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The photocatalytic properties of layered perovskite-like oxides corresponding to the Ruddlesen — Popper, Dion — Jacobson
and Aurivillius phases are considered. Of the photocatalytic reactions, the focus is on the reactions of water splitting,
hydrogen evolution from aqueous solutions of organic substances and degradation of model organic pollutants. Possibilities
to conduct these reactions under UV and visible light in the presence of layered perovskite-like oxides and composite
photocatalysts based on them are shown. The specific surface area, band gap energy, particle morphology, cation and anion
doping and surface modification are considered as factors that affect the photocatalytic activity. Special attention is paid to
the possibilities to enhance the photocatalytic activity by intercalation, ion exchange and exfoliation, which are inherent in
this class of compounds. Conclusions are made about the prospects for the use of layered perovskite-like oxides in

photocatalysis.
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1. Introduction

The mankind is now facing new great challenges as a result
of technological advances of the 20th and 21st centuries.
One challenge is the threat of depletion of conventional

I A Rodionov Candidate of Chemical Sciences, Senior Lecturer of the
Department of Chemical Thermodynamics and Kinetics at the Institute of
Chemistry, SPbSU.

Telephone: +7(812)428 —4051, e-mail: i.rodionov@spbu.ru

Current research interests: heterogeneous photocatalysis, photocatalytic
water splitting, hydrogen production, water purification, layered perov-
skite-like oxides, ion-exchange reactions, intercalation, exfoliation of
layered oxides, composite photocatalysts.

I A Zvereva Doctor of Chemical Sciences, Professor of the same
Department.

Telephone: + 7(812)428 —4051, e-mail: irina.zvereva@spbu.ru

Current research interests: inorganic materials, thermodynamics and
kinetics of solid-phase processes, layered perovskite-like oxides, their
structure and magnetic properties, photocatalysis, water splitting,
hydrogen production, water purification.

Received 2 December 2014
Uspekhi Khimii 85 (3) 248 —-279 (2016); translated by O P Fedorova

248
249
252
255
257
262
266
273

energy sources, such as oil, gas and coal. Another one is an
environmental impact caused by the use of these energy
sources, namely, environmental pollution and greenhouse
effect. A way to overcome these problems lies in the
development of alternative (non-conventional) energy sour-
ces, development of waste-free technologies and the use of
environmentally friendly fuels.!

Investigations into photocatalysis and design of new
efficient photocatalysts can contribute to the progress in
all three trends. First and foremost, solar radiation can be
used for carrying out chemical reactions that would result
either in energy storage or in degradation of unwanted
substances.> One very attractive reaction in this respect is
water splitting to produce hydrogen, an environmentally
friendly fuel.?-# Of certain interest are also the reduction of
carbon dioxide> ¢ and the fixation of atmospheric nitro-
gen.” These reactions use conventionally available reac-
tants, which can be photocatalytically converted to valuable
products. Further, photocatalysis has found use as a

T This review continues the series of publications on the topic ‘Design and
Physicochemical Characterization of New Materials’ [see Russian Chem-
ical Reviews 85 (1) 2016].
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destructive method for removal of organic pollutants.®~ 1!
In particular, titania, which is the best studied and popular
photocatalyst, is used in air purification devicess'? and for
creating self-cleaning coatings.!> Development of devices
for photocatalytic purification of water is also under-
way. 1415

Search for new photocatalysts to obtain an alternative
to titania is stipulated by the need to shift the performance
from the UV to visible spectral range and to enhance the
efficiency of photocatalysis in general. A great many inor-
ganic compounds (oxides, nitrides or sulfides) containing
almost all types of metals (alkali, alkaline earth, transition
or rare earth metals) in some form have been synthesized
and tested as photocatalysts in the last few decades. The
diversity of existing photocatalysts was reflected in the
survey articles published in recent years (see
Refs. 4, 16— 20).

The ability of K4NbsO7 to split water under UV light
with a quantum efficiency of 3.5%, which was higher than
for any of analogues existing at that time, was discovered in
the late 1980s.2! The very high activity of this niobate was
interpreted as arising from its layered structure, and this
stipulated large-scale studies of photocatalytic properties of
other layered materials, specifically layered perovskite-like
oxides.??

Layered perovskite-like oxides are attractive for
research due to their structural specifics and some unique
properties, in particular, the ability to intercalate molecules
into their interlayer space, ion-exchange reactions and
exfoliation to nanosheets.??> Not only are these properties
responsible for the high photocatalytic activities of some
layered oxides, but they also open a way to modify them,
specifically with the purpose to design composite photo-
catalysts and other functional materials.?*

In this review, we analyze the photocatalytic activity in
representatives of three main classes of layered perovskite-
like oxides, namely Ruddlesden—Popper, Dion—Jacobson
and Aurivillius phases. Although layered niobate K4NbeO 7
is not a perovskite-like oxide, we found it useful to pay
attention to this compound, as the methodology of photo-
catalytic studies of layered oxides was first worked out for it
and it remains interesting up to now.?> 27

A distinctive feature of our review consists in that we
consider the photocatalytic properties of layered perovskite-
like oxides in relation to their physicochemical properties,
in particular, intercalation and ion-exchange properties.
One major objective of the review is to use these properties
to show the specifics of layered perovskite-like oxides as
photocatalysts and demonstrate their potential for use in
design of new photocatalytic systems. To our knowledge, no
similar reviews have yet been published.

Of the photocatalytic reactions, this review focuses on
water splitting and the degradation of alcohols and organic
dyes in aqueous solutions for the reason that most docu-
ments on the topic deal with these reactions. We also
consider other reactions that are less frequently addressed
by researchers engaged in layered oxides but are of interest
for application, namely, oxidation of phenols in aqueous
solution, degradation of organic compounds in a gas phase
and reduction of CO».

In order to provide the reader with a better under-
standing of the topics, we found it useful to start our survey
with the basic data on heterogeneous photocatalysis and the
structure and properties of layered perovskite-like oxides

and define the terms that will be most frequently used. In
Conclusion, we will submit our inferences about the advan-
ces in the field of photocatalytic properties of layered
perovskite-like oxides and outline the promising lines for
future research.

I1. General notes on photocatalysis

I1.1. General principles

Photocatalysis is the term used in reference to a change in
the rate of a chemical reaction or its initiation under the
action of ultraviolet, visible or IR radiation in the presence
of a substance (the photocatalyst) that absorbs radiation
and is involved in the chemical transformation of the
reaction partners to recover its initial state after each
transformation cycle.?®:2° 1In accordance with this defini-
tion, the light is an inevitable partner in a photocatalytic
reaction and is to be absorbed precisely by the photo-
catalyst.

Unlike ordinary catalysis, photocatalysis makes it pos-
sible, due to the energy of light, to implement those
chemical reactions that themselves are thermodynamically
unfavourable. In this case, the energy of light is partially
stored in reaction products. When a dark reaction is
thermodynamically allowed, the energy of light dissipates
completely, and the role of light is only to facilitate the
overcoming of the activation barrier by reaction partners.3?

Homogeneous photocatalysis 3! and heterogeneous pho-
tocatalysis 32 are distinguished from each other by whether
the photocatalyst and reactants are in one phase or not. In
heterogeneous photocatalysis, the catalyst is, as a rule, solid
while reactants are in a liquid (solution) or gaseous state.
Chemical transformations occur at the interface. Semicon-
ductor compounds are usually used as heterogeneous pho-
tocatalysts; their operation mechanism will be described
below.

I1.2. Mechanism of heterogeneous photocatalysis

When the absorbed quantum of light has an energy exceed-
ing the band gap energy of a semiconductor, an electron is
transferred from the valence band to the conduction band
to generate a hole (vacancy) in the valence band. Electrons
and holes migrate toward the photocatalyst surface and
participate in redox reactions with adsorbate compounds
(Fig. 1).33

The possibility of occurrence of a reaction is determined
by the mutual positions of the reduction potentials and the
band gap edges.’® The complete photocatalytic process,
which consists of at least two (oxidation and reduction)
half-reactions, is possible only when both reduction poten-
tials lie inside the band gap on the energy scale, as shown in
Fig. 2 for water splitting into hydrogen and oxygen.

For water splitting to occur, the potential of the bottom
of conduction band should be above zero (see Fig. 2) and
the potential of the top of valence band should be below
1.23 V. This arrangement of potentials is necessary for this
process from the thermodynamic standpoint, but from the
kinetic standpoint, this is insufficient. The hydrogen ion
reduction to generate dihydrogen is a two-electron process,
and the oxidation of water to dioxygen is a four-electron
process; that is, these reactions are kinetically complex and
multiple-stepped. The concurrence of one-electron (pri-
mary) oxidation and reduction of water requires a potential
difference of at least 5V (see Fig. 2). For this reason,
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Figure 1. Heterogeneous photocatalysis scheme (adapted from
Ref. 16).

VB is valence band, CB is conduction band, Ej is band gap width,
Red!? and Ox!-? are reduced and oxidized species of compound 1
and compound 2, respectively.
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Figure 2. The energy diagram of water splitting over a semi-
conductor photocatalyst (reduction potentials are given according
to Refs 34 and 35).

SHE is standard hydrogen electrode.

hydrogen and oxygen evolution is associated with a rather
high overvoltage, which depends on the electrode material,
on its ability to decrease the energy of intermediate states.?¢

Loading a cocatalyst onto the working surface of a
photocatalyst is used to lower the overvoltage.?” Platinum
or nickel nanoparticles are most frequently used as cocata-

lysts for hydrogen evolution.38-3% Search for suitable coca-
talysts for oxygen evolution yet remains topical; RuO; is
now used most frequently.*?

I1.3. Requirements for photocatalysts

In addition to the above-listed factors, there are some
conditions the fulfillment of which is desirable to make the
photocatalytic process efficient, namely: 4!

— The photocatalyst should efficiently absorb light to
generate electron—hole pairs;

— The number of charge carriers that reach reaction
sites (most frequently, the crystal surface) should be as great
as possible; that is, the migration of electrons and holes to
reaction sites should prevail over bulk electron—hole
recombination; this is enhanced by a reduction in photo-
catalyst particle size and a reduction in defect density, or
improvement of crystallinity;

— Surface recombination should be minimized; there-
fore, it is advisable to create conditions for the spatial
separation of oxidation and reduction reaction sites;

— In order to carry out a reaction that is thermody-
namically unfavourable in the absence of light, special
conditions should be created for this reaction to occur
irreversibly; a way to achieve this is to spatially separate
the reduction and oxidation sites and to use some specific
modification methods to prevent the contact between the
oxidized products and reduction sites (or vice versa);*?

— The photocatalyst material should be stable under
reaction conditions; that is, it should not experience photo-
corrosion or be involved in irreversible reactions with
components of the reaction medium (solution or gas).

11.4. Band gap energy

The band gap energy has a dual effect on photocatalytic
activity. On the one hand, the band gap energy determines
the spectrum of action of the photocatalyst: the lower the
value of E,, the longer the wavelength of the absorbable
light. For the visible light to be absorbed, the prerequisite is
that Eg <3 eV; photocatalysts with wider band gaps are
active only when exposed to UV radiation. On the other, the
band gap energy and its position relative to the reduction
potentials of the target half-reactions determine the reac-
tivities of electrons and holes. Therefore, as a rule, an
increase in band gap energy increases the quantum effi-
ciency; provided that #v > E, and the other conditions are
equal (as possible), this increase is manifested as an
increased photocatalytic reaction rate.*3 44

I1.5. Specific surface area

The specific surface area is an important characteristic of a
solid catalyst, and photocatalysts are no exception. Since
the reaction involves the surface active sites of the catalyst,
the reaction rate naturally depends on the catalyst surface
area. However, the specifics of photocatalysis is that the
number of active sites per unit surface area is not a fixed
value, as active sites are generated by radiation (due to
photoexcitation and capture of charge carriers) and are
killed in the reaction.*> The constancy of the number of
active sites is a result of the acquisition of a steady state,
and the specific surface area, along with some other factors,
affects the steady-state number of active sites. As the
specific surface area becomes larger, the number of active
sites usually increases due to decreasing bulk charge carrier
recombination and increasing probability of the capture of



I A Rodionov, I A Zvereva Russ. Chem. Rev. 85 (3) 248—-279 (2016)

251

charge carriers by the surface.*® As a result, the photo-
catalytic activity is frequently in direct proportion to the
specific surface area,*”-4% and methods for producing photo-
catalysts having developed surfaces are a popular field of
research. 4930

11.6. Photocatalytic activity

Strictly speaking, photocatalytic activity is determined as
the number of reaction product species formed as a result of
the photocatalytic process divided by the number of light
quanta absorbed by the photocatalyst at the given wave-
length or in the given spectral range. In the former, the
photocatalytic activity is referred to as the quantum yield,
and in the latter, as the quantum efficiency of the reaction.?®
Thus, the photocatalytic activity is not a universal charac-
teristic of a compound; rather, it can be determined only for
a specific reaction and only for specific conditions (radia-
tion wavelength, composition of the reaction mixture,
temperature and pressure).

In experimental studies, however, the photocatalytic
activity of the sample is most frequently understood merely
as the rate of the chemical reaction under study, regardless
of the number of absorbed photons (in view of the difficulty
of its determination).’! If so, the photocatalytic activity
becomes dependent on an even greater number of exper-
imental factors, such as the catalyst amount, radiation
source power, and photoreactor design. With this approach,
a correct comparison between samples can involve only
photocatalytic activity values obtained under absolutely
identical experimental conditions and on the same setup.>?

In view of the foregoing, in this review we cite numerical
values of photocatalytic activities (more strictly, reaction
rates) only when their correct comparison can be made.
Otherwise, we confine ourselves to qualitative analysis.
Quantum efficiency values are given for those few systems
for which they have been determined.

I1.7. Types of photocatalytic reactions

The above-considered mechanism of heterogeneous photo-
catalysis, in general, suggests no selectivity toward any
specific type of redox process. Therefore, photocatalysis
makes it possible to carry out a wide spectrum of chemical
reactions including conversions of both organic compounds
(oxidation, reduction, substitution, isomerization, conden-
sation, polymerization, efc.) 33~3% and inorganic compounds
(redox reactions in solution and electrodeposition of met-
als).9-56

From a practical point of view, photocatalysis is con-
sidered as a method for the degradation of hazardous
substances (water and air decontamination),’’ fuel produc-
tion (water splitting and carbon dioxide reduction)® and
organic synthesis.>®> Most studies of the photocatalytic
properties of layered perovskite-like oxides concern three
types of reactions: water splitting, hydrogen production
from an aqueous solution of a sacrificial agent and degra-
dation of organic dyes. We will briefly dwell on the specifics
of these processes.

Water splitting. In the context, this is a process where
stoichiometric amounts of hydrogen and oxygen are simul-
taneously evolved without consumption of any material but
water. The reaction solution can comprise compounds that
remain unaltered in the course of the photocatalytic reac-
tion but generate necessary conditions (e.g., KOH generates
an alkaline medium).

The discovery of the very feasibility of light-driven water
splitting °© at that time was (and still is) a powerful incentive
for research in the field of photocatalysis. Classic photo-
catalysts (TiO, and SrTiO3) fail to provide high efficiency in
water splitting, and layered oxides appeared to be a class of
photocatalysts that made it possible to advance in this
direction far forward.®!

Hydrogen production from aqueous solutions of sacrificial
agents. The water splitting reaction has a great positive
value of Gibbs energy change (AG° = 237 kJ mol—!) and
comprises two half-reactions, each having kinetic hindran-
ces.'® An appreciable increase in overall rate can be
achieved by replacing one of the two half-reactions by
another one that is more easily implementable.®> When,
for example, silver nitrate is added to the reaction solution,
proton reduction to hydrogen is replaced by a more pref-
erable process where Ag™ cations are reduced to metallic
silver, to increase oxygen evolution rates.®3 In the same
manner, when reducing agents are added, hydrogen evolu-
tion rates increase due to the replacement of the water
oxidation half-reaction by a more preferable reaction.®*
The most frequently used reducing agents are methanol
and other alcohols, and inorganicions: I—, Br—, CN—, S2—,
SO3™, Fe2" and Ce3* (see Ref. 16). Such the additives are
referred to as sacrificial agents, as they are consumed in the
course of the photocatalytic reaction. Water splitting will be
an incorrect name for the process by which hydrogen is
released from an aqueous solution of a sacrificial agent.

Reasons for the use of sacrificial agents in photocata-
lytic studies can be the following:

— comparison of hydrogen evolution rates over photo-
catalysts that are incapable of splitting pure water, in order
to establish fundamental correlations between the photo-
catalytic activity and structure (composition) of the sam-
ple; 63

— with the view for practical application in case where
the sacrificial agent is a material that needs recycling; 66-67

— in two-photon photocatalytic water splitting systems,
where the sacrificial agent is consumed in one portion of the
system and is regenerated in another (Z scheme).%8 %9

The use of sacrificial agents in photocatalysis can cause
adverse and unobvious effects that would appreciably
hamper the interpretation of experimental data. For exam-
ple, Ag™ cations are reduced to be deposited on the photo-
catalyst surface as silver nanoparticles, which can greatly
influence both optical and catalytic properties of the mate-
rial.”®

When sacrificial agents are alcohols, a current-doubling
effect can appear important. This effect can be described as
follows: a radical generated upon the primary oxidation of
the alcohol by a photogenerated hole can appear a suffi-
ciently strong reductant to transfer an electron to the
conduction band of the photocatalyst. Hence, a doubled
amount of hydrogen can be released per photogenerated
electron —hole pair compared to the expectations.”

Importantly, the ability of the photocatalyst to release
hydrogen from water in the presence of sacrificial electron
donors and to release oxygen in the presence of sacrificial
electron acceptors does not ensure that these products
would be generated simultaneously upon splitting of pure
water. Thus, while the use of sacrificial agents in photo-
catalysis is sometimes quite substantiated, the interpretation
of results will need some caution.
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Degradation of organic dyes. The choice of organic dyes
(such as Methylene Blue, Methyl Orange, and Rhodamine
B) as model water contaminants is guided by both the
challenging environmental pollution by these compounds”!
and the ease of experimentation as they can be determined
spectrophotometrically, specifically in situ.”> However, this
choice has some essential disadvantages.

On the one hand, the discoloration of solution can only
signify the degradation of initial dye molecules and not their
complete mineralization. The photocatalytic degradation of
organic dyes has a complex and multistep scheme;’? it can
appear that intermediate products exceed the initial com-
pounds in toxicity, and this casts doubt on the applicability
of the process. In view of this, not only the starting
materials should be analyzed. Intermediates should also be
detected, although this is far more difficult and is usually
not performed.

There are two major schemes for the photocatalytic
degradation of organic compounds in aqueous solution:
direct oxidation and indirect oxidation. In the former case,
an adsorbed substrate reacts directly with a surface oxida-
tion site of the photocatalyst; in the latter case, it is oxidized
by reactive species that are generated by the oxidation of
water or the reduction of dioxygen (e.g., HO").7#

Another possible degradation scheme for organic dyes is
when the light is absorbed not by the solid catalyst but
rather by the dye itself.”> This process is not photocatalytic
and bears no information about the photocatalytic activity
of the sample; with another dye, the reaction scheme will be
completely different. Thus, dyes are far from being very
suitable model substrates for assessing photocatalytic activ-
ities.”® A researcher working with dyes should necessarily
keep in mind that the reaction can follow the above-
described scheme, especially when the visible light is used
for irradiation.

II1. Layered perovskite-like oxides

II1.1. Structure and classification

Layered perovskite-like oxides are crystalline compounds
where two-dimensional perovskite blocks (sheets) alternate
in a regular manner with sheets of another structure. This is
not a mere geometric alternation, but rather the intergrowth
of layers of differing structure types.

The perovskite structure (CaTiOs; general notation:
ABO3) can conveniently be imaged as corner-sharing octa-
hedra. Every octahedron is centred by a compact cation B;
the corners are occupied by oxygen atoms. Larger cations A
are positioned in between octahedra in 12-coordinate oxy-
gen surrounding. Perovskite layers in layered perovskite-
like oxides can have various values of thickness (), which is
determined by the number of oxygen octahedra positioned
between two neighbouring sheets of different structures.
Accordingly, mono-layered, double-layered, triple-layered,
etc. perovskite-like oxides are distinguished, where the value
of n = oo corresponds to the ordinary perovskite structure
(Fig. 3).77

The region between perovskite layers, which is popu-
lated by cations or cation—anion moieties where another
structure type exists, are frequently referred to as the
interlayer space. Three major classes of layered perovskite-
like oxides are distinguished depending on the structure of
interlayer space: Ruddlesden—Popper phases, Dion—Ja-
cobson phases and Aurivillius phases (Fig. 4).

Compounds that form Ruddlesden—Popper phases can
be represented by the general formula A, 1B,0s3,+1 (see
Refs 78 and79). They typically have an alternation of
perovskite sheets (n octahedra thick) with sheets having
NaCl structure. The value n =1 corresponds to K:NiF4
type structure; n = 2 corresponds to Sr3Ti»O7 type struc-
ture. An important feature of Ruddlesden—Popper phases

n=2

O cation A’

‘ octahedron BOg, ° cation A,

049
Logog

@)

6%

n=73

Figure 3. Layered perovskite-like oxides having various perovskite sheet thicknesses n (adapted from Ref. 77).
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@ oxygen

Figure 4. Structures of layered perovskite-like oxides that belong to different classes (adapted from Ref. 23).
Phase notations: («) Ruddlesden—Popper, (b) Dion—Jacobson and (¢) Aurivillius phases.

where n = 1 is the nonexistence of a 12-coordinate position
typical of perovskite structure: cations A reside in nine-
coordinate positions.

Dion—Jacobson phases were first synthesized by
Dion,30, and then extensively studied under the supervision
of Jacobson.®!-82 The general formula of these compounds
can be written as A'[A,,_ 1B, 03, +1] (where A’ stands for an
alkali metal, A for an alkaline earth or rare earth metal and
B for a pentavalent metal, most frequently, tantalum or
niobium). Perovskite layers in these compounds are inter-
leaved with layers that comprise only metal cations, which
are eight-coordinate.

Aurivillius phases, which have the general formula
A, _1Bi»B,03,+3, were first described in 1949.83 Their
crystal structures are formed by an alternation of n per-
ovskite layers and fluorite layers, which consist of bismuth
and oxygen atoms. For this reason, the composition and
structure of an Aurivillius phase are described by the
general formula (Bi2O2)A,,—1B,03,+1; most recent studies
use just this formula. Apart from the photocatalytic activ-
ity, ferroelectric properties of Aurivillius phases are also
attractive to researchers.$4

I11.2. Intercalation

In the context of layered oxides and related compounds,
intercalation is to be understood as the reversible reaction
of incorporation of some species into the interlayer space.
The structural integrity of the layered oxide is preserved
upon intercalation; only linear dimensions of a crystal
increase in the direction normal to the plane of layers
(Fig. 5).8%

The ability of a layered oxide to be intercalated with
some compound is hardly predictable beforehand, as it is
determined by a set of structural and energy factors and by
external settings.®¢ For these reasons, intercalation of lay-
ered oxides is studied experimentally, primarily based on
the determination of unit cell parameters by X-ray diffrac-
tion.87 Useful information on intercalation/deintercalation
can be gained from thermal analysis (thermogravimetry and

Figure 5. Scheme of water intercalation into the interlayer space
of a layered oxide exemplified by K,La>Ti;O;¢ (adapted from
Ref. 85).

differential scanning calorimetry)®® and from IR spectro-
scopy.®?

The ability of layered oxides to be intercalated with
water attracted the attention of researchers engaged in the
photocatalytic activity of layered oxides, as water splitting
to hydrogen and oxygen is the primary task of such
research. Water consists of small polar molecules, which
are capable of hydrogen bonding (in particular, to oxygen
atoms in the oxide structure), so water can easily intercalate
into many layered compounds. Since some layered oxides
show higher photocatalytic activities in water splitting
compared to bulk oxides, it was hypothesized that water
could be split not only on the surface of a layered oxide, but
also in the interlayer space.®>-°%-°1 This hypothesis gives rise
to some questions about the reaction scheme, primarily of
how dihydrogen or dioxygen would diffuse within the
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interlayer space. To our knowledge, no exhaustive answer
has been found to this question. Moreover, there is no piece
of strict evidence that photocatalytic water splitting can
indeed occur in the interlayer space. There are only some
pieces of circumstantial evidence in favour of this hypoth-
esis (see below).

Apart from water, alcohols and organic bases also
experience reversible intercalation into the interlayer space
of layered oxides. Such reactions hold an important place in
the chemistry of layered oxides and are significant for
carrying out photocatalytic processes in the presence of
these compounds.®>

II1.3. Ion-exchange reactions
Soft chemistry methods (primarily, this implies moderate
reaction temperatures) are of great importance for prepar-
ing and modifying layered perovskite-like oxides.’> Perov-
skite sheets, with their dominantly covalent metal —oxygen
bonding, are sufficiently stable under these conditions and
function as a framework in the layered oxide structure. The
cations, which are mainly bonded by ionic bonds to per-
ovskite layers in the interlayer space, are more mobile. In
some cases, this makes it possible to replace some interlayer
cations by other while the main structure of the layered
oxide remains intact; the replacing species can be cations of
another size or charge, or complex cationic species.?? These
ion-exchange reactions are carried out in solutions or in
melts of appropriate salts. Of special importance is the
replacement of interlayer cations by protons (protonation),
which as a rule occurs in acidic aqueous solution (Fig. 6).
Ton-exchange reactions open many opportunities to the
design of layered-oxide photocatalysts. These reactions can
help synthesize compounds that cannot be prepared by
ordinary solid-phase synthesis because of their thermal
instability.?? Ton-exchange processes enable the accommo-
dation of cationic species in the interlayer space that would
provide absorption of visible light®* or would serve as
precursors for nanoparticles to form inside the interlayer

La,Ti;0%;

Figure 6. Protonation scheme of a layered oxide exemplified by
K>La,Ti30;0 (adapted from Ref. 85).

space upon subsequent treatment.?’-°° Protonated species
of layered oxides are capable of intercalating organic bases
due to acid —base interactions. This opens a way to further
modifying these oxides by intercalation or exfoliation.

I11.4. Exfoliation of layered oxides

Liquid-phase exfoliation of layered materials has recently
become popular as a method for the production of nano-
sized items.”> The exfoliation of layered perovskite-like
oxides to two-dimensional perovskite sheets can occur, for
example, upon intercalation of bulky organic cations (such
as tetra-n-butylammonium) in an appropriate solvent
(Fig. 7).°¢ A suspension of perovskite nanosheets is thus
formed; morphologically these can be planar sheets or they
can roll into tubules or scrolls.?* When conditions (e.g., pH
or ionic strength) change, these nanosheets coagulate to

Figure 7. Exfoliation scheme of a layered oxide as a result of intercalation with tetrabutylammonium exemplified by HCa>Ta30;o

(adapted from Ref. 23).
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form a structure that is similar to the initial layered oxide
but is most frequently disordered, porous and thereby has a
developed surface.?”-?8 This process is called the restacking
of a layered oxide. Perovskite monolayers can intentionally
be deposited from suspension to a solid substrate, which is
promising for manufacturing functional coatings.?®~ 101

The foregoing is obviously of importance for photo-
catalysis. On the one hand, the exfoliation of layered oxides
followed by restacking makes it possible to enhance the
photocatalytic activity through increasing specific surface
area. On the other, this offers many opportunities for design
of composite photocatalysts, where other entities are
enclosed between perovskite monolayers and play the role
of either a cocatalyst or a photosensitizer. Examples of such
systems will be considered below.

IV. Layered potassium hexaniobate K4NbsO 17

IV.1. Structure and principal properties
The advantage of layered-type structures over bulk struc-
tures (as in TiO; and SrTiO3) in UV-driven photocatalytic
water splitting was first shown for potassium hexaniobate
K4NbgO;7.192 In 1969, Nassau et al.'93 prepared K4NbeO17
single crystals and addressed some properties of this com-
pound, specifically its ability to be hydrated depending on
relative  humidity to form two species, namely
K4Nb5017' 3 Hzo or K4Nb6017'4.5 HzO. A similar com-
pound containing rubidium instead of potassium ions, was
prepared and characterized in 1980;!% the hydration of a
series of A4NbsO;7 (A =K, Rb or Cs) compounds was
described in detail later.195

The layered oxide K4NbgO;7 is not a perovskite-like
compound, but has much in common with these compounds
in its structure and properties. The K4NbgO;7 orthorhombic
structure is built by niobium-—oxygen octahedral layers,
which alternate with potassium atoms (Fig. 8). A character-
istic feature of this structure is the presence of two types of
interlayer spaces, denoted as interlayer / and interlayer /1.
Water molecules are intercalated into interlayer 7 even when
K4NbgO;7 is in contact with a moist atmosphere, whereas
interlayer /I are not prone to hydration under ambient
conditions.
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Figure 8. Structure of the layered oxide K4NbgO;7.19
I and /1 are different types of interlayers.

NbeOl;

Kinomura et al.'°® showed that K4NbeO;7 exhibits ion-
exchange properties: potassium cations can be replaced by
Li*, Na*, Ca2* and Ni2* cations in solutions of chlorides
of these metals. The doubly charged Ca?* and Ni?*
cations replace potassium ions only in interlayers /; replace-
ment by singly charged Li* and Na ™ cations occurs in both
types of interlayer spaces. Potassium ion replacement in
interlayers 17 gives rise to its ability to be hydrated.

IV.2. Photocatalytic activity.

Effect of layered structure

The photocatalytic activity of K4NbsOi7 was first docu-
mented in 1986.192 Potassium hexaniobate manifested an
extraordinary high activity in hydrogen evolution from
aqueous methanol compared to the state-of-the-art photo-
catalysts (SrTiOs and TiOz). When K4NbgO;7 was irradi-
ated in pure water, hydrogen was also evolved but oxygen
evolution was not observed. It became possible to split
water to yield stoichiometric amounts of hydrogen and
oxygen only after the sample was modified with nickel by
impregnation with Ni(NOs3), solution followed by thermal
decomposition of the nitrate to oxide and reduction in
flowing hydrogen.

Kudo et al?! studied the influence of other modifiers,
along with nickel, on the photocatalytic activity of
K4NbsO;7. They studied the effects of the modifier amount,
modifier reduction temperature and solution pH in the
course of photocatalytic reaction. Nickel was the only
modifier that enhanced the photocatalytic activity of the
initial sample (the optimal nickel content was 0.1 mass %).
The highest quantum efficiency of water splitting, equal to
3.54+0.5% at a wavelength of 330 nm, was achieved when
the sample was subjected to reductive treatment at 400—
500 °C.

Nickel-loaded K4NbgO;7 was also found to withstand
fairly well sulfuric acid (0.5 mol litre—! ), whereas in modi-
fied SrTiOs3, deposited nickel species dissolved completely in
acid in 24 h. This implies that nickel species do not reside on
the oxide surface as in the case of SrTiO5 but rather occur in
between niobate layers to protect them from acid.

Later research showed that the treatment of K4NbgO;7
with nickel nitrate solution gives rise to a partial replace-
ment of interlayer potassium cations by nickel cations, and
reductive treatment generates very fine (~ 5 A) nickel
entities in the interlayer space, these entities playing an
important role in the photocatalytic process. Kudo ef al.”°
proved this inference by X-ray photoelectron spectroscopy,
EXAFS, transmission electron microscopy and X-ray pow-
der diffraction studies. In those studies the authors pro-
posed a mechanism of photocatalytic water splitting over
K4NbgO;7 to explain its high activity. In this scheme,
hydrogen evolution occurs on loaded nickel species in
interlayer 7, whereas oxygen evolution is inside interlayer /1.
Thus, the advantage of K4NbsO7 over other photocatalysts
consists in that the oxidation and reduction sites lie close to
each other (charge carriers have to overcome a shorter path
to reach the reaction site), but are separated from each
other by a niobate layer, which keeps reaction products
from mixing and thereby prevents the reverse process. One
piece of evidence for this is that hydrogen evolution rate
over K4NbeO7 is almost independent of the presence of
oxygen in the system, while this is far from being the case
for other photocatalysts like SrTiO3; and TiO».
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Sayama er al.'%7 showed that the replacement of potas-
sium by rubidium ions provides RbsNbO;7, which is an
even more efficient photocatalyst, providing water splitting
quantum efficiency of 10% at 330 nm, but the activity
decreases with time. The optimal nickel content of the
sample was the same as for K4NbgO;7, namely 0.1 mass %.

Platinum entities, like nickel entities, increase the photo-
catalytic activity of K4NbsO;7 by one order of magnitude
when incorporated into the interlayer space of the layered
oxide in the form of [Pt(NH3)4]?>" cations and then reduced
by hydrogen. A weakness of this method consists in that
platinum entities are formed not only in the interlayer space
but also on the surface of the layered oxide, which is
undesirable because of their ability to catalyze the reverse
water synthesis reaction.!8 Platinum entities were removed
from the surface of K4NbgO;7 samples by aqua regia. This
approach succeeded in a partial suppression of the reverse
reaction between hydrogen and oxygen. The quantum
efficiency of water splitting was 1.3%.

Another efficient approach to inhibit the reverse reac-
tion and increase the K4NbsO;7/Pt photocatalytic activity
was to add alkali metal carbonates to the reaction slurry.'%?
The data shown in Table 1 imply that the effect of carbo-
nates is not reduced to a mere change in pH, as the addition
of alkalis does not accelerate the reaction.

The observed effect can be interpreted as follows:
carbonate anions are involved in an intermediate reaction
with photogenerated holes to catalyze oxygen evolution and
inhibit the reverse reaction due to adsorption on platinum
particles.!10 The best results in the context of water splitting
rate were shown by composites prepared by platinum
photoreduction. The observation that the accelerating effect

Table 1. Effect of the composition of reaction solution on hydrogen
and oxygen evolution rates over K4NbsO17/Pt (0.3%) under UV
irradiation.!%?

Platinum reduction Reaction solution Gas evolution

from [Pt(NH3)4]>* rate /umol h—!
cation compo- concen- _—
sition tration H» (02}
/mol litre —!
Photoreduction H,O 1 0
NaOH 1.1 2 0
KOH 1.1 1 0
Na,SO4 1.1 1 0
Nas;PO4 0.1 2 0
Na,HPO4s 0.5
Na,CO; 0.3 20 7
Na>CO; 1.1 124 60
Na,COs3 22 451 217
K>CO; 2.2 274 130
Reduction by
hydrogen
300 °C Na,CO; 2.2 293 123
500 °C Na,COs; 2.2 230 110
300 °C +aqua H-,O 31 13
regia treatment Na,COs3 2.2 214 101

Note. Parameters of the experiment: 1 g of the catalyst per 350 ml of
the solution, a high-pressure mercury lamp (400 W), an internal
radiation unit, a closed gas circulation system, argon pressure:
35 mm Hg.

of NaxCOs is twice greater than that of K,COs; remains
unexplained.

IV.3. Photocatalysts produced by ion exchange in K4NbsO17
Ion exchange of potassium ions in K4NbgO;7 for protons
appreciably affects the photocatalytic activity of the nio-
bate. Domen er al.!!! illustrated this effect in the reaction of
UV light-driven hydrogen evolution from aqueous metha-
nol solution (Table 2).

When a half of potassium ions in the niobate were
replaced by protons in a H»SO4 solution, the hydrogen

Table 2. Effect of potassium ion substitution on the photocatalytic
activity of K4NbgO17.!1!

Substituent Degree of Hydrogen evolution
cation substitution (%) rate /umol h—!

- 0 30

H* 51 251

Cr3t 66 101

Fe3t 70 109

Co?* 40 0

Niz* 23 3

Cu?* 60 0

Note. Parameters of the experiment: 0.5 g of the catalyst per 250 ml of
aqueous methanol (20 vol.%), a xenon lamp (500 W), a closed gas
circulation system, argon pressure: 100 mm Hg.

evolution rate increased eightfold and the quantum effi-
ciency of the process was 30% (for A = 330 nm); the layered
oxide was not loaded with nickel. A partial exchange of
potassium ions for doubly charged cations (Co?™, Ni?* or
Cu?") leads to an almost complete inhibition of activity.
The enhanced activity observed when potassium was
replaced by Cr3" and Fe*" was ascribed to the parallel
substitution of these cations for H* in nitrate solutions.
Calcination at 500 °C, with the attendant decomposition of
the hydrogen-substituted phase, deprived these samples of
photocatalytic activity.

1V.4. K4NbsO17/CdS composite photocatalyst

Although, in our opinion, the ion-exchange properties of
K4NbeO;7 per se and their influence on photocatalytic
activity have been studied insufficiently, they are used to
produce composite photocatalysts via incorporating vari-
ous cations into the interlayer space. An example can be the
synthesis of a composite where CdS particles were incorpo-
rated into K4NbgO;7 through the consecutive replacement
of interlayer cations by the scheme

K* — H* — Bu"NH3*" — Cd?>*

followed by treatment with H,S gas.?’

The photocatalytic activity of the composite was studied
in relation to hydrogen evolution from an aqueous solution
that contained Na,S, Na,SO; and KOH. The composite
under UV light had the activity three times that of the initial
K4NbeO;7. Under the visible light, the initial K4NbsO,7 did
not show photocatalytic activity, just as expected, whereas
the composite sample had an activity ten times the activity
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of cadmium sulfide. A likely reason behind the enhanced
activity is the separation of oxidation and reduction sites
due to the transition of photogenerated electrons from
cadmium sulfide to the layered oxide; this transition was
possible due to the mutual arrangement of the band gap
bottom levels in these semiconductors. The hydrogen evo-
lution rate was not reduced during the entire experiment
(15 h); this signifies the stability of the K4NbgO;7/CdS
composite system, likely due to the incorporation of CdS
particles in between niobate layers.

IV.S. Effect of exfoliation on the photocatalytic properties of
K4NbsO17

Investigations of layered K4NbgO;7 oxide in the context of
its ability to exfoliate started back in the 1990s.'°° Domen
et al.'1? exfoliated H4NbgO;7 in tetra-n-butylammonium
hydroxide solution, followed by restaking, to study the
photocatalytic properties of the resultant material in hydro-
gen evolution from some alcohol solutions (Table 3).

The H4NbsO;7 specific surface area increased from
4m? g—! in the initial compound to 108 m? g—! in the
restaked sample, but this enhanced the activity not in all
cases. The initial sample had a prominent methanol decom-
position selectivity compared to the restaked sample. A
likely interpretation of this is that methanol molecules,
which are very compact compared to other alcohol mole-
cules, can intercalate into the interlayer space of the layered
oxide and be oxidized there. These processes are less likely
for ethanol and propanol. For restaked H4NbsO;7, how-
ever, the hydrogen evolution rate is far less dependent on
the alcohol, and in propanol decomposition, it is 18 times
higher than for the initial sample (in the presence of
platinum as a cocatalyst). Domen et al.''? did not interpret
the lower activity of platinum-loaded H4NbsO,7 compared
with the initial sample that they observed using ethanol and
propanol. Likely, this lowering arises from the photoreduc-
tion of PtClZ complex species, which enables platinum
particles to deposit only on the oxide surface. When
H4NbeO7 specific surface area is low, the 1 mass % plati-
num content is likely to exceed the optimal value, which is
manifested as surface overcoverage and a reduced light

Table 3. Photocatalytic activity of the intact H1Nb¢O;7 sample and an
exfoliated sample.!!?

Reaction solution H; evolution rate /umol h—!

(10 vol.%)

intact exfoliated
sample sample
No cocatalyst
Methanol 2720 490
Ethanol 225 405
Propan-1-ol 110 270

Cocatalyst 1 mass % Pt (H2PtCls photoreduction in situ)

Methanol 3800 3200
Ethanol 110 1350
Propan-1-ol 40 720

Note. Parameters of the experiment: 1 g of the catalyst per 330 ml of
aqueous alcohol solution (10 vol.%), a high-pressure mercury lamp
(450 W), a closed gas circulation system, argon pressure: 100 mm Hg.

absorption efficiency. This is especially prominent for
ethanol and propanol, where the reaction occurs preferably
on the surface. The ratio of the platinum amount to the
specific surface area is smaller in restaked H4NbO;7, so the
photocatalytic activity is higher.

The morphology of species resulting from exfoliation
depends on the organic base and conditions used. Sarahan
et al.''3 obtained niobate nanosheets and nanoscrolls from
K4NbO;7 using n-propylammonium hydroxide and tetra-
n-butylammonium hydroxide, respectively. Photocatalytic
activity studies of such nanoparticles directly in water
splitting reaction are difficult as the nanoparticles contain
adsorbate organic base molecules, which are involved in the
photocatalytic process as reducing agents. Under UV light,
such systems feature hydrogen evolution in amounts com-
parable with the amount observed for the initial layered
oxide both in water and in aqueous methanol.

Exfoliated K4NbO;7 particles are promising for use, in
the presence of photosensitizer dyes, in design of photo-
catalytic systems that would operate in the visible spectral
range. Maeda et al.''* showed this for hydrogen evolution
from an aqueous solution of ethylenediaminetetraacetic
acid (as the sacrificial agent) in the presence of aggregated
niobate nanoscrolls and Ru(bpy);" dye (bpy = 4,4'-bipyr-
idine) on exposure to the light with 4 > 420 nm. The hydro-
gen evolution rate appeared to be 10 times as high as with
unexfoliated K4NbsO7, which was due to the photocatalyst
specific  surface area increasing from 1-2 to
250-300 m? g~ ' and the associated higher efficiency of
adsorption of Ru(bpy)§+complexes.

Although the photocatalytic properties of A4NbgO;7
(A = H, K or Rb) layered niobates have long been studied,
these compounds are still of interest for the following
reason. Having a unique structure that contains two types
of interlayer spaces, along with having intrinsic water
splitting photocatalytic activity, these oxides serve as an
ideal matrix for the design of composite photocatalysts.

V. Ruddlesden — Popper phases

V.1. Structure and principal properties

The best studied Ruddlesden—Popper photocatalysts
include triple-layered titanates, specifically K,La>Ti3Oo.
The structure of this compound was first characterized in
1987 (Ref. 85) and refined by Toda er al.''> Layered oxide
K,La,Ti30q¢ can intercalate water molecules into its inter-
layer space (Fig. 9) without being in contact with water;
exposure to humid air is sufficient. Treatment by nitric acid
(2 mol litre ') for 5 days at room temperature gives rise to
the replacement of potassium interlayer ions by protons to
yield H>La,Ti3019. This compound, unlike Dion—Jacobson
phases such as HCaxNb3O,, features no noticeable acidic
properties.!16

V.2. Photocatalytic activity of A;La,Tiz010

(A = K, Rb, Cs) titanates. Effect of layered structure

The photocatalytic activity of K>;La>Ti30;¢ was first docu-
mented in 1997 by Takata et al.''” Having a band gap
energy of 3.5 eV, this titanate appeared capable of splitting
water into hydrogen and oxygen under UV light. Loading
with an optimal amount of nickel oxide (3 mass %)
increased the photocatalytic activity fivefold. Better results
were achieved in alkaline medium with KOH concentration
of 0.1 mol litre—!. The researchers suggested that the NiO
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Figure 9. Structures of the layered oxide K,La»TizO;¢ and its
protonated form (according to Ref. 85).

modifier species are located on the catalyst surface and
serve as hydrogen evolution sites, whereas oxygen is formed
due to oxidation of water in interlayers. Takata et al.”!
attempted to confirm this suggested mechanism for iso-
structural titanate Rb,La,TizO10,!'® which featured the
activity twice as high as that of the potassium-containing
analogue. A partial replacement of titanium by niobium to
yield RbLa>TiaNbOjo was found to result in the complete
loss of intercalation capacity due to decreasing negative
charge of the perovskite layer (Table 4). In association, the
photocatalytic activity decreased by an order of magnitude,
in spite of the constancy of the band gap energy and particle
sizes. The intermediate compound Rb; sLasTiz sNbgsOjo
retains the intercalation capacity, and the photocatalytic
activity remains virtually unchanged. However, it is still
unclear why the contents of cocatalyst NiO, optimal for
photocatalysis change in the samples under consideration.
For RbyLa,Tiz010/NiO,, the quantum efficiency for
photocatalytic water splitting at 330 nm was ~ 5%.°!

Although this layered oxide is superior to its potassium-
containing analogue in photocatalytic activity, it has not
been studied later as a photocatalyst, while K>La>Ti3O;¢
still attracts attention.

Neither LioLa>TizO¢ nor Na,La>TizO;¢ has noticeable
photocatalytic activity even in hydrogen evolution from
aqueous isopropyl alcohol, probably because of lacking
ability to intercalate water molecules.®*1!1° As to
Cs;LasTi30q0, this compound was mentioned only once !
as a photocatalyst the activity of which is commensurate to
that of Rb>La>Ti309. However, the literature is completely
silent about its structure and properties, maybe because of
synthetic difficulties. Later photocatalytic studies of
K,La,TizO¢ followed three mainstreams, namely:

— cation/anion doping;

— photocatalytic activity as influenced by the prepara-
tion method; and

— design of composite catalysts.

V.3. Photocatalytic activity of doped K,La,TizO1¢

The most important results about the effect of doping on
the K,La,Ti3O;op photocatalytic activity are shown in
Table 5 together with the parameters of its synthesis and
photocatalytic experiments.

The general trend is that doping of K»LasTi30;0 in most
cases increases the photocatalytic activity, at most 2—3-
fold. An outstanding result (a 26-fold gain in activity) was
obtained with chromium doping. Unfortunately, Yang et
al.'?! did not show whether this effect survived when pure
water was split in the absence of a sacrificial agent.

The photocatalytic activity of unmodified K,La,TizO;¢
observed in some studies under visible light might arise
from one of the following factors: non-intrinsic (impurity)
light absorption by the photocatalyst, light absorption by
reactants (when dyes were used), and an incomplete cutoff
of the UV light during experiments.

Huang et al.'?7 attempted to dope K,La,Ti;O;¢ with
nitrogen in order to sensitize it to visible radiation. For this
purpose, the initial oxide was treated with HNO;
(0.5 mol litre—!) for 15 h, then ammonia was added and
the sample was calcined at 400 °C. However, this nitric acid
treatment must have resulted in complete exchange of
potassium ions for protons, so it would be incorrect to
speak of a sample having composition K>La>Ti30;0—xNy,
especially as heating leads to the degradation of the proto-
nated phase.

Table 4. Photocatalytic activity and hydration of potassium- and rubidium-containing Ruddlesden —Popper phases.”!

Sample Optimal NiO, Gas evolution rate /umol h—! Number of water molecules
content (%) per formula unit
H> Oz
K>La,Ti3010/NiOy 3 444 221 1.0
Rb,LasTi3010/NiO, 4 869 430 1.1
Rb; sLaxTiz sNbg 5010/NiOx 5 725 358 0.9
RbLa>TioNbO;¢/NiOy 0.3 79 30 0

Note. Parameters of the experiment: 1 g of the catalyst per 330 ml of 0.1 M KOH (RbOH), a high-pressure mercury lamp (450 W), an internal

radiation unit, a closed gas circulation system.
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Table 5. Effect of doping on the photocatalytic activity of layered oxide K>La>Ti301 in various model reactions.

Dopant Synthesis Parameters of the experiment Gain in activity @ Ref.
method
element concentration (%) uv visible light
Hydrogen evolution from aqueous methanol (10 vol.%)
Nb 3.3 Solid-phase Cear = 0.8 g litre—!, Hg 450 W, A < 400 nm 2.2 — 120
Hydrogen evolution from KI solution
Cr 2 Sol—gel ck1 = 3.36 g litre ™!, pH 11.8, ccar = 1.7 g litre ™!, 26 5 121
Hg 250 W, 15 mW cm—2, 300 < / < 400 nm,
Xe 250 W, visible light
B 1-2 The same ck1 = 3.36 g litre=!, pH 11.8, ccar = 1.7 g litre !, 2.7 52 122
Hg 250 W, 15 mW cm—2, 300 < / < 400 nm,
Xe 250 W, visible light
B 1 " ck1=23.36 g litre !, pH 11.8, ccar = 1.7 g litre 1, 2.7 4 123
Hg 250 W, 15 mW cm~—2, 300 < 4 < 400 nm,
Xe 250 W, visible light
Al 1 " ck1=23.36 g litre !, pH 11.8, ccar = 1.7 g litre ™1, 2.7 3.7 123
Hg 250 W, 15 mW cm—2, 300 < A < 400 nm,
Xe 250 W, visible light
Ga 1 " ck1=23.36 g litre—!, pH 11.8, ccar = 1.7 g litre 1, 2.7 33 123
Hg 250 W, 15 mW cm—2, 300 < / < 400 nm,
Xe 250 W, visible light
In 1 " ck1=23.36 g litre !, pH 11.8, ccar = 1.7 g litre 1, 2.1 3 123
Hg 250 W, 15 mW c¢cm—2, 300 < / < 400 nm,
Xe 250 W, visible light
Zn 1.5 " cx1=23.36 glitre !, pH 11.8, ccar=1.7 g litre !, 23 3.5 124
Hg 250 W, 15 mW cm—2, 300 < / < 400 nm,
Xe 250 W, visible light
A% 1.5 " ck1 = 3.36 g litre=!, pH 11.8, ccar = 1.7 g litre !, 1.7 2.7 125
Hg 250 W, 15 mW cm—2, 300 < / < 400 nm,
Xe 250 W, visible light
Hydrogen evolution from aqueous methanol (25 vol.%)
Fe 4 Sol—gel Ceat = 0.83 g litre !, Xe 250 W, / > 400 nm — 2.7 126
Hydrogen evolution from aqueous methanol (0.1 mol litre— ")
N - Solid-phase Ceat = 0.2 g litre—!, Hg 300 W, A > 290 nm — 1.2 127
Methyl Orange degradation (20 mg litre )
N - Solid-phase cear=0.2 g litre~!, Hg 300 W, /. > 400 nm — 12 127
Hydrogen evolution from aqueous methanol (10 vol.%)
Ce 0.5 Solid-phase Cear=35 g litre™!, Xe 500 W — 2.1 128
Hydrogen evolution from aqueous solution of Na,S/Na>SO3
Fe 7 Solid-phase cear=2 g litre—1, Hg 500 W, Xe 500 W 4 Activity appears 129
Ni 7 Cear=2 g litre—!, Hg 500 W, Xe 500 W — No activity 129
W 7 Ceat=2 g litre—1, Hg 500 W, Xe 500 W 2 Activity appears 129
Rhodamine B degradation (5 x 10~3 mol litre =)
Sn — Solid-phase Cear=2 g litre—!, Xe 450 W, 400 < / < 800 nm — 7 130
N — Cear=2 g litre—!, Xe 450 W, 400 < / < 800 nm — 2 130

Note. Here and in the other Tables, the followiong notations are used: ¢, is catalyst concentration in the reaction system, Xe n x 100 W and Hg
nx 100 W are a xenon lamp and a mercury lamp, respectively, with its wattage.  The factor by which the photocatalytic activity of the doped
sample is greater than in an undoped sample.
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V.4. Effect of the synthesis method on the photocatalytic
activity of KzLazTi3010

Hydrothermal synthesis and sol—gel technology can yield
K,La,Tiz0;9 samples having surface areas larger (2—3
times) than in samples prepared by solid-phase synthesis
and thereby having higher photocatalytic activities
(Table 6). However, attempts to considerably increase the
specific surface area of KsyLa>TizO;9 by these methods
failed, and therefore, there is need for new approaches to
the preparation of these photocatalysts.

Zhang et al.'33 studied the activity of a set of
K>Ln,TizO40 (Ln = La, Nd, Sm, Gd, Dy) samples prepared
by a sol—gel method in photocatalytic Methyl Orange
degradation. These samples showed a twofold to fourfold
(depending on the lanthanide) increase in dye degradation
rate relative to samples prepared by solid-phase synthesis.
However, Rodionov et al.'37 showed that Methyl Orange
photolysis rates (in the absence of a catalyst) depended
appreciably on solution pH, which was not monitored by
Zhang et al.'33 Thus, the observed changes in dye degrada-
tion rate could arise not so much from the change in
photocatalytic activity, but rather from the ion-exchange-
induced shift of pH.

V.5. K;La,TizO0q9-based composite photocatalysts

The most important results obtained through modifying
K,La,Tiz019 with metallic, oxide or sulfide species, are
found in Table 7. One can see that these composites can
not only possess enhanced photocatalytic activities in the

UV spectral range, but they can also acquire activity in the
visible range due to light absorption by modifier species. Let
us dwell on some results in more detail.

An H>La>Tiz0,¢ composite with TiO, was prepared by
the scheme that involved the following steps: solid-phase
synthesis of K,La,TizO;0, protonation in 2M nitric acid,
intercalation of n-hexylamine via treatment with its etha-
nolic solution (50 vol %), treatment with titanium tetraiso-
propoxide in hydrochloric acid (1 mol litre—!) and expo-
sure to UV light in water to degrade the intercalated
amine.'*! Ultimately, the specific surface area of the result-
ing material was five times as large as in the initial
H,La»Tiz0)9, interlayers expanded and the optical absorp-
tion edge shifted from 3.4 to 3.1 eV. The rate of the model
photocatalytic reaction also increased by a factor of five on
the average, which correlated with the increase in specific
surface area. However, since the photocatalytic activity was
studied in the visible light-induced degradation of some
organic dyes (4> 400 nm), the unambiguous conclusion
that the composite is superior over its constituent com-
pounds cannot be drawn. Most likely, the light was
absorbed by dyes and not by the catalyst, and the photo-
catalytic degradation mechanism was not operative.

A similar method was used by Wu et al.'#? to prepare an
H>La,TizO;9 composite with Fe>Os;. After n-hexylamine
was intercalated into the protonated form of the layered
titanate, ion exchange for [Fe3;(OAc)7(OH)(H.O),]* was
carried out in aqueous solution, followed by UV irradia-
tion, to form Fe,O3 particles in the interlayer space. The

Table 6. Effect of the synthesis method on the photocatalytic activity of layered oxide K>La>Ti3O1o.

Synthesis method Parameters of the experiment ~ Gain in activity ? Ref.
uv visible light
Water splitting
Sol—gel cxon = 0.1 mol litre =1, 1.7 when the surface area increases by a factor - 131,132
(polymeric complex) Ceat = 3.33 g litre 1, of 1.2 (explained by a decrease in number of defects)
Hg 450 W
Methyl Orange degradation (20 mg litre ")
Sol —gel (stearic acid) cear=1 g litre~!, Hg 300 W 2; the degradation rate increases in the — 133
series La< Nd < Sm < Gd < Dy
(for Dy, the gain is 4 times)
Hydrogen evolution from KI solution
Sol - gel under Hg 250 W, 15 mW cm—2, 1.4% 1.8% 134
H, atmosphere 300 nm < A < 400 nm,
Xe 250 W
under Ar atmosphere The same 2.20b 2.4b
Hydrogen evolution from aqueous methanol (10 vol.%)
Hydrothermal T =60 °C, 2.2 due to 3.1-fold increase in surface area — 135
Ceat = 0.8 g litre ™1,
Hg 450 W
Hydrogen evolution from Na>S— Na>SO3 aqueous solution
Sol—gel (stearic acid) Ceat = 4 g litre—!, Hg 300 W See ¢ — 136

aThe factor by which the photocatalytic activity is greater than in a sample prepared by solid-phase synthesis. » Compared to sol —gel synthesis
under air. ¢ The maximal activity is observed upon calcination for 2 h at 1000 °C. No comparison with solid-phase synthesis was carried out.
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Table 7. Effects of various modifiers on the photocatalytic activity of layered oxide K>La>TizOo.
Modifier Parameters of the experiment Gain in activity Ref.
oxide, element concentration (%) uv visible light
Water splitting, ckon = 0.1 mol litre !
NiO 3 Ceat = 3.125 g litre—!, Hg 450 W 6 — 117
NiO + Cr,03 3+0.5 Ceat = 3.125 g litre !, Hg 450 W, 1 > 190 nm 1.7° — 138
Au 1 Cear = 2.5 g litre—!, 8 lamps 24 W, A = 300 & 50 nm, — 2b 139
8 lamps 24 W, 1 = 419+ 25 nm
Hydrogen evolution from aqueous methanol (10 vol.%)
Pt 2 Cear = 5 g litre=!, Hg 500 W 9 — 140
Degradation of organic dyes (20 mg litre =)
TiO3 (see©) — Cear = 0.8 g litre—!, Hg 300 W, A > 400 nm - 5 141
Degradation of Methyl Orange (20 mg litre 1)
Fe 03 (see©) — Cear = 0.8 g litre—!, Hg 300 W, 4 > 400 nm — 174 142
CdS — Ceat = 1 g litre=!, Hg 300 W, / ~ 365 nm 1.54 — 143
Hydrogen evolution from Na>S— Na>SO3 aqueous solution
CdS — Ceat = 2 g litre— 1, Hg 300 W, Xe 500 W 2 114 144146
PbS — Ceat = 2 g litre= !, Hg 300 W 1.5 — 147
CdS — Ceat = 5 g litre !, Xe 500 W, 2 > 400 nm - 2¢ 148

aThe factor by which the photocatalytic activity is greater than in a sample prepared by solid-phase synthesis. ® Compared to a sample loaded with
NiO (3%). ¢ The proton-substituted form HyLa,Tiz019 was modified. 4 Compared to the modifier. ¢ Compared to TiO,, modified in the same

manner.

iron percentage in the thus-prepared samples was ~ 8%, the
optical absorption edge shifted to 2.2 eV, and the specific
surface area was five times larger compared to the surface
area of the initial compound. The Methyl Orange dye
degradation rate under visible light (4 > 400 nm) was 40
times as high as the rate observed for H,La>TizO;0 and 17
times as high as observed for Fe»Os;. In this case, these
observations can fairly well signify an enhanced photo-
catalytic activity of H>La,>Ti3O;9/Fe>O3 as this composite
can absorb the visible light, unlike H>La>Ti30,/TiO2. The
same composite was prepared by a hydrothermal method
involving treatment of H>La,Ti30; with Fe(NO3)3 solution
in an autoclave at 160 °C. The resulting composite sample
had a slightly smaller specific surface area compared to the
preceding sample and, accordingly, a lower photocatalytic
activity.

Thaminimulla er al.'*® showed how the photocatalytic
water splitting activity of K,La>TizO;9 changes when the
surface of a layered oxide is loaded with other metal oxides
together with NiO, (Table 8).

A positive effect was achieved only with chromium
oxide; otherwise, the activity lowered. After optimizing
synthesis parameters, Thaminimulla er «l.'3% attained a
photocatalytic activity for the composite K,La>TizO¢/
NiO (3%)/Cr,03(0.5%) twice as great as for the initial
K>La5Ti3019/NiO (3%). Presumably, the role of chromium
oxide consists in facilitating hydrogen evolution from a
Ni/NiO particle thereby to inhibit oxygen sorption.

Tai et al.'° studied gold nanoparticles as an alternative
to nickel oxide for use as a cocatalyst for K,La>Ti3Oo.
They did not achieve a higher water splitting activity under
UV light; however, they managed to achieve this at

Table 8. Effect of modifying by various oxides on the photocatalytic
activity of K;La,TizO010/NiO, in water splitting reaction.!'3®

Metal Gas evolution rate /umol h—!
H» 0O
- 507 255
Cr 545 275
Mn 13 5
Fe 4 2
Co 105 0
Cu 130 4
Ru 112 1
Ag 149 74
Ce 215 104
Sm 26 3
Pb 62 0

Note. Parameters of the experiment: 1 g of the catalyst per 330 ml of
0.1 mol litre—! KOH, a high-pressure mercury lamp (450 W), an
internal radiation unit, a closed gas circulation system; argon pressure:
50 mm Hg.

A =420 nm, maybe because of light absorption by gold
particles due to plasmon resonance.

There are only few studies concerned with the exfolia-
tion of Ruddlesden—Popper phases of triple-layered tita-
nates because of the difficulties to intercalate organic
compounds into them. However, Schaak and Mallouk '4°
showed the possibility to exfoliate H»La,TizO;0 and
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NayLa,Ti301¢ using n-butylamine and tetra-n-butylammo-
nium hydroxide, respectively. H>Ln,>Ti3O;o nanosheets were
prepared by exfoliation in ethylamine solution
(0.1 mol litre—!') for five days in order to study their
luminescent properties.'>%- 151 However, the exfoliation of
triple-layered titanates has not yet been used in the design of
photocatalysts.

VI. Dion—Jacobson phases

VL1. Structure and most important properties
Typical representatives of Dion—Jacobson phases are dou-
ble- and triple-layered oxides ALnB>O7 and ACa;B30o,
where A stands for an alkali metal, Ln for a lanthanide, and
B for niobium or tantalum. These compounds have slightly
differing structures depending on the alkali metal, which is
manifested as a consecutive shift of neighbouring perovskite
layers by 1/2 along crystallographic axes a and b, as shown
in Fig. 10.152-154

Dion—Jacobson phases typically have ion-exchange
properties. Interlayer cations can be replaced by protons
upon exposure to an aqueous acid.®!-13 Replacement of
one alkali metal by another can be accomplished in the
appropriate nitrate melt;!>> as a rule, a cation having a
larger radius is replaced by a smaller cation. Partial replace-
ment by doubly charged cations is also possible.'3® Due to
their acidic properties, protonated compounds can react
with alkalis (to exchange protons for alkali metals) 157 and
intercalate a wide spectrum of organic bases, such as
pyridine and n-alkylamines (having hydrocarbon chain
lengths up to 18).82:155:158 The intercalation of bulky
organic molecules can lead to splitting of the layered
structure of a Dion—Jacobson phase. In most detail this
effect was studied for triple-layered nio-
bates,?# 46,96,97, 101, 112, 159164 3]though other compounds
can experience structure splitting, too.!>°

VI.2. Photocatalytic activity of layered niobates.

Role of intercalation in photocatalysis

The activity of Dion—Jacobson phases was first studied by
Domen et al.®> for ALaNb>O7; and ACa;NbzOig (A = Cs,
Rb, K or H) niobates in photocatalytic hydrogen evolution
and oxygen evolution from aqueous solutions of methanol
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of layered oxides ALnB>O; and

and silver nitrate, respectively (Table 9). These niobates are
incapable of splitting water to hydrogen and oxygen unless
specially modified.°!

Of the double-layered niobates, the rubidium-containing
oxide has the highest activity (which was also confirmed by
Burovikhina et al.'®%); of the triple-layered niobates, a
potassium-containing sample has the highest activity. Plat-
inum loading slightly increases the activity, the effect being
more prominent for triple-layered oxides than for double-

Table 9. Photocatalytic activities of layered niobates in the reactions of hydrogen and oxygen evolution (umol h—') from aqueous solutions.®

Sample Number H; evolution O, evolution Eg [eV
of layers
I II 111 v

K4NbsO17 1 130 270 750 740 13 3.5
KLaNb,O7 2 28 54 760 3800 46 32
RbLaNb,O7 2 60 90 740 2600 2 335
CsLaNb,O 2 12 28 300 2200 3 33
KCa;Nb3Oyo 3 14 100 5900 19000 8 335
RbCazNb3O1o 3 3 26 3100 17000 16 35
CsCasNb3O10 3 2 10 970 8300 10 35
KSr:Nb3O1o 3 10 110 8900 43000 30 3.16
TiO; (anatase) — — 7400 — — 660 3.0

Note. Parameters of the experiment: 1 g of the catalyst, Hg 450 W, for the reaction of hydrogen evolution: 50 ml MeOH + 300 ml H,O, for the
reaction of oxygen evolution: 350 ml of a 0.01 M AgNO3 aqueous solution. Notations: I and IT are hydrogen evolution rates using unmodified and
0.1% Pt modified samples, respectively; III and IV are hydrogen evolution rates with unmodified and 0.1% Pt modified H " -substituted samples,

respectively.
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Table 10. Photocatalytic hydrogen evolution rate as dependent on the nature of sacrificial agent for various catalysts.%>

Alcohol H; evolution rate /umol h—!

KCa>NbsOq HCa,NbsOq HCasz30|0/P[ (see a) TiOQ/Pt (see a)
Methanol 7 920 4670 4000
Ethanol 7 73 384 5170
Propan-1-ol 3 27 43 3480
Butan-1-ol 2 19 30 2790

Note. Parameters of the experiment: 1 g of the catalyst, Hg 450 W, 50 ml alcohol + 300 ml water. ® The catalysts are modifeid with 0.1% Pt.

Table 11. Photocatalytic hydrogen evolution rate as dependent on the
nature of sacrificial agent for HCa;Nb3O;o and HCa;Nb3O40/SiOx.
samples. ¢

Alcohol H; evolution rate /umol h—!
HCasz3010 HC?QNb}Om/SiOz
Methanol 4670 8100
Ethanol 347 5500
Propan-1-ol 43 1100
Butan-1-ol 60 1060

Note. Parameters of the experiment: 1 g of the 0.1% Pt-modified
catalyst; Hg 450 W; 50 ml alcohol + 300 ml water.

layered oxides. A strong gain in hydrogen evolution rate is
observed after interlayer cations are replaced by protons.
The authors explained this by the capability of the proto-
nated phase to intercalate water and methanol molecules
into the interlayer space, where the oxidation reaction
occurs. A piece of support to this hypothesis comes from
the strong dependence of the hydrogen evolution rate on the
nature of the sacrificial agent used (Table 10). The inter-
calation of an alcohol into the interlayer space becomes
more difficult as the hydrocarbon chain length increases,
and the photocatalytic activity weakens as a result. When
the catalyst was titania (which is incapable of being inter-
calated), the decay in activity was not so prominent.

A similar trend can be traced for a HCas;Nb3O,0/SiO2
composite sample that was prepared by intercalation of
n-octylamine in heptane followed by incorporation of
Si(OEt)4 and thermolysis (Table 11).

After SiO, was loaded, the specific surface area of the
sample increased from 2 to 200 m? g—! as a result of the
formation of a microporous structure in between perovskite
layers, and this was expected to enhance the photocatalytic
activity. However, the enhancement was distinct only in
alcohols heavier than methanol. This observation provides
a piece of evidence that the observed methanol degradation
selectivity of the precursor HCa;Nb3Oo was due to kinetic
hindrances to the intercalation of larger alcohol molecules
into the interlayer space. The hydrogen evolution rate over
HCa>Nb3Oj¢ decreased almost by a factor of 100 from
methanol to propanol, whereas the sample where the
interlayer space was expanded by silica experienced only
an eightfold loss of activity. Thus, when the interlayer space
in the layered oxide structure is accessible to reactant

molecules, it can be regarded as the working surface of the
catalyst.

The dependence of hydrogen evolution rate on the
degree of H for K™ cation substitution in KCa>Nb3Oo
also proves that a photocatalytic process occurs in the
interlayer space: a strong increase in catalytic activity is
observed for degrees of substitution of 70% —80%, that is,
just when there appears the capability to incorporate water
and methanol molecules into the interlayer space.®®

The restacking of KCa;NbsOo from monolayers makes
it possible to increase the specific surface area from 3 to
27 m? g—!, which leads to a proportional (8.7-fold) gain in
activity in photocatalytic hydrogen evolution from aqueous
methanol (10 vol.%) under UV light irradiation.”’” The
optimal amount of platinum, which is used as a cocatalyst,
increases in proportion from 0.1% to 1%. Under these
conditions, reassembled KCa,;Nb3O,¢ only slightly exceeds
titania in photocatalytic activity.

Noteworthy, of the restacked niobates, triple-layered
oxides have photocatalytic activities one order of magnitude
higher than those of double-layered oxides, just as the
precursor unsplit compounds.'¢7

VL.3. Effect of Ca2* replacement in ACa;Nb3O1¢
on photocatalytic activity
The replacement of calcium atoms in RbCa,;Nb3O,¢ by lead
induces '°% a bathochromic shift of the optical absorption
edge (E; ~ 2.6 eV) and thereby to the appearance of photo-
catalytic  activity under visible light irradiation
(4 > 420 nm).'%® Once RbPb,Nb3;O;o is protonated, its
activity in photocatalytic hydrogen evolution from aqueous
methanol (17 vol%) increases due to the acquired interca-
lation ability. Photoreduction from Pt(NH3)ﬁ+ and PtClg~
complex ions was used for loading HPb,Nb3O;o with
platinum. In the former, a positively charged platinum
complex entered the interlayer space due to an ion-exchange
reaction and platinum particles were formed as a result of
irradiation. In the latter, platinum particles deposited only
on the surface of layered oxide. For this reasons, when
Pt(NH3)4Cl> was used to modify HPb,Nb3O,p, the photo-
catalytic activity was four times greater than when H,PtCls
was used. Chromium doping increased the HPb>Nb3Og
activity in photocatalytic hydrogen evolution from aqueous
methanol (20 vol.%) by a factor of 1.6 at A > 400 nm.!70
Thus, the replacement of an alkaline-earth metal in a
triple-layered Dion—Jacobson phase by lead is a promising
method for producing photocatalysts that will be active in
the visible range. Exfoliation of HPbaNb3O;o, which is
typical of its isostructural analogues, is of interest in this
context.
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Calcium cations in the HCa>Nb3O¢ structure can par-
tially be replaced by lanthanum to slightly increase the
photocatalytic activity in hydrogen evolution from aqueous
methanol (10 vol.%).'7! Huang et al.!'”! explained this by a
reduction in charge density in the interlayer space,
which makes the intercalation of reactants into the
H,_.La.Cas_,.Nb3zO;¢ structure easier than into the
HCa;Nb3Ojo structure. Doping KSroNbszO;¢ with chro-
mium provides some increase in photocatalytic activity.!”?
The optimal x value in Kj42,SraNbs_CryOj is 0.0125;
greater chromium levels cause a strong progressive decline
in activity.

VI1.4. Photocatalysts produced by exfoliating HCa;Nb3O1¢
Layered oxide KCa;Nb3O;¢ prepared by routine solid-
phase synthesis has no activity in photocatalytic water
splitting even when loaded with the cocatalyst RuO,. The
exfoliation and restacking technique can be used to incor-
porate cocatalyst species in between perovskite layers; this
can be helpful to achieve the evolution of stoichiometric
hydrogen and oxygen amounts from water under exposure
to the UV light. For example, the restacking of Ca>NbsOj,
nanosheets in aqueous KOH in the presence of Ruthenium
Red (a trinuclear ruthenium complex) involves the capture
of complex molecules into the interlayer space. Subsequent
heating or UV illumination gives rise to the formation, in
the interlayer space, of RuO, species, which perform as an
oxygen evolution catalyst. The thus-prepared photocatalyst
splits water under UV light. The replacement of potassium
by sodium ions increases the activity presumably due to
facilitating the hydration of the interlayer space.'>®

Hata et al.'®® used a similar approach to incorporate
Rh>O3 nanoparticles into the interlayer space of
KCa>Nb3Ojo, which resulted in a twofold increase in
activity in photocatalytic hydrogen evolution from aqueous
methanol (10 vol%) solution. The authors!®? failed to
accomplish photocatalytic water splitting. Noteworthy, the
photocatalytic activity of restacked layered HCa,NbzOjo
did not differ strongly from the activity of disperse perov-
skite nanosheets. !0

VI.5. Photocatalytic activity of layered tantalates.

Role of intercalation in photocatalysis

Triple-layered tantalates of composition MCa,TazOjo
(M = Cs, Na or H) are photocatalytically active in UV-
light driven water splitting reaction.!”® Band gaps in these
compounds are slightly wider than in similar niobates, and
vary in the range from 4.1 to 4.3 eV depending on the
interlayer cation. When NaCa,Tas0O¢ is exposed to water,
water molecules are intercalated into its interlayer space
(1.86 molecules per formula unit), whereas CsCa,Taz0 is
completely stable to hydration. It is likely for this reason
that NaCa,Ta30)¢ is superior to CsCa,Taz0;¢ in photo-
catalytic activity, which is especially prominent after
loading with cocatalyst NiO, (0.5 mass %) (Table 12).
The quantum efficiency for water splitting over
NaCazTa.gOlo/NiOx is ~5%.

The nickel loading procedure comprises reductive treat-
ment with hydrogen at 500 °C; the HCa,Ta30;o protonated
phase is likely to experience irreversible dehydration at this
temperature. If so, the values of HCas;Ta30,0/NiO, photo-
catalytic activity reported by Machida et al.!73 actually refer
to a phase of another composition.

Table 12. Photocatalytic activity of MCa,Ta3O;9 (M = Cs, Na, H)
tantalates in the reaction of water splitting before and after loading
with 0.5% NiO,.173

Sample Gas evolution rate /umol h—!
H2 02
CSCazTa30|0 7.6 2.2
NacazTa3010 12.2 7.6
HCazTa301() 2.6 0.7
CsCa,Ta300/NiOy 23.9 10.3
1\](:1(:3.2Ta301()/1\“0)C 308.4 157.7
HCazT.‘d}O]o/Niox 22.2 5.2

Note. Parameters of the experiment: 0.2 g of the catalyst per 200 m? of
water, a high-pressure mercury lamp (400 W), an internal radiation
unit, a closed gas circulation system, argon pressure 150 mm Hg.

Isotope-exchange experiments using IR spectroscopy
showed that, when a NaCa,Ta3zO;o-x H,O sample was
placed in heavy water, the replacement of H»O in the
interlayer space by D>O from solution occurred very slowly.
However, the exchange was accelerated under UV light
irradiation. The isotope analysis of the hydrogen evolved
in the photocatalytic reaction from a CsCa,Ta3O¢ slurry in
D->0O, showed that the ratios HD: D, and H»: D, increased
with time to become 0.1 and 0.02, respectively, after a
steady state was acquired, due to the presence of minor
H>0. When NaCa,;Ta30;0- x H>O slurry in D,O was irradi-
ated, the ratios HD: D, and H,: D, decreased with time to
become 0.28 and 0.03 after a steady state was acquired;
these values are about two times the respective values for
CsCa,Ta304. This signifies that interlayer H>O molecules
of layered NaCa,Ta30o participate in the photocatalytic
process. Unfortunately, the experiments give no answer to
the question of whether water splitting occurs in the
interlayer space or on the oxide surface where water appears
as a result of outward diffusion from the crystal bulk. A
piece of evidence for the second scenario 1is that
NaCa,Taz0;¢ surface loading by NiO, species, which are
treated as hydrogen evolution sites, increases the photo-
catalytic activity of the sample by one order of magnitude.

Mitsuyama et al. 8¢ studied the photocatalytic activity of
a series of layered tantalates MCa,TaszO;0 (M = Li, Na, K,
Rb or Cs). The ratio of UV light-driven water splitting rates
over modified NiO, samples was slightly different from the
value obtained by Machida et al.,'’? which is one more
illustration of the poor reproducibility of photocatalytic
experiments even in one team of researchers. In the series of
tantalates under consideration, only NaCa;NbzO;o was
capable of intercalating water into the interlayer space
(two water molecules per formula unit); however, the
maximal activity was observed for a LiCa;Nb3O;o sample.
The researchers cited 173 hypothesized that water intercala-
tion into LiCa;Nb3Oy is controlled by kinetic factors, and
if these factors are overcome, the resulting hydrated phase
will acquire an even greater photocatalytic activity. Indeed,
hydrothermal treatment at 160 °C for 12 h yielded a
LiCasNb30,¢/NiO, sample having water molecules in the
interlayer space (up to 0.64 water molecules per formula
unit), whose photocatalytic activity was twice as high as the
activities of unhydrated samples (Table 13).
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Table 13. Photocatalytic activities of MCa,Ta3O;9 (M = Li, Na, K,
Rb, Cs) tantalates.8¢

Sample Gas evolution rate /umol h—!

Hz 02
LiCazTa3010'XH20 a 708 333
LiCazTa3010 356 194
NaCazTa3010 X Hzo 293 162
KCazTa3010 177 81
RbcazTa3010 180 91
CSCazTa30|0 89 53

Note. All samples were modified with 0.5% NiO,. Parameters of the
experiment: 0.2 g of the catalyst per 200 ml of water, a high-pressure
mercury lamp (400 W), an internal radiation unit, a closed gas
circulation system. ®The sample was prepared by hydrothermal
treatment.

Hydrothermal treatment at higher temperatures reduced
the photocatalytic activity, presumably due to the oxidation
of the cocatalyst. There is no direct correlation between the
photocatalytic activity and the amount of water intercalated
into samples treated under different conditions. Intrigu-
ingly, the activity-enhancing effect was achieved only when
the hydrothermally treated sample had been modified with
NiO,. When unmodified LiCa,Ta30;9 was treated in the
same way, only a decay in activity was observed despite
hydration.

Hydrothermal treatment is not the only way to provide
the hydration of interlayers in LiCa,TaszOpo structure;
partial replacement of Li*™ by Na™ cations can also be
helpful in this regard.!'”* When the relative sodium content
is 0.77, the degree of hydration corresponds to a NaCas.
Ta30,0 phase and the photocatalytic activity has a maximal
value of this solid solution series, approaching the highest
value obtained by Mitsuyama et a/.8¢ for a hydrothermally
treated LiCa,Ta30;0 sample. The authors explained the
high activity of the initial LiCa,Ta30;0 phase by structural
factors: the distortion of tantalum—oxygen octahedra gives
rise to a dipole moment, and the dipole moment promotes
the spatial separation of electron and holes. At the same
time, the high activity of NaCa,TaszOjo is due to the
hydration of the interlayer space, so the layered oxide
Lip3Nag 77CasTaz0;¢ has the best combination of the two
factors. As the replacement of K* by Na™ cations in
KCa,Ta30;9 progresses, the photocatalytic activity
increases monotonically in response to increasing degree of
hydration.

Huang er al'’> studied the activity along the
KSI‘zTaXNb37x010 and HSl‘zTabe37XO1() (X = 0, 1, 1.5, 2
or 3) solid solution series in photocatalytic hydrogen
evolution from methanol solution (10 vol.%). HSraNb3Oj g
showed the highest activity in the absence of cocatalysts;
after platinum species were intercalated into the interlayer
space, HSr,TaNb,Oj¢ solid solution did this with a quan-
tum efficiency of 2.7%.

The incorporation of ZnS and PbS species into inter-
layers also increased the photocatalytic activities of
HSr;Nb3;Oj9 and HSrTaNbOjo.!7¢ The incorporation
was accomplished by consecutive intercalation of n-hexyl-
amine, ion exchange for Zn?" and Pb2?* and hydrogen
sulfide treatment.

Triple-layered tantalates are subject to exfoliation, as
niobates, and this can be used to create efficient photo-
catalytic systems. For example, rhodium-modified nano-
layers produced by the exfoliation of nitrogen-doped
HCasTa>09 7Ny showed the photocatalytic water splitting
activity !77 that was one order of magnitude higher than for
an unexfoliated sample.

VI.6. Photocatalytic activities of ALnTa,0~ double-layered
tantalates

Double-layered tantalates of the family ALnTaO7
(A =Cs, Rb, Na or H; Ln = La, Pr, Nd or Sm) feature
photocatalytic activity in UV radiation-induced water split-
ting.87-178-180 The band gap energy in this series of com-
pounds depends on the lanthanide and is 3.9, 3.6, 4.2 and
4.2 eV for A = La, Pr, Nd and Sm, respectively. The photo-
catalytic activity also depends appreciably on the lanthanide
and takes a maximal value for RbNdTa,O (Table 14).

Table 14. Photocatalytic activities of RbLnTa>O7 (Ln = La, Pr, Nd,
Sm) tantalates.!80

Sample E, eV Gas evolution rate /umol h—!
H> (023
RbLaTa>O 3.9 1.2 0.6
RbPrTa>0 3.6 0.9 0.1
RbNdTa,07 4.2 47 253
RbSmTa>07 42 10.6 5.7

Note. Parameters of the experiment: 0.2 g of the catalyst per 200 ml of
water, a high-pressure mercury lamp (400 W), an internal radiation
unit, a closed gas circulation system, argon pressure: 150 mm Hg.

This trend can in part be interpreted, based on quantum-
chemical calculations, by that the lanthanide 4f orbitals are
partially delocalized and participate in the valence band and
conduction band thereby influencing the positions of band
edges, the densities of states, and the mobilities of photo-
generated charge carriers.!8¢ The hydration capability of
ALnTa,07 double-layered tantalates is determined by the
alkali metal A. Of the series of double-layered tantalates
under consideration, only NaLnTa>O; compounds are
capable of reversibly intercalating water into their interlayer
spaces. In this case, however, unlike triple-layered Rud-
dlesden —Popper and Dion—Jacobson phases, the hydration
of interlayers does not noticeably increase the photocata-
lytic activity, and the maximal activity is observed in
RbNdTa0O7 and CsNdTa,07 samples, which do not inter-
calate water under ambient temperature and pres-
sure.®+87-181 This difference can be assigned to the
different electronic structures of double-layered and tri-
ple-layered Dion—Jacobson phases. For triple-layered tan-
talates, the orbitals of terminal oxygen atoms that surround
the interlayer space are the major contributors to the
valence band. For double-layered tantalates, these orbitals
lie 1 eV below the valence band top. Thus, the interaction of
photogenerated holes with intercalated molecules in two-
layer tantalates is hindered.!”? This example well illustrates
the fact that the capability to intercalate reactant molecules
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into the interlayer space is not always a favourable factor
for the photocatalytic activity of layered oxides.

VII. Aurivillius phases

VII.1. Structure and most important properties

Recently Aurivillius phases have extenseively been studied
as photocatalysts in view of their capability to absorb
visible light. The major subjects of studies include mono-
layered (isostructural to BixMo0QOs, BiaWOg),!?® double-
layered (PbBi2Nb>Oy) and triple-layered (BisTizO;2) Auri-
villius phases, the structures of which are visualized in
Fig. 11. The Bi;WO¢ structure is an analogue of the
BioMoOg structure.'®? Aurivillius phases typically have a
considerably distorted structure of perovskite layers; the
distortion consists of a rotation of metal —oxygen octahedra
and is responsible for the lowering of crystal-lattice symme-
try from tetragonal to orthorhombic.

Intercalation of molecules into the interlayer space,
which is an important factor for the properties of Rud-
dlesden —Popper and Dion—Jacobson phases, is not typical
of Aurivillius phases. Protonation of Aurivillius phases is
possible in some cases; however, the products of this
reaction are not Aurivillius phases, but rather Ruddles-
den—Popper phases, as Bizog+ structural units in the
interlayer space are replaced by protons.?? In the context
of photocatalysis, this, as a rule, results in an increase in
photocatalytic activity in the UV range with a simultaneous
decline in activity in the visible range due to the increase in
band gap energy of the layered oxide.!8% 187 Meanwhile, the
main strength of Aurivillius phases as photocatalysts con-
sists just in their capability to absorb visible light.

VII.2. Absorption of visible light by Aurivillius phases
One way to decrease the band gap energy of an oxide
photocatalyst in order to make it capable of absorbing
visible light is to dope it with metals with s> electronic
configuration which would contribute to the valence band
together with oxygen atoms.!® This is just the case in
photocatalysts comprising Aurivillius phases, as all of
them contain Bi® ™, whose electronic configuration is s2.
For Bi:WO¢ (E, =2.7-2.8 ¢V), density functional
quantum chemical calculations showed that the absorption
of visible light is associated with the transiiotn of an
electron from the valence band, which is formed by Bi6s
and O2p orbitals, to the conduction band, which is formed
by W5d orbitals.!8 In ABi,Ta>O9 (A = Ca, Sr or Ba), the
valence band is formed by O2p, Ta5d and Bi6s orbitals and
the conduction band is formed by Bi6p, Ta5d and O2p
orbitals.'”® These compounds do not absorb visible light;
however, they have smaller band gap energies than the
ATasO¢ (A = Ca, Sr or Ba) bismuth-free tantalates. In the
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Figure 11. Structures of Aurivillius phases BisTi3012, PbBi2Nb,Og
and BixM0Qg.!182-185

latter, the conduction band and valence band are formed by
Ta5d and O2p orbitals, respectively. The data shown in
Table 15 imply that the decrease in band gap energy in
going from binary tantalates to Aurivillius phases averages
~0.3-0.7 eV. This is explained by the hybridization of
occupied bismuth 6s orbitals with oxygen 2p orbitals to
heighten the valence band top.

The electronic structure of ABi2Nb,Og¢ (A = Ca, Sr or
Ba) niobates, which are Aurivillius phases, is similar to the
electronic structure of the corresponding tantalates. The
valence band is formed by O2p, Nb4d and Bi6s orbitals, and
the conduction band is formed by Bi6p, Nb4d and O2p
orbitals.!®! The niobates have slightly narrower band gaps
compared to their isostructural tantalates, where Eg
decreases as the alkaline-earth metal radius increases
(Table 15).

The observed effect of heightening the valence band top
is enhanced by increasing bismuth content of the complex
oxide. This trend can be seen in Bi,LaSrTi,TaO;» and
BisSrTixTaO,2, which are triple-layered  Aurivillius
phases.!®? The values of E, for these compounds are 3.48
and 3.32 eV, respectively. In this case, the unoccupied Ti3d
and Ta4d orbitals form the conduction band and the O2p
and Bi6s hybridized orbitals form the valence band. The
hybridization is enhanced as the bismuth content increases,
which is manifested in a 0.16 eV narrowing of the band gap.

A still more significant narrowing of the band gap can
be accomplished by doping the layered oxide structure (in
addition to bismuth) with doubly charged lead, which also

Table 15. Band gap energies of tantalate and niobate Aurivillius phases and binary tantalates.!? 191

Binary Ey eV Tantalate E; eV Niobate Ey eV
tantalate Aurivillius phase Aurivillius phase

CaT3206 4.0 CaBizTazOQ 3.67 CaBisz209 3.46
SrTa206 4.4 SI'BizTazOg 3.64 SI‘BiszzOg 3.43
BaTa206 4.1 BaBizTaQOg 3.52 BaBisz209 3.30




Table 16. Photocatalytic activity of individual Aurivillius phases prepared by various methods.

Photocatalyst synthesis method Model reaction Parameters of the experiment Result Ref.
gain in activity @ parameters
Photocatalyst BiaWOg
Sol—gel synthesis with albumin Degradation of rhodamine B Ceat = 1 g litre—!, Xe 300 W 2.8 with albumin — 209
(according to increase in Sp) (5 mg litre— 1)
as the biotemplate, Sy, = 3.5 m? g~!
(under the same conditions but
without albumin, Ssp = 1.2 m? g—1)
Microspheres of Bi,WOg nanoparticles, Degradation of rhodamine B Ceat = 1 g litre 1, Xe 500 W, No degradation — 216
Sep = 42.8 m? g~! (5x10~3mol litre— 1) 2> 400 nm
Hydrothermal synthesis at pH 2, 6, 10 Degradation of rhodamine B Ceat = 1 g litre=!, Xe 450 W 3.2 following pH decrease pH 2, Ssp = 31.0, k = 0.038; 215
(10— mol litre 1) from 10 to 2 (according pH 6, S5, = 20.2, k = 0.018;
to increase in Ssp) pH 10, Ssp = 6.9,k = 0.012
Hydrothermal synthesis, microdiscs, Degradation of rhodamine B Ceat = 1 g litre—1, Xe 500 W ~20 — 210
Sep =26.1, S55=0.64m> g—! (10~> mol litre ")
Hydrothermal synthesis, Degradation of rhodamine B Ceat = 0.5 g litre—!, Xe 500 W, 6.7 k = 0.020, k* = 0.003 211
Sep=16.3, S, = 0.64m? g—! (10~3 mol litre ") A > 400 nm
Hydrothermal synthesis, nanoplates Reduction of CO; in meat = 0.1 g, reactor area 24.4 = 1.1umol g=' h—!, 217
Sp = 5.63,55,=0.6m? g~ the gas phase (p = latm) 4.2 cm?, reactor volume 230 ml, ®* = 0.045 umol g=! h—1,
+1 ml of water see?
Xe 500 W, 4 > 420 nm
Photocatalyst BisTiz012
Solid-phase method, Degradation of 4-chlorophenol Ceat = 0.5 g litre—!, Hal 500 W, — k = 0.0024 218
Sp=3.5m? g~! (1.25 x 10—° mol litre—1) A > 420 nm
Degradation of Ceat = 0.4 g litre—!, Hal 500 W, - x ~ 100% in 18 h; without 218
microcystin-RR (0.4 g litre—1), A > 420 nm a catalyst x ~ 5%
Peroxide complex method Degradation of rhodamine B Ceat = 0.75 g litre 1, 1.8 on going from the Ssp = 2.6, k = 0.0078; 219
(10 mg litre= ") Hg (m) 400 W synthesis temperature Ssp = 1.8,k =0.0140
of 800 °C to 900 °C
owing to increase
in the crystallinity
Hydrothermal synthesis Degradation of rhodamine B Ceat = 1 g litre—1, Xe 500 W, Increase with decreasing pH 1, Ssp = 48.8, x = 93%; 214

atpHof 1 to 14

(10~3 mol litre ")

A > 400 nm

the synthesis pH (according
to the increase in Sip)

pH 14, Ssp = 7.1, x = 712%
in 360 min
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Table 16 (continued).

Photocatalyst synthesis method

Model reaction

Parameters of the experiment

Hydrothermal synthesis, particles
of various morphology

Co-precipitation under sonication

Degradation of Methyl Orange
(10— mol litre—1)

Degradation of rhodamine B
(5 mg litre= ")

Photocatalyst BisTiz012

Ceat = 1 g litre =1, Xe 300 W,
2 > 420 nm

Modifier BixMo0Og

Cear = 1 g litre !, Xe 5600 K,
85000 Ix

Result Ref.
gain in activity @ parameters
Increase according to the Ssp = 53.6, k = 0.0036; 212

increase in Ssp

7—18 (according to the
increase in Ssp)

Ssp = 74.2, k = 0.0042;
Ssp = 90.5, k = 0.0078;
for TiO2/N Sy = 31.8,
k =0.0019

T =450°C, k=0.007,Sp=04; 213
T =400 °C, k = 0.009, Ssp = 4.2;

T =1350°C,k=0.018, Ssp = 11.9,

k* =~ 0.001

Note. The following notations are used: Ssp is the specific surface area /m? g—!, ccar and mc, are the catalyst concentration and mass, respectively, Hal is the halogen lamp, Hg (m) is the medium-pressure
mercury lamp; k is the pseudo-first-order rate constant /min—!; x is the degree of substrate conversion;  is the reaction rate; values with the superscript ‘as’ refer to the Aurivillius phases obtained by the
solid-phase method. @ The factor by which the photocatalytic activity is greater than in the sample obtained by the solid-phase method. ® Apart from S;;, the particle morphology plays a role: the plate surface
corresponds to the {001} face on which CO, dissociation is easier.
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has the s? electronic configuration. This can well be seen for
PbBi2Nb,Oy, where the valence band is formed of O2p
orbitals, which interact both with Bi6s orbitals and with
Pbé6s orbitals.!?3 This effect causes an even greater height-
ening of the valence band top, and the band gap of this
compound is as narrow as 2.88 eV, i.e., 0.42 eV narrower
than in the analogue that contains barium instead of lead
atoms (see Table 15). Due to this, PbBiuNb>Oy doped with
0.1% Pt, is photocatalytically active under visible light
irradiation; specifically, it shows 0.95% quantum efficiency
in the reaction of hydrogen evolution from methanol
solution (15 vol.%), and its quantum efficiency in the
reaction of oxygen evolution from 0.05 M silver nitrate
solution at A> 420 nm is 29%.!8* Noteworthy, the incor-
poration of lead cations into the structure narrows the band
gap not only in Aurivillius phases, but also in other classes
of layered oxides.!69-188

VIL.3. Photocatalytic activity of unmodified Aurivillius phases.
Correlation between the photocatalytic activity and specific surface
area

Most studies into the photocatalytic properties of Aurivil-
lius phases now underway involve the development of new
synthetic methods (primarily sol—gel and and solvothermal
methods) that would make it possible to control particle
morphology and to increase specific surface areas to the
maximal possible extent compared to the routine high-
temperature solid-phase synthesis. The major focus of
those studies is on binary oxides Bi;Mo0Qs,!8% 194-198
Bi2W06189‘194‘1997203 and Bi4Ti3012 (RGfS 204*206) and
some ternary oxides.?97-298 The main inference from the
studies consists in that the increasing specific surface areas
and crystallinities increase the photocatalytic activity. This
trend can be traced in recent studies into the photocatalytic
activity of  individual (unmodified) Aurivillius
phases;?0°-215 the results of these studies are shown in
Table 16.

Apart from the specific surface area, one more factor
that can influence the photocatalytic activity is the type
of crystal plane that primarily contacts the reaction
medium as shown by Zheng er al.'®® for Bi,WQOg. The
researchers 128 used a hydrothermal method to prepare
three samples that morphologically differed from each
other: large platelets, small platelets and various nano-
particles. The specific surface areas increased in this
series of samples while the photocatalytic activities
decreased. The sample that consisted of large platy
particles whose sufrace coincided with the crystalllo-
graphic plane {010} showed the highest activity. The
authors !9 explained the enhanced catalytic activity of
this facet by the distortion of molybdenum—oxygen
octahedra and the attendant high surface density of oxy-
gen defects and structural vacancies, which facilitate the
generation of OH and OOH radicals.

VII.4. Photocatalytic processes involving Aurivillius phases
The most popular model reactions in studies of the
photocatalytic properties of Aurivillius phases are the
reactions of light-driven degradation of organic dyes
(Rhodamine B, Methyl Orange and Methylene Blue) in
aqueous solution. The popularity of these reactions is due
primarily to the ease of experimentation. As mentioned
above (see Section II), however, when a dye is used as a
substrate, its degradation is frequently non-photocata-

lytic, specifically over Aurivillius phases.!?3-1°7 There-
fore, many of the surveyed studies may relate to
photocatalysis only circumstantially, especially if the
authors confined themselves to measurements of dye
discoloration rates and did not analyze reaction prod-
ucts.

Studies of the mechanism of Rhodamine B degrada-
tion over BioMoOg under visible light (4 > 420 nm)
showed that the first reaction steps involve the consec-
utive splitting of four ethyl groups to form an intermedi-
ate, which is then oxidized.??° By the moment when the
Rhodamine is completely degraded, the organic carbon
content of the system is reduced by as little as ~ 30%.
This well illustrates the fact that, when the photocatalytic
method is used, the discoloration of the dye solution is
not an indication of the complete purification of water.

Aurivillius phases were shown to have activity in some
other photocatalytic reactions under visible light: the
degradation of phenol,??! =225 4-chlorophenol,?!® 4-nitro-
phenol 22 and microcystin-RR 2!% in aqueous solutions,
and the reduction of nitrobenzene to aniline in methanol
solution.??7 Aurivillius phases were shown to be useful in
the vapour-phase degradation of benzene,??® toluene 22°
and acetaldehyde.?3® The conditions of the relevant
experiments and selected results can be found in
Table 16 and in other tables of this survey.??8 246

The report by Zhou et al.,?'” who accomplished CO,
reduction to methane under visible light (1 > 420 nm),
deserves special attention. The photocatalyst they used
was a hydrothermally prepared BinWOg sample. In
methane formation rates (1.1 umol g—!' h—1), this sam-
ple was 24.4 times better than a sample prepared by
solid-phase synthesis. Apart from different specific sur-
face areas of the samples, the authors?!7 assigned the
effect to particle morphology: in hydrothermally pre-
pared platelike particles, the surfaces concided with the
crystallographic plane {001}, which is the best for CO»
dissociation according to quantum chemical calcula-
tions.

VIL.5. Effect of doping on the photocatalytic activity of
Aurivillius phases

Doping a semiconductor with donor or acceptor compo-
nents is a well-known route to modify the electronic
structure in order to generate n- or p-type conduction.
Kim et al.**7 used this route to modify a PbBioNb,Og
photocatalyst. They prepared samples where niobium
atoms were partially replaced by tunsgten (donor) or by
titanium (acceptor) and studied the photocatalytic activ-
ity of these samples in the reactions of hydrogen and
oxygen evolution from water in the presence of methanol
and silver nitrate, respectively.

The data shown in Table 17 imply that titanium
(acceptor) doping reduced the photocatalytic activity of
PbBi>2Nb,Oy; tungsten (donor) doping, in contrast,
increased the photocatalytic activity so that the photo-
catalytic activity versus tungsten content had a peak when
the tungsten-for-niobium substitution level was 7.5%.
The authors?*’ related the increase in photocatalytic
activity induced by additions of donors to the compres-
sion of the near-surface transition layer within the semi-
conductor and an increased bent of the bands in this
region, which leads to a more efficient electron—hole
separation. The decline in photoactivity upon a further



270 I A Rodionov, I A Zvereva Russ. Chem. Rev. 85 (3) 248—-279 (2016)

Table 17. Photocatalytic activity of tungsten- or titanium-doped PbBi;Nb>Qy.?47

Catalyst E, [eV H> evolution (see #) O, evolution (see )
rate /jumol g~ h—!  QE (%) (see®) rate /Jumol g~ h=!  QE (%) (see®)

PbBixNb; W09 2.74 11.7 1.45 602 33
PbBixNb; 55Wo.1500 2.74 15.3 1.92 631 35
PbBixNb; 9Wo.109 2.75 9.1 1.13 580 32
PbBi>Nb,Oy 2.88 7.6 0.95 520 29
PbBi,Nb; 9Tio.109 2.91 2.8 0.35 430 24
TiO>_ N, 2.73 Traces 0 221 14

Note. All samples were modified with 0.1% Pt. Parameters of the experiment: 0.3 g of the catalyst per 200 ml of the solution, Xe (450 W,

2> 420 nm). ® From methanol solution (15 vol.%). ® From 0.05 M AgNOs solution. ¢ QE stands for quantum efficiency.

Table 18. Photocatalytic activity of doped Aurivillius phases.

Dopant Model reaction Parameters of Result Ref.
the experiment
ion concentration gain in activity @ k0 k4
(mol.%)
Photocatalyst Bi,WOg
Er3* 0.6 Rhodamine B Ceat = 1 g litre ™1, 2.4 0.042 0.102 221
degradation Xe 500 W, 2 > 290 nm
(10=3 mol litre ")
Phenol degradation Ceat = 1.67 g litre ™!, 6 0.001 0.006 221
(20 mg litre—1) Xe 500 W, 2 > 290 nm
The same Cear = 1.67 g litre 1, Activity appears 0 0.0002 221
LED 3 W, 1 = 465 nm
7+t 3 Rhodamine B Cear = 1 g litre™ 1, 3.8 0.06 0.23 222
degradation Xe 500 W, A > 420 nm
(10~ mol litre—1)
Phenol degradation Ceat = 1 g litre™ !, 6.9 0.0012 0.0083 222
(20 mg litre—1) Xe 500 W, 2 > 420 nm
Sn2+ 2 Rhodamine B Cear = 1 g litre— 1, No changes — — 231
degradation W 300 W
(5 x 10~° mol litre— 1)
Fe3+ 0.5 Methylene Blue Cear = 10 g litre~ 1, 3.6 0.0032 0.0116 232
degradation Hal 50 W S%=144,
(2% 10~5 mol litre— ) S$=334m2g!
Photocatalyst BiMoOg
Gd3* 25 Rhodamine B Hal 300 W, 1 > 420 nm 2.8 0.0044 0.0122 233
degradation S%=1238,
(10 mg litre— 1) SSE: 7.2 m? g~ !
Ho3* 25 The same Hal 300 W, 1 > 420 nm 1.8 0.0044 0.0078 233
Sd=46m?g!
Yb3+ 25 " Hal 300 W, 1> 420 nm 2 ’ 0.0044 0.0091 233
SSPZSAZ m? g~!
weo+ 50 Rhodamine B Cear=3.3 g litre ™1, 1.3 — — 234
degradation Xe 500 W, /4 > 400 nm (x° = 64%, x4 = 86%

(10— mol litre—1)

in 80 min)

Note. Notations: LED is light-emitting diode, W 300 W is a tungsten lamp with a wattage of 300 W, superscripts ‘0’ and ‘d’ refer to the undoped
and doped Aurivillius phases, respectively.  The factor by which the photocatalytic activity of the doped sample is greater than in an undoped
sample.
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increase in tungsten concentration is likely to arise from
the appearance of impurity phases. Tungsten addition
gives rise to a bathochromic shift of the optical absorp-
tion edge, while titanium doping has the opposite effect.

Doping is known to shift the semiconductor absorption
band to the visible range due to the generation of impurity
levels inside the band gap. This approach was employed by
Zhang et al.**® to modify the Aurivillius phase BisTi3;O15.
This titanate has a band gap energy of 3.08 eV; its valence
band and conduction band are built by O2p, Ti3d and Bi6s
orbitals, and Ti3d and Bi6p orbitals, respectively. A partial
substitution of chromium for titanium atoms results in the
involvement of chromium 3d orbitals in the conduction
band and the appearance of additional allowed states inside
the band gap formed by the chromium 3d orbitals. The
bathochromic shift of the absorption band of the photo-
catalyst is due to the possibility of electron transitions from
these impurity levels to the conduction band. The activity of
BisTiz 6Cro 4012 in the reaction of visible light-driven pho-
tocatalytic hydrogen evolution from aqueous methanol
(5 vol.%) was 1.6 times higher than for undoped BisTi30>.

An interesting opportunity to expand the operative
spectral range of an Aurivillius phase is offered by doping
it with lanthanide ions, which can increase the radiation
frequency. For example, a BiaWOg/Er3* (0.6 mol.%) sam-
ple featured activity in photocatalytic phenol degradation in
aqueous solution under 465 nm radiation. Undoped
Bi,WOg¢ was inactive under these conditions because of an
insufficiently narrow band gap.??!

Table 18 shows most important results of photocatalytic
studies of doped Aurivillius phases obtained in the last five
years.

VII.6. Composite photocatalysts containing Aurivillius
phases

Aurivillius phases are of interest as potential components of
two-photon photocatalytic systems due to their capability

Table 19. Composite photocatalysts based on Aurivillius phases.

to absorb the visible light. For example, a two-photon
composite photocatalyst was created on the basis of
PbBi>:Nb>Oy where titanium substitutes for 10% niobium
atoms to generate p-type conduction.?*® Tungsten nano-
particles were loaded onto the oxide surface, and then their
surfaces were oxidized to WOs3 (which is an n-type semi-
conductor). In this way, a p—n junction was generated with
a metallic tungsten interlayer: WO3/W/PbBi2Nb; 9Tig.1O09.
When exposed to visible light, both the layered oxide
PbBi2Nb; 9Tip.109 and WO;3 absorb the light to generate
electron—hole pairs. Electrons in WO;3; and holes in
PbBi>2Nb; 9Tip. 109 migrate to metallic tungsten and recom-
bine, and the charge carriers that remain spatially separated
can participate in oxidation and reduction reactions on the
surface of the appropriate oxide. The composite sample was
six times superior to PbBi2Nb>Og/Pt (1% ) in photocatalytic
activity in the reaction of hydrogen evolution from meth-
anol solution (15 vol.%), showing the 6% quantum effi-
ciency at 4 > 420 nm.

PbBi,Nb,>Oy was also used to create a composite photo-
catalyst: PbBiaNb; oWq.109/CaFe;04.2° In this case, the
layered oxide was endowed with n-type conduction via
tungsten doping, and CaFe;Oy4 is a p-type conductor. The
composite sample had a threefold activity in photocatalytic
acetaldehyde  degradation compared to undoped
PbBi2Nb>Oy. However, the tungsten doping alone gave a
commensurate increase in photocatalytic activity in
PbBi,Nb>0y,%47 and it is not quite clear to which extent
the gain in efficiency was directly due to the creation of
composite (no activity comparison was carried out between
the composite and PbBi2Nb; ¢W¢.109).

A similar two-photon scheme was accomplished for the
layered oxide BioWOsg by loading its surface with Ag and
AgBr particles.?°2 Oxidation processes occurred on the
Bi,WOg surface, reduction processes occurred on the AgBr
surface and silver served as the recombination site for
electrons coming from Bi,WOg and holes coming from

Photocatalyst Model reaction Parameters of Result Ref.
the experiment
composition Ssp/m? g~ ! gain in activity k
BiaWOe/10% Ag SS; =19.5 Degradation of Cear = 0.5 g litre !, 3 — 223
Rhodamine B Xe 500 W,
(10> mol litre— 1) visible light
Degradation of phenol, Ceat = 0.5 g litre ™1, 1.7 — 223
(10—>mol litre ") Xe 500 W,
visible light
BixM004/0.15% Ag Sgp =70, Reduction of nitro- Xe 500 W, 2 > 400 nm 4.5 (in 20 min, — 227
S =255 benzene in methanol, ~97% of nitro-
(8.13-10—* mol litre— 1) benzene is converted
to aniline)
BixMoOg /10% Ag Sgp = 18.7, Degradation of Rhod- Ceat = 1 g litre =1, 3.6 kee = 0.047, 235
S =135 amine B (10~° mol litre—!) 4 > 400 nm k°=10.014
Microspheres of Sgp =38, Degradation of Rhod- Ceat = 0.5 g litre ™1, 3.8 k° =0.0046, 236
BixMo00Og /2.1% Ag SE; =40 amine B Xe 150 W, 2 > 420 nm k< =0.0175
of Methylene Blue, Ceat = 0.5 g litre 1, 3 k9 =0.0064, 236
Xe 150 W, 2 > 420 nm ke =0.0190
of Methyl Orange Cear = 0.5 g litre !, 2.3 k9 =0.0042, 236
(10 mg litre—1) Xe 150 W, 2 > 420 nm ke = 0.0098
Bi.WOg/0.3% Pt - Degradation of Methyl Ceat = 0.4 g litre !, 1.9 kO =0.035, 237
Orange (100 mg litre ") Xe 300 W, 4 > 400 nm ke = 0.067
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Table 19 (continued).

Photocatalyst Model reaction Parameters of Result Ref.
the experiment
composition Ssp/m? g~ ! gain in activity 2 k
Bi;WOg/1% Pt/Cl— Sgp =19.9, Degradation of toluene Xe 300 W, 2.8 ke =0.152 229
S5 =324 inthe gas phase (25 ppm) visible light
Bi,WO4/BiVOy4 S =269 Degradation of Rhod- Cear = 1 g litre =1, 33 k9 =0.052, 238
(1:1) amine B (10~ mol litre=")  Xe 300 W, / > 420 nm kmd = 0.045,
ke =0.171
BizWO4/CaWOy4 - Degradation of Rhod- Cear = 1 g litre— 1, Almost no changes - 239
amine B (10> mol litre—!) Xe 300 W, 2 > 420 nm  (composite sedimen-
tation is faster)
BiaWOe/AgzPO4 S =372 Degradation of phenol Ceat = 1 g litre— 1, ~2 — 224
(20 mg litre—") Xe 500 W, 4 > 420 nm
BioWOge/ — Degradation of Ceat = 0.1 g litre 1, 1.5 k9 =0.123, 230
30 mol.% ZnWO4 acetaldehyde in the BLB,1=0.4 mW cm—2 ke =0.184
gas phase (250 ppm) 290 nm < 4 < 420 nm
Bi4Ti302 nanofibres/ Sgp =10.9, Degradation of Cear = 1 g litre— 1, 3.5 ke = 0.038, 240
BiM0Og nanosheets S5y =27.9 Rhodamine B (10 ppm) Xe 300 W, Z > 400 nm kmm = 0.011
BisTi30;2 nanofibres/ Sgp =10.9, The same The same 8 kee = 0.024, 240
Bi»Mo0Og nanosheets ngj =294 kmm = 0.003
Bi4Ti301> nanofibres/ S =119.4  Degradation of Methyl Ceat = 1 g litre ™1, 1.5 (x = 62%, — 226
BiOCl nanosheets Orange (10 ppm) Xe 300 W xMM = 96% in 40 min)
Degradation of Cear = 1 g litre ™1, 1.4 (x™m = 63%, — 226
4-nitrophenol (10 ppm) Xe 300 W x ¢ = 91% in 40 min)
BiaWOg/58.5% Agl — Degradation of Rhod- Cear = 2 g litre— 1, ~2 - 241
amine B (10 mg litre—1) Xe 500 W, 2 > 420 nm
Bi:M00Og/Si03/Fesz04 - Degradation of Rhod- Ceat = 1 g litre =1, (the composite can kO =0.022, 242
amine B (10 mg litre— 1) Xe 300 W, A > 400 nm  be fully separated ke =0.029
from the solution by
a magnet)
Bi,WO4/C — Degradation of benzene Mear = 50 mg, 1.5(x%=29.5%, — 228
(microspheres) in the gas phase flow type reactor X = 44.4%)
(94 ppm) Vo = 20 ml min—1,
Xe 500 W, 4 > 420 nm
Bi:MoOg/graphene (1%) — Degradation of Ceat = 0.5 g litre 1, 3.7 kmm = (.0037, 243
Methylene Blue Xe 500 W, A > 420 nm, kee = 0.0136
(10~ 3 mol litre— ") 1=31.2mWcm 2
Bi;WOg/g-C3Ny4 (70%) — Degradation of Ceat = 3 g litre ™1, 20.6 kmm = 0.0018, 244
Methyl Orange Xe 500 W, 4 > 420 nm kee = 0.037
(10 mg litre—")
BizWOg/g-C3N4 (33%) — Degradation of Cear = 2 g litre— 1, 7.7 kmm = (.0022, 245
Methyl Orange Xe 300 W, 2 > 400 nm ke =0.017
(10 mg litre— ")
BixMo0Og/g-C3Ny — Degradation of Rhod- Ceat = 0.8 g litre !, 5 k9 =0.020, 246
amine B) Xe 300 W, A > 400 nm kmd = (.041,
(1.25x 10~ mol litre— 1) ke =0.108
Bi>MoOg/copper — Degradation of Rhod- Ceat = 1 g litre ™1, ~ 1.5 (x*¢ ~ 100% — 225
phthalocyanine amine B (103 mol litre=!)  Xe 500 W, 2 > 400 nm in 15 min)
— Degradation of Rhod- Cear = 1 g litre ™1, Activity appears — 225
amine B (10> mol litre=!) LED3 W,2=620nm  (x°=~ 0%,
X =91%in 6 h)
— Degradation of phenol Ceat = 1 g litre— 1, Almost no changes — 225

(20 mg litre— ")

Xe 500 W, A > 400 nm

Note. The following notations are used: BLB is a black light lamp; g-C3Ny is the graphite-like carbon nitride; the superscripts ‘0’, ‘cc’, ‘mm’ and
‘md’ stand for the initial Aurivillius phases, composite catalysts, mechamical mixture of the composite components and modifiers. @ The factor by
which composite photocatalytic activity is greater than that of the non-modified sample and/or the mechanical mixture of the components.
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AgBr. This composite featured a higher activity compared
to its individual components in photocatalytic pentachloro-
phenol degradation.

The design of composite photocatalysts has recently
become most popular in research into the photocatalytic
properties of Aurivillius phases. Table 19 shows most
important results of relevant studies published in the
last five years. The modifiers studied include metal
particles (Ag?223.227.235,236 gnd Pt237), semiconductor
particles (BiVO4,23% CaW04,23° AgiP04,224 ZnWQy,230
BiOCI?2¢ and Agl?*!) and two-dimentional nanospecies
[graphene 243 and g-C3Ny4 (Ref. 244—-246)]. Most of the
composite samples (except for Bi-WOs/CaWO4) have
photocatalytic activities 1.5—4 times greater than the
initial Aurivillius phase or a mechanical mixture of the
Aurivillius phase and a modifier. In all of the studies we
cite here, the reason behind the higher activity of a
composite photocatalyst compared to individual constit-
uents is explained in the same terms: a combination of
two phases that have different band gap (and Fermi level)
positions gives rise to a contact potential difference,
which favours the spatial separation of electrons and
holes and thereby reduces the recombination probability.
Therefore, it can be presumed that the hole-involving
oxidation process occurs preferably on the surface of one
component of the composite photocatalyst and the elec-
tron-involving reduction process occurs on the surface of
the other.

An outstanding result was shown by a Bi,WOs com-
posite that contained graphite-like carbon nitride, a
compound that has been actively studied as a photo-
catalyst in recent years.?>! That Bi,WOg/g-C3Ny4 compo-
site exceeded a mechanical mixture of Bi,WOs and
g-C3N4 by more than 20 times.?4* More recently, Wang
et al.>® reported a gain of 7.7 times, likely due to the use
of another radiation source and another light filter and to
different compositions and preparation methods of the
composites.

In the context of synthetic opportunities, noticeable is
a composite of two Aurivillius phases, which represents
Bi4Ti3O01> nanofibres coated with Bio.WOg nanosheets
and which was produced hydrothermally; this composite
was eight times superior in photocatalytic activity to a
mechanical mixture of the components.?#? Further, due
to its specific particle morphology (fibres about 10 pm
long and ~ 150 nm in diameter), this photocatalyst was
labile to sedimentation, and this can appear advanta-
geous for water purification. A similar idea was put
forward by Zhang et al.,>?® who did not observe increas-
ing photocatalytic activity in BioWOs/CaWO4 composite,
but noticed decreasing sedimentation time. Hou er al.,?*?
who created a BioMoOg composite with SiO»-coated
magnetite, found a more elegant solution to the problem
of separating photocatalyst particles from solution. Their
photocatalyst was active in the visible and was easily
separated from solution with a magnet. This is of obvious
value for practice.

Zhang et al.??*5 showed for BiMoOg that an Aurivil-
lius phase can be sensitized by dyes to expand the
operative spectral range. When a copper phthalocya-
nine-modified BinMoOs sample was used as the photo-
catalyst, Rhodamine B degradation was observed under
exposure to 620 nm light. Degradation did not occur over

the unsensitized photocatalyst as it does not absorb light
with so long wavelengths.

We would like to mention the following general trend:
in studies into the photocatalytic properties of Aurivillius
phases (especially their composite photocatalysts), the
researchers primarily intend to solve synthetic problems
associated with the optimization of parameters to pro-
duce desired products and the development of new syn-
thetic methods. Photocatalytic properties obtain far less
attention, which has no good effect on the quality of data
and their competent interpretation. The quantum effi-
ciency, which is an important characteristic of the photo-
catalytic process, is determined only in few
studies.!84.247.249 Usually, the authors merely compare
the photocatalytic activities of the test sample and some
reference sample, which is often synthesized in the same
laboratory. Unfortunately, such a comparison fails to
show the actual efficiency of a photocatalyst and its
actual potential for use.

VIII. Conclusion

We have here surveyed the photocatalytic properties of
three major classes of layered perovskite-like oxides,
namely Ruddlesden—Popper, Dion—Jacobson and Auri-
villius phases. Our analysis of the related literature
focused on relationships between the physicochemical
properties of layered oxides and their photocatalytic
activities. The photocatalytic activity depends on obvious
factors, such as the band gap energy, crystallinity and
specific surface area, and also on the capability to
intercalate substrate molecules into the interlayer space,
which distinguishes layered oxides as a specific class of
photocatalytic systems. A considerable enhancement of
photocatalytic activity can be attained by the modifying
methods specific for layered oxides, namely cation
exchange (including protonation) and exfoliation. Com-
posite photocatalysts based on layered perovskite-like
oxides created by these methods, can have enhanced
photocatalytic efficiencies and expanded spectral ranges
of performance.

To conclude with, we would like to shortly dwell on
some of the most important results.

Ruddlesden—Popper and Dion—Jacobson phases fea-
ture high activities in UV light-driven water splitting. A
maximal quantum efficiency, equal to 5%, was achieved
for the titanate Rb,LasTiz0;9/NiO, at the wavelength of
330 nm (a Ruddlesden—Popper phase)®! and for tanta-
lates NaCa,Taz0;9/NiO, irradiated with the complete
spectrum of a high-pressure mercury lamp (a Dion—Ja-
cobson phase).!'7? This value exceeds the quantum effi-
ciency of K4NbgOi7 at 330 nm (3.5%).2! This high
activity is due to the intercalation of water molecules
into the interlayer space, which is typical for representa-
tives of these classes of compounds.

The replacement of interlayer cations by protons
results in a considerable (1-2 orders of magnitude)
enhacement of the photocatalytic activity of
ACasNb3Oj¢ niobates in the reaction of hydrogen evolu-
tion from aqueous methanol due to the ability of proto-
nated species to intercalation.®> The protonation reaction
is also an important stage in the modifying of layered
oxides via the intercalation of organic bases into the
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interlayer space and subsequent ion exchange to produce
composite photocatalysts.?7- 141,142,166

The exfoliation of Dion—Jacobson phases as a result
of intercalation of organic bases makes it possible to
obtain dispersions of perovskite nanosheets, which serves
to create composite photocatalysts having high specific
surface areas.®” In the case of KCa,NbzOjg, this was the
only modification strategy that succeeded to generate
photocatalytic activity in UV light-driven water split-
ting.!5°

Aurivillius phases are active under the visible light in
the photocatalytic degradation of organic compounds in
aqueous solution (dyes and phenols) and in a vapour
phase (benzene, toluene and acetaldehyde) and in the
reduction of carbon dioxide to methane. Intercalation
reactions are not typical of Aurivillius phases. An
enhancement of photocatalytic activity of them is
achieved by classic methods of increasing specific surface
area, improving crystallinity, generating tailored particle
morphology, doping, creating composites or sensitizing.
Aurivillius phases are active in the reactions of hydrogen
and oxygen evolution from water in the presence of
sacrifical agents under visible light and thereby are
candidate components for two-photon photocatalytic
systems. For PbBiaNb»Oyg, for example, the quantum
efficiency in the reaction of hydrogen evolution from
aqueous methanol solution (15vol.%) is 0.95%
(A > 420 nm);'8* the quantum efficiency increases to
1.92% and 6%, respectively, in going to the tungsten-
doped compound PbBi>2Nb; gsWq 1509 (Ref. 247) and the
composite photocatalyst WO3/W/PbBiaNbj ¢Tig.109.24°

In the context of the opportunities to enhance the
photocatalytic activity of perovskite-like layered oxides
and expand their performance spectral range to the
visible, apart from well-known strategies (doping,
increasing specific surface area and loading cocatalysts),
noticeable are methods that use the advantages of layered
structure. These methods are exemplified by insertion of
functional groups in between perovskite layers to per-
form as a cocatalyst, a sensitizer or a constituent of a
two-photon photocatalytic system. In all cases, the result
is a nanostructured composite material that has a high
area offered for the interaction between the constituents
and, in some cases, a developed surface, which is pref-
erable compared to an ordinary composite photocatalyst.
From the body of surveyed literature, we can infer that
there are now two main routes that will be helpful to
insert such particles between layers. One route is to carry
out an ion-exchange (intercalation) process in order to
embed, into the interlayer space, either the desired com-
pound directly or its precursor, which will form cocata-
lyst species ?0-169 or sensitizer species upon subsequence
irradiation.?’-142:176 The other route involves the exfolia-
tion of the oxide followed by restacking in the presence of
a required modifier.!>® The matrices suitable for interca-
lation are usually compounds that are capable of ion
exchange and have the Ruddlesden—Popper or Dion—Ja-
cobson structure. Aurivillius phases can perform as
modifiers in these composites dueto their ability to
absorb visible light and rich opportunities for their
preparation in nanosized state.

We would like to mention that the above-described
strategies of the design of nanostructured composite
photocatalysts are also applicable to other classes of
layered oxides, in particular to layered titanates,?2-233
which are not perovskite-like compounds and so are
beyond the scope of this survey.

In general, our standpoint is that the design and use of
efficient photocatalysts for splitting water and degrading
organic contaminants, in organic synthesis and carbon
dioxide reduction has a great potential, and perovskite-
like layered oxides obviously deserve attention of those
engaged in the art.

Now we will dwell on two methodological aspects that
seem us to be important for progress in the art. First, in
order to succeed in the preparation and application of
new photocatalysts, one needs to know more about
chemical properties of layered perovskite-like oxides.
Specifically, one needs a detailed understanding of the
processes that occur inside the interlayer space of a
layered oxide in water and in organic solvents depending
on conditions (pH, temperature and solution composi-
tion). This understanding will provide a more meaningful
way to select conditions for ion-exchange and intercala-
tion processes in order to prepare new photocatalysts and
optimize the parameters of photocatalytic processes
themselves. Ion-exchange and intercalation reactions in
layered perovskite-like oxides are now far grom being
completely studied, which is sometimes responsible for an
incorrect design of experiments and a misleading inter-
pretation of their results.

Secondly, there is need for improving experimental
methods and forming common approaches to photocata-
lytic studies. Most of the studies covered by this review
focus on the synthesis and modifying of layered oxides,
while their photocatalytic properties obtain far less
attention. In particular, most researchers in the context
of photocatalytic activity refer only to the observed rate
of the model reaction, but not its quantum efficiency.
Meanwhile, quantum efficiency is just the quantity that
enables the comparison of photocatalyst activities under
dissimilar conditions and thereby evaluate the signifi-
cance of results of the study. Not knowing quantum
efficiencies for most of the photocatalytic systems
addressed by this survey, we met much difficulties in
systematizing the very rich experimental data set. In this
context, it would be expedient to embed some standards
and rules into photocatalytic experimental practices to
help a researcher who will follow them to characterize the
system under study as fully as possible. Some steps in this
direction have already been taken,’?> and we can only
welcome this.

We hope that this survey will be useful for researchers
engaged in the chemistry and functional properties of
layered oxides and in the design and investigation of new
materials for heterogeneous photocatalysis.

The authors are grateful to O I Silyukov and
A A Burovikhina for fruitful discussion.

The preparation of this review was financially sup-
ported by the Russian Foundation for Basic Research
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