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1. Introduction

1.1. What is graphene?

Graphene is a flat monolayer of sp>-bonded carbon atoms tightly packed into a two-dimen-
sional (2D) honeycomb lattice. It is a basic building block for graphitic materials of all oth-
er dimensionalities (see Fig.1 from ref. [1]), which can be wrapped into 0D fullerene, rolled
into 1D nanotubes or stacked into 3D graphite. It has high thermal conductivity (~5,000 W
m'K™) [2], excellent mobility of charge carriers (200,000 cm? V™' s7) [3], a large specific sur-
face area (calculated value, 2,630 m? g') [4] and good mechanical stability [5]. Additional-
ly, the surface of graphene is easily functionalized in comparison to carbon nanotubes. Thus,
graphene has attracted immense attention [1,6-8] and it shows great applications in vari-
ous areas such as nanoelectronics, sensors, catalysts and energy conversion since its discov-
ery in 2004 [9-14].

To date, various methods have been developed for the preparation of graphene via chemical
or physical routes. Novoselov in 2004 firstly reported the micromechanical exfoliation meth-
od to prepare single-layer graphene sheets by repeated peeling [1]. Though the obtained
graphene has high quality, micromechanical exfoliation has yielded small samples of gra-
phene that are useful for fundamental study. Then methods such as epitaxial growth and
chemical vapor deposition have been developed [15-20]. In epitaxial growth, graphene is
produced by decomposition of the surface of silicon carbide (SiC) substrates via sublimation
of silicon atoms and graphitization of remaining C atoms by annealing at high temperature
(1000-1600°C). Epitaxial graphene on SiC(0001) has been demonstrated to exhibit high mobi-
lities, especially multilayered films. Recently, single layered SiC converted graphene over a
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240 Nanocomposites - New Trends and Developments

large area has been reported and shown to exhibit outstanding electrical properties [21].
Kim et al. [17] reported the direct synthesis of large-scale graphene films using chemical va-
por deposition on thin nickel layers under flowing reaction gas mixtures (CH,:H,:Ar =
50:65:200 standard cubic centimeters per minute), and successful transferring of them to ar-
bitrary substrates without intense mechanical and chemical treatments. However, the gra-
phene obtained from micromechanical exfoliation and chemical vapor deposition has
insufficient functional groups, which makes its dispersion and contact with photocatalysts
difficult [22]. Among the various preparation methods, the reduction of exfoliated graphene
oxide (GO) was proven to be an effective and reliable method to produce graphene owing to
its low cost, massive scalability, and especially that the surface properties of the obtained
graphene can be adjusted via chemical modification [23]. Thus, the development of func-
tionalized graphene-based nanocomposites has aroused tremendous attraction in many po-
tential applications including energy storage [24], catalysis [25], biosensors [26], molecular
imaging [27] and drug delivery [28].

Figure 1. Mother of all graphitic forms. (from ref. [1])

1.2. What is photocatalytic hydrogen evolution?

Photocatalytic water splitting is a chemical reaction for producing hydrogen by using two
major renewable energy resources, namely, water and solar energy. As the feedstocks for
the reaction, water is clean, inexpensive and available in a virtually inexhaustible reserve,
whereas solar energy is also infinitely available, non-polluting and appropriate for the endo-
thermic water splitting reaction. Thus, the utilization of solar energy for the generation of
hydrogen from water has been considered as an ultimate solution to solve the crisis of ener-
gy shortage and environmental degradation [29]. The following is the dissociation of the wa-
ter molecule to yield hydrogen and oxygen:

H,0 »>1/20,(g) + H,(g);AG = +237kJ/mol (1)
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This simple process has gathered a big interest from an energetic point of view because it
holds the promise of obtaining a clean fuel, H,, from a cheap resource of water [30,31]. As
shown in Reaction (1), its endothermic character would require a temperature of 2500 K to
obtain ca. 5% dissociation at atmospheric pressure, which makes it impractical for water
splitting [32]. The free energy change for the conversion of one molecule of H,O to H, and
1/20, under standard conditions corresponds to AE° = 1.23 eV per electron transfer accord-
ing to the Nernst equation. Photochemical decomposition of water is a feasible alternative
because photons with a wavelength shorter than 1100 nm have the energy (1.3 eV) to split a
water molecule. But, the fact is that only irradiation with wavelengths lower than 190 nm
works, for that a purely photochemical reaction has to overcome a considerable energy bar-
rier [33]. The use of a photocatalyst makes the process feasible with photons within solar
spectrum since the discovery of the photoelectrochemical performance for water splitting on
TiO, electrode by Fujishima and Honda [34].

To use a semiconductor and drive this reaction with light, the semiconductor must absorb
radiant light with photon energies of larger than 1.23 eV (< wavelengths of 1000 nm) to con-
vert the energy into H, and O, from water. This process must generate two electron-hole
pairs per molecule of H, (2 x 1.23 eV = 2.46 eV). In the ideal case, a single semiconductor
material having a band gap energy (E,) large enough to split water and having a conduction
band-edge energy (E.) and valence band-edge energy (E,;) that straddles the electrochemi-
cal potentials E° 4,1 and E° 0, can drive the hydrogen evolution reaction and oxygen
evolution reaction using electrons/holes generated under illumination (see Fig. 2) [29,35].
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Figure 2. The mechanism of photocatalytic hydrogen evolution from water (see ref. [35])
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To date, the above water splitting can be photocatalyzed by many inorganic semiconductors
such as titanium dioxide (TiO,), which was discovered in 1971 by Fujishima and Honda [34,
36]. Among the various types of widely-investigated semiconductor material, titanium diox-
ide (TiO,) has been considered the most active photocatalyst due to its low cost, chemical
stability and comparatively high photocatalytic efficiency [37, 38].

Frequently, sacrificial agents such as methanol [39-41], ethanol [42-44] or sulfide/sulfite
[45-47] are often added into the photocatalytic system with the aim to trap photogenerated
holes thus improving the photocatalytic activity for hydrogen evolution. The reaction occur-
red in this case is usually not the water photocatalytic decomposition reaction [48]. For ex-
ample, overall methanol decomposition reaction will occur in a methanol/water system,
which has a lower splitting energy than water [49]. The reaction proposed by Kawai [50]
and Chen [51] was as follows:

CH,0H(1)«>HCHO(g) + H,(g) AG,° = 64.1 kJ/mol )
HCHO(g) + H,0(1)<>HCO,H(1) + H,(g) AG,° = 47.8 kJ/mol 3)
HCO,H(1)«>CO, (g) + H,(g) AG,° = -95.8 kJ/mol (4)

With the overall reaction being
CH,0H(1) + H,0(1)«>CO,(g) + 3H,(g) AG® = 16.1 kJ/mol (5)

Consequently, it is easier for methanol decomposition in comparison to water decomposi-
tion in the same conditions.

2. Synthesis and Characterization of Graphene/Semiconductor
Nanocomposite Photocatalysts

Considering its superior electron mobility and high specific surface area, graphene can be ex-
pected to improve the photocatalytic performance of semiconductor photocatalysts such as
TiO,, where graphene can act as an efficient electron acceptor to enhance the photoin-
duced charge transfer and to inhibit the recombination of the photogenerated electron-
holes [52,53]. Thus, graphene-based semiconductor photocatalysts have also attracted a lot
of attention in photocatalytic areas [7,8]. A variety of semiconductor photocatalysts have been
used for the synthesis of graphene (or reduced graphene oxide) based composites. They main-
ly include metal oxides (e.g. TiO, [42-46], ZnO [61-66], Cu,O [67], Fe,O; [68], NiO [69], WO,
[70],), metal sulfides (e.g. ZnS [71], CdS [72-77], MoS, [78]), metallates (e.g. Bi, WOy [79],
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Sr,Ta,0, [80], BiVO, [81], InNbO, [82] and g-Bi,MoO, [83]), other nanomaterials (e.g. CdSe
[84], Ag/AgCl1[85,86], C;N, [87,88]). The widely used synthetic strategies to prepare graphene-
based photocatalysts can be divided into four types, which are sol-gel, solution mixing, in
situ growth, hydrothermal and/or solvothermal methods. In fact, two or more methods are
usually combined to fabricate the graphene-based semiconductor nanocomposites.

2.1. Sol -gel process

Sol-gel method is a wet-chemical technique widely used in the synthesis of graphene-based
semiconductor nanocomposites. It is based on the phase transformation of a sol obtained
from metallic alkoxides or organometallic precursors. For example, tetrabutyl titanate dis-
persed in graphene-containing absolute ethanol solution would gradually form a sol with
continuous magnetic stirring, which after drying and post heat treatment changed into TiO,/
graphene nanocomposites [52,55]. The synthesis process can be schematically illuminated in
Fig. 3(A) (from ref. [55]). The resulted TiO, nanoparticles closely dispersed on the surface of
two dimensional graphene nanosheets (see Fig. 3(B) from ref. [55]). Wojtoniszak et al. [89]
used a similar strategy to prepare the TiO,/graphene nanocomposite via the hydrolysis of
titanium (IV) butoxide in GO-containing ethanol solution. The reduction of GO to graphene
was realized in the post heat treatment process. Farhangi et al. [90] prepared Fe-doped TiO,
nanowire arrays on the surface of functionalized graphene sheets using a sol-gel method in
the green solvent of supercritical carbon dioxide. In the preparation process, the graphene
nanosheets acted as a template for nanowire growth through surface -COOH functionalities.

A (B)

0
Tetrabutyl

) )

EtOH, Annealing,
HAC, 450C
H,0

Graphene sheets (GSs) TiO,/GSs

Figure 3. Schematic synthesis procedure (A) and typical TEM image of the TiO,/graphene nanocomposites (B). (from
ref. [55])

2.2. Solution mixing method

Solution mixing is a simple method to fabricate graphene/semiconductor nanocomposite
photocatalysts. The oxygenated functional groups on GO facilitate the uniform distribution
of photocatalysts under vigorous stirring or ultrasonic agitation [91]. Graphene-based nano-
composites can be obtained after the reduction of GO in the nanocomposite.

243



244  Nanocomposites - New Trends and Developments

For example, Bell et al. [92] fabricated TiO,/graphene nanocomposites by ultrasonically mix-
ing TiO, nanoparticles and GO colloids together, followed by ultraviolet (UV)-assisted pho-
tocatalytic reduction of GO to graphene. Similarly, GO dispersion and N-doped Sr,Ta,O,
have been mixed together, followed by reduction of GO to yield Sr,Ta,O, N,/graphene
nanocomposites under xenon lamp irradiation [80]. Graphene-CdSe quantum dots nano-
composites have also been synthesized by Geng et al. [84]. In this work, pyridine-modified
CdSe nanoparticles were mixed with GO sheets, where pyridine ligands were considered to
provide m-7t interactions for the assembly of CdSe nanoparticles on GO sheets. They thought
that pyridine ligands could provide m-m interactions for the assembly of CdSe nanoparticles
capped with pyridine on GO sheets. Paek et al. [93] prepared the SnO, sol by hydrolysis of
SnCl, with NaOH, and then the prepared graphene dispersion was mixed with the sol in
ethylene glycol to form the SnO,/graphene nanocomposite. Most recently, Liao et al. [88]
fabricated GO/g-C;N, nanocomposites via sonochemical approach, which was realized by
adding g-C;N, powder into GO aqueous solution followed by ultrasonication for 12 h and
then drying at 353 K.

2.3. Hydrothermal/solvothermal approach

The hydrothermal/solvothermal process is another effective method for the preparation of
semiconductor/graphene nanocomposites, and it has unique advantage for the fabrication of
graphene-based photocatalysts. In this process, semiconductor nanoparticles or their precur-
sors are loaded on the GO sheets, where GO are reduced to graphene simultaneously with
or without reducing agents or in the following step.

For example, Zhang et al. [54] synthesized graphene-TiO, nanocomposite photocatalyst by
hydrothermal treatment of GO sheets and commercial TiO, powders (Degussa P25) in an
ethanol-water solvent to simultaneously achieve the reduction of GO and the deposition of
P25 on the carbon substrate. In order to increase the interface contact and uniform distribu-
tion of TiO, nanoparticles on graphene sheets, a one-pot hydrothermal method was applied
using GO and TiCl, in an aqueous system as the starting materials [94]. Wang et al. [95] used
a one-step solvothermal method to produce graphene-TiO, nanocomposites with well-dis-
persed TiO, nanoparticles by controlling the hydrolysis rate of titanium isopropoxide. Li
and coworkers [74] synthesized graphene-CdS nanocomposites by a solvothermal method
in which graphene oxide (GO) served as the support and cadmium acetate (Cd(Ac),) as the
CdS precursor. Reducing agents can also be added into the reaction system. Recently, Shen
et al. [96] added glucose as the reducing agent in the one-pot hydrothermal method for
preparation of graphene-TiO, nanocomposites. Ternary nanocomposites system can also be
obtained by a two-step hydrothermal process. Xiang et al. [42] prepared TiO,/MoS,/
graphene hybrid by a two-step hydrothermal method.

Furthermore, some solvothermal experiments can result in the semiconductor nanoparticles
with special morphology on graphene sheets. Shen et al. [97] reported an ionic liquid-assist-
ed one-step solvothermal method to yield TiO, nanoparticle-graphene composites with a
dendritic structure as a whole. Li et al. [78] synthesized MoS,/graphene hybrid by a one-step
solvothermal reaction of (NH,),MoS, and hydrazine in a N, N dimethylformamide (DMF)
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solution of GO. During this process, the (NH,),MoS, precursor was reduced to MoS, on GO
sheets and the GO simultaneously to RGO by reducing agent of hydrazine. The existence of
graphene can change the morphology of the resulted MoS, in the graphene/MoS, nanocom-
posite in comparison to pure MoS, (see Fig. 4 from ref. [78]). Ding et al. [98] reported gra-
phene-supported ultrathin anatase TiO, nanosheets with exposed (001) high-energy facets
by a simple solvothermal method. In this process, anatase TiO, nanosheets directly grew
from titanium (IV) isopropoxide onto the GO support during the solvothermal growth of
TiO, nanocrystals in isopropyl alcohol solvent, and then GO was reduced to graphene via a
post thermal treatment under N,/H, to finally obtain the graphene-TiO, nanocomposite.

GO + (NHs)2MoS4

in DMF
solvothermal 200°C : )

(NH1)2MoS4 free MoS:

Figure 4. Synthesis of MoS, in solution with and without graphene sheets. (A) Schematic solvothermal synthesis with
GO sheets. (B) SEM and (inset) TEM images of the MoS,/graphene hybrid. (C) Schematic solvothermal synthesis with-
out any GO sheets, resulting in large, free MoS, particles. (D) SEM and (inset) TEM images of the free particles. (from
ref. [78])

2.4. In situ growth strategy

In situ growth strategy can afford efficient electron transfer between graphene and semicon-
ductor nanoparticles through their intimate contact, which can also be realized by hydro-
thermal and/or solvothermal method. The most common precursors for graphene and metal
compound are functional GO and metal salts, respectively. The presence of epoxy and hy-
droxyl functional groups on graphene can act as the heterogeneous nucleation sites and an-
chor semiconductor nanoparticles avoiding the agglomeration of the small particles [99].
Zhu et al. [100] reported a one-pot water-phase approach for synthesis of graphene/TiO,
composite nanosheets using TiCl; as both the titania precursor and the reducing agent. Lam-
bert et al. [101] also reported the in situ synthesis of nanocomposites of petal-like TiO,-GO
by the hydrolysis of TiF, in the presence of aqueous dispersions of GO, followed by post
chemical or thermal treatment to produce TiO,-graphene hybrids. With the concentration of
graphene oxide high enough and stirring off, long-range ordered assemblies of TiO,-GO
sheets were obtained because of self-assembly. Guo et al. [102] synthesized TiO,/graphene
nanocomposite sonochemically from TiCl, and GO in ethanol-water system, followed by a
hydrazine treatment to reduce GO into graphene. The average size of the TiO, nanoparticles
was controlled at around 4-5 nm on the sheets, which is attributed to the pyrolysis and con-
densation of the dissolved TiCl, into TiO, by ultrasonic waves.
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3. Applications of Graphene-based Semiconductor Nanocomposites for
Photocatalytic Hydrogen Evolution

Hydrogen is regarded as an ultimate clean fuel in the future because of its environmental
friendliness, renewability, high-energy capability, and a renewable and green energy carrier
[103-105]. Using solar energy to produce hydrogen from water splitting over semiconductor
is believed to be a good choice to solve energy shortage and environmental crisis [106,107].
Various semiconductor photocatalysts have been reported to have the performance of pho-
tocatalytic hydrogen evolution from water. However, the practical application of this strat-
egy is limited due to the fast recombination of photoinduced electron-holes and low
utilization efficiency of visible light. Because of the superior electrical property of graphene,
there is a great interest in combining semiconductor photocatalysts with graphene to im-
prove their photocatalytic H, production activity [8,54].

Zhang et al. firstly reported the photocatalytic activity of TiO,/graphene nanocomposites for
hydrogen evolution [55]. The influences of graphene loading contents and calcination at-
mosphere on the photocatalytic performance of the sol-gel prepared TiO,-graphene compo-
sites have been investigated, respectively. The results show that the photocatalytic
performance of the sol-gel prepared TiO,/5.0wt%graphene nanocomposites was much high-
er than that of P25 for hydrogen evolution from Na,5-Na,SO; aqueous solution under UV-
Vis light irradiation. Yu and his coworkers studied the photocatalytic performance of
graphene/TiO, nanosheets composites for hydrogen evolution from methanol/water solu-
tion (see Fig. 5 from ref. [108]). They investigated the effect of TiO, precursor on the photo-
catalytic performance of the synthesized nanocomposites under UV light irradiation.
Enhanced photocatalytic H, production was observed for the prepared graphene/TiO, nano-
sheets composite in comparison to that of graphene/P25 nanoparticles composites as shown
in Figure 6 (see ref. [108]).

graphene flake

Figure 5. TEM images of the graphene/TiO, nanosheets nanocomposite. (from ref. [108])

Fan et al. [58] systematically studied the influence of different reduction approaches on the
efficiency of hydrogen evolution for P25/graphene nanocomposites prepared by UV-assisted
photocatalytic reduction, hydrazine reduction, and a hydrothermal reduction method. The
photocatalytic results show that the P25/graphene composite prepared by the hydrothermal
method possessed the best performance for hydrogen evolution from methanol aqueous sol-
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ution under UV-Vis light irradiation, followed by P25/graphene-photo reduction and P25/
graphene-hydrazine reduction, respectively. The maximum value exceeds that of pure P25
by more than 10 times. Figure 7 shows the morphology and XRD patterns of the one-pot hy-
drothermal synthesized TiO,/graphene composites [94]. It can be observed that TiO, nano-
particles dispersed uniformly on graphene sheets as shown in Figure 7(A). The TiO,/

graphene nanocomposites are composed mainly anatase TiO, confirmed from the XRD re-
sults as shown in Figure 7(B).
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Figure 6. Comparison of the photocatalytic activity of the GO, G0.2, G0.5, G1.0, G2.0, G5.0 and P1.0 samples for the
photocatalytic H, production from methanol aqueous solution under UV light irradiation. (Gx, x is the weight percent-
age of graphene in the graphene/TiO, nanosheets nanocomposites; P1.0 is the graphene/P25 nanocomposite with
1.0wt% graphene.) (from ref. [108])
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Figure 7. Typical TEM image (A) and XRD patterns (B) of the one-pot hydrothermal synthesized TiO,/graphene nano-
composites. (from ref. [94])

The CdS/graphene nanocomposites have also attracted many attentions for photocatalytic
hydrogen evolution. Li et al. [74] investigated the visible-light-driven photocatalytic activity
of CdS-cluster-decorated graphene nanosheets prepared by a solvothermal method for hy-
drogen production (see Fig. 8). These nanosized composites exhibited higher H,-production
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rate than that of pure CdS nanoparticles. The hydrogen evolution rate of the nanocomposite
with graphene content as 1.0 wt % and Pt 0.5 wt % was about 4.87 times higher than that of
pure CdS nanoparticles under visible-light irradiation.

d=0.206nm
CdS(220)

-

Figure 8. a) TEM and (b) HRTEM images of sample GC1.0, with the inset of (b) showing the selected area electron
diffraction pattern of graphene sheet decorated with CdS clusters. (GC1.0 was synthesized with the weight ratios of
GO to Cd(Ac), 2H,0 as 1.0%). (see ref. [74])

4. Mechanism of the Enhanced Photocatalytic Performance for H,
Evolution

It is well-known that graphene has large surface area, excellent conductivity and high carri-
ers mobility. The large surface of graphene sheet possesses more active adsorption sites and
photocatalytic reaction centers, which can greatly enlarge the reaction space and enhance
photocatalytic activity for hydrogen evolution [74,110].

Excellent conductivity and high carriers mobility of graphene sheets facilitate that graphene
attached to semiconductor surfaces can efficiently accept and transport electrons from the
excited semiconductor, suppressing charge recombination and improving interfacial charge
transfer processes. To confirm this hypothesis, the impedance spectroscopy (EIS) of the gra-
phene/TiO, nanocomposite films was given as shown in Figure 9 (see ref. [108]). In the EIS
measurements, by applying an AC signal to the system, the current flow through the circuit
can be modeled to deduce the electrical behavior of different structures within the system.
Figure 9 shows the conductance and capacitance as a function of frequency for FTO electro-
des coated with TiO, and reduced graphene oxide (RGO)-TiO, with different RGO content
(0.5, 1.0, and 1.5 mg) using a custom three-electrode electrochemical cell with a gold wire
counter electrode and Ag/AgCl reference electrode in 0.01M H,SO, electrolyte in a frequen-
cy range from 1 mHz to 100 kHz. Information about the films themselves is obtained from
the region between 1 mHz and 1 kHz. At frequencies below 100 Hz, the conductivity is the
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films themselves, and at ultralow frequencies (1 mHz), the conductivity is dominated by the
interface between the film and the FTO. So it can be seen that the RGO in the nanocompo-
sites films not only enhances conductivity within the film but also the conduction between
the film and the FTO substrate. The same results are obtained from the inset Nyquist plots,
where the radius of each arc is correlated with the charge transfer ability of the correspond-
ing film; the larger the radius the lower the film’s ability to transfer charge. The lumines-
cence decay spectra in Figure 10 (see ref. [109]) indicate the electron transfer from
photoexcited CdS nanoparticles into modified graphene (mG), thereby leading to decrease
of emission lifetime from CdS to CdS-mG, further confirming that graphene can improve
the charge separation and suppress the recombination of excited carriers.

TiO,

TiO, + 0.5mg RGO
TiO; + 1.0mg RGO
TiO5 + 1.5mg RGO

—
o
™

0 00O

Conductance/Sm?
o

102 0 102 104 108
Frequency/Hz

Figure 9. EIS conductance plot of TiO, and RGO- TiO, films. (Inset) Nyquist plots of the same films. (see from ref. [109])
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Figure 10. Time-resolved fluorescence decays of the CdS and CdS-mG solution at the 20 ns scanning range. Excited
wavelength is at 355 nm, and emission wavelength is 385 nm. Bold curves are fitted results. (mG is modified gra-
phene) (see ref. [110])
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Figure 11 shows (a) the schematic illustration for the charge transfer and separation in the
graphene/TiO, nanosheets system under UV light irradiation and (b) the proposed mecha-
nism for photocatalytic H-production under UV light irradiation. Normally, the photogen-
erated charge carriers quickly recombine with only a small fraction of the electrons and
holes participating in the photocatalytic reaction, resulting in low conversion efficiency
[110,111]. When graphene was introduced into TiO, nanocomposite, the photogenerated
electrons on the conduction band (CB) of TiO, tend to transfer to graphene sheets, suppress-
ing the recombination of photogenerated electron-holes.

(@ (b)
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Figure 11. a) Schematic illustration for the charge transfer and separation in the graphene-modified TiO, nanosheets
system under UV light irradiation; (b) proposed mechanism for photocatalytic H,-production under UV light irradia-
tion. (from ref. [108])

Moreover, a red shift of the absorption edge of semiconductor photocatalyst upon modified
by graphene (or reduced graphene oxide) was observed (see Fig. 12 from ref. [58]) by many
researchers from the diffuse reflectance UV-Vis spectroscopy, which was proposed to be as-
cribed to the interaction between semiconductor and graphene (or reduced graphene oxide)
in the nanocomposites [55,58,73,108,112]. Therefore, it can be inferred that the introduction
of graphene in semiconductor photocatalysts is effective for the visible-light response of the
corresponding nanocomposite, which leads to more efficient utilization of the solar energy.
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Figure 12. A) Diffuse reflectance UV-Vis spectra of P25, P25-RGO nanocomposites (P25/RGO = 1/0.2) prepared by dif-
ferent methods, and P25-CNT composite (P25/CNT = 1/0.3). (B) Corresponding plot of transformed Kubelka-Munk
function versus the energy of the light. (see from ref. [58])
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The above results suggest an intimate interaction between semiconductor photocatalysts
and graphene sheets is beneficial for the visible light absorption and separation of photogen-
erated electron and hole pairs, leading to enhanced photocatalytic performance for hydro-
gen evolution.

5. Summary and Perspectives

In summary, graphene can be coupled with various semiconductors to form graphene-semi-
conductor nanocomposites due to its unique large surface area, high conductivity and carri-
ers mobility, easy functionalization and low cost. The unique properties of graphene have
opened up new pathways to fabricate high-performance photocatalysts. In this chapter, we
have summarized the various fabrication methods such as solution mixing, sol gel, in situ
growth, and hydrothermal/solvothermal methods that have been developed for fabricating
the graphene-based semiconductor photocatalysts. These composites have shown potential
applications in energy conversion and environmental treatment areas.

Although great progress has been achieved, challenges still exist in this area and further de-
velopments are required. The first challenge is that the quality-control issues of graphene
still need to be addressed. Graphene oxide is believed to be a better starting material than
pure graphene to form nanocomposite with semiconductor photocatalysts. However, reduc-
tion of graphene oxide into graphene usually can bring defects and impurity simultaneous-
ly. Thus, new synthesis strategies have to be developed to fabricate high-performance
graphene-semiconductor composites. The second one is the semiconductor photocatalysts.
The introduction of graphene into the nanocomposites mainly acts to promote the separa-
tion of charge carriers and transport of photogenerated electrons. The performance of photo-
catalysts is highly dependent on the semiconductor photocatalysts and their surface
structures such as the morphologies and surface states. Therefore, the development of novel
photocatalysts is required. Furthermore, the underlying mechanism of the photocatalytic en-
hancement by the graphene-based semiconductor nanocomposites is partly unclear. For ex-
ample, whether graphene can change the band gap of the semiconductor photocatalysts,
and whether graphene can truly sensitize semiconductor photocatalysts. Nevertheless, there
are still many challenges and opportunities for graphene-based semiconductor nanocompo-
sites and they are still expected to be developed as potential photocatalysts to address vari-
ous environmental and energy-related issues.
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