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ABSTRACT: With the aim of utilizing O, as an oxidant, cascade
reaction strategy was usually employed by first transforming O, into
the in situ generated hydroperoxide and then oxidized the substrate.
To combine the two steps more efficiently to get a higher reaction
rate, a series of core—shell catalysts with core and shell having
different wettabilities were designed. The catalysts were characterized
by transmission electron microscopy, UV—vis spectroscopy, Fourier
transform infrared, sessile water contact angle, among other methods.
These catalysts were applied in the research of the diphenyl sulfide
oxidation by the in situ generated hydroperoxide derived from
ethylbenzene oxidation. Through control experiments, the hydro-
phobic modification in the shell and core will influence different
steps of the overall cascade reaction. Further insight into the reaction
illustrated that the overall reaction rate was not simply an adduct of the promotion effects from the two steps, which was mainly
attributed to the inhibition effect for the co-oxidation of ethylbenzene with diphenyl sulfide. Through the guidance of the
relationship, a rationally designed core—shell catalyst with appropriate modifying organic groups showed an enhanced
performance of the overall cascade reaction. The rational design of the catalysts would provide a reference for other cascade
reactions.
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1. INTRODUCTION

Selective oxidation of the organic compounds with dioxygen
was a green and sustainable process but also challenging’
due to the inert nature of dioxygen. Recently, cascade reactions
involving several consecutive reactions have attracted much
attention owing to the advantages of efficient atom economy,
simplified reaction procedures, decreased waste, etc."”'' To
utilize O, as an oxidant, cascade reaction strategy was
developed by first transforming O, into the in situ generated
hydroperoxide, which then oxidized the substrate. Through the
cascade strategy, olefins,>71¢ hydrocarbon,17 sulfide,"®™*° and
phenol®" all have been successfully oxidized by O, by
combining different catalysts. In addition, this strategy has
also been involved in the industrial production of propene
oxide through in situ generated cumyl hydroperoxide or 1-
phenylethyl hydroperoxide (PEHP).”>**

The cascade process with the in situ generated hydro-
peroxide typically contained two main steps: the generation of
hydroperoxide and the oxidation of the substrate with
hydroperoxide. The hydroperoxide played a key role in the
process, as it connected the two steps. However, the properties
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of the hydroperoxide were quite special: it was unstable and
easily self-decomposed or catalytically decomposed;”*~*’
furthermore, besides the oxidant for the second step, the
hydroperoxide also served as radical initiator for the first step
(hydrocarbon oxidation) to generate hydroperoxide. The
above-mentioned properties made this cascade process unique
and resulted in two main challenges, which limited the further
improvement of this process: (1) The active and unstable
property would lead to the poor utilization of the in situ
generated hydroperoxide, meaning that much of the generated
hydroperoxide did not participate in the second step. (2) The
dual roles of the hydroperoxide as an oxidant and an initiator
had multiple influences in the two steps. The overconsumption
of the hydroperoxide would decrease the radical initiation in
the first step, resulting in the decrease of the hydroperoxide
content. Therefore, the balance of the two steps based on the
insight of the relationship between them is another key factor
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Figure 1. Procedures to adjust the wettability of the core—shell catalysts.
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to enhance the total reaction rate. In our previous work, a
core—shell combination strategy was developed to design the
catalyst, realizing the high utilization efficiency of in situ
generated PEHP through the spatial tightly combined catalyst
sites.”® However, the balance and insight into the relationship
between the two steps remained a challenge.

Special designed catalysts were necessary to separately adjust
the two steps of the reaction and finally get insight into the
relationship of the steps. To guarantee the effective utilization
of hydroperoxide, core—shell combination strategy was
preserved. Besides the core—shell structure, the state of the
support was significant for catalyst performance, which would
influence the properties of the active sites, for example, the
electronic state, size, morphology, etc. Among various
important properties of the support, wettability, which can
directly affect the adsorption and desorption of the reactant
and the product, was noteworthy.””~** Therefore, wettability
plays a key role in the catalytic performance.”** Several
groups including ours have reported that adjustable wettability
could affect the catalytic performances of the kind of
reactions,”~** which made it a good candidate to adjust for
the catalyst. Therefore, controlling the wettability of the inner
core and the outer shell of the core—shell catalyst for the
cascade aerobic oxidation is a promising way to enhance the
catalytic activity, but it is also a challenging task and has been
rarely explored.

Herein, based on previous work, we designed and
synthesized various core—shell catalysts with the core and
shell having different wettabilities to research the balance of
the two steps (Figure 1). These catalysts were applied in the
cascade oxidation of diphenyl sulfide by in situ generated
PEHP derived from ethylbenzene oxidation (Scheme 1). We
focused on the effect toward the reaction of the different
hydrophobic modification on the shell and the core separately.
The effect on each individual step of the cascade reaction and
the overall cascade reaction were carefully studied. It was
found that the overall cascade reaction rate was not the simple
adduct of the individual steps. A deep insight into the

Scheme 1. Raction Pathway of the Cascade Reaction
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relationship between the individual steps and the overall

reaction was gained and a rationally designed core—shell
catalyst with high activity was prepared.

Core-Shell Catalysts with Adjustable Wettability

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. Tetraethyl orthosilicate, cetyl-
trimethyl ammonium bromide (CTAB), ethylbenzene, and NH,-H,O
(28%) were bought from Tianjin Kermel Chemical Reagent Co., Ltd.
Acetylacetone and cobalt(1I) acetate tetrahydrate were obtained from
Sinopharm Chemical Reagent Co., Ltd. Triethoxphenylsilane
(PhTES), trimethoxymethylsilane (MeTMS), and poly(oxyethylene)
nonylphenol ether (NP-7) were bought from Aladdin Chemicals
(Shanghai, China). Titanium(IV) isopropoxide and fluorotriethox-
ysilane were purchased from Alfa Aesar. Trimethoxy(3,3,3-
trifluoropropyl)silane (TFPrTMS) was purchased from TCIL.
Trimethoxy(propyl)silane (PrTMS) was obtained from Adamas.

2.2. Catalyst Preparation. Synthesis of the core (Co—SiO, and
Ph—Co0—Si0,):* Three solutions were mixed for the synthesis of
Co—Si0,. Solution A: 8 g of n-butyl alcohol, 32 g of cyclohexane, and
15 g of NP-7; solution B: 60 mg of cobalt(II) acetate tetrahydrate, 5.5
g of H,O, and 2.1 g of NH;-H,0; solution C: 25 mmol of
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Figure 2. TEM images of the catalysts (a) Co—SiO,, (b) Co—SiO,@Ti-Si, (c) Co—SiO,@Ti—Si—3STFPr, (d) Ph—Co—SiO,, (e) Ph—Co—
SiO,@Ti—Si, and (f) Ph—Co—SiO,@Ti—Si—3STFPr (the insets on the left corner are the water droplets of relative materials).

tetraethoxysilane (TEOS). First, weighed solution A in a 250 mL
bottle, stirred for 10 min, then mixed and added solution B, stirred for
40 min, and solution C was added dropwise with stirring. As for Ph—
Co-Si0,, solution C was composed of TEOS (21.25 mmol) and
PhTES (3.75 mmol), with other procedures kept the same as for Co—
SiO,. Ten milliliters of ethanol was added in the bottle after stirring
for 12 h; the material was separated through centrifugation, washed
with refluxed ethanol, and dried in an oven at 80 °C.

Synthesis of Co—SiO,@Ti—Si: 0.5 g of Co—SiO, was dispersed in
a 1 L bottle, which contains ethanol (150 mL) and H,O (200 mL).
Sonicated the mixture for 20 min, CTAB (0.75 g) and NH;-H,0
(2.90 mL) were added in and stirred for 20 min. Then, 8 mg of
titanium(IV) isopropoxide, 7 mg of acetylacetone, and 0.70 g of
TEOS were blended and added in slowly. After 12 h, the mixture was
centrifuged to separate the material. The template of CTAB was
removed by washing with NH,NO;/ethanol (6 g/L) at 65 °C each
time for 30 min, and the procedure was repeated three times. Then,
the mixture was further washed with ethanol and H,O and finally
dried at 80 °C.

Synthesis of shell-modified core—shell catalysts (Co—SiO,@Ti—Si-
«TFPr, the x represents the mole percentage of the added TFPrTMS
in the total silica amount of the shell part, which varied as S, 15, 25,
and 35%): For the shell formation procedure, except that TFPrTMS
replaced partial TEOS (the adding amount is supplied in Table S8),
other procedures were the same as for Co—SiO,@Ti—Si. Synthesis of
Ph—Co—SiO,@Ti—Si: The Ph—Co—SiO, was used instead of Co—
SiO,, whereas other procedures were the same as for Co—SiO,@Ti—
Si. The amount of titanium(IV) isopropoxide and acetylacetone
added were 30 and 28 mg for Ph—Co—SiO,@4Ti—Si, respectively.

Synthesis of core—shell-modified catalysts: Ph—Co—SiO, was used
instead of Co—Si0,, whereas other procedures were the same as for

Co—SiO,@Ti—Si—«TFPr. Synthesis of modified shells: The shell
followed the same procedures as the core—shell catalysts except the
addition of core.

PEHP synthesis:”® PEHP was separated from the mixtures of
ethylbenzene auto-oxidation reaction at 130 °C with dioxygen. The
NaOH aqueous solution was added to extract PEHP, and the aqueous
phase was collected. Then, NaHCO; was added with plenty of n-
hexane, and retained the organic phase after complete mixing. After
the extraction of acetonitrile from n-hexane, acetonitrile solution with
PEHP was obtained.

2.3. Catalytic Reactions. The aerobic oxidation reactions were all
carried out in a sealed autoclave reactor with 1.0 MPa of O,. In a
typical ethylbenzene oxidation, 4 mL of ethylbenzene, 6 mL of
acetonitrile, and 50 mg of catalyst were added in, and the mixture kept
at 120 °C for the desired time.

The cascade oxidation of diphenyl sulfide (ethylbenzene co-
oxidation with diphenyl sulfide) was conducted as follows: 1 mmol of
diphenyl sulfide, 4 mL of ethylbenzene, 6 mL of acetonitrile, and 50
mg of catalyst were added. Afterward, the reactor was heated to 120
°C.

Diphenyl sulfide oxidation with PEHP and the PEHP decom-
position reactions were conducted under nitrogen in Ace Glass
pressure tubes. The substrates were added and the tubes replaced with
N, if possible. In addition, the conversion versus time profiles in
Figure 9d were performed in a sealed autoclave reactor.

2.4. Product Analysis. Analysis of the reaction was through
Agilent 6890N gas chromatography with a HP-INNOWAX column
(30 m X 0.320 mm). Quantification of the reactants and products
relied on an internal standard method with an internal standard
compound of p-dichlorobenzene. The concentration of PEHP was
determined by a titration method, which first used PEHP to oxidize
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excess amount of KI to obtain I,, and the obtained I, was titrated by
Na,S,0; standard solution. PEHP was calculated from the
consumption amount of Na,$,0;.

2.5. Catalyst Characterization. The transmission electron
microscopy (TEM) images were obtained from a HITACHI
HT7700. Quantachrome Autosorb-1 and Quadrasorb SI were used
to carry out the N, adsorption—desorption experiments at 77 K. The
diffuse reflectance spectroscopy (DRS) UV—vis spectra were tested
on a Shimadzu UV-2600. Fourier transform infrared (FT-IR) spectra
were acquired on a Bruker Tensor 27 instrument with the testing
range of 4000—400 cm™' in the KBr media. X-ray photoelectron
spectrum (XPS) was collected on a ThermoESCALAB 250Xi.
PerkinElmer ICP-OES 7300DV instrument was used to analyze
inductively coupled plasma (ICP) results. The contact angle
measuring system JC 2000 C1 was used to detect the water contact
angels with a 5§ yL water droplet.

3. RESULTS AND DISCUSSION

3.1. Composition and Properties of the Catalysts.
3.1.1. Cores with Adjustable Wettability. The procedures to
synthesize the core—shell catalysts with different wettabilities
are illustrated in Figure 1. As elucidated, the core of the core—
shell catalysts was synthesized through a reverse-phase
microemulsion method. During the synthetic process, when
TEOS was the only silica source, the obtained material was
Co—SiO,, which acted as the hydrophilic core. Applying
PhTES instead of partial TEOS, a phenyl group modified Ph—
Co—Si0, was attained, which acted as the hydrophobic core.
Through sessile water droplet contact angle measurements, a
water contact angle (WCA) of 17° (Figure 2a) was obtained
for Co—SiO,, suggesting its hydrophilic property. However,
the WCA of Ph—Co—SiO, was 148° (Figure 2d), demonstrat-
ing the hydrophobic nature of Ph—Co—SiO,; in addition, the
difference of the wettability of the two cores was due to the
introduction of phenyl group in the cobalt nanocomposites,
which was proved in the previous report.”” The existence of
the phenyl group was proved by FT-IR spectroscopy. In the
spectrum of Ph—Co—SiO, in Figure 3b, the peaks at 742 and
699 cm™' were attributed to the monosubstituted phenyl
group.” To clarify the morphologies, the transmission electron
microscopy (TEM) was conducted; a uniform sphere for Co—
SiO,, whereas a fluffy appearance for Ph—Co—SiO, were
attributed to the volume effect of the phenyl group (Figure
2a,d). As shown in Table 1, the analysis of the N, sorption
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Figure 3. FT-IR spectra of (a) Co—SiO,, (b) Ph—Co—SiO,, (c) Co—
Si0,@Ti—Si, (d) Ph—Co—SiO,@ Ti—Si, (e) Ph—Co—SiO,@Ti—Si-
1STFPr, and (f) Ti—Si—1STFPr.

isotherms (Figure S1) gave the values of Sgpr of 61 and 269
m?/g for Co—SiO, and Ph—Co—SiO,, respectively. The
increased Sgpy for Ph—Co—SiO, was due to its fluffy
appearance.

3.1.2. Core—Shell Catalyst with Hydrophilic Core and
Hydrophilic Shell. The hydrophilic core—shell catalyst was
prepared on the basis of Co—SiO,, and the formation of the
shell was through a process involving the structure-directing
agent of CTAB, the silica source of TEOS, and the Ti source of
Ti(OiPr),.**** The WCA of Co—SiO,@Ti—Si was 11°
(Figure 2b), indicating its hydrophilic property. Besides,
from the TEM image in Figure 2b, a core—shell structure
and a permeable shell were confirmed. Furthermore, the
porous properties of Co—SiO,@Ti—Si proved the formation of
a porous shell. As shown in Table 1, Sgpy of 498 m?/g showed
an obvious increase over Co—SiO, (61 m?/g). The pore size of
Co—S8i0,@Ti—Si was 3.2 nm, as calculated by the NLDFT
method, indicating a mesoporous shell was generated on Co—
SiO,.

3.1.3. Core—Shell Catalyst with Hydrophilic Core and
Hydrophobic Shell. As Figure 1b shows, different from Co—
SiO,@Ti—Si, TFPrTMS replaced partial TEOS participating
in the co-condensation on Co—SiO, to form the TFPr group
modified hydrophobic shell of Co—SiO,@Ti—Si—xTFPr.
Furthermore, the WCA of the Co—SiO,@Ti—Si—35TFPr
was 117° (Figure 2c), which showed hydrophobic properties.
Compared with the 11° of Co—SiO,@Ti—Si, the introduction
of the TFPr group was proved, along with the successful
transformation of the wettability of the core—shell catalysts.
From Figure 2c, after modification, the core—shell structure
was still maintained. The existence of the TFPr group was
confirmed by FT-IR spectroscopy; the relative result is shown
in Figure 3f. As Ti—Si—15TFPr was characterized by its
increased content of the TFPr group, followed by comparison
with Ti—Si, the peaks at 1319 and 1268 cm™" of Ti—Si—
ISTFPr evidenced the existence of the TEPr group.”

3.1.4. Core—Shell Catalyst with Hydrophobic Core and
Hydrophilic Shell. When the hydrophobic Ph—Co—SiO, was
the core, Ph—Co—SiO,@Ti—Si was synthesized (Figure 1c).
The WCA of Ph—Co—SiO,@Ti—Si was 12° (Figure 2e),
compared with 148° for Ph—Co—SiO,; the obvious decrease
of the WCA indicated the transformation of hydrophobic to
hydrophilic property. Then, the structure of Ph—Co—SiO,@
Ti—Si was studied; in Figure 2e, the core—shell structure was
directly observed. However, due to the shell formation, the
roughness of the core was not easy to notice. To this point, the
peaks of the monosubstituted phenyl group were observed
from the FT-IR spectrum (Figure 3d), indicating the phenyl
group was still present after the shell formation. The
mesoporous characteristic of the shell was investigated with
the isotherm shown in Figure S1. The increase of Sppr from
269 to 479 m’/g further confirmed the formation of the shell
on the fluffy core. While, the increase of Sgpp for Ph—Co—
SiO,@Ti—Si was inferior to the Co—SiO,@Ti—Si when
comparing with their relative cores, which was due to the
core differences.

3.1.5. Core—Shell Catalyst with Hydrophobic Core and
Hydrophobic Shell. As illustrated in Figure 1d, the core—shell
catalysts of Ph—Co—SiO,@Ti—Si—xTFPr was synthesized
with Ph—Co—SiO, as the core and the TFPr group modified
hydrophobic Ti—Si as the shell. The WCA of Ph—Co—SiO,@
Ti—Si—3STFPr was 124° (Figure 2f), indicating the achieve-
ment of the core—shell catalyst wettability adjustment. The
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Table 1. Textual Properties of the As-Synthesized Catalysts

ICP AES
catalysts Co (wt %) Ti (wt %)

Co—SiO, L1

Ph—Co—SiO, 131

Co—Si0,@Ti—Si 0.74 0.23
Co—S8i0,@Ti—Si-STFPr 0.73 022
Ph—Co—Si0,@Ti—Si 0.84 022
Ph—Co—SiO,@Ti—Si-STEPr 0.75 0.23
Ph—Co—SiO,@Ti—Si-1STEPr 0.72 0.20

SpET (mz/ g)a Ve (Cms/ g) D, (nm)b

61 0.14

269 0.29

498 0.49 32

433 0.47 3.5

479 0.48 2.8

503 0.40 2.8

521 0.38 2.6

“The surface area was determined by Brunauer—Emmett—Teller (BET) method. th was calculated by non-local density functional theory

(NLDFT) method.

reservation of the phenyl group in the core and the successful
introduction of the TFPr group in the shell were concluded
from the FT-IR results in Figure 3e. And, the core—shell
structure of Ph—Co—SiO,@Ti—Si—xTFPr was confirmed
through the TEM results (Figures 2f and S3), with a shell
formed on the core. In addition, through the N, adsorption—
desorption analysis, the mesoporous shells were confirmed
(Table 1).

UV—vis DRS was utilized to analyze the coordination state
of Ti; the spectra are shown in Figure 4. The maximum
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Figure 4. UV—vis DRS spectra of the catalysts (a) Co—SiO,, (b) Ph—
Co—Si0,, (c) Ph—Co—SiO,@Ti—Si, (d) Co—SiO,@Ti—Si, (e) Co—
Si0,@Ti—Si—STFPr, and (f) Ti—Si—1STFPr.

absorption peaks of the materials are at around 210 nm, which
showed that Ti existed mainly as an isolated tetrahedral
Ti(IV).* ™" However, the peaks of phenyl groups were also
positioned at 210 and 260 nm, which would overlap the
information of Ti in the catalysts, such as Ph—Co—SiO, and
Ph—Co—SiO,@Ti—Si (Figure 4b,c). To verify if the Ti
coordination state would be affected by the hydrophobic
Ph—Co—SiO, core, a catalyst denoted as Ph—Co—SiO,@4Ti—
Si with four times the Ti content compared to the materials
here was analyzed by X-ray photoelectron spectroscopy (XPS).
In Figure S, the deconvolution peak of the Ti 2p spectrum
located at a binding energy of 459.2 eV was for Ti 2p;,,, and
the extra framework Ti(IV) is 457.8 + 0.2 €V; in general, the
higher bindin§ energy was attributed to Ti(IV) in a tetrahedral
coordination.”° Hence, Ti in the synthesized catalysts would
be mainly in a tetrahedral coordination. In addition, the three
consecutive peaks positioned at 450—750 nm were typical for
Co(Il) in a tetrahedral environment.”"*> The as-synthesized
catalysts showed no noticeable differences in this aspect.
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Figure S. Ti 2p XPS spectrum of the catalyst Ph—Co—SiO,@4Ti—Si.

3.2. Oxidation of Diphenyl Sulfide with Dioxygen.
The as-synthesized catalysts were evaluated in the cascade
oxidation of diphenyl sulfide with in situ generated PEHP from
ethylbenzene oxidation (Scheme 1). The results are exhibited
in Table 2. From the reaction results, the core—shell catalysts
all performed better than the blank and the single-core catalytic
systems (entries 2 and 3). This phenomenon was attributed to
the core—shell structure, which could attain a high utilization
efficiency of PEHP as our previous work reported.”® For the
core—shell catalysts, when the shell was modified with 5%

Table 2. Cascade Oxidation of Diphenyl Sulfide”

(0] 00
I N/
SASE = SASNCAS
—_— .
120°C,3 h
1 2 3
product
distribution
(%)
entry catalyst conv. (%) 2 3
1 blank 36 95 S
2 Co—-Si0, 42 95 N
3 Ph—Co-SiO, S1 97 3
4 Co—SiO,@Ti—Si 76 65 35
S Co—SiO,@Ti—Si-STFPr 89 N S0
6 Ph—Co—SiO0,@Ti—Si 95 46 54
7 Ph—Co—SiO,@Ti—Si-STFPr 98 43 57
8 Ph—Co—SiO,@Ti—Si-1STFPr 87 61 39

“Reaction conditions: 1 mmol of substrate, 4 mL of ethylbenzene, 6
mL of CH;CN, 50 mg of catalyst.
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molar ratio of TFPr groups, a promoted reaction conversion
(89%, Table 2, entry S) was obtained comparing with the
unmodified Co—SiO,@Ti—Si (76%, Table 2, entry 4), which
demonstrated that the hydrophobic environment of the Ti
species in the shell could accelerate the oxidation of diphenyl
sulfide under the current system. In addition, for the
hydrophobic modification of the core by the catalyst Ph—
Co—Si0,@ Ti—Si (entry 6), a 95% conversion was achieved,
which implied that the hydrophobic modification of the Co
species in the core could also promote total reaction. Combing
the hydrophobic modification of the core and shell, Ph—Co—
SiO,@Ti—Si—STFPr with hydrophobic modification of both
the core and shell was synthesized; a conversion of 98% was
achieved, which showed a slight increase over Ph—Co—SiO,@
Ti—Si. As the literature reported, hydrophobic environment of
the Ti sg)ecies would facilitate the oxidation of sulfide via
peroxide'"** to further increase the overall reaction activity;
Ph—Co—SiO,@Ti—Si—15TFPr with the hydrophobic shell
modification with more content of organic groups (15% molar
ratio of TFPr group) was synthesized. To our surprise, an
unexpected decrease of 87% conversion was achieved,
exhibiting a minus effect. To further confirm this point, the
kinetic studies of the cascade oxidation of diphenyl sulfide were
conducted to investigate the phenomenon. A good linear
relationship existed between the linear fit of In(C,/C,) and the
reaction time (Figure S7), which demonstrates pseudo-first-
order kinetics. The reaction rates are displayed in Figure 6, an
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Figure 6. Kinetics study of the cascade oxidation of diphenyl sulfide.

increase of the reaction rate for Co—SiO,@Ti—Si—STFPr
(22.8 X 107 min™") compared with Co—SiO,@Ti—Si (18.1 X
107° min~") was observed, which was well in agreement with
the batch reaction result. On the other hand, the core-modified
Ph—Co—SiO,@Ti—Si (25.8 X 107 min™!) also achieved a
better performance than Co—SiO,@Ti—Si, suggesting the
hydrophobic modification of the core was also effective. The
above results indicated that appropriate hydrophobic mod-
ification individually of the core and shell is effective for the
overall reaction performance. However, for the catalyst Ph—
Co—Si0,@Ti—Si—1STFPr with both hydrophobic modifica-
tion of the core and further hydrophobic modification of the
shell, a better performance was expected than the individual
modification. Nevertheless, a reaction rate of 23.5 X 1073

min~' was obtained, which showed a relatively decreased
activity than Ph—Co—SiO,@Ti—Si and Ph—Co—SiO,@Ti—
Si—STFPr (27.0 X 107> min~") (Figure 6). The unexpected
result implied that for the cascade reaction, the overall reaction
performance was not simply an adduct of the two consecutive
steps. Therefore, investigating the relationships between the
whole reaction process and the consecutive steps was necessary
for designing efficient core—shell catalysts. The promotion
effect of the shell and core modification is discussed below.

3.3. Effect of Hydrophobic Modification of the Shell.
The research on the effect of the hydrophobic modification of
the shell was conducted. As mentioned above, different
hydrophobic modifications of the shell had different effects
on the activities of the cascade reaction. To comprehend the
effect of the hydrophobic modification of the shell on the
overall reaction in particular, the core—shell catalysts with
different hydrophobicities of the shell were synthesized via
adjusting the content of the organic groups in the shell,
namely, Co—SiO,@Ti—Si—«TFPr. The core—shell structures
of the shell-modified catalysts were confirmed through the
TEM images (Figure S3). The as-synthesized catalysts were
evaluated in the cascade reaction of diphenyl sulfide oxidation
(Figure 7a). Except Co—SiO,@Ti—Si—STFPr, which showed
the promotion effect, other catalysts with a higher content of
the TFPr group all showed decreased conversions than Co—
SiO,@Ti—Si. In addition, the higher the content of TFPr
modified, the lower was the conversion achieved. To address
this issue, the impacts from the differences of textural property
of the catalysts were first ruled out. The catalysts maintained
mesoporous shells as the TFPr content increased (Figures S1
and S2). As for the state of the Ti species, the UV—vis DRS
spectra of the catalysts are listed in Figure S4, all of which
showed a mainly tetrahedral coordination. All these character-
istics illustrated the catalysts had little difference except the
wettability. The analysis of the reaction process was conducted
step by step according to the reaction process. The cascade
reaction was divided into mainly three parts, the ethylbenzene
oxidation (k;), the decomposition of PEHP (k,), and the
oxidation of diphenyl sulfide with PEHP (k;) (Scheme 1). As a
primary step of the cascade reaction, ethylbenzene oxidation
(k) with generating the PEHP which connected the two steps
was analyzed. And the PEHP was a key compound in the
reaction. The reaction performances of different catalysts for
ethylbenzene oxidation represented the ability to generate
PEHP, which was the primary chain product of the reaction.>
The results in Figure 7b indicated quite capable conversions
for all the TFPr group modified core—shell catalysts, so did
Co—SiO,@Ti—Si. Furthermore, the differences of the ethyl-
benzene conversions of Co—SiO,@Ti—Si—xTFPr were small.
This suggested that the decreased performances of Co—SiO,@
Ti—Si—«TFPr (x = 15, 25, 35%) could not be attributed to the
oxidation of ethylbenzene. Besides the simple oxidation of
ethylbenzene, during the cascade reaction, the oxidation of
ethylbenzene proceeded along with oxidation of diphenyl
sulfide, which was rendered as the co-oxidation of ethyl-
benzene. The analysis on the co-oxidation of ethylbenzene is
displayed in Figure 7b. A comparison shows that the oxidation
of ethylbenzene by all the catalysts had weakened remarkably
compared with the oxidation without diphenyl sulfide. An
inhibition effect appeared for the co-oxidation of ethylbenzene;
furthermore, the inhibition degree enlarged as the content of
TFPr increased.
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The decomposition of PEHP (k,) for various contents of
TFPr catalysts were also investigated (Figure 7c), with the
hydrophobic modified catalysts showing a relatively weaken
decomposition activity than Co—SiO,@Ti—Si; however, for
catalysts with various contents of TFPr, the activity remained
similar, proving the difference for this step was limited. In
addition, the main active site for PEHP decomposition was
Co—Si0,, the Ti—Si showed insufficient conversion of PEHP
(Figure S10).

A further exploration was conducted to analyze the effect of
diphenyl sulfide oxidation of PEHP (k;) on the co-oxidation of
ethylbenzene through introducing different contents of TFPr
group in the shell. The activity of Ti—Si—xTFPr was promoted
as the content of TFPr group increased, so did the oxygen
atom transfer ratio into the generated products from the PEHP
(Figure 7d). The promotion results were in accordance with
the works reporting that the hydrophobic environment
facilitated the sulfide oxidation via peroxide.”"** Based on
the experimental results, the hydrophobic modification of the
shell mainly promoted the sulfide oxidation with PEHP
catalyzed by Ti species as expected. However, when the
modified catalyst promoted k; too much, the performance of

the total reaction would be decreased. Since the differences in
kox and k, were limited, the difference in k5 and k.,_o,; were the
key reasons for the differential activity of the shell modification
catalysts.

In general, the ethylbenzene oxidation went through a
radical mechanism. During the early stage, hydroperoxide was
first formed and then decomposed into radicals to initiate the
radical chain of hydrocarbon oxidation. A certain concen-
tration of hydroperoxide was needed in the initiation stage.
Once the diphenyl sulfide was added, partial PEHP was
consumed via the efficient Ti sites (step k;), which would
decrease the concentration of PEHP in the reaction system and
slow down the initiation process, resulting various inhibition
degrees of step k;. To further illustrate this issue, the
ethylbenzene co-oxidation with various amounts of diphenyl
sulfide was conducted. The conversion versus addition amount
profile is given in Figure 8. As the addition amount of diphenyl
sulfide increased, the inhibition of ethylbenzene oxidation
increased, which was due to higher consumption of PEHP. It
was further verified by the addition of triphenylphosphine
(PhsP) in the ethylbenzene oxidation system, which could
reduce hydroperoxide to stoichiometric tri-phenylphosphine
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oxide (POPh;) even at room temperature.”* The control
experiment with the addition of Ph;P showed little conversion
(<1%) of ethylbenzene, confirming the inhibition effect being
due to the consumption of PEHP (Scheme S1).

Above all, the much increased k; cause a decrease in k .oy,
which, in turn, limited the generation of PEHP. This could
explain that excess TFPr group modification in the shell with
the promotion effect on the diphenyl sulfide oxidation by
PEHP would lead to a low total cascade conversion (Figure
7a). These results implied the appropriate promotion effect of
the modified shell was necessary for the overall reaction, which
should ensure enough PEHP is generated to ensure diphenyl
sulfide oxidation occurred smoothly.

3.4. Effect of Hydrophobic Modification of the Core.
The research on the effect of the hydrophobic modification of
the core was investigated. The conversion versus time profiles
of the core hydrophilic and hydrophobic catalysts are shown in
Figure 9a, which shows that the hydrophobic modification in
the core accelerated the cascade oxidation, in line with the
above results. The investigation was conducted step by step
according to the reaction process.

First, the ethylbenzene oxidation was researched (Figure
9b). As for the oxidation without diphenyl sulfide (k;), Ph—
Co—Si0,@Ti—Si (41%) showed an increase of conversion
than Co—SiO,@Ti—Si (32%), which was in accordance with
previous works in which the hydrophobic microenvironment of
Co—SiO, nanocomposite would accelerate the oxidation of
ethylbenzene.” The co-oxidation of ethylbenzene was also
surveyed. The conversion of ethylbenzene co-oxidation was
carried out (Figure 9b), and it is worth noticing that there is
an obvious decrease of k.., compared with k,;, which agreed
well with the aforementioned inhibition effect. The core-
modified Ph—Co—SiO,@Ti—Si (10%) showed an advantage
of conversion over Co—SiO,@Ti—Si (4%). The analysis of
the above reactions showed that the hydrophobic modification
in the core (Co sites) was beneficial for ethylbenzene oxidation
in the cascade reaction.

As the formation of PEHP clarified, the utilization of PEHP
was analyzed subsequently. According to the results in Figure
9¢, Ph—Co—SiO,@Ti—Si showed a relative fast decomposition
rate of PEHP (k,) than Co—SiO,@Ti—Si; meanwhile, Ph—
Co—Si0, also took an advantage over Co—SiO,. Since the

main active site for PEHP decomposition was Co species, it is
obvious that the Ph group modified in the core facilitated the
decomposition rate. On the other hand, the utilization of
PEHP to oxidize diphenyl sulfide (k;) was evaluated along with
the conversion versus time profile shown in Figure 9d. An
obvious better reaction performance was observed for Ph—
Co—SiO,@Ti—Si than Co—SiO,@Ti—Si; to address this issue,
the hydrophobic environment of the catalyst also facilitated
this step. Based on the experimental results, the hydrophobic
modification of the core promoted the three steps during the
cascade reactions. According to the above analysis of the shell
part, the promotion in k; will inhibit the ethylbenzene
oxidation, which would lead to a decrease in the total cascade
reaction. However, though k; was promoted in the core
modification, the total reaction was also promoted. This
phenomenon was attributed to the ethylbenzene oxidation
(k;), also promoted by the core modification, which could
generate far more excess PEHP than consumed. The above
analysis demonstrated that the hydrophobic modification in
the core would bring fast oxidation of ethylbenzene, which
could attain enhanced overall reaction activity.

3.5. Rational Design of the Core—Shell Wettability.
On the basis of the analysis of the core and shell modification,
along with the comprehension of the reaction process, the
rational combination of the core and shell was necessary to
enhance the reaction activity. The promotion effect of
hydrophobic modification with the Ph group in the core for
the overall reaction was established, whereas the shell
modification for the overall reaction needed appropriate
promotion effect; combing the two aspects, a rational design
of the core—shell catalysts was obtained. For the core
modification, according to our previous report,a'9 the phenyl
and propyl groups (Pr) modified in Co—SiO, showed a
relatively high activity for ethylbenzene oxidation, whereas the
modification of the propyl group achieved a particle size of
around 50 nm, which as a core could not form the core—shell
structure easily. The Ph group modification was the optimized
one. For the shell modification, a survey on the effect of
different kinds of organic groups in the shell was conducted;
the results are shown in Table S7. The slightly facilitated
function was assigned to the propyl group modification, which
showed 60% conversion of diphenyl sulfide compared with the
nonmodified shell with 48% conversion. The Pr modification
would bring a slight promotion effect but less inhibition of
ethylbenzene than other organic group modification according
to the investigation. The Pr group was chosen as the shell
modification group to get an enhanced core—shell catalyst.
According to the above analysis, the rationally designed
catalyst was Ph—Co—SiO,@Ti—Si—15Pr. And an enhanced
reaction rate (Figure S7) of Ph—Co—SiO,@Ti—Si—15Pr (28.2
X 107 min™") was achieved with respect to Ph—Co—SiO,@
Ti—Si—15TFPr (23.5 X 107 min™") and Ph—Co—SiO,@Ti—
Si (25.8 X 107 min™").

4. CONCLUSIONS

In summary, a series of multifunctional core—shell catalysts
with different wettabilities in the core and shell were designed
based on Co—SiO,@Ti—Si. The wettability of the core and
shell could be adjusted separately by precisely modifying
organic groups in the core and shell. These catalysts were
applied in the research of the diphenyl sulfide oxidation by the
in situ generated hydroperoxide to get an enhanced activity.
Through control experiments, the hydrophobic modification of
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Figure 9. Study on the core modification effect, (a) diphenyl sulfide aerobic oxidation, (b) ethylbenzene oxidation and co-oxidation, (c) PEHP

decomposition, and (d) diphenyl sulfide oxidation with PEHP.

the shell mainly promoted the sulfide oxidation by PEHP,
whereas the hydrophobic modification of the core promoted
all the steps during the cascade reactions. Further investigation
illustrated the overall reaction rate was not a simple adduct of
individual steps. A much higher reaction rate of the oxidation
of diphenyl sulfide by PEHP will hamper the overall reaction
rate. Through the guidance of the insight into the relationship,
a rationally designed core—shell catalyst with modification of
appropriate organic groups was given with an enhanced
performance of the overall cascade reaction. The wettability
control of the catalysts would provide a reference for catalysts
design for the utilization of in situ generated reactions.
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