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Functionally graded Solid Oxide Fuel Cell cathodes have been prepared from mixtures of
strontium doped lanthanum manganite (LSM) and yttria stabilised zirconia (YSZ) using
screen printing techniques. Samples were characterised using scanning electron
microscopy, elemental dot mapping, and electrochemical impedance spectroscopy.
Characterisation using AC impedance techniques showed that each cathode could be
analysed in terms of a low frequency, mid frequency and high frequency response. Results
showed that as the level of YSZ-LSM grading within the cathode increased, the polarisation
resistance decreased. No region of the graded cathode should contain less than 20 wt%
LSM to prevent an accompanying increase in series resistance.
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1. Introduction

Functionally graded materials (FGMs) have been devel-
oped as a method of joining dissimilar materials that are
usually incompatible [1]. Instead of an abrupt change
in composition and/or microstructure between the two
materials, FGMs have a graded interface at which the
composition gradually changes from one material to the
other. As the composition changes, so do the effective
material properties, thereby avoiding sharp discontinu-
ities in, for example, thermal expansion coefficients,
which could result in delamination during thermal cy-
cling. The objective of this work was to apply this con-
cept to the cathode of a Solid Oxide Fuel Cell (SOFC).

High temperature (700◦C–1000◦C) SOFCs com-
monly employ an yttria-stabilised zirconia (YSZ)
electrolyte, a strontium-doped lanthanum manganite
(LSM) cathode and a nickel-YSZ cermet anode [2].
Strontium doped lanthanum cobaltite (LSCO) has been
identified as a cathode material that offers improved
electrical conductivity, 1200 S cm−1 [2] at a tem-
perature of 1000◦C compared to a typical value of
150 S cm−1 for LSM at the same temperature [2]. Un-
fortunately LSCO has a higher thermal expansion coef-
ficient (TEC) than the electrolyte (22 to 24× 10−6 K−1
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compared to 10.8× 10−6 K−1) [2]. It has also been
shown that LSCO readily reacts with YSZ to form a
resistive phase [2].

The use of a mixed LSM/YSZ layer at the cathode–
electrolyte interface to improve electrochemical per-
formance is well known. Such electrodes are referred
to as composite cathodes and were first reported by
Kenjo and Nishiya [3]. It was shown that by adding
50 wt.% YSZ to the LSM cathode, the polarisation
resistance could be reduced to 25% of its original
value. Subsequent studies showed improvements us-
ing a variety of cathode arrangements and fabrication
methods [4–11]. The oxygen reduction reaction at the
cathode-electrolyte interface requires the co-incidence
of gaseous oxygen, an electronic conductor and an ionic
conductor, a region known as the triple phase bound-
ary. When a composite cathode is employed, it is widely
accepted that the addition of YSZ increases the effec-
tive length of the triple phase boundary, improving the
electrochemical performance.

Previous work has reported improvements in grading
techniques [12–15]. This study sought to compare the
behaviour of a family of graded cathodes, each fabri-
cated in a similar manner using the same quantity of
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LSM and YSZ, but with those materials distributed dif-
ferently within each cathode. The aim was to try to
identify the impact of the different levels of grading on
the performance of the cathode.

2. Experimental procedure
The investigation was based on a bi-layer cathode. This
consisted of a layer of LSM deposited on the YSZ elec-
trolyte, and a further current collecting layer of LSCO
on top of the LSM (Fig. 1), following previous work by
Sasaki and Gaukler [13, 14]. A control sample with no
grading was prepared along with three further samples
with a graded YSZ/LSM microstructure. The grading
was carried out over 4 screen printed layers. The num-
ber of steps over which the composition changed was
altered for each of the samples. Each graded interface
was designed to contain the same weight % of YSZ,
LSM and LSCO, although the distribution of the YSZ
and LSM varied for each sample.

The LSM powder, La0.85Sr0.15MnO3, was supplied
by Haldo Topsøe, Denmark with a submicron particle
size. This was calcined at 1200◦C for 1 hour before be-
ing ground by hand using a pestle and mortar, and ball
milled in acetone using YSZ milling media for 4 hours.
This resulted in a powder with a D50 particle size of
3.95µm. The precursor ink was prepared using a ter-
pineol based binder with a solids loading of 60 wt %.
An ultrasonic probe was used to mix the powder with
the binder and break down any residual large particles.
The LSCO starting powder, La0.8Sr0.2CoO3, (RISØ
National Research Laboratory, Denmark) had a sub-
micron particle size and the ink was prepared in a simi-
lar way to that described for LSM. To accommodate the
larger thermal expansion coefficient of the LSCO, this
powder was only milled for 2 hours, resulting in a D50
particle size of 5.80µm. The fired LSCO had a coarse
microstructure with a low level of sintering to help it
adhere during thermal cycling. The YSZ powder had a
particle size of 3–5µm, and was used as supplied. The
appropriate mass of each powder was mixed before the
binder was added.

All the samples were fabricated using dense YSZ
substrates (TZ8Y, Tosoh, Japan), of 200µm thickness.
The cathode layers were applied to both sides of the sub-
strate, producing a symmetrical half-cell configuration.
The cathode structures were built up from 10 screen
printed layers. The graded cathodes contained 4 layers
of YSZ-LSM, one layer of 100% LSM and 5 Layers
of LSCO. A 325µm mesh screen with a zero thick-
ness emulsion layer was used. Each layer was dried at
100 ◦C for 30 minutes and allowed to cool before the
subsequent print was applied. All the layers were then
co sintered at 1125◦C for 1 hour. A ramp rate of 3◦C

Figure 1 Schematic illustration of the bi-layer cathode used in this study.

TABLE I Details of the samples investigated

Total Cathode
Sample Composition LayerThickness

1 5 Prints of LSM–5 Prints of LSCO 200µm
2 4 Prints of 50%LSM/50%YSZ, 1 print 195µm

of 100% LSM and 5 Prints of LSCO
3 2 Prints of 40%LSM/60% YSZ, 2 prints 200µm

of 40% YSZ/60% LSM, 1 print of
100% LSM and 5 prints of LSCO

4 5 Prints of 20%, 40%, 60%, 80%, and 100% 190µm
LSM (balance YSZ) and 5 prints of LSCO

min−1 was used up to 500◦C to allow the binder to
burn out, and 5◦C min−1 thereafter.

Table I describes the four samples fabricated and
investigated in this work. Sample 1 had an ungraded
structure, sample 2 was graded over a single step, sam-
ple 3 over two steps and sample 4 over four steps. The
resultant layers were between 190µm and 200µm
thick after sintering. Cross sections of the samples were
coated with carbon and examined using a JOEL JXA
840A Scanning Electron Microscope with an acceler-
ation voltage of 20 kV. Fracture surfaces were exam-
ined to characterise the microstructure and identify any
cracks or delamination. Compositional characterisation
was carried out on polished cross sections using EDAX
dot mapping techniques. The elements zirconium, man-
ganese and cobalt were mapped to identify YSZ, LSM
and LSCO respectively. This was carried out over an
area of approximately 250µm× 250µm. Image anal-
ysis techniques were used to interpret the results. The
intensity of the traces was measured using commercial
image analysis software along with propriety macro
programming techniques. These were summed in a di-
rection parallel to the printed layers to generate a one-
dimensional histogram. The results represent the den-
sity of the elements detected as a function of horizontal
position.

Electrochemical Impedance Spectroscopy (EIS)
measurements were carried out over a range of temper-
atures using a Schumberger 1260 frequency response
analyser. The sample was supported in a two–electrode
arrangement in an alumina holder based on that de-
scribed in [16]. The test sample was held using springs
located outside the heated region. Platinum mesh con-
tacts on the sample surface were connected via plat-
inum wire carried in ceramic sheaths, and a thermo-
couple was positioned close to the sample to provide
an accurate measurement of the sample temperature.
The analyser was interfaced to a computer using an
IEEE interface card and the results were recorded us-
ing commercial software [17]. All the measurements
were taken without a DC bias, and spectra were ob-
tained in the 5 mHz to 500 kHz frequency range with
an applied voltage amplitude of 20 mV. All the samples
were measured in air at temperatures increasing from
700◦C to 1000◦C in 50◦C intervals. Further to this, the
samples with graded interfaces (i.e. samples 2, 3 and 4)
were measured at 700◦C in oxygen-nitrogen mixtures
containing 21%, 15%, 10% and 5% oxygen. All data
measured on the cathode half cells were corrected for

1078



electrode area, and divided by two to obtain the actual
polarisation resistance.

3. Results
3.1. Microstructure
The SEM micrographs of the cross sectional fracture
surfaces were similar for all the samples, and a typical
example is shown in Fig. 2. The dense YSZ substrate
was clearly visible and it was possible to distinguish
the LSCO layer from the LSM/YSZ composite region.
However it was difficult to distinguish between the dif-
ferent LSM/YSZ layers, indicating that the porosity and
structures of the two constituents (YSZ and LSM) were
similar. All of the cathodes adhered well to the YSZ sub-
strate and, although there was some evidence of poor
contact between the LSM and LSCO, there was no visi-
ble cracking between the layers. At a higher magnifica-
tion it was observed that neck formation had occurred
between adjacent particles, and there was evidence that
the smaller particles had coalesced to form larger ag-
gregates. Within the composite LSM/YSZ layers large
particles of YSZ were observed. These were irregular
in shape and as large as 10µm in some dimensions,
larger than the 3–5µm particle size specified in the
supplied powder. The LSCO layer showed the pres-
ence of poorly sintered 10µm to 20µm agglomerates
formed from particles around 1µm in size.

3.2. Compositional analysis
Fig. 2 shows the region of sample 4, the most graded
sample, which was used for elemental dot mapping.
The dot mapping results are shown in Fig. 3, and in-

Figure 2 SEM micrograph of a polished cross section of Sample 4, showing the area used for elemental dot mapping.

dicate that the intended graded structure was achieved.
The zirconium signal was high over the dense YSZ
substrate, on the left side of the image, and then gradu-
ally declined across the YSZ/LSM interface. The man-
ganese signal increased correspondingly, and the signal
for cobalt was constant over the LSCO current collec-
tor region. An uneven contoured interface between the
LSM and LSCO layer was revealed. This resulted from
screen printing onto the underlying LSM layer whilst
it was still in the green state, the pressure of the print-
ing screen causing an indentation. The dimensions of
the contours were similar in magnitude to the mesh of
the screen. Similar print patterns were found in all four
samples.

Fig. 4a–d summarises the dot mapping results. Sam-
ple 1 (Fig. 4a) showed a sharp decrease in the intensity
of zirconium on moving out of the dense YSZ substrate
on the left of the trace, region A. The manganese inten-
sity then increased until∼110µm from the substrate,
region B, representing the LSM layer. The cobalt sig-
nal increased on reaching the layer of LSCO, region
C. The results from Sample 2 (Fig. 4b) show that the
zirconium signal fell to an intermediate intensity in re-
gion B, representing the 50%YSZ/50% LSM layer. The
regions C and D represent the LSM and LSCO current
collecting layers respectively. The results from Sam-
ple 3 (Fig. 4c) clearly show the two graded YSZ/LSM
layers, regions B and C. Regions D and E represent
the LSM and LSCO layers respectively. The four step
grading of the YSZ/LSM interface in sample 4 is re-
vealed in Fig. 4d. The proportion of LSM increased
through regions B to E. There was some evidence of
the step changes of the screen printed layers, each hav-
ing a nominal thickness of approximately 20µm.
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Figure 3 Elemental dot mapping results for Sample 4, showing the elements Zr, Mn and Co.

In all the samples there was a gradual transition be-
tween the manganese and cobalt response. This was
due in part to the contoured printing pattern at the
LSM/LSCO interface. A reduced level of zirconium
was observed close to the dense YSZ substrate. This
was attributed to particle ‘pull out’ when polishing the
samples.

3.3. Electrochemical impedance
spectroscopy

The EIS trace of the ungraded structure (sample 1) pro-
duced an arc that was semicircular in shape (Fig. 5) with
its maximum at a frequency of approximately 100 Hz.
The polarisation resistance was an order of magnitude
larger than that seen with the graded samples, 50Ä cm2
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(a)

(b)

(c)

(d)

Figure 4 Elemental dot mapping analysis for (a) Sample 1, (b) Sample 2,
(c) Sample 3 and (d) Sample 4, showing the variation in composition with
distance from the YSZ interface.

at 700◦C compared to≈5 Ä cm2 for all the graded
samples. This improvement was observed across the
temperature range.

The samples with graded interfaces produced arcs
that were depressed in shape (Fig. 6), with their
maximum at a frequency of approximately15 Hz. The
curves were fitted to an equivalent circuit using a com-

Figure 5 AC impedance spectra of Sample 1 at 700◦C in air, compared
to the response from Samples 2, 3 and 4 under the same conditions.

Figure 6 AC impedance spectra of Samples 2, 3 and 4 at 700◦C in air.

Figure 7 Equivalent circuit used to analyse AC impedance data from
Samples 2, 3 and 4.

mercial least squares-fit computer program [18]. The
circuit consisted of a series resistance, 3 Distributed
Elements and an inductance, all in series (Fig. 7)
following previous studies [6, 9, 19]. The distributed
elements represent a constant phase element (CPE)
in parallel with a resistor which produces a complex
plane impedance curve in the form of an arc with
the centre displaced from the real axis. Each element
has an associated exponent value, Phi, which reflects
this displacement. Values of Phi for CPE1, CPE2 and
CPE 3 were fixed at 0.93, 0.7 and 0.45 respectively
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for all samples. CPE 1 corresponded to the low
frequency part of the arc, CPE 2 corresponded to the
mid-frequency part of the arc, and CPE 3 the high fre-
quency, and therefore these fitted terms will be referred
to as low, mid and high frequency elements (Rlow,
Rmid and Rhigh). The series resistance (Rs) represents
the sum of the resistance of the electrolyte, the current
collectors and the connecting wires, and was evaluated
in the least-squares fit procedure. The inductive
component arose from the high frequency response of
the measuring apparatus, and was fixed at 0.7× 10−7 H.

The overall polarisation resistance (Rp=Rlow+
Rmid+Rhigh) showed a similar response to temperature
for all the samples and decreased as the temperature in-
creased. The polarisation resistance of sample 2, with
a single graded layer, decreased from 5.03Ä cm2 at
700 ◦C to 0.92Ä cm 2 at 850◦C, and to 0.15Ä cm2

at 1000◦C. These values compare well with published
values of 12Ä cm2 at 700◦C, 0.6 cm2 at 850◦C and
0.12Ä cm2 at 1000◦C [5]. When the level of grading
was increased to 2 steps (sample 3), the resistance de-
creased further; 4.09Ä cm2 at 700◦C, 0.75Ä cm2 at
850◦C and 0.13Ä cm2 at 1000◦C. This trend contin-
ued as the level of grading increased, with measured
values of 3.48Ä cm2 at 700◦C, 0.68Ä cm2 at 850◦C,
and 0.11Ä cm2 at 1000◦C, when the layer was graded
over 4 steps.

Fig. 8 demonstrates that there was a change in activa-
tion energy for all three graded samples at a temperature
of 850◦C. Below this temperature the activation energy
was∼1.05 eV and above it rose to∼1.45 eV. Fitted val-
ues of the activation energies for all samples are given
in Table II.

The series resistance for sample 4 was significantly
higher than that of samples 1 and 2 (Fig. 9). For ex-
ample, at 700◦C, the series resistance of sample 4

TABLE I I Activation energies for the overall polarisation resistance
of the graded cathodes

Activation Energy Activation Energy
Sample Low Temp (700◦C–850◦C) High Temp (850◦C–1000◦C)

2 1.05 eV 1.47 eV
3 1.05 eV 1.42 eV
4 1.01 eV 1.51 eV

Figure 8 Arrhenius plot of the overall polarisation resistance of Samples
2, 3 and 4 in air.

Figure 9 Arrhenius plot of the series resistance of Samples 2, 3 and 4
in air.

Figure 10 Arrhenius plot of the sum of the polarisation and series resis-
tance for Samples 2, 3 and 4 in air.

was 1.34Ä cm2, compared to1.20Ä cm2 for samples 2
and 3. This increase in series resistance will affect the
performance of a working fuel cell, and therefore the
sum of Rp and Rs was plotted (Fig. 10) to provide an
indication of their contribution to the effective area spe-
cific resistance of a complete cell. On this basis, it can
be seen that the performance of samples 3 and 4 was
very similar, and the advantage that sample 4 previ-
ously showed over sample 3 was offset by the increase
in series resistance.

The low frequency contribution to the polarisation
resistance showed the clearest change in activation en-
ergy with temperature, as shown in Fig. 11a. At temper-
atures below 850◦C the activation energy was∼1.1 eV,
and above this temperature∼1.85 eV. Table III presents
activation energies determined from experimental data
for all three graded samples at each of the frequency
ranges. In general, across the temperature range, the
smallest low frequency component of the polarisation

TABLE I I I Activation energies for the low, mid and high frequency
contributions to the polarisation resistance of the graded cathodes

Sample 2 Sample 3 Sample 4

Low High Low High Low High
Temp Temp Temp Temp Temp Temp

Low Freq 1.94 eV 1.16 eV 1.87 eV 1.18 eV 1.79 eV 0.95 eV
Mid Freq 0.88 eV 0.88 eV 0.85 eV
High Freq 1.40 eV 1.30 eV 1.36 eV
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(a)

(b)

(c)

Figure 11 Arrhenius plot of the (a) low frequency, (b) mid frequency
and (c) high frequency contributions to the polarisation resistance of
Samples 2, 3 and 4 in air.

resistance was given by sample 3. The Arrhenius plot
of the mid frequency element showed a more constant
gradient throughout the temperature range (Fig. 11b),
with an activation energy∼0.88 eV. Sample 4 gave the
lowest resistance for this component. At temperatures
above 850◦C only the low and mid frequency arcs were
needed to fit the experimental data, so no high frequency
element is shown in this temperature region. At lower
temperatures the activation energy was around 1.35 eV.
Fig. 11c demonstrates that sample 2 gave the lowest
resistance for this high frequency component.

When the graded samples were measured in oxygen
depleted synthetic air, the EIS response was clearly ex-
tended in the low frequency region, while the high fre-
quency region showed little change. This is illustrated
in Fig. 12, which describes the results from sample 4
at 700◦C. Fig. 13 illustrates that, on decreasing the
oxygen content from 21% to 5%, sample 2 showed

Figure 12 Effect of oxygen depleted synthetic air on the AC impedance
response of Sample 4 at 700◦C.

Figure 13 Effect of oxygen partial pressure on the overall polarisation
resistance of Samples 2, 3 and 4 at 700◦C.

an increase in overall polarisation resistance from 5.06
Ä cm2 to 7.07Ä cm2. The equivalent increase associ-
ated with samples 3 and 4 was from 4.10Ä cm2 to 5.35
Ä cm2, and from 3.74Ä cm2 to 4.92Ä cm2, respec-
tively.

These observations were supported by the results
of the curve fitting procedure. The resistance corre-
sponding to the low frequency aspect was sensitive to
changes in oxygen partial pressure, while the mid and

Figure 14 Effect of oxygen partial pressure on the low, mid and high
frequency contributions to the polarisation resistance of Sample 4 at
700◦C.
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high frequency elements were essentially independent.
Fig. 14 illustrates the effect of PO2 on the low, mid and
high frequency contribution to the overall polarisation
resistance of sample 4 at 700◦C. The slope of the low
frequency element indicates a P−0.43

O2 dependence.

4. Discussion and conclusion
Van Herleet al. [20] proposed that three rate deter-
mining processes can occur within the O2-LSM-YSZ
system, each of which can be associated with a differ-
ent frequency response within the EIS measurement.
For the case of non-composite cathodes they proposed
oxygen adsorption (high frequency element), oxygen
dissociation (mid frequency element) and bulk O2− ion
diffusion in the electrode (low frequency element).

Subsequent work by Murrayet al. on composite
cathodes [9], further identified several possible rate
determining steps associated with arcs at differing
frequencies within their AC impedance data. The au-
thors reported a high frequency response, independent
of PO2 and with an activation energy around 1.05 eV,
which was attributed to YSZ grain boundaries either
within the electrode, or at the electrode- electrolyte in-
terface. Also reported was a mid frequency response
with an activation energy around 1.49 eV and weak PO2
dependence. This was attributed to oxygen dissociation
and adsorption rate-limiting steps. A low frequency arc
was seen at reduced oxygen partial pressures, which
displayed a P−0.57

O2 dependence, and was tentatively as-
signed to surface diffusion.

In our work, neither the high frequency nor the
mid frequency elements showed significant PO2 depen-
dence, with activation energies in air around 1.35 eV
and 0.9 eV respectively. The low frequency element
displayed a significant change in activation energy at
temperatures around 850◦C, and a P−0.43

O2 dependence
at the measurement temperature of 700◦C. This is in-
consistent with the P−1

O2 dependence expected for gas
diffusion. The reason for the change in activation energy
at a critical temperature in not clear. Similar changes
in activation energy have been reported by Manning
et al. [21] for oxygen surface exchange with YSZ, hence
it can be speculated that the behaviour observed in this
study reflects a similar process.

Further work is needed before the features seen
at low, mid and high frequencies can be assigned to
specific rate determining processes within the FGM
cathodes. In particular, polarisation studies using a
three-electrode arrangement would help elucidate the
processes taking place. Nonetheless, it is interesting to
note that each of the three graded structures performed
best within a different frequency range. Sample 2, the
least graded structure, proved best at high frequency;
sample 4, the most graded structure, was best at mid
frequency; and sample 3, which lay between samples 2
and 4 in terms of grading, gave the best results at low
frequency. Further study of the reaction mechanism, re-
lated to sample microstructure, may provide a means
of improving the performance of both graded and con-
ventional composite cathodes.

As well as considering the response associated with
the oxygen reduction processes, the series resistance is

also important in determining cell performance. In this
study, it has been shown that the series resistance of
the most graded sample was higher than that of both
other samples tested. This is consistent with previous
work [15], in which it was suggested that the increase
in series resistance of a graded cathode containing a
20%LSM/80%YSZ layer could be attributed to its poor
electronic conductivity, as its composition fell below
the percolation limit of LSM. This layer therefore only
has the effect of increasing the thickness of the elec-
trolyte. Using literature data for the ionic conductiv-
ity of YSZ [22], it can be calculated that, on average
across the temperature range, the increase in series re-
sistance for sample 4 in this study corresponds to an
increase in effective electrolyte thickness of 15µm.
This prediction compares well with the estimated thick-
ness of 20µm for each sprayed layer, confirming that
a 20%LSM/80%YSZ layer should be avoided.
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