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Abstract

Thermoelectric power was measured on dense and porous samples of two materials: silver, a noble metal, and Gd-doped CeO, of composition
Gdy.1Ce 9O, -5 (GDC10), amixed ionic electronic conductor. Since silver does not change composition when subjected to a change in temperature,
only thermal equilibration is required. Both dense and porous samples of silver equilibrated in about the same time, and the measured thermoelectric
power was also about the same. However, the time required for equilibration in dense GDC10 samples was an order of magnitude greater as compared
to that for porous samples. The measured thermoelectric power on dense samples was also different from that on porous samples, especially below
600 °C. It was also observed that the measured thermoelectric power in dense GDC10 samples depended on thermal history unlike porous GDC10
samples. That is, prior thermal annealing history affected subsequent measurements at lower temperatures in the case of dense samples. Issues
relating to the kinetics of EMF equilibration in dense and porous samples of silver and GDC10 are discussed.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Measurements of thermoelectric power or Seebeck coeffi-
cient on many metallic elemental materials and alloys have been
reported for over 50 years [1-7]. The typical procedure consists
of heating a bar-shaped sample to desired temperature, T, impos-
ing a small temperature difference, AT, across the sample, and
measuring the corresponding voltage or EMF difference devel-
oped, A¢. Then, the ratio

A¢>)
—\ (D
(AT AT—0

is defined as the thermoelectric power (Seebeck coefficient) of
the material/system, which includes homogeneous and hetero-
geneous contributions (e.g., reactions at the contacts), and the
connecting wire contribution. Measurements on metals are made
either in air if the sample does not oxidize, or in an inert atmo-
sphere or in vacuum if it is not oxidation resistant. Electrons are
the electrically charged mobile species, which transport under
imposed temperature gradient. With the exception of point defect
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concentrations, no other changes are expected upon change
of temperature, assuming there are no phase or compositional
changes.

Measurement and analysis of thermoelectric power of inor-
ganic materials has also been the subject of much interest over
the past few decades [1,8-31]. Measurements on halides were
typically done in air. Most halides exhibit very small non-
stoichiometry and negligible composition changes occur when
heated in air. However, many oxides exhibit significant sto-
ichiometry ranges and undergo compositional changes when
heated in air. A typical oxide may be represented as MOy 1 s
where the non-stoichiometry, §, depends upon temperature, 7,
and oxygen partial pressure, po,, i.e., 8 = 6(T; po,). When
heated at a fixed po,, e.g., in air, changes in stoichiome-
try generally occur. Small changes in § often lead to large
changes in defect concentrations, and this also can lead to sig-
nificant changes in those properties that depend upon defect
concentrations.

Changes in composition require incorporation or removal of
oxygen by chemical diffusion.! If the chemical diffusion coef-

! Actually, another parameter involving transfer across gas-solid interface,
kehem, With units of cms™! can also affect the overall kinetics of oxygen incor-
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ficient of oxygen in the material is Do and if the sample is
a plate of thickness 2d (smallest dimension), approximate time
necessary for sample equilibration with the imposed atmosphere
is ~ d?/Do. An unequivocal determination of any physical or
chemical property, which depends upon defect types and con-
centrations is possible only if the sample has equilibrated under
the imposed experimental conditions. In addition, the kinetic
parameter that determines the kinetics of equilibration, namely
Do, also depends on types, concentrations and mobilities of
defects. The Do can vary over a wide range depending upon
material, composition, the imposed atmosphere, and tempera-
ture. Suppose 2d is 2mm and Do is 1077 cm?s~! under the
imposed conditions. Then, the approximate equilibration time,
d?/ Do, is 10° s or ~27 h. Most solids exhibit much lower Dg
(again, depending upon composition, atmosphere and temper-
ature), and sample equilibration may not occur during a typi-
cal experiment. Thus, accurate measurement of thermoelectric
power, corresponding to equilibrium conditions, may be diffi-
cult using dense samples, especially at low temperatures. Three
types of response are expected using thick, dense samples dur-
ing thermoelectric power measurements. (a) If Do is sufficiently
high, the voltage may reach a stable value rapidly, and the mea-
sured thermoelectric power will correspond to sample having
equilibrated under experimental conditions—the objective of
the experiment. (b) If Do is very small, the composition would
have hardly changed during the measurement. In such a case, the
EMF will once again equilibrate rapidly. However, the measured
thermoelectric power will correspond to non-equilibrium con-
ditions, insofar as the composition of the sample is concerned.
Mobile defects will transport and equilibrate to imposed tem-
perature differential. However, defect concentrations will still
correspond to non-equilibrium conditions under imposed tem-
perature and atmosphere. Thus, even if EMF equilibrates rapidly,
the measured thermoelectric power will not correspond to equi-
librium conditions. This aspect can be conveniently studied by
annealing identical samples at different (and high) tempera-
tures followed by measurement of thermoelectric power at a
much lower temperature. The measured thermoelectric power
on samples annealed at different temperatures will be different
even if the measurement temperature is identical. (c) If Dg is
intermediate to the above two cases, the EMF may not readily
stabilize during a typical experiment, and in such a case, it will
not be possible to measure thermoelectric power in a reasonable
period of time. In such cases, long equilibration times may be
required.

In metals, the time required for equilibration of EMF is the
same as the time required for thermal equilibration, given by
tgl. This corresponds to the time required for the ends of the
sample to achieve stable temperatures, which depends on system
thermal inertia (including gas phase) described by a heat transfer
coefficient, &, thermal diffusivity, o, and sample geometry and
dimensions. For most experimental set ups is about few
minutes.

T
’ teqa

poration/expulsion. In the present discussion, this aspect is ignored, but can be
readily included.

In the case of an oxide, MOy + 5, with § = §(T, po,), both
composition and temperature equilibration must occur. If com-
position equilibration is faster than thermal equilibration, that is
if tgl ~ d? / Do << teTq, where tecq is the time required for com-
positional equilibration, the EMF equilibration will require time
~ teTq. However, if d> /Do >> tfi]’ then EMF equilibration will
require time ~ tecq ~ d?/Do. In such a case, the measured ther-
moelectric power may correspond to non-equilibrium conditions
(assuming experiment is conducted for time << d?/Dg), and
not representative of thermodynamic equilibrium—and thus not
aunique material parameter. For a sample thickness of 2 mm and
with Do ~ 1077 cm? /s or smaller, equilibration time is several
hours or days or longer. Thus, to facilitate the measurement of
thermoelectric power corresponding to true equilibrium condi-
tions in a typical experiment, d?/ Do should be on the order of
minutes or at the most a few hours. This is difficult to achieve in
many oxides when using dense samples due to sluggish oxygen
diffusion.

Now suppose a porous sample of contiguous porosity, with
particle radius, r, on the order of microns, and sample thickness
~2mm is used. Gas diffusivity through porous bodies is gener-
ally ~0.1 to 1 cm® s~ !, depending upon gas type, sample poros-
ity, and tortuosity factor. Even if one assumes the lower value,
gas phase equilibration within pores occurs rapidly, in about
(0.1cm)?/0.1 orin 0.1 s. Subsequent solid state diffusion of oxy-
gen requires time ~ r%/Do. For r of 1 wm, equilibration time,
2/ Do, is ~0.1s for Do ~ 1077 cm? s~ instead of ~27 hfora
dense sample of 2 mm thickness! If Do ~ 1071 cm?s~!, equi-
libration time for the porous sample is ~100 s versus ~27,000 h
for the dense sample. This shows that a porous body should equi-
librate with the atmosphere in a reasonable time unlike a dense
body, and the use of a porous sample should facilitate the mea-
surement of thermoelectric power corresponding to equilibrium
conditions.

The preceding discussion shows that whether the sample used
is porous or dense should also affect the measured stoichiometry
during a typical cooling step from a high temperature. In an oxide
MO,y _ 5, where § increases with increase in temperature, the
measured § for porous and dense bodies during cool down will
vary with temperature schematically as shown in Fig. 1. Thus,
the use of a porous sample instead of a dense sample should
facilitate the measurement of thermoelectric power correspond-
ing to equilibrium conditions. Fig. 2(a) shows a schematic of
the kinetics of composition equilibration in a dense body where
gradation in color (dark grey to light grey) indicates diffusion
profile. Fig. 2(b), on the other hand, shows a porous body of
about the same external dimensions as the dense body. However,
the composition equilibration occurs rapidly—this is indicated
by a uniform color (uniform grey) within each particle.

The approach of using porous samples for the measurement
of thermoelectric power has been recently demonstrated by the
authors on proton conducting BazCaj 18Nbj 8209 — ) (BCN18)
[32]. This work showed that stable values of EMF could be
obtained on porous samples, but not on dense samples, espe-
cially below ~600°C. Above 700°C, it was shown that the
thermoelectric power measured on dense and porous samples
was about the same. However, the time required for equilibra-
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Cooling down; in dense oxide

Cooling down; in porous oxide

Temperature

Fig. 1. Schematic variation of § in MOy, _ s during cool down in dense and porous
samples. It is assumed that at high temperatures, both dense and porous samples
are equilibrated so that § is the same in both samples. During cool down, the
porous sample is much more likely to equilibrate with the atmosphere due to
fast kinetics, but not the dense one. Thus, in a typical experiment wherein the
samples are cooled over a few hours, § in porous samples will be close to the
equilibrium state, but § in dense samples will not be unique, and will depend
upon the cooling history (rate).

tion was much longer when using dense samples. The present
manuscript describes work on rare earth oxide doped cerium
oxide, using both dense and porous samples. Samples of nomi-
nal composition Gdg.1Cep 9O -5 (GDC10) were fabricated.
Experiments were conducted on dense and porous samples.
Experiments were also conducted on dense and porous sam-
ples of silver. Experiments on GDC10 were conducted in air
over a temperature range from 400 to 800 °C. Experiments on
silver were conducted in vacuum at 100 °C.

2. Experimental procedure
2.1. Fabrication of silver samples

Dense, bar-shaped samples of silver were fabricated by die-
pressing silver powder (Alfa Aesar) and annealing at 400 °C for
1 h. For the fabrication of porous samples, silver powder was
lightly die-pressed and annealed at 400 °C for 1h. The den-
sity of porous silver samples was measured by the Archimedes
method, and the resulting density was ~85% of theoretical (15%
porosity). Although this porosity was not quite satisfactory, the
contamination problem that had occurred in the earlier work was
eliminated [32].

2.2. Fabrication of GDCI10 samples

The samples of Gdg.1Ceo.9O(2 — 5y were prepared using com-
mercial powder (Praxair), which was die-pressed, isostatically
pressed under a pressure of ~2000 kg cm™2, and sintered in air
at 1400 °C for 2 h. Samples with a density above ~99% of theo-
retical (7.216 gml~!), as measured by the Archimedes method,
were obtained [14]. Dense samples had a thickness of ~1 mm.
For the fabrication of porous samples, carbon powder (HTW,
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Fig. 2. (a) A schematic representation showing the change in composition
occurring in a dense body under imposed conditions as the sample attempts
to equilibrate. Because of sluggish diffusion through a dense body of a rel-
atively large thickness, 2d (in the millimeter range), the composition does not
equilibrate during the course of a typical experiment. This is shown by the grada-
tion in color. (b) A schematic representation showing the change in composition
occurring in a porous body when exposed to a different atmosphere. Because of
the short diffusion distance, composition within individual particles of a porous
body equilibrates relatively quickly. This is shown by a uniform color within
individual particles.

10-20pm) was mixed with the GDC10 powder in ethanol for
24 h. After drying, bar-shaped samples were die-pressed, iso-
statically pressed, and sintered in air at 1400 °C for 2h. The
resulting density of porous samples was ~76% of theoretical
(~24% porosity, most of which was open porosity).

2.3. Measurement of thermoelectric power

The testing set-up used consists of a horizontal tube furnace,
into which a quartz tube was inserted (Fig. 3). Platinum paste was

() (]
L
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Power Supply

Fig. 3. Experimental set-up used in the present work.

Thermocouple(l)

Multi-Meter




H.-T. Lim, A.V. Virkar / Journal of Power Sources 161 (2006) 676—684 679

Annealed at 1200°C (1)
Cooled down in air
Measured at 500 °C (2)

(=Annealed at 500 °C)

Cooled down in air

Measured at 500 °C

Fig. 4. Experimental procedure used for heat treatments on dense and porous
GDC10 and the measurement of thermoelectric power (effect of thermal history).

(3)

applied to the ends of a bar-shaped sample, to which platinum
wires were attached. A platinum wire heater was wound on a seg-
ment of the quartz tube. One end of the sample was positioned
at the center of the platinum heater, connected to a power sup-
ply. Measuring tips of two s-type thermocouples (Pt/Pt—10%Rh)
were attached to the platinum electrodes on the GDC10 sam-
ple. Thermoelectric power measurements were conducted on
dense and porous samples of GDC10 in the temperature range
from 400 to 800 °C. The desired atmosphere (ambient air at
po, ~ 0.21 atm) was circulated through the quartz tube. Furnace
temperature was varied between ~500 and ~800 °C. Power to
the platinum heater was separately supplied.

In the case of silver samples, s-type thermocouples were posi-
tioned on both ends of the face of the sample, but no currents
were detected between the silver sample and the Pt/Pt—10%Rh
thermocouples. The thermoelectric power of silver was mea-
sured under vacuum to avoid parasitic thermal conduction [2].
Because the vacuum equipment in this experimental set-up could
not be used at high temperatures, the measurements were con-
ducted at 100 °C.

The temperature difference between the two ends of the sam-
ple, AT, was measured via the two thermocouples. The EMF
generated across the two ends of the sample, A¢, was measured
using a Keitheley 2000 multi-meter. Lab View ™ software was
used to record the data. The ratio as defined in Eq. (1) was
determined, and is reported here as the measured thermoelec-
tric power of the material/system, without correction to the wire
contribution.? In many oxides, thermoelectric power of the sam-
ples is much greater than that of the leads. For example, accord-
ing to Cusack and Kendall [33], the magnitude of thermoelectric
power of platinum at 1000 K (approximately 727 °C) is approx-
imately —19.29 wV K~!. The thermoelectric power of GDC10
at 700 °C measured in the present work is +251.3 wV K~! (the
different sign is due to the minus sign in the Eq. (1)). Thus, Pt

2 It is customary to maintain the average temperature fixed in a typical mea-
surement. In the present work, this aspect was ignored. That is, as the cold end
temperature was fixed, the actual average temperature was 7'~ Tcoldend + (AT)/2.

contributes only ~8% to the measured thermoelectric power.
This approach of neglecting the thermoelectric power of metal-
lic leads is common when measuring the thermoelectric power
of oxides, as discussed by Shahi [9].

To investigate the effect of thermal history of dense and
porous samples of GDC10, some of the dense and porous sam-
ples were annealed at 1200 °C prior to measurements of ther-
moelectric power. Then, thermoelectric power was measured at
500 °C, and the sample was cooled to room temperature. The fol-
lowing day, another measurement was made on the same samples
at 500 °C. Fig. 4 illustrates this measurement procedure.

3. Results and discussion
3.1. Thermoelectric power of silver

Fig. 5 shows EMF as a function of time on dense and porous
samples of silver. The corresponding measured thermoelectric
power was —7.8 to —9.5 wV K~ ! for the dense sample, and —8.3
to —10 wV K~! for the porous sample. Because silver has the

—— Dense silver at 100 °C, under vacuum
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Fig. 5. EMF measurement on: (a) dense silver sample and (b) porous silver
sample at two different ATs, as a function of time at ~100 °C in vacuum. Note
that the thermoelectric power of dense and porous silver is the same.
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highest electrical conductivity of any metal, expectations were
that thermal equilibration would occur rapidly under vacuum.
However, as shown in Fig. 5(a) and (b), the time required for
thermal equilibration, ¢ eq> is ~15min. This relatively long equi-
libration time is attributed to the thermal inertia of the system,
which is mainly related to heat transfer from the surroundings
to the sample. Thus, the equilibration time, teT ,is on the order of
a few minutes, consistent with expectations (based on thermal
inertia considerations). The measured thermoelectric power on
dense and porous silver is also about the same. Note that the
thermoelectric power of silver samples was determined with-
out correction to the Pt wire contribution. However, since the
thermoelectric power of silver is rather small, the relative effect
of the leads is large. For example, according to Cusack and
Kendall [33], the thermoelectric power of pure silver at 400 K
(~127°C) is +2.08 wV K~!, which is different from the value
obtained in this work (again, the different sign is due to the
minus sign in the Eq. (1)). In such case, correction is necessary
if the objective is to measure accurate absolute value of ther-
moelectric power, which was not the objective in the present
work.

3.2. Thermoelectric power of GDCI0

Fig. 6(a) shows the results of EMF measurements on a porous
sample of GDCI10 in air at 700 °C. The EMF was stable before
power was supplied to the platinum heater, and it rapidly changed
and equilibrated upon the application of a temperature difference
across the sample. The particle size (radius), 7, in the porous
GDCI10 sample was on the order of a micron. No information
could be found on the chemical diffusion coefficient of oxygen,
Do, in this material at 700 °C (Do only at 900 and 1000°C
was reported [34]). However, at 700 °C, the tracer diffusion
coefﬁcient of oxygen, D, is reported to be on the order of
5x 1078 cm?s~! [35]. For a material predominant electronic
conduction, such as Laj _,Sr,CoO3 _gs, the relation between
the chemical diffusion coefficient and the vacancy diffusion has
been reported [36,37]. Although GDC is a mixed ionic electronic
conductor, this relation was used in order to obtain an approxi-
mate estimate of the thermodynamic factor for GDC. Using the
oxygen non-stoichiometry data of GDC10 [38], the thermody-
namic factor for GDC10 was calculated, which was less than
100. Since the obtained thermodynamic factor is approximate,
a value of 100 was assumed in this paper (in many oxides, ther-
modynamic factors well in excess of 100 have been reported).
Thus, assuming a thermodynamic factor of 100, the chemical
diffusion coefficient of oxygen, Do, is estimated to be on the
order of 5 x 107%cm?s~!. The approximate time required for
composition equilibration, r? / Do, is estimated as ~0.002 s at a
partial pressure of oxygen of ~0.21 atm and at 700 °C. Note that
even if the thermodynamic factor is much smaller (say unity),
the time required for equilibration is still rather small. That is,
the composition equilibration is expected to occur very rapidly
in the porous sample. The average measured thermoelectric
power is ~0.25mV K~!. The observation that EMF equilibra-
tion required a few minutes again implies that the time required
for thermal equilibration, which is on the order of a few minutes,
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Fig. 6. EMF measurement as a function of time at 700 °C in air: (a) a porous
GDC10 sample and (b) a dense GDC10 sample.

is much greater than that required for composition equilibration,
ie., teTq >>t 2 / DO

In the case of the dense sample of GDC10 also, the EMF
equilibrated in a short time, and the measured thermoelectric
power was very close to that of the porous sample as shown
in Fig. 6(b). The thickness of the dense sample, 2d, was about
1 mm. Using the same diffusion coefficient at 700°C, Do ~
5x 107 %cm 2571 the composition equilibration time, dz/ Do,
is about 8 min. This shows that at 700 °C, equilibration is rather
rapid in a dense sample as thick as ~1 mm, which is attributed
to relatively fast oxygen transport. At a high temperature such as
700 °C, due to the high value of diffusion coefficient of oxygen,
the composition equilibration occurred fast also in a dense body;
consequently, the measured thermoelectric power was about the
same for dense (~0.23 mV K~!) and porous (~0.25mV K~!)
samples.

EMF measurements were also conducted at a lower tempera-
ture, 500 °C. Fig. 7 shows that EMF equilibration in the porous
sample of GDC10 at 500 °C is quite fast. At 500 °C, the tracer
diffusion coefficient of oxygen is reported as —10~° cm?s~!
[35]. Again, assuming a thermodynamic factor of 100, the chem-
ical diffusion coefﬁcient of oxygen at 500 °C, Do, is estimated

as ~10~7 cm? s~!. Assuming that the particle size (radius) in the
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Porous GDC10 at 500 °C
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Fig. 7. EMF as a function of time for porous GDC10 at 500 °C in air. Note the
rapid EMF equilibration.

porous GDC10 sample was on the order of a micron, the time for
compositional equilibration is estimated to be about 0.1 s. If the
thermodynamic factor were much smaller, say close to unity, the
estimated equilibration time would have been about 10 s. Thus,
the compositional equilibration occurs very fast even at a low
temperature such as 500 °C, and the thermal equilibration time
dominates the total equilibration time for the porous sample, i.e.,
teTq >> r2/Do.

Fig. 8(a) shows the results of a similar experiment on a
dense sample of GDC10 at 500 °C. Note that the EMF did not
equilibrate even after 500 min after the application of a small
temperature differential, even when initially the EMF appeared
to have stabilized. The measurement was repeated on the same
sample as shown in Fig. 8(b). Although EMF equilibration was
not achieved, power to the platinum heater was supplied to estab-
lish a temperature difference across the sample. Contrary to the
case of the porous sample, EMF increased initially, and then
slowly decreased as the composition equilibrated. The corre-
sponding estimated thermoelectric power was ~0.024 mV K1,
which is quite different from that obtained on the porous sam-
ple, ~0.14 mV K~L. Also, as the EMF had not equilibrated, the
thermoelectric power measured on the dense sample is clearly
not accurate. At 500 °C, using Do ~ 1077 cm? s~ the esti-
mated time for compositional equilibration in a 1 mm thick dense
sample is ~7 h, which is much greater than ~0.1 s for porous
samples. The observed, extremely slow kinetics of equilibration
in the dense sample is consistent with the estimated sluggish
kinetics.

Let us suppose that a typical experiment on thermoelectric
power measurement on a porous sample is conducted for 2 h.
Let us assume that particle radius in the porous sample is r. The
chemical diffusion coefficient of oxygen may be given as:

Do ~ Doexp {;‘ﬂ ®)

where Q, R and T are the activation energy, the gas constant and
the measurement temperature, respectively. In terms of the time
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Fig. 8. (a) EMF measurement on dense GDC10 as a function of time at 500 °C
in air. (b) Note that a different result was obtained using the same sample.

required for compositional equilibration, namely, te%, the chem-
ical diffusion coefficient may be written as Do ~ r?/ tecq. Thus,
the minimum temperature, 7p,;,, above which it is possible to
measure thermoelectric power using a porous sample of particle

size r is given by

Q

~ RIn((t§,Do)/r?) ®)

Tiin

in a prescribed tg]. Because the experimental duration depends

on the time required for composition equilibration to occur, tecq in
Eq. (3) is set at 2 h. Assuming that the activation energy, Q, and
pre-exponent, D, are 100 kJ mol~! and 10~ em? s~ !, respec-
tively, the minimum temperature, Ty, is estimated as ~455 K
or ~182°C. In other words, for the experiment duration of 2h
(or for the compositional equilibration to occur within 2 h), the
measurement should be conducted above 182 °C. Thus, the min-
imum measurement temperature for the specific measurement
time can be estimated from Eq. (3). It is readily seen that the use
of porous samples makes it possible to conduct measurements
of thermoelectric power at rather low temperatures. If we need
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Fig.9. Thermoelectric power of GDC10 measured on porous and dense samples
as a function of temperature (500-800 °C) in air.

to conduct the measurements at even lower temperatures, the
particle size should be decreased to ensure faster compositional
equilibration, or the experimental duration should be increased.
However, the particle size should not be too fine, i.e., it should
not be in the nano regime. This is because if the particle size
is too fine, a significant fraction of atoms will be on the sur-
face. In such a case, measurements may not be representative
of equilibrated bulk samples, but may include ‘nano’ effects.
Additionally, there may likely be changes in defect concentra-
tions due to space charge effects and/or due to adsorption of
gaseous species. This suggests that the particle size should be in
the micron range, but not in the nano size range.

Fig. 9 compares thermoelectric power measured on dense and
porous samples of GDC10 in air. These data show that the mea-
sured thermoelectric power on the dense sample above 600 °C is
essentially the same as that measured on the porous sample, con-
sistent with expectations based on Do. However, considerable
difference is evident between measurements made on dense and
porous samples at 500 °C. The measurements at 500 °C on the
dense sample are not reliable due to slow equilibration kinetics.

3.3. Heat treatments on dense and porous samples of
GDCI0 effect of thermal history

Measurements thus far conducted indicate that the results
of EMF measurements on dense samples of BCN18 as well as
GDC10 varied from measurement to measurement, especially at
low temperatures below 600 °C [32]. Dense samples sometimes
appeared to have equilibrated quickly, although the measured
thermoelectric power was usually not reproducible—and thus
believed to be incorrect. The assumption is that under such
conditions, only thermal equilibration occurred, but not the com-
positional equilibration. In some earlier work on Mg-stabilized
zirconia, it was observed that the thermoelectric power changed
substantially after thermal cycling [39]. This discrepancy may
be related to the thermal history wherein the sample did not
equilibrate under the imposed conditions of atmosphere and tem-
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Fig. 10. EMF vs. time for dense GDC10 at 500 °C in air. (a) Measurement
on the dense GDC10 sample after annealing at 1200 °C, and (b) the second
measurement conducted on the same sample the next day. Note the effect of
thermal history on measurements.

perature. This must be related to slow kinetics of equilibration in
a dense sample, associated with slow diffusion. In porous sam-
ples, compositional equilibration is expected to occur rapidly. It
is thus the expectation that porous samples should not exhibit
thermal history. That is, at sufficiently high temperatures, the
thermoelectric power measured on porous samples should not
exhibit thermal history, unlike dense samples. In order to explore
this possibility, the following experiments were conducted.
The EMF measurements on a dense sample of GDC10 are
shown in Fig. 10 as a function of time at 500 °C. Fig. 10(a) shows
results of a measurement conducted at 500 °C after an annealing
treatment at 1200 °C. The sample appeared to equilibrate, and
the measured thermoelectric power was ~0.085 mV K~!. The
sample was subsequently cooled to room temperature, and then
reheated back to 500 °C for another measurement. The results
of this measurement are shown in Fig. 10(b). Note that the EMF
did not equilibrate over the duration of the experiment. Never-
theless, a measurement of thermoelectric power was conducted.
The measured thermoelectric power was quite different- it was
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Fig. 11. EMF vs. time for porous GDC10 at 500 °C in air. (a) Measurement
on the porous GDC10 sample after annealing at 1200 °C, and (b) the second
measurement conducted on the same sample the next day. Note that the mea-
surements are not dependent on thermal history.

approximately —0.086 mV K~! (note the negative sign), that is,
it even exhibited a different sign. This is due to the thermal his-
tory effect, which shows that the measured thermoelectric power
on dense samples is inaccurate and unreliable. The effect of Pt
lead correction, however, is very small (~19 wV K‘l) compared
to the thermoelectric power of GDC10. Also, the Pt correction
should be the same in both cases, since Pt leads do equilibrate,
but the sample does not. For this reason, the observed varia-
tion in the measured thermoelectric power on dense samples is
attributed to the fact that the sample did not equilibrate during the
course of the measurement. Both of these measurements must
be regarded as unreliable, and the result of slow compositional
equilibration kinetics.

Similar measurements were conducted on a porous sample of
GDC10. Fig. 11(a) shows results of a measurement conducted
at 500 °C after an annealing treatment at 1200 °C. The sam-
ple equilibrated rapidly, and the measured thermoelectric power
was ~0.13mV K~!. The sample was subsequently cooled to
room temperature, and then reheated back to 500 °C for another
measurement. The results of this measurement are shown in

Fig. 11(b). Note that the sample again equilibrated very quickly.
Also, the measured thermoelectric power was ~0.13mV K~!,
essentially the same as in Fig. 11(a). That is, the thermoelectric
power measured on porous GDC10 is not subject to thermal his-
tory effects (for measurement above at least 500 °C), consistent
with expectations based on rapid equilibration kinetics. Thus,
the measured thermoelectric power on porous GDC10 at 500 °C
should be representative of true material/environment parame-
ter, unlike measurements on dense GDC10.

4. Summary

The present work demonstrates that measurements of ther-
moelectric power on GDC10 using porous samples are more
reproducible, and thus presumed to be more accurate than those
made using dense samples, especially at low temperatures where
the kinetics of compositional equilibration can be rather slug-
gish. In order to investigate the effect of thermal history, ther-
moelectric power measurements were conducted on dense and
porous samples subjected to various thermal treatments. It was
observed that the measured thermoelectric power in porous sam-
ples was independent of thermal history (for measurement above
at least 500 °C), as long as the measurement conditions (tem-
perature and atmosphere) were identical. By contrast, measured
thermoelectric power on dense samples was influenced by ther-
mal history. Thus, especially at low temperatures (~500 °C),
the thermoelectric power measurements on dense GDCI10 are
deemed incorrect and unreliable. The present work suggests
that porous rather than dense samples should be used for ther-
moelectric power measurements on oxides. The same general
conclusion is expected to be valid for other materials, in which
compositional equilibration by interaction with the atmosphere
occurs upon change of measurement conditions.
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