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The oxygen-containing functionalities on the aromatic scaffold of graphene oxide (GO) enable these
materials to facilitate both ionic and non-ionic interactions with a huge range of molecules. Endowed
with a plethora of extraordinary properties, GO demonstrates remarkable potential in the field of photo-
catalysis. Furthermore, the tunability of its physiochemical properties by the facile exploitation of surface
modifications and edge defects renders GO an even more intriguing nanomaterial. In this paper, the fun-
damental aspects on the manipulation of GO for the enhancement in photocatalytic performance will be
thoroughly discussed. To mediate further research and development in this area, the current technical
challenges faced as well as future research directions will also be included in this paper.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

At present, frontier scientific and technological research into
the fields of energy and environmental protection are becoming
increasingly challenging due to the need for key materials with
high efficiency and functionality. Ignited by immense technological
potential, the research on advanced carbon nanomaterials, partic-
ularly graphene has experienced an extensive growth over the past
decade [1-4]. Fig. 1 depicts the exponential increase in the number
of publications based on graphene and its derivatives from 2004 to
2014. As a simple hexagonal lattice of carbon atoms, graphene pro-
vides a highly electronic and thermally conductive surface, which
is also the thinnest known material and the strongest ever reported
[5].

One specific branch of graphene research is focused on chemi-
cally derived graphene oxide (GO) [6,7]. As a newly emerging two
dimensional (2D) material, GO possesses many intriguing proper-
ties, including mechanical, electronic, optical, electrochemical and
chemical reactivity [8]. GO sheets are composed of two primary
regions: (1) the hydrophobic m-conjugated sp? domains and (2)
the sp3 domains with hydrophilic oxygen-containing functional
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groups. The widely accepted structure of GO depicts carboxylic
acid at the edges, and hydroxyl and epoxide groups residing at the
basal plane [6]. Despite the distortion of the intrinsic conjugated
T system, these complex cocktails of functionalities can provide
potential advantages for employing GO in numerous applications.
The polar oxygen-containing groups on GO render it strongly
hydrophilic, allowing it to be dispersed in a number of solvents,
particularly in water [9]. Furthermore, the physicochemical prop-
erties of GO can be tuned by engineering its atomic and chemical
structures [10]. From a broader perspective, the fascinating prop-
erties and tunability inherent to GO sheets are very promising for
facilitating a wide range of applications, including but not limited to
electronics (conductive films and sensors) [11], composite materi-
als [12], clean energy devices [13] and biology [14]. Several reviews
on these topics have been reported in literature [15-20]. However,
to the extent of our knowledge, no review articles on the application
of GO in the field of photocatalysis have been published.
Photocatalysis has become one of the most studied fields due
to the increasingly cogent call for environmental remediation
[21]. The direct conversion of solar energy into chemical energy
through this system provides an opportunity to simultaneously
address both the environmental and energy issues faced today.
While many different photocatalytic materials such as semicon-
ductors, transition-metal complexes etc. have been developed [22],
the possibility of employing pure GO nanosheets for efficient


dx.doi.org/10.1016/j.apmt.2016.04.001
http://www.sciencedirect.com/science/journal/23529407
www.elsevier.com/locate/apmt
mailto:chai.siang.piao@monash.edu
dx.doi.org/10.1016/j.apmt.2016.04.001

10 L.K. Putri et al. / Applied Materials Today 4 (2016) 9-16

12000

10000

8000

6000

4000

Number of publications

2000

n
0!

2004 2005 2006 2007 2008

-~ Graphene

Graphene oxide/ Graphite oxide

2009 2010 2011 2012 2013 2014
Year

Reduced graphene oxide

Fig. 1. Plot detailing the number of publications on graphene and its derivatives between 2004 and 2014; data were obtained using Scopus: keywords “graphene”; “graphene

oxide OR graphite oxide” and “reduced graphene oxide”; respectively.

photocatalysis is extremely thought-provoking. Hence, in the
paper, we will present a concise account on some fundamental
aspects of GO and discuss how its properties can be controlled and
tuned to benefit the process of photocatalysis. Advancements on
the use of GO as a photocatalytic material will also be thoroughly
reviewed. Finally, a brief summary and an outlook on the major
challenges and opportunities for future research will be presented.
It should be noted that historically, GO sheets have functioned
mainly as heterogeneous supports for semiconductor nanoparti-
cles [23-25], and its use as a standalone photocatalytic material
is very rare. Hence, the main objective of this paper is to provide
some insights into the possibility of employing bare GO sheets as
efficient “carbocatalysts” in photocatalytic applications as varied as
dye degradation, water splitting and so forth.

2. Unique properties of GO—key criteria affecting
photocatalytic performance

2.1. Structural features

In essence, the structure GO can be viewed as graphene but cova-
lently decorated with oxygen-containing groups on its planes and
edges. In that account, GO still physically retains its original 2D
nature and the benefits entailed with this structure. First and fore-
most, 2D materials associate to large specific surface area, yielding
a theoretical value of as high as ~2630m?/g as seen in the case of
pristine graphene [26]. In fact, through atomic force microscopy
(AFM), the apparent thickness of single-layer GO was found to be
around ~1 nm (Fig. 2(a)), which is a small deviation to the thickness
of pristine graphene that varies in the range 0.3-0.6 nm [27-29].
This difference is accounted to the presence of bounded oxygen
functionalities and the out-of-plane protrusion of sp3-hybridized
carbon atoms. From a photocatalysis viewpoint, this massive area
is helpful as GO can host a great number of active sites that can be
directly accessible to the reactive species. In addition to that, the
2D structure of GO can also eliminate the occurrences of volume
recombination from which ordinary bulk semiconductor suffers,
that will be detrimental to the efficiency of the photocatalytic pro-
cess [30]. This is understandable since the atom-thin structure of
GO guarantees the rapid transfer of carriers to the surface, thus

leaving more carriers at disposal which can be successively con-
sumed by acceptor molecules to drive the desired redox reaction.

Unlike having a definite physical structure, the chemical struc-
ture of GO is somewhat ‘fluid’, as its stoichiometry varies depending
on sample-to-sample variability and their synthesis protocol [8].
This is further made complex by the inhomogeneities in the GO
structure in which the precise identity and distribution of oxygen
functional groups remain an ambiguous subject. A widely adopted
model of GO structure [31,32] depict that epoxide and hydroxyl are
the dominant oxygen functionalities on the basal plane, while car-
boxylic acid, ketones, phenols and lactols groups accommodate at
edge terminations (Fig. 2(b)). Together, these cocktails of oxygen
functionalities act in concert to endow properties, which although
relevant to GO are not typical of pristine graphene. The interaction
of the basal plane with oxygen-functionalized groups leads to the
modification of the -7 conjugation and thus the electron density
distribution, yielding the differences in its electrical and chemical
properties, which benefit photocatalysis.

2.2. Electrical and optical properties

Even today, the precise electronic band structure of GO has
not been clearly elucidated owing to the nano-scale inhomo-
geneities of the structure. The functionalization of graphene with
oxygen groups involves a complex interplay of phenomena which
influences graphene’s collective electrical, optical and chemical
attributes. Essentially, the covalent addition of oxygen function-
alities on the basal plane of graphene converts the original,
unsaturated planar sp2- of carbon atoms into a tetrahedral sp3-
electronic hybridization [34]. These in turn impose a structural
disorder on the lattice, as shown in Fig. 3, which acts as trans-
port barriers, since they interrupt the continuity of m-network
which ordinarily allows classical carrier transport to occur. This
removal of 7 electrons plays a mechanistic role in the change
of electric properties by introducing a band gap via the sympho-
nious removal of electronic states and emergence of new energy
states from functionalizing oxygen groups. In that context, GO is
viewed as an electronically hybrid material containing both con-
ducting mr-states from graphitic sp2-hybridized carbons and a large
energy gap between the o-states from its sp3-hybridized carbon
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Fig. 2. (a) AFM image of GO sheet and an inset of its corresponding height profile [33] and (b) Structural model of GO as proposed by Lerf and Klinowski [32].
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Fig. 3. Structural distortion resulting from sp? electronic hybridization of carbon
atoms in the graphene plane [34].

[35]. As a result, the variation of these sp? and sp3 carbon frac-
tions in GO by controlling oxidation or reduction parameters can be
useful for manipulating bandgap energy in GO, and thereby allow-
ing the tunability of its electrical properties to especially cater for
photocatalytic application.

In agreement with this, a number of computational and exper-
imental studies pertaining to GO reported an increase of bandgap
energy in conjunction to oxygen coverage density (or O/C ratio)
[36-41]. In particular, Jeong [36] have achieved this modulation
in bandgap energy through varying the oxidation time during the
Hummers process, while Mathkar [41] showed a different approach
by reducing a highly oxidized starter GO which is shown in Fig. 4.
The latter also showed the influence and accountability that spe-
cific functional groups have on the bandgap by probing the instance
of removal for each functional group during the reduction process.
It has been well established that for an ideal graphene, its empty
*(anti-bonding) band and a filled (7-bonding) band, which makes
up its conduction band (CB) and valence band (VB) respectively,
degenerate and meet at the Dirac point in the Brillouin Zone, indi-
cating that graphene has zero bandgap. The oxidation of graphene
will however lead to the disruption of the graphene m-network
which in turn causes the opening of a direct electronic bandgap.
This is because the adsorption of oxygen groups breaks the sublat-
tice symmetry and the oxidized sites creating strongly repulsive
barriers for the m-electron wave functions, resulting in the gap
opening at the Brillouin Zone boundary and the change in the elec-
tronic states from a semimetal to a finite gap semiconductor [42].

In a paper by Ito et al. [38], the authors studied the electronic
properties of GO using first-principle calculations, though was
modelled by only the adsorption of epoxy groups on one side of the
graphene sheet. Fig. 5 shows the transition in the band dispersion
with the increasing of O/C ratio. It was revealed that there occurs

a hybridization between bonding 7 orbital of graphene and O 2p,
orbital of epoxy group which weakens bonding between carbon
atoms C—C. From Fig. 5(a-c), it can be witnessed that the width of
the 7 band progressively narrowed with the O/C ratio, which indi-
cated the localization of electronic states, and thus a decrease in
transfer integral between C—C atoms in the graphene. As a result,
at a high enough O/C ratio of 50%, the highest occupied molecular
orbital (HOMO) which makes up the valence band state counter-
changed from C—C mr-orbital to a more positive O2p orbital and
the bandgap nature of GO changes from a direct to an indirect
gap. Meanwhile the conduction band edge is mainly formed by
the antibonding 7* orbital. This reconstruction and appearance of
new energy state allows the opening of an energy gap in the range
2.8eV-4.6eV [38,43].

Additionally, Eda et al. claimed that isolated sp? regions also
exhibit quantum confinement-induced semiconducting behavior
[44,45]. As previously stated, GO carries coexisting two domains
consisting of sp? and sp3 regions. The presence of these finite-sized
molecular sp? domains shrouded in sp3 matrix results in the con-
finement of 1 electrons in GO which are strongly localized [46]. In
this case, the optical properties are governed by the 7 and 7* elec-
tronic levels of the sp? clusters that lie within the band gap of &
and o* states of the sp3 matrix [47]. The outcome of the bandgap
depends on the size, shape and fraction of these sp? domains. From
calculations based on density functional theory (DFT), local energy
gaps of w-1r* transition vary depending on the size of sp2 domains as
surmised from Fig. 6(a). The calculated energy gap between HOMO
and LUMO of a single benzene ring is ~7 eV which reduces to ~2 eV
for an increased cluster of 37 rings. This implied that the higher
the oxidation degree of GO, the more the sp? fraction and propor-
tionally the smaller the sp? fraction, which formulate to higher
energy gaps. In this sense, due to the random distribution and
size of the coverage of oxygen groups on the GO sheet, GO will
not show a well-defined bandgap as that seen from that in typi-
cal semiconductor materials. The schematic band structure of GO
is shown in Fig. 6(b) where pink and blue represent conduction
band and valence band respectively. The smaller sp? cluster frag-
ment has large energy gap due to quantum effects thus allowing
photo-generation of electron-hole pairs. As a proof of concept, GO
has also been subjected to photoconductivity studies [48], and a
strong photoconductivity response of 10 . s was observed that rose
in intensity with increasing photon energy, which validated the
presence of band gap and the generation of photo-induced charge
carriers

Essentially, GO with a bandgap energy of as wide as 2-4 eV can
be obtained, which is theoretically more than sufficient to drive a
number photocatalytic reactions; for example, 1.23 eV in the case of
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Fig. 4. (a) Resultant bandgap of GO as a function of oxidation time in the Hummer’s method [36], and (b) gradual decrease in bandgap upon a stepwise reduction of highly
oxidized GO. Inset Figure shows a schematic of the approximate reduced graphene oxide (rGO) structure at that specific point of time [41].
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Fig. 6. (a) Local w-7* energy gap and its correlation to number of aromatic benzene rings (N) or analogously size of sp? cluster retrieved from DFT calculations [44].

water splitting and 1.06-1.43 eV for CO, photo-reduction reactions.
Because of this, GO may become a popular next-generation photo-
catalyst because of its tunable electronic properties, which can be
made optimal depending on its application. In additional to that,
another unique feature of graphene is that it exhibits a strong opti-
cal absorption cross-section despite being a single-layer material,
which is a beneficial trait for photocatalytic application [49].

2.3. Chemical reactivity

Although GO and its related materials such as rGO have been
employed extensively as supports for various semiconductors
and metal nanoparticles in photocatalysis [50-53], the graphene
moiety in these hybrid or composite is not considered as the cat-
alytically active component in the presence of other catalytically

active nano-crystals which are tethered on the graphene surfaces.
It is thus worth noting that individually active graphene materials
should be established in order for it to be functional as a standalone
photocatalyst. In the case of an ideal graphene, they are in fact
highly inert due to the absence of catalytically active sites. This
can be traced to its homogeneity and unpaired electrons in the p,
atomic orbitals which are strongly stabilized in a highly delocalized,
self-passivating m-network [54]. Although this m-bonding system
can act as a kind of 7 ligand, where it can render complexation
reactions for graphene, e.g. with organic compounds or transition
metals through -, H-7 and metal-7 interactions, the interac-
tion formed is however weak and minimal [55-58]. Conversely,
GO has been demonstrated to possess a plethora of oxygen func-
tionalities and structural defects in the form of nano-voids which
are engendered in the material from its harsh oxidation preparation
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Fig. 7. (a) Photocatalytic CH3OH production rate over GO and TiO; (b) Schematic illustrating the photocatalytic CO, reduction mechanism on GO [76].

process [29,59]. These components in turn endowed graphene with
liable bonds, highly localized orbitals, dangling bonds, and asym-
metric spin density throughout its aromatic backbone that can act
as catalytically active sites [60-63]. Vacancy defects and edges in
the graphene sheet is also equipped with unpaired spins, which
can also aid in the activation of molecules by a spin flip process
[34].

The papers by Nguyen-Phan et al. [64] and Thangavel et al. [65]
have both demonstrated that the higher the oxygen groups in ques-
tion, the better the adsorption capacity of methylene blue (MB).
This is since the ionic interactions between cationic dyes like MB
and the negatively charge oxygen groups can also be formed in
the company of -1 interaction between methylene molecules and
the aromatic fractions from graphene oxide. Moreover, it is widely
acknowledged that GO is strongly hydrophilic due to the pres-
ence of polar oxygen functional groups. This gives GO its excellent
dispersibility in water, which will be useful in the event of an aque-
ous photocatalytic system. Moreover, the strong hydrophilicity of
GO also furnishes strong hydrogen bonding interactions to water
molecules, which will in particular benefit photocatalytic water
splitting applications [66,67]. CO, photoreduction into energy fuels
is another important photocatalytic reaction that has received
serious attention nowadays. It is known that for CO, reduction fol-
lowing the Langmuir-Hinshelwood mechanism, the adsorption of
CO, on the active catalytic site is an important step. The chemisorp-
tion of CO, on the graphene sheet could occur on its armchair edge,
and therefore GO with high density of structural defects and edge
exposures is likely to be more effective for CO, adsorption and
their successive reactivity [68-70]. Wood et al. have further shown
through density functional theory that the presence of functional
groups such as —COOH is a promising candidate for enhancing CO,
adsorption capacity by strengthening its adsorption and activating
exposed edges and terraces to introduce additional binding sites
[71].

Despite the general understanding that structural defects and
oxygen functionalities on GO help in facilitating active sites, much
work remains to clarify the specific active sites which are in play
for a particular photocatalytic reaction. In some instances, due to
the wide range of chemical compositions present in GO, multiple
reactions with undesired functionalities are possible. Therefore a
deep mechanistic understanding of the subject should be grasped
so that future work can focus on controllable and effective isola-
tion of the active sites and the selective removal of the undesired
active sites from the surfaces of graphene in a controlled man-
ner, in order to yield a highly selective GO photocatalyst. In all,
since the oxidation of graphene into GO can simultaneously intro-
duce a bandgap and made graphene catalytically capable, GO is
then capable to be utilized as an intrinsic photocatalyst on its
own.

3. Photocatalytic applications and mechanisms using
graphene oxide

As described in the previous sections, the theoretical underpin-
ning for the significance of GO in photocatalysis is the very specific
properties that govern them. Enhanced efficiency in photocatalytic
applications can be achieved by the rational design and property
control of GO. Herein, we will discuss the advancements made in
the application of bare GO toward several photocatalytic appli-
cations such as waste removal, water splitting for H, evolution,
reduction of carbon dioxide (CO;) for hydrocarbon fuel production
and so forth [43,72-74].

The application of GO as a photocatalytic material relies heavily
on the modulation of oxygenated functional groups, as discussed in
Section 2. The isolated sp? clusters on GO with such functionalities
(C—OH or C—0—C) could lead to the localization of electron-hole
pairs on its basal plane [75]. Upon light irradiation, the photoin-
duced electrons (e~) and holes (h*) would migrate to the surface of
GO, and serve as oxidizing and reducing sites, respectively to react
with the adsorbed reactants [76]. Isotope analysis confirmed that
the methanol was formed through CO, reduction instead of pho-
todissociation of GO. In comparison to the conventionally used TiO,
photocatalyst, standalone GO showed a 6-fold increase in CH30H
production rate from the photoreduction of CO, under visible light
and ambient conditions (Fig. 7(a)) the [76]. The reduction potential
of e~ in the GO CB was estimated to be —0.79 V (vs. NHE), which was
more negative than the reduction potential of CO,/CH3OH (-0.38V
vs. NHE) and hence served as a donor. On the other hand, the oxida-
tion potential of the h* in the GO VB (4V vs. NHE) was higher than
the potential of H,0/0, and acted as an acceptor. Therefore, the
photocatalytic conversion of CO, with H,O into the CH3OH product
could proceed via a six-electron reaction, as described by Equations
in the inset of Fig. 7(b).

The energy band levels of graphite oxide, with an appropriately
oxidized level also allows for an efficient production of hydrogen
(H) gas from the photocatalytic water splitting process [43]. The
CB edge of graphite oxide, which is primarily formed by the anti-
bonding 7* orbital exhibits a higher energy level than that needed
for Hy production, hence leading to rapid electron injection into
the solution phase for H, generation. Using electrochemical analy-
sis along with the Mott-Schottky equation, it was found that with
appropriate oxidation, the electronic structure of graphite oxide
could be suitable for both reduction and oxidation of water [77].
The CB edge was found to have little variation with the oxida-
tion level, while the VB edge governed the bandgap width of GO.
The results were further justified by employing graphite oxide as
photocatalyst to produce H; and oxygen (O,) gases in CH3OH and
AgNOs5 solutions, respectively. The evolution of H, was observed to
reach approximately 11000 pmol after 6 h of reaction time, while
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the amount of O, produced was negligibly small (ca. 20 pmol)
due to mutual photocatalytic reduction of GO with the upward
shifting of the VB edge (see Fig. 8). When NalO3 was replaced as
the sacrificial reagent, the mutual reduction mechanism was sup-
pressed, leading to strong O, generation [77]. The findings from
this work highlight that chemical modification can be used to
tailor the electronic properties of graphite oxide for specific pho-
tosynthetic applications. It is necessary to point out that GO being
explored as an independent photocatalyst should be validated for
the true nature of its activity. Close attention needs to be paid if
activity stems from adhering catalytic properties from the oxygen
functionalities or whether they originate from the resultant band
gap and ensuing charge carriers photo-generation. This is critical
as GO has a history of being a functional carbocatalyst facilitat-
ing several synthetic transformations including but not limited
to hydration, oxidation, polymerization and condensation reac-
tions [78]. The role of band gap in this case is assured since in
the aforementioned works, all photocatalytic conversion charac-
teristically exhibited absence of yield at Oh prior to irradiation,
meaning that activity was triggered by a light stimulus. This val-
idates that light is an essential ingredient and that catalytic activity
was propelled by photo-generated carriers due to renewed for-
mation of band gap and not self-mediated by oxygen groups or
for that matter any unintentional dopants such as metal or other
impurities that may have been incorporated during the synthe-
sis process. Furthermore, since these impurities are also normally
present in trace amounts provided that proper washing was con-
ducted, they also play a negligible part even in the possibility of
band gap opening. Therefore in this case, the plethora of labile oxy-
gen groups and defects on GO only act as high energy active sites
to foster chemical reactions from the photo-induced charge carri-
ers. However, dedicated studies on the influence of impurities on
the photocatalytic activity are absent from literature and additional
investigations need to be conducted for clarification of their role in
photocatalysis.

While majority of the work focused on the application of GO,
Matsumoto [74] investigated the mechanisms behind the photore-
action of GO nanosheets in water. The absorption of photon energy
led to a w-m* excitation in the w-conjugated sp2 domains of GO [79],
resulting in the generation of electron-hole pairs. Consequently,
the oxygen-functional groups on GO were reduced by electrons
to form defect carbon sites (see Fig. 8(b)), which acted as impor-
tant active sites for the reduction of water to H,. Meanwhile, the
holes may oxidize the defect carbons to produce CO; gas, leading
to the photocorrosion of GO. The band structure of the main sp?
domains responsible for the photoreaction is illustrated in Fig. 8(c).
It has long been demonstrated photo-generated electron-hole pairs
are viable mechanism for the removal of oxygen groups on GO,
which thus question its chemical stability for its direct use in a
prolonged temporal setting such as photocatalysis. As a matter of
fact, supporting works on GO functioning as a photocatalyst discov-
ered that photoreduction only occurred only in early irradiation
hours and reached an eventual completion during which no fur-
ther reduction or narrowing in gap energy will occur. This enables
GO photocatalyst to steadily evolve photoreaction products under
an extended irradiation period. In detail, XPS measurements have
revealed that —COOH edge groups were removed while C—0 and
C=0 components remained chemically intact to stabilize the band
gap width which conceivably sustain the photocatalytic reaction. In
this case, photo-generated electron-hole pairs in GO competitively
participate either in photoreduction or in catalyzing photocatalytic
reactions. As the reaction progresses, photo-generated electron-
hole pairs may rapidly be consumed for photocatalytic conversion,
which cooperatively help in suppressing the further photoreduc-
tion process of GO.

One of the advantage of GO is the tunable gap energy in correla-
tion to its oxidation degree, since in this regard, GO bandgap can be
manipulated to emerge as visible light responsive [80]. In addition
to the theoretical results, the successful modulation of bandgap for
visible light activity (<3.0eV) has been confirmed experimentally
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by either varying oxidation time or through the controlled reduc-
tion of highly oxidized GO respectively. Coincidentally, all three
works on GO as a photocatalyst [43,72,74], asserted a display in
visible-light activity, validating its latent potential as a visible-light
active photocatalyst. This positive response to visible-light irradia-
tion is encouraging and reflects the potential of GO in solar-energy
conversion (Fig. 9).

4. Conclusions and outlook

In recent years, tremendous effort has been invested in the syn-
thesis and application of 2D GO sheets [81,82]. With respect to
photocatalytic properties, the primary advantages of GO include
its substantial solubility and processibility, high surface area and
abundance of inexpensive source material. Furthermore, the fact
that physicochemical properties of GO can be tailored to facilitate
specific photocatalytic applications by simple chemical modifi-
cations, makes this material even more intriguing. Despite the
promising results obtained so far, the study of 2D GO sheets in
the field of photocatalysis is still in its infancy and further develop-
ments are needed. Much work remains to be done in facilitating the
practical applications of GO materials and broadening the scope of
their photocatalytic applications in the near future.

Firstly, a clearer understanding on the nature of GO catalytic
active sites and the accountability of specific functional groups in
the opening of bandgap is necessary. Rigorous theoretical simu-
lations and modeling techniques are imperative to pave the way
for the development of highly efficient and durable GO photocat-
alysts. In addition, studies on the optimization of structure and
morphology of GO with respect to its photocatalytic activity and
stability remain scarce. To address this, the development of stan-
dard tools and testing protocols is essential to validate both of these
aspects in the photocatalysis scene. Furthermore, the underlying
mechanisms of the photocatalytic enhancement of GO must also
be fully understood. This will rely on extensive research into the
mechanistic details of photocatalytic reactions as well as a com-
plete determination of electron transport characteristics on the GO
sheets. Another major challenge is to develop a synthetic route that
precisely tunes the characteristics of GO materials. As discussed
in this paper, the properties of GO are dependent on numerous
parameters such as size, number of layers and embedded function-
alities of the graphene sheets. Hence, the rationale design of GO will
not only favor the adjustment of redox potential and the enhance-
ment of light harvesting, but also the interaction between the GO
photocatalyst and target reactant molecules.

To summarize, future research directions should go toward
realizing the following goals: (1) To achieve effective isolation
and exposure of active sites on GO; (2) controllable removal of
undesired active species on GO and (3) stabilization of GO during
photocatalytic reaction processes. Although a number of challenges
remains, it is without a doubt that opportunities abound for GO-
based materials due to their facile functionalization and tunability,
which render them useful in a wide range of synthetic transforma-
tions and catalysis. Therefore, instead of always being assumed as
a supporting platform in heterogeneous catalysis, the concept of
“carbocatalysis” will certainly be an exciting new direction in the
field of chemistry and materials science. It is envisaged that the
number of new carbocatalyzed conversions will continue to grow
and new forms of carbonaceous nanomaterials with engineered
morphology or functionalities, will emerge as powerful catalysts
in the near future.
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