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Co-doping effect on the microstructural and electrical
properties of barium stannate materials
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Proton-conducting perovskite oxides are of considerable interest to researchers as promising electrolytes for
low- and intermediate solid oxide electrochemical cells. Therefore, designing new potential proton-
conducting phases and improving the functional properties of known materials are of great importance from
both fundamental and applied viewpoints. In the present work, BaSnOz was selected as a reference proton-
conducting system and then a co-doping strategy was employed to analyze ‘composition - structure —
microstructure — transport properties’ relationships. To perform such an analysis, the properties of
previously studied BaSno7Mb303-5 (M= 1In, Sc, Y) compounds were compared here to their co-doped
derivatives, BaSnozIno.sSco.503-s, BaSnozYo.5Sco.1503-s, and BaSnozInoisYoisOs3-s. It is found that the type of
dopant affects the materials sinterability, when more coarse-crystalline ceramics are formed with increasing
the average ionic radii at the Sn-position. The introduction of Y3+-cations reduces both ionic and hole
conductivities compared to single-doped with In3+ or Sc3+ barium stannate materials. However, simultaneous
doping with In3+/Sc3+ cations minimizes the contribution of hole conductivity compared to that of Sc-doped
barium stannate with the same acceptor dopant concentration.
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1. Introduction
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of these devices can be achieved by varying the properties
of their constitute functional materials, including

Hydrogen energy is a promising direction in the
development of alternative energy sources that meets the
requirements of environmental friendliness and
renewability [lI, 2]. One of the key devices for hydrogen
energy solutions are solid oxide fuel cells (SOFCs) and
solid oxide electrolysis cells (SOECs). These are
electrochemical devices for direct conversion of chemical
energy of fuel into electricity and vice versa, being
attractive for a wide range of applications, including
stationary and mobile power supplies [3, 4]. In addition,
SOECs are utilized to produce hydrogen by
electrochemical splitting of water into oxygen and
hydrogen when an electrical current is applied. The
improvement of efficiency, operation time, and reliability
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electrolyte, cathode, anode, interconnector, and glass
sealant [5, é]. In particular, the SOFC/SOEC operating
temperatures can be significantly reduced by utilizing
proton-conducting electrolyte materials instead of
conventional oxygen-ionic electrolytes. Proton transport
has been found for many complex oxides, including
perovskites, fergusonites/scheelites, braunmillerites,
fluorites, apatites, mayenites, etc. [7, 8].

BaSnOz-based materials are of interest due to their
perovskite structure and proton conductivity [9]. Such
stannates belong to a family of perovskite-related proton-
conducting oxides, which is extensively studied. This
family includes materials based on alkaline-earth cerates
(SrCeQ3, BaCeO3), zirconates (CaZrOsz, SrZrOsz, BaZrOz),
hafnates (CaHfOsz, SrHfOz, BaHfOz), and some others
[10, 11]. Literature analysis reveals that the co-doping
strategy is widely employed in the mentioned systems,
until the design of high- or medium-entropy oxide systems
[12,13]. This is due to the fact that single-doping is often
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insufficient to achieve an optimum between different
functional properties. Conversely, research on stannates
is primarily limited to single-doped materials, such as In-
doped [14-16], Y-doped [9,17,18], and Sc-doped [19, 20]
compounds. In these examples, the functional properties
of the stannate materials are closely related to changes in
composition, specifically the content of acceptor dopants.
This, in turn, affects the defect and structural properties
of the materials. However, it is difficult to separate these
effects from each other. Changing the type of dopants
while maintaining their overall concentration is a suitable
chemical modification approach that minimizes the
influence of defects. Only two studies have investigated
co-doping of the Sn-site in barium stannate [21, 22]. In one
of these studies, Zn2+ was used as a dopant along with Y3+
[21], which has a different oxidation state than both Y3+
and Sn#+ cations. As a result, the defect structure is
proposed to have been altered. The second work [22]
discusses the highly doped compositions,
BaSnosYos-4dnsO3-5, which were obtained upon the partial
substitution of Y3+ with In3+ cations. However, a high
concentration of acceptor dopants may destabilize the
perovskite structure, leading to the formation of a
brownmillerite-based phase with ordered oxygen
vacancies [23,24]. Therefore, this work presents a
comparative overview of the co-doping and single-doping
effect on the functional properties of barium stannate
materials, whose crystal structure remains stable under a
medium concentration of introduced dopant(s).

2. Experimental

The co-doped BaSnozYo.sScois03-s (denoted as
BSY-Sc), BaSno7Ino.sScosO3-5 (BSIn-Sc),
BaSnosInossYousO3-s (BSIN-Y), and BaSnozIno3O03-s (BSIN)
powders were produced via the solid-state synthesis route
using BaCOsz (99.98 % Sigma-Aldrich, USA), SnO:
(99.2 % Sigma-Aldrich, USA), Y203 (99.9 % Sigma-
Aldrich, USA), Sc20z (99.9 % Sigma-Aldrich, USA),
In203(99.99 % Alfa Aesar, USA) as starting reagents. The
components were dried, weighed in stoichiometric ratios
and then thoroughly grinded employing a planetary ball
mill (Pulverisette 7 premium line, FRITSCH, Germany)
with YSZ milling balls in an acetone medium for 2 h. The
mixtures were dried and then calcined at 1200 °C for 5 h
in air to provide full decomposition of BaCOz and
preliminary synthesis. Afterwards, the calcined powders
were mixed with 0.5 wt. % CuO as a sintering additive
and cold uniaxial pressed at 140 MPa into cylindrical
samples. Finally, the latter were sintered at 1450 °C (5 h)
for co-doped barium stannates, at 1350 °C (5 h) for BSIn.
These sintering parameters were selected by preliminary
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experiments to satisfy the following conditions
simultaneously: (i) achieving a pure phase with no
impurities as initial oxides or reaction products;
(ii) producing gas-tight ceramics; (iii) obtaining all three
co-doped pairs under close conditions to provide the
comparison of those properties tailored by the dopant
nature.

The phase state of the samples was studied by X-ray
diffraction (XRD) analysis using a Rigaku MiniFlex 600
diffractometer (Rigaku Co. Ltd., Japan) in CuKa radiation
(A = 1.54056 A) in Bragg-Brentano geometry from 10 ° to
90 ° 26 range at a scan rate of 0.3 °- min-. The lattice
parameters were refined by Rietveld refinement analysis
using a FullProf software. The surface morphology of
both the as-prepared and polished ceramic samples was
investigated in the back-scattered electron (BSE) mode
using a scanning electron microscope (TESCAN MIRA I,
TESCAN s.r.o., Czech Republic) equipped with an
emission Schottky cathode (a 15 keV accelerating voltage
at a current of 300 pA). An Image ] software tool was
utilized to estimate the average grain size of the ceramic
samples from their micrographs.

Electrical properties of the ceramic samples were
investigated using a DC four-probe method of electrical
conductivity measurement. In detail, each bar-shaped
sample was placed into a specially designed YSZ-cell
equipped with platinum electrodes acting as
electrochemical oxygen pump and sensor. A Pt-Pt/Rh
thermocouple was placed alongside the sample for
maintaining the oven temperature with an accuracy of
+1°C. A Zirconia-318 automatic microprocessor
controller was used to regulate the temperature and
oxygen partial pressure (pO2) inside the measurement
cell. The measurements were performed at pO2 = 0.21 and
PO2 =10-8 atm under cooling in the temperature range of
500-900 °C with a step of 25°C and exposure for
I h/step to equilibrate the sample with the gas
atmosphere.

3. Results and discussion

3.1. Crystal structure and surface morphology

Barium stannates co-doped with Y/Sc, In/Sc, and
In/Y cations in equal ratios were obtained in the form of
single-phase ceramic samples as confirmed by the XRD
analysis (Figure 1). An ICDD PDF-2 card for the nearest
BaSnozs5Y0.2503-5 phase composition was used to fit the
obtained XRD spectra, while the XRD data were analyzed
by the Rietveld refinement method (Table 1). According
to these results, all the samples crystallize into a cubic
perovskite-type structure (space group Pm3m). Co-
doping with acceptor dopants leads to a lattice expansion
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compared to undoped barium stannate, that is in
agreement with differences between the ionic radii of tin
ASn*+) = 0.69 A in VI coordination state and the dopants
of ASc3*) =0.745 A, {In3*) = 0.8 A, and {Y3*)=0.9 A.
The Goldschmidt tolerance factor calculated according to
Eqn (1) for all investigated compositions is close to unity
similarly to single-doped barium stannates, which
confirms the formation of highly symmetric structures.

Ta+T0

- V2(rg+ro) U

where, 1, is the ionic radius of the A-site cation, r, is the
ionic radius of the oxygen, ry is the ionic radius of the
Bsite cation, calculated for co-doped barium stannates as
follows:

g = 0.7T5n + 0-15T1n/Y/Sc + 0-15T1n/Y/.S‘cI (2)

here, g, is is the ionic radius of the tin, while 77,y /s is

the ionic radius of the corresponding cations in BSIn-Sc,
BSIn-Y, BSY-Sc pairs.
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Figurel X-ray diffraction patterns of the co-doped barium
stannate ceramic materials and an example of ICDD PDF-2 card
for the more suitable barium stannate phase with a close
concentration of acceptor dopant.

Table1- Lattice parameters for acceptor-doped barium
stannate samples and corresponding values of the Goldschmidt
tolerance factor (2.

Composition + ggg A ivé?a t Ref.
BaSno7Yo.55¢0.503-5 4163 72.15 1.00  This
BaSnozInossScosOz-s 4141 7.0 101 work
BaSnozIno.sYoisO3-5 4174 7272 1.00

BaSno.75¢0303-s 4.139 70.91 1.01 [19]
BaSno7Y0303-5 4.199 74.04 0.99 [25]
BaSnO3z 4.117 69.78 1.02  [25]
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Figure 2 shows SEM-images of the as-prepared co-
doped (top line) ceramic materials versus the single-doped
(bottom line) BaSno7(Sc/Y/In)o303-s samples investigated
earlier by our group [19,25]. The surface of the yttrium-
containing BSY-Sc, BSIn-Y samples is characterized by
some visible defects and pores, whereas the formation of
spherical-like grains is found for the BSIn-Sc ceramic
materials. Similar trends are observed for the single-doped
ceramics.

In general, the microstructural parameters are closely
related to the transport properties due to the specific
features of proton transport through the ceramic grain
boundaries. According to the space charge layer model, a
double electric layer is formed near the grain boundaries
acting as an energy barrier for proton transport [26].
Therefore, decreasing the area of grain boundaries is
favorable for increasing the ionic conductivity [27]. In a
number of studies, bulk and grain boundary transport of
proton conductors have been analyzed in a combination
with the microstructural parameters of the as-prepared
ceramics related to their surface. However, this approach
might be incorrect since grains often appear to have a
different shape within the ceramic volume, which can be
clearly seen from the comparison of Figures 2 and 3. This
difference in the microstructural properties of the surface
and volume of the ceramic materials might be explained
by different densification kinetics of the internal grains
compared to the surface grains.

The approach of using sintering additives is widely
used to produce complex oxides being refractory in
nature, including barium stannates and related systems
based on barium zirconate [24]. The densification of such
ceramic materials occurs at temperatures above 1600 °C,
being unfavorable due to the evaporation (or volatility) of
BaO during the fabrication of bulk samples, as well as the
interfacial interaction when producing the multilayer
structures [, 13]. In this work, we used CuO as a sintering
agent. This agent has a low melting point [28, 29] and
tends to accumulate at the surface or grain boundaries,
affecting sinterability and grain growth in different areas
of the ceramic material.

According to these SEM-images (Figure 3), all the
obtained co-doped ceramic materials exhibit a dense
packing of grains with no visible pores and other volume
defects, confirming high relative density of the samples
(above 97 %). A wide palette of gray shades of the grains
is related to intergranular contrast due to their different
grain orientation; this is not related to different chemical
compositions of these grains. Although the barium
stannates were doped in equal concentrations of acceptor
dopants, the resulting grain size for the ceramic samples is
notably different. Its size increases in the series of BSIn-Sc
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(1.8 um) — BSY-Sc (2.2 um) — BSIn-Y (2.8 um). This
interesting result indicates that the densification of the
studied materials is regulated by not only the CuO
sintering additive, but also the nature of the introduced
dopants. The literature analysis suggests that an increase
in the ionic radius of M8+ in BaCeiw)ZriM/Oz-s
perovskites promotes more active sintering of samples,
resulting in an increase in relative density, shrinkage, and
grain size. This trend is observed for cerates (x= 0 [30]),
zirconates (x=1-y [31]), and mixed systems
(O<x<I1-y[32]) regardless of their preparation
techniques. Based on these results, it is clear that a greater
densification takes place for larger perovskite crystals. In
other words, doping with high ionic radii elements is a
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viable method for enhancing the sinterability of Ba-based
stannates, cerates, and zirconates. However, it is important
to note that at very high ionic radii, dopants introduced
to the Aposition of such ABOs perovskites can replace Ba-
ions at the A-sites during sintering. Therefore, it is crucial
to use rational dopant elements under the preparation of
desired phases.

Figure4 shows the

energy-dispersive  X-ray

spectroscopy data for the co-doped stannates. The
presented spectra contain only those elements that exist
in the synthesized phases. At the same time, the cationic
compositions are found to be close to nominal ones for all
cases, taking a detection error of * 0.0l mol % into
account.

Figure 2 Scanning electron microscopy (SEM) data for the co-doped ceramic samples: BaSno7Yo.sScosO3-s (BSY-Sc),
BaSnosInoisYo.503-5 (BSIn-Y), BaSnozInossScoisO3-s (BSIn-Sc) (top line) and single-doped (bottom line) BaSnoz(Sc/Y/In)o303-s

ceramic samples [19, 25].

BSIn-Sc BSY-Sc

Figure3 SEM-images for the polished
BaSno7Ino.sYo.503-5 (BSIn-Y) ceramic samples.

BaSno7Ino.5Sco.503-5

BSIn-Y

(BSIn-Sc),

BaSno7YousScoisO3-s  (BSY-Sc)  and
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Figure 4 The energy-dispersive X-ray spectroscopy data for the
co-doped barium stannates: (a) BaSnozIno.sScoi5O3-5 (BSIn-Sc);
(b) BaSnozYousScosO3-5 (BSY-Sc) and (c) BaSnozInoisYoisOz-s
(BSIn-Y).

3.2. Transport properties

Barium stannate, similar to other proton-conducting
materials, including those based on BaCeOs, BaZrOsz,
LaYbO3, etc, is a mixed ionic-electronic
conductor [33, 34]. Oxygen ions, protons, electrons or
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electron holes may act as charge carriers depending on
external conditions such as temperature, humidity, and
oxygen partial pressure (pO2). The mentioned complex
oxides demonstrate hole conductivity in the region of
high pO2 values. The region of intermediate and low pO2
values represents the as-called "ionic plateau”, where the
conductivity remain unchanged. The width of the ionic
plateau can be varied depending on the composition,
reaching pO2 values up to 10-5> atm for acceptor-doped
barium stannates [19, 25]. The temperature dependence of
conductivity for the co-doped ceramic samples was
measured under two conditions: (i) in wet air atmosphere
(pO2 = 0.21 atm, pH20 = 0.02 atm) to evaluate the hole
contribution to the total conductivity; (ii) under low
oxygen partial pressure conditions at pO2 = 10-8 atm to
evaluate the ionic transport.

Figure 5 presents the temperature dependences of
electrical conductivity for the co-doped samples
compared to single-doped BaSno.7(Sc/Y/In)o303-5 barium
stannates. An increase in conductivity is observed for all
the samples with temperature growth under both low and
high pO2 values. The conductivity values attributed to the
hole component increase linearly for the co-doped
samples at pO2 = 0.21 atm. The electrical conductivity
dependences in the electrolytic region at pO2 =10-8 atm
show a bend at the temperature of ~750°C. The
observed bend for co-doped samples may be associated
with the change of the dominant type of charge carriers
from protons to oxygen-ions at such temperatures due to
dehydration process [35].
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Figure 5 Total electrical conductivity measured in air (pO2 = 0.21 atm) and in the ionic plateau region (pO2 = 10-8 atm) for ceramic
samples: co-doped BaSno7Yo.55¢0.503-5 (BSY-Sc), BaSnozIno.sYossOs-5 (BSIn-Y) and BaSnozlnosScosO3-5s (BSIN-Sc) vs. single-doped

BaSno.7(Sc/Y/In)o303-5 [19,25].
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Figure 6 Apparent activation energies (£;) for the co-doped
BaSno7Yo0.55¢0.503-5 (BSY-Sc), BaSnozIno.isYo.503-5s (BSIn-Y) and
BaSno7Ino.sScosO3-s (BSIN-Sc) samples in high-temperature
(750-900 °C) and intermediate-temperature (500-750 °C)
ranges at pO2 = 10-8 atm.

The values of apparent activation energy (£:) can be
used to confirm conclusions regarding the nature of
charge carriers in the complex oxides [36]. The £; values
for the co-doped samples in the regions of high
(750-9200 °C) and medium (500-750 °C) temperatures at
PO2 =10-8 atm are presented in Figure 6. The £; values
reach of 0.45 + 0.02 eV at 500-750 °C, indicating the
predominance of proton transport characterized by
0.5eV or less. In the high temperature region, the
F;values reach 0.86 = 0.06 eV. These findings indicate
that oxygen ions contribute significantly to the total
conductivity, considering their thermally activated
conductivity behavior.

Figure 7 summarizes the electrical conductivity data
for both co-doped and single-doped barium stannates. In
the electrolytic region (pO2=10-8atm), the ionic
conductivity of the yttrium co-doped materials is lower
compared to the single-doped ones, Figure7a.
Conversely, the ionic conductivity of BSIn-Sc co-doped
barium stannate demonstrates a close value with single-
doped BaSno7Sco30:-s (BSSc) reaching ~2 mS-cm-! at
700 °C.

The total electrical conductivity of the samples
measured in air (Figure 7b) represents the resulting
contribution of both ionic and hole conductivities:

Ototal = Oion T Opr 3)

where, 0;,, and o, represent the ionic and ptype
electronic partial conductivities, respectively. Since the
value of the ntype electronic conductivity under
oxidizing conditions is negligible, the hole conductivity
was calculated as a difference between the total
conductivity and the ionic one, as shown in Figure 7c.
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Similar calculations were performed for the literature data
on the conductivity of single-doped barium stannates.

The hole conductivity in proton-conducting oxides is
assumed to be a factor, which reduces energy conversion
efficiency of electrochemical devices due to electronic
leakage and internal short-circuit effects [37, 38]. In this
aspect, materials with a minimized hole component
contribution are more favorable as proton-conducting
electrolytes for protonic ceramic fuel cells (PCFCs) and
protonic ceramic electrolysis cells (PCECs). A decrease in
hole conductivity was found for the BSIn-Y and BSY-Sc
samples compared to the single-doped counterparts.
However, this advantage is mitigated by a corresponding
decrease in ionic conductivity.
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Figure 7 Summarized electrical conductivity data for both co-
doped and single-doped barium stannates: (a) the total
conductivity at pO2 = 0.2 atm; (b) the total conductivity at
pPO2=108atm; (c) the calculated hole conductivity at
pO2 = 0.2l atm.
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Figure 8 Temperature dependences of electrical conductivity of BaSnozIno.sScoisO3-s (BSIN-Sc) vs. BaSno7Sco.303-s (BSSc) [19]

ceramic samples: (a) ionic conductivity, (b) hole conductivity.

More interesting dependences were obtained for the
BSSc, BSIn, BSIn-Sc ceramic materials. The highest and
lowest hole conductivity values were found for BSSc
(77 mS-cm-! at 700°C) and BSIn (2.2mS-cm” at
700 °C),  respectively. The co-doped  BSIn-Sc
demonstrated an intermediate hole conductivity value of
4.3 mS-cm- at 700 °C. Thus, partial substitution of
scandium by indium in BSSc in an equal ratio reduces the
hole conductivity by about 2 times, while the level of ionic
conductivity remains unchanged, as presented in detail in
the Figure 8.

Table 2 provides the values of both ionic and hole
conductivities at 700 °C for the state-of-the-art proton-
conducting electrolyte materials. Among the listed
complex oxides, the highest ionic conductivity is achieved
for acceptor-doped barium cerates (up to 25 mS - cm-). In
addition, barium cerates are also characterized by a low
contribution of hole conductivity in air. The calculated
ion transfer numbers (o) are higher than 0.6. Despite the
promising conductivity results, barium cerates are
unstable in CO2- and H:0-containing atmospheres,
limiting their application in electrochemical devices
[51, 52]. It is interesting to note that the high tos values
were also found for SrZrOsz, CaZrOsz and La-based
perovskites, although their ionic conductivity is by an
order of magnitude lower than that of barium cerates.
Doped barium stannates exhibit similar values of ionic
conductivity and hole contribution to those of barium
zirconates, placing them in an intermediate position
among the extensively studied proton-conducting
materials.

4. Conclusions

In the present work, the transport properties of
proton-conducting materials based on barium stannate
co-doped with combinations of In3+/Y3+, In3+/Sc3+, and

Y3+/Sc3+ cations were investigated. Ceramic samples with
a cubic perovskite structure were obtained at 1450 °C for
5 h. The samples exhibited a dense microstructure with
the absence of impurity inclusions and visible pores.
Energy-dispersive X-ray spectroscopy analysis confirmed
that the cationic composition of the sintered ceramics
matches the nominal one. The electrical conductivity of
the samples was thoroughly studied in terms of ionic and
hole conductivity by four-probe measurement method.
Co-doping with Y3+ cations reduces both ionic and hole
conductivity compared to single-doped BSIn and BSS
materials. It is found that the strategy of co-doping with
In3+/Sc3+ cations is effective for minimizing the hole
conductivity contribution compared to scandium-doped
barium stannates with the same acceptor dopant
concentration. Nevertheless, conductivity studies in
reducing atmospheres should be carried out before
practical application of BSIn-Sc ceramic materials as
electrolytes for SOFCs.
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Table 2 - lonic and electronic conductivity values in air for various proton-conducting oxide materials at 700 °C.
SomPesiHofs oion (MS - cm-) orore (MS * cm-) tion Ref.
compound/system xvalue
BaCeo5Y0.103-5 25.15 16.58 0.60 [39]
BaCeosNdo.1O3-5 18.59 4.21 0.82 [40]
BaCeo.65Zr0.2Y0.1503-5 9.77 5.47 0.64 [41]
BaCeo.s-sSnxYbo.203-5 0.3 4.44 1.25 0.78 [42]
04 1.93 0.79 0.71 [42]
0.5 1.68 0.99 0.63 [42]
BaZros-xSn,5c0.203-5 0 5.05 11.54 0.30 [27]
0.l 6.20 9.24 0.40 [27]
0.2 2.85 7.64 0.27 [27]
BaZrosYo0.2-SmyO3-5 0 1.07 1.94 0.36 [43]
0.05 1.01 1.83 0.36 [43]
0.l 0.88 1.41 0.38 [43]
0.2 0.55 1.19 0.32 [43]
BaZro.sGdo.2-x5¢O3-5 0 0.3l 1.16 0.21 [44]
0. 0.47 219 0.18 [44]
0.2 1.16 2.88 0.29 [44]
0.3 2.57 10.72 0.19 [44]
BaSni-xY xO3z-s 0.05 0.28 0.28 0.49 [25]
0.1 1.05 2.55 0.29 [25]
0.2 1.55 3.44 0.31 [25]
0.3 2.57 640 0.29 [25]
04 3.47 7.18 0.33 [25]
BaSno.75¢0303-5 2.01 7.66 0.21 [19]
BaSno.7Yo0.55¢0.503-5 1.01 2.22 0.31 this work
BaSno.7Ino.sScossO3-5 1.79 4.34 0.29 this work
BaSno7InoisYo.s03-5 1.24 1.84 0.40 this work
BaSno.s75Y0.12503-5 0.37 1.02 0.27 9]
Lai-Sr5cOs3-5 0.05 1.94 4.57 0.30 [45]
0. 8.48 17.48 0.33 [45]
Lar-SrxYbOs-s 0.05 1.39 1.30 0.52 [46]
0.1 3.05 3.09 0.50 [46]
Lai-BaxYbOsz-s 0.05 240 1.68 0.59 [46]
0. 1.79 1.19 0.60 [46]
Lai-«CaxYbOsz-s 0.05 0.53 0.33 0.62 [46]
0. 0.68 0.23 0.74 [46]
Lai-xCasScOz-5 0.03 043 0.53 0.45 [47]
0.05 3.75 7.98 0.32 [47]
0. 3.29 5.68 0.37 [47]
CaZro95c0103-5 0.41 0.28 0.60 [48]
CaZro.955c0.0503-5 1.17 0.04 0.97 [49]
CaZroslnoiOsz-s 0.1 0.05 0.69 [49]
Sro.98Zr0.95Yb0.0sO3-5 1.42 0.76 0.65 [50]
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