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A series of ceria-based solid solution electrolytes, CoO and Sm,03 codoped ceria CepgSmg;_xC0x0,_s
(denoted as CSO for x=0 and CSC, for x=0.01-0.09), are synthesized via a carbonate co-precipitate
method. The phase composition of the precursor is determined by XRD, EA and TG/DSC. The oxidation
valence of Co in the samples calcined at different temperatures is probed by XPS and determined to be in
+2 valence state at the temperature >1000 °C. The sintering investigation demonstrates that the addition
of Co promotes densification to occur at lower temperatures with a uniform grain growth. Impedance

Iégﬁ‘évquZ;rolyte spectroscopy measurements indicate an improvement in the grain and the grain boundary conductivities
Ceria for the samples with appropriate Co/Sm ratio. The optimal amount of Co additive is proved to be 7 mol%. It
Samarium shows that CSCq o7 exhibits higher conductivity (o =0.0538 Scm~! at 600 °C) and lower activation energy
Cobalt oxide (E2=0.567 eV) compared with CSO and other CSC,. The results suggest that cobalt oxide could be used

Ionic conductivity

not only as an effective sintering aid but as a favorable dopant to ceria as well.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Doped-ceria fluorites have been regarded as potential elec-
trolytes for intermediate temperature solid oxide fuel cells
(IT-SOFCs) because of their high ionic conductivity in a low-
temperature range (500-700 °C) and their good compatibility with
ferritic stainless steels [1-4]. During the past two decades, a num-
ber of ceria doped with aliovalent cations, such as rare earth and
alkaline earth ions, were synthesized and investigated extensively
[5-15]. However, it is well known that being a refractory mate-
rial, ceria-based ceramics are difficult to be sintered to full density
below 1600 °C by conventional solid state technique [16]. Such high
sintering temperatures would result in considerable grain coarsen-
ing and finally poor mechanical properties. Two measures are thus
taken to lower the sintering temperature. The first one is reduc-
ing the initial particle size of the powder to the nanometer range
by either wet-chemical methods [5,7,8,15] or powder processing
techniques [11,17,18], thus increasing the driving force for sinter-
ing. Another one is adding small amounts of transition metal oxides
as sintering aid to increase the sintering rates. It has been reported
that some transition metal oxides, such as MnO, [19], Bi, O3 [20],
CuO [21], MoO3 [22], Fe;03 [23], and CoOx [24-32], are very
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effective sintering aids for the reduction of the sintering tempera-
ture of ceria-based ceramics.

Besides being dense promoters, sintering aids usually exert
great influences on the conductivity of the final ceramics. For
example, Zhao et al. [20] reported that by using bismuth oxide
as sintering aid, the Smg;_xBixCepg0O1.9 compacts not only can
be densified to nearly theoretical density at 1300°C but also has
much higher ionic conductivity than Smg;Ceyg019. Xu et al. [23]
reported that the grain-boundary resistance of CeggsSmg 1501.925
could be significantly decreased by small addition of Fe,03. How-
ever, the exact roles of transition metal oxides are necessary to
study deeply for there are frequently discrepant reports, espe-
cially for cobalt oxide as sintering aid. For instance, Pérez-Coll et al.
[33] addressed that the addition of cobalt significantly increased
the grain boundary conductivity of CepgSmg;0,_s ceramics,
while Zhang et al. [34] suggested that the addition of cobalt in
CegGdp20,_s samples show a slight effect on the grain bound-
ary conductivity. Some authors [28,29], however, pointed out that
the addition of Co greatly improved both grain boundary and bulk
conductivity. On the other hand, the solubility of cobalt oxide in
doped-ceria ceramics reported in the literatures differed consid-
erably. Sirman et al. [35] reported the solubility limit of CoO in
CGO was less than 0.5 mol% at 1400 °C, while Kharton et al. [36]
pointed out that the solubility limit of cobalt oxide in CGO20
was up to 10-15mol%. Apart from the solubility, another puz-
zled problem is the oxidation state of Co in the ceramics because
the reporting existence included CoO, Co304 and Co,03 [24-32].
In the light of the above inconsistency, it is thus necessary to
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further determine the exact manner of Co additive in the doped-
ceria ceramic.

As an intensively investigated sintering aid, the introduction of
cobalt was mainly concentrated on commercially available pow-
ders coated with cobalt nitrate [24-28]. Few papers focused on
optimizing the homogenization of cations [31]. In this study, differ-
ent compositions of CeggSmg2_xCox0,_g with varying Co/Sm ratio
(abbreviated as CSO for x=0 and CSC for x=0.01-0.09) have been
prepared via co-precipitation method. The valence state of Ce and
Co was determined by XPS. The densification of the compacts was
investigated and special attention was paid to the location and sol-
ubility of Co. The influences of Co additive on the bulk and grain
boundary conductivity were studied and discussed. Interesting,
the addition of Co in the CepgSmg>_xCoxO,_s series results in not
only a relatively homogeneous microstructure but also a remark-
ably improved in both the grain and grain boundary conductivities.
In comparison with most metal oxides acting merely as sintering
acids [19-23], the report provides more information on the effect
of CoO-addition on the electrical properties.

2. Experimental
2.1. Sample preparation

Powders of composition CSCy (x=0.01-0.09) were prepared by
oxalate co-precipitation method using cerium nitrate, samarium
nitrate and cobalt nitrate as starting materials. The appropriate
quantities of starting materials were dissolved in water, mixed
and co-precipitated with ammonium oxalate solution. Sm-doped
ceria without Co addition was also prepared under the same exper-
imental conditions, for comparison purpose. The as-synthesized
powders were dried at 60°C in an oven and subsequently cal-
cined at 600°C for 4h to decompose the carbonates and to favor
the formation of the fluorite phase. After calcination, the doped
powders were uniaxially pressed (10 MPa) into cylindrical pellets
of 13 mm in diameter in a steel die followed by isostatic pressing
(180 MPa). The shaped samples were sintered at different constant
temperatures from 1200 to 1400°C for 4 h in air at a heating rate of
8°Cmin~! below 1000°C and 3 °C min~! above 1000 °C. The appar-
ent densities of sintered pellets were determined by Archimedes
principle using water as immersing medium.

2.2. Property measurements

Powder X-ray diffraction (XRD) intensities were recorded with
X-ray diffractometer (PANalytical X'Pert PRO, Netherlands) oper-
ating with Ni B-filtered at 40kV and 40 mA, using CuKa radiation
(Aka1 =1.540598 A, Aoz = 1.544426 A). The crystalline phases were
analyzed with PANalytical X'Pert High Score Plus program and
identified using the International Centre for Diffraction Data (ICDD)
Powder Diffraction Files (PDF). Lattice parameters were calculated
by Rietveld method. Thermal decomposition of the precursors
was monitored by Thermogravimetric and Differential Scanning
Calorimeter (TG/DSC) with instrument NETZSCH STA 409 PC/PG in
flowing air with heating rate of 10°C min~! in alumina crucible up
to 1000 °C. The elemental analysis (EA) was performed with a Flash
EA 1112 elemental analyzer.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out at room temperature on a Perkin Elmer PHI 5300 X-
ray Photoelectron Spectrometer. Al K, radiation (hv=1486.6eV)
was adopted as the excitation source, operating at 250 W with
12.5kV acceleration voltage. The pass energy of the survey scan
was 89.45 eV and that of detail scan was 35.75 eV with a resolution
of 1 and 0.2eV, respectively. Before being sent to the cham-
ber, each sample was cleaned carefully. The base pressure of the
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Fig. 1. XRD patterns of the as-dried oxalate co-precipitate and the refer-
enced PDF index species: (a) Ce(NH4)(C204),-H20, (b) Smy(C204)3-10H,0 and (c)
COC204~4H20.

instrument was 9.5 x 108 torr (1 torr=133.3 Pa). Binding energy
was calibrated referenced to the C1s peak (284.6eV).

The microstructures of the sintered pellets were observed using
a scanning electron microscope (JEOL JSM-6700 FE-SEM) in pol-
ished and thermally etched pellets at the temperature below 100 °C
of the sintering temperature during 30 min. INCA X-ray micro-
analysis system (OXFORD) was used to detect energy dispersive
spectroscopy (EDS) for elemental analysis in micro-regions of sin-
tered pellets.

2.3. Electrical measurements

The ionic conductivity measurements were performed by an ac
(alternating current) complex impedance method at frequencies
range from 0.1 Hz to 1 MHz on a PARSTAT 2273 impedance ana-
lyzer. Before measurements, silver paste was painted on two sides
of the disk as electrodes, and the disk was then dried and fired
at 800°C for 30 min to erase the solvent. The measurements were
conducted in air in the temperature range from 250 to 650 °C with
an increment of 50 °C. Bulk and grain boundary ionic conductivity
were measured using an impedance spectroscopy. Curve fitting and
resistance calculation were done by ZSimpWin software. The con-
ductivities were calculated using the expression of o =I/SR, where
I is the sample thickness and S is the electrode area of the sam-
ple surface. Activation energies (E;) were calculated by fitting the
conductivity data to the Arrhenius relation for thermally activated
conduction, which is given as 6T=0gexp(—Ea/kT), where o, 0, Ea,
k, T are the conductivity, pre-exponential factor, activation energy,
Boltzmann constant and absolute temperature, respectively.

3. Results and discussion
3.1. Powder synthesis and characterization

The representative XRD pattern of the precursor of nominal
composition CSCqps was measured and the compositions were
identified to be composed of Ce(NH4)(C204),-H,0 (PDF No. 00-019-
0277), Sm3(C,04)3-10H,0 (PDF No. 00-020-1021), CoC,04-4H,0
(PDF No.00-037-0534)(Fig. 1). To further determine the ingredient,
EA was performed and the results showed that the precursor con-
tained 12.64 wt% of C, 2.17 wt% of H and 3.02 wt% of N. The TG/DSC
of the precursor was also investigated and the results are shown
in Fig. 2. As can be seen, the decomposition of the precursor pro-
ceeds through two distinct stages. The first one with a weight loss



182 H.-C. Yao et al. / Journal of Power Sources 205 (2012) 180-187

120 ?
[
13? C A TG exothermic
a K
o -
2 |" 8
@ 80 =
4 =
é 3
: 1" 3
g 60 é
{6
40 -
48
335°C
. 10

T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Temperature /°C

Fig. 2. TG/DSC curves of the precursor conducted at a heating rate of 10°C min~!
from room temperature to 1000°C in air.

of 13.1%, accompanied by a strong endothermic peak at 135 °C, may
be attributed to the evaporation of the absorbed moisture and the
release of ammonia and water. The second stage with a weight loss
of 39.6%, accompanied by an exothermic peak at 335°C, may cor-
respond to the decomposition of the oxalate. It is noteworthy that
there is a small endothermic peak at 908 °C, which may be due to
the transformation of Co304 to CoO [37].

Based upon the above results and considering molec-
ular electrical neutrality, the precursor is assumed to be
Ceo.gsm0.15C00.05(NH4 )0.8(C204)1.875'1‘75H20' The final Weight
loss (52.4%) is in good agreement with that calculated (51.9%) from
the composition to CSCq gs.

XPS analysis was carried out to characterize the valence state
of Ce and Co ions. Fig. 3 shows the XPS results of the CSCq g7 sam-
ples sintered at different temperature. According to the published
results, six peaks labeled as vg, v1, v2, v, v; and v, at different bond-
ing energy are attributed to the feature peaks of Ce** 3d [38,39].
However, typical peaks at u; and u}, characteristic of Ce3*, are not
observed. Besides, the attenuation of v/, peak or the increase of dou-
blet uq /u] is not observed, which is often used to approximate the
level of surface reduction [38]. Therefore, it becomes evident that
Ce is in the tetravalent state in the samples sintered at different
temperatures.
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Fig. 3. Ce 3d XPS spectra of the CeggSmyg.13C09,070,_5 samples sintered at (a) 600 °C;
(b) 1000°C; (c) 1200°C; (d) 1300°C and (e) 1400°C.
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Fig. 4. XPS spectra of Co 2p from surface region of CeggSmg 13C00,070,_s sintered at
(a) 600°C and (b) 1000°C.

The Co 2p XPS spectra of CSCq g7 sintered at different temper-
atures were surveyed. However, no distinct peaks of Co2p signals
were detected for those sintered at 1200-1400 °C, probably due to
solid dissolution of cobalt inside CeO,, except the sample sintered
at600°Cand 1000°C(Fig.4).Asitcan be seen from Fig. 4a that peaks
at 781.1eV and 786.8 eV binding energy and peak at 796.0 eV bind-
ing energy were appeared, which is corresponding to the Co 2p3;
and Co 2py, structure of Co 2p, respectively. According to Carson
et al. [40], the Co 2p XPS peak positions agree with the presence
of Co304. However, the peak intensity changed greatly when the
calcination temperature increased up to 1000 °C. Comparing the
peak intensity with that of sample sintered at 600 °C, the degrada-
tion of the peak at 781.1 eV means the reduction of Co304 content
and the enhancement of the ratio of CoO, according to Carson et al.
[40]. CoO is thus believed to be the existence in the crystalline at
high temperatures. Considering the transformation temperature of
Co304 to CoO [37], it is believable to identify cobalt as Co%* though
some authors regarded cobalt as Co3* [26].

As the investigated samples have more than one cation, it is
difficult to assign the oxygen peaks. A multi-peaks Gaussian fitting
was thus used to interpret the spectra of CSCq 7 sample sintered
at 600°C and the results showed O 1s spectra with three distinct
peaks (Fig. 5). The most intense peak at 528.6 eV may be assigned
to the lattice oxygen of CSCq o7 [41] while the peak at 530.2 eV may
be attributed to cobalt oxide [42]. The shoulder peak at 532.0eV
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Fig. 5. XPS spectra of O 1s from surface region of CegSmg13C00070,_s sintered at
600°C.
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Fig. 6. XRD patterns of the CepgSmyg;_xCox0,_s calcined at 600°C.

is assigned to some hydroxyl like groups, which presumably result
from surface bonded water [43].

Fig. 6 illustrates the XRD patterns of the calcined powders
of CSCy at different dopant contents. The diffraction peaks were
indexed to (111),(200), (220),(311),(222),(400),(331) and
(420) planes, matching well those of the face-centered cubic flu-
orite structure of CeO, (PDF No. 00-34-0394). It can be seen that
no evident secondary phases (CoO or Co304) could be identified.
Rietveld refinement was thus applied to the diffraction patterns and
the results are listed in Table 1. The lattice parameters as a function
of cobalt are plotted in Fig. 7. With Co content increasing, the lat-
tice parameter decreases linearly as a(x) =5.4310 — 0.0796x and the
R? value is 0.9841 for CSCy (x=0.01-0.09) powders. Cobalt ions are
accordingly regarded as incorporating into the ceria structure to
form solid solution. The result accords well with the Vegard’s Slope
quality factor which may be identified beneficial sintering aids in
ceria electrolytes [44]. Also, the result is in good agreement with
that reported by Kharton et al. [36].

When CoO is dissolved in the lattice, the reaction (using
Kroeger-Vink notation) can be expressed as:

Co0=%Col, + 03 +V; (1)

The formation of the positive charged vacancy may induce the
increase of the bulk conductivity of CSCy as shown below.
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Fig. 7. Lattice constant of CepgSmg,_xCox0,_s powders as a function of x.
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Fig. 8. Sintered density as a function of cobalt content.

3.2. Sintering

Fig. 8 shows the effect of Co additive on the densification of CSCy
samples heat-treated at 1200-1400°C. The beneficial effect of Co
additive on the relative density is obvious and found that minor,
1 mol%, additions of cobalt sintering aids can produce enhance-
ments of relative density up to 92.8% after sintered at 1200°C,
while the Co-free composition, CSO, reached only 90.9% after sin-
tered at 1400°C. A reduction in sintering temperature of ~200°C
for CSC, was achieved compared with CSO. It is worth noting that
when the temperature reached 1400 °C, visible decreases in rela-
tive densities are observed, which may be related to the change of
the microstructure due to high temperature.

The microstructures of the sintered pellets were investigated
and the typical SEM images of CSO and CSCy (x=0.07 or 0.09) pel-
lets sintered at different temperatures are shown in Fig. 9. The CSO
sample sintered at 1200°C is very porous (with only 82.6% rela-
tive density) and the pores are found to be continuous and open
(Fig. 9a). But, in contrast, the CSCq o7 pellet at 1200°C is well sin-
tered with few closed pores and grains connect to each other, which
are in accordance with the density measurements (Figs. 9b and 8).
With increasing the temperature, the grain size of CSCqg7 pellet
increases from 0.5 pm to 1-3 wm (Fig. 9c and d). From the distinct
and clean grain boundaries in images of Fig. 9c, we can conclude
that Co additive distributes uniformly in the sample. However, new
segregation phase seems to be formed at the grain boundaries of
CSCp 7 when the temperature reaches to 1400°C (Fig. 9d). Such a
location was analyzed by EDS coupled to scanning electron micro-
scope. Fig. 9f shows EDS spectra of the sintered pellets and results
of the elemental analysis, which is averaged values over four inde-
pendent determinations. The calculated values of element analysis
prove that the segregation phase is mainly CoO, which is in good
agreement with the results of XPS data. Similar to CSCq g7 sintered
at 1400°C, CoO phase is also found at the grain boundary region of
CSCo.g9 pellet sintered at 1300°C (Fig. 9e). The emergence of CoO
phase for CSCqgg sintered at 1300°C and for CSCqg7 sintered at
1400°C was also confirmed by XRD measurements (not shown).
Therefore, the optimal concentration of Co in CSO was determined
to be around 7% and the optimal sintering temperature was selected
to 1300°C.

3.3. Electrical conductivity

The electrical conductivities of CSCoy sintered at 1300°C were
studied by ac impedance spectroscopy. Figs. 10 and 11 show the
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Fig. 9. SEM images of thermally etched surfaces of (a) CSO sintered at 1200 °C for 4 h; (b) CSOCo¢ 7 sintered at 1200°C for 4 h; (¢) CSOCoq07 sintered at 1300°C for 4 h; (d)
CSO0Coq 7 sintered at 1400°C for 4 h; and (e) CSOCog,09 sintered at 1300 °C for 4 h.
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Table 1

Refined unit cell values, Rietveld disagreement factors and calculated properties of the CepgSmg_xCoxO0,_s (x=0.00-0.09) series.
Parameters Samples

CsO CSCo.01 CSCo.03 CSCo.05 CSCo.07 CSCo.00

a(A) 5.4314 5.4295 5.4283 5.4274 5.4259 5.4233
V(A3) 160.2 160.06 159.95 159.87 159.74 159.51
Re 6.76 6.52 6.27 6.66 6.22 6.57
Rp 5.64 6.18 5.92 6.03 4.89 5.91
Rwp 7.32 7.93 7.71 7.76 6.46 7.66
GOF 1.18 1.65 1.53 1.36 1.08 1.36
Expected oxygen vacancy 0.10 0.105 0.115 0.125 0.135 0.145
FV ratio [%]* 40.6 41.0 41.8 42.7 43.5 443

@ FVratio [%] = {a® — 4 x (47[3) x (r2,,4*213)]}/a* (from Ref. [50]).
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Fig. 10. Impedance spectra and equivalent circuit of CeggSmg,_xC0x0,_s sintered
at 1300°C for 4 h at a measurement temperature of 350°C in air.

typical impedance spectra for the CSO and CSCy (x=0.01-0.09) pel-
lets measured at 350° and 600°C. It can be seen that at 350°C
there exists a depressed semicircle and an arc for different sam-
ples, which correspond to grain boundary resistance and electrode
polarization, respectively. With increasing the temperature to
600°C, only one arc remains while the depressed semicircle is
replaced by a large “tail” which may be attributed to the induc-
tance of the experiment setup [45]. From Figs. 10 and 11, it can
also find the evolution of the impedance arcs as a function of the
CoO concentration. Similar results were found in gadolinia-doped
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Fig. 11. Impedance spectra and equivalent circuit of CeqgSmg,_xC0,x0,_s sintered
at 1300°C for 4 h at a measurement temperature of 600 °C in air.

ceria with bismuth oxide as sintering aid [46]. In contrast with the
sample Ceg9Smg 10195 With 0.5% Co addition synthesized by con-
ventional mixed oxide method [29], the grain boundary resistance
in Fig. 10 is obviously small. This indicates that the co-precipitation
method is favorable for Co distribution in CSO, and for improving
the electrical properties of the samples.

The conductivities can be calculated using the resistance
obtained by fitting the impedance spectra with equivalent circuit
models (inset in Figs. 10 and 11) using ZSimpWin software. In
Figs. 10 and 11, Ry, Rgp, Rejec, L, CPEgp and CPEgje. stand for bulk
resistance, grain boundary resistance, electrode resistance, induc-
tance of the experiment setup, CPE of grain boundary and CPE of
electrode, respectively. The total resistance of electrolyte is given
by Re=Ry, +Rgp,. Then the conductivity datum o; at different tem-
peratures can be obtained using the equation o;=1/SR; (i=b, gb or
t).

Fig. 12 shows the calculated total conductivity as a function
of temperature following Arrhenius equation oT=ogexp(—Ea/[kT).
Table 2 presents a summary of the representative conductivity data.
It can be observed that the conductivities of CSCy (x=0.01-0.07)
are higher than that of CSO, while the conductivity of CSCq g is
lower than that of CSO. As shown in Table 2, the electrical con-
ductivity of CSCgg7 can reach as high as 0.0229Scm~! at 500°C
and 0.0538Scm~! at 600°C, which are among the highest val-
ues observed in electrolytes considered as candidates for IT-SOFCs.
The conductivity of CSCq 7 at 600°C can be compared with that
of CepgSmygo5Cag150,_s electrolyte (o¢=0.052Scm™! at 600°C)
[47]. And it is much higher than that of Ceg79Gdg20C00,010;_s
(0¢=0.021Scm~! at 600°C) [31] as well as 1CoGDC10 [48] and
1CoGDC20 [25].
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Fig. 12. Arrhenius plots for the total conductivities of CeqgSmg,_xCox0,_s elec-
trolytes sintered at 1300°C for 4 h.
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Table 2

Total conductivity and activation energy for CepgSmg,_»Cox0,_s electrolytes sintered at 1300°C.
Samples Electrical conductivity o(x1072Scm~1) Eap (eV) E,gb (eV) Eat (eV)

250-650°C 250-450°C 250-650°C
500°C 550°C 600°C 650°C

CSO 0.87 1.56 227 3.68 0.58 0.94 0.645
CSCo.01 1.27 2.03 3.16 4.98 0.56 0.93 0.624
CSCo.03 1.46 2.12 3.36 5.08 0.55 0.98 0.596
CSCo.05 1.49 2.27 3.32 5.29 0.54 0.72 0.561
CSCo.07 2.29 3.66 538 7.88 0.52 1.01 0.567
CSCo.09 1.04 1.58 2.08 3.51 0.58 1.08 0.845

The bulk conductivity of the studied samples as a function of
temperature is shown in Fig. 13. As can be seen, with increasing
Co content, the bulk conductivities increase with Co concentration
and maximum values are reached for the sample CSOCog 7. When
analyzing the bulk conductivity, one should take into account the
migration enthalpy (AHp,) for oxide anions through the ceria lat-
tice. According to Zhao et al. [20], AHp, is the sum of the energy
required to break a lattice cation-oxygen bond and an energy
term related to the free volume. The average M—O binding energy
(ABE), which is defined as ABE = (1 — x) BE (Ce—0) + xBE (Sm/Co—0),
decreases linearly with increasing Co content due to the weaker
Co—O0 bond dissociation enthalpy [49]. The free volume ratios,
which were calculated from the effective ionic radii [50], increase
with increasing Co substitution (see Table 1). More importantly, the
concentration of oxygen vacancy increases due to Co substitution
(Eq. (1)). Thus, the bulk conductivities increase with increasing Co
content. However, at higher Co substitution, the bulk conductiv-
ities decrease, probably due to the increasing contribution of the
defect association [1] and/or due to the presence of a second phase
(Fig.9e). This result differs from that of Kleinlogel and Gauckler [25],
i.e. oy remained unchanges compared to pure CGO when CGO dop-
ing Co. However, similar results had also been reported by Lewis
et al. [26], who claimed that for 2CoCGO, o}, was enhanced due to
the increase of additional oxygen vacancies.

Arrhenius plots of the grain boundary conductivity of the stud-
ied samples are displayed in Fig. 14. It shows that the grain
boundary conductivity increases and attains a maximum at 5 mol%.
Out of this range, the conductivity reduces rapidly as increas-
ing Co content. This may be firstly explained by the fact that
cobalt is very prone to segregate at grain boundaries due to the
weaker Co—O0 bond dissociation enthalpy (368 k] mol~1!) than Ce—O
(795k]mol~1) and Sm—0 (619kJmol-') [49], thus preventing

segregation of other additives. On the other hand, the transfer
of Co to the grain boundaries will construct space-charge layers,
which had been proved to be favorable to improvement of the grain
boundary conductivity of Cey gLng,0,_s with Co-doping [33,51]. In
addition, as Co?* is smaller than Ce**, it can enhance grain bound-
ary mobility due to the large distortion of the surrounding lattice
that facilitates defect migration of ceria [30]. Grain boundary con-
ductivity was thus improved. With the accumulation of Co at grain
boundaries, however, the space-charge layers become more and
more thick, blocking oxygen vacancies across the grain bound-
aries and finally resulting in the decrease of og,. Even worse is the
secondary phase separating from the main phase, which directly
results in the rapid decrease of ogp,. Therefore, the optimal dopant
concentration of Co is assumed to be 5-7 mol% considering the
effects of Co concentration on o}, and ogy,.

The activation energies calculated from Figs. 12-14 are pre-
sented in Table 2. The activation energies, E, ,, in the entire explored
region are found to be very close (0.52-0.58 eV), which indicates
the similar conduction mechanism among the samples with dif-
ferent Co/Sm ratio. The values of E, g, however, is very different,
which means different conduction mechanism as stated above.
From Figs. 10-14 and Table 2, we can also find that the relative
contribution of the grain interior and grain boundaries to the total
conductivities. For any sample, the grain boundary effect becomes
smaller with increasing temperature. And at any particular temper-
ature, the contribution from the grain boundaries firstincreases and
then decreases with the increase of cobalt content. Therefore, the
grain boundary process dominates the conduction process. As far
as the effect of Co is concerned, both the grain and grain boundary
conductivity can be greatly influenced by the addition of Co. The
conclusion is in accordance with that drawn from Pérez-Coll et al.
[28] and Ayawanna et al. [29].
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Fig. 13. Arrhenius plots for the grain conductivities of CeggSmg,_xC0x0,_s elec-
trolytes sintered at 1300°C for 4 h.
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Fig. 14. Arrhenius plots for the grain boundary conductivities of

Cep.sSmp_xCox0,_s electrolytes sintered at 1300°C for 4 h.
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For an electrolyte operating at intermediate temperatures, it
should possess as high lattice conductivity and grain boundary
conductivity as possible. The as-synthesized CSCp g5 and CSCqp g7,
with high oy, and oy, is thus a promising electrolyte for IT-SOFCs.
However, their stability at operating temperatures is necessary to
further examine. And this work is under way in our laboratory.

4. Conclusions

This work has investigated powder characteristics and sin-
tering of CSO and CSCy electrolyte powders made by carbonate
co-precipitate method. Density measurements suggested that a
reduction of about 200 °C in densification sintering temperature of
CSCx was obtained when compared with CSO. Much attention has
been paid to the solubility, location and oxidation state of Co in the
sintered ceramics. The results show that CoO is the main species in
the sintered ceramics with cobalt distributing homogeneously in
the lattice under the condition of Co content less than 7 mol% and
sintering temperature lower than 1300 °C. Of special interest in this
work is the relative contribution of Co addition to the grain and
grain boundary conductivities. The results showed that co-doping
with appropriate Co/Sm ratio led to an improvement of both the
bulk and the grain boundary conductivities. The highest total con-
ductivity for CSOCog o7 at 600 °C was 0.0538 Scm~1, which could be
compared with that of well-known CeggSmg,_xCax0q g system. It
suggested that cobalt oxide could be served not only as an effective
densification promoter butalso as a favorable dopant to ceria-based
electrolytes.
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