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Porous samples of Sm,03;-doped CeO-, (samaria-doped ceria, SDC) of composition Smg 15Ceog50,_s were
made by conventional ceramic processing and sintering in air at 1400 °C. Crystal structure and microstruc-
ture of the samples were characterized, respectively, by X-ray diffraction (XRD) and scanning electron
microscopy (SEM). Electrical conductivity was measured using a four probe DC method over a temper-
ature range from 200°C to 800°C, and over a wide range of oxygen partial pressures corresponding to
testing in oxygen and in nearly dry hydrogen. Conductivity rapidly stabilized at any given temperature

I;g;r/xlosrds: consistent with the attainment of thermodynamic equilibrium corresponding to the imposed conditions.
Ceria At and below 300°C, the conduction was predominantly due to oxygen ion transport. At and above

Conductivity 400°C, however, significant electronic conduction occurred in reducing atmospheres. The ionic transfer-
SOFC ence number of SDC at 400°C in hydrogen is only ~0.4. This result shows that the electrolytic domain
Electrodes of SDC at and above 400°C is rather narrow. These results also suggest that SDC (and possibly other
Electrolyte rare earth oxide-doped CeO,) is not a suitable electrolyte without a thin electron blocking layer such as

yttria-stabilized zirconia (YSZ).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Much of the current development of solid oxide fuel cells (SOFC)
is based on yttria-stabilized zirconia (YSZ) as the electrolyte which
exhibits ionic transference number near unity over wide tempera-
ture and oxygen partial pressure ranges. Rare earth oxide doped
ceria (RDC) is an excellent oxygen ion conductor. Its ionic con-
ductivity is typically two or three times that of yttria-stabilized
zirconia (YSZ) at a given temperature, and thus is of interest for
low to intermediate temperature SOFC (500-700°C)[1-17].RDC at
low oxygen partial pressures and at high temperatures, however,
becomes a mixed ionic electronic conductor (MIEC) [1,18-20]. Cat-
alytic and electro-catalytic properties of undoped ceria and RDC
have also been extensively investigated. In a porous form, RDC
mixed with nickel is a candidate for the anode functional layer
of an SOFC. Similarly, RDC mixed with perovskites such as Sr-
doped LaCoO3 (LSC), Sr-doped LaMnOs (LSM), Sr-doped LaFeO3
(LSF), etc. are also known to be candidates for the cathode func-
tional layer. Thus, RDC is a constituent in all three components
in low to intermediate temperature SOFCs and it is important to
determine its transport properties as a function of temperature and
atmosphere. For application as an electrolyte, an ionic transference
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number close to one is necessary. For application as a constituent
in the electrodes, mixed ionic-electronic conducting properties are
beneficial.

There is extensive literature on the measurement of transport
properties of RDC as a function of temperature and oxygen partial
pressure and its potential use as a constituent in SOFC [1,18-22].
Much of the reported work on the measurement of conductivity
of RDC is on fully dense samples or on samples sufficiently dense
with negligible contiguous porosity [15,17,20-23]. Typical thick-
ness of samples used in such measurements is ~2 mm. The design
of electrolyte and electrodes used in SOFC is typically based on such
measurements made on dense samples. At low temperatures in air,
such measurements indicate that RDC is a predominantly oxygen
ion conductor with negligible electronic conductivity. However,
at low temperatures, even if the oxygen ion conductivity of RDC
may be quite high, the chemical diffusion coefficient of neutral
oxygen, which is proportional to the product of ionic and elec-
tronic conductivities, is rather low. This means the equilibration
of a fully dense sample of a typical thickness (~2 mm) with the
imposed atmosphere, whose kinetics is dictated by the chemical
diffusion coefficient of oxygen, is very sluggish. Suppose for exam-
ple the chemical diffusion coefficient of oxygen through RDC is Dy
at a given temperature and in a given atmosphere. For a sample of
thickness 2d, the time required for sample equilibration with the
imposed atmosphere to occur will be t~d?/D. For an assumed Dy
of 10~7 cm? s~! at 500°C, the time required for the equilibration of
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Fig. 1. (a) A schematic of the equilibration kinetics in a dense sample. The diffusion distance is given by x~
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Dt where D is the chemical diffusion of the diffusing species

(e.g., oxygen). (b) A schematic showing the equilibration kinetics in a porous sample of the same external dimensions as the dense sample. The process involves gas phase
diffusion within the porous interstices and solid state diffusion within the particles. Gas phase equilibration occurs rapidly due to the high effective gas phase diffusivity
(~0.1cm?s~'). Rapid solid state diffusion occurs due to the small particle size. (c) A schematic of the samples used for the four probe DC conductivity measurements.

a 2mm thick sample is ~10° s; that is ~28 h or over a day. Rarely
are experiments conducted for more than a few hours of equilibra-
tion. This means often equilibration of the sample with the imposed
atmosphere may not occur over the duration of the experiment. The
lower the temperature, the lower is the D, and the longer will be
the time required for equilibration. If the kinetics are extremely
sluggish, stable values of conductivity may be observed. However,
stable values in such cases are representative of metastable condi-
tions and do not correspond to the thermodynamically equilibrated
state. Thus, reliable measurements corresponding to thermody-
namically equilibrated conditions can only be made on dense
bulk samples ~2 mm thick at sufficiently high temperatures. For
RDC, this temperature is probably about 600°C or may be even
higher.

The objective of the present work was to explore the use of
porous samples instead of dense samples for the measurement of
transport properties of RDC. If a porous sample is used for con-
ductivity measurements, gas transport through the sample will
generally be very rapid. Suppose the open (contiguous) porosity
in a porous sample is ~30%. Typical effective gas diffusivity of air
through a porous sample, estimated using the binary 0,-N, diffu-
sivity [24], porosity, and tortuosity is ~0.1 cm?2 s~1. Thus, in a porous
sample of 2 mm thickness, gas phase equilibration will occur in
(0.1)2/0.1 or in ~0.1s. Suppose now that the particle size in the
porous sample is ~2 wm. Equilibration of composition in the solid
phase of the porous sample corresponding to the imposed gas phase
will occur in ~(1 x 1074)2/10~7 or in ~0.1 s. That is, the solid phase
in a porous sample of 2 mm thickness will equilibrate a million
times faster than a dense sample of the same external dimensions
(~2mm). Since the equilibration of a gas phase in porous inter-
stices of porous samples and compositional equilibration within
the particles of the porous sample by solid state diffusion are
sequential/concurrent steps, the overall time required for ther-
modynamic equilibration of a porous material with the imposed
atmosphere may only be a fraction of the time required for bulk,
dense samples. This orders of magnitude difference between the

kinetics of equilibration of dense and porous samples is schemati-
cally depicted in Fig. 1(a) and (b).

The preceding shows that the equilibration of a porous sample
with the atmosphere can occur in a reasonable time, which is often
not possible on a dense sample. Properties of fully dense materials
may then be estimated using the measured values on porous sam-
ples provided appropriate geometric factors which can relate the
conductivity of the porous sample to the corresponding dense sam-
ple, are known. Such geometric or correction factors depend upon
volume fraction porosity and morphology of the solid phase within
the porous body such as the particle size and the inter-particle neck
size [25]. If the inter-particle necks in a porous body are relatively
wide, a simple correction factor based solely on the volume frac-
tion porosity may be used [25]. Alternatively, if the morphological
features such as the particle size and the inter-particle neck size
are accurately known, and if the inter-particle necks are narrow,
the conductivity of the porous sample can be related to that of the
corresponding dense sample by the use of a geometric parameter
derived using these parameters [25]. The estimation of such cor-
rection or geometric factors requires a thorough characterization
of the microstructure.

It is important to have accurate information on the conduc-
tivity of dense samples under thermodynamically equilibrated
conditions. This is because dense membranes typically used in
many electrochemical devices may eventually equilibrate with
the atmosphere in the actual device application over the long
duration in service. For example, solid electrolytes several tens
of microns thick may equilibrate with the imposed atmosphere
over hundreds or thousands of hours of operation. If the design
of such devices however is based on measurements made on
bulk dense samples, which only give the initial values under non-
equilibrated conditions, the predictions of long term performance
made using such measurements may likely be inaccurate. Measure-
ments made on porous samples, and corrected using appropriate
geometric factors to obtain the corresponding properties of dense
samples, on the other hand provide a way to estimate properties
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of dense materials necessary for use in actual devices such as an
electrolyte in SOFC. Additionally, the measurement of conductiv-
ity on porous bodies is important in its own right since electrodes
are porous and rapidly equilibrate with the imposed atmosphere.
Thus, measurements made on porous samples can be directly used
for the design of SOFC electrodes. This was the principal motivation
for the present study. The experimental procedure used, the results
obtained and the discussion of results are given in the following
paragraphs.

2. Experimental procedure

Samaria-doped ceria powder of composition Smg 15Ceg50,_s
(SDC) was obtained from fuel cell materials. The reported sur-
face area of the SDC powder was 40 m2 g~1. The SDC powder was
mixed with carbon powder (HTW, Sigradur K-spherical powder
~10-20 wm in diameter) and ethanol with ethylene glycol added
as a binder. Zirconia milling media were then added and the mix-
ture was ball milled for 12 h. The milling media were subsequently
removed from the jar, the mixture was placed in a beaker, and
heated on a hotplate to evaporate away ethanol. The dried pow-
der was then dry milled. Rectangular, bar-shaped samples were
formed by uniaxial pressing. Samples were sintered in air at 1400 °C
for 2 h. The approximate dimensions of the sintered samples were:
4.5cm x 1cm x 2 mm. The porosity of the samples was measured
using a fluid immersion method with water as the fluid. Fracture
surfaces of the sintered samples were examined on a scanning elec-
tron microscope (SEM).

Platinum stripes were painted using platinum paste on the sam-
ples in a four probe configuration. The distance between the inner
stripes was 2 cm while that between the outer stripes was 4cm.
Platinum wires were connected to the four stripes. Fig. 1(c) shows a
schematic of the samples used for four probe DC conductivity mea-
surements. In a typical experiment a sample with four platinum
wires connected was placed inside a tubular furnace equipped with
end fixtures and feed-throughs. The wires attached to the outer
probes were connected to a Keithley 6517A electro-meter (which is
also a DC power supply) and the wires attached to the inner probes
were connected to a Keithley 2100 multi-meter. Data collection
was accomplished using a laptop computer and LabView software.

Conductivity was measured over a range of oxygen partial pres-
sures achieved using various gas mixtures: (a) ultra-high purity
hydrogen, (b) ultra-high purity argon, (c) 10% 05 +90% N, (d) air,
and (e) pure O;. An oxygen sensor (CoorsTek) was used to measure
the Nernst voltage of the atmosphere in the furnace referenced
to air. The corresponding oxygen partial pressures in the furnace
near the sample were estimated. Conductivity measurements were
made over a temperature range between 200°C and 800°Cin 50 or
100° intervals during heating as well as during cooling.

3. Results and discussion

The typical measured porosity of the samples was ~45%. Fig. 2(a)
shows an SEM micrograph of a typical sintered sample. Fig. 2(b)
is a higher magnification SEM image of the sample showing the
morphological details. The typical particle size within the sample
isonthe order of 5 pwm. Individual particles contained several grains
of ~1-2 wm in size. The SEM image also shows that inter-particle
necks are well developed in this sample. If the inter-particle necks
are sufficiently wide, the relationship between the conductivity of
a fully dense sample, 0 gepse, the conductivity of the porous sample,
o, and the volume fraction porosity, V,, is simply given by [25]

o
Odense ~ () (1)

Fig. 2. (a) An SEM micrograph of a porous SDC sample. The volume fraction porosity
is ~0.45. (b) A higher magnification SEM micrograph showing the morphology; the
particle size and the inter-particle neck size.

A more accurate relationship between particle size, neck size,
volume fraction porosity, conductivity of particles, and the con-
ductivity of the dense body is given in [25]. If the necks are narrow
(poorly sintered materials), it is necessary to use the more accu-
rate equation [25]. In the present work, for the sample whose SEM
image is shown in Fig. 2(b), the simple relation is satisfactory. Thus,
the conductivity values of dense samples can be readily estimated
from measurements made on most of the porous samples in the
present work. In this work, only the conductivity values of porous
samples are reported.

Fig. 3 shows the measured conductivity of a porous SDC sample
by a four probe DC method over the temperature range between
250 and 800°C in humidified hydrogen, plotted vs. time during
the experiment. This particular sample did not have well devel-
oped necks. Thus, it is expected that the more accurate correction
factor given in [25] will be needed to obtain the corresponding con-
ductivity of a dense sample. This correction factor is higher than
1/(1 -V,) given in Eq. (1) [25]. The profound effect of morphol-
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Fig. 3. Conductivity of a porous SDC sample measured by a four probe DC technique
in humidified hydrogen over a temperature range from 250 °C to 800 °C. Measure-
ments were made during cooling and heating. Conductivity rapidly equilibrated
even at the lowest temperature of 250°C. Also, conductivity at a given tempera-
ture was the same during both cooling and heating. The spike at 250°C is due to
temporary malfunction of the recording instrument.

ogy on conductivity has been discussed in detail in Ref. [25]. The
purpose of this experiment to determine if rapid equilibration can
be achieved using a porous sample. In this experiment, the sample
was initially heated to 800°C and its conductivity was measured.
Measurements thereafter were made at 600 °C, 400°C, and 250°C
during cool down. For each measurement, the sample was main-
tained at a given temperature for a sufficient period of time to
ensure that stable values of conductivity were recorded. The sam-
ple was subsequently heated and measurements were again made
during heating to 800 °Cin 50° intervals. These data are also shown
in Fig. 3.

Two observations can be made based on this experiment. (a) The
conductivity rapidly equilibrated once the sample reached a given
temperature. For example, as the temperature was lowered from
800°C to 600°C, the conductivity decreased from ~0.02Scm™! to
~0.004Scm™!, and then remained constant. The time dependence
of the decrease in conductivity coincided with the rate of change
of the sample temperature. Once the temperature reached 600 °C,
no further change in conductivity occurred. This observation indi-
cates that rapid equilibration of the sample conductivity occurred
under the imposed atmosphere. The observation that stable val-
ues were obtained at the lowest temperature (250°C) at which
measurements were made on this sample also indicates that solid
state equilibration (by oxygen chemical diffusion) was sufficiently
rapid even at such a low temperature due to the small diffusion dis-
tance in the sample containing micron size particles. That is, much
of the time required for equilibration to occur at a new tempera-
ture was the time required for the sample temperature to stabilize
to the new value. Approximate time required for equilibration to
occur in the sample containing ~5 pm size particles at the lowest
temperature of 250 °C from Fig. 3 is ~10 min. The estimated chem-
ical diffusion coefficient of oxygen thus is (2.5 x 10~4)2/(10 x 60)
or Do ~ 1071 cm? s-1.No independently measured data on the
chemical diffusion coefficient of oxygen in SDC at such a low tem-
perature are available. The present measurements however show
that even with such low values of the chemical diffusion coeffi-
cient, rapid equilibration is expected in porous samples. A dense
sample of 2 mm in thickness, on the other hand, would require 3
years to equilibrate. Thus, any stable values observed in short term
experiments (a few hours)would be indicative of metastable condi-
tions, and not equilibrated conditions. (b) Measurements at 800 °C,

T T T . T y T * T % T . T
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Fig. 4. Estimated oxygen partial pressure as a function of temperature in hydrogen.
Above 300°C, the estimated oxygen partial pressure at a given temperature is about
the same during cooling and heating.

700°C, and 600 °C made during both cooling and heating show that
identical conductivity values were obtained at any given tempera-
ture. This observation also shows that the sample truly equilibrated
with the atmosphere. Thus, the present measurements represent
the true values of conductivity of the porous sample under equili-
brated conditions.

Fig. 4 shows the estimated oxygen partial pressure in the hydro-
gen feed gas near the sample in the furnace as a function of
temperature obtained from the measured sensor voltage. Depend-
ing upon temperature, the oxygen partial pressure measured in
pure hydrogen by the oxygen sensor ranged between ~10-52 and
~10725 atm. At any given temperature, the pO, was high enough
to ensure the thermodynamic stability of YSZ in the sensor. A sig-
nificant drift in the measured sensor voltage was observed at the
lowest measurement temperature of 200 °C reflecting a drift in the
estimated oxygen partial pressure. Thus, the accuracy of the oxygen
partial pressure measurement at such a low temperature is prob-
ably not good. The horizontal broken lines in Fig, 4 however show
that at 300 °C and above, the estimated oxygen partial pressure at a
given temperature is approximately the same during both cooling
and heating. Thus, it was assumed that sensor response is accurate
above 300°C. The estimated oxygen partial pressures from the sen-
sor voltages should correspond to a certain pH,/pH,O ratio. Using
the calculated pO, from the measured sensor voltages and using the
Ellingham diagram [26], the corresponding pH,/pH,O ratios were
estimated over the temperature range from 300°C to 800°C. The
estimated pH,/pH,O0 ratio at 300, 600, 700, and 800 °C was about
2 x 103 or pH,0 ~5 x 10~4 atm. The estimated value of pH,0 at 400
and 500°C was ~5 x 103 atm. This variation is believed to be due
to some experimental scatter. Itis also possible that there may have
been leaks in the fixtures allowing some air in thus raising the H,O
content. It is thus concluded that the pH,O0 in the hydrogen gas
circulated was approximately in the range 5 x 10~4-5 x 10~3 atm.
Such a low value of pH,O0 is consistent with the reasonably dry Hy
used in the experiment.

Fig. 5 shows the plots of log(conductivity) vs. log(oxygen par-
tial pressure) over the temperature range from 200 to 800°C.
These data were obtained on another sample. This sample
had well-developed inter-particle necks. The representative SEM
micrograph is given in Fig. 2. Thus, the correction factor of 1/(1 —
V) givenin Eq. (1) is considered satisfactory. The broken lines show
the minimum conductivity values at a given temperature. From
Fig. 5, at 800 °C in air, the measured conductivity is ~0.024Scm~1.
The volume fraction porosity of this samples was ~0.45. Thus, the
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Fig. 5. Conductivity as a function of oxygen partial pressure over a temperature
range from 200 °C to 800 °C. These data were obtained on another sample. Represen-
tative SEM micrographs are given in Fig. 2. The horizontal broken lines correspond
to the ionic conductivity. Higher total conductivity at lower oxygen partial pres-
sures is due to the contribution from electronic conduction. Significant electronic
conduction occurs at 400°C (and above) in hydrogen. The oxygen partial pressure
dependence of electronic portion of the conductivity is given by oejec « pazl/ 4 The
inset shows a line with a slope of —1/4.

estimated value of conductivity of a fully dense sample would be
~0.043Scm™'. This value is in reasonably good agreement with
many reported data on SDC in air at 800 °C.

The oxygen partial pressure given on the x-axis is as estimated
using the oxygen sensor voltage. The oxygen partial pressures at
200°C are probably not accurate. At any given temperature, the
data point corresponding to the lowest pO, is that corresponding
to the conductivity measured in dry hydrogen. As stated above,
this corresponds to pH,O approximately between 5 x 10~4 and
5 x 103 atm. Since the pH,0 is much higher than pO, in the atmo-
sphere, it is assumed that pH,O/pH; ratio essentially fixes the pO,
at any given temperature. Thus, the higher the temperature, the
higher is the pO,, which ranges is between ~10-52 atm at 200°C
and ~10-2% atm at 800°C [26]. At the lowest measurement tem-
perature of 200°C, the conductivity is essentially independent of
pO- (actually it somewhat decreases with decreasing pO,, which
may be related to some scatter). At 300 °C, the conductivity slightly
increases with decreasing pO,. At 400°C and above, the conduc-
tivity clearly increases with decreasing pO,. Also, the increase in
conductivity with decreasing pO, occurs at progressively higher
pO, at higher temperatures, in accord with the considerable liter-
ature on RDC which shows that the electrolytic domain narrows as
the temperature increases [1,20].

The increase in conductivity at low pO, is thus due to elec-
tronic conduction. At any pO,, at a given temperature, the difference
between the broken straight line and the bold curved line in Fig. 5 is
ameasure of electronic conduction. At 800 °C, significant electronic
conduction occurs at values of pO; less than about 10-10 atm. The
typical pO, in ‘dry’ hydrogen as a fuel at 800°C is ~10~2% atm. At
this pO, and temperature, the electronic conductivity is about 15
times the ionic conductivity. This is of course well known and thus
RDC s not a suitable electrolyte for SOFC at 800 °C (without an elec-
tron blocking layer such as YSZ) [4,27]. At 500°C also, significant
rise in electronic conduction occurs below about 10~16 atm.

Matsui et al. [20] have investigated the electrolytic domain of
SDC over a temperature range from 400 °C to 800 °C. These authors
also observed significant electronic conduction in hydrogen at a
temperature as low as 400 °C. The measurements in the work by
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Fig. 6. Arrhenius plot of (conductivity x temperature) vs. 1/temperature for the
sample tested in hydrogen. Fit to data points at 200°C and 300°C extrapolated
to higher temperatures corresponds to ionic conductivity. The corresponding acti-
vation energy is ~74 k] mol-'. Fit to data points between 300°C and 800 °C gives
an activation energy of ~101 k] mol-'. Despite a linear plot on the semi-log scale,
this does not represent unique activation energy because of the significant elec-
tronic conduction at higher temperatures. The triangles are the data corresponding
to the minimum values of the measured conductivity as a function of oxygen partial
pressure at various temperatures. These correspond to ionic conduction.

Matsui et al. [20] were conducted on dense bulk samples. A com-
parison of their Fig. 2 with Fig. 5 of the present work shows that
in the present work the electrolytic domain is found to be much
narrower. For example, Matsui et al. [20] observed electronic con-
duction at 400°C below a pO, of 1032 atm. By contrast, in the
present work, electronic conduction is detected below a pO, of
1020 atm at 400 °C. Similarly, Matsui et al. [20] observed electronic
conduction at 800 °C below a pO, of 10~13 atm. In the present work,
this transition at 800°C occurs at a pO; of 10~19 atm. That is, the
electrolytic domain measured in the present work is much nar-
rower than reported by Matsui et al. [20]. The principal difference
between the two studies is in the use of porous samples in the
present work (instead of dense samples in [20]) which allowed
rapid equilibration of the sample with the atmosphere thereby
facilitating accurate determination of the electrolytic domain.

Fig. 6 shows a plot of In(conductivity x temperature) vs. T~1
for the measurements made in pure hydrogen (squares). The data
over the temperature range from 300°C to 800 °C can be reason-
ably well described by a single activation energy of ~101 k] mol~!
(the data point at 200°C is slightly off the line). An additional
line shown in the figure is obtained by joining the data points at
200°C and 300°C and extending it over the entire temperature
range of the present study. From Fig. 5, the ionic conductivity at
any given temperature regardless of the pO, is obtained as the
minimum value at the temperature. This is based on the assump-
tion that oxygen vacancy concentration is half the dopant (Sm)
concentration in accord with simple defect chemistry. These val-
ues are given by the horizontal broken lines in Fig. 5. These
values are also shown in Fig. 6 (triangles). These points (trian-
gles) lie on the line joining the data points at 200°C and 300°C
obtained in hydrogen (squares). As stated earlier, at any temper-
ature, the difference between the two lines (bold and broken) in
Fig. 5 gives the electronic conductivity at the corresponding oxygen
partial pressure, pO,. The data point corresponding to the lowest
pO, at any temperature is that corresponding to the measure-
ment in hydrogen. For example at 800 °C, the ionic conductivity is
~0.024 S cm~! while the measured total conductivity in hydrogenis
~0.415S cm~!. Thus, the electronic conductivity at 800 °C in hydro-
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gen is ~(0.415-0.024)=0.391Scm~!. At 500°C, the measured
minimum conductivity (ionic) is ~1.698 x 10~3Scm~! while the
measured total conductivity in hydrogen is ~7.079 x 10-3Scm~1.
Thus, the electronic conductivity at 500°C in hydrogen is
~(7.079 x 1073-1.698 x 1073)=5.381 x 10~3Scm~!. That is, the
ionic transference number of SDC at 500°C in hydrogen is only
~0.24. From Fig. 6, the estimated ionic transference number of SDC
even at 400°C in hydrogen is only ~0.4.

Triangles in Fig. 6 correspond to ionic conduction. The corre-
sponding activation energy for oxygen ion conduction is estimated
to be ~74KkJmol~!. In the extrinsic regime, the measured activa-
tion energy corresponds to that for oxygen vacancy migration. This
measurement is in reasonably good agreement with the activation
energy of ~65kJmol~! for oxygen vacancy migration given in a
study by Wang et al. [11].

The observation that the electronic conductivity of SDC in
hydrogen at 500 °C is about 3-4 times that of the ionic conductivity
suggests that SDC is not a satisfactory electrolyte even at temper-
atures as low as 500 °C with pure hydrogen as a fuel. That is, the
electrolytic domain is rather narrow at 500°C [20]. The same is
expected of ceria containing other rare earth oxides as dopants.
For application as an electrolyte in SOFC, it would thus be neces-
sary to block off the electronic current through ceria by depositing
an electron blocking layer of a predominantly ionically conducting
material such as YSZ [4,27]. The preceding conclusions are based on
measurements made on samples in hydrogen. In an actual SOFC the
cathode side is exposed to a relatively high pO, at which the RDC
is a predominantly oxygen ion conductor. The overall transference
number of the cell in such a case will be somewhat higher, as previ-
ously discussed by Riess [28]. Nevertheless, the general conclusion
still is that it may be necessary to block off the electron current by
depositing a thin layer of a material such as YSZ on RDC [4,27].

The data in Fig. 5 at 200 °C show that the electronic conductiv-
ity of SDC is negligible even at the lowest pO, corresponding to
pure hydrogen. There is some measurable electronic conductivity
at 300°C at the lowest pO, at which measurements were made. It
is known that electrodes with mixed ionic electronic conduction
exhibit improved electrocatalysis. Any mixed (electronic) conduc-
tivity of the composite anode containing RDC as a constituent at low
temperatures will be due solely to nickel. In order to introduce MIEC
characteristics in single phase RDC at low temperatures (~300°C),
it may be necessary to dope ceria with an element which exhibits
redox characteristics at higher oxygen partial pressures than does
cerium.

4. Summary

Conductivity of porous samples of Sm,03-doped CeO, (SDC) of
composition Smg 15Ceg g50,_s was measured using a four probe DC
method over a temperature from 200 °C to 800°C in ‘pure’ oxygen,
in ‘pure’ hydrogen and in humidified hydrogen. The conductivity
rapidly equilibrated even at the lowest measurement temperature
of 200 °C, which s attributed to fast equilibration of the gas phase in
porous interstices and fast compositional (thermodynamic) equi-
libration in the few micron-sized (~5 pwm) particles of the porous
samples by solid state diffusion. For an assumed oxygen chemical
diffusion coefficient, Dy of 10-19cm?s~! at a low temperature of
250°C, the required equilibration time in the porous SDC is only
about 10 min. A dense sample of ~2 mm in thickness, by contrast,
would require over a year to equilibrate. The present work thus
shows that in order to obtain conductivity values corresponding to
thermodynamically equilibrated conditions, measurements should
be made on porous samples instead of dense samples. Then the con-
ductivity of dense samples under thermodynamically equilibrated
conditions can be obtained using a geometric factor which accounts

for porosity and microstructural details [25]. If the inter-particle
necks are sufficiently wide, the geometric factor is simply related
to the volume fraction porosity as given in Eq. (1). A more accurate
correction factor will be necessary if the inter-particle necks are too
narrow [25].

It was observed that SDC became a mixed ionic electronic con-
ductor with increasing temperature and decreasing pO,. While this
result is expected, the present work showed that even at a tem-
perature as low as 500°C, the electronic conductivity of SDC in
hydrogen atmosphere is about 4 times the ionic conductivity. The
use of porous samples allowed rapid equilibration and facilitated
the measurement of true thermodynamically equilibrated proper-
ties, which s generally not possible using dense bulk samples due to
the long equilibration times required. The present work thus shows
that SDC may not be a satisfactory electrolyte for SOFC with pure
hydrogen as a fuel without depositing a thin YSZ layer to block off
the electronic current [4,27]. At temperatures below about 300°C,
however, the electrolytic domain of SDC is wide enough to permit
the use of SDC as an electrolyte. The conductivity of SDC at 300 °Cis,
however, rather low and it will be necessary to use it as a thin film to
minimize ohmic losses. The observation that SDC exhibits negligi-
ble electronic conductivity below ~300°C even in a highly reducing
environment implies that if used as a constituent in an anode func-
tional layer of a low temperature SOFC, the mixed conductivity will
be solely due to the addition of a metallic phase, such as nickel. It
may be necessary to dope ceria with elements that exhibit redox
properties at higher pO, to introduce mixed conductivity in SDC
and thereby lower activation polarization.

Although the present experiments were conducted only on SDC,
it is expected that the conclusions reached here would be broadly
applicable to ceria doped with other rare earth oxides. The main
conclusion of the work is that the electrolytic domain of RDC
appears to be narrower than thought previously. The use of porous
samples facilitated the accurate determination of the electrolytic
domain of RDC as a function of temperature and pO,.
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