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Abstract 

The crystal structure of Ba(Ce0.7Zr0.1Y0.1Yb0.1)O3–δ was studied depending 
on temperature in dry and wet atmosphere using in situ high temperature 

X-ray powder diffraction. Phase transition from tetragonal I4/mcm to cu-
bic Pm3̅m structure was shown to occur in Ba(Ce0.7Zr0.1Y0.1Yb0.1)O3–δ upon

heating from 25 up to 1000 °C irrespective of air humidity. The cubic
Pm3̅m and tetragonal I4/mcm phases possess comparable coefficients of
linear thermal expansion (CTEs), 10.6·10–6 K–1. Even in very dry atmos-

phere (10–4 atm H2O), chemical expansion caused by hydration contributes
significantly to the observed structural transformations and the variation
of the unit cell parameters of Ba(Ce0.7Zr0.1Y0.1Yb0.1)O3–δ.
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Key findings 

● Phase transition from tetragonal I4/mcm to cubic Pm3̅m structure occurs in Ba(Ce0.7Zr0.1Y0.1Yb0.1)O3–δ upon heating.

● Hydration influences the unit cell size and symmetry of Ba(Ce0.7Zr0.1Y0.1Yb0.1)O3–δ even in dry atmosphere.

● Coefficients of thermal and chemical expansion were determined for Ba(Ce0.7Zr0.1Y0.1Yb0.1)O3–δ.

© 2024, the Authors. This article is published in open access under the terms and conditions of 

     the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

1. Introduction

Various substituted barium zirconates and cerates with a 

perovskite-type structure are the-state-of-the-art proton-

conducting electrolyte materials for protonic ceramic fuel 

cells (PCFCs). Compared to cerates, zirconates possess 

lower protonic conductivity but higher stability in H2O and 

CO2 containing atmospheres. Hence, it is not surprising that 

BaCe1–xZrxO3–δ (BCZ) solid solutions were found to be a good 

compromise between stability and functional properties for 

PCFC applications [1]. Further substitution of rare earth 

metals, such as Y and Yb, for Ce in BCZ, as was shown by 

Yang et al. [2], promotes higher protonic conductivity and 

better material stability in hydrocarbons and hydrogen sul-

fide containing atmosphere. In particular, the composition 

Ba(Ce0.7Zr0.1Y0.1Yb0.1)O3–δ (BCZYYb7111), which is the focus 

of this work, demonstrated excellent performance as an 

electrolyte in PCFCs [2]. 

It is generally recognized that comprehensive under-

standing of the crystal structure of an electrolyte material 

is of key importance for its successful application. How-

ever, the crystal structure of BCZYYb7111 still remains a 

controversial topic, since even at room temperature (RT) it 

was described using Imma [3–8], Pbnm [9] or I4/mcm [10] 

space group (s. g.). In all these cases the distortion of the 

ideal perovskite-type cubic lattice with s.g. Pm3̅m results 

from the cooperative tilting of the (Zr,Ce,Y,Yb)O6 octahedra 

[10]. The Zr,Ce,Y,Yb – cations are believed to be randomly 

distributed within the octahedra with an average 

(Zr,Ce,Y,Yb)–O distance of 2.219 Å. 

The phase transitions in BCZYYb7111 were investigated 

[1] using high-temperature X-ray diffraction (HT XRD) in

controlled atmospheres on cooling from 900 to 25 °C. The

crystal structure of BCZYYb7111 was found to depend on the

atmosphere: while the samples prepared in air exhibited

two consecutive phase transitions (cubic Pm3̅m → trigonal
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R3̅c → monoclinic I2/m) upon cooling, the dehydrated 

BCZYYb7111 prepared by calcining at 1000 °C in dry N2 was 

found to remain trigonal (R3̅c s. g.) in dry N2 down to RT 

[1]. Zhang et al. [9] also reported the existence of two phase 

transitions in BCZYYb7111. The higher-temperature one 

from cubic Pm3̅m to trigonal R3̅c structure is the same as 

the one reported in [1], whereas at lower temperatures the 

transition to orthorhombic Pbnm instead of monoclinic 

phase was found. On the contrary, Hamze et al. [10] using 

powder X-ray and neutron diffraction showed that only one 

phase transition occurs upon heating in BCZYYb7111. At RT, 

it possesses the tetragonal structure with I4/mcm s. g., 

which continuously transforms to the cubic one with Pm3̅m 

s.g. upon heating due to the reduction of the tetragonal dis-

tortions. When analyzing the reasons for disagreement be-

tween the abovementioned results, one should remember 

that for hydratable phases, such as the proton conducting 

oxide BCZYYb7111, the actual hydration degree of the sam-

ple and the water vapor pressure in the surrounding atmos-

phere must be taken into account for correct interpretation 

of the experimental evidences. Noteworthy in this respect 

is that in the works [9, 10] neither of these was controlled. 

Taking into account all mentioned above, the present 

study was aimed at investigating the crystal structure of 

BCZYYb7111 depending on temperature in dry and wet at-

mosphere using in situ high temperature X-ray powder dif-

fraction supplemented by thermogravimetric (TG) meas-

urements. This work was performed to resolve the existing 

discrepancy in the literature data [1, 9, 10] and gain new 

insights into the thermal and compositional dependence of 

the crystal structure of state-of-the-art proton conducting 

oxides. 

2. Experimental 

The powder samples of BCZYYb7111 were synthesized via 

the standard ceramic method using Y2O3, Yb2O3, CeO2,  

BaCO3 and Zr(OH)2CO3 as the starting materials, whose pu-

rity and suppliers are listed in Table 1. BaCO3 was prelimi-

nary calcined at 450 °C to remove the adsorbed H2O and 

CO2. Y2O3, CeO2 and Yb2O3 were preliminary calcined at 

1100 °C to remove the adsorbed H2O. The starting materials 

were mixed in the required stoichiometric amounts with 

the sintering additive (1 wt.% of NiO) followed by grinding.  

Table 1 The source and purity of the starting materials. 

Chemical 

name 

Source Mass frac-

tion purity 

Analysis method 

BaCO3 Lanhit >0.9999 * 

Zr(OH)2CO3  ChMZ  >0.9999 * 

CeO2 Lanhit >0.99 * 

Y2O3 Vekton >0.99 * 

Yb2O3 Vekton >0.99 * 

NiO Vekton >0.99 * 

BCZYYb7111 Synthesis >0.99 XRD, SEM EDX 
* vendor statement 

Afterwards, the as-synthesized powders were uniaxially 

pressed at 154 MPa into tablets 20 mm in diameter and 

were covered with the sacrificial powder of the same chem-

ical composition in order to prevent Ba loss during subse-

quent thermal treatment. The tablets prepared accordingly 

were heated with the rate of 300 K·h–1 up to 1500 °C in air, 

annealed at this temperature for 10 hours, and then cooled 

with the rate of 100 K·h–1 down to room temperature. The 

sintered tablets were crushed in an agate mortar to obtain 

the powder for the subsequent measurements. 

The XRD patterns were recorded with a 7000S (Shi-

madzu, Japan) X-ray diffractometer using Cu Kα radiation. 

In situ high-temperature XRD measurements (HT XRD) 

were carried out using the same diffractometer equipped 

with a high temperature chamber HTK 1200N (Anton Paar, 

Austria). The humidity and oxygen partial pressure in the 

atmosphere employed in the HT XRD measurements was 

controlled using homemade setup based on mass flow con-

trollers RRG12 (Eltochpribor, Russia) shown in Figure 1 by 

mixing the flows of dry and humidified gaseous N2 and air 

in the appropriate ratios. The gases were dried to the resid-

ual water vapor pressure of log(pH2O/atm) = −4.0 by pass-

ing them through the zeolite column. The humidified gases 

with water vapor partial pressure up to  

log(pH2O/atm) = −1.7 were prepared by bubbling through 

water thermostated at 1–50 °C with an accuracy of 0.05 °C. 

Oxygen partial pressure (pO2
) around the sample was con-

trolled by a universal controller, Zirconia 318 (Russia), with 

YSZ-based potentiometric sensor. 

The humidity of the gas (i.e., 𝑝H2O) was measured using 

the original unit based on the H2O-sensor BME-280 (Bosch, 

Stuttgard, Germany). Before recording the XRD pattern, the 

sample was equilibrated at each given pO2
, pH2O and T for at 

least 6 h. 

Water uptake of the BCZYYb7111 sample was measured 

by the thermogravimetric technique (TG) using CI Precision 

(UK) microbalances. The measurements were carried out in 

the temperature range 25–900 °C in dry  

(log(pH2O atm⁄ ) ≤ −4) and wet (log(pH2O atm⁄ ) = −1.7) air. 

The sample was equilibrated at each temperature and pH2O 

for, at least, 2 h until reaching a constant weight.  

 
Figure 1 Schematic drawing of the gas mixing unit: 1 – gas tube 

(304 steel), 2 – 3-way electrical valve (SMC, Japan), 3 - check valve 
(SMC, Japan), 4 – mass flow controllers, 5 – dry air compressor, 6 
– nitrogen generator, 7 – water thermostat, 8 – 𝑝H2O sensor BME-

280 (Bosch, Stuttgard, Germany) and 𝑝O2
 sensor Zirconia 318 (Rus-

sia), 9 – HTK 1200N. 
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However, under dry air atmosphere the equilibration kinet-

ics was so slow that only rough estimates of the water up-

take could be determined, for example, at 400 °C even 

300 h equilibration was not enough, and sample’s weight 

was still increasing. 

3. Results and Discussion 

The XRD analysis of the as-prepared BCZYYb7111 sample 

showed no evidence of the presence of any secondary phase. 

The XRD pattern was indexed using the I4/mcm space group 

and is shown in Figure 2 along with the Rietveld refinement 

results. 

The HT XRD patterns of BCZYYb7111 recorded at tem-

peratures between 1000 °C and RT in dry ( 

log(pH2O/atm) = −4.0) and wet air (log(pH2O/atm) = −1.7) 

are shown in Figures 3 and 4, respectively. The phase tran-

sition in BCZYYb7111 is clearly observed upon cooling in 

both dry and wet air. As seen, in dry air BCZYYb7111 pos-

sesses the cubic Pm3̅m structure at relatively high temper-

atures in the range of 700 ≤ 𝑇, °C ≤ 1000 (Figure 3), whilst 

this range narrows a little in wet air, where the Pm3̅m 

structure is stable only down to 800 °C. At the low limit 

of the Pm3̅m structure stability, the crystal lattice of 

BCZYYb7111 transforms to the tetragonal one with  

I4/mcm s.g., which remains stable upon further cooling 

down to RT. 

To confirm the suggested sequence of the structural 

transitions, the Rietveld-refined XRD patterns recorded for 

BCZYYb7111 at 600 and 1000 °C in dry air and at 600 and 

1000 °C in wet air are given in Figures 5 and 6, and in Sup-

plementary (Figures S1–S2, respectively). 

 
Figure 2 Refined XRD pattern, recorded at RT, of BCZYYb7111 sam-

ple (I4/mcm s.g.) slowly (100 °C·h−1) cooled from 1500 ºC down 
to RT in dry air (log(pH2O

/atm) = −4.0): observed X-ray diffraction 

intensity (°) and calculated curve (─). The bottom curve (─) is the 
difference between the observed and calculated patterns, yobs−ycal, 

and the small blue bars ( ) indicate the angular positions of the 

allowed Bragg reflections. The inset shows the zoomed part of the 
refined pattern in the range of 32.5 ≤  2Θ, ° ≤47.5 along with the 

Miller indices of the allowed reflections. 

 
Figure 3 XRD patterns of BCZYYb7111 sample recorded at temper-
atures between 1000 °C and RT in dry air, log(pH2O/atm) = −4.0. 

* and ● symbols correspond to the characteristic reflections of cu-

bic Pm3̅m and tetragonal I4/mcm structures, respectively. 

 
Figure 4 XRD pattern of BCZYYb7111 sample recorded at tempera-
tures between 1000 °C and RT in wet air, log(pH2O/atm) = −1.7.  

* and ● symbols correspond to the reflections of cubic Pm3̅m and 

tetragonal I4/mcm structures, respectively. 

 
Figure 5 Refined XRD pattern, recorded at 600 ºC, of BCZYYb7111 

sample (I4/mcm s.g.) in dry air (log(pH2O/atm) = −4.0): observed 

X-ray diffraction intensity (°) and calculated curve (─). The bottom 

curve (─) is the difference between the observed and calculated 
patterns, yobs−ycal, and the small blue bars ( ) indicate the angular 

positions of the allowed Bragg reflections. The inset shows zoomed 

part of the pattern in 32.5 ≤  2Θ, ° ≤47.5 along with Miller indices. 
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Figure 6 Refined XRD pattern, recorded at 1000 ºC, of BCZYYb7111 
sample (Pm3̅m s.g.) in dry air (log(pH2O

/atm) = −4.0): observed X-

ray diffraction intensity (°) and calculated curve (─). The bottom 

curve (─) is the difference between the observed and calculated 
patterns, yobs−ycal, and the small blue bars (│) indicate the angular 

positions of the allowed Bragg reflections. The inset shows zoomed 

part of the pattern in 32.5 ≤  2Θ, ° ≤47.5 along with Miller indices. 

Thus, the findings of the present work support the con-

clusions of Hamze et al. [10] that at RT BCZYYb7111 pos-

sesses the tetragonal I4/mcm structure which continuously 

transforms to the cubic one Pm3̅m upon heating due to the 

suppression of the cooperative tilting of the (CeZrYYb)O6 

octahedra in BCZYYb7111. 

The phase transition temperature in BCZYYb7111, esti-

mated in [10] to be 655(8) °C in dry atmosphere (cubic 

Pm3̅m → tetragonal I4/mcm), is in perfect agreement with 

our results. As seen in Figures 3 and 7 according to our data 

the transition occurs in the temperature range 600–700 °C 

at log(pH2O/atm) = −4.0 i.e. roughly at around 650 °C. We 

did not confirm the presence of the second phase transition 

at lower temperatures reported in [1, 9]. 

The refined values of the unit cell parameters are sum-

marized in Tables S1 and S2 (Supplementary information). 

The pseudo-cubic cell volumes depending on temperature 

in dry and wet air are shown in Figure 7. As seen, both 

phases have quite comparable linear CTEs (~10.6·10–6). 

The cell volume determined under wet atmosphere is 

higher than that under dry conditions due to the 

BCZYYb7111 sample hydration. Also of interest is its nonlin-

ear temperature variation within the stability field of the 

tetragonal phase. Hamze et al. [10] suggested that the devi-

ation from linearity of the tetragonal phase volume vs. tem-

perature dependence is caused by a decrease of the equato-

rial B–O bond distance with temperature growth at  

T < 700 °C in order to maintain the c/a ratio above 1. At 

700 °C, the slightly lower volume of the cubic cell was ex-

plained as a consequence of the convergence of equatorial 

and axial B–O bond distances [10]. All-in-all, this explana-

tion attributes all the observed particularities of the ther-

mal expansion of BCZYYb7111 solely to the temperature in-

fluence, disregarding the temperature variation of the hy-

dration degree, which is an important feature of the proton 

conducting perovskite-type oxides.  

At the same time, the results of our TG measurements 

presented in Figure 8 unambiguously show that even under 

very dry atmosphere, for example, that with  

log(pH2O/atm) = −4.0 used in this work, BCZYYb7111 hy-

drates upon cooling absorbing up to ca 0.027 mol H2O per 

mol of the sample. This value can only be estimated approx-

imately due to extremely slow equilibration kinetics in dry 

atmosphere at 400 °C, so the equilibrium water content in 

BCZYYb7111 in these conditions is likely higher. At higher 

temperatures, however, the water exchange kinetics is 

faster, resulting in much lower uncertainties in the water 

content determination, as shown in Figure 8. 

The temperature range of the most intensive hydration 

(see Figure 8) corresponds to that of nonlinear variation of 

the unit cell parameters of the tetragonal phase (see Fig-

ure 7). Hence, the chemical expansion upon hydration su-

perimposed on the thermal expansion of BCZYYb7111 also 

contributes to the observed nonlinearity of the temperature 

dependence of its unit cell parameters even in dry air. 

 
Figure 7 Pseudo-cubic cell volume of BCZYYb7111 versus tempera-
ture in wet (log(pH2O/atm) = −1.7) and dry  

(log(pH2O/atm) = −4.0) air. Symbols – values calculated using 

Rietveld-refined unit cell parameters, lines – result of calculations 

according to Equation (1). 

 
Figure 8 The hydration degree of BCZYYb7111 versus temperature 
in wet (log(pH2O/atm) = −1.7) and dry (log(pH2O/atm) = −4.0) air. 

Symbols – experimental values determined by TG, lines – guide to 

the eye. Note that under wet conditions the results are close to 

equilibrium whereas under dry conditions only estimates are given 

due to slow equilibration kinetics. 
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To support this conclusion, we estimated the variation 

of the pseudo-cubic lattice volume with temperature. Ac-

cording to the approach described in [11] the change in the 

sample’s length is a sum of thermal and chemical contribu-

tions. Hence, for cubic or quasicubic lattice one can obtain 

the following equation: 

𝑉(𝑇) = 𝑉0 + 3𝛼L(𝑇 − 𝑇0) + 3𝛽L(𝑥H2O − 𝑥H2O
0 ), (1) 

where 𝑉0 is the volume of the sample at the reference tem-

perature T0, 𝛼L is the linear CTE, 𝛽L is the linear chemical 

expansion coefficient, T is the temperature, T0 is the refer-

ence temperature, and 𝑥H2O and 𝑥H2O
0  are the hydration de-

grees at T and T0, respectively. T0 = 1000 °C was selected 

as the reference temperature because the hydration degree 

at that temperature under dry conditions is essentially zero, 

i.e. 𝑥H2O
0  = 0. Therefore, 𝑉0 corresponds to 1000 °С and 

log(𝑝H2O/atm) = −4.0. Chemical expansion coefficient (per 

mol of H2O) was estimated according to the model de-

scribed in [11] as 𝛽L = 0.0317. For thermal expansion coef-

ficient, the value of 𝛼L = 10.6·10–6 K–1 found at T ≥ 700 °C 

under dry conditions was employed; in fact, this value is 

almost the same as 𝛼L that can be calculated for the low-

temperature tetragonal phase of BCZYYb7111. The hydra-

tion degree of BCZYYb7111, directly measured by TG (see 

Figure 8), was used as 𝑥H2O in Equation 1. The as-calculated 

lattice volume is shown as a function of temperature in Fig-

ure 7 in comparison with the experimental values measured 

in two atmospheres. The good agreement is obvious. In fact, 

because 𝛼L in Equation 1 was assumed to be constant, we 

can conclude that all the nonlinearity of the observed tem-

perature dependence of the cell volume can be explained by 

the variation in the water content in the sample. Hence, hy-

dration induced chemical lattice expansion cannot be ig-

nored when analyzing phase behavior and thermal expan-

sion of BCZYYb7111 and similar proton conducting oxides 

even under the “dry” conditions with very low humidity. 

4. Limitations 

To gain better understanding of the particularities of the 

phase transitions in BCZYYb7111 additional precise neutron 

diffraction measurements are still required supplied with 

careful control of temperature, water vapor partial pres-

sure and equilibration kinetics as well as simultaneous hy-

dration studies under precisely the same conditions. 

5. Conclusions 

BCZYYb7111 was shown to undergo continuous phase tran-

sition from tetragonal I4/mcm to cubic Pm3̅m structure 

upon heating both in dry and wet air  

(log(pH2O/atm) = −4.0 and −1.7, respectively) due to, most 

likely, suppression of the cooperative tilting of the 

(CeZrYYb)O6 octahedra. The tetragonal I4/mcm structure is 

stable upon heating from RT up to around 650 °C in dry air 

and 750 °C in wet air. Both cubic and tetragonal phases 

were shown to possess quite similar linear CTEs. At the 

same time, hydration induced chemical expansion was 

shown to strongly affect both the absolute values of the unit 

cell parameters and the shape of their temperature depend-

ence even under dry atmosphere with water vapor pressure 

as low as 10–4 atm. Hence, the chemical expansion cannot 

be ignored when analyzing the phase behavior and appar-

ent thermal (which is, in fact, thermochemical) expansion 

of proton conducting oxides similar to BCZYYb7111 studied 

in this work. 
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