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Abstract

The relationship between the crystalline structure and reduction behavior of Ceg¢Zrg 40> (C60Z) synthesized using the chemical
co-precipitation method is investigated. C60Z decomposes into Ce-rich and Zr-rich phases after calcination at above 1100 °C for 2 h.
The phase separation deteriorates the reducibility and oxygen storage capacity, indicating that reduction behavior is degraded by
chemical inhomogeneity due to phase separation. The two separated phases transform into pyrochlore after heat treatment at 1490 °C
under a 5% CO/N, atmosphere and then transform back into the separated phases after subsequent heat treatment in air. These results
suggest that the structural change under reduction/re-oxidation treatment may result from cation diffusion.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

CeO, is widely used as a promoter for automotive
exhaust catalysts due to its unique oxygen storage/release
property (i.e., oxygen storage capacity, OSC) under an
oxidizing/reducing atmosphere [1-3]. However, the ther-
mal stability and OSC of pure ceria are degraded after high
temperature treatment [3—5]. With increased demand for
cleaner exhaust gases, catalysts are required to improve the
oxygen release properties, especially for cold-start emission
applications [1,6,7]. The reducibility of ceria is greatly
enhanced when it is mixed with zirconia to form a solid
solution of Ce,Zr;_,0, (CZ, 1 >x>0) [8,9]. There are
many explanations for the improved reduction behavior of
CZ, including facilitating oxygen defects [3,8], higher
oxygen mobility (i.e., lower oxygen migration energy)
[1,5,9], and longer cation—oxygen bond length (i.e., lower
cation—oxygen binding energy) [10,11]. For the CZ system,
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the optimal OSC has been obtained for Ce,Zr,_,O, with
0.6 <x<0.8 [9,12,13]. However, the origin of the
improved redox property due to ZrO, doping has not yet
been fully resolved [4].

The typical reduction behavior of CZ systems can be
divided into those in the low- and high-temperature
regions. Some reports [2,14] have suggested that low-
temperature reduction belongs to the surface reduction of
the CZ system, which follows the reduction behavior of
pure ceria [15,16]. However, other researchers have sug-
gested that other easier reduction species might exist
besides surface reduction at low temperature [3,9,16]. The
reduction profiles were quite similar for samples with low
and high surface areas in the CZ system [6,17,18], indicat-
ing that the reduction behavior might not be directly
related to the specific surface area.

Another important aspect is the order—disorder phase
transformation of CZ during reduction/oxidation treat-
ment. After heat treatment at high temperature, the CZ
structure transforms from a solid solution (disorder) into a
pyrochlore (order) structure under a reducing atmosphere.
The pyrochlore structure then returns back into a CZ solid
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solution under an oxidation atmosphere [7,19-23]. The CZ
phase transformation seems reversible during redox treat-
ments. Many researchers have described the order—
disorder phase transition phenomenon for CZ, but its
transition mechanism is still unclear.

The present study investigates the relationship between
the crystalline structure and the reduction behavior of
Cep.6Zr940, powders and the phase transformation of
Ceg.6Zr( 40, after high temperature reduction/re-oxidation
treatment.

2. Experimental procedure

Ceg 6219 40, (C60Z, molar ratio of Ce: Zr =6:4) powder
was synthesized using a chemical co-precipitation method.
Briefly, stoichiometric amounts of ammonium cerium (IV)
nitrate ((NH4),Ce(INO3)s, J.T. Baker, >99%) and zirco-
nium (IV) dinitrate oxide (ZrO(NO;),-6H-,O, Sigma-
Aldrich, >99%) were dissolved in distilled water. The
solutions were mixed and then slowly dripped into an
aqueous NH4OH solution. The pH value of the
co-precipitating solution was maintained at 9 by adding
a 10% NH4OH solution. The obtained precipitate was
filtered, washed using distilled water twice, and then with
isopropanol twice to remove anion impurities. The mixture
was then dried at 80 °C for 48 h. The obtained cakes were
ground into powders and then calcined at various tem-
peratures (700, 900, 1000, 1100, and 1200 °C) for 2h
(heating rate: 5 °C/min) in air.

Powder X-ray diffraction (XRD) data were collected
using Siemens D5000 (CuK,; radiation, 40kV, and
40 mA). The BET specific surface area was determined
using a standard nitrogen adsorption—desorption techni-
que (Micromeritics ASAP2020). The reducibility was
characterized using thermogravimetric analysis (TGA;
Netzsch STA409 PC) in a flow of 50 ml/min 5% CO/N,
with heating to 1490 °C (rate: 10 °C/min) after the system
was evacuated two times. The reduction/re-oxidation
procedure was also characterized using TGA. After the
system was evacuated two times, the reduction was carried
out in a 20 ml/min 5% CO/N, flow from room tempera-
ture to 800 °C (rate: 5 °C/min), and held at this tempera-
ture for 1h. Following the re-oxidation procedure in a
flow of 20 ml/min 21% O,/N, from 800 to 150 °C (rate:
5°C/min), the reduction/re-oxidation sequence was per-
formed for two cycles. The OSC value was measured using
the weight gain under the oxidation step (800-150 °C,
under 21% O,/N, atmosphere) during the first cycle.

3. Results and discussion

Fig. 1 shows XRD patterns of the C60Z samples
calcined at 700-1200 °C for 2 h. A single cubic phase of
Ceg 621 405 solid solution was observed when the calcina-
tion temperature was below 1000 °C. Compared to the
XRD peaks of the samples calcined at 700-900 °C, those
of the sample calcined at 1000 °C for 2h were shifted
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Fig. 1. XRD patterns of C60Z samples calcined at 700-1200 °C for 2 h
(scan settings: 0.02°/ 1 s).
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Fig. 2. TGA weight loss curves (under 5% CO/N, conditions) of C60Z
samples calcined at various temperatures (dashed lines roughly divide the
TGA weight loss curves into 4 segments).

toward lower angles. When the calcination temperature
was above 1100 °C, a tiny peak adjacent to C60Z(111)
(20=~29°), belonging to the Zr-rich phase, was observed,
indicating that the phase separated into Ce-rich (cubic)
and Zr-rich (tetragonal) phases [19,24-26].

Fig. 2 shows the TGA weight loss curves (under 5% CO/
N> conditions) of C60Z samples calcined at 700-1200 °C
for 2 h. The TGA weight loss can be divided into four
segments. Segment 1 is attributed to the moisture or
absorbed gas on the powder surface, which is related to
the specific surface area of the samples. The TGA weight
loss of segment 1 for the sample calcined at 700 °C for 2 h
(3.09%) was about twice that for the sample calcined at
900 °C for 2 h (1.33%, Table 1), which is consistent with
the variation of the BET value (Table 2). In addition, the
TGA weight loss of the segment 1 was insignificant for the
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Table 1
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Reduction behavior of C60Z samples calcined at various temperatures.

Calcination

Reduction behavior calculated from TGA/DTGA

temperature (°C)

Segment Range (°C) Peak Reduction TGA weight loss TGA weight loss
position (°C)* fraction (%)® in segments 2—4 (%) in segment 1 (%)
700 1 34-312 98 n/a 3.09
2 312-592 461 40.52
3 592-902 n/a 26.32
4 902-1490 1101 33.16
3.13
900 1 34-317 94 n/a 1.33
2 317-606 477 36.76
3 606-968 n/a 20.73
4 968-1490 1117 42.51
2.84
1100 1 34-368 n/a n/a 0.19
2 368-664 567 26.62
3 664-993  n/a 17.05
4 993-1490 1182 56.33
2.70
1200 1 34-427 nja n/a 0.09
2 427-806 646 32.87
3 806-1060 n/a 15.92
4 1060-1490 1247 51.21
2.58

4The peak position is defined from the DTGA profiles.

The fraction of TGA weight loss at each segment for segments 2—4.

Table 2
BET specific surface area and OSC measurement of C60Z samples
calcined at various temperatures.

Calcination temperature (°C) 700 900 1100 1200
BET (m?/g) 91.1 41.5 3.9 1.1
OSC (umol/g)* 658 490 319 264

“The OSC was calculated by converting the sample to Ce( ¢Zry 40, per
gram.

samples with low surface areas (samples calcined at 1100
and 1200 °C for 2 h). The TGA weight loss from segments
2-4 for C60Z samples is attributed to the reduction
reaction.

The TGA weight loss stages become more obvious after
differentiation (differential thermogravimetric analysis,
DTGA). The DTGA profiles are similar to temperature
programmed reduction (TPR) curves in H, flow [L,9].
Fig. 3 shows the DTGA curves (under 5% CO/N,
conditions) for C60Z samples calcined at various tempera-
tures. For temperatures above 300 °C (excluding segment
1), the DTGA curves show two major reduction peaks for
all C60Z samples. One appears in the low-temperature
region (LT peak, segment 2) and the other is located in the
high-temperature region (HT peak, segment 4). The
DTGA curve in segment 3 is not obvious due to the
TGA weight loss in segment 3 being too smooth to form a
complete DTGA peak. For C60Z samples calcined at 700
and 900 °C (phases not separated yet) the LT and HT
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Fig. 3. DTGA curves (under 5% CO/N, conditions) of C60Z samples
calcined at various temperatures. The inset shows the y-axis magnification
of DTGA curve for the sample calcined at 700 °C for 2 h.

peaks are located at about 470 and 1110 °C, respectively.
For C60Z samples calcined at 1100 and 1200 °C, the LT
and HT peaks are located at 560-650 and 1180-1250 °C,
respectively. The LT and HT peaks for the samples
calcined at 1100 and 1200 °C are shifted about 100 °C
higher compared to that for the samples calcined at 700
and 900 °C. These results indicate that the reduction
temperature increased, and the reduction fraction
decreased at the LT peak and increased at the HT peak
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with increasing calcination temperature (Table 1). The
above reduction behavior is in good agreement with
observations reported by Trovarelli et al. [9] and Wang
et al. [4].

The theoretical TGA weight loss for all Ce™ ions
reduced to Ce™? ions in C60Z is 3.14%. The TGA weight
loss for the samples calcined at 700 °C for 2 h was 3.13%
(excluding segment 1, Table 1), which is very close to the
theoretical value (it was assumed that the TGA weight loss
of segments 2—4 is due to the loss of oxygen associated with
the reduction of Ce** to Ce™*?) [4], indicating that almost
all Ce™ ions reduced to Ce™? ions in C60Z. The TGA
weight loss in segments 2-4 decreased with increasing
calcination temperature, indicating that the reducibility
of C60Z became worse with increasing calcination
temperature.

The maximum OSC (658 umol/g, Table 2) was obtained
for the sample calcined at 700 °C for 2h. The OSC
degraded with increasing calcination temperature, which
is consistent with the results of the reduction behavior
(Fig. 3). Fig. 4 shows the TGA curves for C60Z samples
after two redox cycles. The redox behaviors of the C60Z
samples are almost the same for the first and the second
redox cycles except for the sample calcined at 1200 °C for
2 h. The redox behavior in the second redox cycle for that
sample severely degraded compared to that in the first
redox cycle.

The BET specific surface area of the sample calcined at
900 °C (41.5 m?/g) dropped about 50% compared to that
of the sample calcined at 700 °C (91.1 m?/g). However, the
reduction temperature was almost the same and the
reduction fraction of the LT peak was slightly decreased
for the sample calcined at 900 °C (Table 1). Moreover, the
OSC values also exhibited poor correlation to the BET
values with increasing calcination temperature (Table 2).
The above results indicate that another easier reduction
species might occur concurrently besides the surface
reduction at low temperature [14]. The phase separation
of C60Z appeared after calcination at above 1100 °C for

900 — : I T T T
= s%com, ~Tz21%0 N~ 5%COIN | 21%0,N,| |- 101
BOU _ : s . Fi 2 k L2 e, z 2
700 - : 100|100
& 600+ e o
Py 7900°C 99
5 500- . | @
5 o
T -
T 400 % o
= =
300 X
QO o —
2 97
200 .
- 96
1004 - —
O I T T T T T T 95
0 100 200 300 400 500 600 700

Time (min)

Fig. 4. TGA curves of C60Z samples calcined at various temperatures
under reduction/re-oxidation conditions for two cycles.

2 h in air. The reduction temperature, fraction, and OSC of
C60Z all significantly degraded after the appearance of
phase separation. These results suggest that apart from the
decreased surface area, the deterioration of reduction
behavior and OSC might be attributed to the appearance
of phase separation. The inhomogeneity caused by the
phase separation might inhibit oxygen release in the CZ
system [27].

Fig. 5((a)—(c)) shows the XRD patterns of C60Z samples
calcined at 1100 °C for 2 h in air, heated to 1490 °C under
a 5% CO/N, atmosphere, and then heated at 1200 °C for
2 h in air, respectively. Surprisingly, the separated phases
obtained after calcination at 1100 °C for 2h in air
transformed into a pyrochlore structure (cation ordering)
after heat treatment at 1490 °C under a 5% CO/N,
atmosphere (Fig. 5(b)). Then, the pyrochlore transformed
into three phases, namely C60Z (major phase) and Ce-rich
and Zr-rich phases, after heat treatment at 1200 °C for 2 h
in air (Fig. 5(c)), indicating phase separation appeared
again. The transformation of pyrochlore into two phases
was also observed by Otobe et al. [28] in the Ce( sZr( 505
system. The color of C60Z samples was yellow after
calcination in air and changed to gray black after heat
treatment under a 5% CO/N, atmosphere, and then back
to yellow again after heat treatment in air. Fig. 6((a)—(c))
shows the XRD patterns of C60Z calcined at 700 °C for
2 h in air, heated to 1490 °C under a 5% CO/N, atmo-
sphere, and then heated at 1000 °C for 2h in air,
respectively. The single cubic phase for the sample calcined
at 700 °C for 2 h transformed into a pyrochlore structure
after heat treatment at 1490 °C under a 5% CO/N,
atmosphere. It transformed back into a single cubic phase
after further heat treatment at 1000 °C for 2 h in air. It
should be noted that the two separated phases (Ce-rich and
Zr-rich phases) transform into a pyrochlore structure after
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Fig. 5. XRD patterns of C60Z samples (a) calcined at 1100 °C for 2 h in
air, (b) heated to 1490 °C under a 5% CO/N, atmosphere, and then (c)
heated at 1200 °C for 2 h in air. The inset shows the local magnification of
(c) (scan settings: 0.02°/8 s).
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Fig. 6. XRD patterns of C60Z samples (a) calcined at 700 °C for 2 h in
air, (b) heated to 1490 °C under a 5% CO/N, atmosphere, and (c) heated
at 1000 °C for 2 h in air again (scan settings: 0.02°/8 s).
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Fig. 7. Schematic diagram for phase transformation of C60Z under
reduction/re-oxidation treatment.

heat treatment at high temperature under a reducing
atmosphere, and then this structure transforms back into
the phase separation state after further heat treatment in
air, suggesting that the phase transformation (disorder—
order transition) under reduction/re-oxidation treatment
might be attributed to cation diffusion. Fig. 7 shows a
phase transformation schematic diagram of C60Z under
reduction/re-oxidation treatment.

4. Conclusion

The relationship between the crystalline structure and
reduction behavior of C60Z synthesized using the chemical
co-precipitation method was investigated. C60Z decom-
poses from a single cubic phase into Ce-rich (cubic) and
Zr-rich (tetragonal) phases after calcination at above
1100 °C. The weight loss from the reduction reaction
under a 5% CO/N, atmosphere for the sample calcined
at 700 °C for 2 h was 3.13% (TGA weight loss of segments
2-4), which is very close to the theoretical calculation for
all Ce*™ ions reduced to Ce® " ions (3.14%). The reduction
peak and the reduction fraction were shifted to higher

temperatures after the appearance of phase separation for
C60Z samples. The optimal OSC (658 umol/g) was
obtained for the sample calcined at 700° C for 2 h. The
OSC then decreased with increasing calcination tempera-
ture. The reducibility and OSC property decreased after
the appearance of phase separation. The inhomogeneity
originating from the phase separation may inhibit the
oxygen release in the CZ system.

The two separated phases (Ce-rich and Zr-rich phases)
obtained after calcination at 1100 °C for 2 h transformed
into a pyrochlore structure after heat treatment under a
reducing atmosphere (5% CO/N,), and then this structure
transformed into separated phases after further treatment
in air, suggesting that the phase transformation (disorder—
order transition) under reduction/re-oxidation treatment
might be attributed to cation diffusion.
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