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Abstract : This article covers the theoretical ac-impedance models for the analysis of oxygen reduction on the porous
cathode electrode for solid oxide fuel cell (SOFC). Firstly, ac-impedance models were explained on the basis of the
mechanism of oxygen reduction, which were classified into the rate-determining steps; (i) adsorption of oxygen atom
on the electrode surface, (ii) diffusion of adsorbed oxygen atom along the electrode surface towards the three-phase
(electrode/electrolyte/gas) boundaries, (iii) surface diffusion of adsorbed oxygen atom mixed with the adsorption reac-
tion of oxygen atom on the electrode surface and (iv) diffusion of oxygen vacancy through the electrode coupled
with the charge transfer reaction at the electrode/gas interface. In each section for ac-impedance model, the repre-
sentative impedance plots and the interpretation of important parameters attributed to the oxygen reduction reaction
were explained. Finally, we discussed in detail the applications of the proposed theoretical ac-impedance models to
the real electrode of SOFC system.
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1. Introduction

The overall losses in a solid oxide fuel cell are mainly
controlled by the oxygen reduction reaction on the porous
cathode electrode.? In this respect, the mechanism of oxygen
reduction on the porous cathode electrode has extensively been
investigated by employing dc (direct current) potentiodynamic
method and ac (alternating current) impedance spectroscopy,”®
in order to minimise the overpotential caused by electroche-
mical cathodic reaction.

Especially, ac-impedance spectroscopy has widely been used
to identify the various reaction steps and to determine the rate-
determining step, since it provides an exceptionally powerful
tool for separating the dynamics of several electrode pro-
cesses with different relaxation times. In the analysis of their
ac-impedance spectra measured on the porous cathode elec-
trode, most researchers have employed the equivalent circuit
simply described by a resistance and a capacitance.”'" How-
ever, simple equivalent circuit composed of RC network does
not give an adequate description of the ac response of the
electrode, because the mechanism of oxygen reduction gene-
rally turns out to be much complicated in the real electrode
system, !>

On the other hand, application of theoretical ac-impedance
models for the analysis of oxygen reduction can not provide
only an useful information on the general characteristic features
of the shape of frequency dispersion, but also give a methods
of extracting quantitative estimates of kinetic parameters
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from a straightforward analytical calculation of the measured
impedance spectra.

Consequently, the present article considers the theoretical
ac-impedance models for analysing of the oxygen reduction
reaction on the porous cathode electrode. Firstly, all the pro-
posed ac-impedance models were numerically derived from
elementary reaction equations associated with the overall oxy-
gen reduction reaction. Then, we discussed in details in each
section about what ac responses are ascribed to kinetic pro-
cesses that are rate-determining step for overall oxygen
reduction. Finally, the proposed ac-impedance models were
discussed for their application to the oxygen reduction reaction
on the real porous cathode in SOFC system.

2. Various theoretical ac-impedance models for
the oxygen reduction reaction

Now we consider some theoretical approach of impedance
behaviour to the oxygen reduction reaction on the porous
cathode electrode, which were classified into possible rate-
determining steps.

2.1.
surface

Here we will theoretically present ac response of electrode,
in case that the overall oxygen reduction reaction is purely
controlled by adsorption of oxygen atom at electrode surface.
If the adsorption reaction of oxygen atom is assumed to be a
rate-determining step of cathodic reaction, the activity of
oxygen atom in the adsorbed layer has approximately linear

Adsorption of oxygen atom on the electrode
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relationship with the quantity of adsorbed oxygen atom, so
the electrode potential is fixed by the activity of oxygen atom
O,q in the adsorbed layer, obeying the Nernst equation as
follows!'®:

£=8ne,, (1)

where E is the electrode potential, R the gas constant, T the
absolute temperature, F the faradaic constant and ¢o,, Tepre-
sents the concentration of oxygen atom in the adsorbed layer.

Accordingly, the electrode reaction is governed by the con-
centration of oxygen atom at electrode surface, and hence the
overpotential of electrode is given as'¥:

C
e @

where 77,4 is the adsorption overpotential and coq denotes

the adsorbed oxygen in equilibrium with the gas phase

Under the assumption that adsorption process of oxygen
atom proceeds dissociatively on the electrode surface, the
equation of adsorption reaction is expressed as:

1
502,gas - Oad (3)

The mass balance of adsorbed oxygen atom on the electrode
surface is described by':

Ocq 7

ad _ - A
T 0T aF )
with jo ade descO ad (5)

where ¢ is the time, j, the supplying rate of the overall oxy-
gen from the gas to the adsorbed phase, I the current, Po,
the oxygen partial pressure and k.4 and k4 denote the
adsorption rate constant and the desorption rate constant,
respectively.

From the differentiation of Eqs. (2) and (4) for small ac
perturbations, the resulting impedance Z,4 [Q] is finally
obtained as'®:

7 _ _RT 1
M are (g tio)

(6)

where cf)ad is the steady-state concentration of adsorbed oxy-
gen atom.

From Eq. (5), the adsorption resistance R,y [€2] of electrode
related to the oxygen concentration in the adsorbed layer is

written by:

RT

R = ——
ad s
4F2kadcoad

M

According to Eq. (6), it is suggested that the ac-impedance
spectrum for the adsorption reaction of oxygen atom on the
electrode surface exhibits simple one arc in shape. Fig. 1
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Fig. 1. Nyquist plots of the ac-impedance spectrum theoretically
determined for adsorption of oxygen atom from Eq. (6) as a
function of the adsorption rate constant k,q. The values of the
parameters mvolved in Eq. (6) were taken as T=1273 K and cO
=1x10"* mol em™

shows the Nyquist plots of ac-impedance theoretically deter-
mined for adsorption of oxygen atom from Eq. (6) as a func-
tion of the rate constant k,y, by assuming 7=1273 K, co =1
x10™ mol cm™. All the simulated impedance spectra s1mply
consist of an arc which decreases with increasing adsorption
rate constant k,q.

This model can account for the variation of adsorption
resistance with the oxygen partial pressure, when oxygen
reduction is purely determined by the adsorption reaction of
oxygen atom at the electrode surface. Since the adsorption
resistance is proportional to 1/ cg ; according to Eq. (7), it can
be inferred that the ac-impedancé spectrum for the adsorption
reaction has the dependence of po‘z‘ ? from Eq. (3)

2.2, Diffusion of oxygen atom along the electrode
surface towards the three-phase boundaries

For most cases of oxygen reduction on the porous cathode,
many researchers have reported that the rate of cathodic per-
formance is controlled by the diffusion of adsorbed oxygen
atom along the electrode surface towards the electrochemical
reaction sites i.e., three-phase boundaries (TPBs) among
electrode, electrolyte and gas.®'>'® In order to deal with the
problem of surface diffusion of oxygen atom, we will introduce
the finite-length Warburg impedance model in this section.!”

Fig. 2. illustrates the diffusion process of oxygen atom on
the electrode surface. According to Fig. 2, overall oxygen
reduction involves the following consecutive reaction steps:
dissociative adsorption of oxygen atom on the electrode sur-
face, followed by the charge transfer reaction at the TPBs
which is represented as follows:
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Fig. 2. Schematic diagram of the purely diffusion-controlled oxygen
reduction. The diffusion of oxygen atom occurs along the electrode
surface towards the three-phase boundaries. Here, Vg is the
oxygen vacancy, 5c0 is the deviation of c, from the equili-
brium concentration, y represents the distance f’rom the electrode/
electrolyte interface (y=0) towards bulk electrode and /; denotes the
average diffusion length.

lo

502, gas + 2e(electrode) + Vj(electrolyte)

®
= O, (electrolyte)

In this case, the segment of electrode surface from the
electrode/electrolyte interface is characterised by average dif-
fusion length /; [um] along which the adsorbed oxygen atom
diffuses to reach the TPBs. Furthermore, it is supposed to be
no barrier preventing or slowing down the charge transfer
reaction at the TPBs.

The diffusion behaviour of adsorbed oxygen atom at the
electrode surface can be conveniently described by calculation
of the one-dimensional diffusion equation as follows!”:

8(3c,) 8*(dcg, )
a; DS Oad——z_ad (9)
oy
where 5c0 is the deviation of ¢ » from the equilibrium

concentrano% ¢ is the diffusion time of adsorbed oxygen atom,
y the distance from the electrode/electrolyte interface (y=0)
towards bulk electrode and Dg, o,, Tepresents the surface dif-
fusivity of adsorbed oxygen atom. Therefore, average diffu-
sion length /; can be written as 2 (Dg 0,,%

Solving the Fick’s diffusion equation of Eq (9) under the
semi-infinite boundary conditions of the oscillating concen-
tration (or potential) perturbation at the electrode/electrolyte
interface, diffusion impedance Zy(w) can be derived from Eq.
(9) by using Laplace transform method as follows'”:

.2 1;2
RT tanh(/a)ls /DS, o, )

. 172
(]w/DS’ Oad)

where 4., symbolises the electrode area, @ the angular fre-
quency and j denotes the unit of the complex number (J/~1).
From Eq. (10), the diffusion resistance Ry [Q] is taken per

Zy(w) =

(10)
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Fig. 3. Nyquist plots of the ac-impedance spectrum theoretically
calculated for diffusion of oxygen atom at electrode surface from
Eq. (10) as a function of average diffusion length /. The values of
the parameters involved in Eq (10) were taken as T= 1273 K, A.,=
1cm?, cO =1X 10" mol em?, D —12><10“cms

unit length:
RTI,
Ry= ——F7— (1
4F2Aeaco Dso,

According to Eq. (10), the ac-impedance spectrum consists
of a straight line inclined at a constant angle of 45° to the
real axis in the high frequencies above the characteristic
angular frequency @, = 4Dg 0,4 but simple an arc in the
low frequencies below o, 4DS o,,” s - This type of diffu-
sion behaviour is commonly called the ﬁmte length Warburg
impedance.

Fig. 3 gives the typical ac-impedance spectra in Nyquist
representation, theoretically calculated from Eq. (10) as a
function of average diffusion length J, by assuming T—1273 K
Au=1en?, g =1X10"molem?, Dg o =12>10"" cm’ s
In Fig. 3, it is ‘found that the ﬁmte—length Warburg 1mped—
ance strongly depends on the average diffusion length I but
remains nearly constant in shape. From Figs. 1 and 2, one can
readily distinguish in shape the impedance by diffusion of
oxygen atoms from that impedance by adsorption of oxygen
atoms.

2.3. Surface diffusion of oxygen atom mixed with
the adsorption reaction of oxygen atom

It is frequently reported that overall oxygen reduction is not
purely controlled by surface diffusion of adsorbed oxygen atom,
but it is also affected by the slow adsorption reaction of oxygen
atom."'® Thus, rate-determining step for oxygen reduction
can be explained in terms of the surface diffusion of oxygen
atom coupled with adsorption process of oxygen atom.'®
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In this case, the impedance behaviour can be derived from
the similar method as mentioned above in section §2.2.
However, the adsorption reaction is coupled with the diffu-
sion reaction on the electrode surface, so Fick’s diffusion
equation is modified by the adsorption reaction of oxygen
atom as follows'®:

o (écq )
ot S, 0y

2+ A (ag ~J des) (12)
Oy

where A is the surface area of electrode per unit volume [em™)
and j,4 and j4. represent the adsorption and desorption flux
of oxygen atom, respectively.

Assuming that the adsorption flux changes little from the
equilibrium with small deviations, we obtain the total flux'®:

(13)

. Ead deo,
As(lad —jdes) = a) = - g

_é‘co dexp( RT oy
a

where v,y represents the adsorption-desorption frequency [s],
E,q the activation energy for the adsorption reaction and g4
denotes the mean life time [s] of oxygen atom in the adsorbed
state.

Solving modified Fick’s diffusion equation of Eq. (12)
under semi-infinite boundary condition by using Laplace
transform, one can obtain the following equation of dco

o+ 1/ 172
dcq N coadexp{—y{@b—ﬁd—)} } (14)

S, 0,4

At the electrode/electrolyte interface (y=0), total electric cur-
rent 7 [A] in the external circuit is expressed by the total
flow of oxygen atom into the TPBs, considering the contri-
bution of direct adsorption of oxygen atom from the gas
phase into the TPBs'®:

)

1= 2F(Dg o+ 22+ fiaa—igen)) X ¥=0  (I5)
ﬂd

with /= (16)
j’TPB

where Arpg is the length of the three-phase boundaries
(TPBs) per unit area [em™] which means total reaction sites,
A Tepresents the effective length per unit area [cm™'] for
direct adsorption into the TPBs and f means the fraction of
adsorption reaction current to the overall oxygen reduction
current (0= f<1).

From Egs. (14) and (15), we can derive the expression for
the electrode impedance:

2wy = M 5 !
AFcS ad S, 0.4 T N
O, Arpphf(1 TiTq@) TF

with characteristic length per unit area [cm™] for direct
adsorption relative to diffusion,

(17)

r =1{ (18)
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Z(w) representing Eq. (17) just corresponds to a Gerischer
impedance'® parallel to a resistance r(RTAppg /4F200 )

/7, a’Ds,0,, [Q]. ¥ means the relative active adsorptlon
length for the direct adsorption reaction to diffusion. If »=0,
Eq. (17) is reduced to the Gerischer impedance. This indi-
cates that the current for direct adsorption of oxygen atom
into the TPBs is negligibly small.

Figs. 4(a) and (b) demonstrate the typical Nyquist plots of
the ac-impedance spectrum theoretically determined for sur-
face diffusion of oxygen atom mixed with adsorption of oxy-
gen atom from Eq. (17) with (a) r=0pm™ and (b) r=10 pm'
by assumlng, Arpp=5X 103 cm’! » Dgo,= = 12X10" em? 57,
cO =1%10? mol c¢m™ T—1273 K and 7,q=0.1s. The ac-
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Fig. 4. Nyquist plots of the ac-impedance spectrum theoretically
determined for surface diffusion of oxygen atom mixed with
adsorptmn of oxygen atom from Eq. (17) with (a) »=0 pm™ and (b)
r=10 pm™. The values of the parameters involved in Eq. (17) were
takenasﬂTpB—leoscm Dy —12X1011cms,c0 =1X
102 mol em?, T= 1273 K and 1y 20.1 s.
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impedance spectrum computed with r=0 pm™ exhibits
clearly the Gerischer behaviour which is represented by a
straight line making an constant angle of 45° to the real axis
at high frequencies, followed by a simple arc at low frequen-
cies. On the other hand, the ac-impedance spectrum simu-
lated with ¥=10 um™ shows an asymmetric arc in shape. From
this fact, it is strongly suggested that the characteristic length
per unit area r for direct adsorption into the TPBs has an effect
on the shape of frequency dispersion in the Nyquist plots.

The general expressions for the finite-length Warburg
impedance Zp(®) and the Gerischer impedance Zg(w) are
given as, respectively'?:

Z(0) = Z;tanh(.,\/'ra)) (19)
/it

Zo(0) = Lot 20

G(a)) G D (20)

where Z; and ZOG represent the resistance of finite-length
Warburg impedance and Gerischer impedance, respectively,
and 7 is the time constant. Under the semi-infinite diffusion
boundary condition with permeable boundary condition, the
finite-length Warburg impedance of Eq. (19) can be derived
from Fick’s diffusion equation, whereas the Gerischer imped-
ance of Eq. (20) can be obtained from modified Fick’s diffu-
sion equation for the participation of another reaction.

Fig. 5 shows the discrepancy of the finite-length Warburg
impedance and the Gerischer impedance, theoretically calcu-
lated from Egs. (19) and (20), respectively, by assuming Z;.
=24Q Zg =2.4Q and r=0.1s. In high frequency ranges,
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Fig. 5. Nyquist plots of the ac-impedance spectrum theoretically
calculated for the general finite-length Warburg impedance and the
Gerischer impedance from Egs. (19) and (20). The values of the
parameters involved in Eqs. (19) and (20) were taken as Z"F=2.4 Q,
Zy=24Qandt=0.1s

both of impedance spectrum show semi-infinite diffusion
behaviour as well, but in the low frequency ranges, the fre-
quency dispersions are distinctly different.

The one of the plausible reasons for this discrepancy of low
frequency dispersions is that the Gerischer impedance repre-
sents definitely a finite dc resistance associated with additional
electrochemical process in the low frequency ranges, in con-
trast to the finite-length Warburg impedance. The remarkable
point about the Gerischer impedance is that another fre-
quency dispersion appears in low frequency ranges. Thus, for
the diffusion reaction in combination with the adsorption reac-
tion, the occurrence of the Gerischer impedance can easily be
explained.

2.4. Bulk diffusion of oxygen vacancy mixed with the
charge transfer reaction at the electrode/gas interface.

Let us consider the oxygen reduction reaction on the mixed
conductor which holds generally the high concentration of
oxygen vacancy??D. The mechanism of oxygen reduction on
the mixed conductor is visualised in Fig. 6. In contrast to the
case of electronic conductor, it can tentatively be expected that
the overall oxygen reduction reaction on the mixed conducting
electrode is split into the following two consecutive substeps:
diffusion of oxygen vacancy through the electrode and subse-
quent electron exchange reaction between oxygen vacancies
and gaseous oxygen (charge transfer reaction) at the electrode/
gas interface. .

According to Fig. 6, it can be deduced that oxygen reduc-
tion is not restricted to the TPBs, but it is significantly
extended from the origin of the TPBs into the electrode/gas
interface segments as far as the extended electrochemical
reaction length /gpp [um]. In contrast to Eq. (8), the charge
transfer reaction at the electrode/gas interface is written as:

%02’ gas T 2e(electrode) + Vj(electrode)

21
= O,(electrode)
Mixed Gas
conducting 0,
electrode > 8as
e \
lepB

v Three-phase boundary

O
Electrolyte

Fig. 6. Schematic diagram of the diffusion reaction of oxygen
vacancy mixed with charge transfer reaction at the electrode/gas
interface for mixed conducting electrode. lgpp represents the
extended active reaction length.
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At this point, we will introduce an impedance model for
oxygen reduction on the mixed conductor developed by Adler
et al.”?. The governing equation for oxygen vacancy transport
through the electrode is given as the modified Fick’s diffusion
equation as follows?:

& (Sey-)

(1-¢) ——AJine (22)

6(50v ) (1 _

8)
WDy -
r th™'v;

P 6y2

with the instantaneous exchange flux ji, at the electrode/gas
mterface,

Jine = je{ eXp(%A/‘im) - eXp(_(’l_;Tal_)'Aﬂint)} (23)

where Cy- is the oxygen vacancy concentration in the elec-
trode, 5cv the deviation of Cy: from the initial concentra-
tion, ¢ the ‘diffusion time of oxygen vacancy, ¢ the porosity
of electrode, 7, the pore tortuosity of electrode, Wy, the ther-
modynamic enhancement factor of the diffusivity of oxygen
vacancy, D, . the component diffusivity of oxygen vacancy,
Jo the equ111br1um exchange flux at r=00, @, the transfer coe-
fficient for oxygen absorption, Ag;,, the difference between
the chemical potentials of oxygen vacancies in the electrode
and gaseous oxygen and R represents the gas constant.
Solving the modified Fick’s diffusion equation of Eq. (20)
under the boundary conditions of the oscillating concentra-
tion (or potential) perturbation at the electrode/electrolyte
interface (y=0) and of the semi-infinite diffusion of oxygen
vacancy, the following expression for 5"v; is obtained??:

E Fcy,.
50\,; = WhRTexp( 2N —joty - jwtch) 24)
cvo..(l - &)
with ¢, = m (25)

and lgpp = (26)

7,4y,

where E, is the ac-amplitude of the oscillating potential, @
is the angular frequency, and £, denotes in a first approxima-
tion the characteristic time constant required for diffusion of
oxygen vacancy from the electrode/gas interface through the
electrode to the electrode/electrolyte interface. In addition,
lepp represents the distance at which the value of drops to
(1/e) of the value at y=0 at steady-state (=°°f, @=0), and
thus it is usually taken as the extended active reaction length
which can be understood by the amount of two-dimension-
alty extended TPBs length Arpg towards the bulk electrode.

The electric current 7 [A] at the electrode/electrolyte inter-
face is expressed by

0(dcy, )
1=-#0=8y,p, — Yol for y=0 Q7
p y

From Egs. (22) to (25), the electrode impedance Z(®) is
finally given as

Z(w) = Rch& (28)
, RT %
th Ry, = | =) [——L— »
Wi ch (zﬁ)m *

where Ry, designates the characteristic resistance [Qcm?] for
the oxygen reduction reaction.

Fig. 7 depicts the Nyquist plots of the ac-impedance spec-
trum theoretically determined for bulk diffusion of oxygen
atom mixed with the charge transfer reaction at the electrode/
gas interface from Eq. (28), by assuming, T=1273 K, rp
2.5, £= 03 ey-=1. 8x 1072 mol cm , Dy.=1x10" cm®s™
A=15cm™, j=5.5%10° mol cm? § and tch—O 1 s. In Fig. 7
the ac-impedance spectrum clearly displays the Gerischer
behaviour which is exactly the same as the impedance behav-
iour in Fig. 4(a).

As already pointed out in preceding section §2.3, the
Gerischer impedance of Eq. (28) reflects the diffusion process
mixed with another electrochemical reaction which can be
regarded as the charge transfer reaction in the case of oxygen
reduction on mixed conducting electrode. In consideration of
the diffusivity of oxygen vacancy and the equilibrium
exchange flux evaluated from this impedance model, the
mechanism of oxygen reduction can be analysed®*?. In sum-
mary, the Gerischer impedance is embodied in two forms:
one involves surface diffusion of oxygen atoms coupled with
adsorption apart from direct adsorption already shown in Fig.

6 T T g T T T T T T T

I Gerischer impedance
for bulk diffuion mixed with charge transfer reaction

.

-Imaginary Impedance, -Z"/ Q cm?
w
T

Real Impedance, Z'/ © cm’

Fig. 7. Nyquist plots of the ac-impedance spectrum theoretically
determined for bulk diffusion of oxygen vacancy mixed with charge
transfer reaction at the electrode/gas interface from Eq. (28). The
values of the parameters involved in Eq. (28) were taken as T =
1273K 7 =2.5, =03, ¢, .= 1.8X107 molcm , Dy,.=1X10°
em’s? A=1.5em ,je—55'>< 10° mol em §° andtd, ‘01 s.
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4(a), the other establishes bulk diffusion coupled with the
charge transfer reaction already represented by Fig. 7.

3. Discussion about the application of ac
impedance models to real electrode system.

Many researchers have recently attempted to apply these
impedance models to the interpretation of the oxygen reduction
reaction on the cathodic electrode for solid oxide fuel
cell¥*1719  The mechanism of oxygen reduction can be
inferred from the comparison the measured impedance spectra
with the results of impedance based upon the various theoret-
ical impedance models. Furthermore, one can quantitatively
analyse the kinetic parameters for cathode performance
obtained from the proposed ac-impedance models?*.

However, the measured impedance spectra are very sensitive
to test circumstances and the electrode performance is influ-
enced by the previous electrochemical history and intrinsic
kinetic and thermodynamic properties of cathode electrode,
so those complexity limits the ability of the model to represent
accurately the measured impedance data’”. Thus, in order to
increase the credibility of ac-impedance models, it is of great
importance to consider the important factors governing the
cathodic performance. In this respect, before applying the ac-
impedance models to the electrode reaction, it is necessary to
obtain the information for electrical and geometrical proper-
ties of the electrode.

3.1. Electronic conducting electrode system

For the noble metal electrode such as Pt, Ag and peroveskite
oxide electrode such as Sr-doped LaMnOs; which are generally
regarded as an electronic conductor, the diffusion of oxygen
vacancy through the electrode can be assumed to be negligible
for the oxygen reduction reaction due to their very low con-
centration of oxygen vacancy>>%. In this case, the overall oxy-
gen reduction reaction proceeds only at the TPBs as shown
in Fig. 2. Consequently, the impedance models, which were
proposed in section §2.1 to §2.3, can be applied to the inves-
tigation of oxygen reduction on the electronic conducting
cathodes.

Let us now discuss the application of ac-impedance mod-
els to an electronic conductor. Siebert et al. [14] have inves-
tigated the oxygen reduction on the LaggSro,MnOs electrode
by using the theoretical ac-impedance model for the adsorp-
tion reaction as mentioned in section §2.1. It was deduced that
the impedance arc is associated with the adsorption reaction,
because it shows the dependence on pz)lz/z

lori et al.2” reported that the ac-impedance spectra mea-
sured on the porous LaggsSrysMnOs electrode is ascribed to
surface diffusion of oxygen atom, since it is well fitted to the
finite-length Warburg impedance. Matsuzaki and Yasuda®
verified that this finite-length Warburg impedance is ade-
quate for analysing the low frequency arc measured on the
Lag ¢Sro4MnO; electrode, making clear the relationship
between the cathodic limiting current density and impedance
fitting data. Although the impedance spectra did not exactly
follow in shape the finite-length Warburg impedance, the mea-

sured impedance spectra may give the results for surface dif-
fusion of oxygen atom overlapped with another reactions such
as adsorption reaction and charge transfer reaction in the
high frequency ranges™*”.

Braunshtein et al.” and Sasaki et al>” have attempted to
illustrate the ac-impedance spectra obtained from Pt electrode
on the basis of surface diffusion of oxygen atom mixed with
adsorption of oxygen atom. In these papers, according to the
model addressed in section §2.3, it was demonstrated that the
measured ac-impedance spectra deviated in shape from ideal
Gerischer behaviour because of the addition of slow direct
adsorption reaction to the diffusion reaction of oxygen atom.

3.2. Mixed conducting electrode system

For electronic/ionic mixed conductors with high concentra-
tion of oxygen vacancy, we can expect that impedance spectra
follow the Gerischer behaviour, since the oxygen reduction
reaction involves diffusion of oxygen vacancy through the
electrode as shown in Fig. 6. In practice, it was found that
the ac-impedance spectrum on those intrinsic mixed conduc-
tors such as LageSto4CoO:>Y and (Lag¢Sro4)(CogoFeqs)0s"
shows the Gerischer impedance. Adler’” has investigated the
important kinetic parameters associated with oxygen reduction
on the porous Lay6Sry4,Co0O; electrode, employing the imped-
ance model for mixed conductor suggested in section §2.4

It was also observed that the ac-impedance spectrum mea-
sured on the porous (LaggsSro15)o9sMnQO; electrode subjected
to the cathodic polarisation is quite similar in shape to the
Gerischer impedance, which justifies the theoretical ac-
impedance model for the mixed conducting cathode in which
the rate of the overall oxygen reduction is determined by the
mixed control of the charge transfer reaction and the subse-

quent oxygen vacancy diffusion®®.

3.3. Suggestions for the advanced impedance model

As a matter of fact, it is usually found that the ac-imped-
ance spectrum on a porous cathodic electrode does not fairly
coincide in shape with the results of impedance spectrum
simulated based upon theoretical ac-impedance models'?**?.
This inconsistence can be interpreted as the complexity of
the real situation. In other words, all the proposed ac-imped-
ance models are assumed to be one-dimensional reaction and
macro-homogeneous electrode, so the relationship between
electrode performance and the microstructure of electrode is
disregarded in the impedance model. Oxygen reduction
depends on the electrode composition as well as on the
microstructure. Impurities and secondary phases may inhibit
the electrode kinetics, leading to inhomogeneity of active reac-
tion sites and uneven distribution of kinetic parameters such
as diffusivity and rate constant, etc. Furthermore, electrode
composition and microstructure can hardly be specified or
controlled, since electrode performance changes with time,
temperature, thermal cycle, operating conditions.

Thus, it is necessary to modify ac-impedance mode! on
various assumptions about the real porous electrode system,
by effectively considering the complicated circumstances on
the porous cathodic electrode, in order to draw meaningful
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conclusions from the ac-impedance models.

3. Concluding remarks

The present article provided the overview of the theoretical
ac-impedance models for oxygen reduction on the porous
cathodic electrode. All the ac-impedance models were
numerically treated in terms of rate-determining steps for
oxygen reduction, and then we explained the characteristic
features attributed to the shape of ac-impedance spectrum and
the important parameters associated with oxygen reduction.
Finally, we discussed in detail the application of the proposed
ac-impedance models to investigation of oxygen reduction on
the real porous cathode in SOFC system.

From the results of this article, it is recognised that the
. theoretical ac-impedance model can effectively provide an
useful information to reveal the mechanism of oxygen reduc-
tion on the porous cathode and to evaluate such kinetic
parameters as rate constant, diffusivity and exchange current,
etc. However, unfortunately, it is usually difficult to correlate
the measured impedance arcs to specific impedance model,
because the real electrode system is very complex and the
elementary reactions with similar relaxation time can simul-
taneously be present in the overall oxygen reaction. There-
fore, in order to increase the credibility and usefulness of the
proposed ac-impedance models, it is needed the deep com-
prehension of electrode system and the modification of theo-
retical ac-impedance model for the real situation.

Acknowledgements

The receipt of a research grant No. N-FC12-P-03-3-010 for
5-year period 2004/2009 from Korea Energy Management
Corporation is gratefully acknowledged. Furthermore, this
work was partly supported by the Brain Korea 21 project.

Nomenclature

Ae  electrode area (cm?)

A surface area per unit volume (cm™)

e transfer coefficient for oxygen absorption

¢p,, concentration of oxygen atom in the adsorbed layer
(mol ecm)

co concentration of adsorbed oxygen in equilibrium
with the gas phase (mol cm™)

co,, steady-state concentration of adsorbed oxygen atom

(mol cm)

oxygen vacancy concentration in the electrode

(mol cm™)

Dg o, surface diffusivity of adsorbed oxygen atom (cm? s™)

D,,. component diffusivity of oxygen vacancy (em? s™')

E electrode potential (V)

E.  activation energy for the adsorption reaction (J mol™)
E, ac-amplitude of the oscillating potential (V)

£ porosity of electrode

F faradaic constant (C mol™)

f fraction of the adsorption reaction current to the
overall oxygen reduction current
current (A)

j unit of the complex number (J/~1)

Je equilibrium exchange flux at 7= (mol cm? s™')

Jo supplying rate of the overall oxygen from the gas
to the adsorbed phase (mol cm™ s)

Jaa  adsorption flux of oxygen atom (mol cm? s™)

Jdes desorption flux of oxygen atom (mol cm™ s™)

kad adsorption rate constant (mol s ecm™)

kses  desorption rate constant (mol s cm™)

A average diffusion length (um)

leps extended active reaction length (pm)

Aad effective length per unit area for direct adsorption
into the TPBs (cm™)

Arpp  length of three-phase boundaries per unit area (cm™)

Apty,, difference between the chemical potentials of oxy-
gen vacancies in the electrode and gaseous oxygen

(J mol™)
Po, Oxygen partial pressure (atm)
r relative active adsorption length for the direct

adsorption reaction to diffusion

R gas constant (J mol' K

R adsorption resistance (€2)

R characteristic resistance (Q cm?)

Ry diffusion resistance ()

T absolute temperature (K)

t time (s) ,

teh characteristic time constant required for diffusion of
oxygen vacancy from the electrode/gas interface
through the electrode to the electrode/electrolyte
interface (s), 1, = 2770,

T time constant (s)

T mean life time of oxygen atom in the adsorbed
state (s)

% pore tortuosity of electrode

Ta  adsorption overpotential (V)

V, oxygen vacancy

Wy  thermodynamic enhancement factor of the
component diffusivity of oxygen vacancy

» angular frequency (rad s™)
@ characteristic angular frequency (rad ), o, =27/1_,
y distance from the electrode/electrolyte interface

(»=0) towards bulk electrode (um)
Vaa  adsorption-desorption frequency (s™)
Z,y  adsorption impedance (Q)
Zgw) diffusion impedance (Q)
Zg(w) Gerischer impedance (Q)
Zg®  resistance of Gerischer impedance (Q)
Zi{(w) finite-length Warburg impedance (€2)
Z°  resistance of finite-length Warburg impedance (Q)
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