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Abstract

Nb-doped BaWO, with the assumed formula BaW;_,Nb,O,4_5 (x = 0, 0.005, 0.01, 0.02 and 0.05) were prepared by solid-
state reaction method. Crystal structure and phase composition were determined by X-ray diffraction method. Scanning
electron microscopy (SEM) coupled with energy-dispersive spectrometry (EDS) was used to describe microstructure and
chemical composition of synthesised materials. It was found that solubility limit of niobium in the BaWOQy, structure is the
range 0.5-1 mol%, as formation of second phase—BasNb,O;s5—was observed for samples with higher dopant content. For
evaluation of the chemical stability of synthesized materials, the comparative CO,/H,O exposure test was performed.
Samples were exposed to carbon dioxide- and water vapour-rich atmosphere (7% CO, in air, 100% RH) at 298 K for
700 h. During this exposition, the chemical reactions between the samples and the surrounding gaseous atmosphere
resulting in formation of barium hydroxide and/or barium carbonate can process. Thermogravimetry (TG) method was
used for chemical stability evaluation. The comparison of samples before and after the CO,/H,O exposure test was
performed. To support the interpretation of TG results, the analysis of gaseous products evolved during thermal treatment
of the samples was done using mass spectrometer. The effect of dopant on the BaWO, chemical stability improvement was
observed. In order to determine the electrical properties of obtained materials, the DC resistance measurements in synthetic
air atmosphere were taken. It was shown that niobium doping and the presence of second phase—BasNb,O;s—Ieads to an
increase in the total conductivity of synthesised materials.
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Introduction

Materials with general formula ABO4 (where A = Ba, Sr,
Pb and B =W or Mo) and scheelite-type structure are
considered as perspective for optical and electronic appli-
cations, e.g. phosphors, optical fibres, catalysts, laser host
materials, scintillator detectors [1-6]. Wide range of syn-
thesis method was applied to received ABO, materials, for
example solid-state reaction [7], sol-gel [8], co-precipita-
tion [9], hydrothermal [10, 11], microwave-assisted
[12, 13] or sonochemical [14]. Synthesis of doped mate-
rials, like calcium- or lead-doped SrWQ,, tungsten-doped
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SrMoQy, terbium- or strontium-doped BaWQ,, are mainly
focused on potential optical applications [15-19]. Doping
of scheelite-type structure materials (e.g. BaWO,, StTWOy,
PbWO,) towards improvement in their electrical properties
is not widely discussed, and this field of scientist research
is quite open. It is well known that chemical and thermal
stability of tungstates with scheelite structure is high
[20, 21]. According to the literature, introduction of
BaWO, as the second phase into the Y-doped BaCeO;_;
materials leads to an increase in the CO, resistance but
simultaneously the electrical conductivity decreases [22]. It
is also known that conductivity of acceptor-doped BaWQ,
is protonic [23] and the electrical conductivity of the
scheelite-type structure SrWO, depends on the oxygen
partial pressure what allows to classify strontium tungstate
as the p-type conductor [24]. It should be mentioned that
doping of ABO, structure reported in the literature con-
siders mainly the substitution in the A position [25-27].
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Incorporation of samarium or lanthanum into lead position
in PbWQ, results in an increase in total conductivity [26],
similarly as doping of BaWQ, with cesium or strontium
[19, 27] and incorporation of lanthanum into CaWQ,
structure [28]. Significant value of ionic conductivity was
reported for scheelite-type structure A;_,Li;xBO,
(A = Ca, Sr, Ba, B=W, Mo) compounds [25]. Recently,
the proton conductivity was reported for CaW,_,Ta,O4.s
materials; however, the solubility limit of thallium in
CaWQy, structure was lower than 1 mol% [29]. Neverthe-
less, the literature concerning electrical properties of
tungstates with general formula AWQ, is rather marginal
though it implies they are perspective materials.

In this work, introduction of acceptor dopant (niobium)
to the BaWO, scheelite-type structure into tungsten posi-
tion was assumed. To our knowledge, this type of barium
tungstate modification was not studied previously. The
purpose of this work was to determine the solubility limit
of niobium in the BaWOQ, structure while materials are
synthesised by solid-state reaction and to discuss the effect
of dopant on the microstructure and the stability of
BaW,_,Nb,O, materials towards CO, and water vapour at
low-temperature exposure along with the analysis of the
electrical properties of pure and doped barium tungstate.

Experimental

Samples of Nb-doped BaWO, with the general formula
BaWw,;_,Nb,O,4_; (with x = 0, 0.005, 0.01, 0.02 and 0.05)
were synthesised by solid-state reaction method. Barium
carbonate BaCO; and tungsten and niobium oxides (WO;5
and orthorhombic Nb,Os), all with analytical grade sup-
plied by Sigma-Aldrich Chemical Company Inc, were
used. The precursor’s mixtures were formed in the pallet
dies and calcined at 1223 K for 24 h in the 1.5 dm’ min™"
air flow. The calcination conditions were optimized basing
on TG and DTA results (SDT 2960 TA Instruments, mass
about 50 mg, heating rate 10 K min~', synthetic air
atmosphere, platinum crucibles) and XRD analysis.
Received materials were crushed, milled in absolute alco-
hol suspension (ZrO, grinding media) and after drying
(363 K for 24 h) again formed in a pellet dies, isostatically
pressed (250 MPa) and sintered at 1573 K for 3 h in air
atmosphere. The samples diameter before sintering was
9.50-9.60 mm; after sintering, the diameter decreases as
the shrinkage of the samples was observed. The difference
in the shrinkage ability was observed for un-doped BaWO,
and Nb-doped BaWQ,. For un-doped material, the average
diameter after sintering was 9.25 mm; for Nb-doped sam-
ples, the average diameter 9.05-9.15 mm was measured.
In the following part of the paper, the samples with the
assumed composition BaW;_,Nb,O4_5 (x =0, 0.005,

@ Springer

0.01, 0.02 and 0.05) will be Ilabelled as: BaWOQ,,
0.5Nb_BawO,, 1Nb_BaWO,, 2Nb_BaWO, and
SNb_BaWQ,, respectively.

To define the phase composition and crystal structure of
sintered BaW;_,Nb,O,_s materials, the X-ray diffrac-
tometer Philips X’ Pert (monochromatized CuKa radiation)
was used. Rietveld phase analysis was applied to determine
the amounts of observed phases and crystallographic
parameters. Microstructure and chemical composition were
verified by scanning electron microscopy SEM (Nova
Nano SEM 200 FEI & Oxford Instruments) combined with
energy-dispersive spectrometry (EDS) (FEI & Oxford
Instruments). The total porosity of samples was determined
on the basis of sample mass and geometry.

To evaluate the chemical stability of the samples for
CO; and H,O, the exposure test was performed. Samples
were exposed to carbon dioxide- and water vapour-con-
taining atmosphere (7% CO, in air, 100% RH) at 298 K for
700 h. Thermal analysis combined with mass spectrometry
was applied to analyse the results of the exposure test. All
samples before and after the exposition were heating in the
SDT 2960 TA Instruments apparatus (synthetic air flow,
mass of samples 50 mg, heating rate 10 K min™") coupled
with the mass spectrometer QMD300 ThermoStar Balzers
to identify the evolved gaseous products.

The electrical properties were determined based on DC
resistance measurements. The temperature variation resis-
tance measurement was taken by Keysight Technology
multimeter in fully automatic system using two-probe
method. The measurements were taken on sintered pellets
in the form on discs (about 9 mm in diameter and 4 mm of
thickness) as a function of temperature (798-973 K) for
synthetic air. Samples were equilibrated for 30 min at the
specific temperature before each measurement. For each
temperature, nine resistance measurements were taken. The
conductivity was calculated based on measured resistance
and sample geometry.

Results and discussion
Phase composition, structure and microstructure

Based on the XRD results, the phase composition and
crystal structure of Nb-doped BaWO, materials were
determined. For BaWQ,, 0.5Nb_BaWQO, and INb_BaWO,
samples, single-phase scheelite-type structure material was
found, described as tetragonal (space group I41/a, ICSD
No. 01-085-0588). For two others, 2Nb_BaWQ, and
5Nb_BaWQ,, the second phase—hexagonal BasNb,Os
(ICSD No. 98-009-5192)—was also identified (Fig. 1).
The amount of BasNb,O,s5 estimated by the Rietveld
method was around 1.6 and 5.7 mass% for 2Nb_BaWOQO,
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Fig. 1 X-ray diffraction pattern of BaWO, and Nb-doped BaWO,
sintered samples

and 5SNb_BaWO, samples, respectively (Table 1). It sug-
gests that the solubility limit of niobium incorporated into
tungsten position in the BaWO, structure is between 1 and
2 mol%. This could be verified by analysis of the unit cells
parameters of tetragonal BaWQ, as a function of intro-
duced niobium (Table 1).

In the ABO, scheelite-type structure, the coordination
number (CN) is 8 and 4 for A and B cation, respectively.
The ionic radius of W for CN = 4 is 0.42 A and is only
slightly lower than ionic radius of Nb™* (0.48 A for

tungsten position should lead to a slight increase in the unit
cells parameters. The data collected in Table 1 show that
changes in the lattice parameters are small. The increase in
lattice parameter is clearly seen only for sample with the
smallest dopant amount (0.5Nb_BaWO,) and suggests that
0.5 mol% of niobium can be incorporated into tungsten
position in BaWO, structure. The sample label as
INb_BaWOy is a little concerning. The analysis performed
by Rietveld method suggests that material with 1 mol% of
niobium is single phase, and niobium was totally incor-
porated into BaWOQ, structure. The values of lattice
parameters do not follow this thought; they should be
higher than for BaWO, and 0.5Nb_BaWQ,. It strongly
suggests that INb_BaWOQO, material is not single phase, and
the amount of second phase was below the detection point
of XRD method or the BasNb4O;5 phase was amorphous.
Thus, it can be concluded that the solubility limit of nio-
bium in the BaWQ, structure is in the range 0.5-1 mol%.
For regular two-phase materials (2Nb_BaWO, and
SNb_BaWQ,), the lattice parameters are comparable with
lattice parameters of un-doped BaWQ,. However, it should
be noticed that partial incorporation of niobium into
BaWO, structure for not single-phase materials cannot be
excluded. In particular, that slight increase in the cell
volume of BaWOQ, for materials with introduced niobium
was observed (Table 1). This effect can be the result of
incorporation of larger cation (Nb5+) into BaWO,
structure.

SEM microphotographs together with the EDS spectrum
for the sample with the highest niobium content are pre-
sented in Fig. 2. For all materials, regardless of the
chemical composition, the grain size is 20-50 um and
grains elongation is clearly visible. The crystallite sizes,
estimated for all samples based on peak width at half-
height, were in the range 90-120 nm without any trend
related to the amount of introduced niobium. It indicates
that each grain is composed of several crystallites. The
cracks observed on the SEM microphotographs occur
possibly during cooling of sintered samples and probably
are the results of high anisotropy of BaWO, thermal
expansion coefficient 10.9-107¢ x 10.8-107® x 35.107¢ K~!
[31]. The samples mass and geometry (diameter and
thickness) together with the theoretical density (for

CN = 4) [30]. Thus, incorporation of niobium into
Table 1 BaWO, lattice alA clA VIA3 BaWO,/mass% BasNb,O;s/mass%
parame.ters, cell volume a.n(.i in Bawo, in Bawo,
determined phase composition
of synthesized materials Bawo, 56161 + 0.0006 12.7267 + 0.0008 401.41 100
0.5Nb_BaWO, 5.6171 £ 0.0005 12.7295 4+ 0.0011 401.64 100
INb_BaWO, 5.6169 + 0.0009 12.7262 + 0.0009 401.54 100
2Nb_BaWO, 5.6163 + 0.0005 12.7284 + 0.0011 401.49 98.4 1.6
5Nb_BaWO, 5.6161 &+ 0.0004 12.7266 + 0.0009 401.40 94.3 5.7
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Fig. 2 SEM microphotographs of BaWQ,-based samples (a—e) together with the results of EDS analysis of SNb_BaWOQ, sample (f)

tetragonal BaWQ, 6.38 g cm™' from ICSD Card No.
01-085-0588) were used to determine the samples total
porosity. For un-doped BaWQ,, total porosity was about
20%; for niobium-doped samples, this value was slightly
smaller and reached 12-15%. SEM microphotographs
clearly show high content of close porosity for all materi-
als. To calculate the volume fraction of close porosity, the
stereology can be applied [32]. For single-phase materials,
the estimated fraction of close porosity was 19% and
13-15% for BaWO, and single-phase Nb-doped BaWOy,,
respectively, and was close to the determined total poros-
ity. For two-phase materials, 2Nb_BaWO, and
5Nb_BaWOQ,, volume fraction of close porosity was
smaller and reached 10 and 8%, respectively. It can suggest
that the presence of the second phase (BasNbyO,s)
improves the materials sinterability.

Chemical stability

Chemical stability of materials with potential applications
in electrochemical devices is one of the crucial parameters.
Chemical instability results mainly in deterioration of
electrical and mechanical properties. For that reason,
chemical stability test (long-term, low-temperature expo-
sure to CO, and water vapour) simulating the materials
storage conditions was performed for all synthesised
materials. During this exposition the adsorption of water
and/or CO, can process and/or the chemical reactions
between the samples and the surrounding gaseous atmo-
sphere rich with water vapour and carbon dioxide. It can
result in formation of barium hydroxide and/or barium
carbonate. Thus, after the exposure test the phase
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composition of sample can be different than before the
exposition to CO, and water vapour.

Thermal analysis combined with mass spectrometry was
applied for evaluation of the chemical stability. Thermo-
gravimetry curves (TG) together with the m/z = 18 and m/
z =44 ion current lines were collected for all tested
samples. The lines for m/z = 18 and m/z = 44 illustrate the
evolving of water and carbon dioxide—the potential gas-
eous product of thermal degradation of samples before and
after the exposition test.

In Fig. 3, TG curves together with the m/z = 18 and m/z =
44 ion current lines for thermal degradation of un-doped
BaWO, sample before and after the exposition test are
presented. For sample before the test, the total mass loss is
about 0.02% and the only effect clearly visible on TG
curve is observed below the temperature 673 K and is the
result of elimination of water from the sample. After the
test, additional effects are seen, leading to the total mass
loss about 0.09%. The two steps of degradation between
the temperature ranges 873—1173 K can be observed; both
are connected with evolving of CO,; thus, both steps can be
described as decomposition of BaCO; formed during the
exposition test. As it is reported in the literature, the tem-
perature of barium carbonate decomposition is about
1173 K, however, strongly depending on the surrounding
atmosphere [33]. The two steps of decomposition can
suggest that BaCO; formed during the exposition can be
partially amorphous, as the decomposition temperature of
non-crystalline and crystalline barium carbonate can be
different. The content of BaCO; in the initial sample,
calculated based on the mass loss, is about 0.15%. The
mass loss calculated based on the TG curve for the first and
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Fig. 3 TG curves and m/z = 18 and m/z = 44 ion current lines of BaWO, thermal degradation before (a) and after (b) the exposition test

for the second step is in the proportion about 2:1. Thus, it
suggests that formation of non-crystalline barium carbon-
ate is more favourable during the low-temperature expo-
sition. It must be noticed that application of XRD method
while the chemical stability of BaWO, in carbon dioxide
and water vapour is evaluated is practically exclude as the
amount of BaCOj in the sample after the exposition test is
small and the carbonate can be partially amorphous. It
should be mentioned that materials with scheelite-type
structure are considered as chemically stable; however,
presented data imply slight instability of BaWO, in CO,
atmosphere. Thus, the effect of Nb-doping on materials
chemical stability was also analysed.

Figure 4 shows TG curves for un-doped and Nb-doped
BaWO, materials before and after the test. Before the
exposition, there are no significant differences between the
samples and the only effect seen on TG curve is the
dehydration. The minor variation in the TG curves shape
can only be the result of different amount of bonded water.
As was previously discussed, un-doped BaWO, shows
slight instability in CO, atmosphere. All doped materials,
single and two phases, are chemically stable. They do not
undergo reaction with carbon dioxide, as there is no mass
loss in the temperature range corresponding to BaCO;
thermal decomposition. The slight difference between the
TG curves is the result of various amounts of water
absorbed in the samples. It should be underlined that
introduction of niobium into BaWQy, structure results in a
change in the materials chemical composition and leads to
chemical stability improvement. The comparison of TG
curves for un-doped BaWO,, doped BaWO,
(0.5Nb_BaWOQ,) and samples with the highest niobium
content (2Nb_BaWQ,, SNb_BaWQ,) indicates also that

for two-phase materials the partial incorporation of nio-
bium into BaWOy, structure occurs. Additionally, the good
chemical stability of 2Nb_BaWO, and SNb_BaWO, sam-
ples implies that the second phase (BasNb4O;s) is also
chemically stable in CO,- and water vapour-rich atmo-
sphere. It must be noticed that the microstructure of un-
doped and doped materials does not show significant dif-
ferences and is not the factor limiting the chemical stability
of analysed materials. Moreover, it can be postulated that
incorporation of niobium into the barium tungstate struc-
ture leads to the chemical stability improvement in mate-
rials based on BaWO,.

Electrical properties

According to the literature, BaWO, shows the oxide ion
conductivity, similar to acceptor-doped BaWO, (doped
with cesium into barium position) [27]. For BasNb,Os,
proton and electron conductivity was observed for wet
nitrogen and dry air atmosphere, respectively [34]. For
evaluation of electrical properties of synthesised materials,
un-doped BaWO,, single-phase Nb-doped BaWO,
(0.5Nb_BaWOQ,) and two-phase material with the highest
content of the second-phase BasNbsO;5 (SNb_BaWO,)
were chosen.

In Fig. 5, total electrical conductivity of BaWQO,-based
materials is presented in Arrhenius coordinates. Measure-
ments were taken for the temperature range 798-973 K.
The electrical conductivity of un-doped BaWQ, changes
from 6.1-107"° Q7' ecm™' for 798 K to 9.2:107'° Q!
cm ™! for 973 K. For the entire analysed temperature range,
the total conductivity of single-phase Nb-doped BaWO,
(0.5Nb_BaWOQ,) and two-phase material (SNb_BaWOQOy,) is

@ Springer



112

A. Lacz et al.

(a
100.00
4
99.95 A Es;
(1)
®)
99.90 @
&
c\gs 99.8
S 9%
(1) ——Bawo,
99.80 1 (2) —— 0.5Nb_BaWO,
(3) —— 1Nb_BaWo,
99.75 4 (4) ——2Nb_BaWO,
99.70 : - T ! '
400 600 800 1000 1200
Temperature/K

(b)
100.00
0005 | (1) )
@)
4
99.90
&
: (©)
T 99.85 -
=
(1) Bawo,
99801 (2) ——0.5Nb_BaWO,
(8) —— 1Nb_BaWwO,
99.754 (4) —2Nb_BaWO4
(5) ——5Nb_BaWO,
99.70 . - ' ' '
400 600 800 1000 1200
Temperature/K

Fig. 4 TG curves of thermal degradation of BaWQ,-based materials before (a) and after (b) the exposition test

higher than for un-doped BaWO,. Thus, incorporation of
niobium into BaWOQ, scheelite structure leads to an
increase in the total electrical conductivity, same as the
presence of BasNb,O;5 with hexagonal perovskite-related
one.

Based on the Arrhenius plots, the activation energy of
conductivity was calculated and is collected in Table 2.
Calculated activation energy of BaWO, conductivity
(1.06 &+ 0.04 eV) stays in good agreement with values
reported for this material previously (about 0.9 eV) [27]
and suggests that conductivity is the result of oxide ion
transport via the oxide ion vacancies, as this value is
comparable to the activation energies of others oxide-ionic
conductors [35]. The activation energy of conductivity for
single-phase Nb-doped BaWOQO, (0.5Nb_BaWQ,) is lower
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Fig. 5 Electrical conductivity of BaWO,-based samples in Arrhenius
coordinates
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than for un-doped BaWO,; however, it still corresponds to
the value describing the oxide ion transport. It must be
mentioned that incorporation of acceptor dopant (Nb>™)
into tungsten position in BaWO, structure should lead to
formation the oxygen vacancies. Thus, the changes in the
barium tungsten structure can result in a decrease in the E,
of conductivity and the higher concentration of oxygen
vacancies can lead to an increase in total conductivity of
Nb-doped BaWO, in comparison with un-doped BaWQ,.
The activation energy of conductivity for material with the
highest niobium content (SNb_BaWO,) is 1.40 &+ 0.02 eV.
It should be noticed that observed value of activation
energy of conductivity in 5Nb_BaWO, material is the
resultant value of conductivity of doped-BaWO, and Bas.
Nb4O;5 as the SNb_BaWO, sample is two-phase material.
The increase in E, for two-phase material compared to
single-phase BaWO, and 0.5Nb_BaWO, can be the result
of the presence of second phase (BasNb4O;s) located
probably in the intergranular voids. According to the lit-
erature, BasNb4O;5 shows in air the electron conductivity
[34]. Thus, the presence of phase shows that the electron
conductivity in the oxide ion conductor can result in
blocking effect and lead to an increase in the observed
value of activation energy of total conductivity.

Table 2 Activation energies E,/eV determined from DC measure-
ments for BaWOQO,-based materials

BaWwo, 0.5Nb_BaWO, 5Nb_BaWO,

E, of conductivity/ 1.06 £ 0.04 0.80 &+ 0.03 1.40 £ 0.02

eV
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Analogous DC measurements were also taken for
INb_BaWQ, material. The activation energy of conduc-
tivity determined based on Arrhenius plot was
1.57 £ 0.04 eV. This value is comparable with E, of
conductivity for SNb_BaWOQO, material and implies that for
INb_BaWO, material the blocking effect of second phase
is also observed. It suggest that solubility limit of niobium
in the BaWOQy structure is in the range 0.5—-1 mol%, similar
as it was proposed based on the analysis of lattice param-
eters. However, it must be noticed that further investiga-
tions of electrical properties of acceptor-doped BaWO,
together with the comprehensive analysis of its defect
structure are necessary for the detailed analysis of con-
duction mechanism in doped BaWO, system.

Summary

Solid-state reaction method was applied to synthesise
acceptor-doped barium tungstate. 0.5 mol% of niobium
was introduced into tungsten position in tetragonal BaWO,
with scheelite-type structure. For higher assumed Nb
content (1.0, 2.0 and 5.0 mol%), the formation of second
phase—BasNb,O,s—was observed or postulated. Thus, the
solubility limit of niobium in BaWOy, structure was found
in the range 0.5-1 mol%. However, partial incorporation of
niobium into tungsten position in BaWOQO, structure is
observable also for materials with higher niobium content.
The grain size for all synthesised materials was 20-50 pm
and was independent of the dopant amount. However,
dopant addition led to a decrease in the volume fraction of
close porosity and better sinterability of BaWOQOy4-based
materials.

The exposition test (long-term, low-temperature expo-
sure to CO, and water vapour) was performed in order to
determine the chemical stability of BaWO,-based materials
against the presence of carbon dioxide and water vapour.
Thermal analysis was applied for this parameter evaluation,
as comparison of mass loss for samples before and after the
test was performed. Moreover, the total mass loss for
samples after the test can be directly treated as the measure
of chemical instability of materials in CO,- and water
vapour-rich atmosphere. It was shown that introduction of
niobium into BaWQO, structure improves the barium tung-
sten chemical stability. Moreover, it was observed that the
BasNb,O,5 phase is also chemically stable in the applied
conditions.

Electrical properties of synthesised materials were
characterized by DC electrical conductivity measurements.
The effect of incorporated niobium and the presence of
BasNb,O,5 phase on the electrical properties of BaWOQOy-
based materials was observed. The values of activation
energy imply the domination of oxide ion conductivity;

however, further investigations are required for description
of conductivity mechanism in Nb-doped BaWOQ, system.
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