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Surfactant-Free Palladium Nanoparticles Encapsulated in
ZIF-8 Hollow Nanospheres for Size-Selective Catalysis in

Liquid-Phase Solution

Xiaoshi Wang,™® Mingyu Li,' Changyan Cao,***" Chang Liu,” " Jian Liu,”* Yanan Zhu,® "’

Sidi Zhang,™® and Weiguo Song** "

Encapsulation of surfactant-free Pd nanoparticles (NPs) in the
metal-organic framework material ZIF-8 hollow nanospheres
was achieved. Pd@ZIF-8 hollow nanospheres showed excellent
size-selective catalytic properties in the liquid-phase hydroge-
nation of olefins. As a result of the uniform pore size of the
ZIF-8 shell (apertures of 3.4 A), the catalyst showed high activi-
ty for the hydrogenation of 1-hexene (1.9x8.2 A) but very low
activity for larger molecules such as cis-cyclooctene (5.3x
5.5 R), trans-stilbene (4.2x11.3 A), and triphenylethylene (9.1 x
9.2 A). Other surfactant-free noble-metal nanoparticles could
also be employed to produce NPs@MOFs for catalysis.

Metal-organic frameworks (MOFs) have several unique proper-
ties such as uniform and tunable pore sizes, diverse structural
topologies, and tunable functionalities."™ These features
endow MOFs with excellent abilities in a wide range of applica-
tions, including gas storage/separation, guest-dependent lumi-
nescence, catalysis, and so on.**"" Furthermore, combining
the functions of MOFs with metal cores to create multifunc-
tional core@shell nanocomposites has been extensively investi-
gated.>'® Unlike other porous materials, MOFs can be used
as an ideal shell material for confined catalysis and size-selec-
tive catalysis, which is of great significance for both fundamen-
tal research and industrial applications.®'”-?"!

Two common approaches have been reported to fabricate
nanoparticles encapsulated in MOFs.'">?? The first “ship-in-a-
bottle” approach involves the introduction of metal precursors
into the pores of the matrix of a presynthesized MOF and sub-
sequent reduction or decomposition. The framework structure
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of the MOF may be damaged and some nanoparticles would
then be found on the external surface.'>?*?¥ The second ap-
proach is the “ship-around-a-bottle” method, which involves
the assembly of MOF precursors around presynthesized nano-
particles. The size, shape, and composition of the nanoparticles
can be fully encapsulated in the MOF. However, nanoparticles
used in this method are usually stabilized with capping agents,
which are difficult to remove and often lower the catalytic
activity.>>8

Herein, we report a well-designed route to prepare surfac-
tant-free Pd nanoparticles encapsulated in ZIF-8 hollow nano-
spheres (Scheme 1). First, Pd nanoparticles are loaded on car-
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Scheme 1. lllustration of the procedure for the synthesis of PA@ZIF-8 hollow
nanospheres.

boxylate-terminated polystyrene (CPS) spheres through an
in situ reduction method with Sn" ions.”® During this step, the
high affinity between the Sn" ions and the carboxyl groups en-
sures that the Pd nanoparticles are deposited uniformly on the
surface of the CPSs. Second, by exploiting the coordination
ability of the carboxyl groups with Zn ions and 2-methylimida-
zole, ZIF-8 are generated on the surface of CPS, and CPS/
Pd@ZIF-8 core@shell composite nanospheres are obtained.®”
Finally, the CPS cores are removed by DMF to produce
Pd@ZIF-8 hollow nanospheres. Through this route, all the Pd
nanoparticles are encapsulated in the ZIF-8 hollow nano-
spheres, which can be used as an ideal nanoreactor for size-se-
lective catalysis in liquid-phase solution.

The products obtained in each step were verified by trans-
mission electron microscopy (TEM). Relative to the surfaces of
the pure polystyrene (PS) spheres, the surfaces of the CPS
spheres are more rough (Figure 1a). Figure 1b shows that Pd
nanoparticles are loaded successfully on the surface of CPS.
Then, a ZIF-8 layer with a thickness of approximately 40 nm is
coated on the surface of Pd/CPS (Figure 1c). After etching CPS,
Pd nanoparticles encapsulated in ZIF-8 hollow nanospheres are
obtained (Figure 1d). It can be seen that the ZIF-8 shells
remain intact during etching. The high-magnification TEM
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Figure 1. TEM images of a) CPS, b) Pd/CPS, c) Pd/CPS@ZIF-8, and
d,e) Pd@ZIF-8 hollow nanospheres; f) HRTEM image of Pd@ZIF-8 hollow
nanospheres.

image indicates that Pd nanoparticles approximately 5 nm in
diameter are dispersed uniformly inside the ZIF-8 shell, and no
Pd nanoparticles are observed on the external surface (Fig-
ure 1e). The HRTEM image (Figure 1f) shows clear lattice fring-
es of 0.225 nm, which correspond to the (111) planes of Pd.
Energy-dispersive spectroscopy (EDS) mapping results fur-
ther reveal that Pd nanoparticles are well dispersed inside the
ZIF-8 hollow nanospheres (Figure 2). X-ray photoelectron spec-
troscopy (XPS) is an ideal technology to detect the location of

Figure 2. EDS elemental mapping of Pd@ZIF-8 hollow nanospheres.
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Pd nanoparticles owing to the penetration limit of the photo-
electron beam (& 10 nm thickness). As shown in Figure S2
(Supporting Information), nearly no signals of Pd can be de-
tected for Pd@ZIF-8 hollow nanospheres by XPS. For compari-
son, clear peaks of Pd3d are observed for Pd nanoparticles de-
posited on the external surface of ZIF-8. All of the above re-
sults clarify that the Pd nanoparticles indeed resided inside the
ZIF-8 shells.

The X-ray diffraction (XRD) patterns confirm that the coating
layer is ZIF-8 and that the crystalline structure is retained after
etching CPS for the final Pd@ZIF-8 hollow nanospheres (Fig-
ure 3a). No clear peaks of Pd can be seen, which suggests
a small size of the Pd nanoparticles and a low content of Pd in
Pd@ZIF-8 hollow nanospheres. The inductively coupled plasma
atomic emission spectroscopy (ICP-AES) results show that the
Pd content is approximately 0.83 wt% in Pd@ZIF-8 hollow
nanospheres.
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Figure 3. a) XRD pattern and b) N, adsorption-desorption isotherms of
Pd@ZIF-8 hollow nanospheres. The inset shows the micropore size distribu-
tion curve.

The N, adsorption-desorption isotherm of Pd@ZIF-8 hollow
nanospheres is shown in Figure 3b. It displayed a typical type |
sorption isotherm, which indicates a microporous structure of
the ZIF-8 shells. A hysteresis loop at a high relative pressure of
approximately P/P,=0.8-1.0 is more likely attributed to meso-
pores formed by packing of the nanoparticles.®"” The
Brunauer-Emmett-Teller (BET) surface area of Pd@ZIF-8 hollow
nanospheres was calculated to be 934 m?g~'. The nonlocal
density functional theory (NLDFT) pore-size distribution (inset
in Figure 3b) suggests a central pore size of 1.0 nm for
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Pd@ZIF-8 hollow nanospheres, which is in agreement
with the pore size of ZIF-8.57

Considering that the particular structure of
Pd@ZIF-8 hollow nanospheres, in which the Pd nano-
particles totally reside inside and ZIF-8 shell, has mo-

Olefin

Table 1. Size-selective hydrogenation of olefins of different sizes.”

Conversion for different catalysts®™ [%]
Pd/ZIF-8 CPS/Pd@ZIF-8 Pd@ZIF-8 hollow
nanospheres nanospheres

Pd/C

lecular sieving capabilities, it can be used as an ideal
nanoreactor to investigate catalytic activity and size
selectivity in liquid-phase solution. We chose the hy-
drogenation of olefins as a model reaction to probe
the catalytic performance. For comparison, the hy-
drogenation was also performed with commercially
available Pd on carbon (Pd/C), Pd nanoparticles im-
mobilized on the outer surfaces of ZIF-8 (denoted
Pd/ZIF-8), and Pd/CPS@ZIF-8.

First, the kinetic curves for the hydrogenation of 1-
hexene over the above four catalysts were examined,
and the turnover frequencies (TOFs) are summarized
in Figure S2. Pd/C and Pd/ZIF-8 showed much higher
activity than Pd/CPS@ZIF-8 and Pd@ZIF-8 hollow
nanospheres, which can be ascribed to the diffusion
barrier of the ZIF-8 shells for mass transformation of
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1-hexene.
We also found a confinement effect for catalysis on
Pd@ZIF-8 hollow nanospheres. The TOF of the Pd/

[a] Reaction conditions: ethanol (15 mL), 25°C, H, (1.0 MPa), catalyst/substrate molar
ratio of 1:100 (10 mmol scale), 24 h. [b] Conversion was determined by GC, and the
identity was ascertained by GC-MS.

CPS@ZIF-8 core-shell composite nanospheres was
310 h™', which is only approximately 15% of that of
Pd@ZIF-8 hollow nanospheres (2150 h™'). For Pd/
CPS@ZIF-8, in which the polystyrene template is not removed,
the reactants are confined in the micropores, which makes it
difficult for them to reach the active sites. After etching the
polystyrene spheres, the cavities can be used as reactors for
the reactants, which are confined in the cavities for conversion.
Moreover, the catalytic performance of Pd@ZIF-8 hollow nano-
spheres was much better than that of ZIF-8 encapsulated with
polyvinylpyrrolidone-protected Pd nanoparticles, as previously
reported.3-3%

Substrates with different sizes, including 1-hexene (1.9x
8.2 A), cis-cyclooctene (5.3x5.5 A), trans-stilbene (4.2x11.3 A),
and triphenylethylene (9.1x9.2 A), were then employed to
study the size selectivity of Pd@ZIF-8 hollow nanospheres. As
shown in Table 1, 1-hexene was converted into the corre-
sponding product with all catalysts. On the contrary, larger
sized molecules (i.e., cis-cyclooctene, trans-stilbene, and triphe-
nylethylene) were only converted on Pd/C and Pd/ZIF-8. No
products were detected on Pd/CPS@ZIF-8 and Pd@ZIF-8
hollow nanospheres, even after 24 h. The sharp difference in
reactivity suggests size selectivity of Pd@ZIF-8 hollow nano-
spheres in liquid-phase solution. ZIF-8 has large pores of 11.6 A
and small apertures of 3.4 &, which are bigger than the size of
1-hexene (1.9 A), and thus, mass transformation of 1-hexene in
liquid solution is facile. On the contrary, the molecular widths
of cis-cyclooctene, trans-stilbene, and triphenylethylene exceed
the size of the apertures in ZIF-8. Thus, they cannot diffuse
through the shell to reach the encapsulated Pd nanoparticles,
and consequently, no conversion is observed.

Finally, the catalytic stability of Pd@ZIF-8 hollow nano-
spheres was investigated. As shown in Figure S3, there was no
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marked decrease in activity, even after 10 consecutive recycling
runs for the hydrogenation of 1-hexene. The TEM image show
that there was only slight aggregation of the Pd nanoparticles
after reuse (Figure S4). Evidently, the yolk@shell Pd@ZIF-8
hollow nanospheres are highly stable against migration and
sintering of the Pd nanoparticles and exhibit excellent activity
and stability for the hydrogenation of olefins.

In summary, Pd nanoparticles encapsulated in ZIF-8 hollow
nanospheres were synthesized by nucleation of ZIF-8 nano-
structures around unprotected Pd nanoparticles supported on
carboxylate-terminated polystyrene nanospheres. No further
reduction or removal of extra capping agents was needed, and
the resulting composites have a precisely controlled overall
structure. The obtained Pd@ZIF-8 hollow nanospheres exhibit-
ed size-selective catalytic properties for the hydrogenation of
olefins in liquid-phase solution. It is expected that other surfac-
tant-free noble-metal nanoparticles could also be employed to
fabricate NPs@MOFs with the same strategy.

Experimental Section

Preparation of carboxylate-terminated polystyrene nano-
spheres

Polystyrene nanospheres were prepared according to a method re-
ported elsewhere. In a typical synthesis, a mixture of styrene
(21 mL), methyl methacrylate (1.1 mL), acrylic acid (0.92 mL), and
NH,HCO; (0.49 g) was added to deionized water (100 mL) with me-
chanical stirring. Upon increasing the temperature to 70°C, ammo-
nium persulfate (0.53 g) was added, and the mixture was allowed
to react for 12 h at 80°C. The resulting product was separated by

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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centrifugation, then washed with deionized water, and freeze-
dried, which led to the polystyrene nanospheres.

Preparation of Pd/polystyrene nanospheres

In a typical synthesis, carboxylate-terminated polystyrene nano-
spheres (100 mg) were dispersed in distilled water (50 mL), and the
mixture was stirred for 10 min; then, 0.02m HCI (20 mL) containing
SnCl, (0.1 g) was added. The suspension was stirred for 10 min and
was then centrifuged. After washing with distilled water (5x), the
precipitate was dispersed in distilled water (50 mL). Then, 0.0564 m
PdCl, (100 pL) was added to the suspension. After 10 min, 0.15m
sodium formate (10 mL) was added, and the mixture was stirred
for 5h. Finally, after centrifugation and washing with distilled
water (5x), the precipitate was dried at 60°C for 12 h.

Preparation of Pd/polystyrene@ZIF-8 nanospheres and
Pd@ZIF-8 hollow nanospheres

First, Pd/polystyrene NP nanospheres (100 mg) were added into an
aqueous solution of 2-methylimidazole (10 mL, 3.5 mol). After ultra-
sonic treatment for 15 min, an aqueous Zn(NOs), solution (1.0 mL,
0.50 mol) was introduced dropwise to the mixture, which was
stirred at 25°C for 12 h. The powder was collected by filtration,
washed with water and ethanol, and vacuum dried at 80°C for
12 h. After that, the obtained Pd/polystyrene nanospheres were
immersed into DMF (100 mL), and the mixture was stirred at 25°C
for 12 h to remove the PS template, which resulted in the final Pd
NPs@ZIF-8 hollow spheres.

Synthesis of ZIF-8 nanocrystal

Zn(NOs), (0.50 mol) and 2-methylimidazole (3.5 mol) were mixed in
water at 25°C with magnetic stirring. After stirring for 12 h, the ob-
tained solid sample was collected and washed with deionized
water and ethanol. Finally, the product was dried at 80°C under
vacuum for 6.0 h.

Synthesis of Pd/ZIF-8

Pd nanoparticles on ZIF-8 were prepared by the precursor deposi-
tion method. Typically, as-synthesized ZIF-8 (100 mg) was mixed
with aqueous H,PdCl, (0.5 mL) with constant stirring. The resulting
composite was continuously stirred for 2 h and was then dried in
air at room temperature. The synthesized samples was further
dried at 150°C overnight, which was followed by treatment in
a stream of H,/N, (50 mLmin '/50 mLmin~'") at 200°C for 5h to
yield Pd/ZIF-8.

Size-selective hydrogenation experiments

Size-selective catalysis was performed in a stainless-steel reactor
equipped with a stirrer bar. Typically, the catalyst/substrate molar
ratio was controlled at 1:100 (10 mmol scale) and ethanol (15 mL)
was loaded into the reactor. The reactor was sealed and purged
with high-purity H, (3x) with stirring to replace the air. Then, the
reactor was sealed and the H, pressure was adjusted to 1 MPa. The
reaction was performed at room temperature and lasted for a cer-
tain time. The resulting hydrogenation products were extracted
and analyzed by using a GC-2010 Plus. For the recycling test, the
catalyst was recovered from the reaction solution by centrifugation
without further operation and was used in the next run.
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Characterization

The transmission electron microscopy (TEM) images were obtained
with a JEOL 2100F electron microscope running at 100 kV. Energy-
dispersive X-ray spectroscopy (EDS) analysis was performed with
a TEM (JEOL 2100F) equipped with an energy-dispersive X-ray ana-
lyzer (Oxford INCA). Powder X-ray diffraction (PXRD) patterns were
taken with a Rigaku model D/MAX-2500V system (CuK, radiation).
X-ray photoelectron spectroscopy (XPS) data were obtained with
an ESCALab220i-XL electron spectrometer from VG Scientific by
using 300 W AIK, radiation. The nitrogen adsorption-desorption
isotherms were obtained with a Quantachrome Autosorb AS-1 at
77 K. The Pd content in the material was characterized by ICP-AES
(Shimadzu ICPE-9000). The conversions of reagent were measured
by using GC (Shimadzu GC-2010 Plus) equipped with a flame ioni-
zation detector (FID) and a Rtx-5 capillary column (0.25 mm in di-
ameter, 30 m in length). The identity was ascertained by GC-MS
(Shimadzu GCMS-QP2010S).
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COMMUNICATIONS

X. Wang, M. Li, C. Cao,* C. Liu, J. Liu,
Y. Zhu, S. Zhang, W. Song*

o V

0.19X0.82 nm
EN-EN © %
Surfactant-Free Palladium
===
.53 X0.
Nanoparticles Encapsulated in ZIF-8 0.53>0.55 nm
Hollow Nanospheres for Size-Selective x
Catalysis in Liquid-Phase Solution Pd@ZIF-8 hollow
nanospheres ZIF-8 (0.34X1.16 nm)  0.42X1.13nm

Size matters: The encapsulation of sur-
factant-free Pd nanoparticles in ZIF-8
hollow nanospheres is achieved.
Pd@ZIF-8 hollow nanospheres show ex-
cellent size-selective catalysis properties
in the liquid-phase hydrogenation of

olefins. As a result of the uniform pore
size of the ZIF-8 shell, the catalyst
shows high activity for the hydrogena-
tion of 1-hexene but very low activity
for larger molecules such as cis-cyclooc-
tene and trans-stilbene.
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