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Abstract—Synthesis of layered perovskite-like niobates APb,Nbs;O,q (A = Rb, Cs), being promising visible
light active photocatalysts, has been conducted by the ceramic method under variable conditions to obtain
the samples with the highest possible phase purity. The oxides prepared were shown practically not to undergo
protonation and hydration of the interlayer space upon keeping in water. Both phases APb,Nb;O;, were used
to yield corresponding protonated hydrated forms H, A _,Pb,Nb;0,,-vH,O0 via acid treatment. It was found
that the propensity of the samples to the substitution of interlayer cations by protons depends clearly on the
A" cation: while the Rb-containing niobate is capable of complete protonation (x = 1) upon a single treatment
with 6 M nitric acid, the Cs-containing counterpart gives a high enough protonation degree (x> 0.9) only after sev-
eral renewals of the acid solution. The protonated niobates obtained were exposed to an additional water treatment
under hydrothermal conditions, which allowed producing new hydrated derivatives with the enhanced thermal sta-
bility towards interlayer dehydration as compared with the protonated precursors.
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INTRODUCTION

A number of layered perovskite-like oxides with the
general formula A[A', _ B, 0;, ;] (A=Li, Na, K, Rb,
Cs; A' = Ca, Sr, Ba, Pb; B= Nb, Ta), belonging to the
Dion—Jacobson phases, have been actively investi-
gated since the compounds of the composition
A'Ca,Nb,0,, were first obtained [1]. The most well
studied among them is the KCa,Nb;0,, oxide, whose
structure consists of two-dimensional perovskite lay-
ers of NbOg octahedra, alternating with K* ions, and
Ca?* ions occupying 12-coordinated positions in the
center of perovskite blocks [2]. AA’,Nb;0,, oxides can
be converted into their protonated forms
HA',Nb,0,,yH,0 via the ion exchange in acids [3].
These protonated and hydrated oxides have attracted
great attention due to the capability of intercalating
amines [4] and exfoliation into nanolayers with the
perovskite structure via the intercalation of bulky
organic bases [5, 6]. Moreover, the alkaline niobates,
their protonated forms as well as exfoliated and
restacked composites have been shown to be promis-
ing photocatalytic materials [7—9].

Due to the ability to absorb visible light, the special
attention has been paid to lead-containing niobates
APb,Nb;O,, (A = Rb, Cs) [10], which have been
actively researched as catalysts for hydrogen produc-
tion and other photocatalytic processes [11—14].

However, it was noted that a number of difficulties
arise in the preparation of the alkaline forms of these
complex oxides, leading to the formation of nonstoi-
chiometric compounds and impurity phases, includ-
ing those that can adversely affect the photocatalytic
performance as well as the reactivity towards protona-
tion and exfoliation. In view of the above, the present
paper focuses on the optimization of the ceramic syn-
thesis method to improve the phase purity of the target
niobates APb,Nb;0,, (A = Rb, Cs) as well as on their
ability to undergo protonation and hydration under
various conditions.

EXPERIMENTAL

Powder X-ray diffraction (XRD) analysis of the
samples was conducted on a Rigaku Miniflex II
benchtop diffractometer (CuK, radiation, angle range
26 = 3°-60°, scanning rate 10°/min). Phase composi-
tion was determined using Rigaku PDXL2 software.
Indexing of the diffraction patterns and calculation of
the lattice parameters were performed in the tetrago-
nal system on the basis of all the reflections observed
using DiffracPlus Topas software. Elemental compo-
sition of the samples was studied by energy-dispersive
X-ray spectroscopy (EDX) on a Zeiss Merlin electron
microscope equipped with an Oxford Instruments
INCAx-act microanalyzer. Raman scattering spectra
were recorded on a Horiba LabRam HRS800 spec-
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trometer (spectral range 50—4000 cm™!', He—Ne gas

laser 632.8 nm, power 0.6 mW, spectrum accumula-
tion time 60 s, 10 repetitions). Thermogravimetric
(TG) analysis was performed on a Netzsch TG 209 F1
Libra thermobalance in a synthetic air atmosphere
(temperature range 30—900°C, heating rate
10°C/min). The amounts y of intercalated water in the
protonated and hydrated samples were calculated
from the differences between experimental mass losses
on TG curves and theoretical ones that would be
expected during the complete thermolysis of the sam-
ples with the compositions determined by EDX.

RbPb,Nb;0,, and CsPb,Nb;0,, niobates, further
abbreviated as RPN; and CPNj;, respectively, were
synthesized by the conventional high-temperature
ceramic method in the air atmosphere using previ-
ously dried Nb,Os (299.9%, Vekton), PbO (=99.0%,
KhimReaktivSnab) and Rb,CO; (299.8%, Sigma-
Aldrich) or Cs,CO; (299.0%, Sigma-Aldrich) in
accordance with the reaction equation:

3Nb,0; + 4PbO + A,CO, = 2APb,Nb,0,, + CO,T
(A =Rb, Cs).

The oxides were taken in stoichiometric amounts,
the carbonates were weighted by default with a 30%
excess to compensate for losses during calcination.
The reactants were mixed and ground in an agate mor-
tar under a n-heptane layer at a rate of 0.5 h per 1 g of
the batch. The mixture obtained was dried and pellet-
ized into ~1 g tablets at a pressure of 50 bar using an
Omec PI 88.00 hydraulic press. The tablets were
placed into corundum crucibles with lids, calcined in
a Nabertherm L-011K2RN muffle furnace and, after
cooling down, ground in a mortar. The basic tempera-
ture program for RPN; was adopted from the paper
[11] and included two-stage calcination at 1000°C for
24 h each one separated by re-grinding of the sample.
In the subsequent experiments the synthesis condi-
tions were varied (temperature within 850—1100°C,
carbonate excess within 5—50%, one- and two-stage
calcination) to improve the phase purity of the prod-
uct. CPN; was initially prepared according to the liter-
ature scheme [15] of one-stage calcination at 1000°C
for 24 h, after which the feasibility of the synthesis was
also investigated in a wider temperature range (800—
1050°C).

To study reactivity of the niobates with regard to
protonation and hydration, RPN; and CPN; were
exposed to the treatment with aqueous nitric acid of
various concentration (2—12 M; 100-fold molar
excess) at 25°C under continuous stirring:

APb,Nb,0,, + xHNO, + yH,0
= HxAl_besz3010'yH20 + XANO3
(A = Rb, Cs).

The basic treatment duration was 1 day. In the case
of 2 M nitric acid, additional 3 and 7 days experiments
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with a daily renewal of the acid solution were also con-
ducted. The final samples H ,Rb,_, Pb,Nb;0,,,-yH,0O
and H,Cs;_,Pb,Nb;O,,yH,0 were filtered, rinsed
with water to remove the acid residues, dried under
ambient pressure and designated as o.-(H,R)PN; and
o-(H,C)PN;, respectively. Potential partial protona-
tion and hydration were also investigated upon keep-
ing the ceramically synthesized niobates in distilled
water without an acid additive for 7 days.

To investigate the possibility of the secondary
hydration under hydrothermal conditions giving new
protonated hydrated phases, reported earlier for the
related niobate HCa,Nb;O,, [16], 100 mg of
o-(H,R)PN; and o-(H,C)PN; were suspended in
40 mL of distilled water, loaded into 50 mL laboratory
high-pressure reactors (autoclaves) and heated for
28 days at various temperatures (100—200°C). After
cooling down, the final samples were filtered, dried
under ambient pressure and designated as
B-(H,R)PN; and B-(H,C)PNj.

RESULTS AND DISCUSSION

The products of the high-temperature synthesis
were identified by the XRD analysis (Fig. 1). The basic
method of RPN; preparation, including two-stage
calcination at 1000°C and the use of a 30% carbonate
excess, allowed obtaining the target niobate with an
insignificant amount of impurity phases (marked with
an asterisk). Although the precise determination of
these by-phases’ composition does not appear possi-
ble based on the data available, some assumptions can
still be made. The most intense reflections of the
impurities are observed at 20 = 4.6° and 20 = 3.8°,
which corresponds to the interplanar distances of
~19.4 and ~23.0 A, respectively. Such reflections may
be potentially provided by layered perovskite-struc-
tured by-phases with a large c¢ lattice parameter and,
consequently, a greater perovskite layer thickness
(n =4 or 5 niobium-oxygen octahedra) than that of
RPN; (n = 3). Although the n = 4 and n = 5 phases
with the selected elemental composition are not
described in the literature, the formation of layered
perovskite-like oxides with the perovskite block thick-
ness n > 3 is known to be feasible [17].

To improve the phase purity of RPN; samples, the
temperature program and carbonate excess were var-
ied. It was found that both re-calcination at 1000°C
and increasing synthesis temperature up to 1050 or
1100°C result in rising the intensity of the by-phase
reflection at 20 = 3.8° while the one at 20 = 4.6°
becomes barely visible. Reducing the temperature to
950—900°C gives the product with well pronounced
reflections of impurities being comparable in intensity
to those of desirable RPN;. When the synthesis tem-
perature is decreased to 850°C, the target niobate
ceases to be the main phase in the resulting sample.
Rising the carbonate excess up to 50% followed by the
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Fig. 1. XRD patterns of the niobates prepared according to literature-based (bas.) and optimized (opt.) methods as well as their
protonated hydrated forms. An asterisk (*) denotes impurity phases.

one-stage calcination of the reaction mixture at
1000°C for 24 h gives the target product containing the
pronounced impurity phase with the aforementioned
20 = 4.6° reflection. Re-calcination under the same
conditions makes this reflection disappear but the one
at 20 = 3.8° appears instead of it. These results indicate
that a heightened carbonate excess promotes the for-
mation of the potentially layered by-phases, one of
which (20 = 4.6°) is capable of transforming into
another (20 = 3.8°) upon re-calcination and/or tem-
perature rising. In view of the above, it was decided to
decrease the carbonate excess to 5% and perform 24 h
one-stage calcination at 1000°C. This approach
allowed producing RPN; in a desired singe-phase
state and was chosen as an optimal method for the fur-
ther synthesis of all RPN; samples. All the reflections
on the XRD pattern of the product (Fig. 1) were suc-
cessfully indexed in the tetragonal system and the lat-
tice parameters calculated were found to be in good
consistency with the literature data [18]. Despite the
fact that RPNj; is well known in the literature [10—13,
18, 19], the aforementioned optimized method for its
preparation appears to be a novel and practically sig-
nificant result since many of the available publications
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do not allow evaluating RPN;’s phase purity (XRD
profiles are shown without the low-angle region, are
not presented at all or demonstrate clearly the pres-
ence of by-phases).

In the case of CPNj, the basic preparation method
(one-stage calcination at 1000°C for 24 h with a 30%
carbonate excess) resulted in the formation of the tar-
get niobate not containing noticeable crystalline
impurities (Fig. 1). The same product was also suc-
cessfully obtained at 1050°C. However, the final tab-
lets of both samples taken after calcination were found
to be deformed like a concave lens, which points to the
potential melting out of components from the tablets
at high temperatures. Moreover, a further EDX analy-
sis showed the products to have lower lead content
than in the expected niobate formula. In view of this,
the synthesis temperature was decreased to 850°C and
then to 800°C to reduce the probability of lead oxide
melting out from the reaction zone. The final samples
turned out to be single-phase and the tablets were not
deformed, although the Nb : Pb ratio = 3 : 1.85 (Table 1)
still was somewhat different from the theoretically
expected 3 : 2. The XRD pattern of CPN; was success-
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Table 1. Quantitative compositions of the niobates in the form H A,_,Pb,Nb;0;,-yH,O (protonation degree x, amount of

intercalated water y, measured Nb : Pb ratio)

Sample, preparation details X y Nb: Pb
RPN; - - 3:1.95
RPN water-treated 0.05 - —
o-(H,R)PN;, 12 M HNO;, 1 day 1.00 0.74 3:1.60
6 M HNO;, 1 day 1.00 0.98 3:1.65
B-(H,R)PN;, 1.00 1.00 —
CPN;, — - 3:1.85
CPN,; water-treated 0.00 - -
o-(H,C)PN; 6 M HNO;, 1 day 0.50 0.92 3:1.80
6 M HNO;, 3 days, daily renewal 0.85 0.87 3:1.45
2 M HNOs;, 3 days, daily renewal 0.80 0.85 3:1.55
2 M HNOs;, 7 days, daily renewal 0.95 0.82 3:1.50
B-(H,C)PN; 0.95 0.97 -

fully indexed in the tetragonal system with a slightly
smaller ¢ lattice parameter as compared to that of
RPN; (Fig. 1) due to the difference in the radii of the

interlayer alkali cations.

The water treatment of RPN; and CPN; for 7 days
did not lead to any perceptible changes on the XRD
patterns and TG curves of the samples (not shown)
that could point to the potential water intercalation into
the interlayer space. According to the EDX data (Table
1), the resulting protonation degree in the structure of
RPN; did not exceeded x = 0.05 and, in the case of
CPN,, there was no evidence of protonation at all.
Such behavior of the samples in question is generally
typical of related niobates AA’,Nb;0,, (A=K, Rb, Cs;
A' = Ca, Sr), whose quantitative protonation and
hydration upon the contact with water are not known
in the literature.

The interlayer cations of RPN, and CPN; may be
substituted by protons in aqueous solutions of acids. In
particular, a 1 day treatment of RPN; with an excess of
either 6 M or 12 M nitric acid allows obtaining a com-
pletely protonated form of the niobate denoted as
o-(H,R)PN; (x = 1.00, Table 1). However, since the
samples treated with 12 M nitric acid gave strongly
broadened XRD reflections (not shown), the further
experiments were carried out using a 6 M or more
diluted acid. At the same time, complete protonation
of CPN; proved to be a more challengeable problem:
the similar 1 day treatment with 6 M nitric acid
resulted in only a half substitution degree (x = 0.50,
Table 1). To heighten the latter, the experiment dura-
tions were increased up to 3 and 7 days and the acid
solution was renewed daily. The sample obtained via
the 7 days treatment with 2 M nitric acid underwent
practically complete interlayer protonation (x = 0.95,
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Table 1), was denoted as o-(H,C)PN; and used in fur-
ther studies.

Both protonated niobates represent single-phase
samples and have a slightly contracted interlayer space
as compared with that of the initial compounds (lower
¢ parameter, Fig. 1) due to the substitution of bulky
alkali cations with protons and water molecules. How-
ever, the XRD patterns of o-(H,R)PN; and
o-(H,C)PN; are not completely identical because of
different protonation conditions and potential influ-
ence of residual cesium cations. The EDX analysis of
the protonated niobates revealed the lowering of lead
content in the samples upon acid treatments. For
instance, o-(H,C)PNj; exhibits a Nb : Pb ratio 3 : 1.50
instead of expected 3 : 2 and the lead loss rises with
increasing acid concentration and the reaction dura-
tion (Table 1). The fact observed may be caused by
both acid washout of lead from the perovskite lattice
and dissolution of amorphous lead oxide, potentially
presented in the samples. The both cases should prob-
ably point to the presence of defects in the niobate
structure associated with the lead vacancies.

Protonation and hydration of the niobates is
accompanied by characteristic changes seen in their
Raman scattering spectra (Fig. 2). Particularly, the
band of a symmetric stretching mode of axial Nb—O
bonds (931 cm™!) splits into some new bands, appar-
ently, due to non-equivalent surroundings of the inter-
layer oxygen anions (associated with proton, associ-
ated with hydroxonium, bare oxygen). Having said so,
the most intense of axial Nb—O vibrational bands cor-
responds to 961 cm™!. This frequency increase origi-
nates from the substitution of a relatively heavy alkali
cation associated with the oxygen ionically (Nb—
O A", A = Rb or Cs) by a lightweight proton bound
more covalently (Nb—O—H). In addition, the spectra
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Fig. 2. Raman scattering spectra of the initial niobates and
their protonated hydrated forms. The range of 1500—
4000 cm™ ! is upscaled by 15 times.
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of the protonated samples exhibit stretching bands of
hydroxy groups (3000—3600 cm™') and bending of
intercalated water molecules (1625—1630 cm ™).

The mass loss during thermolysis of the protonated
samples (Fig. 3) is observed predominantly at tem-
peratures up to 400°C and corresponds to two main
processes — deintercalation of the interlayer water and
decomposition of the protonated niobate itself. How-
ever, unlike the case of related niobates HA',Nb;0,,
(A'= Ca, Sr) [20, 21], the mass loss sections are
strongly overlapping, which makes it practically
impossible to separate them and calculate a protona-
tion degree x and intercalated water amount y directly
from the TG data [22]. In this connection, the y values
for the protonated hydrated samples were calculated
from the differences between experimental mass losses
on TG curves and theoretical ones that would be
expected during the complete thermolysis of the sam-
ples having the compositions determined by EDX. As
a result, it was established that the products of proton-
ation contain 0.7—1.0 water molecules per niobate for-
mula unit and this amount depends on the conditions
of the acid treatment (Table 1).

To investigate the possibility of the secondary
hydration under hydrothermal conditions, reported
earlier for the related niobate HCa,Nb;O,, [16], -
(H,R)PN; and o-(H,C)PN; were exposed to the
water treatment in high-pressure reactors at various
temperature for 28 days. The samples obtained at
100°C were revealed to be structurally identical to the
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Fig. 3. TG curves of the initial niobates and their protonated hydrated forms.
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precursors taken. However, when the temperature was
150°C, the protonated niobates experienced the inter-
layer space contraction by 0.3 A and were further con-
sidered as new phases denoted as -(H,R)PN; and
B-(H,C)PNj; (Fig. 1). The hydrothermal water treat-
ment at 200°C led to the partial decomposition of the
protonated phases.

Unlike HCa,Nb;0,, [16], the niobates under study
do not experience such pronounced structural trans-
formations, observed from the XRD patterns, upon
the hydrothermal treatment. Despite the narrowed
interlayer space, PB-(H,R)PN; and B-(H,C)PN,
proved to be slightly more hydrated compounds then
the precursors used (Table 1). Moreover, the -forms
of the niobates are distinguished from the o.-ones by a
low-frequency shift of the symmetric stretching mode
of axial Nb—O bonds from 961 to 925—930 cm™! in the
Raman spectra (Fig. 2), which may point to signifi-
cantly stronger bonding between the interlayer oxy-
gens and water molecules. According to the TG anal-
ysis data (Fig. 3), the B-forms demonstrate greater
thermal stability towards water deintercalation: while
the o-forms start to liberate interlayer water even at
30—40°C, the B-ones achieve a high rate of dehydra-
tion only after 100°C. All these facts together indicate
that the products of hydrothermal treatment are char-
acterized by a denser and stronger fixation of water
molecules in the interlayer space, which increases the
stability towards the interlayer dehydration.

CONCLUSION

In this research, the high-temperature solid-phase
synthesis of layered perovskite-structured niobates
APb,Nb;0,, (A = Rb, Cs) was carried out under vari-
ous conditions to achieve the highest possible phase
purity of the products. It was shown that the Rb-con-
taining niobate can be prepared in a single-phase state
via the one-stage calcination of the reaction mixture,
containing a 5% rubidium excess, at 1000°C for 24 h.
The synthesis of the Cs-containing niobate was found
feasible in a wide temperature range (800—1050°C),
although lower temperatures are preferable to reduce
the probability of melting out of lead oxide. The nio-
bates prepared were shown to be practically incapable
of interlayer protonation upon keeping in water. Their
protonated hydrated forms were prepared via acid
treatment. It was found that, ceteris paribus, the pro-
pensity of the samples to the substitution of interlayer
cations by protons depends clearly on the specific A*
cation: while the Rb-containing niobate is capable of
complete protonation (x = 1) upon a single treatment
with 6 M nitric acid, the Cs-containing counterpart
gives a high enough protonation degree (x > 0.9) only
after several renewals of the acid solution. The proton-
ated niobates obtained were exposed to an additional
water treatment under hydrothermal conditions,
which allowed producing new hydrated derivatives
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with the enhanced thermal stability towards interlayer
dehydration as compared with the protonated precur-
sors. The data obtained are of high importance in view
of the potential use of the niobates in question as visi-
ble light active photocatalysts for hydrogen genera-
tion, environmental remediation and other purposes.
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