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1. Introduction
Since the historical observation of single layer graphene by Germ and his co-workers in
2004, this atomically thin carbon film has received ever-increasing attention and become a
rapidly rising star on the horizon of materials science and condensed-matter physics
(Novoselov et al., 2004). Graphene exhibits many unusual and useful properties such as a
large theoretical specific surface area (2630 m2 g-1) (Stoller et al., 2008), high values of
Young’s modulus (~1.1 Tpa), excellent thermal conductivity (~5000 W m-1 s-1) (Park & Ruoff,
2009), and amazing intrinsic mobility (200 000 cm2 v-1 s-1). Moreover, the extraordinary
transport phenomena of graphene have also been well documented, including massless
Dirac fermions (Novoselov et al., 2005), ambipolar field effect (Novoselov et al., 2004 ),
room-temperature quantum Hall effect (Zhang et al., 2005), etc. These fascinating
performances have attracted extensive concern in recent years with ever-increasing scientific
and technological impetus. Among the numerous methods for harnessing these peculiar
properties, one possible route would be to incorporate graphene sheets into composite
materials (Stankovich et al., 2006). The easy synthesis, low cost and non-toxicity of graphene
make this material a promising candidate for many technological applications (Geim &
Novoselov, 2007; Allen et al., 2010). For example, graphene sheets are excellent nanoscale
substrates for the formation of silver-nanoparticle films. These silver-nanoparticle films
assembled on the single-layer sheets are flexible and can form stable suspensions in aqueous
solutions (Xu et al., 2009). They can be processed facilely into paper-like materials and
flexible electronic materials to satisfy different requirements for many products, such as
membranes, anisotropic conductors, biological sensors and optoelectronic nano-devices, etc.
Graphene sheets and exfoliated graphene oxide possess large surface areas and thus may be
excellent support materials to disperse and stabilize inorganic nanoparticles, such as Pt,
Co3O4, CuO, MnO2, MnOOH, Co(OH)2, etc., effectively inhibiting the aggregation in postsynthesis and thereby giving a relatively higher utilization of the active material. Decoration
of graphene sheets with nanoparticles has been demonstrated to reveal special features in
new hybrids that can be widely utilized in catalysts, supercapacitors, Li-ion batteries, etc. It
was found that the introduction of less amount of graphene oxide into PANI could induce a
synergistic effect, greatly enhancing the electrochemical performance of PANI as a
supercapacitor electrode material (Wang et al., 2009a).
The intent of this chapter is to provide a basic overview of graphene-based nanocomposites.
The emphasis is primarily on the different synthetic strategies that have been pursued so far
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for the preparation of graphene supported inorganic nanoparticles and graphene-doped
polymers, as well as the concerted effect of the properties of the individual components in
the new hybrid materials that will present special features for catalysts, electrochemical
materials and nanotechnology. Additionally, the prospective applications of these graphenebased materials will also be presented.

2. Graphene-based nanocomposites
2.1 A general method for preparing graphene-based nanocomposites
As a basic building block for graphitic materials of all other dimensionalities (Geim &
Novoselov, 2007), graphene has suffered from a problem that was in the early days of
nanotube and fullerene research. A prerequisite for exploiting most proposed applications
for graphene is the availability of processable graphene sheets in large quantities. Until
recently, two main routes are fully exploited: large-scale growth and large-scale exfoliation.
Some techniques, such as liquid-phase exfoliation of graphite (Hernandez et al., 2008; Lotya
et al., 2009), chemical vapour deposition (Lo´pez et al., 2010; Park et al., 2010), helium arcdischarge (Wu et al., 2010), large growth or self-assembly approach (Weixia et al., 2009; Li et
al., 2009) and chemical reduction of GO (Li et al., 2008; Williams et al., 2008), have taken us a
step closer to real-world applications of this intriguing material.

Fig. 1. A schematic route for anchoring nanoparticles onto graphene sheets. (1) Oxidation of
graphite (black lines) to GO (gray lines) with greater interlayer distance. (2) Exfoliation of
GO to graphene oxide sheets by sonication in water solution. (3) Attachment of metal
particles on the graphene oxide sheets. (4) Formation of graphene-supported metal particles
composites by reduction of the graphene oxide sheets. The distorted carbon sheets are
simplified to an idealized planar model (Xu et al., 2008a).
Among above-mentioned strategies for manufacturing graphene-based nanocomposites,
which requires not only that graphene sheets be made on a large scale but that they should
be homogeneously distributed, chemical reduction of GO seems to be a much more
efficient, low-cost, and bulk production pathway to incorporate graphene sheets into
hybrids. As shown in Figure 1, the current main interests in preparing graphene-based
nanocomposites are concentrated on exfoliating graphene through a combination of
oxidation and sonication procedures, followed by reduction through chemical methods (Xu
et al., 2008a). The GO is heavily oxygenated graphene bearing carbonyl, hydroxyl, and
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epoxy groups on the basal planes as well as carboxylic groups on the edges of the carbon
sheets (Boukhvalov & Katsnelson, 2008). The functional groups on GO can serve as anchor
sites and consequently make the in situ formed nanoparticles attach on the surfaces and
edges of GO sheets. It should be mentioned that GO is gradually lost its excellent electrical
properties and eventually becomes electrically insulated owning to the transformation of
carbon atoms from a planar sp2-hybridized geometry to a distorted sp3-hybridized geometry
(Stankovich et al., 2006). To recover electrical conductivity, eliminating most of the oxygencontaining functional groups of GO to restore the aromatic graphene networks is necessary.
2.2 Flexible metal-nanoparticle films
Flexible paper-shaped materials are of great importance in our technological society. Their
typical utilizations include chemical filters, adhesive layers, molecular storage, and batteries
and supercapacitors films (Dikin et al., 2007). In the past several years, metal nanoparticles,
in particular noble metal nanoparticles (e.g., Au and Ag) have generated extensive interest
due to their unique electronic, optical, and catalytic properties. Alignment of metal
nanoparticles into thin films is of great importance for diversified applications The substrate
is a necessary to prepare nanoparticle films, for example, metal foils, glass plate, polymer
films, silicon wafers, and so on have been widely used as substrates for nanoparticle
assembling. Unfortunately, most of these substrates are bulk materials with rigid
morphology, making the post-processing of as-synthesized nanoparticle films remain an
insurmountable challenge. It is desirable to explore a flexible nanoscale substrate for
assembling nanoparticles, thereby forming the flexible nanoparticle films.
Graphene sheets are attractive recently as excellent nanoscale building blocks for producing
new composites. GO is heavily oxygenated graphene that is readily exfoliated in water to
yield stable dispersions consisting mostly of single-layer sheets. In view of the pliable nature
of graphene and GO, the preparation of graphene oxide paper and graphene sheets films
have been reported, which have shown a combination of both macroscopic flexibility and
stiffness, and has found use in many fields (Dikin et al., 2007; Li et al., 2008). Commonly, the
silver mirror reaction has been used as an efficient method for preparing silver nanoparticles
films using GO as substrates (Xu & Wang, 2009). It is known that silver-nanoparticle films
are easily coated on bulk substrates by simply dipping these substrates in the reaction
solutions. Because the hydrophilic GO can be exfoliated in water to form stable single-layer
sheets, which can be regarded as immersed substrates, accordingly, it is possible that silvernanoparticle films may form on the nanoscale 2D carbon sheets when dipping these
exfoliated GO sheets, instead of bulk substrates, in the reaction solution. Therefore, an idea
of using graphene oxide sheets as the nanoscale substrates for the formation of silvernanoparticle films is examined.
Fig. 2 displays the typical TEM and FESEM images of silver nanoparticles on graphene
oxide sheets. In Fig. 2a, the almost transparent 2D carbon sheets were thickly decorated by
the silver particles. The monolayer carbon nanosheets were so thin that it was difficult to
distinguish them with the carbon-supported films on the copper grid. However, the edges
and crumpled silk waves of these carbon sheets lead us to believe that these nanoparticles
are indeed deposited on supports. Moreover, as shown in Figure 2c and d, it can be clearly
observed that these as-synthesized silver nanoparticle films can restack and large amounts
of silver nanoparticles assembled on the 2D substrates. Commonly, the graphene oxide
bears functional groups on the basal planes and edges. These negative charged functional
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Fig. 2. TEM (a, b) and FESEM (c, d) images of silver nanoparticles on graphene oxide sheets
(Xu & Wang, 2009).
groups can be used as anchors to adsorb polar materials and inorganic nanoparticles.
Accordingly, Ag(NH3)2+, as a positive ion, can easily interact with these negative graphene
sheets through electrostatic forces. The in situ reduction of these ions by glucose allows
these silver nanoparticles to anchor onto the graphene oxide sheets. Some of the
nanoparticles deposited onto the surface of the graphene oxide sheets, and some anchored
onto the edges.
It has been well documented that the stable graphene-based sheets aqueous solution can be
readily processed into films and paper-like materials (Stankovich et al., 2006; Li et al., 2008).
When drying on a substrate, the silver-coated graphene oxide sheets have also easily
assembled to form a macroscopic film with a shiny metallic luster that exhibited mirror-like
properties (Figure 3). Nevertheless, the film consisting of individual graphene oxide sheets
was dim and possessed poor reflectivity. It is believed that the silver-mirror films are
usually originating from the assembly of silver nanoparticles on bulk substrates. In this
system, the macroscopic mirror-like films obtained can be attributable to the restacking of
silver nanoparticle films (Fig. 2c).
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Fig. 3. Photos of graphene oxide and Ag–GO composite in water solution and dried. (a) A
vial containing a suspension (0.25 mg mL-1) of graphene oxide in water; (b) the graphene
oxide film obtained by drying 60 mL of the dispersion on glass; (c) after coating by silver
nanoparticles, the Ag–GO composite can form a stable suspension in a water solution with
0.25 mg mL-1 of graphene oxide; (d) The mirror-like film obtained by drying the suspensions
of composite on glass (Xu & Wang, 2009).
Traditionally, the substrates for particle films are bulk materials. Free-standing films
without any supports have also been prepared, but further processing of these films meets
difficulties. Therefore, the nanoscopic substrates with flexible properties are beneficial for
the use of particle films in practical technologies. The idea of using pliable graphene oxide
sheets as substrates to prepare nanoparticle films can also be extended to other materials,
such as metal and semiconductor particles. These flexible and adjustable nanoparticle films
may show promising application in optics, sensors, catalysis, etc., broadening the horizon
for the vast use of particle films.
2.3 Catalysis
Catalysis, an integral part in our daily life, has extensively utilized in a variety of technological
fields. Recent studies continuously concentrate on the preparation and applications of
nanoscale particles of metal or metal oxides, owning to their large specific surface area and
high activity in most catalytic processes. Ammonium perchlorate (AP) is one of the main
oxidizing agents that is widely used in various propellants (Boldyrev, 2006). The burning
behaviour of propellants is highly relevant to the thermal decomposition of AP. Development
of novel catalysts with high decomposition efficiency to produce large amount of energy as far
as possible and to decrease the burning temperature for easy operation and control is of great
significance for its practical applications. Generally, the thermal decomposition of AP takes
place in three steps: the endothermic phase transition at around 240 oC, the low-temperature
decomposition at around 316 oC (LTD) and the high-temperature decomposition at around 460
oC (HTD). To increase the exothermic heat and bring down the temperatures of decomposition
are very important. It is demonstrated that metal oxide and hydroxide nanoparticles, like

www.intechopen.com

140

Physics and Applications of Graphene - Experiments

Co3O4, CuO, and MnOOH, could promote the heterogeneous decomposition of deprotonized
HClO4 gas on the solid surface in the high-temperature decomposition, which will reduce the
HTD and increase exothermic quantity in the decomposition process. However, in the postsynthesis of these materials, aggregation occurs when they were dried in air, resulting in a
decrement of the catalytic capability. Considering the large specific area of graphene sheets or
GO, which is desirable to disperse and stabilize the inorganic nanoparticle, the combination of
graphene or GO with nanoparticles may effectively inhibit the aggregation and consequently
give a higher catalytic performance.
Fig. 4 shows the TEM, FESEM, and DSC characterization of as-prepared GO-Co3O4
nanocomposites (Xu et al., 2008b). From Fig. 4a-c, it is clearly seen that the exfoliated GO
sheet was decorated randomly by uniform spherical particles of about 100 nm in size. These
in situ formed particles could result in exfoliating the layered GO. In Fig. 4c of the dark
field TEM images of GO-Co3O4 nanocomposites, it is interesting that some of the Co3O4
nanoparticles are brighter than the ones which seem to be enveloped by a thin film. This
may be attributed to the fact that the functional groups, especially hydroxyl and epoxy
groups appear on both sides of the graphene oxide sheet, and thereby in situ formed Co3O4
could on anchor on both sides of the supports.

Fig. 4. TEM (a, c), FESEM (b) images of GO-Co3O4 nanocomposites; (d) DSC curves for the
decomposition of AP, AP with 2% GO, AP with 2% Co3O4 and AP with 2% Co3O4-GO
nanocomposite (Xu et al., 2008b).

www.intechopen.com

Graphene-Based Nanocomposites

141

To explore the catalytic effect of this nanocomposite on thermal decomposition of AP, DSC
measurement is conducted. Figure 4d displays that when individual GO was added, two
exothermic peaks of AP became apparent, along with a new exothermic peak centred at
around 360 oC, and the exothermic heat of the two steps was larger than that of AP. This
may be due to the catalytic effect of GO in the system. The introduction of Co3O4 and GOCo3O4 reduced temperature of both LTD and HTD and made the two steps blend almost
into one process. The decomposition temperature of AP with 2% Co3O4 (296 oC) was close to
that of AP with 2%GO-Co3O4 (303 oC); however, the former exothermic quantity (1127 J/g)
was much lower than that of the latter (1504 J/g). Therefore, owning to the concerted effect
of the individual components for the catalysis of decomposition of AP, the addition of GOCo3O4 not only brought down the decomposition temperature, but also increased the
exothermic heat of AP, exhibiting good catalytic properties.

Fig. 5. TEM images of GO decorated CuO nanoparticles with different morphologies. (a-b)
spindle-like CuO; (c) spherical CuO; (d) CuO nano-aggregates (Zhu et al., 2010).
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Moreover, the composite of GO support CuO nanoparticles has been synthesized for the
first time (Zhu et al., 2010). It should be mentioned that we can tune the catalytic
performances by shape-controlled synthesis of different morphological nanoparticles on GO
sheets. As displayed in Fig. 5, by varying the volume ratios of the added water and
isopropanol and mass ratios of CuO/GO, the composite of CuO nanoparticles with different
morphologies, including spindles, spheres, and nano-aggregates, on exfoliated GO sheets
have been dramatically obtained. DSC tests display discrepant catalytic effects of these
composites on AP. The HTD and exothermic quantity of AP mixed with 2% spindle-like
CuO-GO, spherical CuO-GO, and CuO nano-aggregates-GO are 330 oC (1056 J g-1), 315 oC
(1347 J g-1) and 321 oC (1297 J g-1), respectively. The spherical CuO nanocrystals on GO
sheets have shown the best catalytic action. In addition, the introduction of pure CuO and
the composite of spherical CuO nanocrystals on GO sheets could both decrease the
temperatures. However, the HTD and exothermic quantity of AP mixed with 2% spherical
CuO-GO composites (315 oC, 1347 J g-1) was much competitive than that of pure CuO (334
oC, 1093 J g-1), suggesting the catalytic properties of the nanocomposites are enhanced by the
concerted effect between GO and CuO.

Fig. 6. (a) Preparation procedure of graphene-MnOOH nanocomposites; (b) TEM images of
GO-MnO2 and graphene-MnOOH nanocomposites; (c) DSC curves for the thermal
decomposition of AP, AP with 2% graphene, and AP with 2% graphene-MnOOH
nanocomposites (Chen et al., 2010a).
Generally, GO is insulated owning to the introduction of large amounts of functional groups,
eliminating most of the oxygen-containing functional groups of GO to restore the aromatic
graphene networks is necessary for obtaining graphene sheets. In Figure 6a, a two-step
solvothermal procedure was developed to synthesize graphene-MnOOH nanocomposites
through reducing GO-MnO2 using ethylene glycol (Chen et al., 2010a). Initially, GO sheets
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were decorated randomly by the rod-like MnO2 (the left image in Figure 6b), where a
significant morphological transformation is observed after solvothermal treatment with
ethylene glycol. The rod-like MnO2 transfers to particulate MnOOH with diameters ranging
from 20 to 80 nm. The dissolution-crystallization mechanism is speculated to be responsible for
this process. Additionally, the catalysis of as-obtained graphene-MnOOH nanocomposite on
the decomposition of AP was displayed in Fig. 6c. With the addition of 2% graphene into the
system, the LTD and HTD decreased to 310 and 399 oC, respectively, probably due to the
catalytic action of graphene. However, when graphene-MnOOH nanocomposites were added,
the two steps (LTD and HTD) blended into one process at 334 oC with the exothermic heat
(1392 J g-1) much larger than that of net AP and AP-graphene composites (590 and 540 J g-1),
revealing a good catalytic effect. Although in the actual process the decomposition of AP
would involve many additional steps, the results of graphene (GO)-MnOOH (Co3O4, CuO)
calculated from the DSC measurements are still believed of great significance for material
investigation.
2.4 Surface-enhanced Raman scattering
Raman spectroscopy is a powerful technique that is nondestructive, fast, and could provide
detailed information as to molecular structures. However, recent Raman researches are
limited by its low sensitivity. Raman scattering (SERS) is able to overcome this obstacle and
provide a spectral intensity often enhanced by many orders of magnitude for molecules
adsorbed on a properly fabricated metal (e.g., Ag, Au, and Pt) surface. This offers the
opportunities for SERS to facilitate the study of structural and electronic information of
molecules with high resolution (Ferrari, 2007).
It is generally accepted that two mechanisms are contributable to the SERS: the
electromagnetic and the charge transfer mechanisms (Fu et al., 2010a). Another
enhancement can also be acquired from molecular resonances, but they are only considered
in specific system. The electromagnetic enhancement usually can contribute factors of about
104–106 to the Raman enhancement. While the charge transfer enhancement involves the
chemisorption interaction and the metal–adsorbate charge transfer, and is usually said to
contribute factors of about 10–100 of the observed enhancement.
The typical features for graphene or GO in Raman spectra are the D band around 1360 cm-1
and the G band around 1600 cm-1, corresponding to the breathing mode of κ-point phonons
of A1g symmetry and the first-order scattering of the E2g phonons, respectively. Absorption
of noble metallic-nanoparticles, like Ag, Au, and Pt, onto graphene or GO sheets is a feasible
way to study of graphene sheets in detail. As mentioned in chapter 3.2, silver nanoparticles
can form flexible film on GO sheets. On the contrary, we can also regard these one-atomthick 2D nanostructures as monolayer molecules adsorbed on silver-nanoparticle films (Xu
& Wang, 2009). The energy-dispersive X-ray spectrometry (EDS) analysis in Figure 7d
indicated that the surface of the film was almost completely covered by elemental silver,
which consequently enabled such macroscopic films to display a metallic luster (Figure 7c).
Therefore, the as-synthesized silver-nanoparticle films in this system may also display SERS
activity. It is obvious in Fig. 7a that the intensities of the D and G bands of GO are enhanced
in comparison with those of the original GO. The level of enhancement factor of the Raman
scattering is calculated to be about one order of magnitude. Thus, the SERS in this sample
may originate from the chemical effect. Additionally, the degree of enhancement of Raman
spectra in the system can be controlled by adjusting the quantity of silver particles. As
shown in Fig. 7b, the intensities of D and G bands increase along with the incremental
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density of the coating silver particles and gradually become stable. This phenomenon may
be explained by the fact that the number densities of the anchor sites between the GO and
silver nanoparticles are constant. Consequently, when saturation of the charge-transfer
complexes is reached, further elevated quality of silver may have little influence on the
intensities of the D and G bands.

Fig. 7. (a) Raman spectra of GO and SERS spectra of Ag–GO composites with 80 wt% Ag; (b)
The relationships between the intensity of the D and G bands of GO and the quality of silver
in the composites; (c) the mirror-like film obtained by drying Ag-GO suspensions on glass;
(d) FESEM images and EDS spectrum of the Ag–GO hybrid films (Xu & Wang, 2009).
To better understand the energy transfer mechanisms in graphene-based composites, which
can provide a template for creating novel nanostructured derivatives, the graphene–Au
sheets were fabricated (Xu & Wang, 2009). The composite was then removed to the surface
of Si wafer pre-cleaned with ethanol and water to give high quality SERS spectra. By
varying the excitation wavelength of lasers, the SERS excitation profile of graphene-Au was
acquired.
The morphologies of the graphene-Au nanocomposites was obtained using TEM and SEM
as shown in Fig. 7a and b. It is clearly seen that most metal nanoparticles distribute
randomly on the supports. Despite there are some large triangular gold particles on the
sheets, most are nano-spheres. In Fig. 7b, the sheets become more corrugated after the
attachment of gold nanoparticles. The upper inset EDS images show that graphene-Au
contain mainly the element Au, apart from the initial C and O. Additionally, the ratio of the
contents (O/C) is lower compared to that of GO, suggesting the deoxygenation of GO to
form graphene.
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Fig. 8. (a) TEM (b) SEM images of graphene-Au nanocomposites; the inset of (b) is EDS
images; (c) Raman spectra of G-Au at excitation wavelengths of 785, 632.8, 514.5, 488 nm; (d)
G-Au (e) GO on the Si wafer that were observed under Raman microscopy and taken for the
Raman measurements; (f) excitation profile of the D and G bands of graphene enhanced
with Au nanoparticles (Fu et al., 2010a).
Raman spectra of graphene-Au at different excitation wavelengths are shown in Fig. 8c. To
the right of the Raman spectra, Figure 8d and 8e show the images of graphene-Au and GO
on the Si wafer that were observed under Raman microscopy and taken for the Raman
measurements. The sheets of G-Au and GO seem to be one or two layers on Si wafer, and
the sheets are smaller after decorated with Au nanoparticles. Similar to the Raman spectrum
of pure GO (Fig. 6a), the G-Au Raman line at 488 nm, also contains both D and G bands
however, with an increased D/G intensity ratio. Specifically, the peak intensity ratio
(ID/IG) decreases from approximately 1.0 for GO to about 0.75 for the reduced sample.
This observation makes sense regarding to the formation of more extended networks of
conjugated sp2 carbons, towards a more locally ordered graphene lattice.
In addition, Fig. 8c displays that at different wavelengths, the intensity of the D band was
enhanced ~5 times when we measured with 514.5 nm excitation wavelength compared to
that of GO, and ~27 times for 632.8 nm excitation wavelength. For the G band, enhanced
factor is 3 for 514.5 nm and 16 for 632.8 nm excitation, respectively, in comparison with that
of GO. However, the intensity decreased considerably in the case of excitation wavelength
changed to 785 nm. In Fig. 8d, we provide an excitation profile of the D and G bands. Note
that this profile indicates a resonance. A Gaussian fit to the D band profile gives a maximum
of 2.09 eV (593 nm) and a width of 0.30 eV.
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Commonly, the plasmon resonance of Au is ~548 nm, at some distance from the excitation
profile maximum of about 593 nm. Aggregation of gold nanoparticles can lead to a red shift
of the plasmon resonance. Although the TEM images show a significant fraction of larger
nanoparticles, seldom shift was observed in the absorption spectrum, nor any other
significant maximum besides that at 548 nm, even at higher concentrations. It is common in
SERS to observe a difference between the plasmon resonance and the maximum of the
excitation profile. The discrepancy was mainly due to contributions from charge transfer
transitions between the molecule and metal. It should be mentioned that the work function
of Au is -5.3 eV (relative to the vacuum level) and that of graphite (presumably close to that
of the nanotubes) is -4.5 eV, therefore, a charge transfer from the graphite to the metal is
expected to occur with ease at a Raman excitation wavelengths of 514.0 nm, resulting in the
Fermi level shift.

Fig. 9. (a) Scheme showing a proposed formation processes of Ag piece/GO/colloidal Ag
sandwiches. SEM images of (b) MPTS-GO and (c) Ag piece/GO/colloidal Ag sandwiches.
The inset shows the EDS image (Fu et al., 2010b).
To get a large enhancement, a structure of Ag piece/GO/colloidal Ag sandwiches is devised
(Fu et al., 2010b). The typical route involves self-assembly of silylated GO sheets on a silver
piece and then submerges the piece into colloidal Ag (Fig. 9a). It is seen from TEM, SEM and
EDX analyses that the lamellar structures of GO sheets and the size of Ag particles
remained, although the GO layers were exfoliated and destroyed after silylation (Fig. 9b and
c). Remarkably, the enhanced factor of GO in this system is estimated to be about 104. The
large enhancement of the SERS spectrum of silylated GO sheets can be attributed to the
electromagnetic coupling of the colloidal Ag nanoparticles and the surface of the Ag piece,
most probably due to the interactions of the localized surface plasmon of colloidal Ag
nanoparticles and the surface plasmon polariton of the Ag piece. This research extends the
capability of SERS investigations to GO products and points to a promising future for the
fabrication of thin films with smart properties.

www.intechopen.com

Graphene-Based Nanocomposites

147

2.5 Methanol fuel cells
In recent years, fuel cells have been extensively considered as very promising devices, which
convert the chemical energy of a fuel (hydrogen, natural gas, methanol, gasoline, etc.) and
an oxidant (air or oxygen) into electricity. Among them, the direct methanol fuel cel1
(DMFC) has been developed for portable devices, such as mobile phones and laptops
owning to its simple design and operation. The direct oxidation of methanol is a key step
during DMFC operation and has been extensively investigated. Platinum is taken as the
most active metal for methano1 oxidation. However, individual Pt particles for methanol
adsorption has subjected to 1ow DMFC power density, low CO toleration, and short cycle
life. Therefore, on one hand, Pt-based multiple alloys have been explored, for example the
binary Pt-Ru alloy is generally accepted as the most promising candidate for improving
DMFC performance. On the other hand, to improve deposition of Pt alloys nanoparticles
onto carbon supports are demonstrated as an effective pathway. Given the costeffectiveness, good conductivity and large specific surface area, graphene is undoubtedly
the most intriguing nanoscale substrate.

Fig. 10. (a) TEM images of graphene-Pt nanocomposites; (b) Cyclic voltammogram (20 mV·sof methanol oxidation at graphene-Pt in 2 M CH3OH + 1 M H2SO4 solution at room
temperature. C1s XPS spectra of GO and graphene-Pt composite; (c) The C1s XPS spectrum
of GO clearly indicates oxidation with four components that correspond to carbon atoms in
different functional groups: the sp2-hybridized C-C, the C in C-OH bonds, the epoxy C, and
the carboxylate carbon; (d) the intensities of these groups in Pt-C become weak as a result of
the deoxygenation, indicating the reduction of GO (Xu et al., 2008a).
1)
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Fig. 10 is the TEM, XPS and CV analyses of as-prepared graphene-Pt nanocomposites. It has
been found that a water-ethylene glycol mixture is a very useful system to synthesize
carbon-noble metal particle nanocomposites. Considering the facile exfoliation nature of GO
in water, and the mild reducibility of the ethylene glycol for GO sheets, a water-ethylene
glycol system was employed (Xu et al., 2008a). It is clearly seen in Fig. 10a that the almost
transparent carbon sheets were decorated randomly by the nano-sized Pt particles. Because
the monolayer carbon nanosheets were extremely thin, it was hard to make a distinction
between them and the carbon-supported films on the copper grid. The crumpled silk waves
of these carbon sheets leads us to believe that these nanoparticles indeed deposited on the
supports. In addition, high-resolution TEM (HRTEM) images shown in the insets of Fig. 10a
suggests the anchored crystal metal particles distributed uniformly on these single carbon
sheets without obvious aggregations. The lattice fringes with interplanar distances of
approximately 0.22 nm correspond to the nearest (111) plane of Pt.
The reduction of GO in water-ethylene glycol system can be verified by XPS analyses. The
XPS spectrum of graphene-Pt composite indicates that the sample contains C, O and Pt as
the main elements. The deconvolution of the C1s peak of graphene-Pt in Fig. 10d shows
there are four types of carbon bonds: C-C (284.5 eV), C-OH (286.3 eV), C-O-C (287.5 eV), and
HO-C= O (289.1 eV), respectively. By integrating the area of the deconvolution peaks, the
following approximate percentages with respect to C-C bonds were obtained: C-C, 100; COH, 19; C-O-C, 14; HO-C=O, 6. The amount of incorporated functional groups in graphenePt is much lower than that of the unreduced GO as shown in Fig, 9c, where the approximate
percentages of carbon atoms with respect to C-C bonds is C-C, 100; C-OH, 28; C-O-C, 59;
HO-C=O, 11. The results of the XPS implied the decrease tendency of oxygen content in the
composite. The intensity of some oxygenated functional groups on carbon sheets in the assynthesized composites was obviously reduced, indicating the deoxygenation of GO.
Specifically, the epoxy groups underwent considerable deoxygenation on the carbon sheets
in these composites compared with the starting GO. The intensity of hydroxyl groups were
also reduced to some extent.
The electrochemical performance of the graphene-Pt composite was tested for methanol
oxidation, which is closely related to applications in DMFC. Figure 10b shows
representative cyclic voltammetry plots of a graphene-Pt composite in CH3OH solution, in
which the typical methanol oxidation current peaks (If, 0.68 V) and the residual carbon
species oxidation peaks (Ib, 0.53 V) appeared. The ratio of If/Ib is high (1.35), suggesting the
good CO toleration of the catalyst. Moreover, there is seldom change of If/Ib even after 50
cycles, indicating good stability in the electrochemical cycling process.
To further verify that graphene is a promising candidate as supports of high-loading metal
catalyst in fuel cells, a composite of highly loaded 80 wt.% Pt-Ru on graphene sheets was
prepared using colloidal method, using Vulcan XC-72R (a kind of active carbon with a
surface area of ~250 m2 g-1) for comparison (Bong et al., 2010). As displays in Fig. 11a, the
TEM analyses were conducted to verify dispersion degree, particle size distribution, alloy
state and average particle size of the catalyst. It is clearly seen that the almost transparent
graphene sheets were decorated homogeneously by the nanoscale Pt-Ru alloy particles with
excellent dispersion. The size of Pt-Ru particle on graphene sheets ranges from 1 to 3.5 nm
with an average particle size of 2.5 nm (inlet of Fig. 11a). XRD data in Fig. 11b present Pt (1 1
1) peak observed from all alloy catalysts shifts slightly towards the higher values compared
with the pure Pt. This shift means that the alloy is formed between Pt and Ru.
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Fig. 11. (a) TEM images of Pt-Ru nanoparticles anchored on graphene sheets, and inlet graph
is particle size distribution of Pt-Ru/graphene; (b) XRD profile of Pt-Ru/graphene catalyst;
(c) normalized linear sweep Voltammograms obtaining of graphene nanosheets and Vulcan
XC-72 supported Pt-Ru catalyst in 1 M H2SO4 and 1 M CH3OH at 25 oC at a scan rate of 20
mV s-1; (d) COad stripping voltammograms of Pt-Ru/graphene and Pt-Ru/Vulcan XC-72
recorded in 1 M H2SO4 at a scan rate of 20 mV s-1 (Bong et al., 2010).
The electrochemically active surface area (ESA) is an effective manner to evaluate the
number of available active sites. Fig. 11d and 11e shows the COad stripping voltammograms
of Pt-Ru/graphene and Pt-Ru/Vulcan recorded in 1 M H2SO4 at a scan rate of 20 mV s-1. The
ESA was determined assuming a monolayer of linearly adsorbed CO requires 420 μC cm-2
for its oxidation interesting to note that graphene catalyst (47.9 m2 g-1) exhibits larger
electrochemical surface area than Vulcan catalyst value (28.3 m2 g-1) and it is attributable to
the size of Pt-Ru particles well anchored on graphene sheets. The difference of the ESA
values is related to the difference in the particle size in inverse proportion. The
electrocatalytic activity for methanol oxidation was evaluated by linear sweep voltammetry.
Fig. 11c represents the linear sweep voltammogram of the Pt-Ru/graphene and PtRu/Vulcan in 1M CH3OH and 1 M H2SO4 and the voltammogram displays that the PtRu/graphene catalysts exhibit almost four times higher geometric anode peak current than
that of Pt-Ru/Vulcan. In addition, these results can be transferred into normalized current
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density (mAg m2). Considering the electrochemical surface area and those of PtRu/graphene and Pt-Ru/Vulcan are 0.113 and 0.0812 mAg m-2 at 700 mV, respectively. The
enhancement of electrochemical activity of Pt-Ru/graphene could originate from highly
dispersed particle size effect and large electrochemical surface area.
2.6 Supercapacitors
In recent years, due to environmental issues and depleting fossil fuels, interest in the
development of alternative energy storage/conversion devices with high power and energy
densities catering to the present day demands has increased to a great extent.
Supercapacitors, also named electrochemical capacitors (ECs) or ultracapacitors, is a novel,
low-cost and environmentally friendly energy storage systems. One of its advantage is that
it can store and release energy at relatively higher rates than those accessible with batteries
because its mechanisms for energy storage. In addition, they have several orders of
magnitude higher energy density than that of conventional dielectric capacitors. They can
complement or replace batteries in electrical energy storage and harvesting applications,
when high power delivery or uptake is needed. Since 1957, when the practical utilization of
electrochemical capacitors for the storage of electrical charge was demonstrated and
patented by General Electric, supercapacitors are ideal for any application having a short
load cycle and high reliability requirement, such as energy recapture sources including load
cranes, forklifts, and electric vehicles.
Commonly, a supercapacitor unit cell is composed of two porous electrodes that are isolated
from electrical contact by a separator (Fig. 12a). Current collectors of metal foil or carbon
impregnated polymers are employed to conduct electrical current from each electrode. The
separator and the electrodes are impregnated with an electrolyte, which allows ionic current to
flow between the electrodes while preventing electronic current from discharging the cell. A
packaged supercapacitor module, depending upon the desired size and voltage, is constructed
of multiple repeating unit cells (Stoller et al., 2008). To approach the real application, the coinshaped supercapacitors have been fabricated. An optical image of a real coin-shaped
graphene-based supercapacitor device is displayed in Figure 12c (Wang et al., 2009b).
Generally, there are two kinds of supercapacitors based on the electrode materials: (1) high
surface area, inert and conductive materials that store and release energy by nanoscopic
charge separation at the electrochemical interface between an electrode and an electrolyte; (2)
some redox active materials that use fast, reversible redox reactions at the surface of active
materials which is known as the pseudo-capacitance. The carbonaceous nanostructures (like
CNTs, active carbon and graphene) are commonly studied as electrodes for electrochemical
double layer capacitors (EDLCs); while transition metal oxides or hydroxides (such as RuO2,
MnO2, Ni(OH)2, etc,) and conducting polymers (like polyaniline), are promising material for
pseudocapacitors.
Considering that graphene sheets have high electrical conductivity and large specific surface
area (calculated value, 2630 m2 g-1), which is substantially higher than values derived from
BET surface area measurements of other carbon supports (such as activated carbons, carbon
fibers, and CNTs), these peculiar characters may beneficial for insertion/desertion between
ions of electrolyte and electrode material, giving rise to the good electrochemical
performance of the material. The utilization of individual graphene sheets as electrode
material for supercapacitors has been reported. Fig. 12b is the TEM images of graphene
sheets prepared from a solution reduction process. It is interesting that this unique structure

www.intechopen.com

Graphene-Based Nanocomposites

151

Fig. 12. (a) Schematic of test cell assembly of supercapacitors (Stoller et al., 2008); (b) TEM
images of graphene sheets prepared from a solution reduction process (Stoller et al., 2008);
(c) An optical image of an industry-grade coin-shaped graphene-based supercapacitor
device (Wang et al., 2009b); (d) Scanning electron microscopy (SEM) image graphene sheets
prepared from gas-based hydrazine reduction (Wang et al., 2009b).
gives graphene a consistently good performance over a wide range of voltage scan rates in
the electrochemical testing (Stoller et al., 2008). In addition, Wang et al proposed a
procedure for preparing graphene from gas-based hydrazine reduction of GO, which could
restore the conducting carbon network without yielding much aggregation. SEM image of
as-obtained graphene sheets is shown in Figure 12b. Notably that the graphene material
exhibit excellent stability, with specific capacitance remaining ~90 % after 1200 cycles (Wang
et al., 2009b).
Despite these advantages, graphene, being a kind of carbon material and chargeddischarged mainly by EDLC, is also subjected to the problems that have emerged in other
carbon-based materials for supercapacitors. The utilization of strong alkaline electrolyte is
less eco-friendly. The specific capacitance of the pure graphene-based devices is relatively
low in comparison with that of other pseudocapacitive materials, resulting in a low energy
density. For example, the specific capacitance of graphene ranges from 100 to 200 F g-1,
while as a typical metal oxide, hydrate RuO2, has a specific capacitance of 720 F g-1. A
notable improvement in performance may be achieved through the advances in
understanding charge storage mechanisms and the development of advanced
nanostructured materials. In view of large specific area, good conductivity and excellent
electrochemical stability of graphene, and high power density of pseudo-captive materials,
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one possible route to acquire high-performance electrochemical materials is the combination
of graphene and the pseudocapacitive materials. Moreover, it should be mentioned that due
to the low natural abundance and the requirement of highly acidic solutions in operation
(such as sulfuric acid) as electrolyte have limited wide spread usage of RuO2, and therefore,
the development of novel electrode materials will accelerate the supercapacitor having an
energy density as high as a secondary battery.
2.6.1 Graphene-inorganic nanoparticles composites
Manganese dioxide (MnO2) is one of the most stable manganese oxides with excellent
physical and chemical properties under ambient conditions. Because of its rich
polymorphism and structural flexibility, this oxide has wide applications in catalysis, ion
exchange, molecular absorption, microwave absorption, biosensors, and energy storage. As
a potential excellent electrode material for the alternation of RuO2 in supercapacitors, MnO2
has received considerable attention in recent years owning to its abundant availability on
the earth. Besides, MnO2 shows good electrochemical performance in a neutral electrolyte
(such as Na2SO4, K2SO4, and LiCl), which would be noteworthy when focused on ecofriendly point of view. As recently demonstrated, the electrochemical performance of MnO2
critically depends on their crystallographic forms and then on their textural properties
including morphology, surface area, pore volume, pore dimension, etc (Devaraj &
Munichandraiah, 2008).
Considering the abundant functional groups of GO which can be regarded as anchor sites, a
study on using GO as nanoscale supports to stabilize MnO2 particles is examined (Chen et al.,
2010d). Take the composite of CMG3 (chemically synthesized GO-MnO2 nanocomposites
when the feeding ratio of MnO2/GO is 3/1; the mass of MnO2 is calculated by MnCl2
according to the reaction: 2KMnO4 + 3MnCl2 +2H2O → 5MnO2 + 2KCl +4HCl) as an example.
The results of nanocomposites with other feeding ratios are similar. The heterostructure of the
composite is shown in Fig. 13. The GO sheets are multi-layers with diameters of a few
micrometers, while the nano-MnO2 shows needle-like morphology with typical diameters of
20-50 nm and lengths of 200-500 nm. It can be clearly seen from Figure 13c that the GO sheets
were exfoliated and decorated randomly with the needle-like MnO2. Comparing the brightand dark-field TEM images in Figure 13c and d, the single layered graphene oxide sheet can be
clearly distinguished from the background. The tip of a MnO2 nanoneedle is shown in Figure
13e and f. It can be clearly seen from Figure 13e that the nanoneedle is actually composed of a
few primary nanorods aggregated along the lateral faces. The nanorods of the center portions
are longer than others, giving an indication that the oriented attachment mechanism played an
important role in the formation of the nanoneedles. Additionally, the lattice fringes with
interplanar distances of approximately 0.7 nm shown in Figure 13f correspond to the (110)
plane of the tetragonal α-MnO2 structure.
To test the electrochemical properties of GO-MnO2 composites, the samples were fabricated
into electrodes and characterized with CV and galvanostatic charge-discharge
measurements. CV response carried out at a scan rate of 5 mV s-1 in 1 M Na2SO4 aqueous
electrolyte solution is shown in Figure 14. The rectangular and symmetric CV curves of
nano-MnO2 indicate the ideal pseudo-capacitive nature of the fabricated electrode, while the
lack of symmetry in CMG0.5, CMG3, and CMG15 is probably due to combined double-layer
and pseudo-capacitive contribution to the total capacitance. Interestingly, with the feeding
ratio of MnO2/GO increasing from 0.5 to 15, CV plots of CMGratio became more close to that
of the nano-MnO2, which can be attributed to the increment of pseudo-capacitive
contribution to the overall capacitance.
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Fig. 13. (a, b) TEM images of GO and nano-MnO2; (c, d) Bright and dark field images of
CMG3; (e, f) the HRTEM images of a MnO2 nanoneedle (Chen et al., 2010d).
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Fig. 14. CVs of (a) CMG0.5, CMG3, CMG15; (b) bulk MnO2, GO, CMG15 and nano-MnO2 at 5
mV s-1 in 1 M Na2SO4 solution; (c) Plot of average area of CV curves as a function of
different ratios of CMGratio, with the average area of CV curves of nano-MnO2, GO, and bulk
MnO2 for comparison (Chen et al., 2010d).

Fig. 15. CVs of (a) CMG0.5, CMG3, CMG15; (b) bulk MnO2, GO, CMG15 and nano-MnO2 at
5 mV s-1 in 1 M Na2SO4 solution; (c) Plot of average area of CV curves as a function of
different ratios of CMGratio, with the average area of CV curves of nano-MnO2, GO, and
bulk MnO2 for comparison (Chen et al., 2010d).
Galvanostatic charge-discharge measurements were carried out in 1 M Na2SO4 at a current
density of 200 mA g-1. As illustrated in Figure 15a, during the charging and discharging
steps, the charge curve of CMG15 is almost symmetric to its corresponding discharge
counterpart with a slight curvature, indicating the pseudo-capacitive contribution along
with the double layer contribution. The Cs is calculated according to Cs = I × Δt / ΔV × m
from the discharge curves, where I is the constant discharge current, Δt is the discharge
time, ΔV is the potential drop during discharge; the Cs values of CMG15, nano-MnO2, GO
and bulk MnO2 are 197.2, 211.2, 10.9, and 6.8 F g-1, respectively. These values are mainly
consistent with the order indicated by the CVs.
Furthermore, the electrochemical stability of CMG15 and nano-MnO2 is investigated in the
range of 0 to 1 V at 200 mA g-1 in 1 M Na2SO4 aqueous solution (Figure 14c). It is found that
the CMG15 electrode retained about 84.1 % (165.9 F g-1) of initial capacitance after 1000
cycles, while that of the nano-MnO2 retained only about 69.0 % (145.7 F g-1). The discrepant
electrochemical stability between CMG15 and nano-MnO2 may be attributable to the
different double-layer and pseudo-capacitive contributions. As well known, the double-
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layer process only involves a charge rearrangement, while pseudo-capacitive is related to a
chemical reaction, and the double-layer capacitors have a better electrochemical stability but
lower CS as compared with those of pseudo-capacitators. Accordingly, the as-synthesized
CMG15, making more double-layer contribution compared to that of nano-MnO2 owning to
the effect of GO, have a slightly lower Cs than the later; however, the electrochemical
stability is obviously enhanced.

Fig. 16. Schematic illustration and possible reactions for the synthesis of graphene-20%
MnO2 and graphene-70% MnO2 composites (Yan et al., 2010).
As mentioned in chapter 3.3, the deoxygenation of GO-MnO2 by reducing agent (like
ethylene glycol) only produces graphene-MnOOH composites. To prepare the hybrid of
graphene supported MnO2 nanoparticles, the redox reaction between graphene sheets and
KMnO4 by microwave irradiation was reported (Yan et al., 2010). The schematic illustration
and possible reactions for the synthesis of graphene-20% MnO2 and graphene-70% MnO2
composites are shown in Fig. 16. It can be seen from SEM and TEM images that graphene
nanosheets can serve mainly as a highly conductive support, which can also provide a large
surface for the deposition of nanoscale MnO2 particles of about 5–10 nm (not shown). The
large surface of graphene has been preserved by the products. The excellent interfacial
contact and increased contact area between MnO2 and graphene can significantly promote
the electrical conductivity of the electrode due to the high electrical conductivity of
graphene. Besides, the easy surface accessibility of this composite by the electrolyte, and the
improved electrochemical utilization of MnO2, resulted from the small particle size and high
surface/area of the oxides, could provide both the high reversible pseudo-capacity and
excellent capacitive retention ratio at high charge–discharge rate. In addition, the
electrochemical tests of the as-obtained products show excellent performances. Graphene–78
wt.% MnO2 composite displays the specific capacitance as high as 310 F g-1 at 2 mV s-1,
which is almost three times higher than that of pure graphene (104 F g-1) and birnessite-type
MnO2 (103 F g-1). The capacitance retention ratio is highly kept over a wide range of scan
rates (88% at 100 mV s-1 and 74% at 500 mV s-1). Moreover, the electrode material has a low
ESR of ~0.66 Ω and good stability.
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Fig. 17. (a) FESEM images of graphene sheets; (b) FESEM (c) XPS (d) Nitrogen
adsorption/desorption isotherm of the as-obtained MnO2-lamellas. The inset of (a) is the
digital image of graphene dispersion; the inset of (c) is Mn (2P) peaks of MnO2 nanolamellas in XPS analyses (Chen et al., 2010c).
To further enrich potential applications of graphene, a facile procedure to explore the
framework substitution of graphene by MnO2 is investigated (Chen et al., 2010c). Singlelayer-graphene and few-layer-graphene structures have been predicted to have high specific
surface area. Recent research has focused largely on utilizing the intriguing morphology of
graphene as building blocks or substrates, keeping the structure undisturbed. Therefore, a
procedure for morphology transmission from graphene to MnO2 nano-lamellas by in situ
replacement with the framework of graphene is examined. The approach involves using
graphene sheets as the starting reagent, thereby transmitting the morphology of layered
structure from graphene to as-prepared MnO2 product.
The definitive evidence that almost all the carbon atoms of graphene can be replaced by
MnO2 to form nano-lamellas was obtained with FESEM. It can be seen in Fig. 17 that the
lamellar structure of graphene was indeed transmitted to the products. The brinks of the
sheets can be clearly discerned; the lamellar structures of the products are fully seen. XPS
results (Fig. 17c) indicate that the product contains Mn and O as the main components,
while C and K are impurities. The binding energy of Mn 2p1/2 and Mn 2p3/2 is 642.4 and
654.2 eV, respectively. The splitting of the Mn 2p peak (11.8 eV) is very close to that of
manganese (+4), suggesting the MnO2 nature of the product. Surface area measurements
indicate that the MnO2 nano-lamellas have a Brunauer-Emmett-Teller (BET, nitrogen, 77 K)
surface area of 50.3 m2 g-1, with pore volume of 0.135 cm2 g-1, and BJH desorption average
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pore diameter of 14.4 nm. Remarkably, this value is much higher than the MnO2 produced
by traditional co-precipitation of KMnO4 and Mn2+. A large surface area suggests wider
utilization of the as-prepared material.
The as-prepared products were fabricated to electrodes and tested using CV and
galvanostatic charge/discharge measurements in 1 M Na2SO4 aqueous electrolyte (Figure
17). The rectangular and symmetric CV curves of MnO2 nano-lamellas in Figure 15a indicate
the ideal pseudo-capacitive nature of the as-fabricated electrode, while the lack of symmetry
in graphene can be attributed to its double-layer capacitance in neutral electrolyte. Specific
capacitance of MnO2 calculated at 150, 200, 500, 1000 and 2000 mA g-1 from the discharge
curves is 206.2, 200.1, 191.0, 165.8 and 149.7 F g-1, respectively (Figure 18b-c). About 72.6 %
specific capacitance was retained even with the current density increasing from 150 to 2000
mA g-1. Consistently good performance of MnO2 nano-lamellas over a wide range of current
densities suggests this material is promising as supercapacitor electrodes. Additionally,
when the charge-discharge was cycled at 500 mA g-1 as shown in Figure 18d, there is only a
slight decrease in capacitance of less than 10 % even after 3000 cycles, demonstrating a great
stability.

Fig. 18. (a) CV plots of graphene and MnO2 at 5 mV·s-1; (b) Galvanostatic charge/discharge
measurements of MnO2 nano-lamellas at different current densities; (c) Plot of specific
capacitance (Cs) as a function of current density of MnO2 lamellas; (d) Cycle life of MnO2
lamellas at 500 mA g-1 (Chen et al., 2010c).
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Besides MnO2, It has been demonstrated that some other metal oxides, such as SnO2, ZnO
(Lu et al., 2010) and Mn3O4 (Wang et al., 2010) etc., are also promising candidates as
electrode material for supercapacitors. Specifically, recent studies suggest transitional metal
hydroxides, such as Co(OH)2 or Ni(OH)2, have shown advanced electrochemical behaviors.
Cobalt Hydroxide (Co(OH)2) is an attractive material in recent years on account of their
layered structure with large interlayer spacing and their well-defined electrochemical redox
activity. Being an important electrochemical active material, a great deal of interest has been
centered on the utilizations of Co(OH)2 material in alkaline batteries, fuel cells and
supercapacitors. Previous reports have shown that the film of Co(OH)2 material has a higher
specific capacitance than that of RuO2. Taking into account the high specific area of
graphene which be serve as excellent building blocks for nanocomposites, and the fact that
graphene is a promising supercapacitor electrode material, consistently giving good
electrochemical performance in strong alkaline electrolytes, the combination of Co(OH)2 and
graphene may produce synergistic results, giving the overall system enhanced
electrochemical properties.

Fig. 19. (a) Proposed reactions for the formation of graphene-Co(OH)2 nanocomposites; on
one hand deoxygenate GO by S2-, HS-, H2S, and OH- from hydrolyzation of Na2S in aqueous
solution, on the other hand deposit Co2+ by OH- (Chen et al., 2010b).
A typical procedure of depositing Co(OH)2 onto graphene sheets is depicted in Fig. 19a. One
essential characteristic of this procedure is the utilization of in situ hydroxylation of Na2S
aqueous solutions (Chen et al., 2010b). Due to the strong inclination of Na2S to be
hydrolyzed in aqueous solutions, the deposition of Co2+ and deoxygenation of GO occur in
one step. Specifically, the negatively charged GO sheets, which have a high capability of
absorbing dissolved Co2+ ions via electrostatic interactions, were first suspended in
isopropanol. Subsequently, Na2S aqueous solution was introduced rapidly into the above
system. Due to the formation of large amounts of OH- produced by the hydrolysis of Na2S,
Co2+ was precipitated easily in the form of Co(OH)2. The exhaustion of OH- provides a
strong driving force for the further hydrolysis of Na2S, which leads to the releasing of H2S in
large amounts. On the other hand, the produced H2S, along with HS-, S2- and OH- provide a
great boost to the deoxygenation of GO.
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Figure 19b displays a high density of Co(OH)2 on graphene sheets for CHG30 (chemically
synthesized from graphene-Co(OH)2 nanocomposites at a feeding ratio of 30/1 for
Co(OH)2/GO; Co(OH)2 is calculated on the basis of the amount of CoCl2·6H2O utilized
according to the reaction: Co2+ + 2OH- → Co(OH)2), and it looks like the particles are
enveloped by a thin film. Notably, the graphene sheets are exfoliated and serve as excellent
substrates to stabilize Co(OH)2.
Figure 19c shows galvanostatic charge-discharge curves of CHG30, Co(OH)2, and graphene
at 500 mA g-1. The Cs of CHG30, Co(OH)2, and graphene at 500 mA g-1 are calculated to be
972.5, 726.1, and 137.6 F g-1, respectively. The higher Cs of CHG30 than that of individual
Co(OH)2, and graphene suggests an elevated electrochemical performance of the overall
system. Notably, the Cs value of CHG30 (972.5 F g-1) is obviously higher than the typical
electrode material of supercapacitors (RuO2, 720 F g-1), implying good electrochemical
capacitance behaviors of the as-prepared nanocomposite.
Additionally, as reported by Wang et al. (Wang et al., 2010a), Single-crystalline Ni(OH)2
hexagonal nanoplates directly grown on lightly oxidized, electrically conducting graphene
sheets has exhibited exhibit advanced electrochemical performances, with high specific
capacitance of ~1335 F g-1 at a charge and discharge current density of 2.8 A g-1 and ~953 F g1 at 45.7 A g-1 with excellent cycling ability. It is highlighted the importance of direct growth
of nanomaterials on graphene to impart intimate interactions and efficient charge transport
between the active nanomaterials and the conducting graphene network. Considering the
low cost of Mn, Co and Ni in comparison with noble metals (Ru), the advancement in these
fields has stimulated significant progresses in supercapacitors.
2.6.2 Graphene-poly aniline (PANI) composites
Among the families of electrode materials for supercapacitors, conductive polymers have
been extensively studied in recent years. Owning to the pseudocapacitive behaviors in
doping and dedoping process, these materials could give large specific capacitance, high
power and energy density. The main conductive polymer materials that have been
investigated for the supercapacitor electrode are polyaniline (PANI), polypyrrole (PPy),
polythiophene (PTH) and their derivatives, and so on. Polyaniline (PANI) is a popular due
to its ease of synthesis, environmental stability, and simple acid-doping/base-dedoping
chemistry. However, the relative poor cycling life restricts its practical applications. Taking
into the good electrochemical stability of carbons (like graphene), the combination of
graphene with PANI may provide improved performances as electrode materials for
supercapacitors.
Considering the hydrophilic nature of GO, a simple in situ polymerization method in water
system was reported to synthesize the nanocomposites of GO-doped PANI (GP) which were
used as electrode materials (Wang et al., 2009a). The nanocomposites, signed as PGratio, like
PG100:1, PG61:1, represent the feeding ratios of PANI: GO.
SEM and TEM images in Fig. 20e and f demonstrate the fibrillar morphology of the
prepared nanocomposite PG100:1, with the dimension of about 300 nm in diameter and 2-3
μm in length, compared with the granular aggregate structure for the pure PANI (not
shown). These fibers are in fact built from many smaller nanofibers about 30 nm in diameter
and 100-150 nm in length on the surface, and nanosheets in the backbone of the fibers.
Fig. 20a and b illustrates the cyclic voltammograms (CVs) and EIS plots of PANI, GO, PG61:1
and PG100:1 electrode. Compared with the GO and PANI electrodes, the nanocomposites
exhibit larger current density response in A g-1 at 10 mV s-1 and less estimated chargetransfer resistances. This means that the electrochemical performances of the
nanocomposites are enhanced due to the synergistic effect between GO and PANI.
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Fig. 20. CVs (a) at 10 mV s-1 (b) EIS of GO, PANI, PG61:1, PG100:1; (c) galvanostatic chargedischarge curves of PANI, PG61:1, PG100:1 at 200 mA g-1; (d) galvanostatic charge-discharge
curves of PG100:1 at 100, 200, and 400 mA g-1, respectively; TEM (e) and SEM (f) images of
PG100:1 (Wang et al., 2009a).
The specific capacitance (Cs) was calculated from the charging and discharging curves (Fig.
20c). The high Cs values were evaluated as 216, 284 and 531 F g-1 at 200 mA g-1 in the range
from 0 to 0.45 V, for PANI, PG61:1 and PG100:1, respectively. Remarkably, the capacitance of
the polymeric material is critically enhanced by the GO sheets. Moreover, the
nanocomposites demonstrate good capacitive behavior and charge-discharge property at a
current density of 100-500 mA g-1. Cs of PG100:1 is higher and that of PG61:1, implying that the
feeding ratio of the nanocomposite influences its electrochemical capacitance greatly.
The possible combinding mode of GO/PANI composite is investigated using Raman, FTIR,
UV-vis and XPS, which is proposed including: (a) π-π stacking (b) electrostatic interactions,
and (c) hydrogen bonding, as presented in Fig. 21 (Wang et al., 2010b).
Because the reaction parameters exert a great influence on the electrochemical performances
of the composite, in order to get a higher specific capacitance, the effect of raw graphite
material sizes and feeding ratios on the electrochemical properties of such composites have
been systematically investigated (Wang et al., 2010b). Specifically, The GO/PANI composite
was prepared by an in situ polymerization using a mild oxidant. The composites are
synthesized under different mass ratios, using graphite as start material with two sizes: 12
500 and 500 mesh. The result shows that the morphology of the prepared composites is
influenced dramatically by the different mass ratios. The highest initial specific capacitances
of 746 F g-1 (12 500 mesh) and 627 F g-1 (500 mesh) corresponding to the mass ratios 1:200
and 1: 50 (GO/aniline) are obtained, compared to PANI of 216 F g-1 at 200 mA g-1 by chargedischarge analysis between 0.0 and 0.4 V. The improved capacitance retention of 73 % (12
500 mesh) and 64 % (500 mesh) after 500 cycles is obtained for the mass ratios 1:23 and 1:19
compared to PANI of 20%. The enhanced specific capacitance and cycling life implies a
synergistic effect between two components.
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Fig. 21. Proposed possible combinding mode of GO/PANI Composite (Wang et al., 2010b).
To prepare graphene-PANI composites, a simple three-step synthesis method was presented
by an in situ polymerization-reduction/dedoping-redoping process (Wang et al., 2010c).
This method greatly improves the specific capacitance, retention time, energy density, and
power density of the composite as electrode material for supercapacitors.
The formation process of the GEP composite is depicted in Fig. 22. The multilayer GO is
extensively exfoliated into GEO nanosheets with abundant oxygen containing groups on
both face and edges under ultrasonication in ethylene glycol. Such GEO nanosheets facilitate
the uniform adsorption of aniline molecules under stirring. When APS and hydrochloric
acid are added into the suspension under ice bath, the aniline molecules absorbed on the
sheets are initiated to polymerize just from the absorbed sites on the surface, and then the
structure of PANI covering nano-sheet slowly forms. This structure of the hybrid material
maintains unaltered when GEO sheets are reduced and PANI are dedoped by sodium
hydroxide at the temperature of 90 oC for 5 h, and it keeps steady even when PANI
nanoparticles are redoped in hydrochloric acid solution. In addition, the morphology of the
prepared hybrid material is quite uniform and no individual graphene or PANI
agglomerates can be observed, suggesting that graphene sheets are covered by
nanostructured PANI granules completely and successfully. It is noteworthy that the hybrid
nanosheets can be convoluted freely without being splitting into pieces (Fig. 22, see blue
lines in GEOP-1 and GEP-3 in the TEM images), further indicating the flexibility of the
composites. The perfect coverage of PANI on graphene makes full use of the large specific
area of graphene and could be favorable for the enhancement of electrochemical properties
of the composite materials.
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Fig. 22. A scheme illustrating the preparation process of GEP hybrid materials (Wang et al.,
2010c).
The electrochemical performance of the electrode materials was analyzed using CV and
galvanostatic charge-discharge. Fig. 23a shows the CV curves of the pristine graphene,
PANI, GEOP-1, GEP-2 and GEP-3 at a scan rate of 1 mV s-1 in 1 M H2SO4 electrolyte in the
potential range from -0.2 to 0.6 V. Both PANI and the composite electrodes show a pair of
redox peaks. The peak positions of individual components are very close to each other and
nearly merge into one peak. The specific capacitance was calculated. The pristine graphene
electrode exhibits an approximated rectangular shape that is characteristic of an electric
double layer capacitance (EDLC) with a specific capacitance of 316 F g-1. The PANI electrode
shows a pair of redox peak that is characteristic of pseudo-capacitance with the specific
capacitance 777 F g-1. On the other hand, the CV curves of GEOP-1, GEP-2 and GEP-3
electrodes show a behavior of a combination of both EDLC and redox capacitance with the
specific capacitance of 827, 1126 and 1079 F g-1, respectively. The specific capacitance
changes with different samples were illustrated in Fig. 23b. The GEOP-1 electrode exhibits a
sharply increased electrochemical capacitance compared to the graphene electrode. After
treating with sodium hydroxide, the specific capacitance of GEP-2 electrode goes as high as
1126 F g-1. Although the redoping process leads to a little decrease of the capacitance, the
specific capacitance of 1079 F g-1 for GEP-3 is still higher than GEOP-1 and much better than
each component of the hybrid material.
The cycling performance is shown in Fig. 23c and d. Fig. 23c gives a non-linear galvanostatic
charge-discharge curve of GEP-2 for the first 1–5 cycles, which presents an evident pseudocapacitance character. After 1000 cycles the bending extent of the curve becomes weak and
the curve tends to linear, but still non-linear. This indicates the contribution of pseudocapacitance in GEP hybrid materials decreases, and the EDLC effect becomes evident. The
CV curves before charge-discharge test and after 1000 cycles are shown in Fig. 23d (inset). A
large and wide area of the CV curve with a pair of evident redox peaks can be seen before
charge–discharge test, indicating both EDLC and pseudo-capacitance performance of the
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Fig. 23. (a) CV curves of graphene, PANI, GEOP-1, GEP-2 and GEP-3 at 1 mV s-1 in 1 M
H2SO4 in the potential range from -0.2 to 0.6 V; (b) specific capacitance changes with
different samples; (c) comparison of galvanostatic charge–discharge curves of GEP-2
between 1–5th and 996–1000th cycles at 200 mA g-1 in 1 M H2SO4 in the potential range from
-0.2 to 0.6 V; (d) specific capacitance as a function of cycle number. (Inset: comparison of the
CV curves before charge-discharge test and after 1000 cycles for charge–discharge test)
(Wang et al., 2010c).
electrode. After 1000th cycles, the redox peaks become weak and nearly disappear. This
results from the reduced pseudo-capacitance of PANI. The specific capacitance as a function
of cycle number is shown in Fig. 23d. It is interesting that the specific capacitance sharply
decreases first for the 1–100 cycles and increases rapidly for 100–200 cycles and then
maintain approximately steady after 200 cycles around 900 F g-1. The specific capacitance for
GEP-2 after 1000 cycles still maintains 946 F g-1, corresponding to 84% of the initial cycle.
This result is better than that reported for the composites of graphene and PANI with
capacitance retention of 84% after only 40 cycles; when the capacitance retention of GEOP-1
after 1000 cycles is 59%. The enhanced retention life for GEP-2 is mainly due to the change
from GEO to graphene in the hybrid material, leading to the improvement of mechanical
properties of the composite.
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2.7 Other potential applications
The integration of graphene with other materials has also exhibited additional peculiar
properties. For example, a composite of graphene–cuprous oxide has found to be an anode
material in lithium ion batteries, giving a high capacity of ca.1100 mAh g-1 in the first
charge–discharge cycle (Xu et al., 2009); the graphene–CdS quantum dot nanocomposite has
shown promising optoelectronic performance and may be a potential material in novel
semiconductor hybrid system (Cao et al.). Moreover, single-layer graphene can be
modulated with various aromatic molecules to be an n- and p-doped type for tailoring its
transistor devices (X.Dong et al., 2009); metal particles (Au, Au-Pt alloy, etc.) decorated
graphene nanosheets can be used as immobilization matrix for amperometric glucose
biosensor (Baby et al., 2010). In addition, Kuc et al. pointed out that the composite of
fullerene intercalated graphene sheets has promising applications in hydrogen sieving and
storage (Kuc et al., 2006).

3. Conclusion and perspectives
During the past few years, significant efforts have been directed toward the preparation of
graphene-based nanocomposites, and the highly unique properties of these materials have
been demonstrated for a variety of catalysts, supercapacitors and fuel cell batteries. It is
indubitable that utilizing graphene-based nanocomposites in either of these technologies is a
new endeavor, indicating that future research efforts will be abundant. One of the future
challenges is to maintain the excellent physical properties of graphene in the process for
synthesizing nanocomposites. It should be pointed out that GO sheets are indisputably
effective precursors for bulk production of hybrid materials currently and the major
shortcoming of this approach is the loss of conductivity. A seemingly obvious prediction is
that a more straightforward route can be developed via direct oxidation of pristine graphene
in soft manners, so that relatively low amount of functional groups is produced as the
anchor sites to decorate graphene with nanoparticles. One feature of such process is that
there is no need to reduce the composites because of the low oxidation degree, leading to
lower defected frameworks of graphene. Notable is the progress in the area of graphenebased nanocomposites and hybrids. However, much more remains to be done, especially
when considering the practical application of these materials in catalysts and
electrochemical devices. The opportunities and challenges that rest on these targets should
attract the efforts of many scientists and engineers in this important and fantastic field.
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