Available online at www.sciencedirect.com

ScienceDirect

JOURNAL oF
SOLID STATE
CHEMISTRY

Journal of Solid State Chemistry 180 (2007) 3093-3100

www.elsevier.com/locate/jssc

Microstructure and electrical transport in nano-grain sized
Cep 9Gdy 1O5_s ceramics

Enrique Ruiz-Trejo™*, Jaime Santoyo-Salazar®, Ruben Vilchis-Morales®,
Adriana Benitez-Rico®, Francisco Gomez-Garcia®, Carlos Flores-Moralesb,
José Chavez-Carvayar®, Gustavo Tavizon®

4 Departamento de Fisica y Quimica Tedrica, Facultad de Quimica, Universidad Nacional Autonoma de México, México, D.F., 04510, México
®Instituto de Investigaciones en Materiales, Universidad Nacional Auténoma de México, México, D.F., 04510, México

Received 30 May 2007; received in revised form 21 August 2007; accepted 22 August 2007
Available online 14 September 2007

Abstract

An enhancement of the electrical conductivity has been found in nano-grain sized CeyoGdg ;0,_s ceramics when measured in N,
(Po, = 3.5 x 10~%atm) in comparison with the most commonly accepted values of bulk ionic conductivity. We first present the synthesis
and characterisation of the nanoparticles later used for the preparation of dense nanoceramics of Gd-doped CeO,. The nanoparticles
were characterised by X-ray diffraction (XRD), atomic force microscopy (AFM) and transmission electron microscopy (TEM). The
good sintering properties of these nanopowders allowed us to obtain very dense ceramics (>90% theoretical density) while keeping the
grain size close to 100 nm. The microstructure of these nanoceramics was analysed by AFM and scanning electron microscopy (SEM)
while the electrical characterisation was performed by the 4-point dc technique between 500 and 950 °C in air or N, and ac impedance
between 150 and 400 °C in air and or argon. We briefly discuss the possibilities of electron vs. oxygen ion conduction and grain boundary
vs. bulk conductivity. The features exhibited by these ceramics represent an increased potential to process solid electroceramics materials
with specific levels of electronic and/or ionic conductivities for a variety of electrochemical devices.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction heavily doped ceria is not yet thoroughly studied and here
lies the possibility of more applications in electrochemical

Pure ceria and ceria-based materials present an interest- devices.

ing range of electric transport properties. It has been
known for many years that high purity ceria is an n-type
semiconductor [1] and that this has a polaronic nature in
very reducing conditions and at high temperatures after the
loss of oxygen [2]. The doping of cerium oxide in the series
Ce;_,Ln, O, ., (Ln = lanthanides® or Y>*, x = 0.1,0.2,
0.3) produces its characteristic high oxygen-ion mobility
[3]. However, this series can also exhibit electronic or mixed
ionic-electronic conduction in reducing atmospheres [4-6].
Electronic conduction can also appear when the grain size
of non-doped ceria is below 100 nm [7-10]. Nevertheless,
the electronic and ionic conductivity in nanograin-sized
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Cerium oxide has a fluorite structure that is generally
regarded as quite tolerant to the introduction of aliovalent
dopants. The appropriate doping of the cerium oxide
lattice with gadolinium oxide as a dopant can be written, in
the Kroger-Vink [11] notation, as

Gd, 03 + 2Ce¢, + Of — 2Gd¢, + Vi + 2Ce0,. (D

These oxygen vacancies promote the oxygen-ion migra-
tion that is characteristic of doped ceria. It is also known
that a high concentration of oxygen vacancies eventually
decreases the conductivity, and increases the activation
energy [12].

The reduction of the cerium oxide takes place at low
partial pressures of oxygen. Thus, the loss of oxygen in the
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lattice can be written as
6 2Vy + 2¢ + I/ZOZ(g)- 2)

The excess electrons are usually associated with Ce’™
cations. Electron migration takes place when electrons hop
from Ce*" to Ce*" atoms in the crystal lattice, a
mechanism known as polaron transport. In this context,
the dopant cation does not participate actively in this type
of transport.

It is the ability of Ln® " -doped CeO, to have largely ionic
conduction under certain conditions that makes this series
of compounds serious candidates for a variety of high
temperature electrochemical devices such as electrically
driven oxygen separation membranes [13], solid oxide
electrolysis cells (SOEC) [14] and solid oxide fuel cells
(SOFCQ) [15]. It is, on the other hand, the ability to have
mixed ionic-electronic conduction under other conditions
what opens the possibility of using it as a pressure-driven
oxygen separation membrane [16,17] or as an anode for a
SOFC [18].

The electrical properties of heavily doped ceria with
nano-sized grains are currently under investigation in
different laboratories around the world. For example, it
has been anticipated that at 500 °C the boundary between
ionic and electronic regime will be observed at a grain size
of 20nm [19]. There are recent claims that the ionic
conductivity of Ceyglng,0,_s (Ln=Sm, Y) increases
with decreasing grain size at temperatures below 200°C
[20,21]. A clear dependence of dc conductivity with grain
size for Y-doped CeO, has also been reported [22] while we
have observed an enhancement in conductivity for
Y-doped CeO, [23] in relatively mild reducing conditions
of nitrogen gas. There are also indications that a decreasing
grain size induces an increasing electronic conductivity [24].

The preparation of dense membranes is a key point for
some technological application of Ln’"-doped ceria. A
membrane with a low porosity is needed to be used as an
electrolyte in SOFC and separation membranes. For a long
time, the standard procedure to prepare dense samples of
doped ceria involved high temperature (> 1500 °C) anneal-
ing [25]; this introduces problems associated with the
processing of a final device such as unwanted cation
diffusion between different components, expensive high
temperature treatments and evaporation of materials.
However, the situation has changed over the years, and
recent reports indicate that high density specimens can be
prepared at lower temperatures < 1300°C [26,27] when
starting from nanopowders; furthermore, the low tempera-
ture treatments keep the grains small providing, therefore,
a tool for the tailoring of material properties. In this work
we have used the combustion synthesis method to obtain
dense materials with small grain size.

In this article, we explore the microstructure and
electrical conductivity of nanoceramics of gadolinium-
doped cerium oxide to investigate their potential as
materials for electrochemical devices. First we concentrate
on the synthesis and characterisation of the nanoparticles

and then on the preparation and electrical properties of a
dense sample with nano-sized grains. We hypothesise that
the conductivity can be modified by controlling the grain
size and, in this way we should be able to design in the near
future a material with specific electronic and/or ionic
conductivity.

2. Experimental
2.1. Synthesis of nanoparticles

Nanoparticles of CeyoGdy0,_s5 were prepared by
combustion synthesis [26] starting from the appropriate
stoichiometric mixture of Ce(NO;3);-6H,O (Aldrich,
99.9%) and Gd(NOj);-6H,O (Aldrich, 99.9%) as the
oxidising compounds and glycine (Aldrich, >99%) as the
reducing agent. The exact cation content in each nitrate
was checked by weighing the nitrate, decomposing it in
an oven and weighing the remaining oxide. A ratio of
0.56 glycine/nitrates was used in order to obtain the
optimum reaction conditions [26]. A humid paste was
formed after mixing the compounds in an agate mortar in
air. The excess water was eliminated on a hot plate just
below 100 °C and then the temperature was increased until
spontaneous combustion took place. For safety, only
approximately 5g of material were prepared per batch.
The collected powder was crumbled easily with the mortar
and heated in an alumina crucible at 550°C for 1h to
eliminate organic residues.

2.2. Preparation of nanoceramics

We prepared pellets of 1 mm height and 13 mm diameter
by pressing the nanopowders uniaxially (268 MPa) in a
steel die. We performed then a variety of tests in order to
find the optimal condition for sintering. These specimens
were heated with different ramps and at different
temperatures (1000-1350 °C) and times (Smin up to 4h)
in air (pg, = 0.16 atm in Mexico City).

2.3. Microstructure

The powder topology was analysed by atomic force
microscopy (AFM) (JEOL JSPM-4210 Scanning Probe
Microscope) in Tapping'™ mode with Ultrasharp tips
(CSC 21/25-NSC 15/25 Ultra—Sharp silicon cantilevers)
under normal pressure conditions. The powder morphol-
ogy was studied by transmission electron microscopy
(TEM) (JEOL JEM 1200EX). Interplanar distances d were
obtained using dR = AL by where R is the radius of the
circle of the diffraction pattern, L the constant of the
camera (100 cm) and 4 is the wavelength (0.0034 A—120 V).

An X-ray diffraction (XRD) (Siemens D5000, CuKo
radiation) study was performed to check the phase purity
of the nanopowders. Scherrer’s formula was used to
determine the particle size using NaCl as a standard to
determine the instrumental broadening [28]. We followed
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the growth of the particles by XRD ex-situ after annealing
the nanopowders for 3h at different temperatures.

We analysed the microstructure of the nanoceramics by
scanning electron microscopy (SEM) (JEOL Leica-Cam-
bridge, Stereoscan 440) and AFM while the phase purity in
the pellets was checked by XRD. The densities of the
nanoceramics were determined by the Archimedes’ method
using de-ionised water as the immersion fluid.

2.4. Electrical conductivity

Four-point dc conductivity (Lakeshore 120 Current
Source, Agilent 34401 A Multimeter) was used to obtain
the total conductivity of these materials. We cut out small
bars from the pellets to be used for the dc measurements.
Four Pt wires (0.25mm diameter) and Pt paint were used
(Tanaka Kikinzoku Kogyo KK TR-7905) as the electrodes
after annealing at 700 °C for 3 h. We used two different gas
atmospheres: nitrogen (pg, = 3.5 x 10~®atm) and air
(Po, = 0.16atm) for the measurements. The oxygen con-
tent in N, was given by the manufacturer. The partial
pressures of oxygen already take into account the average
atmospheric pressure in Mexico City. The N, was
humidified (py,o = 0.011atm) to improve the reaction of
oxygen incorporation/evolution at the electrodes [29]. We
applied a current and measured the voltage as a function of
time until a stable value was obtained (ca. Smin). We then
changed the current and repeated the procedure to ensure
that the behaviour was ohmic at each temperature. From a
plot of V vs. I we estimated the resistance from the slope of
the line obtained. All the voltages measured were always
below 1V. The lowest temperature used in this measure-
ment was 750 °C as no stable measurement was attained
below this value in a nitrogen atmosphere. The highest
limit was arbitrarily set to 950°C in order to avoid
excessive coarsening of the materials.

We used a simple ac measurement (HP4192A Impedance
Analyser) in the frequency range 5-13 MHz to investigate
the electrical properties in the lower temperature regime
(150-300°C) in air and argon (5x 10~%atm). The semi-
circles obtained were fitted using a non-linear square fitting
to a simple RC or RC-RC circuit [30] to estimate the
virtual intercept with the real axis. We used the total
conductivity as obtained from the impedance measure-
ments to compare with the high temperature 4-point dc
conductivity data.

4. Results
4.1. Nanoparticles

The vigorous combustion yields nanoparticles of relative
good homogeneity. The diffraction peaks led to the
identification of a pure phase Cey9Gdg10,_s with fluorite
structure and to the recognition that the Gd was readily
incorporated into the lattice with no other secondary phase
visible see Fig. 1. The wide base of peaks is characteristic of
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Fig. 1. A diffraction pattern of Cey9Gdy10,_g4 showing a perfect fluorite
structure.
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Fig. 2. 3D topological image of CeyoGdy 10,_g.

the small size particles. We estimated a particle size average
of 19 nm.

Fig. 2 presents an AFM image of the nanoparticles. The
topography observed in Fig. 2 shows a relative homo-
geneous particle size distribution in a scanned area of
304 x 304nm. The image indicates a planar roughness
of approximately 3.5nm and close contact between the
nanoparticles. A rough estimation of the particle size in a
scanned area of 200 x 200 nm yields an average of 21 nm.

Fig. 3 shows a TEM micrograph of a batch of Cejy
Gdg 10,_s particles taken at 300K X. The average particle
size is of the order of 20 nm. A detailed zoom was done in
order to resolve some rows of atoms inside a nanoparticle.
This image gives a better idea of the shape and size of
the individual particles, and shows a more polyhedric
nature as opposed to the round particles of the Y-doped
CeO; [23].

Fig. 4 shows an electron diffraction pattern of the
Cep.9Gdo.10,_s nanoparticles in a selected area. The
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Fig. 3. Cey9Gdy 10,_4 nanoparticles observed by TEM.

Fig. 4. Electron diffraction pattern of Cey9Gdg 10,_g4. The planes are (1)
(I11),(2)(200), 3) (220), 4 311),(5) (222), (6) (400), () (33 1), (®)
(420), (9) (422), (10) (333). The XRD pattern approximation is also
shown.

diffraction pattern obtained by TEM shows the character-
istic ring reflexions of a nanometric polycrystalline material
while the distances between the planes correspond in a very
close approximation with the distances obtained by XRD.
Table 1 lists the values of the interplanar distances as
estimated with XRD and TEM. The estimated cell
parameters are 5.419 A (XRD) and 5.45A (TEM).

Table 1

Interplanar distances as obtained from XRD and TEM

Peak d by XRD (A) d by TEM (A) hkl
1 3.139 3.176 111
2 2.713 2.741 200
3 1.920 1.937 220
4 1.606 1.626 311
5 1.566 1.568 222
6 1.357 1.345 400
7 1.245 1.233 331
8 1.213 1.209 420
9 1.108 1.109 422
10 1.044 1.088 333

The estimated cell parameters are 5.419 and 5.45 A, respectively.
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Fig. 5. Particle size as a function of annealing temperature of
nanopowders (not pressed). Time of anneal: 3h. The inset shows the
change in width with temperature of the 111 reflection peak.

As expected, these nanoparticles grow when treated at
high temperatures and the effect can be seen in Fig. 5. This
figure also shows that there is no further growth above
1100 °C and it seems that a stable size has been reached.
It has been shown that grain growth in thin films of
Gd-doped CeO; stops after Sh (below 1000 °C) and the
grain size remains very stable [31].

4.2. Nanoceramics

The nanopowders obtained have a very good sinter-
ability. A variety of annealing conditions were tested and
we found that the best options are a temperature of 1250 °C
and dwell times of 5-60 min in air (ca. py, = 0.16 atm). The
densities obtained were above 90% in all cases. Fig. 6
shows a SEM micrograph of a cross section of a dense
sample of Cey9Gdy10,_s and we can establish that the
grains are all below 250 nm. As seen in the micrograph, no
open porosity and/or cracks are visible, a feature that is an
important requirement for the application of this ceramic
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Fig. 6. Cross section of CeyoGd 0,_g sample scanned by SEM.
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Fig. 7. AFM image of the surface of a sample of Ce9Gdy 0, 4 with a
94% of the theoretical density. Grains under 100 nm can be observed.
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as a SOFC, SOEC or a separation membrane. In agree-
ment with earlier reports [23,26,27], the densification of
doped CeO, ceramics to more than 90% can be achieved
by sintering powders prepared by combustion synthesis.
Fig. 7 displays a better indication of the nanometric size of
the grains in the nanoceramic. This picture reveals that
some grains are smaller than 100 nm. These grains may not
dominate the whole microstructure yet they are probably
responsible for the electrical behaviour displayed as will be
seen in the next section.

4.3. Electrical conductivity

4.3.1. Impedance spectroscopy

Fig. 8 shows two impedance plots taken at two different
atmospheres for two temperatures. The logarithm of the
frequency is indicated in these plots as they help us
associate a process with the signals. As opposed to previous

work in nanoceramics using silver electrodes [20], we
observed at least two semicircles using Pt electrodes. In
both cases, we can assume that above 1 MHz (log f = 6) the
response is due to the bulk as seen at 325 °C in Fig. 8b. We
can also assign the signal between ca. 1 and 100 KHz to the
grain boundary response. One of the most important
features displayed here is a clearly smaller grain boundary
response for measurements in argon. On the other hand,
the bulk response seems to be the same for both
atmospheres at 325°C but no comparison of the bulk
conductivity can be made at higher temperatures as the
semicircles are more and more depressed. At low tempera-
tures the grain boundary signal cannot be properly
identified as it lies above the equipment measuring
capabilities. As the bulk and grain boundaries signals were
not always clearly defined in the whole range studied, and
as it is not clear yet if an RC-RC is the best equivalent
circuit to be applied, we did not separate the two signals
with this model. Instead, we used the virtual intercept
(ca. 1 KHz in Fig. 8a and 8b) with the real axis and
assigned it to the dc conductivity as is customary. This
allowed us to compare with the 4-point dc conductivity at
higher temperatures in Section 4.3.4.

4.3.2. Polarisation curves

Fig. 9 presents two polarisation curves at high tempera-
ture in nitrogen as obtained from the 4-point dc technique.
Fig. 9a shows that at 922 °C no polarisation is present and
only a very slight change in conductivity as a function of
time is observed. However, as the temperature decreases
the polarisation increases. Fig. 9b shows considerable
polarisation at 809 °C. This phenomenon increases at lower
temperatures and therefore no more measurements were
performed below 700 °C. Current densities larger than
42mA cm~? produced a saturation of the current source.

Figs. 10a and 10b show the polarisation curves at 953
and 777°C in air. Three general comments can be made:
firstly, there is no polarisation; secondly, the conductivity
does not change as a function of time at these conditions of
temperature and atmosphere and finally, a current density
higher than 42mA cm™2 can pass through the sample.

From Figs. 9 and 10, we observe clearly that the electrical
properties are then definitely affected by the atmosphere. For
micrometric-grain sized doped ceria, this effect would not be
expected as the bulk conductivity dominates the total
conductivity, which is mostly ionic below 1000 °C.

4.3.3. Dc conductivity

Fig. 11 presents the Arrhenius plot for the dc conductiv-
ities measured in air and nitrogen atmospheres. A wider
temperature range in air could be plotted since the system
did not indicate polarisation, as seen in the previous
section. On the other hand, the measurements in nitrogen
were more restricted in temperature as the samples did not
reach stable voltage values below 700 °C. Fig. 11 also
contains the conductivities obtained from ac impedance in
air and argon atmospheres.
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Fig. 8. Impedance plots of Cey 9Gdy ;O,_g4 in air (8a) and in argon (8b). The numbers adjacent to the data points indicate the logarithm of the frequency.
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Fig. 11. Arrhenius plot of the dc conductivity of Cey9Gdy 10s_g.

to the bulk in a microsized material. Therefore, the values
cannot be directly compared but the difference may be a
manifestation of an effect of the grain size. It is also
observed that the high temperature (dc measurements) and
low temperature (impedance measurements) conductivities
follow the same trends.

5. Discussion

We have achieved a high density, small grain sized ceramic
via the combustion synthesis method. The SEM micrographs
(Fig. 6) indicate that the grains are all below 250 nm in size,
although a higher resolution was not possible with this
technique. The AFM images, however, show that some of
the grains are below 100 nm. Studies on the grain growth of
Gd-doped CeO, seem to indicate that the average size do not
increase after 4h in the temperature range we used [31]. We
believe that the electrical measurements are not largely
affected by grain growth, and will concentrate on the
enhanced conductivity presented by the system under an
atmosphere with a relatively low partial pressure of oxygen.

In order to characterise an electrical conductor we need
to know the nature of the charge carrier and its mobility. It
is important then to determine the nature of the charge
carriers. The 4-point dc technique cannot discriminate
what type of carrier is responsible for the conductivity but
this does allow us to discuss briefly two possibilities:
oxygen ions and electrons.

5.1. Oxygen ions vs. electrons

Oxygen ions are the main charge carriers in oxidising
atmospheres in micro-grain sized doped ceria materials, as
a result of the vacancies generated through doping as
indicated in Eq. (1). Usually, above 500 °C the measure-
ment of conductivity by ac impedance yields only the bulk
response since the grain boundary is short circuited. This

approximation might be valid when the grain boundaries
do not represent a large part of the material under
measurement and can be considered to be in series with
the bulk. Nonetheless, a nanoceramic might have conduc-
tion paths along the grain boundaries that cannot be
ignored. We have measured 0.93¢V for the total con-
ductivity in air and it is highly likely that, besides the bulk,
a grain boundary component is still present. In this respect,
it has been suggested that oxygen migration can take place
along grain boundaries resulting in an enhanced ionic
conductivity in nanoceramics of Y-doped ceria at tem-
peratures below 200 °C in air [20]. A precise determination
of the contribution of the oxygen ions to the total
conductivity is in progress using the isotopic exchange
depth profiling by secondary ion mass spectrometry as
performed for the single crystalline material [3].

Reduction can take place in atmospheres with a low
partial pressure of oxygen (see Eq. (2)) bringing about mixed
ionic-electronic conductivity in micro-sized Gd-doped ceria.
In our experiments, we observe an enhancement of con-
ductivity above 700 °C in nitrogen where the system seems
to be reducing since the conductivity increases largely and
surpasses that of the total conductivity in air. For example,
at 930°C, the conductivity is 0.83Q 'em™" in N, o, =
3.5x 10™atm) and 0.38Q 'cm™' in air, while the bulk
ionic conductivity is estimated as 0.19Q~'cm™' [15]. This
enhanced conductivity has been observed for Y-doped CeO,
as well [23]. The fact that the conductivity increases in
nitrogen seems to indicate some level of reduction even
though such a process in a lattice with oxygen vacancies
seems to be in contradiction with simple notions of chemical
equilibrium, deducted from Eq. (2). However, that the CeO,
may be more susceptible to reduction upon doping has been
known since the early studies on pure and doped ceria [32].
Furthermore, it has also been reported that it is easier to
reduce highly doped ceria than low doped and undoped
ceria, especially at temperatures lower than 800 °C [15,33]
close to our working temperatures. The determination
of Ce*" in the samples under the atmospheres used is of
paramount importance. We are currently addressing this
problem in Y-doped CeO, using electron paramagnetic
resonance in samples quenched ex-situ.

5.2. Grain boundary vs. bulk transport

The Arrhenius plot in Fig. 11 shows a consistent trend
between the total conductivity obtained by ac impedance and
the 4-point technique. Furthermore, from the ac impedance
we can observe that the semicircle usually associated with the
grain boundary resistivity (between 1kHz and 1 MHz) is
clearly smaller in argon than in air. If this trend follows at
high temperature, we might think that the grain boundaries
form channels along which the charge carriers move. This
difference in behaviour with the atmosphere is also clearly
displayed in Figs. 9 and 10 in terms of the polarisation;
while in air there is no polarisation, in nitrogen the systems
takes a longer time to respond and reach a certain level of
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equilibrium as though some sort of temperature-dependent
atom re-arrangement in the grain boundary or the bulk was
taking place. It is interesting to note as well, that when the
sample is in N,, it has a lower capacity to transport charge
than when the atmosphere is air. It is not clear at this point;
if this polarisation behaviour is an indication that transport
takes place along grain boundary when it is electronic. In any
case, the Arrhenius plot of Fig. 11 contains the evidence that
the conductivity can reach almost an order of magnitude
higher in N, than in air. This also confirms the results
obtained for nanoceramics of Y-CeO, [3] although a clear
explanation of the transport mechanism is still missing. If a
measurable improvement of electronic conductivity was
achieved with grain sizes around 100nm one could expect
an even better improvement at smaller sizes. If the ionic
conductivity remains high and the electronic conductivity has
a higher value in the 500-800 °C temperature range, we may
be able to consider this material for a pressure-driven oxygen
separation membrane.

6. Conclusions

1. We have successfully prepared nanoparticles of Gd-
doped CeO, using the combustion synthesis technique.
The particle size average is close to 20 nm, calculated
using Scherrer’s formula, TEM or AFM.

2. This nano-powder possesses excellent sinterability at
low temperatures (1250 °C) and short times (< 1h). The
ceramics obtained are dense and have grain sizes smaller
than 250 nm and the grains can be smaller than 100 nm
as observed by AFM.

3. These nano-grains, however, seem to affect the electrical
conductivity since we observed a high level of con-
ductivity in N, atmospheres compared to air and higher
than the most commonly accepted values of ionic
conductivity in the bulk.

4. It seems that the increased conductivity has an impor-
tant electronic contribution and that the grain bound-
aries play an important role as conduction channels for
electrons.

5. The relatively mild reducing condition found for a grain
size close to 100 nm led to almost an order of magnitude
increase in conductivity, therefore, we may anticipate a
larger effect with a smaller grain size. This could be used
for the design of materials for separation membranes
with a very specific ratio of electronic/ionic conductivity.
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