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Silica-supported CeO, and CeO,-ZrO, nanocomposite oxides were synthesized by a novel deposition-
precipitation method and subjected to thermal treatments at 773-1073 K to study their sintering
behavior and oxygen storage/release capacity (OSC). The prepared catalysts were characterized using
Keywords: thermogravimetry, BET surface area, X-ray diffraction, Raman spectroscopy, X-ray photoelectron
Ceria spectroscopy, high-resolution transmission electron microscopy and other techniques. BET measure-
Ce0,/Si0, ments indicate that CeO,-Zr0,/Si0, (CZS) samples possess more specific surface area and substantial
Ce0,-Zr0,/Si0, o resistance towards thermal sintering relative to Ce0,/SiO, (CS) samples. XRD profiles reveal only the
Structural charactenzgtlon broad diffraction lines due to CeO, in the case of CS while CZS discloses Ceq 75Zr¢ 2502, CeqeZrg 40, and
Oxygen storage capacity (0SC) Ceg.5Zro 50, phases depending on the treatment temperature. Raman measurements of both series of
samples indicate the presence of oxygen vacancies, lattice defects and displacement of oxygen ions from
their ideal lattice positions. XPS studies indicate the presence of cerium at the surface in both 4+ and 3+
oxidation states. The HREM results reveal well dispersed CeO, (~3-4 nm) and Ce-Zr oxide particles
(~5 nm) over the amorphous SiO, matrix in the case of CS and CZS samples, respectively. There was no
significant increase in the size of the dispersed nano-oxides even after calcination at 1073 K. Both the

samples exhibit reasonably high OSC values.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Ceria and its composite oxides, particularly ceria-zirconia in
different stoichiometries, regardless of unsupported or supported
forms, have received tremendous attention recently owing to their
crucial role in several catalytic applications including three-way
catalysis for automotive exhaust gas purification [1-5], cracking of
heavy oils [6], cracking and reforming of methane with CO, and/or
with steam [7,8], water-gas shift reaction [9-11] and so on. The
wide applicability of ceria is due to its unique acid-base and redox
properties. It is well-known that ceria can affect (i) the thermal and
structural stability of the catalyst carriers [12], (ii) the dispersion of
supported metals [13], (iii) the facile oxidation and reduction
of noble metals [14], (iv) oxygen storage and release characteristics
of the composites [15] and (v) the decrease of carbonaceous
formation on the catalyst surfaces [8]. The high oxygen storage/
release capacity (0SC) is a result of high reducibility of Ce**, which
is a consequence of high mobility of 02~ ions inside the ceria lattice
[6]. Relative to ceria alone, ceria-zirconia mixed oxides are known
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to bear a high thermal resistance and increased OSC. Incorporation
of zirconium into ceria leads to structural modification of the cubic
fluorite structure of ceria that result in the decrease of the cell
volume and activation energy for oxide ion diffusion [3].

Highly dispersed, monomolecular layers of active oxides
deposited on the surface of an inert support have been intensively
studied for many years, mainly due to their catalytic applications
[16]. Currently, ceria-based systems are usually supported on
transition aluminas, with the aim of achieving better dispersion of
the active phase and improvement of oxygen exchange rate. Silica
is another most widely available supports with excellent chemical
resistance, thermal stability and high specific surface area, which
can enhance dispersion and thereby the catalytic activity of the
dispersed active oxides. In the present investigation, silica-
supported ceria and ceria-zirconia nanocomposite oxides were
synthesized by a novel deposition-precipitation method employ-
ing colloidal silica and subjected to thermal treatments to
understand the dispersion and temperature stability of these
materials. These effects were systematically investigated using
thermogravimetry analysis (TGA), BET surface area, X-ray diffrac-
tion (XRD), Raman spectroscopy, high-resolution transmission
electron microscopy (HREM), X-ray photoelectron spectroscopy
(XPS) and other techniques. The oxygen storage/release capacity
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was determined by a thermogravimetry method to evaluate the
quality of these materials for catalytic applications.

2. Experimental
2.1. Catalyst preparation

The Ce0,/SiO; (CS) (1:1 mole ratio based on oxides) and CeO,-
Zr0,/Si0, (CZS) (1:1:2 mole ratio based on oxides) samples were
prepared by a deposition precipitation method from ultra high
dilute aqueous solutions of ammonium cerium(IV) nitrate (Loba
Chemie, GR grade), zirconium(IV) nitrate (Fluka, AR grade) and
colloidal silica (Ludox 40 wt.%, Aldrich, AR grade). In a typical
procedure, requisite quantities of nitrate salts were dissolved
separately in deionized water and mixed together. Required
quantity of colloidal silica was added to the aforementioned
individual or mixture solutions. Dilute aqueous ammonia was
added drop-wise with vigorous stirring until the precipitation was
complete (pH ~ 8.5). The resulting product was filtered off, washed
several times with deionized water, oven dried at 383 K for 12 h
and calcined at 773 K for 5 h in air atmosphere. Portions of the
calcined samples were once again heated at 1073 K for 5 h.

2.2. Catalyst characterization

The TG-DTA curves were obtained on a Mettler Toledo TG-
SDTA apparatus. The heating rate was 10 K/min. The BET surface
areas were determined by N, physisorption at liquid N,
temperature on a Micromeritics Gemini 2360 Instrument. XRD
patterns were recorded on a Siemens D-5005 diffractometer using
nickel-filtered Cu Ko (0.15418 nm) radiation source. Crystalline
phases were identified by comparison with the reference data
from ICDD files. The average crystallite sizes were estimated with
the help of Scherrer equation using the XRD data of all prominent
lines [17]. The cell a parameter values were calculated by a
standard cubic indexation method using the intensity of ceria
base peak (11 1) [18]. The Raman spectra were recorded on a
DILOR XY spectrometer equipped with a liquid N, cooled CCD
detector at ambient temperature and pressure. The emission line
at514.5 nm from an Ar* ion laser (Spectra Physics) was focused on
the sample under microscope and the wavenumbers obtained
from spectra are accurate to within 2 cm~'. The XPS measure-
ments were performed on a Shimadzu (ESCA 3400) spectrometer
by using Mg Ka (1253.6 eV) radiation as the excitation source at
ambient temperature and pressures typically in the order of less
than 107°Pa. Charging of catalyst samples was corrected by
setting the binding energy of the adventitious carbon (C 1s) at
284.6 eV [19,20]. The TEM-HREM images were recorded on Philips
CM200 and JEOL 2000EX electron microscopes with 0.23 and
0.21 nm point-to-point resolutions, respectively. For these
studies, a suspension of the sample in ethanol was placed in an
ultrasound bath and then a drop of it was supported on a holey
carbon grid.

Table 1
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The OSC of the sample was measured in terms oxygen release
characteristics in the temperature range 573-1073 K. The change
in weight of the sample was monitored by thermogravimetry
under cyclic heat treatments in flowing nitrogen and dry air. The
heat cycle consisted of heating the sample to 1073 K, cooling to
423 K, and again heating to 1073 K. All heating and cooling rates
were at 5 K/min. The weight loss of the sample during the second
stage of heat treatment was used to measure the oxygen release
property [21]. A commercial Netzsch (Luxx, STA, 409 PC, Germany)
TG-DTA analyzer was employed for this purpose.

3. Results and discussion

The CS and CZS composite oxides were subjected to TG-DTA
analysis before calcination, which revealed one major and two
minor weight loss peaks. The major low temperature peak in the
range 309-463 K arises primarily due to loss of non-dissociative
adsorbed water as well as water held on the surface by hydrogen
bonding. The minor weight loss peak in the 550-584 K range was
due to loss of water held in the micropores of the mixed oxide gel. A
further loss of water occurred around 633-723K due to
dehydroxylation of the surface. In the case of CS sample, the loss
of weight from ambient to 470 K was about 10% and from 470 to
723 Kit was 5%. However, the weight loss between 723 and 1073 K
was only about 1%. The weight loss, in the case of CZS sample, from
ambient to 520 K was about 12% and from 520 to 840 K it was 4.2%.
However, the weight loss between 840 and 1073 K was only about
0.3%. It indicates that over the temperature range between 840 and
1073 K, the CZS mixed oxide is quite stable in terms of chemical
and phase composition. The N, BET surface areas of various
samples are presented in Table 1. As can be noted, the surface area
of CZS is much higher compared to that of CS when calcined at
773 K. At higher calcination temperature both series of samples
lose the surface area due to sintering and better crystallization of
the mixed oxide phases.

The XRD patterns of CS and CZS samples calcined at 773 and
1073 K are shown in Fig. 1. The 773 K calcined samples exhibit
relatively poor crystallinity. Only the broad diffraction lines due to
CeO, (PDF-ICDD 34-0394, lattice parameter 5.41 A) are visible in
the case of CS sample. With increasing calcination temperature
from 773 to 1073 K, an increase in the intensity of the peaks due to
better crystallization of cerium oxide is noted. The CZS sample
calcined at 773 K revealed the presence of Ceq;5Zrp250, (PDF-
ICDD 28-0271, lattice parameter 5.35 A) phase. An increase in the
intensity of the lines accompanied by a slight shift in the peak
positions due to the formation of Ceq ¢Zro 40, (PDF-ICDD 38-1439,
lattice parameter 5.31 A) and CegsZros0, (PDF-ICDD 38-1436,
lattice parameter 5.30 A) phases along with Ceg 75219250, phase
are noted at 1073 K. The formation of new phases is mainly due to a
progressive increase of Zr** ion content in the ceria unit cell, which
is also clearly reflected by a decrease in the lattice parameter with
increasing calcination temperature (Table 1). As Zr*" bears ionic
radius (0.84 A) smaller than Ce** (0.97 A), lattice contraction

BET surface area, average crystallite size and lattice parameter measurements of Ce0,/SiO, and CeO,-Zr0,/SiO, samples calcined at different temperature

Sample Calcination temperature (K) BET SA (m?g~ ') Crystallite size® (nm) Lattice parameter (A) Weight loss® (%) 0OSC (pmol O,/g ceria)
Ce0,/Si0, 773 147 3.2 5.41 0.39 121.8

1073 54 6.0 5.40 0.35 109.3
Ce0,-Zr0,/Si0, 773 172 3.1 535 0.65 490.5 (286)°

1073 112 3.7 5.26 0.62 451.2 (263)°

4 Ce0, and Ceg 75Zrp 250, in Ce0,/Si0;, and Ce0,-Zr0,/Si0, samples, respectively.
b Weight loss in second heating cycle.
¢ wmoles of 0,/g of ceria-zirconia (in parenthesis).
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Fig. 1. XRD patterns of Ce0,/Si0; (CS) and Ce0,-Zr0,/SiO, (CZS) samples calcined
at 773 and 1073 K. (#) Lines due to CeO,, (*) lines due to Ceg 75Zrg 2505, (*) lines due
to CepZro40, and (+) lines due to Cegs5Zro505.

occurs when more zirconium enters the ceria lattice. No significant
change in the lattice parameter value is noted in the case of CS
sample (5.40 A). The silica features were not observed from the
XRD measurements [22]. It is also known that ceria and silica do
not form compounds or mixed phases as observed for ceria-
zirconia mixed oxides within 1073 K[10,22]. The crystallite size of
CeO, and Ceg75Zr9250, in CS and CZS samples, respectively,
estimated from XRD measurements revealed a nominal increase
with increasing calcination temperature (Table 1). This signifies
the influence of silica support to prevent agglomeration of the
oxide particles.

As presented in Fig. 2a, the Raman spectrum of CS sample
calcined at 773 K shows a prominent peak at ~457 cm™! and a
weak band at ~600cm~!. The band at around 457 cm!
corresponds to triply degenerate F,; mode and can be viewed
as a symmetric breathing mode of oxygen atoms around cerium
ions [23]. Only one mode is Raman active for the cubic fluorite
structure of ceria (space group Fm3m) [24]. With increasing
calcination temperature from 773 to 1073 K, the band at
~457 cm~! shifted to ~461 cm~!, sharpened and become more
symmetrical. This is due to better crystallization of ceria at higher
calcination temperature in line with XRD results. The weak band
observed at 600 cm™! corresponds to a doubly degenerate LO
mode of CeO, [25]. In particular, this band has been linked to
oxygen vacancies in the CeO, lattice [26]. The Raman spectrum of
CZS sample (Fig. 2b) calcined at 773 K exhibited a strong band at
~464 cm~! along with a broad hump at ~620 cm~'. The band at
~464 cm~! is due to symmetric O-Ce-O stretching mode as
mentioned earlier. According to literature, six Raman active
modes (A; + 3Eg + 2B;,) are expected for t-ZrO, (space group P42/
nmc) but no Raman lines due to ZrO, could be observed in the
present study [27]. The Raman bands of CZS are broader than CS
samples. The broadness and shift of Raman bands in the case of
CZS samples could be attributed to the presence of Ce,Zr;_,O,
phases since several factors influence the intensity of Raman
bands [28]. It is known from the literature that sintering of
samples under high temperature conditions leads to the forma-
tion of oxygen vacancies, which perturb the local M-O bond
symmetry leading to the relaxation of symmetry selection rules
[24]. The appearance of weak bands at ~310cm™! after
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Fig. 2. Raman spectra of Ce0,/SiO (CS) and CeO,-Zr0,/Si0, (CZS) samples calcined
at 773 and 1073 K.

Table 2

Core level binding energy values (eV) for Ce0,/Si0O, and CeO,-Zr0,/Si0, samples
calcined at 773 and 1073 K

Sample Calcination 01s Ce 3d Zr 3d Si 2p
temperature (K)

Ce0,/Si0, 773 530.1 881.7 - 103.7
1073 530.2 881.2 - 103.8

Ce0,-Zr0,/Si0, 773 530.1 881.4 1825 102.9
1073 530.3 881.1 1824 103.2

calcination at 1073 K can be attributed to displacement of the
oxygen atoms from their ideal fluorite lattice positions [29]. Silica
did not show any Raman features, as reported in the literature
[30]. This gives an impression that silica forms part of the
substrate support on which ceria or ceria-zirconia solid solutions
are dispersed. It is expected since the method of preparation
adopted in the present study could result such a material.

The CS and CZS samples were analyzed by XPS technique to
verify the elemental oxidation states. The electron binding
energies of O 1s, Ce 3d, Zr 3d and Si 2p are presented in Table 2
which agree well with the literature reports [19,20]. As presented
in Fig. 3, the O 1s profile is broad and complicated due to the
overlapping contribution of oxygen from ceria and silica in the case
of the CS and ceria, silica and zirconia in the case of CZS sample,
respectively. The binding energy of the most intense O 1s peak
(Table 2), in the case of the CS sample, is almost constant with
increasing calcination temperature. The observed intense peak at
about 530.1 eV belongs to the oxygen atoms that are bound to Ce
[19,20]. Compared to CS sample, in the case of CZS sample, a slight
shift in the peak maxima is noticed. This indicates some changes in
the oxygen environment in the CZS sample which is obvious due to
the presence of both ceria and zirconia along with SiO,. In other
words, it hints that structural changes occurred in the ceria lattice.
Further, the O 1s binding energy values show a small increase with
increase of calcination temperature in this case. The observed shift
in the BE values could be attributed to a gradual increase in the
zirconium content in the cubic fluorite type ceria lattice. As
reported in the literature, the oxygen ions in pure SiO, and CeO,
exhibit intense peaks at 532.7 and 528.6 eV, respectively [31]. It
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Fig. 3. Core level O 1s XP spectra of Ce0,/SiO, (CS) and Ce0,-Zr0,/Si0, (CZS)
samples calcined at 773 and 1073 K.

appears that the silica surface has been covered by the dispersed
Ce0, and Ce,Zr;_,0, oxides.

Fig. 4 shows the Ce 3d photoelectron peaks of the CS and CZS
samples calcined at 773 and 1073 K. The binding energy values
obtained for Ce 3d peaks (Table 2) were found to be within the
range of the values reported in the literature [25,26]. The
assignment of Ce 3d photoelectron peaks is not easy due to the
complex nature of the spectra arising due to multiple oxidation
states and mixing of Ce 4f levels and O 2p states during the
photoemission process [19]. The notation of Burroughs et al. could
be used to explain the Ce 3d peaks as shown in the figure [32]. The
peaks labelled as v correspond to Ce 3ds, contributions and those
as labelled u represent the Ce 3ds, contributions. Specifically, the
bands u, and u are due to Ce 3d5; ionization and bands vp and v are
Ce 3dsj, ionizations for Ce*" and Ce*, respectively. The bands
labelled as v/, v” and v”, are satellites arising from the 3ds,

Ce 3d
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Fig. 4. Core level Ce 3d XP spectra of Ce0,/SiO, (CS) and CeO,-Zr0,/SiO, (CZS)
samples calcined at 773 and 1073 K.

ionization, while the bands u’, u” and u” represent Ce 3ds),
ionization. The XPS spectra of both CS and CZS samples calcined at
773 K exhibit peaks due to the presence of both Ce** and Ce®*, thus
implying that cerium is present at the surface in both 4+ and 3+
oxidation states. With increasing calcination temperature from
773 to 1073 K the relative intensity of u’ and v’ annotated peaks
increased, indicating an increase in the surface content of Ce>*. The
u” peak is the most convenient feature to follow the progressive
reduction of ceria, since it does not overlap with others. As the
calcination temperature increases the intensity of the u” peak
decreased indicating the decrease of Ce** state. However, there lies
a certain possibility that the Ce3* has been formed due to the
reduction of CeO, under the conditions of ultra high vacuum
during XPS measurements. Literature reveals that ceria in CZS
sample becomes easily reducible due to formation of solid
solutions with zirconia [32].

As can be envisaged from Table 2, the binding energy of the Si
2p peak ranged between 102.9 and 103.7 eV, which agree well
with the values reported in the literature [19,20]. The spectra were
poor in intensity with large peak widths indicating that silica is not
easily accessible at the surface due to the presence of CeO, and
Ce,Zr,_x0; over layer in CS and CZS samples, respectively. Further,
no change in the intensity of the Si 2p core level spectra with
increasing calcination temperature revealed that no significant
redistribution of various components under high temperature
treatment has taken place. The presence of oxidized silicon has
been abundantly described in the literature, sometimes as CeO,_/
SiO, or as an amorphous silicate layer where partial reduction of
Ce** to Ce®* occurs together with partial oxidation of Si [33]. There
is no clue regarding the formation of either CeSiO,4 or ZrSiO,4 that
could be identified by the Si 2p binding energy value of 101 eV [34].
The binding energy of the Zr 3d photoelectron peak ranged
between 182.4 and 182.5 eV (Table 2) that agrees well with the
literature, could be taken as an evidence for the absence of free
ZrO, for which the binding energy value is expected to be 182.9 eV
[19,20].

The TEM image of the CS sample calcined at 773 K is shown in
Fig. 5a. A careful inspection of the image revealed the existence of
smaller crystals (~3-4 nm) dispersed over an amorphous matrix
with different contrasts. For deeper insight, the high-resolution
images (HREM) were undertaken to establish the structure of the
particles (inset of Fig. 5a). The contrast observed in the
experimental image is associated to the face-centered cubic
structure (fluorite) of the cerium oxide. Well-crystallized CeO-,
grains mixed with SiO, (amorphous matrix) are mainly observed
[35]. The digital diffraction pattern (DDP) obtained from the
experimental image is also shown as inset in Fig. 5a. The spots
labeled 1, 2 and 3 in the DDP correspond to the interplanar
spacings of 3.2, 2.7 and 3.1 A, respectively which correspond to the
(111), (200) and (1 -1 —1) planes of ceria in cubic fluorite
structure. The energy dispersive X-ray microanalysis (EDX) was
also performed to get information on the composition of the
surface, which revealed the presence of Ce and Si in stoichiometric
proportions. Fig. 5b shows a representative TEM image of the CS
sample calcined at 1073 K. The presence of ceria nano-crystals
dispersed over the amorphous silica is mainly seen from this
image. The mean size of the CeO, crystals increased from ~3-4 to
~6-10nm. The HREM image and the corresponding digital
diffraction pattern are also shown in Fig. 5b (inset). The ceria
crystallites can be discriminated as patches of parallel lattice
fringes with a distance of ~3.2 A corresponding to CeO, (11 1)
lattice planes. The EDX analyses to a greater extent corroborated
well with the stoichiometry of the sample. However, in certain
areas dispersed ceria phase was completely absent, which indicate
the influence of high temperature treatment on the surface
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15 nm

Fig. 5. TEM image of CeO,/SiO, (CS) sample calcined at (a) 773 K (inset: HREM image and DDP pattern) and (b) 1073 K (inset: HREM image and DDP pattern).

segregation of the ceria nanoparticles. The TEM global pictures of
the CZS sample calcined at 773 and 1073 K along with their
corresponding selected area diffraction patterns (SAED) are
shown in Fig. 6a and b, respectively. Here, the existence of small
crystals (~5nm) dispersed over an amorphous matrix with
different lighter contrasts is noted. In both the cases the
broadening of the rings in the electron diffraction patterns
account for the presence of small randomly oriented mixed oxide
particles. The position of these reflections, as in the case of
unsupported samples, points out the existence of almost
exclusively cubic structure. The insets of Figs. 6a and b show
HREM images of the CZS sample subjected to 773 and 1073 K,
respectively. Well-dispersed very small Ce,Zr; _,O, particles over

the surface of the amorphous silica are mainly observed. Even
after 1073 K calcination treatment, there was no significant
increase in the size of the particles. Lattice fringes of around 3 A
are extensively observed on very small well-dispersed particles
supported on the amorphous contrast of silica. Thus the combined
XRD, Raman, XPS and HREM studies provide valuable information
on the structural evolution of silica-supported CeO, and
Ce,Zr;_x0, mixed oxide catalysts.

The oxygen storage capacity of 773 and 1073 K calcined CS and
CZS samples were evaluated by a thermogravimetry method. The
percentage weight loss and the corresponding OSC values in terms
of wmoles of O,/g of ceria for both series of samples calcined at 773
and 1073 K are presented in Table 1. As can be noted from Table 1,

10 nm

Fig. 6. TEM image of CeO,-Zr0,/Si0, (CZS) sample calcined at (a) 773 K (inset: HREM image and SAED pattern) and (b) 1073 K (inset: HREM image and SAED pattern).
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there is a substantial enhancement in the OSC of CS sample when
incorporated with Zr in the ceria lattice. These results clearly
establish that highly dispersed and stable CeO, or Ce,Zr;_,O»
nano-oxides are responsible for the enhancement in the OSC of the
samples. As stated in the experimental section, during the first
step of OSC measurement, the sample was heated up to 1073 K.
Therefore, it is expected that the OSC values for both 773 and
1073 K calcined samples should be same. However, a small
difference in the OSC values is noticed in the case of 1073 K
calcined samples as shown in Table 1. This may be due to a
decrease in the specific surface area of the samples which were
already calcined first at 1073 K. It should be kept in mind that the
method adopted for OSC measurements is very sensitive to the
nature of the sample. The catalytic properties of these highly
dispersed nanocomposite oxides were found to be highly
promising for CO oxidation reaction [36]. The CO oxidation is
one of the most important reactions in auto exhaust purification
three-way catalysis where ceria and ceria-based catalysts are
employed as OSC materials. The CO oxidation depends on the OSC
property of the ceria-based materials. Thus, high OSC values
pertaining to these catalyst systems make them attracting for
various other applications.

4. Conclusions

The following conclusions can be drawn from the present
investigation. (i) Thermally stable, high surface area nano-
crystalline ceria and solid solutions of ceria-zirconia over silica
support (colloidal) could be synthesized by a soft chemical route.
(ii) The XRD measurements indicated the presence of cubic CeO,
phase in the case of CS sample. While CZS sample discloses
Ceo.75Z1r9.2507 phase at 773 K, and Ceo.6Zrog.40- and Ceg.5Zrg.50,
phases at 1073 K, respectively. This reveals more incorporation of
zirconium into the ceria lattice at higher calcination temperature.
There is no indication of compound formation between silica and
cerium and zirconium oxides. (iii) In line with XRD results, Raman
measurements show that silica is not forming any compound with
cerium and zirconium oxides. Further, Raman studies suggest the
generation of lattice defects and thereby oxygen vacancy
formation in the ceria cubic lattice, which are more prominent
in the case of Ce-Zr oxides. (iv) XPS measurements indicate the
presence of cerium in both 4+ and 3+ oxidation states. At high
calcination temperature an increase in the surface content of Ce>*
is noted. (v) TEM-HREM results indicate a well-dispersed nano-
sized Ce-Zr oxide (~5 nm) over the surface of amorphous silica.
No significantincrease in the crystallite size is noted with increase
of calcination temperature from 773 to 1073 K. This clearly
establishes the significance of the support and the preparation
method adopted. (vi) As expected, CZS exhibited high OSC in
comparison to CS sample indicating its significance in catalytic
applications.
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