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Abstract

The microstructure and conductivity property of Ca-doped CeO2 were studied in a wide range of dopant concentrations (from 5 to
50 at.%). Through detailed transmission electron microscopy and X-ray photoelectron spectroscopy investigations, we determined the
secondary phase besides the doped ceria, clarified the solubility limit for the dopant and specified the reduction behavior of CeO2 induced
by the Ca doping and the associated reduction product. The influences of the microstructures on the ionic conductivity of Ca-doped
CeO2 are discussed, from which the optimal doping level of Ca is suggested.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Doped ceria materials have been the focus of global
attention in recent decades as a result of their wide poten-
tial applications [1,2]. In particular, ceria doped with rare
earth elements (e.g. Gd) and alkaline earth elements (e.g.
Ca) have gained significant attention as promising candi-
dates in the fields of catalysts [3], oxygen sensors [4] and
solid oxide fuel cells (SOFCs) [5–7].

With respect to SOFCs, the electrolytes based on
Ca-doped CeO2 have two major advantages over those
doped using rare earth elements [7–9]: (i) they are less of
an environmental burden, since much less effort is required
to mine and extract Ca from minerals when compared with
the rare earth elements and (ii) they have a significantly
lowered production cost, since Ca is naturally abundant.
These advantages suggest that Ca-doped CeO2 electrolytes
could be a more sustainable choice than the rare-earth-
doped CeO2 in the long term.
1359-6454/$34.00 � 2008 Acta Materialia Inc. Published by Elsevier Ltd. All
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It should be noted that previous studies on Ca-doped
CeO2 focused mainly on the ionic conductivity [8–12], with
little attention being paid to microstructural variations.
This contrasts with studies on rare-earth-doped CeO2

materials, where a considerable number of detailed micro-
structure studies have been undertaken. For examples,
Gd-, Sm-, Y- and Tb-doped CeO2 have all been studied
extensively. From these studies, it is clear that microstruc-
tural control of doped ceria materials is a key factor in
determining and understanding their ionic conducting per-
formance [13–16]. As a consequence, it is important to
develop a similar understanding for Ca-doped CeO2, so
that microstructural engineering can be used to optimize
their conduction properties.

In this study, detailed microstructural characterization
of Ca-doped CeO2 over a wide dopant concentration range
[CaxCe1-xO2-y (x = 0.05–0.5)] was performed, in which
transmission electron microscopy (TEM) and X-ray
photoemission spectroscopy (XPS) were comprehensively
employed to understand the microstructural evolution of
Ca-doped CeO2 with increasing dopant concentration. Spe-
cifically, XPS is a powerful tool with which to investigate
rights reserved.
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Fig. 1. XRD patterns of the sintered pellets. The inset shows additional
diffraction peaks besides the main diffraction peaks from the doped ceria.
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the chemical state and microstructure of materials, and has
been widely used to study the reduction behavior of
undoped CeO2 (e.g. [17]) and rare-earth-doped CeO2 (e.g.
[18]). Through such an investigation, the microstructural
variation in Ca-doped CeO2 as a function of the dopant
concentration has been determined.

2. Experimental

2.1. Materials synthesis

As precursors, the nanosized powders of CaxCe1-xO2-y

(x = 0.05, 0.1, 0.2, 0.3, 0.4, 0.5) were prepared by a co-pre-
cipitation method [19,20]. High-purity (>99.99%) cerium
nitrate hexhydrate [Ce(NO3)3�6H2O], calcium nitrate tetra-
hydrate [Ca(NO3)2�4H2O] and ammonium carbonate
[(NH4)2CO3] were used in the experiment. The ratio
between the cations and the carbonate was 4–6, and the
precipitation was carried out at a temperature of
40–50 �C. The obtained precursor powders were firstly cal-
cined at 700 �C for 2 h and then compacted into pellets
(U �10 � 3 mm) under a rubber press of �15 MPa. The
compacted pellets were subsequently sintered at 1100 �C
for 4 h before being cooled to room temperature. Hereaf-
ter, abbreviated terms, e.g. 5Ca for the sample of 5 at.%
Ca, will be used for convenience. The density of the
sintered pellets was measured by the Archimedes method,
indicating a high density (�95% of the theoretical density)
for 5Ca–30Ca and a comparatively lower density for 40Ca
and 50Ca. Bulk conductivities of the sintered pellets were
measured via the three probes DC technique in air between
400 and 700 �C.

2.2. Microstructural analyses

XPS was conducted in a PHI 5700 ESCA system with a
chamber pressure of 5–8 � 10�9 Torr. Undoped CeO2 was
used as a reference in the XPS analysis, which was prepared
in a way similar to the Ca-doped CeO2. A monochromatic
Al Ka X-ray (1486.6 eV) was used as the incident radiation.
The survey spectrum was recorded at a pass energy of
187.85 eV, and the high resolution analysis was conducted
at a pass energy of 29.35 eV. The instrumental error in
terms of the binding energy was within ±0.1 eV. Both the
original surface and the Ar-ion sputtered surface were ana-
lyzed by XPS, and the latter was carried out by etching off
a layer of �5 nm from the original surface. The software,
PC-ACCESS, was used to analyze the recorded XPS spec-
tra. In particular, the Gaussian–Lorentzian method was
employed to fit experimental curves and the background
was subtracted by an integration method.

TEM was performed on a JEOL NM-200 and operated
at 200 kV. Scanning electron microscopy (SEM; Hitachi
S-5000, 10 kV and Hitachi S-5800, 20 kV) and X-ray dif-
fractometry (XRD; Rigaku RINT 2000HF Ultima,
40 kV/40 mA, Cu Ka radiation) were also used for the
microstructural analyses.
3. Results

3.1. Microstructure characterization by XRD and SEM

Fig. 1 shows the XRD patterns for the sintered pellets
and indicates that the fluorite structured doped ceria is
the dominant phase. As can also be seen from the figure,
additional diffraction peaks appear when the dopant con-
centration reaches 30 at.%; the higher the dopant concen-
tration, the stronger the extra diffraction peaks. The fact
that the positions of these extra diffraction peaks remain
the same with different dopant concentrations (e.g. the
major diffraction peaks are all shown at 2h angles of
�37, �54 and �32�; see the inset for details) suggests that
the secondary phase developed in these heavily Ca-doped
CeO2 should be identical.

Systematic SEM investigations were subsequently per-
formed and Fig. 2 presents the SEM backscattered electron
(SEM-BSE) images for 10Ca�50Ca. As can be seen, the
SEM-BSE image is basically uniform at the dopant concen-
tration of 10 at.% (Fig. 2(a)), suggesting no compositional
segregation. However, for the dopant concentration of
20 at.%, the secondary phase can be clearly observed as a
dark contrast when compared with the doped ceria
(Fig. 2(b)). The corresponding SEM X-ray mapping indi-
cates that the composition of the secondary phase contains
more Ca but less Ce and O when compared with the doped
ceria (Fig. 2(c) presents the corresponding Ca map). By
comparing the SEM-BSE images taken from 20Ca–50Ca,
it is evident that the amount of the secondary phase
increases with increasing dopant concentration. Moreover,
no remarkable compositional variations can be found in
these phases, suggesting that they should be identical. This
is consistent with the XRD results, although the XRD



Fig. 2. SEM-BSE images showing the morphologies of the sintered pellets: (a) 10Ca, (b) 20Ca, (c) Ca elemental map in 20Ca, (d) 30Ca, (e) 40Ca and
(f) 50Ca.

Fig. 3. XPS survey spectra of the original and the Ar-ion sputtered 5Ca
samples.
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pattern for 20Ca does not clearly show the existence of the
secondary phase, indicating that the amount of the second-
ary phase is low and beyond the XRD’s detectability.

3.2. XPS analysis

To further understand the microstructure and the chem-
ical state of Ca-doped CeO2, XPS was employed. Fig. 3
shows typical XPS spectra with the binding energy (BE)
in the range of 0–1200 eV for both the original and the
sputtered 5Ca. As can be seen, as well as the expected ele-
ments of Ce, Ca and O, additional peaks from C are detect-
able in both cases, which probably resulted from
environmental contamination. Nevertheless, the spectra
can be used as references to calibrate the peak position of
other elements by assuming that the C 1s peak is located
at the BE of 285 eV [21]. Additionally, it was found that
a higher level of carbon contamination was always encoun-
tered in the original surface and the Ce 3d signals in the ori-
ginal surface were always less clear when compared with
the sputtered surface. Therefore, only the experimental
results from the sputtered samples are discussed.

Fig. 4(a) shows the Ce 3d spectra for all samples. It can
be seen that the samples with high dopant concentrations
show a comparatively decreased area fraction of the u000

peak that belongs to the Ce4+ state exclusively [22]. Based
on this, a reduction from Ce4+ towards Ce3+ is expected. It
should be mentioned that it is difficult to quantitatively
determine the Ce4+ fraction due to the complexity of the
Ce 3d spectrum (resulted from pairs of three spin-orbit
splits with different final-state configurations of 4fn

(n = 0, 1, 2)) [22] and there is no single way to solve this
problem [23,24]. As a consequence, the following pathway



Fig. 4. XPS results for the sintered pellets: (a) Ce 3d spectra, in which the u0 0 0 peak is marked by an arrow and (b) deconvolution results for the undoped
CeO2 and 50Ca. Dotted lines represent the fitting curves.
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was used in this study to estimate the reduction of Ce ions.
First, we used an undoped CeO2 specimen as the standard,
and its Ce 3d spectra were deconvoluted using 11 compo-
nents (see Fig. 4(b) for details). By performing similar
treatments to Ca-doped CeO2, deconvolution results can
be obtained, and an example from 50Ca is shown in
Fig. 4(b). The relevant information (the peak shift, the full
width at half maximum (FWHM) and the area fraction)
for each component is listed in Table 1. From this informa-
tion, the peak shift can be determined by comparing the BE
values of all the components with the u000 peak. Subse-
quently, by assuming that the undoped CeO2 corresponds
to a state with 100% Ce4+, the Ce4+ fractions for the Ca-
doped samples were accordingly determined by adding
the area fractions of all the eligible components, the peak
shift of which equals the corresponding value of the
undoped CeO2 (error bar = ±0.4 eV). As shown in Table
1, a general tendency can be noted that the higher the dop-
ant concentrations, the smaller the fractions of the Ce4+

state. This tendency suggests that severe reductions took
Table 1
Ce 3d spectra deconvolution results for the undoped CeO2 and 50Ca. Inform
provided. Ce4+ fractions for all Ca-doped CeO2 are also listed.

Peak shift (eV, error within ±0.2 eV)

CeO2 0 �10.0 �13.0 �15.5 �17.5
50Ca 0 �10.0 �13.0 �15.7 �17.8

FWHM (eV, error within ±0.2 eV)

CeO2 2.7 4.8 2.8 2.8 2.8
50Ca 2.6 4.8 2.8 2.8 2.7

Area (%, error within ±0.5%)

CeO2 6.99 10.37 7.45 11.25 0.20
50Ca 7.26 11.01 8.61 12.8 0.78

Composition 5Ca

Ce4+ fraction (error within ±5%) 94.4%
place in heavily Ca-doped samples, e.g. about 30% for
50Ca.

Fig. 5(a) presents the O 1s spectra for all samples and
Fig. 5(b) shows the results of the analysis for the undoped
CeO2 and 50Ca (as an example to show the case for the Ca-
doped CeO2). As shown in Fig. 5(b), the O 1s spectrum of
the undoped CeO2 can be deconvoluted by two compo-
nents: a higher BE (HBE) component at �532 eV and a
lower BE (LBE) component at �529.5 eV. According to
the XPS database [21], the HBE component can be
ascribed to the absorbed oxygen, and therefore the LBE
component should be contributed from the lattice O2� in
CeO2 (O2�|CeO2). In contrast, the O 1s spectrum for 50Ca
is more broadly distributed, suggesting a more complicated
chemical state. By using three components to fit the exper-
imental spectrum, two components match with the afore-
mentioned absorbed oxygen and O2�|CeO2, leaving an
extra component at �530.5 eV, which should be assigned
to O2�|secondary phase. Subsequently, a parameter – the rela-
tive area fraction – was obtained by comparing the area
ation on the peak shift, FWHM and area fraction of each component is

�18.2 �27.6 �30.8 �33.7 �35.4 �36.3
�18.3 �28.1 �30.9 �33.9 �34.7 �36.3

2.9 4.5 3.1 3.1 3.1 3.1
2.7 4.3 3.1 3.1 3.1 3.1

15.39 10.69 12.90 14.68 6.92 3.15
13.49 12.31 11.30 15.05 4.68 2.70

10Ca 20Ca 30Ca 40Ca 50Ca

88.0% 76.6% 73.9% 67.6% 70.2%



Fig. 5. XPS results for the sintered pellets: (a) O 1s spectra with an inset showing the relative area fraction (compared with 5Ca) of the O2�|secondary phase as
a function of dopant concentration (error bar = ±5%) and (b) deconvolution results for the undoped CeO2 and 50Ca. Peak positions and FWHM values
(in the parentheses) are provided for each component. Dotted lines represent the fitting curves.
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fraction of O2�|secondary phase in all dopant concentrations
with that of 5Ca, and the relevant results are shown in
the inset of Fig. 5(a), which shows a general tendency for
the fraction of O2�|secondary phase to increase with increasing
dopant concentration.

The Ca 2p spectra for all samples are shown in Fig. 6(a),
with the deconvolution results for 50Ca being shown (as an
example) in Fig. 6(b). This suggests that two pairs of com-
ponents (an HBE pair and a LBE pair) can be deconvo-
luted for the Ca 2p spectrum. The HBE pair with
350.80 eV for Ca 2p 1/2 and 347.30 eV for Ca 2p 3/2
should be particularly closely related to the Ca-enriched
secondary phase, since the Ca 2p 3/2 value for the standard
Ca2+|CaO positions is at �347.3 eV [21]. As a consequence,
Fig. 6. XPS results for the sintered pellets: (a) Ca 2p spectra with an inset sho
function of the dopant concentration (error bar = ±5%) and (b) deconvolutio
are provided for each component. Dotted lines represent the fitting curve.
the LBE pair must be ascribed to Ca2+|CeO2, having its
2p 1/2 and 2p 3/2 peaks positioned at �350.1 and
�346.5 eV, respectively. By calculating the area fraction
of the HBE components in the total Ca signals, it is noted
that the HBE components increase their area fraction with
increasing the dopant concentration (refer to the inset of
Fig. 6(a)).

3.3. TEM analysis

So far, the aforementioned experimental results suggest
two important issues for the Ca-doped CeO2 materials:
(i) the existence of a secondary phase(s) when the dopant
concentration is sufficient and (ii) the reduction of
wing the area fraction of the HBE components in the total Ca signals as a
n results for 50Ca. Peak positions and FWHM values (in the parentheses)
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Ca-doped CeO2 from Ce4+ alone to a mixed state of
(Ce4+ + Ce3+). To further clarify these two issues, a
TEM study was performed.

Fig. 7(a) shows a bright-field TEM image and a series of
selected area electron diffraction (SAED) patterns taken
from a typical example of 30Ca. These SAED patterns
can be ascribed to a face-centered cubic (fcc) structure.
To determine the lattice parameter of this phase accurately,
a thin layer of polycrystalline Au particles was coated on
the surface of the TEM specimen, and their diffraction
rings were used to calibrate the camera length due to the
known lattice parameter of Au (a = 0.408 nm). From this,
the lattice parameter of this phase was determined to be
a = 0.54 nm, which is identical to the doped ceria.

Similar TEM investigations were also employed to
determine the secondary phase. Fig. 7(b) shows a typical
example of the secondary phase, with SAED patterns
viewed along the same zone axes as shown in Fig. 7(a).
Careful analysis of these diffraction patterns suggests that
the secondary phase also belongs to an fcc structure with
a lattice parameter of a = 0.48 nm, which is coincident with
the CaO phase (a = 0.48 nm with PDF #00-037-1497).

As well as the doped ceria and the specified secondary
phase, unusual SAED patterns were also observable in
the samples with the dopant concentration higher than
5 at.%. Fig. 8(a) is a dark-field TEM image presenting such
an example, while Fig. 8(b) gives the corresponding SAED
pattern. As shown in Fig. 8(b), diffraction rings from the
atomic planes of {111}*Au, {1 11}*CeO2 and {22 0}*CeO2

can be indexed. There is also an additional diffraction ring
that is located more closely to (000)*, on which the dark-
Fig. 7. TEM bright-field image and SAED patterns for (a
field image in Fig. 8(a) was based. The lattice spacing of
this diffraction ring was determined to be �0.47 nm, which
matches perfectly with the {211}* atomic planes of the
body-centered cubic (bcc) structured Ce2O3 (a = 1.141 nm
with PDF #01-072-6357). As suggested by the aforemen-
tioned XPS study, we believe the existence of this bcc
Ce2O3 phase resulted from the reduction of Ca-doped
CeO2. This finding is important for understanding the
reduction behavior of the Ca-doped CeO2 materials, since
even though CeO2 itself is well known for its redox phe-
nomenon, it is difficult to determine the reduction products
since there are over 20 forms of cerium oxides produced by
different oxygen stoichiometries.

When tilting heavily Ca-doped samples inside TEM,
additional SAED features can be observed. Fig. 9 shows
the TEM result from 20Ca. Fig. 9(a) provides a bright-
field TEM image for a typical grain. When SAED pat-
terns collected along different zone axes (Figs. 9(b)–(h)),
diffuse scatterings and additional diffraction spots can
be seen in certain zone axes, with some marked in
Fig. 9(c) and (e)–(g). Fig. 10 gives the corresponding
index of these additional diffraction spots. In fact, it is
generally believed that diffuse scatterings and additional
reflections result from the crystal defects in materials like
doped ceria and doped zirconia, reflecting the existences
of microdomains and/or superstructures [13–16,25,26].
Consequently, it is anticipated that the high level of Ca
doping leads to the formation of such crystal defects,
and we believe that the current investigation is the first
systematical study of these SAED features for Ca-doped
CeO2.
) the doped ceria phase and (b) the secondary phase.



Fig. 8. TEM analysis of the reduced CeO2 from 10Ca: (a) a dark-field image and (b) a corresponding SAED pattern and the corresponding index.

Fig. 9. TEM analysis of a typical phase in 20Ca: (a) a bright-field image and (b)–(h) SAED patterns in different zone axes. Additional reflections are
marked by arrows.
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During the TEM investigation, another interesting fea-
ture was observed in the heavily Ca-doped CeO2 and a typi-
cal example (taken from 40Ca) is presented in Fig. 11,
showing a bright-field TEM image (Fig. 11(a)), a dark-field
TEM image (Fig. 11(b)), an SAED pattern along the zone
axis of [110] (Fig. 11(c)) and the corresponding index
(Fig. 11(d)). As shown by Fig. 11(c), abnormal diffraction
spots (corresponding to almost three times the lattice spacing
of d(111)*|CeO2) were observed. Interestingly, these abnormal
diffraction spots disappeared when the TEM specimen was
tilted on the other zone axes (see e.g. the inset of Fig. 11(a),
where the zone axis is [123]). Based on this, we believe that
the possibility of other crystalline phases responsible for such
an SAED feature is small, since otherwise regular SAED pat-
terns would also be observable in other zone axes. Careful
analysis of these abnormal diffraction spots, shown in
Fig. 11(d), indicates that they are not perfectly aligned with
the main diffraction spots. As a consequence, they might
be satellite spots caused by a double diffraction between
the grain and ordered crystalline defects, such as vacancy
defects. The existence of such a microstructure therefore sug-
gests that high dopant concentrations can also introduce
extra ordered defects into the Ca-doped CeO2 materials.

4. Discussion

In the Ca-doped CeO2 system, if the charge balance and
the occupancy of Ca2+ in the position of Ce4+ are consid-
ered, the dissolved CaO might interact with CeO2 in the
following manner:



Fig. 10. Schematic graphs showing the index of the additional reflections
in the zone axes of: (a) [�1�2�3], (b) [0�1�5], (c) [0�3�5] and (d) [0�1�3].

Fig. 11. TEM analysis of the crystal defect from 40Ca: (a) a bright-field image,
doped CeO2 and (d) an indexing graph of the SAED pattern. The inset in (a)
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2CaOþ 2CeO2 ¼ 3O2 þ 3V ��o þ 2Ce0Ce þ 2Ca00Ce ð1Þ
where V ��o stands for the positively charged bivalent oxygen
vacancy, Ce0Ce for the negatively charged monovalent re-
duced Ce, and Ca00Ce for the negatively charged bivalent
Ca in the lattice of CeO2. Accordingly, three consequences
are possible: (i) the formation of the oxygen vacancy (V ��o);
(ii) the reduction of the CeO2 (Ce0Ce) and (iii) the formation
of crystalline defects (Ca00Ce). In the case of high dopant con-
centrations (beyond the solubility limit of Ca in CeO2), a
secondary phase(s) is also expected. Among these factors,
the formation of oxygen vacancy is a common phenome-
non for doped ceria materials [5], so is not the focus of this
study. Since the detailed TEM and XPS characterizations
of the secondary phase, the crystalline defects and the
reduction behavior of Ca-doped CeO2 have not been
reported previously, they need to be clarified.

As outlined above, the secondary phase was determined
to be the fcc-structured CaO by TEM, consistent with pre-
vious studies (e.g. [7]). Controversy still exists, however,
with respect to the solubility limit of the dopant. In other
previous studies [27,28], 20–23 at.% of Ca in CeO2 was
believed to be the solubility limit. However, the secondary
phase has been repeatedly observed in 20Ca (an example is
(b) a dark-field image, (c) an SAED pattern in the zone axis of [110] of the
shows an SAED pattern in the zone axis of [123].



Table 2
Conductivity property of Ca-doped CeO2 with different dopnat concentrations (400–700 �C as the measurement region, r at 500 �C).

Composition 5Ca 10Ca 20Ca 30Ca 40Ca 50Ca

logr, S cm�1(error within ±0.01) �3.367 �3.317 �3.486 �3.564 �3.563 �3.602
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shown by the SEM-BSE image in Fig. 2(b)), suggesting
that the solubility limit of Ca in CeO2 should be less than
20 at.% under our sintering pathway. One possible reason
for the discrepancy in the solubility could be that, in the
previous studies, higher sintering temperatures
(�1400 �C) were usually used. Even though the solubility
is dependent on the sintering temperature, however, a
study of the ternary MgO–CaO–CeO2 system suggested
an even high temperature of 1700 �C was required to secure
a 20 at.% Ca solubility in CeO2 [29]. Our unpublished
results on the sintering behavior of Ca-doped CeO2 (sinter-
ing temperature up to 1400 �C) confirm this point.

It is believed that CaO is an isolating phase in terms of
the ionic conductivity for the Ca-doped CeO2 [5]. The crys-
talline defects in the form of microdomains and/or super-
structures that are expected in the heavily Ca-doped
samples should also have a negative impact on the ionic
conductivity [13–16,26]. Consequently, a high dopant con-
centration will create isolating secondary phases and crys-
talline defects, and cause severe reductions in CeO2; all
these considerably undermining the ionic conductivity of
Ca-doped CeO2. Meanwhile, since the doped Ca decides
the amount of the charge carrier for ionic conductivity as
described by the following equation, a sufficient concentra-
tion of Ca is needed to maximize the conductivity [5].

ri ¼
X

niqili ð2Þ

where ri is the ionic conductivity, and qi, ni and li are the
charge, concentration and mobility of the charge carriers,
respectively. As a consequence, 5 at.% Ca may not provide
enough charge carriers, and a doping level around 10 at.%
might be appropriate for the Ca-doped CeO2 materials to
achieve the optimum ionic conductivity. Table 2, which
lists the measured conductivity properties (r) of different
Ca-doped CeO2 samples (at 500 �C), confirms this point.
It can be seen from the table that the maximum conductiv-
ity is found in 10Ca.

In terms of the reduction behavior of Ca-doped CeO2,
an interesting XPS result (see Table 1) is that the Ce4+ frac-
tion remains comparatively stable at dopant concentra-
tions ranging from 20 to 50 at.%. This is due to the
solubility of Ca in CeO2, which requires no further substi-
tution of Ce by Ca when the solution limit is surpassed.
Based on the deconvolution results for the O 1s spectrum
shown in Fig. 5(b), another noticeable feature of the
XPS results is that the BE of O 1s is at �530.5 eV for
O2�|secondary phase, which is lower than the standard value
of the lattice O2- in CaO (531.7 eV [21]). A possible reason
for this is that the composition of the secondary phase has
deviated from the nominal CaO, even though the second-
ary phase adopts the same crystal structure as CaO, as
confirmed by our SAED study. As a consequence, this
leads to a discrepancy in its electronic state when compared
with the standard O2�|CaO, making its BE move towards
the value of O2�|CeO2.

5. Conclusions

From a systematic investigation of the microstructure
and ionic conductivity of Ca-doped CeO2, we can draw
the following conclusions:

(1) When the dopant concentration is beyond the solubil-
ity limit of Ca in CeO2, an fcc-structured secondary
phase (CaO) results, as confirmed by the TEM-SAED
study. In the heavily Ca-doped CeO2, crystalline
defects in the form of microdomains and/or super-
structures are observed. Under the current low-tem-
perature sintering pathway, it has been found that
10 at.% Ca doping provides optimal ionic
conductivity.

(2) A quantitative determination of CeO2 reduction
induced by Ca doping in a wide dopant concentration
range (from 5 to 50 at.%) has been achieved through
systematic XPS investigations. The results suggest
that severe reductions can occur in heavily Ca-doped
CeO2. The XPS study also provides the chemical state
information for the O and Ca elements, in both the
secondary phase (CaO) and the matrix doped CeO2

phase.
(3) The product of the reduction of Ca-doped CeO2 was

determined to be bcc-structured Ce2O3 (a =
1.141 nm, PDF #01-072-6357).
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