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Hydrogen production from solar water splitting has been considered as an
ultimate solution to the energy and environmental issues. Over the past few
years, graphene has made great contribution to improving the light-driven
hydrogen generation performance. This article provides a comprehensive
overview of the recent research progress on graphene-based materials for
hydrogen evolution from light-driven water splitting. It begins with a brief
introduction of the current status and basic principles of hydrogen generation
from solar water splitting, and tailoring properties of graphene for applica-
tion in this area. Then, the roles of graphene in hydrogen generation reaction,
including an electron acceptor and transporter, a cocatalyst, a photocatalyst,
and a photosensitizer, are elaborated respectively. After that, the comparison
between graphene and other carbon materials in solar water splitting is
made. Last, this review is concluded with remarks on some challenges and

As is known, nature abundantly stores
hydrogen in the form of water. Therefore,
hydrogen production by efficient combina-
tion of water and solar energy has enor-
mous capacity to fulfill the present and
future demand of energy around the world
in an eco-friendly manner.

There are several methods for uti-
lizing solar radiation in splitting water for
hydrogen generation.*3l However, photovol-
taic electrolysis of water uses the expensive
proton exchange membranes!* and alkaline
electrolytes.’! Solar to thermochemical water
splitting needs the high temperature of
700-1000 °C.l Photobiological water split-
ting has to overcome the natural short-term

perspectives in this emerging field.

1. Introduction

Global energy demand for a sustainable development will double
by 2050. Nowadays, energy crisis and environmental contamina-
tion are serious issues and thus seeking for renewable and clean
energy is an urgent task. Solar energy has been considered as an
ideal alternative, since it is the most powerful, affordable (cost-
free) and richest renewable and sustainable source of energy.l!
The economical conversion of solar energy into chemical fuels
is one of the Holy Grails of 21st century science. Hydrogen (H,)
is predicted to be a promising secondary energy, with the advan-
tages of high energy density (140 M] Kg!) which far exceeds
those of gasoline and coal, no carbon emission, and a useful
by-product of water from combustion.l?! At present, hydrogen is
mainly produced from fossil fuels such as natural gas by steam
reforming which is severely restricted by its low efficiency and
high cost. Moreover, carbon dioxide is emitted in this process.
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nature of biospecies hydrogen production.’]
Consequently, much attention has been
focused on water splitting for hydrogen gen-
eration by photoelectrochemical (PEC) or
photocatalytic reactions because they are cost-effective, simple and
convenient, and have huge potential for further development.®!

In 1972, Honda and Fujishima reported that H, evolution
could be observed on a TiO, electrode under UV-light irradiation
in a PEC cell with Pt counter electrode.l”) It was the first demon-
stration that hydrogen could be obtained through water splitting
using PEC method. Afterwards, the principle of PEC hydrogen
production was successfully extended into particulate system
for heterogeneous photocatalysis by Allen J. Bard.'” During
the past 50 years, great progress has been made in this rapidly
growing field.®1 As the earliest H, production semiconductor,
TiO, is the most investigated photoelectrode/photocatalyst
material due to its high-efficiency, low-cost, non-toxicity, and
photostablility.l'?l Metal oxides with ABO; configuration, such
as SrTiO3,[1% NaTaO;, M perfectly meeting the thermodynamic
requirement for water splitting, are also reported to be efficient
photocatalysts. But all of them are only active under UV-light,
which accounts for about 4% of the total solar spectrum. There-
fore, it is necessary to design efficient photoelectrodes or photo-
catalysts with visible-light response (~43% of solar spectrum), in
order to sufficiently utilize solar energy. Recently, oxysulphides
and (oxy)nitrides, which possess relatively narrow bandgaps, are
reported to be effective for H, production by Domen group.['”!
Especially, (Ga;.,Zn,)(N1,O,) is proved to be the most efficient
photocatalyst capable of splitting pure water under visible-light
irradiation.'®l Metal sulphides, e.g. Pt/PdS/CdS,'”! are also
efficient semiconductor materials for PEC or photocatalytic H,
production due to their suitable bandgaps and high conduction
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bands, although sacrificial reagents are always needed to con-
sume the photogenerated holes.'®! In addition, PEC cells with
various novel configurations are constructed for water split-
ting.l'l For example, Licht et al. presented the concept of mul-
tiple bandgap tandem cells and demonstrated a PEC solar-to-
hydrogen (STH) efficiency of 18.3% using illuminated AlGaAs/
Si and RuO,/Pt photoelectrodes, and also reported conver-
sion efficiencies of up to 19.6% for multijunction regenerative
cells.'%P However, several key factors such as low light absorp-
tion, rapid charge recombination, and instability of semicon-
ductor materials during chemical process are still big challenges
for this “dreaming technology”, which restrict the realization of
large-scale industrial application.?”!

The emergence of nanomaterials as the new building blocks
to construct light energy harvesting assemblies has opened
up new ways to utilize renewable energy resources because of
large surface areas, abundant surface states, and diverse mor-
phologies compared to their corresponding bulk materials.'!:2!]
Among them, graphene, a two-dimensional (2D) network of
hexagonal structured sp?-hybridized carbon atoms,??! has stim-
ulated tremendous research interest in various energy conver-
sion applications.?3] Graphene exhibits many outstanding prop-
erties, such as fast room-temperature mobility of charge car-
riers (200000 cm? V-1 s71), exceptional conductivity (10 S cm™?),
large theoretical specific surface area (2630 m? g7!), and excel-
lent optical transmittance (~97.7%).124 These unique properties
indicate that graphene has great potential to be an ideal con-
struction component of PEC electrodes or photocatalytic mate-
rials for hydrogen production.

Due to the rapid growth in the technologies for preparation
of graphene or its derivates, investigations on the graphene-
based nanomaterials for applications in the PEC and photo-
catalytic hydrogen production field are also under fast-paced
development, and many encouraging findings have been made
in the past several years.[?’l Therefore, making a comprehensive
review in this specific field is of great theoretical and practical
necessary at the present stage.

In this article, we overview the recent development on gra-
phene-based materials for photoelectrochemical and photocata-
lytic hydrogen generation from water splitting. After a brief
introduction of the basic principles of solar water splitting and
the tailored properties of graphene for this application, the
roles of graphene in hydrogen generation reaction, including
an electron acceptor and transporter, a cocatalyst, a photocata-
lyst, and a photosensitizer, are elaborated respectively. Then,
the comparison between graphene and other carbon mate-
rials in the PEC/photocatalytic application is presented. Last,
the challenges and perspectives in this emerging field are dis-
cussed. This paper will provide important scientific reference
on applying graphene to water splitting for realizing large-scale
hydrogen generation in the near future.

2. Principles of PEC and Photocatalytic H,
Generation

The standard Gibbs free energy change for the splitting of H,0
into H, and O, is + 237.2 k] mol™! according to Equation 1,
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which corresponds to 1.23 eV per electron transferred.!!?
Thus, for overall water splitting into H, and O, simultaneously,
it is necessary to have a semiconductor with a bandgap larger
than 1.23 eV, along with suitable band edge positions that well
straddle water-splitting potential. That is, the bottom of conduc-
tion band (CB) has to be more negative than the redox poten-
tial of H"/H, (0 V vs NHE (normal hydrogen electrode), pH =
0), while the top of valence band (VB) more positive than the
redox potential of O,/H,0 (1.23 V). Here, we will present two
approaches for H, generation from light-driven water splitting,
namely, PEC and photocatalytic H, generation.

1
=0y, AG =+ 237.2k] mol ™ (1)

Ho0g — Hag + 5

As illustrated in Scheme 1a, PEC H, generation is carried
out in a PEC cell under light irradiation, which consists of a
working photoanode (photoactive materials) for O, evolution, a
counter photocathode (such as Pt) for H, evolution, and an elec-
trolyte solution as well as a wire completing the current loop
between the photoelectrodes and the external circuit. Actually,
very few semiconductor materials satisfy the necessary require-
ments for both water oxidation and reduction and for good elec-
trode stability in aqueous electrolyte solutions simultaneously.
Fortunately, a semiconductor with a bandgap less than 1.23 eV
or a CB bottom level mismatching the reduction potential of
H*/H, can also be applied for H, production, such as p-Si and
Fe,0; photoelectrodes, ! because an external bias can provide

Scheme 1. The principle and main process of a) photoelectrochemical
and b) photocatalytic hydrogen generation from water splitting.
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an additional energy input to enable the reaction at the counter
electrode, while the employment of an electrical bias is unde-
sirable for technological applications. An additional role of the
bias is to allow a partial depletion of electrons in the photoac-
tive materials. This electron depletion corresponds to the for-
mation of the surface space charge layer and the associated
bending bands, which can reduce recombination and increase
the life time of photogenerated charges, thereby improving the
H,-production activity.””] The reaction mechanism is described
in the following half-cell reactions:

2H™" + 2e” — H;(photocathode) 2)

1
H,0 — Eo2 + 2H" + 2e~ (photoanode) 3)

Different from PEC H, generation, photocatalytic H, gen-
eration is carried out in a suspension system using particulate
semiconductor photocatalysts excited by photons, as illustrated
in Scheme 1b. Similarly, the number of reliable and stable pho-
tocatalysts capable of overall water splitting is limited due to the
stringent requirements, which are essentially the same as PEC
water splitting with no external bias applied. For such a system,
a semiconductor with a relative negative CB bottom level com-
pared to the reduction potential of H*/H, is required for solar
H, generation. In most cases, photocatalytic H, generation is
carried out in aqueous solution containing electron donors as
sacrificial reagents such as alcohols, lactic acid, and $*7/SO5%",
which can irreversibly consume the photogenerated holes and
suppress the recombination of electrons and holes in the semi-
conductor photocatalyst, thus enhancing the H, generation rate
and improving the photocatalytic stability.!*?l The reaction in
the presence of sacrificial reagents is often regarded as a half
reaction of water splitting and the mechanism can be briefly
described as follows:

hv, photocatalyst
—

Red + H,0 X+ H, (4)

where Red represents the electron donor, and Ox the product
by hole oxidation.

The main process in generation of H, for both approaches
is similar, and it includes three basic steps: (i) the photocata-
lyst absorbs photons to form electron-hole pairs in the material;
(ii) the photoinduced charges separate and migrate to different
sites of the photocatalyst; and (iii) water is reduced by pho-
togenerated electrons to evolve H, on the surface of the counter
electrode in the case of the PEC system, or on the surface of the
photocatalyst in the case of the photocatalytic system, as shown
in Scheme 1. The rate of H, evolution is commonly dominated
by the amount of excited electrons that survive to reduce pro-
tons. Thus, an efficient photoelectrode or photocatalyst should
first have a suitable band structure to allow for abundant
absorption overlap with the solar spectrum. Meanwhile, the
excited charges should be separated and transported to the sur-
face of the photoelectrode or photocatalyst efficiently, instead
of producing heat via the electron-phonon interaction, recom-
bining via inter-band transition, or trapping by bulk or surface
recombination centers. Finally, the semiconductor should have
enough reactive sites for efficient utilization of the photogen-
erated charges, or the desired reactions can be promoted by
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Scheme 2. a) Approximation of the low energy band structure of pristine
graphene with two cones touching at a Dirac point; energy band structure
of b) n-type and c) p-type graphene with a bandgap.

(Fermi level)
Dirac point

the presence of a solid cocatalyst, and the back reaction to form
water should be retarded. In addition, the photoactive materials
should be stable during the PEC or photocatalytic reactions to
ensure the long-term duration of the system.

3. Tailoring Properties of Graphene for PEC/
Photocatalytic H, Generation

Graphene is usually described as a zero bandgap semicon-
ductor. Fundamentally, the n*-state conduction band and the
m-state valence band of graphene touch each other at the Dirac
point, 28 as illustrated in Scheme 2a. The band structure of gra-
phene is symmetric about the Dirac point with the Fermi level
located between VB and CB. As a result, the low-energy disper-
sion relation is linear and electrons in graphene behave as zero-
mass Dirac Fermions with a very fast velocity of 10® m s™1.[2%
The unique band structure makes graphene display amazingly
high conductivity and electron mobility. Furthermore, the band
structure of graphene can be tailored by heteroatom doping
or electrostatic field tuning, which usually makes graphene
an n-type or p-type semiconductor with a small bandgap by
detuning away the Fermi level from the Dirac point (Scheme 2b
and 2c).B% Apart from the unique electronic properties, gra-
phene can also absorb light uniformly over a wide range of
wavelength from infrared through visible to ultraviolet region,
since graphene can also be regarded as a large aromatic macro-
molecule without a bandgap.l*!

The chemical functionalization of graphene offers an alter-
native approach to tuning its electronic properties.’?l For
example, graphene can be p-doped or n-doped by chemical
doping with electron-withdrawing oxygen functionalities or
electron-donating nitrogen functionalities, respectively.l3l More
importantly, functionalized graphene might be a potential can-
didate of non-metal semiconductor photocatalysts. Of particular
interest is graphene oxide (GO), which is typically produced by
chemical exfoliation of graphite through strong oxidization*
and widely considered as an individual sheet of graphene deco-
rated with various oxygen-containing functional groups (such
as hydroxyl, epoxy, and carboxyl) on both the basal plane and
the edge.®> Compared to quasi-metallic pristine graphene, GO
is an insulator due to the formation of sp*-hybridized carbon
atoms which disrupt the delocalized 7-conjugation in graphene.
The intrinsic structural and electronic properties of graphene
can be partially restored upon reduction of GO.53®! The reduced
graphene oxide (RGO), in which aromatic sp? domains with
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few nanometers are surrounded by sp’-hybridized carbon
atoms, usually shows p-type semiconducting behavior.?”! In
principle, a tunable bandgap from insulating to conducting
can be achieved by controlling the reduction degree of RGO,
as the bandgap energy is strongly correlated to the number of
oxidized sites and oxidization degree of RGO.I*! For instance,
the results from first-principles calculations®”! and controllable
reduction processes!3® suggest that a bandgap ranging from a
few tenths to 4 eV can be obtained by changing the reduction
level and the location of the oxidized region of RGO. It has also
been demonstrated that the CB minimum of RGO is composed
of anti-bonding 7" orbital, which has a higher energy level than
that needed for H, generation.*!! Therefore, RGO alone with
suitable reduction degree is likely to generate H, from solar
water splitting.

Additionally, functionalized graphene is a promising pre-
cursor for efficient synthesis of graphene-based nanomaterials.
The availability of solution-processable GO allows for the chem-
ical modification of graphene with various molecules or nano-
particles via non-covalent or covalent functionalization.?*#!]
Furthermore, GO can not only mediate the growth of nano-
materials, but also help the growth of nanomaterials with good
dispersion behavior, because the presence of functional groups
on GO sheets can serve as the nucleation sites to anchor nano-
particles. During the synthetic process, GO can be reduced to
RGO in chemical or thermal conditions, leading to formation
of RGO-based composites. For example, Dai groupl*?! reported
a MoS,/RGO hybrid with nanoscopic MoS, structures selec-
tively grown on RGO sheets, in strong contrast to large aggre-
gated MoS, nanoparticles in the absence of RGO, as shown in
Figure 1a and Figure 1D, respectively. Li et al.*}l showed that
the 2D platform structure of RGO favored the dispersion of
CdS nanoparticles, which could be clearly seen from Figure 1c
and Figure 1d. Obviously, RGO provides an ideal substrate to
avoid agglomeration of nanoparticles, increasing the total spe-
cific surface area of the obtained graphene-based composite,
which benefits the PEC/photocatalytic H,-generation activity.
Besides, the residual functional groups in RGO can improve

Figure 1. SEM and (inset) TEM images of a) the MoS,/RGO hybrid and
b) the free MoS, particles; SEM images of ¢) pure CdS and d) 1 wt%-
RGO/CdS nanocomposites samples. Reprinted with permission.[4243]
Copyright 2011, American Chemical Society.
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the solubility of graphene-based nanomaterials in water, which
is a prerequisite for the H,generation occurring in aqueous
solution.

In short, graphene possesses remarkable advantages for
solar H, generation from water splitting. First, graphene could
serve as an ideal electron sink and/or electron transport bridge
to facilitate charges separation in PEC/photocatalytic reaction
owing to its high work function and good conductivity. Second,
graphene could be a cocatalyst to substitute the commonly-used
noble metal cocatalyst, because the reduction potential of gra-
phene/graphene "~ is more negative than the reduction poten-
tial of H*/H,.* Third, functionalized graphene with a suitable
oxidation level might be a photoactive material for H, genera-
tion. Fourth, graphene as an aromatic macromolecule or after
bandgap tuning may act as a photosensitizer to extend absorp-
tion of light.

It is not surprising, therefore, numerous approaches have
been developed to synthesize various graphene-based nano-
materials, and significant progress has been made on photo-
catalytic and PEC H, generation from water splitting,*>%°]
summarized in Table 1 and Table 2, respectively. In the subse-
quent sections, different roles of graphene including an elec-
tron acceptor and transporter, a cocatalyst, a photocatalyst, and
a photosensitizer for PEC and photocatalytic H, generation will
be discussed in detail. Since all the reduction approaches allow
only partial restoration of the sp? network, the reduced/func-
tionalized graphene is referred to as RGO instead of graphene
or GO in the composite photocatalysts for the related specific
experiments in this review to avoid unnecessary confusion.

4. Graphene as an Electron Acceptor and
Transporter

Due to its high work function (4.42 eV),®?l graphene can accept
photogenerated electrons from the CBs of most semiconduc-
tors or the lowest unoccupied molecular orbitals (LUMOs) of
dyes with no barrier, which will efficiently suppress the recom-
bination of photogenerated charges and significantly enhance
their PEC/photocatalytic H,-production activity. Further-
more, graphene possesses extremely high conductivity, so the
accepted electrons can migrate rapidly across its 2D plane to
reactive sites for H, evolution. Therefore, the role of graphene
as an electron acceptor and transporter has been extensively
investigated to enhance the PEC/photocatalytic H,-production
activity recently, and many encouraging findings are already
obtained in both UV- and visible light-active systems.

4.1. Graphene-Based UV-Active System

A variety of wide bandgap semiconductors have been combined
with graphene for photocatalytic reactions under UV-light
irradiation, such as TiO,,®”) ZnO,8 ZnS 3% 6H-SiC,*% and
BiOCLPY Among them, only TiO,/graphene photocatalyst was
hitherto reported for photocatalytic H, generation.

It was reported that RGO could trap electrons from UV-
irradiated TiO, via a percolation mechanism and trans-
port the trapped electrons to reduce silver ion into silver

Adv. Mater. 2013,
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Photocatalyst ~ Graphene  Preparation Incident light Reactant H, evolution Ref. (year)
a) i
c?:tt;nt method (source) solution Cocatalyst Activity Quantum yield Stability
el fumol b} 4
TiO,/RGO N/A Sol-gel UV-visible (Xe) Na,S, Na,SO; None 8.6 N/A N/A [46a] (2009)
TiO,/RGO N/A  Hydrothermal V (Xe) Na,S, Na,SO; None 20 N/A N/A [46b] (2011)
TiO,/RGO N/A Self-assembly UV-visible (Xe) Methanol None ~16 N/A N/A [46c] (2011)
TiO,/RGO 2 Hydrothermal UV-visible (Xe) Na,S, Na,SO; None 5.4 N/A N/A [47b] (2012)
TiO,/RGO 5 Sol-gel UV-visible (Xe) Na,S, Na,SO; None 8.6 N/A N/A [47a] (2010)
P25/RGO 1/6 Hydrothermal UV-visible (Xe) Methanol None 74 N/A >12h [48] (2017)
TiO,/RGO 0.7 Solution mixing A >320 nm (Xe) Methanol Pt 50 N/A N/A [49] (2012)
CdS/RGO 1 Solvothermal A>420 nm (Xe) Lactic acid Pt 1120 22.5 (420 nm) N/A [43] (2017)
N-TiO,/RGO N/A Hydrothermal UV (Hg) Visible (Xe) ~ Methanol None 716 (UV)112 N/A N/A [50] (2012)
(Visible)

RGO/CdS N/A Two-phase ~365 nm (Hg) Methanol Pt 5500 N/A >16 h [51b] (2012)
RGO/CdS 5 Precipitation A =420 nm (Xe) Na,S, Na,SO; None 314 N/A >15h [57a] (2012)
CdS/RGO 1 Hydrothermal A =420 nm (Xe) Na,S, Na,SO; None 70 N/A >15h [52] (2012)
SiC/RGO 1 Solution mixing A =420 nm (Xe) Kl None 95 (ul/h) N/A N/A [53] (2013)
Znln,S4/RGO 5 Solvothermal A>420 nm (Xe) Na,S, Na,SO; None 81.6 N/A >12h [54] (2013)
SryTa,0O7,N,/ 5 Photoreduction UV-visible (Xe) Methanol Pt 293 6.45 (280- N/A [55] (2011)

RGO 550 nm)
C;N,4/RGO 1 Impregnation- A >400 nm (Xe) Methanol Pt 451 6 (>400 nm) >12h [56] (2017)

chemical
reduction
TiSi,/RGO 1 Precipitation A =420 nm (Xe) Pure water RuO, 97.5 N/A >25h [57] (2012)
EY-RGO 3/13 in situ 42420 nm (Xe) TEOA Pt 10.17 9.3 (520 nm) <25h (58] (2011)
photoreduction

RB-RGO N/A Solution mixing ~ 1>420 nm (TH) TEOA Pt 14.2 18.5 (550 nm) >44 h [59] (2012)
EY/RB-RGO N/A in situ 2> 420 nm (TH) TEOA Pt 36.7 37.3 >62h [60] (2012)

photoreduction (520 and

550 nm)
EY-RGO 50 Solution mixing A > 320 nm (Xe) TEOA None 3350(UV- N/A >30h [61] (2011)

A>420 nm (Xe) vis)400(vis)

TPA-RGO N/A Solution mixing UV-visible (Xe) Kl Pt 2.3 0.45 >30 h [62] (2012)
Ru(dcbpy);-RGO  N/A Solution mixing UV-visible (Xe) TEOA Pt 2533 (uv) 4.89 >30h [63] (2012)
Visible (Xe) 118(vis)

Ru/SrTiO;:Rh/ 5 Photoreduction A>420 nm (Xe) H,SO, Ru 1 1.03 (420 nm) >24 h [64] (2017)

RGO/BiVO,
CTAB/ 2/3  Solution mixing  UV-visible (Xe) TEOA Pt 2240 3.6 >15h [65] (2013)
TPPH-RGO
Cds@ 1 Hydrothermal A>420 nm (Xe) Na,S, Na,SO; Pt 633 1 (420 nm) N/A [66] (2012)
TaOH-RGO
Cu,O/RGO 3.8 In situ growth A> 400 nm (Xe) Methanol Pt 264.5 N/A >15h [67] (2012)
TiO,/RGO 1 Microwave-hydro-  UV-visible (Xe) Methanol RGO 736 3.1 (365 nm) N/A [68] (2017)
thermal
TiO,/RGO 2.8 Hydrothermal UV-visible (Xe) Methanol None 0.29 N/A N/A [46d] (2012)
ZnCdS/RGO 025  Coprecipitation-  UV-visible (Xe)  Na,S, Na,SO; RGO 1824 23.4 (420 nm) >12h [44] (2012)
hydrothermal
CdS/RGO 2 Sol-gel A>380nm (Xe)  NayS, Na,SO; RGO -5 N/A N/A [69] (2012)
TiO,/RGO N/A Hydrothermal UV-visible (Xe) Methanol RGO ~55 N/A N/A [69] (2012)
TiO,/RGO 1 Solution mixing A>320 nm (Xe) Methanol RGO/Pt N/A >9h [70] (2017)
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Photocatalyst ~ Graphene  Preparation Incident light Reactant H, evolution Ref. (year)
content method (source)*) solution Cocatalyst Activity Quantum yield Stability
ezl fumol i1 4]
CdS/ALO;/RGO 1 Solid state Visible (TH) Na,S, Na,SO; RGO 350 14 N/A [71] (2012)
CdS/ZnO/RGO 1 Solid state Visible (TH) Na,S, Na,SO; RGO 751 30 N/A [71] (2012)
TiO,/MoS,/RGO 5 Hydrothermal  UV-visible (Xe) Ethanol MoS,/RGO 165.3 9.7 (365 nm) >12h [72] (2012)
EY-MoS,/RGO  NJA  Solution mixing ~ A>420 nm (Xe) TEOA MoS,/RGO 83.8 24.2 (460 nm) <6h [73] (2012)
CdS/N-RGO 2 Solutionmixing  A>420nm (Xe)  Na,S, Na,SO; N-RGO 210 N/A >30h [74] (2011)
Cu/P25/RGO 2 Hydrothermal UV-visible (Hg) Methanol Cu/RGO 1275 N/A <60 h [75] (2012)
RGO 100 Hummers UV-visible (Hg) Methanol None 2833 N/A N/A [40a] (2010)
Ni/RGO 97 Wet chemical A>420 nm (Hg) Methanol Ni ~70 N/A N/A [76] (2012)
NiO/RGO 97 Wet chemical 4> 420 nm (Hg) Methanol NiO ~30 N/A N/A [76] (2012)
[Ru(bipy);** @ N/A  Solution mixing A =532 nm (Laser) Methanol None 3290 N/A <10h [77] (2012)
RGO
TiO,/RGO 2 Hydrothermal 4> 420 nm (Xe) TEOA Pt 380 8.2 (420 nm) N/A (78] (2012)

3Xe, xenon lamp; TH, tungsten halogen lamp; Hg, high pressure Hg lamp; Laser, Nd/YAG laser. N/A: not available.

nanoparticles.®92l Transient photovoltage measurements also
showed that the photovoltaic response of TiO,/graphene com-
posite was positive, and the mean life time of electron-hole
pairs was prolonged from ~1077 to ~10 s in comparison with
that of Ti0,.’3l These findings directly proved that the pho-
toinduced electrons could transfer from TiO, to RGO for pre-
venting their combination with the holes. Thus, graphene as
an electron acceptor/transporter can promote the separation of
the photogenerated electron-hole pairs in TiO, semiconductor,
transport the photogenerated electrons to reactive sites effi-
ciently, and finally improve the photocatalytic H, production.*®!
Furthermore, such a role of graphene has been found to be
affected by several factors, including graphene content in the
composite, interfacial interaction and contact area between gra-
phene and TiO,.

As an electron acceptor and transporter, graphene has been
intensely investigated to achieve controllable photocatalytic
H,-production activities in the graphene/TiO, nanocomposite
by varying graphene contents. For example, Cui group studied
the photocatalytic performance of RGO/TiO, photocatalysts with

weight ratio of RGO varying from 0 to 10%.1*”] With increasing
the content of RGO, the H,-production rate of the sol-gel pre-
pared RGO/TiO, composites increased to the highest value at
5% RGO. When the content of RGO was further increased, its
photocatalytic activity decreased due to introduction of the elec-
tron-hole recombination centers into the composite.*’?] Similar
results were obtained in the hydrothermal prepared RGO/TiO,
photocatalysts by the same group.*’’! They believed that the
enhanced photocatalytic property should be attributed to the
electron acceptor and transporter role of RGO in the composite.

The electron acceptor and transporter role of graphene
can also be significantly affected by the interfacial interaction
between graphene and TiO,. As the interfacial interaction is
always related to the synthetic approach, such a role of gra-
phene can be enhanced through rational design and synthesis
of the graphene/TiO, composite. Fan et al.l*¥] prepared various
P25/RGO photocatalysts by several techniques, including UV-
assisted photocatalytic reduction, hydrazine reduction, and
hydrothermal method. They found that the incorporation
of RGO into P25 by any way could dramatically enhance the

Table 2. Graphene-based photoelectrodes for H, production by water splitting.

Photoelectrode Preparation method Incident light Electrolyte Bias IPCE Ref. (year)
(source) V] [%]
BiVO,/RGO Dropcasting A =420 nm (Xe) Na,SO, 0.75 (vs Ag/AgCl) 4.2 (400 nm) [79] (2010)
ZnO/RGO Electrophoresis AM 1.5G (Xe) Na,SO, 0.4 (vs Pt) 24 (400 nm) [80] (2012)
a-Fe,03/RGO/BiV; ,Mo,0, Spin-coating AM 1.5G (Xe) Na,SO, —0.04 (vs Ag/AgCl) 0.53 [81] (2012)
Fe,03/CNT-RGO Spray coating AM 1.5G (Xe) NaOH 1.23 (vs Ag/AgCl) ~7 (400 nm) [82] (2012)
a-Fe,03/RGO Electrodeposition AM 1.5G (Xe) NaOH 0.5 (vs Ag/AgCl) ~38 (400 nm) [83] (2013)
Si/RGO Spin-coating UV-visible (Xe) H,S0,,K,S0, —0.754 (vs MSE) N/A [84] (2013)
TiO,/RGO Assembly 2>420 nm (Xe) Na,SO, 0 (vs Ag/AgCl) 0.04879 85] (2012)

3 This value is the conversion efficiency of light energy to chemical energy.
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photocatalytic H, evolution; the stable P25/RGO prepared by
the hydrothermal method showed the best performance and
it could even catalyze the evolution of H, from pure water. It
was proposed that an intimate contact was formed between P25
and RGO by the hydrothermal method, which accelerated the
transfer of the photogenerated electrons from P25 to RGO by
taking the advantage of the electron acceptor/transporter ability
of graphene, thus enhancing the photocatalytic activity of the
composite.

In addition to the interfacial interaction, the contact area
between graphene and TiO, photocatalyst is another crucial
factor that influences the electron acceptor/transporter role of
graphene. Up to date, TiO,/graphene composites with TiO,
nanoparticles homogeneously distributed on graphene sheets
have been prepared by various strategies, mainly including
in situ growth, hydrothermal/solvothermal, solution mixing,
and sol-gel method.® However, the 2D graphene sheets can
only contact the bottom part of the TiO, nanoparticles in these
composites, which limits the electron transport from TiO,
nanoparticles to graphene. To solve this problem, a TiO,@
RGO core-shell photocatalyst for H, generation was designed
by Choi group.*! For synthesis of the core-shell photocatalysts,
nanographene oxides (NGOs) were first prepared by a two-step
chemical oxidation method and then self-assembled with TiO,
nanoparticles to form a core-shell structure through dehydra-
tion condensation between the oxygen-containing functional
groups on NGOs and the hydroxyl groups on the TiO, surface.
The nanographene wrapped TiO, (--NGOT) was finally ready by
photocatalytic reduction of the NGO-coated TiO, in methanol
solution under UV illumination (Figure 2a). The TiO, surface
in -NGOT was fully contacted by the RGO shell, resulting in
the easier transfer of the photogenerated electrons from TiO,
to RGO. On the other hand, Pt could be directly loaded on the
core-shell composite due to the stronger synergetic interaction
between Pt and -NGOT, which shortened the transfer distance
of electrons between Pt and -NGOT. Thus, the H,-production
rate of -NGOT was higher than that of RGO sheets loaded with
TiO,, as shown in Figure 2b.

However, it should be noticed that RGO used in most of the
graphene/TiO, composites has much lower electrical conduc-
tivity than pristine graphene because of the existence of defects
and functional groups, which limits the electron acceptor
and transporter ability of graphene. To further improve the
H,-prodcution performance of the graphene-based material,

b (r-NGOT)

a TiOreduced NGO core/shell
60 | (r-LGOT) @
- *
= tpm b
g ol
2 (&
-
B
™ 2
=
°

[
TiO, r-LGOT r-NGOT
w/ Pt (0.05wt.%)

Figure 2. a) lllustration of the preparation procedure of r-NGOT and
r-LGOT; b) Photocatalytic production of H, in the aqueous suspension of
TiO2, r-LGOT, and r-NGOT in the presence of 0.05 wt% Pt (A > 320 nm).
Reprinted with permission.*)l Copyright 2011, American Chemical Society.
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high-quality graphene should be introduced to prepare the
graphene/TiO, composites. There are already some attempts
to synthesize graphene-based materials with less defective gra-
phene to make full use of the unique electronic conductivity of
graphene. One attempt is to use the solvent-exfoliated graphene
(SEG) as graphene precursor. SEG is produced by utilizing
ultrasonic energy to directly exfoliate graphite in suitable sol-
vents, and possesses much lower defect density than RGO.’!
Several works have demonstrated the better photocatalytic
performance of SEG/TiO, nanocomposites than that of RGO/
Ti0,.°®l Thus the high-quality graphene can facilitate photocat-
alytic reactions by allowing photoinduced electrons to diffuse
more effectively to reactive sites because of its improved elec-
tronic conductivity and a longer electronic mean free path.

4.2. Graphene-Based Visible Light-Active System

As known to all, the UV region accounts for only ~4% of solar
spectrum, while visible light occupies ~43% of the total irra-
diation energy of sunlight. Thus photoelectrodes/photocata-
lysts with excellent visible light response have been extensively
investigated by introducing graphene as an electron acceptor
and transporter, which can be divided into three main systems
including graphene-semiconductor binary and trinary system,
and dye-sensitized graphene-based system.

4.2.1. Graphene-Semiconductor Binary System

Among the various visible-light-driven photocatalysts, CdS is
an attractive photocatalytic H,-production material because of
its narrow bandgap of 2.4 eV which can absorb an appreciable
fraction of visible light. However, the photocatalytic activity
of the CdS semiconductor is limited by the high recombina-
tion rate of the photoinduced electron-hole pairs. Cao et al.’’]
reported a picosecond ultrafast electron transfer process from
the photoexcited CdS to the graphene sheets in graphene/
CdS nanocomposites using time-resolved florescence spec-
troscopy. This work demonstrated that graphene could act as
an electron acceptor and transporter to reduce the recombina-
tion rate of the photoinduced electron-hole pairs in CdS photo-
catalysts. Also, Li et al.¥ investigated the photocatalytic H,
generation property of the RGO/CdS nanocomposites prepared
by a solvothermal method using Cd(Ac),-2H,0, DMSO, and
GO as precursors, where the reduction of GO and the deposi-
tion of CdS on RGO were achieved simultaneously. As shown
in Figure 3a, they found that the nanocomposites at the RGO
content of 1.0 wt% and Pt 0.5 wt% reached a high H,-produc-
tion rate of 1.12 mmol h™! under visible-light irradiation using
lactic acid as a sacrificial reagent, corresponding an apparent
quantum efficiency (AQE) of 22.5% at wavelength of 420 nm,
which was enhanced by 4.84 times in comparison with that of
the pure CdS/Pt. The enhancement of H,-production rate was
mainly attributed to the role of RGO as an electron acceptor
and transporter to separate photogenerated electron-hole pairs
(Figure 3b). Furthermore, excess RGO content also leaded to a
deterioration of the photocatalytic performance similar to the
graphene/TiO, system mentioned in Section 4.1, and it was
attributed to the “shielding effect” which screened the reactive
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Figure 3. a) Comparison of the visible-light photocatalytic activity of
samples GCO, GCO0.5, GC1.0, GC2.5, GC5.0, GC40, and RGO for the H,
production using 10 vol% lactic acid aqueous solution as a sacrificial
reagent and 0.5 wt% Pt as a cocatalyst. b) Schematic illustration of the
charge separation and transfer in the RGO/CdS system under visible
light. Reprinted with permission.[*3l Copyright 2011, American Chemical
Society.

sites on the catalyst surface and decreased the light absorption
of CdS in the RGO/CdS system. Later, Gao et al. and Peng et
al. studied the visible-light-driven photocatalytic H,-production
activities of the RGO combined with CdS, and RGO as an
electron acceptor and transporter improved the H,-production
activities in their systems.!l Dong et al.l’®l further investigated
the interfacial electron-hole separation mechanism of the gra-
phene-supported CdS nanomaterials using first-principles cal-
culations. It was found that upon visible light irradiation the
excited electron in CdS quantum dots (QDs) injected into gra-
phene and transported along graphene layer through 7 orbitals
to achieve interfacial electron-hole separation, which was in
accordance with Li's experimental results.

Graphene was also used as the electron acceptor and trans-
porter to combine with other visible light-active semiconduc-
tors to improve their H-,-production activity. For example,
Wang et al.® reported that the RGO/AgBr composite exhibited
enhanced photocatalytic H, evolution as compared to bare AgBr
nanosheets. Xiang et al.’® demonstrated that the photocatalytic
H,-production rate of the RGO/g-C3;N, composite exceeded that
of the pure g-C3;N, by more than 3.07 times owing to the effi-
cient separation of the photogenerated electron-hole pairs and
the lengthened lifetime of the charge carriers by incorporation
of RGO. Yang et al.’3 presented a RGO/3C-SiC photocatalyst
with a H,-production rate of 95 uL h™!, which was 1.3 times
larger than that of the pure 3C-SiC nanoparticles. Lately, Mou
et al.b’l prepared a novel TiSi,/RGO composite using RuO,
as a cocatalyst to produce H, from overall splitting of pure
water under visible light irradiation. The resulting RuO,/TiSi,/
RGO composite with 1 wt% RuO, and 1 wt% RGO showed
a higher rate of H, evolution (64.2 umol h™ g™) than both
of RuO,/TiSi, composite (45.4 umol h™! g7!) and pure TiSi,
(37.3 umol h™! g™1). In this system, the RGO sheets served as
the electron acceptor, trapping the photogenerated electrons
from TiSi, and/or RuO, particles and reducing the probability
of electron-hole recombination. Simultaneously, O, was also
evolved at high temperatures through the oxidation of water by
holes in the VB of TiSi,.

Doping of anions elements (N, S, C, etc.) into wide
bandgap semiconductors (such as TiO,) has been considered
as an ordinary way to extend absorption to the visible light
region, because the electrons can be excited directly from the
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heteroatom-formed impurity energy level to the CB under vis-
ible light irradiation. Unfortunately, the heteroatom-induced
structural disorders and defects in these semiconductors can
also function as recombination centers which limit their PEC/
photocatalytic water splitting performance. On basis of the elec-
tron acceptor and transporter role of graphene, the recombina-
tion of the photoinduced electron-hole pairs might be partially
suppressed in these doped semiconductors, thus increasing
the water-splitting activity. For example, Pei et al.”% prepared a
visible-light-responsive nanocomposites consisting of N-doped
TiO, with RGO. Its photocatalytic H,-production efficiency
was about 13.6 times higher than that of P25 photocatalyst.
Mukheriji et al.’! synthesized RGO/Sr,Ta;0,,N, by photoin-
duced reduction of GO in the presence of N-doped Sr,Ta,0-.
By using RGO as an electron transfer highway to separate the
charge carriers and as a support for the Pt cocatalyst, Pt-RGO/
Sr,Ta,0;,N, photocatalysts showed higher average H,-yield
rate and quantum efficiency than both of the Pt/Sr,Ta,0; and
Pt/Sr,Ta,0,,N, photocatalyst. Actually, graphene itself can
also be used as a dopant for the wide bandgap photocatalyst to
be active in the visible light region, which is analogous to the
case of carbon-doped semiconductor.#’21% For example, Lee
et al.1% reported a highly photoactive RGO-wrapped anatase
TiO, nanoparticles with a significant reduced bandgap of
2.80 eV, in comparison with the bandgap of the bare anatase
TiO, (3.2 eV). The TiO,@RGO nanocomposites were synthe-
sized through one-step hydrothermal treatment of the GO-
wrapped amorphous TiO,. During the hydrothermal treat-
ment, the remaining unpaired 7 electrons of RGO could easily
bond with more free Ti atoms on the surface of anatase TiO,,
resulting in the shift of the band edge similar to the effect of
surface doping. Under visible light irradiation, strong photocur-
rent response was observed for the TiO,/RGO nanocomposites,
while no photocurrent was recorded for the bare anatase TiO,
nanoparticles.

To further prove the role of graphene as an electron acceptor
and transporter in the graphene-semiconductor binary system,
time-resolved technique has been used. The time-resolved tech-
nique is a powerful experimental tool to investigate the dynamic
properties of the photoinduced carriers in semiconductors,
and has shown great potential for analyzing the photoinduced
charge kinetics of graphene-based nanomaterials. For instance,
time-resolved fluorescence spectroscopy has been extensively
used for interface research on graphene-semiconductor nano-
composites such as graphene/CdSe,'"!l graphene/CdS, "]
and graphene/CdTe.l'%2 Once combining graphene with the
semiconductor, emission decay kinetics of the semiconductor
nanocrystal decay much faster, and the photoluminescence (PL)
lifetime of nanocomposites decreases with increasing graphene
content, which is a direct proof of the electron transfer from the
excited semiconductors to the graphene matrices. As a typical
example, Kamat et al.'% investigated the electron and energy
transfer rates from photoexcited CdSe colloidal QDs to GO and
RGO by analysis of excited state deactivation lifetimes as a func-
tion of degree of oxidation and charging in (R)GO. As shown in
Figure 4a, with increasing GO concentration, the PL lifetime
of CdSe decreased, and the contribution of the fast time decay
component to the overall PL lifetime increased from 78.9%
to 94.5%. This result confirmed the strong interactive nature
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Figure 4. a) As the GO concentration increases, CdSe photoluminescence lifetimes become successively shorter. Excitation wavelength = 453 nm;
long pass filter = 500 nm; fluorescence monitored at 508 nm. b) CdSe/GO composites show increased photoluminescence lifetimes upon visible light
irradiation (>420 nm). Inset: The effect of visible light illumination (>420 nm) on CdSe photoluminescence lifetimes in the presence of GO and RGO is
shown. c) Mechanism of energy and electron transfer from photoexcited CdSe colloidal quantum dots to GO and RGO. Reprinted with permission.[7']

Copyright 2012, American Chemical Society.

between GO and CdSe QDs. With prolonged illumination by
visible light, CdSe/GO composites showed increased PL life-
times (Figure 4b), which was related to the different charging
in GO. The mechanism illustrated in Figure 4c showed that
initial illumination on CdSe/GO composite resulted in electron
transfer from the CdSe CB to GO, while continued illumination
resulted in a decrease in electron transfer rate because of the
reduction of GO and eventual storage of electrons in GO. Thus
PL decay was dominated solely by the energy transfer pathway
with prolonged irradiation. Transient absorption spectroscopy
and transient photovoltage technique were also executed to
understand the charge transfer dynamics of graphene-semi-
conductor system including graphene/CdTel!%2l and graphene/
CdS'%) composites. The results demonstrated that the electron-
holes were separated efficiently by transferring photoinduced
electrons from semiconductors to graphene, and the recom-
bination of electron-hole pairs in these excited semiconductor
materials was retarded as well.

In addition to photocatalytic water splitting, PEC water split-
ting property of some visible light-active semiconductors have
been investigated as well by using graphene as an electron
acceptor and transporter. Ng et al.’”! firstly demonstrated that
graphene could improve the H,-production rate in the PEC
cells. As shown in Figure 5, the working photoelectrode was
fabricated by spin-coating technique using BiVO,/RGO com-
posites. A steady evolution of H, under visible light irradiation
was quantified on the BiVO,/RGO at a rate of 0.75 pumol h~!
with an external bias of 0.8 V, while negligible gas evolution
was observed on pure BiVO,. Moreover, the incident photon-to-
current-conversion efficiency (IPCE) showed an enhancement
to 4.2% for the BiVO,/RGO in contrast to that of BiVO, (0.3%
at 400 nm). The improvement was assigned to the usefulness of
RGO in promoting charge collection and transport by accepting
the photogenerated electrons from BiVO, and shuttling them
to the collecting electrode, as well as the improved contact
between the BiVO, particles and the transparent conducting
electrode after using the RGO as scaffold. In another work,
the PEC water splitting activity of silicon nanowires arrays was
enhanced by spin-coating of RGO on top of these arrays, owing
to the role of RGO as an electron acceptor and transporter
which decreased the charge transfer resistance at the Si-elec-
trolyte interface.®¥ A graphene interlayer was also successfully
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Figure 5. a) SEM image of BiVO,-RGO samples. Scale bars correspond
to 600 nm. b) IPCE and diffuse reflectance spectra of BiVO, and BiVO,-
RGO. c) Electron transport in a photoelectrochemical cell based on
BiVO,4 and RGO. Reprinted with permission.I”?l Copyright 2010, American
Chemical Society.

inserted into inverse opaline hematite (0~Fe,O;) photoanodes
for solar water splitting using the template assisted electrodep-
osition method.®3 The photocurrent density and IPCE of the
RGO/ o-Fe,05 photoelectrode were remarkably improved com-
pared to that of o~Fe,O3 photoelectrode. It was proposed that
the graphene interlayer could act as both an electron transfer
layer and an electrolyte blocking barrier, by which it not only
reduced the charge recombination at the substrate-electrolyte
interface but also helped the electron transportation from o-
Fe,0; to the substrate of the photoanode. Thus, graphene pro-
vides solutions to the fast charge recombination in the photo-
electrode as well as the high charge transfer resistance at the
photoelectrode-electrolyte interface in PEC cells.

The stability and long-term performance of photocatalysts is
another primary concern for the practical applications. Some
semiconductor photocatalysts such as CdS, ZnO, and Cu,0
suffer from photocorrosion through self-oxidization or self-
reduction by photoinduced charges during the photocatalytic
process, leading to degradation of the photocatalytic activity.[!1?

wileyonlinelibrary.com
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the experiment, there was a linear evolu- 0 4
tion of H, up to 15 hours before reaching a
plateau using the Cu,0/RGO photocatalyst;
while the counterpart Cu,O nanoparticles
was completely deactivated after 5 hours due
to the self-reduction of Cu,O into Cu by the
photoinduced electrons. Meanwhile, a photo-
current of 0.12 mA cm™ and H, production
of 1.4 umol were obtained from the Cu,0/RGO electrode at an
applied bias of —0.4 V under visible light irradiation; while only
0.03 mA cm2 photocurrent and 70 nmol H, were achieved
from the pristine Cu,O electrode. In this system, RGO acted
as an electron acceptor to extract the photogenerated electrons
from Cu,0, suppressed the recombination of the photoinduced
electron-hole pairs and prevented the self-reduction of Cu,0
into Cu, thus improving the photostablility of the composite.

4.2.2. Graphene-Semiconductor Trinary System

Besides previously mentioned binary systems, graphene as an
electron acceptor and transporter has also attracted much atten-
tion in graphene-based trinary system for H, evolution recently.
In this section, we will mainly introduce the use of graphene as
an electron acceptor and transporter in Z-scheme and semicon-
ductor heterojunction systems.

The biomimetic Z-scheme system, consisting of a Hj-evolu-
tion photocatalyst, an O,-evolution photocatalyst, and an elec-
tron mediator, is an artificial photosynthetic system for overall
water splitting into H, and O,. Usually, the electron mediator
is an ionic redox couple like 10%/I~ or Fe**/Fe?*.'"® Compared
to the ionic redox couples, a solid mediator is more favorable
in terms of reclamation of clean water and recovery of the pho-
tocatalyst. Considering the electron separation and transport
ability, graphene could be a solid electron mediator, as demon-
strated by Amal group.® They constructed series of Z-scheme
systems using Ru/SrTiO3:Rh, BiVO,, and RGO (photoreduced
GO). Among them, the Z-scheme system consisting of RGO/
BiVO, and Ru/SrTiO;:Rh showed the highest H,-evolution rate,
and RGO was stable as an electron mediator over a period of
24 hours (Figure 6a). Here RGO acted as an electron mediator,
transferring the electrons from the CB of BiVO, to the impu-
rity levels of Ru/SrTiO3:Rh. The electrons in Ru/SrTiOs:Rh
reduced water to H, on the Ru cocatalyst, while the holes in
BiVO, simultaneously oxidized water to O,, accomplishing a
complete water splitting cycle, as illustrated in Figure 6b. This
work has paved a new way for design of new and efficient sys-
tems for H, production.

Constructing heterojunction nanostructures is a useful
strategy to tackle the problem concerning low efficiency for H,
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Figure 6. a) Overall water splitting under visible-light irradiation by the (Ru/SrTiO3:Rh)-(RGO/
BiVO,) system; b) Schematic image of a suspension of Ru/SrTiO; and RGO/BiVO, in water at
pH 3.5 (top) and mechanism of water splitting in a Z-scheme photocatalysis system consisting
of Ru/SrTiO3:Rh and RGO/BiVO, under visible-light irradiation (bottom). Reprinted with per-
mission.[® Copyright 2011, American Chemical Society.

evolution from solar water splitting, since the formed build-in
electric field at the interface between different semiconductors
can promote the separation and transport of photoinduced elec-
tron-hole pairs. There will be great potential for exploring the
possibility of combining graphene with heterojunction nano-
structures to help improve H, production using the electron
acceptor and transporter function of graphene. For example,
Hou et al.l%! synthesized CdS@TaON core-shell heterojunction
coupled with RGO nanosheets. These photocatalysts showed a
stable and high H,-production rate of 633 umol h™ under vis-
ible-light irradiation at RGO content of 1 wt% and Pt content of
0.4 wt%, with an AQE of 31% at 420 nm, which was about 141
times higher than that of the pristine TaON. The high photocat-
alytic activity was ascribed firstly to the presence of CdS@TaON
heterojunction that reduced the photogenerated electron-hole
recombination; secondly to the involvement of RGO that served
as an electron acceptor and transporter to efficiently lengthen
the lifetime of the photogenerated charge carriers.

Graphene as an electron transporter between the two semi-
conductors of the heterojunction has also been applied success-
fully in PEC water splitting. Hou et al.B! synthesized a novel
heterojunction array of o-Fe,03/RGO/BiV; ,Mo,0, core-shell
nanorod with o-Fe,0j; as core, RGO interlayer, and BiV,;,Mo,0,
shell, as shown in Figure 7a. The RGO interlayer was fabricated
by photocatalytic reduction of GO, which was coated on Fe,03
nanorod array (Fe,03-NA) by a spin-coating method and follow-
up nitrogen atmosphere annealing. As presented in Figure 7b,
the a-Fe,03/RGO/BiV, Mo,0, heterojunction exhibited a max-
imum photoconversion efficiency of ~0.53% at —0.04 V (0.56 V
vs NHE), which were much higher than that of Fe,O;/RGO
or Fe,03. A possible water splitting mechanism was proposed
in Figure 7c. When Fe,03/RGO and BiV; Mo,0, formed a
heterojunction, the difference between the Fermi levels of
Fe,0; and BiV; ,Mo0,0, would lead to the shifts of their energy
bands until their Fermi levels reached equilibrium. Upon irra-
diation, photogenerated holes and electrons appeared in the
VB and CB of Fe,0; and BiV,,Mo,0,, respectively. Thanks to
the band alignment and potential difference, RGO sheets as an
excellent electron conductor provided a direct pathway for elec-
trons to transfer from the CB of BiV; ,Mo,0, shell to the CB of
Fe,0; core easily. The electrons in Fe,0; then migrated to the
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Figure 7. a) TEM image of Fe,03-NA/RGO/BiV;,Mo,0, heterojunction; b) photoconversion efficiency as a function of applied potential for Fe,O3-NA,
Fe,03-NA/RGO, and Fe,03-NA/RGO/BiV;.,Mo,0, heterojunction in 0.01 M Na,SO, solution under Xe lamp irradiation; c) Schematic for the energy
band structure of the Fe,03-NA/RGO/BiV;,Mo,0, heterojunction and proposed mechanism of photoelectrochemical water splitting. Reprinted with

permission.l Copyright 2012, American Chemical Society.

Ti substrate along the Fe,O; nanorods, and ultimately trans-
ferred to the Pt electrode for H, evolution by reducing water
under the external electrostatic field. Simultaneously, the holes
in the VB of Fe,0; which migrated to the VB of BiV,; Mo,0,
via the RGO interlayer would be consumed by oxidizing water
to form O,. Thus, the photoinduced charges were efficiently
separated, resulting in the enhancement of PEC activity. This
work opens a promising avenue for design and fabrication of
novel graphene-based core-shell heterojunction for PEC water
splitting.

4.2.3. Dye-Sensitized Graphene-Based System

Dye sensitization, another approach to broadening the solar
light absorption, has been extensively used in the fields of solar
cellsl'® and semiconductor photocatalysis.'%! In principle,
visible light excites the sensitizer molecules adsorbed on the
photocatalyst, then the excited electrons subsequently inject to
the CB of the photocatalyst. While the CB acts as a mediator
for transferring electrons from the sensitizer to electron accep-
tors on surface of the photocatalyst, VB remains unaffected in
a typical photosensitization.!'%! However, the photo-to-energy
conversion efficiency is always low owing to the poor electron
transport between the dye and the photocatalyst. Considering
the superior conductivity of graphene, using graphene as an
electron acceptor and transporter between the photosensitizer
and the catalysts provides an ideal way to design new dye-sensi-
tized photocatalysts.

Based on the above speculation, Lu group reported an EY
sensitized RGO with Pt nanoparticles dispersed on its sur-
face for photocatalytic H, evolution under visible light for the
first time.”® The highest AQE of 9.3% was achieved under
520 nm irradiation using triethanolamine (TEOA) as a sacri-
ficial reagent. In this case, RGO acted as an electron acceptor
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and transport mediate, transferring the electrons efficiently
from EY photosensitizer to Pt, thus enhancing the photocata-
lytic H; evolution, as displayed in Figure 8a. Nevertheless, the
rate of H, evolution linearly declined after 24 hours as a result
of the partial degradation of EY. To address this issue, EY and
Rose Bengal (RB) cosensitized RGO/Pt photocatalyst was con-
structed by the same group,P? in which there was only a slight
decrease in the photocatalytic activity after 40 hours irradiation.
Since RGO could greatly facilitate electron transport from the
photoexcited dyes to Pt, a high AQE up to 37.3% was obtained
under 520 and 550 nm simultaneous light irradiation. More
recently, they further systemically investigated the effects of
the xanthenes dyes (EY, RB, fluorescein sodium, and rhoda-
mine B), H, evolution catalysts (Pt, Pd, Rh, Ru, Au, Ag, and
Ir), and sacrificial donors (TEOA, S?7/SO5%", H,0, and EDTA)
on the H,-production rate of the dye-sensitized RGO sys-
tems.[® Among them, RB sensitized RGO decorated with Pt
nanoparticles using TEOA as the electron donor was proved to
be the most active photocatalytic system for H, evolution, with
an AQE of 18.5% at 550 nm, which was higher than those of
RB-GO/Pt and RB-multiwall CNT/Pt photocatalysts under the
same measured conditions. As discussed above, the graphene
sheets acting as an electron acceptor and transporter can cap-
ture electrons from the excited dye due to its low-lying Fermi
level, then transfer them to the decorated catalysts efficiently.
Furthermore, graphene can afford large interfaces for well dis-
persing catalyst nanoparticles with more reactive sites, thereby
enhancing the H,-evolution efficiency.

Similarly, Mou et al.l®!l reported the photocatalytic activities
of an EY noncovalently functionalized RGO. The amount of H,
production was 8.35 umol for EY-RGO system under the UV-
visible light irradiation for 2 hours, higher than those generated
from RGO (4.86 pmol), GO (5.78 pumol), and EY-GO (6.09 pmol)
systems. Zhu et al.®l reported a Ru(dcbpy); functionalized
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graphene photocatalysts with assistance of

surfactants for H, generation.

In general, the functionalization of gra-
phene sheets with dye molecules as photo-
catalysts can be performed by both nonco-
valent and covalent interactions. The former
is of particular interest with respect to the
protection of the electronic structure of gra-
phene, since the driving forces for binding
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Figure 8. a) The energy level diagram for H, evolution over EY-RGO/Pt photocatalyst; Reprinted

2 3
Time/h
TEA (ox)

5 dye molecules and graphene is believed to
be a combination of n—n* electrostatic, ©—r*
stacking, H, bonding or van der Waals inter-
actions. The method of solution-mixing, i.e.
the simple mixture of the dye molecules and
the dispersed graphene suspension, is the
most common noncovalent technique, and
has been successfully used for graphene
functionalized with many dye molecules,
as discussed before. As for dye-covalently
functionalized graphene photocatalyst, Li
et al.l®? prepared a triphenylamine (TPA)
functionalized RGO (G-TPA) via 1,3-dipolar
cycloaddition, in which the TPA moiety cova-
lently linked on the RGO nanosheets by an
aziridino ring. The H,-production rate and
AQE of the Pt/G-TPA photocatalyst using KI
as an electron donor was 2.3 umol h™! and
0.45% mol E7L, respectively, under the irra-
diation of UV-visible light.

a

with permission. 8 Copyright 2011. American Chemical Society. b) The amount of H, evolved
from as-prepared photocatalysts using TEA as a sacrificial agent under UV-visible light irradia-
tion. Reaction conditions: Meaalyst = 1 Mg, RGO:TPPH = 2:1, [Pt] = 5 wt%, pH =9, [TEA] =

10 vol%, [surfactant] = 2 mg, T = 298 K; ¢) Schematic photoexcited electron transfer and H,

5. Graphene as a Cocatalyst

evolution over RGO-TPPH photocatalyst with the assistance of the CTAB under light irradiation.

Reprinted with permission.!%> Copyright 2013, American Chemical Society.

RGO via the electrostatic and van der Waals interactions. The
photocatalytic H, evolution amount of Ru(dcbpy);-RGO/Pt
photocatalyst in TEOA aqueous solution was higher than those
of RGO/Pt and Ru(dcbpy);/Pt. More recently, Zhu et al.l®
reported the photocatalytic H, generation of 5,10,15,20-tetrakis
(4-(hydroxyl)phenyl) porphyrin (TPPH) non-covalently func-
tionalized RGO nanocomposite (TPPH-RGO). As shown in
Figure 8b, the TPPH-RGO/Pt nanocomposite exhibited remark-
able enhanced photocatalytic H, production amount when
compared with TPPH functionalized Pt colloid or Pt modi-
fied RGO, due to the superior electron-accepting and electron-
transporting abilities of graphene. There was also a decrease
after 2 hours of irradiation for the H,-produciton activity of
TPPH-RGO/Pt system, which was attributed to the aggregation
of the TPPH-RGO nanocomposite during the photoreaction.
To prevent the photocatalyst from aggregation, cetyltrimethyl-
ammonium bromide (CTAB) was used as a surfactant in the
composite and the photocatalytic activity and stability of the
TPPH-RGO/Pt photocatalyst was well improved. The tentative
underlying mechanism for light-driven water reduction to pro-
duce H, on the TPPH-RGO/Pt nanohybrid with the assistance
of CTAB is illustrated in Figure 8c. This investigation might
shed light on the development of the stable dye-sensitized

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The cocatalyst is typically a noble metal
or metal oxide or a combination of them,
loaded on the surface of photocatalyst to
enhance the charge separation, produce reactive sites, and
reduce the activation energy for gas evolution. Usually, noble
metals possess higher work function than those of semicon-
ductors, so deposition of noble metal nanoparticles onto the
surface of a semiconductor always makes electrons transfer
from the CB of the excited semiconductor to metal and results
in the formation of a schottky barrier, which can efficiently
suppress the recombination of electrons and holes. Further-
more, most of metals have much lower overpotentials for H,0
reduction, indicating that they can provide plenty of reaction
sites for absorbed protons. Therefore, noble metal cocatalysts
have been widely applied for the enhancement of PEC/photo-
catalytic activities. However, noble metals are both costly and
scarce, thus much attention has been focused on seeking novel
low-cost cocatalysts recently. Graphene with a high work func-
tion has been widely accepted to behave like metals, and the
reduction potential of graphene/graphene™ is reported to be
—0.08 eV, which is more negative than that of H*/H,.l*Yl There-
fore, graphene is also a promising candidate for cost-effective
cocatalyst to replace noble metals.
Zhang et al. constructed a noble metal-free RGO-Zn,Cd;,S
photocatalyst by a simple coprecipitation-hydrothermal
strategy.*! The optimized RGO-Zn,3Cd,,S photocatalyst had a

Adv. Mater. 2013,
DOI: 10.1002/adma.201301207
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The potential of RGO or graphene oxide
as a cocatalyst in other photocatalytic sys-
tems was investigated as well. Yu group
presented a RGO-modified TiO, composite
with exposed {001} facets as a noble metal-
free photocatalyst for H, evolution.l®®! The
highest H,-production rate of the RGO/TiO,
composite was 736 wmol h™! g1 even without
Pt cocatalyst under UV-light illumination,
which exceeded the rate observed on the pure

E b TiO, by more than 41 times. Zhou et al.’¥
3 1.0+ reported a similar work by using the RGO/
£ 03l Znln,S, nanosheet composite, which was
; fabricated via an “in situ controlled growth”
@ 067 solvothermal process. The obtained com-
3 04] posite was demonstrated to be an excellent
< material for photocatalytic H,-production
2 02 with considerable stability, owing to the syn-
3 o0 o ergistic effect of its unique sheet-on-sheet
0 50 100 150 200 5% 100 150 200 20 structure. Lv et al.®! investigated the photo-
Time (s) Z' (ohm) catalytic H, evolution property of P25-RGO

Figure 9. a) Comparison of the photocatalytic H,-production activity under simulated solar
irradiation over GSO, GS0.1, GS0.25, GS0.5, GS1, GS2, GS5, Pt-GSO (1 wt% Pt), and RGO
samples. b) Proposed mechanism for photocatalytic H,-production under simulated solar
irradiation. c) Transient photocurrent responses and d) Nyquist plots of ZngCdy,S, 1 wt%
Pt- ZnggCdy,S and RGO/ZnygCd,,S samples. Reprinted with permission.[*! Copyright 2012,

American Chemical Society.

high H,-production rate of 1824 pmol h™! g™ in Na,S/Na,SO;
solution with an AQE of 23.4% at 420 nm, which was better
than that of the optimized Pt-ZnygCd,,S under the same reac-
tion conditions (Figure 9a). The results suggested that RGO
herein acted as a cocatalyst to extract photogenerated electrons
from the CB of Zny4Cd,,S and promoted the charge separa-
tion, then reduced H* to H, molecule on its surface, as shown
in Figure 9b. Besides, the space charge separation also pre-
vented the reduction of Cd?" and Zn?* because of the close
interaction between RGO and Zn(3Cd,,S. To further prove
the above mechanism, Zhang et al. utilized electrochemical
techniques including transient photocurrent response (TPC)
and electrochemical impedance spectra (EIS), to investigate
the charge-transfer properties at the graphene-semiconductor
interface. Generally, TPC is recorded with several on-off cycles
of intermittent irradiation, and can be normalized by the Ty, ;,/
It Tatio, where Iy, and Iy o correspond to initial and sta-
tionary photocurrent, respectively.'”] The electrode with high
Lohst/Iphin Tatio and Iy suggests a low recombination rate
of electrons and holes in the photocatalyst materials. EIS can
evaluate the charge transport and recombination properties
within the photocatalyst films, which is presented in the form
of Nyquist plots. The smaller arc diameter in Nyquist plots
indicates a lower resistance of the interfacial charge transfer.
As shown in Figure 9c and Figure 9d, the RGO-Zn,4Cd,,S
sample exhibited higher I, o in TPC and smaller arc diameter
in EIS than Pt-Zn,gCd,,S, indicating that the introduction of
RGO could promote the separation of photoinduced charges
and benefit the interfacial charge transfer. This finding reveals
that graphene is a promising substitute for the noble metals in
photocatalytic H,-production.

Adv. Mater. 2013,
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and CdS-sulfonated RGO, respectively. They
found that CdS-sulfonated RGO had a better
photocatalytic H, evolution rate than that
of CdS-Pt, while photocatalytic H, evolu-
tion rate of P25-RGO was only 50% of that
of P25-Pt. The work by Park et al.’% showed
the potential of RGO as an auxiliary cocata-
lyst to improve the photocatalytic H, generation rate of Pt/TiO,.
Besides, RGO was also found to be an efficient cocatalyst in
CdS-metal oxide hybrids according to a recent work by Khan
et al.”! The AQY for H, evolution using CdS/ZnO/RGO, CdS/
Al,03/RGO and CdS nanoparticles was calculated to be around
30%, 14%, and 4%, respectively. All these findings confirm that
RGO is an efficient cocatalyst to achieve highly efficient H,
evolution.

Recently, graphene-based composites are also used as cocata-
lysts for photocatalytic H, generation. Xiang et al.”?l reported
a trinary TiO,/MoS,/RGO photocatalyst (Figure 10a) prepared
by a two-step hydrothermal process for H, evolution. Under
UV-light irradiation, the TiO,/MoS,/RGO composite reached
the highest H, production rate of 165.3 wmol h™! with the lay-
ered MoS,/RGO hybrid as a cocatalyst (Figure 10b), and the
AQE reached 9.7% at 365 nm. As illustrated in Figure 10c, they
proposed that the positive synergetic effect between MoS, and
RGO sheets could suppress the charge recombination, improve
the interfacial charge transfer, and provide a great number of
active adsorption sites and photocatalytic reaction centers. Min
et al.l”3 further demonstrated that MoS,/RGO hybrid could act
as a high active cocatalyst for H, evolution in a dye sensitized
photocatalytic system under visible light irradiation. A high
AQE of 24.0% has been obtained at 460 nm over the EY-sen-
sitized MoS,/RGO photocatalyst. Another Cu/RGO cocatalyst
was reported by Lv et al.,’>! and the H,-generation efficiency
from the Cu/RGO-P25 photocatalyst was about 5 times higher
than that of the RGO-P25 photocatalyst due to the synergetic
effect of Cu and RGO.

Heteroatom-doped graphene is also a good cocatalyst candi-
date for H, evolution reaction. For example, in a nitrogen-doped

wileyonlinelibrary.com
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Figure 10. a) TEM images of T/95M5.0G composite. b) Photocatalytic H, evolution of TiO,/MG composites with different MoS, and RGO contents in

the MG hybrid as cocatalyst under UV irradiation. c) Schematic illustration of the charge transfer in TiO,/MG composites. Reprinted with permission.2

Copyright 2012, American Chemical Society.

graphene, the spin density and charge distribution of carbon
atoms influenced by the neighboring nitrogen dopants will
induce the “activation region” on the graphene surface, which
can participate in catalytic reactions directly.'% It has been
reported that heteroatom-doped graphene is an efficient
noble-metal free catalyst in oxygen reduction reactions and
photodegradation of organic dyes.'®! Moreover, Jia et al.’¥
synthesized a series of N-RGO/CdS nanocomposites in which
N-RGO was obtained by annealing in NH; gas. And the highest
H,-production rate of 210 umol h™! was achieved under vis-
ible light irradiation, which was higher than those of the pure
CdS (40 umol h™!) and GO/CdS. In addition, the cocatalyst of
N-RGO as a protective layer could prevent CdS from photocor-
rosion under light irradiation.

6. Graphene as a Photocatalyst

Theoretical and experimental work*%119 has demonstrated
that the CB minimum of RGO, which mainly formed by the
anti-bonding 7* orbital, has a higher energy level (-0.52 eV vs
NHE, pH = 0) than that needed for the H, generation, while
the VB maximum of RGO is mainly composed of O 2p orbital
that varies with the reduction degree (Scheme 3). As discussed
in Section 3, the bandgap of RGO decreases with increasing
reduction degree, suggesting that RGO with a suitable bandgap
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Scheme 3. Energy level diagrams of RGO with different reduction degree
in comparison with the potentials for water reduction and oxidation.

for water splitting might be obtained by tuning its reduction
level.[8-38¢

Yeh et al.*%] proved the photocatalytic H,-evolution activity of
RGO for the first time using the RGO sample with the bandgap
of 2.4-4.3 eV. As shown in Figure 11a, RGO exhibited stable
H, evolution from an aqueous methanol solution or pure water,
even without Pt cocatalyst under mercury light irradiation.
They also investigated the photocatalytic activity of RGO with
various oxidation levels.l''! The results showed an inverse rela-
tionship between the amount of H, evolution and the popula-
tion of the oxygen-containing groups on the RGO sheets. They
concluded that the RGO with higher oxidation degree had a
larger bandgap and limited absorption of light, thus exhibiting
a lower photocatalytic activity than the RGO with lower oxida-
tion degree (Figure 11b). It was also found that the H,-evolution
rate was stable over time, whereas the O, evolution exhibited
a decreasing trend. This could be explained that the electronic
structure of the RGO with a sufficient oxidation degree was
suitable for both the reduction and oxidation of water under
illumination. However, the mutual reduction between the RGO
sheets narrowed their bandgaps during the photocatalytic reac-
tion, leading to the upward shift of the VB edge, whereas the
CB edge remained almost unchanged (Figure 11c). Matsumoto
et al.l'"? also reported the photoreactions to generate H, from
an aqueous suspension of RGO nanosheets or a RGO/ITO
photoelectrode under UV irradiation. The findings demonstrate
that RGO with an appropriate reduction level can serve as a
photocatalyst for H, evolution.

Agegnehu et al.”® deposited Ni and NiO cocatalysts on the
prepared RGO sheets to enhance the photocatalytic activity of
RGO. The H, evolution rate of NiO/RGO and Ni/RGO from
aqueous methanol solution under UV-visible light illumination
was enhanced by approximately 4- and 7-fold compared to that
of the bare RGO, respectively. In comparison with Ni/RGO,
the relatively lower activity of NiO/RGO was attributed to the
less efficient electron trapping ability of the NiO surface, which
caused more electrons recombination with holes.

Recently, Latorre-Sanchez et al.’’! reported that the photo-
catalytic activity of RGO for H, generation from water and meth-
anol mixtures under visible light could be improved by the pres-
ence of dyes. The most efficient photocatalyst was a few layers
of [Ru(bipy);]** incorporated RGO with a moderate degree of
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the transfer of photoexcited electrons from
graphene to semiconductor has also been
observed according to several experimental
and theoretical researches. Very recently,
a visible-light-response ZnS/RGO photo-
catalysts were reported, and RGO in the
nanocomposites was proved to act as an
organic dye-like macromolecular “photo-
sensitizer” instead of an electron reservoir

57 00 ____ L ..... : for ZnS."B3 Similarly, other graphene-based
BG [ro— wide bandgap semiconductors, such as TiO,/

I 02p I RGO and ZnWO,4/RGO, also exhibited excel-
lent photocatalytic activity in dye degradation

Figure 11. a) Time course of H; evolution from a 20 vol% aqueous methanol solution (MeOH/ under VISI_b_le l‘lght irradiation owing to the
water) or pure water with suspended photocatalysts (RGO or Pt/RGO) (0.5 g) under mercury- ~ Photosensitization of graphene.l"" In these
lamp irradiation.%4 b) Time course of H, evolution from a 20 vol% aqueous methanol solu- ~ work, the photosensitizer role of graphene
tion suspended with 0.5 g of RGO photocatalysts with different oxidation levels (GO1<GO2<  was explained as following: the electrons on
GO3) under mercury-lamp irradiation; Reprinted with permission from ref. [106]. Copyright  the HUMO of graphene were firstly excited
2011, American Chemical Society. c) Schematic energy-level diagram of RGO relative to the to the LUMO of graphene under visible light
levels for H, and O, generation from water. Reproduced with permission.[02l

Reaction time (h)

irradiation, then the photoinduced electrons
in graphene were injected to the CB of semi-
oxidation (GO1), as shown in Figure 12a. The AQY for H, evo-  conductor followed by taking part in the reduction reaction on
lution was 0.12% for the optimized [Ru(bipy);>*@GO1 at 532  the surface of semiconductor, thus producing the visible light
nm, which was higher than that of GO1 (0.008%). The proposed  activity. Amal and co-workers!'®] studied the interfacial charge
mechanism for electron transport was illustrated in Figure 12b.  transfer of graphene/titania hybrid by ab initio calculations. It
Due to strong interfacial interaction and orbital overlapping  was interesting that electrons could be directly excited from the
between GO1 and the dye molecular, the electrons in LUMO of  upper VB of graphene to the CB of titania under visible light
[Ru(bipy);)** were injected into the CB of GO1 firstly upon light  irradiation. Du et al.'® explored the interfacial charge transfer
irradiation, then consumed by the absorbed protons, resulting  between g-C3N, and graphene. They found that the inhomo-
in the formation of H,. However, there was a decrease in pho-  geneous planar g-C3;N, substrate could form a well-defined elec-
tocatalytic activity due to the decomposition of the dye and the  tron-hole puddle on the supported graphene layer, driving the
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Figure 12. a) Amount of H, evolved during photocatalysis with GOT and a series of dyes as the photocatalyst and methanol as the sacrificial under
A =532 nm laser irradiation. b) Schematic diagram showing the electron injection from the LUMO of [Ru(bipy);]** to the CB of GO1 (V vs. Ag/AgCl).
c) Amount of H, evolved during a photocatalytic run with[Ru(bipy);]>*@GO1 (0.02 g L™") as the photocatalyst and methanol as the sacrificial electron
donor under A =532 nm laser irradiation for 10 h. Reproduced with permission.’’]
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interlayer charge transfer from the VB of graphene to the CB
of g-C3N,. These results directly proved that the photoinduced
electrons in graphene could be successfully transferred to the
CBs of semiconductors. Thus the above findings clearly dem-
onstrate another potential role of graphene — photosensitiza-
tion in some semiconductor-graphene hybrids.

The role of graphene as a photosensitizer has also been
reported in light-driven water splitting by several related work.
For example, Zeng et al.”® reported a RGO/TiO, nanocom-
posite prepared by a facile hydrothermal method. The obtained
RGO/TiO, had an optimal photocatalytic H,-production rate of
380 umol h™! under visible light irradiation, giving an AQE of
ca. 8.2% at 420 nm. The mechanism was described as follows:
upon visible light irradiation, the excited photo-generated elec-
trons from RGO photosensitizer were subsequently injected
into the CB of TiO, due to the d-r interaction, then the excited
electrons were transferred to the active sites on TiO, to produce
H,. Song et al®! also demonstrated the sensitizing effect of
RGO on TiO, nanotube arrays. A maximum photoconversion
efficiency of 0.0487% was obtained for the RGO modified TiO,
photoelectrode under visible light, which was enhanced by 15
times compared to that of the pristine TiO,.

Lin et al.B% hybridized the ZnO nanorod array with graphene
by the electrophoresis technique, and investigated its PEC prop-
erties. They found that the RGO-ZnO heterojunction displayed
substantial photoactivity in the visible-light region from 400 to
450 nm in addition to the strong photoresponse in the near-UV
region, and the IPCE at 400 nm was up to 24%. Furthermore,
the rate of H, evolution of the Pt-RGO-ZnO photoelectrode was
5 times of magnitude higher than that of the bare ZnO at a
bias of 1 V under UV-visible light irradiation. They concluded
that RGO acted as a photosensitizer in the RGO-ZnO hybrid,
improving the light response of ZnO, thus promoting the H,
evolution reaction.

8. Graphene vs Other Carbon Nanomaterials

The extended honeycomb network of graphene is the basic
building block of other important allotropes of carbon. 2D gra-
phene can be wrapped to form 0D fullerenes, rolled to form
1D carbon nanotubes (CNT), and stacked to form 3D graphite.
Before the discovery of graphene, fullerene, CNT and graphite
have already been recognized as useful materials in light-driven
water splitting systems.[''’] Particularly, CNT is extensively
applied to improve the energy conversion efficiency in solar
energy conversion field, owing to its outstanding structural
and electrical properties. Similar to graphene, CNT has also
been reported to serve as an electron acceptor/transportet,!!!8l
a cocatalyst,['7¢) and a photosensitizer!''’f] in solar water split-
ting. Therefore, the comparison between graphene- and CNT-
semiconductors as photocatalysts/photoelectrodes is constantly
mentioned and discussed, which is necessary and inevitable, for
a complete understanding on the unique contribution of gra-
phene for the enhancement of the H,-production performance.

In general, graphene has some advantages over CNT in the
application for PEC/photocatalytic H, evolution. First, gra-
phene possesses an ultrahigh theoretical specific surface area
of 2630 m? g™! and optical transparency of 97.7%, which are

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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both higher than those of CNT (1315 m? g~ for specific surface
areal'™ and 95.7% for optical transparency'?%). This makes
graphene more desirable to provide sufficient reactive sites for
H, generation than CNT. Especially in the tandem PEC cells,
the increase of surface area promotes charge transfer across
the material interfaces (solid-solid and solid-liquid), allowing
the better match of the photocurrents with the slow kinetics
of the water redox reactions and reducing the need for highly
active and often expensive cocatalysts. Second, the contact area
or interfacial interaction between semiconductors and gra-
phene is commonly larger than that between semiconductors
and CNT even using the same preparation strategy, because
CNT is a tubular structure with a curvature. The sheet-struc-
tured graphene also has better ability to disperse other nano-
materials for obtaining larger overall specific surface area
compared to CNT with a tube-structure. Third, graphene has
higher conductivity and mobility than CNT, since the degree
of curvature presented by the extended m-aromatic structure in
graphene is lower than that in CNT. For example, the room-
temperature mobility of electrons is 200000 cm? V! s7! for
pristine graphene, which is almost three times higher than that
for CNT (79000 cm? V! §71).1121l Thus, theoretically graphene
should be better than CNT for use in solar hydrogen generation
regarding to its larger specific surface area, better contact with
semiconductor, and higher electrical conductivity than CNT.
For example, Ye et al.1??l reported that the CdS/RGO composite
was more efficient than the CdS/CNT composite in photocat-
alytic H, generation under visible light irradiation due to the
better contact between CdS and RGO. In addition, graphene is
nontoxic and biocompatible;!'?3! while CNT was reported to be
cytotoxic in many papers.l'?!l So, graphene might be more suit-
able for future large-scale production without detrimental effect
on environment compared to CNT. Otherwise, functionalized
graphene or graphene oxide itself is a photoactive material for
H, generation as discussed in Section 6. Whereas, CNT has not
yet been reported as a photocatalyst for H, generation to the
best of our knowledge.

Among the merits for water splitting, Kim et al.l'*l suggested
that the electrical conductivity of carbon materials should be a
primary physicochemical property in determining the H, pro-
duction, other than the surface area or other factors. In their
experiment, CNT/CdSe photocatalyst showed higher H,-pro-
duction activity than RGO/CdSe photocatalysts because CNT
had a better electrical conductivity than RGO. However, RGO/
CdSe could show better photocatalytic activity than CNT/CdSe
if the electrical conductivity of RGO was optimized, since it was
reported that the electrical conductivity of RGO was approxi-
mately 60 times better than that of CNT.["?l And Xu et al.l'?’]
stated that graphene-based nanomaterials was in essence the
same as other carbon composite nanomaterials on enhance-
ment of photocatalytic activity. In fact, PEC/photocatalytic
H,-generation reaction involves many factors such as the phys-
icochemical property of semiconductors and the interaction
between semiconductor and carbon materials, and the result is
usually attributed to the synergistic effect among all these fac-
tors. So, it is hard to clarify whether the graphene-based mate-
rial is wholly superior to other carbon-based material for use
in H, generation, even for comparison in one aspect it must
be sure that all other factors influencing the performance
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are strictly identical in the contrast test. And as commend by
Dou,!'28 it was too early to get a decisive answer for graphene's
superiority over other carbon materials.

In other ways, a few downsides might limit the solar water
splitting activity of graphene- or CNT-based nanomaterials. For
instance, the contact area between graphene or CNT and semi-
conductor nanoparticles is always confined, as the 2D graphene
scaffold usually contacts the bottom part of the nanoparticles,
and the CNT scaffold self-entangles easily; the conducting prop-
erty of graphene or CNT also gets deteriorated due to their func-
tionalized surface, defects or disorders. Kim et al.l'?% found that
3D conducting composite of graphene-CNT/Fe,O; exhibited
an enhanced PEC water splitting activity exceeding by 270 and
220% compared to graphene/Fe,0O; and CNT/Fe,0;, respec-
tively. It was because graphene could act as a spacer role to
separate CN'T5, suppressing the self-agglomeration of CNT, and
vice versa. As a result, the contact area between graphene or
CNT and semiconductors could be enlarged. Furthermore, gra-
phene could behave as additional electron transport pathways
between CNTs, while CNT could serve as conducting channels
between graphene sheets. Therefore, the graphene-CNT/Fe,04
composite showed better water splitting performance than the
graphene/Fe,0; and CNT/Fe,0;. Obviously, the synergistic
effect of these two carbon materials on improving the structural
and conducting properties will attract some attention for solar
water splitting.

9. Concluding Remarks

Graphene has been widely applied in H, generation from
light-driven water splitting as a new type of carbon nanomate-
rial. And it not only shows the ability in separating the photo-
generated electrons-hole pairs, superseding noble metals,
increasing photostablility, and broadening light absorption,
but also exhibits the capacity for photocatalytic H, evolution by
itself. Nevertheless, research on the graphene-based materials
for H, generation from light-driven water splitting is still at the
initial stage, and there are many challenges for significantly
improving PEC/photocatalytic performance or possibly leading
to breakthrough. Some issues are listed as follows:

(1) Synthesis of graphene-based materials. The PEC/photocata-
lytic activity of graphene-based materials is highly dependent
on their physicochemical properties, such as composition and
morphology. Most of graphene-related materials for water
splitting are prepared following a chemical route from GO in
the shape of sheet. Substantially enhancing the H, generation
efficiency of graphene-based materials can be expected by tun-
ing the composition and optimizing the morphology. There-
fore, extra efforts have to be made for rational design and syn-
thesis of graphene-based photoelectrodes or photocatalysts
so that the properties and functions of graphene can be fully
utilized. Take graphene grown by chemical vapor deposition
(CVD) as an example, the conductivity is much better than
that synthesized by chemical reduction of GO and the scal-
ability is more suitable for large-size photoelectrode; single-
and multiple-doping of heteroatom in graphene can tune its
many properties. Furthermore, the doped graphene can give
rise to multiple exciton generation (MEG), i.e. formation of
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several electron-hole pairs after absorption of one photon.['3’!
This MEG effect will extremely enhance the hydrogen produc-
tion efficiency if applied to solar water splitting. In addition,
graphene with different dimensionality ranging from 0D
graphene quantum dots (GQDs), 1D graphene nanoribbons,
2D graphene sheets, to 3D porous frameworks, has special
electronic and optical properties.'3!! For instance, GQDs have
light response ranging from UV through visible into infrared
depending on their specific size, geometry, and boundary con-
ditions. More importantly, GQDs have remarkable upconver-
sion ability to convert low-energy photons into high-energy
photons and exceptionally long lifetime of hot carriers,[32
which have been successfully applied to improve the photo-
voltage or photodegradation activity of semiconductors as the
electron-acceptor or photoabsorber.133 The unique properties
of GQDs might be beneficial to separation of photoinduced
charges and absorption of light in solar water splitting. There-
fore, design and synthesis of graphene with desired compo-
sition, size, edge structure, and dimensionality is worthy of
exploration for enormously improving the performance of the
PEC/photocatalytic H, evolution.

(2) Comprehensive roles of graphene. A few roles of graphene
in H, production from water splitting were discussed in
this review, while it is far from completed. It is reported
that the strong synergetic interaction between graphene and
semiconductor improves the charge separation and transfer
properties in the photoexcited semiconductor and affects the
band structure of graphene. The coupling interaction usually
opens up a bandgap in the zero-bandgap graphene and in-
duces doping effect in the carbon monolayer. However, the
semiconducting properties of graphene in the composite are
usually ignored when graphene is used as the electron ac-
ceptor and transporter, even with RGO as the building block.
Besides, the defects in carbon nanomaterials are of impor-
tance for their electronic properties, and play a critical role
in enhancement of the electrochemical stability and catalytic
activity of the supported catalysts.['3 Thus, the structure de-
fects of graphene should be paid much attention to in the
future work, which might be the active sites for H, evolution.
Otherwise, the photosensitization of graphene in H, genera-
tion is lack of direct experimental support in spite of enough
evidence in support of graphene as an electron acceptor. For
semiconductor/RGO hybrids, the photosensitization may
also come from the isolated semiconducting sp? clusters of
aromatic rings within the matrices of RGO in addition to the
reported mechanism as discussed in Section 7.'* So, the
functions of graphene in photocatalytic reactions need to be
better studied for a thorough and clear picture of the underly-
ing mechanism.

(3) Theoretical calculation of graphene-based materials. Numer-
ous experimental results have already demonstrated the cru-
cial roles of graphene in the enhancement of solar conver-
sion efficiency. However, the inherent mechanism behind
the enhancement of H,-production activity is still not well
clarified for graphene-based materials at the present stage,
since the current experimental technologies cannot provide
direct evidence for the strengthened interfacial charge trans-
fer property. Whereas theoretical calculation can almost per-
fectly simulate all these specific microstructures, and provide
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in-depth insight to the electronic properties of nanomateri-
als, giving us a better understanding of the experimental
phenomena.3® Therefore, theoretical calculation has been
considered as one of the most powerful means to investi-
gate the photoinduced charge transfer between graphene
and semiconductor at the molecular level, which is pivotal
for revealing the underlying photocatalytic mechanism of the
composite semiconductors. Furthermore, considering the
various morphologies of graphene and the diverse choice of
photoactive materials, it is incredible to try out all the possi-
ble combinations for H, generation from solar water splitting
experimentally. Theoretical calculation has been demonstrat-
ed to be capable of simulating catalytic reactions at surfaces
with the detail and accuracy required for computational re-
sults which compare favourably with experiments. Hence,
theoretical calculation holds great potential for screening for
catalysts with increased activity, designing new photocata-
lysts, and engineering the electronic structures of the active
surface by changing the composition and structure of the
graphene-based composites besides describing the photo-
catalytic reactions.

Study targeting efficient hydrogen generation from solar
water splitting by graphene-based materials is inherently inter-
disciplinary, involving chemistry, physics, materials, and engi-
neering. It is a very exciting research avenue, and challenges as
well as opportunities coexist. The intense and rational efforts
and close cooperation among researchers in different fields
would make a great breakthrough for hydrogen energy develop-
ment by utilizing graphene-based materials, which we believe
will be far beyond what has been reported in this review paper
and be beneficial for human being on both economic and envi-
ronmental aspects.
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