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which is independent of J; and is a known constant for a
given V and E,. Evaluating Eq. 3.2a at x = L, we find that,
in terms of P; and other known constants, the ionic cur-
rent density can be determined from the following implic-
it expression

11
o %ln[%]+V
Jion = —2 +

- U, | RT In Bey ~ upCadin
F P2‘ \Iz - uhcAJxon

e

1
5[ [3.16a]

the corresponding electronic current density can be deter-
mined from

— PZV — 2uh‘]ion

J ] [3.16b]

ele «
du,jl + ——Yhf"
Ypi

while the distributions of V,* and electrical potential can
be expressed, respectively, as

=2c, (x) — i + [CA - ——25}, Jln [——%PCV"C(IJTL;? ]
2 “v 1

2
[3.17a]

@) - ¢ = 2 %J"i[n “’:—*k] - 1}1n[M}

-Px
2FRTu u,

F| B ¥ pcl + B’
(3.17b]
where
i c, — 2c
1+ % = % [3.17¢]
Vpi Cn

The concentrations of other significant or minority
defects as well as variations in properties of the MIEC can
be further calculated as discussed earlier. When the uni-
formly distributed charges arise merely from ionized
acceptors for creation of both V;*and h°, we can define
Ca = Cay + Cap to take into account of the effect of all
acceptor defects.

MIECs with Of and h*.—When ¢, >> ¢, and ¢, > ¢,
Eqg. 2.9 or 2.11 reduces to

[3.18]

The distribution of O/ or h" is determined by Eq. 3.2a
(k = o or h) while the electrical potential distributes
according to Eq. 3.2b (k = o or k). When electron holes are
under consideration {i.e., k = h), the coefficients in Eq. 3.1
and 3.2 are given by

B" = FRTu,

B;’ = [ﬂ)
F

h o
Py = ~2uchlae

cy t2¢c,~c¢, ey

{3.19]

*
Y

P2h = 2uu 1+ h*o Jele - thicn
Yoi

QF = 2u,c,

*

YKo
Q@ = —3u, |1+

Vi

*
k
Qﬁh = U, 1+ yh*o Jele + thion
Vpi
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and in view of Eq. 3.3, P; can also be expressed as

—FRTu,u, M
B = . {3[1 + Vh*"](c}‘} -a)

L ypi

IT

—2c, || S|+ YE 20 1320
c, RT

where
* 1
Y.k, 2c, +c
14 o = —o 4 [3.20a]
Vi G

Thus, the electronic and ionic current density can be
expressed, respectively, as

It
. E—Tln(c—e]] +V
b F i +1

Jee =
: 2ct + ¢, || RT Prel — 2uc,J,.
3uo — —— 1n 2 o Ade
Ch F P2 Ch - 2uocAJele
[3.21a]
2¢ +
5 = L[zuo [__jJ _ ch} 3.21b]
U, a

while the distributions of ~2* and electrical potential can be
expressed, respectively, as

Ph *
—2% = _3l1+ Y% e, (2) - ¢l
FRTuyu, V:,

3p" vk Prc,(x) + PP
+12, + =1 |1+ e jiln|2=2 !
A ch [ V:i PZhC}I, + Plh [3.22a]

* h + h
o) - ¢ = BL| Stedue |y, Wk _Hn[fz?gx_>§]
F B Ypi B'e, + P

[3.22b]

When the uniformly distributed charges are due merely
to impurities for creation of A" and O/, define ¢, =
Can — Cp, to take into account of any compensation effect
of donor and acceptor defects. For MIECS with Vj; and A°
being the majority defects, Eq. 3.18 to 3.22 remain the
same provided that the ¢, in the equations is replaced with
the concentration of Vy.

MIECs with O and e’—When ¢, >> ¢, and ¢, >> ¢,
Eqg. 2.9 or 2.15 reduces to

[3.23]

The distribution of O/ or e’ is determined by Eq. 3.2a
(k = o or e). While the electrical potential distributes
according to Eq. 3.2b (k = o or e). When oxygen intersti-
tials are considered (i.e., k = 0), the coefficients in Eq. 3.1
and 3.2 can be defined as follows

Ccy t2¢c, +c.=cp

B? = —2FRTu, [3.24]
B = 2(§ZJ

F
Py = —u.cplin

ion *

%
PP = 2uJd,, + 4u, [1 + ﬂ] T
yni

Qf = UsCp
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Q@ = 2y,

*
0 ye
Qs = ue']ion + uo [1 + yI:R J ']ele

while P can also be expressed as
o _ —4FRTuu, et VF
P = ——L—{(C;I )+, [IH[F{] + BT = 0
(3.25]

Thus, the ionic and electronic current density can be
expressed, respectively, as

I
RT In [C%] +V
F c

.

=1 . (3.26a]
u, 2 RT . [Bc' —ucyd
fakduil ln 2 o e ion
F l)zoctlz - uecDJion
J. = on - 2ue']ion
ele * [3.26b]
4u 1+ Lkﬂ]
Yni

while the distributions of O; and electrical potential can
be expressed, respectively, as

_Bx e, (x) — c'] +]:CD + 2;1) }ln{l’zco(x) + P, :l

2FRTu,u, A Bl + P’
[3.27a]
* 0 o
b(x) — ¢' = ﬂ 1- 2u Ty, 1+ Yk In cho(lx) + B
F B Yo Ble, + B?
[3.27D]
where
* 9l
1+ ——yef“ = 2 (3.27¢)
‘Yni Ce

When the uniformly distributed charges are due only to
donor impurities for creation of both e’ and O}, define
Cp = Cp, + Cp, to take account of the effect of all donor
impurities.

Discussion of Solutions

Integration of transport equations for a given set of
boundary conditions (V and E,) yields analytical expres-
sions for (i) steady-state distributions of defects, ¢, (x), and
electrical potential, ¢(x), in the MIEC; (i) variation in
transport properties such as partial conductivity, o,(x),
and transference numbers, t,(x), in the MIEC; and (4ii) cur-
rent carried by each defect, J,(x), chemical potential of
oxygen, uo (x), and the electrochemical potential of each
defect, ji (x), in the MIEC.

Equations B-1 to B-§ are the general expressions for dis-
tributions of defects and electrical potential in MIECs
containing three types of significant mobile defects
whereas Eq. 3.2, C-1, and C-2 are expressions for distrib-
ution of defects and electrical potential in MIECSs with two
types of significant mobile defects. These expressions can
be used not only to predict the steady-state behavior of an
MIEC under the influence of various chemical and electri-
cal stimuli applied to the MIEC, but also to predict the ter-
minal voitage across the MIEC (the electrical state) for a
given J; and Ey, or to determine the expected oxygen par-
tial pressures at the interfaces (the chemical state) for a
given Jr and V. These expressions are applicable to a vari-
ety of MIECs with very different characteristics.

The model, however, requires prior knowledge of the fol-
lowing properties of the MIEC as input parameters

1823

1. Mobility (x,) and equilibrium concentrations (c} and
cd) of each defect (or alternatively, the partial conductivi-
ty due to the motion of each defect, oy and o7) in the MIEC
when immersed in a uniform atmosphere having oxygen
partial pressure of pg, and p}, at a given temperature.

2. Activity coefficient of each defect (y,) if it is deviated
from unity.

3. Equilibrium constants for defect reactions which
appreciably influence the defect equilibrium in the MIEC.
For MIECs in which both ionic and electronic disorders
are extrinsic, however, »; and k; are not needed to deter~
mine the distribution of significant defects and electrical
potential; they would be needed to calculate the concen-
trations of the minority defects.

These properties primarily determine the coefficients
(@* and P*) in the general Eq. 2.4, 2.6, 3.1, and 3.2 and the
coefficients, in turn, determine the behavior of a particu-
lar MIEC. Accordingly, modeling the behavior of an MIEC
starts with identifying these coefficients for the MIEC
under consideration.

In this section, we take an MIEC with V;* and e’ being
the predominant defects as an example to illustrate how to
use Eq. 3.9 and 3.10 for predicting the steady-state behav-
ior of an MIEC under the influence of various electrical (V)
and chemical (p}, and p¥) conditions. Also, for some con-
ditions discussed below, the derived general expressions
are further simplified by letting c, — 0 in order to gain an
easy insight into the derived equations. For an MIEC con-
taining negligible amount of uniformly distributed immo-
bile defects (i.e., ¢, ~ 0), only two independent transport
properties of the MIEC are required as input data: ¢! and
o, as measured in a uniform atmosphere with D6,

Current-voltage-p,, relationship.—Combination of Eq. 3.9a
and 3.9b yields the total current density passing through
the MIEC

- B
Su.u,(2c) —c,)

II
[2u,(2¢, —c,) + uec:][% In (%) + V:“
+ e

( [4.1a
RT Bl —2uc,J, [ ]
ln v ele
F Bcl — 2u.c,J

ele

Jr u, (e, —c,) — ucl

When ¢, — 0 and in view of Eq. 3.12c, Eq. 4.1a simplifies to

ol +al) 6V 3RT ol ||[ P, \®
Jp = - Uty

P, 2F L
In| —+
Do,

Equations 4.1a and 4.1b are the general relationship
among the observable current density (J;), voltage across
the MIEC (V), and the partial pressures of oxygen to which
the MIEC is exposed (or E,). Shown in Fig. 2 are some typ-
ical current-voltage characteristics for MIECs with differ-
ent properties under a specified chemical condition
(P5,/po, = 10* or Ey = 1.07 V at 800°C). The current densi-
ties were calculated using Eq. 3.9a, 3.9b, and 4.1. Three
interesting cases need special attention.

1. When V = 0 and Ey # 0, Eq. 4.1a and 4.1b reduce,
respectively, to

~RT( o} cl c 2t — ¢
)AL R R Y R DY N | B
) ()

(4.2a]
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Fig. 2. Current-voltage characteristics of MIECs with different
properties: {a) <t> = 14% |, =5 X 107, cJ= 2.52 X 107, d =
2.5 X 10, and ¢, = 4.0 X 107® mol/cm?) and (b} <i,> ~ 31.6%
lea=5X%1075 c=25% 1073 & =25 %X 1075 and cl= 1.0 X
107% mol/em?). It is assumed that pl /g, = 10%, v, = 1.0 X 107%,
v, =10%X10"molcm? J7' s, T=800°Cand L = 0.1 cm.

1
1 I \e
Jy = _9 B_RZ _P%! -1
L\ 2F o,
cl —
= —3|2FD, (—L——) = +3Jg, [4:2D]

implying that the electronic current vanishes (i.e., Jo. = 0)
and the observable current is due merely to the motion of
ionic defects (i.e., J; = J,,,). This can be readily interpreted
by noting that, when V = 0, Eq. 1.7 can be rewritten as

1
CI

RTln[ §J—F(¢“ —¢)=fe —H. =0

e

Thus, V = 0 implies that V{i, = V{i, = 0 (i.e., there is no dri-
ving force for transport of electronic defects) and hence
Jo = 0.

3. When V = E,, and Ey, # 0, on the other hand, Eq. 4.1a
and 4.1b reduce, respectively, to

RT( ol ! ¢ c
Jr =—2-F‘[—E][3(-C—L"1 - CE In ’EE‘ = Jae [4.3a]

1
L(3RTY|( Po, |° 3 c-cl)|o3
Jp = Oe :—3—) ﬂ‘I)I; —-1|=—|FD, Ce == o Jaite
L\ 2F )i{ pt 2 L 2

[4.3b]
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suggesting that the ionic current vanishes (i.e, J,, = 0) so
that the observable current is due merely to the motion of
the electronic defects (i.e., J; = J,,.). This is because, when
V = Ey, Eq. 1.7 can be rewritten as

1
¢“_¢l=ﬂln ngf‘i‘z
2k \\e. ) (Pa

which is identical to

CII

RTln[1]+2F(¢”—¢‘)=»1£'—ﬁ1=0
C,

v

Thus, V = Ey implies that Vii, = Vii, = 0 (i.e., the driving
force for ionic transport vanishes) and hence J,,,, = 0.

ion

3. When J; = 0 and Ey # 0, to an outside observer, the

- transport of defects within the MIEC is apparently driven

merely by the chemical potential gradient of oxygen,
although it is an electrochemical process in nature. The
observed voltage across an MIEC is the open-cell voltage
(OCV), which can be either readily determined experimen-
tally or calculated as follows

Voe = V(Jy = 0)

_ BT [ucl — w0 =) | fod v ol ) (e
F fluc +2u, (2 — ¢,) gl + ol c J

[4.4a]

When c, = 0 and in view of Eq. 3.12¢, Eq. 4.4a reduces to

1 11
v, = ( o, IJ(H) In (_Pli] = {E,  [4.4b]
o, + o, j\ AF Po,

Equation 4.4b agrees with the expression for OCV derived
initially by Wagner under the assumption that the interfa-
cial reactions are sufficiently fast. Thus, the effective or
average ionic transference number of an MIEC under the
conditions can be expressed as

I _ T 1L QNI
<t,>= 4 _ I:uecle u, (2cVI c,) :Iln (0",1 ael ]
n Po, uc, + 2u, 2, — c,) o, +o,
Po.
I
~In (%]} [4.5a]

1 11
g 1 Iy

11
<t,>=———=tl = —¥ _ =t
v 1 1 0_:’I+O,;I v

which reduces, when c, — 0, to

[4.5b]

That is, the transference numbers are independent of posi-
tion in an MIEC with ¢, — 0.

Clearly, any deviation in voltage across the MIEC away
from OCV, V — V,_, represents an alteration of the electrical
state of the MIEC through an external circuit. When V =V,
or when the MIEC is not connected to a circuit, however,
there still exists a built-in electric field within the MIEC
induced by an applied Ey # 0. Under an open-circuit condi-
tion, the total or observable current vanishes so that the
ionic current is exactly balanced by the electronic current

—RTFuu,c, .y ¢,
J o=—J, = ey e 3@, ~ )= —1
jon ele [uecé'*' 2uv (2(:\1, _ CA)]L{ ( A Ci

uc —u, 2 - ¢ ol
+ ZCA e Is v ( vI A) 11’1 _‘{‘_ [463]
uey +2u, {(2c, — c4) O

Downloaded on 2013-05-28 to IP 128.61.137.229 address. Redistribution subject to ECS license or copyright; see ecsdl.org/site/terms_use


http://ecsdl.org/site/terms_use

J. Electrochem. Soc., Vol. 144, No. 5, May 1997 © The Electrochemical Society, Inc. 1825

1
e

g v
-V (4.9b]

Ne = 47—

I
EN v

When ¢, — 0 and in view of Eq. 3.12¢, Eq. 4.6a reduces to v [ g
‘ a,

A 3RT) w
o L 2F 5, The use of a mixed-conducting electrolyte in an SOFC may
also reduce interfacial polarization because of perceived
high catalytic activity of MIECs. However, the OCV of the
c —c , cell is reduced due to the electronic transport in the elec-
trolyte, as implied by Eq. 4.4. Thus, the viability of using a
mixed-conducting electrolyte for SOFCs depends on the

1 overall energy efficiency expressed by Eq. 4.9.

—ol¢! (3 RT) { P JE ) Figure 3 shows the effect of cell voltage on the efficiencies

de T of a SOFC based on mixed-conducting electrolytes with dif-

L 2F ferent transport properties. Clearly, the electronic transport

is suppressed rapidly as the cell voltage is reduced.

- 1)] Accordingly, there is an optimal operating cell voltage at
[4.6b)

il

Po,

C ~C which the energy efficiency reaches a maximum, depending
on the transport properties of the electrolyte. In particular,
it is noted that, for MIECs with <t,> smaller than 10%, the

where energy loss due to electronic transport through the MIECs is

11 reasonably small when the cell is operated at voltages lower
ot =gl ~ ¢!y = ol = —TTe [47a]  than 0.7V,

I + U'I
T Distributions of defects, electrical potential, and other
and properties—Shown in Fig. 4, 5, and 6 are the distributions
Dl = Dt (4.7b) of defects, virtual partial pressure of oxygen, electrical
vie T Helv : potential, and the electrochemical potentials of mobile
defects in an MIEC for a given chemical condition (Pg, and
p5,) under the influence of the electrical states (V) of the
surfaces.

In Fig. 4, it is assumed that the MIEC has predominant
ionic disorder. The corresponding current-voltage charac-
teristics of the MIEC are shown in Fig. 2a. With dopant con-
centration of 5 X 10~ mol/cm® and P§ /pj, = 10%, the con-
centration of V;* is relatively constant (varied less than
1 m/o) throughout the MIEC while the concentration of

€

-3
- 2[F(Detv)(

are the ambipolar conductivity and diffusivity of the MIEC,
respectively. These two parameters characterize the ability
of an MIEC to transport both ionic and electronic species
simultaneously. Equation 4.7a and 4.7b are identical to
those derived previously to describe ambipolar transport
properties of MIECs.* The current density given by Eq. 4.6
is also called permeation current density since the transport
of charged defect results in “oxygen permeation” through
the MIEC.

Thus, the examination of the current-voltage-p,, rela-
tionship indicates that the derived general equations

(Eq. 3.9a and 3.9b) reduce to some simple and familiar ones 100
(Eq. 4.4b, 4.7a, and 4.7b) in the limit of c, = 0 (i.e, for an |
essentially pure MIEC).
— 80 A
Efficiencies of SOFCs based on mized-conducting elec- &
trolytes.—Mixed-conducting electrolytes, such as CeO,- T ]
and BaCeO;-based electrolytes,” have been proposed as & 0
electrolytes for SOFCs because of their high ionic conduc- g
tivities. However, the transport of electronic defects through w )
the electrolyte for an SOFC represents an energy loss £ 0
process. This is because the chemical energy is consumed at e ]
a rate corresponding to the ionic current whereas the cur- (3
rent delivered to the external circuit is the observable or the 20 1
total current. In view of Eq. 3.9a, 3.9b, and 4.1, the current 4
efficiency for an SOFC based on a mixed-conducting elec-
trolyte can be expressed as o3
I 100
,nIEJT 21+Jele=1+ uIece ]
Jion Jion uv(zcv - CA)
g w1
I el _ =~
v+ BT, Ll M z
F Ce Pzece - 2uch Jele 5 80
[4.8a] ‘G 1
I e Il (5]
- ﬂ{z n H “In (P#] £
F ce PZ ce - 2uchJele a 40
) e
where V is the voltage of the cell (0=V=YV,=E,) when 2 ]
an observable current density of J; is drawn through the w
cell. The overall energy efficiency of the cell is given by

=YV [ 0
M E, (J ] [4.9a] ;

ion

Cell Voltage (V)

where V/E, is the voltage efficiency of the cell. As c, — 0,

Eq. 4.8 d4.9 i
4-4faan a reduce, respectively, to Fig. 3. Calculated (a) current and (b) energy efficiency of an SOFC

7 1 based on an electrolyte of MIEC with different properties: <t> =
T _ 1% (ELJ {4.8b] 0.1,5,9.5, 14, 23.5, and 31.6% (it is assumed onf z'zi/d,z = 10%,
N~V U, =L0X107%u,=1.0 X 10" molem?J-' s}, and L = 0.1 cm).

J, ol

ion v
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electrons varied about five orders of magnitude.
Accordingly, the ionic transference number varied from
& =~ 0.99996 to t! = 0.2. The effective or average ionic
transference number of the MIEC under the conditions is
calculated to be 0.86 using Eq. 4.5 and the OCV is 0.922 V
calculated using Eq. 4.4. As shown in Fig. 4a and b, the
distributions of defects, and hence conductivities and

2520 ... (a)

i
2516 i ~
1) S. e, 12
2512 ] 4 AN

2.508 " ~

C,(x), 10 mol/cm®

Co(x), molicm’

(b)

10 I T T T T T T T
0 0.2 0.4 06 [\X:] 1

Normalized Distance (x/L)

Fig. 4. Distributions of (a) oxygen vacancies, {b) elgctrons, () vir-
tual partial pressure of oxygen, (d} electrical potential, (e} electro-
chemical potenfial of oxygen vacancies, and () Fermi level in an
MIEC withc, =5 X 1074, ¢! =252 X 1074, d/ = 2.5 X 107, ¢, =
4.0 X 107¢, and ¢" = 4.02 X 107" mol/cm® exposed to pb./pb, =
109 at 800°C (v, = 1.0 X 107%, and v, = 1.0 X 107 mol cm* J~'
s™'). The number by each curve corresponds to the voltage across
the MIEC in volts.
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transference numbers, are strongly influenced by the elec-
trical states of the MIEC (i.e, the voltage across the
MIEC). The variation in p,,, calculated using Eq. 2.20, is
shown in Fig. 4c whereas the distribution of electrical
potential, calculated using Eq. 3.10Db, is shown in Fig. 4d,
which is approximately linear Clearly, the variations in
both pg,(x) and &(x) are also strongly influenced by the

10 —
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©
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- & ] v
Q ] /_/-/
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Q o '
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voltage across the MIEC. Further, shown in Fig. 4e and £
are the variations in electrochemical potentials of oxygen
vacancies and electrons using Eq. 1.1. The slopes of these
curves are the overall driving forces for transport of
defects in the MIEC. It can be clearly seen from the plots
that Vii, = 0 for V=0 and V{i, = 0 for V = E as discussed
earlier.

In Fig. 5, it is assumed that the dopant concentration is
5 X 107° mol/cm?, i.e., one order of magnitude smaller than
the value assumed for c, in Fig. 4. The corresponding cur-
rent-voltage characteristics of the MIEC are shown in Fig.
2b. The concentration of V;* varied about two orders of
magnitude while the concentration of electrons varied
about four orders of magnitude for P§/p;, = 102"
Accordingly, the ionic transference number varied from
td = 0.99 to ¢L = 0.5, with an effective or average ionic
transference number of 0.684 and an OCV of 0.733 V. In
comparison to the case shown in Fig. 4, it is noted in Fig. 5
that (i) the voltage across the MIEC has much less effect on
variations in ¢,(x) and p,, and () the distribution of elec-
trical potential is clearly nonlinear.

In Fig. 6, it is assumed that the MIEC contains negligi-
ble amount of uniformly distributed charges (i.e., c, = 0).
Accordingly, Eq. 3.11 and 3.12 (instead of Eq. 3.9 and 3.10)
were used in predicting the behavior of the MIEC. In this
case, c(x)/c! = ex)/c! throughout the MIEC and, hence,
the ionic transference number is independent of position
in the MIEC. Further, unlike the cases shown in Fig. 4 and
5, the distributions of defects and p,, are completely ind-
pendent of the voltage across the MIEC. However, the elec-
trostatic potential distribution is still influenced by the
voltage across the MIEC.

Now, let us examine the effect of uniformly distributed
charges (c,) on the distributions of mobile defects and
electrical potential. For MIECs with V,* and e’ being the
majority defects, Eq. 3.5a and 3.5b take, respectively, the
form of

3

"’E 22
(5}
=
O 18-
@ 1.4
(=2 X
- 4 Sy
S
,>-<: 1.0 Voltage across MIEC in voits
o 0
- B
== 0.733=0CV
O 0.6 .‘( cee 12
0.2 -J
— — —
0 0.2 04
04
0.2 1.2

[} ' 0.2 0.4 ' 0.’6 D.IG ' 1
Normalized Distance (x/L)

_ Fig. 5. Distributions of (a, toi) oxygen vacancies and virtual par-
tial pressure of oxygen and (b, bottom) electrical potential in an
MIEC with ¢, = 5 X 107%, ¢!= 2.5 X 1073, d=25%x10"%andc =
1.0 x 10, and ! = 1.0 X 10°7 mol/cm’ exposed to p4, /R, = 102
at 800°C (v, = 1.0 X 10 and v, = 1.0 X 10~° mol cm? J! s7).

1827

c(x)—c = (c“ - ci)

e

™8

2CA Im __ 11 _ _ 4l 4.10
——3 2 —c, ﬂ[((b $ )L (d(x) — ¢ )] [4.10a]
c F

e

&) — &' = (&" — dﬂ%

m_ 1. _ ol
[c‘“‘ : c]% - (c‘“'(x(): CH [4.10b]
A A

Thus, strictly speaking, the distribution of neither electri-
cal potential nor electrons is linear when ¢, # 0. In prac-
tice, however, when c, is sufficiently large so that

'Y FV
c, .RT
3 (2@ —c,

2 c

e

+§(2ci—cA]£z

2 ct F

e

o — ¢!
3RT (2c§ - cA] -

I
2F (o

[4.11]

for the range of Ey and V of interest, the nonlinear term (or
the last term) in Eq. 4.10b becomes negligible and, hence,
the distributions can be adequately approximated by

Mtu(‘b_”_l]z

N o T [4.12a]

1

g1
c.(x) + E&; ~ [l + Ll exp B ¢) (£J
B B 2 (zci —cAJ_Ez L

c, F
[4.12b]
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Fig. 6. Distributions of (a) electrons and virtual partial pressure of
oxygen and (b) electrical potential in an MIEC with ¢!/ .= 4.64 X
10™" exposed to p{',z/#2 = 10% at 800°C. The electric field in the
MIEC vanishes when the applied voltaje is 0.71 V while the distri-

kAI:IE'igns of defects and p,, are independent of the voltage across the
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That is, the distribution of electrical potential is approxi-
mately linear while the distribution of electrons is approx-
imately exponential. It is noted, of course, that both the
chemical and electrical conditions imposed on the MIEC
will also influence the distributions of mobile defects and
electrical potential. An example of MIECs satisfying
inequality 4.11 is illustrated in Fig. 4, where |(c? — c))/c,| =
0.008, In (c/ch) = ~11.5, and (2c! — c,)/c! =~ 1. Accordingly,
inequality 4.11 reduces to

4.96 X 107* << [-1.07 + V]| [4.11a)

which is true except when the voltage across the MIEC is
approaching the Nernst potential (i.e, V- Ey = 1.07 V).
For most applications, the electrical state of an MIEC
varies from a short-circuit (V = 0) to an open-circuit
(V =V, condition. In particular, for 0 = V=V, =0.922V,
the electric field in this MIEC can be adequately approxi-
mated by a constant, implying that the charge neutrality is
nearly strictly observed from a practical point of view and
the Poisson’s equation (Eq. 1.12) may be adequately
approximated by Laplace’s equation (V2$ = 0). The physi-
cal implication of this mathematical consequence is that
the larger the concentration of uniformly distributed
immobile charges (c,) in comparison to the changes in con-
centration of mobile defects (c' — cl), the better the charge
neutrality is observed in the MIEC. If the electric field can
be adequately approximated by a constant, mathematical
formulation of the MIEC can be greatly simplified. For
instance, the implicit equations for j(x) and c,(x), such as
Eq. 3.9a and 3.10a, become explicit.
Similarly, when c, is sufficiently small so that

1T
In (% ] + v
C, RT

e

3(2 —c,
2 cl

for the range of Ey and V of interest, the nonlinear term (or
the last term) in Eq. 4.10a becomes negligible and the dis-
tributions can be approximated by Eq. 3.12a and 3.12b,
i.e., the distributions of electrons is nearly linear while the
distribution of electrical potential is close to logarithmic.
An example of MIECs satisfying inequality 4.13 is illus-
trated in Fig. 5, where l(c? — cl)/c,| =~ 0.2,1n (c/c)) = —9.21,
and (2¢! — cu)/cl = 495. Accordingly, inequality 4.13
reduces to

[4.13]

6.145 >> |—0.857 + V| [4.13a)

which is approximately true for 0 < V= Ey = 1.07 V and,
as expected, the distributions of mobile defects are
approxXimately linear as shown in Fig. 5. Further, asc, — 0,
e — cY/ca| = =, Eq. 3.12a and 3.12b become exact and,
hence, the distribution of electrons is completely linear
while the distribution of electrical potential is perfectly
logarithmic as shown in Fig. 6.

When neither inequality 4.11 nor 4.13 is satisfied, nei-
ther electrical potential nor each type of mobile defect dis-
tributes linearly and, thus, the distributions can only be
adequately described using Eq. 3.10a and 3.10b.

Figures 5b and 6b clearly indicate that the electric field
(~V¢) is not necessarily constant in an MIEC in which
local charge neutrality is assumed. Analyses suggest that
the smaller the concentration of uniformly distributed
immobile charges (c,) in comparison to the variations in
concentrations of mobile charges (cI' — cj), the larger the
deviations from strict charge neutrality and, hence, the
greater the deviation in electrostatic potential from linear
distribution. Charge neutrality is almost strictly observed
only when c, is sufficiently large in comparison to c; — Cce

The Hebb-Wagner experiment.—Now, let us examine the
classical Hebb*-Wagner'® experiment using Eq. 3.10a and
3.10b, which determine the distributions of defects and
electrical potential in an MIEC and, thus, allow us to esti-
mate the effect of these distributions on the observed con-
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ductivities of an MIEC in Hebb-Wagner experiments. The
electronically blocked conditions are examined in detail
while the ionically blocked conditions are discussed fur-
ther because of the similarities of the two cases.

When the electronic current is completely blocked (i.e.,
Ja. = 0), the observable current is due merely to the motion
of ionic defects, as implied by Eq. 4.2. Evaluating Eq.
3.10a under this condition, we find that the e’ distributes
according to

Joon®
c(x) =c - lon

I _
3RTFu, [ECI—CAJ

e

. Jo (L — x)

1_
3RTFu, (u}

3

[4.14a]
Inserting Eq. 4.14a into Eq. 3.13a, we find that the distri-
bution of the V." is given by

Jx w J (L~ )

CV(I) — C‘Il _ ion = 4 tion
6RTFu, 6RTFu,

[4.14Db])
Since both electrons and oxygen vacancies distribute lin-
early when J,,, = 0, the average concentrations of ¢’ and V,~
in the MIEC are related to their surface concentrations as

cI + CII

<c> = e_z_e == ée {4.15a]
1 + 1 R
w>=2T% — g, [4.15b)

which are also identical to the uniform concentrations of
¢’ and V.* as J,, — 0. If we define the conductivities of the

MIEC with un“{%orm composition (ie., V¢, = 0 or without
polarization) as

& = Fu.e, [4.16a]
a, = 4Fu e, [4.16b]

Equations 4.14a and 4.14b can be rewritten, in terms of
the properties of an MIEC with uniform composition, as

Cesx) =1+ )\e (1 ___ 2%] )\e _ FLueJAion
6RTu,5, (@J
ce

[4.17a]

ce

(A 1—2—"”) N, = Tldon g 171
C, L 3RTo,

On the other hand, evaluating Eq. 3.10b at J,,— 0 and in
view of Eq. 4.17, we find that the electrical potential dis~
tributes according to

2x

1+ 2|1 ——

o@) - o' = 2 —( L}
F 1+ X

e

_RT [Zc_cr)_] [4.18]
F 2c, — ¢,

As expected, the distribution of electrical potential under
these conditions is logarithmic since the distributions of
mobile defects are linear. Shown in Fig. 7 are some typical
profiles of oxygen vacancies and electrical potential inside
an MIEC at different ratios of J,,,/6,. It can be seen that the
slopes of these plots depend critically on the ratio Jion/6, for
a given sample at a given temperature. The conductivity of
the MIEC due to the motion of V;°, when the transport of
¢’ is completely suppressed, can then be estimated as™
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Fig. 7. Distributions of (a) oxygen vacancies and (b) electrical
potential in an MIEC under electronically blocked conditions (J,,
= 0) in a Hebb-Wagner experiment (L = 1 cm and J_ /6, = 0.1,
0.2,0.23 V cm ™' at 600°C). The numbers by the curves correspond
to the ratio of J,. /& inV ecm™'.

J.

ion

o=
Y —dd/dx

~ Jion
@ — oYL [4.19]

Clearly, the conductivity calculated using this equation
may depend on the distribution of electrical potential
inside the MIEC. The distribution should be sufficiently
linear so that d$/dx can be adequately approximated by
(¢" — ¢")/L since it is the potential difference, ™ — ¢, not
the potential gradient, dd/dx, that can be readily meas-
ured experimentally. As seen from Fig. 7, the logarithmic
distribution of electrical potential will be close to linear
only when the applied J,,, is sufficiently small (or the ratio
of J,../6, is sufficiently small).

In addition, the actual ionic conductivity (as defined by
Eq. 2.16) is a function of position since ¢, is nonuniform
when J,, = 0. Thus, the conductivity determined using
Eq. 4.19 is, in fact, a conductivity averaged over the thick-
ness of the sample. In order to estimate the effect of defect
distribution on the observed conductivity, inserting
Eq. 4.17b into Eq. 2.18 and integrating the equation, we
find that the average ionic conductivity of the MIEC over
its thickness is given by

- 2\, " J,
<0> =0, ~————— |0, as A, -0 or o 9
(1 + A J &
ln 4 v
— xv

[4.20]

Thus, the average ionic conductivity determined under an
electronically blocked condition, <o,>, is a function of J,,.
Strictly speaking, <o,> approaches the true conductivity a,
only when J,,, = 0. Shown in Fig. 8 are the calculated ionic
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conductivity as a function of the applied current density
under electronically blocked conditions. The errors intro-
duced in the measurements increase with the applied cur-
rent density and approach infinity as the applied J,
approaches the diffusion-limited current density of the
MIEC. The diffusion-limited current densities can be quite
small for MIECs. For instance, for an MIEC with o, =
0.02 Q' ecm™, the diffusion-limited current density is
about 4.5 mA/cm?, as can be seen from Fig. 8.
Distributions of defects and variations in properties of
multiple layers of MIECs can‘also be predicted and, hence,
the performance of devices or systems based on MIECs with
layered structures can be analyzed using these equations.

Conclusion

General expressions for distributions of defects, electri-
cal potential, and other properties in an MIEC have been
derived from integration of transport equations with spec-
ified electrical (V) and chemical (p;, and pj,) conditions.
Equations 2.4 and 2.6 are the governing differential equa-
tions while Eq. B-1 to B-6 are the analytical solutions for
MIECs with three types of significant mobile defects. For
MIECs with two types of significant mobile defects,
Eq. 3.1a and 3.1b are the governing differential equations
whereas Eq. 3.2a, 3.2b, C-1, and C-2 are the analytical
solutions under various conditions. These expressions are
very general and are applicable to a variety of MIECs with
vastly different properties. Once the properties of an MIEC
in a uniform atmosphere are known, the derived expres-
sions can be used to predict the steady-state behavior of
the MIEC under the influence of various chemical and
electrical stimuli applied to the MIEC, including steady-
state distributions of defects, conductivities, transference
numbers, chemical potential of oxygen, and current car-
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O foeevmmennino,
5 ol @
c 0.08
o 0.08 e
> 0.06
B oos+-~—____
3
c 0.04 Ty
O 004 f=—me_ h
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Fig. 8. Effect of the applied J,, on (a) the observed average con-
ductivity, <a,>, of and (b) the electrical potential drop across an
MIEC under electronically blocked condifions (J,, = 0) in a Hebb-
Wagner experiment ot 600°C {L = 1 cmand &, = 0.02, 0.04, 0.06,
0.08, and 0.1 Q™' cm~'). The numbers by the curves correspond to
the conductivity 6, in Q' em~'.
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ried by each type of defect inside the MIEC. Further, the
expressions can also be used to predict the terminal volt-
age across an MIEC for a given J; and Ey or to determine
the expected oxygen partial pressures at the interfaces for
a given J; and V.

Large variations in electric field may occur in a homo-
geneous MIEC in which charge neutrality is assumed. The
smaller the concentration of uniformly distributed immo-
bile charges (c, or c¢p) in comparison to the variations in
concentrations of mobile defects (¢! — c¢}), the larger the
deviations from electroneutrality and the greater the devi-
ation in electrical potential from linear distribution. When
¢, (or ¢p) is sufficiently large in comparison to ¢ — ci
however, the electroneutrality can be strictly observed and
the electric field in the MIEC can be adequately approxi-
mated by a constant.

Conversely, the derived equations can be used to deter-
mine the transport properties of an MIEC from the observed
steady-state behavior of the MIEC under controlled electri-
cal and chemical conditions. Since conductivities and
transference numbers of an MIEC can vary considerably
along the direction in which an electrochemical potential
gradient exists, however, the properties determined from an
experiment under the influence of an electrochemical dri-
ving force are, in general, the average properties over the
thickness under the testing conditions. Further, partial con-
ductivity measurements under ionically or electronically
blocked conditions may introduce significant error when
the distribution of electrical potential is no longer linear
due to severe concentration polarizations.

The derived equations are applicable to a variety of
MIECs with very different characteristics. Applications of
these equations to characterization of MIECs and to pre-
diction of performance of devices or systems based on
homogeneous and multilayered MIECs will be discussed in
subsequent communications.

Acknowledgment

The author would like to acknowledge Dr. Benjamin
Abeles and Professor Jack Winnick for their careful review
of this manuscript and for their valuable suggestions. This
work was supported by NSF (Award No. DMR-9357520)
and EPRI (Contract No. RP 1676-19) and their financial
support of this research is gratefully acknowledged.

Manuscript submitted July 29, 1996; revised manuscript
received Feb. 7, 1997.

Georgia Institute of Technology assisted in meeting the

publication costs of this article.
APPENDIX A
Effect of Activity Coefficient on Formulation

Variable activity coefficient (g, # 0).—Although the
assumption of constant activity coefficient (i.e., v, = v
and g, = 0) may be adequate for many MIECs, variable
activity coefficient as defined by Eq. 1.1c can be incorpo-
rated in the model for generality. For MIECs with signifi-
cant extrinsic disorders, in particular, the concentrations
of the majority defects can be sufficiently large that their
activity coefficients may have to be treated as a variable.
To be specific, consider an extrinsic MIEC in which ¢, >>
¢, and ¢, >> c,. When g, # 0, Eq. 3.1 to 3.6 and coefficients
B:, BS, and P; defined by Eq. 2.5 and 2.7 remain the same
while coefficients P£ and @ may take different values. In
the presence of emission or capture of electrons by lattice
ions (i.e., kg # 0 and c,; # 0), ¢, is related to c, as

i
) e
o, ~| Fate cgg‘”l) if yuC << 4 a1
When g, = g,; or g, << 1 and g,; << 1, coefficients, P;, @1, Q:,

and Q¢ defined in Eq. 2.5 and 2.7 should be replaced,
respectively, by

Iyt [gmlﬂ]
P =uJd, — 2udy |1+ —=
e* jon v ele ’Y*.

{A-2]
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Q@ =2u,(1+g,)c,

*
u(1 +g,) + 2u,(1 + g)l1+ ﬁz—
’Yni

[
I

(&)
|

i

*
Yni

](afﬁ]

\
Q= 4, + g+ U, + g ). |1+ {—’“ﬂ—e

When the conditions of g, = g, or g, << 1 and g, << 1 are
not satisfied, however, the solution to the problem depends
on the specific values of g, and g,. For other types of
MIECs, expressions similar to Eq. A-2 can be readily
derived.

The use of a thermodynamic factor—Another approach
is to use the thermodynamic data determined from the
dependence of ¢, on p,,. Eliminating ¢ from the expres-
sions for fi, and I, (Eq. 1), we have

| - -
Vi = S(RTEVInc, - Vi,) = ~Vi, [A-3a]

Vi, = RT¢Vinc, — 2Vi, [A-3b]

where &, and £, are thermodynamic factors defined, respec-
tively, as

£ - alv.c,(vee)’] _

dlnc
1 1+ v -
alnc, 21 +g.) +( gv)[ ) [A-4a]

dlnec,

Iy,C, (veC.)’] dlnc
— vry\leve =1 + +21+ e [A—4b]
& dlnc, (A +g,) 20+ 0) dlnc,

When the MIEC is in equilibrium with O, gas, i.e,
Eq. 1.4a or 1.9c prevails, the thermodynamic factors can
be expressed as

M
dln [1 - vy.C —)
vy Jdln
£ = d)_1 Po, .k =ve [A-5a]
dlnc, 2\ dlnc,
which can be approximated by
dln
g o~ I8P | g e [A-5b]
2\ dlnc,

when {V;"] << 1. Thus, §, can be estimated from the depen-
dence of ¢, on p, determined using thermogravimetric
analysis (TGA)* while & may be determined from the
dependence of o, on p,,. For MIECs containing aliovalent
dopants (c, # 0 or ¢, # b), the slope, # In ¢,/d In Po,, in each
Po, Tegion in a Brouwer diagram is relatively constant and
is bounded as follows

—dlnec, dlnc,

0= - =1 (A-6a]
dlnp, dlnp, 4

Oé—alnce _ Olng _1 (A-6b]
dlnp, odlnp, 4

For an essentially pure MIEC (c, = 0 and ¢p = 0), the slope
is bounded as

—dlne, _ dlne, 1 _ —dlnc,
" olnp,, dlnp,, T 6 dlnp,
_0Ine, 1 tork >n [A-6e]
d1n p,, 4
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—dlnc, dlnc, 1 _-dlng,
= = S-=—2=
dlnp, dlnp, 6 2lnp,
_9me, 1 g sk [A-6d]
dlnp, 4

It is important to note, however, that the thermodynam-
ic factors as defined in Eq. A-4a and A-4b may be treated
as a constant only under certain conditions. In fact, § may
vary dramatically with p,, near the boundaries between
two adjacent p, regions in which the slope 4 In ¢,/3 In p,,
is constant; furtiler, in a p,, region where 4 1In ¢,/9 Inp,, =
0, £, may approach infinity and become ill behaved. This
can be clearly seen in a Brouwer diagram, £,/ — = in the Po,
region where ¢, = c, while |¢| - « in the p,, region where
¢. = c;. This is true even for MIECs with constant activity
coefficients. Thus, either when c, is independent of Po, OT
when the p,, of interest is not entirely within one of the p,,
regions with constant 9 1n ¢, /8 In Do, & cannot be treated
as a constant.

The thermodynamic factor, §,, may be treated as a well-
defined constant only when p,, of interest is within a Po,
region in which 8 In ¢,/3 In p,, is a nonzero constant. Under
this condition, Eq. 1.16a and 1.16b can be written as

Jele = F(uece + uhch) Vﬁe [A"7a]
Jion = —2F(u.c, + u,c,) [RTE, Vin ¢, — 2Vji.] [A-Tb]

In writing Eq. A-7b, it is assumed that [V."] << 1 and
[O!] << 1 so that V{i, = —Vji,. Eliminating V{i, from Eq. A-
7a and A-7b and noting that u,c, >> u,c,, we arrive at Eq.
2.4 with k = e, in which the coefficients B and P¢ remain
the same (as defined in Eq. 2.5) while the coefficients Q¢
must be redefined as follows

2 [A-8]
Q = [ e[l + th°) + u, (1 + lﬁjjl("_J £,
Ypi Yoi )|\ Ve

Qr=Q=0

Q - u{l + ﬁjgv

Y

9 2
SR RETSTES
Ypi Ye¥n
The solutions to Eq. 2.4 and Eq. B-1, B-3, and B-5, remain
the same provided that the coefficients @* are as defined
by Eq. A-8. For MIECs with two types of significant
mobile defects, the distribution of defects as described bz

Eq. 3.1a, 3.2a, and C-1 also remain the same if Qr and QF
are properly defined.

APPENDIX B

Solutions to Eq. 2.4 and 2.6

The analytical solutions to Eq. 2.4 and 2.6 depend on the
values of the coefficients P* and PX, which are determined
by the ionic and electronic current densities passing
through the MIEC or by the electrical (V) and chemical
(pg, and pgz conditions imposed on the MIEC. Clearly,
Pf"= 0 or Py = 0 corresponds to a special case where the
ratio of J,,/J,,, must be constant while p* # 0 and p¥ = 0
represents the general case where either J,, or Jion May
take any value except for P¥ = 0 or PX = 0.

The general case (i.e., P§ = 0 and P* = 0).—Integrating
Eq. 2.4 over the thickness of the MIEC under these condi-
tions, we find that the distributions of electronic defects
inside the MIEC are determined by the following implicit
expression

z _ ¢ (@) Yi(x) = f*
B—lk =S¥In [kc_iJ + Sfle(x) = ¢f1+ SKIn [ﬁ

Y ! - ‘1* k M k
+ 5 Lk(x) C;J + 8 ln[(uj()z — fj‘ } + ¥y [B-1]
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where
. S5 @@ - V) @+ 5
Pe(z) = In -
o | W@ + ) @ - V59

st 1n{(uk(x)— B @l + f)] fso

o | e + ) @l - 5
1 1 1 1
=—Sk ————S;(———-—, 1k=0
5|:yk(x) yll(:l |:uk(x) ull(:| A
S e @) — IR

£ —£ + By (@)

1 /_ k
+—S§ [arc tan——[uk(x) 4Vt )], <o

—fx £ + upu, (@)
— Plk I _ I __
Ye(x) = ¢ (x) + TopF’ e = %0), y =y ()
- 2
K\ _ 4y 2 pkpk

f= @) = OAEE 4(15;;24 it , " forBF>0, "-"for PX<0

2
52 = Qu/p:
S¥ = QF/(£Py)

Sy = (Qf — PyS5 — PfS/(+2Py)

Sk = chf - Rksg _ Plk(Qf _ szsf) + Sk fk + (p1k)2
5 i1_-,2k 2(1_-,21()2 117 4(P2k)2

— 1 Plk I II
u, (x) = @ + Topt u, = w (0), u, = u(l)
k - [
P2 _ (& k pk
= B~ @4BH , ' forP§>0, " for PX<0

4Py
S5 = ~Qi/(*Pg)

Sk = ~PESE(+2PY)

K _ ok (Bry
s -l
Similarly, integrating Eq. 2.6 under the same conditions,

we find that the electrical potential distributes inside the
MIEC according to

@) 8 _ gy [—C“c(f“")J +5FIn [——y*z‘(x) — flk} + Wh(x)

By . AN
[B-2]
where
‘I"Z‘(x) = S}’{ In (@) = Jfl_k) (y}( al flk) 8 flk >0
2f | 5@ + IO 5t - )

1 1
Z_Sk T T fk=0
g[yk(x) yiJ '

K I S e
=S {arctanﬁ[yk(x) Y] flJ JAR)

V- i+ Vi)
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S¥ = Qi/P;
S5 = (Q5 — PySH/(x2Py)
S§ = ~PXSY + SH/PY)
Further, Eq. B-1 and B-2 reduce, respectively, to Eq. 3.2a

and 3.2b for MIECs with two types of significant mobile
defects.

The special case I, P = 0—When PF +# 0 and Py # 0
(otherwise J,, = J,, = 0 and the case is trivial), P; =
implies that the ratio of J,./J,,, must be a constant while
J.e and J,, may flow in the same or opposite direction,
depending on the nature of the majority defects. Under
this condition, integration of Eq. 2.4 results in

k k k
X = St In {—Pl + B Ck(x)} + Qz—[ck(x) - cal

By B" + Bc B

1 1 AR 1
+sm|&® ) g Loy @ 1 1
. n[ ck “lad@) ) 2P |q@) (@)

where
Sk, = —QFPH/(PY)’ + QI/P§ — Q/Py + Q5P;/(PY)’
- QNP /(P
St = Q§/PF — QiP/(PY) + QP /(PYY
St = —Qi/Pf + QfPy/(PY)

whereas integration of Eq. 2.6 yields

B;

o) — o _[QF
sz (P1k)2 P1k + P2kcll<

Q;PZk:lln {ljlk + szck(x):l

Q 1 1 Qkpzk & (x)
_ Y _ LWy _
P Lk(x) CJ (PFY n\i o [B-4]

Equations B-3 and B-4 also reduce, respectively, to
Eq. 3.2a and 3.2b for MIECs with two types of significant
mobile defects.

The special case II, P¥ = 0.—When P} # 0 and P # 0
(otherwise J,,, = J;,, = 0), P¥ = 0 implies that the ratio of
Joo/Jion must be a constant while J,, or Jmf{, reverses the
direction in comparison to the case where P = 0, depend-
ing on the nature of the majority defects. Under this con-
dition, integration of Eq. 2.4 gives

X _ ok P¥ + Pfe (%) K I
B—lk = S13 In [W + SH[Ck((L') Ck]

K Ck(x)_,r_Q; 2 _ IZ_Q‘:( 11
csm| 82 S - - g g
(B-5]
where
Sk, = QY/PF + QYPS/(PY + Q5(PYY/(PY)’ — Q5/P;
+ QIPI/(PY
k= QY/Pf — 2PEQ}/(P})* + 2PP!
Sk, = Q¥/Ps — QIPI/(PYY
while integration of Eq. 2.6 yields

bx) = &' _[-QF _ By |, | B+ Plafa)
k - k k2 k kI
B2 Po (Pl ) Pﬂ + Pl Ck

1
k

Qk 1 Q;( ¢ ()
+ P_?‘ leu(@) — ¢ + 3 In [-k?—] [B-6]

1 o
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Further, Eq. B-5 and B-6 reduce, respectively, to Eq. C-1
3n? (13:—2 for MIECs with two types of significant mobile
efects.

APPENDIX C
Solutions to Eq. 3.1a and 3.1b when P} =0

When P # 0 and c, # 0 (otherwise J,,, = J;,, = 0), P,* =
implies that the ratio of J,./J,,, must be a constant while
Jae and J, may flow in the same or opposite direction,
depending on the nature of the majority defects. Under
this condition, integration of Eq. 3.1a and 3.1b over the
thickness of the MIEC yields

k

k
@mm—@+%@m~@ﬁ%§% c-1]
1

k k
o) — & = (B—PQ—] (e (@) - ¢

1

1C-2]

It is noted that Eq. C-1 and C-2 can also be obtained by
ignoring the terms containing coefficients P¥, Q, Q}, Q/,
and Qf in Eq. B-5 and B-6. This is because these coeffi-
cients become negligible in MIECs with two types of sig-
nificant mobile defects. Summarized below are the
expressions for ionic and electronic current densities and
for distribution of defects and electrical potential in each
class of MIECs with two types of significant defects under
the condition of P,* = 0.

MIECs with V. and e’.—Charge neutrality in these
MIECs is described by Eq. 3.7 and the coefficient BY, Py,
and QF are defined by Eq. 2.5 and 2.7. In this case, P; = 0

implies that
I
JV .—_2&£2cv - CA)Je
U

e

(C-3]

where J,, as determined from evaluating Eq. C-1fork = e
at x = L, is given by

I
J = %{(a? —c)+ i[——zcv - J [ ~ (c;)Q]}

4c, .
[C-4]

The distributions of electrons and electrical potential are
given, respectively, by

ooy 3f2e —ep Y[k — @] [ J
[e.(x) ce]+4( = ][ y FRTw, )"

e

[C-5]
blz) — &' = —S(EFZ) {——Cv(x;: Ci} (C-6]
MIECs with V;* and h* —

_ - 2FRTu,

JV
L

{(65‘ — )+ () - (Ci)zl} [C-8]
Ca

x) - (ci)Z] _ ( -J,

ol
e, (x) Cv]+[ . 2FRTuV}x (C-9]

b(x) — &' = (R—FT-) [%;—c} (C-10]
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MIECs with O/ and h*.—

[C-11]

2, +
1, = EE {_ - c)+ %(—c : CA][(c.‘,‘Y - (c}‘,)Zl}

4c, Ch
[C-12]
_apeo3(2 tes || a@ =@l | _(_Ju
fex () ch]+T( a ][ Cy FRTu, *
[C-13]
RT -c
é(z) — &' = ‘3(Tj [”’”}37‘;"} (C-14]
MIECs with O/ and e’.—
Y (-
Sl e B8 [C-15]

; _ Z2FRTu, {(cg —d)+ ci [y - (cf,)Zl} [C-16]

° L
PO I € Bl (59 il B A _
[c,(x) c°]+[ o ] (FRTuOJx [C-17]
o
b@) - ¢! = —(%] [c(xg—c] [C-18]

LIST OF SYMBOLS
Bk coefficients (k = e, h, v, 0, n = 1, 2) defined by Eq.
2.5,2.7,2.13, 3.19, and 3.24

Cy net molar concentration of ionized acceptors as
defined by Eq. 2.2b, mol cm®

ch net molar concentration of ionized donors as
defined by Eq. 2.9b, mol cm®

Cy molar concentration of defect k (c, = [k]d/M),
mol cm™3

<¢>  average concentration of defect k over the thick-
ness, mol - cm™®

Gy uniform concentration of defect k when Ve, = 0,
mol cm™3

d density of lattice compound, g cm™

D, diffusivity of defect k (D, = RTy,), cm? s™!

E; Fermi energy of electrons (E; = {i,), J

E, Nernst potential across an MIEC as defined by
Eq.1.5,V

F Faraday's constant, 96,487 C eq™*

G exponent as defined by Eq. 1.1¢c, g, = d1n+y,/dInc,
G, generation rate of defect k inside an MIEC,
mol cm™3 g1

ky, k, equilibrium constant for partial reduction and oxi-
dation of lattice ions

ks intrinsic concentration of ionic defects for Frenkel
disorder, mol em™

k1 site fraction of defect k, dimensionless

Ji current density carried by defect k, A cm™?

Jr total (or observable) current density, A cm™2

Jee electronic current density, A cm™

Jion ionic current density, A cm™

L, general transport coefficients, mol* cm™ J-! g1
molecular weight of lattice compound, g mol ™

n; intrinsic concentration of electrons or holes at a
given temperature, mol cm™

N, molar flux of defect k, mol cm™2 57!

DPg. partial pressure of oxygen, atm

Py, Qy coefficients (k = e, h, v, 0;n =0, 1, . .. .) defined by
Eq. 25, 2.7, 2.13, 3.19, and 3.24

R universal gas constant, 8.314 J mol~! K~}

t transference number of defect k, dimensionless

<t,> average transference number of defect k over
thickness, dimensionless

1833

e electronic transference number, dimensionless

tion ionic transference number, dimensionless

T absolute temperature, K

u, absolute mobility of defect k, mol cm* J™* s*

14 voltage across an MIEC as defined by Eq. 1.6 and
1.7,V

Vee open-cell voltage as defined by Eq. 4.4, V

x distance from the surface of the MIEC exposed to a

gas containing pg,, cm
2 number of effective charge (with respect to perfect
crystals) of defect k, dimensionless

Greek

B* coefficient defined by Eq. 3.3a

Vi activity coefficient of defect k, dimensionless

€ permittivity of an MIEC, F cm™

T Mg current and energy efficiency, dimensionless

T chemical potential of defect k (u, = uf + RT In
YiCi), J mol™

i electrochemical potential of defect k (i, = pf + RT
In y.¢, + 2, Fd), J mol™

Ty partial conductivity ﬁdk = zF*u,c,) due to the
motion of defect k, Q™' cm™

<ay,> average conductivity over thickness due to the
motion of defect k, Q! em™

G conductivity of MIEC with uniform composition
(i.e., when Ve, = 0), Q7' cm™

) average electrical potential in a plane at distance
x, V

A, N, coefficient defined, respectively, by Eq. 4.17a and

Eq. 4.17b
& thermodynamic factor defined by Eq. A-4

Subscripts or superscripts

A an acceptor impurity (immobile but distributed
uniformly)

Ah  an acceptor impurity to create an electron hole

Ayv an acceptor impurity to create an oxygen vacancy

D a donor impurity (immobile but distributed uni-

formly)

D,e  adonor impurity to create an electron

D,o  adonor impurity to create an oxygen interstitial

k a defect in an MIEC

)] an ionized dopant which is immobile and distrib-
uted uniformly

e an electron, e’

h an electron hole, h*

o an oxygen interstitial, O/

v an oxygen vacancy, V,*

pi an immobile ion with an effective positive charge
(such as My and Dy,)

ni an immobile ion with an effective negative charge
(such as M, and Dyy)

ele electronic

ion ionic

I properties of MIEC when exposed to an atmos-
phere containing pl, atx = 0

II properties of MIEC when exposed to an atmos-
phere containing p§ at x = L

Acronyms

BCG gadolinia-doped barium cerate (BaCe,_.Gd,0,)

CSC  calcia-stabilized ceria (Ce,_,Ca,0,)

LSC strontium-doped lanthanum cobaltide (La,_,Sr,Co0,)

LSF strontium-doped lanthanum ferrite (La,_.Sr_.FeO,)

LSM strontium-doped lanthanum manganide

(La, ,Sr,MnO,)
MIEC mixed ionic-electronic conductor
SOFC solid oxide fuel cell
YSZ  yttria-stabilized zirconia (Zr, . Y,0,)
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