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Nanosized CeO,—S10,, CeO,-T10,, and CeO,—ZrO, mixed oxides:
influence of supporting oxide on thermal stability and oxygen storage

properties of ceria

Benjaram M. Reddy* and Ataullah Khan
Inorganic and Physical Chemistry Division, Indian Institute of Chemical Technology, 500 007, Hyderabad, India

The influence of SiO,, TiO,, and ZrO, on the structural and redox properties of CeO, were systematically investigated by
various techniques namely, X-ray diffraction (XRD), Raman spectroscopy (RS), UV—Vis diffuse reflectance spectroscopy (DRS),
X-ray photoelectron spectroscopy (XPS), high-resolution transmission electron microscopy (HREM), BET surface area, and
thermogravimetry methods. The effect of supporting oxides on the crystal modification of ceria was also mainly focused. The
investigated oxides were obtained by soft chemical routes with ultrahigh dilute solutions and were subjected to thermal treatments
from 773 to 1073 K. The XRD results suggest that the CeO,—SiO, sample primarily consists of nanocrystalline CeO, on the
amorphous SiO, surface. Both crystalline CeO, and TiO,-anatase phases were noted in the case of CeO,~TiO, sample. Formation
of cubic Ceq 757219250, and CegZry 40, (at 1073 K) were observed in the case of CeO,—ZrO, sample. The cell ‘a’ parameter
estimations revealed an expansion of the ceria lattice in the case of CeO,~TiO,, while a contraction is noted in the case of CeO,—
ZrO,. The DRS studies suggest that the supporting oxides significantly influence the band gap energy of CeO,. Raman
measurements disclose the presence of oxygen vacancies, lattice defects, and displacement of oxide ions from their normal lattice
positions in the case of CeO,—TiO, and CeO,—ZrO, samples. The XPS studies revealed the presence of silica, titania, and zirconia in
their highest oxidation states, Si(IV), Ti(IV), and Zr(IV) at the surface of the materials. Cerium is present in both Ce** and Ce**
oxidation states. The HREM results reveal well-dispersed CeO, nanocrystals over the amorphous SiO, matrix in the case of CeO,—
Si0,, isolated CeO, and TiO, (A) nanocrystals and some overlapping regions in the case of CeO,-TiO,, and nanosized CeO, and
Ce—Zr oxides in the case of CeO,~ZrO, sample. The exact structural features of these crystals as determined by digital diffraction
analysis of HREM experimental images reveal that the CeO, is mainly in cubic fluorite geometry. The oxygen storage capacity
(OSC) as determined by thermogravimetry reveals that the OSC of mixed oxides is more than that of pure CeO, and the CeO,—
ZrO, exhibits highest OSC.
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1. Introduction

Ceria (CeO») is an interesting oxide with unique
properties namely its ability to shift easily between
reduced and oxidized states (Ce’"—Ce*") and to
accommodate variable levels of bulk and surface oxygen
vacancies. These characteristics make it suitable for use
as a support as well as catalyst in processes wherein
reaction conditions fluctuate between oxidizing and
reducing environments [1-3]. Ceria plays multiple roles
in various catalyst systems and it is believed that CeO,
promotes noble metal dispersion, increases thermal
stability of Al,O; support, promotes water gas shift
(WGS) and steam reforming reactions, favors catalytic
activity at the interfacial metal-support sites, promotes
CO removal through oxidation by employing its lattice
oxygen, stores and releases oxygen (OSC) under lean
and rich conditions, and so on [4]. Therefore, CeO,
containing materials have been receiving a great deal of
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attention in recent years due to their extensive use in
very broad fields, ranging from catalysis [I-7] to
ceramics [8], fuel cell technologies [9-11], gas sensors
[12,13], solid state electrolytes [14], chromatographic
materials [15], cosmetics, etc [16,17]. The technological
applicability of CeO,-containing materials is expanding
very rapidly.

As mentioned, the success of ceria in diverse appli-
cations is mainly due to its unique combination of an
elevated oxygen transport capacity coupled with the
ability to shift easily between reduced and oxidized
states [1-3,18]. Despite its widespread applications, the
use of pure cerium dioxide is highly discouraged because
it is poorly thermostable as it undergoes sintering at
high temperatures thereby loosing its crucial oxygen
storage and release characteristics [3,18,19]. In order to
increase its temperature stability and ability to store and
release oxygen during operations, other transition and
non-transition metal ions could be introduced into the
ceria cubic structure [2,3,18-21]. Of course, the redox
and catalytic properties of CeO, are strongly influenced
when it is combined with other transition metals or
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rare-earth oxides [19,22]. In view of their significance
much effort has been directed in recent years to find
catalyst formulations which can enhance the thermal
(textural) stability of ceria without diminishing its spe-
cial features, such as its unique redox properties and
high oxygen mobility.

The redox and catalytic properties of ceria and its
composite oxides are primarily dependent upon various
factors such as particle size, phase modification, struc-
tural defects/distortion (lattice), and chemical non-stoi-
chiometry. In general, reducing the particle size of a
catalyst results in increasing surface area and changing
its morphology, thus providing a larger number of more
reactive edge sites. Especially when the particle size is
decreased below 100 nm, the materials become nano-
phasic where the density of defects increases so that up
to half (50%) of the atoms are situated in the cores of
defects (grain boundaries, inter phase boundaries, dis-
locations, etc.). The high density of defects in nanophase
materials provide a large number of active sites for gas—
solid catalysis, while the diffusivity through the nano-
meter-sized interfacial boundaries promotes fast kinetics
of the catalyst activation and reactions [1,23-26]. Thus,
there are several advantages for switching over from
conventional to nanosized materials.

Inspired by the unique and promising characteristics
of ceria-based mixed oxides and solid solutions for
various applications, a systematic study was undertaken
to understand the nanostructural evolution of CeO,—
Si0,, CeO,-TiO,, and CeO,—ZrO, mixed oxides.
Although, the CeO,-Al,0O; combination has been
extensively investigated in the literature for the purpose
of automotive pollution control [27-34], supports other
than alumina have not been thoroughly investigated
even though they have many potential applications
other than three-way catalysts [21,29,35,36]. Since, SiO,,
TiO,, and ZrO, are extensively employed as supports as
well as catalysts for several applications, we undertook
the present investigation to stabilize CeO, over the
surface of these oxides and subjected them to various
thermal treatments. These effects were systematically
investigated using XRD, Raman, XPS, HREM, and
other techniques. The oxygen storage capacity (OSC)
was also determined by a thermogravimetry method to
understand reactivity properties of these nanocrystalline
oxides.

2. Experimental section
2.1. Preparation of samples

Soft chemical routes with ultrahigh dilute solutions
were employed to prepare the investigated CeO>—SiO,,
CeO,-TiO,, and CeO,—ZrO, mixed oxides (1:1 mole
ratio based on oxides). Requisite quantities of CeCl;-7-
H>0 (99.0%, Aldrich) and TiCly (99.9%, Aldrich) were
dissolved separately in excess double-distilled water and

mixed together for making CeO,-TiO,. To prepare
CeO,—Zr0O,, desired quantities of ammonium cer-
ium(IV) nitrate (Loba Chemie, GR grade) and zirco-
nium(IV) nitrate (Fluka, AR grade) were dissolved
separately in double-distilled water and mixed together.
To synthesize CeO>—-SiO,, the requisite quantities of
cerium ammonium nitrate (Loba Chemie, GR grade),
dissolved in double-distilled water and colloidal silica
(40 wt.%, Fluka, AR grade) were mixed together.
Dilute aqueous ammonia solution was added gradually
drop-wise to the aforementioned mixture solutions, with
vigorous stirring, until precipitation was complete
(pH=28.5). The obtained precipitates were filtered off
and washed several times with double-distilled water
until free from anion impurities. The obtained cakes
were oven dried at 393 K for 12 h and finally calcined at
773 K for 5 h. Some portions of the calcined mixed
oxides were once again heated at 873, 973, and 1073 K
for 5 h. The rate of heating as well cooling was always
maintained at 5 K min~'. For the preparation of pure
CeO, reference oxide, a similar soft chemical route as
detailed above was employed with aqueous solution of
ammonium cerium(IV) nitrate (Loba Chemie, GR
grade) alone.

2.2. Characterization of samples

The DTA-TGA measurements were made on a
Mettler Toledo TG-SDTA apparatus. Sample was
heated from ambient to 1273 K under nitrogen flow and
the heating rate was 10 K min~'. The BET surface areas
were obtained by N, adsorption on a Micromeritics
Gemini 2360 Instrument. Prior to analysis, samples were
oven dried at 393 K for 12 h and flushed with Argon gas
for 2 h. Powder X-ray diffraction (XRD) patterns were
recorded on a Siemens D-5005 diffractometer using
nickel-filtered Cu K, (0.15418 nm) radiation source. The
intensity data were collected over a 20 range of 3-80°
with a 0.02° step size and using a counting time of 1s per
point. Crystalline phases were identified by comparison
with the reference data from ICDD files. The average
crystallite size of CeO, was estimated with the help of
Debye—Scherrer equation using the XRD data of all
prominent lines [37]. The cell ‘a’ parameter values were
calculated by standard cubic indexation method using
the intensity of the ceria base peak (111) [38,39].

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 at 514.5 nm from an Ar' ion laser
(Spectra Physics) was focused on the sample (analyzing
spot 1 pm) under microscope. The power of incident
beam on the sample was 3 mW and time of acquisition
varied according to the intensity of the Raman scatter-
ing. The wavenumbers obtained from spectra are
accurate to within 2 cm™'. The diffuse reflectance
spectra were obtained over the wavelength range
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A=200-800 nm using a GBS-Cintra 10e UV-Vis NIR
spectrophotometer with integration sphere diffuse
reflectance attachment. Samples were diluted in a KBr
matrix by pelletization. The obtained spectra were pro-
cessed with SPECTRAL 1.70 software, consisting of
calculation of F(R..,) from the absorbance. The edge
energy E, for allowed transitions was determined by
finding the intercept of the straight line in the low-en-
ergy rise of a plot of [F(R.) hv]* against hv, where hv is
the incident photon energy [40,41]. The relation between
the diffuse reflectance of the sample (R..), absorption
(K), and scattering (S) coefficients are related by the
Schuster—-Kubelka—Munk (SKM) remission function
[40,41]: F(R.)=(1-R.)*/2 R.=K]/S.

The XPS measurements were performed on a Shi-
madzu (ESCA 3400) spectrometer by using Mg K,
(1253.6 eV) radiation as the excitation source. Charging
of catalyst samples was corrected by setting the binding
energy of the adventitious carbon (C 1s) at 284.6 eV
[42,43]. The XPS analysis was done at ambient tem-
perature and pressures typically in the order of less than
107® Pa. Prior to analysis, the samples were out-gassed
in a vacuum oven overnight. Quantitative analysis of
atomic ratios was accomplished by determining the
elemental peak areas, following the Shirley background
subtraction by the usual procedures documented in the
literature [42,43]. The high-resolution electron micros-
copy was carried with a JEM 2010 (Cs=0.5 mm)
microscope. The accelerating voltage was 200 kV with
LaBg emission current, a point resolution of 0.195 nm
and a useful limit of EDS LINK-ISIS. An EDX study
was conducted using a probe size of 25 nm to analyze
grains of the phases and avoided simultancous analysis
of grains of two phases. Samples were sonically dis-
persed in ethanol and deposited on a holey carbon
copper grid before examination.

The potential OSC was examined by oxygen release
characteristics of the powders in the temperature range
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573-1073 K. The change in the weight of sample was
monitored by thermogravimetry (TG) under cyclic heat
treatments in flowing nitrogen and dry air. A commer-
cial Netzsch (Luxx, STA, 409 PC, Germany) TG-DTA
analyzer was employed for this purpose. The heat cycle
consisted of heating the sample to 1073 K in N», cooling
down to 423 K in dry air, and again heating to 1073 K
in N, environment. All heating and cooling rates were
5 K min~". The weight loss of sample during the second
heating cycle was used to measure the oxygen release
properties (). This technique of OSC evaluation is
essentially similar to that described previously [44,45].

3. Results and discussion

3.1. Thermogravimetry and surface area analysis

The as synthesized CeO,, CeO,-SiO,, CeO,-TiO,,
and CeO,—ZrO, samples were subjected to TGA anal-
ysis before calcination. The obtained thermograms,
between 323 and 1273 K, are shown in figure 1. These
thermograms, in general, reveal one major and two
minor weight loss peaks. The TG profile of CeO,-TiO,
sample is slightly different in the peak maximum tem-
perature regions from other samples. In all cases, the
first major low temperature peak in the range
323463 K is primarily due to the loss of non-dissocia-
tive adsorbed water as well as water held on the surface
by hydrogen bonding. The second minor weight loss
peak could be due to loss of water held in the microp-
ores of the mixed oxide gels. A further loss of water
occurs at slightly higher temperatures due to dehydr-
oxylation of the surface. The TG data of pure ceria
sample revealed ~18.2% loss of weight in three con-
secutive steps between 323 and 733 K, above which no
substantial weight loss is observed. In the case of CeO,—
Si0, sample, the weight loss from 323 to 470 K is ~10%
and from 470 to 723 K is 5%. However, the weight loss
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Figure 1. TGA profiles of CeO, [C], CeO,-SiO, [CS], CeO,-TiO, [CT], CeO,~ZrO, [CZ] uncalcined samples.
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between 723 and 1073 K is only ~1%. It indicates that
over the temperature range between 723 and 1073 K, the
Ce0O,-SiO, sample is quite stable in terms of phases and
chemical composition. In the case of CeO,-TiO,, the
loss of weight from 323 to 735 K is ~11% and from 735
to 1273 K is ~0.4%. Thus between 735 and 1273 K, the
CeO,-TiO, binary oxide seems to be thermally quite
stable. Weight loss of ~23% is observed in the case
CeO,—Zr0O, sample from 323 to 926 K and thereafter a
small loss of 0.6% is observed from 926 to 1273 K.
The N, BET surface areas of various samples syn-
thesized in this study and calcined at 773-1073 K are
presented in table 1. The 773 K calcined samples exhibit
reasonably high specific surface areas. In fact, all sam-
ples exhibited much higher surface areas when calcined
at 573 K. However, with increasing calcination tem-
perature there is a continuous decrease and the decrease
being more after 1073 K calcination. The decrease var-
ied between 48 and 63% depending on the sample under
consideration. The observed decrease in the surface area
with increasing calcination temperature is a general
phenomenon and could be due to various reasons such
as better crystallization of the oxides, formation of
various mixed oxide phases, and sintering. In particular,
the CeO,-SiO, combination showed a high specific
surface area among other samples, as it is well known
that silica is an effective surface area stabilizer. The
efficiency of foreign cations (Si*", Ti**, and Zr*") in
preventing the loss of specific surface area at higher

Table 1

BET surface area, crystallite size, lattice parameter and edge energy
measurements of CeQ,, Ce0,-Si0O,, CeO,-TiO, and CeO,-ZrO,
samples calcined at different temperatures

Calcination Surface CeO, Lattice Edge
temp. (K) area crystallite parameter(l& ) energy
m?g™ size® (nm) (eV)
C602
773 41 7.3 5.41 2.94
873 24 10.3 - -
973 16 20.2 - -
1073 8 32.5 5.41 2.82
CCOQ—SiOQ
773 147 3.2 5.41 2.85
873 104 3.6 5.41 -
973 75 4.4 5.40 -
1073 54 6.0 5.40 2.77
CCOz*TiOZ
773 59 10.0 5.38 2.88
873 51 10.7 5.38 -
973 42 11.8 5.395 -
1073 31 14.1 5.395 2.96
Ce0,Z1r0O,
773 84 4.7° 5.35 2.70
873 67 4.8° 5.33 -
973 51 5.0° 5.30 -
1073 36 5.5 5.27 2.80
From XRD.

b
Ceo.75Z10.250.

temperatures could be related to variations in the rate of
crystal growth [46]. The nature and concentration of the
foreign cations present in the system govern this varia-
tion [19,46].

3.2. X-ray powder diffraction measurements

The X-ray powder diffraction patterns of various
samples investigated in the present study are shown in
figure 2. Figure 2a represents the XRD patterns of CeO,
sample. Formation of a single phase crystalline CeO,
(PDF-ICDD 34-0394) has been confirmed from the
XRD patterns of 773 and 1073 K calcined samples. The
ceria—silica mixed oxide (figure 2b) calcined at 773 K
exhibits poor crystallinity. Only the broad diffraction
lines due to CeO, (PDF-ICDD 34-0394) could be seen.
With increasing calcination temperature from 773 to
1073 K, a gradual increase in the intensity of the lines
due to better crystallization of CeO, was noted. Another

(d) "
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CZ773K

CT1073K +

CT773K
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CS 1073 K *

CS 773K

26 (°)

Figure 2. X-ray powder diffraction patterns of CeO, [C], CeO,-SiO,
[CS], CeO,-TiO, [CT], CeO,—ZrO, [CZ] samples calcined at 773 and
1073 K: (*) Lines due to CeO,; (W) Lines due to Ceg75Zr(2502; (#)
Lines due to CeyZro40,; (+) Lines due to TiO, anatase.
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observation to be mentioned from XRD measurements
is that there are no extra lines due to compounds or
mixed phases between ceria and silica. Recently,
Rocchini et al. [47,48] have investigated the ceria—silica
combination (coprecipitation) and attributed the
enhanced textural and thermal stability of these mixed
oxides to the formation of an intermediate Cegs;3
(Si04)60O, phase between CeO, and SiO, which on
suitable treatment decomposes into amorphous silica
and smaller crystallites of ceria. However, in the present
study there was no evidence for the formation of such
compound between ceria and silica, which can be
attributed to a different preparation method adopted
and lower calcination temperatures employed.

The XRD patterns of CeO,—TiO, sample calcined at
773 and 1073 K are shown in figure 2c. These reveal
typical diffraction patterns of cubic CeO, (PDF-ICDD
34-0394) along with few less intense peaks due to TiO»-
anatase phase (PDF-ICDD 21-1272). With increasing
calcination temperature a slight increase in the intensity
of the lines due to both these phases could be observed.
Recently, Preuss and Gruehn [49] reported various
Ce-Ti—O oxides namely, Ce,TiOs, Ce,Ti,0O7, and Cey.
TigO,4 by heating the appropriate mixtures of solids
containing Ce and Ti at 1523 K. However, no such
crystalline phases could be observed in the present
study. The absence of crystalline Ce-Ti—O compounds
may be due to a different preparation method adopted
and lower calcination temperatures employed in this
investigation. It is an established fact in the literature
that transformation of anatase to rutile is thermody-
namically feasible beyond 873 K in pure TiO, samples
[50]. However, there is no evidence regarding the for-
mation of rutile phase even up to 1073 K in the present
study. Apparently, the anatase to rutile phase transfor-
mation is some how inhibited in the CeO,—TiO, mixed
oxide system. As explained by Lin and Yu [51], this
phenomenon could be due to stabilization of anatase by
the surrounding cerium ions through the formation of
Ce—O-Ti bonds. At the interface, titanium atoms are
expected to substitute for cerium in the lattice of the
cerium oxide to form octahedral Ti sites. The interaction
between the tetrahedral Ti and octahedral Ti inhibits the
anatase phase transformation to rutile [50]. Anderson
and Bard [52] also offered an analogous explanation for
TiO,—SiO, mixed oxides where similar inhibition of
anatase to rutile phase transformation was observed. It
is a well-established fact in the literature that during
thermal treatments a progressive depletion of oxygen
takes place from the ceria lattice leading to the forma-
tion of sub-stoichiometric fluorite structured CeO,_,.
Daushter et al. [53] in their study on CeO,-TiO, systems
have reported the presence of oxygen vacancies. The
observed slight shift in the position of diffraction lines
towards lower 20 values (20=28.75-28.67°) originates
from the presence of Ce®" ions in the CeO, lattice.
Owing to a large difference between the ionic dimensions

of Ce*" (0.97 A) and Ce** (1.03 A), the lattice expan-
sion of ceria is expected. This aspect has been elaborated
in the next paragraphs.

The XRD patterns of CeO,—ZrO, sample calcined at
773 and 1073 K are shown in figure 2d. As can be noted
from this figure, the CeO>,—ZrO, calcined at 773 K
exhibits poor crystallinity. Only the broad diffraction
lines due to cubic fluorite type phase with the compo-
sition C€0.752r0.2502 (PDF-ICDD 28-0271) are visible.
With increasing calcination temperature an increase in
the intensity of the lines due to better crystallization of
this phase could be noted. A slight shift in the peak
positions (26 =28.90-29.32°) with increasing calcination
temperature can also be seen which indicate that along
with particle growth some compositional changes are
also taking place. A detailed analysis of XRD patterns
revealed the formation of Ceg¢Zry40> phase (PDF-
ICDD 38-1439) at higher calcination temperature
(1073 K) as elaborated in our earlier publication [22].
This is primarily due to a progressive increase of zirco-
nium content into the ceria unit cell, since the ionic
radius of Zr*" (0.84 A) is smaller than Ce*" (0.97 A)
[3]. Recently, Kenevey et al. [46] reported the phase
segregation phenomenon, which is considered to be
surface energy driven. The solid solutions are normally
stable as long as the crystallite size does not exceed a
critical size, above which the surface energy contribution
to the total energy of the system becomes too small to
allow its stabilization thereby leading to the phase
segregation [46]. Another observation to be mentioned
here is that, within the detection limits of XRD tech-
nique, there is no evidence about the presence of t-ZrO,
or m-ZrQO» phases.

Crystallite size (Dxrp) of CeO, in pure CeO,, CeO,—
SiO, and CeO,-TiO, samples, and Cey 571,50, in
CeO,—Zr0,, as a function of calcination temperature,
are summarized in table 1. As can be noted from
table 1, the CeO, crystallization depends on both the
calcination temperature as well as on the type of foreign
cation present. In general, an increase in the crystallite
size of CeO, is observed with increasing calcination
temperature, the increase being more in the case of
Ce-Ti samples. The phenomenon of crystallite growth
can be explained variously in each and every individual
system. The co-precipitation of ceria along with colloi-
dal silica yields smaller crystallites of ceria on the sur-
face of silica, which could coalesce under the impact of
calcination thus accounting for an increase in the crys-
tallite size [19]. In the case of Ce—Ti system, cubic ceria
structure prevailed along with TiO, (A) modification. In
particular, the Ce—Ti combination exhibited well-crys-
tallized patterns with bigger crystallites within the realm
of cubic modification [19]. The formation of solid
solution between Ce and Zr retards the crystallite
growth thus paving the way for the formation of ther-
modynamically more stable phases [22]. It should be
remembered that the particle size estimates of Ce/Zr



160 B.M. Reddy and A. Khan/Influence of SiO,, TiO,, and ZrO; on ceria

solid solutions are subject to uncertainties attributed to
the compositional nonuniformity. When using Scherrer
equation, one assumes that the particle size effects are
the only source of peak broadening. However, if com-
positional nonuniformity occurs in the particles, the
particle size will be underestimated [22,46].

Using the most intense (111) line of CeO, and
Ceg.75Z19 50, patterns, cubic indexation and calcula-
tion of unit cell parameters have been carried out
[38,39]. The evolution of ‘a’ cell parameter values as a
function of calcination temperature are shown in
table 1. In particular, the lattice parameter values were
estimated to determine whether the foreign cation enters
into the CeO, lattice resulting in the formation of a solid
solution or remains as a separate phase demarcated by a
phase boundary. In the case of CeO,—SiO, system, the
‘a’ cell parameter values estimated are in well agreement
with that of pure CeO, (100%) phase [39]. However, a
slight decrease in the ‘a’ cell parameter values can be
seen at higher calcination temperatures, which could be
attributed due to some incorporation of Si** (0.42 A)
into the ceria lattice. The CeO-,—SiO, binary oxide is
characterized by the presence of mostly small crystallites
of ceria on the surface of silica. Interestingly, in the case
of CeO,-TiO, system, a steady increase in the lattice
parameter values with increasing calcination tempera-
ture can be observed. This could be due to lattice
expansion induced by the formation of oxygen vacan-
cies. Under the impact of calcination treatment or
dopant-induced defects, depletion of oxygen takes place
leading to the formation of sub-stoichiometric fluorite
structured CeO,_,. Consequently, the Ce** (1.03 A)
ions are formed whose ionic radius is larger than that of
Ce** (0.97 A) ions. In the case of CeO,—ZrO, samples,
there is a steady decrease in the lattice parameter values
with increasing calcination temperature. This observa-
tion can be attributed to shrinkage of lattice due to the
replacement of Ce*" (0.97 A) ions with smaller cations
of Zr*" (0.84 A), in agreement with Vegard’s law
[54,55]. The progressive decrease in the lattice parameter
values can also be taken as an evidence for incremental
enrichment of Zr content into the Ce lattice. On the
whole, the lattice parameter values of the currently
studied systems are well in the range of 5-6 A and are in
good agreement with earlier reports [40,41]. According
to literature, the Zr—O bond length in the cubic ZrO, is
2.21 A, which is much shorter than the Ce-O bond
length of 2.36 A in cubic CeO, [56]. Thus, when Zr
substitutes for Ce centers in the cubic fluorite lattice, two
possibilities can be expected: (i) The Zr atoms may be
forced into positions where metal-oxygen bond
distances are much larger than those observed in the
pure ZrO,, which in turn leads to an effective reduction
in the oxidation state of Zr. (ii) Shrinkage of lattice may
take place due to nonequivalent metal-oxygen bond
lengths and different bonding positions [56]. Based on
the information obtained from ‘a’ cell parameter

estimations and XPS measurements (Zr is in the highest
oxidation state, Zr(IV), which will be dealt in the latter
paragraphs), it can be inferred that lattice contraction is
taking place.

3.3. Raman analysis

The cation order-disorder and lattice distortion can
in principle be easily detected by conventional X-ray
analysis. However, this technique does not allow accu-
rate detection of distortions of oxygen sublattice and or
defects in the structure due to poor sensitivity of the
technique to the oxygen atoms in the presence of heavy
Ce, Ti, and Zr atoms. Since mobility of oxygen atoms in
the lattice is a critical property for most of the appli-
cations of these materials, both as ionic/electronic con-
ductors and redox catalysts, a deep insight into these
fine structural details is desirable. Raman spectroscopy
is a good technique sensitive to both M-O bond
arrangement and lattice defects [18]. Factor group
analyses for the fluorite structure (space group Fm3m)
have been previously performed and indicate that for
the cubic structure only one triply degenerate IR active
mode is expected, which split into a transverse optical
mode (TO) and a longitudinal optical (LO) mode
[57,58]. Also a single Raman active mode (F,,) is
anticipated. The Raman spectra of pure CeO, and var-
ious mixed oxides prepared in this study are shown in
figure 3. The Raman spectra of CeO, calcined at 773
and 1073 K (figure 3a.) display only one prominent
peak at 464 em™!, due to F »¢ Raman active mode of the
fluorite structure [59,60]. The absence of any other fea-
tures in these spectra indicates the absence of structural
defects or oxygen vacancies in the CeO, sample. As
shown in figure 3b, the Raman spectrum of CeO,—SiO,
calcined at 773 K shows a prominent peak at ~457 cm™!
and a weak band at 600 cm™'. The band at ~457 cm™
corresponds to the triply degenerate F», mode and can
be viewed as a symmetric breathing mode of the oxygen
atoms around cerium ions [61]. With increasing calci-
nation temperature from 773 to 1073 K, the band at
~457 cm™! has been shifted to ~461 cm™!, sharpened,
and become more symmetrical. This could be due to
better crystallization of ceria at higher calcination tem-
peratures as observed from XRD measurements. It is a
known fact in the literature that intensity of Raman
band depends on several factors including grain size and
morphology. In general, inhomogeneous strain and
phonon confinement are responsible for the broad and
asymmetric character of the bands as the particle size
gets smaller at lower calcination temperatures [62]. The
weak band observed near 600 cm™' corresponds to a
non-degenerate LO mode of CeO, [61,63]. Normally,
this mode should not be observed by Raman spectros-
copy but the presence of some defects can involve
relaxation of selection rules. In particular, this band has
been linked to oxygen vacancies in the CeO, lattice [64].
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Figure 3. Raman spectra of CeO, [C], CeO,-SiO, [CS], CeO,-TiO,

This peak was observed in the case of nanosized samples
and its relative intensity increased as the particle size
gets smaller [61]. The same phenomenon is apparent in
the present study. For each sample, the spectra were
recorded at several points and no shift in the band
position or difference of width was noted. This obser-
vation reveals clearly that the CeO,—SiO, sample is
homogenous. Silica did not show any Raman features,
as reported in the literature [65]. This gives an impres-
sion that silica forms part of the substrate support on
which ceria has been forming a surface overlayer. For
very small crystallites (20-200 A), the lack of long-range
order relaxes the momentum conservation selection rule
in the Raman scattering process. The Raman line shape
in this case will be given by a weighted average of the
phonon frequencies extending out into the Brillouin
zone, away from ¢ =0 [60]. The result will be a shifted
and broadened line shape. The broad band, reflecting
the phonon density states is a characteristic of Raman
scattering from amorphous materials. Similar observa-
tions were made in the present study as expected and
could be attributed to the method of preparation
adopted. The absence of any other Raman features
provides one more inference that silica is not forming
any compound with cerium oxide, in line with XRD
measurements.

As presented in figure 3c, the Raman spectrum of
CeO,-TiO, sample calcined at 773 K shows typical
spectra of TiO,-anatase (space group 14;/amd) [50] and
CeO,. The Raman bands pertaining to anatase phase
appear at 147, 196, 397, 514 and 638 cm™!, while ceria
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exhibits peaks at 272, 463 and 570 cm™', which are in
agreement with the literature reports [61]. McBride ez al.
[64] reported the Raman spectra of Ce,_,RE,O,_,
(RE = Rare Earth) solid solutions and found that the F,,
mode becomes asymmetric with the presence of a long
low-frequency tail as x increases, and there is also a weak
shoulder on the high frequency side of the band, which
would evolve into a broad peak at ca. 570 cm™' for a
larger x. This broad peak is associated with oxygen
vacancies in the solid solutions [62,63]. A similar phe-
nomenon is apparent in the present study, which could
be due to the incorporation of Ti** into the CeO, lattice
at higher calcination temperatures. However, in agree-
ment with XRD measurements there is no evidence
about the formation of detectable compounds between
ceria and titania from Raman results. In line with XRD
results, there are a few extra broad Raman bands, which
could not be assigned to any of the known compounds.
The Raman spectrum of CeO,—ZrO, sample (figure 3d)
calcined at 773 K is dominated by a strong band at
~470 cm™' and a less prominent broad band at
~600 cm™'. The band at ~470 cm™" can be attributed to
the F,, vibration of the fluorite type lattice. The slight
shift in the Raman frequency to higher wave numbers
could be due to a slight increase in the zirconium content
into the ceria—zirconia solid solution as evidenced by
XRD results. Thus, Raman results up to certain extent
corroborate with the XRD results signifying the enrich-
ment of Zr in the Ce—Zr solid solutions at higher
calcination temperatures. No Raman lines due to ZrO,
could be observed in line with XRD measurements.
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According to literature, six Raman active modes
(Ajg+3E;+2B,,) are expected for t-ZrO, (space group
P4,/nmc), while for the cubic fluorite structure of CeO,
(space group Fm3m) only one mode is Raman active [58].
As can be noted from figure 3d, the peak at ~470 cm™
becomes sharp with increasing calcination temperature
which could be due to better crystallization of ceria—
zirconia solid solutions at higher calcination tempera-
tures in line with XRD measurements. It is quite obvious
that sintering of the sample at higher calcination tem-
perature increases the intensity of the F,, band. Itis also
known that sintering of the sample under high temper-
ature conditions leads to the formation of oxygen
vacancies, which perturb the local M—O bond symmetry
leading to the relaxation of symmetry selection rules. The
presence of the broad band near ~600 cm™" is due to LO
mode of ceria which arises due to relaxation of symmetry
rules as stated earlier [61,63]. In particular, the substi-
tution of zirconium into ceria lattice with an increase in
temperature gives rise to oxygen vacancies, which are
responsible for the emergence of this band [64]. The
appearance of weak bands at ~300 and ~130 cm™! (not
shown in figure), at the calcination temperature of
1073 K, can be attributed to displacement of oxygen
atoms from their ideal fluorite lattice positions [58].

3.4. UV-Vis DRS measurements

Ceria is n-type semiconductor with band gap energy
(Ey) equal to 2.94 eV and consequently it can be acti-
vated by irradiation with light in the near UV-Vis
range [66]. DRS has been used extensively to study
ceria-based materials and transition metal oxides to
obtain information on surface co-ordination and dif-
ferent oxidation states of the metal ions by measuring
d-d, f-d transitions and oxygen—-metal ion charge
transfer bands. However, this technique has limitations
due to the difficulty in interpreting large bandwidths
and specular reflectance often observed in the spectra
[40]. The 773 and 1073 K calcined CeO,, CeO,-SiO,,
Ce0O,-TiO,, and CeO,—ZrO, samples were investigated
by DRS technique. The spectra, in general, were broad
and exhibited a myriad of poorly resolved peaks. When
compared to pure CeO,, the mixed oxides exhibit
absorption at higher wavelengths. The overall absorp-
tion of the mixed oxides is more intense than that of
CeO;. In the spectrum of pure CeO,, a split absorption
was observed at 294 and 336 nm. The former band can
be attributed to allowed O*~ — Ce** charge transfer
transitions [67], while the latter can be assigned to the
inter-band transitions which take place in CeO, in
agreement with previous literature reports [68]. In the
773 K calcined CeO,—SiO, sample, presence of several
bands resembling a narrow structure was noticed.
These characteristic bands have been reported previ-
ously for CeO, in a highly dispersed state in SiO,
matrix and were attributed to localized O*” — Ce*"

charge transfer transitions involving a number of sur-
face Ce*" ions with different coordination numbers
[69-71]. The spectral pattern of the 1073 K calcined
sample was very similar to that of the 773 K calcined
one, however a slight shift in the band position to-
wards higher wavelengths was observed. The band gap
energy (E,) (table 1) calculations reveal a substantial
reduction in the band gap of CeO,-SiO, when com-
pared to CeO,. A further decrease in the band gap is
observed with increasing calcination temperature from
773 to 1073 K. Substitution of Si** into CeO, lattice
induces formation of intermediate energy levels in the
CeO,-semiconductor on either side of Fermi level that
cause a change in the band gap. In general, the for-
mation of mixed oxide not only alters the charge
transfer properties but also influences the crystallinity
and optical characteristics of the resultant material.
The 773 K calcined CeO,-TiO, sample also exhibited a
series of poorly resolved peaks in the range 400-
250 nm similar to that of the pure CeO, sample. In this
case, the 1073 K calcined sample exhibited a shift in
the absorption peak maximum towards shorter wave-
lengths. This shift towards shorter wavelengths is due
to the prevailing presence of Ce’" « O*" charge
transfer  transitions along with the existing
Ce*" « O transitions as envisaged earlier [72]. The
occurrence of oxygen vacancy defects as noticed from
Raman study support the Ce*" « O> transitions in
this sample. As shown in table 1, the effective band gap
of CeO,-TiO, is lower in comparison to that of TiO,
(3.2 eV) [50,73]. It is a reported fact in the literature
that incorporation of CeO, into TiO» induces only a
small red shift of the electronic absorption with respect
to that of pure anatase [74]. The spectrum of 773 K
calcined CeO,—ZrO, sample was not well resolved and
its absorption band edge exhibited a shift towards
longer wavelengths in comparison to pure CeO, [73].
Substitution of Zr*" into the CeO, lattice and the
consequent strain development at the cerium sites, due
to lowering of symmetry, causes the observed shift
towards higher wavelengths [58]. With increasing cal-
cination temperature the spectrum of 1073 K calcined
sample exhibited absorbance towards shorter wave-
lengths, which could be explained by the predominance
of Ce*"-oxygen charge transfers occurring on the low
coordination Ce** ions [69]. The band gap energy
estimations (table 1) reveal a substantial decrease for
CeO,—Zr0O;, (773 K) when compared to pure CeO,
(773 K). Substitution of Zr** jons into the ceria lattice
could be responsible for the apparent decrease in the
effective band gap of the semiconductors. The observed
increase in the band gap for the 1073 K calcined
CeO,—Zr0O, sample can be ascribed to occurrence of
zirconia rich phases [58]. As per the literature reports,
the m-ZrO, exhibits two direct inter-band transitions at
5.93 and 5.17 eV, quite different from CeO,, absorbs
light at A < 240 nm with an absorption threshold edge
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near 240 nm [75]. The other t-ZrO, phase has a band
gap of 5.1 eV and the absorption threshold edge po-
sition at 240 nm [76]. In agreement with XRD and
Raman measurements, there is no evidence for the
presence of m-ZrO, and t-ZrO, phases from DRS
study.

3.5. XPS analysis

In order to understand the nature of interactions
between the host cerium ion and the foreign cations, the
CeO, and various other samples calcined at different
temperatures were investigated by XPS technique. The
electron binding energies (eV) of O 1s, Si 2p, Ti 2p, Zr
3d, and Ce 3d photoelectron peaks and the corre-
sponding XPS atomic intensity ratios (Ce/Si, Ce/Ti, and
Ce/Zr) are presented in table 2. The electron binding
energy values agree well with the literature reports
[42,43]. The O 1s peak was in general broad and com-
plicated due to non-equivalence of surface oxygen ions.
As per the literature, the oxygen ions in pure CeO,
exhibit intense peaks at 528.6, 528.8, 529.6 and
530.1 eV, respectively [70,77-79]. The O 1s binding
energy values reported for various other oxides SiO,
[70], TiO, [43,80], and ZrO, [81] are 532.7, 530.0, and
530.6 eV, respectively. The O 1s spectra obtained for
various samples were fairly similar, however, signified
the presence of modified CeO». In the case of CeO>—SiO,
sample, the binding energy maximum of the most
intense O 1s peak was observed in the range 530.1-
530.3 eV which largely signifies the contribution from
CeO,. Judging from the difference in the electronega-
tivity of the CeO,—SiO, system [42,43], the SiO, contri-
bution to the overall spectra is negligible, thus

supporting the overlayer concept as envisaged earlier
[82]. The XPS is a well-known surface technique, with its
attenuation depth of few 10-20 A. As silica forms part
of the substrate support its contribution to the overall
signal is inadequate. Thus, the XPS results were fairly in
agreement with the Raman measurements, giving an
impression that ceria over-shadows the silica surface.
The O 1s peak of the CeO,-TiO, sample calcined at
773 K showed a binding energy maximum at 530.0 eV
owing to the contributions from various oxide species in
the sample. The shift of the peak towards higher binding
energy and broadening can be attributed to a partial
reduction of Ce*" to Ce*" under the conditions of XPS
analysis, a well-documented fact in the literature.
According to Paparazzo et al. [77] sample evacuation
under the conditions of XPS analysis leads to partial
reduction. The binding energy of the most intense O 1s
peak of the CeO,—ZrO, sample was observed at
530.1 eV, which can be attributed to the oxygen atoms
bound to Ce 75Zr( 50, solid solution, judging from the
difference in the electronegativity of the constituent
oxides involved [42,43]. The broadening of the peak and
slight increase in the binding energy values, owing to
more electronegativity of the zirconium, with increasing
calcination temperature can be taken as an evidence for
surface enrichment and incorporation of zirconium into
the ceria lattice.

Figure 4 displays the Si 2p, Ti 2p, and Zr 3d XP
spectra of various mixed oxides investigated in this
study. The binding energy of the Si 2p peak (figure 4a),
in the case of CeO,—Si0, samples, ranged between 103.6
and 104.0 eV, which agree well with the values reported
in the literature [70,82-84]. The poor intensity of the
spectra with large peak widths indicates that silica is not

Table 2
XPS core level binding energies of CeO,, CeO,-Si0,, CeO,-TiO,, and CeO,—ZrO, samples calcined at different temperatures

Calcination temp (K) Binding energy (eV)

Atomic ratios Ce/M (Si, Ti & Zr)

O ls Si 2ps)2 Ti 2p3 Zr 3dsp, Ce 3ds)
CeOz
773 529.6 - - - 884.4 -
1073 530.1 - - - 882.9 -
CeOfSiOZ
773 530.1 103.7 - - 881.7 0.71
873 530.2 103.6 - - 881.3 0.70
973 530.2 103.8 - - 881.3 0.71
1073 530.3 103.8 - - 881.2 0.70
CeO,-TiO,
773 530.0 - 458.7 - 882.0 391
873 530.1 - 458.7 - 881.6 2.80
973 530.0 - 458.9 - 881.6 2.24
1073 530.3 - 459.1 - 881.8 1.85
C602*Zr02
773 530.1 - - 182.2 882.5 2.3
873 530.2 - - 182.3 881.5 2.1
973 530.3 - - 182.5 881.5 1.8
1073 530.3 - - 182.6 881.3 1.6
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Figure 4. Si2p, Ti 2p, and Zr 3d XPS spectra of CeO,-SiO; [CS], CeO,-TiO, [CT], CeO,—ZrO, [CZ] samples calcined at different temperatures.

easily accessible at the surface due to the presence of
ceria overlayer. The Ti 2p photoemission spectra
(figure 4b) of CeO,-TiO, exhibit typical peaks in
the range 458.7-459.1 eV for Ti 2p;;, which are in
agreement with earlier reports [80,85-88]. With
increasing calcination temperature broadening of the Ti
2p core-level spectra are observed. The core level spectra
of Zr 3d (figure 4c), in the case of CeO,—ZrO,, showed
progressive broadening along with shift towards higher
binding energy from 182.2 to 182.6 eV with increasing
calcination temperature indicating the formation of
solid solutions between ceria and zirconia in different
stoichiometric combinations as envisaged earlier
[19,42,43]. The shift towards higher binding energy
along with broadening (fwhm 4.1 to 4.3) as a function of
calcination temperature signifies the enrichment of Zr
and account for the emergence of Ceg ¢Zry 40, phase at
higher calcination temperatures. The XPS studies indi-
cate that all constituent oxides in the CeO,—MO,
(M =Si, Ti, and Zr) mixed oxides are present in their
highest oxidation states, Si(IV), Ti(IV) and Zr(IV) and
show no sign of reduction under the conditions
employed in this study.

The CeO, 3d photoelectron peaks of various samples
investigated in this study are shown in figure 5. The
assignment of CeO, 3d photoelectron peaks is ambigu-
ous due to complex nature of the spectra arising not
only because of multiple oxidation states but also due to
mixing of Ce 4f levels and O 2p states during the
primary photoemission process [70]. This hybridization
leads to multiplet splitting of the peaks into doublets,
with each doublet showing further structure due to final
state effects [89,90]. Based on the works of Burroughs
et al. [91], Pfau and Schierbaum [79], and Creaser et al.
[92] the Ce 3d spectrum can be assigned as follows: Two
sets of spin-orbital multiplets, corresponding to the 3ds,
and 3ds;, contributions, are labeled as u and v, respec-

tively. The peaks labeled v and v” have been assigned to
a mixing of Ce 3d° 4> O 2p* and Ce 3d° 4f' O 2p°
Ce(IV) final states, and the peak denoted v corre-
sponds to the Ce 3d” 4f° O 2p° Ce(IV) final state. On the
other hand, lines v, and v’ are assigned to Ce 3d” 4f> O
2p° and Ce 3d’ 4f' O 2p° of Ce(III). The same assign-
ment can be applied to the u structures, which corre-
spond to the Ce 3ds,, levels. As displayed in figure 5a
the Ce 3d spectra of pure CeO, calcined at 773 K
exhibits a myriad of peaks due to both Ce** and Ce’ ™"
oxidation states. However, the predominance of Ce®"
oxidation-state can be clearly observed from the Ce 3d
XP spectra of the 1073 K calcined sample. As shown in
figure Sb, the XP spectrum of CeO,-SiO, sample cal-
cined at 773 K exhibits 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 [82]. With increase in calcination temperature the
relative intensity of u” and v’ annotated peaks increased,
indicating an increase in the surface content of Ce**.
Probably the Ce® " has been formed due to the reduction
of CeO, under the conditions of ultrahigh vacuum
treatment during XPS measurements [77,93,94]. How-
ever, the presence of Ce,O3; was not observed from XRD
measurements. As shown in figure 5c, the Ce 3d spec-
trum of the CeO,-TiO, sample basically denotes a
mixture of Ce®*/Ce*" oxidation states giving raise to a
myriad of peaks indicating that the surface of the sample
is not fully oxidized [85]. With increasing calcination
temperature the intensity of the u’/v’ doublet due to
primary photoemission from the Ce®* relative to the
intensities of the peaks due to photoemission from Ce* "
(i.e., u/v, u”/v” and u””’/v"”’) increased gradually up to
873 K and then decreased. An additional peak centered
at 880.9 eV was observed in the spectrum [85]. This peak
is a shakedown feature resulting from a filled O 2p
orbital to a Ce 4f orbital during photoemission from
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Figure 5. Ce 3d XPS spectra of CeO, [C], CeO,-SiO; [CS], CeO,-TiO, [CT], CeO,—ZrO, [CZ] samples calcined at different temperatures.

Ce’™ cations. This shakedown feature gives rise to an
additional doublet, which is labeled as uy/vy in the
spectrum. The presence of ugy/vy and u’/v’ doublet peaks
indicates that the CeO,-TiO, sample contains some
oxygen vacancies and is in partially reduced state. The
change in the intensity of the primary photoemission
peaks from Ce** cations (i.e., u/v, u”/v”, and u”’/v"”’)
with increasing calcination temperature could be due to
partial incorporation of Ti*" into the ceria lattice in line
with RS measurements. A partial photoreduction of
CeO, during XPS measurements is also a well-known
fact in the literature [77,93,94]. Figure 5d represents the
XP spectra of CeO,—ZrO, sample calcined at 773—
1073 K. The 773 K calcined sample shows a typical
peak shape corresponding to Ce(IV) oxidation state. As
the calcination temperature increases, the structures due
to v, v/, v and u, u” disappear progressively and the
intensity of the u”” peak decreases [19]. At higher cal-
cination temperatures the intensity of structures due to
Ug, Vo, U/, and v’ increased, indicating an increase in the
surface content of Ce(III). As mentioned earlier, the
reduction of Ce(IV) under the conditions of ultrahigh
vacuum during XPS measurements could lead to the
formation of Ce(III).

The Ce/M (M=Si, Ti or Zr) atomic ratios as
determined by XPS are presented in table 2. As
observed from table 2, the Ce/Si atomic ratios for
various CeO,—SiO, samples are fairly constant irre-
spective of the calcination temperature, thus signifying
the fact that ceria crystallites are stabilized over the
surface of silica support and the whole system is
thermodynamically stable. The Ce/Ti atomic ratios
decreased as a function of calcination temperature and
the decrease can be attributed to the incorporation of
Ti*" cations into the ceria lattice at higher calcination
temperatures, thereby increasing the surface content of
Ti*" ions, as envisaged earlier by cell parameter esti-
mations [19]. In the case of CeO,—ZrO, sample, the Ce/
Zr atomic ratios are found to decrease with increasing
calcination temperature, thus supporting the surface
enrichment of zirconia due to the formation of zirco-
nium rich Ceg¢Zrg 40, phase over the surface. The Ce/
M atomic ratios among different systems were found to
be far from the theoretical estimations due to the
complex nature of the systems envisaged and also the
amount of error involved in the XPS quantifications
[19,42]. However, the trends observed in a given system
(as a function of calcination temperature) provide
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valuable information on the surface composition of the
sample and fairly support the conclusions drawn from
XRD and Raman techniques.

3.6. High-resolution transmission electron microscopy
Sstudies

To explore the structural features at atomic level,
the HREM studies were performed on some selected
representative samples. The TEM global view of the
Ce0,-SiO, sample calcined at 773 K is shown in
figure 6a. A closer inspection of the image reveals the
existence of smaller crystals (~3—4 nm) dispersed over an
amorphous matrix with different contrasts. For deeper
insight, the analyses of high-resolution images were
undertaken to establish the structure of the particles [95].
Figure 6b shows the HREM image of the sample sub-
jected to the same thermal treatment. 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 [47,96,97]. The
presence of bidimensional dark spots can be clearly no-
ted. The digital diffraction pattern (DDP) obtained from
the experimental image is also shown as inset in fig-
ure 6b. The different spots that are present account for
the existence of periodic contrasts in the original exper-
imental micrographs, which correspond to different sets
of atomic planes of the crystalline structure. The geo-
metrical arrangements of these reflections are directly
related to the structural aspects of the analyzed crystals.
Because of this fact the DDPs’ are very useful for phase
recognition [98,99]. 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 struc-
ture. The energy dispersive X-ray microanalysis (EDX)
was also performed to get information on the composi-
tion of the surface, which revealed the presence of Ce and
Si in stoichiometric proportions. Taking into account the
analysis performed on the experimental images, it can be
inferred that a good dispersion of the CeO, nanophases
on the surface of partly amorphous silica matrix has been
obtained. This dispersed phase is present in the form of
small crystals of 3—4 nm average size.

Figure 7a shows a representative TEM image of the
Ce0O,-SiO, sample calcined at 1073 K. The presence of
ceria nanocrystals dispersed over the large silica grains
are mainly seen from this image. The dispersed ceria
phase seems to be slightly different when compared to
that of the sample calcined at 773 K. Also the crystal-
linity of the sample has increased. In this case, as
revealed by the analysis of the subsequent images, the
mean size of the CeO, crystals increased from 3-4 to a
value close to 6-10 nm. The HREM image and the
corresponding digital diffraction pattern are depicted in
figure 7b. The fringes appeared in the micrograph allow
the identification of the crystallographic spacing of the
CeO; nanocrystallites. In the HREM image, the ceria
crystallites can be discriminated as patches of parallel
lattice fringes with a distance of ~3.2 A [CeO, (111)
lattice planes]. In this image also the bidimensional
distribution can be clearly observed. The digital
diffraction pattern consists of three diffraction spots
labeled 1, 2 and 3 around the undeflected central spot.
These represent (111), (200) and (1-1-1) planes of cubic
fluorite ceria with 3.1, 2.7 and 3.1 A interplanar spac-
ings, respectively. The EDX analyses to a greater extent

Figure 6. TEM and HREM images of the CeO,-SiO, sample calcined at 773 K. The digital diffraction pattern (DDP) obtained from the
corresponding image is also shown.
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corroborated 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 segregation of the
ceria nanoparticles.

The representative electron micrographs of the CeO,—
TiO, sample calcined at 773 and 1073 K are shown in
figure 8a and 8b, respectively. The analyses of HREM
images of low temperature calcined sample revealed well-
crystallized grains of CeO, and TiO, with approximate
grain size of ~20 nm [95]. With increasing calcination
temperature the size of ceria grains increased from 20 to
~50 nm while that of titania to ~35 nm. Further, the
fringes observed in the micrographs were assigned to the
(111) and (101) crystallographic planes of CeO, and
TiO,-anatase phases, respectively [95]. The HREM im-
age of the sample calcined at 1073 K shown in figure 9,
reveals clearly three distinct regions, the upper top ceria
only region, the lower left bottom titania only region,
and the intermediate region formed by overlapping of
both ceria and titania grains. The corresponding DDPs
are also shown as insets in figure 9. Analysis of the spots
labeled 1, 2, 3 and 4 (top right inset) revealed the typical
diffraction pattern of the anatase-TiO,, with interplanar
spacings of 3.42, 2.66, 3.54 and 2.3 A corresponding to
(101), (110), (01-1) and (-11-2) planes, respectively [100].
The other DDP (left inset) revealed the typical diffraction
pattern of CeO, phase. The respective interplanar spac-
ings and the corresponding planes for the spots labeled 1,
2, and 3 are as follows: 3.0 A (111), 2.6 A (200), and
3.1 A (1-1-1). The presence of dark and light intermit-
tent bands observed in the micrographs (figure 8a and
8b) could be due to diffraction phenomenon caused by
the superimposition of CeO, and TiO, grains [39]. The

EDX analyses revealed the presence of Ce and Ti in
appropriate stoichiometries. In particular, the EDX of
1073 K calcined sample confirmed the presence of ceria
only, titania only and some overlapping regions in
agreement with electron micrographs.

The representative HREM and TEM images of the
CeO,—ZrO, sample calcined at 773 and 1073 K are
shown in figure 10a and 10b, respectively. Analysis of
these and other micrographs (not shown) revealed that
the grain size increased from 5 to ~10 nm with increasing
calcination temperature from 773 to 1073 K [95]. For
deeper insight, analyses of HREM images (figure 10a)
and the corresponding digital diffraction patterns were
under taken [95]. The DDPs revealed crystals with well-
defined bidimensional internal structures. The inter pla-
nar spacings 3.0, 2.6 and 3.0 A measured for the spots
labeled 1, 2 and 3 (figure 10a inset) were respectively
assigned to (11-1), (200) and (1-11) family planes of the
cubic structure, and the geometry of the DDP corre-
sponds to the [011] zone axis. As per the literature reports
[39,95,101,102], the fluorite cubic structure normally
exhibits only three electron diffraction rings which cor-
respond to the interplanar spacings of ca. 3.1 (111), 2.7
(200), and 1.9 (220) A. The other two likely phases,
tetragonal and monoclinic, exhibit electron diffraction
rings at or very close to these cubic spacings, as well as
additional spacings. The additional spacings for the
tetragonal phase are at 2.1 and possibly at 2.3, 3.7 and
53 A (the last three being possibly active Kkinetic
extinctions) and for the monoclinic at 2.0-2.3, 3.7 and
5.1 A. These spacings should be treated as approximate
since they will vary slightly with the Zr content of the
sample. For example, the spots at 5.3 and 5.1 A would be
difficult to separate unambiguously. The absence of any

Figure 7. TEM and HREM images of the CeO,-SiO, sample calcined at 1073 K. The digital diffraction pattern (DDP) obtained from the
corresponding image is also shown.
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Figure 8. TEM images of CeO,-TiO, sample calcined at (a) 773 K and (b) 1073 K.

Figure 9. HREM image of CeO,-TiO, sample calcined at 1073 K. The insets in the image are the digital diffraction patterns (DDP) obtained
from the corresponding particles.

of these additional spacings clearly indicated that the
Ce—Zr oxide system exists in cubic modification [95].
Taking into account the slight contraction of crystal
lattice expected by partial substitution of Ce** ions by
smaller Zr*" jons, the simple fluorite type DDPs are
quite obvious [19,39]. A significant number of crystals
in the present study (figure 10) displayed a pattern of

parallel high contrast light and dark bands extending
across their surfaces. As per the literature, it may be a
diffraction phenomenon caused by the presence of a
surface layer of different phase or different crystallo-
graphic orientation to that of the supporting crystal
[39,101]. On the whole the CeO,—ZrO, sample exhibited
patterns of cubic only structures [95].



B.M. Reddy and A. Khan|Influence of SiO,, TiO,, and ZrO, on ceria 169

Figure 10. HREM and TEM images of CeO,—ZrO, sample calcined at (a) 773 K and (b) 1073 K, respectively.

3.7. OSC measurements

The potential OSC of mixed oxides and pure CeO,
(prepared by a similar soft chemical route) were evalu-
ated by thermogravimetry. The percentage weight loss
(%) and the corresponding oxygen vacancy concentra-
tion or storage capacity (8) pertaining to various sam-
ples are shown in table 3. The parameter ‘3’ denotes the
number of oxygen vacancies formed in the given sample
under the given set of experimental conditions
employed. As can be noted from this table, the OSCs of
mixed oxide samples are higher than that of pure ceria.
The high OSC of CeO,-SiO, compared to CeO, could
be due to the stabilization of smaller nanocrystals of
ceria over the surface of amorphous silica matrix as
observed from HREM results. As per literature reports,
nanocrystalline ceria has a lower energy of reduction
compared to bulk ceria and is responsible for higher
defect population [1]. Raman results strongly support
this observation. Rocchini ez al. [48] reported an
improvement in the OSC of ceria due to incorporation
of small amounts of silica in the mixed ceria—silica
composites. In addition, it was proposed that SiO, also
helps in keeping the ceria crystallites smaller enough to
guarantee an elevated oxygen exchange. The CeO,-TiO,
system exhibits a slight improvement in the OSC over
pure CeO,. The Raman band observed at 570 cm™

Table 3

Percentage weight loss and corresponding oxygen vacancy concentra-
tion, o, in various samples as determined by thermogravimetry

Sample Weight loss (%) S

CeO, 0.13 0.04
Ce0,-Si0, 0.39 0.12
Ce0,-TiO, 0.26 0.08
CeO,—Z10, 0.52 0.16

revealed the presence of oxygen vacancy defects in this
sample. The presence of oxygen vacancies/Ce® * ions in
high proportions could be responsible for the observed
high OSC of this mixed oxide. A substantial increase in
the OSC for CeO,—ZrO, when compared to CeO, and
other systems could be noted from table 3. Distortion of
O?" sublattice in the mixed oxide permits a higher
mobility of the lattice oxygen and reduction is no longer
confined to the surface but also extends deep into the
bulk [1]. From the structural point of view, there is a
quite significant misfit between the ionic radii of Ce*"
(0.97 A) and Zr*" (0.84 A), which is responsible for
modifications of the CeO, lattice upon insertion of ZrO,
[3,19]. Further, the more presence of ZrO, in the CeO,
lattice at higher calcination temperatures makes the
lattice more defective, which eventually enhances the
mobility of oxygen in the bulk of the CeO,—ZrO, mixed
oxides. The relatively intense Raman band observed at
~600 cm™! supports the OSC results. On the whole all
mixed oxides exhibit better OSC properties than pure
CeO, for their eventual catalytic applications [95]. Thus
the combined XRD, Raman, UV-Vis DRS, XPS,
HREM, and thermogravimetry studies provide valuable
information on the physicochemical properties of
nanosized CeO,-SiO,, CeO,-TiO,;, and CeO,—ZrO,
mixed oxides.

4. Conclusions

(1) By adopting soft chemical methodologies, prepa-
ration of 1:1 mole ratio CeO,-Si0,, CeO,-TiO,, and
Ce0O,—Zr0O; mixed oxide was undertaken. A pure CeO,
was also prepared following the same procedure for the
purpose of comparison. To evaluate the temperature
stability, these oxides were subjected to various thermal
treatments from 773 to 1073 K and were examined by
using XRD, Raman, UV-Vis DRS, XPS, and HREM
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techniques. The effect of support oxides on the crystal
structure of ceria was also contemplated. (2) The XRD
and HREM studies revealed the presence of CeO,
nanocrystals over the amorphous SiO, matrix in the
case of CeO,-SiO, sample, whereas the CeO,—TiO,
sample comprised of relatively larger nanocrystals of
CeO,, TiO, (A), and some overlapped regions. The
formation of cubic Cey75Z15-,50, and Ceg¢Zry 40,
phases were noted in the case of CeO,—ZrO, sample. (3)
The measurement of cell parameter ‘a’ values suggests
some incorporation of Si*" into the ceria lattice at
higher calcination temperatures, in case of CeO,—SiO,
sample. An expansion and contraction of CeO, lattice
were noted in the case of CeO,-TiO, and CeO,—ZrO,
samples, respectively. (4) Raman measurements pro-
vided considerable information on the fluorite structure
of ceria. In particular, displacement of oxygen sublattice
in the fluorite structure and the presence of oxygen
vacancies/Ce“ were noted in the case of CeO,-TiO,
and CeO,—ZrO, samples. (4) The XPS measurements
revealed that the support oxides are in their highest
oxidation states, Si*", Ti*', and Zr*". However,
cerium displays the presence of both Ce** and Ce’™"
oxidation states in different proportions depending on
the nature of support oxide and calcination temperature
employed. (5) The precise structural features of ceria
nanocrystals as determined by digital diffraction analy-
sis of the HREM experimental images revealed that the
CeO, is mainly in the cubic fluorite geometry. (6) The
OSC studies revealed that all these mixed oxides exhibit
better redox properties than pure CeQO,. In particular,
the CeO,—ZrO, exhibited highest OSC among other
combinations.
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