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ABSTRACT

The electrical properties of nanostructured Gd-doped CeO, (n-GDC) as a function of temperature and water partial-pressure
were investigated using ac and dc measurements. For n-GDC, protonic conductivity prevails under wet condition and at low tem-
peratures (< 200°C), while oxygen ionic conductivity occurs at high temperatures (> 200°C) under both dry and wet conditions.
The grain boundaries in n-GDC were highly selective, being conductive for protonic transport but resistive for oxygen ionic trans-
port. The protonic conductivity reaches about 4 x 107 S/cm at room temperature (RT).
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1. Introduction

eramics used in the electrolytes of fuel cells are com-

monly polycrystalline forms made up of grains and
grain boundaries (gb). The crystal periodicity of the grains
in the grain boundary can be disrupted by strain, dangling
bonds, and open structures, so that the crystal structure of
the gb differs from that of the grain. This disruption leads to
changes in the concentrations and mobility of the protonic
charge carriers, and thus their conductivity in the gb can be
different from that of the grain."® In most cases, it has been
reported that the gb conductivity is a few of orders of magni-
tude lower than that of the grain because of the irregularity
and distortion of the gb.*® For instance, in doped-BaZrO,,
which is a well-known perovskite with high protonic con-
ductivity, the overall protonic conductivity is below 10° S/
cm at 300 °C even though the protonic conductivity in the
grain is 10?7 S/cm at that temperature.>® So, not that long
ago, it was generally believed that the gb was not a prefera-
ble pathway for protonic conduction in dense ceramics.
However, in very recent years, some results that have bro-
ken this common assumption have been reported in nano-
structured ceramics.”'”
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Guo et al.” first attempted to determine whether water
affected conduction by making a nanostructure with yttria
stabilized zirconia (YSZ) film; they reported that protonic
defects were found to form on the surface and diffuse along
the gb into the interior of the specimen in boiling water.
Anselmi-Tamburini et al.® also measured protonic conduc-
tion in highly dense nanostructured YSZ with a grain size of
~ 15 nm. Kim et al.” confirmed this result by first making a
new type of fuel cell operating at room temperature. After
Kim’s study, a number of studies investigating the protonic
conductivities and the conduction mechanisms of nanocrys-
talline materials followed.""'® S. Miyoshi et al,'” M.
Shirpour et al.'” and C. Tande et al.'”” showed again that
the gb in dense nanostructured zirconia and ceria are highly
selective for protonic transport, proving the protonic gb con-
duction. However, in spite of this interesting finding in the
field of nanocrystalline, some tasks that need to be studied
still remain with respect to applications. The first is that the
reported protonic conductivity is low (the protonic conduc-
tivity of nanocrystalline zirconia is ~ 10® S/cm at RT); the
second is that little has been done for the conduction proper-
ties of nanostructured ceria, while a number of studies on
the protonic conductivity and conduction mechanism of
nanostructured zirconia have been performed. So, herein,
we have tried to study the protonic conduction properties of
nanostructured 10 mol% Gd-doped CeO, (n-GDC) as a func-
tion of temperature and water partial pressure with ac mea-
surements.
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2. Experimental Procedure

Commercial GDC (10% Gd-doped CeO,, FCM) nano-pow-
ders were used (the size of the powders is 5 ~ 10 nm). For
the preparation of highly dense nanocrystalline material,
the Spark Plasma Sintering (SPS) technique was used for
very limited grain growth during sintering. The nanopow-
ders were poured into a mold and sintered using a SPS
(Syntex) at 750 °C and 600 MPa for 5 min. In order to apply
high pressure to the mold, a double acting die consisting of
graphite molds (outer and inner), silicon carbide punches,
and tungsten carbide spacers was used (all of the compo-
nents were purchased from Komexcarbon).'” The sintered
sample was very dense (> 95%) and the average grain size of
the sample was ~ 35 nm."® For comparison, microstructured
GDC (m-GDC) with an average grain size of ~ 3 mm was
prepared. In order to obtain a microcrystalline, a conven-
tional ceramic process was carried out (the detailed descrip-
tion is reported elsewhere).'®

For electrical measurements, the surface of the sintered
pellet was polished using SiC-paper; then, Pt-paste was
painted onto both surfaces. The electrical resistance of the
pellet was measured as a function of temperature by using
2-probe ac impedance spectroscopy (Impedance analyzer:
Material Mates 7260) and dc measurement (Keithley 2400
source-measure unit) in dry and wet air (water partial pres-
sure, Py, ~ 2.3 % 107 atm). The electrical resistance was
also examined as a function of Py,.

EMF (open circuit electromotive force) was checked using
a concentration cell consisting of n-GDC, Pt-pastes, and an
alumina-tube as solid electrolyte, electrodes, and support,
respectively (see Ref. 9). EMF was measured as a function
of Py, of one side of the cell while exposing the other side of
the cell to pure water.

3. Results and Discussion

Figure 1 shows the representative impedance spectra of n-
GDC, measured at (a) 250°C and (b) 100°C under dry and
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wet air. Both spectra, obtained at high temperature (250°C),
consist of a large semicircular arc partially overlapped with
another arc that appears at higher frequencies. It should be
noted that there is a small arc at high frequencies, even
though it is difficult to distinguish the arcs clearly with the
unaided eye (sample can be seen more clearly in the inset).
The two semicircular arcs are associated with the grain
(high frequency region) and gb (middle and low frequency
regions) impedance. As can be seen, the arc corresponding
to the grain is so small, compared with that of the gb, that it
can be ignored. Accordingly, the gb dominates the overall
conductance in n-GDC at the given temperature. Fig. 1(a)
also shows that the shape and size of the impedance pat-
terns obtained under dry (black symbol) and wet air (blue
symbol) are similar. This means that the sample resistances
are almost unchanged with the change of Py,,, showing that
the charge carriers are independent of P,,,. It is well known
that doped-ceria is a good oxygen ionic conductor. So, at the
high temperature, the charge carriers are surely oxygen-
ions rather than protonic defects.

Unlike the spectra at high temperature, the spectra of n-GDC
at low temperature (100°C) under the wet condition consist of a
singular semicircular arc; spectra size is much smaller than
that of the spectrum under dry condition (Fig. 1(b)). This means
that the sample under wet air becomes conductive as a result
of the charge carriers generated from the water vapor. The
charge carriers are protonic defects (this will be discussed
later).

Figure 2 shows the Arrhenius plot of the conductivity of n-
GDC under dry and wet air. For comparison, the conductiv-
ity of m-GDC was also investigated as a function of tem-
perature, and the two results are plotted together in Fig. 2.
The conductivity (s) was computed using the relation s = (1/
R)(d/A), with R being the total resistance; d and A are the
sample distance and the area, respectively. As can be seen
in n-GDC, s,,, (the conductivity under dry air) shows linear
behavior with the activation energy (E,) ~ 0.90 eV, which is
consistent with the reported value, showing that the charge
carriers are oxygen ions (it should be noted that doped ceria
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Fig. 1. Impedance spectra of n-GDC under dry and wet air at (a) 250°C and (b) 100°C, respectively. The inset shows the spectra
in the high frequency region. Numbers indicate measured frequencies on a logarithmic scale.
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Fig. 2. Arrhenius plots of the conductivities of n-GDC (nano-
structured ceria) and m-GDC (microstructured ceria)
under dry and wet air. The reported protonic conduc-
tivity of porous zirconia is provided for comparison.'®

is a very well-known oxygen ionic conductor, so it is being
used as a solid electrolyte of SOFCs).'”

On the other hand, s, (the conductivity under wet-air)
begins to deviate from s, v at around 225°C, increasing with
the decrease of the temperature down to R7. This upturn of
S, 18 due to the hydration of n-GDC, which gives rise to a
crossover from oxygen-ions to protons. As discussed above,
these protonic charge carriers, appearing under wet air and
at low temperatures, go through the nanocrystalline along
the gb. s, was ~ 4 X 107 S/cm at RT (it should be noted
that s, of nanostructured zirconia was reported to be ~ 107
S/em).™®

In order to prove that the protons conduct along the gb,
the conductivity of m-GDC was measured. Unlike n-GDC,
m-GDC has conductivity under wet air that does not show
upturn behavior (the conductivity decreases linearly with
decreasing temperature). This is surely due to the low den-
sity of the gb within m-GDC. The grain sizes of n-GDC and
m-GDC are ~ 30 nm and ~ 3 mm, respectively, so the gb
density in m-GDC is at least several orders of magnitude
lower than that in n-GDC.

Another piece of evidence for protonic conduction along
the gb is seen in the EMF-results of the concentration cell
(EMF test configuration is shown in Fig. 3). As can be seen
in Fig. 3, EMFs were observed as a function of Py, of one
side of the cell because different chemical potential gradi-
ents between the inside and outside of the cell make differ-
ent EMFs, indicating the protonic conduction within n-
GDC. Even though the short circuit currents of the cell are
not shown here, they were also observed in the cell con-
structed with n-GDC (it should be noted that the short-cir-
cuit currents in the cell constructed with m-GDC could not
be clearly observed). Besides the conductivity tests of n-

cell at room temperature. One side of the cell was
immersed in pure water while exposing the other
side of the cell to wet air.
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Fig. 4. The dependence of P, in n-GDC is exhibited at 80°C.

GDC and m-GDC, based on the cell test, the fact that the
protonic charge carriers go through the gb is clear.

Be that as it may, the exact conduction mechanism of the
protonic charge carriers in the gb has still not been
revealed. S. Raz et al.'® investigated the protonic conduc-
tion behavior of porous zirconia (data is inserted in Fig. 2).
They found that the proton transport originates with phy-
sisorption and chemisorption reactions on the zirconia sur-
faces. They insisted that the physisorption reaction takes
place dominantly at low temperatures (< 100°C), while the
chemisorption reaction occurs at high temperatures (>100°C).
As can be seen in Fig. 2, the conduction behaviors between
n-GDC and porous zirconia are very similar. Somehow, the
protons in n-GDC may transfer through an open space (a
free volume) of the gb by physisorption and chemisorption
reactions like the mechanism suggested by S. Raz et al.'® (it
should be noted that the gb also has dangling bonds and
free volumes).

Figure 4 shows the dependence of Py, in n-GDC at 80°C.
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The solid and open symbols represent the forward direction
(Pgso changes high to low) and reverse direction (P,
changes low to high), respectively. As can be seen, the pro-
tonic conductivity decreases with decreasing P, (forward
direction) and comes back (reverse direction) with increas-
ing Py, at the fixed temperature, showing that the hydra-
tion and the dehydration are nearly reversible in n-GDC.

4. Conclusions

It was observed that nanostructured Gd-doped CeO, has
protonic conductivity under wet condition and at low tem-
peratures. The protonic conductivity of this material
reaches about 4 x 10”7 S/cm at room temperature (RT) and
23,000 ppm water pressure. The grain boundaries in the
nanocrystalline were highly selective, being conductive for
proton transport but resistive for oxygen ionic transport.
The hydration and the dehydration processes were nearly
reversible.
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