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Abstract: Mixed ions and electron conductors (MIECs) are an important family of electrocatalysts for electrochemical devices, such as revers-
ible solid oxide cells, rechargeable metal—air batteries, and oxygen transport membranes. Concurrent ionic and electronic transports in these
materials play a key role in electrocatalytic activity. An in-depth fundamental understanding of the transport phenomena is critically needed to
develop better MIECs. In this brief review, we introduced generic ionic and electronic transport theory based on irreversible thermodynamics
and applied it to practical oxide-based materials with oxygen vacancies and electrons/holes as the predominant defects. Two oxide systems,
namely CeO,-based and LaCrO;-based materials, are selected as case studies to illustrate the utility of the transport theory in predicting oxygen
partial pressure distribution across MIECs, electrochemical electronic/ionic leakage currents, and the effects of external load current on the

leakage currents.

Keywords: irreversible thermodynamics; diffusivity; charge neutrality; electrochemical potential; electrostatic potential

1. Introduction

Mixed ions and electron conductors (MIECs) have a wide
range of applications in electrochemical devices, such as re-
versible solid oxide cells (RSOCs) [1], rechargeable
metal—air batteries (RMABs) [2], and oxygen transport mem-
branes (OTMs) [3]. Their high electrocatalytic activity is
considered to arise from the enhanced partial ionic conduct-
ivity (o) by the overwhelming electronic conductivity via the
“drag-pull” mechanism to satisfy the local charge-neutrality
requirement [4]. However, ionic transport should be minim-
ized for applications that use conducting ceramics as an elec-
tronic conductor. A good example is the doped LaCrO; as a
ceramic interconnect (IC) material for solid oxide fuel cells
(SOFCs). Since one important functionality of ICs is to pass
electrons from cathode to anode (or vice versa), any oxide-
ion conductivity in the IC would induce a net oxygen flux
flow from high partial pressure of oxygen (Po,) like air to low
Po, such as fuels. Such oxygen leakage results in additional
oxidation of fuels without producing electricity to the extern-
al circuit, lowering the electrical efficiency. Conversely,
minor electronic conduction could be detrimental to MIEC
with ions as a major charge carrier and electrons as a minor
charge carrier. Doped CeO, is a good example of an electro-
lyte for SOFCs. In reducing atmospheres, the reducibility of
Ce*" to Ce*” would cause n-type electronic conductivity, res-
ulting in an electronic leakage current, lowering the open-cir-
cuit voltage (OCV) and electrical efficiency of SOFCs.
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From an engineering perspective, quantification of these
leakage currents in MIECs is important for the design and
healthy operation of electrochemical devices using them. Un-
fortunately, there is scarce literature dealing with the leakage
phenomenon and quantifying the leakage current.

In this short review, we aim to bridge this gap by review-
ing classic phenomenological transport theory involving
mixed ions and electrons. Further, we applied the theory to
two representative MIECs, viz., doped CeO, and doped
LaCrO;, demonstrating calculations of P, distribution across
MIECs and leakage currents in SOFCs under both OCV and
loading conditions.

2. General bulk transport theory

The theory of bulk transport of charged particles in solids
is generally described by the principles of irreversible ther-
modynamics [4-7]. If a conducting solid contains species k&
with charge z; and conductivity o7, its one-dimensional flux
density j, is proportional to the gradient of 7, across the
thickness. Hence,

o
= VI 1)
where 7, is the electrochemical potential of species k, and
Nk = U + 21 F'¢, wherein g is the chemical potential of spe-
cies k, ¢ is the electrostatic potential, and F is Faraday’s con-
stant. From Faraday’s law, the corresponding current density
i 1 derived as follows:

Jk=
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Notably, the assumptions under which the above basic
flux equations are valid [4] include (1) isotropic diffusion, (2)
the chemical potential gradient Ay across the solid is smaller
than RT (R and T represent gas constant and absolute temper-
ature, respectively) so that a linear relationship exists
between j, and V¢, (3) the Onsager cross-coefficients are ig-
nored, (4) local equilibria are established between solid and
gas phases, and (5) all fluxes, forces, and gradients are along
one given diffusion direction (x-direction). Therefore, the
concentrations and fluxes have the same value at any posi-
tion on a given plane normal to this direction. Egs. (1) and (2)
are the foundations for evaluating the transport properties of
charge carriers in solids.

For a solid with multiple charge carriers, the net current
density of all charge carriers must equal zero in the absence
of external current due to the requirement of charge neutral-
ity [4]. Hence,

ZikZOOI‘Zijk=O (3)
k k

When applying Eq. (3) to multiple charge carriers in mo-
tion, it is often termed as “quasi-neutrality” to capture the
slight concentration mis-adjustment induced by the electro-
static force [4]. The “quasi-neutrality” holds for the sample
with a dimension greater than the Debye length. The “quasi-
neutrality” rule is then given by Ref. [4] as follows:

D aVe=0 @)
k

where V¢, is the concentration ¢; gradient of species k. Us-
ing the transport number ¢, = 0/o, where o = ), 07 is the
total electrical conductivity of the charge carrier k, and com-
bining Egs. (1)—(4), we get

t
D V=0 )
T ck

The electrical conductivity o7, is closely related to the dif-
fusivity D7 defined in the Nernst-Einstein equation:
o _ aDy
Z2F* RT

(6)

It is evident that if o, and ¢, are known, Eq. (6) can be
used to determine DY. Therefore, D7 in Eq. (6) is often re-
ferred to as the conductivity-related diffusivity [8].

Several other types of commonly used diffusivities are
defined based on the methods deriving them [8]. For ex-
ample, tracer diffusivity (D) is often obtained with isotope
exchange coupled with secondary ion mass spectroscopy,
and chemical diffusivity (D) and ambipolar diffusivity (D,)
are derived from electrical conductivity relaxation or chemic-
al cells methods.

It is cautioned that different diffusivity terms are used for
specific scenarios. The tracer diffusivity D} relates to the
conductivity DY by the Haven ratio Hy. Accordingly,

Dy, = Hr D, @)

where Hy correlates the migration of lattice atoms in success-

ful jumps with that of ionic defects in crystalline ionic con-
ductors. In many cases, H equals the correlation factor f[9].

Since many MIECs are operated under a chemical poten-
tial gradient, measuring transport properties under real oper-
ating conditions is more meaningful. Therefore, chemical
diffusivity (D) and ambipolar diffusivity (D,) are more use-
ful terms for describing the transport properties of MIECs. In
theory, D is related to component diffusivity of charge carri-
er k, D;. Hence, by Ref. [4],

In

- vV .
D = (Dute) ﬁ = (Dte)& ®)

where k' represents the neutral species of k charge carrier; a;.
and ¢y are activity and concentration of neutral species k”; #.
is the electronic transport number; & is “thermodynamic
factor” or “enhancement factor”.

The ambipolar diffusivity D, is another term to describe a
simultaneous diffusion of ions and electrons. It relates to D,
and D, (diffusivity of electrons) by Ref. [4] as follows:
D,=t.Dy+1t;D. (9)
which can further be simplified into the following for D, >>
Dyandt. =~ 1:
D, = t; D, (10)

It is not difficult to find that D, > D, and D, is usually large
[4].

3. Application of transport theory to solid
oxide electrolytes

3.1. Distribution of partial pressure of oxygen across a
CeO,-based electrolyte

The stead-state Po, (or oxygen activity) profile across an
electrolyte membrane with minor electronic conduction can
be calculated using the above transport equations. Choudhury
and Patterson [10] and Riess [11] were the first to calculate
the oxygen profile across the electrolyte with minor electron-
ic conduction. The calculations assume that oxygen vacancy
Vg is the major ionic charge carrier and electron e’ is the
minor charge carrier in electrolytes. The electrolyte of choice
is any CeO,-based material. The current densities (or flux
densities) for each charge carrier in the bulk and external cir-
cuit are given by

gy

fyee = ——2 Ve 11

vy oF vy (11)
T e

o = v o 12

le = -V 12)

. o

I, = FLVT](;/ (13)

where i and o represent load-current density and apparent

electronic conductivity, respectively. From the charge-neut-

rality rule, we derive

Iy +ie +1, =0 (14)
Combining Egs. (11)<(13) into Eq. (14) and solving for

Ve, we yield
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1 oy
Vne = = X Vg~ 15
4 2 o.toL W (13)

We considered that a local chemical equilibrium of
1
502 + Vg +2e’ = OF was established between the charged

defects at the electrolyte surface, where V¢ and O repres-
ent oxygen vacancy and oxygen lattice, respectively, accord-
ing to the Kroger—Vink notation. The gradient of the chemic-
al or electrochemical potential of each species holds the fol-
lowing relation:

% Ho, + Y1y +2Vn. =0 (16)
where the chemical potential gradient of neutral lattice oxy-
gen Of is zero, meaning that its concentration is constant
across the electrolyte.

Substituting Eq. (16) into Eq. (15) yields
1 Ty

Ve =—=X ——————Vyo, 17
7 4 oystoetorL Hos a7

Substituting Eq. (17) into Egs. (11)—(13) leads to

1 ovs(oe+or)
jyor = — X ————V 18
Vi T 4F Oye +0e +0L Ho (18)

1 O-V(‘; O

o =——X————V 19
¢ 4F  oys+too+oL Ho. (19)
1 Oys0L
p=——X—-2>—YV 20
L 4F  oye+oo+oL Ho (20)
For an open-circuit condition, iy: = —i., and the follow-

ing relationship can be derived as:
RT ovy(oe+01)

4F oy t+oe oL

fypdx = d(InPo,) 21

Integrating Eq. (21) from 0 to x on the left-hand side and
from Po,(0) to Po,(x) on the right-hand side, as shown in Fig. 1,
the accumulative current density iy.(x) becomes

RT flnPOZ()o Oy (e +07L)
1

Y d(InPoy) (22)

Xiv;;(x) =
nPo,(0) Ovyy+0e+0L

CeO,-based solid electrolytes
Po,(0) Po (L)
High P, side
VR

Low P, side

d .
Iy

(a)

iy,

o

iv(',' Tiptip=0 rﬁ i
i

(b)
Fig. 1.  (a) Illustration of transport of oxygen vacancies and
electrons in CeO,-based electrolytes; (b) charge-neutrality dia-
gram.
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Atx =L, iy:+(L) is given by
RT (nPoxl) Oys (0 +0L)

Livs(L) = —

d(InP 23
4F Jupo,0) oy + 00 + 0 (InPo,) (23)

As iy.(x) = ivs:(L) at the steady state, the following rela-
tionship holds:
[t TV (e +01)
InPo,(0) O-V;;+O-e’+O-L
h

nPoy(r) OV (e +071)

Notably, oy is independent of Py, for the electrolyte but
o varies with Pg, particularly in the low Po, range as
0y = 0% P, % [12], where % denotes electronic conduct-
ivity at Po, =1 atm (1.01 x 10° Pa). Substituting this relation
into Eq. (24) gives the following:

Tyae +0%, POy (1) 4y 0% H(ovg +01)P0 (1)
0 (v +07)P0(0)

d(InPo,)

T (24)
d(InPo,)

Ty +0, P0y(0) " +0.

(25)

=

1 ( Oy 0 Por(L) B+, ) | ( o, ‘*‘((Tvg +01)Poy(L)** )

Ove 0%, Poy 0) "% +o, 0+ ver +0)Po; 0)™*

With Eq. (25), Po, as a function of x/L across the electro-
lyte can be calculated, provided that oy., 0, and o are
known. For CeO,-based electrolytes, these values have been
compiled by Steele [13] for Cey9Gdy ;0,95 (GDC10) as fol-
lows:

0.64 eV
T =1.09% 10° exp(— Te ) (SK/cm), (T > 673 K)
(26)
T7eV
T = 1.00% 10° exp(— 0 kTe ) (SK/cm), (T < 673K)
27
36970
lgpe = —% +1800  (atm) (28)
2475 eV
oo T =3.456x10%exp (—%) Po,"® (SK/cm)
(29)

where p. is the specific partial pressure of oxygen at which
Oy»=0; k is the Boltzmann constant. Fig. 2 shows the calcu-
lated P, profiles using Eq. (25) along with the parameters in

1

10mol% Gd,O; doped CeO,
1073+ Loading current density: 1.0 A/cm?

Po,(0): determined by Py,o/Py, = 1
10°°F  p(1)=0209 atm

107
10712

Py, / atm

10715
1073 K
10718 .__,___,___-—-—'-—""-"'-_F.

10*2] L
WK
10 : - : :
0 0.2 0.4 0.6 0.8 1.0

x/L

Fig. 2.
lytes.

Transmembrane Pg, profiles in CeO,-based electro-
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Egs. (26)~(29) under different conditions. The transmem-
brane Po, profile is dominated by the low Po,, indicating the
significant influence from electronic conduction, which has
also been confirmed by the experiment [12].

3.2. Electron-induced leakage current density

Integrating Eq. (19) over the electrolyte thickness L and
assuming oo = 0% Po, % yields the following expression:
) RT oy Oy=+0% Poz(L)’O'25 +o
o = °In =
FL )—0.25

(30)

O'V&-+O'Z,P02(0 + 07,

Similarly, the ionic current density iy can be obtained by
integrating Eq. (18) as:
RToye  (0ye +0%Poy(L) "% + 0.
_ 0 ln o
FL )—0,25
RToveor (0% +(0ys +0L)Poy(L)’?
FL(ovs +o0) 075

Iy =

oy + 00 Poy(0 +oL

G

oo +(oys +01)P0oy(0

As the interfacial P (0) and Po (L) vary with load current
ir due to current-dependent electrode polarization, they must
be solved first. Hence, the following boundary conditions for
iys: are true for electrolyte, cathode, and anode layers under
the stead-state as follows:

iy (in electrolyte) = iy (in cathode) = iy-(in anode) (32)

Assuming linear polarizations in the cathode and anode
layers as

o 1 Po,(air)
iy (in cathode) = iF X R X ln#@) (33)
o RT 1 Po,(0)

. (in anode) = - x — x In—2_ 34
iy (in anode) iF X R XIn Po,(fucl) (34)

where R, and R, are area specific resistances (ASRs) of the
cathode and anode, respectively; Po,(air) and Po,(fuel) are
the partial pressures of oxygen in bulk air and bulk fuel, re-
spectively; Po,(L) and Pg,(0) are the partial pressures of oxy-
gen at the interfaces of electrolyte/cathode and electrolyte/an-
ode, respectively.

Combining Egs. (30)—(34) with the charge neutrality Eq.
(14), Po,(0) and Po,(L) can be solved under different 7;, as
shown in Fig. 3. The value of P (0) nears that of P (L) as i,
increases. Using the interfacial P, in Fig. 3, i vs. i is fur-
ther calculated and plotted in Fig. 4, where i, decreases with
ir but increases with 7, implying that the highest electronic
leakage current density occurs under the open-circuit condi-
tion. Therefore, for CeO,-based SOFCs, the leakage issue
could be suppressed under loading operation, and its impact
on electrical efficiency occurs in the low current density
range where the electrical efficiency is supposed to be higher.

4. Application to interconnect

4.1. Distribution of partial pressure of oxygen in Ca-
doped LaCrO; membrane

As another example, the above transport theory was used
to evaluate the mixed ion and electron transport in an elec-
tron-dominated material Ca-doped LaCrO;.

1 1
1075
1072 0
110710
E e =)
g 107} E
= 11015 =
= S
& 10° &
- {102~
Electrolyte thickness: 50 um
-3 L4 Po (L) =0.209 atm
10 4 P (0): determined by Py o/Py = 1 1107%
10710 10730

0 0.5 1.0 1.5 20 25 3.0 3.5
i/ (A-cm?)

Fig. 3. Interfacial Pq, vs. load-current density and temperat-

ures. Solid lines: Pq,(L); dashed lines: Pg,(0). Anode ASR: R,

(Q-em?) = 1.3 x 107%exp(9261/T); cathode ASR: R, (Q-em?) =

2.5 x 107%exp(13952/7) after Ref. [14].

3.50
£
©
N
0 Ll73 1 1 1
0 0.1 0.2 0.3 0.4 0.5
ip / (A-em™)
Fig. 4. Electronic leakage current density vs. load-current

density of a CeO,-based electrolyte.

The Ca-doped LaCrO; (LCC) contains predominant de-
fect species Ca;,’, h* (electron holes), and oxygen vacancies
Vg Its electrical conduction is dominated by localized
small-polarons on the Cr-sites [15]. Therefore, h* is equival-
ent to Crf, (Cr*); thereby, h* and Cr, can be interchanged.
The oxygen-LCC chemical equilibrium is established via

1
502+ V5 +2Cr5, = 201, + 05 (35)

where Crg, denotes regular neutral Cr lattice. Fig. 5 depicts a
schematic illustration of the transport of charged species in
LCC, considering V¢ and h*.

From the basic current density equation (Eq. (2)), the cur-
rent density of electron holes becomes

. Ope
i = == Vi (36)

Given the local chemical equilibrium between V¢ and he,
as shown in Eq. (35), the following relationships hold:

1
5 VHo, + Vitvy =2Vt

Vie + Vi =0 (37)

Vf]er + Vf]h. =0

Combining the above equations leads to the one-dimen-
sional distributions of ionic current density iv.: and electron-
hole current density iy,



874

LaCrO,-based interconnects
P (0)
Low Py, side

Po (L)
High Py, side

I

—
A — T i
Load
e x
0 L
(a)
ivg
i + iVL')' =1, +4— i
Iy
(b)

Fig. 5. (a) Illustration of charged species transport in a
LaCrOs-based interconnect; (b) charge-neutrality diagram.

RT oysX(ow—0oL)  d(InPo,)
= X X

e = —— 38

s 4F  op -0y —oL dx (38)
RT Oye X Ope d(InP

o = KL T X 0w | dinPo,) (39)
4F  op—0ove—oL dx

under the OCV condition iy:-=iy.. Notably, different from ox-
ide-ion conductors, both oy.: and o7 in LCC vary with Po,.

According to Eq. (6), oy: can be further expressed as fol-
lows:

4F> X [Ve]1X Dy
- RT
where Dy denotes the diffusivity of oxygen vacancies. Let-
ting the concentration of V¢ equal oxygen stoichiometry J,
[V&']1= 6, and considering the “quasi-neutrality” condition p
+ 26 =y, where p and y represent hole and dopant concentra-
tions, respectively, the following relationship can be derived,
Px(6=y+p) (3-6)x (y—26)°

- = 41
(1_P)2X(y—p)><PlO/22 6X(1_)’+2(5)2><Pg22 (41)

(A Ve

(40)

where K is the equilibrium constant of Reaction (35). Under a
load condition, we have

I =1L+ lvy (42)
The following Py, profile across the thickness L can be de-
rived,

flnFOZ(X) Oy X (o —o)
1

x d(InPo
nPo,(0) O — O—Va‘ —oL ( 2) (43)
L B InPo,(L) TV X (Oh —0L)
N e —— d(InPo,)

O —Oys — 0L

Fig. 6 shows the calculated Py, profiles across the LCC
with a fuel mixture of CH, and H,O (CH/H,O = 2.5) [16].
The Po,-profile and electrical conductivity are dominated
primarily by the low Po,. This phenomenon resembles the
one shown in Fig. 2.

4.2. Electron-induced leakage current density

Fig. 7 shows the calculated iy..-x vs. Po, across a 3 mm
thick La,;Cay;CrO; membrane exposed to air and fuel for
four different temperatures. The uneven spacing of the pro-
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0
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\ON -10
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et
715 L
720 1
-0.2 0 0.2 0.4 0.6 0.8 1.0 1.2
x/L
Fig. 6. Calculated transmembrane Pg, profiles of Lay;Cay3

CrQj; at different temperatures. Adapted from I. Yasuda and
M. Hishinuma, J. Electrochem. Soc., vol. 143, 1583-1590 (1996)
[16]. © IOP Publishing. Reproduced with permission. All rights
reserved.

file is caused by the nonlinear relationship between § and 7.
Since iy. is constant at any location in the LCC under steady
state, iy:x is essentially proportional to x. Po, is linear with x
up to ~90% of the total thickness, followed by a sharp in-
crease just before reaching the air-side surface. The iy -x at
which a sudden Po, change occurs increases with the temper-
ature, indicating an increased ionic leakage current density.

2

1g(P,, / atm)

7200 0.02 0.04 0.06 0.08 0.10 0.12

iyg X/ (A-em™)
Fig. 7. Calculated Po, and ionic current density iy... The Po,
at the fuel side is assumed to be 10® atm. Adapted from I
Yasuda and M. Hishinuma, J. Electrochem. Soc., vol. 143, 1583-
1590 (1996) [16]. © IOP Publishing. Reproduced with permis-
sion. All rights reserved.

Fig. 8 presents the variation of iy, with load current i.
The negative value represents the current flowing from the
air-side to the fuel-side of the interconnect, which corres-
ponds to the operation of a SOFC. Under this SOFC mode,
iy decreases linearly with ;.. This is also understandable be-
cause the gradient of the electrochemical potential of oxide-
ions increases as i; decreases because the gradients of the
chemical potential of oxygen and electrostatic potential are
established in the opposite direction. Similar to the electron
leakage in CeO,-based electrolytes, increasing the i; would
lower ionic (oxygen vacancy) current density, implying that
the load suppresses the loss of fuel due to this ionic leakage.
Therefore, the most noticeable impact happens at low i,
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where the SOFC’s electrical efficiency is highest. Interest-
ingly, under electrolysis mode (positive i), the increasing i
would increase ionic leakage. However, transporting oxygen
from the fuel to air through the IC would help the electrolysis
process, such as H,O splitting.

450
400 1323K
_ 3307 //,/é/;
= 300t
©
< L
E 250
5. 200 F 1223K
S I
150 |
100 b 1173 K
50 1 1 1 1 1 1
—2500 —2000 —1500 —1000 —500 0 500 1000
i, / (mA-cm™)
Fig. 8. Ionic current density vs. load-current density of a

Lay;Cry30; interconnect. Adapted from I. Yasuda and M.
Hishinuma, J. Electrochem. Soc., vol. 143, 1583-1590 (1996)
[16]. © IOP Publishing. Reproduced with permission. All rights
reserved.

5. Conclusion

The combination of the irreversible-thermodynamics-
based transport of charged particles with the local “quasi-
charge neutrality” principle has provided detailed informa-
tion in oxygen partial pressure distribution across a solid ox-
ide with either ionic or electronic dominated charge carrier,
electronic/ionic leakage currents, and the effect of load cur-
rent on the electrochemical leakage currents. The transport
theory to an oxide-ion and electron-dominated mixed ion-
electron conductor reveals that the lower oxygen partial pres-
sure range primarily dominates the partial oxygen pressure
distribution across a mixed conductor. The load current gen-
erally reduces leakage current. When these findings are ap-
plied to practical applications, they imply that leakage cur-
rent may not be a serious problem for a device operating at
high current but may be a problem in open-circuit or low-cur-
rent conditions. Hence, minimizing the electrochemical leak-
age current of the electrolyte or ceramic interconnect is crit-
ical in maintaining the high electrical efficiency of solid ox-
ide cells.
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