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Abstract

Harvesting solar light by semiconductors for conversion of carbon dioxide (CO,)
and water into fuel is a revolutionary approach for fulfilling energy appetite
and mitigating increased greenhouse gases concentration in our environment.
Nanocomposite materials synthesized by hybridization of semiconductors with
graphenic materials owing to their better absorbance, charge separation, and
higher surface area have been proved to be superior candidates for photocata-
lytic applications from quantum efficiency and selectivity viewpoints. This chapter
is focused on the discussion of various graphene/semiconductor nanocomposite
systems for enhanced photocatalytic performance for water splitting as well as
CO, reduction. So far, extensive work has been carried out on TiO, and non-TiO,
semiconductors, but still quantum efficiency is far from the real-life application
and limited to 5-50 umol. Recent developments in this realm suggested that gra-
phene oxide (GO) or reduced GO boosted the performance of semiconductors
by facilitating charge separation. Furthermore, functionalization of these hybrids
with dyes and metal complexes provided a significant enhancement in the product
yield.
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9.1 Introduction

Extensive exploitation of natural resources for fulfilling energy and other
materialistic demands of human being has raised the serious problem
of global warming along with depletion of fossil fuel, which is the main
energy source. This problem of shortage of fossil fuel and increased CO,
concentration in environment due to burning of fossil fuel brings up the
urgency to search new green alternative sources for meeting our energy
demands [1-4]. As per the recent observation by Mauna Loa observatory;,
the concentration of CO, has reached up to 400 ppm in July 2015 [5, 6].
In this regard, molecular hydrogen has been suggested to be an ideal fuel
because of its high energy density (140 MJ/Kg) and formation of water
as only byproduct [7]. Till now, most of the hydrogen is being produced
from natural gas by water reforming, which again relies on fossil fuel and
produces CO,.

Sun light is an inexhaustible and continuous source of energy and can
be stored in the form of chemical bonds and electrical energy, which can
tulfill hunger of energy in a very efficient way. Solar radiation reaching on
the earth surface within one hour can provide energy for 1-year require-
ment of human being [8, 9]. In the similar way, water is the most abundant
and most easily accessible resource of hydrogen. So, solar light-mediated
water splitting to produce hydrogen can be a self-sustained process that
relies totally on two most abundant resources. However, due to high vol-
ume to mass ratio, storage of hydrogen is difficult.

Alternatively, CO, can be established as an important feedstock for the
production of solar fuel [10-15]. Photo-assisted chemical conversion of
CO, to liquid fuels like formic acid, methanol and other higher hydrocar-
bons can be used for the storage of hydrogen in the liquid form, which
in turn will reduce the increasing concentration of CO, in the environ-
ment [16-20]. In contrast to thermal conversion of CO, and hydrogen
to fuel, photocatalytic conversion is a viable approach because it harvests
solar energy. Due to the presence of two double bonds, CO, is a highly
stable molecule and its one electron reduction is unfavorable due to its
higher theoretical reduction potential (-1.90 V) [21-23]. Thus in a mul-
tiple proton-assisted reduction of CO, (Eq. 9.1-9.7), the required protons
and electrons can be derived from water splitting [24-26]. So, water split-
ting/water oxidation and CO, reduction are key processes and coupling
of both may provide a viable solution for sustainable production of solar
fuel. The photoreduction of CO, will indirectly store the chemical energy
of hydrogen in the form of higher hydrocarbons, which will occupy less
space as well as can be easily handled due to their liquid nature, for exam-
ple methanol.
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CO,+2H' +2e - CO+HO  E'=-053V (9.1)
CO, +2H" + 2 - HCOOH  E'=-0.61V (9.2)
CO,+4H' +4e > HCHO+HO  E'=-048V  (9.3)
CO,+6H"+6e —CHOH+HO  E'=-038V  (9.4)

CO, + 8H* + 8¢ — CH, + 2H,0 E°=-024V (9.5)
CO,+e > CO,- E'=-190V (9.6)
2H'+2e > H, E°=-041V (9.7)

9.2 TiO,-based Photocatalyst

Since the discovery of solar electrochemical water splitting by Fujishima and
Honda over titanium dioxide (TiO,), a great attention has been directed toward
the production of hydrogen over various semiconductors [27, 28]. Among
them, TiO, is the most widely studied semiconductor due to its suitable band
edge positions, nontoxicity, earth abundance and stability at various pH. The
reduction potential of H*/H, is 0.00V at pH = 0; however, -0.41V over poten-
tial is needed for the production of hydrogen in aqueous solutions [29, 30].
So for efficient hydrogen evolution, the position of the conduction band of
the semiconductor should be more negative than —0.41V. In the similar way,
water oxidation potential is +1.23 V at pH = 0 or +0.82 V at pH = 7 vs NHE
so the position of the valence band should be more positive than this value.
On the other hand, the reduction potential of CO,/CH,OH is -0.38 V, so the
photocatalyst that can reduce protons can also reduce CO,. Conclusively, the
band gap should be higher than 1.23 V for the efficient hydrogen evolution
or CO, reduction. TiO, possesses a wide band gap (3.2 eV) for the anatase
form and therefore can absorb only in the UV region, which represents about
5% of the total solar spectrum [31-33]. However, the visible light consists
of approximately 45% of the solar spectrum. Therefore, for efficient utiliza-
tion of solar energy, the photocatalyst should be able to absorb in the visible
region, which means that the band gap should be small. Hence, these two
conditions are contradictory, i.e., for efficient reduction of protons and CO,,
and water oxidation the band gap should be higher, whereas for absorbing
the visible light in solar spectrum the band gap should be smaller. As the con-
duction band of TiO, and other semiconductors is slightly negative than the
reduction potential of CO, or protons so lowering the position of conduction
band will compromise the CO, or water reduction capacity. The valence band
position of TiO, is +2.53 V vs SHE so the valence band can be shifted upward
by band gap engineering [34, 35]. In this direction, doping with non-metals
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like C [36-38] and N [39-41] has been proved to be effective. For example,
when TiO, was doped with nitrogen, the 2p orbital of nitrogen having higher
energy overlapped with O 2p orbital of TiO, so the position of the valence
band was shifted upward, enhancing the absorption profile of TiO, in the
visible region [42, 43]. However due to fast electron-hole pair recombina-
tion, the quantum efficiency of these systems remained too far from prac-
tical utilization. Electron-hole pair recombination can be divided into two
main categories: the first one is volume recombination and the second one
is surface recombination [44]. In the volume recombination, the photogen-
erated electron-hole pairs recombine before reaching the surface of catalyst,
so they cannot take part in the reduction or oxidation processes. The volume
recombination can be minimized by reducing the size of the photocatalyst
to nanometer range so electrons and holes can move on the surface and can
reduce or oxidize adsorbed substrates [45-47]. In the surface recombination,
the electrons and holes recombine at the interface of catalyst; this recombi-
nation can be prevented by doping with electron and hole capturing agents.
Electron capturing agents also called co-catalysts consist of metals such as Co
[48-50], Ru [51, 52], Cu [53-55], and Au [56, 57], which possess the Fermi
levels just below the conduction band so electrons can rapidly move to metal
and better charge separation can be achieved. Hole capturing agents or scav-
engers are mainly metal oxides like IrO, [58-60]. In general, semiconduc-
tor photocatalysts provide hydrocarbon products having lower C:H ratio
because of cessation of reaction on the surface of catalyst. So, in order to pro-
duce hydrocarbons with higher C:H ratio, multi-electron transfer is essential.
Modification of semiconductors with certain dopants can fulfill the criterion
of multi-electron transfer. The multi-electron transfer is possible by sensiti-
zation of semiconductors with molecular catalysts, which have the ability to
generate more than one electron-hole pair simultaneously [61, 62].

9.3 Non—TiO2 Semiconductors

Semiconductors other than TiO, such as ZnO [63-65], ZnS [66], InTaO, [67],
ZnGa,0, [68], CdS [69, 70], InVO, [71], and WO, [72] have been widely
explored for hydrogen evolution reaction as well CO, reduction. Mixed metal
oxides like RuTi, O, [73], Rh—Cr mixed oxide nanoparticles, dispersed
(Ga,_Zn )N _O_ [74],and ZrO,-supported Ni Fe, O, [75] have been proven
to be better photocatalysts than single metal oxides. Adding a low-band-gap
semiconductor to high-band-gap semiconductor is advantageous because
it increases the lifetime of excited state indirectly by continuous pumping
of electrons in the conduction band and transferring holes in the valence
band [76, 77]. According to the mechanism in such systems, the electrons
and holes generated on the low-band-gap semiconductor are transferred to
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high-band-gap semiconductor where reduction and oxidation reactions take
place. Except in some cases, most of the semiconductors have such band posi-
tion that they can only support either oxidation (positive VB but less negative
CB) or reduction (negative CB but less positive VB). However, for sustain-
ing the continuous generation of hydrogen or CO, reduction both reactions
should take place simultaneously. Thus, making a composite material by com-
bining two semiconductors in which one can initiate reduction reaction and
other can sustain oxidation reaction may provide a viable solution to over-
come this problem. These types of composite work by following the Z-scheme
mechanism (Figure 9.1), in which two semiconductors behave like p-n het-
erojunction [78-80]. The semiconductor having more positive valence band
absorbs visible light and generates electron-hole pairs. The holes are used for
the oxidation of water while the photogenerated electrons are transferred to
the valence band of the other semiconductor that has a negative conduction
band. Then the electrons in the valence band can move to the conduction
band after absorption of light and can be used for the reduction of protons or
CO,. So, the Z-scheme photocatalysts work on a two-step photo-excitation
process (Figure 9.1). For example, Z-scheme photosystem composed of Pt/
SrTiO,:Rh as hydrogen evolving catalyst and BiVO, as oxygen evolving cata-
lyst was visible light responsive in the presence of Fe**/Fe** redox couple and
can operate under 520 nm wavelength, which corresponds to the band gap of
SrTiO,:Rh and BiVO, [81].

9.4 Metal Complexes Sensitized Semiconductors

Apart from doping and mixing semiconductors, sensitization is also a prom-
ising approach for enhancing the visible-light performance of semiconductor
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Figure 9.1 Mechanism of Z-scheme photocatalyst for hydrogen evolution or CO,
reduction.
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materials. Homogeneous metal complexes like bipyridyl complexes of ruthe-
nium, iridium, cobalt, metal phthalocyanines, organic dyes, etc. have been
found to be the best sensitizing materials for improving visible-light absorp-
tion performance [82]. The metal complexes after absorption of visible light
are excited by MLCT (metal-to-ligand charge transfer) transition and elec-
trons are transferred from HOMO to LUMO. The excited species was able to
transfer electrons to the conduction band of a semiconductor. For example, in
arecent report, Kumar et al. demonstrated that Ru complex and cobalt phtha-
locyanine binuclear complex grafted on magnetically separable TiO, can effi-
ciently reduce CO, to methanol [83]. The methanol formation rate by using
Ru-CoPc@TiO,@SiO,@Fe,O, catalyst was found to be 53.5 umol g™ h™ after
48 h. The particular combination of metal complexes was chosen because the
lifetime of the ruthenium complex was shorter (~0.385-0.421 ps) in com-
parison to CoPc (~170-245 ps) so it can transfer electrons to the CoPc [84].
For efficient electron injection in the conduction band of the semiconductor,
a longer lifetime is required, so CoPc can efficiently transfer electrons to the
conduction band of TiO,. Although the sensitization of semiconductor pho-
tocatalysts with metal complexes increases the quantum efficiency, the high
cost and leaching of metal complexes from the surface of the semiconductor
are the major drawbacks. To overcome these limitations, in situ synthesis of
metal complex grafted semiconductor composite materials has proved to be
more promising. In this regard, Kumar ef al. demonstrated that in situ synthe-
sized Ru(bpy),Cl/TiO, nanocomposite to be an efficient heterogeneous pho-
tocatalyst for photoreduction of CO, to methanol [85]. The in situ synthesized
Ru(bpy),CL/TiO, nanocomposite gave selectively methanol in the presence
of triethylamine as a sacrificial donor with a formation rate of 78.1 pmol g™
h™' and a quantum yield of 0.24 mol Einstein™'. The quantum yield at differ-
ent wavelengths followed the absorption pattern of the ruthenium complex,
which clearly depicted that ruthenium complex played a pivotal role in charge
transfer by absorption of visible light (Figure 9.2I). The origin of enhanced
photocatalytic performance was attributed to better electron injection in the
conduction band of TiO, (Figure 9.21I).

9.5 Graphene/Semicondutor/Metal Complexes-based
Photocatalyst

Since its discovery by Geim and Novoselov, graphene, a two-dimensional sp
carbon material has attracted a tremendous attention of the scientific commu-
nity due to its exceptional properties [86]. Graphene is an allotrope of carbon,
composed of layers of sp>-hybridized carbon atoms packed into a honeycomb
network. Due to the 2D network of conjugated carbon, graphene possesses
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Figure 9.2 (I) Quantum yield of methanol at different wavelengths by using a) Ru(bpy),Cl,
b) in situ TiO,, ¢) in situ Ru(bpy),/TiO,, and d) UV-Vis spectrum of Ru(bpy),CL,. (II)
Plausible mechanism of CO, photoreduction using the in situ Ru(bpy),/TiO, nanocomposite.
Reproduced from Ref. 85 with permission from The Royal Society of Chemistry.

specific properties like high mobility of charge carriers (>200 000 cm? V™' s7'),
exceptional Young’s modulus values (~1.0 TPa), large spring constants (1-5
Nm™), theoretically high specific surface area (2630 m* g™'), excellent thermal
conductivity (~5000 W m™ K™'), and optical transmittance (~97.7%) [87].
Owing to these fascinating properties, graphene has been widely investigated
for different applications like nanoelectronics, optoelectronics, chemical and
biochemical sensing, polymer composites, organic transformations, hydrogen
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evolution, CO, reduction, dye degradation, VOCs (volatile organic chemicals)
degradation, energy storage, drug delivery, supercapacitors, catalysis, photo-
voltaics, etc. [88-94]. Among the various applications, photocatalytic water
splitting and CO, reduction are of particular importance because of alarming
condition in decrease of fossil fuel and rising concentration of greenhouse
gases. Graphene due to its zero band gap cannot participate in charge separa-
tion step of photocatalysis. However, because of its higher electron mobility
and high specific surface area, it can assist in better charge separation on its
interface. Various nanocomposite materials of graphene with semiconduc-
tors, metal complexes, dyes, etc. have shown excellent performance for the
photo-induced water splitting and CO, reduction [95-97]. In the graphene
semiconductor composite, the semiconductor after absorption of light gen-
erates electron-hole pairs and graphene provides mobility to the electrons.
Furthermore, graphene improves the visible-light absorption performance of
semiconductor via synergistic effect (Figure 9.3).

Recently, many graphene-based nanohybrid composites have been syn-
thesized with various semiconductors like TiO, [98, 99], ZnO [100, 101],
WO, [102], Cu,0 [103], Fe,O, [104], MnO, [105], ZrO, [106], ZnS [107],
CdS [108], CdSe [109], Bi,WO, [110], BiVO, [111], Sr,Ta O, [112], InVO,
[113], ZnFe,O, [114], etc. by following two main synthetic strategies. The
first approach involves mixing of graphene with the semiconductor in a
suitable solvent (solution mixing method), while the second approach
relies on mixing of the precursor salt of the semiconductor and graphene
oxide (GO) at a suitable pH (in situ growth method). In contrast to gra-
phene, which has zero band gap and behaves like a conductor, GO behaves
like a semiconductor and possesses a band gap [115]. Harsh oxidation of
graphite to produce GO adds oxygen containing functional groups at the

igg? & orCO, ot \«\ydrocarbo,,s
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Figure 9.3 Mechanism of hydrogen evolution or CO, reduction on the surface of
graphene/semiconductor composite.
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basal planes as well on the edges, which transforms most of the sp* car-
bons into sp? carbons. Thus, enormous domains of sp* and sp* oxidized
carbons are evolved on the surface of GO. The sp? carbons, due to exten-
sive conjugation, facilitate electron movement in these domains without
any resistance and behave like a conduction band, while sp* carbons due
to localized electrons prevent free electron movement and behave like a
valence band. So, a band gap is created due to the presence of sp*- and sp*-
hybridized carbons and the value of this band gap strongly depends on the
degree of GO oxidation [116]. In a recent study by Hsu et al., the band gap
value of as-synthesized graphene oxide (GO-3) by oxidation of graphite
with H,PO, and H,SO, was found to be in the range of 2.9-3.7 eV due to
the uneven oxidation of graphene sheets. The conduction band position of
GO-3 was negative enough (-0.79 V vs NHE) to facilitate CO, reduction
to methanol while the position of the valence band (+2.91 V vs NHE) was
positive enough to perform water splitting. In this study, CO, to methanol
formation rate (R, ;) was 0.172 umol g cat™' h™! by using GO-3 [117]. A
similar report by Yeh et al. showed that highly oxidized GO can serve as
a good photocatalyst for the hydrogen evolution from water [118]. In the
GO, the conduction band which is composed of antibonding 7* orbital has
higher energy than the reduction potential required for hydrogen genera-
tion. By using GO and water alone, the yield of hydrogen was 280 pmol
after 6 h of visible irradiation. However, addition of platinum as a co-cat-
alyst and methanol as a sacrificial donor enhanced the yield up to 17000
umol after 6 h. The increased yield was ascribed to methanol, which acts as
a hole scavenger and inhibits electron-hole recombination.

Similarly the addition of hole capturing agents like metals on GO can
improve its photocatalytic efficiency. In this regard, GO decorated with
copper nanoparticles of 4-5 nm in diameter exhibited improved pho-
tocatalytic performance due to diminished charge recombination rates
[119]. Furthermore, the effect of copper loading was investigated and it
was found that 10 wt.% Cu NPs loaded on GO (Cu/GO-2) gave the high-
est rate of methanol production (2.94 umol g h™) after 2 h irradiation
with 3.88 umol g' h™! of acetaldehyde. In the proposed mechanism, it has
been suggested that after absorption of visible light, the photogenerated
electrons were captured by Cu metal and then efficient transfer of elec-
trons from Cu d orbital to C-O 7* orbital initiated multi-electron transfer
to yield methanol and acetaldehyde. In a study by Xu et al., it has been
demonstrated that partially reduced graphene oxide (PRGO) acts as a
p-type semiconductor which can create a p—n heterojunction with CPNP
(coordination polymer nanoplates) [Cu(pad),(bipy)] -n(H,pad) (CP)
(pad=phenylenediacrylate dianion, bipy=4,4"-methyl-2,2"-bipyridine) in
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PRGO/CPNP photocatalyst [120]. It was found that the reductive degree
of the PRGO had a great influence of the H, production rate. Among the
various PRGO/CPNP hybrids studied, the highest H, production rate
achieved was 33.75 umol h™.

It has previously been shown that doping of semiconductors with non-
metals can alter the energy levels of the valence band by hybridization
and thus reduces the band gap of the semiconductor for absorption in the
visible region [121]. However, faster recombination of photogenerated
charges prevents from achieving the goal of higher quantum efficiency.
Hybridization of doped semiconductors with GO can overcome this prob-
lem of charge neutralization. In addition, due to the presence of a band
gap, GO can work synergistically for better electron and hole separation by
making p-n heterojunction.

Earlier in 2012, Pie et al. have prepared nitrogen-doped TiO,/GO
nanocomposite (NTG) for better photoactivity for visible-light-mediated
hydrogen evolution [122]. Nitrogen-doped TiO, had already been inves-
tigated by researchers and regarded as a promising photocatalyst for
hydrogen evolution under visible light. TiO, hybridization with GO not
only narrows its band gap for visible-light absorption, but also delays the
electron-hole recombination rate, which enhances its photocatalytic effi-
ciency. Under visible-light irradiation, the photogenerated electrons are
transferred from the conduction band of NT (nitrogen-doped TiO,) to GO
which not only acts as an electron trapper but also accelerates the process
of electron transfer to the target molecule due to the higher mobility of
electrons and prevents the photo-generated electrons from coming back
to the valence band of TiO, or N 2p level of NT. Introduction of GO to
N-TiO, enhances the photocatalytic efficiency by 13.6 times as compared
to commercially available P25, yielding 112.0 umol g' h™' hydrogen.

Very recently, Tan et al. reported a promising GO-doped oxygen rich
TiO, (GO-OTiO,) binary nanocomposite, prepared via a highly convenient
wet chemical impregnation technique, as efficient photocatalyst for the pho-
toreduction of CO, to CH, in the presence of water vapor [123]. The reac-
tion was carried out under very mild conditions like using day light bulb as
a source of visible light. The oxygen rich TiO, was prepared by precipitation
of titanium butoxide in cold water using hydrogen peroxide as an oxidant.
The enhanced activity of oxygen-rich TiO, for the CO, photoreduction was
attributed to the narrowing of the band gap to 2.95 eV and incorporation of
oxygen defects served as electron scavengers so the lifetime of the photogen-
erated carriers was increased [124]. However, the photoactivity of O -TiO,
catalyst, i.e., the yield of CH, gradually decreases over time after reaching a
maximum value. Such unusual behavior was also reported earlier by Liu et
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al. [125] and Wang et al. [126] where the activity of photocatalyst decreased
after reaching its maximum value. The reason for such uncommon behavior
could be due to the retention of maximum adsorption sites and fast elec-
tron-hole recombination rates. Therefore, to overcome this drawback, O,-
TiO, hybrid was incorporated with GO sheets, which significantly increases
its photoactivity as well as reduces electron-hole recombination. The forma-
tion rates of CH, over O,-TiO, and GO-OTiO, nanocomposite were 1.026
and 1.718 pmol g™! cat after 6 h, respectively. GO plays an indispensable role
in increasing the lifetime of charge carriers required for the reduction of
CO,. The optimal content of GO was investigated and found to be 5 wt.%
with respect to O,-TiO, giving the highest yield of CH,. Further increase
in the GO amount leads to a decrease in the photoactivity of the nanocom-
posite, which may be due to the unavailability of visible-light adsorption
sites on O,-TiO, due to high carbon content. GO-OTiO, nanocomposite
gave 14 folds higher yield as compared to commercially available Degussa
P25. The prominent role of GO can be explained on the basis of interaction
between d-orbital of O,~TiO, and 7-orbital of GO which forms d-7 orbital
overlapping, leading to formation of strong chemical interaction among the
two; this favors electron-hole charge separation by hampering the charge
recombination, which subsequently enhances the visible-light efficiency
and the yield of the desired product.

Due to the presence of a suitable band gap and various functional
groups, GO provides an opportunity for covalent attachment of homoge-
neous metal complexes [127, 128]. As metal complexes have good visi-
ble-light absorption, they can work as photosensitizers. Immobilization
approach not only improves the visible-light absorption efficiency but also
makes the recovery of expensive metal catalysts feasible. In this regard,
ruthenium polyazine macromolecular complex [129] and cobalt phthalo-
cyanine [130] have been successfully immobilized on GO for the photore-
duction of CO, to methanol with the formation rates of 82.8 and 78.8 umol
g h™, respectively, in the presence of triethylamine as a sacrificial donor.
To make the developed methodology more promising, it is essential to
remove the need of a sacrificial donor. Synergistic mechanism can play an
efficient role: metal complexes generate electrons and transfer them to the
conduction band of the semiconductor, while positive charges of the metal
complexes move to the valence band of the semiconductor, so indirectly
electron-hole pairs are generated in the conduction and valence bands of
the semiconductor. Very recently Kumar et al. have synthesized a new het-
eroleptic ruthenium complex bearing 2-thiophenylbenzimidazole ligand
and subsequently immobilized it on GO (Figure 9.4) [131]. Along with
-OH and -COOH groups, epoxide functionalities located on the basal
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Figure 9.4 (I) Synthetic scheme of GO-Ru catalyst and (IT) CO, to methanol yield:
(a) blank reaction, using (b) GO-COOH, (c) GO, (d) 5% RuCl,/GO, (e) Ru complex
equimolar amount to GO-Ru catalyst, and f) GO-Ru catalyst. Reproduced from Ref. 131
with permission from The Royal Society of Chemistry.
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plane of GO sheets were used for the functionalization to reach a higher
loading of the complex on the GO support (Figure 9.4I). The synthesized
GO-Ru photocatalyst exhibited superior catalytic activity for the visible-
light-induced reduction of CO, to methanol. Methanol was selectively
formed during the catalytic step with a formation rate of 85.4 pmol g
cat after 24 h and associated quantum vyield (¢) of 0.09 (Figure 9.41I). The
covalent attachment of the Ru complex to the surface of GO made the cat-
alyst robust and leach proof. Recycling experiments depicted that there
was no loss in catalytic activity even after three recycling experiments. The
enhanced photoactivity after immobilization of the Ru complex on GO
was due to better charge injection from MLCT excited Ru complex to the
conduction band of GO (Figure 9.5). Importantly, the developed catalytic
system did not require any sacrificial donor and can extract required elec-
trons and protons through water splitting due to the more positive oxida-
tion potential of GO than water.

Hybridization of metal clusters/metal organic frameworks (MOF)/
polyoxometallate (POM) with graphene or GO has proved to enhance the
catalytic performance via synergistic effect of better charge separation or
efficient electron transfer in the conduction band of GO. Metal clusters
of Mo and Re can selectively produce hydrocarbons with high C:H ratio
due to the presence of multi-metallic centers, which can transfer multiple
electrons required for producing higher hydrocarbon products [132]. In
this context, octahedral hexamolybdenum clusters have recently been used
for selective methanol formation from CO, photoreduction. However,
the homogeneous nature and requirement of sacrificial agents limit their
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Figure 9.5 Plausible mechanism of CO, photoreduction to methanol catalyzed by GO-Ru.
Reproduced from Ref. 131 with permission from The Royal Society of Chemistry.
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practical application. Immobilization of the metal clusters on photoactive
supports can solve both issues by making them recyclable as well as oxi-
dizing water for deriving required electrons and protons. Consequently,
Kumar et al. have prepared heterogenized octahedral Mo clusters having Cs
and TBA (tetrabutylammonium) counter ions/GO by taking advantage of
labile nature of apical halogens atoms [133]. During immobilization, apical
bromine atoms were replaced by various oxygen containing functionalities
present on the GO (Figure 9.6). The chemical nature of immobilized metal
clusters on GO support was confirmed by X-ray photoelectron spectros-
copy (XPS) analysis. The XPS analysis of metal clusters (Cs,Mo Br' Br* /
(TBA),Mo Br' Br* ) and their composite with GO (GO-Cs,Mo Br' Br* and
GO-(TBA),Mo Br' Br* ) showed that the intensity of 3d peak component
due to apical bromine atoms was reduced significantly, while peaks due
to Mo 3d and Cs 3d did not change, suggesting that apical bromine atoms
were replaced during immobilization (Figure 9.7).

The developed GO-Cs,Mo Br' Br* and GO-(TBA), Mo Br' Br* photocat-
alysts gave methanol selectively from CO, with a formation rate of 68.5 and
53.9 umol g' h™, respectively, after 24 h irradiation using 20 W LED spotlight
as visible-light source (Figure 9.8). The quantum yield and turn over number
by using GO-Cs,Mo Br' Br* were determined to be 0.015 and 19.0, respec-
tively, while for GO-(TBA),Mo Br' Br* the obtained values were 0.011 and
10.38, respectively. These values were significantly higher than those obtained
by using either GO or homogeneous clusters as catalysts. Furthermore, the
heterogeneous nature of the GO-supported catalyst provides facile recovery
and recycling ability for several runs without losing its catalytic performance.
In order to gain a better understanding on the enhanced photocatalytic per-
formance, the band gap of GO-Cs,Mo Br'.Br* and GO-(TBA),Mo Br',Br*_
composites was determined and found to be 0.9 and 1.5 eV, respectively, due

Figure 9.6 Schematic illustration of Cs,Mo Br' Br* /(TBA),Mo Br' Br*, clusters
immobilized on GO nanosheets and molecular structure of Mo, cluster representing the
position of inner (L) and apical (L*) ligands. Reproduced from Ref. 133 with permission
from Elsevier.
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to mixed transition of Mo clusters and GO. A plausible mechanism was pro-
posed in which metal clusters after absorption of visible light are excited and
generate Mo * excited state. The excited Mo * clusters can transfer multiple
electrons to the conduction band of GO. Because the position of GO con-
duction band is more negative than the reduction potential of CO,/CH,OH
(-0.38 V vs NHE at pH 7), it can efficiently reduce CO, to methanol. While
the valence band position is more positive than the oxidation potential of
water, so it can oxidize water producing electrons and protons which can be
used for the reduction of CO, (Figure 9.9).

Gusain et al. have synthesized CuO nanorods of different breadths by
precipitation in aqueous solution of NaOH. The nanorods were further
functionalized with APTMS (aminopropyl trimethoxysilane) to make
them positively charged. Finally, mixing the positively charged nanorods
with negatively charged GO solution followed by reduction gave rGO-
CuO nanocomposites [134]. The breadth of CuO nanorods was found to
be dependent on the concentration of NaOH and named after the ratio of
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Figure 9.9 Plausible mechanism of CO, photoreduction into methanol catalyzed by GO-
hexamolybdenum composite. Reproduced from Ref. 133 with permission from Elsevier.

NaOH to copper salt. The breath of CuO nanorods increased by increasing
the molar ratio of copper salt to NaOH from 1:4 to 1:24, and was found
to be 3-6, 5-9, 9-11, and 10-15 nm for rGO-CuO,,, rGO-CuO,,, rGO-
CuO,,,, and rGO-CuO,, nanocomposites, respectively (Figure 9.10I). The
rGO-CuO nanocomposites were used for the photocatalytic reduction of
CO,, and in all cases, methanol was formed as the major product with-
out the need of any sacrificial donor. The highest rate of methanol was
obtained using rGO-CuO, , composite with a formation rate (R, ) of
51.1 umol g™ h™" after 24 h (Figure 9.101I and III).

In another approach, Zhang et al. synthesized ZnO-rGO nanocom-
posite via a simple one-step hydrothermal process and investigated its
photocatalytic activity for reduction of CO, to CH,OH [135]. The optical
properties of the synthesized hybrid material were examined using UV-
Vis diffuse reflectance spectra (DRS), which depicted the absorption of
ZnO nanocrystals in the UV spectrum of light, while ZnO-rGO exhibited
visible-light absorption. Graphene plays a significant role by extending the
optical absorption of ZnO to higher wavelengths. It is expected to favor
electron-hole separation and to decrease the recombination rate at the
interface of the semiconductor. It further traps the photogenerated elec-
trons transferred from the conduction band of ZnO, under visible-light
irradiation, and utilizes them for the reduction of CO, adsorbed on its sur-
face. Simultaneously, holes were created on the surface of ZnO leading to
water splitting into O, and H* ions. The optimum content of GO was found

MeOH
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nanocomposites. (IT) Methanol yield by photocatalysis of CO, as a function of visible-light
irradiation time using rGO-CuO as photocatalyst. (IIT) Methanol yield by photocatalysis
of CO,asa function of light irradiation time using CuO,,, rGO-Cu, 0, and rGO-

CuO,  nanocomposites as photocatalysts. Reproduced from Ref. 134 with permission

from Elsevier.

to be 10% and a maximum yield of 263.17 pmol g™ cat for methanol was
obtained after 3 h of visible-light irradiation.

MoS, /RGO nanocomposite synthesized by a single-step hydrothermal
method by using (NH,),MoS, and GO as precursors of MoS, nanoparticles
and reduced graphene oxide (RGO), respectively, was found to give higher
photo-electrochemical performance for hydrogen evolution reaction [136].
The higher activity was attributed to the nanoscopic few layered MoS,
with an abundance of exposed edges stacked onto graphene. According
to the report of Xiang et al., TiO, grown on MoS,/graphene hybrid fur-
ther enhanced the rate of hydrogen production [137]. Comparing with the
binary nanocomposite of MoS /TiO, and TiO,/graphene, ternary TiO,/
MoS /graphene composite exhibited higher photocatalytic performance
and higher H, production rate by four and five times, respectively. The
hydrogen production rate was 165.3 pumol h™' by using 0.5 wt.% MoS,/gra-
phene co-catalyst having graphene content of 5.0 wt.% at 365 nm in the
presence of ethanol as a sacrificial donor.
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Ternary hybrid materials for example CdS/metal Oxide/GO-metal
oxide (ZnO, Al,O,) have been synthesized by a two-step method. Firstly,
CdS/metal oxide heterostructure was prepared by one pot hydrothermal
method followed by blending of GO to the semiconductor heterostructure
by simple solid state mixing [138]. The synthesized catalyst was found to
be very active for the visible-light-mediated hydrogen evolution and dye
degradation. It was found that the catalyst having ZnO as metal oxide was
more active in comparison to Al O,. This increased activity can be attrib-
uted to the CB of CdS (-0.88 eV) which is in close proximity with the CB
of ZnO (-0.22 eV), so electrons can be transferred to CB of ZnO. Hole
scavengers like Na S and Na SO, were essential for higher formation rate
of hydrogen and degradation of dye.

Tan et al. have investigated the doping of noble metals (Pt, Pd, Au, Ag)
on rGO/TiO, hybrid [139]. rGO/TiO, nanocomposite was synthesized
using hydrothermal method followed by doping of Pt particles over rGO/
TiO, nanocomposite via simple polyol process. The Pt-modified rGO/TiO,
nanocomposite exhibited enhanced photocatalytic activity towards reduc-
tion of CO, under visible-light irradiation. Comparing all the metal-doped
rGO/TiO, nanocomposites, Pt-GT (Pt-doped rGO/TiO,) nanocompos-
ite exhibited higher photoactivity (1.696 umol g' CH,) in comparison to
other metal-doped rGO/TiO,, i.e.,, Pd-GT (1.193 umol g' CH,), Ag-GT
(0.998 umol g™ CH,), Au-GT (0.756 umol g' CH,), and GT (0.651 umol
g CH,). Pt-doped rGO/TiO, hybrid displayed 2.6 and 13.2 folds higher
activity than blank TiO, (0.126 umol g** CH,) and commercially available
P25 (0.129 umol g' CH,), respectively, after 6 h of light irradiation. The
synergistic effect, where graphene sheets act as an electron trapper and
transporter of photogenerated electron-hole pairs, enhanced the photoac-
tivity of rGO/TiO, nanocomposite. Furthermore, the Pt nanoparticles on
the surface of rGO/TiO, efficiently trap the photogenerated electrons for
reduction of CO,.

Owing to the growing economical considerations, efforts have been made
to develop noble metal free photocatalysts by using graphene as a substitute
for noble metal on semiconductors, which narrow the band gap and pro-
vide efficient electron flow for hydrogen evolution. In continuation of this,
Zhang et al. synthesized a noble metal-free RGO-Zn_ ,Cd, S nanocompos-
ite using convenient co-precipitation-hydrothermal reduction method, for
hydrogen evolution [140]. Large surface area, high electrical conductivity
and high mobility of charges due to sp* hybridization make graphene sheets
as a superior material for the immobilization of Zn ,Cd, ,S nanoparticles.
Graphene sheets act as a good electron acceptor for the photogenerated
electrons, transferred from the conduction band of Zno.SCdo.zs’ and prevent
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the recombination of electrons and holes on the interface of the semicon-
ductor. The synthesized rGO-Zn ,Cd ,S nanocomposite showed high H,
formation rate, i.e., 1824 umol g' h™' with optimum rGO content of 0.25
wt.% along with the high apparent quantum efficiency of 23.4% at 420 nm.
Moreover, it showed better photocatalytic properties and high quantum
efficiency in comparison to Zn ,Cd ,S nanoparticles and Pt-Zn ,Cd .S
nanocomposites. This study, clearly demonstrated the pivotal role played by
rGO in the synthesis of metal free photocatalysts for hydrogen evolution.

RGO-ZnIn,S, composite photocatalyst has been evaluated for the visi-
ble-light-assisted hydrogen evolution [141]. For the synthesis of the nano-
composite, the precursors of ZnIn,S, were deposited on graphene sheets
by “in situ controlled growth” solvothermal process. TEM analysis showed
that very thin layers of ZnIn,S, were deposited on RGO, which provided
higher surface and active sites. The BET surface area of the synthesized
RGO-ZnIn,S, composite was found to be much higher (92 m? g™') than
pure ZnIn,S, (35 m? g') which clearly emphasize the reason of its enhanced
catalytic activity. The optimum concentration of photocatalyst was investi-
gated by varying the amount of photocatalyst, and it was found that 0.05g of
catalyst gave optimum hydrogen production rate (81.6 pmol h™'). Further
addition of catalyst was detrimental for the process because of shielding of
visible irradiation available to other catalytic sites. In another study, Yang
et al. demonstrated that in case of hybrid GO/SiC photocatalyst containing
1 wt.% of GO, the hydrogen production rate of 95 uL h™' can be achieved in
the presence of KI as a sacrificial donor [142].

In general, the enhanced photocatalytic performance of graphene/semi-
conductor composites is believed to be due to the better charge transportation
on its surface, which hampers electron-hole recombination on the semicon-
ductor. Apart from this, a report by Zhang et al. suggested that graphene not
only provides higher mobility but also works as a macromolecular photo-
sensitizer which helps in the narrowing the band gap of the semiconductor
[143]. They synthesized nanosized ZnS$ on the surface of RGO by a two-step
method. ZnS because of its high band gap was unable to generate electron-
hole pairs under visible-light irradiation. However, after addition of 5 wt.%
graphene, the composite was able to generate electron-hole pairs. Controlled
experiments by using hole scavenger tert-butyl alcohol (TBA) and ESR stud-
ies clearly depicted that graphene (GR) worked as a macromolecular photo-
sensitizer, which provided necessary electrons for photoreaction.

The photocatalytic performance of homogeneous metal complexes
immobilized on graphene support was found to be increased mainly due to
better charge separation on the surface of graphene. Homogeneous metal
complexes work as photosensitizers and can transfer photoexcited electrons
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to graphene sheets. It is worthy to mention that neither metal complex pho-
tosensitizers nor graphene sheets can promote hydrogen evolution reaction.
However, they need an active catalytic site, which can capture and transfer
electron to protons. In most cases, Pt metal has been used as an active cen-
ter for the hydrogen evolution reaction. It has been found that manganese
phthalocyanine covalently immobilized on graphene by 1,3-cyloaddition
reaction of N-methyl glycine and 4-hydroxy benzaldehyde provided better
water splitting than MnPc alone [144]. After 10 h visible-light irradiation,
the hydrogen formation rate was determined to be 1.45 pmol mg™ with
an apparent quantum yield (AQY) of 0.06% in the presence of Pt as a co-
catalyst and triethylamine as a sacrificial donor. In another report, Wang
et al. synthesized covalently immobilized silicon phthalocyanine to nitro-
gen doped ultra-small-reduced graphene oxide (N-usRGO) for the visible-
light-assisted hydrogen evolution [145]. The rate of H, production by using
N-usRGO/SiPc as photocatalyst loaded with 5 wt.% Pt as a co-catalyst and
triethylamine as a sacrificial donor was 4.5 umol mg™ after 6 h. The position
of LUMO and HOMO of SiPc was -3.75 eV (vs vacuum) and —6.18 eV (vs
vacuum) higher than the conduction band of N-usRGO, so electrons can
flow easily from SiPc to N-usRGO. Furthermore, the lower work function
of Pt facilitates electron capturing from N-usRGO to prevent back electron
transfer and thus enhances the yield of product.

9.6 Metal Free Dye-graphene Composite

Organic metal free dyes are becoming a choice of selection over noble metal-
based dyes because of their degradability and nontoxic nature. By choosing
suitable dye, the desired spectrum of solar light can be harvested. Moving
forward in this direction, Min et al. synthesized Eosin Y (EY) dye sensitized
RGO loaded with Pt nanoparticles [146]. The developed dye sensitized pho-
tocatalyst displayed higher catalytic activity for hydrogen evolution by using
triethanolamine as a sacrificial donor. The rate of hydrogen evolution was
14.14 pmol h™! (420 nm) in the first 24 h with AQY of 9.3% under 300-W
tungsten halogen lamp. To investigate the effect of Pt and graphene, blank
experiments using EY-RGO and EY-Pt were carried out. In the absence of
Pt using EY-RGO a very small amount of H, (0.18 umol) was obtained after
22 h, whereas for EY-Pt system in the absence of RGO the hydrogen evolu-
tion rate was 0.18 pmol h™'. Addition of small amount of RGO (3 mg), the
photocatalytic activity of the EYRGO/Pt system was significantly increased
and afforded 10.17 umol h™'. The mechanism of enhanced activity can be
explained on the basis of work function. The work functions of EY and EY*
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vs vacuum are about -5.60 and -3.45 eV, respectively [147] and the work
function of graphene is —4.66 eV [148] so a large energy band offset will
form between EY* and RGO and the excited electrons will transfer from
EY to RGO. In a similar study, Mou et al. found that EY/RGO/Pt in the
weight ratio of 1.0/1.0/0.1 yielded 3350 umol g"' h™' of H, in the presence
of triethanolamine under UV-Vis light of 150-W Xenon lamp [149]. The
contradictory yield of H, in both studies may be due to the use of different
light sources. In another study, Min et al. used Rose Bengal (RB) dye for the
sensitization of RGO loaded with Pt co-catalyst [150]. The RB/RGO/Pt pho-
tocatalyst showed a hydrogen production rate of 14.2 umol g h™ with the
AQY of 18.5% under 550 nm light irradiation when Pt loading was 6 wt.%.
The whole solar spectrum can be harvested by sensitization of graphene
sheets with more than one dye. In this context, Min et al. developed a novel
dye sensitized catalytic system for hydrogen evolution [151]. They synthe-
sized Pt nanoparticles highly dispersed on RGO with co-sensitization with
EY and RB dyes. The presence of organic dyes EY and RB enhanced the vis-
ible-light absorption efficiency of the hybrid material. The graphene sheets
played a pivotal role in fast and efficient electron transfer on its surface,
which minimizes the charge recombination process in dye molecule. Pt
worked as electron capturing agent and provided active sites for hydrogen
evolution. Blank experiments using RGO were performed with and with-
out Pt in absence of EY and RB dyes; no H, was evolved, which confirmed
the need for sensitization of graphene sheets. After the absorption of visible
light, the electrons from the HOMO orbital move to the LUMO orbital of
both dyes, EY and RB, and then transferred to graphene sheets. Graphene
sheets provided a conductive electron transport of photogenerated electrons
trapped from both dyes to Pt nanoparticles where the hydrogen evolution
took place. Triethanolamine worked as a sacrificial donor, facilitating the
back reduction of dye molecules to its native state. A high yield of 330 umol
g of H, after 10 h irradiation with a quantum yield of 37 % was obtained.

9.7 Polymeric Semiconductors/Graphene Composite

Very recently, polymeric semiconductors have emerged as attractive materials
in the viewpoint of their polymer type properties along with ability of photo-
catalysis. Moreover, their band gap can be tailored by chemical modification.
Among various polymeric photocatalysts, graphitic carbon nitride (g-C,N,)
is the most promising due to its low band gap (2.7 eV) and suitable position
of conduction band (-1.1 eV) and valence band (+1.6 eV) required for pro-
ton or CO, reduction and water oxidation, respectively [152]. The g-C,N, is
a 2D polymer consisting of interconnected tri-s-triazines units via tertiary
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amines. Many photocatalytic systems have been developed by hybridization
of carbon nitride with various semiconductors like BiVO, [153], TiO, [154],
WO, [155], NaNbO, [156], Cu,0O [157], CdS [158], Ag,PO, [159], Bi,WO,
[160], etc. for various applications including hydrogen evolution and CO,
reduction. Quantum efficiency for H, evolution and CO, reduction by carbon
nitride can be further increased by dye sensitization like magnesium phtha-
locyanine, EY, etc. [161]. Ruthenium complex immobilized on carbon nitride
by phosphate groups has been shown to enhance the rate of CO, reduction to
CO [162]. Xiang et al. reported g-C N, modified with RGO (1% graphene/g-
C,N, nanohybrid) to be promising catalyst for H, production at the rate of
451 pmol g™ h™! in the presence of Pt and methanol [163]. The addition of 1
wt.% RGO increased the methanol yield three times than pure g-C,N, due to
the better transportation of charge from the point of generation followed by
capturing with Pt nanoparticles.

Another example of polymeric material that can work as photocata-
lytic material is polyaniline abbreviated as PANI. Jing et al. developed a
PANI-GR-TiO, as a ternary hybrid through a stepwise synthetic route
[164]. Firstly, binary GR-TiO, was prepared with the attachment of GO
on APTMS functionalized TiO, followed by hydrothermal reduction than
polyaniline was grafted by polymerization in acidic solution. The calcu-
lated band gaps of TiO,, binary GR-TiO,, and ternary PANI-GR-TiO,
were 3.23, 2.65, and 2.18 eV, respectively. The developed ternary PANI-
GR-TiO, hybrid showed enhanced photo-electrochemical performance
for the water oxidation reaction. In the proposed mechanism, it has been
suggested that HOMO and LUMO of PANI together with graphene may
create a favorable p—n heterojunction so electrons from LUMO of excited
PANI can move to conduction band of TiO, while holes in the valence
band of TiO, can move to HOMO of PANI.

9.8 Solar Fuel Production by Doped Graphene

Doping with heteroatoms like N [165], S [166], B [167], P [168], etc. can
transform conductive graphene to semiconductor, for instance nitrogen-
doped graphene possesses a band gap [169]. In general, nitrogen-doped
graphene contains three types of nitrogen: pyridinic, quaternary nitrogen,
and pyrrolic depending upon their position on the sheets. Only pyridinic
nitrogen contributes with their lone pairs to the conjugated 7 network of
graphene. Due to these electrons, the electron rich character of sheets is
increased and the Fermi level shifts above the Dirac point, which distorts
symmetry of graphene sub-lattice and creates a band gap [170]. The value
of the created band gap depends strongly on the N/C ratio in the sheets and
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a band gap up to 5 eV can be reached [171]. The appropriate N/C ratio can
be obtained by using different nitrogen sources. Two main strategies, i.e.,
direct synthesis and post treatment strategy were used for the synthesis of
N-doped graphene. In the direct synthesis method, GO was reduced in the
presence of nitrogen containing substance like ethylene diamine, carbon
nitride, hydrazine hydrate, urea, NH,, etc. In the direct synthesis, higher
N/C ratio and even distribution can be obtained. In the post-treatment
strategy, RGO was doped with nitrogen by N, gas, NH,, or plasma syn-
thesis method. The intensity ratio of N1s peak at binding energy 400 eV
and Cls peak at 284 eV in XPS spectra is used for determining the nitro-
gen content along with the types of nitrogen present [172]. Furthermore,
due to the nitrogen doping, the charge distribution on neighboring atoms
are disturbed and negative charge is accumulated on the surface of gra-
phene, creating “activation regions” on the graphene sheet. These acti-
vation regions can be utilized for oxygen reduction reactions as well as
for attachment of metal particles/semiconductors/metal complexes, etc.
Several nanocomposites of N-doped graphene/semiconductor have been
synthesized in order to enhance the photocatalytic performance like oxy-
gen and hydrogen evolution reactions. For instance, N-doped graphene/
CdS composite exhibited higher photocatalytic performance for hydrogen
generation than graphene/CdS composite [173].

Moreover, the electron rich character of N-doped graphene sheets
can be utilized for the attachment of positively charged metal com-
plexes, which can improve the absorption capacity in the visible region.
In this regards Kumar et al. synthesized N-doped graphene immobilized
[Cu(bpy),(H,0),]CL.2H,0O nanohybrid photocatalyst (GrN, -CuC) for
the reduction of CO, to methanol [174]. N-doped graphene having 6.01%
N was synthesized by reducing followed by annealing of GO in the pres-
ence of ethylenediamine as nitrogenous source. Then copper complex was
immobilized to N-doped graphene by targeting lone pairs of electrons.
The catalyst exhibited enhanced photoactivity toward reduction of CO, to
methanol due to continuous pumping of electrons from photoexcited cop-
per complex. The methanol production rate was 66.6 pmol g™ h™! (quan-
tum yield 0.021) after 24 h with 0.77 pmol g' h™' (quantum yield 5.8 x 10™)
of hydrogen as byproduct under 20 W LED as visible-light source. It was
assumed that DMF works as a hole scavenger in this process.

Likewise, N-doped graphene P-doped graphene, due to presence of
phosphorous heteroatom contributes electrons in m-networks, and behaves
as a semiconductor. P-doped graphene can be synthesized by the reduc-
tion of GO in the presence of phosphorus source like phosphoric acid, or
P-containing ionic liquids, etc. [175]. In contrast to these methods, Sanchez
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et al. synthesized P-doped graphene nanosheets by pyrolysis of H PO,
modified alginate at 900 °C under inert atmosphere [176]. The P-doped
graphene produced with alginate having higher phosphate proportion,
(PG-4), has higher C [%]/P [%] ratio that was 12.73 and optical band gap
(2.85 eV) as obtained by onset of UV-Vis spectra. Furthermore, it has been
elucidated that the increased P content increases the amount of hydrogen
evolved. In the presence of Pt co-catalyst and triethanolamine sacrificial
donor, a hydrogen evolution rate of 282 pmol g' h™ was obtained.

9.9 Conclusion

In this chapter, we have attempted to review the recent trends in the field
of production of solar fuels via water splitting and CO, reduction using
graphene-semiconductor-based nanocomposite/hybrid materials as pho-
toredox catalysts. Graphene/semiconductor hybrids served as better pho-
tocatalysts in comparison to semiconductors due to the synergistic effect
of both components for better mobility of electrons on its surface as well
enhancing visible-light absorption range of the semiconductor. Band gap
creation by oxidation of graphene to graphene oxide and doping with
heteroatoms is an important approach for harvesting solar radiation on a
partially conductive surface, which can provide better charge separation.
Furthermore, immobilization of metal complexes on GO or doped-gra-
phene sheets has proven to display enhanced catalytic performance due to
better charge injection in the conduction band of semiconductive GO and
doped-graphene sheets. The role of graphene in the graphene/semicon-
ductor surface was not limited up to providing better charge separation
due to quantum confinement effect, but graphene can serve as macromo-
lecular photosensitizer. At this stage, it can be concluded from the recent
past that graphene is a “rising star”, which can help to solve the problems of
energy crisis and global warming.
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