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ABSTRACT

The encapsulation of catalytically-active noble metal nanoparticles into metal-organic frameworks
43 (MOFs) represents an effective strategy for enhancing their catalytic performance. Despite a
45 myriad of reports on the nanocomposites consisting of noble metal nanoparticles and MOFs, it
47 remains challenging to develop a sustainable and convenient method for realizing confined
integration of noble metal nanoparticles within a porous and hollow zinc-based MOF. Herein a
52 simple and well-designed approach is reported to the fabrication of Pd@ZIF-8 hollow

54 microspheres with a number of Pd nanoparticles immobilized on the inner surface. This method
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capitalized on the use of polyvinylpyrrolidone (PVP) stabilized polystyrene (PS) microspheres as
templates, to harness the dual functions of PVP for reducing PdCl, to generate Pd NPs and
coordinating with zinc ions to grow ZIF-8 shell. Consequently, it avoids the complicated protocols
involving surface treatment of template microspheres that conventionally adopts hazardous or
costly agents. The obtained Pd@ZIF-8 hollow microspheres exhibit outstanding catalytic activity,
size selectivity, and stability in the hydrogenation of alkenes. This study presents both the advances
in the green synthesis and great potential of Pd@ZIF-8 hollow microspheres for catalytic

applications.

KEYWORDS: palladium nanoparticle; ZIF-8; encapsulation; hollow microsphere; catalysis
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INTRODUCTION

The development of noble metal nanoparticles (NM NPs) as catalyst has received increasing
attention because of their unique catalytic functions in various chemical reactions, but the
improvement of their catalytic performance (activity, stability and selectivity) by a convenient and
controllable method remains a great challenge.!- > To this end, the hybridization of NM NPs with
metal-organic frameworks (MOFs) has emerged as a rational route that has stimulated
considerable research interest, because (1) the catalytic activity can be enhanced by the
confinement effect of MOF cavity that builds up local concentrations of reactants, as well as the
synergy of the MOF shell and incorporated NM NPs; (2) the catalytic selectivity can be achieved
by the modulation of the diameter and surface properties (hydrophilic or hydrophobic) of pores in
the shell of MOFs, that enables selective and fast diffusion of reaction reagents through the interior
cavities, especially for reactions in liquid phase; (3) the stability can be improved due to the porous
shell of MOFs, that can reduce undesirable aggregation and atomic leaching of NM NPs.3-
However, it is challenging to encapsulate well-dispersed NM NPs into MOFs, and the resultant
structures tend to suffer from nonuniform morphologies with NM NP aggregates inside the MOFs
or NM NPs exposed on the external surface of MOFs.!°

Up to now, there have been few reports on the confined incorporation of many NM NPs within
one MOF hollow microsphere (NM@MOF hollow microsphere). Chen’s group pioneeringly used
Cu,0 particles as a template to achieve the incorporation of Au NPs within the HKUST-1 hollow
particles.!! In contrast to HKUST-1, ZIF-8 has superior thermal stability as well as higher
chemical resistance against aqueous and organic solvents, thus is considered as a better candidate
to be combined with NM NPs for potential catalytic applications.!>!* Song’s group reported the

encapsulation of Pd NPs into ZIF-8 hollow particles using the polystyrene (PS) particles as a
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template.'> This method involves a surface activation of PS template particles by using SnCl,,
which subsequently acts as a reductant for the growth of Pd NPs in situ. Both SnCl, and the product
SnCl, (which was used as a chemical warfare agent in World War I) have posed serious concerns
regarding potential biological and environmental risks.!6-'® Therefore, it is considerably desirable
to develop green and simple methods for fabricating NM@MOF nanoarchitectures as advanced
catalysts.

Herein we report a sustainable and rationally-designed approach to fabricate the Pd@ZIF-8
hollow microspheres with Pd NPs evenly distributed on the inner surface of the ZIF-8 shell. The
preparation process relies on dual roles of PVP adsorbed on the template microspheres, as a
reductant for producing Pd NPs and a nucleation substrate for growing ZIF-8 shell, thus
eliminating any surface pre-treatments of template microspheres. The structural parameters of
resultant PA@ZIF-8 hollow microspheres can be readily tailored by our proposed method. The
catalysis performance of as-prepared Pd@ZIF-8 hollow microspheres has been tested by using

hydrogenation reaction of alkenes.

EXPERIMENTAL SECTION
Materials

Styrene (St), PdCl,, poly(vinylpyrrolidone) (PVP K-30), isopropanol, azodiisobutyronitrile
(AIBN), ethyl acetate, methanol, N,N-dimethylformamide (DMF) and Zn(NOs),'6H,O were
supplied by Sinopharm Chemical Reagent Co. 1-hexene, cyclohexene, cyclooctene, and 2-
methylimidazole were purchased from Energy Chemical Co. Besides St and AIBN, all chemicals

of analytical reagent grade were used as received. St of chemical reagent grade was distilled under
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vacuum before use. AIBN of chemical reagent grade was purified by recrystallization in 95%
ethanol before use. Ultrapure water (18.2 MQ cm) was used in all experiments.
Synthesis of PS/Pd@ZIF-8 composite particle

First, PS/Pd composite particles were synthesized according to our recent work.? Next,
Zn(NO3),'6H,0 (1.5 mmol) and PS/Pd composite particles (150 mg) were mixed in methanol (75
mL). After stirring for 15 min, 2-methylimidazole (3 mmol) was dissolved in methanol (75 mL)
and then added into the above-mentioned mixture. The reaction was allowed to proceed for another
two hours at room temperature. The obtained PS/Pd@ZIF-8 composite particles were collected by
centrifugation, then washed with methanol several times, and dried at 60 °C in a vacuum.
Synthesis of Pd@ZIF-8 hollow microsphere

PS/Pd@ZIF-8 composite particles (100 mg) were mixed with DMF (50 mL). The resulting
mixture was stirred at room temperature for 24 h. The residual solid was washed several times
using DMF and methanol in turn by means of centrifugation and redispersion. At last, the product
was dried at 60 °C in a vacuum before use.
Synthesis of ZIF-8

3 mmol of 2-methylimidazole and 1.5 mmol of Zn(NOs),'6H,O were added in 150 mL of
methanol. After being stirred at room temperature for 2 h, the resultant ZIF-8 was separated out
by centrifugation, washed with methanol, and dried at 60 °C in a vacuum.
Catalysis test in hydrogenation of olefins

The catalytic hydrogenations of 1-hexene, cyclooctene, and cyclohexene were performed in
ethyl acetate under hydrogen atmosphere (0.1 MPa). In a typical process, the catalyst particles
were added to a three-necked round-bottom flask. The residual air in the flask was evacuated by

flushing of H, for three times. Afterward, 5.0 mL of ethyl acetate, 1 mmol of olefins, and 0.1 mL
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n-heptane (internal standard) were introduced into the flask by a degassed syringe. Catalytic
reactions were proceeded for 4 h (for 1-hexene and cyclohexene), and 24 h (for cyclooctene), under
hydrogen atmosphere at room temperature. At last, the catalyst particles were collected by
centrifugation and the rest of liquid was determined by a gas chromatograph containing a flame
ionization detector and an FFAP column. On the other hand, the recovered catalyst particles were
reused directly in next run for the recycling experiments.
Characterization

Scanning electron microscopy (SEM) images were taken using S-4800 instrument (Hitachi Co.,
Japan). Elemental mapping was collected on a Tecnai G2 F30 scanning transmission electron
microscope (STEM, Thermo Fisher Scientific Co.) operated at 300 kV acceleration voltage.
Transmission electron microscopy (TEM) images were obtained on a JEM-2100 equipment (JEOL
Co., Japan). Fourier transform infrared (FT-IR) spectra were measured on a Vector 22 FT-IR
spectrometer (Bruker Co., Germany). X-ray diffraction (XRD) patterns were collected using a
German Bruker-AXS D8 Advance. The Pd content in the sample was analyzed using inductively
coupled plasma-optical emission spectrometer (ICP-OES, Agilent 700 Series). N,
adsorption/desorption isotherm measurements were conducted on ASAP 2020 MP (Micromeritics
Instrument Co., USA) at 77 K. Prior to each measurement, each sample was activated for 6 h at

200 °C in a vacuum.

RESULTS AND DISCUSSION
Zn(NO;),
2-Melm
PVP-stabilized PS/Pd PS/Pd@ZIF-8 Pd@ZIF-8
PS microsphere composite particle composite particle hollow microsphere
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Scheme 1. Schematic representation of the synthetic procedure for the fabrication of Pd@ZIF-8 hollow

microsphere.

Scheme 1 represents the synthetic process of Pd@ZIF-8 hollow microspheres. The PVP-
stabilized PS microspheres were synthesized via a common dispersion polymerization and adopted
as template. After the resulting polymer microspheres were introduced to a PACl, aqueous solution
at 80 °C, the highly dispersed Pd NPs were generated on PS microspheres in situ (PS/Pd composite
particles), owing to the reducing property of PVP as well as its affinity with Pd NPs.!% 20
Afterwards, the ZIF-8 shell of desired thickness was formed on the PS microspheres to encapsulate
Pd NPs in between PS microspheres and ZIF-8 shell, by using the zinc nitrate and 2-
methylimidzole as precursors (PS/Pd@ZIF-8 composite particles).!? This can be readily achieved
because the coordination interaction between zinc ions and carbonyl group (C=0) of pyrrolidone
ring in PVP enables the ZIF-8 to effectively deposit on the PS microspheres.'? 2! Accordingly,
additional functionalization or modification of PS template microspheres to provide favorable
depositions of Pd NPs and ZIF-8 shell were eliminated. Finally, the PVP-stabilized PS template
microspheres were easily removed by DMF.?2 As a result, well-defined Pd@ZIF-8 hollow

microspheres were obtained.

= b
1.0k 9. 4mm x20 8k SEMM) .00ur 20K 2.00um [ 2:0kV ©.0mim x20.0k SE(MV)
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e

Figure 1. SEM and TEM images for PS/Pd (a, d, g) and PS/Pd@ZIF-8 composite particles (b, e, h) and Pd@ZIF-

8 hollow microspheres (c, f, 1).

Figure 1 shows typical SEM and TEM images obtained after each step of our preparation
process. The PS template microspheres were nearly monodisperse and exhibited an average size
around 1.3 pm (Figure S1). After the formation of PS/Pd nanocomposite particles, the TEM image
demonstrates a number of dark spots corresponding to small Pd NPs (ca. 4.5 nm) that were well
dispersed on the PS template microspheres (Figure 1d and 1g).2° However, the SEM image (Figure
la) reveals a surface morphology similar to the template microspheres. In contrast, the SEM image
(Figure 1b) of the PS/Pd@ZIF-8 composite particles manifests that, each PS/Pd composite particle
is encapsulated by a ZIF-8 shell containing some distinguishable rhombic dodecahedron
nanocrystal.?? 23 Further observation by TEM also indicates that the surface of PS/Pd composite
particles are uniformly deposited by a shell of ZIF-8 having an average thickness of ca. 120 nm

(Figure 1e and 1h). Significantly, as can be seen in Figure. 1c, the as-prepared Pd@ZIF-8 hollow
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microspheres have an excellent structural integrity and retain well-defined spherical morphology
and uniform size. Also, the hollow structure can be clearly confirmed by TEM images that shows
a remarkable contrast of the light inner part and the dark margin (Figure 1f and 1i). Furthermore,
the removal of polymer template microspheres can be proved by the FTIR spectroscopy. In
contrary to the presence of characteristic absorption of ZIF-8, the absorption peaks of PS
microspheres completely disappeared in the case of PA@ZIF-8 hollow microspheres (Figure S2).24
In addition, Figure 1i clearly suggests the encapsulation of highly dispersed Pd NPs within the
ZIF-8 hollow microspheres. The Pd NPs possess an average diameter of about 4.7 nm, close to

their original size (Figure 1g). In other words, the aggregation of Pd NPs in our preparation process

Langmuir

can be effectively restricted, which is crucial for their catalytic applications.

Figure 2. STEM image (a) of PA@ZIF-8 hollow microsphere and EDX elemental mappings (b-¢) showing the

200 nm

distribution of C (red), Zn (blue), N (green) and Pd (yellow).
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Figure 3. (a) XRD patterns of PS/Pd@ZIF-8 composite particles, Pd@ZIF-8 hollow microspheres and pure ZIF-
8, respectively; (b) Nitrogen adsorption/desorption isotherms of Pd@ZIF-8 hollow microspheres with inset

showing the pore size distribution.

The structure and composition of the as-prepared Pd@ZIF-8 hollow microspheres were further
characterized by the EDX elemental mapping, XRD, ICP-OES, and nitrogen
adsorption/desorption. A close inspection of STEM image (Figure 2a) reveals the uniform
distribution of many white spots corresponding to Pd NPs.?3 Furthermore, the elements of C, N,
Zn, and Pd display more dense distribution on the periphery region than at the center area,
substantiating the hollow structure and composition of the as-prepared product.'! The sharp
diffraction peaks in the XRD pattern of the Pd@ZIF-8 hollow microspheres (Figure 3a), agreed
with those of pure ZIF-8, which indicated that the crystalline structure of ZIF-8 was formed and
well preserved.?® 27 The characteristic peaks of the Pd NPs are not detectable, which may be due
to their small size, high dispersity, and low mass loading.?® 2° The ICP-OES result shows the
content of Pd element inside the Pd@ZIF-8 hollow microspheres is just about 1.86%. In Figure.
3b, the nitrogen adsorption/desorption isotherms of Pd@ZIF-8 hollow microspheres exhibit a type

I behavior. The steep increase in nitrogen uptake at a low relative pressure is similar to that of

pristine ZIF-8 (Figure S3), indicating the ZIF-8 shell has a microporous structure.!3 The size
distribution of micropores is ranging from 1 to 2 nm (inset in Figure 3b). Furthermore, the BET
surface area of obtained Pd@ZIF-8 hollow microspheres has been measured to be 927 m?/g, lower
than that of pristine ZIF-8 (1269 m?/g). The reduced surface area is attributable to the presence of
heavier and nonporous Pd NPs.3® However, this slight decrease in BET surface area suggests that
the presence of Pd NPs has not effectively blocked the pores of ZIF-8 and thus not affects the

transportation of reactants with given size in catalytic reactions.
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2 DMVAB From. 20,0k SEM)
Figure 4. SEM image (a) and TEM images (b and c) of the PA@ZIF-8 hollow microspheres. The shell thickness

of ZIF-8 is about 180 nm.

o T
2.0k 87 mm x20.0K SE(M)

Figure 5. SEM image (a) and TEM images (b and c) of the PA@ZIF-8 hollow microspheres with the diameter

of Pd NPs being ca. 7.0 nm.

In addition, our convenient synthetic approach provides easy control of structural parameters of
Pd@ZIF-8 hollow microspheres. Previous reports have demonstrated that, increased shell
thickness of MOF in the structures of NM NPs encapsulated in MOF-based hollow structure leads
to lower catalytic activity of NM NPs accompanied by sometimes enhanced selectivity.3!-33 This
change is expected due to the slower diffusion of reactant and product associated with thicker shell
of MOF. Therefore, the shell thickness can act as a regulator in the catalysis property. This
regulating effect of thickness control has motivated us to explore the possibility for tailoring the
shell thickness of ZIF-8 via our method. The shell thickness of ZIF-8 can be readily adjusted by

varying the concentration of precursors while keeping the molar ratio between 2-methylimidazole
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and zinc nitrate constant. Increasing the concentration of precursors resulted in the formation of
ZIF-8 shell having a thickness of ~180 nm (Figure 4). Furthermore, the Pd NPs with larger size
(ca. 7.0 nm) were successfully incorporated into the ZIF-8 hollow microspheres (Figure 5), by
reducing the concentration of PS template microspheres that was added in PdCl, aqueous solution
during the synthesis of Pd NPs.?? The first step in the synthetic approach (Scheme 1) is based on
our reported work on surface-assisted growth of Pd NPs on PS microspheres. Therein, the PS/Pd
composite particles with smaller Pd NPs were found to exhibit higher catalytic activity. Since the
Pd NPs function as the catalytically active component in the Pd@ZIF-8 hollow microspheres, we
speculate the size adjustment of Pd NPs could also provide a regulation of their potential catalytic
activity. Notably, our approach can also be used for encapsulating Ag NPs into ZIF-8 hollow
microspheres (Figure 6), showing certain extendability. Uniform Ag NPs with an average particle
size of about 45 nm were immobilized well on the inner surface of the ZIF-8 hollow microspheres.
The resultant Ag@ZIF-8 hollow microspheres are envisaged to hold potential in several catalytic
reactions, including the electrocatalytic reduction of hydrogen peroxide and carboxylation of

terminal alkynes with CO,.3% 35

2.0kV 9.8mm x20.0k SE(M) 2.00um k. _ameteni... ’ e il

Figure 6. SEM image (a) and TEM images (b and c) of Ag@ZIF-8 hollow microspheres with the diameter of

Ag NPs being ca. 45 nm.
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Figure 7. (a) Catalytic performance of PS/Pd composite particles, PS/Pd@ZIF-8 composite
particles and Pd@ZIF-8 hollow microspheres for the hydrogenation of 1-hexene, cyclohexene and
cyclooctene in liquid phase. Reaction time: 4 h for 1-hexene and cyclohexene, and 24 h for
cyclooctene. (b) Recycling stability of Pd@ZIF-8 hollow microspheres in the hydrogenation of 1-

hexene.

The liquid-phase hydrogenations of alkenes with different molecular sizes were carried out to
assess the catalytic activity and selectivity of Pd@ZIF-8 hollow microspheres. For comparison,
the PS/Pd and PS/Pd@ZIF-8 composite particles were also tested in the control experiments under
the same conditions. A series of reaction results are presented in Figure 7. In the case of 1-hexene
hydrogenation, all three different catalyst particles exhibit high catalytic activity and complete
conversion of 1-hexene can be achieved in 4 h. This is because 1-hexene is small enough (2.5 A),
for diffusing through the pore apertures of ZIF-8 shell (3.4 A) without hindrance.!*> As shown in
Table 1, our Pd@ZIF-8 hollow microspheres exhibit high catalytic activity, that is comparable
with a majority of the previous studies.!> 23333638 Ag for the hydrogenation of cyclohexene (4.2
A), the PS/Pd composite particles could still display good activity with conversion exceeding 90%
in 4 h, while a drastic decrease in conversion was observed using the PS/Pd@ZIF-8 composite

particles (13%) and Pd@ZIF-8 hollow microspheres (16%) as catalysts, respectively. Interestingly,

ACS Paragon Plus Environment
13



oNOYTULT D WN =

Langmuir

that cyclohexene could diffusion through the shells of ZIF-8, although the molecular size of
cyclohexene exceeded the aperture size of ZIF-8. This phenomenon is derived from the framework
flexibility of ZIF-8.3% 40 More specifically, 2-methylimidazole ligands tend to undergo rotation
under pressure or the introduction of guest molecules at room temperature, leading the effective
aperture size for molecular diffusion to be ranging from 4.0 to 4.2 A. In the hydrogenation of
cyclooctene, PA@ZIF-8 hollow microspheres and PS/Pd@ZIF-8 composite particles displayed no
detectable activity, although the reactions were carried out for 24 h. In contrast, the PS/Pd
composite particles exhibited some activity with a conversion of about 22%. In contrary to the
cyclohexene, the size of cyclooctene (5.5 A) is greatly larger than the aperture size of ZIF-8, thus
only PS/Pd composite particles with Pd NPs anchored on the surface of PS microspheres have
catalytic activity for the hydrogenation of cyclooctene.*!> 4> These results clearly demonstrate the
ZIF-8 shell with well-defined pore structures can play the role of molecular sieve for selective
catalysis. For the Pd@ZIF-8 hollow microspheres, the lack of activity for the hydrogenation of
cyclooctene also indicated that the ZIF-8 shell was crack-free and no Pd NPs were present on their
outer surface, consistent with the observations by SEM and TEM.33

Table 1. Summary of reaction conditions and final conversions during the catalytic
hydrogenation of 1-hexene by various Pd NP-based catalysts

Cpa:Cy. dpg Time  Temperature Pressure Conversion
Catalyst e () (h) () MPa) (%) Nt
Pd@ZIF-8
hollow 1:212 4.7 4 25 0.1 99 ours
microsphere
Pd@ZIF-8
hollow 1:100 5 24 25 1 100 15
nanosphere
PA@ZIF-8 1:205  ca. 15 24 35 0.1 98 33
nanosphere
Pd@ZIF catalyst 1:360 3 -10 4 35 0.1 89.7 36
Void@HKUST- ) ca. 10
1/Pd@ZIF-8 1:851 50 0.08 25 1 83 37
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Pd@ZIF-8 1:1250 26 24 25 0.1 99 25
nanoparticle
Pd/F- )
ZnO@ZIF-8 1:3000 5 10 35 0.1 100 38

s
20:0C6EM) .8

Figure 8. SEM image (a) and TEM images (b and c) of Pd@ZIF-8 hollow microspheres after three catalytic

cycles.

The reusability of catalysts also represents an important property for exploring their practical
uses. Figure 7b shows the stability of the Pd@ZIF-8 hollow microspheres in three consecutive
cycles of 1-hexene hydrogenation. Obviously, the Pd@ZIF-8 hollow microspheres maintained
their activity well and the conversion of 1-hexene dropped only slightly in each cycle. The SEM
image indicated that the morphology of Pd@ZIF-8 hollow microspheres remained almost
unchanged after three cycles, except for few broken ones, which may result from the stirring during
the reaction (Figure 8a). TEM images show that there is almost no aggregation of the Pd NPs after
reuse (Figure 8b and 8c). Moreover, the Pd content inside the Pd@ZIF-8 hollow microspheres was
about 1.82% determined by ICP-OES. Therefore, the slight decrease in conversion can be ascribed
to the loss of particulate catalyst during separation. In addition, the adsorption of reactant and
product molecules in the micropores was also possible since no post-treatment was applied to the

Pd@ZIF-8 hollow microspheres.
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CONCLUSIONS

In summary, we have demonstrated a facile and sustainable strategy for fabricating Pd@ZIF-8
hollow microspheres with highly dispersed and small Pd NPs encapsulated within one ZIF-8
microsphere. The PVP-stabilized PS microspheres functioned as carriers for accommodating Pd
NPs alongside the ZIF-8 shell, as well as the sacrificial template to produce interior cavity inside
the ultimate Pd@ZIF-8 hollow microspheres. Notably, additional steps of surface treatments of
as-prepared template microspheres are eliminated owing to the judicious selection of PVP-PS
microspheres as templates. The as-prepared Pd@ZIF-8 hollow microspheres are uniform in size
and have tailorable shell thicknesses, coupled with good structural stability. These unique
structural advantages provide them with high catalytic activity, excellent size selectivity in the
hydrogenation of alkenes and good stability in the recycling experiments. In addition, our strategy
can be easily extended to the preparation of other NM@MOF (e.g. Ag@ZIF-8) hollow
microspheres for wide-ranging potential applications.
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