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"kiple phase boundary" (tpb) contact area, which is
distributed in the cathode volume.

The investigation aims at a deeper insight into
the complicated conductivity of LSM/ySZ com-
posite by Electrochemical Impedance Spectroscopy
(EIS). It is based on comparative study of pure LSM
and composite LSM/YSZ. The analysis is per-
formed by the technique of Differential Impedance
Analysis (DlA), which ensures structural iden-
tification without any preliminary hypothesis for the
applied model(s) [5-10]. Our previous DIA studies
have shown promising results, recogpizing more
than one step in the impedance diagrams of the
cathode reaction [10].

EXPERIMENTAL

The electrochemical investigations were per-
formed with cathode/electrolyte half-cel1s using
three-electrode configuration [10]. The electrollte
pellets were made by pressing 2.5 g of YSZ (ZrO2-8
mol.o/o Y2O3, TZ-8YS Tosoh) powder at 12 tons
pressure and sintering at 1500oC for 5 hours,
resultrng in fuli compact disks 2 cm in diameter and

'about 
2 mm thick.

Cathodes with area 0.23 cr* and about 50 pm
thick were synthesized from pure LSM and compo-
site LSM/YSZ. The composite eleckodes were
prepared by wet ball milling of equal volume
amounts of YSZ and (La1,,Sr_.)yMnOr,, with x : 0.25
and y : 0.95 (Praxair) overnight. The mixture was
dried and diluted in u-Terpineol (Aldrich) to obtain
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INTRODUCTION

Solid oxide fuel cells (SOFC) have high
electricity conversion degree, superior environ-
mental performance, fuel flexibilify and variefy of
applications. At the moment the challenge is the
development of a third generation of planar anode
supported SOFC for low operating temperatures
(below 700'C). Such conditions increase the cell
stability, improve the compatibility of the materials
and ensure replacement of the ceramic interconnects
by the cheaper metallic alloys.

Requirements to temperature decrease come
basically from the reduced conductivity of the active
materials. The application of thin electrolyte layers
(about 5-10 pm) decreases the eleckolyte resistance,
which makes the contribution of the cathode/elec-
trolyte polarization critical [ 1-4].

The increasing demands open new challenges
towards the development of improved cathode mate-
rials for low temperature SOFC. The investigated
materials are composites based on two classical
systems for the SOFC: strontium doped lanthanum
manganite (LSM), used for cathode, and yttria-
stabilized zrconia (YSZ) electrolyte. The LSM
material has good electronic conductivity, thermo-
chemical and mechanical stability and compatibilify
with the electrolyte. The addition of YSZ increases
the ionic conductivily of the electrode and the
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a ready painting paste that was thermally treated at

1 100"C for 2 hours after depositing it on one side of
the electrolyte,

Equi-potential conditions, i.e. homogeneous

distribution of current lines were ensured by a layer

of highly conducting LSM applied on the working

electrode. The ring-shaped reference electrode was

painted (Pt ink 6926 Engelhard) on the same side of
the electrolyte around the working electrode. Pt

counter-electrode of the same size as the working

electrode was painted on the opposite side of the

electrolyte, facing the cathode. Reference and

counter electrodes were then annealed at 900oC for

th.
The impedance measurements were carried out

in air in the temperature interval 500 to 900"C. A
frequency response analyzet Solarlron 1260 and an

electrochemical interface Solarlron 1186 were used

for the impedance measurements. Th"ey were

performed inthe frequency range 10-t-106 Hz with
amplitude of the a.c. signal 10 mV at equilibrium

potential. Each cell was left to stay at the highest

temperature for 24 hours before the measurement.

DIA is based on the scanning local analysis [5-
10]. It includes a scanning procedure performed

using a local estimator called local operating model

(LOM) through the whole frequency range, and its

parametric identification. The simplest electro-

chemical equivalent of the applied LOM is a parallel

connection of resistance R and capacitance C,

extended with the additive term Ad in series. Since

in electrochemical systems the resistance of the

electrolyte is observed very often at high frequen-

cies, this additive term may be accepted to be a
resistance R"a Gig. 1)'
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Fig. 1. Local operating model: equivalent circuit and

complex Plane imPedance diagram'

The LOM effective parameters: resistance 'ft ,

a
capacitance C, time-constant T RC and

additive resistance i"o , ur" estimated for every

measured impedance data set at angular frequency
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ari. The procedure is described in more details in

Annex A1. The estimates 4or, represent a new

experimental data set. Its logarithmic form is used in

the next step - the frequency analysis, which
provides structural and parametri c identifi cation:
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= F(lsar-r) ,= o(rt*), (1)
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where T, : f-t is the sinusoidal perturbing period.

Ar 7i represents the time interval of the per-

turbation, the function F is a temporal one and

therefore, the analysis is called temporal analysis.

When the LOM corresponds to the nature of the

impedance object in a given frequency range, the

estimates tend to exhibit constant behaviour in this

frequency region. They form a "plateau" in the

temporal plot (Fig. 2). ln the opposite case fre-
quency dispersion is observed. For Constant Phase

Element (CPE) behaviour [Fig. 3a) it is depicted by
a linear dependence in the temporal plot (Fig. 3b)'
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Fig. 2. A model of a Faradaic reaction involving one

adsorbed species: (a) complex-plane impedance diagram;

(b) temporal plots: fr - (.), i - (r;, r- (r)'

For the analysis of the dispersion regions in the

temporal plots, the so-called Secondary Differential
Impedance Analysis is applied [7-10]' It is based on

the frequency analysis of the derivatives of the
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LOM parameters estimates ( dn , 6c , 6r ), called
Differential Temporal Analysis (Annex A2).

The following interconnected dependencies
represented in the so-called differential temporal
plot are valid for CPE behaviour (Fig. 3c):

:ad*, n,6Ci=l-n, dI.=dp-+dg-=1, (2)

where n is the CPE exponent.

duced for impedance description of a homogeneous
layer with a finite thickness and bdlk conductivity of
CPE type [8, 11, 12]. Its impedance is described as:

z"rr(ia)= A-t(io)-"ttRrA(iat)^, 
(3)

where A, n and Rs are the structural parameters of
the element.

The complex-plane impedance diagram of
bounded constant phase element is represented in
Fig. 4a. The temporal pllts confiqn the frequency
dispersion of the LOM parametersi estimates over
the whole frequency range (Fig. 4b).

a)

soooo6]

z'I {)2oo

Fig. 4. Bounded constant phase element with ru :0.4 and
Rs =.300 O: (a) complex-plane impedance diagram;

(b) temporal plots: ff - b),C - (L),i - (.); (c)

differential temporal plots: 5p - (.), i. - ( l), ir - (r).

They can be formally divided into two sub-
models with a linear behaviour of the dispersion -
segment I and segment II in Fig. 4b. The structural
identification is based on their Secondary DIA. The
two segments are separated by a region of pseudo-
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Fig. 3. Constant phase element CPE with n:0.25:
(a) complex-plane impedance diagram; (b) temporal

plots: ff - F),c - (L),i - ('); (c) differentiai

temporal plots: 6* - (.), d" - (r), dT - (r)

For more complicated systems a Catalogue with
impedance models and their DIA images'is applied
[8]. In this study, the catalogue was used for the
recognition of bounded constant phase element (BCP).
Thrs generalized electrochemical element is intro-
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mixing - segment III in Fig. 4b. In the ,fi temporal
plot it has a shape close to a plateau. Its value
corresponds approximately to that of the BCP
parameter Re. The differential temporal analysis of
segment i obeys the dependencies given by Eqn. (2).

Thus it recognizes a CPE-type of behaviour (Fig. ac)

and ensures identification of the BCP parameter n.

For the strucftral identification of BCP, however,

the Secondary DIA has to be performed also on

segment II, since the behaviour of segment I is

characteristic also for other sub-models including a

CPE component.
The differential temporal analysis of segment II

for BCP gives the following dependencies:

8*, =-2r, 6",=1+2n,.6r,=d*, +5", =1 (4)

For the example given in Fig. 4 6*, = 0.4 for

Segment I; 6n, = -0.8 for Segment II'

Thus the Differential Temporal Analysis of both

segments I and II ensures the structural recognition
ofBCP.

EXPERIMENTAL RESUTTS

Previous impedance resuits [10, 13] for the cathode

reaction on composite materials showed that: (i) the

reaction takes place in the volume of the electrode;
(ii) the activation energy increases above 700oC.

Since the impedance diagrams are deformed at

high temperatures, it was supposed that the observed
kink in the Arrhenius plots might be due to
inductance (L) enor. For its elimination a procedure

for L-correction preceded the differential analysis

[1a]. As it can be seen in Fig. 5, the correction does

not eliminate only the inductive tail, but it restores

the size, the shape and the position of the observed

arc and ensures more precise estimation of the bulk
resistance.

Temporal Analysis

The R, i and f temporal plots for the pure

LSM material show the presence of 3 segments with
different frequency behaviour (Fig. 6). The high

frequency one (segment I) is frequency independent.

It corresponds to a time-constant sub-model, i.e. to
an equivalent circuit of resistance and capacitance

connected in parallel. it should be noted that there

are bigger deviations from the "plateau" behaviour

in the C and f temporal plots for this step' It is

supposed that its appearance in the R temporai

plots is slightiy shifted towards lower frequencies.
' The segments II and Ili are frequency dependent.

Their analysis needs application of Secondary DIA
procedure.
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Fig. 5. Impedance diagrams of: a) pure LSM; b) compo-

site LSM/YSZ: Raw data - (o); L- corrected data -( ).

Segments I and iI are observed in the temporal
plots of the composite LSM/YSZ electrodes for the

whole temperature interval, while the frequency
dependent segment III appears at temperatures
above 800"C (Figs. 6-8).
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Fig. 6. Temporal plots for pure LSM material.

Dffirential Tentporal Analysis

Step II is well pronounced for both materials in a

wide frequency range (3-4 decades) (Figs. 6-8).
The temporal analysis shows that its contribution to
the cathode resistance is dominant. For its
identification a differential temporal analysis is

performed for the high frequency IiA and low
frequency IiB parts of segment II (Fig. 8).

b) 81ooc
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Above this temperature its value is 0.254.20.
the pure LSM this change is obselved at 750oC.

For

600'c

650"C

lg(T,tHz'tl

Fig. 7. Temporal plot for composite LSt\,f/ySZ material.
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Fig. 8. R temporal plots for pure LSM and composite
LSM/ryS2.

The obtained results obey the dependences given
by Eqns. (2) and (4), which recognize a conductivity
with BCP behaviour. The parametric identification
is based on the estimation of the structural
parameters n and Re (Eqn. 3). The exponential term
n is determined based on the differential temporal
analysis (Eqns. 2 and 4) and the estimate of R0 -
from the maximum between segments IIA and IIB
in the i temporal plot.

Although Segment II follows the same model for
both the pure LSM and the composite LSM/YSZ
electrodes, the estimate of the resistance is about
one order of magnitude higher for thg LSIid
material. Obviously this step determines basically
the cathode polarization resistance and its decrease
in the composite samples, since the resistance of
step I is of the same order in both materials.

The exponent n, that characterizes the CpE
behaviour of the conductivity in step II, is
temperature dependent (Fig. 9). Up to 600.C for
both materials n - 0.5 . Its value decreases with the
increase of the temperature. For the composite
electrode n x 0.35 in the interval 600-650.C.

tr

.!o
g

-2-101
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Fig. 9. Differential temporal plot ofrQ for composite
LSM/YSZ marerial.

Step III, which appears at low frequencies, has a
behaviout strongly dependent on the frequency. It is
pronounced in a small frequency range. On this
stage 

_of 
the investigation it cannot be structurally

identified. The temporal plots, however, show a
strong increase of the effective capacitance, which
could be attributed to accumulation of species at the
LSM/YSZ surface in both materials. The effective
resistance sharply decreases and thus it can not
influence the observed values of the polarization
resistance.

DiSCUSSION

The classical approach for the description of the
cathode reaction applies the so-called ,,triple-phase

boundary" concept, which ensures direct involve-
ment of gas phase species at an electrochemical
inte rface [ 17]. However, to charac terize the reaction,
it is represented with several individual steps:
charge transfer across a two-dimensional interface,
adsorption, solid state migration and gas diffusion.
This approach is very convenient for impedance
studies [8-21].

Recently a non-charge transfer approach, known
as ALS model, has been developed for characteri-
zation of oxygen reduction on single- and double-
phased porous mixed conducting oxygen electrodes
122-251. It supposes that: (i) the actual interfacial
charge-transfer is very fast, provided the interface is
not contaminated; (ii) the electrode reaction takes
place over a finite distance beyond the elec-
trode/electrolyte interface, which may reach 20
microns, depending on the exchange and diffusion
properties of the mixed conductor.

The results obtained by DIA give additional
information for the processes that characteize the
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polarization resistance of the investigated cathode
materials. The technique identifies three steps,

determines quantitatively their participation and

thus recognizes the rateJimiting stage. The

estimation of the effective resistance for steps I and

Ii at differerit temperatures enables the calculation
of their activation energies (Fig. 10).

In principle bounded constant phase element
\ rith n : 0.5 describes diffusion limited
conductivity. This situation is observed for both
materials at lower temperatures. The decrease of n

with the temperature informs for changes in the
kansport of the species. For n < 0.35 BCP describes
conductivity with restrictions of the host matrix.
They decrease with the temperature.

It is interesting to note, that the activation energy
of step iI for both the pure LSM and the composite
material is one and the s:llne - about 1.3 eV in the
whole tempeiltuiJ tatrgr.

The comparative analysis of the changes in the

effective resistance with the temperature for both
materials gives very interesting results. In the case

of pure LSM the resistance of step II (Rd is strongly
dominating for the whole temperature interval,
while for the composite electrode this situation is
valid only for low temperatures (up to 600'C). Since

Rrr decreases more quickly than R1, at higher
temperatures the two components become compar-
able (at 700oC Rrr - 3Xr ).

The improvement of the properties of pure LSM
is connected with the increase of the ionic conduc-
tivity, which is related to step IL The results
obtained by DIA for the composite LSM/YSZ reveal
a new moment - they show that the optimization of
the material needs improvements both in the ionic
and in the electronic conductivity, which could
ensure operation at low temperatures.

Although Rn for both glaterials is very different,
the activation energies are found to be the same and

the conductivities follow one and the same model.
This result suggests that the cathode reaction could
be improved by optimization of the microstructure.

The results obtained by DIA give novel infor-
mation about the conductivity of composite
LSM/YSZ cathdde materi+ls for SOFC and

approaches for their improvement.
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ANNEX A1

Basics of DIA

The impedance of the LOM is:

Zy6yaQco): n+ --{- -i-9!!-. (A1.1)
l+(t) I l+0) I
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Fig. 10. Arrhenius plots for: a) resistivity of step I;
b) resistivity ofstep II.

Step I. The effective resistance for this step (R1)

is similar for both the pure LSM and the composite

LSMIYSZ electrodes (Fig. 8). It decreases with the

temperature. The observation of this step in the high
frequency region, as well as the low values of its
resistance, which are similar for the two electrode

rnaterials, suppose a charge transfer process for step

| [23-27]. Its activation energy increases from 0.7

eV below 700"C up to 0.9 eV at higher temperatures
(Fig. 10a). The results, obtained in this study, con-

firm the hypothesis of Kilner and co-workets [27)
for impediments in the charge transfer at higher

temperatures.
Step II. This step has the biggest contribution in

the polarization resistance of the two materials. The

estimates of R6 (R11) demonstrate the quantitative
differences of the resistance for the pure LSM and

the composite LSM/YSZ matetial, while ru is more

informative with respect to the mechanism.
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Since the frequency is known, equation (A1.1)

can be presented in a parametric form:

P(iar)=l R* ---4- ,;q " l, 1at.z;' l*rtt'T' l+a'T'
where P(iar) is the vector of the parameters. The

imaginary term can be expressed as an effective
inductance. Then (A1.2) takes a more general form:

P(ia): lR.1r;, ir"{ar) I , (A1.3)

dn; -- dlgR,/ dv, =Q(v),

6",:dlgc,/dv,=Q(v),

d*"0, = dlgRou,/dvi =Q(v). (A2.5)
rl

They form a new estimated data set D:

D(v,, 3r,, 6p.1 , 6gi,dn"a,). (^2.6)

Since the Secondary Analysis formulated by
Eqn. A2.1 describes,,.the dif,ferentiati-on of the tem-
poral functions, it is called Differential Temporal
Analysis.
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ANNEX A2

Secondary DIA

The Secondary Differential Impedance Analysis

is performed by differentiation of the logarithmic

LOM parameters' estimates (Eqn. 1) with respect to

the logarithm of the frequency. It presents their

frequency dependence in the form:

6, =( 44+'] = o(re,-'), ='' \dlg(a''')/' (A.2.1)
/ z)

=@l ls+ I :Q(v),,
\ tr)i

rvhere vi =\g(ro-t)i .

Thus a new set of functions is obtained:

10.

11.

l6
t1dr, = d 1gT,/ dv, = Q{vi) , (A2.2)
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MOEPEHIII4AJIHO HMIIE,4AHC HO H3 CnEIF AHE HA KOMnO3HTHH KATOAII 34
TB:bPAOKHCHI4 f OPI{B HI4 KJIETKH

A. Eap6yur,r', M. B,etaHt4?,n.KapnaHe:el, [. B'na4nrcoeat*, 3' CroftHos3

' OHXq, Yuuaepcumem uafeuya, nn. Keuedu I, 16129 feuya, I'Imanw
t HCil, I'IEUI,6yn. ,,,[e Mapuuu" Ne 6, 16149, feuya,I'Imantn

' I't'c*'mv* no eneKmpox.:#,;";.'E:"",i',:,?u;-ff"if;;';:a;arcadeuun Ha HavKume'

flocrr,nfi,'Ia Ha 4 rcsu 2006 r., flpepa6o, ena na 21 noer"rnpn 2006 r'

(Pe:roue)

flponeAeHo e cpaBHHTenHo HMneAaHcHo tr3cJIeABaHe Ha KaTOAHH MaTepI4aJII'i 3a TBIpAoKHCHH rOpI{BHI{ KJIeTKH

OOfb *ta 1azaqucr JICM (La1-.Sr..), MnO3-6 c x = 0.25 u y :0.95) n xoNrnosrreH JICM/HCII (ZtO2-8 uotr'o/o YzOr)'

3a a'alm Ha AaHHHre e H3non3Baga rexHuKara ua gu$epeuqllaJlHl{t HM[eaaHceH auann3 (AHA)' Kotlro ocl{ryptBa

,rpy*ryp*u nAenrn$uraqtrn 6es ueo6xoAnlrocr or npeABapnTenHa xl'Inore3a. I'l.qeHrl'I0uuupu","-_a1.tp" crbllKll,

Kor,rro ca oxapapTepu3rrpagg KonfirrecrBeHo, npn Koero e geSuHupaH cKopocroonpeAefl'tull,tq cranuit' YcraHoneuo e'

qe ocHoBHH{T A.,IJr B nonflpr€aufiouHoro cbnpornB:IeHlre ce onpeilent or rpaHclloprnure ol-paHtT'Ieriltr' flo'rryreanre

vpe: ,{HA pe3yJrrarr{ noKa3Bar, ue nogo6pxBauero Ha Marepllana JICM/?IC{ 3a npHiloxeHfle npH HncKI'I

TeMnepaTypu e cBbp3aso c HaMaIqBaHe KaKTO ua fiOHuata, TaKa I{ Ha enelflponHaTa npOBoAIlMOcT'
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