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Abstract. The present work describes the role of oxide supports such as alumina (Al2O3), silica (SiO2), and
titania (TiO2) on the structural and catalytic properties of europium ion-doped cerium oxide. In particular, the main
motive of this study was to further improve the catalytic efﬁciency of Ce0.8Eu0.2O2-d solid solutions for oxidation
reactions. Diesel soot oxidation and oxidative coupling of benzylamine were examined as model reactions to assess
the catalytic properties of the prepared materials. These were prepared by deposition coprecipitation method and
characterized by various techniques namely, X-ray diffraction, Raman spectroscopy, X-ray photoelectron spectroscopy, transmission electron microscopy, and BET/BJH surface area and pore-size distribution methods. The
characterization studies reveal that Ce0.8Eu0.2O2-d is well-dispersed without the formation of CeO2 or Eu2O3
crystalline compounds over the surface of various supports. The TEM studies conﬁrm the nano-crystalline nature
of the Ce0.8Eu0.2O2-d and Raman studies indicate the formation of oxygen vacancies which are signiﬁcant for
oxidation reactions. As expected, the supported Ce0.8Eu0.2O2-d mixed oxides exhibited better catalytic activity than
pure ceria and unsupported oxides towards the soot and benzylamine oxidation reactions.
Keywords. Cerium oxide; Europium ion doped-ceria; Catalyst support; Catalyst characterization; Soot
oxidation; Benzylamine oxidation.

1. Introduction
The rapid growth of industrialization and urbanization
have noticeable beneﬁts. However, the lethal gases
released into the atmosphere are frightening modern
civilization. Particularly, particulate matter (PM) which
mainly composed of soot is a major component of air
pollution that severely impact our environment as well
as our health. A series of technologies have been
developed to reduce automobile soot emissions.
Mainly, diesel particulate ﬁlters (DPFs) or gasoline
particulate ﬁlters (GPFs) are the most frequently used
techniques for decreasing these emissions. Typically,
the combustion temperature of soot from diesel exhaust
is higher than 873 K and the diesel exhaust temperature
lies within the 473-573 K range. Therefore, oxidation
catalysts are needed for catalysing the reactions at
decreased temperatures. Along with this, selective

oxidation of amines into imines is a topic of signiﬁcant
research investigations in recent times due to their
excessive use in the chemical industry.1–5 For both
types of reactions, among the variety of catalytic
materials, ceria (CeO2) based materials are found to be
effective since CeO2 has high lattice ion mobility and
excellent redox property which is associated with the
facile switching between Ce3? and Ce4?.6–10 Because
of this special feature, it has long been used in automobile exhaust puriﬁcation, solid oxide fuel cells
(SOFCs), solar-driven thermochemical CO2 reduction,
water gas shift reaction, volatile organic compounds
(VOCs) elimination, CO and soot oxidation, biological
processes, and so on.11–18 In all these applications,
researchers have been constantly working to enhance
the beneﬁcial properties of ceria further.
Modiﬁcation of ceria structure by doping it with an
appropriate metal cation as well as its dispersion on
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other metal oxide supports is one of the successfully
adopted routes for the design of better catalysts.19,20
Rodriguez and co-workers illustrated that strong metal
support interactions induce notable changes in the
properties of the active sites on the metal particle’s
surface to achieve better catalytic activity.21
The prerequisites for better support are high speciﬁc
surface area and non-reactivity with the dispersed
phase. Therefore, the selection of suitable support is an
important parameter in the design of active catalysts for
various reactions. It is well-known that c-Al2O3 has
been proven to be the most effective oxide support for
three-way catalysis. Silica is well-recognized support,
for various oxidation catalysts, that exhibits good
chemical resistance, high thermal stability, and high
speciﬁc surface area. TiO2 is a well-known material in
environmental applications and serves as active support
for soot oxidation. However, under ageing conditions
the CeO2 and these supports interact with each other,
leading to the formation of CeAlO3, Ce2TiO5, and
Ce9.33(SiO4)6O2 compounds, that deactivate the redox
nature of the active component. To overcome this issue,
Eu2O3 has been doped into the CeO2 lattice that forms
CeO2-Eu2O3 mixed oxide solid solution over the Al2O3,
SiO2, and TiO2 supports, offering minimum interaction
between the ceria and various supports.22–24
The current work was undertaken against the
aforesaid background. In this study, we have investigated the inﬂuence of c-Al2O3, SiO2, and anatase-TiO2
as chemically inert thermo-stable supports for Eu2O3
doped CeO2 mixed oxides. A novel route of using
ultrahigh dilute aqueous solutions of the metal precursors has been applied to synthesize various CexEu1xO2-d/MOx catalysts (MOx = Al2O3, SiO2, and TiO2).
The prepared samples were deeply analysed using
different complementary characterization techniques,
namely, X-ray diffraction (XRD), BET surface area,
transmission electron microscopy (TEM), visible-Raman spectroscopy (vis-RS), and X-ray photoelectron
spectroscopy (XPS). The catalytic efﬁciency was
evaluated for model soot and benzylamine oxidation
reactions. Attempts were made to understand the
impact of supports on the structure-activity properties
of Ce-Eu-Oxide samples towards soot and benzylamine oxidation reactions.
2. Experimental
2.1 Catalyst preparation
The following Ce0.8Eu0.2O2-d (CE) solid solutions
were prepared in this investigation: Ce0.8Eu0.2O2-d/
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Al2O3 (CE/A), Ce0.8Eu0.2O2-d/TiO2 (CE/T), and
Ce0.8Eu0.2O2-d/SiO2 (CE/S) in addition to unsupported
CeO2 (C) and Ce0.8Eu0.2O2-d (CE) respectively. The
CE solid solutions over Al2O3, TiO2, and SiO2 supports (support oxide:CeO2:Eu2O3 = 100:80:20 mol%
based on oxides) were prepared by a deposition
coprecipitation method using dilute aqueous ammonia
solution as the precipitating agent. The precursors
employed were 0.023 moles of Ce(NO3)3.6H2O
(Aldrich, AR grade), 0.005 moles of Eu(NO3)35H2O
(Aldrich, AR grade), and 5 g of each c-Al2O3 (Harshaw, SA 127 m2g-1), colloidal SiO2 (Ludox,
40 wt.%, Aldrich), and TiO2-anatase (EU consortium,
SA 49 m2g-1) respectively. At ﬁrst, cerium and
europium precursors were dissolved separately in
100 mL of deionized water and mixed together. The
supporting oxides were dispersed separately in 200 mL
of deionized water, stirred vigorously and then mixed
with the cerium-europium precursor solutions together. The mixed solution was further diluted with
deionized water and kept in stirring condition for
another 1 h. 10 % of aqueous NH3 solution (50 mL)
was added drop-wise to the mixture solution under
vigorous stirring until the pH reached *8.5. The
obtained precipitates were ﬁltered off, washed with
deionized water until free from anion impurities and
oven-dried at 393 K for 12 h, and subsequently calcined at 773 K for 5 h in air atmosphere to remove
water and any residual precursors remaining from the
precipitation step. Parts of the 773 K calcined samples
were further treated at 1073 K for 5 h in an air
atmosphere. The rate of heating, as well as cooling,
was always maintained at 5 K/min. After cooling, the
solid residues were ground using a ceramic mortar
and pestle until ﬁne powders were obtained. The
unsupported ceria-europia (CE) (CeO2:Eu2O3 =
80:20 mol% based on oxides) and CeO2 (C) reference
catalysts were also prepared by following the same
procedure as outlined above.
2.2 Catalyst characterization
The room temperature X-ray diffractograms of the
samples were recorded on a MiniFlex 600 X-ray
´
diffractometer with Cu-Ka (k = 1.5406 Å) radiation
source at 40 kV and 15 mA. The diffracted intensity
data were collected from 2h values of 20°–80° by
scanning at 0.01° step size with a counting time of 1 s
at each step. The average size of the crystalline
domain (D) of investigated materials was estimated
with the help of the Scherrer Eq. (1) using the XRD
data of all the prominent lines.
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where D denotes the crystallite size, k the X-ray wavelength (1.541 Å), K the particle shape factor taken as 1,
b the peak width (FWHM, full width at half maximum)
in radians, and h the Bragg diffraction angle. The lattice
parameter ‘a’ was calculated by a standard cubic
indexation method using the intensity of the base peak
(111). Nitrogen adsorption-desorption isotherms were
performed on an ASAP 2020 M (Micromeritics Instrument Corporation) instrument at liquid N2 temperature
while samples had been degassed at 373 K. The speciﬁc
surface area and total pore volume/pore size distribution
of the catalysts were estimated by BET (Brunauer,
Emmett, and Teller) and BJH (Barrett–Joyner–Halenda)
methods, respectively. TEM images of samples were
recorded with a JEOL JEM-2100 transmission electron
microscope operated at an acceleration voltage of
200 kV. The preparation of samples for TEM analysis
involved sonication in ethanol for 2-5 min followed by
deposition of a few drops on a copper grid. Raman
spectra were obtained at room temperature using a
Bruker FRA 106/S FT-Raman spectrometer (Germany)
equipped with an InGaAs detector through a spectral
resolution of 0.3 cm-1. The 632 nm emission line generated by an Ar? ion laser was used for the excitation of
the samples. XPS experiments were performed using a
Ka spectrometer (Thermo scientiﬁc), equipped with the
Al-Ka (1486.7 eV) X-rays as a primary excitation. The
carbon 1s peak at 284.6 eV was considered as the reference for correction of the obtained binding energies.
Gaussian–Lorentzian model functions were used to
resolve the spectra and PeakFit software was used for
deconvoluting the XP spectrum.
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Soot conversion at a particular temperature can be
calculated in the following way:
Soot conversion ð%Þ ¼

Intial weight  Weight at T
Weight loss
 100
ð2Þ

Weight at T = Weight at that particular temperature
Weight loss = Initial weight - Final weight
Final weight = Constant weight
The weight loss is constant that we consider as the
ﬁnal weight loss.
The liquid-phase oxidation of benzylamine was carried out using O2 as the green oxidant under solvent-free
conditions. Typically, 100 mg of catalyst and 0.2 mmol
of benzylamine were taken into a 10 mL three-necked
ﬂask equipped with a gas inlet and outlet, a reﬂux condenser, and a thermometer. Then, the reaction mixture
was heated to the required temperature and O2 was bubbled at a rate of 20 mL/min under 800 rpm stirring conditions. After completion of the reaction, the liquid
products and the catalyst were separated by centrifugation.
The products were conﬁrmed by GC-MS equipped with a
DB-5 capillary column and a ﬂame ionization detector
(FID). Samples were taken periodically during the reaction
and analysed by GC equipped with a BP-20 (wax) capillary column (dimensions: Diameter inner 0.32 mm, Film
thickness 0.5 lm, Length 50 m) and FID. The conversion
of benzylamine and selectivity of the products were calculated as per the procedure described below:
Conversion ð%Þ
Amount of benzylamine converted ðmolesÞ
¼
Total amount of benzylamine has taken ðmolesÞ
 100

ð3Þ

2.3 Catalyst evaluation
The catalysed soot oxidation was studied in a thermogravimetric analyzer (Mettler Toledo, TGA/
SDTA851e). Oxidation experiments consisted of heating the soot–catalyst mixtures at 5 K min-1 from 300 to
1273 K in 50 mL min-1 ﬂow of air. Here, 5 mg of sample
was used in the experiment. These experiments were
conducted in 3–4 cycles using the same catalyst sample.
No appreciable change in the soot oxidation activity was
noticed. The activity measurements were performed in
‘tight contact’ (ground in an agate mortar) condition
with catalyst–soot mixtures in 4:1 wt/wt ratio. In this
experiment, the model soot used is Printex-U provided
by Degussa. This soot was proven to be an appropriate
model for the soot oxidation reaction.

Selectivity ð%Þ
¼

Amount of product ðmolesÞ
Total amount of benzylamine converted ðmolesÞ
 100

ð4Þ
3. Results and Discussion
3.1 Characterization of catalysts
The XRD analysis was performed to know the phase
purity and thermal stability of Al2O3, SiO2, and TiO2
supported CE catalysts along with unsupported CE and
pure ceria. The XRD patterns of these samples
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calcined at 773 and 1073 K are shown in Figure 1a and
1b, respectively. The Al2O3 and SiO2 supported CE
samples (CE/A and CE/S) exhibited no speciﬁc
diffraction peaks related to alumina and silica indicating the amorphous nature of these supports. However, in the case of TiO2 supported CE (CE/T), the
XRD lines corresponding to TiO2 anatase phase was
observed indicating the crystalline nature of the support. No XRD patterns pertaining to Eu-oxides are
observed indicating its absence in the crystalline form.
All the prepared materials showed diffraction patterns
corresponding to (111), (200), (220), and (311) ceria
reﬂections conﬁrming the formation of CE solid
solutions.
With an increase of calcination temperature from
773 to 1073 K (Figure 1b) the intensity of the
diffraction peaks of unsupported samples are increased

Figure 1. X-ray diffraction patterns of pure ceria (C),
Ce0.8Eu0.2O2-d (CE), Ce0.8Eu0.2O2-d /Al2O3 (CE/A), Ce0.8Eu0.2O2-d/SiO2 (CE/S), and Ce0.8Eu0.2O2-d/TiO2 (CE/T)
samples calcined at (a) 773 K and (b) 1073 K.
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due to better crystallization at a higher temperature.
However, the supported samples exhibited broad
diffraction peaks indicating that supports signiﬁcantly
decreased the crystalline growth and the materials
remain stable even at 1073 K. The expected typical
XRD lines corresponding to crystalline phases of
Ce9.33(SiO4)6O2, CeAlO3, Ce2TiO5, Ce2Ti2O7, and
Ce4Ti9O24 are not observed. The probable reason for
the absence of these compounds may be due to the
presence of Eu3? in CE solid solution, which minimizes the interaction between the ceria and the support
and maintains the material in a stable form. The XRD
results inferred that the adopted preparation procedure
in the current study might be a good method to obtain
highly dispersed CexEu1-xO2-d oxides over the supports.22,25,26 We have calculated the crystallite size of
all materials by means of XRD data of all the prominent lines using the Scherrer equation and the average
crystallite size (D) of the materials is presented in
Table 1. These results reveal that the crystallite sizes
of all the prepared materials are in the nano-size range.
The N2 adsorption-desorption isotherms of the
supported samples treated at 773 and 1073 K are
shown in Figure S1 (Supplementary Information).
According to IUPAC classiﬁcation, the isotherms
related to the combination of type II and type IV
isotherms with different hysteresis loops are manifested.27 The speciﬁc surface area of the prepared
materials is listed in Table 1. From this, it is clear that
the surface area of the supporting materials is higher
compared to unsupported CE even at a higher calcination temperature (i.e., at 1073 K). These results
suggest that use of different supports noticeably
improved the structural and textural properties of pure
ceria.
Figure 2 shows the TEM images of supported CE
(CE/A, CE/S, and CE/T) along with unsupported CE
samples calcined at 773 K. The average particle sizes
of the synthesized materials are in the nano range (1015 nm), which is in well accord with the crystallite
sizes inferred from the XRD analysis. In the case of
CE/A and CE/S, both Al2O3 and SiO2 are amorphous
in nature and we can’t see fringes for these oxides. A
closer view of selected areas of TEM images of these
materials revealed the presence of fringes with a high
degree of crystallinity that is corresponding to CE
particles with a mean diameter 9-12 nm. In the case of
CE/T we noticed overlapped region of two interfaces
of the support and the active component (CE) which
show the fringes with different orientation.7
The Raman spectra of various supported CE materials along with the unsupported CE and pure ceria
calcined at 773 and 1073 K are shown in Figure 3 (a)
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Table 1. Average crystallite size, lattice constant, speciﬁc
surface area, pore size and pore volume of ceria (C),
Ce0.8Eu0.2O2-d (CE), Ce0.8Eu0.2O2-d/Al2O3 (CE/A),
Sample
C-773
C-1073
CE-773
CE-1073
CE/A-773
CE/A-1073
CE/S-773
CE/S-1073
CE/T-773
CE/T-1073
a

68

Ce0.8Eu0.2O2-d/SiO2 (CE/S), and Ce0.8Eu0.2O2-d/TiO2 (CE/
T) samples calcined at 773 and 1073 K.

Average crystallite
size (nm)a

Lattice constant
(nm)a

BET surface
area (m2/g)

Pore size
(nm)

Pore volume
(cm3 g-1)

8.9
32.0
8.5
21.2
12.5
14.0
8.2
12.8
14.8
20.6

0.5410
0.5410
0.5450
0.5464
0.5420
0.5442
0.5426
0.5442
0.5422
0.5440

41
9
91
21
138
88
139
121
66
30

3.9
17.4
5.5
10.1
3.7
17.6
4.1
6.3
4.7
17.1

0.04
0.03
0.12
0.03
0.26
0.19
0.16
0.18
0.12
0.08

From XRD measurements.

and 3(b), respectively. This technique is extensively used to know the oxygen lattice vibrations in
ﬂuorite-type oxides. The Raman spectra of pure ceria
show only one peak at 464 cm-1 due to the F2g
Raman-active mode characteristic of the ﬂuorite
structure of CeO2. Additionally, a weak band at
*600 cm-1 (b) is also observed which can be ascribed
to the intrinsic oxygen defects. In the case of supported
samples, the observed F2g peak shifted to lower
wavenumbers than that of pristine CeO2, which can be
due to the enlarged Ce–O bond lengths resulting from
the substitution of Ce4? by Eu3?.28 In the case of CE/A
and CE/S samples, the peaks related to Al2O3 and SiO2
are not observed. It may be due to the fact that these
oxides are Raman inactive in the investigated range.
However, in the case of CE/T sample, the features of
ceria are dominated by TiO2 anatase bands that are
observed at 398, 518 and 638 cm-1 related to the B1g,
A1g-B1g and Eg modes respectively. At a temperature
more than 773 K, phase transformation (anatase to
rutile) is expected in impurity-free samples. But, due to
the presence of other materials like Eu2O3 and CeO2
such transformation is inhibited. The longitudinal
optical mode at around 550 cm-1 (a) is observed in
both 773 and 1073 K calcined CE/A and CE/S samples
but it is masked in the case of CE/T materials by strong
anatase bands. This is designated as extrinsic oxygen
vacancies which are introduced into the CeO2 lattice to
maintain charge neutrality. From the Raman studies, it
is apparent that the oxygen defects are more in the case
of supported CE than pure ceria, which play a signiﬁcant role in the oxidation reactions and discussed in the
forthcoming sections.
XPS technique is applied to determine the valence
state of the surface elements present in the material. In
addition, one can also identify about the oxygen

environment around the metal ions. Figure S2
(a) (Supplementary Information) shows the Ce 3d XP
spectral region for various supported ceria-based
materials. The features labelled as v’ and u’ belong to
ceria in the 3? oxidation state, while the features (v,
v’’, v’’’, u, u’’, and u’’’) represent Ce4? state. From
these peaks, it is clear that ceria exists in both 3? and
4? oxidation states. Generally, the presence of more
Ce3? ions can be ascribed to the formation of oxygen
vacancies to maintain electrical neutrality in the
crystal structure. The observed binding energies for
the above materials are different from that of pure
ceria indicating that electronic modiﬁcation and
structural distortion occurred in the supported samples.
These distortions are useful in improving the catalytic
activity of the ceria.29
The O 1s spectra of pure ceria exhibit two peaks at
* 530.5 eV and * 532.2 eV.30 The former one corresponds to O2- in the oxide lattice (OI) and the latter
one is assigned to adsorbed oxygen (OII). With respect
to pure ceria, the O 1s peaks of supported CE materials
are observed at lower binding energy. For the CE
material, these were observed at 529.3 and 532.0 eV.6
Compared to pure ceria and CE, the O 1s proﬁles (OI
and OII) of supported CE (Figure S2 (b)) are observed
at different binding energies. It is due to the overlapping contribution of oxide ions from ceria, europium
oxide, and supports (Al2O3, SiO2, and TiO2) in the
respective cases. For pure ceria, the Ce-O-Ce is normally present and in the case of supported materials,
the environment around the oxygen atoms is like CeO-Eu/support, which is different from that of the pure
ceria. From this, it is clear that the structural distortion
occurred in the supported materials in contrast to pure
ceria, which positively inﬂuences the ceria properties
towards the oxidation reactions.
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Figure 2. TEM images of Ce0.8Eu0.2O2-d (CE), Ce0.8Eu0.2O2-d/Al2O3 (CE/A), Ce0.8Eu0.2O2-d/SiO2 (CE/S), and
Ce0.8Eu0.2O2-d/TiO2 (CE/T) samples calcined at 773 K.

XP spectra of Al 2p, Si 2p, and Ti 2p of supported
samples are shown in Figure S2 (c) (Supplementary
Information). The Al 2p spectra of CE/A material
exhibited a peak at 75.5 eV. In the case of CE/S, the Si
2p spectra exhibited a peak at 104 eV. The Ti 2p
photoelectron spectra of the CE/T exhibited typical
XPS peaks in the range of 458.5-458.8 eV and
463.5 eV for Ti 2p3/2. From all these results it is
understandable that titanium is mostly conﬁned to its
highest i.e., 4? oxidation state, Si is in 4? state and Al
is in 3? state.31–34

3.2 Catalyst activity studies
The catalytic activity of the synthesized materials was
investigated for soot combustion using Printex-U as
model soot under tight contact conditions. Figure 4

represents the normalized soot oxidation proﬁles of
various materials along with uncatalyzed soot. In
general, soot can be oxidized with the help of supplying oxygen and undergoes complete oxidation at
1200 K. In the presence of ceria as a catalyst, the soot
oxidation was improved. It shows that along with the
supply of gas phase oxygen, catalyst plays a crucial
role in the oxidation of soot. Guillén-Hurtado et al.
reported that active oxygen on the surface of the ceria
is the decisive factor for soot oxidation.34 The presence of this active oxygen depends mainly on the
formation of oxygen defects. If we improve the generation of active oxygen, it is easy to achieve soot
oxidation at a lower temperature. This can be achieved
by using dopants as well as supports with the ceria
materials. Recently, we noticed that the use of supports for the doped ceria exhibited better catalytic
performance than pure ceria.35,36
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Figure 4. Normalized soot conversion (%) versus reaction
temperature (K) of pure ceria (C), Ce0.8Eu0.2O2-d (CE),
Ce0.8Eu0.2O2-d/Al2O3 (CE/A), Ce0.8Eu0.2O2-d/SiO2 (CE/S),
and Ce0.8Eu0.2O2-d/TiO2 (CE/T) samples calcined at 773 K
along with uncatalyzed soot.

Figure 3. Raman spectra of pure ceria (C), Ce0.8Eu0.2O2-d
(CE), Ce0.8Eu0.2O2-d/Al2O3 (CE/A), Ce0.8Eu0.2O2-d/SiO2
(CE/S), and Ce0.8Eu0.2O2-d/TiO2 (CE/T) samples calcined
at (a) 773 K and (b) 1073 K.

As shown in Figure 4, the soot oxidation in the
present study is as follows: supported CE [ Eu-doped
ceria [ pure ceria [ uncatalyzed soot. The above
sequence signiﬁes the impact of catalyst and the type
of catalyst support. When the ceria is used as a catalyst
for soot oxidation, it decreases the T50 (T50 = the
temperature at which 50% conversion of soot occurred) from 921 to 876 K. In the case of doped ceria
(CE) it further decreased to 773 K. From our previous
studies,7,37 we conﬁrmed that dopants signiﬁcantly
improve the physicochemical properties of pure ceria,
which profoundly affect the catalytic properties. In a
similar way, for supported doped-ceria also the T50 is
decreased than doped ceria (CE). From the above
results, it is clear that structural properties like surface
area and oxygen defects are signiﬁcantly improved
from pure ceria to doped ceria to supported doped-

ceria. Among the supported CE catalysts, CE/T exhibited
better activity in terms of light-off temperature and
showed 50% soot conversion at 731 K. From the above
results, it is obvious that the introduction of support
oxide improved the performance of doped-ceria.
The T50 for the supported materials CE/A, CE/S, and
CE/T was found to be 773, 750 and 731 K, respectively,
whereas, for pure ceria the observed T50 was 876 K. The
minimum and maximum temperature difference between
the supported materials and pure ceria is 103 and 145 K,
respectively. The improved activity in the case of supported ceria can be explained by the following reasons:
(i) Combination of two types of interactions occur in the
material that is metal oxide-support interaction and metal
oxide-metal oxide interaction.
(ii) Formation of more oxygen defects in the supported materials than pure ceria, which generate more
active oxygen for the soot oxidation. Due to these
reasons, the supported materials signiﬁcantly
decreased the soot oxidation temperature compared to
pure ceria.
Catalytic selective oxidation of benzylamine to its
corresponding imines is an important reaction in
organic chemistry since these are vital compounds
with extensive applications in laboratory and industrial
synthetic processes (Scheme 1). In particular, these
compounds are highly signiﬁcant because of their
unusual reactivity. Several oxidation procedures that
involve stoichiometric oxidants such as 2-iodoxy
benzoic acid or N-tert-butylphenylsulﬁnimidoyl chloride have been reported. However, the establishment
of an efﬁcient heterogeneous catalytic system that uses
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molecular oxygen as a sole oxidant is desired in view
of the principles of green chemistry.38,39 For that, we
have investigated the benzylamine oxidation over pure
ceria, CE, and supported CE by using oxygen as the
oxidant.
The catalytic experiments were conducted at 398 K
under oxygen environment for 5 h and the observed
results are presented in Table 2. The conversion efﬁciency on pure ceria and europium ion doped ceria is
only 25% and 28%, in other cases, it was more than
30% and for the silica supported catalyst it is almost
60% (Table 2). In all cases, the observed products are
mainly dibenzylimine (DBN) and benzonitrile (BN)
without the presence of any other products. However,
in all cases irrespective of the conversion efﬁciency,
the selectivity towards the DBN was *99% with
insigniﬁcant BN selectivity. The presence of oxygen
defects and acidic sites on the investigated materials
may be responsible for the observed activity and
selectivity.
Reaction conditions: reaction time (5 h), reaction
temperature (398 K), benzylamine (0.2 mmol), catalyst amount (0.1 g), and O2 bubbling rate (20 mL/min).
Among the investigated materials, CE/S catalyst
exhibited reasonably good activity compared to others.
Therefore, the conversion of benzylamine was monitored on CE/S at different time intervals and it was
found to be *12, 20, 60 and 99 for 1, 3, 5 and 7 h
(Figure 5). Finally, to assess the reusability of CE/S,
the catalytic tests were conducted for the oxidation of
benzylamine and presented in Figure S3 (Supplementary Information). From 1st cycle to 4th cycle, it is
apparent that the conversion percentage was slightly
changed. It means that it remains relatively
stable throughout four runs. The enhanced and
stable activity of CE/S may be due to more surface
area and a greater number of acidic sites.

4. Conclusions
The impact of various supports (Al2O3, SiO2, and
TiO2) on the physicochemical properties of Ce-Eu-O
was studied effectively. These materials were

Benzyl amine

Table 2. Aerobic oxidation of benzylamines over pure
ceria (C), Ce0.8Eu0.2O2-d (CE), Ce0.8Eu0.2O2-d/Al2O3 (CE/
A), Ce0.8Eu0.2O2-d/SiO2 (CE/S), and Ce0.8Eu0.2O2-d/TiO2
(CE/T) samples calcined at 773 K.
Entry

Sample

Benzylamine
Conversion (%)

C
CE
CE/A
CE/T
CE/S

25
28
32
32
60

1
2
3
4
5

Selectivity (%)
Imine Nitrile
*99.7
*99.2
*99.6
*99.7
*99.8

*0.3
*0.8
*0.4
*0.3
*0.2

Figure 5. Effect of reaction time on the aerobic oxidation
of benzylamine over Ce0.8Eu0.2O2-d/SiO2 (CE/S) nanooxide catalyst calcined at 773 K.

successfully prepared by the deposition coprecipitation
method and their properties were systematically studied. From the XRD patterns, it was conﬁrmed that the
formation of Ce1-xEuxO2–d solid solutions over all the
supports and avoids the formation of Ce9.33(SiO4)6O2,
CeAlO3, and Ce2TiO5. The TEM studies disclosed the
nano-crystalline nature of the dispersed CE material
over various supports. Raman spectroscopy studies
indicated the generation of oxygen vacancies, which
are important for the oxidation reactions. XPS studies

Imine intermediate

Dibenzylimine

Scheme 1. Proposed reaction pathway for the aerobic oxidation of benzylamine.
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conﬁrmed that Ce is present in 3?/4? oxidation states.
Activity studies revealed that supported CE (CE/A,
CE/S, and CE/T) materials show better activity than
pure ceria towards the soot and benzylamine oxidation
reactions. It could be due to the presence of more
number of oxygen defects and a high surface area
conﬁrmed by the Raman and BET studies.
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A 2013 Isotopic study of ceria-catalyzed soot oxidation
in the presence of NOx J. Catal. 299 181
Durgasri D N, Vinodkumar T, Lin F, Alxneit I and
Reddy B M 2014 Gadolinium doped cerium oxide for
soot oxidation: inﬂuence of interfacial metal–support
interactions Appl. Surf. Sci. 314 592
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