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Abstract:
as precipitators. The as-prepared samples were thermally treated at different temperatures and characterized by

CenssZro2:sY 1O105 0xides were prepared by oxidation-coprecipitation method using ammonia and salvolatile

thermogravimetry-differential scanning calorimetry (TG-DSC), Fourier transform-infrared (FT-IR) spectrometry, X-ray
diffraction (XRD), and specific surface area measurements (BET). The results showed that the hydroxyl and carboxyl
groups coexisted in the precipitate and a perfect solid solution was gradually formed with an increase in calcination
temperature. The physisorbed water was lost from 100 to 170 C, hydroxyl groups were removed from 250 to 300 C,
and the carboxyl groups were eliminated from 420 to 500 C. A structure model was further proposed to understand the
Ces5Z102 Y 10105 structure evolution process in depth.
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CeO, has been widely used in purifying vehicle exhausts and
has become the most important rare-earth oxide for controlling
NO,. However, the sintering of CeO, support takes place after
calcination at 750 “CU. In recent years, a great interest has been
focused on Ce-Zr-O mixed oxides because of their commercial
application as automotive three-way catalysts (TWCs)2=. Tt is
reported™® that incorporation of trivalent dopants (such as Y**
and/or La*) into the lattice of the Ce-Zr-O system forms a three-
component oxygen storage material (OSM), which possesses a

higher catalytic performance. In particular, CeO,-ZrO,-Y,05 sol-
id solutions, with a cubic fluorite phase, can improve the thermal
stability, specific surface area, and reductive properties of the
TWCs. The phase homogeneity of this CeO,-ZrO,-Y,0; system
relies on its preparation process. The better homogeneity of
Ce0,-ZrO,-Y,0; leads to a higher texture. Therefore, the prepara-
tion of homogeneous CeO,Zr0,-Y,0; has been extensively in-
vestigated and many researchers have reported the effects of prepa-
ration methods on the textural, structural, and redox properties of
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Ce0,-Z1r0,-Y,0O; oxides, such as solid-state synthesis method
combustion synthesis method™, spray pyrolysis method, sol-
gell' and coprecipitation!'). In these preparation methods, co-
precipitation has received considerable attention on account of
its simple experimental approach and large-scale production!*™¥.
However, any operation step in the preparation procedure has
the possibility of phase segregation and inhomogeneous materi-
als.

To solve this issue, a single phase Ce-Zr-O solid solution, on-
ly under the condition of a narrow window of preparation, is ob-
tained by adding an ammonium bicarbonate (NH,HCOs) precipi-
tator into a mixed solution of Ce(NO;); and Zr(NO;),!". Homo-
geneous CeO,-ZrO, material was prepared by Hori e al.'. They
employed NH;* H,O as the precipitating agent and ZrO(NOs), and
(NH,),Ce(NOs)s as cerium and zirconium precursors, but ob-
tained homogeneous materials with lower surface area (<90 m*-
¢?,500 C, 1 h; <15 m?-g™, 1000 C, 4 h).

In our previous work!”), because the solubility product of
Zr (OH), (2x107) was less than that of Ce(OH); (1.5x107), al-
though close to Ce(OH), (4x10™"), hydrogen peroxide (H,0,) was
used as an oxidative agent to oxidize Ce* to Ce*. To combine
all ions in one compound at a molecular level, Zhao et al.'" used
NH;-H,0 and (NH,),CO; as bifunctional precipitating agents. The
hydroxides were colloidal precipitates, whereas, carbonates were
nongelatinous precipitates, but after aging they could obtain a
thermodynamic equilibrium and form crystal precipitates. After
thermal treatment, the obtained samples showed better thermal
stability and weaker agglomeration. This evolution process was
comprised of precipitation, dryness, and calcination steps, which
had a great effect on the structural and textural properties of ma-
terials. However, little attention was focused on the structure of
the precipitate evolution to oxides during the different thermal
treatment processes. In this study, the structure composition evo-
lution of CeO,-ZrO,-Y,0; prepared by oxidation-coprecipitation
was investigated.

1 Experimental
1.1 Preparation of sample

CessZ1025Y 010105 s0lid solution was prepared by coprecipita-
tion from the corresponding chemicals (AR): Ce(NOs);*6H,0,
ZrO(NOs),*xH,0, and Y(NO;);*5H,0 at a nominal composition.
The precursors were mixed in an aqueous solution, respectively,
and an appropriate amount of fresh H,O, (30%, w) was added to
this mixed salt solution. The mixed salt solution was added
dropwise to a new container with a mixed solution of ammonia
and ammonia-carbonate aqueous solution, to reach a pH value
of 10. The precipitate was then aged at the same pH value under
vigorous stirring, filtered, and washed with deionized water. Fi-
nally, the precipitate was dried at 100 “C and calcined at differ-
ent temperatures (100, 300, 500, and 600 C) for 5 h in air, in a
muffle furnace. These samples were written as OSM1, OSM2,
OSM3, and OSM4, respectively.
1.2 Characterization of sample

The BET surface area and pore size distribution of
Ce65Z1025Y 010105 were measured by nitrogen adsorption at liquid
N, temperature (=196 C) using a ZXF-6 instrument of surface
area (Xibei Chemical Institute, China). To desorb surface impu-
rities, the samples were degassed for 1 h at 300 C in vacuum
before commencement of the measurement.

TG and DSC analyses were carried out on a Shimadzu ther-
mal system (Japan) equipped with a working station, typically a
10-15 mg portion of testing materials. The sample was dried at
80 C for 10 h under ambient conditions prior to the TG mea-
surement. The sample was heated from room temperature to 600
T at a rate of 10 C+-min™" in air atmosphere.

The FT-IR spectra were taken from KBr-supported test mate-
rials (<1%, w) over the frequency range of 4000-400 cm™ and at 4
cm™ resolution, using a model 2000 Perkin-Elmer FT spectrom-
eter (U.K.). An online data station was used to obtain and handle
spectra.

The crystal structures of the samples were determined by X-
ray diffraction (XRD) on a DX-1000 diffractometer using Cu K,
radiation (A=0.15406 nm) and operating at 40 kV and 25 mA.
The XRD data were recorded for 26 values between 10° and 90°
with a step of 0.02°. The crystalline phases were compared with
the reference data from the International Center for Diffraction
Data (1999-JCPDS).

2 Results and discussion
2.1 Role of H,0,
The influence of H,O, on nanocrystalline CeO, has been in-

1823 Djuricic et al."™ have

vestigated by many research groups!
established that the role of H,O, is to make it much easier to
change the valence state of the cerium ion from Ce(III) to Ce(IV).
Scholes et al.l” have also reported that the O3~ is coordinated to
Ce(IV) in a side-on bonding geometry, which appears to hinder the
formation of a more extended crystalline CeO, network. Further
investigation®™ has also shown that the addition of H,0, during
the preparation process of ZrO,, ZrO,-TiO, mixed oxides, CeO,-
La,O; mixed oxides, and Y,O; affects the crystallization behav-
ior of the as-prepared materials. A reaction mechanism between
Zr* and H,0, has been proposed®”:

[Zr(OH)]*+H,0,—[Zr,(00),(OH),]*+4H,0 ()

[Zr,(O0),(OH),]*+OH —Zr(OH), (OOH), )

In the experiment conditions in this study, it was found that
when H,0, aqueous solution was added to the solution contain-
ing Y*" and Ce* ions, the color of the solution did not change,
indicating that Ce** was not oxidized to Ce*; when Zr* was in-
troduced to the solution containing Y** and Ce* ions, the white
solution turned to orange, indicating that the Ce*" ions changed
to Ce* ions. This indicated that Y*" ions could not substitute the
role of Zr* ions.

This Ce* orange color corresponds to the electronic transition
between the center Ce* ions and the chelating ligand, and not to
the electronic 4f—4f transitions. According to the above-men-
tioned characteristics, it is proposed that a complex forms be-



1344 Acta Phys. -Chim. Sin., 2008

tween H,0,, Ce* ion, and Zr* ion. It can be represented in the

following form:

N
~

(0]

Ce /O
™~

This formation may be attributed to a precipitate, which can

~,
N

form a solid solution after thermal treatment.
2.2 Evolution of structure

The BET surface area and total pore volume are listed in
Table 1. It can be seen that the surface area decreases, whereas,
the pore volume increases with increasing temperature, indicat-
ing that the thermal treatment temperature can significantly in-
fluence the surface area and pore volume of the sample. The de-
crease of surface area is the largest from 100 to 300 “C. The sur-
face area and total pore volume of the sample calcined at 500 C
are 120 m*+ g™ and 0.29 cm?- g™, When the calcination tempera-
ture is increased to 600 C, the surface area and total pore vol-
ume of the sample are 118 m*+g™ and 0.30 cm?-g™. This indi-
cates that the samples calcined at 500 and 600 C exhibit similar
textural properties, which may be due to the formation of a sta-
ble solid solution.

The TG-DSC patterns of the as-prepared CegsZry25Y 010,05 are
illustrated in Fig.1. According to the TG-DSC data, the sample
is characterized by a 17% total mass loss via a rapid mass-loss
step (7=20-170 C), followed by two slow mass-loss steps. The
former is an intensely exothermic (7=250-300 C) process and the
latter is a weak endothermic (7=420-500 C) process. When the
temperature is increased from 500 to 600 ‘C, no thermal events
take place, indicating that a stable solid solution is formed.

It is well-known that the precipitant mainly contains OH™ and
CO%, and they are incorporated into the network of the precipi-
tate. On the basis of the BET results, it is found that the maximal
loss of precipitate takes place at a temperature range of 100—-300
C. According to a previous investigation!”), the oxygen storage
material begins to possess the oxygen storage capacity at 300 C
(100 wmol *g™) and arrives at a maximum value at 600 C (510
pwmol g ™). From the TG data, it is confirmed that the as-pre-
pared sample gradually has the structure of an oxygen storage
material with the mass loss. This is in agreement with the oxy-
gen storage capacity (OSC) results.

Therefore, it is suggested that the thermal behavior of the
sample takes place as follows: first, the endothermic mass-loss
step is attributed to the removal of the nondissociative water ad-
sorbed on the surface by the hydrogen bond; second, the
exothermic mass-loss step is most probably because of the loss

Table 1 Influence of calcination temperature on textures of
the as-prepared materials

Sample T/°C Sger /(m?+ g™ Voo l(cm®+ g™)
OsM1 100 218 0.20
OSM2 300 146 0.24
OSM3 500 120 0.29
OSM4 600 118 0.30
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Fig.1 Thermoanalytical curves for CesZr)25Y 010195

of water in the micropores and hydroxyl groups; and finally, the
endothermic mass-loss process at high-temperature may be con-
sidered as a slow decomposition process of the carbonate. A sta-
ble solid solution is formed after three mass loss processes.
FT-IR spectra as a function of the calcination temperature of
Ce65Z1025Y 0,005 18 illustrated in Fig.2. The major features in the
IR spectra are in 1350—1700 and 3000-3800 cm™ regions. In ad-
dition, the band below 770 cm™ is probably because of the stretch-
ing vibration of M—O (M=Ce, Zr). This is observed in the case of
CeO0,". On the basis of the spectra data, residual water and hy-
droxyl groups are detected with a large band around 3400 cm™,
corresponding to the stretching vibration of the hydroxyl groups.
After calcination, the vibration intensity decreases, which is in a-
greement with the exothermic mass-loss step in the TG curve.

(d)
©

(b)

Transmittance

3500 2500 1500 500
o/cm™

Fig.2 FT-IR spectra of the as-prepared sample calcined at
different temperatures for 5 h
(a) 100 C, (b) 300 T, (c) 500 T, (d) 600 T
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Fig.3 Schematic representation of (a) bidentate
carbonate and (b) unidentate carbonate species

Another series of strong bands are located at about 1380, 1460,
and 1620 cm™
T, the intensities of these bands are stronger, but after thermal

!, and when the sample is thermally treated at 300

treatment at 500 C, these bands become weaker. This is indica-
tive that they are probably associated with the carbonate
species on the oxide surface*?! which may be derived from
the (NH,),CO; aqueous solution. It is worth noting that the inten-
sity difference between samples calcined at 500 C for 5 h and at
600 C for 5 h is very small. This indicates that the structure of
the as-prepared material changes a little. This is also in agree-
ment with the BET outcome. The broad envelope of bands
around 1350—1700 cm™ (Fig.2(a, b)) indicates the presence of
different carbonate species. According to the literature data "
carbonate mainly exists in bidentate (Fig.3(a)) and unidentate
carbonate species (Fig.3(b)). Furthermore, unidentate carbonates
are more stable than bidentate carbonates.

From the FT-IR experiment, it is confirmed that there are de-
compositions of carbonates, which could be attributed to the
slow endothermic peak around 420—500 C in the TG-DSC test.
This is in agreement with the thermal stability of carbonates. On
the other hand, it is possible that the bidentate carbonates are
first converted into unidentates, and then the unidentate species
are removed.

The X-ray diffraction patterns of the synthesized samples are
shown in Fig.4. It is found that the powders begin to crystallize
at a lower temperature of about 100 C. After thermal treatment
at 300 C, the sample has already displayed the characteristic re-
flections, which correspond to the fluorite structure of CeO,
(JCPDS: 34-0394). With increasing temperatures, the peak
shapes and intensities increase, indicating that the sample can

(d)
()
(b)
(2)

10 20 30 40 S0 6 70 80 90
20/(°)

Intensity (a.u.)

Fig.4 X-ray diffraction patterns of the as-prepared sample
calcined at different temperatures for 5 h
(a) 100 C, (b) 300 C, (c) 500 C, (d) 600 C

form a perfect crystalline. From the XRD data, no other crys-
talline phases are detected at any calcination temperature above
300 C, indicating that a high homogeneity of solid solution is
formed under these experimental conditions. In addition, the
diffraction peak intensity of samples calcined at 500 and 600 C
are very similar. This is associated with a similar texture of sam-
ple calcined at 500 and 600 ‘C. Combining with TG results, it is
found that the crystalline structure almost does not change when
the mass loss of samples occurs, showing that the crystalline
growth is only a process of mass transportation.
2.3 Evolution process

To understand the evolution process of a solid solution, a pos-
sible schematic route is illustrated in Fig.5. It is found that a sol-
id solution formation is not a simple process. In the precipitate
forming process the precipitate possesses a certain extent of
crystalline. This consists of OH-, CO3~, and a water molecule.
After drying at 100 C, it begins to lose the adhesive moisture.
This process mainly takes place at 100—-170 C. The dehydroxy-
lation step mainly occurs at 250-300 C, indicating that the crys-
tallization of the sample is enhanced. With increasing tempera-
ture, the precursor is further decomposed into oxides when the
calcination temperature is increased to 500 C, which is because
of oxycarbonate intermediate decomposition. On the other hand,
the precursor is decomposed into a solid solution by a transfor-
mation from bidentate carbonate to unidentate carbonate inter-
mediate.

From the results of TG-DSC, it is clearly found that there are

A / r
C
6 ‘nH,O + O \O -nHO
M

M
OH HO
100—170 °C l

O
\ / (IE

¢ N\
e} t 0
|||II||>M \
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Fig.5 Schematic representation of structure evolution of
the as-prepared oxide (M=Ce or Zr)
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three thermal events at 100-170 C, 250-300 C, and 420-500
C. From the FT-IR spectra, it is seen that the sample treated at
100 C exhibits the typical features of a hydroxyl and carbonate
species, indicating that hydroxyl and carbonate species coexist
in the initial precipitate. When the treatment temperature is in-
creased to 300 C, the band intensity of the hydroxyl groups de-
creases, whereas, the carboxyl band has no visible change, indi-
cating that the hydroxyl groups are lost from 100 to 300 T.
When the temperature reaches 500 C, the intensity of the car-
bonate species peaks significantly decreases, and there are no
significant differences between the samples treated at 500 and
600 C, suggesting that a solid solution is formed. All these char-
acters confirm that the schematic route is reasonable. Combining
with the results of BET, OSC, and XRD, it is found that the loss
of hydroxyl groups significantly influence the texture, OSC, and
crystallization of the samples, although the decarboxyl process
has less influence. All the results indicate that many complicated
steps occur in the transformation from a precipitate to a stable
oxide. Therefore, a homogeneous solid solution can be obtained
by gentle and art preparation process.

3 Conclusions

With increasing the temperature, the loss of water, dehydroxy-
lation, and removal of carbon dioxide took place in the heat
treatment of CegesZry25Y 010,05 precipitate. It is worth noting that
this structure evolution process is very complicated. From this
investigation, it can be seen that the formation of a stable oxide
undergoes precipitate forming — dehydration — dehydroxylation —
decarboxylation — oxide process. Moreover, H,O, plays some
important roles in the formation of precipitate homogeneity. For
example, H,O, has been utilized as an oxidizer to oxidize Ce**
ions to Ce* ions. However, detailed roles on H,O, will be further
investigated.
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