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Graphene-Based Photocatalysts

The production of solar fuel through photocatalytic water splitting
and CO, reduction using photocatalysts has attracted considerable
attention owing to the global energy shortage and growing environ-
mental problems. During the past few years, many studies have
demonstrated that graphene can markedly enhance the efficiency of
photocatalysts for solar-fuel generation because of its unique 2D
conjugated structure and electronic properties. Herein we summarize
the recent advances in the application of graphene-based photo-
catalysts for solar-fuel production, including CO, reduction to
hydrocarbon fuel and water splitting to H,. A brief overview of the
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fundamental principles for splitting of water and reduction of CO, is
given. The different roles of graphene in these graphene-based
photocatalysts for improving photocatalytic performance are
discussed. Finally, the perspectives on the challenges and opportunities
for future research in this promising area are also presented.

1. Introduction

Global energy shortage and growing environmental
pollution, as well as global climate change are considered to
be among the biggest challenges of this century that humanity
faces. Solar fuel is regarded as a potentially significant
alternative for sustainable and clean energy in future. What
is termed solar fuel is often in the form of converting solar
energy into energy stored in chemical bonds. The production
of solar fuel has attracted a lot of attention because of its
potential for solving the global energy and the related
environmental issues.!! Solar energy is the most abundant
and renewable source of clean energy. Therefore, it is
desirable to develop artificial photosynthetic systems that
can produce chemical fuels by solar-energy conversion.
Semiconductor photocatalytic technology, used to directly
convert solar energy into chemical energy, has been recog-
nized as one of the most widely studied solar-fuel strategies
for the photocatalytic splitting of water into H, and O,, and
the photocatalytic reduction of CO, into hydrocarbon fuels,
because semiconductors are cost-effective, simple, and con-
venient, and have huge potential for further development.*”!

The photoelectrocatalytic splitting of water on TiO,
electrodes and the photoelectrocatalytic reduction of CO, in
aqueous suspensions of semiconductor powders were first
reported by Fujishima and Hondal” in 1972 and Inoue et al.”!
in 1979, respectively. Since then, the principles of photo-
electrocatalytic H, production and CO, reduction have been
extended, and photocatalytic H, production and CO, reduc-
tion have been extensively studied. In principle, the basic
process of photocatalytic water splitting and CO, reduction
can be summarized into three steps: 1) generation of photo-
generated charge carriers (electron-hole pairs) by a band-gap
excitation, 2) separation and transportation of the charge
carriers, 3) reduction of water or carbon dioxide by the
photogenerated electrons. As shown in Figure 1, when a semi-
conductor is excited by a photon with energy equivalent to or
higher than the band gap, electrons in the conduction band
and positive holes in the valence band are generated. Thus,
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Figure 1. Schematic illustration of basic mechanism of hydrogen
production and CO, reduction with a semiconductor photocatalyst.

the photogenerated electrons and holes may migrate to the
surface of the semiconductor, and then, respectively, reduce
or oxidize the reactants adsorbed on the semiconductor
surface. In this case, such reduction reactions in the photo-
catalytic system can catalyze the production of H, from water
splitting and induce the reduction of CO, to hydrocarbon fuel.
However, for the production of solar fuel in such a photo-
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catalytic system, the positions of the valence band and
conduction band of semiconductor photocatalyst should
both match the oxidation and reduction potentials of water
splitting and CO, reduction. In fact, only a few semiconduc-
tors satisfy the above-mentioned requirements for the split-
ting of water and/or the reduction of CO, under solar-light
irradiation."®) As shown in Figure 2, the position of the
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Figure 2. Band-edge positions of selected semiconductor photocata-
lysts relative to the energy levels of various redox couples at pH 7 in
aqueous solution.

conduction band edge should be more negative than that of
the redox potential of H,/H,O or CO/CO, (or hydrocarbons/
CO,).-1% Meanwhile, the potential of the valance band edge
should be more positive than the redox potential of O,/H,O.
As in such case, semiconductor photocatalysis based on
photogenerated charge carriers can produce H, from water
splitting and induce the reduction of CO, to hydrocarbon
fuels. Equations (1)—(8) illustrate the chemical reactions for
solar-fuel generation at pH 7 in aqueous solution.

For the photocatalytic H, production, the reduction
potential of water to hydrogen is —0.42 V versus the normal
hydrogen electrode (NHE) at pH 7, and reduction of the
protons to a H, molecule is a two-electron process. The
photocatalytic reduction of CO, to hydrocarbon fuels is more
challenging and a complicated photophysical and photo-
chemical process. For example, the products in photocatalytic
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Reaction E° (V vs NHE)
CO, +2e” — «CO,y- (1) -1.90
CO, + 2H" + 2™ —» HCOOH 2) -0.61
CO, +2H" + 26 — CO + H,0 (3) -0.53
CO, +4H" + 46 - HCHO + H,O (4) -0.48
CO, + 6H" + 6e™ — CH30OH + H,0O (5) -0.38
CO, +8H" +8e” — CHy +2H,0  (6) -0.24
2H,0 + 4H* - O, + 4H* (7) +0.81
2H" +2e” - H, (8) -0.42

conversion of CO, may include HCOOH, HCHO, CH;0OH,
CO, H,, and CH,. Thus, the products in photocatalytic CO,
reduction are selective and are dependent on many factors,
such as reaction kinetics, redox potentials of photoinduced
carriers, morphology, and the surface properties of the
photocatalyst and the loaded co-catalysts.” It is believed
that Pt and Au as co-catalysts can selectively reduce CO, into
CH, products. Recently, it has been reported that there are
two different morphologies of Cu,O photocatalysts which
result in dramatic differences in product selectivity.""! In
addition, the selectivity of the process is very difficult to
control. From a thermodynamic point of view, the production
of CH, by photocatalytic reduction of CO, is relatively easy
because the reduction potential for CH,/CO, is —0.24 V
versus NHE at pH 7, however, the reaction of eight electrons
with eight protons and CO, is extremely difficult from
a kinetics point of view. In addition, the production of
methanol and formaldehyde is a 4-6-electron process and is
also kinetically difficult, while the reduction of CO, to CO or
formic acid has a very negative chemical potential (—0.53 or
—0.61 V vs. NHE at pH 7). Nevertheless, the thermodynamic
reduction potential and the kinetic electron reaction both
need to be taken into account for photocatalytic H, produc-
tion and CO, reduction.

Although photocatalytic H, production and CO, reduc-
tion show great potential for further development, at present
one of the greatest drawbacks is the low conversion efficiency.
For photocatalytic H, production, a maximum theoretical
efficiency for the conversion of solar energy into hydrogen
fuel is 31 % for a single photocatalyst material. During the
past few decades, great progress has been made and yet the
energy conversion efficiency for solar hydrogen production is
below 5%.*1 Compared to the two-electron H, production,
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photocatalytic CO, reduction is comparatively more complex
and the achieved efficiency of solar to carbon-based fuel is
only 1% for a single semiconductor material because most of
the chemical reactions of the CO, reduction require 4-8
electrons and a more-negative reduction potential. Taking
into consideration the basic chemical reactions for photo-
catalytic H, production and CO, reduction, an efficient
charge separation is essential for photocatalytic solar-fuel
generation. The enhancement of photocatalytic activity is
ascribed to suppressing the recombination of the photo-
generated electrons and holes. Several strategies to aid the
charge separation and migration have been proposed, such as
the addition of a noble metal and the utilization of a highly
electrical conductive material.l'”! In particular, many studies
have demonstrated that the use of graphene in photocatalysis
can significantly improve the performance of the photo-
catalysts.'?2l As shown in Figure 3, because of its high work

Figure 3. Charge transfer and separation in graphene-based semicon-
ductor photocatalysts for photocatalytic hydrogen production and CO,
reduction.

function and good conductivity, graphene can act as an
electron acceptor/transporter to induce electrons transfer
from the conduction band of semiconductors to graphene,
leading to an efficient charge separation. In addition,
graphene could also serve as a co-catalyst to catalyze H,
production and CO, reduction because the reduction poten-
tial of graphene is more negative than the reduction potential
of water to hydrogen and of CO, to hydrocarbon fuels. In
principle, the intrinsic structural and electronic properties of
graphene can be tuned by heteroatom doping or by an
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electrostatic field. Therefore, the excited electrons on the
conduction band of the semiconductor may migrate to
a carbon material to drive the chemical reactions of H,
production and CO, reduction.

Graphene, as a new type of carbon nanomaterial, has
attracted considerable attention since its discovery in 2004,
owing to its mechanical, thermal, optical, and electrical
properties. In general, graphene is considered to be a zero
band-gap semiconductor with a symmetric band structure.
The unique band structure gives graphene outstanding
conductivity and electron mobility properties. Considering
the unique two-dimensional structure with its high specific
surface area and favorable electronic properties, make
conductive graphene an ideal support for constructing
a new type of graphene-based photocatalysts with enhanced
photocatalytic performance.” 2! Graphene can serve as
a high electrical conductivity material to facilitate the
charge separation and migration. Especially, the use of
graphene could make the multi-electron reduction process
of CO, more efficient and through its unique electron-
collecting and -transfer capabilities promote the selective
production of specific fuels in photocatalytic CO, reduction.
In addition, graphene can function as a co-catalyst replacing
noble metals to drive the redox reaction for solar fuel
generation. As well as graphene, graphene oxide and its
analoguescan act as a small-band-gap semiconductors after
adjusting their degree of oxidation, which may make them
aromatic macromolecule photoabsorbers to extend the
absorption wavelength of light, and as potential candidates
of non-metal semiconductor photocatalysts. For instance, it
has been reported that a graphene oxide semiconductor
photocatalyst could steadily catalyze H, generation from
a 20vol% aqueous methanol solution.””) Research on
graphene-enhanced photocatalysis is advancing fast.*
Much research work has been attempted to design and
prepare novel graphene-based semiconductor photocatalysts
and explore their potential applications in environmental
processes and energy conversion, including photocatalytic
pollutant degradation,®*>8! photocatalytic disinfection,”!
photocatalytic hydrogen generation,™ and photocatalytic
reduction of CO,.*!! For example, Zhang et al.'®¥ produced
graphene/P25 TiO, composites by a hydrothermal method.
The composites exhibited a significantly enhanced photo-
catalytic degradation of methylene blue in aqueous solutions.
Ng et al.* demonstrated the improved photo-electrochem-
ical efficiency of the graphene oxide/BiVO, composite
photocatalyst by one order of magnitude. Especially, in
recent years, particular attention has been paid to photo-
catalytic H, production and CO, reduction by graphene-based
photocatalysts, which is the focus of this Review.

Herein, we focus upon the use of graphene-based photo-
catalysts for the production of solar fuel, including photo-
catalytic splitting of water to H, and photocatalytic reduction
of CO, to hydrocarbon fuels. Notably, the application of
graphene-based photocatalysts in the photocatalytic reduc-
tion of CO, to hydrocarbon fuels has not been fully covered
by the previous Reviews.”>*4 Herein we concisely summa-
rize the recent advances in these applications of graphene-
based photocatalysts. The different roles of graphene in

www.angewandte.org

Chemie

11353


http://www.angewandte.org

Angewandte

11354

Reviews

improving the photocatalytic performance are summarized,
including the role of graphene as electron acceptor and
transporter, co-catalyst, photosensitizer, coupler, and photo-
catalyst. The existing challenges for future development of
graphene-based photocatalysts for solar-fuel generation are
also discussed. We hope that this Review can further promote
the design and fabrication of graphene-based photocatalysts
with better performances based on the outstanding structural
and electronic properties of graphene and expand their
functional applications in photocatalytic H, production and
CO, reduction.

2. Photocatalyitc Reduction of CO,

Global warming and energy shortage are two critical
issues this century. CO, is the most abundant greenhouse gas
in the atmosphere and plays an important role in global
warming. In the past several decades, the rising concentration
of atmospheric CO, resulting from the consumption of fossil
fuels results in the global warming.”**! To date, several
methods such as absorption, bioconversion, photocatalytic
reduction, and capture and transfer, have been developed for
reducing the amount of atmospheric CO,.***! Photocata-
Iytic reduction of CO, has attracted considerable attention in
recent years because this method can convert CO, into
hydrocarbon fuels, such as CH, and CH;OH. Since the first
report by Inoue and co-workers®! on the photoelectrocata-
lytic reduction of CO, to formaldehyde and methanol, various
metal oxides, metal sulfides, and oxynitride semiconductor
photocatalysts have been developed for the photocatalytic
reduction of CO, to fuels.™? Studies of these systems usually
focus on the half-reactions of the CO, reduction, and an
artificial electron donor needs to be used in the photocatalytic
CO, reduction reaction, which is a great drawback in solar-
fuel applications. In such cases, water is an ideal electron
donor in future studies. In addition, practical applications of
photocatalytic reduction of CO, are limited because of the
low fuel-conversion efficiency caused by the rapid recombi-
nation of photogenerated electrons and holes within photo-
catalysts. Therefore, increasing the efficient utilization of
solar energy and decreasing the recombination of photo-
generated charge carriers and/or enhancing the transfer of
photogenerated electrons are very desirable to enhance the
efficiency of photocatalytic CO, reduction.

2.1. Graphene-Based Photocatalysts

Recently, graphene has demonstrated its promising func-
tion as an efficient electron acceptor and transporter that
enhances the transfer of photogenerated electron and pro-
longs the lifetime of photogenerated charge carriers. Thus,
graphene-based semiconductor photocatalysts have been
widely used in the photocatalytic reduction of CO,.**% For
example, Liang et al.*”’ reported the solvent-exfoliated gra-
phene/P25 TiO, nanocomposite thin film as a highly efficient
photocatalyst for the visible-light photocatalytic reduction of
CO,. The optimized graphene-TiO, nanocomposite film
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displayed a sevenfold improvement in photocatalytic reduc-
tion of CO, compared to pure TiO, under visible-light
irradiation. This improvement was due to the low defect
density in solvent-exfoliated graphene, which improved the
electrical mobility and facilitated the transfer of the photo-
excited electrons to reactive sites. In particular, the incorpo-
ration of graphene into P25 TiO, extends the optical absorp-
tion of TiO, to longer wavelengths, leading to photocatalytic
activity in the visible-light range. This could be attributed to
the formation of Ti-O—C bonds in graphene/P25 nanocom-
posites. The carbonate structural fragments of graphene with
unpaired m electrons can bond with the titanium atoms of
TiO,, the chemical bonding between TiO, and graphene can
extend the light absorption range. Further studies are still
needed to develop visible-light responsive photocatalysts
based on carbonate structural fragments bound to titanium.
This important work is just part of the research in the area of
graphene-based semiconductor photocatalysts for visible-
light photocatalytic CO, reduction. Subsequently, Liang
et al.’” investigated the influence of carbon nanomaterial
dimensionality on the photocatalytic reduction of CO, by
comparing the photocatalytic performance of carbon nano-
tube/titania nanosheet and graphene/titania nanosheet com-
posites. As a result of the two-dimensional (2D) nature of
graphene, the 2D-2D graphene/titania nanosheet composites
exhibited a more intimate interfacial contact and superior
optoelectronic coupling with titania nanosheets, leading to an
enhanced photocatalytic activity of CO, reduction as com-
pared to 1D-2D carbon nanotube/titania nanosheet under
ultraviolet light illumination. The above studies have opened
a new way for the utilization of 2D graphene-sheet-based
photocatalysts in the reduction of CO,.

In general, the interface between photocatalysts and
graphene in the graphene-based composite photocatalysts
strongly affects the photocatalytic activity. In particular, it is
well documented that a large contact area and strong
interaction between the components can promote the transfer
of electrons in the photocatalytic reaction and improve the
performance.”" 1 Tu et al.’!! have developed a hollow-
sphere composite consisting of titania (Ti;O,) nanosheets
and graphene oxide (GO) nanosheets with a molecular-scale
2D contact between Tij 0, and GO. The molecular-scale 2D
contact and the hollow structure in this composite facilitate
the charge separation and enhance the lifetime of the charge
carriers and therefore improve the photocatalytic efficiency.
Surprisingly, this graphene/TijsO, nanocomposite shows
a nine-times enhancement of the photocatalytic activity
compared to commercial P25 TiO, for the photocatalytic
conversion of CO, into CO and CH,. In the subsequent work,
another 2D sandwich-like graphene/TiO, hybrid nanosheet
composite was also synthesized by an insitu reduction-
hydrolysis method in a binary ethylenediamine (En)/H,O
solvent.’”! As shown in Figure 4a,b, a large number of TiO,
nanoparticles are uniformly dispersed and tightly packed on
the surface of graphene sheets to form a 2D sandwich-like
structure. This close neighborhood of TiO, and graphene in
the hybrid can favor the transfer of photogenerated electrons
from TiO, to graphene sheets, and thus facilitate the charge
separation efficiency. Furthermore, the presence of abundant
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Figure 4. a) FESEM and b) TEM images of graphene/TiO, hybrid nano-
sheet composites; c) Photocatalytic activity of Gx/TiO, (x=0, 1, 2, 5)
samples and P25. Reprinted with permission from Ref. [52]. Copyright
2013, Wiley-VCH.

Ti** sites on the surface of TiO, creates a low-coordinated
oxygen species, which leads to an increase of the number of
basic sites in TiO,. In the CO, reduction, it is the basic TiO,
sites which give rise to the photocatalytic product selectivity
towards CH, and C,H;. Therefore, it is not surprising that the
graphene/TiO, hybrid nanosheets with abundant Ti*" sites in
TiO, showed enhanced photocatalytic performance for the
reduction of CO, into CH, and C,H compared to commercial
P25 and blank TiO,. In addition, the effect of the graphene
content in the hybrid nanosheets on the conversion efficiency
of photocatalytic CO, reduction into hydrocarbon fuel was
also studied. As shown in Figure 4 c, the graphene content has
a great effect on the photocatalytic activity. With increasing
graphene content, the production rate of CH, slowly
decreases but the production rate of C,Hy noticeably
increases. This change is attributed to two factors: 1) The
lower conversion rate of CH, for graphene/TiO, (G-TiO,)
nanocomposites is because methyl radicals (-CH,) are inter-
mediates and can be absorbed on the surface of graphene by
m-conjugation. 2) The enhanced C,Hg production rate is
because of the chemical bond interactions in the G-TiO,
nanocomposites which favor the transfer of excited-state
electrons to the graphene surface where they can react with
CO,. However, there is an optimized graphene content which
gives the greatest overall production rate of CH, and C,Hg in
the photocatalytic CO, conversion.

Apart from graphene/TiO, composites, composites of
graphene and other photocatalysts, such as graphene/CdS,*!!
graphene/Zn0O,*! graphene/WO,,* and graphene/NiO,/
Ta,04*! have also been reported as promising for the
catalytic conversion of CO, into solar fuel. For example, Yu
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and co-workers*!! reported highly active reduced graphene
oxide (RGO)/CdS nanorod composite photocatalysts for the
visible-light photocatalytic reduction of CO, to CH,. The
RGO acts as an electron acceptor and transporter to facilitate
the separation of photogenerated charge carriers, and enhan-
ces the adsorption and activation of CO, molecules and
subsequently accelerates the photocatalytic reduction of CO,
to CH,. It demonstrates for the first time that RGO can be an
effective co-catalyst for enhancing the photocatalytic reduc-
tion of CO, to CH,. RGO also acted as an effective co-catalyst
in ZnO/RGO nanocomposites,™ giving a 75% improvement
in efficiency for the photocatalytic reduction of CO,. This
improvement is because RGO acts as the reducing sites and
reacts with the absorbed CO,. In spite of the recent progress
in the development of graphene as a co-catalyst in photo-
catalytic CO, reduction,**3) much effort needs to be further
made in developing the utilization of graphene sheets as a co-
catalyst for replacing noble metals in this process.

Another approach that has been proposed for graphene-
based photocatalysts for photocatalytic CO, reduction is to
shift the Fermi level and/or the conduction band potential of
the semiconductor photocatalyst.****! Wang et al.*¥ reported
graphene/WO; nanobelt composites as an efficient photo-
catalyst for catalytic reduction of CO, into CH,. Significantly,
they pointed out that, although the conduction band (CB)
minimum of WO; is inherently limited for photocatalytic CO,
reduction, graphene can elevate the conduction band of WO,
in the composites. This change is due to the formation of
strong covalent bonds between graphene and WO; by the
hydrothermal treatment of graphene oxide and the precursor
of WO,. During the hydrothermal process, graphene oxide is
reduced to graphene, while simultaneously, the WO; nano-
belts are dispersed on the graphene sheets, leading to the
covalent interactions between graphene and WO;. Thus, the
electronic interaction and the charge equilibration between
graphene and WO; in the graphene/WO; composite can cause
a negative shift of the Fermi level of the graphene/WO;
composite under irradiation. The elevated CB minimum of
the graphene/WO; composite is higher than the redox
potential of CH,/CO, and can cause the photocatalytic
reduction of CO, to CH, under visible-light irradiation (see
Figure 5). This work provides a new direction for tuning the
photoreactivity of graphene-based photocatalysts for photo-
catalytic CO, reduction. Recently, a ternary graphene-modi-
fied/NiO,/Ta,O5 composite photocatalyst has been synthe-
sized for the photocatalytic reduction of CO, with H,O. The
anisotropic multicomponent nanomaterials consisting of
graphene, NiO,, and Ta,Os can facilitate the charge separa-
tion at different levels in the ternary nanocomposite. The
excellent electron-collecting and -transferring capabilities of
graphene promote the multi-electron reduction of CO,, which
leads to high yields of methanol and hydrogen in the
photocatalytic reaction.

2.2. Graphene-Based Photoelectrocatalysts

Photoelectrocatalysis is another promising way to reduce
CO, to chemical fuels. In contrast to photocatalytic CO,
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Figure 5. Energy-level diagram for pure WO, and graphene/WO; com-
posite versus NHE (pH 7).

reduction, photoelectrocatalysis is carried out in a photo-
electrochemical cell with an applied electrical bias. In such
a system, the use of an electrical bias represents an additional
energetic input and is undesirable for technological applica-
tions. However, the role of an electrical bias can increase the
surface space charge layer and the magnitude of the electric
fields, which can increase the lifetime of photogenerated
charges, leading to higher photocatalytic efficiency.®! For
example, the use of Fe,O; photoelectrodes in a photoelec-
trochemical cell results in the increase of charge carrier
lifetime by a factor of 10° on the application of 400 mV anodic
bias, which then improves the catalytic activity.* Recently,
graphene-based catalytic materials were used as a photoelec-
trocatalyst in the reduction of CO,.***l For example, Cheng
et al.l®! reported a photoelectrocatalytic reduction of CO, to
chemical fuels using Pt-modified reduced graphene oxide and
Pt-modified TiO, nanotubes as cathode and photoanode
catalysts, respectively. As shown in Figure 6, the photoelec-
trocatalytic reactor system was separated into two physically
distinct areas for water oxidation and CO, reduction. At the

CH:COOH, O2
C2HsOH =
e light
CO:z C o—
H20
> §
)
Pt-modified Reduced / \ Pt-modified TiO2
Graphene Oxide Nanotubes )
[Nickel Foam Matrix] Ti Foil |

Nafion Membrane

Figure 6. Schematic illustration of the photoelectrocatalytic reaction
system using Pt-modified reduced graphene oxide as a cathode
catalyst and Pt-modified TiO, nanotubes as a photoanode catalyst.
Reprinted with permission from Ref. [63]. Copyright 2014, American
Chemical Society.
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anode of Pt-modified TiO, nanotubes, the electrolysis of
water by the photogenerated holes leads to the formation of
gaseous oxygen and hydrogen ions when the bias potential
was applied. Meanwhile, the photogenerated electrons are
driven to the cathode of Pt-modified reduced graphene oxide
by a potentiostat causing the reduction of CO, to hydro-
carbons. Owing to the high reactant adsorptivity and efficient
charge transportation of graphene, the photocathode catalyst
of Pt-modified reduced graphene oxide can convert CO, into
chemical fuels efficiently. Recently, Tripkovic et al.l!l inves-
tigated the catalytic activity of the metal-functionalized
porphyrin-like graphene for the electrochemical reduction
of CO, and CO to methane or methanol. Notably, the
photoelectrocatalytic reactions usually convert CO, into high-
value liquid products, such as C,H;OH and CH;COOH,
which can be stored, transported, and used easily. In addition,
the conversion efficiency of CO, photoelectrocatalytic reac-
tions is relative high and stable in compared with that of the
CO, photocatalytic reaction. However, the current conver-
sion efficiency of the photoelectrocatalytic reduction of CO,
is still low for industrial application. A further exploration of
graphene-based catalytic materials is needed for developing
high conversion-efficiency CO, photoelectrocatalytic reac-
tions.

2.3. Graphene-Based Biocatalysts

Research on graphene-based photocatalysts for catalytic
CO, reduction, usually employs photocatalysts that are metal
oxide semiconductors or transition-metal complexes. How-
ever, owing to the small energy difference between the
conduction band edges of metal oxide and the reduction
potential of biocatalysts the graphene/metal oxide semi-
conductor composites were not suitable as a highly effective
photocatalyst for photocatalyst/biocatalyst coupled sys-
tems.[” Photocatalyst/biocatalyst coupled systems are also
exploited for the production of solar fuels/chemicals by CO,
reduction.®%! For instance, Yadav et al.’® reported a new
graphene-photocatalyst/enzyme coupled system for an effi-
cient artificial photosynthetic production of formic acid from
CO, conversion. The coupling of chemically converted
graphene to a chromophore (a multianthraquinone-substi-
tuted porphyrin) gave a visible-light active photocatalyst and
formate dehydrogenase served as an enzyme for the enzy-
matic conversion of CO, into formic acid. This novel
graphene-based chromophore photocatalyst shows higher
efficiency for the production of formic acid from CO, than
other photocatalysts, such as W,Fe, Ta,O,; and multianthra-
quinone-substituted porphyrin. The enhancement is because
the photoexcited electrons generated on the multianthraqui-
none-substituted porphyrin can be effectively transferred into
the graphene in this system due to its extremely high carrier
mobility. Subsequently, Yadav et al.*! further demonstrated
that graphene/BODIPY can be used as an efficient visible-
light active photocatalyst in the photocatalytic/biocatalytic
coupled system for the production of nicotinamide adenine
dinucleotide (NADH) and formic acid from CO, conversion.
It is suggested that the high NADH regeneration and the
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exclusive formation of formic acid from CO, originates from
the presence of highly efficient visible-light-harvesting
BODIPY molecule and the large potential difference of
BODIPY molecule and graphene, which enables the gener-
ation of photoexcited electrons and the efficient transfer of
the electrons. Very recently, Han and co-workers®” reported
a composite photocatalyst consisting of graphene and por-
phyrin for the highly efficient conversion of CO, into CH, and
C,H, under visible-light irradiation. However, for such
graphene-based biocatalysts, one clear drawback is that
most of the organic molecules used in such catalysts are
usually not stable under illumination in an aqueous dispersion
because of the photoinduced intra- and intermolecular
electron transfer in the organic molecules. In this regard,
one of the most challenging tasks is the search for a stable and
highly efficient organic molecule catalyst in graphene-based
biocatalyst systems. Overall, the above studies provide
a promising new direction to photocatalyst/biocatalyst cou-
pled artificial photosynthesis systems using graphene-based
materials. Nevertheless, the graphene-enhanced artificial
photosynthesis process needed to be clarified and further
exploited for solar fuels/chemicals production from CO,
conversion.

2.4. Using Graphene Oxide Itself as a Photocatalyst

In addition to graphene-based composites, graphene
oxide (GO) with additional oxygenated components was
also found to be a promising photocatalyst for the catalytic
CO, reduction to methanol. Hsu et al.l! have reported that
graphene oxides prepared by the modified Hummer’s method
exhibited a high photocatalytic conversion rate of CO, into
methanol under simulated solar-light irradiation. They found
that the synthesized GO samples with different optical band
gaps exhibited a significant influence on the activity of
photocatalytic CO, reduction to methanol (see Figure 7a).
The GO-3 sample with wide band gap displayed the
maximum methanol conversion rate and remained chemically
stable during irradiation. In particular, the methanol con-
version rate over the optimized GO-3 sample was six-fold
higher than with pure commercial P25 TiO, under the same
experimental conditions. This unusual activity for the photo-
catalytic CO, reduction on graphene oxides can be attributed
to the fact that modified graphene oxides with additional
oxygenated functional groups can be excited to generate
electron-hole pairs under irradiation. The photogenerated
electrons and holes can migrate to the surface of the graphene
oxides and serve as the reduction and oxidation sites,
respectively. These photogenerated electrons and holes have
the appropriate reduction and oxidation potentials, to react
with the adsorbed CO, and H,O to produce methanol in a six-
electron reaction (see Figure 7b). Moreover, the GO photo-
catalyst in this system is chemically stable during the photo-
catalytic process. Although the conversion efficiency of
photocatalytic CO, reduction on GO photocatalysts is low
and the modified process for the synthesis of GO photo-
catalysts is complicated, this study pioneers the new concept
of low-cost GO photocatalysts for CO, reduction. The above
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Figure 7. a) Photocatalytic methanol formation on different graphene
oxide samples (GO-1, GO-2, GO-3) and P25 under simulated solar-
light irradiation; b) Schematic illustration of photocatalytic reduction
mechanism of CO, on graphene oxide. Reprinted with permission
from Ref. [68]. Copyright 2013, Royal Society of Chemistry.

work highlights the interesting application of graphene oxide
itself as an efficient photocatalyst for catalytic CO, reduction
to hydrocarbon fuels under solar illumination.

3. Photocatalyitc Hydrogen Generation

Hydrogen (H,), as a storable and clean fuel, is regarded as
an ideal energy-source carrier for the future owing to its high
energy capacity and environmental friendliness.”””! Since
Fujishima and Honda first discovered the evolution of O, and
H, through the photoelectrochemical splitting of water on the
surface of TiO, and Pt electrodes, respectively,”! H, produc-
tion from solar water splitting using semiconductor photo-
catalysts has attracted extensive attention.**" Although
great progress has been made in the photocatalytic hydrogen
generation, current conversion efficiencies on semiconductor
photocatalysts for solar hydrogen production are still low for
the practical application and commercial benefit. Further
research efforts towards highly active semiconductor photo-
catalysts for photocatalytic hydrogen generation are ongoing.
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Considering the superior electrical properties and unique 2D
conjugated structure of graphene, it is of great interest to
combine semiconductor photocatalysts with graphene. In fact,
the role of graphene in enhancing photocatalytic H, produc-
tion has been extensively investigated for photocatalysts, s>
In the following Sections, the beneficial aspects of graphene-
based photocatalysts in boosting the efficiency of solar energy
conversion will be illustrated, including graphene as electron
acceptor and transporter, co-catalyst, photosensitizer, cou-
pler, and photocatalyst.

3.1. Graphene as an Electron Acceptor

One of the fundamental issues in photocatalysis is the fast
recombination of photogenerated electron—hole pairs within
the photocatalysts. Therefore, suppressing the recombination
of electron-hole pairs is one of the key factors to improve the
photocatalytic activities of photocatalysts. In recent years,
a variety of semiconductor photocatalysts have been com-
bined with graphene to suppress the recombination of
electron-hole pairs to enhance photocatalytic H, produc-
tion.[*-#28%] For example, Zhang et al.* reported a series of
composites consisting of TiO, and graphene prepared by
a sol-gel method as an efficient photocatalyst for H,
production. The TiO,/graphene composite photocatalysts
showed enhanced photocatalytic H, production in Na,S-
Na,SO; aqueous solutions under Xe lamp irradiation. The
photocatalytic activity of the optimal TiO,/graphene compo-
site exceeds that of P25 TiO, by more than 1.9 times. The
enhanced photocatalytic activity is ascribed to the presence of
graphene, which acts as an electron acceptor and transporter
to efficiently separate the photogenerated electron—hole pairs
in the TiO, nanoparticles. However, it should be noted that
the role of graphene as an electron acceptor is significantly
affected by the interfacial interaction between graphene and
TiO,. It has been reported that a simple mechanical mixture
of graphene and TiO, cannot enhance the photocatalytic
activity of TiO, owing to the poor interfacial interaction
between graphene and TiO,, which makes it difficult to
transfer the photoexcited electrons from TiO, into gra-
phene."*!  Therefore, a strong interfacial interaction
between graphene and TiO, is crucial for the improvement
of interfacial charge transfer and enhancement of photo-
catalytic activity.

Besides TiO,, the coupling of graphene and some other
semiconductor photocatalysts has also been explored. Li
et al.™ fabricated visible-light-driven graphene/CdS nano-
composite photocatalysts, achieving a high efficiency of the
photocatalytic H, production from lactic acid in aqueous
solution. In another research, reduced graphene oxide was
incorporated into BiVO, to form BiVO,/RGO composite
films.*?! The excellent electronic conductivity of graphene in
the BiVO,/RGO composite film promoted the electron
transport from BiVO, to the electrode, leading to a minimized
charge recombination and the enhanced activity for the
photoelectrochemical water splitting. Surprisingly, a 10-fold
enhancement was observed on BiVO,/RGO composite film
compared with pure BiVO, film at a 0.8 V bias under visible-
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light illumination. To further explore the potential application
of graphene based-photocatalysts in hydrogen production,
Mukherji et al.” reported that graphene sheets coupled on
Sr,Ta,0,_ N can acted as a conductive electron transport
“highway” to facilitate the charge-carrier migration for
increased photocatalytic H, production. Similarly, by using
graphene as an electron acceptor/transporter, graphene/g-
C;N, composites showed a high H, evolution rate under
visible light irradiation.” The H,-production rate of the
graphene/g-C;N, composite with the optimal graphene con-
tent exceeds that of pure g-C;N, by more than three times
under the same reaction conditions. Interestingly, the dye
molecules were also used as a photocatalyst or photosensi-
tizer to construct a graphene/dye photocatalytic H,-evolution
system.”®1 As shown in Figure 8, in this system, dye

Figure 8. Schematic illustration of the proposed mechanism for photo-
catalytic H, production on the dye molecules eosin Y —graphene/Pt
photocatalyst under visible-light irradiation.

molecules as the photocatalyst were excited to generate
electron-hole pairs under visible-light irradiation. The photo-
generated electrons on the excited dye molecules can transfer
to the surface of the co-catalyst (Pt) through graphene sheets
and then promote photocatalytic H, evolution.

To further investigate the role of graphene as an electron
acceptor in photocatalytic H, evolution, Kim et al.’”) devel-
oped a new type of self-assembled core—shell reduced nano-
sized graphene oxide (r-NGOs)/TiO, structure. The surface of
the TiO, nanoparticles in the -NGOs/TiO, composites were
well wrapped and fully contacted by r-NGOs to form the
unique core-shell nanoarchitecture. As shown in Figure 9, the

3D core—shell RGO/TiO, structure
Z T wp O
Q/ 4

TiO, loaded on the pm-size RGO

GO sheet

sssesssieiss
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Figure 9. Schematic illustration of the contact interface of the 3D
core-shell RGO/TiO, structure and TiO, loaded on micrometer-size
RGO.
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core-shell structure composite provides a three-dimensional
intimate contact and a strong interaction between r-NGOs
and TiO,, resulting in a highly efficient electron transfer on
the surface of -NGOs. As a result, an enhancement of the
photocatalytic activity in the hydrogen and photocurrent
generation was observed on the r-NGOs/TiO, composites.
This work implies that the contact area and the interfacial
interaction between graphene and photocatalysts play an
important role for graphene as an electron acceptor in
graphene-enhanced photocatalytic H, evolution.

Interestingly, the role of graphene as an electron acceptor
affects not only the transfer of electrons in graphene/semi-
conductor composites, but also shifts the conduction-band
potential of the semiconductor in the composite. Usually, for
effective photocatalytic H, evolution, the conduction-band
potential of the semiconductor should be more negative than
the reduction potential (H'/H,). Bi,WO, as an important
photocatalyst has a relatively narrow band gap and is not
a suitable candidate for photocatalytic H, evolution because it
has a less-negative conduction-band potential than H'/
H,.P%1%1 Surprisingly, Sun et al."® reported a graphene/
Bi,WO, nanocomposite as a highly efficient visible-light-
driven photocatalysts for both H, and O, generation. In this
system, the graphene in the graphene/Bi,WO4 nanocomposite
served as an electron acceptor to promote the separation of
photogenerated electron-hole pairs in Bi,WOq. In addition, in
the nanocomposite, which comprises a homogeneous disper-
sion of Bi,WO, nanoparticles on the graphene surface, the
formation of W-O-C bonds elevates the Fermi level of the
graphene/Bi, WO, composite and decreases its conduction-
band potential. The strong chemical covalent bonding facil-
itates the electronic interaction and charge equilibration
between graphene and Bi,WO4, resulting in a more negative
reduction potential than H'/H,. Therefore, a high rate of H,
production was obtained on the graphene/Bi,WO, composite
photocatalyst.

Besides the role of graphene as an electron acceptor in
semiconductor heterojunction systems, graphene can be used
as a solid-state electron mediator for water splitting in an
ingenious Z-scheme photocatalysis system. Since the first
report on a Z-scheme photocatalyst stoichiometrically split-
ting of water into H, and O, was published in 1997 by Sayama
etal. '™ Z-Scheme photocatalysis systems have demon-
strated a large potential application in efficient solar-energy
conversion.'">%! Usually, an electron-shuttle mediator
between two different photocatalysts in the Z-scheme
system plays a critical role in enhancing the efficiency of
photocatalytic splitting of water. Many efforts have been
made to develop an electron mediator (such as, Fe**/Fe*" and
1057/T" couples) for effective Z-scheme photocatalytic water
splitting system.['™ Recently, it was found that graphene
could act as a solid-state electron mediator for water splitting
in the Z-scheme photocatalysis owing to its unique electronic
features. For example, Iwase et al.l'” demonstrated that
RGO functioned as a solid-state electron mediator improving
the photocatalytic activity for a Z-scheme water-splitting
system consisting of Ru/SrTiO;:Rh and BiVO, as the H, and
O, evolution photocatalysts, respectively. As shown in
Figure 10, RGO in this Z-scheme system can transfer the
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Figure 10. Schematic illustration of the proposed mechanism of photo-
catalytic water splitting in the Z-scheme (Ru/SrTiO;:Rh)-(PRGO/
BiVO,) system under visible light irradiation. PRGO = photoreduced
graphene oxide

photogenerated electrons from the conduction band of BiVO,
to Ru/SrTiO;:Rh under visible-light illumination. Thus Ru as
the co-catalyst can catalyze the reduction of water to H, by
the electrons in Ru/SrTiO;:Rh, while the holes leaving in the
valence band of BiVO, can oxidize water to O,, accomplish-
ing a complete cycle of Z-scheme photocatalytic water
splitting. Notably, they found that the reduction extent and
the hydrophobicity of GO as an electron mediator had a great
influence on the electron transfer in the Z-scheme system.
With the right balance of GO reduction and a high level of
GO hydrophilicity, the (Ru/SrTiO5:Rh)-(RGO/BiVO,)
system showed a much higher photocatalytic H,-production
rate, than the rate obtained over the system without RGO
((Ru/SrTiO5:Rh)-BiVO,). Therefore, the balance between
the extent of GO reduction and the hydrophobicity exhibits
clear influence on the photocatalytic activity in this kind of
system. In addition, it should be noted that the contact
interface and strong interaction between photocatalyst-medi-
ator-photocatalyst are crucial for developing an effective Z-
scheme photocatalytic water-splitting system. Nevertheless,
this work shows graphene can function as an effective solid-
state electron mediator for water splitting in Z-scheme
photocatalysis systems, which provides a new way for the
design and development of efficient photocatalytic systems
for overall water splitting.

3.2. Graphene as a Co-Catalyst

Usually, the loading of noble metal (such as Pt, Au, and
Pd) onto the semiconductor surface is an efficient strategy to
improve the photocatalytic hydrogen production efficiency.
This is because these noble metals have a higher work
function than most semiconductors, promoting the transfer of
photogenerated electrons from the semiconductor to noble
metal, thereby decreasing the recombination of electrons and
holes. However, these noble metals are both expensive and
rare. Therefore, many efforts have been made to develop low-
cost co-catalysts,""'*! for example, N-graphene as a co-
catalyst in the N-graphene/CdS composites also can prevent
CdS from photocorroding in Na,S/Na,SO; solution under
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visible-light irradiation."®’ Considering the work function of
graphene and the different reduction potentials of diverse
semiconductor photocatalysts, it is still difficult to develop
graphene treatments for all the possible photocatalysts for
photocatalytic hydrogen production. Recently, Zhang et al.l*"
reported a high efficiency of the solar photocatalytic H,
production over a reduced graphene oxide (RGO)/Zn,Cd,_,S
nanocomposite. Surprisingly, the optimized RGO/Zn,3Cd,,S
photocatalyst had the apparent quantum efficiency (QE) of
23.4% at 420 nm even in the absence of noble-metal co-
catalysts, which is better than that of Pt-loaded Zn,zCd,,S
photocatalysts, with an optimized Pt content, under the same
experimental conditions. As shown in Figure 11, the RGO co-
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Figure 11. a) Schematic illustration of the charge transfer and separa-
tion in the RGO/Zn,4Cd,,S system under simulated solar irradiation.
b) Schematic illustration of the proposed mechanism for photocata-
lytic hydrogen production on the RGO/Zn0,4Cd,,S system under
simulated solar irradiation. Reprinted with permission from Ref. [61].
Copyright 2012, American Chemical Society.

catalyst played a dual role in enhancing photocatalytic H,-
production activity: the RGO sheets accumulated the photo-
generated electrons on its surface, leading to the separation of
hole—electron pairs. In addition the carbon atoms on the
surface of the RGO sheets can catalyze the reduction of H* to
H, molecule, through the accumulation of the photogener-
ated electrons they have a more negative reduction potential
than H'/H,. Subsequent photoelectrochemical measurements
further confirmed the beneficial role of RGO in enhanced
photocatalytic activity.
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3.3. Graphene as a Photosensitizer

Graphene is widely used as a support for photocatalysts to
accept and transport the photogenerated electrons from the
photocatalysts.?*11¢12l Recently, much effort has been made
for developing visible-light-responsive photocatalysts by
using graphene as a photosensitizer.'>''* For example,
Zeng et al.'*? reported that GO/TiO, nanocomposites pre-
pared by a hydrothermal method showed high visible-light
photocatalytic H,-production activity in which GO func-
tioned as a photosensitizer. The subsequent mechanism for
visible-light-driven H, evolution was proposed that GO was
photoexcited to produce the electron-hole pairs. These
excited electrons were subsequently injected into the con-
duction band of TiO, and then were transferred to the active
sites on the GO/TiO, nanocomposite for reducing water
molecules or proton to produce H,. Very recently, Li et al.'?*!
constructed ternary CdS/reduced graphene oxide/TiO, nano-
tube arrays hybrids. They found that the reduced graphene
oxide in the middle layer not only acted as an electron
acceptor, but also served as a photosensitizer for further
increasing photon capture. The above results clearly demon-
strate that graphene can serve as photosensitizer to expand
the spectral responsive range of wide-band-gap semiconduc-
tors to visible light. In fact, some theoretical calculations also
show that graphene can potentially act as a photosensitizer in
some wide-band-gap semiconductor/graphene compo-
sites.”* 13 For example, Du et al.”® used large-scale density
functional theory (DFT) calculations to study the interfacial
charge transfer between graphene and rutile TiO,. They
found that electrons could be directly excited from the upper
valence band of graphene to the conduction band of TiO,
under visible light irradiation, which was in accordance with
the experimental wavelength-dependent photocurrent gener-
ation of the graphene/TiO, photoanode. These results dem-
onstrated the photoinduced electrons in graphene could be
successfully injected into the conduction band of semicon-
ductors, thus producing the visible-light activity.

3.4. Coupling Multiple Photocatalysts with Graphene to
Construct Ternary Composites

Graphene-based binary photocatalyst composites have
many advantages over the same single photocatalyst in
photocatalytic hydrogen evolution. Recently, graphene-
based ternary composite photocatalysts have attracted a lot
of attention in photocatalytic hydrogen evolution.!'*!¥-1%]
Compared to the binary composite system, the graphene-
based ternary composites using genuine heterostructure
constituents show an enhanced photocatalytic H, production
because a favorable band alignment gives efficient separation
of charge carriers. Some graphene-based ternary systems,
such as TiO,/MoS,/graphene,"”! TiO,/Pt/graphene,™™" Cu/
TiO,/graphene,"*?)  ZnS/MoS,/graphene,'*)  CdS/TaON/
RGO, ZnO/CdS/RGO,!™*! CdS/MoS,/graphene, %7 g.
C;N,/MoS,/graphene,**! and NiS/Zn,Cd, ,S/RGO,'* have
been reported to give a significant enhancement of photo-
catalytic H, production. For example, Jia et al.'*" reported
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CdS and MoS; nanocrystals dispersed on graphene sheets as
an efficient photocatalyst for solar hydrogen production from
water splitting. It was shown that the photocatalytic H,-
production efficiency of CdS was dramatically enhanced by
using graphene and MoS, as co-catalysts. Compared to the
solar photocatalytic activity of the binary CdS/MoS, and CdS/
graphene composite photocatalysts, the H, production rate of
ternary CdS/MoS,/graphene composites was 2 and 14.7 times
greater, respectively. The reason for the enhanced photo-
catalytic activity is that the photogenerated electrons from
CdS can transfer to MoS, through the two-dimensional
carbon network of graphene, leading to the effective separa-
tion of electron-hole pairs in CdS. The photogenerated
electrons accumulating on the edge sites of MoS, can catalyze
the reduction of H* to H, on the surface of MoS,.
Subsequently, Jia et al. utilized time-resolved photolumines-
cence techniques to investigate the charge-transfer properties
at the CdS/MoS,/graphene composite interface and to con-
firm the proposed mechanism. Indeed, coupling multiple
photocatalysts with graphene to construct ternary composites
can improve the photocatalytic performance.'*"'*) However,
it should be noted that the proper choice of the constituent
photocatalyst in graphene-based ternary composites and the
strong interfacial interaction between their constituent mate-
rials are crucial for enhancing the photocatalytic properties.
The enhancement results from the formation of the beneficial
band alignment and the efficient separation of charge carriers
at different levels.

Recently, Zhang etall"® reported ternary NiS/
Zn,Cd,_,S/RGO nanocomposites with enhanced solar photo-
catalytic H,-production activity. Interestingly, in this ternary
system, the co-loading of both a water-reduction co-catalyst
and a water-oxidation co-catalyst on the Zn,Cd,_,S can
significantly improve the photocatalytic water-splitting activ-
ity. As shown in Figure 12, RGO in the ternary composite
acted as an electron acceptor and transporter to separate the
photogenerated electron—hole pairs in Zn,Cd,_.S, and an
efficient water-reduction co-catalyst to provide the reduction
active site for H, generation. NiS as an oxidation active site in
the ternary composite can accumulate the photogenerated
holes in Zn,Cd,_.S because of the effect of nanoscale p—
n junctions between NiS and Zn,Cd,_,S, and then facilitate
the consumption of the photogenerated holes by sacrificial
reagents. The subsequent electrochemical impedance spectra
and transient photocurrent response results further confirmed
that the proposed mechanism was correct. Therefore, the
a higher solar photocatalytic H,-production rate was observed
over ternary NiS/Zn,Cd,_.S/RGO nanocomposites than over
the binary NiS/Zn,Cd,_,S and Zn,Cd,;_,S/RGO nanocompo-
sites under the same measured conditions. It is noteworthy
that the H,-production rate of the ternary NiS/Zn,sCd,sS/
RGO nanocomposite photocatalyst reached 375.7 pmolh™!
with 31.1% apparent quantum efficiency at 420 nm, repre-
senting one of the most highly active metal sulfide photo-
catalysts in the absence of noble metal co-catalysts. This high
H,-production rate even exceeded the rate obtained over the
optimized Pt/Zn,5Cd,sS sample under the same reaction
conditions. This work shows that the co-loading of both water-
reduction and water-oxidation co-catalysts on the semicon-
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Figure 12. a) Comparison of photocatalytic H,-production activity of
the ZnosCdosS, NiS/ZnesCdosS, ZNgsCdysS/RGO, and NiS/ZnysCdgsS/
RGO samples under simulated solar irradiation; b) Schematic illustra-
tion of the proposed mechanism for the enhanced photocatalytic H,
production on the NiS/ZnysCdysS/RGO composite under simulated
solar irradiation; c) Transient photocurrent responses of the pure NiS,
ZnosCdosS, ZnesCdosS/RGO, NiS/ZnosCdysS, and NiS/Zn,sCdysS/RGO
samples under simulated solar irradiation. Reprinted with permission
from Ref. [139]. Copyright 2014, Wiley-VCH.

ductor is an efficient strategy to improve the photocatalytic
H,-production activity, which provides new physicochemical
insight for the design and development of graphene-based
multicomponent photocatalysts for solar-conversion applica-
tions.

In addition to the strategy of co-loading reduction and
oxidation co-catalysts on graphene-based ternary composites,
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another approach is to extend the light response from UV to
visible light and to near-infrared light by using suitable
constituent materials in graphene-based ternary composites.
Generally, visible light and near-infrared light take over 45 %
and 50 % of the solar light energy, respectively. In view of the
efficient utilization of solar energy, it is highly desirable to
develop visible-light and near-infrared-light responsive pho-
tocatalytic systems. One way to achieve this could be with
graphene-based multicomponent composites with a suitable
near-infrared-light responsive photocatalyst and a visible-
light-active semiconductor. But much effort is required for
the development of graphene-based multicomponent compo-
sites for full solar-light photocatalytic H, production.

3.5. Graphene as p- or n-Type Semiconductor in
p—n Heterojunctions

The use of p—n heterojunctions in solar cell has been
widely considered to separate light-induced electrons and
holes. In p—n heterojunctions with a space charge region, the
inner electric fields can drive the electrons and holes to move
in opposite directions, giving an effective separation of
electron-hole pairs. Thus using semiconductor composites
with p—n heterojunction may lead to enhanced photocatalytic
efficiency.'*" !l Moreover, it was found that graphene oxide
could serve as either a p-type or n-type semiconductor
because its structure and electronic properties can be tuned
by changing the composition of its oxygen functional
groups.">1 For instance, replacing oxygen functional
groups on the graphene oxide sheet with electron-donating
nitrogen functionalities can transform graphene oxide into an
n-type semiconductor. Meanwhile, graphene oxide can also
become a p-doped material because oxygen atoms have
a higher electronegativity than carbon atoms. More impor-
tantly, graphene oxides with p- or n-type semiconductor
characteristics are potential semiconductor photocatalysts for
photocatalytic H, production or water oxidation, respectively.
Recently, a visible-light-response GO/TiO, composite photo-
catalyst with a p—n heterojunction was reported, and the GO
was shown to act as either a p-type or n-type semiconductor in
the composite.'*?! By changing the GO concentrations in the
starting synthesis solutions, GO in the composite shows p- or
n-type semiconductor characteristics for wavelength-depen-
dent photocurrent conversion. Especially, when p-type semi-
conductor behavior was observed for the GO in the GO/TiO,
composite, the formation of the p—-n heterojunction in the
composite can facilitate the separation of photogenerated
carriers, resulting in enhanced photocatalytic activity.

Very recently, Wu and co-workers!'* reported a nanoscale
p—n junction photocatalyst consisting of p-type MoS, and n-
type RGO. In this study, the p-MoS,/n-RGO junction played
the main role in significantly improving the photocatalytic H,-
production activity. The proposed mechanism for the effect of
the p—n junction is illustrated in Figure 13. Under visible-light
irradiation, p-MoS, and n-RGO were excited to generate
electron-hole pairs. The photogenerated electrons from the
nanoplatelet p-MoS, with higher-energy states could be
transported to the n-RGO, while the photogenerated holes
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Figure 13. a) Comparison of the photocatalytic H,-production activity
on the three types of particulate photocatalysts, including the solitary
MoS,, the MoS,/rGO composite, and the p-MoS,/n-rGO junction;

b) Schematic illustration of the charge transfer and separation in the
p-MoS,/n-rGO photocatalysts under simulated solar-light irradiation.
Reprinted with permission from Ref. [144]. Copyright 2013, American
Chemical Society.

in the n-RGO were transported by the inner electric field of
the p—n junction to p-MoS, which has a higher valance band.
In this case, the photogenerated electron-hole pairs are
effectively separated by the p—n junction between MoS, and
RGO, resulting in the enhanced photocatalytic H,-production
efficiency. These results clearly demonstrate another poten-
tial role of RGO as a p- or n-type semiconductor in p-—
n heterojunctions for solar-energy conversion.

3.6. Graphene as a Photocatalyst

In addition to its role in graphene-based composites for
photocatalytic H, production, graphene oxide itself can also
serve as a photocatalyst for hydrogen production from water
splitting.?" 14141 Tt has also been reported that graphene
oxide can act as a p- or n-type semiconductor depending on
the degree of oxidation.'”! Therefore, the potential of
graphene oxide as a photocatalyst may be developed by
varying the oxidation level. Considering the uncontrollable
surface structure of graphene oxide at the present stage, it is
not easy to develop graphene oxide as a photocatalyst for
hydrogen production. Recently, Yeh et al.’”! reported a GO
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specimen semiconductor with a band gap of 2.4-4.3¢eV as
a photocatalyst for hydrogen production from an aqueous
methanol solution under mercury lamp illumination. It was
found that a steady evolution of H, was observed over the GO
specimen even in the absence of Pt co-catalyst. This is because
with a sufficient degree of oxidation the GO has a conduction
band edge level higher than the redox potential of H"/H,.
Under illumination, the photogenerated electrons from the
carbon atoms can be approached by protons, which are then
reduced into hydrogen molecules. Very recently, the same
group!™* reported nitrogen-doped GO quantum dots (NGO-
QDs) as an efficient photocatalyst for stoichiometrically
splitting water into H, and O, under solar light illumination.
The NGO-QDs photocatalyst with a band gap of 2.2eV
consists of stacked nitrogen-doped graphene sheets with
external oxygen functional groups. The structure gives rise to
p—n type photochemical diodes which respond to visible light.
This novel NGO-QDs construction with p-type and n-type
conductivity can catalyze H, and O, evolution from water
splitting under visible-light irradiation. Moreover, the NGO-
QDs photocatalyst is chemically stable during the photo-
catalytic process, suggesting it acts in a sustainable and
environmentally friendly way. Since the electronic properties
of graphene oxide depend on the degree of oxidation, tuning
its oxidation level is expected to enhance its activity in the
photocatalytic production of H,. However, the control of the
oxidation level of graphene oxide is a complicated process.
Further efforts have to be developed for preparing high-
quality graphene oxide sheets with tunable oxidation level.
Nevertheless, the above findings demonstrate that graphene
species, as metal-free, cost-effective, and environmentally
friendly materials, are promising photocatalysts for overall
water-splitting under solar illumination.

4. Conclusion and Outlook

In recent years much progress has been made in con-
structing graphene-based photocatalysts for solar-fuel gener-
ation. In this Review, we have summarized the recent
advances in developing efficient graphene-based photocata-
lysts for the photocatalytic reduction of CO, to hydrocarbon
fuels and the photocatalytic hydrogen production from water
splitting. Many studies have demonstrated that the introduc-
tion of graphene into various semiconductor photocatalysts
can improve the efficiency of CO, conversion and the rate of
H, production. This improvement is due to the unique 2D
structure and the excellent electronic properties of graphene
that result in the enhanced separation/migration of photo-
generated electrons and holes, extended the light absorption
range, allow noble metals to be replaced as co-catalysts and
allow graphene to catalyze the hydrogen evolution by itself.
Although considerable progress has been achieved, there are
still many challenges in the exploitation of highly activity
graphene-based photocatalysts for solar-fuel generation.

First, large-scale production of graphene-based photo-
catalysts with high and uniform quality is still challenging. As
we know, the photocatalytic performance of photocatalysts is
highly dependent on their composition and morphology. To
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achieve high performance, graphene-based photocatalysts
with controlled morphologies and compositions are required.
For example, the well-defined 2D structure of graphene
allows face-to-face orientation and an intimate contact
between layered photocatalysts and graphene sheets, which
facilitates the separation of photogenerated charge carriers,
thus enhancing photocatalytic activity in photocatalytic solar-
fuel generation.!'*”! The 3D nanostructure of graphene-based
photocatalysts can maximize the interaction between the two
composites, which will extremely enhance the conversion
efficiency of solar energy. In addition, multicomponent
graphene-based photocatalysts have a remarkable ability to
facilitate the charge separation at different levels by the
proper choice of band-gap width in the constituent materials.
Therefore, more efficient synthetic strategies need be devel-
oped for preparing graphene-based photocatalysts with
controlled morphologies and compositions for the enhanced
performance.

Secondly, the efficiencies of solar-fuel production based
on graphene-based photocatalysts are still low in most
photocatalytic systems. For the photocatalytic CO, conver-
sion, at present only a 1% solar energy to fuel efficiency is
achieved for coupled water oxidation and CO, reduction.®
One of the key factors limiting the efficiency is a lack of
suitable photocatalysts with ideal band-gap characteristics. In
contrast to CO, conversion, the photocatalytic H,-production
efficiency of graphene-based photocatalysts is relatively high.
However, the H,-production efficiency from the overall
water-splitting in pure water is still significantly below the
theoretical maxima. Most graphene-based photocatalysts for
H, evolution are based on the water-splitting half-reactions
with sacrificial reagents. Only a few graphene-based photo-
catalysts for H, evolution by overall water-splitting have been
reported. For example, Amal et al.'™ developed a (Ru/
SrTiO;:Rh)-(RGO/BiVO,) Z-scheme water splitting system,
which can reduce water to H, and oxidize water to O, for
overall water-splitting under visible light irradiation. In this
regard, the development of graphene-based Z-scheme photo-
catalysis systems is desirable to improve the photocatalytic
H,-production efficiency of overall water-splitting in pure
water.

Thirdly, the underlying mechanism of photocatalytic
activity enhancement in solar-fuel generation by graphene-
based photocatalysts is still not well understood. Especially,
the photocatalytic reduction of CO, to fuels involves multi-
electron transfer processes and various redox potentials. Thus,
a variety of products can be formed in the photocatalytic CO,
conversion by the preferential redox potentials of the photo-
generated carriers, and the products selectivity is associated
with the chemical pathways of CO, reduction. Therefore, the
functions of graphene in the photocatalytic CO, conversion
need to be better studied to improve the selectivity for the
specific fuel. Furthermore, a detailed comparison of the roles
of graphene in the photocatalytic CO, conversion and in the
widely studied photocatalytic hydrogen production from
water splitting should be carried out. Recently, graphene
has been extensively applied to improve the photocatalytic
H,-production performance and its roles in photocatalytic
hydrogen generation have been well summarized. However,
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the studies on the graphene-based photocatalysts for reduc-
tion of CO, are at an early stage and some essential functions
of graphene in the enhancement of photocatalytic CO,
conversion are not well clarified. Therefore, the comparison
of the functions of graphene in the photocatalytic CO,
conversion and H, generation is necessary for a better
understanding on the unique contribution of graphene in
these processes. In addition, the underlying mechanism of
action of graphene and its related species as a photocatalyst
for CO, reduction to methanol and H, evolution from water
splitting should be further clarified. Electrochemical analysis
has already demonstrated that graphene and its related
species can exhibit both p- and n-type conductivities by
modulating its oxidation degree. Theoretical calculations may
be able to simulate the electronic structural characteristics of
graphene and its related species, and provide us with in-depth
insight into their semiconductor properties. Nevertheless, the
deepening of our understanding of the underlying mechanis-
tic aspects should lead to substantial breakthroughs for solar-
fuel generation by graphene-based photocatalysts.
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