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Abstract—This paper reports the synthesis of compounds with the pyrochlore and hexagonal tungsten bronze
structures via thermal decomposition of heteropolyoxometalates. Using aqueous solutions, we have synthe-
sized tungstophosphatometalates with the Keggin structure and the general formula
Cts[PW,,044(H,0)Z]-nH,0, where Ct = Rb* or Cs* and Z = Co?", Ni?*, or Cu?*. We have studied the ther-
mal decomposition of these compounds and identified their thermolysis products: phases with the pyrochlore
and hexagonal tungsten bronze structures. Our results confirm that phosphorus, cobalt, nickel, and copper ions
become incorporated into the pyrochlore and hexagonal tungsten bronze structures of the Ct,, P,.Z W,_, O¢
compounds. No phases with similar chemical compositions have been reported previously. Their synthesis tem-
perature has been lowered by 200°C and the calcination time has been reduced by a factor of 2 in comparison
with conventional synthesis methods. The proposed schemes of thermolysis of rubidium and cesium tungsto-
phosphatometalates will be useful for predicting the thermal properties and phase composition of thermolysis
products of analogous heteropolyoxometalates in designing new inorganic materials based on them.

Keywords: heteropolyoxometalates, tungsten, thermal analysis, thermolysis products, pyrochlore and hexag-
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INTRODUCTION

Investigation of the physicochemical properties of
nonstoichiometric compounds of variable composi-
tion with the pyrochlore structure and the general for-

mula A;,A|_ BB, ,04.X,_, (A,B,0¢X), where A =
Na, K, Ca, Sr, Ba, Ag, Pb, Sb, Mn, Fe, Zn, Ce, Y, U,
Th, Sn, or Bi; B = Nb, Ta, Ti, Ru, Sb, or W; and X =
O, F, OH-, or H,O, has shown that they have a num-
ber of valuable properties, namely, ferroelectric, semi-
conducting, optical, magnetic, ion-exchange, cata-
lytic, and other properties, due to the specific features
of the pyrochlore structure, which allows one to
design novel composite materials based on such com-
pounds [1—13].

In conventional methods for the synthesis of tung-
sten-containing compounds with the pyrochlore
structure, starting mixtures of oxides, compounds
readily decomposing into oxides, or substances pre-
pared via coprecipitation from solution are calcined at
high temperatures (800—1000°C) for 2 h or a longer
time. However, such methods have a number of draw-

backs inherent in thermal processes (ceramic process-
ing) on the whole in comparison, for example, with
synthesis in aqueous solutions. To prepare crystals
with the pyrochlore structure, use is made of high-
temperature solution growth. Congruently melting
alkali metal polymolybdates are used as low-melting-
point solvents for high-temperature solution growth of
molybdate and other mixed oxide crystals [14—19].

A promising approach to the preparation of mixed
oxides is the use of thermal decomposition of individ-
ual precursors, namely, heterometallic complexes
containing metal ions in an appropriate ratio. This
approach considerably reduces the synthesis time (by
up to 2—3 h) in comparison with conventional ceramic
processing route. Another advantage of the precursor
approach is the possibility of extending the potential
morphological diversity of mixed-oxide and sulfide
synthesis products [20—23].

The preparation of many metal oxide nanomateri-
als is based on preliminary synthesis of metal com-
plexes as precursors for subsequent thermolysis. The
controlled thermolysis method is the simplest and
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Table 1. Chemical composition of the synthesized tungstophosphatometalates

Calculated/found, wt %
Compound

Rb Cs P W H 3d metal
Rbs[PW;;039Ni(H,0)]-8H,0 | 12.85/12.82 — 0.93/0.94 60.81/60.80 | 0.55/0.54 1.76/1.80
Rb;s[PW;;03,Co(H,0)]-8H,O0 | 12.85/12.80 — 0.93/0.92 60.81/60.83 | 0.55/0.56 1.77/1.83
Rbs[PW,,059Cu(H,0)]-9H,0 |12.76/12.80 — 0.92/0.93 60.40/60.47 | 0.60/0.62 1.90/1.88
Cs;[PW,,059Ni(H,0)]-7H,0 — 18.70/18.93 0.87/0.86 57.06/56.94 | 0.49/0.42 1.66/1.60
Cs;[PW,,059Co(H,0)]-4H,0 — 19.04/19.16 0.89/0.88 57.93/57.90 | 0.31/0.30 1.69/1.60
Css[PW,,059Cu(H,0)]-4H,0 — 19.01/19.00 0.89/0.90 57.86/57.90 | 0.29/0.28 1.82/1.80

most effective way of producing metal-containing
nanoparticles and metal—polymer nanocomposites
[24—26].

Thermolysis of some heteropolytungstometalates
with 3d transition metals yields compounds with the
pyrochlore and hexagonal tungsten bronze (HTB)
structures [27, 28].

The purpose of this work was to synthesize com-
pounds with the pyrochlore and HTB structures via
thermal decomposition of tungstophosphatometa-
lates.

EXPERIMENTAL

Tungstophosphatometalates were synthesized
using techniques described previously [29, 30]. To
synthesize cesium 11-tungstophosphatocobaltate,
7.0 g (2.2 mmol) of Na,H[PW,,04]-15H,0 was dis-
solved in 75 mL of distilled water. To the resultant
solution was slowly (dropwise) added with constant
stirring on a magnetic stirrer 5.1 mL (12.8 mmol) of a
sodium hydroxide solution containing 0.1 g/mL
NaOH. The pH of the resultant mixture of solutions
was in the range 4.5—5.5. Next, we added 0.52 g (2.2
mmol) of CoCl,-6H,0 dissolved in 5 mL of water and
1.85 g (11.0 mmol) of CsCl dissolved in 5 mL of water.
The resultant mixture of solutions was passed through
filter paper and placed in a Petri dish. After several
days, the crystals formed were separated from the
mother liquor and recrystallized from water.

A similar procedure was used to synthesize rubid-
ium 11-tungstophosphatocobaltate, with cesium chlo-
ride replaced by an equivalent amount of rubidium
chloride. Cesium and rubidium salts of 11-tungsto-
phosphatonickelate and 11-tungstophosphatocuprate
were synthesized in a similar manner, using an equiv-
alent amount of nickel chloride or copper chloride
instead of cobalt chloride.

The chemical composition of the synthesized com-
pounds was determined by inductively coupled plasma
atomic emission spectroscopy (IRIS Intrepid I1 XSP

Duo atomic emission spectrometer, Thermo Electron
Corporation, the United States; error of determina-
tion, 5%), scanning electron microscopy (JEOL JSM-
6490 LV electron microscope equipped with an INCA
energy dispersive X-ray spectrometer system; error of
determination, 5%), and gravimetric analysis for
determination of hydrogen in the form of water (error
of determination, 0.04%).

The tungstophosphatometalates and their ther-
molysis products were identified using their electronic
and IR absorption spectra and X-ray diffraction. We
used a Helios Gamma spectrophotometer (Thermo
Electron Corporation) and Vertex 70 infrared spec-
trometer. X-ray diffraction patterns of polycrystalline
samples were collected on a DRON-2.0 diffractome-
ter (CuK,, radiation) in the angular range 20 = 10°—
60° at a scan rate of 1°/min. Unit-cell parameters were
determined by the Le Bail method using FULL-
PROF.2k (version 5.30) with a WinPLOTR graphic
interface. Thermogravimetric (TG) scans were per-
formed with an STA 449 F1 Jupiter analyzer in combi-
nation with differential scanning calorimetry (DSC) at
a heating rate of 10°C/min in an argon atmosphere,
using samples weighing 15—20 g.

RESULTS AND DISCUSSION

Using aqueous solutions, we synthesized com-
pounds with the general formula
Cts[PW,,05,Z(H,0)]-mH,0, where Ct = Rb* or Cs*
and Z = Co?*, Ni**, or Cu?*. The tungstophosphato-
metalates were synthesized at room temperature
according to the following reaction schemes:

H[PW,,0,,]" +60H"
= [PW,,04 (H,0)]"” + HWO; + 2H,0,
[PW,,05 (Hzo)]7_ + 2 = [PW,,05Z (Hzo)]s_ )

[PW,,05Z (H,0)]"” + 5Ct" + mH,0

INORGANIC MATERIALS  Vol. 57 No.8 2021
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Fig. 1. Electronic absorption spectra of (/) 0.03 M
[PW,,039Z(H,0)] tungstophosphatometalate solutions

and (2) 0.1 M solutions of Z(HZO)éJr aqua complexes: Z =
(a) nickel, (b) cobalt, and (c) copper.

The chemical compositions of the synthesized
tungstophosphatometalates are given in Table 1.

The electronic absorption spectra of these com-
pounds in aqueous solutions suggest that the 3d tran-
sition metals present in the coordination sphere of
these complexes are in octahedral coordination, in
agreement with the structure of Keggin anions
(Fig. 1). In particular, the absorption spectra of the
tungstophosphatonickelate solutions contain absorp-
tion bands characteristic of octahedral nickel com-
plexes, peaking near 422, 708, and 778 nm, and those
of the tungstophosphatocobaltates and tungstophos-
phatocuprates contain characteristic bands at 539 and
Vol. 57 No. 8
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Fig. 2. IR spectra of the tungstophosphatometalates:
(1) Cs5[PW;;039Co(H,0)]-4H,0,
(2) Cs5[PW,;039Ni(H,0)]-7H,0,
(3) Rbs[PW{;039Co(H,0)]-8H,0,
(4) Css[PW{,039Cu(H,0)]-4H,0,
(6) [(n-C4Hg)4Nl4 25H; 75[0-PW; MgOyo] H,O-CH3CN [31].

874 nm, respectively. Moreover, in going from the
[Z(H,0)¢]** aqua complexes to the
[PW,,05,Z(H,0)]°~ tungstophosphatometalate com-
plexes the peak position of the absorption bands of the
complexes shifts to longer wavelengths, which is due to
changes in ligand field force.

The IR spectra of the synthesized compounds in
the stretching region of the metal—oxygen framework
are similar to those of known Keggin compounds in
which one tungsten atom is replaced by an atom of
another metal (Fig. 2), for example, the compounds
reported by Kato et al. [31]. Single-crystal X-ray struc-
ture analysis of cesium salts of 11-tungstophosphaton-
ickelates and 1l-tungstophosphatocobaltates was
reported by Weakley [32].
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Fig. 3. Thermal analysis data for the
(a) Rbs[PW;;039Co(H,0)]-8H,0 and
(b) Cs5[PW;;039Cu(H,0)]-4H,0 tungstophosphatome-
talates.

Thus, the present results suggest that the synthe-
sized compounds are tungstophosphatometalates with
the Keggin structure in which one tungsten atom is
replaced by a 3d transition metal atom.

Thermal analysis data indicate that the tungsto-
phosphatometalates are thermally unstable: heating to
200°C leads to their dehydration; in the temperature
range 550—600°C, their thermolysis products—phases
with the pyrochlore and HTB structures—crystallize
(Fig. 3, Table 2). The X-ray diffraction pattern of the
rubidium tungstophosphatonickelate calcined at a
temperature of 600°C for 1 h showed reflections from
a single phase with the pyrochlore structure (ICDD
PDF no. 00-050-1861). Its X-ray diffraction pattern
could be indexed in cubic symmetry with a lattice
parameter a = 10.27 A. The X-ray diffraction patterns
of the Rbs[PW,,05,Co(H,0)]-8H,0 and
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Fig. 4. X-ray diffraction patterns of the tungstophosphato-
metalates after calcination at different temperatures:
(1) Rbs[PW;;03¢Ni(H,0)]-8H,0, 600°C;
(2) Rbs[PW;;039Co(H,0)]-8H,0, 600°C;
(3) CSS[PW“O39N1(H20)]4H20, 6OOOC,
(4) Cs5[PW;;049Ni(H,0)]-4H,0, 800°C.

Rbs[PW,,05,Cu(H,0)]-9H,0 compounds calcined at
a temperature of 600°C contained reflections from
two phases, with the pyrochlore and HTB (ICDD
PDF no. 01-070-0803) structures. The X-ray diffrac-
tion patterns of the cesium tungstophosphatometa-
lates calcined at 600°C for 1 h showed reflections of
two phases, a pyrochlore phase (major phase, ICDD
PDF no. 00-047-0566) and Cs;[PW,0,,] (impurity
phase, ICDD PDF no. 00-050-1857). After calcina-
tion at 850°C, there were two phases, with the
pyrochlore and HTB (ICDD PDF no. 01-081-1244)
structures (Fig. 4).

Tungsten(VI) oxide compounds with a pyrochlore
face-centered cubic structure and the general formula
A,B,0q, or Ct, M \W,_ O, where Ct = K, Rb, or Cs
and M = Fe, Co, Ni, Zn, Cr, or other elements, are
nonstoichiometric compounds of variable composi-
tion. In our case, M stands for phosphorus(V) and a 3d
transition metal, and the thermolysis products of the
Cts[PW,,05Z] rubidium and cesium tungstophos-
phatometalates can be represented by the formula

INORGANIC MATERIALS  Vol. 57 No.8 2021
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Table 2. Thermal analysis and X-ray diffraction data for the rubidium and cesium tungstophosphatometalates

t,°C Number of moles of H,O t,°C Phase composition
Compound
dehydration crystallization of thermolysis products

Rbs[PW,,05oNi(H,0)]-8H,0 200 9 288 gﬁgzﬁigz

AP0, Comono | : P
Rbs[PW,,04,Cu(H,0)]-9H,0 200 10 ggg gﬁgzﬁigz e

; et
Cs5[PW,,03,Co(H,0)|-4H,0 200 5 288 gﬁzzgizz I EIS;EW”O“O
i oscuorano | m : et

Cty9/13P2/13W22/13Z/130¢. Their compositions are con-
sistent with the general formula Ct,,P.Z W, , O,.

Electron micrographs of the thermolysis products
of the tungstophosphatonickelates calcined at 600°C
demonstrate that there are no regions differing in sur-
face morphology and that the Rb, P, Ni, W, and O dis-
tributions over the surface of the Rbs[PW; O;Ni]
powder are uniform, as evidenced by the Rb K;, P
K., Ni K,;, W L, and O K, X-ray maps. Similar
results were obtained for the thermolysis products of
the rubidium and cesium tungstophosphatometalates
(Fig. 5).

The present results confirm that phosphorus,
cobalt, nickel, and copper ions become incorporated
into the pyrochlore and HTB structures of the
Cs10/13P2/13Wa/13Z,/130¢ compounds. We have found
no phases with similar chemical compositions in the
literature. The thermolysis of the rubidium and
cesium tungstophosphatometalates with the Keggin
structure can be represented by the following schemes:

Rbs[PW,,05,Z(H,0)}nH,0 — Rb;PW,,05,Z
— Rbyg13Py/13Wap13751306 (pyrochlore + HTB),

Cs5| PW,,05,Z(H,0)}mH,0 — Cs;PW,,05,Z
— (pyrochlore) + Cs;PW,;,04,
- CS]()/]3P2/13W22/1322/1306 (perCthI'e + HTB).

It seems likely that the schemes found for the ther-
molysis of the rubidium and cesium tungstophos-
phatometalates with the Keggin structure have a more
general character and can be used to predict thermol-
ysis products of tungstophosphatometalates with other
heteropolyanion structures, for example, with the

INORGANIC MATERIALS  Vol.57 No.8 2021

Dowson structure ([P,W 0,1, [P,W,;,0¢,Z]"~, and
others), as well as for other Z elements present in their
structure.

Data on the catalytic activity of phases with the
pyrochlore and HTB structures prepared via thermol-
ysis of heteropolytungstometalates indicate that such
phases are potentially attractive for the preparation of
catalysts for the oxidation of organic compounds: they
have been shown to have high activity for and selectiv-
ity in the oxidation of isopropanol to acetone with
atmospheric air [8].

Heteropolytungstometalates with imperfect anion
structures (lacunary heteropolyanions) are capable of
completing the anion structure by attaching various
cations and groups to form, for example,
[XW,,05yZ(H,0)]™ anions with X = B, Si, Ge, P, As,
Sb, Fe, Co, Zn, or Cu and Z = Fe, Co, Ni, Mn, Cr,
Zn, Cu, Mg, V, etc. Among the X and Z combinations
possible for the Ct,[XW;;03,Z(H,0)] compounds,
only a small fraction of their thermolysis products
have been studied to date. Substitution of other ele-
ments for tungsten atoms in the structure of hetero-
polyoxometalate anions can be used for the targeted
synthesis of heteropolyoxometalates of tailored chem-
ical composition and their thermolysis with the aim of
obtaining new compounds with the pyrochlore and
HTB structures. The composition and properties of
such compounds can be tailored and controlled at a
level of individual atoms in their structure. The high
degree of their homogeneity is due to the fact that the
chemical elements in the parent heteropolyoxometa-
lates are evenly distributed at a molecular level.
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®

Fig. 5. Particle morphology of thermolysis products of the (a) Rbs[PW;;NiOs9] rubidium 11-tungstophosphate and
(b) Css[PW{NiOj3g] cesium 11-tungstophosphate after calcination at 600°C (scanning electron microscopy); (a, b) secondary
electron and (c) backscattered electron imaging; (d) Rb K, (e) P Ky, (f) Ni K1, (8) W L, and (h) O K; X-ray maps.

CONCLUSIONS

New compounds with the pyrochlore and HTB
structures and the general formula Ct, ,P,Z W,_, O,
where Ct = Rb" or Cs™ and Z = Co?", Ni?*, or Cu?*,
have been prepared via thermal decomposition of
Cts[PW,,059(H,0)Z]-nH,0 tungstophosphatometa-
lates. The synthesis temperature has been lowered by
200°C and the calcination time was reduced by a factor
of 2 (to 1 h) in comparison with conventional methods
for the synthesis of such compounds.

The thermal decomposition processes studied here
and the proposed schemes of thermolysis of rubidium
and cesium tungstophosphatometalates will be useful
for predicting the thermal properties and phase com-
position of thermolysis products of analogous hetero-
polyoxometalates in designing new inorganic materi-
als based on them.
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