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Herein, we report on the synthesis of Ceg sZrg5_,TiyO> oxygen storage
materials prepared via a solution combustion method. Ceg 5Zrg 4Tip 102
showed an outstanding oxygen storage capacity (1310 pmol-O per g) at
200 °C compared to conventional k-Ce,Zr,Og (650 pmol-O per g)
due to its cation ordering and the formation of weakly bound
oxygen atoms induced by Ti substitution.

Some metal oxides can reversibly store/release oxygen or control
the oxygen concentration in the gas phase in response to
changes in the temperature and oxygen partial pressure.' Such
oxides have been actively investigated for different applications
in the fields of energy conversion and environmental protection
such as solid oxide fuel cells (SOFCs),” thermochemical water
splitting,® and water-gas shift reactions.* Ceria (Ce0,) is generally
used as an oxygen storage material in automotive exhaust catalysis
in order to maintain the high purification efficiency by precisely
controlling the oxygen partial pressure.>*

The oxygen storage/release capacity (OSC) of CeO, corres-
ponding to the redox reaction between Ce** and Ce*" is greatly
enhanced by Zr substitution, reaching its maximum for
Cey.5Z10.50, (900 umol-O per g at 500 °C).'* High-temperature
reduction (in H, or CO at 1200 °C) of Ce, 5Zry 50, yields the
Ce,Zr,0; pyrochlore (Ce and Zr site ordered Cegs5Zry50;.75),
which leads to cation-ordered Ce, 5Zr, 50, after a re-oxidation
treatment.””® This cation-ordered Ce,5Zry 50, (referred to as
K-Ce,Zr,0g) shows an outstanding OSC of 1500 pmol-O per g
at 500 °C, where almost all Ce atoms in k-Ce,Zr,Og (89%)
contribute to the Ce*" « Ce*" redox conversion.” Such a
high OSC value is derived from the topotactic transformation
of the x-Ce,Zr,0g into Ce,Zr,0, pyrochlore assessed by the
first-principles calculation method."*
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The cation ordering in complex oxides is often induced by cation
size mismatches.””™* Therefore, an increase in the cation size
mismatch from 1.15 (Ce*"/Zr*") to 1.58 (Ce**/Zr*") should stabilize
the cation-ordered structure of the Ce,Zr,0, pyrochlore. Thus, the
substitution of Zr** (0.84 A) with Ti** (0.74 A) in Ceq 5Zr,50, would
result in cation-ordered Ce 5Zr, 5_,Ti,O, due to the expansion
of the mismatch against Ce** (0.97 A)."® However, conventional
methods such as solid state reactions and co-precipitations are
not able to achieve homogeneous Ti distribution.

In this study, we employed a solution combustion method
that is characterized as a self-sustained exothermic reaction.'®
Technically, the combustion of fuels (e.g. urea, glycine, etc.) with
oxidants (typically metal nitrates) followed by a rapid quenching
allowed us to obtain homogeneous compounds with desired
compositions."®?*° Also, the Ti substitution in Ceg5Zros_,Ti O,
(0 < x < 0.2) induced pyrochlore-type cation ordering between
the Ce and Zr sites and greatly increased the OSC values. The
OSC of Ceg5Zry 4Tip10, (1310 pmol-O per g) was found to be
approximately twice that of x-Ce,Zr,Og (650 umol-O per g)
at a lower temperature (200 °C). Moreover, the origins of the
cation ordering and enhanced OSC were investigated from the
viewpoints of crystal structures and the strengths of the bonds
between the oxygen atoms and the surrounding cations.

The Ce 5Zr, 5_,Ti,O, samples were prepared from aqueous
solutions containing both glycine as a fuel and the respective
metal nitrates as oxidants. The solutions with cation ratios of
Ce:Zr:Ti=0.5:(0.5 — x):x(x=0,0.1, 0.2, 0.3, 0.4, and 0.5) were
burned by heating up to 400 °C, resulting in light-yellow
powders (experimental details are provided in the ESIY).
The specific surface areas (SSAs) of the Ti-containing samples
(x=0.1:8.29m>g ", x=0.2:7.48 m*> g~ ') were less than half of
the amount of x = 0 (17.08 m* g~ ). However, these SSAs were
much higher than that of k-Ce,Zr,05 (0.35 m* g~ '), which was
obtained by a high-temperature reduction of CeysZr,50, at
1200 °C followed by oxidation at 500 °C (Table 1).

A cubic phase was observed in the X-ray diffraction (XRD)
patterns of x = 0, 0.1, and 0.2 (Fig. 1a). An unknown impurity
with a reflection at around 20 = 26.7° was found, but its intensity
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Table 1 Physical characteristics of CegsZros_xTixO2 and k-Ce,Zr,Og
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Cation ratio® (mol%) 0sC? (umol-0 per g)

Compound SSA® (m* g™ 1) Space group Cell volume® (&) Ce Zr Ti 200 °C 400 °C 600 °C
Ceo.5Zto 50, 17.08 Fm3m 146.167(5) 50.2 49.8 — 910 1070 1120
Cey.5Zr0.4Tip 10, 8.29 Fi3m 144.729(3) 50.3 40.0 9.7 1310 1530 1530
Ceo.5Zto 5Tip .05 7.48 Fi3m 143.598(4) 50.2 30.1 19.7 1370 1550 1590
Kk-Ce,Zr,04° 0.35 P23 145.758(5) (50) (50) — 650 1530 1560

“ Measured by BET analysis. b calculated from the lattice parameters based on the unit cell of CeysZrys0, (Z = 4). * Measured by ICP-OES.
4 Estimated from the weight losses in the TGA curves. ¢ Prepared by the reduction of Ce, 5Zr, 50, at 1200 °C followed by oxidation at 500 °C.’/ Feed

ratio in the synthesis.

was less than 1% of the main cubic phase. Additional phases
(CeO, and unknown) were found in the patterns of x = 0.3, 0.4,
and 0.5 (Fig. S1, ESIT). The main phase of x = 0 was characterized
by a cubic fluorite structure (Fm3m) with a = 5.2682(2) A, which
was in agreement with the reported space group (Fm3m) and
lattice parameter (a = 5.269) of CeqsZro50,.>" In contrast, the
main phases of x = 0.1 and 0.2 showed additional peaks
originating from their superstructures assigned to a 2 x 2 x 2
supercell based on Cejs5Zrys0,. The cell volumes calculated
from the lattice parameters showed a linear decrease with an
increase in the value of x (Fig. 1b and Table 1). The volume
reduction indicated the formation of Ce,sZr,5_,Ti, O, solid
solutions (0 < x < 0.2) because the ionic radius of tetravalent
Ti (0.74 A) is smaller than that of Zr (0.84 A).*® Elemental analysis
using inductively coupled plasma-optical emission spectrometry
(ICP-OES) supported the formation of the solid solution since
the measured compositions of the obtained Ce,sZrys_,Ti,O,
samples were equal to the feed ratios of Ce:Zr:Ti = 5:5:0,
5:4:1,and 5:3:2 for x = 0, 0.1, and 0.2, respectively (Table 1).

Rietveld refinement of the synchrotron XRD pattern of
Ceg.5Z10 4Tip 10, was performed using a FAi3m model in which
Ce and Zr(Ti) atoms were ordered along the (110) direction
(Fig. 2a). The high reliability of the refined data (R, = 6.46%,
goodness of fit = 0.80, Table S1, ESIt) suggested that the predicted
model for Ce, 5Zr 4Tio 10, was reasonable. The crystal structure is
shown in Fig. 2a. The electron diffraction (ED) patterns of the
[100], [110], and [111] zone axes for Ce, 5Zry 4Tip 10, (x = 0.1) were
indexed to the space group F43m (Fig. 2b), which was consistent
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Fig. 1 (a) XRD patterns of CeqsZros_xTixO2. Black, red, and blue solid lines
represent the patterns of x = 0, 0.1, and 0.2, respectively. Hashtags (#),
asterisks (*), and black squares (®) indicate peaks arising from the main cubic
phase, their superstructure, and unknown impurity, respectively. (b) Cell
volumes of CegsZrgs_xTixO, based on the unit cell of Cegs5Zrgs0, (Z = 4).
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with the structural model used in the Rietveld refinement.
Moreover, the absence of 110, 211, and 330 reflections excluded
the space group P2,3, which could be derived from the slight
displacements of some O sites from the ideal positions as
observed in k-Ce,Zr,05.'° This indicates that the structure of
Ceq 5721y 4Tiy 10, was less distorted than that of k-Ce,Zr,0Og.

The results from the XRD and ED measurements suggested
that pyrochlore-type cation ordering in the CeysZry5_,Ti, O,
fluorite was observed above a cation size mismatch (rCe‘”/rZr‘“(Ti‘”))
of 1.18, where r4+is+) denotes the weighted average of ionic radii
for Zr** and Ti*". In contrast, cation ordering in the Ay 5B 50175
defect fluorite (e.g. Gdo5Zro5_ xCexO1.75 and Y 5Tig5_xZ1,01.75)
is generally observed above 1.23,"'® which is slightly larger
than the value for the CeysZrys ,Ti O, fluorite (1.18). This
difference suggests that the absence of oxygen defect enabled
cation ordering in the A, 5B 50, fluorite with a smaller cation
size mismatch.
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Fig. 2 (a) Structural characterization of CeqsZrp4Ti010, obtained via
Rietveld refinement of the synchrotron XRD data at room temperature.
The red crosses, green solid line, and blue solid line represent the
observed, calculated, and different intensities, respectively. The black ticks
show the peak positions. The inset displays the crystal structure of
Ceps5Zro4Tin10, with the space group F43m. The orange, green, blue,
and red spheres represent Ce, Zr, Ti, and O, respectively. (b) ED patterns for
Ceos5Zro4Ti0102 projected along the [100], [110], and [111] axes, indexed
constantly to the F43m space group.
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Fig. 3 (a) TGA curves of Pt/CeqsZrps_xTixO» upon switching between 5%
O,/N, and 5% H,/N, every 5 min at various temperatures. (b) Estimated
OSCs. Black, red, and blue lines and columns represent Pt/Ceqs5Zrg 505,
Pt/Ceg.5Zro.4Tio 105, and Pt/Ceq sZrg 3T 202, respectively.

The OSC values of CesZrys ,Ti,O, (0 < x < 0.2) were
estimated from the weight losses recorded using thermogravi-
metric analysis (TGA) during the atmosphere switching between
5% O,/N, and 5% H,/N, every 5 min (Fig. 3a).

The weight losses and gains of the samples corresponded to
the following reactions:

CeO.SZrO'S,xTixOZ + (SHZ - Ceo_SZrO.S,xTiXOZ,é + (SHzo (1)

Cey.5Zr0.5_+TixOs_5 + 8/20, — CegsZlys xTi,0,  (2)

Pt-loaded samples (1 wt% on a metal basis) were used to
quickly saturate their weight changes. As shown in Fig. 3 and
Table 1, Pt/CeysZry 4Tip,0, and Pt/Ce,sZr, ;Tip,0, showed
considerably higher OSCs than Pt/Ce, sZr, 50, at every tempera-
ture. The fact that Pt/Cey 5Zry 4Tip 10, and Pt/Ceg 5Zr( 3Tig .0,
exhibited nearly equal OSCs at 600 °C (6 = 0.219 and 0.221,
respectively) suggested that Ti would not directly contribute to
their OSCs via a Ti*" «> Ti*" redox. This assumption was also
supported by the irreducible nature of Ti*" in this temperature
range.>” Fractions of reducible Ce** ([Ce**]/[Ce**] + [Ce"*]) based
on the theoretical maximum ¢ value of 0.25 (Table 1) were
calculated to be 66.2%, 87.7%, and 88.4% for Pt/Cey 5Zr, 50,,
Pt/Cey 5Z1 4Tip10,, and Pt/Ce, 5Zr, 3Tip 20, respectively. These
values clearly indicate that the high OSCs of Pt/Ceq 5Zr, 4Ti( 10,
and Pt/Ce, sZr,3Tip,0, originate from the increase in the
fraction of reducible Ce*".

Ce Lz-edge X-ray absorption near edge structure (XANES)
spectra of Pt/CeqsZr, 50, and Pt/Cey sZr, 4Tip 10, at 600 °C in
3% O,/He (Fig. 4a) showed two absorption peaks, at 5730 and
5737 eV (marked as A; and A,), which were assigned to the Ce**
species. These results were in agreement with the CeO, (Ce*")
reference spectrum (Fig. S2, ESIt).>® In 3% H,/He, only one
absorption peak, at 5726 eV (marked as B), assigned to the Ce**
species (shown in the Ce(NOj3);-6H,0 (Ce®*) reference) was
observed, which indicated the reduction of Ce*" species to Ce®*.
Moreover, in 3% H,/He the absorption of Pt/Ce,s5Zr, 4Tiy10, at B
was higher than that of Pt/Ce,s5Zr,50,, while in 3% O,/He both
samples showed almost the same absorption intensities. This result
indicated that the fraction of reducible Ce*" in Pt/CeysZro.4Tio 105
was higher than that in Pt/Ce, 5Zr, 5O,, which was in agreement
with the TGA results (Fig. 3b). The transient response of the
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Fig. 4 (a) Ce Lz-edge XANES spectra of Pt/Ceq5Zro 50, (black lines) and
Pt/Ceq5Zr0.4Tio 10> (red lines) in 3% O,/He (dashed lines) and 3% H,/He
(solid lines) at 600 °C. Peaks A; and A, were assigned to Ce**, whereas
peak B was assigned to Ce>*. (b) Time-resolved absorption edge intensities
in Ce Lz-edge XANES spectra during the atmosphere switching between
3% O,/He and 3% H,/He every 5 min at 600 °C. Data were collected every
0.2 s for 3 min after changing the atmosphere. Black and red lines
represent Pt/Ceq sZrp 5O, and Pt/Ceq sZrg 4Tig 105, respectively.

peak height of the absorption edge during the switching
between 3% H,/He and 3% O,/He (Fig. 4b and Fig. S3, ESIt)
suggested that the Ce*" reduction rate in Pt/Ceg 5Zr, 4Tio 10, Was
higher than that in Pt/Ce, 5Zr, 50,. For both samples, the intensities
that increased in 3% H,/He immediately returned to the original
intensities when the atmosphere was changed to 3% O,/He.
This demonstrates that the reduced Ce*" species were reversely
re-oxidized to Ce** with high reproducibility.

The high OSCs of Pt/Ceq sZr, 4Tio 10, could have originated
from the topotactic transformation of the Ce, 5Zr( 4Tip 10, into
Cey.5Zr9.4Tip.101.75 pyrochlore. Bond valence sums (BVSs)**?
are often used to estimate the bond strengths of specific anion
sites in crystals.”®*” The respective BVSs of all the oxygen sites
in Cegs5Zry4Tip10, (marked as O1-O6; Fig. S4, ESIt) were
obtained, and the OZr(Ti), tetrahedron sites (O3 site: —1.61,
04 site: —1.37) were found to have larger values than the other
O sites (from —1.82 to —2.46; Table S2, ESIt). The larger BVS
values of the O3 and O4 sites suggested that the oxygen atoms
at these sites were easily released, which caused the topotactic
transformation of the CeqsZro 4Tig10, (Ce*") into Ceg 5Zry4Tip 10175
(Ce®) pyrochlore. These conclusions were in agreement with the
results from k-Ce,Zr,0q (Ce™), which was topotactically reduced to
the Ce,Zr,0, (Ce*") pyrochlore with the release of oxygen atoms at
the O3 and 04 sites (Fig. S4, ESIT).”®

Interestingly, the OSC value of Pt/Cey5Zry4Tip10,
(1310 pmol-O per g) at a lower temperature (200 °C) was
approximately twice that of Pt/k-Ce,Zr,Og (650 pmol-O per g,
Fig. 5a). In contrast, the OSC values of both compounds above
400 °C were almost the same (1530-1560 umol-O per g; Table 1
and Fig. S5, ESIT). Prolonging the reduction period (120 min)
for Pt/x-Ce,Zr,0g at 200 °C gave an OSC value of 740 pmol-O per
¢ (Fig. S6, ESIT), which is still smaller than that of Pt/Ce, 5Zry 4-
Tiy,0,. This suggests that another factor other than SSA would
determine the high OSC of Pt/Ceq sZrg 4Tip10,. As shown in
Fig. 5b and c, the BVS value of the O4 site in Ceq 5Zr( 4Tip 102
(—1.37) was larger than that in k-Ce,Zr,Og (—1.68), while the O3
sites in both had similar BVS values (—1.61 for Ce, 5Zr( 4Tiy 10,

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) TGA curves of Pt/CeqsZro4Tip10, (black dashed line) and
Pt/x-Ce,Zr,Og (red solid line) during the atmosphere switching between
5% O2/N, and 5% Hy/N, every 5 min at 200 °C. BVS values of the O3 and
04 sites in (b) Ceq5Zrg4Tin105 and (c) k-Ce,Zr,Og.

and —1.59 for k-Ce,Zr,04). The larger BVS value of the 04 site
in Cey 5Zr, 4Tip 10, indicates that the oxygen atoms at this site
were more weakly bound to the surrounding cations. The
presence of such weakly bound oxygen atoms in CegsZrg 4
Tip.10, would decrease the oxygen vacancy formation energy,
leading to a high OSC even at a lower temperature (200 °C).

In conclusion, Ceq 5Zry5_,TiyO, (0 < x < 0.2) were success-
fully synthesized via the solution combustion method. The
substitution of Ti in Ce, 5Zr, 50, induced pyrochlore-type cation
ordering due to the increased cation size mismatch between the
Ce and Zr sites, which caused a significant enhancement of the
OSC. The most remarkable observation for the cation-ordered
Ceo.5Z10 4Tip 10, was its high OSC (1310 umol-O per g) even at a
lower temperature (200 °C), which was twice that of conventional
K-Ce,Zr,0g (650 pmol-O per g). The high OSC at low temperature
was explained by the formation of weakly bound oxygen atoms.
This study demonstrated that an appropriate compositional
control of CeqsZr, 50, allows for the induction of pyrochlore-
type cation ordering without a high-temperature reduction.
Future investigations of the various applications and catalytic
activity of these cation-ordered materials synthesized via the
solution combustion strategy would be of high interest.
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