimental Fabrication
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1.2 � Oxidation Mechanism

Motivated by the fabrication of GO, experiments have also been carried out to 
illustrate the oxidation mechanism of graphite. As mentioned above, during fabri-
cating GO, the graphite was reacted with acids, which are strong oxidizing agents. 
Since the edges of graphite are open and the distance between graphitic layers is 
about 0.334 nm, an easily conceived oxidation mechanism of acid penetration into 
graphite is an “interlayer-acid-penetration” (acid-intercalation) mechanism [19, 
20]. During intercalation with the acid oxidant, potential of graphite increases with 
oxidation and there is an upper limit of saturated potential, depending strongly 
on the oxidizer and the concentration of acid used [20]. Recently, combining 
several spectroscopic techniques, Shin et  al. [21] were able to elucidate the oxi-
dation mechanism of highly ordered pyrolytic graphite (HOPG) in a nitric acid/
sulfuric acid mixture, as shown in Fig. 1.3. They found a new corrosion process of 
“direct-acid-penetration” from the outer to inner graphitic layers with nitration and 
sulfonation, suggesting that the acid oxidant not only introduces oxygen-contain-
ing groups together with nitrogen- and sulfur-containing groups, but also creates 
structural defects in the graphitic lattice.

Fig. 1.3   a Schematic showing destructive oxidation for HOPG in a nitric acid/sulfuric acid mix-
ture at 100 °C with respect to treating time from 0 to 4 days; b photographs of sample specimens 
with an inset showing the stability of molten high-density polyethylene in a nitric acid/sulfuric 
acid at 100 °C for 1 day; c TEM images of the cross-sectioned samples with the increased depth 
illustrating the oxidation and structural etching progress; d layer distance obtained from rectangles 
for TEM images in (c). Reprinted with permission from Ref. [21]. Copyright (2012) Elsevier Ltd.
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Parallel to the experimental investigations, theoretical calculations with den-
sity functional theory (DFT) have also been performed to elucidate the oxidation 
mechanism of graphene. Since the oxidation mechanism in realistic process of GO 
synthesis is very complicated, theoretical studies mainly focused on simple pro-
cesses, such as the reaction of O2 with graphene. In general, there are several oxi-
dation passways for O2 reacting with the graphene [22, 23], which are addressed 
in the following:

(1)	 Reaction of O2 with the graphene armchair edges. Sendt and Haynes [24] 
studied oxidation on the dehydrogenated armchair edge of graphene and found 
that chemisorption of O2 on the armchair edges is thermodynamically favora-
ble to form two quinone structures with a small energy barrier (18  kJ/mol) 
and a large exothermic heat of reaction (−578 kJ/mol), as shown in Fig. 1.4a. 
Afterwards, a series of reactions can further contribute to carbon gasification, 
such as desorption, rearrangement, and migration. At low temperatures, due to 
low internal energy, dissipation and low-barrier reactions readily occur, allow-
ing oxide structures such as (IV), (IX), and (X) to be stabilized. At intermedi-
ate temperatures, products are likely to be (V), (VII), and any products from 
reactions of (X) with barriers <300 kJ/mol. At high temperatures, the carbon 
possesses sufficient internal energy to allow reactions with high barriers, and 
products such as (VI), (XIV), and (XV) appear. These structures are shown in 
Fig. 1.4b.

(2)	 Reaction of O2 with the graphene zigzag edges. Zhu et  al. [25] simulated 
the reaction of O2 with graphene zigzag edges. Owning to the large exother-
micity for O2 chemisorption on the bare edges, nearly all edge sites can chem-
isorb oxygen atoms. As a consequence, a large number of semi-quinone and 
o-quinone oxygen can be formed, indicating a significant increase of the num-
ber of active sites. Moreover, the weaker o-quinone C–C bonds also drive the 
reaction forward at (ca. 30 %) lower activation energy. Epoxy oxygen forms 
under relatively high O2 pressure; it can only increase the number of active 
sites without further reducing the activation energy.

Fig. 1.4   a Potential energy surface for O2 chemisorption; b different metastable structures from 
IV to XV. Reprinted with permission from Ref. [24]. Copyright (2004) The Combustion Institute

1.2  Oxidation Mechanism
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(3)	 Reaction of O2 with the graphene vacancies. For reaction of O2 with the gra-
phene armchair or zigzag edges, CO is the main product during gasification 
process. However, it was CO2 rather than CO that was experimentally observed 
for complete combustion under atmospheric oxygen pressure. To explain this 
phenomenon, Carlsson et al. [26] examined the oxidation of graphene vacan-
cies and proposed a two-step oxidation mechanism at low temperature. First, 
vacancies are initially saturated by stable O-containing groups such as ether 
(C–O–C) and carbonyl (C=O). The second step is an etching process activated 
by additional O2 adsorption at the ether groups. Larger oxygen-containing 
groups like lactone (C–O–C=O) and anhydride (O=C–O–C=O) are formed, 
which may desorb as CO2 just above room temperature.

(4)	 Reaction of O2 with the graphene basal plane. Lahaye et al. [27] revealed 
that the oxygen atoms and the adjacent carbon atoms form epoxide groups 
on the carbon lattice. During the oxidation process, the hydroxyl groups are 
formed on the opposite side of the basal plane to relax the tension induced 
by the epoxide groups. In addition, line oxidation defects have been observed 
in the experimentally fabricated highly oriented pyrolytic graphite (HOPG). 
To realize this kind of defects, Li et  al. [28] further illustrated the graphene 
oxidative breakup process, which provides a useful insight into this puzzling 
GO structure. At first, a single O atom is added to coronene, forming an epoxy 
group with an exothermicity of ~2.4 eV, as shown in Fig. 1.5a. At the same 
time, the original epoxy C–C bond (1.42  Å) is stretched to 1.58  Å. Then, 
addition of the second O atom is preferable at the opposite carbon site of the 
epoxy group (Fig. 1.5b). This unzipping configuration is thermodynamically 
more stable than any other configurations by ~1.2 eV. Further adding O atoms 
will gradually unzip the graphene, as shown in Fig. 1.5c–d.

Fig. 1.5   Coronene 
molecules as a prototype of 
graphene fragments attached 
with a one, b two, c three 
and d four epoxy groups, 
respectively. Reprinted with 
permission from Ref. [28]. 
Copyright (2006) American 
Physical Society
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1.3 � Chemical Reduction

Usually, GO is thermally unstable and can be easily (partly) reduced by remov-
ing the oxygen-containing groups. The reduced GO (RGO) sheets are usually 
considered as one kind of chemically derived graphene. Also, reduction of GO is 
an important approach to produce graphene. Compared with GO, RGO has lower 
C:O ratio due to losing of oxygen-containing groups. Depending on the fabrication 
methods, typically produced GO has chemical compositions ranging from C8O2H3 
to C8O4H5, corresponding to a C:O ratio of 4:1–2:1 [8]. After reduction, the C:O 
ratio can be increased to ~12:1 in most cases [29, 30], and even as large as 246:1 
[31]. Generally, there are three kinds of reduction approaches of GO, including 
thermal reduction, chemical reduction, and multi-step reduction. The thermal 
reduction can be achieved by thermal irradiation [16, 29, 30, 32, 33], microwave 
irradiation [34, 35], photon irradiation [36, 37], and other unconventional heating 
resources [38, 39]. The chemical reduction is usually aided by chemical agents or 
other chemical processes to remove the oxygen-containing groups. Both thermal 
reduction and chemical reduction are mostly realized in one step. However, the 
multi-step reduction can further improve the reduction efficiency for some special 
purposes. A typical multi-step reduction is the three-step process proposed by Gao 
et al. [31], which includes steps of de-oxygenation with NaBH4, de-hydration with 
concentrated sulfuric acid and thermal annealing. Compared with the other reduc-
tion methods, the chemical reduction can occur at low or moderate temperatures 
with the aid of reducing reagents. In the following, we will illustrate several chem-
ical reduction ways in details.

1.3.1 � Ways of Chemical Reduction

A common way of chemical reduction is the chemical reagent reduction, where 
GO is reduced by chemical agents [2]. So far, various chemical agents have been 
used, including hydrazine, alcohol, sodium borohydride, hydriodic acid with ace-
tic acid, sodium/potassium hydroxide, iron/aluminium powder, ammonia, hexy-
lamine, sulfur-containing compounds (NaHSO3, Na2SO3, Na2S2O4, Na2S2O3, 
Na2S·9H2O, SOCl2, and SO2), hydroxylamine hydrochloride, urea, lysozyme, 
vitamin C, N-methyl-2-pyrrolidinone, poly(norepinephrine), BSA, TiO2 nano-
particles, manganese oxide, and bacteria respiration [40]. Among them, the 
first and most commonly used was hydrazine (N2H4), which is able to produce 
highly reduced graphene oxide under low temperature. With hydrazine hydrate, 
Stankovich et al. [13, 41] reported the first reduction of a colloidal suspension of 
exfoliated GO sheets in water, resulting in the aggregation and subsequent forma-
tion of a high-surface-area carbon material that consists of thin graphene-based 
sheets. In this method, reduction of GO was achieved by adding hydrazine hydrate 
into the GO suspension and heating in an oil bath at 100 °C under a water-cooled 
condenser for 24 h. Nowadays, the highest conductivity of RGO films produced 

1.3  Chemical Reduction
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solely by hydrazine reduction is 99.6 S/cm, which has a C:O ratio of around 12.5 
[8]. However, hydrazine is toxic, preventing its wide usage in mass production of 
RGO. To avoid this drawback, many other “non-toxic” reducing agents, such as 
alcohol, sodium/potassium hydroxide, sodium borohydride, hydriodic acid, and 
acetic acid, are employed.

Another chemical reduction method is photocatalyst reduction with the assistance 
of a photocatalyst like TiO2. With the assistance of TiO2 particles under ultraviolet 
(UV) irradiation, GO in a colloid state changes in color from light brown to dark 
brown to black, which can be seen as a sign of GO reduction, as shown in Fig. 1.6 
[42]. Such color change was explained by partial restoration of the conjugated net-
work in the carbon plane. In addition, this photocatalyst reduction can be ascribed 
to two chemical processes, which are described in the formula in Fig.  1.6. Upon 
UV-irradiation, charge separation occurs on the surface of TiO2 particles. In the pres-
ence of ethanol, the holes are scavenged to produce ethoxy radicals, which in turn 
leave the electrons to accumulate within the TiO2 particles. The accumulated elec-
trons interact with GO sheets to reduce the functional groups.

Furthermore, oxygen-containing groups of GO can be removed by electro-
chemical reduction [43–46]. Electrochemical reduction of GO are carried out in 
a normal electrochemical cell using an aqueous buffer solution at room tempera-
ture. The reduction usually needs no special chemical agent, and is mainly caused 
by the electron exchange between GO and electrodes. Therefore, electrochemical 
reduction is advantageous to avoid the usage of dangerous reductants (e.g. hydra-
zine) and to eliminate byproducts. In 2009, Ramesha and Sampath [43] studied the 
electrochemical reduction of GO. After depositing a thin film of GO on a substrate 
(glass, plastic, ITO, etc.), an inert electrode was placed oppositely the film in an 
electrochemical cell and the reducing process occurred during charging of the cell. 

Fig. 1.6   Change in color of GO showing its photocatalyst reduction with the aid of TiO2, as well 
as the two main chemical processes during photocatalyst reduction. Reprinted with permission 
from Ref. [42]. Copyright (2008) American Chemical Society
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They found that the reduction of GO began at −0.6 V and reached a maximum at 
−0.87 V. In an experiment by Zhou et al. [44], RGO sample reaches a C:O ratio 
of 23.9 and a conductivity of 85 S/cm. Moreover, the reduction can be controlled 
by the pH value of the buffer solution. A low pH value is favorable to reduce GO, 
indicating that H+ ions may participate in the reaction.

1.3.2 � Theoretical Illustration of GO Reduction

Employing DFT calculations, Kim et al. [47] examined the epoxide reduction with 
hydrazine on a single-layer graphene and pointed out that the reduction follows a 
direct Eley–Rideal mechanism rather than a Langmuir–Hinshelwood mechanism. 
The reduction reaction is mainly governed by epoxide ring opening, which is ini-
tiated by hydrogen transfer from hydrazine or its derivatives. The formation of 
derivatives such as NHNH2 during reduction can facilitate the de-epoxidation by 
lowering the barrier height of the ring-opening reaction.

Gao et  al. [48] further elucidated the effect of hydrazine treatment on differ-
ent functional groups and proposed several reduction routes for de-epoxidation 
by hydrazine, where all routes start from ring-opening of epoxy groups and form 
hydroxyl groups on the original sites, as illustrated in Fig. 1.7. It was shown that 
the hydrazine reduction can only reduce epoxy groups, while no reaction path 
was found for the reduction of hydroxyl, carbonyl and carboxyl groups of GO. 
Generally, the mechanism of hydrazine reduction can be addressed as follows: the 
reduction is postulated to proceed via a direct nucleophilic attack of hydrazine on 
an epoxide group to result in a hydrazine alcohol moiety, which releases a water 
molecule towards the formation of an aminoaziridine and finally undergo a ther-
mal elimination of diimide to form a double bond [2].

In addition to the nitrogen-containing reducing agents (e.g. hydrazine), sul-
phur-containing reducing agents in reduction of GO have also been widely used. 
Employing the ab initio calculations, Su et  al. [49] studied the reaction mecha-
nism of chemical reduction of GO by the sulfur-containing agents, i.e. HSO3

− 
and H2SO3. Three reaction processes were discussed: de-hydroxylation of GO 
with one or two hydroxyl groups, de-epoxidation of GO with one or two epoxy 
groups and de-carboxylation, and de-carbonylation of GO with carboxyl and 
carbonyl groups. It was found that hydroxyl and epoxide groups could be easily 
reduced owing to lower energy barriers, whereas de-carboxylation and de-carbon-
ylation reactions are not kinetically and thermodynamically easy due to higher 
energy barriers. As illustrated in Fig.  1.8a, for reduction of the hydroxyl group, 
the HSO3

− ion can approach the hydroxyl group through electrostatic attraction 
between the HSO3

− anion and the partially positively charged H in the hydroxyl 
group, finally releasing an exothermicity of 20.3  kcal/mol. However, without 
the aid of HSO3

− anion, it will be more difficult to remove the hydroxyl group 
directly (Fig. 1.8b). Similarly, for reduction of the epoxide group, the H atom of 
HSO3

− anion will attack the epoxy group and open the epoxide ring. As a result, 

1.3  Chemical Reduction
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the H atom is transferred from HSO3
− to the epoxide group, forming interme-

diates of hydroxyl group and SO3, as shown in Fig.  1.8c. In the following, the 
H2SO3 can further react with the epoxide group and form a H2SO4, as shown in 
Fig. 1.8d. In this case, the S atom will react with the epoxide group and open the 
epoxide ring. The above reduction mechanism of epoxide group is experimentally 
supported by Chen et al. [50], who also suggested that the during reduction of the 
epoxide group, the S atom of the sulphur-containing ion will attack the epoxide 
group and break the C–O bond, finally obtaining the product of H2SO4.

Another kind of reducing agents are metal-containing agents. Generally, there 
are two modes of mechanisms of this kind of reduction. One is fast electron trans-
fer between metal and GO. The other is evolution of nascent hydrogen as the 
active reducing agent [2]. For example, Xie et al. [51] investigated the reduction 

Fig. 1.7   The mechanisms for the hydrazine de-epoxidation of GO. Reprinted with permission 
from Ref. [48]. Copyright (2010) American Chemical Society
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of GO by alkali-earth metals. They found that alkali-earth metals are highly effec-
tive in reducing GO not only because it can accelerate oxygen desorption but also 
because it can eliminate carbonyl defects to recover perfect graphene lattice. The 
physical mechanism for alkali earth metal assisted GO reduction is identified as 
the relaying of three charge transfer steps: (a) from Ca to pristine carbon empty 
states, (b) from pristine carbon to oxidized carbon, and (c) from oxidized carbon 
to oxygen at the reaction site, respectively.
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Abstract  The experimentally fabricated GO powders are usually water dispersible, 
insulating, and light brown in color. After the experimental synthesis, one important 
issue is to determine the structure of GO. So far, the structure of GO is still ambigu-
ous due to its nonstoichiometry since the types of oxygen-containing groups and 
their arrangements across the carbon network vary substantially under different syn-
thesis conditions. Generally, to determine the structure of GO, some primary ques-
tions have to be illuminated: (1) Which functional groups are present? (2) What are 
the amount and relative fraction of the functional groups? (3) How do these func-
tional groups distribute spatially over the graphene plane? (4) How do the amount 
and distribution of these groups evolve during reduction? Spectroscopic techniques, 
such as solid-state nuclear magnetic resonance (NMR), X-ray photoelectron spec-
troscopy (XPS), X-ray absorption near-edge spectroscopy (XANES), Fourier trans-
form infrared spectroscopy (FT-IR) and Raman spectroscopy, can provide essential 
insights into the types of oxygenated functional groups in GO and their distribu-
tions. Besides, microscopic techniques including transmission electron microscopy 
(TEM), scanning tunneling microscopy (STM), atomic force microscopy (AFM), 
and scanning transmission electron microscopy (STEM) have also been used to 
determine the atomic structures of GO.

2.1 � Spectroscopic Characterization

2.1.1 � Solid-State NMR

The solid-state NMR spectra of different GO samples exhibit similar resonance 
patterns featuring three peaks at 60, 70 and 130 ppm and their relative intensities 
do not change significantly upon oxidation. In 1996, Klinowski’s group [1] studied 
the structure of GO by using the 13C and 1H NMR spectra and assigned the 60 ppm 
peak to hydroxyl (C‒OH), the 70 ppm peak to epoxide (C–O‒C), and the 130 ppm 
one to non-aromatic carbon double bonds (>C=C<). However, the identification 
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of the first two peaks at 60 and 70 ppm was uncertain due to lacking of sufficient 
spectral information. Then, in 1997 and 1998, the same group revisited the struc-
ture of GO and critically assigned the peak around 60 ppm to epoxide (C–O‒C), 
the peak around 70  ppm to hydroxyl (C‒OH), and the peak around 130  ppm to 
non-aromatic carbon double bonds (>C=C<) [2, 3]. Afterwards, Szabó et  al. [4] 
also examined the structure of GO by the 13C NMR spectra and obtained two fea-
tured signals at 57.6 and 69.2 ppm, which corresponds to the epoxide (C–O‒C) and 
hydroxyl (C‒OH), respectively. In addition, they found two other peaks at 92.9 and 
166.3 ppm as well, but were not able to clearly assign them to any specific groups.

A more accurate NMR characterization of GO was fulfilled in 2008 by Cai 
et  al. [5] using high-resolution solid-state NMR with magic angle spinning 
(MAS). It was confirmed that the peak around 60  ppm corresponds to epoxide, 
the peak around 70 ppm corresponds to hydroxyl, and the peak around 130 ppm 
corresponds to sp2 carbon. Until then, the three major chemical shift peaks around 
60, 70, and 130  ppm are commonly accepted and assigned to epoxy, hydroxyl 
and graphitic sp2 carbon, respectively. As a consequence, epoxy and hydroxyl 
are determined as the two major functional groups across the basal plane of GO. 
In addition, in the high-resolution 13C NMR spectra [4–6], the other three minor 
peaks at about 101, 167, and 191  ppm were also found, which were tentatively 
assigned to lactol, ester carbonyl and ketone groups, respectively. In 2009, Gao 
et al. [7] further assigned the peak around 101 ppm to five- or six-membered-ring 
lactol decorated on the edge of holes in GO flakes.

A recent study by Zhang et al. [8] labeled all the six peaks mentioned above, 
where peaks at 61, 70, 101, 130, 169 and 193  ppm were assigned to groups of 
C–O‒C, C‒OH, O–C‒O, graphitic sp2 C, O=C–O, and C=O, separately. To gain 
information about the distribution of major functional groups, two- and multi-
dimensional NMR spectra conducted by Ruoff’s group [5, 9] revealed that epoxide 
and hydroxyl were close to each other, with some tiny islands of pure epoxies or 
hydroxyls. Diagonal signals eliminated in the two-dimensional double-quantum/ 
single-quantum spectrum shows that the cross peak of epoxide is at (ωSQ, 
ωDQ) =  (60, 130 ppm) and the cross peak of hydroxyl is at (ωSQ, ωDQ) =  (70, 
130  ppm), respectively [9]. This confirms clearly that the epoxide and hydroxyl 
carbons are directly bonded. Besides, the major peaks (60 and 70  ppm) in the 
NMR spectra were related to the carbon atoms single-bonded to oxygen atoms. 
Figure 2.1 gives the typical 13C NMR spectra of GO.

2.1.2 � XPS

As a complementarity to the NMR spectra, XPS can further unveil the nature 
of carbon atoms in different chemical environments. Comparing the survey 
scan spectra of bare graphite and GO [4], it was found that the C and O atoms 
were presented at the surface of both systems; but the oxygen content of GOs 
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was much higher because of the oxidative treatment, as shown in Fig.  2.2a, b. 
Further high-resolution XPS spectra demonstrated that in the C 1s signal of pris-
tine GO, there are five different chemically shifted components at 284.5, 285.86, 
286.55, 287.5 and 289.2  eV respectively, which can be assigned to sp2 carbon 
atoms in aromatic rings (284.5  eV) and C atoms bonded to hydroxyl (C–OH, 
285.86 eV), epoxy (C–O–C, 286.55 eV), carbonyl (>C=O, 287.5 eV), and car-
boxyl groups (COOH, 289.2  eV), respectively [10–13], as shown in Fig.  2.2c. 
However, the presence of carbonyl (>C=O) groups is still ambiguous. Some 
reports [3, 14] only considered four feature components of the deconvolution of 
the C 1s spectra by ignoring the presence of >C=O groups, i.e. sp2 carbons, C–
OH, C–O–C, and COOH. Further information provided by the O 1s spectra can 
complement the information from the C 1s spectra. Deconvolution of the O 1s 
spectra indicates three main peaks around 531.08, 532.03, and 533.43 eV, which 
were assigned to C=O (oxygen doubly bonded to aromatic carbon) [10, 15], 
C–O (oxygen singly bonded to aliphatic carbon) [16, 17], and phenolic (oxy-
gen singly bonded to aromatic carbon) [16, 17] groups, respectively, as shown 
in Fig. 2.2d. On the other hand, the pristine GO shows an additional peak at a 
higher binding energy (534.7 eV) [12], which originates from the chemisorbed/
intercalated adsorbed water molecules.

An important parameter that can be used to characterize the degree of oxidation 
in GO is the fraction of sp2 carbon, which can be estimated by dividing the area 
under the sp2 peak by the area of C 1s peak. In pristine GO, the fraction of sp2 car-
bons is only ~40 %. During thermal reduction, the amount of sp2 carbons gradu-
ally increases due to the loss of oxygen. It reaches a maximum value of ~80 % at 

Fig.  2.1   a 1H‒13C cross polarization (CP) spectrum of GO obtained with 7.6  kHz MAS and 
a contact time of 1 ms (67,000 scans), and a direct 13C pulse spectrum obtained with 12 kHz 
MAS and a 90° 13C pulse (10,000 scans). Reprinted with permission from Ref. [7]. Copyright 
(2009) Nature Publishing Group. b 2D 13C/13C chemical-shift correlation solid-state NMR spec-
tra of GO; c slices selected from the 2D spectrum at the indicated positions (70, 101, 130, 169, 
and 193 ppm) in the ω1 dimension. Reprinted with permission from Ref. [5]. Copyright (2008) 
American Association for the Advancement of Science

2.1  Spectroscopic Characterization
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an oxygen content of ~8 atom% (C/O ratio 12.5:1) [10, 17]. This suggests that the 
remaining oxygen is responsible for ~20 % of the sp3 bonding.

In addition, XPS can further elucidate change of the functional groups of GO 
at different degrees of oxidation [18]. At the initial stage, during increasing the 
oxidation level, intensity of the C‒OH and ‒O–C=O functional groups increases 
and the corresponding intensity of C–C decreases. In the following, further 
increase of the oxidation results in the formation of epoxide groups along with the 
hydroxyl and carboxyl groups. Afterwards, continually oxidizing GO will enhance 
the intensity of epoxide groups but reduce the intensity of hydroxyl and carboxyl 
groups simultaneously.

Fig. 2.2   a, b are XPS spectra of graphite and GO separately. Reprinted with permission from 
Ref. [4]. Copyright (2006) American Chemical Society. c, d are high-resolution XPS spectra of 
the C 1s and O 1s signals in GO. Reprinted with permission from Ref. [10]. Copyright (2009) 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.1.3 � XANES

XANES is another powerful tool for characterizing the GO materials. It provides 
information on degree of bond hybridization in mixed sp2/sp3 bonded carbon, spe-
cific bonding configurations of functional atoms, and degree of alignment of the gra-
phitic crystal structures within GO [19]. As shown in Fig. 2.3a, the high-resolution 
C K-edge XANES spectrum of GO demonstrates distinctive unoccupied π* and σ* 
states around 285.2 and 293.03  eV, respectively, which can be primarily assigned 
to the 1s → π* and 1s → σ* transitions in the graphitic carbon atoms [13, 20]. 
Meanwhile, there is a broadening of the absorption peak at 289.3 eV, corresponding 
to the 1s → π* transitions in the carbon atoms bonded with the oxygen atoms. The 
ratio of π*/σ* peaks at the C K-edge can be used to estimate the relative concentra-
tion of sp2 domain configurations in an sp3 matrix of GO, where carbon atoms are 
attached to oxygen groups. Thus, this ratio gives the degree of oxidation in GO [13].

On the other hand, the O K-edge XANES spectrum of GO [13, 21] generally 
shows several distinct absorption peaks at 531.5, 534.0, 535.5, 540.0, 542.0, and 
544.5 eV, respectively, as presented in Fig. 2.3b. These peaks have been separately 
assigned to π*(C=O), π*(C–O), σ*(O–H), σ*(C–O), σ*(C=O), and σ*(C=O) 
[21]. Therefore, the O K-edge spectrum further helps to realize the GO struc-
ture, which clarifies the chemical composition of the oxygen-containing groups. 
According to Pacilé et al.’s measurements [21], the groups of epoxy, hydroxyl and 
carbonyl are likely to be attached to aromatic rings, while the carboxyl groups are 
likely to be bonded to the edges of the GO sheets.

Fig. 2.3   High-resolution a C K-edge and b O K-edge synchrotron NEXAFS spectra at different 
reduction temperatures. The spectra were shifted in y-scale for clarity. Reprinted with permission 
from Ref. [13]. Copyright (2011) American Chemical Society

2.1  Spectroscopic Characterization



20 2  Structural Characterization

2.1.4 � FT-IR

FT-IR spectroscopy is recognized as an important tool to study different types of 
functional groups. From the FT-IR characterization, Lee et al. [22] found that there 
are four main peaks in the FT-IR spectra of GO, as described detailedly in the 
following. Firstly, the peak at 1,050 cm−1 arises from epoxide groups (C–O‒C). 
Secondly, the one centered at 1,680  cm−1 corresponds to the vibrational mode 
of the ketone groups (‒C=O). Another peak at 1,380 cm−1 is assigned to a C–O 
vibrational mode. Finally, the peak at 3,470 cm−1 denotes C‒OH stretching.

Bagri et  al. [15] studied the structural evolution of GO during reduction. At 
the initial stage where GO is mildly annealed at 423 K, the FT-IR characteriza-
tion shows that pristine GO was composed of hydroxyls (3,050–3,800  cm−1), 
carbonyls (1,750–1,850  cm−1), carboxyls (1,650–1,750  cm−1), C=C (1,500–
1,600 cm−1) and ethers and/or epoxides (1,000–1,280 cm−1), as displayed in part 
(1) of Fig. 2.4a. After annealing to 448 K for 5 min, the FT-IR spectrum changes, 
indicating that the carboxyl groups are removed, as shown in part (2) of Fig. 2.4a. 
When further annealing to 1,023 K, hydroxyls disappear continuously and some 
ether groups are formed, as displayed in part (3) of Fig. 2.4a. In fact, the hydroxyls 
are not detected in infrared spectra at temperature above 773 K.

Similarly, Krishnamoorthy et al. [18] also investigated the structure of GO with 
different degrees of oxidation using FT-IR spectroscopy, as presented in Fig. 2.4b. 
The sp2/sp3 ratios of GO samples from S-1 to S-6 are 2.15, 1.52, 0.36, 0.31, 0.27, 
and 0.25, respectively. The FT-IR show band at 1,573 cm−1 due to the presence of 
C–C stretching in graphitic domains of sample S-1. With further increase in oxi-
dation level, the FT-IR spectrum reveal the presence of C=O (1,720 cm−1), C–O 
(1,050 cm−1), C–O–C (1,250 cm−1), C–OH (1,403 cm−1) in the GO samples. The 
peak at 1,620 cm−1 is a resonance peak that can be assigned to the C–C stretching 
and absorbed hydroxyl groups in the GO.

2.1.5 � Raman

Raman spectroscopy is a non-destructive technique that is widely used to obtain 
structural information of carbon materials. Usually, the Raman spectrum of a GO 
film displays a D band at ~1,350 cm−1 and a broad G band at ~1,580 cm−1 [11]. 
The G peak is the characteristic of all sp2-hybridized carbon networks, which origi-
nates from the first-order scattering from the doubly degenerate E2g phonon modes 
of graphite in the Brillouin zone center as well as bond stretching of sp2 carbon 
pairs in both rings and chains. Meanwhile, the D peak is due to the breathing mode 
of aromatic rings [23], which comes from the structural imperfections created by 
the attachment of oxygenated groups on the carbon basal plane [19]. Therefore, 
the D-peak intensity is often used as a measure for the degree of disorder [24]. 
Generally, the integrated intensity ratio of the D- and G-bands (ID/IG) indicates the 
oxidation degree and the size of sp2 ring clusters in a sp3/sp2 hybrid network of car-
bon atoms. Another peak around 2,680 cm−1, usually called 2D peak, is the overtone 
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Fig.  2.4   a FT-IR spectra of single-layer GO: annealing at 423  K and referenced to the bare 
oxidized silicon substrate the spectrum (1); annealing to 448 K (2), referenced to spectrum (1); 
annealing to 1,023 K (3), referenced to spectrum (2); full SiO2 absorption of the oxide referenced 
to H-terminated silica (4). Reprinted with permission from Ref. [15]. Copyright (2010) Nature 
Publishing Group. b FT-IR spectra of GO with different degrees of oxidation from samples S-1 
to S-6. Reprinted with permission from Ref. [18]. Copyright (2012) Elsevier Ltd.

2.1  Spectroscopic Characterization
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of the D peak, which reflects the number of graphene layers [25, 26]. The 2D peak 
is attributed to double resonance transitions resulting in production of two phonons 
with opposite momentum. Different from the D peak, which is only Raman active in 
the presence of defects, the 2D peak is active even in the absence of any defects [27].

Figure  2.5 compares typical Raman spectra of GO, RGO and graphene, which 
were recorded at an excitation wavelength of 532  nm [28]. Generally, the Raman 
spectra of GO and RGO are very close to each other, both exhibiting the same D, G 
and 2D peak positions. The only distinct difference is the ID/IG ratio since RGO usu-
ally has much lower oxidation degree than that of GO. Compared with graphene, the 
prominent D peak along with weak and broad 2D peak are the main signs of GO due 
to structural disorder [29]. Usually, the D peak is absent in graphene [30]. Meanwhile, 
the mechanically exfoliated graphene has a much strong and sharp 2D peak.

Krishnamoorthy et  al. [18] studied the Raman spectra of GO with different 
degrees of oxidation. During oxidation of graphite, the G band is shifted from 
1,570 cm−1 (G band of graphite) towards a higher wavenumber (1,585 cm−1) and 
the D band has higher intensity, which can attributed to the formation of defects 
and disorder such as the presence of in-plane heteroatoms, grain boundaries, ali-
phatic chains, and so on. On the other hand, the intensity of the 2D band is dimin-
ished after oxidation. Moreover, a new band appears around 2,950 cm−1, which is 
denoted as D + G band. The reduction in the intensity of the 2D band is attributed 
to breaking of stacking order associated with oxidation reaction.

2.2 � Microscopic Characterization

2.2.1 � TEM

TEM is a common microscopic technique to feature the atomic structures of 
nanomaterials. By means of TEM, one can directly image the lattice atoms and 

Fig. 2.5   Raman spectra  
of single-sheet GO  
(NR-SGO), single-sheet 
thermally reduced GO  
(tR-SGO), and mechanically 
exfoliated single-sheet 
graphene on SiO2/Si 
substrates normalized to the 
G-peak intensity. Reprinted 
with permission from  
Ref. [28]. Copyright (2008) 
American Chemical Society
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topological defects in GO [21, 31–33], which is of significant importance to 
explore their atomic structure. A typical TEM image of a GO monolayer shown in 
Fig. 2.6a indicates it is highly electron transparent even in comparison to the thin-
film carbon support [34]. A selected area electron diffraction (SAED) pattern from 
the monolayer region of the GO film is shown in Fig. 2.6b. It should be noticed 
that clear diffraction spots are observed, indicating that the crystalline order of the 
original graphene lattice is preserved. Meanwhile, for GO samples with different 
oxidation degrees, their TEM images show different transparencies because of 
different number of layers in the stacked structure of GO [18]. At lower oxida-
tion degree, the samples contain less oxygenated functional groups which limits 
them in terms of exfoliation into monolayers or few layers after the exfoliation 
process. With increasing the oxidation level, GO samples become highly transpar-
ent since the samples possess high amounts of oxygenated functional groups and 
can be easily exfoliated into monolayers or just a few layers of GO after ultrasonic 
treatment.

Fig. 2.6   a TEM image of a single GO sheet on a lacey carbon support and b its SAED of the 
center of the region. Reprinted with permission from Ref. [34]. Copyright (2009) American 
Chemical Society. c Aberration-corrected TEM image of a single sheet of suspended GO with 
a scale bar of 2 nm. Expansion (A) shows, from left to right, a 1 nm2 enlarged oxidized region 
of the GO, then a proposed possible atomic structure of this region with carbon atoms in gray 
and oxygen atoms in red, and finally the average of a simulated TEM image of the proposed 
structure. Expansion (B) focuses on the white spot on the graphitic region, which moves along 
the graphitic region. Expansion (C) shows a 1 nm2 graphitic portion from the planewave recon-
struction of a focal series of GO and the atomic structure of this region. Reprinted with permis-
sion from Ref. [32]. Copyright (2010) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
d TEM images of extended topological defects and deformations in RGO, including pentagons, 
heptagons, distortions and strain in the surrounding lattice. Carbon pentagons, hexagons, and 
heptagons are indicated in magenta, blue, and green, respectively. The red dashed lines denote 
directions with strong deformations in the lattice. A relaxed structural model similar to the 
observed configuration is shown in inset. Reprinted with permission from Ref. [31]. Copyright 
(2010) American Chemical Society

2.2  Microscopic Characterization
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High-resolution TEM (HRTEM) is able to directly image the honeycomb lattice 
along with structural disorder in GO. Using HRTEM, Erickson et  al. [32] dem-
onstrated that the specific atomistic features of GO shows three major regions, 
which are holes, graphitic regions, and highly contrast disordered regions with 
approximate area percentages of 2, 16, and 82  %, respectively (Fig.  2.6c). It is 
proposed that the holes in GO are formed by releasing CO and CO2 during the 
aggressive oxidation and sheet exfoliation. The graphitic regions are resulted from 
incomplete oxidation of the basal plane, which preserves the honeycomb structure 
of graphene. Meanwhile, the disordered regions of the basal plane are originated 
from abundant oxygen-containing groups aggregated in these regions, including 
hydroxyls, epoxies, and carbonyls. Gómez-Navarro et  al. [31] further unraveled 
the topological defects in GO using aberration-corrected HRTEM. They pointed 
out the dominant clustered pentagons and heptagons, as well as the existence of 
in-plane distortions and strain in the surrounding lattice of GO, as displayed in 
Fig. 2.6d.

2.2.2 � STM

Another useful microscopic technique is STM. Previously, several groups have uti-
lized STM to study the surface of GO and observed highly defective regions [35–
39]. According to Gómez-Navarro et al.’s measurement [35], pristine graphene and 
oxidized regions are distinguishable through the bright spots as shown in Fig. 2.7a, 
where the oxidized regions are marked by green contours. By estimating the 
ratio of oxidized regions, the degree of functionalization can be obtained. Then, 
Kudin et al. [36] compared the STM images of highly oriented pyrolytic graphite 
(HOPG) and GO, as depicted in Fig. 2.7b. The STM image of HOPG is presented 
in the inset at the left bottom of Fig. 2.7b, which is in a highly crystalline order. In 
contrast, the STM image of GO appears rough, featuring a peak-to-peak topogra-
phy of 1 nm. This roughness is caused by functional groups and defects. Fourier 
transformation of the STM image (inset at the right top of Fig. 2.7b) shows a clear 
signature of a graphitic backbone where the hexagonal symmetry is highlighted 
by manually added lines. This indicates reemergence of graphitic order during the 
reduction process.

Pandey et al. [38] also examined the oxidized regions of GO and surprisingly 
observed a periodic arrangement of oxygen atoms, which spanned over a few 
nanometers, as shown in Fig. 2.7c. This periodic arrangement can be understood 
by a structural model illustrated in Fig. 2.7d, where oxygen atoms are arranged 
in a rectangular lattice, suggesting a series of epoxy groups are presented in 
strips.

In addition, through the STM images, Doğan et  al. [39] shows the defects of 
vacancies and adatoms in the electrochemically reduced GO. Particularly, from 
the atomically resolved STM images obtained at different parts of the same 
reduced GO sample, they observed a moiré pattern, where the GO sample exhibits 
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a hexagonal lattice with an average periodicity of about ~1.45  nm, as presented 
in Fig. 2.7e. This hexagonal moiré structures originate from the lattice mismatch 
between the graphene and the surface of hexagonally close-packed (hcp) Au solid, 
which leads to incommensurate structures.

2.2.3 � Other Microscopic Tools and Combined Techniques

Besides TEM and STM, other microscopic means are also helpful to reveal the 
atomistic structures of GO. For example, AFM directly gives the apparent thick-
ness as well as the number of layers of GO [6, 35, 37, 38]. Generally, analysis of 
a larger number of AFM images reveals that GO sheets have lateral dimensions 

Fig. 2.7   a STM image of a GO monolayer on a HOPG substrate, taken under ambient condi-
tions. Oxidized regions are marked by green contours. Reprinted with permission from Ref. [35]. 
Copyright (2007) American Chemical Society. b STM image of a GO monolayer on a HOPG 
substrate and its Fourier transform (inset at top right). Reprinted with permission from Ref. [36]. 
Copyright (2008) American Chemical Society. c High-resolution STM image of the oxidized 
regions of GO revealing a rectangular lattice of oxygen atoms. d A structural model of GO to 
show the case of (c). Reprinted with permission from Ref. [38]. Copyright (2008) Elsevier B.V.  
e An atomically resolved STM image of the electrochemically reduced GO film showing a Moiré 
pattern with a periodicity of around 1.45 nm, where the lower part of the figure shows the height 
profiles taken along the black line. Reprinted with permission from Ref. [39]. Copyright (2013) 
Elsevier B.V.

2.2  Microscopic Characterization
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of 100‒5,000 nm and heights in the range of 1.1‒15 nm. Approximately 80 % of 
the GO sheets displayed a height of 1.1 ± 0.2 nm. Figure 2.8a displays an AFM 
image of a GO sheet whose upper right edge is double-folded onto itself, as can 
be concluded from the cross-sectional profiles depicted in Fig. 2.8b. Meanwhile, 
AFM can be utilized for nanolithography [40–42], where GO samples can be 
etched into different shapes, such as squares, ribbons, quantum dots, as shown in 
Fig. 2.8c‒d.

In addition, using high-resolution annular dark field (ADF) imaging in a 
STEM instrument, Mkhoyan et al. [43] investigated the oxygen distribution on a 
GO monolayer. Their results indicated that the degree of oxidation fluctuates at 
nanometer scale, suggesting the presence of sp2 and sp3 carbon clusters of a few 
nanometers. Employing STEM combined with electron energy loss spectroscopy 
(EELS), they were then able to measure the fine structure of the carbon, oxygen 
K-edges, and low-loss electronic excitations in GO [43]. They found that the oxy-
gen atoms are randomly attached to the graphene sites, converting the sp2 carbon 
in graphene to sp3 hybridization.

Also employing the STEM, Zhu et  al. [44] analyzed structural changes of GO 
nanoribbons during thermal annealing, as shown in Fig. 2.9. Usually, the chemical 
changes of GO nanoribbons are directly related to the planarity and the sp2-carbon 

Fig.  2.8   a AFM image of a GO monolayer deposited on a SiO2 substrate, showing a back-
folded edge; b AFM section profiles along the three different lines in panel (a), revealing mono-, 
bi-, and tri-layer structures, respectively. Reprinted with permission from Ref. [35]. Copyright 
(2007) American Chemical Society. AFM nanolithography of GO sample into square arrays 
(c) and linear arrays (d). Reprinted with permission from Ref. [41]. Copyright (2010) AIP 
Publishing LLC
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structures. As shown in Fig. 2.9a–e, in the non-annealed samples, nanoscale regions 
of monolayer graphene are observed, where the region sizes typically range from 1 
to 2 nm. But in some directions it can be as long as 3–5 nm, as shown in Fig. 2.9a, b. 
However, the majority of the film is functionalized with oxygen-containing groups, 
as indicated in Fig. 2.9d, e. Meanwhile, the graphitic regions are small and isolated 
in a non-annealed sample. During thermal annealing, the structure of GO sample 
changes, even forming some holes, as indicated by the black regions in Fig. 2.9h, i.

Fig.  2.9   STEM images of the non-annealed GO nanoribbons (a–e) and GO nanoribbons 
annealed at 200  °C for 10  min (f–i). a Bright field (BF) and b high-angle annular dark-field 
(HAADF) STEM image of GO nanoribbons with graphene regions shown in blue. c HAADF 
STEM image of a monolayer graphene region (same area as the center in b). d High-resolution 
image of monolayer graphene with an oxygen functional group on the basal surface after apply-
ing a filter of the raw HAADF STEM image. e HAADF STEM image of the same region shown 
in (d) with an overlay structure sketch. f BF STEM image of annealed GO nanoribbons with 
stacked graphene layers. g BF STEM image and h HAADF STEM image of annealed GO nanor-
ibbons with graphene regions shown in blue. i HAADF STEM image of annealed GONRs with 
holes. Reprinted with permission from Ref. [44]. Copyright (2012) American Chemical Society
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Abstract  The structural modeling of GO is helpful to establish an atomistic 
understanding of GO. From the structural models, one can further explain the vari-
ous physical and chemical properties of GO observed in experiments or exploit 
its potential applications in various fields. So far, numerous computational simula-
tions have been carried out to explore the structure of GO, investigating effects 
of coverage, ratio and arrangement of the oxygen-containing groups. Generally, a 
structural model with epoxides and hydroxyls orderly arranged in a chained form 
on the graphene basal plane is considered to be thermodynamic stable for GO. On 
the other hand, the fundamental physical properties of GO are closely related to 
the coverage, ratio and arrangement of the functional groups. The electronic prop-
erty of GO is tunable, mainly depending on the coverage and ratio of the epoxides 
and hydroxyls. The tunable band gap also leads to the tunable optical property of 
GO. Moreover, the mechanical property of GO mainly relies on the coverage and 
arrangement the functional groups as well as the thickness. Finally, composing 
with other nanomaterials is an effective way to further tailor the mechanical and 
optical properties of GO.

3.1 � Structural Modeling

3.1.1 � Sketching Models

Early in 1939, Hofmann and Holst proposed a structural model of GO with only 
epoxide groups [1]. They supposed that the oxygen was bound to the carbon atoms 
of the hexagon layer planes by epoxide linkages with an ideal formula of C2O, as 
shown in Fig. 3.1a. Then in 1947, considering the hydrogen content of GO, Ruess 
suggested a structural model incorporated with hydroxyl groups [2], as shown 
in Fig. 3.1b. This model also indicates that the basal plane structure of GO is in 
an sp3 hybridization form, rather than the sp2 hybridized model of Hofmann and 
Holst [1]. Scholz and Boehm reconsidered the stoichiometric ratio and revised 
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© The Author(s) 2015 
J. Zhao et al., Graphene Oxide: Physics and Applications,  
SpringerBriefs in Physics, DOI 10.1007/978-3-662-44829-8_3



32 3  Structural Modeling and Physical Properties

Ruess’s model, suggesting a model that consisted of ribbons of conjugated car-
bon backbone and regular quinoidal species but completely removed the epoxide 
groups [3], as shown in Fig. 3.1c.

However, all these early models are generally based on the chemical formula 
and elemental analysis; few spectrum information are featured to support these 
models. Therefore, on the basis of the 1H and 13C solid-state NMR spectra, Lerf 
and coworkers [4–6] replaced the previous models by a structural model with ran-
domly distributed flat aromatic and wrinkled regions. The flat aromatic regions 
consist of unoxidized benzene rings and the wrinkled regions beared C=C,  
C‒OH, and ether groups, as shown in Fig. 3.1d. On the other hand, starting from 
the XRD information, Nakajima et  al. [7, 8] proposed a poly-like (C2F)n model 
by fluorination of GO, as shown in Fig.  3.1e. In this model, two carbon layers 
link to each other by sp3 C–C bonds perpendicular to the layers, where carbonyl 
and hydroxyl groups are present in relative amounts depending on the level of 
hydration. Particularly, based on the spectroscopic characterization of GO includ-
ing FT-IR, XPS and NMR, Szabó et  al. [9] revived the model of proposed by 
Scholz and Boehm and gave a model with a corrugated carbon network includ-
ing a ribbon-like arrangement of flat carbon hexagons connected by C=C dou-
ble bonds. Therefore, the resulting carbon skeleton is a mixture of the Ruess and 

Fig.  3.1   Sketching models proposed for GO. Reprinted with permission from Ref. [9]. 
Copyright (2006) American Chemical Society
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Scholz-Boehm skeleton, including a random distribution of two kinds of domains: 
the trans linked cyclohexane chairs and the corrugated hexagon ribbons [9], as 
shown in Fig.  3.1f. Some recent reviews [10–14] and book chapters [15] have 
described these sketching models of GO structures in further detail.

3.1.2 � Atomistic Simulations

As mentioned in Chap.  2, experimental characterizations with various spec-
troscopic techniques have demonstrated that epoxide and hydroxyl groups are 
the two major functional groups on the basal plane of GO [16, 17]. Based on 
this conclusion, atomistic simulations were carried out to study the structure of 
GO.

In 2006, Schniepp et al. [18] investigated the thickness of GO using first-principles  
calculations. They found that an epoxide group is 1.9 Å above the carbon grid and 
a hydroxyl group is 2.2 Å above the carbon grid. Meanwhile, the protuberant car-
bon atoms are 0.3 and 0.7 Å above the carbon grid for epoxide and hydroxyl func-
tional groups, respectively. When both epoxide and hydroxyl groups are placed on 
the carbon grid, a single-layered GO has a thickness of ~7.8 Å. Afterwards, employ-
ing DFT calculations, Boukhvalov and Katsnelson [19] studied three kinds of GO 
models: one with epoxides only (Fig. 3.2a), another with hydroxyls only (Fig. 3.2b), 
and the last one with both epoxide and hydroxyl groups (Fig. 3.2c). They found that 

Fig. 3.2   The most stable configurations of GO with epoxide groups only (a), hydroxyl groups 
only (b), and both epoxide and hydroxyl groups (c). Carbon, oxygen, and hydrogen atoms 
are shown in green, blue, and violet, respectively. Reprinted with permission from Ref. [19]. 
Copyright (2008) American Chemical Society. d Schematic to show configurations of 1,2-ether 
and 1,3-ether epoxide groups, respectively. Reprinted with permission from Ref. [20]. Copyright 
(2009) American Physical Society
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the oxygen-containing groups prefer to reside on both sides of graphene, while the 
hydroxyls are energetically favorable to sit at neighboring carbon atoms from oppo-
site sides of the graphene. Moreover, GO with both epoxide and hydroxyl groups is 
more stable than the one with only epoxide or hydroxyl groups.

Later, Lahaye et al. [20] considered the epoxide in detail. They pointed out that 
the epoxide should be the 1,2-ether oxygen, while the 1,3-ether oxygen in GO is 
not energetically to be formed, as shown in Fig. 3.2d. They also proposed a GO 
structure with the 1,2-ether oxygen dominated and closely arranged. But at the 
reverse side of the carbon plane, the hydroxyl molecule is located. This arrange-
ment repeats along the carbon network with subtle variations, leading to a random 
pattern when the oxidation over a macroscopic region appears.

Yan et al. [21, 22] studied the arrangement of epoxide and hydroxyl groups on 
graphene by the first-principles calculations. They found an energetically favora-
ble configuration where the neighboring 1,2-hydroxyl pairs form hydroxyl chains 
via hydrogen-bond interaction and the epoxides are grouped next to these hydroxyl 
chains, as shown in Fig. 3.3a. The epoxide and hydroxyl units randomly deposited 
on the surfaces are expected to arrange themselves locally following these preferred 
patterns, forming specific oxygen-containing group chains with sp2 carbon regions in 
between, as shown in Fig. 3.3b. This model was further confirmed by other groups. 
Wang et  al. [23, 24] proposed a series of motifs for GO structures with epoxides 
only, hydroxyls only, and both epoxide and hydroxyl groups. For searching the ener-
getically favorable motifs, four major factors have to be considered: (1) the accom-
modation of hydrogen bonding within an (‒OH, ‒OH) pair or an (‒OH, ‒O‒) pair, 
(2) the reduction of strain and Coulomb repulsion among negatively charged oxygen 
ions, (3) the elimination of dangling bonds, and (4) the proximity of ‒OH to ‒O‒ 
group [23]. Based on these rules, four stable zero-dimensional (0D) motifs were 
obtained through the density functional theory (DFT) calculations [24], as shown in 
Fig. 3.3c. The hydroxyl group prefers to form a dimer with one hydroxyl locating 
next to the other below and above the carbon grid. Hydroxyl monomer is unstable 
because it creates a dangling bond that can be easily passivated by another hydroxyl. 
Similarly, the epoxide dimer forms the same pattern as that of the hydroxyl dimer 
to lower the strain. For GO with both epoxide and hydroxyl groups, these groups 
tend to aggregate together to form hydrogen bonds. Using these 0D motifs to build 
the structural model, GO structure with hydroxyl and epoxide chains siting closely is 
obtained, in agreement with the model proposed by Yan et al. [21, 22].

Moreover, by simulating XPS spectra, Zhang et al. [25] pointed out that epox-
ide and hydroxy groups can be closely packed together to form epoxides and 
epoxide-hydroxyl pairs in highly oxidized samples. Taking both the thermo-
dynamic and kinetic factors into account, Lu et  al. [26] also suggested that the 
hydroxyl chain is a very stable structure. However, the calculated vibrational fre-
quencies and also previously simulated chemical shifts of this structure are not 
observed in infrared and NMR experiments. Therefore, kinetic effects during the 
synthesis of GO must play an important role in the GO structure. In addition, 
using the genetic algorithm combined with DFT calculations, Xiang et  al. [27] 
performed global search of the lowest-energy structure of GO. It was indicated 
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that the phase separation between bare graphene and fully oxidized graphene is 
thermodynamically favorable in GO, also consistent with Yan’s reports [21, 22].

Furthermore, phase diagram of GO under different chemical potentials has 
been predicted. Starting from the formation energy, Yan et al. [21, 22] considered 
the relative stability of phases with different coverages and drew a ternary system. 
The formation energy (ΔE) is described by the Eq. (3.1):

where E[Z] is the energy of a periodic phase Z. Each periodic phase can be speci-
fied by the relative amount of ‘‘free’’ sp2 C atoms (denoted by C*, corresponding to 
the C atoms not bonded to O), epoxide (C2O), and the 1,2-hydroxyl pair [C2(OH)2]. 
The representative stoichiometry is C∗

1−x−y(C2O)x[C2(OH)2]y, or equivalently 

C1+x+yOx(OH)2y, with 0 ≤ x ≤ 1, 0 ≤ y ≤ 1, and 0 ≤ x + y ≤ 1. The ordered 

(3.1)
�E[x, y] = E[C1+x+yOx(OH)2y] − (1− x − y)E[C∗

] − xE[C2O] − yE[C2(OH)2],

Fig.  3.3   a Fully-oxidized phase of GO (C6O4H2) with epoxide and hydroxyls chains packed 
together; b GO structure (C24O10H8) with hydroxyl-epoxide strips separated by sp2 carbon. C, 
O and H atoms are represented by grey, red and black spheres individually and the dashed rec-
tangles indicate the respective unit cells. The hydrogen bonds in the hydroxyl chains above the 
plane are indicated by dashed lines. Reprinted with permission from Ref. [21]. Copyright (2009) 
American Physical Society. c Stable motifs of the functional groups on GO: hydroxyl dimer 
(h2), epoxide dimer (e2), two-hydroxyl and one-epoxide trimer (h2e), and two-hydroxyl and 
two-epoxy tetramer (h2e2). Red, black, and blue balls represent O, C, and H atoms, respectively. 
Reprinted with permission from Ref. [24]. Copyright (2010) American Physical Society
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phases from their calculation are marked on a ternary diagram in Fig. 3.4a, where the 
dashed lines indicate phases with the same ratio of epoxide versus the hydroxyl pair.

Wang et  al. [24] also systematically investigated the structure of GO and con-
structed a structural phase diagram of the GO with respect to the chemical poten-
tials of oxygen and hydrogen, as shown in Fig. 3.4b. The formation energy (ΔHf) of 
GO can be regarded as a function of the chemical potentials of O (μO) and H (μH):

where Etot(ClOmHn) and Etot(Cl) are the total energies of the unit cells of GO and 
pristine graphene that contains l carbon, m oxygen, and n hydrogen atoms, respec-
tively. The reference energies for μO and μH are taken as the total energies of gas-
eous O2 and H2 molecules, respectively. Fully covered GO phases without any sp2 
carbon, such as the hydroxyl-only, epoxide-only, and mixed hydroxyl and epoxide 
ones, are thermodynamically stable, but only exist under stringent experimental 
conditions due to competition with the formation of water. Considering the kinetic 
factors, GO with both functional groups and sp2 carbons is a kinetically hindered 
metastable phase, even though it is routinely observed in experiments.

Since experimental characterizations indicate that GO is amorphous, there have 
also been some studies on the amorphous structural model of GO. Using Monte Carlo 
(MC) method, Paci et al. [28] randomly placed the epoxide and hydroxyl groups on 
either side of a graphene basal plane. They found that hydrogen bonds are formed 
between the functional groups, such as hydroxyl-hydroxyl and hydroxyl-epoxide 

(3.2)�Hf = Etot(ClOmHn)− Etot(Cl)− mµO − nµH,

Fig.  3.4   a Ternary diagram showing ordered phases on the graphene surface with different 
amounts of sp2 Carbon (C*), epoxide (C2O), and the 1,2-hydroxyl pair [C2(OH)2]. Reprinted 
with permission from Ref. [22]. Copyright (2010) American Physical Society. b Thermodynamic 
stability diagram of the GO phases with respect to the chemical potentials of oxygen (μO) and 
hydrogen (μH). Insets show the atomic structures of the corresponding GO phases. Reprinted 
with permission from Ref. [24]. Copyright (2010) American Physical Society
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hydrogen bonds. During MC evolution, various defects are observed. For example, 
small holes due to break of C–C bonds are formed, where the resulting dangling 
bond carbons further form carbonyl and alcohol groups. In addition, other molecules 
such as carbon monoxide (CO), peroxide (H2O2) and water (H2O), are generated. 
Bagri et al. [29] investigated the structural evolution of GO during thermal reduction 
through molecular dynamics (MD) simulations to uncover the interplay between car-
bon and oxygen and the degree of defects and translational order of the residual atoms 
at different temperatures. They found that thermal reduction will lead to the formation 
of carbonyl and ether groups, both of which are stable thermodynamically and cannot 
be removed without destroying the parent graphene sheet. Moreover, compared with 
the initial structure (constructed on the basis of Cai et al.’s experiment [16]), signifi-
cant atomic rearrangement takes place and the GO sheets are substantially disordered 
after thermal annealing at 1,500 K, as shown in Fig. 3.5a, b. Especially, carbonyls, 
linear carbon chains, ether rings (such as furans, pyrans and pyrones), 1,2-quinones, 
1,4-quinones, five-member carbon rings, three-member carbon rings and phenols, 
along with increased sheet roughness, are observed, as illustrated in Fig.  3.5c–l. 

Fig.  3.5   Morphology of RGO and the structure of defects formed during thermal annealing. 
The RGO sheets with an initial oxygen concentration of 20 % (a) and 33 % (b) in the form of 
hydroxyl and epoxide groups in the ratio of 3/2 after annealing at 1,500 K. Oxygen functional 
groups and carbon arrangements formed after annealing: a pair of carbonyls (c), carbon chain 
(d), pyran (e), furan (f), pyrone (g), 1,2-quinone (h), 1,4-quinone (i), five-member carbon ring 
(j), three-member carbon ring (k) and phenol (l). Carbon, oxygen and hydrogen atoms are high-
lighted in grey, red and white, respectively. Reprinted with permission from Ref. [29]. Copyright 
(2010) Nature Publishing Group

3.1  Structural Modeling
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Besides, the hydroxyl groups are easily to be desorbed at low temperatures without 
altering the graphene basal plane. Meanwhile, the isolated epoxy groups are relatively 
more stable, but substantially distort the graphene lattice on desorption. Removal of 
carbon from the graphene plane is more likely to occur when the initial hydroxyl and 
epoxide groups are in close proximity to each other. What’s more, these theoretical 
results are corroborated by FTIR and XPS experiments.

Employing the density functional tight-binding (DFTB) method, Samarakoon 
and Wang [30] searched the stable structure of GO and proposed a twist-boat con-
formation as the energetically most favorable nonmetallic configuration for fully 
oxidized graphene. The fully-oxidized GO with randomly decorated hydroxyl 
and epoxide groups closely resembles the fully hydrogenated graphene in which 
there exists broad distribution of corrugated membranes that can be classified in 
accordance to the chair, boat, and twist-boat conformations of graphene. From the 
comparison of binding energies, the twist-boat along the armchair direction is the 
lowest-energy conformation for fully-oxidized GO. The calculated Raman G-band 
blue shift of this lowest-energy conformation is in good agreement with experi-
mental observations [31, 32], which further confirms its stability.

In succession, Liu et al. [33] proposed an amorphous structural model for GO 
with locally ordered structural motifs by Wang et  al. [24]. Based on some basic 
structural rules, they randomly placed epoxide and hydroxyl groups on the gra-
phene basal plane using the MC method to build the amorphous GO structures with 

Fig.  3.6   Thermodynamic stable structures of amorphous GO: a GO with OH:O  =  2 and 
R = 70 %; b GO with OH:O = 0.22 and R = 50 %; and c GO with OH:O = 8 and R = 50 %. 
The highlighted parts are the locally ordered motifs. Reprinted with permission from Ref. [33]. 
Copyright (2011) Elsevier Ltd.
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different coverage and OH:O ratios. Then, employing the DFT calculations, these 
initially built structures were fully optimized. During optimization, dissociation of 
epoxide, formation and release of H2O molecules, breaking of carbon-rings on the 
basal plane, and other structural damages were observed in some of the random GO 
configurations, especially for those with relatively high coverage rates (R ≥ 30 %). 
After optimization, the energetically preferable structure for the amorphous GO 
always contains some local ordered motifs, as shown in Fig. 3.6a. In the ordered 
motifs, epoxide and hydroxyl groups distribute closely together, leading to forma-
tion of hydrogen bonds and lowering the total energy of the system, consistent with 
previous theoretical predictions [21–24]. Moreover, in these locally ordered motifs, 
clusters completely formed by epoxide and (or) hydroxyl groups were observed 
(Fig. 3.6b, c), in line with the experimental observations [18, 34, 35]. Finally, for-
mation of GO through oxidation of graphene is an exothermic process. As the ratio 
of hydroxyl to epoxide groups (OH:O) increases, the GO becomes more stable.

3.2 � Physical Properties

3.2.1 � Thermodynamic Stabilities

Usually, GO is thermally unstable. Upon heating even below 100 °C, GO slowly 
decomposes possibly due to release of the absorbed water. The major mass loss 
occurs at ~200  °C presumably because of decompositions of oxygen-containing 
groups [11, 36]. However, the removal of functional groups greatly increases the 
thermal stability of the RGO. When the GO is heated up to 800 °C, no significant 
mass loss is detected [36].

Using time-resolved dynamic light scattering, Chowdhury et  al. [37] investi-
gated the aggregation kinetics and stability of GO in different aquatic chemistries 
(pH, salt types, and ionic strength) relevant to natural and engineered systems. It 
was found that GO is highly stable in both natural and synthetic surface waters. 
More than 90 % of GO remained suspended in the Calls Creek water (with a fairly 
stable hydrodynamic diameter of ~250–300 nm) after 1 month, although it settled 
quickly in synthetic groundwater. While the effect of pH on the stability of GO is 
quite complex, depending on the detailed ionic liquid [37–39].

Eigler et  al. [40] investigated the effect of NaOH and HCl on the stability of 
carbon framework in GO after substitution or etherification reaction. They found 
that the carbon lattice is stable in GO treated by acid or base at 10  °C, but it is 
ruptured by the treatment of base at 40 °C. Moreover, after the base treatment at 
10 °C, GO bears predominately hydroxyl groups; while at 40 °C in water or acidic 
dispersion, ether groups form. Moreover, they suggested that it is necessary to dis-
tinguish between the functional group stability and the carbon framework stability 
of GO [41]. As for the GO with an almost intact σ-framework of carbon atoms 
(ai-GO), the carbon framework can be stable up to 100 °C while functional groups 
have already transformed, as measured by the statistical Raman microscopy.  

3.1  Structural Modeling
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But for the GO prepared by the Hummers’ method (GO-c), it is less stable and 
starts to decompose at 50 °C by releasing CO2 gas.

In addition, employing DFT calculations, it was found that reduction of GO 
from high coverage to low coverage, such as from 75 to 6.25 %, is relatively easy, 
but further reduction is rather difficult [19]. This agrees with Stankovich et  al.’s 
report that at certain condition, further heating up GO results in no significant 
mass loss [36]. Also, the thermodynamic stability of GO relies on its detailed 
geometry structure and chemical stoichiometry. Due to significant local distor-
tion, a single functional group adsorbed on graphene has an adsorption energy 
of ‒4.72 eV for epoxide and ‒9.34 eV for hydroxyl [22]. Adsorption of the func-
tional groups to form pairs on both sides of the graphene can further stabilize GO. 
Especially, it is energetically favorable for the hydroxyl and epoxide groups to 
aggregate together and to form specific types of chains with sp2 carbon regions 
in between [21, 22]. Moreover, the reaction of graphene being oxidized to GO is 
an exothermic process with negative formation energy [33]. As the coverage of 
functional groups increases, more and more graphene will be oxidized, leading 
to lower formation energy. Therefore, the fully-oxidized GO is usually energeti-
cally preferable [24], as supported by the GO phase diagram shown in Fig. 3.4b. 
Meanwhile, increase of the OH:O ratio will lead to enhanced stability of GO since 
large population of hydroxyls will form more hydrogen bonds [33], as shown in 
Fig.  3.7a. This hydroxyl-rich GO structure agrees with Kim et  al.’s excremental 
characterization [42] that the as-synthesized multilayer GO films are rich in epoxy 
groups and will evolve toward hydroxyl-rich GO at room temperature.

Besides, through MD simulations, Kumar et  al. [43] also demonstrated that 
as-synthesized RGO commonly with large fractions of oxygen-rich epoxide and 
carbonyl groups is only kinetically metastable at room temperature. Once exposed 
to lower temperatures and oxygen partial pressures than those used during the 
reduction process, the metastable oxygen-rich RGO will transforms to hydroxyl-
rich structure with lower oxygen content, driven by the carbonyl to hydroxyl 

Fig. 3.7   Heats of formation for the GO with R = 50 % but different OH:O ratios (a) and for 
the GO with OH:O = 2 but different coverages (c). Reprinted with permission from Ref. [33]. 
Copyright (2011) Elsevier Ltd. b Formation energy of hydroxyl-rich (10  % O) and carbonyl-
rich (20 % O) RGO structures as a function of oxygen chemical potential. The standard value of 
atmospheric hydrogen chemical potential at 300 K is −0.35 eV. Reprinted with permission from 
Ref. [43]. Copyright (2013) American Chemical Society
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conversion near the carbon vacancies and holes. The mechanism involved in this 
spontaneous reduction of RGO can be addressed by water formation via the inter-
action of hydrogen and oxygen atoms within the basal plane, a process observed 
to be favorable at room temperature and under ambient atmospheric hydrogen and 
oxygen partial pressures, as displayed in Fig. 3.7b.

By comparing the heats of formation between the ordered and amorphous GO 
with the same chemical stoichiometry, Liu et al. [33] found that the ordered GO 
is more stable than the amorphous one in a certain chemical stoichiometry. For 
GO with OH:O ratio of 2, as the coverage of functional groups increases, the 
energy difference between the ordered and amorphous GO enlarges accordingly. 
However, at low coverage, the energy difference between the ordered and amor-
phous GO is negligible and the amorphous GO can be as stable as the ordered one, 
especially for the coverage less than 5 %, as illustrated in Fig. 3.7c.

3.2.2 � Mechanical Properties

Exploring the mechanical properties of GO is of great importance since they are 
closely related to the reliability and service life of GO-based nanodevices. Due 
to diverse types and different coverage of the functional groups, the mechanical 
properties of GO are tunable. In 2007, Dikin et al. [44] measured the mechanical 
of GO papers, which are micrometer thick films obtained by slow evaporation of 
GO solution or by filtration method. After analyzed from 31 samples, the aver-
age modulus of GO papers was 32 GPa with the highest being 42 ± 2 GPa, and 
the intrinsic strength ranged from 15 to 133 MPa. Both of which are higher than 
those reported for flexible graphite foil and bucky paper. Generally, the reported 
Young’s modulus and intrinsic strength values of GO papers show a wide distribu-
tion, ranging from 6 to 42 GPa and from 76 to 293 MPa, respectively [45].

Besides, the mechanical properties of GO papers can be tuned by doping or 
compositing. By doping a small amount (less than 1  wt%) of Mg2+ and Ca2+ 
ions, Park et  al. [46] demonstrated significant enhancement in mechanical stiff-
ness (10‒200  %) and fracture strength (~50  %) of the graphite oxide, as shown 
in Table  3.1. Under tensile loading, the edge-bound metal ions can resist nor-
mal deformations between sheets that are on the same plane. Meanwhile, small 
mechanical perturbations can cause the edge-bound metal ions to adopt more 
favorable chemical interactions with the oxygen-containing functional groups of 
the GO sheets, which will also enhance the stiffness and strength of GO papers. 
In addition to alkaline earth metal ions, they suggested that mechanical stiffness 
and strength of GO papers can be also increased by chemically cross-linked poly-
allylamine (PAA) [47] (see Table  3.1). Moreover, introducing glutaraldehyde or 
water molecules into the gallery regions will effectively tailors the interlayer adhe-
sions of the graphite oxide. Both the tensile modulus and strength show signifi-
cant improvements for the glutaraldehyde-treated graphite oxide, but decreased 
mechanical properties are observed for the H2O-treated graphite oxide [45].

3.2  Physical Properties
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By irradiating the GO aqueous dispersion with γ-rays in the presence of oxygen, 
Liu et  al. [48] indicated part of the functional groups on GO can be transformed 
into peroxides, forming graphene peroxide (GPO). Then using GPO as a poly-
functional initiating and cross-linking center, graphene-based composite hydrogels 
with exceptional mechanical properties can be obtained, which exhibit high tensile 
strengths of 0.2‒1.2 MPa and extremely large elongations of 2,000‒5,300 %.

As mentioned above, the GO papers have a wide Young’s modulus range 
of 6‒42 GPa [45]. However, the Young’s modulus of GO paper closely depends 
on the thickness. When the film thickness is reduced down to a few layers, its 
Young’s modulus increases dramatically to about 200  GPa [49–51]. Especially, 
GO monolayer has a much larger Young’s modulus than that of thick GO paper. 
An AFM measurement suggests that RGO monolayer has a mean Young’s modu-
lus of 250 GPa with a standard deviation of 150 GPa [50], as shown in Fig. 3.8a. 
Moreover, the effective modulus (Eeff) depends on the geometry of the samples, 
following the Eq. (3.3) below:

where E is the Young’s modulus; T is the tension in the sample; t, w, and l are the 
thickness, width, and length of the sample, respectively. For the single-layer RGO 
(having a fixed height), its effective modulus shows a linear dependence on the 
l2/w, where an approximately constant value of ~4  nN for all the sheets can be 
inferred, as shown in Fig. 3.8b. Then, taking a van der Waals (vdW) thickness of 
7 Å for the GO layer, Young’s modulus of 207.6 ± 23.4 GPa and elastic constant 
of 145.3 ± 16.4 N/m were reported by Suk et al. using AFM measurement com-
bined with finite element analysis [51]. They also studied the effective modulus of 
two-layer and three-layer GO sheets, as illustrated in Fig. 3.8c.

(3.3)Eeff = E + 17Tl2/
(

32wt3
)

,

EI is the Young’s modulus in the initial region where loading is started; ES is the Young’s modu-
lus at σ = 10 MPa in the straightening region; EE is the maximum Young’s modulus in the linear 
region; σ is the intrinsic strength; and ε is the fracture strain. Reprinted with permission from 
Refs. [46, 47]. Copyright (2008) and (2009) American Chemical Society

Table 3.1   Mechanical properties of unmodified and modified GO Papers

Materials EI (GPa) ES (GPa) EE (GPa) σ (MPa) ε (%)

Unmodified paper 5.8 ± 1.4 16.6 ± 2.2 25.6 ± 1.1 81.9 ± 5.3 0.40 ± 0.03

As-prepared 
Mg-modified paper

15.2 ± 4.6 22.3 ± 3.1 24.6 ± 1.4 87.9 ± 14.2 0.40 ± 0.04

Rinsed Mg-modified 
paper

14.6 ± 0.3 21.8 ± 1.5 27.9 ± 1.8 80.6 ± 16.5 0.33 ± 0.08

As-prepared 
Ca-modified paper

9.8 ± 4.5 15.5 ± 2.4 21.5 ± 1.5 75.4 ± 21.6 0.41 ± 0.15

Rinsed Ca-modified 
paper

17.2 ± 3.4 23.3 ± 1.8 28.1 ± 1.2 125.8 ± 13.6 0.50 ± 0.06

PAA-modified paper 11.3 ± 3.2 25.5 ± 3.9 33.3 ± 2.7 91.9 ± 22.4 0.32 ± 0.08
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Other factors such as coverage, arrangement, and ratio of the functional 
groups also affect the mechanical property of GO. Zheng et  al. [52] studied the 
mechanical properties of graphene with different functional groups, such as –OH 
and –COOH and pointed out that Young’s modulus of the functionalized graphene 
reduces dramatically with increasing coverage of surface functional groups, as 
shown in Fig.  3.9a. Meanwhile, the type of functional group will influence the 
Young’s modulus, also shown in Fig. 3.9a. However, the molecular weight of the 
functional groups plays a minor role in determining Young’s modulus, as illus-
trated in Fig. 3.9b.

Using first-principles calculations and the previously proposed structural 
models [33], Liu et  al. [53] systematically investigated the effects of coverage, 
arrangement (ordered or amorphous) and OH:O ratio of the functional groups 
on the mechanical property of GO. The Young’s modulus and intrinsic strength 
of GO mainly depend on the coverage and arrangement of the epoxide and 
hydroxyl groups, both of which decrease with increasing the coverage, as shown 
in Fig. 3.9c. This is consistent of Zheng’s reports [52]. Meanwhile, GO systems 
with orderly arranged functional groups has larger Young’s modulus and intrin-
sic strength than those of the randomly arranged ones. At certain coverage, the 
Young’s modulus of GO only slightly fluctuates with the OH:O ratio, as shown in 
Fig. 3.9d. This is because once the coverage is fixed, change of OH:O ratio only 
slightly varies the molecular weight of the whole functional groups. As reported 
by Zheng et al. [52], the molecular weight of the functional groups plays a minor 
role in determining Young’s modulus. Therefore, the theoretical finding coincides 
with the experimental observation. Indeed, the main factor contributing to this 
result is that change of OH:O will lead to variation of thickness of GO. Table 3.2 
gives the Young’s modulus and intrinsic strength of GO with different coverages 
and arrangements of the functional groups.

Fig. 3.8   a Young’s modulus of the RGO; b relationship between the Eeff and l2/w for different 
RGO monolayer samples. Reprinted with permission from Ref. [50]. Copyright (2008) American 
Chemical Society. c Histogram of the effective Young’s modulus and two-dimensional elastic 
constant (E2D) of GO sheets with 1-, 2-, 3-layer thickness. The solid lines represent Gaussian 
fits to the data. Reprinted with permission from Ref. [51]. Copyright (2010) American Chemical 
Society

3.2  Physical Properties



44 3  Structural Modeling and Physical Properties

Fig. 3.9   a Young’s modulus as a function of R for –CH2–O–OH, –C3H7, and –COOH function-
alized graphene sheet; b effect of the molecular weight of functional groups on Young’s modulus 
of graphene sheet (R =  7.5  %) and the corresponding binding energy between the functional 
groups and graphene sheet. Reprinted with permission from Ref. [52]. Copyright (2010) Elsevier 
Ltd. c Young’s modulus as a function of R for both ordered and amorphous GO structures. The 
scaled values for perfect graphene sheet by assuming a vdW distance of 7 Å (filled square) are 
given for reference. d Relationship between Young’s modulus and OH/O ratio for the amorphous 
GO structures with R = 50 %. The dashed lines bracket the range of Young’s modulus. Reprinted 
with permission from Ref. [53]. Copyright (2012) The Royal Society of Chemistry

Notice that the E and σ for the case of R = 0 % are the scaled values of graphene with a vdW 
distance of 7 Å. Reprinted with permission from Ref. [53]. Copyright (2012) The Royal Society 
of Chemistry

Table 3.2   The Young’s modulus (E) and intrinsic strength (σ) of GO with OH:O = 2 but different 
coverage (R) and arrangements (ordered or amorphous) of the functional groups

R (%) E (GPa) σ (GPa)

Ordered GO Amorphous GO Ordered GO Amorphous GO

0 495.0 495.0 47.8 47.8

10 468.6 430.9 46.3 40.9

20 453.6 395.3 44.4 37.5

40 420.9 367.4 40.0 33.1

50 407.7 324.7 38.6 27.9
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3.2.3 � Electronic Properties

The experimentally fabricated GO samples are usually insulating. Typically, GO 
has a sheet resistance of ~1010 Ω  sq−1 or higher due to large population of sp3 
hybridized carbons bonded with the oxygen-containing groups [54–57]. However, 
the sheet resistance can be lowered by reduction of GO. Gilje et al. [54] reported 
that the measured sheet resistance of the GO film of ~4 ×  1010 Ω  sq−1 and the 
RGO value of ~4 × 106 Ω  sq−1. Using the vacuum filtration method, Eda et al. 
[55, 56] was able to achieve uniform thin films with a controllable number of 
GO layers over large areas. For the hydrazine-treated GO thin films, the sheet 
resistance is nearly independent of the filtration volume except at very high val-
ues (>300 ml). However, after annealing at 200  °C in nitrogen (or vacuum), the 
sheet resistance dramatically decreases with the filtration volume reduces from 
~1011 to ~105 Ω  sq−1, as shown in Fig. 3.10a. Becerril et  al. [57] characterized 
the sheet resistance and optical transparency of GO thin films obtained using dif-
ferent reduction treatments. Compared with the non-reduced GO, both chemical 

3.2  Physical Properties

Fig. 3.10   a Sheet resistance at λ = 550 nm as a function of filtration volume for RGO films. 
Reprinted with permission from Ref. [55]. Copyright (2008) Nature Publishing Group. b Sheet 
resistance of GO undergoing different reduction treatments. Reprinted with permission from Ref. 
[57]. Copyright (2008) American Chemical Society. c Resistance as a function of temperature for 
the as-made graphene (green), graphene annealed at 800 °C with a titanium/gold contact (black) 
and with a palladium contact (blue), and GO annealed at 800 °C (red). Reprinted with permis-
sion from Ref. [58]. Copyright (2008) Nature Publishing Group. Electric conductivity of GO 
as a function of residual oxygen and sp2 fraction (d), reduction time (e), and temperature (f). 
Reprinted with permission from Ref. [59]. Copyright (2009) WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim
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and thermal reduction treatments will decrease the sheet resistance, as shown in 
Fig. 3.10b, where a thermal graphitization procedure was most effective, produc-
ing films with sheet resistances as low as 102‒103 Ω sq−1 with 80 % transmittance 
for 550 nm light. In addition, the resistance of RGO sheets is closely related to the 
annealing temperature [58], as shown in Fig. 3.10c.

As inverse of the resistance, the electric conductivity is an important parameter 
to characterize the electronic properties of GO sheets. As shown by Becerril et al. 
[57], the conductivity of GO film increases during reduction. Mattevi et  al. [59] 
studied the role of residual oxygen and the sp2 bonding fraction on the conductiv-
ity of GO. As the GO is gradually reduced, the oxygen concentration decreases due 
to removal of functional groups, but the fraction of sp2 carbon increases, which 
further leads to an enhanced conductivity, as shown in Fig. 3.10d. Moreover, the 
electric conductivity also depends on reduction time and temperature [59]. As the 
reduction time and temperature increases, conductivity of GO increases accord-
ingly and finally reaches a saturated value, as shown in Fig. 3.10e, f.

The electronic band gap of GO sheets can be also tuned by change of oxi-
dation degree [60]. Guo et  al. [61] demonstrated that through reduced by fem-
tosecond laser pulses, oxygen contents of GO in the reduced region could be 
modulated by varying the laser power. In fact, the band gap of reduced GO was 
precisely modulated from 2.4 to 0.9 eV by tuning the femtosecond laser power 
from 0 to 23 mW, as shown in Fig. 3.11a. On the other hand, Ito et al. [62] stud-
ied the GO with only epoxide groups using first-principles calculations. They 
found that as O/C ratio increase from 0 to 50 %, the band gap increases signifi-
cantly from 0 to 3.39  eV. Then, Nourbakhsh et  al. [63] further confirmed such 
trend of band gap increase with O/C ratio. For perfect graphene (C18), the cal-
culated band structure shows a linear band intersecting at Fermi energy without 
band gap. However, after adsorbing the oxygen (C18O2 configuration), a band 
gap of 0.2  eV appears. Further increase in the oxygen density (27.8  % with a 
configuration C18O5) results in a band gap of 1.4 eV. For an oxygen density as 
high as 50  % (C18O9), the band gap raises to 3.6  eV. Both Ito et  al. [62] and 
Nourbakhsh et al. [63] show a monotonic increase of the band gap with the oxy-
gen density. However, a detailed study carried out by Huang et al. [64] suggested 
that the band gap of doesn’t increase monotonically with the oxygen density, as 
shown in Fig.  3.11b. In addition, Xiang et  al. [27] pointed out that for the GO 
with only epoxide groups, different edge structures exhibit different electronic 
structures. For GO with an armchair edge between bare graphene and the oxi-
dized phase, there is a band gap opening, as shown in Fig.  3.11c. In contrast, 
for GO with a zigzag edge between bare graphene and the oxidized phase, it is 
metallic, as presented in Fig. 3.11d.

Theoretically, band gap of GO with both the epoxide and hydroxyl groups has 
also been considered. The same tendency of band gap variation with the propor-
tion of oxygen-containing groups was found. Analysis of electron density of states 
(DOS) for GO shows that the energy gap decreases from 2.8 to 1.8 eV as the cov-
erage of functional groups drops from 75 to 50 % [19]. Employing the LDA cal-
culation, Yan et  al. [21, 22] indicated that band gap of the GO can be tuned in 
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a large range of 0–4.0 eV by varying the coverage of oxygen-containing groups. 
This result is also supported by Liu et al.’s calculations [33]. For both the ordered 
and amorphous GO structures, the band gap increases with the coverage of func-
tional groups. As shown in Fig. 3.12a, the band gaps between the conduction band 
minimum (CBM) and valence band maximum (VBM) of the ordered GO struc-
tures with R = 20, 40, and 50 % are 1.22, 1.92 and 2.06 eV, respectively, show-
ing a clear increase with coverage. Although there are some defect states near the 
Fermi energy for the amorphous GO structures, their band gaps also show an over-
all rising trend with the coverage, as shown in Fig. 3.12b. Since the defect-induced 
states are almost localized and hardly contribute to the electric conductivity, band 
gaps of amorphous GO structures with R =  20, 40, and 50 % could be counted 
as 0.53, 0.80 and 1.77  eV, respectively by ignoring the defect-induced states. In 
addition, the electronic property of GO can be affected by the OH:O ratio. As the 
OH:O ratio increases, the band gap increases accordingly due to enhanced degree 
of sp3 hybridization [33].

Fig. 3.11   a Dependence of band gap on the reduction laser power. Reprinted with permission 
from Ref. [61]. Copyright (2012) American Chemical Society. b Band gap of the RGO versus 
O/C ratio. Reprinted with permission from Ref. [64]. Copyright (2012) AIP Publishing LLC. 
c Structure of GO with an armchair edge between bare graphene and the oxidized phase and 
its band structure; d structure of GO with a zigzag edge between bare graphene and the oxi-
dized phase and its band structure. Reprinted with permission from Ref. [27]. Copyright (2010) 
American Physical Society

3.2  Physical Properties
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Particularly, GO exhibits significant electromechanical effect [53]. As the GO 
is uniaxially elongated, C–O hybridization becomes weaker and more electrons 
are released, resulting in a reduction of band gap, as shown in Fig. 3.12c. For an 
ordered GO with coverage of 50 % and OH:O = 2.00, the band gap shrinks from 
1.41 to 0.61 eV with a reduction extent of ~57 % under a tensile strain from 0 to 
10 %. For an amorphous GO with the same stoichiometry, when it is undergoing 
a tensile strain from 0 to 8 %, the band gap shrinks from 1.03 to 0.78 eV with a 
reduction extent of ~24 %.

3.2.4 � Optical Properties

Generally, GO monolayer is transparent with high optical transmittance in the 
visible spectrum region due to the atomically thin nature [65]. The GO films 
made from 0.5  mg/ml suspensions have an optical transmittance value of 96  % 
at a wavelength of 550 nm [66]. Moreover, the optical transmittance of GO films 
can be continuously tuned by varying the film thickness or the extent of reduc-
tion. It was reported that reduced thin GO films (with a thickness less than 30 nm) 
is semitransparent [67], while the atomically thin GO can be highly transpar-
ent [65, 66]. Becerril et  al. [57] studied the effect of thickness on the transmit-
tance in detail. As shown in Fig. 3.13a, when the thickness of GO films decreases 
from 41 to 6 nm, the optical transmittance increases clearly from ~20 to ~90 %. 
Besides, reduction of GO will decrease the optical transmittance [55, 57, 59]. The 
non-reduced GO of 9  nm thickness has a transmittance of ~98  %, but RGO of 
6 nm thickness has a lower value of ~90 % (see Fig. 3.13a). Meanwhile, as the 
sheet resistance of RGO increases, its transmittance at λ = 550 nm rises dramati-
cally at the early stage (with the sheet resistance less than 107 Ω sq−1) and then 
gradually reach a maximum value when the sheet resistance further increases [56]. 

Fig. 3.12   DOS of the ordered (a) and amorphous (b) GO as a function of coverage R. Reprinted 
with permission from Ref. [33]. Copyright (2011) Elsevier Ltd. b Band structures and orbital 
variation of the ordered GO under tensile strain with OH/O =  2.00 and R =  50 %. Reprinted 
with permission from Ref. [53]. Copyright (2012) The Royal Society of Chemistry
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As shown in Fig. 3.13b, the corresponding transmittances as a function of the fil-
tration volume at λ = 550 nm for the as-deposited GO, chemically reduced GO 
and chemically reduced and annealed GO are plotted [55]. It can be seen that the 
chemically reduced and annealed GO leads to a decrease in the transparency of 
thin films that is lower than that for reduced and non-annealed GO. Similarly, as 
shown in Fig.  3.13c, d, a long-time chemical reduction and a high-temperature 
thermal annealing of GO cause a progressive decrease in transparency of the thin 
films, reaching a saturation value of ~85 %.

The effect of reduction on the transmittance can be ascribed to the increased 
concentration of π electrons. This is supported by the UV–vis–IR spectroscopy 
study carried out by Li et al. [68]. From Fig. 1.13e it can be noticed that as the 
reduction time increases, absorption peak of the GO dispersion at 231 nm gradu-
ally red shifts to 270 nm and the absorption region increases with reaction time, 
suggesting that the electronic conjugation within the graphene sheets is restored 
upon hydrazine reduction. Since reduction of GO will increase the proportion of 
sp2 carbon due to removal of functional groups, it can be inferred that the optical 

Fig. 3.13   a Optical transmittance spectra of the GO films in with different film thickness. Reprinted 
with permission from Ref. [57]. Copyright (2008) American Chemical Society. b Transmittance at 
λ = 550 nm as a function of filtration volume for RGO films with different reduction steps. Reprinted 
with permission from Ref. [55]. Copyright (2008) Nature Publishing Group. Transmittance at 
λ = 550 nm as functions of reduction time (b) and temperature (c). Reprinted with permission from 
Ref. [59]. Copyright (2009) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. e UV-vis absorp-
tion spectra showing the change of the absorption peak of GO dispersions as a function of reaction 
time. Reprinted with permission from Ref. [68]. Copyright (2008) Nature Publishing Group
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absorption of GO is dominated by π–π* transitions, which typically give rise to 
an absorption peak between 225 and 275  nm (4.5–5.5  eV) [67]. The absorption 
peak near 230 nm is featured by the π–π* plasmon and a shoulder around 300 nm 
is often attributed to n–π* transitions of C=O.

Employing DFT calculations, Johari and Shenoy [69] investigated the effects 
of different functional groups on the optical properties of GO structures. As pre-
sented in Table  3.3, a series of GO structures with different coverage and func-
tional groups (epoxy, hydroxyl, and carbonyl) are constructed and studied. 
As shown in Fig.  3.14, according to the calculated electron energy loss spec-
tra (EELS), the concentration of epoxy and hydroxyl functional groups varies 
from 25 to 75 %, and the π + σ plasmon peak shows a clear blue shift of about 
1.0‒3.0 eV. The π plasmon peak is less sensitive to the concentration of epoxy and 
hydroxyl functional groups and exhibits a blue shift of ~0.4 eV. Different from the 
effect of epoxy and hydroxyl functional groups, increase of the carbonyl groups 
in the center of graphene sheet will create holes, which lead to a red shift of the 
EELS. In the case of 37.5  % of oxygen-to-carbon ratio, the π plasmon peak is 
about 4.0  eV, which is red shift of 0.8  eV compared to that of the pristine gra-
phene (4.8 eV). Then, through a controllable stepwise reduction of GO at room-
temperature, Mathkar et al. [70] suggested that during reduction, the optical gap 
of GO can be tuned from 3.5  eV down to 1.0  eV with a concurrent increase of 
C/O ratio. Meanwhile, they are also able to identify reduction of functional groups 
by analyzing signature IR absorption frequencies. Carbonyl group is the first to 
be reduced, while the tertiary alcohol takes the longest time to be completely 
removed from the GO surface.

Another important optical property of GO is its intrinsic fluorescence in the 
near-infrared (NIR), visible and ultraviolet regions [65, 71–74], which is the most 
notable difference from graphene since there is no fluorescence in graphene due 
to absence of an energy gap [75]. As shown in Fig. 3.15a, fluorescence measure-
ments in the visible range of the nano-GO (NGO) with a dimensional size down 
to 10 nm demonstrates that the NGO has an emission peak at ~570 nm at 400 nm 
excitation [76]. When the NGO was bonded with 6-arm branched PEG molecules 
(NGO-PEG), the emission peak was blue-shifted to ~520  nm, which might be 
ascribed to the nanosize and change of the functional groups of the NGO under 
reduction. Besides, photoluminescence of both NGO and NGO-PEG in the IR and 
NIR regions was also discovered, as shown in Figs. 3.15b, c. Similarly, Luo et al. 
[72] also reported broadband visible photoluminescence of GO, which can be 
further modified by progressive chemical reduction, as shown in Fig. 3.15d. The 
broad photoluminescence indicates a dispersion of gaps, which may arise from 
bond alternation within the GO plane giving rise to intervalley scattering. In this 
case, a “Kekule pattern” emerges in the electronic potential, providing a spatially 
modulated intervalley gap parameter.

Furthermore, weak blue to ultraviolet fluorescence was observed in the as- 
synthesized GO thin films (centered around 390  nm) and solutions (centered 
around 440 nm) under ultraviolet radiation [73, 77, 78], as shown in Fig. 3.15e. 
By appropriately controlling the concentration of isolated sp2 clusters through 
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reduction treatment, the photoluminescence intensity can be increased by a factor 
of ten compared to the as-synthesized GO films [73]. Similar blue fluorescence 
was also observed in water-soluble GO fragments produced by ionic-liquid-
assisted electrochemical exfoliation of graphite [79], as shown in Fig. 3.15f. Both 

Fig.  3.14   EELS of GO with epoxy (left), epoxy and hydroxyl (center), and carbonyl (right) 
functional groups. The label number of each structure corresponds to the one listed in Table 3.3. 
Reprinted with permission from Ref. [69]. Copyright (2011) American Chemical Society

Fig. 3.15   a Fluorescence of GO (black curve) and NGO-PEG (red curve) in the visible range 
under an excitation of 400  nm. Photoluminescence excitation spectra of GO (b) and NGO-
PEG (c) with 0.31  mg/mL graphitic carbon in the IR region. Reprinted with permission from 
Ref. [76]. Copyright (2008) Tsinghua Press and Springer-Verlag GmbH. d Normalized photo-
luminescence excitation-emission maps for solid GO taken in transmission during hydrazine 
vapor exposure of different time. Reprinted with permission from Ref. [72]. Copyright (2009) 
AIP Publishing LLC. e Fluorescence spectra of a GO thin-film excited at 325  nm after expo-
sure to hydrazine vapour for different periods of time. Reprinted with permission from Ref. [73]. 
Copyright (2010) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. f Blue fluorescence for 
supernatant solution of nanosized GO. Reprinted with permission from Ref. [79]. Copyright 
(2009) American Chemical Society
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the disordered geometries and the electronic structures of GO indicate that fluo-
rescence in GO arises from recombination of electron-hole pairs in localized the 
electronic states originating from various possible configurations, rather than from 
band-edge transitions as in the case of typical semiconductors.

In addition, GO shows interesting nonlinear optical (NLO) properties [80–84]. 
In 2009, Liu et al. [80] studied the NLO properties of GO at 532 nm using nano-
second and picosecond pulses. As measured by the Z-scan technique, two-photon 
absorption dominates nonlinear absorption process of GO in the case of picosec-
ond pulse, while GO exhibits excited state adsorption in the case of nanosecond 
pulse. Besides, the NLO properties of GO are distinctly different from single-wall 
carbon nanotube (SWCNT) and fullerene, especially in the case of picosecond 
pulse, as shown in Fig. 3.16a, b. Limiting action of the SWCNT is strongest in the 
nanosecond time scale but is poorest in picosecond regime because strong non-
linear scattering occurs in the nanosecond regime. C60 shows strong excited state 
adsorption for both the nanosecond and picosecond pulses since it has large singlet 
and triplet excited states cross sections.

Fig.  3.16   Open aperture Z-scan curves of GO, SWCNT in DMF (N,N-Dimethylformamide), 
and C60 in toluene for nanosecond pulses (a) and picosecond pulses (b). Reprinted with per-
mission from Ref. [80]. Copyright (2009) AIP Publishing LLC. c Nonlinear absorbance of 
GO where red line is for pristine GO, and green, blue, and red lines are for GO hydrother-
mally treated at 120, 150, and 180 °C, respectively. Reprinted with permission from Ref. [81]. 
Copyright (2009) American Chemical Society. d The plot of absorption value at 400 nm versus 
concentration for GO and GO-Fe3O4 in water. Solid lines are linear fits. Reprinted with permis-
sion from Ref. [83]. Copyright (2011) IOP Publishing Ltd. e Open-aperture Z-scans for GO and 
GO/triangular Pd composites where the dots are experimental results, and the solid lines are 
fitted curves. f Typical nonlinear scattering results for GO and GO/triangular Pd composites at 
532  nm. The energy detector was located 45° from the axis. Reprinted with permission from  
Ref. [84]. Copyright (2014) Elsevier B.V.
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Zhou et al. [81] indicated that the NOL behavior of RGO depends on the hydro-
thermal treatment temperature as well as whether pulsed or continuous laser is 
used. As shown in Fig. 3.16c, as the hydrothermal treatment temperature increases, 
the absorbance increases significantly, which demonstrates that the hydrothermal 
treatment can create significant variation in electronic and optical properties of GO.

Similar to the mechanical properties, the NLO properties of GO can be also 
enhanced by compositing. For example, Zhu et al. [82] suggested that at the same level 
of linear extinction coefficient, GO functionalized with zinc phthalocyanine (PcZn) 
exhibits much larger NOL extinction coefficients and broadband optical limiting per-
formance than GO at both 532 and 1,064 nm, indicating a remarkable accumulation 
effect as a result of the covalent link between GO and PcZn. Beside, Fe3O4 decorated 
GO also shows enhanced NLO properties with higher absorption value at 400  nm 
than that of the pristine GO in the same concentration in water [83], as presented in 
Fig.  3.16d. Through compositing GO with triangular Pd nanocrystals, Zheng et  al. 
[84] reported that the optical limiting was significantly enhanced in GO/triangular Pd 
composites compared with the individual counterparts, as investigated using the open 
aperture Z-scan technique at 532 nm. The enhance NOL properties can be attributed to 
the addition nonlinear scattering effects due to compositing.
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Abstract  The electronic properties of GO and RGO thin films can be tuned by 
varying the coverage of functional groups, chemical composition, film thickness 
and morphology, and average flake size. By appropriately tuning the deposition 
and reduction parameters, the GO/RGO films can be made insulating, semicon-
ducting, or semimetallic. The tunable and controllable electronic properties of GO 
films enable their promising applications in electronic devices. The transparent 
and conducting properties of RGO can be also utilized in transparent conductors. 
Moreover, the excellent mechanical properties of GO films are useful for flexible 
electronic materials. On the other hand, as discussed in Chap.  3, GO processes 
outstanding optical properties. The intrinsic fluorescence of GO in wide regions 
leads to applications as optical sensing and detecting. The nonlinear optical prop-
erties of GO can be utilized for optical-limiting materials and saturable absorb-
ers. Finally, existence of functional groups also brings about excellent behavior in 
surface enhanced Raman scattering (SERS) of GO.

4.1 � GO for Electronics

4.1.1 � Transparent Conductors

Due to the atomically thin layered structure, RGO is highly transparent in the 
visible spectrum. Moreover, highly reduced GO can be a semimetal with elec-
tronic states similar to the disordered graphene [1, 2], which shows weak changes 
in electrical conductance with gate voltage of the field-effect devices (ON/OFF 
ratio < 10) [3]. As a result, RGO could be potential candidate for transparent con-
ductor applications as a replacement for indium tin oxide (ITO) in devices, such 
as organic solar cells [4, 5], organic light-emitting diodes [6] and displays [7]. It 
was reported that the lowest sheet resistance of RGO at transmittance of 80 % is 
about 1 kΩ/square, well above that of ITO and CVD graphene [3]. Becerril et al. 
[8] indicated that the produced RGO films exhibit sheet resistances as low as 
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102‒103 Ω/square with 80 % transmittance for 550 nm light. However, increase of 
the RGO film thickness will lower the optical transmittance, as shown in Fig. 4.1a. 
Then, Ning et al. [9] developed a simple fast room-temperature reduction strategy 
to convert GO films into transparent and conductive RGO films, which exhibit 
sheet resistances of 6.7–17.3 kΩ/square and transparencies of 75–81 % at 550 nm. 
Besides, through embedding silver nanowire (AgNW) into RGO films, the obtained 
AgNW/RGO transparent conducting electrodes show a sheet resistance as low as 
27 Ω/square with transparency of 72 % at 550 nm [10]. Moreover, Wang et al. [11] 
demonstrated that the conducting properties of RGO thin films can be improved 
by optimizing the thickness and reducing at high temperatures. For RGO prepared 
by 1,100 °C thermal treatment with a thickness of 10.1 ± 0.76 nm, the calculated 
average conductivity is about 550  S/cm. When the film thickness is enlarged to 
29.9 ±  1.1 nm, the conductivity of RGO film increases to 727 S/cm. At a given 
film thickness of ~10 nm, increase of film conductivity was observed with raising 
the heating temperatures from 550 to 1,100 °C.

Fig. 4.1   a Photograph of an unreduced GO (leftmost) and a series of high-temperature reduced GO 
films with increased thickness. Black scale bar is 1 cm. Reprinted with permission from Ref. [8].  
Copyright (2008) American Chemical Society. b Summarization of transmittance at wavelength 
of 550 nm as a function of sheet resistance of RGO films with different reduction and thickness 
reported previously. Reprinted with permission from Ref. [3]. Copyright (2010) Nature Publishing 
Group
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So far, a range of transmittance and sheet resistance values obtained from 
various methods have been reported [12], including oxidation, exfoliation, disper-
sion, and deposition procedures, as summarized in Fig. 4.1b. With the reduction of 
GO and decrease of the overall film thickness, the transmittance and sheet resist-
ance increase. Generally, efficient reduction of GO is the key to achieving highly 
conductive films, while optimizing the thickness of deposit films allows high opti-
cal transparencies. Currently, the highest degree of reduction is achieved via pyrol-
ysis at 1,100 °C, yielding films with the best properties [12]. Moreover, the sheet 
resistance at transmittance of 90  % as low as few kΩ/square has been obtained 
with high temperature pyrolysis. Such sheet resistance values are approximately 
one order of magnitude higher than those achieved with single-walled carbon 
nanotube (SWCNT) thin films [13].

4.1.2 � Field-Effect Devices

It is well known that graphene possesses excellent field emission properties and 
its field-effect mobility is one order of magnitude higher than that of Si [14]. 
However, the field-emission devices based on pristine graphene have relatively 
low ION/IOFF ratios (e.g., 100 [15]) because of the finite minimum conductance of 
graphene at zero gate voltage. Therefore, several strategies have been developed to 
induce and control an electronic gap in graphene for shutting off the current, e.g., 
constricting its lateral dimensions to generate quasi-one-dimensional graphene 
nanoribbons [16–18].

Due to the unique band structure, the carriers in graphene are bipolar, that is, 
the electrons and holes that can be continuously tuned by a gate electrical field 
[15]. The bipolar feature of graphene makes its carrier type and concentration 
sensitive to doping. GO, the oxygen-groups functionalized graphene, therefore 
should improve the field emission performance of the graphene. Exceptionally low 
threshold field emission from atomically thin edges of RGO was reported [19]. 
The average threshold field required to emit currents of 1 nA was found to be less 
than 0.1 V/μm. Such low threshold field can be attributed to the combination of 
large enhancement factor and lower local work function at the edge. The edges 
provides an array of emission sites in the form of low work function C–O‒C ether 
chains from which multiple electron beams are simultaneously emitted. Therefore, 
the enhanced field emission characteristics are attributed to the termination of 
straight edges by cyclic ether, which constitutes the most stable form of oxygen in 
RGO.

The excellent field emission properties of GO implies its promising prospect 
in field-effect transistors (FETs). Using chemically reduced GO (CRGO) sheets, 
Joung et  al. [20] fabricated FETs where the CRGO sheets suspended in water 
are assembled between prefabricated gold source and drain electrodes using 
ac dielectrophoresis. When applying a backgate voltage, 60  % of the devices 
show p-type FET behavior, while the remaining 40 % show ambipolar behavior.  

4.1  GO for Electronics
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After mild thermal annealing at 200  °C, all ambipolar RGO FET remain ambi-
polar with increased hole and electron mobilities, while 60 % of the p-type RGO 
devices are transformed to ambipolar. The maximum hole and electron mobilities 
of the devices are 4.0 and 1.5 cm2 V‒1 s‒1, respectively.

Moreover, GO can be further used to construct organic FET [21]. As shown in 
Fig. 4.2a, the GO-based organic FET are fabricated on thermally grown 110 nm 
thick SiO2 substrate using heavily doped n-type Si as the gate electrode. The GO 
nanosheets are then well-dispersed on SiO2 substrate as a charge-trapping layer, 
which is spin-coated at 3,000  rpm for 40 s. In the following, poly(methyl meth-
acrylate) (PMMA) is dissolved in toluene at a concentration of 10 mg/ml, spin-
coated at 3,000 rpm for 40 s, and annealed on a hotplate at 120 °C for 15 min in a 
nitrogen-filled glove box, which is used as a charge-tunneling layer. Finally, 50 nm 
thick gold source and drain electrodes are deposited with a shadow mask by ther-
mal evaporation at a pressure of ~10−7 Torr. Figure 4.2b plots the transfer curves 
of the prepared GO-based organic FETs, which displays large gate bias dependent 
hysteresis with threshold voltage shifts over 20 V. After writing and erasing, the 
stored data are well maintained with ON/OFF ratio in the order of 102 for 104 s, as 
shown in Fig. 4.2c.

Fig.  4.2   a Device schematics of GO nanosheets based GO-based organic FET with n++ 
Si/SiO2/GO nanosheets/PMMA/pentacene/Au source-drain stacks. b Transfer curve characteris-
tics (Ids vs. Vgs) of GO-based organic FET, according to the different writing (Vgs = 80 V)/eras-
ing (Vgs = −30 V) biases at drain bias (Vds) of −20 V. c Retention characteristics of GO-based 
organic FET. After writing or erasing process, drain current (Ids) was read for 104 s at drain bias 
(Vds) of −20 V and gate bias (Vgs) of 0 V condition. Reprinted with permission from Ref. [21]. 
Copyright (2010) AIP Publishing LLC
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The adjustable thickness of GO film also enables its application in the thin film 
transistors. Using a solution-based method, Eda et  al. [22] were able to deposit 
RGO thin films with monolayer to several-layer thicknesses over large sub-
strates. The single-layer RGO films exhibit graphene-like ambipolar transistor 
characteristics, whereas thicker films behave as graphite-like semimetals. Then, 
by depositing and reducing GO on p-Si substrates with 300  nm oxide layer as 
the gate electrode, they fabricated a bottom-gated thin-film transistor, as shown 
in Fig. 4.3a. The source and drain electrodes are individually deposited with gold 
with channel lengths of 21 and 210 mm. The transfer characteristics as a function 
of temperature for the 20 and 80 ml RGO thin films are depicted in Fig. 4.3b, c, 
where the low-temperature measurements exhibit ambipolar characteristics, com-
parable to that of graphene. For the ambient characteristics, the hole and electron 
mobilities of the devices are ~1 and ~0.2 cm2 V‒1  s‒1, respectively. Afterwards, 
Eda and Chhowalla designed a RGO-composite thin-film transistor using RGO as 
the filler and polystyrene (PS) as the host [23], as shown in Fig. 4.3d. The transis-
tor exhibits ambipolar field effect characteristics (Fig. 4.3e), suggesting transport 
via percolation among RGO in the insulating PS matrix. The ambipolar character-
istics are comparable to those of RGO films. Hence the influence of PS in charge 
conduction and gate capacitance is minor. Unlike RGO films, the composite 

Fig. 4.3   a Optical micrograph of the GO thin-film transistor; source–drain current as a function 
of gate voltage for 20 ml (b) and 80 ml (c) films measured at different temperatures. Reprinted 
with permission from Ref. [22]. Copyright (2008) Nature Publishing Group. d Schematic of 
RGO-PS composite thin-film transistor; e transfer characteristics at various temperatures in 
log scale (Vsd =  1 V). Reprinted with permission from Ref. [23]. Copyright (2009) American 
Chemical Society

4.1  GO for Electronics
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devices are only weakly sensitive to unintentional ambient doping, demonstrat-
ing that the majority of RGO responsible for the carrier transport are embedded 
within the PS. Therefore, the insulating PS matrix provides structural integrity 
and air stability while minimally interfering with the electrical properties of the 
RGO network [12].

In addition, GO-based composites are anticipated to function as efficient field 
emitters. By putting GO sheets on Ni nanotip arrays, high density of sharp pro-
trusions within the sheets can be produced, which further lead to efficient and 
stable field emission with low turn-on fields [24]. The field enhancement occur-
ring at protrusions in these GO sheets results in a turn-on electric field of only 
5 × 105 V/m at 1 μA emission current. Moreover, the emission current density can 
reach 1 mA/cm2 at 106 V/m, which is critical for practically viable field emission 
applications. On the other hand, Eda et al. [25] reported improved field enhance-
ment of the RGO-PS composites due to atomically sharp edges. Measurement of 
the field-emission characteristics at different spin-coating speeds shows that the 
threshold field required to drive a current density of 10‒8 A cm‒2 is significantly 
lower for the 600 rpm sample (~4 V μm‒1) in comparison to the 2,000 rpm sam-
ple (~11 V μm‒1). The much lower threshold field for electron emission in the 
600 rpm sample suggests significantly higher field enhancement factor.

4.1.3 � Flexible Electronic Materials

Flexible electronics is an emerging and promising technology for next-generation, 
high-performance portable electronic devices [26]. The advance of flexible elec-
tronics demands the development of thin, lightweight, and flexible electrode mate-
rials. In 2008, Eda et  al. [22] reported a solution-based method for uniform and 
controllable deposition of RGO thin films with thicknesses ranging from one to 
several layers. The RGO films are very mechanical flexible, see Fig.  4.4a. The 
sheet resistance value of RGO can be down to 43 kΩ/square and the hole and elec-
tron mobilities can reach ~1 and ~0.2  cm2 V‒1  s‒1, respectively. Therefore, the 
RGO thin films can be used for flexible electronic materials.

Lee et  al. [27] were able to integrate GO platelets by self-assembling into 
mechanically flexible, macroporous three-dimensional (3-D) carbon films with 
tunable porous morphologies. Meanwhile, the electrical properties of GO can be 
significantly enhanced through pyrolysis or nitrogen doping process, as indicated 
from the I-V curves in Fig. 4.4b). During the pyrolysis of grafted polymers, the 
surface resistance of the macroporous RGO film reduces to ~128.2 Ω. Nitrogen 
doping will further decrease the sheet resistances to 13.4 Ω, corresponding to an 
electrical conductivity of 649 S/cm where the film thickness is 1.15 μm.

Jeong et al. [28] constructed a nonvolatile flexible memory device on the basis 
of GO thin film. The device has a trilayer cross-point structure composed of Al/
GO film/Al sheets deposited on flexible polyethersulfone (PES) substrate. This 
flexible memory device shows reliable and reproducible bipolar resistive switching 
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with an ON/OFF ratio of ~100 and a switching voltage of ~2.5 V. Both ON and 
OFF states are stable for more than 105  s after removal of the external voltage 
stimulus. The memory performance can be retained over ~100 cycles without 
degradation.

In addition, some all-GO-based flexible electronic devices have been fabri-
cated. He et  al. [29] fabricated the all-RGO thin film flexible transistors. The 
transistor consists of solution-processed RGO electrodes and a micropatterned 
RGO channel. Bending test shows that the all-RGO-based transistor is very flex-
ible. Its resistance only degrades by ~1 % after the initial 200 time bending cycles 
and then becomes very stable without obvious resistance change even up to 5,000 
bending cycles at the bend radius of 4 mm. The initial resistance drops may origi-
nate from the rearrangement of RGO sheets, which in turn enhances the intimate 
stacking of RGO layers. Such all-RGO-based devices exhibit good performance 
with ON/OFF ratio of 3.8 and Dirac point of +0.4 V in the electrolyte-gating. 
Moreover, the all-RGO transistor shows good sensitivity and selectivity, which can 
be used to detect protein (fibronectin) as low as 0.5 nM.

Liu et al. [30] also reported a nonvolatile memory device completely com-
posed of all-RGO films. In the device, both the top and bottom electrodes are 
made of highly reduced GO films obtained by the high-temperature annealing 
of GO, whereas the active material is made of lightly reduced GO obtained 
by low-temperature annealing and then light irradiation of GO, as shown in 
Fig.  4.5a, b, respectively. The fabricated diode shows the electrical bistabil-
ity and nonvolatile memory effect with a current ON/OFF ratio of 102. The 
memory device exhibits strong retention ability with a retention time as long 
as 103  s under ambient conditions and its ON/OFF ratio shows no significant 
variation. In particular, this all-RGO-based memory exhibits excellent flexibly 
with desirable long life time under retention and bending tests, as shown in 

Fig.  4.4   a Photograph of transparent GO thin films on plastic substrates. Reprinted with per-
mission from Ref. [22]. Copyright (2008) Nature Publishing Group. b I-V curves of GO and 
macroporous RGO films before and after thermal treatment. Reprinted with permission from  
Ref. [27]. Copyright (2010) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

4.1  GO for Electronics
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Fig.  4.5c. After repetitive bending and relaxing of this device at a voltage of 
2 V with a tensile strain of about 2.9 %, there is no noticeable electrical deg-
radation in both the ON and OFF states up to 1,000 iterations (see Fig. 4.5d), 
which indicates a high mechanical endurance of the fabricated device. The 
high flexibility of the device has been mainly attributed to three factors: (1) the 
thermal insensitivity of lightly reduced GO at ambient conditions, (2) the elec-
trical stability of flexible highly reduced GO electrode, (3) the compact contact 
between highly reduced GO (hrGO) and lightly reduced GO (lrGO). The ther-
mal insensitivity of lightly reduced GO is originated from the low-temperature 
annealing, which can partially remove the oxygen-containing groups of GO 
and make the obtained GO less hydrophilic, resulting in enhanced film strength 
and better contact with the top and bottom electrodes. The electrical stabil-
ity of RGO film is due to its graphene-like properties since graphene film can 
keep its resistance stable in both the longitude and transverse direction under 
stretching of up to 11 % [31]. Furthermore, the strong π‒π interaction between 
highly reduced GO and lightly reduced GO films enables their compact con-
tact, leading to a stable electrical contact in the hrGO/lrGO/hrGO layers.

Fig.  4.5   a Photograph of the flexible memory device with configuration of hrGO/lrGO/hrGO 
and its schematic illustration (b). c Bending experiment of the all RGO-based memory device 
at a voltage of 2 V. d Retention test of the memory device at a reading voltage of 1 V in ambi-
ent conditions. Reprinted with permission from Ref. [30]. Copyright (2013) Wiley-VCH Verlag 
GmbH & Co. KGaA, Weinheim
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4.1.4 � Electrical Sensors

By changing the oxidation degree or adsorbing molecules, the conductance of 
GO may vary, which enables GO promising electrical sensors [12, 32]. Robinson 
et  al. [33] demonstrated that the RGO networks can be used as active materials 
for high-performance molecular sensors owing to the change of electric conduct-
ance after molecular adsorption. Depending on the type and density of available 
sites, molecules may bind to RGO at different sites with different binding ener-
gies. Generally, there are two kinds of binding sites in the RGO. The first kind 
of site locates in graphitic sp2 domains with weak interaction. Molecules weakly 
adsorbed onto RGO via dispersive forces can desorb with thermal energy at room 
temperature. Therefore, conductance changes associated with weakly bound 
molecules are recoverable upon evacuation. Another kind of binding sites are 
vacancies and oxygen functional groups, which interact stronger with molecules 
with binding energies of at least several hundred meV. In this case, conductance 
changes associated with molecular adsorption are non-recoverable. The GO-based 
sensors have low frequency noise that is orders of magnitude lower than that of 
SWNT-based sensors [34]. Moreover, the frequency noise of GO-based sensors 
is sensitive to both hydrazine hydrate exposure time and film thickness [33]. The 
suppressed frequency noise of RGO films can be attributed to charged impurity 
screening, as proposed by Lin and Avouris [35].

Similarly, He et  al. [36] found that the conductance of RGO-based device 
changes with the concentration of dopamine molecule. As shown in Fig.  4.6, at 
the gate voltage (Vg) of ‒0.6 V, the conductance of RGO-PET device (RGO films 
on flexible polyethylene terephthalate (PET) substrate) increases with increasing 

4.1  GO for Electronics

Fig. 4.6   Detection of dopamine on RGO-PET device at Vg = ±0.6 V. Each step represents the 
gradual addition of dopamine with concentration increasing from 1 to 8  mM. Inset change of 
conductance versus dopamine concentration. The distance between the drain and source elec-
trodes in the RGO-PET device is fixed at 1  cm. Reprinted with permission from Ref. [36]. 
Copyright (2010) American Chemical Society
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concentration of dopamine. However, at the Vg of +0.6  V, the conductance of 
RGO-PET device will decrease with increasing concentration of dopamine. This 
is because the RGO device has a Dirac voltage of +0.2 V. Above it, the device 
operates at n-type region; below it, the device operates at p-type region. After 
removing dopamine by thorough perfusion, the current returns to its initial level 
and the device can be reliably used for many times. In addition, GO-based devices 
have been employed to detect other molecules such as H2O, NO2 and NH3 by the 
change of electrical conductance, as reviewed in Ref. [37].

4.2 � GO for Optics

4.2.1 � Fluorescence Quenching

Due to the heterogeneous chemical, atomic and electronic structures, GO can 
quench fluorescence despite itself being fluorescent. As reported previously, gra-
phitic carbon can quench fluorescence from dye molecules adsorbed on the sur-
faces evidenced by the Raman spectroscopy [38]. Similarly, GO with sp2 carbon 
network domains also allows quenching of nearby fluorescent species such as 
dyes, conjugated polymers and quantum dots [3]. This fluorescence quenching 
effect can be attributed to fluorescence (or Förster) resonance energy transfer, or 
non-radiative dipole–dipole coupling, between the fluorescent species and GO 
[39–41]. On the other hand, the quenching efficiency of GO can be also enhanced 
by several methods. For instance, reduction of GO will significantly improve its 
fluorescence quenching efficiency [39]. Another way is to enhance the π–π stack-
ing between the fluorescent species and GO [42].

Based on the quenching effect of GO, a so-called fluorescence quenching 
microscopy (FQM) technique has been developed [39, 43], allowing the visu-
alization of morphological characteristics of individual GO and RGO sheets on 
arbitrary substrates or inside liquids. Under FQM characterization, GO or RGO 
provides dark contrast with the surrounding fluorescent medium, which signifi-
cantly enhances the contrast of GO and RGO compared with those with the con-
ventional optical imaging techniques [3]. The enhanced contrast can be ascribed 
to a removal of the signal from the excitation source via a low-pass optical fil-
ter. Using FQM, Kim et al. [39] was able to easily visualize the morphologies of 
GO or RGO layers coated with dye molecules, as illustrated in Fig. 4.7. Due to 
different fluorescence quenching efficiency, it is also easy to distinguish GO and 
RGO layers. In addition, the large effective remote quenching distance of GO is 
about 20 nm, close to the theoretically predicted value (~30 nm) for the pristine 
graphene [44, 45].

Another application of GO based on the fluorescence quenching effect is to 
serve as fluorescence sensors, which is very useful in biosensing. Since GO con-
tains different kinds of functional groups, ionic groups, such as O− and COO−, 
allow electrostatic interactions between the charged biomolecules and GO.  
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For instance, GO can bind dye-labeled single-stranded DNA and completely 
quench the fluorescence of the dye through a strong noncovalent π‒π stack-
ing interactions [46]. However, the presence of a target will lead to conformation 
change of the dye-labeled DNA, which further disturbs the interaction between 
the dye-labeled DNA and the GO. Interruption of the interaction will release the 
dye-labeled DNA from the GO, resulting in restoration of dye fluorescence. As 
a consequence, this strategy results in a fluorescence-enhanced detection that is 
sensitive and selective to the target molecule. Due to the high planar surface and 
universal quenching capabilities of GO, this mechanism can be extended to a mul-
tiplexed (multicolor) DNA detection [47] or a multiplexed detection of different 
targets (DNA, proteins, metal ions, etc.) [48]. The other type of GO-based biosen-
sors will be discussed in Chap. 7.

4.2.2 � SERS

SERS is a surface-sensitive technique that enhances Raman scattering by mole-
cules adsorbed on rough metal surfaces or by nanostructures, which can be used to 
detect single molecules due to its high sensitivity. Huang et al. [49] demonstrated 
that the Au nanoparticles (AuNPs) dispersed on the GO and RGO supports exhibit 
better SERS performance compared with the metal nanoparticles alone. The SERS 
intensity of the p-aminothiophenol on the Au-GO composites is much stronger 
than on the AuNPs with the same concentration of p-aminothiophenol since the 
AuNPs on the Si substrate are isolated with few SERS “hot spots”, while the 
AuNPs on the GO nanoplatelets are aggregated, leading to a coupled electromag-
netic effect and further resulting in a significant enhanced Raman scattering of the 
p-aminothiophenol molecules.

Fig.  4.7   a A dye is coated to visualize GO and RGO by FQM. b A camera image showing 
fluorescence quenching effect of GO and RGO in a fluorescein solution. c A glass coverslip 
deposited with GO and RGO samples showing different quenching efficiency. Reprinted with 
permission from Ref. [39]. Copyright (2010) American Chemical Society
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Similarly, the GO/Ag nanoparticle hybrids also show better SERS perfor-
mance than the Ag nanoparticles (AgNPs) alone [50]. The composite of GO, 
poly(diallyldimethyl ammonium chloride) (PDDA) and AgNPs, which is shown 
in Fig.  4.8a, exhibit strong SERS activity to folic acid due to the electrostatic 
interaction between the folic acid molecules and the GO. Moreover, the detection 
sensitivity depends on the concentration of graphitic carbon in GO/PDDA/AgNP 
solution. The SERS spectrum of folic acid (1,595  cm‒1) is clear enough and 
background of GO (D band at 1,355  cm‒1) is ignorable, as shown in Fig.  4.8b. 
Besides, the minimum detected concentration of the folic acid in water is as low as 
9 nM (Fig. 4.8c), and the calibration curve shows a linear relation within a linear 
response range from 9 to 180 nM (Fig. 4.8d).

On the other hand, chemical enhancement of SERS can be tailored by con-
trolling the chemical reduction of GO nanosheets. Yu et  al. [51] systematically 
examined the SERS of Rhodamine B (RhB) molecules on CRGO as a function 

Fig. 4.8   a SERS spectra of 10‒4 M folic acid on GO/PDDA/AgNPs (a) and AgNP colloid (b); 
b SERS spectra of 9 nM folic acid obtained in the GO/PDDA/AgNP solutions with 0.02 mg/mL 
(a), 0.01 mg/mL (b), 0.004 mg/mL (c), 0.0025 mg/mL (d), and 0.002 mg/mL (e) graphitic car-
bon; c SERS spectra of different concentrations of folic acid in water: blank (a), 9 nM (b), 18 nM 
(c), 36 nM (d), 90 nM (e), and 180 nM (f); d SERS dilution series of folic acid in water based 
on the peak located at 1,595 cm‒1. Reprinted with permission from Ref. [50]. Copyright (2011) 
American Chemical Society
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of reduction time. Compared with the mechanically exfoliated graphene, mildly 
reduced GO nanosheets can significantly increase the chemical enhancement of 
the main peaks by up to one order of magnitude for the adsorbed RhB molecules. 
The observed enhancement factors can be as large as ~103 and show distinct 
dependence on the reduction time of GO, indicating that the chemical enhance-
ment can be steadily controlled by specific chemical groups. The strong enhance-
ment of SERS might be associated with aromatic C–C bonds, suggesting that the 
aromatic rings in RhB are closely interacting with the substrate. The π-π stacking 
and the lone pair electrons in the oxygen-containing groups between the RhB mol-
ecule and the mildly reduced GO are the major driving force for the large Raman 
enhancement.

4.2.3 � Nonlinear Optical Materials

Nonlinear optical materials, including optical-limiting materials and satura-
ble absorbers, are of great importance to modulate the laser intensity. Optical-
limiting materials display a decreased transmittance at high input laser intensity 
and can be used to protect eyes and sensitive instruments from laser-induced 
damage. On the contrary, saturable absorbers present an increased transmittance 
at high input laser intensity, which are useful for pulse compression, mode lock-
ing, and Q-switching [52]. Previously, it was reported that graphene shows good 
nonlinear optical properties and can serve in ultrafast lasers as saturable absorb-
ers [53, 54]. Since GO has a tunable energy gap under different degrees of oxida-
tion, it should even surpass the performance of graphene for such applications in 
principle.

Generally, GO shows a better optical limiting response than that of the bench-
mark material, i.e. C60. Jiang et al. [52] investigated the nonlinear optical proper-
ties of GO thin films on glass and plastic substrates. The as-prepared GO films 
exhibit excellent broadband optical limiting behaviors (see Fig. 4.9a). Particularly, 
their optical limiting activity could be significantly enhanced upon partial reduc-
tion by using laser irradiation or chemical reduction methods, as shown in 
Fig. 4.9a–c. For femtosecond laser pulses at 400 nm, the laser-induced reduction 
of GO results in enhancement of effective two-photon absorption coefficient by 
up to ~19 times; for femtosecond laser pulses at 800 nm, enhancement of effec-
tive two- and three-photon absorption coefficients by ~12 and ~14.5 times are 
achieved, respectively. Besides, the optical limiting thresholds of partially reduced 
GO films are much lower than those of previously reported materials, indicating 
excellent applications of the highly reduced GO films as saturable absorbers. In 
addition to reduction, the optical limiting properties of GO can be also improved 
by linking it with nonlinear optical molecules, such as porphyrin [55], oligothio-
phene [56] and C60 fullerene [57]. Compared with benchmark fullerene materi-
als, hybrid GO–dye materials present superior optical limiting effects. This can 
be ascribed to a combination of optical limiting mechanisms, including nonlinear 

4.2  GO for Optics
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optical absorption and scattering, as well as photo-induced electron or energy 
transfer in GO–organic hybrids [3].

Usually, GO is not suitable for broadband saturable absorber in laser cavi-
ties for ultrafast pulse generation since the carbon atoms bonded with oxygen 
groups are sp3 hybridized and disrupt the sp2 conjugation of the hexagonal gra-
phene lattice, which further destroy the linear dispersion of the Dirac electrons 
and influence the unique optical properties of graphene [58]. However, employ-
ing femtosecond pump-probe and Z-scan techniques, Zhao et  al. [59] demon-
strated that few-layered GO films show a fast energy relaxation of hot carriers and 
strong saturable absorption. The fast carrier relaxation and large saturable absorp-
tion of FGO in N,N-dimethylmethanamide (DMF) solution indicate that oxidation 
mainly occurs at the edge areas and has ignorable effect on ultrafast dynamics and 
optical nonlinearities. Large fraction of sp2 carbon atoms exists inside the few-
layered GO sheet. Later, Sobon et al. [60] comprehensive studied GO and RGO 
based saturable absorbers for mode-locking of Er-doped fiber lasers, as shown in 
Fig. 4.10a. No significant difference in the laser performance between the GO and 
RGO based saturable absorbers is found. Both saturable absorbers provide stable 
and mode-locked operation with 390 fs soliton pulses and more than 9 nm optical 
bandwidth at 1,560 nm center wavelength. The RGO-based absorber has a rela-
tively high modulation depth of 21 % than that of the GO-based absorber (18 %). 

Fig.  4.9   Linear transmittance (a) and Z-scan measurement results at 800  nm (fluence of 
25 mJ cm−2 at the focal point) (b) and at 400 nm (fluence of 0.6 mJ cm−2 at the focal point)  
(c) of a GO film upon exposure to hydrazine vapor for different periods of time. Schematic struc-
tures of as-prepared (d), partially reduced (e), and highly reduced (f) GO at different stages of 
reduction. Reprinted with permission from Ref. [52]. Copyright (2012) American Chemical 
Society
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However, both of them show low non-saturable loss around 15 % (see Fig. 4.10b). 
Considering of the cost of production, GO seems to be a better saturable absorber 
than RGO. Table 4.1 summarizes the laser parameters with GO and RGO based 
absorber.

4.3 � GO for Optoelectronics

4.3.1 � Photovoltaic Devices

Based on the transparent and conducting properties, GO films can be used in opto-
electronic devices, such as photovoltaic [4, 11, 61] and light-emitting [6] devices. 
Generally, for these optoelectronic devices, the appropriate band alignment of 

Fig. 4.10   a Experimental setup of the mode-locked laser; and b power-dependent transmission 
of the GO and RGO. Reprinted with permission from Ref. [60]. Copyright (2012) OSA

Table 4.1   Summary of the 
laser parameters with GO and 
RGO based absorber

FWHM full width at half maximum, TBP time-bandwidth 
products; RF is radio frequency, and SNR signal to noise ratio. 
Reprinted with permission from Ref. [60]. Copyright (2012) OSA

Parameter Value

GO RGO

FWHM bandwidth (nm) 9.3 9.2

Pulse duration (fs) 390 390

TBP 0.448 0.442

Pulse energy (pJ) 33.7 29.8

Peak power (W) 86.4 76.4

Soliton order N 0.79 0.75

RF SNR (dB) 60 60

Pump power (mW) 92 82

Output power (mW) 1.96 1.68

Center wavelength (nm) 1,558 1,559

4.2  GO for Optics
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each component and the electrical resistance of carrier transport layers are of key 
importance to determine the efficiency of carrier collection and carrier injection. 
Previously, Shin et al. [62] showed that the work function of RGO varies between 
4.2 and 4.4  eV (depending on the C:O ratio), which almost coincides with that 
of ITO (4.4–4.5 eV) [63]. Thus, RGO should be a potential replacement of ITO 
for photovoltaic or LED devices. In 2008, Wang et  al. [11] investigated a dye- 
sensitized solar cell (DSSC) with RGO as the transparent electrode and found 
that as the dye absorbs sun light and becomes excited, the electrons are injected 
into the conduction band of TiO2 and transported to the RGO electrode. Similarly, 
holes are transported through the hole-transport layer and collected by the Au cath-
ode. For comparison, a cell with a fluorine tin oxide (FTO) electrode was also fab-
ricated and evaluated with the same procedure by Wang et al. [11]. Compared with 
the FTO-based cell, RGO-based device has lower short-circuit current, which can 
be attributed to the higher sheet resistance and lower transmittance of the RGO.

Similar results have also been reported for organic photovoltaic (OPV) 
devices with RGO electrodes [17, 64]. Owing to the higher sheet resistance, the 
RGO-based OPV solar cells show lower short-circuit current and fill factor than 
those of control device on ITO. By transferring CRGO onto PET substrates to 
act as transparent and conductive electrodes, Yin et  al. [65] fabricated flexible 
GO-based OPV devices, as displayed in Fig. 4.11. When the optical transmittance 
of RGO is larger than 65 %, the device performance mainly relies on the charge 
transport efficiency through RGO electrodes, but not sensitive to the transmit-
tance. Therefore, the current density of devices can be enhanced by increasing the 
RGO thickness to lower the sheet resistance, which further improves the overall 
power conversion efficiency (η), even if the transmittance of RGO film decreases. 

Fig. 4.11   Schematic representation of the layer structure (left) and energy level (right) for the 
OPV device with RGO as the transparent electrode. Reprinted with permission from Ref. [65]. 
Copyright (2010) American Chemical Society
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It was found that the highest η obtained in the flexible RGO/PET-based OPV 
device is 0.78 %.

Murray et  al. [66] also demonstrated that GO could be good OPV material, 
which can be used to replace the standard electron-blocking layer, poly-3,4- 
ethylenedioxy-thiophene:poly(styrene sulfonate) (PEDOT:PSS) and signifi-
cantly enhances device durability, as presented in Table 4.2. Such GO-based OPV 
devices exhibit η as high as ~7.5 % while providing a five times enhancement in 
thermal aging lifetime and a twenty times enhancement in humid ambient lifetime 
compared with the analogous PEDOT:PSS-based devices.

In addition, Stratakis et  al. [67] reported a photochemical method to improve 
the efficiency of GO-based OPV by tuning the work function of GO hole trans-
porting layers. The GO films are doped with Cl via ultraviolet laser irradiation in 
the presence of a Cl2 precursor gas. By changing the laser exposure time, the work 
function of the GO–Cl layers can be tailored from 4.9  eV to a maximum value 
of 5.23 eV by controlling the doping and reduction levels. As a result, high effi-
ciency poly(2,7-carbazole) derivative (PCDTBT):fullerene derivative (PC71BM) 
based OPVs with GO–Cl as the hole transporting layer achieve a power conver-
sion efficiency η of 6.56 %, which is 17.35 and 19.48 % higher than that of the 
pristine GO and PEDOT:PSS based OPV devices, respectively. Such performance 
enhancement is attributed to more efficient hole transportation due to the energy 
level matching between the GO–Cl and the polymer donor.

4.3.2 � Light-Emitting Devices

Another important optoelectronic application of GO is to serve as light-emit-
ting materials. By surface functionalization of GO with anthryl moieties using  
2-aminoanthracene diazonium salts as grafting agents, Lu et al. [68] achieved the 
blue-emitting GO nanosheets. Different from the fluorescence quenching of GO 
to quantum dots in their hybrid materials, the anthryl moieties functionalized gra-
phene oxide (GO-A) exhibits strong photoluminescence. The as-synthesized GO 
hybrid composites show strong blue photoluminescence centered at ~400  nm, 
which is distinctly different from the cyan emission of monomeric 2-aminoanthra-
cene centered at ~491 nm. This large blue shift of the luminescence about ~91 nm 

Table  4.2   Photovoltaic performance parameters for OPV devices fabricated with either 
PEDOT:PSS or GO interfacial layer

Here, Jsc average short circuit current, Voc open circuit voltage, FF fill factor, σ are the derived 
standard deviations. Reprinted with permission from Ref. [66]. Copyright (2011) American 
Chemical Society

IFL Jsc (mA/cm2) σJsc Voc (V) σVoc FF (%) σFF η (%) ση

PEDOT:PSS ‒14.55 0.0683 0.741 0.0019 68.10 0.6179 7.46 0.0857

GO ‒15.21 0.0239 0.716 0.0021 67.70 0.3627 7.39 0.0497

4.3  GO for Optoelectronics
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for the functionalized GO hybrids can be partly ascribed to the rigid chemical 
environment with anthryl moieties chemically bonded onto GO surface. Therefore, 
GO can be made luminescent by chemical bonding fluorescence molecules on 
the stable GO frameworks, which is useful in the fabrications of optoelectronic 
devices and fluorescent sensors.

Using the GO as hole transport layer between the ITO and the active poly-
mer instead of PEDOT:PSS, Lee et  al. [69] fabricated polymer light-emitting 
diodes (LEDs) with enhanced device efficiency. Compared with the devices 
with PEDOT:PSS and GO alone, the polymer LEDs with a GO interlayer 
shows better performance with the maximum luminance of 39,000 Cd/m2, the 
maximum efficiency level of 19.1  Cd/A (at 6.8 V), and the maximum power 
efficiency of 11.0  lm/W (at 4.4  V). The luminous efficiencies with GO are 
approximately 2.2-times higher than that with PEDOT:PSS and 4-times higher 
than that with GO. The improved efficiency of polymer LEDs is ascribed to the 
electron-blocking behaviors of the GO layer since GO layer has a wide band 
gap and can block electron transport from an emissive polymer to an ITO anode 
while reducing the exciton quenching between the GO and the active layer. 
Furthermore, thickness of the GO layer is an important factor to determine the 
device performance, as summarized in Table 4.3. The optimal GO layer thick-
ness is 4.3 nm, which gives the maximum luminance, luminous efficiencies, and 
power efficiency. In addition to serving as interfacial layer [69–71], GO can be 
also used as the electrode material after reduction. The patterned RGO films 
can exhibit good conductivity and serve as electrodes in organic light-emitting 
devices (OLED) [72].

Table 4.3   Device performance of polymer LEDs with different hole transport layers

Reprinted with permission from Ref. [69]. Copyright (2012) American Chemical Society

Device configuration Maximum 
luminance 
(cd/m2)

Maximum 
luminous 
efficiency 
(cd/A)

Maximum 
power 
efficiency 
(lm/W)

Maximum 
EQE (%)

Turn-on  
voltage  
(V)

ITO/SY/LiF/Al 700  
(at 16.0 V)

1.4  
(at 8.4 V)

0.6  
(at 6.6 V)

0.6  
(at 8.4 V)

2.8

ITO/PEDOT:PSS/SY/LiF/Al 33,800  
(at 12.6 V)

8.7  
(at 9.6 V)

3.9  
(at 5.2 V)

3.5  
(at 9.2 V)

1.8

ITO/GO[2.0 nm]/SY/LiF/Al 31,400  
(at 12.4 V)

8.8  
(at 9.4 V)

4.2  
(at 5.0 V)

3.3  
(at 8.2 V)

1.8

ITO/GO[2.6 nm]/SY/LiF/Al 35,100  
(at 12.0 V)

14.3  
(at 8.6 V)

6.6  
(at 5.4 V)

5.0  
(at 8.4 V)

1.8

ITO/GO[4.3 nm]/SY/LiF/Al 39,000  
(at 10.8 V)

19.1  
(at 6.8 V)

11.0  
(at 4.4 V)

6.7  
(at 6.8 V)

1.8

ITO/GO[5.2 nm]/SY/LiF/Al 28,500  
(at 11.2 V)

13.9  
(at 7.4 V)

8.6  
(at 4.0 V)

5.0  
(at 7.4 V)

1.8

ITO/rGO[4.3 nm]/SY/LiF/
Al

8,300  
(at 13.0 V)

5.0  
(at 8.6 V)

2.0  
(at 6.2 V)

1.8  
(at 8.6 V)

1.8
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Abstract  The increasing depletion of fossil fuel inspires the demand for renew-
able energy and energy-efficient devices. GO-based materials emerge in applica-
tions of energy storage and conversion with superior advantages. Especially, the 
composition of GO with specified materials not only retains the inherent charac-
teristics of GO but also induces various characters for improving the performance 
in energy conversion and storage. Due to the large surface area and ample oxy-
gen containing functional groups, GO can bind many active materials or catalysts 
for hydrogen storage and generation. Moreover, the functional groups enable GO 
to further couple with other species and thus form various porous or hierarchical 
architectures as electrodes, electrolyte or current collector in the lithium batteries 
and supercapacitors.

5.1 � Hydrogen Production and Storage

5.1.1 � Photocatalytic Water Splitting

5.1.1.1 � GO as a Photocatalyst

As already discussed in Chap. 3, the electronic properties of GO rely on the spe-
cific composition. GO exhibits p-type conductivity because of oxygen’s high elec-
tronegativity compared to carbon. Likewise, n-type conductivity appears when 
graphene covalently bonds to electron donating nitrogen-containing functional 
groups [1]. As oxygen bonds to graphene, the valence band originates from the 
O 2p orbital rather than the π orbital of graphene, leading to a larger band gap 
for a high oxygen coverage rate of GO and thus an evolution from semimetal to 
insulator. Meanwhile, the conduction band of GO is mainly contributed by the 
anti-bonding π* orbital, which has a higher energy level than that needed for H2 
generation [2]. Therefore, GO with an appropriately functionalization might be a 
promising photocatalyst [1–7].

Chapter 5
Application of GO in Energy Conversion 
and Storage

© The Author(s) 2015 
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Yeh et al. [2] demonstrated photocatalytic H2 evolution activity of GO with a 
band gap of 2.4–4.3  eV. Electrochemical analysis along with the Mott-Schottky 
equation illustrates that GO exhibits stable H2 generation from an aqueous metha-
nol solution or pure water under mercury light irradiation, even in absence of the 
Pt cocatalyst (Fig.  5.1). Afterwards, they investigated the photocatalytic activity 
of GO at various oxidation levels and established an inverse relationship between 
the amount of H2 evolution and the population of the oxygen-containing groups 
on the GO sheets [5]. They concluded that the GO sheets with higher oxidation 
degree have a larger band gap and limited absorption of light, thus exhibiting a 
lower photocatalytic activity than the GO sheets with lower oxidation degree. In 
addition, Matsumoto et al. [7] reported the photoreactions to generate H2 from an 
aqueous suspension of GO nanosheets under UV irradiation and also found that 
the GO with an appropriate reduction level can serve as a photocatalyst for H2 
production.

Considering the p-type conductivity which hinders hole transfer for water oxi-
dation and suppresses O2 evolution, Yeh et  al. [1] introduced amino and amide 
groups on the GO surface and demonstrated the ammonia-modified GO exhibits 
n-type conductivity and is able to catalyze the H2 and O2 evolution simultane-
ously. To further investigate the overall photocatalyst of GO, Yeh et  al. [6] syn-
thesized nitrogen-doped graphene oxide quantum dots (NGO-QDs) as the catalyst 
to fulfill the evolution of H2 and O2 at a molar ratio of approximately 2:1. This 
can be explained that p-n diodes configuration of NGO-QDs results in an internal 
Z-Scheme charge transfer for effective reaction at the QD interface. For this rea-
son, visible light irradiation on the NGO-QDs leads to simultaneous H2 and O2 
evolution from the pure water.

To clarify the optimal composition of GO for high photocatalytic activ-
ity, Zhao’s group [8] has investigated the key electronic properties of GO that 
are responsible for photocatalytic water splitting using DFT calculations. The 
effects of epoxy and hydroxyl functionalization on the work function, band gap, 
positions of conduction band minimum (CBM) and valence band maximum 
(VBM), and optical absorption spectra are discussed. Their GO structures are 

Fig. 5.1   Schematic energy-level diagram of GO relative to the levels for H2 and O2 generation 
from water. Reprinted with permission from Ref. [2]. Copyright (2010) WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim
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based on the stable structural models with different OH:O ratios and coverage 
proposed by the same group [9, 10], which have been illustrated in Chap. 3. As 
shown in the Fig. 5.2a, the epoxy and hydroxyl groups aggregate along the arm-
chair direction and form stable one-dimensional (1-D) chain configurations on 
the basal plane.

With increasing coverage, the band gap of epoxy and/or hydroxyl functional-
ized graphene sheets is continuously tunable from metallic to insulating, and the 
work function of GO also increases. By varying the coverage and relative ratio 
of the epoxy and hydroxyl groups, both the band gap and work function of cer-
tain GO systems can meet the requirements of photocatalyst. The redox energy 
levels of GOs with respect to the water oxidation/reduction potential levels and 
the simulated optical absorption spectra are displayed in Fig. 5.2b, c, respectively. 
The electronic structures of GO materials with 40–50 % (or 33–67 %) coverage 
and OH:O ratio of 2:1 (or 1:1) are suitable for both reduction and oxidation reac-
tions of water splitting. Among them, the GO composition with 50  % coverage 
and OH:O = 1:1 is most promising for visible light driven photocatalyst [8].

Fig.  5.2   a Representatively structural models of GOs with coverage rate of R =  50  % after 
geometry relaxation: 1 top view (left) and side view (right) of GO with OH:O =  1:1; 2 top 
view (left) and side view (right) of GO with OH:O = 2:1. b Site levels of VBM and CBM for 
OH:O = 1 and OH:O = 2 graphene oxide with different coverage rate R: (1), (2), (3), (4), and 
(5) represented C36O8H4, C24O8H4 and C24O12H6 with OH:O = 1, C20O6H4 and C16O6H4 with 
OH:O = 2, respectively. The dot lines are standard water redox potentials. The reference poten-
tial is the vacuum level. c Optical absorption curves for GO with OH:O = 1:1 and OH:O = 2:1 
under different coverage rates. Reprinted with permission from Ref. [8]. Copyright (2012) 
Elsevier Inc.
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Besides, metal deposition can enhance the photocatalytic activity of GO. For 
example, Agegnehu et al. [11] found that the H2 generation rate of Ni/GO com-
posite from aqueous methanol solution under UV-visible light illumination is 
enhanced by approximate four to seven times compared to that of the bare GO.

5.1.1.2 � Binary and Ternary Composites by GO and Semiconductor

In the past years, TiO2 is the most widely used photocatalyst because of its high 
activity, chemical inertness, low cost and non-toxicity. However, the high recom-
bination rate between the photo-generated electrons and holes, the fast backward 
reactions between hydrogen and oxygen in water restrict the hydrogen produc-
tion activity of the TiO2 photocatalysts. In fact, such unbeneficial factors almost 
influence all of other visible light active semiconductors [12]. Noble metal (Pt, 
Pd, Ru, Ag and etc.) loaded on semiconductor surfaces as cocatalyst is a feasible 
strategy to significantly enhance the hydrogen production for photocatalytic water 
splitting [13, 14]. However, noble metals are rare, expensive and harmful to the 
environment.

To tackle the above problems, many efforts have been devoted to designing GO 
and semiconductor hybrid composites to replace noble metal, taking the advan-
tages of superior electron mobility, large specific surface area and high work 
function of GO. To date, large numbers of efficient GO-based composites for pho-
tocatalytic water splitting have been synthesized, including GO-semiconductor 
binary systems and more complicated ternary composites [12, 15–17]. For 
instance, Li et  al. [18] found that GO-CdS nanocomposites at GO content of 
1.0 wt% and Pt 0.5 wt% reach a high H2 production rate of 1.12 mol h−1 under 
visible light irradiation, corresponding to an apparent quantum efficiency of 
22.5 % at wavelength of 420 nm, which is enhanced by 4.84 times in compari-
son with that of the pure Pt-CdS. Another example of high quantum efficiency is 
GO-Zn0.8Cd0.2S system [19], whose H2 production rate and quantum efficiency 
are 1,824 μ mol h−1 g−1 and 23.4 % at 420 nm, respectively, much better than the 
Pt-Zn0.8Cd0.2S photocatalyst (Fig. 5.3). In addition, binary composites of GO/TiO2 
[20, 21], GO/AgBr [22], GO/g-C3N4 [23], GO/3C-SiC [24], GO/Cu2O [25],  
GO/Sr2Ta2O7-x [26] have also been investigated; all of them showing higher pho-
tocatalytic H2 evolution than the bare semiconductors.

Hou et al. [27] further explored other ternary GO composites and developed a 
simple hydrothermal-assisted ion-exchange route to obtain stable and high H2 
evolution efficiency using GO nanosheets decorated with CdS sensitized TaON 
core-shell composites (GO-CdS@TaON). The TaON core-shell composites con-
taining 1  wt% CdS nanocrystals shows a high rate of hydrogen production at 
306 μ mol h−1 with an apparent quantum efficiency of 15 % under 420 nm mon-
ochromatic light. Other ternary GO-based composites with high photocatalytic 
behavior include CdS/Al2O3/GO [28], CdS/ZnO/GO [28], and TiO2/MoS2/GO [29].

The enhancement of H2 production rate is mainly ascribed to the role of GO 
as an electron acceptor and transporter to separate photogenerated electron and 
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hole pairs. Experimentally, the charge transfer dynamics of GO-based composites 
(e.g., GO/CdS) were analyzed by transient absorption spectroscopy and transient 
photovoltage technique [18]. It was demonstrated that the electron and hole are 
efficiently separated by transferring photoinduced electrons from CdS to GO, and 
the recombination of electron and hole pairs in the excited semiconductor material 
is suppressed simultaneously. Using first-principles calculations, Dong et al. [30] 
investigated the interfacial electron-hole separation mechanism of GO-CdS nano-
materials and found that the excited electrons in CdS are injected into GO and 
transport along graphene layer through π* orbital under visible light irradiation to 
achieve electron and hole separation, in agreement with the experiment [18].

5.1.1.3 � GO as a Mediator: Z Scheme Photocatalyst

Alternatively, GO can be used as a solid-state electron mediator for water splitting 
in the Z-scheme photocatalysis system [31], which can overcome the problems of 
electronic recombination and transportability. In brief, the Z-scheme system is a 
two-proton system, consisting of a H2 evolving photocatalyst, an O2 evolving pho-
tocatalyst, and an electron mediator. Generally, the electron transfer between two 
distinct photocatalysts in the Z-scheme photocatalysis system is the most impor-
tant factor for producing H2 and O2 from water splitting.

Amal’s group [16] constructed a model system with GO as solid electron 
mediator, BiVO4 as O2 photocatalyst, and Ru/SrTiO3:Rh as H2 photocatalyst, 

Fig. 5.3   a Schematic 
illustration for the charge 
transfer and separation in 
the GO-Zn0.8Cd0.2S system. 
b The mechanism for 
photocatalytic H2 production 
under simulated solar 
irradiation. Reprinted with 
permission from Ref. [19]. 
Copyright (2012) American 
Chemical Society

5.1   Hydrogen Production and Storage
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respectively. Such system shows higher H2 production rate than GO/BiVO4 and 
Ru/SrTiO3:Rh. The mechanism of electron transfer process can be described as 
GO acting as an electron mediator to transfer electrons from the conduction band 
of BiVO4 to the Ru/SrTiO3:Rh. The electrons in Ru/SrTiO3:Rh reduce water to H2 
on the Ru cocatalyst, while the holes in BiVO4 simultaneously oxidize water to 
O2, accomplishing a complete water splitting cycle, as displayed in Fig. 5.4.

As discussed above, GO and GO-based composites not only show the ability 
in separating the photogenerated electron-hole pair, but also exhibit the capacity 
for photocatalytic H2 evolution by itself. However, research on GO-based materi-
als for H2 generation from light driven water splitting is still at its primary stage 
and requires further attentions. First, explanation of photocatalytic activity by GO 
content in these composites is still controversial. Second, the mechanism of pho-
tocatalytic reaction is partly unclear. Finally, theoretical calculations are highly 
desirable to provide some insightful guidelines.

5.1.2 � Physical Hydrogen Storage

5.1.2.1 � GO and Metal-Decorated GO for Hydrogen Storage

In previous report, the interaction energy between a H2 molecule and pristine gra-
phene is only 1.2 kJ/mol [32], which is too weak to hold the H2 molecules stably 
at room temperature, and therefore leading to very low storage capacity of hydro-
gen. To improve it, Kim et al. proposed a feasible way to modulate the interlayer 
distance of multilayered graphene oxide (GO) by thermal annealing [33]. They 
found that the hydrogen storage capacity depends on the interlayer distance of GO 

Fig. 5.4   a Schematic 
image of a suspension of 
Ru/SrTiO3 and GO/BiVO4 
in water. b Mechanism of 
water splitting in a Z-scheme 
photocatalysis system 
consisting of Ru/SrTiO3:Rh 
and GO/BiVO4 under visible-
light irradiation. Reprinted 
with permission from Ref. 
[16]. Copyright (2011) 
American Chemical Society
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and an optimal distance of 6.3 Å results in a maximum hydrogen storage capac-
ity of 4.8 (0.5)  wt% at 77  K (298  K) and 9.0  MPa pressure in three GO-amine 
composites. Furthermore, they investigated the pore size dependence of thermally 
RGO for hydrogen storage and demonstrated that 6.7 Å is the optimum pore size, 
leading to a maximum capacity of 5.0 wt% at 77 K [34].

Moreover, the functional groups on GO surface offer feasible ways of further 
decoration with other compounds to improve the H2 binding energy. In principle, 
metal (especially transition metal) decoration on carbon sorbents is a promising 
route to enhance the H2 binding [35], except for the huge obstacle of metal aggre-
gation [36]. To achieve strong interaction between sorbents and metal atoms, Wang 
et al. [10] proposed to use GO to support and disperse Ti atoms without clustering. 
Their first-principles computations show that the Ti atoms can be stably anchored 
by the hydroxyl groups on GO surface and simultaneously retain sufficient activ-
ity to adsorb H2 molecules. As shown in Fig. 5.5, each Ti is able to bind multiple 
H2 with the desired binding energies (14–41 kJ/mol), corresponding to a theoreti-
cal gravimetric (volumetric) density of 4.9 wt% (64 g/L). Soon later, the hydrogen 
adsorption properties of Pd-doped GO were investigated in experiment [37], which 
demonstrated that the Pd decoration can extremely enhance the hydrogen storage 
ability in comparison with that of pristine GO. To further simplify the synthesis 
process of GO/transition metal oxide (TMO) composites, Kim et al. put forward 
the GO wrapped TMO composite materials without any additional agents and 
improved the hydrogen storage capacity up to 1.36 wt% for GO/V2O5 (1.26 wt% 
for GO/TiO2) compared to the 0.16 wt% for V2O5 alone (0.58 wt% for TiO2) [38].

Apart from the transition metals, Chen et  al. [39] found that Mg doping can 
reduce the hydroxyl group from GO surface no matter whether the hydroxyl exhib-
its an acidity or alkalinity. After that, the remain Mg atoms can be strongly bound 
on GO surface in the form of –(C–O)x–Mg (x = 1 or 2) without clustering. H2 mol-
ecules can be polarized by the strong electric field jointly produced by the anchored 
Mg and O on GO surface, and therefore leading to a favorable binding of four H2 
per Mg with an average binding energy of 28 kJ/mol. Accordingly, the hydrogen 
storage capacity reaches 5.6 wt% at a temperature of 200 K without any pressure.

Fig. 5.5   Ti-decorated GO with multiple H2 adsorption. a Top view H2 binding to Ti@Z2. b–d 
Side views H2 binding to Ti@Z3, A3, and Ti2@A3, respectively. Reprinted with permission from 
Ref. [10]. Copyright (2009) American Chemical Society
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5.1.2.2 � GO-Based 3-D Frameworks for Hydrogen Storage

Besides metal atoms, GO can be also composited with other compounds like mul-
tiwalled carbon nanotubes (MWCNTs), metal organic frameworks (MOFs) or 
other species which can react with the functional groups for hydrogen storage. 
By composition, GO-based three-dimensional (3-D) porous materials can either 
achieve higher interlayer space or increase the effective sites for H2 adsorption. 
For instance, Froudakis et al. [40] proposed a strategy of combining GO and CNT 
and designed a new class of pillared graphene oxide, which increases the surface 
area to accommodate more H2 in-between the layers. To improve the H2 binding 
energy, they replaced the OH groups with the O–Li groups which effectively pre-
vent the Li aggregation. Their computations show that Li decorated pillared GO 
with pore dimensions of d = 23 Å and an O/C ratio of 1/8 can achieve a gravi-
metric capacity greater than 10 wt% and a volumetric capacity of 55 g/L at 77 K 
and 100  bar. Later, Aboutalebi et  al. [41] experimentally demonstrated that the 
processability of GO dispersions can be further exploited to fabricate self-aligned 
GO-MWCNT hybrid frameworks (see Fig. 5.6). Intercalation of MWCNT as 1-D 

Fig. 5.6   a MWCNTs distributed on GO layer; b layer-by-layer assembled GO platelets deco-
rated by MWCNTs. c Comparative hydrogen adsorption of GO, MWCNTs, GOMWCNTs and 
rGO-MWCNTs at different hydrogen pressures. Reprinted with permission from Ref. [41]. 
Copyright (2012) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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spacer within GO-MWCNT provides proper interlayer distance, leading to an 
appreciable hydrogen uptake of 2.6 wt% at room temperature.

By assembling with reactive agents through the functional group on surface, GO 
can form a new class of 3-D pillared porous materials with tunable porosity, acces-
sible surface area and versatile electronic properties. Prud’homme et  al. [42] syn-
thesized the pillared GO (intercalated with diaminoalkanes) via tailored interlayer 
spacing. Later, Yildirim and coworkers [43] intercalated the boronic acid (which can 
react with the hydroxyl groups) into GO layers and successfully synthesized a class 
of graphene oxide frameworks (GOFs) with 3-D porosity, as displayed in Fig.  5.7. 
Grand canonical Monte Carlo (GCMC) simulation of adsorption isotherms for several 
representative GOF structures predicted the GOF-32 with one linker per 32 graphene 
carbon atoms possesses an H2 adsorption capacity of 6.1 wt% at 77 K and 1 bar; but 
the experimentally measured H2 adsorption capacity is 1.0 wt% at 77 K and 1 bar. 
Yildirim and coworkers [44] further synthesized a range of porous GOFs with strong 
boronate-ester bonds between GO layers. By adopting various linear boronic acid pil-
laring units, they were able to tune the interlayer spacing between graphene planes 
to an optimum amount for H2 adsorption on both surfaces. The GOFs exhibit high 
isosteric heat of adsorption and hydrogen adsorption capacity (twice of typical porous 
carbon material and comparable to MOFs). Based on the reported porous GOFs, Chan 
et  al. [45] investigated the hydrogen storage properties of GOFs (GOF-120, GOF-
66, GOF-28 and GOF-6) with a mathematic model and found that the GOF-28 has 

Fig.  5.7   GCMC simulations for ideal GOF-n structures with n graphene carbon atoms per 
linker. The structures of three examples with n = 64, 32, 8 are shown. Reprinted with permission 
from Ref. [43]. Copyright (2010) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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highest hydrogen uptake of 6.33 wt%. The outstanding hydrogen storage properties 
are attributed to the porous spaces; most importantly the enhanced hydrogen adsorp-
tion is caused by the benzenediboronic acid pillars between graphene sheets.

To search the best interlayer distance of 3-D pillared GO for hydrogen adsorp-
tion, Kim et  al. [46] tuned the intercalation via three kinds of diaminoalkanes. 
They found an optimum GO interlayer distance for a maximum H2 uptake at 6.3 
A, similar to the predicted distance from thermally modulated GO [33]. Using the 
RGO, Kumar et  al. [47] recently synthesized two porous graphene frameworks 
(PGFs) via a C–C coupling reaction between RGO and iodobenzene. Both the 
PGFs exhibit tunable porosity and surface area with hydrogen storage capacity (at 
77 K) of 1.2 wt% at 1 atm and 1.9 wt% at 20 atm, respectively.

Except for the intercalation into GO layers to enlarge the space for accommo-
dating hydrogen molecules, intercalation of MOFs into GO layers also increases 
the effective sites to attract H2. Even with the high porosities, most MOFs cannot 
restrain H2 molecules due to the large size pores. After intercalation, the GO/MOFs 
composition creates suitable pores size for H2 adsorption. Petit and Bandosz [48] 
firstly proposed the concept of GO/MOFs composites and synthesized a class of 
these composites with various ratios (see Fig.  5.8). Afterwards, they synthesized 

Fig.  5.8   Schematic view of the steps (1–4) of the nanocomposite (MOF-5–GO1) formation. 
Reprinted with permission from Ref. [48]. Copyright (2009) WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim
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a series of copper-based GO/MOFs composites and observed the enhancement of 
hydrogen uptake, therefore confirming the formation of new small pores [49].

Later, Liu et  al. [50] also synthesized the Cu based MOF-GO composites for 
gas storage. They found that nanosized Cu-BTC (Copper-benzene-1, 3, 5-tri-
carboxylate) is formed and well dispersed by the incorporation of GO, which 
shows great improvement of hydrogen storage capacity compared to the pristine 
Cu-BTC (from 2.81 wt% of Cu-BTC to 3.58 wt% of CG-9 at 77 K and 42 atm). 
Additionally, a new class of metallomacrocycle–graphene frameworks (MGFs) 
via tunable porosity from microporous to hierarchical micro- and mesoporous, 
has been reported by Kim et  al. [51]. Their fabrication route enables alternative 
stacking of GO and Ni (II/III) metallomacrocycles in a layer-by-layer manner and 
allows the usually unstable square planar Ni (III) species to be stabilized in the 
solid state. The hydrogen uptake of the composites is affected by the structural 
modifications under different synthetic conditions, with highest hydrogen uptake 
of 1.54 wt% at 77 K and 1 bar.

Recently, Zhou et  al. [52] synthesized the Pt@GO/HKUST-1 hybrid compos-
ites. The Pt nanoparticles (NPs) are well-dispersive and anchored tightly into com-
posites, so that hydrogen molecules can be chemisorbed and dissociate on the Pt 
surface, migrate to the GO surface, and further diffuse into HKUST-1 with high 
porosity and new pores. A high hydrogen uptake of 0.77 wt% at 80 bar and 298 K, 
which is nearly twofold enhancement with regard to HKUST-1, can be reasonably 
ascribed to the spillover mechanism and the high porosity of the secondary recep-
tor HKUST-1.

5.1.3 � Chemical Hydrogen Storage

To release the stored hydrogen in hydrates, two major ways, i.e., thermo- 
dehydrogenation and hydrolytic dehydehydrogenation in solvent have been uti-
lized. However, both of them show high temperature requirement or slow reaction 
kinetics without any auxiliary. Transition metal NPs, with intriguing structural, 
electronic and magnetic properties, therefore serve as promising catalysts for 
hydrogen extraction. To optimize the catalysis performance, the size and morphol-
ogy of metal NPs have to be well-controlled. However, reduction of particle size 
is concomitant with the increase of surface energy, which usually leads to serious 
aggregation of the small particles in the absence of protective agents and dimin-
ished catalysis performance in the practical applications [53]. To avoid aggregation, 
RGO emerges as a suitable support to disperse and stabilize the NPs for chemical 
hydrogen storage owing to its large surface area and excellent chemical stability.

Xi et  al. [54] demonstrated a wet chemistry synthesis of RGO/Pd nanocom-
posite [55] for the hydrolytic dehydrogenation of AB. The small-sized Pd NPs 
are firmly attached and well dispersed on the RGO sheets without any surfactants. 
These RGO/Pd nanocomposite exhibit enhanced catalytic activity in hydrogen 
generation of AB hydrolysis. The performance of hydrolysis completion time 
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(12.5 min) and activation energy (51 ± 1 kJ/mol) of the RGO/Pd nanocomposite 
is comparable to the best Pd-based catalyst reported. Another route of synthesiz-
ing RGO/Pd nanocomposite for AB hydrolysis was reported by Metin and cow-
orkers [56]. They also demonstrated high activity of RGO/Pd nanocomposite in 
the hydrolytic dehydrogenation of AB. Even more, their RGO/Pd nanocomposite 
shows slightly lower activation energy of 40 ± 2 kJ/mol and higher turnover fre-
quency (TOF) than Xi’s results [58].

In addition to Pd, composites of GO with other noble metal catalysts have 
been also investigated [57–61]. A facile route to synthesis Ru/RGO NPs via the 
methylamine borane (MeAB) as reducing agent was firstly reported by Cheng 
et  al. [57]. Their experiments provide the ever reported lowest activation energy 
of 11.7  kJ/mol for the catalytic hydrolytic dehydrogenation of AB, demonstrat-
ing the superior catalytic activity of Ru/RGO NPs. To further improve the cata-
lytic activity, they synthesized the RGO supported core-shell NPs of Ag@M 
(M =  Co, Ni, Fe) [58] and Ru@Ni [59] for the hydrolysis of AB and MeAB. 
Among the three Ag@M NPs, Ag@Co/RGO exhibits the highest catalytic activity, 
followed by Ag@Ni. The high TOF value of 102.4 and low activation energy of 
20.3 kJ/mol are obtained for Ag@Co/RGO catalyzed AB hydrolysis. Meanwhile, 
Ru@Ni/RGO NPs facilitate the hydrolysis of AB (MeAB) with the TOF value of 
340, which is among the highest values reported on Ru-based NPs so far; but the 
activation energy of ~37.1 kJ/mol is slightly larger than the case of Ag@Co/RGO. 
Furthermore, the core-shell NPs of Ag@Co/RGO and Ru@Ni/RGO show good 
recyclability and magnetically reusability for the hydrolytic dehydrogenation of 
AB and MeAB for reusing of the catalysts.

Zhang et  al. also demonstrated the catalytic activity of another noble metal 
Pt–CeO2 NPs supported by RGO [60]. The hybrid metal oxide and RGO exhibit 
synergistic effect to stabilize the active centers and increase their catalytic activi-
ties. However, the TOF value of the hybrid Pt–CeO2/RGO NPs is only 48.0, much 
lower than the catalysts with core-shell structure [58–61].

Since noble metals have limited resource in nature, it is desirable to utilize 
the alternative non-noble metal composites for catalytic applications [62–66]. Lu 
et al. proposed to use the GO supported Fe–Ni NPs with the auxiliary of polyeth-
yleneimine for effectively suppress the metal aggregation [62]. The content of PEI 
attached on GO significantly affect the morphology and size of resulting Fe–Ni 
NPs, and therefore modulate the catalytic activity. Compared to the Fe–Ni NPs 
directly deposited on GO, the NPs on PEI-decorated GO has a dehydrogenation 
rate of 982 ml min−1 g−1 at 293 K for the hydrolysis of AB. Very recently, RGO 
supported Cu NPs were reported as catalyst for the hydrolytic dehydrogenation of 
AB, which exhibits the highest TOF value of 3.61 among all of the Cu nanocata-
lysts ever reported for this reaction [63].

For the H2 release through thermo-dehydrogenation, Tang et al. [65] realized a 
recyclable dehydrogenation of AB within a GO-based hybrid nanostructure. They 
showed that the hydroxyl groups on the GO surface act as a proton donor to react 
with AB and yield H3NBH2

+ cation, which is the key to facilitating AB dehydro-
genation (see Fig. 5.9). The combined modification strategy of acid activation and 
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nanoconfinement by GO allows AB to release more than 2 equiv of pure H2 at 
temperatures below 100 °C.

Recently, Li et al. [66] proposed to combine lithium amidoboranes (LiAB) with 
GO to form a hybrid complex since the hydroxyl groups on the GO surface may 
interact with LiAB via one molar equivalent of H2 released. Compared to the pure 
LiAB, the hybrid GO–LiAB complex shows greater dehydrogenation performance 
for chemical hydrogen storage, according to their calculations of minimum energy 
pathway for the dehydrogenation process. Most strikingly, using the dehydrogen-
ated products of GO-LiAB complex for physisorption of H2 molecules, 5 wt% of 
hydrogen can be stored. In such a way, chemisorption and physisorption can be 
combined for superior hydrogen storage.

5.2 � Lithium Batteries

5.2.1 � Lithium Ion Batteries

Lithium-ion batteries (LIBs) are one of the most popular rechargeable batteries 
for critical applications such as electric vehicles, electronic devices, locomotives, 
and aerospace. However, the theoretical capacity limits with the conventional elec-
trode materials impede its further applications. It is imperative to search novel 
LIB materials with high reversible capacity, long cycle life, and low cost. In this 
regard, elaborately designed GO/RGO based composites exhibit superior perfor-
mance in both anode and cathode materials [67–71].

Direct combination of GO with the commercial graphite as binder-free anode 
material in LIBs improves the reversible capacity to 690 mAh g−1 at the rate of 
0.5 C (1 C = 372 mA g−1), with excellent cycle performance and rate capability 

Fig. 5.9   a Schematic representation of the mechanism of the formation of GO-AB hybrid nano-
structure. b Detailed illustration of interaction between AB cation and negatively charged oxygen 
of GO. c Time-extended results of hydrogen released from AB in GAB30 (30 wt% AB loaded on 
GO). Reprinted with permission from Ref. [65]. Copyright (2012) American Chemical Society
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simultaneously [67]. The original graphite maintains the conductivity of the sys-
tem, while the GO mainly contributes to the enhanced capacity as the lithium 
accommodator. The conductive RGO itself can replace the conventional graphite 
in anode. More importantly, the residual functional groups provide wide range of 
the porous structure formation, which benefits the electrochemical performance of 
LIBs [69–71]. The photothermal reduced GO leads to open-pore structures with 
micrometer-scale pores, cracks, and intersheet voids (see Fig. 5.10), which provide 
more space available for lithium accommodation and also facilitate the intercala-
tion kinetics [71]. Moreover, at charge/discharge rates of ~40 C, the photoreduced 
GO anodes exhibit a steady capacity of ~156  mAh ganode

−1 (power density of 
~10  kW/kganode) continuously over 1,000 charge/discharge cycles, showing out-
standing stability and cycling ability.

Transition metal oxides also exhibit better Li+ insertion/extraction performance 
than the conventional graphite. But the metal oxides (MOs) electrodes suffer from 
rapid degradation in capacity due to the pulverization process. To improve the 

Fig. 5.10   Photothermal reduction of GO. a Schematic showing the laser reduction system with 
the raster scan path. b Schematic showing the flash reduction of GO whereby a flash from a digi-
tal camera reduces graphene oxide. c Photograph of the flash-reduced graphene, displaying its 
structural integrity. d SEM image showing two characteristic regions of flash-reduced graphene 
and graphene oxide. For this, a part of the GO sample was intentionally shielded from the pho-
toflash in order to illustrate the contrast in porosity between the two regions. Reprinted with per-
mission from Ref. [71]. Copyright (2012) American Chemical Society
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cyclability of electrode, composites of MOs (e.g., Mn3O4, Co3O4, SnO2, FeOx) 
with RGO have been intensively investigated as anode materials in LIBs [72–76]. 
In addition to acting as the electronic conductor, the RGO also affect the config-
uration and stability of the anode materials and result in excellent electrochem-
ical performance. As shown in Fig.  5.11, Wang et  al. [72] synthesized a hybrid 
material by selective growth of Mn3O4 NPs on RGO sheets, in which the Mn3O4 
nanoparticles are wired up to a current collector through the underlying conduct-
ing graphene network to maintain the conductivity. The intimate interactions 
between the RGO substrates and the Mn3O4 NPs render a high specific capacity 
up to ~900 mAh g−1 (near the theoretical capacity) as well as good rate capability 
and cycling stability. Despite the high performance, synthesis of the Mn3O4/RGO 
composites requires harsh solvents and multiple-steps, which hinder the large-
scale preparation.

Since that, more effective strategies to synthesize the MO/GO hybrids were 
developed [85–100]. Synthesized by a one-step facile and environment-friendly 
way, Fe2O3/CoO-RGO composites used as anodes for LIBs show high capacities 
and excellent charge-discharge cycling stability in the voltage window between 
0.01 and 3.0 V [73]. The Fe2O3 NPs/RGO hybrids possess specific capacity of 
881  mAh  g−1 in the 90th cycle at a discharge current density of 302  mA  g−1. 
The efficient diffusion of Li ions and high specific capacities are attributed 

Fig. 5.11   Mn3O4 nanoparticles grown on GO. a Schematic two-step synthesis of Mn3O4/RGO. 
b Capacity retention of Mn3O4/RGO at various current densities. c Capacity retention of free 
Mn3O4 nanoparticles without graphene at a current density of 40 mA g−1. Reprinted with per-
mission from Ref. [72]. Copyright (2010) American Chemical Society
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to the formation of small crystalline grains, facilitated by GO or RGO as the 
heterogeneous nucleation seeds.

In addition, to solve the problem of capacity decay with long-term cycling in 
SnO2 based anode, the Pd-coated RGO/SnO2 composite was adopted as electrode 
material to enhance the capacity and cyclic performance [74]. The interfaces inter-
action between Pd-coated RGO/SnO2 composite and binder play an important 
role on the stability of anode, which exhibits an outstanding energy capacity up to 
718 mAh g−1 at current density of 100 mA g−1 after 200 cycles and good rate per-
formance of 811, 700, 641, and 512 mAh g−1 at current density of 100, 250, 500, 
and 1,000 mA g−1, respectively.

Very recently, ternary metal oxides/GO (RGO) composites were used for anode 
in LIBs to improve the stability during the discharge-charge cycle in the long 
term [75, 76]. The electrode of the Zn2GeO4–GO nanocomposite synthesized by 
Zou et al. shows extraordinary high specific capacity, superior rate capability and 
long cycle life owing to the synergistic coupling of Zn2GeO4 and GO layers [76]. 
Even after 100 discharge-charge cycles, it delivers a specific capacity as high as 
1,150 mAh g−1 at 200 mA g−1.

Apart from the metal oxides, metal sulfides (CoS2, FeS and MnS) can be also 
composited with RGO as anode materials [77–79]. Fei et  al. proposed a facile 
direct-precipitation approach to obtain a FeS-based anode [78]. The FeS@RGO 
nanocomposite with robust sheet-wrapped structure exhibits better electrochemical 
performance than isolated FeS nanoparticles because of the smaller particle sizes 
and the synergetic effects between FeS and RGO sheets, i.e., increased conductiv-
ity, shortened lithium ion diffusion path, and effective prevention of polysulfide 
dissolution.

As an alternation to carbon, silicon emerges as a promising anode material for 
LIBs owing to its high theoretic capacity of ~4,200 mAh g−1 and appropriately 
low working potential [80]. However, serious pulverization of bulk silicon dur-
ing cycling limits its cycle life [81]. Composition of Si with GO/RGO is an effec-
tive strategy to improve the cycling performance [82–84]. Guo et  al. reported a 
mixture of leaf-like GO and Si NPs as the anode of LIBs [82]. Over 100 cycles, 
the capacity loss of GO/Si composite electrode is almost negligible. However, the 
irreversibility on the initial cycling was observed because of its large surface area 
and surface groups. Later, a novel hierarchical Si nanowire (Si-NW)/RGO com-
posite was reported [84], where the uniform-sized (111)-oriented Si NWs are well 
dispersed on the Au nanoparticle decorated RGO surface and in between RGO 
sheets. The Si-NW/RGO composite anode exhibits a highly reversible cycling 
retention over 100 cycles with a high Li storage capacity of 2,300 mAh g−1 at a 
C/3 rate.

GO/RGO based materials also possess significant advantages compared to the 
conventional polymer cathodes and lithium-TMOs cathodes in LIBs [85–94]. A 
theoretical investigation performed by Stournara et  al. predicted high-potential 
lithiation of epoxide on GO/RGO, which suggests a new usage of GO as the cath-
ode material in lithium storage [85]. Later, the epoxide-enriched GO has been 
demonstrated of capable to be lithiated/delithiated as a rechargeable cathode with 
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high capacity and good stability [86]. Facilitated by the numerous epoxide groups, 
GO delivers a high capacity of 360.4  mAh  g−1 at 50  mA  g−1. The epoxide-
dependent lithiated/delithiated character has been further proved by Ha et al. [87]. 
Moreover, the hydroxyl groups are identified as the lithiation-active species.

In addition, there have been some efforts on RGO composited with the 
TMO cathodes in LIBs [89–94]. Enwrapping the Li3V2(PO4)3 into RGO 
sheets as cathode material can facilitate the charge transfer [89]. However, 
such Li3V2(PO4)3/RGO composite exhibits a low initial discharge capacities 
of 170  mAh  g−1 at 0.1 C rate between 3.0 and 4.8 V. Even with the modifica-
tion of carbon [89] and cetyltrimethyl ammonium bromide (CTAB) [90] in the 
Li3V2(PO4)3/RGO composite, the storage capacity only slightly increases to about 
170  mAh  g−1. For comparison, vanadium oxides/RGO composite exhibits bet-
ter lithium-storage performance than Li3V2(PO4)3/RGO [91–94]. For RGO/V2O5 
NWs at a rate of 0.2 C between 2.0 and 4.0 V, the initial and 60th discharge capac-
ities are 225 and 125 mAh g−1, respectively [93].

5.2.2 � Lithium-Sulfur Batteries

Lithium-sulfur batteries has a high specific capacity of about 1,675 mAh g−1 and 
a theoretical specific energy of 2,600 Wh kg−1 (considering the complete reaction 
of Li with S to form Li2S), far beyond the currently matured LIBs. However, the 
commercial application of Li–S batteries is impeded by several operational prob-
lems, such as the insulating nature of sulfur [95], the volume variation and aggre-
gation of insulator Li2S2 and Li2S during the charge-discharge process [96–98], 
and the capacity fading induced by the high solubility of the polysulfide (shuttle 
effect) [99]. To alleviate these problems, GO or RGO is proposed to composite 
with the sulfur cathode. The oxygen-containing functional groups on the basal 
planes and edges and the structural defects provide the strong anchoring points 
[100, 101], while the two-dimensional sheet-like structure promotes the formation 
of self-assembled films for improving the electrochemical performance of Li–S 
batteries.

Ji et  al. [102] applied a low-cost and environmentally benign approach to 
immobilize sulfur and lithium polysulfides via the reactive functional groups on 
GO. The GO/S nanocomposite cathodes offer buffering space for the volume 
change of sulfur during the charging-discharging process. Their ab initio calcu-
lations also indicated the role of both epoxy and hydroxyl groups on enhancing 
the sulfur binding. Moreover, strong interaction between GO and sulfur or poly-
sulfides effectively prevents the active material loss due to the Li polysulfides dis-
solved in the electrolyte during cycling [102, 103] and therefore leads to a high 
reversible capacity of 950–1,400 mAh g−1. However, the stable charge-discharge 
process of pure GO coated sulfur composite can only maintained up to 50 cycles, 
followed by an obvious capacity fading. The composition of a PEG surfactant-
coated GO/S (shown in Fig.  5.12) [104] achieves a stable cycle more than 100 
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times with the compromised capacity drop from initial 1,000 to ~600 mAh g−1. 
Later attempts of compositing GO with sulfur further convince the contribution 
of oxygen functional groups on GO to suppression of the shutter effect and the 
induced good capacity retention [105, 106].

To improve the electrochemical performance of GO/S compositions, the cetyl-
trimethyl ammonium bromide (CTAB) has been utilized to modify the GO-S 
cathode [107]. The resulted nanocomposite possesses a high specific capac-
ity of ~800 mAh g−1 at 6 C and achieves a long cycle life >1,500 cycles and an 
extremely low decay rate (0.039  % per cycle). To suppress the Li polysulfides 
escaped through the open channels among the GO layers, Zhou et al. [108] pro-
posed another strategy of modifying the GO/S nanocomposite with an amylopec-
tin to construct a 3-D cross-linked structure with largely improved cyclability. 
Additionally, Cui et al. [109] adopted the Li2S as the cathode material advanced 
by the safety concerns and structure stability during volumetric contraction 
[110]. The Li2S/graphene oxide composite yields a high discharge capacity of 
782 mAh g−1 of Li2S (1,122 mAh g−1 of S) with stable cycling performance over 
150th charge-discharge cycles.

RGO-based sulfur cathode has also received intense attentions since it pos-
sesses comparable advantages with GO while prevailed by better electronic con-
ductivity [111–114]. The S@RGO composites with a unique saccule-like structure 
can provide buffer space to accommodate stress and volumetric expansion of sul-
fur during the charge-discharge process, which displays a discharge capacity of 
724.5 mAh g−1 (sulfur mass only) at a current rate of 1 C (1 C = 1675 mA g−1) 
between 1.2 and 3.0 V [111]. In addition, the Li2S/RGO nanocomposite with a 
unique 3-D pocket structure and a high initial capacity of 982 mAh g−1 was pro-
posed by Han et al. [112]. But the remaining problem of polysulfide dissolution 
(even with the presence of functional groups on RGO) leads to noticeable capacity 
fade in the long term [111, 112].

Fig. 5.12   a Schematic of the synthesis steps for a GO/S composite, with a proposed schematic 
structure of the composite. b Cycling performance of the GO/S composite with PEG coating at 
rates of ~C/5 and ~C/2. Reprinted with permission from Ref. [104]. Copyright (2011) American 
Chemical Society
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Compared to the multistep synthesis processes with relatively high cost and 
low synthesis efficiency, the one-step synthesized GO/S cathode exhibits a revers-
ible capacity of 808 mAh g−1 at a rate of 210 mA g−1 and an average columbic 
efficiency of ~98.3 % over 100 cycles [113]. The porous GO architecture offers 
flexible confinement effect that helps prevent the loss of active materials, thus 
extending the cycling life of the electrodes. Moreover, RGO provides a conductive 
network surrounding the sulfur particles, which facilitates both electron transport 
and ion transportation.

Further modification of the GO/S cathode materials can be categorized into 
different kinds of carbon decoration, such as graphene [115], pristine carbon 
[116], porous CMK-3 [117, 118], and CNT [119, 120]. A thermally exfoliated 
graphene-sulfur nanocomposite coupled with RGO for cathode possesses supe-
rior electrical conductivity and effective restraint ability to the polysulfides dur-
ing recycles. The composite delivers a reversible capacity of ~667 mAh g−1 after 
200 cycles at a high rate of 1.6 A g−1, along with a high Coulombic efficiency of 
96 % [115]. The synergistic combination of RGO with mesoporous CMK-3/sul-
fur composite provides sufficient buffering space and efficient diffusion channel, 
concomitant with the restrain of polysulfides within cathode, which remarkably 
alleviates the capacity fade and improve electrochemical properties [117, 118]. 
Similar synergistic effects of RGO sheets and MWCNTs in sulfur cathode [119, 
120] result in excellent electrochemical performance such as larger sulfur load-
ing up to 70 % and higher initial capacity of 1,396 mAh g−1 at a current density 
of 0.2  C (see Fig.  5.13) [119], compared to the case of CMK-3 coated RGO/S 
composite [117, 118]. Moreover, the ferric chloride has been introduced as not 
only an oxidizing agent, but also a soft template to form a uniform deposition of 
sulfur composite, in which sulfur are embedded into a 3-D conducting compos-
ite of RGO and polyethylene glycol (PEG) [121]. The synergistic effects of RGO 
and PEG account for the alleviated high solubility of the polysulfide, and sub-
sequently the high capacity, improved Coulombic efficiency and extraordinarily 
stable cycling performance.

Fig. 5.13   Configuration (right) and storage capacity (left) of GS-MWCNT@S based electrode in LiS 
battery. Reprinted with permission from Ref. [119]. Copyright (2013) American Chemical Society
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In addition, nitrogen doping in graphene or graphene oxide as electrode is an 
effective strategy to improve the electrochemical performance of lithium batteries 
[122]. The N atoms not only improve the electric conductivity of graphene frame-
work but also assist the graphene to immobilize sulfur and confine the diffusion 
of soluble polysulfides. Wang et al. [123] reported two types of N-doped RGO/S 
composites, as displayed in Fig. 5.14. Compared with the RGO/S composite, the 
pyridinic-N enriched RGO/S shows better electrochemical performance, e.g., a 
remarkably high reversible capacity (1,356.8  mAh  g−1 at 0.1  C) and long cycle 
stability (578.5 mAh g−1 remaining at 1 C up to 500 cycles). Such improvement 
can be attributed to the chemical interaction between nitrogen and polysulfide as 
well as the enhanced electric conductivity of the carbon matrix.

5.2.3 � Lithium-Air Batteries

Compared to the Li-ion and Li-S batteries, the Li-O2 batteries depict super prom-
ising prospects owing to its extremely high theoretic energy density (up to 13,000 
Wh kg−1, comparable to the gas oil) [124, 125] and attract increasing attentions 
in recent years. There are still more major challenges for the cathode, e.g., the 
diffusion path blocked by the discharged products of Li2O2 and Li2O [126], the 
atmospheric moisture induced corrosion [127], the attack by highly reactive 
reduced O2

− [128]. Therefore, the ideal cathode materials require good elec-
tric conductivity, outstanding O2 reduction performance, structural stability, and 
suitable path for fast oxygen diffusion. Carbon materials have been used in the  
Li-O2 cathode due to its superior capability to transport the electrons, support the 
catalysts and accommodate discharged products for the oxygen reduction reaction 
(ORR) [129, 130].

The hierarchically GO-based materials with the highly interconnected 3-D 
channels for rapid oxygen diffusion have been proposed to improve the electro-
chemical performance of Li-O2 batteries [131, 132]. The electrode with assisted 

Fig. 5.14   Schematic representations of the synthesis process of NGS/S composites. Reprinted 
with permission from Ref. [123]. Copyright (2014) Elsevier B.V.
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binder materials shows an exceptionally high capacity of 15,000  mAh g−1 in  
Li-O2 batteries [131], whereas the free-standing electrode delivers a high capac-
ity of 11,060 mAh g−1 at a current density of 0.2 mA cm−2 (280 mA g−1) [132]. 
Moreover, the defects and functional groups are attributed to the formation of 
isolated nanosized Li2O2 particles and alleviation of air blocking in the cathode, 
therefore leading to the improved electrochemical properties [131]. However, 
a more recent study argued that the functional groups of epoxy and carbonates 
generated during the discharge reaction will limit the rechargeability of Li-O2 
cells [128].

In addition, a novel combination of leaf-like GO and CNT midrib used in 
cathode of Li-O2 batteries delivers a discharge capacity of 6,000  mAh  gGO

−1 
with a cut-off voltage of 2.0 V and a stable cyclic over 150th [82]. In compari-
son, the discharge capacities are 2,250  mA  gGO

−1 for the GO-based Li-O2 bat-
teries, 2,500 mA gCNT

−1 for CNT-based Li-O2 battery, and 3,000 mA gCNT/GO
−1 

for CNT/GO mixture-based Li-O2 battery, respectively. Certainly, the synergistic 
effects of leaf-like GO and CNT contribute to the superior electrochemical proper-
ties. Further enhancement of electrochemical performance can be achieved via the 
nitrogen doped GO as cathode catalyst [133]. The graphitic N content accounts for 
the limiting current density and the pyridinic N content improves the onset poten-
tial for ORR, while the total N content does not play an important role in the ORR 
process.

Fig.  5.15   Co3O4/RGO hybrid as oxygen reduction catalysts. Reprinted with permission from 
Ref. [135]. Copyright (2011) Nature Publishing Group
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To improve the electrochemical performance and especially to reduce the high 
overpotential, efficient catalysts are essential. As an ideal supporter, GO/RGO 
based composites can achieve a high dispersion and low aggregation of metal cata-
lysts [134–136]. The Ru based nanomaterials supported by RGO show excellent 
electrocatalytic activity to reduce the high overpotential of oxygen evolution reac-
tion (OER) in Li-O2 cells [134]. Compared to the Ru based nanocomposites, the 
MO based nanomaterials hybrid with RGO exhibit superior electrocatalytic activ-
ity for the OER reaction. The system proceeds with an average charging potential 
of ~3.7 V even at a high capacity of 5,000 mAh g−1. However, the stable cycling 
of the Ru-based materials can only sustain up to 30 cycles due to the degrada-
tion of the Li-metal anode, pore clogging, and other issues. In addition, Co and 
Mn based metal oxides supported on RGO have also been adopted as catalysts in  
Li-O2 batteries [135, 136]. As illustrated in Fig.  5.15, the hybrid material by 
Co3O4 nanocrystals and RGO shows high catalytic activity to the ORR, which can 
be further enhanced by nitrogen doping, while the Co3O4 or RGO alone has only 
little catalytic activity [135].

5.3 � Supercapacitors

5.3.1 � GO and RGO

Pure carbon materials used in the SCs usually show only low specific capaci-
tance. To overcome this difficulty, GO and RGO with oxygen-containing groups, 
which has been proved to exhibit pseudocapacitance characteristic, are employed 
as electrode to replace the conventional carbon materials (e.g., activated carbon, 
mesoporous carbon, CNT, nanofiber) [137]. In principle, GO can not be used in 
SCs due to its intrinsically poor electric conductivity. However, Zabihinpour et al. 
[138] synthesized the multilayer graphene oxide (MGO) nanosheets for superca-
pacitors, which exhibit 60 F g−1 of total electrode material and capacitance reten-
tion of 85  % after 10,000 cycles. In addition, Shulga et  al. [139] indicated that 
the deeply oxidized graphene oxide can be used as a separator in supercapacitors 
composed of polyaniline thin film electrodes, since it has a proton type conduc-
tivity after being permeated with a solution of sulfuric acid. This supercapacitors 
achieves to about 150 F g−1 based on the total weight of whole system (electrode, 
separator, and electrolyte).

To improve the electric conductivity of GO and retain the pseudo-capacitive 
behavior, partial reduced GO has been adopted [140–152]. A superior capaci-
tance of functionalized graphene (fG) prepared by a solvothermal method was 
reported to exhibit a specific capacitance up to 276 F g−1 at 0.1 A g−1 in a 1 M 
H2SO4 electrolyte with good rate performance and cycling stability, which was 
ascribed to the surface oxygen containing groups (mainly carbonyls and hydrox-
yls) induced large pseudocapacitance, less aggregation, and good wetting proper-
ties [140]. In addition, Zhang et al. [141] used a water-soluble RGO as electrode 
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materials in SCs with a high specific capacitance of 238 F g−1 at the current den-
sity of 0.1 A g−1 in 1 M H2SO4 electrolyte, which is the co-contribution of double 
layer capacitance and pseudocapacitance from oxygen-containing groups.

The pH value has an important effect on the performance of supercapacitors 
[142]. RGO sheets in the acidic and neutral media have more oxygen-functional 
groups and lower surface areas but broader pore size distributions (both EDL and 
pseudocapacitive behavior) than those in the basic medium (mainly EDL), thus 
leading to higher specific capacitance of 225 F g−1 (acidic) and 230 F g−1 (neu-
tral), respectively, compared to 185 F g−1 for the case of basic medium at a con-
stant current density of 1 A g−1.

The reduction level of the graphene sheets also plays a significant role in 
controlling the intrinsic properties such as the interlayer spacing, oxygen con-
tent, BET specific surface area [143, 144]. Among these effects, the variation 
of oxygen-containing groups is the main factor influencing the overall per-
formance of SCs. Increasing the reduction time may facilitate removal of the 
oxygen-containing group, which results in two compromising effects on the 
specific capacitance of the RGO-based SCs: (a) loss of pseudocapacitance; (b) 
increase of the electric conductivity and thus enhanced electric double-layer 
capacitance as well as recovery of aromatic carbon rings and decrease of the 
defect density.

Moreover, chemical doping of RGO can tune the electronic properties to 
enhance the supercapacitor performance. B-doped reduced graphene oxide 
(B-RGO) with a high specific surface area of 466 m2/g, exhibits excellent super-
capacitor performance including a high specific capacitance of 200 F g−1 in aque-
ous electrolyte and good stability over 4,500 cycles [145]. On the other hand, 
N-doped RGOs also act as electrode in SCs [146–148] and the configuration of 
N atoms on RGO has remarkable influence on the overall supercapacitor perfor-
mance [148].

Despite the progresses in GO/RGO based SCs, RGO usually encounter the 
self-aggregation tendency at the presence of chemically bonded water mole-
cules intercalated between the graphene layers [153–155], which dramatically 
decrease the specific surface area of electrodes, impedes the ion diffusion from 
the electrolyte to the electrodes, and reduces the effective capacitance [156]. It 
is thus necessary to develop the non-stacking GO/RGO architecture to increase 
the surface area and the pore volume between the non-stacked graphene layers 
simultaneously. Considering the tremendous influence of the intercalated water 
molecules on restacking of the RGO at the early dried GO stage, Lee et  al. 
[149] functionalized GO sheets with melamine resin (MR) monomers to pre-
vent the hydrogen bonding with water molecules upon drying and consequently 
obtained the porous restacking-inhibited GO sheets with specific capacitance 
of 210  F  g−1, superiors capacitance retention for 20,000 cycles and ~7  s rate 
capability. Moreover, the anti-solvent (hexane)  without any interaction with the 
various oxygen groups of GO has been used to replace the water solution for 
fabricating the non-stacked RGO via a simple, economical and effective way 
[150], as shown in Fig. 5.16. The obtained non-stacked RGO possesses a high 
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surface area with unique structural properties and consequently presents a high 
specific capacitance of up to 236.8 F g−1 at a current density of 1 A g−1 and a 
long cycle life.

On the other hand, incorporation of Mg(OH)2 nanosheets as a “spacer” and 
template in-between GO sheets is an effective strategy not only to inhibit the 
restacking behavior during the heat-treatment of GO, but also to preserve the sta-
ble oxygen-containing groups [151]. As illustrated in Fig.  5.17, the relationship 
between thermal temperature and pseudocapacitance indicates the significant role 
of oxygen containing groups in enhancing the pseudocapacitance, which combines 
with the high surface area and powder density, co-contributing to the ultrahigh 
specific gravimetric and volumetric capacitances of 456 F g−1 and 470 F cm−3, 
almost 3.7 times and 3.3 times higher than hydrazine reduced GO, respectively. 
Recently, Maiti et al. [152] presented a simple way to fabricate the graphene gel 
consisting of highly conductive 3-D RGO framework for SCs. The open pores 
within the RGO gel facilitate the aqueous electrolyte transport and achieve a large 
area capacity without sacrificing rate capability.

Fig.  5.16   Schematic illustration of a a densely-stacked GO film formation in water; b GO in 
hexane, named as non-stacked GO (NSGO). c Dependence of specific capacitance on current 
density in thermally reduced GO (T-rGO) and NS-rGO based supercapacitors with 6.0 M KOH 
electrolyte. d Cyclic stability and retention of T-rGO and NS-rGO. Reprinted with permission 
from Ref. [150]. Copyright (2013) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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5.3.2 � GO/RGO Combined with Other Carbon Materials

Modifying the conventional carbon material with GO/RGO is a feasible strategy to 
enhance the supercapacitance [157–164]. To solve the issue of intrinsic insolubil-
ity of CNTs in water, GO with high solubility has been introduced as surfactant 
to disperse CNTs through strong π–π stacking interaction [165–167]. Dong et al. 
[157] have experimentally demonstrated the spontaneous formation of SWCNT/
GO core-shell structure. But its application in the supercapacitors has been limited 
since the highly conductive SWCNTs are completely wrapped by the insulating 
GO nanosheets. Therefore, the SWCNT/GO sample has been further reduced to 
SWCNT/RGO, which shows a specific capacitance of 194 F g−1, compared to the 
SC electrodes with RGO (155 F g−1) and SWCNT (127 F g−1). Using MWCNT as 
core and GO nanoribbon (GONR) as shell, a core-shell MWCNT@GONR struc-
ture for supercapacitor application was reported to possess a high specific capaci-
tance of 252.4 F g−1, higher than 194 F g−1 for the SWCNT/GO electrode [158].

In addition, intercalation of CNT as the spacer into the GO layers is an effective 
way to inhibit the GO restacking [168–170]. Zeng et al. [159] proposed to incor-
porate the super-short CNT (SSCNT) into RGO layers to synthesize the 3-D mul-
tilayer RGO/SSCNT architecture for supercapacitors, as shown in Fig. 5.18. This 
strategy not only increases the utilization of the closed pore volumes of MWCNTs 
but also inhibits the aggregation of RGO. Simultaneously, the open-end pipes pro-
vide abundant transport paths and short axial transmission distance for the elec-
trolyte ions and electrons in the electrode. As a consequence, the RGO/SSCNTs 

Fig.  5.17   Illustration of the relationship between thermal temperature and pseudocapacitance. 
Reprinted with permission from Ref. [151]. Copyright (2014) American Chemical Society
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display a high specific capacitance of 210 F g−1 even at 1,000 mV s−1, compared 
to the values of 75 F g−1 for RGO and 50 F g−1 for RGO/MWCNTs. Similarly, 
Beidaghi et al. [160] used the CNTs as the spacer and fabricated a micro-patterned 
interdigitated electrodes based on RGO-CNT composites for SC application. The 
interdigitated RGO-CNT electrodes can increase the accessibility of electrolyte 
ions into graphene sheets and therefore lead to a high-frequency response of the 
micro-supercapacitors with resistive-capacitive time constants as low as 4.8  ms. 
Furthermore, the GO/RGO-CNT composites have been deposited on the carbon 
cloth for SC application [161, 162]. In these composites, GO plays an important 
role in facilitating the deposition of CNTs on carbon cloth, and the existence of 
CNTs prevents the GO restacking simultaneously. These synergistic effects co-
contribute to the significantly enhanced supercapacitor performance [161].

Apart from the CNT, other carbon materials have also been combined with 
GO/RGO for SC application [163, 164]. The electrochemically exfoliated gra-
phene (G) and wet-chemically produced GO have been combined as G/GO/G, 
where the GO acts as the dielectric spacer to enhance the supercapacitance [163]. 
Meanwhile, the electrochemically reduced graphene oxide (ERGO) coated car-
bon fibers (CFs) have been used as supercapacitor electrodes, which exhibit supe-
rior electrical charge storage performance [164]. The addition of ERGO results a 
unique wrinkled yet porous structure with higher available surface area for accu-
mulating the electrolyte ions to produce excellent electrochemical double-layers.

5.3.3 � GO/RGO-Transition Metal Oxide Composites

The pseudo-capacitors with the TMOs and conducting polymers as elec-
trode are restricted by the low working voltage, poor stability and unsatisfac-
tory high-rate capabilities [171, 172]. In principle, the concept of synergistic 

Fig.  5.18   a Schematic illustration of the formation steps of the multilayer RGO/SSCNT 
architecture. b Specific capacitance against CV scan rate of RGO/SSCNTs, RGO and 
RGO/MWCNTs. Reprinted with permission from Ref. [159]. Copyright (2013) Elsevier B.V.
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composition of nanostructured conducting polymers and metal oxides with 
GO/RGO electrode material has been demonstrated to be feasible to possess the 
pseudo-capacitance and EDLC behavior and to improve the overall supercapaci-
tor performance simultaneously [173]. However, in practical situations, overall 
supercapacitor performance varies with the specific composition. For example, 
the GO/manganese oxide based SCs show great electrochemical performance 
[174–176]. The composite of GO supported by needle-like MnO2 nanocrys-
tals (see Fig.  5.19) exhibits a specific capacitance of 197.2  F  g−1, slightly 
lower than the value of 211.2  F  g−1 for pure nano–MnO2 [174]. However, 
this small depression has been compensated by the enhanced electrochemical 
stability. After 1,000 cycles, the CMG15 (chemically synthesized GO/MnO2 
nanocomposites when the feeding ratio of MnO2/GO is 15:1) electrode retains 
about 84.1  % (165.9  F  g−1) of initial capacitance, while the nano-MnO2 one 
retains only about 69.0 % (145.7 F g−1). Later, the GO/Mn3O4 composite was 
reported to possess a high specific capacitance of 344 F g−1, a specific energy 
of 93  Wh  kg−1, and simultaneously a long cycling life time beyond 3,000th 
[175]. The enhanced supercapacitor performance of GO/Mn3O4 composite is 
attributed to the GO induced surface structure modification, strong trapping 
capability of Mn3O4 particles during the fast charging-discharging, and the 
accessibility of electrolyte ions.

Fig.  5.19   Formation mechanism for GO/MnO2 nanocomposites. Reprinted with permission 
from Ref. [174]. Copyright (2010) American Chemical Society
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Despite the above advances, the major limitation of poor electric conductivity 
of GO remain exists. In this regard, manganese oxide/RGO composites with con-
trollable functional groups may possess better electric conductivity and thus bet-
ter supercapacitor performance [177–179]. The reduction level plays a significant 
role in the final electrochemical and supercapacitor performance. Li et al. [177] 
reported a graphene/MnO2 composite for supercapacitor electrodes prepared via 
hydrazine reduction of the graphite oxide and a soft chemical precipitation route 
at relatively low temperature. The MnO2/RGO composite exhibits a maximum 
specific capacitance of 124 F g−1 at 200 mA g−1 with 1 M Na2SO4 as the electro-
lyte. The resulted performance is ascribed to the compromising contributions by 
the oxygen-containing groups: (1) they may increase the resistance of the com-
posites; (2) they benefit the dispersion of MnO2 on graphene and the infiltration 
of electrolyte. Furthermore, the MnO2/H-RGO and MnO2/S-RGO electrodes have 
been fabricated by the chemical reduction with the reducing agents of hydrazine 
hydrate and sodium borohydride, respectively [178]. These electrodes display 
high specific capacitance (327.5  F  g−1 for H-RGO/MnO2 and 278.6  F  g−1 for 
S-RGO/MnO2 at a scan rate of 10 mV s−1) and good cyclic stability up to 1,000 
cycles.

Moreover, RGO composited with other TMOs have been reported [180–
191]. A unique hybrid architecture of Co3O4/RGO scrolls is prepared through 
a two-step surfactant assisted method, which enables almost every single Co3O4 
scroll to connect with the RGO platelets through the residual oxygen-containing 
groups and thus integrate both active material and “conducting matrix” [180]. 
The Co3O4/RGO scrolls show a remarkable electrochemical performance in 
terms of a specific capacitance of 163.8 F g−1 at a current density of 1 A g−1 
and better capacitance retention of 93 % than that of Co3O4 (91 %) after 1,000 
cycles.

Later, a simple one-step synthetic strategy has been developed to prepare the 
Co3O4 NSs–RGO hybrid for SC application [182]. The Co3O4 NSs–RGO hybrid 
with 7.2  wt% Co3O4 loading yields higher specific capacitance of 187  F  g−1 at 
1.2  A  g−1 than the case of Co3O4/RGO scrolls. Furthermore, the capacitance 
depresses by only 6–9 wt% at constant current densities of 1.2 and 5 A g−1 after 
1,000 continuous charge-discharge cycles. The synergetic effects of nanoscale size 
and good redox activity of the Co3O4 NPs combined with the high electric conduc-
tivity of the RGO result in the enhanced electrochemical utilization at high rates.

As for the iron oxides, the specific capacitance of the Fe3O4/RGO nanocom-
posites is highly dependent on the mass ratio of Fe3O4 and RGO [183, 184]. 
The nanocomposite synthesized by a one-step solvothermal process with the 
Fe3O4:RGO ratio of 2.8 shows highest specific capacitances of 480 F g−1 at the 
discharge current density of 5 A g−1 with the corresponding energy density of 
67 Wh  kg−1 at a power density of 5,506 W  kg−1 [183]; and an extremely high 
specific capacitance of 843  F  g−1 is obtained at a discharge current density of 
1 A g−1 with the corresponding energy density of 124 Wh kg−1 at a power density 
of 332 W kg−1. Moreover, the Fe3O4/RGO nanocomposites show stable cycling 
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performance without any lose in the specific capacitance after 1,000 charge-dis-
charge cycles.

The nickel oxides/RGO composites also possess superior electrochemical per-
formance as SC electrodes [186–188]. A 3-D flower-like hierarchical NiO/RGO 
composite has been fabricated for supercapacitor applications, in which the NiO 
NPs not only inhibit the RGO restacking but also function as catalyst for the GO 
reduction [187]. The hybrid composite electrode endows great supercapacitor per-
formance, that is, a maximum specific capacitance up to 428 F g−1 at a discharge 
current density of 0.38 A g−1 in a 6.0 M KOH electrolyte is achieved. Moreover, 
Prakash et al. [189] pointed out that, among the several GO induced effects, the 
morphology control for ZnO nanoparticles is the key factor to determine the over-
all performance of the electrodes (see Fig. 5.20). Consistent conclusion has been 
drawn in NiO/RGO nanohybrids [188].

Apart from the above mentioned metal oxides, CuO/RGO hybrid lamellas 
exhibit a specific capacitance of 163.7  F  g−1 (much higher than 69.7  F  g−1 of 
CuO nanosheets and 66.0  F  g−1 of RGO, respectively), which is dominated by 
the synergistic effects of redox activity of the CuO nanosheets, the good electric 
conductivity of the RGO, and the unique sandwich-like porous structures spaced 
by CuO nanospheres [190]. TiO2 nanobelts composited with RGO (RGO/TiO2 
NBs) used as electrode in SCs show better supercapacitor performance than the 
case of TiO2 nanoparticles [191]. At a discharge current density of 0.125 A g−1, 

Fig.  5.20   Reaction temperatures on the morphologies of zinc oxide-reduced graphene 
oxide (ZnO–RGO) nanohybrids and the cyclic performance. Reprinted with permission from  
Ref. [189]. Copyright (2014) American Chemical Society
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the RGO/TiO2 NBs yields a much higher specific capacitance of 225 F g−1 than 
62.8 F g−1 for RGO-TiO2 NPs.

5.3.4 � Composites of GO/RGO and Conducting Polymers

Compared to the TMOs, composites by conducting polymers and GO/RGO show 
even higher supercapacitance and have also been extensively documented [192–
212]. The composition mechanisms of GO/RGO and the conducting polymers 
influence the supercapacitor performance.

Among all polymers, polyaniline (PANI) is a promising material owing to 
its high capacitive characteristics, low cost, and ease to synthesize [213, 214]. 
However, the relatively poor cycling life limits its practical applications. GO with 
high surface area and oxygen-containing groups has excellent capability to highly 
disperse the PANi and thus form stable hybrid composite for SC electrodes [192–
195]. The hierarchical nanocomposites of PANI/GO, in which the PANI nanowire 
arrays are aligned vertically on GO substrate, show a remarkable synergistic effect 
of improving the specific capacitance to 555  F  g−1 (298  F  g−1 for PANI only) 
at a discharge current density of 0.2 A g−1 and retaining the capacitance to 92 % 
(74 % for PANI only) after 2,000 charge-discharge cycles [193]. Wang et al. [194] 
synthesized a PANI/GO composite and proposed their possible interaction mecha-
nisms, including electrostatic interaction, hydrogen bonding and π-π stacking (see 
Fig. 5.21). The composite used in SC shows maximum initial specific capacitances 
of 746 F g−1. Unlike the use of the edged carboxyl groups of graphene sheets as 
linkers, to fully use the ample oxygen-containing groups on the basal plane of 
graphene sheets, Liu et  al. [195] performed oxalic acid treatment to achieve the 
carboxyl-functionalized GO (CFGO) for combining the amine-nitrogens. The 
CFGO/PANI composite delivers a specific capacitance of 525 F g−1, twice of the 
reduced CFG–PANI (262 F g−1) at a current density of 0.3 A g−1. Furthermore, 
CFGO/PANI electrode keeps higher capacitance retention of 91  % than 85  % 
for CFG/PANI. The lower capacitive performance of CFG–PANI composite is 
resulted from the absence of structure destruction induced by oxygen-containing 
functional groups, which indicates the importance of tuning surface chemistry of 
GO/conducting polymer composites for supercapacitor performance.

The RGO-PANI composites have been further developed [196–199]. A pol-
yaniline-grafted reduced GO (PANI-g-RGO) composites were prepared in a 
three-step process starting from functionalizing GO with 4-aminophenol via acyl 
chemistry, where a concomitant reduction of GO takes place for supercapacitor 
application [196]. However, its low electrical conductivity of 8.66  S/cm results 
in an inadequate capacitance of 250 F g−1 and poor cycling stability. To explore 
the influence of graphene surface chemistry on the supercapacitor performance of 
graphene/polyaniline composites, four different surface-functionalized graphenes, 
i.e., GO, RGO, nitrogen-doped RGO (N-RGO), and amine-modified RGO (NH2-
RGO), were adapted to composite PANI [197]. Among them, the NH2-RGO/PANI 
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composite shows the largest specific capacitance of 500  F  g−1 and good cycla-
bility with no loss of capacitance over 680 cycles. Recently, Wang et  al. [198] 
reported a hierarchical nanocomposite of PANI-fRGO, in which nitrophenyl 
groups (initially grafted on RGO via C–C bond) are reduced to aminophenyl to 
act as anchor sites for the growth of PANI arrays on RGO. The PANI-fRGO nano-
composite based SC show a high specific capacitance of 590 F g−1 at a current 
density of 0.1 A g−1 without any loss of capacitance after 200 cycles.

Polypyrrole (PPy) is another kind of attractive conducting polymer in SC appli-
cation due to its low cost, easy to synthesize and relatively high conductivity [215]. 
To further improve the performance (especially the cycle stability), GO/RGO-PPy 
composite have been developed as the electrode materials [200–204]. A com-
posite of PPy nanowires and GO nanosheets is fabricated as the electrode and 
yields a high specific capacitance of 633 F g−1 at a current density of 1 A g−1, 
which is much larger than that of each individual component [200]. Meanwhile, 

Fig. 5.21   Proposed possible combining modes of GO/PANI composite. Reprinted with permis-
sion from Ref. [194]. Copyright (2010) American Chemical Society
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the capacitance retaining of 94 % for the GO/PPy composite after 1,000 charge-
discharge cycles is much more favored than that of 68 % for the pure PPy.

Later, another GO/PPy nanocomposite was fabricated using one-step coelec-
trodeposition via the synergistic effects that the relatively large anionic GO serves 
as a weak electrolyte and is entrapped in the PPy nanocomposite during the elec-
trochemical polymerization as well as acts as an effective charge balancing dopant 
within the PPy [201]. This GO/PPy nanocomposite used as electrode yields a 
specific capacitance of 356 F g−1 at a discharge current of 0.5 A g−1 and retains 
78 % of the initial capacitance after 1,000 cycles. In addition, one kind of GO/PPy 
nanowire was prepared via the assistant of Al2O3 template, in which the PPy is 
electrochemically doped by oxygen-containing groups of the GO [202]. The 
vertically aligned GO/PPy nanowires with large surface area and intimate con-
tact between the nanowires and the substrate electrode exhibit an extremely high 
capacitance of 960  F  g−1 and stable cyclic up to 300th. To further improve the 
thermal stability and capacitance retention, a combination of RGO and thermally 
carbonized PPy, was subsequently synthesized but resulted in a decreased capaci-
tance of 200 F g−1 without the redox reactions of PPy.

To solve the problem of poor solubility in water and little anionic character-
istics for RGO, Park et  al. [204] reported a composite of PPy[RGO-PSS] via 
the PSS (polystyrenesulfonate) as the bridge between PPy and RGO to facili-
tate charge transfer, as illustrated in Fig.  5.22. This architecture delivers a spe-
cific capacitance of 280 F g−1 at a high discharge rate of 1,000 C (equivalent to 
50 A g−1). The GO/PPy composites have also been demonstrated to be an efficient 
organic current collector in an all-plastic SC [205].

Composition of GO/RGO with other polymers has also been documented 
in SC applications [206–212]. The GO-doped ion gel as electrolyte in the all-
solid-state supercapacitor exhibits smaller internal resistance, higher capacitance 
performance, and better cycle stability compared to the case of pure ion gel and 

Fig. 5.22   Schematic of PPy[RGO-PSS] obtained by reducing GO in presence of PSS and then 
electropolymerizing pyrrole in presence of RGO-PSS. Reprinted with permission from Ref. 
[204]. Copyright (2014) Elsevier Ltd.
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the conventional supercapacitor [206, 207]. In addition, the porous GO-based 
benzimidazole-crosslinked network (GO/BIN) composites display a specific 
capacitance up to 370 F g−1 (partial contributed by the imidazole rings induced 
pseudocapacitive redox reaction) at a current density of 0.1 A g−1 and retain 90 % 
of the original capacitance after 5,000 cycles at a current density of 3 A g−1 [209]. 
Moreover, RGO/nanofiber used as electrodes [211] and RGO/ionic liquid used as 
the electrolyte [212] in SCs also exhibit excellent electrochemical performance.

5.3.5 � Other GO/RGO-Based Composites

Coupling the promising pseudocapacitive materials of metal sulfides with 
GO/RGO is another efficient strategy to improve the supercapacitor performance 
[216, 217]. The synergistic combination of WS2/RGO hybrids exhibit enhanced 
supercapacitor performance with specific capacitance of 350 F g−1 at a scan rate 
of 2  mV/s (about 5 and 2.5 times higher than bare WS2 and RGO sheets) and 
energy density of ~49  Wh  kg−1, and simultaneously keeping stable over 1,000 
cycles [216]. Even more impressively, the NiS/GO nanocomposite display a 
very high specific capacitance of 800 F g−1 at 1 A g−1 and long cycle life over 
1,000 cycles [217]. On the other hand, the Sb/RGO composite also shows promis-
ing potential for supercapacitor electrode due to its high specific capacitance of 
289 F g−1 (mainly contributed by the pseudocapacitance) and very good cyclabil-
ity up to 1,000th [218]. The cellulose is also proposed to couple RGO for SC elec-
trode but the composite only delivers a low specific capacitance of 71.2 F g−1 at 
the current density of 50 mA g−1 [219].

Based on the GO/RGO-polymer composites, other active materials have been 
further incorporated into the multiplex architecture for SC electrodes [220–224]. 
The p-phenylenediamine/GO/Au composite yields an increased specific capaci-
tance of 238  F  g−1 compared to 11  F  g−1 of individual PPD and 176  F  g−1 of 
PPD/GO and retains 81  % of initial capacitance after 500 cycles [220]. Carbon 
materials can further hybrid with GO/RGO polymers. The hierarchical free-
standing CNF/GO/PANI based SC electrodes possess the 3-D open channels for 
the diffusion of electrolyte ions and thus exhibit a remarkable specific capaci-
tance of 450.2 F g−1 at the scan rate of 10 mV/s and good cyclic stability over 
1,000th [221]. Furthermore, an all-solid-state asymmetric supercapacitor using the 
RGO/MWCNT as the negative electrode and CFP/PPy as the positive electrode 
only exhibits a specific capacitance of 82.4 F g−1 at a current density of 0.5 A g−1 
but it possesses a stable potential window of 1.6 V and keeps excellent cycling sta-
bility up to 2,000 cycles (93 % retention of the initial specific capacitance) [222].

The GO-based ternary composites, simultaneously integrated with the conduct-
ing polymers and TMOs, have been used as SC electrodes and exhibit superior 
electrochemical performance [223, 224]. Based on the GO/RGO-metal oxides, 
addition of the ternary carbon material may also improve the supercapaci-
tor performance [225, 226]. The MnO2-RGO/CFP composite delivers a specific 
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capacitance of 393  F  g−1 at 0.1 A  g−1 (2.2 times higher than the MnO2/CFP), 
along with excellent capacity retention of 98.5  % after 2,000 cycles. Moreover, 
the hydroxides based GO/RGO composites as an extraordinary SC electrode 
have been addressed [227–229]. A 3-D activated RGO nanocup/Ni-Al layered 
double hydroxides composite exhibits an extremely high specific capacitance of 
2,712.7 F g−1 at the current density of 1 A g−1 [227]. Even when the current den-
sity rises up to 50 A g−1, the specific capacitance remains 1,174 F g−1 and keeps 
98.9 % of initial capacitance after 5,000 cycles at the current density of 30 A g−1.
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Abstract  The industrial and agricultural activities of human induce environ-
mental pollution in air and water. Especially, greenhouse and toxic gases, heavy 
metal ions and organic species are deteriorating the ecological balance and human 
health everyday. Owing to the unique surface chemistry and architectures, GO 
and its composites have versatile applications in environmental protection. Metal-
decorated GO can be used for capture and conversion of the harmful gases such 
as CO2, CO, NO2, and NH3. Another important environmental application of GO 
is water purification. The photocatalytic activity of GO for the removal of heavy 
metal ions from polluted water can be significantly enhanced by forming hybrid 
with metal oxides. Additionally, GO-based composites can be used for photodeg-
radation of organic pollutants in wastewater.

6.1 � Air Pollutant Removal

6.1.1 � Gas Adsorption and Detection

Among all kinds of air pollutants, carbon dioxide (CO2) contributes largely to 
the global climate change, which is in urgent need to be alleviated. To remove 
CO2 gases, the aminated graphite oxides have been used for CO2 adsorption and 
achieved a high adsorption capacity of 46.55  mg CO2/g sample [1]. Later, the 
few-layer GO sheets exhibited superior gas separation characteristics of carbon 
dioxide/nitrogen, which render the well-interlocked GO membranes suitable for 
postcombustion CO2 capture processes, even in a humidified circumstance [2]. 
Furthermore, the water molecules were found to play a significant role in the inter-
calation of CO2 into GO layers [3]. Once the water vanishes, the CO2 intercalated 
GO structure decomposes and the water incorporation is accompanied with for-
mation of C16O18O, as shown in Fig. 6.1. The key role of water in CO2 intercala-
tion between GO interlayers has been reproved by Kim and coworkers [4]. They 
observed a remarkable enhancement of CO2 adsorption in water-swelled GO 
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compared to the dried one. Moreover, the water circumstance also facilitates the 
intercalation of other gases such as CH4, N2, and H2. Their MD simulation indi-
cated that the intercalated water molecules and the functional groups on the GO 
plane contribute to the increase of CO2 adsorption. A very recent DFT calcula-
tion indicates that the intercalation of water molecules can influence the GO inter-
layer spacing, and therefore affects the CO2 migration within the GO layers by the 
repulsive interactions between CO2 and oxygen-containing groups attached on the 
GO sheets [5].

To improve the adsorption capacity of CO2, various GO composites have 
been explored [6–11]. The GO-layered double oxides (LDHs) show great 
potential in CO2 capture [6]. Compared to the MWCNTs-LDHs [12], less 
amount of GO is needed in GO-LDHs to achieve the highest CO2 adsorption 
capacity of 62 % [6]. However, further increase of GO loading cannot simply 
improve the CO2 adsorption due to the poor network forming ability. In addi-
tion, the layered double oxides supported by GO can be used for CO2 capture 
[7]. Despite that the CO2 capacity gradually decreases after the first cycle, the 
presence of GO is able to reduce the loss of adsorption capacity, and helps 
maintain the heterogeneity of the basic sites on adsorbents for a longer number 
of temperature-swing cycles.

Fig.  6.1   a Exchange of water and hydrate formation leading to CO and CO2; b exchange of 
water in carboxylic acids; c rearrangement reaction of α-epoxy ketones leading to carboxylic 
acids. Reprinted with permission from Ref. [3]. Copyright (2012) American Chemical Society
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Polymer-decorated GO also shows positive effects, especially in enhanc-
ing the surface area and improving the cycle stability for CO2 capture [8–10]. The 
RGO/PANI composite can provide a uniformly N-doped porous graphene material 
with a maximum BET (Brunauer, Emmet and Teller) surface area of 1,336 m2 g−1 
[8]. This N-doped graphene shows a highly reversible maximum CO2 storage capac-
ity of 2.7 mmol g−1 at 298 K and 1 atm (5.8 mmol g−1 at 273 K and 1 atm) along 
with a good recycling stability with only an initial reduction of 10 %. A polyindole-
RGO (PIG) hybrid with a maximum BET surface area of 936 m2 g−1 also shows 
superior CO2 capture capacity of 3.0 mmol g−1 at 25 °C and 1 atm [9]. Alhwaige 
et  al. [10] firstly demonstrated the highly dispersion of GO within a biopolymer 
chitosan and observed synergistic effect for CO2 capture. The 20 wt% GO loaded 
hybrid architecture exhibits remarkable increase of CO2 storage capacity from 1.92 
to 4.15  mol  kg−1 and prolongs the adsorption-desorption cyclic life. Besides, the 
porous Cu-based MOF was demonstrated to be well-dispersed on GO surface with 
nanometer scale, which is favored with more active sites for CO2 adsorption and thus 
leads to a high CO2 adsorption capacity of 8.26 mmol g−1 at 273 K under 1 atm [11].

Apart from the greenhouse gases, the removal of harmful gases via GO based 
materials was mainly focused on ammonia [13–21]. Bandosz’s group has devoted 
substantial efforts on the ammonia removal with the graphite oxide based materi-
als [13–19]. They found that the surface chemistry of graphite oxides, especially 
the oxygen-containing groups and the remained sulfonic groups, and the water 
molecules play significant role on the ammonia adsorption behaviors [13–16]. 
Moreover, the interaction mechanism of ammonia with GO varies with the syn-
thesis approaches of GO [14]. Further composition of GO and other materials with 
affinity to ammonia such as polyoxometalate [17], Al13 [18] and MnO2 [19] exhib-
its improvement of ammonia accommodation compared to the pure GO.

First-principles calculations indicated that the presence of diverse active defect 
sites (the hydroxyl and epoxy functional groups and their neighboring carbon 
atoms) on GO can promote the charge transfer between NH3 and GO and therefore 
strengthen the adsorption of NH3 [20]. In situ IR microspectroscopy experiments 
integrated with DFT calculations also confirmed the co-contribution of epoxide 
groups and carbon vacancies to NH3 dissociation, which leads to a wide variety of 
adsorbed species with a small net electron-donor effect [21].

Removal of other harmful gases like formaldehyde [22], acetone [23], H2S 
[24, 25], SO2 [26, 29], CO [27], nitrogen oxides [28, 29] via GO and its com-
posites has also been addressed. The silylated graphite oxide containing amino 
group, exhibits superior ability of formaldehyde accommodation, which prevails 
the activated carbon material even with the presence of water molecules [22]. As 
for the extremely dangerous acetone gas, the GO foam shows higher adsorption 
efficiency than that of RGO foams and other carbon materials [23]. In addition, a 
small amount of GO integrated with MOF-5 can increase the available Zn sites in 
MOF-5 and also create pore space with strong dispersive forces for H2S capture 
[24]. But the H2S adsorption capacity is reduced since the MOF structure is dis-
torted upon GO loading. Therefore, the glucose was further introduced to maintain 
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the structural stability, leading to a maximum H2S uptake of 130.1  mg  g−1. In 
order to understand the interaction mechanism of H2S and GO, Huang et al. [25] 
constructed a series of surface tunable GO structures for selective adsorption of 
H2O/H2S. They found that H2S molecules dissociate on the carbonyl functional 
groups, and that the H2O molecules act as the challenging gas, which tend to block 
the potential active sites for H2S decomposition. Bandosz et al. also found that the 
GO/Zr(OH)4 composites can be used for SO2 capture at ambient conditions via 
reactions with terminal –OH groups of hydrous zirconia [26].

To obtain atomistic insights into the interaction mechanism between GO and 
the harmful gases, the first-principles calculations have been performed [27–29]. 
Zhao’s group [27] found that the titanium-decorated GO (Ti–GO) can selectively 
adsorb the carbon monoxide from gas mixtures with a large binding energy of 
~70 kJ/mol due to hybridization between the empty d orbitals of Ti and the occu-
pied p orbitals of CO. Tang et al. [28] revealed that the charge transfers between 
active defect sites of GO (the hydroxyl and carbonyl functional groups and the car-
bon atom near these groups) and nitrogen oxides can strengthen the adsorption of 
NOx (x = 1, 2, 3), eventually leading to chemisorption of the gas molecules. Very 
recently, it was argued that the light metals (Li and Al) anchored on GO surface 
exhibit superior adsorption capability of acidic gases compared to that of Ti [29].

6.1.2 � Gas Conversion

Even with the advanced progresses in capturing harmful gases, the ultimate goal 
is to convert them into some useful energy resource for full utilization, which can 
simultaneously alleviate the energy and environment crisis. In this regard, GO and 
its composites have attracted many attentions in the harmful gas conversion.

Firstly, the RGO supported cobalt nanocrystals have been documented as 
catalyst for the Fischer-Tropsch CO2 hydrogenation process [30]. The oxygen-
containing groups on GO can accelerate the formation process of Co nanocrystals, 
leading to 3-D reticular structure of the composite. Compared to the pure Co cata-
lyst [31], this 3-D reticular RGO/Co composite exhibits superior catalytic activity 
for CO2 conversion. In addition, the synergetic interaction of hydroxyl groups on 
GO with halide anions has a remarkable catalytic influence on the conversion of 
CO2 to propylene oxide (PO) at room temperature and atmospheric pressure [32]. 
The GO-Bu4NBr composite shows excellent catalytic performance in the cycload-
dition of CO2 to PO under relatively mild conditions, leading to 96 % yield and 
100 % selectivity at relatively mild conditions.

Besides, GO shows excellent photocatalytic activity for CO2 conversion 
[33–38]. The incorporation of RGO can dramatically enhance the catalytic activ-
ity (nearly six times higher than the optimized Cu2O and 50 times higher than 
the Cu2O/RuOx junction) and the stability of CuO2 for CO2 photoreduction to 
CO [33]. The synergistic effects of retarded electron–hole recombination, effi-
cient charge transfer, and protective function of RGO accounted for the superior 
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photocatalytic activity and stability of the Cu2O/RGO composite (see Fig.  6.2). 
Moreover, the noble metal (like Pt) modified RGO and TiO2 nanotubes as cathode 
catalyst and photo-anode catalysts, respectively, can effectively convert CO2 into 
valuable chemicals (CH3OH, C2H5OH, HCOOH and CH3COOH). The generation 
rate of liquid products reaches approximate 600 nmol/(h cm2) and the carbon atom 
conversion rate reaches 1,130 nmol/(h cm2), which are much more efficient than 
those achieved with Pt-modified carbon nanotubes and platinum carbon as cathode 
catalysts [34].

Despite the superior photocatalytic performance of Pt based composites, 
the high cost of Pt significantly limits the wide application, which intrigues the 
exploration of alternative noble metal free catalysts for CO2 conversion [35–39]. 
Hence the modified GOs have been developed as the photocatalyst for conver-
sion of CO2 to methanol [35]. The methanol conversion rate can reach up to 
0.172 μmol g cat−1 h−1 (under 300-W halogen lamp irradiation) by modulating 
the oxygenated functional groups, much higher than that of pure TiO2. Moreover, 
the CoII phthalocyanine complex coated GO (CoPc–GO) has been demonstrated 
to be an efficient, cost-effective and recyclable photocatalyst for the reduction 
of carbon dioxide to produce methanol as the main product [36]. Additionally, 
the RGO-TiO2 photocatalyst has been developed for converting CO2 to CH4 
with superior conversion rate (0.135 μmol g cat−1 h−1) compared to the graph-
ite oxide and pure anatase [37]. The enhancement of photocatalytic activity is 
ascribed to the charge anti-recombination by intimate contact of TiO2 and RGO. 
Another noble metal free photocatalyst, RGO–CdS nanorod composite, also pre-
sents a high CH4-production rate of 2.51 μmol g cat−1 h−1, which exceeds that 
of pure CdS nanorods by more than ten times and is even better than that of an 
optimized Pt–CdS nanorod composite photocatalyst under the same reaction  
conditions [38].

As for the conversion of other harmful gases, it was demonstrated that the 
porous GO foams not only act as the oxidant but also catalyze the oxidization of 
SO2 to SO3 [39]. Humeres et al. performed thermal reaction followed by plasma 
treatment to GO and SO2 and created the oxidized and nonoxidized intermediates 

Fig. 6.2   Schematic illustration of the charge transfer in Cu2O/RGO composites. Reprinted with 
permission from Ref. [33]. Copyright (2014) The Authors
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intercalated GO, which possess enormous potential in different reactivities with 
respect to thiolysis and aminolysis, and also selectively adsorb various types of 
organic moieties [40]. Moreover, ammonia can be converted to the primary 
amides using rod-like MnO2/GO hybrid as catalyst [41]. In addition, the colloi-
dal GO exhibits photocatalytic activity for the gas-phase oxidation of benzene by 
air oxygen [42]. A theoretical study by Jia et  al. [43] predicted that the Pd-GO 
composite exhibits good catalytic performance for CO oxidation. The oxidation 
reaction proceeds via Langmuir–Hinshelwood mechanism with a two-step route 
(CO +  O2 →  OOCO →  CO2 +  O), followed by the Eley–Rideal mechanism 
(CO + O → CO2).

6.2 � Water Purification

6.2.1 � Capture of Pollutants

Pollutants removal from the wastewater via adsorption on the GO based materi-
als has been widely used in the water purification technology because of its high 
efficiency and low cost. For those heavy metal ions that strongly threaten human 
body, animal and plants, GO based materials display strong adsorption affinity to 
remove them from wastewater [44–56].

Among all kinds of heavy metal ions, Cr(VI) ion is considered as one of the 
most toxic ions due to its high toxicity and bioaccumulation. The ethylenedi-
amine–RGO has been used to remove Cr(VI) from aqueous solutions; however, it 
takes a very long time (24 h) to achieve 100 mg L−1 [44]. Later, the 2, 6-diamino 
pyridine–RGO composite with the aid of UV-active shows higher Cr(VI) removal 
ability from acidic water solution (efficiency enhancement by 18  % at a higher 
pH value) [45]. The presence of an extra pyridinic-nitrogen lone pair facilitates 
the removal efficiency of excess Cr(VI) [500 mg L−1 in 3 h only]. Note that this 
composite can also partially reduce some Cr(VI) ions, which is advantageous for 
the Cr(VI) removal. In addition, the conducting polymers decorated GO compos-
ites have been demonstrated to be superior sorbents for Cr(VI) adsorption [46, 
47]. The hierarchical PANI/GO nanocomposites exhibit excellent water treatment 
performance with a superb removal capacity of 1,149.4 mg g−1 for Cr(VI) [47], 
which is much higher than other polymer based materials [46, 48–50]. There are 
also some Cr(VI) ions being partially reduced into Cr(III) species in the PANI/GO 
composite due to the presence of positive nitrogen groups and the assistance of π 
electrons on the carbocyclic six-member ring of PANI/GO [47].

GO based composites also exhibit satisfactory adsorption performance for 
removal of other heavy metal ions [51–56]. Liu et al. [51] reported application of 
magnetite/GO composite for the adsorbent of Co(II) ions, which exhibits endother-
mic and spontaneous adsorption process but only achieves an extremely low adsorp-
tion capacity of 12.98 mg g−1. Yang et al. [52] found that the Cu2+ ions cause GO 
sheets to be folded and also to form large aggregates, which lead to a huge Cu2+ 
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absorption capacity (around ten times of that of active carbon). Later, the GO aero-
gels with unidirectional porous structure has been employed for Cu2+ removal, 
which is beneficial for the diffusion of metal ions to the adsorption sites on the GO 
aerogels [53]. In addition, few-layered GO has been demonstrated with superior 
adsorption performance of Pb(II) ions owing to the abundant oxygen-containing 
groups on the surface [54]. The adsorption of Pb(II) ions on GO is a spontaneous 
and endothermic process, leading to the maximum adsorption capacities (calculated 
from the Langmuir model) of about 842, 1,150, and 1,850 mg g−1 at 293, 313, and 
333 K, respectively. Furthermore, the introduction of ethylenediamine triacetic acid 
(EDTA) to the GO surface induces significant increase of the adsorption capacity 
for Pb(II) ions [55]. The highest adsorption capacity of EDTA-GO composite for 
Pb(II) (which varies with pH of the solution) reaches to 479 ± 46 mg g−1 at 298 K 
(±2), which is 4–5 times higher than that of oxidized carbon nanotubes, and 1–2 
times higher than that of pure GO. As for the removal of Hg2+ ions, the polypyrrole 
decorated RGO shows highly selective adsorption capacity of 980 mg g−1 and an 
extremely high desorption capacity of up to 92.3 % [56].

Moreover, the removal of co-existing heavy metal ions from wastewater has 
been pursued [57–59]. A flower-like TiO2-GO hybrid nanomaterial was utilized 
for the removal of Zn2+, Cd2+ and Pb2+ from wastewater [58]. After 6 h and 12 h 
of hydrothermal treatment at 100 °C, it reaches the maximum adsorption capaci-
ties of about 44.8 and 88.9  mg  g−1 for removing Zn2+, 65.1 and 72.8  mg  g−1 
for removing Cd2+, and 45.0 and 65.6  mg  g−1 for removing Pb2+ (at pH 5.6), 
respectively, compared to that of colloidal GO under identical condition of about 
30.1 (Zn2+), 14.9 (Cd2+), and 35.6 mg g−1 (Pb2+). Later, Liu and coworkers [59] 
reported the removal of Au(III), Pd(II), and Pt(IV) ions via GO itself. The adsorp-
tion kinetics of Au(III), Pd(II), and Pt(IV) onto GO follows a pseudosecond-order 
kinetic model, and eventually the maximum adsorption capacities of 108.342, 
80.775, and 71.378 mg g−1, are achieved respectively.

Another kind of harmful water pollutants is organic dyes, which has been 
widely used in various industrial fields, such as coating, papermaking and tex-
tiles. One effective way to removal them is the direct adsorption [60]. To date, 
GO based materials have made great progresses for the methylene blue (MB) 
removal [61–65]. Zhang et  al. [61] reported that the GO itself is an excellent 
absorbent for MB removal, with a maximum absorption capacity of 714 mg g−1 
and the removal efficiency of more than 99 % at initial MB concentrations lower 
than 250 mg/L. The main strength of absorption is mainly ascribed to the electro-
static interaction and partially contributed by the π-π stacking interaction. Chen 
et  al. [62] also demonstrated that the RGO has strong affinity for MB adsorp-
tion. The RGO-N shows a maximum adsorption capacity of 159 mg g−1, which 
is attributed to the large conjugate structure arising from the interaction between 
C=O or C=N double bonds and C–C/C=C bonds. Later, He et al. [63] found that 
expansion of lamellar spacing, maintenance of lamellar structure, and negatively 
charged oxygen-containing groups are favorable for the MB adsorption. For the 
GO/RGO composites, it has been demonstrated that the introduction of Mg(OH)2 
nanoplates can assist RGO to maintain a high specific surface area and form the 
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mesopore structure, rendering the Mg(OH)2–RGO hybrid an excellent sorbent 
for MB adsorption [64]. Additionally, the hybrid of magnetic chitosan with GO is 
also capable to create an external magnetic field for facilitating the MB adsorption 
[65], as illustrated in Fig. 6.3.

Besides, GO based composites also possess strong adsorption ability for 
other kinds of organic dyes [66–68]. It was found that the hydroxyl groups 
play an important role in the acridine orange adsorption on GO, which leads to 
a extremely high capacity as high as 3,300  mg  g−1 for the in situ method and 
1,400 mg g−1 for GO via the Langmuir model [66]. In addition, the 3-D porous 
GO-polyethylenimine composites exhibited higher adsorption capacity for ama-
ranth (800  mg  g−1) far beyond than the orange G and rhodamine B [67]. Also, 
due to the large surface area and good magnetic responsiveness, the magnetic 
mesoporous titanium dioxide–graphene oxide (Fe3O4-mTiO2-GO) has been uti-
lized as an adsorbent for the removal of Congo Red from simulated wastewater via 
the aid of an external magnetic field [68]. It reaches a maximum adsorption capac-
ity of 89.95 mg g−1, much higher than other absorbent materials. Most strikingly, 
the Fe3O4-mTiO2-GO composite can be regenerated and reused via simple treat-
ment without any obvious structure and performance degradation.

Furthermore, various GO based composites have been developed for adsorption 
of co-existing dyes from wastewater [69–73]. Ramesha et al. [69] found that the 
exfoliated GO (with negatively charged functional groups) and RGO (possessing 
high surface area) can be used for adsorbing cationic and anionic dyes, respec-
tively. Moreover, the FT-IR and Raman analysis indicate electrostatic and/or van 
der Waals type interactions between the dyes and the adsorbents. In addition, a 

Fig. 6.3   The application of magnetic chitosan/GO for removal of MB with the help of an exter-
nal magnetic field. Reprinted with permission from Ref. [65]. Copyright (2012) Elsevier Ltd.
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3-D GO sponge has been employed to simultaneously remove both the MB and 
methyl violet (MV) dyes [70]. The adsorption process is completed with high effi-
ciency of 99.1 % for MB and 98.8 % for MV in 2 min. The strong π–π stacking 
and anion-cation interactions between GO sponge and MB/MV ensure superior 
adsorption capacity as high as 397 and 467 mg g−1 for MB and MV dyes, respec-
tively. Moreover, competitive adsorption of Rhodamine 6G (R6G) and dopamine 
was observed around the oxygen-containing groups of the GO sheets [71], in 
which the hydrogen bond formation in dopamine-GO (see Fig. 6.4) causes partial 
desorption of R6G molecules from the GO surface into the solution. Geng et al. 
[72] reported the application of RGO-Fe3O4 NPs for adsorbing series of dyes such 
as Rhodamine B, R6G, acid blue 92, orange (II), malachite green and new coc-
cine. They found that this hybrid adsorbent can be easily and efficiently regener-
ated for reuse by simply annealing in moderate conditions. Moreover, it has almost 
no adsorption capacity decay for the co-existing dyes. A recent study also demon-
strated that the polymethylsiloxane (PDMS) coating on GO can lead to a partially 
reduced GO/PDMS 3-D architecture with macroporous and hydrophobic proper-
ties for remarkably improving the dyes adsorption performance [73].

In practical utility of wastewater treatment, the ideal sorbent needs to be capa-
ble of trapping not only the inorganic pollutants but also the organic ones, which 
motivates the exploration of sorbents materials capable of simultaneously adsorb-
ing the complex pollutants. Accordingly, many GO based materials with vari-
ous configuration and texture have been developed to meet this require [74–78]. 

Fig.  6.4   Possible adsorption sites of GO sheets for Rhodamine 6G and dopamine molecules. 
Reprinted with permission from Ref. [71]. Copyright (2014) American Chemical Society
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The graphite oxide decorated with thiol groups remains the inherent hydrophilic 
character and is able to adsorb 6-fold higher concentration of aqueous mercu-
ric ions than the unmodified GO [74]. Moreover, the conversion of regular fil-
tration sand into “core-shell” GO coated sand granules can retain at least 5-fold 
higher concentration of mercuric ions and RhB than pure sand, which is compa-
rable to some commercially available activated carbon. As shown in Fig.  6.5, 
the poly(acrylamide) brushes on RGO sheets (RGO/PAM) can convert carboxyl 
groups into amine groups, leading to the adsorption capacities (via Langmuir iso-
therm model) as high as 1,000 and 1,530  mg/g for Pb(II) and MB, respectively 
[76]. In addition, Yang et al. [77] synthesized the iron oxide coated GO and RGO 
for simultaneously adsorbing Pb(II) and 1-naphthol and 1-naphthylamine. They 
found that the presence of oxygen-containing groups in GO-iron oxide make the 
composite a good adsorbent for Pb(II) but not for 1-naphthol and 1-naphthylamine, 
whereas the RGO-iron oxide material was a good adsorbent for 1-naphthol and 
1-naphthylamine but not for Pb(II). Impressively, a very recent study reported the 
RGO coated by superparamagnetic iron oxide NPs can effectively remove both 
organic and inorganic pollutants from the contaminated water (for Pb2+ and Cd2+ 
within 10 min, whereas for tetrabromobisphenol A within 30 min) [78].

In addition, GO based materials possess well-defined nanometer pores, which 
allow low frictional water flowing inside and lead to great potential in removing 

Fig. 6.5   Synthesis of PAM chains on RGO sheets by free radical polymerization and adsorp-
tion of Pb(II) and MB. Reprinted with permission from Ref. [76]. Copyright (2013) American 
Chemical Society



129

the pollutants from wastewater by selectively ion penetration [79–81]. The free-
standing GO membrane fabricated by a simple drop-casting approach was shown 
to trap the heavy metal ions and organic contaminants [79]. The strong interac-
tion between the RhB molecules and GO membrane and the chemical interactions 
between the metal ions and the oxygen-containing functional groups account for 
the selectively penetration phenomenon. Very recently, another study demon-
strated the key role of hydrated radii in selectively permeating through the GO 
membrane [80]. The GO laminates act as molecular sieves and block all solutes 
with hydrated radii larger than 4.5 Å, whereas smaller ions pass through the mem-
branes with ultrafast ion permeation rate than the case of simple diffusion (see 
Fig. 6.6).

6.2.2 � Conversion of Pollutants

Apart from removal of the pollutants via adsorption and selectively ion penetra-
tion, GO based materials also make enormous contribution to the pollutants con-
version in water purification technology. For the heavy metal conversion, GO 
composites show superiors catalytic activity for chemical [44] and photo-reduction 
[82–84] of toxic Cr(VI) to less toxic Cr(III). Ma et  al. [44] found that an ethyl-
enediamine coated RGO (ED-RGO) exhibits a relatively high removal rate of 
Cr(VI) and can be easily separated from the solution after adsorption. Most strik-
ingly, Cr(VI) can be effectively reduced to low toxic Cr(III) species at low pH, 
which follows an indirect reduction mechanism with the aid of π electrons on 
the carbocyclic six-membered ring of ED-RGO. As for the photo-reduction of 
Cr(VI), TiO2 NPs decorated RGO (TiO2-RGO) was used as the photocatalyst to 

Fig. 6.6   Sieving through 
the atomic-scale mesh on 
the GO membrane. The 
shown permeation rates 
are normalized per 1 M 
feed solution and measured 
by using 5-mm-thick 
membranes. Reprinted 
with permission from 
Ref. [80]. Copyright (2014) 
American Association for the 
Advancement of Science
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remove Cr(VI) from an aqueous solution under visible light irradiation (as shown 
in Fig. 6.7) [82]. The TiO2-RGO composite exhibits an improved photo-reduction 
rate of 86.5 % compared to that of 54.2 % for pure TiO2 due to the increased light 
absorption intensity and wavelength range as well as the reduction in electron-hole 
pair recombination in TiO2 with the addition of RGO. Similarly, the coupling of 
RGO with CdS and α-FeOOH nanorod also enhanced the photocatalytic activity 
of Cr(VI) reduction by the electron-hole pair recombination [83, 84].

GO based composites also function as the efficient catalysts for chemically 
decomposes the organic pollutants in wastewater [85–88]. The RGO exhibits good 
catalytic performance for the reduction of nitrobenzene by Na2S in the aqueous 
solutions, in which the zigzag edges of RGO acts as the catalytic active sites and 
the basal plane of RGO serves as the conductor for the electron transfer during 
the catalytic process [85]. Furthermore, changing the pH (5.9–9.1) and the pres-
ence of dissolved humic acid (10 mg TOC/L) also intensely affects the catalytic 
activity of RGO. Oxovanadium(IV) and iron(III) salen complexes coated on the 
amino-modified GO as a heterogeneous catalyst can significantly enhance the cat-
alytic performance in aerobic oxidation of styrene and retain the cyclic stability 
compared to its homogeneous analogue [86]. Moreover, it was found that Co3O4 

Fig.  6.7   Proposed mechanism of Cr(VI) photocatalytic reduction and removal by TiO2-RGO. 
Reprinted with permission from Ref. [82]. Copyright (2013) Elsevier Inc.
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coated GO can effectively catalyze the Orange II decomposition [44, 87] and the 
Co3O4 nanorods coated RGO has great catalytic performance for methylene blue 
degradation [89].

Besides the chemical catalyst, GO based composites as the photocatalysts have 
been extensively used for organic pollutants degradation in wastewater. Zhao and 
coworkers [90] found that RGO can degrade RhB under visible-light irradiation 
with an extraordinarily slow rate. To improve the photocatalytic performance of 
RGO for dyes degradation, they fabricated a robust 3-D porous CNT-pillared RGO 
with excellent visible light photocatalytic activity in the degradation of RhB owing 
to its unique porous structure and the exceptional electron mobility of graphene 
[91]. Furthermore, they adopted the Cu modified RGO to enhance the photodegra-
dation of RhB [92].

The metal oxides decorated RGO also exhibit superior photocatalytic perfor-
mance for the degradation of rhodamine dyes [93–95]. For example, the RhB pho-
todegradation of 98.8 wt% after 80 min for TiO2–RGO under visible light [93] and 
the Rh6G photodegradation over 98 % within 10 min for ZnO nanowire/RGO via 
ultra violet irradiation [94] were observed. The synergistic combination of RGO 
with other photocatalysts such as Ag3PO4 [96] and BiVO4 [97] also lead to signifi-
cant enhancement of RhB degradation performance. In addition, an Ag-AgCl/rGO 
nanocomposite (Ag-AgCl encapsulated in GO) has been used as the photocatalyst 
to degrade RhB through two distinct competing reaction pathways, namely direct 
electron injection from dye-Ag-AgCl/RGO adsorbents and formation of a sur-
face localized strong oxidant on Ag-AgCl/RGO derived from visible light excita-
tion [98]. Recently, another Ag-AgCl/RGO composite has also been employed to 
degrade the MB molecules, with the electron-hole pairs of the low energy level 
recombined in space by metallic Ag as a solid-state electron mediator and the 
remaining electron-hole pairs of the high energy level for two photochemical reac-
tions that operate in parallel [99].

In addition, RGO composited with other semiconductors like ZnS [100] and 
metal oxides [101–103] also display enhanced photocatalytic performance of MB 
degradation compared to that of pure semiconductors. The Ag-AgCl/GO photocat-
alyst used for metal oxide (MO) degradation has also been documented, in which 
the GO nanosheets not only control the fabrication of Ag/AgCl nanostructures, but 
also as catalyst promoter during the photocatalytic performance [104]. The com-
bination of Fe3O4-TiO2 core/shell nanospheres with RGO has also been demon-
strated to possess good photocatalytic performance for MO degradation [105]. For 
the degradation of Cv dye, a nanohybrid of ZnO-GO composite displays high pho-
tocatalytic activity (~95 % Cv degraded within 80 min), due to the GO induced 
high e−-h+ pair separation under light illumination [106].

In addition to dyes, other organic pollutants can be also degraded by the 
GO based composites as photocatalyst [107–109]. The ternary catalyst of 
Ag/RGO–TiO2 nanotube arrays exhibit nearly 100  % photocatalytic removal 
efficiency of typical herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) from water 
under simulated solar light irradiation as well as good cyclic stability over ten 
times [107]. The UV-cured epoxy films make the GOx an efficient photocatalyst 
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for degrading the phenol molecules [108]. Moreover, the CdS nanowires/RGO 
nanocomposites used for photocatalyst can selectively reduce the aromatic nitro 
organics in water under visible light irradiation [109].

Most strikingly, some GO based composites can simultaneously degrade vari-
ous organic pollutants [110–114], which is favorable in the practical water puri-
fication. For instance, the GO enwrapped Ag3PO4 composite exhibits enhanced 
photocatalytic activities and cyclic stability for the degradation of organic dye 
(AO7) and phenol under visible-light irradiation compared to the pure Ag3PO4 
NPs [110]. Later, another GO/Ag3PO4 composite shows great potential in pho-
todegradation of RhB and bisphenol A [111]. Liu et  al. [112] further found that 
the ternary GO-TiO2-Ag nanocomposites remarkably enhance the photocatalytic 
activities in degrading AO7 and phenol under solar irradiation compared with 
GO/TiO2 and GO/Ag. The optimal Ag content in the GO/TiO2/Ag nanocompos-
ites varies for dye degradation and for phenol/bacterial degradation with different 
mechanisms, as illustrated in Fig. 6.8. Additionally, the combination of RGO with 
β-SnWO4 improves the degradation efficiency of MO and RhB from 55 and 60 % 
up to 90 and 91 %, respectively, compared to the β-SnWO4 alone [113].
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Abstract  The functional groups on GO, such as hydroxyl, epoxide and carboxyl, 
make GO hydrophilic and dissolvable due to the high affinity of these groups to 
water molecules. The functional groups also allow GO to noncovalently inter-
act with biomolecules via electrostatic interaction, π‒π stacking, and hydrogen 
bonding. Therefore, GO with hydrophilic/active surface and high surface area is a 
promising material in biotechnology. Moreover, the excellent optical and electro-
mechanical properties of GO extend its applications in biotechnology, especially 
as biosensors, which can be used to detect enzyme, DNA and other biomolecules 
with high sensitivity and selectivity.

7.1 � Biofunctionalization

Recently, applications of graphene and its derivatives (chemically modified gra-
phene, GO, etc.) in biotechnology have attracted great attentions. Various biomol-
ecules have been reported to be integrated with graphene-based nanomaterials 
[1], such as proteins, nucleic acids, cells, bacteria, and so on, as illustrated in 
Fig. 7.1.

7.1.1 � Interaction with Proteins

Owing to its biocompatibility, GO can be biofunctionalized with many kinds of 
proteins through physical adsorption or chemical bonding. For instance, enzyme, 
such as horseradish peroxidase (HRP) and lysozyme, can be easily immobilized 
on GO sheet through electrostatic interaction without any cross-linking reagents 
or additional surface modification since GO is enriched with oxygen-contain-
ing groups [2]. Moreover, the flat surface of GO makes it possible to observe the 
native immobilized enzyme in situ with AFM, as shown in Fig. 7.2. Note that the 
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immobilized enzyme is mainly determined by the interaction of enzyme molecules 
with the functional groups of GO [2]. Using sodium dodecyl sulfate‒polyacryla-
mide gel electrophoresis (SDS‒PAGE), Kotchey et al. [3] also confirmed the ability 
of HRP to bind with the RGO with an overall binding energy of ‒26.7 kcal/mol. 
Meanwhile, the HRP is preferentially bound to the basal plane rather than the edge 
for both GO and RGO.

Another important enzyme that can be biofunctionalized with GO is glu-
cose oxidase (GOD), and the resulting complex can serve as electrochemical 
glucose biosensors, as covered in a recent review [4]. The RGO can be modi-
fied with GOD by covalent bonding via a polymer generated by electrograft-
ing N-succinimidyl acrylate (NSA) [5]. The direct electron transfer between the 
RGO-based electrode and GOD molecules is realized, which can be utilized to 
detect glucose. Also, GO can interact with GOD through covalent attachment 
between carboxyl acid groups of GO sheets and amines of GOD [6]. Similarly, 
weak electron transferring nature of GOD was observed, which can further 
decrease the electrochemical performance of the GO electrode. The covalently 
linked GOD-GO enzyme electrode shows broad linearity, good sensitivity, 
excellent reproducibility and storage stability, suggesting GO to be a highly effi-
cient biosensor electrode.

Fig. 7.1   Biomolecules reported to be functionalized with graphene and its derivatives through 
physical adsorption or chemical conjugation. Reprinted with permission from Ref. [1]. Copyright 
(2011) Elsevier Ltd.
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7.1.2 � Interaction with DNA

In addition to proteins, GO can be also biofunctionalized with DNA. Through the 
strong π‒π stacking force, single-stranded DNA (ssDNA) can be decorated on 
the basal plane of GO [7–9]. Due to the high planar surface of GO, adsorption of 
ssDNA occurs in only few minutes since more than 95 % fluorescence intensities 
are quenched within 3 min, which is faster than using single walled carbon nano-
tubes [10]. Benefiting from the π‒π reaction between nucleotide bases and GO, 
the ssDNA–GO complex demonstrates superior sensitivity and rapid response.

Liu et al. [7] also investigated decoration of the ssDNA on GO. Generally, there are 
two kinds of driving forces for the adsorption of ssDNA. One is the strong π‒π stack-
ing interaction between the ssDNA and the graphene-like local conjugated domains on 
the GO surface. Another is the hydrogen bonding between ssDNA and some oxygen-
containing groups on GO. Moreover, after adsorption of the ssDNA on the GO surface, 
the resulting ssDNA–GO bioconjugate bears multiple thiol groups tagged on DNA 
strands and can be used as a 2-D bionanointerface for assembling gold nanoparticles.

Fig.  7.2   AFM images of the GO-bound HRP with lower (a) and higher (b) enzyme loadings 
acquired in a liquid cell. c Schematic model of the GO-bound HRP. d Initial reaction rates of 
GO-bound HRP versus HRP concentration. Reprinted with permission from Ref. [2]. Copyright 
(2010) American Chemical Society

7.1  Biofunctionalization
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Similarly, Xu et al. [8] reported a strategy for 3-D self-assembly of GO sheets 
and ssDNA via strong noncovalent interactions to form multifunctional hydrogels 
with high mechanical strength, excellent environmental stability, high dye-adsorp-
tion capacity, and self-healing function. Then, Wu et al. [9] systematically inves-
tigated the interaction between GO and DNA. They found that the adsorption and 
desorption of DNA on GO are affected by several factors, such as cations, pH, 
organic solvent and temperature. Generally, shorter DNA binds to the surface with 
faster kinetics and higher adsorption efficiency. However, by adding the c-DNA to 
form double-stranded (dsDNA) and increasing temperature, desorption can occur, 
as shown in Fig. 7.3.

On the other hand, GO scarcely interact with the rigid structure of dsDNA 
probably due to the efficient shielding of nucleobases within the negatively 
charged phosphate backbone of dsDNA [11]. According to the fluorescence 
quenching of DNA‒GO complex, it was found that the formation and release pro-
cess of the dsDNA from GO is relatively slow [12]. He et al. [13] also confirmed 
that interactions between the dsDNA and GO are rather weak from analysis of 
the fluorescence spectra of the dsDNA‒GO complex because the FAM (carboxy 
fluorescein) fluorescence is largely remained in the presence of GO. Meanwhile, 
fluorescence intensity of the dsDNA can be about 50 times larger than that of the 
ssDNA in the presence of T1 (5′-CAGACAAACTCCAACGA-3′) at 5-fold excess 
(50 nM). In addition, Dong et  al. [14] suggested that the formation of dsDNA‒
quantum dots (QDs) will reduce the surface charge of the DNA molecules and the 
exposure of the base. The latter effect can weaken the π‒π stacking and hydro-
gen bonding interactions, further leading to a decrease in the adsorption rate of 
dsDNA‒QDs on GO.

7.1.3 � Interaction with Other Biomolecules

Other biomolecules, including hydrogen peroxide (H2O2), β-nicotinamide adenine 
dinucleotide (NADH), dopamine (DA), peptides and cellulose, have also been bio-
functionalized with GO [15, 16]. H2O2 is a general enzymatic product of oxidases 
and NADH is a cofactor of many dehydrogenases, both of which are important 
in biological processes and biosensor development [15]. It was found that the 

Fig.  7.3   Schematic showing FAM-labeled DNA desorption on GO. Fluorescence is quenched 
upon adsorption. Desorption can be achieved by adding the c-DNA (reaction 1), DNA exchange 
with the same DNA (reaction 2), or increasing temperature (reaction 3). Reprinted with permis-
sion from Ref. [9]. Copyright (2011) American Chemical Society
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H2O2- and NADH-functionalized CRGO sheets can be used as bioelectrodes with 
greatly enhanced electrochemical reactivity [16]. Then, Tang et al. [17] attributed 
the enhanced electrochemical behavior of the NADH‒GO modified electrode to 
the high density of edge-plane-like defective sites on the RGO, which provide 
many active sites for electron transfer to the biological species.

DA, also known as a hormone and neurotransmitter, is a unique molecule mim-
icking the adhesive proteins. Xu et al. [18] suggested DA can also be employed to 
immobilize thiol- and amino-terminated poly ethylene glycol (PEG) on the surface 
of RGO in a “grafting-to” process. Meanwhile, DA also allows the reduction of 
GO without usage of hazardous chemicals or reducing agents. Peptides are short 
chains of amino acid monomers linked by peptide (amide) bonds, which allow the 
creation of peptide antibodies in animals without the need to purify the protein 
of interest [19]. Due to the electrostatic attraction between RGO sheets and pro-
tonated peptides, peptide-GO hybrid can be assembled into core-hell nanowires 
through a simple solution mixing [20].

Cellulose is an important structural component of the primary cell wall of 
green plants [21]. Moreover, cellulose derivatives are biologically compatible and 
biodegradable natural polymeric dispersants, which have been employed to fab-
ricate high-concentration and stable aqueous suspensions of graphene nanosheets 
through chemical reduction of exfoliated GO [22]. It was found that the resulting 
suspensions of the cellulose-GO nanosheets are very stable in water even at high 
concentrations (0.6–2 mg/ml) [22].

7.2 � Bioapplications

7.2.1 � Optical Biosensors

As mentioned in Chaps. 3 and 4, GO has fluorescence in the near-infrared to ultra-
violet regions. One important application of GO is to act as donor or acceptor of 
Förster (or fluorescence) resonance energy transfer (FRET). FRET is a phenom-
enon in which photo excitation energy is transferred from a donor fluorophore to 
an acceptor molecule [11].

First, GO can serve as a donor of FRET. Taking GO sheets as donors and gold 
nanoparticles (AuNPs) as acceptors of FRET, the complex can be used to detect 
a rotavirus [23] and DNA [24] with high sensitivity and selectivity by GO photo-
luminescence quenching. To detect the rotavirus, AuNP-linked antibodies bridged 
with 100-mer ssDNA molecules, i.e. Ab-DNA-AuNP complexes, have been fab-
ricated, as shown in Fig. 7.4a. The ssDNA molecule is used as a mediator to fac-
ilely control the distance between antibodies and AuNPs so that the AuNPs can be 
placed close to the GO surface. When the Ab-DNA-AuNP complexes are selec-
tively bound to the target cells that are attached to the GO arrays, a reduction in 
the fluorescence emission of GO by quenching is detected, which enables the 
identification of pathogenic target cells, as displayed in Fig. 7.4b [23].

7.1  Biofunctionalization
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Similarly, GO in an array format can be used as a novel DNA biosensor to 
recognize the specific DNA‒DNA hybridization interactions, as illustrated in 
Fig. 7.4c [24]. By using carbodiimide chemistry, the DNA probe is linked to the 
surface of GO. Then the GO-linked DNA is further hybridized with an AuNP-
labeled complementary DNA strand. In the AuNP-dsDNA-GO complex, the 
closely located GO and AuNPs act as energy donor and acceptor, respectively, 
which leads to quenching of GO fluorescence through the FRET phenomenon. 
It is noteworthy that the fluorescence emission intensity of the GO array is dras-
tically reduced due to the quenching of fluorescence energy transfer between 
AuNPs and the GO sheets.

Besides, through covalent binding, Song et  al. was able to construct a 
GO-based FRET sensor for sensitive, rapid, and accurate detection of matrix met-
alloproteinases (MMPs) in complex serum samples. In the GO-based FRET sen-
sor, fluorescein isothiocyanate-labeled peptide (Pep-FITC) was assembled onto 
the GO surface [25]. It was reported that the GO-Pep-FITC FRET sensor achieves 

Fig. 7.4   Illustration of a GO-based immuno-biosensor (a) and its photoluminescence quench-
ing effect (b). Reprinted with permission from Ref. [23]. Copyright (2010) Wiley-VCH Verlag 
GmbH & Co. KGaA, Weinheim. c Schematic diagram to show the GO-based DNA biosensor. 
Reprinted with permission from Ref. [24]. Copyright (2010) Elsevier B.V.
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rapid MMPs detection within 3 h even in complex biological samples with satis-
factory accuracy and small relative standard deviation (≤7.03 %).

On the other hand, GO is able serve as an acceptor of FRET. Lu et  al. [12] 
pointed out that GO can bind dye-labeled ssDNA and completely quench the 
fluorescence of the dye through strong noncovalent π‒π stacking interactions. 
However, the presence of a target will change the conformation of dye-labeled 
DNA, which further disturbs the interaction between the dye-labeled DNA and 
GO. Interruption of the interaction will release the dye-labeled DNA from the GO, 
resulting in restoration of dye fluorescence. Consequently, this strategy results in a 
fluorescence-enhanced detection that is sensitive and selective to the target mole-
cule. Due to the highly planar surface and universal quenching capabilities of GO, 
this mechanism can be extended to a multiplexed (multicolor) DNA detection [13] 
or a multiplexed detection of different targets (DNA, proteins, metal ions, etc.) 
[10]. For example, QD nanocrystal quenching by GO has been exploited for DNA 
detection by Dong et al. [14]. Using molecular beacon, the QDs are quenched onto 
the GO surface by π‒π stacking interactions. During hybridization process, the 
quenched QDs can be detached from the GO, recovering the fluorescence of QDs.

For protein detection, Liu et  al. [26] have designed a promising self-assem-
bled homogeneous immunoassay to detect trace biomarker protein with distance-
independent quenching efficiency, which is based on modulating the interaction 
between GO sheets and inorganic luminescent QDs. When adding the target AFP 
to the mixture of reporter antibody labeled QDs and capture antibody modified GO 
sheets in solution, the emission of QDs is quenched by performing sandwich immuno-
complexes in a single step. Moreover, the radiative quenching efficiency is distance-
independent in a wide dynamic range due to the effect of the graphene-based material, 
which significantly breaks the distance limit in traditional FRET-based biosensors.

Due to the high quenching efficiency of GO, Wang et al. [27] demonstrated that 
GO is a better FRET acceptor compared to SWNTs for cyclin A2 detection accord-
ing to Stern–Volmer relationship measurements. Using GO, the reported detec-
tion limit is 0.5 nM, ten times better than that with SWNTs. Table 7.1 summarizes 
GO as an acceptor to biosense various biomolecules, where Exc is the excitation 
wavelength; Em is the maximum emission wavelength; MQE is the maximum 
quenching efficiency within the assay; LOD is the limit of detection; FAM is the 
6-carboxyfluorescein; PNBP is the 4-(1-pyrenylvinyl)-N-butylpyridinium bro-
mide; FITC is the fluorescein isothiocyanate; Cy3/3.5/5 are the cyanine 3/3.5/5; 
UP is the upconverting phosphor; TFP is the butterfly-shaped conjugated oligo-
electrolyte; respectively.

7.2.2 � Electrochemical Biosensors

Although GO is usually insulating with a large band gap, the CRGO (depending 
on the extent of reduction) can be as conducting as graphene and exhibit excellent 
electromechanical properties, as addressed in Chap. 3. Not only the holes of RGO 
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Table 7.1   GO as FRET acceptor in biosensing

Analyte Biomolecular 
probe

Donor, Exc/Em 
(nm)

MQE  
(%)

Mechanism LOD

ssDNA;  
Thrombin

ssDNA; 
Aptamer

FAM, 480/525 ~96 π‒π interactions ~2 nM

α-fetoprotein Antibody QD, 340/507 ~70 Sandwich 
immunocomplex

~0.15 ng/mL

dsDNA Charged dye PNPB, 238/595 ~90 Electrostatic 
interaction; π‒π 
stacking

~1 nM

ssDNA Molecular 
beacon

FAM, 480/520 ~99 Hydrophobic and 
π‒π interactions

~2 nM

ssDNAs DNA probes FAM, 494/526; 
Cy5, 643/666; 
ROX, 587/609

~97 Electrostatic 
interaction; π‒π 
stacking

~100 pM

ssDNA Molecular 
beacon

QD, 330/587 ~98 π‒π stacking; 
Hydrogen 
bonding

~12 nM

Thrombin Aptamer FAM, 470/517 ~87 π‒π stacking 31.3 nM

Cyclin A2 Peptide FITC, 495/520 ~99 Electrostatic 
interaction; π‒π 
stacking

0.5 nM

Helicase ssDNA‒GO 
complex

FAM, 480/520 ~92 π‒π stacking N/A

ATP Aptamer FAM, 480/520 ~100 π‒π stacking N/A

ATP Molecular 
aptamer  
beacon

FAM, 480/520 ~98 π‒π stacking ~2 μM

ssDNA;
Thrombin;
Cysteine

Versatile 
molecular 
beacon

FITC, 480/520;
Cy3, 520/565;
Cy5, 630/665

~95 π‒π stacking ~1 nM;
~5 nM;
~60 nM

Glucose Concanavalin 
A

UP, 980/547 ~81 π‒π stacking ~25 nM

Thrombin Peptide FITC, 480/520 ~90 π‒π stacking ~2 nM

dsDNA DNA probe FAM, 480/520 ~95 π‒π stacking ~14 nM

Ochratoxin A Aptamer FAM, 492/520 ~80 π‒π stacking ~22 nM

ssDNA DNA probe SYBR green I,
490/529

~96 π‒π stacking ~0.31 nM

Heparin TFP TFP, 380/529 ~90 Electrostatic 
interaction;
π‒π stacking

0.046 U/mL

Metalloproteinase 2 Peptide FITC, 470/516 ~90 Electrostatic 
interaction;
π‒π stacking

50 pM

ssDNA DNA probe Cy3.5, 400/596 ~75 π‒π stacking N/A

Enterovirus 71;
Coxsackievirus B3

Antibody QD 350/525;
QD 350/605

~71
~83

π‒π stacking;
Hydrogen 
bonding

0.42 ng/mL;
0.39 ng/mL

Reprinted with permission from Ref. [11]. Copyright (2012) Wiley-VCH Verlag GmbH & Co. 
KGaA, Weinheim
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facilitate the transport of electrolyte ions, but also the functional groups accelerate 
the redox reactions. Particularly, RGO is capable of facilitating the direct electron 
transfer of enzymes and proteins at a GO-based electrode, which is promising for 
biosensors [28].

7.2.2.1 � Enzyme Biosensing

RGO presents excellent performance for direct electrochemistry of GOD and 
can be used as GOD biosensors. Zhou et  al. [16] demonstrated that RGO-based 
biosensor exhibits substantially enhanced amperometric signals for sensing glu-
cose with a wide linear response range from 0.01 to 10 mM, a high sensitivity of 
20.21 μA mM‒1 cm‒2 and a low detection limit of 2.00 μM (S/N = 3). The lin-
ear range for glucose detection is wider than that on the electrodes with other car-
bon materials, such as carbon nanotubes and nanofibers [15]. The response at the 
GOD/RGO/glassy carbon (GC) electrode to glucose is very fast (9 ± 1 s to steady-
state response) and highly stable (91 % signal retention for 5 h). Qiu et  al. [29] 
reported a glucose biosensor based on the electrodes consisting of homogeneous 
chitosan–ferrocene (CS–Fc)/GO/GOD nanocomposites. The uniformly dispersed 
GO within the CS matrix significantly improves the stability of GO and make it 
carrying a positive charge, which can further immobilize the GOD with higher 
loading. As a consequence, biosensors based on the CS‒Fc/GO/GOD films show 
fast response, excellent reproducibility, high stability. Ping et  al. [30] suggested 
that a disposable biosensor based on electrochemically reduced GO (ERGO) and 
GOD shows better analytical performance for the glucose detection compared 
with the biosensor based on ionic liquid doped screen-printed electrode. Using 
the ERGO based biosensor, the linear range for the detection of glucose is from 
5.0 μM to 12.0 mM with a detection limit of 1.0 μM.

Furthermore, the complexes of RGO and metal nanoparticles have also been 
developed for glucose biosensing. For example, the RGO‒PAMAM‒silver nano-
particle (RGO‒PAMAM‒Ag) nanocomposite is a promising candidate material for 
high-performance glucose biosensors [31]. The glucose biosensor based on GOD 
electrode modified with RGO‒PAMAM‒Ag nanocomposites displays good per-
formance, including high sensitivity (75.72 μA mM−1 cm−2), low detection limit 
(4.5 μM), and an acceptable linear range from 0.032 to 1.89 mM. It also prevents 
the interference of some interfering species usually coexisting with glucose in the 
human blood at the work potential of ‒0.25 V [31]. Yang et al. [32] also confirmed 
the good performance of RGO-metal nanoparticle composites for enzymatic bio-
sensing. They found that the ERGO–AuPd nanocomposites show excellent biocom-
patibility, enhanced electron transfer kinetics and large electroactive surface area, 
which are highly sensitive and stable towards oxygen reduction. Table 7.2 summa-
rizes the performance of RGO-based materials for GOD biosensing.

In addition to the GOD biosensors, RGO-based electrodes have been employed 
to electrochemically biosense other enzymes with promising sensitivity and sta-
bility, such as horseradish peroxidase (HRP), alcohol dehydrogenase (ADH), 

7.2  Bioapplications
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organophosphorus hydrolase (OPH), microperoxidase-11, tyrosinase, acetylcho-
linesterase, catalase, urease, and organophosphate pesticides (OPs) [33].

7.2.2.2 � DNA Biosensing

Generally, electrochemical DNA sensors offer fast response speed, high sensitivity 
and selectivity, low cost for detecting selected DNA sequences, DNA hybridiza-
tion and DNA damage, and specific analytes. The main mechanism of electro-
chemical DNA biosensors is the formation of DNA duplex from the probe/target 
DNAs, which involves the immobilization of ssDNA (the probe/target DNA) onto 
the electrode surface [33]. Among all kinds of electrochemical DNA sensors, the 
simplest one is based on the direct oxidation of DNA [16, 34, 35].

In 2009, Zhou et al. [16] designed an electrochemical DNA sensor with dif-
ferent electrodes to detect free bases of DNA, i.e., guanine (G), adenine (A), 
thymine (T), and cytosine (C), including the glassy carbon (GC), graphite/GC, 
and RGO/GC, as shown in Fig.  7.5. The current signals of the four free bases 
of DNA are all separated efficiently on the RGO/GC electrode, as illustrated in 
different colors in Fig.  7.5c. This indicates simultaneous detection of the four 
free bases, while neither graphite nor glassy carbon can. The main factors for 
simultaneous detection of the four free bases are the antifouling properties and 
the high electron transfer kinetics for bases oxidation on RGO/GC electrode, 
resulting from high density of edge-plane-like defective sites and oxygen-con-
taining functional groups of the RGO, which provide many active sites and 
benefit acceleration of electron transfer between the electrode and species in 
solution. Moreover, the RGO/GC electrode is also able to efficiently separate 
all four DNA bases in both ssDNA and dsDNA at physiological pH without the 
need of a prehydrolysis step, as shown in Fig. 7.5e, f. This can be attributed to 
the unique physical and chemical properties of the RGO, such as the thickness 
of single sheet, high conductivity, large surface area, antifouling properties, 
and high electron transfer kinetics. In addition, these features also allows the 
RGO/GC electrode to detect a single-nucleotide polymorphism (SNP) site for 
short oligomers with a particular sequence without any hybridization or labeling 
processes.

By directly assembling captured ssDNA onto a RGO-modified electrode via the 
π‒π stacking interaction between the RGO and the ssDNA bases, Lin et al. [36] 

Table 7.2   The RGO-based electrodes for GOD biosensing

Electrode Sensitivity (μA mM‒1 cm‒2) Linear range (mM) LOD References

GOD/RGO/GC 20.21 0.01‒10.0 2.0 [16]

GOD/CS–Fc/GO 10.0 0.02‒6.8 7.6 [29]

GOD/E-RGO 22.8 0.005‒12.0 1.0 [30]

GOD/RGO‒PAMAM‒Ag 75.7 0.032‒1.89 4.5 [31]

GOD/RGO‒AuPd 267 0.5‒3.5 6.9 [32]



147

fabricated an electrochemical DNA biosensor for sensitive and selective detec-
tion of DNA. The biosensor is in a sandwich assay format mixed with the target 
DNA sequence and oligonucleotide probe-labeled AuNPs, followed by the AuNP-
catalyzed silver deposition. Due to the high DNA loading ability of the RGO and 
the distinct signal amplification by AuNP-catalyzed silver staining, the fabricated 
biosensor exhibits good analytical performance with a wide detection linear range 
from 200 pM to 500 nM and a low detection limit of 72 pM.

7.2.2.3 � Other Molecule Biosensing

In addition to enzyme and DNA, GO-based electrodes also exhibit electrochemi-
cal sensing capabilities for other biomolecules, such as hydrazine, paracetamol, 

Fig.  7.5   Differential pulse voltammograms (DPVs) at the GC (a), graphite/GC (b) and 
RGO/GC (c) electrodes for free bases of G (blue), A (orange), T (violet), and C (magenta), 
respectively; DPVs for a mixture of G, A, T, and C (d), ssDNA (e), dsDNA (f) at graphite/GC 
(red), RGO/GC (green), and GC electrodes (black), respectively. Reprinted with permission from 
Ref. [16]. Copyright (2009) American Chemical Society

7.2  Bioapplications
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and DA [33]. Based on a chemically reduced poly sodium styrenesulfonate 
(PSS)/RGO nanocomposite film, Wang et al. [37] proposed an ultrasensitive bio-
sensor for the determination of hydrazine. Taking advantage of the high specific 
surface area and higher electrical conductivity of the composite materials, the fab-
ricated biosensor achieves a calibration curve for hydrazine with a linear range of 
3.0‒300 μmol L−1 and a detection limit as low as 1 μmol L−1. Similarly, Kang 
et al. [38] constructed an GO-based electrochemical sensor for the sensitive detec-
tion of paracetamol and found excellent performance for detecting paracetamol 
with a detection limit of 3.2 × 10−8 M, a reproducibility of 5.2 % relative stand-
ard deviation, and a satisfied recovery from 96.4 to 103.3 %. Besides, Zhou et al. 
[16] designed an electrochemical sensor with RGO/GC electrodes to detect DA, 
which exhibits more favorable electron transfer kinetics than the graphite/GC and 
GC electrodes.

7.2.3 � Enzyme Inhibitors

In addition, GO can also serve as an enzyme inhibitor. De et  al. [39] indicated 
that GO exhibits the highest inhibition dose response for α‒chymotrypsin (ChT) 
inhibition compared with all other artificial inhibitors reported. Besides, it was 
found that GO can be cytotoxic from investigation of the effect of fetal bovine 
serum (FBS) on the cytotoxicity of GO [40]. Figure  7.6 illustrates the interac-
tion between the GO and the α‒chymotrypsin. The cytotoxicity of GO nanosheets 
occurs as a result of physical damage to the cell membrane, which is induced by 
direct interactions between the cell membrane and the GO nanosheets. However, 
the cytotoxicity of GO nanosheets occurs mostly during the initial contact stage of 
GO and cells and is greatly mitigated at 10 % FBS.

Lin et al. [41] studied the activity and inhibition of T4 Polynucleotide Kinase 
(PNK) by GO. Due to the extraordinary fluorescence quenching ability of GO, 
sensitive detection of PNK activity and inhibitor screening were achieved. Then 
Jin et al. [42] investigated the role of GO for selective modulating the enzyme 
activity and thermostability by analyzing the interactions between serine pro-
teases and GO functionalized with different amine-terminated PEG. Three 
well-characterized serine proteases were studied, including the trypsin, chymo-
trypsin, and proteinase K. It was found that without PEGylation, as-made GO 
significantly inhibited enzyme activity likely due to the nonspecific binding of 
enzyme proteins on GO via hydrophobic interactions. In this case, active center 
of the enzyme is blocked or denatured, leading to the dramatically decreased 
enzyme activity. However, when the GO was functionalized with PEG, it could 
selectively improve trypsin activity and thermostability with 60‒70 % retained 
activity at 80 °C. In contrast, the PEGylated GO shows barely any effect on chy-
motrypsin or proteinase K.
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7.2.4 � Drug Delivery

Another exciting application of GO in biotechnology is the drug delivery in liv-
ing cells [1]. It was found that the PEG-modified GO can act as a platform for the 
delivery of water-soluble cancer drugs. Sun et  al. [43] studied the possibility of 
nanoscale GO (NGO) for drug delivery. They first checked the toxicity of NGO-
PEG by incubating Raji cells in various concentrations of NGO-PEG for 72  h. 
They found that only for extremely high NGO-PEG concentrations (>100 mg/L), 
the cell viability becomes slightly reduced. Then doxorubicin (DOX), a widely 
used cancer drug, was loaded onto ~2  mg/L of NGO-PEG (a concentration far 
below the toxic level) by simple physisorption via π‒π stacking. Moreover, the 
drug release from NGO-PEG is pH-dependent, as shown in Fig. 7.7a. In an acidic 
solution of pH 5.5, ~40 % of DOX loaded on NGO-PEG is released over 1 day. 
However, at a pH of 7.4, the release rate is reduced, ~15 % over 2 days.

Similarly, Liu et  al. [44] investigated the effect of NGO on delivering SN38. 
The detailed procedures are described as follows. First, NGO is functionalized 
with PEG to render high solubility in aqueous solutions and stability in physi-
ological solutions like serum. Then, a water-insoluble aromatic molecule, SN38, 
is attached to NGO-PEG. Finally, the NGO-PEG-SN38 complex exhibit high 
potency with IC50 values of 6 nM for HCT-116 human colon cancer cells, which 

Fig. 7.6   Schematic structures of GO (a), α-chymotrypsin (b), and GO and protein complexation 
(c). Reprinted with permission from Ref. [39]. Copyright (2011) American Chemical Society

7.2  Bioapplications
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is 1,000-fold more potent than camptothecin (CPT-11), and comparable to that of 
free SN38 dissolved in DMSO [43], as displayed in Fig. 7.7b.

In addition, to enhance the loading efficiency and targeting ability of antican-
cer drugs, NGO can be covalently modified with folic acid (FA) [45]. Zhang et al. 
[45] proposed a strategy to controllable loading of two anticancer drugs (DOX 
and CPT-11) onto the FA-conjugated NGO (FA-NGO). As a result, the FA-NGO 
loaded with the two anticancer drugs shows specific targeting to MCF-7 human 
breast cancer cells and remarkably high cytotoxicity compared to unmodified 
NGO loaded with DOX or irinotecan.
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As a superstar nanomaterial, GO has gained tremendous attentions in recent years 
and holds great promise for many technological applications. So far, various meth-
ods have been developed to fabricate GO samples and to characterize their atomic 
structures. Meanwhile, GO is an important raw material to mass-produce graphene 
via reduction. The reduced graphene oxide, namely, RGO, is also attractive from 
materials science point of view.

Due to the abundant oxygen-containing functional groups and controllable ratio 
of sp2 to sp3 hybridized carbon atoms, GO possesses tunable electronic and optical 
properties, which further lead to exciting applications in several fields. For exam-
ple, the controllable band gap makes GO good electrical and optical devices, such 
as electrical sensors, field-emission devices, and photovoltaic devices. Intrinsic 
fluorescence in wide regions also enables GO for usage of optical detecting and 
sensing.

The existence of functional groups on GO and RGO makes them easily to 
composite with other nanomaterials such as nanoparticles, carbon nanotubes, and 
conducting polymers. GO/RGO and their composites show great potentials in the 
energy storage/conversion and environmental protection technologies, e.g., photo-
catalyst for water splitting under solar irradiation, hydrogen storage medium, elec-
trodes for various lithium batteries and supercapacitors, and removal of pollutants 
in air and water. Moreover, the functional groups make GO hydrophilic and dissolv-
able, and further noncovalently interact with biomolecules. As a result, GO is very 
useful in biotechnology to detect biomolecules with high sensitivity and selectivity 
and to deliver drugs.

Despite the comprehensive research efforts and advances described in this 
book, there are still many critical issues of GO itself to be answered. For example, 
the atomic structure of GO is still under debate. Many experimental characteriza-
tions demonstrate that the functional groups are randomly distributed in the gra-
phene basal plane, while theoretical simulations predict that GO structures with 
hydroxyl and epoxy groups orderly aligned together along the armchair direction 
show preferable thermodynamic stability. Investigation of the structural evolution 
during oxidation/reduction processes is also of key importance to understand the 
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structural details of GO, such as formation of holes, non-hexagonal carbon rings, 
and variation of functional groups. On the other hand, only some fundamental 
reactions for the oxidation and reduction mechanism of GO have been studied. 
The detailed mechanisms, especially for the multi-step and complex reactions, still 
need to be elucidated.

Although numerous promising applications have been proposed, the com-
mercial and industrial applications of GO are still at the starting stage with many 
remaining difficulties and challenges. For GO itself, the chemical and photocata-
lytic mechanisms in generation and storage of hydrogen, oxidation or reduction 
of harmful gases and metal ions, and degradation of organic species are partly 
unclear. The role of surface chemistry and morphology control of GO on the 
electrochemical performance in lithium batteries and supercapacitors also needs 
systematical explorations. In principles, there are nearly infinite combinations 
of GO/RGO with other functional nanomaterials, making the GO/RGO based 
composites a largely unexplored area with many opportunities. Understanding 
the interaction mechanism between GO/RGO with the nanomaterials in those 
nanoscale hybrids from the atomistic point of view is imperative. Deeper insights 
into the intrinsic synergistic effects of GO/RGO composites in improving the over-
all performance of energy storage and conversion, environmental protection and 
biotechnology are desirable.

Considering the outstanding performance of the GO-based materials in many 
aspects, we anticipate more researches from fundamental science as well as more 
R&D projects of GO from the industries.
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