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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 compared to 18 x 106 K=1) [2]. It has also been
Functionally graded materials (FGMs) have been develshown that LSCO readily reacts with YSZ to form a
oped as a method of joining dissimilar materials that areesistive phase [2].
usually incompatible [1]. Instead of an abrupt change The use of a mixed LSM/YSZ layer at the cathode—
in composition and/or microstructure between the twoelectrolyte interface to improve electrochemical per-
materials, FGMs have a graded interface at which théormance is well known. Such electrodes are referred
composition gradually changes from one material totheo as composite cathodes and were first reported by
other. As the composition changes, so do the effectiv&Kenjo and Nishiya [3]. It was shown that by adding
material properties, thereby avoiding sharp discontinu50 wt.% YSZ to the LSM cathode, the polarisation
ities in, for example, thermal expansion coefficients,resistance could be reduced to 25% of its original
which could result in delamination during thermal cy- value. Subsequent studies showed improvements us-
cling. The objective of this work was to apply this con- ing a variety of cathode arrangements and fabrication
cept to the cathode of a Solid Oxide Fuel Cell (SOFC).methods [4-11]. The oxygen reduction reaction at the
High temperature (700C-1000°C) SOFCs com- cathode-electrolyte interface requires the co-incidence
monly employ an yttria-stabilised zirconia (YSZ) of gaseous oxygen, an electronic conductor and anionic
electrolyte, a strontium-doped lanthanum manganit&onductor, a region known as the triple phase bound-
(LSM) cathode and a nickel-YSZ cermet anode [2].ary. When a composite cathode is employed, it is widely
Strontium doped lanthanum cobaltite (LSCO) has beemccepted that the addition of YSZ increases the effec-
identified as a cathode material that offers improvedive length of the triple phase boundary, improving the
electrical conductivity, 1200 S cm [2] at a tem- electrochemical performance.
perature of 1000C compared to a typical value of  Previous work has reported improvements in grading
150 S cni! for LSM at the same temperature [2]. Un- techniques [12—15]. This study sought to compare the
fortunately LSCO has a higher thermal expansion coefbehaviour of a family of graded cathodes, each fabri-
ficient (TEC) than the electrolyte (22to 2410 °K~1  cated in a similar manner using the same quantity of
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LSM and YSZ, but with those materials distributed dif- TABLE | Details of the samples investigated
ferently within each cathode. The aim was to try to
identify the impact of the different levels of grading on s,mpie composition
the performance of the cathode.

Total Cathode
LayerThickness

1 5 Prints of LSM-5 Prints of LSCO 20@m
2 4 Prints of 50%LSM/50%YSZ, 1 print 19nm

. of 100% LSM and 5 Prints of LSCO
2. Experimental procedure

3 2 Prints of 40%LSM/60% YSZ, 2 prints 20@m
The investigation was based on a bi-layer cathode. This of 40% YSZ/60% LSM, 1 print of
consisted of a layer of LSM deposited on the YSZ elec- 100% LSM and 5 prints of LSCO
trolyte, and a further current collecting layer of LSCO 4 5 Prints of 20%, 40%, 60%, 80%, and 100% 18

on top of the LSM (Fig. 1), following previous work by LSM (balance YSZ) and 5 prints of LSCO

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 numin © was %SEd up t915r?0C tcf) allow the binder to

ber of steps over which the composition changed wa&!™ OIUI’ and 5C min H t ferea ter. les fabri

altered for each of the samples. Each graded interface Tab.e I de_scrlb_es the four samples fabricated and

was designed to contain the same weight % of YSZ!nvesUgated in this work. Sample 1 haq an ungraded

LSM and LSCO, although the distribution of the YSz Structure, sample 2 was graded over a single step, sam-

and LSM varied for each sample. ple 3 over two steps and sample 4 over four steps. The
The LSM powder, LagsSi1sMnOs, was supplied re_sultant Ia_yers_ were betweer_l 186n and 200um

by Haldo Topsge Denmark with a submicron particleth'Ck after sintering. Cross sections of the samples were

size. This was calcined at 12aDfor 1 hour before be- coated with carbon and examined using a JOEL JXA

ing ground by hand using a pestle and mortar, and ba@{LOA Scanning Electron Microscope with an acceler-

milled in acetone using YSZ milling media for 4 hours. 8tion voltage of 20 kV. Fracture surfaces were exam-

This resulted in a powder with asp particle size of ined to characterise the microstructure and identify any

3.95um. The precursor ink was prepared using a ter.cracks or delamination. Compositional characterisation

pineol based binder with a solids loading of 60 wt %, Was carried out on polished cross sections using EDAX
An ultrasonic probe was used to mix the powder withdot mapping techniques. The elements zirconium, man-

the binder and break down any residual large particlesganese and cobalt were mapped to ide.ntify YSZ,LSM
The LSCO starting powder, kaSr2Co0s, (RIS and LSCO respectively. This was carried out over an

National Research Laboratory, Denmark) had a supdrea of approximately 250m X.25O”m' Image anal-
micron particle size and the ink was prepared in a simiYSIS téchniques were used to interpret the results. The
lar way to that described for LSM. To accommodate the"tensity of the traces was measured using commercial
larger thermal expansion coefficient of the LSCO, thisMage analysis software along with propriety macro
powder was only milled for 2 hours, resulting in gD programming technlque.s. These were summed in a di-
particle size of 5.8(xm. The fired LSCO had a coarse rection 'paralle'l to the printed layers to generate a one-
microstructure with a low level of sintering to help it dimensional histogram. The results represent the den-
adhere during thermal cycling. The YSZ powder had Sty .o_fthe elements detected as a function of horizontal
particle size of 3-um, and was used as supplied. The pos:tlon. hermical q S s
appropriate mass of each powder was mixed before the Electrochemical Impedance ~ Spectroscopy (EIS)
binder was added. measurements were carried out over a range of temper-
All the samples were fabricated using dense YSZ2tures using a Schumberger 1260 frequency response
substrates (TZ8Y, Tosoh, Japan), of 200 thickness. analyser. The _sample was supported in a two—electrode
The cathode layers were applied to both sides of the su@rr"?‘g'g;mené in ;m alumina rrolder galsded on that de-
strate, producing a symmetrical half-cell configuration.S¢Ti0€d in [16]. The test sample was held using springs
The cathode structures were built up from 10 screeri2cated outside the heated region. Platinum mesh con-
printed layers. The graded cathodes contained 4 Iayet_téCtS on the sa}mp!e surfacg were connected via plat-
of YSZ-LSM, one layer of 100% LSM and 5 Layers num wire carried in ceramic sheaths, and a thermo-
of LSCO. A ’325Mm mesh screen with a zero thick- couple was positioned close to the sample to provide
ness emulsion layer was used. Each layer was dried & ccurate measurement of the sample temperature.
100°C for 30 minutes and allowed to cool before the 1€ analyser was interfaced to a computer using an

subsequent print was applied. All the layers were therﬂEEE interfac_e card and the results were recorded us-
co sintered at 1125C for 1 hour. A ramp rate of 3C "9 Commefc'?" software [1.7]' 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 70C in oxygen-nitrogen mixtures
containing 21%, 15%, 10% and 5% oxygen. All data
Figure 1 Schematicillustration of the bi-layer cathode used in this study. measured on the cathode half cells were corrected for
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electrode area, and divided by two to obtain the actuatlicate that the intended graded structure was achieved.
polarisation resistance. 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-
3. Results ganese signal increased correspondingly, and the signal
3.1. Microstructure for cobalt was constant over the LSCO current collec-

The SEM micrographs of the cross sectional fracturdOr region. An uneven contoured interface between the
surfaces were similar for all the samples, and a typical-SM and LSCO layer was revealed. This resulted from
example is shown in Fig. 2. The dense YSZ substrat§creen printing onto the underlying LSM layer whilst
was clearly visible and it was possible to distinguishit was still in the green state, the pressure of the print-
the LSCO layer from the LSM/YSZ composite region. iNg screen causing an indentation. The dimensions of
However it was difficult to distinguish between the dif- the contours were similar in magnitude to the mesh of
ferent LSM/YSZ layers, indicating that the porosity and the screen. Similar print patterns were found in all four
structures of the two constituents (YSZ and LSM) wereSamples. _ _

similar. All of the cathodes adhered welltothe YSZ sub-  Fig. 4a—d summarises the dot mapping results. Sam-
strate and, although there was some evidence of podte 1 (Fig. 4a) showed a sharp decrease in the intensity
contact between the LSM and LSCO, there was no visiOf zirconium on moving out of the dense YSZ substrate
ble cracking between the layers. At a higher magnifica0n the left of the trace, region A. The manganese inten-
tion it was observed that neck formation had occurrecbity then increased untit110.m from the substrate,
between adjacent particles, and there was evidence theggion B, representing the LSM layer. The cobalt sig-
the smaller particles had coalesced to form larger agPal increased on reaching the layer of LSCO, region
gregates. Within the composite LSM/YSZ layers largeC- The results from Sample 2 (Fig. 4b) show that the
particles of YSZ were observed. These were irregulagirconium signal fell to an intermediate intensity in re-
in shape and as large as 46n in some dimensions, gion B, representing the 50%Y SZ/50% LSM layer. The
larger than the 3—m particle size specified in the regions C and D represent the LSM and LSCO current
supplied powder. The LSCO layer showed the prescollecting layers respectively. The results from Sam-
ence of poorly sintered 10m to 20um agglomerates Ple 3 (Fig. 4c) clearly show the two graded YSZ/LSM

formed from particles aroundm in size. 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-
3.2. Compositional analysis vealed in Fig. 4d. The proportion of LSM increased
Fig. 2 shows the region of sample 4, the most gradedhrough regions B to E. There was some evidence of
sample, which was used for elemental dot mappingthe step changes of the screen printed layers, each hav-
The dot mapping results are shown in Fig. 3, and ining a nominal thickness of approximately aon.

Figure 2 SEM micrograph of a polished cross section of Sample 4, showing the area used for elemental dot mapping.
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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 be3.3. Electrochemical impedance
tween the manganese and cobalt response. This was spectroscopy
due in part to the contoured printing pattern at theThe EIS trace of the ungraded structure (sample 1) pro-
LSM/LSCO interface. A reduced level of zirconium duced an arc that was semicircular in shape (Fig. 5) with
was observed close to the dense YSZ substrate. Thigs maximum at a frequency of approximately 100 Hz.
was attributed to particle ‘pull out’ when polishing the The polarisation resistance was an order of magnitude
samples. larger than that seen with the graded samples? 66Y
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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 WithmerCIaI least squares—ﬁt CompUter program [18]' The

distance from the YSZ interface. 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
at 700°C compared tov5 Q cn? for all the graded elements represent a constant phase element (CPE)
samples. This improvement was observed across thie parallel with a resistor which produces a complex
temperature range. plane impedance curve in the form of an arc with
The samples with graded interfaces produced arcthe centre displaced from the real axis. Each element
that were depressed in shape (Fig. 6), with theithas an associated exponent value, Phi, which reflects
maximum at a frequency of approximately15 Hz. Thethis displacement. Values of Phi for CPE1, CPE2 and
curves were fitted to an equivalent circuit using a com-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 027
frequency part of the arc, CPE 2 corresponded to the | :z:::z::g
mid-frequency part of the arc, and CPE 3 the high fre- = Sample 4
guency, and therefore these fitted terms will be referrec¢ 0.1 1
to as low, mid and high frequency elementsyfR
Rmia and Ruign). The series resistance JRepresents
the sum of the resistance of the electrolyte, the curren g |
collectors and the connecting wires, and was evaluate:
in the least-squares fit procedure. The inductive
component arose from the high frequency response o - .
the measuring apparatus, and was fixedas010~" H. 0.75 08 085 0.9 0.95 1 1.05

The overall polarisation resistance R Riow + 10°T (K)
Rmid + Rnigh) sShowed a similar response to temperature
for all the samples and decreased as the temperature iﬁggre 9 Arrhenius plot of the series resistance of Samples 2, 3 and 4
creased. The polarisation resistance of sample 2, with *"
a single graded layer, decreased from 5®8n¥ at
700°C to 0.92Q cm 2 at 850C, and to 0.152 cn? "

Rs (Qcm

at 1000°C. These values compare well with published 08: -6~ Sample 2
values of 122 cn? at 700°C, 0.6 cm? at 850°C and ~ ~ | i:ﬂﬂfﬁi

0.12€ cn? at 1000°C [5]. When the level of grading 5
was increased to 2 steps (sample 3), the resistance c 5
creased further; 4.0 cn? at 700°C, 0.75Q cn¥ at
850°C and 0.132 cm? at 1000°C. This trend contin- ]
ued as the level of grading increased, with measure g, |
values of 3.482 cm? at 700°C, 0.68%2 cn¥ at 850°C, ]
and 0.112 cn? at 1000°C, when the layer was graded 0 = : —
over 4 steps. 0.75 0.8 0.85 0.9 0.95 1 1.05
Fig. 8 demonstrates that there was a change in activi. 10°T (K)
tion energy for all three graded samples aft at.emperaturlggure 10 Arrhenius plot of the sum of the polarisation and series resis-
of 850°C. Below this temperature the activation €nergy,,nce for samples 2, 3 and 4 in air.
was~1.05 eV and above itrose tol.45 eV. Fitted val-
ues of the activation energies for all samples are given
in Table II. was 1.34Q2 c?, compared tol.2€ cn for samples 2
The series resistance for sample 4 was significanthand 3. This increase in series resistance will affect the
higher than that of samples 1 and 2 (Fig. 9). For experformance of a working fuel cell, and therefore the
ample, at 700°C, the series resistance of sample 4sum of R, and R 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
TABLE Il Activation energies for the overall polarisation resistance be seen that the performance of samples 3 and 4 was
of the graded cathodes very similar, and the advantage that sample 4 previ-
. . ously showed over sample 3 was offset by the increase
Activation Energy Activation Energy

Sample  Low Temp (70C—850C)  High Temp (850C—1000C) N SEries resistance. o o
The low frequency contribution to the polarisation

0.6

2 1.05eV 1.47eV resistance showed the clearest change in activation en-
3 1.05ev 142ev ergy with temperature, as shown in Fig. 11a. Attemper-
4 1.01ev 151eV

atures below 850C the activation energy wasl.1 eV,
and above this temperaturel .85 eV. Table Il presents
activation energies determined from experimental data

1 for all three graded samples at each of the frequency
© ranges. In general, across the temperature range, the
051 smallest low frequency component of the polarisation
s 01
% TABLE Ill Activation energies for the low, mid and high frequency
Bé -0.5 - contributions to the polarisation resistance of the graded cathodes
® © Sample 2 Sample 2 Sample 3 Sample 4
-1 4 o A Sample 3 P P P
15 0 Sample 4 Low High Low High Low High
o ' ‘ ' ‘ ‘ ‘ ' ‘ T T T T T T
0.75 0.8 0.85 0.9 0.95 1 1.05 emp emp emp emp emp emp
10T (K) LowFreq 1.94eV 1.16eV 1.87eV 1.18eV 1.79eV 0.95eV
) ) o ) Mid Freq 0.88 eV 0.88 eV 0.85 eV
Figure 8 Arrhenius plot of the overall polarisation resistance of Samplesigh Freq  1.40 ev 1.30 eV 1.36 eV
2,3and 4 in air.
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Figure 13 Effect of oxygen partial pressure on the overall polarisation
resistance of Samples 2, 3 and 4 at°00

an increase in overall polarisation resistance from 5.06
Qcn? to 7.07Q cn?. The equivalent increase associ-
ated with samples 3 and 4 was from 42@n?¥ to 5.35

Qcn?, and from 3.74Q cn? to 4.92Q cn?, respec-

Figure 11 Arrhenius plot of the (a) low frequency, (b) mid frequency tively_
and (c) high frequency contributions to the polarisation resistance of These observations were Supported by the results
of the curve fitting procedure. The resistance corre-
sponding to the low frequency aspect was sensitive to
?hanges in oxygen partial pressure, while the mid and

of the mid frequency element showed a more constant

gradient throughout the temperature range (Fig. 11b) ;4
with an activation energy0.88 eV. Sample 4 gave the
lowest resistance for this component. At temperature: 1
above 850C only the low and mid frequency arcs were _
neededtofitthe experimental data, so no highfrequenc §
element is shown in this temperature region. At lower& -
temperatures the activation energy was around 1.35e\%,
Fig. 11c demonstrates that sample 2 gave the lowes< %2

resistance for this high frequency component.

When the graded samples were measured in oxyge
depleted synthetic air, the EIS response was clearlyex 0
tended in the low frequency region, while the high fre-

0.4

O Low Freq

A Mid Freq

O High Freq
Grad =-0.43

-1.5

qguency region showed little change. This is illustrated
n Flg' 3‘2’ W_hICh d_escrlbes the results from se_lmple 4Figure 14 Effect of oxygen partial pressure on the low, mid and high

at 700°C. Fig. 13 illustrates that, on decreasing thefrequency contributions to the polarisation resistance of Sample 4 at
oxygen content from 21% to 5%, sample 2 showedrooc.

— s
T T
-1.25 -1 -0.75 -0.5
log Po; (atm)
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high frequency elements were essentially independenéalso important in determining cell performance. In this
Fig. 14 illustrates the effect ofd3 on the low, mid and  study, it has been shown that the series resistance of
high frequency contribution to the overall polarisationthe most graded sample was higher than that of both
resistance of sample 4 at 700. The slope of the low other samples tested. This is consistent with previous
frequency element indicates ggﬁ dependence. work [15], in which it was suggested that the increase
in series resistance of a graded cathode containing a
. . . 20%LSM/80%Y SZ layer could be attributed to its poor
4. Discussion and conclusion electronic conductivity, as its composition fell below
Van Herleet al. [20] proposed that three rate deter- ine percolation limit of LSM. This layer therefore only
mining processes can occur within the-DSM-YSZ a5 the effect of increasing the thickness of the elec-
system, each of which can be associated with a differyolyte. Using literature data for the ionic conductiv-
ent frequency response Wltr_un the EIS measuremenfyy, of YSZ [22], it can be calculated that, on average
For the case of non-composite cathodes they proposegtross the temperature range, the increase in series re-
oxygen adsorption (high frequency element), oxygensjstance for sample 4 in this study corresponds to an
dissociation (mid frequency element) and bufk@n  increase in effective electrolyte thickness of AB.
diffusion in the electrode (low frequency element).  Thjs prediction compares well with the estimated thick-
Subsequent work by Murragt al. on composite pess of 2Qum for each sprayed layer, confirming that

cathodes [9], further identified several possible rate; 20061 SM/80%YSZ layer should be avoided.
determining steps associated with arcs at differing

frequencies within their AC impedance data. The au-
thors reported a high frequency response, independent
of Poz and with an activation energy around 1.05 ev, Acknowledgements o _
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