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Challenges and future prospects of graphene-based
hybrids for solar fuel generation: moving towards
next generation photocatalysts
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Considering the current global energy crisis and the most alarming environmental pollution issues,
moving towards renewable energy resources instead of fossil fuels should be the ultimate goal of
modern civilization. Alternative solar fuel generation by applying heterogenous photocatalysis is one of
the major approaches in renewable energy research. After the discovery of the amazing material
graphene and its derivatives, it has become one of the most promising materials for efficient
photocatalysis in terms of solar water splitting and CO, photo-reduction. However, a lot of challenges
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are still there in terms of efficiency, product selectivity, fabrication techniques, etc. Herein, we have
provided deeper insights into the fundamental aspects of graphene/graphene oxide and their derivatives
DOI: 10.1039/d1ma00748¢ in terms of structural, electronic, and thermodynamic considerations for the fabrication of new

generation photocatalysts. Finally, we have discussed the future directions and provided strategic
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1. Introduction

The increasing global energy demand and the increase in envi-
ronmental pollution are the two major concerns for modern
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insights to overcome the current challenges for sustainable production of solar fuels.

civilization."™ These two problems are interconnected, as the
excessive use of fossil fuels largely increases greenhouse gases,
especially CO,. Considering this, various research groups have
been working extensively to address the energy crisis and
environmental issues simultaneously, followed by the develop-
ment of alternatives for depleting fossil fuel reserves.'”?®
Hence, there is an urgent need for eco-friendly, sustainable,
and technologically advanced methods to harvest clean energy
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and conversion of CO, emissions into transportable fuels and
other value-added products."® Molecular hydrogen (H,) is
recognized as a potentially significant alternative form of
storable and clean energy for the future because of its pollution-
free, storage, and cost-effective advantages. Currently, H, can
be produced industrially by three main pathways.® These are
steam methane reforming, coal gasification, and water electro-
lysis methods. In these approaches, almost 95% of the total
H, gas is generated by steam methane reforming and coal
gasification, while only 4% of the H, gas is produced by water
electrolysis. However, these conventional approaches for H,
generation are limited either by the emission of CO,, a green-
house gas, as a by-product or by consumption of more electricity.
Therefore, it is essential to develop carbon-free and low-cost
approaches for vigorous and efficient H, generation to support
the emerging hydrogen economy. Among these three methods,
water electrolysis still offers hope as it can sustainably generate
H, gas from the most abundant and renewable feedstock,
ie. - water.>>” However, it is also energy-consuming, and,
definitely, we need a greener approach. Hydrogen production
through photocatalytic solar water splitting can be one of the
best alternatives to address future energy issues.>®® On the
other hand, solar light-induced transformation of CO, into
renewable chemicals or fuels, such as CO, CH,, CH;OH,
C,H;0H, and HCOOH, is another promising strategy to solve
the issues of an energy crisis, global warming, environmental
pollution, and climate change together. Therefore, the efficient
conversion of solar energy to chemical energy or solar fuels
employing the photocatalytic process has been considered as
one of the most efficient and long-term solutions to solve the
global energy crisis and environmental problems.”™*

As of now, various metal oxide-based semiconducting nano-
structures (including ZnO, TiO,, WO;, and CdS) have been
employed as photocatalysts for both solar water splitting and
CO, photoreduction.”** These inorganic semiconductors dis-
play relatively high stability, are low cost, and absorb light with
photon energy equal to or higher than their bandgap energy.
However, the practical use of these materials for overall photo-
catalysis is very limited due to the fast recombination of photo-
induced charge carriers and lack of visible light absorption.****
To overcome these problems, various strategies have been
developed including bandgap engineering, morphology control,
loading of co-catalysts, and loading of metals and non-metals.>"
More specifically, the hunt for new semiconductors as efficient
photocatalysts is focused on the following points: (a) increasing
the valence band energy to decrease the bandgap; (b) moving the
conduction band to modulate the required reduction potential;
(c) improving the quantum efficiency of exciton formation and
suppressing the recombination of photo-induced charge carriers;
and (d) developing nanoscale diverse morphologies to provide the
outermost surface area with multiple photocatalytically active
sites.>>!*™'® In this regard, new semiconductors with carbon-
based nanomaterials and their hybrids can be promising alter-
natives to traditional metal-based semiconductors. Carbon is one
of the most abundant and versatile elements on earth and it is the
basis of life on the planet. It is well known to exist in three forms,
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such as amorphous carbon, graphite, and diamond; as we know,
their properties mainly depend on how the carbon atoms are
arranged.**"*” The C-C sp® hybridization makes a diamond the
natural hardest material. Graphite is a solid lubricant due to
the loose interlamellar coupling between the sheets. In the past
three decades, various new carbon nanomaterials have been dis-
covered including fullerenes, carbon nanotubes, carbon quantum
dots, and graphene.*>'®'® These carbon materials have found
potential applications in the field of solar fuel generation. In this
context, graphene has numerous advantages compared with other
related materials such as carbon nanotubes (CNTs) and carbon
nitride (g-C3;N,), including high electron mobility at room tem-
perature, high thermal conductivity, and superior mechanical
properties with high Young’s moduli.>**®*™° Also, the bandgap
of graphene can be tuned to produce semiconducting behavior,
which is as an essential requirement for it to act as a catalyst.
Furthermore, its shape, size, and chemical structure can also be
tuned to expand its applications further.>>'” Over the last few
years, considerable attention has been devoted to graphene-based
photocatalysts, especially for hydrogen production via water-
splitting reaction and CO, reduction to value-added products.
However, the fundamental understandings related to the
performance, durability, and stability of these materials are
still major challenges for practical applications. Various groups
have been working towards improving the light-harvesting as
well as the photocatalytic performance of graphene-based
semiconducting materials by employing various strategies like
designing appropriate morphologies, doping with suitable
heteroatoms, loading of noble metal nanostructures, and form-
ing semiconducting hetero-structure composites.’”***° Kamat
and his group fabricated GO-TiO, nanocrystalline composites
employing a simple sonication approach where TiO, NPs and
GO are in ethanol solvent and showed the feasibility of using
graphene as an electron-transfer medium in graphene/TiO,
composite photocatalysts.>>* Further, Zhang and his group
reported graphene-P25 TiO, composites prepared using a
hydrothermal approach and they exhibited a significantly
enhanced photocatalytic activity for the degradation of dyes
in aqueous medium.>> Nag and co-workers synthesized a
graphene-based BiVO, composite and demonstrated the
photo-electrochemical water-splitting reaction under visible
light illumination.>**® These pioneering studies have excited
researchers to do more extensive research on the fabrication,
modification, and demonstration of these materials for various
applications including solar water splitting for hydrogen gene-
ration and CO, reduction to value-added products.

In this review, we have provided the fundamental insight
into graphene-based nanomaterials and highlighted several
scopes from a fundamental point of view for their development
as efficient photocatalysis. In addition to these, this review
includes several strategies for their fabrication and their tun-
ability. This review not only covers the recent advancements in
graphene-based materials for artificial photosynthesis (in terms
of H, fuel generation and CO, photoreduction), but we have
also highlighted the current challenges and possible solutions
to overcome these problems.

Mater. Adv,, 2022, 3,142-172 | 143


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00748c

Open Access Article. Published on 17 November 2021. Downloaded on 11/14/2025 9:46:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

2. Basic features

Graphene has exceptional electronic properties, which arise
from its single atom thick, two-dimensional honeycomb-like
lattice structure. It has a two-atom unit cell, resulting in an
electronic structure with a point where the bands touch the
so-called Dirac point.>®*” Further notably, the energy disper-
sion displays a linear relation close to the Dirac point, where
electrons resemble massless Dirac fermions but with an effec-
tive speed of light of ¢/300 (where c is the speed of light) (Fig. 1).
Hence, the charge carriers in graphene are realistic particles
rather than normal charge carriers present in semiconductors
and metals.">'®*¢% p_ R. Wallace first reported the band
structure of graphene and the low energy band due to the =
electrons. Bonding = states form the valence band, while the
conduction band is formed by antibonding n* orbitals.?® These
bonding and antibonding states are orthogonal and touch at six
points known as Dirac points. Thus, graphene is considered to
be a zero bandgap semiconductor. Hence, the charge carriers
can travel without scattering. Various exceptional properties are
derived from its unique electronic features, which include high
charge carrier mobility, ambipolar field effects, anomalous
quantum Hall effects, ballistic transport, chirality, the Klein
paradox, and weak anti-localization.?®”>*?° Graphene exhibits a
very high charge mobility due to its electronic structure, and
over a long period, the mobility of graphene is mostly limited to
2000-15000 cm* V"' s~* due to microscopic ripples, scattering,
and defects.'>'82%273% Nevertheless, recent studies reported
that graphene suspended on a clean surface exhibited a carrier
mobility of up to 200000 cm® V™' s, which is primarily
because of the decrease in the scattering of graphene with
the help of the substrate, resulting in high carrier mobility and
ballistic transport.'>>®3° Further, similar to its electronic pro-
perties, the optical properties are also strongly related to its
two-dimensional, single atom thick, and honeycomb-like lattice
structure. The optical transparency of graphene is defined by its
fine structure constant; o = e*fic, where e is the electron charge,
h is the Dirac constant, and c is the speed of light. Single-layer
graphene absorbs 2.3% of white light with a mere reflectance of
0.01%, and the absorbance varies linearly with the number of
layers of graphene from 1 to 5.3.">>%*7*! Along with these, the
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Fig. 1
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material exhibits some interesting properties including a large
surface area (2630 m*> g '), very high thermal conductivity
(>3000 W mK "), and a high Young’s modulus (1 TPa) com-
pared with other materials (Fig. 1b).>¢*?

In the context of photocatalysis, the electrical and optical
properties are two of the major constituents for the development
of advanced photocatalytic materials. As discussed earlier, perfect
n conjugated single sheet graphene lacks electronic bandgaps
and is not photoluminescent. However, in the case of GO,
photoluminescence emissions can be observed and are mainly
due to the bandgap transitions corresponding to the conjugated
n domains and defects in the graphene structures.>'*'*'® As we
know, the lack of a bandgap in graphene is advantageous in
nanoelectronics, and on the other hand, the research community
is more interested in graphene optical properties. Making the
n-networks in graphene from infinity to finite opens up the
electronic bandgaps, which is useful in photocatalysis for
the generation of solar fuels (see Fig. 1a). These properties
can be tuned by introducing heteroatoms/oxygen function-
alities. The oxygen functionalities remove the equivalence of
two carbon sublattices in graphene by forming C-O covalent
bonds, which can damage original orbitals such as bonding
n-orbitals and n*-antibonding orbitals.">** Introducing more
oxygen functionalities over graphene leads to the enlargement
of the bandgap, which includes changes in the valence band
maximum (VBM) from the 7-orbitals of the graphene to the 2p
orbital of the O,, and the ©* orbitals remain as the conduction
band minimum.***> The bandgap depends on the extent of
oxidation of the material. Therefore, by tuning the oxidation
level, the bandgap of GO can be controlled. The formation of
sp® clusters in the sp® matrix is likely to produce quantum
confinement effects, which results in the opening of the
bandgap at the Fermi level. Theoretical studies also showed
that the carbon material containing a mixture of sp® and sp®
hybridized carbons exhibits photoluminescence. The radiative
recombination of electron-hole pairs of sp> embedded in the
sp® matrix can give rise to fluorescence.'”***® GO is a P-doped
material because oxygen atoms are more electronegative than
carbon atoms, and by replacing the oxygen, functionalities
bind at the edges of GO with a few nitrogen-containing groups
that transform GO into an n-type semiconductor.'>'”?78
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(a) Structures of graphene-based materials such as pristine graphene and graphene oxide along with band structures and (b) their superior
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Fully oxidized GO can act as an electrical insulator and partially
oxidized GO acts as a semiconductor. The chemical reduction
process can eliminate more functional groups from graphene
oxide and form reduced graphene oxide (rGO) with the least
functional groups. Although rGO has lower electrical conductivity
than graphene, it has so many advantages like low production
costs, large-scale production, and easy processing.*****” More-
over, it can form stable aqueous dispersions through electrostatic
stabilization, and shows higher hydrophobicity, greater surface
area, a higher adsorption ability for reactants, and more defect
sites as active sites. Hence, it is considered to be a versatile
material for photocatalysis applications.

3. Intriguing functionalities for
photocatalysis

Typical carbon-based 2D materials exhibit some unique
mechanical, chemical, and physical properties, which can increase
the efficiency of overall photocatalysis, especially upon combining
with efficient photosensitizers. This can be briefly explained as
follows.'"'®3% (a) The 2D structure of m-conjugated carbon-
based materials (graphene, graphene oxide, reduced graphene
oxide, and graphene/carbon quantum dots) provides an effi-
cient template/platform for the controlled decoration of semi-
conducting nanomaterials."*** (b) Carbon materials exhibit a
high surface area, adsorption capacity, and excellent stability.
(c) Extended aromatic domains can facilitate free carrier trans-
port, which eventually enhances the photocatalysis processes.
(d) Extended m-conjugated domains of these 2D-materials can
enhance the adsorption process of organic pollutants utilizing
strong n-m interaction, and thus the photocatalytic degradation
of the pollutant molecules. (e) Heterojunction hybrids made
of m-conjugated 2D carbon-based materials can tune the band

A

L
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& Active sites

Fig. 2 Various roles of graphene in hybrid systems.
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gaps of attached semiconductors by creating additional states.
(f) They further help in avoiding agglomeration of semiconductors
as well as enhancing the effective surface area. Furthermore,
they can also hinder the leaching of the semiconducting
counterpart on their surface during photocatalysis. (g) Addi-
tionally, 2D carbon-based materials as well as their composites
exhibit enhanced cycling stability, robustness, easy recycling,
extended light absorption, and enhanced adsorption properties,
and hinder the electron-hole recombination processes during
photocatalysis."**”* All are schematically represented in Fig. 2.

4. Strategies to build up composite
materials with inorganic
semiconductors

In continuation to the previous discussion, to achieve an
efficient photocatalyst we have to merge two basic processes
together: (a) harvesting a large extent of solar light absorbed
using an efficient photosensitizer and (b) photoinduced exciton
generation followed by efficient charge separation as well as
free carrier accumulation on the active catalytic sites accessible
for photocatalysis.>*'”'® Inorganic semiconductors are well
known to act as efficient photocatalysts.”” In general, bare
photocatalysts made of inorganic QDs suffer from several
drawbacks, e.g. their large bandgap which inhibits visible light
absorption, competitive recombination processes which reduce
the number of free carriers accessible for photocatalysis,
aggregation-induced competitive relaxation processes, and
heavy metal-based toxicity. Considering this, making hybrids
by combining inorganic semiconductors with m-conjugated
2D carbon-based nanomaterials can overcome almost all the
difficulties. Several wet chemical approaches are presented in

Absorbance (2.u)

Wavelength (m]

Band gap Narrowing
Effect
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Fig. 3 Schematic representation of various wet chemical approaches for
the synthesis of graphene-based nanocomposite materials.

the literature for the preparation of graphene-based nano-
composites (Fig. 3).

Wet chemical methods such as hydrothermal, microwave,
sol-gel, electrochemical, and photoreduction methods along
with a few other approaches have been successfully employed
for the integration of a variety of semiconductor nanostructures
over graphene sheets. In this connection, the hydrothermal
approach is a widely used synthesis technique for the prepara-
tion of various nanomaterials. The chemical reactions could
be performed in solvent containing sealed vessels, known as
autoclaves, pressure vessels, or high-pressure bombs. In auto-
claves, the temperature can be increased above the boiling
point of water, and the pressure of vapor saturation can be
attained.”** It is basically the crystallization process directly
from the solution containing reactants and solvent, which
usually involves two steps: formation of nuclei and subsequent
growth.*>*® By controlling synthesis parameters such as pH,
temperature, solvent, reactant concentration, and additives, the
final products could be fabricated with desired particle sizes
and morphologies. Furthermore, this method is facile, very low-
cost, and environmentally friendly, and can be used to synthe-
size aqueous dispersible reduced graphene oxide and rGO
based composites in excessive amounts.*>** Another approach
is microwave irradiation, which is a rapid and facile method
to provide energy for chemical reactions. The microwave
approach is particularly advantageous for large-scale synthesis
without using any complicated preparation conditions.*>™*”
The quick transfer of energy and fast decomposition of pre-
cursors provided by microwave sources would result in highly
effective local reaction temperatures, resulting in significant
reaction kinetics.*>*” One more approach is the sol-gel pro-
cess, which involves hydrolysis of a metal oxide followed by
cascade condensation and polycondensation reactions. Among
the available wet-chemical approaches, the sol-gel process is
the low-cost and facile one.*®*° Mainly, two chemical ways are

146 | Mater. Adv., 2022, 3,142-172

View Article Online

Review

presently used to form reliable products. They are the metal-
organic route, which involves taking metal alkoxides in organic
solvents, and the inorganic approach, which involves taking
metal salts like chlorides, nitrates, and sulfides in aqueous
solutions. The route using the alkoxide precursor appears
to be the most versatile technique. Various inorganic and
organic precursors can be used to make hybrid nano-
structures.*®*° Electrochemical techniques are known as use-
ful tools for modifying the intrinsic optoelectronic features
of materials by altering the external power source to change
the Fermi levels of so-called electrode materials. An electro-
chemical approach involves the direct deposition of inorganic
nanomaterials over graphene-coated substrates.’”' This
method does not require any additional post-synthesis treat-
ments like annealing and transferring. Primarily, electro-
chemical approaches offer the advantages of simplicity, time
efficiency, and environmental friendliness. Thus, they will
not result in the contamination of a reducing agent. The
nanostructures of ZnO, Cu,O, and CdSe have been success-
fully deposited on the surface of rGO or CVD-grown
graphene.’®>' Photochemical reduction is another funda-
mental approach for the synthesis of graphene-based semi-
conductor nanocomposites. Williams et al. prepared an rGO-
TiO, nanocomposite by a photoreduction approach.'®?"*?
A mixture of GO and colloidal TiO, was taken in ethanol
solution and illuminated under UV light irradiation. During
the reaction process, a color change was observed from light
brown to dark brown followed by black. The reduction of GO
was further confirmed using absorption spectra. Without TiO,
NPs, no significant change was observed for the GO solution,
which confirmed the role of TiO, in the reduction of GO to
rGO.”' The GO dispersed in ethanol solution undergoes
reduction by accepting the electron from the photoexcited
TiO, NPs. The TiO, has highly negative conduction band
energy upon UV light irradiation, and transfer of conduction
band electrons takes place efficiently to the GO, resulting in
reduction of GO. Before the reduction, the carboxylic groups
on the GO surface can interact with the hydroxyl groups on the
surface of TiO, by a charge transfer mechanism. This hybrid
structure is retained even after the GO reduction. The direct
interaction between the TiO, and rGO sheets hinders the
collapse of exfoliated graphene sheets.”’ A few approaches
have been reported, which include the solution mixing
approach, ultrasonic and sonochemical method, and liquid/
liquid interface self-assembly approach. Recently, a liquid-
liquid interface has been utilized for the self-assembly of
graphene and its composites, and this is an inexpensive and
facile route to obtain atomically thin films. Bramhaiah et al.
have also employed a liquid-liquid interface approach for the
fabrication of various nanocomposites including rGO-noble
metal (Ag, Au, Pd, and Os),>*** rGO-semiconductor (Fe,Os3,
Ag,S, ZnO, CuO and Sn0,),>>” and rGO-Ni(OH), nano-
structures®” for various applications such as surface-enhanced
Raman spectroscopy (SERS), heterogeneous catalysis, reusable
SERS, supercapacitors, electrochemical sensors, and electro-
chemical water splitting reactions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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5. Main scopes for enhancing the
photocatalytic activity

In general, photocatalytic activity depends on two major
aspects: (a) artificial light-harvesting and (b) exciton generation
followed by efficient charge separation for photocatalysis.”®
In the case of graphene-based composite systems, we have
room to improve both the counterparts, graphene-based mate-
rials and semiconductors as light-harvesting materials and
catalysts, respectively. Mostly inorganic semiconductors are
active constituents with tunable bandgaps for solar light har-
vesting, and active sites on the surface facilitate photochemical
redox reactions.'®®> Therefore, several strategies have been
developed for enhancing photocatalytic activity in semiconduc-
tor nanostructures, which include sensitization with various
sensitizers such as dyes, polymers, and semiconductors, and
coupling with semiconductors. Other approaches include surface
complex assisted approaches, bandgap modification by creating
oxygen vacancies and oxygen sub-stoichiometry, doping with
different elements like metals and non-metals, spatial struc-
turing, and morphology optimization for the improvement of
active sites (Fig. 4).°*7°® Surface sensitization is an effective
method to improve photocatalytic activity. The active com-
pound that can strongly absorb visible light leads to the
excitation of electrons followed by an injection into the con-
duction band of a semiconductor. According to the literature,
this electron injection is favorable due to the more negative
potential of exciting photosensitizers than the CB of a semi-
conductor.®”"® Another important approach for the improve-
ment of photocatalysis is the coupling of semiconductor nano-
structures, which can change the excitation path and block the
electron-hole recombination. Coupling with narrow bandgap
semiconductors can improve visible light absorption as a result
of the improvement in photocatalytic activity.”*””> The CB and
VB of the coupled semiconductor are more negative and less
positive, respectively, than the active photocatalyst. The main
idea behind this approach is to promote the separation of
photo-induced electron-hole pairs by changing the carrier
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Fig. 4 Schematic representation of various methods for the photo-
catalytic activity enhancement of carbon-based materials.
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transport pathways. Oxygen vacancies arising from doping or
surface redox treatment can efficiently capture photo-induced
electrons, which leads to the prevention of electron-hole pair
recombination, resulting in an enhancement of quantum
efficiency.”>”* The most prominent strategy for enhancing
photocatalytic activity under light illumination is the doping
approach. Doping with non-metals like nitrogen, fluorine,
chlorine, sulfur, boron, and carbon in a semiconductor can
form covalent bonds that can lead to enhancement in light
absorption.”®>”” Furthermore, doping with various transition
metal ions including cobalt (Co>"), iron (Fe**), and copper (Cu®")
ions has different effects on photocatalytic performance.”®”’
Besides doping, the crystallinity, phase composition, native
defects, and morphology of a photocatalyst are the major factors
affecting photocatalytic activity. The crystallinity and native
defects can be tuned by annealing, and the morphology and
phase composition can be determined by tuning the growth/
synthesis conditions.® The morphology manipulation can affect
the charge carrier separation as well as the availability of active
sites due to the differences in the terminating facets. In TiO,
nanostructures, the (101) facets are claimed to be more reactive
than the (001) and low energy (101) facets.?**"

Depending on the structure-property correlation, graphene-
based materials can act as electron acceptors, electron mediators,
and sole-photocatalysts for water splitting.'”® It is well-known
that single-layer graphene is a semimetal/zero bandgap semi-
conductor because of the overlap of the valence band and
conduction band at the Dirac points, which results in superior
electrical conductivity.®® Nevertheless, the conductivity of the
graphene can be tuned by doping (opening of the bandgap).
In this context, the chemical doping of graphene has been a
promising approach to enhance the performance of graphene-
based catalysts.'®** The chemical doping of graphene is mainly
of two types, which are surface transfer doping and substitu-
tional doping. Surface transfer doping occurs primarily due to
the additional functional groups over the graphene sheet and
the natural tendency of these groups like donating and with-
drawing electrons from the graphene, which leads to n or p-type
conductivity, respectively.'>°**>%*  gubstitutional doping
involves replacing the carbon atoms in the graphene lattice
with heteroatoms with different numbers of valence electrons
like atoms having more valence electrons than the carbon,
leading to n-type conductivity, and atoms with fewer valence
electrons than the carbon, giving rise to p-type conductivity.
Generally, doping in graphene introduces additional states in
the density of states due to the formation of additional free
charge carriers. Ideal undoped graphene is chemically inert
because its unpaired electrons are strongly bound and passivated.
The number of active carriers generated in a photocatalytic redox
reaction mainly depends on the number of catalytically active sites
present over the surface of the photocatalyst. Therefore, the larger
the active surface area of the photocatalyst, the more the number
of active sites on the surface, which leads to a higher rate of
photocatalysis. This can be achieved by either creating more active
sites through substitutional doping of graphene or loading
co-catalysts as active sites over the graphene. Generally, heteroatom

Mater. Adv,, 2022, 3,142-172 | 147


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00748c

Open Access Article. Published on 17 November 2021. Downloaded on 11/14/2025 9:46:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

doping like boron, nitrogen, phosphorus, and sulfur doping in
graphene can effectively create active sites for various catalytic
applications.?*%

Another critical issue of graphene and its hybrids is catalytic
stability/reproducibility, which is largely determined by the
stability of the photocatalyst. In many cases, photocatalysts
can suffer due to the loss of activity by self-oxidation/reduction
caused by accumulated photoinduced holes/electrons.®®
Akhavan et al. reported the use of reduced graphene oxide
(rGO) for the enhancement of the photocatalytic activity of
TiO,. They observed a gradual decrease in graphene content
along with an increase in UV light irradiation time in the case
of GO physically attached with TiO, (without the Ti-C bond),
whereas the chemical bond formed between TiO, and graphene
(Ti-C bond) exhibited better stability.*>®” In general, the strong
interfacial interaction between graphene and other semi-
conducting materials could be the critical factor in stabilizing
the graphene during photocatalysis. However, in some cases,
the photo-induced charge carriers may degrade the graphene
sheets. In contrast, the deposition of co-catalysts over graphene-
based systems can protect them from self-decomposition by
effectively removing holes/electrons from the graphene, result-
ing in enhanced photostability. Furthermore, the formation
of reactive species such as hydroxyl radicals by the reaction
between photoexcited holes and water/hydroxyl groups on the
surface of the photocatalyst can also degrade the graphene.
However, in some other systems such as CdSe-RGO/TiO,, no
obvious degradation of graphene has been observed even with
hydroxyl radicals.®® The addition of other species to consume
the reactive hydroxyl radicals during photocatalysis is also
another feasible approach for the improvement of graphene-
based composites.®® Furthermore, the addition of hole scaven-
gers (methanol, EDTA, TEOA, etc.), to photocatalytic systems
can eventually increase the charge separation and the stability
of the photocatalyst. Moreover, decreasing the exposure area of
the isolated graphene in graphene-based composites by ration-
ally controlling the weight ratio of graphene or improving the
synthesis approaches can decrease the interaction between
graphene and reactive species.®®

6. Thermodynamics behind
photocatalytic solar fuel generation

The best way to convert solar energy to solar fuels is to mimic
the natural photosynthesis of green plants artificially by using
heterogeneous photocatalysts. It includes mainly two energeti-
cally uphill reactions: (a) photocatalytic solar water splitting
into molecular hydrogen and oxygen and (b) CO, photoreduc-
tion to chemical fuels.>™*>'”%° Fig, 5 illustrates systematically
the water-splitting and CO, photoreduction reactions. The
overall water splitting reaction (H,0 — H, + O,) is an energe-
tically uphill reaction requiring a standard free energy change
(AG®) of 237.2 k] mol™" or potential of 1.23 eV per electron.
However, the bandgap of 1.23 eV is practically not suitable for
photocatalytic water splitting. In the literature, it is well
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(2) thermal relaxation, (3) radiative recombination, (4) non-radiative

recombination, (5) diffusion of free carriers towards the surface of the
photocatalyst and (6) photochemical redox reactions.

demonstrated that the minimum bandgap required for photo-
catalytic water splitting is ~2 eV.>»1%%2% Generally, water
splitting under sunlight with the help of a semiconductor
involves three major steps: (i) a semiconductor absorbs a light
photon and (ii) generates charge carriers (electron and holes),
which can be bound by coulombic forces; (iii) these photo-
induced charge carriers such as electrons and holes can
migrate to the surface of the semiconductor or recombine
again in the bulk material; (iv) on the surface of the semicon-
ductor, the holes can oxidize water into O, and electrons can
reduce the protons to H, molecules.>*°* Based on the following
equations, two electrons are needed to produce an H, molecule
and four holes for the O, molecules. In overall water splitting,
H, and O, are generated simultaneously in a 2: 1 stoichiometric
ratio.>*!

Absorption of light: semiconductor + hv (>E,) — ecg” + hyg'
Water oxidation (OER): 2H,0 + 4hyg" — O, + 4H' (1)
Proton reduction (HER): 2H + 2ecg- — H, @

Overall water splitting reaction: 2H,O(1) — 2H,(g) + O,(g)
AG® =237.2 k] mol ™" (3)

From the above expressions, the semiconductor photocatalyst
should have a minimum bandgap of 1.23 eV.>°°> However,
any material having a bandgap of >1.23 eV cannot be used as a
photocatalyst for water splitting.>***°* To facilitate the water-
splitting reaction, the conduction band minimum needs to be
positioned at a more negative potential than the reduction
potential, and the valence band maximum must be positioned
at a more positive potential than the oxidation potential.
It should also be noted that the minimum bandgap is
1.23 eV.”% Slow kinetics is noticed with the reduction of
H' and H,O oxidation reactions. As a result, substantial
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overpotentials will be observed. Thus, a bandgap larger than
~1.7 eV at room temperature is necessary for practical use.***
Overall, the photocatalytic reactions comprise a series of photo-
physical and physicochemical processes and are as follows:
(a) solar light harvesting using suitable and efficient antenna
materials, (b) exciton generation and charge separation, (c) free
carrier transport towards the interface, and (d) photochemical
redox reactions.>*'*

The photon absorption by a semiconductor upon light
irradiation initiates a time-dependent non-equilibrium photo-
physical and photochemical process. The schematic illustra-
tion of various plausible photophysical processes happening
in the semiconductor upon the light illumination is shown in
Fig. 5. As we discussed earlier, large bandgap semiconductor
materials are efficient for water splitting. On the other hand,
the utilization of full-range solar light (especially visible light)
is limited. Hence, one should have to keep in mind these two
aspects to develop highly efficient visible light active photo-
catalysts.>**®%% Under light illumination, photo-induced excitons
such as excited electrons are formed in the conduction band (CB)
and their counterparts such as holes are formed in the valence
band (VB). After the generation of excitons, the electrons in the
CB can recombine with the holes in the VB through radiative
and non-radiative recombination processes and these are com-
petitive processes. As a result, the availability of free carriers
decreases. Overall, the free carriers that survived can reach the
interface through diffusion, or an electric field followed by
redox reactions.>* The times required for these processes to
happen are as follows: the generation of excitons in the
femtosecond time scale, and the radiative and non-radiative
recombination processes happen in the time scale of pico-
seconds to nanoseconds, while the recombination through
the triplet state may reach a time-scale of a few hundred
nanoseconds to milliseconds.>*°> The diffusion and charge
separation can also happen at a similar time scale. Never-
theless, the photochemical redox reactions over the surface of
the photocatalyst are in the microsecond time scale. Conse-
quently, it is always crucial to regulate the overall photophysical
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and following photochemical processes to enhance the effi-
ciency of the overall solar water splitting reaction. However, the
major challenge regarding photocatalytic water splitting is
charge (electron-hole pair) recombination. The electron-hole
pair recombines and dissipates an unproductive heat. Therefore,
it reduces the effectiveness of the H, production process. Speci-
fically, in pure water, it is difficult to achieve water-splitting
reaction for H, production due to the fast recombination of
charge carriers. Hence, photocatalytic water splitting is typically
studied in the presence of sacrificial agents like methanol,
ethanol, and glycerol, and electrolytes like Na,S and KI. The
electrolytes do not undergo any oxidation or reduction by the
CB electrons and VB holes. The electrolytes act as transport media
for ions and transfer electrons to the adjacent semiconductor,
thus improving the efficiency of photocatalysis. The sacrificial
reagents or electron donors react with the VB holes as a result of
the enhancement of the charge separation. Therefore, the H,
generation from pure water has its limitations. The photo-
reduction of CO, over the photocatalyst is a multistep process
involving the adsorption and activation of CO,, and dissocia-
tion of the C-O bond. However, CO, is an extremely stable
molecule and its C=O0 bond holds a higher dissociation energy
of 750 k] mol™" than any other chemical bonds such as C-H
(430 kJ mol™") and C-C (336 k] mol™"), which indicates that
high energy input is needed for the transformation of CO, to
value-added products. In addition to this, the carbon in CO,
exhibits the highest oxidation state and the reduction of CO,
leads to a large variety of products ranging from CO, CH,, and
higher hydrocarbons in the gas phase to oxygenates in the
liquid phase such as alcohols, aldehydes, and carboxylic
acids.”” The plausible reaction pathways for the photoreduc-
tion of CO, and conceivable formation of main products and
their corresponding reduction potentials vs. NHE are given
in Table 1. At present, one of the utmost problems of CO,
photoreduction is the low conversion efficiency. Here, some
of the key factors which limit the efficiency are listed:
(1) mismatch between the absorption ability of the photocata-
lyst and the solar spectrum, (2) poor photo-induced charge

Table1 The possible reaction pathways of the CO, photoreduction reaction and the conceivable formation of main products and their corresponding

reduction potentials vs. NHE at pH 7.25, 25 °C and 1 atm gas pressure

Photocatalyst + v — e~ + h*
e” +h" — heat (recombination)
Photooxidation reactions

Water oxidation/decomposition
Hydrogen peroxide formation

H,O + 2h* - 1/20, + 2H"
0, +2H" +2e~ — H,0,

+0.82 E° redox (V vs. NHE)

Photoreduction reactions

Product Reaction

E° redox (V vs. NHE)

Hydrogen formation 2H +e” — H,
CO, radical formation
Formic acid formation
Carbon monoxide formation
Formaldehyde formation
Methanol formation
Methane formation

Ethanol formation

CO, + 2H" + 2e~
CO, + 2H" +2e~
CO, +4H" + 4e”
CO, + 6H" + 6~
CO, + 8H" + 8¢~

© 2022 The Author(s). Published by the Royal Society of Chemistry

CO, +e  — COp*~

2CO, + 12H" + 12¢~ — C,H;OH + 3H,0

—0.41

—1.90
— HCO,H —0.61
- CO + H,0 —0.53
— HCHO + H,0 —0.48
— CH,OH + H,0 —0.38
- CH, + 2H,0 —0.24

—0.16
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carrier separation, (3) the low solubility of CO, molecules in
water: ~33 pumoles of CO, in 1 mL of water at 100 kPa and
room temperature, (4) backreaction during the reduction of
CO, and (5) competition reaction of water reduction to hydro-
gen. The foremost reasons for the limited efficiency of photo-
catalytic reduction of CO, with H,O are as follows: (1) the highly
unreceptive one-electron transfer to form CO," that requires a
very negative reduction potential: —1.9 V vs. NHE (Table 1);
(2) the strong oxidation power of the photoexcited holes and
OH™ radicals that induce the backward reaction of intermedi-
ates and products formed by the CO, photoreduction; (3) the
fast recombination rates of photo-induced electron-hole pairs
(e7-h") in the semiconductor photocatalyst; and (4) the limita-
tions in the harvesting of visible light due to the wide-bandgap
of the semiconductor photocatalyst.

As discussed previously, one of the most significant limitations
of photocatalytic water decomposition is utilizing pure water
(hard to perform). This is usually related to the fact that the
simultaneous reduction and oxidation of water is a complex
multi-step reaction process involving four electrons. Using
sacrificial agents as electron donors or acceptors can remark-
ably accelerate the H, production rate (Fig. 6). In the case of
electron donors, such as methanol, the holes are scavenged and
get oxidized to CO,, through sequential steps. As a result, the
photoinduced charge carrier recombination is greatly reduced
and the CB electrons exhibit higher lifetimes and are better
utilized for the reduction. Moreover, the production of O, is
minimized as a result of the oxidation of sacrificial reagents by
the OH radicals; the back reaction (recombination of O, and H,
gases) to produce water is suppressed, increasing the H, yield;
and the gas separation stage can be avoided. Nevertheless, it
can be noted that the H, production rate can subsequently
be reduced by the competitive reduction reactions with the
products formed upon oxidation of sacrificial agents. Electron
donor sacrificial reagents can be divided into two categories:
inorganic agents such as EDTA and Na,S/Na,SOj3, and organic
agents like alcohols, organic acids, and hydrocarbons used as
hole scavengers (electron donors) for photocatalytic H, generation
by water splitting.”®

On the other hand, electron scavenging reagents like
persulfate, silver (Ag*), and iron (Fe*") ions act exactly in the

[Water splitting reaction in presence of sacrificial reagents]

" . )
o oC.,.
N H,0 Ag
O)(ida(,'On 0,
®Clcohols, ®CH20
K S, 802

Fig. 6 Schematic illustration of the
presence of sacrificial reagents.

water splitting reaction in the
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opposite manner to hole scavengers and holes are utilized for
oxidation (Fig. 6).

7. Development of graphene-based
composites for photocatalytic
solar-fuel generation

Considering its superior electron mobility, surface area, viable
assembly, and tunable electronic band structure, pure GO can
act as a photocatalyst for solar-driven water splitting. Yeh et al.
demonstrated the photocatalytic water splitting activity of GO
with a bandgap of 2.4-4.3 eV for hydrogen generation under a
mercury lamp.*® Under UV or visible light, this GO catalyst
steadily catalyzes H, production from 20 vol% aqueous metha-
nol and pure water, even without any metal co-catalyst. Incident
UV light caused a n-n* transition and generated electron-hole
pairs on GO sheets. The photogenerated electrons reduce the
oxygen functional groups to form defect carbon sites, which act
as active sites for water reduction to H,. All GO sheets have a
valence band and a conduction band suitable for O, and H,
evolution from complete water splitting. However, the experi-
mental results show that the higher degree of oxidation in GO
catalyzed O, evolution, whereas less oxygenated GO did not
catalyze O, evolution. As we know, GO displays p-type conduc-
tivity, which hinders the hole transfer for an oxidative half-
reaction for O, generation. To overcome this obstacle, Yeh et al.
introduced amino and amide groups on the surface of GO and
demonstrated that the ammonia-modified GO displays n-type
conductivity and can catalyze H, and O, evolution separately.”®

On the other hand, while making a composite of GO with
TiO,, GO layers are particularly useful in separating the charges
on the TiO, surface because of its 2D structure as well as
conjugated backbone. Additionally, the unpaired n electrons
in the GO can form a bond (Ti-O-C) with Ti atoms of TiO,. This
eventually extends the light absorption of TiO, into the visible
region. The transient photovoltage measurements showed that
the photovoltaic response of TiO,-graphene is positive and the
mean lifetime of electron-hole pairs is prolonged from ~10~’
to ~107° ns in comparison to similarly-sized bare TiO,.'*
From these reports, one can conclude that the photoinduced
electrons could transfer from TiO, to the graphene sheets for
suppressing the recombination. Hence, graphene can act as an
electron acceptor/transporter and can separate the photo-
induced charges in the TiO, semiconductor as well as also
transport the photogenerated electron—hole pairs to the active
sites, resulting in an improvement of the H, production. Patra
and his group have extensively studied the excited state
dynamics of graphene-based hybrids, especially explaining
the electron-accepting properties of graphene/rGO while com-
bining with organic/inorganic semiconducting materials for
light-energy conversion devices.?*'°*™'% Furthermore, these
functions of graphene could be affected by the graphene
content in the composite, interfacial interaction, and forma-
tion of intimate heterojunctions between the graphene and
semiconductor materials. Moreover, the electron transfer and
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acceptance role of graphene in the composite is significantly
affected by the interfacial interaction between the graphene
and semiconductor nanoparticles and it can be critically con-
trolled by typical synthetic techniques. In this regard, Fan et al.
synthesized graphene-TiO, (P25) nanocomposites by several
techniques including UV-assisted photocatalytic reduction,
hydrazine reduction, and hydrothermal reduction approaches,
and further applied them as photocatalysts for the evolution of
H, from alcoholic solution under UV-visible light irradiation.
A comparison of the photocatalytic performances of the various
nanocomposites is shown in Fig. 7a. The incorporation of rGO
into the TiO, (P25) significantly enhanced the photocatalytic H,
evolution, and the graphene-TiO, (P25) nanocomposite pre-
pared by the hydrothermal reduction approach exhibited the
best performance when the optimum mass ratio of TiO, (P25)
to rGO in the nanocomposite was 1:0.5. The contact between
the TiO, and graphene is different for the nanocomposites
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illustration of H, production over the TiO,-rGO nanocomposite.
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prepared by the different approaches including the photo-
reduction, hydrazine reduction, and hydrothermal approaches.
In the case of the hydrothermal approach, the TiO, NPs are
highly dispersed on the graphene sheets and less aggregated,
leading to strong interaction, while in the case of photo- and
hydrazine reduction, the TiO, NPs were aggregated. This aggre-
gation makes a difference in the catalytic performances of the
nanocomposites. The stronger interaction between the TiO,
(P25) and rGO accelerates the charge transfer of photo-
generated electrons on TiO, (P25) to rGO, resulting in the
suppression of the charge recombination and thus improve-
ment of photocatalytic performance.'® Li et al. reported the
synthesis of a reduced TiO,-GO heterostructure using a
chemical reduction agent-free one-step laser ablation in a
liquid approach. The heterostructure exhibited an extended
optical response range from the UV to visible region, which is
due to the formation of Ti-C and Ti-O bonds, leading to the
creation of shallow traps into the band of TiO, and narrowing
of the bandgap of TiO, due to the introduction of plenty of
intermediate energy levels within the bandgap of TiO,. The
evolution of the hydrogen mechanism over the reduced TiO,—
GO heterostructure is illustrated in Fig. 7b. The introduction of
graphene and Ti*" as shallow trap states highly enhances the
charge transfer efficiency of electrons and results in efficient
charge separation (Fig. 7b). The photoexcited electrons migrate
to the conduction band, and some of them flow to the graphene
sheets as well and holes in the valence band (VB). The generated
holes would react with the methanol molecules (CH;0H + h" —
CO, + H,0) and the electrons would reduce the H' (H" + e~ — Hy),
producing H,.'%®

As a step forward, the integration of semiconductors with
graphene and plasmonic nanomaterials provides a synergic
contribution to enhanced photocatalytic activity. By decorating
the surfaces of semiconductors with noble metal nanostruc-
tures such as Ag, Au, and Cu, an enhanced visible-light photo-
catalytic activity of the semiconductor is achieved due to the
surface plasmon resonance (SPR) of noble metal particles,
which can directly transfer the plasmon-induced electrons to the
semiconductor through the metal-semiconductor junction.'"%
The plasmonic metal NPs form a Schottky barrier at the metal-
semiconductor interface, and it can serve as an effective electron
trap, causing a high density of states at the Fermi level of the
interface and minimizing the charge carrier recombinations.'*
Hence, designing such multifunctional materials provides various
pathways for the transport of electrons arising from noble metal-
semiconductor, semiconductor-graphene, and graphene-noble
metal interfaces.

Khalid et al. fabricated a Ag-TiO,/graphene nanocomposite
via a microwave hydrothermal approach and demonstrated
its application for photocatalytic water splitting for the genera-
tion of H, under visible light irradiation.*® Compared with
bare TiO,, Ag-TiO,, and graphene-TiO,, the Ag-TiO,/graphene
nanocomposite exhibited an enhanced photocatalytic perfor-
mance. Ag and graphene played vital roles in the enhanced
photocatalysis (Fig. 8a). After the Ag loading on the nano-
composite, the H, production rate becomes higher, and as
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the concentration of Ag increases up to 0.09%, the H, genera-
tion increases (Fig. 8a and b). Upon further increasing the Ag
concentration, the H, production rate decreases because the Ag
could act as a recombination center for electron-hole pairs.
The schematic of the photocatalytic reaction mechanism of the
Ag-TiO,/graphene composites under visible light is shown in
Fig. 8. The Fermi level of the Ag is lower than the CB band of
TiO,. During the SPR excitation, the photo-excited electrons of
Ag nanoparticles in the composite can overcome the Schottky
barrier and tunnel through the TiO,/graphene interface into
the CB of TiO,. At the same time, some of the energetic
electrons in the CB of TiO, reduce the H,O to H,, and the
remaining electrons can transfer to the graphene (Fig. 8a). The
Fermi level of graphene is lower than the CB of TiO, and
slightly higher than the potential of H'/H,. Therefore, the CB
of TiO, and graphene act as active sites for the reduction of H,O
to H,. The overall photocatalytic efficiency of the Ag-TiO,/
graphene composites for the water splitting is attributed to
the following reasons: (1) suppressed charge recombinations
due to the quick electron transfer; (2) enhanced visible light
absorption due to the plasmonic band of Ag nanoparticles; and
(3) the strong covalent bond between the TiO, and graphene
(TiO-C bond), which virtually facilitates the easy and quick
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transfer of energetic electrons from the CB of TiO, to graphene
(Fig. 8a).*>® Recently, Tudu et al. studied the catalytic influ-
ence of the type of carbon support and the form of composite
material (thin film form and powder form) on photocatalytic
water splitting for the production of H, under solar light.
For this study, they synthesized two varieties of composites
including Au-Pd/C/TiO, (carbon prepared using local plant
materials) and Au-Pd/rGO/TiO, (1:1 Au-Pd ratio) nanocompo-
sites employing an eco-friendly hydrothermal approach. For
comparison studies, thin films were prepared from the disper-
sions of powder samples through a simple drop-casting approach.
The thinfilm form of the nanocomposite exhibited 30 times
higher H, production than the powder form. In general, the thin
film on a nonconductive simple glass substrate improves the
connectivity between the catalyst particles and facilitates easy
electron transfer locally. The improved performance of the thin
film form is due to suppressed light scattering and thus enhanced
light absorption, which leads to a high number of charge carriers,
while in the case of the powder form, the light scattering is
predominant. In the present case, the light scattered within the
film is subsequently absorbed and leads to an enhanced SPR
effect, and this contributes to the generation of more charge
carriers. On the other hand, aggregation occurs in the case of
powder suspension under light irradiation, which leads to pre-
dominant light scattering, resulting in poor light absorption
and generation of a small number of charge carriers, which
consequently leads to the generation of a small amount of H,.
Furthermore, with a higher concentration of particulate matter,
reduction in photocatalytic activity is observed, mainly due to
the unequal exposure of the particles to the light irradiation.
Therefore, for a better photocatalytic activity for the genera-
tion of H, from water-splitting, one might choose a thin-film
form.'%®

Although several advances have been made on TiO, based
composites, a few fundamental drawbacks are still there
regarding their large bandgaps, defect state induced recombi-
nation, etc. As an efficient alternative to TiO,, perovskite, and
spinel-type structures have drawn much attention from the
scientific community as photocatalysts due to their excellent
optical response, exceptional stability, and flexibility towards
substitution which induce new properties such as magnetic,
electrical, and optical behavior. Typically, perovskites are binary
metal oxides with the general formula ABO;."'>'"" The crystal
structure of the perovskite is a cubic structure with a Pmm or
monoclinic or triclinic space group and distorted orthorhombic,
rhombohedral, or tetragonal symmetry. The radii of the A site
cations are generally more prominent than those of the B site
cations. Eight BOg octahedra with shared corners form a 3D
framework of a cubic cell, and the center of this framework is
occupied by the A-site cations. These perovskite materials exhibit
excellent photocatalytic activity under visible light irradiation. In
this regard, various perovskite-like materials such as YInOj,
SITiO;, LaFeO;, NaTaO;, LaCrO;, and KNbO;'**™*** have been
reported. Although all the above-mentioned perovskite materials
show outstanding photocatalytic activity, the photo-corrosion
phenomena are the major challenges, which lower the overall

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00748c

Open Access Article. Published on 17 November 2021. Downloaded on 11/14/2025 9:46:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

photocatalytic performance of these materials. Ding et al
reported the synthesis of a graphene-YInO; composite by a facile
solvothermal approach, in which the reduction of graphene
oxides and deposition of YInO; nanoparticles over graphene
sheets are achieved simultaneously, and demonstrated it as a
photocatalyst for H, evolution under visible light irradiation. The
addition of graphene can act as a co-catalyst and narrow the
bandgap of YInOj; to the visible region by forming a chemical
bond. It can also help in prolonging the separation and lifetime
of photogenerated electron-hole pairs. Under visible light irra-
diation, an H, evolution rate of ~400 umol h™* g~ is attained for
a graphene content of 0.5 wt%. This value is 127 and 3.7 times
higher than those of bare YInO; and the Pt-YInO; composite,
respectively. The graphene-YInO; composite is highly stable and
produces H, continuously up to 40 h without decay in the
activity.''* Bai et al fabricated size controlled ZnGa,O, nano-
spheres by adjusting the trisodium citrate concentration and
assembled these ZnGa,0, nanospheres over 2D N-doped gra-
phene layers through the facile hydrothermal approach and
studied the effect of the size of the particles on the photocatalytic
activity. As the diameter of the spheres increased, the H,
production rate increased and reached a maximum value of
38.94 pmol h™" ¢~ for 230 nm particles. Upon further increasing
the size of the ZnGa,O, nanospheres, the H, rate decreased,
which could be ascribed to the crystallinity, morphology, and
surface area of the nanospheres. Moreover, by introducing
N-doped rGO into the system of ZnGa,0O, nanospheres, the photo-
catalytic activity improved and the production rate was almost
~4.2 times that of bare ZnGa,0,."*"

Chemical doping with heteroatoms is one of the most
feasible approaches to achieve diverse properties of graphene.
Heteroatom doping of graphene can simultaneously introduce
a bandgap and endow graphene with catalytically active sites,
which leads to intrinsic sole photocatalytic activity on its own.
Initially, N-doped graphene was used as a supporting matrix
of semiconductor-based photocatalysts for enhanced activity.
The N-doped graphene helps in effective photo-induced charge
separation, migration, and collection, which can be greatly
improved by the formation of effective interfacial interactions
and the formation of a p-n heterojunction between the semi-
conductor and N-doped graphene. The presence of nitrogen
atoms modifies the electronic band structure of graphene,
which becomes a semiconductor, rather than a conductor like
all-carbon graphene."® Theoretical studies also confirm that
doping with nitrogen alters the electronic band structure of
the graphene sheet depending on the percentage of nitrogen
substitution. The bandgap can continuously increase from
1.0 to 0.7 eV for 2 to 10% nitrogen doping. According to these
calculations, it is predicted that the n-doped graphene can act
as a sole photocatalyst.®” In this connection, Lavorato et al.
reported the use of N-doped graphene as a visible light photo-
catalyst for H, generation. In this study, the N-doped graphene
was synthesized employing the pyrolysis of chitosan at higher
temperatures. Chitosan is a nitrogen-containing biopolymer
and can be used as a single source of carbon and nitrogen
precursors. It was found that upon increasing the pyrolysis
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temperature, the nitrogen content in N-doped graphene decreased,
with the highest weight percentage of nitrogen (16.2%) at
200 °C, and the lowest weight percentage of nitrogen (5.4%)
at 900 °C. N-doped graphene synthesised at higher tempera-
tures exhibited a higher photocatalytic activity with low
N-loading. The authors observed that the photocatalytic activity
largely depends on the crystallinity of the material and pyrolysis
temperature.'”

Transition metal chalcogenide (sulfide or selenide)-based
photocatalysts are widely investigated due to their unique
physical and chemical properties. In comparison to metal oxide
nanostructures, metal sulfide semiconductors have a narrow
bandgap, and thus hold more promise as photocatalysts for H,
generation by water splitting.'*® While designing 2D material-
based composite photocatalysts, manipulating the dimension-
alities of individual counterparts is an effective way to achieve
enhanced or superior photocatalysts. The dimensionalities
of all components and interfacial contacts between them
influence the efficiency of the photo-generated electron transfer
process and separation and thus the performance of photo-
catalytic activity. 2D/2D heterostructure composites exhibit a
better photocatalytic performance due to better coupling
at hetero-interfaces, which facilitates effective charge transfer
and separation, leading to enhanced photocatalytic activity
compared with 0D/2D and 1D/2D heterostructures. Two-
dimensional metal sulfides including MoS, and WS, combined
with rGO sheets have been reported for the water-splitting
reaction. A MoS,-rGO composite was synthesized via a solvo-
thermal approach by taking (NH,),MoS,, hydrazine, and mildly
oxidized graphene in dimethylformamide solvent. Interest-
ingly, the MoS,-rGO hybrid showed superior catalytic activity
over other MoS, catalysts. This remarkable performance is due
to the availability of numerous catalytically active edge sites
in the MoS, and electronic coupling between the rGO and
MoS,."*? To increase the photocatalytic efficiency, Xiang et al.
fabricated a new composite material composed of TiO, nano-
crystals over the surface of a layered MoS,-rGO hybrid, and
high photocatalytic HER performance was observed. The high
photocatalytic HER performance is attributed to the synergic
effect and effectively suppresses the charge recombination and
increases the charge transfer as well as creates more active
adsorption sites."*® Recently Xia et al. compared the photo-
catalytic performances of various carbon material composites
for solar-driven water splitting for H, evolution. Carbon
materials with different dimensionalities including 0D carbon
quantum dots (CQDs), 1D carbon nanotubes (CNTs), and 2D
rGO are combined with ZnIn,S, nanosheets under the same
experimental conditions, and a systematic study was conducted.
The morphology of the ZnIn,S, nanosheets is determined by the
type of carbon material. In case of low dimensional carbon
materials (CQDs, CNT etc.) flower like 3D morphologies are
obtained, while 2D r-GO maintain the sheet like structure of
ZnIn,S,. The authors observed better performance for rGO based
ZnIn,S, nanosheets, and the order of the different composites is
as follows: rGO > CQDs > CNTs. The better performance due to
the large exposed surface of the rGO provides more nucleation
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sites, more active sites, a higher visible light absorption ability,
and large space for charge carrier transfer."*!

Typically, Z-scheme photocatalytic systems or two-step
photoexcitation systems are composed of two semiconductors,
one producing H, and the other one producing O, with the aid
of an electron shuttle, and are considered to function very
similarly to natural photosynthesis for efficient water splitting
and also have greater potential to work under sunlight. As we
know, the O, and H, photocatalysts can function independently
to split water into H, and O,. When these two photocatalysts
are combined, the electrons generated in the O, photocatalyst
can be transferred to holes in the excited H, photocatalyst,
allowing the oxidation and reduction of water over the O, and
H, photocatalysts, respectively. The first report was by Sayama
et al. in 1997 on water-splitting for the generation of stoichio-
metric H, and O, through the Z-scheme approach.’® They
employed the RuO, loaded WO; photocatalyst suspended in
an aqueous solution consisting of Fe**/Fe** redox systems for
water splitting (Fig. 9). Under visible light, O, gas is evolved and
Fe®* ions get reduced to Fe*" ions over the WO; powder catalyst.
On the other hand, these Fe*' ions are oxidized to Fe*' ions
with UV light irradiation and the evolution of H, gas takes
place, resulting in continuous decomposition of water into H,
and O, gases (Fig. 9). These two reactions occur effectively,
continuously, and simultaneously. Recent reports suggest that
the electron transfer between the two photocatalysts will be the
rate-determining step. Commonly, ionic redox couples such as
10; /1" and Fe*'/Fe** are employed as electron mediators in
Z-scheme photocatalytic systems to promote electron transfer
between the two semiconductors. However, it is very difficult to
maintain the ionic redox couples under stable conditions for
a long time, leading to a reduction in photocatalytic activity.
Hence, the development of Z-scheme systems without ionic
redox couples is highly desirable.

To address the above disadvantage, lately, a solid-state electron
mediator has been introduced in Z-scheme photocatalytic
systems and is more favorable for the recovery of photocatalysts
and reclamation of clean water. Recently, Iwashina et al
reported a Z-scheme system for water splitting using rGO as a
conductive solid-state material, promoting electron transfer

Development of Z-schematic water splitting system
consisting of metal sulfide photocatalysts
r/

[_| Reduced
e- I e- H, Tot? grapheno
H%I» 3 H,0 (D) ox1de
. N
o] e dl
05 - . h"
TiO, Metal sulfide Metal sulfide
(n-type) (p-type) - (p-type)
Electrode system L Powdered system

Application to powdered
system

Fig. 9 Schematic illustration of water splitting for O, and H, generation
through Z-scheme photocatalytic systems.*?> Copyright 2015, American
Chemical Society.
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between photocatalysts. They used a metal sulfide, which is a
p-type material, as an H, evolution photocatalyst, and an rGO-
TiO, composite, which is an n-type material, as an O, evolution
photocatalyst. The schematic of the Z-scheme photocatalytic
system is shown in Fig. 9. In the system, the photogenerated
electrons in the TiO, will be transferred to the metal sulfide
through the rGO layers for water splitting, and it is very much
feasible to use the system in solar light. Moreover, without the
rGO, the photocatalytic activity was low. The evolution of H,
and O, was not in a stoichiometric ratio, which indicates that
the rGO was necessary for the smooth transfer of electrons from
the O, photocatalyst to the H, photocatalyst."”*> Iwashi et al.
constructed a Z-scheme system consisting of photo-reduced rGO
as a solid-state electron mediator, Ru/SrTiOz:Rh and BiVO,, and it
showed a better H, evolution rate. In this system, the rGO acts as a
stable electron mediator for 24 h, transferring the electron from
the CB of BiVO, to the impurity levels of Ru/SrTiOs;:Rh. The
electrons in Ru/SrTiOs:Rh can reduce water to H, with the Rh
cocatalyst. On the other hand, the hole present in BiVO, simulta-
neously oxidizes the water to O,, achieving complete water
splitting."** A detailed list of the photocatalytic performances of
various graphene based hybrids for hydrogen production through
water splitting reaction is provided in Table 2.

It is well known that GO exhibits an insulating behavior with
a wide bandgap, and the electronic structure depends on the
stoichiometric carbon to oxygen atomic ratio. The basal plane
of GO was surrounded with several oxygen functional groups
like epoxy and hydroxyl groups, and the edges of the sheets
were decorated with carboxylic groups.®**”'** These oxyge-
nated functional groups provide a 2D network of sp® and
sp® bonded atoms in the GO, which leads to the presence of
a finite band gap depending on the isolated sp> domains.
By controlling the ratio of the sp> and sp® fractions by reduction
chemistry, one can tune the bandgap of GO and transform the
insulating GO to a semiconductor and graphene-like semi-
metal. For example, Hsu et al. reported the photocatalytic
reduction of CO, with H,O vapor to methanol using GO as a
low-cost and effective photocatalyst under simulated solar light
irradiation. They synthesized a series of GO samples employing
different chemical oxidants and found that GO-3 (Fig. 10a)
obtained using the Hummers’ oxidation approach with excess
KMnO, and H3;PO, displayed a higher photocatalytic activity
compared with those obtained by the other approaches. The
main use of H;PO, is to distribute the ester groups over the GO
basal plane, which could further prevent the further oxidation
of GO during the photocatalytic reduction of CO,. Their study
concluded that by modulating the oxygenated functional groups,
a methanol conversion rate of up to 0.172 pmol g, ' h™*
GO can be achieved, which is six-fold higher than that of P25
TiO,. Besides, to confirm the methanol formation from the CO,
reduction, instead of the photo-dissociation of GO, isotope
tracer analysis with *CO, was performed. The results showed
that CH;OH was formed by the photocatalytic reduction of
CO, instead of any photo-dissociation of GO.'” Overall, the
photocatalytic CO, reduction mechanism is a consecutive
combination of H,O oxidation and CO, reduction (Fig. 10b).
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Table 2 Photocatalytic performances of various graphene-based hybrids for water splitting reaction for H, production

Sacrificial H, production
Nanocomposite Method of synthesis Light source reagents (umol h™") Ref.
Graphene-TiO, nanocomposite Sol-gel (calcination) 500 W Xe lamp Na,S & Na,SO; 8.6 154
Reduced TiO,-GO heterostructures Laser ablation in liquid 300 W Xe lamp Methanol 16 105
Mesoporous anatase TiO, Self-assembly 300 W Xe lamp Methanol 16 155
nanospheres/graphene sheets
rGO-TiO, (P25) nanocomposite Hydrothermal 300 W Xe lamp Methanol 74 104
Photoreduction ~30
Hydrazine ~15
Ag-TiO,/graphene composite Microwave-hydrothermal 300 W Xe light Methanol 225 46
(4 > 420 nm)
Graphene/Au-TiO, composite Microwave-hydrothermal 420 nm-LEDs (3 W) Methanol 296 45
Au-Pd/carbon/TiO, nanocomposite Hydrothermal 300 W Xe light Methanol 6.42 109
Au-Pd/rGO/TiO, nanocomposite 21.50
Spherical YInOz;-graphene Solvothermal 300 W Xe light Na,S & Na,SO; 400.4 114
nanocomposite (4 > 420 nm)
m-rGO-Au-NaTaO; NP composite Exo-template & 150 W Hg lamp Methanol 13.78 161
solid-state
N-doped rGO-ZnGa,0, nanospheres Hydrothermal 300 W Xe lamp Na,SO; 147.61 115
ZnGa,0,4 nanospheres (4 = 250 nm) 38.94
rGO-MoS,/TiO, Hydrothermal 300 W Xe arc light Ethanol 165.3 120
rGO-TiO, 29.7
ZnS/rGO-MoS, Hydrothermal 300 W Xe light Na,S & Na,SO; 2258 167
ZnS-MosS, 1185
Nanopetal CdIn,S,-graphene Hydrothermal 300 W Xe light Na,S & Na,SO; 4495 168
nanocomposite (4 > 420 nm)
ZnIn,S,-graphene nanocomposite Microwave-assisted 350 W Xe light Triethanolamine 2640.8 121
ZnIn,S,~CQD nanocomposite hydrothermally (4 > 420 nm) 1767.7
ZnIn,S,-CNT nanocomposite 1601.5
CuGaS,-rGO-TiO, Solid-state reaction & 350 W Xe light K,SO, 56.2 122
photoreduction (4 > 420 nm)
PrGO/BivVO, and Ru/SrTiO;:Rh Solid-state reaction & 300 W Xe light Methanol 11 123
photoreduction (4 > 420 nm)

The photocatalytic mechanism of the GO was demonstrated
for a better understanding of the CO, photo-reduction process.
The isolated sp” clusters with oxygen functional groups includ-
ing C-OH and C-O-C in the GO lead to the localization of
electron-hole pairs on its basal plane, which further migrate
to the surface of the GO and serve as oxidizing and reducing
sites, respectively, to react with the adsorbed reactants. The
reduction potential of e~ in the GO conduction band was
at —0.79 V vs. NHE, which is lower than the potential of CO,/
CH;O0H (—0.38 V vs. NHE), and acts as donors. On the other

hand, the oxidation potential of h" in the GO valence band was
around 4 V vs. NHE, which is higher than the potential of
H,0/0,, H+ (—0.82 V vs. NHE), and acts as an acceptor. The whole
mechanism is shown Fig. 10. The conduction band position
(—0.79 V vs. NHE) of GO supports photocatalytic CO, reduction,
which is more feasible for the multi-electron reduction process
than the one-electron reduction process.*'”'*** Recently, Kuang
et al. reported the photocatalytic CO, reduction ability of light
irradiated GO. In their study, the simulated sunlight and
UV irradiated GO displayed an enhanced photocatalytic CO,
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(a) Photocatalytic methanol formation on various GO samples and TiO, using simulated solar light. (b) Schematic illustration of the

photocatalytic CO, reduction mechanism over the GO.Y” Copyright 2013, Royal Society of Chemistry.
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reduction compared with pristine GO; in particular, the sunlight
irradiated GO exhibited a nearly threefold higher efficiency than
pristine GO. The irradiation mainly plays the following roles:
irradiating GO (1) eliminates the CO released during photolysis
from the photocatalytic reaction and (2) increases the defect
density and n-conjugated network, which results in improvement
in the yield of photo-electrons and prolongs the lifetime of photo-
generated charge carriers.®® Addition of hole capturing agents like
metals over GO can improve its photocatalytic efficiency. Shown
et al. synthesized a series of Cu NP decorated GO materials with
different weight ratios of Cu employing a rapid one-pot microwave
method and demonstrated their photocatalytic CO, reduction
under visible light irradiation. The Cu/GO composite with
10 wt% Cu displayed the maximum solar fuel formation rate of
6.84 umol g., ' h™', and the achieved CO, photocatalytic
reduction rate was 60 and 240 times higher than those of pristine
GO and commercial P25 TiO,, respectively, under visible light
irradiation. The incorporation of Cu effectively tunes the work
function of GO due to the spontaneous transfer of photogenerated
electrons captured by Cu and then effective transfer of electrons
from the Cu d orbital to C-O ©n* orbital, which results in effective
separation of photoinduced charge carriers, consequently leading
to the enhanced photocatalytic CO, reduction activity of the
GO-Cu NP hybrid compared with pristine GO.”® Noble metals
under light irradiation generate hot plasmonic electrons that can
induce photochemical reactions in the adsorbed molecules on the
metal surface. The intrinsic ultrafast hot electron relaxation in
the metal (<160 fs) can compete with the charge transfer from
the metal NPs. Therefore, to maximize the charge separation of
hot electrons from the NP surfaces, it must be coupled with an
efficient electron collector and high electron mobility materials.
In this regard, the coupling of noble metals with graphene or its
derivatives can be an agile strategy for efficient electron extraction
and mobility. Recently, Kumar et al. reported rGO-Au NPs as
excellent photocatalysts for solar fuel applications such as photo-
reduction of CO, to HCOOH. The rGO-Au NPs displayed an
improved conversion efficiency compared with the Pt-Au NPs
due to the enhanced utilization of plasmonic hot electrons of Au
NPs under light irradiation. Moreover, the rGO can be an alter-
native to expensive and scarce Pt. rGO-Au NPs showed a 6 fold
higher activity than pristine graphene. The enhanced activity is
due to the efficient transfer of hot electrons to the rGO sheets
which act as reaction sites. Initially, the main products detected
consisted of CH;0H and HCOOH. As the reaction progressed, the
HCOOH concentration increased, which was presumed to be due
to the consumption of CH;0H as a hole scavenger when the
reaction continued. Moreover, the effect of the rGO concentration
and the photothermal effect were studied. As the concentration of
rGO increased, the productivity increased and then decreased at a
point where the rGO concentration inhibited the passage of light
to Au NPs and also due to the agglomeration. On the other hand,
increasing the temperature during light irradiation speeded up
the photoconversion of CO, due to the accelerated plasmonic
electron injection into the rGO sheets.'**

The catalytic properties of GO mainly originate from its
oxygenated functional groups and unpaired electrons in GO
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scaffolds and also its high surface area. Recently, Kim et al.
reported that GO is a metastable material whose structure and
chemical functionalities evolve at room temperature. Under
quasi-equilibrium conditions, GO shows a structure deprived of
epoxy groups; however, it is rich in hydroxyl groups, with a final
reduced C/O ratio of 0.38. The presence of C-H species in the
GO favors the reduction of epoxide groups and the formation
and release of water molecules.'® Furthermore, an increase in
temperature results in a gradual decrease in oxygen function-
alities of GO. Consequently, the easy GO aging and reduction
during the catalytic reactions at mild to high temperatures
raised the issues of recyclability and degrading catalytic activity
of GO. To overcome these problems and further to increase the
yield by anchoring visible light-absorbing materials onto GO
nanosheets, several methodologies have been developed for
immobilization of various nanomaterials on GO nanosheets.
Kumar et al. synthesized a novel GO immobilized ruthenium
trinuclear triazine complex and demonstrated its photocatalytic
activity for CO, reduction to methanol under visible light
illumination. Owing to its wide band gap, GO alone could not
undergo excitation in visible light. The ruthenium complex,
due to its virtuous visible light absorbance and its ability to be
excited from the S, to S; state, facilitates the transport of photo-
excited electrons from the ruthenium complex to the conduc-
tion band of GO, which is subsequently used for the reduction
of adsorbed CO, to methanol over the GO.'*® Furthermore, the
same group fabricated a cobalt phthalocyanine and ruthenium
complex bearing 2-thiophenylbenzimidazole ligand immobilized
GO for the photocatalytic reduction of CO, to methanol, and the
formation rates were 78.8 pmol g * h™" and 85.4 umol g~ * after
24 h, respectively.'*”'?8

Hexamolybdenum (Mog) cluster-based compounds specifi-
cally Cs,MoBr'gBr?; and (TBA)ZMosBrigBras (TBA = tetrabutyl-
ammonium) were immobilized onto GO nanosheets by taking
advantage of the high lability of the apical bromide ions with
the oxygen-functionalities of GO. During immobilization, the
apical bromide ions were replaced by the oxygen functionalities
of GO. These composites, including GO-Cs,M0gBr'gBr?,
and GO—(TBA)ZMOBBrigBrax materials, were used for methanol
formation from the photocatalytic reduction of CO, with for-
mation rates of 68.5 and 53.5 pumol g ' h™', respectively
(Fig. 11a), after 24 h irradiation using 20 W LED spotlight as
a visible-light source. Also, both these composites could be
easily recovered and provided similar yields of methanol under
identical conditions (Fig. 11b), and also the studies suggested
that these composites were highly stable and the reactions were
truly heterogeneous. The probable photocatalytic reduction of
CO, over these composites on their basis of bandgap is dis-
played in Fig. 11c. The Mo clusters over the GO, due to their
low bandgap values, in these composites exhibited good visible
light absorbance. Under visible light, the Mog clusters trans-
formed into excited state Mog* by HOMO to LUMO transition
followed by effective electron transfer from the excited state
Mog* to the conduction band of GO. Further, these electrons
were utilized for the reduction of adsorbed CO, to methanol.
As the position of the GO conduction band is more negative

© 2022 The Author(s). Published by the Royal Society of Chemistry
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than the reduction potential of CO,/CH3;OH (—0.38 V vs. NHE,
pH 7), the positively charged Mo," clusters get the electrons
from the valence band of GO and transform to their original
(Mog) state and the water-splitting reaction takes place at the
valence band of GO and provides necessary electrons and
protons for the reduction of CO,. Finally, the better charge
mobility and high surface area of GO enhance the photo-
catalytic performance.'*®

Semiconductors are photocatalysts of the utmost signifi-
cance due to their photostability, nontoxicity, chemical stabi-
lity, and low cost. Despite these advantages, the photocatalytic
activity of these materials is inadequate due to their wide
bandgap energy and higher recombination rates.*'**> Hence,
these semiconductors can be coupled with graphene for obtaining
graphene-based semiconductor composites, which have been
verified to display improved photocatalytic performance for the
reduction of CO, to useful products compared to the corres-
ponding bare semiconductors. Among the semiconductors, TiO,
is regarded as the most feasible in terms of its inexpensiveness,
non-toxicity, abundance, and high redox potentials. To overcome
the competetive recombinations and lack of visible absorption
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due to wide band gap, specific cations and anions can be incor-
porated into TiO,. However, these create secondary impurities
and oxygen vacancies, which could ultimately reduce the effi-
ciency of the TiO, photocatalytic performance. Hence it is a
necessity to develop an effective way to produce visible light-
responsive and stable TiO, without any oxygen vacancies and
secondary impurities. Tan et al. developed a dopant-free approach
to preparing a novel-oxygen-rich TiO, (O,-TiO,) photocatalyst with
significantly enhanced photocatalytic performance. By the intro-
duction of oxygen excess defects into the lattice of TiO,, the
surface disorderliness caused the upshift of the VB edge, which
resulted in a reduction of bandgap energy from 3.2 eV to 2.95 eV.
Hence, the O,-TiO, photocatalyst could absorb visible light and
electron-hole pairs were generated on its surface. Even though
the O,-TiO, photocatalyst exhibited an enhanced photocatalytic
performance for the reduction of CO, to CH,, it progressively
degraded over time. To overcome this problem, GO could be
incorporated into O,-TiO, via a wet chemical impregnation
technique. The GO-0,-TiO, nanocomposite with an optimized
loading of GO (5 wt% GO) showed an enhanced photocatalytic
reduction activity with a yield of 3.450 pmol g., " after 8 h visible
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light illumination, which is 14 fold higher than that of commer-
cial P25 TiO,. The enhanced activity is due to the oxygen-rich
vacancies and GO as a conductor. The GO served as an electron
sink and effective charge transport bridge due to its high con-
ductivity and extended conjugated network. The Schottky barrier
formed at the interface of both the components could help in the
separation of photo-induced charge carriers and decreased the
charge recombination rates, which in turn improved the photo-
stability of the nanocomposite significantly.'*° Razzaq et al. fabri-
cated a novel nanocomposite comprised of TiO, nanotube arrays
with a surface coating of rGO platelets that contained within them
embedded TiO, nanoparticles (rGO-TNTNP) for CO, photoreduc-
tion with H,O vapor under simulated solar light illumination. The
composite was synthesized employing a two-step process: initially,
simultaneous electrophoretic deposition and reduction of GO
over Ti foil, followed by electrochemical anodization of the
rGO-Ti foil. The rGO-TNTNP composite exhibited a CH, evolu-
tion rate of 5.67 ppm cm > h™ ', which is 4.4 fold higher than that
of bare TiO, nanotube arrays (1.28 ppm cm > h™*)."*!
Adsorption of CO, over the nanocomposite plays a crucial
role in photocatalytic CO, reduction performance. As we know,
graphene is a promising adsorbent for CO, capture and storage
due to its vast effective surface area and planar structure
associated with the 2D lattice structure formed by sp® carbon
atoms. The reports showed that the uptake of CO, over carbon
materials could be significantly improved by selective functio-
nalization with nitrogen dopants. Kemp et al. studied CO,
adsorption over pristine graphene and N-doped graphene
materials. The N dopants act as basic sites for the anchoring
of CO,. Furthermore, they can significantly alter the electronic
properties of graphene and change the local surface reactivity,
leading to improved adsorption and catalytic performances.'*
Therefore, the functionalization of graphene with the N-dopants
can be an effective approach to achieve enhanced CO, adsorption
and CO, reactivity over graphene-based materials. Recently,
Lin et al synthesized TiO,/N-doped graphene (TiO,/N-rGO)
nanocomposites with varying concentrations and bonding con-
figurations of nitrogen employing a one-step urea-assisted
hydrothermal approach and studied the TiO,/N-rGO composite
as a bifunctional adsorbent and photocatalyst for the gas phase
photoreduction of CO, with H,O vapor. The effect of the
N-dopant (including doping quantity and conformation) on
the catalytic performance was examined, and TiO,/N-rGO-300
(with a 300:1 mass ratio of urea/GO in the precursor solution)
exhibited a higher CO production yield of 356.5 pmol g,
which is significantly 4.4 and 2.2 fold higher CO production
than those of pure TiO, and TiO,/rGO, respectively (Fig. 12a
and b). Remarkably, the presence of N-dopants contributes to
the enhancement of the photocatalytic activity and stability of
the TiO,/N-rGO composites. The spin density and charge dis-
tribution of carbon atoms can be influenced by the neighboring
N-dopants, resulting in the formation of activation sites over
the graphene nanosheets. Various bonding configurations of
N-dopants such as pyridinic-N and pyrrolic-N and quaternary-N
can produce diverse active sites. The pyridinic-N and pyrrolic-N
have Lewis basicity, and work as active sites for CO, capture
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and activation (Fig. 12c). The quaternary-N enhances the elec-
tron mobility for the effective transfer of photogenerated elec-
trons from the CB of a semiconductor.'*?

An et al. reported the fabrication of an rGO-Cu,O composite
employing a facile one-step microwave-assisted chemical
method and demonstrated its application as a photocatalyst
for the reduction of CO,. The rGO coating over the Cu,O
significantly boosts the photocatalytic activity. The good elec-
tron conductivity and large surface area of the rGO inhibit
electron-hole recombination, resulting in a large number of
active sites in the rGO-Cu,O composite. The rGO-Cu,O com-
posite exhibits better photocatalytic activity than bare Cu,O
(Fig. 13a and b). Furthermore, the photocorrosion problem for
the Cu,O was prohibited by the loading of rGO. In detail, the
bare Cu,O had a high leaching Cu concentration of 2670 ppm
after 3 h light irradiation, and the Cu concentration was
measured by inductively coupled plasma optical emission
spectroscopy (Fig. 13a). The leaching of Cu ions was signifi-
cantly reduced to 96 ppm by the loading of rGO layers. The
presence of rGO in the composite can avoid the direct contact
of Cu,O with water, which can prevent the attack of active
species on Cu,O (Fig. 13c and d). This study suggests that the
loading of rGO layers over the photocatalyst not only increases
the performance but also enhances the photostability."**
Recently, Gusain and coworkers prepared rGO-CuO and rGO-
Cu,0 nanocomposites employing covalent grafting of CuO and
Cu,O nanorods over the rGO skeleton and explored their
potential application for the reduction of CO, to methanol
under visible light irradiation. The effects of the covalent
grafting of CuO nanorods on the rGO skeleton and the oxida-
tion state of copper in the developed nanocomposite on the
photocatalytic activity was examined. Pristine CuO nanorods
exhibited a very low photocatalytic activity due to the fast
recombination of photo-induced charge carriers and yielded
175 pmol g~ methanol although the rGO-Cu,0 and rGO-CuO
nanocomposites revealed significantly higher photocatalytic
activities, and the yields were five (862 pmol g~ ') and seven
(1228 umol g~ ') times as much methanol, respectively. The
superior photocatalytic activity of the rGO-CuO nanocomposite
was attributed to the slow recombination of photo-induced
charge carriers and efficient charge transfer through the rGO
skeleton. Furthermore, rGO-CuO (Cu®") exhibited superior
photocatalytic activity over rGO-Cu,O (Cu'") under identical
conditions."*®

Graphene not only facilitates electron transport but also
elevates the position of the semiconductor’s conduction band.
For example, WO; is a visible light active semiconductor due to
its narrow bandgap (~ 2.7 eV). However, the low position of its
conduction band (>—1.0 eV vs. NHE, pH = 7) has limited its
application for the reduction of CO, to useful products. Wang
et al. prepared a graphene-WO; nanobelt composite employing
a facile in situ hydrothermal approach and demonstrated its
application in photocatalytic reduction of CO, to methanol.
By using this system, 0.89 pumol g~' methanol was obtained
after 8 h visible light illumination. From the XPS VB spectra, it
was observed that WO; has a deeper VB maximum of 0.37 eV

© 2022 The Author(s). Published by the Royal Society of Chemistry
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than graphene-WOj3;, signifying a stronger oxidation power of
photoexcited VB holes and also an elevated CB minimum of the
graphene-WO3;, which is higher than the redox potential of
CH,/CO, at —0.24 V. Therefore, the photoreduction of CO, by
the photoexcited electrons from graphene-WO; is thermo-
dynamically feasible."*® In another study, Yu et al. fabricated
an rGO-CdS nanorod composite employing a microwave-
assisted hydrothermal approach for the photocatalytic
reduction of CO, to CH,."*” The combination of rGO with the
CdS nanorods enhanced the photocatalytic reduction activity of
CO, to CH; up to 10 fold compared with bare CdS NRs.
Therefore, the rGO was regarded as an effective cocatalyst for
the photocatalytic reduction of CO, to CH,. The enhancement
is attributed to the following reasons: the rGO not only acted as
an electron acceptor and transporter and efficiently separated
the generated photo-induced charge carriers but also enhanced
the adsorption and activation of CO, molecules over the rGO-
CdS NR composite.

Recently, Ti- and Nb-based metal oxides have been pursued
extensively as they exhibit nontoxicity, chemical inertness, and
high stability under light irradiation. Remarkably, lamellar
niobium containing solid acids like KNb;Og and HNb3;Og show

© 2022 The Author(s). Published by the Royal Society of Chemistry

fascinating performance because their conduction band top
and valence band bottom are located at necessary potential
levels. Mostly, exfoliated single crystal nanosheets display
much higher catalytic activities than their bulk counterparts
because of their enormously high 2D anisotropy. This can offer
an enhanced specific surface area and improved Brgnsted and
Lewis acidity as well as a reduced transfer path for photo-
generated charge carriers. Liu et al. reported the fabrication of a
layered HNb;Og-graphene nanohybrid employing the exfolia-
tion-restacking approach. Plentiful interfaces and pores were
generated by the alternative stacking of HNb;Og nanosheets
with limited size and graphene nanosheets with buckling and
folding features. The photocatalytic reduction of CO, to renew-
able energy by the optimized layered HNb;Og-graphene nano-
hybrid showed 8 fold improvement in CO production compared
to commercial TiO, (P25), 6.1 fold compared to pristine layered
HNb;04 nanosheets, and 8.6 fold compared to bulk HNb;Oq
powders (Fig. 14). With increasing the loading of graphene
nanosheets the effective absorption of HNb;Og decreases.
Furthermore, the excess graphene nanosheets can block the
active sites and favor the recombination centers. The enhanced
photocatalytic activity can be attributed to the following reasons:
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(a) CO yields over various photocatalysts, (b) plot of leaching of Cu caused by photoreduction, and (c) and (d) schematic illustrations of the CO,

reduction mechanism and charge transfer in the rGO-Cu,O composite.™** Copyright 2014, Wiley.

(i) the ultra-thin nature of HNb;Og nanosheets permits the charge
carriers to transport quickly onto the surface active sites to partici-
pate in the photoreduction reaction; (ii) the improved specific
surface area of the hybrids can offer more active adsorption sites
and readily accessible channels for reactants to the active sites;
(iii) the intercalated graphene nanosheets in between the HNb;Og
nanosheets provide abundant active sites serving as energetically
favorable sites for the fast migration of photogenerated electrons
from the HNb;Og nanosheets to graphene sheets; (iv) introduction
of graphene narrows the bandgap of the HNbs;Og nanosheets,
resulting in a noticeable redshift of the absorption band in the
hybrid system compared with bare HNb;Og nanosheets; (v) the
porous feature and broad pore width permit the fast diffusion of
reactant gases in the hybrid system; and (vi) the protonic acidity of
exfoliated HNb;Og nanosheets permits them to be easily hydrated
and also results in enhanced strong Bregnsted acidity, which
favours the separation of electron-hole pairs at the interlayer sites
(Fig. 14).%8

The introduction of abundant pores in the layered nano-
structures leads to the generation of highly concentrated
oxygen vacancies, enhancing the bonding strength of OH*
intermediates formed during the water oxidation. Furthermore,
creating metallic vacancies in addition to oxygen vacancies may
enhance photocatalytic performances. In this connection,
recently, Wang et al. reported the exfoliation of a Ti containing
layered double hydroxide followed by coupling with GO by an
electrostatic assembly approach and demonstrated it as a
photocatalyst for the visible-light-driven reduction of CO,.
The prepared catalyst with an optimized GO content displayed
enhanced photocatalytic performances with CH, and CO yields
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of 3.8 and 4.6 pmol h™ " g, ", respectively. The generation of
abundant Ti;"-V, sites by exfoliation of TiMgAl layered hydro-
xides could expand the light absorption range of the compo-
sites into the visible region. Owing to the favorable Fermi level
equilibrium, the photoexcited electrons from the conduction
band of the TiMgAIl migrate towards the carbon defects in GO,
resulting in the effective separation followed by prolonged
lifetimes. Moreover, the obtained electron-rich carbon defects
enable the adsorption of CO, molecules followed by activation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of the negative and metastable superoxide radicals (CO, °).
Simultaneously, the photoinduced holes in the VB of TiMgAl
could react with H,O and produce O,, H*, and OH®, which
further reacts with the CO, *, and eventually produced CH,.**

Decorating semiconductor particles with noble metal nano-
structures such as Pd, Pt, Au, and Ag has been demonstrated
to enhance the photocatalytic conversion of CO, with H,O into
useful solar products. In general, the noble metal nano-
structures play the following vital roles in the improved effi-
ciency: (1) they hinder electron-hole recombination by trapping
photogenerated conduction band electrons and prolong their
lifetime; (2) they enhance photoreduction efficiency owing to
the Fermi level equilibrium; (3) they provide thermal catalytic
sites for the adsorbed species and intermediates; (4) they
exhibit surface plasmon resonance, which enables them to
show intense absorption in the visible region of the solar
spectrum and (5) they modify the surface properties of the
photocatalyst."*>'*° Recently, Zhu et al. fabricated a ternary
hybrid composed of rGO-CdS decorated with Ag nanoparticles
by a combination of the solvothermal process and subsequent
photochemical reduction approaches. The composite exhibited
enhanced photocatalytic activity for the reduction of CO, to CO,
and the optimum activity was achieved over 1 wt% Ag-3 wt%
rGO-CdS. The enhanced performance is due to the multifunc-
tional effects of rGO and Ag: the rGO and Ag can act as electron
acceptors, thus (i) enhancing the separation of photogenerated
charge carriers and (ii) improving the adsorption and activation
sites for CO,, which results in an enhancement in the perfor-
mance of the photocatalytic photoreduction of CO, to CO. The
authors also concluded that the excessive loading of rGO onto
CdS brings about a decrease in photocatalytic activity; this is
due to the shielding effect of the rGO."*! Hou et al. developed a
novel three-dimensional bimetallic-graphene-semiconductor
(Au-Cu/graphene/Cu,0) composite system for the solar-driven
conversion of CO, to methanol, in which the Cu,O nanoarrays
on Cu mesh substrates were encapsulated within ultrathin rGO
sheets followed by decoration with an optimized combination
of Au-Cu nanoalloys. Under visible light irradiation for 6 h, the
yield over the graphene-Cu,O arrays is 46.3 ppm cm > h™",
which is 3 fold higher than that of the bare Cu,O array
(25.4 ppm cm > h™'). In particular, the Au-Cu/graphene-
Cu,O composite arrays exhibit a higher methanol yield of
120 ppm cm > h™', which is 7.8 times higher than that of bare
Cu,0O. Without the protection of graphene sheets, the compo-
site shows a lower methanol production, which indicates the
pivotal role of graphene in the 3D architecture. The graphene/
Cu,O composite decorated with Au, Cu, and Au + Cu prepared
by step by step deposition of metal over the supportive matrix
exhibits a much lower photocatalytic performance. The signifi-
cantly enhanced photocatalytic activity of the Au—Cu/graphene-
Cu,O composite arrays is ascribed to the following: (1) the
introduction of graphene as an electron acceptor and conductive
support with a lower energy level than the conduction band of
Cu,O leads to the migration of photogenerated electrons of the
Cu,O conduction band to the graphene layer and (2) the estab-
lishment of a Schottky junction in the Au-Cu/graphene-Cu,O
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composite arrays results in further migration of electrons from
graphene to the Au-Cu nanoalloy. Additionally, the electro-
magnetic field induced by the surface plasmon resonance effect
of the Au-Cu nanoalloys promotes the migration of electrons
through the following way: Cu,O nanoarrays — graphene —
Au-Cu nanoalloy. Accordingly, the electron-hole pairs are readily
separated and the lifetimes of photogenerated charge carriers
have been efficiently prolonged in the Au-Cu/graphene-Cu,O
composite arrays, which become readily available for the multi-
electron CO, reduction process.'*?

Tan et al. synthesized a series of ternary composites — noble
metal (Pd, Pt, Au, and Ag) decorated rGO-TiO, composites -
employing a facile and environmentally benign two-step
approach including solvothermal and polyol methods, without
using any toxic and harsh reducing agents like hydrazine and
sodium borohydride. In the polyol process, ethylene glycol was
used as both solvent and a reducing agent for the additive
metal ions to form metal islands over the TiO, and rGO. The
three-component composites displayed an enhanced photo-
catalytic activity towards reduction of CO, to CH, under visible
light irradiation. A comparison of all the noble metal decorated
rGO-TiO, composites showed that the Pt-rGO-TiO, composite
exhibited a higher photocatalytic activity of 1.696 pmol g~ ' in
comparison to the other noble metal decorated rGO-TiO,
systems, ie. Pd-rGO-TiO, (1.193 pmol g '), Ag-rGO-TiO,
(0.998 pumol g™ ), Au-rGO-TiO, (0.756 pmol g~ ') and rGO-
TiO, (0.651 umol g™ '). The Pt-rGO-TiO, composite displayed
2.6 and 13.2 fold higher activity than bare TiO, (0.126 pmol g~ )
and commercially available P25 (0.129 pmol g~ ), respectively,
after 6 h of visible light irradiation (Fig. 15a). The experimental
results showed that the Pt-rGO-TiO, composite displayed a
higher photocatalytic activity than the other noble metal-rGO-
TiO, systems. The activity is mainly because of the photonic
efficiency of the noble metal decorated rGO-TiO, composite
and is strongly dependent on the electron affinity and work
function of noble metal to form a favorable contact with the
TiO,. Pt has a higher work function (—5.62 eV) than the other
noble metals Au (—5.1 eV), Ag (—4.7 eV), and Pd (—5.2 eV);
therefore the photogenerated electrons can transfer most effi-
ciently from TiO, to the loaded Pt and also the reversible
process is extremely difficult, and hence, it can acts as an
efficient electron sink (Fig. 15b). Hence, the work function of
the metals played a dominant role in the photocatalytic activity,
rather than the surface plasmon effect. Moreover, the adsorp-
tion, transportation, and activation of different reactants on the
metal surface are quite diverse, and the effect of each noble
metal on the photocatalytic reaction may vary with different
reactions. The plausible photocatalytic mechanism for the
reduction of CO, is displayed in Fig. 15c. Upon illumination
with light, electron-hole pairs are formed. Since Pt nanostructures
trap the electrons very effectively, the photogenerated electron
would migrate to Pt nanostructures, where the photoreduction of
CO, takes place. In the case of Pt deposited over the rGO layers,
the photogenerated electrons migrate from the TiO, to rGO layers
due to the favorable equilibrium Fermi levels followed by shuttles
across the 2D sheets and are finally trapped by the Pt active sites.
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mechanism for the reduction of CO,.*** Copyright 2015, Elsevier.

Finally, the improved photocatalytic activity on the Pt-rGO-TiO,
composite could be attributed to the synergetic effect of Pt, rGO,
and TiO,, and also rGO provided a large surface area and greatly
increased the conductivity of the electrons.Also, rGO served as an
excellent supporting material for achieving a high aggregation
free dispersion of Pt and increases catalytic efficeincy.'*?
Perovskite nanocrystals have emerged as one of the most
efficient light-harvesting materials and the major obstacles to
these materials are their sensitivity towards polar environments
and the strong recombination possibility of photogenerated
charge carriers. Hence, creating heterojunctions with highly
conducting materials like graphene and graphene derivatives
can reduce the possibility of carrier recombination, increase
stability, and enhance the efficiency of photocatalytic activity of
these materials. By tuning the size and composition of perovs-
kite nanomaterials, the yield and selectivity of the products
from CO, reduction can be greatly enhanced. Xu et al. reported
the use of CsPbBr;/GO as a novel photocatalyst to convert CO,
into useful products in non-aqueous media. A facile room
temperature anti-solvent precipitation approach was leveraged
to synthesize CsPbBr; and CsPbBr;/GO composite materials
(Fig. 16a and b) and utilized these composite materials for the
photochemical conversion of CO,. Compared to the individual
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(a) The total yields of CH,4 over various noble metal decorated TiO,/rGO composites; (b) energy band position and (c) plausible photocatalytic

CsPbBr; QDs, the rate of electron consumption improved from
23.7 to 29.8 umol g~* h™" after the introduction of GO with a
selectivity of 99.3% under AM 1.5G simulated illumination
(Fig. 16c and d). To clarify the role of GO in the enhanced
photoreduction of CO,, photoluminescence (PL) and electro-
chemical studies were conducted. The PL intensity of the
CsPbBr;/GO composite decreased to a lower level than that of
pristine CsPbBr; because the introduction of GO provided
additional energy-transfer pathways in addition to the intrinsic
radiative channel for excited-state electron transfer (Fig. 16e).
The rapid transfer of photogenerated electrons in the CsPbBr;
to the GO is because the Fermi level of GO is more positive than
the conduction band edge of CsPbBr; and also due to the
conductive nature of GO. The photocurrent response of the
CsPbBr;/GO composite was 54 pA cm >, corresponding to
a 28.57% enhancement compared to CsPbBr; (42 pA cm ?)
(Fig. 16f)."**

The photocatalytic CO, reduction efficiency is a key para-
meter affecting ultimate practical applications. Further, to
enhance the CO, photocatalytic reduction efficiency, the con-
struction of heterojunction structures has been proved to be
an effective method, benefiting from the broadened light
absorption range, the accelerated charge separation, and the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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suppressed charge carrier recombinations induced by hetero-
structures. Jiang et al. skillfully designed a novel hierarchical
heterogeneous catalyst with CsPbBr; nanocrystals anchored
onto 1D branched ZnO nanowires/3D mesoporous rGO struc-
tures and demonstrated it as a photocatalyst for the reduction
of CO,. The 1D ZnO nanowires were selected due to their good
electron mobility, appropriate energy bandgap, low cost, and
easy synthesis. By in situ growth of ZnO nanowires on the
surface of mesoporous rGO, the specific surface area and
effective electron transport increases, which is beneficial for
the homogenous distribution of CsPbBr; nanocrystals. Due to
the synergistic interactions among 0D CsPbBr; nanocrystals,
1D ZnO nanowires, and mesoporous rGO, enhanced light-
harvesting efficiency, facilitating higher electron transfer rate,
improved CO, capture, and selective CO, reduction. As a
consequence, this hierarchical heterogeneous catalyst exhi-
bited a remarkable photocatalytic activity and CH, selectivity
of 52.02 mmol g~ " h™' and 96.7%, respectively, under visible-
light irradiation."** Ali et al. fabricated a CuSe,~-G-TiO, hetero-
junction composite employing an ultrasonication technique for
the photocatalytic reduction of CO,. The estimated bandgap
energies of the as-synthesized nanocomposites were in the
following order: CuSe,-G-TiO, < CuSe,-G < G-TiO,. Hence,
doping with CuSe, and GO decreased the bandgap of TiO,,
indicating that the CuSe,-G-TiO, nanocomposite exhibited
high UV and visible light photocatalytic activity. The methanol
yields for the as-synthesized nanocomposites such as Cu,Se-G-
TiO, (12 h), Cu,Se-G-TiO, (24 h), Cu,Se-G-TiO, (36 h), and
Cu,Se-G-TiO, (28 h) at various time intervals under visible
light were 0.86, 1.15, 1.96, and 2.60 pmol g ' h™*, and also the

© 2022 The Author(s). Published by the Royal Society of Chemistry

methanol yields for Cu,Se-G-TiO, (12 h), Cu,Se-G-TiO, (24 h),
Cu,Se-G-TiO, (36 h) and Cu,Se-G-TiO, (48 h) under UV light
were 1.36, 2.01, 3.12 and 3.92 pmol g ' h™', respectively,
without any sacrificial agent. Furthermore, the authors studied
the effect of the Na,S/Na,SO; scavenger on the photocatalytic
activity of the Cu,Se-G-TiO, nanocomposite, and the methanol
yield was two fold higher than that without using the sacrificial
agent. Also, the composite displayed good stability and the
CH;OH yield rate was approximately in the range of 6.4 to
4.4 pmol g ' h™'. Hence, it can be used for a continuous
photocatalytic reduction system of CO,."*°

The decrease in photocatalytic activity might be due to the
loss of material during the recycling process. Hence, recycling
the photocatalyst without losing the catalyst weight and its
efficiency is most desirable. In this connection, Kumar et al.
prepared highly efficient, recyclable, and magnetically separ-
able core-shell nanostructured CuZnO@Fe;0, wrapped with
rGO sheets (rGO@CuZnO@Fe;0,) for visible light-mediated
CO, photoreduction. Owing to the synergic effect between the
rGO and CuZnO@Fe;0, in the nanocomposite, significantly
enhanced photocatalytic activity compared with the CuZnO@
Fe;0, and GO@CuZnO@Fe;0, microspheres was observed.
The methanol yields for the as-prepared composites including
CuZnO@Fe;0,, GO@CuZnO@Fe;0,, and rGO@CuUZnO@Fe,;0,
were around 858, 1749, and 2656 pmol g, ', respectively. The
catalyst can easily be recovered from the reaction mixture using
an external magnet, and the recovered catalyst exhibits consis-
tent activity for cycles and provides methanol in very similar
yields. The probable mechanism for the enhanced photo-
catalytic activity of the rGO@CuZnO@Fe;0, nanocomposite

Mater. Adv., 2022, 3,142-172 | 163


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00748c

Open Access Article. Published on 17 November 2021. Downloaded on 11/14/2025 9:46:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

(a ) )9~ Blank Reaction o
2500 b) -9 CuZnO o
)~ @ CuZnO@Fe,0,
@) -9 GO@CuZnO@Fe,0, °
20004 -9 rGO@CuZnO@Fe,0,
8 » °
‘o °
E 1500 - ° o
4
E ° >
3 1000 -
e 9 é
£ o -
3 e
L] > o
500 e "
* °
o e ° ®
[ : @
04 @@ - ° ° e
T T T

T
0 s 10 15 20 25
Time (hours)

(c)

T 2.0

3 ] 1sov)

= Zn0 CB(-0.66 V)
2 a0 .

2 Hifee W/, (0.81V)
¥ 0.0 ™ CO,/CH,0H
z | (-0.38V)

< 10|+ woro.082v
5

g ’

o 2.0_]

°

a +:++ znovB(+2.54V)

Fig. 17

Methanol (micromol.g™ cat.)

View Article Online

Review
b 1 —o— Fresh Catatlyst
500 | —¢— First Recycling
—d~ Second Recycling
4 =4~ Third Recycling
~4~ Fourth Recycling
2000 | —<— Fifth Recycling
1500
1000 | i
500 -
0 -
T T T T T T T T T

10 15
Reaction Time (hours)

20 25

g

6Hr+3/20,+6 @)

Total band gap = 1.44 eV

(a) Yield of methanol, (b) recycling experiment for the rGO@CuZnO@FezO,4 microsphere photocatalyst and (c) plausible CO, photoreduction

over the rtGO@CuUZnO@Fez0, microsphere photocatalyst.**” Copyright 2017, Elsevier.

is shown in Fig. 17. Fe;0, displays strong absorption in the
visible region, but due to its narrow bandgap (1.16 eV), it is
unable to achieve water splitting. ZnO has a wide bandgap
(3.2 eV) with apt positions of the conduction band (—0.66 V vs.
NHE at pH 7) and valence band (+2.54 V vs. NHE at pH 7) to
reduce CO, to CH, and oxidize water to O,, respectively.
However, only UV light can generate charge carriers. Therefore,
neither Fe;0, nor ZnO alone could reduce CO,. But, when ZnO
was coated over the Fe;O,, it could reduce CO, to CH, and
oxidize water to O,. After absorption of visible light, the
photogenerated electrons and holes from the Fe;O, moved
to the conduction and valence bands of the ZnO. But due to
the charge carrier recombination, the methanol yield was very
poor. To improve the catalytic activity and slow down the
electron-hole recombination, Cu particles were added as a
cocatalyst on the surface of ZnO@Fe;0, (Fig. 17a and b).
Furthermore, upon adding rGO, the bandgap decreased and
the photoefficiency increased followed by electron-hole pairs
moving apart, which led to the effective photoreduction of
adsorbed CO, to methanol (Fig. 17¢)."*’

The construction of Z-scheme heterojunctions is an effective
way to isolate photogenerated electron-holes and enhance the

164 | Mater. Adv., 2022, 3,142-172

activity of semiconductor photocatalysts (Fig. 18a). In this
connection, Jiang et al. fabricated an o-Fe,Os/amine rGO/
CsPbBr; hybrid perovskite-based solid-state Z-scheme photo-
catalyst through a multistep fabrication process for efficient
CO, reduction and water oxidation. CsPbBr; and o-Fe,O; are
selected as Photosystem I and Photosystem II, respectively,
considering their significant visible light absorption, and out-
standing reduction and oxidation potentials. Initially, o-Fe,O3
single-crystal nanorods were grown on an FTO substrate using
a hydrothermal method followed by a surface coating of amine-
functionalized rGO sheets and subsequent deposition of
CsPbBr; nanocrystals using a solvent evaporation deposition
approach. CsPbBr; nanocrystals have a bandgap of ~2.3 eV
with Eqg negative enough towards CO, reduction. On the other
hand, o-Fe,0; shows a bandgap of ~2.2, and it is documented
as the best photocatalyst for the oxidation of water to O,, even
though its Ecp is too positive to reduce CO,. As shown in
Fig. 18b and c, the matched energy band structure enables
direct Z-scheme charge transfer from CsPbBr; nanocrystals to
a-Fe,0; nanorods, leading to boosted charge separation and
prolonged lifetimes of charge carriers. The photoelectrons in
the CB of a-Fe,O; can recombine with the VB holes of CsPbBr;,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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leaving holes in the VB of a-Fe,O; and electrons in the CB band
of CsPbBr;. Furthermore, by introducing amine-rGO with high
conductivity and electron affinity, the charge transfer efficiency
accelerated and regulated the interfacial interactions in the
composite. The a-Fe,0z/amine-rGO/CsPbBr; composite showed
an utmost photocatalytic activity for the reduction of CO, to
CH, of 181.68 mmol g~ " after 15 h of continuous illumination,
which is a much higher value than those of a-Fe,03/CsPbBr;
(66.64 mmol g~ ') and CsPbBr; nanocrystals (30.55 mmol g~ ')
(Fig. 18d and e). CH, was produced as the main product along
with small amounts of CO and H,, and the electron selectivity
for CH, was around 93.4%. In addition, the Z-scheme system
displayed good stability during the long-time reaction (Fig. 18f)."*®

Meng et al. constructed a novel three-component Z-scheme
system employing a facile solvothermal approach, in which
UiO-66-NH, and oxygen defective ZnO (O-ZnO) were used as
photocatalysts and rGO was used as an electron mediator. This
Z-scheme photocatalyst was demonstrated as an excellent
photocatalyst for the conversion of CO, to CH;0H and HCOOH
under visible light illumination and exhibited yields of
34.85 and 6.40 umol g~' h™', respectively, which are much
higher than those of 0-ZnO/UiO-66-NH, (CH3OH, 19.67 and
HCOOH, 4.94 pmol g~* h™"). The enhancement in the photo-
catalytic performance was triggered by the formation of a direct
Z-scheme heterojunction between the O-ZnO and UiO-66-NH,,
thus promoting and separating photoinduced charge carriers
and improving the photocatalytic activity, and this was also due
to the rGO acting as an effective electronic medium, which can
not only enhance the contact area and tightness of the semi-
conductors but also create a new electron transfer bridge,
which is beneficial for the transmission and separation of
photoinduced charge carriers. Besides, the oxygen vacancies
present in the ZnO were advantageous for the enhancement of

© 2022 The Author(s). Published by the Royal Society of Chemistry

the photocatalytic performance for the following reasons: (i) the
occurrence of oxygen vacancies favors the adsorption of CO,
onto the surface of the photocatalyst; and (ii) oxygen vacancies
can act as trapping centers for photo-induced electrons, thus
hindering the recombination of photogenerated electron-hole
pairs in ZnO and enhancing the photocatalytic performance."*’
All the Z-scheme photocatalysts reported so far were powder
systems. For practical applications, the integration of nano-
systems of two individual components closely connected by
charge transport units such as rGO is desirable. In this con-
nection, Li et al. rationally designed a Z-scheme photocatalyst
array built on a stainless steel substrate for the photoconver-
sion of gaseous CO, to CH,. The photocatalyst consists of
Fe,V,0,; nanoribbons and CdS nanoparticles as visible light
active materials and a low cost highly conductive rGO interlayer
as an electron mediator and also protects the CdS from photo-
corrosion. It can be easily seen from Fig. 19a-f that a lot of
small CdS nanoparticles are uniformly deposited over the rGO
sheets over the Fe,V,0;3 nanoribbons of 10-20 nm lengths. The
photocatalyst displayed good activity for CO, reduction with
a yield of 1.57 umol h™' g~ under visible light irradiation,
which is three times higher than those of bare Fe,V,0,3; nano-
ribbons (0.55 umol h™" g™!) and Fe,V,0;; nanoribbons/rGO
(0.57 umol h™* g~1) (Fig. 19¢). This enhanced activity is due to
the formation of an intimate interface between the Fe,V,0,;
nanoribbons, rGO sheets, and CdS nanoparticles. Conspicu-
ously, the production of O, with a non-stoichiometric molar
ratio to CH, (<2:1) is also detected, which indicates the
simultaneous occurrence of water oxidation and photoabsorp-
tion of oxygen molecules on the photocatalyst surface. Finally,
the obviously enhanced activity can be attributed to the
Z-scheme charge separation mechanism as shown in Fig. 19h.
The photogenerated electrons of the CdS NPs can readily
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Fig. 19 FESEM images of (a and b) Fe,V40;3, (c and d) rGO-Fe,V,4013 and (e) Fe,V4013—rGO-CdS. (f) Schematic representation of Fe,V,4013—-rGO-CdS.
(g9) Photocatalytic activities of various photocatalysts. (h) Schematic illustration of photocatalytic reduction of CO, over the Fe,V40:3-rGO-CdS

catalyst.*>® Copyright 2014, Royal Society of Chemistry.

recombine with the existing holes of the Fe,V,0,; nanoribbons
through the rGO mediator, which was further confirmed by the
photoluminescence decay time profiles. As a result, the photo-
generated holes in the VB of CdS and electrons in the CB of
Fe,V,0,; could be available for the O, evolution and CO,
reduction to CH,, respectively.">® A detailed list of the photo-
catalytic performances of various graphene based hybrids for
CO, photoreduction to value added products is shown in
Table 3.

8. Challenges for the
commercialization of graphene
and its hybrids

Extensive reports have surged over the past few years on graphene
and its composites for various applications, and the mass produc-
tion of these materials has been realized by various industries,
which have started to commercialize some of these products
already in the market. However, the market for graphene-based
materials is still worth exploring and enlarging. So far, only a
handful of products which contain graphene have reached the
market such as the tennis racket by Head, the battery strap by

166 | Mater. Adv., 2022, 3,142-172

Vorbeck, and the phone touch screen by Samsung.'*>'*? The
main problem with high-quality or pristine graphene (which is a
great conductor) is that it does not have a bandgap; as a result, it
can’t be switched off. Hence, the use of graphene in the fabrica-
tion of future nano-electronic and optoelectronic devices has been
restricted. Thus, the opening of the bandgap in graphene is very
essential and it needs to be engineered, which can reduce its
electron mobility so that it can replace the silicon in electronic
systems shortly. Nevertheless, for the bulk production of graphene
and its hybrid materials, wet chemical approaches are suitable
methods. However, the produced graphene and its hybrid
materials show some discrepancies in the following areas: in
the size of graphene flakes, the number of layers in commer-
cially available graphene materials along with substantial
alterations in defect states and impurity content. All these wide
dissimilarities in the quality of graphene materials restrict
them to be commercialized. Here, we have summarized some
of the challenges for the commercialization of graphene-based
materials according to specific requirements. The basic chal-
lenges in the commercialization of these products are mainly
because of the following concerns. The basic problem people
face is uncontrolled and costly synthesis approaches of graphene
since its emergence, which is the key factor for the large-scale

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Photocatalytic performances of various graphene-based hybrids for CO, reduction

Photocatalyst Light source Main products Photocatalytic performance  Ref.
GO 300 W halogen lamp CH,0H ~0.172 mmol ge, ' h™’ 17
GO 500 W xenon lamp Cco ~1.23 pmol g * h™! 60
Cu NP/GO hybrids 300 W halogen lamp CH;OH, CH;CHO  ~6.84 ymol g.,. " h™* 90
rGO-Au NPs Xe lamp (power density: 5.68 W cm™?)  HCOOH ~3.12% QY 124
GO-phenanthroline ligands 20 W white cold LED flood light CH;0H ~82.86 pumol g, - h™* 126
GO ~45.86 pmol ge, ' h™"
GO-tethered-Co" phthalocyanine complex 20 W white cold LED flood light CH,;0H ~78.78 pmol ge ' h™* 127
GO-heteroleptic ruthenium(u) complex 20 W white cold LED flood light CH;0H ~85.41 pmol ge, " h™* 128
GO-Cs,MO0gBr'gBr®, 20 W white cold LED flood light CH;0H ~68.5 pmol ge,e " h ' 129
GO—(TBA),M04Br'gBr, ~53.91 pmol ge,e *h™*
GO-doped oxygen-rich TiO, 500 W xenon lamp CH, ~0.43 pmol geo " h™! 130
GO-TiO, nanotube arrays 100 W xenon solar simulator CH, ~5.67 ppm cm > h™! 131
N-rGO/TiO, 400 W xenon lamp ~5.1 umol g, ' h™? 133
Cu,0/rGO 150 W xenon lamp Cco ~50ppmg "h! 134
1GO-CuO/Cu,0 20 W white cold LED flood light CH;0H ~53.41 pmol ge, ' h™! 135
Graphene-WO; nanobelts 300 W Xe lamp CH, ~0.89 pumol 136
GO-CdS nanorods 300 W Xe arc lamp CH, ~2.51 pmol h ' g™* 137
HNb;Og/graphene hybrids 300 W xenon arc lamp Cco ~50 pmol ge, ' h™! 138
CH, ~1.3 pmol geoe ' h™!

Ag-RGO-CdS 300 W Xe lamp Cco ~1.61 pmol h™* 141
Au-Cu/graphene/Cu,O 400 W Xe lamp CH,4 ~18.80 ppmcm > h* 142
Pt/graphene/TiO, 300 W Xe lamp CH, ~0.282 pmol g, h™* 143
Pd/graphene/TiO, ~0.198 pmol gcafl h?
Ag/graphene/TiO, ~0.166 pmol ge,e *h™*
Au/graphene/TiO, ~0.126 pmol g, " h™*
CsPbBr;/GO 100 W Xe lamp CH, ~23.7 pmol ge,e ' h! 144
CsPbBr;-ZnO nanowire/mrGO 150 W Xe lamp CH, ~52.02 pmol geo " h™* 145
rGO@CuZnO@Fe;0, microspheres 20 W white cold LED light CH, ~110.66 pmol g.,. * h™* 147
o-Fe,03/amine-RGO/CsPbBr; hybrids 150 W Xe lamp CH, ~5.44 pmol ge, ' h™! 148
Fe,V,0,3/RGO/CdS 300 W Xe lamp CH, ~2.23 pmol geo " h™! 150

production of graphene and its hybrids for industrial use.
Specifically, the synthesis of GO using the Hummers’ method
(dominated by academia and industry) doesn’t have fine con-
trol over the functional groups and size of the GO system; in
addition, classification of GO materials as per their defects,
functional groups, and size is a challenging task.">*~*>* Further-
more, efficient separation techniques are highly desirable,
because of the utilization of harsh oxidative chemical reagents,
dispersant media, and purifying solvents, which makes the
production costs of GO much higher compared with other
raw materials. Consequently, this tedious process hinders GO
and its hybrid materials in further applications in many fields.
Furthermore, the properties of GO and its hybrid materials
change with synthesis approaches, which currently limits
the transfer of academic advancements into real industrial
progress. Moreover, the reliability and process repeatability of
a particular fabrication technique along with a stable produc-
tion need to be improved.

Another crucial factor is the lack of standardization for the
GO and its hybrids in the market, mainly due to expensive
characterization techniques such as scanning and transmission
electron microscopy, atomic force microscopy, elemental ana-
lysis, and X-ray photoelectron spectrometry. All these charac-
terization techniques are time- and cost-consuming methods
for industrial users. Therefore, low-cost, simple, fast, and
reliable methods on accessible equipment are necessary for
small and start-up industries. Additionally, the uncontrolled
chemical reduction and functionalization of GO on a large scale
are still under debate. Safety issues such as the chronic toxicity

© 2022 The Author(s). Published by the Royal Society of Chemistry

and genotoxicity of graphene and its hybrids are not clear.
Therefore, further investigations are absolutely necessary.'” >

9. Summary and future perspectives

Photocatalysis can be a significant approach for the generation
of solar fuels to overcome energy crises and environmental
problems. It includes hydrogen evolution by direct water split-
ting and CO, photoreduction to value-added products.>*'**
However, the selection of a suitable photocatalyst and adoption
of an appropriate approach are of primary importance for
achieving efficient product formation for practical demands.
Several reports are already there based on the fundamental
understanding of the process, and several challenges/promises
for practical applicabilities. However, the complete photo-
catalytic water splitting into H, and O, in a stoichiometric ratio
of 2:1 under light illumination typically displays low efficiency
due to the high energy barrier."®'”*>'** Though the efficiency
of H, production can be improved by the addition of sacri-
ficial agents/specific hole scavengers to complete the redox
cycle,”"** it is not desirable to use additional sacrificial
agents. Therefore, the best solution will be to achieve complete
water splitting, which is much closer to the greener, cleaner,
and renewable energy concept. However, the back oxidation of
H, into water or oxygen reduction reaction to water is one of the
major challenges, which can be prevented by surface modification
or poisoning. Furthermore, the efficiency of water splitting
relies on the innovative design of photocatalysts such as
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heterojunction-based materials. In particular, carbon-based hetero-
junctional photocatalysts or graphene-based Z-scheme systems
are believed to be feasible future effective photocatalysts. #5135
The architecture of hetero-junctions directly influences the
activity and could lead to stimulating improvements.

Another energy-related photocatalytic application is the
photoreduction of CO, to value-added products or the conver-
sion of CO, and H,O into useful products. Mainly there are two
major limitations for solar light-driven photocatalytic CO,
conversions: (a) the efficiency is extremely low considering
practical applicability and (b) specific product selectivity is also
very difficult, especially for higher alkyl products.**" As discussed
before, the photocatalytic reduction efficiency can be improved
by improving light absorption, charge separation, and charge
accumulation, and modifying the catalytic sites on the surfaces
of heterogeneous catalysts. However, product selectivity is not
so easy. During the photoreduction of CO, to CO, CH,, CH;0H,
HCOOH, and other long-chain alkanes, H,O can act as the
reductant. In addition, H, can act as a common feedstock for
solar fuel production through photocatalysis. Therefore, it is quite
obvious that we can obtain multiple products simultaneously, and
an additional separation process is required to achieve a pure
product, which increases the overall cost of solar fuel production.
The adsorption and activation of CO, over the surface of the
photocatalyst can play vital roles in improving the selectivity
towards the desired products. Generally, increasing the catalytic
surface area, improving surface defects by defect engineering, and
introducing noble metal co-catalysts have been widely used for
improving the adsorption and activation of CO,. In this regard,
more experimental and computational models may help in
obtaining a detailed structural correlation with the electronic
features and ongoing photophysical properties, which include
in situ time-resolved spectroscopy such as time-resolved fluores-
cence/absorption spectroscopy (up to the femtosecond time scale),
electron paramagnetic resonance spectroscopy, and density
functional theory calculations. The rational understanding of
the mechanism may give information to design more efficient
and highly selective photocatalysts. Furthermore, the products
generated from the reduction of CO, over photocatalysts should
be identified by an isotopic labeling experiment with **CO.,.
Therefore, we should minimize the hydrocarbon conversion
under the process needed for CO, reduction. Besides, hydro-
carbons may be intact over the surface of the photocatalyst
during the reduction of CO,. For effective photocatalytic per-
formance, the following requirements are recommended for
the photocatalyst: (a) stability, (b) low-cost and large-scale
fabrication, (c) availability, (d) efficiency, (e) suitable bandgap,
(f) corrosion resistance, etc. In addition, the adsorption of CO,
molecules onto the photocatalyst is a significant factor and it
is considered as an initial step for the photocatalytic CO,
reduction process. Furthermore, the feasibility of the electron
transfer from the photocatalyst to the CO, molecules depends
on the interaction between the photocatalyst and CO, mole-
cules. The enhancement in the physical or chemical adsorption
of CO, onto the photocatalyst surface can improve the activa-
tion of CO,.">***” Hence, if more CO, molecules are adsorbed
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onto the surface of the photocatalyst, more electrons would
potentially reach and reduce the CO, molecules. Therefore, by
increasing the surface area of the photocatalyst we can improve
the active sites, resulting in a better CO, adsorption capacity,
which leads to enhanced photocatalytic performance. In this
connection, metal-organic frameworks (MOFs), a class of porous
crystalline materials, are formed by a network of metal ions linked
to the organic molecules through a metal-ligand coordination
bond, and have emerged as alternative photocatalysts.'*® The
three diverse components of the MOF including metal nodes,
organic linkers, and pores will help to modify the active sites,
bandgap, and feasible pathways to obtain different products.
Furthermore, the high surface area and porous architecture
further improve the CO, adsorption on the surface. Moreover,
the porous structure facilitates the diffusion channels for the
reactants and products.'>”**°

However, the main challenges regarding heavy metal-based
photocatalysts are toxicity, environmental unsustainability,
and high cost, which make their practical use questionable.
Consequently, it is essential to search for alternative photo-
catalytic materials that can overcome all the challenges and can
subsequently be used for hydrogen production by overall water
splitting and CO, reduction to value-added products. In this
context, carbon-based luminescent nanomaterials and their
hybrid systems, especially carbon nitride, luminescent carbon
dots/graphene quantum dots, soluble graphene oxide, and
their derivatives like graphdiyne and carbon nanotubes, etc.,
are the possible alternatives. These could be very efficient, more
robust, environmentally friendly, and low-cost alternatives.
Besides, they exhibit fascinating properties including high
specific surface area, visible light absorption, and excellent
charge carrier mobility. Generally, in semiconductor-graphene
hybrids, the extended conjugation of carbon in graphene sheets
facilitates better charge transportation on their surface, which
leads to efficient charge separation.'®®*®' However, the lack
of a bandgap in graphene sheets restricts their use as sole
photocatalysts. The introduction of defects into the lattice of
graphene sheets by doping with heteroatoms or oxidation
can transform conductive graphene into a semiconductor.
Furthermore, the bandgap can be tuned by systematic appro-
aches. However, obtaining photocatalysts with a higher dopant
concentration and robustness is still challenging. However,
these sp”> hybridized carbon materials including graphene,
graphene oxide, and carbon nanotubes do not solely act as
effective photocatalysts. Mostly these types of materials can be
used as photocatalysts with the help of co-catalysts or charge-
transporting materials.

In these connections, 0-dimensional carbon dots (CDs)/
graphene QDs are of particular interest as new generation alter-
native photocatalysts for solar fuel generation. The approaches
for the fabrication of this new class of materials are mostly
divided into two categories, i.e. top-down and bottom-up methods.
The top-down approach is mainly a typical exfoliation technique,
followed by cutting larger carbon structures into ultra-small dot
like structures with high crystallinity along with a few surface
defects by employing various physical approaches such as laser

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ablation, electrochemical etching, plasma treatment, and arc-
discharge methods.**®>™%* On the other hand, the bottom-up
synthesis approach refers to the building of dot like structures
with carbon cores along with various surface states, defects,
and functional groups from small molecule precursors. Based
on the availability of a diversity of precursors and synthesis
approaches, CDs/GQDs are endowed with widely variable
optoelectronic properties and performance parameters.'®>*
Besides, they show several advantages including high water
solubility, non-toxicity, facile preparation schemes, environ-
mental sustainability, tunable optical properties, and enhanced
photostability. Furthermore, CDs/GQDs consist of a hetero-
geneous distribution of aromatic domains (sp” hybridized
carbons) embedded in amorphous regions (sp® hybridized
carbons) along with various heteroatom functionalities, which
facilitate the generation of various discrete energy levels within
the CDs, resulting in unique photophysical, chemical, and
electronic properties.'®>16%1%51% Based on these intriguing
optoelectronic properties, CDs have become potentially signifi-
cant materials for photocatalytic applications. Nevertheless, the
practical applicabilities of these luminescent CDs as solely
photocatalysts (without co-catalyst) are still under debate due
to the lack of studies for the fundamental structure-property
correlation. Hence, further research is needed in this direction.
In our opinion, the intrinsic structural features at the atomic
scale level such as ratiometric proportions of aromatic and
amorphous domains, various bonding motifs of heteroatoms,
distribution of defect states, and atomic-scale vacancies can
critically control the overall photophysics of CDs/GQDs. However,
the photocatalytic efficiency of these materials is very limited
compared with traditional transition metal-based photocatalysts
mainly because of the lack of visible light absorption and compe-
titive recombination processes. Therefore, further research is
highly desirable particularly in this direction to improve the
photocatalytic efficiency. Usually, visible light absorption can
be improved through the following ways: (a) creating mid
bandgap states, (b) tuning defects as well as molecular and
atomic vacancies and (c) altering surface functionalities.>"%%"6%1¢
In addition, the photocatalytic efficiency can also be improved by
enhancing the charge separation followed by charge carrier
survival while competing with the other recombination pro-
cesses and finally charge carrier diffusion to surface or active
sites.>'®”1°® However, getting a clear picture of the funda-
mental photophysical and photochemical processes in CDs/
GQDs is extremely difficult because of the lack of the structure-
property correlation. A complex interplay between the various
states of CDs/GQDs such as aromatic/amorphous domains
along with surface states and atomic vacancies controls the
overall excitonic features and charge separation kinetics.'®®
In addition, tuning surface states such as -C—0O and -COOH
groups can induce up-ward band bending, resulting in effective
charge separation followed by enhanced activity. In addition to
this, the defined morphologies can also enhance the photo-
catalytic activity of CDs by improving the active sites and
effective surface area. Therefore, upon combining CDs/GQDs
with other carbon-based materials can further increase

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances
photocatalytic performance.'®>'® Moreover, making intrinsic
n-p dyad-like structures inside CDs/GQDs by incorporating
various hetero-atoms can increase visible light absorption and
effective charge separation, followed by efficient photocatalysis.
Therefore, further research is needed in this direction to attain
superior photocatalysts. A detailed theoretical understanding
using density functional theory (DFT) calculations is very much
essential for structural optimization and for unraveling the
atomic level surface chemistry of these materials. Therefore,
a lot of optimization is needed to utilize these materials solely
as photocatalysts. In recent years, use of computational appro-
aches has become an alternative strategy for prior screening
of photocatalysts for particular reactions, with parameters
including high efficiency, high selectivity, and cost guiding the
choice of elements. In particular, DFT-based first-principles cal-
culations are widely utilized to explore the properties of materials
and further understand the role of the different components
in the photocatalytic mechanism or overall reaction cycle.'®
The theoretical simulations provide the framework for under-
standing the catalysis of bulk materials to their atomic level.
Therefore, a fundamental understanding of crystal structures,
electronic structures, bandgap energies, carrier mobilities, and
reaction energy pathways could help in the fabrication of novel
and efficient photocatalytic materials in the future.
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