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ABSTRACT: A core−shell catalyst (Co−SiO2@Ti−Si) with cobalt-based
SiO2 nanocomposite (Co−SiO2) as the core and Ti-doped mesoporous silica
as the shell was designed to catalyze a one-pot reaction of sulfide oxidation
with in situ generated hydroperoxide. The catalyst was characterized by SEM,
TEM, UV−vis spectroscopy, and XPS, among other methods. Compared to
Co−SiO2 and the physical mixture of the two components (Co−SiO2 + Ti−
Si), the core−shell catalyst significantly enhanced the reaction rate of the
sulfide oxidation. The utilization efficiency of the hydroperoxide was an
important factor responsible for the differences in the reaction rates. A further
mechanism study showed that the improvement of the efficiency was due to
the existence of a coordination pathway. The core−shell structure of a
bifunctional catalyst represents a strategy for improving the utilization
efficiency of hydroperoxide.
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■ INTRODUCTION

The synthesis of a wide variety of valuable oxygen-containing
products with atomically efficient, inexpensive, and readily
available oxidants is the most economical and ecological
route.1,2 Among the various oxidants, O2 is the most abundant
and environmentally benign oxidant,3−5 but the triplet-spin
ground state makes it inert to direct utilization. Many efforts
have been made to transform the O2 into active oxygen species,
for example, H2O2,

6,7 organic hydroperoxide,8,9 metal−oxygen
species,10 and super oxo.11,12 Owing to its high activity and
special structure, organic hydroperoxide has attracted much
attention. However, the unstable properties of organic
hydroperoxide limit its utilization. In this regard, the in situ
strategy has been employed to conquer this problem. The
coupling of hydrocarbon oxidation and alkene oxidation was
utilized for alkene epoxidation with O2 by Ishii and co-workers

8

and Corma and co-workers,13,14 where O2 was converted into
organic hydroperoxide by hydrocarbon oxidation.
In addition to the epoxidation of alkenes, the oxidative

desulfurization of jet fuel was designed to be carried out by a
two-step procedure coupled with in situ generated cumene
hydroperoxide by Song and co-workers.15,16 The above
pathways are shown in Scheme 1.
The utilization of in situ generated hydroperoxide is a

promising strategy for the oxidation reaction with dioxygen as
the oxidant. In the aforementioned examples, the catalytic
process contains two processes, namely, the formation of
hydroperoxide and the oxidation of the substrate with
hydroperoxide. In addition, these two steps often involve two
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Scheme 1. Strategy of Utilizing in Situ Generated
Hydroperoxide
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different catalysts. However, the hydroperoxide is very active
and unstable and easily self-decomposes by a free-radical
mechanism or is catalytically decomposed by metal ions,17−20

especially at high concentration. This results in the low
utilization efficiency of in situ generated hydroperoxide,
meaning that much of the generated hydroperoxide does not
participate in the second step. Very little attention has been
paid to this issue. It is important to develop new catalysts or
catalytic processes to improve the utilization efficiency of in situ
generated hydroperoxide. One possible approach is to utilize
the hydroperoxide as soon as it is formed. However, for such
reactions to be carried out in solution, particularly for batch
processes, two challenging criteria must be met. The first is that
the catalyst or catalytic process should offer convenience for the
hydroperoxide to contact the second active site. This means
that the catalyst should minimize the distance between the two
types of sites, which is called nanoscale intimacy.21 Second, an
additional selectivity screening would be necessary to prevent
the exposure of the hydroperoxide, which would cause the
catalytic decomposition of the hydroperoxide. To meet such
design requirements, a special structured catalyst is required.
The core−shell nanostructured catalyst is a type of

nanomaterial developed in recent years. Such catalysts have
shown wide applications in bionanotechnology, energy storage
materials, and catalytic processes, among others.22−25 One of
the attractive aspects of such materials is that they can be
designed with two catalytic sites separated, enabling higher
efficiency, yield, and selectivity to be achieved in catalytic
applications by taking advantage of the synergism between the
core and the shell,26−29 which might be suitable for this
reaction. Previously, our group reported core−shell catalysts
with Au as the core and hydrophobic silica/porous organic
networks as the shell to promote catalytic reactions.30,31

In this work, a core−shell catalyst (Co−SiO2@Ti−Si) was
designed, with a uniformly distributed Co−SiO2 nano-
composite as the core, which promoted the formation of
hydroperoxide; a mesoporous titanium silicate as the shell
serves as cages for capturing the in situ formed hydroperoxide
and supplying the second catalytic site to improve the substrate
oxidation. Ethylbenzene was selected as the model hydro-
carbon, and the oxidation of sulfide to sulfoxide and sulfone
serves as the model coupled reaction. It was found that the
catalyst enhanced the hydroperoxide utilization efficiency. A
detailed study of the reaction process and the kinetic
characteristics of the one-pot oxidation was carried out.
Furthermore, a comparative study of the kinetic reaction rates
and hydroperoxide utilization efficiencies was conducted among
the blank, Co−SiO2, Co−SiO2@Ti−Si, and physically mixed

Co−SiO2 with Ti-doped silica (Ti−Si) systems. To compre-
hend the process more clearly, an investigation of the
mechanism was conducted. The reaction process is presented
in Scheme 2.

■ EXPERIMENTAL SECTION

Chemicals and Materials. Tetraethyl orthosilicate (TEOS,
99%), cetyltrimethylammonium bromide (CTAB, 99%), cyclo-
hexane (99%), ethylbenzene (99%), n-butyl alcohol (99.5%),
acetonitrile (99.5%), and ammonia (28%) were obtained from
Tianjin Kermel Chemical Reagent Development Center
(Tianjin, China). Acetylacetone (99%) and Co(OAc)2·4H2O
(99.5%) were purchased from Sinopharm Chemical Reagent
Co., Ltd. Poly(oxyethylene) nonylphenol ether (NP-7,
industrial grade) and titanium(IV) isopropoxide were pur-
chased from Aladdin Chemicals (Shanghai, China). Diphenyl
sulfide (98%) was purchased from Alfa Aesar. Diphenyl
sulfoxide (98%) and diphenyl sulfone (99%) were purchased
from Adamas Reagent Co. Ltd.

Catalyst Preparation. The Co−SiO2 was synthesized
according to our reported procedure.32 First, a mixture of n-
butyl alcohol (8.05 g), cyclohexane (35.05 g), and NP-7 (15.05
g) was added to a 250 mL bottle. Then, a mixture of
Co(OAc)2·4H2O (0.12 g), H2O (5.20 g), and NH3·H2O (2.00
g, 28%) were added. After the mixture had been stirred for 40
min, TEOS (5.20 g) was added slowly with stirring. After 12 h,
10 mL of acetone was added to precipitate the materials. The
materials were washed with hot ethanol and dried at 353 K for
12 h. Co−SiO2@Ti−Si was formed on Co−SiO2. The Co−
SiO2 (0.5 g) was dispersed in a mixture of 150 mL of ethanol
and 200 mL of H2O and sonicated for 20 min. Then, 0.75 g of
CTAB and 2.90 mL of NH3·H2O were added. After the mixture
had been stirred for 10 min, titanium(IV) isopropoxide (30
mg), acetylacetone (28 mg), and TEOS (0.70 g) were added
dropwise. The suspension was stirred at room temperature for
12 h. Then, the suspension was separated by centrifugation and
washed with hot 6 g/L NH4NO3/ethanol several times. After
that, it was washed with ethanol and H2O and dried at 353 K
overnight. The synthesis of Co−SiO2@2Ti−Si followed the
same procedure as used for Co−SiO2@Ti−Si, except for the
amounts of titanium(IV) isopropoxide (60 mg) and acetylace-
tone (58 mg). Except for the addition of Co−SiO2, the
synthesis of Ti-doped silica (Ti−Si) was the same as that of
Co−SiO2@Ti−Si.

1-Phenylethyl Hydroperoxide (PEHP) Synthesis. PEHP
was extracted from a reaction solution of ethylbenzene
autoxidation by dioxygen.20 The reaction solution was washed
with NaOH aqueous solution. Then, the aqueous phase was

Scheme 2. Reaction Process of the One-Pot Aerobic Oxidation of Diphenyl Sulfide Coupled with Ethylbenzene
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mixed with plenty of NaHCO3 to obtained PEHP. PEHP was
extracted from the aqueous phase with n-hexane. Finally, the
PEHP was extracted from n-hexane with acetonitrile.
Catalytic Reactions. The one-pot oxidation of sulfides with

dioxygen was performed in a 60 mL stainless steel autoclave
reactor equipped with a manometer, an automatic temperature
controller, and a magnetic stirring bar. In a typical experiment,
diphenyl sulfide (1 mmol), ethylbenzene (5 mL), acetonitrile
(5 mL), and catalyst (50 mg) were added to the reactor. The
reactor was heated to 120 °C for a certain time under 1.0 MPa
O2. After the reaction, the autoclave was cooled rapidly.
The catalytic oxidation of diphenyl sulfide with PEHP was

conducted in Ace Glass pressure tubes. Diphenyl sulfide (0.5
mmol) and certain amounts of PEHP and catalyst were added.
Then, the tubes were flushed with nitrogen for a while to
remove the air. After the oil bath reached 120 °C, the tubes
were placed in it and held there for the desired time.
The decomposition of PEHP was conducted in Ace Glass

pressure tubes under nitrogen. In a typical procedure, 1.2 mL of
acetonitrile solution containing PEHP (0.43 mmol/mL) and
3.8 mL of acetonitrile were mixed, and a certain amount of
catalyst was added. The reaction was conducted for a certain
time.
Product Analysis. The reaction products were analyzed

with an Agilent 6890N gas chromatograph equipped with a
flame ionization detector (FID) and an HP-INNOWAX
column (30 m × 0.320 mm). Gas chromatography−mass
spectrometry (GC−MS) analysis was carried out using an
Agilent 6890N GC/5973 MS system with an HP-5MS capillary
column in electrospray ionization (ESI) mode. The quantita-
tion of products and reactant was achieved by the internal
standard method using p-dichlorobenzene as the internal
standard. The amount of PEHP consumed in the catalytic
oxidation of diphenyl sulfide and the results of the
decomposition of PEHP were determined by titration with
Na2S2O3.
Catalyst Characterization. Transmission electron micros-

copy (TEM) images were recorded on a Hitachi HT7700
microscope operating at 100 kV. Energy-dispersive X-ray
(EDX) spectra were measured on a Tecnai G2 F30S-Twin
microscope. Scanning electron microscopy (SEM) images were
recorded on a Hitachi S5500 microscope. N2 sorption was
performed on a Quantachrome Autosorb-1 and Quadrasorb SI
surface area and pore size analyzer. UV−vis diffuse reflectance
spectroscopy (DRS) was performed between 800 and 200 nm
on a Shimadzu UV-2600 instrument. Fourier transform infrared
(FT-IR) spectra were collected between 4000 and 400 cm−1 in
KBr disks on a Bruker Tensor 27 system with a resolution of 5
cm−1. Powder X-ray diffraction (XRD) patterns were recorded
using an Empyrean X-ray diffractometer (PANalytical B.V.). X-
ray photoelectron spectroscopy (XPS) was recorded on a
Thermo ESCALAB 250Xi spectrometer. Inductively coupled
plasma atomic emission spectroscopy (ICP AES) was measured
on a PerkinElmer ICP-OES 7300DV instrument.

■ RESULTS AND DISCUSSION
Compositions and Properties of the Catalysts. The

morphologies of the materials were determined by transmission
electron microscopy (TEM) and scanning electron microscopy
(SEM). As shown in Figure 1a, the Co−SiO2 formed uniform
spheres. Hydrolysis of tetraethyl orthosilicate and titanium(IV)
isopropoxide in the presence of Co−SiO2 resulted in the
formation of a titanium silicate shell on the Co−SiO2 spheres.

The Co−SiO2@Ti−Si core−shell structure was clearly
observed by TEM and SEM (Figure 1b,e). Especially from
the SEM image of Co−SiO2@Ti−Si, a shaggy shell that was
permeable was observed, confirming the core−shell structure.
The thickness of the shell was about 25 nm, and the average
size of the core−shell structure was 144 nm (Figure 1c,f). As
the core−shell structure was confirmed, the mesoporous
structure of the shell was characterized by small-angle X-ray
diffraction (XRD) measurements and N2 adsorption−desorp-
tion analysis. From the XRD pattern, an obvious peak at 2θ =
2.3° appeared for the core−shell structure, but no peak
appeared for the nonporous core Co−SiO2 nanoparticles
(Figure S3). The adsorption and desorption isotherms of the
catalysts are shown in Figure S4. The Co−SiO2@Ti−Si has a
Brunauer−Emmett−Teller (BET) surface area (SBET) of 408
m2/g. In contrast, the surface area of Co−SiO2 was 59 m2/g,
meaning that the surface area was mainly from the mesoporous
shell. The SBET value of Co−SiO2@2Ti−Si was 406 m2/g, and
the SBET value of pure Ti−Si was up to 663 m2/g. The textural
properties of the catalysts used in this work are presented in
Table 1.
The state of the titanium species in the Ti-containing

mesoporous silica shell was further analyzed by UV−vis DRS,
which provides information about the degree of dispersion of
the Ti(IV) sites on the silica shell.33 The maximum absorption
peaks of the catalysts are reported in Table 1. In addition, the
entire UV−vis DRS spectra are presented in Figure 2. Three
consecutive absorption peaks ranging from 450 to 750 nm were
assigned to Co(II) in tetrahedral environments,32 which is
consistent with our previous work. The absorption peaks of Co
also appeared in the spectrum of the core−shell catalyst. As
Table 1 shows, the maximum absorption peaks of all of the
samples are in the range of 210−230 nm and are attributed to
isolated Ti species.34,35 In general, isolated Ti has a
coordination sphere of tetrahedral or octahedral forms.36 The
absorption peak in the range of 210−230 nm was attributed to
a ligand-to-metal charge-transfer band for O2− to Ti4+, which is
a characteristic of tetrahedrally coordinated Ti.37,38 This implies
that the catalysts contained mainly tetrahedral Ti species.
The oxidation states of titanium were further identified by X-

ray photoelectron spectroscopy (XPS). The deconvolution of
the Ti 2p spectrum for Co−SiO2@Ti−Si is shown in Figure 3,
which displays a binding energy (BE) of 459.3 eV for Ti 2p3/2.
According to previous reports, the BE of Ti 2p3/2 for

Figure 1. (a−c) TEM images of the catalysts (a) Co−SiO2 and (b,c)
Co−SiO2@Ti−Si, (d,e) SEM images of (d) Co−SiO2 and (e) Co−
SiO2@Ti−Si, and (f) size distribution diagram of Co−SiO2@Ti−Si.
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extraframework Ti(IV) is 457.8 ± 0.2 eV.39 The higher BE of
Co−SiO2@Ti−Si (459.3 eV) was attributed to Ti(IV) in
tetrahedral coordination, implying that no extraframework
Ti(IV) existed in the core−shell catalyst.40−42 This is in
accordance with the UV−vis DRS results.
Catalytic Oxidation of Aromatic Sulfides. The catalytic

performances of the as-synthesized catalysts were analyzed in
the one-pot oxidation of diphenyl sulfide in acetonitrile as the
model reaction. Ethylbenzene is believed to react with dioxygen
to generate 1-phenethyl hydroperoxide (PEHP) as the oxidant
to convert sulfide into sulfoxide and sulfone. Reactions in the
absence of ethylbenzene gave no activity in the systems (Table
2, entries 1−3). The conversions were markedly improved by
the addition of ethylbenzene (Table 2, entries 4−6), and an
obvious advantage in performing diphenyl sulfide conversion

over Co−SiO2@Ti−Si (99%) rather than in the blank system
(44%) and over Co−SiO2 (69%) was observed. In terms of
solvents, methanol (MeOH), 1,2-dichloroethane (DCE), and
dimethylformamide (DMF) were tested. Acetonitrile showed
the best catalytic activity among these solvents (Table 2, entries
7−10), which could be ascribed to the good performance of
ethylbenzene oxidation in acetonitrile.43 In addition, kinetic
studies on the one-pot oxidation of diphenyl sulfide were
carried out. The kinetic reaction rates (k) were determined by
the decreasing concentration of diphenyl sulfide. A good linear
relationship was found for the linear fit of ln(Ct/C0) against the
reaction time, which demonstrates pseudo-first-order kinetics
(Figure S7). As shown in Figure 4, the reaction rate of Co−

Table 1. Textural Properties and Related Metal Content of the Synthesized Catalysts

ICP AES

catalyst Co (wt %) Ti (wt %) SBET (m2/g) Vp (cm
3 g−1) Dp (nm) UV max (nm)

Co−SiO2 1.87 − 59 − − 640
Co−SiO2@Ti−Si 1.32 0.85 408 0.39 2.2 222
Co−SiO2@2Ti−Si 1.28 1.45 406 0.59 2.5 225
Ti−Si − 2.14 663 0.49 − 226

Figure 2. UV−vis DRS spectra of the catalysts (a) Co−SiO2, (b) Co−
SiO2@Ti−Si, (c) Co−SiO2@2Ti−Si, and (d) Ti−Si.

Figure 3. Ti 2p XPS spectra of the catalyst Co−SiO2@Ti−Si.

Table 2. Aerobic Oxidation of Diphenyl Sulfidea

product
distribution

(%)

entry catalyst solvent
conversion

(%) 2 3

1b − CH3CN − − −
2b Co−SiO2 CH3CN − − −
3b Co−SiO2@Ti−Si CH3CN − − −
4 − CH3CN 44 98 2
5 Co−SiO2 CH3CN 69 83 17
6 Co−SiO2@Ti−Si CH3CN 99 0 >99
7c Co−SiO2@Ti−Si CH3CN 74 71 29
8c Co−SiO2@Ti−Si MeOH 39 98 2
9c Co−SiO2@Ti−Si DCE 22 86 14
10c Co−SiO2@Ti−Si DMF 20 >99 0

aReaction conditions: 1 mmol of substrate, 5 mL of ethylbenzene, 5
mL of CH3CN as the solvent, 50 mg of catalyst, 4 h. b10 mL of
CH3CN, without ethylbenzene; c5 mL of solvent, 5 mL of
ethylbenzene, 2 h.

Figure 4. Kinetics of the one-pot oxidation of diphenyl sulfide.
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SiO2 (14.4 × 10−3 min−1) was superior to that of the blank (5.0
× 10−3 min−1), whereas the physically mixed Co−SiO2 and Ti−
Si (Co−SiO2 + Ti−Si) achieved a slight higher reaction rate
(15.1 × 10−3 min−1) than Co−SiO2, which means that physical
mixing as a way of introducing Ti−Si to improve the reaction
rate is valid but also limited. Interestingly, a marked increase in
k was achieved for Co−SiO2@Ti−Si (35.6 × 10−3 min−1),
which contained the same amounts of Co and Ti as the physical
mixture. In other words, the method of combining Co−SiO2
and Ti−Si as a core−shell structure instead of physically mixing
them significantly increased the reaction rate, which was
attributed to the advantage of nanoscale intimacy. Overall, the
above results verified the validity of the preliminary design of
the bifunctional core−shell catalyst to some extent.
Intermediates in the Catalytic Aerobic Oxidation of

Diphenyl Sulfide. A study of the intermediates in the reaction
process was subsequently conducted. As mentioned previously,
the PEHP from ethylbenzene oxidation was the oxidant. To
confirm this issue, a separated PEHP material was synthesized.
The blank, Co−SiO2, and Co−SiO2@Ti−Si system all showed
a certain amount of conversion upon the addition of PEHP
(Table 3, entries 2−4), whereas diphenyl sulfoxide and

diphenyl sulfone were not detected without PEHP (Table 3,
entry 1). This suggests that PEHP was the oxidant originating
from the oxidation of ethylbenzene. Upon analysis of the
product distribution during the reaction process through online
sampling of the Co−SiO2@Ti−Si system (Figure 5), an
accumulation of diphenyl sulfoxide in the early reaction stage
and a sharp decrease when the conversion reached nearly 70%
were observed; meanwhile, an increase in diphenyl sulfone
emerged. This suggests that diphenyl sulfoxide might be the
intermediate and might finally be converted to diphenyl
sulfone. To verify this conclusion, a kinetic study was
conducted of the one-pot oxidation with diphenyl sulfoxide
as the reactant. Diphenyl sulfoxide was converted to diphenyl
sulfone with the kinetic reaction rates (k4) displayed in Figure
6c. Compared to the k value determined for Co−SiO2@Ti−Si
(35.6 × 10−3 min−1), k4 (15.0 × 10−3 min−1) was much lower,
which led to the accumulation of diphenyl sulfoxide. Hence,
diphenyl sulfoxide was confirmed as the intermediate.

Formation and Utilization of PEHP in the Catalytic
Oxidation Process. The relatively better performance of Co−
SiO2@Ti−Si for the title reaction was confirmed in an earlier
description, and PEHP was the oxidant, so an investigation
based on the formation and utilization of PEHP was conducted
to investigate the reasons. Based on the aforementioned
reaction process shown in Scheme 2, exploratory experiments
were designed. The oxidation of ethylbenzene (with rate
constant k1), which generated PEHP, was first analyzed through
a kinetic study without diphenyl sulfide. As shown in Figure 6a,
the kinetic reaction rates (k1) of Co−SiO2 (4.6 × 10−3 min−1)
and Co−SiO2@Ti−Si (5.7 × 10−3 min−1) exhibited little
difference, which should generate comparable amounts of
PEHP. The blank system (1.6 × 10−3 min−1) was inferior to
both catalysts. The marked increase in k for Co−SiO2@Ti−Si
compared to Co−SiO2 cannot be attributed to the differences
in k1. For the decomposition of PEHP (k2), separate PEHP was
used as a reactant to undergo contrast experiments.
Co−SiO2@Ti−Si exhibited a higher decomposition rate than

the other systems (Figure 6b), showing that k2 also cannot
account for the superiority of Co−SiO2@Ti−Si. Excluding the
key influence of differences in k1 and k2, it is worth noting the
utilization efficiency of PEHP, which might be the key factor.
Here, the utilization efficiency of PEHP (EffPEHP) represents
the proportion of PEHP used, of the overall amount consumed,
that converted sulfide to sulfoxide and sulfone. This was
determined through an experiment with separate PEHP as the
oxidant for diphenyl sulfide oxidation. The blank, Co−SiO2,
and Co−SiO2@Ti−Si systems all showed a certain amount of
conversion (Table 3, entries 2−4). The conversions for the
blank and Co−SiO2 systems were 5% and 7%, respectively.
Co−SiO2@Ti−Si achieved a conversion of 34%, which
suggested an overwhelming advantage at converting diphenyl
sulfide. The corresponding results for EffPEHP are displayed in
Figure 6d. The EffPEHP values of Co−SiO2 and the blank were
inferior to that of Co−SiO2@Ti−Si. Compared with the
physical mixture of Co−SiO2 and Ti−Si, Co−SiO2@Ti−Si also
achieved higher EffPEHP values. For the title reaction, when a
given amount of PEHP was used as the oxidant, higher EffPEHP
represents more available oxidant, which would bring a higher
conversion and reaction rate. Hence, the higher EffPEHP of Co−
SiO2@Ti−Si indicates its better performance.
A catalyst containing a double content of titanium was

synthesized (Co−SiO2@2Ti−Si), which maintained the core−
shell structure and mesoporous shell with Ti(IV) in tetrahedral

Table 3. Oxidation of Diphenyl Sulfide with PEHPa

yield (%)

entry catalyst conversion (%)b 2 3

1c blank − − −
2d blank 5 5 0
3d Co−SiO2 7 7 0
4 Co−SiO2@Ti−Si 34 29 1
5 Co−SiO2 + Ti−Si 25 21 3
6 Co−SiO2@2Ti−Si 69 53 14
7e Co−SiO2@Ti−Si 47 37 7

aReaction conditions: 0.5 mmol of diphenyl sulfide, 5 mL of CH3CN,
0.51 mmol of PEHP, 120 °C, 2 h, N2.

bConversion of 1. cNo PEHP.
dConversion was determined by sum of the products. e50 mg of
catalyst.

Figure 5. Time course of the catalytic conversion of diphenyl sulfide
over Co−SiO2@Ti−Si.
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coordination (Figure S1, Table 1). When Co−SiO2@2Ti−
Siwas used in the reaction with PEHP, a remarkable result was
attained. Compared with Co−SiO2@Ti−Si, the conversion of
diphenyl sulfide increased from 34% to 69% (Table 3, entries 4
and 6), and the corresponding EffPEHP increased from 52% to
87% (Figure 6d). In contrast, a double dosage of Co−SiO2@
Ti−Si was added, which achieved an EffPEHP value of 53%,
nearly the same as the 52% for Co−SiO2@Ti−Si with half as
much Ti (Figure 6d). This confirms that Co−SiO2@2Ti−Si
was more efficient, not only because of its high Ti content but
also because of the rational design of the core−shell
components.
Scope of Aromatic Sulfides and Hydrocarbons.

Because of the excellent performance of the core−shell
bifunctional Co−SiO2@Ti−Si catalyst in the one-pot oxidation
of the model reaction, a structurally diverse set of sulfides and
hydrocarbons were studied under similar conditions. As can be
seen in Table 4, the substituent groups of the sulfides had little
effect on the conversion. The alkyl aromatics with methylene
were qualified for the oxidation (entries 4−6). Unlike the other
three hydrocarbons, tetralin achieved a relatively poor
conversion of diphenyl sulfide (entry 6), which might be due
to steric effects.
Mechanism Analysis of the High PEHP Utilization

Efficiency of Co−SiO2@Ti−Si. Based on the above
discussion, the PEHP utilization efficiency was confirmed as
an important factor influencing the reaction rate of diphenyl
sulfide. Exploratory experiments aimed at comprehending the
process more clearly and investigating the reasons for the
higher EffPEHP value for Co−SiO2@Ti−Si were conducted. For
the one-pot reaction with ethylbenzene and diphenyl sulfide,
the addition of free-radical inhibitor of 2,6-di-tert-butyl-4-
methylphenol (BHT) completely stopped the oxidation of
sulfide for the blank and Co−SiO2 systems, whereas Co−
SiO2@Ti−Si still achieved a 17% conversion, which can be

attributed to the effective PEHP utilization (Figure 7a). In
general, ethylbenzene oxidation usually undergoes a free-radical
process,43,44 which would be stopped by BHT. Thus, to further
confirm that the oxidation of diphenyl sulfide is a free-radical
process, a suitable amount of BHT was added to the reaction
system that used PEHP as the oxidant without any ethyl-
benzene. The addition of BHT had a marked influence on the
blank and Co−SiO2 systems, which showed obvious decreases
in conversion, from 47% to 17% and from 52% to 18% for the
blank and Co−SiO2 systems, respectively (Figure 7b).
However, the Co−SiO2@Ti−Si system showed a decrease in

the conversion of diphenyl sulfide from 84% to 80%, which was
nearly not influenced by BHT. This means that the blank and
Co−SiO2 systems mainly go through free-radical processes,
whereas the Co−SiO2@Ti−Si system did not exhibit a typical
free-radical process. Based on previous reports, titanium silicate
and hydroperoxide are apt to form a coordinated complex to
realize the catalytic process.45,46 PEHP was thus mixed with
Co−SiO2@2Ti−Si, and the mixture was characterized by the
UV−vis DRS. As shown in Figure 8, the peak for Ti(IV) shifted
from 224 nm to peaks at 243 and 282 nm. As reported, a
coordination sphere of Ti (tetrahedral or octahedral) and the
number of bonds to the silica surface can lead to a shift of the
peak.47 In particular, the 282 nm peak was attributed to
octahedral Ti species.36 Thus, this confirmed that PEHP and
Co−SiO2@2Ti−Si formed a coordinated complex to some
extent. According to the two parts of analysis, for the blank and
Co−SiO2 systems, PEHP was decomposed into active radicals
to stimulate diphenyl sulfide oxidation through a radical
process. In contrast, because of the introduction of Ti, in
addition to the radical process observed in the blank and Co−
SiO2 systems, Co−SiO2@Ti−Si catalyzed the diphenyl sulfide
oxidation mainly through the coordinated pathway. Hence, the
high PEHP utilization efficiency of Co−SiO2@Ti−Si can be

Figure 6. Kinetic study of each step in the one-pot oxidation: (a) oxidation rate of ethylbenzene, (b) decomposition regularity of PEHP, (c)
oxidation rate of diphenyl sulfoxide to sulfone, and (d) comparative PEHP utilization efficiencies (EffPEHP values) of the catalysts.
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attributed to the existence of an effective coordinated pathway.
A possible mechanism is proposed in Scheme 3.

Table 4. Catalytic Aerobic Oxidation of Structurally Diverse
Sulfides with Methylene Hydrocarbons over Co−SiO2@Ti−
Sia

aReaction conditions: 1 mmol of sulfide, 5 mL of CH3CN, 5 mL of
hydrocarbon, 50 mg of catalyst, 120 °C, 4 h, 1.0 MPa O2.

bConversion
of sulfide. c100 °C, 0.5 MPa O2, 4 h.

Figure 7. Effects of BHT on the oxidation of diphenyl sulfide (a) with ethylbenzene addition and (b) with PEHP as the oxidant.

Figure 8. UV−vis DRS spectra of Co−SiO2@Ti−Si mixed with
PEHP.

Scheme 3. Proposed Mechanism for the Title Reaction
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■ CONCLUSIONS
To summarize, we have designed a bifunctional core−shell
catalyst for the one-pot oxidation of sulfide coupled with
hydrocarbon oxidation. The core−shell structured method of
combining Co−SiO2 and Ti−Si proved to be an effective
strategy for utilizing the in situ generated hydroperoxide. A
kinetic study was carried out, and the reasons for the differences
in the kinetic reaction rates over Co−SiO2@Ti−Si and
comparative catalytic systems were explored. The PEHP
utilization efficiency was an important factor in the superiority
of Co−SiO2@Ti−Si. The relatively higher PEHP utilization
efficiency of Co−SiO2@Ti−Si was attributed to the different
main way in which it is utilized, which was promoted by the
introduction of Ti species and the effective method of
combining Co−SiO2 and Ti−Si in a core−shell structure. A
coordination mechanism of Ti-containing catalyst with PEHP
was preliminarily determined. The core−shell structure of a
bifunctional catalyst represents a way of improving the
utilization efficiency of hydroperoxide in the one-pot oxidation.
A further investigation of extended applications of in situ
generated hydroperoxide is currently underway in our group.
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