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ABSTRACT: Graphene (GR) and its derivatives are promising materials on the horizon of
nanotechnology and material science and have attracted a tremendous amount of research interest in recent
years. The unique atom-thick 2D structure with sp® hybridization and large specific surface area, high
thermal conductivity, superior electron mobility, and chemical stability have made GR and its derivatves
extremely attractive components for composite materials for solar energy conversion, energy storage,
environmental purification, and biosensor applications. This review gives a brief introduction of GR’s
unique structure, band structure engineering, physical and chemical properties, and recent energy-related
progress of GR-based materials in the fields of energy conversion (e.g., photocatalysis, photoelectrochemical
water splitting, CO, reduction, dye-sensitized and organic solar cells, and photosensitizers in photovoltaic
devices) and energy storage (batteries, fuel cells, and supercapacitors). The vast coverage of advancements in
environmental applications of GR-based materials for photocatalytic degradation of organic pollutants, gas
sensing, and removal of heavy-metal ions is presented. Additionally, the use of graphene composites in the
biosensing field is discussed. We conclude the review with remarks on the challenges, prospects, and further

development of GR-based materials in the exciting fields of energy, environment, and bioscience.
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1. Introduction
tional materials. The discoveries of sp>-hybridized carbon

nanomaterials such as buckminsterfullerene,!""? carbon nano-
tubes,> and graphene (GR) ) have revolutionized the research

directions in the fields of physics, material science, chemistry,

The main challenges for scientific and technological research
into solar energy conversion, energy storage, and environment
are the stability, durability, and performance of low-cost func-
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and life sciences.”” These carbon nanomaterials will continue to
play a vital role in overcoming the major technological and prac-
tical challenges of material science. Among the carbon nanoma-
terials, GR is the most exciting material due to its monolayer
structure composed of a network of six-membered rings.'®!
Considering its planar state, GR can be rolled into zero-
dimensional spherical fullerenes, one-dimensional carbon nano-
tubes, or two-dimensional honeycomb structures, or stacked
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into three-dimensional graphite.”” GR can be used as a basic
building block for all carbon nanomaterials and in composites
with other materials. GR has unique and stimulating properties,
such as high theoretical surface area (2630 m’ gfl),[s] high
room-temperature charge carrier mobility (~100000 cm” V™!
s D, the highest electrical conductivity (10° S em™ V), high
thermal conductivity (~2000 to 5000 Wm ! Kil),[w] and the
capacity to support large electrical current density (10° A
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em”2)."Y Thus, GR is a unique material for capacitors,''*! bat-
teries, '
area, excellent transparency, light absorption, and charge trans-
port properties have triggered huge interest from different
research fields concerned with energy conversion and environ-
mental pollution remediation, which are gaining traction in
modern society."””'>! Along with energy conversion, storage, and
photocatalysis of environmental pollution, GR also has a wide
range of other applications in the fields of nanoelectronics, opto-
electronics, chemical and biochemical sensing, polymer compo-
sites, intercalation materials, and drug delivery.""®

Certainly, the discovery of GR in 2004 has opened up
enormous scientific opportunities. Recently, technologies for
preparing GR, its derivatives, and GR-based nanomaterials/
nanocomposites have grown rapidly because of more sophisti-
cated fabrication methods. The versatile methods developed
for the synthesis of GR and its derivatives include chemical
vapor deposition (CVD) on metal surfaces; epitaxial growth
on single-crystal SiC; micromechanical cleavage of graphite
crystals; and “top-down” exfoliation of graphite by means of
oxidation, intercalation, and/or sonication.""”’ The chemical
oxidation of graphite to GR oxide (GO) and its subsequent
reduction to reduced GR oxide (rGO) was considered as an
effective method for preparing GR nanosheets because of its
scalability, high yield, and low cost."® The rGO possesses
reactive groups, such as epoxide, hydroxyl, carbonyl, and car-
boxylic groups, allowing the development of functionalized
GR-based materials."® There is increased popularity in the
use of GR, GO, and rGO in energy conversion (photoelectro-
chemical (PEC) water splitting, photocatalytic water splitting,
and photovoltaic devices), energy storage (capacitors and bat-
teries), and environmental applications (photocatalytic degra-
dation of pollutants, gas sensors and heavy-metal removal).
Therefore, it is necessary to compile a comprehensive review of
the energy and environmental applications of GR and its
derivatives.

The progress made in GR-based materials for energy and
environmental applications has been discussed in several
review articles with a focus on either specific materials or gen-
eral preparation methods and functionalization.!™”>">'!
Recently, Zhang et al. have compiled a few excellent reviews
highlighting the importance of GR as a template for composite
photocatalyst synthesis and an excellent candidate for artificial
photosynthesis.””?%! They also critically reviewed the entrepre-
neurial aspects of the commercialization of GR-based technol-
ogies.”) This article aims to give a relatively systematic update
on the development and current research status of GR-based
materials from the perspective of energy conversion, energy
storage, and environmental purification. After a brief introduc-
tion of the structure and properties of GR, GO, and rGO, we
will discuss the electron acceptor and transport properties of
GR and its derivatives. Each section provides key challenges

and sensors."* On the other hand, its high surface
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Fig. 1. Overview of GR-based materials in energy conversion, energy storage,
environmental, and sensing applications.

and requirements to enhance the performance of GR-based
materials in photocatalysis and energy storage. Afterwards, we
explore and summarize the recent progress of GR usage and its
derivatives for PEC and photocatalytic water splitting and
photocatalytic conversion for fuels, photovoltaics, and applica-
tions in supercapacitors, batteries, degradation of pollutants,
heavy-metal removal, and so forth. The main applications of
GR and its derivatives are summarized in Figure 1. In addition,
key challenges encountered with GR-based materials, for their
effective use in energy conversion, storage, and environmental
applications, are discussed in the final section. This update
promotes a more efficient and rational review of the structural
and electronic properties of GR and a more efficient design of
GR-based materials for solar energy conversion, energy stor-
age, biosensors, and environmental applications.

1.1. Structure and Properties of Graphene

Carbon, which is a past, present, and future backbone of
chemistry, regained popularity in the last decade and won the
Nobel Prize for Physics in 2010.2" The different types of car-
bon produced at different stages and in different forms such as
C'?, coal, and gasoline have been used in electrode technolo-
gies, lubricants, carbon-fiber-reinforced plastics, pencil lead,
and nanotechnology. GR is a carbon-containing compound
that has a two-dimensional stable geometrical structure con-
taining delocalized m-conjugated systems. Generally, GR exists
in different isotropic forms, three of which are depicted in Fig-
ure 2. The versatile applications of GR stem from its unique
structure and highly anisotropic properties. Its characteristic
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Fig. 2. Three different geometrical structures of GR.

properties depend on the orientation and the dislocation of
sheets in an ensemble structure to create macroscopic proper-
ties.??! Each geometrical shape of GR has its own technologi-
cal applications in the fields of energy storage and sensors, etc.
Its simplicity, ease of synthesis, affordability, feasible methods
of handling in electronic devices, retention of its unique char-
acteristics in different shapes, compatibility with industrial
processes, and large volume production with a reasonable time
and effort make it attractive to scientists. Ball-shaped GR mol-
ecules, which consist of hollow cage molecules of dimension-
less fullerene dots as shown in Figure 2a, are commonly known
as buckyballs. Derivatives have been used as acceptors in
donor—acceptor photovoltaic cells. This carbon-containing
ball-shaped GR has a strong ability to accept electrons from
nucleophilic species. Once an electron enters, it then circulates
around the backbone, which leads to the production of an elec-
trical current.

GR nanoribbons (GNRs) can also be synthesized from car-
bon nanotubes (CNTs) by unzipping their multiple walls by
plasma etching. CNTs have a longer length compared to their
width and a one-dimensional geometry, as shown in Figure 2c.
Synthesized GNRs have very smooth edges with a narrow width
distribution of 10-20 nm."®! One of the benefits of the sheet-
like structure of carbon (GR) over the ball and nanotube is that
it is exposed/available to attacking species and every carbon
atom with sp® hybridization is chemically available.

The large surface area of a GR sheet allows 7 electrons to
move freely over the geometry, give it good conductivity, and
make it fully reactive. Usually, nanotubes can be opened into a
GR sheet by applying a mixture of strong oxidizing agents
such as H,SO4 and KMnOy. This mixture pries open some of
the carbon—carbon bonds, opens a crack in the hexagonal cells,
and produces an extraordinarily long and thin conductive rib-
bon upon continuous chemical reactions. Another advantage
is that it has a fine thin layer and a strength that is more than
200 times the tensile strength of steel. 24

1.2. Structure and Properties of Graphene Derivatives

Although pure GR is chemically inert, due to the widely
exposed delocalized T electrons on its surface, it can be easily
opened via covalent chemistry, doping, GO, thiolate, fluoride,
defects, nanoribbons, and edges.”*”!
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Fig. 3. Synthetic scheme of GO, rGO, and GR.

1.2.1. Graphene Oxide

Wide-bandgap derivatives of GR, such as GOs, are semicon-
ductors that could replace silicon in electronics applica-
tions.”*) Commonly, GO can be synthesized through the
exfoliation of GR sheets by chemical oxidation. These oxidiz-
ing agents, such as HNO3, KMnOy, H,SOy4, and H,0O,, mod-
ify the 2D structure of GR by attaching carboxylate, hydroxyl,
and epoxide groups, to create the species commonly referred to
as GO, as shown in Figure 3.

GR is covalently attached with the oxygen-containing
functional groups, either on the basal plane, middle, or at the
edges of the thin film sheet.””® Due to the attachment of these
functional groups, GR (GO) is a potential and cost-effective
candidate in the field of energy storage, sensors, optical devices,
biomedical applications, field-effect transistors, clean energy
devices, and sensors.*” Because of these different oxidic func-
tional groups, GO is extremely useful in improving the per-
formance of photoelectrochemical solar cells. GO has the
ability to adsorb organic molecules and thus enhances its local
concentration near the photocatalyst.'?”’

1.2.2. Reduced Graphene Oxide

GR in the fully oxidized state (GO) has numerous oxygen
functional groups, which reduce its electrical conductivity and
can be used as a conductance-based sensor. However, the
chemical reduction using some reducing agents like hydrazine
can restore the conductivity by several orders of magnitude by
removing oxygen-containing functional groups, which restores
the aromaticity of -C=C- double-single bonds. However,
this process cannot repair the material to a pure GR sheet, as
some of the oxygen groups remain present even after long
exposure to hydrazine. Thus, rGO is both conductive and
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Fig. 4. Energy level diagram for the (a) unmodified GR and (b) modified GR.

chemically active (reactive sites), which makes it a promising
candidate as an active material in the field of sensors. Essen-
tially, when one of the GO sheets is subject to the chemical
reduction process then a large-scale production of GR mono-
layers occurs with 2-3 times less conductivity and electron
mobility compared to that of pure GR.®” The reduction in
conductivity is due to the lattice vacancies that cannot be
restored during the reduction process, as shown in the typical
example of an rGO in Figure 3.

1.3. Bandgap Engineering

Bandgap determination is a useful simulating tool for semicon-
ductor materials that enables quantitative light absorption
(UV—vis). Visible parts of the sunlight spectrum (380-800 nm
wavelength) can be adequately captured by those materials
with a threshold energy gap (bandgap of 2 to 3 eV); otherwise
artificial bandgap engineering is required. GR and benzene
have similarities, including characteristics like the —-C=C-
structure, sp” hybridization, and the bandgaps. GR has zero or
near-to-zero bandgap, which results in semimetallic character-
istics, while benzene possesses a wide HOMO-LUMO energy
gap. The sp” carbon atoms of GR give rise to the valence (1)
and conduction (1*) bands, which are only accessible to touch
at six points (Dirac points). So, the zero-bandgap or semime-
tallic nature of GR is due to these orthogonal m and * orbitals,
which do not interact with each other.

The inherent zero bandgap limits the versatile applications
of GR and results in a high leakage of current and power dissipa-
tion. Therefore, in order to compete with the classical silicon,
GR needs bandgap modification/engineering. Different strat-
egies have been reported in this regard, including composites
with large-bandgap species (e.g., TiO,), chemical modification,
and photoinduced free radical reactions such as photochlorina-
tion, photocatalytic oxidation, and photomethylation.®")
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TiO, is an excellent photoactive compound but its large

bandgap value lacks its unique characteristics in the pristine
state. However, when TiO, is chemically mixed with GR or
other delocalized m-conjugated systems, it results in the forma-
tion of an efficient photoelectrode.[az] In this process, GR acts
as a sensitizer of TiO; by shifting the band edges and enlarging
and reducing the bandgap (see Figure 4). Composites of GR
and TiO; interchange their electron—hole between themselves,
which finally led to the induction of visible-light photocata-
lytic activity.'®! Basically, when sunlight is illuminated on the
surface of GR, it results in the production of OH radicals,
which convert GR into an insulating GO. Prolonged illumina-
tion by UV light on the GR effectively converts the OH radi-
cals into scissors and cuts the GR sheet into nanoribbons.
These nanoribbons or nanomeshes are useful electroactive
materials, which can be used to design many GR-based devices
and circuits.

Chemical modification is an effective way to change the
sp-hybridized orbitals of -C=C— per unit cell to sp>-hybri-
dized orbitals, which is a consequence of opening the zero
bandgap. The opening of the bandgap starts from the covalent
chemistry when two carbon atoms (per unit cell) are fully dis-
tinguished. The process is also like the benzene-related reac-
tion that breaks the unsaturated carbon—carbon double bonds
through free radical addition.**!

In the photoinduced free radical reactions, irradiation with
UV-vis light triggers the addition reaction of the chemically
inert zero-bandgap GR. Moreover, this is an easy, cheap, clean,
and attractive tool in terms of device fabrication."””! Further-
more, in photochemical bandgap engineering, Li et al. have
successfully developed a few reaction paths such as photochlori-
nation, photocatalytic oxidation, and photomethylation.”")
The photochlorination concept originated from the Cl, addi-
tion reaction of benzene in the presence of light. Following this
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reaction strategy, GR and Cl, interacted with each other in the
presence of light, which resulted in high electrical conductivity
because of adsorbed Cl radicals on the surface of GR. Photome-
thylation is also similar to photochlorination; after accumula-
tion on the surface of GR these free radicals reacted (addition
reaction) with the -C=C- bonds in GR in a short period of
time. It was further found that this photochlorination reaction
opens a gap between the m and 1* orbitals, which makes GR a
suitable candidate for electronic devices.*® The -C=C- dou-
ble bonds of GR can also be broken to open a gap between the
HOMO and LUMO orbitals with the help of the Diels—Alder
reaction. GR can act as both an electron acceptor and a donor
because of its twofold degenerate orbitals, so if an electron
acceptor species is in close proximity then it works as a
donor.?”! Other methods of opening the bandgap of GR
include doping it with n- or p-type materials and compression
or stretching. In all of these processes the main feature is the
conversion of sp2 orbitals of the -C=C- double bond per unit
to sp3 (—=C—C~), which causes the opening of frontier molecular
orbitals of the chemically inert GR.%®!

2. Solar Energy Conversion Applications

The alarming problems of fossil fuel depletion, global warm-
ing, and environmental pollution have intensified the search
for suitable photocatalysts to address these challenges.!'®*! The
conversion of sunlight into electrical energy has been consid-
ered as a state-of-the-art solution to the energy crisis. The high
cost and high material utility of Si-based solar cells have trig-
gered research in low-cost photovoltaics such as dye-sensitized
solar cells (DSSCs), quantum-dot-sensitized solar cells
(QDSSCs), organic solar cells, and perovskite solar cells.?”!
Photocatalysis is also a solar energy conversion process that has
the potential to convert photon energy into chemical energy
(solar fuel) and be used in environmental puriﬁcation.m] Pho-
tocatalysis is considered to be green technology and is widely
used for water splitting to generate H, as fuel, degradation of
pollutants, selective organic transformations for the synthesis
of fine chemicals, and other photoelectrochemical processes in
both the gas and liquid phases.!*"! The high electrical conduc-
tivity, transparency, excellent charge carrier mobility, and
bandgap tunability of GR and its derivatives have made it an
ideal material in the field of solar energy conversion and

photocatalysis.!>*4%

2.1. Photocatalytic Water Splitting

Hydrogen has long been identified as one of the most promis-
ing energy carriers. Solar-driven hydrogen generation (solar
fuel), also known as solar water splitting, is believed to be the
most promising means of large-scale H, production from
renewable resources: water and sunlight.m] One of the most

Chem. Rec. 2016, 16, 1591-1634
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convenient approaches is to use hydrogen production with an
appropriate photocatalyst. Thus, many materials have been
studied in order to find a potential photocatalyst for water
splitting. Solar water splitting consists of three basic processes.
The first process is the absorption of photons to generate elec-
tron—hole pairs. This is highly dependent on the band struc-
ture (position of the valence (VB) and conduction (CB)
bands). The second process is the charge separation process,
where the photoinduced electron—hole pair migrates to differ-
ent sites of the photocatalyst before recombination. The third
process is the surface chemical reactions, which include the
reduction of water to generate H, and the oxidation of water
to generate O, using a photogenerated electron and hole,
respectively. Thus, for efficient photocatalytic water splitting, a
suitable photocatalyst should have an appropriate band struc-
ture to harvest the maximum amount of the solar spectrum
and appropriate band edge positions for spontaneous water
splitting.

The hole diffusion length should allow the fast charge
transfer to the respective reaction site and the photocatalyst
should have fast reaction kinetics in order to split water and
minimize the recombination. GR, GO, and rGO have been
extensively studied in photocatalytic water splitting; however,
the role that GR and its derivatives play in enhancing the pho-
tocatalytic performance is not clearly explored and needs fur-
ther elucidation. Yu et al. have summarized the recent advances
in graphene-based photocatalysts for solar-fuel production,
including water splitting to H, and CO, reduction to hydro-
carbon fuel.4¢ Similarly, Putri et al. have reviewed the
heteroatom-doped GR-based photocatalyst,'””! while Zhang
et al. have discussed the challenges for future exploitation of
GR-based photocatalysts in the hope of designing smarter and
more efficient GR-based photocatalysts instead of joining the
graphene “gold rush”."”

A summary of photocatalysts based on GR and its deriva-
tives for water splitting is given in Table 1. Yeh and co-workers
demonstrated that under visible- or UV-light irradiation,
graphite oxide acts as a photocatalyst for stable H, production
when using a 20% methanol solution or pure water.*® The
CB edge of graphite oxide formed by the anti-bonding (n*)
orbital has a higher energy level than the reduction potential of
water to facilitate the spontaneous water splitting (Figure 5a).
The four possible mechanisms enhancing the photocatalytic
water splitting performances of GR and its derivatives are
(i) suppressing the recombination of the photogenerated elec-
tron—hole pairs, (ii) acting as a support to provide adsorption
and catalytic sites, (iii) tuning the bandgap size of the semi-
conductor and/or acting as a photosensitizer, (iv) and using a
co-catalyst to catalyze the hydrogen evolution. Xiang et al. pro-
posed the mechanism shown in Figure 5b for designing next-
generation photocatalysts for solar water splitting. !
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Table 1. GR-based photocatalysts for H, production by photocatalytic water splitting.

H, evolution

Graphene
Synthesis content Reactant Incident Activity
Photocatalyst method (wt %) solution light source Co-catalyst (umol h™h) Year/ref.
YInO;/rGO Solvothermal 0.5 CH;0H/H,O UV-visible (Xe) GR 400.4 umol h™'g™" 201474
Caln,04/rGO Solvothermal 1 CH;0H/H,O UV-visible (Xe) GO 62.5 20147¢
Ni(OH),-CdS/  Precipitation 1 Na,$, Na,SO; 4> 420 nm Ni(OH), 4731 umolh™'g~' 20148
rGO
SiC/rGO Solution mixing 1 KI 24> 420 nm (Xe) None 95 (ul/h) 20131%
Znln,S4/rGO Solvothermal 5 Na,S, Na,SO3 2 >420 nm (Xe) None 81.6 20130
CTAB/TPPH-  Solution mixing 2/3  TEOA UV-visible (Xe) P 2240 20130109
rGO
TiO,/rGO Hydrothermal 2 Na,S, Na,SO3  UV-visible (Xe) None 5.4 201204
TiO,/rGO Solution mixing 0.7 Methanol A>320 nm (Xe) Pt 50 201257
N-TiO,/rGO Hydrothermal N/A  Methanol UV (Hg), visible (Xe) ~ None 716 (UV), 112 (vis) ~ 2012P7
CdS/rGO Two-phase N/A Methanol ~365 nm (Hg) Pt 5500 20121
CdS/rGO Precipitation 5 Na,S, Na,SO; 4> 420 nm (Xe) None 314 201263
CdS/rGO Hydrothermal 1 Na,S, Na,SO; 4> 420 nm (Xe) None 70 2012100
TiSip/rGO Precipitation 1 Pure water 4> 420 nm (Xe) RuO, 97.5 2012117
RB-rGO Solution mixing N/A  TEOA 2> 420 nm (TH) Pt 14.2 2012119
EY/RB-rGO In situ N/A  TEOA 2> 420 nm (TH) Pt 36.7 20121104
photoreduction
TPA-rGO Solution mixing N/A  KI UV-visible (Xe) Pt 2.3 20121103
Ru(dcbpy)3-tGO  Solution mixing N/A  EOA UV-visible (Xe), Pt 2533 (UV), 118 20121
visible (Xe) (vis)
CdS@TaOH- Hydrothermal 1 Na,S, Na,SO3 1 >420 nm (Xe) Pt 633 2012183
rGO
Cu,0/rGO In situ growth 3.8 Methanol /> 400 nm (Xe) Pt 264.5 2012117
TiO,/rGO Hydrothermal 2.8 Methanol UV-visible (Xe) None 0.29 2012108
ZnCdS/rGO Coprecipitation- 0.25  Na,$,Na,SO;  UV-visible (Xe) GO 1824 20128
hydrothermal
CdS/tGO Sol—gel 2 Na,$, Na,SO; 4> 380 nm (Xe) GO ~5 2012199
TiO,/rGO Hydrothermal N/A Methanol UV-visible (Xe) rGO ~55 2012019
CdS/ALO5/tGO  Solid state 1 Na,S, Na,SO;  Visible (TH) GO 350 201282
CdS/ZnO/rGO  Solid state 1 Na,S, Na,SO;  Visible (TH) GO 751 2012182
TiO,/MoS,/tGO  Hydrothermal 5 Ethanol UV-visible (Xe) MoS,/tGO 165.3 201271
EY-MoS,/tGO  Solution mixing N/A  TEOA 2> 420 nm (Xe) MoS,/tGO 83.8 20121119
Cu/P25/tGO Hydrothermal Methanol UV-visible (Hg) Cu/rGO 1275 2012011
Ni/rGO ‘Wet chemical 97 Methanol A>420 nm (Hg) Ni ~70 20120112
NiO/rGO Wet chemical 97 Methanol /> 420 nm (Hg) NiO ~30 20121112
[Ru(bipy)3]2+/ Solution mixing N/A Methanol A =532 nm (laser) None 3290 20120113
rGO
TiO,/rGO Hydrothermal 2 TEOA A>420 nm (Xe) Pt 380 2012014
TiO,/rGO Solution mixing 1 Methanol A>320 nm (Xe) rGO/Pt 201157
TiO,/rGO Microwave- 1 Methanol UV-visible (Xe) GO 736 2011113
hydrothermal
Ru/SrTiO3:Rh/ Photoreduction 5 H,SO4 A>420 nm (Xe) Ru 11 20119
rGO/BiVOy
EY-rGO Solution mixing 50 TEOA 2>320 nm (Xe), None 3350 (UV-vis), 400  20111""¢
A>420 nm (Xe) (vis)
Sy Ta,O5 Photoreduction 5 Methanol UV-visible (Xe) Pt 293 201177
N/rGO
EY-rGO 3/13  TEOA 2> 420 nm (Xe) Pt 10.17 2011117

Chem. Rec. 2016, 16, 1591-1634

© 2016 The Chemical Society of Japan & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Wiley Online Library 1597



Personal Account

THE CHEMICAL RECORD

Table 1. (Continued)

H, evolution

Graphene
Synthesis content Reactant Incident Activity
Photocatalyst method (wt %) solution light source Co-catalyst (umolh™") Year/ref.
Insitu

photoreduction
CdS/N-rGO Solution mixing 2 Na,S, Na,SO3  1>420 nm (Xe) N-rGO 210 201141
C5N,4/rGO Impregnation- 1 Methanol A>400 nm (Xe) Pt 451 2011118

chemical

reduction
TiO,/rGO Hydrothermal N/A  Na,S,Na,SO; UV (Xe) None 20 201111
TiO,/rGO Self-assembly N/A Methanol UV-visible (Xe) None ~16 2011129
P25/tGO Hydrothermal 1/6 Methanol UV-visible (Xe) None 74 201159
CdS/rGO Solvothermal 1 Lactic acid A>420 nm (Xe) Pt 1120 201164
TiO,/tGO Sol—gel 5 Na,S, Na,SO;  UV-visible (Xe) None 8.6 201052
rGO Hummers 100 Methanol UV-visible (Hg) None 2833 201012"
TiO,/tGO Sol—gel N/A  Na,S,Na,SO; UV-visible (Xe) None 8.6 20091122

2.1.1. GR-TiO,-Based Photocatalytic Water Splitting

Since the pioneering work of Fujishima and Honda,*® TiO,
has been extensively studied as a potential semiconductor for
water splitting and degradation of environmental pollutants.
The band edge positions of TiO, are suitable for spontaneous
water splitting and TiO); is a cheap, abundant, chemically sta-
ble, and non-toxic material.">*) However, due to its wide
bandgap (3.2 €V) it can only absorb UV light and also suffers
from severe charge recombination.”*”) Many attempts have
been made to improve this, including the loading of noble
metals such as Pt, Pd, Ru, or Rh as co-catalyst onto the surface
of TiO; to improve the charge separation and surface redox
reaction. This enhances the efficiency of water splitting. How-
ever, the high cost of these metals limits the practical applica-
tion of TiO, as a photocatalyst.®® The recent discovery of GR
nanosheet, a metal-free co-catalyst,’”"! and GO-rGO as elec-
tron acceptors and transporters have resulted in significant
improvements in the photocatalytic water splitting activities of
GR-TiO,-based materials.*?

Along with other reasons, there are three fundamental
aspects that make GR-TiO, materials excellent candidates for
water splitting. The first benefit is that they enhance the sepa-
ration of photoinduced electrons and holes because GR and its
derivatives have high charge mobility properties. The second
aspect is that they have an increased absorption range because
of Ti—~O-C bonds and nanosized Schottky interfaces, which
act as a sensitizer (by directly capturing visible light). Finally,
nanosheet GR and its derivatives act as metal-free co-catalysts
to enhance the surface redox reaction by minimizing the sur-
face recombination.®® The GO-rGO has been extensively
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studied for water splitting applications. The GO-TiO, com-
posite creates a p—n junction, which considerably improves the
separation of photogenerated charges. The electrons quickly
shifted from the CB of TiO; into the GO-rGO systems as the
GO-rGO redox, with lower potential than the CB of TiO,.
The GR sheet not only increased the charge transfer, but also
effectively reduced protons to generate H, (Figure 6)."%

It is important to understand that the improvement in the
photocatalytic activity of GR-TiO, composites is highly
dependent on the synthetic method, uniform distribution, GR
content, and degree of oxidation of GR to GO and reduction
to rGO. In other words, the photocatalytic activity of GR-
TiO, composite materials is dependent on the electron
acceptor and transport, interfacial interaction, and the contact
area of TiO; and GR. For example, the dependence of catalytic
activity on electron acceptors and transporters has been studied
by varying GR content; Zhang et al. studied the photocatalytic
performance of rGO-TiO, photocatalysts by varying the rGO
content from 0 to 10%.°%°% The amount of hydrogen gener-
ation increased with the increase in rGO content and attained
a maximum rate at 5% rGO content in the sol-gel prepared
rGO-TiO, composite. The decrease in the H, generation rate
with further increase in rGO content is attributed to the for-
mation of recombination centers. The group of Zhang et al.
also obtained similar results for hydrothermally prepared
rGO-TiO, composites and they strongly believe that the
improvement was due to the electron acceptor and fast trans-
port properties of the composite.?

Similarly, Zhang et al. evaluated the H, evolution photo-
catalytic activity of GR-TiO, composites using aqueous Na,S
and Na,SO; as sacrificial agents under UV-vis
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Graphene

Fig. 5. (a) Schematic energy level diagram of GO relative to the levels of H,
and O, generated from water. Reprinted with permission from reference [44].
(b) The proposed mechanism for GR-based photocatalysts in enhancing pho-
tocatalytic performance. Reprinted with permission from reference [45].
Copyright 2014 American Chemical Society.

illumination.?

They determined that the photocatalytic
activity of the composite depends upon the GR content and
calcination atmosphere. They also observed an increase in the
rate of H, evolution with the increase in GR content to 5 wt
%, where the rate of H, evolution reached 8.6 pmol h™*,
which is 1.9 times higher than that of P25. Lin et al. also found
that the calcination atmosphere affected the photocatalytic
activity of the composites, and TiO,~GR composites calcined
in a nitrogen atmosphere showed a higher photocatalytic per-
formance than those calcined in air due to the formation of
oxygen vacancies in the TiO, lattice, which act as electron
traps.”>”!

The interfacial interaction has a pronounced effect on the
charge mobility within the photocatalyst and the interfacial
interaction between GR and TiO; is highly dependent on the
synthetic method; therefore, a rational design for the synthesis

of GR-TiO, composites is required to enhance the photocata-
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Fig. 6. (a) Schematic illustration of the charge transfer and separation in the
GR-modified TiO, nanosheet system under UV-light irradiation. (b) Pro-
posed mechanism for photocatalytic H, production under UV-light irradia-
tion.®? Copyright 2014 Royal Society of Chemistry.

lytic performance. Fan et al. compared H, evolution efficiency
using methanol as a sacrificial agent with a range of GR-P25
composites synthesized through different methods such as
UV-assisted photocatalytic reduction, hydrazine reduction,
and the hydrothermal method. All the GR-P25 composites
exhibited significantly improved H, evolution performance
compared to P25 alone. Fan’s group also compared the hydro-
gen evolution activity of P25, P25-CNT, and rGO-P25 with
different mass ratios.”® The rate of hydrogen evolution was
higher in rGO-P25 synthesized by the hydrothermal method
compared with rGO-P25 composites synthesized by other
methods, as well as the P25-CNT composite. The TEM
images showed that the composites were composed of GR
sheets and 20-30 nm P25 nanoparticles. However, the contact
between the P25 and rGO sheet was different for the compo-
sites prepared by different methods. The composites prepared
by hydrothermal methods showed a uniform and more dis-
persed distribution of P25 nanoparticles as compared to the
segregation of P25 nanoparticles on rGO sheets prepared by
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Fig. 7. Schematic illustration of selective oxidation and reduction processes
on a single GR sheet at two different catalytic sites. Reprinted with permission
from reference [60]. Copyright 2014 American Chemical Society.

other methods. The authors proposed that the hydrothermal
method resulted in stronger interactions and uniformly dis-
tributed P25 nanoparticles on the rGO sheet, which acceler-
ated the photogenerated electrons of P25 to rGO, suppressed
the recombination of charge carriers, and resulted in higher
photocatalytic activity.>®!

Attempts have been made to prepare GR-TiO, compo-
sites with uniform distribution and stronger interfacial interac-
tions between the TiO, nanoparticles and the GR sheet.
Among the different fabrication strategies, the hydrothermal,
solvothermal, solution mixing, and sol-gel methods are
believed to be the best for fabrication of GR-TiO, compo-
sites.*® Although there has been a significant improvement in
the synthetic strategies, the 2D GR sheets can only contact the
bottom part of the TiO, nanoparticles, which limits the elec-
tron transport from TiO, to GR. The contact area between the
TiO; nanoparticles and GR has been improved by the core—
shell approach of the Choi group.”®® The core—shell nanocom-
posite was prepared in a two-step process involving the prepa-
ration of TiO; self-assembled GR nanosheets in the first step
followed by photocatalytic reduction under UV irradiation in
the second step to obtain an rGO-TiO, core—shell structure.
The Choi group observed that the rates of H, production were
higher in the rGO-TiO, core—shell structure as compared to
the rGO-TiO, 2D sheet structure, which indicates that the
presence of rGO shells on the surface of TiO, facilitates the
interfacial electron transfer. The direct contact between rGO
and TiO, is maximized in a core—shell structure by retarding
the charge recombination and accelerating the electron trans-
fer. The geometry of the core—shell structure should be effec-
tive in the design of a GR-TiO, composite for solar
conversion applications.””!

The increased photocatalytic water splitting activity of Pt-
loaded TiO, in the presence of sacrificial reagents (electron
donors or hole scavengers) is well known and has been exten-
sively studied.®® Recently, Park et al. compared the hydrogen
generation performance of three composite catalysts, Pt/TiO,,

GO/TiO,, and GO/Pt/TiO,, under UV-light irradiation.””!

Chem. Rec. 2016, 16, 1591-1634
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They observed that the rate of H, evolution decreased in the
order of GO/Pt/TiO,>Pt/TiO,>GO/TiO,, indicating that
TiO, alone with GO is not catalytically active in the produc-
tion of H,. However, the presence of GO and Pt on the TiO,
surface can synergistically enhance the H, generation activity
when GO serves as an auxiliary co-catalyst, reducing the cost
of photocatalyst preparation by consuming less Pt. Kamat has
proposed a possible mechanism of water splitting by incorpo-
rating semiconductor nanoparticles (e.g., TiO,) and Pt nano-
particles in a GR sheet. The role of the GR sheet in this
mechanism is to capture electrons and shuttle them across the
2D carbon network to the Pt site to facilitate hydrogen reduc-
tion (Figure 7).’ Wang et al. have developed an efficient
GR-TiO,—Au photocatalyst by combining the surface plas-
mon resonance effect of Au NPs, which broadens the visible-
light response of the TiO,, and the excellent electron transport
properties of graphene, which hinders the fast recombination
of photoelectron and hole pairs. Their results showed that the
composite photocatalyst has significantly increased visible-
light absorption and enhanced photocatalytic H, production
compared with pure TiO,, graphene-TiO,, and Au-TiO,

composites. (o1l

2.1.2. Graphene—Metal Sulfide Composites for Photocatalytic
Water Splitting

Metal sulfides, especially CdS, are some of the most attractive
visible-light-driven water splitting photocatalysts due to their
ideal band structure. However, CdS suffers from high levels of
photocorrosion and its photocatalytic activity is limited by the
high recombination rate of the photoinduced electron—hole
pairs. Time-resolved fluorescence spectroscopic studies have
shown a picosecond ultrafast electron transfer process from
photoexcited CdS to the GR sheets in GR-CdS compo-
sites.!®?) The fast electron transfer to the GR sheet demon-
strates that GR could reduce the recombination rate of the
photoinduced electron—hole pairs in CdS photocatalysts
because of its high electron acceptor and transporter proper-
ties. Peng et al. have reported higher photocatalytic activity for
a series of GO-CdS nanocomposites fabricated using a facile
precipitation process by using Cd(Ac), and Na,S on a prefab-
ricated GO using Na,S/Na,SOj5 as a sacrificial reagent. They
claimed that GO acts as a CdS supporting matrix, co-catalyst,
and electron acceptor for effective charge separation in the
GO-CdS nanocomposite; therefore, it provides an inexpensive
means to achieve high-performance visible-light-driven photo-
catalysts for hydrogen production without noble-metal load-
ing.!®’ Li et al. have synthesized rGO-CdS nanocomposites
by a solvothermal method using Cd(Ac),-2H,0, DMSO, and
GO as precursors to achieve deposition of CdS on rGO simul-
taneously, and found that the nanocomposites with 1.0 wt %
content of rGO and 0.5 wt % Pt showed a higher H,
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Fig. 8. (a) Energy level diagram for N-GR-CdS nanocomposites in relation to the redox potentials for the water splitting process in Na,S/Na,SO3 aqueous solution.

(b) H; evolution of CdS and N-GR—CdS composites with various contents of N-GR. Measurement conditions: 0.2 g sample, 300 mL aqueous solution containing
0.1 M Na,S and 0.1 M Na,SOs3. Light source: 300 W Xe lamp (4, 420 nm). Reprinted with permission from reference [66]. Copyright 2014 American Chemical

Society.

production rate of 1.12 mmol h™ " under visible-light irradia-
tion using lactic acid as a sacrificial reagent.'*? Similarly, Gao
et al. have proved the role of the electron acceptor and trans-
port characteristics of rGO for enhancing photocatalytic water
splitting properties in the rGO—-CdS nanocomposite.!® Li
et al. prepared a series of highly durable N-doped GR-CdS
nanocomposites for hydrogen production from water under
visible-light irradiation at A>420 nm and showed that N-GR~
CdS nanocomposites have higher photocatalytic activity than
pure CdS. The enhanced transient photocurrent response
proved an effective transfer of photoinduced electrons from
CdS to N-doped GR, which results in higher photocatalytic
performance due to suppressed recombination of the electron—
hole pairs. The amount of N-GR is an important factor that
affects the photocatalytic activity of N-GR-CdS nanocompo-
sites; 2 wt % of N-GR was optimal for the highest photoactiv-
ity. Furthermore, the N-GR-CdS photocatalyst showed a
constant rate of H, evolution for more than 30 h without deg-
radation, indicating that N-GR forms a protective layer to pre-
vent photocorrosion of CdS under light irradiation.'®® Figure
8 shows the energy level diagram and electron transfer mecha-
nism of N-GR-CdS nanocomposites in the Na,S/Na,SO3
aqueous solution. Similarly, Liu et al. have constructed one-
dimensional silver-nanowire-doped reduced graphene oxide
(NW-rGO) integrated with CdS nanowire network hybrid
structures for artificial photosynthesis, which resulted in a pro-
longed lifetime of the photogenerated charge carriers excited
from the CdS NW network, thus making Ag NW-rGO an effi-
cient co-catalyst with the CdS N'W network toward artificial
photosynthesis.'*”

Zhang et al. have reported a noble-metal-free rGO-
Zny gCdy »S nanocomposite as an efficient solar photocatalytic
system for H, production from water splitting,/® The rGO-
Zng gCdg»S composite showed a 450% higher H, production
performance compared to pristine ZnggCdg»S and an opti-
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mized Pt—Zng §Cdy »S system. Figure 8a shows the mechanism
of electron injection from Zng gCdy S to rGO while Figure 8b
shows the respective band edge positions and redox reaction
centers. The rGO-Zn( gCdy »S composite GO functions as an
electron collector and transporter to enhance the lifetime of
the charge carriers; additionally, it also facilitates the photoca-
talytic reaction to take place on the surface. This work created
a green and simple way for using rGO as a support for the
Zn,Cd; —,S photocatalyst, but also demonstrated that rGO is a
promising substitute for noble metals in photocatalytic H,

(68691 Similarly, Li et al. also prepared a GR—

production.
Zn,Cd,_,S composite photocatalyst that showed higher H,
evolution without the use of a noble-metal co-catalyst. Their
work revealed the significance of the choice of organic or inor-
ganic S source in the design and fabrication of GR-based sul-
fide photocatalysts.”””!

More recently, Xiang et al. developed a new noble-metal-
free ternary composite material by growing TiO, nanocrystals
in the presence of a layered MoS,~GR (MG) hybrid using a
simple two-step hydrothermal process.m] The TiO5—MoS,—
GR composite reached a high H, production rate of 165.3
umol h™" and the apparent quantum efficiency reached 9.7%
at 365 nm, when the content of the MoS,~GR co-catalyst was
0.5 wt %, while the co-catalyst itself contained 5.0 wt % con-
tent of GR. The high photocatalytic activity of this ternary
composite was due to the positive synergetic effect between the
MoS, and GR components, which not only acted as an elec-
tron collector but also as an active adsorption site, respectively.
Xiang et al. have also prepared a GR—CdS-MoS, composite
with homogeneous dispersion of MoS, nanoparticles by a pho-
todeposition method without the characteristic stacked layer
structure of MoS,.”? This GR-CdS-MoS, composite exhib-
ited a much higher activity toward photocatalytic water split-
ting under visible-light irradiation compared with the
hydrothermally synthesized GR—CdS-MoS, composite with

Wiley Online Library 1601



Personal Account

THE CHEMICAL RECORD

& s ?
]
2 1"! >
2 2 2
> >
>
2 2

&

] 2
Crapheng >

v

] 2
> 2

Fig. 9. Schematic illustration of the charge separation and transportation over
rGO-Caln,Oy4 composites under visible-light irradiation. Reprinted with per-
mission from reference [76]. Copyright 2014 /nz. /. Hydrogen Energy.

the characteristic MoS; layer structure. The improved activity
and homogeneous dispersion of tiny MoS, for GR-CdS-
MoS, was attributed to better separation and transfer of charge
carriers and provided the increased number of catalytically
active sites. The composite also had a higher stability towards
photocorrosion.””? The study by Xiang et al. demonstrated an
inexpensive photocatalyst with high solar H, evolution with-
out noble metals.”"”? Similarly, Yu and co-worker fabricated
noble-metal-free GR-CdS—-MoS,; hollow spheres with supe-
rior photocatalytic activity due to the large surface area of the
hollow structure, minimum charge recombination, and better
synergetic  electron
composite.[73]

transfer within  the photocatalyst

2.1.3. Graphene-Based Single Oxide Composites
for Photocatalytic Water Splitting

Recently, Gao and co-workers have fabricated a series of rGO-
Caln,O4 composites via a facile solvothermal method by
depositing Caln,O4 nanoparticles on the GR sheets to simul-
taneously enhance the photocatalytic performance of
Caln,;Oy4. The tGO-Caln,O4 composite evolved H, at a rate
of 62.5 mmol h™" using methanol as a sacrificial agent when
the content of GR was 1 wt %. Furthermore, the composite
was very highly stable and did not show deactivation for H,
evolution for over 32 h. The tentatively proposed mechanism
(Figure 9) proves that GR acts as an efficient electron acceptor
and transporter, as well as a co-catalyst for the reduction of H,
to produce hydrogen.® Similarly, Ding and co-workers also
prepared a new rGO-YInOj3; composite by the solvothermal
method, which showed a remarkable H, evolution rate of
400.4 pmol h™" g™ ! when the content of GR was 0.5 wt %,
which is 127 and 3.7 times higher than that of pure YInOj and
Pt—YInOs, respectively. The study showed that the addition of
GR as a co-catalyst can narrow the bandgap of YInOj to visible
photon energy and prolong the separation and lifetime of elec-
tron—hole pairs by the chemical bonding between YInO3 and
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GR."4 Mukherji et al. studied a new type of nitrogen-doped
tantalite, Sr, Ta,O_ N, which exhibited significantly increased
visible-light absorption and improved photocatalytic hydrogen
production by 87% under solar irradiation, compared with
its undoped counterpart Sr,Ta,O-. An additional 80% in effi-
ciency improvement was recorded by making a composite with
GR-Pt to provide an overall quantum efficiency of 6.45%. The
study attributed the increase in efficiency to a better charge car-
rier separation on the photocatalyst.””!

2.1.4. Graphene as Redox Mediator in Z-Scheme/
Heterojunction Water Splitting Photocatalysts

Although a number of GR-based single-photocatalyst systems
have been developed for effective water splitting, they have
very low efficiency for practical applications. By mimicking
natural photosynthesis, the Z-scheme/heterojunction photoca-
talysis system, consisting of a H, evolution photocatalyst, an
O, evolution photocatalyst, and an electron mediator, has
great potential to improve the water splitting efficiency under
visible light.””) Recent studies show that the electron transfer
between the two photocatalysts is the rate-determining process
781 Substantial

research has been done on ionic redox shuttles to improve the
[791

in Z-scheme or heterojunction systems.

electron transport from the O, to the H, photocatalyst.
Compared to the ionic redox couples, a solid mediator is more
favorable in terms of reclamation of clean water and recovery
of the photocatalyst. Considering the excellent electron separa-
tion and transport ability of GR, it is promising in making a
contribution to improve the hydrogen evolution efficiency of
many single photocatalysts. The Iwase group has constructed a
series of Z-scheme systems by mixing photoreduced rGO with
BiVO,; (rGO-BiVO4) and Ru-SrTiOz;:Rh (rGO-Ru—
SrTiO5:Rh). As shown in Figure 10, the rGO functions as a
solid-state electron mediator, transferring the electrons from
the conduction band of BiVOy to the vacancies in the impurity
levels of Ru-SrTiO3:Rh to reduce water to H, on the Ru co-
catalyst, while the holes in BiVOy oxidize water to O,. The
rGO-BiVO, and Ru-SrTiO3:Rh systems show the highest H,
evolution rate and are stable over a period of 24 hours. This
important work has paved the way for the use of GR in the
design of efficient photocatalysts for water splitting, "’

Since the studies have proven that the built-in electric field
at the interface between different semiconductors can promote
the separation and transport of photoinduced electron—hole
pairs, there has been great interest in the development of heter-
ojunction photocatalysts. Recently, combining GR with heter-
ojunction nanostructures to enhance the H, evolution
efficiency of heterojunction photocatalysts has been on the rise
due to the better electron acceptor and transporter functions of GR.
Yan etal. have synthesized a series of nickel hydroxide modified cad-
mium sulfide-rGO (Ni(OH),-CdS—rGO) nanocomposites and
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Fig. 10. (a) Schematic image of a suspension of Ru-SrTiO3 and rGO-BiVO4
in water at pH 3.5. (b) Mechanism of water splitting in a Z-scheme photocatal-
ysis system consisting of Ru-SrTiO3:Rh and rGO-BiVOj under visible-light
irradiation. Reprinted with permission from reference [80]. Copyright 2014
American Chemical Society.

demonstrated that the heterojunction material is an efficient
photocatalyst for water splitting. The Ni(OH),-CdS-rGO
materials with 1.0 wt % Ni(OH), loading produced hydrogen
from water under visible-light irradiation (A>420 nm) at a rate
of 4731 pmol h! gfl, which is nearly ten times higher than
that of the CdS—rGO photocatalyst under the same conditions.
The study proved that Ni(OH), is a good noble-metal-free co-
catalyst for water splitting and that the positive synergetic effect
between CdS, rGO, and Ni(OH), can efficienty suppress
charge recombination by improved interfacial charge transfer
and photocatalytic H, evolution by providing active sites.'®"!
Khan et al. also demonstrated the superior electron collector
and transporter nature of GR by preparing GO-CdS—oxide
(oxide: ZnO, Al,O3) photocatalysts in a single-step hydrother-
mal process. The GO-CdS-AL,O3 and GO-CdS-ZnO both
exhibited enhanced photocatalytic activity for hydrogen genera-
tion with apparent quantum yields (AQYs) of 14% and 30%,
respectively. The superior photocatalytic properties are attrib-
uted to the sheet-like structure of GO, which provides enhanced
surface area and effective separation of photoinduced charge
carriers.®!

In another study, Hou et al. prepared CdS@TaON core—
shell nanocomposites by an ion-exchange route with assistance
from a hydrothermal process on GO as the support. The
CdS@TaON core-shell heterojunction decorated GO nano-
sheets proved to be an efficient water splitting photocatalyst,
with a H, production rate of 306 pmol h™" and an apparent
quantum efficiency (QE) of 15% under 420 nm monochro-
matic light when coupled with 1 wt % of GO and 0.4 wt % of
Pt, which was about 141 times higher than that of the pristine
TaON. The high water splitting performance of heterojunc-
tion photocatalysts was attributed firstly to the presence of
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Fig. 11. Schematic mechanism of oxygen evolution from the o-Fe,Os/
Mn304-1/rGO-3 photocatalyst. Reprinted with permission from reference
[84]. Copyright 2014 Royal Society of Chemistry.

CdS nanocrystals, which modify the band structure in the
coupled semiconductor system, and secondly to the involve-
ment of GO, which serves as an electron collector and trans-
porter to efficiently lengthen the lifetime of the photogenerated
charge carriers from CdS@TaON composites.**!

Most of the work discussed above focused on the develop-
ment of efficient H; evolution photocatalysts using GR and its
derivatives, but very recently Yin et al. have developed a novel
O, evolution photocatalyst consisting of a-Fe;O3, Mn3Oy,
and rGO nanocomposites.[84] The a-Fe;O3-Mn30,~rGO
nanocomposite has been facilely synthesized through a two-
step solvothermal process. The optimized photocatalyst
showed an oxygen evolution rate of 1406.2 pmol g~ under
UV-vis light irradiation and the quantum yield was ca. 4.35%
at 365 nm. The high photocatalytic oxygen evolution activity
of the heterostructural a-Fe;O3-Mn304~rGO nanocompo-
site is attributed to its high light-harvesting efficiency, a low-
ered overpotential for water oxidation, and excellent charge
transfer performance (Figure 11). This study highlights the
potential application of GR in the design of heterostructured
photocatalysts for O, evolution.®! Similarly, Hou et al. have
prepared a GR-supported AgzPO4—Ag—AgBr photocatalyst for
O; evolution by a photoassisted deposition—precipitation reac-
tion, followed by a hydrothermal treatment. The hybrid rGO-
Ag3PO4~Ag—AgBr composite exhibits double the O, produc-
tion activity than that of bare AgsPOy under visible-light irra-
diation. The increase in activity is attributed to a combination
of conduction band depletion, lowered valence band of
AgsPOy by the addition of Ag/AgBr and rGO, and better

charge transfer and distribution onto the GR support.'®”’

2.2. Photoelectrochemical Water Splitting

As described above, photocatalytic H, generation is carried out
using a suspension system of particulate semiconductor photo-
catalysts, while PEC water splitting is based on thin-film elec-
trodes and carried out in a PEC cell under light irradiation.
PEC cells consist of a photoanode/working electrode (PA) for
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Table 2. GR-based photoelectrodes for photoelectrochemical H, production by water splitting.

Photoelectrodes Preparation method Electrolyte Light source Bias (V) Year/ref.
Cu,O/GR - - AM 1.5 0 (vs RHE) 20143
BiVO4/rGO Hydrothermal - AM 1.5G (Xe) 0.5 (vs Ag/AgCl) 20131%%
o-Fe, O3/rGO Electrodeposition NaOH AM 1.5G (Xe) 0.5 (vs Ag/AgCl) 201318%
SilrGO Spin coating H,S0;, K,804 UV-visible (Xe) —0.754 (vs MSE) 20131
ZnO/rGO Electrophoresis Na,SOy AM 1.5G (Xe) 0.4 (vs Pt) 20121123
a-Fe,03/rGO/BiV, — Mo, Oy Spin coating Na, SOy AM 1.5G (Xe) —0.04 (vs Ag/AgCl) 20120"
2-Fe;03/CNT-rGO Spray coating NaOH AM 1.5G (Xe) 1.23 (vs Ag/AgCl) 20121124
TiO,/rGO Assembly Na,SOy4 2> 420 nm (Xe) 0 (vs Ag/AgCl) 20121
BiVO4/rGO Drop casting Na,SO4 A>420 nm (Xe) 0.75 (vs Ag/AgCl) 201012

HO o 2.2.1. Graphene-Based Photoanodes for PEC Water Splitting

2

0n ).

h'i-
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Ng et al. demonstrated for the first time that GR could improve
the PEC performance of a BiVO, photoanode by synthesizing
rGO-BiVOy composites using the spin-coating technique.

: H; Under visible-light irradiatdon, rGO-BiVO,4 composites
Visible light  BivO, showed H, and O, evolution rates of 0.75 and 0.21 pmol h™,
4 H,O with an external bias of 0.8 V, while negligible gas evolution was

Reduced graphene oxide (RGO) promotes
electron migration from BiVO, to FTO.

Fig. 12. Electron transport in a PEC system based on rGO and BiVOy.
Reprinted with permission from reference [87]. Copyright 2014 American
Chemical Society.

O; evolution, a photocathode/counter electrode for H, evolu-
tion (mostly Pt is used as a counter electrode due to the lack of
suitable photocathode materials), and an electrolyte solution.
Both electrodes are connected together through a wire, com-
pleting the current loop between the photoelectrodes. Similar
to the particulate photocatalysts, the photoelectrode materials
should fulfill the fundamental requirements of band structure
for spontaneous water splitting. The number of reliable and
stable materials capable of spontaneous water splitting, with-
out external bias, is limited due to the stringent band structure
requirements. Following the pioneering work of Kay and co-
workers on a-Fe,03,!%%! PEC received much more scientific
attention due to its potential advantages over photocatalytic
water splitting. Due to the excellent electron acceptor and
transporter properties, GR and its derivatives are at the fore-
front to improve the PEC performance of photoanode and
photocathode materials. A summary of GR-based photoelectr-
odes (photoanode and photocathode) for PEC water splitting
is given in Table 2.
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observed on pure BiVO,. The PEC water splitting performance
is ascribed to the scaffold roll of rGO, which improved contact
between the BiVO, particles and the transparent conducting
electrode, as well as to the longer electron lifetime of excited
BiVO,. This is because the electrons are injected into rGO
instantly at the site of generation, leading to a minimized charge
recombination as shown in Figure 12.%%7) This work has trig-
gered more interest in synthetic strategies to develop rGO-
BiVO, composites with better PEC performance.®®

Zhang et al. have reported the PEC performance of the
well-studied a-Fe,O3 photoanode by inserting a GR interlayer
using the template-assisted electrodeposition method.’™ The
incorporation of the GR interlayer remarkably improved the
photocurrent density and incident photon-to-electron conver-
sion efficiency (IPCE) of rGO-a-Fe,O5 compared to that of
an o-Fe,O3 PA. This increase in the PEC performance indi-
cates that the GR interlayer acts as both an electron transfer
layer and an electrolyte blocking barrier, by which it can not
only reduce the charge recombination at the substrate—electro-
lyte interface but also improve the electron transfer from o-
Fe;O3 to the substrate. They concluded that GR can provide
solutions to the fast charge recombination in a-Fe,O3 PAs and
to the high charge transfer resistance of the photoelectrode—
electrolyte interface in PEC cells.® Wu et al. fabricated an
tGO-WOj; hybrid nanocomposite PA on fluorine-doped tin
oxide (FTO) substrates via hydrothermal growth of ultrathin
WOj3 nanoplates followed by in situ photoreduction to deposit
tGO layers on the WOj3 nanoplate surfaces. The rtGO-WO3;
nanocomposites have achieved the highest photocurrent den-
sity of 2.0 mA cm ™% at 1.23 V versus the reversible hydrogen
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Fig. 13. Schematic of the energy band structure of the o-Fe,Os—rGO-

BiV;-,Mo0,0O4 heterojunction and proposed mechanism of PEC water
splitting. Reprinted with permission from reference [91]. Copyright 2014
American Chemical Society.

electrode (RHE) in electrochemical impedance spectroscopy
(EIS) measurements, which proved that the increased PEC
performance is due to the enhanced charge transfer by the
incorporation of rGO."""

In another work, Hou et al. prepared heterojunction core—
shell arrays of a-Fe,O3-rGO-BiV;_,Mo,0y4, which consisted
of an a-Fe,O3 nanorod as the core, rGO as the interlayer, and
BiV,_,Mo,0y as the shell. The core—shell array was fabricated
by hydrothermal deposition of a-Fe;O3 nanorods onto a Ti
substrate, followed by the deposition of the rGO interlayer and
a BiV;_,Mo,Oy shell using photoreduction and spin coating,
respectively. The a-Fe;O3—rGO-BiV, _,Mo,O, heterojunction
had increased absorption by the a-Fe,O5 cores and BiV,_,.
Mo, Oy shells and enhanced separation of photocarriers at the
interfaces. Thus, the composite could achieve a much higher
photoconversion efficiency (PCE) of ~0.53% at —0.04 V
(0.56 V vs NHE) as compared to rGO-a-Fe,O;5 or a-Fe,Os.
The PEC water splitting mechanism of the a-Fe,O3-rGO-
BiV;_,Mo,0y4 heterojunction given in Figure 13 shows that
the energy bands of a-Fe,O3 and BiV;_,Mo,Oy shift upward
and downward, respectively, until their Fermi levels reach
equilibrium.

The photogenerated holes and electrons appeared only in
the VB and CB of a-Fe,O3 and BiV;_,Mo,0Oy4 upon irradia-
tion. In this process, GO acts as an electron conductor to
enhance the electron—hole separation. The excellent band
structure alignment and potential difference help rGO to effi-
ciently transfer electrons from the conduction band of the
BiV;_,Mo,Oy shell to the conduction band of the a-Fe,O3
core, which then quickly transfer through the Ti substrate and
external electrostatic field to the Pt counter electrode for the
liberation of H, from water. Simultaneously, the hole in
the VB of a-Fe,O3 migrates to the VB of BiV,_,Mo,Oy via
the rGO interlayer to oxidize water for O, evolution. The
enhanced PEC water splitting efficiency is attributed to the
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combined effects of core—shell heterojunction formation and
effective separation and transportation of photogenerated elec-
tron—hole pairs by rGO. This study opens a new avenue for
the design and fabrication of GR-based core—shell heterojunc-
tions for PEC water splitting. "

2.2.2. Graphene-Based Photocathodes for PEC Water
Splitting

As described above, the practical implementation of PEC
water splitting cannot be achieved without the development of
suitable p-type semiconductors/photocathodes. Among the
very few available as photocathode materials, Cu,O is consid-
ered a potential candidate for water splitting due to its suitable
band structure. However, Cu,O suffers from severe photocor-
rosion under PEC water splitting. Researchers have found that
GR can effectively reduce photocorrosion by rapidly extracting
photoinduced charges from semiconductors due to its excel-
lent electron acceptor and charge transfer capabilities. Tran
et al. have successfully addressed the photocorrosion issue of
Cu,O by synthesizing an tGO-Cu,O composite that shows a
photocurrent of 0.12 mA cm > and H, production of
1.4 pmol h™' g™ " at an applied bias of —0.4 V under visible-
light irradiation. These experiments also showed a linear H,
evolution for up to 15 h, in contrast to pristine Cu,O, which
completely deactivated after 5 h due to the self-reduction of
Cu,0 into Cu by the photoinduced electrons. The increased
stability and PEC performance is attributed to the rapid elec-
tron collection and transport properties of rGO, which not
only suppressed the recombination of the photoinduced elec-
tron—hole pairs but also prevented the self-reduction of Cu,O
into Cu.””! More recently, Dubale et al. obtained a higher and
improved photocurrent density of —4.8 mA cm ™2, which is
two times that of bare 1D Cu,O (—2.3 mA cm ™ %), at 0 V ver-
sus RHE under AM 1.5 illumination (100 mW cm ™ 2), and a
solar conversion efficiency of 3.3% at an applied potential of
—0.55 V by overlapping 1D Cu,O with GR. The GR-
modified photocathode showed a good photostability by
retaining 83% of the initial photocurrent density after 20
minutes of standard solar irradiation, which is more than five
times that of the bare Cu,O (14.5%). The high PEC perform-
ance of the GR-Cu,O nanocomposite is attributed to the
improved crystallinity and the synergetic effect of GR in
absorbing visible light, and the suppression of charge recombi-
nation and photocorrosion of the photoelectrode by prevent-
ing direct contact with the electrolyte.”” In another study,
Huang et al. have remarkably enhanced the PEC water split-
ting activity of silicon nanowires by spin-coating rGO on the
nanowires, and the EIS measurements suggest that the reduc-
tion of trapping and recombination of photogenerated carriers,
as well as the remarkable enhancement of PEC performance,
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can be attributed to the low charge transfer resistance at the
SINW-rGO and rGO—electrolyte interfaces.*”

2.3. Photocatalytic CO, Reduction

Solar-to-fuel generation (C1 hydrocarbons) from the photoca-
talytic reduction of CO; has become an attractive process and
provides simultaneous solutions to global warming and the
energy crisis. Many GR-based photoactive materials have been
employed for photocatalytic CO, conversion to valuable
hydrocarbon products. Huang et al. have discovered the role of
GR and its defects on the photoreduction of CO; in a GR-
P25 nanocomposite. The results show that GR-TiO, nano-
composites prepared by solvent exfoliation have lower defect
density, which can effectively reduce CO, in the presence of
water to produce CH, under visible- and UV-light irradiation.
The high CO, reduction efficiency is attributed to the superior
electrical mobility of GR, which facilitates the diffusion of
photoexcited electrons to reactive sites, and the study provided
new insights into the use of GR-based photocatalysts for the
production of solar fuels.”>! Tu et al. fabricated robust hollow
spheres of alternating TiO, nanosheets and GR nanosheets
(GR-Tig.9;0,) using layer-by-layer deposition methods for
the reduction of CO, to solar fuel. A ninefold increase in the
photoreduction of CO, into renewable fuels (CO and CHy)
by GR-Ti.9;0O, hollow spheres was obtained as compared to
commercial P25. The enhancement in photocatalytic activity
is attributed to three aspects: (i) the ultrathin nature of
Tig.910, nanosheets, allowing charge carriers to move rapidly
onto the surface to participate in the photoreduction reaction;
(ii) the sufficiently compact stacking of ultrathin Tip9;0,
nanosheets with GR nanosheets, allowing the photogenerated
electron to make a fast transfer from the Tij 9;O, nanosheets
to GR and enhancing the lifetime of the charge carriers; and
(iii) the hollow structure potentially acting as a photon trap-
well to allow the multi-scattering of incident light for the
enhancement of light absorption.[%] An et al. have successfully
prepared an rGO-Cu,O composite using a one-step micro-
wave-assisted chemical method and proved that the rGO coat-
ing dramatically increases Cu,O activity for CO,
photoreduction. The CO, reduction efficiency of the rGO-
Cu,O composite was six times higher than the bare Cu,O and
50 times higher than the Cu,O/RuQ, junction after 20 hours
under optimized conditions. The improved activity was attrib-
uted to the enhanced stability of Cu,O due to the protective
coating of rGO, as well as the efficient charge separation and
transfer functions of rGO.!”

Yu et al. have prepared rGO-CdS nanorod composites by
a one-step microwave-hydrothermal method for the reduction
of CO, to CHj4 without a noble metal like the Pt co-catalyst.
The noble-metal-free optimized rGO-CdS composite with
0.5 wt % rGO content showed a high CHy4 production rate of
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2.51 pmol h™" g™, which was ten times better than the pure
CdS nanorods and the Pt~CdS nanorod composite under opti-
mized reaction conditions. The high photocatalytic activities
are the result of effective electron acceptors, transport of pho-
togenerated charge carriers, enhanced adsorption, and activa-
tion of CO, molecules by the rGO sheet.®*!

Lv et al. have prepared NiO,-loaded rGO-Ta,O5 compo-
sites using a one-step hydrothermal method for the photocata-
lytic reduction of an aqueous CO, solution to CH3OH and
H,. NiO,~Ta,O5-rGO composites with 1 wt % GR content
showed a conversion rate of CO, into methanol of up to 0.5
pmol g_1 h™!, which was 3.4 times higher than the corre-
sponding photocatalyst without GR. The enhanced conversion
efficiency was due to the electron transfer and collection char-
acteristics of GR, and rGO was found to be important in
achieving high methanol yields for this multi-electron reduc-
tion process.[%]

Following the successful applications of GR to enhance
the CO, reduction efficiency of particulate photocatalysts,
Cheng et al. developed a novel light-driven PEC reactor (Fig-
ure 14), with Pe=rGO as a cathode catalyst and Pt-modified
TiO, nanotubes (Pt-TNT) as PA. They found the effective
conversion of CO, into species such as C,HsOH and
CH;3;COOH. The carbon atom conversion rate reached 1130
nmol/(h-cm?), which was much higher than those achieved
using Pt-modified carbon nanotubes and platinum carbon as
cathode catalysts. The efficient dual-chamber PEC reactor,
which combines the electrical cathode and PA, was designed to
separate the photoinduced process into two physically distinct
areas related to water oxidation and CO, reduction. This reac-
tion system was able to limit the charge recombination, reduce
the energy input, and increase the efficiency of CO, reduction
reactions. The outstanding catalytic activity of Pe—rGO was
mainly attributed to its high reactant absorptivity and efficient
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charge transportation, which opens up a new direction for
PEC CO, reduction to useful liquid products.”®”’

2.4. Graphene: An Energetic Component in Solar
to Electricity Conversion

The impressive properties of high optical transparency,
remarkable electrical conduction, and mechanical flexibility of
2D GR and its derivatives have received profound attention
for next-generation solar cells. The viability of large-scale syn-
thesis through physical and chemical methods'"”*"?” and the
p-type behavior to achieve effective physical and catalytic
properties[lzs]
cells. Recent progress in the utilization of GR in solar cells has

make GR a promising candidate for use in solar

been widely reported elsewhere.!"*”’ The recent application of
GR in different solar cell architectures such as DSSCs and
QDSCs and its underlying mechanism in improving the over-
all PCEs of the respective device configurations have been
discussed.

The first report on DSSCs in 1991 by O’Regan et al.!"*”!
opened up new avenues in next-generation solar cells at a low
cost compared with silicon solar cells, with a remarkable PCE
of 11.1%, and they recently reached a benchmark efficiency of
13%.1"%" A schematic of the DSSC architecture is presented
in Figure 15a. Photosensitizer molecules are assembled onto
the mesoporous PA, which acts as a light receptor for solar irra-
diation and is sandwiched with an electrocatalyst (EC)-coated
charge collector filled with a hole-transport electrolyte (HT).
The photoexcitation of the PS (D™ + hv — D*) under light
irradiation leads to rapid electron injection into the conduc-
tion band of the PA (i.e., TiO,), and further electrons reach
the charge collector, where the original state of the dye can be
regenerated by electron donation from the electrolyte (D* —
D" + e). The collected photoelectrons in the charge collector
are further transported to the counter electrode through an
external circuit, and the circuit is completed through dye
regeneration by half of a redox couple (I « 2I") in the
electrolyte. %%

Typically, the following materials are used in DSSCs:
indium- or fluorine-doped tin oxide (window layer or charge
collector), a mesoporous TiO, layer (electron transport layer),
organic/inorganic dye molecules (photosensitizers), iodide/
triiodide (redox shuttle), and platinum counter electrodes
(electrocatalyst towards triiodide reduction). Despite their
effective performance, the inadequate and weak light transpar-
ency, significant sheet resistance of charge collectors (ITO or
FTO substrates), poor charge separation at the TiO,—dye/elec-
trolyte interfaces, and expensive Pt counter electrodes limit the
device parameters of open-circuit photovoltage (V) and pho-
tocurrent density (/,.), which restricts further industrial imple-
mentation. In this context, GR and its derivatives have been
utilized in DSSCs, which can be overwhelmed by the above
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Fig. 15. (a) Structure of a DSSC. (b) Schematic illustration of GR utilization
in DSSCs as (a) window layer, (b) electron transport layer, and
(¢) electrocatalyst; (d—f) the corresponding energy diagrams are presented on
the right-hand side of each scheme. Reprinted from reference [129a]. Copy-
right 2014 Materials Research Society, London.

issues. In view of the recent literature, huge amounts of
research have been conducted on GR-based DSSCs. Based on
the reports of GR in DSSCs, the role of GR in various DSSCs
is schematically illustrated alongside the corresponding energy
level diagrams in Figure 15b.""%% It clearly shows that GR can
be practically applied as (a) a transparent window layer, (b) an
electron transport layer or sensitizer with the PA, and
() electrocatalytic counter electrodes. The underlying mecha-
nism of each layer in Figure 15b will be discussed in the com-
ing section.

2.4.1. Graphene as a Photoanode

The advantages of layer thickness depend on optical transpar-
ency!¥ and resistivity."> The GR has transparent conduc-
tion oxides, metal electrodes, and a preferred window layer
(Figure 16a). The first-ever report by Wang et al."'**! on as-
synthesized GR platelets transferred onto glass substrates led to
a high-transmittance electrode material (97.7%, Figure 16b)

compared with ITO and FTO substrates and opened up a new
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Fig. 16. (a) The plot of sheet resistance (R;) versus film thickness () for various transparent conduction electrodes. Reprinted from reference [134]. Copyright 2014
Nature Publishing Group. (b) Transmittance of a ca. 10 nm thick GR film (red), in comparison with those of ITO (black) and FTO (blue). Inset: illustration of a
DSSC using GR film as the electrode. Reprinted from reference [135]. Copyright 2007 American Chemical Society. (c) Schematic illustration of electron transport
pathways at TiO,/dye with and without GR interlayer. Reprinted from reference [139]. Copyright 2012 Wiley-VCH, Weinheim. (d,e) SEM images of 3D GR elec-
trodes prepared by (d) the physical method (reprinted from reference [148], Copyright 2011 Nature Publishing Group) and (e) the chemical method (reprinted from

reference [149], Copyright 2013 American Chemical Society).

avenue in the utilization of GR in DSSCs. However, assem-
bling the pre-synthesized GR platelets onto the glass substrate
resulted in highly defected edges of sheets (hopping from pla-
telet to platelet), and introduced significant resistance in the
electrodes, thus affecting the charge collection at external cir-
cuits. This issue can be overcome by replacing the continuous
GR films with low defect concentration. For instance, the
CVD-grown continuous films were transferred onto a glass
substrate, and performed at a higher optical transference com-
pared with ITO and FTO substrates.'?®) The defect-
controlled GR front contact substrate based DSSCs!'**! exhib-
ited 4.5 times higher PCE values compared with those
reported by Wang et al."**! under identical photoelectrode
configurations. This led to controlling the PCE of the device
by the GR defects at the front contact.

As shown in Figure 15a, the PA of a DSSC performs as an
electron transporter, and conducts the electron from the
excited dye sensitizers to the external circuit. Mostly,
nanoparticulate-based electron transport layers (TiO, spheri-
cal particles) have been used in DSSCs and showed random
electron transport from the point of electron injection (dye) to
charge collector. Due to the presence of a higher amount of
grain boundaries at the nanoparticulate electrode and control
of the electron transport through an electron trapping/de-trap-

ping mechanism,">”) there has been a lower efficiency of the
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device. A highly conducting 2D GR sheet is the appropriate
composite candidate for the nanoparticulate electron transport
layer (TiO,), which markedly promotes the electron transfer
from TiO, to a current collector"** (auxiliary transport indi-
cated in blue color in Figure 16b). In addition, the favorable
band position of GR NHE at ca. —4.4 ¢V lies between the
FTO (NHE ca. —4.7 €V) and TiO, (NHE ca. —4.2 eV) and
can increase the electron mobility to the PA."** Moreover,
the high electron-conducting characteristics of GR displayed a
better performance than that of other 1D composite facilita-
tors (carbon nanotubes), and the spatially well-dispersed GR
2D sheets also extend compatibility in order to accommodate
a larger quantity of TiO, particles.mo] Apart from these mer-
its, GR acts as an auxiliary binder (0.8 wt %) in producing
crack-free TiO, mesoporous thick films without sacrificing the
PCE of the device.'*!)

A wide range of metal oxide-GR composites have been
reported as PAs in photoelectric conversion devices. However,
more reports are available on DSSCs using GR-TiO,!!314%]
and ZnO-GR™ composites due to their flexible and facile
synthesis. As previously reported, GR-TiO, composites (GT)
can be synthesized by either (a) decoration of GR on pre-
synthesized TiO, frameworks! !
of TiO, nanoparticles on pre-synthesized GR scaffolds.
Herein, GR could enhance the photocurrent density (/) of

and/or (b) in situ deposition
[145]
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DSSCs compared with pristine TiO, electrodes."“®! The /.
enhancement of GT composites is governed by several factors:
(a) optical scattering phenomena that harvest red photons
from the solar spectrum, and (b) auxiliary transport at metal
oxide—dye interfaces that amplify the charge collection."?”!
Nevertheless, GR composites enhance the performance of the
DSSCs. Both GR and TiO, play a vital role in the overall per-
formance of the device. One of the issues is that GR also
absorbs light photons and may be detrimental for PCE when
exceeding the optimized amount.*”!

Conversely, the TiO, particle size also affects the TiOp—
GR composite performance."*” The smaller-sized TiO,
could produce better connectivity with the GR network com-
pared with the larger-sized TiO, particles. Further improving
the conducting properties of GR by nitrogen doping (0.2 wt
% N-rGO) led to a higher photocurrent density, thus resulting
in a 13.2% higher PCE than pristine TiO, and GR-TiO,
composites.!"*”) It is noteworthy to mention that TiO,~GR
composites enhance the photocurrents of the device through
lowering the charge recombination at TiO,~dye interfaces,!">"!
and do not shift the conduction band of TiO, or influence the
recombination process. The recent demonstration on extending
the wide porous PA with highly interconnected 3D GR back-
(148,149.152) results from rapid electron trans-
port with highly diffusive electrolyte percolation pathways
(effective mass transfer),!'>*! which drastically lower the recom-
bination loss at PA—dye/electrolyte interfaces.!">**>* It is antici-
pated that a thin layer of TiO, films on 3D GR electrodes
(Figure 16d,e) could offer ample room for loading different
wavelength-based dye sensitizers on one roof (panchromatic dye
sensitizers).>® Unlike conventional small-pore-sized GT elec-
trodes, assembling panchromatic dye sensitizers at larger-pore-
sized 3D GT electrodes is a futuristic approach for extending the
visible-light harvesting across a broad range of the solar spec-
trum for graphene-based QDSCs.

Utilizing low-dimensional semiconductor quantum dots
as light-harvesting components (denoted as PS in Figure 15a),
instead of dye molecules, could reduce the device cost.!*”
QDs have unique properties, such as (a) flexibility in bandgap
tuning by varying the particle size, (b) high extinction coeffi-
cients, and (c) high dipole moment, making them important
for next-generation solar cells.">® Furthermore, multiple exci-
ton generation phenomena and the extraction of hot electrons
from QDs can promote the theoretical PCE of cells to surpass
the Shockley—Queisser limit (31%).1"5%) Great efforts have
been invested in designing the QDSC architecture over the last
five years and the PCE has monotonically increased and cur-
rently stands at a certified efficiency of 6.6% for CulnS QD
sensitizers.""®”) Still, further development is required to achieve
competitive performance with DSSCs.

Compared with dye sensitizers (10~° s), faster electron—
hole recombination times for QDs (1071 91U Jead 1o

bone membranes
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(162] 2nd often

band-band recombination or surface states
affect the charge extraction from QDs. In order to improve the
charge extraction from QDs, extensive research has been car-
ried out on combining a variety of narrow-bandgap-energy
semiconductor QDs (e.g., CdS, CdSe, PbS, CulnS, CulnSSe,
CdTe) with 1D and 3D (nanoparticulate, nanowire,
nanofiber, and nanotree) structures. These 1D and 3D nano-
wires, based on the PA framework, encompass radial electron
transport and result in efficient charge extraction from QD-
electrolyte interfaces to the charge collector. Despite the effec-
tive charge transport, a complicated procedure involved in
these electrodes restricts further development of QDSCs.
Inserting highly conductive 2D GR layers as an electron trans-
port layer in between the TiO,—QD or TiO,~TCO interfaces
could enhance the charge extraction from QDs to the external
circuit. The first report on QD-sensitized GR solar cells was
from Guo et al."®! They demonstrated that the CdS QDs in
between the GR layers (30 nm) were assembled by several coat-
ing cycles onto the conducting substrate as shown in Figure
17a. Interestingly, the QD—GR electrode showed a higher pho-
tocurrent than that of similar QDs coated on a single wall of
carbon nanotube membranes (inset of Figure 17a). This
implies that there is a good distribution of QDs on GR. Fur-
thermore, the favorable work function of GR could afford
effective separation of the photogenerated electron—hole pairs
and transfer of the electrons to the electrode surface. Moreover,
the layer-by-layer GR-assembled electrode results in different
wavelength or particle sizes of QDs, thus forming “rainbow-
type QDSCs”.11¢¢)

However, the photocurrent obtained by reducing the GR
thickness resulted in poor internal surface area for substantial
QD loading. This issue can be resolved by introducing TiO,
to the interfacial layer in between GR and the QDs, which
enhances the internal surface area of the electrode and obvi-
ously amplifies the QD loading. Thus, the output photocur-
rent density is improved."®” A schematic illustration of
facilitated electron transport in QD—GR composites with the
TiO, interfacial layer is presented in Figure 17b (inset shows
the IPCE spectra)."®”) In addition, the low-temperature-
processing characteristics of GR would allow the possibility of
flexible QDSCs as compared to other TCO materials. Chen
et al. fabricated flexible QDSCs based on a GR interfacial layer
with an internal quantum efficiency of 17%, endorsing the via-
bility of GR in flexible devices.!®!

Lightcap et al. explored the advantages of GO and rGO
composites in QDs sensitized by TiO, mesoporous electro-
des.!"®! The schematic structure of GO- and rGO-incorporated
QDSCs is depicted in Figure 17c. Here, the GO composite layer
triggers the charge separation and electron conduction through
the QD film, thus allowing three-dimensional sensitization and
improved photocurrent response (~150%) over those prepared
without GO. As shown in the inset of Figure 17c¢, the IPCE
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Fig. 17. (a) Layer-by-layer grown GR-based QDSCs (inset: IPCE spectra). (b) Schematic illustration of energy level of GR interfacial layer in between QD-sensitized
TiO, and TCO substrates (inset: IPCE spectra). (c) Typical device structure of GR/TiO, PA based QDSCs (inset: IPCE spectra). (d) Time-resolved fluorescence

decay spectra of the free CdS QDs and G-CdS (inset: TEM image of G-CdS).

spectrum clearly demonstrates the critical role of the rGO com-
posite layer in enhancing the internal quantum efficiency of the
QDSCs.

Chen et al. explored the GR composite in TiO, electrodes
(GT) and showed a 40% higher PCE (n, = 4.02%) than that
of the pristine TiO, electrode (n, = 2.85%) due to improved
charge transport at the TiO, network and charge extraction
from the QDs to TiO,.1"7% Several authors have studied the
efficient charge transfer from semiconductor to GR.""”" Typi-
cal time-resolved fluorescence spectroscopy results of CdS
QDs with and without GRs are illustrated in Figure 17d (inset
shows the corresponding TEM image of CdS QD decorated
GR matrix).""”? This clearly explains the lifetime of the CdS,
reduced from 0.47 ns to 0.12 ns in the GR composite, which
ensures the charge extraction from QDs to GR. Furthermore,
charge extraction from QDs to GR under light irradiation was
confirmed by Jung et al.'”?! The charge transfer from CdSe
QDs to GR was exclusively studied by different types of con-
necting binders, which were covalently attached with GR using
(@) aryl radicals and (b) pyridine binders. The covalently
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attached aryl radical binders with GR electrodes showed
~10% higher external quantum efficiency than pyridine bind-
ers, thus confirming the interaction between CdSe QDs and
GR film.""”? Chen et al. reported the influence of GR in the
underneath layer in between the FTO substrate and QD-
sensitized ZnO nanowire array.!"’"’ As a result of reduced
series resistance between FTO and GR-ZnO, the electron
transfer increases the fill factor of the device, and the overall
PCE increased to 54.7% compared to without the GR interfa-

cial layer.!"”"!

2.4.2. Graphene as a Counter Electrode

The redox mediator (I; /1) plays a crucial role in the charge
transport of DSSCs. As shown in Figure 15a, under light irra-
diation, the photoelectrons pass to the charge collector through
the electron transport layer (TiO,) and then traverse to the
external load, until they finally reach the counter electrode. At
the counter electrode, these electrons reduce triiodide to iodide
as follows: I3 + 2e — 31". Furthermore, the reduced redox
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Fig. 18. (a) TEM image of solution-grown GQDs (inset: lattice distance of
GQDs with 0.24 nm). Reprinted from reference [184]. Copyright 2013
American Chemical Society. (b) The optical absorption spectra of graphene
QDs in toluene prepared from different carbon moieties (1:C168, 2:C132,
and 3:C170 indicated in Figure). Reprinted from reference [186]. Copyright
2010 American Chemical Society. (¢) Current—voltage characteristics of solar
cells sensitized by GQDs with different orientations. Reprinted from reference
[186]. Copyright 2010 American Chemical Society. (d) Energetic structure of
TiO,-GQD interface. Reprinted from reference [197]. Copyright 2013

American Chemical Society.

species (1) diffuse into bulk electrolyte and mesoporous pho-
toanode (PA in Figure 18a) and the dye molecules are regener-
ated from their oxidized state: 2D* + 31" + 2D — I3 .
Therefore, regeneration of the dye sensitizers relies on the
performance of the counter electrode and they are considered

1741 Bor obtaining fast

as indispensable components in DSSCs.!
reaction kinetics in triiodide reductions, a thin platinum film
coated TCO has often been utilized as a counter electrode.
Besides the excellent performance of Pt electrodes in triiodide
reduction, the lower material usage (about 50 mg m™?) of the
thin layer of platinum, which is expensive and less abundant in
nature, makes this method suitable for mass commercial pro-
duction. In this context, the low-cost and high electrocatalytic
property 2D graphene sheets are an appropriate choice for
counter electrodes toward triiodide reduction. A huge amount
of research has been conducted over the last five years on
graphene-based counter electrodes to compare their use as ano-
des, sensitizers, and electrolytes in DSSCs. This not only eluci-
dates the potential of graphene for reducing the cost of the
device but also encourages the DSSC architecture to have a
new dimension.

One of the limitations of graphene is that it possesses large
amounts of basal planes that are not catalytically active in
nature, thus inhibiting the charge transfer kinetics at the elec-
trode—electrolyte interface. The poor catalytic performance of
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the basal plane increases the charge transfer resistance of gra-
phene and thus lowers the mass diffusivity of triiodide spe-
cies.'”?! Therefore, the catalytic sites have to be promoted in
the graphene layer by forming edge sites through (a) doping
with metals and non-metals,"'’® (b) surface treatment!' 2% or
functionalization,!'””! (c) decorating metal or semiconductor

co-catalysts,!'®)

or (d) coating it with electrocatalytic compos-
ite materials (e.g., polymers, alloys). However, the basal planes
are responsible for the conducting nature of graphene. There-
fore, tailoring graphene with substantial catalytic edges, with-
out sacrificing the conductive properties, remains a challenge.
We strongly recommend the recent reviews by Das et al.!'**"
and Roy-Mayhew et al.""?*?) for more insight and greater func-
tionality of graphene in counter electrodes. They briefly
reviewed the wide range of graphene composites.

The advantage of low-temperature processing is that gra-
phene is highly desirable in fabricating flexible counter electrode
based DSSCs.""”?! Also, the highly conducting nature combined
with the substantial optical transparency of graphene could sup-
port the development of TCO-free DSSCs.!"®") Exclusively, for
non-transparent metal-based photoanodes (TiO, nanowire
grown onto Ti), the highly reflective nature of Pt is not suitable
for allowing backside illumination. Herein, the graphene-coated
glass substrates afford dual usage as optically transparent TCO-
free substrates (allowing the backside illumination) and catalytic
counter electrodes. In QDSCs, polysulfide is the most utilized
electrolyte and often results in sluggish coating on the Pt counter
electrode, which is detrimental for the long-term performance
in maintaining the S_/S*" reduction."®" Interestingly, the
hydrophobic nature of graphene prevents sulfur coating, unlike
Pt. As a result, graphene-based counter electrodes drastically
enhanced the overall performance of the QDSCs compared
with the Pt-based counter electrode. Recently, semiconductor
(CuS, PbS)**! coated rGO composite counter electrodes were
widely applied in QDSCs, where the semiconductors are par-
tially supported by rGO in polysulfide reduction and lower the

charge transfer resistance at the counter electrode.

2.4.3. Graphene as a Sensitizer

Undoped graphene shows a broad absorbing profile of about
2.3% of light with each monolayer."®?' This highlights the
versatility of graphene as a light-harvesting sensitizer in ana-
logue with dye molecules. Nevertheless, bulk graphene has
serious limitations compared with dye sensitizers: (a) bulk gra-
phene has a zero bandgap inadequate to produce excitons, and
(b) a monolayer of graphene assembling onto the photoanode
(PA in Figure 15a) is also not a trivial task. Along these lines, a
single-atom-thick and nanometer-sized (0.23 nm lattice dis-
tance) (Figure 1820184 planar sheet of graphitic carbon called
graphene quantum dots (GQD) has received promising atten-
tion, and recent reports on GQD-based fluorophores in
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bioimaging display their potential for light reception.!"®”!

Figure 18b shows the optical absorbance spectra of GQDs pre-
pared from solution-chemistry approaches, emphasizing the
visible-light action.""®* The tunable photoluminescence!'®'%!
properties originating from quantum confinement, excellent
edge effect,”"®”' photostability, biocompatibility with nature,"*"!
water solubility, chemical inertness, and low cost make them
attractive as a new class of materials in solar cells.!"”" Particularly,
the bandgap and redox energy level tuning properties of GQDs
allow them to be utilized as sensitizer in DSSCs.!"*?! The possi-
bility of GQD:s as a light-harvesting sensitizer was first demon-
strated by Yan et al."®?! Li et al.””! demonstrated the function of
GQDs in mesoscopic solar cells by tuning the bandgap from UV
to visible-light wavelength. The mostly solution-based GQD
synthesis affords low dimensions with appreciable bandgap
energy and an edge effect." " However, an unexpected particle
aggregation issue arose from solution-chemistry-based GQDs,
which results in graphitic properties and affects their bandgap
formation. This issue was overcome with shielding agents, by
covalently attaching muldple 1,3,5-trialkyl-substituted phenyl
moieties (at the 2-position) to the edges of the graphene.!"*”!
However, the shielded GQD-based DSSC configuration shows
lower efficiency with a /. of 200 HA/cm?, V. of 0.48 V, and fill
factor of 0.58."%% The much lower current density is attributed
to the weak adsorption of GQDs onto metal oxide surfaces, thus
leading to poor charge injection from GQDs to TiO,. Strikingly,
the orientation modified GQDs (in plane with substrate) as disk-
like shapes showed a higher photoconversion efficiency than that
of the “face-on” orientation of GQDs due to the higher packing
density (Figure 18¢).""”>"** The possibility of using hot electron
injection at GQDs anchored by TiO, (110) was exposed by Wil-
liams et al.,"®”" which was evidence that the GQDs can be
implemented in a hot carrier solar cell. Yet, the energy level posi-
tion of GQDs is not favorable to TiO,, as the HOMO level of
the GQDs is closer to the TiO, conduction band (Figure 18d),
which allows the back flow of electrons and leads to recombina-
tion (boomerang effect).""®® Very recently, Ji et al. proposed a
pre-treatment layer of polyphenylene precursor functionalized
onto the TiO, surface, which showed effective anchoring of the
graphene molecules (GM) without aggregation and resulted in a
broad range of visible-light absorbance at 550 nm with a 0.8%
PCE.""® The synergetic approach of hot electrons harvested
from GQDs and enhanced visible-light harvesting from dye sen-
sitizer with minimal utilization provided a new platform for dual
sensitizers (GQDs/dye) in the future approach to DSSCs. Fang
et al."! realized composite (GQDs/dye) sensitizer based
DSSCs with a minimum dye adsorption with a /. of 14.07 mA
cm” 2 and 1 of 6.10 = 0.01%, which were higher than those of
the conventional DSSC (without GQDs). The enhanced photo-
conversion efficiency is mainly attributed to the unique photoex-
citation response of the GQDs and the hot electron injection

from GQDs into TiO,. This study indicated that GQDs can
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improve the properties of DSSCs and reduce the dye sensitizer
loading quantity significantly. Further research is required to
minimize the recombination at TiO,~GQDs interfaces by using
appropriate material engineering, and is expected to offer GQDs

. .. . . 1
as a superficial sensitizer in mesoscopic solar cells."”!

3. Energy Storage Applications

Since GR was introduced, it has received considerable attention
in energy storage devices due to its unique properties such as
high porosity, large surface area, robust mechanical strength and
elasticity, high conductivity, electrochemically active nature, sta-
bility, and low-cost preparation. Its abundant availability and
lack of toxicity make it fit to be used for energy storage devices.
This review is focused on the applications of GR in the areas of
lithium-ion batteries, fuel cells, and supercapacitors.

3.1. Lithium-Ion Batteries

Lithium-ion batteries are devices that can store and supply elec-
tricity within a certain period of time. GR has been used as a
promising material in lithium-ion batteries as an anode and cath-
ode candidate. The advantages of applying GR to lithium-ion
batteries are higher energy capacities and longer cycle lifetimes.
Such batteries are suitable for use within electric vehicles, where
they can be a solution to prevent pollution and reduce emissions
of greenhouse gases from petroleum-based vehicles.**” Portable
electronic devices such as computers and telephones also use
lithium-ion batteries based on GR. However, in the future,
lithium-ion batteries need to have a higher rate of recharging,
longer lifetime, and lower cost. GR has been used as an anode
and cathode material in lithium battery applications.

3.1.1. Anode Materials

Commercially, graphite has been employed as an anode mate-
rial for lithium-ion batteries because of its high Coulombic
efficiency.*®" Nevertheless, GR showed significant improve-
ment, where the power output of the device increased and the
charging time was also reduced.””?! The specific capacitance
increased from 372 mA h g_1 (commercial) to 1264 mA h g_1
at a low charge—discharge rate (such as 50-100 mA g_l); ata
high charge/discharge rate (500 mA g_l or higher), the dura-
bility also increased up to 848 compared to that of the com-
mercial with only 240.2%° The results suggested that the
physical properties of the GR help in improving the lithium-
ion batteries in terms of high electrical conductivity, vast sur-
face area, unique heterogeneous electron transfer, and charge
carrier rates. Further works have been done by Wu et al. to
enhance the rate capabilities of the lithium-ion battery by
introducing dopants.***' The nitrogen- and boron-doped GR
showed great potential. The results indicated at a low charge/
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discharge rate of 50 mA g~ ', the rate of reversible capacity
increased up to 1043 mA g~ ' and 1540 mA g~ ' for nitrogen-
and boron-doped GR, respectively. Furthermore, the results
also exhibited that the charge and discharge process can be
done in a very short amount of time ranging from one hour to
several tens of seconds. The improvement in the results is due
to the improved surface structure, heteroatomic defects, better
electrode—electrolyte interface, increased intersheet distance,
high conductivity, and thermal stability.

GR has been doped with Fe,O3, SnO,, Cg, carbon nano-
tubes, and Mn3;0.,.""*2% However, the results showed lower
performance compared with GR nanosheet. Wang et al. have
reported that Mn;O4 and rGO have enhanced perform-
ance."?! The rate of reversible capacity was ~390 mA h g~'
until a high current density of 1600 mA g~ ', which is higher
than the theoretical specific capacity of graphite (372 mA h
g ). This may be because the composite materials have low
electrical conductivity and uncontrolled structures or interfa-
ces that affect the composite. The results may also suggest that
the electron transfer could have an effect because of the pres-
ence of other materials. However, GR is more suitable to be
applied as an anchoring nanoparticle and for creating good
contact between the electrode and current collector.'*2%! At
the same time, by introducing GR, the volume of expansion/
contraction and the aggregation of nanoparticles can be con-
trolled during the reverse process.>*® This type of research has
been performed by Zhou et al.**®’ They found that the com-
posite of rGO and Co304 exhibited high cycling stability. The
results obtained in their study showed 1100 mA h g™ " ata cur-
rent density of 74 mA g~ ' and a discharge capacity of 1000
mA h g~" of up to 130 cycles. The results illustrated that by
controlling the microstructure of the semiconductor material,
the devices have a higher performance, as supported by the
work by Xu et al.?*”! that used GO nanosheets wrapped with
Cu,O microspheres. By obtaining large surface areas of a core—
shell structure, Cu,O and GR formed composite materials and
showed enhancement in the performance of anode materials
for lithium-ion batteries. The GO functions as an efficient 3D
conductive network and lithium storage active material, and
the Cu,O is a skeleton to support the multilayer GO sheets
and avoid aggregation. The results indicated 458 mA h g~ ' of
reversible capacity of 100 mA g~ " after 50 cycles. The devices
also demonstrated highly stable performance even at a high
charge—discharge rate of 1000 mA g~ ', showing a reversible
capacity of 240 mA h g~ after 200 cycles. At the same time,
Kim et al. demonstrated that lithium incorporated with rGO
exhibited a capacity of 540 mA h g~ ' that was reversibly
obtained over 100 cycles, as illustrated in Figure 19.[208]

This finding leads to the conclusion that GR is a superior
electrode for anode materials in lithium-ion battery applica-
tions. Finally, the performance of GR as an anode material for
lithium-ion batteries is listed and compared in Table 3.
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Fig. 19. Cycle stability of the rGO anode (inset: charge/discharge profile) in
the voltage window between 0.01 and 3.0 V. Adapted from reference [208]
with permission from Nature Publishing Group, copyright 2014.

Table 3. The performance of GR or incorporated GR as an anode
for lithium-ion batteries.

Specific Current

capacity density
Material (mAhg™ D) (A gil) Year/ref.
Cu,0/GO 458 0.1 2014207
Li/tGO 540 0.1 20140208
MnO,/GR 890 0.100 201312

nanoribbons

N-doped GR/SnO, 683 1.000 20121210
B-doped GR 1540 0.05 20111203
Co304/rGO 1000 0.074 20111200
N-doped GR 1043 0.05 2011203
Mn;04/rGO 390 1.6 201013
GR 540 0.05 20101202

3.1.2. Cathode Materials

GR has been employed in lithium-based rechargeable batteries
because of its superior characteristics. In lithium-ion batteries,
the cathode plays an important role in the performance of the
devices. However, many studies focus on GR as an anode cur-
rent collector rather than studying it as a cathode material.
This is because cathode material properties include poor elec-
trical conductivity, sluggish kinetics of electron and lithium-
ion transportation, low specific capacities, and particle agglom-
eration generated from their nanostructures.*'!! In an early
study by Liu et al., it was reported that the nanocomposite
LizV,(PO4)s (LVP)/GR functioned as the cathode in a
lithium-ion battery.?'?! In the presence of GR, the devices
showed very high rate performance and cycling ability for
lithium-ion batteries. This occurred due to the large surface

area of GR, which adsorbed and attached tightly with the LVE.
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Fig. 20. Rate capability of the rGO anode at different current rates from 0.1
to 8.0 A gfl. Adapted from reference [208] with permission from Nature
Publishing Group, copyright 2014.

Through these, the Li " ions easily can intercalate and exfoliate.
These results showed high electron conductivity and electro-
chemical performance. However, the cathode material proper-
ties such as low ion conductivity limited the performance of
the devices. Similar results were obtained with other compo-
sites, such as LiFePO,/GR,2?" LiMn,0,/GR,2'¥ and
LiMn; _ Fe,PO,/GR.?*> The highest-reported lithium-based
composite is LiMn, _,Fe ,PO,/GR.?* The results from this
experiment demonstrated specific capacities of 107 mA h g~ "
at 50 cycles and 65 mA h g~ " at 100 cycles.

Then, vanadium-based devices showed to be more promis-
ing, where VO,/GR led to a device with high reversible capacity
and ultrafast charging and discharging capability.*'® This result
was achieved by controlling the surface morphology by making
GR nanoribbon and crystalline structures. The structure
increased the number of ions that moved between the interfaces,
which led to an improved performance of the device. V,0s/GR
subsequently took the lead.*'”! By introducing V,Os nano-
wires, which are already known to have a large surface area, the
results exceeded expectation. This experiment demonstrated
specific capacities of 10000 mA h g~ ' for 100000 cycles. Thus,
it can be concluded that the electron-conducting GR networks
formed, largely improving the electron conductivity and electro-
chemical properties of the materials. In 2014, Kim et al. showed
greater improvement with Li/functionalized GR as a cathode
material, where the capacity was 100 mA h g~ ' ata current den-
sity of 8000 mA g_1 as seen in Figure 20,1208

The results suggest that the incorporated Li will produce
superior cathode electrodes. This is also due to the characteris-
tic factors of the material itself, where the lithium and GR have
a higher surface area and higher rate of charge transfer. In order
to clearly compare the performance of these materials, the
results are displayed in Table 4.
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Table 4. The performance of GR or incorporated GR as a cathode
for lithium-ion batteries.

Specific Current

capacity density
Material (mAhg ' (mA g h Year/ref.
Li/functionalized GR 100 8000 2014208
LiMn, _ Fe ,PO4/GR flake 208 17 2013214b]
GR/LiFePO; 165 17 20120212
V,05/GR 94.4 10000 2012021
LiMn, _ Fe PO4/rGO 65 17000 20110214

3.2. Fuel Cells

Fuel cells are energy storage devices that use oxygen and meth-
anol as a medium to convert chemical energy from a fuel into
electrical energy. For environmental impact toward green
energy technology, fuel cells are required to have an ideal elec-
trode material, oxygen, and oxidation of methanol.*'® Before
GR, carbon nanotubes were suitable nanomaterials for oxygen
reduction reactions towards fuel cell applications.”**! In 2009,
Kou and co-workers obtained significant electrocatalytic activ-
ity in acidic medium, using Au nanoparticles and multiwalled
carbon nanotube composite materials.'”*) GR has received
great interest in fuel cell applications for anode and cathode
current collectors, and is advantageous because of its large sur-
face area, excellent electrical conductivity, electrocatalytic
properties, and low production costs.”*!! In 2006, Alexeyeva
et al. used GR sheets with platinum nanoparticles for the elec-
trocatalytic reduction of oxygen.”*? The results obtained in
this study represented a new era for GR, with the composite
showing better performance in terms of catalytic activity, sta-
bility in electrochemical surface area, and oxygen reduction
activity. The high performance is due to the large surface area
of platinum nanoparticles produced by small-sized nanopar-
ticles and less aggregation of platinum.

Furthermore, Brownson et al. reported that GR doped
with nitrogen acts as a metal-free electrode, which exhibited
improvement in electrocatalytic activity, long-term operational
stability, and tolerance.???! In proton exchange membrane
fuel cells (PEMFCs), as reported by Jafri et al., replacing com-
mercial Pt catalysts with the Pt-loaded GR nanosheet and
nitrogen-doped GR nanosheet in the fuel cell resulted in
improved performance in terms of electrical conductivity and
adsorption.**) This was due to the presence of nitrogen in
GR that created the defects and increased the surface area,
allowing the platinum nanoparticles to attach. Therefore, it
can improve the adsorption and electron transport and lead to
improvements in the electrical conductivity of the fuel cell as
reported by Zhang et al.”*>’ They demonstrated that the Pt
nanoparticles were deposited on graphite submicron particles,
using an ethylene glycol reduction method used for polymer
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electrolyte membrane fuel cells. The results have been com-
pared to the CNT and carbon black doped with Pt; they have
shown improvement in the electrocatalytic activity and
enhanced durability. Much research has been carried out using
GR as a catalyst in fuel cell technology, leading to improve-
ment in terms of the performance and cycle of the cells. The
highest-performance fuel cells were reported with GR by
Kakaei and Zhiani.”?*) They modified the platinum-GR,
using cyclic voltammetric techniques, and observed a reduced
onset potential of 180 mV compared with the commercial
platinum/carbon value of 280 mV. However, the catalytic
activity improved to 1315 A g~ ' from the commercial value of
725 Ag ' The results indicated that the use of GR in fuel cells
leads to enhanced electrocatalytic activity, durability, and
improvements in the absorption of the surface, as reported by

Xin et al.[??”]

3.3. Supercapacitors

Supercapacitors can be classified as energy storage devices that
have high power density and high cyclability compared to bat-
teries. The advantages of supercapacitors are that they are
maintenance free, have simple circuits required for charging,
and are environmentally friendly devices. The device can store
the charge electrostatically using reverse adsorption of ions of
the electrolyte onto an active material.”*® The key to success
in all electrochemical devices is to produce electrodes with a
large surface area and excellent electrical conductivity, which
makes GR a suitable candidate for supercapacitor device
applications.

In the early stages where GR was introduced to supercapa-
citors, the results obtained were 130 F g~ ' using chemically
modified GR, which is far away from the theoretical capacity.
The supercapacitors based on GR materials can achieve an
electric double-layer capacity of ~550 F g~ " if all the area is
fully covered.'®***! The improvement in capacity of up to 264
F g~ ' using hydrazine rGO sheets resulted from the improve-
ment of the surface area, but this is still lower than the theoreti-
cal capacitance.'”>®’ This may be due to the aggregation and
restacking between individual GR sheets.*®"! Two years later,
Yu et al. improved the device up to 315 F g~ using MnO,—
rGO.*3% The results indicated that by incorporating semicon-
ductor materials with rGO, high charge capacitance can be
obtained.

The next approach indicated that GR incorporated with
polymers is more promising, where the polyaniline nanorod
composite with rGO represented the first supercapacitor to
surpass the theoretical value. The resulting pattern has been
reported to be as high as 970 F g~ at a discharge current den-
sity of 2.5 A g~ %% Furthermore, the NiO-GR composite
has been explored, which indicated a large capacitance result.
A capacitance of ~1100 F g~ ' was obtained in this study at a
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current density of 10 A g~ with high cycling stability."
The results suggest that better contact between the GR and
NiO and large surface area for both materials allow for rapid
charge transfer between the materials and active material to
collect current. In addition, this is also due to the characteris-
tics of the materials chosen. Xu et al. reported that the holey
GR framework exhibited superb potential as a supercapacitor
of up to 310 F g~ ' ata current density of 1 A g™ ' in aqueous
electrolyte solution, as shown in Figure 21.123%)

Compared with the other types of carbon-based material,
the large surface area produced by abundant wormlike tortu-
ous pore channels leads to an increase in the performance of
the supercapacitor. However, in this research, it can be con-
cluded that the GR building block with an ideal two-
dimensional flat surface of the holey GR increased the porous
network structure. The nanopores in the GR building block
also have desired sizes that can function as ion transport short-
cuts between each layer of GR in order to enhance the ion
transport process for improved rate performance. It also sug-
gested that this type of nanopore is suitable to be used in the
organic and aqueous electrolytes, which only give 4% different
results. Furthermore, there are still a lot of aspects that need to
be covered in order to obtain the desired supercapacitor. For
comparison, the electrochemical performance of GR as an
electrode for supercapacitors is illustrated in Table 5.

4. Environmental Applications of GR Molecules

The effects of globalization and industrialization have
increased the amount of contamination in soil and water. This
leads to severe environmental problems and health issues.
Industrial plants generate increasing amounts of environmen-
tal concerns through enormous amounts of wastewater
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Table 5. The electrochemical performance of GR as an electrode
for supercapacitors.

Current
Capacitance density
Material (Fg™h (Ag™h Year/ref.
Holey GR 310 1 2014234
Vertically oriented GR 130 10 201312
NiO/GR 1100 10 2012210
PANT/GR 970 10 2012237
MnO,/tGO 315 10 201123¢
Poly modified GR 185 10 201037
Hydrazine rGO 264 10 200922
Chemically modified GR 130 10 2008

production. Such wastewater contains toxic organic com-
pounds,?*® including organic dyes, phenols, biphenyls, pesti-
cides, fertilizers, hydrocarbons, plasticizers, detergents, oils,
greases, pharmaceuticals, proteins, carbohydrates, etc.'”*”! The
increasing environmental contamination concerns lead to an
emphasis on new material synthesis, with new molecular mate-
rials, especially those using GR composites, to increase the
photoredox activities.2“*! This section will review the environ-
mental applications of GR in pollution management via gas
adsorption and water remediation. The organic components
in the wastewater can be removed through various physical,
chemical, and biological technologies such as the advanced oxi-
dation processes (AOPs), including the Fenton reaction, pho-
tocatalysis, sonolysis, ozonation, and combinations of these
techniques.*!) GR has been used as a remediation agent, espe-
cially through the adsorption and photocatalytic approaches.
Adsorption is a surface phenomenon that depends on many fac-
tors such as the nature of the adsorbate and adsorbent and the
physical characteristics, i.e., temperature, pH, concentration of
pollutants, contact time, and particle size.***) The photocata-
lytic approach involves light-induced photochemical reactions
due to the unique electronic band structure of the semiconduct-
ing materials involved in the reaction process. The absorption of
photons in the semiconductor generates excited electrons and
holes in the conduction and valence bands, respectively.**’!
These excited charge carriers recombine or get trapped in meta-
stable surface states on the catalyst surface due to their highly
reactive radical nature, with robust reducing and oxidizing

(23862441 1 aterials

capacity.”* Large numbers of semiconductor
have been used in the pollutant degradation process in both the
liquid and gaseous regimes. Carbon-based materials have been
used extensively in water purification and pollutant degradation
processes. Carbon materials have received more attention in
photocatalytic applications due to their unique structural prop-
erties, large surface area, pore volume, and presence of surface

functional groups.**”!
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4.1. Photocatalytic Degradation of Pollutants

The photocatalytic action requires the catalytic species to be
active with respect to the illumination by light on the semicon-
ductor surface. Upon illumination, the semiconductor will
generate electron (e )-hole h™") pairs that take part in subse-
quent dark (thermal) redox reactions with adsorbed molecules
that then decompose.?*®! The following steps are involved in
the process of photocatalytic degradation of pollutants, as
shown in Figure 22 (here TiO, semiconductor is used as the
photocatalytic material):

e The excitation of electrons from the valence band to the
conduction band, when TiO, absorbs energy equal to or
larger than the bandgap.

e The excitation of these electrons results in the generation of
“holes” (electron vacancies) in the valence band.

e The results of excitation will also generate oxidizing and
reducing agents.

e The holes (h™) react with water and generate highly active
hydroxyl radicals (OH") that can act as a powerful oxidant.

e The hydroxyl radicals can react with organic pollutants to
degrade or oxidize them to form CO, and H,O.

The reducing power of electrons can induce the reduction
of molecular oxygen (O5) to superoxide (O ). It has been con-
firmed that superoxide is almost as effective as the holes and
hydroxyl radicals in the chain reactions for the breaking down
of organic compounds.

TiO, has been demonstrated to be the most promising cat-
alyst in environmental pollution removal due to its suitable
bandgap and stability. The ionic pollutants in water are mostly
classified into two forms: (i) metal ions such as cadmium, chro-
mium, cobalt, arsenic, selenium, and lead; and (ii) non-metal
ions such as fluoride, phosphate, nitrate, and sulfide.?* Nano-
materials have excellent pollutant absorbent qualities,[244q] as
they tend to agglomerate due to their high surface area. This
leads to the reduction of active adsorption sites, which can be
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Fig. 23. The proposed mechanisms for the TiO,~CNT heterojunction.
Reprinted from reference [251]. Copyright 2014 Royal Society of Chemistry.

H,O "OH

Semiconductor Dye degradation

Fig. 24. The schematic structure of semiconductor—-GR  heterojunctions.
Reprinted from reference [251]. Copyright 2014 Royal Society of Chemistry.

Fig. 25. Electron transport in pristine TiO, (left) and rGO-TiO,
nanocomposite (right). Films cast on an optically transparent electrode (OTE).
Reprinted from reference [252]. Copyright 2014 American Chemical Society.

overcome with the addition of supporting materials.***) GR
has been used as a supporting material due to its variable size,
stability, and large surface area.”*”) The enhancement of the
photocatalytic activity of TiO, can be achieved through
bandgap tuning, suppressing the recombination issues, and
increasing the absorbency by increasing the active sites.

Chem. Rec. 2016, 16, 1591-1634
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4.1.1. Graphene-Based TiO, Photocatalyst

GR or carbon-TiO; composites can be made via simple mix-
ing, which is possible with pre-functionalization of surfaces.
This method often failed due to poor chemical bonding.?**!
The direct oxidation of Ti metals in the flame of a burner can
lead to carbon doping.[249] However, the combination of semi-
conductors can lead to improved photocatalytic activities,
which can be concluded from the Langmuir-Hinshelwood
mechanism. The improved adsorption of pollutants by P25
was achieved through a GR composite. The formation of the
Schottky barrier between the semiconductor and GR is an
effective way to increase the recombination time. The photoca-
talytic mechanism proposed by Hoffmann et al. explains the
enhancement of the photocatalytic properties of TiO,~CNT
composites (Figure 23).1250

In principle, the excited photogenerated electrons in the
conduction band of TiO, are to form the space charge regions
and exchange electrons to achieve equilibrium in the Fermi lev-
els between the semiconductor and CNT. The excited elec-
trons participate in the oxidation, and holes in the TiO, can
participate in the reduction reaction. GR incorporation in the
TiO, effectively promotes charge separation and suppresses
the recombination. This process generates a surface/interface
for heterogeneous reactions at the interface, which leads to the
enhanced catalytic activities.*>"

Figure 24 shows the electron—hole pair generation in a
semiconductor, upon light illumination and electron transfer
to the attached GR. The transferred electrons diffused by the
dissolved oxygen, which will separate the electron—hole pair.
The holes in the VB can react with surface hydroxyl to form
hydroxyl radicals, which will oxidize the organic compound.
As explained by Ng et al., there are enhanced electron transport

(2521 which are shown in Figure 25, and

properties of the TiO,,
GR scaffolding in TiO, can increase the photocurrent genera-
tion efficiency. This will lead to the GR degradation of methyl-
ene blue (MB), methyl orange (MO), rhodamine B (RhB),
phenol, butane, and 2-propanol.***! The photocatalytic activ-
ities of TiO, have been enhanced by up to 3.46 times with
rGO composite.?** Wang et al. have shown the photocata-
lytic activities of three different nanocarbon composites such
as SWCNT, Cgp, and GR.>% Figure 26 shows the highlights
of the different types of carbon materials with P25. GR shows
better performance in UV-light irradiation.

This increase in photocatalytic activity is due to the con-
ductivity increase, which creates a more uniform distribution
of nanoparticles on the GR surface compared with other nano-
carbons. Zhang et al. have used a P25-rGO composite, which
showed a seven times increase in visible-light photocatalytic
activity. (255]
removal rate of 91% was achieved by the GR-TiO, composite
under UV-light irradiation. Apart from this, GR-TiO,

The reduction of Cr(VI) with a maximum
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Fig. 26. (i) SEM images of nanocarbon-TiO, nanocomposites, (a) SWCNT-TiO,, (b) Co—TiO,, and (c) GR-TiO,; (d) FE-SEM image of GR-TiO, nanocompo-
sites. (i) Visible-light photoelectrochemical responses of the P25 and nanocarbon—TiO, nanocomposites. (iii) Photocatalytic degradation behaviors of MO over P25,
as-prepared TiO,, and nanocarbon-TiO, nanocomposites under UV and visible-light irradiation. Reprinted with permission from reference [254]. Copyright 2014

Elsevier Publishers.

composites with modified nanostructures have been used as
removal agents in aqueous environments.*>°/

Although GR-TiO, composites have shown the best photo-
catalytic properties, other semiconductors such as ZnOQ,?°7:28]
Ag/AgX (X=Br, CI),” CN4 ZnS, Bi,0,C05" and
Cu,0P%Y have also been studied in graphene composites to pre-
pare photocatalysts.”** Graphene-based hybrids were used for
organic pollutant removal without using photoirradiation with

iron oxide nanoparticles and chitosan.

4.2. Gas Sensor Applications

Gas sensors play an important role in detecting combustible,
flammable, and toxic gases and the level of oxygen.”**) Among
the reported materials for gas sensors, graphene-based gas sen-
sors have attracted attention due to their flexible structure and
properties. (264
sensors is due to the large specific surface area that can adsorb

! The extensive application of graphene in gas

gas molecules on the surface. The gas sensitivity of graphene
comes from these large specific areas that enable graphene to
provide the largest sensing area per unit volume, strong cova-
lent interactions between surface atoms and adsorbates, and
high carrier mobility. The interaction between gas molecules
and graphene atoms perturbs the graphene electronic system,
which can be monitored with external electronic compo-
nents.***? Interestingly, graphene has low electrical noise due
to its high-quality crystal lattice arrangements that make it

Chem. Rec. 2016, 16, 1591-1634
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capable of screening more charge fluctuation. The ability of
charge fluctuation screening in graphene provides a noticeable
change in the conductance.*®® Graphene has been used to
detect CO,, CO, NO, NH3;, SO,, H,, Cl,, NO,, and organic
vapors including acetone, benzene, and toluene.?*®! Limits of
gas detection as low as parts per billion have been reported for
single-layer graphene using mechanical exfoliation, **>% adhe-
sive tape methods, and mechanically exfoliated graphene!®*!
for NO, detection. In other studies, rGO was applied to detect
chemical warfare agents, NO,, NH3, and Cl, at low ppm lev-
ol [2666:267]
graphene-based materials for sensing applications using gra-
phene nanosheets or their composites. Jung et al. have deter-

Many groups have studied the potential of

mined that the increase of temperature of the graphene
surface significantly increases the sensitivity.**® The facile
wet transfer has been used to form graphene films, as shown
in Figure 27.

There have been reports of graphene composites used in
gas sensors. Ji et al. reported their use for toxic organic hydro-
carbon detection. These toxic organic gases include hexane,
cyclohexane, ethanol, acetone, benzene, pyridine, and tolu-
ene.”®” Palladium-decorated graphene, platinum—graphene
nanosheet-SiC, and polyaniline-graphene have been used in
NO and H, sensors.””” The Pd-decorated graphene demon-
strated high-speed sensitivity for NO according to Li
et al.”7% Metal oxide based graphene composites have been
reported for CO, NH3, and NO detection.!”!
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Fig. 27. (a) Schematic diagram of the facile wet transfer and soft lithography
patterning of graphene films. (b) Patterned graphene was transferred to the top
and bottom of the PET film to produce the graphene sensor and heater.
(c) Au/Ti electrode deposited on the end of the graphene line via sputtering.
(d) Sensor properties measured via gas injection and heating. Reprinted with
permission from reference [268]. Copyright 2014, American Chemical
Society.

4.3. Heavy-Metal-Ion Detection and Removal

Environmental contamination is often from toxic heavy-metal
ions and other pollutants. Heavy-metal ions, such as arsenic
(Ar), antimony (Sb), cadmium (Cd), chromium (Cr), lead
(Pb), mercury (Hg), and zinc (Zn), are hazardous to human
health when consumed in excess amounts or over longer peri-
ods of contact. Heavy-metal ions commonly lead to mental
confusion, acute pains in joints and muscles, short-term mem-
ory loss, food intolerances/allergies, headaches, gastrointestinal
upsets, etc.”’?! Each element is responsible for some serious
health issues related to the nervous system, cardiovascular sys-
tem, kidneys, and even reproductive system.[zm In recent
years, there has been a lot of interest in using carbon-related
materials for the detection and removal of toxic and harmful
substances from the environment, especially from water and
air. CNTs have been used in various applications since the first
report””?! and in environmental protection for pollutant
removal from waste industrial drainage since 2010.%”?! Electro-
chemical methods are more suitable for detecting heavy-metal
ions than spectroscopic methods. They are not only simple and
more sensitive, but they also have a short duration of analysis
and are portable and low in cost.””#! For toxicity reasons, com-
mon hanging drop mercury electrodes,”””!
des,'” are being replaced with new electrodes based on
nanostructured materials. Solid-phase extraction (SPE) is popu-
larly used in heavy-metal-ion determination based on spectro-
metric methods”””" and electrochemical methods.””®) The

efficient way of determining the heavy-metal-ion concentration

or mercury electro-
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Fig. 28. Schematic of one-pot synthesis of AIOOH-rGO nanocomposites for
heavy-metal-ion detection. Reprinted with permission from reference [274].

Copyright 2014, American Chemical Society.

is based on preconcentration of metal ions onto a certain sub-
strate. This can be done with more precision through stripping
voltammetry combined with SPE."”* Graphene-based electro-
des are used to determine the heavy-metal ions in place of metal
oxide electrodes, where it failed due to low conductivity. The
addition of graphene will increase the carrier concentration and
the conduction pathways to surface electrons. Carbon nano-
tubes, graphite nanofibers, mesoporous carbon, and CNTs
were used in electrochemical detection.”””” However, graphene
showed extraordinary electronic properties. Gao et al. have
used graphene with AIOOH to enhance metal-ion detection, as
shown in Figure 28.””% Graphene hybrids with aptamers™®*”!
and cytosine-rich oligonucleotides®®" (SSO) were used for
Hg”" and Ag" detection. Microarray and photoluminescence
(PL) techniques were used to detect silver and mercury ions.
However, PL sensors are selective for Hg**
and not for Cd*" and Mg>" ions. Graphene-based field-effect
transistors use the bipolar transport of graphene and sensitivity
of Dirac point (charge neutral point) to surface charges for
heavy-metal-ion detection.”®?) Graphene-based FET detec-
tors**? are able to detect Hg?* ions at 10 ppm; this increased
the surface roughness to a level of 1 nm when modified with
rGO and combined with metallothionein type II protein (MT-
11).2%4) Reduced graphene oxide functionalized with calmodu-
lin (CaM) was used to detect Ca®* and Mg2+ ions.2® Sudi-
bya et al. have explored the possibilities of using rGO-FETs as
metal-ion detectors with metallothionein type II protein (MT-
IT) for physiological (Zn, Cu, and Se) and xenobiotic (Cd and
Hg) heavy metals with high affinity.**”!

Magnetite-graphene hybrids have been used for As(III)
and As(V) removal.?8¢ Figure 29 shows the TEM analysis of
magnetite—graphene hybrids with magnetic separation from
water dispersions for arsenic removal. The graphene-based

and Ag”" detection
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Fig. 29. (a) TEM image of Fe;04-rGO. (b) HRTEM image and selected area diffraction pattern of M—rGO, where the top inset shows a close view of lattice fringes
with an interlayer distance of 0.212 nm corresponding to the (400) plane. () M—rGO composite dispersed in water solution and magnetic separation thereof.

Reprinted with permission from reference [286]. Copyright 2014, American Chemical Society.

magnetite hybrids have a higher binding capacity for As ions,
which leads to 99% of As(V) removal. Chromium removal
from wastewater was achieved with magnetic B-cyclodextrin—
graphene oxide nanocomposites (MCGN).'**”) The removal
capacity was extremely fast, with a capability of more than
120mgg .

Graphene composites have often been used to detect and
remove organic dyes, along with heavy-metal ions. The CNT-
based aerogel composite with graphene was used for Pb>t,

Ag", and organic dyes.**"!

5. Biosensing Applications

Biosensors utilize biological or molecular recognizers and
transducers to register a specific biomolecular interaction and/
or the amount of target analyte. The development of simple,
sensitive, and low-cost biosensing platforms with high selectiv-
ity is critical in bioanalysis. The excellent physicochemical
characteristics render GR and its derivatives excellent transduc-

18,2 .
8.2891 pop example, the existence

ing elements in bioanalysis.'
of m-rich conjugation domains in GR facilitates the interaction
between the single-stranded DNA molecules through m—m
stacking interactions.?*”) Also, extensive efforts have been
made in analyzing the nano—bio interface of GR, and its deriv-
atives, with various biomolecules.””" It is shown that in a
favorable environment, the immobilization of enzymes on GR
and its derivatives improves enzyme stability and specificity
together with prolonged enzyme functionality.??'™*? Over
the past decade, GR has become extremely popular in bioanal-
ysis; thus, it continually brings many strategies for improving
efficiency. More specifically, the high electron conductivity,
large surface area, high signal-to-noise ratio due to fast hetero-
geneous electron transport, and low-cost production have
expanded the utilization of GR in numerous vital transduction
technologies including optical, electrochemical, and photo-
electrochemical bioanalysis. Recent review articles have sum-
marized the biological and chemical sensing applications of
GR.[282293] However, in this review, from a different view-
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point, we recapitulate the great potential of GR and its deriva-
tives towards strengthening the efficiencies of transduction
methods for bioanalysis, with a particular focus on optical,
electrochemical, and photoelectrochemical processes.

5.1. Optical Bioanalysis

Optical biosensors derive an analytical signal from the change
in optical properties of the electrode surface upon recognizing
a target biomolecule, wherein the output signal variation is
proportional to the amount of the target species. Several types
of optical bioanalysis, including fluorescence, electrochemilu-
minescence (ECL), and surface plasmon resonance, are usually
used for sensing signals based on light transducers rather than
collecting electrochemical signals. GR acts as a good energy
acceptor in the energy transfer process due to its peculiar elec-
tronic properties.”** Photophysical calculations confirm the
feasibility of energy transfer from dyes to GR,"*”” and GR can
be an excellent quencher based on photoinduced electron
transfer mechanisms or energy transfer mechanisms.?%'*2%¢!
Liu et al. demonstrated a one-step homogeneous fluoroimmu-
noassay based on GR as a powerful fluorescence acceptor, with
CdTe quantum dots as donors.>®”! This report, using the GR
sheet, has significantdy ruled out the distance limitation
(10 nm) in traditional fluorescent biosensors, which extended
the application of GR in the optical biosensing field.!*'*"2%%!

On the other hand, Zhao et al. demonstrated the fluores-
cence “turn-on” based detection of Pb*" using the strong
affinity between GR and DNAzyme, obtaining an ultralow
detection limit of 300 pM for Pb**."*%"! Very recently, Wang
and co-workers developed a hapten-grafted GR biosensor by
integrating both GR and immunoassay sensing technologies
for homogeneous competitive immunoassays of small
molecules.*”

Figure 30a shows a schematic illustration of a homogene-
ous competitive immunoassay for bisphenol A (BPA) in water.
Here, the hapten grafting enhances the antigen—antibody
binding and the subsequent sandwich structure increases the
quenching efficiency of the organic dye, thereby resulting in
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Fig. 30. (a) Schematic illustration of homogeneous competitive immunoassay for bisphenol A (BPA) in water. (b) Fluorescence spectra and (c) fluorescence-
enhanced efficiency as a function of BPA concentration ranging from 0 to 100 nM. Reprinted from reference [300]. Copyright 2014 American Chemical Society.

high signal-to-background ratios. Based on the homogeneous
competitive immunoassay mechanism, high BPA concentra-
tions in the sample result in increased fluorescence signals. Fig-
ures 30b,c show the fluorescence spectra and fluorescence-
enhanced efficiency as a function of BPA concentration from 0
to 100 nM. Thus, the GR-based sandwich assay shows a detec-
tion range from 0.5 to 50 nM, with a detection limit deter-
mined as 0.12 nM for BPA. Moreover, the significance of GR-
based nanocomposites was further extended in surface plas-
mon resonance®*!! based biosensors and surface-enhanced res-
onance Raman spectroscopy (SERS).12%%
Electrochemiluminescence gained attention for both
quantitative and qualitative analysis of biomolecules due to its
high sensitivity and wide dynamic range.?*! The ECL process
involves an electron transfer reaction between two charged spe-
cies generated on the electrode surface, which forms an excited
state that emits light. Although the existing ECL-based sensors
show adequate sensitivity towards biomolecular detection, the
early diagnosis of ultralow-abundance biomarkers demands
the development of various signal amplification strategies for
improving the efficiency of ECL sensors. The signal amplifica-
tion strategies in the ECL process involve improving (a) the
electrode matrix, (b) the QE of the ECL species, and (c) the
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number of signal labels.®* Utilization of GR as an effective
matrix is an important aspect in signal amplification strategies
in ECL biosensors.***! In addition, a wide range of GR-based
nanocomposites have been employed for signal amplification
in ECL biosensors. By using quantum-dot-labeled GR nano-
composites as conducting bridges, an ECL immunoassay for
simultaneous determination of two different tumor markers,
alpha-fetoprotein  (AFP) and carcinoembryonic antigen
(CEA), was developed.[aoé] A 30-fold enhancement of the
ECL intensity was achieved, resulting in ultralow-level detec-
tion of both analytes at 0.4 fM. This novel multiplexed ECL
immunoassay provided a simple, sensitive, and reliable alterna-
tive for the simultaneous detection of tumor markers. In
another work, 48-fold ECL amplification was attained using a
carbon quantum dot (CQD) functionalized GR nanocompo-

[190] Recently, Shao et al. reported a “stretch—stowage—

site.
growth” strategy to fabricate a non-enzymatic triply amplified
ECL immunosensor for ultrasensitive detection of the pseu-
dorabies virus (PrV) antibody.[307] Figure 31 shows a sche-
matic representation and the overall ECL response of the
ECL-based immunosensors. The electrode modification
involves the immobilization of AuNP-GR hybrids followed

by the development of an immunoassay.*°” The interaction
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Fig. 31. Schematic illustration of ECL biosensor for detection of PrV antibody indicating the respective ECL response. Reprinted from reference [307]. Copyright

2014 American Chemical Society.

of antigen—antibody and of B-SA, the “Au-GN/PrV (Ag)/PrV
antibody (Ab,)/biotinylated-IgG (B-Ab,)/SA/biotinylated-Ru
(bpy) 32+-encapsulated SNPs (B—Ru@SNPs)”, resulted in a tri-
ply amplified biosensor, which exhibited better analytical per-
formance towards the monoclonal PrV antibody with a linear
detection range from 50 nM to 1 pM and a detection limit of

0.40 pM.

5.2. Electrochemical Bioanalysis

Direct electron transfer (DET) between the electrode and
active centers of enzymes, without using mediators or other
reagents, is a fundamental process in bioelectrochemistry.
However, the enzymes exhibit sluggish electron transfer ability
as their redox centers are often buried deep inside the three-
dimensional structure. Recently, nanomaterial-facilitated pro-
tein electron transfer has gained substantial attention, owing to
the excellent electrical conductivity and tunable morphol-
ogy.BOS] For example, carbon-based nanostructures, especially
GR, are found to facilitate the electron transfer between vari-
ous redox proteins including glucose oxidase, cytochrome C
(cyt C), horseradish peroxidase (HRP), and nicotinamide ade-
nine dinucleotide (NADH), etc.?*” Zuo et al. interrogated
the electron transfer between GO and heme-containing metal-
loproteins such as cyt C, HRP, and myoglobin (Mb)."”'! Fig-
ure 32 shows a cartoon of GO-supported heme proteins on a
glassy carbon electrode. The authors demonstrated that ultra-
high electron mobility and irreversible protein adsorption at
the GR surface facilitated the DET, resulting in a well-defined
electrochemistry of the glassy carbon electrode. From DET, it
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Fig. 32. Cartoon illustrating the GO-supported heme proteins immobilized
on a glassy carbon electrode. Reprinted from reference [310]. Copyright 2014
American Chemical Society.

was also found that proteins remain structurally intact and
retain their biological activity upon binding with GO.

Wang and his research group have developed a new elec-
trochemical aptasensor platform for detecting adenosine tri-
phosphate (ATP) by employing the ultrahigh electron transfer
ability of GR.®"" Figure 33a shows a schematic representation
of the electrochemical sensing strategy for the detection of

ATP.
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Fig. 33. (A) Schematic representation of an electrode modified with GR and ATP-binding aptamer, and (B) electrochemical response of modified electrodes
(b) before and (c) after adding 2 mM ATP. Reprinted from reference [311]. Copyright 2014 American Chemical Society.

Here, an ATP-binding aptamer (ABA) is immobilized on
the gold electrode, followed by binding GR through the strong
T interaction between GR and ssDNA. This process greatly
reduces the charge transfer resistance at the electrode surface.
Upon adding ATP, the superior binding ability of ABA
towards ATP inhibits the GR immobilization on ABA (Figure
33b). The degree of inhibition depends on the amount of ATP
and, thus, a highly sensitive and selective electrochemical sens-
ing platform with a wide dynamic range from 15 X 10~ to 4
X 107> M for ATP bioanalysis was demonstrated.

Similarly, Liu et al. reported that the enzyme glucose oxi-
dase immobilized on GO exhibited highly sensitive glucose
sensing with high reproducibility and good storage stabil-
ity.®>"? Tt is well known that the electrochemical sensing of
NADH and H,O, is limited by the high overpotential and
electrode-fouling ability. Lin et al. demonstrated that GR-
modified basal and edge plane pyrolytic graphite electrodes
exhibited the ability to lower the electrooxidation potentials of
NADH and H,O,, compared to unmodified electrodes; this
demonstrated the potential candidature of GR towards
enhancing the electrochemical biosensing efficiency.?*!
Besides enzymatic biosensing, GR and its derivatives have
been widely investigated in non-enzymatic bioanalysis. As the
enzymatic biosensors show limited long-term stability, non-
enzymatic bioanalysis gained a special focus. Non-enzymatic
bioanalysis is based on biomolecular oxidation catalyzed by a
strong electrocatalyst. GR has unusual mechanical strength,
ultrahigh specific surface area, and extraordinary electrical
properties, which make it an excellent electrocatalyst for bio-
molecular oxidation. It has been reported that functionalized
GR-modified graphite electrode (FGGE) could be used for
enzyme-free determination of glucose in alkaline solu-
tion."®"? Later reports showed that metal oxide nanoparticles
with functionalized GO exhibited high sensitivity towards
biosensing.’®'¥ Very recently, Zhang et al. reported a GR-Pt
nanocomposite as a potential candidate for H,O, detection
in living cells."!
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Fig. 34. Schematic representation of synchronous electrosynthesis of PXa-
ERGNO for impedimetric DNA detection. Reprinted from reference [316].
Copyright 2014 American Chemical Society.

Electrochemical impedance spectroscopy (EIS) is cur-
rently one of the most sensitive electrochemical techniques for
the detection of the interfacial phenomena on the surface of
electrochemical sensors.”®'”) Yang and co-workers developed
poly(xanthurenic acid) electrochemically reduced GO nano-
composite (PXa-ERGNO) modified electrodes as a potential
substrate for impedimetric detection of DNA.P'®) Figure 34
shows a schematic representation of the synchronous electro-
synthesis of PXa-ERGNO for impedimetric DNA detection.
Here, the probe ssDNA was immobilized on carboxylate PXa-
ERGNO modified electrodes through forming an amide
group with the probe ssDNA. This sensing platform could
sensitively recognize the target DNA through EIS using an
[Fe(CN)6]*> 4~ redox couple as a classical indicator. A
dynamic detection range from 1.0 X 10 t0 1.0 X 10" ¥ M
with a detection limit of 4.2 X 107" M was obtained
because of the synergistic effect of the integrated PXa-
ERGNO nanocomposite. Similarly, the capabilities of GR
and its derivatives were exploited for the successful detection
of ethers, and other biological binding events of antigen—
antibody interactions."®'®!
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Fig. 35. (a) Scheme illustrating the PEC mechanism of glucose oxidation.
(b) TEM image and (c) PEC response at GR-WOj3-Au hybrid membranes.
Reprinted from reference [325]. Copyright 2014 American Chemical Society.

5.3. Photoelectrochemical Bioanalysis

The PEC process relates to the photon-to-electricity conver-
sion resulting from charge separation and the subsequent
charge transfer after absorbing photons upon illumination.'!
With the favorable charge transfer mechanism, the PEC pro-
cess has become a new and promising analytical tool for the
detection of biomolecules.***! PEC sensing is a low-cost and
promising analytical tool, which involves charge transfer reac-
tions among the photoactive material, analyte, and electrode
upon light irradiation. Despite the given advantages, PEC-
based sensing has received rather limited attention in
DNA,®2! protein,®*! and other small-molecule bioanalysis
in the past decade. Zhang and co-workers reported the first
323] Later, Zhao et al.
reported that the CdS and folic acid co-functionalized GR can
be effectively utilized for cell detection.?**! The interactions
between folic acid and folate receptors on the cell surface have
been utilized for the highly sensitive detection of HelLa cells.
Recently, we have reported the fabrication of GR-WO3-
Au hybrid membranes and evaluated their photocatalytic activ-

PEC biosensor using functionalized GR.!

ity towards enzymatic glucose sensing.>**! Typically, metal
oxide based photoelectrodes suffer from poor conductivity and
charge recombination issues, which subsequently limits their
PEC performance. The GR acts as an excellent conducting
scaffold at the photoelectrode. Moreover, the presence of GR
facilitated the electron transport and minimized the charge
recombination and thus supports the enhancement of the over-
all PEC efficiency of the sensor. Figures 35a,b show the sche-
matic representation of PEC glucose oxidation and the
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corresponding TEM image of GR-WO3-Au hybrid mem-
branes. Figure 35c shows the PEC response of the hybrid
membranes in the dark and the light with the successive addi-
tion of glucose. The GR-WOj3-Au hybrid membranes exhib-
ited high activity towards PEC glucose oxidation and thus
opened a new avenue for the application of GR in PEC
bioanalysis.

6. Conclusions and Future Prospects

Graphene, with its unique 2D structure and excellent electri-
cal, thermal, mechanical, and optical properties, has attracted
tremendous multidisciplinary research interest since its discov-
ery in 2004. In this updated review, we have explored and sum-
marized the exciting recent progress on the use of GR and its
derivatives for PEC and photocatalytic water splitting, photo-
catalytic conversion for fuels, photovoltaics, supercapacitors,
batteries, fuel cells, degradation of pollutants, gas sensors,
heavy-metal removal, and biosensing. It is clear that the unique
structural properties of graphene and its combination with
semiconductors to design and fabricate novel GR-based nano-
composites have opened new doors in the fields of energy con-
version, storage, environmental purification, and bioscience.
Indisputably, the opportunities offered by the family of GR-
based materials are exceptional and studies in this field are at
the early stage. There are still numerous challenges and barriers
to realize the true potential of GR-based materials for energy
and environmental applications. Some of the key challenges
are:

(i) Defect-controlled facile synthesis

The energy and environmental applications are highly depend-
ent on the physicochemical properties of the materials and
these properties can only be controlled through a facile syn-
thetic strategy. Composition-, morphology-, and texture-
controlled large-scale synthesis of GR-based materials is one of
the key challenges that must be addressed efficiently in order to
exploit the full potential of GR-based materials. The precise
structure is crucial for both bandgap engineering and efficient
charge transportation. GR-based materials for energy conver-
sion, storage, and photocatalysis are mostly prepared by the
chemical route in the shape of sheets. Banhart et al. have
reported that some of the astonishing properties of GR can
only be observed at an extremely low defect concentration and
electronic, optical, thermal, and mechanical properties of GR
strongly depend upon defect concentration.**¢!

Zhao et al. have recently reviewed the synthetic strategies
for GR materials for energy- and environment-related areas
and concluded that the materials synthesized through “top-
down” or “bottom-up” methods show prominent properties

17b

compared with other nanomaterials."”®" However, there are
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still many fundamental issues needing to be addressed, as the
top-down synthesis often results in large amounts of defects on
the graphene framework, while the bottom-up method is diffi-
cult to realize for mass production in practical applications.
Thus, new cost-effective approaches for the large-scale synthe-
sis of high-quality graphene with minimal defects or oxidation
sites, and the desired composition, size, edge structure, and
dimensionality, are required for practical applications.

(ii) Interfacial engineering between GR and nanoparticles

The interface engineering challenge is mostly related to syn-
thetic methodologies. The most common approaches to pre-
pare GR-based nanocomposites for energy, environment, and
bioscience applications are based on the dispersion of semicon-
ductor nanoparticles on the surface of GR nanosheets. Such
hard integration strategies often result in weak interfacial con-
tact between the semiconductor and GR. As discussed, the key
roles of GR in solar energy conversion, photocatalysis, and
electronic devices are the effective charge collection and trans-
portation. An inadequate interfacial contact and unfavorable
synergetic effect is the main cause for poor performance of the
GR-based nanocomposites. Thus, the interface interaction of
loaded functional nanomaterials on the GR should be
improved through innovative design, by controlling the phase,
porosities, surface active sites, and the structural optimization
of the graphene-based nanoarchitectures.

(iii) Morphology and thickness control

GR systems with different dimensions, such as 0D GR quantum
dots (GR-QDs), 1D GR nanoribbons, 2D GR sheets, and 3D
porous frameworks, have specific electronic and optical proper-
ties. For example, the GR single layer is a zero-gap semiconduc-
tor with linear energy dispersion, while the GR bilayer is also a
zero-gap semiconductor whose electrons obey parabolic energy
dispersion. By breaking the symmetry between the two GR
layers, a tunable bandgap of several hundred meV can be
induced in the GR bilayer by carefully applying a gate bias."**”!
Similarly, the light absorption range of GR-QDs can be tuned
from UV—visible into infrared by controlling the size, geometry,
and boundary conditions. Furthermore, GR-QDs have an
incredible ability to convert low-energy photons into high-
energy photons and a remarkably long lifetime of hot carriers,
which were very effective in improving the photovoltage or pho-
todegradation activity of the semiconductors. As discussed, the
energy and environmental applications are highly dependent on
the percentage of GR content in the composite. The perform-
ance of GR-based materials increases up to a certain amount of
GR content and then decreases, indicating that it is important
to optimize the composition, morphology, and thickness of the
GR-based composite materials. Despite the recent progress on
the fabrication of GR, relatively fewer efforts have been made
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toward the generation of GR with optimized thickness, texture,
size, and shape.[azs] Therefore, in order to further improve and
exploit the performance of GR and GR-based nanocomposites,
the fundamental issue of morphology and thickness-controlled
fabrication of GR-based materials need to be addressed.

(iv) Comprehensive mechanistic study to understand
the precise contribution of GR

As mentioned in this review, the strong synergic interaction
between GR and the semiconductor enhances the charge col-
lection, separation, and transfer properties of nanocomposites;
however, the roles of GR have not been fully explored. Mostly,
GR is discussed as the electron acceptor and transporter and its
semiconducting properties are usually overlooked in compos-
ite materials, where the combination of GR results in opening
the bandgap of photoactive material in the zero-bandgap GR
and induces a doping effect in the carbon monolayer. GR also
plays a significant role in the improvement of the electrochem-
ical stability and catalytic activity of supported catalysts. For
example, the photosensitization of GR in water splitting dem-
onstrates a lack of direct experimental proof compared with
the experimental evidence that demonstrates the role of GR as
an electron acceptor. In the case of rGO/semiconductor nano-
composites, the effect of photosensitization may be from the
isolated sp® clusters of rGO within the matrices. Thus, full
understanding of the role of GR and the mechanisms of GR-
based materials is subject to further exploration. Understand-
ing the exact role and mechanism will be very helpful in
designing and fabricating more efficient materials to address
the energy and environmental issues.

(v) Theoretical simulation and modeling study

It is absolutely clear from the experimental results discussed in
this review that GR and its derivatives play vital roles for the
enhancement of solar energy conversion, storage, biosensing,
and environmental purification. We also mentioned that there
is scope to improve the interfacial contact between GR and
semiconductor components in order to boost the overall per-
formance of GR-based materials. However, the issue is not
only related to the improved interfacial connection and
enhancing the charge transfer but also requires an in-depth
understanding of the inherent mechanisms behind the better
performance of GR-based materials in energy and the environ-
ment, as well as in other fields of science. The current experimen-
tal methodologies do not provide enough evidence that there has
been improvement in interfacial charge transfer, storage, band
bending, and the role of the additional metal nanoparticles/cata-
lysts. So along with the experimental efforts, theoretical calcula-
tions are required, as theoretical computational modeling can
simulate the specific microstructures and provide comprehensive
insight to the electronic properties of GR-based materials.
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Furthermore, theoretical modeling is considered to be one of the
most powerful tools to investigate surface and interface reactions,
screen for catalysts, design new materials, engineer the electronic
structures, and effect the composition and structural changes on
the performance. Therefore, the combination of experimental
and theoretical study would considerably improve our under-
standing of the role of GR at the molecular level, which will pro-
vide us with a firm guide towards designing smarter GR-based
materials for potential applications.

(vi) Device fabrication, scalability, and durability

Finally, the construction of GR-based devices for energy and
environmental applications is another crucial and challenging
task. Few energy devices from GR-based nanocomposites work
well in lab-scale tests. However, there are still many challenges
that need to be addressed to realize industrial applications. The
most important one is the large-scale synthesis of high-quality
GR-based materials that should be electronically and chemi-
cally stable during operation. Along with the large-scale pro-
duction, the development of standardized testing methods is
also important for the exploration of the stability and durabil-
ity of GR-based materials in device form. Environment-related
applications, such as heavy-metal detection and photodegrada-
tion of organic pollutants by GR-based photocatalysts, are still
in their preliminary stages when trying to envision large-scale
applications. This is because there is a lack of fundamental
study into the influence of GR on the ecosystem and human
environment.???! Therefore, to construct a scalable, durable,
and cost-effective device, thorough efforts are required to fur-
ther improve the quality of fabrication methodologies and
device construction techniques to create a suitable and cost-
effective device design that can be fully utilized with high
performance.

Certainly, GR and its derivatives are robust materials and
have great potential to address various energy and environmen-
tal issues. The interdisciplinary nature of GR-based materials,
involving chemistry, physics, materials, engineering, and bio-
science, makes them an exciting research avenue where chal-
lenges and opportunities coexist. Researchers around the world
are progressing rapidly toward the exploration of GR-based
materials, and the joint efforts and close cooperation between
academia and industry will soon overcome the challenges and
make a breakthrough in constructing rational devices using
GR-based materials to address energy and environmental
issues.
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