
Proton conduction in BaxCe0.8Y0.2O32a + 0.04ZnO
at intermediate temperatures and its application in ammonia
synthesis at atmospheric pressure

Ming Zhang • Jia Xu • Guilin Ma

Received: 15 November 2010 / Accepted: 7 February 2011 / Published online: 24 February 2011

� Springer Science+Business Media, LLC 2011

Abstract Dense ceramic samples BaxCe0.8Y0.2O3-a ?

0.04ZnO (x = 1, 0.98, 0.96, 0.94) were successfully pre-

pared by a solid-state reaction method, whose sintering

temperature was about 573 K lower than a traditional solid

state reaction method without sintering aid. XRD patterns

indicated that all the samples exhibited a single-phase of

orthorhombic perovskite structure. The conduction behavior

was investigated by alternating current impedance in wet

hydrogen atmosphere at 673–1073 K. It was found that

the conductivities were affected by the nonstoichiometric

amount of Ba, and increased in the order: r (x = 0.94) \ r
(x = 1) \ r (x = 0.96) \r (x = 0.98). It was also found

that the samples were almost pure ionic conductors and

contributed mainly by proton and partially by oxide ion in

wet hydrogen atmosphere at 773–1073 K. The ammonia

synthesis at atmospheric pressure was successfully con-

ducted using an electrolytic cell based on Ba0.98Ce0.8Y0.2

O3-a ? 0.04ZnO. The ammonia formation rate reached

2.36 9 10-9 mol s-1 cm-2 under the suitable conditions of

0.8 mA and 773 K.

Introduction

Protonic conductors with ABO3-type perovskite structure,

e.g., SrCeO3 and BaCeO3-based oxides, have a wide range

of technological applications in solid oxide fuel cells

(SOFCs), hydrogen sensors and ammonia synthesis at

atmospheric pressure, etc. [1–6]. Among the proton-con-

ducting oxides reported so far, barium cerate ceramics

showed the highest proton conductivity, particularly when

doped with 15–25 mol% Y, reached high conductivities

around 10-2 S cm-1 at 873 K [7–9]. However, the sin-

tering temperatures of such oxides were above 1873 K

through a traditional solid state reaction method without

sintering aid [9, 10]. Previous researches [11, 12] demon-

strated that the addition of ZnO could significantly

lower the sintering temperatures of BaZr0.85Y0.15O3-d and

BaCe0.5Zr0.3Y0.16Zn0.04O3-a, respectively. Wang et al. [13]

reported that when the addition of ZnO level was 4 mol%,

the ceramic sample BaCe0.5Zr0.3Y0.2O2.9 ? 0.04ZnO have

both a high relative density (*98.5%) and a high-electrical

conductivity (1.35 9 10-2 S cm-1 at 873 K). Guo et al.

[14] and Xu et al. [15] successfully applied BaZr0.4-

Ce0.4Y0.16Zn0.04O3-a and BaCe0.5Zr0.3Y0.16Zn0.04O3-a in

fuel-cell fabrication, respectively.

In addition, BaCeO3-based proton conductors with

nonstoichiometric Ba contents have aroused considerable

interest [10, 16]. Ma et al. [10] synthesized and investi-

gated nonstoichiometric BaxCe0.9Y0.1O3-a (x = 0.8–1.2)

ceramics, discovered that the sample of x = 0.95 showed

both highest conductivity and better chemical stability.

To the best knowledge, there has been no report on

20 mol% Y3? doped nonstoichiometric BaCeO3, Bax-

Ce0.8Y0.2O3-a, as of now. The aim of this study was to

investigate the electrical conduction and the relationship

between the conductivities and nonstoichiometry of Bax-

Ce0.8Y0.2O3-a ? 0.04ZnO (x = 1, 0.98, 0.96, 0.94) cera-

mic samples in a wet hydrogen atmosphere in the

intermediate temperature range of 673–1073 K. In addi-

tion, the authors applied Ba0.98Ce0.8Y0.2O3-a ? 0.04ZnO

ceramic sample which exhibited the highest conductivity to
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ammonia synthesis at atmospheric pressure and investi-

gated the influences of different conditions on the ammonia

formation rate.

Experimental

The nonstoichiometric BaxCe0.8Y0.2O3-a ? 0.04ZnO (x =

1, 0.98, 0.96, 0.94) ceramic samples were prepared by a

solid-state reaction method. Proper amounts of Ba(CH3

COO)2, CeO2, and Y2O3 were mixed with a agate mortar

and pestle. The mixture was calcined in air at 1523 K for

10 h. The calcined powders were then mixed with an

appropriate amount of ZnO, ball-milled for 3 h in ethanol,

and then pressed into pellets at a hydrostatic pressure of

2.5 9 108 Pa and sintered at 1623 K for 10 h in air. The

phase purities of the obtained ceramic samples were

examined by a powder X-ray diffraction (XRD) on a

Panalytical X0pert Pro MPD diffract meter with Ni filter

using Cu Ka radiation. The morphologies of the ceramic

samples were observed by a field-emission scanning elec-

tron microscopy (FESEM, Hitachi S-4700). The conduc-

tivities of the ceramic samples were measured by an

AC-impedance method using electrochemical workstations

(Zahner IM6EX) in the frequency range from 1 Hz to

3 MHz in wet hydrogen atmosphere at 673–1073 K. The

ac signal strength was 50 mV. The flow rates for the

humidified hydrogen were all 30 mL/min.

For the purpose of investigating the ionic conduction

properties, hydrogen and water vapor concentration cells

were constructed and the electromotive forces were measured

at 773–1073 K. In wet hydrogen atmosphere, the observed

electromotive force values (EMFobs) of gas concentration

cells were given by following Nernst equation [17, 18].

EMFobs ¼
RT

2F

�tion ln pH2 Að Þ=pH2 Bð Þ
� �

þ tO ln pH2O Að Þ=pH2O Bð Þ
� �� �

where pH2
Að Þ; pH2O Að Þ; and pH2

Bð Þ; pH2O Bð Þ were partial

pressures of hydrogen gases and water vapors in A, B gas

chambers, respectively. If the pH2O in both cell chambers

was the same, the electromotive force of the hydrogen

concentration cell with pH2O Að Þ ¼ pH2O Bð Þ gave the sum

of the proton and oxide ion contributions. The ionic

transport number (tion = tH ? tO) was given by EMFobs/

EMFcal, where EMFcal was calculated from equation as

follows:

EMFcal ¼
RT

2F
ln pH2 Að Þ=pH2 Bð Þ
� �

Similarly, the electromotive force of the water vapor

concentration cell with pH2
Að Þ ¼ pH2

Bð Þ gave the oxide

ionic contribution. Therefore, the ionic transport number in

wet hydrogen atmosphere may be evaluated by using the

following concentration cells (1) and (2):

H2ðpH2
¼ 1:01� 105PaÞ ðpH2O ¼ 4:20� 103PaÞ;

Ag�Pd jBaxCe0:8Y0:2O3�a ;þ 0:04ZnOjAg�Pd;

H2�Ar ðpH2
¼ 1:01� 104 PaÞ ðpH2O ¼ 4:20� 103 PaÞ

ð1Þ

H2ðpH2
¼ 1:01� 105 PaÞ ðpH2O

¼ 7:40� 103 PaÞ; Ag�Pd jBaxCe0:8Y0:2O3�a

þ 0:04ZnOj Ag�Pd; ðpH2

¼ 1:01� 105 PaÞ ðpH2O ¼ 4:20� 103 PaÞ
ð2Þ

In order to verify the proton conduction in the samples

directly, a hydrogen pumping experiment [1] was

performed by supplying direct current to the following

electrolytic cell:

wet H2; Ag�Pd BaxCe0:8Y0:2O3�a þ 0:04ZnOj j
Ag�Pd; dry Ar

High purity hydrogen (99.999%) saturated with water

vapor at room temperature was used as anode gas. High purity

argon (99.999%) was dried using a liquid nitrogen sub cooler

(about 153 K) and passed through the cathode chamber to

carry the generated hydrogen gas to a gas chromatograph

(Shanghai, GC-1650), where the amount of hydrogen gas in

mixed gas was determined.The electrolytic cell for ammonia

synthesis at atmospheric pressure was constructed:

wet H2; Ag�Pd Ba0:98Ce0:8Y0:2O3�a þ 0:04ZnOj j
Ag�Pd; dry N2 �ð Þ

The weight percent of Pd in Ag–Pd alloy was 25%. In

the alloy, palladium may exhibit excellent catalytic activity

for the reaction of ammonia synthesis [5], whereas silver

may be of both desirable conduction and a synergy effect in

this Ag–Pd alloy, which is similar to the Au–Pd alloy

applied to catalyze direct oxidation of methane to methanol

[19]. Pure hydrogen gas at 1 atm was introduced into the

anode chamber and dry pure N2 gas (dried by a liquid

nitrogen sub cooler) was introduced into the cathode

chamber. The flow rates of the two gases were all 30 mL/

min. While a direct current was applied to the cell,

ammonia evolved at the cathode was absorbed by 10 mL

dilute sulfuric acid, and then the concentration of NH4?

was analyzed by spectrophotometry [20].

Results and discussion

Figure 1 shows the XRD patterns of BaxCe0.8Y0.2

O3-a ? 0.04ZnO (x = 1, 0.98, 0.96, 0.94) ceramic sam-

ples sintered at 1623 K for 10 h. All samples have formed
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a single orthorhombic perovskite structure. There was no

visible pore on the surface and on cross section as con-

firmed by FESEM. The relative densities of all samples

were higher than 96%. These results revealed that Bax-

Ce0.8Y0.2O3-a could be effectively sintered at 1623 K,

which was about 573 K lower than the traditional solid-

state reaction method without sintering aid [9, 10], by

addition of 4 mol% ZnO.

Figure 2 shows the dependence of conductivities of Bax-

Ce0.8Y0.2O3-a ? 0.04ZnO (x = 1, 0.98, 0.96, 0.94) ceramic

samples on Ba content, x, in a wet hydrogen atmosphere at

673–1073 K. The conductivities of the ceramic samples

increased in the order: r (x = 0.94) \r (x = 1) \r
(x = 0.96) \r (x = 0.98). The sample of x = 0.98 showed

the highest conductivity with a value of 1.59 9 10-2 S cm-1

in wet hydrogen at 873 K. Similar to BaxCe0.9Y0.1O3-a with

deficiency of Ba2? [10], Ba0.98Ce0.8Y0.2O3-a ? 0.04ZnO

may also have such defect structure: some Y3? ions trans-

ferred from Ce4? to Ba2? sites and occupied partial Ba2?

vacancies, but still left the Ba2? vacancies and the

corresponding O2- vacancies. As a result, the oxygen

vacancy concentration a in the sample of x = 0.98 was

greater than that in the sample of x = 1, which helped to

improve the ionic conductivities.

The electromotive forces of hydrogen and water vapor

concentration cells using Ba0.98Ce0.8Y0.2O3-a ? 0.04ZnO

as electrolyte are plotted vs temperature in Fig. 3. As can

be seen, the observed values were close to the corre-

sponding theoretical values of hydrogen concentration cell.

The calculated ionic transport numbers (tion = 0.96–0.99)

were close to unity, the rest were electronic transport

numbers (te = 0.01–0.04), indicating that the sample was

almost a pure-ionic conductor. The oxide ionic (tO) and

protonic transference numbers (tH = tion - tO) were eval-

uated from the water vapor as well as the hydrogen con-

centration cells shown in Fig. 3 to be 0.06–0.22 and

0.93–0.74, respectively, indicated that the conduction was

contributed mainly by proton and partially by oxide ion in

wet hydrogen atmosphere at 773–1073 K.

According to Figs. 2 and 3, the partial conductivities of

the various charge carriers of the Ba0.98Ce0.8Y0.2O3-a ?

0.04ZnO in wet hydrogen atmosphere can be calculated and

the results are shown in Fig. 4. The ionic conductivities were

much higher than electronic conductivities, indicating

the sample was almost a pure ionic conductor in wet H2.

The proton conductivities (0.87 9 10-2 – 2.38 9 10-2

S cm-1, at 773–1073 K) were higher than oxygen conductiv-

ities (5.58 9 10-4 – 6.84 9 10-3 S cm-1, at 773–1073 K).

In order to prove the proton conduction in the ceramic

samples directly, the electrochemical hydrogen permeation

was performed. The electrochemical hydrogen permeation

rates of the representative sample are shown in Fig. 5.

Fig. 1 X-ray powder diffraction patterns of sintered BaxCe0.8Y0.2

O3-a ? 0.04ZnO (x = 1, 0.98, 0.96, 0.94)

Fig. 2 Conductivities of BaxCe0.8Y0.2O3-a ? 0.04ZnO (x = 1, 0.98,

0.96, 0.94) in wet hydrogen

Fig. 3 The electromotive forces of hydrogen and water vapor

concentration cells using Ba0.98Ce0.8Y0.2O3-a ? 0.04ZnO. Dotted

line and symbol filled circle represent the theoretical and the observed

electromotive force values of the hydrogen concentration cell,

respectively. Solid line and symbol inverted black triangle represent

the theoretical and the observed electromotive force values of the

water vapor concentration cell, respectively
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In the hydrogen pump operated at 773 K, the evolution rate of

hydrogen at the cathode deviated from that calculated from

Faraday’s law on sending a high current ([10 mA cm-2)

may because of some electronic conductivity created from

the polarization under large current density conductions [21].

However, under a low current (\10 mA cm-2), tH & 1,

indicated that the sample was almost a pure proton conductor

under wet hydrogen atmosphere at 773 K. The other samples

also exhibited similar phenomena.

Ammonia was synthesized through an electrolytic cell

using Ba0.98Ce0.8Y0.2O3-a ? 0.04ZnO as an electrolyte

which has the highest proton conductivity. As shown in

Fig. 6a, the ammonia formation rate increased with

increasing temperature and reached a maximum (2.36 9

10-9 mol s-1 cm-2) at 773 K, and then decreased with

further increasing temperature. As shown in Fig. 6b, the

ammonia formation rate increased with increasing applied

current and then almost invariable after about 0.8 mA. The

authors can see from Fig. 6c that the current efficiency

became lower rapidly after about 0.8 mA. This resulted

from that nitrogen chemisorption was hindered by the high

rate of H? supply on the electrode surface, which poisoned

the catalyst on the cathode surface, resulting in the decrease

of the ammonia formation rate [22, 23]. Giving attention to

Fig. 6a–c, the suitable conditions for the ammonia synthesis

at atmospheric pressure were 0.8 mA and 773 K. The

ammonia formation rate under the conditions was

2.36 9 10-9 mol s-1 cm-2.

The ammonia formation rate under the suitable condi-

tions in this study was close to 2.1 9 10-9 mol s-1 cm-2

using BaCe0.85Y0.15O3-a reported by us [8]. The result

indicated that the addition of ZnO made no detrimental

impact on the performance of sample.

Fig. 4 Partial conductivities of the various charge carriers of the

Ba0.98Ce0.8Y0.2O3-a ? 0.04ZnO in hydrogen atmosphere

Fig. 5 Electrochemical hydrogen permeation rate of Ba0.98Ce0.8Y0.2

O3-a ? 0.04ZnO

Fig. 6 The relationships between the ammonia formation rate and

a operating temperature, b direct current applied for the electrolytic

cell using Ba0.98Ce0.8Y0.2O3-a ? 0.04ZnO; c the relationships

between current efficiency and the imposed current at 773 K
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Conclusions

The dense ceramic samples BaxCe0.8Y0.2O3-a ? 0.04ZnO

(x = 1, 0.98, 0.96, 0.94) with a single orthorhombic

perovskite structure were prepared by a solid-state reaction

method. The sintering temperatures of the samples by

addition of 4 mol% ZnO were about 573 K lower than the

traditional solid state reaction method without sintering

aid. Among all ceramic samples, the sample of x = 0.98

showed the highest conductivity with a value of

1.59 9 10-2 S cm-1 in wet H2 at 873 K. The samples

were almost pure ionic conductors and the ionic conduction

was contributed mainly by proton and partially by oxide

ion in hydrogen atmosphere at 773–1073 K. The sample of

x = 0.98 was successfully applied to the ammonia syn-

thesis at atmospheric pressure. The ammonia formation

rate under the suitable conditions of 0.8 mA and 773 K

was 2.36 9 10-9 mol s-1 cm-2.
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