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The review summarizes the current knowledge about heterogeneous semiconductor photocatalysts that are active towards
photocatalytic reduction of carbon dioxide and molecular nitrogen under visible and near-UV light. The main classes of these
photocatalysts and characteristic features of their application in the target processes are considered. Primary attention is
given to photocatalysts based on titanium dioxide, which have high activity and stability in the carbon dioxide reduction. For
the first time, the photofixation of nitrogen under irradiation in the presence of various semiconductor materials is

considered in detail.
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1. Introduction

In the 20th century, energy was mainly produced from fossil
fuel.!-? During the last two decades, the consumption of
fossil hydrocarbons also considerably increased. A natural
consequence of increasing consumption of various sorts of
fossil fuel is the appreciable increase in the anthropogenic
atmospheric emission of carbon dioxide, resulting from fuel
combustion; in the opinion of some experts, this accounts
for the global warming taking place in recent years. In 2020,
the Energy Strategy of the Russian Federation until 2035
was approved; T among priorities of the Energy Strategy are
...structural diversification, according to which carbon-
based energy would be supplemented by non-carbon
energy and transition to environmentally benign and
resource-saving energy production .

The transition to energy production from renewable
energy sources is one of the most efficient approaches to
tackle the problem of greenhouse gas emissions. According
to forecasts,? the share of renewable energy in the global
energy consumption should reach 10% by 2040. Other
promising ways to decrease the carbon dioxide emission in
the atmosphere are to bind CO, in the places of its
generation and to capture and absorb CO> from the
atmosphere, as this is done by plants in natural photosyn-
thesis. Thus, binding of CO» is relevant not only to the use
of carbon dioxide as a source of carbon, e.g., in chemical
industry, but also to the decrease in the CO, concentration
in the atmosphere.

Serious obstacles faced by specialists who develop chem-
ical approaches to binding CO» arise from the facts that the
linear COz molecule formed upon sp-hybridization of the
carbon atomic orbitals is exceptionally thermodynamically
stable (AG{ y03 = —394 kJmol—1) and relatively inert
against reduction. Therefore, the use of carbon dioxide in

T Energy Strategy of the Russian Federation until 2035. Government of
the Russian Federation. Order of June 9, 2020, No. 1523-r, Moscow.
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the chemical industry as a potential substrate for the
preparation of target products is still very limited. The
simplest chemical transformation of CO, into much more
reactive compound is dissolution in water to give the
carbonate anion; the carbon atom in the carbonate anion
is more reactive due to sp>-hybridization. This chemical
reaction is of prime importance for the successive trans-
formations that take place during green plant photosyn-
thesis, in which this reaction is accelerated by carbonic
anhydrase, a special zinc-containing enzyme.* It is quite
possible that the development of artificial analogues of
carbonic anhydrase may facilitate the absorption of atmos-
pheric CO, by natural water bodies, first of all, seas and
oceans, which have always been the main natural systems
that maintain the CO; balance in the atmosphere. However,
note that the chemical transformation of CO, to the
carbonate ion is not accompanied by a change in the valence
state of carbon; meanwhile, compounds containing carbon
in a lower oxidation state (CO, hydrocarbons, carbohy-
drates, etc.) are more desirable products of CO» trans-
formation.

In industry, CO; is reduced via hydrogenation processes,
which take place at rather high temperatures. In living
nature, CO; is reduced to organic compounds under mild
conditions. However, carbon dioxide reduction under
chemically mild conditions occurs, as a rule, under the
action of additional physical factors such electric field or
light radiation. The electrochemical conversion of CO: is
still at the exploratory stage, which is due to low efficiency
and low selectivity of the electrocatalyzed transformations
proposed so far (see, for example, Ref. 5). An interesting
alternative to electrochemical reactions is the photochem-
ical or photocatalytic conversion of CO; to various reduc-
tion products,® which actually mimic the natural plant
photosynthesis. It is known that exposure of the system to
UV or visible light eliminates the thermodynamic restric-
tions on the reductive transformation of carbon dioxide to
organic compounds. Possible products of the joint photo-
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Figure 1. Scheme of
CO; reduction reac-
tions.” Published

with permission from
Elsevier.

catalytic conversion of CO, and water are alcohols and
hydrocarbons (Fig. 1).

Regarding the environmental protection, large-scale
conversion of CO, to useful organic products through the
energy of sunlight could be the optimal route for solving the
problem of disposal of greenhouse CO,, as in this case,
carbon dioxide can be regarded as a renewable raw material
source. The most promising approach is the transformation
of CO; into valuable products using the sunlight as an
inexhaustible energy source. However, since the use of light
emitting diodes and other unconventional light sources
appreciably increases the efficiency of conversion of elec-
trical energy to light energy, the photochemical transforma-
tions of CO; under the action of artificial light sources are
also of obvious interest.

The light-stimulated CO» conversion to useful products
in artificial systems is a subject of studies, the activity of
which has markedly increased over the last 10—15
years.!»7~13 The greatest attention has been devoted to the
photocatalytic reduction of carbon dioxide, which results in
the formation of simple organic compounds such as form-
aldehyde, methane and methanol.'#

In the case of photocatalytic reduction of carbon di-
oxide, the photocatalyst performs three functions:!3 10
(1) absorbs light; (2) ensures spatial separation of photo-
generated charge carriers; and (3) gives rise to surface active
sites for dark catalytic reactions.

The heterogeneous photocatalytic systems based on
TiO> or ZnS type semiconductors have been studied in
most detail. These materials are responsible for all the
three above-mentioned functions, although in some cases,
they are used together with sensitizers, which enhance the
visible light absorption. The dark chemical step usually
proceeds most efficiently on the surface of a co-catalyst,
but can also take place on the semiconductor surface. The
co-catalysts used most often are metals (Pt, Pd, Cu, Ni, etc.)
or metal oxides (NiO, RuQO,), which form composite struc-
tures with the semiconductor and ensure the spatial separa-
tion of photogenerated charge carriers.

The photocatalytic reduction of CO; is a multielectron
process, which may give various compounds depending on
the particular reaction pathway. A variety of products have
been identified in experiments, mainly carbon monoxide
and light hydrocarbons;!” however, in some cases, the
formation of oxalic acid, acetaldehyde, ethanol and higher
hydrocarbons and alcohols was detected. It is evident that
the photocatalytic CO, reduction is an intricate and non-
selective process; therefore, it is necessary to understand the
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reaction mechanism in order to establish conditions for
selective reduction.

In particular, high concentration of CO; on the photo-
catalyst surface is an important factor; this is especially
important for the reduction of carbon dioxide with water.
In air, the CO; to H>O molar ratiois 1: 1300 at a pressure of
1 atm.'® In addition, the entry of CO, molecules to the
photocatalyst surface is limited by their slow diffusion.!®
Correspondingly, it is necessary to reduce the concentration
of protons and increase the concentration of CO> on the
photocatalyst surface, for instance, by using photocatalysts
with a hydrophobic surface.? Also, it is beyond doubt that
the activity and selectivity of photocatalytic reduction of
carbon dioxide is considerably influenced by hydrophilicity
or hydrophobicity of the photocatalyst surface.?!

An interesting issue is the light-induced fixation of
readily available, but very inert molecular nitrogen, which
proceeds under UV or visible light irradiation. The photo-
catalytic reduction of nitrogen has been little studied in
comparison with the reduction of carbon dioxide, although
the basic features of the action of semiconductor catalysts in
these processes are quite similar.??

The main factors hampering the development of meth-
ods for the photocatalytic reduction of carbon dioxide and
nitrogen are the deficiency of data on suitable efficient and
stable heterogeneous photocatalysts and the lack of unam-
biguous understanding of factors that determine the selec-
tivity of these processes.?? In view of the foregoing, this
review addresses some aspects of the mechanisms of carbon
dioxide and nitrogen reduction and the main classes of
photocatalysts suitable for these reactions.

2. Principle of operation of semiconductor
photocatalysts for carbon dioxide reduction

The first step of the photocatalytic process using semi-
conductors includes absorption of light quanta by the
semiconductor and gives rise to photogenerated electrons
(¢e7) and holes (h") in the conduction band (CB) and
valence band (VB) of the semiconductor. The electrons
and holes have strong reducing and oxidizing properties,
respectively. They can migrate to the semiconductor surface
and subsequently participate in redox processes.

Reduction products

Red Hy &-
_J e~ e e e k_ CO2
OX =7 cm—— 2 H

A Conduction band

g Charge
:formation/separation

Valence band

Ox qh" e Oz +4H*
h+ '/» 4h+

.

Red 2H20

Figure 2. Formation of photogenerated electron—hole pairs and
redox reactions involving these pairs, including the reactions of
CO; and H,O.! Published with permission from Wiley.

Thus, the key factors affecting the photocatalytic activ-
ity of a semiconductor material are (1) the ability of the
photocatalyst to absorb light; (2) electron—hole separation
efficiency; (3) the ability of components of the material to
catalyze a particular transformation on the surface (Fig. 2).

The reduction of water to give hydrogen and the
reduction of CO, to give CO and organic compounds
require relatively strong reducing agents, which can be
represented by photogenerated electrons. Despite the fact
that the possibility of photocatalytic implementation of
both processes was established back in the 1970s, currently
the photocatalytic reduction of CO, has been markedly less
studied that the reduction of water to give hydrogen.?* 25

The complexity of the photocatalytic reduction of the
CO; molecule is primarily related to high energy required
for C=0 bond cleavage. The single-electron reduction of
CO; to the CO; " radical anion requires a reducing agent
with a great negative potential [more negative than —1.9 V
vs. the normal hydrogen electrode (NHE) at pH 7]. None of
known semiconductors with a rather narrow band gap has a
sufficiently great negative CB level. The simultaneous multi-
electron oxidation of water requires that the valence band
top be more positive than 0.81 V vs. NHE at pH 7. Mean-
while, the multielectron reduction of CO5 involving protons
requires less negative electrochemical potentials of the
reducing agent. Table 1 summarizes the standard electrode
potentials vs. NHE at pH 7 for the most probable carbon
dioxide reduction reactions.?®

The reduction of CO; to valuable products includes the
carbon hydrogenation and, in some cases, carbon—carbon
bond formation steps. For multielectron reduction of car-
bon dioxide to occur, it is necessary to overcome not only
thermodynamic, but also kinetic restrictions. It is note-
worthy that CO; is sparingly soluble in water (0.8—
1.0 vol.% at 20 °C and a CO; pressure of 1 bar). In
addition, the CO, adsorption capacity of most semiconduc-
tor photocatalysts is moderate. As a result, the concentra-
tion of CO; on the photocatalyst surface where the active
sites are located is very low, which accounts for low
efficiency of the carbon dioxide reduction.

It is evident that photocatalytic water decomposition
and carbon dioxide reduction include the following similar
steps: light absorption by the photocatalyst, formation of
electron—hole pairs and migration of the photogenerated
charge carriers to the photocatalyst surface. These two
processes differ in the reactions involving conduction elec-
trons on the catalyst surface: hydrogen is formed via the
reduction of protons followed by recombination of hydro-
gen atoms, while the reduction of CO; follows a more
complex mechanism, which includes CO, adsorption and

Table 1. Standard electrode potentials (E°) vs. NHE at pH 7 for the
most probable reactions involving water and carbon dioxide (accord-
ing to Morris et al.%%).

Reaction E° V,vs. NHE
2H,O +4h"™ - 4H" + O, +0.81
2H" +2e~ - H» —0.42
CO; +e= - COy” —1.90
CO; +2H" + 2e~ - HCO-H —0.61
CO; +2H*" +2e~ - CO + H,O —0.53
CO>,+4H*' +4e— - HCHO + H,O —0.48
CO; + 6H" + 6~ - CH30H + H,O —0.38
CO; + 8H™ + 8¢~ —» CHy + 2H,0 —0.24
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activation and formation of products via successive steps of
C=0 bond dissociation and C—H (and probably C—C)
bond formation on the surface of the photocatalyst. The
reduction of carbon dioxide in both gas and liquid phases
may yield a large number of products, which is still an
obstacle hampering elucidation of the actual reaction mech-
anism.! The vast majority of studies dealing with the photo-
catalytic reduction of CO; are aimed at the synthesis of new
photocatalysts, and only a minor portion of studies address
the reaction mechanism. One more obstacle hampering the
experimental study of the photocatalytic reduction of CO,
is the possibility that detectable carbon-containing products
may result from photoinduced reactions with carbon com-
pounds usually present in residual amounts on the semi-
conductor surface, but not from the CO; reduction.

Nevertheless, in one of the most comprehensive stud-
ies 27 of the photocatalytic reduction of carbon dioxide in
the presence of TiO,, it was shown using '3C isotopes and
mass spectroscopy that if the gaseous reaction mixture
consists of only CO, and water, carbon present in the
obtained organic compounds comes exactly from CO;
rather than from the residual carbon-containing impurities
present in the photocatalyst.?” The nature of the sacrificial
reducing agent is varied rather rarely; most often, water is
used for this purpose, although in this case, the side reaction
of photocatalytic formation of hydrogen proceeds in paral-
lel.?¥ A relatively small number of publications are devoted
to the design of photocatalytic reactors and investigation of
the effect of photocatalyst irradiation conditions on the
yield and composition of the CO, photoreduction products
(see, e.g., Ref. 24). In most studies describing the mecha-
nism of the photocatalytic reduction of CO,, contradictory
and sometimes even mutually exclusive conclusions are
drawn. Therefore, for systematic studies of this reaction, it
is necessary to monitor the conditions of the gas phase and
the state of the catalyst surface and to conduct experiments
using isotopes.

3. Main semiconductor photocatalysts for carbon
dioxide reduction

The search for active heterogeneous photocatalysts for the
reduction of carbon dioxide have been actively carried out
since 1979 starting with the pioneering study of Inoue
et al.>> on the photocatalytic reduction of carbon dioxide
in suspensions in the presence of a large set of typical
semiconductor photocatalysts (TiO,, CdS, WO;3, ZnO,
etc.). In recent years, numerous materials have been tested
as photocatalysts for this reaction, including oxides
71r0,,3%:31 MgO,3? Gay03,33 ATaO; (A = Li, Na, K), CaO
and AlO;3 3234 and sulfides such as ZnS (Ref. 35) and
Bi>S3.3¢ A lot of attention was given to photocatalysts for
carbon dioxide reduction based on graphitic carbon
nitride — g-C3Ny4.37-42

Below, various groups of materials tested as photo-
catalysts for the reduction of carbon dioxide are considered
in detail.

3.1. Titanium dioxide-based photocatalysts

Cheap and non-toxic titanium dioxide is used most often as
a semiconductor photocatalyst for CO;, reduction.!6-43.44
The major drawback of this catalyst is that pure (unmodi-
fied) TiO, is insensitive to visible light, because the band
gap of this oxide is 3.2 €V.?® Therefore, the performance of
titanium dioxide on exposure to sunlight is insufficient.

One more drawback of pure TiO, is relatively fast
recombination of photogenerated electron—hole pairs and,
as a consequence, low quantum efficiency of the target
photocatalytic process.*> The quantum efficiency of TiO,-
initiated photocatalytic reactions can be markedly increased
by the spatial separation of photogenerated charges (elec-
trons and holes). A promising way to reach this goal is to
produce composite semiconductor materials,*® e.g., struc-
tures with interfacial heterojunctions for photogenerated
charges.4”

The band structure of TiO» is mainly favourable for the
light-induced oxidation rather than for reduction reactions,
which require a negative electrode potential of photogen-
erated electrons. Therefore, the main trend of the studies on
the photocatalytic fixation of CO, is modification of the
band structure of titanium dioxide. Below we consider the
known approaches to the use of pure, modified and doped
TiO> and describe the results on the light-induced carbon
dioxide reduction with several photocatalytic systems and
the main regularities of the studied processes.

3.1.1. Carbon dioxide reduction catalyzed by unmodified titanium
dioxide

Titanium dioxide readily adsorbs diverse organic com-
pounds and can contain their residual amounts of these
compounds that have got there during the synthesis. Since
such compounds can also undergo photoinduced reactions
during CO; reduction, it is highly important to identify the
real source of carbon in the detectable products of the light-
induced process. For example, illumination of TiO; in an
oxygen-free atmosphere may result in the formation of
methane from adsorbed organic compounds. By using
isotopically labelled '3CO,, it was shown that irradiation
of TiO; synthesized from titanium isopropoxide gives meth-
ane containing no '3C isotope; hence, methane is not a
product of carbon dioxide reduction, but is formed from the
organic precursor that got into TiO» during the preparation
of the photocatalyst.*8

Relatively high yields of the products of CO; reduction
catalyzed by TiO, were observed for systems that contained
H, and saturated water vapor, apart from carbon dioxide.*’
In this case, the formation of CO, CH4 and C,Hg was
detected under UV irradiation. The quantum efficiency of
the transformation of CO, was ~7%. The authors simu-
lated the photoreduction of CO, using the Langmuir—
Hinshelwood model. The possibility of describing the
kinetics of CO» photoreduction in terms of this model was
also demonstrated by Ku et a/.,>° who studied the reduction
of carbonate anions dissolved in water on exposure to UV
radiation in the presence of suspended TiO, Degussa P25.
The major reduction products were methanol and methane.
It was shown that the photocatalytic reduction of carbonate
anions proceeds more efficiently in an acid medium and that
the reaction rate linearly depends on the light intensity and
is proportional to the concentration of TiO; in the suspen-
sion.

Some studies are devoted to the effect of the structure
and phase composition of titanium dioxide on its activity
towards the photocatalytic reduction of CO,. For example,
Chen et al.>! used magnetron sputtering of titanium for the
synthesis of TiO, films with a mixed phase composition on
borosilicate glasses. Characteristics of a series of films that
were obtained by sputtering at different deposition angles
and had different phase compositions were compared with
characteristics of the TiO, P25 film by testing in CO;
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photoreduction induced by UV and visible light. A film
based on 70% anatase and 30% rutile obtained at a low
deposition angle proved to be more efficient as regards the
initial reaction rate and the degree of conversion of CO» to
methane. At an elevated temperature and a high CO;
concentration, the degree of conversion of CO; to methane
attained in a four-hour experiment was ~ 12%.

A standard reference material in photocatalysis is highly
active titanium dioxide P25 (Evonik, formerly Degussa): a
composite TiO, powder made of ~80% anatase and 20%
rutile with a specific surface area of 40 to 60 m?>g—!
(Ref. 52) and particle diameter of 20 to 80 nm (on average,
~25 nm). Thus, the greatest number of studies of carbon
dioxide reduction have been carried out using particularly
P25 titanium dioxide.>3 57

The high activity of P25 is attributed to interaction
between the two phases that make up the material that is,
anatase and rutile,>® %% with phase interfaces being consid-
ered to be most important.®%-6! Indeed, CB of anatase is
located ~0.2 eV higher than CB of rutile, which gives rise
to a heterojunction. For photogenerated electrons, it is
energetically more favourable to migrate from anatase to
rutile, while the generated holes remain in anatase, thus
providing spatial separation of the photogenerated charges.
However, this model is not generally recognized.’* An
alternative explanation of the high photocatalytic activity
is provided by the presence of electron traps in anatase,
which are located 0.8 €V below the conduction band edge.®?

In most studies, irradiation was performed by mercury
lamps, the main peaks in the emission spectrum of which are
located in the UV region. Both near-UV (UV-A) and far-
UV (UV-C) lamps were used for the photoreduction of CO»
in the presence of titanium dioxide. It was shown®? that
under these irradiation conditions, CO; can be converted to
methane on contact with water.

Analysis of the possible pathways of the photoinduced
reduction of CO; to methane catalyzed by titanium dioxide
was reported by Habisreutinger et al.!> The CO; activation
proceeds via single-electron formation of surface-bound
CO5 °; the subsequent reduction is continued via a number
of elementary steps, including the transfer of electron,
proton or hydrogen radical (H"), cleavage of C—O bonds
and formation of new C—H bonds. Although the sequence
of steps and details of each step have not yet been fully
clarified, three possible pathways for CO, conversion to
methane have been proposed. These pathways are named
according to the nature of intermediates involved in the
sequence of CO, transformations (Fig. 3): (1) formalde-
hyde; (2) carbene and (3) glyoxal pathways.

The deviations between the reaction pathways start from
the formation of the surface-bound CO5 " radical anion. The
monodentate binding via one oxygen atom of this radical
anion to a titanium cation or binding via the carbon atom to
the surface bridging oxygen usually favours the formation
of the carboxyl radicals “COOH.%* Conversely, the biden-
tate binding via both oxygen atoms of the CO; " radical
anion promotes the addition of the hydrogen atom to the
carbon atom to give a formate anion bound in the bidentate
fashion.®> The proton reduction with a photogenerated
electron that appears in the conduction band also gives
rise to a free hydrogen atom (radical) (see Fig. 3).

According to the formaldehyde mechanism (/), the
CO; " carboxyl radical anion recombines with the hydrogen
atom to give formic acid.®® This pathway is most probable
in a liquid medium with a high dielectric constant, for

Formaldehyde Carbene Glyoxal pathway (3)
pathway (1) pathway (2) H o)
\ /,
0=Cc=0 0=Cc=0 0=c=0 [ c—C
Jo e e ? e
! ' L l e +H*
o=¢—0- o0=E¢—0- :0=(¢=0: 0
b 2
H* iH* ie* +H* |HO—CH—C_
H
0=C—O0H CO + OH- F‘i ie*+H+
ie* +H ie* 0=C=0t 0
e HO—CH,—C_
I-‘l ‘co- H
0=C—OH ie*+H+ H [eo+ne
ief +H* C+OH- (0=C—OH 'CHZ—C? H20
H l e +H* e H
. . i e +H*
OH—C—OH CH 7' 0
ie*+H+ le*+H* O=C + OHaas CHa—C{
H
H CH, I v
. /)
H—(‘ZZO + Hy0 iedrH CHy—C + H*
e |
OH e~ +H*
H ¥ X *CHs + CO
i CHsOH CH, Cne
H—C—0- e
H* CH4
i
H—C—OH
i e +H*
CHs;—OH
i e~ +H*
“CHs + H,0 Figure 3. Possible pathways of TiO--

catalyzed carbon dioxide photoreduc-
tion.! Published with permission from
Wiley.

example, in water. In the next step, formic acid accepts an
additional hydrogen atom, being converted to a dihydrox-
ymethyl radical, which loses a water molecule upon the
addition of one more H" to give formaldehyde. The two
subsequent reduction steps result in the formation of
methanol, which is then reduced via two more steps to give
methane. The discussed mechanism has two important
features. First, formaldehyde and methanol are formed as
chemisorbed intermediates and are not released to the bulk
as by-products. Second, C—O bond cleavage in this reac-
tion takes place only in the last-but-one step. It is note-
worthy that mechanism 7/ has not yet received an adequate
experimental evidence. In some experiments, the formation
of formaldehyde and methanol were observed; however,
some specific intermediate steps involving radicals have not
yet been confirmed. If this pathway is actually imple-
mented, one should expect accumulation of, for example,
methanol before the formation of methane; however, this
has not been confirmed experimentally. Moreover, in some
studies, data on the photocatalytic reduction of CO, were
juxtaposed with the kinetic model of the formaldehyde
pathway; the results showed incomplete correlation of the
kinetic profiles of methane and methanol formation with
the proposed mechanism.
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According to the carbene pathway (2), the addition of
the hydrogen radical to the oxygen atom of the adsorbed
CO; " radical induces immediate elimination of one oxygen
atom to give the OH~ anion.®’” This mechanism is most
likely if CO5 " is attached to the semiconductor surface
through the radical anion carbon. The CO molecule remains
adsorbed and can accept two more electrons; this should
give rise to carbon atoms on the surface, which is confirmed
by EPR spectroscopy.®” After that, carbon atoms can be
combined with four hydrogen atoms to successively give the
CH'’ radical, carbene, methyl radical or (upon saturation)
methane. The recombination of the methyl radical with the
hydroxyl radical gives methanol. This means that methanol
is a side rather than intermediate product in this pathway,
while formaldehyde is not formed at all. Note that CO,
methane and methanol were detected in most experiments
on the photocatalytic CO» reduction.®8-6°

Ikeue and co-workers.?1-7? described the competing for-
mation of methanol and methane from the methyl radical,
the probability of appearance of a particular product
depends on the surface hydrophilicity of the semiconductor
and water concentration in the system. It is worth noting
that the experimental data on the accumulation of methanol
and methane are in much better agreement with the kinetic
model of mechanism (2),”' indicating that the carbene
pathway is more likely than the formaldehyde one.

Shkrob et al.7>73 identified the intermediate products of
CO; reduction in an aqueous suspension of TiO» nano-
particles (anatase) by EPR spectroscopy. Of particular
interest was the revealed proneness of the species resulting
from COO,; " redution (formic acid, formaldehyde and
methanol) to participate in the reduction reactions rather
than in possible oxidation reactions in the presence of
photogenerated holes. The involvement of titanium dioxide
and some other semiconductor photocatalysts in oxidation
reactions is an important aspect because of their high
oxidative capacity under the action of light.

The CO; " radical anion bound to the TiO; surface in
the bidentate fashion is able to add a hydrogen atom to
give a C—H bond and, hence, formate anion. This trans-
formation occurs so rapidly that the intermediate cannot
be detected by EPR. Then the bidentate formate adds a
proton to form a formic acid molecule adsorbed in the
monodentate fashion. However, formic acid is rather
easily oxidized to give the monodentate CO; " radical
anion, which is bound more strongly. Shkrob et al.”?
concluded that the only pathway possible for CO» reduc-
tion involving formic acid as an intermediate is a con-
certed reaction in which the electron transfer from the
TiO> conduction band to an acid molecule is conjugated
with dissociation of the acid and formation of a bond
between the hydroxyl oxygen and a titanium cation in the
TiO; surface layer. It is noteworthy that the energy of
Ti— O bond formation exceeds the energy required for the
electron transfer during the CO; reduction.”® This trans-
formation gives rise to the HC O free radical, which can be
detected by EPR. The possibility of intermediate forma-
tion of this species was also confirmed by other research-
ers.’4

In addition, it was found that formaldehyde and meth-
anol are more readily oxidized than reduced under the same
experimental conditions.”? This led to the conclusion that
the reduction of CO> to CHy4 is not accompanied by the
formation of formaldehyde and methanol as intermediates,
and an alternative mechanism was proposed, which

included, in particular, recombination (dimerization) of
formyl radicals to give glyoxal (oxalaldehyde). This com-
pound has a significant electron affinity; therefore, it is
easily reduced to glycolaldehyde [CH>(OH)CHO)]. The sub-
sequent sequence of transformations leads to acetaldehyde
via the formation of experimentally confirmed intermedi-
ates. Acetaldehyde is oxidized to an unstable acetyl radical
and can be converted to a methyl radical and carbon
monoxide. Carbon monoxide is a frequently observed
product of CO; reduction. Methyl radicals can be produced
either from acetaldehyde or by a different pathway: if
acetaldehyde is oxidized to acetic acid, the latter is decar-
boxylated to give a methyl radical and a CO, molecule,
which is able to start the sequence of transformations once
again. In addition, Shkrob et al.”? considered the possible
formation of some other intermediate C, compounds such
as oxalic, glyoxylic and glycolic acids. However, they
cannot serve as sources of methyl radicals due to the
susceptibility to oxidation.

The complex pathway of CO, reduction described above
makes it possible to avoid the intermediate stages that
suppress the conversion of CO, to methane. Meanwhile,
the alternation of reduction and oxidation steps, as well as
involvement of the mechanism of COs recycling can parti-
ally account for the low photon efficiency of the photo-
reduction of CO;, in the presence of TiO»,. Thus, the
hypothesis of the glyoxal pathway of CO, conversion
seems to be important for the understanding of the complex
mechanism of the photocatalytic CO, reduction catalyzed
by titanium oxide systems.

During long-term photocatalytic experiments on CO»
reduction in closed systems, organic compounds more
complex than methane or methanol can be formed (see,
for example, Ref. 75). However, low rates of accumulation
of such products and low photon efficiencies of these
reactions preclude the possibility of practical significance
of this route.

The requirements for the potential practical applicabil-
ity of semiconductor photocatalysts in redox catalytic
processes are well known:7¢

1. the electrochemical potential of a photogenerated
hole should be sufficiently positive to enable the hole to
accept an electron from accessible electron donors;

2. the electrochemical potential of a photogenerated
electron should be sufficiently negative for the reduction
of the target substrate;

3. the photocatalyst material should be stable to photo-
corrosion and should not generate toxic by-products;

4. the photocatalyst material should be readily available
and its use should be economically feasible.

Titanium dioxide is quite consistent with the first, third
and fourth requirements. However, the bottom of the
conduction band and, hence, the electrochemical potential
of a photogenerated electron located in this band are
insufficiently negative for conducting the CO, reduction
under normal conditions. This necessitated the search for
systems based on modified TiO, for photocatalytic CO>
reduction.

3.1.2. Modified titanium dioxide

Currently, there are five fundamentally different
approaches to the modification of titanium dioxide. These
approaches are considered below, together with the results
of experiments on the photocatalytic reduction of CO»
using modified TiO».
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3.1.2.1. Doping of TiO, with metals (nonmetals)

The relatively large band gap of TiO, (~3.2 eV for anatase)
restricts the possibility of using sunlight for photocatalytic
processes (see above). The expansion of the optical absorp-
tion of TiO> to the visible region makes it possible to utilize
a markedly larger part of the emission spectrum for initiat-
ing the reactions, because up to 45% of solar energy is in the
visible region.”7~7°

Doping is one of the most common approaches to
expansion of the optical absorption range of semiconduc-
tors by decreasing the band gap.8°~85 Historically, doping
with metals and nonmetals has been commonly considered
separately.8°~8% The atoms of many metals such as Cu or In
can replace titanium atoms in the crystal lattice of the
dioxide and generate unoccupied energy levels below the
bottom of the conduction band of pure TiO,. The appear-
ance of new accessible energy levels increases the efficiency
of light absorption and, hence, expands the possibility of
using the energy of the incident photons for carrying out the
target reaction. For example, doping of titanium dioxide
with copper using a modified impregnation method notice-
ably improves the photocatalytic properties of TiO>
towards the CO; photofixation; as was to be expected, the
yield of methanol noticeably increased with increasing
quantity of the introduced copper atoms.?® Nevertheless, it
is significant that excessive doping leads to an increase in
the defectiveness of the semiconductor structure and, as a
consequence, to suppression of the photocatalytic activity
of the system due to acceleration of recombination of the
photogenerated charge carriers.

Apart from the mentioned metals, La,' In,°2 Co
(Ref. 85) and some other metals were tested as dopants for
TiOz. A beneficial photocatalytic effect of metal doping of
titanium dioxide was repeatedly confirmed; however, the
application of this modified TiO, is limited by increasing
photocorrosion, which hampers the application of photo-
catalytic systems with a liquid phase.?3-°4 Therefore, con-
siderable attention is paid to doping of TiO, with nonmetals
(e.g., iodine, nitrogen, sulfur or carbon compounds), which
replace oxygen when incorporated in the TiO, struc-
ture.?>~ %8 In this case, narrowing down of the band gap is
attained by inclusion of already occupied energy levels,
which lift the valence band top. Particular interest is
aroused by doping with nitrogen, which is successfully
used for modification of both bulk titanium dioxide both
and TiO> nanotubes.?®- 19 Nitrogen doping of TiO» not
only enhances the light absorption, but also allows for the
control of the selectivity of the photocatalytic CO, reduc-
tion.

3.1.2.2. Deposition of metals on the titanium dioxide surface

It was indicated above that high probability of the undesir-
able recombination of photogenerated charge carriers (elec-
trons and holes), in particular on the semiconductor
surface, is one of the causes for low efficiency of titanium
dioxide for the photocatalytic fixation of CO,.101-103 The
most widely used approach to address this challenge is the
formation of traps for photogenerated electrons on the
titanium dioxide surface by deposition of metal nanopar-
ticles, which serve simultanecously as catalysts of dark
reactions. The deposition of highly dispersed Pt, Au, Ag or
Pd is used most often to improve the photocatalytic char-
acteristics of systems. The Fermi level of these metals is
located below the bottom of titanium dioxide conduction
band; therefore, the photogenerated electron falls down

from the conduction band over the Schottky barrier onto
the metal nanoparticle, whereas the photogenerated hole
remains on titanium dioxide. This results in spatial separa-
tion of photogenerated charge carriers and significantly
increases their lifetime and the probability of participation
in the target dark reaction. A significant factor for the
photogenerated charge separation is the electron work
function of the deposited metal (the difference between the
work functions of the metal and the semiconductor): the
larger this value, the higher the Schottky barrier and, hence,
the more restrained the recombination of photogenerated
electrons with holes.

One of the highest electron work functions (5.1-5.9 eV)
is inherent in Pt metal,'%4- 195 which is used most often to
increase the quantum efficiency of the photocatalytic reduc-
tion of CO,.106.107 The stability and reproducibility of the
results made it possible to study the dependence of the
activity of CO> reduction photocatalysts on the size of
platinum nanoparticles.!%8

In order to utilize the unique surface plasmon resonance
phenomenon for expanding the range of action of TiO> to
the visible region, deposition of, e.g., Ag and Au nano-
particles is carried out.'9~ 14 This phenomenon occurs
when the frequency of the incident radiation coincides
with the frequency of natural oscillations of free electrons
in the metal nanoparticle on the catalyst surface; in this
case, hot electrons may appear on the surface and, owing to
their high energy, they migrate to the semiconductor and
initiate photocatalytic reactions. Since the light absorption
frequencies for the surface plasmon resonance of Au and Ag
are located in the visible region, deposition of the nano-
particles of these metals on the TiO, surface sensitizes
titanium dioxide towards photocatalytic CO; reduction on
exposure to visible light.!13

The interaction with plasmon metals can endow tita-
nium dioxide with conceptually new properties if core —shell
structures,'!%- 117 double-shelled hollow spheres '8 or other
ordered three-dimensional structures are created (Fig. 4).119
These structures ensure more efficient absorption of inci-
dent light and efficient separation of photogenerated charge
carriers, which has a noticeable effect on the photocatalytic
activity of these systems towards CO; reduction.

3.1.2.3. Alkaline modification

An important stage of the photocatalytic process is adsorp-
tion of compounds participating in the chemical reaction on
the photocatalyst: more efficient adsorption leads to more

Schottky barrier
CO2+2H*

CH4+H20

Surface
plasmon
resonance

2H.0

O, +4H+

Figure 4. Schematic view of the photocatalytic reduction of CO»
on nanostructured titanium dioxide with deposited gold according
to Jiao et al''® CB is conduction band, VB is valence band.
Published with permission from AIP Publishing.
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efficient reaction.!2%-121 Since CO, has acidic properties,
alkaline modification of the titanium dioxide surface is
beneficial for CO, adsorption. Moreover, with such mod-
ification, CO, molecules are involved in the surface chem-
ical transformations, which promote their activation
towards the subsequent reactions.

It was shown 122 that treatment of the TiO, surface with
an alkali (NaOH) using impregnation followed by calcina-
tion markedly increases the yield of methane upon the
photocatalytic CO; reduction in the gas phase. However,
this treatment can reduce the specific surface area, and,
hence, the overall activity of the photocatalyst due to the
possible aggregation of TiO, particles. The deposition of
magnesium oxide on titanium dioxide increases the rate of
CO; reduction in the presence of water vapour.!'?3

In industry, CO; is often captured with compounds
containing amino groups. Therefore, it is not surprising
that modification of the TiO, surface with appropriate
amines also leads to good results.124—126

3.1.2.4. Fabrication of semiconductor heterostructures
The fabrication of composites in which TiO» contacts with
semiconductor materials of a different nature may provide a

better spatial separation of photogenerated electron—hole
pairs and the oxidative and reductive active sites of the
photocatalysts. This markedly enhances the efficiency of the
photocatalytic CO; reduction.'?” In the general case, semi-
conductor heterostructures can be conventionally split into
four categories according to the mechanism of separation of
photogenerated charges: so-called type II heterojunc-
tion,'?8-130 p_n junction,'3!' 135 direct Z scheme 136142
and surface heterojunction.!43- 144 In this review, we do not
consider the fundamentals of formation of these hetero-
junctions or the nature of their functioning, because they
have been described in sufficient detail for a broad range of
catalytic processes. 45152

An efficient way of sensitizing titanium dioxide is to
fabricate composite systems in which TiO> is in contact with
the semiconductor that absorbs visible light, e.g., cadmium
sulfide.!>3 The CdS —TiO, systems showed activity towards
the photocatalytic reduction of carbon dioxide in the
presence of water vapour to give carbon monoxide,!'3#
methanol 3% and methane '°° on irradiation with visible
light at a >400 nm wavelength.

Table 2. Data in the photocatalytic reduction of CO; in the presence of photocatalysts based on TiOx.

Photocatalyst Light source, electric power, Medium, conditions Product, rate, D (%) Ref.
irradiation conditions umolg—'h—! (see?)
TiO» Four low-pressure mercury GPP® (CO2 5%; Hz 90%; CHy, 4.11 — 49
lamps, 15 W, unfiltered 5% H»O with a total pressure CO,0.14
of 1 bar) C,Hg, 0.10
2.5% Ag/TiO» Xenon lamp, 500 W, Aqueous suspension of the CH;OH 0.5 160

Pt/Ag-TiO,

Au/CdS/TiO»

2% Cu/TiO»

1% Cu/TiO»
L(:1203 / Ti02

In/TiO,

Co/TiO,

TiO, P25

3D TiO; structure

Au/3D TiO; structure

Pt/TiO>

filter >420 nm

Xenon lamp, 350 W, unfiltered

Xenon lamp, 300 W,
filter 320—780 nm

Mercury lamp, 8 W, 254 nm

Mercury lamp, 8 W, 254 nm
Xenon lamp, 300 W, unfiltered

Mercury lamp, 500 W, 365 nm

Xenon lamp, 300 W, unfiltered

Xenon lamp, 300 W;
filter >420 nm

Xenon lamp, 300 W;
filter >420 nm

Xenon lamp, 300 W;
filter > 420 nm

Xenon lamp, 300 W, unfiltered

photocatalyst; CO; (1 bar)

(UV + Vis), 405
CH3OH (Vis), 90

Aqueous suspension of the CHy, 160 — 161
photocatalyst; CO; (4 bar) H>, 88
03, 395
Aqueous suspension of the CHy, 41.6 ~0.002 162
photocatalyst; CO, (1 bar) CO, 0.6
Suspension in 0.2 M NaOH, CH3;0OH, ~40 — 163
COxs (1 bar)
GP; CO; (1 bar) CO, 334 — 164
GP; CO: (1 bar) CHy, 3.5 ~0.01 91
CO, 0.5
GP; CO; (1 bar) CHy, 244 ~3 92
CO, 81.2
Aqueous suspension of the CHy, 0.015-0.180 = 85
photocatalyst; CO; (0.8 bar) CO,0.23-1.94
GP; CO; (1 bar) CHy, 1.1 — 119
GP; CO; (1 bar) CHy, 1.4 — 119
GP; CO; (1 bar) CHy4, 2.9 — 119
GP; CO: (1 bar) CHy, 66.4 ~0.04 107
CO, 54.2

a ¢ of the apparent quantum efficiency (our estimate). ® GP is the gas-phase reduction with saturated vapour pressure.
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3.1.2.5. Modification with carbon materials

It was noted above that the deposition of metal nano-
particles on the TiO, surface is among the most well-tested
methods for increasing the photocatalytic activity of sys-
tems. Nevertheless, it was found that metals can be partially
replaced by some carbonaceous materials like carbon nano-
tubes or nanosheets, which have a number of advantages
such as high corrosion stability and availability. Further-
more, the use of carbon structures during the synthesis of
photocatalysts makes it possible to obtain photocatalyti-
cally active materials with specified specific surface area and

electrical conductivity and with various surface proper-
ties, 157159

3.1.3. Comparison of activities of titanium dioxide-based
photocatalysts

A clear illustration of the progress attained in the photo-
catalytic reduction of CO, in the presence of TiO»-based
photocatalysts is given in Table 2, which presents the results
of experiments, including the experimental conditions and
types of the light source used.

Analysis of published data on the use of titanium
dioxide for the photocatalytic carbon dioxide reduction
reveals a high diversity of systems based on both neat and
modified TiO,. Nevertheless, some physical properties of
TiO, hamper the development of high-performance systems
for the photocatalytic CO, reduction. This stimulates the
search for photocatalytically active materials with optimal
properties and optimization of their composition and the
ability to absorb light. It is beyond doubt that the potential
of systems based on titanium dioxide in the field of photo-
catalytic fixation of CO; is far from being exhausted.

It is evident that modification of titanium dioxide can be
either beneficial or detrimenal for the photocatalytic sys-
tem. It is more appropriate to combine various types of
modification. Particularly surface modification of titanium
dioxide can be considered as a potential method for con-
trolling the selectivity of the photocatalytic CO, reduction
to various carbon-containing products.

3.2. Photocatalysts based on cadmium sulfides

Cadmium sulfide is a widely used semiconductor photo-
catalyst for the hydrogen production from water 163166 and
for photoreduction of CO,.1%7-168 Owing to relatively small

—— Experiment

— Calculation

— Difference

—— Cd-enriched sulfide

— Zn-enriched sulfide
Cdo0.0

cw2 SN

Cdo0.4

Cdo.6

Cdo0.8

Cd1.0

20 30 40 50 60
20, deg.

Figure 5. Powder X-ray diffraction patterns of photocatalysts
based on zinc and cadmium sulfides.!’® Published with permission
from the Royal Society of Chemistry.

Table 3. Phase composition of Cd; _xZn.S —Cd;_,Zn,S.!"°

Predetermined Phase a, A X (D), Mole
atomic fraction composition nm fraction
of cadmium (%) of phases
(%)

100 (Cd1.0) CdS 583 0 4.6 100

80 (Cd0.8) Cdo.91Zn0.09S 548 0.09 3.0 88

Cdo.20Zno 50S 579  0.80 3.6 12

60 (Cd0.6) Cdo.89Zno.11S 546 0.11 3.1 58

Cd0_162n0_34S 5.78 0.84 3.7 42

40 (Cd0.4) Cdo.71Z10.20S 541 096 32 53

Cdo.04Z10.96S 570 029 32 47

20 (Cd0.2) Cdo.59Zno.41S 541 096 32 29

Cdo.04Zn0.96S 5.65 031 27 71

0 (Cd0.0) ZnS 539 1 3.2 100

None. a is cubic unit cell parameter, D is the coherent scattering region.

band gap (~2.4¢eV), CdS is highly sensitive to visible
light.!®® For photocatalytic applications, solid solutions
based on cadmium sulfide and a wider-band semiconductor,
for example, mixed cadmium and zinc sulfide (Zn,Cd; _,S),
are considered to be most efficient.!%® It is notable that the
band structure of the Zn,Cd;_,S solid solutions can be
finely tuned by changing the Zn: Cd molar ratio.

We studied a series of samples based on both single-
phase CdS or ZnS or solid solutions of these sulfides
obtained by precipitation from soluble salts of the corre-
sponding metals.!”® According to powder X-ray diffraction
data, the prepared samples were Cd;_.Zn,S—Cd;_,Zn,S

solid solutions (Fig. 5 and Table 3) composed of
two phases: Cdg.59Zn¢ 41S — Cdo.04Z1n0.96S (CdO.Z),
Cdo.71Zn0.20S — Cdo.04Zn0.965 (Cdo0.4),
Cdo.89Zno.11S — Cdo.16Zn0.84S (Cd0.6) and

Cdo,glzno.ogs —CdoAzozno,gos (CdOS)

The measured band gap widths were 3.6 (345 nm) for
ZnS and 2.3 eV (540 nm) for CdS, while for solid solutions
Cd0.8 —Cdo0.2, it varied from 2.4 to 2.8 eV, which corre-
sponds to a red absorption edge at 440 to 515 nm. When a
light emitting diode with an emission maximum at 450 nm
was used as the source of radiation, the rates of carbon
dioxide reduction in the presence of ZnS (Cd0.0) and Cd0.2
photocatalysts were close to zero, because the absorption
edge of these samples is 350 —440 nm.

The specific surface areas of the Cd,Zn;_,S samples
were in the range from 96 to 193 m2g—!; these are high
values for solid solutions of cadmium and zinc sulfides.!%®

The photocatalytic activity of the catalysts based on
solid solutions of zinc and cadmium sulfides was studied by
carrying out the CO; reduction in the presence of saturated
water vapour in a static reactor under irradiation at
450 nm. The products identified after the reduction of
carbon dioxide and decomposition of water were CO, CHa4
and H» (Fig. 6). It is noteworthy that identification of
molecular oxygen — the second possible product of water
decomposition — was complicated by incomplete tightness
of the reactor and getting of traces of air into the reactor
during sampling.!70

In the case of photocatalysts Cd0.4 — Cd1.0, the depend-
ence of the hydrogen formation rate on the atomic fraction
of =zinc has a maximum: the highest activity
(0.22 pmolg—'"h~! for methane and 2.9 pmolg—'h—! for
CO) at 95% selectivity of CO; reduction was observed for
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(¢) and relative distribution

TiO2 Cd0.0 Cd0.2 Cd0.4 Cd0.6 Cd0.8 Cd1.0

P25 P25
c B cH,
[ 1cO 400 -
0.25 -l CH, B H,
I 80

0.20

[e2]
o

0.15

I
o

0.10

Product composition (%)

N
o

0.05

CH, production rate, pmol g—' h—1

TiO2 Cd0.0 Cd0.2 Cd0.4 Cd0.6 Cd0.8 Cd1.0
P25

Cdo0.8. It is known that introduction of zinc into cadmium
sulfide induces a blue shift of the absorption edge of the
semiconductor; as a result, light absorption at 2 = 450 nm
decreases. Hence, the rate of the photocatalytic reactions is
expected to decrease. However, the efficiency of photo-
catalytic reduction of carbon dioxide and decomposition
of water depends not only on the band gap width, but also
on the position of the conduction band bottom (Ecg). Since
the addition of zinc to cadmium sulfide increases Ecg, the
reducing ability of photogenerated electrons increases;
hence, the photocatalytic reactions associated with reduc-
tion are accelerated.!”! By adjusting the balance between
the band gap width and position of the conduction band of
mixed sulfide semiconductors, one can prepare active pho-
tocatalytic systems based on Cd;_.Zn,S. It is noteworthy
that the rates of photocatalytic CO, reduction in the
presence of synthesized samples were markedly higher than

TiO2 Cd0.0 Cd0.2 Cd0.4 Cd0.6 Cd0.8 Cd1.0

Cd0.4

of CO; reduction products
(d) formed over photocata-
lysts based on zinc and cad-
mium sulfides and TiO>
Degussa P25 under irradia-
tion with visible light at
A =450 nm. Conditions:
mixtures of CO, and satu-
rated  vapour  pressure
(1 bar, 25 °C).17° Published
with permission from the
Royal Society of Chemistry.

6% 6%

T

1%

Cd0.6 Cd0.8 Cd1.0

the known values for photocatalysts formed by single zinc
and cadmium sulfides.!”?

Subsequently, the deposition of co-catalysts such as
NiS 73 and noble metals (Ag and Pt) on the surface of the
most active Cd0.8 sample was studied.!”*

Metallic co-catalysts (Ag and Pt) were deposited by
reduction of metal precursors with sodium borohydride
(below these samples are designated by 1% Ag/CZS
NaBH4 and 1% Pt/CZS NaBHy).!7# The metal deposition
on sulfide photocatalysts by this method gave a co-catalyst
in the Pt°/Pt>* oxidation state for platinum and in the Ag®
and Ag* oxidation states in the case of silver. The photo-
catalytic activity of the synthesized samples was tested in
the gas-phase reduction of carbon dioxide in the presence of
water vapour under visible light irradiation at A = 450 nm
(Table 4). It was shown that deposition of platinum or silver
on the zinc and cadmium sulfide solid solution leads to a
more than twofold decrease in the photocatalyst activity.

Table 4. Production rate of H,, CO and CH4 in the presence of photocatalysts based on zinc and cadmium sulfides under visible light irradiation at

/.= 450 nm (according to Lyulyukin et al.!7#).

Photocatalyst Co-catalyst Sep, m?g ™!
(see?)

Cdo.8 — 119

1% Pt/Cd0.8 NaBH4 PtO, Pt2* 119

1% Ag/Cd0.8 NaBH,4 Agd, Ag* 119

W, pmolg—1h~1 Wiot (CO2),
umolg—'h—!
CHa CcO H>» (see?)
0.22 2.9 0.18 7.6
0.24 0.53 0.03 2.9
0.22 0.90 0.17 3.6

Note. Reaction conditions: a mixture of CO, with saturated water vapour (1 bar, 25°C). # Sy, is the specific surface area of the catalyst surface.” The

total rate of CO, reduction was calculated by the formula:

8n(CH,) + 2n(CO)

Wlol(COZ) = m

m is the photocatalyst mass.

, where n(CHjy) and n(CO) are the amounts of the formed methane and carbon monoxide, ¢ is the reaction time,
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Presumably, the deposited metal particles may act in this
case as electron—hole recombination centres, thus decreas-
ing the CO; reduction rate. One more issue is that the
deposition of indicated metals on the surface of the zinc and
cadmium sulfide solid solution leads to higher proportion of
methane in the CO; reduction products; however, the rate
of methane formation remains the same. Apparently, depos-
ited Ag and Pt particles act as transporters of electrons and
adsorbed hydrogen atoms and thus catalyze multielectron
reduction of CO; to CHy4.!74

Kozlova et al.'’? investigated the carbon dioxide reduc-
tion in the presence of water vapour and NiS-modified
photocatalyst Cd0.8. Two series of samples of the ZnS and
CdS solid solution with the Cd to Zn atomic ratio of 8:2,
either bulk- or surface-modified with nickel sulfide, were
prepared. In the case of bulk modification, the ternary solid
solution of cadmium, nickel and zinc sulfides was obtained
by precipitation of metal hydroxides by treatment with
sodium hydroxide in the presence of excess sodium sulfide.
The Cdo.8Zng.2Niy/100S1+ /100 samples (x = 0.05-0.5) are
designated below as Cd0.8-xb. In the case of surface
modification, nickel sulfide was deposited onto suspended
Cdo0.8 from soluble nickel salts on treatment with sodium
sulfide. The xNiS*Cd()_()lzl‘lo_ogs*Cdo_zozno_gos samples
(x = 0.1-1.0) are designated below as Cd0.8-xs.

Like in the case of the Cd0.8 photocatalyst, powder
X-ray diffraction analysis!’® revealed the presence of
Cdp91Zng.o0oS and Cdo.20Zno.goS phases (Fig. 7(1,6). It
turned out that deposition of nickel in low concentrations
does not affect the powder X-ray diffraction patterns of the
samples, but leads to a minor decrease (from 2.42 to
2.37eV) in the band gap width in the Tauc plots
(Fig. 7b.,d).

The addition of small amounts of nickel sulfide,
0.1 at.% (0.1 % NiS — Cdo,gzno,ls —CdoanoAgS) or
0.05 at.% (Nio‘ooos(:do‘gzno‘1S1A0005—CdoQZnoAgS), enhance

a b
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Figure 7. Diffuse reflectance spectra and Tauc plots pf the photo-
catalysts based on a solid solution of zinc and cadmium sulfides
(Cdo0.8) bulk-modified (Cd0.8-xb) (a, b) and surface-modified
(Cd0.8-xs) (¢, d) with NiS.!73 Published with permission from
Springer.

the activity of the photocatalyst (Fig. 8 and 9). Previously,
it was shown !75 that NiS particles deposited on the NiS/
Cd; —Zn,S photocatalyst can serve as electron transporters
and thus increase the activity of solid solutions of zinc and
cadmium sulfides in photocatalytic processes.
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Table 5. Data on the photocatalytic reduction of carbon dioxide in the presence of photocatalysts based on cadmium sulfide.

Photocatalyst Light source, electric power, Process conditions Product, rate, D (%) Ref.
irradiation conditions umol g—! h—!

CdS Xenon lamp, 300 W; Suspension of 1.0 M NaHCO3 CH;0H, 3.8 ~0.04 169
filter A > 400 nm (pH 8.0); CO; (1 bar) CH;CHO, 3.4

Cdo»Zng sS Xenon lamp, 300 W; Suspension of 1.0 M NaHCO3 CH;O0H, 2.5 ~0.15 169
filter 2 > 400 nm (pH 8.0); CO> (1 bar) CH;CHO, 16.5

CH3;CH,0H, 6.0

Nitrogen-doped graphene — CdS Xenon lamp, 350 W; GP; CO; (1 bar) CO, 2.59 —0.003 177
filter 2 > 420 nm CHy, 0.33

CdS—CdWO4 Xenon lamp, 300 W; GP; CO; (1 bar) CO, 1.39 ~0.001 176
unfiltered CHy, 1.50

CuGaS,—CdS Xenon lamp, 300 W; Suspension of 0.1 M K»SO3 + CO, 0.75 — 178
filter A > 420 nm 0.5 MKHCO3; CO; (1 bar)

CdS —NH,-UiO-66 Xenon lamp, 300 W; GP; CO; (1 bar); addition CO, 17.6 — 179
filter 2 > 400 nm of triethanolamine

CdS Xenon lamp, 500 W; Suspension of 0.1 M NaOH + CH;O0H, 40 ~0.4 168
filter A > 400 nm 0.1 M Na»S0Os3; CO; (1 bar)

BisS;3 Xenon lamp, 500 W; Suspension of 0.1 M NaOH + CH;O0H, 64 ~0.7 168
filter A > 400 nm 0.1 M NaxS0Os3; CO; (1 bar)

Bi,S;—CdS Xenon lamp, 500 W; Suspension of 0.1 M NaOH + CH;O0H, 123 ~1.1 168
filter 2 > 400 nm 0.1 M Na>S0Os3; CO; (1 bar)

CdS—BiVO,4 Xenon lamp, 300 W; GP; CO> (3 bar) CHay, 1.75 — 180
filter 2 > 400 nm CO, 0.39

Cdo.9Zng.1S—Cdo->Zng S Light-emitting diode source, GP; CO; (1 bar) CO, 0.35 ~0.004 173
30 W; 4 = 450 nm CHy, 4.2

0.1%NiS —Cdo.9Zno.;S—Cdp2ZnosS  Light-emitting diode source, GP; CO; (1 bar) CO, 0.53 ~0.006 173
30 W; 4 = 450 nm CHy, 6.2

Nio.000sCdo.9Zng.1S1.000s — Cdo.2ZngsS  Light-emitting diode source, GP; CO; (1 bar) CO, 0.49 ~0.0055 173

30 W; 2 = 450 nm

CHy, 6.1
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In the case of bulk modification of Cd;_.Zn,S to give
ternary solid solutions Ni,Cd;_,Zn,S;+, solid solutions,
the increase in the activity is due to the formation of new
energy levels, which can trap photogenerated electrons, thus
suppressing the electron—hole recombination.!7?

It is noteworthy that the rates of formation of
carbon monoxide (6 umolg='h—!) and methane
(0.5 umolg—'h—1) catalyzed by
0.lO/ONiS—Cdo_gzno_ls*Cdo_zzno_gs and

Ni0A0005Cd0,9Z1’10.151.0()05—CdoAgznoAgs under visible 11ght
irradiation proved to be higher than these characteristics
for other systems of this type.!76177

The known activities of various photocatalysts based on
cadmium sulfide in the CO, reduction are summarized in
Table 5. It can be seen from the Table that the gas-phase
reduction of carbon dioxide gives mainly methane and
carbon monoxide and that the measured activities are
approximately several micromoles of products per hour
per gram of the photocatalyst. More complex products,
alcohols and aldehydes, are detected for reactions carried
out using photocatalysts suspened in alkaline solutions.
However, under these conditions, too, the absolute rates of
formation of carbon-containing products are moderate.

3.3. Photocatalysts based on graphitic carbon nitride g-C3N4
Polymeric graphitic carbon nitride (g-C3Ny4) is currently
considered as an efficient new-generation photocatalyst,
which is more active in various photoinduced reactions

than traditional photocatalysts such as TiO,, ZnO and
WO0;.37

Graphite-like carbon nitride can be synthesized using
readily available nitrogen compounds such as melamine and
carbamide.'8! It is deemed that g-C3Ny4 has a two-dimen-
sional graphite structure composed of m-conjugated graph-
ite planes, in which the carbon and nitrogen atoms are
sp2-hybridized. Graphite-like carbon nitride is a semicon-
ductor with a band gap of 2.7 eV, highly stable in both
acidic and alkaline media. It is noteworthy that, unlike
photocatalysts based on transition metal sulfides, g-C3Ny is
environmentally safe.!®2 Due to the above reasons, graph-
itic carbon nitride is currently one of the most demanded
non-oxide and non-sulfide photocatalysts.

Photocatalysts based on g-C3N4 are being actively tested
in the carbon dioxide reduction processes. The photocata-
lytic activity of g-C3Ny4 can be increased by using common
strategies: fabrication of heterostructures based on g-C3Ny,
varation of the porous structure of the photocatalyst by
hydrothermal or template methods and deposition of active
co-catalysts on the g-C3;Ny surface.

The results of recent studies of the photocatalytic
reduction of CO; in the presence of g-C3;Nys-based photo-
catalysts are summarized in Table 6.

Like in the case of cadmium sulfide-based photocata-
lysts, in this case, too, the composition of the reaction
products depends on whether the process is conducted in
the gas phase or in a photocatalyst suspension. Reasonable

Table 6. Data on the photocatalytic reduction of CO> in the presence of photocatalysts based on graphite-like carbon nitride g-C3Na.

Photocatalyst Light source, electric power, Process conditions Product, rate, D (%) Ref.
irradiation conditions pmolg='h—!
BisSe; —g-C3Ny Xenon lamp, 300 W; GP; CO; (1 bar) CO, 8.2 ~0.01 183
unfiltered
CuxZnSnSs — Pt — g-C3Ny Xenon lamp, 400 W; GP; CO: (1 bar) CO, 17.3 ~0.03 184
filter A > 420 nm CHy, 7.9
2-C3N4— CuO@MIL-125(Ti) Xenon lamp, 300 W; GP; CO: (10 bar) CO, 60 — 185
unfiltered CH;O0H, 332
CH;COH, 177
C,H5s0H, 502
NiS; —g-C3Ny Xenon lamp, 300 W; Aqueous suspension of photo- CO, 10.7 2 186
unfiltered catalyst; CO» (1 bar)
g-C3Ny Xenon lamp, 300 W; Aqueous suspension of photo- CO, 2.75 0.5 186
unfiltered catalyst; CO> (1 bar)
Phosphorus (black) —g-C3N4 Xenon lamp, 300 W; Photocatalyst suspension in CO, 188 — 187
unfiltered a mixture of 33% H,O +
50% acetonitrile + 17% triethanol-
amine; CO; (1 bar)
g-C3Ny Xenon lamp, 300 W; Photocatalyst suspension in CO, 95.5 — 187
unfiltered a mixture of 33% H,O +
50% acetonitrile + 17% triethanol-
amine; CO; (1 bar)
Li—g-C3Ny Xenon lamp, 300 W; GP; CO; (1 bar) CO, 1.2 - 188
unfiltered
Na—g-C3Ny Xenon lamp, 300 W; GP; CO; (1 bar) CO, 1.5 — 188
unfiltered
K—g-C3Ny4 Xenon lamp, 300 W; GP; CO» (1 bar) CO, 2.0 — 188

unfiltered
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Table 6 (continued).
Photocatalyst Light source, electric power, Process conditions Product, rate, @ (%) Ref.
irradiation conditions umolg—'h—!
Rb—g-C3Ny Xenon lamp, 300 W; GP; CO; (1 bar) CO,24 — 188
unfiltered
TizCo—g-C3Ny Xenon lamp, 300 W; GP; CO; (1 bar) CO, 5.19 ~0.001 189
filter A > 420 nm CHgy, 0.04
2-C3Ny Xenon lamp, 300 W; GP; CO; (1 bar) CO, 0.62 ~0.0002 189
filter A > 420 nm CHg, 0.02
Pt—InpO3 —g-C3Ny Four light-emitting diodes, Photocatalyst suspension HCOOH, 63.1 ~0.13 190
3 W each, 2 =420 nm in a 10% aqueous solution CHy4, 7.9
of triethanolamine; CO; (1 bar)
2% Pt—g-C3Ny Four light-emitting diodes, Photocatalyst suspension in HCOOH, 20.1 ~0.05 190
3 W each, 2 = 420 nm a 10% aqueous solution of CHg, 3.5
triethanolamine; CO- (1 bar)
g-C3Ny Four light-emitting diodes, Photocatalyst suspension in HCOOH, 15.6 ~0.035 190
3 W each, 2 = 420 nm a 10% aqueous solution of CHgy, 2.6
triethanolamine; CO» (1 bar)
g-C3Ny with a defective Xenon lamp, 300 W; Aqueous suspension of the CO, 3.9 ~0.02 191
nitrogen structure unfiltered photocatalyst; CO; (1 bar) CHy, 7.4
Cu—g-C3Ny Xenon lamp, 300 W; GP; CO; (0.7 bar) CO, 10.2 ~0.01 192
filter 2 > 350 nm
2-C3Ny Xenon lamp, 300 W; GP; CO» (0.7 bar) CO, 3.9 ~0.004 192
filter 4 > 350 nm
Znp>Cdo gS —g-C3Ny Xenon lamp, 300 W; Aqueous suspension of the CH;O0H, 11.5 ~0.005 193
filter 1 > 420 nm photocatalyst; CO» (6 bar)
2-C3Ny Xenon lamp, 300 W; Aqueous suspension of the CH;0H, 4.2 ~0.002 193
filter 1 > 420 nm photocatalyst; CO, (6 bar)
ZnoCdo sS Xenon lamp, 300 W; Aqueous suspension of the CH;O0H, 4.4 ~0.002 193
filter A > 420 nm photocatalyst; CO, (6 bar)
Bi—g-C3Ny4 Xenon lamp, 300 W; GP; CO; (1 bar) CO, 1.6 ~0.001 194
filter A > 420 nm CHy, 0.1
g-C3Ny Xenon lamp, 300 W; GP; CO; (1 bar) CO, 0.5 ~0.0003 194
filter 2 > 420 nm CHy4, ~0

yields of the products of CO, reduction are observed only
when high-pressure carbon dioxide is used '35 or when
triethanolamine is added to the system as an additional,
so-called sacrificial, reducing agent.!87-1°0 The quantum
efficiencies of systems based on the three most popular
photocatalysts (TiO,, CdS and g-C3Ny4) upon visible light
irradiation are approximately equal.

3.4. Conclusions about the current state of studies on the
photocatalytic reduction of CO,

The applicability of various semiconductor photocatalysts
for the photocatalytic reduction of carbon dioxide has been
studied. In recent years, apart from the sulfide and oxide
photocatalysts and materials based on carbon nitride poly-
mers described above, considerable attention of researchers
has been devoted to materials based on metal-organic
frameworks (MOFs) 195-199 and original systems based on
titanium carbide, Ti;C, (Ref. 200) or copper(I) oxide.?0!
Most of the above results cannot be compared, as they were
obtained using markedly different light intensities and

spectral compositions, different amounts of absorbed light
and different catalyst loadings and either using or not using
an additional sacrificial electron donor. The recorded rates
of formation of carbon-containing products reach hundreds
of micromoles of a product per gram of the photocatalyst
for both UV and visible light irradiation. The quantum
efficiency values commonly accepted for heterogeneous
photocatalytic reactions are presented only in some pub-
lications,*3 115-202 and reliably measured apparent quantum
efficiencies of CO; reduction to CH4 and CO do not exceed
1% under visible light irradiation.*>-202

Currently, the major part of studies are aimed at
increasing the overall efficiency of the photocatalytic reduc-
tion of CO,. Detailed mechanism of this reaction has not
yet been clarified and needs to be further investigated. One
can hope that determination of the real reaction pathway
and intermediate steps for the photocatalytic CO; reduction
would allow for more efficient advancement towards the
synthesis of useful products from carbon dioxide.
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Meanwhile, the accumulated data on the direct photo-
catalytic reduction of CO;, over semiconductor photocata-
lysts demonstrate the need for more serious attitude to the
experience of Nature, which was able to develop a much
more efficient processes of photosynthesis and CO- reduc-
tion to organic compounds, for example, via the known
Calvin cycle.??3 Unfortunately, there is no information on
attempt to artificially follow the Nature’s way.

4. Reduction of molecular nitrogen in the presence
of semiconductor photocatalysts

Molecular nitrogen is the predominant component of air
and also the starting block for the synthesis of amino acids,
nucleotides and other important biological components for
virtually any living organisms. Many nitrogen-binding reac-
tions are thermodynamically admissible under certain con-
ditions. For example, the synthesis of ammonia using
hydrogen is a highly exothermic reaction

Na> + Hy - 2NH3, AHY 304 = —92.2 kJmol ! 1)

Nevertheless, this reaction does not proceed spontane-
ously under ambient conditions, as it requires high pressure.
Partially reduced nitrogen compounds, diazine (N.H>) and
hydrazine (N2Hy), are not formed spontaneously either. The
only abiogenic process of nitrogen fixation under natural
conditions is its oxidation with air oxygen in high-temper-
ature plasma formed upon lightning discharge. Nitrogen
fixation processes similar to plasma oxidation but induced
by light can also occur in the stratosphere on exposure to
hard UV radiation.

The catalytic nitrogen fixation (Ref. 1) is actively used to
obtain ammonia, a valuable product and reagent.

The major obstacle on the way to successful dark
reactions of nitrogen binding is the necessity of activating
the N> molecule, like the CO> molecule. The cleavage of
only the first bond in the nitrogen molecule requires an
energy of 410 kJ mol—!, while the energy needed to cleave
the triple bond is 941 kJ mol—! (Ref. 204). Nevertheless,
the Haber (Haber — Bosch) process for ammonia production
from a nitrogen and hydrogen gas mixture in the presence of
iron-based catalysts under very drastic conditions (temper-
ature of >500 °C, pressure > 150 bar) was developed and
implemented back at the end of the 19th century.?05-208
This provided a potent tool for the industrial use of nitro-
gen conversion products and saved agriculture from the
threat of nitrogen starvation. The importance of this
achievement was acknowledged by awarding F.Haber the
Nobel Prize in Chemistry in 1918 for the synthesis of
ammonia from its elements. During the next 100 years, the
conditions of synthesis were made much milder. For exam-
ple, transition from iron to ruthenium catalysts made it
possible to lower the temperature of synthesis down to
450 °C and to reduce the pressure to virtually 60—80 bar.
However, due to wide popularity of this process and
concomitant considerable energy expenditures, 1.6% of
global atmospheric emission of CO; is attributed particu-
larly to implementation of the classical process of ammonia
synthesis.203

Sunlight is an inexhaustible source of energy; therefore,
light-initiated processes are promising virtually in all areas
of human development. The use of light for nitrogen bind-
ing attracted considerable attention after demonstration of

the possibility of photocatalytic nitrogen fixation in the
presence of titanium dioxide in 1977.29° The overall reaction
of nitrogen reduction to ammonia in the presence of water
via combination of water splitting and nitrogen reduction
using light energy is described by a reaction equation with
the transfer of six electrons

N> +3H,0 ™> 2NH; + 1.50, )

The synthesis of ammonia is the most studied applica-
tion area of the photofixation of nitrogen; therefore, the
primary attention in this part of the review is devoted to
achievements in this area.

4.1. Mechanism of nitrogen reduction

Generally, the photocatalytic reduction of N, involving a
semiconductor photocatalyst can be depicted as a sequence
of several steps, like the reduction of CO,. The first step is
the spatial separation of a photogenerated electron and a
hole, with the electron entering the conduction band of the
semiconductor. Then the photogenerated charge carriers
can migrate to the surface (or recombine with heat evolu-
tion) where they can be oxidized (e.g., H,O to O;) or
reduced (e.g., HoO to H> or N, to NHj, in a series of
multistep reactions involving protons from water). Elec-
trode reactions corresponding to process (2) are presented
in Table 7, which also gives the corresponding electrode
potentials.210-212,127

Table 7. Standard electrode potentials E© of the possible elementary
redox reactions of the photofixation of nitrogen in aqueous solutions
at pH 7 (According to Van Der Ham et al.?'?).

Reaction E° Vys. NHE
HoO — 0.50,+2H* +2e~ 0.81
2H' +2e- - H» —0.42
N>+e” — Ny —4.16
1\12"1‘1‘1Jr +e- — NzH —3.2
N> +2H* +2e~ — NoH» —1.10
N> +4H" +4e— — NoHy —0.36
No+SH* +4e- - NpHI -0.23
No+6H" + 6e~ — 2NH; 0.55
N>+ 8H" + 6e~ — 2NHj 0.27

The possibility of redox reactions is usually assessed by
analyzing the energt levels of the adsorbate and the semi-
conductor.?!3=217 The bottom of the conduction band of
the semiconductor should located at a more negative energy
level than the potential of the electrode reduction of
molecular nitrogen, while the valence band should be at a
more positive energy level than the oxygen oxidation and
transformation potential. Usually, comparisons are made
for the corresponding standard electrode potentials, which
is actually not quite correct, because the possibility of
spontaneous reaction depends on the relationship between
the real, but not standard, redox potentials, which strongly
depend on the concentrations of the reactants.?!8.219

Theoretical calculations were undertaken to determine
the possible mechanisms of N> reduction in the presence of
various photocatalysts.??0-221 Currently, two mechanisms
for N, conversion to NHj are generally accepted: distal
and alternating ones.??? The distal mechanism implies
successive addition of a proton (H™" /e~ pair) to one of the
atoms of N, molecule to give a terminal nitride intermediate
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Figure 11. Dissociative and associative pathways to NHj3 from
N,.223 Published with permission from Elsevier.

capable of liberating the first NH3 molecule and leaving one
nitrogen atom on the photocatalyst surface; finally this
atom is converted to one more NH3z molecule. Conversely,
the alternating mechanism implies that the H* /e~ pairs
appear alternately on the two nitrogen atoms of the initial
N> molecule (Fig. 10).

From the standpoint of traditional catalysis, the possi-
bility of chemisorption of nitrogen molecule on the semi-
conductor surface opens up two options for the
development of the process: dissociative and associative
ones. However, owing to the high bond strength in the
nitrogen molecule, a dissociative mechanism under ambient
conditions cannot be considered as a real option for electro-
chemical and photocatalytic nitrogen binding systems of
ammonia synthesis (Fig. 11).223

4.2. Photocatalytic materials for nitrogen reduction

Most of the conventional unmodified semiconductors do
not comply with the energy requirements for the photo-
generation of charge carriers with reducing potentials
appropriate for the reduction of nitrogen. Therefore, a lot
of effort was made to choose the nature of semiconductors
and to modify them by doping, insertion of vacancies,
plasmon induction, lattice adaptation and fabrication of

heterostructures in order to improve the photocatalytic
characteristics. Classification of known photocatalysts of
nitrogen reduction in terms of their elemental composition
is presented below.

4.2.1. Metal oxide systems

The advances in the TiOj-catalyzed photolysis of water 2*
initiated the interest in the possibility of photofixation of
nitrogen under similar conditions. In 1988, it was found 2%*
that unmodified TiO> shows a photocatalytic activity
towards N> reduction in the gas phase if it has been initially
annealed in air, because thermal pretreatment gives rise to
surface defects such as Ti** ions, producing defective or
impurity states in the semiconductor band gap. The arising
surface vacancies were systematically studied, regarding
their participation in the photocatalytic conversion of N>
to NH3, by Hirakawa et al.??> Among the studied TiO»-
based photocatalysts, the highest activity towards nitrogen
fixation was found for the rutile phase. Later, it was shown
that deposition of Ru, Pt or Pd nanoparticles on TiO; does
not increase the yield of NHs, because metal particles cover
the Ti3 " defects and thus reduce the number of potentially
active sites. The surface Ti®>" ion can act as the active site
for N, fixation by donating an electron and facilitating
dissociation of the triple bond in the nitrogen molecule.
After the reaction, Ti’" can be regenerated under UV
irradiation in the presence of an appropriate electron donor.

Considerable progress in N, photofixation was attained
using photocatalysts based on oxides of other metals such as
iron,226-228 tungsten,??® gallium 23° and bismuth.?3!

Janet et al.?3? studied the photofixation of Ny in the
presence of Pt—ZnO; the authors used commercial zinc
oxide and also zinc oxide synthesized by precipitation from
zinc nitrate with a greater specific surface area. The rate of
NH; formation was three times lower in the former case
than in the latter case. This may be caused by the fact that,
although the platinum contents were equal (1 mass %), the
surface of the commercial ZnO sample was largely blocked
by platinum particles, since the specific surface area of this
photocatalyst is only 3 m? g—!, which is 6 times lower than
the specific surface area of the synthesized ZnO. Generally,
it can be concluded that doping of catalytic systems for N>
photofixation with transition metals promotes higher yield
of ammonia.

In the search for the ways for increasing the photo-
catalytic properties via complication of catalytic systems,
catalysts based on various metal titanates and other double
oxides were investigated. The results of combining titanium
and iron by using titanates such as Fe,TiOs were contra-
dictory: according to some data, no photocatalytic activity
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was inherent in these systems,?33-235 while other results
indicate the opposite.?3® Subsequently, this contradiction
was explained by the considerable influence of the method
used to prepare the photocatalysts on their characteris-
tics.237 Currently, systems based on titanium dioxide and
various metal titanates predominate among the oxide sys-
tems used for N, photofixation.?38.239

4.2.2. Metal sulfide systems

Small band gaps and, as a consequence, the ability to
absorb visible light stimulated the studies of various metal
sulfide systems for the photofixation of Ns.

In the 1980s, an ammonia production rate of
~2.2mol g—! h—! was attained using systems with CdS as
the photocatalyst;?40-24! during the further development of
sulfide systems, the production rate of the final products
and the quantum efficiency of nitrogen photofixation were
substantially increased.?4?

The publication of studies in which N, photofixation
was attributed to the presence of oxygen vacancies on the
catalyst surface as, for example, in BiOBr,?*? was followed
by successful insertion of sulfur vacancies into semiconduc-
tor sulfide structures. This led to partial chemisorption of
nitrogen molecules on the photocatalysts, which finally
provided a sort of preactivation of the chemical bond of
N> and increased the nitrogen reduction rate.?** In addition,
a linear correlation was established between the NHj3
production rate and concentration of the sulfur vacancies
(Fig. 12).
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Figure 12. Rate of the photocatalytic fixation of N, to give ammo-
nia vs. concentration of sulfur vacancies on the catalyst surface.?**
R-CdS is a CdS sample treated with a 1:9 H,—Ar gas mixture
(500 °C, 2 h). Published with permission from the Royal Society of
Chemistry.

Complex three-component sulfide photocatalysts,
Moo.1Nip.1CdosS, have been studied;>** this study was
continued by the design of g-C3N4/ZnMoCdS type hetero-
structures,?#%-247 in which the heterojunction between g-
C3Ny4 and ZnMoCdS was of key importance for the efficient
charge separation. The photogenerated electrons migrated
from g-C3N4 to metal sulfide, whereas the holes moved in
the opposite direction. This gaves rise to a permanent
internal electric field directed from the sulfide to g-C3Nu,
which decreased the rate of recombination of electrons and
holes and finally considerably increased the rate of photo-
catalytic reduction of N> to NHjs.

Unique electrical,?#® optical >4 and optoelectronic prop-
erties are inherent in Mo0S,,2°° which is a narrow-band gap
semiconductor with a 1.2 eV indirect band gap (in the
limiting case of multilayer MoS,, it is displaced by a
1.9 eV direct band gap).?! This feature was used for the
photocatalytic reduction of N> to NHj3 in the presence of
ultrathin layered MoS,.2!10 A study of the photocatalytic
characteristics of MoS, samples prepared under various
conditions under irradiation at 1 > 420 nm showed that a
larger amount of NHj is regularly generated on the ultra-
thin sample. Presumably, excitons formed in a MoS, mono-
layer can trap additional electrons, thus forming charged
excitons with two bound electrons, which facilitates multi-
electron N, reduction.?>? In particular, the simultaneous
transfer of six electrons on these photocatalysts may
account for accelerated reduction of N> to NHs. In this
respect, it is pertinent to note that exactly molybdenum
sulfide clusters are prosthetic groups of natural nitrogen-
fixation enzymes such as nitrogenases.?3

4.2.3. Bismuth oxyhalides
Bismuth oxyhalides BiOX (X = Cl, Br and I) are used, for
example, for photocatalytic degradation of organic pollu-
tants in aqueous solutions under the action of solar light.2%*
They are V—VI-VII ternary oxide semiconductors with a
specal layered structure, while the formed internal electric
field favours efficient separation and transfer of photo-
generated charge carriers.>>>-2%¢ In recent years, BisO7Br
type bismuth oxyhalides have been studied as photocata-
lysts for N, fixation under the action of solar
light.144.243.257.258

The photocatalytic reduction of N, under visible light
irradiation was carried out using BiOBr samples with
oxygen vacancies;?*? the recorded nitrogen fixation rate
was 104 umol g=! h—!. According to the results of theo-
retical modelling, the presence of oxygen vacancies in
BiOB induces elongation of the triple bond in the nitrogen
molecule from 1.078 to 1.133 A, which activates the
molecule. In addition, due to the large number of vacan-
cies on the surface, defective states are formed near the
bottom of the conduction band of the photocatalyst,
which hampers the electron—hole recombination. How-
ever, the surface oxygen vacancies are oxidized under the
action of light under normal conditions, which leads to
gradual decrease in the photocatalyst activity. Li er al.??!
studied the photoactivity of oxygen vacancies at different
faces of BiOBr. It was shown that nitrogen fixation by
oxygen vacancies at the {001} faces corresponds to the
distal pathway

N> - N—NH3; - N + NH3; - 2NHj3

whereas fixation at the {010} faces corresponds to the
alternating pathway

N> - N>oH3 - NoHy

Bai et al?>® used nanosheets of bismuth oxyhalide
(particularly BisO-I) in which certain lattice faces, {001}
or {101}, predominated. The N, photofixation rates were
112 a 47.6 pmol L—! h—!, respectively. The higher rate of
NH3 formation observed at the {001} face was attributed to
the more negative potential of the conduction band at the
{001} face (—1.45V vs. NHE) than at the {101} face
(—0.85 V). Most authors pay considerable attention to
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comparison of the properties of different faces of oxy-
halides, although it is quite likely that new prospects for
the development of efficient photocatalysts for N> reduction
will be opened by combining the effects of oxygen vacancies
and oxyhalide faces. In addition, these studies demonstrated
the efficiency of combining the results of experimental
studies and theoretical simulation for elucidation of the
most probable mechanism of triple bond activation in N>
molecules and pathways towards NHs.

4.2.4. Comparative data on the photocatalytic reduction of nitrogen
The published data on the photocatalytic activity of materi-
als tested for N5 fixation are summarized in Table 8. It can
be seen that results of studies may be markedly different and
it is difficult to consider them altogether. This is mainly
caused by different natures of systems used in the studies.
Indeed, the N> photofixation rate in gas-phase reactions is
expressed in pmol g—! h—1, while for reactions carried out
in suspensions, it is measured in pmol L—! h—!. Therefore,
for correct comparison of the properties of photocatalytic
systems, it is necessary that results are expressed in the same
units, e.g., as the apparent quantum efficiency (®). This can
be used not only to identify the most efficient systems, but
also to find out how reaction conditions, such as spectral
characteristic and power of the light source, catalyst load-
ing, reaction time and the illuminated surface area, influ-
ence the observed efficiency of catalytic systems.

As can be seen from the foregoing, most of published
data address nanomaterials based on metal oxides, in
particular, TiO>. However, the photocatalytic activity of

TiO; is highly restricted by its ability to absorb only UV
radiation, which accounts for only a minor part of the solar
spectrum that reaches the Earth s surface. In order to
expand the photoactive light spectrum, various types of
doping and modification of the oxides are employed.
Instead of pure nitrogen and UV radiation, the use of air
and visible light has been recently considered more and
more often.

One more efficient method that may contribute to the
spatial separation of photogenerated charge carriers needed
for redox reactions to proceed is the use of photoelectro-
catalytic systems, which allow for spatially decoupled N>
reduction and H,O oxidation reactions on the photoca-
thode and photoanode, respectively. By combining light-
induced and electrochemical reactions, it is possible to
increase the activity of N, reduction catalysts, especially if
the photocatalysts are different for the anode and cathode
sides. Nevertheless, there are still very few publications
reporting successful photoelectrochemical fixation of No.

The data collected in Table 8 indicate that over a few
decades, the production rates in gas-phase photoreduction
of N, increased 1000-fold (from pmolg=!h—! to
mmol g=! h—1). One can hope that systems providing
production rates acceptable for practical application (of
the order of mol g=! h—!) will be found in the future. It
should be emphasized that despite increasing interest in the
photocatalytic fixation of nitrogen in general, most of the
studied photocatalytic systems were implemented only on a
laboratory scale. Therefore, a key challenge is to attain high
production rates of the target products for photocatalysts

Table 8. Data on the photocatalytic reduction of nitrogen to give ammonia in the presence of various photocatalysts.

Photocatalyst Light source, electric power, Medium, conditions NH; production rate, D (%) Ref.
irradiation conditions umol g—! h—!

TiO, Mercury lamp, 300 W, N>, 500 K, GP, H>O vapour 0.83 — 224
unfiltered

0.4% Co—TiO; Mercury lamp, 360 W, N>, 40 °C, GP, H,O vapour, 1 atm 6.3 — 209
unfiltered

0.4% Mo —TiO; Mercury lamp, 360 W, Na, 40 °C, GP, H,O vapour, | atm 6.7 — 209
unfiltered

0.4% Cr—TiO, Mercury lamp, 360 W, N>, 40 °C, GP, H,O vapour, | atm 0.37 — 209
unfiltered

2% Mg—TiO, Mercury lamp, 400 W, N>, catalyst (0.2 g) suspension in 6.9 0.000055 260
unfiltered H>0 (300 mL)

0.24% Ru—TiO» Xenon lamp, 150 W, unfiltered N, catalyst (0.1 g) suspension in 22.7 — 261

H>0 (20 mL); ethanol as the sacrificial agent

Fe>O3 Xenon lamp, 150 W, unfiltered N, catalyst (0.03 g) suspension in 10 0.13 227
H>0 (30 mL)

BaTiO3 Mercury lamp, 450 W, N> (0.9 atm), GP, H>O vapour 0.87 0.002 262
unfiltered

RuO>—NiO—BaTiOs Mercury lamp, 450 W, N> (0.9 atm), GP, H>O vapour 2.6 0.0073 262
unfiltered

BisO7Br Xenon lamp 300 W, N>, catalyst (0.025 g) suspension in 1380 2.3 257
filter >400 nm H>0 (100 mL)

NioP/Cdg.5Zng sS Xenon lamp 300 W, N>, catalyst (0.02 g) suspension in 102 4.3 242
filter >400 nm H>0 (50 mL)

Cs,0—0s-Au Solar simulator, N2/Hy, GP, 15 mL min—! of N, 2685 0.003 263

200 mW cm—2, filter >450 nm

and 45 mL min—! of H,, 1 atm, 60 °C
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and simultaneously to design photocatalytic devices that
would enable practical use of these photocatalysts.

The results summarized in the review allow one to draw
conclusions about the promising trends in the development
of photocatalytic systems for nitrogen fixation under the
action of solar light. First, a more in-depth understanding
of the elementary steps of nitrogen photofixation should be
gained; otherwise, targeted improvement of the design of
photocatalytic systems is impossible. It is especially impor-
tant to determine the conditions for the first bond cleavage
in the molecular nitrogen and formation of nitrogen-—
hydrogen bond, which is critically important for identifica-
tion of the most promising reaction pathways and for the
choice of appropriate systems. The results of numerous
studies indicate that the presence of oxygen vacancies in
semiconductor photocatalysts has a beneficial effect on not
only adsorption, but also subsequent activation of N
molecule. Also, it can be taken that the rate of reaction in
aqueous solutions is limited by low N solubility in water
(which is used most often as proton donor). Therefore, the
design of photocatalytic systems should also envisage the
improvement of nitrogen adsorption on the catalyst. A
promising strategy for increasing the performance of photo-
catalytic systems is to expand the photocatalytic action to
the visible region of electromagnetic spectrum, which would
increases the efficiency of solar light utilization and the
number of elementary charge carriers generated under the
action of photons and initiating the sequences of reactions.

An inevitable side reaction of nitrogen reduction in
solution in the presence of oxygen is the oxidation of
ammonia to NOj3 and NO,. The undesirable oxidation
reactions can be suppressed using photoelectrochemical
cells with proton exchange membranes in which water is
oxidized at the photoanode, while the photogenerated
electrons can be used for the reduction and protonation of
ammonia in the cathode side of the system. It is necessary to
develop also other, more facile methods for suppression of
side reactions that consume the target products of the
photocatalytic synthesis.

5. Conclusion

The photocatalytic fixation of carbon dioxide and molec-
ular nitrogen using solar energy is a promising area among
the applications of solar energy for the production of useful
products with minimum environmental damage. The photo-
catalytic reduction of carbon dioxide and molecular nitro-
gen under the action of electromagnetic radiation of various
ranges attracts considerable attention of researchers, as
evidenced by the large number of publications on this
topic over the past decade. The photocatalytic fixation of
CO; and N, is based on the same principles as the much
better studied photocatalytic oxidation of organic com-
pounds and production of hydrogen from water and sol-
utions of various substrates. Nevertheless, the activities
towards the formation of CO; and N; reduction products
attained to date are still at the level of micromoles per gram
of the photocatalyst per hour, which is several orders of
magnitude lower than the corresponding values for the
photocatalytically induced production of hydrogen.

The photocatalysts tested for the carbon dioxide and
nitrogen reduction were mainly typical semiconductors
based on titanium dioxide, transition metal sulfides and
carbon materials. A considerable obstacle to reaching a
high photocatalytic activities in these processes is low

adsorption of CO, and N, molecules on the surface of
semiconductor photocatalysts. In addition, apart from the
synthesis of active photocatalysts, it is necessary to select the
optimal conditions for the process. Recent publications con-
sider the photocatalytic reduction of CO> in the presence of
not only water, but also sacrificial reducing agents such as
hydrogen and triethanolamine. It is obvious that the expe-
diency of using these reducing agents should be specially
evaluated, since this appears promising only if this gives
more energy-saturated molecules than the products of CO-»
reduction formed with water alone.

In most studies of the photocatalytic reduction of
carbon dioxide, the concentration of products of only this
reaction is measured. Meanwhile, the products of photo-
catalytic oxidation (molecular oxygen if water served as the
electron donor) are usually not detected. This indicates that
CO2 may be actually reduced by impurities present on the
surface of the photocatalyst. Meanwhile, the changes taking
place on the photocatalyst surface during the photoprocess
are studied quite rarely. A considerable problem for evalua-
tion of the real achievements in the photocatalytic fixation
of CO, and N, is the absence of a generally accepted
universal quantity characterizing the activity of photocata-
lysts, such as the apparent quantum efficiency.?%*

The above data lead to the conclusion that, despite a
large body of studies in the photocatalytic conversion of
carbon dioxide and molecular nitrogen on semiconductor
photocatalysts, there are still a lot of controversial issues in
the discussion of the results obtained to date. Nevertheless,
these processes certainly require further experimental and
theoretical investigation, since their successful implementa-
tion would bring closer the possibility of mimicking the
most important natural synthetic processes that take place
in plants and microorganisms.

The reported study was funded by the Russian Founda-
tion for Basic Research (Project No. 19-13-50251).

6. List of acronyms and designations

CB — conduction band,

CZS — Cd;|_Zn,S,

g-C3N4 — graphitic carbon nitride.

GP — has-phase reduction with saturated water vapor,
NHE — normal hydrogen electrode,

VB — valence band,

@ — apparent quantum efficiency.
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