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The present review summarizes some of the main results
achieved in electrochemical, photocatalytic, and (photo)-elec-
trocatalytic systems for the reduction of carbon dioxide. After a
preliminary survey of the electrocatalytic and photocatalytic
systems in terms of materials used, efficiencies, operating
conditions, and product distribution, it is shown how the
combination of the two approaches affords often higher
efficiency than the single technologies and allows better control
of the product distribution. In fact, the peculiar energetic
distribution at the interface of irradiated semiconductors under
opportune electrical bias enables enhancement of the spatial

1. Introduction

Carbon dioxide represents the most abundant and inexpensive
carbon source that can be transformed into valuable chemicals
as fuels (methane, methanol, ethanol, carbon monoxide),"™
polymers (polycarbonates),** and valuable compounds (formic
acid, carbonates) of industrial interest.*” The size of the market
for these compounds is around 4500 Mton per year; for this
reason, the exploitation of CO, has attracted the interest of
both the scientific and industrial communities, and intense
efforts have been made to develop efficient conversion
systems. CO, transformation processes aim at artificially
reproducing natural photosynthesis under mild conditions
(ambient temperature and atmospheric pressure). In particular,
the use of the sunlight is highly desired to perform environ-
mentally friendly processes capable to mitigate, in a long term
view, the effects of greenhouse gases and the consequent
climate changes.

Various strategies of CO, valorization have been proposed
such as catalytic,”'® photocatalytic''™'* and electrocatalytic
methods,"*"® or biological processes."® Nevertheless, un-
fortunately, the reaction mechanism is not yet fully understood
and the reported CO, conversion efficiencies are often scarce.
Different types of challenges need to be faced because (i) the
reactivity of CO, is low, (ii)the CO, reduction reaction is
thermodynamically up-hill (CO, is a stable and thermodynami-
cally inert compound), (iii) the catalysts used today are not very
active and selective, (iv) the efficiencies of the proposed
reactors are generally low, (v) the optimal experimental con-
ditions at which the reaction should be carried out are still to
be found.?"?? Therefore, many efforts have been directed
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separation of the photogenerated charges and minimization of
the external energy required in electrochemical applications.
Even though the efficiency of CO, reduction is still far away
from being industrially appealing, in some cases the photo-
electrocatalytic systems are promising tools to be further
investigated for sustainable green chemistry based CO, utiliza-
tion. The aim of this review is to examine the strengths and the
weaknesses of the different approaches considering that some-
times one of the three methods can be used more successfully
than the others, depending on the desired product(s) and the
materials used as photocatalysts or as the (photo)electrode.

towards the optimization of operating conditions, the search
for efficient catalysts and the design of suitable reactors,'>
and the exploitation of solar energy as the driving force.?**"!

Traditional thermal catalysis processes require severe reac-
tion conditions and large amounts of energy. The photo-
catalytic method, although representing a very promising
process because it can be carried out under mild experimental
conditions and using sunlight as the radiation source, has
shown some drawbacks. Among them, we mention the modest
exploitation of solar energy (linked to the semiconductor band-
gap), and the low efficiency due both to the high recombina-
tion rate of the photogenerated charges and to the thermody-
namic limitations of CO, reduction.

A more cost-effective approach is the electrochemical
conversion of CO, since electric energy can be converted
directly into chemical energy. Also this technology has some
drawbacks such as the need for high overpotentials, the low
selectivity towards the products, and the small faradaic
efficiency. The low selectivity and the high overpotentials are
due to the adsorption energies of the reaction intermediates
which are often significant, while the reduced faradaic
efficiency is due to the competitive hydrogen evolution
reaction (HER), which takes place at the same CO, reduction
potential, but with a faster kinetics.*®

The use of different approaches showing synergistic effects
is a strategy to increase the efficiency of the process.”” In
particular, by coupling the photocatalytic method with the
electrochemical one, the performance of the first process can
be improved by applying an external potential.” In this way it
is possible to obtain a better conversion of light into chemical
energy and a higher charge separation efficiency. To improve
the CO, conversion and the selectivity towards target products
in a photoelectrocatalytic system, the material working as
(photo)electrocatalyst (it can be used as bulk electrode or
supported on a substrate working as the electrode) needs to
strongly interact with CO, and to have a specific distribution of
surface sites. In addition to a correct choice of the electrode, it
is necessary to optimize the potential to be applied and, in
general, to opportunely design the (photo)reactor.?**39 |t
should be noted that the materials used as electrodes in the
photoelectrocatalytic process can be similar and only some-
times the same as those used as catalysts in the photocatalytic
and electrocatalytic ones.

© 2021 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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In this article we will present and comment only some
selected papers that report the (photo)electrocatalytic and
photocatalytic reduction of CO, with the aim of qualitatively
examining strengths and weaknesses of the proposed methods.
It is in fact very difficult, if not impossible, to evaluate the
efficiency and convenience of the various systems proposed
from a quantitative point of view, since the different exper-
imental conditions and the very low yields reported so far
make the methodologies difficult to be compared.

2. Electrocatalysis
2.1. General Considerations

It is possible to convert CO, electrocatalytically into valuable
compounds under mild experimental conditions directly on the
surface of an electrode by applying an adequate potential and
in the presence of a suitable catalyst®" Figure 1 shows a
scheme of a cell used for the electrochemical conversion of
carbon dioxide.

From a thermodynamic point of view, CO, reduction is a
very challenging reaction due to its very high stability. In fact,
on inert electrodes, the first step should be the one-electron
direct reduction of CO, to CO,"" radical anion,®” but it is a very
energy-intensive and harsh reaction (E°=—-1.9V for CO,+e™ —
CO,”” in water at pH=7). The multi-electron reduction
reactions, although more complex, are thermodynamically
favourite, compared to one electron reduction. In fact, the free
energy progressively decreases by increasing the number of
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electrons needed to reduce CO, to different compounds
(Figure 2).5%

In spite of the thermodynamic trend, the most common
products obtained by electrocatalytic reduction of CO, are CO,
CH, and HCOOH as other factors, such as the need to overcome
the kinetic limitations, play an important role. The type of
material (often a metal) used as the electrode can reduce
kinetics constraints while also acting as a catalyst.

Many reaction mechanisms involving heterogeneous cata-
lysts are reported in the literature and many pathways for the
same reaction are also possible in electrocatalysis. In fact, since
CO, activation generally begins with its adsorption on a catalyst
site, different adsorption modes and reaction mechanisms are
possible on a material showing different types of active sites.”"

2.2. Electrode Materials
2.2.1. Single Metal Electrodes

The electrodes can consist of metals that participate in the
redox process or oxides/semiconductors that can act as
catalysts/photocatalysts. The process can be controlled by
adjusting some operating parameters such as the type of
electrode, the redox potential, the nature of the electrolytes,
the pH, the temperature, the applied potential. Aqueous and
non-aqueous solutions (to improve CO, solubility) or solids to
suppress the H,-forming reaction are used as electrolytes.

A variety of products can be formed in aqueous solution
including CO, CH,, HCOOH, CH;OH and longer chain hydro-
carbons depending on the experimental conditions used. By
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Figure 1. Scheme of a cell used for the electrochemical conversion of CO,
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Figure 2. Reduction potential versus saturated calomel electrode versus the

number of electrons necessary for the formation of the different compounds.

Reproduced with permission from Ref. [33] Copyright (2002) Elsevier.

selecting the metal cathode it is possible to address the
selectivity of the process. It has been reported that, for single
metal cathodes, Cu, Au, Ag and Zn have shown a high
selectivity towards CO; In, Pb, Sn and Cd provided formate as
the main product; Ni, Fe, Pt and Ti almost exclusively produced
H,.B¥ The electrolyte consisted of a 0.1 M aqueous solution of
KHCO, and the current density ranged from 0.5 to 5 mAcm™2

The selectivity towards CO formation followed the series
Au>Ag>Cu>7Zn>Cd>Sn>In>Pb>Tlx~Hg (Table1) and

depended on the ability of CO,*” to adsorb on the cathode

ChemPhotoChem 2021, 5, 1-26 www.chemphotochem.org
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. Reproduced with permission from Ref. [31] Copyright (2013) Royal Society of

surface. In particular, CO was obtained from strongly adsorbed
CO,"” while HCOO™ from free or weakly adsorbed CO,*". In the
latter case the carbon atom of desorbed CO,"~ was protonated
to formate ion. Formic acid can be obtained in acidic medium.
Multimetal cathodes showed variable selectivity towards CO
and HCOO /HCOOH, which was influenced by the combination
of the electrode components, in particular the metal acting as a
substrate and the metal acting as a modifier.

Nguyen et al.”® selectively obtained CO on porous nano-
structured Zn electrocatalysts with a faradaic efficiency of
78.5% and 95.3% in the presence of aqueous solution of 0.5 M
KHCO; and 0.5 M KCl as the electrolytes, respectively. X-ray
photoelectron spectroscopy (XPS) measurements on the elec-
trodes revealed that oxidized zinc states were the active sites
for electrochemical CO, reduction and that high amounts of
oxidized Zn inhibited carbon deposition on the electrode
surface. Adsorption of halides on Zn electrodes improved the
process performance and inhibited the hydrogen formation by
increasing the Faraday efficiency up to 97%.5¢ Similar results
were obtained by other researchers.?”~**

Figure 3 shows the pathway of the formation of CO from
CO,. A drawback of bulk Zn electrodes was the possibility of its
oxidation after contact with water or air, moreover also the
morphology and the structure have a strong influence on their
efficiency. By modifying the morphology it was possible to
increase and tune the activity and selectivity of the Zn-based
electrodes as the exposure of their surface active sites was
modified.

Formate was obtained as the main product on Zn electro-
des with a particular morphology.***! Yadav et al.** obtained,
in fact, this ion with a maximum faradaic efficiency of 78.46%
in the presence of an electrocatalyst consisting of Zn nano-
powders deposited on graphite plates.

Zhang et al.*” used a Zn electrode with a nanoparticle layer
as a harmless and cheap alternative to Pb and Hg for the
efficient formation of formate in aqueous solution. A faradaic

© 2021 The Authors. ChemPhotoChem published by Wiley-VCH GmbH


http://orcid.org/0000-0003-3230-1505

Chemistry

Reviews Europe ,
ChemPhotoChem doi.org/10.1002/cptc.202100030 Socices Publishing

Table 1. Main products formed during the CO, electrocatalytic reduction on different metal electrodes. Electrolyte: 0.1 M KHCO;; temperature: 18.5°C.
Reproduced with permission from Ref. [34] Copyright (1994) Elsevier.
Electrode Potential [V] Faradaic efficiency [%]

versus NHE CH, co HCOO H,
Cu —1.44 333 1.3 9.4 20.5
Au —-1.14 - 87.1 0.7 10.2
Ag —-1.37 - 81.5 0.8 124
Zn —1.54 - 79.4 6.1 9.9
Pd —-1.20 29 28.3 2.8 26.2
Ga —1.24 - 23.2 - 79.9
Pb —-1.63 - - 97.4 5.0
Hg —1.51 - - 99.5 -
In —1.55 - 2.1 94.9 33
Sn —1.48 - 7.1 88.4 4.6
Ccd —1.63 1.3 139 78.4 9.4
Tl —1.60 - - 95.1 6.2
Ni —1.48 1.8 - 1.4 88.9
Fe —0.91 - - - 94.8
Pt —-1.07 - - 0.1 95.7
Ti —1.60 - - - 99.7

Figure 3. Schematic pathway for the electrocatalytic CO, reduction to CO on the surface of a Zn electrode. Reproduced with permission from Refs. [38] and

[43], both copyright (2018) Elsevier.

efficiency over 87 % was obtained. The figure above was more
significant than those found using a bulk Zn sheet as an
electrode. The good performance was attributed to the high
surface area and the type of active exposed facets.

Cu electrodes have been used extensively not only because
Cu has been shown to be highly efficient in forming hydro-
carbons with good faradaic efficiency, but also because of the
observed high reaction rates.**® The reported formed prod-
ucts included methane, methanol, formaldehyde and formic
acid, depending on the morphology of the electrode, the
oxidation state of the Cu and the experimental conditions
under which the experiments were carried out, such as the
type of solvent, electrolyte and applied bias.

Frese et al”’ obtained CH;OH as a direct product of the
electrochemical reduction of CO, with high current densities
(up to 33 mAcm™?) and yield close to 100% in the presence of
oxidized Cu electrodes, 0.5 M KHCO;, pH=7.6, and —19V
(SCE). H, and small amounts of CO were also formed.

A mixture consisting mainly of CO and HCOOH (faradaic
efficiency 21.5% and 20.2 %, respectively), with small amounts
of CH;OH (faradaic efficiency around 1-2.5%) was obtained
with a Cu (core)/CuO (shell) catalyst*” in a flow reactor and 1 M
KHCO; aqueous solution as the electrolyte. A change in the
oxidation state of Cu from Cu(0) to Cu(l) and Cu(ll) was
observed by changing the applied potential, and the total

ChemPhotoChem 2021, 5, 1-26 www.chemphotochem.org

faradaic efficiency for CO, HCOOH and CH;OH was greater
when the cathodic potential was more negative, reaching
427% at —1.73V. The presence of the different oxidation
states of Cu favoured the adsorption of protons and the
formation of complex products. Le etal”® performed the
reduction of CO, to CH;0H on thin films of electrodeposited
cuprous oxide with a production up to 43 umolh™' and faradaic
efficiencies up to 38%, and the values were higher than those
obtained with air and oxidized or anodized Cu electrodes.
These results suggest that Cu(l) played a crucial role in
addressing selectivity towards CH;OH. Also in this case the
copper exhibited different oxidation states after the reaction
and the yield in methanol depended on the Cu(l) concen-
tration.

Electrochemical impedance spectroscopy was used to study
the mechanism of the CO, reduction reaction and to shed light
on adsorption/desorption  steps of the reduction
intermediates.”” The adsorption of the electroactive species on
the electrode surface started at —0.13 V and the critical bias for
the beginning of the charge transfer to the species adsorbed
was —0.31 V. The formation of the products was related to the
pH near the electrode surface, to the adsorption of HCO;™ and
CO;> and to the applied potential. The first step is the
formation of CO,*~ which can be further reduced to form
HCOO™, CO, CH,, and C,H, in successive stages (Figure 4). The

5 © 2021 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Figure 4. Hypothesized mechanisms for the formation of formate, CO, CH,, and C,H,. Reproduced with permission from Ref. [57] Copyright (2018) American

Chemical Society.

*COOH" intermediate (adsorbed on the catalyst surface) proved,
instead, to be the key intermediate for the production of C2
and C3 products which proceeded via the formation of enol-
like surface intermediates.”

The morphology of the electrodes surface is another key
parameter addressing the selectivity. It has been reported that
in the presence of monocrystalline Cu electrodes ethylene
formed mainly on the Cu(100) surface while methane was the
main product on Cu(111) terraces.**!

Investigations using other metal electrodes (Au,®?
Ag, > Sn"*72) showed similar results. The main products
deriving from CO, reduction were CO and HCOOH, and their
distribution depended on the structural parameters of the
electrodes such as morphology and surface roughness.”

Notably, non-noble metals are preferable to noble metals
as they are cheaper and can be used for large-scale applications
(Table 2).

2.2.2. Multicatalyst Electrodes

Single metal electrodes that also work as catalyst have often
shown low efficiency and yield due to thermodynamic
limitations. The use of multi catalysts electrodes overcomes
these difficulties and allows the formation of highly reduced
compounds thanks to the synergism between the different
components.

Cu,0/Zn0O electrodes with different weight ratios were
tested in continuous mode in a filter-press electrochemical cell
using 0.5 M KHCO, aqueous solution as the electrolyte.”®

ChemPhotoChem 2021, 5, 1-26 www.chemphotochem.org

Methanol was one of the main products with a maximum
faradaic efficiency of 17.7% at an applied potential of —1.3 V.
The coupled electrodes were more stable than those composed
of a single component. The good activity was ascribed to the
synergism existing between the two oxides, and in particular
the formation of methanol has been attributed to the presence
of Cu(l).

The incorporation of Ag into the dendritic structure of Cu
with the formation of bimetallic foams of AgCu, allowed a
significant decrease in the overpotential necessary to produce
CO with respect to bulk silver and an increase in selectivity.””
The maximum faradaic efficiency was 58.4% at —0.6V on a
50/50 Ag/Cu cathode. In addition, the foams proved stable for
a long time and therefore could be used in potential industrial
applications. The improved activity was due to the easy
desorption of CO from the surface of the AgCu bimetal
electrode.

The performances of three tandem electrodes consisting of
Cu/Ag, Cu/Au and Cu/Ni-N—C containing a nickel-nitrogen-
metal structures (exhibiting different active sites), were com-
pared in a flow cell operating under constant cell voltages.”® C,
(C,H, or C,H;OH) compounds were obtained from CO, reduc-
tion with high faradaic efficiency and production rate due to a
reaction occurring on two adjacent catalyst layers. The first step
was the CO formation while the second one the C—C coupling.
The tandem electrodes displayed lower onset potential and
higher partial current densities with respect to the Cu single
electrode, and the best results were obtained with the Cu/Ni-
N—C electrode which gave a faradaic efficiency of 62% with a
partial current density of 415 mAcm™* at —0.70 V.

6 © 2021 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Table 2. Electrocatalytic CO, reduction efficiency from some recent literature.
Electrode Electrolyte Selectivity Faradaic Potential Ref.
(Products) Efficiency [%] vl
Nanostructured Zn 0.5 M KHCO, co 78.5 —0.90 vs RHE [35]
0.5 M KCI 95.3 —1.05 vs RHE
Zn nanosheets 0.5 M NaHCO;, co 86.0 —1.13 vs RHE [38]
Zn porous network 0.5 M NaHCO, co 80 —1.1V vs RHE [43]
Zn 0.5 M KHCO, HCOOH 78.5 1.5V vs RHE [44]
0.5 M H,CO, 38.2
0.5 M NaHCO;, 23.2
Cu 0.5 M NaHCO, CH,OH >100 —1.9V vs SCE [47]
Cu(core)/CuO(shell) 0.1 M KHCO, Cco 21.5 —1.7 vs RHE [49]
HCOOH 20.2
Cu nanoparticles 0.1 M KHCO, Ethylene 41 —1.1V vs RHE [53]
methane 20
Mesoporous Cu 0.1 M KHCO, CH, 38 —1.7 vs RHE [54]
C,He 46
Cu nanoparticles 0.1 M NaHCO;, CH, 80 —1.25 vs RHE [55]
H, 13
Plasma treated Cu 0.1 M KHCO, C,H, 60 —0.90 vs RHE [56]
Au nanoparticles 0.5 M KHCO, co 90 —0.67 vs RHE [60]
Au nanoparticles 1-8 nm 0.1 M KHCO, co 88.6 —1.20 vs RHE [61]
H, 114
Au nanowires 0.5 M KHCO, co 94 —0.35 vs RHE [62]
Nanoporous Ag 0.5 M KHCO, co 92 —0.60 vs RHE [67]
Mesostructured inverse opal Ag 0.1 M KHCO, co 80 —0.60 vs RHE [68]
Nanostructured Ag 0.1 M KHCO, cO 89 —0.80 vs RHE [69]
Sn 0.1 M KHCO, HCOO~ 84 —1.60 vs RHE [72]
Carbon supported Sn nanoparticles 0.45 M KHCO; + M KClI HCOO~ 70 —1.50 vs RHE [74]
Sn/carbon paper 0.5 M KHCO, HCOO™ 80 —1.70 vs SCE [75]

To avoid the use of noble metal particles, Li et al."” tested a
ZnS/Zn/ZnS (S—Zn-S) sandwich nanostructure consisting of an
inner core of Zn nanosheets and a porous sub-nanometer Zn$S
layer. The ZnS layer changed the adsorption properties of the
composite but proved to be chemically inert during CO,
reduction. The catalytic activity was tested in the presence of a
0.1 M KHCO; electrolyte saturated with CO, and was found to
be comparable to that of noble metal catalysts, reaching 94.2%
faradaic efficiency for the formation of CO at —0.8 V. Further-
more, the catalyst was stable for a long time maintaining a
faradaic efficiency higher than 90% after 15 h of reaction at the
same current density. Under the same experimental conditions,
the faradaic efficiency of the pure zinc electrodes was only
71.9%.

Chen et al.”” compared the activity of a Sn/SnO, electrode
coupled with a Sn electrode in aqueous 0.5 M NaHCO; solution
saturated with CO,. CO and HCOOH were formed selectively
and the faradaic efficiency for the coupled electrodes was
4 times higher than that obtained on the bare Sn. The effect of
SnO, was to stabilize CO,"” radical anion. The authors were
unable to establish whether the reduction occurred directly on
the SnO, surface or at the interface between Sn° and SnO,, but
the latter was essential for the CO, reduction because almost
only H, was formed on the bare Sn electrode.

A paper in which two different catalysts were used for two
related reduction and oxidation reactions was published by
Yadav et al.*¥ The electrochemical reduction of CO, to HCOOH
was achieved using a Zn electrode for the reduction reaction
and a cobalt oxide one for the oxidation of water which
produced protons necessary for the formation of HCOOH.
Sodium and potassium carbonates and hydrogen carbonates

ChemPhotoChem 2021, 5, 1-26 www.chemphotochem.org
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were used as the electrolytes. The authors indicated that the
optimal situation was observed in the presence of hydrogen
carbonates at 1.5V with a maximum faradaic efficiency of
78.5% after 5 minutes of reaction.

2.2.3. Metal-Supported TiO, Electrodes

TiO, is one of the most studied semiconductors to obtain the
photocatalytic reduction of CO,®°®" therefore it has also been
used as a support electrode in the electrochemical reduction of
CO, in order to better understand its catalytic behaviour.

TiO, electrodes were prepared by Ma et al.*? as a support
for Ag in different quantities in the form of nanoparticles, and
the role of the support was investigated. The authors
performed some structural and electrochemical characteriza-
tions by which they hypothesized the reaction mechanism
shown in Figure 5 where the participation of the Ti(IV)/Ti(lll)
pair is expected. The mechanism indicates that CO, was
adsorbed on TiO, where it acquired an electron and turned
into CO,"", which was stabilized at the TiO, surface, resulting in
lower overvoltages. Subsequently, the CO,*” radical, in the
presence of water, was reduced to CO on the Ag sites. By using
the Ag/TiO, electrode at 40 wt%, a faradaic efficiency of 90%
was obtained with a current density of about 100 mAcm™.
Accordingly, authors attributed the good results to a synergistic
effect between TiO, and Ag.

To increase the exposed surface, TiO, nanotubes where Ag
nanoparticles have been deposited were prepared and
tested.® With electrodes of this Ag/TiO, material, a better
production of CO was observed than with bare Ag, and H, was

© 2021 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Figure 5. Schematic diagram of the proposed pathway for CO, reduction to CO on Ag/TiO, catalyst. Reproduced with permission from Ref. [82] Copyright

(2014) John Wiley and Sons.

also formed. The results indicated that TiO, acted as a redox
electron carrier to facilitate CO, reduction enhancing the
stability of CO,*” intermediate and the mechanism hypothe-
sized by Ma and reported in Figure 5 was confirmed.®

Worthy of mention is a work describing the use of a RuO,/
TiO, nanotube electrode modified with Pt which allowed the
production of methanol with a current efficiency of up to
60.5 %.%4

CO, reduction was also performed on TiO, electrodes
immersed in acetonitrile and very small amounts of water.®
Methanol, CO and oxalate ion were obtained as the most
important products. Also in this work the CO, adsorption on
the catalytically active Ti*" sites with subsequent formation of
the CO,* radical is proposed as the fundamental step of the
reaction.

2.2.4. Gas Diffusion Electrodes

Although water as a solvent is the best solution from an
environmental point of view because it is the green solvent par
excellence, its use also has some drawbacks. In fact, CO,, as
well as H,, has a low solubility and diffusivity in water at room
temperature and pressure. This leads to a decrease in current
density and reaction rate due to a slow mass transfer from the
bulk of the solution to the surface of the electrode. However,
the CO, transfer rate can be increased by the use of pressurized
electrolytes or gas diffusion electrodes (GEDs), produced with a
catalyst supported on a gas diffusion layer.**”#® The porous
matrix of the GEDs allows the transport of gaseous CO, but
limits the transport of liquids, and in addition the presence of a
deposited hydrophobic layer can increase the solubility of CO,
inside the electrode. By supplying gaseous CO, by means of a
gas diffusion layer, current density values were measured about
two orders of magnitude larger than those obtained with flat
electrodes, with the same overvoltage.®

GEDs based on S, Ag, Sn, Zn and Cu have provided various
products with efficiency depending on the electrode structure
and obviously on the experimental conditions used.”*#”#-4
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An Ag GDE was tested in three compartment cells with a
current density of 150 mAcm™2 A 0.4 M K,SO, aqueous solution
was used as the electrolyte and the partial pressure of CO, was
adjusted to improve the recirculation of the feed. The faradaic
efficiency was 60% for the conversion to CO after about 2 h.?”

In a single, continuous pass CO, cell with a gas diffusion-
supported Sn electrode, formate was formed at ambient
conditions with a faradaic efficiency of 70% at 150 mAcm™274

Formate was obtained also by using a rolling Sn-loading
GDE in 0.5 M KHCO; aqueous solution by applying a potential
of —1.8 V. The faradaic efficiency achieved was about 79% with
a current density of about 17 mAcm 25"

The best performance using non-noble metals as catalysts
was reported by Luo etal”” who compared a porous Zn
electrode with a Zn GED electrode for the reduction of CO, to

O (Figure 6). For the second, the current density reached
200 mAcm~ from 27 mAcm™ at —0.64V with a faradaic
efficiency of about 84 %.

2.3. Hydrogen Evolution Reaction (HER) in Competition with
CO, Reduction

A problem that often arises during the electrochemical
reduction of CO, in the presence of aqueous electrolytes is the
competitive development of hydrogen (HER).*® In addition,
there are other disadvantages such as low current density, low
CO, solubility, reduced mass transfer, catalyst poisoning, and
the need for separation of products from the electrolyte.

The formed H, engages the electrocatalytically active sites
by consuming electrons and protons, and thus reducing the
CO, conversion and the energy efficiency of the process. The
choice of catalysts with high overvoltage towards H, and/or
electrolytes that prevent or decrease HER, allows the achieve-
ment of high faradaic efficiencies.

Back etal® compared the binding energies of *H°
(adsorbed H on the catalyst surface) at Ag and Au sites during
CO, reduction. Values determined experimentally indicated
that the binding energy was lower on Ag, demonstrating a

8 © 2021 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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strong interaction of hydrogen with Au sites resulting in a
more significant H, production.

It should be noted, moreover, that metal sites that interact
with CO more strongly than with H, make HER competition less
important as they reduce the availability of H-binding sites.
Nevertheless, the interaction of the surface metal sites with CO
is not the only parameter playing a role. In fact, density-
functional theory (DFT) calculations indicated that, although CO
adsorbs more strongly on Mo than on Cu, also the surrounding
environment (e.g. the presence of co-adsorbed species) can
influence the activity of the catalyst towards HER. Indeed, under
the used experimental conditions, authors found a lower HER
on Cu than on Mo.®¥

Moreover, the behaviour of a metal alloy can be different
from that of the single components. For example, H, evolution
was practically absent in an alloy of Pd and Au although Pd is a
well-known effective catalyst for that reaction.”” The exper-
imental results indicated that by increasing the Pd content at
low overpotentials (about —0.35V), the CO surface coverage
underwent a noticeable increase, also competing with the
adsorption of hydrogen. This finding explains the absence of H,
evolution. On the other hand, bare Au exhibited poor CO,
adsorption and low selectivity towards CO, reduction. Con-
sequently, by accurately alloying different metals it was
possible to increase the activity and to reduce/prevent the
competitive H, production.

Goyal et al.®® studied the competition between the reduc-
tion of CO, and the H, evolution on an Au rotating ring disk
electrode. A 0.1 M hydrogen carbonate aqueous solution was
used as the electrolyte and the mass transport conditions were
controlled by means of the rotating ring disk electrode rate.
Unexpectedly, it was found that the higher faradaic selectivity
towards CO obtained in the presence of enhanced mass

ChemPhotoChem 2021, 5, 1-26 www.chemphotochem.org
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transport (from 67 % to 83 %), was not due to the increased CO,
reduction but to the hindrance of HER at the higher disk
rotation rates. Water reduction was favoured at basic pH, so the
improvement in mass transport depressed the HER because it
reduced the pH close to the electrode.

Another strategy to prevent the H, formation was the use
of solid polymer electrolytes. In these systems, CO, was fed into
the catholyte compartment while the electrolyte allowed the
conduction of the protons, the separation of the gaseous
compounds formed, and the electrical insulation of the electro-
des. Moreover, the use of solid polymer electrolyte composite
electrodes enhanced the CO, mass transfer and avoided
poisoning of the catalyst due to impurities in the solvent.®”*"
However, a weak point of this alternative is the faradaic
efficiency lower than that obtained with electrodes in solution
under similar experimental conditions.”*

2.4. Role of Solvent and Electrolyte

The faradaic efficiency of the electrocatalytic reduction of CO,
depends very much on the properties of solvent and electrolyte
used. In fact, solvent nature (aqueous, organic or mixed), pH,
conductivity, viscosity, buffering capacity, and type of electro-
lyte address the distribution of the products and, therefore, the
faradaic efficiency of the entire process."™

For example, with a Cu electrode the electrochemical
reduction of CO, mainly leads to formaldehyde and methanol
in aqueous medium, while CO is preferentially formed in a non-
protic solvent. In fact, generally, in protic solvents a proton is
transferred from the solvent to CO, adsorbed on the surface of
the electrode to form hydrocarbons and/or organic compounds

© 2021 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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containing hydrogen, whilst in aprotic solvents an oxygen is
transferred from CO, to the solvent, thus forming CO."™

Water is the most common solvent due to its cheapness,
high availability, and environmental sustainability, but, as
already highlighted, its use has some drawbacks. The faradaic
efficiency is, in fact, usually low since the electrolysis of water
occurs more easily over that of CO, on the majority of transition
metals used as catalysts.

In the presence of non-aqueous solvents, HER is generally
absent, the solubility of CO, is greater, and C, compounds with
high added value such as oxalate can be formed. On the other
hand, organic solvents are more expensive and almost always
toxic and polluting; it must also be considered that CO,
reduction requires a greater overpotential in the absence of a
proton source "0

Commonly used electrolytes are hydrogen carbonates,
hydroxides, alkaline cations and some anions such as halides.
The type and charge of the ions also influence the CO,
reduction rate,"%'% due to their specific adsorption and the
more or less strong interaction with the electrode surface. It is
therefore necessary to make a careful and thoughtful choice.

In some cases, mixed solvents have been used, generally
organic compounds with the addition of water, often in small
quantities, to benefit from the advantage of the presence of
both.'®" For example, the presence of little amounts of
water in acetonitrile decreased the overvoltage, increased the
current density values, and accelerated the reduction of CO, by
providing protons and facilitating the formation of reaction
intermediates (Figure 7)."”

3. Heterogeneous Photocatalysis
CO, reduction can occur on the surface of an irradiated

photocatalyst due to the formation of electrons. Since the
energy gap between the LUMO and HOMO CO, orbitals is high

H,0 Q/ C cm?2

- +
&
co,

@co

CH,CN

0.0 [H,0] / M 1.0

Figure 7. Effect of H,O addition to acetonitrile on the current density.
Reproduced with permission from Ref. [110] Copyright (2016) Elsevier.
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(13.7 eV), the reaction is thermodynamically not favoured, and
the redox potential related to the formation of radical species
has the very negative value of —1.9V (at pH 7). However, the
photocatalytic method is more favoured by a thermodynamic
point of view with respect to the electrochemical one. In fact,
the first step of CO, reduction is the formation of the CO,"”
radical by an electron transfer to its LUMO orbital. The
adsorption of CO, on the surface of the photocatalyst induces a
decrease in the LUMO level of CO,. For example, a lowering of
the threshold energy of 1.4eV above the minimum of its
conduction band has been reported in the presence of Ti0,.""”!

Pioneering reports on the photocatalytic reduction of CO,
were published in the late 1980s and early 1990s.''¢'%}
Subsequently, a great deal of work was done and many
manuscripts appeared. Various strategies have been followed
with the aim of making the best use of sunlight and arriving at
a competitive process as regards the conversion and selectivity
towards compounds with high added value. For this purpose,
various bare and doped/coupled photocatalysts have been
tested both in liquid-solid and gas-solid systems with very
different results.®"'*7?” The semiconductors that have been
most frequently used are metal oxides. Among these we
mention Ti0,,"*3% oxysalts as titanates, tungstate, tantalates
and vanadates, metal sulphides, metal nitrides, graphitic carbon
nitride, metal organic frameworks, and graphene-based
systems.®®31713¢ A variety of products have been obtained
depending both on the photocatalyst and on experimental
conditions chosen.

It is worth noting that the presence of foreign species in a
semiconductor used as a photocatalyst or the coupling of
different semiconductors can improve productivity and can
address the reaction towards different products than those
obtained with the bare photocatalyst."'*” Table 3 shows
some results obtained for CO, reduction with the most
representative photocatalytic systems that can be found in
literature.

First, results related to a bare semiconductor (TiO,) were
compared in analogy to bare metal electrodes. Then, metal
species doped TiO, photocatalysts were described, considering
the same metals used as electrodes in the electrochemical
process. Finally, some coupled photocatalytic systems were
analyzed in analogy to multi catalyst electrodes. It is difficult to
follow the same order for electrocatalysis and photocatalysis as
the two processes are based on different working conditions;
for example metals or some oxides can be used alone as
electrodes and as modifiers for photocatalysts.

]

3.1. Bare and Doped TiO,-Based Photocatalysts

The reduction of CO, adsorbed on the surface of the powdered
semiconductor chosen as photocatalyst occurs, from the
thermodynamic point of view, if the edges of the valence (VB)
and conduction (CB) bands of the latter are compatible with
the redox potentials of the target species. Although TiO, meets
this requirement, results have not yet been exciting (Table 3).

© 2021 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Several commercial and home-prepared TiO, photocatalysts
in various polymorphic forms were tested under UV and/or
sunlight illumination in liquid and gas phase. Unfortunately,
the productivity and selectivity were low and various types of
products were found depending on the experimental con-
ditions used (Table 3). In summary, CH, was the most abundant
product under all experimental conditions, C2 compounds and
CH;OH were generally observed in the liquid phase, while CO
was formed almost exclusively in the gas phase, sometimes
together with H,. Notably, almost always the sum of CO and
CH, represented more than 75% of the compounds obtained.
HCOOH, CH;OH, and CH;OH have been observed predom-

inantly in aqueous systems, and sometimes also traces of
HCHO, C,H, and C,H, have been found.

The amount of products under solar light irradiation is
generally significantly lower than under UV irradiation. Koci
et al."”® compared the photocatalytic activity of bare TiO, and
Ag/TiO, samples under different wavelengths (254, 365, and
400 nm). The main products (CH;OH in the liquid phase and
CH, in the gas phase) were more abundant when the lamp
emitting at 254 nm was used instead of that emitting at
365 nm, whilst a very scarce product formation occurred by
using the lamp emitting at 400 nm (Figure 8). The higher
activity of bare TiO, at lower wavelength can be explained by
considering its high band gap, but the smaller value of Ag/TiO,

9
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Figure 8. Amount of CH, (a) and CH,OH (b) versus irradiation time obtained with bare TiO, and Ag/TiO, samples under irradiation with different wavelengths.

Reproduced with permission from Ref. [176] Copyright (2011) Elsevier.

ChemPhotoChem 2021, 5, 1-26
These are not the final page numbers! 77

www.chemphotochem.org

13

© 2021 The Authors. ChemPhotoChem published by Wiley-VCH GmbH


https://pubs.acs.org/doi/10.1021/acscatal.8b05109

Chemistry
Europe

European Chemical
Societies Publishing

Reviews

ChemPhotoChem doi.org/10.1002/cptc.202100030

band gap (2.74 eV) compared to that of bare TiO, does not
justify the lower activity for Ag/TiO,. The energy levels of Ag
are likely to be below the TiO, CB edge and the electrons
produced by visible light do not have enough energy to reduce
CO.. This represents a weakness since the use of visible light is
highly desirable from the point of view of exploiting solar
energy.

By examining Table 3 it can be seen that a great variety of
compounds and yields have been reported in the literature
using different TiO, samples, depending on the precursor used
to prepare the TiO,, the phase of the latter, its morphology and
the experimental conditions at which tests were carried out.
The presence of metallic species, added with the aim of shifting
the absorption into the visible range and to improve the
separation of the photogenerated charges, did not give rise to
the formation of new products but often to a different
distribution of them and a greater efficiency. The metal that
appears to be the most efficient is copper. "% In fact, its
presence induced the preferential formation of CH;OH in the
liquid phase and CH, in the gaseous one. In particular, Cu* has
been reported to be the most active species to produce
CH,OH. Furthermore, since the XPS spectra also revealed the
presence of both Cu and Cu®>* species, the reduced electron/
hole recombination rate was explained with the occurrence of
the Cu>*/Cu™ redox cycle."*!

In order to efficiently photoreduce CO,, its adsorption on
the photocatalyst surface must be favoured by increasing the
surface area and the dispersion of the photocatalyst or by
immobilizing the photocatalyst on inert matrices as zeolites or
silicates."’” TiO, anchored on Y-zeolite was more efficient than
bulk TiO, towards CO, reduction in gas phase in the presence
of H,0. The highly dispersed titanium dioxide in the zeolite
cavities existed in both octahedral and tetrahedral coordina-
tion. The tetrahedrally coordinated sites were high selective
towards CH;OH, whilst those octahedrally coordinated towards
CH,. The observed significant activity was explained with the
occurrence of the ligand-to-metal charge transfer, due to the
UV light excitation of isolated Ti centers. The presence of Pt
improved the charges separation and favoured the CH,

4
¢

d

b

C

formation instead of that of CH;OH. An in-situ FT-IR spectro-
scopy study by Ulagappam et al."® during the reduction of
CO, in the presence of Ti silicalite molecular sieves and
methanol as sacrificial agent, indicated the presence of CO,
HCOOH and CH;COOH.

Loading with metallic species or inorganic modifiers
(such as amino functional groups),"®*'®¥ the addition of basic
(MgOQ,""*" Ce0,,"®" In(OH),""*) and acidic (WO,""*) oxides, and
alkali treatment of the photocatalyst'* are other ways to
improve CO, adsorption.

The CO, molecule can give rise to different modes of
adsorption by interacting with the surface of the catalyst both
as an electron donor and as an electron acceptor. In fact, the
oxygen lone pairs allow to coordinate to the Lewis acid sites,
while the carbon to the Lewis basic sites (Figure 9)."®” The
various configurations justify the multiplicity of products
obtained with the different photocatalysts. Consequently,
research has focused on the choice of alternative catalysts to
TiO, or the development of coupled systems containing both
acidic and basic sites.'%1857°1

Moreover, CO, adsorption and reaction could be improved
with the introduction of oxygen vacancies.**'*>'*¥ |ndeed, as
reported by Metiu et al."™ this type of defects enhance the
Lewis basicity of the surface, and CO, molecule binds to the
defective site by means of an oxygen atom which replaces the
lack of oxygen. Subsequently CO, dissociates forming CO.
Figure 10 schematizes the possible CO, dissociation mechanism
on oxygen vacancies."*"

In situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) measurements on defective Cu(l)/TiO,,
confirmed the mechanism above illustrated."*"

CO, forms bridged-type CO,~ species upon interaction with
the catalyst surface and electron transfer from the Ti*™ sites
(Figure 11 steps 1 and 2). The presence of CO bound to Cu™
was explained by hypothesizing a synergistic interaction
between Cu* and oxygen vacancies that weaken the O—C-O
bond and induced CO, splitting. The presence of Cu™ on the
surface facilitated the destabilization of CO, and the use of
isotopically labelled C confirmed that CO derived from CO,. The

[181]

M M O

e

Figure 9. Possible CO, adsorption modes on the photocatalyst surface. M= metal species. Reproduced with permission from Ref. [187] Copyright (2014) John

Wiley and Sons.
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Figure 10. Possible dissociation mechanism of CO, on oxygen vacancies. Reproduced with permission from Ref. [194] Copyright (2016) American Chemical

Society.

Figure 11. Hypothesized mechanism for spontaneous dissociation of CO, on Cu(l)/TiO,., catalyst surface in the dark at room temperature. Reproduced with

permission from Ref. [154] Copyright (2012) American Chemical Society.

defects consumed by CO, reduction can be easily regenerated
by blowing in an inert gas at a moderate temperature.
Furthermore, the oxygen vacancies have the positive effect of
inducing a large light absorption capacity by the catalyst."®

3.2. Coupled TiO, and Other Photocatalysts

In addition to TiO, and the few examples reported in Table 3,
numerous other bare or coupled photocatalysts have been
investigated for the reduction of CO,. Among these we find
several type of metal oxides, carbon based materials (carbon
nitride, graphene, metal organic framework), metal sulfides,
and metal nitrides."133-135197

Despite the countless studies, the photocatalytic reduction
of CO, could not be satisfactorily achieved as can be noticed
from Table 3. Even with other more complex systems, not
reported for the sake of brevity in Table 3, the quantities of
formed products are of the same order of magnitude.*2%¥
Just in the work of Wang et al."® high activity is reported not
only for mesoporous CeO,-TiO, sample but also for the

ChemPhotoChem 2021, 5, 1-26 www.chemphotochem.org

commercial P25. For the latter sample the activity was much
higher than that generally reported in the literature, but an
error in the determination of the quantities of the products or
contributions relating to the presence of impurities cannot be
excluded. The low yields towards products reported by almost
all works can be related not only to thermodynamic but also to
kinetic hindrances. In fact, the electron-hole recombination rate
(107? 5) is very fast, when compared with the time necessary for
the photogenerated charges to reach the species adsorbed on
the catalyst surface (107%-107%s).

A direct comparison of the data reported in papers
published by various research groups is very difficult due to the
very different experimental conditions. It is obviously assumed
that different photocatalysts have different physicochemical
properties, but this also happens for formally identical catalysts
but prepared by different methods.****** Furthermore, the
reaction configurations such as reactor, temperature, solvent
and light intensity are different and often not well specified.
The intensity of the light affects not only the yield of the
products but also their distribution, even if a generalization is
not possible. Many reaction mechanisms are reported in

15 © 2021 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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literature and they depend on the type of photocatalyst, in
particular on some of its features like surface area, porosity,
particle dimensions, conduction band edge potential, surface
electron density, acidity-basicity, and presence of defects. It is
also necessary to take into account the thermodynamics and
kinetics of photoadsorption and photodesorption phenomena
involving CO,, intermediate species and reduction products.

Despite intense efforts, the photocatalytic reduction of CO,
is still considered inefficient. This is mainly due to the low
reaction activity and selectivity towards the products, the low
exploitation of sunlight, and the absence of scalable reactor
designs. The main task remains the engineering of a suitable
photocatalyst for the activation and efficient conversion of CO,
under solar radiation.

3.3. Solvent and Precursor Effects

For the reactions carried out in the liquid-solid regime, water is
the most used solvent, despite it has the drawback of the low
solubility of CO, and the possible simultaneous formation of H,.
The solubility of CO, can be increased by raising the pH of the
solution so as to transform the CO, into CO;*~ or HCO,™. These
latter species, however, are more stable and more difficult to
be reduced than CO, itself. The competitive development of H,
can be observed because the activation of H,O is much simpler
than that of CO, and the redox potential of H,O into H, is close
to that of CO, reduction. Also, while electrons reduce CO,, a
sacrificial hole trap is needed. Water, in addition to behaving
like a solvent, can work as a sacrificial molecule. In many cases,
however, sacrificial electron donors such as 2-propanol®'*!
and triethanolamine are used to overcome the kinetic and
thermodynamic drawbacks linked to the oxidation reaction.””
Nevertheless, the selectivity towards the products can be
overestimated because C, hydrocarbons can be formed by
oxidation of sacrificial species.

A further important problem in the use of water as a
solvent is due to the solubility in it of most CO, reduction
products, making their recovery difficult. Some of these
weaknesses can be overcome by carrying out the reaction in
the gas phase. Xie et al."™ compared the activity of various
TiO, samples in liquid-solid and gas-solid systems and reported
that the selectivity was higher in gas phase where no H,
evolution was observed. The rates of formation of CO and CH,
in the gas-solid reactor were higher than in the liquid-solid
one.

Another important issue is the presence of organic residues
on the catalyst surface which can give rise to products under
irradiation. It has been demonstrated by in situ DRIFT spectro-
scopy in the presence of isotopically labelled 2CO, that, during
CO, reduction, along with small amounts of *CO, CO deriving
from carbon impurities present on the catalyst surface can be
formed as the main product.””” Impurities are due either to
organic molecules present in the environment to which the
catalyst is exposed or to organic precursors that are often used
during the synthesis process. To be sure that the detected
products derive from CO, reduction rather than carbonaceous

ChemPhotoChem 2021, 5, 1-26 www.chemphotochem.org
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residues, it is advisable to choose inorganic precursors and
clean the surface of the catalysts very carefully before their use.
The procedure reported by Mei etal, for instance, is
recommended."”® Moreover, it is useful to carry out some tests
using labelled *CO, to check that the products derive from the
reduction of carbon dioxide. Runs in the presence of water
vapour but in the absence of CO,, resulted in CH, formation
from carbon residues that were present on the catalyst
surface.'® However, its quantity was very low and in any case
negligible compared to the CH, formed by CO, reduction
(Figure 12).

4. Photoelectrocatalysis

Photoelectrocatalysis combines photocatalysis and electrocatal-
ysis trying to overcome the limits of the single technologies.
The process set-up is similar to that used in electrocatalysis, the
difference relies in the replacement of a normal conducting
electrode with an irradiated semiconductor electrode (Fig-
ure 13). Sometimes semiconductors are used both as photo-
cathode and as photoanode. Briefly, the photoelectrode
harvests the incident photons generating the e /h™ pair, and
the band bending that occurs at the semiconductor-electrolyte
interface gives rise to an electric field inside the semiconductor
which separates the electron-hole pairs. Moreover, the applica-
tion of an external potential can further improve charge
separation. Electrons reduce CO, at the photoelectrode-electro-
lyte interface while the holes migrate to the counter electrode
and accumulate at the electrocatalyst-electrolyte interface
where they take part in the oxidation process. A more detailed
description of the various cell types is given elsewhere 2627

The photoelectrocatalytic (PEC) method represents a valid
alternative for CO, reduction and it presents some advantages
with respect to the simple electrocatalytic method and to
heterogeneous photocatalysis. Firstly, it is possible to reduce
electricity consumption as the use of an external power source
such as solar energy or solar panels allows to reduce the
applied voltage. Second, the efficiency of the process is
generally higher, as the application of an external bias allows
for better separation of the photogenerated charges. It should
also be noted that the use of two separate cells avoids the
oxidation of organic substances produced such as methanol,
which is oxidized by the holes more easily than H,O. By varying
the experimental conditions, and in particular the type of
photoelectrodes used, it is possible to obtain a variety of
products with different yields.

The photoelectrocatalytic reduction of CO, was carried out
for the first time in 1978 by Halmann.”® The reaction was
carried out in an aqueous solution of carbon dioxide and a p-
type GaP semiconductor was used as a photocathode. The
products obtained were HCOOH, HCHO and CH;OH. Numerous
studies have been conducted since then. Table 4 shows some
of the photoelectrocatalytic systems used for CO, reduction.

The analysis of Table4 shows that generally Pt-based
electrodes are used as anode while materials of various types
have been tested in the cathode compartment. The most used

© 2021 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Figure 13. Scheme of a photoelectrochemical cell for CO, reduction and water oxidation.

ones are semiconductors active under the irradiation of visible of CO, reduction products is similar to that found during
light to minimize energy costs. A greater variety of products is photocatalytic tests, especially when the same materials are
obtained compared to the photocatalytic method and faradic used.

efficiencies are generally higher. The mechanism of formation
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. - = = o - A very promising oxide could be Cu,0O given the good
g |] 8 8 & S results obtained when used as a photocathode in the photo-
electrochemical reduction of water”"” However, Cu,O is
g unstable under irradiation as Cu™ can be reduced to Cu’. A
;?i w strategy to avoid this drawback is coupling Cu,O with other
= g g : E E oxides, the addition of other species and heat treatment that
g g > > g 8. give rise to the formation of heterostructures.?'”:2'%2233
5=z T 5 228 28 De Brito etal”™™ performed the photoelectrochemical
reduction under visible light irradiation of CO, by using a Cu/
S L:; [ Q‘ Cu,0 electrode as photocathode. They observed the formation
S E, 3 § 3 of methanol, ethanol, formaldehyde, acetaldehyde, and
© g EE i Edi 3 acetone in different amounts by varying the applied potential
RS s 52552% (Figure 14). The highest percentage of reduced CO, and the
EE | & & 883865 highest amount of methanol were obtained at 0.2V. The
amount of each product varied with the electrolysis time,
methanol was detected in the first 30 minutes while
5 acetaldehyde and acetone for times longer than 120 minutes.
_ fé _ i) Also in this case the role of the Cu**/Cu™ redox couple in the
ﬁ ; % Tj %’ N‘E § - reduction process was highlighted.
3 % £ § g% £ € Cu,0/Cu0 nanowires grown on a Cu foil as substrate were
% j ; ot g § E o 0 effective for the photoelectrocatalytic CO, reduction in aqueous
% 5 § 55 s 3 5 solutions under solar light irradiation, forming CO, HCOOH, and
$ 232 § ¢ H, o7
s TYYboe T - Pb/Cu0O/Cu,0 film exhibited a significant performance
€ reaching a faradaic efficiency of about 40% at —0.16 V (vs. SHE)
v gﬁ under visible light irradiation in aqueous solution.”® Formic
£ pet acid (0.524 pmolh™'cm™) and methanol (0.102 umolh™'cm™)
2 - < <=2 were the main products.
S g S £ 3 2 3 Co,0, is a good photocatalyst from the point of view of the
3 < £ é o § g possible use under sunlight, due to its band-gap (about 2 eV).
s |8 S N s o5 However, it showed low activity towards CO, reduction due to
- = - = = == the high recombination rate of the e /h* pairs. The addition of
a different species, however, showed beneficial effects on the
activity.
By using Cu/Co;0, metal nanotubes as cathode, formate
was obtained as the main product (6.8 mmolL™'cm™ in 8 h)
& with a selectivity of almost 100%.*” The formation rate of
o % formate was 56 % greater than that obtained in the presence of
(_3 i 5 & Sm 8m bare Co;0,. Formate formation was explained by considering a
g 2 2 9 I I two-electron reduction mechanism. The transfer of the first
[ =z z x z =z electron led to the formation of the CO,"” radical adsorbed on
Cu. Successively, the transfer of a proton forms the radical
HCOO® which desorbs from the Cu surface by transferring an
5 electron to the adsorbed species.
g g The quantity and type of products formed can be varied by
8 = coupling a photoanode with different cathode materials.
ig_ g Magesh et al.**® compared the efficiency during CO, reduction
g TEl under visible light irradiation in two cells containing WO, as the
E 2 S photoanode and Cu or Sn/SnO, as the cathode (Figure 15). CH,
2 T %g (with a faradaic efficiency of 67%) and H, were the main
§ g ;; ég products using Cu, while HCOOH and CO (with a CO+HCOOH
§ o g £ - OMC—L? g ;\; g faradic efficiency of 44 %) with Sn/SnOx.
£ 98 98 =g& ks The application of an external bias is usually required to
S . & § E § 3 § § § E § perform CO, reduction. Nevertheless, Kang et al.”*" demon-
o b § S g '§§ S § S § § strated recently that CuFeO,/CuO binary films used as photo-
3 E £S5 £8£885s 8% cathodes were effective in the photoelectrocatalytic reduction
Fo® |Ya vaevaass &8 of CO, to formate without the application of external bias. The
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reaction was carried out under simulated sunlight irradiation
with a selectivity towards formate greater than 90% at 0.9 V vs.
RHE and a solar to formate energy conversion efficiency of
approximately 1%. O, was formed from water in the anode
compartment. Furthermore, formate production continued for
1 week reaching 250 umol with a small decrease in cell
potential from 230 mV to 170 mV.

Lima Perini et al.”?” compared the efficiency towards CO,
reduction in photocatalysis, electrocatalysis and photoelectro-
catalysis using Ti/TiO, nanotubes-ZrO, as cathode dipped in a
Na,SO, solution under UV irradiation and applying a potential
of —0.3V (Figure 16 a). Negligible quantities of ethanol
(4.7 pmolL™") and methanol (9.2 umolL™") were obtained by
electrocatalysis, while larger quantities (194 and 47 umolL™},

ChemPhotoChem 2021, 5, 1-26 www.chemphotochem.org
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respectively) were formed using the photocatalytic method.
With a combined approach, larger quantities of ethanol
(268 umolL™") and methanol (485 umolL™") were formed than
those of the single approaches, confirming a synergistic effect
between photocatalysis and electrocatalysis. Similar results
have been reported by other investigators.*>**%% |n partic-
ular, by using a highly porous Si/TiO,/Pt p-n junction as the
semiconductor for CO, reduction in a saturated solution, a
good photocurrent response (—1.0 mA under —0.8V) was
observed in the cathodic compartment under UV-vis
irradiation.”” Methanol, ethanol and acetone were the main
observed compounds, and also in this case the highest
amounts were obtained by the combined photoelectrocatalytic
approach (Figure 16 b)

© 2021 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Formate was selectively formed under visible light irradi-
ation in the presence of hierarchical structured Co;0,
electrode.” The synergy between photocatalysis and electro-
catalysis (Figure 17) allowed to obtain a very high formate
production reaching ca. 385 pmol within 8 h.

The efficiency of CO, reduction in a PEC system can be low,
in many cases, because the preferential reduction of water
could compete at the surface of p-type semiconductors. In this
case, by applying a large bias, it is possible to shift the valence
band of the semiconductor to less positive values, hindering
the undesired reaction. However, the instability due to
irradiation of the materials that make up the electrodes must
be considered, which often induces photocorrosion phenom-
ena and this is one of the main drawbacks of the photo-
electrochemical method. To use sunlight, semiconductors with
a low band gap are often used, but they can be inert for the
activation of CO,, therefore it is necessary to add co-catalysts

ChemPhotoChem 2021, 5, 1-26 www.chemphotochem.org
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capable of activating the CO, molecule and enhancing the
charge transfer process.

5. Conclusions and Perspectives

Given the environmental problems, the capture and use of CO,
is one of the most significant and challenging field of research.
Different approaches are possible and the electrochemical and
photocatalytic methods can be cited as the most promising,
although they display some feebleness that can be overcome
by taking a cue from the results obtained so far. The efficiency
of the electrocatalytic process could be improved by exploring
the use of multi-catalyst electrodes to exploit the properties of
the different functionalities and avoid the use of noble metal
particles.

© 2021 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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This strategy could be useful also in the photocatalytic
approach by coupling solar light responsive semiconductors
with one or more (photo)catalyst bearing basic and adsorbent
surface sites.

The photoelectrocatalytic method can mitigate/overcome
the weaknesses of both photocatalysis and electrocatalysis and
minimize the simultaneous formation of H,. In fact, it allows to
increase the efficiency of CO, reduction and direct the
selectivity towards certain products. The appropriate choice of
the semiconductors and of some process parameters, such as
the applied potential, is required to achieve optimised perform-
ances. However, it should be noted that sometimes one of the
three methods can be more successfully than the others,
depending on the operating conditions and on the desired
product(s).

Despite the progress realized over the last few years, the
PEC process still presents hurdles to be faced such as the low
solubility of CO, in water at ambient conditions, the high
applied potential, the formation of a mixture of compounds
which must then be separated, and the progressive deactiva-
tion and possible photocorrosion of the photoelectrodes.

To overcome these drawbacks, an effort is needed (i) to
develop catalysts that exhibit high activity towards CO,
reduction under sunlight irradiation, (ii) to design active sites
on the surface of catalysts that allow good CO, adsorption,
(iii) to prepare highly selective and stable catalysts, (iv)to
optimize the experimental conditions of the reaction in order
to obtain high efficiency with low energy costs, (v) to deepen
the knowledge of the reaction mechanism in different exper-
imental conditions, (vi)to scale-up the process for practical
applications.
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REVIEWS

Better together? The electrocatalytic

and photocatalytic reduction of
carbon dioxide has been reviewed
with the aim of examining strengths

and weaknesses of the two methods.

The synergism observed after the
coupling of the two technologies
allows in many cases to increase the
process efficiency.
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