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bstract

Solid solutions of Ce1−xNdxO2−x/2 (0.05 ≤ x ≤ 0.2) and (Ce1−xNdx)0.95Mo0.05O2−δ (0.05 ≤ x ≤ 0.2) have been synthesized by a modified sol–gel
ethod. Both materials have very low content of SiO2 (∼27 ppm). Their structures and ionic conductivities were characterized by X-ray diffraction

XRD), field-emission scanning electron microscopy (FESEM) and electrochemical impedance spectroscopy (EIS). The XRD patterns indicate
hat these materials are single phases with a cubic fluorite structure. The powders calcined at 300 ◦C with a crystal size of 5.7 nm have good

◦
interability, and the relative density could reach above 96% after being sintered at 1450 C. With the addition of MoO3, the sintering temperature
ould be decreased to 1250 ◦C. Impedance spectroscopy measurement in the temperature range of 250–800 ◦C indicates that a sharp increase of
onductivity is observed when a small amount of Nd2O3 is added into ceria, of which Ce0.85Nd0.15O1.925 (15NDC) shows the highest conductivity.
ith the addition of a small amount of MoO3, the grain boundary conductivity of 15NDC at 600 ◦C increases from 2.56 S m−1 to 5.62 S m−1.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cells (SOFCs) have been considered as power
eneration devices in the future as they have demonstrated high
nergy-conversion efficiency, high power density and extremely
ow pollution, in addition to flexibility in using hydrocarbon
uels. This application typically requires conduction of oxygen
ons which narrows the candidate materials to solid oxide elec-
rolytes [1]. Several investigations have focused on cubic fluorite
tructured oxides due to their relatively open structure [2]. The
ost successful fluorite-structured oxide electrolytes are those

ased on group IVB oxides (i.e. ZrO2, HfO2, CeO2 or ThO2)

ith additions of either alkaline-earth oxides (i.e. CaO or SrO)
r rare-earth oxides [3]. So far, yttria-stabilised zirconia (YSZ)
as been mainly used as the solid oxide electrolyte for such fuel
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ells because of its nearly pure oxygen ionic conductivity in an
xidizing or a reducing atmosphere and good mechanical prop-
rties. However, high operation temperatures above 900 ◦C are
equired for this electrolyte due to its relatively low oxygen-
on conductivity. This condition increases the fabrication cost
nd accelerates degradation of the fuel-cell system. Ceria-based
olid solutions have higher oxygen-ion conductivity than YSZ at
ntermediate temperatures (500–700 ◦C) and have been regarded
s the most promising electrolytes for intermediate temperature
OFC (IT-SOFC) [4].

The ionic conductivities of ceria-based electrolytes doped
ith various cations (e.g. Ca2+, Sr2+, Y3+, La3+, Nd3+, Gd3+ and
m3+) at different doping concentrations have been extensively
tudied. However, the results reported in those works were gener-
lly dispersed, and even the same author reported contradictory
esults [5]. To interpret such dispersions in experimental results,

t was invoked that grain boundaries probably play an important
ole in the electrical conductivity. Riess et al. [6] clearly demon-
trated that the ionic conductivity of (CeO2)0.82(Gd2O3)0.18 was
trongly dependent on the preparation route. The resistance of

mailto:defengzhou65@126.com
mailto:jmeng@ciac.jl.cn
dx.doi.org/10.1016/j.jpowsour.2007.08.093
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ig. 1. TG–DTA curves of the as-dried precursor of 10NDC with a heating rate
f 7 ◦C min−1 in air.

rain boundaries was found to be greater than that of the grain
ore, especially at low temperatures. This fact was ascribed to the

resence of amorphous insulating phases in these boundaries.

The total conduction of polycrystalline electrolytes consists
f both the grain boundary (GB) and grain interior (GI) con-
uctivities. It is well known that the effect of GB conduction

h
c
t
a

Fig. 2. (a) XRD patterns of phase evolution of 10NDC precursor powder; (b) XRD
ources 174 (2007) 114–123 115

n the performance of electrolyte is very significant for inter-
ediate and lower temperature applications. Besides, almost all

lectrolytes used in various electrochemical devices are poly-
rystalline. Therefore, knowledge on the properties of grain
oundaries is of great importance. The GB effects have been
ainly attributed to the space-charge layer [7–9] and the resistive

iliceous film [10–13]. For high purity materials (SiO2 <50 ppm)
9,14,15], GB behavior is mainly attributed to the intrinsic
pace-charge layer effect, since the blocking effect of siliceous
hase is negligible [11,15]. The deleterious GB behavior aris-
ng from SiO2 impurity has been recognized in zirconia-based
lectrolytes for several decades and in ceria-based ceramics for
ver 10 years. And recently, the grain boundary performance of
he transition oxide-doped GDC high pure or impure systems
as been systematically investigated [16–23], while much less
nformation is available about Nd2O3-doped CeO2 (NDC) sys-
em mentioning the SiO2 content, although some literature data
re available regarding the ionic conductivities as a function of
opant contents [24–26]. It is, therefore, necessary to prepare

igh purity NDC solid solutions and investigate the electrical
onductivity of this system. Chen and Chen [27,28] have sys-
ematically studied the grain boundary diffusion of CeO2 with
ddition of some transition oxides (TiO2, Nb2O5 and ZrO2).

patterns of NDC without Mo doping; (c) with Mo doping sintered at 1450 ◦C.
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the presence of nanometer scale particles. The peaks gradu-
ally sharpen with the increase of sintering temperature which
can be attributed to the increase of crystal size. The crystal
sizes of the powders calculated with Scherrer’s equation are
16 J.X. Zhu et al. / Journal of Po

hey found that severely undersized dopants had a tendency
o enhance markedly the grain boundary mobility. Obviously,

uch attention should be paid to the dopants with small ion size.
ere, MoO3 is chosen as a sintering promoter due to the small

onic size of Mo6+. In this work, we have prepared high purity
DC solid solutions and systematically investigated the electri-

al conductivity of these ceria-based compounds. The effects of
oO3 doping on densification and conductivity of this system

ave been discussed in detail.

. Experimental

Neodymium-doped ceria with and without molybdenum
oping were prepared by a modified sol–gel method as
eported in Refs. [29,30]. Analytical reagents Ce(NO3)3·6H2O
≥99.5%), Nd2O3 (≥99.999%), C6H8O7·H2O (≥99.5%) and
NH4)6Mo7O24·6H2O (≥99.5%) were used as the start-
ng materials. The molar ratio of the metal ions to citric
cid was 1:1.5. Stoichiometric amounts of Ce(NO3)3·6H2O,
NH4)6Mo7O24·6H2O and Nd2O3 were dissolved in the dis-
illed water or nitric acid to form solutions, separately, and mixed
hem. Then solid citric monohydrate was added into the mixture
ith stirring at 60 ◦C. The transparent solution was vaporized
vernight by water bath at 60 ◦C, resulting in a dry gel. The
recursors were calcined at 300 ◦C for 4 h. The powder cal-
ined at 300 ◦C exhibited a single phase of fluorite structure like
ure CeO2 with average particle size of 5.7 nm. SiO2 content
f the powder, which was analyzed by means of inductively
oupled plasma mass spectroscopy (Plasma-Spec-1), was about
7 ppm. After pre-calcination, the precursors were ball-milled
nd pressed into pellets under 70 MPa followed by sintering at
450 ◦C for 24 h with Pt plate as the sample holder. Densities of
he sintered pellets were determined by Archimedean method.

DTA/TG were carried out on SDT 2960 (TA instruments)
n the temperature range of 20–700 ◦C with a heating rate of
◦C min−1 in air. The X-ray diffraction (XRD) patterns were

ecorded on a Rigaku D/max-IIB X-ray diffractometer with Cu
�1 radiation (λ = 0.15405 nm) at room temperature. Lattice

onstants of the NDC solid solutions were determined by using
he Rietveld method, and crystal sizes of the oxide powders
ere estimated by the broadening of X-ray peak performed on

he [1 1 1], [2 0 0], [2 2 0] and [3 1 1] diffraction peaks using
cherrer’s equation [31]. Particle morphology, agglomeration
tate and crystal structure of the synthesized powders and pellets
ere observed via field-emission scanning electron microscopy
ESEM (JXA 6400, JEOL, Japan) equipped with an energy-
ispersive X-ray spectrometer (EDX) analyzer (XP30, Philips).
he powder calcined at 700 ◦C was ultrasonically dispersed into
thanol, and the suspension was spread on the surface of a Si
ingle crystal substrate. The pellets of the samples were polished
nd then thermally etched at a temperature which was 100 ◦C
ower than the sintering temperature prior to the FESEM obser-
ation. Crystal sizes were measured from FESEM micrographs

f the etched samples by using the linear intercept technique
escribed by Mendelson [32]. The average crystal size, D, was
btained from the relation D = 1.56L, where L is the average
rain boundary intercept length of a series of random lines on

F
p

ources 174 (2007) 114–123

he FESEM micrographs. Oxide ionic conductivity was analyzed
y electrochemical impedance spectroscopy with a frequency
esponse analyzer (Solatron 1255) and an electrochemical inter-
ace (SI1287). Silver electrodes were coated on both sides of the
ellets and heated at 550 ◦C for 30 min. Impedance measurement
as conducted on cooling from 800 ◦C to 250 ◦C in a frequency

ange from 1 MHz to 0.1 Hz with an increment of 50 ◦C. Curve
tting and resistance calculation were done by Zview 2.1 soft-
are, using the expression of σ = L/RS, where L is the sample

hickness and S is the electrode area of the sample surface.

. Results and discussion

.1. Structural characteristics of the powders

The thermal decomposition behavior of the as-dried precur-
or of Ce0.9Nd0.1O1.95 (10NDC) was studied by DTA/TG, and
he result was shown in Fig. 1. The total weight loss was about
7%. The exothermic peak at 120 ◦C with a mass loss of 15%
an be attributed to the evaporation of water and decomposition
f citrate or citric acid monohydrate. The other exothermic peak
t 300 ◦C accompanied by a weight loss of 52% indicates that
he decomposition occurs around 300 ◦C. No remarkable change
ould be detected above 300 ◦C, suggesting that the single phase
f sample is formed at 300 ◦C, and this was confirmed by XRD
Fig. 2).

Fig. 2a shows XRD patterns of 10NDC specimen which were
eated at 300 ◦C, 500 ◦C, 700 ◦C and 1000 ◦C, respectively. It
s obvious that the precursor keeps the cubic fluorite-type struc-
ure at relatively low temperature (300 ◦C), indicating that the
ormation temperature of 10NDC is as low as 300 ◦C, which is
n good agreement with the results of DTA/TG. It is noteworthy
hat the XRD peaks calcined at 300 ◦C are broad, suggesting
ig. 3. FESEM micrograph showing typical particle morphology of the 10NDC
owder calcined at 700 ◦C for 4 h.
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ig. 4. FESEM micrographs showing the thermal-etched pellets sintered at 1450

.7 nm, 9.1 nm and 18.2 nm for 10NDC calcined at 300 ◦C,
00 ◦C and 700 ◦C for 4 h, respectively. The morphology of
his powder after being calcined at 700 ◦C is shown in Fig. 3,
nd the particle size is between 15 nm and 20 nm. Fig. 2b and
presents the XRD patterns of the undoped-NDC and Mo-

◦
oped NDC samples sintered at 1450 C for 24 h. According
o Nitani’s report [33], the solubility limit of NdO1.5 in CeO2
as 30%, as we expected, all the undoped-NDC samples are

ingle phases. Furthermore, the XRD patterns of NDC samples

a
o
a
b

ig. 5. FESEM showing the cross-section images of 15NDC pellets: (a) 1250 ◦C with
he corresponding EDAX spectra (top: bulk; bottom: triple point).
a) 5NDC; (b) 5NDC with Mo doping; (c) 10NDC; (d) 10NDC with Mo doping.

ith Mo doping did not show the existence of any secondary
hase.

Fig. 4 shows the microstructure of the undoped-NDC and Mo-
oped NDC samples sintered at 1450 ◦C. As illustrated in Fig. 4a
nd c, the undoped-NDC samples show few pores and have rel-

tively uniform grain size distribution. On the other hand, it is
bserved that grains of NDC with Mo doping (see Fig. 4b and d)
re larger. The relatively lower uniformity is probably induced
y the increased grain boundary mobility with Mo doping. It has

out Mo doping; (b) 1250 ◦C with Mo doping; (c) 1450 ◦C with Mo doping and
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arger grains, i.e. the smaller grain boundary regions, therefore,
he smaller grain boundary resistance in the impedance mea-
urement. From the FESEM images shown in Fig. 4, NDC with
o doping show larger grain sizes than the samples without Mo,
hich is consistent with the result of NDC with Gallia dopant

34]. Fig. 5 is the FESEM cross-section images of 15NDC pellets
intered at 1250 ◦C and 1450 ◦C with and without Mo doping and
he corresponding EDAX patterns of the specimen with Mo dop-
ng sintered at 1450 ◦C. It can be seen that the sample with Mo
oping (Fig. 5b) has uniform grain size of about 500 nm and the

rains are connected to each other with a relative density above
5%, whereas the pellet without Mo doping has many pores
fter being sintered at 1250 ◦C with the relative density lower
han 80%. With the increase of heating temperature, the grain

3

1

ig. 6. Impedance spectra of 15NDC (a, b, c) and 20NDC (d, e) sintered at 1450 ◦C
ircuits used in analyzing the impedance spectra (f, g).
ources 174 (2007) 114–123

ize increased greatly (Fig. 5c) accompanied by the increasing
ensity. Fig. 5 also displays the representative EDAX profiles of
ulk (top) and the triple point (bottom) of Fig. 5c. These figures
mply that the composition around triple point is almost the same
s that of bulk and the Mo content is about 1.2 mol% compared
o the initial content of 5.0 mol% due to the volatilization. Fur-
hermore, from the distinct and clean grain boundaries in images
f Figs. 4 and 5, we can conclude that Mo additive distributes
niformly in the sample.
.2. Electrical properties

The samples for electrical measurement were sintered at
450 ◦C for 24 h to ensure a high relative density. The ac

with and without Mo doping at different temperatures in air; the equivalent
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Fig. 6. (Continued).

mpedance of an ionic conductor measured via a two-probe
ethod contains the contributions of the grain interior, grain

oundaries and electrode–electrolyte interfaces at high, middle
nd low frequencies. They can be represented in a complex plane
y three arcs. When the ac measurement was plotted on complex
mpedance plots (Z′′ versus Z′, where Z′ is the real part and Z′′
s the negative imaginary part of the complex impedance), three
uccessive arcs were generally observed. Because of the limited
requency range of the equipment (0.1 Hz–1 MHz) and the char-
cter of the sample, not all these three arcs were observed at any
emperature. Fig. 6 shows the typical Nyquist representations
or NDC with and without Mo doping.

According to the results of Refs. [35,36], it is possible to
hoose the well-adapted equivalent electrical circuits to fit the
mpedance spectra of the electrolyte and obtain different resis-
ances R and capacitances C. In Fig. 6, the incomplete or small
rc in the high frequency range can be attributed to the grain
olarization. The broad arc in the middle frequency range is
ue to the grain boundary polarization. And the spike appear-
ng in low frequency is ascribed to the electrode polarization.
he grain polarization in the high frequency range was from

he inductance of the instrument and the test setup. A parallel
C element represents a drop capacitor with a typical relaxation

ime which corresponds to the process. However, in the present
ase, in place of capacitor a constant phase element (CPE) is
pplied to model the experimental data. The CPE is equivalent
o a distribution of capacitors in parallel; as such, it accounts
or the microstructure inhomogeneity within the sample and it
as calculated from the observed impedance spectra using the

ircuit shown in Fig. 6f and g, in which R0, L1, R1, R2, R3,
PE1, CPE2 and CPE3 represent the resistance of lead wires

it is considered only at low temperatures, while it can be omit-
ed at high temperatures), inductance of the experiment setup,

rain resistance, grain boundary resistance, electrode resistance,
onstant phase element of the grain, constant phase element of
he grain boundary and constant phase element of the electrode,
espectively. The general expression of the CPE is Z = 1/C(jω)n, Ta
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here C indicates the ideal capacitance when n = 1, j = (−1)1/2

nd ω shows the angular frequency.
It can be seen from Fig. 6 that the well-resolved arcs for both

ulk and grain boundary only exist at very limited temperatures,
ue to the limited frequency range of the equipment and the tem-
erature dependence of the bulk and grain boundary resistances.
ith the increase of temperature, the frequency range shifts to
higher value. The relaxation frequency of the grain boundary

s significantly lower at the intermediate temperature due to the
igher capacitance values. However, at higher temperature (e.g.
50 ◦C), one cannot distinguish the bulk and the grain bound-
ry conductivities since there is only one lower characteristic
requency term, from which we obtain the sum of the bulk and
rain boundary resistance on the onset of the spike (Fig. 6c).
hus, de-convolution of the bulk and the grain boundary contri-
ution is restricted to a limited temperature, which is insufficient
o analyze typical bulk and grain boundary resistance of the

eria-based materials. In order to estimate the bulk and grain
oundary resistance at higher temperatures, we extrapolated the
rain boundary resistance (Rgb,ext) from the total conductivity
o estimate the bulk resistance (Rb ≈ Rt − Rgb,ext), as proposed

[
w
i

ig. 7. Arrhenius plots from impedance measurement for NDC with and without
onductivity.
ources 174 (2007) 114–123

lsewhere [37–39]. The fitting parameters with the fitting error
ess than 5% are shown in Table 1, here we only show the sample
f 20NDC with Mo doping for clarity.

Fig. 7a shows Arrhenius plots of the total conductivity
hereas at high temperature all the plots converged. 15NDC
ith and without Mo doping show the highest total con-
uctivity (σt = 1.19 S m−1, 1.17 S m−1 at 600 ◦C) with the
owest activation energy (Et = 0.849 eV, 0.937 eV) (Table 2).
he high conductivity of undoped-15NDC (σt = 1.17 S m−1

t 600 ◦C) can compare with that of 2% Bi2O3-doped ScSZ
σt = 1.18 S m−1) recently reported by Sarat [40] and it is
uch higher than that of Bi2V1.9Cu0.1O1.95(BICUVOX),
e0.9Gd0.1O1.95(GDC), La0.9Sr0.1Ga0.8Mg0.2O2.85(LGSM)
nd (ZrO2)0.90(Y2O3)0.10(YSZ) [41]. Considering the results
eported by Ifan and Aneflous [24,25], the dispersed result
s probably due to the different impurity especially the SiO2
ontent. Recently, Zhang reported that 15GDC shows the
ighest conductivity instead of 20GDC in high purity systems

20]. In Fig. 7a, the conductivity of the samples with and
ithout Mo doping shows the same trend, i.e. the conductivity

ncreased with increasing Nd2O3 content up to 15 mol% and it

Mo doping: (a) total conductivity; (b) bulk conductivity; (c) grain boundary
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Table 2
Main characteristics of NDC ceramics sintered at 1450 ◦C for 24 h with and without Mo doping

Sample Relative density (%) Rgb/Rt (%), 600 ◦C σt(600) (S m−1) σb(600) (S m−1) σgb(600) (S m−1) Et (eV) Eb (eV) Egb (eV)

5NDC 97.1 0.799 0.387 1.96 0.484 1.08 0.681 1.12
10NDC 96.9 0.689 0.819 2.65 1.19 0.947 0.705 0.998
15NDC 97.3 0.472 1.17 2.29 2.56 0.937 0.742 1.02
20NDC 97.2 0.861 0.433 3.11 0.506 1.06 0.818 1.09
5NDC + Mo 96.9 0.796 0.342 1.67 0.429 1.11 0.636 1.18
1
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0NDC + Mo 96.8 0.331 0.945
5NDC + Mo 97.7 0.209 1.19
0NDC + Mo 97.5 0.316 0.642

apidly decreased when the concentration of Nd2O3 is further
ncreased. The trend can be explained using Kroeger-Vink
otation which could be expressed with following equation:

d2O3
CeO2−→2Nd′

Ce + 3OO + VO
••

here Nd′
Ce indicates one Ce4+ site occupied by one Nd3+ ion.

he addition of Nd2O3 into the CeO2 system would lead to the
ormation of oxygen vacancy because of the charge compensa-
ion. In electrolyte materials, the vacancy will attract the doping
ons to produce complexes (e.g. Nd′

CeVO
••

/Nd′
CeVO

••
Nd′

Ce) due
o the static forces. At lower dopant content, most of these oxy-
en vacancies VO

••
are probably mobile, which could explain

he gradual increase of conductivity. While at higher dopant con-
ent, defect associations (Nd′

CeVO
••

/Nd′
CeVO

••
Nd′

Ce) localized
ear Nd3+ begin to form at the expense of oxygen vacancies [42],
nd the complexes will prevent oxygen vacancies from passing
hough the lattice and result in the decrease of conductivity.

The bulk conductivity of NDC with and without Mo doping
s a function of temperature is shown in Fig. 7b. We can see that
0NDC without Mo doping has the highest conductivity at high
emperature and 10NDC has a better one at lower temperature.
his result differs from that of Aneflous [25], i.e. σb almost

eaches a constant value in the range of 10–25 mol% of Nd3+.
owever, σb of all the samples decreased with Mo doping. It is
robably due to the dissolution of MoO3 into the lattice which
mpedes the move of oxygen vacancy. The similar result has
een reported by Zhang et al. [21,22], that for Ce0.9Gd0.1O2−δ

oped by transition oxides (MnO2, Fe2O3 and Co3O4), the bulk
onductivity also shows a little decrease. It can be seen from the
DAX in Fig. 5, the content of Mo in bulk is almost the same
s that of triple grain contacts.

Arrhenius plots of the grain boundary conductivity of NDC
ith and without Mo doping are shown in Fig. 7c. Note that the

onductivity of grain boundary has the same trend as that of the
otal. This is due to the fact that the grain boundary makes the
rimary contribution to the total in polycrystalline electrolytes.
he conductivity increases obviously as dopant concentration

ncreases and attains the maximum at 15 mol%. However, out
f this range, the conductivity reduces as the dopant concen-
ration further increases. 15NDC with and without Mo doping
how the highest grain boundary conductivity (σgb = 5.62 S m−1,

.56 S m−1 at 600 ◦C, respectively), i.e. the grain boundary con-
uctivity increased more than two times. This can be further
pproved by the change of grain boundary contribution after
o doping as shown in Table 2. The lowest dopant content

o
f
C
u

1.41 2.86 0.864 0.696 0.988
1.49 5.62 0.849 0.705 1.02
0.960 2.03 0.852 0.772 0.900

n 5NDC with and without Mo doping results in the lowest
onductivities. The similar results related to the grain bound-
ry effect were reported by Gerhardt and Wang [43–45]. By
omparing the activation energy of grain and grain boundary in
able 2, we can see that the activation energy of grain is much

ower than that of grain boundary. Also we note from Table 2
hat the �E = Egb − Eb for 5NDC with and without Mo doping
s large (�E = 0.543 eV, 0.436 eV, respectively). Gerhardt and

ang reported that grain boundary effect was the greatest for
ilute solid solutions and became vanishing for dopant concen-
rations higher than 15 mol%. The grain boundary resistance
f the lower dopant content is greater than the higher dopant
ontent. Accordingly, 5NDC other than higher dopant concen-
ration shows the lowest grain boundary conductivity. Based
n the space-charge layer theory as discussed in Refs. [7–9],
grain boundary consists of a grain boundary core and two

djacent space-charge layers at both sides. Negatively charged
pecies (i.e. Nd′

Ce) segregate effectively at the grain boundaries,
n which positively charged VO

••
are depleted. Therefore, the

pace-charge layers block VO
••

across the grain boundaries.
schöpe [46] also reported that a positive space-charge poten-

ial was established and resulted in an accumulation of electronic
nd depletion of ionic charge carriers (positively charged oxy-
en vacancies) in the screening space-charge layers which were
aused by an enhanced oxygen deficiency at grain boundaries.

With Mo doping, the grain boundary and total conductivity
ncreased while the bulk conductivity decreased. Fig. 8 shows
he bulk and grain boundary conductivity of 15NDC versus
/T. We can see that the change of grain boundary is larger
han that of bulk resulting in the increase of total conductiv-
ty. As mentioned above, the decrease in grain conductivity
s probably due to the dissolution of MoO3 into the lattice of
e1−xNdxO2−x/2. The increase in grain boundary conductivity
an be mainly ascribed to the increase of grain size. With Mo
oping, the grain size increased greatly, which is consistent with
he results that the undersized transition oxides could remarkably
nhance the mobility of grain boundary in CeO2 as reported by
hen and Chen [27,28]. The increased grain boundary mobil-

ty is probably due to the large distortion of the surrounding
attice that apparently facilitates defect migration of the CeO2

atrix. When the size of a dopant is much smaller than that

f matrix ions, certain asymmetry in lattice distortion will be
ormed, which leads to faster diffusivity of matrix ions. Chen and
hen [27,28] attribute this phenomenon to the effect of severely
ndersized dopants. As the size of Mo6+ (0.62 Å) is smaller
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ig. 8. Arrhenius plots of bulk and grain boundary of 15DNC with and without
o doping.

han that of matrix ion Ce4+ (0.92 Å), this molybdenum oxide
ill probably promote the grain boundary mobility greatly and

esult in the increased grain size and decreased sintering tem-
erature. Referring to the FESEM in Fig. 4, the sample with
o doping has the larger grains, i.e. the smaller grain boundary

egion, thus, it has the smaller grain boundary resistance in the
mpedance measurement (Fig. 6) and the higher corresponding
rain boundary conductivity. To further understand the electri-
al properties of Mo-doped NDC system, a deep study of some
arameters such as the optimal content of molybdenum oxide,
ppropriate sintering temperature and time, the exact form of
olybdenum oxide because of the multivalence and the high

olatility of molybdenum system is necessary. Those works are
ow in progress.

. Conclusion

We have successfully synthesized the solid solutions of high
urity Ce1−xNdxO2−x/2 (0.05 ≤ x ≤ 0.2) by a modified sol–gel
ethod. 15NDC sample shows the highest total and grain bound-

ry conductivity (σt = 1.17 S m−1, σgb = 2.5 6 S m−1, 600 ◦C).
hile 5NDC shows the lowest conductivity (σt = 0.387 S m−1,

gb = 0.484 S m−1, 600 ◦C) with the highest activation energy
Et = 1.08 eV, Egb = 1.12 eV), which could be successfully inter-
reted by the grain boundary effect.

With Mo doping, the grain boundary conductivity increased
otably especially at intermediate and lower temperatures, and
he sintering temperature decreased for about 200 ◦C. We con-
ince that molybdenum oxide has the same trend to enhance the
rain boundary mobility as other transition oxides as concluded
rom the decreased sintering temperature and the increased grain
ize.
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23] D. Pérez-Coll, P. Núňez, J.C.C. Abrantes, D.P. Fagg, V.V. Kharton, J.R.

Frade, Solid State Ionics 176 (2005) 2799–2805.
24] E.L. Ifan, Stephens, J.A. Kilner, Solid State Ionics 177 (2006) 669–

676.
25] L. Aneflous, J.A. Musso, S. Villain, J.R. Gavarri, H. Benyaich, J. Solid

State Chem. 177 (2004) 856–865.
26] X.M. Lin, L.P. Li, G.S. Li, W.H. Su, Mater. Chem. Phys. 69 (2001) 236–

240.
27] P.L. Chen, I.W. Chen, J. Am. Ceram. Soc. 76 (1993) 1577–1583.
28] P.L. Chen, I.W. Chen, J. Am. Ceram. Soc. 79 (1996) 1793–1800.
29] C.D.E. Lakeman, D.A. Payne, Mater. Chem. Phys. 38 (1994) 305–324.
30] C. Marcilly, P. Courty, B. Delmon, J. Am. Ceram. Soc. 53 (1970) 56–

57.
31] H.P. Klug, L.E. Alexander, X-ray Diffraction Procedures for Polycrys-

talline and Amorphous Materials, Wiley–Interscience, New York, 1974, p.
540.

32] M.I. Mendelson, J. Am. Ceram. Soc. 52 (1967) 443–446.
33] H. Nitani, T. Nakagawa, M. Yamanouchi, T. Osuki, M. Yuya, T.A.

Yamamoto, Mater. Lett. 58 (2004) 2076–2081.
34] H. Yoshida, K. Miura, T. Fukui, S. Ohara, T. Inagaki, J. Power Sources 106

(2002) 136–141.
35] J.V. Herle, D. Seneviratne, A.J. McEvoy, J. Eur. Ceram. Soc. 19 (1999)

837–841.
36] J.V. Herle, R. Vasquez, J. Eur. Ceram. Soc. 24 (2004) 1177–1180.
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