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Abstract The ionic conduction behaviors in La0.9Sr0.1Ga0.9

Zn0.1O3-a under different atmospheres at 600–1,000 �C were

studied by various electrochemical methods including ac

impedance, hydrogen and oxygen concentration cells, elec-

trochemical hydrogen and oxygen pumping, etc. The proton

conduction in this oxide was investigated for the first time.

The hydrogen concentration cell and oxygen concentration

cell showed stable electromotive forces close to the theo-

retical ones calculated from Nernst’s equation, indicating

that the conduction was almost pure ionic under hydrogen

atmosphere or dry oxygen atmosphere. The electrochemical

hydrogen pumping rates coincided with the theoretical

ones calculated from Faraday’s law, confirming that

La0.9Sr0.1Ga0.9Zn0.1O3-a is a proton conductor under

hydrogen atmosphere. A similar result for electrochemical

oxygen pumping was obtained, indicating that it is an oxide-

ionic conductor under dry oxygen atmosphere. The ionic

conductivity was about 0.06 S cm-1 at 1,000 �C.

Introduction

Proton conductors are very important functional materials,

which may be applied to electrolytes of fuel cell, hydrogen

sensor, water electrolysis, separation and purification of

hydrogen, hydrogenation and dehydrogenation of some

organic compounds, and synthesis of ammonia at atmo-

spheric pressure, etc. [1, 2].

Since the discovery of high-temperature proton con-

duction in SrCeO3 based perovskite-type oxides [3], a

number of high-temperature proton conduction materials

such as doped BaCeO3 [4], AZrO3 (A = Ca, Sr and Ba) [5],

KTaO3 [6], Ln2Zr2O7 [7], Sr2TiO4 [8], Ba2SnYO5.5 [9], and

mixed perovskite-type Ba3Ca1+xNb2-xO9 [10] have been

reported one after another. In our previous studies [11, 12],

we discovered that existence of oxygen vacancies to some

extent in a sample is absolutely necessary, and that the

proton or oxide-ion conductivity increased with the

increasing free volume and tolerance factor, t, calculated

from equation [13]: t ¼ rA þ rOð Þ=
ffiffiffi

2
p

rB þ rOð Þ; where rA,

rB, and rO are the ionic radius of A-site, B-site, and oxide

ion, respectively. The tolerance factor (t = 0.94) of

perovskite-type BaCeO3 is higher than that (t = 0.88) of

SrCeO3, coinciding with the change tendency that doped

BaCeO3 has usually higher proton or oxide-ionic conduc-

tivities than doped SrCeO3. According to the above

observations, it may be expected that more excellent proton

conductors will be present in some other perovskite-type

oxides, which are in possession of a number of oxygen

vacancies and higher tolerance factors.

It is well known that LaGaO3-based perovskite-type

oxides are excellent oxide-ion conductors. Ishihara reported

in 1994 [14] that LaGaO3 doped with Sr and Mg,

La0.9Sr0.1Ga0.8Mg0.2O3-a, exhibits higher oxide-ionic con-

ductivity than ZrO2-based oxides, as well as pure oxide-ionic

conduction over a wide range of oxygen partial pressures

from 1 to 10-20 atm. Hence La0.9Sr0.1Ga0.8Mg0.2O3-a is

regarded as a promising candidate electrolyte for interme-

diate temperature solid oxide fuel cell. And from then on,

almost all researches on LaGaO3-based oxides focused on

their oxide-ionic conduction. We think that LaGaO3 has a
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higher tolerance factor (t = 0.97) than that in SrCeO3 or

BaCeO3, and LaGaO3-based oxides may be expected to

exhibit superior proton conduction. And in our recent

research, we found that La0.9Sr0.1Ga0.8Mg0.2O3-a is an

excellent proton conductor under hydrogen atmosphere [15].

Sebastian reported that the conductivity of La0.9Sr0.1

Ga0.8Zn0.2O3-a was found to be independent of the partial

pressure of oxygen in the range of 1–10-10 atm, revealing

that the conductivity is purely ionic, and it is a pure oxide

ionic conductor [16]. However, we think the study on ionic

conduction behaviors in Sr- and Zn-doped LaGaO3 is

insufficient, especially when there is proton conduction in

it, which have not been reported up to the present. In this

study, the ionic conduction behaviors, especially the proton

conduction in La0.9Sr0.1Ga0.9Zn0.1O3-a (LSGZ1010), were

investigated in detail by various electrochemical methods.

Experimental

Ceramic specimens of La0.9Sr0.1Ga0.9Zn0.1O3-a were syn-

thesized using the solid-state reaction method. The required

amounts of La2O3 (99.0%), SrCO3 (99.0%), Ga2O3

(99.5%), and ZnO (99.0%) reagents were fully mixed for

1 h in an agate mortar with ethanol and dried, then calcined

at 1,200 �C for 10 h in air. The obtained oxides were

ground with ethanol using a planetary ball mill machine in

an agate mill container and agate balls at 150 rpm for 5 h

and dried by infrared lamp, followed by sieving

(100 mesh). The powders were pressed into pellets (diam-

eter: 15 mm, thickness: 2 mm) by a hydrostatic pressure of

2.5 9 102 MPa and sintered at 1,440 �C in air for 10 h. The

resulting ceramics were made into thin disks to serve as

electrolytes for the electrochemical determinations.

To estimate the contribution of protons and oxide ions to

the conduction, the electromotive forces (EMFs) of the

following gas concentration cells including hydrogen and

oxygen concentration cell were measured:

Gas (I), Pt j La0:9Sr0:1Ga0:9Zn0:1O3�a j Pt, Gas (II)

The electrical conductivities of the specimen were

measured as a function of temperature (600–1,000 �C) by

ac impedance method over the frequency range of 1 Hz–

3 MHz (Zahner elektrik IM6ex) in different atmospheres.

To examine the proton conduction in the specimen

directly, the electrochemical hydrogen pumping through

the specimen was examined by sending direct current to the

following electrolytic cell:

ðþÞH2, Pt j La0:9Sr0:1Ga0:9Zn0:1O3�a j Pt, dry Ar(� )

Anode: H2 ? 2H+ + 2e-

Cathode: 2H+ + 2e- ? H2

Pure hydrogen (99.999%) at 1 atm was supplied to the

anode chamber and dry argon (dried by P2O5) was passed

through the cathode chamber with flow rate of 30 mL min-1

to carry the generated gas at the cathode to a hydrogen sensor

(SG33A, Shanghai), where the concentration of the gener-

ated hydrogen gas was detected and the hydrogen evolution

rate v in the standard state was calculated using the following

equation:

m 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 hydrogen gas generated in mixed gas

of hydrogen and argon, T is the surrounding temperature,

and S is the area of the cathode.

To examine oxide-ionic conduction in the specimen

directly, electrochemical oxygen pumping through the

specimen was also performed by sending direct current to

the following electrolytic cell:

ðþÞDry Ar, Pt j La0:9Sr0:1Ga0:9Zn0:1O3�a j Pt, dry O2(� )

Anode: 2O2- ? O2 + 4e-

Cathode: O2 + 4e- ? 2O2-

Pure oxygen (dried by P2O5) at 1 atm was supplied to

the anode chamber and dry argon (dried by P2O5) was

passed through the cathode chamber with flow rate of

30 mL min-1. The generated oxygen in the anode was

measured through an oxygen sensor based on YSZ, and the

oxygen evolution rate v in the standard state was also

calculated using the above equation, but the x is the

concentration of the oxygen gas generated in mixed gas.

The theoretical evolution rate of generated hydrogen and

oxygen can be calculated by the following equation:

Vth ¼
60� 22:4� I

n� F � S

where I, n, F, and S are the current, the transferred electron

number, the Faraday constant, and the area of the electrode,

respectively.

In the above experiments, the pO2 in Ar and H2 was 10-5

and 10-20 atm, respectively. And the pH2O in all gases at

room temperature without any drying was 0.03 atm and

value of pH2O in all gases with drying was almost 0 atm.

Results and discussion

The electrical conductivities of La0.9Sr0.1Ga0.9Zn0.1O3-a

were obtained from ac impedance measurements. Figure 1

shows the Arrhenius plots of the bulk conductivity of the

specimen in H2, dry air (dried by P2O5), ambient air

(pH2O = 0.03 atm), and wet air (water saturated at 40 �C,
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pH2O = 0.073 atm) atmospheres at 600–1,000 �C. Log

(rT) increases basically in linearity with the reciprocal of

the temperature. The conductivity differences under vari-

ous atmosphere are small, and this is similar to

Goodenough’s report [17]. However, though the conduc-

tivity differences are small, Fig. 1 shows that the

conductivity in air slightly depends on water vapor partial

pressure in air. The conductivities slightly increase in the

order: in wet air [ in ambient air [ in dry air, suggesting

that there might be proton conduction in the specimen.

The dependence of the conductivity of LSGZ1010 upon

the oxygen partial pressure, pO2, was also determined. The

oxygen partial pressures were adjusted by mixing O2, air,

Ar, and H2 in proper ratio, the pH2O in these gases without

any drying was 0.03 atm. The typical experimental results

are shown in Fig. 2. It is clear that the conductivity is

almost independent of pO2, confirming that LSGZ1010 is

almost a pure ionic conductor over the oxygen partial

pressure range of 1–10-20 atm, which is similar with the

early report [16]. So the conductivities under various

atmospheres are ionic as shown in Fig. 1; this will be

further discussed below. The ionic conductivities are about

0.06 S cm-1 at 1,000 �C.

EMF and electrochemical pumping techniques are often

used to study electrochemical properties of the specimen,

and these two methods have some application in sensor,

steam electrolysis, and many another conditions although

they have their experimental limitations [18–21]. To study

the ionic conduction further, hydrogen concentration cell

and the oxygen concentration cell were constructed and

their electromotive forces (EMFs) were measured. If the

specimen is a proton conductor and pH2O in both cell

compartments is the same, the theoretical value Ecal can be

obtained from the following Nernst’s equation.

Ecal ¼
RT

2F
ln

pH2ðIÞ
pH2ðIIÞ

where pH2(I) and pH2(II) are pressures of hydrogen in

anode and cathode compartments, respectively; while R, T,

and F have their usual meanings.

If the specimen is an oxide-ionic conductor and pH2O in

both cell compartments is the same, the theoretical value

Ecal can be obtained from the following Nernst’s equation.

Ecal ¼
RT

4F
ln

pO2ðIIÞ
pO2ðIÞ

¼ RT

2F
ln

pH2ðIÞ
pH2ðIIÞ

where pO2(II) and pO2(I) are pressure of oxygen in cathode

and anode compartments, respectively.

Both Ecal equations have the same form, meaning that

the observed EMF of the hydrogen concentration cell gives

the sum of the proton and oxide-ionic conductions.

Figures 3 and 4 are the measured results of electromo-

tive forces (EMFs) of the hydrogen concentration cell and

the oxygen concentration cell, respectively. The dash-line

expresses the theoretical EMF, Ecal, and the solid symbol

stands for the observed EMF, Eobs, at each temperature. As

shown in these two figures, the experimental values of

EMF are quite close to the theoretical ones. The ionic

transport number, ti, which is determined from Eobs/

Ecal(=ti), is almost unity at temperatures from 600 to

1,000 �C under hydrogen atmosphere or dry oxygen

atmosphere, indicating that LSGZ1010 is a pure ionic

conductor.
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For confirming the proton conduction in LSGZ1010

directly, the experiment of the electrochemical hydrogen

pumping using LSGZ1010 as solid electrolytes was carried

out. As shown in Fig. 5, the dependence of hydrogen

evolution rate on electrolytic current obeys Faraday’s law

when the current density is less than 20 mA cm-2,

indicating that the charge carriers in the specimen are

almost pure protons under hydrogen atmosphere. And as

shown in Fig. 6, the experimental reproducibility of elec-

trochemical hydrogen pumping at 900 �C proves that

clearly again. Thus, the conductivity under H2 atmosphere

can be considered as proton conductivity. On the other
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hand, as shown in Fig. 5, when the current density is higher

than 20 mA cm-2, the measured hydrogen evolution rate

deviates from the theoretical value, and the reason is not

clear. It may be related to the polarization of electrode and

the increasing electronic conductivity due to membrane

reduction under higher current density.

A similar result (Fig. 7) was observed in the electro-

chemical oxygen pumping test, confirming that the charge

carriers are almost pure oxide ions under dry oxygen

atmosphere and that the conductivity in dry air atmosphere

as shown in Fig. 1 is oxide ionic.

The above results confirmed that the specimen is a

superior proton conductor in hydrogen atmosphere and a

superior oxide-ionic conductor in dry oxygen atmosphere,

suggesting that the conductivities in ambient air and wet air

as shown in Fig. 1 might be mixed ionic (proton + oxide-

ion) ones. As described above, the conductivities slightly

increase in the order: in wet air [ in ambient air [ in dry

air, because the increase of water vapor concentration in

the atmosphere may lead to the increase in concentration of

proton (in the form of OH�o) in the specimen.

The conduction behaviors in the various atmospheres

may be explained by the following defect reactions.

The substitution of Sr2+ for La3+ site and Zn2+ for Ga3+

site provides oxide-ion vacancies. As shown by reaction

(1), in dry air, the diffusion of oxide-ion vacancies may

cause oxide-ionic conduction.

V��o þ
1

2
O2 � Ox

o þ 2h� ð1Þ

In hydrogen atmosphere, proton is incorporated into the

structure in the form of OH�o by reaction (2):

H2 + 2Ox
o + 2h� ! 2OH�o ð2Þ

In water vapor-containing air, the defect reactions may

be expressed as reactions (3) and (4):

H2O(g) + 2Ox
o þ 2h� � 2OH�o þ

1

2
O2 ð3Þ

H2O(g) + 2Ox
o þ V��o � 2OH�o ð4Þ

From reaction (1), we can know that oxide ionic

conduction may take place in the specimen in water

vapor containing air, which is similar to the case in dry air.

From reactions (3) and (4), it is clear that protons are

incorporated into the structure by absorption of water,

resulting in proton conduction in the specimen. Thus the

specimen may exhibit a mixed conduction of oxide ion and

proton in ambient air and wet air atmospheres.

Compared with La0.9Sr0.1Ga0.9Mg0.1O3-a, La0.9Sr0.1Ga0.9

Zn0.1O3-a shows lower electrical conductivity under the same

condition. The mechanism responsible for the difference in

ionic conduction behavior of both gallates is very complex.

This difference may be relevant to electron configuration,

effective nuclear charge, and basicity of dopant ion. Zn2+ and

Mg2+ have almost same ionic radius and different electron

configurations: 3s23p63d10 and 2s22p6. It may be that Zn2+

ion has larger effective nuclear charge Z* (Z* = Z - r, Z:

nuclear charge, r: shielding constant) and ionic potential /
(/ = Z*/r) than Mg2+. This leads to larger static gravitation

between Zn2+ and O2- and decrease in conductivity of O2-.

In addition, the higher basicity of constituent cation in solid

oxide electrolyte may help to improve the protonic con-

duction in the oxides. It is well known that zinc element is an

amphoteric element and has less basicity, resulting in the

lower protonic conductivity of La0.9Sr0.1Ga0.9Zn0.1O3-a

than La0.9Sr0.1Ga0.9Mg0.1O3-a [1].

Conclusions

The proton conduction in La0.9Sr0.1Ga0.9Zn0.1O3-a

ceramics was found for the first time under hydrogen

atmosphere at temperatures from 600 to 1,000 �C. The rate

of electrochemical hydrogen pumping through the speci-

men coincided with the theoretical rate calculated from

Faraday’s law, confirming directly that the specimen has

excellent proton conduction under hydrogen atmosphere.

The conductivity is almost independent of pO2 in various

atmospheres, confirming that La0.9Sr0.1Ga0.9Zn0.1O3-a is

almost a pure ionic (protonic + oxide-ionic) conductor

over the oxygen partial pressure range of 1–10-20 atm.

And the results of electrochemical oxygen pumping con-

firmed that it is a pure oxide ionic conductor under dry

oxygen atmosphere. The above results indicated that

La0.9Sr0.1Ga0.9Zn0.1O3-a is a mixed proton and oxide ionic
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conductor, but the ionic conduction is different under dif-

ferent atmospheres and depends on the pH2, pH2O or pO2

value in the atmospheres.

Acknowledgement The present study was supported by the Natural

Science Foundation of China (No. 20771079).

References

1. Iwahara H, Shimura T, Matsumoto H (2000) Electrochemistry

68:154

2. Marnellos G, Stoukides M (1998) Science 282:98

3. Iwahara H, Esaka T, Uchida H, Maeda N (1981) Solid State

Ionics 3/4:359

4. Iwahara H, Uchida H, Ono K, Ogaki K (1988) J Electrochem Soc

135:529

5. Iwahara H, Yajima T, Hibino T, Ozaki K, Suzuki H (1993) Solid

State Ionics 61:65

6. Lee WK, Nowick AS, Boatner LA (1986) Solid State Ionics 18/

19:989

7. Shimura T, Komori M, Iwahara H (1996) Solid State Ionics 86–

88:685

8. Shimura T, Suzuki K, Iwahara H (1998) Solid State Ionics 113–

115:355

9. Murugaraj P, Kreuer KD, He T et al (1997) Solid State Ionics

97:1

10. Liang KC, Nowick AS (1993) Solid State Ionics 61:77

11. Ma GL, Shimura T, Iwahara H (1999) Solid State Ionics 120:51

12. Ma GL, Shimura T, Iwahara H (1999) Solid State Ionics 122:237

13. Nomura K, Takeuchi T, Tanase S, Kakeyama H et al (2002) Solid

State Ionics 154–155:647

14. Ishihara T, Matsuda H, Takita Y (1994) J Am Chem Soc

116:3801

15. Ma GL, Zhang F, Zhu JL, Meng GY (2006) Chem Mater 18:6006

16. Sebastian L, Shukla AK et al (2002) Bull Mater Sci 23:169

17. Feng M, Goodenough JB (1994) Eur J Solid State Inorg Chem

31:663

18. Matsumoto H, Hayashi H et al (2003) Solid State Ionics 161:93

19. Iwahara H, Asakura Y et al (2004) Solid State Ionics 168:299

20. Schober T (2003) Solid State Ionics 162–163:277

21. Matsumoto H, Iida Y et al (2000) Solid State Ionics 127:345

1592 J Mater Sci (2008) 43:1587–1592

123


	Proton and oxide-ionic conduction in Sr- and Zn-doped LaGaO3
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


