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Preparation of Mesoporous CeO, with High Thermal Stability
by Ammonium Carbonate Hydrolysis Method
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Abstract: Two series of CeO, materials were prepared by two different synthetic routes, i.e. the conventional
ammonia precipitation route (CR) and the ammonium carbonate hydrolysis route (HA) using (NH,),COs in the
presence of hydrogen peroxide. The formation process and decomposition behavior of the precipitates were
investigated by FTIR, Raman, thermogravimetric and differential thermal analysis (TG/DTA) and X-ray
photoelectron spectroscopy (XPS). The results show that the as-prepared precipitate obtained by HA consists of 0,
CO+> and OH™ species. However, after hydrothermal digestion at 80 °C, the CO;™ species is gradually hydrolyzed into
OH~ species. Although the chemical components of the digested precipitates prepared by these two routes are almost
the same, the agglomeration of CeO, particles is markedly modified. The CeO, powder produced by HA exhibits
higher thermal stability and better reduction property compared to that obtained by CR. After the heat treatment at
900 °C for 3 h, the CeO, powder from HA route still remains a surface area of 27 m?-g™.

Key words: hydrolysis method; conventional precipitation; high thermal stability; redox properties

CeO0; has attracted much attention in recent years and fuel cell technology. Moreover, CeO, has also
for its applications in many commercial processes, been widely utilized as oxygen storage material in
such as catalytic wet oxidation!", soot combustion'?, three way catalysts (TWCs) for the purification of
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exhaust gases from automobile engines'. CeO, can act
as an oxygen buffer by releasing and storing oxygen
under rich and lean conditions, respectively, involving
the Ce*/Ce** couple. This ensures that the air to fuel
ratio is kept around the stoichiometric point (14.6),
which is crucial to maintain the efficiency of TWCsPl.
In addition, multiple functions are also associated
with CeOs: stabilization of noble metal dispersion and
Al,O5 support, promotion of water-gas shift reaction,
and enhancement of CO oxidation**),

For application as an oxygen storage material in
TWCs, high surface area is preferred. However, pure
CeO, is

calcination at 850 °C, the surface area of CeO, sample

thermally unstable. For instance, after
is only 5 m*-g™ "% The loss of surface area will cause
the deterioration of oxygen storage and release
properties. Therefore, thermal stability is one of the
most important properties.

In attempt to get CeO,-based materials with high
thermal resistance, numerous approaches, including
precipitation method "%, hydrothermal route™", sol-

Snmg],

gel technique surfactant-assisted approach!?"

and combustion synthesis™*!, have been developed to

C602

convenient

produce material. Up to now, the most

method is precipitation, wherein the
precursors of cerium mainly include Ce(ll) and Ce(V),
while ammonia is conventionally used as the base. In
this method, the H,O,-assisted route developed by
Woodhead® has been investigated extensively. Under
basic condition, Ce(l) can be oxidized into Ce(lV), in
the form of Ce(OH), or CeO,(OH),, which will be
converted into CeO, by the following hydrolysis and

22 However, to the

thermal decomposition processes
best of our knowledge, there have been no open
reports on the investigation of this method employing
ammonium carbonate as the precipitant.

In this study, we have developed an ammonium
carbonate hydrolysis route based on the H,0,-assisted
method, aiming at producing CeO, material with
higher thermal stability. In particular, the formation
mechanism for the precipitate has also been
examined. The textural and structural properties of

Ce0, oxide are influenced by the precursors. In the

ammonium carbonate environment, the growth process
as well as the agglomeration of CeO, particles is
controlled, which enlarges the grain size of CeO, and
facilitates the improvement of thermal stability and

reduction propertym.

1 Experimental

1.1 Synthesis
1.1.1  Preparation of undigested precipitates

A solution was prepared by dissolving Ce(NO;); -
6H,0 in distilled water, then a freshly standardized
H,0, solution (30wt%) was added. The molar ratio of
Ce(NO3);:H,0, was 1:1.5. An ammonium carbonate
solution (25wt% ) was added into the salt solution,
under stirring, until pH=8.5. The obtained precipitate
was filtered, washed with distilled water until constant
pH value, and air-dried at room temperature to obtain
CeO-H. For comparison, an ammonia solution (25wt%)
was also used to prepare CeQ, precursor following the
same procedure, and the obtained sample was labeled
as CeO,-C.
1.1.2  Preparation of digested precipitates

An ammonium carbonate solution (25wt%) was
added into the mixed solution of Ce(NO3);+6H,0 and
H,0, (the molar ratio of Ce(NO;);:H,0, was 1:1.5),
under stirring until the pH value of 8.5. The reaction
vessel was placed in a water bath, and the solution
was heated at 80 “C for 12 h, under vigorous stirring.
The precipitate was filtered, washed with distilled
water, and dried at 70 °C for 5 h to obtain sample
Ce0,-H80. In addition, another sample (CeO,-C80)
was also made under the same condition except that
ammonia was employed as the precipitant.
1.1.3  Calcination of precipitates

The CeO,-H80 and Ce0,-C80 samples were
further calcined at different temperatures in the range
of 500 ~900 °C for 3 h. The obtained oxides were
labeled as CeO»-Ht and CeO,-Ct, respectively, where ¢
represents the calcination temperature.
1.2 Characterizations

The FTIR measurements were performed on a
Nicolet 6700 FT spectrometer, working in the range of
400~4 000 cm™ at a resolution of 4 em™ using KBr
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pellet.

The precipitate was analyzed by Raman
spectroscopy using a LabRAM HR800 with confocal
microscope system. The specimen was illuminated
through a 50xobjective with 633 nm excitation from a
diode laser source at a laser power of 150 mW and
with a spot size of 3 pm. Raman spectra were
collected in the range of 200~2 000 cm™.

X-ray photoelectron spectra were obtained on a
XSAM 800 spectrometer (KRATOS Corp.), employing
Mg Ka radiation (hv=1 253.6 e¢V) and working at 13
kV and 20 mA. The Cls peak (284.6 eV) was used to
calibrate the binding energy.

The weight loss and thermal behavior of the
sample were examined by a HCT-2 analyzer (Beijing
Science Apparatus Factory, Beijing, China) in flowing
nitrogen atmosphere. The sample was heated to 600
°C at a heating rate of 10 “C-min™".

The textural properties were determined by N,
adsorption-desorption method on a Quantachrome SI
instrument. The specific surface area and pore size
distribution of the sample were obtained according to

(BET) method and Barret-
Joyner-Halenda (BJH) equation, respectively. Prior to

Brunauer-Emmett-Teller

each measurement, the sample was degassed at 300
°C for 3 h under vacuum.

X-ray diffraction patterns were recorded using a
D/max-rA diffractometer (RIGAKU Corp.) with Cu K«
radiation (40 kV, 25 mA, 1=0.154 18 nm). The crystal
size was calculated by Scherrer’s equation using the
data of (111) peak.

Temperature-programmed reduction (TPR) was
determined in a conventional reactor equipped with a
thermal conductivity detector. Prior to the analysis,
the sample (100 mg) was cleaned by flowing N, at 450
C for 45 min. The measurement was performed from
room temperature to 900 °C in a flow of 5% Hy/N,(V/

V) (20 mL-min™) at a heating rate of 10 C+min™".
2 Results and discussion

2.1 Formation processes of the precipitates
Composition of the precipitate depends on the

kind of cations and anions in the solution. In the

present work, Ce** is employed as cerium precursor,
while OH™ or CO5* is used as the precipitant, in the
presence of hydrogen peroxide™!,

When ammonia is utilized as the precipitant, the
following  equations are expected during the
precipitation and digestion processes'™

Ce*+(3/2)H,0,4#30H" — Ce(0,)(OH),+2H,0 (1)

Ce(0,)(OH), — CeO,+(1/2)0+H,0 (2)

The proposed mechanism of ammonium carbonate

hydrolysis route is as follows™?
CO*+H,0 — HCO;+0OH" 3)
Ce3++(3/2)H202+OH_ - Ce(02)2++2H2O (4)

Ce(0,)*+0H7CO5> — Ce(0)(OH)(CO3) 1y (5)

During the heating process of the solution at 80
°C, Ce0, is gradually formed via:

Ce(0,)(OH)(CO3),_n+H,0 — Ce(0,)(OH)+CO, (6)

Ce(0,)(OH), — Ce0x+(1/2)0+H,0 (7)

The dehydration behavior may take place during
the whole operation process because the 0,> and OH-
groups are not stable™*,

Fig.1 shows the FTIR spectra of the precipitates
before and after heat treatment at 80 “C. The intense
and broad bands in the 3 000~3 750 c¢cm™ region are
normally ascribed to the stretching of surface hydroxyl
groups or molecularly chemisorbed H,0™3-. Obvio-
usly, three distinguished signals are observed, indica-
of mono-coordinated, bi-

ting the coexistence

coordinated and tri-coordinated hydroxyl groups®?"#2,
The relative intensity of this region for CeO,-H becomes
stronger after digestion, whereas CeO,-C shows a
different trend. This reveals that the carbonate species
during the

is  hydrolyzed into hydroxyl

digestion process. The minor band at 2 300~2 400 cm™

groups

corresponds to the coordinated CO, adsorbed at the
surface, while the feature at ~1 620 cm™ is assigned
to the adsorption of H,0™, Several adsorption bands
around 1 620, 1 380, 1 136, 1 030 and 913 cm™ are
associated with the carbonate species™* . Among
these bands, the one around 1380 ¢m™ is probably
assigned to the carbonate species from the ammonium
carbonate precipitator because it can only be observed
in CeO,-H, whilst the others are likely caused by

atmospheric dioxide™,
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Fig.1 FTIR spectra of precipitates

Raman spectra of the precipitates are presented
in Fig.2. It has been reported that bulk CeO, shows a
strong peak centered at 456 cm 7' or 471 cm !
corresponding to the symmetric breathing mode of the
0% anions ¥, However, both of the peaks can be
found in this work. The broad peak around 608 ¢m™
is ascribed to the defect site of CeO, crystallite, which
seems to be caused by the influence of H0, ™. The
formation of CeO, suggests that the following overall

process has occurred®"

Ce*+(3/2)H,0.4+30H" — CeO+(1/2)043H,0 (8)

4
idrs

74 1 650 Ce0,-H80
» } Ce0,-C80
b }L CeO,-H
- Ce0,-C
200 I 4(I]0 = 6(l)0 ' 8(I]O ' IOIOO ' 12l00 ' 1400

Raman shift / cm™

Fig.2 Raman spectra of precipitates

Three bands, locating at about 742, 1 050 and
1 350 em™, respectively, are likely related to the CO3*"
species™. Notably, these spectral features for CeO,-H
are the strongest among the samples because of the
usage of ammonium carbonate. The reduction of the
bands for CeO,-H80 compared to CeO,-H implies that
the CO5* species is hydrolyzed during digestion process,
in accordance with TG-DTA and IR results. An

additional weak band at about 840 c¢m ' can be

observed in the spectra for CeO,-C and CeO,-H,
which is indicative of the O-O stretching vibration of

B8 indicating the formation

n*-peroxide (0,>7) species
of Ce0,* precursors. However, the band vanishes after
digestion. This implies that the 0,> species is more or
less eliminated during the thermal treatment, because
the O, -containing species is not stable™?, The Raman
results confirm the occurrence of Eqs.(3)~(7).

The oxidation states of cerium for the precipitates
prepared by different routes are shown in Fig.3. The
spectra are very similar, showing six peaks at around
883.0, 888.9, 898.5, 901.1, 907.4, and 916.8 eV,
respectively. All the spectra are attributed to the
diversified states of Ce* and no signals related to Ce™
are found ™ from which we can conclude that Ce(ll)
is fully oxidized into Ce V) by H,0, under basic

condition.

Ce3d

Ce0,-H80

Ce0,-C80
w

T T T T T T T T T T T
920 910 900 890 880 870
Binding energy / eV

Fig.3 Ce3d XPS spectra for precipitates

The Ols spectra are shown in Fig.4. The peak at
about 529.7 eV is characteristic of the O*" anions in
bulk CeO,*), while the peaks at 531.5 and 532.7 eV
correspond to OH™ and CO5* species, respectively™!l,
It is obvious that the contents of OH -~ and CO;*-
species for the digested precipitates are lower than
those of the undigested ones, due to the fact that the
hydrolysis of CO;*" species as well as the dehydration
of OH - species takes place during digestion. The
relative contents of Ce, O and C are calculated. The
relative contents of atoms in CeO,-C are different from
CeO,-H. The content of C of CeO,-H is much higher
than that of CeO,-C due to the participation of CO5*

species during the precipitation procedure. However,
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Fig.4 Ols XPS spectra for precipitates

the amount of the elements for CeO,-C80 and CeO,-
H80 is almost the same, providing another evidence
(6) for CeOx-H. It is

important to remark that the C element is difficult to

for the occurrence of equation

evaluate due to the interference of adventitious carbon
and physically absorbed CO,™.

TG/DTA of the
precipitates. Both of the precipitates prepared by

Fig.5 displays the

curves

ammonia show a steady decomposition process,
regardless of digestion. For CeO,-C, the total weight
loss is about 20.3%, which is much higher than that
of Ce0,-C80 (13.4%), indicating that the dehydration
process, i.e., equation (2), has occurred during the
heat treatment at 80 “CP%. The DTA curve shows one
endothermic peak below 100 “C, which is probably
ascribed to the elimination of surface physical-

adsorbed water™".

Since the decomposition process of
Ce(0,)(OH), is a slow and successive process, no
obvious exothermal phenomena can be observed. The

weight loss procedure of CeO,-H shows complex

Ce0,.C 10 O CeO,-H 10
-5 1 1
-10 DTA

-10 DTA 2 2

. 15 3 -20 3

3 20 G 4 30 TG 4
8 5 5%
) 5

20 Ce0,-C80 {0 0 Ce0,-H80 10

-1 -1

4 DTA 4

2 DTA ]2

-8 B 3

12 TG 4 -12 TG -4

-5 5

respectively. The first region appears as a result of the
elimination of physically adsorbed water and the
decomposition of 0, and hydroxyl groups™**. The
second stage is related to the crystallization of
hydroxide particles™, while the last one originates from
the carbonate species™. It seems that the presence of
carbonate can affect the decomposition events of
hydroxyl species, therefore, several exothermal peaks
appear on the DTA curves. After digestion, the overall
decomposition behavior of CeO,-H80 is similar to that
of Ce0,-C80, with a total weight loss of about 13%
and an endothermic peak at around 60 “C . This
implies that the carbonate species has been
hydrolyzed into hydroxyl species during the digestion.
2.2 Textural properties of CeO, samples

The surface area of the CeO,samples calcined at
different temperatures is illustrated in Fig.6. As

higher

[19]

expected, the surface area decreases at
temperatures, regardless of synthetic approaches
However, the values are still appreciable. The surface
area of CeOy-Ht is superior to that of CeO»-Ct. After
calcination at 900 °C, the surface area of the CeO,-Hi
sample can be 27 m?*-g™, which is rather uncommon
for pure CeO, material under such a harsh thermal
treatment. This implies that the usage of ammonium
carbonate hydrolysis approach allows the formation of
CeO, with improved thermal stability.

Fig.7(a) and (b) display the nitrogen adsorption/
desorption isotherms and the corresponding pore size

distribution curves of the CeO,-C500 and CeO,-H500
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Fig.5 TG/DTA curves of precipitates
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samples. According to the IUPAC definition, all the
samples feature the isotherm of type IV, typical of a
mesoporous material™. The shape of hysteresis loops
indicates the presence of “ink-bottle” and cylindrical
pores, which are favorable for gas and thermal

diffusion.

Actually, the sintering behavior of CeO,-
based materials is strongly affected by the pore
structure. The pore size of Ce0,-H500 is larger than
that of CeO,-C500, which should be responsible for its

improved thermal stability®**.,

2004 © 0.012
& Y 2o
= E
%) = 0.008 ®
T, 1604 E 0.006:
3 S 0.004
g £ 0.002
5 1209 % 0000
=] 2 4 6 8 10
g Pore size / nm
2 80+
£
2 40-
0.0 0.2 0.4 0.6 0.8 1.0

Relatvie pressure (p/p,)
(O) Ce0-C500; (@) CeO-HS500

Fig.7 (a) N, adsorption-desorption isotherms of samples

prepared by different methods; (b) Corresponding

BJH pore size distribution curves

XRD patterns of the precipitates are shown in
Fig.8. All the patterns show the diffraction peaks of
CeO, with fluorite structure, regardless of preparation
routes. The as-prepared samples, i.e., CeO,-H and
Ce0,-C, are also characterized by CeO,, indicating
that the hydrolysis event of carbonate species as well
as the dehydration of hydroxyl groups has occurred
before the heat treatment. Crystallite size of the
(111) plane. The
grain sizes of Ce0,-C (1.9 nm) and Ce0,-C80 (2.0 nm)
are much smaller than those of CeO,-H (3.9 nm) and
Ce0,-H80 (4.0 nm). This suggests that the crystalline

precipitates is calculated using the

dimension depends on the synthetic routes. As for
precipitation process, with progressively increasing
concentration of the base solution, the mean magni-
tude of the individual crystal grain will decrease™. In
the ammonia environment, The OH~ species in high
concentration attacks Ce (IV) directly, resulting in a

rapid nucleation rate. Consequently, uniformly small

particles are obtained. However, in the case of
ammonium carbonate, polymer of carbonate-containing
precipitate, i.e., Ce(O,)(OH),(COs),_p, can serve as a
precursor of the CeO, oxide. The crystallization of CeO,
proceeds through gradual hydrolysis of CO;*", which
inhibits the rate of precipitation and enlarges the
crystallite size. However, after calcination at 500 °C,
the crystallite size of CeO,-C500 (7.5 nm) becomes
larger than that of CeO,-H500 (4.2 nm). According to
the literature!®, the primary particle of CeO,-H is larger
than that of CeO,-C, which facilitates the formation of
packing “ring” with larger pore space. Generally, the
movement of coarsened particles of CeO,Ht is
expected to be inhibited™. Moreover, the enlarged
pores in CeOy,-Ht sinter with more difficulty as longer
migration distance is needed for the matter to fill the
pores™. Thus, the CeO, material prepared by ammon-
ium carbonate-hydrolysis method is more thermally

stable.

(111)
0,-H500

M“’/C‘WM«.C.«MM
W

Ce0,-H80

Ce0,-C80

Ce0,-C

20 30 40 S0 6 70 80
20/(°)

Fig.8 XRD parttens collected from precipitates

2.3 Reduction behavior of CeQO, samples
of CeO,

especially when used as oxygen storage components

A crucial requirement material,
for the purification of exhaust gases, is the reduction
ability. Thus, the samples were calcined at 500 C
and 900 °C, and then were employed to characterize
the reduction behavior. From Fig9, the reduction
profiles of Ce0,-C500 and CeO-H500 consist of two
peaks, which are ascribed to the reduction of surface
and bulk oxygen species, respectively®. Although the

outsets of the reduction peaks of the samples are

almost the same, the integrated peak area of CeO,-
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Fig.9 TPR profiles of CeO, samples

H500 is apparently larger than that of Ce0,-C500.
This indicates that CeO,-H500 is more reducible and
active than Ce0,-C500“". The difference becomes
more apparent after calcination at 900 °C, especially

in the low-temperature region.
3 Conclusions

In this work, CeO, oxide was prepared by a

hydrothermal  hydrolysis route using ammonium
carbonate as the precipitant and hydrogen peroxide as
the oxidizer. The title method was compared with the
conventional method employing ammonia as the
reactant. The formation mechanism of the precipitate
was also studied. After digestion, the chemical
compositions of the precipitates prepared by the two
methods were almost the same. However, the
crystallite size of the precipitates differs from each
other greatly. The pore size of the as-prepared CeO,
by the hydrolysis procedure is much larger, which
facilitates the formation of CeO, oxide with improved
textural and reduction properties. In particular,
after calcination at 900 °C for 3 h, the CeO,

powder from HA route still remains a surface area of

27 m*-g.
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