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Abstract La0.9Ba0.1Ga1–xMgxO3–a (0 B x B 0.25) was

prepared by the microemulsion method. A single phase of

LaGaO3 perovskite structure was formed when x was

C0.15. Electrochemical hydrogen permeation (hydrogen

pumping) proved that La0.9Ba0.1Ga1–xMgxO3–a had proton

conduction, and the proton conduction was measured by

AC impedance spectroscopy method from 400 to 800 �C in

hydrogen atmospheres. Among these samples, La0.9Ba0.1

Ga0.8Mg0.2O3–a has the highest proton conductivity with

the values of 9.51 9 10-4 to 4.68 9 10-2 S cm-1 at 400–

800 �C. Ammonia was synthesized from nitrogen and

hydrogen at atmospheric pressure in an electrolytic cell

using La0.9Ba0.1Ga0.8Mg0.2O3–a as electrolyte. The rate of

NH3 formation was 1.89 9 10-9 mol s-1 cm-2 at 520 �C

upon imposing a current of 1 mA through the cell.

Introduction

In 1994, Ishihara reported that Sr2+- and Mg2+-doped

LaGaO3 system exhibited high oxide ion conductivity, in

particular, and oxide ion conductivity of La0.9Sr0.1

Ga0.8Mg0.2O3–a was higher than that of YSZ by an order of

magnitude and its oxide ion transport number ti was quite

close to 1 over a wide range of oxygen partial pressures

from 1 to 10-20 atm [1]. Therefore, the doped LaGaO3

perovskite-type oxides are regarded as the promising can-

didate electrolytes for intermediate temperature fuel cells.

But their proton conduction was neglected by researchers

except Goodenough in a long time. Goodenough reported

that the conductivities of the cubic perovskite La0.9Sr0.1

Ga0.8Mg0.2O3–a were the same in dry air, ambient air, and

water-saturated air; he came to a conclusion that there was

no evidence of proton conduction in Sr2+- and Mg2+-

doped LaGaO3 [2].

However, recently we discovered LaGaO3 doped with

Sr on the La site and Mg/Zn on the Ga site, La0.9Sr0.1

Ga0.8Mg0.2O3–a and La0.9Sr0.1Ga0.9Zn0.1O3–a, exhibited

excellent proton conduction in H2 atmosphere and a mixed

conduction of proton and oxide-ion in wet air atmosphere

[3–6].

The conventional synthesis method for LaGaO3-based

oxides is the solid-state reaction method. Although this

method is simple and straightforward, an impure phase,

which is associated with poor component distribution,

usually exists in these oxides [7]. Therefore, some liquid-

phase methods, such as sol–gel, co-precipitation, the

Pechini method or hydrothermal reaction [8–12], were

employed to prepare LaGaO3-based ceramics due to the

advantages of higher component homogeneity and phase

purity and lower sintering temperature of the powders

compared with the solid-state reaction method.

In this study, an important series in LaGaO3-based

perovskite-type oxide family, La0.9Ba0.1Ga1–xMgxO3–a

(0 B x B 0.25), was prepared by a reverse microemulsion

method (W/O), and its proton conduction was investigated

via various electrochemical methods in the intermediate

temperature range of 400–800 �C.

Ammonia synthesis at atmospheric pressure became one

of the important applications of proton conductor since it

was synthesized successfully using SrCe0.95Yb0.05O3–a as

the electrolyte by Marnellos and Stoukides [13]. In this

study, perovskite-type oxides, La0.9Ba0.1Ga0.8Mg0.2O3–a
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prepared by the microemulsion method, were tested as

electrolytes in the synthesis of ammonia at atmospheric

pressure.

Experimental

All the reagents used are analytical-grade. The preparation

of precursors of samples is as follows. The microemulsion,

A, was confected. The required amounts of La(NO3)3,

Ba(NO3)2, Ga(NO3)3, and Mg(NO3)2 were dissolved in

distilled water by stirring to obtain a nitrate solution. The

required amounts of hexadecyltrimethylammoniumbro-

mide (4 g) as surfactants and n-butanol (150 mL) were

added to cyclohexane (80 mL) as oil phase, and then the

above nitrate solution was added and stirred unto trans-

parency. The microemulsion, B, was confected in a similar

way. An aqueous solution of (NH4)2CO3-NH4OH as co-

precipitation reagent was added to a mixed solution of

hexadecyltrimethylammoniumbromide (4 g), n-butanol

(150 mL), and cyclohexane (80 mL). Then, the micro-

emulsion B was dripped to microemulsion A by stirring

at 60 �C. The resulted white precipitate precursors were

filtrated and dried.

The precursors were pressed into discs and calcined at

1000 �C for 5 h in air. The calcined discs were crushed and

milled into powder and again pressed into discs. The cal-

cining and milling processes were repeated twice. Finally,

the powders were pressed into pellets (diameter 20 mm,

thickness 2 mm) by a hydrostatic pressure 2.5 9 108 Pa,

and the pellets were sintered from 1350 to 1430 �C for

10 h in air.

Transmission electron microscopy (TEM) FEI Tecnai

G2 20 was used to characterize the precursors of samples.

Differential scanning calorimetry and thermogravimetric

analysis (DSC-TGA) was carried out in air atmosphere

from 0 to 1000 �C by 2960 SDT V3.0F thermal analysis

instrument with a ramp rate of 20 �C min-1 and 3 mg

powder. The phase analysis of the sintered samples was

carried out by the powder X-ray diffraction (XRD) method

using a Rigaku D/MAX-IIIC X-ray diffractometer with Cu

Ka radiation. The diffraction patterns were obtained at

room temperature in the 2h range of 20–80�. The step size

and the scan rate were set at 0.0167� and 2.00� min-1,

respectively.

The electrochemical measurements were conducted

using the ceramic pellets (diameter 16 mm, thickness

0.6 mm) as electrolytes and porous platinum as electrode

material in the temperature range of 400–800 �C. The

ceramic samples were sealed into a mullite tube with a

molten Pyrex glass in the homemade furnace.

The electrical conductivity of the ceramic samples was

measured by AC impedance method in H2 atmosphere over

the frequency range 1 Hz to 3 MHz using electrochemical

workstations (Zahner IM6EX).

To estimate the contribution of ion to the conduction,

the electromotive force (EMF) of the following hydrogen

concentration cell was measured:

H2, PtjLa0:9Ba0:1Ga1�xMgxO3�ajPt, H2-Ar

To confirm the proton conduction in La0.9Ba0.1Ga1–x

MgxO3-a directly, the electrochemical hydrogen permea-

tion (hydrogen pumping) through the ceramics was

conducted by imposing a direct current on the electrolytic

cell:

H2, PtjLa0:9Ba0:1Ga1�xMgxO3�ajPt, Ar

Pure hydrogen gas at 1 atm was supplied to the anode

chambers of the above cells. For the hydrogen concentration

cell, the partial pressure of hydrogen gas in the cathode

chamber, pH2, was controlled by mixing hydrogen and

argon using a gas blender. For the hydrogen pump, the argon

gas in cathode chamber was dried by the steam above liquid

nitrogen (about -115 �C) and a direct current was sent to the

electrolytic cell. The EMF of hydrogen concentration cell

and the rate of hydrogen permeation (hydrogen pumping)

were measured.

Ammonia was synthesized in an electrolytic cell as the

following:

H2;Ag-PdjLa0:9Ba0:1Ga0:8Mg0:2O3�ajAg-Pd, N2

The catalyst surface area of the Ag-Pd electrode was

1.13 cm-2. NH3 was adsorbed by 10 mL of dilute sulfuric

acid with an initial pH of 3.23 for 30 min. The cathode and

the anode were fed with a dry high pure nitrogen stream

(99.999%, flow rate: 30 mL min-1, dried by the steam above

liquid nitrogen) and high pure hydrogen stream (99.999%,

flow rate: 30 mL min-1), respectively. The effects of

operating temperature and applied current on the rate of

ammonia formation were investigated. The concentration

of NH4
+ in the absorption solution was analyzed by using the

Nessler’s reagent and spectrophotometry [6]. The blank test

was also performed under open circuit condition.

Results and discussion

A typical TEM image of precursor of sample prepared by

the microemulsion method is shown in Fig. 1. The pre-

cursor appears to be spheres with a narrow size distribution

of about 40–50 nm and without serious agglomeration.

This is mainly determined by structural properties of the

microemulsion system. In the mixed microemulsion of the

microemulsion A and B, the well-dispersed aqueous

droplets in the oil phase could act as microreactors. A
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precipitation reaction could occur only within the droplets,

resulting in the formation of uniform spherical particles.

A representative of DSC and TGA analysis for precursor

of sample is displayed in Fig. 2. Curve (a) shows DSC

results, while curve (b) shows TGA results. The drop of

weight from 0 to 190 �C is mostly due to the loss of water.

The drop in the weight from 88.5 to 85.4% in temperature

range of 190–250 �C is most likely due to decomposition

of residual organic component. The rapid drop in weight

from 85.4 to 64.4% in the temperature range of 250–

800 �C is consistent with the DSC peak at about 780 �C,

which is probably due to the transformation of the material

to the La(Ba)Ga(Mg)O3 perovskite phase. Above 800 �C,

the sample hardly loses weight with increasing temperature

further. In order to obtain better sintered samples, 1000 �C

is selected as calcining temperature.

Figure 3 shows the powder XRD patterns of

La0.9Ba0.1Ga1–xMgxO3–a (0 B x B 0.25) prepared via the

microemulsion method. The second phases (BaLaGa3O7

and BaLaGaO4 [14]) besides the main phase LaGaO3

(JCPDS 24-1102) were detected in all specimens except

La0.9Ba0.1Ga1–xMgxO3–a (0.15 B x B 0.25); that is, the

samples have already formed a single phase of LaGaO3

perovskite structure when x is C0.15. Lee et al. reported

that La0.9Ba0.1Ga1–xMgxO3–a prepared by the solid-state

reaction method formed a single phase when x was C0.2

[14, 15]. It is obvious that the microemulsion method is

superior to the conventional solid-state reaction method,

which may be due to its advantage of good dispersion, the

size of particles in nanometer grade (shown in Fig. 1), and

higher component homogeneity and purity of powder.

The relationship between the EMFs of hydrogen con-

centration cell and the hydrogen partial pressure, pH2, in

the temperature range of 400–800 �C, using La0.9Ba0.1

Ga0.8Mg0.2O3–a as electrolyte, is displayed in Fig. 4. The

dotted line stands for the theoretical EMF (Ecal) calculated

from Nernst equation at each temperature. The solid

symbols stand for the observed EMFs (Eobs). As shown in

Fig. 1 A typical TEM image of precursor of sample prepared by the

microemulsion method
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Fig. 4, each Eobs was nearly equal to the corresponding

Ecal, and the relationship between the Eobs and the loga-

rithm of pH2 was linear. This indicates La0.9Ba0.1Ga0.8

Mg0.2O3–a in hydrogen atmosphere was pure ion conductor

from 400 to 800 �C, and the ionic transport number, ti,

determined from Eobs/Ecal = ti, was almost unity. Similar

results can be obtained when using other samples as

electrolytes.

In order to prove the proton conduction in the samples

directly, the electrochemical hydrogen permeation (hydro-

gen pumping) of the samples was performed. The

concentration of hydrogen evolved in the cathode com-

partment was detected by a hydrogen detector, and the

hydrogen evolution rate v was calculated by the following

equation.

v ¼ 273:15 � VAr � x
ð273:15þ TÞ � S

where VAr is the flow rate of carrier gas (Ar), x is the

concentration of the generated hydrogen gas in mixed gas,

T is surrounding temperature, and S is the area of the

cathode. In the equation, VAr�x/S is the hydrogen evolution

rate at the surrounding temperature T, and it is converted

into the hydrogen evolution rate v at the standard state

(temperature: 0 �C, pressure: 1.01 9 10-5 Pa) through the

equation. The theoretical rate (standard state) can be cal-

culated from Faraday’s law. The representative results are

shown in Fig. 5. It can be seen that the hydrogen evolution

rate well coincided with the theoretical one in the lower

current density region (J \ 13 mA cm-2). This indicates

that the charge carriers in the sample are protons in

hydrogen atmosphere, that is, La0.9Ba0.1Ga1–xMgxO3–a is

proton conductor in hydrogen atmosphere, and the ionic

transport number ti & 1 obtained from Fig. 4 represents

protonic. On the other hand, the hydrogen evolution rate

deviated from the theoretical value in the higher current

density range (J [ 13 mA cm-2). The origin of this devi-

ation is not clear yet. It may be relevant to the electrode

polarization and presence of some electronic conductivity

in the samples under this condition [3].

Figure 6 shows the dependence of the conductivities for

La0.9Ba0.1Ga1–xMgxO3–a series with the Mg dopant content

in hydrogen atmosphere at 400–800 �C. As already con-

firmed above, La0.9Ba0.1Ga1–xMgxO3–a is a proton

conductor in hydrogen atmosphere, so the conductivities of

La0.9Ba0.1Ga1–xMgxO3–a shown in Fig. 6 in hydrogen

atmosphere are protonic. The highest conductivity is

observed for the sample of x = 0.2 with values of

9.51 9 10-4 to 4.68 9 10-2 S cm-1 at 400–800 �C,

which is an order of magnitude higher than that of the

sample of x = 0, and decreases as the Mg dopant content

increases further. This can be explained according to defect

chemistry. Under the same doping level of Ba2+ at La3+

sires, the concentration of point defects Mg0Ga and oxygen

vacancy V��O increases as the doping level of Mg2+ at Ga3+

sites increases, as described by the following defect reac-

tion using Kroger–Vink notation.
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2MgOþ 2Gax
Ga þ Ox

O ! 2Mg0Ga þ V��O þ Ga2O3

In the atmosphere containing vapor or hydrogen, the

defect reactions concerning the proton dissolution can be

depicted as follows.

H2OðgÞ þ V��O þ Ox
O ! 2OH�O

H2 þ 2h� þ 2Ox
O ! 2OH�O

where OH�O indicates the OH group at the oxygen site. The

proton conduction can be attributed to hopping of protons

among the neighbors of the oxygen ions [16, 17]. Obvi-

ously, the concentration of OH�O increases with the increase

of concentration of V��O resulting from substituting Mg2+

for Ga3+ sites. Therefore the conductivities increase with

increasing doping level of Mg2+. However, at the same

time, the concentration of point defect pairs (Mg0Ga � V��O )

and (Mg0Ga � OH�O), which result from the coulombic

attraction existing among the point defects with opposite

charges, increases also with increasing doping level of

Mg2+ at Ga3+ sites, leading to the decrease in proton

conductivity when the doping level of Mg2+ is more than

20 at.%.

Ammonia was synthesized in an electrolytic cell using

La0.9Ba0.1Ga0.8Mg0.2O3–a as an electrolyte. The blank test

under open circuit conditions (imposed current was zero)

demonstrated no ammonia was detectable under these

conditions. Figure 7 shows the relationship between the

rate of ammonia formation and operating temperature. A

direct current (1 mA) was applied to the cell for ammonia

synthesis. It can be seen that the rate of ammonia formation

increases with the increasing temperature in the range from

400 to 520 �C, and then decreases as temperature increases

further. The maximum rate of ammonia formation appears

at 520 �C, which is the optimum temperature for ammonia

synthesis in this study. This is because the rate of ammonia

formation depends not only on proton conductivity, volu-

metric flow rate of H2 and N2, and current, but also on the

rate of NH3 decomposition. The proton conductivity of the

sample increases with the increase of temperature, which

may help in ammonia formation, but at the same time, the

rate of NH3 decomposition also increases [18].

The effect of applied current on the rate of ammonia

formation at 520 �C is shown in Fig. 8. As can be seen, the

rate of ammonia formation increases with increasing

applied current, then increased slightly after 1 mA. It was

concluded that 1 mA was the optimum current for synthe-

sizing ammonia in this study. The rate of NH3 formation is

1.89 9 10-9 mol s-1 cm-2 when current is 1 mA. As

mentioned above, protonic transport number of La0.9Ba0.1

Ga0.8Mg0.2O3–a is almost unity. Therefore, the ratio I/2F is

equal to the electrochemical molar flux of hydrogen through

the sample and the maximum amount of NH3 formation

should be 2/3 9 I/2F [13]. The molar flux of hydrogen

through the sample is 4.59 9 10-9 mol s-1 cm-2 and the

theoretical maximum amount of NH3 formation should be

3.06 9 10-9 mol s-1 cm-2 when the imposed current is

1 mA. The ratio of the practical rate of ammonia formation
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to the theoretical one is above 60%. The low rate of

ammonia formation and efficiency in this study may be

relevant to (i) very small catalyst surface area of the Ag-Pd

electrode [19], (ii) the activation of catalyst, (iii) the rate of

ammonia decomposition [18], (iv) the thickness of elec-

trolyte, and (v) the electrode polarization. The optimized

conditions for ammonia synthesis still need to be

investigated.

On the other hand, ammonia synthesis was performed

successfully and proved that La0.9Ba0.1Ga0.8Mg0.2O3–a has

proton conduction in hydrogen atmosphere.

Conclusions

A series of ceramic samples, La0.9Ba0.1Ga1–xMgxO3–a

(0 B x B 0.25), were prepared by a microemulsion

method. The samples with 0.15 B x B 0.25 are of a single

phase of LaGaO3 perovskite structure, indicating that the

microemulsion method is superior to a conventional solid-

state reaction method in this study. The samples of

0 B x B 0.25 showed almost pure proton conductors in

hydrogen atmosphere from 400 to 800 �C. La0.9Ba0.1

Ga0.8Mg0.2O3–a has the highest proton conductivity with

values of 9.51 9 10-4 to 4.68 9 10-2 S cm-1 at 400–

800 �C among the samples of 0 B x B 0.25. The ammonia

synthesis at atmospheric pressure in an electrolytic cell

using La0.9Ba0.1Ga0.8Mg0.2O3–a as an electrolyte was car-

ried out successfully. This provided a further evidence of

proton conduction in La0.9Ba0.1Ga0.8Mg0.2O3–a.
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