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Abstract This work presents the synthesis and charac-

terizations of a stable and well-sinterable proton conductor

BaCe0.35Zr0.50Y0.15O3-d in which a transition of conduc-

tivity occurred steeply from the order of 10-3 to

10-2 S cm-1 and activation energy changed from 0.35 to

0.22 eV in the temperature range from 350 to 400 �C, due

to the dissociation of protons from the dopant-proton defect

pairs. The anode composite Ni-BaCe0.35 Zr0.50Y0.15O3-d

(40:60 vol%) prepared by liquid condensation process

showed comparatively very high electrical conductivity

than the existing solid oxide fuel cell (SOFC) anodes, in

the temperature range of 350–800 �C. Fabrication (by

screen printing and co-firing processes), performance and

post-mortem analysis of anode-supported protonic SOFC

cell using these materials are discussed elaborately.

Keywords SOFC � Proton conductor � Electrical

conductivity � Cell fabrication

Introduction

The solid oxide fuel cell (SOFC) has attracted a great

attention since the decades as an alternate energy source for

future generations. Main advantage of SOFC is the fuel

flexibility, where a variety of carbohydrates can be used as

fuel without requiring an expensive external fuel reformer.

However, high operating temperature (i.e., 800–1,000 �C)

of SOFC leads to the formation of electrode–electrolyte

inter diffusion layers as well as degradation of SOFC

components and sealing materials. Over the past few years,

proton-conducting ceramics that show conductivity

*10-2 S cm-1 at temperatures below 700 �C have been

considered as alternate electrolyte candidates for SOFC,

compared to the conventionally used oxygen ion conduct-

ing yttrium stabilized zirconia (YSZ). Among the various

ceramic proton conductors, perovskite oxides such as

yttrium doped barium cerates (BCY) show highest proton

conductivity, i.e., *10-2 S cm-1 at 600 �C with lower

activation energy [1]. Similarly, the Y- and Yb-doped

barium zirconates (BZY and BZYb) show the conductivity

in the order of 10-3 S cm-1 at 600 �C [2, 3]. Moreover,

barium cerates are unstable in CO2 [4] and moist atmo-

sphere [5] (which are parts of SOFC operating condition),

and barium zirconates (BaZr1-xYxO3) are highly stable but

offer very high grain boundary resistance, causing a

reduction in conductivity. Various authors have partially

replaced the Ce4? by Zr4? in BCY and found that the Zr

rich samples are more stable but conductivity reduces with

increase in Zr content [6, 7]. These oxides show pure

protonic conduction in wet hydrogen atmosphere, while

they exhibit protonic, oxygen ionic and electronic mixed

conduction under high oxygen partial pressure at elevated

temperatures [6]. Major problem in case the of BaCe1-x-

yZrxYyO3-d materials is the poor sinterability and they

require very high temperature (i.e., above 1,700 �C) for

well sintering with pore free microstructure [8–11].

In this work we have developed a stable barium cerate

zirconate (BCZY) that exhibits very high proton conduc-

tivity at intermediate temperatures and is well sinterable at

comparatively lower temperatures. A novel anode
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composite NiO-BCZY is prepared by liquid condensation

method and its sintering and electrical properties are dis-

cussed. Fabrication process of anode-supported planar

proton-conducting SOFC cell, using BCZY as electrolyte,

NiO-BCZY composite as anode and La0.6Sr0.4Co0.2-

Fe0.8O3-d (LSCF) as cathode, is discussed and the perfor-

mance of the cell is evaluated.

Experimental

The barium cerate zirconate, i.e., BaCe0.35Zr0.50Y0.15O3-d

(BCZY) was prepared by solid-state reaction method, using

the stoichiometry amounts of BaCO3, CeO2, ZrO2 and Y2O3

with purity above 99.9 %. Phase purity of BCZY and its

stability in CO2 atmosphere were studied by X-ray diffrac-

tion technique (using Philips PW 3830 X-ray generator). The

particle size distribution was studied by using particle size

analyser (LS230, COULTER Co.) after dispersing the

powder in ethanol. The powder sample was pressed into

pellets (with diameter of 10 mm) by applying a pressure of

100 MPa uni-axially. Sinterability of the material was

studied using dilatometer (DIL 402C, NETZSCH, Ger-

many), by heating the pellet from room temperature to

1,500 �C in air at the rate of 3 �C/min. The green pellet was

also sintered at 1,600 �C for 30 h and its density was mea-

sured by the Archimedes method. Microstructures of as-

prepared powder and sintered pellet were studied by scan-

ning electron microscope (SEM) (FEI XL-30, Philips,

Netherlands). Platinum paste was painted on both sides of

polished sintered pellet (with relative density of 95 %) as

electrode and fired at 1,000 �C (1 h) for AC impedance

study. The impedance measurements were carried out in wet

hydrogen atmosphere (i.e., 3 % H2O ? 4 % H2 balanced

with Ar) by two probe method using Solatron 1260 Imped-

ance/Gain phase analyser. During the measurements, an

external field of 100 mV was applied varying the frequency

from 0.1 Hz to 10 MHz. The impedance data were recorded

in the temperature range of 250–700 �C at an interval of

50 �C, holding the furnace temperature more than 3 h at each

step for equilibrium. Impedance plots were fitted with their

equivalent circuits using Zview software package to get the

resistance and capacitance values.

The composite NiO-BCZY material (with Ni:BCZY

volume ratio as 40:60) was prepared by liquid condensa-

tion process (LCP) [12, 13]. The granule formed from the

LCP was characterized by dilatometer to check the sin-

terability. DC electrical conductivity of the composite

anode sample was studied by linear four probe method in

the temperature range of 350–800 �C. The bar-shaped

sample was first sintered at 1,500 �C for 3 h and then

reduced in H2 atmosphere at 900 �C for 3 h before using in

electrical measurement. The granule was also compressed

into disk form for anode substrate.

The electrolyte paste of BCZY was prepared by mixing

the stoichiometry amounts of a-terpineol (as solvent),

dispersing agent (KD6), binder, plasticizer and BCZY

powder in planetary mill. Similarly, cathode pastes of the

composite [BCZY—La0.6Sr0.4Co0.2Fe0.8O3-d (LSCF)]

(with 50:50 volume ratio) and LSCF were also prepared by

planetary milling. The commercially available LSCF

powder was used to prepare the cathode pastes.

The proton-conducting ceramic fuel cell (i.e., NiO-

BCZY/BCZY/BCZY-LSCF/LSCF) was prepared by screen

printing and co-firing processes. At first, The NiO-BCZY

substrate was pre-sintered at 1,100 �C (3 h) and then the

BCZY electrolyte paste was screen printed and co-fired at

1,500 �C (3 h). The cathode pastes of BCZY-LSCF (one

layer) and LSCF (two layers) were screen printed and co-

fired at 1,050 �C (2 h). Microstructure of the cell and

various cell components were studied by SEM before and

after the cell test. Performance of the button (2 9 2) cell

was studied by current–voltage–power (I–V–P) character-

istic and impedance measurement (at OCV) using Imped-

ance analyser (solatron 1260 gain/phase analyser) coupled

with potentiostat (Solatron 1287).

Results and discussion

Stability and sinterability of BaCe0.35Zr0.5Y0.15O3-d

(BCZY)

The powder X-ray diffraction pattern of BaCe0.35Z-

r0.5Y0.15O3-d (Fig. 1a) confirmed the cubic perovskite

phase of sample that was calcined in two steps; first at

1,300 �C (5 h) and then at 1,400 �C (15 h). To check the

stability of the material against CO2, the sample was heated

at 900 �C for 3 h in CO2 (which was supplied to the fur-

nace right from the beginning of the heating process). The

X-ray diffraction of the BCZY powder heat treated in CO2

(Fig. 1b) did not show any change in phase, which con-

firmed that the sample is stable against CO2. It has been

studied that due to basic nature of barium cerates (BaCeO3

or BaCe0.9Y0.1O3-d), they react with acidic gases such as

CO2 and decompose into BaCO3 and CeO2 phases [14].

Katahira et al. [6] have studied the chemical stability of Zr-

substituted BaCe0.9-xZxY0.1O3-d by heat treating the sam-

ples at 900 �C (2 h) in 100 % CO2 atmosphere and

observed that the material with x = 0.1 decomposed to

BaCO3 and CeO2 phases, while the phase of material with

x = 0.4 remained same after CO2 treatment, as untreated

sample. Authors observed that, Zr act as a phase stabilizer

and stability of barium cerate increases with Zr amount.

Fabbri et al. [7] have also studied the similar materials and
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found that the chemical stability of samples in CO2

increases with zirconia content and samples with x C 0.5

are more stable, as seen in the case of present material.

The powder sample was pressed into pellet and char-

acterized by dilatometry to study its sintering properties.

The dilatometry curve (Fig. 2a) did not show any shrinkage

of pellet in the temperature range up to 1,500 �C. The

pellet prepared in similar condition was sintered at

1,650 �C for 30 h and the relative density of the pellet was

about 85 %. The particle size distribution curve (Fig. 3)

indicates the presence of secondary agglomerations in

addition to the primary particles. The mean particle size

D10 was about 0.133 and 0.132 micron after dispersing the

powder for 20 and 60 min in ethanol, respectively. Simi-

larly, the value of D90 was found to be 1.594 and 1.605

micron after dispersing the powder for 20 and 60 min,

respectively. The SEM image of as-prepared powder

(Fig. 4a) also confirmed the agglomerating nature of par-

ticles. Therefore, the as-prepared powder was further ball

milled for 48 h and corresponding pellet was also charac-

terized by dilatometry (Fig. 2b), which showed that the

shrinkage of pellet is about 12 % at 1,500 �C. Pellet made

of this latest ball-milled (for 48 h) powder was sintered at

1,600 �C (30 h) and its relative density was found to be

around 95 %. Pellet prepared under this condition were

also used for SEM and Impedance studies. The SEM

micrograph of sintered pellet (Fig. 4b) also confirmed the

dense microstructure of pellet.

Electrical properties of BCZY

Electrical properties of the BCZY sample were studied by

AC impedance spectroscopy. Figure 5a, b shows the

complex impedance plots of BCZY in wet 4 % H2 at 300

and 500 �C. At lower temperature range (i.e., up to

400 �C), the impedance plots contain two semicircles, i.e.,

at higher and intermediate frequencies corresponding to the

grain and grain boundary conductivities, respectively. The

lower frequency tail/arc in the Fig. 5a corresponds to the

electrode polarization. Above 400 �C, the semicircle for

grain interior conductivity diminished and the lower fre-

quency tail appeared as a semicircle (Fig. 5b). In that case,

the high-frequency intersection of Z-plot with Z0 axis is

taken as the bulk/grain interior resistance. The Z-plots were

fitted with their equivalent circuit (shown in the inset of

Fig. 5a) using Z view software to get the resistance and

capacitance values. At higher temperatures (Fig. 5b),

obtained range capacitance values, i.e., *10-8 F for high-

frequency arc (shown as inset) and *10-6 F for lower

frequency semicircles indicate that they are corresponding

to the grain boundary conduction and electrode polariza-

tion, respectively. The Z00 vs. frequency plots (Fig. 6) also

Fig. 1 X-ray diffraction patterns of a as-prepared BaCe0.35Z-

r0.5Y0.15O3-d and b the sample heated at 900 �C in CO2 for 3 h

Fig. 2 Shrinkage behavior of pellets made of a as-prepared powder

and b the powder milled for 48 h

Fig. 3 Particle size distribution curve of as-prepared powder,

dispersed in ethanol for 20 and 60 min
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exhibit that, at lower temperatures, there are two peaks at

high and intermediate frequencies, which correspond to

relaxation of charge carriers at grain and grain boundary,

respectively. The tail/peak at lower frequency range is due

to the electrode polarization. At elevated temperatures the

peak positions shifted to higher frequencies. Comparing to

the frequency range of peaks in Fig. 6, it is observed that

the peak shown in the plot at 500 �C is due to the electrode

polarization which directly corresponds to low-frequency

semicircle in the Fig. 5b. This confirmed that the low-fre-

quency semicircle in the Fig. 5b is due to the electrode

polarization. Comparing the frequency range in Fig. 5a and

inset of Fig. 5b, it can be also clear that, the high-frequency

arc shown in the inset of Fig. 5b is due to grain boundary

conductivity. Moreover, the total resistance value was

obtained by summation of grain and grain boundary

resistances. The conductivity of the sample was calculated

by using the formula r = L/(RA), where R is the value of

Fig. 4 SEM micrographs of a as-prepared powder and b pellet (sintered at 1,600 �C for 30 h) that is made of powder milled for 48 h after

calcination step

Fig. 5 Complex impedance plots for BCZY sample at a 300 �C and

b 500 �C. Inset in a shows the equivalent circuit used for fitting,

where, R1, R2 and R3 represent the contact, grain and grain boundary

resistances, respectively. CPE1, and CPE2 are the constant phase

elements in different arcs. Inset in b shows the presence of high-

frequency arc corresponding to grain boundary conductivity

Fig. 6 Variation of Z00 as a function of frequency at various

temperatures
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total resistance, L is the thickness of pellet and A is the area

of cross section.

Figure 7 shows the Arrhenius plot of total conductivity,

i.e., log r vs. 1/T. The material shows the conductivity

*10-3 S cm-1 in the temperature range of 250–350 �C
and *10-2 S cm-1 above 350 �C. The steep increase in

conductivity from the order of 10-3 to 10-2 S cm-1 and

decrease in activation energy from 0.35 to 0.22 eV at the

temperature range above 350 �C, appears like a super ionic

type transition in the material, where state of hydrogen

changes from more ordered state to disordered state, as

observed in different proton-conducting materials [15]. In

the present case, as Y3? replaces Ce4?, the dopant (Y3?)

associates an effective -1 charge and protons being posi-

tively charged, they make defect association. Protons are

said to be trapped by dopants and state of protons become

more ordered [16]. The defect pairs (Y-H) act as electric

dipoles. When a thermally activated proton jump from one

oxygen to another in the octahedra (YO6), maintaining its

defect association with the dopant Y3?, the electric dipole

appears to orient about Y3?. In presence of the external

electric field, arbitrary oriented dipoles align in the direc-

tion of field and a local heat is generated. That is how the

electrical energy is dissipated in terms of heat and it is

called dielectric loss. Figure 8a, b shows the frequency

spectra of dielectric loss tangent (tan d) (obtained from

impedance data) at various temperatures. At lower tem-

peratures (say at 300 �C), tan d (Fig. 8a) exhibits loss

peaks due to the dipolar rotations in the bulk (high-fre-

quency peak) [17] and space charge polarization at grain

boundaries (low-frequency peak) [18]. As the temperature

increases, diffusion of thermally activated protons from

grains to grain boundaries can result in reduction of the

space charge width and hence a decrease in space charge

polarization at grain boundaries. As a result, the peak due

to space charge polarization is disappeared at 350 �C
(Figure 8a). However, at 350 �C, the intensity of higher

frequency peak increased as the number of dipolar rotation

increases due to thermal activation of charge carriers

(Fig. 8a). The loss peak due to dipolar rotation is found to

disappear at 400 �C (Fig. 8b), and in that case, protons are

said to be dissociated from the defect pairs and perform

long range order migrations where, the state of protons

becomes disordered. The upturn in data points at higher

frequency region, at higher temperatures, can be attributed

to the conduction loss due to the migration of free charge

carriers. This indicates that the transition in conductivity

(i.e., about one order) between 350 and 400 �C could be

due to the dissociation of protons from defect association

with dopants. As the protons are almost free above 400 �C,

the activation energy of conductivity is also reduced from

0.35 to 0.22 eV. Moreover, as the BCZY shows very high

total conductivity (r) i.e., around 10-2 S cm-1 above

400 �C, it increases the possibility to bring the operating

temperature of SOFC down to 400 �C. A small decrease in

conductivity above 650 �C (Fig. 7) could be due to the

dehydration of protons from the sample.

Fabrication of anode-supported planar protonic SOFC

cell

The anode composite NiO-BCZY with Ni:BZCY volume

ratio of 40:60 was prepared by LCP method [12, 13]. The

dilatometry study of the composite was performed to

examine its sinterability. Figure 9 shows the shrinkage

behavior of both anode composite (NiO-BCZY) and as-

prepared BCZY (i.e., used to prepare the anode granules).

It is observed that, the anode volume shrunk about 20 % in

the temperature range of 50–1,500 �C. The peak around

400 �C is due to removal of phenolite that was used as

binder in the processing of granule. The DC electrical

conductivity of the bar-shaped anode sample was measured

by liner four probe method in the wet H2 atmosphere. The

bar-shaped sample was first reduced at 900 �C in H2

atmosphere for 3 h before using in conductivity measure-

ment. Figure 10 shows the Arrhenius plot of DC conduc-

tivity in the temperature range of 350–800 �C, where the

conductivity decreases with increase in temperature

showing a metallic behavior, may be due to well dispersion

of nickel particle in the sample. The conductivity of Ni-

BCZY composite (prepared by LCP) varies between 1,050

and 1,590 S cm-1 in the measured temperature range,

which is found to be much higher than that of Ni-YSZ

based anodes used in conventional SOFCs [19–22] and Ni-

BCY based anodes used in protonic SOFCs [23, 24]. This

indicates that, as far as electrical conductivity is concerned,

Fig. 7 Arrhenius plot of total conductivity that varies with temper-

ature in BCZY. Ea is the activation energy
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the Ni-BCZY composite prepared by LCP method could be

a suitable anode material for the SOFC to run at lower

temperatures.

The anode substrate was prepared by pressing the

composite NiO-BCZY granules into disk, with diameter of

45 mm and thickness of 1.5 mm, by using a hot press. The

temperature of hot press was maintained at 80 �C and a

pressure of 50 MPa was applied. The anode substrate was

pre-sintered at 1,100 �C (for 3 h) and then the electrolyte

paste of BCZY was screen printed on the anode substrate

and co-fired at 1,500 �C for 3 h. The electrolyte (BCZY)

paste was screen printed three times, with each time after

the screen print, the sample was air dried for 30 min and

heat treated at 50 �C for 30 min. The electrolyte (BCZY)

paste was prepared by using planetary ball mill, mixing

appropriate ratio of BCZY powder, alpha-terpineol as

solvent, organic binder and dispersing agent.

Figure 11a shows the cross-sectional image of co-fired

anode-electrolyte layers. The electrolyte layer (with

thickness *18 lm) appears to be highly dense and exhibits

pore free microstructure. Nickel oxide particles (gray in

color in Fig. 11a) are appeared to be well dispersed.

However, the anode substrate was found to be little denser

than the required anode microstructure. Since the anode

was already dense, the anode functional layer was not

employed in this cell fabrication. The micrograph of

electrolyte surface (Fig. 11b) also indicates that the elec-

trolyte is highly dense and has pore free microstructure.

The cell was then cut into 2 9 2 cm2 dimension by using

diamond cutter. The cathode pastes of BCZY-LSFC (50:50

vol %) composite and LSCF were prepared by planetary

milling the powders with appropriate ratio of solvent and

binder. The BCZY-LSCF composite (one) layer and LSCF

(two) layers were screen printed on the electrolyte surface

Fig. 8 Spectra of dielectric loss tangent (tan d) at various temperatures between 300–500 �C

Fig. 9 Shrinkage behavior of as-prepared BCZY and NiO-BCZY

composite
Fig. 10 Arrhenius plot of DC conductivity of Ni-BCZY anode in wet

H2 atmosphere
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in the area of 1 cm2. The full cell was fired at 1,050 �C for

2 h with continuous supply of air to the furnace at the rate

of 200 sccm.

Performance of the proton-conducting SOFC cell NiO-

BCZY/BCZY/BCZY-LSCF/LSCF was studied at 650 �C
using the impedance gain/phase analyser (Solartron 1560)

coupled with potentiostat. During the cell test, anode and

cathode sides of the cell were separated by Pyrex glass

sealing. Anode was first reduced at 650 �C by supplying

the mixed gas of H2 and N2 to the anode side step by step

in the (H:N) ratio of 10:90; 20:80; 40:60, 80:20; 100:0 (in

sccm), and with continuous supply of air (at the rate of

100 sccm) to the cathode side. The open circuit voltage

(OCV) of the cell is found to be above 1.1 V at 650 �C
(with 100 % H2 supply), which implied that, the cell was

well sealed and there was no electronic leakage through

electrolyte. After the anode reduction process, the fuel

(H2) and air was supplied to anode and cathode side,

respectively, at the rate of 200 sccm and impedance

measurement was carried out at OCV. The impedance

plot of the cell at 650 �C is shown in Fig. 12 and it

indicates that, the area specific resistance is quite high

(i.e., about 100 X cm2). Figure 13 shows the current–

voltage–power (I–V–P) characteristic curve of the cell

obtained at 650 �C and it exhibits that the power density

of the cell is about 6 mW/cm2. Comparing to the power

density (2.35 mW/cm2 at 900 �C) of protonic SOFC

based on Y-doped Barium zirconate (BZY) reported

elsewhere [25], the performance of the present anode-

supported cell is better but it is still much lower than that

observed by Fabbri et al. [26] in case of electrolyte

supported protonic SOFC cells.

Figure 14a, b shows the cross-sectional image of cell

before and after test. Before the cell test, some cracks were

observed in the cathode side as seen in Fig. 14a. After the

cell test, the post-mortem analysis exhibits the delamina-

tion of cathode near previously existing cracks (Fig. 14b),

which might be due to the thermal incompatibility of

cathode (LSCF) with BZCY based proton-conducting

electrolyte. So the delamination of cathode is expected be

the reason for high electrode polarization observed in the

Fig. 11 SEM image of a anode-electrolyte cross section and b electrolyte surface

Fig. 12 Impedance plot of cell (with active cathode area of 1 cm2)

recorded at 650 �C (at OCV)

Fig. 13 I–V–P characteristic curves of SOFC cell at 650 �C

Mater Renew Sustain Energy (2014) 3:35 Page 7 of 9

123



impedance plot (Fig. 12). As a result, a lower power den-

sity of the cell is observed.

Conclusions

The proton-conducting solid electrolyte BaCe0.35Z-

r0.50Y0.15O3-d prepared by solid-state reaction method is

highly stable against CO2. AC electrical study of the

sample was thoroughly studied and conductivity of the

sample is found to be about 10-2 S cm-1 above 400 �C
with an activation energy of 0.22 eV. The transition in

conductivity of the sample occurs between 350 and

400 �C due to dissociation of protons from the dopant-

proton defect pairs. High conductivity of electrolyte

material extends the possibility of SOFC to run at very

lower temperatures (i.e., down to 400 �C). The anode

composite Ni-BaCe0.35Zr0.50Y0.15O3-d prepared by LCP

method exhibits very high value of conductivity under

fuel cell operating condition and at reduced temperatures.

The anode-supported planar proton-conducting SOFC was

successfully processed by screen printing and co-firing

method and tested at 650 �C. OCV of the cell at 650 �C
is found to be above 1.1 eV, which is quite promising and

indicates no electronic leakage through the electrolyte.

The power density of the cell at 650 �C is found to be

about 6 mW/cm2. Despite high conductivity of both

electrolyte and anode composite, the performance of the

cell is found to be poor, due to the high cathodic polar-

ization as a result of cathode delamination. However, the

performance of the cell can be improved with better

cathode materials.
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