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Tuning the morphology to enhance the catalytic
activity of a-Ag,WO, through V-doping+t
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Here, we present the synthesis of a highly efficient V-doped a-Ag,WQO, catalyst for the oxidation of
sulfides to sulfones, exhibiting a high degree of tolerance towards various sensitive functional groups.
Remarkably, the catalysts with 0.01% V-doping content exhibited outstanding selectivity towards the oxi-
dation process. Scavenger experiments indicated the direct involvement of electron—hole (e”/h*) pairs,
hydroxyl radical (OH), and singlet oxygen (*O,) in the catalytic mechanism. Based on the experimental
and theoretical results, the higher activity of the V-doped a-Ag,WO, samples was associated with the
preferential formation of the (100) surface in the catalyst morphology.

Introduction

In recent years, there has been significant research interest in
a-silver tungstate (a-Ag,WO, or AW) materials due to their mul-
tifunctionality in various fields. These materials have shown
promising applications in areas such as photocatalysis,' anti-
fungal and bactericidal agents,”” tumor identification and
uptake,®® and gas detection.'”'" We have recently published a
comprehensive review that highlights the historical back-
ground and contemporary significance of AW-based materials,
focusing on the most important properties and applications of
AW-based materials.">

In terms of potential applications, the focus in the field of
inorganic semiconductors is developing AW-based materials
with enhanced catalytic activity."*® A systematic study of the
high catalytic efficiency of AW in the chemical fixation of CO,
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from various terminal alkynes with electron-withdrawing or
electron-donating groups under atmospheric pressure was
reported by Song et al'’ Furthermore, Guo et al'® have
employed AW as a bifunctional catalyst, enabling the simul-
taneous activation of CO, and the catalysis of direct carboxyla-
tion of terminal alkenes at room temperature. Our research
group has recently demonstrated that semiconductors, includ-
ing AW, exhibit remarkable efficiency and selectivity as cata-
lysts for the dark oxidation of sulfides to sulfones.'®?° The
catalytic synthesis of sulfoxides and sulfones is of great inter-
est due to their importance as intermediate reagents in the
synthesis of various chemical and bioactive substances,*' >° as
well as for fuel desulfurization without producing harmful by-
products.”®*” For this catalytic transformation, there is a need
to develop new efficient catalysts that can operate under mild
conditions while maintaining high selectivity and stability.
The morphology and properties of AW are very dependent
on the synthesis method and reaction conditions, such as pH,
temperature, and so on.>® For most of the applications, it is
vital to have a tight control over the morphology taken by the
crystals because catalytic reactions occur on the surface of
semiconductors, making them surface-dependent processes.
Then, tuning of the surface and morphology of efficient cata-
lysts by controlled synthesis has become a key issue in realiz-
ing the full potential of this application. Our research group
has previously reported how different solvents and surfactants
in the reaction medium directly impact the final morphology
of the synthesized AW microcrystals.>?*3° Specifically, doping
processes using Zn>" and Ni*>" metals have been found to alter
the morphology of the synthesized AW samples, thereby
affecting the number of active sites on the surface and conse-
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quently influencing their performance in various
applications.>** In this sense, vanadium doping process can
emerge as an adequate strategies to control the morphology
and catalytic activity of AW by changing the amount of oxygen
vacancies (Vo) as well the acid characteristics of the active
sites.>**°

In this work V-doped AW samples (x = 0, 0.01, 0.02,
0.04 mol%) were synthesized using the coprecipitation
method. Various experimental techniques were employed,
including X-ray diffraction (XRD) with Rietveld refinement,
field emission scanning electron microscopy (FE-SEM), trans-
mission electron microscopy (TEM), energy dispersive spec-
troscopy (EDS), Raman spectroscopy, diffuse reflectance spec-
troscopy (DRS), ultraviolet-visible reflectance spectroscopy (UV-
vis), photoluminescence (PL) measurements, X-ray photo-
electron spectroscopy (XPS), and electron paramagnetic reso-
nance spectroscopy (EPR). The catalytic activity was evaluated
and optimized for the oxidation of methyl phenyl sulfide
(thioanisole) as a model reaction, and the performances of a
series of sulfides were investigated. Density functional theory
(DFT) calculations were conducted to gain a deeper under-
standing of the atomic-level relationship between morphology
and catalysis. The predicted morphologies obtained theoreti-
cally were found to match well with the exposed surfaces
observed in the electron microscopy images, providing confi-
dence in the results. Based on the findings, we propose a
mechanism to explain the changes in catalytic activity follow-
ing the V-doping process, which is associated to the presence
of the (100) surface in the morphology. To the best of our
knowledge, no previous studies have reported on this topic, in
which V is doped into AW microcrystals to enhance their
efficiency as catalysts in dark conditions.

Results and discussion
Synthesis and characterization

A series of V-doped AW-based materials was synthesized using
the aqueous co-precipitation method, and they were subjected
to structural, morphological, and electronic analysis. To
confirm the V concentration in the AW crystal lattice (in
mol%), ICP-OES analyses were performed on samples digested
in concentrated HNOj;, and the results are presented in
Table SI-1.f The real V concentration values closely matched
the expected nominal values, indicating successful doping.
Fig. 1a illustrates the XRD patterns of the V-doped AW samples
[0.01% (AW1 V), 0.02% (AW2 V), and 0.04% (AW4 V)] obtained
through the CP method at room temperature. According to
crystallographic card number 243987 in the Inorganic Crystal
Structure Database (ICSD), the samples exhibit an ortho-
rhombic structure with space group Pn2n and lattice para-
meters a = 10.8869 A, b = 12.0400 A, ¢ = 5.90711, and angles a
= B =y = 90°, with no presence of secondary phases.’> All
samples show well-defined diffraction peaks, indicating a
reasonable degree of structural order and long-range crystalli-
nity. However, Fig. 1b demonstrates that the most intense diffr-
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Fig. 1 (a) XRD patterns of the AW samples; (b) inset view of the main
peak (231); schematic representation of the crystalline unit cell of AWV
with (x = 0.125) in the coordinates a (c), b (d), and c (e). (f) Raman
spectra of the samples.

action peak (231) shifts to higher 26 values as the concen-
tration of vanadium clusters (V-clusters) in the crystal lattice
increases. This behavior can be explained by analyzing the
values of the full width at half maximum (FWHM) of the peak
(231).° The FWHM values for the samples are 0.465°, 0.379°,
0.323°, and 0.389° for AW, AW1 V, AW2 V, and AW4 V, respect-
ively (Table SI-21). The decrease observed in the FWHM values
of AW, AW1 V, and AW2 V may be attributed to an increase in
the degree at long-range structural ordering. Conversely, AW4
V exhibits the highest FWHM value among the doped samples,
indicating a higher concentration of V-clusters in the lattice,
causing structural reorganization and resulting in a higher
degree of disorder. However, when comparing AW and AW4 V,
the doped sample still demonstrates higher structural order.
Therefore, the observed shift in the main peak indicates the
distortions and polarization effects induced in the crystalline
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lattice by the successful substitution of [WOg] clusters with
V-clusters.

The Rietveld refinement plots for the samples are presented
in Fig. SI-1.f All the results exhibit excellent agreement
between the experimental XRD patterns and the theoretical
results based on ICSD card number 24398. The formation of
V-clusters leads to a higher electron density in the lattice,
resulting in an increase in the lattice parameters and volume
of the crystal unit cell (see Table SI-2t). The V-doping process
in the AW microcrystal lattice induces local distortions and
redistribution of charge density, leading to an increase in the
crystallite size (D) value of the V-doped AW samples.

Additionally, the microstrain (&) values of the samples gen-
erally show an increase compared to the AW sample, indicating
that the substitution of [WOg] clusters with V-clusters induces
structural and electronic changes in the AW crystalline
lattice.>® These modifications appear as a consequence of the
structural defects and polarization caused by the formation of
V-clusters, instead of an octahedral cluster [WOg], and local
variation in electron density generated in the lattice after the
formation of new V-O bonds in the V-clusters. Furthermore,
an increase in the crystallite size of V-doped samples is
observed. Based on the theoretical model, Fig. 1c-e show that
the V-cluster is surrounded by 4 oxygen atoms, forming a dis-
torted tetrahedral cluster [VO,].

Micro-Raman spectroscopy is a valuable technique for
investigating the impact at short-range structural order/dis-
order in crystalline solids. As mentioned earlier in the XRD
results, the samples exhibit an orthorhombic structure, and
thus, 21 characteristic vibrational modes are expected, divided
into two categories: internal modes (associated with the mole-
cular vibration of the [WOs] moiety) and external modes
(attributed to the movement of the Ag”™ ion).””° However, the
Raman spectra reveal only 10 active modes in the range of 50
to 1000 cm™" (Fig. 1f). The most prominent peak at 875 cm™*
(Asg) corresponds to the asymmetric stretching of the O-W
bonds in [WOg). The modes at 773 cm™" (A;y) and 741 em™'
(Bg) arise from the symmetrical elongation of W-O-O-W and
W-0, respectively, while the mode at 665 cm™" (Byg) is associ-
ated with the symmetrical elongation of W-O-O-W. The
modes at 579 cm™! (Ay), 385 ecm™' (Ay,), and 333 cm ™! (Byy)
are linked to the bending vibrations of the W-O-W bond angle
and W-0-O-W dihedral angle. The mode at 308 cm™" (A,)
corresponds to the out-of-plane fold of W-O-O-W. Lastly, the
modes below 251 cm™" are related to the external vibrational
modes between Ag” and WO,>~ groups.* These findings align
with the theoretically derived frequencies illustrated in
Fig. SI-2 and Table SI-3.f In Fig. 1f, it can be observed that an
increase in the concentration of [VO,] clusters within the AW
crystalline lattice leads to a decrease in the intensity and
resolution of the modes. The substitution of [WOs] clusters
with [VO,] clusters likely induces short-range structural order-
ing due to the presence of defects in the AW crystalline struc-
ture. Concerning mode definition, Gupta et al*® and Pinatti
et al.*' have reported that an increased concentration of Eu**
in AW facilitates short-range structural organization of the
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doped samples, primarily due to changes in the oxygen
vacancies (Vg — V§ or Vg — Vg) present in the host matrix.
This phenomenon reduces material tension and, conse-
quently, results in relaxation of the crystalline structure,
leading to well-defined Raman modes.

XPS analysis was conducted to examine the oxidation states
and surface composition of the synthesized samples. Fig. SI-37
shows the experimental and deconvoluted core level spectra of
the Ag 3d and W 4f peaks. The two component peaks at 367
and 374.6 eV can be assigned to Ag® and Ag” states, respect-
ively. The peak at 34.8 and 37.8 eV, along with the satellite, are
associated with the presence of W®" and W>" states and W 2p
states, respectively.>® In the O 1s XPS spectra, different
Gaussian peaks were used to distinguish between oxygen
atoms bound to water and those bound to the crystalline
lattice (as shown in Fig. 2a-d). The electronic density surround-
ing the oxygen atoms not bound to the crystalline lattice is higher
compared to those in the lattice. Consequently, the charge distri-
bution on the oxygen atoms not bound to the lattice is shifted
towards the oxygen atoms, resulting in a lower nuclear potential
and, hence, a lower binding energy for these electrons. As a
result, the high binding energy peak at 532.07 eV and the low
binding energy peak at 530.19 eV in the O 1s spectrum can be
attributed to oxygen atoms bound to the crystalline lattice (Oy)
and oxygen atoms not bound to the lattice, respectively.®* The O
1s peak at 532.07 eV includes oxygen species such as W-O, Ag-O,
V-0, and O-OH, with the latter representing adsorbed oxygens
from water (Ow), while the 530.19 eV O 1s peak corresponds to
W-0O-W bonding in OL. The O 1s peak in the 532.07 eV region
may also include the contribution of superficial oxygen vacancies
(Vo), as it is believed that the binding energy of O 1s resulting
from this bond is similar to that of other oxygen atoms not
bound to the lattice. It is worth noting the presence of a com-
ponent at approximately 531 eV for the V-doped samples (Oy_o).
The percentage of deconvolution varies between 8.73, 3.8, and
12.18%. Although the intensity does not increase with increasing
V-doping concentration, this component indicates the presence
of connections that can occur with V-O outside the crystalline
lattice.**

XPS, being one of the modern techniques widely used for
studying the surface of solid materials, can be effectively
employed to explore these doping modifications. Therefore,
high-resolution analysis of the V 2p level was performed
(Fig. 2e). The two-component peaks around 516 and 518 eV
can be attributed to the V** and V°* states, respectively. The
presence of vanadium ions in the samples is evident from the
increased peak in the XPS survey spectrum (see Fig. SI-47),
which is expected to increase with higher doping levels, as
observed in the deconvolution of V 2p in Fig. 2e. It is also
expected that this doping will modify the oxyanion lattice to
form bonds such as W-O-v**.*?

The electronic modifications caused by V doping in the AW
samples were initially analyzed using DRS. The optical band
gap energies (Eg,p) were calculated from the UV-vis absorption
spectra obtained from DRS using the Wood-Tauc** and
Kubelka-Munk*® equations AW exhibits an absorption spec-

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a—d) Core-level XPS spectra of O 1s and (e) V 2p for the
samples.

trum driven by direct electronic transitions, resulting from the
movement of electrons located in the conduction band
minimum energy states to the valence band’s maximum
energy states at different points in the Brillouin zone
(Fig. 3a).*®*” Previous studies conducted by our group using
the same synthesis method reported Eg,, values for AW
between 3.08-3.18 €V,>**>*! which is consistent with the Egq),
value obtained for the AW sample in this study (3.08 eV). A
reduction in the Eg,, value was observed for the V-doped
samples, with values of 2.92 eV (AW1 V), 2.84 eV (AW2 V), and
2.58 eV (AW4 V). Analysis of the results indicates that as the
concentration of [VO,] clusters in the AW crystalline lattice
increases, there is a decrease in the Eg,, values due to an
increase in excited state electrons, which migrate from the
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Fig. 3 (a) DRS and (b) PL spectra of the samples.

ground state to the forbidden region of the semiconductor
band gap. According to Shen et al., this reduction in the band
gap energy is directly related to the introduction of new elec-
tronic levels from the V 3d orbitals.*®

PL spectroscopy was employed to evaluate the effect of sub-
stituting [WOg] with [VO,] clusters on the structure and elec-
tronic properties of the materials. This technique provides
valuable information at medium-range in the material struc-
ture. The AW sample exhibits a broad emission profile, which
is a result of a multiphonon process involving several inter-
mediate states within the band gap.’®*° This emission is
associated with structural defects in the matrix and typically
appears in the blue-green region, indicating charge transfer in
the [WOg] clusters.”® On the other hand, the PL emissions in
the red region are attributed to extrinsic defects (such as struc-
tural order/disorder and interfaces) that are related to [AgO,]
clusters (x = 2, 4, 6, and 7).>""*' These defects induce a sym-
metry-breaking process, leading to polarization in the struc-
ture through charge transfer between ordered and disordered
clusters. This quantum effect probabilistically forms neutral
clusters as well as clusters with higher and lower charge
density, generating electron-hole pairs (e™-h"). Fig. 3b illus-
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trates the PL spectra of the samples obtained at room tempera-
ture with laser excitation at 355 nm, revealing a broad emis-
sion profile ranging from 500 to 750 nm. In the case of the AW
sample, a prominent peak of PL emission is observed in the
red region at 709 nm, along with a less intense shoulder in the
blue-green region at 534 nm. It is noteworthy that the substi-
tution of [WOg] clusters with [VO,] clusters leads to a decrease
in the overall intensity of the PL emission, particularly in the
red region. However, the emission in the blue-green region
becomes more defined. This behavior can be correlated with
the results obtained from XRD, Raman spectroscopy, and DRS
analysis. The deconvolution of the PL spectra was performed
into three components at 544, 661, and 754 nm in order to
quantify the observed modifications in each sample
(Fig. SI-5). It was observed that the component located at
661 nm remains nearly constant in all samples, while the
major changes occur in the 554 and 754 nm components,
directly related to shallow defects (near the valence (VB) and
conduction band (CB)) and deep defects (within the middle of
the band gap) respectively.”>*" Upon adding [VO,] clusters, a
sharp decrease in deep defects (related to extrinsic defects as
mentioned earlier) occurs, leading to an increase in shallow
defects. These defects are associated with a greater structural
organization of AW, corroborating with the results obtained
from XRD and Raman spectroscopy.

FE-SEM images were taken to investigate the structure and
surface evolution of as-grown V-doped AW crystals. In Fig. 4a,
it can be observed that the pure AW sample exhibits an
elongated hexagonal rod morphology with preferential growth
along the (010) direction, which has been previously
reported.”® However, upon V doping, a change in morphology
to cobblestones is observed (Fig. 4b-d). This change can be
attributed to the structural distortions and redistribution of
charge density caused by the dopant, resulting in the appear-
ance of different exposed surfaces in the morphology.*?
Additionally, the presence of [VO,] clusters inhibits the growth
of Ag nanoparticles on the surface of AW, enhancing the

100 nm

Fig. 4 FE-SEM images for (a) AW, (b) AW1 V, (c) AW2 V, and (d)
AW4Vsamples.
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robustness of the samples against electron beam irradiation. The
average length and width distribution of the samples were ana-
lyzed, and the histograms are presented in Fig. SI-6.1 The average
values of length and width were found to be 0.82 and 0.12 pm,
0.80 and 0.14 pm, 0.79 and 0.15 pm, and 0.76 and 0.16 pm for
the AW, AW1 V, AW2 V, and AW4 V samples, respectively. It is
worth noting that, in addition to the surface changes induced by
V doping, there is a reduction in length and an increase in
average width of the samples. From the EDS mapping of the
samples (Fig. SI-7t), we were able to observe the homogeneous
distribution of V throughout the sample, reinforcing that the
doping occurred efficiently. TEM analyses were conducted;
however, due to the high instability of the samples under high-
energy electron beams, it was not possible to analyze the influ-
ence of V-doping on the interplanar planes of AW. Instead, it was
possible to observe crystalline planes related to cubic Ag, attribu-
table to the reduction of [AgO,] clusters (x = 2, 4, 6, and 7), and a
few planes related to AW (Fig. SI-87).

To gain a deeper understanding of the relationship between
morphology and catalytic activity, it is crucial to investigate the
active sites on the exposed surfaces at the atomic and mole-
cular levels. In our pursuit of this objective, we have published
several works that utilize first-principles calculations to deter-
mine the surface energy values (Egyf) of each exposed surface
in the crystal morphology. These calculations are combined
with the Wulff construction and experimental findings based
on FE-SEM images. This approach enables us not only to
predict the available morphologies of a solid material but also
to provide profound insights into the electronic, structural,
and energetic properties that govern the final morphology of
the synthesized materials.>* >’

The investigation of the crystal surface and morphology
evolution in V-doped AW samples was conducted by calculat-
ing a reaction path throughout the synthesis progress. Fig. 5
illustrates the steps required to achieve the experimental
FE-SEM morphology (hexagonal rod) observed in pure AW
starting from the ideal morphology. In order to obtain mor-
phology A, the values of Eg,¢ for the (010), (100), and (110) sur-
faces need to be increased, while the value of Ej,,¢ for the (001)
and (101) surfaces should be decreased. Subsequently, mor-
phology B can be derived from morphology A by further
increasing the values of Eg,,¢ for the (010) and (110) surfaces.
To match the experimental morphology observed in V-doped
samples, an increase in the values of Eg, for the (010) and
(110) surfaces, along with a decrease in the value of Eg,,; for
the (101) surface, is necessary. The hexagonal rod morphology
of AW is primarily composed of the (100) surface, accounting
for 72.9% of the surface contribution, while the (001) and
(010) surfaces contribute 19.7% and 7.4%, respectively. When
AW is doped with V, changes in the experimental morphology
are observed, resulting in a cobblestone morphology with
equal exposure of the (100) and (001) surfaces (46.7% each),
while the (010) surface exhibits a lower proportion (6.6%).
Therefore, the V-doping process promotes the stabilization of
the (100) surface and the destabilization of the (101) surface.
This morphology has a lower Ej,q, value compared to the ideal

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Schematic representation of the energy profile to obtain the as-synthetized morphologies. The experimental morphologies are inserted for

comparison purpose.

AW morphology (Table SI-47), indicating that the high catalytic
activity of the V-doped catalysts is associated with the predomi-
nant presence of the (100) surface in the morphology. These
findings not only provide insights into the measured catalytic
activity but also elucidate the relationship between mor-
phology and catalysis.

EPR spectroscopy was conducted to investigate the presence
of paramagnetic species in the samples. It is not expected for
chemically pure and stoichiometric V-doped AW to exhibit any
EPR signal since Ag" ([Kr] 3d10), W®" ([Xe] 4f14), and V°" ([Ar])
cations do not possess unpaired electrons and are thus EPR
silent. However, as discussed earlier, the introduction of V into
the AW microcrystal lattice leads to intrinsic defects, local dis-
tortions, and redistribution of charge densities, which may
facilitate the formation of paramagnetic centers detectable by
EPR, such as oxygen vacancies, W>" ([Xe] 4f14 5d1), and V**
([Ar] 3d1) cations, among other species. Fig. 6 illustrates the
EPR spectra of undoped and V-doped AW samples.

It is widely recognized that semiconductor metal oxides
commonly possess surface oxygen vacancies and intrinsic
defects.>® Our research group has previously investigated the
nature of defects in AW.>*” Experimental and theoretical
studies have indicated that the formation of oxygen vacancies,
including neutral (neutral (V§), cationic (Vg,) or doubly-ionized
Vg), is favored in both undoped and V-doped AW samples.
Considering the aforementioned reactions, it is possible that
in V-doped AW microcrystals, where the lowest energy level of
the conduction band is associated with V 3d orbitals, electrons
can transfer from V% to EPR-silent V**, resulting in the gene-
ration of paramagnetic V** and V;, species.

Based on the preceding discussion, we can assign the
observed EPR signals to specific paramagnetic species. It is
important to note that trapped electrons in Vg, exhibit an EPR

This journal is © The Royal Society of Chemistry 2023

response similar to that of free electrons, as extensively docu-
mented in the scientific literature for various semiconductor
metal oxides.”® Therefore, V are characterized by a pro-
nounced resonance at ca. g = 2.003, as it has been widely
described in the scientific literature for different semi-
conductor metal oxides.>®®" However, it has been reported
that oxygen vacancies in WO(;_y) can resonate at much higher
g values. Qian et al.®” and Shen et al.*® detected a sharp EPR
signal at g = 2.28 in a series of WO(;_,) samples. The authors
observed that the signal intensity increases with higher x
values, indicating a higher concentration of oxygen vacancies.
Additionally, the signal was absent in a stoichiometric WO;
sample, leading the authors to attribute it to the oxygen
vacancies present in WO(;_y. Theoretical calculations con-
ducted by Di Valentin and Pacchioni®® demonstrated that the
majority of electronic density arising from excess electrons due
to an oxygen vacancy is localized at the Vg void in WO(3_y).
Qian et al. proposed that the shift in the g value from
approximately 2.003 to 2.28 is attributed to the presence of two
charge centers (unpaired electrons) trapped in neutral oxygen
vacancies.®” The EPR signal observed at g = 2.260 for the AW1 V
microcrystals exhibits similar shape and g value to the signal
associated with oxygen vacancies in WO(_,). The most common
defect in AW microcrystals is the Ag-O vacancy complex (Vag-o),
which consists of two cationic oxygen vacancies surrounding one
anionic silver vacancy. In this case, the defect complex contains
more than one unpaired electron, representing negatively
charged centers. Therefore, the EPR signal observed at g = 2.260
for the AW1 V sample could reasonably be attributed to the Ag-O
vacancy complexes. A detailed analysis of the morphological
transformation is performed to answer this question: why such a
signal is not observed for more highly doped or undoped
samples? The (010) and (001) surfaces are common in the mor-
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phology of both samples; the difference is the presence (110) and
(100) surfaces. The (100) surface is composed by [AgOs-2V] and
[WO,-2Vg] clusters, while the (110) surface displays the
[Ag05-4Vo), [Ag0,-2Vo], and [WO42V] clusters.?® Therefore, the
EPR signal observed at g = 2.260 is most likely associated to the
[AgOs-2V(] clusters, which are predominantly present in the AW1
V sample.

The observed g values ranging from 1.934 to 2.059, distinct
from those observed in the AW4 V sample, are characteristic of
v* ([Ar] 3d1, S = 1/2, I = 7/2) species.®>®® These signals result
from the interaction between the single electron of V** 3d1 (S
=1/2) and its nucleus (I = 7/2). Based on the micro-Raman and
PL measurements, the substitution of [WO¢] clusters with
[VO,] clusters induces a short-range structural ordering that
leads to the transformation of cationic oxygen vacancies into
doubly-ionized oxygen vacancies (Vi — Vg). In V-doped AW
samples, the formation of doubly-ionized oxygen vacancies
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involves the transfer of the unpaired electron from a cationic
oxygen vacancy to the V 3d orbitals (located at the bottom of
the conduction band). Doubly-ionized oxygen vacancies do not
exhibit EPR signals, which explains the absence of the signal
attributed to cationic oxygen vacancies (g = 2.260) in the AW2
V and AW4 V samples. However, paramagnetic v species are
indeed detected. Therefore, the increasing intensity of the V**
signals with higher doping levels (Fig. 6b) strongly supports
the hypothesis that short-range structural ordering occurs in
the V-doped samples.

Catalytic performance and mechanistic insights

The catalytic oxidation of sulfides using the aforementioned
V-doped AW samples was investigated to analyze the impact of
catalyst structure, morphology, and electronic properties on
catalytic activity. Thioanisole oxidation was chosen as the
model reaction (Fig. 7a). The oxidation occurs in two sequen-
tial steps, starting with the conversion of the sulfide to methyl
phenyl sulfoxide, followed by further oxidation to methyl
phenyl sulfone.

To assess the catalytic activity, initial experiments were con-
ducted using the same conditions employed for the catalytic
oxidation of sulfides using transition metal tungstates (2 mL
CH;CN, 50 °C, 30 min, 100 pL of H,0,, and 10 mg of cata-
lyst).”> Under these conditions, the catalytic activity of the
aforementioned materials was evaluated (Fig. 7b). The AW
sample exhibited a conversion of >99%, with 87% selectivity
towards the sulfone product. Similarly, the AW1 V sample
demonstrated a conversion of >99% with complete selectivity
for the sulfone. However, the AW2 V and AW4 V samples
showed decreased conversion rates of 93% and 85%, respect-
ively, with selectivity values of 79% and 62% for sulfones.
These results indicate that low concentrations of V doping in
the AW crystal lattice enhance conversion and selectivity
towards the final product in shorter reaction times. Although
samples with lower V doping concentrations (0.5 and
0.25 mol%) were also synthesized, the AW1 V sample still
exhibited the highest conversion and selectivity.

Kinetic analysis of thioanisole oxidation products was per-
formed for the AW and AW1 V samples (Fig. 7c). It is well-docu-
mented in the literature that the initial oxidation step leading to
sulfoxide formation is more facile, whereas the subsequent oxi-
dation step for sulfone formation is more challenging to
achieve.®” Within the first 10 minutes of the reaction, the AW
catalyst achieved a conversion of >99% with 62% selectivity for
sulfone, while the AW1 V catalyst exhibited the same conversion
with 74% selectivity for sulfone. After 30 minutes of reaction, the
AW catalyst showed 87% selectivity for sulfone, whereas the AW1
V catalyst achieved >99% selectivity for sulfone.

According to Radko et al.,*® the introduction of small con-
centrations of V doping creates new oxidation sites on the cata-
lyst’s surface, thereby significantly improving the efficiency of
the process. The alterations in morphology and the sub-
sequent stabilization of specific surface facets lead to modifi-
cations in the active sites of the material. As previously men-
tioned, the AW1 V sample stabilizes the (100) surface, charac-

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a) Thioanisole oxidation reaction scheme; (b) conversion and

selectivity of different catalysts to thioanisole oxidation; (c) kinetic
profile of the thioanisole oxidation for AW and AW1 V samples; (d) cata-
lytic scope using AW1 V catalyst; (e) 10-fold scaled catalytic recycle for
the oxidation reaction using AW1 V catalyst; (f) scavenger tests in the
oxidation reaction using AW1 V catalyst.

terized by undercoordinated clusters [AgOs5-2V], which serve
as highly active sites responsible for the enhancement of cata-
lytic oxidation processes. Additionally, another influential
factor in catalytic activity may be the role played by V 3d orbi-
tals in generating reactive oxygen species (ROS), which are
responsible for the sulfide oxidation. It is evident that achiev-
ing a delicate balance among structural, morphological, and
electronic properties is paramount in the development of
novel catalysts.

With the optimal conditions established for sulfide oxi-
dation using the AW1 V sample, sulfides with different substi-
tuents were tested to assess the system tolerance. Substituted
p-thioanisole derivatives bearing -Cl, -CH;, -OCH3, and -NO,
groups were successfully oxidized with excellent selectivity
(Fig. 7d, 1-4). Aliphatic thioethers were readily transformed

This journal is © The Royal Society of Chemistry 2023
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into their respective sulfones (Fig. 7d, 5). However, symmetric
aromatic sulfides exhibited lower tolerance under the estab-
lished conditions. (Fig. 7d, 6) Finally, recycling experiments
were conducted (Fig. 7e). The catalytic system remained active
throughout the five tested cycles; however, a slight loss of
activity was observed after the fourth cycle, with sulfone con-
version reaching 91%. This deactivation of the material may be
due to the degradation of the structural and surface catalyst,
which can lead to the leaching of its constituent ionic species.
To rule out the participation of ionic species (Ag*, VO,* and
WO,>7) during the recycling experiments, they were tested in
the catalytic reaction. The obtained results were similar to
those obtained with pure H,O, (total conversion <30%), indi-
cating that even if these species leach into the solution, they
are not active for this reaction. Through XRD analysis of the
sample after catalytic recycling, it is possible to observe that
no secondary crystalline phases appear, and not significative
changes in the intensity and position of the XRD peaks
(Fig. SI-9f). However, when analyzing SEM images after re-
cycling (Fig. SI-91), a high agglomeration of particles can be
observed, along with degradation of their initial morphology,
which directly impacts their catalytic response.

The oxidation mechanism was investigated by adding equi-
molar amounts of scavengers for e, h*, "OH radical, and 'O,
in the reaction (Fig. 7f). A significant reduction in catalytic
efficiency was observed for all scavengers, indicating that these
species are directly involved in the oxidation process. The
mechanism of sulfide oxidation by AW involves the electronic
thermo-excitation of e~ from the VB to the C to generate e —h"
pairs.'® These charge carriers diffuse to the AW surface to
generate ROS responsible for the initiation of different
advanced oxidation processes. H,O, when in contact with the
AW surface can decompose to form two "OH radicals. On the
other hand, H,O molecule interacts with the h* to render "OH,
while the O, molecules will interact with the e to initially
transform to the superoxide radical ("O,), which can lose an
electron to form the singlet molecular oxygen, '0,°*°® These
species are potent oxidants that readily oxidize sulfides to sul-
fones by accessing reaction pathways with lower activation bar-
riers.”® The oxidation of sulfides to form sulfones through ‘OH
and '0, involves their addition to the sulfur atom, followed by
subsequent eliminations of H,O and O,, initially resulting in
the sulfoxide and then, after a second oxidation step, the
sulfone.” These findings demonstrate the occurrence of elec-
tron transfer reactions involving these short-lived species and
establish parallels with the photoinduced reactions, suggesting
this state as a reference system for excited-state structures and
as a framework for exploring catalytic reactions.

Experimental
Synthesis of the V-doped AW samples

The V-doped AW samples were synthesized using the copre-
cipitation method (CP) in an aqueous medium. For the pure
sample, two separate aqueous solutions were prepared: one
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containing Na,WO,-2H,0O (0.001 M, Sigma-Aldrich, 99.5%),
and the other containing AgNO; (0.002 M, Sigma-Aldrich,
99.8%). These solutions were mixed under constant agitation
and heated to 70 °C, after which the AgNO; solution was
added to the Na,WOQ,-2H,0 solution. This resulted in the for-
mation of a suspension, which was stirred at a constant temp-
erature for 20 minutes, leading to the formation of a white pre-
cipitate. The precipitate was then washed multiple times with
deionized H,O and centrifuged to remove any residual ions.
For the V-doped samples, the synthesis process was similar,
with the only difference being the use of two aqueous solu-
tions: NH,VO; (0.002 M, Sigma-Aldrich, 99%) and AgNO;
(0.002 M, Sigma-Aldrich, 99.8%). These solutions were mixed
under agitation and heated to 70 °C. In the NH,VOj; solution,
Na,WO0,-2H,0 (0.001 M) was added under agitation, followed
by the addition of the AgNO; solution. Upon addition, a yellow
precipitate was obtained.

Catalytic oxidation of sulfides

The catalytic tests were carried out in mL round-bottom flasks
with magnetic stirring at 700 rpm per min. The experimental
procedure involved dispersing AW sample in a mixture of
0.1 mmol of sulfide, 2 mL of solvent, and 15 pL of hexadecane
as an internal standard. Then, H,O, was added as the oxidant.
The reaction conditions, including time, temperature, H,O,
amount, solvent, and catalyst loading, were varied to optimize
the yield and selectivity for the transformation to sulfoxide and
sulfone. The reaction solutions were diluted in 2 mL of ethyl
acetate and analyzed by gas chromatography (GC, Agilent 8860)
with flame-ionization detection (FID), using a non-polar (5%-
phenyl)-methylpolysiloxane column (Agilent J&W HP-5). For cata-
lytic recycles (up to 5 recycles), the experiment was scaled up by a
factor of 10 under the best conditions. The experiments with
ionic species were conducted using equimolar amounts of
AgNO;, NH,VO3;, and Na,WO,-2H,0. For experiments using sca-
vengers, equimolar amounts of reagents and catalyst were used.
The scavengers used were AgNO; to capture electrons (e7),
ammonium oxalate ((NH,),C,0,) for holes (h"), potassium hydro-
gen phthalate (PHP) for hydroxyl radicals (‘OH), and sodium
azide (NaNj3) for singlet oxygen (10,).

Characterizations

The catalysts underwent structural characterization using
various techniques. XRD analysis was performed using a
DMax2500PC diffractometer (Rigaku, Japan). Raman spec-
troscopy, conducted with a T64000 spectrometer (Horiba
Jobin-Yvon, Japan) coupled with a CCD Synapse and an argon-
ion laser detector operating at 514 nm, provided structural
information. DRS measurements were carried out using a
Varian Cary 5G spectrophotometer (Agilent, USA) equipped
with an integrating sphere, and magnesium oxide (MgO)
served as the reference material. PL spectra were obtained
using a laser (Cobolt/Zouk; 4 = 355 nm) with an incident
potency of 50 pW focused on the 20 pm position. XPS analyses
were performed using an ESCA spectrometer (Scientia
Omicron, Germany) with a monochromatic X-ray source of Al
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Ko (1486.7 eV), and the binding energies of all elements were
calibrated with respect to the C 1s peak at 284.8 eV.
Backscattered luminescence was captured using a 20 cm
spectrometer (Andor Technologies, UK) with the signal
detected by a charge-coupled device detector. The mor-
phologies and textures of the catalyst were observed using
FE-SEM with a Supra 35-VP operated at 10 kV (Carl Zeiss,
Germany). The EDS mapping analysis was performed using a
TM4000 II Benchtop SEM (Hitachi, Japan). TEM images were
obtained using an FEI TECNAI F20 microscope operating at
200 kV. Inductively coupled plasma optical emission spec-
trometry (ICP-OES) was employed to estimate the chemical
composition of the solutions during catalytic cycles, employ-
ing an iCAP 7000 instrument (Thermo Fisher Scientific, USA).
EPR spectra were acquired at 120 K using a spectrometer
model ELEXSYS E500T (Bruker, Germany) equipped with an
ER 4102ST rectangular resonator operating in the TE102 mode
at a frequency of 9.8 GHz (X-band) and an ER 4131VT variable
temperature accessory. The data acquisition parameters used
for the measurements were 100.00 kHz modulation frequency,
1.00 mT modulation amplitude, 20.4 mW microwave power,
330 mT central field, 210 mT sweep width, and 20.48 ms con-
version time. A total of 4096 data points were collected per
scan, and the resulting spectra were the average of 5 scans.

Conclusions

Here, we present a protocol for synthesizing highly active and
selective a-Ag,WO, catalysts for the oxidation of sulfides to sul-
fones in the absence of light, based on the doping process of
a-Ag,WO, with vanadium. This approach effectively improves
its performance for this transformation under mild conditions
and selectively oxidizes various classes of sulfides.
Furthermore, we demonstrate how changes in the exposed sur-
faces and morphology can modulate the selectivity of the
V-doped a-Ag,WO, samples.

The main conclusions of this work can be summarized as
follows: (i) the V-doped a-Ag,WO, -catalyst exhibits higher
efficiency for the oxidation of sulfides to sulfones compared to
undoped AW; (ii) high yields and selectivity for different types of
sulfones were achieved within a relatively short reaction time. The
kinetic study of the 0.01% V sample showed >99% selectivity for
sulfones after 30 minutes of reaction, while the undoped sample
exhibited 87% selectivity. The catalyst also displayed good stabi-
lity with only a 9% loss of activity after the fifth recycle; (iii) based
on the above results, we propose that by adjusting the mor-
phology (with the (100) surface being the most favorable), the
catalytic activity of the material can be maximized; (iv) the results
of scavenger experiments suggest a mechanism for the efficient
oxidation reaction involving the presence of electron-hole (e™-h")
pairs, hydroxyl radicals ("OH), and singlet oxygen ('O,); (v) EPR
and XPS measurements confirmed the characteristic signal of V**
cations in the doped samples.

The obtained results promote V-doped a-Ag,WO, material
as a promising catalyst for an advanced oxidation process,

This journal is © The Royal Society of Chemistry 2023
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emphasizing the relationship between morphology and cata-
lytic activity. Our findings have the potential to inspire new
ideas and establish a foundation for the development of cata-
lysts for the light-independent oxidation of sulfides to sul-
fones. It is hoped that these challenges can be solved in the
future and the results presented here could serve as a good
reference for other researchers dealing with the catalytic
activity facilitated by doping and pave the way for advance-
ments in this field.
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