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By using a gas-tight electrochemical cell, we can perform high-temperature coulometric titration and measure elec-
tromic transport properties to determine the electronic defect structure of metal oxides. This technique reduces the
time and expense required for conventional thermogravimetric measurements The companents of the gas-tight
coulometric titration cell are an oxygen sensor, Ptiyttria stabilized zirconia (YBZ)/Pt, and an encapsulated metal
oxide sample. Based on cell design, both transport and thermodynamic measurements can he performed aver a
wide range of oxygen partial pressures (pO.=10" to 1 atm). This paper describes the high-temperature gas-tight
electrochemical cells used to determine electronic defect structures and transport properties for pure and doped-
oxide systems, such as YSZ, doped and pure ceria (Ca-CeO, and Ce(O.), copper oxides and copper-oxide-hased
cevamic supereonductors, transition metal oxides, SrFeCoss0;, and BaTiO..
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YSZ (Yttria Stabilized Zirconia}

1. Introduction

he value of directly obtaining partial molar thermo-

dynamic quantities in the investigation of non-
stoichiometric oxides is that it allows thermodynamic
characterization without assuming a particular defect
model. These quantities, which consist mainly of vari-
ations in exygen chemical potential with changing tem-
perature and eomposition, can best be used in support of,
and in conjunction with, a proposed defect model. Toge-
ther, they provide insight, understanding, and a caoncise
description of the nonstoichiometric behavior to” develop
various sensors and membranes for the application of
gas separation or synthesis for industry.

Of the many different measurement systems that have
been used in high-temperature thermodynamic studies
of metal oxides, electrochemieal titration cells, which in-
corporate solid electrolytes, offer the greatest versatility.
In previous studies of metal oxides (e.g., CeQs.), electron
mobility () was determined by combining separate experi-
mental measurements of deviation from stoichiometry (x)
and electrical conductivity (o). A coulometric titration
technique, which extends the utility of the titration cell
to include the direct and simultanecus measurements of
thermodynamic quantities and eleetronic conductivity, is
presented. To perform the high-temperature coulometric
titration technique, we must understand the nonstoichio-
metric defect hehavior in ytiria stabilized zirconia (YSZ).
Therefore YSZ and nonstoichiometric cerium dioxmde
were chosen for the purpose of demonstration.
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When a metal oxide (binary, ternary, or even qua-
ternary oxides, in which M, N, L are different non-
volatile metals), designated as M(NL)Q., is in equili-
brium with the swrounding ogygen atmosphere atf
elevated temperatures, we may write the overall reac-
tion as (only "M’ is denoted for convenience)

MO, (5)=MOs . (s)+2-0:(8) (1)
where % indicates the deviation from stoichiomsetry. Ac-
cording to the Gibbs phase rule, two intrinsic parame-
ters are needed to describe the x values, ie, tem-
perature and pQ;; thus, x=x (T, pO.).

1. Defects in yitria-stabilized zirconia (YSZ)

¥S7 has a stable fluorite eubic structure consisting of
Zr' at outer face eentered-cubic positions and O at inn-
er simple-cubic positions. Because the proposed defect
maodel in metal oxide systems is similar, YSZ was chosen
for the demonstration.

When Zr(, is doped with Y.0,, a doubly ionized ox-
ygen vacancy (Vo ) is produced. The defect reaction can
be represented as'

s L3
YO, 5 Yt 5 Vo +§0§‘,,

(2)
where Y';, indicates yttrium on the zirconium site with
an effective charge of -1, and Oy indicates normal oxygen
oh an oxygen gite.

The formula for YSZ containing y moles of yttria is
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Zr1, Y, 0% n. The electroneutrality condition is®
IY21=21Ve } {3)

where the bracket indicates the concentration of each
species. When the YSZ is in equilibrium with the sur-
rounding oxygen, the overall solid/gas reaction is

Zno Y40, y :Zrl—le'Oz_L_,f%'Dz (g) (4)
2 It

v

The nonstoichiometric defect reactions proposed by se-
veral authars™ for an n-type region, i.e., at low oxygen
pressure, with an enthalpy of AH® are

27x, +On=20r A Vg + %02 {(g) (52}
or simply,
05— V¢ +2e’+%02(g), (5)

where Zr'; indicates a localized eleciron on a zirconium
site. Because of the nonstoichiometric defect reaction,
the electroneutrality equation (Eq. 3) becomes

2| Vo J=[Zdg 1+ [ Y] (6)

The site fractions of localized electrons and ytirium
atoms on zirconium sites may be expressed in terms of x
and ¥ as

[Zr';,]=2x
and (")
Xty
[Vo ]= 5

The mass action constant, X,,,, associated with the defect
reaction, (Eq. ba) is

(20,26 T
L2 LYo | pope 8
(5108 © - ®

On the basis of Eq. 7 and the agsumption that [Zr;7]=1-¥
and {Os"]1=1-(v/2), then K., can be written as

Kine=

o @ (x+y) 2] 2
Kmy=—" 2 2521 n() 9
-yl = ()] P @

By differentiating and rearranging Eq. 9, we obtain

dlog(p0,) Ix

olog(x) x+y

{10

When y=0.148 (8 mole % Y5Z) and y>>x, the slope is es-
sentially -4. For pure oxide (no doping}, ie., y=0, Eq. 10
becomes alog(pQ.)/plog{x)=-6. For Zr0; doped with § mole
% YSZ, the deviation from stoichiometry, x, is

x=KpOy¥+ (11)
where the proportionslity constamt K=2.73 VKn,. Using

the thermodynamic relation AH'=AG"+TAS", we may also
write

Vol 4, No.2

) =exp (2 ) exp (o

The reaction for the formation of oxygen is

Kinaoe exp ( ) {12)

O,(Latn, g)+4Zr', +2Vy =47y + 20 {13)

with an enthalpy of Ay, From Egs. & and 13, it is ap-
parent that

AHg, =—24H° (14)

When we plot the log K vs. 1/T or log x {fixed p0,) vs.
1/T, -AH"=2k {Boltzman econgtant) times the slope, and
therefore, AH,, can be obtained from 4k times the slope.

2, Solid-state coulomeltric titration

High-temperature solid-state coulometrie titration of
oxide systems involves the removal or addition of oxygen
by means of an oxygen pump. During pumping, the solid-
gas reaction is represented as™

MOs(s) 4o MO, (s)+ 2o0,(e) (15)
pump—n

As oxygen is pumped out of the cell {and therefore out of
the specimen), one can measure the EMF, which cor-
regponds to the equilibrium p0. for the sample and gas.
The gas-tight chamber incorporates an electrochemical
sensor that also serves as an oxygen pump and allows
for the simultanecus comtrol of oxygen flux and mea-
surement of oxygen potential. When pumping oxygen,
two primary sources of oxygen are considered : {(a) the
gas phase in the cell and (h) the sample phase, which is
described by Eq. 15. The total moles of oxygen pumped
are denoted by Ang, which can be evaluated hy
Faraday's law:

1Al B
Ang,= AR =400, gy Moy (specirren) (16)

where ANgyg, aAnd Afogpeamsy are the moles of oxygen
pumped from the gas and specimen, respectively. To cal-
culate the net amount of oxygen removed from the speci-
men, we mugt subtract the gag-phase contribution from

the total amount of oxygen. When the gas phase is trea-
ted as an ideal gas,

i ,
AHU:(EHS)= ﬁﬂpoﬂ_: L17)

where V iz the free volume of the gas-tight chamber,
ApOy=p0.rpQ;, and the subseripts f and i are the final
and initial equilibrivm pO.. For the specimen,

W .
Aan_(_spcmmcnj:W [Xr‘;‘l] (18)

where W is the weight of the specimen, M is the mole-
cular weight, and x; and x, are the equilibrivm x values
for a given pO,.. However, when Angg.. 18 small enough
in eomparison to Angggpemer, the thermodynamic behavior
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of the system is essentially due to the solid sample.” If
we can choose by analogy with Eq. 11,

x,=KpOz}*
and (1)
x=KpO; 4,

where the proportionality constant K is the value at pO,=
1.0 atm. The difference between these two states is

Ax=x-x,=K [ pO3¥+—pOs+1]
=KApO; ¥ (20)

and the proportionality constant K can be determined
from Eq. 207

3. Constant-composition measurement

In a pas-ight cell at low oxypen pressures, the ther-
modynamics of the system are essentially determined by
the solid sample.” In this eondition, we can apply the
Gibbs-Helmholtz equation,’

Allg, =AGq, +TAS,, @1

where AGy,=-4FE, and AS,=-0AG7 T cona=4FE/AT) onns-
Therefore,

A}Ioz=—4FE+PT(aE/a.r)x:cnn.\l
=—4F[E“T(8%T)x=consl] (22)

Thus, the relative partial molar enthalpy AH,, and the
relative partial molar entropy AS,, can be determined
from the changes in EMF with temperature at constant
x; or from, regpectively, the slope of log pO, vs. 1/T, Le,,
AHg,=R[10 pOy/d ( L/T)] oum (23)

and A§D2, the intercept at 1/T=0.
4. Electronic transport properties
The electronic conductivity (o)
a=nqjt, (24)

where n is the electron concentration, and u the electron
maohility. The mobility is expressed as

ELI].
kT

H=HoeXp (=), (25)
where [, ig a pre-exponential constant, and E, is the mi-
gration energy of electrons. In fluorite structures, the
concentration of electrons (n) can be denoted as

n= 2% (26)

ad

where a, is the X-ray lattice parameter. By comhining
Eqs. 24-26, we obtain

Em
kT

8x
o= i, - 27
o exp( )
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8. Electrochemical transport

Heyne® derived the electrachemical transpori equation
for ambipolar transport in metal oxides under a che-
mical potential gradient

—je=j=( 0 4q) t. (Ifin, U ) - (28)
For ionic conduetors, t>>t,, i.e., t, ~1, it gives
ii=(0/4q) (Jit, /0% ). (29

For electronic conductors, t.>>t, i.e., t, ~1, it gives

II. Experimental Approach

1. Experimental equipment

1.1 Electrochemical cell construction

Various designs of gas tight electrochemical cells are
shown in Fig. 1. In Fig. 1a, two identical YSZ disks are
used. The top disk of the cell serves as a permeation
specimen and as an oxygen sensor. The bottom disk is
primarily used as an oxygen pump. The walls of the cell
consist of three 0.5-in.-diameter high-purity alumina
(#998A, McDanel) rings that are separated from each
other and the disks by thin Pyrex glass (#7740, Corning)
rings. The alumina rings algo provide high-temperature
electrical insulation. Both YSZ disks were painted with
platinum paste (code #6926 unfluzed, Engelhard) on the
entire outer face and on that part of the inner face that
would be within the enclosure. These electrodes were
further prepared in air by several heating step, finally
being fired at =980°C overnight. Platnum wires of 5 mil-
diameter were used as electric leads in the Pyrex-sealed
cell. The entire stack was placed in the measuring fur-

YSZ or sample YSZ
| '_ -
MO
] 1
YSZ VSZ
- ] [
(a) {b)
Dise
l YZ3 or Sample
| can be "Dish” or "R”
(Rmg)
R —
- -
|
VSZ
- ]

(e}

Fig. 1. Gas-light coulometric titration cells that imclude the
four-probe conductivity sample (a-c)
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nace along a vertical axis and a spring force wag applied
to the stack. A 3% O,Ar gas mixlure was passed through
the system while firing up to 1000°C. During heating, the
Pyrex glass (softening temperature 820°C) rings melted
and provided a gas-tight seal. The limitation of mechanical
pressure difference in the Pyrex seal was 0.35 atm at
920°C. This was determined by the continuous pumping
in of oxygen through the electrolyte until failure. However,
when the oxygen was pumped out from the ingide cell, the
maximum pressure obtainable was 0.03 atm because the
initial gag mixture was 3% O.-Ar. No problem in sealing
was experienced when pumping oxygen out.

1.2 Four- probe conductivity cell

The various conductivity specimens were prepared by
gintering. The final step was to cut the bar into a four-
probe conductivity specimen and load it into the coulome-
trie titration chamber shown in Fig. 1b. Both DC and AC
conductivity can be measured; the AC conductivity was
measured at a constant frequency of 1592 Hz.

1.3 Measuring assembly

The electrochemical cell was placed in an alumina
tube of 3.8 cm outer diameter (OD). and 35 cm length,
with a flat dise end. An open window measuring 2.5x5
cm was cut in the hottom of the alwmina tube for in-
stallation of the electrochemical cell. This portion was
sealed to the brass head wilh waler-soluble high-tem-
perature ceramic cement (Paste #1, Sauereisen Cement
Co.) and then inserted into a quartz tube. The guartz
{outer) tube was 36 em in length and 4.5 em in OD. It
was connected to the brass head by an O-ring to form a
gas-tight system. A spring-loaded alumina rod was loa-
ded onto the cell stack to facilitate sealing. A ther-
mocouple made of 16 mil Pt-13% Rh/Pt in a 6 mm OD
thermocoupole tube was inserted into the 0.5-in. di-
ameter alumina tube. A heat resistant alloy (Inconel)
tuhe was placed in the furnace outside the measuring
gystem. To protect it from electrical pickup, the alloy
tube was grounded; serving as a heat sink, it also acts to
provide a more uniform temperature.

2. Cell performance tests

To perform electrochemical transport measurements
utilizing a Pyrex-glass-zsealed gas-tight cell, the following
preliminary tests were necessary.

2.1 Leak test by switching gas

After sealing the cell, the Pyrex seals by switching the
gas outgide of the cell from 3% O,-Ar {original at-
mosphere) to O, (or air). If the seals are gas-tight the
EMF should correlate with the oxygen potential diffe-
rence within experimental error. If there are open pores
or leakage is present, the indicating EMT will drop ra-
pidly to zero after switching gas. The leak test was per-
formed =900°C. The successful seals showed no sig-
nificant change in EMF with time.

2.2 Cell volume Measurement by coulometric fi-
tration

Vol4, No.2

The free volume of the electrochemical cell can be de-
termined by coulometric titration. With the ideal gas law,
PV=nRT, or ApQ,V=Ang,RT when supplying current, Ang,
=i - t/4F and or, from the plot of pQ; vs. time, t, the
slope gives

slope = ( 3p0,/9t) = (IRT/4F V'V (31)

To determine the p0, range for which the above ex-
pressions are valid, a gas coulometric titration experiment
was performed. The contimuous pumping profile of pO,
ranges form =0.2 atm to =10° atm at 982°C. Focusing on
the pO; region of air (0.21 atm), we attempted several
runs to determine volume by two approaches. For these ex-
periments, an additional monitor (Fig. l¢) was added to
the cell. The first approach utilized only one disc as an
oxygen pump From a plot of pO; vs. time for this case one
obtains a volume of 2.15 em”. In each case the average
volume was within 0.5% of the individual runs.

2.3 Pumping performance tests

The ahove coulometrie titration test can be used to ac-
curately determine ionic transference numhbers near 1.
EMF or conductivity methods do not provide the ae-
curacy obtainable by coulometric titration. The following
experiments were carried out to determine the relative
ionic transference number of various samples.

Using a three monitor cell (Fig. ic), we evaluated the
pumping performance of YSZ by supplying identical cur-
rent to each of the two dises. A continuous pumping sys-
tem was used, with one side pumping oxygen out and
the other side pumping oxygen in. Tests were also eon-
ducted in the reverse direction. No change in EMF was
noted when identical composition ZDY-2(YSZ) discs were
used. However, when other YSZ discs were used (ZDY-4
[YBZ] and ZDY-2 [YSZ)), changes in EMF were noted
which implied that ZDY-2(YSZ) discs have a higher ionic
transference number. A relative ionic transference num-
ber of 0.998 was caleulated. The calculation can be done
as follows:

. 4Fv Ap0,
ek T T T

By knowing the cell volume, V and the supplying enrrent
i and by monitering the EMF vs. time, we obtained the
relative transference number, Ty, for the system;

Tr= (il )i (33}

At pO,=10° atm, Ty (e, tewityes) is 0.996, which in-
dicates ZDT-4(YSZ) has a slightly higher ionic trans-
ferecne number.

In this particular cage, we find that the iR drop for
CSZ is higher than for YSZ. When the supplied current
was stopped, the depolarization speed was much faster
for YSZ, this suggests that YSZ would make a better ox-
ygen pump.

2.4 Temperature effect on sealing cell

The temperature effect of mechanical pressure within
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the cell on EMF must he taken into account because of
the viscosity of Pyrex with temperature change. This ef-
fect can be explained in terms of the ideal gas law. Star-
ting under the condition when EMF=0 {and assuming
proper sealing), we can chaeck the ideal gas behavior by
varying the temperature and monitoring the EMF since
no mass transport should occur, any change in EMF can
be attributed to mechanical pregsure, We ohtain, EMF/T=
A{ln T+B), where A=R/4F (the universal constant), and B
=In[ng, R/V.upO.(ref)]. The experimental data for a Pyrex-
glass-sealed electrochemical cell in air showed the slope
follows the universal constant, A, in the temperature
range 820-940°C. However, ahove 1000°C a slight de-
viation from the theoretical line is seen.

3. Electrochemical transport measurement

Steady-state and non-steady-state electrochemical tran-
sport measurements can be made with the electroche-
mical cell shown in Fig. la. A steady-state flux is
cbtained by fixing the supplied current to the pumping
electrolyte. When the EMF of the monitor electrolyte
reaches a constant, steady-state is attained, ie., 2EMF/at
=0. In thig situation, the deviation from stoichiometry on
both sides of the YSZ specimen will be in equilibrium
with the respective surrounding gases. Fig. 2 shows the
experimental steady-state oxygen flux versus log pO, at
950°C. Fig. 3a shows the steady-state oxygen flux versus
log pO, for various temperatures for the reference pO.
=0.003 atm, and Fig. 8b showed the different reference
p0s, 1.0, 0,003 and 1.0x 10™ atm. Fig. 4 shows the com-
bined econduectivity of ionic, and electronic (electron and
hole) versus log pQ, in YSZ.” Tonic conductivity is almost
identical with total conductivity in the pO, range and
temperatures. The minority conductivily, electron and
hole conductivity, wag caleunlated with Eqgs 29 and 30.

For non-steady-state permeation measurement, pO, in
the permeation cell was set equal to that outside of the
cell for a sufficient time to ensure that the oxygen che-
mical potential across the cell was identical. This condition
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Fig. 2. Log of experimental steady-state current, i vs. log
pOs (rell p0,=0.21 atm) at 950°C. Area/thickness=3.93 cm.
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was established through pumping control or short-cir-
cuiting, Switching the reference gas to one much higher
in oxygen partial pressure (e.g.,<10° atm, switching to
pure oxygen), initiates the non-steady-state condition. At
the onzet of the non-steady-state condition. we can re-
cord the change in pQ, with time. After a given time
period, the change in p0.; will become constant, in-
dicating pseudo-steady-state condition: The amount of ox-
veen diffused into the cell through the specimen also be-
comes a constant. At this time, the p0. in the cell is still
orders of magnitude lower than the outside reference gas
pO; of 1 atm. When this is true, we have met the boun-
dary-condition requirements discussed in the theoretical
analysis for Fick's second law.

Chemical diffusivity can be obtained from a plat of pO,
vs. time. By repeating this experiment at different tem-
peratures, we can obtain the chemical diffusivities and
mobilities of the electrons and holes at various tem-
peratures. From an analysis of an Arrhenius plot, the ac-
tivation energy of the chemical diffusivity and the mobil-
ities of the electronic or ionic species can be obtained.
When we combine mobility with the electronic con-
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ductivity shown in Fig. 4 we can calculate the charge car-
rier concentration shown in Fig. 5. The narrow intervals
(in Figs. 4 and 5) between temperatures are evident in
the p-type region for both electrical conductivity and con-
centration at isobaric condition. This tells us that both
the activation energy for electrons and formation energy
are higher than those of the holes in the YSZ.

4. Constant composition study on CeQ,,

Using a cell, Fig. 1b, we made simultaneous mea-
surements of thermodynamic properties (AH,, and AS,,)
and electrical conductivity for constani compositions in
nonstoichiometric metal oxides (MO..). The solid-state

Vol4, No2

coulometric titration cell for determining the deviation
from stoichiometry has been described in previous pa-
pers.”™ Initially, the pO, was maintained the same inside
and outside the system hy ereating a short cireuit or by
pumping oxygen. After the system was stahilized, some
oxygen was pumped out at a fixed current for an ap-
propriate time period to determine Ax, and the EMF was
recorded. The procedure was repeated with different pQ,
levels and temperatures. A constant composition mea-
surement could be attempted with the same setup as in
the solid-state coulometric titration cell. The amount of
oxygen transported during the measurement was as-
sutned to be negligible compared to the variations of the
deviation from stoichiometry, x. This condition is neces-
sary because the thermodynamic properties are ex-
tracted at fixed compeositions, as shown in Eq. 23. For
large x values, the variation of x can be neglected in re-
lationship te the amount of permeation of oxygen
through the system during the measurement. To in-
crease the value of x, oxygen was pumped out of the
gpecimen; the eurrent range for pumping was 200 to 600
PA. After the system stabilized, the EMF did not change
with time during a period of 2 h (the EMF varies by 1
mV at 700 mV). An outside reference gas mixture of 1%
O/Ar was used in an experiment in which the tem-
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perature was varied.

Fig. 6 shows typical results of the simultanecus meia-
surements of the temperature dependence of elactrical
conductivity (a) and equilibrium 00, (b} at various fixed
values of x in Ce0O,,. These data were obtained for hath
cooling and heating cycles over the experiniental tem-
perature range that yielded reproducible data. Fig. 7a
shows Afl,, (©V) calculated from the data of Fig. 6(b) using
Eq (23), apd Fig. 7b shows the electron migration energy,
E, {6V} oblained from the data of Fig. 6(a) using Eqg (27).
The values of AHg, obtained from this study are about 0.1
eV lower than those of obtained by Panlener et al.” This
difference in oxygen-formation enthalpy may arise fram
the difference in purity of the ceria specimens. Panlener
et al. measured a 99.999% ceria sample, whereas in this
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study we measured a 99.9% ceria sample. The 99.9%
ceria containg 300 ppm of Cald ag a major impurity. Gan-
ier et al.® measured AH,, for the Cal-doped Cel); sysiem
by employing a thermogravimetric measurement, their
data show that M-T(,2 decreases as the Ca0 impurity in-

Table 1. Examples of Various Measurements Using Gas-
tight Electrochemical Cells in Fig. 1

Cellz Sample Measurements® Ref,
YSZ oxygen JTux, j., e 2
EMEF
SrFeCo, ;0, oxygen [lux, j.. 13
{Ca)-Caly, oxygen flux, i, j.. i5
Fig. 1a oY
{Ca0/Ta,0p)-CeQ, EMF 16
BaTiQ, oxygen fhux, j. 17
EMP
ApiMetallic Disk) oxygen fux, j., Jren 18
CuO/Cu,O thermodynamic 19
conlometric titration
conduciivigy
YBa,Cu,Q, thermodynarmic 25
coulometric titration 26
conductivity
Y8Z thermodynamic 4
coulometrie titration
(powder)
Fig. ib Sr¥FeCoy 0, conductivity 13,14
10%Ca0-Ce), conlometric titration 20
(chunk sample)
Ce(), thermodynamic 21

coulometric titration
(conductivity sample)

Fe( thermodynamic 27
coulometric titration
NiQx thermodynamic 22
{chunk sample)
Cr,0y conductivity 23,24
Fig. 1c SFC-11 Oxygen flux, j, 13

%jw=steady-state flux and Ins=hon-steady-state flux.
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creases. This might be a reasonable explanation for our
values of Aﬁo! being lower than those of Panlener et al.
However 99.99% ceria, which (contains 200 ppm of Ca0
impurity) was also tested. The AH,, was higher than in
the 99.9% ceria sample, as shown in Fig. 7a. Fig 8
shows the AS,, vs. log x obtained from Fig. 6b of log p0,
ve. 1/T at the intercept at 1/T=0 derived in Eq. 22.

In Fig. 7b, the migration energy for the electrons
shows a slight increase with increasing x values. Fig. 9
shows the electrical conductivity increases with in-
creasing x values. This provides direct evidence that
pumping oxygen out produced electrons as a charge-vom-
pensating defect to the charged oxygen vacancies. Faber™
used intense pulse neutron scatfering method at Ar-
gonne National Laboratory to provide convineing evi-
dence that the nonstoichiometric defects in CeO.. are ox-
yeen vacancies, Table 1 shows examples of various mea-
surements using the gas-tight electrochemical cells
shown in Fig. 1.

II1. Results and Discussions

Fig. 5 showed the combined hole and electron con-
centraion va. log pO, (atm} for different temperatares.’
The indicated concentrations for holes and electrons are
comparable to those of other conventional metal-oxide
systems such as Ce(Q,."* Ni0,.*® etc, in this tem-
perature and pO; region. But the mobilities of electrons
and holes are much lower in YSZ. The ionic transference
mumber, f., is >0.89 and the material has a higher ionic
conductivity, Consequently, the elecltronic transference
number, t, of 0.01, as well as the electronic conductivity
is significantly lower than in other metal oxides. For
Y87, C8Z, ete., electronic conduction may be suppressed.
In a good electrolyte, the mobile electronic carriers
(electrons and holes) may be trapped on proper sites.

Now, we would like to discuss on the electronic hop-
ping-type conduction in Y} .21 0, ws. When mobile elec-
tronic species are trapped on lattice sites, some useful
Boltzman statistics for mobile elecirons and holes may
be applicable. Boltzman-fype statistics are obeyed for the
semiconducting properties of the ionic conductor 8 mole%
YolOy-Zr 0, Yo106Z205:000 0, 8t elevated temperatures (800-
1060°C). Our analysis was carried out hy combining the
results from electronic transport® and solid-state coulome-
tric titration measurements' under the assumption of
trapping of electrons and holes on the appropriate sub-
lattices. The results indicate that the transport of elec-
trons and holes is due to thermal excitation process and
that electrons and holes are obviously trapped on the ap-
propriate sublattices.

Electrical conductivity for eleetrons, o, and holes, o,
depends on the concentration, n for electrons and p, for
holes, mobility, p, and electronic charge, q, of the elec-
tronic defect. According to

o =nqth (343}

The Korean Jownal of Celanucs - Jong-Hee Pak et al.

Vol 4, Wo.2

and
Cp=Pp (34}

where W, or y, shows a strong dependence on tem-
perature, the transport can he treated hy a hopping-type
mechanism. If we assume thal the mobilities do not de-
pend on cavrier concentration, conduciivily varies with
the concentration of electrons and holes. When the YSZ
specimen is in equilibrium with oxygen at elevated tem-
peratures, the oxygen j= incorporated according to the
reaction

i T 1 ,
;o(‘,:EVD 4-202(g)+e, AH

&~

at low pQ; (n-type region}, or
1.,-- 1 1 x ..
5\30 +Z02(g): EOUH\ ., AHp

at high pO, (p-type region), where AF, and AH," are the
reaction enthalpies of the proposed defect reactions at
low and high pQ., respectively. By the following as-
sumptions,

(a} electrons and holes follow the ideal solation,

{b) n and p are negligible compared with the doping
amount of yitrium, [Y %], therefore we may put the elec-
troneutrality as

(e) [Y'%]=2[Vy ],

we then obtain the relations,

AHE

n=n,exp{- = ypQy ™ {36a)
and
p=Poexp(~ ﬂgp JpO {36h)

where n, and p, denote the pre-exponential constants.
Table 2 shows the model and empirical equations by
combining the resulis of electronic transport™ of con-
ductivity and mobililies on lhe 8 moale% Y.0,-Zr0, sam-
ple. The carrier concentrations were caleulated by com-
hining equations for conductivity and mobility for each

Table 2. Electronic Mebilities and Conductivity in 8 mole%
705210,

Model Equations”

Empirical Baquations®

Hy=tty Exp (-E,/kT) (87a) f,=R.02x WPExp(-1.89/kT) {39)
=g Bxp (B /KT (37) pp=0.85Expi~1 05/KT) (40)
6,= 0y Bxp(~Qn/kTIpO Y (38a) 0,=1.31 % 107Exp (-3.88/kT} (41)
o, = 0y Bxp (~Qp/AT)p03™ (38h) posk
G = 2.35 x 10PExp (- 1.67/kT)  (42)
pOL,"l’a

*where, o=econduetivity (ohm’em™), u=mability (cm*V gec),
=aclivation energy {(eV), E=migralion energy (eV), and
subscript n electrons and p holes. (Where k is the Boltzman
constant, k=8.514 x 10° eV/deg)
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type of electronic defect. For electrons,
n=Gl/;t.1q=(6§/y1?q)exp(——% Y pOA (43a)

and for holes,

p=0/1g ={ G5/ o Y exp i~ Q"k"TE" Jpo (48b)
The product of electronic defect concentrations gives

np =( Gaop/ Linfdp )/ Q%

=[{ GSoS/ u) /g exp (—Mgiﬂ ). (d4a)
which has the form

= NN _E (44%)

p =Ny exp{ = 1) )

Hence, the intrinsic carrier concentration is given by

ny=+1p = NN, exp ( ~E/kT), {46)

where E; iz the electron-hole pair formation energy, and
N. and N, are the effective density of states for electrons
and holes, respectively. By comparing Eqs. 44a and 44b,
we obtain

Erzon‘i‘Qp_En_Ep {46)
and
NNy =( 33/ ) (03t ) (47)

Note that at p0,=1.0 atm, ihe individual effective den-
gities of state are given hy; for electrons

Ne=( ga/tinq ) (48)
and for holes
Ny=( oh/tq). (49)

The effective densities of states of electrons and holes, N,
and N,, in the fluorite cubie structure can be described
in terms of the passible traping sites and lattice parame-
ter, a,:

N\': ﬂ(cm*3}, (50)
a9

in which we assmned that the hole is trapped at the yt-
trium location on ene of the four possible zirconium sites
in the unit cell of the Zr Y, 0.z This gives a (¥ 'z-h 1
complex. Similarly, for N,

chfl_(l_;ﬁ(cma)’ (51

where we assume the elecirons to be trapped on one of
the four possible normal zirconium sites forming a (Zrg-e)'
complex. Thus we obtain the following equation by the
product of Egs. 48 and 49 or 50 and 51,

NNy =) < (gt o) 52)

Use of High-Temperamire Gas-Tight Elecirochermeal Cells to Measure Elecronie Transport 1m

We assumed that the elecirons ave trapped on the nov-
tral zirconium site as (Zry -e). Because the electron mo-
hility exhibited the behavior of a thermally activated pro-
cess (5), the holes are also considered o he trapped on
appropriate lattice sites. Here it is assumed that the
hole is trapped at the yttrium ion on a zirconium site, i
a., {Y 'z-h’ ) although there are several possible sites lor
holes-trapping in the lattice, only one may predeminate,
i.e., that with the strongest binding between holes and
sites. Table 2 shows the effective density of states for
holes (N} and for electrans (N} for the specimen. The cal-
culated values for the experimentally ohtained effective
density of states for holes are 2.5 times lower than the
values calculated from the lattice model, The effective
density of states for electrons is 3.9 times higher than
the values caleulated from the lattice model, The agree-
ment between the experimental and theoretical values is
eonsidered reazonable.

The hopping of electrong fram one trapped site (o anoth-
er gite oceurs by thermal excitation. That is, the electron
hops from one trapping zirconium site (Zr;-e")' to a neigh-
boring normal zirconium site, Zr,". Similarly, a hole hops
from a hole trapped by yttrium on a zivconium site, (¥ -
h 1 to normal ytirium on a zirconium site, Y . The elec-
tron-hole pair formation energy, i.e, E=2.61 eV, 18’

SO Ofer Vo b AHT=109V
1

o1 [ o "
5 Vo +0{e) 5 0pth" . AHp=0.62eV

nil=¢'+h’ B =2.6leV

The product of the effective density of states (NN gives
a value of 1.7x10" em® as caleulated from the pre-ex-
ponential terms in the empirical equations and a value
of 1.10x10 em® calculated from the lattice model
(Table 8). The values for the electron-hole pair formation
energy of 2.61 eV for experimental temperature range
{850-1050°C) agrees reasonahly well with the optical gap
energy of 2.7-2.8 eV A slighlly higher optical gap en-
erpy is expected according to the Frank-Conden prineiple,
which states the optical gap energy is not lower than the
thermal gap energy.” The femperature dependence of
the indirect gap™ can be represented by the linear re-

Table 3. Effective Density of States Calewlatled from Lattice
madel and from Empirical Equations for Holes (N,) and Elec-
trons (N} in 8 mole % V,0;-Zv(J,; Specimen

Effective Density of States

. Empirical Equations

Lattice Model 8302:1_0 tin;m)
Holes dyfa, (o, AL PO,
(b ) =436 % 107" em™ =1.72x 10" em?
Electrons A(1-yya,” (an/pn"q)pOz']”
{Zrg, -e") =2.51% 10 em” =9 89 % 10% cm™
NN, 1.10% 10" em® 1,71 % 16 em®
VNI, 1.05 % 107 em™® 1.831% 107 cm”™
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lationship a¢’
EfT)=3.40-5.16 % 10~T{K) (cV) (53)

From the temperature dependence of the concentration
of electrons and holes, a gap energy of 2.61 eV was de-
termined over the temperature range 800-1000°C. In this
temperature range, the values calculated from Eq. 53
are 2.7-2.8 &V, in close agreement with the values det-
ermined from the defect structure amalysis in that la-
horatory.”

The value of directly obtaining partial molar ther-
modynamie quantities in the investigation of non-
stoiciometric oxideg is that it allows thermodynamic
characterization without assuming a pariicolar defect
model. These quantities, which consist mainly of vari-
ations in oxygen chemical potential with changing tem-
perature and composition, can best be used in support of|
and in conjunction with, a proposed defect model. To-
gether they provide insight, understanding, and a con-
cise description of the nonstoichiometric behavior to de-
velop various sensors,”™ membranes for gas separation/
conversion for syngas generation,” to control oxygen con-
tamination in the semiconductor and steel making in-
dustries, or for the wide range of environmental ap-
plications including the field of space development, areas.

1V. Conclusions

By using a gas-tight electrochemical cell, we ¢an per-
form high-temperature coulometric titration and mea-
sure electronic transport properties to determine the elec-
tronic defect structure of metal oxides. Based on cell
design, both transport and thermodypamic meas-
urements can be performed over a wide range of oxygen
partial pressures. Our high-temperature gas-tight elec-
trochemical cell are used to determine electronic defect
structures and transport properties mainly for pure and
doped-oxide gystems, such as ¥YSZ, and doped and pure
ceria (Ca-Ce0O, and CeQ,).
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