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Combined high catalytic activity and thermal stability were achieved with a well-structured, surfactant-free Pd@porous

SiO, yolk-shell nanostructure, resulting from the entirely exposed Pd core particles and highly porous silica shells.
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Pd@SiO, core-shell nanoparticles were synthesized by a water-in-oil microemulsion method for direct silica coating of as-

prepared tiny Pd nanoparticles. Hydrothermal etching and subsequent high thermal treatment generated large pores in

the silica shells and facilitated complete removal of surfactants around the core particles. The surfactant-free Pd@pSiO,

yolk-shell nanoparticles efficiently catalyzed the oxidation of benzyl alcohol as well as that of various substituted benzyl

alcohols.

Introduction

High activity, stability, selectivity, recovery, and reusability are
some specific and nonnegotiable prerequisites in the field of
catalysis. Homogeneous catalyst systems are generally
considered to have high activity and specific selectivity,
whereas heterogeneous catalysts offer the advantages of
facile separation of the catalyst system from the products with
improved stability and reusability of the catalyst. Recently,
several researches have focused on developing new catalysts
that combine the positive aspects of both catalyst systems.
Owing to such efforts, many nanomaterial catalyst systems
have been developed that possess notably high catalytic
activity resulting from their high surface-to-volume ratio,
notable chemical and thermal stability, durability, facile
recovery, and reusability -

Various approaches and methods have been proposed for
developing multicomponent hybrid nanomaterials with diverse
chemical compositions and morphologies that not only have
the original properties of the components but also have new
properties derived from the incorporation of each
component &4 Furthermore, the catalytic performance of
hybrid nanomaterials has been found to be remarkably
superior to that of single-component nanomaterials in diverse
reactions. For instance, it was observed that hybrid Au-
graphene oxide (GO) nanosheets, dumbbell- and flower-like
Au-Fe;0, heterostructures, and trimetallic Au@PdPt core-
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shell nanoparticles exhibited excellent catalytic activity in the
reduction of nitro compounds 1527 Furthermore, Pd
nanoparticles supported on GO, Pd-Fe;O,@carbon hybrid
nanoparticles, and Pd-Fe;0, nanoparticles showed high
catalytic activity and stability in the Suzuki-Miyaura coupling
reaction .

In a recent work in our laboratory, hybrid nanoparticles with
compositions were
successfully developed and utilized as catalysts for organic
azide-alkyne cycloaddition reactions,
reduction of nitroarenes, and propargylation reactions. Our

various structures and chemical

reactions such as
efforts have focused on developing Pd hybrid nanoparticles
with that contain active Pd
nanoparticles embedded on metal oxide supports or carbon-

bifunctional structures
based materials and on verifying the influence of porosity and
organic capping agents on the effective catalytic activity of
these nanoparticles in the Suzuki coupling reaction 2126
The oxidation of alcohols to carbonyl compounds

fundamentally important organic transformation, and thus,

is a

extensive effort has been devoted to verifying the catalytic
activity and, in particular, to achieving a selectivity of
heterogeneous catalysts in the oxidation of alcohols 2733,
Recently, Au, Pd, Mn,03;, Fe3;0,4, TiO,-based hybrid
nanoparticles were found to Show high efficiency as a catalyst
for the oxidation of alcohols®**.

Herein, we report the synthesis of surfactant-free Pd@pSiO,
yolk-shell nanoparticles and their high catalytic activity
resulting from entirely exposed Pd core particles and highly
porous These hybrid Pd@pSiO, yolk-shell

nanoparticles efficiently catalyze the oxidation of benzyl

silica shells.

alcohol as well as that of various substituted benzyl alcohols.

Experimental

General remarks
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Reagents were purchased from Sigma Aldrich, Junsei, and TCI.
\":;-\\ 4= small SiO, pore
- silica coating i) silica etching by ‘ S surfactant-free Pd
‘ . : Ve
=z ., using microemulsion =2 hydrothermal reaction
T
g, N — . —
- ~
s \ €H(~ i) surfactant removal b b
b by thermal treatment
stabilizing surfactant
Pd NPs Pd@sSiO, core-shells Pd@siO, yolk-shells
Scheme 1. Synthetic scheme of Pd@pSiO, yolk-shell nanoparticles.
The chemicals were used as received without further was dried over anhydrous magnesium sulfate and

purification. The prepared hybrid nanoparticles were
characterized by using TEM and HRTEM (Philips F20 Tecnai,
operated at 200 kV, KAIST), XRD (Rigaku D/MAX-RB, 12 kW),
ICP-AES (POLY SCAN 60 E), BELSORP-HP (BEL Japan Inc.), and
BELSORP mini-Il (BEL Japan Inc.) instruments.

The catalytic reaction products were analyzed by '"H-NMR
spectroscopy, where the spectra were acquired on a Varian
Mercury Plus (300 MHz) instrument.

Synthesis of hybrid surfactant-free Pd@pSiO, yolk-shell
nanoparticles

Synthesis of hybrid surfactant-free Pd@pSiO, yolk-shell
nanoparticles has been described in detail in our previous
publication 2 The experimental procedure was conducted in
three steps, synthesis of: (1) Pd nanoparticles, (2) Pd@SiO,
core-shell nanoparticles, and (3) surfactant-free Pd@pSiO,
yolk-shell nanoparticles.

In the first step, uniform Pd nanoparticles were obtained by
slowly heating the Pd-surfactant complexes using Pd(acac),,
trioctylphosphine (TOP), and oleylamine to 503 K. In order to
acquire Pd@SiO, core-shell nanoparticles, the Pd particle
dispersion in cyclohexane was then added to a mixture of
Igepal CO-630 and aqueous ammonia solution in cyclohexane
under stirring. tetramethyl orthosilicate (TMOS) and
octadecyltrimethoxysilane (C;3TMS) were added to the
aforementioned reaction mixture under stirring at room
temperature. The desired Pd@pSiO, yolk-shell nanoparticles
were obtained by heating the aqueous dispersion of Pd@SiO,
core-shell nanoparticles in an oven at 383 K for 12 h. After
centrifugation, washing, and drying, the formed powders were
slowly heated and aged from room temperature to 773 K at a
rate of 4 K/min under a continuous hydrogen flow.

General procedure for the oxidation of benzyl alcohols

Under the optimal reaction conditions, the calcined Pd@pSiO,
yolk-shell nanoparticles (7.1 mg, 0.1 mol% with respect to the
substrate), benzyl alcohol (0.1 mL, 1 mmol), sodium periodate
(1.07 g, 5 mmol), and 1,4-dioxane (5.0 mL) were introduced
into a 25 mL stainless steel reactor. The mixture was stirred at
150 °C for 12 h. After cooling to room temperature, the
Pd@pSiO, yolk-shell nanoparticles were separated from the
mixture by simple filtration, and the reaction product was
extracted into dichloromethane and washed with sodium

bicarbonate solution to eliminate the salts. The organic layer

This journal is © The Royal Society of Chemistry 20xx

concentrated under reduced pressure.

Results and discussion,
Catalyst characterization

Spherical Pd nanoparticles with a diameter of 3.410.2 nm were
formed by thermal
21, 41
complexes
which possessed inherent catalytic activity, were successfully

decomposition of the Pd-surfactant
. The phosphine-stabilized Pd nanoparticles,

coated with uniform layers of silica using a well-known water-
in-oil microemulsion method **.

The structure of the Pd@SiO, core-shell nanoparticles
consisting of a Pd core and silica shell obviously contributed to
securing the durability and sustainability of the assembly and
preventing agglomeration of individual Pd nanoparticles. In
terms of structure, the surface of Pd, which possesses
catalytically active sites, was completely blocked by the silica
shell; thus, it was necessary to adequately dissolve the silica
components adjacent to the Pd core.

In order to prevent an agglomeration of Pd core, Pd
nanoaprticles were coated with silica shell with a thickness of
9.74+1.5 nm. The surface of Pd in Pd@SiO, core-shells was
completely blocked by the dense silica before the
hydrothermal reaction (Figure 1a). Under hydrothermal
conditions, it was possible to preferentially and randomly
generate multiple large pores inside the silica shell, which
practically turned the core-shell structure into the yolk-shell
structure (Figure 1b). C;3TMS as long chain alkyl siloxanes
engenders irregular pores as it calcined at high temperature.

before thermal treatment. All bars represent 10 nm.
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Fig. 2 (a) TEM, (b) HRTEM images and (c) XRD pattern of the surfactant-free Pd@pSiO,
yolk-shell nanoparticles, and (d) N, adsorption-desorption isotherms of the Pd@SiO,
core-shell(-o—) and Pd@pSiO, yolk-shell(—m—). The bars represent 40 nm (a) and 10nm
(b), respectively.

Subsequently, through thermal treatment, all organic residues
such as C13TMS and TOP surfactants could be pyrolyzed to
transform the silica shell into a more porous and less dense
form, thereby entirely exposing the surface of the active Pd
core nanoparticle and improving the diffusion rate of the
reactant through the porous silica shell. As a result, irregular
pores could be formed inside the silica shells, and surfactant-
free Pd@pSiO, yolk-shell nanoparticles were generated.

In the TEM images of Pd@pSiO, yolk-shells, all Pd
nanoparticles are located in hollow-typed silica shells having
many pores. In this case, the active Pd surface could be well
exposed to reactants (Figure 2a-b). The size of the Pd core
particle after thermal treatment was determined to be 3.5+0.3
nm from the TEM image. This value is nearly identical to the
value of 3.4 nm obtained for the particle without thermal
treatment, which demonstrates the high stability of the Pd
particles inside the silica shells. The HRTEM image clearly
shows bright regions that indicate the generation of large
pores and vacant sites around a single Pd core and inside a
single silica shell (Figure 2b). The X-ray diffraction (XRD)
pattern of the surfactant-free Pd@pSiO, yolk-shell
nanoparticles was indexed to the face-centered cubic (fcc) Pd
structure (Figure 2c, JCPDS No. 46-1043). N, sorption analysis
at 77 K produced type IV adsorption-desorption with type H3
hysteresis, and the BET (Brunauer-Emmett-Teller) surface area
was calculated to be 145 m? g"1 (Figure 2d). And the small silica
pore size of Pd@pSiO, yolk-shells was determined to be about
1.9 nm from the desorption branch. The total pore volume of
the Pd@SiO, core-shell nanoparticles was 0.40 cm?® g'l,
whereas the pore volume of the surfactant-free Pd@pSiO,
yolk-shell nanoparticles was 40% higher with a value of 0.57
cm’® g"l. These data prove that significantly more pores are
retained in the yolk-shell structure than in the core-shell due
to the partial silica etching step. The Pd loading in the

This journal is © The Royal Society of Chemistry 20xx
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Pd@pSiO, yolk-shell nanoparticles was determined to be 1.5
wt%.

surfactant-free Pd@pSiO,

OH yolk-shell nanoparticles ~No

Scheme 2. Oxidation reaction of benzyl alcohol to benzaldehyde catalyzed by
surfactant-free Pd@pSiO, yolk-shell nanoparticles.

Table 1 Oxidation reaction of benzyl alcohol using surfactant-free Pd@pSiO, catalyst®.

Entry Temp (°C) Time(h) O, source Solvent Conv. (%)°
1 150 12 Air Toluene 0
2 100 6 Air DMF 1
3 100 1 Air 1,4-dioxane 23
4 100 6 Air 1,4-dioxane 32
5 150 6 Air 1,4-dioxane 40
6 150 12 Air 1,4-dioxane 51
7 150 12 NalO,4 1,4-dioxane >99
8 150 12 tert-BuOOH  1,4-dioxane 40
9 150 12 H,0, 1,4-dioxane 6
10 150 12 NaOCI 1,4-dioxane 2

2 Reaction condition: benzyl alcohol (1 mmol), Pd@pSiO, (0.1 mol% with respect
to benzyl alcohol), oxidant (5 equiv. to the substrate) or air (5 atm).

® Determined by *H-NMR. Conversion is based on the amount of benzyl alcohol
used.

Reaction test

The hybrid, surfactant-free Pd@pSiO, yolk-shell nanoparticles
were employed as catalysts for the alcohol oxidation reaction
(Scheme 2). The optimal reaction conditions for the oxidation
of benzyl alcohol were determined by varying the reaction
temperature, time, oxygen sources, and solvents in the
presence of the hybrid Pd catalyst (Table 1). This oxidation
reaction resulted in the formation of benzaldehyde as the
desired product. 1,4-Dioxane was found to be the most
suitable solvent for the reaction (entries 1-3, Table 1). On the
other hand, dimethylformamide and toluene were found to be
inappropriate (entries 1-2, Table 1).

The oxidation of benzyl alcohol was also affected to some
degree by the reaction time and temperature. With prolonged
reaction time, the conversion of benzyl alcohol to
benzaldehyde increased (entries 3-4, Table 1). More product
was obtained at high temperature (150 °C), which was
achieved by using a stainless steel reactor (entries 4-5, Table
1). Accordingly, a reaction time of 12 h and reaction
temperature of 150 °C were chosen for the optimization
studies (entry 6, Table 1). Various oxygen sources such as
NalQ,, tert-BuOOH, H,0,, and NaOCI| were used instead of air
to find a more effective oxygen source (entries 7-10, Table 1).
The conversion increased drastically upon replacement of air
as an oxidant with NalO,. However, the other oxidants such as

J. Name., 2013, 00, 1-3 | 3
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tert-BuOOH, H,0,, and NaOCl were not more effective than
air. The type of oxygen source used is thus regarded as an
important factor influencing the reaction efficiency. The
optimal reaction conditions for alcohol oxidation catalyzed by
0.1 mol% of surfactant-free Pd@pSiO, yolk-shell nanoparticles
were determined to be as follows: oxygen source: NalO,,
solvent: 1,4-dioxane, temperature: 150 °C, duration: 18 h
(entry 7, Table 1).

The catalytic activity of Pd@pSiO, yolk-shell nanocatalyst was
also compared with that from previous reported catalysts such
as Fe;0,@MIL-101, Au/TiO,, Fe®*/TiO,, Au/NiAl-LDH,
Cu,0/Au and Mn, 03 nanorod (Table 2).

The oxidation of various substituted benzyl alcohols was found
to be efficiently catalyzed by the surfactant-free Pd@pSiO,
yolk-shell nanoparticles under the optimal conditions (Table 3).
In general, the results showed that benzyl alcohols substituted
with electron donating groups furnished higher yields than
those substituted with electron-withdrawing groups. Benzyl
alcohols bearing methoxy, methyl, and nitro substituents
afforded the corresponding benzaldehyde with more than 90%
conversion vyield (entries 1-4, Table 3). On the other hand,
halogen-substituted benzyl alcohols were not adequately
oxidized (entries 5-9, Table 3). The relative reactivity of
halogen substituents ranked in the following order: Br > Cl" >
F* (entries 5—7, Table 3). Notably, the substituted positions on
the phenyl ring (such as ortho-, meta-, and para-) were not
found to have a critical effect on the conversion yield (entries
7-9, Table 3). Furthermore, this catalyst was found to be
useful for the oxidation of secondary aryl alcohols such as 1-
phenylethanol, as well as primary aryl alcohols (entry 10, Table
3).

After the reaction, Pd@pSiO, yolk-shell nanoparticles were
readily separated by centrifugation and could be reused three
more times under the same reaction condition (Figure 3). The
structure of yolk-shell nanoparticle remained substantially
unchanged after the first cycle, which could underpin the
durability and stability of surfactant-free Pd@pSiO, yolk-shell
nanoparticles.

ARTICLE

Table 3. Oxidation reaction of various substituted benzyl alcohols using surfactant-free
Pd@pSiO, catalyst®

Entry Substrate Product Conv. (%)°
OH o
MeO MeO
MeO oH MeO Xo
2 97
MeO MeO
OH o
3 98
OH o
4 92
O,N O,N
OH o
5 55
F F
OH o
6 82
Br Br
OH o
7 76
] ]
OH o
8 79
cl cl
OH o
9 79
cl cl
I ol ol

2 Reaction condition: alcohols (1 mmol), Pd@pSiO, (0.1 mol% with respect to benzyl
alcohol concentration), NalO4 as oxidant (5 equiv. to the substrate) at 150 °C for 18 h.
® Determined by 'H-NMR. Conversions are based on the amount of applied alcohols

used.

Table 2. Comparison of catalytic activity on oxidation of benzyl alcohol with previously
reported nanocatalysts

Catalyst Oxidant Time (h) Conv. (%) Reference
Fe;0,@MIL-101 TBHP 12 2 34
Fe*'Tio, 0, 1 772 36
AUTIO, 0O, 6 58 37
AU/NIAI-LDH 0O, 0.5 53 38
Cu,O/Au 0O, 5 90? 39
Mn,O3 nanorod EDC 4 100 40

?Yield.

Conversion (%) JE
& 3 8 8

[N
(=]

o

1

n

3 4

Recycling runs

Fig. 3 (a) TEM image of the surfactant-free Pd@pSiO, yolk-shell nanoparticles after the
first cycle. The bar represents 40 nm. (b) Reuse of surfactant-free Pd@pSiO, yolk-shell
nanoparticles

This journal is © The Royal Society of Chemistry 20xx

Conclusions

In conclusion, a hybrid surfactant-free Pd@pSiO, yolk-shell
nanostructure was developed, which helped achieve improved

catalyst activity and thermal stability during reactions

J. Name., 2013, 00, 1-3 | 4
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employing this catalyst. The synthesis process was conducted
in three steps, synthesis of: (1) Pd nanoparticles, (2) Pd@SiO,
core-shell nanoparticles, and (3) Pd@pSiO, vyolk-shell
nanoparticles. The spherical Pd nanoparticles with a diameter
of 3.4+0.2 nm were successfully coated with uniform layers of
silica using a well-known water-in-oil microemulsion method.
After hydrothermal etching and thermal treatment, the
Pd@SiO, core-shell nanoparticles were transformed into
corresponding Pd@pSiO, yolk-shell nanoparticles with
randomly generated large pores inside the silica shell. This
Pd@pSiO, yolk-shell nanoparticle exhibited excellent catalytic
activity in the oxidation reaction of benzyl alcohol as well as
that of various substituted benzyl alcohols.

The high catalytic activity, stability, and durability of the well-
structured yolk-shell nanostructure developed in this study
shows that this nanostructure can be used as a catalyst for a
wide range of organic transformations.
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