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Abstract This paper describes the electrical conductiv-
ity of ceria nanoparticles under high pressure ranging
from 2 to 6 GPa. The samples used were pure and
acceptor-doped ceria nanoparticles with a grain size of
approximately 2 nm prepared by mixing hexamethy-
lenetramine and metal nitrate solutions. The size of
ceria nanoparticles was controlled to be 2 to 15 nm
by varying heat-treatment conditions. The in-situ
electrical conductivity measurements under high pres-
sure were conducted by using an ac-impedance spec-
troscopy. By applying a pressure of 6 GPa at 300 ◦C, the
green compact of 6 mol % Sm-doped ceria nanopar-
ticles was densified; a relative density of 93% was
achieved. The sample showed an electrical conductivity
of 3× 10−3 S/cm at 300 ◦C under 6 GPa. The enhance-
ment of electrical conductivity under high pressure
seems to be related to ionic conduction in the vicinity
of grain boundaries.

Keywords Sm-doped ceria · Ion conductivity ·
Grain boundary · Ac impedance

1 Introduction

Pure and accepter-doped cerium dioxides have been
widely investigated because of their variety of elec-
trical conductivity and high catalytic activity. For
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example, Sm-doped ceria is used as an electrolyte in
low-temperature solid oxide fuel cells (LT-SOFCs). On
the other hand, Pr- and Mn-doped ceria can be applied
to oxygen permeable ceramics and to an anode elec-
trode in the SOFCs because of their high mixed ionic
and electronic conductivity [1–4]. To enhance their
functionalities, ceria nanoparticles have been attracting
much attentions of many researchers. To date, a large
number of papers have been published with respect to
the electrical transport properties of ceria nanoparti-
cles. Chiang et al. reported the enhancement of n-type
electronic conductivity by four orders of magnitude for
dense ceria nanoparticles with an average grain size of
10 nm [5, 6]. This behavior has been also observed for
acceptor-doped ceria with different doping levels, and
explained in conjunction with the presence of a space
charge layer which causes the exponential increase in
electronic carrier concentration, and simultaneously,
the suppression of oxygen vacancy concentration in the
vicinity of the interfacial layer [7–13].

In this paper, to clarify the nature of oxide-ion con-
ductivity of ceria nanoparticles, the authors prepared
acceptor-doped ceria nanoparticles, and conducted the
in-situ ac-impedance measurements under high pres-
sure on the order of giga pascal. The use of high
pressure enables one to prevent nanoparticles from
grain growth, and as a result, to obtain dense sample
at lower temperatures. Moreover, such high pressure
seems to affect the structure of grain boundary regions,
in other words, modify the effects of space charge layer
on charged carriers. The purpose of this study is to
prepare the accepter-doped ceria nanoparticles, where
the acceptor is Sm, Pr, and Mn, and then to clarify the
electrical conductivity of the ceria nanoparticles under
high pressure.
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2 Experimental details

Sm, Pr and Mn-doped ceria nanoparticles have been
prepared by mixing nitrate solutions and hexameth-
ylenetetramine (HMTA) as an oxidizing agent [14, 15].
The mixed solution was stirred at room temperature.
To control pH of solutions, hydrogen peroxide solution
(30–35.5 vol% H2O2) was added. The mixed solution
was centrifuged to obtain precipitates. The resultant
powders were washed with distilled water for four times
to eliminate the residual reagents. The powders were
then rinsed with isopropyl alcohol, and dried at 100 ◦C
in air. Furthermore, to evaluate grain growth behavior,
the dried powders were calcined for 10 h at various
temperatures ranging from 100 to 700 ◦C. Phase iden-
tification was performed by means of powder X-ray
diffractometry. As a reference sample, a bulk sample
of Sm-doped ceria was prepared by the Pechini process
followed by sintering at 1500 ◦C for 20 h. The resultant
sintered body was found to show a relative density of
approximately 93% and a grain size of approximately
2 to 5 μm.

Average particle size of the oxide powders was es-
timated by an X-ray line broadening technique per-
formed on the diffraction peaks of ceria phases. The
intrinsic profile broadening (β) can be given by β =
βexp − β2

ins
βexp

, where βexp is the experimentally observed
profile broadening, βins the convolution of the profile
broadening due to instruments. Klug and Alexander
have reported that this approximation well represents
the intrinsic broadening [16]. Furthermore, suppose
that the grain size and micro-strain broadening were
described by using Cauchy–Gaussian (CG) relation-
ship, He et al. and Zang et al. reported that the CG
approximation is the most appropriate method for the
linear fitting for grain size and micro-strain [17, 18]; the
following equation can be derived:

β2

tan2 θ
= Kλ

D
β

tan θ sin θ
+ 16e (1)

where K = 0.9, λ is the wave length of CuKα (λ =
0.15418 nm), θ is a diffraction angle, e is an approximate
upper limit of the lattice distortion [16] and D is a grain
size. When β2

tan2 θ
is plotted as a function of β

tan θ sin θ
, the

slope should be Kλ
D .

The specific surface area of nano-sized ceria was
determined by BET analysis based on the results of
nitrogen adsorption at 77 K. From the BET surface
area, particle size can be also estimated by the following
equation:

D = 6 × 103
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Fig. 1 Schematic diagram of measurement cell with: (a) pres-
sure transmitting media (pyrophyllite), (b) boron nitride rod,
(c) thermocouple (chromel-alumel), (d) Pt lead wire, (e) Pt-
gauze current collector, (f) sample, (g) boron nitride ring, and
(h) nichrome heater tube

where D is the average particle size, S is the specific
surface area, d is the theoretical density.

High pressure conductivity measurements were con-
ducted by using a cubic anvil-type apparatus, which
enables to give pseudo isostatic pressure in the range
of 2 to 6 GPa [19]. Prior to conductivity measurements,
pressure as a function of load applied was calibrated
by pressure-induced transformation points of Bi (2.55
and 2.7 GPa), Tl (3.7 GPa) and Ba (5.5 GPa). Figure 1
shows a schematic diagram of conductivity measure-
ment cell. All components including a thermocouple
(K-type), Pt gauzes, and lead wires were precisely
built in a cubic-shape pyrophyllite cell which work
as pressure-transmitting media. The electrical conduc-
tivity was obtained by means of complex impedance
analysis in the frequency range of 0.01 Hz to 10 MHz.

3 Results and discussion

3.1 Synthesis and size characterization

The acceptor-doped ceria nanoparticles were prepared
with 200 μL/dL H2O2 addition and stirring for 1 h. The
oxidizing agent, HMTA, has a unique characteristic
of hydrolyzing quite slowly to produce formaldehyde
under acidic circumstances [20].

C6H12N4+6H2O=6H2CO

+ 4NH3 −→NH3+H2O=NH4OH

(3)
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When the pH value was low, the hydrolysis was fa-
vored, which led to the large critical supersaturation for
nucleation of the precipitates. Because of this, H2O2

added samples showed relatively large yields. The de-
tailed reaction process and the effect of the addition
of H2O2 were described elsewhere [21]. As a result,
the Sm-, Pr-, and Mn-doped ceria nanoparticles with
particle size of 2-3 nm were successfully prepared. Even
though the nominal composition of the doped ceria was
Ce0.6Sm0.4O2−δ , Ce0.5Pr0.5O2−δ , and Ce0.5Mn0.5O2−δ ,
the actual one was found to be Ce0.94Sm0.06O2−δ ,
Ce0.95Pr0.05O2−δ , and Ce0.92Mn0.08O2−δ , respectively.

Figure 2 shows XRD patterns of Sm-doped ceria
nanoparticles annealed at various temperatures. All the
samples were identified to have a fluorite structure.

As a reference, a bulk sample with a grain size larger
than 1 μm is also shown in Fig. 2, which is used to
determine the profile broadening due to instrument
optics. After annealing, the shape of reflections tends
to be sharp. The particle size obtained from the line-
broadening analysis and BET surface area as a function
of annealing temperature was plotted in Fig. 3. The
particle size increases with increasing annealing tem-
perature. At 100 ◦C, the particle size of pure and the
acceptor-doped ceria nanoparticles determined from
XRD was approximately 3 nm. Even after annealing at
600 ◦C for 10 h, the size of less than 15 nm was kept.
The particle size calculated from BET analysis gives
a slightly larger grain size than that calculated from
XRD. At 100 ◦C, the particle size calculated from BET

Fig. 2 X-ray diffraction
patterns of 6 mol%Sm-doped
ceria nanoparticles
annealed at T ◦C for 10 h
(T = 100 – 500), and
5 mol%Sm-doped ceria
prepared by the Pechini
process and sintering at
1500 ◦C (top)
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Fig. 3 Heat-treatment
temperature dependence of
particle size determined from
XRD and BET methods
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was approximately 5 nm. This difference in particle
sizes suggests that the nanoparticles form agglomerates.
To clarify this point, the pore size distribution of the
ceria nanoparticles annealed at 100 ◦C and 600 ◦C
for 10 h were performed. Based on the shape of the
adsorption isotherms, all samples in this study were
characterized as a type IV with a hysteresis loop at
intermediate relative pressures. Pore size distribution
was calculated by means of DH (Dollimore-Heal) plot.
The Pr-doped ceria showed a narrow pore volume
distribution. In contrast, the Mn-doped ceria had a wide
distribution and the pore size was approximately 5 nm.
This pore size seems to correspond to a space between
nanoparticles in the agglomerates. In this study, the size

of ceria nanoparticles were controlled by adjusting the
annealing temperature.

Figure 4 shows the lattice constant of the ceria
nanoparticles as a function of particle size. In the figure,
the valence of Ce predicted by Tsunekawa et al. [22]
is also plotted. The lattice constant increases with de-
creasing the particle size. At 600 ◦C, the lattice constant
of pure and acceptor-doped ceria nanoparticles was
approximately 0.5411 nm, which was almost compara-
ble to that of bulk state (0.5410 nm). This change in
the lattice constant shows a good agreement with the
valence change of Ce cations predicted by Tsunekawa
et al. To explain lattice expansion behavior in ceria
nanoparticles, they assumed several crystal structure
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Fig. 4 Particle size
dependence of lattice
constant of pure ceria and
Pr-, Mn- and Sm-doped ceria
nanoparticles determined
from XRD method. Dashed
lines indicates the valence of
Ce cations calculated by
Tsunekawa et al. [22]

models. The first model is no vacancy model, that is,
all of four oxygen atoms on surface hold the valence
of -1 (peroxide). The second one is that the number
of oxygen atoms on the surface is half (two oxygen
atoms and two vacancies) and the valence of the atoms
is also −1. The third one is that the arrangement is
same as that for the second model but the valence of
the atoms is −0.5 (superoxide) [22]. From electrostatic
charge neutrality, then, Ce3+ needs to be formed on
Ce4+ sites as a result of the reduction process. As shown
in Fig. 4, the lattice expansion becomes significant,
in other words, the amount of Ce3+ increases in the
order of first, second and third models. Pure and Sm-
doped ceria nanoparticles showed a good agreement
with the second model. On the other hand, Pr- and Mn-
doped ceria nanoparticles showed an agreement with
3rd and 1st models, respectively. This difference may
be explained by the difference in a cation size of the
dopants.

3.2 Electrical conductivity under high pressure

The electrical conductivity measurements under high
pressure were conducted for Sm-doped ceria. Prior to
the measurement of Sm-doped ceria nanoparticles, a
bulk sample of 5 mol% Sm-doped ceria, which was
sintered at 1500 ◦C for 20 h, with a relative density of
approximately 93% and a grain size of approximately
2 to 5 μm was evaluated as a reference. Figure 5(a)
shows the Cole-Cole plots of the bulk sample of 5 mol%
Sm-doped ceria at 325 ◦C under 1 bar and 6 GPa.
The presence of straight spikes at lower frequencies
suggests that oxide-ions are major carriers. Based on
an equivalent circuit analysis, the apparent semicircles
can be reproduced by using a capacitance value on the
order of 10−9 F. In addition, a small semicircle, which
is unfortunately invisible in Fig. 5(a), was clearly ob-
served for higher frequencies. From these observations,
the apparent semicircles were found to correspond to a
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Fig. 5 (a) Cole-Cole plots of
5 mol%Sm-doped ceria
prepared by the Pechini
method under 1 bar and
6 GPa at 325 ◦C; (b) the
electrical conductivity of
grain boundary as a function
of pressure
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relaxation process for grain boundary. It should be then
noted that the grain boundary conductivity increase
by a factor of four under high pressure. The electrical
conductivity of grain boundary (σgb ) for the 5 mol%
Sm-doped ceria at 325 ◦C is plotted as a function of
pressure in Fig. 5(b). The electrical conductivity shows
a shallow maximum at around 3 GPa, and slightly
decrease with increasing pressure. The later decrease
may be attributed to the effect of activation volume.
Because of this activation volume effect, the electrical
conductivity of grains also slightly decreased with in-
creasing pressure.

Figure 6 shows the electrical conductivity of the
5 mol% Sm-doped ceria as a function of temperature.
The enhancement of σgb can be clearly seen. In ad-
dition, it should be noticed that the enhancement is
basically due to increase in a pre-exponential term,
indicating the enhancement of carrier concentration

under high pressure. This result encourages the elec-
trical conductivity measurement for the nanoparticles
under high pressure.

The electrical conductivity measurement for Sm-
doped ceria nanoparticles was then performed under
high pressure. The Sm-doped ceria nanoparticles an-
nealed at 400 ◦C for 10 h, having a grain size of ap-
proximately 6 nm, was subjected to the measurement.
The annealing at 400 ◦C was performed in order to
remove water which may be incorporated into the
nanoparticles during preparation and/or adsorbed on
their surface. The dehydration process was monitored
by a thermogravimetric technique. Figure 7 shows SEM
photographs of the Sm-doped ceria nanoparticles (a)
before and (b) after the electrical conductivity mea-
surement at 300 ◦C under 6 GPa. As can be seen, the
sample was fully densified even at 300 ◦C; the relative
density was found to be reaching to 93%. The grain size
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Fig. 6 Arrhenius-type plots
of grain and grain-boundary
electrical conductivity of
5 mol% Sm-doped ceria
prepared by the Pechini
method
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Fig. 7 SEM images of 6 mol% Sm-doped ceria nanoparticles annealed at 400 ◦C for 10 h; (a) before and (b) after high pressure
measurement at 300 ◦C under 6 GPa
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was confirmed by means of XRD after the measure-
ment; the grain size was found to be slightly increased
to 7.4 nm. The electrical conductivity of the Sm-doped
ceria nanoparticles was calculated by using the sample
dimensions after measurements.

Figure 8 shows the electrical conductivity of the
6 mol% Sm-doped ceria nanoparticles (annealed at
400 ◦C; grain size, D = 6.0 nm) as a function of tem-
perature. In the figure, the data in Fig. 6 is also plotted
for comparison. As can be seen, the sample of 6 mol%
Sm-doped ceria nanoparticles (filled squares) shows
higher electrical conductivity than that for the sample
with μm-scale grains; The electrical conductivity is ap-
proximately 3×10−3 S/cm at 300 ◦C under 6 GPa. The
enhanced electrical conductivity, however, tends to be
constant as temperature increases, and then finally de-
creases during cooling process. It should be noted that

the temperature at which the electrical conductivity
tends to be constant shows a good agreement with the
annealing temperature of 400 ◦C (1000/T in K ≈ 1.48).
In the case that temperature was decreased without
exceeding the annealing temperature, the electrical
conductivity decreased in accordance with an activa-
tion energy of approximately 0.38 eV. This implies
that nano-size grains and/or grain boundaries may be
responsible for the enhancement of electrical conduc-
tivity. In addition, the Cole-Cole plot of the 6 mol%
Sm-doped ceria nanoparticles at 274 ◦C (see an inset)
showing a spike at lower frequency and capacitance
on the order of 10−9 F suggests that the electrical
conductivity enhancement may originate from ionic
conduction.

To clarify the pressure effect, the electrical con-
ductivity measurement was performed for the same

Fig. 8 Arrhenius-type plots
of electrical conductivity of
6 mol%Sm-doped ceria
nanoparticles under 6 GPa.
The data in Fig. 6 is also
plotted. An inset is the
Cole-Cole plot of
6 mol%Sm-doped ceria
nanoparticles at 274 ◦C
under 6 GPa
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sample under ambient pressure after pressure release.
At room temperature, an electrical conductivity of
1.6×10−7 S/cm was observed; however, the electrical
conductivity decreased with increasing temperature un-
der ambient pressure. At 300 ◦C, an electrical conduc-
tivity on the order of 10−8 S/cm was obtained. After
cooling, the same sample was placed into the high
pressure apparatus again to check the reversibility of
electrical conductivity with respect to pressure. As a
result, this sample was found to exhibit an electri-
cal conductivity of 4.7×10−5 S/cm at 300 ◦C under
6 GPa; this value is somewhere between the elec-
trical conductivity of the initial measurement under
high pressure (3×10−3 S/cm) and that of bulk sample
(2.4×10−6 S/cm), suggesting that reversible and irre-
versible effects are mixed. This behavior with respect to
pressure release and re-application might be attributed
to the possibility of proton conduction due to adsorbed
and/or structural water. In fact, an activation energy of
0.38 eV is quite low as an oxide-ion conductor [23];
on the other hand, an activation energy for surface
proton conduction can be as low as 0.15 eV [24, 25]. In
addition, proton conduction in nano-YSZ has been re-
ported [26]. From these observations, it can be said that
the enhancement of ion conductivity can be observed
for ceria nanoparticles by using high pressure on the
order of giga pascal, even though further analysis, es-
pecially the determination of ionic carrier with respect
to the amount of adsorbed and/or structural water, is
required.

4 Conclusions

The electrical conductivity of ceria nanoparticles under
high pressure was investigated in this study. Pure and
acceptor-doped ceria nanoparticles with a grain size of
approximately 2 nm were prepared by mixing hexa-
methylenetramine and metal nitrate solutions. The size
of ceria nanoparticles was controlled to be 2 to 15 nm
by varying heat-treatment conditions. By applying a
pressure of 6 GPa at 300 ◦C, the green compact of
6 mol% Sm-doped ceria nanoparticles was densified;
a relative density of 93% was achieved. The sample
showed an electrical conductivity of 3×10−3 S/cm at
300 ◦C under 6 GPa. The enhancement of electrical
conductivity under high pressure seems to be related
to ionic conduction in the vicinity of grain boundaries.
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