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and dopants (ZrO2 and SiO2) on
CeO2-based nanostructure catalysts in the
selective oxidation of benzyl alcohol to
benzaldehyde under ambient conditions
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Herein, the efficacy of WOx-promoted CeO2–SiO2 and CeO2–ZrO2 mixed oxide catalysts in the solvent-

free selective oxidation of benzyl alcohol to benzaldehyde using molecular oxygen as an oxidant is

reported. We evaluated the effects of the oxidant and catalyst concentration, reaction duration, and

temperature on the reaction with an aim to optimize the reaction conditions. The as-prepared CeO2,

CeO2–ZrO2, CeO2–SiO2, WOx/CeO2, WOx/CeO2–ZrO2, and WOx/CeO2–SiO2 catalysts were

characterized by X-ray diffraction (XRD), N2 adsorption–desorption, Raman spectroscopy, temperature-

programmed desorption of ammonia (TPD-NH3), X-ray photoelectron spectroscopy (XPS), and

transmission electron microscopy (TEM). These characterisation results indicated that the WOx/CeO2–

SiO2 catalyst possessed improved physicochemical (i.e., structural, textural, and acidic) properties owing

to the strong interactivity between WOx and CeO2–SiO2. A higher number of Ce3+ ions (Iu′
′′/ITotal) were

created with the WOx/CeO2–SiO2 catalyst than those with the other catalysts in this work, indicating the

generation of a high number of oxygen vacancies. The WOx/CeO2–SiO2 catalyst exhibited a high

conversion of benzyl alcohol (>99%) and a high selectivity (100%) toward benzaldehyde compared to the

other promoted catalysts (i.e., WOx/CeO2 and WOx/CeO2–ZrO2), which is attributed to the smaller

particle size of the WOx and CeO2 and their high specific surface area, more significant number of acidic

sites, and superior number of oxygen vacancies. The WOx/CeO2–SiO2 catalyst could be quickly

recovered and utilized at least five times without suffering any appreciable activity loss.
1 Introduction

The selective oxidation of aromatic alcohols to aldehydes is an
important reaction in basic research and industrial processes.1–4

Among aldehydes, benzaldehyde (BAL) is a versatile intermediate
and highly-valuable chemical that is widely used in the phar-
maceutical, dyestuff, food, cosmetic, and agrochemical
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industries.5–9 However, the wide range of applications of benzyl
alcohol (BOL) oxidation to BAL depends on improving its cost
effectiveness and sustainability, which is intricately linked to the
use of green oxidants, solvents, and catalysts.

Among the oxidants, hydrogen peroxide (H2O2), tert-butyl
hydroperoxide (t-BOOH), and molecular oxygen (O2) have been
selected and broadly studied. However, H2O2- and t-BOOH-
based oxidation reactions show several serious disadvan-
tages.1 Signicantly, H2O2 decomposes quickly under mild
conditions, oen requiring stabilizers, such as acetic acid and
phosphoric acid. The storage and transportation of H2O2 is also
a problem that needs to be addressed owing to its poor
stability.10 Even though persulfates (peroxymonosulfate and
peroxydisulfate) are highly favourable inexpensive solid
oxidants, their practical use to oxidize BOL is limited because of
environmental concerns. Concerning the issues with t-BOOH, it
is temperature sensitive and can spontaneously decompose
under certain conditions, leading to safety issues during its
handling and storage. There may also be selectivity issues in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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certain reactions owing to the generation of multiple radical
species, which can lead to the formation of unsolicited by-
products. These limitations highlight the need for alternative
oxidants that can offer better efficiency, selectivity, and safety
proles. Campbell et al.11 reported that molecular oxygen (O2) is
a perfect oxidant for catalytic oxidation reactions. The catalytic
oxidation of BOL has also been performed in various organic
solvents, including dimethyl sulfoxide (DMSO), toluene, dieth-
oxyethane, benzene, dimethyl formamide (DMF), and
chloroform.12–15 These procedures generally produce unwanted
organic waste, and the solvents and oxidants raise severe envi-
ronmental issues, which motivated the search for alternative
catalytic oxidation processes.16–18 Most researchers have focused
on inexpensive and non-toxic reagents adhering to “green
chemistry” principles.19 Due to the solid economic and envi-
ronmental motivations for using molecular oxygen, many
chemical industries oen use aerobic oxidation processes.
Therefore, employing clean and inexpensive oxidants, such as
molecular oxygen, in combination with supported or promoted
metal oxide nanoparticulate catalysts seems to be appropriate
for the solvent-free selective oxidation of various alcohols.14

For this purpose, various researchers have explored compe-
tent and reusable solid catalysts, such as Rh, Au, Pt, Pd, Co, Cu,
Mo, and W.1,20 Based on these studies, elements with different
oxidation states can produce a reversible redox cycle, enabling
reactive oxygen species to be generated from the support matrix
and preservation of the intrinsic active sites.40 Tungsten oxide
(WOx) is an abundant and inexpensive transition metal with
different oxidation states, which is oen used as an alternative
to noble metals in various oxidation reactions and has
demonstrated promising catalytic efficiency.1 Especially,
promotedWOxmaterials are one of the essential classes of solid
acid catalysts used in various chemical industries due to their
non-toxic nature, strong acidity, notable stability in water,
hydrogen, and oxygen atmospheres, and excellent recyclability
performance.21–23 The hydroxyl groups on the support material
can also display a Brønsted acidic nature, but their interaction
with the WOx sites will improve the acidic strength.20 Besides, it
is noticeable that the CeO2-basedmixed oxide support materials
can play an essential role in various oxidation reactions (e.g.
three-way catalysis, soot oxidation, water–gas-shi reaction, and
oxidation of amines and alcohols),22–26 because of their unique
redox properties, ample oxygen vacancies, sufficient acid–base
properties, smaller crystalline size, and higher specic surface
area than pristine CeO2.27–29 Then, the selection of suitable
isovalent/aliovalent Lewis acidic cations to incorporate into the
crystal lattice of CeO2 is critical since the oxide source (metal/
non-metal) of an isovalent/aliovalent cation will inuence the
physicochemical properties of the CeO2. Hence, various iso- and
aliovalent metal/non-metal cations have been investigated as
dopant agents for CeO2 to improve the thermal stability and
oxygen storage capacity. Specically, Si4+ and Zr4+ are both
known for their ability to modify the electronic and structural
properties of host materials. Incorporating Si4+ and Zr4+ ions
into ceria-based catalysts can induce lattice distortions, create
oxygen vacancies, and alter the redox behaviour, which can
collectively enhance the catalytic performance.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Therefore, our work was designed to demonstrate the effi-
cacy of WOx-promoted isovalent Si4+ and Zr4+ (50% wt)-doped
CeO2-based catalysts in the solvent-free selective oxidation of
benzyl alcohol in the presence of green and inexpensive
molecular oxygen (O2) as an oxidant. For this task, we prepared
pure CeO2, CeO2–ZrO2, CeO2–SiO2, WOx/CeO2, WOx/CeO2–ZrO2,
and WOx/CeO2–SiO2 catalysts (abbreviated as Ce, CeZr, CeSi, W/
Ce, W/CeZr, and W/CeSi oxides) by precipitation and wet-
impregnation procedures. The prepared catalysts were charac-
terized by X-ray powder diffraction (XRD), N2 adsorption–
desorption, Raman spectroscopy, temperature-programmed
desorption of ammonia (NH3-TPD), X-ray photoelectron spec-
troscopy (XPS), and transmission electron microscopy (TEM), to
determine their structural, textural, and acid properties. We
investigated the catalyst's efficiency in the selective oxidation of
benzyl alcohol in a simple batch reactor under solvent-free
conditions. We also tried correlating the structure–activity
relationship between the catalytic efficiency and character-
isation properties.
2 Experimental section
2.1. Preparation of the catalyst

CeZr and CeSi oxide solid solutions with a 50 : 50 molar ratio
were synthesised from ultra-dilute aqueous solution by a simple
co-precipitation method. In brief, to obtain CeZr and CeSi
samples, the required quantities of Ce(NO3)3$6H2O [99.99%,
Aldrich], ZrO(NO3)2$xH2O [99%, Aldrich], tetraethyl orthosili-
cate (TEOS) [Sigma-Aldrich] were dissolved in de-ionised water
and stirred for 30 min. Meanwhile, the NH3 aqueous solution
was prepared and added drop-wise to the above-mentioned
mixed solutions to reach a suitable pH of pH 9. The precipi-
tate was decanted, centrifugated, washed several times with de-
ionised water to remove weakly adherent impurities on the
surface, and dried in a hot air oven at 120 °C for 12 h. The dried
products CeZr and CeSi oxides were pulverised using an agate
mortar. Later, they were calcined in a muffle furnace at 500 °C
for 5 h at a heating rate of 5 °C min−1 in static air. The same
procedure was also used to obtain the pristine CeO2 material.

The WOx-promoted CeO2-based mixed oxide catalysts W/
CeZr and W/CeSi oxides were prepared using the previously
reported procedure. For example, the dried materials of the
doped CeO2, i.e. CeSi or CeZr samples, were rst dispersed in
30 mL of de-ionised water by constant stirring. Then, the
ammonium meta-tungstate hydrate ((NH4)6H2W12O40$H2O)
solution was added drop-wise to the dispersed solution.
Further, the solution mixture was stirred for 3 h at room
temperature and then the temperature was slowly increased to
110 °C to slowly evaporate off the excess water. The ne powder
obtained was oven dried overnight at 110 °C and then calcined
at 650 °C for 5 h in static air.
2.2. Catalyst characterisation

A Rigaku multiplex diffractometer equipped with a nickel-
ltered Cu Ka (l = 0.15418 nm) light and a scintillation
counter detector was used to collect the powder X-ray diffraction
RSC Adv., 2023, 13, 36242–36253 | 36243

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06828e


Fig. 1 X-ray diffraction patterns of the promoted and unpromoted
CeO2 (Ce), CeO2–ZrO2 (CeZr), CeO2–SiO2 (CeSi), WOx/CeO2 (W/Ce),
WOx/CeO2–ZrO2 (W/CeZr), and WOx/CeO2–SiO2 (W/CeSi) samples.
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data of the catalyst materials/samples. The catalyst materials'
scanned 2 theta values from 2°–80° were obtained at a scan rate
of 2° per minute. The prepared catalyst samples' average crys-
tallite size was calculated using the Scherrer equation. A
Micromeritics ASAP 2010 instrument was used to measure the
BET specic surface area at a temperature of −196 °C. Before
the investigation, each catalyst sample was degassed at 150 °C
for 4 h.

The TEM data of the catalyst materials were collected using
a JEOL JEM-2100f instrument employing a slow-scanning CCD
camera and an electron beam accelerating voltage of 80 kV. The
testing sample preparation was done by sonicating in acetone
for 30 min. Later, a drop of the sonicated sample was placed on
a Cu grid supporting the porous carbon lm and allowed to dry.

The XPS data of all the catalysts were gathered using
a Thermo K-5 Alpha XPS instrument at a pressure of 1 × 10−7

Torr with an Al Ka (1486.6 eV) source. The binding energy data
were charge-corrected compared to the adventitious carbon (C
1s) peak at 284.6 eV. The Raman spectral data of the catalysts
were obtained using a Horiba Jobin-Yvon HR800 Raman spec-
trometer that was equipped with a confocal microscope, liquid
N2-cooled charge-coupled device (CCD) detector, and a 632 nm
of Ar+ ion laser.

The acidic sites present on the catalyst surface were
measured in NH3-TPD experiments conducted on a Micro-
meritics Autochem 2910 device. Before the measurements, the
catalyst was degassed at 300 °C in a He stream for physisorption
of 5% NH3 balanced He gas for 45 min. Later the physisorbed
NH3 gas was removed by helium ush. Continuous gas
desorption was monitored with a TCD detector, and the area
under the peak was assessed. The chemisorption process of
NH3 was measured under helium ow at a ow rate of 20
mL min−1 and a heating rate of 10 °C min−1 in the range of 50 °
C to 800 °C.

2.3. Activity measurements of the catalysts

The catalytic oxidation of benzyl alcohol was conducted in
a 25 mL three-necked round-bottom ask (RBF) connected with
a reux condenser and a thermometer under oxygen bubbling.
First, 5 mmol of benzyl alcohol and 12 wt% of the catalyst were
added to the ask. Then themixture's temperature was raised to
the desired level under continuous O2 bubbling and constant
stirring (800 rpm). When the reaction was completed, the
catalyst and the reaction mixture were separated by centrifu-
gation. The liquid products were identied by a GC-MS instru-
ment that was xed with a DB-5 capillary column and ame
ionisation detector (FID). These operations were carried out
under kinetically controlled conditions. The below equations
measured the conversions of each reactant and selectivity for
each product.

Selectivityð%Þ ¼ ni
t

nRt¼0 � nRt
� 100

Conversionð%Þ ¼ nR
t¼0 � nR

t

nRt¼0
� 100
36244 | RSC Adv., 2023, 13, 36242–36253
where ni
t /moles of product “i” formed, nR

t=0 / initial moles
of reactant “R”, nR

t / nal moles of reactant “R”.

3 Results and discussion
3.1. Characterisation of the catalysts

The powder X-ray diffraction patterns of the tungsten-promoted
and unpromoted catalyst samples (Ce, CeZr, CeSi, W/Ce, W/
CeZr, and W/CeSi oxides) calcined at 500 °C are depicted in
Fig. 1.

The pristine CeO2 sample exhibited a diffraction line corre-
sponding to the cubic structure of CeO2 (PDF-ICDD 34-0394).30

The Zr4+ and Si4+ ions in CeZr and CeSi samples also showed
similar diffraction patterns as the pure CeO2 characteristic
phase. More interestingly, the CeZr and CeSi catalyst samples
exhibited broad diffraction lines. These signicant observations
validated that the crystallite sizes of the CeZr and CeSi oxides
were appreciably smaller, possibly due to the crystal lattice's
expansion or contraction. The 2q value of themixed oxides CeO2

was shied towards the higher angle side when compared with
pure CeO2. The change in the diffraction lines was determined
by comparing the ionic radii of the incorporated ions (Zr4+

∼0.084 nm; Si4+ ∼0.054 nm) and host ionic radii (Ce4+ ∼0.097
nm). Owing to the above observation, the CeZr and CeSi oxide
catalysts displayed a lattice contraction when substituting the
Ce4+cation with the lower-sized Zr4+ and Si4+ cations.31–33 The
doped samples' estimated lattice parameters decreased when
compared to pure CeO2 (Table 1). The crucial observations,
including peak shi, change in the lattice parameter, and the
nonappearance of XRD lines for ZrO2 and SiO2, veried the
formation of the corresponding CeO2 solid solutions. The WOx-
promoted CeO2-based samples also showed similar XRD
patterns of the materials. This could be due to the nely
dispersed or amorphous nature of WOx on the surface of the
support. Table 1 summarises the estimated crystallite sizes of
all the prepared catalysts. In addition, the average crystallite
sizes and specic surface areas of the doped CeO2-based
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06828e


Table 1 Physicochemical properties (SBET: BET specific surface area, P: pore size, V: pore volume) of the catalysts

Catalyst SBET
a (m2 g−1) Pa (nm) Va (cc g−1) Crystallite sizeb (nm) Acidic sitesc (mmol g−1)

CeO2 41 9.81 0.113 9.1 33
CeSi 144 3.40 0.083 4.7 47
CeZr 86 4.11 0.079 5.6 48
W/Ce 27 6.37 0.064 7.2 79
W/CeZr 79 4.65 0.083 4.5 97
W/CeSi 120 3.75 0.090 3.8 118

a From N2 adsorption–desorption analysis. b From XRD analysis. c NH3-TPD analysis.
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samples indicated the incorporated metal oxide role in the
textural properties of CeO2 (Table 1). Notably, incorporating
Zr4+ and Si4+ metal ions into CeO2 caused a reduction in crys-
tallite growth.

Fig. 2 presents the Raman spectral proles of the synthesised
W/CeSi and W/CeZr catalyst samples subjected to calcination at
500 °C. These proles represent the amorphous state of the
deposited WOx on the CeZr and CeSi mixed oxide support and
exhibit three broad Raman bands with lower intensity in the
range of ∼250–350, ∼810, and ∼980 cm−1. According to the
earlier reports, the rst one (∼250–350 cm−1) corresponded to
the W5+–O bond and the bands at 810 cm−1 were due to
a superposition of the W6+–O band, respectively.30 The band at
∼980 cm−1 was assigned to the W6+]O stretching mode of the
terminal oxygen atoms.30 Concerning amorphous WOx, the
primary crystal structure could be explained by forming the
W6+]O octahedral structure. These involved short W6+]O
bonds and long W6+–O bonds, leading to distorted octahedral
clusters, where the W+6]O bonds were projected onto the outer
surface of the clusters.32 These results well correlated with the
XRD analysis results (Fig. 1). A strong Raman band at
∼463 cm−1 was also observed in the above catalyst materials'
spectra. This band was due to the F2g Raman vibrational mode
Fig. 2 Raman spectra of the oxides of CeO2 (Ce), CeO2–ZrO2 (CeZr),
CeO2–SiO2 (CeSi), WOx/CeO2 (W/Ce), WOx/CeO2–ZrO2 (W/CeZr),
and WOx/CeO2–SiO2 (W/CeSi) samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
of the uorite structure of CeO2, consistent with the XRD results
(Fig. 2).31–33 Another Raman peak was also observed at
∼605 cm−1, specifying an Ov band (oxygen vacancy defect sites)
in the doped-ceria lattice.30,31 Also, no Ov band was noticed in
the pure CeO2 sample. This notable observation revealed the
benecial role of the incorporated ions in enhancing the oxygen
vacancy defect sites in themixed oxide samples. As evidenced by
Fig. 2, the wavenumber difference between the F2g and Ov bands
was ∼136 cm−1 due to the oxygen vacancy from the intrinsic
defects when converting Ce4+ to Ce3+.34 The broadened Raman
spectra showed that incorporating the metal/non-metal cations
ions into the CeO2 crystal lattice resulted in a shi of 4 F2g band
to lower wavenumbers. These observations show that the
incorporation of isovalent cations with different ionic radii (e.g.
Si4+ and Zr4+) leads to disorder in the CeO2 lattice. Hence, the
Ce–O band frequency was changed for the CeZr and CeSi mixed
oxide catalyst samples.35,36 This shi corresponded to the
change in the forces between the atoms in the lattice due to the
presence of vacancy defects induced by the dopant. Therefore,
these observations could indicate the leading cause for the
enhanced vacancy defects in the CeSi and CeZr samples.

The textural characteristics of the prepared catalysts were
further studied by measuring the N2-sorption and BJH curves at
−196 °C, as shown in Fig. 3 and 4. The BET specic surface
areas, BJH pore volumes, and pore diameters are given in Table
1. As noted in Fig. 3, all the prepared catalyst samples showed
a type-IV isotherm with an H1-hysteresis loop, indicating the
mesoporous nature of the W/CeZr and W/CeSi oxide catalysts.
The hysteresis loops indicated the improved pore size and
connectivity of the W/CeZr and W/CeSi oxide catalysts with
a homogeneous distribution.21,36 The BJH pore size distribution
curves suggested that the oxides of CeO2, CeZr, and CeSi, and
the W/CeZr oxide catalysts displayed a unimodal pore-size
distribution. In contrast, the W/Ce and W/CeSi mixed oxide
catalysts exhibited a bimodal pore-size distribution. The
specic surface area of the pure CeO2 was 41 m2 g−1. On the
other hand, the doped-CeO2 samples had a signicantly
enhanced specic surface area by incorporating the metal
oxides (i.e. CeSi = 144 m2 g−1 and CeZr = 86 m2 g−1). The BET
specic surface area of the WOx-promoted catalysts was found
to be higher than for the unpromoted ones. Specically, the
CeSi and W/CeSi oxide catalysts showed a higher BET surface
area and smaller average BJH pore size than the other samples.
Therefore, a high surface area is advantageous for surface
adsorption during catalytic reactions.
RSC Adv., 2023, 13, 36242–36253 | 36245
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Fig. 3 N2 adsorption–desorption isotherms of CeO2 (Ce), CeO2–ZrO2 (CeZr), CeO2–SiO2 (CeSi), WOx/CeO2 (W/Ce), WOx/CeO2–ZrO2 (W/
CeZr), and WOx/CeO2–SiO2 (W/CeSi) samples.
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Fig. 5 displays the NH3 temperature-programmed desorption
(NH3-TPD) proles of the synthesised CeO2, CeSi, CeZr, W/Ce,
W/CeZr, and W/CeSi catalysts that were calcined at 500 °C. As
shown in Fig. 5, the catalysts exhibited variable NH3-desorption
peaks due to the change in their activation energies for
desorbing ammonia from various types of acidic sites on the
catalyst surface. Generally, the various acid sites can be classi-
ed as weak (<370 °C), medium (370–600 °C), and strong acid
sites (>600 °C).37 The WOx-promoted CeO2-based mixed oxide
samples showed all three types of acidic sites. The estimated
amount of acidic sites is presented in Table 1. Among them, the
W/CeSi mixed oxide catalyst revealed a higher concentration
and strength of acidic sites than the W/Ce and W/CeZr samples
due to its higher specic surface area. The higher surface area
can result in a larger number of active centres assuming
a homogeneous and equivalent surface distribution, but the
surface area itself may not directly impact the strength of the
acidic centres. However, the strength of the acidic sites is typi-
cally associated with their chemical nature and interactions
with the surrounding environment (WOx species), rather than
the surface area. The enhanced strength of the promoted
36246 | RSC Adv., 2023, 13, 36242–36253
catalysts was more prominent due to the WOx species on the
CeSi and CeZr mixed oxide surface. Generally, a higher specic
surface area is a crucial property to produce more active sites on
a support, which agrees with the BET and XRD results (Table 1).
These results were evidenced here by the WOx promoter's
signicant role in enhancing the strength and concentration of
the acidic sites, which are vital for achieving a better catalytic
performance.

Next, X-ray photoelectron spectroscopy analysis was used to
gain information on the synthesised catalysts' surfaces (i.e. the
elemental values, oxidation states, and atomic concentrations).
Fig. 6A illustrates the Gaussian tting of the Ce 3d XPS results of
the WOx-promoted doped-CeO2 catalysts. In the gures, the
spin-splitting peaks attributed to Ce 3d3/2 and Ce 3d5/2 spin-
splitting components are represented by “v” and “u”. The
binding energy peaks marked with v (88.19 eV), v′′ (888.22 eV),
v′′′ (897.76 eV), u (900.25 eV), u′′ (906.89 eV), and u′′′ (916.23 eV)
correspond to the surface Ce4+ species of the 3d10 4f0 electronic
conguration, whereas the peaks marked with v′ and u′ are due
to the surface Ce3+ species of the 3d10 4f1 initial electronic
conguration. Hence, these results suggest that all the catalyst
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 BJH pore-size distribution profiles of CeO2 (Ce), CeO2–ZrO2

(CeZr), CeO2–SiO2 (CeSi), WOx/CeO2 (W/Ce), WOx/CeO2–ZrO2 (W/
CeZr), and WOx/CeO2–SiO2 (W/CeSi) samples.

Fig. 5 NH3-TPD profiles of CeO2 (Ce), CeO2–ZrO2 (CeZr), CeO2–SiO2

(CeSi), WOx/CeO2 (W/Ce), WOx/CeO2–ZrO2 (W/CeZr), and WOx/
CeO2–SiO2 (W/CeSi) samples.
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samples exhibited both the Ce4+ and Ce3+ oxidation states. An
investigation of the u′′′ (Ce4+) peak was thus essential to deter-
mine the reduction of Ce4+ since it did not overlap with the
Fig. 6 XPS patterns of (A) Ce 3d spectra, and (B) O 1s spectra for WOx/
CeO2 (W/Ce), WOx/CeO2–ZrO2 (W/CeZr), and WOx/CeO2–SiO2 (W/
CeSi) samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
remaining peaks. The Ce3+ amount on the catalyst surface was
estimated by considering the intensity ratio of the u′′′ peak to
the total intensity of the Ce 3d peak (Iu′

′′/ITotal), whereby
a smaller value obtained would indicate a higher amount of
Ce3+ on the catalyst surface. The calculated Iu′

′′/ITotal values were
0.0916, 0.0846, and 0.0813 for W/Ce, W/CeZr, and W/CeSi
samples. As can be seen in Fig. 6A, the intensity of the u′′′

peak was lower for the W/CeSi sample in comparison to that of
the W/Ce and W/CeZr oxide samples. The decreased surface
Ce4+/Ce3+ ratio was the result of doping Zr4+ and Si4+ ions into
the CeO2 lattice to create oxygen vacancy sites on the catalyst
surface. Therefore, the W/CeSi oxide sample exhibited a higher
amount of Ce3+ on the catalyst surface, which was in good
agreement with the XRD and Raman spectra results (Fig. 1 and
2).36 Besides, adding WOx to the CeZr and CeSi mixed oxide
catalyst samples could considerably improve the amount of
Ce3+ ions on the catalyst surface. Thus, it is probable that WOx

also played a role in the transformation from Ce+4 to Ce3+. The
Ce3+ species could create a signicant charge variance, as well
as oxygen vacancies, and chemisorbed oxygen on the catalyst
surface, contributing to the excellent catalytic performance and
suggesting a powerful synergistic effect between the W, Ce, and
Si species.38

Fig. 6 illustrates the O 1s core-level spectra of the W/Ce, W/
CeZr, and W/CeSi oxide catalyst samples. The spectra demon-
strated different types of oxygen species in all the materials. The
two peaks observed at ∼529.6 and ∼531.9 eV were related to the
lattice oxygen and various adsorbed oxygen species on the
catalyst surface (i.e. hydroxyl and/or carbonyl groups), respec-
tively. The peak at a value greater than 532 eV was correlated
with the O2− species in the Si–O bond. In this study, the lattice
oxygen environment of the CeZr and CeSi oxide samples was
signicantly changed compared to that of pure CeO2 catalyst
sample, as evidenced by the shi in the lattice oxygen binding
energy peak towards the lower side.39 The W/CeSi oxide sample
exhibited a higher swing of the binding energy towards the
downside than the W/CeZr mixed oxide sample. Hence, the
lattice oxygen of the W/CeSi mixed oxide catalyst became more
labile with the lower binding energy, which was conducive to
creating oxygen vacancy sites.40–42

Fig. 7A presents the W 4f core-level spectra of the W/Ce, W/
CeZr, and W/CeSi oxide catalyst samples. The W 4f peaks
could be mainly observed as two doublets at 35.68 and 34.15 eV
for the different oxidation states of the tungsten species present
in the above-said catalysts. The rst doublet was found at 35.68
and 37.78 eV for the W 4f7/2 and W 4f5/2 spin–orbit splitting,
respectively. The binding energy difference for the spin–orbit
splitting was at ∼2.1 eV, which shows a characteristic property
of the W6+ species present in the synthesised WO3-promoted
doped CeO2 catalysts. The second binding energies were found
at 34.15 and 36.94 eV corresponding to the W5+ species present
in the catalyst samples, which were in agreement with the
Raman results (Fig. 2) and previous reports.43

We observed a slight shi in the binding energy from the
XPS spectra because of the interaction between theWOx and the
support matrix. Fig. 7B depicts the Zr 3d core-level spectra of the
W/CeZr oxide catalyst samples. The deconvoluted binding
RSC Adv., 2023, 13, 36242–36253 | 36247
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Fig. 7 XPS patterns of the (A) W 4f spectra, and (B) Zr 3d and Si 2p
spectra of WOx/CeO2 (W/Ce), WOx/CeO2–ZrO2 (W/CeZr), and WOx/
CeO2–SiO2 (W/CeSi) oxide samples.
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energy peaks observed at ∼184.8 (Zr 3d3/2) and ∼182.2 eV (Zr
3d5/2) indicated the presence of Zr4+ ions.44 The binding energy
of Zr 3d was shied towards a higher binding energy side than
that in pure ZrO2, which further conrmed that Zr4+ ions were
incorporated into the CeO2 lattice and formed CeZr solid solu-
tions, which well correlated with the XRD and Raman results.45

The Si 2p XPS prole of the W/CeSi sample could be observed at
∼103.2–103.6 eV in Fig. 7B, which indicated the presence of Si4+

species in the lattice of the CeSi oxide.39

The morphology and sizes of the particles of the W/CeSi
catalyst were obtained by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM), as shown in
Fig. 8(A–D). The morphology of the W/CeSi sample revealed
a homogeneous sphere-like structure nanocluster. A ne
dispersion of WO3 on the CeSi oxide surface was evident from
the SEM images and ascribed to the higher specic surface area
from the incorporation of CeSi oxide. The W/CeSi sample had
Fig. 8 (A and B) SEM images of WOx/CeO2–SiO2 (W/CeSi) and (C and
D) TEM images of the W/CeSi oxide sample.

36248 | RSC Adv., 2023, 13, 36242–36253
an average particle size range of 28–40 nm (Fig. 8A and B). The
TEM images of W/CeSi are depicted in Fig. 8(C and D). A
spherical-type structure (Fig. 8C) with an average particle size of
∼5–10 nm was observed. Fig. 8D shows the HR-TEM images of
the W/CeSi catalyst, which indicated that the CeO2 possessed
a hexagonal shape and the WOx a spherical shape of nano-
particles built by the random packing of the crystallites. Both
the WOx and CeO2 nanoparticles exhibited clear lattice fringes.
Moreover, the lattice interplanar distances of 0.375 and
0.308 nm for the W/CeSi oxide catalysts were assigned to the
(020) and (111) lattice planes of WOx and CeO2, respectively.
These results abundantly evidenced the formation of WOx and
CeO2 nanoparticles.46

3.2. Catalytic activity study

A solvent-free selective catalytic oxidation of benzyl alcohol over
the WOx-promoted doped CeO2 catalysts was performed at 140 °
C with O2 bubbling through in a three-necked round-bottom
ask. The results are presented in Fig. 9. Lower and moderate
benzyl alcohol conversions were observed over the pristine CeO2

and doped CeO2 catalysts, respectively. The catalytic activity of
the pristine CeO2 was low, with ∼33% benzyl alcohol conver-
sion. Aer incorporating the isovalent cations (Zr4+ and Si4+ in
the form of ZrO2 and SiO2), the catalytic efficiency of the doped-
CeO2 samples was enhanced considerably, demonstrating the
positive role of ZrO2 and SiO2 during the selective oxidation of
alcohols. The conversion of benzyl alcohol was found to be
∼43% and 47% for the CeZr and CeSi catalysts, respectively.

These results indicate that the CeZr and CeSi oxide catalysts
possessed a higher number of acidic sites and enhanced oxygen
vacancy sites compared to the pure CeO2 catalyst. Furthermore,
the selectivity for the formation of benzaldehyde by the CeZr
and CeSi catalysts was slightly higher than for the undoped, i.e.
pure CeO2, catalysts, which was attributable to the controlled
oxidation of the benzyl alcohol by the doped CeO2 catalysts.
Next, to examine the inuence of the WOx promoter on the
conversion and selectivity in the above catalytic process,
tungsten-promoted W/Ce, W/CeZr, and W/CeSi mixed oxides
were employed as catalysts. According to our observation, the
Fig. 9 The catalytic oxidation of benzyl alcohol over CeO2 (Ce),
CeO2–ZrO2 (CeZr), CeO2–SiO2 (CeSi), WOx/CeO2 (W/Ce), WOx/
CeO2–ZrO2 (W/CeZr), and WOx/CeO2–SiO2 (W/CeSi) oxide catalysts.
Reaction conditions: 10 wt% of catalyst, 5 mmol of benzyl alcohol, O2

bubbling (20 mL min−1), 140 °C of temperature, 4 h of reaction time,
and 800 rpm of stirring speed.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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benzyl alcohol conversions were 52%, 71%, and 85%, and the
benzaldehyde selectivities were 94%, 96%, and >98%, respec-
tively. Overall, the W/CeSi catalyst showed a higher conversion
of benzyl alcohol and higher selectivity for benzaldehyde than
the other promoted catalysts (i.e. W/Ce and W/CeZr). This
phenomenon could be attributed to the smaller-sized particles
of WOx and CeO2, higher specic surface areas, more acidic
sites, and superior oxygen vacancies. Raman analysis showed
that the W/CeSi oxide catalyst had more surface oxygen defect
sites than the other samples (Fig. 9). Related to the inuence of
the size of the WOx and CeO2 nanoparticles on the oxidation of
alcohol, the number of low coordinated atoms and increased
active sites enhanced the adsorption of benzyl alcohol on the
surface of the catalyst, and decreased the activation energy
barrier for selective transformation.28 The NH3-TPD results
indicated the higher strength and concentration of the W/CeSi
oxide catalyst than all the other oxide catalysts investigated,
which were critical factors for achieving a higher conversion of
alcohol in the oxidation reaction. Therefore, the attractive
physicochemical properties and promotional effects of the W/
CeSi oxide catalyst were crucial for their superior catalytic effi-
ciency during the solvent-free oxidation of benzyl alcohol.

The effects of the reaction time on benzyl alcohol conversion
and benzaldehyde selectivity over the W/CeZr and W/CeSi
catalysts were examined (Fig. 10). It was found that the W/
CeSi catalyst exhibited a greater conversion rate than the W/
CeZr catalyst at each specied reaction time point. The
conversion rate increased with the reaction duration,
approaching a constant level aer 6 h. At 5 h reaction time, both
catalysts showed an ideal conversion and selectivity. At this
point, W/CeZr displayed a selectivity and conversion of ∼87%,
whereas W/CeSi had a selectivity and conversion of ∼96%.
Therefore, a reaction time of 5 h was considered the optimum
for the high conversion of benzyl alcohol and the high selec-
tivity to benzaldehyde.
Fig. 10 The effect of the reaction time on the catalytic oxidation of
benzyl alcohol over WOx/CeO2–ZrO2 (W/CeZr), and WOx/CeO2–SiO2

(W/CeSi) catalysts. Reaction conditions: 10 wt% of catalyst, 5 mmol of
benzyl alcohol, O2 bubbling (20mLmin−1), 140 °C of temperature, and
800 rpm of stirring speed.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 11 reveals how the reaction temperature effected the
benzyl alcohol conversion and benzaldehyde selectivity over the
W/CeZr, and W/CeSi catalysts. The BOL achieved 32% and 23%
conversions at 80 °C reaction temperature over the W/CeSi and
W/CeZr catalysts, respectively, producing benzaldehyde as the
major product. At 100 °C, the BOL conversions for the W/CeSi
and W/CeZr catalysts were 50% and 38%, respectively. When
the temperature was increased to 140 °C, the conversions of
benzyl alcohol increased to ∼85% and ∼71% with the W/CeSi
and W/CeZr catalysts, respectively. However, the benzaldehyde
selectivity was signicantly decreased over the W/CeZr catalyst
and not altered over theW/CeSi catalyst. These results indicated
that the W/CeSi catalyst was more selective towards benzalde-
hyde than the W/CeZr catalyst. When the temperature was
further increased to 180 °C, the conversion rate of benzyl
alcohol gradually rose until it almost equalised, and the selec-
tivity of benzaldehyde decreased signicantly for both cases.
Therefore, the temperature of 140 °C was considered the
optimum reaction temperature for the catalytic oxidation of
benzyl alcohol.

Fig. 12 presents the effect of the catalyst loading during the
selective oxidation of benzyl alcohol over the W/CeZr and W/
CeSi catalysts. The conversion rate for both catalysts was
increased gradually with the increasing catalyst wt%, and the
selectivity for benzaldehyde was stable up to 10 wt%. Further,
when the loading was increased to 12 wt%, the selectivity
towards BAL by W/CeSi remained unchanged, while the selec-
tivity with the W/CeZr catalyst decreased. Therefore, the
optimum catalyst loading of 12 wt% of W/CeSi oxide was
considered best to selectively oxidise benzyl alcohol to
benzaldehyde.

Before the recycling experiment, the catalyst was ltered
aer the initial run, washed with acetone, and dried at 80 °C.
The recycling experiment (Fig. 13) was done with the W/CeSi
catalyst since it showed higher selectivity towards benzalde-
hyde. This effort produced a promising result of 85% benzyl
Fig. 11 The effect of temperature on the catalytic oxidation of benzyl
alcohol over WOx/CeO2–ZrO2 (W/CeZr) and WOx/CeO2–SiO2 (W/
CeSi) catalysts. Reaction conditions: 10 wt% of catalyst, 5 mmol of
benzyl alcohol, O2 bubbling (20 mL min−1), 4 h of reaction time, and
800 rpm of stirring speed.

RSC Adv., 2023, 13, 36242–36253 | 36249
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Fig. 12 The effect of catalyst loading on the catalytic oxidation of
benzyl alcohol over WOx/CeO2–ZrO2 (W/CeZr), and WOx/CeO2–SiO2

(W/CeSi) catalysts. Reaction conditions: 5 mmol of benzyl alcohol, O2

bubbling (20 mL min−1), 140 °C of temperature, 4 h of reaction time,
and 800 rpm of stirring speed.

Scheme 1 Possible reaction mechanism for the selective catalytic
oxidation of benzyl alcohol to benzaldehyde over the WOx/CeO2–
SiO2 (W/CeSi) oxide catalyst.
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alcohol conversion and 98% selectivity for benzaldehyde. The
second cycle also displayed nearly the same results. A conver-
sion of 82% BOL was achieved in the 5th cycle, with 96% BAL
product selectivity. The catalyst material was thus stable for up
to 5th run without signicant change in the activity. Aer the
5th cycle, the conversion rate (69%) and selectivity (86%) both
decreased. This outcome showed that the heterogeneous W/
CeSi oxide is a highly efficient catalyst in oxidising benzyl
alcohol selectively to benzaldehyde under solvent-free aerobic
conditions.

3.2.1 Reaction mechanism. The selective catalytic oxida-
tion of benzyl alcohol to benzaldehyde over the W/CeSi oxide
catalyst involves a complex reaction mechanism that typically
proceeds through several steps. Initially, the reaction starts with
the adsorption of benzyl alcohol onto the catalyst surface. The
W/CeSi oxide catalyst possesses active sites (acidic sites) that
Fig. 13 Catalyst recycling study for the oxidation of benzyl alcohol
using the WOx/CeO2–SiO2 (W/CeSi) catalyst. Reaction conditions:
10 wt% of catalyst, 5 mmol of benzyl alcohol, O2 bubbling (20
mLmin−1), 140 °C of temperature, 4 h of reaction time, and 800 rpmof
stirring speed.

36250 | RSC Adv., 2023, 13, 36242–36253
attract and hold the benzyl alcohol molecules.47 Molecular
oxygen (O2) is adsorbed onto the catalyst surface and activated
at the oxygen vacancies and by interaction with the metal oxide
components, such as tungsten oxide (WOx), on the catalyst.30,48

The adsorbed benzyl alcohol is thus activated and reacts with
the active oxygen species to form an intermediate, containing
an oxygen–oxygen bond. Further, the intermediate can undergo
further reactions, including cleavage of the oxygen–oxygen
bond, leading to the formation of benzaldehyde along with the
release of a water molecule. Finally, the catalyst may need to be
regenerated.49,50 This catalyst regeneration typically involves the
desorption of any remaining reactants or intermediates from
the catalyst surface to prepare it for the next catalytic cycle
(Scheme 1).

3.2.2 Comparison of the WOx/CeO2–SiO2 catalyst with
some reported catalysts. We also compared the catalytic activity
performance of our catalyst system with some recently reported
catalysts as presented in Table 2. Li et al. investigated the
catalytic performance of Au–Pd bimetallic nanoparticles sup-
ported on CeO2 with different morphologies (rod, cube, and
polyhedrons) for benzyl alcohol oxidation in the absence of
solvent. Their results reveal a signicant impact of the
morphology of CeO2 on the catalytic outcomes, with Au–Pd/
CeO2-rods exhibiting higher benzyl alcohol conversion
compared to the polyhedrons and cubes, while CeO2 cube-
supported Au–Pd demonstrated superior selectivity for benzal-
dehyde (89%) production.51 More and co-workers reported
barium-doped MnOx/CeO2−d catalysts for the solvent-free
oxidation of benzyl alcohol to benzaldehyde using TBHP, with
enhanced selectivity for benzaldehyde (55.3%) compared to the
Mn0.5/Ce0.5 catalyst.52 Akinnawo et al. addressed the deciency
in heterogeneous catalysis by utilizing inverse micelles as
nanoreactors to design mesoporous CexZr1−xO2, with varying Zr
composition, and then systematically analysed the catalysts.
Notably, the formula Ce0.8Zr0.2O2 showed superior performance
in the oxidation of benzyl alcohol with TBHP.53 CeO2 catalyst
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The performance comparison of the W/CeSi catalyst with the reported catalysts for the selective oxidation of benzyl alcohol

Catalyst Conditions

Activity performance

Ref.Conv. (%) Sel. (%)

CeO2 NPs T = 50 °C, t = 6 h 68 95 51
Au–Pd/CeO2 T = 120 °C, t = 3 h 88 89 51
Mn0.5/(BaxCe1−x)0.5 T = 70 °C, t = 6 h 55.0 51.9 52
Ce 0.8Zr 0.2O2 T = 120 °C, t = 4 h 92.5 100 53
Pd/CeO2 T = 90 °C, t = 4 h 72.6 92.3 54
Pd/CeO2-meso T = 90 °C, t = 1 h 62 62 54
CZRu T = 90 °C, t = 24 h 61–90 100 55
CeO2–Sm2O3/SiO2 T = 25 °C, t = 24 h 53.4 91.4 56
WOx/CeO2–SiO2 T = 140 °C, t = 5 h 99 100 This work
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materials were also prepared via a convenient decomposition of
the Ce(NO3)3$6H2O precursor and utilized as supports for
loading Pd nanoparticles. The catalytic activity of Pd/CeO2 in
the solvent-free and atmospheric-pressure conversion of benzyl
alcohol to benzaldehyde was achieved with high efficiency,
showing 72.6% conversion and 92.3% selectivity under specic
reaction conditions.54 Aneggi et al. studied Ru-based catalysts
deposited over ceria–zirconia supports (CZRu) for the solvent-
free oxidation of benzyl alcohol using air as an oxidant,
emphasising green and sustainable transformations. The CZRu
catalyst displayed remarkable performance with 61% alcohol
conversion at 90 °C without solvents, as well as high activity
(55% conversion), and complete selectivity (100%) for the
oxidation of 1-phenylethanol to acetophenone, and demon-
strating good environmental sustainability, with an E-factor
lower than 1 (0.95).55 In another study, a CeO2–Sm2O3/SiO2

catalyst exhibited impressive catalytic performance for benzyl
alcohol oxidation to benzaldehyde, achieving a high selectivity
of 91.4%. This efficient catalyst, derived from silica of agricul-
tural waste, demonstrated reusability for up to four cycles
without a signicant loss in selectivity, highlighting its practical
and environmentally friendly application potential.56 The
present work reported a WOx/CeO2–SiO2 catalyst that could
achieve a high conversion of benzyl alcohol (>99%) and high
selectivity (100%) towards benzaldehyde using molecular
oxygen as an oxidant under solvent-free conditions. These
results are comparable to that of many noble metal-based
catalysts. The current study reveals the efficacy of the WOx/
CeO2–SiO2 catalyst, demonstrating a noteworthy conversion
(>99%) of benzyl alcohol and exceptional selectivity (100%)
towards benzaldehyde. Also, this catalytic performance was
achieved under solvent-free conditions using molecular oxygen
as the oxidant, presenting results on par with some reported
noble and non-noble metal-based catalysts.

4 Conclusions

An efficient solvent-free and base-free heterogeneous selective
catalytic oxidation of benzyl alcohol to benzaldehyde was ach-
ieved and the conditions optimised usingWOx-promoted CeO2–

SiO2 catalysts (W/CeSi) in the presence of inexpensive and green
molecular O2 as an oxidant. This observation was supported by
comparing the results obtained with Ce, CeZr, CeSi, W/Ce, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
W/CeZr oxide catalysts. In conclusion, the tungsten-promoted
mixed oxide catalyst, i.e. W/CeSi oxide catalyst, showed higher
benzyl alcohol conversion and selectivity for benzaldehyde than
the other promoted catalysts. The smaller particle size of the
WOx and CeO2, higher specic surface area, more signicant
number of acidic sites, and superior oxygen vacancies could
help explain the excellent catalytic activity of the tungsten-
promoted W/CeSi oxide catalyst. Both the WOx promoter and
SiO2 exhibited vital roles in the selective oxidation of benzyl
alcohol. Furthermore, the W/CeSi oxide catalyst was recyclable
during the oxidation process of benzyl alcohol without any
activity loss for up to ve cycles.
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