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Electrical Conduction in SrZr, .Y, .0,,.. Ceramics
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Partial conductivities contributed by electron holes, nxygen ions, and protons were calculated in Srar; oY, 0:00 o
using the reported frmulae derived from the defeet chemistry of HTPCs Required parameters were ohtained
from the graphical analysis of total eonductivily variation against partial pressure of water vapor and oxygen.
Predicted overall conductivities showed a reasonahble agreement with experimental measurements, The eonduc-
tivity of the material showed a linear increase with square root of the water vapor pressure. This increase was
due to proton conduction and an indication of a low proton concentration, The ealculation of partial conduetivi-
ties at 800°C resulted in an almogt pure ionic conductivity at Pe=10"" atm and a predominant hole conductivity
ab Pp=0.20 atm. Pure proton conduction was not expected at this temperature, contrary to the earlier reports.
Discussions were made in relation with reported thermaodynamic data and defect siructure of the material. It
was shown that from the total conductivity dependence an water vapor pressure, the pure ionic conduclivity at
low oxygen partial pressures could be separated inio protonic and oxygen ionic conduetivity in Zr0,-based HTPCs.
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I. Introduction

any oxides are mixed eonductors, in which electrical
M charges are carried by electrons and DXygen iong,
Some perovskite-type oxides such as BaCeQ, and SrZrO,
when doped with rare-earth oxides, exhibit proton conduc-
tion in the hydrogen-containing atmosphere. The oxides
dissolve water vapor (or hydrogen) from atmosphere through
oxygen ion vacancies and produce protonic defects.'™ The
concentrations of charge- carrying defects are functions of
both oxygen and water content in the ambient gas, and
thus the investigation of the electrical conductivities are
rather complex. In this circumstance, modeling was con-
sidered as an appropriate technique in the prediction of
electrical conductivities at various gaseous atmosphere.®®
For the calculation of partial eonductivities by each defect,
required kinetic and thermodynamic parameters were
determined from just total conductivity measurements
and a graphical analysis based on the defect structure
known for high-lemperature proton-conductors (HTPCs).
The details of the modeling could be referred to our ear-
lier publications,*® but were repeatedshere for the sake of
the readability of the present paper.

The relevant equilibria describing the effects of gas
phase on the defect chemistry of ABO,-based proton con-
ducting materials have been well established and can be
summarized by the following two equations.

O, +2h
0H,

V,+1/20,(2) =
H;O(g)+ V, + Qo

(1)
(2

s
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Eligible defects considered were electron holes, protons,
and oxygen vacancies in oxygen atmosphere. Applying
mass action law for the defect equations and appropriate
electro-neutrality condition, partial conductivities contrib-
uted by these defects were derived as functions of partial
pressure of water vapor and oxygen.®>® Assuming mobil-
ity of the defect is independent of its concentration, the
partial conductivities by the defects were expressed in the
following equations.

O/ ={[1+o/P_|"*~ 1P J[(1+0)' 1]
o /o, =([1+P "*~1F P ju
6/, ={[1+/P )71} (P_fo) P,

(4)
(5}
{6)

Oy: Oy and o, dencte partial conductivities by protons,
oxygen ions, and electron holes, respectively. P, is water
vapor pressure in atmesphere. g, is protonic conductivity
at P =1 atm and o, is hole conductivity at P.,=1atm and
P =0 atm. o] is oxygen ion conductivity at P =0 atm. Par-
ameter=8y/K,. y is the concentration of acceptor dopant
[M,]. M is usually a rare earth element substituting for
B-site in ABO.-based perovskites. K, is the equilibrium
constant for the hydration reaction, Eq. (2). Employing a
new variable R, and functions fR) and glo) by setiing
R=FP Jo, {R}=(1+R)*-R", and g{o)=c/[(1+0)*~1], the par-
tial conductivities can be given as follows.

a,=0,; TRIRglor) (7

6,20 £(R) (8)
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6,=C, f(R)Poz w (8)

Only o, is a function of P, and thus if 5, is plotted
against P,,"!, one obtains the intercept(a) and the slope(b)
as;

a=a,+0,, b=c f{R) {10)

Eq. (10) allows to separate ionic conductivity(cytoy)
from total comductivity. This is indirect, but taken as a
reliable technique for the determination of ionic transfer-
ence number.”® For the cases R {1, (1+Ry*=1+(1/Z)R-(1/
8)R% and thus fR)=1-R"+1/2)R~(1/8)R*. Then total con-
ductivity can be expressed as Eq. (11)

Gy, = 9,10, +0y;
=p+gqR"P+rE+sR¥*+R%+ {11}

where p=c,+0,Py,"", q=0, glo)-20, -0, P,
r=—0, glo+20; +0, Py, ", 5=(1/2)0, gla)-o;,
t=—(1/8)o,; P, ™

If R €1, then R} R} R*} -, and overall conductivity
can be approximated as o, ~p+qR**. The total conductiv-
ity variation is, therefore, expected to be linear in  vs.
P_"* plot. The intercept (a) and slope (b) of 6, vs. P,"*

plot can be given as,
a'=0"+0," Py, b'=0, glo)-20,—a, Py, /ot (12)

Experimental determination of a, a', b, and b' allows to

obtain the parameters o, !, 6, and o for the calcula-
tion of partial conduetivities.

II. Experimental Procedure

1. Preparation of samples

SrZr, Y 0500 o powder was synthesized via solid-state
reaction as shown in Fig. 1. Starting powders, SrCO,
(Shinyo), ZrO(Yakurl), and Y,0,(Aldrich} with the desired
stoichiometric ratio, were ball-milled for 6 hours in ace-
tone. The powder mixiure was dried and calcined in air at
1000°C for 10 hours. The calcine was ground, mixed with
a binder, PVB, and then dissolved in acetone. Then ace-
tone was dried out and the powder was fabricated into
cylindrical pellets with 1 cm diameter, nsing uniaxial die-
press under a pressure of 294 MPa. The pellets were sin-
tered in air at 1600°C for 12 hours. X-ray powder diffrac-
tion analysis of the final products, as shown in TFig. 2,
identified a perovskite phase same as that reported in the
literature.” The bulk density of the sintered pellets was
measured with Poresizer 9320(Micrometrics) and found to
be 93% of the theoretical value.

2. Measurements of electrical conductivity

Electrode was prepared by applying Ag paste on baoth
faces of pellets and baked in air. Impedance spectroscopy
measurements was performed with 0.08V AC signal,
using Solartron model 1255 Frequency Response Ana-
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Fig, 1. Preparation of sintered pellets of Sr7r; .Y, 50, 00
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Fig. 2. XRD diffraction patterns of SrZr, .Y, -0 urs-

Iyzer at 800°C. The frequency range applied was 1~2 X
10" Hz, The schematic of measuring apparatus was given
in Fig. 3. Oxygen partial pressures were controlled by
flowing pure oxygen, nitrogen, argon, air or mixture of
these gases. Water vapor pressure was varied by chang-
mg the water bath temperature. The furnace tempera-
ture was checked by placing a K-type thermocouple near
the specimen. Oxygen partial pressure was monitored in
the exit gas by an zirconia oxygen sensor. The gas flow
rate was maintained 250 ce/min. The partial pressure of
water vapor and oxygen adopted in the experiment is
ghown in Table 1.
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Fig. 3. Schematic of measuring apparatus.

III. Results

Two semicircles were observed in the impedance plane
as shown in Fig. 4. The high frequency one in the left-
hand side was due to the bulk resistance of the specimen,
while the other one was ascribable to the electrode polar-
ization. This was confirmed by applying different elec-
trode materials, Pt and Ag paste. At severa] P..'s given in
Tahle 1, the conductivity increased with water vapor pres-
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Fig. 4. Complex mpedance diagram at P =1255 %107 and

Po= 142> 107 atm

sure. At Py, of 15 X 110°° atm, o, vs. P2

plot was given

in Fig. 5, The linear fit of total conductivity gives the

intercept and the slope as follows.

o)+, P, =172 x 10

[0, glo)-26, -0, P, " 1/er=10.72 x 107

(13)
(14

On the other hand, o, vs. P,,"* plot at P_=9.55 % 10~
atm is given in Fig. 6. The plot shawed an excellent lin-
earity and following equations were obtained.

0,+6,=2.33 X 10”"'Sem™

g, fiR1=6.99 X 10 Sem ™ atm ™~

Table 1. Partial Pressures of Water Vapor and Oxygen Adopted in the Conductivity Measurement

(15)
{16)

Gas Water bath t°C Pw/107 atm Measured voltage/mV Average mV Po/atm
35 775 3544 14,90
5.6 9.55 ~36.17+6.39
O, 105 12.55 36.63+5.11 ~36.095 1.00
145 16.30 36141354
35 7.75 1.005=1.602
. 8.5 9.55 0.999+1 822
Alr 105 12.55 0.997 % 1.601 0.988 0.201
145 16.30 0.951+ 1.468
35 775 14907 6.18
6.5 9.55 41624568 .,
Ar+0, 105 1255 40.95+6 23 41.853 34210
145 16.30 39.9457.16
35 775 167.9327.72
6.5 9.56 167.27+7.00 .,
Ar 105 12.55 168.8412 53 168.432 142>10
16.30 16.50 169.69+9.49
35 775 922,63 +14.61
6.5 9.55 21845+ 14.98 y
N, 105 1255 221.54+15.04 220.035 L51%10
145 16.30 217,52+ 13.28
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Table 2.

Parameters Calculated with Increasing Values
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Table 3. Determined Parameters

a, /Sem™
708107

Parameters o
10<

o fSem” | o Sem™
10.2x10™ | 1.28%10°*

The values of the four parameters can be determined
from Eq. {13) through (16). For an arbitrary value of o, &
is calculated (Eq. 16), which is in tuwrn used to obtain &
and v (Eq. 13 and 14). For different o values, the calcu-
latian was iterated until Eq. (15) was satisfied. In Table 2,
the caleulation results were given for increasing o 's. The
variation of the parameters with o is so glow for o =10
that giving a definite value of o was impossible, and the
approximated parameters were listed in Table 3. Total
conduclivities were caleulated with o value of 250 {the
evaluation of o will be mentioned later) and compared
with those measured at various oxygen partial pressures.
This large o value justifies the linearity of the o, vs. PW”2
plot in a rather wide range of water vapor pressure. As
piven in Fig. 7, the predicted conductivities showed good
agreements with experimental measurements. When other
o values larger than 10 were applied, similar results were
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Fig. 7. Total conductivity apgainst P at 800°C. Py,(atm); |
L1000, 7:0201(40), ©:342¢107(Ar+0,), O; 1.42+10™
(AT), A7 LE1107°(N,).

o fR) alon) 57107 Sem™ | ©,/107 Sem”’ 5,2 /107 Sem™ 6, +0,/107™ Sem™
1 0.9070 2.4142 7711 1.2289 5.667 22319
10 0.9696 43166 7.213 1.2699 8.547 2.2093
100 £.9903 11.0499 7.062 1.2793 9.975 92,3212
250 0.9938 16.8430 7.087 1.2809 10.243 2.3249
500 0.9956 23.3830 7.024 1.2817 10.381 2.3268
1000 0.9969 32.6386 7.015 1.2823 10.480 2.3282
2000 0.9978 45.7325 7.009 1.2826 10551 2.3201
3000 0.9982 55.7814 7.006 1.2828 10.582 2,3295
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obtained. The tendency of poorer agreements was ob-
served at high oxygen pressures. The o, vs. PWLI2 plots at
various P, are not presented here, but the slope in the
plot became larger with increasing P, confrary to the
prediction by Eog. (12), This fact is likely to be related with
the deviation of data at high oxygen partial pressures.

IV. Discussion

Thermodynamic parameter ¢ equals 8y/K, and K, is
equilibviun constant for the waler dissolufion reaction
given by Eq. 2. K, values were reparted as a function of
temperature for various proton-conducting oxides,’® and
for Y-doped SrZrQ,, K, was read as 0,335 atm™ at 800°C.
This K, value corresponds to o of 11.9. which is in the
range of o determined in this work. K, of ¥ doped-SrZrO,
was lower than other HTPCs such as Y doped-SrCe(,, Ca
doped-GdErQ,, and Ca doped-Ba,MNb,Ca)D,, suggesting
lower equilibrium solubility of protons in the material.
This low K, or large o, was suggested from the increas-
ing conductivity with P_**. A large and thus high g{e) in
Eq. (12) gives a higher possibility of a positive slope in the
G, vs. P_"* plot. This o value is compared with those of
other perovskites reported in the literature: 0.18 in
SrCe, 55 ¥b, 050y 75 2t 950°C,"" and 0.35 and 0.05, respec-
tively for BaTh, Nd; 0, . at 990°C and BaTh, Y,,0,,, at
1003°C,* and negative slopes were ohserved in the o, vs.
P " plot in all these systems."™'” Besides a high o, a
large o, can also lead to a positive slope, regardless of o
value. o, is larger than ¢ or g, for Sr%r, .Y, 50 g 25
shown in Table 3. These values are compared with those
of the perovskites having negative slopes; 6, has much
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Fig. 8.0, vs. P, plot at P,=1.51x10"" atm,
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larger than ¢, or ¢;. Thus it can be said that Y-doped
SrZrO, meets both of the twe conditions [or the positive
slope; a large o and comparatively higher o value than
o, or o of the material at the given temperature.

In Fig. 8 parlial conductivities are given against P_'? at
argon abmosphere (P =151x107 atm). o, and @, are
Iinearly increasing, and o, and o, appears constant, inde-
pendent of water vapor pressure. This is because, for
large o values, fiR) is close to unity and partial conductiv-
ities given by Fq. (7) through (9) can be approximated as
foliows.

o=, P,/ (amn
G=0, (18)
G,=0, P (19)

The same expressions for the partial conductivities were
obtained in the extreme cages, [V, [¢ [OH, [for the general
HTIPCs? The same formulae were also observed for In-
doped CaZr(},, of which proton concentration was consid-
ered very low and [V, |=constant.'” Therefore, we can say
that electro-neutrality of these electrolytes is maintained
almost entirely by oxygen jon vacancies. In recent stud-
ies,’™'® they found the proton selubility in relation with
packing densily of the structure. The hydration enthalpy,
AT of Eq. (2) become less negative with increasing pack-
ing density In perovskite oxides. ZrO,based perovskites
shows a high packing density as a result of small B-eat-
ion in the type ABO, and give a low value of K.

Besides the low equilibrivin constant K. low proton econ-
centration was explained by low activity coefficients of
oxygen jon vacancy.'™'” In general, defect equilibria may
be affected by long or short range defect interaction or lat-
tice relswation.'® The saturation limit of protons was
observed in HTPCs, which is lower than expected value,
Le. [OH, 1<2[V, =y."**'" If activity coefficienis ave taken
into consideration, the mass action law gives the respec-
tive equilibrium constami for Eq, (1) and (2) as follows.

K, ~(£, p)#FvIV, [Py (20)
K= IOH, PAVIV, TP, (2D
where £, {, and f denote activity coefficients of electron

holes, pretons and oxygen ion vacancies, respectively.
Rewriting of Eq. (20) and {(21) gives

PV, TP, =K, o/t 22)
[OH, 1/[V, 1P,,"*<K, fv/f,* (23)

Thus activity coellicients can be incorporated to rele-
vant defect equilibria by substituting K, fv/£? and K, f7/f?
for K, and K, respectively,

In SrZr, .Y, .50y saturaled proton concentration is very
low and most of the oxygen ion vacancies are sustained
even under P =1 atm.">"” Accordingly we could assume
that the activity coefficients for the two ionic defects are
weak functiong of the partial pressures of the correspond-
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ing gaseous species In the surroundings, and partial con-
ductivities can be given by the same expressions as Eq.
(4) through (6). Considering activity coefficients, o=8 fnzy/
E.f. Schober gave £, as a function [OH ], i.e. f;=1+m[0H ]
(with m=-0.6 for Baln, Sn, .0, ... However, in 8rZr, .Y, .
0,, saturated concentration of proton is as low as 0.8 %
107" and, f, may be reasonably assumed as unity. f,is
low for ZrO.-based perovskites and £=0.03 from the refer-
ence.'” Then 0=239 with given values of K,=0.0335 and
=(1.03. Det-ailed discussion on v value will follow.

In addition to the equilibrium constant, the concentra-
tion of proten is influenced by other facts. One is the dis-
tribution of the dopant over the two cation sites, M, and
M,.""** Another one we can consider is intrinsic schottky
defects given hy Eq. (242"

nil= V" + VI 43V, (24)

Taking these two facts into account, electro-neutrality
condition requires to satisty Eg, (25),

2V, J+10H, =M 1-[M_ J+2[V 1 +4[V )" ] (25)

Now y=IM,'|-IM_ 2]V |+4[V," 1. Miller’” observed
the composition (Sr, e Y, o 21,4, 000,0s for nominally
5% Y-doped SrZr0, single crystal, which corresponds to
[M,'1- 1M, 1=0,03. Intrinsic schottky defects become insig-
nificant in the acceptor-doped condition,'® and thus the
cation vacancies were considered negligibly small. As a
result we obtained y=0.03. Here one could see the signifi-
cance of the parameter ¢. It includes not only thermody-
namic consideration of the defects but the effects from
defect structure of the material,

In Fig. 9 partial and total conductivities versus water
vapor pressure are given at two different oxygen partial
pressures, P,=0.20 and 10%atm. As 5,=0 in dry condi-

fa) T

i
7+ il

DN AN B B R e St B ma e |

o 110”Sem”
g2

pl o . FE | 1 /ISP U 1
02 04 05 0B 1.0 12 1.4 16 1.8

P,, /107 atm
Fig. 9. (a) o, vs. P_ plot at Pg,=0.201 atm.

Electrical Conduction in SrZir, ¢ ¥y, 150 g5 Ceramics 203

tion, the material is inherently mixed conductor by elec-
tron holes and oxygen ions. The relative contribution of
electron holes is obvious at the two oxygen pressures. The
material becomes almost pure ionic-conducting at Fg, as
low as of 107 atm. Oxygen ion conductivity are almost
constant even with inereasing water vapor pressure, sug-
gesting that only small fraction of exygen ion vacancies
are filled by dissclution of water vapor. At P of around
0.01 atm, Uﬁcrﬂwl()“1 Sem™, regardless of oxygen partial
pressure. At this temperature, pure protonic conductivity
was not expected even at a high water vapor pressure,
contrary to the previous works on SrZr0,*** Same
argument™® was reported for CeOy based perovskites:
Pure proton conduction was claimed from the measure-
ments of the transference number in cencentration cells.
However, later workers provided evidences for beth pro-
tonic and oxygen ion conduction; they carried out electro-
chemical pumping of oxygen and hydregen using dry
oxygen and dry hydrogen, respectively.**® And they could
explain the controversies associated with the transference
numbers measured from a concentration cell technique.
The likely reason is in the simultaneous establishment of
O, or H,O concentration cell in the hydrogen concentra-
tion cell, and the effect of such secondary concentration
cell was not properly taken into acecount. For oxygen or
water concentration cells, similar problem is expected.
Open circuit voltage in H, gas containing atmosphere can
be given as one of the following expressions,®*"

RT fr; ¢ RT {9 £, _
V= adinPyg, + f JdInP,, (26)
RT tv RT 5 b +tv
= j dnP, — 5], > SEedinPy, @7

t, and t, denote the respective transference number of
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praton and oxygen ion. R, T and F have their nsual mean-
ing. P' and P" denote the partial pressures at the two
electrodes. I Eq. (26} is chosen as a relevant expression,
the open cireuit voltage is a function by P, in addition to
Pyyo- If composition of oxygen is not contralled and clearly
specified, the results may be misleading.® For example,
the transference number, if determined from a hydrogen
concentration cell without consideration of I, or Py, may
represent ty or t;+t, depending whether the electrode
condition is close to Py'= P." or P =P, respectively.
{(Fortunately the partial conductivities and thus transfer-
ence numbers are not function of Py, *™)

To circumvent the limitations or requirements of strin-
gent, contro of gas composition, o, vs. P, technique hag
been preferred in the determination of ionic transference
number.”® Likewise, for the separation of proton and oxy-
gen ion transference number, ,, vs. P,,"* technique is pro-
posed in this work, The zirconate perovekites have similar
characteristics of electrical properties; increasing conduc-
tivity with water vapor pressure,’®'"*” and thus very low
proton concentration and lower proton conductivities com-
pared with cerate HTPCs.***® At low enough oxygen par-
tial pressures, the hole conductivity ig suppressed and
oxygen ion conductivity iz almost constant against water
vapor pressure, as mentioned earlier. Hence, the total
conductivity is given as,

— - . 1/2
0,0, +0~0. +0,, P (28)

Obviously o, vs. P.'* plot enables to separate proton
conductivity from total ionic conductivity,

V. Conclusion

1. Total conductivity showed a linear increase in o, vs.
P, plot for Sréir,eY, ;0505 cevamics at 800°C. This is
contrary to other HTPCs such as SrCe0, or BaThO,-
based perovskites, which exhibited a linear fall. The
observed positive slope stems from the large o. The posi-
tive slope was also caused by relatively high o value,
compared with s’ or g of the material at ihe given tem-
perature.

2. The parameter was determined to be in the range of
o = 10. The high ¢ value represents the characteristic low
proton concentration of zirconate HTPCs. « could become
even higher due to a low activity coefficient of oxygen ion
vacancies, in addition to the low equilibrinm constant for
the water dissolution reaction of the material.

3. The prediction of total conductivity showed a reason-
able agreement with the experimental measurements, The
calculation of partial conductivities at 800°C resulted in
an almost pure jonic conductivity, confributed by both
protons and oxygen ions, at Py,=10"" atm and a predomi-
nant hele conductivity at Pg,=0.20 atm. The material is
inherently p-type and oxygen ionic mixed conductor, and
additional proton conduction was observed in wet atmo-
sphere, No pure proton conductivity was expected even al

Vol. 5, No. 3

low Py, and high Py,

4. Oxygen ion conduetivity is a very weak function of
water vapor pressure in zivconate HTEPCs, due to the low
proton golubility. From the measurement of total conduc-
tivity versus P,, it was shown that prolon and oxygen ion
transference number could he separated from total ionic
conductivity at low oxygen partial pressures.
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