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In  this  work,  four  different  methods,  including  polyvinyl  alcohol  (PVA)-assisted  sol–gel  process,  polyethy-
lene  glycol  (PEG)-assisted  sol–gel  process,  citrate  sol–gel  process  and  oxalate  coprecipitation  process
(OCP)  are  employed  to synthesize  the Sm  and  Nd  co-doped  ceria  electrolyte  with  the  composition
of  Ce0.85Sm0.075Nd0.075O2−ı (SNDC).  The  phase  structure  of the  powders  can  be  well indexed  with
the fluorite-type  CeO2 structure.  The  morphology  of  sintered  samples  indicates  that  the  ceramics
can  be  highly  densified.  The  relative  density  and  the  average  grain  size  vary  with  the  synthesis  pro-
cesses  and  the  sintering  temperatures.  The  bulk  conductivities  are  quite  close  and  the  OCP–SNDC
lectrolyte
o-doped
eria
onductivity

yields  highest  grain-boundary  conductivities  and  total  conductivities.  The  results  indicate  that  the
OCP  process  for  the  powder  synthesis  results  in higher  relative  density  and  conductivities,  lower
grain-boundary  resistance  and  activation  energy.  Grain-boundary  space  charge  potentials  for  differ-
ent specimens  are  calculated  based  on  the  Mott–Schottky  model.  The  synthesis  process  and  sintering
temperature  have  significant  effect  on the  space  charge  potential  and  the  specific  grain-boundary
conductivity.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Low-temperature solid oxide fuel cell (SOFC) has collected a
reat deal of attention during the last decade since it can allow
ore flexible material selection, reduced fabrication cost, better

ealing and prolonged lifetime, which could highly facilitate the
ommercialization process of SOFCs [1].  Among varieties of elec-
rolytes, doped ceria possesses immense potential in view of its
elatively high conductivity in the low-temperature range. Gd-
oped ceria and Sm-doped ceria have been widely investigated and
hey have been substantiated to perform better conductivity than
ther trivalent lanthanide-doped ceria [2,3]. However, doped ceria
uffers from the electronic conduction under low oxygen partial
ressure and high grain-boundary resistivity. Co-doping strate-
ies and optimized synthesis process have been utilized to modify

he structure and enhance the conductivity of ceria-based elec-
rolyte.

∗ Corresponding author at: Department of Materials Science and Engineering,
oyal Institute of Technology (KTH), SE 10044 Stockholm, Sweden.
el.: +46 08 7908381.

E-mail address: zhezhao@kth.se (Z. Zhao).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.06.040
It has been well recognized that the total conductivity of poly-
crystalline doped ceria is determined by both the grain bulk
conductivity and the grain-boundary conductivity. Co-doping tech-
nique with rare earth or alkaline earth ion has been widely
recognized as an effective method to further improve the con-
ductivity of singly doped ceria. A variety of co-doping systems,
including Sm3+ and Nd3+ [4],  Lu3+ and Nd3+ [5],  Eu3+ and Sr2+

[6],  Gd3+ and Sm3+ [7],  Sm3+ and Ca2+ [8],  Y3+ and Dy2+ [9],
have been extensively investigated. Omar et al. [5] investigated
the Lu and Nd co-doped ceria electrolyte (LuxNdyCe1−x−yO2−ı)
based on the concept of critical dopant ionic radius. The elas-
tic strain is negligible since the positive elastic strain from Nd3+

is compensated by the negative elastic strain from Lu3+. The
variation trend of elastic strain is in accordance with the con-
ductivity for different compositions, indicating elastic strain is
one considerable factor to design electrolytes with enhanced
ionic conductivity, since the elastic strain is closely associated
with critical dopant ionic radius. According to density func-
tion theory, the effective atomic number of the ideal dopant
for the lanthanide elements is assumed to be between 61 (Pm)

and 62 (Sm) [10], which can be constructed using Sm and Nd
co-doping into ceria. It was shown that the grain ionic con-
ductivity of Ce0.85Sm0.075Nd0.075O2−ı is 30% higher than that
of Ce0.9Gd0.1O2−ı at 550 ◦C [4].  The maximum power density

dx.doi.org/10.1016/j.jallcom.2011.06.040
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zhezhao@kth.se
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f the anode supported fuel cell using Ce0.85Sm0.075Nd0.075O2−ı

s electrolyte (thickness 10 �m)  reaches 1.43 W cm−2 at 650 ◦C,
ndicating Ce0.85Sm0.075Nd0.075O2−ı is a promising electrolyte for
ow-temperature SOFCs [11].

Previous research has validated that the grain-boundary resis-
ance always plays a dominant role in the total conductivity of the
lectrolyte. The grain-boundary conductivity is closely associated
ith the impurity and the microstructure of the grain boundary,
hich are mainly influenced by the synthesis routes of powder,

ccording to the Bauerle model [12]. A lot of routes have been
evoted to synthesize the co-doped ceria powder, such as solid-
tate reaction technique [4],  precipitation technique [13], sol–gel
echnique [14], hydrothermal technique [14], glycine–nitrate com-
ustion technique [15], and others. However, there is lack of

nformation on how the processing route of powder influences the
onic conductivity of the ceramics.

In this work, four different processes have been utilized to syn-
hesize the Ce0.85Sm0.075Nd0.075O2−ı (SNDC) electrolyte. The effect
f different synthesis process on the microstructure and ionic con-
uctivity has been investigated.

. Experimental

.1. Synthesis

Ce(NO3)3·6H2O (99.9%, Alfa Aesar), Sm(NO3)3·6H2O (99.9%, Alfa Aesar) and
d(NO3)3·6H2O (99.9%, Alfa Aesar) were selected as the starting materials for all

he  synthesis processes. The Ce0.85Sm0.075Nd0.075O2−ı powders were synthesized by
our different methods, respectively.

.1.1. Polyvinyl alcohol (PVA)-assisted sol–gel process
The PVA-assisted sol–gel method was  designated as PVA–SNDC. PVA (VWR

nternational Ltd., Sweden) was dissolved in water under heating and stirring
o  form 5 wt.% PVA solution. Stoichiometric Ce(NO3)3·6H2O, Sm(NO3)3·6H2O and
d(NO3)3·6H2O were dissolved in the distilled water, followed by the addition of
VA solution under heating and stirring. The mole ratio of –OH in the PVA to the
etal cations was  controlled to be 1:1. The pH value of the solution was adjusted

o  be ca. 7.0 using diluted nitric acid and ammonium solution. The above solution
as heated on the hot plate at 80 ◦C to evaporate the excess water. It turned to be a

iscous and transparent sol. The solid gel can be obtained by further heating the sol.
t  was  annealed in a muffle furnace at 250 ◦C for 6 h. The obtained precursor powder

as finally annealed at 700 ◦C for 2 h.

.1.2. Polyethylene glycol (PEG)-assisted sol–gel process
The PEG-assisted sol–gel method was designated as PEG–SNDC. The synthesis

rocess was  same with the PVA-assisted sol–gel method, except that the PVA was
eplaced by the PEG (Alfa Aesar). The mole ratio of –OH in the PEG to metal cations
as controlled to be 1:1. Both the PVA and PEG act as complexant and fuel in the

ynthesis process.

.1.3. Citrite sol–gel process
The citrite sol–gel method was designated as C–SNDC. Citric acid (99%,

lfa Aesar) was  dissolved in water under heating and stirring. Stoichiometric
e(NO3)3·6H2O, Sm(NO3)3·6H2O and Nd(NO3)3·6H2O were dissolved in the distilled
ater, followed by the addition of citric acid solution under stirring. The mole ratio

f  citric acid to total metal ions was controlled to be 1.5:1 in the precursor solution.
el was obtained after evaporating the water at 80 ◦C. The gel was annealed in a
uffle furnace at 250 ◦C for 6 h. It turned into a black viscous mass and then burned.
ll the resulting shallow-yellowish ashes were treated at 700 ◦C for 2 h in muffle

urnace to remove the carbon residues and form a well crystalline structure.

.1.4. Oxalate coprecipitation process
The fourth powder was  synthesized by an oxalate coprecipitation method,

hich was  designated as OCP–SNDC. The stoichiometric starting materials were
issolved in the distilled water, and then dripped to the oxalic acid solution, which
as adjusted to neutral pH (6.6–6.9) by dilute ammonia solution. Calcination took
lace at 700 ◦C for 2 h after the precipitate was fully washed by water and ethanol.

The synthesis processes were carefully optimized to minimize the element loss
nd ensure the final chemical compositions in the four powders are almost the same,

hich was certified by the X-ray fluorescence (XRF 1800).

SNDC pellets with about 10 mm in diameter and 1 mm in thickness were pre-
ared by uniaxially pressing of SNDC powder and sintering at 1400 ◦C, 1500 ◦C and
600 ◦C for 5 h, respectively. For the morphology characterization of grain and grain
oundaries, the sintered pellets were polished and thermally etched at 100 ◦C lower
emperature than the sintering temperature for 30 min.
Fig. 1. Room-temperature XRD patterns for SNDC derived from different routes
after being annealed at 700 ◦C for 2 h.

2.2. Characterizations

The conductivity was performed by the a.c. impedance spectroscopy method
from  700 ◦C to 200 ◦C (SI 1260 Solartron Impedance/Gain-Phase Analyzer) with
a  frequency range of 100 mHz  to 100 kHz using an excitation voltage of 10 mV
under open circuit voltage state. Au paste was  brushed on both surfaces of the
pellet, which is followed annealing at 800 ◦C for 30 min. The phase structure was
detected by the XRD (PANalytical X’pert Pro). The unit cell parameters were deter-
mined by Rietveld fit of the XRD patterns using PowderCell 2.4 program [16]. The
morphology and microstructural studies of the powders and pellets were per-
formed by scanning electron microscope (SEM, JSM-7000F, JEOL Ltd., Japan) and
TEM (JEOL 2100LaB6).

3. Results and discussion

Fig. 1 presents the XRD profiles of the calcined SNDC powders
measured at room temperature. It can be observed that all the pat-
terns are single phase with a cubic fluorite structure. The lattice
parameters for the PVA–SNDC, PEG–SNDC, C–SNDC, OCP–SNDC
are 5.4349 Å, 5.4357 Å, 5.434 Å, 5.4354 Å, respectively. The lattice
parameters for different powders are quite close, but a small dis-
crepancy can be observed. It might be related to the different
doping amounts in the lattice, resulting from different segrega-
tion amounts of Sm and Nd on the grain boundaries in different
synthesis processes. The lattice parameters are higher than the
value of 5.411 Å for the pure CeO2 (JCPDS No. 04-0593). The lat-
tice expansion can be ascribed to the larger ionic radius of Sm3+

(0.1079 nm)  and Nd3+ (0.1109 nm)  than that of Ce4+ (0.097 nm) for
a VIII coordination [17].

Fig. 2a shows the typical morphology of the OCP–SNDC powder.
The particles take on pseudo-spherical shape from 20 nm to 40 nm
in diameter. The particles form agglomerates. The insert in Fig. 2a
demonstrates a selected area electron diffraction pattern, which
is in accordance with the cubic fluorite CeO2 crystalline structure
based on the JCPDS (No. 04-0593) standard. The eight broad rings
correspond to the (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2), (4 0 0),
(3 3 1) and (4 2 0) reflections of the cubic CeO2 structure. The
HRTEM image for a single particle is shown in Fig. 2b. The distance
between adjacent fringes is approximately 0.313 nm, which is
similar to the d-spacing of the (1 1 1) plane of the CeO2 standard
(0.31234 nm).

Fig. 3a–d presents the micrographs of the powders derived from
different preparation processes. The derived PVA–SNDC powder is

nanometric in size. PVA–SNDC powder takes on strong agglom-
eration with clusters of about 0.3–5 �m.  The PEG–SNDC powder
appears similar morphology with the PVA–SNDC powder since
the precursor of PEG and PVA possess similar polymeric structure.
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ig. 2. (a) Typical morphology and selected area electron diffraction pattern (insert
alcined  at 700 ◦C for 2 h.

EG and PVA act as templates in the powder synthesis process.
s shown in Fig. 3c, the C–SNDC particles are nanometric and

orm less agglomeration in comparison with the PVA–SNDC and
EG–SNDC particles, which can be ascribed to the fact that the
olecular weight and chain length of polymer formed by the citric

cid was much smaller than that of PVA and PEG, since all of them
ct as complexant in the synthesis process. The OCP–SNDC parti-
les appear rod and flake-like shape. The different morphologies of
NDC powders might have great effect on the properties of green

ompacts.

Fig. 4a–d shows the typical micrographs of the pellets originated
rom different synthesis methods sintered under the same condi-
ion. The average grain sizes of the etched samples are obtained

Fig. 3. SEM images of SNDC powder calcined at 700 ◦C for 2 h: (a)
P–SNDC powder calcined at 700 ◦C for 2 h. (b) HRTEM image of OCP–SNDC powder

using the linear intercept technique [18], which are shown in
Table 1. The OCP–SNDC yields the highest relative density, while
the relative densities of the other SNDC are quite close, indicating
that the OCP–SNDC has superior sinterability.

Fig. 4d–f presents the micrographs of the OCP–SNDC pellet sin-
tered at different temperatures. The pores are reduced with the
increasing sintering temperatures, indicating the relative density
is enhanced, which is in accordance with the results displayed in
Table 2. The average grain size of the OCP–SNDC pellet sintered

at 1400 ◦C, 1500 ◦C and 1600 ◦C is 1.19 �m,  1.21 �m and 4.12 �m,
respectively, which becomes larger.

Fig. 5 presents the typical plots of impedance for the SNDC
derived from different synthesis processes measured at 300 ◦C.

 PVA–SNDC, (b) PEG–SNDC, (c) C–SNDC and (d) OCP–SNDC.
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ig. 4. SEM images of the surface of SNDC sintered pellets: (a) PVA–SNDC pellet sin
intered at 1400 ◦C for 5 h, (d) OCP–SNDC pellet sintered at 1400 ◦C for 5 h, (e) OCP–S

he plots can be modeled by the equivalent circuit with the con-
guration of L (R CPE )(R CPE )(R CPE ), in which L represents
1 1 1 2 2 3 3 1
he inductor, R is the resistor and CPE corresponds to the constant
hase element. Three different contributions can be clearly distin-
uished in the investigated frequency range. The high-frequency

able 1
elative densities and average grain sizes for the SNDC pellets synthesized via different r

PVA–SNDC 

Relative density (%) 93.69 

Average grain size (�m)  1.09 

Activation energy Ea/eV (bulk) 0.725 

Activation energy Ea/eV (grain boundary) 1.0342 

Activation energy Ea/eV (total) 0.9575 
t 1400 ◦C for 5 h, (b) PEG–SNDC pellet sintered at 1400 ◦C for 5 h, (c) C–SNDC pellet
pellet sintered at 1500 ◦C for 5 h and (f) OCP–SNDC pellet sintered at 1600 ◦C for 5 h.

arc, corresponding to the equivalent circuit model with a resistor
R and a constant phase element CPE , can be ascribed to the
1 1
grain bulk properties. The medium-frequency arc relates to the
grain-boundary properties represented by a resistor R2 and a
constant phase element CPE2 in the equivalent circuit model. The

outes sintered at 1400 ◦C.

PEG–SNDC C–SNDC OCP–SNDC

92.15 92.87 96.2
1.21 1.03 1.19
0.7455 0.7539 0.7005
1.0356 1.0097 0.9864
0.9679 0.9486 0.9146
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Table  2
Relative densities and average grain sizes for OCP–SNDC pellets sintered at different
temperatures.

Sintering temperature (◦C)

1400 1500 1600

l
b
e
g

s

�

w
o
d
t
n
5
d
T
w
d
C
g
g
d
t
t
o
c
c
T
c
c
m
c
g
i

F
d
c

Relative density (%) 96.2 97.72 98.15
Average grain size (�m) 1.19 1.21 4.12

ow-frequency arc is attributed to the electrode process described
y the parallel arrangement of a resistor R3 and a constant phase
lement CPE3. As shown in Fig. 5, the OCP–SNDC yields the lowest
rain-boundary resistance.

The individual conductivity �i can be converted from the corre-
ponding resistance Ri according to the following equation:

i = l

RiS
(1)

here l is the thickness of the pellets and S is the effective area
f the sample. The bulk conductivity and grain-boundary con-
uctivity can be obtained from the equation. Fig. 6 shows the
emperature dependence of conductivities plots for SNDC origi-
ated from different synthesis procedure sintered at 1400 ◦C for

 h. The bulk conductivities are quite similar, since the bulk con-
uctivities are mainly determined by the sample composition.
he results indicate that the sample compositions scarcely vary
ith the synthesis procedures. However, a decrease in bulk con-
uctivity of C–SNDC can be observed at high temperatures, since
–SNDC might probably possess higher migration enthalpy of oxy-
en ions than other specimens [19]. The OCP–SNDC has the highest
rain-boundary conductivities, which can be ascribed to the well
ensified samples as shown in Fig. 4d. The grain-boundary conduc-
ivities of PVA–SNDC and PEG–SNDC are quite close, much higher
han those of the C–SNDC. The SiO2 contamination can be always
bserved on the grain boundary, which is from the ceramic pro-
ess and sintering. SiO2 contamination might be from the glass
ontainer where the high temperature combustion was  executed.
he impurity is assumed to be the least for the OCP process in
omparison with the other processes since the high temperature
ombustion was not carried out in the OCP process. From the

icrostructure perspective, the OCP–SNDC might contain more

ontinuous grain-boundary phases, which can also facilitate the
rain-boundary conductivity. In the Sm and Nd co-doped ceria, Sm
s observed to segregate to the grain boundaries [20]. The seg-

ig. 5. Typical impedance spectrum of SNDC ceramic measured in air at 300 ◦C, the
ots  are the original data and the lines are the modeling data; insert: equivalent
ircuit utilized to model the impedance spectrum.
Fig. 6. (a) Bulk, (b) grain-boundary and (c) total conductivity of different SNDC
pellets sintered at 1400 ◦C.

regation amount of Sm is assumed to be closely related to the
synthesis process. Higher segregation results in the lower grain-
boundary conductivities. The amount of Sm segregating to grain
boundary for the C–SNDC specimen might be higher than those of
others. Sm cations accumulate at the grain boundaries due to elastic

strain and Coulomb interaction. The highest grain-boundary con-
ductivities of OCP–SNDC might be related to the lowest amount
of segregation of Sm cations. Obviously, both the amount of Sm
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is much higher than that of the bulk, indicating the total conduc-
ig. 7. (a) Bulk, (b) grain-boundary and (c) total conductivity of OCP–SNDC sintered
t  1400 ◦C, 1500 ◦C and 1600 ◦C.

ations segregating to grain boundaries and SiO2 contamination at
rain boundaries may  have significant effect on the grain-boundary
onductivities.

Fig. 7 presents the temperature dependence of the conductiv-
ty plots for OCP–SNDC sintered at different temperatures. The
ulk conductivities do not change much with the variation of the
intering temperatures, indicating the sintering temperature has
egligible effect on the bulk conductivities. However, as shown

n Fig. 7b, the OCP–SNDC sintered at 1500 ◦C yields the high-
st conductivities. Further increase in the sintering temperature
eads to much lower grain-boundary conductivities. There is a

rade-off relationship between the sintering temperature and the
rain-boundary conductivities. On one hand, the high sintering
emperature will result in the improvement of the relative density;
Fig. 8. (a) Specific grain-boundary conductivities for the OCP–SNDC sintered at
different temperatures; (b) specific grain-boundary conductivities for the SNDC
originated from different processes sintered at 1400 ◦C.

on the other hand, it might lead to the well developed space charge
layer regions, which might decreases the grain-boundary con-
ductivities. In the space charge layer regions, the grain-boundary
core is positively charged resulted from the accumulated oxygen
vacancies. The oxygen vacancies deplete in the space charge layer
regions according to the charge compensation mechanism [21].
In addition, the ordered domain structure existing in the grain
boundary also contributes to the conductivity, which is closely
associated with the sintering temperature [22]. In the ordering
structure domains, the oxygen vacancy ordering reduces the free
charge carriers; consequently, the grain-boundary conductivity
is lowered. Less ordering domains are assumed to develop in
OCP–SNDC sintered at 1500 ◦C, resulting in higher grain-boundary
conductivities than those of other specimens. The optimal sintering
temperature is 1500 ◦C with the highest grain-boundary conduc-
tivity values and high relative density of the sintered specimen.
The total conductivities reach the highest, indicating the grain-
boundary conductivities contribute more than those of the bulk
conductivities.

The activation energy Ea can be expressed as follows according
to the Arrhenius law:

� =
(

A

T

)
exp

(−Ea

kT

)
(2)

which is shown in Table 1. The activation energy of grain-boundary
tivity is mainly determined by the grain boundary. The OCP–SNDC
yields the lowest activation energy of bulk and grain boundary,
resulting in the lowest activation energy of total conductivity. The
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ig. 9. (a) space charge potentials for the OCP–SNDC sintered at different tempera-
ures; (b) space charge potentials for the SNDC originated from different processes
intered at 1400 ◦C.

igher relative density and conductivities, lower grain-boundary
esistance and activation energy of total conductivity indicate that
he OCP–SNDC has superior sinterability and the OCP process is
referable for the synthesis of co-doped ceria electrolyte.

The specific grain-boundary conductivity is commonly utilized
o characterize the grain-boundary conduction. Assuming the bulk
nd grain-boundary permittivity is similar, the specific grain-
oundary conductivity can be obtained from Eq. (3) [22].

sp
gb

=
(

Cb

Cgb

)
�gb (3)

here Cb is the bulk capacitance and Cgb is the grain-boundary
apacitance.

The capacitance can be calculated from Eq. (4),  where Ci is the
ulk or the grain-boundary capacitance, Ri is the bulk or the grain-
oundary resistance, Qi is the pseudocapacitance [22].

i = (RiQi)
1/n

Ri
(4)

According to the Mott–Schottky model, the ratio of the bulk con-
uctivity to the specific grain-boundary conductivity is given by the
q. (5) [21]:
�bulk

�sp
gb

= exp(2e�ϕ(0)/kBT)
4e�ϕ(0)/kBT

(5) [
pounds 509 (2011) 8720– 8727

In Eq. (5), �ϕ(0) is the grain-boundary space charge potential,
which is also the Schottky barrier height, e is the elementary elec-
trical charge, kB is the Boltzmann constant and T is the absolute
temperature.

Fig. 8 presents specific grain-boundary conductivities for the
OCP–SNDC sintered at different temperatures and for the SNDC
originated from different processes. The calculated grain-boundary
space charge potentials with sintering temperatures are presented
in Fig. 9a. The space charge potentials increase with the increas-
ing temperatures. The lowest space charge potentials are obtained
for the OCP–SNDC sintered at 1500 ◦C, correspondingly, the high-
est specific grain-boundary conductivities are achieved between
200 ◦C and 350 ◦C, as shown in Fig. 8a. The space charge poten-
tials yield the highest values for the OCP–SNDC sintered at 1600 ◦C,
indicating the depletion of oxygen vacancies is more intense at high
sintering temperatures. The high sintering temperature results in
the formation of nanodomains, which traps the oxygen vacancies
and decreases the free charge carriers. Fig. 9b shows the space
charge potentials for different specimens. The space charge poten-
tials of PVA–SNDC reach the highest while those of the C–SNDC
are the lowest. The variation of the space charge potentials is in
accordance with that of specific grain-boundary conductivities,
indicating the specific grain-boundary conductivity is principally
determined by the space charge potential. The results show that
the synthesis process and sintering temperature have great effect
on the space charge potential and the specific grain-boundary con-
ductivity.

4. Conclusions

The PVA–SNDC, PEG–SNDC, C–SNDC and OCP–SNDC powders
have been successfully synthesized for comparison. The pow-
ders form well crystalline structure in good accordance with the
cubic fluorite ceria validated by the XRD and HRTEM results. Dif-
ferent morphologies for the powders are observed. The average
grain sizes vary with the synthesis process and increase with the
increasing sintering temperatures. The bulk conductivities of the
sintered samples are quite close while the grain-boundary conduc-
tivities of OCP–SNDC are highest. The OCP–SNDC yields the lowest
activation energy. The results indicate the OCP–SNDC possesses
superior sinterability than those of synthesis processes. The spe-
cific grain-boundary conductivity is principally determined by the
space charge potential. The synthesis process and sintering tem-
perature have great effect on the space charge potential and the
specific grain-boundary conductivity.
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