Nanostructured Composite Materials
for CO, Activation

Anurag Kumar,'? Pawan Kumar'-? and Suman L. Jain' *

Introduction

Due to tremendous exploitation of natural fuel reserves to fulfil our energy demands, the concentration
of green house gases has increased to manifold in the last few decades. A plethora of frequently released
reports on climate change gives clear evidence of harmful impact on the environment due to anthropogenic
emissions of greenhouse gases. The most easily accessible and widely exploited source of energy is
hydrocarbon having high energy density (33 GJ/m? for gasoline) and is derived from fossil fuel (see Brand
and Blok 2015, Johnson et al. 2007, Peura and Hyttinin 2011, Giesekam et al. 2014). Approximately 81%
of energy comes from burning of fossil fuel while renewable source accounts for only 13% of the total
energy produced. Among various green house gases, carbon dioxide (CO,) has the most prominent effect
on environment because it is a major component of emission (see Manne and Richels 2001, Panwar et
al. 2011). The carbon dioxide (CO,) concentration in the atmosphere has been rising steadily since the
beginning of the industrial revolution. As a result, the current CO, level is the highest in at least the past
8,00,000 years (see Rehan and Nehdi 2005, Cempbell et al. 2008, Zachos et al. 2008, Wang et al. 2011).
Due to this, the global earth temperature and sea level are continuously rising along with depletion of
fossil fuel reserves. Various techniques for capturing and storing of CO, have been developed like in
underground abandoned oil wells, storage under sea water, etc. (see Dincer 1999, Bachu 2008, Gouedard
et al. 2009, Markewitz et al. 2012). But sudden spilling and acidification of sea water can deteriorate
natural flora and fauna. Thus, conversion of CO, to high value chemicals is a promising option and in
this regard, valuable products like polycarbonates, polyols esters, etc. have been synthesized from carbon
dioxide (see Zhou et al. 2008, Aresta et al. 2014, Lanzafame et al. 2014, Olah et al. 2009). However,
CO, is highly thermodynamically stable molecules and, therefore, its further conversion to value added
chemical is energy intensive and requires heat and catalyst which add extra cost and makes process less
viable for the realization of technology. Sunlight is an inexhaustible source of energy and can be used
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for the production of solar fuel (see Momirlan and Veziroglu 2005, Barber 2009). The mean solar light
irradiance at normal incidence outside the atmosphere is 1360 W/m?, and the total annual incidence
of solar energy in India alone is about 107 kW, and for the southern region, the daily average is about
0.4 kW/m?. If we are able to harvest 10% of sunlight falling on 0.3% of earth’s land surface, it will be
sufficient to meet our energy demand by 2050 (see Cook et al. 2010, Jacobson et al. 2013, Powell and
Lenton 2012). Hydrogen has been considered an ideal fuel with high calorific value and water is the
only by-product of its combustion. But due to high mass to volume ratio storage, transfer of hydrogen
is difficult (see Felderhoff et al. 2007, Atabani et al. 2012). Till date, most of the industrial hydrogen is
produced by methane reforming of natural gas (see Barelli et al. 2008). Solar water splitting for hydrogen
production can be a sustainable route for the production of hydrogen by the cheapest, widely available
source water (see Krol et al. 2008, Peharz et al. 2007). However, the problem of storage still exists. Many
adsorbing agents like hydrides, MOFs, etc. have been used for the storage of hydrogen via temporary
bond formation but desorption from the surface requires high temperature that is disadvantageous in the
viewpoint of energy. Chemical storage in the lower hydrocarbons or oxygenated hydrocarbons can solve
the problem of hydrogen storage (see Davda et al. 2005, Dresselhaus and Thomas 2001). Photocatalytic
reduction of CO, using water as a source of hydrogen to hydrocarbons is the most promising approach for
levelling the concentration of greenhouse CO, along with the storage of hydrogen in the form of fuel (see
Du et al. 2009, Roy et al. 2010). In this process, water splitting generates electrons and protons which are
utilized for the reduction of CO, to hydrocarbons. This process is similar to photosynthesis where higher
products are produced from water and CO,, so this process is called artificial photosynthesis.

Since the discovery of photocatalytic water splitting over TiO, by Fujishima and Honda in 1972, a
great deal of research has been focused on semiconductor photocatalysis (see Fujishima and Honda 1972).
However, for the first time, Halmann (1978) reported that CO, can also be reduced electrochemically over
GaP electrode by using UV light to various lower hydrocarbons, i.e., formic acid, methanol, methane,
formaldehyde, etc. (Halmann 1978). After that, Inoue et al. (1979) used various semiconductors like
WO,, TiO,, ZnO, CdS, etc. for CO, reduction by using Xe lamp. Most of the identified products were
C1 products (Inoue et al. 1979). These initial findings have opened path for using various semiconductor
materials like ZnS, CdS, Cu,0, ZnO, Fe,0,, WO,, etc. for efficient reduction of CO, to valuable products
(see Mao et al. 2013, Li et al. 2014, Navalon et al. 2013, Neatu et al. 2014). It has been observed that
semiconductors mainly produce formic acid, CO and methane. Gaseous products are less desirable
because of the problem associated with their storage. Among the all liquid products formed, methanol
has been identified as the best liquid C1 oxygenates because of high calorific value, higher octane number
and suitability to internal combustion engines (see Ganesh 2014).

Basic principle of CO, reduction

The reduction of CO, is highly unfavourable because of its linear geometry and closed shell structure
which makes it highly stable (Heat of formation AH® gas = —-393.5 KJ/mol). One electron reduction of
CO, to CO, radical is highly unfavorable because of generation of bent structure in which acquired
additional electron imposes repulsive force on lone pair of electrons at oxygen atoms. This arrangement
makes the one electron reduced species highly unstable which requires high reduction potential (—1.90
V vs. NHE) (see Zhang et al. 2004, Balcerski et al. 2007, Wang et al. 2009a). Although proton-assisted
multiple-electron transfers (MET) is a much easier way to reduce CO, at lower reduction potential than
one electron reduction (see Tahir and Amin 2013, Xiang et al. 2011, Liu et al. 2010a). It can be seen from
Egs. 1-7 that proton assisted reduction can be achieved at lower reduction potential. Further for getting
hydrocarbons with higher C:H ratio, transfer of multiple electrons and protons is essential. The required
electrons and protons can be obtained from water oxidation or water splitting (H,0/0, (+0.82 V vs. NHE
atpH 7).
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CO,+ 6H" + 6¢"— CH,0OH + H,0 E'=—0.38 V..o )
CO, +8H' + 8¢ — CH, + 2H,0 E'=—0.24 V..o )
CO,+e — CO,* E'=—1.90 V..ooooorin (6)
2H +2e — H, E'= 041V .o, @)

The reduction potential of CO,/CH,OH is —0.38 V (at pH 7 vs. NHE), while for reducing proton to
hydrogen, the value is 0.00 V at pH-0. However, —0.41 V over potential is needed for the production of
hydrogen in aqueous solutions at pH 7 vs. NHE (H'/H, (-0.41 V vs. NHE at pH-7). Because the values
of reduction potential for proton reduction and CO, reduction are almost similar, so the photocatalyst
that can reduce CO, can also reduce protons (see Izumi 2013, Sato et al. 2015). Therefore, hydrogen is
always observed as a by-product which makes the process less efficient because protons compete for the
electrons.

It is noteworthy to mention here that the reduction potential changes by changing pH value according
to Nernst equation (Eq. 8).

E (pH) = E° (pHO) — 0.06pH .....oveeeveeereee. (8)

Semiconductor materials work as photocatalyst due to the presence of band gap. The band gap of
semiconductors is determined by the energy difference between hybridized system of HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) of the material (see
Wehling et al. 2008, Ajayaghosh 2003). In semiconductors, after absorption of light of appropriate
wavelength, electrons get excited from valance band to conduction band which creates positively charged
vacancy in valance band (holes) (see Chestnoy et al. 1986). Electrons can reduce any species while holes
are responsible for the oxidation (see Dukovic et al. 2004).

For the efficient water splitting or CO, reduction, the band gap of semiconductor should be higher
than 1.23 V. In other words, the position of valance band should be more positive than +0.82 V vs. NHE
at pH-7, so it can oxidize water while the position of conduction band should be more negative than
—0.41 V vs. NHE at pH-7, so it can reduce CO, or protons (see Karamian and Sharifnia 2016). Very few
semiconductors meet this requirement of suitable band position and most of the semiconductors have
wide band gaps and absorb in the UV region. However, the solar spectrum consists of only about 4% of
UV light (see Nagaveni et al. 2004, Kumar and Devi 2011, Hashimoto et al. 2005), but of about 45%
visible light, so the basic need is to develop photocatalyst that can absorb in visible region. Further, charge
recombination is a prominent phenomenon in the semiconductors which is also responsible for lowering
the photo-efficiency (see Hochbaum and Yang 2010, Yu et al. 2010). Only less than 10% of produced
electron and protons are available for the water splitting or CO, reduction process. The recombination
may be of two types, i.e., the volume recombination and surface recombination (see Linsebigler et al.
1995). Volume recombination can be prevented by reducing the particles size of semiconductor so more
electrons and holes can reach at the surface while surface recombination can be stopped by electron
and hole capturing agents like doping with metals. Doping with various metals like Cu, Ag, Au, Pt,
Ru etc. and non-metals like C, N, S, I, etc. can be a viable approach for reducing the fast electron hole
recombination along with band gap modification (see Zhang et al. 2013, Kumar and Devi 2011). Doped
metal has Fermi level below the conduction band of semiconductor so it can accept electrons efficiently.
Due to this effect, the Fermi level of semiconductor shifts slightly upward and semiconductor becomes
more reductive in nature. Back transfer of electron may reduce catalytic performance, so reducing the
size of semiconductor material can slow down the process of back electron transfer. Some metal oxides
like IrO,, CoO_ can capture holes (see Zhong et al. 2011, Li et al. 2013a, Wang et al. 2015b). Non-metal
dopants like B, C, N, S, etc. have 2p orbital with higher energy than O 2p orbital in TiO,, so hybridization
of these orbital generates a new hybridized orbital with higher energy and the valance band position shifts
to higher energy (less positive). This resulted to the lowering of band-gap and therefore material can
absorb in the visible region. Wu et al. (2011) reported that the band gap of N doped and N-B co-doped
TiO, was 2.16 €V and 2.13 eV, respectively (Zhang et al. 2011a), which is much smaller than that of pure
TiO, (3.18 eV for anatase) (see Serpone et al. 1995). Further, reduction of semiconductor in hydrogen at
higher temperature creates vacancy due to abstraction of oxygen atom which creates colour centre and
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material can absorb in the visible region (see Varghese et al. 2009, Wang et al. 2010). Apart from electron
and hole capturing agents, sacrificial donors can be added for getting higher yield of CO, reduction
products. Tertiary amines like triethylamine, triethanolamine, BNAH and NaOH, Na,SO,, Na,S, EDTA,
etc. have been used as sacrificial agents.

Most of the semiconductors, due to the inappropriate position of their band edge position, can initiate
either water splitting or CO, reduction only. Very few semiconductors like TiO, ZnS, ZnO, etc. meet the
demand of suitable band edge position but their large band gap limits their application (see Pradhan and
Sharma 2011, Choudhary et al. 2012). This limitation can be overcome by synthesizing heterojunctions
by mixing of low band gap semiconductors with high band gap semiconductors in which one can reduce
CO, and other can oxidize water. This addition creates a p-n heterojunction and photogenerated electrons
and holes can move from low band gap semiconductor to high band gap semiconductor. Low band gap
semiconductor can transfer electron to the high band gap semiconductor via two mechanisms in which
the first mechanism is direct and the second is Z-scheme depending on band edge position of high band
gap semiconductors (see Yang et al. 2012, Qu and Duan 2013, Wang et al. 2013a). In direct scheme, low
band gap semiconductor, after absorption of visible light, transfer electrons and holes to high band gap
semiconductor and indirectly produce charge separated species at high band gap semiconductor. While
in Z scheme, a semiconductor which can only oxidize water gets excited by absorption of photon, so
the generated electrons move to its conduction band while holes are used for oxidation of water (see
Takanabe and Domen 2012). However, due to lower position of conduction band, they cannot reduce
CO,. So electrons in conduction band are transferred to valance band of another semiconductor which has
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Figure 1. Mechanism of electrons and holes capture by metal and metal oxides doped semiconductor.
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Figure 2. Schematics of CO, reduction and water oxidation over direct scheme and Z-scheme photocatalytic systems.
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higher position of valance band (see Wang et al. 2015a). Generally, in electron mediator redox system like
10,7/T, Fe*'/Fe*', [Co(bpy),]*"”", etc. redox couples are required in Z scheme photocatalysis which play
an important role in transfer of electrons from water oxidation photocatalyst to CO, reduction catalyst.
For example, Z-scheme photosystem composed of Pt/SrTiO,:Rh as hydrogen evolving catalyst and
BiVO, as oxygen evolving catalyst was visible light responsive in the presence of Fe**/Fe** redox couple
and can operate under 520 nm wavelength, which corresponds to the band gap of SrTiO,:Rh and BiVO,
(see Konta et al. 2004). In some cases, nanoparticles and conductive graphene sheets have been reported
to work as electron mediator which facilitates better charge transfer (see Brownson et al. 2011, Yang et
al. 2014). For example, in their work, He et al. (2015) used Ag,PO,/g-C,N, composites for CO, reduction
which works as Z-scheme photocatalyst and in sifu generated Ag nanoparticles that work as electron
facilitator (He et al. 2015). In this system, Ag,PO, transfer electron to the valance band of carbon nitride
via exited state and carbon nitride, after absorption of photon, transfer electrons to conduction band
which are used for the CO, reduction while holes in valance band of AgPO, are used for water oxidation.
The optimal Ag,PO,/g-C.N, photocatalyst gave CO, reduction rate of 57.5 umol h™' gcat™, which was 6.1
and 10.4 times higher than g-C,N, and P25, respectively. Another work by Iwase et al. (2011) used BiVO,
and Ru/SrTiO,:Rh Z scheme photocatalyst in which photoreduced graphene oxide (PRGO) work as solid
electron mediator (Iwase et al. 2011).

Oxides based nanostructured composite for CO, reduction

Various semiconductors and their composites are extensively studied for the photocatalytic reduction
of CO,. Among them, titanium oxide (TiO,) is the most widely used because of its abundance, nontoxic
nature, wide band gap, non corrosive nature and higher activity (see Takayama et al. 2017, Qu and Duan
2013). TiO, is found in two main forms in which the first one, anatase, has tetragonal geometry where Ti**
ions are surrounded by O~ ions in octahedral manner and the second one is rutile form having slightly
orthorhombic distortion (see Izumi 2013). Owing to this distortion, TiO, has different band gap in both
anatase and rutile form. The band gap of anatase TiO, is 3.2 eV associated with 389 nm wavelength
while the band gap of rutile form is 3.0 eV associated with 413 nm wavelength. In natural P25 TiO,, both
anatase and rutile forms exist in the ratio of 80:20 with particle size 25 nm and 56 m? g"! BET surface area.
Rutile form is more stable at higher temperature and annealing at temperature above 400°C promotes the
transformation of anatase to rutile form. Surprisingly, anatase form is more photoactive in comparison
to rutile, which has low band gap because the charge recombination rate is 10 times slower in anatase
form. It has been found that mixture of rutile and anatase form was more photoactive in comparison to
individual component that was assumed due to transfer of electrons from CB of anatase form to CB of
rutile form. However, in some literatures, it has been proposed that in anatase form trapping sites are
present at 0.8 eV below the conduction band and electrons can flow from CB of rutile to anatase. Anatase
TiO, has CB band edge position —0.58 V (vs. NHE at pH-7), so it can reduce CO, while VB position is
+2.52 V (vs. NHE at pH-7) which facilitates water oxidation (see Kondratenko et al. 2013).

InTiO,, some physical properties like adsorption, catalytic reactivity, selectivity, etc. were determined
by surface atomic configuration and the degree of exposure of reactive crystal facets. Typically, during the
synthesis of anatase TiO,, higher energy facets {001} (0.90 J/m?) get diminished quickly and the crystals
are dominated by the thermodynamically stable {101} facets with lower surface free energy (0.44 J/m?).
Normal synthesis conditions produce truncated octahedral bipyramid (TOB) seed, exposing eight {101}
facets and two {001} facets. However, high-energy {001} facets can be stabilized by the use of capping
agents typically fluorides (see Liu et al. 2011, Yang et al. 2009, Yang et al. 2008, Liu et al. 2010d). The
{001} facet anatase TiO, was found to be more active for the reduction of CO,. So increasing the {001}
facet should drive more CO, reduction products. But contradictory to a report by Yu et al. (2014a), the
58% {001} facet TiO, was found to be more active for CO, reduction in comparison to 83% {001} facet
TiO,. The highest rate of methane production obtained for HF 4.5 is 1.35 pmol g' h™'. The possible
reason of increased yield was explained on the basis of energy difference (“surface heterojunction”)
determined by DFT calculation. It has been found that CB and VB position of {101} facet TiO, is lower in
energy than {001} facet TiO, so photogenerated electrons can move from the conduction band of {001}
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facet TiO, to {101} facet TiO, while hole moves in opposite direction (Yu et al. 2014a). Similarly, {111}
facet TiO, has much higher energy (1.61 J/m?) that arises from the under coordinated Ti atoms and O
atoms that existed on the {111} surface which acts as active sites in the photoreaction (see Sun et al. 2011,
Liu et al. 2012). Experimentally, it has been proved that {111} facet TiO, is the most photoactive among
other TiO, samples exposed with majority {010}, {101}, and {001} facets (see Xu et al. 2013a). A less
explored form of anatase TiO,, the {100} facet having intermediate energy (0.44 J/m’) is considered to
be the best attractive active facet because of its superior surface atomic structure and electronic structure
(see Li and Xu 2010, Pan et al. 2014, Li et al. 2012). Theoretical prediction reveals that the {100} facet
should appear as the “belt”; however, in most of cases single crystals with exposed {100} facet, anatase
TiO, was obtained as rods or cuboids. The cuboids structure has {001} and {101} facet exposed on the
upper and bottom of the cuboids. Apart from this, the small surface area as the utmost important property
also limits their application. So the promising approach to increase surface area and {100} facet is to
reduce the thickness of the TiO, cuboids which resulted in the decrease in the percentages of the {101}
and {001} facets. In a report, Xu et al. (2013b) has synthesized ultrathin anatase TiO, nanosheets with
high percentage of the exposed {100} facet and surface area (57.1 m? g™'). The photoactivity of {100}
facet TiO, sheets T, (362 umol h™') was found to be about 3.5 times higher than T, (104 pmol h'™)
(Xu et al. 2013b).

Doping with various dopants further improve the photocatalytic character which also prevent the
electron hole annihilation. For example, photochemically sensitive iodine-doped TiO, nanoparticles as
synthesized by hydrothermal method were found to be active in visible light irradiation (see Zhang et al.
2011b). The photocatalytic activities of the I-TiO, powders were investigated for photocatalytic reduction
of CO, with H,O under visible light (A > 400 nm) and also under UV~-vis illumination. The photoreduction
experiment showed that CO was a major photoreduction product (highest CO yield equivalent to
2.4 mol g™ h™) which was much higher as compared in undoped TiO,. In case of Cu/TiO, synthesized
by improved sol-gel method, using CuCl, was found to be more active than Cu/TiO, synthesized by
(CH,COOH),Cu for reduction of CO, to methanol. TPR, XPS, and XAS measurements showed that
Cu(I) served as an active site. Further, higher zeta potential at pH 7 was found to be responsible for
increased activity. The yield of methanol was found to be 600 umol g™ cat after 30 hr under UVC
(254 nm) irradiation (see Tseng et al. 2004). Other semiconductors like ZnO, Fe O,, CdS, ZnS, Nb,O

Ta,O,, and BiTaO, have been explored as photocatalysts. In particular, oxides wizth 3perovskite struciurse
formed by TaO, or NbO, octahedra layers have shown photocatalytic activity in tantalates and niobates of
structural formula NaMO, (M = Ta and Nb) for the stoichiometric decomposition of water. Photocatalytic
activity better than TiO, has been observed on laminar oxides such as BaLi, Ti O, ,, MTaO, (M = Li, Na,
K), and StM,O, (M = Nb, Ta) for the degradation of organic pollutants. Some mixed oxides such as In,_
Ni TaO,, Caln,0O,, InVO,, BiVO,, and Bi,MoO, have shown better visible light driven catalytic activity.
In recent years, oxynitride solid-solution photocatalysts, such as (Ga,  Zn )(N, O )and (Zn,k Ge)(ON,),
are established to be most efficient photocatalysts that work under visible-light irradiation (see Jensen
et al. 2008, Chouhan et al. 2013). Although ZnO is a wide band gap (3.37 eV) material that is less
investigated than TiO, for photocatalytic application, but in recent years it has emerged as an interesting
alternative due to its photocatalytic activity, long lived charged species, low cost and noncorrosive
nature (see Das and Khushalani 2010, Georgekutty et al. 2008). For reducing band gap, nitrogen doped
ZnO (N-ZnO) nanobundles with visible-light photocatalytic activity has been synthesized by thermal
treatment of ZnOHF nanobundles under NH, (see Zong et al. 2013). X-ray photoelectron spectroscopy
(XPS) analysis indicated that N was bound to Zn as nitride (Zn-N) and oxynitride (O-Zn-N). The band
gap of ZnO was reduced from 2.20 to 1.95 eV as a consequence of nitrogen doping which raises the VB
position upward. Water splitting reaction was tested to check the performance of photocatalyst under
visible light irradiation (A > 420 nm) which showed significant increase in the rate of hydrogen evolution.
Wang et al. (2014) synthesized the films of N-ZnO by reactive magnetron sputtering (Wang et al. 2014).
The undoped ZnO films exhibited n-type conduction, while the N-ZnO films showed p-type conduction.
N was involved mostly in Zn-N bonds, substituting O atoms to form NO acceptors in the N-ZnO films
which were also confirmed by XPS analysis. The ZnO:N film has high optical quality and displays a
stronger near band edge (NBE) emission in the temperature-dependent photoluminescence spectrum.

Sheets Cuboids
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Porous nature of these materials is beneficial for enhanced concentration of CO, adsorbed on catalyst’s
surface which enhances yield of CO, reduction products due to access of more active sites. Park et al.
(2012) has synthesized highly porous gallium oxide (Ga,O,) with mesopores and macropores by using
TTAB (Myristyltrimethylammonium bromide) and utilized for the reduction of CO,. The calculated
surface area was found to be 42.7 m? g™! as determined with BET. The amount of methane in the absence
of any dopant found after 10 hr was found to be 2.09 pmol g™ or 156 ppm which was much higher than
Ga, 0, prepared without any template (Park et al. 2012).

Mixed nanostructured materials for Co, reduction

Nanoscale integration of multiple functional components in which one having low band-gap and another
having high band-gap is beneficial because it increases the lifetime of excited state indirectly by continuous
supply of electrons in the conduction band and providing holes in the valence band (see Chang et al.
2014). Careful designed core shell structure of two or more different semiconductors has proven a better
photocatalyst because of better interfacial contact which facilitates better charge separation. For example,
Ni@NiO core shell structure-modified nitrogen-doped InTaO, (Ni@NiO/InTaO,-N) was found to be
better catalyst for reduction of CO, to methanol (see Tsai et al. 2011). After 2 hr, the yield of methanol
was found to be 350 umol g' cat. Despite that, the CB of NiO (E_, =—0.96 V vs. NHE) is more negative
than InTaO, (ECB =-0.8 V vs. NHE), so the electron transfer from InTaO, to NiO is thermodynamically
not possible, but modification with Ni double layered structure assists the transfer of photogenerated
electrons to CB of InTaO, (see Kato and Kudo 2003). Pan et al. (2007) reported that nickel oxide working
as a co-catalyst deposited on the surface of InTaO, and 1 wt% loading was optimal concentration used
in the photoreduction of CO, to CH,OH which afforded 1.394 umol g"' h™' of methanol in the first 20 hr
(Pan and Chen 2007). Lee et al. (2010) synthesized InNbO, modified with NiO and Co,O, by incipient-
wetness impregnation method and used for the CO, activation (Liu et al. 2010b). The 0.5 wt% NiO
loaded InNbO, gave methanol up to 1.577 pmol g™ h™' cat while 0.5 wt% Co,0, loaded InNbO, gave
1.503 umol g h™! of methanol (see Lee et al. 2012). Wang and co-workers (2010) synthesized CdSe
quantum dot sensitized TiO, and the Pt were incorporated by the wet impregnation methods onto the TiO,
for the photoreduction of CO, to CH,OH, CH,, H, and CO as the secondary product in visible light (Wang
et al. 2010). Liu et al. (2010c) has shown that ternary metal oxide like zinc orthogermanate (Zn,GeO,)
can reduce CO, into methane. The yield was further increased by addition of 1 wt% RuO, and 1 wt% Pt
nanoparticles (Liu et al. 2010c). In a report by Feng et al. (2010), ultrafine Pt nanoparticles supported
on hollow TiO, nanotubes were synthesized in situ by microwave-assisted solvothermal approach. For
Pt nanoparticles loaded, nanotubes’ photocatalytic methane production rate of 25 + 4 ppm/(cm? h) was
obtained from the CO_/water vapour atmosphere (see Feng et al. 2011, Xie et al. 2015). In another study
by Yan et al. (2012), ZnAl,O,-modified mesoporous ZnGaNO solid solution was synthesized by a two-
step reaction template route (Yan et al. 2012). The first step involves NaGa, _xAl O, solid solution,
which was prepared by heating the mixed gel of NaGaO, and NaAlO,; however in the second step,
Zn(CH,COO), aqueous solution was introduced into the NaGa, _xAl O, colloidal suspension. The ion
exchange reaction produced ZnAl O, modified mesoporous ZnGaNO after nitridation step. The ZnAl,O,-
modified mesoporous ZnGaNO loaded with 0.5 wt% Pt as the co-catalyst exhibited a CH, generation
rate of 9.2 umol g!' h! after 1 hr of visible light illumination (A > 420 nm). BET and TPD results
showed that high surface area and higher adsorption of CO, on catalyst surface promoted higher yield.
Hollow nanotubes or other hollow structures possess superior photocatalytic performance because of
low recombination in bulk volume. However, their design and structure are difficult to maintain. In
another study, CuO-TiO, N_hollow nanocubes with exceptionally high photoactivity were synthesized
for reduction of CO, to CH, under visible light irradiation (see In et al. 2012). The yield of methane was
found to be 41.3 ppm g h™' which was 2.5 times higher than that of Degussa P25 TiO, (16.2 ppm g™ h™).

Layered double hydroxides (LDHs) with a general formula [M**, M?*" (OH),]*'(A ) -mH,0) in as
such form or after modification with different ions like M?* = Mg*', Zn*, Ni*"; M** = AI**, Ga*', In*, etc.
were also investigated for the CO, reduction. For example Teramura et al. (2012) used Mg-In LDH as
photocatalyst, which yields CO and O, (3.21 and 17.0 umol g™ h™', respectively) from 100 mg of Mg-
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In LDH (Teramura et al. 2012). Ahmed and coworkers reported the use of various LDHs incorporated
with different metal ions like Cu, Zn, Al, Ga, etc. for reduction of CO, at pressurized reactor under
UV-Vis light irradiation. By using [Zn, Cu, .Ga(OH),]',[Cu(OH),]* -mH,O (Zn-Cu-Ga) layered double
hydroxides as photocatalyst, the yield of methanol was found to be 170 nmol g' cat h™! (see Ahmed et
al. 2011). Further addition of light absorbers can increase the yield of the products. In this context, Hong
et al. (2014) synthesized LDHs modified with carbon nitride (Mg-Al-LDH/C,N,) for the photocatalytic
reduction of CO,. The nitrate ions were replaced with carbonates which facilitates CO, concentration
over LDHs while carbon nitride generates electron hole pairs (Hong et al. 2014).

Sensitization of semiconductors with metal complexes

For enhancing the visible light absorption, other methods like sensitization with metal complexes can be
used as light harvesting units (see Kumar et al. 2012). Homogeneous photocatalysts, including transition
metal complexes such as ruthenium(II) polypyridine carbonyl complex, cobalt(Il) trisbipyridine, and
cobalt(IIT) macrocycles have been widely investigated for this reaction. Transition metal based molecular
complexes are advantageous due to their high quantum efficiencies and high selectivity of products.
However, transition metal complexes suffer from the drawback of non-recyclability and higher costs
which limit their practical applications. In order to overcome these limitations, immobilization of
transition metal complexes to a photoactive support is a promising approach as it provides facile recovery,
recyclability as well as enhanced activity due to synergistic effect of both components. Metal complexes
after absorption of visible light get excited via MLCT (metal to ligand charge transfer) transition and
can transfer electrons to the conduction band of semiconductors which are used for the reduction of CO,
or protons. For the efficient transfer of electrons from metal complex molecule to semiconductor, the
position of LUMO of the metal complex should be higher in energy than the conduction band edge of the
semiconductor. However, its rate depends on a number of parameters such as the orientation and distance
of the light absorbing unit with respect to the surface or size and flexibility of the anchoring unit. The
positively charged metal complex that is generated gets back to its initial state by extracting electrons
from the valence band (or by transferring positive charge in valance band). So, the hole is created in
the valance band of semiconductor which oxidizes water to derive necessary electrons and protons.
Immobilization of metal complexes indirectly generates electron and hole pairs in the conduction band
and valance band, respectively.

So far, a number of photosensitizers such as ruthenium polyazine, metal phthalocyanines,
porphyrines, etc. have been used widely for the immobilization on photoactive semiconductor supports.
For the efficient sensitization, the life time of excited state should be long enough to transfer electrons

CH,0H, CO,
HCOOH

&)
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Figure 3. Basic illustration of CO, reduction by metal complexes sensitized photocatalyst.
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in the conduction band of semiconductors. In this regard, nature of metal ions play a pivotal role for
determining the life time of excited state; for example, tin phthalocyanine has longer life time of excited
state than other metal phthalocyanines. So, there is sufficient time available for the transfer of electrons
from the phthalocyanine molecule to the conduction band of semiconductor. Another major factor that
influences electron transfer is the vicinity of metal complex with semiconductor. Attachment with linkers
having long alkyl chain is less efficient in comparison to complexes attached with short chain linkers.
Similarly, if metal complex is coordinated with semiconductor via a group having conjugated linker, the
electron transfer from metal complex to conduction band is faster. But back electron transfer may be a
detrimental process, so presence of sacrificial donor is of utmost importance which prevents the back
transfer of electrons via donating electrons through redox quenching.

In general, semiconductor photocatalysts provide hydrocarbon products having lower C:H ratio
(< 0.5) because of cessation of reaction on the surface of catalyst. So, in order to produce hydrocarbons
with higher C:H ratio (> 0.5), multi-electron transfer is essential. The multi-electron transfer is possible
by sensitization of semiconductors with molecular catalysts, which have the ability to generate more than
one electron-hole pair simultaneously (see Mohamed and Bahnemann 2012).

Mainly, two approaches for the immobilization of metal complexes on the semiconductor supports
have been utilized; the first one is non-covalent immobilization and the second one is covalent attachment.
In anon-covalent approach, the metal complex can be immobilized to support material by ionic interaction,
physical adsorption via van-der-Waals forces or through n—m interaction. Simple adsorption by van-der-
Waals or n—m interaction of metal complex is less robust due to the weak interaction between support
material and metal complex, so leaching of the catalyst from the solid support is an obvious drawback.
Ionic interaction is somewhat stronger but ionization in the aqueous reaction medium limits its practical
utility. Thus, covalent immobilization of metal complex to support is more attractive in the viewpoint of
stability. For the covalent attachment of complex to the support, the surface of semiconductor should have
lots of functionalities to accommodate enough concentration of metal complex. Furthermore, most of the
semiconductor surface is decorated with —OH groups that form M-OH groups which are weaker than
C-OH group; hence, multi-site attachment is more favourable to achieve highly stable photocatalysts.
In this regard, the use of linkers provides benefits of strong and leaching proof multisite attachment
of metal complex to the solid support matrix. The most commonly used linkers are 3-aminopropyl
trimethoxysilane (APTMS), dopamine, glycine, etc. Furthermore, the stability of any immobilized
complex on semiconductor is strongly dependent on the number of sites and nature of groups through
which it is coordinated.

O. Ishitani and co-workers have done lot of work in the field of immobilization of homogeneous
metal complexes of ruthenium [Ru(dcbpy)(bpy)(CO),]*, rhenium [Re(dcbpy)(CO),]", etc. on various
semiconductor supports like tantalum oxynitride, carbon nitride, etc. In a recent work, Sato et al.
linked [Ru-(dcbpy),(CO),I*" complex, N-doped Ta,0, (N-Ta,0,) as a p-type semiconductor for the
photoreduction of CO, under visible light and obtained HCOOH selectively with a TON value of 89
(see Yamanaka et al. 2011). Here the p-type semiconductor is beneficial since it fastens the transport of
electrons to the complex. Recently, Woolerton et al. (2010) developed ruthenium complex sensitized
TiO, attached enzymatic system in which Ch-CODH I: carboxydothermus hydrogenoformans, expressed
as carbon monoxide dehydrogenase, were able to transfer two electrons simultaneously to the CO,
(Woolerton et al. 2010). This enzyme coupled catalytic system was used to reduce CO, to CO selectively.
Sekizawa et al. (2013) reported Ru metal complex attached with semiconductor for the photocatalytic
reduction of CO, to CH,OH, HCOOH via Z-scheme mechanism (Sekizawa et al. 2013).

It has been well documented in the literature that phthalocyanines have a longer life time of excited
state in comparison to ruthenium complex so they can effectively transfer electrons to semiconductors.
In this regard, recently Kumar et al. (2015a) have synthesized tin phthalocyanine dichloride (SnPcCl,)
immobilized to mesoceria (SnPc@CeO,) by considering the labile chlorine atoms as the linking sites
(Kumar et al. 2015a). It has been observed that in the solution form, SnPc remains in agglomerated
form and gives broad Q band from 650 nm to 750 nm while after attachment to meso-ceria support, it
converted to monomeric form and gave sharp Q band which is a clear indication of attachment of SnPc
to mesoceria. The synthesized photocatalyst was used for the visible light assisted photoreduction of CO,
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to methanol along with minor amount of CO and H, using triethylamine as sacrificial donor. By using
SnPc@CeO,, the yield of methanol, CO and H, was found to be 2342 pmol g' cat, 840 mmol g’ cat and
13.5 mmol g! cat after 24 hr of vis-irradiation. However, it has been observed that after a certain period,
the rate of methanol formation started to deplete that was due to consumption of CO, in the reaction
mixture. In order to confirm that the saturation point is reached due to consumption of CO, and not due
to the deactivation of the photocatalyst, the reaction mixture was re-purged with CO, and again irradiated
under visible light. The yield of methanol again increased which confirmed that the photocatalyst was not
deactivated during irradiation.

The higher photocatalytic performance was explained on the basis of better electron injection from
SnPc to conduction band of mesoceria. After absorption of visible light, SnPc get excited via MLCT
transition and electrons get transferred from HOMO to LUMO. This excited state transfers electrons to
the conduction band of CeO,. Triethylamine works as sacrificial donor and get degraded to its degradation
products like acetaldehyde and diethyl amine, etc.

In recent years, magnetically separable nanocomposite materials have gained considerable attention
because of the easy recovery of the catalyst after reaction by using external magnet. In this regard,
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Figure 4. (I) Photocatalytic methanol formation versus time by using (a) blank reaction, (b) meso-CeO, and (c) SnPcCl,
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Kumar et al. (2015b) developed a core shell structured bimetallic Ru complex and cobalt phthalocyanine
attached TiO,@Si0,@Fe,O, microspheres (Ru-CoPc@TiO,@SiO,@Fe,0,) by step wise coating of SiO,,
TiO,, CoPc and Ru complex on Fe,O, nanoparticles (Kumar et al. 2015b). The synthesized photocatalyst
was found to be much more photoactive in comparison to any component and gave 2570 pumol g™! cat
after 48 hr by using water/triethylamine mixture under visible light irradiation. The photocatalyst was
magnetically separable and could be reused several times without loss of photoactivity and no leaching of
active metallic components such as Ru and Co was observed due to covalent attachment. The particular
arrangement was chosen because Ru complex has short life time in comparison to CoPc, so it can transfer

Figure 6. FESEM images of (a) Fe,O,, (b) SiO,@Fe,O,, (c) TiO,@SiO,@Fe,0,, (d) Ru-CoPc@TiO,@SiO,@Fe,0,.

Reprinted with permission from ref. Kumar, P., R.K. Chauhan, B. Sain and S.L. Jain. 2015. Photo-induced reduction of

CO, using a magnetically separable Ru-CoPc@TiO,@SiO,@Fe,0, catalyst under visible light irradiation. Dalton Trans. 44:
4546-4553. Copyright@Royal Society of Chemistry.
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electrons to CoPc faster which has higher life time, so it can efficiently transfer electrons to conduction
band of TiO,. SiO, was coated in between TiO, and Fe,O, to provide plenty of ~OH functionalities for the
better coating of TiO,. Further, it prevents recombination of electrons and protons at Fe O, core.

In some instances of post grafting approach of immobilization of metal complexes to semiconductors,
auto degradation of metal complexes in the presence of light is observed. Thus, to overcome such
limitations, in situ synthesis of metal complexes grafted semiconductor is a fascinating approach to
prevent the loss of metal complex from catalyst support as well as from self degradation. In this regard,
Zhao et al. (2009) have synthesized CoPc grafted TiO, (CoPc/TiO,) and elaborate on the reduction of
CO, to methanol and formic acid. The CoPc/TiO, photocatalyst containing 0.7% of CoPc afforded 9.38
mole g cat! h™! of methanol and 148.81 mole g cat! h! of formic acid (Zhao et al. 2009). Kumar and
co-workers (2015¢) synthesized in situ Ru(bpy),Cl, complex grafted TiO, (in situ Ru(bpy),/TiO,) by
precipitation of TiCl, in triethanolamine containing solution followed by dissolution in water and then re-
precipitation with ammonia solution (Kumar et al. 2015¢). TEM analysis showed fringes of TiO, crystal
lattice with 0.35 nm (101 plane) interplaner distance that confirmed anatase form (Figure 8-I). Further,
wide scan XPS spectra in Ti2p region illustrated characteristics of Ti2p, , and Ti2p, , peaks at 464.23 and
458.39 eV binding energy (Figure 8-II). The synthesized in situ Ru(bpy),/TiO, photocatalyst was found
to be an efficient CO, photoreduction catalyst in comparison to TiO, synthesized by following same
procedure without metal complex. Methanol was identified as the selective reduction product of CO, and
the obtained formation rate (R, ,,,) of methanol was found to be 78.1 umol g™ h™ after 24 hr under visible
light irradiation in the presence of triethylamine as sacrificial donor. The apparent quantum yield (AQY)
at 450 nm was calculated to be 0.26 mol Einstein™'. Better electron injection to the conduction band of
TiO, was assumed to be responsible for enhanced photocatalytic performance.

Graphene based materials for solar fuel

A single layer of graphite called graphene has attracted wide attention of scientific community since
its discovery by Novoselov et al. (2004). In gaphene, a 2D network of sp? hybridized carbon atoms
make long range order conjugation which provides exceptional properties like high electron conductivity,
thermal conductivity, mechanical strength, optical properties and very high surface area (see Rao et al.
2009, Chen et al. 2012, Hu et al. 2010). Due to these specific properties, graphene has been utilized in
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various applications like electronic devices, solar energy conversion, super capacitors, sensors, catalysis
and particularly for the preparation of composite materials (see Ji et al. 2012, Zhuang et al. 2014, Bai
and Shen 2012, Hou et al. 2012, Sahoo et al. 2012). Graphene sheets, due to high mobility of electron
on its surface, have been used for the synthesis of nano-hybrid with various semiconductors like TiO,,
ZnO, and Cu,O nanostructure semiconductors (see Zhang et al. 2012, Cowan and Durrant 2013, Li et al.
2013b, Low et al. 2015).

Ong et al. (2014) used exposed 001 facet anatase doped with nitrogen-doped TiO, (N-TiO,-
001) for hybridization with graphene sheets (N-TiO,-001/GR). The photocatalyst was synthesized by
hydrothermal method in one-step using NH,F as the structure determining agents. In previous studies,
it has been showed that 001 facet TiO, is more active toward CO, reduction. The photocatalytic results
showed that N-TiO,-001/GR nanostructure catalyst gave CH, selectively with a yield of 3.70 pmol g cat
that was 11-fold higher than the TiO,-001. The enhanced activity was assumed due to three facts: (i) 001
facet TiO,), (ii) nitrogen doping which reduce band gap, (iii) blending with graphene sheets which provide
higher mobility to electrons (Ong et al. 2014).

Harsh oxidation of graphite with strong oxidizing agents like KMnO, and H,SO, or H,PO, and
H,SO, gave graphene oxide, an oxidized form of graphene (see Hummers and Offeman 1958). During
the harsh oxidation of graphene, some of the sp? carbons get converted into sp® hybridized carbons.
Thus, enormous sp? and sp® hybridized domains get evolved on the surface of graphene sheets. The
domains having sp? carbons due to the presence of tightly held electrons work as valance band while sp?
domain, due to the presence of mobile electrons, works as conduction band. So oxidation of graphene
oxide convert conductive graphene sheets to semiconductor sheets (see Loh et al. 2010, Bonaccorso et
al. 2010, Eda et al. 2009). The charge separation phenomenon can take place on the surface of graphene
oxide which can be used for the reduction of CO, and oxidation of water. In a study, Hsu et al. (2013)
has showed that graphene oxide synthesized by KMnO, and H,SO, using H,PO, as mild oxidizing agent
has low band gap 2.9 eV. The synthesized graphene oxide was used for the reduction of CO, to methanol
under visible light irradiation of xenon lamp as a source of light. The rate of methanol formation was
found to be 0.172 pmol g cat h™' after 4 hr of visible irradiation that was six-fold higher than pure
TiO, (see Hsu et al. 2013). The position of conduction band was negative enough (-0.79 V vs. NHE)
to facilitate CO, reduction to methanol while the position of the valence band (+2.91 V vs. NHE) was
positive enough to perform water splitting.

Yeh et al. (2010) have explored the use of graphene oxide for the reduction of protons to hydrogen
under visible light irradiation (Yeh et al. 2010). As graphene oxide works as semiconductor, so the
phenomenon of charge recombination still exists and so the electron or hole capturing agents can improve
the photocatalytic performance. So, addition of platinum nanoparticles as electron capturing agents
and methanol as hole scavenger improve the yield of hydrogen from 280 pumol after 6 hr for GO to
17000 pumol after 6 hr for Pt/GO having methanol as hole scavenger. In another study by Shown et al.
(2014), copper nanoparticles (4-5 nm) modified GO (10 wt% Cu-NPs) has been found to increase the
rate of methanol production from 0.172 umol g' cat h™" after 4 hr to 2.94 umol g' h™! after 2 hr with
acetaldehyde as byproduct (3.88 umol g' h™") (Shown et al. 2014). The increased yield was assumed due
to capturing of electrons which lower the electron hole pair recombination.

Nanostructured composite of graphene oxide with various semiconductor materials exhibits higher
photocatalytic performance because of transfer of electrons from semiconductors to GO which can move
apart on the surface. High specific surface area provides better adsorption of CO, and H,O molecule.
Further modified semiconductors have narrow band gap and can induce charge production at higher wave
length. In this regard, Tan et al. (2015a) synthesized a composite of oxygen rich TiO, and graphene oxide
(GO-OTi0,) for CO, reduction. The oxygen rich TiO, was prepared by precipitation of titanium butoxide
in the presence of hydrogen peroxide (Tan et al. 2015a). Due to the narrowing of band gap and creation
of defects, the TiO, was visible light active with a band gap of 2.95 eV. The optimal loading of GO which
promotes better CO, reduction was calculated to be 5 wt%. After 6 hr of visible irradiation, the yield of
CH, over GO-TiO, nanocomposite was found to be 1.718 umol g*' cat which was 14 times higher than
commercial grade P25 TiO,.
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Due to rich surface chemistry, graphene oxide also serves as semiconductor support for attachment
of various semiconductors and metal complexes. Graphene oxide has absorption range in 230 to
300 nm, so it can absorb light of lower wave length. Hybridization with metal complex further improves
the visible light absorption profile along with the significant enhancement in CO, conversion efficiency.
Kumar et al. (2015d) have immobilized a ruthenium heteroleptic complex to GO by using chloroacetic
acid as linker (Kumar et al. 2015d). The developed photocatalyst showed increased yield of methanol
in comparison to graphene oxide alone. The methanol formation rate and quantum yield at 510 nm for
GO-Ru catalyst was found to be 85.4 pumol g cat h™' after 24 hr and (¢,, ,,,,) of 0.09, respectively, while
for GO alone this value was 20.0 umol g! cat h™' and 0.044, respectively. The increased conversion
efficiency was assumed due to continuous pumping of electrons from excited ruthenium complex to
conduction band of GO. In a similar approach, CoPc was also used as anchoring photosensitizer unit
because of its wide absorption pattern in visible region and longer life time of excited state (see Kumar et
al. 2014a). Ruthenium trinuclear complex, which works as antenna and collects photogenerated electrons,
was also immobilized to GO for photocatalytic CO, activation to methanol (see Kumar et al. 2014b). It
can transfer multiple electrons so it creates possibility for getting higher hydrocarbons. The synthesized
photocatalyst was used for the photocatalytic reduction of CO, to methanol using tricthylamine as a
reductive quencher by using 20 W LED as visible light source. The yield of methanol was found to be
3977.57 £ 5.60 pmol g' cat after 48 hr.

Reduced graphene oxide as obtained by reduction of graphene oxide is also well documented for
the photocatalytic applications. In this regard, Tan and co-workers (2013) synthesized reduced graphene
oxide TiO, (rGO-TiO,) nano-hybrid by solvothermal method and obtained CH, product in 0.135 pmol
g, 'h' yield after 4 hr of reaction (Tan et al. 2013). Composite of Cu,O semiconductor with reduced
graphene oxide (Cu,0/RGO) posseses higher photocatalytic performance for reduction of CO,. Addition
0f 0.5% RGO was found to be of the optimal amount and the Cu,0/0.5% RGO composites produce CO
at an average of 50 ppm g' h™' after 20 h, with an apparent quantum yield of 0.34% at 400 nm. This
yield was approximately 50 times higher than bare Cu,0 which clearly explains the role of graphene
oxide as charge separator (see An et al. 2014). During the reduction step of graphene oxide, oxygen
carrying moieties are removed which create defects in graphene sheets and diminish charge mobility
over the sheets. In a study, Liang et al. showed that the solvent exfoliated graphene (SEG) synthesized
by ultrasonication in N, N-dimethyl formamide (DMF) has less defect in comparison to rGO synthesized
with chemical reduction methods, which improves electrons’ mobility on the sheets. A composite of SEG
with TiO, (P-25) SEG (0.27%)-TiO, synthesized by using ethyl cellulose as a stabilizing and film forming
polymer can reduce CO, to methane with a formation rate of 8.3 umol h™' m under UV light irradiation
that was 4.5 times higher than bare TiO, (see Liang et al. 2011). Yu et al. (2014) reported that reduced
graphene (RGO)—CdS nanorod composite prepared by a one-step microwave-hydrothermal method in an
ethanolamine-water solution exhibited a higher activity for the photocatalytic reduction of CO, to CH,,
without any co-catalyst (Yu et al. 2014b).

Noble metals like Pt, Pd, Ag and Au nanoparticles decorated on reduced graphene oxide/TiO, (GT)
were also tested for photoreduction of CO, to explore the better charge capturing performance of noble
metals in composite. Among the noble metals used, the Pt-doped GT nanocomposites were found to be
the most active and afforded CH, yield up to 1.70 umol g cat after 6 hr of light irradiation, that was
2.6 and 13.2 folds higher in comparison to GT and commercial P25, respectively (see Tan et al. 2015b).

In a recent report by Gusain et al. (2016), reduced graphene oxide (rGO)—copper oxide (rGO-CuO)
nanocomposites were prepared by grafting of CuO nanorods on the rGO sheets (Gusain et al. 2016).
Surface modification of CuO naorods by APTMS (3-aminopropyl-trimethoxysilane) led to accumulation
of positive charge which interacts with negatively charged graphene oxide sheets. These GO modified
CuO nanorods after hydrothermal treatment produce rGO-CuO nanocomposite. The NaOH to copper salt
ratio determines the width of CuO nanorods in composite. By using different NaOH:(CH,COOH),Cu
ratio, the thickness of CuO nanorods in rGO-CuO nanocomposite was found to be 3—6, 5-9, 9—11 and
10-15 nm for rGO-CuO,,, rGO-CuO,,, rGO-CuO,,, and rGO-CuO,,, nanocomposites, respectively
(Figure 9-1). High resolution XPS spectra in Cu2p region gave an intense peak at ~933.5 eV with associated
satellite peaks for Cu'? state confirming the presence of CuO in composite (Figure 9-1I). Methanol was
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obtained selectively in CO, photoreduction experiment and rGO-CuO ,, composite gave the highest yield
of methanol with a formation rate (R, ) of 51.1 pmol g™ h™" after 24 h. Recycling experiments showed
that the synthesized photocatalyst was stable and recyclable for several runs without compromising the
performance of catalyst (Figure 9-1I1). The increased performance was explained due to higher mobility
of electrons on rGO sheets, which prevents electron and hole recombination (Figure 10).

Making composite of graphene not only improves charge separation on its surface but also, in some
cases it has been observed that graphene can raise the position of conduction band of semiconductor. A

(@ )
Cu zp1[2 II £ 293,2

rGO-Cu014
[——rGO-CuO18
rGO-Cu0O116
|~ rGO-Cu0124
T T T T T
968 9260 952 944 236 928

Binding Energy, eV

- 1st Run

2nd Run I“)
- 3rd Run
- 4th Run
- 5th Run
- 6th Run

1200 4

0000660

Aftor 24 Hours

Methanol, micromol.g™!

Light Irradiation Time, hour

Figure 9. (I) HRTEM images of (a) rGO-CuO14, (b) rGO-CuO18, (¢c) rGO-CuO116 and (d) rGO-CuO124 nanocomposites.
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Figure 10. Schematic illustration of photocatalytic conversion of CO, to methanol, by using rGO-CuO nanocomposites
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recent report by Wang et al. 2013b showed that blending of graphene with WO, raises the position of
conduction band which makes it more reductive for the efficient reduction of CO,. The CB band edge
value of WO, was found to be —0.10 V vs. NHE at pH-7 which was low for the reduction of CO,, while
for WO,/rGO composite the conduction band edge position was found to be —0.47 V (obtained by XPS
VB spectra) which was negative enough to promote CO, reduction to methane. After 8 hours of visible
irradiation, the yield of CH, was found to be 0.89 umol g™' cat.

Doping of heteroatoms such as N, S, B, P, etc. to graphene oxide is a well known approach to
enhance its photocatalytic activity (see Lin et al. 2012). Nitrogen doping removes carbon atoms from the
surface of graphene and three types of nitrogen pyridinic, quarternary nitrogen, and pyrrolic were evolved
depending upon their position on the sheets. The contribution of electron pair by pyridinic nitrogen in
© conjugated network of graphene transforms sheets in electron rich sheets and Fermi level shift above
the Dirac point which distorts the symmetry of graphene sub lattice and creates a band gap. The band gap
of N-doped graphene is highly dependent on the nitrogen content and a band gap value up to 5 eV can be
reached. Nitrogen doping can be achieved by either in situ synthesis in the presence of nitrogen containing
substrate or via post grafting approach using gaseous nitrogen source. Nitrogen doping disturbs the charge
distribution on neighbouring atoms and negative charge gets accumulated on the surface of graphene
which creates “activation region” on the graphene sheets. Due to the presence of these activation regions,
N-doped graphene can be used for various reactions and attachment of metal particles/semiconductors/
metal complexes, etc. The nanostructured composite of N-doped graphene with various semiconductor
materials has been proven to show superior photocatalytic performance. Reduction of graphene oxide
in the presence of phosphorous source like phosphoric acid, P-containing ionic liquids, etc. produce
P-doped graphene. Phosphorous atoms due to loosely held electrons on the sheets make sheets more
electron rich in character and afford higher band gap in comparison to N-doped graphene which can be
used for the proton or CO, reduction. Sanchez et al. synthesized P-doped graphene (P)G-4 by pyrolysis
of H,PO,” modified alginate at 900°C under inert atmosphere and were able to tune band gap up to 2.85
eV. Further, phosphorous content was calculated with the help of XPS which reveal 12.73% phosphorous.
The catalyst was able to produce hydrogen from water in the presence triethanolamine as sacrificial
donor. Furthermore, immobilization of metal complexes to N-doped graphene for photoreduction
of CO, to methanol is also documented in the literature. In this regard, Kumar et al. (2015¢) reported
copper complex [Cu(bpy),(H,0),]C1,.2H,0 supported on N-doped graphene (GrN, -CuC) as efficient
photocatalyst for photoreduction of CO, into CH,OH with a conversion rate of 0.77 pmol g™ h™' with
the associated quantum yield of 5.8 x 10~ after 24 hr under visible light irradiation. The nitrogen content
of N-doped graphene was found to be 6.01% which was enough to create a band gap required for the
reduction of CO, (Kumar et al. 2015¢).

A nanocomposite of boron doped graphene and P25 TiO, (P25/B-GR) was used for the reduction of
CO, to methane (see Xing et al. 2014). Boric acid (H,BO,) was used as a source of boron for the synthesis
of B-doped graphene. It has been well documented in literature that exposure of ZZ-edges on nanoscaled
graphene give rise to semi-metallic property. B-doping in graphene has many exposed ZZ-edges and
thus, the photo-generated electrons of B-GR make its Fermi level (E’-B-GR nanosheets) higher than
the conduction band (EC-GR sheets) of GR sheets (from E-B-GR nanosheets to E’ -B-GR nanosheets).
The Fermi level of B-doped graphene lies in between the conduction band of TiO, and reduction
potentials of CO,/CH,, so electrons can be transferred from CB of TiO, to B-doped nanosheets. The as
prepared composite after 120 min solar light irradiation showed the highest photo generation of CH,
(>2.50 umol g).

Photocatalysis by metal clusters based nanostructured composite

Metal clusters, a class of Polyoxometalates (POMs), are molecular metal oxide aggregates and are
typically formed by oligo-condensation reactions of small oxometalate precursors, often in the presence
of templating anions (see Kibsgaard et al. 2014). Octahedral metal clusters of Mo and Re can be good
photocatalyst for various applications including CO, reduction and hydrogen evolution. These are an
attractive alternative because of the presence of multi-metallic centres that can transfer multiple electrons
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toreduce CO, to give higher hydrocarbons. Metal clusters are fully oxidized with d configuration and show
LMCT (ligand to metal charge transfer) transition in the range of 200-500 nm due to O—M transition.
Recently, work group of Hill et al. (2012) reported cobalt based Polyoxometalates (POMs, clusters) as
photocatalysts for the solar water splitting. Further, [Ru(bpy),]*"** redox photosensitizer modified cobalt-
POM-cluster [ColI (H,0),(PW,0,,),]' was found to be good photocatalyst for water oxidation (Zhu
et al. 2012). The photosensitizer unit acts as electron shuttle that transfers electrons to water-oxidising
Co-POM cluster. A work by Kumar et al. (2014c) used octahedral molybdenum [Mo Br > having Cs*
and TBA" (tetrabutylammonium) counter ions as CO, reduction catalyst with higher quantum efficiency
(Kumar et al. 2014c). However, due to their homogeneous nature, they are difficult to recover and recycle.
Thus, to overcome these drawbacks metal clusters have been immobilized to photoactive semiconductor
supports. Fabre et al. (Fabre et al. 2014, Cordier et al. 2010) immobilized octahedral cluster on n-type
and p-type Si (111) surface modified with pyridine terminated alkyl layer by taking advantage of labile
nature of apical halogen atoms (Fabre et al. 2009, Cordier et al. 2010). Graphene oxide, due to presence
of plenty oxygenated groups, has been identified as suitable supporting material. Kumar et al. (2015f)
have immobilized octahedral Mo clusters on GO by replacement of apical bromine atoms by oxygen
carrying functionalities present on the surface of graphene oxide (Kumar et al. 2015f). Methanol was
observed as the sole CO, reduction product by using GO-Cs,Mo Br\Br* (i = icosahedral, a = apical)
and GO-(TBA),Mo BriBr* as photocatalysts and the formation rate was found to be 68.5 and 53.9 umol
g h'!, respectively, after 24 hr irradiation under visible light without using any sacrificial donor. The
obtained quantum yield and turn over number by using GO-Cs,Mo Br'Br* was calculated to be 0.015
and 19.0 respectively, while for GO-(TBA) Mo, Br\ Br* these values were 0.011 and 10.38, respectively.
The plausible mechanism defines that metal clusters after absorption of visible light get excited and
transfer electrons and positive charge to CB and VB of GO, respectively, so indirectly charge pairs get
evolved on GO that was used for CO, reduction and water oxidation.

In a study, Kumar et al. (2015g) synthesized octahedral hexacyano rhenium K [Re S (CN),]
cluster complexes which were grafted onto photoactive Cu(OH), cluster modified TiO,{Cu(OH),/TiO,}
support (Kumar et al. 2015g). In a previous report, Cu(OH), cluster modified TiO, has been identified
as good hydrogen evolving catalyst (see Yu and Ran 2011), so it was used as an active support for the
immobilization of Re clusters. Re cluster molecules were immobilized covalently by Re-CN-M bridges
bond formation. The methanol yield after 24 hr irradiation was found to be 149 umol/0.1 g cat for
Re-cluster@Cu(OH),/TiO, photocatalyst that is much higher than 35 umol/0.1 g cat for Cu(OH),/TiO,
and 75 pmol/0.1 g cat for equimolar rhenium cluster in the presence of triethanolamine (TEOA) as
a sacrificial donor. The quantum yields (¢,,..,) of Re-cluster@Cu(OH),/TiO, and Cu(OH),/TiO, were
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Figure 11. (I) CO, conversion to methanol using (a) Re-cluster@Cu(OH),/TiO,, (b) Re complex at same equimolar amount
and (c) Cu(OH),/TiO,. (II) UV-vis spectra of reaction mixtures of recycling experiments. Reprinted with permission from
ref. Kumar, P., N.G. Naumov, R. Boukherroub and S.L. Jain. 2015. Octahedral rhenium K [Re S,(CN),] and Cu(OH), cluster
modified TiO, for the photoreduction of CO, under visible light irradiation. Appl. Catal. A 499: 32-38. Copyright@Elsevier.
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found to be 0.018 and 0.004 mol Einstein™', respectively (Figure 11-I). The catalyst was recyclable and no
loss in activity was observed. Further, after every recycling, the UV-Vis spectra of solution was measured
which showed no leaching of cluster from the surface of modified Cu(OH),/TiO, semiconductor support
(Figure 11-1I).

The Cu(OH), clusters modified TiO, has band gap 3.11 €V which was somewhat lower than TiO,.
The reduction potential of Cu(OH),/Cu is —0.634 V (vs. NHE at pH-7), which was negative enough for
the reduction of CO, to methanol {CO,/CH,OH (—0.38 V vs. NHE at pH-7)} and H"/H(=0.41 V vs. NHE
at pH-7). So electrons can be transferred from TiO, CB to Cu(OH), and, subsequently, to CO, or proton.
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Figure 12. Plausible mechanism of CO, reduction by Re-cluster@Cu(OH),/TiO, under visible light irradiation. Reprinted

with permission from ref. Kumar, P., N.G. Naumov, R. Boukherroub and S.L. Jain. 2015. Octahedral rhenium K [Re S (CN),]

and Cu(OH), cluster modified TiO, for the photoreduction of CO, under visible light irradiation. Appl. Catal. A 499: 32-38.
Copyright@Elsevier.

However, the value of reduction potential of CO, is more negative than reduction potential of proton,
so CO, reduction win over proton reduction and methanol was observed as a major reaction product
(Figure 12).

Graphitic carbon nitride as photocatalyst

Semiconductor polymeric materials have gained considerable importance in recent years due to their
flexibility for structure modification and tuning of band gap by degree of polymerization. Among various
polymeric materials known, graphitic carbon nitride is important due to its low band gap (2.7 eV) and
suitable position of conduction band (—1.1 eV) and valence band (+1.6 eV) (see Ong et al. 2016). Carbon
nitride is a 2D polymer consisting of interconnected tri-s-triazines units via tertiary amines. Carbon nitride
is mainly synthesized with dicyanamide, melamine, etc. For example, Wang et al. (2009b) synthesized
carbon nitride by heating melamine in air and used it for photocatalytic water splitting (Wang et al.
2009b). However, the precursor melamine is expensive, difficult to obtain and highly explosive, so urea
can be used as a cost effective and non-toxic alternative for preparation of carbon nitride. Dong and
coworkers (2012) synthesized a layered g-C,N, with a high surface area by directly heat treating the urea
in air, which exhibited much higher visible light photoactivity (Dong et al. 2012). The band gap can be
further reduced via doping with heteroatoms like P, S and I, etc. (see Zhang et al. 2014). Recently, Zhang
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et al. (2010) synthesized P-doped g-C,N, by using 1-butyl-3-methylimidazolium hexafluorophosphate
(BmimPF,) as a source of phosphorous and obtained an improved photocurrent response (Zhang et al.
2010). Hong et al. (2012) prepared S-doped mesoporous carbon nitride (mpgCNS) by in situ method and
observed higher hydrogen evolution rate in comparison to mpgCN (Hong et al. 2012).

As carbon nitride possesses graphene like sheets for better mobility to electrons and small band
gap, therefore, it has been combined with other semiconductor materials like BiVO,, TaON, BiPO,,
TiO,, WO,, NaNbO,, Cu,0, Bi,WO,, to obtain nano-hybrids for various applications including hydrogen
evolution and CO, reduction. Porosity is the main feature which determines the concentration of reactant
on the photocatalyst surface and therefore the photocatalytic performance (see Xu et al. 2013c, Portehault
etal. 2010, Yan et al. 2010, Pan et al. 2012, Ge et al. 2011).

Kailasam et al. (2011) synthesized highly mesoporous carbon nitride by sol gel method using silica
as template. Ordered structured mesoporous carbon nitride was prepared by facile sol-gel route using
precursor TEOS as source of silica and cyanamide as the source for carbon nitride. The synthesized
porous carbon nitride was used for solar hydrogen evolution experiment and it has been found that
sample CN-6 (1:6, TEOS:CN) gave the highest yield of hydrogen (40.5 H,/mL) after 24 h using K,PtCI,
as catalyst and TEOA as sacrificial donor (Kailasam et al. 2011).

In another report, Kailasam et al. (2015) synthesized WO, /carbon nitride (W-TEOS-CN) composite
by simple mixing of precursor cyanamide, TEOS, followed by addition of WO, (Kailasam et al. 2015).
The synthesized composite was found to be very active for hydrogen evolution and the rate of hydrogen
evolution could be reached up to 326 pmol H, h™', which was 2.4 times of simple nanoporous carbon
nitride. The enhanced activity was assumed due to the efficient charge separation via Z-scheme and this
was confirmed by photoluminescence (PL) spectroscopic analysis.

Shi and co-workers (2014) synthesized visible-light-responsive g-C,N,/NaNbO, nanowires by
fabrication of polymeric g-C,N, on NaNbO, nanowires. The calculated value of optical band gap for
NaNbO, and g-C,N, was found to be 3.4 and 2.7 eV, respectively, so the addition of g-C,N, generates
heterojunction which facilitates electron transfer from carbon nitride to NaNbO,. During the first 4 hr of
irradiation, the rate of CH, generation over Pt-g-C.N,/NaNbO, was as high as 6.4 umol h™ g™' in contrast
to that of Pt-g-C.N, (0.8 pmol h™' g™') (Shi et al. 2014).

As can be seen in the existing literature, most of semiconductor photocatalysts use expensive noble
metals like Pt, Pd, Ru, Ir, etc. as charge capturing species. These noble metals can activate substrate
molecules by bond formation which further facilitates CO, reduction/protons reduction. However, the
addition of noble metal adds extra cost which makes the process less viable from economical viewpoints.
So, efforts are directed for designing photocatalyst which can work without noble metal dopants. The
core shell LaPO,/g-C,N, nanowires synthesized via an in situ hydrothermal growth of LaPO, nanorods in
tubular g-C,N, was investigated for photocatalytic conversion of CO, to CO in the absence of any noble
metal (see Li et al. 2017). The irradiation of 30 mg nanocomposite yielded 0.433 umol of CO from CO,
within 1 hr irradiation. Photoluminescence spectra (PL spectra) of LaPO, showed the lowest PL intensity
due to the small amount of charge generation. The g-C|N, showed the highest PL intensity because of
charge generation under visible light. However, core shell structure formation by on LaPO, quenched PL
signal which was probably due to charge transfer from g-C,N, to LaPO, (Li et al. 2017).

The photo-efficiency of carbon nitride material can be further increased by sensitization with metal
complexes. Recently, Takanabe et al. (2010) have immobilized magnesium phthalocyanine on carbon
nitride by n—m stacking interaction and observed enhanced photocatalytic performance for water splitting
(Takanabe et al. 2010). Ruthenium complex (trans(Cl)-[Ru(bpyX,)(CO),CL]) immobilized on carbon
nitride via phosphate linkers has been found a potent catalyst for photoreduction of CO, to CO under
visible light (see Kuriki et al. 2015). Graphitic carbon nitride also works as CO, capturing agent so
it can capture and reduce CO, simultaneously. Lin et al. (2014) developed a cobalt bipyridine redox
catalyst modified carbon nitride, Co(bpy),”/C,N,, system, having cobalt oxide and hole capturing agent
for photocatalytic reduction of CO, to CO under visible light irradiation (Lin et al. 2014). In a work by
Kuriki et al. (2016), they have synthesized ruthenium binuclear complex supported on graphitic carbon
nitride via phosphate moiety (RuRu’/C,N,) for the photoreduction of CO, to HCOOH in visible light
region (Kuriki et al. 2016). Further, modification of carbon nitride with silver nanoparticles increases
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the yield of formic acid (TON > 33,000 with respect to the amount of RuRu’/Ag/CN,). Kumar and
co-workers (2016) have synthesized iron bipyridyl complex grafted nanoporous carbon nitride (Fe(bpy),/
npg-C,N,) which was used for visible light, mediating the amines oxidative coupling (Kumar et al. 2016).

Other carbonaceous materials for CO, activation

Apart from graphene, carbon nitride and other carbonaceous materials like fullerene, carbon nanotube
(CNT), carbon quantum dots (CDs), etc. have also been explored for the CO, activation applications.
For example, Wu et al. (2015) reported nitrogen doped carbon nanotube which due to the presence of
pyridinic nitrogen generated electron rich defects that work as active sites for the reduction of CO,
(Wu et al. 2015). Liang et al. (2012) synthesized a composite of single walled carbon nanotube—titania
nanosheet (SWCNT-TiINS) with low carbon defect densities for investigating role of carbon nanomaterial
dimensionality on photocatalytic response. However, the photoactivity of SWCNT-TiNS composite for
methane production was found to be less than solvent exfoliated graphene-titania nanosheet SEG—TiNS
but this activity was much higher than bare titania nanosheet (Liang et al. 2012).

Carbon nanodots, due to the quantum confinement effect, have been emerged as new photocatalytic
materials. C Dots have been used for various application, fluorescence emission, dye degradation, energy
conversion and storage, etc. (see Fernando et al. 2015). Carbon dots, due to the presence of graphene like
oxidized sheets, can work as semiconductor and the optical properties are strongly dependent on their
size. Further, like graphene, their band gap can be reduced by doping with nitrogen. A work by Sahu et al.
(2014) has synthesized carbon quantum dots decorated with Au nanoparticles for solar light harvesting.
Various small hydrocarbon molecules were observed with higher selectivity for formic acid. Interestingly,
the increase in CO, pressure enhances the yield of products (formic acid and acetic acid were 1.2 and 0.06
mmol h™' g™), at 700 psi and 405—720 nm wavelength for 4 hr due to better absorption of CO, at elevated
pressure (Sahu et al. 2014). In a similar study, Choi et al. (2013) prepared Ag decorated carbon dots by
decomposition of cyclodextrin under UV light in the presence of AgNO, (Choi et al. 2013).

Very recently, Yadav et al. (2016) reported 6-amino-2-(9,10-dioxo-6-(2-(perylen-3-yl)-4,5-di-p-
tolyl-4,5-dihydro-1H-imidazol-1-y1)-9,10-dihydroanthracen-2-yl)-1Hbenzo[de]isoquinoline-1,3(2H)-
dione (ANP) functionalized graphene quantum dots coupled with formate dehydrogenase (FDH) enzyme
as potent photocatalyst for selective reduction of CO, to formic acid (Yadav et al. 2016).

Conclusion

Various nanostructured composites including semiconductors and carbon materials hybrids have
been explored thoroughly for photocatalytic activation of water, carbon dioxide and other molecules.
Photocatalytic conversion of CO, to solar fuel by means of artificial photosynthesis is a challenging
aspect which has the potential to solve both the issues related to global warming as well as depleting
energy resources. Thus, the field of development of photocatalytic systems for CO, reduction using solar
light is likely to be a topic of tremendous importance in the prospects of current situation. CO, reduction
over unmodified semiconductor material afforded poor yield of photoreduced products due to the large
band gap which makes this approach far from realization. However, band gap engineering with doping,
mixing with low band gap semiconductor, sensitization with metal complexes or hybridization with
various nanomaterials can produce nanohybrid photocatalysts with tuned band edge positions that can
sustain CO, reduction and water oxidation process. The efficient separation of photogenerated charge is
the key for achieving higher conversion efficiency, so electron and hole capturing agents play a pivotal
role, and facilitate charge separation. Carbon materials such as graphene oxide, reduced graphene oxide,
and carbon nitride have shown to provide enhanced quantum yield due to higher mobility of charge
carrier which prevents recombination. Doping with heteroatoms and composite formation with different
band gap materials showed higher photocatalytic performance. Among the various known approaches,
hybridization of semiconductors with metal complexes seems to be the most promising one to get higher
hydrocarbon products in enough concentration to reduce impact of CO, concentration on environment.
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