JOURNAL OF MULTIFUNCTIONAL MATERIALS & PHOTOSCIENCE
9(2), December 2018, pp. 241-282

Photocatalytic CO, Reduction with Graphene-semiconductor

Zambaga Otgonbayar, Won-Chun Oh" and Chang Sung Lim™

Department of Advanced Materials Science & Engineering, Hanseo University,
Chungnam 356-706, South Korea

Abstract: Photocatalytic CO, reduction to solar fuel production is of tremendous importance
as it has the potential for solving energy and global warming problems simultaneously. A
number of reports have already been published on several novel and efficient photocatalysts
for CO, reduction. Graphene, a two-dimensional material, owing to its large surface area, high
conductivity, ease of functionalization , superior chemical stability and low cost, has emerged
as an efficient photocatalyst for CO, reduction. Furthermore, graphene oxide or reduced
graphene oxide materials can be coupled with various semiconductors to form hybrid
nanocomposites, which can act as superior visible light active photoredox catalysts owing to
their enhanced quantum efficiency. Coupling of graphene with a semiconductor can provide
the photocatalyst with several advantages, including large surface area, abundant surface active
sites, enhanced adsorption capacity, and a high electron hole separation rate. This article
mainly focuses on the recent important advances in the application of graphene-based
photocatalysts for CO, reduction to solar fuels.
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1. Introduction

Fast growing scientific developments are providing abundant conveniences to human
society and instigating the profligate use of energy resources. It has been anticipated that
the world energy demands may rise by 28% by 2040 [1]. Currently, most of the energy
requirements are fulfilled by the combustion of fossil fuels such as coal, oil and natural
gas [2] and if this trend persists, available fossil fuels reservoirs could be depleted in
future [3]. Additionally, excessive combustion of fossil fuels is the main cause of global
warming and threatening the ecosystem due to increasing level of greenhouse gas, CO,. It
has been anticipated that CO, level could reach to 750 ppm from its normal value of 400
ppm (0.04%) and global temperature may rise by 10-15 °F [4,5]. Hence, development of
sustainable renewable energy resources is highly demanding to provide energy and
control the global warming. Owing to the depletion of fossil fuels and increasing emission
of CO,, the exploration of clean and renewable energy has received much attention.
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Photocatalytic CO, reduction is known as one of the most promising renewable energy
technologies for overcoming the aforementioned problems because of its ability to convert
CO, to valuable solar fuels such as CH,, HCO,H, CH,O, and CH,OH by utilizing solar
energy [6], [7], [8], [9], [10]. Since the break through work on the photocatalytic CO,
reduction by Inoue et al. [11], numerous reports have been published on the preparation
of highly efficient photocatalysts to meet the practical requirements of the photocatalytic
systems for CO, reduction [12], [13]. However, photocatalytic CO, reduction is still
limited by its low solar conversion efficiency because of the fast recombination of
photoinduced electrons and holes, slow charge consumption during reduction-oxidation
(REDOX) reaction and low light utilization [14], [15], [16]. To this end, the preparation
of highly efficient photocatalysts with slow electron-hole recombination, fast charge
consumption during REDOX reaction and good light utilization are the key challenges
to improve the photocatalytic CO, reduction performance.

Several techniques have been utilized for the reduction of CO, such as carbon
capturing and storage (CCS), electrochemical and thermochemical conversion, catalytic
conversion, photo electrochemical, biological fixation and photocatalytic reduction
[17,18]. The CCS is extensively researched techniques with remarkable efficiency but
environmental risk of leakage from geological storages, cost of compression and
transportation have constrained its wide applications [19]. Similarly, electrochemical
technique reduces CO, into value added chemicals using high power electrical energy,
however, lower efficiency and electrode stability limit the process efficiency [20]. Likewise,
the biological transformation of CO, into useful products bymicroalgae suffers from the
limitations of production and regeneration of enzymes [21]. In addition, thermal and
catalytic conversion of CO, into methane (CH,) and carbon monoxide (CO) using
transition metals catalysts is an efficient method for practical applications. Nevertheless,
due to high temperature, pressure and exothermic reactions, capital and operational
cost of process is high [22]. Photocatalytic technique, artificial photosynthesis, is the
conversion of CO, and water into solar fuels like CH,, CO, methanol (CH,OH), formic
acid (HCOOH) and formaldehyde (HCHO) under solar light irradiations. Among them,
photocatalytic CO, reduction is the best process due to economical reactant (water),
abundantly available solar energy, no toxic product or residue, and zero carbon emission
[23]. Therefore, solar fuel generation from CO, through artificial photosynthesis process
seems to be the most economical and eco-friendly approach for sustainable development.
Since first report by Inove and Fujishima et al. [24], intense efforts have been done to
enhance the efficiency of photocatalytic CO, reduction. Various photocatalysts including
zinc oxide (ZnO) [25], tungsten oxide (WO,) [26], gallium phosphide (GaP) [27], gallium
oxide (Ga,Q,) [28], zirconium oxide (ZrO,) [29], zinc sulfide (ZnS) [30], cadmium sulfide
(CdS) [31], bismuth sulfide (Bi,S,) [32], lead selenide (PbSe) [33], graphitic carbon nitride
(g-C,N,) [34] and titanium dioxide (TiO,) [35] have been employed for photocatalytic
degradation of CO,. Among all, TiO, is broadly studied photocatalyst due to its unique
properties, high chemical stability, availability and non-toxicity. Nevertheless, TiO, shows
good activity under UV light irradiations and suffers from surface charge recombination
problem [[36], [37], [38]]. Several strategies have been employed to enhance the
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performance of TiO,-based photocatalysts such as surface modifications, heterojunction,
doping with metals and non-metals, surface plasmons, morphologies, and other
techniques to enhance the uptake of CO, [[39], [40], [41], [42], [43]]. Besides limitations
of photocatalyst, fundamentals aspects such as reaction mechanism, selectivity of solar
products, mass transfer and thermodynamics of photocatalytic CO, reduction are not
well established. The objective of this study is to summarize the current progress on
TiO,-based photocatalytic CO, reduction system. Fundamentals aspects such as
thermodynamics, mass transfer, selectivity and reaction mechanism of CO, reduction
are critically deliberated and illustrated with examples from other research studies. In
the main stream, various strategies that have been reported to overcome the problems
of TiO,-based photocatalysts like photosensitizations, doping with metals and non-
metals, heterojunctions, surface plasmons, novel architectures, functionalized surfaces,
and state of the art morphologies have been analyzed and elaborated. Great emphasis
has been devoted to the graphene modified TiO,composites due to peculiar features of
graphene. Particularly, role of the graphene as a supporting material, electron acceptor,
electron mediator in Z-scheme structures, surface plasmons of graphene, bandgap
reduction, high surface area and delocalized m-conjugated electronic structure have
been discussed and illustrated in detail.

2. Synthesis of Graphene materials

Graphene is a suitable candidate to anchor on the surface of semiconductor materials
and promote the charge transfer mechanism. The discovery of graphene by Andre Geim
and Konstantin Novoselov in 2004 has motivated the scientific community to explore
extensively the potential applications of this material [44]. Graphene is commonly referred
as a two dimensional (2D) sheet-like material with sp? hybridized carbon atoms configured
in a hexagonal or honeycomb-like structure and its thickness is equivalent to an atom
diameter [45]. Furthermore, graphene is made up of pure carbon whereby each carbon
atom is covalently bonded together in the same planar and the monolayer graphene sheets
are linked by van der Waals forces. Along with its derivatives, particularly graphene
oxide (GO) and reduced graphene oxide (rGO), graphene materials have been studied in
various fields due to the presence of aromatic ring, free n-r electron and reactive functional
groups. A number of comprehensive reviews have documented the remarkable
performance of graphene materials [46], [47], [48], [49]. For instance, Zhao et al. [50]
developed an S-doped graphene sponge for the removal of Cu?** with a high adsorption
capacity of 228 mg/g which was 40 times greater than activated carbon. Mechanical
properties enhancement by graphene material has been proven in Yang’s work [51].

The number of graphene related research articles and patents has increased rapidly in
the past 5 years suggesting the blooming era of graphene and the statistics are expected to
increase in the upcoming years [52], [53]. At present, the graphene synthesis methods can
be classified into two groups, namely top-down method and bottom-up method. The top-
down approach involves the structural breakdown of precursor such as graphite followed
by the interlayer separation to produce graphene sheets. Some examples of this method
include mechanical exfoliation, oxidation-reduction of GO, liquid phase exfoliation and
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arc discharge. Meanwhile, the bottom-up technique such as chemical vapor deposition,
epitaxial growth and total organic synthesis utilize carbon source gas to synthesize
graphene on a substrate. Graphene has emerged as one of the most interesting carbon
nanomaterials since its successful isolation from graphite in 2004 [54]. Hence, GO is a
compound structurally rich in carbon, hydrogen and oxygen. Since there are different
methods to synthesize GO, its non-stoichiometric structure and composition are highly
dependent on the production step [55]. Therefore, several structures of GO have been
proposed, namely the Hofmann, Ruess, Scholz-Boehm, Nakajima-Matsuo, Lerf-Klinowski

Figure 1: (b), Ruess (c), Scholz-Boehm (d), Nakajima-Matsuo (e), Lerf-Klinowski (f) and Szabo (g) models
[57].

and Szabo models [56] as illustrated in Fig. 1(b)-(g).

The synthesis of graphene can be performed by two main approaches: top-down
(destruction) and bottom-up (construction) methods [58], [59] . The top-down methods
such as mechanical exfoliation [60], arc discharge [61], oxidative exfoliation-reduction
[62], [63], liquid-phase exfoliation (LPE) [64], [65] and unzipping of CNT [66], [67] usually
isolate and delaminate the layers of graphite into single-, bi- and few-layer graphene.
These methods destroy larger precursors such as graphite and other carbon-based
precursors to form nano-sized graphene. The bottom-up methods include chemical vapor
deposition (CVD) [68], [69], epitaxial growth [70], [71], substrate-free gas-phase synthesis
(SFGP) [72], template route [73] and total organic synthesis [74]. Even though the bottom-
up methods produce graphene products with almost defect-free and large surface area,
they often involve high production cost and sophisticated operational setup.
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2.1.  Mechanical exfoliation

One of the recent studies on the normal force synthesis route is the peeling of graphite
using advanced machinery of ultra-sharp single crystal diamond wedge [75]. This method
eliminates the need for manual operation, and saves time and labor cost. Another method
uses a three-roll mill machine, an established technique in rubber industry, to produce
graphene of 1.13-1.41/ nm [76], [77].

2.2. Oxidative exfoliation-reduction

Most GO are synthesized by oxidative exfoliation of graphite followed by reduction to
graphene sheets or rGO. There are four main routes for GO synthesis which include those
of Brodie, Staudenmaier, Hofmann and Hummers. Fig. 2 shows the reaction pathways of
these methods which occur at temperatures below 100°C [78], [79]. The relatively low
synthesis temperature is desirable to maintain low production cost. However, toxic gases
such as nitrogen dioxide (NO,) and di-nitrogen tetroxide (N,O,) are generated by these
methods [80], [81]. Currently, the Hummers method is widely used for synthesis of GO as
it is a comparatively fast and safe process. Moreover, it does not generate explosive gases
such as chlorine dioxide (ClO,) and acidic fog with the use of potassium permanganate
(KMnO,) and sodium nitrate (NaNO,) instead of potassium perchlorate (KCIO,) and nitric
acid (HNQO,) [82]. Over the years, modification of the Hummers method has introduced a
greener approach to producing GO [83]. For instance, the improved Hummers method
has eliminated the use of NaNO, to synthesize GO, thereby decreasing the production
cost and environmental protection cost [84].

1859 1898
Brodie Staudenmaier
Method Method

Graphite + KCIO; | | Graphite |
Oxidation  TINO :
at 60 °C for = COOlfd down |+ H,S0,/
3 to 4 days to 0°C ;’::nr;’i;g)

h.

v |
Graphite oxide |

Suspension

Oxidation at | + KCIO,
RT for 3to 4 | (slowly at 0 °C)
days

4 cycles of | + H,0
oxidation

0CesSs
proce L

| Graphite oxide

‘ Graphite oxide (frec of acid | + H;0
and salt) + HCI (remove
804)
Dried in Exfoliation
vacuo, then Graphite oxide (free of acid
at 100 °C and salt)
f Dried in Exfoliation
GO | vacuo

| Go |

Figure 2: Graphite oxidation route schemes [85], [86].
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2.3.  Chemical vapor deposition (CVD)

CVD decomposes hydrocarbon gases (such as methane (CH,), acetylene (C,H,), ethylene
(C,H,) and hexane (C .H,,)) and other biomass materials to grow graphene sheet on metallic
catalysts (such as Cu and Ni films) at elevated temperatures (650-1000°C) [87], [88]. CVD
can produce high quality graphene with low defects, highly interconnected structure and
large surface area [89]. Many researchers have focused on optimizing the synthesis
conditions at lower temperature and ambient pressure, without compromising the quality
of graphene [90], [91]. For instance, Kalita et al. [92] were able to synthesize graphene
coating at 450°C using surface wave plasma enhanced CVD (PECVD). This procedure
significantly lowered the growth temperature and deposition time (< 5 min) which
subsequently enhanced the overall synthesis and scalability of the process [93]. The setup
of conventional CVD can be modified into PECVD.

2.4. Epitaxial growth

Graphene can also be prepared by thermal decomposition (1200-1600°C) of hexagonal
substrate (silicon carbide (SiC)) under vacuum or inert condition [94]. High temperature
treatment causes silicon (Si) to sublimate (Si melting point/ =/ 1100°C), leaving excessive
C atoms to aggregate and form an sp? hybridized network which induce graphene growth
[95]. This process is known as epitaxial growth of graphene on SiC [96], [97]. Based on
current synthesis condition, epitaxial growth of graphene would be expensive due to the
energy intensive process and limited size of commercial SiC substrate [98]. Furthermore,
the epitaxial growth can produce different polar faces such as Si-face or C-face which
hinder the graphene product quality [99], [100]. Si-face graphene formation is preferred
as it ensures homogeneous growth of graphene [101]. Using this method, the number of
layers of graphene which depends on heating temperature can be easily modulated [102].
So far, this synthesis method is still under review as data on the growth mechanisms and
interaction between graphene and the substrate is still scarce [103].

3. Synthesis of Graphene - semiconductor

Combining semiconductors and carbon to form composite materials is expected to
environmental pollution to a certain extent, so these photocatalytic materials are worth
exploring. Carbon materials including graphite, carbon black, activated carbon, carbon
fibers, carbon nanotubes (CNTs), and fullerenes [104,105] have been combined with
semiconductors. Graphene is another type of carbon material, and is composed of a single
layer of sp2 bonded carbon atoms, as shown in the scanning electron microscope (SEM)
image and schematic diagram in Fig. 3.

The basic construction unit of Graphene is the stable benzene ring with a monolayer
thickness of 0.35 nm [106]. Graphene is the basic unit in numerous carbon materials
including graphite, carbon nanotubes, and fullerenes [107-109]. Compared with carbon
nanotubes and fullerenes, graphene has higher conductivity and chemical stability, and
improved mechanical properties. Furthermore, the unique two dimensional planar
structure and high specific surface of GR mean that it shows great potential as a carrier
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Figure 3: SEM image and schematic diagram of the atomic structure of Grapheme (GR)

and multifunctional material for transferring electrons and holes. Semiconductor/graphene
composite photocatalysts have been a hot topic of research in recent years. A number of
methods do exist allowing for the GR-semiconductors composites with diverse morphology,
size, dimensionality and interfacial domains [110], all affecting the efficiency of the
photocatalytic processes. However, all the synthetic techniques producing GR conjugated
composites can be categorized into: in-situ crystallization and ex-situ hybridization [111].

3.1. In-situ method

In-situ crystallization, this is the most common method. In-situ methods including sol-gel
method, hydrothermal/solvothermal treatment, and microwave-assisted deposition have
been exploited to fabricate GR based composites through a one-step growth or by a multi-
step reaction procedure. In this method based on a the direct and homogenous growth of
nanomaterials (such as nanoparticles, nanowires, nanorods, nanotubes or nanofilms) on
the surface of a GR precursor, mainly GO or RGO [112]. In-situ crystallization is based
on mixing GO or RGO and the soluble precursors of the inorganic semiconductors in a
solvent, following a chemical, thermal, optical or ultrasonic treatment of the mixture to
finally anchor the inorganic catalysts on the surface of GR. The oxygen sites of GO act
as nucleation points for the adjustment of size, morphology and crystallinity of the
nanoparticles and enable the efficient interfacial contact of nanomaterials on GO/RGO
surface to improve the efficiency of electron transfer.

3.1.1. Sol-gel method

A wet chemical approach, is based on phase transition from a precursor, a colloidal
liquid, into a solid gel through a series of hydrolysis and polycondensation reactions. Its
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key advantage is the effective anchoring of the catalyst at the OH groups of GO/RGO
by chemical bonding. The precursors used in the preparation of GR-semiconductor
composites are mostly metal alkoxides, metal chlorides, and organometallic compounds.
As an example, in the fabrication of TiO,-RGO or GO composite photocatalysts via a
sol-gel method, the precursors used were titanium tetra-isopropoxide (TTIP) [113], [114],
[115], titanium butoxide (TBOT) [116], [117], [118], [119], [120], and titanium
tetrachloride (TiCl,) [121], which resulted in different structures of TiO, depending on
the experimental conditions applied. From TTIP the following steps produced a composite
catalyst:

GO,H, +(CH(CH,), 0), Ti —=<200manel 4 (CH(CH,), - 0),Ti - O} (1)

{CH(CH,), - 0), Ti - O} - G 22 C2hmtdined_ (T30, )~ G +CO, (2)

Final drying and annealing at temperatures typically above 300 °C resulted in
semiconductor photocatalysts, whose crystallinity and photocatalytic activity were strongly
affected by the final heat treatment. Studies on the structural integrity of GR-inorganic
semiconductor composites have been conducted by Chun et al. [122], who found out that
a high temperature up to 400 °C in the final treatment enhances the photocatalytic activity
of TiO,-3% (w/w) GO without significantly affecting its structural features.

3.1.2. Hydrothermal/solvothermal method

In this method widely used for the fabrication of composite photocatalysts, based on
crystallization of catalysts on GO sheets with the simultaneous reduction of GO at high
temperature and pressure. It can take place with or without reductants starting from an
aqueous/alcoholic solution [123], [124], [125], [126]. Sher Shah et al. [127] synthesized Ag-
TiO,-RGO, a ternary nanocomposite photocatalyst, by dispersing TTIP in N,N dimethy]
formamide (DMF) and ethylene glycol (EG) containing silver nitrate and RGO to reduce
silver nitrate to silver and mitigate the agglomeration of RGO nanosheets upon treatment
at 200 °C for 18 h, as illustrated in Fig. 4. The resulting Ag and TiO, nanoparticles were
evenly distributed on RGO sheets without agglomeration of RGO. During the fabrication
of GR-semiconductor photocatalysts, Liu et al. [128] targeted different exposed facets of
TiO,, namely {101}, {100}, and {001}, to be grown on GR through a hydrothermal reaction
by capping anions at 180 °C for 24 h. After a through structural and physicochemical
analysis, they reported that directionality on the facet growth also affected the
photocatalytic activity by changing the bonding structure of GR and TiO,, and thus the
interfacial charge transfer rates.

3.1.3. Microwave-assisted synthesis

In this method is a fast and low temperature method of producing GR-inorganic
semiconductors composites compared to other in situ procedures. This technique enables
to induce nucleation and growth of small and homogenous particles on GR [129]. UV
microwave-assisted technique was used during the fabrication of OH-TiO,/RGO by UV
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Figure 4: Fabrication of Ag-TiO,-RGO ternary nanocomposite photocatalyst

irradiation of their precursors, i.e. TBOT and GO, and treating them through microwaves
[130]. The results indicated that surface hydroxylation on RGO/ TiO, catalyst enabled
extension of visible light absorption up to about 600 nm with a color shift to yellow, at
the same time reducing crystal sizes, inducing surface defects such as Ti** states and
oxygen vacancies, thereby enhancing charge transfer with a lower recombination rate.
All reviewed studies on in situ synthesis suggest that GO is the most used precursor of
GR because of its high degree of hydrophilic functional groups that allows for water
process ability.

3.2.  Ex-situ hybridization

Ex-situ hybridization, such as a ex-situ method is based on mixing nanomaterials with a
defined structure and composition with GR precursors, aiming to anchor the inorganic
particles to oxygen moieties existing at the surface of GO or RGO via covalent or
noncovalent interaction [131]. For instance, coating GO sheets on a Nb-doped TiO,
(TNO) thin film resulted in a transparent conducting oxide (TCO) layer fabricated by a
self-assembly technique, and being indium free, low cost and enhancing charge transport.
According to the photocatalytic activity measurement, GO on TNO films exhibit an
improved photocatalytic efficiency on degradation of methylene blue (MB) [132].

3.2.1. Self-assembly technique
In self-assembly technique, the distribution of nanomaterial on GR is random. For this
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reason, to maximize unique properties of GR, the surface modification of either GR or
the inorganic semiconductors is necessary to improve their ability to process solvent,
and to increase the spatial interaction between GR and the catalysts [133]. Xiao et al.
[134] constructed 2% RGO/ SiO, hollow microsphere composites via ultrasound-assisted
interfacial self-assembling of negatively charged GO sheets on positively charged SiO,
modified with poly-(diallyldimethylammonium) chloride (PDDA). Sonication enabled
the composite to disperse in the aqueous solution thus preventing aggregation. The
following solvothermal treatment resulted in a further reduction of GO and better
interfacial contact between SiO, and RGO. Another approach involves the aerosol assisted
self-assembly method, which is simple, low cost and easy to scale up, allowing to achieve
a charge transfer between TiO, and RGO sheets and to foster interfacial contact between
TiO, and RGO compared to the electrostatic assembly approach [135]. From the perspective
of synthesizing composites with robust interfacial contact between inorganic catalysts
and GR, the ex-situ synthesis method is often less efficient than in-situ. The stronger
interfacial interactions can be attributed to the generation of chemical bonds which tends
to foster the effective separation of electron-hole pairs with an efficient electron transfer
and the narrowing of optical band gaps. Conversely, we want to highlight that the
advantage of ex-situ method is to the control of the morphology of the materials into
ordered and monodisperse structures by pre-selection of semiconductors with desirable
morphology. In the course of ex-situ preparations, the shape, size and morphology of the
used semiconductors in the composites are nearly the same as the initial ones. A fair
comparison of the photoactivity of the composites with respect to inorganic semiconductors
is then feasible, without any concern on the morphological structure influence.

4. Dimensionality of composites

Besides doping/co-doping techniques to modulate the carrier separation and transfer of
GR-semiconductor, several studies indicated that the photocatalytic performance of GR-
semiconductor composites are also improved by tuning surface area, mass transfer kinetics
and local assembly environment, since these parameters have a synergistic effect on the
whole photocatalytic reactions. Zero-dimensional (0D), nanoribbons, nanotubes,
nanowires and nanorods, belonging to the one-dimensional (1D) category, single-atom
thick material like sheets being two-dimensional (2D) and, finally, nanospheres and
nanocones, which are among the 3D morphologies. Dimensionality can explain the
atomic assembly of the materials and also affect their properties to a significant degree.
The same component can exhibit a very different photocatalytic activity when existing
in different shapes, due to a different charge mobility and reduced recombination
resulting in a prolonged charge life and shorter transfer paths.

4.1. Two-dimensional structures

The dimensionality of each component of a composite and the increased interfacial
contact area are able to enhance the electron transfer thus result in a better photocatalytic
activity. Coupling of lower dimensional structures and GR such as in 0D/2D, 1D/2D
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and 2D /2D hetero structures, is an effective way for boosting the global photocatalytic
performance [89].

In 0D/2D and 1D/2D composites, nanoparticles, nanorods, nanowires or nanotubes
have been coupled with GR through in-situ growth methods or ex-situ assembly.
However, 2D /2D hetero structures have better interfacial contact areas due to the more
efficient face-to-face contact, which enhances the photocatalytic performance by
increasing the electron transfer and separation of photogenerated electron-hole pair
compared to 0D/2D, where inorganic semiconductors are dispersed on 2D GR sheets,
either homogeneously or wrapped inside nanosheets, and also compared to 1D/2D
configurations, where a line-to-line interaction occurs as shown in Fig. 5 [136]. A 2D/
2D arrangement has been described for instance by Luan et al. [137], who indicated that

(a) 0D/2D

(b

(c

1D/2D

= |
> |
o 4
Pe—

Figure 5: GR based composites with different dimensionality and interfacial contacts

the usage of 2D TiO, nanosheets in the fabrication of GR-modified semiconductor catalysts
has advantages, serving as a hosting material to load guest functional nanomaterials,
providing a large interaction area between catalyst and organic pollutant.

4.2, Three-dimensional structure

GR, with its unique 2D structure, can be used as the building block for the self-assembly
of 3D functional materials. Due to the strong interaction among GR sheets, it is hard to
dissolve GR in most solvents. However, in a gel medium, it can be well dispersed thanks
to the covalent n-n stacking interactions with a gelator peptide [138]. Moreover, when
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synthesized by Hummer method, GO is soluble in water yielding a homogenous liquid
which is beneficial for the 3D self-assembly procedures, producing organo-gels, aerogels,
and hydrogels. The 3D structures obtained, for instance, in porous films, aerogels, and
scaffolds, allow GR to enhance specific surface area, charge carrier transfer and
conductivity, and to inhibit aggregation, by means of combination of 3D porous structure
and the peculiar properties of GR, namely high surface area, high conductivity and
electron mobility. Among the several 3D structures of GR which have been reported,
GR hydrogels/aerogels have attracted widespread attention due to (i) the porous
structure providing an ideal support to fabricate photocatalytic semiconductors, (ii) the
shapes, volumes and densities adaptability, allowing for high adsorption ability, and
(iii) the affordable and convenient recycling of the photocatalysts due to the prompt
separation from the reaction media. As an example, a study focused on construction of
3D porous aerogel constituted by GR sheets and Bi,WO, nanosheets, indicated that the
bi-component photocatalyst achieved higher degradation of rhodamine B(RhB)
compared to bare Bi,WO,, due to a 60% higher specific surface area and higher adsorption
of RhB compared to bare Bi, WO, sheets [93]. GO/polymer hybrid microspheres were
fabricated by getting 2D GO sheets wrapped on the surface of polymer microspheres
and assembled into 3D structures [94]. The wrinkled surface of the photocatalyst
increased the specific surface area and allowed the particles to grow on 3D structures
by providing effective sites [139]. The photocatalytic activity of TiO,/RGO/polymer
composites on the degradation of RhB under visible light was about 96% in 30 min,
much better compared to TiO, Degussa P25, owing to the good crystallinity and the
small size of anatase TiO, particles, the unique electrical conductivity of GR, and the
interactions between TiO, and RGO in this complex composite.

5. Semiconductor

A semiconductor is a substance, usually a solid chemical element or compound, that
can conduct electricity under some conditions but not others, making it a good medium
for the control of electrical current. Its conductance varies depending on the current or
voltage applied to a control electrode, or on the intensity of irradiation by infra-red (IR),
visible light, ultraviolet (UV), or X rays.

Semiconductors are typically:

- Stoichiometric: elemental, binary, tertiary, quaternary,

- Crystalline - small band gap materials Q semiconducting
- Covalently bonded (mainly)

The specific properties of a semiconductor depend on the impurities, or dopants,
added to it. Properties of semiconductor:

1. Variable electrical conductivity: Semiconductors in their natural state are poor
conductors because a current requires the flow of electrons, and semiconductors have
their valence bands filled, preventing the entry flow of new electrons. There are several
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developed techniques that allow semiconducting materials to behave like conducting
materials, such as doping or gating. These modifications have two outcomes: n-type
and p-type. These refer to the excess or shortage of electrons, respectively. An
unbalanced number of electrons would cause a current to flow through the material
[146].

2. Heterojunctions: Heterojunctions occur when two differently doped semiconducting
materials are joined together. For example, a configuration could consist of p-doped
and n-doped germanium. This results in an exchange of electrons and holes between
the differently doped semiconducting materials. The n-doped germanium would have
an excess of electrons, and the p-doped germanium would have an excess of holes.
The transfer occurs until equilibrium is reached by a process called recombination,
which causes the migrating electrons from the n-type to come in contact with the
migrating holes from the p-type. A product of this process is charged ions, which
result in an electric field.

3. Excited electrons: A difference in electric potential on a semiconducting material would
cause it to leave thermal equilibrium and create a non-equilibrium situation. This
introduces electrons and holes to the system, which interact via a process called
ambipolar diffusion. Whenever thermal equilibrium is disturbed in a semiconducting
material, the number of holes and electrons changes. Such disruptions can occur as a
result of a temperature difference or photons, which can enter the system and create
electrons and holes. The process that creates and annihilates electrons and holes are
called generation and recombination.

In a semiconductor, current can be carried out by the flow of electrons or by the flow
of positively charged holes in the electron structure of the material. Depending on this
semiconductors are classified into two categories:

1. Intrinsic Semiconductors: An intrinsic semiconductor is made up of a very pure
semiconductor material i.e. it is the one where the number of holes is equal to the
number of electrons in the conduction band

2. Extrinsic semiconductors: Extrinsic semiconductors are those where a small
amount of impurity has been added to the basic intrinsic material. The phenomenon
of adding an impurity to the material is known as doping.

On the basis of this extrinsic semiconductors are of two types:

i. P type semiconductor material: In this type of semiconductor carries current
predominantly as electron deficiencies called holes. A hole has a positive electric
charge, equal and opposite to the charge on an electron. In a semiconductor
material, the flow of holes occurs in a direction opposite to the flow of electrons.
Add a trivalent impurity such as boron, aluminium, gallium etc to an intrinsic
semiconductor creates deficiencies of valence electrons called holes.

ii. N type semiconductor material: In this type of semiconductor carries current
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mainly in the form of negatively-charged electrons, in a manner similar to the
conduction of current in a wire. Add pentavalent impurities such as antimony,
phosphorus and arsenic contribute free electrons, greatly increasing the
conductivity of the intrinsic semiconductor.

And, all semiconductor has a 2 kind while in the characteristic and precursor.

5.1. Organic semiconductor

The field of organic electronic is an active emerging technology with immense promise
for innovative, convenient and high-performance electronics [147]. In the late 1970s three
researchers found types of plastics capable of being modified to enable them as conducting
metal. Conventional plastics are electrical insulators, but the discovery found they also
can conduct electricity. It has opened a new era of plastics science and technology to be
employed in organic semiconductors. Organic materials combine novel semiconducting
electronic properties with the scope for easy shaping and manufacture of plastics. There
is a nearly infinite variety of these organic materials and their properties can be tuned by
changing their chemical structure, making them very versatile.

Because of the remarkable properties of these organic materials, they can be used to
make a wide range of semiconducting electronic devices, such as transistors, light-emitting
diodes, solar cells and even lasers. Organic semiconductor can provide us flat and flexible
electronics, and light -emission from these materials is particularly promising- when a
voltage is applied to a thin film of a semiconducting polymer to give out light. And it is
possible to deposit semiconducting polymers to greatly simplify the manufacturing
process, increase flexibility, and reduce cost. Organic semiconductors are proposed to
provide potential solutions. Those advantages are resulted from the great characteristics
of organic materials: easy shaping and manufacturing, infinite variety and tunable
properties by changing the chemical structure.

5.1.1. Material

Organic materials are based on conjugated (class of carbon-based materials) organic small
molecules and polymers. In the last decade, organic materials were used to produce plenty
of products of devices, because they are large-area, low-cost, plastic substrates. Carbon-
based materials have been widely used in the various applications such as batteries [148],
[149], supercapacitors [150], [151], [152], fuel cells [153], [154] and photocatalysts [155],
[156] due to their low cost and eco-friendliness. Since the successful isolation of 2D single
layer of carbon atoms (viz. graphene) in 2004 by Geim and Novoselov [157], graphene has
undoubtedly turned out to be one of the most important carbon-based materials due to its
fascinating structural, optical and electronic properties [158], [159], [160]. Compared with
their widely known inorganic counterparts (mainly silicon, germanium, and metal oxide
semiconductors), organic semiconductors offer some intrinsic advantages. Organic
semiconductors offer several advantages because of their easy processing, good
compatibility with a wide variety of substrates including flexible plastics and opportunities
of modifying the structure of organic semiconductor. Also thin films of organic
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semiconductors are mechanically robust and flexible and possible to get flexible
electronics. The main advantage of organic semiconductor is assembled to a fully flexible
insulating film without any substrate. Since the first report on the application of graphene
in photocatalytic CO, reduction by Liang et al. [161], graphene has been often used in
photocatalytic CO, reduction processes [162], [163]. Owing to its ultra-thin 2D layered
structure, graphene features unique properties such as superior electronic conductivity,
large specific surface area and high chemical stability, which are essential for enhancing
photocatalytic CO, reduction performance. Therefore, graphene-based materials are
the promising materials for photocatalytic CO, reduction.

5.1.2. Structure and properties

The structure of organic semiconductor devices is manufactured by an organic
semiconductor uniform and high carrier transport property over a relatively large area.
Modern chemistry enables the synthesis of complex molecules, such as carbon, hydrogen,
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Figure 6: Structure of the Organic semiconductor transistor

oxygen, and nitrogen atoms. They can be linked together with strong covalent bonds
where two neighboring atoms each as addiction. F or non-covalent interactions, they can
be built to complex super molecular structures. They can approach nanotechnology; their
interactions allow the materials to be tunable and mechanical properties. The structure of
the Organic semiconductor transistor is shown in Fig. 6.

Carbon can form four bonds with neighboring carbon atoms or other atoms. Such
as methane (CH4), four valence electrons occupy four sp3 in and can form four covalent
bonds. When two adjacent carbon atoms come together, a band is formed between two
electrons. The contribution of change has been observed in the crystal structure with
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temperature to the variation of carrier mobility with temperature. With the temperature
increasing, there will be slight increase in electron mobility along the crystal direction.
Since the changes in crystal lattice dimensions of anthraquinone at various temperatures
are small, the electronic band structure of organic compounds may be highly structure-
sensitive.

5.1.3. Classification

Organic semiconductors can be widely classified into two groups on the basis of their
molecular weight: conjugated polycyclic compounds of molecular weight less than 1000,
and heterocyclic polymers with molecular weight greater than 1000. Due to the ease with
which they form thin films with large surface area, polymers are very useful materials for
semiconductors. Small-molecule organic semiconductors may further be classified as linear,
two-dimensional fused ring compounds, and heterocyclic oligomers. It is more facile
control of charge transport by modifying various molecular parameters. Organic
semiconductors are an important class of functional materials. Numerous molecular and
polymeric organic semiconductors have been developed for their great potentials in next
generation flexible and printed electronics.

5.2.  Inorganic semiconductor

Inorganic semiconductors, unlike their organic counterparts, are characterized by a
relatively small exciton (e-h*) binding energy such that a distinction between the optical
bandgap and electronic (or “transport”) bandgap, is redundant. On the other hand, the
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Figure 7: Energy band diagram of the inorganic semiconductor showing the valence band E,, conduction
band E, energy bandgap E_, and Fermi energy E,
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distinction between direct vs. indirect bandgaps is very relevant to the present discussion.
A semiconductor made from a noncarbon based material such as silicon, gallium or
arsenide. Inorganic semiconductors are used in all logic and memory chips. In inorganic
semiconductors charge transport can easily take place as a result of the strong covalent
bonding between atoms in the lattice, which leads to a delocalization of the electronic
states, Fig. 7. The fundamental difference between inorganic and organic semiconductors
is in the charge transport mechanism. In the former case electrons moving in wide
bands as delocalized plane waves are subjected to very limited scattering, and hence,
feature relatively high mobility (e.g. ~1.5 x10° cm2V-1s-1 in Si at room temperature). In
the case of organic semiconductors, the charge transport is based on carriers hopping
between localized states associated with organic molecules. In the process electrons
undergo significant scattering which results in very low electron mobility in organic
semiconductors (~1-3 cm2V-1s-1). Both solids and both change their electrical properties
once modified by doping or photo excitation. While organic semiconductors are
“insulator-like” substances with typical band gap of 2.5-4 eV the inorganic have band
gap of 1-2 eV and more similar to high resistance materials. Additional difference is in
the building blocks. Organic are Carbon and Hydrogen based, pi bonded solids while
inorganic are mostly coming from group 14 (pure) or from 13/15, 12/16 group (binary).

6. Bandgap

Band gap, in solid-state physics, a range of energy levels within a given crystal that are
impossible for an electron to possess. In graphs of the electronic band structure of solids,
the band gap generally refers to the energy difference (in electron volts) between the top
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Figure 8: Semiconductor band structure
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of the valence band and the bottom of the conduction band in insulators and
semiconductors.

Valence band is completely full and the conduction band is completely empty, then
electrons cannot move in the solid; however, if some electrons transfer from the valence
to the conduction band, then current can flow (Fig. 8). Therefore, the band gap is a major
factor determining the electrical conductivity of a solid. Substances with large band
gaps are generally insulators, those with smaller band gaps are semiconductors, while
conductors either have very small band gaps or none, because the valence and conduction
bands overlap.

In semiconductor physics, the band gap of a semiconductor is of two types, a direct
band gap or an indirect band gap. The minimal-energy state in the conduction band and
the maximal-energy state in the valence band are each characterized by a certain crystal
momentum (k-vector) in the Brillouin zone. If the valence band maximum and the
conduction band minimum have the same crystal momentum (k-vector) in the Brillouin
zone, then the resultant optical transition is termed a “direct” transition [164]. On the
other hand, an indirect bandgap material would have to have phonon coupling for the
optical transition to occur. For example, the 1.1 eV bandgap in single-crystal Si is indirect.
It is indeed possible, for a given material, to possess both direct and indirect optical
bandgaps [see below]. We note here that the nature of the transition (direct/indirect)
(Fig. 9) has important implications on the photon-to-chemical conversion efficiency in
both the PEC and PC scenarios, via dictating charge carrier lifetime and thus the
recombination rate. Examples of direct bandgap material include some III-V materials
such as InAs, GaAs. Indirect bandgap materials include Si, Ge. Some III-V materials are
indirect bandgap as well, for example AlSb.

The optical energy bandgap, E, is a fundamental property of the inorganic
semiconductor in a photo electrochemical (PEC) cell [165], [166], [167] for solar fuels
generation. It dictates the amount of photon energy absorbed by the semiconductor from
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Figure 9: Indirect and direct bandgap
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Table 1
Semiconductor
Catalyst types Composition Excitation method Application
Semiconductor Metal oxide, metal Direct/indirect Water splitting [140,141],
sulfide, metal nitride, electron CO, reduction [142],
metal-free transition N, reduction [143,144], waste
semiconductors treatment [145]
Table 2
Characteristic of oxide semiconductor
Semiconductor Structure Optical bandgap Comments
type (Eg) range (eV)a
Binary
TiO, Anatase 3.0-3.5 Value depends on polymorph, ~0.2 eV
higher for the anatase phase than for rutile.
ZnO Wurtzite 3.2-34 -
WO, Monoclinic 2.5-29 -
Cu,0 Cuprite 2.0-2.2 Very negative conduction band edge.
Ternary
SrTiO, Perovskite 3.2-3.8 Historically, one of the earliest ternary
compounds studied for PEC applications.
BiVO, Scheelite 2.2-2.6 -
Bi,Ti,0O, Pyrochlore 2.6-3.2 Other bismuth titanates also known;
see Ref. [171].
ZnFe,0O, Spinel 1.7-4.8 -
CuFe,O, Spinel 1.4-3.1 -
PbMoO, Wolfenite 1.7-4.1 -
CuBi O, Kusachite 1.4-1.8 -
ZnNb,O, Columbite 3.6-4.1 -
ZnWO, Sanmartinite 3.1-44 -
CuWO, Wolframite 1.872.8 -
4.5-
4.0
3.5
% L) zso e SrTio,
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Figure 10: Variability of reported bandgap (E,) values in the literature for the 14 oxide semiconductors
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the excitation source (the Sun), and hence the ultimate photon-to-fuel conversion
efficiency that can be achieved. During our ongoing, collaborative efforts to screen new
generations of oxide semiconductor candidates for solar fuels generation [168], [169],
[170], wide variations were noted in the reported bandgap values in the literature for a
given semiconductor, especially for ternary oxides. Table 2 shows a bandgap energy
(Fig. 10) and structure for some oxide semiconductors. Variation of bandgap energy
might be attributed to alteration of electron energy level as well as phases present in
each powder composition. For the undoped TiO, powder, the bandgap energy found in
this study was 3.34 eV, which is in a comparable range of 3.20-3.40 eV, reported by
numerous groups of research [172]. In general, the doping significantly affects bandgap
energy of the materials. Ag doping results in an increase of electron density in structure
at the energy lower than the conduction level of titanium dioxide (Table 3). With sufficient
electron density, the electrons behave as the conduction band. Heterostructure of the
titanium oxide and silver energy band results in the decrease of bandgap energy. In
addition, the titanium dioxide with 2.5 and 5 mol% Ag, the rutile phase was also evident.
With the bandgap energy close to 3.0 eV, the presence of rutile might contribute to
further decrease of bandgap energy of the powders. At Ag doping of 10 mol%, partial
filling of conduction band might occur. This could attribute to a blocking of the lowest
energy state, which consequently result in an increase of bandgap energy [173].

Table 3
Bandgap energy of the synthesized titanium dioxide powders including a
different concentration of Ag

Ag content (mol%) Bandgap energy (eV)
0 3.34
2.5 3.11
5 3.04
10 3.28

7. Photocatalyst

Semiconductor photocatalysis has been regarded as one of promising approach to solve the
environmental pollution and energy crisis. Semiconductor based photocatalysis is one of
the most promising technologies to solve the energy and environmental crisis [[174], [175],
[176]]. A number of photocatalysts were synthesized and used for light induced chemical
transformations, such as ZnO [177], TiO, [178], CdS [179], and g-C,N, [[180]. Photocatalysts
could beroughly separated into 2 categories. One is semiconductor photocatalyst. It contains
metal oxides, nitrides or sulfides, such as TiO,[181] and MoS,[182], and the metal-free
semiconductor such as C,N,. The other is the metal nanoparticles that possess localized
surface plasmon resonance (LSPR) property. Copper, gold and silver nanoparticles are
widely reported to exhibit strong LSPR effect under visible light irradiation. The general
mechanism of redox reaction with semiconductors as photocatalysts is shown in Fig. 11.
It consists of the following 3 consecutive steps. Firstly, the electron in the valence band of
the semiconductor is excited and jumps into its conduction band with light assistance.
Subsequently, the excited electrons and holes are transferred to the surface of the catalyst.
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Then the electron is consumed in the reduction reaction, while the hole, which carries the
positive charge, is used in the oxidation reaction.

7.1. Metal semiconductor photocatalyst

Since the application of n-type TiO, in water splitting as a photoelectrocatalyst in 1972,
more than 130 inorganic materials, including metal oxides, nitrides or sulfides, have been
tested [183] and approved to be promising as photocatalysts. Most effective metal oxide
semiconductors in photocatalytic reactions are consisted of d° or d?elements such as Ti,
V, Zr, Ga, Ge, etc. The conduction bands of these metal oxides are usually consisted of the
d (for d, elements) or sp orbitals (for d,, elements) while the valence band is provided by
the 2p orbitals from oxygen atoms. As for the metal nitride or sulfide, the valence band is
provided by the 2p orbitals from nitrogen or the 3p orbitals from sulphur atoms. In some
specific examples, the valence band may also be provided by the 3d orbitals from Cu
[184], 4d orbitals from Ag [185], 6s orbitals from Pb or Bi [186], or 5s orbitals from Sn [187].
Metal semiconductor photocatalysts have been widely used in photocatalytic area. One
of the most notable examples is the photocatalytic water splitting reaction over TiO, which
has been conducted since the 70s of the last century. Nowadays, the metal semiconductors
have also been applied in some other photocatalytic reactions. For example, Xu et al.
employed CsPbBr, and carbon dots in carbon dioxide photoreduction [188]. Chen and co-
workers raised a highly effective photocatalyst based on ZnO for organic pollutant photo-
degradation [189].

7.2. Metal-free semiconductor photocatalyst

Metal semiconductors granted a great success in photocatalysis, and have been applied in
versatile photocatalytic reactions such as water splitting, ammonia synthesis and carbon
dioxide reduction [190], [191] . However, some of the metal semiconductors suffer from
the following three shortages. Some of them are consisted of, or combined with, noble
metals, such as Pt [192], Au [193], Pd [194], etc, when used as photocatalysts. The high
prices of these noble metals increase catalyst costs and limit their applications in industrial
scale. The heavy metals which are used in these semiconductor photocatalysts may be
released into the environment through photo-corrosion . Consequently, a proper disposal
of the reaction waste should be taken into account. Some metal semiconductor
photocatalysts, such as TiO, and ZrO,, have relatively large band gaps, which prohibit
the utilization of the abundant visible light. The electrons in rutile TiO, can only be
stimulated by UV light since the energy of visible light is not strong enough to stimulate
the electron/hole separation over TiO,. In fact, only less than 5% of solar light allocates in
UV light region, leading to that most metal semiconductors cannot harness the solar light
effectively [195]. To deal with the problems that exist on the metal oxide semiconductor
photocatalysts, metal-free semiconductors have drawn a huge amount of attention of
scientist. One representative example of metal-free semiconductors is graphitic carbon
nitride (g-C,N,), which was firstly synthesized in 1834 . The band gap of g-C,N, is 2.7/
eV, less than 3.2/ eV, which is the upper limitation for semiconductors in absorbing
visible light [196].
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8. Mechanisms of enhancement of photocatalysis by Graphene

Graphene and semiconductor materials have been used together in photocatalysts for a
relatively short period, and the mechanisms resulting in enhanced photocatalysis by these
composite photocatalysts are currently largely unclear. To date, numerous reports have
concluded that the mechanisms of enhanced photocatalysis are as follows. Collection and
transport of excited electrons from semiconductors: semiconductors usually possess a
low energy valence band (VB) that is full of electrons, a high energy conduction band
(CB) with empty orbitals and band gap between them. When a semiconductor is irradiated
by light of energy equal to or stronger than the band gap energy (Eg), electrons in the VB
are excited and transited to the CB, which produces corresponding holes in the VB and
electron hole pairs. The electrons and holes, which have lifetimes of nanoseconds, are
either transferred to the surface where they take part in redox reactions or recombine to
reform the ground state. When GR is introduced into a photocatalytic system, because the
CB of most of semiconductors is higher than the Fermi level of GR, the photogenerated
electrons are readily transferred from the semiconductor to GR by passing through the
interface between them. When the CB of a semiconductor is lower than the Fermi level of
GR, the photogenerated electrons cannot be transferred from the semiconductor to GR. If
there are sensitizers in the system, they will be sensitized by absorbing photons to generate
electrons. Because the Fermi level of GRis higher than the CB of semiconductors, electrons
are transferred from sensitizers to GR and then to the semiconductor. Because of the
extremely high conductivity and unique two dimensional planar structure of GR, it can
increase the rate of transfer of photo generated charge carriers from GR to semiconductors
and then to the surfaces of reactants. This increases the mean free path of electrons, and
reduces the recombination of photogenerated electrons and holes, which enhances the
photocatalytic quantum efficiency of semiconductor/GR composites [197-199]. The band
structure diagram of GR and some common semiconductors, and the major routes of GR
to enhance photocatalysis, are displayed in Fig. 12(a) and (b), respectively. This mechanism
has been deduced by comparing the results of most reported photocatalytic reaction.

9. Fundamentals of reduction

Photocatalysts can be categorized based on their structure or chemical nature. Three
categories as described by Nikokavoura & Trapalis are (1) Inorganic: single-metal oxides,
mixed-metal oxides, metal oxide composites, layered double hydroxides(LDH) and salt
composites, (2) carbonaceous: graphene (GR), carbon nanotubes(CNTs) and
g-C.N, composites and (3) hybrid organic-inorganic photocatalytic materials. Each of
the category’s irradiation and experimental conditions requirement as reported are
listed in Table 4. CO2 is a kinetically and thermodynamically stable molecule, thus
CO2 conversion reactions are endothermic and need efficient catalysts to obtain high
yield.

The electrochemical reduction of carbon dioxide (ERC) is the conversion of carbon
dioxide to more reduced chemical species using electrical energy. The first examples of
electrochemical reduction of carbon dioxide are from the 19th century, when carbon dioxide
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Table 4

experimental medium

Photocatalyst categories for carbon dioxide reduction, irradiation type and

Description Irradiation Experimental conditions
type Example
Inorganic
Single-metal UV/Vis Solid-gas (catalyst-CO,/H,O, TiO,, WO, ZnO, Pb,O,,
oxides catalyst-CO,/H,, catalyst-CO,/CH,) BiOl, CeO,
systems/Aqueous dispersions
Mixed metal UV/Vis Solid-gas (catalyst- CO,/H,O) BiVO, Bi,WO, CaFe,O,,
oxides systems/Aqueous dispersions LaCoO,, NaBiO,, NaNbO,,
KNbO,, CuGaO,, CuAlGaO,
Metal oxide Vis Solid-gas (catalyst- CO,/H,0) NiO/InTaO, Pt
composites systems/Aqueous dispersions (0.5%wt)/ZnAl,O,/ ZnGaNO,
CuO/ZnO supported on MgO
Layer Double UV/Vis Solid-gas (catalyst- CO,/H,O, Zn-Cu-Ga layered double
Hydroxides catalyst- CO,/H,) systems/ hydroxide (LDH)
(LDHs) Aqueous dispersions
Salt UvV/Vis Aqueous/organic CdS on 2-propanol, thiol
composites solutions modified CdS in DCM
Carbonaceous

Graphene Vis Aqueous dispersions (Bi0),CO,/GR
(GR) based
Carbon Vis Aqueous dispersions Ag/AgBr/CNT
nanotubes
(CNTs) based
g-C,N, based Vis Aqueous dispersions/Solid-gas WO,/g-C.N,

(catalyst- CO,/H,O) systems composites
Hybrid organic- Vis Aqueous/organic Zeolitic imidazolate
inorganic solutions frameworks (ZIFs)

was reduced to carbon monoxide using a zinc cathode. Research in this field intensified
in the 1980s following the oil embargoes of the 1970s. Electrochemical reduction of carbon
dioxide represents a possible means of producing chemicals or fuels, converting carbon
dioxide (CO,) to organic feed stocks such as formic acid (HCOOH), methanol (CH,OH),
ethylene (C,H,), methane (CH,), and carbon monoxide (CO).

Photochemical carbon dioxide reduction harnesses solar energy to convert CO, into
higher-energy products. In decades, the utilization of solar energy via photocatalytic or
photoelectrocatalytic (PEC) CO, reduction to organic compounds is always a big
challenge for scientists who work on the chemistry, materials and environment science
[200], [201]. Nowadays, number of investigations have focused on the photocatalytic
reduction [202], [203 ], or electrocatalytic reduction of CO, using semiconductors as
catalysts, including the n-type semiconductors of TiO, [204], ZnO, ZnS [205], CdS [206]
and p-type semiconductors of Cu,0O [207], GaN, GaP [208], NiO [209], Co,0, [210], SiC
[211] etc.
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In which, TiO, is widely employed in the CO, reduction [212]. Although TiO, has
many advantages such as non-toxicity, cost inexpensive, physical and chemical stability
[213], its low electron mobility limits the separation of electrons and holes and the efficiency
of CO, reduction. Among various semiconductors for CO, reduction, the ZnO is emerging
as an alternative n-type semiconductor that was used as well in CO, reduction in our
previous report and other literature [214].

9.1. Photo electrochemical reduction

Mimicking nature’s photosynthesis process, photoreduction of CO, is one of the most
alluring methods for CO, conversion due to the abundance and free access of sunlight.
To meet with global energy demands, Lewis and Nocera have proposed to convert and
store solar energy in chemicals (H,, methanol, and hydrocarbons) via the photosynthetic
process [215]. Solar radiation varies across the globe from altitude, height, atmospheric
conditions, and season. For example, solar radiation for flat-plates facing south at a fixed
tilt in New York City is about 2-6 kWh/m,/day. A typical photoreduction electrode is
composed of a semiconductor and photocatalysts, and many of these are transition metal
complexes. Semiconductors absorb photons to make excited electrons transfer from a
valence band to the conducting band, which is then transferred to a photocatalyst complex,
which reduces CO, to CO and other useful organic compounds. Such
photoelectrocatalytic processes should be distinguished from purely photocatalytic routes.
Kubiak and Kumar reported the photo-assisted electrochemical reduction of CO, to CO
on Re(bipy-But)(CO)3Cl((bipy-But) = 4,40-ditert- butyl-2,2-bipyridine)/p-type silicon
with a Faradaic efficiency of 973%, and a short-circuit quantum efficiency of 61% for
light-to chemical energy conversion, and an overall efficiency of about 10% for the
conversion of polychromatic light [216]. Smieja et al. further reported that the electron
transfer from the electrode to the catalyst can be controlled by modifying the p-Si surface
with phenyl ethyl groups. The interaction experiments of the electrocatalyst with the
targeted catalytic substrate CO,, H,O, and CH,OH show that the reaction with CO, is
about 25 times faster than that with H,O, and 50 times faster than that with CH,OH.
Calculations based on density functional theory (DFT) show that the nature of the binding
of CO, to the anion forms a Re (bipy-tBu)(CO)3(CO,)K complex [217]. Kaneco has
developed metal-modified p-InP hotoelectrodes for the photo electrochemical reduction
of CO, in the LiOH/ methanol-based electrolyte. Ag, Au, Pd, and Cu deposited p-InP
photo electrodes show higher selectivity to CO than that to H,. Ag deposited p-InP
photo electrode show maximum current efficiency of carbon monoxide (rf = 80.4%)
and Pd deposited p- InP photo electrode has the highest selectivity to CO (100%) [218].
BoHan JixianWang ChaoxianYan YapengDong YanjieXu RongNie HuanwangJing has
research in The photoelectrocatalytic CO, reduction on TiO,@ZnO heterojunction by
tuning the conduction band potential. Figure 13 shows a morphology structure of
TiO,@ZnO.

In this photo electrocatalysis experiments were performed in a closed self-designed
quartz reactor equipped with a working photocathode of M-TiO,@ZnO/FTO and a
counter electrode of BiVO, and powered by an external Si-solar cell (-0.6 < -1.0/ V).
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Figure 12:Photocatalytic mechanisms of semiconductor/GR composites . (a) Band structure diagram of GR

and common semiconductors; (b) Major routes of enhanced photocatalysis by GR including
improved charge collection and transfer
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Figure 13:(a, b) SEM image of ZnO/FTO surface morphology; (c) SEM image of Pd-TiO,@ZnO/FTO surface

morphology; (d) cross-sectional of Pd-TiO,@ZnO/FTO SEM image; (e) bright-field TEM image
and (f) corresponding HRTEM image of Pd-TiO,@ZnO/FTO.
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Figure 14:The formation rates of liquid products for various dye/M-TiO,@ZnO/FTO photo cathodes at -1.0
voltage.

The electrolyte was CO, bubbled aqueous solution of KHCO, (0.1 M, 60 mL), in which,
dye Eosin Y was added as a photosensitizer (1 mM). Subsequently, the photo
electrocatalysis cell was irradiated by a 300 W Xenon lamp under light density of 200
mWcm?. The control experiment of CO, reduction was conducted as well without
irradiation of Xenon lamp. Photo electrocatalytic reduction of CO, with fabricated
photocathodes of M-TiO,@ZnO/FTO has been carried out. The results were illustrated
in 14. Fig. 14, different metal deposition shows various selectivity to hydrocarbons. It is
worth to mention that the Pd-TiO,@ZnO/FTO and Ni-TiO,@ZnO/FTO electrodes can
produce hydrocarbons even under dark conduction. Only trace of H, and O, gases can
be examined in the cell of dye/Pd-TiO,@ZnO/FTO| | BiVO,. The formation rate of liquid
products is about 62.4 pmol/ cm=/ h™!, which is two times than our results of
semiconductors [219] and 100-fold higher than the literature result (0.6 pmol/ cm2/ h-
1) [220]. After that, the CB bands of ZnO/FTO, TiO,@ZnO/FTO, Pd-TiO,@ZnO/FTO,
Pt-TiO,@ZnO/FTO, Ni-TiO,@ZnO/FTO and Au-TiO,@ZnO/FTO were estimated and
depicted in Fig. 15. The CB potential of heterojunction TiO,@ZnO/FTO in the working
electrolyte is -0.15 V that is slightly higher than that of ZnO/FTO (-0.13 V). These CB
potentials lowering than pure semiconductors are attributed to the contribution of SnO,
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(-0.1 V) on the FTO substrate. On the contrary, the metal deposition would augment
the CB band level of heterojunction electrodes of M-TiO,@ZnO/FTO that were in
agreement with our previous reports [221].TiO,@ZnO/FTO were obviously enhanced
to -0.39 and -0.26/ V, respectively. The Pt and Au metal particles could slightly enhance
the CB bands of heterojunctions of Pt-TiO,@ZnO/FTO and Au-TiO,@ZnO/FTO to -
0.19 and -0.18 V, respectively. Generally, the CB potentials of electrodes must be more
negative than the standard reduction potential of products [222]. Figure 16 shows a
mechanism of M-TiO,@ZnO/FTO in CO, reduction.

9.2.  Photocatalytic CO, reduction

Photocatalytic CO,reduction over carbon-based 2D layered materials for the production
of solar fuels. In particular, the photocatalytic CO, reduction process involves a series of
reactions including: (1) CO, adsorption, (2) electron-hole pair photo generation, (3)
charge carriers separation, (4) charge carriers transportation, and (5) chemical reactions
between surface species and charge carriers [223]. The photocatalytic CO, process starts
with adsorption of CO, molecule on the photocatalyst surface. Lixin Zhang, Changhui
Ni, Hongfang Jiu, Chunmei Xie had research in photocatalytic carbon dioxide reduction
with graphene based nanocomposite. In this research, using a one-pot synthesis with
prepare a nanomaterials and this nanocomposite including a TiO, semicondutor. This
semiconductor is strong oxidizing power, nontoxicity, high chemical stability, and
photostability, TiO, has been widely used and studied as photocatalyst [224-226].
However, the band gap of TiO, is 3.2 eV, which could only absorb the ultraviolet region
of the sunlight. In addition to this, noble metal (Ag or Au) doping is an effectively
method to improve photocatalytic performance [227]. Several research works focusing
on Ag-TiO,/ graphene nanocomposite. Vasilaki E et al. prepared Ag-loaded TiO, /reduced
graphene oxide by a two step method. The structure and morphologies of prepared
samples were characterized by TEM and HRTEM shown in Fig. 17. Fig. 17a, the r-GO
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Figure 15:Schematic diagram of CB and VB for photocathodes.
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Figure 16:Schematic mechanism for CO, reduction to hydrocarbons in the PEC cell of dye/M-TiO,@ZnO/
FTO|KHCO, | BiVO,.

Figure 17:TEM(a) and HRTM(b, ¢, d) of prepared Ag-TiO2/reduced graphene oxide nanocomposite
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Figure 18:The yield of main liquid product under visible light irradiation
Table 5
TiO, base photocatalytic CO, reduction system
Photocatalyst Reductant Methodology Process Condition Yield Reference
Bi2S3 QD/TiO,(001) Iso- Solvothermal Quartz reactor, CH30H [228]
facets propanol synthesis catalyst 12?mg, 1169.15
250 Hg lamp pmol/ g.h
Cu/TiO, H,0 Hydrothermal Quartz tube reactor, co/ [229]
photocatalyst 40mg,  7.5pmol/
100 W Hg lamp A Seatalyst 1
<390 nm, 150°C,
Ag/TiO, H,0 Sol-gel Fixed bed reactor, CH4 /105 [230]
technique photocatalyst 0.1g, CH3OH /
UV light 254 2pumol/
&365 nm, 25 °C, 8eatalyst
1 atm
TiO, H,0 Commercial High Pressure H2/HCHO/ [231]
photoreactor, HCOOH
Photocatalyst 0.5g/L, 102/16537/
7 bar, 80 °C, 2954.3 mmol/
Kg.h
Cu/TiO2-Si02 H,0 One-pot sol- Stainless steel CO / 60 [232]
gel method, reactor, UV light CH4 / 10
(250 nm < pmol/g
<400 nm), 25 °C, catalyst.h
1 atm
Au/TiO2 H,0 Deposition- Steel reactor, CH4 / 8.0 [233]
precipitation photocatalyst 0.1g, pmol/gcataly
method 6 W lamp, sth
CO2/H20:7.25,

2 bar, 50 °C
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Photocatalyst Reductant Methodology Process Condition Yield Reference
CuO/TiO, H,0 Sol-gel & Double wall CH30OH [234]
Impregnation  cylindrical reactor,  4120umol/
6 W Mercury g
lamp, Photocatalyst
01lg
Carbon@ H,0 Hydrothermal Pyrex glass CH4/CH30H [235]
TiO, and reactor, 4.2/9.1
hydrolysis 300W Xe lamp, pmol/g.h
Photocatalyst 0.1g
La/TiO, CH4 Sol-gel method Stainless steel C2H6 / [236]
cylindrical vessel,  492.8umol/
Photocatalyst 25mg, g
200W Xe lamp,
Fluorinated H,0 Evaporation & Homemade reactor, CH4 /2.42 [237]
TiO,-5i0, solvo-thermal photocatalyst pumol/g,
process 0.2 g, 300 W Xe catalyst
lamp
TiO, (001) H,0 Solvothermal Fixed bed reactor, CH, / 1.35 [238]
TiO, (101) method photocatalyst 100mg,  umol/g,
300W Xe lamp, catalyst.h
UV light, 25 °C,
1 atm

possesses a 2D layered structure with many wrinkles at the edge. Fig 17b, Ag-TiO,
nanoparticles distributed on the surface of r-GO. Fig. 17d can be attributed to the d-
spacing value of the Ag (111) plane and the anatase (101) plane of TiO,.

The photocatalytic ability of prepared samples was also evaluated by the reduction
of CO,. The concentration of main liquid products (Methanol and Ethanol) was analyzed
by a gas chromatograph. There was no obvious peak on GC for pure TiO, after 4 h
visible light irradiation, which demonstrated that the pure TiO, don’t possess
photocatalytic ability under visible light irradiation. It accords with above result well.
The yield of main liquid products was shown in Fig. 18.

And finally, several modifications such as metal and non-metal doping, co-
photocatalyst, semiconductor coupling, crystal and facet engineering, state of the art
morphologies and novel structures have been applied to boost the efficiency of TiO,-
based photocatalytic systems. Herein, promising strategies to enhance the various aspects
of TiO,-based CO, reduction system such visible light response, charge carrier’s
separation, CO, adsorption, and state of art morphologies of photocatalyst have been
elaborated.

10. Conclusions and outlook

Fundamental aspects of photocatalytic CO, reduction like thermodynamics, mass
transfer, selectivity and reaction mechanism have been deliberated. Strategies to improve
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the efficiency by modifying the various aspects of TiO,-based photocatalytic system have
been discussed in detail. Overall, it can be concluded that modified TiO, nanocomposites
are efficient for CO, reduction to produce solar fuels. The yield and efficiency of process
have been significantly refined by recent efforts particularly through multinary and
functionalized photocatalysts. The VLR, charge recombination and CO, adsorption
problems have been largely improved by recently fabricated composites with unique
morphology and large exposed active sites. Moreover, addition of graphene to
photocatalysts have revamped the efficiency and improved the yield. Nevertheless, basal
plane defects limit the electronic conductivity of graphene, photocatalytic performance
can further be amplified by defects free graphene as bridge in multinary nanocomposites.
Although, significant advancements have been made in theoretical basis and performance
of TiO,-based photocatalytic CO, reduction system, it is still far away from practical
applications. Currently, most of visible light active TiO, composites are dyes or sulfides
coated, and they suffer from photocorrosion problem. Visible light active stable
nanocomposites are essential for efficient solar fuel production. Dyes must be replaced by
low bandgap energy semiconductors, quantum dots, and novel photonic crystals where
band gap and propagation of light can be tuned to any desire wavelength of light.
Furthermore, narrow bandgap semiconductors should be used to simultaneously achieve
high visible light activity as well as charge separation. The challenge of selectivity of
singular product could also be resolved by discovering the CO, reduction mechanism.
Last, thermodynamic aspects should be investigated in detail to dig out the mechanism of
photogenerated electrons and CO, reduction reaction. Finally, photocatalytic CO, reduction
is still at embryonic stages and current progress is far from practical applications. Therefore,
there is a need of tremendous efforts to explore the causes of the low efficiency and yield.
Hence, theoretical knowledge gaps and experimental impediments must be overcome to
transform CQO, into solar fuels at large scale.
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