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ABSTRACT

While porous mixed ionic-electronic conductors (MIECs) have been widely used as electrodes for solid-state ionic
devices, the electrochemical processes occurring in such an electrode are still not well understood. Equivalent circuit
analyses indicate that there are three parallel paths for electrode reactions to occur in a cell with porous MIEC electrodes:
(i) the triple-phase boundary (TPB) between the electrolyte, the MIEC, and 02 gas, (ii) the TPB between the current col-
lector, the MIEC, and 02 gas, and (iii) the interface between the MIEC and 02 gas. The relative significance of each path
is determined not only by the transport and catalytic properties of the MIEC but also by the interfaces between the MIEC
and other cell components. The effectiveness of the MIEC/gas interface is influenced by the rates of several sequential
processes: transfer of ionic defects across the MIEC/electrolyte interface, transport of ionic and electronic defects in the
MIEC, reaction at the MIEC/gas interface, and transport of 02 in the pores of the MIEC. Accordingly, oxygen diffusion in
the MIEC and reaction at the MIEC/gas interface are only part, not the entirety, of the electrode kinetics. In general, the
TPBs cannot be ignored without careful analysis or adequate justification. Further, as a first-order approximation, it is
demonstrated that the thickness of the electrochemically active layer of a porous MIEC electrode, 3, varies dramatically
with the properties of the MIEC. Typically, S decreases with increased rate of surface reaction and with decreased trans-
port of ionic or electronic defects in the MIEC. In the absence of ionic or electronic transport in the MIEC, for instance,
S approaches zero, i.e, oxygen reduction or evolution can occur only at one of the TPBs.

Introduction
It is well recognized1 that, in contrast to an electrode of

a pure electronic conductor (such as Pt), an electrode
formed from a mixed ionic-electronic conductor (MIEC)
has the potential to extend the reaction sites or zones
beyond the triple-phase boundaries (TPB5) between the
electrode, electrolyte, and 02 gas. Accordingly, MIECs
have been widely used as electrodes for solid-state ionic
devices (e.g., solid oxide fuel cells, batteries, and gas sen-
sors) and for electrochemical processes (e.g., gas separa-
tion or electrosynthesis).26 However; the detailed reaction
paths and electrode kinetics in cells with porous MIEC
electrodes are still not well understood. A recent model,7
for instance, predicts that the impedance of a cell with
porous MIEC electrodes (of infinite thickness and uniform
Fermi level) is determined merely by the properties of the
MIEC, oxygen diffusivity in the MIEC and surface catalyt-
ic properties, and is independent of the properties of the
interfaces between the MIEC and other cell components
(electrolyte and current collector). This prediction, first of
all, directly contradicts experimental observations; recent
impedance spectroscopy studies8 demonstrate that the
impedances of cells based on different electrolyte materi-
als but with same MIEC electrodes are influenced dramat-
ically by the interfaces between the MIEC and the elec-
trolyte. Second, our analyses9 indicate that, in addition to
the reactions at MIEC/gas interface, other reaction paths
through the TPBs are an important part of the electrode
kinetics and cannot be ignored without careful analysis
and adequate justification.

In this paper, equivalent circuit analysis demonstrates
conclusively that, in general, there are three parallel paths
for electrode reactions to occur in a cell with porous MIEC
electrodes: two types of triple-phase boundaries (TPB5) in
parallel to the MIEC/gas interface. It is incorrect to assert
that "consideration of a separate parallel three-phase
boundary (TPB) reaction would be redundant"7; on the
contrary, consideration of the TPBs as parallel paths to the
MIEC/gas interface is a minimum requirement for any
meaningful analysis of a solid-state system. TPBs are
inherent to solid-state electrochemical systems and failing
to address TPBs will lead to erroneous boundary condi-
tions9 and ultimately to invalid conclusions.9 Further; it is
demonstrated unequivocally that, for a cell based on
MIEC electrodes of infinite thickness and uniform Fermi
level, it is the TPB between the electrolyte, the MIEC, and
02, rather than the bulk phase of the MIEC,7 that domi-
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nates the electrode kinetics and cell impedance, when the
impedance of the TPB is smaller than the impedance of
any of the following processes: ion transfer across the
MIEC/electrolyete interface, oxygen transport in the
MIEC, or the reaction at the MIEC/gas interface.

The observations that electrodes of MIECs with high
rate of oxygen transport and surface reaction appear to
show fast electrode kinetics do not necessarily mean that
the oxygen transport in MIEC and surface reaction are the
only processes dominating the electrode kinetics. The
observed fast electrode kinetics may, for instance, result
from enhanced catalytic activity of the TPBs. It should be
recognized that the simultaneous transport of ionic and
electronic defects in an MIEC electrode may not only
extend the reaction sites from TPBs to the MIEC/gas inter-
face, but also enhance the catalytic property of the TPBs.
The latter advantage has not be well recognized, particu-
larly when the TPBs are ignored all together.7

Clarification of reaction paths in a cell with porous MIEC
electmdes is critical to gaining a profound understanding of
the electrode kinetics (including the details of the reaction
mechanisms) of such an electrode, to correct interpretation
of impedance data of cells with such electrodes, and to
meaningful modeling and effective design or improvement
of porous MIEC electrodes for various applications.

Model Description
Schematically shown in Fig. 1 is a symmetrical cell con-

sisting of a solid electrolyte of a pure ionic conductor (el,
t, = 1), two porous electrodes of an MIEC (0 < t. < 1), and
two current collectors of a pure electronic conductor (cc,
t = 1). Unless stated otherwise, it is further assumed that
(i) the electrolyte is essentially homogeneous and there is
no significant space charge polarization at grain bound-
aries,a (ii) the MIEC electrode contains a continuous
porous phase, through which 02 gas may transport to or
away from the TPBs and the MIE C/gas interface, (iii) the
solid phase of the electrode is a single-phase, homoge-
neous MIEC (such as LaFeO3- or LaCoO3-based perovskite
material) in which local charge neutrality is approximate-
ly observed and there is no significant bulk polarization,
(iv) the electronic conductivity of the current collector is
sufficiently greater than the conductivities of other cell

a Alternatively, either the grain boundary resistance and capac-
itance are sufficiently small or the time constant for grain bound-
ary relaxations is much shorter than those for other electrochem-
ical processes occurring in the cell so that their impedance
response can he readily separated from the impedance of other
processes.
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Fig. L A schematic diagram showing a symmetrical cell consist-
ing of a solid electrolyte (el), two porous MIEC electrodes, and two
current collectors (cc).

components so that the variations in Fermi level in the
current collector are negligible, (v) the properties of each
cell component in a plane perpendicular to the direction x
are the statistical average properties on the plane so that
the system may be treated as a one-dimensional problem,
and (vi) all current or mass fluxes are on a superficial area
basis. The equations and conclusions derived under these
assumptions, however, may be further extended to cells
based on a mixed-conducting electrolyte (el, 0< t < as
discussed in Appendix A, and to cells based on electrodes
of composite MIECs consisting of two or more phases," as
discussed in Appendix B. Theeffect of bulk polarization in
the MIEC is also briefly discussed in Appendix B.

Electrochernical processes.—The electrochemicalprocess-
es which may occur in such a cell are schematically illus-
trated in Fig. 2 (only half of the cell is shown) and briefly
described as follows.

In the electrolyte of uniform composition, the motion of
the ionic defects is considered to be pure migration (driven
by V4), i.e.

= —u0V4, i,eI = [la]

At the MIEC/el interface (x = L), two types of processes
can be differentiated: (i) the electrochemical reaction
occurring at the triple-phase boundary (TPB1) between
the el, the MIEC, and the 09 gas

V,(el) ÷ 2e'(MIEC) + 02(gas) = 0(el) [ib]

and (ii) the transfer of ionic defects (such as Vc) across the
MIEC/el interface

V( el) = v, (MIEC) [id

In the region of the porous electrode (0 < x < L) with
porosity p, solid-phase tortuosity'r,, and gas-phase tortu-
osity 'rg, three types of processes can be identified: (i) the
transport of ionic and electronic defects in the solid phase
MIEC through diffusion (driven by Vk) and migration
(driven by V)

= —zkF_J[(l — p)ck](Vk + zkFV) = k,dff + k.migr

= = J0,, + .1,. [id]

TPB2

x=0 x= L

TPB1

- V0

Fig. 2. A schematic diagram showing the electrochemical process-
es which may occur in the cell shown in Fig. 1 (only half of the cell is
shown). The schematic processes labeled with a circled letter, a to h,
correspond to the processes described by Eq. la to 1 h.

(ii) the transport of 02 gas in the pores of the MIEC
through diffusion (driven by Vp.03 and convection (due to
the motion of the gas in the pores with a bulk velocity u)

(uN0 = —l —- + i, (pc,,)
I,Tg)

[le]

and (iii) the interaction between the 02 gas and the MIEC
at the MIEC/gas interface

+ 2e')(MIEC) + .02(gas) 0(MIEC) [if]

At the cc/MIEC interface (x = 0), three other types of
processes can be identified: (i) the reaction occurring at
the second triple-phase boundary (TPB2) between the cc,
the MIEC, and 02 gas

V,(MIEC) + 2e'(cc) + .0,(gas) = 0(MIEC) [ig]

(ii) the transfer of electrons across the cc/MIEC interface

e'(MIEC) = e'(cc) [lh]
and (iii) the reaction at the MIEC/gas interface at x = 0,
which is the same reaction as described by Eq. if.

Current and mass fluxes—The ionic current flow pat-
tern in the vicinity of the porous MIEC electrode is
schematically sketched in Fig. 3a. Part of the ionic flux
moving from the electrolyte toward the MIEC/el interface
is directly converted to electronic flux by the reaction at
the TPB1 (Eq. ib). The remaining ionic flux, transferred
into the MIEC through the MIEC/el interface, is then con-
sumed either by the reaction at the MIEC/gas interface
(Eq.if) or by the reaction at the TPB2 (Eq. ig), depending
primarily on the relative ionic and electronic transport
properties of the MIEC, but also influenced by the nature

cc Porous MIEC

V0 -

o
02 : 02

e)
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of the interfaces. Typically, the significance of the reaction
at TPB2 increases with increased ionic transport,
decreased electronic transport, and with decreased rate of
surface reaction. Because of the reaction at TPB1, the
steady-state fluxes at the MIEC/el interface (x = L) must
be balanced as follows

+ TPBI = Ujon]e,.x-q.

Ue,e]M,Ec.r-q. =

Schematically sketched in Fig. 3b is the electronic cur-
rent flow pattern in the solid phase of the porous MIEC
electrode. At x = L, electronic current is produced at the
TPB1 due to the reaction described by Eq. lb. Then, addi-
tional electronic fluxes are generated by the reaction at
MIEC/gas interface (Eq. lf). Finally, any remaining ionic
flux at x = 0 must be transferred to electronic flux either
by the reaction at the TPB2 (Eq.lg) or by the reaction
occurring at the MIEC/gas interface (Eq. if) at x = 0.
Accordingly, the steady-state fluxes at the cc/MIEC inter-
face (x = 0) must be balanced as follows

TpB2 + [2Fr]MIEcrs = [J,on]M,Ec.-.o [2c]

=
b1ele]MIEc.r-.o + Jfla2 + [2FT]MjEcr.o (2d}

where r represents the net consumption rate of V at the
MIEC/gas interface and T is the total current density as
defined by Eq. id.

Further, as the ionic current is converted to electronic
current or vice versa by the electrode reactions (Eq. ib, if,
and ig), 02 gas is simultaneously consumed (or generated)
at TPB1, MIEC/gas interface, and TPB2; this can be
expressed, in a steady state, as

jee@t) = —4FN02(x), 0 � x � L [2e]

Continuous operation of such an electrode, then, requires
that the 02 gas transport to (or away from) these reaction
sites through the pores of the MIEC. The rate of 02 trans-
port in the pores of MIEC may influence the partial pres-
sure of 02 near or at these reaction sites and hence may
influence the rate of the interfacial processes and the
impedance response of the interfaces.

Since the MIEC electrode must be porous to allow suffi-
cient gas transport, the ionic current may heavily concen-
trate on the TPB1 at x = L; in fact, all current must pass
through the TPB1 when the mobility or concentration of
the ionic defects in the electrode vanishes (e.g., when a Pt
electrode is used). With the increase in transport of the
ionic and electronic defects in the MIEC, the active sites or
zones for reduction or evolution of oxygen (Eq. lb and ig)
may be extended beyond the TPBs to the MIEC/gas inter-
face (Eq. lf). The degree of extension is primarily deter-
mined by the properties of the MIEC and the interfaces. In
principle, when the rate of ionic and electronic transport
in the MIEC is sufficiently fast in comparison to the rate
of the surface reaction, the active reaction sites will be
extended to the entire MIEC/gas interface.

The current or flux balances described by Eq. 2a to 2e are
true in general for cells with MIEC electrodes; failing to
consider TPBs will lead to erroneous boundary conditions,
invalid conclusions, and incorrect interpretation of imped-
ance data.9

Equivalent circuit.—When the cell is exposed to a uni-
form atmosphere having oxygen partial pressure of Pa,

Pa,' cc/MIEC/el/MIEC/cc, Pa7

and under the influence of a small ac perturbation, such as
in an impedance measurement, the electrochemical behav-
ior of such a cell may be adequately approximated by the
equivalent circuit shown in Fig. 4 (only half of the circuit
is shown). The porous MIEC electrode is approximated by
an electrical transmission line model, which has been
widely used to model rough electrode surfaces,'2-'4 corrod-
ing interfaces,'2 and porous electrodes of an electronic
conductor involving liquid electrolytes.16'7 The transmis-
sion line model, however, is properly modified to reflect
the fundamental differences between a porous MIEC elec-
trode exposed to a gas and the systems exposed to a liquid
studied previously." In the transmission line model shown
in Fig. 4a, dRe, dR,, and dZ represent the impedance,
respectively, to electronic transport, ionic transport, and to
the reaction at the MIEC/gas interface of an MIEC layer
with thickness of dx, at a distance x away from the
cc/MIEC interface. Thus, integration along each path for
electrochemical processes over the entire bulk phase of the
porous MIEC results in three lumped circuit elements,
R,M,Ec, R0,M,EC, and Z,1 . The circuit shown in Fig. 4a is then
transformed to the one shown in Fig. 4b. The impedance of
each circuit element in Fig. 4 is normalized by the super-
ficial area of the porous electrode (thus having dimension
of Cl cm2) and is defined as follows.

In the electrolyte, the resistance to the motion of the
ionic defects, R,0,, is defined as

Riei = Le,/criei [3a]

elcc Porous MIEC

Ionic' ' Current

(b)

x=O x=L
Fig. 3. A schematic diagram shawing the flow patterns of (a)

ionic and (b) electronic currents in the vicinity of a porous MIEC
electrode. Note that the electron holes move in the direction of the
electronic current while the electrons move in the direction opposite
to the direction of the electronic current.

[2a]

[2b]

First, in a paraus MIEC electrade, bath ionic and electronic
species are transported thraugh the same saud MIEC while in the
ather electrade, ionic species transport through the liquid elec-
trolytes and electrans mave through the solid electranic canductor.
Second, the triple-phase baundaries between the electrolyte, the
MIEC, and the gas phase are a very impartant part of the electrode
kinetics in a solid-state cell.
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F&. 4. E- uivalent circuits for the cell shown in Fi . 1 'under thd 9 influence 3 a small ac perturbation (only half 0 the circuit is 
shown): (a) a transmission line model and (b) o simplified model 
with lumped circuit elements. In the discretized form of the trans- 
mission line model (a), &,, and /?,,, (1 I m I n) represent the resist- 
ance to the motion of electronic and ionic defects, res ectively, in 
an arbitrary element m, z,, corresponds to the impe 8 once to the 
charge and mass transfer at or near the MIEClgas interface of ele- 
ment m, and Z,,, is the impedance to charge and mass transfer at 
the MIEClgas interface at x = 0. In the simplified circuit (b), the 
three circuit elements with bold frames (Z,,,, Z,,, and Z,,,) repre- 
sent the impedances to oxygen reduction or evolution at three dif- 
ferent types of reaction sites. 

where a,,,, and L,, are the ionic conductivity and the thick- 
ness of the electrolyte, respectively. Since the polarization 
at  grain boundaries of polycrystalline electrolyte is 
assumed to be negligible in order to focus on electrode 
processes, the impedance response of the electrolyte is 
approximated by a pure resistance, R,,e,. 

At the MIECIel interface at x = L, the impedance at an 
angular frequency w to the electrochemical reactions 
occurring at the TPB1, Z,,, (w), can be defined as 

where qTpS1, JTPB1, Jo,TPBL, and C,,, are the overpotential 
across, the current density passing through, the exchange 
current density at, and the capacitance of the TPB1, 
respectively. The relationship between qTpBl and J,,, can 
be approximated by the Butler-Volmer equation. In gener- 
al, Z,,, depends on the catalytic properties of the TPB and 
on the electrochemical conditions to which the TPB is sub- 
ject, including pO2, c,, c,, J,,,,,, and the electrical potential 
difference across the TPBl (A+). Further, the Z,,, is influ- 

enced not only by the charge transfer across the TPB, but 
also by the mass transfer associated with the reaction in 
both solid and gas phases adjacent to the TPB. For 
instance, limited 0, transport in the pores of MIEC may 
cause 0, concentration polarization and thus contribute to 
Z,,,,. Similarly, limited transport of defects in the solid 
MIEC adjacent to the TPB may also contribute to the Z,,,,. 
The impedance to the transfer of ionic defects (such as VJ 
across the MIECIel interface (excluding the TPBl), Z , ,  can 
be defined as 

where q,, J,,, J ,,,,, and C,, are, respectively, the overpotential 
across, the current density passing through, the exchange 
current density at, and the capacitance of the MIEC/el inter- 
face (excluding the TPB1). Similarly, Z ,  can be divided into 
two components: the impedance to charge transfer across the 
interface and the impedance to the mass transfer associated 
with the ion transfer in the vicinity of the interface. 

Further, the kinetics of the interfacial reactions (Eq. l b  
and lc) are assumed to be finite in general. Accordingly, 
the defect concentrations at or near the MIEC/el or ellgas 
interface are influenced not only by thermodynamics but 
also by the kinetics of these reactions. Thus, significant 
interfacial polarizations due to charge and mass transfer 
are possible and the impedances to these processes, Z,,,, 
and Z,,, are expected to be a complex quality (containing 
real and imaginary components) in general. 

In the region of the porous electrode (0 < x < L), the 
properties of the MIEC may vary with position. If the local 
resistivity (R cm), at a distance x away from the cc/MIEC 
interface, to transport of electrons and electron holes in 
the solid MIEC is p,(x), the total resistance to the transport 
of electrons and electron holes through the entire MIEC 
electrode of thickness, L, can be expressed as 

Similarly, if p,(x) is the local resistivity to transport of 
ionic defects in the MIEC, the total resistance to the trans- 
port of ionic defects through the entire MIEC is given by 

Because it is assumed that local charge neutrality is 
observed and bulk polarization is negligible in the bulk 
MIEC, the impedance of the bulk MIEC can be adequate- 
ly approximated by resistance Re,,,,, and R,,,,,,. When 
significant polarization occurs in the bulk phase of MIEC, 
p,(x) and p,(x) may no longer be pure resistive, as discussed 
in Appendix B. 

The impedance of the MIECIgas interface, however, 
should be a complex quality (frequency dependent) in gen- 
eral because the charge and mass transfer at or near the 
interface associated with the surface reaction may cause 
significant charge accumulation or depletion at  the inter- 
face. If p,(x,w) represents the local surface resistivity 
(R cm) at an angular frequency w to the reaction at the 
MIEC/gas interface, the impedance to the reaction at the 
entire MIEClgas interface (Eq. If) and to the transport of 
the species involved in the surface reaction, Z,(L,w), can 
be expressed as 
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where Oreis the fraction of the MIEC surface at x = 0 cov-
ered by the current collector and a(x) is the local surface
area of the porous MIEC per unit volume (cm2/cm3), which
characterizes the local microstructure of the MIEC elec-
trode. The derivation of Eq. 3f is summarized in Appendix
C. It is important to note that Pr is influenced not only by
the surface catalytic properties of the MIEC but also by the
associated mass transfer in the vicinity of the MIEC/gas
interface. For instance, concentration polarizations in the
gas phase or in the MIEC adjacent to the MIE C/gas inter-
face may result in larger p at lower frequencies. In a steady
state (i.e., w — 0), however, Pr becomes real and Z, reduces
to a steady-state resistance, R, = lirp Z,.

Equation 3f implies that the actual rate of the reaction
at MIE C/gas interface is determined not only by the local
surface properties, Pr, but also by the local microstructure,
a, and the bulk transport properties of the MIEC, p and P'
In fact, the bulk ionic transport, local surface reaction,
bulk electronic transport, and the transport of 02 in the
pores of the MIEC are several consecutive steps necessary
in order for reduction or evolution of 02 gas to occur at the
MIEC/gas interface. Accordingly, when the rate of any one
step is sufficiently slow, the MIEC/gas interface is ineffec-
tive for the electrode reaction. The effectiveness of the
MIEC/gas interface is characterized by 1/Zn, which
includes the impedance to surface reaction, to transport of
defects in the MIEC, and to the transport of 0 gas in the
pores of the MIEC (which is lumped in Pr).

At the cc/MIEC interface at x = 0, the impedance to the
electrochemical reaction at the TPB2, Z1112, can be
expressed as

ZTPB2(w) = 31TPB2(w) = f(pO,cC,cU,,JflTPB2,CTPB2) [3g]
3TPBc()

where 'ITPB2' TpB2, o,TPB2, and CTPB2 are the overpotential
across, the current density passing through, the exchange
current density at, and the capacitance of the TPB2,
respectively. The nature and the treatment of TPB2 are
essentially the same as described for TPB1. The impedance
to the electron transfer across the cc/MIEC interface
(excluding the TPB2), Z,,,,, is given by

Zee(W) = _________ = f(ce,4,Joee,Cee)

where ThM J, J, and Ce. are the overpotential across, the
current density passing through, the exchange current
density at, and the capacitance of the MIEC/el interface
(excluding the TPB2), respectively. This interface can be
considered as a. typical metal/semiconductor interface and
the .4. — flee relationship can be described using a diode
equation.18 The contribution of the MIEC/gas interface at
x = 0 to electrode kinetics has been included in Eq. 3f.

Parallel Reaction Paths
The equivalent circuit shown in Fig. 4 clearly indicates

that there are three parallel paths for oxygen reduction or
evolution to occur in the cell

1. The reaction at the TPBI (Eq. ib), which requires
transport of electronic defects to or away from the TPB1
through the MIEC and transport of 02 to or away from the
TPB 1 through the pores of the MIEC, but does not require
any transport of ionic defects through the MIEC electrode;

2. The reaction at the MIEC/gas interface (Eq. if), which
requires simultaneous transport of both ionic and elec-
tronic defects to or away from the MIE C/gas interface
through the MIEC and transport of 02 to or away from the
MIEC/gas interface through the pores of the MIEC; and

3. The reaction at the TPB2 (Eq. ig), which requires
transport of ionic defects to or away from the TPB2
through the MIEC and transport of 02 gas to or away from
the TPB2, but does not require any transport of electronic
defects through the MIEC electrode.

The relative significance of each path depends critically
on the transport (p and p0) and the catalytic (Pr) properties

Zen1 — R,1
ZTPBI

of the MIEC electrode as well as the nature of the MIEC/el
and cc/MIEC interfaces. The effect of 02 transport in the
pores of the MIEC on electrode kinetics is implicitly
included in the interfacial impedance ZTPB1, ZTPB2, and p.

Clearly, oxygen transport in the MIEC and the reaction
at the MIEC/gas interface are only part, not the entirety, of
the electrode kinetics, Unlike liquid electrochemical sys-
tem (with porous electrodes involving liquid electrolytes),
TPBs in a solid-state system (with porous MIEC electrodes
exposed to a gas) are the most important sites for electrode
reactions. In general, the reactions occurring at least at
one of the TPBs are an important part of the electrode
kinetics and cannot be ignored without careful analysis
and adequate justification. Consideration of at least one of
the TPBs is a minimum requirement for any meaningful
modeling of a solid-state system and failing to recognize
TPBs as parallel paths to the MIEC/gas interface may
result in erroneous conclusions.9 For instance, in the
absence of either ionic or electronic transport in the MIEC,
electrode reaction may occur only at one of the TPBs.

Effect af Transport and Catalytic
Properties of the MIEC

Limiting case I: zero ionic conduction—In the limit of
-÷ cc (i.e., the electrode is, in fact, a pure electronic con-

ductor such as Pt or Ag), R1unc —* cc and Z,.9 — cc and, hence,
the reactions descrtbed by both Eq. if (the second path)
and Eq. ig (the third path) are unable to proceed. The only
viable reaction path, then, is the first one, the reaction
through the TPB1 described by Eq. lb. Accordingly, the
equivalent circuit shown in Fig. 4 reduces to the one
shown in Fig. 5a. The total cell impedance, Zeru, can then
be expressed as

Zreii Rb =
Zee + ZTPB1; Rb = R,ei + 2R,MIEc t4aI

This equation is identical to Eq. C-5 in our earlier analy-
sis,9 which may reduce to

________ [4b1

since it is usually true that Zer cc ZTPB1 and RCMaC <<R1,1

[3hl for cells with electrodes of good electronic conductors.
This equation implies that the electrode kinetics and the
cell impedance are dominated by the processes occurring
at TPB 1. In general, ZTPBI may include two contributions,
the impedance to charge transfer across the TPB 1 and the
impedance to the associated mass transfer in the vicinity
of the TPB. The impedance to mass transfer is frequency-
dependent and can be approximated by the Warburg
impedance'92°

— tanh1jç
eel . [4c1

Jwtw

where Rmt represents the steady-state mass-transfer resist-
ance (since Z -'R as w - 0) and t corresponds to the
time constant of the mass transport in the boundary layer
adjacent to the interface. Clearly, the mass-transfer
impedance vanishes at sufficiently high frequencies (Z —
0 as to —* cc) when the mass transport can no longer follow
the changes in the applied perturbation.

Similarly, the impedance to charge transfer can be
approximated by a resistance to charge transfer, R8, and
an interfacial capacitance due to accumulation or deple-
tion of charges at the TPB, CTPE2, as schematically shown
in Fig. 5b. If the Butler-Volmer equation is used to approx-
imate the charge-transfer process, the R1 can be defined as

R = 1imHirmi = .2i1 [4d]et
. 'rPBl) F ( a + ar) eTPBl

where ci and a are the anodic and cathodic transfer coef-
ficient, respectively, and J01 depends primarily on the
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(a)
____ ______ _____ ?RI.81

Z ej-j_Re MC Z18AMd

CTPB1

_AAA._.tAL

Rct Z
Fig. 5. (a) An equivalent circuit for a cell with electrodes of a pure

electronic conductor and (b) an approximation to the circuit shown
in (a) when Z,,, and R,,1 are sufficiently smaller than Z . Further,
the Z11 is approximated by a capacitor, C, in parallel to a
charge-transfer resistance, R,,, and a Warburg impedance, Z, of
TPB1.

intrinsic catalytic activity of the TPB1, which is critically
influenced by the properties of the MIEC and the elec-
trolyte, including oxygen transport in the MIEC and sur-
face catalytic properties.

Figure 6 shows several predicted spectra of the interfa-
cial impedance, ZTFB1, using the equivalent circuit shown

E
C)

E
-C0

N
'-'S

E

Fig. 6. Predicted frequency dependence of interfacial impedance,
Z, using the circuit shown in Fig Sb and Eq. 4c for Z. The num-
ber by each impedance spectrum represents the time constant for
mass transfer in seconds. The parameters used in the calculation
were Rd = R,, = J.Oflcm2, = 0.01 F/cm2, and t, = 0.01,0.1,
1,10, and lOOsin(a);Rd=Q.1 0cm2,R 1.00cm2,C1 =0.1
F/cm2, and t = 0.1, 1, 10, and 100 sin (b); R,,. = 0.1 0cm2, Rd =
1.00cm2, C = 0.01 F/cm2, and = 0.1, 1, 10, and lOOs in (c).

in Fig. 5b and Eq. 4b and c. In Fig. 6a, the resistance to
charge transfer is assumed to be comparable to the resist-
ance to mass transfer (Ret = Rmt) and the relaxation time
constant for mass transfer is varied in orders of magnitude
(from 0.01 to 100 s). The shapes of the interfacial imped-
ance, Z1, are greatly influenced by the ratio of the time
constant for mass transfer to that for charge transfer. In
Fig. 6b, Rmt is assumed to dominate the interfacial imped-
ance (Rmt >> R) and, again, the time constant for mass
transfer has dramatic effect on the shapes of ZTl. In
Fig. 6c, is assumed to dominate the interfacial imped-
ance (R >> Rmt) and the shapes of ZTPB1 are determined
primarily by the charge-transfer process. The predicted
spectra indicate that the equivalent circuits and derived
equations can be used to interpret the impedance response
of a cell with electrodes of a pure electronic conductor
(such as Pt or Ag). Further they can be used to approxi-
mate the impedance response of a cell with MIEC elec-
trodes of infinite thickness and high electronic conductiv-
ity, when the rate of oxygen diffusion in the MIEC or the
surface reaction rate is much slower than any other
processes occurring in the cell, as described elsewhere.9

Limiting case II: zero electronic conduction.—In the
limit of Pc (i.e., the electrode is, in fact, a pure ionic
conductor), ReMIEC and Z,. — and, hence, the reaction
through either the first path (Eq. ib) or the second path
(Eq. if) is unable to proceed. The only possible reaction
path, then, is the third one, the reaction through the TPB2
described by Eq. 1g. The total cell impedance can then be
approximated by

Zeeii = R, + 2 [Zr, + ZTPBZJ, Rb = + 2RM1EC [5]

Obviously, the porous electrode with p — oc is unable to
function as an electrode; it acts only as an extension of the
electrolyte because of the lack of electronic transport. As a
result, the electrode kinetics is dominated by the processes
occurring at TPB2. Again, both charge and mass transfer at
or near the TPB2 may significantly influence the electrode
kinetics and hence cell impedance. The treatment of TPB2
is similar to that of TPB 1 as discussed earlier.

Limiting case III: zero catalytic activity—In the limit of
Pr , Z — and, hence, the reaction described by Eq. If
(the. second path) is still unable to proceed, or the
MIEC/gas interface is still inactive. The cell impedance
can be expressed as

=

+ 2 (ZTPB1 + ReMIC + Zee) (Z11 + + ZTPB2) 1 [6aJ
(ZTPB1 + ReMIEC + Zee) + (Z + RMIEC + ZTPBZ)j

which may be approximated by

Zeeit R,.1
+ 2[(ZTPB1) (ZTPB2)]

[6b]
TPS1 TPB2

if the MIEC is sufficiently conductive both ionically and
electronically so that (ReMIEC + Z) << ZTPB1 and (RMrEC +
Z,,) << ZTPBO. Under these conditions, the electrode kinetics
and cell impedance are controlled by TPB1 and TPB2.

The representative case—The most important class of
MIECs for electrode applications are those which have
overwhelming electronic conductivity, i.e., Pe << p1, but
with finite rate of ionic transport and finite rate of surface
reaction (Pr and p are finite). Under this condition, ReMIEC
in the circuit may be neglected since ReMIEC << Z.rp1. In
order to simplify the circuit further, one may increase the
thickness of the porous MIEC until RMIEC >> Z.1i and
Rt,MIEC >> Z,. so that the reaction through the third path
(Eq. ig) may be neglected. Under these conditions, the
equivalent circuit in Fig. 4 can be adequately approximat-
ed by the ones shown in Fig. 7. Thus, the impedance of the
cell can be approximated by

(b)

kA Avvv Vv-' YYv.

1.2

0.8

0.4

0

1.2

0.8

0.4

0 I 2

Re {Z181 } , Ohm-cm2
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(b)
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1. The first path (TPB1) dominating—When ZTPBI << (Z1
+ 4), e.g., when the interfacial impedance ZT?B1 is suffi-
ciently smaller than the impedance of the MIEC, Z,,
Eq. 7b reduces to Eq. 4b. In other words, Eq. 4b (or Eq. C-5
in Ref. 9) defines the impedance of a cell with porous
MIEC electrodes of infinite thickness when ZTPBI is suffi-
ciently smaller than the impedance of any one of the fol-
lowing processes occurring in the cell: the transfer of ionic
defects across the MIEC/el interface, the transport of ionic
defects in the MIEC, or the kinetics of the reaction at the
MIE C/gas interface (including the associated mass trans-
fer in both solid and gas phases). Accordingly, the imped-
ance of the cell is primarily determined by the impedance
to the reaction at TPB 1 (including associated mass trans-
fer processes) while neither Z, nor ZH is observable in an
impedance measurement.9 The MIEC/gas interface is prac-
tically inactive. Any effect of the MIEC on electrode kinet-
ics must be due to the influence of the MIEC on the cat-
alytic property of the TPB1.
2. The second path dominating—When the processes
occurring at or near the TPB1 are completely ignored (i.e.,
assuming that ZTPB1 —c In), Eq. 7b reduces to

[Ba]

Under these conditions, naturally, the impedance of the
cell is determined only by Zn and Z11 while Z1 is not
observable in an impedance measurement. Further, when
Z11 is completely ignored (i.e., assuming that Z11 — 0), Eq. Ba
reduces to

Z,ii — Riei z [Bb]
2

This equation implies that the impedance of the cell is
dominated by the reactions at the MIEC/gas interface and
the transport of defects in the MIEC (if the transport of 02
in the pores is sufficiently fast). However, this does not
represent a general case or "a more complex version" as
claimed by Adler et al.1; it represents, at best, an unrealis-
tic case where the electrolyte-electrode interface is com-
pletely ignored. In fact, it is a consequence of failing to
recognize TPBs as parallel paths to the MIEC/gas inter-
face and failing to appreciate the significance of TPBs in
solid-state systems.9 In general, Eq. 7a should be used to
describe the impedance of a cell with MIEC electrodes of
infinite thickness (L -. cc) and uniform Fermi level (Pc — 0).

Effect of Electrode Thickness (L)
The effectiveness of the MIEC/gas interface of a porous

MIEC electrode, characterized by Zn, is determined not
only by the transport and catalytic properties of the MIEC
but also by the thickness of the MIEC, as implied by
Eq. 3f. In order to estimate the effect of L on Zn, it is
assumed in the following discussion that Pc, P' Pr' and a are
relatively uniform throughout the thickness of the MIEC
(or consider them to be the average values over the thick-
ness of the MIEC electrode). Under this assumption, Eq. 3f
reduces to

Z1(L)
= G,(L) + Gn(L) [9a]

where

G,(L) =
1

[9b]
Pr +pL

(1 — p)(l —

G (14 = I dx [9c]rt
Jo + pr/a + p(L — x)2

Clearly, the G, represents the contribution from the sur-
face (or MIEC/gas interface) at x = 0 of the MIEC elec-
trode. While the effect of L on G, is apparent as implied by

•-WrV
A0, 4

Ad,MEc ZW,MEC

Fig. 7. (a) An equivalent circuit for a cell with electrodes of a
porous MIEC of infinite thickness and (b) an approximation to the
circuit shown in (a) when Ze, R, MEC' and Z are negligible. Further,
similar to the approximation made to Z151 in Fig. 5, the 1,, is
approximated by a capacitor, C,, in parallel to a charge-transfer
resistance, Rn MIEC' and a Warburg impedance, 4 MIEC' where R,9 =

MIEC + lirn .4., MIEC

Z = R 1 + 2[Z + ZTpB1(Zn + Z,,) 1
[7a]cc i.e Cr

ZTPB1 + (Zn +

This is the expression for the impedance of a cell with two
identical MIEC electrodes of infinite thickness and suff i-
ciently high electronic conductivity. Since the interfacial
impedance, Z,,, is typically small under the assumptions
(particularly when the contact between the MIEC and the
current collector is made ohmic, which can be accom-
plished by tailoring the Fermi levels of the two materials),
Eq. 7a simplifies to

Zrrii — R,1 ZTPBI = 4 +

1+ TPBO 1+ rt
Zrt + Z,, ZTFBO

Equations 7a and 7b as well as the equivalent circuit
shown in Fig. 7 imply that the oxygen reduction or evolu-
tion has two parallel paths. One path is the direct electro-
chemical reaction at the TPB 1 at x = L while the other
path is the MIEC/gas interface. The second path involves
several sequential steps: transfer of ionic defects across
the MIEC/el interface (Z13, transport of ionic defects to or
away from the MIEC/el interface through the MIEC (p,),
and the kinetics of the reaction at MIE C/gas interface (Pr)
which may also be influenced by the 02 transport in the
pores. Similar to the approximation made to ZTFB1 shown
in Fig. 5b, the circuit element characterizing the effective-
ness of the MIEC/gas interface, Zn, may also be approxi-
mated by a proper combination of a charge-transfer resist-
ance (Rl,M1Ec), a capacitance (C,), and a Warburg
impedance to mass transfer (ZWMIEC), as shown in Fig. 7b.

When the impedance of one path is much greater than
that of the other path, Eq. 7b can be simplified further.
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Eq. 9b, the dependence of Gri on L is complex and further
analysis is necessary in order to gain some insight. In par-
ticular, G, diminishes as O - 1 and as p1 or L increases.
When Pi>> Pe or L is sufficiently large, in fact, Gr is negli-
gible and 1/Z,, Gd,. Thus, in the following discussions, we
focus only on the effect of L on Gd.

Depending on the relative values of p, and Pe,integration
of Eq. 9c may result in different expressions for Gd (L).
Since the most representative MIECs for electrode appli-
cations are those with overwhelming electronic conductiv-
ity, the case with p> Pe is discussed here in detail while the
other two cases, Pe> p, and p = Pe, are briefly summarized
in Appendix D.

Integrating Eq. 9c under the condition of p,> Pc, we find
that G, (L) is given by

f(L) = '(pi —
Pe) PiPeL2, P1 > Pe

Differentiating Eq. 10a and b with respect to L, we find
that the variation in Gd (L) with L in each range of L can
be expressed, respectively, as

[G(L)] =
[f(L)J312

arctan [L)]

= PiPeL in IPr/a +

[—f(L)f'2 [Pr/(2 —

+ (pr/a)[1 — P1PeL2/f(L)l

(Pr/a)2 + L2f(L)

From a practical point of view however, most MIECs for
electrode__applications satisfy the condition of L <

—
Pe/PiPe). Accordingly, Eq. lOa and 12a may be

adequate for most MIECs with P1 > p . In the limit of Pr
0 (or Pr << p1 and p L2 << Pr/EL), Eq. 10 and 12 reduce, respec-
tively, to _ (LGd(L) — arctan

aGrt(L) = 1

iL Pr/a + p1L2

Evaluation of Eq. 13 indicates that Gd (L), the effective-
ness of the MIEC/gas interface for the electrode reaction,
increases monotonically with thickness, L, and approach-
es a maximum as L —* [note that Gd (L) is an arctan func-

1 [L[,T(L5Grt(L) = arctan I 0

L pr/a

1 'pr/a +=2 in
— LJ

� L < —
Pr

PiPe

I1_— < L<
—

+
—

+
a [, P,Pr ) a 2P,Pe 2P,Pe ) P,Pe

= /(p1
—

Pr)/p,pe

V Pr/a

tion of LI. Evaluating Eq. 14, however, we find that,
9Gr,/aL, the rate of increase in Gd(L) with L, decreases
rapidly with L. Beyond certain thickness, increasing L is
ineffective in improving Gr/L). If a characteristic thick-
ness, Lr, is defined as

Grt(Lc) = Grt(oo) [15]

where Gd(cc) represents the Gd of a porous MIEC electrode
of infinite thickness, then L is given by

L = [161

Thus, the characteristic thickness is determined by the
ratio of the surface resistivity normalized by the surface
area, pr/a, to the ionic resistivity, p1. Equation 16 is similar
to the expression derived by Abeles et al.4'2' to describe the

[ba] width of the chemically active zone of a porous electrode
applied to a dense MIEC membrane. In Fig. 8, normalized
Grt, Grt(L/Lr)/Grt(cC), and normalized variation in Grt with
thickness, (pr/a)Grt(L)/L, are plotted as a function of nor-
malized thickness, L/LC. The thickness of the electrochem-
icaily active layer of a porous MIEC electrode, 6, is only a
few times of the characteristic thickness, L; when L > 8,
increasing the thickness of the electrode has little influ-
ence on Gd.

Similarly, for MIECs with p1 > Pe 0 and L <<
[lOb] r(pr/a)(p. Pr/Pipe), a characteristic thickness L can be esti-

mated from

[lOc] 2
L2 = Pr P1 — Pr — iI Pi

— P — when p >> pa 2PIPe ![,, 2PiPe ) P1Pe P' J

[11] [171

Equations 16 and 17 can be used to estimate the useful
thickness, 6, of a porous MIEC electrode.

Figure 9 shows the effect of the properties and micro-
structure of a porous MIEC electrode on Grt(L), aG,../aL,
and L of the MIEC electrode, as calculated using Eq. lOa,
12a, and 17. It can be seen that, when the ionic transport
is much slower than the surface reaction and electronic
transport (i.e., pr/a << p1L2 and Pc << pJ, the effectiveness of
the MIEC/gas interface is determined primarily by p,. The
larger the p, the thinner the L and the electrochemically
active layer, 6. Similarly, as the surface reaction gets faster
(i.e., pr/a or the ratio of (pr/a)/pi gets smaller), L and 6
become smaller. On the other hand, however, when the

where

L = /PL1P1
—

Pr

Ia P,Pe

+ '1 — ppL2/f(L)] [12a]
(pr/a)2 + L2f(L)

[12b]

[131

[14]

Normajzed Thickness, L/L
Fig. 8. Normalized Grt and variation in G,, with thickness for a

porous MIEC with p '- 0, as predicted using Eq. 13 and 14.
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Fig. 9. Effect of transport and surface properties of a porous
MIEC on G,, and aG,,/8L, as predicted using Eq. 100 and 12a,
respectively. The number by each curve represents p in ohms cen-
timeter and other assumed values were Pr/s = 1 0 fl cm3 and p. =

flcm. The numbers next to I,, in (a) are the characteristic thick-
ness in microns while the numbers next to Grt (100 m) in (b) are
the values of G, in 1i cm2 for the electrode with thickness of
'tOO m corresponding to p = 't0, 102, 't0, and 10, respectively.

ionic transport is sufficiently fast or the surface reaction is
sufficiently slow [i.e., the ratio (pr/a)/p, is sufficiently
large], G,.(L) increases linearly with the thickness of the
MIEC, indicating that increase in thickness improves the
effectiveness of the MIEC/gas interface. In the limit of p,
o and Pe —* 0, i.e., the transport of both ionic and electron-
ic defects in the MIEC are much faster than the rate of sur-
face reaction, the thicker the MIEC, the greater the Grt(L)
for a given Pr/a, simply because a thicker MIEC has more
IvIIEC/gas interface area available for the reaction to take
place. Under this condition, the entire MIEC/gas interface
is electrochemically active for the electrode reactions.

Finally, it is important to recognize that the effect of
electrode thickness on electrode kinetics is important only
when the reaction passing through the MIE C/gas interface
is significant. The relative significance of each path is
influenced by the properties of the MIEC as well as the
MIEC/el and cc/MIEC interface (including the TPBs).
When ZTPBI <<Z1 or Z1 <<Z,, for instance, the reaction
passing through the MIEC/gas interface is insignificant;
the electrode kinetics are dominated by the TPBs and
largely independent of electrode thickness. Under this
condition, L or S has no practical significance.

Conclusions
Equivalent circuit analyses indicate that, in general,

there are three parallel paths for reduction or evolution of
oxygen in a cell with porous MIEC electrodes: (i) the reac-
tion at the TPB between the electrolyte, the MIEC, and the
gas phase, (ii) the reaction at the MIEC/gas interface, and
(iii) the reaction at the TPB between the MIEC, the current

collector, and the gas. The relative significance of each
path is determined not only by the transport and catalytic
properties of the MIEC electrode but also by the nature of
the interfaces between the MIEC and other cell compo-
nents (such as electrolyte and current collector). In gener-
al, the interfacial processes cannot be ignored without
careful analysis and adequate justification and it is
improper to state that oxygen diffusion in the MIEC elec-
trode and the reaction at the MIEC/gas interface are the
only processes that dominate the electrode kinetics of a
cell with porous MIEC electrodes. In the absences of ionic
transport in the MIEC, for instance, only the reaction at
TPB 1 may occur while in the absence of electronic transport
in the MIEC, only the reaction at TPB2 may occur.
Accordingly, failing to recognize TPBs as parallel paths to
the MIEC/gas interface may result in erroneous conclusions.

The effectiveness of the MIEC/gas interface of a porous
MIEC electrode is characterized by, Zrt, which is deter-
mined by the rates of several sequential processes necessary
for the surface reaction to occur, including simultaneous trans-
port of ionic and electronic defects in the MIEC, reaction at the
M]EC/gas interface, and the transport of O in the pores of the
MIEC.

Further, as a first-order approximation, it is demon-
strated that the thickness of the electrochemically active
layer of a porous MIEC electrode, 5, varies dramatically
with the properties of the MIEC and the nature of the
interfaces. In general, S decreases with the increased rate
of surface reaction and with decreased transport of ionic
or electronic defects in the MIEC. In the absence of ionic
or electronic transport, for instance, the S approaches zero,
implying that oxygen reduction or evolution can occur
only at TPB1 or TPB2. When the rate of ionic and elec-
tronic transport is much faster than the rate of the surface
reaction, on the other hand, the thicker the electrode, the
smaller the Z, because more surface area becomes avail-
able for the reaction at the MIEC/gas interface to occur.
Under this condition, the entire MIEC/gas interface is
active for electrode reaction.
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APPENDIX A
Cells with a Mixed Conducting Electrolyte

When the electronic transference number of the elec-
trolyte in the cell shown in Fig. 1 is not negligible, the elec-
trolyte must be treated as an MIEC. If the mixed conduct-
ing electrolyte is dense and homogeneous so that neither
electrochemical reaction nor space-charge polarization
occur significantly within the dense electrolyte, the elec-
trochemical behavior of the cell can be adequately
approximated by the circuit shown in Fig. A-i. Compared
to the circuit shown in Fig. 4, two additional circuit ele-
ments are introduced. One element is R,,1, the resistance to
the motion of electronic defects in the dense electrolyte,
which can be defined as

Reei = Lei/Oeei [A-i]

where ,ei is the electronic conductivity of the electrolyte.
The other element is Zeci, the impedance to electron trans-
fer across the MIE C/el interface. The nature and the treat-
ment of Zeei shouldbe similar to those of Z,, discussed ear-
lier. The equivalent circuit shown in Fig. A-i may also be
used to approximate the electrochemical behavior of a
dense MIEC membrane with a porous MIEC layer on sur-
faces for gas separation or electrocatalysis.3

When the electronic conductivity is much greater than
the ionic conductivity in both the dense MIEC electrolyte

20 40

Electrode Thickness, L (pm)

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

http://ecsdl.org/site/terms_use


J. Electrochem. Soc., Vol. 145, No. 1, January 1998 The Electrochemical Society, nc. 151

and the porous MIEC electrodes, the cell impedance can be
approximated by

Zce — Rb = z + z [A-2]
2 ee ee

where Rb represents the "bulk resistance" of the cell and
can be expressed as

Rb = Re,ei + 2ReMIEC [A-3]

Further, when the dense electrolyte and porous electrodes
are made of the same MIEC, impedance Ze,i at the MIEC/el
interface may be neglected. Thus, Z and ReMIEC may be
determined from impedance measurements of a cell with
configuration of

Po2, cc/porous MIEC/dense MIEC/porous MIEC/cc, p32
This cell can be used to determine the contact resistance

between the cc and MIEC electrode, Zee, and the electron-
ic resistance of the MIEC electrode, ReMIEC.

APPENDIX B
Composite MIEC Electrodes and Bulk Polarization

When the porous MIEC electrode in the cell shown in
Fi. 1 is a composite MIEC consisting of two or more phas-
es, 1 theequivalent circuit (Fig. 4) for approximation of the
electrochemical behavior of such a cell will remain the
same as long as the space-charge polarization within the
solid phase of the MIEC is assumed to be insignificant.
However, the electrochemical processes occurring in the
porous electrode are different. For instance, the reaction at
the MIEC/gas interface can no longer be described using
Eq. if; the proper reaction should be written as

V(ic) + 2e'(ec) + 02(gas) = 0(ic) [B-li

where ic and ec represent, respectively, the ionically con-
ductive and the electronically conductive phase of the
composite MIEC electrode. Accordingly, the active sites
for electrode reactions at the MIEC/gas interface are, in
fact, the TPB between the ic, the ec, and 02 gas. The nature
and the treatment of the TPB at the MIEC/gas interface
should be similar to those of the TPBs at the MIEC/el and
cc/MIEC interfaces discussed earlier.

If the polarization processes are extended to the bulk of
the MIEC, not confined to the MIEC/gas interface, the

1iZr,m

Ri,m

Fig. B-I. An equivalent circuit for an arbitrary element m (1 m
� n) of the MIEC electrode when the bulk polarization in the MIEC
is no longer negligible. The R,m, Rj,m and Z,,, are the same as
defined in Fig. 4 and C,,. and Cj,m represent the capacitance due to
polarization of electronic and ionic defects, respectively, in the bulk
phase of element m.

assumption of local charge neutrality in the MIEC may no
longer be valid; the displacement current induced in the
bulk phase of the MIEC, when a time-dependent electric
field is applied, may become significant. Under these con-
ditions, the impedance to the motion of ionic and elec-
tronic defects in the MIEC can no longer be adequately
approximated by a pure resistance; the R,,MIEC and RM1Ec as
defined by Eq. 3d and 3e should be a complex quality
because Pe and P1 are no longer pure resistive. In this case,
the electrochemical behavior of an arbitrary element
m(l m n) of the MIEC electrode can be approximated
by the equivalent circuit shown in Fig. B-i. Compared to
the circuit shown in Fig. 4a, two capacitances, C,m and
C1,,,, are added to element m in order to take into consider-
ation the polarization of, respectively, electronic and ionic
defects in the bulk of the MIEC.

In general, the local specific impedance (fi cm) at an
angular frequency w to the motion of defect k in an MIEC
can be expressed as

_ 1 iVi,(xw)1
Pk(X,W) = —I [B—2]

zkFL ajk(X,W) J

Thus, the specific impedance to the motion of electronic
and ionic defects can then be expressed, respectively, as

1 = , k = electron defects [B-3a}
I.

1 = , k = ionic defects [B-3b]
p1(x,) k

In a steady state (u — 0) or in the absence of significant
bulk polarization (i.e., VCk 0), Eq. B-3a and B-3b reduce,
respectively, to

1
p,(x) 2 [B—4a]F [UeCe(X) + uhch(x)]

p1(x) , k = ionic defects [B-4b]
zF1u,c(x)

Ream

Fig. A-i. An equivalent circuit for a solid-state cell with a mixed
conducting electrolyte (el, 0 < t, 1), two porous electrodes of an
MIEC (0 < < 1), and two current collectors (cc, t, = 1) under the
influence of a small ac perturbation.
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APPENDIX C
Transmission Line Model and Derivation oi Eq. 3f

Imagine that the MIEC electrode of thickness L is sliced
into it layers, each with thickness of Lit. IfRem, Ri,m, and
Zrm represent the impedance to electronic transport, ionic
transport, and the impedance to the reaction at the
MIEC/gas interface of a single layer m (where 1 �m � it),
the electrochemical behavior of the cell can be approxi-
mated by a discretized form of a transmission line model
as schematically shown in Fig. 4a. In the absence of bulk
polarization, Rem and Rim may be considered to be real
while Zr,,, should be treated as a complex quality in gener-
al due to interfacial polarization.

Consider an arbitrary element m (1 � m � it) of the
MIEC electrode. The reaction at the MIEC/gas interface
(described by Eq. if) of element m requires that V ions
transport from the electrolyte to the element m, electrons
(e') move from the cc to the element, and 02 gas move to
the element m through the pores of the MIEC. The imped-
ance to the motion of electronic defects through the MIEC
from the cc to the element m (or from the element m to the
cc) can be expressed as

=

= 21,

where the frequency-dependent p,. includes the imped-
ance to the charge-transfer at the interface and the
impedance to the associated mass-transfer near the inter-
face of element m. The am represents the specific area of
the element, i.e., the ratio of the MIEC/gas interface area
to the volume of element m. Further, if the surface of the
porous MIEC at x = 0 is not completely covered by the
current collector (cc), the impedance to the reaction at this
surface (or MIEC/gas interface at x = 0) can be expressed
as

Pr,,(w)
Z,(w) = _____

interface (of a porous MIEC electrode of thickness L) and to
the transport of the species involved in the surface reaction

1 = 1 [ i
Z(L,w) Zrts(O)) LZrt.m)

1

+
1=,,

(l—p)(l—°) 1=1

+
m: e.i[) + Prm(w)Im[]] +

[C-31

The first term represents the contribution from the
MIEC/gas interface at x = 0 while the second term cor-
responds to the contribution from the rest of the MIEC
(0 cx c L).

As the number of layers, it, approaches infinity (or the
thickness of each layer, Lit, approaches infinitesimal), the
discretized form of the transmission line model is trans-
formed to a continuous form of the model, In this limit,
Rem, Rim, Zrm, Pem, p1m, p, ar,, and Lit of an arbitrary ele-
ment m in the discretized model should be replaced,
respectively, with dRe, dR1, dZ, p (x), p (x), i (x), a (x), and
dx for a differential element at a distance x away from the
cc/MIEC interface in the continuous model. The differen-

[C-ib} tial circuit elements (dRe, dR, and dZ) are related to the
local properties of the MIEC, Pe (x), p (x), p. (x), and a (x),
as follows

dR = Pr (x) dx

dR, = p (x) dx

p(x, w)dZr((r)) = _____
a(x)dx [C-4]

Accordingly, the summations in Eq. C-i to C-3 should be
replaced with integrals and Eq. C-3 is then transformed to
Eq. 3f.

APPENDIX D
Effect of L on °rt for Pe > ft and P =

MIECs with predominating ionic conduction (Pr> p).—
Integrating Eq. 9c under the condition that Pr>p1 (i.e., the
rate of ionic transport is faster than that of electronic
transport), we arrive at equations similar to Eq. 10 and 12
because of the symmetrical contribution of ionic and elec-
tronic transport in the MIEC to G,. The only modifications
needed are to redefine x = 0 at the MIEC/el interface and

[C-id] x = L at the cc/MIEC interface and to exchange the posi-
tion of p and p in the Eq. 9c, 10 to i2, and 17. For instance,
the f(L) defined by Eq. ii should be redefined as

f(L) = '(Pr — p,) — p,p,L2, p> p [D-i]

These changes, however, have no effect on the description
of the MIEC electrode or the cell, since Z is defined as the
total impedance of an MIEC electrode with thickness L.
Accordingly, all discussions and conclusions described ear-
lier for the case p> Pr are also applicable to the case p,,> p,
provided that the position of ionic transport is exchanged
with that of electronic transport.

For instance, in the limit of p' —r 0 or p,>> Pi' the charac-
teristic thickness hr is then determined primarily by the
rate of electronic transport and surface reaction. The
mathematical description is identical to Eq. 13 to 16, pro-
vided that the ps in the equations are replaced with Pr

The only difference between the case of p.> Pr and that
of Pr> p is the distribution of the reaction at the MIEC/gas
interface along the thickness of the electrode. For the
case p> Pr, the rate of the reaction at MIE C/gas interface
(Eq. if) increases toward the MIEC/el interface. In con-
trast, for the case Pr > p' the rate of the same reaction
increases toward the cc/MIEC interface.

[C-la]

Similarly, the impedance to the motion of ionic defects
through the MIEC from the electrolyte to the element m (or
from the element in to the electrolyte) is given by

While the impedance at an angular frequency w to the
reaction at the MIEC/gas interface of element m can be
expressed as

Zrm(W) = [C-lc]

where p is the porosity of the MIEC and rr is the frac-
tion of the MIEC surface at x = 0 covered by the current
collector.

The impedance to the reaction at the MIEC/gas interface
of the element m and to the transport of the species
involved in the reaction, Zm (w), can be expressed as

Zrt,m(W) = 1?,,i + Zr,m(W) + R, [C-2a]

Similarly, the impedance to the reaction at the MIE C/gas
interface at x = 0 and to the transport of the species
involved in the reaction, Z,.,, (w), canbe expressed as

Z (w) = pr,,(°) + V R [C-2b]rt,r (iP)(iOrr)
Accordingly, summation of Zm,,, (w) over all elements (from
in = i to m = it), together with Z,,, results in Zd(L, w), the
total impedance to the reaction at the entire MIEC/gas
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MIECs with equal ionic and electronic conduction (pi = 
pJ.-When the rate of ionic transport is identical to the 
rate of electronic transport, integration of Eq. 9c yields 

Differentiating this equation with respect to L, we find 
that the variation in G, (L) with L is given by 

Thus, Eq. D-2 and D-3 can be used to determine how the 
transport (p, or p,) and catalytic (p,/a) properties and the 
thickness (L) of an MIEC electrode influence the effective- 
ness of the MIEC/gas interface, G, (L). 

LIST OF SYMBOLS 
surface area of a porous MIEC electrode per 
unit volume, cm-' 
molar concentration of species k, mol 
capacitance due to polarization of electronic 
and ionic defects, respectively, in bulk phase 
of element m (1 5 m 5 n) in Fig. B-1, F/cm2 
capacitance of the MIEC/gas interface per 
superficial area of electrode, F/cm2 
capacitance of TPBl per superficial area of 
electrode, F/cm2 
as defined by Eq. 11, R2 cm4 
Faraday's constant, 96,487 C equiv-' 
as defined by Eq. 9c, 0-' ern-' 
as defined by Eq. 9b, 0-' cm-' 
current density due to motion of defect k, 
A cm-" 
electronic and ionic current density, respect- 
ively, A cm-" 
current densitv   as sing through TPBl and 

u 

TPB2, respect~v~ly, A k2 
thickness of a porous MIEC electrode, cm 
characteristic thickness of a porous MIEC 
electrode, cm 
thickness of electrolyte, cm 
molar flux of species k, mol s-' 
porosity of the MIEC electrode, 
dimensionless 
partial pressure of oxygen, atm 
net consumption rate of V, at  the MIEC/gas 
interface, rnol cm-2s-' 
universal gas constant, 8.314 J mol-' K-' 
bulk resistance of a cell (R, = 1im Z,,,,), R cm2 
resistance to char e and mas&-transfer, 8 respectively, R cm 
resistance to the motion of electronic and 
ionic defects in the electrolyte, respectively, 
R cm2 

Re,MIEC, Rt,MIEC resistance to the motion of electronic and 
ionic defects, respectively, through the entire 
MIEC as defined by Eq. 3d and 3e, R cm2 

R,,, R,,, resistance to the motion of electronic and 
ionic defects, respectively, in element 
m (1 5 m 5 n) in Fig. 4a, R cm2 

t,, ti electronic and ionic transference number, 
dimensionless 

% relaxation time constant for mass-transfer, s 
absolute temperature, K 

uk absolute mobility of species k, mol cm2 J-' s-' 
v bulk velocity of gas in the pores of MIEC, 

cm s-' 
x distance away from the cc/MIEC interface, cm 
zk number of effective charge carried by defect 

k, dimensionless 
zfi impedance to the reaction at the entire 

MIEC/gas interface and to the transport of 
the species involved in the surface reaction 
(as defined by Eq. 3f), R cm2 

Zce11 total cell impedance, R cm2 
Z,, Z,,, impedance to electron transfer across 

Subscripts 
e 
i 
ct 
mt 

cc/MIEC and MIEC/el interface, respectively, 
R cm2 
impedance to ion transfer across MIEC/el 
interface, R cm2 
impedance to reaction at MIEC/gas interface 
of element m in Fig. 4a, R cm2 
impedance to reaction at MIEC/gas interface 
at  x =O as shown in Fig. 4a, R cm2 
impedance to the reaction at TPBl and TPB2 
(including the impedance to the mass 
transfer associated with the reaction), 
respectively, R cmZ 
Warburg impedance as defined by Eq. 4c, 
R cm2 

anodic and cathodic transfer coefficient, 
dimensionless 
thickness of the electrochemically active 
layer of a porous MIEC electrode, cm 
electrostatic potential, V 
fraction of MIEC surface at x = 0 covered by 
current collector, dimensionless 
overpotential across an interface due to 
charge and mass transfer [q, = A&/(z,F)], V 
chemical potential of species k (p, = pz + RT 
In ykc,), J mol-' 
electrochemical potential of defect k (pk = 
p: + RT In ykc, + z,F+), J mol-' 
resistivity to motion of electronic and ionic 
defects in MIEC, respectively, R cm 
resistivity to the reaction at the MIEC/gas 
interface (including the resistance to the mass 
transfer associated with the reaction), 
R cm2 
partial conductivity (a, = zi F2ukck) due to 
the motion of defect k, W'cm-' 
solid-phase and gas-phase tortuosity of the 
porous MIEC, respectively. 

electronic 
ionic 
charge transfer 
mass transfer 

Abbreviations 
el electrolyte 
MIEC mixed ionic-electronic conductor 
cc current collector 
TPB triple-phase boundary 
TPB 1 TPB between the el, the MIEC, and 0, 
TPB2 TPB between the cc, the MIEC, and 0, 
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Characterizations of Iron-Containing Clay Modified Electrodes
and Their Applications for Glucose Sensing

Sub-Ching Shyu and Chong Mou Wang

Department of Chemistry, National Taiwan Normal Univeristy, Taipei 11718, Taiwan

ABSTRACT

An amperometric biosensor was constructed on the basis of ruthenium purple-containing clay and glucose oxidase
for the direct assay of glucose. These clay-modified electrodes were characterized by cyclic voltammetry and flow inec-
tion analysis techniques. The electrodes were very sensitive to the presence of glucose. Linear calibration curves between
10 M and 15 mM with an electrode sensitivity of 3.88 1.j.A/M and a detection limit of 10 iM were registered in aerated
solutions (pH 5.1). Uric acid, ascorbic acid, and oxygen interfere very little with the detection of glucose. Long-term tests
showed these clay electrodes were quite durable, e.g., the electrode sensitivity only decreases by ca. 25% over a period of
six weeks.

Introduction
Metalions are essential to living cells. For example, Na,

K, and Ca2 are important where transport of metabolites
and energetic processes are occurring, and transition met-
als are active catalysts involved in many electron-trans-
port systems)2 Among the transition metals, iron is the
principal electron carrier in biological oxidation-reduc-
tion reactions.34 Haem groups (Fe2) and hematin (Fe3),
often associated with protoporphyrin IX, are the coen-
zymes for a number of redox enzymes. These include cata-
lase, which catalyzes the dismutation of hydrogen perox-
ide, and peroxidases, which catalyze the reduction of alkyl
hydroperoxides. However, the role of iron-containing com-
plexes in the catalysis of biochemical or chemical reac-
tions still needs to be explored.

Recently amperometry-based glucose biosensors have
received increases attention due to a clinical demand.5-8
Research activity has focused on accelerating the slow
electron transfer between the reduced glucose oxidase
(GOXre4) and the probe material and enhancing the sensi-
tivity of the probe to hydrogen peroxide, which is generat-
ed by the enzyme-catalyzed reactions.99 To date, excellent
catalysts and methods exist for the transduction of hydro-
gen peroxide,2° but the reduction of oxygen or oxidation of
biologically reducing compounds (ascorbate, uric acid,
etc.),21'22 which might take place at the potentials where
hydrogen peroxide is detected must be eliminated or pre-
vented or severe interference may occur.227

Recently we reported the characterization of iron-con-
taining clays and their application in UV-light recogni-
tion28 and chemical sensing.29 Many clays contain iron
species, and the iron species can be modified with several
reagents to influence the surface property of these clay
minerals. Although attempts to prepare iron porphyrins
on these clays were not successful, ruthenium purple (RP,
Fe4[Ru(CN)6]3)2° has been successfully prepared on iron-
containing clays, like montmorillonite K10 and montmo-
rillonite KSF, by reacting with Ru(CN) and shows signif-
icant sensitivity to H202. We report here that a glucose
biosensor has been constructed on the basis of the ruthe-
nium purple-containing (clay/RP) particles and glucose

oxidase (denoted clay/RP/GOx), which shows high sensi-
tivity to glucose and covers the concentration of glucose
from 10 p.M to 1 mM in pH 4 to 8. Noticeably, oxygen
interferes very little with the detection of glucose. We also
investigated the possible interferences caused by other
biochemicals (uric acid and ascorbic acid) on glucose
detection.

Experimental
Chemicals and reagents.—H2504 and K2S04 (99%) were

supplied by Merck. Glucose oxidase (GOx, type VII from
Aspergillus Niger; 137,000 units/g), bovine serum albumin
(BSA), 2-ascorbic acid, uric acid, p-ll-glucose, and glu-
taraldehyde were purchased from Sigma. Montmorilloriite
Ki 0, potassium hexacyanoruthenate(II), o-phenylenedi-
amine, and hydrogen peroxide were obtained from
Aldrich. The preparation of clay followed procedures
described elsewhere.28 The clay/RP particles were pre-
pared by reacting 9 mg of ruthenium hexacyanide with
100 mg of the clay in 20 ml sulfuric acid (0.2 mM) with
constant stirring for 4 h.29

Electrode preparations—Clay-modified electrodes were
fabricated on conductive Sn02 glass (indium-doped 0.7 mm
thick, 20 fl/cm2; Delta Technologies). Typically, 20 p.1/cm2 of
a clay slurry (1 g/liter water, denoted solution A) was first
cast on the glass squares and dried at an ambient temper-
ature (ca. 25°C). After this, 20 j.l/cm2 of a GOx solution
(denoted solution B) was cast onto the resulting glass
squares (denoted sandwich-type clay electrodes). Solution
B contained 5 ml GOx (25 g/liter water), 3 ml of the aque-
ous glutaraldehyde (GA, 4%), and 5 ml BSA (20 g/liter
water). Polymethyl methacrylate (PMMA) or poly(o-
phenylenediamine) (PPD) were also used instead of glu-
taraldehyde as the enzyme immobilizer to fabricate the
clay electrodes. In the case of PMMA, a thin film of PMMA
(30 p.1/cm2, 10 g/liter in ethyl acetate) was applied onto the
glass squares after the incorporation of GOx. With PPD, a
procedure similar to that described by Malitesta et al. was
followed.31 Typically, 100 mg of GOx was mixed with 10 ml
o-phenylenediamine (5 mM) prior to immobilization.
Films were grown for 10 mill at a constant applied poten-
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