
1. Introduction 
Growing global demands on supply of fuels stimulate 
extensive investigations towards sustainable energy 
sources and more efficient energy converting methods. 
Fuel cells exhibit by far higher efficiency than internal 
combustion engines and therefore attract worldwide 
attention as promising chemical-to-electrical energy 
transformation devices. Solid oxide fuel cells (SOFC) 
are considered as one of the most promising type of fuel 
cells for stationary, combined heat and power, as well as 
automotive applications, as they can be operated with 
wide range of fuels, are resistant to poisoning by CO 
and H2S, and do not require expensive noble metals as 
electrodes [1,2]. Most of profits, as well as disadvantages 
of SOFC (mainly due to component degradation), stem 
from the fact that operating temperature is relatively 
high, typically in the range of 600 – 1000°C. This type of 

fuel cell usually consists of  Ni- yttrium stabilized zirconia 
composite as anode, (LaSr)MnO3 or (LaSr)(Co,Fe)O3 
as cathode, and yttrium stabilized zirconia, gadolinium  
doped ceria, or other oxygen conducting material as solid 
electrolyte [3,4]. Since resistance of electrolyte layer is 
a major source of overall overpotential and limits the 
cell’s efficiency, many efforts are dedicated towards its 
optimization. A relatively new idea is application of highly 
conducting solid oxide proton-conducting membrane 
instead of well-established oxygen-ion conducting one. 
Such modification possesses certain benefits, because in 
such an arrangement water, the product of the reaction, 
generated at the air-electrode (cathode) side, does not 
dilute fuel, allowing for more complete fuel utilization. 
Additionally lower activation energy of proton conduction 
than oxygen-ion conduction implies higher conductivity 
at the intermediate temperature range. Interestingly, high 
performance of SOFC with thin-film proton-conducting 
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electrolyte membrane was demonstrated by Ito et al. 
[5]. Moreover, application of ceramic proton conducting 
membranes for hydrogen separation, hydrogen sensors 
and membrane reactors have been proposed [6].

Wide interest in proton-conducting oxides began 
in early 1980s after Iwahara et al. discovered proton 
conductivity in ABO3 perovskites  [7-11]. Since then, the 
main groups of proton-conducting oxides have been 
recognized and essential features of the mechanism 
of proton transport in these materials have been 
elucidated [12-21]. It is generally accepted that protons 
are incorporated into oxide by dissociative absorption 
of water molecules at the surface, followed by diffusion 
towards crystal’s interior. Oxygen vacancies play a 
crucial role in this process. Hydroxide group from 
water dissociation fills the vacant oxygen site, whereas 
proton forms chemical bonding with lattice oxygen 
(Reaction 1 written using Kröger-Vink crystal defect 
notation).

•↔+••+ 2OHx
OOOV(g)O2H                                          (1)

Concentration of oxygen vacancies is governed 
mainly by concentration of lower-valance dopant in the 
crystal (e.g. 3+ rare earth dopant substituting Ce4+ or 
Zr4+). According to Reaction 2, such doping leads to 
creation of oxygen vacancies to satisfy electroneutrality 
condition:

           (2)

Protons are located in the crystal lattice close to 
oxide ions due to electrostatic attraction and can rotate 
and migrate between adjacent anions with so-called 
Grotthuss mechanism [22], which is the basis of proton 
conduction.

In this work we review four main groups of 
perovskite-structure oxides known from literature to 
exhibit proton conductivity: BaZrO3,SrZrO3, BaCeO3 
and SrCeO3. Gadolinium was selected as dopant, since 
it was demonstrated to provide high proton mobility 
and conductivity [23,24]. Gadolinium has virtually no 
effect on the density of the sinters and causes slight 
increase of the unit cell parameters due to difference 
in ionic radius between dopant and host cations [25]. 
According to Eq. 2 one oxygen vacancy per two Gd3+ 
ions is created leading to an increase of maximum water 
sorption capacity and, as a result, increase of proton 
conductivity [25]. However, dopant ions and hydroxyl 
groups tend to attract each other, which is a reason 
for the formation of defect clusters and lowering of the 
mobility of protons in the crystal. Gadolinium belongs 
to dopants with one of the weakest association energy, 

which could be beneficial for high proton conductivity 
[26], at the same time it causes strong deformation 
of the lattice leading to reduced solubility [27]. Low 
concentration of gadolinium in the present study was 
selected to achieve full dissolution of dopant in the host 
lattice and decrease of dopant-hydroxyl interaction due 
to larger average distance. The primary purpose of the 
article is to directly benchmark these four materials 
prepared and tested using standardized experimental 
procedure. To the best of our knowledge, such a 
comparison is not available in the literature. Among the 
features discussed are: effect of chemical composition 
on crystal structure, sinterability, microstructure, water 
sorption ability, transport properties, as well as chemical 
stability in CO2 atmosphere. Selected materials were 
tested as electrolytes in solid oxide fuel cells.

2. Experimental procedure  
All samples were prepared by high temperature solid 
state synthesis with relevant oxides and carbonates as 
substrates: BaCO3 (Chempur, 99%), SrCO3 (Aldrich, 
99.9%), ZrO2 (Aldrich 99%), CeO2 (Aldrich, 99.9%) and 
Gd2O3 (Aldrich, 99.9%). Thoroughly milled reactants 
were calcined at 1200°C for 24h. After subsequent 
milling powders were uniaxially pressed at 100 MPa 
and then sintered at: 1450°C (BaCe0.95Gd0.05O2.975 and 
SrCe0.95Gd0.05O2.975), 1600°C (SrZr0.95Gd0.05O2.975) and 
1650°C (BaZr0.95Gd0.05O2.975). Crystal structure of the 
obtained materials was investigated by X-ray diffraction 
method with Philips X‘Pert Pro diffractometer equipped 
with Cu Kα radiation source. Structural parameters 
were derived from diffraction data using GSAS/EXPGUI 
Rietveld refinement software [28,29]. Scanning electron 
microscopy (SEM) investigations were carried out with 
FEI Nova Nano 200 microscope on polished, thermally 
etched sintered pellets. Density of sinters was determined 
on the basis of their mass and dimensions. Water 
desorption from previously hydrated (air humidified with 
3 vol.% H2O, 900°C, 24 h) powder samples was studied 
on the basis of thermal gravimetric analysis (TGA) using 
TA Instruments Q5000IR apparatus in dry air  from room 
temperature up to 900°C with heating rate of 5°C min-1. 
Ionic transference number was estimated on the basis of 
ratio of measured open circuit voltage of H2,H2O | solid 
electrolyte | air cell and corresponding Nernst voltage. 
Electrical conductivity in dry (synthetic) air as well as in 
H2O and D2O-humidified air was measured by means of 
impedance spectroscopy method using Solartron 1260 
frequency response analyzer. Applied frequency range 
was from 0.1 Hz to 106 Hz with sinusoidal excitation 
voltage amplitude 0.2 V. Electrical conductivity of 
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a sample was obtained by fitting equivalent circuit 
parameters to the measured spectrum using Scribner 
Associates Zview 3.3a software. Chemical stability 
of materials towards CO2 was examined using X-ray 
diffraction and thermal gravimetric analysis. For 
diffraction studies the materials tested were annealed 
for 6 h at 800°C in flowing pure CO2. For TGA the 
sample powder was placed in thermobalance in pure 
CO2 atmosphere and heated at the rate of 5°C min-1 up 
to 1000°C. Fuel cell performance tests were performed 
on disk-shaped cells with NiO- yttrium stabilized 
zirconia as the anode, La0.5Sr0.5Co0.5Fe0.5O3-δ as cathode 
and tested sample as electrolyte. Approximately 
2 mm thick and 10 mm diameter electrolyte pellet 
was used as cell support. The cell was supplied with 
H2 humidified with 3 vol.% of H2O (50 ml min-1) and air 
(approx. 500 mL min-1). Electrochemical measurements 
on fuel cells were carried out on Solartron 1287 
electrochemical interface at temperatures from 600 to 
900°C.

3. Results and discussion

3.1. Crystal structure
In the case of BaCe0.95Gd0.05O2.975 and SrZr0.95Gd0.05O2.975 
no traces of other than the main Pmcn orthorhombic 
perovskite phase was observed. For SrCe0.95Gd0.05O2.975, 
except for major peaks of orthorhombic phase, two 
minor unidentified reflexes at 39.5° and 42.5° were 

recorded. In the case of BaZr0.95Gd0.05O2.975 cubic 
perovskite structure was confirmed, however, slight 
asymmetric broadening of diffraction peaks towards 
lower angle was detected. This feature was interpreted 
as caused by slight segregation of dopant leading to 
variation of lattice constants or by BaO vaporization 
during prolonged sintering at high temperatures (see 
Experimental). Refined parameters of crystal structures 
together with fit quality parameters (χ2, Rwp, Rp) are 
collated in Table 1. Among several factors controlling 
ionic conductivity of solids: unit cell volume, lattice free 
volume (defined as unit cell volume minus the volumes 
of all constituent ions) and crystal symmetry (in the case 
of perovskites expressed as Goldschmidt’s tolerance 
factor) are of major importance [30]. All these features 
vary significantly throughout the investigated series of 
materials. SrCe0.95Gd0.05O2.975 possesses the highest 
lattice free volume (37.5%), followed by a little smaller 
one for BaCe0.95Gd0.05O2.975 (36.1%). Both zirconates 
have considerably more densely packed unit cell: 28.0 
and 30.4% for BaZr0.95Gd0.05O2.975 and SrZr0.95Gd0.05O2.975, 
respectively. In all the cases Goldschmidt’s tolerance 
factor calculated using Shannon’s ionic radii are smaller 
than that calculated using refined atom distances, pointing 
to a departure from purely ionic bonding. Among the 
investigated orthorhombic perovskites, SrZr0.95Gd0.05O2.975 
has tRietveld = 0.983, for BaCe0.95Gd0.05O2.975 
tRietveld = 0.979 and for SrCe0.95Gd0.05O2.975 tRietveld = 0.967. 
This indicates the smallest ionic mismatch and the 
smallest lattice distortions in Ba(Zr,Gd)O3-δ system and 

Table 1. Refined crystal structure parameters for synthesized materials (numbers in brackets denote standard deviation).

BaZr0.95Gd0.05O2.975 SrZr0.95Gd0.05O2.975 BaCe0.95Gd0.05O2.975 SrCe0.95Gd0.05O2.975

Space group Pm3m Pmcn Pmcn Pmcn

phase 1
(64 wt.%)

phase 2
(36 wt.%)

a [Å]

4.2001(1) 4.19602(7)

8.2165(3) 8.7799(2) 8.5835(1)

b [Å] 5.8265(2) 6.2389(1) 6.0020(1)

c [Å] 5.8054(2) 6.2210(2) 6.1488(1)

V [Å3] 74.092(6) 73.878(4) 277.92(2) 340.77(2) 316.78(1)

Vpseudo-cubic [Å
3] - - 69.480(5) 85.193(5) 79.195(3)

Vfree [%] 28.0 27.8 30.4 36.1 37.5

tRietveld 1.000 0.983 0.979 0.967

tShannon 0.999 0.942 0.936 0.883

χ2 0.81 0.96 0.85 1.10

Rwp [%] 18 18 20 24

Rp [%] 12 13 14 18

a, b, c – lattice constants; V – unit cell volume; Vpseudo-cubic – unit cell volume normalized to the cubic perovskite; Vfree – lattice free volume; t – tolerance 
factor; χ2, Rwp, Rp – quality of Rietveld refinement of a XRD pattern.

3Pm m
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the highest in Sr(Ce,Gd)O3-δ one. For discussion of 
correlation between structural and transport parameters 
see paragraph 3.4.

3.2. Microstructure
Changes in chemical composition led to pronounced 
variations in sinterability and grain growth. SEM 
images of thermally etched surface of sintered pellets 
are depicted in Fig. 1. Average grain sizes measured 

on SEM images, as well as relative densities of the 
prepared sinters are listed in Table 2. 

For both barium and strontium cerates sintering 
temperature of 1450°C allow for obtaining relative density 
of 90 and 99%, respectively. On the contrary, barium 
and strontium zirconates require much higher sintering 
temperature – BaZr0.95Gd0.05O2.975 after sintering at 
1650°C only possessed 78% density. Observed average 
grain size was higher for cerates, even though they 
were sintered at lower temperatures than zirconates. All 
this indicates that atomic structure of cerates is more 
labile than that of zirconates. From the point of view of 
preparation of gas-tight, large-area membrane, BaZrO3-
based materials seem to be the most demanding one 
among all tested compositions.

3.3. Water desorption
Water content in perovskite oxides was measured 
using thermal gravimetric method. Mass evolution 

Figure 1. Scanning electron microscopy images depicting thermally etched surfaces of sintered pellets. a) BaZr0.95Gd0.05O2.975, b) SrZr0.95Gd0.05O2.975, 
c) BaCe0.95Gd0.05O2.975, d) SrCe0.95Gd0.05O2.975.

Table 2. Relative density and average grain size of sintered pellets.

Composition Sintering 
temperature

Relative 
density

Average 
grain size

BaZr0.95Gd0.05O2.975 1650°C 78% 0.2 μm

SrZr0.95Gd0.05O2.975 1600°C 100% 0.1 μm

BaCe0.95Gd0.05O2.975 1450°C 90% 0.8 μm

SrCe0.95Gd0.05O2.975 1450°C 99% 7 μm
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upon dehydration was recorded for previously hydrated 
materials.

Water content vs. temperature (Fig. 2) was calculated 
from the difference of heating curve for hydrated and 
dry sample. Two main stages of water desorption can 
be distinguished in dehydration profiles: one at low 
temperature (from room temperature to 300°C), and 
the second one above 400°C. The low temperature 
process can be assigned to water desorption from the 
samples’ surface or grain boundaries, whereas the 
high temperature desorption can be explained as water 
release from the grain bulk. Interestingly, in the case of 
BaZr0.95Gd0.05O2.975 and BaCe0.95Gd0.05O2.975 total mass 
loss is close to the expected maximum water content 
corresponding to the concentration of oxygen vacancies 
(0.025 mol per one mol of compound). On the other 
hand, for SrZr0.95Gd0.05O2.975 and SrCe0.95Gd0.05O2.975 
water content was significantly lower – 0.011 and 
0.008 mol mol-1, respectively. This suggests more 
effective water sorption in Ba-containing perovskites as 
compared to Sr-containing materials, and consequently 
higher proton concentration.

3.4. Electrical conductivity
Measurements of concentration cell open circuit voltage 
allowed for determination of transference number and 
separation of electronic and ionic (sum of H+ and O2-) 
conductivities. Evolution of transference number of 
BaCe0.95Gd0.05O2.975 and SrZr0.95Gd0.05O2.975 as a function 
of temperature was compared in Fig. 3. 

In the case of SrZr0.95Gd0.05O2.975 only slight decrease 
of ionic transference number down to about 0.8 at 800°C 
was observed. At the same time changes recorded for 

BaCe0.95Gd0.05O2.975 in the conditions of measurement 
are much more significant: up to 500°C transference 
number decreased slowly from 0.8 to 0.7, and then, 
above that temperature, sudden drop down to about 0.3 
took place. This drastic change is most probably related 
to reduction of Ce4+ to Ce3+, which is characteristic for 
Ce(IV) compounds, and it was also observed for doped 
cerium dioxide [31]. Reduction of the material causes 
oxygen release, generates oxygen vacancies and free 
electrons, which, when present in material in sufficient 
concentration, become dominant charge carriers, due to 
higher mobility as compared with ions. This mechanism 
of decrease of ionic transference number was confirmed 
using thermal gravimetric method. The obtained results 
(not showed) revealed that among all four examined 
compositions only BaCe0.95Gd0.05O2.975 undergoes 
considerable thermally induced reduction associated 
with mass loss due to oxygen release at temperatures 
below 900°C in air. Since it is the B-site cation, which 
is responsible for redox behavior, one may expect 
analogous variation of ionic transference numbers for 
BaZr0.95Gd0.05O2.975 and SrCe0.95Gd0.05O2.975.

Fig. 4 plots impedance spectra measured for 
BaZr0.95Gd0.05O2.975 at 300°C in dry and humidified 
(3 vol.% H2O or D2O) air. 

Equivalent circuit [32] used to model spectra is 
composed of three resistors Rb, Rgb and Rel connected 
in series representing bulk, grain boundary and sample-
electrode charge transfer resistance respectively. Each 
resistor was connected in parallel with constant phase 
element representing non-homogeneous capacitance 
[33]. In most cases it was not possible to determine Rb 
and Rgb separately, therefore most of further discussion 

Figure 2. Water desorption profiles calculated from TG measurements.
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is based on total resistance Rtot, defined as Rtot = Rb 
+ Rgb, and corresponding to the DC resistance of the 
sample, which is essential from application point of view. 
In the impedance spectrum plotted in the complex plane 
(Fig. 4) Rtot can be perceived as a minimum on the right 
(low frequency) side from the grain boundary semicircle. 
Detailed discussion of the shape and interpretation of 
the impedance spectra of proton conductors and other 
ionic conductors can be found, for instance, in [32,33]. 
Bulk, grain boundary and total specific conductivity 

values determined from the impedance spectra for 
all tested materials at around 300°C are gathered in 
Table 3. 

Because separation of grain boundary and bulk 
contribution above 300°C was not possible with 
sufficient accuracy, only total resistivity was determined 
in the temperature range from 300 to 800°C. 
Equation describing evolution of ionic conductivity 
(σ) as a function of temperature (T) has the following 
form:

Figure 3. Ionic transference number of BaCe0.95Gd0.05O2.975 and SrZr0.95Gd0.05O2.975 as a function of temperature.

Figure 4. Impedance spectra measured for BaZr0.95Gd0.05O2.975 at 300°C in humidified (3 vol.% H2O or D2O) and dry air.
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                                                              (3)

Where σ0 is pre-exponential factor that depends on 
geometry of crystal lattice, frequency of lattice vibrations 
and concentration of charge carriers, Ea is activation 
energy and describes energy barriers encountered by 
moving ions, k is the Boltzmann constant. Comparison 
of total electrical conductivity values vs. temperature for 
examined samples in atmosphere of humidified air is 
depicted in the linearized form (Log(σT) = f(1000/T)) in 
Fig. 5. Values of the pre-exponential factor and activation 
energy were estimated from the least squares linear fit 
and collated  in Table 4.

Pronounced effect of gas composition on electrical 
conductivity of the tested materials was observed: 
conductivity in H2O-humidified air was higher than in 
D2O-humidified air or in dry air. The observed isotopic 
effect in electrical conductivity, as well as results of 
transference number measurements, provide a clear 
evidence of protons being the main charge carriers in all 
tested samples in the considered range of temperatures, 
except for BaCe0.95Gd0.05O2.975 above 500°C. The 
grain boundary resistance was recognized as the 
limiting factor of total conductivity, which was already 
observed for various proton conductors with relatively 
high proton conductivity [19]. The observed ratio of 
grain boundary to bulk resistance ranged from 2 (for 
BaCe0.95Gd0.05O2.975, dry air) up to 15 (SrZr0.95Gd0.05O2.975, 
H2O-humidified air). Improvement of low grain boundary 
conductivity seems to be one of the challenges before 
application of high temperature solid oxide proton 
conductors.

Among all tested materials the highest total 
conductivity in H2O-humidified gas was observed for 
BaCe0.95Gd0.05O2.975 (1.87×10-4 S cm-1 at 296°C) and 
the lowest for SrZr0.95Gd0.05O2.975 (2.32×10-7 S cm-1 at 
288°C). The difference between conductivity of these 
materials ranges over 3 orders of magnitude, which 
points to the importance of proper selection of functional 
membrane material. In general, at 300°C cerates 
possessed higher electrical conductivity than zirconates 
and Ba-perovskites possessed higher conductivity than 
Sr-perovskites, however, the effect of B-site cation (in 
ABO3 perovskite formula) was found to be dominant.

For any functional material, besides value of ionic 
conductivity at particular temperature, also changes 
with temperature are of high importance. The lowest 
activation energy was measured for BaCe0.95Gd0.05O2.975 
(from 0.45 eV for H2O-containing air to 0.49 eV for 
dry air). Slightly higher values were detected for 
SrCe0.95Gd0.05O2.975 (from 0.64 eV for H2O-containing air 
to 0.67 eV for dry air). These values are well in agreement 
with available literature data [34,35]. Moreover, observed 
size of the isotope effect in activation energy of electrical 
conductivity (Ea,D - Ea,H) is consistent with predictions 
of semi-classical theory [34], which predicts activation 
energy shift for proton and deuteron conductivity equal 
to 0.055 eV. This further corroborates proton conductivity 
in the presented materials. Somewhat higher than typical 
[36,37] activation energy values were observed in the 
case of Zr-perovskites. The probable explanation of such 
difference in results is the influence of the microstructure 
and the effect of grain boundary contribution to the total 
conductivity. Pre-exponential term values measured for 
the studied samples increased monotonically with the 

Table 3. Bulk, grain boundary and total electrical conductivity of proton conductors.

Atmosphere Temperature [°C] σb [S cm-1] σgb [S cm-1] σtot [S cm-1]

BaZr0.95Gd0.05O2.975 

dry air

300

1.27×10-6 9.92×10-8 9.20×10-8

3 vol.% H2O 3.01×10-6 3.86×10-7 3.42×10-7

3 vol.% D2O 1.33×10-6 1.50×10-7 1.35×10-7

SrZr0.95Gd0.05O2.975 

dry air 293 8.49×10-7 1.08×10-7 9.56×10-8

3 vol.% H2O 288 3.38×10-6 2.32×10-7 2.17×10-7

3 vol.% D2O 291 1.89×10-6 1.65×10-7 1.52×10-7

BaCe0.95Gd0.05O2.975 

dry air

296

5.16×10-4 2.58×10-4 1.72×10-4

3 vol.% H2O 5.38×10-4 2.86×10-4 1.87×10-4

3 vol.% D2O 3.41×10-4 1.74×10-4 1.15×10-4

SrCe0.95Gd0.05O2.975 

dry air

298

5.49×10-5 9.99×10-6 8.45×10-6

3 vol.% H2O 5.38×10-5 9.59×10-6 8.14×10-6

3 vol.% D2O 3.54×10-5 6.88×10-6 5.76×10-6
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increase of activation energy, which means that it is the 
low energy barrier for proton transfer from site to site, 
and not the high pre-exponential term (concentration 
and frequency lattice vibrations), which is responsible 
for high proton conductivity of barium and strontium 
cerates.

In the case of BaZrO3 wide distribution of electrical 
conductivity values have been published. The most 

probable reason for such discrepancy is the fact that 
grain boundary contribution for this material plays an 
important role, and this factor is difficult to control in 
the preparation procedure [18]. Nonetheless, values 
presented in this work are nearly two orders of magnitude 
higher than those published for BaZr0.93Gd0.07O3-δ by 
Gorelov et al. [38]. On the other hand, when dopants other 
than gadolinium are applied, materials with comparable 
or higher conductivities are obtained [39,40]. Similarly, 
proton conductivity of SrZr0.95Gd0.05O3-δ is lower than that 
of SrZr0.9In0.1O3-δ [39].

Since doped BaCeO3 is by far the most studied high-
temperature proton conductor there is available literature 
data for direct comparison of proton conductivity. Our 
result for BaCe0.95Gd0.05O3-δ is slightly higher than that of 
Taniguchi et al. [25] for the same composition and slightly 
lower than that of Chen and Ma [41]. The differences 
could stem from, besides various synthesis procedures, 
from changes in composition of atmosphere during 
measurement. Comparing the obtained values of proton 
conductivity with that for materials containing higher 
gadolinium content, it is apparent that introduction of 
higher concentration of dopant leads to higher electrical 
conductivity [25,42].

Chronologically, first data on high-temperature 
proton conductivity were available for doped SrCeO3 
[7]. That measurements brought values of conductivity 
for SrCe0.95Yb0.05O3-δ about half order magnitude higher 
than presented in this work for SrCe0.95Gd0.05O3-δ. Work 
of Okada et al. [43] confirmed lower conductivity of 

Figure 5. Total electrical conductivity values vs. temperature in atmosphere of humidified air. Values of activation energy and pre-exponential factor 
estimated from the least squares linear fit are given for each material spectra measured for BaZr0.95Gd0.05O2.975 at 300°C in humidified 
(3 vol.% H2O or D2O) and dry air.

Table 4. 

Log(σ0-tot) 
[S cm-1 K]

Ea-tot 
[eV]

BaZr0.95Gd0.05O2.975  

dry air 4.87 1.05

3 vol.% H2O 4.32 0.92

3 vol.% D2O 4.59 1.00

SrZr0.95Gd0.05O2.975  

dry air 4.66 1.06

3 vol.% H2O 4.51 0.98

3 vol.% D2O 4.58 1.02

BaCe0.95Gd0.05O2.975  

dry air 3.09 0.47

3 vol.% H2O 3.01 0.45

3 vol.% D2O 3.13 0.49

SrCe0.95Gd0.05O2.975  

dry air 3.46 0.66

3 vol.% H2O 3.26 0.64

3 vol.% D2O 3.32 0.67

Pre-exponential term and activation energy of electrical 
conductivity of proton conductors grain boundary and total 
electrical conductivity of proton conductors.
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SrCe0.95Gd0.05O3-δ than SrCe0.95Yb0.05O3-δ. Conductivity of 
SrCe0.95Tm0.05O3-δ were reported [44] to be comparable 
to SrCe0.95Gd0.05O3-δ.

Another doping strategy for perovskite-type proton 
conductors is so-called co-doping. The co-doping is 
based on introduction, instead of one, two or more 
different dopants. This causes increase of configurational 
entropy, influences number of mobile ionic species or 
introduces new electron energy levels into electron 
band structure. The majority of available data consider 

BaCeO3 [45-48], BaZrO3 [49,50], or Ba(Ce,Zr)O3 solid 
solutions [51]. The published results prove that proper 
selection of dopants, as well as optimized preparation 
procedure may contribute to  high electrical conductivity 
e.g. for Ba0.97Zr0.77Y0.19Zn0.04O3-δ [49], BaZr0.7Pr0.1Y0.2O3-δ 
[50], or BaZr0.1Ce0.7Y0.1Yb0.1O3-δ [51]. The maximum 
achieved value of electrical conductivity measured for 
BaZr0.1Ce0.7Y0.1Yb0.1O3-δ was as high as 3×10-2 S cm-1 at 
600°C, which is far higher.

Generally speaking, ionic conductivity of any solid 
material is closely related to its atomic structure. 
Comparison of values given in Tables 1, 3 and 4 might 
provide insight and elucidation of such relation. Fig. 6 
illustrates attempts made to find correlation between 
a particular factor and the proton conductivity of a 
perovskite-structure oxide. 

Among parameters considered are: (1) difference 
between weighted Allred-Rochow electronegativities 
of B and A-site cations (ΔXB-A), which has been proven 
to be related to hydration enthalpy, and therefore to 
concentration of protons at given thermodynamic 
conditions – the lower value of ΔXB-A the more negative 
enthalpy of hydration [19]; (2) tolerance factor describing 
departure of perovskite structure from cubic symmetry – 
reduction in symmetry results in energetically unequal 
oxygen and proton sites and causes increased activation 
energy of proton hopping [52]; (3) lattice free volume 
providing information on amount of empty space within 
the unit cell; (4) average distance between adjacent 
oxide ions in the crystal lattice determining distance 
between neighboring sites available for hopping proton; 
(5) pseudo-cubic unit cell volume also connected with 
distance between available proton sites. It was observed 
that proton conductivity monotonically increases with 
the increase of pseudo-cubic unit cell volume and O-O 
distance. This somewhat unexpected result seems to be 
explicable on the basis of previous analysis by Kreuer 
[14], where he pointed out that it is the softness and 
magnitude of vibrations of oxygen-oxygen distance, 
and not the distance itself, which determines formation 
of hydrogen bonds between oxygen ions and proton 
diffusivity. In the case of lattice free volume, tolerance 
factor and difference of electronegativities the obtained 
dependence are not monotonic throughout the series of 
examined materials. Decrease of lattice free volume for 
both cerates and zirconates causes increase of proton 
conductivity, however, this tendency does not extend 
beyond these two groups of compounds with cerates 
possessing higher conductivity and zirconates lower. 
Similar effect was measured for tolerance factor – 
higher symmetry brings higher conductivity, only if B-site 
cation is preserved. Finally, in the case of difference of 
electronegativities, opposite trend was observed: it is 

Figure 6. Relation between total electrical conductivity at 300°C in 
humidified air and difference between weighted Allred-
Rochow electronegativities of B and A-site cations (ΔXB-A), 
tolerance factor, lattice free volume, average distance 
between adjacent oxide ions (O-O distance), and 
pseudo-cubic unit cell volume. BZ = BaZr0.95Gd0.05O2.975, 
SZ = SrZr0.95Gd0.05O2.975, BC = BaCe0.95Gd0.05O2.975, 
SC = SrCe0.95Gd0.05O2.975.
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the A-site cation, which have to be unchanged to see 
expected effect of increased conductivity with lower 
difference of electronegativities. Concluding, it is difficult 
to show a single factor, which guides proton conductivity 
of perovskite-structure oxides, and trying to predict 
materials transport properties one has to take into 
account a range of parameters. The strictest correlation 
was obeyed between conductivity and unit cell volume 
or oxygen-oxygen distance. For the other factors simple 
dependence can be find only within narrow range of 
chemical compositions.

In order to estimate proton diffusion coefficient, 
measurements of evolution of electrical conductivity 
upon hydration were carried out. Fig. 7 shows electrical 
conductivity of SrZr0.95Gd0.05O2.975 during isothermal 
change of atmosphere composition from dry to humidified 
(3 vol.%) air at 595, 700 and 800°C. 

The process turned out to be two-fold. Just after 
introduction of water vapor (t = 0) sudden (within 
several minutes) increase of resistance was observed, 
followed by slower (several hours) decrease. With 
increasing temperature, besides higher values of proton 
conductivity, the observed changes become faster: at 
595°C equilibrium was still not achieved after 25 hours, 

at 700°C approximately 20 hours’ time was needed to 
stabilize the conductivity, at 800°C steady state was 
achieved after less than 10 hours. Similar effect was 
described before for Fe-doped SrTiO3, SrCe0.95Yb0.05O0.975, 

BaCe0.85Y0.15O2.875 and BaCe0.95Yb0.05O2.975 [53-58]. They 
explained this effect on the basis of decoupled transport 
of hydrogen and oxygen ions upon hydration of a 
sample. Applying kinetic model based on Fick’s 2nd law 
[59] it is possible to distinguish and calculate surface 
exchange coefficient k and bulk diffusion coefficient D 
for both fast and slow processes ascribed to proton and 
oxygen transport. Fitting error for all estimated values 
was less than 6%. Obtained k and D’s were presented 
in Arrhenius-type plot in Fig. 8. 

For the first step, fast step diffusion coefficient 
ranged from 2.42×10-5 cm2 s-1 at 595°C to 
6.43×10-5 cm2 s-1 at 800°C with activation energy of 
0.37 eV, surface exchange coefficient for this step 
varied from 3.43×10-4 cm s-1 to 9.11×10-4 cm s-1 with 
activation energy of 0.39 eV. For the second step, slow 
step diffusion coefficient varied from 5.59×10-8 cm2 s-1 
at 595°C to 1.45×10-6 cm2 s-1 at 800°C with activation 
energy of 1.26 eV, surface exchange coefficient at the 
same time was from 1.56×10-6 cm s-1 to 9.11×10-6 cm s-1 
with activation energy of 0.66 eV. The obtained values 
were slightly lower, but of the same order of magnitude 
as presented in the literature [55,57] showing fast proton 
transport in the studied materials.

3.5. Stability towards CO2
One of the main features of membrane material for 
solid oxide fuel cell should be chemical stability in 
operating conditions. If a cell is fuelled with methane or 
other hydrocarbons, the membrane have to withstand 
attack of CO2 atmosphere. In order to evaluate tested 
materials under attack of CO2 at high temperatures XRD 
and thermal gravimetric measurements were performed. 
Fig. 9 gathers TG curves for proton conductors measured 
in CO2 atmosphere. 

No changes in mass were observed for both Ba 
and Sr-zirconate. By contrast, Ba and Sr-cerate turned 
out to pick up CO2 just above 450°C. From these two, 
reaction of CO2 with Ba-cerate proceeds faster than with 
Sr-cerate, especially below 800°C. XRD analysis of the 
materials annealed at 800°C for 6 h confirmed results 
from thermal gravimetric analysis. No changes in XRD 
patterns were observed for Zr-perovskites. In the case 
of BaCe0.95Gd0.05O2.975 only reflexes of CeO2 and BaCO3 
were observed and Rietveld refinement gave 46–54 
wt.% ratio, which corresponds to the stoichiometry of 
assumed reaction. In the case of SrCe0.95Gd0.05O3 reflexes 
from CeO2 and SrCO3 phases were also observed, yet 
those from the perovskite phase remained as well. 

Figure 7. Electrical conductivity of SrZr0.95Gd0.05O2.975 upon 
hydration as a function of hydration time at 595, 700 and 
800°C.
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Rietveld refinement of the pattern led to following phase 
fractions: CeO2 – 48 wt.%, SrCO3 – 32 wt.% and SrCeO3 
– 20 wt.%.

3.6. Solid oxide fuel cell performance
Preliminary tests of button-type solid oxide fuel cell 
supported on BaCe0.95Gd0.05O2.975 and SrZr0.95Gd0.05O2.975 
proton-conducting electrolyte membranes were carried 
out. For comparison, fuel cell with oxygen ion conducting 
Ce0.85Gd0.15O2.925 membrane was prepared using the 

same procedure and the same electrode materials 
and tested in the same conditions. Voltage and power 
density of the cells as a function of current are shown 
in Figs. 10-12. 

Characteristically for high temperature solid oxide 
fuel cells, almost linear curve of voltage vs. current 
density and single maximum at power vs. current 
curve were measured in both cases. In the case 
of SrZr0.95Gd0.05O2.975 proton-conducting membrane 
maximum current at 800°C was approx. 0.33 mA cm-2 

Figure 8. Surface exchange coefficient (k) and proton diffusion coefficient (D) in SrZr0.95Gd0.05O2.975 as a function of temperature.

Figure 9. TG curves of proton conductors in CO2 atmosphere.
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Figure 10. Voltage and power density as a function of current density of solid oxide fuel cell supported on SrZr0.95Gd0.05O2.975 electrolyte membrane. 
Numbers in brackets denote total cell polarization.

Figure 11. Voltage and power density as a function of current density of solid oxide fuel cell supported on BaCe0.95Gd0.05O2.975 electrolyte 
membrane. Numbers in brackets denote total cell polarization.

Figure 12. Voltage and power density as a function of current density of solid oxide fuel cell supported on Ce0.85Gd0.15O1.925 electrolyte membrane. 
Numbers in brackets denote total cell polarization.
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and maximum power was approx. 0.08 mW cm-2. 
At the same temperature fuel cell with BaCe0.95Gd0.05O2.975 
electrolyte produced 1.5 mA cm-2 and 0.12 mW cm-2. The 
obtained results are much lower than that published for 
SOFC with oxygen-ion conducting membrane (Fig. 12). 
Comparison of cell’s polarization values and values of 
iR calculated taking into account membrane’s resistivity 
led to conclusion that the major part of total polarization 
of the cell (values in Figs. 10-12 in brackets) is the 
voltage drop across the electrolyte membrane. Since, 
as  mentioned before, the limiting factor of conductivity 
of the considered proton-conducting electrolytes is the 
grain boundary resistance, considerable efforts are 
needed to improve the grain boundary blocking effect. 
Another limitation of performance of proton-conducting 
membrane SOFC is high cathodic over potential. 
Application of state-of-the-art materials for cells with 
oxygen-ion conducting membrane (LSCF-type cathode 
and YSZ-NiO anode), is not suitable for cells supported 
on proton-conducting membrane, for which different 
electrode reactions take place. This points to the need for 
more effective cathode materials for proton-conducting 
membrane SOFC.

4. Conclusions
Four proton-conducting perovskite-structured 
oxides: BaZr0.95Gd0.05O2.975, BaCe0.95Gd0.05O2.975, 
SrZr0.95Gd0.05O2.975 and SrCe0.95Gd0.05O2.975 were 
synthesized and compared in terms of crystal structure, 
sinterability, microstructure, water sorption ability, 
transport properties and chemical stability in CO2 
atmosphere. Water desorption TG profiles showed higher 
H2O content in Ba-perovskites than in Sr-perovskites. 
The highest dehydration temperature was found for 
BaCe0.95Gd0.05O2.975 material. Measurements revealed 
for this material abrupt drop of ionic transference 

number at about 600°C, contrarily to SrZr0.95Gd0.05O2.975. 
The highest electrical conductivity in H2O-humidified 
gas was observed for BaCe0.95Gd0.05O2.975 and the 
lowest for SrZr0.95Gd0.05O2.975 with activation energy of 
0.45 and 0.98 eV, respectively. Pronounced effect of 
gas composition on electrical conductivity of the tested 
materials was observed: conductivity in H2O-humidified 
air was higher than in D2O-humidified air or in dry air. 
Presence of the isotope effect corroborates protons 
to be the main charge carriers. The grain boundary 
resistance was recognized as the limiting factor of total 
conductivity. Any of the single factors considered in this 
work cannot guide proton conductivity of perovskite-
structure oxides directly. When trying to predict materials 
transport properties one has to take into account a range 
of parameters. Within examined range of materials the 
most strict correlation was obeyed between conductivity 
and unit cell volume or oxygen-oxygen distance. For 
the other factors monotonic dependence can be find 
only within narrow range of chemical compositions. 
By contrast to Ba- and Sr-cerates, zirconates turned 
out to be stable in atmosphere of CO2. Performance of 
the SOFC supported on proton-conducting electrolytes 
was far lower than that of cells with oxygen-conducting 
electrolyte. Such results may be due to high grain 
boundary resistance of proton-conducting membranes 
or large cathodic overpotential.
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