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Abstract

Development of state-of-the-art electrocatalysts using commercially available precursors
with low cost is an essential step in the advancement of next-generation electrochemical
energy storage/conversion systems. In this regard, noble metal-free and graphene-sup‐
ported nanocomposites are of particular interest. Graphene-based nanocomposite is an
excellent candidate as energy-device and sensor-related electrode materials, largely due
to their high electrical conductivity, large specific surface area, high-speed electron/heat
mobility, and reasonably good mechanical strength. Among many types of graphene-
based composite materials, graphene–metal oxide nanohybrids hold great promise to‐
ward engineering efficient electrocatalysts and have attracted increasing interest in both
scientific communities and industrial partners around the world. The goal of this chapter
is primarily set on an overview of cutting-edge developments in graphene–metal oxide
nanohybrid materials, with the recently reported results from worldwide research
groups. This chapter is presented first with an introduction, followed by synthetic meth‐
ods and structural characterization of nanocomposites, an emphasis on their applications
in energy and sensor-related fields, and finally completed with brief conclusions and out‐
look.

Keywords: Graphene, metal oxides, graphene–metal oxide nanohybrids, electrocatalysis,
energy storage and conversion, sensors, electrochemistry

1. Introduction

Graphene, a single atomic thick layer of graphite with closely packed conjugated and hexag‐
onally connected carbon atoms, has attracted tremendous attention since its discovery in 2004
because of its large specific surface area, high-speed electron mobility, good mechanical
strength, high electric and thermal conductivity, room temperature quantum hall effect, good
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optical transparency, and tunable band gap [1, 2]. This material has a theoretical surface area
of 2630 m2 g-1, a mobility of 200,000 cm2 V-1 s-1 at a carrier density of ~1012 cm-2, and the highest
electrical conductivity of 106 s cm-1 at room temperature [3, 4]. Also, graphene has a Young’s
modulus of ~1 TPa, breaking strength of 42 N m-1 [5], and thermal conductivity of 5000 W
m-1 K-1 [6]. For all these versatile properties and obvious advantages, a rapid development of
graphene-based materials has been witnessed in the fields of chemistry, physics, biology, and
many other interdisciplinary fields such as nanotechnology and nanomedicine.

Electrocatalysis is a special type of catalysis that speeds up the rate of an electrochemical
reaction occurring on electrode surfaces or at liquid/solid interfaces. Various kinds of electro‐
chemical reactions are involved for different electrocatalytic applications in energy and sensor-
related fields. Therefore, design and fabrication of advanced electrocatalysts with outstanding
performance and low cost are of great significance for the commercialization of electrocata‐
lytic-system-based energy devices. Metal oxide nanostructures have been identified as one of
the most important electrocatalytic materials due to their several advantages. Firstly, they have
exceptional electrical, optical, and molecular properties. Secondly, there is further possibility
to insert more functional groups on the surface for the immobilization of other biological
catalysts. Thirdly, metal oxides have higher alkaline corrosion resistance compared to other
materials in electrochemical environmental due to the stabilization of the higher oxidation
state of the transition metals. Finally, their unique crystalline structures benefit in preventing
the agglomeration of metal oxide nanostructures with their size retained [7]. Besides electro‐
catalytic activity and cost, the stability and durability of a catalyst are very critical issues for
practical applications. In addition, a good catalyst support is needed, which should have a
large surface area for catalyst dispersion, excellent electronic conductivity, and high electro‐
chemical stability in different electrolytes. In recent years, various catalyst support materials
have been proposed and studied. In this regard, graphene nanosheets have shown promising
characteristics for wide applications as 2D support materials for different electrocatalysts. In
the last decade, intensive efforts have been devoted to functionalize graphene-based nano‐
materials and to explore their applications in sensors [8],[9], electrochemical energy storage
[10, 11], electronics, optoelectronics [12], and others. Graphene-based nanocomposites provide
a new option as electrode materials in the field of electrocatalytic applications due to their high
electrical conductivity, high surface area, and richness of functional groups for further
modification. The rapid development of low cost and facile preparation methods of graphene-
based nanocomposites has promoted their practical industrial applications. The catalytic
activity of the graphene-supported catalysts can be improved, due to enhanced electronic
communication (e.g., charge transfer) between catalysts and support. Furthermore, arising
from their synergistic effects of graphene sheets and functionalized components, the nano‐
composites can offer novel physicochemical properties and consequently improve electro‐
chemical performances. As a result, graphene-based nanocomposites have thus been regarded
as one of the most promising hybrid materials that can drive the development of more efficient
next-generation energy devices as well as applied in the fabrication of electrochemical and gas
sensors. This chapter is focused on one of such nanocomposites, made of chemically exfoliated
graphene and metal oxides. We overview and discuss their synthesis methods, structural
features, electrocatalytic applications, and future perspectives.
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2. Synthesis of graphene–metal-oxide-based nanohybrid composites

2.1. Introduction

In terms of electrocatalysis, graphene-supported metal oxides nanohybrid materials have
exhibited promising applications because of the following well-recognized advantages.
Firstly, the large surface area and 2D flexibility of graphene nanosheets can offer sufficient
space to accommodate different nanomaterials and also prevent their agglomeration. Second‐
ly, due to the good superficial characteristics of graphene, solid-air contact efficiency increases
and simultaneously the amount of oxygen adsorption also increases. Thirdly, the electrical
conductivity of graphene promotes the electron transfer rate on the surface. Finally, the
structural defects of graphene also provide more active sites for further modification with
different functional groups to promote the selective electrocatalysis.

Incorporation of inorganic nanomaterial onto the surface of graphene has attracted tremen‐
dous attention for the development of new-generation catalytic materials [13]. These novel
nanostructures show superior electrocatalytic activity, selectivity, and long-term stability,
which can serve as promising electrode material for different electrochemical reactions.
Different metal oxides are promising in this regard for the replacement of noble-metal-based
electrocatalysts. But normally metal oxides are poorly conductive and often suffer from
dissolution and aggregation during the electrochemical reactions [14, 15]. It was proposed that
anchoring metal oxide nanostructures onto graphene surface by suitable synthetic procedure
could solve the problems. Indeed, some graphene-supported metal oxide nanocomposites
have displayed remarkable improvements in electrocatalytic activity and stability toward
some crucial electrochemical reactions in amperometric sensors and energy storage and
conversion.

2.2. Major synthetic methods

The increasing interest in graphene-based metal oxides nanohybrid materials for different
electrocatalytic applications has led to a variety of new processes proposed for the synthesis
of nanocomposite materials. Some recently established methods are discussed in this section.

2.2.1. Solvothermal and hydrothermal synthetic approaches

Solvothermal and hydrothermal synthetic approaches are one of the most common synthetic
strategies for the development of different graphene-based nanohybrid electrocatalysts. Song
et al. [16] reported a new hydrothermal approach for the preparation of CuO/GO nanocom‐
posite materials, which used cupric acetate and graphene oxide as precursors. The reaction
was conducted for 10 h under different temperatures (120, 150, and 180°C). The final product
was washed by deionized water and dried for the electrocatalytic applications. Dong et al. [17]
introduced another hydrothermal approach for the preparation of Graphene/Co3O4 nanowire
composite. They used presynthesized 3D graphene and CoCl2.6H2O as starting materials. This
reaction was proceeded in autoclave at 120°C for 16 h. Dai et al. [18] also used a hydrothermal
approach for the synthesis of covalent hybrid of spinel manganese−cobalt oxide and graphene.
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They employed a two-step procedure to synthesize MnCo2O4–graphene oxide nanohybrids.
In the first nucleation step, Co(OAc)2 and Mn(OAc)2 were mixed at 80°C with mildly oxidized
graphene oxide in an ethanol/water NH4OH solution. In the second step, hydrothermal
treatment was done at 150°C to achieve the nitrogen-doped graphene. And the final material
showed an excellent electrocatalytic activity for oxygen reduction reaction (ORR). Dai et al.
[19] also used cobalt acetate and GO as a precursor for the hydrothermal synthesis of Co3O4/
graphene hybrid bifunctional catalyst for ORR and water oxidation or oxygen evolution
reaction (OER).

Figure 1. Schematic illustration of the hydrothermal synthesis of 3D graphene/MnO2 (a), and schematic illustration of
electrons transfer on the 3D hybrid material (b). (Reproduced with permission from ref. 44 Copyright 2014 American
Chemical Society)

Wang et al. [20] reported a hydrothermal approach for the synthesis of CoO/rGO nanocom‐
posite using GO, Co (Ac)2.4H2O, Co(NH2)2 as a precursor (190°C, 2 h). Mullen et al. [21]
successfully synthesized 3D nitrogen-doped graphene aerogel-supported Fe3O4 nanoparticles
by hydrothermal approach for the efficient electrocatalysis of ORR. Graphene oxide, iron
acetate, and polypyrrole were hydrothermally assembled at 180°C for 12 h to form a 3D
graphene-based hydrogel. The hydrogel was further dehydrated and annealed at 600°C for 3
h under nitrogen atmosphere.

Hydrothermal methods for the synthesis of graphene-based hybrid materials can be carried
out at different temperature ranges, up to 190°C [22]. Figure 1 shows an example for the
preparation of 3D graphene–MnO2 composites. There are several advantages of using
hydrothermal process. Firstly, the strong electrolyte water possesses a high diffusion coeffi‐
cient and dielectric constant under hydrothermal reaction conditions, which helps to remove
the oxygen-containing groups via dehydration and also accelerates heterolytic bond cleavage.
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Secondly, this is a green reduction approach and does not add any further impurities to the
final product. Thirdly, the degree of reduction and the properties of the hybrid material can be
tuned by adjusting temperature and pressure of the reaction. And finally, the process could be
easily implemented in an industry scale with a relatively simple setup (an autoclave) and low
cost. A possible disadvantage of the method could be the consumption of significant amount
of energy.

2.2.2. Chemical reduction approaches

Chemical reduction is another method among the most common approaches for the prepara‐
tion of different graphene-based nanohybrid electrocatalysts. Different research groups have
used different types of reducing agents for the specific synthesis purposes. For example, Qiao
et al. [23] reported a simple chemical reduction method for the preparation of CuO/N-rGO
nanohybrid using NaOH in the mixture of CuCl2 and N-doped reduced graphene oxide. Guo
et al. [24] used diethylene glycol (DEG) as a reducing agent for the preparation of Cu2O/RGO
composite material. Yang et al. [25] prepared PDDA-G/Fe3O4 nanohybrid material using
ammonia solution as a reducing agent. Khezrian et al. [26] also used ammonia solution as a
reducing agent for the synthesis of Fe3O4 magnetic nanoparticles/RGO hybrid nanosheets.
Wang et al. [27] used citric acid for the preparation of MnO2/GO. Ruoff et al. [28] used
hydrazine as a reducing agent for the synthesis of RGO/tin oxide (TiO2) nanocomposite.

The major advantage of this approach is that one can tune the degree of reduction and other
properties by using specific reducing agents. And also for most of cases the reactions are very
energy-efficient due to low temperatures and slow time. An obvious drawback is the need of
purifying the final product from different reducing agents, which is in some cases quite
challenging.

2.2.3. MW-assisted synthetic approaches

Microwave (MW)-assisted synthesis is a simple and popular technique for the fast production
of nanomaterials with small particle dimensions, uniform particle size distribution, and high
purity. It is a uniform heating procedure compared to the other conventional heating systems.
Moreover, microwave can facilitate the nucleation of nanoparticles and shorten the synthesis
time. There are some excellent examples of using this approach. For instance, Peng et al. [29]
synthesized CuO/SG hybrid materials by MW-assisted method using graphene oxide and
cupric acetate as a precursor (Fig. 2). Ruoff et al. [30] also reported MW-assisted method for
the synthesis of RGO/Fe2O3. Ferric chloride and graphene oxide were used as precursors for
this method. And the as-synthesized nanocomposite was used as a high-performance anode
material for lithium ion batteries. Wang et al. [31] synthesized highly dispersed titanium
dioxide (TiO2) nanoclusters on RGO in a toluene–water system by MW-irradiation-assisted
method. The main advantages for the MW-assisted synthetic approaches include rapid
reaction time, possibility for scale-up production and impurity-free final nanohybrid product.
The relatively high cost needed for experimental setups could be a major drawback.
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Figure 2. Schematic illustration of the MW-assisted synthesis of CuO nanoparticle supported on S-doped graphene/SG
and CuO/SG on glassy carbon electrode for glucose sensing. (Reproduced with permission from ref. 29 Copyright
Elsevier 2015)

2.2.4. Electrochemical synthetic approaches

The electrochemical synthetic method is an efficient technique for transforming electronic
states by regulating the external power source to change the Fermi energy level of the electrode
material surface [32]. Kong et al. [33] successfully prepared CuO nano needle/graphene/carbon
nanofiber modified electrodes by electrochemical synthetic approaches for nonenzymatic
glucose sensing in saliva. Duan et al. [34] reported a novel electrochemical approach to deposit
MnO2 nanowires on graphene for the sensor applications. The MnO2 nanowires were anodi‐
cally electrodeposited onto a graphene paper electrode using a CV technique in the potential
range from 1.4 V to 1.5 V with a scan rate of 250 mV s−1 (Fig. 3) by cyclic voltametry.

The electrochemical synthetic approach is a fast, controllable, and green technique. By this
procedure, one can achieve impurity-free nanohybrid material using little power consump‐
tion. However, this approach normally yields solid nanocomposite products, which is difficult
for further processing. And also it would be difficult for large-scale production.

2.2.5. Other synthetic approaches

There are several other techniques that have also been explored for the synthesis of different
nanocomposites, such as electrospinning, template-based synthesis, light- or radiation-
induced methods, etc. However, although among them each technique has its specific
advantages for specific systems; to date, few have been widely used.
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In summary, a number of methods have been developed for the synthesis of metal oxide/
graphene composites, among which hydrothermal procedures have been most extensively
used in particular. However, each method has its advantages as well as disadvantages. Table
1 summarizes the preparation methods and their major applications of most studied metal
oxide/graphene nanocomposites.

Metal oxides
Nanohybrid
electrocatalyst

Preparation method Precursors Applications Ref

Copper
oxide

RGO-Cu2O
Heat treatment and
sonication

GO, CuSO4.5H2O,
[C16MMIm]Br

Nonenzymatic
amperometric glucose
sensing

[35]

CuNiO-graphene Hydrothermal synthesis CuCl2, NiCl2, Graphene
Nonenzymatic
glucose sensors

[36]

Cu2O–rGO
Physical adsorption, in
situ reduction and one
pot synthesis

GO, CuSO4.5H2O, PDDA
Nonenzymatic
H2O2 sensing

[37]

CuO/ rGO/ CNF Electrodeposition
GO, CuCl2, carbon
nanofiber

Nonenzymatic
sensing of glucose in
saliva

[33]

Figure 3. Schematic illustration of electrodeposition-assisted synthesis of MnO2 nanoparticle supported on reduced
graphene oxide paper electrode for biosensor applications. (Reproduced with permission from ref. 34 Copyright 2012
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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Metal oxides
Nanohybrid
electrocatalyst

Preparation method Precursors Applications Ref

CuO/graphene
Heat treatment and
annealing

Copper nitrate, GO
Nonenzymatic
glucose sensors

[38]

CuO/GO Hydrothermal synthesis GO, Cupric acetate, DMF
Nonenzymatic
glucose sensors

[16]

Cu2O/GNs Ultrasonication, stirring GO, CuCl2

Nonenzymatic
H2O2 and glucose
sensing

[39]

CuO/SG
microwave-assisted
solvothermal
method

GO, Benzyl disulfide,
Cupric acetate

Nonenzymatic
glucose sensors

[29]

CuO/N-rGO Chemical reduction N-rGO, CuCl2

Direct methanol fuel
cells

[23]

Cu2O/RGO Chemical reduction GO, Cupric acetate, DEG Alkaline ORR [24]

Cobalt
oxide

Co3O4 /graphene
Ultrasonication and
pyrolyzation

GO, cobalt
phthalocyanine

Anode Materials for
Li- Ion Batteries

[40]

3D graphene/ Co3O4 Hydrothermal synthesis Graphene, CoCl2.6H2O
Supercapacitors
and enzymeless
glucose sensors

[17]

MnCo2O4/N-rGO Hydrothermal method
GO, Co(OAc)2, Mn(OAc)2,
NH4OH

Alkaline ORR [18]

Co3O4/rmGO Hydrothermal synthesis GO, Co(OAc)2, NH4OH Alkaline ORR [19]

CoO/CG
Aerosolization/
high-temperature

GO, CoCl2

Enzymeless glucose
sensors

[41]

CoO/rGO Hydrothermal synthesis
GO, Co (Ac)2. 4H2O,
CO(NH2)2

Electrochemical
nonenzymatic sensor

[20]

Iron oxide RG-O/Fe2O3 Microwave irradiation GO, FeCl3, N2H4

Anode Materials for
Li- Ion Batteries

[30]

RGO/Fe3O4

Chemical coprecipitation
method

GO, FeCl3.6H2O,
FeCl2.4H2O, NH4OH

Nonenzymatic
H2O2 sensing

[42]

PDDA-G/Fe3O4 Chemical reduction
GO, FeCl3.6H2O, FeSO4,
PDDA

Amperometric H2O2

sensing
[25]

Fe3O4/r-GO Chemical reduction
GO, FeCl3.6H2O,
FeCl2.4H2O

Eletrochemical NADH
sensors

[26]

3D Fe3O4/ N-GAs
Hydrothermal/ heat
treatment

GO, iron(III) acetate,
polypyrrole

Alkaline ORR [43]
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Metal oxides
Nanohybrid
electrocatalyst

Preparation method Precursors Applications Ref

Manganese
oxide

MnO2 /rGOP Electrodeposition GO, MnSO4

Nonenzymatic
H2O2 sensing

[34]

GO/MnO2 Chemical reduction GO, KMnO4

Nonenzymatic
H2O2 sensing

[27]

GO/MnO2 Solution process GO, MnO2

Voltammetric sensor
for
hydroquinone and
catechol

[44]

PtAu–MnO2/ GP Electrodeposition GO, MnSO4

Nonenzymatic
glucose sensors

[45]

MnO2/3D rGO Chemical reduction GO, KMnO4

Electrochemical
energy storage

[46]

Mn3O4/GO Hydrothermal method GO, N2H4, KMnO4 Alkaline ORR [47]

GO-MnO2 Electrodeposition GO, MnO2 Alkaline ORR [48]

Nickel oxide NiONPs/GO Electrodeposition GO, Ni(NO3)2.6H2O
Supercapacitor
and enzymeless
glucose sensors

[49]

NA/NiONF-rGO Electrospinning GO, C4H6O4Ni.4H2O
Nonenzymatic
glucose sensor

[50]

NiO-GR Electrodeposition GO, NiSO4

Nonenzymatic
glucose sensor

[51]

Tin oxide RG-O/SnO2 Chemical reduction GO, SnCl4.6H2O
Anode Materials for
Li- Ion Batteries

[28]

SnO2-rGO Hydrothermal method GO, SnCl4.6H2O NO2 sensors [52]

Titanium
dioxide

RGO–TDN Microwave synthesis
GO, titanium
(IV) isopropoxide

Glucose sensors [31]

TiO2-graphene Hydrothermal method
GO, titanium
(IV) isopropoxide

Adenine and
Guanine sensors

[53]

GN/TiO2
Template-based
synthesis, Calcination

GO, titanium
(IV) isopropoxide, CTAB

Determination of trace
colorants in foods

[54]

TiO2@TiOxNy/TiN-
GS

Hydrothermal/heat
treatment

GO, TiO2

Anode Materials for
Li- Ion Batteries

[55]

TiO2-FGS Chemical reduction TiCl3, CNT Li- Ion Batteries [56]

TiO2-FGS Heat treatment
GO, sodium dodecyl
sulfate (SDS), TiCl3

Alkaline ORR [57]
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Metal oxides
Nanohybrid
electrocatalyst

Preparation method Precursors Applications Ref

Vanadium
oxide

Graphene/ V2O5 Chemical reduction
GO, vanadyl tri
isobutoxide

High-performance
cathodes in Li-Ion
batteries

[58]

V2O5/GO
Chemical reduction,
freeze drying

GO, HVO3 Li-ion batteries [59]

3D VO2 NR/ rGO
Hydrothermal/heat
treatment

V2O5, GO
High-capacity
supercapacitor
electrodes

[60]

Zinc Oxide Graphene/ZnO Hydrothermal method ZnCl2, Graphene
Supercapacitors
and electrochemical
sensors

[61]

rGO quantum
dots/ZnO

Electrospinning GO, ZnO
Intracellular H2O2

sensors
[62]

Table 1. Summary of the main synthetic methods for preparation of metal oxide–graphene nanocomposites and their
major applications.

3. Structural characterization and physicochemical properties of graphene–
metal oxide nanocomposites

As the synthesized graphene–metal oxide nanohybrid materials have tremendous effects on
electrocatalytic applications, structural characterization is of paramount importance for
understanding the correlation between their nanostructures and catalytic activity. The
fundamental knowledge about the structural features of a nanocomposite is also essential for
the building up of catalysts with optimal electrocatalytic activity. These structural features also
offer helpful clues for further modification of the catalysts. In this section, we briefly summa‐
rize characterization of the structural features of different graphene–metal oxide nanocompo‐
sites by various instrumental techniques. These widely used techniques include scanning
electron microscopy (SEM), transmission electron microscopy (TEM), atomic force microscopy
(AFM), Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray photo‐
electron spectroscopy (XPS), energy dispersive X-ray spectroscopy (EDX), and thermogravi‐
metric analysis (TGA).

3.1. Microscopic imaging of chemically exfoliated graphene and composites

The atomic structural features of a material affect its electronic, chemical, and catalytic
properties. Various microscopic imaging techniques such as SEM, TEM, and AFM are proven
as very essential tools to characterize nanomaterials. Their high-resolution capability enables
to provide detailed information regarding shape, size, chemical composition, and phase of
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nanomaterials. As a typical example, it has been well-shown that particle size, morphology,
and exposed active facets have significant impacts on the catalytic efficiency of metal or metal
oxide nanomaterials toward ORR electrocatalysis.

Figure 4. (a) Optical micrograph of graphene oxide sheets on the Quantifoil (QF) TEM grid. (b) Electron diffraction
pattern of a bilayer area, displaying the stacking structure of the sheets. (c) Diffraction pattern from a single layer. (d)
TEM image of RGO sheets on the QF grid. (e) TEM image with the sample tilted to 60°. The region between the hori‐
zontal dashed lines is a single layer (region above is a double layer, below is vacuum). Arrows indicate horizontal dark
lines where the RGO sheet appears parallel to the beam, indicating local deformations up to 30°. Scale bars are 10 μm
(a), 200 nm (d), and 10 nm (e). (f) Atomic resolution, aberration-corrected TEM image of a single layer reduced gra‐
phene oxide membrane. (g) Highlight with color in different areas. The light-gray color indicates the defect-free crys‐
talline graphene area. Dark-gray shaded regions show the contaminated area. Blue regions indicate the disordered
single-layer carbon networks, or extended topological defects due to the remnants of the oxidation–reduction process.
Red areas indicate individual ad-atoms or substitutions. Green areas highlight isolated topological defects, that is, sin‐
gle bond rotations or dislocation cores. Holes and their edge reconstructions are marked in yellow color. Scale bar in (f)
and (g) is 1 nm. (Reproduced with permission from ref. 65. Copyright ACS 2010)

SEM is mainly used to get the overall morphology of nanocomposites at large scales from
several microns to 500 nm. However, to get more detailed and descriptive view of metal oxide
nanocomposites and the crystal lattices or defects on graphene sheets, TEM and high-resolu‐
tion TEM (HRTEM) are the most appropriate tools [63, 64]. The working principles of HRTEM
are based on the interference of different transmitted and diffracted electron beams for
building an image that can show the variation in phase. This is quite different from other
traditional microscopic techniques, where sample image is derived from the variation of beam
amplitudes due to the absorption of specimens. Compared to mechanically exfoliated gra‐
phene, the chemically synthesized graphene contains notable structural defects, but they could
hardly be detected by normal spectroscopic and microscopic characterizations. TEM is one of
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the leading methods for atomic scale imaging of graphene-based materials. For example, Fig.
4a shows an optical micrograph of RGO-coated Quantifoil (QF) TEM grid with the coverage
visible as grayish spots [65]. TEM imaging analysis of the sample (Fig. 4d) showed that only
∼1% of the holes of the whole grid were covered with sheets. Diffraction analysis was done
to find holes covered by single-layered graphene sheets, which exhibited only one hexagonal
pattern (Fig. 4c). These hexagonal patterns indicate the presence of a long-range hexagonal
order orientation in the graphene sheets. Figure 4b indicates the parallel-beam diffraction
pattern from a bilayer area, where two hexagonal patterns can be clearly detected. Then, the
sample imaging was done under a high tilt (60°, Fig. 4e), which showed a high level of
roughness, much more than that in mechanically exfoliated graphene sheets. The horizontal
dark lines in Fig. 4e (arrows) was explained as representing the graphene layer in parallel to
the electron beam. This image interprets that the wrinkles might be due to solution processing
and drying, to stress, or to form defects in RGO. The high-resolution imaging of single-layered
graphene sheets showed the actual atomic structure of the RGO layers, as represented in Figs.
4f and 4g. Various regions of the image are highlighted by colors in Fig. 4g. It is clearly observed
that the largest part of the layer is formed of clean well-crystallized graphene areas where the
hexagonal lattice is clearly seen (light-gray color in Fig. 4f). The visible well-crystallized areas
are around 3–6 nm in the domain size and they cover ∼60% of the whole plane. However, it
is impossible to determine the exact structure of graphene with the adsorbed contamination,
which covers ∼30% of the total area. As most of the contaminants prefer to stick on the defects,
the part of the defective areas is most likely underestimated. In spite of the presence of such a
significant number of topological defects, the long-range oriented order of RGO is maintained.
But such defects were normally not seen in any mechanically exfoliated graphene samples.
Because the RGO and mechanically cleaved graphene samples were prepared from the same
graphite source, it can be ruled out that the defects were from the starting material. These
observations suggest that the high density of topological defects in these samples were
introduced during graphene exfoliation by strong chemical oxidation and reduction. Although
HRTEM can magnify the micro view into 1 nm, there is still limitation at around 0.2 nm. And,
as electron beam heating can destroy small nanoparticles, the possibility of particle melting
should be considered.

Song et al. [66] reported an alternative important strategy using scanning transmission electron
microscopy (STEM), which combines the advantages of SEM and TEM and has extensively
used in characterization of morphology and crystal structures of nanomaterials. Scanning
probe microscopy techniques such as AFM and scanning tunneling microscopy (STM) also
play an important role in the structural characterization of material surfaces with atomic
resolution. Although the theoretical thickness of monolayer graphene is approximately 0.34
nm, the detected thickness by AFM analysis of a single layer of chemically synthesized GO is
around 0.6–1.2 nm [67]. Although AFM can partially provide information regarding the
number of layers in graphene, it is always better to associate it with Raman and XPS meas‐
urements for a complete chemical information. In addition, the STEM technique is also very
helpful to obtain the lattice structure, surface morphology, particle size, and distribution of
graphene-based materials surface at atomic resolution [68],[69],[70]. Figure 5a shows an
overview of blue-shaded and uniformly folded graphene nanosheets taken by STEM at 200
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kV with a high-angle annular dark field (HAADF) detector. Figures 5b and 5c show the 3 and
28 layers of graphene edges corresponding to the two arrows pointed area in Fig. 5a [66].
Figure 5d displays AFM images of chemically synthesized RGO nanosheets with ~0.6 nm
thickness and with lateral dimensions in a few hundred nanometers to one micrometer [67].
And Figs. 5e and 5f show the AFM images of self-assembled RGO nanosheets with a 0.9 nm
thickness [71].

Figure 5. (a) HAADF-STEM image showing an overview of graphene flakes supported by a holey Formvar film cov‐
ered with Cu grids. The arrows indicate areas where graphene is freely suspended on the holey film. (b) High-resolu‐
tion TEM images of a three-layered graphene edge. (c) High-resolution TEM images of a 28-layered graphene sheet
edge. (d) An AFM image of RGO nanosheet. (e,f) AFM images as an example of the self-assembled patterns of RGO
nanosheets forming a bilayer nanofilm on mica surfaces. Scanned areas of AFM images are 80 μm × 80 μm (c) and 20
μm × 20 μm. (Combiningly reproduced with permission from ref. 66 Copyright Elsevier 2010, ref. 67 copyright 2013
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, and ref. 71 copyright 2012 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim)

Figure  6  shows  the  morphology  and  structure  of  the  3D  graphene/Co3O4  nanowire
nanohybrid materials by SEM and TEM imaging. Figure 6a shows the SEM images of 3D
porous  structured  graphene.  Figure  6b-6d  shows  the  uniform  coverage  of  Co3O4  nano‐
wire on 3D graphene skeleton. The high-resolution SEM image shows that the diameter of
Co3O4  nanowire on 3D graphene is around 200–300 nm and the length is around several
micrometers (Fig. 6d). And the TEM image (Fig. 6e) shows that the Co3O4 nanowires are
composed of numerous nanoparticles.

3.2. Spectroscopic characterization

FTIR spectroscopy has been widely used to characterize different functional groups with
specific chemical bonds (such as hydroxyl, carbonyl, carboxylic, and epoxy), which absorb
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light energy (4000 cm−1 to 400 cm−1) and exhibit a frequency corresponding to the fundamental
vibrations [72]. Raman spectroscopy deals with the frequencies of Raman-scattered mono‐
chromatic light. As a supplementary to FTIR, Raman spectroscopy can provide sufficient
information for characterization of graphene-based materials. Vibrations of different groups
in polar/nonpolar molecules can be efficiently detected by these two methods. From the Raman
spectra of graphene, three typical peaks of the G band at around 1580 cm−1, the D band at
around 1350 cm−1, and the 2D band at 2700 cm−1 are often observed. The G band is an indicator
of the stacking structures; the D is generally associated with the order/disorder of the material;
the 2D-band is sensitive to the layer number of graphene sheets [2]. The ratio of the intensity
of the two bands (D/G) is used for determining the number of layers in a particular graphene
sample and its overall stacking behavior [2]. From Fig. 7a [16], two prominent peaks for the D
and G bands are observed in the range of 1000–2000 cm-1. And the intensity ratio of the D and
G band indicates the density of structural defects on the graphene surface. In Fig. 7a, the ID/IG

ratio of CuO/GO composite is 1.03 (S3), 0.96 (S2), and 0.87 (S1), which is much higher than the
calculated value of GO (0.77). These ratios clearly indicate that the CuO modification intro‐
duced additional defects into the GO structure [16].

Figure 7b displays the FT-IR spectra of GO and different metal oxide nanocomposites. GO
shows some typical peaks at 3420 and 1712 cm−1, respectively, for the stretching vibrations of
O–H and C=O. And also the bending vibration peak at 1408 cm−1 for O–H, at 1223 cm−1 for
C–OH, the stretching peak at 1052 cm−1 for C–O, and the vibration peak at 1633 cm−1 for C=C
[73]. For the spectra of Mn3O4–GNS, the vibration peaks at 610 cm−1 and 491 cm−1 are an indi‐

Figure 6. SEM images of (a) 3D graphene structure, (b) 3D graphene/Co3O4 nanowire nanohybrid (c, d) Low- and high-
magnification SEM images of 3D graphene/Co3O4 nanowire nanohybrid material. Inset panel d shows an enlarged im‐
age. (e, f) Low- and high-resolution TEM images of Co3O4 nanowire grown on the 3D graphene surface. (Reproduced
with permission from ref. 17 Copyright © 2012 American Chemical Society)
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cation of the stretching modes of the Mn–O. In the spectrum of Fe3O4–GNS, the peak at 570
cm−1 is assigned to the vibration of the Fe–O bonds. In addition, for the spectrum of Co3O4–
GNS, the peaks at 611 cm−1 and 575 cm−1 correspond to Co–O bonds [74].

Figure 8. C 1s XPS spectra of (a) GO, (b) Mn3O4–GNS composite, (c) Fe3O4–GNS composite, and (d) Co3O4–GNS com‐
posite. The blue, pink, and green curves denote C–C, C–O, and C=O spectra, respectively. (Reproduced with permis‐
sion from ref. 74 Copyright RSC 2012)

XPS is a powerful tool for the investigation of chemical composition, elemental states, and the
nature of heteroatom functionalized or doped-graphene-based nanohybrid materials. For

ba

Figure 7. (a) Raman spectra of GO and CuO/GO composites and (b) FTIR spectra of GO, and Mn3O4–GNS, Fe3O4–GNS,
and Co3O4–GNS nanocomposites. (Reproduced with permission from ref. 16. Copyright ACS 2013; from ref. 74 Copy‐
right RSC 2012)
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example, the presence of different metal or different heteroatom on functionalized graphene
can be reliably identified by XPS. Zhang et al. [74] synthesized different inorganic–organic
hybrid nanocomposite materials based on reduced graphene oxide and three different metal
oxides. Figure 8a shows the C 1s spectrum of GO with two strong peaks of C–C, C–O, and a
relatively weak peak of C=O species. After the formation of the composites, the peaks of C–O
and C=O are significantly weakened due to the removal of oxygen-containing functional
groups on GO [75]. Also, by comparing Fig. 8(b)–(d), Fe3O4–GNS displays the lowest C–O and
C=O intensity, indicating that Fe2+ is the most efficient ion for the reduction of GO. In addition,
C 1s, O 1s, and M 2p peaks existing in the wide scan spectra of different metal nanocomposites
with graphene clearly indicate the combination of graphene nanosheets and different metal
oxide NPs.
Other spectroscopic techniques are also available for the characterization of nanocompo‐
sites. UV-vis spectroscopic analysis often shows some typical absorption peaks for graphene
and graphene oxide at around 268, 230, and 300 nm, which is relevant to the π–π* transi‐
tions of aromatic C=C bonds, and the n-π* transitions of C=O bonds, respectively [76]. TGA
technique has been extensively used in characterizing the thermal stability and loading
amount of different metal nanoparticles in graphene-based nanocomposites [77, 79]. Energy
dispersive X-ray (EDX) spectroscopy is very helpful for qualitative and quantitative analysis
of the element distribution on graphene-based nanocomposite materials. EDX is more effec‐
tive for determination of the locations of different metals in nanocomposites when com‐
bined with TEM or SEM [80, 81].

3.3. Main physicochemical properties

The physicochemical properties of different graphene–metal oxide nanohybrid material can
be characterized by a series of electrochemical methods and instruments, such as cyclic
voltammetry (CV) measurements, linear sweep voltammetry analysis (LSV), and electrochem‐
ical impedance spectroscopy (EIS). In some cases, rotating-disk electrodes (RDE) and rotating
ring-disk electrodes (RRDE) are needed. Each method has its specific advantages for studying
electrocatalytic performance of the hybrid materials. For the different characterizations, one
method is normally not sufficient but several methods involved. In this section, we focus on
discussing some electrochemical characterization techniques and their specialties and limita‐
tions.

3.3.1. Cyclic Voltammetry (CV)

CV is arguably the most common and straightforward method to determine the electrocatalyt‐
ic activity of a nanocomposite material. CV is normally measured in a typical electrolyte solution
at room temperature. An electrochemical cell  consists of three electrodes, i.e.,  a working
electrode loaded with the catalyst, a reference electrode, and a Pt wire as a counter electrode [82].

As shown in Fig. 9, the electrochemical kinetics of CuO/GO/GCEs compared with CuO/GCEs
was studied by CV systematically. The CV was performed in 0.1 M NaOH electrolyte solution
with a scan rate of 100 mV/s. Figure 9a shows a peak at +0.67 V versus Ag/AgCl from all the
three CuO/GCEs electrodes, which corresponds to the Cu(II)/Cu(III) redox couple. The three
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different types of CuO NP generated different peak currents. CuO NPs obtained at 120°C
displayed the most efficient electron transfer. The inset in Fig. 9a represents the CVs of before
and after the addition of 5 mM glucose to the electrolye solutions for CuO/GCE based on 120°C
CuO NPs. The Cu (II)/Cu(III) redox couple is the important factor for nonenzymatic glucose
detection. Figure 9b shows the CV response of the CuO/GO/GCE before and after the addition
of 5 mM glucose to the electrolye solutions, and the inset shows the CV curve of the GO/GCE
electrode as a reference. As GO is electroinactive, there is no electrocatalytic oxidation of
glucose. In contrast, CuO/GO/GCE showed high electrocatalytic activity, and the peak current
significantly increases. Thus, the cyclic voltammetry offers a convenient way to study the
electrocatalytic oxidation process of glucose.

a b

Figure 10. (a) CVs of ORR on different electrodes in N2- and O2-saturated 0.1 M KOH with a scan rate of 10 mV s−1. (b)
CV curves of MnCo2O4/N-rmGO, MnCo2O4 + N-rmGO mixture, Co3O4/N-rmGO, and N-rmGO on GCEs in O2-saturat‐
ed (solid line) or N2-saturated (dash line) 1 M KOH. The peak position of Pt/C is displayed as a dashed line for com‐
parison. (Reproduced with permission from ref. 19 Copyright Nature 2011; from ref. 18 Copyright ACS 2012)

0.8

Figure 9. CV curves of (a) CuO NPs synthesized at 120, 150, and 180°C. The inset is the CuO NPs synthesized at 120°C
in 0.1 M NaOH before (black trace) and after (red trace) the injection of 5 mM glucose. (b) CuO/GO composite S3 and
GO sheet (inset) in 0.1 M NaOH before (black trace) and after (red trace) the injection of 5 mM glucose. (Reproduced
with permission from ref. 16. Copyright ACS 2013)
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As shown in Fig. 10a, the commercial Pt/C displays typical CV responses of ORR in N2 and
O2-saturated 0.1 M KOH. The black dash line shows CV response in the N2-saturated 0.1 M
KOH within a potential window from 0.36 to 1.1 V. It is clearly seen that there is no sign of the
typical ORR peak of Pt/C at +0.9 V [19]. However, a distinct performance of ORR (black solid
line) is clearly seen in the case of O2-saturated 0.1 M KOH. The clear peak at ~0.9 V of Pt/C
indicates that the Pt/C exhibits excellent ORR activity with its standard onset potential (~1.0
V) and peak potential (~0.9 V). Figure 10b compares the electrocatalytic ORR performance of
MnCo2O4/N-rmGO, N-rmGO mixture, Co3O4/N-rmGO, and N-rmGO in an N2- and O2-
saturated 0.1 M KOH solution, respectively. However, these four electrodes showed different
ORR activity in O2 saturated electrolyte solutions. The ORR activity of MnCo2O4/N-rmGO (red
solid line) has a more positive peak potential and higher peak current density (0.88 V, 0.5 mA
cm−2) than those of the N-rmGO mixture (~0.84 V, 0.38 mA cm−2), Co3O4/N-rmGO (~0.86 V, 0.44
mA cm−2), and N-rmGO (~0.82 V, 0.29 mA cm−2). Therefore, MnCo2O4/N-rmGO material is
more promising for ORR application, with a similar performance to that obtained at commer‐
cially available Pt/C [18].

3.3.2. Linear Sweep Voltammetry analysis (LSV)

LSV analysis is a vital method for evaluating the ORR activity of synthesized nanocomposites
combining a rotating-disk electrode (RDE) or rotating ring-disk electrode (RRDE) [83, 86].
Similar to CV, the LSV analysis is also done in an O2-saturated 0.1 M KOH electrolyte solution
at different rotation rates of electrode under room temperature. For LSV, the electrolytic bath
contains three electrodes: an RDE or RRDE quantitatively coated with the synthesized catalyst,
an Ag|AgCl/KCl (saturated) reference electrode, and a Pt wire as an auxiliary electrode.
During electrochemical measurement, the working electrode steadily rotates at the required
rotation rate, and the current density changes in the potential range corresponding to the CV
for one linear sweep are recorded. LSV technique has been extensively used in studying the
electrocatalytic ORR kinetics and mechanism.

3.3.3. Amperometric technique (I-t)

Amperometric technique is very crucial for electrocatalytic sensing applications. For ampero‐
metric sensors, current is produced proportional to the concentration of the analyte to be
detected.

Figure 11a compares the I−t curves of CuO/GCE and three CuO/GO/GCEs (S1−S3) electrode
sensing glucose. Figures 11a and 11b show that the sensors produced an excellent ampero‐
metric current with a short response time. Figures 11c and 11d show the amperometric
responses of CuO/GO/GCEs S3 sensor toward the electrocatalytic oxidation of glucose in
human serum and the corresponding calibration curve [16]. The sensitivity, lower detection
limit, and linear range can thus be calculated from these amperometric data.

3.3.4. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) has become a popular and effective technique
in recent decades for the determination of double-layer capacitance, characterization of
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electrode processes, and identification of complex interfaces. EIS records the response from an
electrochemical system by the stimulation of an imposed periodic small amplitude AC signal.
EIS measurements are normally done at various AC frequencies, and then, the EIS can be
measured by the changes of the ratio between the AC potential and current signal with the
corresponding sinusoid frequencies (ω). EIS analysis has extensively been performed for ORR
to explore the kinetic process of the reaction with some essential information, including the
interface and structure of the ORR electrode materials, properties of electric double layer, and
diffusion of oxygen. The kinetic electron transfer process for ORR is explained by an EIS plot
with a semicircle and a linear portion corresponding to a charge transfer and mass transpor‐
tation procedure at the high-frequency region and the low-frequency region, respectively.

4. Applications of graphene–metal oxide nanohybrids as electrocatalysts

Graphene–metal-oxide-based nanohybrid materials have a wide range of applications from
electrochemical sensing to the ORR electrocatalysis, due to their superior properties and low
cost [87, 88]. The new types of materials could open up a new window for superior electroca‐
talytic activity as well as selectivity and durability, which can act as promising electrode
materials for various electrochemical reactions [89, 90, 91]. In this section, we present some
examples for the applications of graphene–metal oxide nanohybrids for different kinds of
electrocatalytic reactions.

Figure 11. Amperometric responses: (a) CuO (120 °C) and three different RGO-CuO (S1, S2, and S3); (b) the corre‐
sponding calibration curves of (a); (c) S3 to successive additions of human serum contained 50 μM glucose; (d) corre‐
sponding calibration curve of (c). (Reproduced with permission from ref. 16. Copyright ACS 2013)
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4.1. Metal-oxide-decorated 2D graphene structures and electrocatalysis

If metal oxide nanoparticles are randomly loaded on graphene sheets but with little control in
size and structure [92], then it can result in make the poor interaction between nanoparticles
and graphene sheet [93]. Recently, the methods have been continuously improved, to some
degree with controlling their locations and amount. In this context, a number of metal oxides
are synthesized and loaded onto graphene matrix used as nonenzymatic sensor materials [16,
29, 31, 35, 45, 94, 95]. For example, Sun and coworkers [96] made a presynthesized monodis‐
perse Co/CoO core/shell nanoparticles on the graphene surface (Fig. 12). In Co/CoO core/shell
nanoparticles, Co core size and thickness can be tuned by controlling the oxidation conditions.
In their work, they demonstrated the significance of Co/CoO size and graphene support for
the tuning of electrocatalysts for efficient ORR with a selective 4e process (Fig. 12b,c).

a b c

Figure 12. (a) A TEM image of the Co/CoO core/shell NPs deposited on graphene surface. (b) ORR polarization curves
of the G–Co/CoO NPs and commercial C–Pt catalyst. Scan rate: 10 mV s−1 and rotation rate 400 rpm. (c) The chronoam‐
perometric responses for the ORR on the G–Co/CoO NPs and commercial C–Pt catalyst at −0.3 V. Rotation rate: 200
rpm. The measurements were performed in O2-saturated KOH (0.1 M) solution. (Reproduced with permission from
ref. 96 Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

The optimized Co/CoO–graphene electrocatalyst exhibited reasonably high activity and better
stability than the commercial Pt/C catalyst. It is also evident that the ORR activity of cobalt
oxide–graphene hybrid electrocatalysts is significantly enhanced with the Co content and its
coupling with N-doped graphene [97]. Cobalt oxides/graphene nanohybrid materials can also
serve as the ORR catalysts used in Li–O2 batteries. Graphene sheets with Co3O4 nanofiber
immobilized on both sides can act as a bifunctional catalyst for the ORR[98]. This excellent
electrochemical performance relies on the facile electron transport and fast O2 diffusion
between the porous Co3O4 nanofiber networks and the ultrathin graphene layer. Manganese-
oxides-based graphene nanocomposites have also been used as a stable and low-cost cathode
electrocatalysts for fuel cells and Li–air batteries [99, 101]. It is clearly evident that electroca‐
talytic performance of metal oxide–graphene nanocomposites is closely associated with
morphology and size of metal oxide nanoparticles and metal oxide–graphene electronic
couplings [102]. Qiao and coworkers showed a mesoporous structure of Mn3O4/graphene
hybrid nanomaterials with good ORR activity, excellent stability, and high selectivity [103].
Kim and coworkers also showed the ORR mechanism of a system with a lower loading (19.2%)
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of Mn3O4 nanoparticles on graphene sheets is comparable to that of the Pt/C electrode with a
4e transfer, whereas the composite with a higher Mn3O4 content (52.5%) undergoes a conven‐
tional 2e process [104]. Also, other graphene-supported metal oxides, e.g., Fe3O4 [105], Fe2O3

[106], Cu2O [107, 108], and Ru2O [109] were also studied as electrocatalysts for ORR in fuel
cells and Li–air batteries.

4.2. Metal-oxide-decorated 3D graphene structures and electrocatalysis

3D structured graphene (e.g., graphene foam) is an ideal candidate for noble metal oxide
catalyst support for electrocatalytic applications because of its high electron conductivity, large
surface area, sufficient porosity, and thermal stability [110]. 3D graphene can offer high surface
areas for higher loading of metal oxide nanoparticles, which can show enhanced electrocata‐
lytic activity. For example, Dong and coworkers [17] synthesized a 3D graphene–cobalt oxide
nanohybrid material for high-performance supercapacitor and enzymeless glucose detection.
Figure 13 shows the electrocatalytic oxidation of glucose in low-concentration alkaline
solutions. Figure 13a shows the CV curves of the 3D graphene/cobalt oxide composite electrode
obtained at different scan rates. Two pairs of redox peaks (I/ II and III/ IV) are observed from
the CV. The redox peak currents increase with increasing scan rate proportionally, which
implies a surface-controlled electrochemical process. Figure 13b shows that the oxidation
current at peak III (at ∼0.58 V) started increasing with introduction of glucose, but the other
peak remained almost constant. Figure 13c shows the amperometric responses of the gra‐
phene/Co3O4 composite electrode to glucose with various concentrations. The calibration curve
of the amperometric response was plotted in Fig. 13d. This composite material showed an
excellent sensitivity of 3.39 mA mM-1 cm-2, a relatively narrow linear range (up to 80 μM) and
sub-100 nM lower detection limit (LOD).

Feng and Mullen have studied the controllable structural assembly of Fe3O4 nanoparticles on
3D N-doped graphene aerogel support [21]. Figure 14 (a-d) shows interconnected macropo‐
rous graphene hybrid network uniformly decorated with Fe3O4 nanoparticles. The Fe3O4/N–
graphene aerogel network displayed excellent electrocatalytic activity for the ORR in alkaline
electrolytes with a high current density, low ring current and H2O2 yield, being a four electron
transfer number, and high stability (Fig. 14e,f). The electrocatalytic ORR has an onset potential
of +0.16 V (vs Ag/AgCl) and a high current density of 1.46 mA cm−2, which is well-comparable
with the performance by commercial Pt/C.

4.3. Heteroatom doped-graphene-materials and their electrocatalysis

Nitrogen and sulfur are the mostly used elements for doping graphene[111, 114]. Specific
doping on graphene could lead to remarkable increase in charge carrier concentration, specific
surface area, and enhanced capacitance retention. The N- or S-doped graphene materials show
new exciting properties compared to pristine graphene. For instance, the spin density and
charge distribution of carbon atoms are modulated by the neighboring nitrogen dopants,
which induce the “activation region” on the graphene surface. This kind of activated region
can directly participate in electrocatalytic reactions such as ORR [115, 116] or anchor metal
nanoparticles with specific catalytic activity desired [117].
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Sheng et al. [118] reported a facile catalyst-free method for the synthesis of N-doped graphene
via thermal annealing graphene oxide with melamine for the electrocatalytic application in
ORR. Figure 15 compares cyclic voltammograms (CVs) for the electrochemical reduction of
O2 at a bare glassy carbon electrode (GCE), graphene/GCE, and NG/GCE in O2-saturated 0.1
M KOH solutions. The onset potential of ORR at the NG/GCE occurs at 0.1 V, which is about
0.1 V more positive than that of graphene/GCE. The electrocatalytic process of NG/GCE is a
one-step four-electron pathway for ORR, which is almost twice as large as that for pristine
graphene in the current density. Sulfur-doped graphene was successfully prepared using GO
and benzyl disulfide as precursors under high temperature, and the as-prepared temperature-
dependant S-Doped graphene was tested as a metal-free cathode catalyst for oxygen reduction.
All the results further confirmed that the S-doped graphene is a promising material with high
catalytic activity for ORR [119]. N and S co-doped graphene was also developed and used for
ORR recently; compared to the single element doped graphene, co-doped graphene displayed
even more efficient electrocatalysis toward ORR [120].

Figure 13. Electrochemical sensing of glucose in 0.1 M NaOH solution using the 3D graphene/Co3O4 composite elec‐
trode. (a) CV curves measured at different scan rates (5, 10, 20, and 50 mV/s). (b) CV curves in the presence of different
concentrations of glucose (0, 0.2, 0.4, 0.6, 0.8, and 1 mM), at the scan rate of 20 mV/s. (c) Amperometric data of the
composite electrode (potential 0.58 V) upon addition of glucose to increasing concentrations. (d) Average dose re‐
sponse curve (amperometric current response vs glucose concentration) obtained from three different sensors, with a
linear fitting at lower concentration range and an exponential fitting at higher concentration range. The error bars indi‐
cate the standard deviations. (Reproduced with permission from ref. 17. Copyright ACS 2012)
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(a) (b)

Figure 15. (a) Cyclic voltammograms (CVs) for ORR obtained at a bare GCE (a), graphene/GCE (b), and NG5/GCE (N
% = 7.1%) (c) in O2-saturated 0.1 M KOH aqueous solution. (B) CVs for ORR at NGs, synthesized with different mass
ratio of GO and melamine (1:1, 1:2, 1:5, 1:10, 1:50) at 800°C, modified GCE in O2-saturated 0.1 M KOH aqueous solu‐
tion. Scan rate: 100 mV/s. (Reproduced with permission from ref. 118 Copyright ACS 2011)

Figure 14. (a,b) Typical SEM images of Fe3O4/N-Gas, revealing the 3D macroporous structure and uniform distribution
of Fe3O4 NPs in the GAs. The red rings in (d) indicate Fe3O4NPs encapsulated in thin graphene layers. Representative
(c) TEM and (d) HRTEM images of Fe3O4/N-Gas, revealing an Fe3O4 NP wrapped by graphene layers. (e) CVs of
Fe3O4/N-GAs in N2- and O2-staturated 0.1 M aqueous KOH electrolyte solution at a scan rate of 100 mV s–1. (f) LSVs of
Fe3O4/N-GAs in O2-saturated 0.1 M KOH at a scan rate of 10 mV s–1 at different RDE rotation rates (in rpm). (Repro‐
duced with permission from ref. 21. Copyright ACS 2012)
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5. Conclusions and outlook

The rapid development of graphene-based nanohybrid electrocatalysts for energy conversion,
storage, and various electrochemical sensors has been driven by their unique structural
features, novel physicochemical properties, high stability, and low cost. The immobilization
of transition metal oxides on graphene by various methods via the use of interactions between
the structural defects and functional groups on graphene’s surface, contributed to the im‐
proved catalytic activity and stability of graphene-based transition metal oxide nanohybrid
catalysts. In this chapter, we have discussed the recent development of graphene-supported
transition metal oxide nanohybrid materials for their sensor and energy applications, includ‐
ing their synthesis, structural characterizations, key properties, and major applications. The
control in the morphology and dimension of the graphene-based nanocomposite is of crucial
importance for their electrocatalytic activities. As a consequence, multivalent transition metal
oxides with special structural properties exhibit more efficiency for the electrocatalytic
reactions than amorphous nanocomposites under similar experimental conditions. Electroca‐
talytic performance of graphene-based transition metal nanohybrid materials can be charac‐
terized by different electrochemical techniques in detail. Stability and durability are among
the most important factors for promising electrocatalytic applications. The flexibility and large
surface area of graphene sheets could prevent particles from agglomerationand facilitate
accommodation of large amount of particles. Monotransition metal oxides anchored on
graphene have already shown good electrocatalytic performance with long-term stability.
However, the strategy of synthesizing bimetallic transition metal oxides is very promising for
further elevating the electrocatalytic activity. Also, covalently bonded bimetallic oxides on
graphene can offer better activity and longer durability than the physical mixture of two types
of metallic nanoparticles. Therefore, the rational design of cationic substitution and covalent
coupling with graphene supports can instruct the construction of advanced electrocatalysts
for sensor- and energy-related applications. Thus, the advancement of sophisticated structure-
controlled methods and processes for the in situ synthesis of graphene-based transition metal
oxide nanocomposites is crucial for the development of next-generation electrocatalysts. It
should be noted, however, that the fundamental mechanisms behind the electrocatalytic
performance of graphene-based nanocomposites are far from being fully understood. More‐
over, the electronic interactions between graphene and nanoparticles and the synergistic
effects are needed to be explored. These remained challenges will motivate strongly many
ongoing research and further development of this field.
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