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Tremendous interest is devoted to fabricating numerous graphene (GR)-semiconductor composites toward
improved conversion of solar energy, resulting from the observation that the photogenerated electrons
from semiconductors (e.g., TiO,, CdS) can be readily accepted or shuttled in the two-dimensional (2D)
GR sheet. Yet although the hunt is on for GR—semiconductor composite based photoredox applications
that aim to exploit the remarkable electronic conductivity of GR, the work necessary to find out how it
could best be harnessed to improve the photocatalytic performance of semiconductors remains scanty.
In this review, we highlight a few problems associated with improving the photocatalytic performance of
semiconductors via methodological coupling with GR. In particular, we address strategies for harnessing
the structure and electronic conductivity of GR via strengthening the interfacial contact, optimizing the
electronic conductivity of GR, and spatially optimizing the interfacial charge carrier transfer efficiency.
Additionally, we provide a brief overview of assembly methods for fabricating GR—semiconductor composites
with controllable film infrastructure to meet the requirements of practical photocatalytic applications. Finally,
we propose that, only with the principle of designing and understanding GR—semiconductor composites
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from a system-level consideration, we might get better at imparting the power of GR with unique and
www.rsc.org/csr transformative properties into the composite system.

1. Introduction
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address the environmental and energy issues.>® The original
demonstration of artificial photosynthesis can date back to the
discovery of water splitting achieved under UV radiation with
TiO,.° Since then, many different photocatalyst materials, such
as semiconductors, transition-metal complexes, and so on, have
been developed and extensively studied for diverse artificial
photosynthesis processes.*'*"?

In recent years, ignited by the advent of graphene (GR),"* which
displays exceptional mechanical, thermal, optical, and electrical
properties and unique two-dimensional (2D) morphology,'**
there has been significantly increasing research interest in
utilizing GR to construct novel GR-based semiconductor com-
posite photocatalysts.'®™® The excellent electron conductivity,
unique 2D morphology and high transparency of GR make it an
ideal platform to assemble semiconductor components and accept/
transport photogenerated charge carriers, thereby improving the
efficiency of the photocatalytic processes.'*! To date, various GR-
semiconductor composite based artificial photosynthesis systems
with enhanced photocatalytic performance have been designed and
widely applied in a myriad of fields, including environmental
remediation,>>>* water splitting,>**> CO, photoreduction,>®®
and selective organic transformation.®>%3°

For the synthesis of GR-semiconductor composite photo-
catalysts, graphene oxide (GO) is often used as the precursor of
GR.">171831 The versatile multi-faces of GO in a solution phase,
such as acting as a 2D random diblock polymer, highly aniso-
tropic colloid or amphiphile, make it an unconventional 2D soft
material apart from making GR.>*”** Additionally, the abun-
dant oxygenated functional groups (e.g., -OH, ~-COOH, epoxide
together with structural defects) on the GO surface provide
anchoring points for introducing selective functionality.*®"°
These prominent features impart GO with the ample solution
processability and unique structure-directing role in inducing
the solution-phase nucleation and growth of other components
on its surface, e.g., the assembly of semiconductor (TiO,, CdS,
Zno, etc.) ingredients on GO.>****? Following the chemical,
thermal or photo-treatments, GO can be readily reduced to
GR,” ™ often referred to as reduced GO (RGO). As a result,
a variety of GR (or RGO)-semiconductor composites have been
reported for the potential applications in photocatalysis.
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Thus far, coupling semiconductors with GR is widely recog-
nized to be a viable strategy to improve the photocatalytic
performance of semiconductors because GR is an electronically
conductive 2D platform enabling the acceptance and shuttle
of photogenerated electrons from band-gap-excitation of semi-

conductors,>244¢

Consequently, the boosted lifetime and
transfer of charge carriers in the GR-semiconductor systems
contribute to improving the photocatalytic activity of semi-
conductors.'>'®?* Nevertheless, despite the massive reports
on GR-semiconductor photocatalysts,>**** we still lack a good
understanding of how to sufficiently take advantage of the
unique properties and great potential of GR, such as the
excellent electron conductivity. In particular, the significant,
in-depth fundamental studies on understanding how to maximize
the charge carrier separation and transfer efficiency across
the interfacial domain of GR-semiconductor composites have
received little attention.

This review will predominantly highlight a few problems
that need to be addressed regarding GR-semiconductor com-
posite photocatalysts, which are based on the progress made by
our group and examination of typical key advances in the
literature. First, we show that it would be irrational to ascribe
the photocatalytic activity enhancement to the ideal excellent
electron conductivity of GR for GR-semiconductor composites
that are prepared by the random integration approach. Second,
we demonstrate the strategies to harness the structure and
electronic conductivity of GR via strengthening the interfacial
contact and optimizing interface composition. In particular, the
photocatalytic activity enhancement of GR-semiconductor com-
posites is not just an issue of interfacial contact, but it is also the
optimization of interfacial composition that spatially influences
the microscopic charge carrier transfer pathways. Then, from a
viewpoint of practical applications, we describe a brief overview of
assembly methods for fabricating GR-semiconductor composite
photocatalysts with controllable film infrastructure. Finally, we
cast a personal prospect on the future progress on how to further
boost the photocatalytic performance of GR-semiconductor com-
posite materials toward more efficient solar energy conversion.
We hope that this review could help realize the key fundamental
issues in this research field that have not been well addressed yet
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in the literature, which in turn facilitates the rational processing
and property control of GR-semiconductor composite photo-
catalysts toward targeting artificial photoredox applications.

2. To be rational about a long story

An overview of the literature on GR-semiconductor composites
reveals that the photoactivity enhancement is attributed to the
excellent or superior electron conductivity of GR, which results in
the enhanced separation of electron-hole pairs photogenerated
from semiconductors (Fig. 1).">'”** However, recalling the original
concept of GR can remind us that the fact is not the case. GR is the
name given to an individual sheet of sp>hybridized carbon atoms
bound in two dimensions.”>*”*® The excellent electronic, optical
and physiochemical properties of GR are intrinsically associated
with an ideal single-layer and defect-free 2D sheet,”’° which has
been hardly realized in the reported GR-semiconductor compo-
sites because of the following fundamental reasons.

Regarding the preparation of GR-semiconductor composite
photocatalysts, the most common approach is using GO,">*%2*
synthesized from modified Hummers’ method,”" as the pre-
cursor of GR. The plentiful oxygenated functional groups on the
GO sheet enable it to disperse well in water and many other
polar solvents, providing an accessible platform to construct
GR-semiconductor composites.'®>*7>* However, the oxygenated
functionalization of GO results in considerable disruption of the
electronic structure of GR; the abundant oxygen moieties inevit-
ably break the 2D n-conjugation of original GR sheets.***¢>>>¢
Although these oxygenated groups can be removed by reduction,
large defect populations still remain, as illustrated in Fig. 2.3%>°
The electronic conductivity of GR (RGO) derived from the GO

E/V vs. NHE

ov
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Fig.1 A simplified schematic description of the photocatalytic process
over the composites of the GR—semiconductor (e.g., TiO,, CdS, and ZnO)
where due to the energy level match, GR is able to accept, store and
shuttle photogenerated electrons from semiconductors, thereby promoting
the separation and transfer of charge carriers (electron—hole pairs) for
improved artificial photoredox reactions.
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Fig. 2 (A) Colour scheme highlighting the different structural features of
RGO: light-gray, defect free crystalline graphene area; dark grey, contami-
nated regions; blue, disordered single-layer carbon networks or extended
topological defects; red, individual adatoms or substitutions; green, isolated
topological defects; and yellow, holes and their edge reconstructions. Scale
bar: 1 nm. Reprinted with permission from ref. 56. Copyright 2010 American
Chemical Society. (B) Atomic model schematically illustrating the RGO
basal plane consisting of holes, topological defects and remnants of
oxygen groups.

precursor is actually lower than ideal single-layer and defect-free
GR sheets."**%® Thus, strictly speaking, GO-derived graphene
should be named reduced GO (RGO). However, this definition is
not unambiguously unified in the literature.">>*°”>® Conversely,
once the enhanced photoactivity of RGO-semiconductor com-
posites is obtained, researchers are inclined to attribute this
photoactivity enhancement to the excellent electronic conduc-
tivity of graphene (GR) while not mentioning the significant
difference of electronic conductivity between GO-derived GR
and single-layer, defect free GR.

On the other hand, during the wet chemistry synthesis of
GR-semiconductor composites, GO-derived GR (RGO) often suffers
from irreversible aggregation, being present in the multi-layer form
or restacking into a graphitic structure.">*°°' The aggregation of
GR results in a striking change in its properties, which particularly
would further weaken the electrical conductivity and lower the
surface area and optical transparency of GR.'*'>**° Thus,
under such circumstances, whether GR actually displays the
“unique, excellent electronic conductivity” accounting for the
photoactivity improvement of semiconductors deserves careful
attention.

In 2010, Xu et al. argued that TiO,-GR composite photo-
catalysts, obtained via a random ‘“hard” integration of solid
TiO, nanoparticles and GO followed by reduction of GO to GR,
are in essence the same as other TiO,-carbon (carbon nano-
tubes, fullerenes, and activated carbon) counterparts with regard
to enhancing the photoactivity of TiO,."* The key features for the
prepared TiO,-GR nanocomposites, including the increased
adsorptivity of pollutants, enhanced light absorption intensity
and extended light absorption range, promoted charge separa-
tion and transportation, and decreased photocatalytic activity
with high content of GR, can also be observed in their counter-
parts of TiO,-CNT prepared via the same approach. This work
was reported since that GR has trigged a ‘“gold rush” for
exploiting its potential applications in both experimental and
theoretical areas. It reminds researchers to rationally evaluate
the role of GR in the as-fabricated GR-based nanocomposites

This journal is © The Royal Society of Chemistry 2014
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instead of separately emphasizing the unique and outstanding
properties of GR.™

Indeed, this issue was pertinently discussed by the editorials in
Nature in 2011,%* which was based on a meeting on “Graphene:
The Road to Applications”. Though GR has remarkable properties,
we are still not fully clear about how these intriguing charac-
teristics can be best harnessed, and this situation is more
prominent in the field of GR-semiconductor composite based
artificial photocatalysis.®® The random integration of GR with
semiconductors cannot manifest the unique and prominent
advantages of GR over its forebears (e.g., carbon nanotubes) in
enhancing the semiconductor photoactivity.'* It would not be
objective to attribute the photoactivity improvement to a little
vague but “panacea” words of the unique, excellent electronic
conductivity of graphene (GR), a name widely and loosely
used in the literature.”>™*® The electronic conductivity and
mobility of GR changes dramatically when it interacts with
the surrounding environment or its structure and morphology
are changed. GR, even in the ideal state, is just a very promising
material, not a miracle one.®® It is crucial to identify and
acknowledge many practical hurdles for fabricating the GR-
based devices.

But this should not necessarily be discouraging. Looking
back at the history of materials science, for any new materials,
it typically takes 20 years or more to emerge from the lab and be
commercialized.®® In this sense, the construction of the next-
generation of photocatalytic systems based on GR-semiconductor
composites, which potentially are able to integrate conversion,
storage of solar energy and accomplishing multistep photocatalytic
processes, would take a much longer time than people think and
we should be more rational about this long story.

3. How to maximize the interfacial
charge carrier transfer efficiency

As the proverb goes, every coin has two sides. For the prepara-
tion of graphene-semiconductor composite photocatalysts, the
GO-derived graphene (aka RGO) is more defective and less
conductive; however, owing to the low cost, facile preparation
and flexible solution processability of GO, RGO is able to be
made in bulk and is widely used in many architecture forms
catering to the need of potential applications."”™>* In contrast,
the high-quality, unoxidized GR, as generally prepared by
micromechanical cleavage or chemical vapor growth, has few
or no defects, but this type of GR cannot be made in large
quantity and particularly the relatively low solution processa-
bility hampers its wide use in the wet chemistry synthesis of
GR-semiconductor composite photocatalysts.">"® Therefore, to
achieve efficient GR-semiconductor composite photocatalysts
independent of which type of GR is adopted, we should best
bring the advantageous property side of GR into full play and
simultaneously alleviate its intrinsic disadvantages, thereby
maximizing the net efficiency of improving the photoactivity of
GR-semiconductor composites rather than imposing “panacea”
praise on the unique and superior excellent electronic conductivity

This journal is © The Royal Society of Chemistry 2014
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of GR. To this end, tremendous effort has been devoted to
exploring multifarious strategies to harness the structure and
electronic conductivity of GR by maximizing the interfacial charge
carrier transfer efficiency, which has proven to be effective to
enhance the semiconductor photoactivity.

3.1 Strategy to optimize the electronic conductivity of
graphene

3.1.1. Decreasing the defects of graphene. To use defect-
free and aggregation-resistant graphene would be a straight-
forward strategy to exploit the outstanding electronic properties
of graphene. Inspired by the solvent dispersion of carbon nano-
tubes, Coleman et al. have reported the noncovalent solution-
phase methods to give defect-free or defect-few graphene by
exfoliating graphite powder in a suitable solvent with appro-
priate surface energy matching that of graphene,®®” which is
referred to as solvent-exfoliated graphene (SEG).

Decreasing the defect density of graphene has been evidenced
to contribute to improving the photoactivity of semiconductors
by recent research works.’®®® For instance, Hersam et al. have
reported the utilization of SEG to prepare SEG-TiO, nano-
composites, which display enhanced photocatalytic activity.®®
In this work, the SEG was produced via ultrasonic treatment of
natural graphite in N,N-dimethylforamide (DMF). Fig. 3B dis-
plays the typical Raman spectroscopy of the resulting SEG and
the solvent-reduced graphene oxide (SRGO) obtained from the
reduction of GO, from which it can be calculated that the
intensity ratio of the D and G bands (Ip/Is) for SEG is 0.17,
which is much lower than 0.82 for SRGO.®® Due to the Ip/Ig
being a measure of the relative concentration of local defects or
disorders (particularly the sp® hybridized defects) compared to
the sp® hybridized graphene domains,®®°® the lower Ip,/I; value
of SEG indicates that it has a much lower defects density.
Fig. 3A shows that the sheet resistance of SRGO films was on
average 2.4 times higher than SEG films at the same areal mass
density, which is consistent with its higher defect density. The
results indicate that the defect has a significant influence on
the electrical conductivity®® and would change the properties of
graphene.”® The photocatalytic activity of the SEG-TiO, and
SRGO-TiO, nanocomposites at various compositions has been
evaluated via acetaldehyde (CH3;CHO) photooxidation and
CO, photoreduction reactions. As shown in Fig. 3C, the photo-
activities achieved over the optimal SEG-TiO, nanocomposites
are ca. 3.0 times and 2.3 times as high as those of the optimum
SRGO-TiO, counterparts under visible light irradiation in
terms of the oxidation rate and the produced rate of methane,
respectively.

In another work, Xu et al. fabricated a series of graphene
(SEG and RGO)-TiO, nanocomposites following a facile “soft”
chemistry approach using SEG and GO as the precursors of
graphene, respectively.®® Toward selective oxidation of different
benzylic alcohols and allylic alcohols under visible light
irradiation, the as-synthesized SEG-TiO, nanocomposites also
display higher photoactivities than their counterparts of RGO-
TiO,, as shown in Fig. 3D. This is mainly because the SEG sheet
with lower defect density and sheet resistance has superior

Chem. Soc. Rev., 2014, 43, 8240-8254 | 8243
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Fig. 3 (A) Sheet resistance of SEG and solvent-reduced graphene oxide (SRGO) thin films formed via vacuum filtration as a function of mass density;
(B) intensity-normalized Raman spectra of SEG and SRGO films annealed at 400 °C for 30 min in air; and (C) photocatalytic activity of SEG-P25 and
SRGO-P25 nanocomposites toward (top panel) pseudo-first-order CHzCHO photo-oxidation and (bottom panel) CO, photoreduction under ultraviolet
(365 nm) and visible illumination. Reprinted with permission from ref. 68. Copyright 2011 American Chemical Society. (D) Photocatalytic selective oxidation
of benzyl alcohol to benzaldehyde over the TiO,—SEG and TiO,—RGO nanocomposites under visible light irradiation for 4 h at room temperature (the values
of x-axis are short for the weight addition ratios of GR). Reprinted with permission from ref. 69. Copyright 2012 Royal Society of Chemistry.

electronic coupling to semiconductors, which allows photo-
excited energetic electrons to diffuse farther from the graphene-
semiconductor interface, facilitates the separation and transfer of
photogenerated charge carriers, and thus enhances the photo-
catalytic performance.®®®® These research studies faithfully
demonstrate that the use of SEG with a lower defect density
as the precursor of graphene can further improve the photo-
activity of graphene-semiconductor nanocomposites. However,
the low solution processability and difficulty of production in
large quantities with high quality significantly limit the research
interest in the use of SEG for constructing GR-semiconductor
composites for photocatalytic applications.

3.1.2. Constructing graphene-based 3D macrostructures.
Despite the relatively high defect density of RGO, considerable
interest has been paid to utilize GO as the precursor of GR to
fabricate a myriad of RGO-semiconductor composite photo-
catalysts because of the easy, flexible processability and
structure-directing role of GO in a solution phase.”*””* The
physiochemical and electronic properties of RGO can be readily
tuned by architectural engineering of the structure and morphology
of RGO.”*7® Numerous methods, including self-assembly,”® "
template guided growth,”®%27%° solvothermal reaction,*"”*:8¢:87
organic sol-gel reaction and LightScribe patterning
technology,”’®> have been developed to transform the 2D
RGO sheets into 3D macroscopic structures (e.g., porous films,

88-90

foams, aerogels, scaffolds and networks). For more details,
please refer to the recent review articles, which have summarized

8244 | Chem. Soc. Rev., 2014, 43, 8240-8254

and discussed these methods in detail.”*** The construction of
3D graphene affords a feasible approach to ameliorate the
structural and electronic properties of graphene, by which the
photocatalytic performance of RGO-semiconductor composites
is optimized. Additionally, the 3D architectures impart other
favorable properties, such as a large accessible surface area,
aggregation resistance, interconnected conductive frameworks,
fast mass kinetics and a special microenvironment.*"%*
Notably, the overall photocatalytic performance of graphene-
semiconductor composites is not the only issue of the electronic
conductivity contribution of graphene to improving the charge
carrier separation and transfer. Other factors, e.g., the surface
area, mass transfer kinetics and local ensemble environment,
could have a synergistic influence on the photocatalytic redox
processes. Therefore, the fine-tuning of 3D structural morphology
of RGO represents a versatile strategy for the optimization of
photoactivity of RGO-semiconductor composites for a given
target reaction.

For example, Zhang et al. have recently reported the fabrica-
tion of 3D-structured TiO,/RGO aerogel (GA) nanocomposites via
a simple one-step hydrothermal method,** which uses glucose as
the linker and face-controlling agent to produce (001) facets and
a mesoporous structure on TiO,, as illustrated in Fig. 4A and B.
During the hydrothermal process, the hydroxyl groups at one
end of glucose connect with GR while the hydroxyl groups at the
other end connect with the TiO, facets, facilitating the in situ
growth of ultradispersed TiO, nanocrystals on the GA surface

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 (A) Appearance illustration of TiO,—GAs involving glucose; (B) glucose-linked transformation pathway for the in situ growth of TiO, nanocrystals
with (001) facets on the GA surface; (C) SEM image of TiO,—GAs (67 wt%) synthesized in the presence of glucose; and (D) cycling photodegradation of
methyl orange (MO) under simulated solar light irradiation (with an AM 1.5 air mass filter). Reprinted with permission from ref. 41. Copyright 2014

American Chemical Society.

and affording strong interactions between TiO, and GA. The
resulting 3D TiO,-GAs exhibit obvious hydrophobic properties
and massive appearance (Fig. 4A), which is beneficial for the
recycling of the catalyst for photocatalytic applications. Fig. 4C
shows the typical SEM image of TiO,—-GAs. The TiO,-GAs display
a macroporous structure and the surface area of TiO,-GAs can
be up to 204 m> g~ *. The hierarchical channels and high specific
area are able to improve the adsorption of organic pollutants.
In addition, the introduction of conductive GAs into the matrix
of TiO, enhances the electrical conductivity of TiO,-GAs as
compared to pure TiO, and facilitates the electron transfer of
the TiO,~GA composite. Thus, the TiO,-GAs display highly active
and recyclable photocatalytic performance toward degradation
of methyl orange pollutant (Fig. 4D), which can be ascribed to
the synergetic effects of the strong interaction between TiO,
and GAs, facet characteristics, high electrical conductivity, large
surface area, massive appearance and hydrophobic properties
of the TiO,-GA composites.

3.2 Strategy to strengthen the interfacial contact between
graphene and semiconductors

3.2.1. Utilizing the ‘“structure-directing” role of GO for
in situ growth of semiconductors. Considering that the photo-
generated charge carrier transfer predominantly occurs across
the interfacial domain in GR-semiconductor composite systems,
maximizing the interfacial contact between GR and the photo-
active semiconductor is another strategy for harnessing the
electronic conductivity of GR. The inherent oxygenated func-
tionality endows GO with the unique structure directing role in

This journal is © The Royal Society of Chemistry 2014

a solution phase, which allows for the even nucleation and
growth of other components on the 2D sheet of GR, resulting in
the controllable synthesis of GO-derived GR-semiconductor
composites.'>*826

In the case of using GO as the precursor of GR, two kinds of
wet chemistry methods have been widely adopted to fabricate
GR-semiconductor composite photocatalysts. One is the soft
integration of GR with a soluble precursor of semiconductors
instead of solid semiconductor particles. For this method, the
“structure-directing”’ role of GO is used to induce the in situ
anchoring of semiconductor particles in a solution phase.*>%>%°
The RGO-semiconductor composites obtained by this soft
method often have good interfacial contact and a unique
structure or morphology composition. For example, Sow et al.
have reported that GO plays an essential role in the transition
of the growth mechanism of Cu,O from conventional ion-by-
ion growth to non-classical particle-mediated crystallization
under hydrothermal conditions, resulting in RGO-conjugated
Cu,O nanowire 3D mesocrystals.”” Li et al. have reported the
fabrication of CdS-cluster-decorated graphene nanosheets
through a facile one-step in situ solvothermal strategy, during
which the addition of GO changes the structure and morpho-
logy of the CdS semiconductor.”® As shown in Fig. 5A and B,
blank CdS shows a significant aggregation of small nanoparticles,
and the diameters of the spherical CdS particles are around
100 nm. However, for the CdS-GR nanocomposite (GC), the much
smaller CdS clusters are uniformly and tightly spread on the
graphene with intimate interfacial interaction, forming a large
layered structure. Fig. 5C displays the activities of photocatalytic

Chem. Soc. Rev., 2014, 43, 8240-8254 | 8245
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Fig. 5 SEM images of (A) blank CdS (GCO0) and (B) CdS-1% GR (GC1.0);
(C) comparison of the visible light photocatalytic activity of samples GCO,
GCO0.5, GC1.0, GC2.5, GC5.0, GC40, and G for H, production using 10 vol%
lactic acid agueous solution as a sacrificial reagent and 0.5 wt% Pt as a
co-catalyst (A > 420 nm); and (D) schematic illustration of the charge
separation and transfer in the graphene—CdS system under visible light
irradiation. Reprinted with permission from ref. 98. Copyright 2011, American
Chemical Society.

hydrogen production under visible light irradiation using Pt as
a co-catalyst, which shows that the introduction of an appro-
priate amount of GR remarkably enhances the photoactivity of
the CdS-GR nanocomposites. The higher photocatalytic activity
of CdS-GR arises from the positive effect of GR, which serves as
an electron collector and a source of active sites. The electrons
photogenerated from the conduction band of semiconductor
CdS not only transfer to the co-catalyst of Pt, but also to the
carbon atoms on the graphene sheets, which are accessible to
protons that could readily transform to H, (Fig. 5D).%®
Additionally, by harnessing the unique and versatile
structure-directing features of GO in a solution phase, Xu
et al. have constructed RGO-TiO, composites with intimate
interfacial contact, which exhibit significantly higher visible
light photoactivity toward selective oxidation of alcohols
than their counterpart with poor interfacial contact.”® Further
encouraging results are the simultaneous morphology control,
defect engineering and photoactivity tuning of semiconductor
ZnO by utilizing the surfactant properties of GO in a liquid
phase.’® By varying the amount of GO during the synthesis, the
morphology of ZnO evolves from a one dimensional prismatic rod
to a hexagonal tube-like architecture, as shown in Fig. 6A and B.
The significant effect of GO on controlling the morphology of ZnO
structures is aroused from the abundant functional groups (e.g,
—-OH and -COOH) attached to its basal plane, which can favorably
bind to the metal ions and change the kinetics of nucleation and
growth of ZnO crystals, thus enabling GO to perform as a novel
macromolecular surfactant. In addition, the ZnO crystals directly
grown on the graphene sheets also lead to the intimate spatial
interaction between the graphene network and ZnO (Fig. 6C).
The good interfacial contact and unique structural composition
are more advantageous for the separation and transfer of
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Fig. 6 SEM images of (A) a blank ZnO dumbbell-shaped (DB) rod and (B) 3 wt%
RGO-ZnO (the inset is the SEM image at higher magnification); (C) TEM
image of 3 wt% RGO-ZnO; and (D) photocatalytic reduction of Cr(vi) over
the blank ZnO DB rod and RGO-ZnO nanocomposites under visible
light irradiation (A > 400 nm). Reprinted with permission from ref. 99.
Copyright 2014 Royal Society of Chemistry.

photogenerated charge carriers, leading to the photoactivity
improvement more effectively, as displayed in Fig. 6D.

3.2.2. Tuning the surface charge for self-assembly construc-
tion of graphene-semiconductor. This method is based on the
substantial electrostatic interaction between GO or GR and
semiconductors with opposite surface charge, which is often
used as a versatile bottom-up nanofabrication technique,'®**
as exemplified in Fig. 7A."%" The issue of strengthening interface
contact can be assisted by the surface modification. The specific
advantage of this approach over the above-mentioned method is

120 C for12h
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Fig. 7 (A) Schematic flowchart for electrostatic self-assembly of ZnO-RGO
nanocomposites; (B) TEM image of ZnO-10% RGO; and (C) recycling photo-
catalytic degradation of Rhodamine B (RhB) over ZnO, ZnO-10% RGO and
Zn0O-10% RGO-H prepared by hard integration under UV light irradiation
(4 = 350 £ 15 nm) at room temperature in the aqueous phase. Reprinted
with permission from ref. 101. Copyright 2014 Royal Society of Chemistry.
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controlling the morphology of GR-semiconductor composites
in a uniform manner by pre-selection of semiconductors with
desirable architectural morphology.'®"** In addition, this synthesis
method also enables the photoactivity comparison to be carried out
in a framework in which morphology difference between bare
semiconductors and semiconductors in GR-semiconductor
composites is excluded,'* %! whereas this cannot be strictly
ruled out in the above case. Using this self-assembly method,
Xu et al. have reported the synthesis of ZnO-RGO composites,
which display uniform, well-controlled morphology, good inter-
facial contact and improved photoactivity as shown in Fig. 7B
and C.'*" The intimate surface coating with GR even improves
the anti-photocorrosion of semiconductor ZnO in the aqueous
phase more effectively than ZnO-RGO-H composites with poor
interfacial contact (Fig. 7C). The improved photoactivity and
anti-photocorrosion of ZnO-RGO can be attributed to the
following: (i) the intimate interfacial contact between ZnO
and RGO is favorable to utilize the excellent electron conduc-
tivity of GR to transfer the photogenerated charge carriers and
lengthen the lifetime of charge carriers more effectively; (ii) the
package of ZnO with RGO could amplify the role of RGO for
passivating the ZnO surface and working as a protective shield
to avoid the photocorrosion of ZnO, whereas this effect cannot
be obtained over ZnO-RGO-H due to poor interfacial inter-
action; and (iii) the introduction of RGO could adsorb RhB
molecules through n-n conjugation between the dye and
aromatic regions of RGO, and the RhB molecules will directly
react with photoinduced holes which would compete with the

o0 . . '
0 2 Time (min) % »
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photocorrosion processes, resulting in the improvement of
anti-photocorrosion.

Apart from ZnO, some other GR-semiconductor nano-
composites have also been reported by this surface charge modified
electrostatic self-assembly approach. For example, Park et al.
have prepared TiO, nanoparticles (NPs) coated with GR by the
self-assembly of positively charged TiO, with negatively charged
GO nanosheets followed by a reduction of GO to GR (Fig. 8A).*°
The GR-TiO, NPs exhibit improved visible light photoactivity
toward degradation of methylene blue (MB), as shown in Fig. 8B.
This can be attributed to the tight coating of TiO, with GR, which
narrows the bandgap of the hybrid material, enhances the
absorption of visible light and allows more efficient transfer of
photogenerated electrons from excited MB to TiO, NPs through
graphene nanosheets.'®

Analogously, Lu et al. have fabricated the BivO,~RGO nano-
composites with efficient interfacial contact by self-assembly of
amine-functionalized BiVO, powders with GO, followed by a
one-step GO reduction and BiVO, crystallization via hydro-
thermal treatment.'® The adequate interfacial interaction between
BiVO, and RGO not only improves the photogenerated charge
carrier separation efficiency, but also prevents the aggregation of
BiVO, particles during the hydrothermal crystallization process
(Fig. 8C and D). Consequently, the BiVO,~RGO nanocomposites
exhibit high visible light photocatalytic efficiency for the degra-
dation of model dye, and are significantly superior to bare
crystalline BiVO, and BiVO,-RGO-U that is hydrothermally
synthesized using the mixture of GO nanosheets and BiVO,

25] —a-BNOGO e ibxi0’
|-+-8nNo, 8- BIVO,-1GO-U k=218x10*
—o—BiVO4-rGO-U 20{ —%BNO, 4 ket7exi0

—4—BiVO,1GO
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T T T T T T

)
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Fig. 8 (A) SEM image of GR-TiO, NPs; (B) photodegradation of MB under visible light irradiation (1 > 420 nm) by (a) P25, (b) bare anatase TiO, NPs,
(c) GR-TiO, NPs (two-step hydrothermal), and (d) GR-TiO, NPs. Reprinted with permission from ref. 100. Copyright 2012, John Wiley & Sons, Inc. SEM
images of (C) BiVO,-RGO-U and (D) BiVO4-RGO; (E) photodegradation of rhodamine B (RhB) under visible light (4 > 400 nm) over the bare BiVO,,
BiVO4—RGO-U, and BiVO4—RGO photocatalysts; and (F) the cumulative hydrogen yield obtained using the pristine BTO and the RGO-BTO composite
catalysts with RGO content varied from 0.25 wt% to 6 wt%. The results presented in this bar graph are obtained in the presence of a water/methanol
mixture with 250/50 (v/v) composition and UV-vis illumination continuously over a period of 130 minutes. Reprinted with permission from ref. 106 and 107.

Copyright 2014, 2014, American Chemical Society.
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powders without modification of surface charge (Fig. SE).
In addition, in a very recent study of Subramanian et al., RGO-
Bi,Ti,O, (BTO) nanocomposites were prepared via the same
method.'”” Owing to the better interfacial contact between RGO
and BTO through the self-assembly approach and the unique
ability of the RGO to promote charge transport, the RGO-Bi,Ti, O,
also displays improved photoactivity and sustainable photostability
toward the photocatalytic H, evolution reaction (Fig. 8F). These
literature reports demonstrate that to alleviate the rapid recombi-
nation of photoinduced electron-hole pairs in the excited states
that significantly lower the efficiency of semiconductor photo-
catalysis,"®'® strengthening the interfacial contact between GR
and semiconductors to maximize the interfacial charge carrier
transfer efficiency can be a promising strategy to improve the
semiconductor photoactivity in a more effective way.

3.3 Systems materials engineering of
graphene-semiconductor composite photocatalysts

The above strategies primarily rely on the better utilization of
electronic conductivity of GR by either improving the electronic
conductivity of GR or strengthening the interfacial contact
between GR and semiconductors, thereby boosting the photo-
activity for specific photoredox reactions.*'*>%%°%1% Nevertheless,
these strategies often focus on only investigating the isolated
constituents instead of optimizing the entire system of GR-
semiconductor composites.*'**%%%91% Recently, the development
of modern materials science has strongly suggested that investi-
gating isolated components within a device or catalyst system is
no longer sufficient to solve challenges involved in the develop-
ment of an environmentally benign energy infrastructure.'*%°
To design an efficient artificial photosynthetic materials system,
the integration of individual components into a complete and
functioning system while simultaneously optimizing the resulting
interfaces is needed.'*®' As displayed in Fig. 9, the systems
materials engineering triangle schematically illustrates the impor-
tance of system-level planning of the research effort starting from
individual components and followed by interface optimization.'*®

These insightful perspectives enlighten us that the optimi-
zation of the overall photocatalytic performance for a specific
GR-semiconductor composite system should be at the system level
which particularly accentuates the study of interactions of individual
components integrated in the entire composite system. In parti-
cular, in order to utilize the electronic conductivity of GR toward
improving the separation and transfer of photogenerated charge
carriers, it is highly crucial to optimize the interfacial composition
of GR-semiconductor composites. In this regard, Xu et al have
recently proposed a conceptually new strategy to improve the
photoactivity of GR-semiconductor CdS composites via the addition
of a tiny amount of metal ions (M = Ca**, Cr*, Mn*", Fe**, Co™",
Ni**, Cu®*, and Zn*") into the interfacial layer to optimize the
interfacial composition, while the intimate interfacial contact is
maintained (Fig. 10A)."* The roles of metal ions are two-fold. The
first is to act as “generic interfacial mediator” to boost the lifetime
and transfer efficiency of photogenerated charge carriers from CdS
to the GR sheet. The CdS-(GR-M) composites exhibit significantly
enhanced photoactivity compared to the optimal CdS-5%GR
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Fig. 9 Systems materials engineering triangle. Reprinted with permission
from ref. 109. Copyright 2012 Nature Publishing Group.

(Fig. 10B and C). The second role is to partially counterbalance
the negative light “shielding effect” of GR induced by the higher
weight addition of GR. The optimal weight addition ratio of GR in
CdS—-(GR-M) is remarkably increased to 10% and even 30% in
comparison with the optimal CdS-5%GR. In addition, among the
optimal CdS-(GR-M) (M = Ca”*, Cr*', Mn™", Fe**, Co™", Ni**, Cu™,
and Zn*") nanocomposites, the modest difference in the photoca-
talytic activity of these samples could be primarily explained by the
differences in the contents, microscopic distribution, and intrinsic
electronic property of the metal ions as interfacial mediators
between GR and semiconductor CdS,™*° which result in the different
degrees in prolonging the lifetime and enhancing the transfer of
charge carriers, and thus different photocatalytic performances.

Therefore, the strategy of using metal ions as interfacial med-
iators manifests the feasibility of promoting the photoactivity of a
GR-semiconductor composite by optimizing the system from the
angle of the systems materials engineering concept."*® The signifi-
cant issue of improving the photoactivity of GR-semiconductor
composites is not just an issue of tighter connection or intimate
interfacial contact between GR and semiconductors, but it is also
the optimization of the atomic charge carrier transfer pathway
across the interface."'® However, in addition to interface optimiza-
tion, the consideration of optimizing individual components, ie.,
GR and semiconductors, has not been performed yet, which can be
further extended and developed, and this would significantly
harmonize the entire GR-semiconductor composite system toward
unprecedented photoactivity improvement.

4. Assembly of graphene—
semiconductor composites with
controllable film infrastructure

In most practical applications, the fixation of semiconductor
photocatalysts on specific substrates to form films is required."**'*>

This journal is © The Royal Society of Chemistry 2014
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Fig. 10 (A) Flowchart illustrating the fabrication of CdS—(GR-M) (M = Ca?*, Cr®*, Mn?*, Fe2*, Co?*, Ni**, Cu?*, and Zn?*) nanocomposites in which
metal ions are introduced to the interfacial layer matrix between GR and semiconductor CdS; photocatalytic performance of blank CdS, CdS—-GR, and
CdS—(GR-M) (M = Ca®*, Cr®*, Mn?*, Fe?*, Co?*, Ni®*, Cu?*, and Zn®*) nanocomposites with different weight addition ratios of GR for (B) photocatalytic
selective oxidation of benzyl alcohol under visible light (2 > 420 nm) for 2 h and (C) selective reduction of 4-nitroaniline under visible light irradiation
(A > 420 nm) for 80 min. Reprinted with permission from ref. 110. Copyright 2014 American Chemical Society.

A fixed photocatalytic system allows for the continuous use of
the photocatalysts for processing target reactions in gas and
liquid phases while alleviating the drawback of post-process
filtration coupled with powder catalyst recovery and regenera-
tion.""** Although various GR-semiconductor composites for
extensive photoredox processes have been reported,'***°7123
it is challenging to make uniform GR-semiconductor compo-
site films with controllable film thickness and architecture,
which are of paramount importance to meet the photocatalytic
application requirements.*?

Liu et al. have recently fabricated GR-semiconductor CdS
quantum dot (QD) composite film photocatalysts using the layer-
by-layer (LbL) self-assembly approach, known as a versatile
bottom-up nanofabrication technique with simple benchmark
operation (Fig. 11A)."" The judicious integration of semiconductor
CdS QDs with GR nanosheets (GNs) in an alternating manner
shows that the GN films with thickness of several nanometers
along with monodispersed deposition of semiconductor CdS in
the nanometer regime on GNs have been achieved simultaneously.
The architecture, photoelectrochemical and photocatalytic pro-
perties of GNs-CdS QD films can be tuned by simple control of
deposition cycles. As shown in Fig. 11B and C, the loading density
of CdS QDs on the surface of GNs varies substantially with the
deposition cycles, indicating that the amount of CdS QDs during
the LbL self-assembly process can be tuned by deposition cycles.
Fig. 11D shows the transient photocurrent responses for CdS QDs,
GNs, and (GNs-CdS QDs), (z = 1, 5, 10, 15, 20) multilayered films
under visible light irradiation and under zero bias conditions. It is
seen that the photocurrent of the GN-CdS QD multilayered films
also changes with the number of deposition cycles and reaches
a maximum at 15 cycles, which is caused by the competition
of photon absorption between CdS QDs and GNs. In such a

This journal is © The Royal Society of Chemistry 2014

hybrid film, the large and flat GNs not only perform as a
support substrate for the immobilization of CdS QDs, but also
serve as an electron mediator to separate and shuttle photo-
generated electron-hole pairs. Consequently, the as-synthesized
multilayered film composites show higher photoactivities toward
selective reduction of nitroaromatic compounds under visible
light than pure CdS QD film as exemplified in Fig. 11E.'*

This work is a forward step to meet the application require-
ments of GR-semiconductor photocatalysts. However, it is worth
noting that (i) the respective composition ratio in GN-CdS QD
films is not optimized and (ii) the interfacial composition optimi-
zation has not been considered.'" Therefore, the photoactivity for
nitro reduction over GN-CdS QD films is much lower than that
reported by Xu et al.™'® To envision that the generic interfacial
mediator strategy (e.g., introducing metal ions or other hetero-
atoms into the interfacial domain), proposed by Xu et al.,'*°
may be rationally grafted with the controllable film architecture
proposed by Liu et al.,"* the highly efficient GR-semiconductor
film photocatalyst with tunable photoelectronic properties would
be wisely integrated in an optimal system level,'*® as depicted
in Fig. 11F.

Additionally, other synthetic routes, e.g., electrophoretic
deposition,'*%12° Langmuir—Blodgett deposition 130131 yacuum
filtration,'**"*? solutlon casting,"** drop casting,"*® dip coating,"**
and spin coating,"” have also been adopted to fabricate con-
ductive GR films with large-area uniformity and high-quality.
In particular, some of these methods have been reported to
fabricate GR-semiconductor film photocatalysts with improved
photoactivities (Table 1). Coupling with rational interfacial
optimization and consideration of individual GR or semi-
conductors, it is conceivable to integrate the intrinsic outstanding
properties of GR and semiconductors within the film structure,
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Fig. 11 (A) Schematic illustration for LbL bottom-up self-assembly of GN-CdS QDs, pure GNs, and pure CdS QD multilayered films; TEM images of
GN-CdS QD composite film with (B) one and (C) five deposition cycles peeled off from FTO substrate; (D) transient photocurrent responses of CdS QDs
and GN films with five deposition cycles, and (GNs—-CdS QDs),, (n = 1, 5, 10, 15, 20) multilayered films; (E) photocatalytic performance of CdS QD film
(15 cycles), as-assembled GN-CdS QD composite film (15 cycles), and calcined GN-CdS QD composite films (15 cycles) for selective reduction of
4-nitroaniline under visible light irradiation (1 > 420 nm). Reprinted with permission from ref. 113. Copyright 2014 American Chemical Society.
(F) Proposed fabrication of (GNs—M)-CdS QD films with metal ions or other heteroatoms as interfacial mediator.

Table 1 Some recent reports of graphene-based nanocomposite film toward target photocatalytic applications

Synthetic Composite Photocatalytic activity
method photocatalyst Light source Photocatalytic applications enhancement Ref.
Spin-coating GR-TiO, UV light, 40 W cylindrical Degradation of MB 2-fold of blank TiO, 114
black light bulb
GO-TiO, UV/vis light, 20 W UV and Degradation of MB UV light, 2.3-fold of blank TiO, 115
fluorescent lamps Vis light, 2.2-fold of blank TiO,
GR-TiO, UV light, 250 W high-pressure Degradation of Reactive No reference photocatalyst 116
mercury Brilliant Red dye X-3B
GR-La; _,Sr,MnO; UV-vis light, 300 W xenon Degradation of acid red 3GN  1.6-fold of P25 and 1.3-fold of 117
lamp LaMnO;
GR-TiO, UV light, 20 W black-light Degradation of acid red MB 2.5-fold of blank TiO, 118
(UVA) lamps
Dip-coating GR/Fe**-TiO, UV/vis light Degradation of and UV light, 2.3-fold of blank TiO, 119
formaldehyde Vis light, 2-fold of blank TiO,
Electrophoretic GR-TiO, Vis light, 35 W xenon lamp Degradation of MB 1.6-fold of TiO, nanotube array 120
deposition nanotube array
Electrostatic GR-ZnO UV light (0.6 mW cm™?) Degradation of MB 1.3-fold of blank ZnO 121
spray deposition
Drop-casting GR-TiO, UV light, mercury lamp Degradation of RhB 1.7-fold of blank TiO, 122
GR-TiO, Solar light Photoinactivation of 7.5-fold of blank TiO, 123
Escherichia coli bacteria
GR-WO; Vis light, 110 mW cm 2 Photoinactivation of 5-fold of blank WO, 124
mercury lamp bacteriophage MS, viruses
GR-TiO, UV light, 450 W Xe lamp Degradation of 2,4-p 4-fold of blank TiO, 125
Vacuum filtration GR/p-THPP Vis light, 500 W Xe lamp Degradation of RhB and MB  RhB, 2-fold of blank p-THPP 126
MB, 2.1-fold of blank p-THPP
Radio frequency GR-TiO, UV light, 100 W mercury Degradation of MO 1.2-fold of blank TiO, 127
(RF) magnetron lamp
sputtering

Note: MB is methylene blue; RhB is rhodamine B; MO is methyl orange; 2,4-D is 2,4-dichlorophenoxyacetic acid; and p-THPP is porphyrin
(meso-tetra( p-hydroxyphenyl)porphyrin).
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and thus the efficient GR-semiconductor film photocatalyst with
robust structural and functional infrastructure for practical
applications would become available in the future.

5. Conclusions and future outlook

There is no doubt that graphene has an impressive set of
properties and holds great potential in many fields, including
the area of energy conversion and storage. Coupling graphene
with semiconductor materials in a suitable manner provides us
with promising opportunities to design the next-generation
artificial photosynthesis systems with high performance. However,
after passing the zenith of praise on GR, it should be increasingly
rational to be conscious of the high importance of focusing on
how to sufficiently unleash the fascinating properties of GR,
particularly for the electronic conductivity, in GR-semiconductor
composites, aiming to improve their photocatalytic performance
more effectively. To further the research in this area and realize the
photocatalytic applications, the materials processing effort should
shift to designing GR-semiconductor composites in a systems
materials engineering way.

To be specific, firstly, the individual components (i.e., GR
and semiconductors) in the composites should be optimized,
including tuning the size, shape, morphology and electronic
conductivity of individual GR and semiconductors, all of which
have proven to be important factors that would integratively
influence the photocatalytic performance of the resulting
GR-semiconductor composites. For example, the fabrication of
the GR-semiconductor with special dimensionality structures
(e.g. 1D semiconductor-2D graphene, 2D-semiconductor-2D
graphene) has proven to be a promising way to further enhance
the photoactivity of graphene-semiconductor composites.
Secondly, the interfacial contact between GR and semiconductors
should be rationally strengthened. As discussed above, since
the photogenerated charge carrier transfer predominantly
occurs across the interfacial domain in the GR-semiconductor
composite systems, maximizing the interfacial contact between
GR and the photoactive semiconductor would be an effective
strategy for better harnessing the electronic conductivity of GR,
thereby enhancing the separation and transfer of photogenerated
charge carriers and thus improving the overall photocatalytic
efficiency of GR-semiconductor nanocomposites. Thirdly, the
atomic charge carrier transfer pathway across the interface
between the semiconductor and GR should be optimized. Given
this issue, introducing a small amount of heteroatoms, e.g.,
metal ions or metal particles, into the interfacial layer matrix
between GR and semiconductors would further contribute to
spatially facilitating the microscopic charge carrier transfer
pathway. In addition, interface band bending calculations in
theory should be adopted, which would aid us to fundamentally
and deeply understand the photogenerated charge carrier
transfer pathway, efficiency across the interfacial domain. Thus,
a joint effort between experiment and theory leads to the better
targeted design of GR-semiconductor nanocomposites with
improved performance.

This journal is © The Royal Society of Chemistry 2014
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In fact, the issue of the overall photocatalytic performance
of GR-semiconductor composites can never be attributed to a
single factor (e.g., the “panacea” attribution of photoactivity
enhancement to the excellent electronic conductivity of GR),
but instead a collective, harmonious integration of the individual
components, interface composition, and material’s structure and
morphology at the nanoscale. Independent of perfect or defective
GR, each type of GR has its advantages and limits; different
applications require different grades of GR. For fabricating GR-
semiconductor composite photocatalysts with high performance,
the system-level consideration of individual GR, semiconductors
and interface optimization is necessary.

With a rational and historical view of the revolutionary path
from a fundamental understanding to practical applications of
any material, the construction of the next-generation of photo-
catalytic systems based on GR-semiconductor composites would
take a much longer time and requires sustained effort and interest
from the researchers. But, one thing is certain that, only with the
principle of designing and understanding GR-semiconductor
composites from a system-level consideration, we could get better
at imparting the power of GR with unique and transformative
properties into the composite system, thereby bringing closer the
widespread practical implementation of this unique composite
material in artificial photocatalysis.
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