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Abstract

This study addresses the influence of A-and B-site co-doping on the chemical and electrical properties
of perovskite-type Bag sSrosCei.,-Zr,Gd, Y035 (0 < x < 0.5; y = 0, 0.1, 0.15; z= 0.1, 0.2). The
powders synthesised at 1450 °C through solid state (ceramic) reaction showed relative density greater
than 94 % by Archimedes method, and is supported by dense microstructure by scanning electron
microscopy images. The effect of doping electronegative elements on the A-and B-site on chemical
stability is exemplified by dopant dependent chemical stability under CO, and water vapour.
Thermogravimetric analysis (TGA) of the powdered samples under CO;: N, (1:1) showed variation in
weight gain with respect to doping element concentration in Bag sSro sCe;..,-Zr,Gd, Y.Os.5, revealing the
improved chemical stability of BagsSrosCeoZro2Gdo1Y0.1035 and BagsSrgsCesZr93Gdo1Y0.1035.
Excellent chemical stability under water vapour at 90 °C for 24 h was observed for all the investigated
compositions. However, extended exposure time of 168 h lead to the appearance of a small amount of
Ba(OH),, as observed from powder X-ray diffraction patterns and TGA analysis after stability tests. The
electrical conductivity measurements by ac impedance spectroscopy under dry and humid atmospheres
revealed the proton conductivity. Among the samples investigated in this work,
Bay sSro.sCeo.6Z102Gdo.1Y0.103.5 (BSCZGY3) showed the highest conductivity of ~10~ S/cm at 700 °C in

air/3% H,O and H»/3% H,O.
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Introduction

Iwahara et al. demonstrated the existence of proton (H") conductivity (~107 S/cm) under humid
conditions in the perovskite-type acceptor-doped ABO; (A = Sr, Ba; B = Ce, Zr) at 500-700 °C [1, 2].
BaCeO; and BaZrOs; have been extensively studied as electrolytes for proton-conducting solid oxide
fuel cells (H-SOFCs) owing to their high H™ conductivity [3]. However, BaCeO; decompose under
water vapor and CO; conditions (Equation 1 and 2) [4-9]. BaCeOs is thermodynamically unstable under
CO; atmosphere below ~ 1040 °C and under water vapour (Pyo = 0:5 atm) below ~ 404 °C (equation 1)
[7-9]. Also, Gd- and La-doped BaCeO3 was found to be unstable in boiling water and humid air [10].
Wu and Liu showed that Gd-doped BaCeO; was stable at 600 and 700 °C for 1000 h under water
vapour, whereas it decomposed at a much lower temperature of 85 °C (equation 2) [11]. As H-SOFCs
will be subjected to many heating and cooling cycles during operation, low temperature instability in

H,O-containing atmospheres is a concern for BaCeOs based electrolytes.

BaCeO, +CO, — BaCO, + CeO, (1)

BaCeO,+ H,0 — Ba(OH), + CeO, 2)

On the other hand, BaZrO; exhibit excellent chemical stability under CO;, and humidity but
lower H' conductivity compared to BaCeOs [3, 12-14]. Though, Gibbs free energy of formation of
BaZrOs is higher than Gibbs free energy of formation of carbonate between 600-800 K, it might be
kinetically slow to cause major instability [15-17]. In order to obtain dense ceramic, high temperature
(>1500 °C) and prolonged sintering times are needed, which lead to high grain boundary resistance in
BaZrOs system [18, 19]. Higher electronegativity of Zr makes BaZrO; more stable in CO, and H,O-
containing atmospheres than BaCeO; [3]. Thus, a solid solution of BaCeOs; and BaZrO; has been

investigated in order to achieve good H" conductivity and chemical stability under CO, and humidity



[20-28]. Fabbri et al. exposed Zr-doped BaCeys.xZrY 2035 (0.0 < x < 0.8) to 100 % CO, at 900 °C for
3 h, and observed that the sample with x = 0.5 showed good chemical stability and good H' conductivity
[25]. Ryu and Haile found that Zr-doped BaCe7Zry;Ndy ;03 and BaCesZry4Gdo 103 compromise

chemical stability under CO; against their H™ conductivity [21].

Taniguchi et al. subjected BaCe,Zr)6Gdo 2035 to boiling water for 200 h and found it to be
stable by monitoring variation in pH of surrounding water [28]. They also investigated the influence of
moisture on the surface of BaCe 4Zr(4Ing,0;_; by exposure to 85% relative humidity for 4000 h at 85 °C
and found no deposits on its surface through SEM [28]. Though these reports have shown improved
chemical stability for Zr-doped BaCeOs; few reports have also shown that stability is still an issue for a
lower doping level of Zr. For example, Bag 9sCeo 6Z102Y 02035 (BCZY) decomposed to BaCO3, Ba(OH),
and Ceg.75Zr0:250; after exposing to humid air for 24 h at 200 °C and soaking in boiling water for 3 h
[29]. 10 mol % Zr-doped BaCey 7Zr 1Y 02035 formed BaCO; under CO; as seen through a weight gain
of 7.7 % in TGA [30]. Also, the addition of Zr requires high sintering temperature of ~1550 °C, although
wet-chemistry preparation routes and sintering aids can help in overcoming this problem [24, 31]. In
addition, Zr-doping in BaCeOj; lead to increase in activation energy for H' transport [13, 21, 27, 32].
Literature studies have suggested that with increasing electronegativity of B-site elements in
perovskites, the chemical stability increases in the following order: cerate — zirconate — stannate —
niobate — titanate [3]. It has also been reported that smaller the difference between the electronegativity
of B-site and A-site cations, larger is the stability of protonic defects [33]. Thermodynamically, SrCeO3
is more stable towards CO, than BaCeOs; and Sr- doping on the A-site has shown to improve the

chemical stability of BaCeOj; under water [34, 35].

Based on ionic radius and electronegativity, Zr, Y, and Gd seem to be ideal dopants for the Ce-

sites in BaCeOs (Table 1). Additionally, computational studies by Glockner and Islam showed that Y



and Gd both had the “lowest solution energy” for doping on the Ce-site [37]. Also, Sr doping on the Ba-
site was explored in order to improve chemical stability under water at low temperature [38]. Recently,
we have shown that BagsSrysCeosZr02Y0.1Gdo. 1035 exhibited good chemical stability under water
vapour and CO, conditions [38, 39]. However, the role of dopants and their concentrations were not
fully understood with relation to chemical stability and conductivity. Thus, the principle objective of this
work is to study systematically the influence of dopants and their concentrations on the chemical
stability of doped-BaCeOj; under H,O (specifically at low temperature) and CO,-containing atmospheres
and on ionic conductivity. Co-doping approach on both A-and B-sites in particular with higher
electronegative dopants was explored. As both the chemical stability and conductivity is affected by
dopants and their concentrations, several compositions of the chemical formula BagsSrosCe.y.,-
Zr,Gd,Y:035 (x =0<x<0.5;,y=0.1,0.2, z= 0, 0.1, 0.15) were prepared and investigated for their

chemical stability and electrical properties using state-of-the-art solid state experimental methods.
Experimental methods

Synthesis

Perovskites of the nominal compositions Bag 5Srg sCei.y.,-Z1r,Gd, Y035 (0 <x <0.5; y=0, 0.1, 0.15; z =
0.1, 0.2) were prepared by solid state (ceramic) method in an ambient atmosphere at elevated
temperature. Starting materials barium carbonate, strontium carbonate, cerium oxide, zirconium oxide,
gadolinium oxide and yttrium oxide (99.9%, Alfa Aesar) were mixed in stoichiometric amounts, and
ball milled at 200 rpm for 6 h using iso-propanol as a solvent. After milling, the iso-propanol was
evaporated in an oven and then the mixture was heated for 24 h at 1050 °C. After cooling, dried powder
was ball milled again for 6 h. After milling and drying for the second time, the powder was pressed into
pellets (~2 cm x 1 cm) by using an isotactic press for 3 minutes at a pressure of 200 MPa. The pellets

were covered with parent powder in order to suppress potential Ba evaporation and then subjected to



final sintering at 1450 °C for 24 h in an ambient atmosphere. The process of final sintering at 1450 °C

was repeated to get single-phase perovskite-type structure.
Characterization techniques

After sintering at 1450 °C, the pellet was crushed, and the powder was subjected for phase
characterisation at room temperature using powder X-ray diffractometer (PXRD) (Bruker D8 with Cu
Ko radiation) with a 0.01° step size and a counting time of 3s per step from 10° to 120°. Lattice
constants (a) were obtained through the WinCSD software [40]. The relative density (equation 3) of as-
sintered pellets (~1 cm diameter, ~2 mm thickness) was determined by Archimedes method and then
compared with theoretical density (equation 4) based on lattice constant and crystal parameters obtained
from PXRD analysis.

— psoleM

= 3
prel M1 _M2 ( )

where psorv 1s the density of water, M is the dry weight of pellet in the air; M; is the saturated weight of
pellet after removal of excess water from the surface and M, is the suspended weight of pellet in the

water after immersion in the boiling water.

IM

= 4
ptheor VXNA ( )

where Z is the number of atoms per unit cell, M is the molar mass; V is the unit cell volume (A*), and

Na is the Avogadro’s constant.

TGA at the heating and cooling rate of 10 °C min"' was performed on powders after chemical
stability tests using Mettler Toledo TGA/DSC/HT1600. In-situ TGA was also performed under flowing

COy/N;y (1:1) gas mixture. Ex-situ chemical stability under water vapour was conducted by hanging



powdered samples at 90 °C for 24 h and 168 h. Ex-situ chemical stability under CO, was performed by
flowing pure CO, at 800 °C for 24 h over powder kept inside the quartz tube.

For electrical conductivity measurements, pellets were cut into smaller disks of ~1cm in diameter
and 0.2 cm in thickness and brushed painted by Pt paste (current collector) on both sides and cured at
800 °C for 2 h. Electrical conductivity measurements were performed in the temperature range of 300—
750 °C in air, air/3% H,0, N»/3% H,0, N»/3% D,0 and H»/3% H»0, using an AC impedance analyzer
(Solartron SI 1260) over the 10" to 10° Hz frequency range and with an applied voltage of 100 mV. In
order to confirm that H' are major charge carriers in humid conditions, electrical measurements were
performed under D,O and H,O by flowing N, through H,O/D,O at room temperature. 3% H,O
condition was achieved by bubbling the carrier gas through water at 25 °C. Before conductivity
measurement at different temperatures, samples were kept at a temperature of measurement for at least
45 minutes to several hours to attain thermal stability. Zview® modeling software (Scribner Associates,

Inc.) was used to analyze the AC impedance spectra.

Results and discussion

Phase and morphology analysis of calcined powders and pellets

Fig. 1(a) shows the PXRD patterns of BagsSrosCej.ry--Z1.Gd, Y035 (0 <x <0.5;y =0, 0.1, 0.15; z=
0.1, 0.2) (BaysSrpsCepsGdo1Y0.103.5 (BSCGY 1); BagsSrosCe7Zr0.1Gdo1Y0.103.5 (BSCZGY2);
Bay 5Sr9.5Ce0.6Z102Gdo.1Y0.103.5 (BSCZGY3);, Bay 5Sr95Ce0.5Z193Gdo.1Y0.10325 (BSCZGY4);
Bay 5Sr95Ce035Z104Gdo.15Y0.1035  (BSCZGYYS); Bay 5Sr95Ce04Z1904Gdo1Y01035  (BSCZGY6);
Bay 5Sro5Ceo.7Zr0.1Y 02035 (BSCZY7) and Bay 5Sr5sCeo sZr9503.5 (BSCZY)) samples prepared at 1450 °C
in air for 24 h. Single-phase perovskite was obtained for all compositions, except for BSCZGY6 and

BSCZGYS. PXRD patterns of BSCGY1 and BSCZY7 showed splitting of peaks and were indexed in



the Pnma space group for an orthorhombic crystal system. BSCGY1 and BSCZY7 show additional
diffraction peak at 20 = 34.4° (hkl = 112) corresponding to orthorhombic phase (Figure 1(b)). Rest of the
investigated perovskite compositions were indexed on a cubic space group Pm3m (BSCZGY2-
BSCZGY6 and BSCZS). For the BSCZGY 6, additional peaks for secondary phases were observed at 26
=28.8°,30.9° 31.9° and 33.4 ° corresponding to ZrO, (inorganic crystal structure database (ICSD) #
89426), Ba(OH), (Alfa Aesar commercial powder), and doped CeO, (powder diffraction file (PDF) #
000500204), respectively. BSCZGYS8 showed highly intense peaks corresponding to secondary phases
of ZrO, (ICSD # 89426), doped CeO, (PDF # 000500204), and BaCOs (PDF # 000410373) along with
diffraction peaks for cubic perovskite phase. The presence of secondary phases in BSCZGY6 and
BSCZGYS indicates the need for high sintering temperature for a high doping level of Zr in

Bao_58r0_5Ce1_x_y_ZerGdeZOg_5 [21, 41, 42]

Fig. 1(b) shows that diffraction peaks have been shifted to higher 28 angles for all the BSCZGY
phases compared to un-doped BaCeOs. As the Zr content increased from 10 to 40 mol% (BSCZGY2 to
BSCZGY6), the diffraction peaks shifted to higher angles, indicating substitution of smaller Zr*" (0.72
A) into Ce*" (0.87 A) sites [36]. The lattice constant was found to decrease with the increase in Zr
content from BSCZGY2 to BSCZGY6 (Table 2). The presence of secondary phase of ZrO, (ICSD #
89426) in BSCZGY6 indicates that not all Zr substituted Ce-sites, which anticipated to the higher value
of lattice constant of 4.273 A than BSCZGY5 (4.236 A). The same trend was also seen in the average
ionic radii of B-sites, which decreased from BSCZGY'1 to BSCZGY 8 (Table 2). Even though tolerance
factor for BSCGY1 and BSCZY7 is 0.91 and 0.95, the reason for orthorhombic distortion in these cases
is not yet clear. For comparison, Table 2 also shows the pseudo-cubic lattice (a,) constant values for the

orthorhombic BSCGY1 (4.404 A) and BSCZY7 (4.398 A) phases. The a, was calculated using the

equation: §/0.25abc (where a, b and c represent orthorhombic cell constant) [43]. The higher a, in



BSCGY1 is expected due to doping of larger size Y°" and Gd’" on the Ce*" site (Y>"=0.9 A, Gd*" =
0.938 A) [36]. Fig. 2 shows the variation of lattice constant and tolerance factor, as a function of the
average ionic radius of B-site cations in single-phase BagsSrosCei..,-Zr,Gd, Y O3.5. As expected, the
increase in average ionic radius leads to increase in lattice constant and a decrease in tolerance factor.
Densities > 94% were obtained for all single-phase Bag 5Sro sCei.y.,--Zr,Gd, Y.O3.5 compositions
from Archimedes method. The density was found to decrease with increasing Zr content in Bag sSrysCe;.
w221 Gd, Y- O3.5. BaZrgsY.1503.5 prepared by ceramic method showed relative density in the range of
75-80% [21]. Fig. 3 shows typical SEM micrographs of polished pellet surfaces after final sintering and
reveals the dense nature of the investigated perovskites. The average grain-size decreased with
increasing Zr content. The smaller grain-size in high Zr content samples is consistent with the refractory

nature of Zr samples, as they have slower grain growths.

Chemical stability of BaysSrosCei.x.,..Zr.Gd, Y ;035 powders towards CO; and H;0O-containing
atmospheres

Achieving chemical stability under water vapour at low temperatures (< 400 °C) is critical for proton
conducting doped-BaCeO; [10, 44] and thus, the chemical stability of investigated perovskites under
high water content (69%) was performed at 90 °C for 24 h and 168 h. PXRD of water treated samples
show mainly peaks due to perovskite-type phase and no additional peak for Ba(OH), impurity (Fig.
4(a)). However, extending the treatment time to 168 h showed small diffraction peaks for Ba(OH), (Alfa
Aesar commercial powder) and ZrO, (ICSD # 89426) (Fig. 4(b)). As opposed to water vapour stability,
the CO; stability of these compositions varies with compositional change and exhibit lower chemical
stability. Fig. 5 reveals that BSCZGY3, BSCZGY4, and BSCZGY5 have better chemical stability under

CO, than other compositions. In BSCZGY6, the intensity for secondary phase ZrO, (ICSD # 89426) and



doped CeO, (PDF # 000500204) increased, and the additional peak of BaCO; (PDF # 000410373)
appeared after CO, exposure. BSCGY1, BSCZGY2, and BSCZY7 were decomposed completely,
suggesting that Zr substitution is critical to improve the chemical stability of the doped BaCeOs under
CO; and water vapour atmospheres at elevated temperature.

TGA curves obtained after water vapour exposure for 24 h and 168 h are shown in Figs. 6(a) and
(b), respectively. As the water vapour exposure period was extended to 168 h, there was an increase in
weight loss for all the investigated compositions. Among the BSCZGY samples studied, BSCZY7
showed the maximum weight loss (~1.4 wt. %) for 24 h and BSCZGYS5 (~3.5 wt. %) for 168 h. Weight
loss in TGA curves can be attributed to formation of Ba(OH), (equation 2), incorporation of water
molecules in the oxide ion vacancies in BagsSrosCei..,-Zr:Gd,Y.Os.5 (equation 5), and excess water
adsorbed at grain-boundaries and or surfaces [38]. For the second case, one mole of acceptor dopant
(M) leads to the formation of 0.5 moles of oxygen vacancies, thus, in theory, ~0.6 and 0.8% weight
loss should be observed for 20 and 25 mol% doped Bag 5SrosCe;.x.,--Zr,Gd, Y O3.5, assuming that water
has filled all oxide ion vacancies in the structure.

Tanner et.al [45] and Bhide et.al [10] have shown that the decomposition of doped-BaCeOs

under water vapour conditions occur in two steps, and shows bulk-type decomposition mechanism. The
first step is water dissolution into the oxygen lattice (O ) (which requires oxide ion vacancy (V'),
equation 5), and the second step is decomposition reaction (equation 2) [10, 45].

H,O(g)+V +0 <> 20H, (5)
Since oxide ion vacancy is higher in the case of BSCZGYS, the decomposition is expected to be higher
after exposure to water vapour for 168 h. Thus, 25 mol % doping in BSCZGY5 leads to greater weight

loss for 168 h exposure to water vapour, as seen in Fig. 6(b). The improved stability under water vapor

conditions due to Sr-doping is seen compared to previous studies on BaCegsaZrg01Smg 15035 and
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BaCe 3.,Zr,Gdy.15P10,0503.5 (x = 0.01, 0.05, 0.1, 0.2 and 0.3) [46, 47]. BaCeg4Zr001Smy 15035 and
BaCey s..Z1,Gdg 15Pr0 05035 showed a weight loss >8% and >10 %, respectively in TGA analysis due to
the formation of Ba(OH), under similar conditions, and showed the presence of CeO, in PXRD patterns
[46, 47].

Fig. 6(c) shows the TG curves under CO,/N, (1:1) for all BagsSrosCei..,-ZrGd,Y.Os.5
compositions. The initial weight loss can be attributed to sample dehydration and gradual weight gain
above 400 °C, and 600 °C indicates the formation of BaCOs;. BSCZGY6 did not show any weight gain
owing to high Zr content (0.4) (higher covalency of Zr-O bond compared to Ce-O bond) and found to
chemically stable under CO,. Moreover, the decomposition reaction temperature increased with
increasing Zr in BagsSrosCei.y.,-Zr:Gd,Y.035. Though BSCZGY6 and BSCZGYS have same Zr
content, BSCZGYS5 showed small weight gain (0.4 wt. %) might be due to the presence of more Gd
[18]. Among the samples investigated, the high weight gain was observed for BSCZGY1, BSCZGY2,
and BSCZY?7 (Fig. 6(c)), however, literature studies have shown weight increase of up to 7.5 wt. % for
un-doped BaCeOs [48]. In addition, Zr doping of x = 0.5 was needed to achieve considerable chemical
stability and x >0.8 was needed to achieve complete stability under CO; [12, 20, 49]. Fig. 6(d) shows the
percentage conversion to BaCOs as a function of Zr content in BagsSrosCei.,-Z1.Gd,Y-O3.5 and
confirms the positive influence of Zr- doping in suppressing BaCO; formation. These results show that
adding more electronegative elements seems to help in improving chemical stability under CO,. It is
also worth to mention that the chemical stability of sintered pellets will be greater than powder samples
as CO, reacts with perovskite phase at solid/gas interface and cannot dissolve in the perovskite lattice

[50].
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Electrical conductivity of Bay sSr.5Cej.x.y-ZrGd, Y 0;.;
Typical Nyquist plots of BagsSrosCei.y.,-Zr:Gd, Y035 (0 < x < 0.5; y =0, 0.1, 0.15; z= 0.1, 0.2)
obtained in air, air/3% H,0, N»/3% H,0, N»/3% D,0 and H,/3% H,O at 600 °C are shown in Fig. 7. At
low temperatures, semicircles due to bulk, grain-boundary and electrode contributions (electrode—
electrolyte interface phenomena) were observed, while contribution due to grain-boundary disappeared
at high temperatures (>600 °C). For all the investigated compositions, the lowest resistance was seen
under H»/3% H,O and the highest resistance under N»/3% D,O (Fig. 8). Also, samples showed slightly
lower resistance in air/3% H>O compared to dry air. Variation of total (bulk + grain-boundary +
electrode) conductivity as a function of temperature for all compositions under different atmospheres is
shown in Figs. 8(a)-(f). Significantly higher conductivity and lower activation energy values under
H.,/3% H,0 confirms potential H conducting nature in all compositions (Fig.8 and Table 3). Also, the
reduction in total conductivity and increased activation energy under N»/3% D,O shows the isotope
effect, which supports the above statement. These results indicate the contribution of H' towards
conductivity under humid conditions and it can be described using the defect equilibrium reaction
(equations 5 and 6) [3]:

H,(g)+2h"+20, < 20H,, (6)

The H' transport mechanism in acceptor-doped perovskites can be explained by Grotthuss
mechanism, as proposed by Kreuer [3]. Grotthuss mechanism involves the rotational diffusion of the
protonic defect (hydroxyl group, OH) around oxygen, and then the transfer/jump of proton (H"
between nearest lattice oxygen. Figure 8 (e) shows the Arrhenius plot under H»/3% H,O for all
compositions and reveals slightly higher conductivity for BSCZGY3 [38] and BSCZGYS. The low total

conductivity of Bag sSrgsCeosZro3 Gdo1Y0.103-5 (BSCZGY4) is due to high Zr content, which leads to a

low rate of grain growth in the ceramics, and hence high grain-boundary resistance [12, 21, 32, 51].
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Bay 5Srg sCeo4Z19.4Gdo1Y0.103-5 (BSCZGY6) exhibits the lowest conductivity due to high Zr content and
secondary phases, which can segregate along the grain-boundaries and thus lead to increase in grain-
boundary resistance. SEM measurements show that with increase in Zr content, the grain size decreases
and leads to large grain-boundary resistance, and hence lower electrical conductivity [12, 21, 32, 51]
The activation energy in the wet air was slightly larger than in wet N, (Table 3). On comparing total
conductivity (bulk + grain-boundary) values of BSCZGY3 and BSCZGY5 in wet H, with the literature
studies (Figure 8 (f)), the significant lower conductivity of current compositions is quite evident.
However, it is worth to mention that the samples in literature studies were prepared by sol-gel, citrate-
nitrate, and solid state reacting sintering methods, which lead to large-grained ceramics [12, 52-55]. For
example, Yamazaki et al. [52] prepared BaZrysY (2035 (BZY20) employed the sol-gel method and
reactive sintering method in order to achieve large-grained (~1 pm) ceramic which ultimately lead to
high conductivity (~1 x 102 Scm™ at 450 °C). In addition, BaCeqsZr3Y 02035 decomposed under CO,
condition within 3h at 900 °C into BaCOj; and CeO, [9]. The lower conductivity of current samples can

be improved if synthesised through soft chemistry route and solid state reactive sintering methods.

Conclusions

Solid solution Bag sSrosCe..y-Zr,Gd, Y035 (0 <x <0.5;y =0, 0.1, 0.15; z= 0.1, 0.2) was studied in
order to find an optimal composition with good chemical stability and high ionic (proton) conductivity
for SOFCs. Single-phase, perovskite-type oxides were obtained through solid state synthesis route after
final sintering at 1450 °C. The lattice constants decreased with increase in Zr content in Bag sSrosCej.y.y-
Z1,Gd,Y.0;3 5 due to its smaller Zr*" ionic radii than Ce*". Relative densities of >94% were obtained for
all prepared compositions. The purpose of achieving better chemical stability against water vapour

through co-doping more electronegative dopants into the A-and B-site of BaCeO; structure at low
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temperature (90 °C) was successful for 24 h period of the test. With the increase in Zr-doping level at the
B-site, the chemical stability against CO, increased, however it was accompanied by decrease in proton
conductivity, where BSCZGY6 showed the lowest electrical conductivity. Though Zr-doping enhanced
the chemical stability towards CO, to some extent; it was not able to stop decomposition reaction
entirely. The proton conducting nature of compositions was seen through increased conductivity in
humid atmospheres (air/3% H,O, N»/3% H,O, and H»/3% H,O). Among the samples studied in this
work, Bag sSrgsCe6Z102Gdo1Y0103.5 (BSCZGY3) seems to be the optimal composition with lower

weight gain under CO,, and highest conductivity (0.003 S/cm, 700 °C) under H»/3% H,O.
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Table 1 -Electronegativities and Shannon ionic radii of the host cations and their dopants [36].

Element Electronegativity Ionic radii
(1) (eV), Pauling A)
Ba™ 0.89 1.35
Sr* 0.95 1.18
Ce" 1.12 0.87
zr* 1.33 0.72
Y 1.22 0.90
Gd*” 1.20 0.938
Pr’ 1.13 0.99
Yb** 1.10 0.868
Sm’” 1.17 0.958

0~ 3.50 1.40
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Table 2-Variation of average ionic radius (AIR) (A), tolerance factor (f), calculated [43] and
experimental lattice constants (A) for BagsSrosCey.r,..Zr.Gd,Y;0:5 (0 < x < 0.5; y = 0, 0.1, 0.15;

z=0.1,0.2) and BaCeOs.

Composition AIR (A) t Aeale (A) Aexp (A)i Relative density
(B-site) (%)
BaCeO; 0.87 0.94 4.348 4.397 -
BSCGY1 0.88 0.91 4.404*  a=06.23(2) 99.8
b=28.71(6)
c=6.2103)
BSCZGY2 0.86 0.91 4.299 4316 (2) 96.8
BSCZGY3 0.85 0.92 4.280 4.298 (9) 95.0
BSCZGY4 0.84 0.93 4.261 4.271 (2) 94.2
BSCZGYS5 0.82 0.93 4.246 4.236 (5) 95.6
BSCZGY6 0.82 0.93 4.241 4.273 (6) 96.6
BSCZY7 0.77 0.95 4.398*  a=6.22(3) --
b=28.76 (5)
c=6.23(2)
BSCZ8 0.80 0.94 4.2094 4.340 (6) --

*The numbers in parentheses for lattice constant values are the uncertainty in the last digit.

* Pseudo-cubic lattice constant (a,).



Table 3-Activation Energies (eV) for Total Conductivity (E,) (300-750 °C) for Ba,sSro.sCej.y.y-;
Zr.Gd,Y; 035 (0<x<0.5;y=0,0.1, 0.15; = 0.1, 0.2) in (A) Air, (B) Air/3% H,0, (C) N2/3%

H,0, (D) N2/3% D0, and (E) H,/3% H,0.

Sample A B C D E
BSCGY1 0.91 1.01 0.86 0.95 0.50
BSCZGY2 0.94 -- 1.10 1.11 0.63
BSCZGY3 0.65 0.73 1.04 1.05 0.55
BSCZGY4 0.90 0.84 0.91 - 0.59
BSCZGYS5 0.86 0.96 0.91 - 0.51
BSCZGY6 1.03 0.81 0.84 0.87 0.66

BSCZY7 1.03 1.13 -- 1.04 0.58
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Figure Captions

Fig. 1. PXRD patterns for the (a) as-prepared BagsSrosCei.y.,-Z1r,Gd, Y035 (0 < x < 0.5; y =0, 0.1,
0.15; z= 0.1, 0.2) powders sintered at 1450 °C for 24 h in air, and (b) selected areca PXRD showing 26
shift and splitting of high intensity peak around 26 = 29 degrees (dotted vertical lines in (b) refer to the
orthorhombic phase). For comparison, simulated PXRD pattern of cubic BaCeO; (space group Pm3m,
ICSD # 1500893) is also included in the figure. Unreacted precursors present in the product are marked
as @ = ZrO, (ICSD # 89426), * = Ba(OH), (Alfa Aesar commercial powder), ¢ = doped CeO, (PDF #
000500204), and + = BaCOs (PDF # 000410373). For comparison, a result on recently investigated

Bao_5sro_5ceo_6zro_2Gdo_1Y04103.5 1s also included [38]

Fig. 2. The plot of experimental lattice constants (A) (left ordinate) calculated from PXRD data for
single- phase Bag 5Sro5Ce|.x.y-,Z1xGdyY,03.5 and tolerance (right ordinate) as a function of the average

1onic radius of B-site.

Fig. 3. Typical SEM image obtained on the polished pellets of the as-prepared BagsSrosCei.r.y--

Zr,Gd,Y.0s. (a) BSCZGY3; (b) BSCZGY4; (c) BSCZGYS5; and (d) BSCZGY6.

Fig. 4. PXRD patterns of BagsSrsCei.y.,--Zr,Gd, Y035 (0 < x < 0.5; y =0, 0.1, 0.15; z= 0.1, 0.2)
powders after exposure to water vapor at 90 °C for (a) 24 h and (b) 168 h. Secondary phases present the
reaction product are marked as e = ZrO, (ICSD # 89426), * = Ba(OH), (Alfa Aesar commercial
powder), ¢ = doped CeO, (PDF # 000500204), and + = BaCO; (PDF # 000410373), and & = SrCOs
(ICSD # 202793). For comparison, simulated PXRD pattern of cubic BaCeO; (space group Pm3m,
ICSD #1500893) is also included in the figure. For comparison, a result on recently investigated

Bao_5sro_5ceo_6zro_2Gdo_1Y04103.5 1s also included [38]
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Fig. 5. PXRD patterns of BagsSrsCei.y.,-Zr,Gd, Y035 (0 < x < 0.5; y =0, 0.1, 0.15; z= 0.1, 0.2)
powders after exposure to pure CO, at 800 °C for 24 h. Secondary phases in the reaction products are
marked as @ = ZrO, (ICSD # 89426), * = Ba(OH), (Alfa Aesar commercial powder), ¢ = doped CeO,
(PDF # 000500204), and + = BaCO; (PDF # 000410373), and # = Y,0; (ICSD # 77081). For
comparison, simulated PXRD pattern of cubic BaCeOs (space group Pm3m, ICSD #1500893) is also
included in the figure. For comparison, a result on recently investigated Bag sStosCeo 6Z192Gdo 1Y 01035

is also included [38].

Fig. 6. TGA curve obtained for Bag 5sSry sCe.v,--Z1,Gd, Y035 (0 <x <0.5;y =0, 0.1, 0.15; z= 0.1, 0.2)
powders after exposure to water vapour at 90 °C for (a) 24 h, (b) 168 h, (¢) in-situ TGA under CO,/N,
(1:1), and (d) estimated % conversion to BaCOs; as a function of Zr in BagsSrosCeiyiy-
v3Z1y1Gdy2Yy303.5 from TGA curve (c). For comparison, a result on recently investigated

Bao_5sro_5ceo_6zro_2Gdo_1Y04103.5 1s also included [38]

Fig. 7. Typical AC impedance plots obtained at 600 °C under different atmospheres for (a) BSCGY1;
(b) BSCZGY2; (c) BSCZGY3; (d) BSCZGY4; (e) BSCZGYS; (f) BSCZGY6; and (g) BSCZY7. For

comparison, a result on recently investigated Bag sSt sCeg6Z102Gdo.1Y0.103.5 is also included [38].

Fig. 8. Arrhenius plot of Bag 5Sr sCei.r,--Z1r,Gd, Y035 (0 <x <0.5; y =0, 0.1, 0.15; z= 0.1, 0.2) in air,
air/3% H,0, N»/3% H,0, N»/3% D,0 and H,/3% H,0. (a) BSCGY1; (b) BSCZGY3; (c) BSCZGY4; (d)
BSCZGY6; and (e) comparison of electrical conductivity in H»/3% H,O for samples BSCGY1-
BSCZY7, and (f) comparison of total electrical conductivity in H,/3% H,O for BSCZGY3 and

BSCZGY 5 with literature studies on acceptor-doped BaCeO; and BaZrO; [12, 52-55].
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Fig. 1. PXRD patterns for the (a) as-prepared BaysSrosCei.y.,-Z1,Gd,Y.03.5 (0 < x < 0.5; y =0, 0.1,
0.15; z= 0.1, 0.2) powders sintered at 1450 °C for 24 h in air, and (b) selected areca PXRD showing 26
shift and splitting of high intensity peak around 26 = 29 degrees (dotted vertical lines in (b) refer to the
orthorhombic phase). For comparison, simulated PXRD pattern of cubic BaCeO; (space group Pm3m,
ICSD # 1500893) is also included in the figure. Unreacted precursors present in the product are marked
as @ = ZrO, (ICSD # 89426), * = Ba(OH), (Alfa Aesar commercial powder), ¢ = doped CeO, (PDF #
000500204), and + = BaCOs (PDF # 000410373). For comparison, a result on recently investigated
Bao_5Sro_5Ceo_6Zro_2GdO.1Y0_103.5 1s also included [38]
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Fig. 3. Typical SEM image obtained on the polished pellets of the as-prepared BagsSrosCei..,-
-Z1,Gd, Y035 (a) BSCZGY3; (b) BSCZGY4; (¢) BSCZGYS; and (d) BSCZGY6.
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Fig. 4. PXRD patterns of BagsSrsCei.y.,-Zr,Gd, Y035 (0 < x < 0.5; y =0, 0.1, 0.15; z= 0.1, 0.2)
powders after exposure to water vapor at 90 °C for (a) 24 h and (b) 168 h. Secondary phases present the
reaction product are marked as e = ZrO, (ICSD # 89426), * = Ba(OH), (Alfa Aesar commercial
powder), ¢ = doped CeO, (PDF # 000500204), and + = BaCO; (PDF # 000410373), and & = SrCOs
(ICSD # 202793). For comparison, simulated PXRD pattern of cubic BaCeO; (space group Pm3m,
ICSD #1500893) is also included in the figure. For comparison, a result on recently investigated
Bao_5sro_5C€o,GZro_2Gdo.1Y0,1O3.5 1s also included [38]
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Fig. 5. PXRD patterns of BagsSrosCei.y.,-Zr,Gd, Y035 (0 < x < 0.5; y =0, 0.1, 0.15; z= 0.1, 0.2)
powders after exposure to pure CO; at 800 °C for 24 h. Secondary phases in the reaction products are
marked as @ = ZrO, (ICSD # 89426), * = Ba(OH), (Alfa Aesar commercial powder), ¢ = doped CeO,
(PDF # 000500204), and # = BaCO; (PDF # 000410373), and # = Y,0; (ICSD # 77081). For
comparison, simulated PXRD pattern of cubic BaCeOs (space group Pm3m, ICSD #1500893) is also
included in the figure. For comparison, a result on recently investigated Bag sSrosCeo 6Z192Gdo 1Y 01035
is also included [38].
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powders after exposure to water vapor at 90 °C for (a) 24 h, (b) 168 h, (¢) in-situ TGA under CO,/N,
(1:1), and (d) estimated % conversion to BaCOs; as a function of Zr in BagsSrosCeiyiy-

v3Z1y1Gdy2Yy303.5 from TGA curve (c). For comparison, a result on recently investigated
Bao,5sro,sceo,62ro,2Gdo,1Y0,1O3.5 1s also included [38]
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Fig. 7. Typical AC impedance plots obtained at 600 °C under different atmospheres for (a) BSCGY1;
(b) BSCZGY?2; (c) BSCZGY3; (d) BSCZGY4; (e) BSCZGYS; (f) BSCZGY6; and (g) BSCZY7. For
comparison, a result on recently investigated Bag sSry sCeo cZ192Gdo.1Y0.103.5 is also included [38].
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Fig. 8. Arrhenius plot of Bag 5Sr sCei.r,--Z1,Gd, Y035 (0 <x <0.5; y =0, 0.1, 0.15; z= 0.1, 0.2) in air,
air/3% H,0, N»/3% H,0, N»/3% D,0 and H,/3% H,0. (a) BSCGY1; (b) BSCZGY3; (c) BSCZGY4; (d)
BSCZGY6; and (e) comparison of electrical conductivity in H»/3% H,O for samples BSCGY1-
BSCZY7, and (f) comparison of total electrical conductivity in H,/3% H,O for BSCZGY3 and
BSCZGY 5 with literature studies on acceptor-doped BaCeO; and BaZrO; [12, 52-55].



