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A critical review on emerging photocatalysts for
syngas generation via CO, reduction under
aqueous media: a sustainable paradigm

Deepak Kumar Chauhan, Neha Sharma and Kamalakannan Kailasam (2 *

In a holistic view, global energy generally depends on burning fossil fuels that intensifies the worldwide
energy crisis and the levels of CO, in the atmosphere. Undesirable CO, levels in the atmosphere are a
major concern for alleviating global warming in particular. Impeding CO, emission in the atmosphere is
quite important for sustainable development. Utilizing solar energy for photocatalytically driven CO,
reduction to value-added products or chemical feedstocks can lead to CO, consumption in a more
renewable way and reduce pollution levels. Photocatalytic CO, reduction in water (H,O) to produce
synthesis gas (syngas, CO + H,) is considered a highly advantageous and pivotal intermediate for the
upgradation of valuable hydrocarbon fuels via the Fischer—Tropsch reaction. This timely mini-review
aims to expatiate on the recent advances in syngas production via photocatalytic CO, reduction under
aqueous media following up on the compendious background of syngas production. Furthermore, we
make firm efforts to spotlight various photocatalytic systems, and their structure—activity relationships
for syngas production. However, in addition, emphasis has been given to rationalize the stream propor-
tion of the syngas mixture i.e. CO/H, or H,/CO. This could promptly be assessed via various requisite
parameters such as initial feed concentration (CO,/H,0O) and the cooperative effect of active metallic
sites, liners and sensitizers. Lastly, future aspects summarizing the conceptual idea/concern for tuneable
syngas production via the photoreduction of CO, are presented.

1. Introduction

Currently, rising population and worldwide energy demand
are two major issues. Such a tremendous energy supply chain
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simultaneous biomass conversion into value-added products/fine
chemicals and CO, sorption and reduction.
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fossil fuels. Profound mining of non-renewable sources (fossil
fuels) causes the piling up of carbon dioxide (CO,) levels in the
atmosphere, which is an alarm call for global warming and has
an adverse impact on the environment.'™

A special report by the Intergovernmental Panel on Climate
Change (IPCC) predicted that CO, levels in the atmosphere
could cause temperatures to increase by up to 1.5 °C by 2050,
which may have devastating consequences for humanity and
the natural environment across the globe. Therefore, it is urgent
to mitigate the anthropogenic emission of CO, in the atmosphere
for the sustainable development of mankind.’

As a way to subdue this problem, CO, reduction to value-
added products is a key consideration for sustainable feed-stocks
and energy sources. In the last three decades, CO, reduction has
drawn significant attention for converting CO, into promising
products or fuels such as CO, CH,, HCHO, HCOOH, CH;OH,
C,H,, and C,H,.%°

The CO, reduction process for CO production is one such
interesting pathway. The CO, redox reaction with H,O has
shown the potential to produce syngas (i.e. CO and H,), which
benefits the reaction pathway since the obtained syngas is a
crucial intermediate of the production of valuable hydro-
carbons, methanol, alcohols and fuel additives via the Fischer—
Tropsch process.'>*

Currently, syngas production mainly depends on a variety of
sources, including fossil fuels such as coal, natural gas and oil,
via thermo-catalytic systems operating at relatively high tem-
peratures and pressures.">"? For that reason, it is a challenging
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task to hunt for more viable approaches that use renewable
energy sources (solar, wind and biomass) for the conversion of
CO, to syngas.

The utilization of solar energy for the reduction of CO, to
syngas is the most propitious and highly sustainable strategy.'*"”
The strategies reported include photocatalytic or photo-electro-
chemical (PEC) CO, reduction by H,O and solar light-driven CO,
reduction via CH, ie. dry methane reforming.'®?" It is interesting
to point out that dry methane reforming is a very promising
strategy to realize the effective reduction of CO, to syngas for
practical application in chemical feedstocks for sustainable
energy production using natural gas.'®?>?® In spite of its pro-
mising feature of driving the photo-reduction of CO,, the practical
application of the dry methane reforming process still requires
external thermal energy input. This makes the process highly
vulnerable and thermodynamically unfavourable as it requires
high endothermic enthalpy for the reaction.”*** Thus, herein, the
discussion of the photocatalytic dry methane reforming process is
completely out of our focus due to the above concerns.

Solar-driven CO, reduction under aqueous (H,O) solution
represents an ideal strategy for syngas production.*"**?” This
manifests many advantages such as: (1) this reaction may
require a boundless source of energy i.e. solar light, which is
abundant, and (2) this reaction can be initiated by H,O and CO,
and (3) requires ambient conditions such as low temperature
and pressure.

In brief, the solar-driven production of syngas is a renewable
and promising strategy to respond to the energy and environ-
mental crises.>*® As we have mentioned earlier, different
approaches have been adopted from time to time for syngas
production, but the solar-driven approach is one of the pio-
neering ones.'®*®** Over a decade, numerous studies have
been conducted on photocatalytic CO, reduction and signifi-
cant efforts have been made to develop new photocatalytic
systems to increase photocatalytic performance.’*3*

In addition, there are plenty of reviews and perspectives
on photocatalytic CO, reduction that mainly discuss the chal-
lenges in CO, photoreduction for solar fuel production, the
different types of photocatalytic systems for CO, reduction,
improvement in the photo selectivity of solar fuels, and
advancements in the structural engineering of photocatalysts
for solar-driven CO, reduction into fuels.******® However, an
exclusive review on photocatalytic syngas generation via CO,
reduction under aqueous media is not available. In view of the
significance of photo-driven syngas production, this review
concisely underlines the recent advances of photocatalytic
syngas generation over various photocatalysts.

Herein, we have discussed and emphasized different photo-
active materials including MOFs,**?° organic polymers,>>*°™*?
POMs,**** LDHs,*>*® metal oxides,””*® metal complexes,**>°
and single atom metals®"** for CO, reduction into syngas and
have thus briefly described their photocatalytic activities
to rationalize the stream proportion of the syngas mixture
i.e. CO/H, or H,/CO. In the end, conclusive future perspective
and challenges are briefly highlighted, which defines new
avenues and provides excellent opportunities for materials
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scientists to get deep insight into the development of sustain-
able photocatalytic systems for solar-driven syngas production.

2. Background and recent
advancements in syngas production

Syngas is a gaseous mixture of hydrogen (H,) and carbon
monoxide (CO), and is quite an indispensable component used
as an intermediate for the industrial production of ammonia,
methanol, synthetic petroleum products, and other chemical
commodities via the Fischer-Tropsch reaction.”**” Being an
attractive feedstock for bulk chemical production, syngas has
drawn the attention of research communities since 1900."
Currently, the production of syngas predominantly relies on
the conventional reforming of non-renewable sources, including
fossil fuels such as natural gas, oil, and coal, generally at high
temperatures and pressures."***® Typical methods involved in
syngas production include steam reforming,®* partial oxidation,>
and autothermal reforming or oxidative steam reforming.®* For
the first time ever, the syngas mixture (CO + H,) was manu-
factured via the reaction between steam and incandescent coke
at 1000 °C (eqn (1)).*

C +H,0 —» CO + H, (1)

Later, the syngas mixture was considered as a feedstock for
the catalytic synthesis of methanol via a mixture of zinc oxide
(ZnO) and chromia as a catalyst (eqn (2)).>

2H, + CO — CH,;OH (2)

During the 1920s to 1960s, the focus of the research com-
munities was shifted towards the use of natural gases including
methane and lighter naphtha instead of incandescent coke for
syngas production via steam reforming (eqn (3)).°*®” The
process was typically operated with an excess molar ratio of
steam to hydrocarbons (H,O/HCs) at elevated temperatures
(400-800 °C) and pressures.

CH, + H,O — CO + 3H, (3)

Although steam reforming has had a huge importance and
impact in the industrial process for syngas production,®” con-
tinuous progressive efforts in this process have featured various
advancements. Advent of autothermal reforming and partial
oxidation showed extreme advancements over ordinary steam
reforming. Autothermal reforming was established in the 1950s
by Haldor Topsoe where the combination of the partial oxida-
tion process with steam reforming showed an advantageous
performance for syngas production.®®®® In this process no
external heat was supplied to the reactors for syngas production.
However, the heat generated in an inlet zone of the reactor via the
partial oxidation process was supplied to the second reactor for the
steam reforming process. For example, the partial oxidation
process of n-hexane (C¢Hy4) as a feedstock is illustrated by the
following reaction (eqn (4)):"°

CeHys + 30, — 6CO + 7H, (4)
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Apparently, the development and optimization of this tech-
nology has led to the most efficient and cost-effective operation
generally at low molar ratio of steam/HC feed to produce
CO-rich syngas. This demonstrated advancements in steam
reforming technology that improved the overall reactor effi-
ciency for syngas production.

Nevertheless, the different methods that are discussed here
have shown progressive advancements in syngas production,
although derived from non-renewable carbon sources such as
fossil fuels or natural gases, which have limited reservoirs on
Earth.®®®® Moreover, excessive utilization of fossil fuels has
already led to global warming across the world. Therefore, over
the last few years, significant efforts have been made towards
the development of clean and alternative routes for sustainable
syngas or energy production and purification technology.
In such scenarios, exploitation of renewable sources (biomass,
CO, and H,0) could make an apparent advancement in syngas
production.”

Biomass or its derivatives, as a renewable source of carbon
content, could also feature in the production of syngas via high
temperature gasification processes.”’ This is mainly achieved
by reacting the biomass material at relatively high temperatures
(>700 °C) without combustion, with a controlled amount
of oxygen and/or steam. However, during the combustion of
biomass, the presence of volatile contaminants such as NOx,
SOx, NH;, H,S and other particulates in the generated syngas
poses various issues including equipment corrosion, catalyst
deactivation and most importantly environmental pollution.”
Therefore, further applications in downstream processes require
clean and contaminant-free syngas production.

Moreover, the high abundance of CO,, a renewable carbon
source, in the atmosphere is a major concern for global
warming.”>’® Researchers have made plenty of efforts to miti-
gate the existence of CO, in the atmosphere by means of
various catalytic approaches for the production of fuels and
chemical commodities.”” % Several reports have demonstrated
that CO, is the vital C1 reactant for the production of the syngas
mixture via the dry reforming of methane.®’ However, the process
is generally operated at higher temperatures in industries.

The recycling of CO, with H,O into syngas is a very advanta-
geous process. Syngas production from CO, and H,O could
manifest great potential, as mentioned below:

(i) to operate the process generally at lower temperatures,

(ii) to supply clean liquid and gaseous fuels, and

(iii) to maximize the efficiency of energy utilization for fuel
production via the Fischer-Tropsch reaction.

The driving potential for the production of syngas from the
CO,-H,O mixture can feasibly be attained via renewable
sources of energy such as solar, hydro and nuclear.

The electrochemical fission of CO, and H,O to syngas feed-
stocks has witnessed phenomenal advancements that have
been acclaimed as an efficient way to recycle waste carbon into
valuable products.’? Moreover, focusing on the production of
syngas widens the opportunities for the development of electro-
catalysts. So far, various electrocatalysts have been employed for
syngas production from the CO,-H,O mixture.** Unlike the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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thermochemical process, the electrochemical process, has in
recent years advanced the production of syngas in terms of
its selectivity, efficiency, and low operational cost towards
practical implementation under relatively ambient conditions
using electricity. The electrochemical process for syngas pro-
duction could be further improved by preparing more sophis-
ticated electrocatalysts, electrolytes, and cell designs.

Moving a single step ahead, integrating the electrochemical
process with solar light irradiation could rationally modify the
entire electrochemical process, propelling to fabricate a PEC
device for syngas generation, which has received considerable
accolades in recent years.””®® The concept of a PEC cell is
inspired by natural photosynthesis. In PEC cells, the essential
energy to commence the redox reactions at electrodes for
chemical production may generally be supplied via light irra-
diation. The progressive advantage of PEC over conventional
electrochemical processes reinforced the PEC technology to be
highly feasible and sustainable as it provides huge variations
in catalytic and semiconductor/liquid interface systems for
syngas generation.®” Despite remarkable advancements in the
PEC strategy for syngas production, it remains challenging to
develop more efficient and robust PEC catalytic systems that
can surpass the overpotential of CO, (inert molecule, requires
high activation energy) or can activate CO, at lower overpoten-
tials feasibly and selectively to produce syngas with a tuneable
ratio of CO/H,, yielding further downstream products.

The solar-driven production of the syngas mixture (CO + H,)
via CO, reduction in aqueous media manifests the most
efficient and widely sustainable route. Therefore, taking this
aspect into consideration we have highlighted the concept of
photocatalytic syngas production. Exploitation of renewable
sources of energy ie. solar light for the redox reactions is the
most fascinating and sustainable feature in photocatalysis.®*®
It has emerged as a highly advanced and promising method for
artificial photosynthesis and selective chemical synthesis under
mild conditions.®

To date, numerous photocatalytic systems have been
explored under which the production of the syngas mixture
has commenced from the photoreduction of CO, under
aqueous media. A photocatalyst (semiconductor) is the staple
integral part of the photocatalytic system that provides the
catalytic unit sites for CO, and H,O reduction and acts as a
sunlight harvester. The detailed process of CO, reduction to
syngas and its various photocatalytic systems are discussed in
the next section.

In spite of the ingenious beauty of the state of the art of the
photocatalytic CO, reduction to syngas, its large-scale produc-
tion to realize solar fuels via CO, reduction is still in the infancy
stage. Over the past few years photocatalytic CO, reduction to
syngas has been considered as the most viable pathway descri-
bing the pioneering scientific endeavours, which is still being
expanded by researchers for developing photocatalytic systems
including photoreactor design and most efficient photo-
catalysts that can withstand for a longer time into the reactor
system without being poisoned for sustainable production of
syngas.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3. Photocatalysts for syngas
production

Sunlight provides a huge single source of energy, and researchers
have devoted plenty of time, resources and intellectual input
towards best exploiting this resource.®® In addition, renewable
and sustainable technology has attracted much consideration
because photocatalytic reactions are generally carried out at low
temperatures, normal pressure and without the requirement of
high input energy.”® Therefore, leading research in the field of
photocatalysis is accompanied by an impressive and mammoth
number of publications.

3.1. Fundamental concept of CO, photoreduction

Before moving ahead, it is quite important to discuss the
phenomenon of photocatalytic CO, reduction in an aqueous
environment, as well as the band structure and reduction
potential for various reduced products in brief. This may
introduce a general idea in the reader’s mind for better under-
standing. In the field of photocatalysis, the band structure of
the photocatalyst has a unique importance as it defines the
absorbance of the incident light according to the band gap (Eg)
of the photocatalyst. In sunlight, different wavelengths of light
are present; therefore, when the condition hv > E, is satisfied,
the light-absorption phenomenon takes place.”***

The practical efficiency of the photocatalyst can be estimated
by the effective charge separation followed by charge transfer.
When the photon energy is shed over the semiconductor,
excitons ie. electrons and holes, are generated. Further, elec-
trons from the valence band (VB) get excited to the conduction
band (CB), leaving behind holes in the VB. These photogener-
ated electrons and holes then migrate to the surface of the
semiconductor (Fig. 1a). After that, the reaction is initiated by
the accepting an electron by a CO, molecule from the CB of
the semiconductor.”® However, the phenomenon of charge
recombination also takes place when an electron and hole
combine over the surface. This may lower the efficacy of the
photocatalyst for the reaction. Note that the reduction of CO, is
an uphill reaction; therefore, the CB and VB position of the
photocatalyst must bestride the reduction potential of CO, and
the oxidation potential of H,0.>"%*

The symmetrical structure and strong bond energy ascertain
the thermodynamically unfavourable photoreduction of CO,
due to the high negative reduction potential of CO,/* CO,
(—1.90 V vs. NHE, at pH 7.00). On the other hand, it must be
realized that the proton-driven photoreduction of CO, (CO,
reduction under H,0) could facilitate more favourable condi-
tions for CO, reduction at lower negative reduction potentials
(vs. NHE, at pH 7.00) as the required reduction potential of the
protons is less negative than the reduction potential of CO,.

Thus, these two processes such as the hydrogen evolution
reaction (HER)*>®” and CO, reduction reaction***® may always
compete with each other. The formal electrochemical poten-
tials of the reactions associated with the photoreduction of CO,
and H,O redox reactions are summarized in Table 1 and also
shown in Fig. 1b.**

Mater. Adv,, 2022, 3, 5274-5298 | 5277
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photocatalytic CO, and H,O conversion over a semiconducting photocatalyst for solar fuel production mediated by suitable redox co-catalysts.

Table 1 Electrochemical potential (E°) vs. NHE at pH = 7 for various CO,
reduction reactions and H,O redox reactions

Reaction E° vs. NHE at pH = 7 (V)
CO, +e~ — CO,*~ —1.90
CO, +2e~ + 2H" - HCOOH —0.61
CO, +2e~ +2H' —» CO + H,0 —0.53
CO, + 4e~ + 4H" —» HCHO + H,0 —0.48
CO, + 6e” + 6H" — CH;0H + H,0 —0.38
CO, + 8¢~ + 8H" — CH, + H,O —0.24
2H" +2¢” — H, —0.41
2H,0 + 4h* - 0, + 4H" +0.82

3.2. Oxidation half-reaction: complementing CO, reduction

Photocatalytic CO, conversion is a redox process. In accordance
with the CO, photoreduction reaction via photo-excited electrons,
the oxidation of water to produce O, may also take place as the
oxidation half reaction via photo-excited holes. Ideally, H,O acts as
an electron donor and a hydrogen source for the photocatalytic CO,
reduction. The addition of sacrificial agents (alcohols, amines, and
acids) generally boosts the electron donation ability, thus realizing
the competing production of H, coupled with CO, reduction.
Remarkably, the oxidation potential of water (H,O/O,) to O, is
+0.82 V (vs. NHE, at pH 7.00), which is a lot less positive than the VB
potential of most semiconductors, making the oxidation process
thermodynamically feasible (Fig. 1a).*® In order to ensure the
continuation of the CO, reduction process, the generated oxidizing
agents such as OH® or O, and the oxidized products must be
desorbed immediately from the surface of the photocatalyst.

Of note, so far, numerous photocatalysts including metal
oxides, metal-organic complexes, metal-organic frameworks
(MOFs), covalent organic frameworks (COFs), single metals
and layered semiconducting materials have been employed for
CO, reduction into CO, HCOOH, CH;0H, CH,, and HCOH
products.’*'® In the following section, we discuss the photo-
catalysts associated with photocatalytic CO, reduction in H,O for
the production of syngas (CO + H,) only and their corresponding
activities along with the CO/H,, ratios, which are listed in Table 2.

3.3. Metal oxide photocatalysts for syngas production

3.3.1. TiO, photocatalyst. A pioneering study by Fujishima
et al. for the photochemical reduction of CO, with TiO, as a

5278 | Mater. Adv., 2022, 3, 5274-5298

semiconductor forced researchers to investigate a huge number
of semiconductor material-based metal oxides and mixed oxi-
des for the photocatalytic reduction of CO,.>***>'** However,
TiO, is the most studied photocatalyst due to its relatively
high efficiency, non-toxic nature, low cost and commercial
availability.">*"** In spite of being extensively studied for CO,
reduction, the low quantum efficiency, fast recombination rate
of photogenerated excitons and particularly the large band gap
of TiO, (3.20 eV) are of major concern. Therefore, numerous
efforts have been made to increase the light absorption and to
enhance the quantum efficiency of TiO,."*® There are several
excellent research/review articles on TiO,-based photocatalysts
for CO, reduction with H,O into various upgraded products
including CO, CH,, HCOOH, HCOH, and CHZ;OH.>®'?7712°
However, in the following section, we have deliberately placed
an emphasis on TiO,-based photocatalysts for CO, reduction
with H,O for the production of syngas (CO + H,) only.

3.3.1.1. Nanostructured TiO, photocatalyst. Nano-engi-
neering, in particular, helps to improve the light absorption
capacity, and accentuate the photogenerated charge separation
and transport properties in addition to increasing the available
surface area of the TiO, photocatalysts. Reports have suggested
that the nanostructured TiO, photocatalysts boosted the photo
performance for syngas production via CO, reduction, as
shown in Fig. 2.

3.3.1.2. Metal-deposited TiO, photocatalyst. 1t is evident from
the previous literature that metal loading on TiO, semiconduc-
tor has significantly enhanced the photo-generated charge
separation and also improved the light absorption ability
towards the visible light spectrum.*°™*? Zhao et al.'*® reported
an efficient approach of ultrasonic spray pyrolysis (SP) method
to prepare a mesoporous silver nanoparticle deposited TiO,
(Ag/TiO,) composite. The synthesized Ag/TiO, material was
further examined for the concurrent photocatalytic hydrogen
production and CO, reduction to CO i.e. syngas (CO + H,) from
water using methanol as a hole scavenger and a solar simulator
as a light source. Varying the reaction gas composition affected
the molar ratio of H,/CO production rates during syngas
synthesis and it was effectively tuned in the range from 2 to 10.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Photocatalytic syngas generation over various photocatalysts

View Article Online

Materials Advances

CO and H, yield/conversion

Entry  Photocatalyst Photosensitizer rate CO:H, (tuneable)  Year  Ref.
1 CdSNRs/Fe(m)Salen N.A. CO: 143 pmol h™* 1:2.09 2020 101
H,: 300 pmol h™*
2 Fe(CO);bpy [Ru(bpy)s]Cl, [Ir(ppy).(bpy)]PFs CO: 35 pmol 1:1.5 2015 102
H,: 42 pmol
3 Co"(Ch) [Ru"(Me,phen);]** NA 2.4:1 2016 103
4 [Cos(btz)s(NO3)4(H20)4] [Ru(bpy)s]Cl, CO: 79.2 umol 1:16to1:2 2020 50
H,: 140.6 pmol
5 Co(bpy),Cl, [Ru(bpy)s]CL, CO0:62.3 pmol and Hy;: 1:1.2 2017 49
69.9 pumol
6 CoAI-LDH/MoS, [Ru(bpy)s]Cl,-6H,O CO: 8070 pmol g™ * h™* 1:1.3to 1:15 2020 45
H,: 8415 ymol g ' h™!
7 (Pd/CoAl-7.57) [Ru(bpy);]Cl,-6H,0 When 2 > 400 nm CO: 1:0.74t0 1:3 2019 46
1300 pmol g ' h™!
H,: 600 pmol g * h™*
When 4 > 600 nm CO:
41pmolg 'h™!
H,: 5.4 umol g ' h™!
8 Ce-0.15 [Ru(bpy);]Cl,-6H,0 CO: 5 umol g ' h™* 1:7.7t01:1.3 2021 104
H,: 52 umol g ' h™!
9 (Cog-MOF) [Ru(bpy);]Cl,-6H,0 CO: 39.6 pmol 1.4:1 2017 105
H,: 28.13 pmol
10 (Co/Ru), 4-UiO-67(bpydc) [Ru(bpy);]Cl,-6H,0 CO: 4520.5 pmol g~ ! 1:2 2019 39
H,: 9121.5 pmol g *
11 C-BMZIFs [Ru(bpy);]Cl,-6H,O CO: 6883 pmol g ' h™* 1.9:0.7 2018 106
H,: 3600 pmol g ' h™!
12 Co-ZIF-9 [Ru(bpy)s]Cl,-6H,0 CO: 41.8 pmol 1.39:1 2014 107
H,: 29.9 pmol
13 Fe0.5Ni0.5 MOFs [Ru(bpy);]Cl,-6H,O Low conc. CO, reduction 1:1.1 2021 28
CO: 5 umol h™*
H,: 5.5 pmol h™!
14 Re-Bpy-sp’c-COF N.A. CO: 12.48 pmol H,:2.99 pmol  4:1to 1:0 2020 108
15 CTF-TDPN [Co(bpy)s** CO: 200 pmol g * h™* 1.4:1 2021 40
H,: 140 pmol g ' h™"
16 Ni-COFs [Ru(bpy)s]** CO: 9.06140 pmol g * 1:19t09:1 2020 41
H,: 1.16140 pmol g~*
17 CoO-Mo8 UNWs [Ru(bpy);]Cl,-6H,0 CO: 4165 pmol g ' h™* 1:2.27 2020 44
H,: 11555 umol g~ h™*
18 C0,[C020MO0;6P24] [Ru(bpy)s]CL, CO: 31.42 pmol 1:1.5 2020 43
H,: 20.94 umol
19 [Co(H,0)6][Co-POM] [Ru(bpy);]CL, Pure CO, 1.8:1and 1:5 2020 109
CO: 24 mmol g ' h™!
H,: 13.3 mmol g ' h™*
20% dil. CO,
CO: 9.4 mmol g ' h™*
H,: 47.4 mmol g ' h™*
20 [C0s.67(SIW15040)- [Ru(bpy);]Cl,-6H,0 CO: 15705 pmol g * 1:0.92 1:0.98 2019 110
(H,0),(Htrz),]-Cl; 33 H,: 14523 pmol g *
[C03(SiW1,0.40)(H,0)5- CO: 18501 pmol g~ *
(Htrz)sCl]-Cl-6H,O H,: 18199 pumol g~*
21 Mn SAs [Ru(bpy)s]Cl, CO: 1470 pmol g * h™* 1.12 to 0.43 2020 111
H,: 1310 pmol g ' h™*
22 CoN,4-Si0O, g-C3N, CO: 398 umol g™ * 1:2 2019 112
H,: 804 pmol g~*
23 Fe-SAs/N—C [Ru(bpy);]CL, CO: 4500 pmol g * h™* 0.3 to 8.8 2020 51
H,: 4950 pmol g ' h™!
24 TiO, fiber (B) N.A. CO: 203.91 pmol g~ * 1:1.9 2016 48
H,: 398.84 umol g~ *
25 1.0Ag1.0Au/TiO, N.A. CO: 2.3 pmol g ! 1:2 2020 113
H,: 4.3 umol g~ *
26 Cu,0/MnO, N.A. CO: 5.71 pmol h™* 1.38:1 2020 114
H,: 4.11 pmol h™*
27 Dye/TiO,/ReP:CoP (E)-2-Cyano-3-(5'-(5"-(p-(diphenyl- ~ CO: 773 pmol g~ * 3.5:1 2016 115
amino)phenyl)thiophen-2"-yl)- H,: 221 pmol h™*
thiophen-2/-yl)-acrylic acid (Dye)
28 Pt-Modified SCS-AgBiW,05  N.A. CO:3 x 10 *mol g ' L 0.3:1 2012 116
Hy1x10?molg 'L
29 MTC; 175" MS N.A. CO: 80 pmol g ' h™~ 1:2 2018 117
H,: 160 pumol g * h™!
30 Rh-Au@SrTiO; N.A. C0:66.8 pmol g ' h™* 1.3:1 2016 118
© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 5274-5298 | 5279
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Table 2 (continued)
CO and H, yield/conversion

Entry  Photocatalyst Photosensitizer rate CO:H, (tuneable)  Year  Ref.
H,: 50.5 pmol g ' h™"

31 2% Ag/TiO,-SP C0:103 pmol g71 h™ 1:2.1 2012 119
H,: 220 pmol g ' h™!

32 Meso. TiO, (by KIT-6 NA. C0:26.3 ymol g~ H,: 1:3.1 2015 47

replication) 83.5 umol g~ *

33 NVs-PCN (PCN-23) NA. CO: 8 umol g~ ' H,: 4:1 2021 42
2 umol g *

34 POP2-Fe [Ru(bpy);]CL, CO: 3043 pmol g~ * 1:1.23 2021 120
H,: 3753 pmol g~ *

35 Pt/BP-OVYMBWO N.A. CO: 20.5 pmol g71 h™ 1:1-2:1 2021 121
H,: 16.8 pmol g ' h™’

36 Ag/LaFeO; (ALFO-600) N.A. CO: 2.41 pmol g ' h™* 1:3 2022 122

Note: N.A.; data not available/provided.

H,: 7.3 pmol g ' h™*

Mesoporous TiO,

Metal loaded TiO,

Solar snergy

Nanostructured TiO,

Fig. 2 Schematic illustration of photocatalytic syngas production over TiO,-based nanocomposite photocatalysts. Reproduced and modified with
permission.?” Copyright 2015, Elsevier. Reproduced and modified with permission.*® Copyright 2016, Elsevier. Reproduced and modified with
permission.'** Copyright 2020, American Chemical Society. Reproduced and modified with permission.*> Copyright 2017, Wiley-VCH. Reproduced
and modified with permission.!t” Copyright 2018, Royal Society of Chemistry.

Syngas production could generally be improved by engineering
TiO, catalyst with bi-metallic nanoparticle (NP) deposition over it
as compared to bare TiO,. In one of the studies, Renones et al.'*?
demonstrated that deposition of both Ag'*® and Au'** metals
over TiO, semiconductor (Ag-Au/TiO,) imparts a significant
activity for the production of syngas from CO,-H,O mixtures
under visible light. Au and Ag both metals are known for
localized surface plasmon resonance (LSPR) which tends to

5280 | Mater. Adv.,, 2022, 3, 5274-5298

improve the light absorption efficiency by folds and also improve
the photogenerated charge separation ability by means of captur-
ing electrons, thus facilitating the multi-electron reduction-
oxidation (red-ox) reactions involved in photocatalytic CO,
reduction. Of note, the Ag-Au/TiO, (1 wt%, optimal metal
loading) catalyst demonstrated a dual behaviour in terms
of selectivity for CO, reduced products under different wave-
lengths of light. Under UV light, the main CO, reduction

© 2022 The Author(s). Published by the Royal Society of Chemistry
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product was CH, and the minor product was CO, accompanied
by the generation of H, from water reduction. On the contrary,
under the visible light, the main CO, reduction product was CO
in all cases coupled with H, production, resembling the critically
indispensable syngas (CO + H,) product with a CO production rate
of 2.3 umol g~ ' and H, production rate of 4.3 umol g~ .

3.3.1.3. Mesoporous and morphologically tuned TiO, photo-
catalyst. Introduction of porosity and high surface area can
amplify the photocatalytic performance in nanomaterials.™**
Mesoporous TiO, has gained increasing interest in the field of
photocatalysis by improving the conversion efficiencies of
solar energy, minimizing the recombination of photogenerated
electron-hole pairs, and optimizing the mass and fast charge
transport.’*>'%¢ Sol gel, a bottom-up approach, is one of the
desirable protocols to develop mesoporosity into the TiO,
semiconductor for the efficient CO, adsorption and photo-
catalytic reduction of CO, to fractional energy products including
syngas (CO + H,). Owing to this, Akhter et al.*’” synthesized nano-
structured or mesoporous TiO, with an enhanced surface area
(190 m*> g7') and high adsorption capacity using KIT-6 silica
template for the photocatalytic reduction of CO, in the presence
of H,O vapor to produce syngas (CO + H,) along with hydro-
carbons. Mesoporous TiO, showed high adsorption ability of
reacting gases (CO, and H,0) on the surface of the catalyst as
compared to Aeroxide P25 TiO,. The study demonstrated that the
key parameters including the UV light source, intensity, and initial
feed ratios ie. H,0:CO, directly influence the photocatalytic
activity of the catalyst for fuel production.

However morphological tuning of TiO, in 1D (ie. rods,
fibres and tubes) is another extension towards nano engineering,
which features unique properties, diverse functions, advocating
easy electron-hole separation and high rate of electron diffu-
sion coefficient. Accompanying this, Renones et al.*® synthesized
a hierarchical assembly of mesoporous TiO, 1-D nanofibers via
combination of electrospinning and sol gel methods for the
photocatalytic reduction of gas phase CO, using H,O as a
sacrificial electron donor under UV light irradiation. Among
all the catalysts, profound CO, reduction activity was achieved
by the TiO, Fibres B catalyst, which was 398.84 umol g~ (H,)
and 203.91 umol g~ (CO), respectively, compared to the TiO,
Fibres-A catalyst (H,; 42.78 umol g~ ' and CO; 55.06 umol g™ ).

3.3.1.4. Binary-ternary composite based TiO, photocatalyst.
Varying wide range of photocatalysts (metal oxides, dyes, and
metal complexes) with TiO, as the semiconductor have shown
huge potential for tailoring and design of highly desirable TiO,-
based nanocomposites in order to enhance the light absorption
ability, fast charge separation and transportation and further
improvement of the activity for CO, photoreduction.'?*"?”

Hybridizing photosensitizers (dyes and metal complexes)
with TiO, semiconductor has been proven to be a highly novel
strategy to nano engineer TiO, based semiconductors for the
photoreduction of CO, under visible light. Molecular transition
metal complexes-TiO, has received much attention as a potential
photosensitized hybrid nanomaterial for CO, photoreduction,'**'%°

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The advantages of using metal complexes for the CO, reduction
along with TiO, based nanomaterials are follows: (1) improve-
ment in light harvesting ability towards visible light region,
(2) tuneable redox potentials via ligand modifications, (3) facile
coordination of CO, molecules to the metal, and (4) multi-
electron reduction process by pumping an electron from the
excited state of the metal-complex to the conduction band of
the TiO,. Various transition metal complexes with TiO, semi-
conductor, including Re,"*° Ru,"*" Mn(1),"** Cu(u),"** etc., have
been proposed as potential candidates for the photo-reduction
of CO,. However, the practical applicability of the above-
mentioned metal complexes with TiO, for the tuneable syngas
(CO + H,) production has not been given much attention.
Therefore, in a very interesting study, Lee et al.'*> demonstrated
a controllable syngas production under visible-light irradiation
by synthesizing a dye-sensitized TiO, photocatalyst containing
Re(i) and Co(m) metal complexes. In the ternary hybrid catalyst
(dye/TiO,/ReP:CoP), the Re(i) metal complex (ReP) was shown as
a CO-producing site and a Co(ur) molecular catalyst (CoP) was
referred to act as a Hy-producing active site (Fig. 3a). Furthermore,
dynamic electron transfer from the dye to TiO, initiated the
photoreduction process of CO, in the N,N-dimethyl formamide
(DMF)-water system to co-produce H, and CO. However, after CO,
reduction the H,/CO ratio in the generated syngas was effectively
controlled from 1:2 to 15:1 by the water content of the solvent
or the molar Re(1)/Co(m) ratio of the metal complexes in to the
dye/TiO,/ReP : CoP catalyst.

Furthermore, for tuneable syngas production, tailoring TiO,
semiconductors with metal oxides and metal alloys is in high
demand. TiO, nanocomposite arrays composed of TiO, hollow
spheres and MnOx and CuPt alloys (denoted as MTCP-MS) have
been fabricated, with the hollow structure of the TiO, catalyst
with spatially separated oxidative inner surfaces containing the
oxidation co-catalyst MnOx and the reductive outer surfaces
containing the reduction co-catalyst CuPt, which was reported
to be efficient in the production of syngas from photocatalytic
CO, reduction with a tuneable CO/H, ratio (Fig. 3b). It was
shown that CO/H, ratio was perfectly tuned in a desirable 1:2
ratio with the MTC; ;,P-MS catalyst, offering a CO evolution rate
of 80 umol g ' h™* and H, evolution rate of 160 pmol g~ h™* by
altering the components present at the outer reductive surfaces
(co-catalysts, CuPt). Furthermore, a prominent CO evolution
rate of 84.2 umol h™' g~" was achieved with 0.108% CO energy
conversion yield.""”

3.3.2. Other metal oxide or mixed-metal oxide-based
photocatalyst. Besides TiO,-based semiconductors, various dif-
ferent oxides including Cu,0,'** MnO,,""* SrTiO;,''® LaFeQ;,"**
and AgBiW,0,''® have also been exploited for the photoreduc-
tion of CO, to syngas. In particular, cuprous oxide (Cu,0), with
a band gap of ca. 2.0 eV, has emerged as a promising material
for photocatalytic CO, reduction reactions.*** However, poor
stability limits its practical application in CO, reduction reaction,
which arises due to accumulation of photogenerated holes,
resulting in the photo corrosion. Amalgamating the hole cap-
turing co-catalysts can surpass the Cu,O limitations by facile
migration of photogenerated charges over the surface and tune

Mater. Adv,, 2022, 3, 5274-5298 | 5281
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permission.!*®> Copyright 2017, Wiley-VCH. (b) Mechanism of the photocatalytic CRR driven by MTCP-MSs. Reproduced and modified with permission.

(a) Schematic representation of the heterogeneous ternary photocatalytic system for syngas production. Reproduced and modified with

117

Copyright 2018, Royal Society of Chemistry. (c) The photoreaction processes of D-CMH. Reproduced and modified with permission.*** Copyright 2020,

Royal Society of Chemistry.

the photoconversion efficiency as well. Owing to this, very recently,
Huo et al."** nano-engineered Cu,O with MnOx (a hole captur-
ing catalyst) to construct a double-shelled Cu,O/MnOx meso-
porous hollow structure (D-CMH) via the soft templating
method for CO, reduction to syngas, which remarkably resulted
in the enhancement of charge diffusion, surface area, light
harvesting and CO, conversion efficiency. D-CMH displayed the
finest activity for syngas generation, which was 7.1 times higher
than that of the benchmark catalyst i.e. Cu,O (Fig. 3c). The CO
and H, production rates were estimated to be 5.71 pmol h™*
and 4.11 pumol h™", respectively.

Perovskites are another class of oxides of interest. SrTiO; is a
perovskite semiconductor, and offers many useful characteristics
for CO, photoreduction reactions. Therefore, Li. et al."*® designed
a strategy to combine SrTiO; with Au and Rh co-catalyst to
construct a new photocatalyst system. Au, as a plasmonic nano-
structured metal, exhibits strong light absorption via excitation of
localized surface plasmon resonances (LSPR) and acts as a visible-
light sensitizer. Rh acts as a photoelectron receiver and usually
applied in dry methane reforming reactions."*> However,
their mutual interactive effect over SrTiO; exerted noticeable
conversion efficiency and high selectivity for syngas production
from reduction of the CO,-H,O mixture under visible-light
irradiation. The production rate of CO and H, was estimated to
be 66.8 umol g h™* and 50.5 pumol g~ * h™* with a CO: H, ratio of
1.3:1. As compared to Au@SrTiO; and Rh@SrTiO; catalysts, the
synergistic effect of Rh and Au over the SrTiO; surface showed
22- and 153-fold enhancement in the photocatalytic activity for
syngas production, respectively.

Moreover, silver (Ag), bismuth (Bi), and tungsten (W)-containing
complex oxides have shown huge importance in photocatalysis.

5282 | Mater. Adv., 2022, 3, 5274-5298

For instance, silver bismuth tungstate (AgBiW,0;g) nanoparticles
with moderate band gap (indirect), excellent stability in aqueous
media and suitable band edge positions feature in solar-driven
HER and CO,RR. Tacconi et al.''® demonstrated mild syngas
photo-production using AgBiW,0g nanoparticles that were
synthesized via the solution combustion procedure from their
corresponding metal salts. It is essential to point out that the
CO, was generated in situ from formic acid solution, which was
majorly responsible for the production of syngas (CO + H,).

3.4. Layered double hydroxide photocatalyst for syngas
production

Layered double hydroxides (LDHs) are two dimensional inorganic
crystalline nanostructured materials with a general formula of
M, "' M*'x(OH),J*" [Ay," " -mH,0, where M*" and M*" are a
metallic bivalent cation and a metallic trivalent cation, respec-
tively, A"~ is an interlayer anion typically carbonate, nitrates and
other charge balancing anions and X = M**/(M** + M*") is the
surface charge."*>'"” Their layered architecture, earth-abundant
components, easy synthetic procedure, and light harvesting
capability make LDHs attractive photocatalysts. However, poor
quantum efficiency due to sluggish charge mobility and facile
electron-hole recombination in pristine LDHs generally limit
their practical application in photocatalysis. Several attempts have
been made to construct a heterojunction at the interface of LDHs
by combining them with different metals or semiconductor
materials such as Pd, Ag, MoS,, and g-C;N,. Heterostructures of
LDHs could facilitate the ease of charge transfer, thus advancing
their broad applications in photocatalysis."**™*>>

In a broader view, LDHs have been used in various photo-
catalytic reactions including water splitting, environmental

© 2022 The Author(s). Published by the Royal Society of Chemistry
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remediation, CO, reduction, and organic transformations.**’
However, their application in CO, photoreduction reaction is
highly demanding. Generally, CH;OH, HCOOH, CH, and CO
are the major reduced products arising from the photoreduc-
tion of CO,.">* CO, reduction into CO and H, is a requisite task
to produce syngas for upgradation of fuel via Fischer-Tropsch
synthesis. In the wake of this necessity, Wang et al.*® reported
Pd nanoparticle loaded CoAl-LDH (Pd/CoAl-LDH) in conjunction
with ruthenium complex (a photosensitizer; [Ru(bpy);]Cl,-6H,0)
as a heterostructure photocatalyst for CO, reduction to syngas
under visible light irradiation. Pd is a good electron absorber, thus
facilitating excellent charge separation and migration and known
for producing H, in the HER. Pd/CoAl-LDH and ruthenium
complex ensured tuneable syngas production with a CO:H,
ratio ranging from 1:0.74 to 1:3 under visible light irradiation
(A > 400 nm) as shown in Fig. 4(a and b). Interestingly, it was
shown that syngas production under visible light irradiation could
further be expanded up to 4 > 600 nm in the presence of the
Pd/CoAl-7.57 catalyst (Fig. 4c). DFT and structure characterization
techniques demonstrated the superficial role of Pd nanoparticles
over CoAl-LDH for tuneable syngas production.

Moreover, in this direction, extending the light absorption
capability of LDHs beyond 600 nm is still a desirable task.
Like metallic nanoparticles, the LDH heterostructure with other
materials shows extended light capturing efficiency, thus impro-
ving the photocatalytic performance. Ceria (CeO,), as an n-type
semiconductor, has received wide attention in photocatalysis for

View Article Online
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the CO, reduction reaction.*>*

Owing to this, Tan et al.'> recently
reported photocatalytic syngas production under visible-light
irradiation up to 600 nm from the CO,-H,O mixture by construc-
ting the CeO,-MgAI-LDH heterostructure (denoted as Ce-x, x =
different molar ratio). Varying content of CeO, on MgAl-LDH has
shown significant yield of syngas mixture (CO + H,) with different
molar ratios of CO/H,. The highest yield and selectivity of syngas
was achieved from Ce-0.15 and the ratio of the syngas products
i.e. CO/H, was tuned ranging from 1/7.7 (LDH) to 1/1.30 (Ce-0.15).
Of note, Ce-0.15 exerted excellent CO, reduction to syngas under
visible light irradiation (4 > 600 nm) as shown in Fig. 4(d and e)
which can further be confirmed by various characterization
techniques.

Molybdenum disulphide (MoS,), a metal dichalcogenide, is
a 2D graphene-like layer-structured semiconductor material.
Its intrinsic electronic structure provides high chemical stabi-
lity and superior electronic mobility, which has received con-
siderable attention in the photocatalytic H, evolution reaction
and CO, reduction.'*®*>” Moreover, the photophysical proper-
ties and quantum efficiency of MoS, could further be improved
by constructing a heterostructure with other 2D layered semi-
conducting materials."® Constructing a heterojunction between
LDHs and MoS, could be an obvious choice. Owing to this, Qui
et al.®® fabricated a heterostructure by integrating CoAl-LDH and
2D MoS, via electrostatic interaction for efficient CO, reduction
into syngas under visible light irradiation. The photoactivity of the
CoAl-LDH/MoS, material manifested excellent CO, reduction to
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(a) The selectivity of CoAl-LDH and Pd/CoAl-x for CO, reduction under visible light irradiation in the presence of a [Ru(bpy)s]** sensitizer

and triethanolamine (TEOA) as a sacrificial electron donor. (b) Selectivity of CO and H, on CoAl-LDH, Pd/CoAl-0.55, Pd/CoAl-2.46 and Pd/CoAl-7.57.
(c) Pd/CoAl-7.57 under irradiation with different wavelengths. Reproduced and modified with permission.*® Copyright 2020, Elsevier. (d) Scheme of the
tuneable selectivity of syngas from photocatalytic CO, reduction by LDH, Ce-x (x = 0.05, 0.10, 0.15, 0.20, 0.30 and 0.40) and CeO in conjunction with a
Ru-complex photosensitizer. Ce-0.15 in CO,PR under different cut-off filter light irradiation. (e) Selectivity of CO and H,. Reproduced and modified with
permission.>> Copyright 2020, Springer Nature. (f) Schematic illustration of photocatalytic CO, reduction to tuneable syngas on CoAl-LDH/MoS,
heterostructures. Reproduced and modified with permission.*® Copyright 2020, Royal Society of Chemistry.
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syngas and the ratio of syngas products H, : CO was tuned ranging
from 1.3:1 to 15:1 which was rationalized via controlling the
concentration of the CoAl-LDH/MoS, catalyst (Fig. 4f). In addition,
photocatalytic activity of the material was also tested under visible
light irritation up to 500 nm, which resulted in a high evolution
rate of CO (4575 pmol ¢~ * h™") from CO, photoreduction.

Obvious efforts for solar-driven syngas production generally
based on LDH photocatalysts have shown judicious potential
for CO, reduction to syngas. However, still extensive scientific
endeavours are required to design LDH based photocatalysts,
emphasizing the concept of constructing desirable heterojunc-
tions with LDHs for feasible charge transfer, CO, adsorption—-
activation and efficient syngas production.

3.5. Polyoxometalate photocatalyst for syngas production

Polyoxometalates (POMs) are a large class of inorganic mole-
cular metal clusters with definite particle sizes and structural
dimensions furnishing unique physical and chemical proper-
ties including physical solubility, acidity, redox ability, and
high thermal and chemical stability. Plenty of POM structures
and their constituent hybrids have been proposed to show
exciting potential in electro-/photocatalytic CO, conversion
reactions.>™'®" In addition, their excellent redox properties
and phenomenal solution stability renders them suitable to
carry out photocatalytic CO, reduction in H,O as a solvent.
Yang et al.** reported (n-C4Ho)N];M050,, POM denoted as Mog
which was further incorporated with CoO nanowires for the
facile production of syngas from photoreduction of CO, and
H,O under visible light irradiation, which manifested excellent
H, and CO evolution rates of 11555 and 4165 pmol g~ * h™",
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respectively (Fig. 5a-c). Additionally, they also exhibited a
rationally higher CO/H, ratio than without CoO nanowires.
Furthermore, this study demonstrated an ultimate synergistic
role of CoO nanowires as Co active sites for tuneable syngas
production and Co-based POM engineering for advanced CO,
photocatalysis.

Furthermore, Co metal has got extended attention as a
linker between Keggin-type POMs and organic ligands for the
synthesis of new POM-based hybrid materials for CO, photo-
reduction. In a very impressive study, Yao et al.''® prepared two
different new POM-based organic-inorganic hybrids with
H,SiW;,0,40-2H,0 as the molecular building block, Co cluster
(bi and tri-nuclear) as the linker and 1,2,4-triazole (Htrz) as
the organic ligand under hydrothermal conditions. Compound
[C0,.67(SiW1,040) (H20)4(Htrz),]-Cl; 33 (1) and compound [Cos-
[SiW1,040(H,0)3(Htrz)sCl]-Cl-6H,O (2) were utilized as hetero-
geneous photocatalysts in the photoreduction of CO, to CO and
H, under visible light. However, the production of CO and
H, for (1) was 15705 and 14523 pmol g ' and 18501 and
18199 umol g * for (2), respectively. It was shown that different
Co clusters responsible for innate properties result in excellent
photocatalytic activity of (1) and (2).

The negative charges over the surface of polyoxometalates
(POMs) might be helpful to couple the [Ru(bpy);]** complex via
electrostatic interactions. Taking advantage of it, Xu et al*®
synthesized a [Ru(bpy);]/[Co,0M0;6P,4] composite via ionic
POM based on Co(u) and P;Mog units (Co,[Co,0M04¢P,4]) and
[Ru(bpy);]** for efficient photoreduction of dilute CO, to syngas
under visible light irradiation. The as prepared [Ru(bpy)s]/
[Co,0Mo0,6P,4] composite exhibited high efficiency for syngas
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(a) A schematic picture of synthetic procedures towards COOUNWSs and CoO-Mog UNWs. (b) Proposed plausible mechanism. (c) Photochemical

syngas production performance of different materials. Reproduced and modified with permission.** Copyright 2020, Wiley-VCH. (d) The proposed CO,
photoreduction mechanism of the [Ru(bpy)sl/[Co,0M016P] composite. (e) The influence of water content, from 0 vol% to 20 vol%. Total volume of
solvent is unchanged. (f) The reduction performed with different CO, content, ranging from 3% to 20%. In these systems, CO, is diluted by Ar, for
example, in 20% CO,, the CO,/Ar volume is 4 : 1. Reproduced and modified with permission.** Copyright 2020, Wiley-VCH.
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generation with 523.6 TONs (74.9 mmol g~* h™") in pure CO,
and 964.9 TONs (137.9 mmol g~ * h™") in diluted CO, (Fig. 5d-f).
However, the H,/CO ratio was widely tuned from 5.9:1 to 1:2.
Likewise, Zhao et al.'® also demonstrated the photoreduction
process of diluted CO, to syngas. Polyoxometalate [Co-POM]*~
and [Ru(bpy);]>* complex were integrated to synthesize a hybrid
photocatalyst for dilute CO, conversion to syngas under the visible
light region. It was shown that in diluted CO,, a conversion
efficiency of 56.8 mmol g ' h™' was achieved in syngas
production.

It has been shown that POMs are efficient and promising
photocatalysts for CO, reduction to syngas. Incorporation of
metal ions or clusters, organic linkers and metal complexes as
sensitizers could impart enhanced photocatalytic activity and
efficiency. Additionally, it provided insights into rational modi-
fication into the POM based heterogeneous photocatalysts for
highly efficient CO, reduction even in low concentration to
generate syngas, which will pave a sustainable route for renew-
able energy production in the near future.

3.6. Single-atom photocatalyst for syngas production

Single atom catalysts (SACs) have feasibly become the most
fascinating choice, advancing the atomic efficiency and catalytic
performance by magnitude in various catalytic reactions when
dispersed over the matrix support.'®>'®* Unusual ultrahigh ratio of
low coordination-number metal atoms and unique electronic
properties of SACs at the atomic level propel an excellent pathway
for the fascinating catalytic property as compared to conventional

View Article Online
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catalysts.'®* In addition, they address the concern over economic
issues by minimizing the catalyst consumption, especially for
noble metals such as Pt, Pd, Au, Rh, and Ir.

Importantly, the applicability of SACs can promptly be
facilitated by the matrix supports, providing a strong anchoring
site, high surface area and feasible charge mobility, which can
arguably bestow cogent catalysis and stability.'®* Recently,
transition metal atom-based SACs have shown great potential
in wide applications. In consequence, they are extensively
employed as heterogeneous catalysts in photocatalytic CO,
reduction reactions.'®>'°® Herein, we distinctively feature tran-
sition metal SACs promoting CO, photo-reduction to syngas.
Wang et al.>" demonstrated room-temperature synthesis of Fe
single atoms anchored over nitrogen doped porous carbon
support (denoted as Fe-SAs/N-C) via an electro-chemical filtra-
tion method for CO, photoreduction into tuneable syngas.
Coordination of Fe single atoms with N in the carbon matrix
intensifies the CO, reduction performance. By an instance, the
as prepared Fe-SAs/N-C exhibited an outstanding photocataly-
tic performance of CO, in assistance with [Ru(bpy);]** for the
production of tuneable syngas, resulting in estimated produc-
tion rates of CO and H, of 4500 and 4950 pmol g~' h™},
respectively (Fig. 6a-c). Interestingly, the CO/H, ratio was tuned
ranging from 0.3 to 8.8.

Previous reports suggested that (cobalt) Co is the promising
active centre for CO, reduction under light irradiation."®”
In addition, the unique electronic structure and appealing
properties of Co-SAC manifested an outstanding performance
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Fig. 6 (a) CO, photoreduction activities of Fe—SAs/N-C, Fe>* + N-C, N=C, Fe?>* and FeNP/N—C under the same conditions with 5 mg catalyst, 5 mg
[Ru(bpy)zICl,-6H,0 in 6 mL mixed solution (acetonitrile/H,O/triethanolamine = 4/1/1 in volume) at 25 °C under visible light irradiation (=420 nm).
(b) Schematic energy-level diagram showing the electron transfer from [Ru(bpy)sICl; to the Fe-SAs/N-C catalyst. EF: Fermi level; LUMO: lowest
unoccupied molecular orbital; HOMO: highest occupied molecular orbital. (c) Schematic process for the photocatalytic reaction using [Ru(bpy)sICl; as a
light absorber and Fe—SAs/N-C as a catalyst. Reproduced and modified with permission.>® Copyright 2020, American Chemical Society. (d) The
preparation of CoN4—SiO, nanoparticles and the photocatalytic system. Reproduced and modified with permission.*> Copyright 2019, Royal Society of
Chemistry. (e) Energy-level diagram of [Ru(bpy)sICl, + MnSAs. (f) Schematic showing the photocatalytic process of [Ru(bpy)sICl, + MnSAs. Reproduced
and modified with permission.*** Copyright 2020, Elsevier.
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toward photocatalytic CO, reduction. Hu et al.'"> demonstrated
photocatalytic CO, reduction to syngas based on Co-SAC featur-
ing a Co-N, active core centre onto an aminated SiO, support in
association with g-C3N, as a light harvester (Fig. 6d). 3-(Tri-
methoxysilyl) propan-1-amine (APTMS) on the SiO, provided a
very strong coordination environment for anchoring Co atoms
into the core. The X-ray absorption spectroscopy (XAS) techni-
que was applied to further study the coordination core struc-
ture of CoN,. The as prepared CoN,-SiO, catalyst revealed
outstanding stability and excellent photocatalytic activity for
CO, photo-reduction to syngas with production rates of CO 398
pumol g~ and H, 804 pmol g~'. Of note, the CO/H, ratio in the
syngas mixture was maintained from 1:1 to 1:2.

Heteroatom doped (N, S) organic semiconducting polymers
including polypyrrole, polyaniline and polythiophene are fasci-
nating choices to fabricate the porous heteroatom doped
carbon matrix by impregnating SACs. Doped heteroatoms into
the carbon matrix provide an extra stabilization of SACs via
simple Lewis acid-base interactions compared to the simple
carbon matrix. Owing to this, recently, Yang et al''!
fully devised an in situ polymerization approach to disperse Mn
SACs over the polymeric N-doped carbon matrix. In general,
anchored Mn atoms over the N-doped carbon matrix were
extracted from MnO, during in situ polymerization of pyrrole
monomers. The resultant uniformly dispersed Mn single atom
over the N-doped carbon matrix was exploited as a co-catalyst to
realize the photocatalytic reduction of CO, to syngas under
visible light irradiation using [Ru(bpy);]Cl, as a light harvester
(Fig. 6e and f). Apparently, the gas evolution rates of CO and H,
were estimated to be 1470 pmol h™* ¢~ and 1310 pmol h™* g%,
respectively and the CO/H, ratio in the syngas mixture was
tuned from 1.12 to 0.43.

Of note, the unique electronic structure, appealing catalytic
properties and strong affinity for CO, make SACs a potent candi-
date for photocatalytic syngas production via CO, reduction.
Atomically dispersed metal active sites over the supportive surface
can maximize the catalytic efficiency. It remains necessary to
fabricate a variety of morphologically tuned SAC photocatalytic
systems for the excessive high production of syngas with tuneable
CO/H, ratio for further implication in industrial applications.

success-

3.7. Metal-complex photocatalyst for syngas production

Pioneering research by Lehn and co-workers embarked on the
photocatalytic CO, reduction by employing transition metal
complexes as homogeneous catalysts.'®**'®® In recent years,
various metal complex catalysts featuring noble metals including
rhenium (Re),"”® ruthenium (Ru)'”! and iridium (Ir)'”*> have
been well established for photocatalytic CO, reduction, whereas
inexpensive and earth-abundant first row transition metals
such as iron (Fe),'®* cobalt (Co),"”* manganese (Mn)"’* and
nickel (Ni)'”® have gained tremendous attention for photo-
catalytic CO, reduction and its conversion. These metal com-
plexes and their hybrid functionalities were applied in syngas
production.

Yao et a remarkably defined that a mono-nuclear Co
complex (Co(bpy),Cl, as catalyst) together with Ru(bpy);Cl, as

1‘49
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a photosensitizer could efficiently be eligible for CO, reduction
under aqueous media to realize co-production of CO and H, i.e.
syngas mixture. The facile charge transfer over the integrated
homogeneous photocatalytic system resulted in excellent yields
of CO (62.3 pmol) and H, (69.9 umol), and the corresponding
turnover numbers (TONs) reached 6230 and 6990, respectively,
under visible-light irradiation (Fig. 7(a and b)).

Alsabeh et al.**® reported a non-precious iron metal complex
catalysed syngas production via photoreduction of CO,. In parti-
cular, the photocatalytic reaction was triggered using tri-nuclear
[Fe5(CO),,] complexes together with either [Ru(bpy);]Cl, (PS1) or
[Ir(ppy).(bpy)]PFs (PS2) photosensitizer in the presence of visible
light irradiation. In most cases, either a 1:1 CO:H, ratio was
observed or the selectivity was inclined slightly towards CO with
combined TONs reaching nearly 100.

Poor stability of the mononuclear metal-complexes limits their
practical use in industry applications. Stretching the research
in the development of stable multinuclear metal complexes as a
homogeneous catalyst is one of the advantageous protocols,
accounting for an enhanced stability of the catalysts compared
to mononuclear metal complexes. Recently, Sun et al.”® explicitly
demonstrated an appealing activity of a cobalt-based complex
(multi-nuclear) in CO, reduction to syngas. For instance, they
employed a pentanuclear complex [Cos(btz)s(NO3),(H,0)4]
(1, btz = benzotriazolate) as the homogeneous catalyst coupled
with [Ru(bpy);]Cl, as a photosensitizer for visible-light-mediated
CO, reduction to syngas, which further resulted in a high stability
and reactivity in both pure and diluted CO,. Compared to the mono
nuclear cobalt complex, pentanuclear [Cos(btz)s(NO3),(H,0),] ascer-
tained 219.8 pmol yield (2748 TONSs) of syngas in pure CO,
under visible light irradiation, which was 212-fold that
of a mononuclear cobalt complex. The catalytic activity was
maintained up to 200 h, which was manifold that of most
reported homogeneous molecular catalysts (Fig. 7(c and d)).
In addition, high reactivity was also achieved in diluted CO,
content (5%). The ratio of H,/CO in syngas was considerably
varied from 16:1 to 2:1.

Immobilizing the homogeneous catalysts onto the solid
support is an alternative approach for stabilizing the catalysts.
To consolidate this, Aoi et al'®® defined a photocatalytic
system for photo-reduction of CO, into CO and H, by using a
cobalt(IT)chlorin complex adsorbed on multi-walled carbon
nanotubes as a CO2 reduction catalyst and [Ru(I[)Me,phen);]**
(Me,phen = 4,7-dimethyl-1,10-phenanthroline) as a photocatalyst
to achieve the generation of CO and H, with a ratio of 2.4: 1 with a
high turnover number of 710. This study presented a phenomenal
route for CO, reduction to syngas using an earth-abundant metal
complex catalyst under visible light irradiation.

3.8. Metal-organic framework photocatalyst for syngas
production

Metal-organic frameworks (MOFs) and their derivatives have
been extensively studied as excellent catalysts for efficient
CO, adsorption and conversion due to their tuneable properties
and promising catalytic performance."””®'”” They are micro-
mesoporous hybrid materials composed of metal ions or

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Diagram of the photocatalytic reduction of CO, and H,O into CO and H, by the catalyst Co (bpy),Cl,. (b) Simplified energy levels and proposed

electron transfer processes in the photocatalytic systems. Reproduced and modified with permission.*® Copyright 2017, Elsevier. (c) H,/CO ratio under
the CO,-saturated CH3zCN solution (5 mL) containing [Cos(btz)g(NOz)4(H20)4] (0.08 pmol), [Ru(bpy)slCly (0.01 mmol) and TEOA (1 mL) at 20 °C and
irradiated by 2 > 420 nm. (d) Generation of CO and H, for [Cos(btz)e(NO3)4(H>0)4] with 4 cycles under the CO,-saturated CH3CN solution (5 mL)
containing [Cos(btz)g(NOz)4(H20)4] (0.08 umol), [Ru(bpy)s]Cl, (0.01 mmol) and TEOA (1 mL) at 20 °C and irradiated by 4 > 420 nm. Reproduced and

modified with permission.>® Copyright 2020, Elsevier.

clusters and organic frameworks with controllable pore size
distribution and high specific surface area. Both physical and
chemical properties of MOFs can be easily tuned by changing
the metal ions or organic linkers in the matrix. The high
surface area of MOFs has given an ultimate solution for typical
gas absorption and gas separation, besides heterogeneous
catalysis."”® Until now, plenty of MOFs have been reported,
which include different active metal-sites (such as Ti, Fe, Co,
Ni, Mn, Zn or Cu) and varied organic linkers.'”°"'#> Of note,
excellent photocatalytic performance and light harvesting phe-
nomenon of MOFs can further be improved by integrating
MOFs with other functional materials to create new photoactive
materials or composites.

A number of studies have manifested that CO, can be
efficiently reduced into CH, and CO via MOF assisted
photocatalysis."®*"#* However, in this section particularly we
will discuss only photocatalytic CO production synergistically
with H, production for syngas generation from the CO,-H,0
mixture.

Ru-based MOFs have shown splendid importance towards
CO, to CO production.'®® However, incorporation of photosen-
sitizers or single metallic sites can lead to an effortless photo-
reduction process for CO, reduction into syngas. Cobalt (Co)
has been examined to alter MOFs to boost CO, reduction.
Liu et al® synthesized (Co/Ru),-UiO-67(bpydc) by a simple
two-step self-assembly process to incorporate (Ru),-UiO-
67(bpydc) with Co metallic sites. Facile pumping of electrons

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

from the ligand to metal (Co) accelerates the activity of the
(Co/Ru),-UiO-67(bpydc) photocatalyst towards efficient syngas
production via reduction of CO, and H,O with a yield of
13600 umol g~ " in 16 h, which was much higher i.e. 29.2-fold
as compared to its homogeneous analogues (Fig. 8a). However,
the H,: CO ratio (2:1) was maintained by adjusting the Co/Ru
ratio of 2.4 with 10% water content in the photocatalytic system
(Fig. 8b). This work highlighted the importance of MOF func-
tionalization via simple metal incorporation and provided a
new perspective for the tuneable syngas production.

Zeolitic imidazolate frameworks (ZIFs) are typical MOFs that
are composed of tetrahedrally coordinated transition metal
ions (e.g. Zn, Co, Fe, and Cu) linked via imidazolate linkers.
ZIF-9 and ZIF-67 have shown critical CO, photoreduction to
CO."8°% However, different studies suggested that incorpora-
tion of active metallic sites including Zn, Ni, and Co could play
a promotional role in H, evolution and CO, reduction to CO.
For example, for the first time Wang et al'®” reported a
phenomenal photocatalyst for CO, photoreduction by incor-
poration of Co-ZIF-9, a novel hexa-nuclear Co active site con-
taining metal-organic framework (Cos-MOF) as a co-catalyst
with [Ru(bpy);]Cl,-6H,0 as a photosensitizer. The photolysis of
CO, via the photosensitized-MOF bestowed an excellent yield of
41.8 umol CO and 29.9 umol H,. In addition, Mu et al.'°®
prepared carbonized bimetallic ZIFs (C-BMZIFs) with different
Zn/Co ratios through the pyrolysis of bimetallic Zn-Co ZIFs
at 700 °C under an inert atmosphere as shown in Fig. 9 a.
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Herein, C-BMZIFs were utilized as a co-catalyst with [Ru(bpy)s]**
as the photosensitizer for the photoreduction of CO, to syngas
(CO + H,). Among all the C-BMZIFs, the carbonized ZIF composite
having a stoichiometry Zn/Co ratio of 5:1 demonstrated the
highest TOF of CO, conversion i.e. 9.9 x 10>, 23-times larger
than that of simple C-ZIF-67; on the other hand, the C-BMZIF
with a Zn/Co ratio of 3:1 brought out a highest CO production
rate of 1.1 x 10* pmol g~* h™" (Fig. 9b and c). Of note, it is
curious to know that catalytic structure-selectivity relationship
for tuneable syngas production with desirable CO/H, ratio
could be ascertained by the composition and the size of the
active metallic site. Therefore, in C-BMZIFs, smaller Co active
moieties favoured higher CO production, and H, evolution was

5288 | Mater. Adv, 2022, 3, 5274-5298

preferentially much higher on larger Co active moieties. Lastly,
the CO/H, ratio in the generated syngas was rationally tuned
between 1.9 and 0.7.

3.9. Organic polymer photocatalyst for syngas production

Organic polymeric photocatalysts offer a unique and molecular-
level structural layout of their optoelectronic and surface
photocatalytic properties.'®* " Over the period of time,
organic polymers including carbon nitrides, > porous organic
polymers,'®® covalent triazine frameworks'®* and covalent
organic frameworks'®> have undergone an impressive develop-
ment in their potential to propel photo catalytic CO, reduction
to syngas. In comparison to inorganic photocatalysts, CO,

194
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reduction to syngas over organic photocatalysts is still in the
infancy stage.

Carbon nitrides (PCN) are exceptional organic conjugated
polymeric photocatalysts that have gained tremendous laurels
primarily owing to their high chemical stability, easy synthesis
from inexpensive precursors and suitable CB and VB positions,
straddling the reduction potential of protons, CO, and water
oxidation.’”'® Despite the huge acclamation of PCN as a
photocatalyst in the field of CO, reduction, the photocatalytic
efficiency of CN-based photosystems for CO, reduction to
syngas remains moderate. Mainly, the H,/CO ratio of reported
PCN systems is uncontrollable. In this sense, development of
CN-based photosystems has to be revamped to improve the
efficiency of CO, reduction to syngas and control the H,/CO
ratio in the generated syngas.

In a latest report, Yang et al.** demonstrated that defects
such as nitrogen vacancies (NVs) intensify the structure-activity
relationship between the PCN and CO,, manifesting excep-
tional photocatalytic activity for syngas production under visi-
ble light. In this work, numerous characterization techniques
(XPS, EPR and in situ DRIFTS) with the combination of DFT
calculations have been adopted, confirming that the NVs could
possibly originate from surface N-(C); sites of PCN, which can
promptly amplify the activation and reduction of CO,, while
lowering the formation energy barrier for COOH* inter-
mediates. Incredibly, it was seen that the syngas production
activity accelerated nearly 10 times higher in the case of defect
rich PCN (NVs-PCN) than that of pristine PCN under identical
reaction conditions. In addition, the H,/CO ratio in syngas can
be tuned from 0.24:1 to 6.8: 1 by controlling the concentration
of NVs. For that reason, it could explicitly be concluded that
defects (NVs) over the PCN surface provide a modulation
strategy to develop defect rich PCN based photocatalysts,
showing huge advancement in structure-activity relationship
for highly efficient CO, reduction to syngas with tuneable
H,/CO ratio.

COFs are highly porous, crystalline, and extended two- or
three-dimensional (2D or 3D) ordered structures, constructed
from organic building blocks and connected via covalent
bonds. Excellent structural tenacity and diverse functionalities
provide phenomenal physico-chemical stabilities with intri-
guing semiconducting properties in various photochemical
reactions.'””'®® Photocatalytic reduction of CO, is one the
challenging photochemical reactions. In recent years, COFs
have emerged as a new class of organic porous semiconducting
materials for CO, photoreduction into various hydrocarbons
and fuel fractions.'®® However, photocatalytic CO, reduction
to syngas over COFs is still in infancy. Only few reports are
available regarding the syngas production over COFs.

Very recently Fu et al.'®® showed that a rhenium complex
[Re(bpy)(CO);5Cl] coupled with a crystalline covalent organic
framework (COF) i.e. Bpy-sp”c-COF afforded a much stronger
CO, absorption affinity and improved CO, reduction over a
bare [Re(bpy)(CO);Cl] complex under visible light irradiation.
However, [Re(bpy)(CO);Cl incorporated Bpy-sp’c-COF resulted
in a maximum rate of 1040 mmol g~* h™" for CO production

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

View Article Online

Materials Advances

with 81% selectivity, which was further increased to 86% with
the increased production rate of CO up to 1400 mmol g~ * h™%,
when a dye was added as a photosensitizer. Apparently, it was
shown that addition of platinum (Pt) favoured the co-production
of CO and H,, i.e. syngas. Moreover CO:H, ratio in the syngas was
adjusted in the range from 4:1 to 1:10 by adding different
amounts of Pt over COF.

Importance of Co-metal complexes has already been discussed
for CO, photoreduction to syngas. However, the co-operative
effect of these Co-based metal complexes with COFs could be
rationalized for the syngas production. Triazine based COFs
have unique features for CO, reduction. He et al.**° synthesized
an efficient photocatalytic system by integrating [Co(bpy);]*" as
an active Co single site in covalent triazine frameworks (CTFs)
for the photocatalytic production of syngas from CO, reduction
in aqueous media. Incorporation of Co single sites with CTFs
synergistically enhanced the light absorption of the CTFs and
enabled the excellent syngas (CO/H, = 1.4 : 1) production with a
corresponding yield of 3303 pmol g~ " in 10 h, which was almost
3-fold higher than that of bare CTF without Co single sites.

Moreover, it has been found that the co-operative effect
between the d-block elements such as Fe’' and Ni*°° could
feature in bimetallic active centres, which resulted in pronounced/
improved photoreduction of CO,. Aiming towards it, very
recently, Han et al.*" rationally customized a COF by integrating
Fe/Ni metal sites over the surface, which was successfully
utilized for photoreduction of less concentrated CO, into tune-
able syngas (Fig. 10a-c). However, facile metal site (Fe/Ni)
composition alteration and its adsorption affinities for CO,
and H,O manifested an encouraging parameter to tune the CO/
H, ratio, which was effectively tuned ranging from 1:19 to 9:1.
This work demonstrated an ample choice for modulation in
COF surface via bi-metallic active sites (Fe/Ni) for syngas
production, which was further underpinned by experimental
and theoretical studies.

Porous Organic Polymers (POPs) are being investigated
extensively as a consequence of high/excellent porosity, thermal
and chemical stability, adjustable composition, and diverse
functionalization. POPs are highlighted as competitive candidates
in various applications.'*?°" Rationalizing POPs for photo-
catalytic CO, reduction to fuels/chemicals enlightens the devel-
opment route for POPs as well as CO, reduced products.®* This
could be justified as structural modulation of POPs alters the
CB-VB positions, and thus accordingly changes the generation
of CO, reduced products.

Keeping in view of the above observation, Yao et a
demonstrated that Fe metal incorporated POPs ie., ferric
porphyrin-based POPs (i.e., POP1-Fe and POP2-Fe) could ration-
ally be exploited for photocatalytic CO, reduction to syngas.
The POP1-Fe and POP2-Fe were fabricated using porphyrins
and adjustable benzene/biphenyl as linker units. Importantly it
was found that the inclusion of biphenyl linker in the ferric
porphyrin system results in extended n-conjugation, enabling a
lower CB potential suitable for CO generation in POP2-Fe.
Moreover, experimental results confirmed that ferric porphyrin
sites were responsible for CO generation, while the uncoordinated
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(a) Synthesis of M-COFs with 2,4,6-triformylphloroglucinol (Tpg) and 2,5-diaminobenzenesulfonic acid (Dbsa) as the precursors. (b) The

dependence of CO/H, ratios of metals in a series of Fe/Ni-COF samples in low-concentration CO,. (c) Schematic scheme for CO, reduction into CO and
H,. Reproduced and modified with permission.** Copyright 2020, Wiley-VCH.

porphyrin units promoted the H, generation. By changing the
phenyl linker to the biphenyl linker, the ratio of CO/H, was
adjusted from 1:1 to 1:1.5 in POP2-Fe and at 450 nm wavelength,
the ratio of CO/H, was found to be 1:2. Such studies provide
insights into the synthetic strategy for POP structure-activity
performance for CO, reduction towards the selective formation
of syngas with tuneable CO/H, ratios through facile regulatory
linkers.

These works explicitly demonstrated a tremendous potential
of organic polymers for the photocatalytic production of syngas
via CO, photoreduction. In addition, these studies also man-
ifest a profound knowledge of cooperative effects of active
metal sites, linkers and metal complexes with high accessibility
due to their high surface area, resulting in high light absorp-
tion, facile charge transfer and efficient CO, photo-reduction to
syngas.

4. Photocatalytic syngas production: a
mechanistic insight

A mechanistic insight towards syngas production via CO,
photoreduction pathways corroborates the reaction kinetics/
dynamics and also underpins the rational modifications of
photocatalysts for efficient production of syngas with a wide
range of tunability in the CO:H, ratio. To comprehend this,
various advanced characterization techniques are quite bene-
ficial to uncover the photocatalytic reaction process and also
provide a structure-activity relationship between photocatalysts
and molecular CO,. In addition, isotope labelling experiments
and theoretical studies (DFT calculations) also provide a deep
insight towards reaction pathways, which further solidifies the
experimental conditions and outcomes.
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4.1. In situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS)

Recently, the in situ DRIFTS technique has been widely adapted
to provide a deep insight into the reaction intermediate product
generation and reaction pathways during the CO, photo-
reduction, helping to investigate the plausible reaction
mechanisms.*”> Fundamentally, CO, half reaction includes
the following steps: (i) first the adsorption of CO, molecules
over the surface of photocatalysts; (ii) followed by activation to
give a carboxyl intermediate COOH* (CO,* + H' + e~ —
COOH*); (iii) the reduction and dissociation of carboxyl inter-
mediate COOH* to CO* via a proton-electron transfer reduction
process (COOH* + H' + e — CO* + H,0); and (iv) the
desorption of CO (CO* — CO).

NVs have shown a preferential active role in CO, adsorption-
activation over the PCN. As shown in Fig. 11 a, for CO,
reduction to CO over the defect rich PCN (NVs-PCN), the FTIR
band at 2350 cm ™! can be attributed to the symmetric stretch-
ing vibration of CO,. The intensity of the observed bands in the
range from 1300 to 1800 cm ™' of PCN-23 (defect rich PCN) is
quite prominent compared to pristine PCN, manifesting
that existence of NVs over the PCN promotes the adsorption—
activation of CO,. Moreover, under the prolonged visible light
irradiation the peaks from 1300 to 1800 cm ™" of PCN-23 are
more in intensity, featuring an improved CO, activation from
photogenerated electrons. In particular, a new peak around
1559 cm™ ! upon visible-light irradiation corresponds to COOH*,
generally originating from co-adsorbed molecules of CO, and
H,0, ensuring that activated COOH* is one of the key inter-
mediates during CO, reduction to CO occurring via a 2 electron
reduction process.**

Mechanistic investigation for photocatalytic CO, to CO
reduction over the surface of 3D ordered macroporous

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(reproduced and modified with permission.*? Copyright 2021, Elsevier) and (b) 3DOM CdSQD/NC (reproduced and modified with permission.?®

Copyright 2021, Wiley-VCH).

N-doped carbon (NC) supported CdS quantum dots (3DOM
CdSQD/NC) was also performed by in situ DRIFTS analysis.** It is
shown in Fig. 11b that with an extension of visible light irradiation,
new peaks at 1200 cm ™" and 1556 cm ' appeared, in which the
intensity was gradually increased, signifying the generation of
the COOH* intermediate over the photocatalytic surface. For the
time being, a new peak at 2091 cm™ " appeared and an increased
intensity in the peak was observed with visible light irradiation
time, conferring the production of CO as the final product.

4.2. In situ electron paramagnetic resonance (EPR)

The efficacy of the photocatalysts for CO, photoreduction to CO
could be facilitated by an easy electron transfer process. Moreover,
the electron transfer process from the surface of the photocata-
lysts to CO, molecules pronounced the excellent structure-activity
relationship, which is beneficial and provides an information
for the generation of intermediates during the photoreduction
reaction under the light irradiation. The electron transfer process
and active intermediate formation during CO, to CO reduction
under visible light irradiation over the NH,-Uio-66(Zr) photo-
catalyst was investigated by in situ EPR.*** As shown in Fig. 12,
when visible light was shed over H,ATA, an ESR signal with
a g value of 2.004 was observed, which can emerge due to the
spatially confined -NH, groups. In NH,-Uio-66(Zr), a new ESR
signal appeared at g = 2.002 with increased intensity compared to

(a)
NH,-Uio-66(2r)

H,ATA

H,ATA under light irradiation, signifying that the new signal can
be ascribed to Zr'™. On the other hand, in the case of Uio-66(Zr) no
ESR signal was observed on visible-light irradiation. These findings
explicitly suggested that the Zr'™ can only be generated over the
visible light irradiated NH,-Uio-66(Zr) photocatalyst (Fig. 12a). Of
note, it was observed that the ESR signal corresponding to Zr'™ was
quenched as the NH,-Uio-66(Zr) photocatalyst was irradiated
under visible light in the presence of CO, (Fig. 12b). This remark-
ably proved that the photocatalytic reduction of CO, over NH,-Uio-
66(Zr) involves the photogenerated Zr'™ species, synergizing the
CO, activation and reduction by Zr'™" species.

4.3. Isotopic (**C) labelling

Furthermore, the mechanistic pathway of the reaction could
further be well examined by isotope labelling experiment,
which can be helpful in defining the origin of the products.
As in the case of CO, photoreduction to syngas, isotopic
labelling experiments using *CO,, D,O or H,'®0 and identifi-
cation of their reduced products by gas chromatography/mass
spectrometry (GC-MS) provide concrete evidence of the reactant
sources.”

Feasible CO, adsorption and facile charge transfer over the
ultrathin ZnAl-LDH nanosheets with Zn ion vacancies remark-
ably showed the excellent activity for the photoredution of CO,
to CO in the presence of H,O vapor. An isotopic labelling

(b)

Visible light, CO,

N'E Visible light, N, 1
Uio-66(Zr) - Without light, N
rmAMAny A AN A A AR AN AR ANPAAAA AN A ANAS P AAAAT A A o,
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Gauss B/Gauss

Fig. 12

(a) EPR spectra of NH,-Uio-66(Zr), Uio-66(Zr), and H,ATA under visible light irradiation. (b) EPR spectra of NH,-Uio-66(Zr) in different

atmospheres under visible light irradiation. Reproduced and modified with permission.?®* Copyright 2013, Wiley-VCH.
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permission.2%® Copyright 2015, Wiley-VCH. (b) Mass spectrum of *CO (m/z = 29) generated from the photoreduction of *CO; over Ni-SA-5/ZrO, (inset:
time profile of the relative abundance of 1*CO/*2C0). Reproduced and modified with permission.2° Copyright 2020, Wiley-VCH.

technique was further adapted in order to identify the source of
the originated CO. Photocatalytic reduction of isotopically
labelled *CO, in the presence of H,O was performed over the
ZnAl-2 photocatalyst.”°> From Fig. 13 a, it is evident that using
13CO0, as a gas feed, a peak at m/z 29 corresponding to >CO was
observed after 10 h of irradiation, which was subsequently
repeated for 4 cycles. On comparison with the results of 10 h
light irradiation, the amount of *CO increased in the case of
20 h light irradiation. This result confirmed that the production
of CO was mainly resulted from the photocatalytic reduction of
CO, over ultrathin ZnAl-2 nanosheets. Similarly, isotopic label-
ling experiments were also performed over Ni single atoms
on defect rich zirconia (Ni-SA-x/ZrO,) for photocatalytic CO,
reduction to CO under Xe lamp irradiation.*** Isotopic label-
ling experiment substantiated that the generation of CO was
derived from CO, reduction and with increasing time the
amount of labelled ™CO (m/z =29) was also continuously
increasing with irradiation time (Fig. 13b).

4.4. Theoretical or DFT calculations

In addition to isotopic labelling and characterization techniques
(e.g. in situ EPR, and in situ DRIFTS), DFT calculations may also
bestow a significant improvement to obtain insight into the
possible reaction pathways for CO, photoreduction. Furthermore,
the band structure of a photocatalyst and the interactive mecha-
nism of CO, molecules over the surface of the photocatalyst could
possibly be examined with the DFT calculations prior to the
practical experiments. Atomic level mechanistic interpretation of
the CO, photoreduction to CO over Ni-SA-5/ZrO,, was scrutinized
by DFT calculations.”® Theoretical calculations and modeling
were based on ZrO,(010) facets as shown in Fig. 14a. The lowest
energy barrier pathway (<1 eV overall) for CO, conversion to
CO was estimated over Ni-SA/O. This model described that
the adsorption of *COOH onto the photocatalyst was the rate-
limiting step (highest energy barrier), while the subsequent
transformation of *COOH to *CO likely to occur over a low
energy barrier. Moreover, a deep insight towards the electron

5292 | Mater. Adv, 2022, 3, 5274-5298

migration pathways involved in the photoreduction of adsorbed
CO, on Ni-SA/O was provided by the differential charge density
diagrams shown in Fig. 14b. Firstly, the activation of CO,
molecules (steps 1 and 2) took place via electron transfer from
isolated Ni sites to the n* orbital of CO,. After that, the
generated H' (via photocatalytic water splitting) reacted with
the *CO, intermediate, manifesting the production of the
*COOH intermediate (steps 3 and 4). Further subsequent
electron transfer promoted the disintegration of *COOH to
*CO, followed by CO desorption from the photocatalytic surface
(steps 5 and 6).

In addition, as earlier it was mentioned that NVs in the PCN
promote the CO, adsorption-activation during the photoreduc-
tion steps involved in CO, to CO production. The Gibbs free
energy (AG) diagram of CO,-to- CO conversion over pristine
PCN and NV-PCN is shown in Fig. 14c. AG values of pristine
PCN were found to be much higher than that of NV-PCN,
conferring that the CO, activation to produce COOH* inter-
mediates over NV-PCN is more favorable due to the low energy
barrier. These theoretical studies confirmed that the NVs can
significantly promote the activation-reduction of CO, which is
well matched with the experimental studies (Fig. 14d).**

5. Conclusion and future perspective

In recent decades, rising CO, levels in the atmosphere have
accelerated global warming and the energy crisis across the
world. Deterring the CO, levels in the atmosphere requires an
urgent solution. Among the various techniques used, the photo-
catalytic conversion of CO, to fuels or value-added chemicals
may be a promising solution. Aiming at this, photocatalytic CO,
reduction to chemicals or fuels such as CO, CH,, HCHO, and
CH;OH is an exceptionally sustainable process.

The co-production of CO and H, (syngas) via the solar-driven
reductive transformation of CO, under aqueous (H,0) media
has been considered one of the most beneficial solutions.
Syngas is a crucial intermediate for the production of synthetic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) Energy profile for CO, reduction to CO over the (010) facets of ZrO,, Ni-SA/Zr, and Ni-SA/O. (b) Differential charge density diagrams and

intermediates during CO, reduction to CO over the Ni-SA/O model. Reproduced and modified with permission.2°? Copyright 2020, Wiley-VCH. (c) Gibbs
free energy diagram for PCN and NV-PCN for CO, reduction to CO, and (d) photocatalytic activity for CO, reduction over PCN and various defect-rich
NV-PCN photocatalysts. Reproduced and modified with permission.*? Copyright 2021, Elsevier.

fuels such as hydrocarbons, methanol, alcohols and fuel addi-
tives via the Fischer-Tropsch reaction.

Generally, the production of syngas predominantly depends
on the electrochemical and thermochemical reduction of CO,
or/and H,O, operating at relatively high temperatures and
pressures. On the contrary, photochemistry, a renewable strat-
egy, advances the pathway for the production of syngas via the
reduction of CO, in aqueous media. In this review, therefore,
we have attempted to introduce an ideal renewable pathway for
the production of syngas via the photoreduction of CO, under
aqueous media. In addition, various photocatalysts such as
metal oxides, LDHs, metal complexes, SACs, POMs, MOFs and
COFs as well as structural engineering of the photocatalysts
and their relative activity for syngas production with tuneable
ratios of CO/H, have been deliberately discussed.

Of note, solar-driven CO, reduction under aqueous solution
results in recent advancements towards syngas production.
This could be summarized by the following points: (1) this
reaction may require a boundless source of energy i.e. solar
light; (2) this reaction can be initiated by only H,O and CO,
molecules and (3) requires comparatively ambient conditions
such as low temperature and pressure. These are the super-
lative advantages laying an ideal and pioneering road map for
the development of the sustainable production of syngas via
CO, photoreduction.

Moreover, in this review, the discussed photocatalysts have
shown prodigious potential for syngas production via CO,
reduction. Utilization of such a photocatalytic system has
witnessed great scientific advancements so far. TiO,-Based photo-
catalysts have been scrutinized the most for CO, reduction into
syngas. Nano-engineering of TiO, photocatalysts by metal doping,
heterostructure construction and morphological tuning affords
excellent chemical and physical properties for the efficient

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

production of syngas via CO, reduction. Furthermore, the
efficacy of the other photocatalysts including mixed metal
oxides, LDHs, SACs, metal complexes, POPs, MOFs and organic
polymers has also shown encouraging progress in recent years
for the sustainable production of syngas via CO, reduction
(Scheme 1a).

In the latest inception of CO, sorption and capture (CSC)
technology, POMs, MOFs and COFs have set a promising
paradigm for a highly sustainable process. Their high surface
area, enhanced light harvesting ability, rigid 3D structure, and
unique electronic features with tuneable band positions offer
an excellent photocatalytic route for syngas generation via CO,
photoreduction.

Herein, it is indispensable to point out that despite several
recent advances, the related development in photocatalytic
syngas production via CO, reduction is still in its infancy.
Plenty of opportunities are available and many challenges need
to be overcome and addressed. In this regard, the engineering
of efficient, robust and low-cost photocatalysts with tuneable
band structure is required to maximize the light absorption,
improve charge separation, and achieve high efficiency for both
fundamental research and the large-scale production of syngas
via CO, photoreduction.

Currently, in industries, syngas is produced on thermo-
catalytic operational giant plants or reactors operating at rela-
tively high temperatures and pressures. Replicating similar
yields with photocatalytic plants or glass panel reactors for
syngas production is highly challenging. In addition, compro-
mised or low yields of the products and the relatively high
cost of production may impede the practical application of
bulk syngas production. Therefore, initial additional efforts
such as glass panel reactors must be built with a focus on
sufficient robustness to ensure long-term outdoor operation
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showing the overall essential considerations required for syngas production and the challenges that need to be overcome.

(under natural sunlight) to prepare the process for industrial
use. Moreover, importantly, the ratio of syngas products i.e. CO/
H, plays a pivotal role in the production of upgraded fuels via
the Fischer-Tropsch reaction. Therefore, the requisite of tune-
able CO/H, molar ratio in syngas is significantly crucial and
should be addressed.

As mentioned above, the generation of syngas via CO, photo-
reduction requires quite efficient, stable and visible light-
absorbing photocatalysts. To view this mechanistically, the
photocatalysts must first effectively promote CO, adsorption—
activation over the surface of photocatalysts. Structural engineer-
ing in photocatalysts, such as through surface vacancies, 2D-2D
heterojunctions, porosity, and co-catalyst loading, facilitates syn-
gas generation. In particular, it is of great importance to employ
working techniques (e.g., in situ XPS, in situ EXAFS, in situ XANES,
in situ DRIFT, and in situ PL) to examine any change in the
physicochemical properties of photocatalysts to understand
the mechanisms of interfacial charge separation and transfer
as well as photocatalytic syngas generation over the surface via
CO, reduction. In addition, theoretical studies could further
be employed to obtain deep insight into the structure-activity
relationship between the photocatalysts and CO, molecules,
thus providing theoretical guidance for the design of high
performance CO, reduction photocatalysts for syngas genera-
tion (Scheme 1b).

In closing, the concept of renewable syngas production via
photocatalytic CO, reduction provides a new pathway towards
sustainable fuel production that is still in its infancy. With the
established advancement in the Fischer-Tropsch process for
the synthesis of fuels, it remains to be seen where the photo-
catalytic process will lead to in the future. This may turn out to
be a milestone in the field of sustainable energy production for
the betterment of humankind.
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