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a b s t r a c t

Ceria co-doped with Sm3+ and Nd3+ powders are successfully synthesized by citric acid–nitrate low-
temperature combustion process. In order to optimize the electrical properties of the series of ceria
co-doped with Sm3+ and Nd3+, the effects of co-doping, doping content and sintering conditions on
grain and grain boundary conductivity are investigated in detail. For the series of Ce0.9(SmxNd1−x)0.1O1.95

(x = 0, 0.5, 1) and Ce1−x(Sm0.5Nd0.5)xOı (x = 0.05, 0.10, 0.15, 0.20) sintered under the same condition,
Ce0.9(Sm0.5Nd0.5)0.1O1.95 exhibits both higher grain and grain boundary conductivity. Compared with
Ce0.9Gd0.1O1.95 and Ce0.8Sm0.2O1.9, Ce0.9(Sm0.5Nd0.5)0.1O1.95 sintered at 1350–1400 ◦C shows higher total
conductivity with the value of 1.0 × 10−2 S cm−1 at 550 ◦C. In addition, it can be found the trends of
grain and grain boundary activation energies of Ce1−x(Sm0.5Nd0.5)xOı are both consistent with those of
Activation energy
Segregation

Ce1−xNdxOı, but different from those of Ce1−xSmxOı, which can be explained as: the local ordering of
oxygen vacancies maybe occurs more easily in Nd-doped ceria than in Sm-doped ceria; the segregation
amount of Sm3+ is more than that of Nd3+ to the grain boundaries in ceria co-doped with Sm3+ and Nd3+,
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which is confirmed by X-

. Introduction

Recently, solid oxide fuel cells (SOFCs) are of considerable inter-
st as efficient and clean energy convertors. The performance
f the oxide-ion electrolyte of the SOFC is critical to the devel-
pment of a low or intermediate-temperature system. Although
ttria-stabilized zirconia (YSZ) electrolyte has been used in SOFC
nder commercial development, their operating temperature are
oo high (800–1000 ◦C), which leads to high costs of interconnec-
or and other construction materials, as well as short lifetimes
f the devices [1–3]. Therefore, there remains a strong motiva-
ion to search for new, improved oxide-ion electrolytes. Especially,
oped ceria electrolytes are being investigated in view of its

mmense potential for the development of low-temperature solid
lectrolytes. In the family of doped ceria electrolytes, Gd-doped or
m-doped ceria were recognized to have higher ionic conductivity
1–3]. Many strategies have been adopted to improve the prop-
rties of such oxides further by co-doping techniques [4–7] or by
sing alternate processing techniques [4,8,9].

Co-doping technique has been widely accepted to be an effective

ethod to enhance the grain conductivity of ceria-based elec-

rolytes. Generally, the conductivity � is temperature dependent,
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and it can be expressed by the well-known Arrhenius relationship,

�T = �0 exp
(

− Ea

kT

)
= �0 exp

(
−�Hm + �Ha

kT

)
(1)

where T denotes the temperature, and �0 is the pre-exponential
factor being a constant in a certain temperature range, and Ea

represents the activation energy which is the sum of the migra-
tion enthalpy (�Hm) and the association enthalpy (�Ha), and k is
Boltzmann constant. According to Eq. (1), the choice of dopants
is based on minimizing the activation energy of oxygen diffusion.
According to Kilner and Brook [10], association enthalpy is mini-
mal when there is no elastic strain present in the host lattice. Based
on that, Kim explained the reason why the doping of Gd is effec-
tive in ceria is that the dopant has an “optimum radius” (0.104 nm)
for the trivalent cation, which causes no expansion nor contrac-
tion in the ceria lattice [11]. Omar et al. [5] tried to improve the
ionic conductivity by simultaneously adding Nd and Lu into ceria
for matching “optimum radius”. However, the electrical property
of ceria co-doped with Nd and Lu is poorer than that of ceria doped
with Gd, which shows it is not enough only to consider the elas-
tic energy. Recently, Andersson et al. [12] proposed the balance
of repulsive elastic and attractive electronic parts for the asso-
ciation energy of dopant-vacancy clusters, which maybe offers a

simple and clear way to narrow the search for superior dopants
and combinations of dopants. By density function theory, the ideal
dopant was estimated to have an effective atomic number between
61 (Pm) and 62 (Sm) for the lowest activation energy. Unfortu-
nately, because Pm is radioactive, it is inconceivable to use it in real
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Table 1
Compositions, grain sizes of the powders, and densities for ceria co-doped with Sm3+ and Nd3+.

Composition Grain size (nm) Actual density (g cm−3) Theoretical density (g cm−3) Relative density (%)

Ce0.9(SmxNd1−x)0.1O1.95

x = 0 6.0 6.68 7.12 93.8
x = 0.5 6.0 6.78 7.15 94.8
x = 1 6.2 6.80 7.18 94.7
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for qualitative phase identification, while slow step scans at a rate
of 0.02◦/2 s were conducted to determine the shifts of the X-ray
spectrum and the full width at half maximum of a peak. Hence, lat-
tice parameters of the specimens were calculated from slow step
Ce1−x(Sm0.5Nd0.5)xOı

x = 0.05 5.6 6.79
x = 0.10 6.0 6.78
x = 0.15 5.8 6.69
x = 0.20 5.5 6.65

pplication. As proposed by Andersson et al., a mixture of dopants
dded into ceria, such as Nd and Sm, may result in the enhance-
ent of ionic conductivity, which is confirmed by the experiments

f our group [13] and Omar et al. [14]. As reported by Omar et
l. [14], the ceria co-doped with Sm and Nd were synthesized by
olid-state reactions. The samples were sintered at high tempera-
ure of 1550 ◦C for 10 h in order to achieve high relative density.
mong the series, Ce0.9Sm0.05Nd0.05O1.95 shows the highest grain
onductivity, which is higher than that of Ce0.9Gd0.1O1.95. How-
ver, the composition with highest total conductivity cannot be
btained, because the grain boundary conductivity is relative to
he doping content [15–20] For example, it has been found by Zhan
t al. [16] and Pérez-Coll et al. [17] that Ce0.9Sm0.1O1.95 exhibits
igher grain conductivity but much lower grain boundary conduc-
ivity than Ce0.9Sm0.2O1.9, which limits its application to SOFC. In
rder to lower the operating temperature, it is necessary to reduce
he grain boundary resistivity. This is ascribed to the higher acti-
ation energy of the grain boundary conductivity than that in the
rain [9,21].

In addition, proper sintering condition needs to be optimized
or ceria co-doped with Sm3+ and Nd3+, because it is a critical fac-
or to influence grain boundary conductivity. It is known that dense
eria-based materials are obtained very difficultly at lower temper-
ture and for shorter sintering time by the conventional solid-state
eaction method [15]. As investigated by many researchers, the
rain boundary conductivity can be largely reduced for the samples
intered at higher temperatures [22–24]. The nanosized surface-
ctive ceramic powders have been proved to be one of the most
ffective routes to decrease the sintering temperature and time. In
rder to improve the sinterability, the method of citric acid–nitrate
ow-temperature combustion process can be taken into account
8,20]. Besides, compared with conventional solid-state reaction

ethod, the above method can make different metal ions mixed
ore homogeneously by the chelation of citric acid, which has great

ffect on the improvement of the electrical properties.
In the present work, the composition and sintering conditions

orresponding to highest total conductivity are obtained, and the
ffects of co-doping, doping content, and sintering conditions on
rain and grain boundary conductivity for ceria co-doped with Sm3+

nd Nd3+ have been investigated in detail.

. Experimental

Ceria co-doped with Sm3+ and Nd3+ was synthesized by citric
cid–nitrate low-temperature combustion process as introduced
y our previous study [22]. Analytical reagents Ce(NO3)3·6H2O
≥99.9 wt%, Yutai Qingda, China), Sm(NO3)3·6H2O (≥99.9wt%, Yutai
ingda, China), Nd(NO3)3·6H2O (≥99.9wt%, Yutai Qingda, China),
nd C6H8O7·H2O (≥99.0wt%, Modern Eastern, China) were used

s starting materials. The molar ratio of the metal ions to cit-
ic acid was 1:1.2. Stoichiometric amounts of Ce(NO3)3·6H2O,
m(NO3)3·6H2O and Nd(NO3)3·6H2O were dissolved in deionized
ater to form transparent solution. The total concentration of metal

ons was controlled to be about 0.1 mol l−1. Then citric acid was
7.19 94.4
7.15 94.8
7.12 94.0
7.09 93.8

added into the solution with stirring for about 1 h. The transparent
solution was heated at 95 ◦C in a water bath until the yellow gel
was yielded, and then dried in a constant temperature drying oven
at 80 ◦C for 12 h. The dried gel was heated in the air on the elec-
tric oven and self-ignited until the yellow powders without black
carbons were generated. Ce0.9(SmxNd1−x)0.1O1.95 (x = 0, 0.5 and 1)
and Ce1−x(Sm0.5Nd0.5)xOı (x = 0.05, 0.10, 0.15 and 0.20) were suc-
cessfully synthesized by that method. SiO2 weight content of the
powders, which was characterized by inductively coupled plasma
mass spectroscopy (ICP, X Series), was all less than 50 ppm. The
powders were sieved to 100 meshes, uni-axially dry-pressed into
pellets (�10 mm) under 200 MPa, and then sintered at different
sintering temperatures (1300–1450 ◦C) for 4 h. All the specimens
were sintered in air and heated by the rate of 240 ◦C h−1, and
then furnace-cooled after sintering. Densities of the sintered pellets
were determined by Archimedean method.

Phase identification and analysis were conducted by X-ray
diffraction (XRD). Two kinds of XRD scans were performed using
an X-ray diffractometer (Rigaku, D/max-RB, Japan) with nickel-
filtered Cu K� radiation. Continuous scans (6◦ min−1) were used
Fig. 1. XRD patterns of the powders (a) and the sintered pellets (b) of Sm3+ and Nd3+

co-doped Ce1−x(Sm0.5Nd0.5)xOı with x = 0.05, 0.10, 0.15 and 0.20.
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Table 2
Relative densities and grain sizes for Ce0.9(Sm0.5Nd0.5)0.1O1.95 sintered at different
temperatures from 1300 to1450 ◦C.

Sintering temperature (◦C)

almost linear behavior in the Arrhenius representation. It is possible
ig. 2. Lattice parameters of the specimens (experimental and theoretical) sintered
t 1400 ◦C for 4 h as a function of the amount of dopants.

can XRD data, using the least-squares method. Besides, the average
rain size of the powders can be estimated by Scherrer equa-
ion. The sintered pellets were polished, and thermally etched at
350 ◦C for 1 h. X-ray photoelectron spectroscopy (XPS, PHI Quan-
era SXM) was introduced to analyze the elemental composition of
urfaces qualitatively and quantitatively, which was confirmed to
orrespond to the elemental composition of grain boundaries, as
eported by Theunissen et al. [25]. And then these samples were
old coated for microstructural analysis using field-emission scan-
ing electron microscopy (FESEM, JSM-6301F). The average grain
izes were obtained from FESEM micrographs of the etched samples
y using the linear intercept technique described by Mendelson
26]. The grain and grain boundary conductivities in air were deter-

ined by ac impedance spectroscopy (Zahner, IM6, German). Silver
astes were coated on both surfaces of the sintered pellets, and
hen fired at 550 ◦C for 30 min. Impedance measurement was per-
ormed from 150 to 700 ◦C with an increment of 50 ◦C in a frequency
ange from 0.1 Hz to 8 MHz with an applied voltage of 100 mV, and
ollowed by analyzing the results using Z-View software.

. Results and discussions

Fig. 1 shows the XRD patterns of the powders and the
amples (sintered at 1400 ◦C for 4 h) of Sm and Nd co-doped
e1−x(Sm0.5Nd0.5)xOı with x = 0.05, 0.10, 0.15 and 0.20. It can be
een that only the pure ceria cubic phase is identified by XRD for
ll the compositions. As shown in Fig. 1(a), very wide peak shape
orresponds to a small crystallite size. According to Scherrer equa-
ion, the average crystallite sizes of all the synthesized powders
re nanosized and estimated to be about 5.5–6 nm, which are inde-
endent of the compositions and listed in Table 1. It is possible to
btain relatively dense bulk sintered at lower temperature. Besides,
t can be observed in Fig. 1(b) that the peaks shift to smaller theta
ngle direction with increasing the amount of dopants, suggesting
he lattice parameters should become larger with the increase of
he amount of dopants. As is known, the relative density has great
ffect on grain boundary conduction, and the theoretical density
an be calculated by measured lattice parameters. Fig. 2 shows the
attice parameters of the specimens sintered at 1400 ◦C for 4 h as a
unction of the amount of dopants. If the defect reaction could be

escribed by the following formula:

MO1.5 + (1 − x)CeO2 → xM′
Ce + 0.5xVÖ + (1 − x)Cex

Ce

+ (2 − 0.5x)Ox
O (2)
1300 1350 1400 1450

Relative density (%) 90.9 94.3 94.8 97.3
Grain size (�m) 0.65 0.78 0.98 2.43

as proposed by Hong and Virkar [27], the equation used for the cal-
culation of theoretical lattice parameters for all MO1.5–CeO2 solid
solutions is as follows:

a(x, rM) = 4√
3

[xrM + (1 − x)rCe + (1 − 0.25x)rO + 0.25xrVO ]

×0.9971 (3)

where rM, rCe, rO and rVo represent the effective ion radius of dop-
ing elements, Ce, O and oxygen vacancy, respectively. For M = Sm
and Nd, rM is the average ion radius of Sm3+ and Nd3+. As shown
in Fig. 2, the lattice parameter increases linearly with increasing x
following Vegard’s law, due to the larger radius of Sm3+ (1.079 Å) or
Nd3+ (1.109 Å) than “optimum radius” (1.04 Å) [11]. And the experi-
mental values are consistent with the theoretical values, which can
clarify the defect reaction is reasonable, and Eq. (3) can also be used
in co-doping ceria system.

The theoretical density (Dtheo) can be obtained using the follow-
ing equation:

Dtheo = 4xMd + 4(1 − x)MCe + 4(2 − 0.5x)MO

NA[a(x, rM)]3
(4)

where Md, MCe and MO represent atomic mass of doping elements,
Ce and O, NA is Avagadro’s number. The theoretical density, actual
density and relative density are all listed in Table 1. From Table 1,
it can be clearly seen that the relative density hardly changes for
all the compositions sintered under the same sintering condition,
which makes it convenient to discuss the grain boundary conduc-
tion below. However, the relative density increases with improving
the sintering temperature from 1300 to 1450 ◦C, as displayed in
Table 2.

Fig. 3(a)–(d) shows FESEM micrographs of the sintered
Ce0.9(Sm0.5Nd0.5)0.1O1.95 at different sintering temperatures. With
increasing the sintering temperature, the pores are reduced in
agreement with the enhancement of relative density. In addition,
the average grain size becomes larger simultaneously from 0.65 to
2.43 �m, which is listed in Table 2. For the compositions sintered
under the same condition, the grain size scarcely varies, which pro-
vides a precondition that the variety of apparent grain boundary
conductivity discussed below via compositions can correctly reflect
that of the specific (single) grain boundary conductivity.

Different schematic equivalent circuits and corresponding ac
impedance responses were shown in our previous study [22]. Gen-
erally, in polycrystalline specimens, independent semicircular arcs
from high frequency to low frequency correspond to the conduction
across the grains, grain boundaries, and the electrode-specimen
interface, respectively. As the temperature is increased, the arcs are
shifted into higher frequencies, which leads to the successive dis-
appearance of grain and grain boundary arc. Therefore, the grain
(Rg) and grain boundary (Rgb) resistance cannot be separated at
higher measured temperature. However, as reported by Li et al. [23]
and Pérez-Coll et al. [28], the grain boundary conduction shows an
to extrapolate the grain boundary resistance data and then subtract
these values from the total resistance (Rtol = Rg + Rgb) to estimate the
grain resistance, as proposed elsewhere. In general, each individual
resistance, Ri, can be formally converted to a conductivity �i, using
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Fig. 3. FESEM micrographs of the sintered Ce0.9(Sm0.5 Nd0.5)0.1O1.95 at dif

he equation

i = l

RiS
(5)

here l is the sample thickness and S is the electrode area of the
ample surface. In this way, the total conductivity (�tol), the grain
onductivity (�g), and the apparent grain boundary conductivity
�gb) can be obtained.

Fig. 4 represents the grain and the grain boundary contribu-
ions and total electrical conductivity of Ce0.9(SmxNd1−x)0.1O1.95
intered at 1400 ◦C for 4 h with x = 0, 0.5 and 1. The doping level
s kept to be 10 mol%. It can be observed from Fig. 4(a), ceria co-
oped with Sm and Nd exhibits the highest grain conductivity,
hich is about 1.60 × 10−2 S cm−1 at 550 ◦C, and ceria doped with
d exhibits the lowest conductivity. In addition, Fig. 4(a) demon-

trates significant bending of the Arrhenius plots, which is usually
nterpreted as a transition from associated to disassociated behav-
or about defect clusters, that is, from a low-temperature regime,

here the activation energy combines migration enthalpy (�Hm)
nd defect association enthalpy (�Ha), to the high temperature
egime with migration enthalpy only [2,23,29]. However, there is
ot always a clear transition point in the curve, maybe owing to
he large measured temperature increment (50 ◦C). As observed
n Fig. 4(a), the transition temperature lie among T = 400–500 ◦C.
o we calculate corresponding activation energy according to Eq.
1) in the temperature ranges of 150–400 and 500–700 ◦C, respec-
ively. Fig. 5 shows the activation energies and ln �0 for different
ompositions. It can be found that compared with Nd-doped and
m-doped ceria, for ceria co-doped with Sm and Nd, migration
nthalpy reduces, and association enthalpy increases, but the sum

f them at higher temperatures changes a little, which are differ-
nt from the results calculated by Andersson et al. [12]. This is
aybe due to the different dopant concentration range (4.2 mol%,
ndersson et al.; 10 mol%, our work). So the improvement of the
rain conductivity for Ce0.9(SmxNd1−x)0.1O1.95 mostly lies on the
sintering temperatures. 1300 ◦C (a); 1350 ◦C (b); 1400 ◦C (c); 1450 ◦C (d).

improvement of ln �0, as illustrated in Fig. 5, which is due to the
raise of a configurational entropy. The phenomenon that co-doping
can lead to the increase of ln �0 has also been found in other co-
doping ceria series, and discussed by some investigators [30].

In addition, from Fig. 4(b), it is found that the sequence
of grain boundary conductivity is Ce0.9(Sm0.5Nd0.5)0.1O1.95 ≈
Ce0.9Nd0.1O1.95 > Ce0.9Sm0.1O1.95. Because the samples were sin-
tered under the same condition, and the relative density changes
little (Table 1), the enhancement of grain boundary conductiv-
ity primarily depends on the variety of compositions. Because
of the negligible effect of SiO2 on the grain boundary (ICP: SiO2
wt% < 50 ppm), the grain boundary resistance is created only by
space charge layer [31]. That is, the accumulation of acceptor
cations at the grain boundaries, as a result of elastic strain and
Coulomb interactions, leads to the oxygen vacancy depletion in
the vicinity of the grain boundary and subsequently the reduction
of the grain boundary conductivity. Therefore, more doping ele-
ments segregating to grain boundaries can result in lower grain
boundary conductivity at the same doping level. In order to ana-
lyze the segregation, XPS spectra are introduced. The sample of
Ce0.9(Sm0.5Nd0.5)0.1O1.95 is taken as an example. Fig. 6(a) shows
that grain boundaries of the sample contains not only Ce, Nd, Sm
and O elements, but also some C elements. The XPS peak for C1s
at Eb = 285 eV is ascribed to the hydrocarbon from the XPS instru-
ment itself. Fig. 6(b)–(d) display the high-resolution XPS spectra
of Ce, Sm and Nd at grain boundaries, which can be used to cal-
culate the elemental composition (at.%) of grain boundaries. The
results are listed in Table 3. The samples of Ce0.9Nd0.1O1.95 and
Ce0.9Sm0.1O1.95 are analyzed with the same method. It can be seen
from Table 3 that the values of doping element/Ce are larger at

grain boundaries than in the grain, clarifying the segregation of
doping ion at the grain boundaries. Especially, the specimen of
Ce0.9Sm0.1O1.95 exhibits the highest value of 24 at.%. This indi-
cates the amount of Sm3+ segregating to the grain boundary is
much more than that of Nd3+, which can be used to explain that
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Fig. 4. Grain (a), grain boundary (b) and total electrical conductivity (c) of
Ce0.9(SmxNd1−x)0.1O1.95 sintered at 1400 ◦C for 4 h with x = 0, 0.5 and 1.

Fig. 5. Activation energies and ln �0 of the grain for the series of
Ce0.9(SmxNd1−x)0.1O1.95.

Table 3
Atomic percentage of doping element/Ce in the grain and grain boundary, and Sm/Nd
in the grain boundary for different compositions.

Composition Doping
element/Ce
(at.%, grain)

Doping element/Ce
(at.%, grain
boundary)

Sm/Nd
(at.%, grain
boundary)
Ce0.9Sm0.1O1.95 11 24 –
Ce0.9(Sm0.5Nd0.5)0.1O1.95 11 13 170
Ce0.9Nd0.1O1.95 11 13 –

Ce0.9Sm0.1O1.95 possesses lower grain boundary conductivity than
Ce0.9Nd0.1O1.95 (Fig. 4(b)). However, for Ce0.9(Sm0.5Nd0.5)0.1O1.95,
the segregation is suppressed and the value of doping element/Ce
is close to that of Ce0.9Nd0.1O1.95, which corresponds to the similar
grain boundary conductivity, as shown in Fig. 4(b). And further-
more, seen in Table 3, for Ce0.9(Sm0.5Nd0.5)0.1O1.95, the value of
Sm/Nd is about 170 at.%, showing that the segregation of Sm3+ is
prior to that of Nd3+ to the grain boundaries. As mentioned above,
the differences in grain boundary behavior for samples correspond
to differences in the trivalent dopant segregation. The amount
and order of segregation under the same sintering condition is
reported to be perhaps relative to bond dissociation enthalpy val-
ues of Ln–O (Ln = rear earth elements) [28], which are �Hbdiss = 619
and 703 kJ mol−1 for bonds Sm–O and Nd–O, respectively [32]. Low
bond dissociation enthalpy would contribute to lower the excess
energy at grain boundaries, corresponding to lower grain bound-
ary conductivity, which is consistent with the results in our case.
Therefore, not only does ceria co-doped with Sm and Nd increase
the grain conductivity but also improve the grain boundary conduc-
tivity. Ce0.9(Sm0.5Nd0.5)0.1O1.95 have the highest total conductivity
with the value of 1.0 × 10−2 S cm−1 at 550 ◦C. In our previous study
[13], in the series of Ce0.8(SmxNd1−x)0.2O1.9, the total conductivity
exhibits the maximum value with x = 0.5, which is consistence with
that of the series of Ce0.9(SmxNd1−x)0.1O1.95.

For ceria doped with Sm [16,17], Nd [18,19], Gd [20], Y [15] and
so on, the total conductivity is relative to doping content. In our
work, the ratio of Sm to Nd is fixed at 1:1, and the total amount
of dopants was changed in order to search for an appropriate
one with higher conductivity. Fig. 7 shows grain, grain bound-
ary and total conductivity of the series of Ce1−x(Sm0.5Nd0.5)xOı

with x = 0.05, 0.10, 0.15, and 0.20. As shown in Fig. 7(a), the grain
conductivity of the samples increases with the amount of dopant
up to x = 0.10, followed by a decrease, and the composition of
x = 0.10 turns up to be a turning point with the maximum value
of 1.6 × 10−2 S cm−1 measured at 550 ◦C. Besides, the curvature on
the Arrhenius plot for the compositions of Ce1−x(Sm0.5Nd0.5)xOı

can be observed, which has previously been found for numer-
ous ceria-based solid solutions, including Ce1−xGdxOı, Ce1−xSmxOı,
Ce1−xNdxOı, and Ce1−xYxOı [15–20]. Seen from Fig. 7(a), the tran-
sition occurs among 400–500 ◦C. The grain activation energies
of Ce1−x(Sm0.5Nd0.5)xOı for different temperature ranges are dis-
played in Fig. 8. It can be seen that when x = 0.05, the transition
point is not obvious. With increasing the amount of dopants, the
activation energies at higher and lower temperature ranges both
increases, but the association enthalpy exhibits the maximum
value at x = 0.10. This trend is coincident with that of Ce1−xNdxOı

reported by Stephens and Kilner [18]. However, for Ce1−xSmxOı,
the association enthalpy is larger at x = 0.30 or 0.4 [16,17]. Two
reverse factors may lead to the association enthalpy with maximum
value at some concentration. On the one hand, with increasing the
amount of dopants, dimmers ([M′

Ce][VÖ]), trimers ([VÖ][M′
Ce][VÖ])
and higher order clusters may exist which may possess particu-
larly high binding energies, resulting in the improvement of the
association enthalpy. The order clusters can disassociate at higher
temperature. On the other hand, in the heavily doped samples, the
local ordering (microdomain) of oxygen vacancies may happen as
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Fig. 6. XPS spectra of Ce0.9(Sm0.5Nd0.5)0.1O1.95: full spectrum of the

recursors to the eventual precipitation of regions of C-type rare
arth oxides, and cannot be disassociated at higher temperatures.
herefore, the increase of the activation energies with increasing
he doping contents in lower temperature ranges is relative to the
ormation of both order clusters and local ordering. However, the
ncrease of the activation energies in higher temperature ranges
s only relevant to an increase in the local ordering, which is con-
istent with the observations of Ou et al. [33]. As investigated by
hem, this local ordering cannot be identified by XRD, and compara-
ive studies of EELS and SAED have clearly shown an increase in the
ocal ordering is observed with increasing the doping concentration
nd decreasing the doping ion radius from Sm3+ to Yb3+, which has
lso been indirectly confirmed by aging behavior of doped ceria
eported by Zhang et al. [34]. Therefore, due to the lager ion radius
f Nd3+ than that of Sm3+, it can be presumed that the local order-
ng of oxygen vacancies could occur more easily in Nd-doped ceria
han in Sm-doped ceria. Due to the existence of Nd3+, the trend of
e1−x(Sm0.5Nd0.5)xOı about the association enthalpy is similar to
hat of Ce1−xNdxOı, as shown in Fig. 8.

Fig. 7(b) shows the grain boundary conductivity of
e1−x(Sm0.5Nd0.5)xOı. As listed in Table 1, the relative density
f every composition is almost the same, so the grain boundary
ominantly depends on the composition. With increasing the con-
entration of dopants, the grain boundary conductivity increases
rst, and then decreases. The composition at x = 0.10 possesses

he highest grain boundary conductivity. The grain boundary
ctivation energies are estimated from Fig. 7(b) according to Eq. (1)
nd shown in Fig. 9. The composition of Ce1−x(Sm0.5Nd0.5)xOı at
= 0.10 has the lowest grain boundary activation energy. As is simi-

ar to the case of grain conductivity, the decrease of grain boundary
e (a); Ce 3d spectrum (b); Sm 3d spectrum (c); Nd 3d spectrum (d).

activation energy is perhaps due to the presence of attractive
interactions between dopant cations and oxygen vacancies in the
space charge layer, due to the increase in dopant concentration
leading to an increase in the number of percolation paths. And
the increase of grain boundary activation energy with increasing
content is also relative to the ordering of oxygen vacancies in
space charge layers. For comparison, the grain boundary activation
energies for Ce1−xSmxOı [17] and Ce1−xNdxOı [19] are both cited,
and also shown in Fig. 9. From Fig. 9, it can be observed that the
trend of Ce1−x(Sm0.5Nd0.5)xOı is similar to that of Ce1−xNdxOı,
with the lowest value at the same composition x = 0.10. But for
Ce1−xSmxOı, the grain boundary activation energy has the lowest
value at x = 0.2. The phenomenon can be explained as follows: for
Ce1−x(Sm0.5Nd0.5)xOı, the segregation amount of Sm3+ is more
than that of Nd3+ to the grain boundary, as measured by XPS
(Table 3), leading to much more Nd3+ than Sm3+ in the space
charge layer regions and similar space charge layer region, and
hence similar electrical property of grain boundaries to that of
Ce1−xNdxOı.

Fig. 7(c) shows the total conductivity of Ce1−x(Sm0.5Nd0.5)xOı.
Due to the two effects of grain and grain boundary, the composi-
tion at x = 0.10 exhibits the highest total conductivity. As mentioned
in the introduction, up to now, Ce0.9Gd0.1O1.95 and Ce0.8Sm0.2O1.9
are reported to have higher total conductivity [1–3]. For com-
parison, the Ce0.9Gd0.1O1.95 and Ce0.8Sm0.2O1.9 powers were also

synthesized by citric acid–nitrate low-temperature combustion
process, and then sintered at 1400 ◦C for 4 h. Compared with them,
Ce0.9(Sm0.5Nd0.5)0.1O1.95 possesses higher conductivity, which is
due to the lower activation energy, as shown in Figs. 7(c) and 8,
and consistent with the calculation results of Andersson et al. [12].
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Fig. 7. Grain (a), grain boundary (b) and total conductivity (c) of the series of
Ce1−x(Sm0.5Nd0.5)xOı with x = 0.05, 0.10, 0.15, and 0.20.

Fig. 8. Activation energies of the grain as a function of dopant concentration for
Ce1−x(Sm0.5Nd0.5)xOı .

Fig. 9. Activation energies of the grain boundary as a function of dopant concentra-
tion for Ce1−x(Sm0.5Nd0.5)xOı .

Fig. 10. Grain (a), grain boundary (b) and total conductivity (c) of
Ce0.9(Sm0.5Nd0.5)0.1O1.95 sintered at different temperatures from 1300 ◦C to1450 ◦C.
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By the discussion above, Ce0.9(Sm0.5Nd0.5)0.1O1.95 has the high-
st conductivity for the series of Ce1−x(Sm0.5Nd0.5)xOı. In order to
ptimize the conductivity, a suitable sintering scheme is needed.
s displayed in Fig. 10(a), the sintering temperature has negligi-
le effect on the grain conductivity. However, it can be observed
rom Fig. 10(b) that the samples sintered at 1350 ◦C and 1400 ◦C
osses higher grain boundary conductivity. In this study, as men-
ioned above, the grain boundary resistance is proposed mostly
wing to the segregation of acceptor cations to the grain bound-
ry. Moreover, the diffusion process of doping ions is relative to
intering temperature. Although high sintering temperature can
esult in the improvement of the density and the reduction of high-
esistivity grain boundary, as listed in Table 2, simultaneously it
ight lead to the well developed space charge layer regions. Owing

o the two antagonist influencing factors, the appropriate sinter-
ng temperature ranges (1350–1400 ◦C) with the maximum grain
oundary conductivity value present, as shown in Fig. 10(b). For
he same reason, the samples sintered at 1350 and 1400 ◦C exhibit
igher total conductivity ascribed to the constant grain conductiv-

ty, which agrees with the tendency of grain boundary conductivity,
s shown in Fig. 10(c).

. Conclusions

In summary, ceria co-doped with Sm and Nd powders were
uccessfully prepared by citric acid–nitrate low-temperature com-
ustion process. The effects of co-doping, doping content and
intering conditions on grain and grain boundary conductivity for
eria co-doped with Sm3+ and Nd3+ were investigated in detail.
t was found, for the series of Ce0.9(SmxNd1−x)0.1O1.95 (x = 0, 0.5,
), the composition at x = 0.5 exhibited higher grain and grain
oundary conductivity. Ce0.9Sm0.1O1.95 showed significantly lower
rain boundary conductivity due to serious segregation of Sm3+

o the grain boundary measured by XPS. For Ce1−x(Sm0.5Nd0.5)xOı

x = 0.05, 0.10, 0.15, 0.20) sintered under the same condition, the
omposition at x = 0.10 also exhibited higher grain and grain bound-
ry conductivity. Moreover, when the composition was x = 0.10,
he grain association enthalpy was highest, and the grain bound-
ry activation energy was lowest, which were both consistent with
hose of Ce1−xNdxOı, but different from those of Ce1−xSmxOı. This
henomenon can be explained as follows: the local ordering of
xygen vacancies maybe happens more easily in Nd-doped ceria
han in Sm-doped ceria; the amount of Sm3+ is more than that

f Nd3+ segregating to grain boundaries in ceria co-doped with
m3+ and Nd3+, which was confirmed by XPS. In addition, for the
ample of Ce0.9(Sm0.5Nd0.5)0.1O1.95, the sintering temperature had
egligible effect on grain conductivity, and the sample sintered at
350–1400 ◦C showed higher total conductivity with the value of

[
[
[

[

rces 195 (2010) 969–976

1.0 × 10−2 S cm−1 at 550 ◦C resulting from higher grain boundary
conductivity, which was higher than that of Ce0.9Gd0.1O1.95 and
Ce0.8Sm0.2O1.9.
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