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Abstract

Porous samples of composition of Bg44Y ¢07/0s_; were fabricated. Electrical conductivity of porous samples was measured using a
4-probe dc method over s, range from 7.3« 107 to 1 atm and over a temperature range from 500 to*80 he results showed that the
electrical conductivity increases with increasipg),, a characteristic of electron—hole conduction. Abpye of 0.01 atm, the measured total
conductivity was fitted t@; = o; + fpclj/;, whereg; is the ionic conductivity an(fp(l)/z4 is the electronic (hole) conductivity. The activation
energies were estimated to 5€.57+ 0.15 and~1.014+0.04 eV for oxygen ion and electron—hole conduction, respectively. The oxygen ion
transference number ranged betwe#€n01 and 0.7 over theo, and the temperature ranges investigated. Electrical conductivity measurements
were also carried out in #D-containing atmospheres. It was observed that at a temperature-bBE@WC, the predominant ionic conduction
was due to protons.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ble in humid or C@-containing atmospheres at temperatures
below 500°C, a property which makes their application in
Many perovskite oxides, such as rare earth oxide SOFCs difficulf12—16}* Zirconates, on the other hand, are
doped BaCe@ SrCeQ, BaZr(Qs;, to name a few, and stable in HO and CQ-containing atmospherg$9]. Of the
off-stoichiometric mixed perovskites such asz;Ba; 13 zirconates investigated so far, Y-doped BaZi@s been re-
Nbz.8209_s (BCN18), exhibit proton conduction when ex- ported to exhibit high proton conductivity and good chemical
posed to a humid atmosphere at elevated temperdtis#6b stability [20,21]
This property makes them promising candidates for a vari-  Several groups have investigated electrical conduction in
ety of applications, such as solid oxide fuel cells (SOFCs), Y-doped BaZrQ[11-16,19-25]The reported electrical con-
gas sensors, Hseparation or purification membranes, hy- ductivity values, however, vary over a wide range. For ex-
drogenation/dehydrogenation of hydrocarbons [&t€]. Of ample, the reported interior (bulk) electrical conductivity of
these materials, the cerate-based oxides and BCN18 havdaZry oY 0.10.95 at 500°C ranges betweer10-/ [22] and
been shown to exhibit some of the highest proton conduc- ~10-2Scnt ! [21]. Electrical conductivity is often mea-
tivities [10]. For example, the proton conductivity of some sured using ac impedance spectroscopy, especially when the
of the cerate-based materials is greater than the oxygen iorpbjective is to separate the grain interior and grain boundary
conductivity of 8 mol.% yttria-stabilized zirconia (8YSZ) at conductivities. Unambiguous resolution of grain boundary
~650°C [11]. The cerates, however, are known to be unsta-

[ 11t is to be noted, however, that fuel cells made using doped BagCeO
* Corresponding author. Tel.: +1 801 581 5396; fax: +1 801 581 4816.  electrolytes (in dense form) have been operated for several days at elevated
E-mail addressanil.virkar@m.cc.utah.edu (A.V. Virkar). temperatures (typically >70) [17,18]
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impedance from bulk impedance, however, is often diffi- ¢2/p.4 whereDey is the effective gas diffusion coefficient
cult due to overlapping spectra. Also, interpretation of ac in a porous body, which is typically >18cn?s™1, and is
impedance spectra is not straightforward and must be base@enerally of the order of 0.1 chs 1. Thatis, for a sufficiently
onidealized microstructure models, equivalent circuitmodels porous and thin sample, it can be assumed that gas composi-
and special data fitting techniques are often required. 4-Probexion rapidly equilibrates within the porous interstices. Thus,
dc method, on the other hand, gives an unequivocal measurehe kinetics of equilibration of the sample is dictated by solid-
of the total conductivity. Contributions due to grain interior  state diffusion into the particles. Therefore, the kinetics of
and grain boundary, however, cannot be readily determinedequilibration is expected to be much faster in porous bodies
by this method, unless measurements are made on samplegs compared to dense samples. For this reason, in the present
of several grain sizes, such has been done for rare earth oxidgvork, porous samples of Y-doped Bazr@ere used.
doped cerid26]. Still, from a practical standpoint, a 4-probe
dc measurement is the desired one since in most devices,
often it is the dc conductivity which is of interest. 2. Theoretical basis

It had been generally believed that Y-doped Bazi®©a
predominantly proton conductor in humid atmospheres. Re-  For a high temperature proton conductor, the relevant de-
cent work, however, suggests that significant electron—holefect reactions may be written as
conduction is presentin both dry and wet atmospheres attem-
peratures above 40C [23-25] lonic transference number ~ H20(gas)+Vo*® & Oo™ +2H°
has been measured using concentration ¢24s25] This with the equilibrium constant given by
technique, however, gives an average value ovepg)@ra-
dientimposed. It has also been shown that partial conductivi- , _ [00*][H*]?

tiesdueto oxygenions, protons, electrons, and electron—holes w= PH,0[Vo**] @)
can be estimated by electrical conductivity measurements infor H.0 incororation. and

combination with a defect model by measuring the electrical 2 P '

conductivity at variougo,, pH,0, and temperaturd27-31] %Oz(gas)+ Vo** < Op* +2h°

In order to study theo, - and thepp,o0-dependence of electri- . _ .

cal conductiviti// azzuzrately, cf)meoIete l::hermodynamic equi- with the equilibrium constant given by

librium between the gas phase and the solid phase is nec- [00*] p?

essary. Dense samples of thicknessmm are often used Kh= —5—— 2)
in many experiments. However, for a typical diffusion co- Po, Vo'l

efficient, D ~ 10-®cn?s ™, the characteristic diffusion time  for oxygen incorporation, assuming that the law of mass ac-
given by¢</D, wheret is half the thickness, is of the order of  tjon holds and that oxygen vacancies are fully ionized. The
~10°s or several hundred hours. If the equilibration kinetics concentrations of the relevant charged species are governed

is governed by surface kinetics, the corresponding charac-by the electroneutrality condition, which is given?by
teristic time is¢/ kexc, Wherekexc is the surface exchange

coefficient with units of cms?, and is often of the order of ~ 2[Vo**]1+H* + p =[Y] (3

-5 1 Thicimnl
107>cms . This implies that upon a change of atmosphere, Based on these equations and the Nernst relation, one can

!ong e_qu||||brat|o_n tlrrlels are ngcessary, VIVh'Cg IS |mprz_ac|'?|calt obtain the partial electrical conductivities due to the three
in typical experimental procedures employed, especially a carriers, which are functions @i,o, po,, K Kn, and [Y]

low temperatures. Use of porous samples of approprlate ml'(dopant content). If the predominant electronic conduction
crostructures has been shown to be an effective method of

overcoming such difficultiefs2,33] The principle is that in is by electron_—holes, the total electrical conductivity can be
. } : e . . usually described by

a porous solid, the effective solid-state diffusion distance is of

the order of the patrticle sizd, which is typically very small ot = Gion + fpé/" (4)

(a few microns) such that the characteristic time for equili- 2

bration isd2/ D, assuming that the surface reaction is rapid. Whereoion, the total ionic conductivity, is the sum of oxygen

If the kinetics is governed by the surface reaction, then the ion and proton conductivitied, the pre-exponential factor

characteristic time is given hykexc. Since the particle size ~ With dimensions of conductivity, and is typically 4 or 6,

in a porous sample is much smaller than the typical thicknessdepending on theo, and the temperature regime. In a dry

of a dense sample, that is, sindex ¢, it is expected that  atmosphere, a plot of; VerSUSp(l)/zn is expected to yield the

equilibration time will be much smaller in porous samples. partial conductivities due to oxygen ions and electron—holes.

This assumes that gas transport into the porous interstices is

rapid. If.the pore size is large e_nough Such tha.t gas tranSportTere,only the highpo, regime is considered, such that electron con-

pred(_)m_lna_ntly occu_rs by eﬁectl\_/_e bm_ary diffusion, the char- centration can be ignored. If the, is low such that electron concentration

acteristic time required for equilibration of the atmosphere cannot be ignored, it will have to be included in the electroneutrality condi-

within the porous sample of thickness & of the order of tion.



W. Wang, A.V. Virkar / Journal of Power Sources 142 (2005) 1-9 3

In H>O-containing atmospheres, such a plot allows one to A s AT
. ©s 100004 ElaZrmeOH 4
determine the proton conductivity. CuKo ]
80004 (110 1
@ ]
3. Experimental procedure 3 S0 l
o 200 (210) |
3.1. Materials synthesis, characterization, and sample e Tk |
preparation 2000 1) @) (220) -
Powder of composition BagksY 0.0703—s was synthe- 0 (1'40_0) JIL | . : . JL A |
sized by calcining a powder mixture of BagZrO,, and 2 90 % 40 B 700 60
20

Y203 at 1400°C for 4 h. The calcined powder was mixed
with fine carbon powder of particle size 10-26 and ball- . S .
milled, and bars were die-pressed, isostatically pressed undeggﬁpt.x'ray difraction pattern of an as-sintered BagdY0.070s-s
a pressure 0f-2000 kg cnT?, followed by sintering in air at
1650°C for 10 h.
The as-sintered sample was characterized by X-ray Fig. 2 is an SEM micrograph of the fracture surface
diffraction (XRD) with Cu Ka radiation. The microstructure  of a typical porous sample used in this work. The
of the fractured surface of a sintered sample was characterset is a micrograph at a higher magnification. The typ-
ized using scanning electron microscopy (SEM). The appar-ical particle and pore sizes are of the order of a few
ent density of the sintered sample (porous) was measuredmicrons.
using the Archimedes meth¢a4]. Fig. 3shows the time dependence of the normalized elec-
Platinum paste was painted on porous samples to formtrical conductivity, defined as
four contacts in the form of strips. Four platinum wires were 0
attached to each sample to form four leads for 4-probe dc x(r) = M
measurements. o(00) —a(0)

(%)

whereo(0), o(t) ando(co) are, respectively, the initial con-
ductivity, the conductivity at timet* after the change to a
new atmosphere, and the conductivity after equilibration at

The conductivity was measured using a 4-probe dc methodthe new atmosphere, during& incorporation and @des-
described in detail elsewhej2]. orption by a porous BaglosY0.0703-s sample. It is seen

Initially, the sample was heated 4900°C in dry air and that at 500C, it takes, respectively, 3 and 40 min for the
the sample was maintained at temperature for over 5h toPorous material to attain equilibrium with ngw,o and new
minimize the background #D content in the sample. Then  P0;,-
the sample was heated to the desired temperature in flowing The conductivity was measured on a porous sample
dry air. Once the temperature stabilized, the conductivity was 0f nominal dimensions 2.36 mm10.64 mmx 47 mm as a
continuously monitored for a time long enough to ensure that function of po, at several temperatures. First, the sample
a stable value was attained. The atmosphere in the chambewas exposed to pure oxygepd, = 1atm) at 800C for a
was then changed to a differeps,, and the procedure was sufficiently long time to ensure that the conductivity attains
repeated. a stable value. The stable value was recorded as that corre-

In order to investigate the effect of partial pressure of water sponding to the equilibrium conditions. With the temperature
vapor, the desireg,0 was obtained by passing a carrier gas fixed at 800°C, the same procedure was repeated 30

(dry air or dry Nb) through a water bubbler maintained at the gas mixtures at subsequently lower valuespef, specifi-
appropriate temperature. cally, 2.1x 1071, 5x 1072, 1x 1072, 2x 1073, 1x 1073,

5x 1072, and 7.3x 10 8atm. Subsequently, the tempera-
ture was decreased to 700, 600, 550, and°&Dand at each
4. Results temperature, the conductivity corresponding to equilibrium
conditions was measured at each of fhg, levels stated
Fig. 1 shows an X-ray diffraction (XRD) pattern of an above. The collected data at each temperature are plotted as a
as-sintered BaglosY 0.0703_s sample, which corresponds function of po, on a log—log scale ifrig. 4(a). It is seen that
to a simple cubic structure. The lattice constant determined log(c) increases with increasing logf,) and the dependence
from the peak at@=30° isa=4.1914A. For the composition is linear forpo, > 0.01 with slopes close to 1/4. The data for
BaZr0.93Y 0.0702.965 the theoretical density is calculated to o, > 0.01 were then fitted ta; = 0o + fpg, » andoy is
be 6.222 g cm?®. The apparent density of the porous sample
was measured to be 3.593 gtfnAccordingly, the porosity
of the sample is~42.3vol.%. 3 In the following, conductivity means total conductivity.

3.2. Conductivity measurement
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Fig. 2. An SEM micrograph of the fractured surface of a porous Bg&fo.0703—s sample.

plotted versu:pé/; in Fig. 4(b). Fitting result in values afo
as 2.06< 107°,2.07x 1075, 2.03x 107°, 4.12x 10~°, and
1.79x 1074, and values fof as 9.15< 1075, 3.42x 1074,
6.95x 1074, 2.56x 103, and 5.79% 10~ corresponding,
respectively, to 500, 550, 600, 700, and 800 log(Too)
and log(Tf) are plotted versus T/in Fig. 5. Assuming the
electrical conductivities can be described by

whereA is a pre-exponential factor independent of tempera-
tureT, the data were fitted to straight lines (Arrheniusfit). The
activation energ\E,, and pre-exponential factd, were then
extracted from the plots, namelig,=0.57+0.15eV and
A=55 for oxygen ion conduction, arig;=1.01+0.04 eV
and A=782305 for electron—hole conduction, respectively.
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o
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Fig. 3. Electrical conductivity relaxation during,® incorporation and ©
desorption by a porous BaggzY 0.0703—s sample.
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Fig. 4. (a) Total conductivity as a function @b, (on a log—log scale) at
five different temperatures measured isHfree atmospheres and (b) total
conductivity as a function oﬁg;at five different temperatures measured in
H,O-free atmospheres.
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Fig. 5. log(Too) and log{Tf) vs. 1T for the estimation of activation ener-
gies for oxygen ion conduction and electron-hole conduction. The resultant Fig. 7. log(To) vs. 17T. (M) po, = 7.3 x 10~®atm and ©O) po, = 1atm.

expressions areo = 5 exp(f%lﬁ andf = @%xp« 11T715)

Accordingly, the expressions obtained are 2.4+ 02 047
55 6612 5 Py o, atm 01
= —exp| ——— & 204
o0 T p( T > g 2.0
782305 1171 = 0.05
— - = 1.6
and f = T eXp( T 5) % 0.025
é 0.006
The oxygen ion transference number= oo/ot, was cal- 8 .
culated based on they obtained above, and the results at 500
and 700°C are plotted as a function gfo, in Fig. 6. Over 0.8+ dry air
the po,range from 7.3 1075 to 1 atm, oxygen ion trans- 0 4000 8000 12000
ference number decreases frer.7 to~0.1 at 500C and Time, sec
from ~0.2 to~0.01 at 700C.
In Fig. 7, log(To) is plotted versus T for po, = 1.3 x Fig. 8. Total conductivity vs. time for dry—wet—dry cycles corresponding to

1076 and 1 atm, respectively. Fitting to straight lines yields Y2"10Usp+z0 at 500°C.

two activation energies, specifically 0.81 and 1.01 eV, corre-

sponding topo, = 7.3 x 107% and 1 atm, respectively. to dry air with the corresponding stable value of conduc-

The conductivity was also measured at varipuso and tivity being ~9 x 10-°Scnt! at 500°C. The atmosphere

at 500 and 700C. Figs. 8 and Show the time-dependent was then abruptly changed from dry air to humid air with

(total) conductivity at 500 and 70@ over apH,o0 range PH,0 = 0.006 atm. When the conductivity reading became

from 0.006 to 0.47 atm. The sample was initially exposed stable, the atmosphere was changed from humid air back
to dry air. Similar dry—-wet—dry cycles were repeated at

1 T
" = 500°C 55 . . .
. © 700°C
dry air

L] [ ] n 4
£ -
[ ] O <
o [ ]
L] @ ]
0.1 e = ]
1-..0 o —
° By = 1

=
o] [ ]
© 3 005 ]
s ' 1

5 o

& wet air
0.01 f——rrrrmm—r e i D
1E-6 1E-5 1E-4 1E-3 0.01 0.1 1 10 0 4000 8000 12000
p02 (atm) Time, sec
Fig. 6. Oxygen ion transference number ys,. (M) 500°C and () Fig. 9. Total conductivity vs. time for dry—wet—dry cycles corresponding to

700°C. variouspn,o at 700°C.
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o 500°C 5. Discussion
= 700°C

_— . " s om oa | 5.1. Porous material versus dense material
Our previous work has demonstrated that porous sam-
ples of BgCa . 1aNb1 82095 (BCN18) exhibit similar depen-
dency of electrical conductivity opo,, pH,0, and tempera-
a ° ture, as do dense samples, and magnitudes are also essentially
1E-4 4 ° - the same when corrected for porog&g]. In BCN18 samples
1&_3 —_— - used in the earlier work, thg typical particle and pore sizes
' A ’ were of the order of a few microns. As such, the total number
"o of surface atoms, relative to those in the bulk, was negligible.
For this reason, the main differences between the conduc-
tivities of porous samples and dense samples are related to
geometry;i.e., the pore volume fraction and particle morphol-

subsequently increasingu,o. Fig. 8 shows that the con-  0gy. Thus, apart from a geometric correction factor, the mea-

o, S/cm

Fig. 10. Total conductivity vspn,o. () 500°C and @) 700°C.

ductivity increases with increasingn,o at 500°C. Similar surement of conductivity of porous bodies yields the same
experiments were carried out at 70D (Fig. 9), where in dry basic information as does the measurement on dense bodies.
air, the corresponding conductivity was2 x 10-3Scnt L. The same behavior is expected for porous BagY 0.0703-5

As seen irFig. 9, the conductivity decreases with increasing samples used in this study. Thatis, the surface areaintroduced
Ph,0 at 700°C. Stable values of conductivity are plotted ver- by porosity should have negligible effect on the properties of
suspp,o in Fig. 10for both temperatures. The data were fit- the porous material, as influenced for example, by adsorp-
ted to empirical expressionsyet — odry) = O.OOZP&;‘O and tion of O, or H,O. Based on the microstructure shown in

(Owet — Odry) = _0-0009@%08 at 500 and 706C, respec- Fig. 2, the ma_lximum possible amount ob@ adsorbed on
2 surface is estimated to be less than 3% of the amoun$©f H

tively. . ; 5
Conductivity was measured over a temperature range fromdissolved in the bulk at @h,0 0.025atm andr=700°C.
400 to 800°C in dry air and wet air fy,0 ~ 0.025 atm), Thus, the effect of possible adsorbed species on the surfaces

of pores can be ignored, and the measurement of conductiv-
ity of porous bodies yields essentially the same information
as the measurement on dense bodies—apart from a geomet-
ric factor. The use of porous bodies, on the other hand, has
important implications from the standpoint of the kinetics of
equilibration—and thereby the establishment of equilibrium
conditions in a reasonable period of time.

Fig. 3 for example, shows that in the porous
BaZry.93Y 0.0703_s sample at 508C, H,O incorporation re-
quired~3 min to attain equilibrium, while @desorption re-
quired ~40 min. The typical particle and pore sizes are of
the order of a few microns~{10p.m). Gas transport in and
out of the porous interstices can be shown to be very fast, as

respectively. The results are plottedriy. 11 It is seen that
the data for wet and dry air crossoverab50°C; above
550°C, the conductivity in dry air is larger, while, below
~550°C, the conductivity in wet air is larger. Also shown in
the figure are data from Katahira et |5].

Conductivity was also measured in dry, Npo, ~
0.001 atm) and wet p(pH,0 0.025 atm), respectively, over a
temperature range from 500 to 80D; and the corresponding
data are also shown Fg. 11 It is seen that the conductiv-
ity in wet Ny is higher than that in dry Nover the whole
temperature range.

T T T T " dryar the effective Q—N, diffusion coefficient for gaseous trans-
001d © ° = wetair port through porous bodies with porosity80—40% is typ-
5 g ® . y :”etNNz ically of the order of~0.1cnfs~1. By contrast, solid-state
@ x D ° o Wr:t alr transport into the particles is expected to be much slower.
-*E 1E-34 ; . Katahira et.al 3 Thus, assuming transport by diffusfbimto the particles of
§ R . the material is the rate-limiting step, the time required for
§1E n x a | this step is approximately proportional ;télf), wherex is
) X . the smallest dimension of the sample, abdefers to the
chemical diffusion coefficient of the diffusing species in the
1E-5 ST T T s E'1_5 material (here either of ©(or O) or O, depending upon
’ . the atmosphere). For a dense BagdY 0.0703-s sample of
1000/T, K 1 mm (100Qum) thickness, the time required to attain equi-

Fig. 11. Total conductivity (log scale) vs.TL{J) Dry air, po, = 0.21 atm; librium would be (100me/10;xm) = 104 times Iarger than

(M) wet air, py,0 = 0.025atm; Q) wet Ny, po, = 0.001 atm, py,0 = -
0.025atm; () dry N2, po, = 0.001atm and §) data of Katahira et al. 4 If surface exchange is the limiting step, the time required will be propor-
on a dense material, wet ajfi;,0 = 0.017 atm[25]. tional toX/Kexc.



W. Wang, A.V. Virkar / Journal of Power Sources 142 (2005) 1-9 7

the time required by the porous sample used in this study, that[23] was obtained over a lower temperature range and using
is, ~8 h for H,O incorporation or~111 h for G desorption. ac impedance spectroscopy. It is to be noted that activation
Clearly, the attainment of equilibrium conditions in areason- energy values of 0.46 and 0.54 eV were obtained for, respec-
able time, when using a dense sample-dfmm thickness, tively, BaThG; [29] and BCN1§33], which are of the same

is not expected. For this reason, porous samples were usearder of magnitude as in the present work. For electron—hole

in the present work. Faster kinetics of® uptake {3 min) conduction, activation energy e¥1.01+ 0.04 eV was ob-
compared to relatively slow £desorption 40 min) sug- tained in this studyKig. 5), which consists of two contri-
gests thaf)Hzo must be greater thabo. butions, specifically, the activation energy associated with
the motion of electron—holes and the enthalpy for the for-
5.2. Conductivity in a dry atmosphere mation of one electron—hole from oxygen incorporation re-
action as shown by Eq2). Usually the activation energy
5.2.1. po, Dependence for electron—hole motion is of the order 6f0.1eV. Thus

Fig. 4a) shows that the conductivity increases with in- the enthalpy for reactiof2) is estimated to be of the or-
creasingpo, at each of the temperatures examined, a char- der of ~1.8eV. InFig. 7, the slope of loglo) versus 1T
acteristic of electron—-hole conduction. Fas, > 0.01atm,  €xhibits dependence upgro,. At po, = 1atm, when the
the conductivity can be satisfactorily describedby: oo + e_lectrlcal conduct|on_|s d_omlnated by electron—hole Co_nduc-
fp(1)/4 (Fig. 4b)). Forpo, < 0.01 atm, thepo,-dependence of tlor_1 (th_>0.9), an actlvqnon energy of 1.01 eV_|s obtained,
conductivity exhibits smaller slopes. These findings are con- Which is constséent with the result shown Kig. 5 At
sistent with the observations by othé®8,24]on dense sam- 70, = 7-3x 107> atm, by contrast, a smaller slope is ob-

ples of BaZp oY 0.103_s Over a similar temperature range. served, resulting in a lower activation energy»@ﬂ).Bl ev.
At this po,, thetp varies from 0.1 to 0.7 depending on tem-

perature, indicating that electrical conduction changes from
predominantly electron—hole conduction to predominantly
oxygen ion conduction with decrease pg, from 1 atm to
7.3x 10-%atm. Presumably, at a sufficiently lowe,, OXy-
gen ion conduction is substantial over the temperature range,
and the slope of lodjp) versus 1T should be closer to the
activation energy for oxygen ion conduction. The observa-
tion that the estimated activation energy corresponding to
po, = 7.3 x 108 atm is 0.81 eV is consistent with this ex-
pectation. That is, at po, of 7.3 x 10-%atm, there is a sig-
nificant contribution from both electron—holes and oxygen
ions to total conduction over the temperature range studied.
Therefore, the value 0.5%0.15 eV for oxygen ion transport
appears to be reasonable.

From the obtained values f&i andA, the total electrical
conductivity in dry atmosphere may be described by

55 6612 782305 1171
o= — exp(— ) + exp(— ’;)pé/z" (6)

5.2.2. Oxygen ion transference number

lonic transference number is a measure of the relative con-
tribution of ionic conduction to the total electrical conduction.
Itis observed irFig. 6that the oxygen ion transference num-
ber,to, depends not only on temperature but alsgeyg in
such a way that, decreases with increasiigind increasing
po,. Thepo,-dependence is readily understandable from re-
action(2), while, theT-dependence db is attributed to the
endothermic nature of the oxygen incorporation reaction (Eq.
(2)). For materials such as Y-doped BaZt@he oxygen va-
cancy concentration is dominated by the dopant level)[Y
and the electron—hole concentration is dominated by reaction
(2). In this situation, the oxygen vacancy concentration is ap-
proximately independent of temperature arg over a wide
range, while the electron—hole concentration increases with
increasing temperature.

5.2.3. Temperature dependence r r T T
The electrical conductivity due to an ionic charge carrier \yheren depends on theo, range, and isv4 for po, >
is usually described by 0.01 atm. For a dense material, a correction for porosity must
be made to the above expression.
A Ea
o = T eXp —? ,

5.3. Conductivity in wet atmosphere
where A, the pre-exponential factor, is a function of con-
centration and vibrational frequency of the charge carrier. In When a proton conductor is exposed to a humid atmo-
many oxides, the motion of electron—holes occurs by hopping sphere, HO is incorporated into the material to fill up oxy-
and is thermally activated, unlike the motion of free electrons gen vacancies, and as a result, the concentrations of oxygen
or electron—holes in semiconductors. Therefore, the preced-vacancies and electron—-holes decrease and that of protons
ing expression also applies to electron—hole conductivity. In increases. Concurrently, proton conductivity increases at the
the previous section, activation energy-0.57+0.15eV expense of oxygen ion and electron—hole conductivities. The
was determined for oxygen ion conduction, which is much total conductivity, however, can either increase or decrease,
lower than the value-1.14+ 0.1 eV measured for the grain  depending on the magnitudes of the governing parameters
interior of dense Ba#igY o.103_s by Bohn et al[23]. Such for the conductivities due to each type of charge carrier. For
a difference is not surprising in that the value in reference BCN18, a mixed oxygen ion and electron—hole conductor in
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dry air, the total conductivity increases with the absorption ductivities due to oxygenions and electron—holes were deter-
of H,O at temperatures up to 890G [32]. Unlike BCN18, mined over the temperature range from 500 to 8D0The
the total conductivity of BaZyg3Y 0.0703—s decreases with  activation energies were determined to-b@.57+ 0.15 and
increasingpn,o0 above 550C, and increases with increas- ~1.01+0.04 eV for oxygen ion and electron—hole conduc-
ing pH,o below 550°C. Similar behavior was observed in tion, respectively. Also, the oxygen ion transference number
BaThG; [29,30] Such a behavior can be generally attributed ranged between-0.01 atpo, = 1 atm and 700C to ~0.7
to the fact that electron—hole conductivity exhibits stronger at po, = 7.3 x 10-%atm and 500C. Electrical conductiv-
dependence on temperature argcompared to proton con- ity measurements were also carried out iglCHcontaining
ductivity. Consequently, the increase in proton conductivity atmospheres, which showed predominantly proton conduc-
is less than the decrease in electron—hole conductivity at ele-tion at temperatures below 50Q. In addition, po,- and
vated temperatures or higfp, while the increase in proton  pn,o-dependence of the electrical conductivity indicates that
conductivity exceeds the decrease in electron—hole conduc-BaZry 93Y 0.0703—s IS a possible candidate as a conductimet-
tivity at lower temperatures or loweso,. It is seen from ric sensor for oxygen or humidity.
Fig. 11that the electrical conductivity in wet air exceeds that
in dry air at T<550°C, which almost doubles at 50C,
and is about four times at 40C. This indicates that proton
conduction predominates, i.¢4> 0.5, in wet air at temper-
atures below 500C. Under similar conditions, by contrast,
ty of less than 0.03 was obtained using concentration cells
[24]. The origin for the discrepancy is unclear. It is possible
that equilibrium conditions were not achieved when dense
samples were used, such as in the work report¢@4h
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