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In this work, we investigated the dispersion effects of nanosized ceria-terbia solid solutions over silica
surface in terms of structural characteristics and catalytic activity. The dispersion process was carried out
via a soft chemical route using colloidal silica precursor and nitrate precursors of cerium and terbium.
The structural features were elucidated by means of analytical techniques namely TGA, BET surface area,
XRD, Raman Spectroscopy, UV-vis DRS, TEM, XPS, and TPR-TPO. The catalyst samples were subjected to
thermal treatments at different temperatures ranging from 773 to 1073 K to understand the influence of
silica support on dispersion, textural properties, and thermal stability. Catalytic activity was evaluated for
selective dehydration of 4-methylpentan-2-ol to 4-methylpent-1-ene in the vapor phase at atmospheric
pressure. The silica supported ceria-terbia catalyst exhibited better dehydration activity as well as selec-
tivity in comparison to the unsupported catalyst. The catalytic properties were found to be dependent
on structural features of the prepared catalyst samples.
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1. Introduction

Since its inception as the oxygen storage component in cat-
alytic converters by Ford Motor Company, nanosized cerium oxide
(ceria, CeO3) has been known to be an unrivaled component in
three-way-catalysts (TWCs) and is currently an attractive catalyst
or a support for a variety of catalytic applications [1,2]. The unique
property making ceria extraordinarily viable is its oxygen storage
and release capacity via the Ce**/Ce3* redox shuttle under oxi-
dizing and reducing environments, respectively [1-5]. Primarily,
ceria was recognized as a promising material, because it main-
tains a cubic fluorite crystal structure even during the alternate
storage and release of oxygen with small volume change. How-
ever, due to severe loss of its textural characteristics and oxygen
storage capacity (OSC) at elevated temperatures, its use in control-
ling the emissions of toxic pollutants from automotive exhaust is
restricted [3]. Two strategies are particularly effective for resolving
this critical problem. One is modification of ceria by preparing its
mixed oxides or solid solutions with transition metals and other
rare-earth elements, and another is exploitation of thermally sta-
ble inert supports [ 1-3,4,6]. Captivatingly, both the strategies have
come up with improved thermal/textural properties and catalytic
activities for ceria nanostructures. For instance, prominent mixed
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oxides of ceria such as Ce0O,-ZrO,, CeO,-HfO,, CeO,-La; 03, CeO,-
TiO,, CeO,-Tb0O,, CeO,-Pr0,, etc. have been known in view of both
structural characteristics and catalytic activities compared to pure
ceria in different applications [3,6-10].

Due to chemical inertness, high specific surface area and high
thermal stability, silica is widely exploited as a support for stabi-
lizing different metal nanoparticles and metal oxides [11,12]. It is
revealed that the dispersion of nanosized ceria and/or ceria-based
mixed oxides over the surface of silica, transition alumina, or tita-
nia results in significant improvement of the physical as well as
chemical properties without changing the thermal and mechanical
properties of the mixed oxide material [11]. Mention worthy that
amorphous silica outperforms the ability of alumina and titania
towards the stabilization of the ceria-based mixed oxides against
sintering during the high temperature operations [13]. Further-
more, compared to the bulk oxides, the silica supported ceria-based
mixed oxides possesses more active surface area and stability due
to better dispersion of the catalytically active ceria-based phases on
the support surface. As a consequence, the oxygen exchange rate
experiences an enhancement that leads to a remarkable increase in
the reactivity [6,13]. These facts grow intense motivation towards
using silica as the support material for other ceria-based materials.

Apart from the well-known redox behavior, acid-base property
isanother intriguing feature of ceria-based catalysts. Generally, dif-
ferent techniques employed to explore the acid-base properties of
ceria suggest strong basicity and weak acidity caused by the highly
mobile surface 02~ ions and cerium cations, respectively [11,14].
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Introduction of metal dopants into the CeO, lattice generates oxy-
gen vacancy defects and increases the acidity or basicity of CeO,
[4,10,15,16]. Finding an appropriate metal for doping is greatly
important and a lot of attention should be focused on this issue.
By making the use of acid-base as well as the redox properties,
ceria and/or ceria-based materials can catalyze the transformation
of diverse organic molecules. For instance, dehydration, dehydro-
genation and dimerization of alcohols, condensation of aldehydes,
ketonization of acids, hydrogenation of olefins, esterification of
alcohols, and transesterification of esters were found to be effec-
tively catalyzed by ceria-based catalysts [11,17-20].

Selective dehydration of 4-methylpentan-2-ol is technologi-
cally very important as the exclusive product 4-methylpent-1-ene
is used as the starting material for manufacturing thermoplas-
tic polymers [21]. However, the dehydration reaction often leads
to the formation of undesired product, 4-methylpent-2-ene with
trace amounts of Cg-alkenes [4,22]. Besides, the dehydration reac-
tion may be simultaneously accompanied by dehydrogenation
which produces 4-methylpentan-2-one along with higher ketones
in negligible amounts [4,22]. Hence, product selectivity remains a
fundamental issue particularly in alcohol dehydration and tremen-
dous effort has been directed to achieve satisfactory selectivity. It is
believed that the strength of acid- and base-sites govern the com-
petition among products of 4-methylpentan-2-ol dehydration [17].
Pure ceria predominantly produces 2-alkene as the alcohol dehy-
dration product. However, binary ceria-based mixed oxide solid
solutions reveal good catalytic activity as well as high selectiv-
ity to 1-alkene in the dehydration of secondary alcohols [8,23,24].
It is reported that dispersion of ceria-based nano-oxide catalysts,
namely, CexZr;_40O,, Ceg gHfp20,, and CeO,-La, 03 over silica amaz-
ingly increase their catalytic activity in selective dehydration of
4-methylpentan-2-ol [4,24,25]. Reddy and co-workers reported
the efficiency of alumina supported ceria-terbia solid solution in
comparison to unsupported ceria-terbia toward enhancement of
0SC and CO oxidation ability [3]. In view of this, investigation on
ceria-terbia solid solutions supported on silica is vital for making a
rational comparison to the previously reported work. To the best of
our knowledge, very little research endeavor has been dedicated
toward investigation of acid-base characteristics of ceria-based
nanostructures correlating their catalytic activity, and particularly,
no report could be found on SiO, supported CeO,-TbO, composite
oxides so far.

Against the abovementioned background, we have undertaken
the present investigation to understand the dispersion effects of
Ce0,-TbO, composite oxide over the surface of silica obtained
from colloidal dispersion because of its certain advantages. First,
the colloidal dispersion is much less reactive towards the catalytic
material, and therefore, solid-state reactions are slightly less likely
to occur with the colloidal materials than with the co-precipitated
materials from soluble salts. Second, the particles of the colloid
are larger than the particles of the co-precipitated salt. This has
the feature of making larger pores and a more open structure
for the final catalyst. In this work, we therefore aim to evaluate
the physicochemical characteristics, nanostructural evolution, and
catalytic activity of Ce0,-Tb0,/SiO, ternary oxide catalyst where
ceria-terbia mixed oxide acts as a promoter and silica forms part of
the substrate.

2. Experimental
2.1. Preparation of catalysts
The silica supported ceria-terbia (i.e., Ce0,-Tb0,/SiO,) cata-

lyst (CTS; Ce0,:Tb0,:Si0, = 80:20:100 mol% based on oxides) was
synthesized by a deposition co-precipitation method. Nitrate pre-

cursors, ammonium cerium(IV) nitrate (Himedia) and terbium(IV)
nitrate (Himedia) in requisite quantities were dissolved sepa-
rately in double distilled water under mild stirring conditions and
mixed together. Upon complete mixing, required quantity of col-
loidal silica (Ludox 40 wt.%, Aldrich, AR grade) was added to the
abovementioned mixture solution under vigorous stirring. Dilute
aqueous ammonia solution was subsequently added dropwise until
the precipitation was complete (pH=~8.5). The resulting precip-
itate was carefully filtered off and washed with distilled water
until it became free from anion impurities. The accumulated paste
was left for overnight drying in a hood. Subsequently, the solid
product was dried in an oven at 393K for 12h, and crushed it
using an agate mortar to obtain fine powders. Finally, the dried
sample was calcined at 773K for 5 h in air atmosphere. Some por-
tions of this sample were again heated at 873, 973, and 1073 K,
respectively for 5 h in air atmosphere for investigating the thermal
stability of the samples. A heating rate of 5 K/min was maintained
during all the calcination processes. For comparison, unsupported
Ce0,-TbO,, (CT; 80:20 mol% based on oxides) was also prepared by
same method, annealed at different temperatures, characterized
and evaluated for catalytic usefulness.

2.2. Characterization of catalysts

The thermogravimetric measurements were carried out on
a Mettler-Toledo TG-SDTA instrument. The catalyst sample was
heated from ambient to 1273 K under nitrogen flow at the heating
rate of 10°C per minute. The BET surface areas were determined
by N, physisorption at liquid N, temperature on a Micromerit-
ics Gemini 2360 instrument using a thermal conductivity detector
(TCD). Prior to analysis, the samples were oven dried at 393K for
12 h to remove the surface adsorbed moisture contents and finally
flushed with argon gas for 2 h. The powder X-ray diffraction (XRD)
patterns were recorded on a Rigaku Multiflex instrument using
nickel-filtered CuKa (0.15418 nm) radiation source and a scintil-
lation counter detector. The intensity data were collected over
a 26 range of 10-80° with a step size of 0.02° and a collection
time of 2's per step. Average particle sizes were calculated using
Scherrer equation and the cell parameter ‘a’ of various catalysts
was determined by a standard cubic indexation method using the
most intense (111) peak. The Raman spectra were recorded on
a DILOR XY spectrometer equipped with a confocal microscope
and liquid N, cooled charge-coupled device (CCD) detector. Sam-
ples were excited with the emission line at 325 nm from He-Cd
laser (Melles Griot Laser) under the microscope with the diam-
eter of the analyzed spot being ~1 wm. The wavenumber values
obtained from the spectra are precise to within 2cm~!. UV-vis
diffuse reflectance spectra were collected on a UV-vis spectropho-
tometer, Model U-4100 spectrophotometer (solid). BaSO4 was used
as the reference material and the spectra were recorded in the
wavelength range from 200 to 800 nm. XPS investigations were
carried out on a Shimadzu (ESCA 3400) Spectrometer by using
MgKa (1253.6eV) radiation as the excitation source. The sam-
ples were dried and evacuated at high vacuum before analysis and
then introduced into the analysis chamber. The recorded XPS spec-
tra were charge corrected with respect to the binding energy of
C 1s peak at 284.6eV. Quantitative analysis of atomic ratios was
accomplished by determining the elemental peak areas as reported
in our previous literature [3]. Transmission electron microscopic
(TEM) investigations were made on a JEM-2100 (JEOL) instrument
equipped with a slow scan CCD camera and at an accelerating volt-
age of 200 kV. Samples were prepared by ultrasonic dispersion in
ethanol and deposited onto carbon-coated copper grids. The TPR-
TPO measurements were performed using a micro-reactor coupled
to a TCD. Oxygen storage capacity (OSC) was measured from the
oxygen release characteristics of the sample in the temperature
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region 573-1073 K via a thermogravimetric method. The detailed
procedures for TPR-TPO and OSC measurements have been pro-
vided in the electronic supplementary information (ESI) section.

2.3. Evaluation of catalytic activity

Catalytic activities of the prepared samples were evaluated for
dehydration of 4-methylpentan-2-ol. The experiments were car-
ried out in the temperature region of 523-673K, in a down flow
fixed-bed microreactor heated by means of a tubular furnace as
described earlier [22,25]. In a typical experiment, 0.5 g of catalyst
diluted with quartz fractions was placed vertically inside a tubular
furnace. Prior to the reaction, the catalyst was heat treated at 773 K
for 5h using CO,-free airflow. The 4-methylpentan-2-ol was fed
into the vaporizer at a flow rate of 1.5mlh~! through a N, stream
flows at the rate of 60-70 ml min~"'. The condensed liquid products
were collected in ice-cold freezing traps and then analyzed by a gas
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chromatograph equipped with BP-20 (wax) capillary column and
a flame ionization detector (FID) to monitor the evolution of the
reaction. The conversion and product selectivity were calculated
as per the procedure described elsewhere [22,24].

3. Results and discussion
3.1. Characterization of catalysts

To gain information on the role of silica support against sin-
tering and decomposition behavior of ceria-terbia solid solution
thermogravimetric analysis (TGA) was performed. The thermo-
grams between 273 and 1273 K, pertaining to TG analysis (ESI, Fig.
E1) of the uncalcined CTS composite oxide revealed one major and
two minor weight loss peaks. The major weight loss peak is broad
in nature and appears at low temperature region, which can be
assigned to the loss of non-dissociative adsorbed water. The minor
weight losses encompass the intermediate as well as high temper-
ature regions. The weight loss in the intermediate region is caused
by the loss of water present in the micropores of the gel. On the
other hand, the other minor weight loss peak noted at the high-
est temperature region is due to dehydroxylation of the surface.
This observation indicates that the weight loss of CTS sample from
ambient condition to ~830K was about 15%, whereas from 830
to 1273 K it was about 0.5-1% only. Based on TGA informations,
it can be demonstrated that the silica supported ceria-terbia com-
posite oxide is thermally quite stable and could be used in high
temperature applications.

The N, BET surface areas of various samples calcined at different
temperatures are presented in Table 1. The CTS sample calcined at
773K exhibited a very high surface area of 170m? g~1. Evidently,
the specific surface area of the CTS sample experienced a gradual
fall with increase in calcination temperature from 773 to 1073 K.
However, preservation of a fairly high surface area of 110m2g-!
even after calcination at 1073 K is an amazing observation. It is
known that the surface area of the supported ceria-terbia samples
and their resistance against thermal sintering robustly rely on the
synthetic approaches [3]. The procedure that we followed in the
present investigation was found to be highly effective in stabilizing
the surface area of the supported ceria-terbia composite oxides.

Powder XRD patterns of the CTS samples calcined in the tem-
perature range from 773 to 1073K along with pure ceria and
terbia (calcined at 773 K) have been presented in Fig. 1. The pat-
terns reveal the formation of a cubic fluorite type phase with
the composition CepgThg,0, for all CTS samples. As can be seen,
though the intensity of the diffraction lines increases with increas-
ing calcination temperature, the peak positions remain unaltered.
At lower calcination temperatures the crystallite size (measured by

Fig. 1. Powder XRD patterns of CeO, — TbO,/SiO, (CTS) samples calcined at different
temperatures along with 773 K calcined ceria (C) and terbia (T).

Scherrer equation) is normally small and the surface area is large
(Table 1). As per earlier literature report, the evolution of different
phases leading to phase segregation may occur at higher calcina-
tion temperatures [26]. This is attributed to smaller surface energy
contribution results from the minimization of surface area at high
temperature [26,27]. Intriguingly, no phase segregation could be
observed in the present diffraction patterns despite after calcina-
tion at 1073 K.

The patterns also disclosed a fascinating information that there
is no further compound formation such as Ceg33(SiO4)s0, and
CeSiO4 between various component oxides (CeO,, TbO, and SiO3)
of the sample as reported in the literature [28,29]. This could be
attributed to various factors like, utilization of inert colloidal silica
as the support, strong interaction between the oxides of Ce and Tb
to form solid solutions, and exploitation of lower calcination tem-
peratures [26]. Within the detection limits of the XRD technique,
there was no evidence about the presence of terbia phases. In addi-
tion, any XRD features relating to silica were also not identified,
representing amorphous nature of the support.

Using the most intense CeO, (111) diffraction peak, calculation
of cell parameters ‘a’ for the synthesized samples was carried out
[30,31].The corresponding ‘a’ values for the samples calcined at dif-
ferent temperatures are summarized in Table 1. As can be observed,
the conformity of the cell ‘a’ parameter values with increasing cal-
cination temperature signifies the stable nature of the compound.
However, integration of terbium ions into the ceria lattice results in
the shrinking of the unit cell size in accordance with Vegard's law
[3]. This observation clearly reveals direct dependency of the lat-
tice parameter of a solid solution to the atomic percent of the solute
present [32-34]. The substitution of Ce** ions by Tb** and Tb3" ions
leads to a respective reduction and enhancement of the crystalline
lattice parameter, which is attributed to the relatively smaller and

larger ionic radius of Tb** (0.88 f\) and Tb3* (1.04 f\) than Ce**

(0.97 A) [35]. The calculated lattice parameter values reveal the
possibility of presence of Tb in both the oxidation states.

The average crystallite size of CexTb;_x0O, phases present in var-
ious samples (Table 1) implies that crystallization of ceria-terbia
solid solutions is strongly dependent on the calcination temper-
ature as well as nature of the support. A regular increase in the
crystallite size was observed with increasing calcination temper-
ature from 773 to 1073 K. The crystallite size values are however
not absolutely considered and TEM-HREM investigations are per-
formed in order to get an unambiguous result.
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Table 1

BET surface area, crystallite size, and cell ‘a’ parameter measurements of CeO, — Tb0O,/SiO, (CTS) samples calcined at different temperatures.

Sample/Calcination Temperature (K) BET SA (m2g~1) Crystallite size (nm)? Cell Parameter ‘a’ (A)
CT-773 67 5.5 5.37
CTS-773 170 2.55 5.39
CTS-873 141 3.28 5.38
CTS-973 124 3.83 5.38
CTS-1073 110 5.09 5.39
2 From the XRD measurements with Scherrer equation.
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Fig. 2. Raman spectral patterns of CeO, — TbO,/SiO; (CTS) samples calcined in the
temperature region 773—-1073 K.

Fig. 2 presents the Raman spectroscopic results of various sam-
ples calcined at different temperatures. Visible Raman analysis of
pristine ceria is known to show only one peak at ~462cm~! due
to the F», Raman-active mode characteristic of the cubic fluorite
structure of CeO, [3,36]. However, UV-Raman analysis reveals a
considerable red shift of this particular peak to ~469 cm~! [3,36].
Presumably, this band shift is caused by a small degree of hydra-
tion [37]. As observed, the peak at ~460 cm~! is most prominent
for all CTS samples justifying the presence of a cubic Ce,Tb1_0,
phase. The emergence of additional bands at ~315 and 600 cm~!
indicates some distortion of the oxygen sub-lattice. Apparently, the
peak at ~600 cm~! is relatively more intense which may be due to
the resonance enhancement of the Raman scattering cross section
under UV excitation [37]. Interestingly, no Raman lines relating to
terbia were observed corroborating with the XRD results. The band
at ~460 cm~! is due to symmetric 0—Ce—O stretching mode [38].

With increasing calcination temperature the intensity of the
Fy¢ band is relatively increased that could be attributed to better
crystallization of ceria-terbia solid solution at higher calcination
temperatures. The broadness of Raman peaks is due to the pres-
ence of silica support as well as small crystallites of Ce-Tb oxide. It is
known that the intensity of the Raman band depends on several fac-
tors including grain size and morphology [39]. The presence of the
pronounced broad band at ~600 cm~! was due to a non-degenerate
Raman inactive longitudinal optical mode of ceria which arises due
to relaxation of symmetry rules [40,41]. In particular, the substitu-
tion of terbium into the ceria lattice with an increase in calcination
temperature gives rise to oxygen vacancies, which are responsible
for the emergence of this band [42]. The appearance of a weak band
at~315cm~! was accounted for the displacement of oxygen atoms
from their normal lattice positions [38]. Interestingly, these bands
gained intensity after calcination at 1073 K, indicating a high dis-
order of the oxygen sub-lattice in the fluorite structure. Silica did
not exhibit any Raman features in line with the results reported

Fig. 3. Ce 3d XP spectra of CeO, —TbO,/SiO, (CTS) samples calcined at different
temperatures.

in the literature [43]. This observation suggests that silica forms
part of the substrate support on which ceria-terbia solid solution
is dispersed. The absence of any other Raman features provided
one more inference that silica is not forming any compound with
cerium and terbium oxides.

UV-vis DRS measurement is carried out for CTS sample cal-
cined at 773 and 1073 K and the patterns are shown in Fig. E2 .
Interestingly, this spectroscopic technique could clearly identify
nanocrystalline ceria particles of size below 5nm, which is nor-
mally undetectable with XRD investigation [44,45]. As can be seen
from Fig. 3, the UV-vis absorption of CeO, shows three prominent
bands at around 241, 286, and 336 nm. In other words, the absorp-
tion solely occurs in the UV region of the electromagnetic spectrum
which could be attributed to its large band gap (~3.2eV) [46]. The
absorption band at ~286 nm can be ascribed to 02~ — Ce** charge
transfer while the band at ~336 nm corresponds to inter-band tran-
sitions [47]. The poorly resolved band maxima near ~241 nm is due
to 02~ — Ce3* charge transfer transitions [44]. Another interesting
observation can be drawn from the present investigation is that the
absorption edges are shifted towards lower wavelengths compared
to pristine ceria [7]. However, the occurrence of the charge trans-
fer transitions reveals the existence of cerium in its both oxidation
states [48]. More importantly, the 02~ — Ce3"* transitions indicate
the formation of oxygen vacancy defects and this observation is
intriguingly in agreement with the Raman spectroscopic investiga-
tions. Also, no evidence regarding the presence of other phases like
TbO, could be found in this study in line with both XRD and Raman
measurements.

For further confirmation of the DRS observations, XPS measure-
ments were carried out. The O 1s profiles are presented in Fig. E3 .
It is evident from the figure that the profiles exhibit an intense and
broad photoelectron peak at ~531 eV attributed to the O 1s ion-
ization of the lattice oxygens associated with CeygTbg,0, mixed
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Fig. 4. Tb 4d XP spectra of CeO, —Tb0,/SiO, (CTS) samples calcined at different
temperatures.

oxide. With the increase of calcination temperature, though the
binding energy values relating to O 1s peak doesn’t realize any con-
siderable change, the peak becomes gradually narrow. This is due
to better crystallization of the Ce-Tb mixed oxides at higher cal-
cination temperatures. However, the overall results ruled out the
possibility of compound formation among the component oxides
after 773 K. The Ce 3d photoelectron spectra of the CTS samples
were interpreted by means of Burrough'’s notations [49] and the
patterns are presented in Fig. 3. As can be observed from the figure,
the Ce 3d spectrum consists of two sets of spin-orbit components
namely, 3dsj, and 3ds),, were represented by the notation u and
v respectively. Each of the components shows multiple photoelec-
tron peaks attributed to the final-state effects [9].

Here, the peaks generating from the 3dsj, contribution occur
at 899 (up), 900.5eV (u), 904.1eV (u/), 908 eV (u//), and 916.5 eV
(u/ll) whereas that for the 3ds, contribution is observed at 881.1
(vg), 882eV (v), 885.4eV (v/), 889eV (v//), and 898.5 eV (v/!l). The
peaks at u and v are the main lines corresponding to the Ce** state
whereas u//, u/ll, v//, and v/l/are satellites related to this state.
In general, the main signals due to Ce3* state locate at ~881eV
(vp) and 898 eV (up). In the present investigation, the satellites to
these features (v/and u/) could be observed at 885.4 and 904.1 eV,
respectively. The absence of a peak at 881 eV reveals that Ce is pre-
dominantly in the 4+ oxidation state, which is established by the
considerable intensity of the u///component. However, significant
intensity observed around 885 eV confirms the presence of Ce3*,
Thus, the prepared samples contain Ce both in the 4+ and the 3+
states. As the calcination temperature increases, the intensity of the
peaks ataround 885 eV (v/) and (u/) 904 eV increased and that of the
peak at 916eV (u/!) decreased implying a higher amount of Ce3*
in the samples calcined at higher temperatures. Fig. 4 shows the
Tb 4d core level spectra of the CTS samples. Mention worthy that
the assignment of accurate Tb oxidation states in Tb 4d spectra is
quite ambiguous due to the very complex nature of the spectral pat-
terns and no appropriate literature could be found. However, it is
accorded thatin Tb 4d XPS pattern, Tb3* gives a signal below 150 eV,
whereas Tb** is associated with features above 150 eV [3,50]. Here,
the spectra are apparently very broad (ranges from 140 to 160 eV)
showing the maxima at ~152 eV and a tailing toward 160eV, sug-
gests the presence of more than one Tb oxidation state. Accordingly,
it can be inferred that the CTS composite oxide contains Tb both in
the 3+ and 4+ oxidation state. The intensity of the peak maxima is
found to be slightly increased with increase in calcination temper-

ature suggesting the presence of Tb** in relatively higher amounts
of than Tb3*.

Fig. E4 shows the core level Si 2p photoelectron spectra of the
CTS samples calcined at different temperatures. The binding energy
pertaining to the Si 2p spectra exhibits maximaat ~102.2 eV in good
agreement with the values reported in the literature [13]. As can be
seen from the figure, the spectra are of poor intensity with broaden
peak widths giving an impression that silica is almost inaccessi-
ble to the surface due to the presence of Ce-Tb oxide over-layers.
It is known that the oxidized silicon may be present in different
forms such as Ce0,_,/SiO, [51,52] or as an amorphous silicate layer
[53,54], where partial reduction of Ce** to Ce3* occurs together with
partial oxidation of Si. Interestingly, formations of such compound
like CeSiO4 or TbSiO4 have not taken place in this study as they
reveal the Si 2p binding energy value of 101 eV [55]. This remark is
fascinatingly in line with Raman spectroscopic results.

The binding energy (eV) values of O 1s, Ce 3d, Tb 4d, and Si 2p
spectra are presented in Table E1. It is clearly revealed that the
XPS bands and the corresponding binding energy values are highly
sensitive to the calcination temperature and composition of the
samples. As presented in Table 2, the atomic ratios for Ce/Tb, Tb/Si,
and Ce/Si didn’t change considerably with the increase of temper-
ature indicating the conservation of composition. This observation
further ubstantiates that no reaction occurred among the compo-
nents within the temperature range of 773-1073 K.

Electron microscopic investigations are very relevant in inves-
tigating the structural features at atomic level. This technique can
authenticate the observations of XRD and Raman spectroscopy and
endow with precise facts. Considering this, TEM-HRTEM analyses
were carried out for the CTS samples. The TEM and HRTEM images
pertaining to 773 K and 1073 K calcined samples are shown in Figs.
5 (a), (b) and 6 (a), (b), respectively. The TEM global micrographs
revealed agglomerated microstructures of the sample. However,
plain faces of crystallites are very rare in the figure, which sug-
gests that maximum share of the material is in amorphous state.
Interestingly, the exact morphological views of the particles could
be discerned from the HRTEM images. As can be seen from Figs.
5(a) and 6(a), the image indicates the well dispersion of reasonably
small particles (with a diameter of ~3-4 nm) over the amorphous
silica matrix. However, slight increases in particle size (up to
~5nm) with temperature increase to 1073 K could be noted (Figs.
5(b) and 6(b)). The shapes of the particles are somewhat cuboc-
tahedral. As observed, the well-defined lattice fringes suggest a
high degree of crystallinity that could be obviously attributed to the
Ce0,-TbO, mixed oxide particles. The mixed oxide particles seem
to be attached to each other by certain shared (i.e., overlapped)
regions to form larger ensembles. The presence of such regions in
the mixed oxide particles might be beneficial for better catalytic
performance.

The reduction/oxidation properties pertaining to the 773 K cal-
cined silica supported Ce — Th-oxide sample was investigated by
TPR — TPO method and the results are presented in ESI Fig. E5 (1st
TPR-TPO run) and Fig. E6 (2nd TPR-TPO run). The 1st TPR profile
divulges the commencement of reduction at a moderately low tem-
perature of ~473K having its maximum at 773 K, which can be
attributed to the reduction of surface ceria [3,56]. The second peak
could be ascribed to the reduction of bulk ceria, starts appearing at
~873 Kand shows the maximum at ~973 K[3,56]. In contrast to the
very weak TPR signal (at low temperature region) shown by pris-
tine ceria, the CTS sample exhibited a relatively broad TPR peak.
This fact may be as a result of the very high surface area of the
catalyst sample [57]. Interestingly, characteristic peaks (at ~576,
940, and 993 K) owing to Tb** to Tb3* transformation couldn’t be
detected in line with previous reports [3,56]. In the 1st TPO pro-
file (Fig. E5 (b)) of the reduced sample, the reoxidation peak could
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Fig. 6. HRTEM images of (a) 773 K and (b) 1073 K calcined CeO, — Tb0,/SiO, (CTS) samples.

be observed starting at ~373K and centered at ~473 K. The sec-
ond prominent reoxidation peak is observed with peak maximum
at ~973 K. It is evident from Fig. E6 (a) that the 2nd TPR profile
reveals overlapping peaks which could not be resolved. Apparently,
the reduction starts at ~673 K and the most prominent reduction
peak is centered at ~1073 K indicating a significant increase in the
reduction temperature with respect to the 1st TPR run. This is obvi-
ously attributable to the increase in particle size and decrease of
surface area after treating the sample up to 1073 K. From Fig. E6
(b), it could be seen that the 2nd TPO run results in the occurrence
of two distinct reoxidation peaks centered at ~450 and 1000K that
are indicative of the inhomogeneous nature of the catalyst sample.
The obtained observations can thus substantiate that the sample is
highly thermostable as it maintains good redox activity after severe
heat treatment.

The OSC property of the sample calcined at 773K was mea-
sured via a thermogravimetric method under cyclic heat treatments
in flowing air/nitrogen atmosphere in the temperature range of
573-1073 Kwas used [58,59]. The thermogram showing the weight
loss in the second heat cycle is presented in ESI (Fig. E7). The
OSC of the sample was found to be 348.06 pmoles O,/g ceria
(272.5 pmoles 0, /g Ce-Tb-oxide) which is higher than that of the
unsupported Ce-Tb mixed oxide. This obtained value is due to the
0.65% weight loss in the second heat cycle of the measurement.
In terms of oxygen vacancy concentration (3), the corresponding
value would be 0.21. Several factors may affect the OSC value, such
as surface area, particle size, method of preparation, and nature

of supporting oxide etc. The exact role of these parameters is still
not completely understood. However, it is clear from the analysis
of these parameters that the OSC is not substantially improved by
small particle size or high specific surface area. Though CTS bears
a very high specific surface area and very small crystallite size the
OSC value is not so high for this sample. This leads us to conclude
that to get high OSC, the bulk oxygen diffusion rate must be suffi-
ciently large and the observed OSC is controlled by thermodynamic
equilibrium of the redox reaction [60].

3.2. Catalytic activity studies

Catalytic activity correlating the acid-base and redox behav-
ior of the synthesized samples was evaluated for dehydration of
4-methylpentan-2-ol at normal atmospheric pressure and tem-
peratures ranging from 523 to 673K in N, stream. As the chosen
reaction temperatures are reasonably lower than that used for
the calcination of the samples, so the detailed study was car-
ried out with the sample calcined at 773 K. However, to know
the influence of structural characteristics on the catalytic perfor-
mance, all CTS samples were employed only for investigating the
amount of conversion. With increasing calcination temperature
from 773 to 1073 K, the conversion efficiency was observed to
be slightly decreased in every interval of 100K. This may be an
effect of the bigger particles of Ce—Tb-oxide crystallites formed
due to the heat treatment at higher calcination temperatures. The
dehydration/conversion patterns as a function of time-on-stream
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Fig. 7. Conversion of 4-mentylpentan-2-ol (a) and product selectivity to (b) 1-alkene (4-methylpent-1-ene), (c) 2-alkene (4-methylpent-2-ene), and (d) ketone (4-
methylpentan-2-one) vs. time-on-stream over ceria-terbia (CT 773) solid solution at different reaction temperatures.

at different reaction temperatures over CT and CTS (calcined at
773 K) samples are summarized in Figs. 7 and 8, respectively. It
is observed from the figures that CTS sample outperform the cat-
alytic alcohol conversion activity as well as selectivity (towards
the formation of desired product, 1-alkene) of CT sample regard-
less of the reaction parameters (i.e., time-on-stream and reaction
temperatures). When CTS demonstrated complete conversion of
the alcohol reactant (reaction conditions: temperature 623 K, time
2h),CT showed a conversion of only 60%. These observations clearly
reveal the effect of dispersion of CT over the surface of SiO, sup-
port. Though relatively better alcohol conversion activity is noted at
initial reaction time (2 h), the initial reaction temperatures on the
contrary revealed low conversion for both the catalysts. The low
conversion may be attributed to the substandard activation of the
alcohol at such temperature regime. Intriguingly, the conversion is
substantially improved with gradual increase in reaction tempera-
ture and decreased with reaction time. [22,24,25]. Mention worthy
that our CTS catalyst revealed higher alcohol conversion activity
in comparison to the previously reported similar catalyst systems
[4,22,25].

The catalytic dehydration of 4-methylpentan-2-ol is known to
endow with different products with varying compositions. The
composition of the product mixture relies on the mechanistic route
of the reaction occurs on the surface of the catalyst. Generally,
three different mechanistic routes (i.e., E1cB, E2 and E1) could be
envisaged for dehydration of alcohols [4,24,25]. But the specific

route which is to be prevailed depends largely on the composi-
tions, surface characteristics, and acid-base and redox behavior of
the catalytic materials employed [4,25]. However, due to the pos-
sibility of arising intermediate situations, these mechanisms may
not be surely involved and hence, should be considered as limiting
cases.

It is believed that E1cB mechanism operates via the forma-
tion of carbanion when weak acidic sites are weak and basic sites
are strong enough. This mechanistic route gives major product 1-
alkene (Hofmann product) accompanied by the formation of small
amount of ketones due to unavoidable side reactions. The E1 route
on the contrary proceeds via the carbocation intermediate forma-
tion and gives undesired 2-alkene as the major product. This route
is prevailed when excess amount of acidic sites are present on the
catalyst surface. However, formation of ketones can also be wit-
nessed if the catalyst surface is enriched with basic sites. The E2
route doesn’t entail the formation of any intermediate (i.e., carban-
ion or carbocation) and hence, follows a concerted mechanism. This
route is operated at comparable strengths of the acid and base sites
thatin fact inhibit intermediate formation. In this case, the reactant
species are converted into a mixture product containing notably
higher amount of 2-alkene (Saytzeff product) than the preferred
product, 1-alkene [24,61].

It is evident that the selectivity to 1-alkene (4-methylpent-1-
ene) is more prominent with CTS than that with CT irrespective of
both the reaction parameters. Also, the 1-alkene selectivity is reg-
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Fig. 8. Conversion of 4-mentylpentan-2-ol (a) and product selectivity to (b) 1-alkene (4-methylpent-1-ene), (c) 2-alkene (4-methylpent-2-ene), and (d) ketone (4-
methylpentan-2-one) vs. time-on-stream over silica supported ceria-terbia (CTS 773) solid solution at different reaction temperatures.

ularly increased with the increase of reaction temperature for both
the catalysts. However, this trend is not absolutely followed with
increasing reaction time. Interestingly, the selectivity to 2-alkene
(4-methylpent-2-ene) is nominal for both the catalysts at all reac-
tion conditions and is reasonably decreased when CTS is employed
in lieu of CT. At the low reaction temperature (i.e., 523-573 K)
regime, though the selectivity to ketone, i.e., 4-methylpentan-2-
one (for all reaction time) is considerable, it was found to be
decreased recurrently upon increase in reaction temperature. This
temperature dependent decrease is extremely higher with CTS in
comparison to CT. The selectivity to ketone (4-methylpentan-2-
one) is observed to be lowered drastically for CTS with respect to
CT in terms of both the reaction parameters and become almost
negligible at the highest temperature (i.e., 673K) investigated.
The negligible amount of 2-alkene and ketone formation suggests
that the dehydration of 4-methylpentan-2-ol proceeds through an
E1cB mechanism. Thus, it could be surmised that the dehydration
of 4-methylpent-2-ol is most favorable at 673K from the stand-
point of both conversion and selectivity. The above observations
could be correlated to the structural features of highly dispersed
Ce-Tb-oxides over SiO, with balanced acid-base and redox sites
[4,25]. In short, the better conversion efficiency as well as selec-
tivity of the CTS catalyst may be due to the formation of smaller
Ce-Tb crystallites of size ~3-4nm, augmented surface oxygen

vacancies (i.e., improved redox behavior) and hence more Ce3*
ion concentration. In other words, we can say that dispersion of
ceria-terbia over amorphous silica results in improved acid-base
and redox properties which lead to an enhancement in the con-
version of the reactant alcohol and also the selectivity towards
the desired product, 1-alkene. In addition to catalytic efficiency
and selectivity, stability is often regarded as an enviable aspect of
any catalyst system. Interestingly, the CeO,-Tb0,/SiO, composite
catalyst revealed outstanding stability against deactivation which
was confirmed from the uniform performance of the catalyst dur-
ing time-on-stream experiments. Literatures on ceria-based mixed
oxides, especially ceria-terbia combinations are known to be highly
coke resistant and exhibit promising stability against deactiva-
tion during time-on-stream runs for various reactions [3,25,56,62].
This was primarily attributed to the availability of lattice oxygen
owing to oxygen storage and release property of the Ce-Tb-oxides
[3,56,62]. Therefore, the present study indicates that amorphous
silica can be used as an inert support to stabilize Ce-Tb-oxide nano-
crystallites against sintering at elevated temperatures for achieving
better catalytic activity as well as selectivity. However, the nature of
acid-base sites of the prepared catalysts and their exact role on the
conversion and selectivity are still not fully clear and hence, unde-
niably it demands exhaustive investigations which are in active
progress.
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4. Conclusions

In summary, this work reports the fabrication of a novel cat-
alyst system based on the dispersion of nanosized CeO,-TbO,
over SiO, surface via a soft chemical route namely, deposition co-
precipitation. Calcination temperature is revealed to play vital role
on the structural features of the CeO,-Tb0,/SiO, samples. The cat-
alyst samples exhibited high thermal stability, specific surface area
and better redox as well as acid-base characteristics. XRD, Raman
spectroscopy, UV-vis DRS, and XPS studies corroborate the absence
of formation of any compound between silica and the oxides of
cerium and terbium. Besides, the Raman spectroscopy measure-
ments indicate pronounced substitution of terbium into the ceria
lattice with increasing calcination temperature, thereby generating
more oxygen vacancies, lattice defects and displacement of oxy-
gen ions from their normal lattice positions. XRD and TEM studies
reveal a regular increase in the Ce-Tb crystallite size with increase
in calcination temperature from 773 to 1073 K. UV-vis DRS and
XPS measurements substantiate the existence of Ce and Tb in their
both oxidation states namely 3+ and 4+. The patterns of the spectra
suggest the presence of trivalent component in relatively higher
amounts than their tetravalent counterparts for both the elements.
The OSC of CeO,-Tb0,/SiO, sample was found to be significantly
high owing to the formation of solid solution and higher defect
sites in its crystal lattice, higher dispersion of the active phase over
the support, and easy reducibility. The Ce0,-Tb0O,/SiO, samples
showed remarkably improved catalytic activity for dehydration of
4-methylpentan-2-ol in terms of total conversion and selectivity
towards 4-methylpent-1-ene compared to the CeO,-TbO, sample.
The improved activity of CeO,-Tb0O,/SiO, composite oxides is due
to the formation of more oxygen vacancy sites in its crystal struc-
ture, surface enrichment of Ce3* ions, better redox properties and
well balanced acid-base sites. Above all, the better redox property
and well balanced acid-base sites of CeO,-Tb0,/SiO, composite
oxides might be beneficial for many catalytic reactions. Also, the
high thermo-stability of the composite oxide opens up the avenues
for high temperature applications.
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