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Abstract

Formation of nano-sized Y2O3-doped CeO2 (YCO) was observed in the chemical reaction between proton conducting Y2O3-doped

BaCeO3 (BCY) and CO2 in the temperature range 700–1000 1C, which is generally prepared by wet-chemical methods that include

sol–gel, hydrothermal, polymerization, combustion, and precipitation reactions. BCY can capture CO2 of 0.13 g per ceramic gram at

700 1C, which is comparable to that of the well-known Li2ZrO3 (0.15 g per ceramic gram at 600 1C). Powder X-ray diffraction (PXRD),

energy dispersive X-ray analysis (EDX), laser particle size analysis (LPSA), scanning electron microscopy (SEM), transmission electron

microscopy (TEM), and ac impedance spectroscopy were employed to characterize the reaction product obtained from reaction between

BCY and CO2 and subsequent acid washing. PXRD study reveals presence of fluorite-like CeO2 (a ¼ 5.410 (1) Å) structure and BaCO3

in reaction products. TEM investigation of the acid washed product showed the formation of nano-sized material with particle sizes of

about 50 nm. The electrical conductivity of acid washed product (YCO) in air was found to be about an order higher than the undoped

CeO2 reported in the literature.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Ionic devices that utilize solid-state proton conductors
(SSPCs) play important role in the generation and storage
of alternative energy, electrolysis, H2 storage, H2 separa-
tion, electrochromics, gas sensors as well as maintenance of
natural environment [1–10]. SSPCs based on a perovskite-
like ABO3 (A ¼ Ca, Sr, Ba; B ¼ Ti, Zr, Ce) structure are
being considered as a promising solid electrolyte to replace
the current solid oxide fuel cells (SOFCs) electrolyte Y2O3-
doped ZrO2 (YSZ), due to their high ionic (H+) conduc-
tion. Among them, Y2O3-doped BaCeO3 (BCY) is one of
the well-known and investigated in detail to understand the
chemical composition–structure–electrical transport prop-
erty relationship [2,11–17]. The origin of proton conduc-
e front matter r 2007 Elsevier Inc. All rights reserved.
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tion in BCY has been investigated intensively by many
authors, and confirmed that the conduction occurs by
means of the defect equilibrium reactions between the
oxygen vacancies ðVdd

O Þ, holes ðhdÞ, lattice oxygen
ðOx

OÞand water vapour at elevated temperatures [1–22].
Using Kröger–Vink notation [23], it can be written as

H2OðgÞ þ VddO þOx
O! 2OHd

O , (1)

where OHd
O represents a proton attached to the lattice

oxygen. The proton conduction in BCY occurs via a
Grotthuss (hopping) mechanism between adjacent BO6

octahedra [2].
Although, BCY has been demonstrated as a potential

solid electrolyte for applications to various ionic devices, it
is not practically suitable for commercialization. This is as a
result of its chemical and structural instability in humidity
(a common by-product in fuel cells that utilize hydrogen
and hydrocarbons as fuels), and CO2 atmospheres (present
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commonly in the hydrocarbon fuels) at elevated tempera-
tures. Several researchers have reported the formation of
Ba(OH)2 and BaCO3 in water and CO2, respectively
[9,24–35]. Partial or complete substitutions of tetravalent
Zr4+ ions for Ce4+, and Sr2+ or Ca2+ ions for Ba2+ in
BCY have found to improve the chemical stability of BCY
in CO2 [27]. However, the substitution of Zr4+ for Ce4+ in
BCY found to decrease the proton conductivity than that of
BCY, as well as exhibited a poor mechanical stability
[27–31]. For example, H2 permeation through Ni–Zr-doped
BCY was found to degrade rapidly about 53% within 4 h
and �72–91% after 2–7h of exposure to 30% CO2 at
900 1C [32]. Thus, there is a lack of fast SSPCs with high
chemical stability against CO2 and water, and proton
conductivity to replace the YSZ in SOFCs development.

The primary aim of the present work is to (i)
investigation on a long-term structural stability of BCY
in 100% CO2 in the temperature range 600–1000 1C,
compare its CO2 capturing ability with other well-known
metal oxides, and (ii) examine the by-product obtained
after reaction with CO2 and subsequent acid washing
employing various solid-state characterization methods
that include powder X-ray diffraction (PXRD), laser
particle size analyser (LPSA), scanning electron micro-
scopy (SEM), transmission electron microscopy (TEM)
and ac impedance spectroscopy. The former study shows
that BCY could be considered a potential CO2 capturing
agent (0.13 g per ceramic gram at 700 1C), but, its
theoretical capacity is only 0.14 g per ceramic gram. Very
interestingly, the latter study confirmed the formation of
nano-sized crystals of Y2O3-doped CeO2 (YCO), and is a
different route from the already well-known soft-chemical
methods such as sol–gel, polymerization, hydrothermal,
precipitations, and combustion techniques.

2. Experimental

2.1. Preparation and phase characterization

BaCe0.9Y0.1O2.95 (BCY) was prepared by a conventional
solid-state reaction in air using appropriate amounts of
BaCO3 (499.8% Fisher Scientific Co.), CeO2 (499.9%
Alfa Aesar) and Y2O3 (499.9% Alfa Aesar) at elevated
temperature of 1450 1C for 24 h (Carbolite RHF16/3,
England). The reactant powders were mixed in a ball mill
(Pulverisette, Fritsch, Germany) using zirconia balls in
2-propanol at 200 rpm for 6 h with intermediate change in
the rotation direction each hour, to avoid improper mixing.
The mixed powders were first heated at 800 1C for 12 h
and then at 1450 1C for 24 h in air, with a heating and
cooling rate of 10 1C per min, with repeated mixing
procedures at each step. In the final stage of heat
treatment, the reaction products were pressed into pellets
by isostatic pressure. The sintered pellets were crushed into
powders for phase characterization employing PXRD
(CuKa) (Rigaku Powder X-ray Diffractometer (CuKa),
Japan) at room temperature (RT). The lattice constant was
determined from powder XRD data by least-squares
refinement.
A known quantity (about 20 g) of BCY powder was

reacted in flowing 100% CO2 at the temperature range
600–1000 1C for 48 h. After the reaction, the sample was
cooled to RT under passing CO2. The weight gain in the
sample was measured using an analytical balance. Then,
the powders were washed with dilute HCl. Acid was added
until all the CO2 evolved and the sample was filtered and
dried in ambient atmosphere at RT. The resultant powder
sample was characterized using PXRD, SEM, and energy
dispersive X-ray analysis (Philips XL30 SEM, The Nether-
lands) and TEM (Hitachi H700, TEM, Japan). The particle
size distribution of powders was determined using a LPSA
(NanoTec Analysette 22, Fritsch, Germany). The powder
was dispersed homogeneously in water using ultrasound
for determination of particle sizes.

2.2. Electrical conductivity measurements

Electrical conductivity measurements of pellets
(�0.15 cm in thickness and �1 cm in diameter) of the acid
washed powder (sintered at 1400 1C for 24 h in ambient
atmosphere) was performed in air using Pt-electrodes
(Pt-paste obtained from Heraeus Inc., LP A88-11S,
Germany, cured at 850 1C in air for 1 h to remove the
organic binders) and employing AC impedance and gain-
phase analyser (SI model no. 1260) (0.1Hz–15MHz). A
two probe electrochemical cell was used. The applied ac
voltage was 10mV. Before each electrical measurement, the
sample was equilibrated at constant temperature for 2–8 h.
The measurements were made for two subsequent heating
and cooling runs.

3. Results and discussion

3.1. Chemical stability of BCY in CO2 and its CO2

capturing capacity

PXRD study of BCY confirms the formation of
single-phase perovskite-like structure (Fig. 1a). We could
index an orthorhombic cell with lattice parameters
of a ¼ 8.697(5) Å, b ¼ 6.107 (5) Å and c ¼ 6.266 (3) Å
which is comparable to those of the literature data (for e.g.,
a ¼ 8.75847(4) Å; b ¼ 6.22666(3) Å; c ¼ 6.21109(3) Å) [11]
and (a ¼ 8.764(1) Å; b ¼ 6.233(1) Å; c ¼ 6.211(1) Å) [12].
BCY powders heated in CO2 in the temperature range
700–1000 1C show a complex diffraction pattern, and is due
to BaCO3 and fluorite-like structure CeO2 (Fig. 1b). Also,
we do not see the characteristic diffraction peaks (100–40%
intensity) attributable to the formation of Y2O3 in the
decomposition products obtained over the investigated
temperature range (600–1000 1C). Our result corroborates
with the literature report that BCY is chemically stable in
CO2 at 600 1C [24–35]. The acid washed product shows the
formation of the fluorite-type CeO2 pattern (Fig. 1d) while
the sample reheated in air at 1400 1C shows the original
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Fig. 1. Powder XRD patterns showing the reactivity of BaCe0.9Y0.1O2.95

(BCY) with CO2 at 700 1C for 48 h: (a) as prepared BCY—shows the

formation of ABO3 perovskite structure (a ¼ 8.697(5) Å; b ¼ 6.107 (5) Å;

c ¼ 6.266(3) Å) and consistent with literature; (b) BCY reacted with CO2

at 700 1C—shows the sample ‘a’ decomposed into BaCO3+reaction

products; (c) sample ‘b’ reheated in air at 1400 1C for 24 h-shows the

formation of the sample ‘a’ and (d) sample ‘b’ washed with dilute HCl and

dried in ambient atmosphere—confirms the formation of fluorite-like

CeO2 structure (a ¼ 5.410 (1) Å).
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perovskite-like structure (Fig. 1c). The following chemical
reaction can be proposed to explain decomposition:

BaCe0:9Y0:1O3�dðBCYÞðsÞ þ CO2ðgÞ Ð
700�1000�C

1400 �C; in air

BaCO3ðsÞ þ Ce0:9Y0:1O1:95ðsÞ �!
aq:HCl

Ce0:9Y0:1O1:95ðsÞ þ CO2ðgÞ " þBaðOHÞ2ðaqÞ. ð2Þ

This first step in reaction (2) indicates that BCY can be
explored as a potential CO2 capturing agent in the
temperature range 700–1000 1C. At 700 1C, we found that
BCY can absorb 0.13 g of CO2 per ceramic gram. The
theoretical CO2 capture of BCY is 0.14 g per ceramic gram
of BCY, while other metal oxides, including Li2O and
Li2SiO4 exhibit much higher theoretical capacity [36–46].
In Table 1, we compare the CO2 capturing property of
BCY with other well-known metal oxides. It is very
interesting to note that BCY (at 700 1C) absorbs nearly
the same amount of CO2 to that of Li2ZrO3 (0.15 g per
gram at 600 1C) which is about 48–57% lower than those of
Li4SiO4 [37], Li6Zr2O7 [41], and Na2ZrO3 [39]. This is due
to high molecular weight of BCY and hence, BCY appears
not to be an efficient material for CO2 capture application.
At temperature below 600 1C, BCY does not capture CO2

because it is kinetically not favourable to from BaCO3 [30].
The CO2 absorption property of Li2ZrO3 and CaO are
efficient only below 700 1C, and increasing temperature
further the desorption of CO2 occurs, as confirmed by
thermodynamic calculations [37,46]. Therefore, these mate-
rials are not suitable for CO2 capture at elevated
temperatures (4 700 1C) while BCY could be considered
as a potential alternative for high-temperature applications.
All the diffraction peaks of the acid washed and 1400 1C

heated sample were found to be shifted to lower two theta
compared with the undoped CeO2 (a ¼ 5.403 (1) Å for
commercially available powders from Alfa Aesar). We
could index the PXRD of acid washed product heated at
1400 1C on cubic fluorite-type lattice constant with
a ¼ 5.379(3) Å and is consistent with literature [47,48].
Based on the ionic radii consideration, one would expect
that Y-doped CeO2 should show higher lattice constant
than undoped CeO2. The ionic radius for Ce4+ ion at the
eight fold is 0.97 Å and the corresponding value for Y3+ is
1.015 Å [49]. But, the opposite effect was explained in the
literature by considering oxide ion vacancy formation
[47,48]. Hence, the acid washed product would be called as
YCO here after.
The fluorite structure (AO2) consists of cubic close

packed array of A4+ cations (surrounded by eight oxygen
ions) and O2� ions occupy the tetrahedral (surrounded by
four A-cations) sites [50]. The ideal perovskite
(SrTiO3�ABO3) exhibits a primitive cubic structure that
consists of cubic close packing of ‘A+3O’ unit and B
cations are distributed at the octahedral interstitial site [51].
The A cations occupy the centre of cube at the 12-fold
coordination site. Depending on the A- and B-site cations,
tetragonal, orthorhombic and monoclinic structure per-
ovskites were reported [51]. In BCY, the large size Ba2+

ions occupy the A-site and Ce4+ and Y3+ ions occupy the
B-site [11]. Virkar et al. proposed metal oxygen bond
breaking and a diffusive transport of ions to allow the
conversion of BCY into YCO and BaCO3 in CO2 [25,26].
Fig. 2 shows the schematic representation of the conversion
of perovskite-like BCY into fluorite-like structure YCO
and BaCO3 in CO2 at 700–1000 1C. The electrical
conductivity studies reported high mobility for oxide ions
and protons in H-atom containing atmospheres in BCY
[1–22], while the A- and B-site cations mobility are not
known at present. A detailed in-situ XRD investigation in
combination with chemical analysis under CO2 at elevated
temperature may be useful to elucidate the actual mechan-
ism for the proposed degradation reaction Eq. (2).
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Table 1

Comparison of potential CO2 capturing metal oxides and their theoretical and experimental CO2 absorbing values with BaCe0.9Y0.1O2.95 (BCY)

Materials Theoretical CO2 capturing

per ceramic gram

Experimentally observed CO2

capturing per ceramic gram

Temperature (1C) References

Li2O 1.46 1.26 600 [39]

MgO 1.09 1.09 600 [38]

CaO 0.78 0.73 600 [40,45]

Li2ZrO3 0.28 0.15 600 [39,43,44]

Li6Zr2O7 0.39 0.25 600 [41]

Li4SiO4 0.73 0.30 600 [38,39]

Na2ZrO3 0.24 0.25 600 [39,42]

Sr0.95Ca0.05Fe0.5Co0.5O3�d 0.3 0.17 820 [36]

BCY 0.14 Negligible 600 Present work

BCY 0.14 0.13 700 Present work

BCY 0.14 0.103 1000 Present work

a

b c a

b

c

Ba

(Ce, Y)O6

BaCe0.9Y0.1O2.95 (BCY)

700-1000 °C, CO2

1400 °C, Air

(Ce, Y)O8

Ce0.9Y0.1 O1.95 (YCO)

+ BaCO3

Fig. 2. Idealized crystal structure showing the conversion of the perovskite-like structure BaCe0.9Y0.1O2.95 (BCY) into a fluorite-like Y2O3-doped CeO2

(YCO) and BaCO3 in CO2 at 700 1C.
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3.2. Microstructure characterization of YCO

Typical SEM and TEM images of YCO prepared from
BCY are shown in Figs. 3 and 4, respectively. As prepared
acid washed YCO exhibits irregular size distribution of
large agglomerates (Fig. 3a) and the sintered sample shows
a homogeneous distribution of particles (Fig. 3b). The
elemental analysis confirmed the absence of Ba2+ ions and
presence of Ce4+ and Y3+ ions in the acid washed product,
which is consistent with the diffraction study (Fig. 1d).
TEM study clearly indicates the presence of nano-sized
YCO particles of less than 50 nm in both acid washed
product (Fig. 4a) and subsequently heated YCO powder at
1400 1C for 24 h (Fig. 4b).

In Fig. 5, we show the particle size distribution of acid
washed YCO (Fig. 5a) and the powder sample heated at
1400 1C in air for 24 h (Fig. 5b) obtained using LPSA. We
see both samples exhibit similar particle size distributions
except aggregates of about 50–90 mm was observed in the
sintered sample and is attributed to sintering. Very
interestingly, we observe that both techniques show the
presence of nano-sized particles. A similar correlation
study was performed for the lithium lanthanum titanates
[52]. It must be mentioned that several wet chemical
methods that include hydrothermal [53], precipitation
[54–57], combustion [58], polymerization [59], template
[60], and sol–gel [61] were developed recently to prepare the
nano-sized particles of ceria. The present method utilizes
conventional solid-state synthesized BCY as starting
material to prepare YCO. We believe this method can be
extended to prepare several other doped CeO2 with nano-
sized particles.
Fig. 6 shows the TEM images of the sintered pellet

crushed into powders after electrical measurements in
air up to 800 1C. We see much higher particle sizes
(ca. 200–500 nm) compared to that of as-prepared
powder sample (Fig. 4a), confirming the particles growth
due to sintering. This was further confirmed by the
LPSA measurements (Fig. 5). We have also observed
large aggregates of particles in the range of 10–100 mm in
the 1400 1C sintered YCO sample (Fig. 5b) together with
nano-particles. Stabilization of nano-sized particles at
elevated temperatures over a long period of time is a
common issue in the high-temperature materials applica-
tions that include SOFCs, catalysis, as well as solid-state
gas sensors.
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Fig. 3. Scanning electron microscope (SEM) images of the fluorite-type

powders (a) obtained by acid washing of the reaction product (Fig. 1d),

(b) sample ‘a’ heated at 1400 1C for 24 h in air.

Fig. 4. Transmission electron microscope (TEM) images of (a) the

fluorite-type powders obtained by acid washing of the reaction product

(Fig. 1d), (b) powder sample ‘a’ heated at 1400 1C in air for 24 h. The inset

in Fig. 4a shows the presence of nano-particles in different region of the

sample.
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3.3. Electrical conductivity of nano-YCO

Fig. 7 shows the typical AC impedance plots of YCO
(acid washed product) at 320, 430, and 825 1C in air. Two
distinct semicircles at the high frequency side and a ‘tail’ at
low frequency side are observed at temperature below
450 1C, which may be attributed to bulk and grain-
boundary resistances and electrode effects [62]. Similar
impedance plots were reported for the parent and
doped CeO2 [53,63–66]. The estimated bulk and grain-
boundary conductivity was found to be 3.2� 10�5 and
1.12� 10�5 S/cm, respectively, at 320 1C. It is significant to
mention that unlike solid-state reaction products, the
nano-CYO prepared in this work exhibit similar order of
bulk and grain-boundary electrical conductivity. Table 2
lists bulk, grain-boundary and total (bulk+grain-bound-
ary) conductivity of YCO in the temperature range
200–430 1C. However, we did not clearly see both bulk
and grain-boundary contributions over the entire tempera-
ture range of measurement. Also, the grain boundary and
electrode contributions vary drastically with increasing
temperature, especially above 450 1C, it was very difficult
to separate accurately bulk, grain boundary, and electrode
contribution. At very high temperatures, we see mainly
electrode polarization resistance and an inductive effect at
the low- and high-frequency region, respectively (Fig. 7c).
Thus, we have taken uniformly the bulk resistance from
the high-frequency minimum/intercept along the Z0-axis
of the impedance plots to calculate the electrical con-
ductivity data.
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Fig. 5. Histogram of size of particles and aggregates distribution of

(a) YCO-as prepared from the reaction of BaCe0.9Y0.1O2.95 (BCY) with

CO2 and the acid washed product, and (b) powder sample ‘a’ heated at

1400 1C in air and ground using mortar and pestle.

Fig. 6. Transmission electron microscope (TEM) images of YCO sample

pellet after the electrical measurement, (a) and (b) show the typical growth

of the particles in different regions of the sample due to sintering. The

sample pellet was ground using mortar and pestle for the TEM study.
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Fig. 8 shows the Arrhenius plot for the total (bulk+
grain-boundary) ionic conductivity of YCO. The line
passing through the data points is guide a to eye. The
electrical conductivity data obtained during the first
cycle heating and cooling and subsequent runs follow the
same line, suggesting the equilibrium behaviour of the
sample. The activation energy for total electrical conduc-
tivity was found to be 0.87 eV (for the second heating
cycle), which is comparable to those of the literature values
[53,63–73].
In Fig. 9, we compare the total electrical conductivity

data of YCO with literature value of un-doped and
acceptor doped CeO2. Compared with pure CeO2, we see
clearly a significant increase in the electrical conductivity
over the investigated temperature, and also is comparable
to other acceptor doped CeO2. This result supports that the



ARTICLE IN PRESS

-200000

200000

-150000

150000

-100000

 100000

-50000

-20000

-25000

-30000

-15000

-10000

-5000

500000

Z
/ 
(ohms)

20000 25000 3000015000 1000050000

Z
/ 
(ohms)

Z
/ 
(ohms)

Z
/ 
(ohms)

Z
//

 (o
h

m
s
)

Z
//

 (o
h

m
s
)

Z
//

 (o
h

m
s
)

Z
//
 (o

h
m

s
)

Z
//
 (o

h
m

s
)

-25000

25000

-20000

20000

-15000

15000

-10000

10000

-5000

50000

600 kHz

Bulk

Grain-boundary

Grain-

boundary

316 Hz

320°C

0.1Hz

(0.1 Hz-15 MHz)

(0.1 Hz-15 MHz)

0

0 150

-150

0
1500

-1500

2250

-2250

3000

-3000

3150

-3150

4500

-4500

430°C

0.1 Hz

15 kHz

94 Hz

2.99 x 106 Hz

Bulk

-100

-80

-60

-40

-20

-20

0

0

20

20 40 60 80 100

825 °C

(0.1 Hz-15 MHz)

59.7 kHz

Z
/ (ohms)

0

0

Fig. 7. AC impedance plots of Y2O3-doped CeO2 (YCO) obtained from BaCe0.9Y0.1O2.95 (BCY) in air at 320, 430 and 825 1C in the frequency range
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low-frequency part of impedance is due to electrode effect. Positive value of the imaginary component at high-temperature data shows the presence of

inductive effect.

Table 2

Bulk, grain-boundary and total electrical conductivity of YCO prepared

from BCY

Temperature (1C) sbulk (S/cm) sgrain-boundary (S/cm) stotal (S/cm)

207 8.43� 10�7 2.06� 10�7 1.65� 10�7

274 7.46� 10�6 1.62� 10�6 1.30� 10�6

320 3.20� 10�5 1.12� 10�5 7.35� 10�6

350 5.43� 10�5 1.75� 10�5 1.32� 10�5

376 9.20� 10�5 3.41� 10�5 2.54� 10�6

431 2.20� 10�4 1.05� 10�4 7.11� 10�5
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Y3+ ion is doped in CeO2, as proposed in BCY
decomposition reaction (2) and also is consistent with
PXRD data. Very interestingly, we see that our electrical
conductivity data is comparable to some of the doped
CeO2 reported in the literature. However, there is a little
difference between the present value and reported value for
compounds at high temperature. It must be noted that
electrical conductivity of the ceria-based materials depends
on the sintering temperature and purity of the starting
materials [71–73]. The small difference may be attributed to
low sintering temperature employed in the present study.
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4. Conclusions

In summary, we have shown that the reaction between
BCY and 100% CO2 in the temperature range 700–1000 1C
gives a nano-sized crystalline YCO, which has been
hitherto prepared commonly employing wet chemical
methods. BCY can capture CO2 above 700 1C (0.13 g per
ceramic gram), however, it exhibits quite low theoretical
capacity of 0.14 g per ceramic gram compared with other
well-known compounds, for e.g., Li2O (1.76 g per ceramic
gram), Li2ZrO3 (0.28 g per ceramic gram) and CaO (0.78 g
per ceramic gram). The experimental CO2 capture of BCY
was found to be about 93% (0.13 g per gram of BCY) at
the investigated temperature which is higher than Li2O
(86%); Li2ZrO3 (54%) and comparable to CaO (95%). The
PXRD investigation confirms that CeO2 and Y2O3 were
stable against chemical reaction with CO2. SEM and TEM
studies on the microstructure reveal the formation of nano-
sized materials of YCO. The electrical conductivity on acid
washed material (YCO) exhibits more than one order
higher electrical conductivity than that of the undoped CeO2.
The activation energy and total conductivity of YCO were
found to be comparable to the ceramic method prepared
YCO samples with a similar chemical composition.
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