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Abstract. In this study, we report key functional properties of gadolinium-doped ceria (Gdy ;Ce 90195, GDC)
sintered at low temperatures as well as single-cell electrochemical performance of a single-cell prepared there
of. GDC solid solutions were sintered at various temperatures ranging 1100-1400°C and characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM), density measurements, mechanical strength tests and
electrical conductivity measurements. The dry-pressed GDC disc sample sintered at 1100°C was found to have 96%
of the theoretical density and higher sintering temperatures led to higher densities. SEM micrographs of the fracture
and plan surfaces of the sintered discs established the absence of any open pores. The sample sintered at 1100°C
exhibited high electrical conductivity of 0.027 S/cm at 650°C. The mechanical strength of the sintered samples was
determined to be in the range of 150—175 MPa. Greater than 96% of theoretical density, good mechanical strength,
and high electrical conductivity of GDC disc samples sintered at 1100°C established the viability of low-temperature
processing of GDC for its use as an SOFC electrolyte. Accordingly, a single-cell was prepared by co-sintering of
GDC electrolyte and LSCF-GDC cathode at 1100°C and subsequent firing of CuO-GDC anode at 900°C. The

electrochemical performance of the cell was evaluated in H; fuel at 650°C.
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Introduction

Fuel cells are considered to be clean and efficient en-
ergy conversion devices. Among the various types of
fuel cells, solid oxide fuel cells (SOFCs) offer advan-
tages of higher overall efficiency and fuel flexibility
[1]. Conventional SOFCs are based on yttria-stabilized
zirconia (YSZ) electrolyte, which constraints the op-
erating temperature to 800—-1000°C due primarily to
poor ionic conductivity of YSZ at lower temperatures.
Unfortunately, high-temperature operation leads to se-
rious design and long-term materials stability prob-
lems. As well, expensive high-temperature materials
are often required for interconnects and balance-of-
the-plant components. High material cost is a ma-
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jor impediment to widespread commercialization of
SOFCs [2, 3]. In comparison to higher temperature
SOFC based on YSZ-electrolyte, lower-temperature
SOFC offer anumber of advantages including the use of
cheaper materials for interconnects and sealants, lower
degradation problems and less thermal mismatch [4].
For lower-temperature (500-700°C) SOFCs, owing
to low ionic conductivity of YSZ, alternative electrolyte
materials are required. One such class of material is
doped-ceria, which was proposed as solid oxide elec-
trolyte in early 1970s [5, 6]. Doped ceria materials pos-
sess high ionic conductivity over 500-700°C. However,
these materials also exhibit mixed electronic-ionic con-
ductivity, a behavior identified almost three decades
back [6, 7]. Reiss [8] presented a generalized mathe-
matical model for treating the electron and ion trans-
ports in such mixed conductors. In a subsequent paper,
Reiss [9] applied the model to examine the suitability
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of using mixed ionic electronic conductor as solid elec-
trolyte. It was concluded that by operating at close to
maximum power conditions, the performance loss due
to internal electronic currents could be completely sup-
pressed. Later, Reiss et al. [10] and Godickemeier et
al. [11] applied the Reiss model [8, 9] for performance
characterization of fuel cells and electrodes based on
doped-ceria electrolyte.

Among the doped-ceria materials, Gdy ;Ce.9O 95
(GDC), is considered to be most promising as an elec-
trolyte for SOFCs operating over 500-700°C [12]. In
recent years, there has been an increased interest in
examining the sinterability of doped-ceria materials as
well as assessing its relevant properties for utilization
as an SOFC electrolyte [13—15]. For application as a
solid electrolyte, it is desirable that the sintered mate-
rial has a density greater than 95% of the theoretical so
as to preclude open porosity and avoid reactant cross-
over from the anode to the cathode and vice-versa.
The sinter density is influenced by a number of fac-
tors including sintering temperature and time as well as
powder characteristics. El-Halim et al. [16] studied the
influence of calcination temperature of powders used
to form the green sample on the sinter density. They
found that green samples formed with CeO, calcined
at 600°C yielded the highest density. The maximum
sintering density was only 85% theoretical for samples
sintered at temperature as high as 1500°C. The rela-
tively low sinter density can be attributed primarily to
the large particle size of the powder, which were pre-
pared by conventional methods. Green samples formed
by materials of large particle size must be sintered at
high temperatures to achieve density high enough to
eliminate open porosity [17, 18]. Higher sintering tem-
perature usually produces material of higher density;
however, it may also lead to unwanted interfacial reac-
tions during co-sintering of electrolyte and cathode or
anode layers [19]. Furthermore, very high-temperature
sintering can produce micro-cracks; e.g. due to oxygen
liberation as a result of reduction of CeO, to Ce,O3
[20]. Low-temperature sintering can avoid this prob-
lem. The interest in low temperature sintering is also
driven by the need to reduce material processing costs.

Recently, it was reported that the GDC can be sin-
tered at temperatures as low as 900°C with the addi-
tion of transition metal oxides (TMO), which serves
as sintering aids [21, 22]. Although the sintering aids
lower the sintering temperature, it can lead to an in-
creased grain boundary resistance to ionic conduction
[23] likely due to aggregation of the TMO at the grain

boundary as a separate phase. Further, in a study related
to sintering behavior of YSZ [24] it was found that grain
boundary effect due to segregation of silica was further
enhanced in the presence of MnO, (a TMO used as
a sintering aid). The synergistic effect of MnO, and
silica was attributed to the formation of a glass phase.

In addition to high sinter density and high ionic con-
ductivity, it is desirable that the electrolyte membrane
possesses reasonable mechanical strength. Few studies
have reported the mechanical strength of the doped-
ceria samples [25-27]. Little information is available
on the mechanical strength of the GDC samples sin-
tered at low temperatures.

The goal of this study was to investigate the low-
est possible sintering temperature that produced elec-
trolyte membrane of acceptable mechanical integrity,
density and electrical conductivity. The requirement of
low sintering temperature was driven by the need to
allow co-sintering of Lag ¢St 4Cog2FepsO3(LSCF)-
Gdy.1Ce 90195 (GDC) composite cathode and GDC
electrolyte layers.

Experimental
GDC Characterization

GDC powder of crystallite size around 10 nm was ob-
tained from Nextech Materials, Inc., USA. Phase iden-
tification of the as-received powder was performed on
Philips X Pert MPD diffractometer with Co Ko radi-
ation in the range of 30-110° 26. The diffractogram
was analyzed to obtain crystallite size using Scherrer’s
equation based on the intensity of (111) reflection of
GDC. Instrument peak broadening was accounted for
in the reported crystallite size.

The density, mechanical strength and electrical con-
ductivity measurements were conducted on sintered
GDC disc samples. For preparation of disc samples, the
as-received GDC powder was first calcined at 700°C
for 7 h and material sieved through 100 mesh were uti-
lized. The disc samples with 13 and 31 mm diameter
were prepared by uniaxial dry pressing at 200 MPa.
The die set was evacuated during pressing. The ap-
plied load was increased in steps of 30 MPa from zero
to 200 MPa with a hold time of 15 sec at each step.
No binder was added for the preparation of the discs.
The green discs were sintered for 5 h at various tem-
peratures over the 1100-1400°C range. A heating rate
of 1°C/min and a cooling rate of 5°C/min were applied
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to eliminate any thermal stress. Density measurements
of GDC ceramic discs were carried out on an AccuPyc
1330 gas pyconometer (Micromeritics, USA). Tripli-
cate density measurements on each disc sample were
carried out. The level of porosity was further exam-
ined by scanning electron microscopy (SEM) of the
fracture and plan surfaces of the sintered GDC disc
samples. A JEOL JSM 5800 instrument operated at
10 KeV was used for recording SEM micrographs.
Transmission electron micrographs (TEM) of the as-
received GDC powder and the sintered GDC samples
were recorded on Philips 400 T instrument at 120 Ke V.
For TEM analysis of the sintered samples, the sin-
tered discs were crushed into powder, ultrasonically
dispersed in methanol and then dispersed onto formvar
coated copper grids.

The mechanical strength of the sintered GDC discs
was characterized in terms of biaxial flexural strength.
The biaxial flexural strength was measured according
to the ASTM F-394 method. A three-point bend set-up
coupled to a computer controlled Instron 4202R ma-
chine was utilized. Measurements were carried out on
a sintered disc of ~1 mm thickness and ~26 mm di-
ameter. For testing, as-sintered discs were used without
any surface treatment permissible under F-394 method.
Briefly, the experiment involved placing the sintered
disc sample on three stainless steel ball supports as
shown in Fig. 1, followed by application of a known
force at a rate of 0.02 inch/sec perpendicular to the
sample plane. The load at fracture was recorded and
mechanical strength calculated according to formula
specified in the ASTM F-394 procedure.

The electrical conductivity of the sintered discs in
air was measured by a 4-probe two-point ac impedance
method using a Solartron SI 1260 frequency response
analyzer. To ensure a good contact between the plat-
inum wires and the disc, each side of the disc was
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Fig. 1. Schematic diagram of the 3-point bend set-up.

painted with silver paste after they had been polished
and annealed at 700°C for 1 h. Measurements were
made from 0.01 Hz to 5 MHz over temperature rang-
ing 150-700°C at an excitation voltage of 50 mV for
all temperatures and all frequencies.

Single-cell Preparation: For the preparation of a
single-cell, first, a GDC electrolyte membrane was pre-
pared by uniaxial dry pressing of the GDC powder at
200 MPa. Following this, a composite cathode com-
prising 50 wt% each of GdpCe 9095 (GDC) and
Lag ¢Srp4Cop2Feg O3 (LSCF) was applied by slurry
painting on one side of the electrolyte membrane.
The GDC-LSCF cathode slurry was prepared by ball
milling of a mixture of GDC, LSCEF, binder, solvent
and dispersant for 5 h with zirconia balls. The cath-
ode painted GDC electrolyte was co-fired at 1100°C
for 5 h with a heating rate of 1°C/min and a cooling
rate of 5°C/min. Next, CuO-GDC (69 wt% CuO, Alfa
Aesar) anode was slurry painted on the other side of
the electrolyte. The anode slurry was prepared by ball
milling a mixture of CuO, GDC, solvent, binder and
dispersant. The prepared single-cell was subsequently
fired at 900°C for 3 h with heating and cooling rates
of 3°C/min. The thickness of the electrolyte layer af-
ter sintering was ranged from 600 to 750 um. For the
evaluation of single-cell electrochemical performance,
Pt mesh and wire were attached to both the electrodes
with the Pt paste (A4338A, Engelhard). The cell with
an active area of 1 cm” was sealed onto the alumina tube
with silver paste. The current-voltage characteristics of
the cell were measured in the temperature range 600—
650°C with humidified H; (3 vol% H,O) as the fuel and
air as the oxidant. The cell impedance was measured in
the frequency range of 100-0.01 Hz using a Solartron
SI 1260 frequency response analyzer in combination
with Solartron 1287 electrochemical interface.

Results and Discussion
GDC Characterization

XRD Analysis: Figure 2 shows the XRD patterns of var-
ious GDC disc samples sintered at different tempera-
tures. The as-received powder was essentially amor-
phous to X-rays. For the GDC powder treated at
700°C, all the reflections corresponding to fluorite
structure of ceria were observed (JCPDS: 34-394).
The XRD peak broadening in Fig. 2 indicates that
the crystallite size of the calcined powder is small. As
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Fig. 2. X-ray diffraction patterns of various Gdp ;Cep90O;.95 sam-
ples.

expected, the peak broadening decreases with an in-
crease in temperature implying an increase in the crys-
tallite size. The intensities of all the reflections in-
creased with an increase in temperature. The crys-
tallite sizes calculated from Scherrer equation are
reported as a function of sintering temperature in
Table 1.

Density Measurements: The relative densities of the
green discs based on measured dimensions were calcu-
lated to be in the range of 55-60%. These are compa-
rable to the density reported by Zhang et al. [17] who
also prepared green discs by uni-axial pressing to 200
MPa. The density of the sintered discs as a function
of sintering temperature is shown in Fig. 3. For the
Gd,Ce;_,O,_,/> sample the theoretical density can be

Table 1. Crystallite size measurements of GDC samples by X-ray
diffraction.

S.No. Sintering temperature (°C) Crystallite size (nm)
1 As-received 20 (<10)

2 700 99

3 1100 210 (220)

4 1200 230

5 1300 231

6 1400 290 (300)

The values in the brackets are the crystallite sizes estimated from
TEM.
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Fig. 3. Density measurements of various Gdg 1 Ce90Oj.95 samples.

calculated using the following equation:

di = 4/Na2’[(1-x)Mce + xMgg + (2-0.5x)Mo]
1)

where a is the lattice constant of the solid solution at
room temperature, which is equal to 0.5422 nm [28],
N, is the Avogadro number and M refers to the atomic
weight. For the GDC composition used in the present
study x is equal to 0.1, which yields a theoretical den-
sity of 7.21 g/cm’.

In Fig. 3, each data point corresponds to an average
of measurements on 3 disc samples. In the figure, the
dashed line corresponds to what is generally considered
to be an acceptable level of density (>95%) for the use
of sintered sample as an impermeable electrolyte mem-
brane in an SOFC. Clearly, the data indicates that the
theoretical densities of more than 95% can be achieved
by sintering the green discs at temperatures as low as
1100°C. Using similar nano-sized powders, Zhang et
al. [17] reported the density of the sample sintered at
1100°C to be around only 85%. However, they obtained
greater than 99% of the theoretical for samples sintered
at 1250°C. Zhang et al. [17] had also studied the influ-
ence of powder pre-calcination temperature on sinter
density. They found that powders calcined at 700°C
yielded highest sinter density. In the present study, we
had pre-calcined the powder at 700°C as well although
no attempts were made to optimize the calcination tem-
perature. Finally, it may be useful to add that in the
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Fig. 4. Transmission electron micrographs of as-received and 1100°C sintered Gdg.; Ce.9O1 95 samples.

present study, relatively high densities were obtained
without the addition of any dopants. The high density
of the samples is attributed to a combination of at least
two factors—(i) high green density resulting from use
of GDC powder calcined at 700°C and (ii) small crys-
tallite size, which offers large surface area for solid
state diffusion during sintering [29].

Microstructural Analysis: Microstructure of the
GDC powders was investigated by means of trans-
mission electron microscopy whereas that of sintered
samples by scanning electron microscopy. Figure 4
shows the transmission electron micrographs of the as-
received GDC powder and that of GDC disc sintered at
1100°C (TEM was recorded after crushing the disc into
powder). From the figure, the crystallite sizes of the as-
received and 1100°C sintered sample can be estimated
to be <10 nm and ~220 nm, respectively. These crys-
tallite sizes are in good agreement with the crystallite
sizes calculated from X-ray diffraction data. Figure 5
shows the scanning electron micrographs of the frac-
ture surfaces of various GDC samples sintered at differ-
ent temperatures. Figure 5(a) shows the cross-section
of GDC disc sintered at 1100°C. It can be clearly ob-
served in the micrographs that the sample has no cracks
or deformation. Further, no open pores are observed,
although some closed pores are clearly visible. The
scanning electron micrographs of the plan surface of
the sintered samples are shown in Fig. 6. The figure
reveals the grain microstructure as a function of sin-
tering temperature. The average grain size, estimated
from image analyses of 2 micrographs, increased from

~0.25 pum to ~2 pum as the sintering temperature in-
creased from 1100 to 1400°C.

Mechanical Strength: The mechanical strength of
disc samples sintered at various temperatures was eval-
uated in terms of flexural strength. The data is presented
in Table 2. The reported mechanical strength data are
a mean of measurements on 5 samples for each sinter-
ing temperature. The data indicates that the mechanical
strength decreases with an increase in sintering temper-
ature over the range 1100-1300°C. The low mechanical
strength at high sintering temperatures is likely due to
the increased stress concentration in large grains as the
grain size increased when the sintering temperature in-
creased from 1100 to 1300°C. Bellon et al. [27] have
determined flexural strengths for GDC rods and tubes.
They reported flexural strength as high as 220 MPa for
samples sintered at 1600°C. Sameshina et al. [25] have
reported flexural strength of samaria-doped ceria, de-
termined via 4-point flexural method, to be in the order
of 50-80 MPa for samples sintered at 1600°C. Our flex-
ural strength data for GDC sintered over 1100-1400°C
range from 150 to 170 MPa. These values are higher

Table 2. Flexural strength measurements of various GDC samples.

Sintering Average grain Flexural
S.No. temperature (°C) size (um) strength (MPa)
1 1100 0.25 175 £10
2 1200 0.80 155 £10
3 1300 1.10 150 £10
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Fig. 5. Scanning electron micrographs of fracture surfaces of Gdg,;Cep.9O1 95 samples.

than those reported by Sameshina [25] but lower than
those determined by Bellon et al. [27]. In comparison,
the mechanical strength values for sintered YSZ sam-
ples have been reported to be higher than 300 MPa
[30, 31].

Electrical Conductivity: The electrical conductivity
of the sintered samples was determined by impedance
spectroscopy measurements. Impedance spectroscopy
helps to resolve the grain and grain-boundary conduc-
tion as well as the electrode kinetic processes. The re-
sponse of these processes manifests as semi-circles in a
Nyquist plot [32]. Figure 7 shows the impedance spec-

tra of a GDC disc, sintered at 1100°C, in air at various
test temperatures. At the test temperature of 150°C,
Fig. 7 shows three distinct semicircles corresponding
to the responses of grain conduction (80 kHz), grain
boundary conduction (160 Hz) and electrode processes.
As expected, with an increase in temperature the resis-
tances associated with each of the three processes de-
creased drastically. The response of the grain boundary
conduction process was observed at 150 and 200°C.
However, owing to short relaxation time for the grain
resistance, the semicircle corresponding to grain resis-
tance is not observed at 400°C and higher temperatures.
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Fig. 6. Scanning electron micrographs of plan surfaces of Gdg 1Ce 901 95 samples.
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Fig. 7. Impedance spectra of Gdg Ce90Oj .95 sample measured in
air sintered at 1100°C.

Each semi-circular response on the Nyquist plot was
fitted with a simple circuit comprising of a resistance
and capacitance in parallel using the ZView®software.
The capacitance of the grain at 150°C was accordingly
estimated to be 5.8 x 10~!! farads, which compares
well with 107'0 farads reported in another study
[33].

Figure 8 shows the plots of the conductivities of
sintered GDC samples in air as a function of inverse
of test temperature. The data for the samples sintered
at 1100°C are compared with those for samples sin-
tered at 1200 and 1400°C. From the data presented in
Fig. 8, itcan be concluded that the electrical conductiv-
ity of samples sintered at 1100, 1200 and 1400°C are
comparable within the measurement errors. GDC con-
ductivities reported in this work are higher than those
reported by Zhou et al. [33], Dikmen et al. [34], Zhang
et al. [35] but lower than those reported by Steele [12].

The total electrical conductivity can be described
in terms of an Arrhenius-type relationship, wherein
a plot of In (o T) versus 1/T yields a straight line
with slope —Ea/k, provided the activation energy, Ea,
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is independent of temperature. For GDC conductivity,
the plot of In (o T') versus 1/ T usually exhibits two dis-
tinct slopes each at temperatures greater than and lower
than a critical temperature, which has been reported be
as low as 400°C [12] and as high as 583°C [28]. This
temperature corresponds to the dissociation of dopant-
oxygen vacancy complexes [33]. Our data in Fig. 8
corresponds at temperatures greater than 400°C and
expectedly demonstrates a linear relationship without
a curvature as reported elsewhere [36, 37]. The acti-
vation energies of the total conductivity for the sam-
ples sintered at 1100 and 1400°C were estimated to
be 0.66 and 0.71 eV, respectively. These activation en-
ergies are lower than those reported in the literature
[34, 35, 38]. According to Steele [12], the activation
energy for the conductivity of pure GDC is around
0.64 eV. However, low conductivity impurities segre-
gated in the grain boundary region can lead to sig-
nificantly higher overall activation energy in the or-
der of 1 eV. Because the GDC powder used in this
study exhibited activation energies around 0.68 €V, it
is safe to state that the sample is relatively pure. Nex-
tech Materials, Inc., the suppliers of the GDC powder
state that the amount of SiO, present in the GDC sam-
ple, as determined by X-ray fluorescence, is <10 ppm
[39].

The grain and grain boundary (g.b) conductivities
of GDC samples sintered at 1100 and 1400°C are pre-
sented in Fig. 9. In the present study, the grain boundary
resistance disappeared at temperatures above 500°C.
The activation energies for the grain conductivity of
the samples sintered at 1100 and 1400°C are 0.66

1.3 1 Ny o grain 1100°C
A mg.b1100°C
A grain 1400°C
-1.6 + g.b 1400°C
z <« 094eV
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1000/T, K™

Fig. 9. Dependence of grain and grain boundary conductivities of
Gdg.1Ce 901 95 samples as a function of temperature.

and 0.62 eV, respectively, whereas the activation en-
ergies for the grain boundary conductivity are 0.94
and 1.2 eV, respectively. Samples sintered at 1100 and
1400°C have average grain sizes of 0.25 and 2 mi-
crons, respectively. The activation energies of the grain
conductivity for these two samples are close to each
other regardless of the grain size as reported elsewhere
[33].

In a majority of previous literature, the low grain
boundary conductivity has been attributed to the seg-
regation of silica impurity at grain boundary [12, 40,
41]. More recently, Kim and Maier [42] have at-
tempted to explain the grain boundary activation en-
ergy in terms of space-charge potential distributions.
They especially emphasized the importance of this
phenomenon in nano-sized particles. They estimated
the grain boundary activation energy of GDC due to
space-charge distribution to be in the order of 1.5 eV.
Based on the measured activation energy, it appears
that the grain boundary effect for our sample is a re-
sult of the presence of very small concentration of
silica and not due to the space-charge distribution.
It must be re-emphasized that for the level of silica
present in the GDC samples used in this study, the
grain boundary effect is prominent only at low temper-
atures and has minimal impact on the overall conductiv-
ity at temperatures of interest (500-700°C) for SOFC
operation.
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Fig. 10. SEM micrographs of CuO-GDC//GDC//GDC-LSCF single cell.

Performance of Single-Cell SOFC Fabricated
by Low-Temperature Processing

GDC sample sintered at 1100°C has all the key func-
tional properties for the use as an electrolyte for low-
temperature applications—high density, high electri-
cal conductivity and high mechanical strength. To ex-
ploit high sinterability of GDC at 1100°C, a single
cell was prepared by co-firing of the cathode and elec-
trolyte at 1100°C. The electrochemical performance
of the cell was evaluated to study the losses associ-
ated with the electrodes and electrolyte. To character-
ize the porosity and interfacial adhesion of the elec-
trolyte and electrodes, SEM micrographs of the CuO-
GDC//GDC//GDC-LSCF cell were recorded and are
presented in Fig. 10. The SEM micrograph of a com-
plete single cell, with electrolyte and electrodes, is
shown in Fig. 10(a). Figure 10(b) shows the electrolyte-
cathode interface and it may be observed that the cath-
ode layer is porous. Figure 10(c) shows the high resolu-
tion back-scattered SEM micrograph of the CuO-GDC

anode. From the figure, it may be observed that there
is a uniform distribution of CuO (dark and large par-
ticles, which was confirmed by Energy Dispersive X-
Ray Spectroscopy (EDXS)) and GDC particles (small
and bright particles, which was confirmed by EDXS).
Although the distribution is uniform, it is clear that the
CuO particles are significantly larger than the GDC par-
ticles. The large difference in particle size distribution
is expected to result in a smaller number of percolat-
ing triple-phase boundary regions and, thereby, result-
ing in higher electrode polarization. The thickness of
the anode and cathode from the micrographs were esti-
mated to be approximately 60 and 70 pvm, respectively.
For the evaluation of electrochemical performance of
the fabricated single-cell SOFC, humidified H, (3%
H,O balance H;) and air were used as fuel and oxi-
dant, respectively. The impedance spectra of the single
cell were measured under open circuit conditions and
are shown in Fig. 11. The serial or ohmic resistance
(Rs, primarily due to electrolyte) for the cell is 3.1
and 7.5 Ohm-cm? at 650 and 600°C, respectively. The
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Fig. 11. Typical impedance spectra of the CuO-GDC (Hz)
//GDC//GDC-LSCF (air) single cell measured under open circuit
conditions (R = serial resistance).

current-potential characteristics of the cell, measured
at650°C, are shown in Fig. 12. The open circuit voltage
(OCV) was measured to be 0.935 V. This OCV is lower
than the theoretical voltage calculated using Nernst
equation and is attributed to mixed ionic-electronic
conductivity (MIEC) of GDC sample at high temper-
atures because of reduction of Ce** to Ce®* in the
reducing atmosphere. Thus, even at open circuit condi-
tions, both ionic and electronic current flows internally
although the net current is zero. This phenomenon has
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Fig. 12. Current-voltage characteristics of the CuO-GDC (Hy)//
GDC//GDC-LSCEF (air) single cell measured at 650°C.

been observed by other researchers as well as mathe-
matically modeled [8—12, 43]. We calculated the theo-
retical OCV for GDC according to method reported by
Sahibzada et al. [43]:

Vin = Vo = Ji(Ra + Re) 2)

where, V), is the Nernst potential, j; is the ionic leakage
current at open circuit conditions and R, and R, are the
equivalent anodic and cathode polarization resistances.
Under OCV conditions, the electronic leakage current
is equal to the ionic leakage current, i.e. j, = j;. To
calculate the leakage current the following equation is
solved:

1/4
jo = % P(-)
¢ 4RT
L Lew (- rm,rim)
< iR exp (g7 (Vo — ji(Ri + Ra +R)) —1
1 —exp (—F(Ié;TRi))

3)

where, o; is the ionic conductivity of GDC electrolyte,
L is the electrolyte thickness, R; is the total ionic re-
sistivity, P(—) is the partial pressure at which ionic
and electronic conductivities are equal, F is Faraday’s
constant, R is universal gas constant and 7 is temper-
ature. The following correlations for total conductivity
of GDC as a function of temperature for our sample and
that for P(—) reported by Steele [12] were employed:

3042

loglo;] = — +1.6793 4)
3.697 x 10*

log[P(—)] = - +18 &)

The ionic resistance, R;, was approximated as the se-
rial resistance (R, = 3.0 ohms-cm? at 650°C) de-
termined from impedance measurements at open cir-
cuit conditions. The total electrode polarization (R, +
R, = 6.2 ohms-cm? 650°C) was also estimated from
impedance measurement at open circuit conditions. As
a first approximation, the total electrode polarization
was assumed to be equally contributed by anode and
cathode processes, i.e. R, = R, = 3.1 ohms-cm?. The
assumption of equal electrode resistance is not neces-
sarily justifiable given the fact that polarization effects
associated with oxygen reduction reaction at cathode
usually dominates. Further, it must be clarified that the
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total electrode resistance (R, + R.) is a lumped pa-
rameter containing both charge-transfer and concen-
tration polarizations. Furthermore, as indicated in ref-
erences [10, 11] the electrode resistances will vary as
a non-linear function of the external current. As such,
the total electrode resistance value determined from
impedance spectroscopy is valid only for open-circuit
conditions.

The Nernst voltage was calculated to be 1.10 V from
the known partial pressure of oxygen in air on the cath-
ode side and calculated oxygen partial pressure on the
anode side for 97 vol% H,-3 vol% H,O mixture (Po,=
6.23 x 1072 bars). Using an electrolyte thickness of
650 micron, the theoretical OCV was calculated using
Eq. (2) to be 0.946 V at 650°C, which is slightly higher
than the measured OCV of 0.935 V. The difference
between estimated and calculated OCVs is relatively
small and can be attributed to a number of factors in-
cluding possible hydrogen cross-over as well as accu-
racy of P(—) and ionic conductivity values. Nonethe-
less, this simplified analysis allows us to generate a
reasonable estimate of the OCV for fuel cell based on
mixed conducting GDC electrolyte. It is useful to add
that owing to the form of equation, the calculated OCV
is insensitive to how the total electrode resistance is
split into R, and R.. For instance, assuming R, = 0
and R. = 6.2 ohm-cm?, the OCV is calculated to be
0.946 V.

Finally, it is recognized that the maximum power
density of 60 mW/cm? obtained at 650°C is fairly low.
Further improvements in the anode and cathode mi-
crostructure design as well as a reduction in the elec-
trolyte thickness are currently underway to increase the
current and power densities.

Conclusions

Nano-sized gadolinium-doped ceria powder was suc-
cessfully sintered to high relative density (>96%) at
a sintering temperature as low as 1100°C. The electri-
cal conductivity of the sample sintered at 1100°C was
also determined to be reasonably high in comparison to
previously reported data in the literature. Furthermore,
the mechanical strength of the GDC disc sample sin-
tered at 1100°C was determined to be 175 MPa, which
is reasonably high. The single cells prepared by low-
temperature co-firing of GDC electrolyte and cathode
layers were tested successfully at 650°C. The measured
maximum power density was low (60 mW/cm?) imply-

ing that further modifications in the anode and cathode
microstructure and the electrolyte thickness are essen-
tial to improve the performance of the cell.
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