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Rising atmospheric levels of carbon dioxide and the depletion of fossil ~ From the Contents

fuel reserves raise serious concerns about the ensuing effects on the

global climate and future energy supply. Utilizing the abundant solar ™ Introduction 7373
energy to convert CO, into fuels such as methane or methanol could  , \1-chanism 7375
address both problems simultaneously as well as provide a convenient
means of energy storage. In this Review, current approaches for the 3. Measures of Efficiency 7382
heterogeneous photocatalytic reduction of CO, on TiO, and other
metal oxide, oxynitride, sulfide, and phosphide semiconductors are 4 PhOt.o reduction of CO, on

) T ] ) ) Semiconductors 7384
presented. Research in this field is focused primarily on the develop-
ment of novel nanostructured photocatalytic materials and on the 5. Conclusions 7403

investigation of the mechanism of the process, from light absorption
through charge separation and transport to CO, reduction pathways.

The measures used to quantify the efficiency of the process are also a substantial input of energy and care-

discussed in detail.

1. Introduction

Harvesting the energy of solar light and its subsequent
storage in the form of chemical fuels hold promise to address
the current and future demand of energy supply. The rate of
global energy consumption averaged 15-17 TW in 2010 and
is projected to increase to 25-27 TW by 2050.% In 2011, 81 %
of the energy needs were met by fossil fuels, while renewable
sources accounted for 13 %. The share of the latter is set to
increase, but it is estimated that only up to 20 TW can by
extracted from wind, tides, biomass, and geothermal sour-
ces.l In contrast, solar radiation provides a seemingly infinite
source of energy. The solar light energy reaching Earth in one
hour corresponds roughly to the annual global consumption
of energy.”! In other words, converting about 10 % of the solar
energy on 0.3 % of the land surface of the planet would suffice
to exceed the projected energy needs in 2050.

The heavy reliance on fossil fuels for the production of
energy results in emissions of 30.4 Gt of carbon dioxide into
the atmosphere.®! All human activities currently generate
about 37 Gt of CO, emissions.”) This number will likely
increase to 36-43 Gt by 2035, depending on the policies
governing emissions and energy use, even if renewable
sources increase their share.”) Considering that the natural
cycle of CO, emission and uptake (fixation by terrestrial
plants and microorganisms, plus underground inorganication)
involves about 90 Gt,'! it is not unexpected that the anthro-
pogenic emissions significantly disturb the balance. The
atmospheric level of CO, rose from 6 =270 ppm in the
preindustrial era to almost 6 =395 ppm in 2012."7 The
current CO, concentration far exceeds its natural fluctuation
(6 =180-300 ppm) over the past 800000 years,’" and is
probably the highest in about 15 million years based on
boron isotope ratios in planktonic shells."! The greenhouse
gas effect is considered to be a factor for anthropogenic
climate change, and therefore the steady rise in the CO, level
is a great cause for concern.™” Mitigating the effect of
increasing CO, emissions through its sequestration has been
studied intensively. However, the process generally requires
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ful prevention of leakage of CO, back
into the atmosphere.!'”
In this context, the use of solar
energy to chemically reduce CO, to
higher energy compounds such as methanol or methane offers
a way to address this problem. Solar fuels, as these com-
pounds are often referred to,' can then be combusted or
used in fuel cells, thus releasing the CO,. This closes the
carbon cycle, since the external addition of CO, from fossil
fuels is no longer part of the cycle. The term “methanol
economy” was suggested for such a cycle involving methanol
obtained from CO,.'2 An additional benefit of such an
approach is that the existing energy production and transport
infrastructure could be used with little alteration.

Another important aspect of the conversion of CO, into
liquid or gaseous fuels is the high-density storage of solar
energy in the form of chemical bonds, mainly C—H. Renew-
able sources generally provide only an intermittent and
unreliable supply of energy; therefore, the energy storage
capacity of solar fuels is an attractive solution. Apart from the
applications as fuel, some of the products of CO, conversion
may also be conveniently utilized in chemical synthesis. Thus,
instead of being an undesired waste, potentially damaging the
planet, CO, may become a valuable and cheap carbon
feedstock that also replaces fossil fuels in this role.[!!
Approaches which combine the chemical conversion of CO,
(e.g. synthesis of urea) with a change in the reduction state of
carbon have also been proposed.'!

Several methods to reduce CO, by using solar energy are
being pursued. In the first example, photovoltaic cells are
used to convert the incident irradiation into electricity, which
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is then used to electrochemically reduce CO, on metal
electrodes;” the use of an electro-bioreactor containing
lithoautotrophic microorganisms is also possible.'”! In the
second example of photoelectrochemical cells, these two
functions are not separated but combined into one device,
although the catalytic reduction process requires an external
electrical potential bias to proceed.'”! In the third option,
water is photocatalytically split and the produced hydrogen is
used to catalytically hydrogenate CO, to produce useful
chemicals for use in further synthesis or as fuels.'! This
approach takes advantage of the recent developments in the
photocatalytic generation of H, and avoids problems associ-
ated with hydrogen storage.'” In another option, CO, is
directly reduced photocatalytically by using molecular cata-
lysts.*®2% This homogeneous process is usually catalyzed by
metal complexes which act as both light antennas and
catalysts. The disadvantage of this approach is that it relies
primarily on rare and expensive metals such as ruthenium or
rhenium.?!

In this Review, an alternative process for the direct
photocatalytic reduction of CO, on semiconductors is de-
scribed. In contrast to the homogeneous process mentioned
above, the reaction takes place at either a solid-liquid or
a solid—gas interface. In this heterogeneous process, the
photocatalyst is usually a hybrid material which absorbs light,
separates the photogenerated charges, transports them to the
surface, and provides active sites for the catalytic reaction.””!
The main component is a semiconductor such as TiO,, ZnS, or
InTaO,, which is responsible for the first three functions,
although a separate material, a sensitizing agent, is sometimes
used to enhance the absorption of light, especially in the
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visible range. The actual catalytic process is usually more
efficient on the surface of a co-catalyst, although it may also
proceed on the surface of the semiconductor. Typically, metal
(Pt, Pd, Cu, Ni, etc.) or metal oxide (NiO, RuO,) nano-
particles (NPs) which form a composite structure with the
semiconductor are employed as the co-catalyst. In recent
years, emphasis has been placed on nanostructuring and/or
dispersing the semiconductor to improve its charge-separa-
tion and transport properties as well as increase the available
surface area.™

The photocatalytic reduction of CO, requires multiple
electron transfers and can lead to the formation of many
different products depending on the specific reaction pathway
taken and the number of electrons transferred, which
determines the final oxidation state of the carbon atom.
Carbon monoxide, formic acid, formaldehyde, methanol,
methane, ethane, and ethene have been observed in many
experiments, but oxalic acid, acetaldehyde, ethanol, higher
alcohols, and higher hydrocarbons were also detected in some
systems. Clearly, the process follows a rather complex
mechanism, with potentially branching pathways leading to
different products at the same time. This has inspired many
studies focused on understanding the mechanism and the
control of its selectivity.

The reduction half-reaction consumes only the photo-
generated electrons. In an ideal case, the oxidation half-
reaction would lead to the generation of oxygen or hydrogen
peroxide through the oxidation of water. However, this
process is difficult to accomplish, as attested by the extensive
research on water splitting."*?!l Very few systems have been
shown to simultaneously reduce CO, and oxidize water.
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Therefore, the focus of the research on CO, conversion
remains on the reduction, whilst the oxidation is achieved by
a surrogate reaction involving sacrificial electron donors.

By definition, a catalytic reaction has a negative differ-
ence in the Gibbs free energy, AG® < 0, where the function of
the catalyst is to lower the kinetic barrier of the reaction
without it being damaged, used-up, or inactivated.” In this
strict sense, the photocatalytic reduction of CO, is not
a catalytic process, because it is an uphill reaction, that is, it
requires a significant energy input, AG® > 0, which is provided
by the incident photons. Nonetheless, this inconsistency is
commonly ignored, and the process is referred to as being
photocatalytic. It is argued, however, that the process instead
represents an example of (artificial) photosynthesis.?®! Even
though the former term may be less precise from a chemical
point of view, we adopted the broader definition of photo-
catalysis throughout this Review to comply with the vast
majority of publications on the subject.

Despite nearly 40 years of research on the photocatalytic
reduction of CO,, the scientific community is still a long way
from efficient and commercially viable devices. The highest
rates of product formation generally do not exceed tens of
umol of product (e.g. methane) per hour of illumination per
gram of photocatalyst. It is a complex process with plenty of
unresolved questions concerning its mechanism and the effect
of the photocatalyst composition, architecture, and other
parameters. The initial report by Inoue etal.’” on the
successful reduction of CO, on several semiconductors upon
illumination with UV light generated much excitement and
encouraged many studies. These efforts did not translate
immediately into significant improvements in the efficiency,
and over time interest in the topic decreased slightly.
However, faced with an inexorable rise in the atmospheric
CO, level and the need for alternative energy sources, there
has been renewed interest in the field over recent years, with
improved synthetic methods being used to prepare nano-
structured semiconductors and with better computational
capabilities. The number of reports has grown exponentially
over the last few years, with many bringing exciting new
developments. It can be expected that they will lead to the
development of much more efficient photocatalysts in the
years to come.

This Review is organized as follows. The second section is
focused on the mechanism of photocatalysis on semiconduc-
tors, the electrochemical potentials of CO, reduction, and
possible chemical pathways leading to the formation of
methane and methanol. This is followed in the third section
by a discussion of the methods to quantify the efficiency of the
heterogeneous photocatalytic process. We attempt to address
several misconceptions which make a comparison of exper-
imental results very difficult and thereby hinder progress in
the field. The longest, fourth, section provides a snapshot of
the current developments in the photocatalytic reduction of
CO, on TiO, and other semiconductors, especially other
oxides, sulfides, and phosphides. The last section summarizes
this Review.
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2. Mechanism
2.1. Semiconductors as Photocatalysts

Semiconductors are an attractive type of materials for
light-harvesting applications because of their energy band
gap—an energy interval void of any normally available
electronic states—which has an energy range similar to that
of visible light.”®! The energy states of the valence band (VB)
lie below the gap and are occupied by electrons in the ground
state, whereas the states above the gap form the conduction
band (CB) and are unoccupied at T=0 K. At higher temper-
atures, some electrons are thermally excited to the CB and the
resulting electron-density distribution is characterized by the
Fermi level of the semiconductor. Upon absorption of
a photon with energy equal to or higher than the band gap,
an electron is excited from the VB into the CB, thereby
leaving behind an empty state that constitutes a quasiparticle
that is referred to as a hole. This means that the populations of
both charge carriers, that is, electrons and holes, in an
illuminated semiconductor are larger than in the equilibrium,
with the new steady state described by quasi-Fermi levels. The
carriers, once spatially separated, may migrate to the surface
of the photocatalyst and eventually transfer to the adsorbed
acceptor molecules, thereby initiating the corresponding
reduction or oxidation process.’””! The actual reaction sites
may be located either directly on the surface of the semi-
conductor within which the photoexcitation took place, or
indirectly across the interface at the surface of another
semiconductor or metal nanoparticle, which is usually
referred to as the co-catalyst.””) Accordingly, the primary
role of the semiconductor in photocatalysis is to absorb an
incident photon, generate an electron-hole pair, and facilitate
its separation and transport, whereas catalysis of the reaction
is an additional function which is usually performed by
a different material.

The band-gap excitation and formation of free charge
carriers—an electron and a hole—is followed by several
pathways of de-excitation (Scheme 1). The successful dona-

A
Reduction

A

Scheme 1. Photoinduced formation of an electron-hole pair in a semi-
conductor with possible decay paths. A=electron acceptor, D=elec-
tron donor. Adapted from Ref. [22a].
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tion of the carrier to the acceptor molecules at the surface,
which leads to the desired redox reactions (pathways 1 and 2),
competes with a number of recombination processes.’”! The
carriers can recombine with their counterparts of opposite
charge trapped on the surface (pathway 3), or the recombi-
nation of two carriers can occur in the bulk of the semi-
conductor (pathway 4). The latter process is called volume
recombination.

Both recombination processes are detrimental to the
efficiency of the photocatalytic reaction. There are various
factors which determine the recombination rates, such as
mobility and trapping of charge carriers, defect density in the
semiconductor lattice,” %! or the presence of an interface
with a secondary material which acts as an electron or a hole
sink.®>3? In the case of metal nanoparticles supported on the
semiconductor, the photogenerated electrons are accepted by
the metal because the available states of its Fermi level lie
energetically below the CB states of the semiconductor.!
This effect shifts the Fermi level of the semiconductor-metal
composite upwards, so that its potential becomes more
negative.” Thus, the electrons can be shuttled to the
adsorbate and be discharged more easily than by the semi-
conductor itself, that is, the composite is more reductive. This
path is illustrated in Scheme 2. This can lead to the formation

Q.
E(r;“; ——————————————— )Ot E:e‘a‘
o »<
hv

Semiconductor

Co-catalyst

e

vB

Scheme 2. Transfer of a photogenerated electron from a semiconductor
to the acceptor molecule via the metal co-catalyst.

of a Schottky barrier at the semiconductor-metal interface,
thus promoting the separation of the charge carriers by
accumulation of the electrons in the metal, while the holes
remain in the semiconductor.’*! Improved separation trans-
lates into slower recombination rates and an increase in the
efficiency of the process. The presence of platinum particles
supported on the surface of TiO, was also associated with
a shift of the band edges, which accelerates the migration of
electrons.”

Another process (not illustrated) that is able to further
decrease the photocatalytic efficiency is a back-transfer of
charge carriers from the adsorbed molecules to the semi-
conductor. The average distance which a carrier can migrate
before recombining is the diffusion length, which is a mate-
rial-dependent parameter. Nanostructured materials and
nanoparticles in particular are, therefore, highly effective
because they exhibit very high surface-to-volume ratios. This
means that, as a consequence of the short distances to the
surface, the photogenerated charges have a much higher
probability of reaching the interface without recombination.
Additionally, these materials possess a large reactive surface
for interactions with adsorbate molecules.”

www.angewandte.org
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The tendency of the molecular orbital of the adsorbed
species to accept/donate electrons manifests itself in its
reduction/oxidation potential, respectively. According to
thermodynamics, the ability of a semiconductor to transfer
photogenerated charge carriers to adsorbed molecules is
governed by the alignment of the quasi-Fermi levels of the
electrons and holes with this redox potential.’! However, it is
usually assumed that these levels are located very near the
conduction and valence band edges, respectively, which is
a good approximation, especially for n-type semiconductors
such as TiO,. Therefore, the reaction conditions are typically
expressed in terms of the position of the band edges: for
reduction processes, the conduction band edge must lie above
the lowest unoccupied molecular orbital (LUMO) of the
acceptor molecule. In other words, since the scale of the redox
potential goes from positive to negative with increasing
energy, the potential level of the conduction band has to be
more negative than the reduction potential of the acceptor
(Scheme 3). Even electrons excited by highly energetic

Energy Potential

£

cB

Em

vB

Scheme 3. Thermodynamic constraints on the transfer of charge
carriers to the adsorbed molecules. AE represents the kinetic over-
potential of the reduction process.

photons (hot electrons) relax on a femtosecond time scale
to lower states in the conduction band or intraband trap states
before they reach the surface, so they do not provide a higher
reduction potential.®*” Analogously, the transfer of a photo-
generated hole from the semiconductor to an adsorbed
molecule, equivalent to the transfer of an electron in the
opposite direction, requires the energy level of the highest
occupied molecular orbital (HOMO) of the oxidized mole-
cule to lie above the valence band or—in terms of redox
potentials—it has to be more negative than the potential of
the valence band.

These thermodynamic considerations mean that the
choice of a suitable photocatalyst needs to be a compromise
between two opposing aspects. On one hand, for reasons of
efficiency, it is highly beneficial to absorb light in the visible
range. This condition requires the semiconductor to have
a comparably small band gap. On the other hand, as discussed
above, the band gap has to span the range of the reduction
and oxidation potentials relevant to the photocatalyzed
reaction.

From a kinetics point of view, it is in fact critical to provide
an overpotential for each process, that is, the range of
potentials should not only be spanned, but there should be
substantial margins on each side, such as that shown for the

Angew. Chem. Int. Ed. 2013, 52, 7372—7408
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reduction process and designated as AE in Scheme 3. Without
an overpotential, even a good catalyst would not ensure a high
rate of reaction. Thus, the band gap should be as wide as
possible. These limitations in the width of the band gap mean
that the exact positions of its edges play an important role in
determining the applicability of each semiconductor to the
photocatalytic process in question. The consequences of this
limition, along with possible approaches to address it through
sensitization or band-gap engineering, are discussed in detail
in Section 4.

2.2. Chemical Pathways

The transfer of an electron to the adsorbed molecule
initiates a cascade of chemical reactions which eventually
determine the outcome and the efficiency of the photo-
catalytic process. In the case of carbon dioxide, the multistep
reduction involves up to eight electrons and protons, cleavage
of C—O bonds, formation of C—H bonds, and may lead to
several different products depending on the specific pathway
taken. In this context, achieving substantial improvements in
the photocatalytic reduction of CO, relies on an in-depth
understanding of its underlying chemical mechanism. The
potential benefits can be considered on two levels. Firstly,
knowledge of the mechanism may enable an increase in the
overall conversion rate of CO, through minimization of the
relevant thermodynamic or kinetic barriers of the intermedi-
ate reactions. Secondly, as a consequence of the large number
of possible products, it is crucial that the selectivity of the
process is controlled so that the process can be directed
towards the desired products, for example, methane or
methanol. Since the reduction of CO, usually proceeds in
the presence of water (vapor or liquid phase), it is also
important to suppress the concurrent generation of hydrogen
which competes with carbon species for the photogenerated
electrons.

The exact mechanism of CO, photoreduction on semi-
conductors still remains to be unravelled. There are still many
open questions concerning the exact reaction pathway, the
effects of the reaction conditions, as well as the selectivity and
efficiency of the entire process.
Nonetheless, more information is
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chromatographic methods are supplemented by IR,

EPR,™! Auger electron, and X-ray photoelectron spectros-
copy.[d

The reduction of CO, is thought to proceed through
several radical intermediates. These largely unstable mole-
cules have an unpaired electron and hence are paramagnetic.
Therefore, EPR is an important tool in elucidating the
mechanism. Other methods include transient absorption
measurements, !l scanning tunneling microscopy,* and
many surface-oriented studies.”** The methods for analyz-
ing semiconductor excitation, charge-carrier lifetimes, mobi-
lity, and separation are generally the same as for photovoltaic
approaches, and have been comprehensively reviewed else-
where.** Important information is also obtained from
kinetic analysis of the process® and from studies on the
electrochemical reduction of CO,.""**! Computational meth-
ods provide critical information regarding the adsorption of
the reagents on the photocatalyst surface as well as the
structure and energetics of the putative intermediate products
and transition states,15%#1¢-43.47]

Carbon dioxide molecules are stable and chemically inert
with a closed-shell electronic configuration, linear geometry,
and D, symmetry.*’) The addition of a single electron causes
a bending of the molecular structure because of repulsion
between the newly acquired electron situated on the electro-
philic carbon atom and the free electron pairs on the oxygen
atoms. The loss of symmetry and the increased repulsion
between these free electron pairs in the bent structure with
a C,, symmetry contribute to the high energy of the LUMO of
CO, and thus the very low electron affinity of the molecule.
The single-electron reduction of CO, to an anion radical
CO,~ [Eq. (1)] has, therefore, a strongly negative electro-
CO, +e — CO,~ E°

redox

=-190V (1)

chemical potential of —1.9 V versus the normal hydrogen
electrode (NHE).' In effect, virtually no semiconductor
provides sufficient potential to transfer a single photogen-
erated electron to a free CO, molecule (Scheme 4), thus
making this step highly improbable. Although the transfer of
a single electron to CO, has a very unfavorable energy

Si  Cu0 TaON CdSe 2ZnO SnO, CdS

2
-F—— €0,/ CO, (-1.90 V)

- HCOOH/CO, (:0.61V)

L~ HCHO/ CO, (048 V)
= CH.OH/CO, (0.38V)

— F ™\ CHY/ co, (0.24)

2.4

¥ 1 0,/H0 (082V)

(NN

24
eV

il
eV 55
_— 36 B
eV

4

Scheme 4. Conduction band, valence band potentials, and band gap energies of various semi-
conductor photocatalysts relative to the redox potentials at pH 7 of compounds involved in CO,
reduction. Adapted from Ref. [48].
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balance, the situation is better for a proton-assisted transfer of
multiple electrons. Equations (2)—(6) list the electrochemical
CO, reduction potentials versus the NHE at pH 7 to formic
acid, carbon monoxide, formaldehyde, methanol and meth-
ane, respectively. The reactions require the transfer of two to
eight electrons and a corresponding number of protons.“!*+®!
The values are comparable to proton reduction itself
[Eq. (7)], although the latter is a one-electron process.
Importantly, the potentials are less negative than the con-
duction band of many semiconductors (Scheme 4), so that it
appears that these reactions are feasible. Unfortunately, there
is little evidence in the literature of such concerted multi-
electron transfer processes.”” This means that the reaction is
likely to proceed through a series of one-electron steps and
that the first electron transfer remains a severe obstacle to the
photoreduction of CO,, and likely constitutes a strongly
limiting step.l40+1

CO, +2H" +2e~ — HCOOH ES . =061V )
CO, +2H' +2¢” — CO + H,0 El,.=—-053V 3)
CO,+4H" +4e” - HCHO+H,0 E), =-048V 4)
CO, +6H" +6e” — CH,OH+H,0 E., =-038V (5)
CO,+8H"'+8e” — CH, +2H,0 E’, =-024V (6)
2H'+2e —H, E =041V (7)

The adsorption of CO, on a semiconductor surface offers
one way of activating the otherwise inert molecule for
reduction. It is understood that adsorption leads to the
formation of a partially charged species CO,>~ through
interactions with surface atoms.[*”®! This adsorbate no longer
has the linear symmetry of the free CO, molecule and thus has
a lower barrier for accepting an electron because the LUMO
level of CO, decreases as the molecule bends.**! Computa-
tional studies of the adsorption of CO, on anatase TiO,
suggest that these interactions are not strong enough with
stoichiometric, defect-free surfaces to sufficiently lower the
barrier and enable transfer of conduction-band electrons.”"!
The interactions are much stronger at oxygen vacancy sites
where a foreign oxygen atom can fill the vacancy. This may
lead to the dissociation of CO, upon electron transfer and
subsequent release of carbon monoxide.**?! The oxygen
atom of the CO, molecule is left in place to heal the vacancy.
In another possible binding mode, the CO,™ species bridges
two Ti surface atoms, thereby forming a bidentate config-
uration with its oxygen atoms. In the absence of an oxygen
atom between the Ti atoms, this configuration is a plausible
intermediate step in the reduction process.*’’

The activation of CO, is more efficiently performed on
semiconductors decorated with a co-catalyst, usually noble-
metal nanoparticles. The formation of the bent anion radical
CO,~ was first reported on a Rh/TiO, composite and was
attributed to the transfer of an electron from the metal d
orbital to the (C-O) m* orbital.l**! Tanaka et al. concluded
that step sites on Pt are active sites of CO, dissociation to CO.
This was accompanied by the appearance of bidentate

www.angewandte.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

L. Schmidt-Mende, J. K. Stolarczyk, and S. N. Habisreutinger

carbonate species on the TiO, support.>¥ As discussed
earlier, metal NPs enhance charge separation at the metal-
semiconductor interface, but their role in the chemical
mechanism of CO, reduction is not limited to the activation
of CO,. They catalyze the subsequent steps of CO, reduction
and play an important role in determining the selectivity of
the process.

The activation barrier was found by Dimitrijevic et al. to
be lower in an aqueous dispersion of the photocatalyst
because of stabilization of the surface charge of the anion
radical CO,"~ by dipolar interactions with water molecules.*!"’
However, in an aqueous environment, the pH value of the
solution is an important parameter.” The conduction band
becomes more reductive in alkaline solutions according to
Equation (8).54

E° = E°(pH 0)—0.06 pH &)

It should be noted that the electrochemical reduction
potentials [Egs. (2)—(6)] are also affected in a similar manner,
according to the Nernst Equation. Moreover, the pH value
determines the solubility and chemical form of the CO,. The
reason for this is that the solubility of CO, is low, but it
partially hydrates in water to carbonic acid, which then
dissociates at a higher pH value to bicarbonate HCO; and
carbonate CO?" ions. Equations (9) and (10) give the
corresponding equilibria.”!

CO, + H,0 = (H,CO,) = H' + HCO;  pK, =64 (9)

HCO; = H" + CO%~ pK, =103 (10)

This means that a different form dominates, depending on
the pH value of the solution. Importantly, these forms of CO,
possess different adsorption characteristics on semiconduct-
ing materials which may result in different reduction path-
ways. In non-aqueous solvents, the conduction-band potential
also depends on the adsorption/desorption equilibrium of
protons. Therefore, in protic solvents such as methanol or
ethanol the Eg value is significantly more positive than in
aprotic solvents such as acetonitrile or DMF.P

In contrast to research on water splitting, where both half-
reactions—reduction and oxidation—receive approximately
equal attention, in CO, photoreduction studies the focus lies
mostly on the reduction side, which involves electrons. This
reflects the fact that CO, reduction is a more complex and
difficult process to realize than the generation of hydrogen
from water. However, the fate of the concomitantly photo-
generated holes, which also migrate to the surface (often
faster than the electrons),® cannot be ignored. At the surface
they may react with adsorbed water or hydroxide ions OH_
to generate oxygen. Thermodynamically, this is a feasible
process, because the valence band of most semiconductors is
located well below the oxidation potential of water [Egs. (11)
and (12) give values versus the NHE at pH 7 (h* =hole)], but
there are only a few reports where this has been achieved.*!
These problems are attributed to the need for four holes per
oxygen molecule and difficulties in desorbing the products.
An alternative to the production of oxygen is the formation of
strongly oxidizing hydroxyl radicals ‘OH. The oxidative
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environment can affect the mechanism of CO, reduction
because some intermediate products might be more readily
oxidized than reduced, thereby halting the process before the
six- or eight-electron reduction products are obtained.””

2H,0 +4h* — O, +4H* E°

redox

=082V (11)

H,0 +h* —"OH + H* E

redox

=232V (12)

Additionally, the accumulation of holes would lead to an
increase in surface recombination. Moreover, some semi-
conductors such as sulfides are unstable under these con-
ditions. Thus, many studies employ additives referred to as
hole scavengers to prevent these phenomena. These additives
are usually organic or inorganic reducing agents. Their
function is to donate electrons, but the products of their
oxidation are considered to be an undesired side product of
the photocatalytic process. In this context, they are also
commonly referred to as sacrificial electron donors. Tertiary
amines, especially triethanolamine (TEOA)P® and triethyl-
amine (TEA),” and alcohols, such as methanol,*®>®! etha-
nol,**¢! and propan-2-0l,°®! are typically used for this
purpose. The application of methanol confirms the concerns
that it might be easily oxidized on an illuminated semi-
conductor surface. Other suggested hole scavengers include
ascorbic acid,[® EDTA %! Na,SO,,* and NaOH."" Bicar-
bonate and carbonate anions were also suggested to act in this
role in solution.™ The tertiary amines appear to be
particularly efficient, most likely through formation of
a charge-transfer complex involving the radical anion CO,~
and the radical cation TEA'f, which activates the CO,
molecule and enables transfer of one a-carbon hydrogen
atom to CO,.[*) These observations led to the design of
a cyclic tertiary amine which could be easily recycled from its
oxidized state with hydrogen generated from water splitting.
In effect, there is no sacrificial agent used in the process./*’]

The detection of methane or CO following illumination in
the presence of a photocatalyst and CO, is usually considered
as proof of CO, reduction. However, the isotope labeling
studies performed by Yang et al. showed that *CO was
generated even when *CO, was used as a carbon source.“*!
This prompted the authors to ask whether the CO, photo-
reduction is fact or fiction. Similar findings regarding the
formation of >CH, were reported by Yui et al.”*! In both
cases the authors attributed the formation of '2C species to the
presence of carbon residue in the photocatalyst, left over from
its preparation. This was confirmed by the observation of *C
products when care was taken to remove any residue. These
results suggest that great caution should be exercised in
interpreting the finding of certain products and underline the
need for isotope labeling experiments to confirm the actual
reduction of CO,.

2.2.1. Reduction Pathways on a Semiconductor Surface

Most detailed studies on the mechanism of CO, reduction
on semiconductors have been carried out on TiO,, although
the results should also be applicable to other materials. In

a typical system, TiO, NPs are dispersed in water and
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illuminated with UV light. In an ideal case, the solvent acts
as both the electron and proton donor, but the difficulty with
this arrangement lies in the inability to separate the reduction
and oxidation half-reactions which happen on similar or
neighboring sites on the surface of the NPs.'*! This increases
the risk of back reactions or surface-charge recombination.
Nonetheless, it is the simplest setup with the lowest number of
different molecules in the system and thus a relatively
convenient subject of study.

After the activation of CO, by a one-electron transfer and
formation of surface-bound CO, ™, the reduction proceeds
though a series of elementary steps which involve the transfer
of an electron, a proton, or hydrogen radical (H*), as well as
breaking C—O bonds and creating new C—H bonds. Several of
the intermediates are radical species, whose recombination at
different stages partially accounts for the number of possible
pathways and final products. The exact order and mechanistic
details of each subsequent step have not been fully elucidated,
but three full pathways detailing the conversion of CO, into
methane have been proposed in the literature. In the
following, they are referred to as 1) the formaldehyde path-
way, 2) the carbene pathway, and 3) the glyoxal pathway on
account of their unique intermediate.

The differences between the pathways start with the
binding mode of CO,~ to the surface of the TiO,. Mono-
dentate binding through one of the oxygen atoms to a titanium
atom or binding through the carbon atom to a surface-
bridging O atom generally favors the formation of the
carboxyl (hydroxyformyl) radical ‘COOH.F' On the other
hand, bidentate binding of the CO, through both oxygen
atoms to two Ti atoms results in the preferential attachment
of a hydrogen atom to the carbon atom, which leads to the
formation of a formate anion bound in a bidentate mode.’?!
The free hydrogen atom (radical) originates from the
reduction of a proton by a conduction-band electron.

According to the first mechanism, the carboxyl radical
recombines with a hydrogen radical H to form formic acid.!
This is the favored reaction in a medium with a high dielectric
constant such as water. The full pathway is presented in
Scheme 5. In the next step, formic acid accepts a further H* to
form a dihydroxymethyl radical, which dehydrates upon
attachment of another H' to formaldehyde. Two more
reduction steps lead to methanol, which is further reduced
in another two steps to methane. There are two important
observations about this pathway. The first one is that
formaldehyde and methanol are intermediate steps in the
process, not side products. The second one is that cleaving C—
O bonds occurs very late in the process. This mechanism has
not been verified experimentally. Formaldehyde and meth-
anol were reported as products in some setups, but the specific
radical intermediates were not detected. Early formation of,
for example, methanol before the production of methane
would also be expected, but this phenomenon was also not
observed. Additionally, Koci et al. evaluated their experi-
mental data on CO, photoreduction with respect to a kinetic
model of the formaldehyde pathway.*™ Their study con-
cluded that the concentration profiles for the formation of
methane and methanol did not correspond with the consec-
utive formation according to this mechanism.
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Scheme 5. Two proposed mechanisms for the reduction of CO, to
methane: formaldehyde and carbene pathways.

In the carbene pathway, the attachment of H to the
oxygen atom of an adsorbed radical CO,~ leads to an
immediate cleavage of the bond between this oxygen atom
and the carbon atom.'**! Such a mechanism is favored if
CO, " is bound to the semiconductor through the carbon
atom. A carbon monoxide molecule is left adsorbed and can
accept two additional electrons, thereby leading to carbon
residue on the surface. Signals corresponding to the carbon
radicals have been detected by ESR spectroscopy.l*! These
radicals can subsequently combine with up to four H' radicals,
thereby forming a CH" radical, carbene, a methyl radical, and
eventually methane. If the methyl radical instead recombines
with a hydroxyl radical, then methanol is produced. This
means that methanol is a side product, not an intermediate in
this pathway, while formaldehyde is not formed at all. It is
worth noting that the combination of CO with methanol and/
or methane is a rather common set of products, which are
observed in many experiments.*'*®! Some reports indeed
imply that methanol and methane are formed competitively
from methyl radicals, with one of the products being favored
depending on the hydrophilicity of the semiconductor and the
relative amount of water in the system.”"! Additionally, Tan
et al. and Koci et al. were able to fit their experimental results
of methanol and methane production to the kinetic model of
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this mechanism.” In view of these results, the carbene
pathway appears to be more plausible than the formaldehyde
pathway.

The carbene pathway was also suggested in the context of
CO, photoreduction on isolated tetrahedrally coordinated
Ti*" centers embedded in silica matrices (zeolites), which
have some unique characteristics.”"! As a result of quantum
confinement effects in these spatially separated “single-site
photocatalysts”, the absorption of UV light results in the
formation of a charge-transfer excited state, usually denoted
as (Ti**-O7)*, in which the photogenerated electron and hole
are localized on neighboring atoms. This is closer than in the
bulk semiconductors, where the charge carriers are free to
diffuse off, which results in a larger separation. The centers in
the mesoporous structure of the matrix are easily accessible to
water and CO, molecules. A specific feature of the (Ti**-O~)*
photocatalysts is that methanol is often the predominant or
one of the major products of the reaction, especially if a metal
co-catalyst is not used. This is because water molecules are
usually present in sufficient quantities to favor the recombi-
nation of methyl radicals with hydroxyl radicals, thus leading
to the formation of methanol instead of methane. The
addition of Pt NPs modifies the hydrophilicity of the surface,
so that methane is formed preferentially.

Shkrob et al. have recently performed an EPR study of
CO, reduction intermediates in an aqueous dispersion of
anatase TiO, NPs![*%% Of particular interest was the
tendency of possible intermediates, especially formic acid,
formaldehyde, and methanol, towards reduction versus oxi-
dation in the presence of both photogenerated electrons and
holes. This is an important—and often ignored—aspect of the
mechanism in view of the strongly oxidative nature of the
holes on TiO, and many other semiconductors. As described
earlier, the initial steps of the process were calculated to
involve a CO,"~ molecule bound to two Ti atoms in a bidentate
mode. This radical anion presumably accepts a hydrogen
radical H* at the carbon site so quickly that it cannot be
detected by EPR spectroscopy. The bidentate formate is then
able to bind a proton to form a formic acid molecule adsorbed
in a monodentate mode.l*’*! However, formic acid was found
to oxidize rather easily to form stable CO,” bound in
a monodentate mode. The authors concluded that the only
way for the CO, reduction to progress beyond formic acid is
a concerted process in which a CB electron transfer to the
acid is coupled to the transfer of an oxygen atom from
a hydroxy group to the metal (Ti) atom on the surface
(Scheme 6). The energy gain from the formation of the bond
between the metal and the oxygen atom offsets the energy
needed for the electron transfer.*'! The reaction leads to the
release of a free formyl radical HCO, traceable by EPR
spectroscopy. This observation corroborates other findings
that this radical is a likely intermediate in the photoreduction
of CO,.[™

Another crucial observation in this EPR study was that,
under the same experimental conditions, formaldehyde and
methanol were more readily oxidized than reduced, at least
when single-electron or -hole processes were compared.””
The initial products of the oxidation were formyl and
hydroxymethyl radicals, respectively. This effectively means
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Scheme 6. The third proposed mechanism for the conversion of CO,
into methane: the glyoxal pathway.

that the pathway of CO, reduction cannot pass through either
formaldehyde or methanol. Shkrob etal. postulated an
alternative mechanism involving a number of C, compounds
in a complex sequence of reactions, which includes both
reduction and oxidation steps. A simplified version of this
pathway is presented in Scheme 6. Specifically, the authors
suggested that the formyl radicals recombine (dimerize) to
yield glyoxal. This C, compound has a considerable electron
affinity because of its m conjugation, and therefore can be
easily reduced, first to trans-ethane-1,2-semidione and then to
glycolaldehyde. The latter can be reduced to the vinoxyl
radical ‘CH,CHO accompanied by the elimination of a hy-
droxide ion. The vinoxyl radical is in turn a known precursor
of acetaldehyde, which was also observed among the products
of CO, reduction.” Acetaldehyde is further oxidized to an
unstable acetyl radical, which undergoes decarbonylation to
a methyl radical. Similar to other pathways, the recombina-
tion of the methyl radical with a hydrogen atom leads to the
formation of methane. Carbon monoxide, eliminated from
the aldehyde, is a by-product commonly observed in CO,
reduction. Methyl radicals can also be formed from acetal-
dehyde along a different pathway if the aldehyde is oxidized
to acetic acid. The acid can be further oxidized in a photo-
Kolbe reaction, in which methyl radicals are obtained through
decarboxylation of the acid.” In this reaction, one molecule
of CO, is formed as a by-product and can be recycled back to
the beginning of the pathway. Shkrob et al. investigated
a number of other potential C, intermediates such as oxalic
acid, glyoxylic acid, and glycolic acid. They concluded,
however, that these compounds could not plausibly lead to
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the formation of methyl radicals because of their predispo-
sition for oxidation. The proposed complex pathway avoids
intermediates which would block the process before reaching
methane, while the intertwined reduction and oxidation steps,
as well as the recycling of CO,, partially account for the poor
quantum efficiency of the CO, reduction process. The glyoxal
pathway appears to be an important step in understanding the
mechanism of the reaction.

2.2.2. Reduction Pathways on a Co-Catalyst Surface

Coupling semiconductors with metal NPs has been shown
to be beneficial for the performance of photocatalysts
because of, among other factors, improved charge separation,
facilitated CO, activation, and the provision of active catalytic
sites for the reduction process.”*** In a typical realization
of this concept, the often nanostructured semiconductor is
surface-decorated or wet impregnated with metal or metal
oxide NPs. This architecture is utilized in almost all of the
most efficient photocatalytic systems. Nonetheless, even more
insights into the chemical mechanism of the CO, photo-
reduction on the metal surface can be gathered from electro-
chemical studies when the reaction proceeds on a metal
electrode that acts as an electrocatalyst. It is a convenient
setup which allows the catalytic process to be isolated from
the light-harvesting and charge-separation functions of the
photocatalyst. It should be noted though that the pathways
which include reduction and oxidation steps, such as the
glyoxal pathway, are not possible in the absence of holes at
the cathode.

Early studies by Hori et al. have shown that the selectivity
of the CO, photoreduction is determined by the chemical
composition of the electrocatalyst.” Hydrocarbons were
preferentially formed on copper and to a lesser extent on
nickel and palladium, while CO was formed on gold and silver
electrodes. The rate of the competing process of hydrogen
generation on platinum or nickel surfaces was much higher
than the rate of CO, reduction. Understandably, most of the
research focused on electrochemical reduction on copper
electrodes, although applying a potential of —0.8 V is required
for the onset of CH, production from CO,. That is a significant
overpotential against the standard reduction potential of CO,
to methane [see Eq. (6)]. The developments in the field were
reviewed, for example, by Gattrell et al.®! Combined DFT
calculations and electrochemical measurements suggest that,
in the initial step, the radical anion CO,~ adsorbed on the
copper surface through its Catom binds a proton to form
a carboxyl radical "COOH.F*! Upon interaction with H, this
carboxyl radical dehydrates to carbon monoxide, still bound
to the surface through the C atom. According to the
calculations, the key and rate-limiting step of the process is
the hydrogenation of CO to the adsorbed formyl radical
*CHO. This step is even less favorable on platinum, and the
hydrogen radicals instead recombine to form H,. On the other
hand, on surfaces such as gold or silver, where CO is not
bound as strongly, it desorbs and is the main reduction
product.™! Alternatively, the ‘CHO radical is further hydro-
genated, firstly to formaldehyde which is weakly bound to the
copper electrode. In the following step, formaldehyde is
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hydrogenized to a methoxyl radical “OCHj;, which is oriented
perpendicular to the surface with the methyl group pointing
away. Up to this step, the pathway is essentially a combination
of the formaldehyde and carbene pathways, but the methoxyl
radical is a unique intermediate of the mechanism on copper
electrodes; other proposed pathways involve methyl radicals.
Additionally, reduction pathways very similar to the carbene
pathway were also proposed.”!! Attachment of a proton from
the solution to the methoxyl radical produces methane, while
the oxygen atom on the surface is subsequently protonated to
eventually form a water molecule. It was also speculated that
the orientation of the methoxy group influences the selectiv-
ity of the process.*® Specifically, in an electrochemical
setting, the proton approaches the methoxy group from the
solution, so that it interacts with the carbon atom of the
moiety. This path of approach favors the formation of
methane. In gas-phase experiments the proton is more
likely to be adsorbed on the surface of the catalyst, which
allows it to easily interact with the surface-bound oxygen
atom. Under these circumstances, methanol is preferentially
formed."!

Ethene is the other major product of CO, photoreduction
on copper electrodes.”™ The C, product was attributed to the
dimerization of two CO molecules adsorbed on neighboring
Cu sites. The pathway to ethene then proceeds through the
formation of adsorbed enediol.*** This means that the C—C
bond is formed very early in the reduction process.

3. Measures of Efficiency

The photocatalytic reduction of CO, is a complex, multi-
step process that combines different aspects of light harvest-
ing, charge separation and transfer, heterogeneous (photo)-
catalysis, electrocatalysis, and surface science. Each step,
namely photon absorption, electron and hole transport to
surface reaction sites, adsorption of reactants, catalytic
reactions, and desorption of the products, contributes to its
overall efficiency. This field has attracted great interest from
many scientific disciplines such as chemistry, physics, and
material science for several years. Nevertheless, at present
there is no single measure of the efficiency of photocatalytic
systems that encompasses their complexity and—crucially—
allows unambiguous comparison of their performance.
Instead, there are two types of measures which relate to
either the amount of the catalyst or to the strength of the
illumination. To some extent this division reflects the varied
background of the researchers (e.g. catalysis, photovoltaics,
etc.), but it is also used to highlight a specific scientific or
economic merit of the investigated system. It is noteworthy
that none of the commonly used measures takes into account
the amount of the main reactant, that is, carbon dioxide. This
is because CO, is usually used in large excess and its
availability is not thought to be a limiting factor.

The terminology used to define the efficiency of the
photocatalytic reduction of CO, is generally the same as for
other heterogeneous photocatalytic processes," such as the
generation of hydrogen from water. At the same time, there is
a strong emphasis on the efficient utilization of the full solar
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spectrum to drive the reaction, such as in solar-cell technol-
ogies. The similarities bring together the terminologies of the
two approaches to light harvesting. In most cases these two
independent backgrounds (catalysis and photovoltaics) only
result in complementary measures of efficiency. Unfortu-
nately, there are also some conflicting definitions, which will
be discussed in detail below.

3.1. Catalyst-Based Measures

The most often used measure of the catalytic performance
of a material is the rate of formation of a product. For
a cumulative process, such as CO, photoreduction, it is
generally expressed as the amount of product divided by the
time it took to accumulate and by the amount of catalyst
[Eq. (13)]. Accordingly, a common unit of R is mol of product
per hour of illumination per gram of catalyst, although the
product is also often given in smaller molar units (umol) or in
concentration (ppm). Despite its popularity and simplicity,
each term of Equation (13) requires additional clarification in
the context of the photocatalytic reduction of CO,:

Product

- m (13)

1) The complex mechanism involving a cascade of reac-
tions, as described in the previous section, leads to a multitude
of products, some of which are unstable or difficult to detect
and quantify. Neglecting them would lead to the overall
performance of the catalyst being seemingly decreased.
Hence the formation rates of all the relevant products are
needed to properly assess the catalyst. Alternatively, these
may be expressed as selectivities of the process towards
specific products, for example, methanol or methane. It is not
always apparent how to classify certain products. This
particularly concerns H,, formation of which often accom-
panies CO, reduction in aqueous environments. When con-
sidering the light-harvesting or charge-separation and transfer
qualities of the catalyst, it may be rightly considered as one of
the products. However, from a point of view of CO,
conversion, it is clearly a product of a competing reaction
that decreases the efficiency of the process in question, and
should not be included.

2) The product evolution tends not to proceed linearly
with illumination time. In fact, it is usually a saturation curve,
especially when sacrificial hole scavengers are employed.
Therefore, the point in time when the measurement is taken
has a strong impact on the evaluation of the catalyst. There is
no general agreement in the literature in regard to a standard
starting time and duration of the experiment. The former
typically coincides with the start of the illumination. How-
ever, in some cases, an early burst of product (e.g. methane)
formation is observed, which is attributed to originate from
carbon residue on the photocatalyst.***%4 The actual mea-
surement should then start once the initial burst is over and
the catalyst is free of any contaminants which affect the rate
of product formation. The length of the experiment depends
on the stability of the catalyst, that is, how long it is able to
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sustain an approximately constant formation rate before
a saturation regime is reached. To compare different catalytic
materials, it would be preferable to have a common specific
period of time over which the catalytic activity is measured,
for example 24 h, as recently suggested by Maschmeyer and
Che.l””

3) The photocatalyst is often a composite material in
which the light absorption, charge transport, and catalytic
functions are separated and performed by different materials,
for example, CdSe, TiO,, and pt.® Usually the total mass is
used in the denominator of Equation (13). This approach
neglects the fact that the noble-metal co-catalyst, present only
as a fraction of a percent of the total mass, can determine both
the number of catalytically active sites and the overall cost of
the catalyst. Thus, from the mechanistic and the economic
perspectives, it would also be sensible to define the formation
rate in relation to this component. Additionally, the formation
rate increases linearly with catalyst concentration only up to
a certain value, when a saturation level is reached. The
plateau is associated with a reduced light penetration depth
and increased scattering by the concentrated catalyst. It has
been suggested that the measurements should be taken in the
linear regime or at the onset of the plateau, where these
limiting factors are less relevant.””!

4) Perhaps the most important factor, the formation rate
is independent of the incident photon flux (rate of incident
photons), at least for low light intensities. Until the light
saturation regime is reached, the formation rate may there-
fore be increased by simply increasing the intensity of the
incident irradiation. There are wide implications on the ability
to compare the results reported in different publications,
especially those coming from different laboratories. It is
almost impossible to rank the performance of the respective
photocatalysts in terms of production rate because the
illumination sources of different spectra and more impor-
tantly of different intensities, as well as different reactor
designs, are very often employed.

Another group of measures, called turnovers, relate the
amount of product to the number of active catalytic sites.
Turnover frequency (TOF) is defined as the number of
photoinduced transformations N (i.e. number of evolved
product molecules) per catalytic site per time period®
[Eq. (14)]. Here, N, is the number of catalytically active

1 daN
TOF =5+ (14)

sites. The notion of active sites is poorly defined in hetero-
geneous photocatalysis because the sites may be temporarily
or permanently inactivated or made otherwise unavailable,
new ones may be created, or specific sites may participate
only in part of the CO, reduction cascade.® In effect, this
number is usually unknown. The surface area of the catalyst,
determined by Brunauer-Emmett-Teller (BET) measure-
ments, is recommended to be used instead of N,,”*77 thus
giving the unit of TOF as s~ m~2 However, the surface area
may not accurately describe the amount of available catalyst
because of internal shading, which means that not all the
surface is illuminated uniformly at all times. Additionally, the

Angew. Chem. Int. Ed. 2013, 52, 7372 —7408

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

agglomeration and clustering of photocatalytic material may,
particularly in dispersions, lead to a further decrease in the
number of effective catalytic sites or exposed area. These
restrictions severely limit the applicability of the TOF in
measuring the efficiency of CO, photoreduction. The term
turnover rate (TOR) is usually, although not always, used
interchangeably with TOF.!

The turnover number (TON) is a related, dimensionless
measure that expresses how many times a site participates in
the catalytic cycle over the course of the illumination.
Notwithstanding the problems with determining the number
of sites, it is a useful method for assessing whether a process is
indeed catalytic (TON>1) or only stoichiometric (TON
~1)."l TON is sometimes erroneously expressed per unit
time and consequently considered equivalent to TOF/TOR.
All turnovers are independent of the photon flux, and hence
suffer from the same problems as the rate of formation when
they are used to compare different photocatalyst systems.

3.2. Light-Based Measures

An alternative and complementary approach to quantify
the performance of a photocatalyst is to measure how
efficiently an impinging photon is converted into an elec-
tron-hole pair, which is subsequently used to drive the desired
photocatalytic event. The latter notion refers to a single-
electron (hole) redox process along the formation pathway to
the final product. For example, the reduction of one molecule
of CO, to methane requires eight electrons, and so it involves
eight photocatalytic events. On the basis of the premise that
a photon must be absorbed to be effective, quantum efficiency
is typically defined in photocatalysis as the ratio of the rate of
photocatalytic events to the absorbed photons flux within the
specified wavelength range" [Eq. (15)] The photocatalytic

¢ = Novowocarevents (15)

Nahsorhcdphmons

events have to be summed over the (molar) amounts of all the
products, N=2n;M;, where n; is the number of electrons
(holes) required to obtain one molecule of product M, The
definition in Equation (15) is adopted from homogeneous
photocatalysis, where a precise measurement of the absorp-
tion by the sample is not problematic. It can be construed as
analogous to the internal quantum efficiency (IQE) used for
solar cells." In practice, it is very difficult in heterogeneous
photocatalysis to determine the actual number of absorbed
photons at any wavelength because of reflection and scatter-
ing of light, whereas the incident photon flux can be measured
much more reliably inside the reaction vessel by actinometry
or by using reference solar cells.

The absorption of light is a critical phase in the generation
of solar fuel, so it is important not to omit this part from the
assessment of the process efficiency. In fact Equation (15) is
used in only about every second literature report on the
subject.1>6%.76082] Others define quantum efficiency as a ratio
of the rate of photocatalytic events to the incident photon
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flux [118.170:20e.580.83 Thig quantity is called photonic efficiency &,
according to recent IUPAC recommendation,* and corre-
sponds to the external quantum efficiency (EQE), known also
as incident photon to current conversion efficiency (IPCE), in
solar cells.***3 The lack of consistency in the literature is
certainly confusing and unhelpful. There appears to be an
agreement, however, that the measure relating to incident
flux, referred to as either photonic or quantum efficiency, is
the most convenient in heterogeneous catalysis, provided that
the actual photon flux inside the reactor is taken into
account.™ This eliminates the issues associated with the
reflection and scattering by the walls of the reaction vessel.
Some publications use the terms efficiency and yield inter-
changeably, but the latter should only refer to monochromatic
irradiation.’® In the context of solar applications, the term
efficiency thus seems to be more suitable.

Neither photonic nor quantum efficiency by either
definition incorporates the amount of catalyst involved in
the reaction, and generally it can be increased by increasing
the catalyst concentration. Moreover, there is a saturation
regime when the quantum efficiency decreases with increas-
ing light intensity, as additional photons cannot be absorbed
by the limited amount of catalyst.’>*® Hence, a simple
strategy for increasing the efficiency would be to use a light
source with low intensity and a narrow spectral band in
a reactor setting which allows the maximum amount of the
photocatalyst to be exposed to the photon flux. Although the
values might improve, they would not reflect an actual
improvement in the performance of the photocatalyst.

It appears that quantum efficiencies can only be reliably
compared between different systems if a light source with the
same spectrum and intensity is used and the amounts of the
catalyst and reactants are the same. This is illustrated by two
publications from the same research group who reported
a quantum efficiency value of 6.06 % for a Cu (1.0 wt % )/TiO,
catalyst™®® and a value of 0.00074 % for the same catalyst™ in
a different setting. A disparity of four orders of magnitude
between two systems using the same material clearly indicates
that variables beyond the intrinsic properties of the photo-
catalyst are determining factors of the quantum efficiency.
The major differences were in the light sources: while an 8 W
Hg lamp with a maximum light intensity at 254 nm was used
in one, in the other a 150 W high-pressure Hg lamp was used.
A liquid-phase slurry reactor was used in the first experiment,
while a gas-phase optical fiber reactor was used in the second.

The power conversion efficiency # is a related measure
defined as a ratio between the energy stored in the chemical
bonds of the products to the energy supplied by the incident
photon flux.!"'*%! For multiple possible products of CO,, the
efficiency # can be calculated from the molar heats of
combustion AH’, and rates of formation r of each product, as
well as the power of the photon flux P [Eq. (16)]. It is clear

ZiAHS,; h 16
MR (16)
that an ideal measure of the efficiency of a photocatalyst
would depend solely on its intrinsic properties. None of the
measures presented above meet this criterion, because they
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depend on either irradiation intensity and spectrum or the
amount of catalyst. This means that a direct comparison of
different photocatalytic materials tested in different setups is
almost impossible. Consequently, any ranking of the materials
should be treated with caution. In this Review we quote the
efficiency values only in the context of similar setups and use
relative values to highlight the effect of a specific investigated
aspect.

Clearly, the ability to directly compare the performances
of photocatalysts would be highly beneficial for the field of
solar-fuel generation. We believe that substantial progress
could be made if standard conditions of temperature (25°C),
pressure (1 bar), and irradiation were commonly used in
a nondiffusion-limited regime.”’ In terms of future imple-
mentation in real-world applications based on solar irradi-
ation, it seems reasonable to use the standard solar intensity
of (AM 1.5 global (AM: air mass)) and the corresponding
solar spectrum.

Additionally, it would be important that at least one
efficiency measure from each of the two families is reported,
for example, rate of formation or photonic efficiency. While
the two are interdependent, it would still help in the
assessment of the photocatalyst. As discussed previously,
one measure can be improved at the expense of the other, but
an improvement in both would be highly significant. An
alternative approach would be to devise a new measure of
efficiency that incorporates both the amount of catalyst and
the photonic flux; however, the discussion of the merits of
such an exercise is beyond the scope of this Review.

4. Photoreduction of CO, on Semiconductors

The efficient utilization of solar energy requires the use of
materials with a small band gap so that a large part of the
visible light spectrum can be absorbed. Unfortunately, many
promising semiconductors, especially oxides, have a wide
band gap, which results in an onset of the absorption below
400 nm. A red-shift of this onset to the visible range is
achieved by either sensitizing the semiconductor or engineer-
ing its band gap. In the former technique, the absorption
region of the photocatalyst is enhanced by the introduction of
a secondary material which absorbs visible light. Typically,
nanoparticulate narrow-band semiconductors (quantum dots)
or visible-light-active molecules (dyes) are used as sensitizing
agents (Scheme 7). To this end, coupled semiconductors, for
example, CdS and TiO,, or CdSe and ZnO, have been shown
to enhance the efficiency through extension of the absorption
range and improvement in the charge separation.*”? When the
band gap edges match, an electron is preferentially trans-
ferred to the semiconductor with the lower CB edge (TiO,),
while a hole moves in the opposite direction to a higher VB
level (CdS), thereby contributing to the decrease in the
recombination rate. Sensitization with dyes is a commonly
used technique in solar cells, where a large number of
inorganic (especially ruthenium-based) or organic dyes have
been tested.**! The LUMO of the dye has to be higher in
energy than the conduction band edge of the semiconductor
for the electron transfer to occur, but its rate also depends on
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Scheme 7. Sensitization of a wide band gap semiconductor with a) a
narrow band gap with aligned conduction band minima or b) a dye
that absorbs in the visible region.

a number of parameters such as the orientation and distance
of the light absorbing unit with respect to the surface or size
and flexibility of the anchoring unit.[*®! Similar to sensitization
with quantum dots, the added benefit is the improved charge
separation, because the opposite charge is associated with the
oxidized dye.

The weakly reductive conduction band of many semi-
conductors, for example, TiO,, does not leave much room to
minimize the band gap by lowering its energy. In contrast,
there is plenty of distance between the energy levels in the
valence band (often constituted by 2p orbitals of the O atoms)
and the water oxidation potential [1.23V at pHO; see
Eq. (11)]. Therefore, aside from sensitization, two main
strategies have been employed to shift the onset of absorption
towards longer wavelengths: doping to create intraband states
above the valence band (Scheme 8b) and raising the valence
band by forming a solid solution of two or more semi-
conductors (Scheme 8¢).*! Another possibility is the creation
of intraband impurity states, for example, oxygen vacancy
states, below the Fermi level (Scheme 8d)™ or additional
states arising from the aggregation of semiconductor NPs.”!l
Examples of each strategy are given later in this section.

In the following, the photocatalytic properties of TiO, are
first discussed in detail and then an extensive overview of
experimental approaches for the photoreduction of CO, on
TiO,, other oxides, and various sulfides and phosphides is
given. Apart from the strategies to improve the absorption
properties highlighted above, special emphasis is placed on
the effects of employing a co-catalyst as well as the role of the
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nanostructure and crystallographic properties of the photo-
catalyst.

4.1. Photocatalytic Properties of TiO,

The prerequisite for photocatalysts having a sufficiently
wide band gap is met by titanium dioxide, which has a band
gap exceeding 3.0eV. TiO, is by far the most common
semiconductor in photocatalysis, and is used in pollutant
degradation, dye bleaching, and water cleaning. Early studies
by Fujishima, Honda et al. have shown its applicability to the
photocatalytic splitting of water’®” and reduction of CO,?"!
upon irradiation with UV light. Together with its applications
as a photoanode in inorganic and hybrid solar cells™*%%/ as
well as in photo- and electrochromic devices,” TiO, has
attracted enormous interest in terms of studies on its crystal
lattice, surface, charge transport, and other relevant proper-
ties.[zsa‘49b‘95]

The preponderance of TiO, as a semiconductor of choice
can be attributed to a variety of reasons. It is cheap, nontoxic,
made up of abundant elements, and resistant to photocorro-
sion.[™ Its band structure (Scheme 4) allows for both water
reduction and oxidation to occur simultaneously.®*! To this
end, the CB edge is located at around —0.16 V versus the
NHE at pH 0,°+%! 5o that the reduction of protons (Eys(H/
H,)=0.0V at pHO0) is possible. The low position of the
valence band means that the oxidation of water (Exyg(O,/
H,0)=1.23 V at pH 0) is also thermodynamically favorable.
Herein lies the above-mentioned resistance to photocorro-
sion, which is induced by photogenerated charge carriers
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initiating redox reactions which eventually lead to a disinte-
gration of the material.®®! In an aqueous environment,
however, TiO, is not prone to this damaging process because
the oxidation of water is thermodynamically more favorable
than the formation of oxygen molecules from oxide anions.
Since this stability extends over a wide range of pH values,
TiO, is a very convenient semiconductor material for use in
suspension-based photocatalytic systems.

TiO, exists mainly in four different polymorphs (crystallo-
graphic phases): rutile (tetragonal), anatase (tetragonal),
brookite (orthorhombic), and TiO,(B) (monoclinic).”** How-
ever, from the viewpoint of photocatalysis, the main body of
research has been carried out on the first two. The structures
of these two polymorphs can be characterized as chains of
elongated TiO, octahedra,®**" with each Ti** ion sur-
rounded by six O® ions. In the rutile configuration, this
octahedron exhibits a slight orthorhombic distortion. The
distortion of the anatase octahedron is much more significant,
and so it shows a lower symmetry. This fact is also reflected by
different distances between the titanium and oxygen atoms in
the two phases. While the Ti-Ti distances are larger in anatase
than in rutile, the Ti—O distances are smaller. The anatase unit
cell can be regarded as octahedra connected by their vertices.
In contrast, the unit cell of rutile is built up of octahedra
connected on their edges, which means each octahedron is in
contact with ten neighboring octahedra.

Generally, TiO, is an n-type semiconductor, a property
which is attributed to a small number of oxygen vacancies
which are then compensated by the presence of Ti*" centers.
The valence band is formed by the overlap of 2p orbitals of
the oxygen atoms. The lower part of the conduction band is
formed by 3d states of titanium Ti*" ions with t,, symmetry.
The differences in the crystal structures are responsible for
the different band gaps of anatase (3.2e¢V) and rutile
(3.0 V). The minimum energy of photons required to initiate
an interband transition lies, therefore, in the UV range, with
389 nm for anatase and 413 nm for rutile. It has been shown
that the difference between anatase and rutile is mainly due to
the position of the CB edge, which lies 0.2 eV higher for
anatase.’ The crystal symmetry of TiO, in its natural
configuration allows only indirect interband transitions.">
This means that photoexciting an electron from the valence
band into the conduction band requires the simultaneous
presence of a photon to provide the energy and a phonon to
provide a change in momentum. This decreases the photonic
efficiency, as the rate of absorption events that yield available
charge carriers is limited. Additionally, the rate of recombi-
nation of the photogenerated charge-carrier pairs can reach
up to 90 % within a period of 10 ns after their generation,>*"”
thereby significantly limiting the number of charge carriers
available for surface reactions.

According to thermodynamic calculations based on
calorimetric data, rutile is the most stable polymorph at all
temperatures and pressures up to 6 kbar. The Gibbs free
energy of formation of anatase is 15 kI mol ' lower than that
of rutile, but it can be considered stable at ambient conditions.
Annealing anatase at temperatures above 400°C promotes
the transformation to rutile. It has been demonstrated that the
surface crystallinity of TiO, plays a crucial role in determining
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the efficiency of the photocatalyst, with anatase found to
possess particularly good adsorption affinity for organic
compounds. Anatase has received much attention by
researchers because it also exhibits recombination rates up
ten times lower than rutile. Grela and Colussi observed
a factor of ten increase in the quantum yield of the photo-
degradation of nitrophenol with highly crystallized TiO,
relative to poorly crystallized TiO,.”™ This may be connected
to the observation that the carrier lifetime increases with
improved crystallinity. High crystallinity is also assumed to
lead to a greater efficiency in the electronic coupling between
orbitals of adsorbed dyes and CB states in TiO,. For example,
it has been shown that the observed rates of electron transfer
between anthracene carboxylic acid dyes and TiO, NPs are
much faster in crystalline than in amorphous TiO,.”” The
correlation of higher crystallinity with improved photocata-
lytic performance is attributed to fewer dangling bonds and
lattice distortions, which can constitute both trapping and
recombination sites.”” There has been extensive effort to
determine which of the two phases of TiO, is the more
beneficial for photocatalytic applications, and has been
reviewed by Henderson.’™ It has been found, in fact, that
mixed-phase TiO, shows particularly interesting photocata-
lytic properties, such as enhanced photocatalytic efficiencies,
that are not found in either of the phases separately.'””!

The standard material in the field of photocatalysis is P-25
from Evonik (formerly Degussa), a TiO, powder, which is
a composite made of about 80 % anatase and 20 % rutile. The
particle size usually ranges from 20 to 80 nm in diameter (with
an average of about 25 nm in diameter). Its effective surface
area (BET) is considered to be extremely large, at about 49—
56 m*’g~". Numerous studies have been carried out on P-25
powder.l Tt has also served as a benchmark system in
experiments focused on new materials and systems. The high
activity of P-25 is attributed to complementary effects of the
two constituting TiO, phases.'” There is still much debate
about the exact nature of those effects, especially because it is
challenging to clearly determine the distribution of rutile and
anatase in the mixed-phase powder. There is, however,
a general agreement that the interfaces between the phases
could play a key role.'”! The first explanation is based on the
different positions of their electronic bands (the CB of
anatase is about 0.2 V higher), which leads to the formation of
a heterojunction. In this configuration, it is energetically
preferential for photogenerated electrons to transfer from
anatase to rutile, while the concomitant holes stay in the
anatase VB, thereby improving the charge-carrier separation
(Scheme 9). This model, however, is challenged by various
research groups, who argue that the data used to support this
explanation is too ambiguous.”'! An alternative explanation
is based on the presence of trapping sites in anatase which are
up to 0.8 eV lower in energy than the CB edge."™ This would
suggest that electrons may actually transfer in the opposite
direction than previously proposed, with the anatase trap
states acting as a sink for electrons generated in the rutile
phase. These trap states are considered to be more stable in
anatase than in rutile, which results in a stabilization of the
charge separation, thus allowing both charge carriers to
contribute to the photocatalytic reactions on the surface.
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Scheme 9. Two possible mechanisms responsible for the high perfor-
mance of mixed-phase TiO,: a) the offset of the two conduction band
edges of 0.2 eV is the cause for the improved separation of the charge
carriers through electron transfer from anatase to rutile; b) trap states
located 0.8 eV below the CB edge of anatase are populated by
electrons from rutile, thus facilitating charge separation.

Finally, the interface region between anatase and rutile itself
may act as a site for charge-carrier trapping, thus facilitating
charge separation.!”!

In terms of the generation of solar fuel, the wide band gap
of TiO, has a considerable drawback, because it limits the
absorption of light to the UV range. Only about 10 % of the
power of the incident solar photon flux can thus be
absorbed.”! The two types of modifications mentioned
earlier are commonly used to overcome this limitation and
shift the onset of the absorption from the UV to the visible
region: sensitization and doping.”™ Examples of both
approaches will be given below, the results are also summar-
ized in Table 1.

4.2. Reduction of CO, on TiO,

The TiO, band structure has several specific implications
for the photocatalytic reduction of CO,. Perhaps most
importantly, the single-electron reduction potential of CO,
to the radical anion CO,~ at —1.9 V versus the NHE is much
more negative than the conduction band of TiO,, so that
a direct electron transfer from TiO, to CO, is thermodynami-
cally prohibited. The reduction process may proceed only
through adsorbed CO, species on TiO,**3>1%l or on selected
metal catalysts,**+“"! and even then the overpotential is very
low.*¥ Proton reduction is more favorable [cf. Eq. (7)] and,
therefore, competes with CO, for electrons. To avoid
decreasing the efficiency, the catalyst would have to suppress
the H, generation process. It should be noted that the
multielectron reduction of CO, to formic acid, methanol, or
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methane is less negative than the conduction band of TiO, [cf.
Egs. (2)-(6)], although the mechanisms of such reactions
remain to be elucidated and proven.”®’!

Furthermore, the hole in the valence band has a highly
positive potential of about +2.94V (versus the NHE),
thereby creating a very strongly oxidizing environment
through surface trapped holes and OH' radicals (E°(OHY/
H,0)=2.27 V versus the NHE). This is why most photo-
catalytic applications of TiO, are oxidation reactions of
various organic substances.”**!”! As discussed in Sec-
tion 2.2.1, there is a possibility that the products of CO,
reduction, such as formates or methanol, could be easily
oxidized back to CO,, especially in the presence of a co-
catalyst.'" In some studies, sacrificial hole scavengers are
employed to prevent the re-oxidation from taking place.
Despite these constraints, TiO, remains an attractive semi-
conductor that has been shown to be capable of photo-
catalytically converting CO, into valuable hydrocarbons at
ambient temperatures and pressures,”’!! even with a simple
system composed of a photocatalyst (TiO,), water, and a UV
light source.

4.2.1. Solid-Liquid Interface Photoreactions

Avery straightforward implementation of such a system is
a dispersion of TiO, NPs in a CO,-saturated aqueous
solution."™ Both liquid- (formic acid, formaldehyde, and
methanol) and gas-phase (methane) products were detected
under ambient conditions. Various approaches have been
investigated to improve the efficiency of bare TiO, in liquid
suspensions. For example, an increase in the CO, pressure
brought an increase in the yield of the liquid-phase products
(up to a certain amount) and of gaseous products such as
methane, ethane, and ethene."® The addition of electrolytes
increased the overall yield under ambient as well as high-
pressure conditions, and also resulted in the formation of C,
products such as ethanol and acetaldehyde. One of the rate-
limiting factors was considered to be the lack of electron
donors. The addition of propan-2-ol as a hole scavenger was
shown to enhance the rate of formation of methane under
higher pressure conditions,'®! yet none of the previously
observed C, compounds were reported in the presence of
propan-2-ol. A similar trend was also reported under ambient
pressure.™ Additionally, the formation of CO was observed.

When carbonate anions rather than gaseous CO, were
used as the carbon source in an aqueous suspension, the
formation of methanol and methane was improved at lower
pH values.""”! The optimal concentration of P-25 NPs was
determined to be 1.0 gL' (Figure 1). It was argued that the
overall efficiency decreased at higher concentrations because
of the limited penetration by the UV light, although it should
be noted that this optimal concentration relates to a specific
intensity of 12.64 Wm ™2 It was also shown that, compared to
other sizes, anatase NPs with a diameter of 14 nm gave the
highest yields of methanol and methane.""!! The decreased
performance with larger particles may be due to smaller
surface areas and longer electron migration paths. The
decrease in activity with smaller particles was associated
with changes in the optical and electronic properties, espe-
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Table 1: TiO,-based photocatalytic systems for CO, reduction.

Category Best system Co-catalyst Major product R, Minor prod- Traces Ref.
ucts
TiO, (P-25) in suspension TiO, (P-25) particles — - CH,;0H 3.4 CH, [110]
TiO, anatase particles with a crystallite 14 nm anatase par- — - CH, 0.4 CH;0H H,, CO nm
diameter ranging from 4.5 to 29 nm ticles
TiO, powder (P-25) in 2-propanol P-25 particles - - HCOOH 1.2 HCOOH [62a]
TiO, (anatase) powders in liquid CO, anatase particles - - HCOOH 1.2 M2
TiO, powder in supercritical fluid CO, anatase particles - - CH, 1.8 [60b]
TiO, powder (P-25) coated glass pellets  P-25 particles - - CH, 411 CO, CHg [256]
TiO, (anatase, 325 mesh) in aqueous anatase particles - - co 153 CH,, H, [73b]
suspension with propan-2-ol
sputtered TiO, films mixed-phase TiO, - - CH, 0.032 CH;OH [147]
TiO, coated onto sapphire disks anatase particles - - CH, 7 H, C,He [140]
immobilized TiO, particles JRC-TiO-4 particles - - CH, 93 C,He, CH, [150]
immobilized TiO, particles JRC-TiO-4 particles - - CH, 0.020 CHy GHe, O, [414]
sensitized TiO, particles in suspension ~ Ag/TiO, particles ~ Ag 7.0wt% CH, 9 H,, 27
CH,0H,CO
sensitized TiO, particles in suspension  Ag/TiO, particles Ag 52wt% CH,+CH;OH 10.5 [128]
sensitized TiO, particles in suspension  Cu/TiO, particles ~ Cu 2.0wt% CH;0H 19.8 [65b]
sensitized TiO, particles in suspension  Cu/TiO, particles ~ Cu 2.0 wt% CH;0H 17 g
sensitized TiO, particles in suspension  Cu/TiO, particles Cu 20wt% CH;OH 20 [65a]
sensitized TiO, particles in suspension ~ Cu/TiO, (P-25) par- Cu 3.0wt% CH;0H 443 [119]
ticles
sensitized TiO2/SBA-15 composite in (Cu/TiO,) 45 wt%/ Cu 2.0wt% CH;0H 627 [127]
suspension SBA-15
sensitized TiO, particles in suspension  Cu-Ce/TiO, parti- Cu/Ce 2.0wt% CH;0OH 11.3 [120]
cles
sensitized TiO, particles in suspension ~ CuO/TiO, particles CuO 1.0wt% HCOOCH; 1602 [60a]
sensitized TiO, particles in suspension  enzyme/TiO, (P-25) Enzyme co 300 [132]
sensitized TiO, supported on zeolite Fe-TiO,/HZSM-5 Fe 10.0wt%  CH,N,O 18 [122]
sensitized TiO, particles in suspension Pd HCOO~ 2.228 [124]
sensitized TiO, particles in suspension  Pd/TiO, particles Pd 2.0wt% CH, 0.6 co C,Hg [38b]
sensitized TiO, particles in suspension ~ Pd/TiO, particles Pd 2.0wt% CH, 0.3 C,Hs CH,OH, [123]
HCOOH,
CH,CO,H
TiO, anchored on Vycor glass TiO, particles - - CH, 0.11  CH,OH C,H,, CHg, [138]
co, 0,
TiO, powder JRC-TIO-4 (anatase) — - CH, 002 CH,OH,CO G,H,, CHs O, [413]
particles
quartz wool immersed in P-25 suspen-  TiO, (P-25) particles — - CH, 0.1 Co, H, 139
sion
TiO, pellets (made of P-25) TiO, pellets - - CH, 0.22 H, co [257]
immobilized TiO, (P-25) powder TiO, (P-25) particles — - CH, 1350 [170]
two types of Ti-B-zeolites: Ti-3(OH) and Ti-beta(OH) - - CH, 5.8 CH;OH CO, C,H,, O, [704]
Ti-B(F)
Ti-containing porous silica (PS) films Ti-PS (hexagonal, - - CH, 7.1 CH;0H [69b]
Si/Ti=50)
Ti-MCM-41; Ti-MCM-48; Ti-SBA-15 Ti-SBA-15 - - CH, 106 CH;0H CH,, CGH,, [146]
co, 0,
optical fiber coated with sensitized TiO, sensitized TiO, on  Ag 1.0wt% CH;0H 4.1 [153]
glass fiber
sensitized TiO, films anatase films Au CH, 156 C,Hq; [169]
HCHO;
CH,OH
optical fiber coated with sensitized TiO, sensitized TiO, on  Cu 1.2wt% CH;0H 0.5 [151]
glass fiber
glass wool supported sensitized porous TiO,-SiO, Cu 0.5wt% co 60 CH, [156]
TiO,-SiO, composite
glass wool supported sensitized TiO, (2 mol%)-SiO, Cu 0.01 mol% CO 17.5 [157]
TiO,-SiO, composite composite particles
optical fiber coated with sensitized TiO, sensitized TiO, on  Cu-Fe  0.5wt%-  CH,; C,H, 1.86; CH;OH, C,H6 [154]
on SiO, support glass fiber 0.5wt % 0.56
optical fiber coated with sensitized TiO, sensitized TiO, on  Cu-Fe  0.5wt%- CH,; C,H, 0.97; CH;OH, C,Hy  [85]
glass fiber 0.5 wt% 0.58
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Category Best system Co-catalyst Major product R,/ Minor prod- Traces Ref.
ucts

optical fiber coated with sensitized TiO, sensitized TiO, on  Cu-Fe, 0.5wt%— CH,; C,H, 0.85; [155]
glass fiber N3 0.5wt% 0.56

sensitized TiO, films TiO, on glass beads Pt 0.25wt%  CH, 0.3 [162a]

sensitized anatase-type TiO, nanorods ~ TiO,/Pt nanorods Pt 1.0wt% CH, 6 [160]

titanium oxide species anchored within ~ Pt/ex-Ti-oxide/Y- Pt 1.0wt% CH, 6.7 CH,OH C,H,, CH, [143]

the Y-zeolite cavities zeolite Cco, O,

mesoporous titania zeolites (Ti-MCM-41, Pt/Ti-MCM-48 Pt CH, 123 CH,0OH C,H,, CHg, [145]

Ti-MCM-48, TS-1) Co, O,

immobilized TiO, particles JRC-TiO-4 particles Rh 4.0 wt% co 5.1 CH, [168a]

[a] Maximum formation rate reported for the major product(s), in pmolg™"h~", unless stated otherwise. [b] In mgL"h~". [c] In pL. [d] In ppmg~"h™".

[e] pmolh™". [f] In ppm. [g] In pmolm™2h~".
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Figure 1. Evolution of methanol for different concentrations of P-25
nanoparticles in aqueous dispersion. Reproduced from Ref. [110] with
permission.

cially with a widening of the band gap and associated blue-
shift of the onset of absorption.[*

The solubility of carbon dioxide in water is rather low, and
at the same time, as mentioned before, water reduction occurs
competitively with the CO, reduction. Therefore, the effect of
replacing water by supercritical liquid CO, was investiga-
ted."® 112l Washing the suspended TiO, powder with water
after exposure to light yielded formic acid. This result
indicates that the illumination of TiO, in liquid CO, resulted
in the formation of CO, ™ radicals, which were subsequently
protonated. This is underlined by the fact that washing the
TiO, with acidic solutions instead of pure water gave larger
yields of formic acid.

TiO, microcrystals embedded in SiO, matrices (Q-TiO,/
SiO,) were shown to exhibit improved photocatalytic proper-
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ties compared to bulk TiO,/SiO, powders.'™®! These compo-
sites were dispersed in water mixed with propan-2-ol as a hole
scavenger. The added CO, was photocatalytically converted
into formate, methane, and ethene. A decrease in the the Ti/Si
ratio led to an increase in the efficiency of the product
formation. The fact that the observed product spectrum
differed from what had been reported previously was ascribed
to the use of propan-2-ol as the electron donor. In further
studies of the role of solvents, TiO, NPs embedded in SiO,
were spin-coated onto a quartz plate, which was then
illuminated upon immersion in a suspension containing
propan-2-ol and solvents with different dielectric constants
£ The two detected CO, reduction products were formate
and CO. The ratio of formate to CO increased with an
increase in the dielectric constant of the employed solvent. It
was shown by using isotopically labeled *CO, that both were
products of the CO, reduction process and did not originate
from the decomposition of either the solvent or the hole
scavenger. A comparison of the Q-TiO,/SiO, with bulk P-25
TiO, powder illustrated the superior performance of the
composite structure. The formation of methanol was observed
when Q-TiO, was immobilized in a poly(vinylpyrrolidone)
film. This finding suggests that the matrix used for the
immobilization of TiO, also influences the reduction pathway
of CO,. Ammonia and urea appeared in the products,
together with formate and CO, when lithium nitrate was
present in the solution.'"” In this case an increase in the
dielectric constant led to larger amounts of ammonia and
urea, while the amounts of formate and CO both decreased.

The improved efficiency of the TiO,/SiO, systems was
attributed to enhanced charge separation through the pres-
ence of bridging Ti-O-Si bonds. This conjecture was verified
by doping the composite with ruthenium by a solid-state
dispersion method.”™ Loading pure anatase NPs with
0.5wt% Ru by wet impregnation had been previously
shown to improve their photocatalytic activity because of
the formation of a Schottky barrier and improved charge
separation. In contrast, doping the composite with Ru led to
a decrease in activity. This detrimental effect was associated
with the formation of the Ti-O-Si bonds being inhibited.

A composite system of TiO, and kaolinite was examined
for the photoreduction of CO, by Ko¢i et al. and compared
with pure P-25 TiO, particles in an aqueous solution of 0.2M
NaOH under UV illumination.!'® The rates of formation of
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methane and methanol increased, but the rate of formation of
CO, although generally small, was smaller for the TiO,/
kaolinite system than for P-25. Various factors were proposed
to explain the enhanced performance of the composite
photocatalyst. These include a larger effective surface area
because of a weaker agglomeration of the particles, a reduced
recombination rate of the photogenerated charges, a modified
acidity of the surface of the composite system, and a smaller
size of the anatase crystallites.

In a study focused on finding photocatalysts able to form
C, and possibly C; compounds from CO,, TiO, catalysts were
supported on amphiphilic materials.** The dependence of
the selectivity for specific photocatalytic products on the
nature of the catalytic support shows its importance for the
process. The highest yields and best selectivity was obtained
for a 10 wt % TiO,/Pd/Al,O; system, which produced acetone
and ethanol as major products, and ethane and methane as
minor products from a CO,-saturated aqueous solution.

Electrochemical studies have shown that various metals
such as copper, platinum, and palladium were able to catalyze
the electrochemical reduction of CO,;>%! therefore, metal
doping was used in an analogous way in photocatalytic
systems. In early studies, Hirano et al. added Cu NPs to a TiO,
slurry. This system produced mainly methanol and showed no
activity in the absence of copper.!'”! It was assumed in this
case that the role of the copper was not only as a catalyst but
also as a hole scavenger. Copper-loaded TiO, particles
prepared in a sol-gel procedure were examined in an alkaline
suspension to determine the optimal copper loading for CO,
reduction (Figure 2).1° It was found that the largest methanol

140 70

Methanol yield / pmol (g catal)!
=
Copper dispersion / %

0 1 2 3 4 5 6 7
copper loading / wt%

Figure 2. Effect of the copper loading concentration on the rate of
methanol formation (0) and copper dispersion (®). Reproduced from
Ref. [65b] with permission.

yield could be achieved with a Cu loading of 2 wt %. The use
of copper-loaded particles resulted in a strong increase in the
yield of methanol compared to non-doped TiO,. The active
state of the Cu for the photoreduction was assumed to be
highly dispersed Cu' on the basis of a decrease in the
photoactivity on reduction of Cu' to Cu’ or aggregation upon
reduction with H,.""™™ The generally positive effect of copper
loading on the photocatalytic reaction is ascribed to the
ability of the metal to trap electrons and thus reduce
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recombination losses of the photogenerated charges without
affecting the mobility of the electrons. In another study,
a loading of 3wt% CuO on P-25 was determined to be
optimal for the formation of methanol in an aqueous
suspension.” A higher surface loading was associated with
shading effects, which reduced the overall absorption capacity
of the TiO, particles. It was also claimed that CuO is the most
active copper species compared to Cu and Cu,O. In another
approach, TiO,-CuO composites were synthesized by using
cetyl trimethylammonium bromide (CTAB) as a disper-
sant.™ In this case, the highest photocatalytic activity was
observed with 1.0 wt % CuO. Annealing the catalyst at 450°C
also improved the performance, possibly because of the high
crystallinity which enabled rapid electron transfer. In this
study, the reaction was carried out in methanol to increase the
solubility of CO, and to provide an additional hole scavenger.
The main product was methyl formate, resulting from the
dimerization of formaldehyde, itself an oxidation product of
methanol. Simultaneous doping of TiO, with Cu and Ce was
also shown to be very beneficial for the formation of
methanol from CO, in an alkaline suspension,'! with an
optimal Cu loading of 2 wt %. According to calculations, the
cerium atoms were inserted into the TiO, crystal lattice,
thereby creating distortions and facilitating the formation of
catalytically active adsorbed CO, and H,O species. The effect
of Ce appeared to be stronger than that of Cu doping.

In another study, a two-way approach was chosen to
improve the photocatalytic activity of TiO, by dispersing TiO,
nanocrystallites in the channels of a mesoporous silicate
(SBA-15) and loading this composite structure with
copper.'’!l Trradiation of the photocatalyst in an aqueous
solution of 0.IN NaOH saturated with CO, led to the
formation of methanol. The highest photocatalytic activity
was observed for a structure of highly dispersed anatase NPs
loaded with 2 wt% Cu embedded in SBA-15. The superior
performance was attributed to the highly dispersed state of
TiO, because of the mesoporous structure of SBA-15, on the
one hand, and to the catalytic properties of copper, on the
other hand.

The molecular sieve 5A was investigated as another
mesoporous support for dispersed Cu-loaded TiO, NPs.['*?!
The photocatalytic reduction of CO, bubbled through an
aqueous 0.2m NaOH solution resulted in the formation of
mainly oxalic acid, through dimerization of ‘COOH radicals,
as well as smaller amounts of acetic acid and methanol. The
highest formation rate of oxalic acid in alkaline conditions
(65.6 pgg'h™") was obtained for a sieve with 10 wt% P-25
TiO, loaded with 2wt% Cu. Under neutral conditions,
however, P-25 particles without Cu outperformed the other
composite structures.

Copper is particularly appealing compared to other
metals such as platinum, rhodium, palladium, gold, and
ruthenium because it is inexpensive and abundant. However,
all of these metals are known for their outstanding catalytic
properties. In an early study by Ishitani et al., palladium led to
the largest increase in the rate of formation of methane when
P-25 particles were loaded with 2wt% of the metals.">
Other reported products included ethene, formic acid, acetic
acid, and traces of methanol. Isotope labeling with *CO,
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proved that CO, indeed served as the carbon source for the
formation of methane. Additionally, a much smaller amount
of methane was detected and production ceased after about
4-5 h under N,. It was concluded that, in this case, methane
formed from the carbonate dissolved in the water. XPS
measurements showed the presence of partly oxidized Pd
species after the illumination. Oxidation and deactivation of
the catalyst explains the decrease in the formation rate after
8 h and eventual termination of the process. This proposal was
confirmed by the fact that methane was formed at a much
lower rate after degassing the reactor and reintroduction of
CO, after 24 h.

Palladium loading of TiO, colloids in aqueous suspension
had previously been reported to lead to the photoreduction of
carbonates to formates.*! This finding was corroborated by
another study in which TiO, particles were doped with
palladium and ruthenium oxide (RuQ,)."’ The deposited Pd
was assumed to catalyze the conversion of CO, into formate,
whilst RuO, was a catalyst for the oxidation reaction. Surface
photovoltage spectrum (SPS) measurements showed a strong
response by the metal-doped particles in the near IR region,
which could be correlated with an increased photocatalytic
activity.

Other metals such as gold and silver can, in addition to
their catalytic function and acting as an electron sink, also
extend the light-absorption range of the photocatalyst
through plasmonic excitations. These excitations in metal
NPs are known to enhance photocatalytic oxidation processes
on Ti0,.”! Accordingly, Ko&i et al. reported that loading
TiO, NPs with 1-7wt% Ag indeed improved the rate of
formation of methane and methanol.'*”! The increase in the
rate was correlated with the amount of silver. Although the
effective surface appeared to increase because of silver
doping, it was not the decisive effect in explaining the
increase in product yields. Instead two different causes were
proposed: 1) doping with up to 5 wt % Ag led to a noticeable
shift of the absorption towards visible wavelengths and 2) the
silver atoms formed metal clusters, which led to the formation
of Schottky barriers at the metal-semiconductor interface.
This phenomenon is known to enhance the charge-carrier
separation.!” In a separate study, an improvement in the
product yield with metal loading was observed for illumina-
tion at 254 nm, but not at 365 nm.['?!

Coating P-25 TiO, NPs with Nafion (a perfluorinated
polymer with sulfonate groups) membranes was shown to
improve the photoconversion of CO, into methane and
ethane because the polymer is an excellent proton-conducting
medium, it stabilizes the reaction intermediates, and is itself
inert to photoinduced redox processes.'”) The combination of
a Nafion layer with silver loading further improved the
photoconversion. In this case, however, the main products
were methanol and formaldehyde, whose formation rates
increased with the amount of silver.!"*")

In the most common approach to sensitization, dye
molecules are chemisorbed on the TiO, surface. If the
LUMO of the dye lies above the conduction band edge of
TiO, then, after the absorption of a photon, the excited
electron can be injected into the semiconductor. In this
context, TiO, NPs with diameters of 20 nm were synthesized
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by a sol-gel method by using a homogeneous hydrolysis
technique and with a cobalt phthalocyanine dye (TiO,-CoPc)
used as a sensitizer.[! This electron transfer to TiO, separates
the electron from the hole, and thus improves the overall
photocatalytic activity. This was demonstrated by a larger
total yield of the photoreduction products from CO, bubbled
through an aqueous 0.15N NaOH solution containing Na,SO;
as a hole scavenger when a TiO,-CoPc system was used
compared to pure TiO,. The formation rates of formic acid
and formaldehyde strongly increased, but at the same time
a small decrease in the formation rates of CO and methane
was noted. The presence of sacrificial electron donors
(Na,SO; and OH™ groups) improved the photocatalytic
performance of the system.

A different approach to a suspension-based system was
proposed by Woolerton et al.'*!13 P25 TiO, particles were
sensitized with a ruthenium dye ([Ru”(bpy),(4,4-(PO;H,),-
bpy)]|Br, (bpy=2,2’-bipyridine), referred to as RuP, to
increase the absorption of light in the visible range. Instead
of using a metal catalyst for the catalytic reduction of CO,, an
enzyme Ch CODHI from the anaerobic microbe Carbox-
ydothermus hydrogenoformans was attached to the TiO,
particles (Scheme 10). This enzyme is known to catalyze
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Scheme 10. A CO, reduction system composed of TiO, nanoparticles,
a RuP sensitizer, and Ch CODH | enzyme. MES =2-(N-morpholino)e-
thanesulfonic acid. Reproduced from Ref. [131] with permission.

a two-electron reduction of CO, to yield CO.'*! In such
a system, the RuP sensitizer absorbs visible light and
subsequently injects an excited electron into the conduction
band of the TiO, particles. After migrating through the
conduction band of TiO,, the electron is transferred into the
enzyme and its active sites, and CO, is reduced to CO. The
addition of EDTA as an additional electron donor increased
the rate of formation of CO by up to 40 %, which led to the
conclusion that the limiting factor was the regeneration of the
ruthenium sensitizer.

Silver bromide (AgBr), known to be highly sensitive to
light, was also used as a sensitizing agent.!'** The system with
the highest yields was found to consist of 23.2 wt% AgBr
coupled with P-25 TiO, NPs, which performed best at pH 8.5.
The system was tested in an aqueous suspension with 0.2N
KHCO; and illuminated by visible light. The detected
reduction products were methane, methanol, CO, and etha-
nol. The system exhibited a high stability and almost no
deterioration in performance over repeated reduction cycles
under visible light.

www.angewandte.org

7391


http://www.angewandte.org

Angewandte

7392

Reviews

Chemically bonded nanocomposites of TiO, (P-25) and
graphene are promising photocatalysts because of their good
adsorptivity of dyes, extended light-absorption range, and
efficient charge separation through the graphene sheet.!'*!
Such composite structures were also tested for the photo-
catalytic reduction of CO,, with particular focus on the
enhancement of the performance as a consequence of the
carbon structure and the effect of defects in graphene on the
photocatalytic reaction.'* For this purpose, two types of
graphene with different defect densities were synthesized and
coupled to P-25 TiO, particles to form a composite thin film.
Photoreduction of CO, in the presence of water was then
attempted under UV-A (365nm) and visible light and
compared to the results obtained for a pure TiO, film. Both
hybrid systems resulted in an enhanced photocatalytic rate of
formation of methane under visible light. However, the
catalyst with fewer defects (SEG-TiO,) was more than three
times better than the graphene/TiO, (SRGO-TiO,) structure
containing more defects. The same trend was apparent under
UV illumination, where only SEG-TiO, enhanced the photo-
catalytic yield. Defect sites are usually considered to be highly
reactive; however, they appear to be rather detrimental to the
photoreduction of CO,. This was assumed to be related to the
decreased electron mobility because of charge carrier scatter-
ing events. In contrast, the better performance of the
composite with fewer defects was linked to the high electron
mobility, which translates into a longer mean free diffusion
path (Scheme 11). This ensures rapid separation of photo-

Scheme 11. Proposed photocatalytic mechanism for graphene-TiO,
nanocomposites. Upon illumination, the photoexcited electron is
injected into the graphene nanoplatelet, leaving behind a TiO,-confined
hole. As a consequence of its lower density of defects, electrons in the
SEG are able to diffuse farther, thus sampling a larger surface area for
adsorbed CO,. Reproduced from Ref. [135] with permission.

generated charges, thus reducing the recombination rate and
increasing the chances of an electron reaching and interacting
with an adsorbed reactant. Moreover, the electronic coupling
between SEG and TiO, appears to be stronger, hence
facilitating electron injections from one structure to the
other. Lastly, the absorption range of TiO, is shown to be
extended into the visible region by coupling to graphene,
which was the assumed reason for the composites performing
significantly better than the pure TiO, film under visible
illumination.

Another approach that combines nonstoichiometric
Tiy0,0, and graphene to a composite photocatalyst was to
stack nanosheets of each material to form robust hollow
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spheres.™ The increased yield of CO and CH, from CO,
compared to with P-25 TiO, was attributed to the thin nature
of the nanosheets, which enabled a very rapid transport of the
photogenerated electrons to the surface, where the reaction
could occur. Additionally, the electron transfer from Tij,,0,
to graphene was argued to enhance the lifetime of the charge
carriers. It was also speculated that the hollow spheres might
be able to enhance the absorption of light through multi-
scattering of incident photons.

4.2.2. Photoreactions at the Solid-Gas Interface

The photocatalytic reduction of CO, at the liquid—solid
interface is most commonly done by preparing an aqueous
dispersion of a nanoparticulate photocatalyst. In contrast, the
photocatalyst has to be immobilized for reactions at the gas—
solid interface. Although this may decrease the accessible
area for both photons and reactants, this approach signifi-
cantly facilitates the separation of products, reactants, and
photocatalytic material.’! In this case, both the structure of
the photocatalyst and of its substrate affects the overall
efficiency of the process. Another drawback of aqueous
suspensions is the low solubility of CO,, which can be
overcome in gaseous mixtures of CO, and H,O. In addition,
the ratio of H,O to CO,, easily tunable in the gas phase, was
found to play a significant role in determining the reaction
rate.l*®! For example, in a system of TiO, NPs immobilized on
Vycor glass, the rate of formation of methane increased as the
ratio of the H,O vapor to CO, increased. The other major
product, methanol, was formed at the highest rate with a H,O/
CO, ratio of 5:1.

In contrast, methane and CO were the only detected CO,
reduction products when P-25 TiO, NPs were immobilized on
glass wool.l'’*”) The same compounds were obtained for P-25
TiO, pellets illuminated with UV light in the presence of
water vapor and CO,. These pellets were more effective than
photocatalysts immobilized by thin-film or anchoring tech-
niques. A UV-C light source (253.7 nm) gave, as expected,
a significantly higher yield than illumination with UV-A
(365 nm).

Ethane was detected among the products of CO, reduc-
tion on P-25 and anatase NPs coated onto sapphire glass.l'*"!
In this setup, the effect of temperature on the reaction rate
was also investigated. A steady increase in the cumulative
yield was observed on increasing the temperature up to
200°C. The saturation of the product formation curve after
4h (at all temperatures) was attributed to the strong
adsorption of O, produced in the CO, photolysis, which
blocks the reaction sites. This conjecture was supported by
two observations: 1) only about 25 % of the stoichiometrically
produced O, was detected and 2) the temperature-dependent
measurements indicated that the desorption of O, and
intermediate products might be the rate-limiting step.

An increased product yield at elevated temperature was
also observed in an investigation on various TiO, thin films. It
was found that the largest methane yield was obtained at
80°C and 45vol% CO,."! The employed photocatalytic
structure was a sputtered mixed-phase film (70% anatase,
30% rutile) deposited at low angle. This film proved to be
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superior to pure-phase or high-angle sputtered films, as well
as a P-25 film prepared by dip coating. This finding was
attributed to the high photocatalytic activity of the numerous
rutile—anatase phase interfaces and to the enhanced absorp-
tion of visible light (up to 550 nm) associated with non-
stoichiometric oxygen vacancies.

A photocatalytically active zeolite structure (TS-1) was
synthesized by replacing silicon atoms in the zeolite frame-
work with titanium.*) The CO, reduction experiments were
carried out in an H, atmosphere under UV illumination, and
yielded methane. In comparison, silicate without titanium did
not show the photocatalytic activity of TS-1. Interestingly,
upon exposure to UV illumination, the amount of adsorbed
carbon species on the catalyst increased by two orders of
magnitude. These were assumed to be hydrogenized CO,
molecules, such as “CHj; radicals.

The use of Ti-oxide/Y-zeolite catalysts in the presence of
CO, and gaseous H,O was shown to strongly improve the
yield of CO, reduction products—mostly methane, methanol,
and some ethene, ethane, as well as CO—under UV
illumination compared to the use of anatase TiO, pow-
der."™ %) The largest yield of methanol was obtained with an
ex-Ti-oxide/Y-zeolite (1.1 wt % TiO,) catalyst prepared by an
ion-exchange method. The absorption spectra indicate, how-
ever, that the absorption of such a catalyst was blue-shifted
compared to that of imp-Ti-oxide/Y-zeolite structures pre-
pared by impregnation techniques. This shift is attributed to
a higher dispersion of Ti oxide species, which is in turn
considered to be linked to the enhanced reactivity of the
catalyst to form methanol. Additionally, the ex-Ti-oxide/Y-
zeolite exhibited a strong photoluminescence originating
from the radiative decay of a long-lived (54 us) charge-
transfer excited state to the ground state of the tetrahedrally
coordinated Ti atoms. These are considered to be highly
efficient photocatalytic reaction sites, which is supported by
the observation that the photoluminescence is quenched by
both water vapor and CO,. The effect of loading the catalyst
with Pt was also investigated and found to increase the
methane yield as well as strongly decrease the methanol yield.
The observed quenching of the photoluminescence was
attributed to the transfer of photoexcited electrons to the
metal, thus effectively separating these electrons from their
concomitantly generated holes."*!! The redox half-reactions
are thus spatially separated so that carbon and *OH radicals
form at different reaction sites, thus preventing them from
reacting with each other to form methanol.

The microporous TS-1 zeolite was compared with tita-
nium-containing mesoporous silicate zeolites (Ti-MCM-41,
Ti-MCM-48; Figure 3)."™%] The product distribution was
the same as found previously and all the zeolites outper-
formed bulk TiO, powder, with Ti-MCM-48 resulting in the
highest rate of formation of both major products. This was
again attributed to a higher dispersion of the reactive TiO,
species. Additionally, the comparatively larger pore size
(>20 A) within the 3D channel structure may have contrib-
uted to this result. Accordingly, the yield was further
improved up to 20 times by increasing the pore size to 70 A
(Ti-SBA-15).0141
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Figure 3. The formation rates of CH, and CH;OH in the photocatalytic
reduction of CO, with H,0 on a) TiO, powder, b) TS-1, ¢) Ti- MCM-41,
and d) Ti-MCM-48 zeolite catalysts. Reproduced from Ref. [145] with
permission.

Photoluminescence measurements of two types of Ti-f§
zeolites—Ti-f (OH) and Ti-p (F)—showed that the photo-
luminescence of the OH system was much stronger.[%147]
While the addition of CO, led to a similar quenching in both
zeolites, the addition of water had a much stronger effect on
Ti-p (OH). This was attributed to its hydrophilic character and
translated directly into its photocatalytic performance: the
yield of methane and methanol was much larger for Ti-
B (OH). A remarkable feature of fluorine-containing, hydro-
phobic, Ti-p(F), however, was a selectivity of 41% for
methanol, which was unmatched by previously investigated
zeolitic systems. These results were attributed to the low
concentration of water molecules compared to CO, mole-
cules, which underlines the importance of the adsorption
affinity of H,O on highly dispersed TiO, species incorporated
in zeolite structures.

Analogous to photocatalysts of highly dispersed titanium
species in zeolite structures, an amine-functionalized titanium
metal-organic framework (NH,-MIL-125(Ti)) was demon-
strated to be able to photoreduce CO, to formate under
irradiation with visible light, although at comparably low
conversion rates.'*!

Thin, porous silica films containing titanium species
increased the rate of CO, photoreduction twofold compared
with the best zeolite powders.***! The highest quantum
efficiency (0.3 %) was obtained with the Ti-PS(50) catalyst,
which has a hexagonally shaped pore structure. Interestingly,
a thin-film photocatalyst with a cubic pore structure exhibited
a high selectivity for methanol (nearly 60%). This was
explained by this material having a less hydrophilic surface so
that fewer water molecules were in the vicinity of the reaction
sites, thus leading to preferential formation of methanol.
Conversely, an anatase TiO, powder catalyst (JRC-TiO-4,
49 m?g") with a large band gap and numerous surface OH"
groups deposited on the bottom of a quartz cell was shown to
reduce CO, into methane most efficiently in the presence of
water vapor. The selectivity could be tuned by loading the
catalyst with Cu* ions, which increased the yield of meth-
anol.[éﬂa,]SO]

www.angewandte.org

7393


http://www.angewandte.org

Angewandte

7394

Reviews

The effect of copper loading on methanol generation was
also investigated in a custom-built reactor made of optical
fibers coated with Cu-TiO,. Methanol was the only reported
reduction product from CO, and water vapor,>! and its yield
was better than with pure TiO,. Such selectivity in the gas
phase is possibly due to a preference of the hydrogen atoms
adsorbed on copper to react with oxygen atoms of the co-
adsorbed methoxy intermediate, thereby forming methanol.
On the other hand, in the liquid phase, protons originate from
the solution and react with the carbon atom of the methoxy
group, thus producing methane !

The optimum copper loading was found to be 1.2 wt%;
the lower formation rates at larger concentrations were
argued to be caused by shading the TiO, and thus reduced
light absorption. Copper(I) was identified to be the primary
state of the copper, in agreement with earlier findings.[6>15]
Increased adsorption of hydroxyl radicals on the Cu surface
was considered another factor that enhanced the reactivity of
the system. A similar improvement in the yield of methanol
was also achieved by loading with silver.'*® The addition of
copper and iron to the TiO, fiber coating led to the
photocatalytic formation of ethene and methane and trace
amounts of ethane and methanol.®™ The yield of ethene was
lower when either of the metals was added individually,
compared to the application of both metals together. Addi-
tionally, in the latter case, the rate of ethene formation was
stable over longer periods of time, whereas the systems
loaded with a single metal dopant worked well for only
a limited time. It was argued that the function of the iron was
to improve the charge separation and the transfer of photo-
generated holes from TiO, to H,O via the valence band of
iron oxide, to enhance the absorption of light, and to provide
additional specific catalytic centers. At the same time, adding
the iron apparently slowed down the rate of formation of
methane. However, a mixture of TiO, and SiO, instead of
pure TiO, as a photocatalytic substrate was more selective for
methane than ethene.™ A TiO,(0.5 wt% Cu, 0.5 wt% Fe)
system sensitized with a ruthenium dye (N3) to extend the
absorption range further improved the yield of methane
under concentrated sunlight.'>”

Opverall, the decoration of TiO, particles with copper and
the use of highly dispersed TiO, species inside mesoporous
silica structures have both proven to be successful strategies
for improving the photocatalytic efficiency of the CO,
reduction process. Therefore, the two approaches were
combined in a one-pot sol-gel synthesis of a Cu/TiO,-SiO,
catalyst, which was then coated onto glass wool.'* The
optimal loading concentration of copper was found to be
0.5 wt % (Figure 4). In the course of the illumination of the
photocatalyst, a color change from greenish white to dark
gray was observed. This color change was associated with the
reduction of Cu' to Cu® by photogenerated electrons, which
was accompanied by a decrease in the photocatalytic reac-
tivity. The catalyst was regenerated upon exposure to air,
whereby the gray color faded to white again, likely due to re-
oxidation of Cu’ to Cu".

Mesoporous Cu-TiO,-SiO, composite particles were also
synthesized by self-assembly, which allowed a more homoge-
neous phase to be obtained."*” These particles supported on

www.angewandte.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

L. Schmidt-Mende, J. K. Stolarczyk, and S. N. Habisreutinger

100

m COo

®
(=]
T

0 CH,

@
&
T
|
|

&
=
T

Production rates / pmol g TiO, ! h-!
I;)
T

OH : N ﬂ

0 0.2 0.5 1 3
Cu loading on Cu/TiO,-SiO, / wt %

Figure 4. Influence of the copper loading concentration of a TiO,-SiO,
composite system on the formation rates of methane and carbon
monoxide. Reproduced from Ref. [156] with permission.

glass wool were demonstrated to photoreduce CO, to CO.
The highest yields were obtained with 2 mol% TiO, and
0.01 mol% Cu. Hollow nanocubes of CuO-TiO, N, were
recently shown to improve the rate of formation of methane
compared to pure TiO, P-25 particles."® The improved
photocatalytic activity was linked to various properties of
these hybrid structures. In particular, the heterojunction
formed between CuO and TiO, was argued to allow rapid
charge separation and improve catalytic performance, while
the presence of nitrogen in the hybrid structure improved the
absorption in the visible range (see Scheme 8b).

Arrays of TiO, nanotubes (NTs) were investigated by
Varghese et al. as a means for improving the generation of
charge carriers and transport properties of the system.[!'*¢%
They possess a large surface area, but their wall thickness is in
the range of the diffusion lengths of charge carriers, thus
allowing the charges to migrate to the surface where they
participate in the catalytic reactions. The columnar shape of
the NTs was assumed to additionally facilitate directed charge
transfer. The absorption spectrum of these NTs was extended
into the visible range by doping with nitrogen, while copper
and platinum were sputtered onto the surfaces to provide
catalytic centers. The products reported to have formed
photocatalytically under natural sunlight included CO, H,,
olefins, branched paraffins, and methane. Experiments with
NTs of different lengths showed that the performance of the
structure increased up to a length of 25 pum, remained
uncorrelated between 25 and 70 um, and decreased for
longer NTs. The latter observation was ascribed to an
inhomogeneous distribution of the metal NPs. The catalytic
effects of the NPs were not the same: while platinum
facilitated the formation of H,, Cu increased the formation
of CO fivefold. The synergistic surface loading with Cu (52 %)
and Pt (48%) by sputtering resulted in an increase in the
amount of produced hydrocarbons compared to individual
loading. Moreover, the uniform deposition of copper NPs by
a wet chemistry route led to a further increase in the
hydrocarbon yield. A similar increase was observed for
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uniformly distributed platinum NPs by a microwave-assisted
solvothermal method.['™’)

Anatase TiO, nanorods with dominant reactive {010}
facets and decorated with 1 wt% Pt were used to photo-
catalytically convert CO, into methane at a higher rate than
P-25 NPs decorated with the same amount of Pt.'*! This
emphasized the role of the shape of the catalyst, as P-25 is
generally considered to be a more photocatalytically active
material than pure anatase.” Nanostructured platinized
TiO, films (Pt-TiO,) were shown to be highly efficient at
photoconverting CO, into methane.'®"! The maximum rate
was 1361 umolg 'h™!, with a corresponding quantum effi-
ciency of 2.41%.

Dye sensitization was also used for photoreduction at
a solid—gas interface. To this end, TiO, films prepared by dip-
coating glass beads were functionalized with ruthenium and
perylene dyes.'®?) The major product of the CO, photo-
reduction was methane; traces of CO and H, were also
detected. These were observed through illumination with
visible light only when the sensitizer was used. Importantly, an
improvement in the methane yield was only found for films
decorated with platinum NPs, not for impregnated ones. In
fact, platinum NPs immersed in TiO, might be detrimental to
the efficiency of the photocatalysis because of their function
as electron traps.l®!

In a similar approach to utilize visible light, a TiO,-based
composite was sensitized with quantum dots (QDs), which led
to an alignment of the energy band for a fast injection of
electrons into TiO, and better charge separation.'™! The
quantum dots of 2.5nm CdSe™ and 3-5nm PbS!'*! QDs
were used in conjunction with metal co-catalyst NPs, such as
Cu or Pt. The CdSe/Pt/TiO, composite yielded mostly
methane and small amounts of methanol, CO, and H,;
however, no products were observed under illumination with
visible light without the CdSe QDs. PbS/Cu/TiO, composites
produced CO, methane, ethane, and H,. A fivefold increase in
the yield of products was noted when 4 nm PbS QDs were
used under illumination with white light, compared with the
Cu/TiO, composite alone. After prolonged illumination, the
PbS QDs deactivated through photooxidation, as is typical for
sulfides (see Section 4.3.1).

In another study, the sensitization of TiO, nanotubes with
Bi,S;, a semiconductor with a narrow band gap (E,=
1.28 eV), increased the rate of formation of methanol by
a factor of 2.2 to 43.6 umolg 'h L1l Sensitization with
rhodium was also demonstrated to have a positive effect on
the photocatalytic reduction of CO, on TiO,. In the liquid
phase, Rh/TiO, increased the yield of methanol, formalde-
hyde, and formic acid from a CO,-saturated aqueous suspen-
sion.'”] In the gas phase, functionalization of the TiO, with
rhodium improved the rate of formation of CO from CO, and
hydrogen.!'! The reduction of rhodium to a metallic state was
accompanied by a decrease in activity and a shift in the
product selectivity from CO to methane.

The CO, photoreduction was also investigated on plas-
monic gold NPs deposited on anatase films.'*” Their illumi-
nation with a monochromatic light in the visible region of the
spectrum (532 nm) afforded methane with a rate 24 times
higher than that of bare TiO,. This effect was attributed to the
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excitation of the plasmon resonance of the NPs leading to an
enhancement of the local electromagnetic field, which in turn
generates electron—hole pairs in the adjacent TiO, at a much
larger rate than the incident light.®! In contrast, plasmon
excitations on Au NPs were demonstrated to directly transfer
electrons to the TiO, conduction band only at an excitation
wavelength of 254 nm, which matches the excitation energy of
d-band electrons in gold. These electrons can transfer to the
lower-lying conduction band states of TiO,. At this excitation
wavelength, additional photocatalytic products were detected
including methanol, ethane, and formaldehyde. Methane was
the main product for the TiO, catalyst loaded with Ag/Au
bimetallic NPs prepared by a microemulsion method."”!

Charge recombination is often one of the limiting factors
of the photocatalytic performance of TiO, materials. Multi-
walled carbon nanotubes (MWCNTSs), used as a support for
TiO, NPs, provide a means to effectively separate the charges
and reduce their recombination,'” in a similar manner to
TiO,—graphene composites described in Section 4.2.1. How-
ever, most applications operate in an oxidative environment,
for example, in the photocatalytic degradation of dyes,'"
wherein the hole stays on the TiO, and participates in the
oxidation reaction while the electron is transported away.
Nevertheless, MWCNT-TiO, composites have been shown to
increase the efficiency of the CO, reduction to ethanol,
methane, and formic acid.' Low concentrations of
MWCNTs gave the best results; it was argued that higher
concentrations resulted in a shading effect of the NTs, thereby
limiting the absorption of light by TiO,. It was also shown that
the activity of the composite structures in repeated cycles was
much higher than of pure TiO, structures.

4.3. Reduction of CO, on Other Semiconductors

Despite the great advances made in the photocatalytic
reduction of CO, with TiO, and derivative materials, the
efficiency of the process remains low. To a large extent this
can be ascribed to its band structure, which is acceptable, but
certainly not optimal for the reduction of CO, driven by solar
energy.*®! Firstly, the potential of its conduction band
electrons is only slightly more negative than the multielectron
reduction potentials of CO,, thus providing very small
overpotentials, whereas the potential of the valence band
holes is much more positive than the water oxidation
potential, which is thermodynamically not necessary. Sec-
ondly, the wide band gap (3.2 eV) limits the absorption of
light to the UV range. The two most common methods for
extending the absorption range to visible light—sensitization
or doping—do not fully address the problem. Sensitizing
agents (dyes or QDs) often degrade when exposed to UV
light and photogenerated oxidizing holes in TiO,. Dopant
atoms, on the other hand, can become centers of charge
recombination. Moreover, the additional energy states asso-
ciated with foreign atoms are highly localized, in effect
suppressing charge mobility.®” Therefore, while TiO, remains
a benchmark photocatalyst, there is a lot of interest in
alternative semiconductors, such as transition or main group
metal oxides, chalcogenides, nitrides, and phosphides, for the
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photoreduction of CO,. This very diverse group of materials
contains both narrow and wide band gap semiconductors, yet
many of them offer a more favorable band structure than
TiO,. It is noteworthy that many recent developments on
relevant semiconductors originated from research on the
photocatalytic splitting of water, as both processes share
similar constraints on the energy bands.'”'7¥ Specifically, the
quest for new semiconductor materials is focused on the
following points:
1) raising the valence band energy to decrease the band gap;
2) moving the conduction band to more reductive potentials;
3) improving the quantum efficiency of exciton formation
and reducing charge recombination; and
4) using novel nanoscale morphologies to provide a large
surface area with multiple photocatalytically active
sites.[%)

Examples of the non-TiO, photocatalytic systems are
collected in Table 2 and described in detail in the following
sections on sulfide, oxide, and phosphide semiconductors.

4.3.1. Sulfides

From a historical perspective, sulfide semiconductors
initially received a lot of attention. Their valence band,
made of 3p orbitals of the sulfur atoms, is shifted upwards
compared with those of the oxide analogues, while the
conduction band electrons are also more reductive.'* Many
sulfides have a narrow band gap (e.g. PbS, Bi,S;), with the
onset of absorption in the visible or even infrared region.
They have hence been used as photosensitizers for TiO,, as
described in Section 4.2.2.1°:1%1 CdSe was also recently used
as a photosensitizer for ZnO nanorods.*” The major
disadvantage is that sulfides are generally not stable under
illumination in an aqueous dispersion because of the oxida-
tion of lattice S*~ ions to elemental sulfur and eventually to
sulfates.'””! To prevent the photocorrosion, additional reduc-
ing agents such as sulfite (SO;*"), thiosulfate (S,0-*°), or
hypophosphite (H,PO,") anions, tertiary amines (e.g. triethyl-
amine, TEA), or alcohols (e.g. propan-2-ol) were used to
scavenge the photogenerated holes. ZnS and CdS were the
most studied sulfides for CO, reduction. The former is a direct
wide band gap semiconductor (E,=3.66¢eV in the bulk),
hence it absorbs only in the UV range, but it possesses
a strongly reducing conduction band (E.z=—1.85V versus
the NHE at pH 7).1"% In several reports, ZnS has been shown
to preferentially reduce CO, to formates with high quantum
yields.”""l Henglein et al."”" and Yoneyama!"™ speculated
that smaller ZnS NPs are more efficient due to their larger
band gap, higher surface area, and greater affinity for CO,.
Loading of 3.9nm ZnS NPs with 0.035 mol% Cd*" in an
aqueous dispersion at pH 5.5 in the presence of propan-2-ol
increased the quantum yield at 280 nm twofold to 32.5 %.[177
A further increase in the cadmium content resulted in the
formation of CO. Kanemoto et al. obtained a cumulative
quantum yield of 72% with irradiation at 313 nm
(75.1 umolh™ HCOOH, 86 umolh™ H,, and 1.7 pmolh™
CO) at pH7 in the presence of NaH,PO, and Na,S.'""!
Sulfide anions are protonated to HS™ at pH 7. The role of
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hydrogen sulfide anions was to eliminate surface sulfur
vacancies, which trap CB electrons, rather than to be
sacrificial electron donors. They reportedly also shift the
conduction band edge of sulfide semiconductors to more
negative potentials, because of modified surface charging by
the absorbed anions."”!

Fujiwara observed the selective production of formate by
ZnS NPs with a diameter of 2 nm in DMF when zinc acetate
was used as a precursor of the nanocrystals; however,
a mixture of HCOOH and CO was obtained with a zinc
perchlorate precursor.’” This was explained by the strong
interaction of acetate anions with Zn cations, which inhibits
the formation of sulfur vacancies that act as catalytic sites for
the formation of CO. On the other hand, perchlorate interacts
weakly with Zn*" species, which remain coordinated by the
solvent. Excess amounts of Zn(OAc), additionally enhanced
the rate of formation of HCOOH. ZnS NPs were also loaded
on a silica matrix with a large surface area (340 m*g™') to
improve the stability of the semiconductor and adsorption of
CO,."I The best results were obtained for silica loaded with
13% ZnS (7 mmolg~'h~' HCOOH). Interestingly, the addi-
tion of a platinum co-catalyst resulted in further reduction
steps to yield HCHO and methanol at the expense of formate.

As a consequence of the narrow band gap of 2.4 eV, the
onset of absorption with CdS is at 520 nm,'*! although its
conduction band electrons are less reductive (Ecg =—0.9 V at
pH 7 versus the NHE)'™ than those in ZnS. Accordingly, 3—
5 nm diameter CdS NPs were shown to reduce CO, to CO in
DMEF in the presence of TEA and small amounts of water
(1%) under irradiation with visible light (4 > 400 nm).'s11 A
quantum yield of 9.8 % was reported at 405 nm (8.37 umolh ™!
of CO). The selective formation of CO originated from the
bidentate adsorption of a CO, molecule at Cd atoms near
a sulfur vacancy and the subsequent transfer of one electron
to form a bound anion radical CO,"". This adsorbate reacted
with a second CO, molecule and following another electron
transfer produced CO through an elimination reaction,
thereby leaving a carbonate anion behind.”” The cation-
dipole interaction of the lattice Cd*" with DMF led to
a cationic surface by preventing the adsorption of HT,
consequently generating H, or formate. However, the use of
solvents with a higher dielectric constant than DMF (propan-
2-ol, CH;CN, etc.) increased the ratio of formate to CO. Only
formate was produced in water, because in polar solvents the
radical anion is weakly bound to the surface and a proton can
interact with its C atom.[”! Tetramethylammonium cations
form an aprotic layer at the surface, and therefore, in the
absence of HY, the dimerization of CO,~ radicals to oxalate
anions was observed."® Further reduction products of oxalic
acid, such as glyoxylic acid and glycolic acid, were also
observed, thus drawing analogies to natural photosynthetic
processes. A similar dimerization process was observed by
Kisch and Lutz for CdS particles embedded in a silica matrix,
which yielded formate, HCHO, and oxalate as products.*’
The reaction of the radicals was assumed to proceed in
solution or on silica rather than on the CdS surface. CdS NPs
were also anchored to a phyllosilicate clay mineral (mont-
morillonite) to protect the material against photooxidation in
an aqueous dispersion.® In this setup, hydrogen, methane,

Angew. Chem. Int. Ed. 2013, 52, 7372—7408


http://www.angewandte.org

Photocatalytic Reduction of CO,

Table 2: Non-TiO, semiconductor-based systems for CO, reduction.
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Semiconductor Structure EF  Co-catalyst Major product R,  PE" Other products  Ref.
ZnS nanoparticles 3.66 Cd** HCOOH 10.5¢  325% (280 nm) H, 77¢
ZnS nanoparticles 366 - HCOOH 7514 729 (313 nm) H,, CO [177b]
ZnS nanoparticles 3.66 Zn*" HCOOH 1544 _ - [59]
ZnS nanoparticles in silica 3.66 - HCOOH 7000 - - [180]
cds nanoparticles 24 - co 837Y 98% (400nm)  H, [181a]
cds nanoparticles 24 Cd** co 3.0 - - [59]
cds nanoparticles 24 - co 0134 — H,,HCOOH [62b]
cds nanoparticles 24  TMA'M oxalate 58.3 glyoxylate [182b]
Cds nanoparticles in silica 24 - HCOOH 81.5 - HCHO,oxalic acid [183]
cds nanoparticles in MMTM 2,63 - CH, 1.0 - H,, CO [184]
MnS particles 3.0 —* HCOOH - 4.5% (UV) Cco [185]
Bi,S,/CdS particles 128 - CH,OH 38 - - [186]
CuAg,In,Zn,S, nanoparticles 1.4 RuO, CH,OH 343 - - [187]
Cu,ZnSnS, photocathode 1.5  Ru complex HCOOH > 5 [188]
WO, monoclinic crystals 279 - CH, 034 - - [194]
W04 nanowires 2.7 - CH, 6661 — - [195]
Zro, particles 50 Twt%Cu co 2564 — H, [196]
SrTiO, particles 32 Pt CH, - 0.01% - [197]
BaTiO; particles 32 - HCOOH, - 0.0021% - [182b,198]
HCHO
K,TigOrs particles >3.0 0.3wt% Pt CH, 0.2 — H,,HCOOH, [199]
HCHO
Bala,Ti,O;s plate-shaped particles 38 Ag co 22 H,,HCOOH [200]
KNbO;, SSR particlest® 31 Pt CH, 70— - [202]
NaNbO, cubic crystal nanoparticles 3.29 0.5 wt% Pt CH, 4.86 - - [203]
NaNbO, nanowires 34 Pt CH, 65311 - [204]
HNb;O4 nanobelts 3.66 - CH, 3.58 - - 211
LiNbO; particles 36 - HCOOH 7700 2.09%M HCHO [213]
N-Ta,O; nanoparticles 2.4 Ru-dcbpy™ HCOOH 70 1.9% (405 nm)  H,, CO [58b]
N-Ta,O; nanoparticles 2.4 Ru-dpbpy" HCOOH 60t co [215]
BiVO, monoclinic crystals 224 - C,H;OH 406.6" CH,OH [221]
Bi,WO, nanoplates 275 - CH, 1.1 - - [222]
InTaO, SSR particlest® 26 1wt% NiO CH,OH 139 2.45%f - [230]
InTaO, particles 26  1wt% NiO CH,0OH 1.1 0.063 % - [237]
N-InTaO, SSR particles'® 2.28 3.2wt% Ni@NiO CH,;OH 165 - - [232]
InNbO, SSR particlest® 25 1wt% NiO CH,OH 1.58 - - [233]
Zn,GeO, mesoporous 45  Twtk Pt CH, 2891  0.2% (251 nm) [237]
Zn,GeO, nanobelts 4.5 Pt,RuO, CH, 25 - - [239]
Zn,GeO, nanorods 4.65 3 wt% RuO, Cco 17.900  — CH, [240]
Zn,Ge,O,N, mesoporous 2.70 Pt CH, 270 Cco [243]
Zn,,GeN,;O  sheaflike 26  PtLRuO, CH, 115 0.024% (420 nm) - [241]
In,Ge,O,(En)  nanowires 398 Pt co 0.9 - - [244]
Zn,SnO, nanoplates 3.87 Pt,RuO, CH, 86.7M — - [245]
B-Ga, 05 mesoporous 49 - cO 1.46 3.9% CH, [249]
ZnGa,0, mesoporous 4.4 1 wt% RuO, CH, 50.400  — - [250]
CuGaO, SSR particles'® 26 - co 9if - - [254]
p-GaP photocathode 2.3 pyridine CH,;OH - 2.6% (465 nm) - [17b]
p-InP photocathode 1.35 Ru complex HCOOH 1401 - 7¢q]
p-InP photocathode 1.35  Ru complex HCOOH - 0.04 %" - [255]

[a] Where available, the band gap width refers to specific structure instead of bulk, expressed in eV. [b] Maximum formation rate reported for the major
product(s), in pmolg™"h™", unless stated otherwise. [c] Photonic efficiency, unless stated otherwise. [d] In pmolh™". [e] Turnover number. [f] In
ppmg 'h™". [g] Sintered particles prepared by solid-state reaction. [h] Power conversion efficiency. [] (Internal) Quantum efficiency. [j] In ppmh™".
[k] dcbpy =4,4’-dicarboxy-2,2’-bipyridine, dpbpy =4,4’-diphosphonate-2,2’-bipyridine , MMT = montmorillonite, TMA" =tetramethylammonium

cation.

and CO were reported with an overall efficiency 4-8 times
larger than the analogous system containing P-25 particles.
Methane was considered to be a product of the hydrogenation
of CO, by the evolving H,, instead of the direct photo-
reduction of CO,.

Other sulfides were used less often. Manganese sulfide
(E,=3.0eV) reduced bicarbonate dissolved in water (pH 7.5)
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to formate with a photonic efficiency of 42% under UV
irradiation, although the semiconductor was degraded by
oxidation of $*~ to sulfate.'®™ Bi,S;, with a narrow band gap of
1.28 eV, absorbs in the visible range and has been shown to
reduce CO, to methanol, especially when used in conjunction
with CdS particles."™™ The highest formation rate, about
88 umolg™'h™!, was obtained for 15 wt % Bi,S;, and was two
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to three times higher than for either semiconductor alone.
Methanol was also obtained with the complex sulfide
Cu,Ag In.Zn,S,, in the presence of sodium nitrite."” This
sulfide is a solid solution of wide band gap ZnS with narrow
band gap Cu,S and AglnS,, and has an intermediate band gap
of about 1.4 eV, depending on the proportions. The highest
formation rate, 34.3 umolg'h™!, was observed for
Cug,Ag030Ing 3570, 5,S,. Recently Arai etal. employed
Cu,ZnSnS,, a quaternary sulfide with a narrow band gap
(E,=1.5eV) and reductive conduction band (Ecz =—1.3 V),
to photoelectrochemically reduce CO, to formate in the
presence of a metal complex electrocatalyst.!'® This semi-
conductor operated effectively under illumination with visible
light, and its p-type character facilitated electron transfer to
the catalyst, where CO, reduction proceeded preferentially to
proton reduction. Nevertheless, it required an external bias of
—0.4 V—in place of a hole scavenger—to prevent photo-
oxidation.

4.3.2. Oxides

In contrast to sulfides, many oxides do not suffer from
photooxidation under irradiation and can be used in photo-
catalyzed reduction and oxidation reactions. Indeed, two
groups of metal oxides with closed-shell electronic config-
urations of the metal have been at the center of interest in
regard to the photocatalytic reduction of CO,. The first group
contains octahedrally coordinated d° transition metal ions—
Ti*", Zr*t, Nb°*, Ta’", V°*, and WS —which have an empty d
orbital. TiO, is the most prominent member of the group,
which includes binary oxides (e.g. ZrO,, Nb,Os, Ta,0;s) and
a number of more complex oxides referred to as titanates,
niobates, tantalates, etc.”*'® These often occur in a perov-
skite, AMO; (e.g. Sr'TiO;, NaNbO;), or in perovskite-related
structures. The second group contains main group metal
oxides in a d' configuration (i.e. with a fully occupied d
orbital) with a general formula M,O, or AM,O,, where M
stands for Ga, Ge, In, Sn, or Sb, while A is an electropositive
cation such as an alkali, alkaline earth, or rare earth metal
ion."™**1%l Many of these photocatalytically active binary and
ternary oxides initially found application in the photocatalytic
splitting of water, but have very recently started to also be
employed for the photoreduction of CO.,.

The top of the valence band in binary d’ and d'° metal
oxides is primarily made of oxygen 2p orbitals. This means
that a photogenerated hole in the VB has a strongly oxidizing
character, which is thermodynamically capable of oxidizing
water. Scaife™®! noted that their approximate potential is
2.94 V versus the NHE, while Matsumoto"*”! suggested that it
can be estimated as 1.23 V+ E,/2. In any case, a wide band
gap is needed for the conduction band to be sufficiently
reductive. The theoretical limit for the reduction of CO, is
—0.24 V versus the NHE at pH 7 [see Eq. (6)], but in practice
some overpotential is necessary and the band gap has to be
larger than 3.0 eV. The conduction band of d° oxides has
a strong d-orbital character, which originates from the
antibonding interaction between transition metal t,, (i.e. d)
orbitals and oxygen.”>*!®! In simplified terms, the excitation
of the electron from the VB to CB can be seen as charge
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transfer from the oxygen atom to the metal, for example,
leading to the excited state (Ti**-O7)*, postulated for TiO,."!
In these oxides, the minimum of the CB and hence the band
gap increases as the effective electronegativity of the tran-
sition-metal ion decreases, which can be ordered as W% >
Nb** = Ti*t > Ta™ > Zr** .1 Accordingly, WO, has the
smallest band gap of 2.7¢eV, and with the edge of its
conduction band located at 0.0 V versus the NHE at pH 7,
it cannot reduce CO,.*"1*] However, a rectangular sheetlike
monoclinic crystal of WO; with dominant {002} facets has
been shown recently to possess a slightly larger band gap
(2.79 eV) and a conduction band elevated by 0.3 V.Yl This
was sufficient to enable formation of small amounts of CH,
from CO, (0.34 umolg 'h™'; see Table 2). Competition from
proton reduction was negligible because the E potential was
still too positive for this reaction to proceed (Exye(H/H,) =
—0.41 Vat pH 7). In another recent development, 0.9 nm thin
and several micrometer long W;;O,, nanowires were able to
reduce CO, under illumination with visible light.* This was
attributed to the presence of numerous oxygen vacancies or
defects in the monoclinic structure of the nanowires providing
reduction sites and improving the adsorption of CO,. The
photocatalytic activity was suppressed after exposure to
H,0,, presumably by filling the vacancies. This was accom-
panied by a change in the color of the catalyst from deep blue
to the standard yellow of WO;.

Other oxides in the series have wider band gaps, up to
5.0 eV for ZrO,. With its CB minimum at a strongly negative
potential (Ecg=—1.4V versus the NHE at pH 7), ZrO, is
capable of reducing CO, to CO in an aqueous dispersion
without a co-catalyst or a sacrificial electron donor, although
the rate of concurrent water reduction was 100 times
higher.® At the same time, the width of its band gap
severely restricts the absorption of light.

Despite its weakly reductive CB, TiO, is the binary oxide
used most extensively for CO, reduction (see Section 4.2).
Similar results as for TiO, were obtained with alkaline earth
metal titanates, which have band gaps of comparable energy
(ca.3.2eV). SrTiO; was shown to photoreduce CO, to
methane in the presence of Pt,'”! while the use of BaTiO,
for the reduction of CO, resulted in the formation of formate
and HCHO.['" 8] The rates of the reactions were low; for
example in the latter case, the photonic efficiency was
0.0021 % for illumination at 320 nm <A <580 nm. Interest-
ingly, a different barium titanate, BaTi,O,, with an ortho-
rhombic crystal structure was considered to be more photo-
active because of distortions in the TiO, octahedral structure
(Ti*" ions displaced from the center of gravity of six oxygen
ions). This local anisotropy is responsible for the generation
of a dipole moment, which is thought to promote charge
separation through an internal polarization field, a typical
effect in ferroelectric materials.** BaTi,O, was, however, not
tested for the reduction of CO, but only for the splitting of
water. Potassium hexatitanate, K,TizO,;, loaded with Pt was
also able to reduce CO, to CH,, HCOOH, and HCHO, but
their combined rate of formation was still 240 times lower
than that of H,.l'””) These results underline the importance of
choosing an appropriate co-catalyst. For example, silver is
a known electrocatalyst for the reduction of CO, to CO. With
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this background, lizuka et al. have recently produced CO
almost selectively by using a wide band gap (3.8¢eV)
quaternary titanate, BaLa,Ti,O;s, decorated with 10 nm Ag
NPs formed by the reduction of Ag' in solution with
hypophosphite.? Apart from traces of HCOOH, hydrogen
was generated at a lower rate than CO, while O, was formed
at a stoichiometrically matching rate. In this way, no hole
scavenger was necessary because the water functioned as an
electron donor. It was claimed that the crystal structure of the
material facilitated the separation of the reduction and
oxidation sites, thereby preventing reoxidation of the prod-
ucts. The reduction sites were located at the edges of the
layers of the perovskite structure, while the oxidation
proceeded at the basal plane.

Niobates with a perovskite structure share many charac-
teristics (nontoxicity, stability, indirect wide band gap) with
titanates, although their conduction band is slightly more
reductive. For example, the minimum of the CB of NaNbO; is
located at —0.71 V versus the NHE at pH 7.2" NaNbO, and
KNbO; decorated with platinum NPs by photodeposition
were both shown to reduce CO, to CH, without sacrificial
electron donors.””” Potassium niobate performed about
2.5 times better, which was attributed to a smaller band gap
(3.1eV for KNbO; versus 3.4 eV for NaNbO;) and higher
mobilities of the charge carriers, which were deduced from
DFT calculations of the energy bands. Similar arguments of
a more dispersive conduction band were used to explain the
two-times higher rate of formation of CH, with the cubic
crystal structure of NaNbO; compared to the more common
orthorhombic one (4.86 versus 2.45 ymolg~'h™").”%! It was
also demonstrated that NaNbQO; nanowires with a diameter of
about 100 nm and a length of about 50 um produced methane
at a significantly higher rate than micrometer-sized parti-
cles.”™ The nanostructured material possessed a much larger
surface area and its crystal lattice had fewer defects. More-
over, the high aspect ratio provided short pathways for
electron and hole transport. These results conform with
a trend that the photocatalytic activity of nanostructured
niobates is at least tenfold higher that of their bulk counter-
parts.[?%%!

Lamellar perovskite niobates and tantalates hold great
promise as active photocatalysts.”*! They are composed of
thin (ca. 1 nm) sheets of edge- and/or corner-shared NbOg or
TaOy octahedra, with the other cation intercalated between
the layers.” The structure is favorable for the separation and
transfer of photoexcited charges, deposition of co-catalysts,
and selective intercalation of reactants.”” In this context,
layered calcium niobate HCa,Nb;O,,** or strontium niobate
Sr,Nb,0, and tantalate Sr,Ta,0,7" or niobic acid HNb,O4*%!
have proven effective for the generation of H,. The acid in the
form of 50 nm thick, 300-500 nm wide, and 5 um long
nanobelts prepared by a hydrothermal method was also
employed successfully to selectively photoreduce CO, to
CH,,."!!! The rate of formation with the acid was twice as high
as that with KNb;Og because of its hydrophilic nature and
Brgnsted acidity. It was speculated that, because of the high
concentration of CO, at the reaction sites, the photogenerated
H' radicals were trapped by CO, molecules instead of
combining to form H,. Moreover, the nanobelts led to
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a 20 times higher yield than the same compounds prepared
by a solid-state reaction and an about 10 times higher yield
than P-25 particles.

A sustained dipole in ferroelectric materials causes
significant band bending at the interfaces and thus effectively
separates the photoinduced charges.*! This means that the
reduction and oxidation sites can be spatially separated,
which slows down back reactions. Ferroelectric LiNbO;, with
a remnant polarization of 65 uCcm™ and a low electron
affinity (i.e. highly reducing), photoreduced CO, to formic
acid and HCHO with a power conversion efficiency of 2%,
which is 11 times more efficiently than P-25 particles.”! In
addition, the ferroelectric surfaces might facilitate CO,
adsorption which would lower its reduction potential.

Nitrogen doping is a typical example of band gap
engineering designed to improve the absorption of light in
the visible range (see Scheme 8b). This approach relies on
additional intraband states originating from nitrogen 2p
orbitals which have higher energies than oxygen 2p orbitals
and, therefore, lie above the valence band of the oxides. Its
application to TiO, was discussed in Section 4.2.2.11%%! n the
case of niobic acid, nitrogen doping reduced the band gap by
0.8 eV and red-shifted the onset of absorption by 80 nm
(Scheme 12). Importantly, the lamellar structure of the acid

HNb,O,4 N-doped HNb;O,

Scheme 12. Schematic band structures of HNb;O, and N-doped
HNb;O;. Reproduced from Ref. [89] with permission.

was preserved in the doping process, and hence the resulting
material remained highly photocatalytically active.”'”! Tanta-
lum pentoxide Ta,Os; has a wide band gap of 4.0eV, but
following treatment with gaseous NH; the gap shrank to only
2.4-2.5 eV, thus resulting in a shift of the adsorption edge
from 320 to 500 nm.”" It lost its n-type character in the
process through elimination of the oxygen vacancies and
became a p-type semiconductor. This is a favorable feature
for the injection of a photoexcited electron into a co-catalyst.
Sato et al. employed N-Ta,Os anchored with a ruthenium-
based electrocatalyst [Ru(dcbpy),(CO),]*" to reduce CO, to
formic acid and CO under irradiation with visible light.’*"!
The quantum yield at 405 nm was estimated to be 1.9% and
1.0% at 435 nm. The maximum of the valence band was
shifted upwards in N-Ta,Os5 to about 1.1 V, and the photo-
catalyst was hence unable to use water as an electron donor
(i.e. oxidize it). TEOA fulfilled the role of a hole scavenger
and—partially—of a proton source. Chemisorption of the
metal complex through phosphonic groups rather than
carboxylic groups was found to increase the efficiency
almost fivefold because of stronger electronic coupling
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between the semiconductor and the electrocatalyst.*™*! The
band gap can be narrowed by further replacement of oxygen
with nitrogen atoms.!'’*! Oxy(nitride) TaON has a band gap
of 2.4 eV, while that of the nitride Ta,N; is even smaller at
2.1 eV. The position of the conduction band, composed in
each case of Ta 5d orbitals, was not affected, thus offering
a way to improve the absorption of light without lowering the
reduction potential.

The disadvantages of doping through an increased recom-
bination rate and decreased charge mobility can be sup-
pressed by the formation of multi-metal oxides. The intro-
duction of cations, such as Ag", Pb*", and Bi*", with fully
occupied low energy d or s orbitals into the VB, contributes to
the up-shift of the band. In the case of AgTaO; and AgNbOs;,
the new valence band formed by hybridization of oxygen 2p
and silver 4d orbitals effectively decreases the band gap by
0.6 eV (Scheme 13) without noticeable changes to the per-

NaTaOs AgTaO; NaNbO; AgNDO;3
cB . Ta5d
Nb 4d
w
4.0eV 34eV 3.4eV 28eV

77777 Ag4d. 77777 Ag4.
7_ 82p 77 8 2p

VB 02p 02p

Scheme 13. Comparison of the band structures of NaTaOs;, AgTaO;,
NaNbO;, and AgNbO;. Reproduced from Ref. [216] with permission.

ovskite structure.”' As a consequence of the higher VB,
AgNbOj; becomes active in the visible range (>420 nm) and
results in the generation of H,. The recent findings regarding
CuNbO; are even more promising.””! This p-type semi-
conductor has a narrow band of 1.95 eV originating from the
Cu 3d character of the valence band and a conduction band
minimum appropriate for CO, reduction. Furthermore, its
electronic structure permits nearly direct band gap transitions
because of Cu to Nb d-d excitations, thereby facilitating the
harvesting of light.”'® In related copper(I) tantalates,
CusTa;; O3, and Cu;Ta;0O;9, which have band gap widths of
2.59eV and 2.47¢eV, respectively, the conduction band,
composed of Ta 5d orbitals, is even more reductive at
—1.53V and —1.28 VP The crystal structures of these
oxides consist of pentagonal TaO; bipyramids instead of
TaOg octahedra. Such a structure exhibits a stronger deloc-
alization of the conduction band states within layers of the
bipyramids, which results in a higher electron mobility. It
appears that the copper(I) compounds are very good candi-
dates for the photocatalytic reduction of CO, and have been
discussed in such a context, but this expectation is yet to be
verified experimentally.'”!

Such verification has already been performed for several
d’ metal oxides containing Bi*" ions, where the valence band
is shifted upwards by hybridization of occupied oxygen 2p and
bismuth 6s orbitals.””! For example, bismuth vanadate BiVO,
with a monoclinic scheelite structure has a band gap of only
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2.24 eV and was shown to selectively photoreduce CO, to
ethanol, although under weaker illumination some methanol
was also formed.”®!) It was argued that the dimerization of
intermediate C; species occurred as a result of their high
concentration at the surface and the intensity of the irradi-
ation producing a large number of photogenerated electrons.
The rate of formation of ethanol obtained with monoclinic
BiVO, was even 17 times higher than with tetragonal BiVO,,
possibly because of the easier adsorption of CO, on the
former and the larger (2.56 eV) band gap of the latter. More
recently, square nanoplates of Bi,WO, with a thickness of
about 10 nm prepared by a hydrothermal route were demon-
strated to photocatalytically reduce CO, to methane when
illuminated with visible light.??? Their band gap of 2.75 eV
was a little larger than that in the bulk material (2.69 eV),?*!
but the size and shape allowed for quick electron transfers to
the surface and for provision of a highly active surface with
a {001} facet for CO, adsorption and subsequent dissociation.

The photocatalytic splitting of water by indium tantalum
oxide doped with nickel, In, ,Ni,TaO, (x=0-0.2), under
irradiation with visible light was reported by Zou et al., and
generated much interest in this group of semiconductors.” It
was the first observation of the concurrent photocatalytic
generation of both H, and O, without an applied bias and
a UV light source; however, the measured optical band gaps
for InTaO, (E,=2.6¢eV) and InNbO, (E,=2.5¢eV) caused
some controversy.””! Both ternary oxides have a wolframite
structure which contains corner-shared InOg and TaOg
(NbOg) octahedra arranged in a zigzag pattern. DFT calcu-
lations have shown that both systems have wide band gaps
(3.70-3.96 eV for InTaO,?* and 3.43 eV for InNbO,)"” with
an indirect transition between the VB dominated by the
oxygen 2p orbital and the CB dominated by the Ta 5d (Nb 4d)
orbital. Clearly, the calculated band gaps were significantly
larger than the experimental ones. The actual discrepancy was
even larger because DFT methods tend to underestimate
rather than overestimate the E, value. Various hypotheses
have been put forward to account for the activity of these
oxides in visible light: 1) oxygen vacancies that create
interband (gap) impurity states below the Fermi level®**!
(Scheme 8d),2) absorption by Frenkel excitons,™ or 3) In,O,
impurities which exhibit a matching (2.62¢V) band
gap.2®?%1 None of these hypotheses has as yet sufficient
corroborating evidence, and the explanation remains elusive.
This confusing picture is exacerbated by the fact that nickel is
used for two different roles. Firstly, it serves as a dopant which
further decreases the band gap of In; Ni,TaO, because of the
distorted structure of the NiOg octahedra®® or because of
the introduction of dopant states above the valence band.”*”!
It can also weakly contribute to the absorption of light at
about 2.7 eV, which originates from internal d-d transitions;
however, this excitation is photocatalytically inactive. Sec-
ondly, nickel is also a co-catalyst, often in a Ni@NiO
configuration, referred to as NiO,.

Despite this lack of understanding, InTaO, and InNbO,
prepared by either a high-temperature solid-state reaction or
by a sol-gel synthesis?®® have been employed in studies of
CO, photoreduction. Pan and Chen suspended 1-2 um
InTaO, particles in an aqueous solution of KHCO; and
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observed that methanol was produced at a rate of
1.39 pmolg'h~" under illumination from a 500 W halogen
lamp."! According to the authors, this rate corresponded to
an (internal) quantum efficiency of 2.45%. Wang et al.
showed that the addition of a NiO co-catalyst, which acts as
an electron trap and facilitates the formation of H* radicals
that react with CO,, increases the rate of formation of
methanol in the aqueous phase almost tenfold.”*"! They also
achieved a rate of formation of 11.1 pmolg~'h™" in the vapor
phase in an optical fiber reactor under intense irradiation of
327 mWcem 2 The (external) quantum efficiency in the
aqueous- and vapor-phase experiments was 0.0045% and
0.063 %, respectively.

Tsai et al. decreased the band gap of InTaO, to 2.28 eV by
doping with nitrogen.?® They inferred that the conduction
band of InTaO, is not reductive enough (Ez = —0.8 V versus
the NHE at pH 0) for transferring electrons to NiO (Eqz =
—0.96 V versus the NHE). Hence, they used a Ni@NiO
structure to trap electrons in the nickel and to provide
catalytic centers on the NiO surface. The reported rate of
formation of methanol was 65 umolg~"h™' upon illumination
with visible light (390-770 nm). It was increased twofold by
nitrogen doping and threefold by the addition of the co-
catalyst. In another study, Ni@NiO was found to be a more
effective co-catalyst of InNbO, than Co;0, NPs, although the
difference was only about 5% in favor of nickel.” The
presence of small amounts of Nb,Os; during preparation
helped to maintain the small size of the NiO particles needed
for their photocatalytic activity.

Metal oxides in which the core ion is in a d' electronic
configuration have attracted considerable attention in recent
years because of the characteristics of their conduction band.
In contrast to d’ oxides, where the conduction band is
primarily composed of d orbitals, in d'° oxides hybridized
s and p orbitals form the lower end of the band. Such mixing
of orbitals confers a large dispersion in k-space on the band
and thereby a high mobility of the photogenerated elec-
trons.” ! Many of the ternary d' oxides also contain Zn>*
ions because the p-d repulsion of the occupied oxygen 2p and
zinc 3d orbitals raises the valence band without affecting the
level of the conduction band, and thus decreasing the gap.[**
The respective oxides are also in general stable in water under
UV irradiation.

Zinc germanate, Zn,GeO,, has been the subject of several
studies on the photocatalytic reduction of CO, in the last few
years. As a consequence of the wide band gap of 4.5 eV, it was
earlier proven to be capable of splitting water, especially
when decorated with RuO, NPs as oxidation catalysts.*! Tts
willemite crystal structure consists of GeO, and ZnO,
tetrahedra. Interestingly, the GeQO, tetrahedra are heavily
distorted so that a dipole moment of 1.6 D is generated inside.
The associated field is thought to promote the electron-hole
separation, as was previously discussed for BaTi,O,. Recent
computational studies have shown that CO, preferentially
adsorbs on the Zn,GeO, surface near or at an oxygen vacancy
site.” In the latter case it can dissociate to CO, thereby
filling the vacancy with its oxygen atom. Without a vacancy,
a CO, molecule adsorbs through either bridged carbonate-
like species or bidentate carbonates, depending on the crystal
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facet. The activity of zinc germanate synthesized by a solid-
state reaction was low because of its small specific surface
area (0.6 m’g"), but employing it in a micro/mesoporous
material configuration with a much larger surface area
(90.5m?g™") improved the rate of formation of methane
from 1.4 to 9.5ppmg 'h1.%" Advances in solvothermal
synthetic methods to prepare nanostructured Zn,GeO, ena-
bled further improvements.”! Monocrystalline nanobelts
with a thickness of 7 nm, widths of 20-50 nm, and lengths of
hundreds of nanometers photoreduced CO, to methane at
a rate of 1.5 pmol g 'h ! Deposition of RuO, and Pt NPs
(co-catalysts of oxidation and reduction, respectively) on the
nanobelts enhanced the formation rate to 25 pmolg'h™'. In
another report, monocrystalline hexagonal prism Zn,GeO,
nanorods (250 nm in length and 150 nm in width) were shown
to produce CO at a rate of 17.9 ppmh ™' and methane at a rate
of 3.5 ppmh~L2* The relatively large size of the nanorods
meant that the quantum confinement effects were small and
the band gap rose merely to 4.65 eV. The minimum of the
conduction band was estimated to be at around —0.7 V versus
the NHE at pH 7, thus suggesting that thermodynamically the
eight-electron reduction of CO, to methane is indeed
possible.

Nevertheless, the wide band gap remains a significant
limiting factor. This is why—similar to the Ta,Os; com-
pounds—efforts have been focused on decreasing the band
gap through the creation of a solid solution with nitrides. To
this end, zinc germanium oxynitride (Zn, 4,,Ge)(N, 30, 15) has
been synthesized and demonstrated to possess a suitably
narrow band of about 2.7 eV.??! The decrease in the gap
width stems from the repulsion between the electrons in the
zinc 3d and the electrons in the nitrogen 2p and oxygen 2p
orbitals in the upper valance band, which raises the top of the
valance band. Accordingly, the oxynitride was able to reduce
CO, to methane at a rate of 2.7 ppmg~'h™' under illumination
with visible light in the presence of platinum NPs.*** This rate
was a little better than a comparable rate obtained for N-
doped TiO, material. The percentage content of nitrogen in
the compound depends on the duration of the nitridation in
NH;. A nitridation time of 10 h was found to be optimal.
Methane was also obtained when sheaflike hyperbranched
structures of visible-light-active Zn, ;GeN, ;O were employed
under ambient conditions.”"!! The reported photonic (i.e.
external quantum) yield at 420 nm was 0.024%. Figure 5
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Figure 5. CH, generation over a) Zn, ;GeN; 4O, b) 1 wt% Pt-loaded
Zn, ;GeN, 4O, c) T wt% RuO,-loaded Zn, ;GeN, 3O, and d) 1 wt% RuO,

and 1 wt% Pt co-loaded Zn, ;GeN;, 3O as a function of irradiation
times with visible light. Reproduced from Ref. [241] with permission.
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shows the effect of decorating the structures with RuO, and
platinum NPs on the efficiency of the photoreduction, with
the best results obtained when both types of NPs were used
together. While methane was the major product of the CO,
reduction on zinc germanate, carbon monoxide was produced
almost selectively with the indium germanate In,Ge,O,(En)
(En = ethylenediamine).?*! Ultrathin nanowires of the mate-
rial, prepared in an En/water solvent and loaded with
platinum NPs, were active in the UV range (E,=3.98¢V)
and formed CO in the presence of water vapor at a rate of
about 0.9 umolg 'h™" when illuminated with a Xe arc lamp.
The benefits of nanostructures are further exemplified by
hexagonal nanoplates of zinc stannate, Zn,SnQO,, arranged to
form micrometer-sized octahedra.”*! As a consequence of the
conduction band minimum located at —1.17 V versus the
NHE, this d' ternary oxide is a suitable material for the
photoreduction of CO,, albeit only under UV illumination
(E,=3.6 eV in the bulk and 3.87 eV for the nanoplates). The
rate of formation of methane with the nanostructured sample
was 20.1 ppmg ', compared to only 1.5 ppmg~' with the bulk
sample. The rate increase was attributed to the high surface
area, high rate of electron transfer along the nanoplates, facile
electrolyte diffusion within the meshlike structure of the
octahedral, and the significant light scattering by the micro-
meter-sized objects, which is beneficial for the absorption of
light. The addition of co-catalysts, RuO, and Pt NPs,
substantially improved the results, and led to the highest
CH, formation rate of 86.7 ppmg ' under identical condi-
tions.

Gallium oxide, especially the polymorph a-Ga,0O; with
a high surface area, has a good affinity towards CO, through
surface OH groups and the formation of various (bi)carbon-
ate species.”*! This property has been used in studies of the
photocatalytic hydrogenation of CO, on the surface of Ga,0O;,
that is reduction with H,.?*! The same reductant was also
used in the reduction of CO, to methanol on gallium oxide
based zinc-copper double layered hydroxides.?*!

However, Ga,0; has a high reducing potential (—1.45V
versus the NHE at pH 7) and is able to photoreduce CO,
without the use of additional reductants and co-catalysts.
Recently, Park et al. employed mesoporous (-Ga,O; with
a pore size of 3.9 nm and microporous channels to convert
CO, into CO and CH, with formation rates of 1.46 and
0.21 umolg~'h™!, respectively.’*”) The rates were about four
times higher than for the bulky (-Ga,O; analogue. This
improvement was attributed to the higher active surface area
as well as to efficient electron-transfer properties, good
penetration of light, and gas diffusion in the porous structures.
Mesoporous zinc gallate, ZnGa,0,, with a spinel crystal
structure and a wide band gap of 4.4 eV was also shown to
induce the photocatalytic reduction of CO, to methane.™ In
contrast, the same compound prepared by a solid-state
reaction produced only traces of methane. Similar to other
d' oxides, the improved separation of the electrons and holes
by decoration of the semiconductor with RuO, NPs led to
a significant, almost tenfold, increase in the rate of formation
of CH,.

Gallium zinc (oxy)nitride, (Ga,,Zn,)(N,O,), could alle-
viate the major deficiency of zinc gallate, that is the width of
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its band gap. This semiconductor can be construed as a solid
solution of GaN and ZnO, but its activity to visible light is
a little surprising because both components have wide band
gaps.® This activity is thought to originate from the
interaction of oxygen 2p with nitrogen 2p and zinc 3d orbitals
which shift up the valence band.? It was recently shown that
the band gap can be modulated between 2.2 and 2.7 eV by
varying the content of GaN and ZnO.*! With a band gap of
2.2 eV, which corresponds to an onset of absorption at
565 nm, a significant part of the solar spectrum can be
covered. This semiconductor has been applied successfully to
the splitting of water under illumination with visible
light,*%3) but—to our knowledge—has not yet been used
for the photoreduction of CO,, unlike its Ge-containing
counterpart.?*!

All of the methods presented here for narrowing the band
gap to harvest visible light have relied on raising the energy of
the valence band. The futility of modifying the conduction
band level is illustrated well in a recent study on delafossite
Fe-substituted CuGa0,.”>¥ Delafossites, materials with the
general formula ABO,, contain layers of octahedrally coor-
dinated B*' ions interlaced with layers of A" ions. They
usually only absorb UV light; however, CuGaO, has a weak
absorption feature at 2.6 eV, which is associated with an
indirect gap transition. This is, presumably, due to a similar
effect as discussed earlier for CuNbO;, of the copper 3d
orbitals raising the valence band. At the same time, when
some of the Ga*" ions were substituted with Fe**, the resulting
CuGa,_Fe O, (x =0.05-0.20) absorbed strongly in the visible
region because of a narrow band gap of 1.5 eV. CuGaO, was
shown to photocatalytically reduce CO, to CO at a relatively
low rate of about 9 ppmg~"h~', but this rate was not increased
with CuGa, Fe,O,, irrespective of the iron concentration.
The authors argued that the introduction of Fe** ions lowered
the conduction band because of distortions in the crystal
lattice so that its level was below the reduction potential of
CO, to CO. Therefore, despite enhancing the absorption of
light, the photocatalytic activity did not improve and, if
anything, worsened.

4.3.3. Phosphides

Several main group metal phosphides, in particular GaP
and InP, have also been studied for their ability to reduce CO,
in photochemical or photoelectrochemical setups. GaP is a p-
type semiconductor with a reasonably narrow band gap
(2.3 eV) and a very favorable, highly reducing, position of the
conduction band. It was shown in the seminal work by Inoue
et al. to photoreduce CO, to methanol and smaller amounts
of HCHO much more efficiently than, for example, TiO, or
ZnO.”" Barton et al. have also employed p-GaP as a photo-
cathode in a photoelectrochemical cell, in which a photonic
(external quantum) yield of 2.6 % at 465 nm was obtained for
the conversion of CO, into methanol with the electrode held
at —0.5 V versus the saturated calomel electrode (SCE).l""!
Pyridine was added to the electrolyte to act as a co-catalyst
and was thought to be responsible for the selectivity of the
process towards methanol through intermediate carbamate
species.
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On the other hand, p-InP semiconductors tend to photo-
reduce CO, to formate, although the minimum of its
conduction band is located about 0.85V lower. Arai et al.
built a photoelectrochemical cell with a zinc-doped InP
photocathode (E,=1.35¢eV) modified with a ruthenium
coordination polymer [Ru(L-L)(CO),],, in which L-L is
a diimine ligand.l The system exhibited good selectivity
for the formation of formate in an aqueous environment
under irradiation with visible light (4>400nm) and an
applied potential of —0.6 V. Importantly, isotope analysis
using *CO, and D,O has proven that the CO, and water acted
as sources of carbon and protons, respectively. The system was
further combined with a second photocatalyst based on TiO,-
Pt, which was designed to oxidize water (i.e. extract electrons)
in a separate compartment.” The constructed system,
referred to as a Z-scheme, is composed of two photocatalysts,
which have similar band-gap widths but shifted band edges. It
operates on the basis of a two-step excitation, where the less
reductive electron recombines with the less oxidative hole,
leaving the more active species to drive redox reactions. In
such a scheme, InP anchored with a ruthenium electrocatalyst
photoreduced CO, to formate without any external bias, with
a power conversion efficiency of 0.03 %, thus underlining the
viability of the two-compartment photoelectrochemical
approach.

5. Conclusions

At present, the formation rates of products of the
photocatalytic reduction of CO, on semiconductors rarely
exceed tens of umolg~'h~". This means that the efficiency of
the process is generally lower than in natural photosynthesis
or in the photocatalytic generation of H,. There has been,
however, a surge of interest in the field over the last few years,
as reflected by the quickly growing numbers of publications.
Recent developments are concentrated on new photocatalytic
materials (e.g. novel oxynitrides of metals with d° electronic
configurations or oxides of d'’ metals) and on new nanoscale
structures that offer a large surface area, improved charge
separation, and directional electron transfers. The mechanism
of the process is also the subject of many studies, usually
based on a combination of experimental and computational
methods. These studies attempt to answer the yet unresolved
questions concerning the chemical pathways of CO, reduction
which determine the selectivity of the entire reaction. Of
particular interest are the approaches to overcome the barrier
associated with the activation of a CO, molecule towards the
first one-electron reduction. This step appears to be a rate-
limiting one, because of the highly negative electrochemical
reduction potential of CO, to the anion radical CO,~
compared to the conduction band levels of commonly
employed semiconductors. Other important aspects of the
mechanism which are relevant for a deeper understanding of
the process include charge-carrier dynamics within the semi-
conductors and at their interfaces with the metal co-catalysts;
the effect of the nanostructure of the photocatalyst itself and
the employed co-catalyst; and the impact of the choice of the
catalytic metal on the outcome of the process. As a result of
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the extensive body of research already devoted to TiO,, it is
considered a good model system on which these fundamental
mechanistic questions can be investigated.

The lack of a single measure of efficiency which would
allow for an unequivocal comparison of heterogeneous
photocatalytic systems has to be considered as a serious
impediment to advancing the field. The situation could be
partially ameliorated by standardizing the experimental
conditions as well as by publishing at least two of the popular
measures, one related to the amount of the catalyst (e.g.
formation rate) and one related to the strength of the
illumination (e.g. photonic efficiency). An alternative would
be to devise a new measure that encompasses both relation-
ships. Both approaches would be valuable steps forward for
a consistent assessment of the efficiency of any system with
respect to others and thereby enable identification of the best
performing ones and paths for further improvement.

Photocatalytic reactions taking place in the presence of
sacrificial electron donors are inherently short-term, as they
only work until the donor is used up. Thus far, virtually all the
studied systems focused on the half-reactions of the CO,
reduction. Full cycle systems, with a stronger emphasis on
the oxidation half-reaction (e.g. generation of oxygen or
hydrogen peroxide), will be necessary to allow for long-term
studies. This could give insight into whether CO, photo-
reduction is a commercially viable approach for the produc-
tion of solar fuel. A reliance solely on cheap and abundant
materials will be an important aspect for the future adoption
of this technology, even if small sacrifices in efficiency have to
be conceded. In this context, semiconductors such as TiO,
might have an advantage over some novel materials in terms
of production costs.

One significant problem in the photocatalytic redox
reactions is the separation of the two half-reactions to avoid
reverse processes. The photoelectrochemical cells—hybrid
systems of photovoltaic and photocatalytic devices—offer
a possibility to effectively address this issue and utilize the
advantages of both types of solar devices. As such, they
deserve more attention in future studies.

The heterogeneous photocatalytic reduction of CO, on
semiconductors is not yet ready to be implemented in real-life
solar fuel applications. However, with the current pace of
developments in the field, the emerging understanding of the
mechanism, as well as novel materials should bring the
promise held by this process much closer to fulfilment in the
near future.
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