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We report the first in-situ powder X-ray diffraction (PXRD) study of the BaCO3—Ce0,—In,03 and CeO,—In,03 systemsin
air over a wide range of temperature between 25 and 1200 °C. Herein, we are investigating the formation pathway and
chemical stability of perovskite-type BaCe;—,In,Os_s (x=0.1,0.2, and 0.3) and corresponding fluorite-type Ce;—,In,0s—s
phases. The potential direct solid state reaction between CeQ, and In,O5 for the formation of indium-doped fluorite-type
phase is not observed even up to 1200 °C in air. The formation of the BaCe;_,In,O5_;s perovskite structures was
investigated and rationalized using in-situ PXRD. Furthermore the decomposition of the indium-doped perovskites in CO, is
followed using high temperature diffraction and provides insights into the reaction pathway as well as the thermal stability of
the Ce;—,In,O_; system. In CO;, flow, BaCe4_,In,05_ s decomposes above T =600 °C into BaCO3z and Ce_,In,0z_s.
Furthermore, for the first time, the in-situ PXRD confirmed that Ce; — ,In,0,_ s decomposes above 800 °C and supported the
previously claimed metastability. The maximum In-doping level for CeO, has been determined using PXRD. The lattice
constant of the fluorite-type structure Ce;_,In,0,_ s follows the Shannon ionic radii trend, and crystalline domain sizes were

found to be dependent on indium concentration.

1. Introduction

CeO, crystallizes in the fluorite-type structure and pro-
vides ample opportunities for doping with divalent and
trivalent cations resulting in the solid solutions of Ce;_,-
M,O,_s (M = Ca, Sr, Ba, Ln = rare earth). The solid
solutions are particularly interesting as potential solid oxide
ion electrolytes with emerging applications in solid oxide fuel
cells (SOFCs) and diverse gas sensors for gases such as
oxygen, hydrocarbons, and hydrogen.' ™' During the past
two decades research has focused on correlating synthetic
methods, chemical compositions, microstructures, and elec-
trical transport properties in an effort to optimize the ionic
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and electronic conductivity of doped CeO,.''”"” Among
them, 10 to 20 mol % Ln-doped Ce;—,Ln,O,_s have drawn
much attention because of their high oxide ion conductivity
compared to that of Y,Os3-doped ZrO, (YSZ) and SrO+
MgO doped LaGaOs (LSGM).*~'° Our continuing interests
in the development of fast oxide ion conducting solid electro-
lytes has resulted in the recent preparation of rare earth
and alkaline-doped Ce;— .M ,0,_s M =Y, Ca+Sm, Sm)
through high temperature reactions of the corresponding
BaCe;_ M, 0O;_, perosvkite phases in CO». 20-23
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Although a large number of studies were performed to
substitute divalent and trivalent metal ions in CeO,,"' ~'° our
attempt to substitute trivalent In for Ce by a conventional
ceramic method was not successful in the temperature range
of 800 °C—1500 °C.>"* It is noteworthy that based on
the Shannon ionic radii, one would predict that doping
In (In** vy = 0.92 A) for Ce (Ce*" vy = 0.97 A) in the
fluorite structure should be possible because the difference in
ionic radii between In and Ceis 0.05 A, almost half compared
to that between Sm (Sm* "y = 1.079 A) and Ce.** The
CeO; fluorite structure consists of Ce** ions forming a cubic
close packed structure with O®~ ions in the tetrahedral
interstitial sites, and each Ce*" cation is surrounded by eight
oxide ions. Pure In,Oj crystallizes in the bixbyite structure in
space group Ia3. Removal of two anions along the cubic body
diagonal of the fluorite structure will result in the bixbyite
structure; hence CeO, and In,Os are structurally related.
Surprisingly the direct synthesis of In-doped CeO, was not
successful. Instead a two step synthesis involving first the
formation of BaCe;_,In,O;_s and a subsequent treatment
under CO, at 800 °C yielded BaCOs and the target com-
pounds Ce;_,In,O,_s. The BaCOj is being removed by acid
wash.?!

To understand the thermodynamic stability of the present
In-doped cerates prepared via the CO, capture technique, the
acid washed products were sintered in air at various tem-
peratures. All products heated above 800 °C showed the
presence of In,O; indicating the decomposition of the
Ce;—,In,O,_; into its corresponding metal oxides In,O3
and CeO,. The In,O5 concentration increased with increasing
sintering temperature. Consequently, the Ceg 9Ing ;0 95 and
CegIng»,0; 9 appear to be metastable and cannot be pre-
pared directly from CeO, and In,O5. The low temperature
(800 °C) CO, mediated reaction performed on the In-doped
Ba cerates provides an elegant alternative route for the
preparation of Ce;_,In,0,_s.°"!

All our previous investigations for the formation of
Ce;_,In O,_shave been carried out ex-situ; thus, no insights
regarding the reaction pathway during the synthesis are
available.?! In-situ X-ray diffraction is an excellent probe
for structural variations during phase transitions and solid
state chemical reactions. The method permits identification
of metastable intermediates that may not be accessible
through quenching and allows the preparation of yet-un-
known phases that have been missed because of poorly
chosen ex-situ synthesis conditions.”> >’ Here, we report
for the first time, the in-situ formation of the solid solution
BaCe;_,In,O3_s (x = 0.1, 0.2, 0.3) and the subsequent CO,
capture reaction during Ce;_,In,O,_s formation using real
time in-situ powder X-ray diffraction (PXRD). Furthermore,
the direct reaction between CeO, and In,O5 was followed by
in-situ XRD and is being contrasted with the CO, capture
reaction. We have explored the maximum indium-doping
levels and provide a detailed description of the indium
concentration dependent evolution of the Ce_, In,O,_g
fluorite-type phase.
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2. Experimental Section

2.1. Synthesis of Bulk Samples. The BaCe;_ . In,O3_s perov-
skite phases with x < 0.4 were synthesized by conventional solid-
state reactions of stoichiometric amounts of BaCO; (Alfa
Aecasar, 99.95%), CeO, (Alfa Aesar, 99.99%), and In,O5 (Alfa
Aesar, 99.995%) for 6 h at 1200 °C according to eq 1.

BaCO; + (1 —x)C602 + (x/2)ln203 — BaCe; —,In,0;_5 + CO,
(1)

The starting materials were ground together in an agate
mortar in acetone slurry, and the reactions were carried out in
alumina crucibles. Fluorite-type phases of composition
Ce;_,In,O,_s5 (0.0 = x = 0.20) were synthesized by heating
the corresponding barium perovskite phases at 800 °C for 6 h in
CO, flow according to eq 2.

BaCe| _,In,O;5_5 + CO; — Ce| —In, O, _5 + BaCOs3 (2)

The CO,; capture reactions for x > (0.2 were carried out using
the same procedure as described above for x < 0.2, but required
lower reaction temperatures of 77 = 700 °C to avoid the
formation of In,O3; as a decomposition product of the fluor-
ite-type phase. In-situ PXRD experiments provided guidelines
for the optimization of the CO, capture temperatures. The
products obtained from CO, capture reactions were washed
with 5% aqueous HCI to remove BaCOj; and dried in a dynamic
vacuum at room temperature.

2.2. PXRD. Room temperature powder X-ray diffracto-
grams were collected on polycrystalline products mounted on
Si (111) zero background sample holders using a PANalytical
X’Pert Pro diffractometer in Bragg—Brentano configuration.
Using Cu Ka, ; radiation, a diffracted beam Ni-filter and an
X’Celerator detector diffractograms were collected from 26 =
10°to 20 = 90°in 0.0167° steps. Structure analysis was carried
out with the Rietveld method using FullProf.2k.?®

2.3. In-Situ PXRD. In-situ PXRD experiments were carried
out on a PANalytical X’Pert Pro diffractometer equipped with
an X’Celerator detector, a diffracted beam Ni filter and an
Anton Paar HTK2000 high temperature attachment. For the
formation of the BaCe;_ In,O5_4 phases, stoichiometric sam-
ples of BaCOs;, CeO,, and In,O3 were mounted as thin layers
directly onto the resistive platinum strip heater and heated in
25 °Cincrements from 25 to 1200 °C in air. The temperatures of
the furnace are accurate within £5 °C. The perovskite decom-
position for the formation of Ce|_,In,O,_s was followed using
the same experimental set up and conditions in 1 atm of flowing
CO,. Using Cu Ko, , radiation (4 = 1.540598, 1.544426 A) 20
min diffraction data sets were collected at 0.0167° steps from
20 = 17° to 20 = 65°. Only impurity free perovskite phases
(obtained via bulk synthesis) were used as starting materials for
the in-situ CO, capture reactions.

3. Results and Discussion

3.1. Direct Reaction Between CeO, and In,Oj. Pre-
vious attempts to dope CeO, with In’" directly using
ex-situ conventional solid state methods were not success-
ful.?! The direct reaction between 0.9 mol CeO, and 0.05
mol In,O5 was investigated using high temperature in-situ
PXRD from 25 to 1100 °C in 25 °C increments in air.
Figure 1 shows the PXRD contour plot indicating con-
certed peak shifts of CeO, and In,O; toward smaller 20
angles with increasing temperature consistent with ther-
mal expansion of both phases. Note that the CeO, peaks

(28) J. Rodriguez- Carvajal, Full Prof.2k, Vers. 4.40, 2008.
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In,O, + CeO,

Figure 1. PXRD contour plot illustrating the coexistence of In,O; and
CeO, between room temperature and 1200 °C in air. The peak shifts of the
CeO, (111) and (200) reflections and the In,O5 (222) reflection at ~ 30.5°
as a function of temperature are due to thermal expansion of the cubic
crystal systems with no indication of any reaction. Intensities are shown as
constant increments from blue (lowest intensity) to red (highest intensity).
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Figure 2. Contour plot of PXRD in the temperature range 25 to 1200 °C
at 25 °C increments showing the formation of the perovskite phase
BaCe 9Ing ;O3_s during the reaction of BaCO3—0.9Ce0,—0.05In,03 in
air. Intensities are shown as constant increments from blue (lowest
intensity) to red (highest intensity).

sharpen above 1000 °C because of crystalline domain size
growth. Most importantly no high temperature inter-
mediates or new phases other than the starting materials
are observed during this experiment because of reaction
between CeO» and In,Os5; thus, direct In-doping of CeO,
is not possible.

3.2. Formation of BaCe;_,In,O3_s Perovskites. The
preparation of In-doped CeO, can be accomplished via
the formation of the intermediate In-doped barium cerate
perovskites composition of BaCe;_,In,O3_5 (x = 0.1,
0.2, 0.3). The formation pathway of BaCe;_,In,O3_s
phases during the reaction of stoichiometric amounts of
starting materials have been followed via in-situ PXRD
from 25 to 1200 °C in 25 °C increments. Figure 2 shows
the contour plot of the temperature dependent PXRD
during BaCe(9lng 10,95 formation in air, and up to
approximately 750 °C only the thermal expansion of the
starting materials is visible. At 750 °C the transition from
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Figure 3. (a) Contour plot of PXRD in the temperature range 25 to 1200 °C
at 25 °C increments showing the evolution of phases Ceolng 05—y
under CO,. The double headed arrows on the right indicate individual
phases. The colors are in accordance with (b) phase identification of
PXRD contour plot during CO, capture reaction of BaCeg 9Ing 105 9s.
The individual area represents the outlines of the contour plot in panel a.
Each phase is represented by an individual color and clearly identified
with labels in the same color. The letters in parentheses for BaCO; stand
for (o) = orthorhombic, (r) = rhombohedral, and (c) = cubic.

orthorhombic to rhombohedral BaCOj; is observed, and
just below 900 °C, the onset of the BaCeggIlng 0595
formation is observed. At 975 °C the simultaneous dis-
appearance of the In,O5 (222) diffraction peak at 26 ~
30.5° and the CeO, (200) diffraction peak at 26 ~ 33° can
be seen. The absence of the In,O3 peak at 7= 900 °C
clearly indicates the incorporation of In** into the final
perovskite phase. The high temperature product is a cubic
perovskite with < 1% starting material impurities. These
impurities can be reacted off during prolonged heating as
shown during the bulk synthesis of these materials.

3.3. BaCe;_,In,O;_; Perovskites Decomposition into
In-doped CeO,. In-doped barium cerate perovskite pre-
cursors were decomposed in CO; flow at high tempera-
tures during an in-situ PXRD experiment. Figure 3a
shows the PXRD contour plot of the CO, capture reac-
tion carried out on BaCeg 9Ing 10, 5. Figure 3b identifies
the diffraction peaks of all occurring phases in Figure 3a.
The formation of orthorhombic BaCO; at 475 °C indi-
cates the decomposition of the perovskite phase and
results in the Ceg 9Ing 1O, fluorite phase, which is stable
up to 825 °C. The Ce( 9Ing ;0,_s phase undergoes decom-
position into CeO, and In,O3 at 825 °C, which is evident
from the appearance of the In,O5; peak at ~30.5° in the
contour plot. At 800 °C the orthorhombic to rhombohedral
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Figure 4. Seclected area of the high temperature in-situ PXRD contour
plot of BaCe 7Ing 30, g5 reaction in CO,. Below 350 °C complex peaks
splitting is observed. Between 350 and 500 °C a single phase cubic
BaCe ;7Ing 30, g5 is present. The unit cell expansion of the cubic perov-
skite is shown in the inset.

phase transition of BaCOj is observed, whereas at 950 °C,
BaCO; becomes cubic, and it seems that equilibrium
between BaCOj3 and small amounts of BaO exists in this
temperature range. The disappearance of In,O5 at 1100 °C
coincides with the “re”-formation of the In-doped perov-
skite phase BaCeg 9Ing 105 95 and illustrates the complex
reaction sequence. The perovskite phase forms at high
temperature again, and this can be explained by the pro-
posed mass unbalanced reaction shown in Scheme 1.The
in-situ PXRD supports that at high temperatures, BaCO;
decomposed into BaO and it reacts with readily available
CeO, and In,Os5 to the perovskite phase BaCeg 9lng 10595
which is now the thermodynamically stable product.

At room temperature the BaCe;_,In,O3_s for x > 0.1
structures are orthorhombic or monoclinic, and the in-
dium rich members show a phase transition to cubic
symmetry upon heating. The phase pure cubic perovskite
undergo the CO, capture reactions in CO, flow and form
the In-doped cerates. The in-situ diffraction contour plot
in Figure 4 illustrates the phase transition from orthor-
hombic to cubic between 300 and 350 °C for
BaCey 7Ing 305_s. The thermal expansion of the cubic
phase (space group: Pm3m) between 350 and 500 °C
as obtained from single phase Rietveld refinements is
illustrated in the inset of Figure 4. Beyond 500 °C Ba-
C€0A7In0.303_(§ converts into C60A7In0_302_5 and BaCO;.
The detailed room temperature structure evolution of the
BaCe,_,In,O5_, perovskite phases as a function of In-
doping and the structural phase transitions during heat-
ing are under investigation and will be reported sepa-
rately.

The short reaction times during the in-situ experiments
result in slightly higher decomposition temperatures of
the In-doped CeO, samples than the 6 h bulk synthesis

Figure 5. PXRD patterns obtained during isothermal heating of
BaCeo‘7Ir10_302‘85 at 800 °C in C02
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Figure 6. Rietveld plot of Cey7Ing;0,-s at room temperature. The
experimental PXRD are indicated as black crosses, the best fit as a solid
red line, the difference as a solid blue line, and the upper set tick marks
indicate the Bragg positions of Cey 7Iny30,_s and the lower set indicates
In,O3 peak positions.

would provide. This effect is illustrated during the iso-
thermal decomposition of Ce 7Iny30,_s in CO, flow at
800 °C followed in 20 min increments in Figure 5. The
onset and growth of the In,O5 phase is readily visible as
indicated with the (222) diffraction peak. Hence, for the
bulk synthesis of Ceg-Ing30; s via the CO, capture
reaction the temperature had to be lowered to 700 °C to
avoid the formation of In,Os3, whereas Ceo olng 10, 95 and
CeosIng 0, ¢ are stable even at 800 °C.?

3.4. Evolution and Stability of Ce;_,In,O,_5 (x =
0.1—0.3). Rietveld refinements were carried out against
PXRD data of Ce;_,In,O,_s5 (x = 0.1-0.4) usmg Full-
Prof.2k.?® The Rietveld plot of Ce 7Iny 30, g5 is shown in
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Table 1. Room Temperature Rietveld Refinement Results for Ce,_In,O,_s in Space Group Fm3m (No. 225)"

X

0 0.1 0.2 0.3 0.35 0.4

a(A) i 5.4173(2) 5.4116 (3) 5.4030(4) 5.3932(6) 5.3917(6) 5.3942 (8)
cell volume (@3 158.982(8) 158.48(2) 157.73(2) 156.87(3) 156.74(3) 156.95(3)
d(Ce/In)-0O (A) 2.34574(8) 2.3433(1) 2.3396(2) 2.3353(3) 2.3347(3) 2.3357(4)
In,O5 (mass %) 0 <1.0 <1.0 1.0 7 16

R, 3.62 3.50 2.90 3.05 3.05 3.20

Ryp 4.71 4.46 3.69 3.86 3.83 4.08

P 2.76 2.32 1.88 1.72 1.93 2.19

no. of parameters 25 25 25 25 26 26

no. of data points 4247 4247 4247 4247 4247 4247

aCe*"/In*" are disordered on 4a (0,0,0) site and O®~ located on 8c (1/4, 1/4, 1/4) site. Note that x < 0.3 are single phase refinements with 25
parameters, whereas x = 0.3 is two phase refinements with 26 parameters. The refined parameters include background, cubic cell parameter a, asymmetry
parameters, and peak shape parameters for the pseudo-Voigt profile. ® The Shannon ragiii24 at 8-fold oxygen coordination number (CN) of Ce(CN =
8)*", In(CN= 8)*", and O(CN = 4)*" predict the bond distances d(Ce—0O) = 2.35 A and d(In—0) = 2.30 A, and these agree very well with our

experimental results for Ce;—,In, O,_s.
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Figure 7. Solid black squares: cubic unit cell parameter evolution in
Ce;_,In,O,_;s. The solid black lines are only a guide to the eye. The
samples with nominal compositions x = 0.35 and 0.40 contain In,Oz as a
second phase. Open red circles: isotropic crystalline domain size evolution
in Ce;_,In,O,_; as obtained with the Scherrer eq 3.

Figure 6, and the refinement results are provided in Table 1.
In-doped CeO, crystallize in the fluorite structure in space
group Fm3m(No. 225) with Ce*"/In*" disorder on the 4a
(0,0,0) site and oxide anions located on the 8¢ (1/4, 1/4, 1/4)
site with disordered oxide defects. During the Rietveld
refinements the background was described with linear inter-
polations between 17 refined background points, the unit cell
constants, pseudo-Voigt peak shape parameters, peak asym-
metries, and scale factors have been refined. Figure 7 repre-
sents the variation of the cubic unit cell parameter for
Ce;—,In,O,_;s as a function of nominal indium content.
As expected with increasing indium content, the unit cell of
the fluorite phase contracts owing to the smaller ionic radius
of In** compared to Ce*" and the smaller concentration
of oxide anions.** It was identified that up to x = 0.3,
Ce;—,In,O,_s can be synthesized as a single phase without
the presence of In,O5; impurity. All samples with x > 0.3
resulted in two phase products consisting of Ceg7Ing 30 g5
and excess In,O; as illustrated for x = 0.35 and 0.4. The unit
cell dimensions do not change significantly beyond x = 0.3,
thus indicating that x = 0.3 is the maximum In content in
Ce;_,In,O,_g prepared by the CO, capture route.
Notably the diffraction peaks of the In-doped phases
show broadening with increasing indium content because
of decreasing crystalline domain sizes. No significant

strain induced broadening has been observed. The iso-
tropic crystalline domain sizes were estimated using the
Scherrer eq 3, that is,

D =0.91/(Bcos 6) (3)

where D is the domain size, B the integral breadth, 4 the
wavelength, and 6 the diffraction angle. The original
CeO, starting material has crystalline domain sizes in
excess of 600 A whereas the same CeO, after the CO,
capture reaction shows nanosized crystalline domains of
250(40) A. Upon indium doping the domain sizes de-
crease monotonically from x = 0to x = 0.3 and plateau
beyond x = 0.3 as shown in Figure 7. Note that the
crystalline domain size and the cubic unit cell parameter
plateau simultaneously at x = 0.3 with D = 70 (15) A.
This clearly indicates that the domain sizes are controlled
by the indium content in the CeO, phase and are only
limited by the stability range of fluorite-type phase.

3.5. Competition between CO, Capture Reaction and
Ce;_,In O,_5Decomposition. The formation of pure bulk
samples of Ce;_,In,O,_s (x = 0.1-0.3) requires tempera-
tures from 600 to 700 °C during the CO, capture reaction.
The Ce,_,In,O,_s bulk samples undergo decomposi-
tion into their binary oxides at approximately 800 °C for
x < 0.3 and at <700 °C for x = 0.3. The in-situ PXRD
data during the CO, capture reaction provide intriguing
insights into the formation temperatures (7 form) of Cej— -
In, O,_s. The Tiym for x = 0.1,0.21s 475 °C, and for x =
0.3 it is 500 °C, whereas the decomposition temperatures
(Tgecomp) of Cej—In, O, for x = 0.1 is 825 °C and for
x = 0.2 and 0.3 are 800 and 775 °C, respectively, as
determined by the first appearance of In,O5 (Figures 3a,
b). To obtain pure Ce;_,In,O,_s bulk samples, the reac-
tions need to be carried out approximately 100 °C above
Ttorm- The formation and decomposition temperatures
converge toward each other for increased indium doping
levels, and consequently a maximum value for In-doping is
observed during the preparation of Ce;_,.In,O,_s by
means of CO, capture. On the basis of this finding, we
suggest that larger indium concentrations in CeO, are only
achievable if an intermediate is used that can form the
Ce;—,In,O,_s phases at lower temperatures. All reported
Ce;—,InO,_s phases are metastable, and thus can only be
accessed through low temperature CO, mediated prepara-
tion routes.
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4. Conclusions

The phase evolution of BaCe;_,In,O;_s and the CO,
capture reaction leading to the formation of Ce;_ In,O,_;
has been investigated via the in-situ PXRD method. The
complex reaction pathway during the 2 step synthesis has been
discussed in detail. This has allowed a better understanding of
the formation pathway as well as of the metastability of these
phases. The Ce;_ In,O,_s has been successfully synthesized up
tox = 0.3 without In,O5 impurities. Lattice constants obtained
via the Rietveld refinements of Ce;_ In,O,_s followed the
Shannon radii trend and illustrate the maximum indium
concentration in Ce;—In,O,_s. The crystalline domain sizes
decrease with increasing indium-doping and reach a minimum
D = 70(15) A for x = 0.3. The CO, capture reaction opens up
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an elegant synthetic method for the preparation of doped
fluorite-type phase via the (B'B) cation disordered Ba-
(B/;_.B/ )O3 perovskites. The decomposition into BaCOj;
and B,_ B/ 0,_s s thermodynamically driven by the forma-
tion of BaCO; in carbon dioxide and provides access to the
metastable B/,_B” .O,_s phases.
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