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Protonic and oxygen-ion conduction 
in SrZrO3-based materials 
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Portugal 

Strontium zirconate-based materials have been studied as potential high-temperature 
protonic conductors. Yttrium for zirconium substitution, and lanthanum for strontium 
substitution were selected to demonstrate that changes in composition can be used as a tool 
to design the properties. At temperatures below about 900 ~ C, both yttrium-doped and 
undoped strontium zirconate are mostly protonic conductors at oxygen partial pressures 
below about 1 Pa, and mixed ionic and p-type conductors at higher pressures. The main 
ionic contribution changes from mostly protonic to oxygen-ion conduction with increasing 
temperature, which may affect the performance of electrochemical devices. Yttrium for 
zirconium substitution enhances both the electronic and ionic conductivities. Lanthanum for 
strontium substitution suppresses protonic conduction and gives rise to mixed oxygen-ion 
and n-type conduction in reducing conditions. 

1. Introduction 
Strontium zirconate was first studied for use in MHD 
generators [1,2], and as a dielectric material [3]. It 
has a perovskite-type ABO3 structure. Strontium sub- 
stitution by a trivalent cation can be compensated by 
A-site vacancies [4]. Zborowska et al. [-5] obtained 
single-phase Sr(ZrTi,,) O3+~ compositions with up to 
5% TiO2, which also corresponds to a strontium- 
deficient perovskite. These titania additions were 
found to enhance the electrical conductivity by a fac- 
tor of about 10. 

Recent interest in SrZrO3-based materials is due to 
the discovery that some of these materials are high- 
temperature protonic conductors [6-9]. Protonic 
conduction was first discovered in SrCel_xM~O3_~ 
materials (M = Y, In, Zn, Nd, Sm or Dy) [-10], and has 
now been observed in other materials with the perov- 
skite structure, including materials based on BaCeO3 
[11 17], BaZrO3 [-9, 16], CaZrO3 [8,9, 18], etc. Un- 
fortunately, the highest protonic conductivities were 
found in chemically unstable systems such as 
BaThO3-based materials [19]. Cerate materials might 
also fail in CO2 containing atmospheres [20]. 

Several experimental techniques were used to study 
the transport properties of proton-conducting ABO3- 
based materials, including hydrogen concentration 
cells [-9, 10, 17], water vapour concentration cells 
[10, 16, 21 23], hydrogen pumping or steam electroly- 
sis [9, 10, 12,24], and the ratio between the rates of 
water vapour release at the cathode and anode of fuel 
cells [14, 25]. The effects of water vapour and isotope 
effects on conductivity [9, 10, 15, 23], the dependence 
of conductivity on the oxygen partial pressure 
[13, 22, 26], and measurements of proton and oxygen- 
ion diffusion coefficients [27] were also used for sim- 
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ilar purposes. Simultaneous release of water vapour at 
the anode and at the cathode of fuel cells was used to 
calculate the oxygen-ion and protonic transport num- 
bers [14,21,25], and the change in conductivity for 
Po2 higher than about 10 Pa has been attributed to 
electron hole transport [22, 23, 26]. In addition, Bon- 
anos [13] found the onset of an n-type conductivity 
component for BaCeo, 9Gdo.lO3_~ in reducing condi- 
tions, and Labrincha et al. [-26] reported that lan- 
thanum for strontium substitution in SrZrO3 also 
gives rise to the n-type contribution in reducing condi- 
tions. 

Iwahara et al.'s original work [,10] showed that the 
protonic transport number in ABO3-based protonic 
conductors drops with increasing temperature. It has 
now been demonstrated that the protonic transport 
numbers in some cerate materials drop with increas- 
ing temperature, both because of an increasing oxy- 
gen-ion contribution, and also due to drop in protonic 
conductivity for excessively high temperatures 
[14, 25, 28]. The concentration of protonic charge car- 
riers decreases with increasing temperature and in- 
creases with the water vapour partial pressure 
[,25,28]. In addition, the onset of a p-type contribu- 
tion for relatively high oxygen partial pressures [22] 
can also cause a decrease in protonic transport num- 
bers. 

The increase in activation energy for the temper- 
ature dependence of conductivity [6, 7, 9, 10] also sug- 
gests that the dominant charge carrier changes at 
some intermediate temperature range. 

The change from a major protonic transport number 
to a large oxygen-ion transport number may affect the 
behaviour of electrochemical devices. For example, this 
might explain the failure of some electrochemical 
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sensors [17]. Fuel cells might also be affected if the 
electrolyte is a mixed oxygen-ion and protonic con- 
ductor. Note that the water vapour discharge occurs 
at the cathode when the electrolyte is a protonic con- 
ductor, at the anode for an oxygen-ion conductor, or 
at both electrodes when the oxygen-ion and protonic 
conductivities are similar. 

Substitution of a trivalent dopant, M, for a tet- 
ravalent species, B, is usually needed to achieve proto- 
nic conduction in ACe~_xMxO3_~ or AZrl-xM• 
materials E22,26]. The charge compensation can be 
provided by oxygen-ion vacancies, protons and/or 
electron holes E6, 22, 28]. Huang et al. [7] found the 
highest conductivity in SrZr~-xYxO3-~ for about 5% 
Y for zirconium substitution, but the conductivity of 
some cerate materials reaches its maximum for higher 
additions of heterovalent dopant [25]. 

In a previous paper E26], we proposed a defect 
structure for SrZrO3-based materials which accounts 
for mixed protonic and oxygen-ion conduction. This 
model explains the effects of oxygen partial pressure 
on conductivity, and is consistent with the effects of 
composition. The present work confirms this model 
and describes the changes from protonic to oxygen- 
ion conduction on changing temperature and oxygen 
partial pressure. 

2. E x p e r i m e n t a l  p r o c e d u r e  
Three SrZrO3-based compositions were prepared and 
characterized as described elsewhere [26]. The nota- 
tion SZ, SYZ, and LSZ was used for SrZrO3, 
SrZr0.84Yo, 1602.92, and Sro.9sLao.osZrOa.o25. The 
relative density of the samples was about 63% for SZ, 
64% for SYZ and 97% for LSZ. X-ray diffraction was 
used to confirm that these compositions yield single- 
phase materials with the perovskite structure. 

Impedance spectroscopy was used for characterizing 
the materials in air, and to select a frequency for a.c. 
conductivity measurements. A two-probe constant fre- 
quency (10 kHz) a.c. method was used to study the 
effects of oxygen partial pressure on the electrical con- 
ductivity, in the temperature range 800-1100 ~ These 
measurements were performed in a furnace with an 
oxygen sensor and an electrochemical pump to achieve 
reducing conditions, as described by Marques and 
Wirtz [29]. The furnace was flushed by flowing nitro- 
gen to give a nearly constant humidity in the atmo- 
sphere, and to bring the oxygen partial pressure down 
to about 10 Pa. The lower limits of oxygen partial 
pressures reached by electrochemical pumping were 
about 10 -12 Pa at l l00~  to 10 - i s  Pa at 800 ~ The 
electrical measurements were then recorded during the 
reoxidation, for oxygen partial pressures up to about 
2 x 104 Pa. The specimens were electroded with porous 
platinum (Engelhard 6926) for impedance spectroscopy 
and conductivity measurements. 

3. T r a n s p o r t  p r o p e r t i e s  
3.1. I m p e d a n c e  s p e c t r a  
Fig. 1 shows impedance spectra in the range 
20-106 Hz for the undoped (SZ), yttrium-containing 
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Figure 1 Impedance spectra of (a)SrZro.84Yo.16Oz.92 (SYZ), 
(b) SrZrO3 (SZ), and (c) Sro.95La0.o5ZrO3.o25 (LSZ) for the fre- 
quency range 20 106 Hz, in air, and at 800~ The numbers show 
some frequency values. 

(SYZ) and lanthanum-containing (LSZ) materials at 
800~ A parallel R C  circuit is often assumed to 
describe the bulk behaviour of ionic conductors. The 
impedance spectrum (Z" versus Z') then becomes 
a semicircle which is centred at Z ' =  R/2,  and 
o~ = (RC) -1 is the relaxation frequency. The relax- 
ation frequency corresponds to the maximum of 
Z" versus Z'. The relaxation frequency for the lan- 
thanum-containing sample is about 2 x  105 Hz at 
800~ At this temperature the estimated relaxation 
frequency is significantly higher than 106 Hz in the 
undoped sample (SZ), and much higher than 106 Hz in 
the yttrium-containing sample. Differences in relax- 
ation frequencies and the corresponding differences in 
activation energies are usually understood as a result 
of different mobile species and/or defect interactions 
when dealing with similar host lattices. 

Impedance spectra can also be used to evaluate the 
resistance of the sample; this corresponds to the inter- 
section of the arc with the real axis, in the lower 
frequency range. Fig. 1 thus shows that a typical 
104 Hz frequency can be used for a.c. conductivity 
measurements, with errors smaller than 5% at 800 ~ 
or higher temperatures. 

The impedance spectra of the LSZ composition 
shown in Figs 1 and 2 suggests the coexistence of two 
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Figure 2 Impedance spectra for Sro.gsLao.osZrO3.o2s at (a) 650, 
(b) 700 and (c) 750 ~ 

contributions, rather than a single R C  equivalent cir- 
cuit. The high-frequency contribution is believed to 
correspond to the bulk behaviour of the sample, and 
the second component is probably due to a resistive 
grain boundary, as found frequently for solid oxide 
electrolytes. Fig. 2 shows that the bulk and grain- 
boundary contributions are similar at about 650 ~ 
while the grain-boundary term decreases with increas- 
ing temperature. 

The bulk and grain-boundary components of SZ 
and SYZ could not be separated for temperatures 
higher than about 500 ~ In fact, the relaxation fre- 
quencies become hig]her than the upper limit provided 
by the experimental equipment (106 Hz). Nevertheless, 
the lower frequency limit of bulk or grain-boundary 
arcs can still be used to evaluate the resistance and 
compute the conductivity for temperatures up to 
about 1000 ~ (Fig. 3). 

3.2. Effects of oxygen partial pressure 
Fig. 4 shows the effect of oxygen partial pressure on 
the a.c. conductivity of undoped SrZrOa. The con- 
ductivity is nearly independent of the oxygen partial 
pressure in the intermediate range; this usually corres- 
ponds to ionic conduction in oxide compounds. The 
increase in conductivity in the high-pressure range 
(above 10 Pa), is typical of p-type conduction. On the 
contrary, the drop in conductivity at low oxygen par- 
tial pressures is rather unusual. Labrincha et al. [26] 
have shown that this effect can be related to a decrease 
in protonic conductivity for low oxygen partial pres- 
sures. A similar explanation was proposed by Norby 
et al. [30-32] to explain changes in protonic contribu- 
tions in sesquioxides. 

5 

4i sYz 
3 

v 

~" 2 
2 
__1 

_ I I I 

0,70 0.80 0,90 0.10 0.11 0.12 0.13 0.14 0,15 

103 T - I ( K  1) 

Figure 3 Temperature dependence of conductivity in air for sam- 
ples with compositions SrZrOa (SZ), SrZro.84Yo.16Oz.9z (SYZ) and 
Sro.95Lao,05ZrO3.02s (LSZ). 
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Figure 4 Electrical conductivity- of SrZrO3 versus the oxygen par- 
tial pressure at (o) 900, (A) 1000 and ([Z) 1100~ 

According to the literature [6,22], the incorpora- 
tion of protons in ABOg-based perovskite materials 
can be described by 

2Vo + O 2 ( g ) ~  200 + 4h (1) 

Vo + H z O ( g ) ~  2Hi + Oo (2) 

using the Kroge~Vink notation. The model proposed 
by Labrincha et aI. [26], includes these reactions and 
also the effect of variable water vapour to hydrogen 
ratio expected for the following reaction 

2H20(g) ~ 2H2(g) + Oz(g) (3) 

According to this model, the effect of gas composition 
on the electrical conductivity then becomes 

CY = tJil 4- CY*(po2) 1/4 4- O'i2/(1 4- pltz/PH20) t/2 (4) 

where Po,, Pm and Paso are the partial pressures of 
oxygen, hydrogen and water vapour. The relevant 
parameters in Equation 4, correspond to the oxygen 
ion, %1, protonic, %2, and electronic, c~*, conduct- 
ivity contributions. The value of oh2 is the protonic 
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TABLE I Fitting parameters for materials with compositions SrZrO3 (SZ), SrZr0.a4.YoA602.92 (SYZ) and Sr0.9sLao.osZrO3.025 (LSZ) 

Conductivity Composition 800 ~ 900 ~ 1000 ~ 1100 ~ 

0-il (103~ t m - l )  S Z  - 0.8 1.4 2.1 
LSZ 2.9 7.2 12.5 20 
SYZ 12 27 62 96 

~12 ( 103f~-1 m - t )  SZ - 2.4 2.7 3.1 
SYZ 54 48 39 24 

c~*(103fU 1 m 1 
P a -  1/4) 

O-n*(106f~ - 1  i l l  - 1  pat/4) 

SZ - 0.62 2.3 6.5 
SYZ 12.5 25 44 55 
LSZ 0.14 1.8 24 130 

conductivity when the hydrogen to water vapour ratio 
tends to zero, and or* is the electron hole conductivity 
when the oxygen partial pressure is 1 Pa. 

The hydrogen to water vapour ratio was computed 
by assuming that Reaction 3 is in equilibrium 

PHJPH20 = exp [AG/(2RT)] (Po2)- 1/2 (5) 

where AG is the Gibbs free energy of reaction 
2H2 + 02 ~ 2HaO. 

Equations 4 and 5 give reasonably good fitting (full 
line) for the experimental results as shown in Fig. 4, 
except for a range of about 10-4-101 Pa. The relevant 
parameters are shown in Table I. Failure of oxygen 
sensor readings is believed to account for these devi- 
ations [29]. 

The conductivity data measured for the yttrium- 
containing samples is also reasonably described by 
Equations 4 and 5 (Fig. 5). Yttrium for zirconium 
substitution enhances the conductivity by at least one 
order of magnitude relative to the undoped material. 
The largest increase is for the oxygen-ion component, 
but the protonic and electronic contributions also 
increase by about one order of magnitude. These ef- 
fects of yttrium for zirconium substitution have been 
explained according to the following reaction 

SrZrOa 

Y 2 0 3  + 2SrO ~ 2Y~r + 2Srsr + 500 + Vo 

(6) 

This reaction enhances the concentration of oxygen 
vacancies and explains the increase in oxygen-ion con- 
ductivity (Table I). In addition, combination with 
Reactions 1 and 2 also predicts enhanced concentra- 
tions of protons and electron holes, which explains the 
increase in the corresponding conductivity compo- 
nents. 

The fitting parameters, cyil, oh2 and o*, are also 
useful to compute the changes of transport numbers 
tj = cyj/c~ with variable working conditions. For 
example, Fig. 6 shows that protonic conduction is the 
dominant contribution in the yttrium-containing ma- 
terial at 800 ~ for a relatively wide range of oxygen 
partial pressures (10- ~5-10- 5 Pa). Unfortunately, this 
does not comprise the usual working conditions of 
potentiometric humidity sensors, which often operate 
at relatively high oxygen partial pressures. Note that 

* (Po) 1/4 is the the electron hole component Cyp = Cyp 
largest conductivity contribution in air, and the upper 
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limit of the electrolytic domain (Po2 where 
tp = O'p/O" = 0.01), corresponds to relatively reducing 
conditions (Table II). At 800 ~ the upper limit of this 
electrolytic domain is Po~ ~ 8 x 10 - 6  Pa. 

Fig. 7 also shows that protons are the main ionic 
charge carriers in the SYZ sample for temperatures 
up to 900~ and for oxygen partial pressures in 
the range 10-15 _ 1 Pa. Oxygen-ion conductivity pre- 
vails at higher temperatures. The decrease in 
protonic transport numbers in reducing conditions 
can be related to reduction of water vapour 
2H20 -4 2H2 + O2, as shown earlier. 

The experimental conductivity data for the lan- 
thanum-containing material LSZ (Fig. 8) in the 
low oxygen partial pressure range are reasonably 
fitted by 

= ~11 + ~*.(po2) -~/4 (7) 

where the constant conductivity plateau (c~ ~ c~il) is 
typical of ionic conduction. The relevant fitting para- 
meters are the ionic conductivity, crib and the elec- 
tronic conductivity, or*, when the oxygen partial pres- 
sure is 1 Pa. Note that the increase in conductivity for 
low oxygen partial pressures represents the onset of 
n-type conduction described by c& = fy*n(pO2) -1/4 
The values are shown in Table I and were used to 
evaluate the lower limit of the electrolytic region 
(c&/cy = 0.01), shown in Table II. 
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TABLE II Upper or lower limits of the electrolytic domains of 
SrZrO3 (SZ), SrZro.84Yo.1602.92 (SYZ) and Sro.95Lao.05ZrO3.025 
(LSZ) 

Temperature 

(oc) 

Limits of electrolytic domains (Pa) 

Upper Upper Lower 
SZ SYZ LSZ 

800 8x10 6 5 x 10-1o 
900 7 x 10 -6 8 X 10 - 7  4x 10 - 7  

1000 10 . 7  3 x 10 .7 1.3 x 10 .3 
1100 9 x 10 .9 2 x 10 .7 0.2 
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( c ' ) \  �9 " 

I - / ,  ' ',. " , \  / \ / 0.6 ) (~'), ~\ 

0.4 '\t~ )~b~ ",..._ "", X 

0.2 L / "--_ / (d~ "~, ~,k kl 

- 1 5  - 1 0  - 5  0 5 

Log ( Po2 ) ( log Pa ) 

Figure 7 Predictions of the effects of oxygen partial pressure and 
temperature on ionic transport numbers in SrZro.s,Yo.1602.92. (--) 
The protonic transport numbers at (a) 800, (b) 900, (c) 1000, and 
(d) 1100~ from top to bottom, and (- - -) the corresponding oxy- 
gen-ion transport numbers (a'-d') are shown. 

Fig. 8 also suggests that lanthanum for strontium 
substitution suppresses the p-type contribution. 
Therefore, the dependence of conductivity on the oxy- 
gen partial pressure confirms that the dominant  elec- 

tronic and ionic charge carriers can be different for the 
lanthanum containing and yttrium-containing mater- 
ials. 

The explanation proposed by Labrincha et al. [26] 
for the effects of lanthanum for strontium substitution 
on the transport  properties was based on the following 
reaction 

S r Z r O  3 

La203 + 2ZrO2 + Vo ~ 2Last 

+ 2Zrz, + 70o  (8) 

Combinat ion with Equations 1 and 2 is consistent 
with vanishing electron hole and protonic conductivi- 
ties. In addition, the onset of the n-type contribution 
in reducing conditions could also be accounted for by 
the following equilibrium 

0~-~e '  + h (9) 

According to Equation 9, n-type charge carriers are 
formed when the concentration of electron holes van- 
ishes. 

The increase in ionic conductivity relative to un- 
doped SrZrO3 represents an objection to the mechan- 
ism proposed for the lanthanum-containing material. 
Actually, the data for the SZ and SYZ materials are 
probably underestimated because these samples were 
quite porous. This was not the case for the lanthanum- 
containing samples, which were about 97% dense. Dif- 
ferences in density thus account partly for differences in 
the values of conductivity measured for porous SZ and 
dense LSZ samples. Nevertheless, the differences in 
ionic conductivity between the SZ and LSZ materials 
are probably higher than expected for the effect of 
density; this will be further discussed in Section 3.4. 

3 . 3  T e m p e r a t u r e  d e p e n d e n c e  
The conductivity data in air were evaluated by impe- 
dance spectroscopy and were plotted in Fig. 3 as 

~T = Cyo exp[  - Ea/(RT)]  (10) 

2 7 8 9  



where Ea is the activation energy; this is a typical 
Arrhenius dependence expected for ionic conductors. 
The values of E, are about 136,59 and 116 kJmo1-1 
for compositions SZ, SYZ and LSZ, respectively. The 
activation energy of the yttrium-containing composi- 
tion (SYZ) is within the typical range for proton-con- 
ducting perovskites. However, the dependence of cy on 
the oxygen partial pressure shows that the electronic 
conductivity contribution in air might exceed the pro- 
tonic contribution. 

The temperature dependence of electronic and ionic 
conduction in undoped (SZ), lanthanum2containing 
(LSZ), and yttrium-containing (SYZ) materials was 
also computed from the fitting parameters shown in 
Table I. Figs 9 and 10 confirm that the transport 
properties of those materials are significantly different 
from each other. The activation energies, Eai, for ionic 
conduction in air (Table III) were evaluated on assum- 
ing that the sum of both ionic contributions, 
ai = %1 + cYi2(1 + pH/pn~o) -1/2, varies as described 
by Equation 10. Note that the activation energies for 
ionic conduction in the undoped and yttrium-contain- 
ing materials (Table III) are much smaller than ex- 
pected for oxygen-ion conduction, even in relatively 
open oxide structures such as pyrochlores [33]. The 
values of activation energies for the SZ and SYZ 
materials are relatively close to the activation energy 
( ~ 43 kJ mol-1) reported for protonic conduction in 
SrZro.95Yo.osO3_ a below about 500~ [6]. The ac- 
tivation energy evaluated for the oxygen-ion contribu- 
tion, cy~l, in the yttrium-containing composition 
(97 kJ mol- 1) is also close to typical values found for 
oxygen-ion conductors. 

The activation energy for ionic conduction in the 
lanthanum containing LSZ material (88 kJ mol- ~) is 
about 10% less than for CYil in the yttrium-containing 
material; this also suggests oxygen-ion conduction in 
LSZ. 

The activation energies for either p-type or n-type 
conduction were evaluated from the temperature de- 
pendence of electronic contributions at Po~ = 1 Pa 
(a*, or cy*); this is shown in Fig. 10 on assuming the 
dependence 

cy* = %~ exp[ - Eao/(RT)] (11) 

* for the undoped and yttrium-contain- where a* = ap 
ing materials and ~* = ~* for the lanthanum-contain- 
ing material. 

The activation energy evaluated for n-type conduct- 
ivity in the lanthanum-containing material 
(Ean - 285 kJ mol- ~) is much higher than for p-type 
conduction in the undoped and yttrium-containing 
materials. In addition, the value computed for p-type 
conduction in the undoped sample SZ 
(Eap ~ 158 kJmo1-1) is much higher than the value 
Eap = 62 kJ mol- 1 obtained for the yttrium-contain- 
ing material SYZ. This difference between the values 
of E~p for SZ and SYZ suggests a change from intrinsic 
to extrinsic behaviour. 

The activation energy for the conductivity of lan- 
thanum-containing LSZ in air, Ea, is only moderately 
different from the activation energy evaluated for the 
ionic conductivity, E~i, and is very different from E~.; 
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TABLE III Activation energies for ionic and electronic conductivi- 
ties in materials with compositions SrZrO3 (SZ), 
SrZro.84Yo.1602.92 (SYZ) and Sro.9sLao.05ZrO3.025 (LSZ) 

Activation energies (kJ mol-1)  

Composition E. Ea~ Eap E.n 

SZ 136 45 158 - 
SYZ 59 36 (97) 62 
LSZ 116 88 - 285 

this shows that the behaviour in air is determined 
mostly by ionic transport. The differences between 
E, and Eai are probably related to the grain-boundary 
contribution which is mostly effective for temper- 
atures lower than about 800 ~ (see Figs 1 and 2). 

A comparison between the values of E, evaluated 
for the conductivity data in air, and the activation 
energies obtained for the ionic, E,i, and electronic, 



Eap and Ean , contributions shows that the behaviour 
of the undoped (SZ) and yttrium-containing (SYZ) 
materials in air is mostly determined by their elec- 
tronic contributions. This observation is consistent 
with the relatively high electron hole transport num- 
bers in air (Fig. 6). In addition, the activation energy 
computed for the conductivity of SYZ in air, Ea, is 
quite different from the activation energy evaluated 
for oxygen-ion conduction, and only slightly higher 
than expected for the protonic contribution. There- 
fore, the protonic transport number must increase 
with decreasing temperature, and the oxygen-ion 
transport number decreases. 

However, the value of Ea = 59 kJ tool- i computed 
by fitting the conductivity of composition SYZ in air, 
refers to temperatures down to about 400~ and is 
close to the value evaluated for the electron hole 
contribution (E~p = 62 kJ tool- 1). Significant electron 
hole transport numbers are thus expected even at 
temperatures lower than 500~ which represents 
a serious limitation of these proton-conducting mater- 
ials. 

3.4. Concluding remarks on ionic transport 
in Srl-xLaxZr03+~ 

The interpretation of experimental data leads to some 
doubts about the major ionic charge carried in 
Sro.95Lao.osZrO3.o25 (LSZ). In fact, the activation en- 
ergy (Eai = 88 kJ mol- t) suggests oxygen-ion conduc- 
tion. In addition, the ionic conductivity of LSZ at 
T > 800 ~ is higher than for the undoped composi- 
tion, which contradicts the expected effects of lan- 
thanum for strontium substitution on the proposed 
defect chemistry (Equation 8). 

An alternative formulation for the defect chemistry 
involving oxygen ions in interstitial positions is un- 
likely for the close-packed perovskite structure. Lan- 
thanum for strontium substitution causes a decrease 
in the lattice parameters for LSZ, which suggests the 
formation of cation vacancies,, as previously proposed 
by other authors E4]. In addition, lanthanum for 
strontium substitution is very effective in enhancing 
the sinterability of SrZrO3-based materials, which 
might be attributed to promoting cationic transport at 
high temperatures. However, cationic transport is un- 
likely to contribute to the electrical conductivity, be- 
cause the differences between the a.c. and d.c. conduct- 
ivity measurements in air are within about 5% only. 
Note that this error can be attributed to the selection 
of a standard frequency (104 Hz) for a.c. measure- 
ments. A significant polarization effect should be ob- 
served if a cationic species were the major charge 
carrier. 

Finally, disorder in the A-site positions of the ABO3 
perovskite might contribute to enhance the mobility 
of oxygen ions. For example, A-site vacancies might 
assist atomic rearrangements required for ionic con- 
duction. Atomic rearrangements might also be effec- 
ted by shifting a fraction of La 3 § ions between the 
A and B sites, as suggested by Eror and Balachandran 
[34] for the distribution of lanthanum in SrTiO3- 
based materials. 

4. Conclusion 
Conductivity measurements versus the oxygen partial 
pressure can be used to evaluate the transport proper- 
ties of potential protonic conductors. SrZrl-xYx 
03 -~ materials are mixed ionic and p-type conductors 
in air. Conductivity data suggest that the ionic con- 
duction of undoped or yttrium-containing materials 
gradually changes from protonic to oxygen-ion con- 
duction with increasing temperature. On the contrary, 
the protonic conduction is suppressed in the lan- 
thanum-containing material. The interpretation of 
ionic conduction in this composition was somewhat 
inconclusive. 

Both p-type conduction and ionic transport are 
enhanced by yttrium for zirconium substitution. The 
onset of n-type electronic conduction was observed for 
lanthanum-doped SrZrO3 in reducing conditions; this 
corresponds to about 10-lO Pa at 1000 ~ Changes in 
composition may thus be used to design the materials 
properties. 
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