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bstract

ging behavior investigation can provide a necessary basis for evaluating the suitability of doped ceria as the electrolyte material for intermediate
emperature solid oxide fuel cells under working circumstances. In the current study, the microstructural and chemical variations of Ca-doped
eO2 with various aging conditions have been systematically investigated by means of transmission electron microscopy (TEM), electron energy-

oss spectroscopy (EELS), X-ray photoemission spectroscopy (XPS) and X-ray diffractometry (XRD). TEM shows that crystal defects in terms
f microdomain and superstructure are alleviated by the aging processing. Reduction of the tetravalent Ce can be induced by high temperature

ging, and the reduction fraction has been quantitatively determined within a broad temperature range. A new cerium oxide phase with a crystal
tructure of primitive monoclinic (a = 1.31 ± 0.013 nm, b = 0.38 ± 0.004 nm, c = 3.52 ± 0.035 nm, and β = 94.7 ± 0.3◦) has been determined in the
igh temperature aged specimens. The possible effects of the evolutions in the microstructure and material chemistry on the ionic conductivity are
iscussed.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

For their potential to provide clean energy and to decrease the
nvironmental impact caused by fossil fuels, solid oxide fuel
ells (SOFCs) have drawn great attention in recent years.1–4

ith its economical advantage and being more environment-
riendly compared with rare-earth doped CeO2, Ca-doped CeO2
as also demonstrated competitive ionic conductivity, promis-
ng as the electrolyte material for intermediate temperature
OFCs.5–7

Given the practical applications, electrolyte materials should
perate at intermediate temperatures (generally between 300 ◦C
nd 700 ◦C) for extended periods. From this point of view,

orking-temperature aging study is an effective and critical
athway to develop reliable SOFCs. Previous studies on doped
irconia have suggested that long-term high temperature aging

∗ Corresponding author. Present address: School of Mechanical and Mining
ngineering, The University of Queensland, Brisbane, QLD 4072, Australia.
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ay lead to: (1) phase transformation towards phases with
ower crystalline symmetry; (2) precipitation of long range
rdered phases; (3) glassy phase segregation in the grain bound-
ry; and (4) formation of short-range ordering.8–10 Meanwhile,
ontroversy still exists regarding to the resultant conductivity
erformance, with studies showing an increase11 or a decrease9

n the ionic conductivity. In fact, this means that the under-
tanding of how aging affects the microstructural and chemical
tates of the electrolyte materials is still not satisfactory,
ecause the conductivities of electrolytes are generally deter-
ined by a combination of their microstructural and chemical

erspectives.
Compared with the extensive studies on doped zirconia, aging

tudies of rare-earth doped CeO2 are limited to the works of
hang et al.12–14 They suggested that the effects of aging depend
pon aging temperature and dopant concentration; unfortu-
ately, it is far from adequate with respect to the microstructure

ffected by the aging processing. On the other hand, study of Ca-
oped CeO2 is lacking so far. To understand the aging behavior
o as to provide optimal working conditions as well as to evalu-
te the thermal stability, a detailed analysis of Ca-doped CeO2 is

dx.doi.org/10.1016/j.jeurceramsoc.2010.04.036
mailto:m.yan2@uq.edu.au
dx.doi.org/10.1016/j.jeurceramsoc.2010.04.036
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ig. 1. XRD curves for the unaged and aged specimens: (a) full range patterns

equired in terms of the microstructural and chemical evolution
ue to the aging processing.

In the current study, a Ca-doped CeO2 (Ca0.1Ce0.9O1.9) with
arious aging conditions was systematically investigated by
eans of TEM, XPS, EELS and XRD. The detailed microstruc-

ural and chemical variations due to the aging processing have
een determined, and their potential influences on the ionic con-
uctivity are discussed. A new cerium oxide phase has been iden-
ified during analyzing the high temperature aged specimens.

. Experimental

.1. Materials synthesis

The nanosized precursor powders of Ca0.1Ce0.9O1.9 (in
tomic percent, shortened as CDC hereafter) were prepared by a
o-precipitation method; high-purity (>99.99%) cerium nitrate
exhydrate [Ce(NO3)3·6H2O], calcium nitrate tetrahydrate
Ca(NO3)2·4H2O] and ammonium carbonate[(NH4)2CO3]
ere used.5 The precursor powders were calcined at 850 ◦C

or 2 h. Compacted pellets (under an isostatic cold pressure of
15 MPa) were subsequently sintered at 1400 ◦C for 4 h. The

eating rate for both the calcination and the sintering was set at
◦C/min; the specimens were cooled to the room temperature
ithin the furnace. Density measurement by the Archimedes
ethod determined that the sintering density was no less than

5% of the theoretical density. Aging treatments were performed
t 3 temperatures (300 ◦C, 500 ◦C and 700 ◦C), each with 3 dif-
erent holding times (120 h, 240 h and 360 h). The heating rate
as set at 10 ◦C/min and the specimens were naturally cooled.
ereafter, shortened terms, e.g. 500–120 h for a sample aged

t 500 ◦C with a holding time of 120 h, will be used for the
onvenience of discussion.
.2. Characterization

XPS was conducted on the PHI 5700 ESCA system using
intered pellets with a dimension of ∼Φ3 mm in diameter and

e
r
o
k

) patterns within the range of (26.5–30.5◦) with FWHM values presented.

3 mm in thickness in a chamber pressure of (5–8) × 10−9 Torr.
ure CeO2 was used as a reference in the XPS analysis,
hich was prepared by a method similar to that for CDC. A
onochromatic Al Kα X-ray (1.4866 kV) was used as the inci-

ent radiation. The XPS samples were Ar-ion sputtered for
1 min prior to the signal acquisition; the signal acquisition for

ach specimen normally finished within 3 min. Artificial signals
ue to the charge leakage were occasionally observable in some
PS specimens [such as the shoulder peak shown around 910 eV

n Fig. 6(a)], and they were disregarded in the results analysis.
he PC-ACCESS software was used to analyze the XPS spectra.
ther details on the XPS experiments can be found in our recent
ublication.15 XRD was performed at 40 kV/40 mA using a Cu
α radiation (Rigaku RINT 2000HF Ultima).

TEM was performed on a JEOL NM-200 (operated at
00 kV) and a JEOL 300 (operated at 200 kV). Selected area
lectron diffraction (SAED) study was conducted on the for-
er TEM, with an exposure time of ∼50 s. The latter TEM is

quipped with a Gatan Image Filter so that EELS can be per-
ormed. For EELS acquisition, the spectra were obtained with
n energy dispersion of 0.2 eV/channel; the signal was usually
ollected within 3 min. The error tolerance in terms of the peak
osition was within ±2 eV based on experimental observations.
he spectrum background was removed using the power law
ackground subtraction, available in Digital Micrograph version
.7.4.4.

. Results

.1. XRD results

XRD was employed to obtain general information on the
icrostructural variations induced by the aging processing.
ig. 1 shows the XRD results for the unaged CDC and sev-

ral representative aged specimens, with Fig. 1(a) for the whole
ange patterns and Fig. 1(b) detailing the (1 1 1) peak in the range
f (2θ: 26.5–30.5◦). According to Fig. 1(a), the aged samples
eep their crystal structure as a face centered cubic. Based on
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ig. 2. TEM-SAED results for the unaged CDC, taken from major zone axes a
ointed out by arrows in (a) and (h).

ig. 1(b), the values for the full width at half maximum (FWHM)
f these spectra are measured, which present decreased FWHM
ith increasing the aging temperature (e.g. 0.143 ± 0.005◦ for

he unaged and 0.085 ± 0.005◦ for the 700–240 h sample).
ccording to the well-known Scherrer equation, an increased

verage grain size is expected (d = 0.89λ/B cos θ, where d is the
rain size, λ is the XRD wavelength, θ is the diffraction angle
nd B is the FWHM value). In the meanwhile, an extended aging
ime does not lead to evident variations in the FWHM values
details not shown here), suggesting that the aging time is a less
nfluential factor.

.2. TEM analysis

In order to further understand the microstructural evolution
nduced by the aging processing, TEM was employed. Fig. 2
hows the selected area electron diffraction (SAED) results

or the unaged CDC, where crystals were oriented along the
tomically dense rows of {1 1 1}*, {2 0 0}* and {2 2 0}* and
hotographed with long exposure time [see Fig. 2(a)–(c), (d)–(f)
nd (g)–(i), respectively]. It is noticed that diffuse scatterings

s
i
i
t

th long exposure time. As typical examples, additional diffraction features are

nd even extra diffraction spots can be observed when tilting
he sample to certain zone axes, such as the examples shown in
ig. 2(a) and (h).

To extend such analysis to the aged samples, SAED stud-
es were conducted along the major zone axes as listed above,
ith typical results from two zone axes [{0 1 1}* and {2 3 3}*]

hown in Fig. 3(a) and (b). By comparing the results that for
he unaged and aged CDCs, it can be noted that both the dif-
use scatterings and the additional diffraction spots become less
rominent or even disappear with aging. Consistent with these
AED analyses, high resolution TEM (HRTEM) images for

he aged samples, 700–360 h as an example, showed a nearly
efect-free fine structure (see Fig. 4 for the details).

As a matter of fact, these fine SAED features, i.e. diffuse
cattering and extra diffraction spot, are believed to be corre-
ponding to crystal defects as microdomain and superstructure
n doped CeO2 materials; the variation in their diffraction inten-

ity reflects the growth preference of these defects.16,17 And it
s generally accepted that lattice distortion, formed during dop-
ng (sintering) aliovalent elements into CeO2, is responsible for
he appearance of the superstructure9; the microdomain forms
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Fig. 3. TEM-SAED results for the aged CD

s a kind of compensation to this lattice distortion.18 With long-
erm aging like the processing in the current study, the lattice
istortion in grains can be relaxed, consequently leading to the
eakening of the superstructures as well as the microdomains.
During SAED analysis on the 700 ◦C aged samples, a new

hase, although small in volume fraction, shows distinctive elec-
ron diffraction characteristics different from any known cerium
xides. Fig. 5 shows the analysis results, presenting a series
f SAED patterns [Fig. 5(a)] that are obtained along the same
ense row; the corresponding indexes are also shown in this fig-

re. Based on these, the crystal structure of this phase can be
etermined as a primitive monoclinic with a = 1.31 ± 0.013 nm,
= 0.38 ± 0.004 nm, c = 3.52 ± 0.035 nm, and β = 94.7 ± 0.3◦,
ith a unique b axis. Considering the reflection conditions, the

ig. 4. HRTEM image for 700–360 h recorded at the zone axis of [0 1 1].
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a) [0 1 1] patterns and (b) [2 3 3] patterns.

ossible space groups for this phase are P2, Pm, or P2/m.19

ig. 5(b) provides a bright field image for this phase and its
omposition is close to Ce9.6Ca35.6O54.8 based on the energy-
ispersive X-ray spectroscopy (EDX) result that shown in
ig. 5(c). With respect to the origin of this phase, there are two
ossibilities: (1) one is the segregation of Ca cations from the
oped CeO2 lattice to form this Ca-rich phase. In fact, simi-
ar phase transformation can be found in several doped zirconia
ystems by an aging processing8,20; (2) the other is as a crys-
allization product. In high temperature sintered CDC (such as
400 ◦C as the current case), amorphous phases can be occa-
ionally encountered and Fig. 5(d) shows a typical example
rom the unaged CDC (with the inset as a corresponding SAED
attern). This phase is enriched in Ca but free of Si. Observa-
ion of such amorphous phases is out of expectation to certain
egree, but they were also suggested to exist by other studies;
igh temperature solid state reaction may be the reason for their
ormation.21 From the free energy point of view, amorphous
hases are metastable and can undergo phase transformation
owards their equilibrium state (crystalline state) during the
ging processing.22

.3. Chemical state of Ce

CeO2 and doped CeO2 materials are well known for their
edox behavior, and very possibly a reduction will be induced
s a result of the high temperature aging.23,24 This change in the
aterial chemistry will eventually affect the conductivity per-
ormance, for which XPS and EELS are employed to understand
he details. It needs to mention that, in order to avoid the poten-
ial beam damage, all experiments were conducted with a time
cheme as short as possible. In the meanwhile, the processing
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ig. 5. TEM determination of the new phase: (a) a series of SAED patterns an
d) a bright field image for the amorphous phase, inset showing a corresponding

athways for all samples were identical, ensuring that their dif-
erences are only caused by natives of the materials rather than
ifferent experimental conditions.

Fig. 6(a) shows the XPS Ce 3d spectrum for undoped CeO2,
hich is used as a reference as a 100% tetravalent Ce (Ce4+)

tate. Furthermore, to quantitatively determine the reduction
raction, the spectrum of the undoped CeO2 was deconvoluted
sing 11 components,15 which fit well with the recorded spec-
rum as shown in Fig. 6(a). By performing similar analysis to the
DC specimens, the deconvolution results were determined and
resented in Fig. 6(b) for the unaged CDC and in Fig. 6(c)–(h)
or the aged CDCs. By comparing the binding energy of the
econvoluted components of the aged CDCs with those for the
ndoped CeO2 (tolerance ±0.4 eV), the fractions of Ce4+ in
hese states were calculated and the relevant results are presented
n Table 1. It can be noted that both the aging temperature and the
olding time have evident effects on the final chemical states:
1) high temperature aging induces noticeable reduction, with
he higher the aging temperature, the lower the fraction of the
emained Ce4+. For example, it is calculated that the Ce4+ frac-

ion in the 700–360 h sample is 76 ± 5% yet the fraction in the
00–360 h sample is 87 ± 5%. In the meanwhile, no high level
f reduction can be detected if the aging temperature is low, such

t
a
c

able 1
ractions of Ce4+ in the total Ce signals determined by means of XPS for the unaged
dges is also listed (error ±0.004).

Unaged 300–120 h 300–240 h 300–360 h 500–120 h

e4+ (%) 100 100 95 100 95

5/M4 0.640 – 0.637 – –

5/M4
22 0.67 (Ce4+ = 100%); 0.72 (Ce4+ = 88%); 0.73 (Ce4+ = 79%); 0.75 (Ce4+
corresponding indexations, (b) a bright field image, (c) an EDX spectrum and
D pattern.

s the cases for the samples aged at 300 ◦C; (2) extended aging
ime can cause enlarged reduction, except for the cases of the
00 ◦C aged specimens in which no evident reduction is observ-
ble. Relevant examples can be seen in 500–120 h (95 ± 5%)
nd 500–360 h (87 ± 5%).

To check the reliability of the XPS results, EELS was
mployed, as it is known that both the spectrum profiles of Ce

4,5 edges and the ratio between Ce M4,5 edges can be uti-
ized as a basis for estimating the reduction.16,25 Fig. 7 shows
he EELS spectra presenting the Ce M4,5 edges from the unaged
DC as well as several representative aged samples (300–240 h,
00–240 h, 700–240 h and 700–360 h). Based on this figure,
wo maxima, B and B′, are realizable for the unaged CDC,
ith two broader peaks denoted as Y and Y′. The former sharp
eaks arise from quasiatomic, dipole-allowed transitions from
n initial 3d104fn to final states of the 3d94fn+1 25 and the lat-
er two broader ones might originate from delocalization of the
-electrons (strong covalency hybridization between Ce 4f and

2p states).26 By comparing the profiles of the spectra for the
naged and the aged CDC, one can note that the EELS fea-

ures for the lower temperatures aged samples, i.e. 300–240 h
nd 500–240 h, match closely to that for the unaged CDC. In
ontrast, the shoulder maxima (Y and Y′) for the 700 ◦C aged

and aged CDCs (error ±5%); ratio of the area fraction between EELS Ce M4,5

500–240 h 500–360 h 700–120 h 700–240 h 700–360 h

88 87 83 81 76
0.712 – 0.744 0.748 0.744

= 67%); 0.82 (Ce4+ = 39%)
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Fig. 6. XPS results for Ce 3d spectrum: (a) undoped CeO2, (b) unaged CDC, (c) 300–360 h, (d) 300–120 h, (e) 500–360 h, (f) 500–120 h, (g) 700–360 h and (h)
700–120 h.
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ig. 7. EELS core level spectra for Ce M4,5 edges for the unaged and aged CDC.

amples become less clear, representing a tendency towards the
e trivalent state (Ce3+) as evidenced by only two sharp max-

ma observable as its Ce M4,5 edges.25 In consequence, these
ELS results indicate that a reduction has been induced due to

he high temperature aging, confirming our previous XPS anal-
sis. Moreover, no remarkable difference can be observed in
erms of the peak positions, which were frequently affected by
he slight drift of the zero loss peak during the signal acquisition;
he similarity between the profiles of 700–240 h and 700–360 h
uggests the aging time might be less influential than the aging
emperature.

To quantitatively determine the reduction fraction, either the
atio of the area fraction25 or the ratio of the peak intensity16

etween M5 and M4 edges were employed by researchers. In
his study, we have found that the former is a better index,
nd the calculation results based on this method are listed in
able 1. Comparing our results with those from the reference,

he 500–240 h (R = 0.712) sample should be close to a reduction
evel around 80% (R = 0.72 corresponding to a 79% of Ce4+ in
ef. [24]). This is basically comparable to the aforementioned
PS result (88 ± 5% for 500–240 h). In the meantime, no clear
ifference in the M5/M4 ratio can be observed among 700 ◦C
ged samples, which suggests this EELS index might be a less
eliable method in terms of reduction calculation when com-
ared with the XPS technique. In fact, the data from Ref. [25]
lso suggest this point, having a large variation in reduction
from 88% to 67%) within a very short range of R values (from
= 0.72 to 0.75).

.4. Chemical states of Ca and O
Since the chemical state of Ce shows evident evolution with
he aging processing, changes are also expected with the Ca and

elements. Fig. 8 presents the results for Ca obtained from
oth the EELS and the XPS studies, with the unaged CDC and

p

a
i

ramic Society 30 (2010) 2505–2513 2511

he aged sample of 700–360 h as representative examples. As
hown in Fig. 8(a), the EELS Ca L-edge spectrum for the unaged
DC shows a fine structure with approximately three separated
eaks (main features are confined by arrows). In fact, the Ca
-edge is suggested to consist of four peaks in the case of Ca2+

n CaO, which could be assigned to 2p3/2-t2g, 2p3/2-eg, 2p1/2-
2g and 2p1/2-eg, respectively.27,28 The probable reason for the
bserved three components in the present study is the merging
f the third peak and the forth peak, reflecting a slightly different
nteraction environments between Ca2+ in CDC and Ca2+ in CaO
n terms of core-hole spin–orbit splitting and crystal field. By
omparison, the 700–360 h sample shows a single merged peak,
argely different from the unaged CDC.

In terms of the O K-edge, the unaged CDC shows an EELS
rofile with three separated peaks [Fig. 8(b)] that is close to the
ituation for the pure CeO2, having their originations from transi-
ions to the p-like component of the hybrid Ce 4f and O 2p band
first peak) and unoccupied O 2p-like states (last two peaks),
espectively.29 In contrast, the aged sample shows a broadened
pectrum, with the two lower energy peaks emerging into one
houlder peak. It is believed that reduced CeO2 or Ce2O3 has
his type of profile, with only two maxima realizable for the
xygen K-edge spectrum.30

Fig. 8(c) and (d) provides the XPS Ca 2p spectrum for the
naged CDC and 700–360 h. The corresponding O 1s spectra are
hown in Fig. 8(e) and (f). For the unaged CDC, the low bind-
ng energy (LBE) pair dominates the Ca 2p spectrum, which
riginates from Ca2+ in doped ceria phases.15 The high bind-
ng energy (HBE) pair is weak, implying that additional Ca2+

ignal, if exists, might be present in the system with a small vol-
me fraction. In comparison, the HBE pair greatly increases its
raction in the case of 700–360 h, which should originate from
he reduced doped ceria. Similarly, the O 1s spectrum for the
naged specimen is fit well by two components, arising from
he absorbed oxygen and O2− in doped ceria phases respec-
ively. If a third component can be deconvoluted, its fraction
s fairly small, which has its contribution from O2− in other
hase(s) instead of doped ceria phases. This third signal, how-
ver, enlarges greatly in the aged 700–360 h, implying that it
s contributed from the aging induced reduction. It needs to

ention that, due to its small volume fraction, the XPS sig-
al from the new cerium oxide phase is negligible and/or below
he minimum detectability limit of XPS.

. Discussion

Based on the aforementioned results, the following four
onsequences can be concluded for working-temperature aged
DC in terms of microstructural and chemical perspectives: (1)
ecreased amount/extent of crystal defects; (2) enlarged grain
ize with increasing aging temperature; (3) reduction from Ce4+

tate towards Ce3+ state when the aging temperature is high
nd (4) formation of a new phase with a crystal structure of the

rimitive monoclinic.

Considering the resistances to the ionic conduction, it is
cknowledged that: (a) the migration resistance within the grain
nterior (GI resistance, part of�Hm); (b) the migration resistance
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ig. 8. EELS and XPS results for Ca and O in the unaged CDC and the aged sa
ample, (d) Ca 2p spectrum for 700–360 h, (e) O 1s spectrum for the unaged sa

long the grain boundary (GB resistance, part of �Hm) and (c)
he resistance from the complex defect association (defect asso-
iation resistance, contributing to �HA) will determine the final
onductivity31:

Ha = �Hm + �HA (1)

here �Ha is the total activation energy, �Hm and �HA are the
igration enthalpy and association enthalpy of defects, respec-

ively.
Consequently, the potential effects of aging on the conduc-

ivity can be discussed as follows: (a) the above mentioned
actor (1) will decrease both �Hm and �HA via the GI
ffect and the defect association effect, positively affecting the
onductivity15,32; (b) the factor (2) will decrease the total amount

f the grain boundary, implying a decreased GB resistance and
ositively contributing to the conductivity33; (c) since the fac-
or (3) will decrease the amount of Ce4+ and also induce an
lectronic conductivity into CDC, the ionic conductivity will be

h
m
t
m

of 700–360 h: (a) Ca L-edge, (b) O K-edge, (c) Ca 2p spectrum for the unaged
and (f) O 1s spectrum for 700–360 h.

ecreased in the intermediate temperature region2,3,31 and (d)
he influence from the factor (4) is not very clear, because the
onic conductivity of the new phase cannot be clarified. In this
spect, literatures on doped zirconia suggest that phase transfor-
ation usually leads to a decreased conductivity.8 Considering

he new phase only shows in a very small volume fraction, the
otal impacts on the conductivity should remain small no matter
ow it affects.

Based on these discussions, we believe that the aging effects
n the conductivity highly depend upon the aging temperature.
igh temperature aging may affect the conductivity negatively

nd yet aging at moderate temperatures (such as 300 ◦C) may
ontribute to the conductivity positively. In consequence, the
ppropriate working-temperature for CDC may need to avoid

igh temperatures such as 700 ◦C, which otherwise can under-
ine the microstructural and chemical stability and decrease

he conductivity. Since the current study only focuses on the
icrostructual and chemical aspects of the aging processing,
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t is hoped that there could be future studies with a focus on
he conductivity. A combination of these studies will provide a
omprehensive understanding of the aging behavior of Ca-doped
eO2.

. Conclusions

Through a systematic investigation on the aged Ca-doped
eO2, the following conclusions can be made:

1) The aging processing decreases the microstructural defects
in terms of microdomains and superstructures, which exist
in the high temperature sintered Ca-doped CeO2.

2) Tetravalent Ce will be reduced by high temperature aging;
while low temperature aging will only lead to a mild
or inconsequential reduction. Extended aging time will
increase the reduction extent except for the case of low tem-
perature aging where the phenomenon is not evident. The
reduction fractions for different aging conditions have been
quantitatively determined by means of XPS and EELS.

3) The fine structure of EELS profile as well as XPS spectrum
for Ca and O elements will be evidently affected by high
temperature aging. Peak merging (for EELS) and develop-
ing of additional component (for XPS) can be realized for
high temperature aged Ca-doped CeO2.

4) A new cerium oxide phase has been determined
with the crystal structure of primitive mono-
clinic (a = 1.31 ± 0.013 nm, b = 0.38 ± 0.004 nm,
c = 3.52 ± 0.035 nm, and β = 94.7 ± 0.3◦). The possi-
ble space groups for this phase are P2, Pm or P2/m, and its
composition is close to Ce9.6Ca35.6O54.8.
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