
Journal of Power Sources 493 (2021) 229691

Available online 4 March 2021
0378-7753/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Enhanced proton conductivity and stability of Ba-deficient BaCe0.8Y0.2O3-δ 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Ba0.95Ce0.8Y0.2O3-δ crystallises with 
monoclinic distorsion of pervoskite 
structure 

• Ba deficiency promotes resistance to 
carbonation in BaCe0.8Y0.2O3-δ 

• H+ conductivity dominates in wet con
ditions and is greater for Ba-deficient 
phase  
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A B S T R A C T   

A-cation deficiency has a significant impact on the properties of proton-conducting perovskites (ABO3), 
depending on factors such as the ionic radius, concentration of dopant and degree of substoichiometry of the A- 
site cation. Here, we focus on the influence of Ba deficiency on the structure, stability and partial electrical 
conductivities of the perovskite BaCe0.8Y0.2O3-δ (BCY20). Neutron powder diffraction is employed to determine a 
monoclinic symmetry (space group I2/m) for Ba0.95Ce0.8Y0.2O3-δ (B95CY20), with greater distortion and specific 
free volume than BCY20. Confocal Raman microscopy integrated with atomic force microscopy and X-ray 
diffraction confirm improved resistance to carbonate formation in the Ba-deficient material. Electrical conduc
tivity is also greater for B95CY20 in both wet and dry oxidising and moderate reducing conditions, reaching ≈1.4 
and 1 S m− 1 in dry conditions of O2 and N2, respectively, at 600 ◦C. Partial conductivities determined by a defect- 
chemistry-based method indicate that proton conductivity is dominant in wet air for temperatures <700 ◦C and 
greater for B95CY20 (≈0.95 S m− 1 at 600 ◦C) in comparison to BCY20 (≈0.58 S m− 1 at 600 ◦C), with an 
associated hydration enthalpy of − 128 kJ mol− 1. Mixed oxide ionic-electronic conductivity dominates in dry 
oxidising conditions and, again, is greater for Ba substoichiometric material.   

1. Introduction 

Barium cerate perovskites (BaCeO3) doped with lower valence 

cations on the Ce site are excellent high-temperature proton conductors 
with potential as membranes in applications such as electrochemical 
hydrogen pumps and reactors for purifying hydrogen [1], protonic 
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ceramic fuel cells (PCFCs) and protonic ceramic electrolyser cells 
(PCECs) [2–4]. However, the high basicity of the anionic network leads 
to poor stability of barium cerates in acidic gases such as CO2 and high 
water-vapour partial pressures with decomposition to BaCO3 and Ba 
(OH)2, respectively, hindering their use in these applications [3,5–7]. 
Alternative strategies which find a compromise between good protonic 
conductivity and chemical stability have, thus, found favour in recent 
years. One of the more common approaches is Zr doping in solid solu
tions such as BaCe0.9-xZrxY0.1O3-δ [8,9], although gains in stability are 
offset by both poorer sinterability and proton conductivity [10]. 
Another strategy to enhance the stability of barium cerates consists of 
the partial substitution of O2− for F− , Cl− and Br− to diminish lattice 
basicity [11–14]. Recent work in our group [15] indicates that synthesis 
of BaCe0.8Y0.2O3-δ (BCY20) with Br by means of the Pechini method 
results in almost complete evaporation of the halide on 
high-temperature sintering to 1500 ◦C. However, structural and elec
trical properties are significantly affected by the addition of Br in the 
starting reactants which are a priori attributable to stoichiometry dif
ferences with the parent phase. BCY20 synthesized with Br exhibited 
poorer stability in CO2 in comparison to the BCY20 parent material; 
however, total conductivity and partial proton conductivity was higher 
than BCY20, which was tentatively attributed to barium deficiency in 
the structure, likely resulting in minor Ba segregation at grain 
boundaries. 

This interesting result follows on from recent work in which Kim 
et al. [16] showed that Ba-deficient BaCeO3 exhibits improved 
grain-boundary conductivity due to the absence of a nanoscale amor
phous layer at the grain boundary. The nanolayer is a preferential path 
for CO2 or H2O to react and form the carbonate or hydroxide so its 
removal on introducing Ba deficiency also improves stability consider
ably. A reassessment of the potential of barium cerate, with sub
stoichiometric Ba content, for adoption in electrochemical devices is, 
therefore, warranted. 

There are reports of different effects of A-site deficiency on the 
electrical properties of proton-conducting perovskites, with some au
thors indicating that the total conductivity diminishes as A-site content 
decreases due to a smaller lattice volume [17,18]. Nevertheless, detailed 
analysis of the electrical properties including determination of partial 
conductivities is not widely conducted and the effects of A-site defi
ciency on different electrical components in relevant conditions is of 
critical importance for tailoring compositions for use in electrochemical 
applications. 

In this work, we prepare Ba0.95Ce0.8Y0.2O3-δ (B95CY20) by the 
Pechini method and compare the effects of Ba deficiency with respect to 
the Ba stoichiometric phase in terms of electrical properties and stabil
ity. In addition to Raman and XRD studies of the development of 
degradation products, particular emphasis is given to the determination 
of electrical-transport behaviour for protons, oxide-ions and electron 
holes in the temperature range 600–900 ◦C on suitable fitting of con
ductivity data in a range of oxygen and water-vapour partial pressures. 

2. Experimental 

A sol-gel based Pechini process was used to synthesize compositions 
in the Ba1-xCe0.8Y0.2O3-δ series with nominal stoichiometric and sub- 
stoichiometric amounts of barium (x = 0, labelled as BCY20; x = 0.05, 
labelled as B95CY20); a list identifying abbreviations and symbols used 
in the text is provided in Table 1. Nitrate precursors of the three cations 
were used as starting materials, with the water content determined by 
thermogravimetry in air employing an SDT Q600 instrument. The ni
trates were dissolved in deionised water at ~50 ◦C on a hotplate while 
stirring continuously until complete dissolution was achieved. Citric 
acid and ethylene glycol were then added in excess with respect to the 
final product (10:1 and 40:1 M ratios, respectively) to initiate poly
merization, and stirred for 30 min. The temperature of the solution was 
then raised in the range 60–80 ◦C and maintained for ~2 h, before 

heating at ~100 ◦C for more than 12 h to obtain a dark-brown poly
merised complex. Organics were largely removed in two pyrolysis steps 
at 350 ◦C and 600 ◦C, each of 4 h in duration, with grinding in an agate 
mortar with acetone after each stage. The powders were then treated at 
1100 ◦C for 4 h in order to eliminate any remaining organic product 
before grinding in a ball mill and sieving (100 μm). Cylindrical pellets 
were shaped by uniaxial pressing of the resulting powders with 37.5 
MPa of pressure then sintered at 1500 ◦C for 4 h. Density was calculated 
from the geometric dimensions and mass of the samples; relative density 
was determined as a percentage of the crystallographic density. 

Completeness of reaction and phase purity were evaluated by pow
der X-ray diffraction (XRD) on a Bruker D8 high-resolution diffractom
eter, with monochromatic Cu(Kα1) radiation (λ = 1.5406 Å) obtained 
employing a germanium monochromator. Samples were prepared for 
XRD analysis by lightly polishing the external faces of sintered pellets to 
remove any surface impurities before grinding to a fine powder. Neutron 
powder diffraction (NPD) of milled B95CY20 was performed at room 
temperature on the high resolution D2B diffractometer at the Institut 
Laue Langevin, selecting a monochromatic beam wavelength of 1.594 Å 
from the primary beam with a Ge monochromator. The Fullprof soft
ware [19] was used to perform Rietveld refinement of the NPD data. 

Electrodes for electrical measurements were prepared on coating 
polished pellet surfaces with Pt paste (Heraeus CL11-5349) followed by 
firing at 950 ◦C for 1 h. Impedance spectroscopy was performed in 
potentiostatic mode with an Autolab PGStat302N-FRA2 instrument 
working in the frequency range 0.1 ≤ f ≤ 106 Hz with a signal amplitude 
of 50 mV. Electronic mass-flow controllers (Bronkhorst) of O2 and N2 
provided gas flows to a single-cell measuring chamber with measure
ments registered on cooling in the temperature range 400–900 ◦C in 
steps of 50 ◦C. Dry atmospheres were achieved on flowing the gases 
through a drying column with a packed bed of commercial aluminosil
icate and zeolite beads (Supelco); wet conditions (pH2O ≈ 0.022 atm) 
were obtained on bubbling gases through KBr-saturated H2O at room 
temperature. 

Impedance spectroscopy was also employed to measure the pO2- 
dependence of total conductivity in isothermal conditions at different 
humidifications and thereby determine partial protonic, oxide-ionic and 
electronic conductivities, employing a method described previously [15, 
20]. Discrete oxygen partial pressures in different conditions of pH2O 
were obtained on mixing wet and dry O2 and N2 gas flows in different 
ratios. Impedance measurements were registered in the ranges 10− 4 ≤

pO2 ≤ 1 atm and 1.2 × 10− 3 ≤ pH2O ≤ 2.2 × 10− 2 atm in a temperature 
interval of 600–900 ◦C. Experimental values of pO2 for different gas 
conditions were registered by means of a YSZ sensor located adjacent to 
the sample. 

Impedance spectra were fitted employing appropriate equivalent 

Table 1 
List of most relevant symbols and notations employed in the text.  

Symbol/notation Identification 

BCY20 BaCe0.8Y0.2O3− δ 

B95CY20 Ba0.95Ce0.8Y0.2O3− δ 

pO2, pH2O oxygen partial pressure, hydrogen partial pressure 
Kw equilibrium constant of hydration reaction 
Ko equilibrium constant of oxidation reaction 
Y′

Ce , Y⋅
Ba  yttrium species at cerium and barium positions 

v′′′′

Ce, v′′Ba, v⋅⋅
O  cerium-vacancy, barium-vacancy and oxygen-vacancy species 

h⋅, OH⋅
O  electron-hole and protonic species 

α  defined constant according to eq. (11) 
σT  total conductivity 
σH, σO, σp  protonic, oxide-ionic and electron-hole conductivities 

σ0
H  protonic conductivity at pH2O = 1 atm 

σ0
O  oxide-ionic conductivity at pH2O = 0 atm 

σ0
p  electron-hole conductivity at pH2O = 0 atm and pO2 = 1 atm 

tH, tO, tp  protonic, oxide-ionic and electron-hole transport numbers  
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circuits to determine bulk, grain-boundary and electrode contributions 
to the impedance response in accordance with their expected capaci
tance values [21] with the Zview 2.9c program (Scribner Associates). 

To assess degradation related to the formation of carbonate or hy
droxide species, a number of cylindrical pellets of x = 0 and 0.05 of the 
Ba1-xCe0.8Y0.2O3-δ series, previously sintered at 1500 ◦C for 4 h, were 
exposed to laboratory air at room temperature for up to 13 days. During 
this period, the laboratory air temperature was in the range ~20–23 ◦C 
and relative humidity of the outside air was in the range 35–83%. 
Samples were ground approximately every 48 h then analysed by X-ray 
diffraction (Bruker D8 diffractometer) and Raman spectroscopy; sam
ples were either analysed immediately or maintained in a glove box 
under argon prior to analysis. A stability analysis was also performed by 
impedance spectroscopy in air at 700 ◦C, before and after exposure to a 
10%CO2:90%Ar atmosphere for 168 h. Conductivity was further 
measured at 600 ◦C over a period of 72 h in flowing wet 10%H2:90%N2 
to assess stability in reducing conditions, following a stabilisation period 
in the same conditions for 24 h. 

Raman spectra were recorded using confocal Raman microscopy 
(CRM) integrated with atomic force microscopy (AFM) on a CRM-Alpha 
300 RA microscope (WITec, Ulm, Germany) equipped with a Nd:YAG 
dye laser operating at 532 nm and a 100 objective lens (NA ¼ 0.9). The 
incident laser power was 5 mW and the Raman spectral resolution was 
down to 0.02 cm− 1. The sample was mounted on a piezo-driven scan 
platform with 4 nm lateral and 0.5 mm vertical positional accuracy. The 
piezoelectric scanning table allows steps of 3 nm (0.3 nm in the vertical 
direction), giving a very high spatial resolution for both AFM and CRM. 
The superficial XY areas selected for study were 30 μm × 30 μm, with an 
acquisition time of 0.05 s for a single spectrum. Collected spectra were 
analysed using Witec Control Plus software. 

3. Results 

3.1. Phase analysis and structure 

The XRD powder pattern of Ba0.95Ce0.8Y0.2O3-δ (B95CY20) indicated 
a phase-pure distorted perovskite structure. NPD was subsequently 
employed for the determination of space group since minor distortion of 
the perovskite structure resulting from tilting of the BO6 octahedra are 
more easily detected by neutron diffraction due to the higher scattering 
length of oxygen to neutrons in comparison to X-rays. Minor amounts of 
second phase could be discerned in the neutron pattern but could not be 
readily identified. Rietveld refinement proceeded in space group I2/m in 
accordance with both the neutron refinement of Malavasi of BCY20 [22] 
and our recent report of BCY20 and Br-synthesized BCY20 [15]; higher 
symmetry space groups, e.g. Pnma, gave poorer refinements or could be 
readily discounted. Oxygen occupancies were fixed at full occupancy 
except for the O2 site which was found to accommodate a very small 
amount of vacancies; nevertheless, the oxygen content refined to almost 
full occupancy indicating close to complete hydration, as observed for 
similar systems at room temperature [23], in accordance with the 
following hydration equilibrium: 

H2O+Ox
o + v⋅⋅

o ↔
KW 2OH⋅

o; KW ≈

[
OH⋅

o

]2

[
v⋅⋅

o

]
pH2O

(1) 

A-site deficiency is generally compensated in perovskite systems, 
such as Ba0.95Ce0.8Y0.2O3-δ, either by the formation of A-site vacancies 

0.95BaO+ 0.8CeO2 + 0.1Y2O3 → 0.95Ba×
Ba + 0.8Cex

Ce + 0.2Y ′

Ce +

+2.85Ox
O + 0.05v′′Ba + 0.15v⋅⋅

O
(2)  

or by partitioning of the dopant cation on both A and B sites [24]. 

0.95BaO+0.8CeO2+0.1Y2O3 →0.95Ba×
Ba+0.025Y ⋅

Ba+0.8Cex
Ce+0.175Y ′

Ce+

+2.85Ox
O+0.075v⋅⋅

O

(3)  

where the following consideration was applied: 

0.025v′′Ba + 0.025v
′′′′

Ce + 0.075v⋅⋅
O→null (4) 

Note that the second term of eq. (3) may be rewritten as a perovskite 
with full cation occupancy as follows: 

0.95
0.975

Ba×
Ba+

0.025
0.975

Y ⋅
Ba+

0.80
0.975

Cex
Ce+

0.175
0.975

Y ′

Ce +
2.85
0.975

Ox
O+

0.075
0.975

v⋅⋅
O=

= 0.9744Ba×
Ba +0.0256Y ⋅

Ba+0.8205Cex
Ce+0.1795Y ′

Ce+2.9231Ox
O+0.0769v⋅⋅

O

(5) 

The defect reactions (2) and (3) create and consume oxygen va
cancies, respectively. Refinements were performed according to both 
mechanisms, restraining the cation occupancies and thermal vibration 
parameters for the sake of comparison due to the tendency for these 
factors to correlate [24]. 

Under these conditions, there was no clear preference for a particular 
mechanism with dopant partitioning resulting in marginally better 
quality criteria than the vacancy mechanism (vacancy mechanism: Rp =

1.77, RB = 4.80%; dopant-partition mechanism: Rp = 1.75, RB = 4.62%). 
Nevertheless, A-O bond length, specific free volume and defect- 
chemistry considerations (discussed later) compared with BCY20 indi
cated that A-site vacancy formation may be the more likely compensa
tion mechanism in this case. The observed neutron diffraction pattern of 
B95CY20 and the difference between observed and calculated patterns 
for the vacancy-mechanism refinement are shown in Fig. 1(a); selected 
structural parameters and agreement factors are listed in Table 2. 

Raman spectroscopy was also employed to analyse the structural 
features. The vibrations in ABO3 perovskites correspond to A-BO6, 
where a BO6 octahedron can be considered as a single atom located at 
the B site, B–O stretches and O–B–O bends (A = Ba, B = Ce or Y). The 
Raman spectra (Fig. 1(b)) of BCY20 and B95CY20 correspond with the 
spectrum of barium cerate [26] and exhibit bands at frequencies of 110, 
218, 360, 438 and 640 cm− 1. The substitution of yttrium for cerium on 
the B site lowers the average mass of the B site and shifts all bands to 
higher frequency than in BaCe0.95Y0.05O3-δ [27] and the Y-free phase 
[25,26]. The low-frequency region of the spectra exhibit an out-of-plane 
bending mode (5B3g) dominated by barium, as well as bending vibra
tional modes of the (Ce/Y)O6 octahedra. The strong low-frequency 
bands at 110 cm− 1 for BCY20 are shifted to slightly higher frequency 
number for B95CY20 (113 cm− 1), most probably due to the greater 
distortion from the perovskite aristotype of the latter phase compared to 
the Ba stoichiometric analogue, as indicated by the results of Rietveld 
refinement. The bands in the wavenumber range 210–250 cm− 1 are 
assigned to the bending modes of the CeO6 octahedra and modes 
involving Ba2+ and Y3+ ion motions. The bands in the frequency range 
300–375 cm− 1 are characteristic of the stretching vibrational mode of 
CeO6 octahedra in the perovskite structure [27,28], and are present at 
higher Raman shift compared with BaCeO3, indicating the influence of 
Y3+ ions on the B site; the bands at 438 and 640 cm− 1 are attributable to 
Ce/Y–O symmetric stretching vibrations [29]. 

3.2. Phase stability 

The carbonation of barium cerates and zirconates is more favourable 
at low temperatures [30,31]. Hence, to provide a comparison of the 
different stabilities of Ba-stoichiometric and Ba-deficient phases, for
mation of carbonate (and hydroxide) was evaluated on exposure to 
laboratory air at room temperature. Fig. 2 shows a panel of photographic 
and X-ray comparisons of the x = 0 (BCY20) and 0.05 (B95CY20) phases 
on initial sintering at 1500 ◦C followed by exposure to air for up to 13 
days. Relative density of the pellets was determined to be over 98% at 
this sintering temperature. 

Visual inspection of the photographic images clearly shows the 
development of degradation of the Ba stoichiometric phase, with whit
ening of the pellet surface apparent after 6 days and cracking and 
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spontaneous mechanical breakdown occurring thereafter. In contrast, 
the Ba-deficient phase maintains the same exterior aspect and good 
mechanical integrity throughout the 13-day period. The corresponding 
X-ray profiles are expanded in the 2θ range 23–25◦ to highlight the most 
intense BaCO3 and Ba(OH)2 reflections. It is notable that the formation 
of BaCO3 is only clearly discerned by XRD in BCY20 after 13 days when, 
visually, considerable reaction appears to have occurred. The amor
phous nature of the carbonate reaction product may partially explain the 
broad, low intensity of the BaCO3 peak at 24◦ 2θ. It is further apparent, 
however, that very little carbonation is required for mechanical break
down of the sintered bodies. This is consistent with the recent report of 
the formation of an amorphous nanoscale phase at the grain boundaries 
of barium cerate perovskites which contributes significantly to the poor 
stability of these phases towards carbonation [16]. We note that this 
reflection corresponding to carbonation is not discernible in B95CY20. 

The stability of the Ba-deficient phase with respect to that of BCY20 
was further confirmed by Raman spectroscopy. The extent of the surface 
modification as a result of carbonation after 13 days of air exposure was 

followed by means of XY Raman imaging coupled with AFM on an area 
of 30 μm × 30 μm, Fig. 3 (a) and (b). The regions of the Raman image are 
colour-coded and correspond to the Raman spectra presented in Fig. 3 
(c). Two main spectra can be integrated, constructed by mapping the 
intensity of the 354 cm− 1 isolated band of the BCY20 perovskite (blue 
spectrum in Fig. 3(c)) and the 1059 cm− 1 band of the carbonate phase 
(red). The Raman images clearly confirm that 13 days of exposure of the 
BCY20 pellet to laboratory air results in significant formation of car
bonate phase on the pellet surface (red colour). A BCY20 average 
spectrum after 13 days of air exposure is also plotted for comparison 
(black) indicating the high contribution of carbonate phase (red spectra) 
in the average spectra. An analogous study performed on a B95CY20 
sintered pellet (green spectra) did not reveal any degradation or car
bonate formation after the same period of exposure. As a further 
demonstration of stability of the B95CY20 phase, the electrical con
ductivity in air at 700 ◦C for B95CY20 measured before and after 
exposure to a CO2 atmosphere (700 ◦C, 168 h), shown as a percentage 
loss with respect to the initial conductivity, Fig. 3(d), confirmed that 
negligible degradation of the electrical properties occurred during this 
period; the XRD pattern of B95CY20 after exposure to CO2 is shown in 
Fig. S1. 

As a test of stability in reducing conditions, conductivity measure
ments of BCY20 and B95CY20 were registered on exposure of samples to 
wet 10% H2: 90% N2 at 600 ◦C for 70 h after an initial period of stabi
lisation for 24 h in the same conditions. The conductivity of BCY20 
stabilised to a steady value after around 30 h from the start of mea
surement (Fig. S2(a)); however, the sample degraded significantly after 
a period of 70 h, which was confirmed visually on its removal from the 
measuring set-up. The XRD pattern post-operation indicated mostly 
perovskite phase, but a contribution from an amorphous phase is evident 
(Fig. S2(c)). In contrast, the conductivity of B95CY20 remained mainly 
stable throughout the measured period, increasing slightly over time 

Fig. 1. (a) Experimental (red points), calculated (solid black line) and differ
ence (blue line at bottom) NPD patterns of Ba0.95Ce0.8Y0.2O3-δ at room tem
perature; the vertical bars indicate the position of Bragg peaks in space group 
I2/m. (b) Raman spectra of BCY20 and B95CY20. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Table 2 
Structural parameters, interatomic distances and 
agreement factors for Ba95CY20 obtained from NPD 
at RT.  

a (Å) 6.2297(6) 
b (Å) 8.7346(8) 
c (Å) 6.2462(7) 
β (deg) 91.064(6) 
V(Å3) 339.82(6) 

Ba 4i 
X 0.257(1) 
Z 0.767(2) 
Occ 0.95 
Uiso × 100 (Å2) 0.5 

Ce/Y 4e 
Occ 0.8/0.2 
Uiso × 100 (Å2) 0.5 

O(1) 4i 
X 0.255(1) 
Z 0.175(1) 
Occ 1.0 
Uiso × 100 (Å2) 2.9(2) 

O(2) 4g 
Y 0.3084(7) 
Occ 0.99(1) 
Uiso × 100 (Å2) 1.3(1) 

O(3) 4h 
Y 0.2770(8) 
Occ 1.0 
Uiso × 100 (Å2) 2.7(1) 

Sp. gp. I2/m, (# 12): 4i (x,0,z), 4e (¼,¼,¼), 4g (0,y,0), 
4h (½,y,0). 
Rexp = 1.02%, Rp = 1.77%, Rwp = 2.37%, RB = 4.80%; 
χ2 = 5.39. 
ρ(cryst): 6.03 g/cm.3. 
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(Fig. S2(b)). Pellet integrity was maintained on removal from the set-up; 
the corresponding post-operation XRD is shown in Fig. S2(d). 

3.3. Total conductivity 

Fig. 4(a) shows the Arrhenius representation of total conductivity of 
B95CY20 in wet and dry conditions of N2. It is apparent that the material 
exhibits slightly greater conductivity in dry in comparison to wet con
ditions in the higher temperature interval, whereas the conductivity is 

lower in dry in comparison to wet conditions in the lower temperature 
range. This change of trend between the high- and low-temperature 
ranges is associated with different influences of the electrical transport 
species as temperature is modified in wet and dry, as observed previ
ously for barium-cerate-based materials [15]. 

The higher conductivity in dry in comparison to wet conditions in the 
high-temperature range suggests a greater dominance of electron holes, 
which may be depleted by water absorption in wet conditions. On the 
other hand, the higher conductivity in wet in comparison to dry 

Fig. 2. XRD patterns of milled pellets and corresponding photographic images of pellet surfaces of BCY20 and B95CY20 on exposure to laboratory air for (a) 0, (b) 6, 
(c) 9 and (d) 13 days. 

Fig. 3. Surface area (a) AFM image and (b) Raman 
image for XY mapping of BCY20 after 13 days of 
exposure to air; the red and blue areas correspond to 
Raman shifts of the 1059 cm− 1 band of the carbonate 
impurity and the 354 cm− 1 band of BCY20, respec
tively; (c) Raman spectra for the blue and red regions 
indicated in (b), and the average spectra of BCY20 
(black) and B95CY20 (green) after 13 days exposure 
to air; (d) fraction of the initial conductivity of 
B95CY20 at 700 ◦C shown as a function of time, after 
exposure of sample to CO2 for 168 h then reintro
duction to an air atmosphere (the initial point in red 
indicates conductivity prior to exposure to CO2). (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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atmospheres in the low temperature interval indicates that proton 
transport is dominant. It is generally the case that perovskite proton 
conductors dehydrate at high temperature (>700 ◦C), with greater 
contributions from electron holes and oxide ions due to the exothermic 
nature of the hydration reaction eq. (1). 

Fig. 4(b) shows the Arrhenius dependence of total conductivity in 
dry oxygen and nitrogen for B95CY20. At higher temperature, greater 
conductivity is exhibited in more oxidising dry conditions, attributable 
to an important contribution from electron holes, as occurs for BCY20 
[15], according to the defect equilibrium: 

v⋅⋅
O + 1 /2O2 ↔

Kh Ox
O + 2h⋅; Kh ≈

[h⋅]
2

[
v⋅⋅

o

]
pO2

1/2 (6) 

The convergence towards more similar conductivities at lower tem
perature has been observed for BaZr0.7Ce0.2Y0.1O3-δ (BZCY72) [32] and 
BCY20 [15] and is likely to be attributable to a decrease of the 
electron-hole contribution and a higher predominance of oxide ions, in 
dry conditions. In this regard, the higher activation energy of electron 
holes in comparison to oxide ions suggests that the contribution to total 
conductivity from the latter species is greater at lower temperature. 
Higher conductivities are observed for the Ba-deficient phase in com
parison to the Ba-stoichiometric analogue in both dry O2 and N2 (Fig. 4 
(c) and (d)), suggesting both a greater electron-hole and oxide-ion 
contribution in B95CY20, with a lesser influence of electron holes ex

pected in the more reducing conditions. A more detailed investigation of 
the different contributions leading to the higher conductivities of 
Ba95CY20 is presented below. 

3.4. Partial conductivities of electrical-transport species 

The partial components of electrical conductivity were determined 
following a procedure developed by Frade [33] and Baek [34] and 

recently employed for barium-cerate based phases [15,35]. The meth
odology is focused on the defect equilibria and the expected effect that 
pO2 and pH2O exert on the different transport species. 

On analysis of the defect equilibria for hydration and oxidation (eq. 
(1) and (6)), and considering that the oxygen vacancies are externally 
induced by Y-doping and Ba-deficiency (eq. (2)), the concentration of 
the different charge carriers may be expressed as [33–35]: 

[
OH⋅

O

]
≈

KwpH2O
4

[(

1 +
8
( [

Y ′

Ce

]
+ 2

[
v′′Ba

])

KwpH2O

)1/2

− 1
]

(7)  

[
v⋅⋅

O

]
≈

KwpH2O
16

[(

1 +
8
( [

Y ′

Ce

]
+ 2

[
v′′Ba

])

KwpH2O

)1/2

− 1
]2

(8)  

[h⋅] ≈

(
KhKw

16

)1/2

pH2O1/2pO2
1/4

[(

1 +
8
( [

Y ′

Ce

]
+ 2

[
v′′Ba

])

KwpH2O

)1/2

− 1
]

(9)  

where the following approximation has been employed for the electro
neutrality condition, considering that the electron-hole concentration 
must be low in comparison to oxygen vacancies and protonic species, as 
is usually assumed [33]: 
[
Y ′

Ce

]
+ 2

[
v′′Ba

]
≈
[
OH⋅

o

]
+ 2

[
v⋅⋅

o

]
(10) 

Grouping of some constants from eqs. (7)–(9) gives rise to the 
parameter α, defined as: 

α ≈
8
( [

Y ′

Ce

]
+ 2

[
v′′Ba

])

Kw
(11) 

Given that the partial conductivity of each charge carrier is the 
product of concentration, charge and mobility, the following expres
sions are obtained [35]: 

σH = σ0
H ⋅

[(

1 +
α

pH2O

)1/2

− 1
]

⋅
pH2O

(1 + α)1/2
− 1

(12)  

σO = σ0
O ⋅

[(

1 +
α

pH2O

)1/2

− 1
]2

⋅
pH2O

α (13)  

σp = σ0
p ⋅

[(

1 +
α

pH2O

)1/2

− 1
]

⋅
pH2O1/2

α1/2 ⋅pO1/4
2 (14)  

where σ0
H, σ0

O and σ0
p are constants which correspond to the proton 

conductivity when pH2O = 1 atm, the oxide-ion conductivity when 
pH2O = 0 atm and the electron-hole conductivity when pH2O = 0 atm 
and pO2 = 1 atm, respectively. 

According to eqs. (12)-(14) total conductivity, which is the sum of 
the partial components, may be expressed as follows:   

Under the condition of invariant pH2O, eq. (15) may be simplified as: 

σT = a + b⋅pO1/4
2 (16)  

where a and b are constants, for a given condition of pH2O, which take 
the form 

Fig. 4. Arrhenius plots of total conductivity for (a) B95CY20 in wet and dry N2, 
(b) B95CY20 in dry O2 and dry N2, (c) BCY20 and B95CY20 in dry O2 and (d) 
BCY20 and B95CY20 in dry N2. 

σT = σ0
H ⋅

[(

1 +
α

pH2O

)1/2

− 1
]

⋅
pH2O

(1 + α)1/2
− 1

+ σ0
O ⋅

[(

1 +
α

pH2O

)1/2

− 1
]2

⋅
pH2O

α + σ0
p ⋅

[(

1 +
α

pH2O

)1/2

− 1
]

⋅
pH2O1/2

α1/2 ⋅pO2
1/4 (15)   
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a=σ0
H ⋅
[(

1+
α

pH2O

)1/2

− 1
]

⋅
pH2O

(1+α)1/2
− 1

+σ0
O ⋅
[(

1+
α

pH2O

)1/2

− 1
]2

⋅
pH2O

α
(17)  

and 

b= σ0
p ⋅

[(

1 +
α

pH2O

)1/2

− 1
]

⋅
pH2O1/2

α1/2 (18) 

In the experimental methodology, for determination of partial 
components of conductivity, the total conductivity is measured as a 
function of pO1/4

2 at a fixed degree of humidification. 
Fitting the experimental results to the linear expression of eq. (16) at 

two different values of pH2O and fixed temperature, gives rise to a 
system of four equations (Eq. (17) and (18)) with four unknown pa
rameters, σ0

H, σ0
O, σ0

p and α, which may be determined by the corre
sponding analytical solution; in turn, the partial conductivities of each 
species may be determined (eqs. (12)-(14)). 

The pO2 dependencies of conductivity of Ba95CY20 at two different 

levels of humidification (pH2O ≈ 2.2⋅10− 2 and ≈ 1.2⋅10− 3atm) are 
shown in Fig. 5 (a) and (b), together with a plot, Fig. 5 (c), of the 
dependence of conductivity with pO1/4

2 at the different pH2O values, 
following the linear relationship expected from the defect equilibria (eq. 
(16)). The solid lines which correspond to fitting of the experimental 
data according to the expected relationships provide a good fit, which is 
apparent in both the linear (Fig. 5(c)) and logarithmic representations 
(Fig. 5(a) and (b)). The slopes of the linear relations exhibited in Fig. 5 
(c) increase with both increasing temperature and a lower level of hu
midification, indicating that both conditions lead to a greater electron- 
hole contribution to transport. It is apparent from the different in
tercepts of the slopes with different levels of humidification, corre
sponding to the total ionic conductivity, that the proportions of oxide- 
ionic and protonic species are temperature dependent. 

The constant α was also used to determine the hydration equilibrium 
constant, eq. (11), the values of which at different temperatures exhibit 
Arrhenius–type behaviour with the inverse of temperature (Fig. 5(d)). A 
temperature-independent hydration enthalpy of − 128 kJ mol− 1 is ob
tained, within the range of values reported for parent compositions, and 

Fig. 5. Logarithmic representation of conductivity as a function of pO2 for B95CY20 at (a) pH2O = 0.022 atm and (b) pH2O = 0.0012 atm; linear dependence of 
conductivity with (pO2)1/4 for B95CY20 at pH2O = 0.022 and 0.0012 atm (c), and temperature dependence of the hydration equilibrium constant for B95CY20 (d). 
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very similar to that reported for BaCe0.9Y0.1O3-δ of − 123 kJmol-1 [9]. 
The total electrical conductivity and its partial components as a 

function of pH2O calculated on the basis of the relations given in eqs. 
(12)-(14), employing the constants σ0

H, σ0
O, σ0

p and α obtained by linear 
fittings, are shown in Fig. 6(a) and (b) at 800 and 600 ◦C for pO2 = 0.2 
atm. Firstly, we can see that at the higher temperature of 800 ◦C (Fig. 6 
(a)), the conductivity decreases slightly when moving from dry to wet 
conditions, as was previously observed in Fig. 4(a). At this temperature, 
the conductivity is completely dominated by oxide ions and electron 
holes in dry conditions, and evolves towards triple-conducting behav
iour in wet (Fig. 6(a)), with a protonic transport number of ≈0.36 at 
pH2O ≈ 0.022 atm (Fig. 6(c)). Moreover, as the temperature decreases to 
600 ◦C (Fig. 6(b)), the electron-hole contribution in dry decreases to a 
greater extent than does the oxide-ion contribution. This is reflected in 
the corresponding transport numbers (Fig. 6(c) and (d)) which show 
that, in dry conditions, the electron-hole transport number is of greater 
influence at high temperature. As expected, the region in which the 
proton contribution is dominant is displaced to lower pH2O in the lower 
temperature range (Fig. 6(b) and (d)). At 600, ◦C for wetter conditions 
(≥0.022 atm), the proton conductivity approaches that of the total 
conductivity and, consequently, protonic transport numbers higher than 
0.92 are reached. 

Although there are differences between the results of BCY20 and 
B95CY20, both materials behave similarly as a function of pO2, pH2O 
and temperature, as expected from their similar composition and 
structure. Nevertheless, the contribution of each species is higher for the 
Ba-deficient sample, leading, in turn, to a higher total conductivity. In 
dry conditions, both phases are principally mixed conductors of electron 
holes and oxide-ion vacancies. In this region, proton transport increases 

with a (pH2O)
1/2 power law, in accordance with the expected defect- 

chemistry equilibria at the dilute limit for protonic charge carriers 
[36]. For higher levels of humidification, proton transport becomes 
predominant at the expense of diminishing electron-hole and oxide-ion 
contributions. The higher protonic conductivity of B95CY20 compared 
to BCY20 is apparent at 600 ◦C for typical values of pO2 = 0.2 atm and 
pH2O = 0.022 atm, where the total conductivity is mainly protonic for 
both compositions (tH = 0.92, Fig. 6(d)), reaching respective values of 
1.04 and 0.63 S m-1. 

Fig. 7 shows the temperature dependence of total and partial con
ductivities ((a) and (b)) and electrical transport numbers ((c) and (d)), 
for B95CY20 at pO2 = 1 ((a) and (c)) and 10− 4 atm ((b) and (d)), under 
typical wet conditions of pH2O = 0.022 atm. At 600 ◦C, transport is 
principally protonic in both oxidising and reducing conditions (Fig. 7(a) 
and (b)), with a greater protonic transport number in reducing (tH =

0.96, Fig. 7(d)) in comparison to oxidising conditions (tH = 0.89, Fig. 7 
(c)). The electron-hole conductivity is more influential in oxidising at
mospheres, and is the principal contributor to the electrical transport at 
900 ◦C in O2, with a transport number of tp = 0.48 (Fig. 7(c)). This value 
decreases to 0.08 when pO2 lowers to 10− 4 atm at 900 ◦C (Fig. 7(d)) and 
goes down continuously with decreasing temperature, becoming prac
tically negligible at 600 ◦C. The dependencies of the electrical behaviour 
under simultaneous influences of pO2, pH2O and temperature are 
exhibited in a 3D representation of the electrical transport of B95CY20 
as a function of pO2 and pH2O in the range 600–900 ◦C, Fig. 8. 

4. Discussion 

The introduction of A-site deficiency is a well-known strategy for 

Fig. 6. Representation of: (a,b) total conductivity and partial conductivities and (c,d) transport numbers, associated to protons, oxide ions and holes as a function of 
water-vapour partial pressure in air at 800 ◦C (a,c) and 600 ◦C (b,d) for B95CY20 (symbols) and BCY20 (lines without symbols). 
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lowering the chemical potential of the basic A-site cation species in 
perovskite oxides and improving stability towards carbonation or hy
dration. Nevertheless, there are only a handful of studies of the effects of 
Ba deficiency in proton-conducting barium cerates despite its widely 
known poor stability [30]. As mentioned, improvement in stability with 
Ba deficiency has also recently been associated with removal of an 
amorphous, resistive nanolayer of BaO in the case of BaCe1-xMxO3-δ (M 
= Dy, Gd, Sm, Y) [16]. This report highlights the amelioration of 
grain-boundary conductivity with Ba substoichiometry, which occurs in 
the lower temperature range, 400–700 ◦C. 

In general, the effect of A-site deficiency on the defect chemistry and, 
in turn, electrical properties of proton-conducting perovskites paints a 
rather complex picture. Sr deficiency in the SrCe0.9Yb0.1O3-δ system is 
compensated by A-site vacancy formation for low Sr vacancy contents 
but, at higher levels, dopant-cation occupancy of the A site occurs 
(dopant partitioning, eq. (3)), leading to anomalous variation of lattice 
parameters with increasing A-site vacancy concentration [37]. Shima 
and Haile consider unit-cell volumes to indicate that the Gd dopant 
occupies the A site in the system Ba1-xCe0.9Gd0.1O3-δ [38]. The con
ductivity decreases with decreasing Ba content consistent with the 
consumption of oxygen vacancies in accordance with eq. (2). Other 
work by Jaiswal et al. [17] again shows both lower conductivity and 
lattice parameter with increasing Ba deficiency, this time for the system 
(Ba0.6-pSr0.4)(Ce0.75Zr0.1Y0.15)O3-δ, and confirms improved stability 
against CO2. In contrast, the results of Wu et al. [39] of the 
Ba1-xCe0.8Sm0.2O3-δ system are similar to those of Sr1-xCe0.9Yb0.1O3-δ 
[37] with conductivity passing through a maximum with increasing 

nominal A-site deficiency. 
Here, our detailed analysis of partial electrical components of 

B95CY20 in the temperature range 600–900 ◦C shows enhanced con
ductivity in a wide range of pH2O atmospheres in comparison to BCY20 
(Fig. 6). This enhancement is, a priori, attributable to a greater con
centration of positive charge carriers introduced via the vacancy 
mechanism (eq. (2), oxide-ion vacancy formation), with subsequent 
hydration (eq. (1), proton formation) or oxidation (eq. (6), electron-hole 
formation). Supporting this hypothesis is the fact that the A-O bond 
length is slightly longer and specific free volume [40,41] slightly greater 
in B95CY20 than for BCY20 synthesized under the same conditions 
(Ba95CY20: 3.124 Å and 0.842; BCY20: 3.118 Å and 0.838). Otherwise, 
it would be expected that dopant partitioning of the smaller Y3+ cation 
on the A site would lead to a decrease in unit-cell volume as described 
for other systems [37,38,42]. In this respect, the present conductivity 
results correlate well with those of the Sr1-xCe0.9Yb0.1O3-δ system, in 
which greater conductivity is also matched by a greater specific free 
volume [37]. 

It is clear, nevertheless, that the dominant compensation mechanism 
for deficiency of the A-site cation and resultant electrical properties 
depend to a significant extent on the degree of deficiency, dopant con
tent and ionic radius, and related structural and compositional factors. It 
cannot be assumed that a particular behaviour may be extrapolated 
across a range of dopants within a particular system. In the case of 
BCY20, a greater proportion of A-site (and oxygen) vacancies may be 
generated in comparison to Gd- and Sm-doped BaCeO3 systems [38,39] 
due to ionic-radii considerations, namely the larger Gd3+ and Sm3+

Fig. 7. Representation of total and partial components of conductivity (a)–(b) and transport numbers (c)–(d) as a function of temperature for B95CY20, in wet 
conditions (pH2O = 0.022 atm), for pO2 = 1 atm (a)–(c) and 10− 4 atm (b)–(d). 
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Fig. 8. Protonic (a–d), oxide-ionic (e–h) and electron-hole (i–l) transport numbers as functions of pO2 and pH2O in the range 600–900 ◦C.  
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cations (VIIIr = 1.053 and 1.079 Å, respectively [43]) may be more easily 
accommodated on the Ba site than the smaller Y3+ cation (VIIIr = 1.019 
Å). 

Finally, we should point out that the Ba-deficient B95CY20 phase 
shares a number of characteristics with Br-synthesized BCY20 which we 
recently studied [15]. Both materials show an improvement of total 
electrical conductivity attributable to dominant positive charge carriers, 
the concentrations of which are dependent on the prevalent atmosphere 
and temperature. The two materials also exhibit both greater cell vol
ume and monoclinic distortion than BCY20, the former phenomenon 
suggesting formation of the positive charge carriers through an A-site 
vacancy mechanism, as discussed above. This supports our earlier hy
pothesis that Ba substoichiometry of the main phase in Br-synthesized 
BCY20 explains the behavioural differences with BCY20. One area in 
which the Ba-deficient and Br-synthesized materials show different 
behaviour is the improvement in stability towards carbonation in the 
former and the opposing effect in the latter. This seems to indicate that 
the Ba excess in the Br-synthesized phase resides in the grain boundaries 
thereby lowering stability. 

5. Conclusions 

The effects of Ba deficiency on stability, structure and electrical 
properties have been studied for the proton-conducting 
Ba0.95Ce0.8Y0.2O3-δ perovskite. Rietveld refinement of neutron powder 
diffraction data indicates that the Ba substoichiometric phase crystal
lizes with a monoclinic distortion of the perovskite structure at room 
temperature (space group, I2/m). XRD and confocal Raman microscopy 
integrated with atomic force microscopy of samples exposed to labora
tory air over a prolonged period confirm previous reports of improved 
resistance to carbonation of the Ba-deficient material in comparison to 
the nominally Ba-stoichiometric analogue. 

Electrical-conductivity measurements under different conditions of 
oxygen and water-vapour partial pressures were employed to determine 
the influence of protonic, oxide-ionic and electronic charge carriers in 
the temperature range 600–900 ◦C on analysis with a defect-chemistry- 
based method. Total conductivity is considerably higher in the Ba- 
deficient material in comparison to the Ba-stoichiometric phase. The 
increase in transport in dry oxidising conditions is attributable to greater 
mixed oxide-ionic-electron-hole contribution, whereas in wet conditions 
and lower temperature the higher conductivity is due to greater proton 
transport. The enhanced conductivity may be credited to a greater 
number of charge carriers in the Ba-stoichiometric phase, although 
structure-related features such as a higher specific free volume may also 
play a role. 

The combined positive effects of both improved stability and elec
trical transport of Ba substoichiometry in one of the earliest discovered 
and best conducting high-temperature proton conductors is thus 
confirmed as an important strategy for reappraising the applicability of 
this material in a range of high-temperature electrochemical devices. 
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