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Solid oxide fuel cell electrolytes are currently manufactured from zirconia. This is due to its
high ionic conductivity and mechanical strength. However, a disadvantage of zirconia is the
high temperatures required for efficient operation, greater than 900°C for cells not utilising
thin supported electrolytes. A study to characterise the properties of an alternative
composite solid electrolyte, based on a gadolinia doped ceria matrix surrounding yttria
stabilised tetragonal zirconia particles is presented. Composite samples produced using 1,
2,5, 10 and 20 wt% zirconia particles were characterised using a range of different
experimental techniques including scanning electron microscopy, transmission electron
microscopy, X-ray diffraction, mechanical testing and impedance spectroscopy. Results
showed a lowering in flexure strength of the experimental composite samples with the
addition of particles. It is considered that the particles acted as regions where cracks could

initiate. © 2003 Kluwer Academic Publishers

1. Introduction

Fuel cells are a promising source of energy for future
generations in terms of reduced environmental impact
compared to other alternatives such as gas-fired power
stations. Currently, solid oxide fuel cells (SOFC’s) with
efficiencies greater than 60% for single systems and
85% for combined heat and power have been manufac-
tured and used for commercial operation [1].

A fuel cell is constructed from a number of prin-
ciple parts including the electrolyte, anode, cathode,
interconnect and auxiliary components. Commercial
SOFC’s utilise a thin (<10 wm), high density, yttria
stabilised zirconia (YSZ) layer as the solid electrolyte
[2-4]. Zirconia is appropriate due to its high oxygen
ion conductivity, low electronic conductivity and good
mechanical properties. However, a disadvantage asso-
ciated with the use of zirconia is that the desired proper-
ties are only available at high operating temperatures in
excess of 900°C, unless thin supported electrolyte de-
signs are utilised. This not only reduces the efficiency,
but also requires auxiliary components to be made from
materials that can withstand these temperatures. This
adds significantly to the SOFC’s total manufacturing
cost. In addition high operating temperatures can lead to
sealing problems between cell components, especially
during the initial heating, if coefficients of thermal ex-
pansion are not suitably matched.

Replacement of the electrolyte with an alternative
material, which does not require the high operating

temperatures of zirconia, could increase efficiency and
reduce the overall manufacturing cost significantly. A
promising candidate as a replacement is doped ceria
[5-7]. Ceria can be alloyed with a number of aliova-
lent transition and rare earth ions to produce ionically
conducting ceramics. Previous research has identified
gadolinium oxide as a particularly appropriate addi-
tion due to the high ionic conductivities achievable.
Gadolinia doped ceria has a significantly higher oxy-
gen ion conductivity compared to zirconia, at a reduced
temperature, making it ideal for use in low and interme-
diate temperature fuel cells. However there are a num-
ber of problems associated with the use of this ceramic.
During operation, degradation of the electrolyte
caused by reduction of ceria from Ce** to Ce** can
occur on the anode side of the electrolyte. This results
in an increased level of electronic conductivity and lat-
tice expansion. Electronic conductivity leads to internal
short-circuiting caused by electron leakage between the
anode and cathode across the electrolyte, and lattice ex-
pansion contributes to mechanical stresses. The sever-
ity of these problems can be decreased by reducing the
operating temperature to around 500°C. This reduces
the electronic contribution of the conductivity to a level
where the overall cell performance is not significantly
affected [8, 9]. If a slightly higher operating tempera-
ture is desired, a thin layer of zirconia can be applied to
the electrolyte, acting as an insulator to electron flow
without significantly effecting the ionic conductivity.
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In addition to the electrical problems associated with
ceria, its mechanical properties are significantly in-
ferior to those of zirconia, with the room temperature
strength of zirconia and doped ceria being 1000 MPa
[10] and 140-180 MPa [11, 12] respectively. The
higher mechanical strength exhibited by zirconia
can be explained by the transformation toughening
mechanism.

Zirconia is most stable in its cubic form, however it
can be partially stabilised in the tetragonal structure by
the addition of small amounts, 3—12 wt%, of stabilis-
ing oxides such as yttria (YT ion). When the tetragonal
zirconia is subjected to an increased tensile stress, such
as that present around the tip of a propagating crack,
the tetragonal to monoclinic phase transformation oc-
curs. This phase transformation is associated with a 4%
increase in volume resulting in the crack tip being put
into compression and the rate of crack propagation be-
ing reduced.

A common method used to improve the mechani-
cal properties of ceramic materials is the addition of
tetragonal zirconia particles thus introducing the trans-
formation toughening mechanism. However, previous
research by the authors suggests that when this ap-
proach is used in doped ceria a significant increase
in the activation energy for ionic conduction occurs.
This was attributed to the formation of a solid solution
[13].

In this paper the effects of adding agglomerates of
tetragonal zirconia particles, to a gadolinia doped ce-
ria matrix, is investigated. It is envisaged that the re-
duced surface area associated with larger particles will
limit the diffusion of zirconia ions into the ceria matrix
thereby decreasing the formation of solid solution and
associated reduced conductivity. A number of compos-
ite samples were manufactured consisting of zirconia
particles surrounded by a gadolinium doped ceria ma-
trix. Different weight fractions of YSZ particles were
added in the range of 1 and 20%.

2. Experimental methods

2.1. Fabrication of ceramic samples

All samples were produced using a 20% gadolinia
doped ceria (Ce( §Gdy 01 9) matrix, manufactured by
Rhodia, surrounding particles of 3 wt% YSZ powder,
manufactured by Daichii. Zirconia particles were pro-
duced by spray drying, prior to calcining at 1300°C fora
duration of 4 hours. 1, 2, 5, 10 and 20 wt% calcined zir-
conia particles were then added to gadolinia doped ceria
and mixed in ethanol using a ball mill for 1 hour. Only
a small amount of zirconia grinding media was added
to the milling vessel. This allowed mixing of the pow-
der without the tumbling action of the balls breaking
the zirconia particles and smaller agglomerates. Mixed
powders were dried under a heat lamp, sieved and then
pressed into 15 mm diameter tablets using a cylindri-
cal die. 1 g of powder was used in the manufacture of
each tablet, resulting in a sample thickness of approxi-
mately 1.1 mm. Samples were cold isostatically pressed
at 150 MPa for 90 seconds prior to sintering. Sintering
was carried out at 1500°C for a duration of 4 hours.
Ramp rates of 3°C min~! were used.
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2.2. Porosity measurements

The porosity of sintered ceramic samples was deter-
mined using a mercury displacement method. This in-
volved measuring the sample weight, m, and the, up-
thrust, u, produced by the sample when submerged in
a denser medium of mercury. True sample volume, not
including pores, was calculated from the sample weight
and theoretical density of the ceramic, p;, obtained
from crystallographic data, using Equation 1. A density
value of 7.295 g cm ™3 was used for Cey gGdg,0; ¢ and
5.83 g cm™ for 3Y-TZP. The total sample volume, in-
cluding pores, was obtained from the sample upthrust
when submerged in mercury, and density of mercury,
PHg, using Equation 2. This can be done since mercury
is unable to fill the pores of the ceramic sample due
to its high surface tension and contact angle with ce-
ramics. Percentage porosity is finally calculated using
Equation 3, from the sample volumes, including and,
not including pores.

m
V= — (D
Ps
u
v, = — 2)
! PHg
. v, —v
% Porosity = - 100% 3)
Vp

2.3. Determination of modulus of rupture
The modulus of rupture of each composite sample man-
ufactured was determined by fracturing circular disks
in the ball and ring test configuration. A slight varia-
tion in surface morphology of samples was observed
and for this reason all samples were polished to a 3 mi-
cron diamond finish to ensure consistency of results.
10 samples were tested for each composite. An Instron
1122 universal testing machine was used to apply a
compressive load to the ball and ring jig, thus fractur-
ing samples. A load cell with a maximum full range
deflection of 500 kg was used to measure loads, how-
ever the full range deflection was reduced wherever
possible to reduce errors. The load and crosshead dis-
placement was recorded using a chart recorder. All tests
were carried out in accordance with the standard test
method for ceramic substrates [14]. Flexure strength,
Omax, Was calculated from the failure load, F', Pois-
son’s ratio, v, specimen thickness, ¢, specimen radius,
R, supportring radius, a, and radius of the section under
maximum stress, b, using Equation 4. An approxima-
tion of b =¢/3 can be made since ¢ is much greater than
the contact radius with the sample surface.

3F(1 +v) [(1 —v)(2a® — b?)
Omax =
4 r? (1 +v)2R?

o (L) +1 )
b

2.4. Impedance spectroscopy
Impedance spectroscopy is essentially a non-
destructive technique that can provide information that



cannot be obtained by other means. It is particularly
useful for the study of mobile charges in ionic,
semi-conducting or insulating solids [15]. This is due
to its ability to resolve the individual contributions of
impedance, from the grain boundary, grain interior
and electrode of a sample. SOFC electrolytes are
oxygen ion conductors and can therefore be studied
using impedance spectroscopy. The use of impedance
spectroscopy to determine the ionic conductivity of
zirconia ceramics was first introduced by Bauerle in
1969 [16].

Impedance spectroscopy was used to characterise
the electrical properties of the composite electrolytes.
The frequency response of the composite materials,
between 10! and 107 Hz, was monitored using a
Solartron 1260 Gain Phase Analyser. 20 readings per
decade on a logarithmic scale were taken using a DC
potential of OV and AC amplitude of 1000 mV. Com-
plex plane plots, real impedance Z' versus imaginary
impedance Z”, were constructed from the raw data us-
ing Solartron software “Z-plot’. Values for the sample
resistance were obtained using the circle fitting option
on Z-plot. This facility allows a circle of best fit, corre-
sponding to the characteristic semicircle produced by
the frequency response of the sample, to be drawn on
the complex plane plot. The diameter of such a circle
is directly proportional to the sample resistance, thus
allowing this value to be estimated. Previously mea-
sured sample dimensions were subsequently used to
calculate the sample conductivity from the resistance
using Equation 5, where, r, equals resistance, ¢, equals
thickness and, a, equals the electrode area.

UZM (5)

Impedance measurements for each sample were re-
peated every 50°C in the temperature range of 500
to 750°C. The measurements of sample conductivity
at each temperature were then used to obtain a value
for the activation energy for ionic conduction using
Equation 6 [17, 18].

—AH, —AE,
aT:AUexp[ RT ]:Agexp[ T ] (6)

Equation 6 relates the sample conductivity, o, at tem-
perature, T, to the process enthalpy, AH, (J), or en-
ergy, AE, (eV). A, is a pre-exponential factor which
contains several terms including the number of mobile
ions involved in the conduction process.

2.5. Scanning electron microscopy

Fracture surfaces, produced during biaxial fracture
strength measurements, were examined in a Jeol 6310
scanning electron microscope (SEM). Compositions
containing a range of weight fractions of zirconia par-
ticles were examined. An Edwards sputter coater was
used to deposit a thin layer of gold on the surface of
each sample in order to prevent charging.

2.6. X-ray diffraction
Sintered samples were analysed using X-ray diffrac-
tion. A Phillips PW1730/00 X-ray diffractometer, emit-

ting copper K, radiation, was used to produce diffrac-
tion patterns in the 2-thetarange of 25-65 degrees. Sam-
ples were scanned at a rate of 0.5 seconds per step with
a step size of 0.02 degrees.

2.7. Transmission electron microscopy

The ceria/gadolinia composite containing 5% zirconia
particles was examined using transmission electron mi-
croscopy (TEM). Samples were prepared in the form
of 3 mm diameter disks that were dimpled in each side
prior to ion beam thinning.

3. Results and discussion
The conductivity of the composite samples was deter-
mined using impedance spectroscopy. Impedance data
is presented in the form of complex plane plots, real
impedance, Z’, versus imaginary impedance, Z”. An
idealised complex plane plot for a ceramic material
is shown in Fig. 1 with its corresponding equivalent
electrical circuit. The diagram consists of a number of
semicircles along the real impedance axis, each repre-
senting the grain interior, grain boundary, and electrode
resistances respectively. Complex plane plots obtained
for the composite samples, Fig. 2a—d contain only one
semicircle, followed by a line of positive gradient at
approximately 45 degrees. This indicates that the con-
tributions of the sample resistance from the grain in-
terior and grain boundary cannot be resolved. This is
a likely consequence of the relatively high tempera-
tures employed, the measurements having been taken
at, 500-750°C. Fig. 2e shows a labelled complex plane
plot. As no useful data can be extracted from the fre-
quency response of the electrode a number of readings
were taken over a reduced frequency range. This in-
creased the clarity of the figures without compromis-
ing the data contained within them. It should be noted
that the size of the semicircles decrease with increasing
temperature.

Plots of conductivity versus composition for the sam-
ples at each temperature between 500 and 750°C is
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Figure 1 Idealised complex plane plot and equivalent circuit for a
ceramic material.

1415



-100000

-75000

Z..
g
s

-25000

0 25000 50000 75000 100000
7z

T=500—750°, frequency range 10’—10"1Hz
(@ 1%

-100000

-75000

N -50000

-25000

0 L L
o 25000 50000 75000 100000

z

T=500—550°, frequency range 107—10"'Hz
T=600—750°, frequency range 10’—10°Hz

) 5%

-100000

75000

N -50000 |-
25000 -
0 ] ] ] ] 1 ] ]
0 25000 50000 75000 100000

7

T=500—650°, frequency range 107—10"'Hz
T=700—750°, frequency range 10’—10°Hz
(d)y 20%

-100000

-75000

N -50000 —

-25000

o Il L L L L L Il
o 25000 50000 75000 100000

z

T=500—750°, frequency range 10’—10°Hz
(b) 2%

-100000

-75000

N -50000

-25000

0
0 25000 50000 75000 100000
Z
7 -1
T=500—600°, frequency range 10'—10 Hz
. 7 4
T=650—750°, frequency range 10'—>10"Hz
(dy 10%
-100000
r Data from fitted circle
Estimated R{chms): 75772
75000 Estimated C(farads): 1.8208E-11
N -50000
Electrode
o Semicircle due to sample
-25000 + 15,849Hz
Fitted circle
10,000,000Hz
0 ] ] ] 1 ] ]
0 25000 50000 75000 100000

2
(e} Example of data analysis

(Z decreases as T is increased)

Figure 2 (a—e) Complex plane plots for composite samples.

shown in Fig. 3. The same trend, of a decrease in con-
ductivity with addition of zirconia, is repeated over the
specified temperature range. Previous research [13], al-
beit with higher proportions of zirconia with smaller
particle sizes thus resulting in a more homogeneous
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distribution of zirconia within the ceria, exhibited a re-
duction in conductivity. This was found to be due to the
formation of a solid solution, suggesting that a similar
reaction may be occurring within the present composite

samples.
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Figure 3 Conductivity versus composition for composites in the temperature range 500 to 750°C.

Values of activation energy for ionic conduction can
be obtained from the Arrhenius equation described ear-
lier. A plot of In(conductivity x T) versus 1/T is given
in Fig. 4. Linear regression lines have been fitted to
each set of data, the gradient of which are directly pro-
portional to the activation energy for ionic conduction.
Correlation coefficients, R, are all >0.9895 indicating
a very good fit. Calculated activation energies for ionic
conduction are given in Fig. 5. It is apparent that all
values lie in the range 0.88—1.07 eV. These values are
within the range that would be expected, considering
experimental variations and errors.

X-ray diffraction patterns obtained from the sintered
ceramic samples are shown in Fig. 6, with the char-
acteristic peaks labelled. All peaks identified could be
correlated with standard crystallographic data from the
CeO,, Gd,03 or tetragonal-ZrO, patterns. This sug-
gests that no additional compounds formed by reac-
tion between the components, or that any impurities
are present within the samples. It should be noted that

In(Conductivity*T)
o
w

1909
154 5%

1% y=-12361x+ 14.891 R®=0.9895
y=-12420x + 14.477 R =0.9901
y=-10935x + 12.646 R =0.9966
10% y=-10262x+11.311 R°=0.9993

all patterns have been normalised to 100, relative to the
sum of the intensities of the CeO, (111) and ZrO, (111)
peaks. A plot of the normalised intensity of the ZrO,
(111) peak versus % 3Y-TZP particles is given in Fig. 7.
The relationship is linear with a correlation coefficient
0f 0.9916, however the normalised peak intensity is not
equal to the percentage of zirconia present. This is a
likely consequence of differences in mass adsorption
coefficient of the two oxides due to their different rela-
tive atomic masses. It should be noted that even when
the proportion of zirconia within the sample is as lit-
tle as 1% the zirconia (111) peak is still resolvable,
suggesting that the majority of zirconia particles have
remained as particles and not dissolved into the ceria
to form a solid solution.

The fracture strength of the composite samples was
determined using bending tests in the ball and ring con-
figuration. A plot of fracture strength versus composi-
tion is shown in Fig. 8. Each point represents the mean
fracture strength of 10 samples tested and error bars
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Figure 4 Arrhenius plots for experimental composites containing 1, 2, 5, 10 and 20% yttria stabilised zirconia.
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Figure 6 X-ray diffraction patterns for each composite sample.
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Figure 8 Fracture strength versus weight percentage zirconia particles added to sample.

Figure 9 Fracture surface of gadolinia doped ceria composite matrix.
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Figure 12 Fracture surface showing cross section of zirconia particle.
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show 1 standard deviation. From the figure it is appar-
ent that the addition of zirconia results in a decrease in
fracture strength up to approximately 5%, after which
the fracture strength remains constant. It is interesting
to note that a decrease in the standard deviation also oc-
curs with increasing zirconia content. This result sug-
gests that the zirconia particles are acting as points of
stress concentration where cracks can initiate. How-
ever, particles also have the ability to reduce the rate of
crack propagation by acting as crack stoppers. This may
well be a likely explanation for the plateau at zirconia
concentrations above 5 wt%.

An SEM micrograph of a typical fracture surface
is shown in Fig. 9. A small amount of porosity is visi-
ble distributed evenly throughout the surface. Measure-
ments on the samples indicated porosities up to 10%.
Areas of very high porosity are shown in Fig. 10, this
indicates incomplete sintering and may be a result of
the presence of a zirconia particle. A small agglomer-
ate consisting of several zirconia particles, exposed by
specimen fracture, is shown in Fig. 11. The majority of
the particles appear to be intact and it is interesting to
note the void present around each particles perimeter.
Fig. 12 shows a spray dried particle fractured across its
central region. The particle appears to have formed a
good bond between itself and the ceria matrix. A large
void is visible in the centre of the particle, this originates
from when the particle was formed during spray drying.
An example of the various types of porosity identified
within the samples is given in Fig. 13. Porosity simi-
lar to that observed adjacent to the zirconia particles is
visible, (A), in addition to green porosity, (B), originat-
ing from when the sample was in the green state. As
the only difference between samples was the number of
zirconia particles, the features described were present
to a certain degree in all samples.

In addition to SEM a number of samples were pre-
pared for transmission electron microscopy. TEM ex-
amination of the samples did not reveal the presence of

Figure 14 TEM micrograph of gadolinia doped ceria showing grain
sizes and grain boundaries.

any zirconia particles. It is highly probable that these
would not have survived intact in the TEM specimens
during the sample preparation procedure due to (i) the
relatively large size of the zirconia particles and ag-
glomerates in comparison to the TEM sample thickness
and (ii) the high porosity and voids present around the
parameter of the particles. Despite this, micrographs
were obtained which show a number of interesting fea-
tures within the ceria/gadolinia matrix.

Figs 14 and 15 show a selection of uniformly sized
ceria grains. No precipitates were observed within the
grain boundaries, as would be expected from earlier
X-ray diffraction results. A spotty effect can be seen

Figure 13 Fracture surface showing different types of porosity identified in sample.
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Figure 15 TEM micrograph of gadolinia doped ceria showing grain
sizes and grain boundaries.

Figure 16 TEM micrograph of gadolinia doped ceria showing a number
of fringes along a grain boundary, caused by diffraction of the electron
beam.

on some of the grains, especially those in Fig. 15, this
is likely to be a result of damage caused by ion bean
thinning and may well suggest the presence of inter-
stitial argon in the sample although this has not been
verified. A high magnification micrograph of a grain
boundary showing diffraction induced grain boundary
thickness fringes is shown in Fig. 16. It is apparent that
the grain boundaries are ‘clean’, that there is no crys-
talline second phase present and that if there is a glass
phase present it is very thin. Fig. 17 shows the presence
of grown in dislocations in a large grain.
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Figure 17 TEM micrograph of gadolinia doped ceria showing disloca-
tions within a grain.

4. Conclusions

This study has demonstrated that rather than increasing
strength, the addition of spray dried zirconia particles
to a gadolinia doped ceria matrix in fact reduces it.
Examination of the composites using a SEM identi-
fied areas of high porosity and the presence of cracks
around the edges of particles. It is believed that the re-
duction in strength is a consequence of the initiation and
propagation of cracks from these areas. A reduction in
conductivity with the addition of zirconia particles was
also observed in results obtained from impedance spec-
troscopy and is consistent with the formation of a solid
solution. In addition, the following general conclusions
can be drawn:

1. The frequency response of the composite samples,
in the temperature range of 500 to 750°C, consisted of
only one semicircle on the complex plane plot, suggest-
ing the grain interior conductivity is dominant. Exami-
nation using TEM showed clean grain boundaries with
no precipitates visible.

2. Activation energies for ionic conduction did not
vary significantly between samples of different compo-
sition.

3. X-ray diffraction patterns produced from sintered
composite samples all contained the ZrO, (111) peak,
even at 1 wt% ZrO, concentration, suggesting that the
particles had undergone only limited dissolution into
the doped ceria matrix. The relationship between the
intensity of the ZrO, (111) peak on each x-ray diffrac-
tion pattern obtained, and the wt% of zirconia particles
in the matrix is linear.

4. Decreases in fracture strength were observed as
the proportion of zirconia in the sample increases and
reaches a plateau at additions of 5 wt% or greater.
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