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ABSTRACT

In-situ fabrication of palladium(0) nanoparticles inside zeolitic imidazolate
frameworks (ZIF-8) has been established via one-step facile spray-dry technique.
Crystal structures and morphologies of the PdA@ZIF-8 samples are investigated by
powder XRD, TEM, SAED, STEM, and EDX techniques. High angle annular dark
field scanning transmission electron microscopy (HAAD-STEM) and 3D tomographic
analysis confirm the presence of palladium nanoparticles inside the ZIF-8 structure.
The porosity, surface area and N, physisorption properties are evaluated for
Pd@ZIF-8 with various palladium contents. Furthermore, Pd@ZIF-8 samples are
effectively applied as heterogeneous catalysts in alkenes hydrogenation. This
straightforward method is able to speed up the synthesis of encapsulation of metal
nanoparticles in metal organic frameworks.

Keywords: Spray-drying, Metal organic frameworks, Metal nano-particles, Alkene
hydrogenation

1. Introduction

Metal organic frameworks (MOFs) are a class of porous materials formed by
assembling inorganic ions as metal clusters bridging with organic compounds as
ligand building a metal organic material;[1, 2] which opens up potential for plenty of
applications including drug delivery,[3, 4] contrast agents,[5] sensor technology,[6]
functional membranes and thin film[7, 8], as well as traditional storage,[9]

separation,[10, 11] and catalysis applications.[12, 13] The catalytic applications of



MOFs have received so much attention due to their adaptable properties e.g. high
porosity, the versatile tailor design structure, easy separation from reaction mixture,
chemical and thermal stability.[12, 13]

Recently, it has been shown that inner surface of channels and cavities of MOF
materials can be a supporting host matrix for nanoparticles, thereby affecting their
catalytic activities and selectivity in reactions. There are two strategies to fabricate
nanoparticles inside MOFs; a) post-synthesis incorporation of nanoparticles into
as-prepared MOFs which includes numerous preparative approaches such as liquid
and incipient wetness impregnation,[14, 15] solid grinding,[16] gas  phase
methods[17] and microwave irradiation,[18] and b) in-situ encapsulation of
pre-synthesized nanoparticles in MOFs. It is worth to mention that nonselective
deposition of nanoparticles at the outer surface of MOFs crystals in-all post-synthesis
procedures is unavoidable.[19, 20] To circumvent this limitation, recently, a double
solvent impregnation method (DSM) followed by using H, or high-concentration of
NaBH, to reduce the metal precursors, was applied to fabricate metal nanoparticles
throughout the interior pores of MOFs.[21, 22] In this regard, Sanchez et al.[23]
demonstrated that the spray drying method is a versatile, low-cost and rapid procedure
enabling not only simultaneous synthesis and assembly of different types of
nano-MOFs, with diameters smaller than Spm without employing secondary
immiscible solvent or surfactant, but also proved that the spray-drying procedure
enables greater compositional complexity of hollow MOF superstructures. Moreover,
Maspoch et al. [24] synthesized various kinds of MOFs including UiO-66,
Fe-BTC/MIL-100 and [Nis(OH)4(H,0)2(L)s]n, by applying a spray-drying
flow-assisted process in which MOFs assembled from high-nuclear secondary
building units~ (SBUs) as compact microspherical superstructures (beads).
Additionally, the spray drying technique was employed for post modification of
amine-terminated UiO-66-NH, and aldehyde-terminated ZIF-90 to achieve the
Schiff-base condensation between an amine and an aldehyde in the MOF
structure.[25]

ZIF-8 is one of the most widely studied MOF families which is constructed by
bridging of Zn clusters with 2-methylimidazole as ligand. These ZIFs possess a
permanent porosity, high thermal stability and remarkable chemical resistance to
boiling alkaline water and organic solvents a good candidate to host nanoparticles.[26]
In recent years, various strategies were applied to encapsulate palladium nanoparticles
inside the ZIF-8 structure in which these composites are synthesized during
multi-steps and/or by using stabilizer for palladium particles.[27, 28]

Catalytic hydrogenation is of a great interest in a variety of industrially important
processes such as alkene hydrogenation to convert naphtha via fluid catalytic cracking
(FCC) into gasoline [29, 30] or selective hydrogenation of polyunsaturated fatty acid-



Fig. 1. Schematic illustration of the in-situ synthesis of Pd nanopaticles inside ZIF-8. Pd@ZIF-8 is applied as

heterogeneous catalyst in alkene hydrogenation.

methyl esters (FAMESs) to the corresponding mono-unsaturated derivatives. Palladium
supported on various carriers is a well-known heterogeneous catalyst applied in
hydrogenation reactions.[31-33]

In this study, we present the first case of simultaneous fabrication of palladium(0)
particles inside the ZIF-8 (Pd@ZIF-8) via spray dry technique without applying any
kind of surfactant or stabilizer leading to an active catalyst for alkene hydrogenation
(Fig. 1). The synthesis of Pd@ZIF-8 serves as an example that displays this
methodology can be applied to prepare any kind of nano-sized metal particles in ZIFs
(M@ZIF) or even in MOFs (M@MOF) as long as the MOF can be spray dried.

2. Experimental
2.1. Chemicals

2-methylimidazole was purchased from Sigma-Aldrich Chemical Co., Ltd. Zinc
acetate, palladium acetate, styrene, cyclooctene and phenylacetylene were purchased
from Aladdin Chemical Co., Ltd. Methanol was purchased from Sinopharm Chemical
Reagents Co., Ltd. All chemicals and solvents were used as they are received without

further purification.

2.2. Synthesis of ZIF-8 and Pd@ZIF-8
Spray drying technique was applied to synthesize ZIF-8 and Pd @ZIF-8 samples.
In a typical synthesis, a solution of zinc acetate (1.765 g, 8 mmol) and palladium

acetate (x mmol based on the Zn source) in distilled water (25 ml) was added to a
solution of 2-methylimodazole (2-MIM) (8 mmol, 0.66 g) in distilled water (25 ml)



under stirring. The obtained solution was stirred for 1 min before feeding to the spray
drying instrument. Thereafter, the obtained white suspension was continuously stirred
and fed into the spray-drier (AF-88 labs Spray dryer, AFIND Scientific instrument
CO., LTD.) using a spray nozzle having a diameter of 8§ mm, at a feed rate of 300
ml/h, a flow rate of 160 m’/h and an inlet temperature of 180°C. The produced white
powder was collected, washed with methanol followed by centrifugation and
re-dispersion in methanol for three times. Lastly, the wet product was dried at room
temperature under vacuum for 12h. The final products were collected and kept in a
desiccator for further characterization. The Pd@ZIF-8 samples were synthesized
similar as ZIF-8 except for the addition of Palladium acetate (x mmol based on Zinc
salt).

2.3. Synthesis of ZIF-8 in the presence of melamine

A mixture of zinc acetate (8 mmol, 1.765 g), 2-methylimodazole (2-MIM) (8
mmol, 0.66 g) and melamine (0.01 mmol) in distilled water (50 ml) was stirred and
spray dried (similar conditions as for spray drying of ZIF-8 and Pd @ZIF-8 samples).
The produced white powder was collected, washed with methanol followed by
centrifugation and re-dispersion in methanol for three times. Lastly, the wet product
was dried at room temperature under vacuum for 12h. The final products were

collected and kept in a desiccator for further characterization.

2.4. Catalytic hydrogenation

General procedure . for catalytic hydrogenation, 10 mg catalyst (Pd@ZIF-8) was
transferred to a 15 ml Schlenk tube under a constant H, flow. Thereafter, 6 ml
methanol (solvent), 50 ul dodecane (internal standard) and the desired amount of
styrene (substrate) (styrene/Pd = 1000, 500) were transferred into the Schlenk tube.
Finally, a balloon with H, was attached to the Schlenk tube to maintain the H,
atmosphere and temperature was kept at 40°C. Conversion was determined by GC

styrene]0—[styrene]t

following this formula: Conversion % - % 100, where [styrene]0

[styrene]0
is'the concentration of styrene at t=0 and [styrene]t is the concentration of styrene

at a given time.

2.5. Characterization

Transmission electron microscopy (TEM), high resolution transmission electron
microscopy (HR-TEM), high angle annular dark field scanning transmission electron
microscopy (HAAD-STEM) and energy dispersive X-ray spectroscopy (EDX) were
performed on a FEI Osiris fitted with a Super-X windowless EDX detector system,
operated at 200kV. Powder X- ray diffraction (PXRD) patterns of samples were



collected (Using Bruker D8 Advance diffractometer, Bragg-Brentano geometry, Cu
Ko radiation) in the 26 range 3-40°. The surface area and adsorption isotherm
measurements were performed on Micromeritics instrument (ASAP2020) at 77 K
using liquid nitrogen as coolant. Prior to the adsorption measurements, the samples
were evacuated at 200°C under dynamic vacuum for about 3 h. The micropore
surfaces were calculated by the Brunauer-Emmett-Teller (BET) and Langmuir
method (0.005 < P/Py < 0.05). Fourier transform infrared (FT-IR) spectra were
collected on a Perkin-Elmer Spectrum One spectrometer. The binding energies of the
elements in the samples were analyzed using X-ray photoelectron spectroscopy (XPS)
on a Thermo Fisher ESCALAB 250Xi. Elemental analysis was performed using
ICP-AES an Optima4300DV. Substrate conversions during hydrogenation reaction
were determined by GC (Agilent) with a HP-5 column and a flame ionization

detector.

3. Results and Discussion

3.1. Synthesis and characterization of Pd@ZIF-8 with various loadings of palladium

The integration of palladium(0) particles into ZIF-8 was achieved in one step
using spray drying technique.

Fig. 2 displays the PXRD patterns of guest free ZIF-8 sample and Pd@ZIF-8
samples with various Pd contents synthesized by spray drying method. %Pd loadings
of 0.01, 0.05 and 0.1 were obtained as determined by ICP analysis. The PXRD
patterns for the ZIF-8 sample and incorporated Pd@ZIF-8 samples up to 0.05%Pd
loading are similar, confirming that the crystalline structure of ZIF-8 is maintained
after Pd loading up to 0.05%.
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Fig. 2. The XRD patterns of ZIF-8 and incorporated Pd@ZIF-8 samples with various Pd contents.
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Furthermore, the bulk Pd diffraction peaks (20=39°)[34] could not be found in the
XRD pattern demonstrating a well dispersion and/or small crystal size of Pd particles
at ZIF-8 structure. Nevertheless, with increasing the Pd content higher than 0.05% the
intensity of main peak decreased and a broad peak appeared which can be assigned to
the formation of amorphous structures and evading of the crystalline structure. This
phenomenon can be observed from Fig. 2, the XRD pattern of 0.1%Pd @ZIF-8 shows
a broad peak (from 10°-20°) which is completely different from the XRD pattern of
ZIF-8. This observation can imply that introducing too much Pd in the synthesis of
ZIF-8 resulted in the formation of an amorphous phase in the product which coincides

with BET and Nj-physisorption analysis.

The surface area and porosity properties for ZIF-8 and Pd@ZIF-8 samples with
different Pd content were measured by N, adsorption at 77K (see Fig. 3). A type |
isotherm with an appreciable increase in N, uptake at a relative low pressure was
observed for ZIF-8 and Pd@ZIF-8 sample with 0.01%Pd content confirming the
formation of a microporous structure. However, by increasing the palladium content a
sharp decrease in the N, uptake is observed. The surface area of the samples measured
by Brunauer—-Emmett-Teller (BET) method and Langmuir, and porosity properties
(pore volume and pore size) of the samples measured by Horvath-Kawazoe (H-K)
method are summarized in Table 1.

Surprisingly, a-higher N, uptake and as a result a superior surface area and
porosity (larger pore volume) was found for the 0.01%Pd @ZIF-8 sample compared to
ZIF-8. We reasoned that this phenomenon originates from the presence of the acetate
anion, which acts as a weak base and hence is responsible for deprotonating the ligand
which coordinates with the metal ion. Variation parameters including employing
some additives as weak-base can accelerate the deprotonation of the ligand
(imidazole) in the medium solution which can influence the crystal growth and
properties of ZIF-8 as well.[35, 36] This is in agreement with the recent report

investigating the pH influence on the textural properties of MOFs.
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Fig. 3. N, adsorption-desorption isotherms of ZIF-8 and Pd@ZIF-8 with various Pd contents.

It is demonstrated that applying melamine (which is considered as a weak-base) and
keeping the reaction medium within a particular pH range led to the formation of
MOFs with highly crystalline structures having higher surface areas compared with
MOFs synthesized without using melamine while the characterization confirms the
absence of melamine in the pores of as-synthesized MOFs.[37, 38] Additionally, the
weak-base additives act as<accelerator for nucleation and deprotonation of the
bridging Hmim ligand (deprotonation modulation) in ZIF-8 synthesis.[35] Therefore,
increasing the pH value of the spray draying feed solution by using palladium acetate
as acetate source, representing a weak-base in the solution, could be responsible for a
higher N, uptake of the final 0.01%Pd @ZIF-8 sample.

Regarding the role of the pH influence in the reaction medium (feed solution), this
effect was investigated by adding a small amount of melamine (0.01mmol) in the
ZIE-8 feed solution. Indeed, addition of melamine to the ZIF-8 feed solution resulted
in a ZIF-8 sample exhibiting a higher N, uptake, a higher surface area and a larger
pore volume in comparison to the ZIF-8 which is synthesized without applying any
kind of base. (see Fig. S1). This experiment confirmed that the addition of acetate
(weak-base) originating from the Pd source could increase the surface area of
0.01%Pd @ZIF-8. Accordingly, Kim et al.[37]revealed that controlling the pH in the
synthesis of MOF is crucial. They reported that a high pH value resulted in the
formation of complicated crystalline products (impure phases) such as oxo- or
hydroxo-polynuclear zinc(Il) clusters efc., which led to a smaller surface area for the
MOF. Moreover, it is reported that in the case of applying a much higher amount of
weak-base compound the nucleation and crystal growth is expected to be retarded



during the ZIF-8 synthesis.[39] Experiments in this work demonstrate that a low
amount of base in the reaction medium assists in the formation of crystalline
structures. On the contrary, increasing the Pd loading by rising the amount of
Pd-acetate and hence the amount of acetate (weak base), gives rise to the formation of
complicated crystalline products (impure phases) and consequently poor textural
properties, such as low crystallinity (see XRD in Figure 2), low N, uptake, surface
area and porosity of the final product (Fig. 3 and Table 1).

Table 1
Surface area and porosity properties of spray dried ZIF-8 and Pd@ZIF-8 with various Pd loadings.
* calculated by H-K method

o P 1 *
Samples BET (m/g) Langmuir (m%/g) Pore size* (A) ore volume

(cm/g)

ZIF-8 825 909 12.75 0.31
0.01%Pd@ZIF-8 1422 1568 12.65 0.54
0.05%Pd@ZIF-8 183 203 12.86 0.07
0.1%Pd@ZIF-8 17 19 20.5 0.007

Remarkably, the surface area and pore volume for Pd@ZIF-8 samples (except for
the sample contains 0.01% Pd) are less compared to pure ZIF-8 which is more
noticeable for the sample 0.1%Pd @ZIF-8. According to the physisorption data (Fig.
3), (no N, uptake at low P/Py), 0.1%Pd @ZIF-8 sample is not microporous and BET
surface area (and the pore volume) decreased significantly from 825 mz/g (Vm: 0.31
cm’/g) for pure ZIF-8 to 17 m?%g (Vp: 0.007 cm’/g) for 0.1%Pd@ZIF-8. This
phenomenon most probably is due to the formation of more impurities and amorphous
phase which is a result of more acetate present in the feed solution, as explained
previously.

Obviously, for the synthesis PdA@ZIF-8 via spray drying process, a loading higher
than 0.05% palladium in the ZIF-8 structure will result in the formation of amorphous
structures as it is demonstrated by XRD, HAADF-STEM and N; adsorption analysis.

Transmission electron microscopy (TEM) and high angle annular dark field
scanning transmission electron microscopy (HAADF-STEM) images were effectively
applied to investigate the morphology of ZIF-8 bulk and the position of the Pd
nano-particles in or out the ZIF-8 structure. In the HAADF-STEM image of the
0.05%Pd @ZIF-8 sample, the ZIF-8 crystal bulk can be observed and verified by
SAED (Fig. S2a). The corresponding HAADF-STEM-EDX mapping shows that the
Pd nanoparticles are homogeneously dispersed in the ZIF-8 crystal bulk (Fig. S2b,



e-f). The transmission electron microscopy (TEM) images at low magnification show
that the size of ZIF-8 crystals ranges from 500nm to 3pum (Fig. S2a). The HR-TEM
image indicates that the sizes of encapsulated Pd particles are in the range of 2-10 nm
(Fig. S3). The XRD of bulk Pd (26=39°)[34] could not be detected in the XRD pattern
demonstrating a good dispersion (no accumulation to bulk phase of Pd) and/or small
crystal size of Pd particles at ZIF-8. However, for higher Pd loading a poor textural
crystallinity and/or properties was observed. Moreover, it is worth noting that TEM
and corresponding SAED patterns of 0.1%Pd@ZIF-8 sample (Fig. S4) demonstrates
that this sample consists of both crystalline and amorphous phase. All these TEM
results are highly in agreement with the XRD patterns and N, physisorption presented
in Fig.2 and Fig.3 respectively._

Additionally, in order to investigate whether the Pd ‘manoparticles can be
embedded in the ZIF-8 network via this spray drying technique, we first reduced the
Pd content to 0.0001% and this sample is characterized by HADDF-STEM technique.
As it is illustrated in Fig. 4a, the Z-contrast high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) image shows a strongly faceted
ZIF-8 particle. The corresponding selected area electron diffraction (SAED) pattern of
the whole ZIF-8 bulk, displayed in Fig. 4a inset, indicates that the particles is one
single crystal, imaged along the [121] zone axis orientation. The corresponding EDX
spectrum and mapping results of the same particle, presented in Fig. 4b-e, reveal that
the Pd nanoparticles are randomly and homogeneously distributed throughout the
whole ZIF-8 bulk. In Fig.4f, HAADF-STEM image of a typical Pd@ZIF-§8 is
demonstrated. These two- dimensional (2D) (S)TEM results prove that the bulk
consists of a highly crystalline ZIF-8 network with Pd nanoparticles. However, these
2D images do not reveal the 3D location of the Pd nanoparticles with respect to the
ZIF-8 bulk: This can be retrieved through electron tomography, a technique in which
several 2D projections are combined into a 3D reconstruction using a mathematical

reconstruction algorithm.
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Fig. 4. (a) HAADF-STEM image of a Pd@ZIF8 bulk, and corresponding SAED pattern (inset), (b) corresponding
full EDX spectrum and detailed EDX spectrum (inset), (c-e) corresponding EDX mapping results, (f)
HAADF-STEM image of another typical Pd@ZIF-8 bulk, (g) 3D tomographic reconstruction of the Pd@ZIF-8

particle, (h) a slice through the Pd@ZIF-8 particle from the 3D tomographic reconstruction.
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Therefore, HAADF-STEM electron tomography (Fig. 4g-h),
Supporting Information) was carried out to find out the position of Pd nanoparticles.

The volume reconstruction (Fig. 4g) demonstrates the 3D morphology of the ZIF-8
bulk with its typical crystal structure. To achieve a better visualization of location of
the Pd nanoparticles, a slice through the bulk is shown in Fig. 4h. Because of the
Z-contrast of HAADF-STEM, the Pd nanoparticles are easily distinguished through
their higher intensity compared to the ZIF-8 component (indicated by white arrows in



Fig. 4h). These images clearly demonstrate that the Pd nanoparticles are within the
ZIF-8 network.

In summary, Pd nanoparticles are homogeneously distributed inside the ZIF-8, but
as the Pd content increases, more Pd nanoparticles are aggregated on the surface of
the ZIF-8 bulk, and more amorphous phase is obtained via this spray drying synthetic

technique.

As it is illustrated in the FT-IR spectrum corresponding to as-synthesized ZIF-8
(Fig. S5), the absorption band for Zn-N stretching mode is at 427 cm’'. The C-N
absorption bands can be observed in the region from 1147 to 1312 cm™s The 1591
cm™ band represents the C=C stretch. The two bands at 3128 and 2931 are related
to the aromatic C-H and aliphatic C-H stretch of imidazole, respectively. These
peaks completely match with those reported for ZIF-8 frameworks:[40, 41] Without
any doubt, the FT-IR spectrum for the 0.05%Pd@ZIF-8 sample is completely
similar to the ZIF-8 spectrum (see Fig. S5).

X-ray photoelectron spectra (XPS) provide valuable information on the
oxidation state of the Pd and Zn in the Pd @ZIF-8. Fig. 5a represents the general
survey scan of the XPS analysis revealing the existence of Pd, Zn, C and N in the
ZIF-8 coated Pd. The binding energies for Pd 3d were observed at 338.1eV and
343.5¢eV for Pd 3ds» and Pd 3ds; respectively (Fig. Sb) which is representative for
Pd in its zero oxidation state and are in excellent agreement with previously
reported values for Pd°.[42, 43] XPS analysis confirms that Pd nano-particles,
which are considered to be the active site for hydrogenation reactions are present as
Pd” inside the ZIF-8 structure. The binding energies for Zn 2ps» and 2pi» peaks
appeared at 1021.48 and 1044.55 eV, respectively (Fig. 5c) and are in excellent
agreement with literature data for Zn(Il). [44, 45]

Additionally, the white precipitation in feed solution which is formed during
spray-drying, was characterized. Fig. S6 illustrates the XRD pattern and SEM analysis
of 'this sample which strongly confirm that no ZIF-8 structure is formed before the

spray drying process.
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Binding energy of Zn 2p.

3.2. Catalytic study for alkenes hydrogenation

To investigate the influence of Pd content on the catalytic performance,
hydrogenation of styrene was performed using x%Pd @ZIF-8 catalysts with x = O,
0.01,-0.05 and 0.1% of Pd (Fig. 6a). While, guest free ZIF-8 showed no activity
toward hydrogenation of styrene, introduction of Pd inside the ZIF-8 exhibits an
increase in catalytic performance. The best performance was achieved applying
0.05%Pd @ZIF-8. Interestingly, the catalytic activity of the composite containing
0.1% Pd was outperformed by the sample 0.05%Pd @ZIF-8 demonstrating conversion
of 47% and 54% respectively. This observation can be attributed to the less
crystallinity, less porosity and less surface area of the 0.1%Pd @ZIF-8 according to
the XRD, N, adsorption and BET surface area results. Moreover, agglomeration of
palladium particles at higher loading may occur, which results in lower activity.

The hydrogenation of styrene was kinetically evaluated for different Pd/Styrene
ratios using the 0.05%Pd@ZIF-8 since this catalyst exhibited the best catalytic
performance. The kinetic profiles for Styrene/Pd=1000 and 500 are presented in Fig.



6b. Obviously, there is a sharp increase in the initiation rate for hydrogenation of
styrene as the ratio decreased from 1000 to 500 times (54 % vs. 82% conversion).
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Fig. 6. (a) Catalytic hydrogenation of styrene over Pd@ZIF-8 catalysts with different Pd loading. Reaction
conditions: 10 mg catalyst, Pd/Styrene=1/1000, 40°C, MeOH, 1 atm Hy, 24h. (b) The catalytic performance of
0.05%Pd @ZIF-8 for different ratio of Pd/substrate.

Table 2

Hydrogenation of alkene using 0.05%Pd @ZIF-8 as a catalyst compared with reported works.

Entry Catalyst Olefin Product TON Ref
a 410 .
1 Pd@ ZIF-8 styrene ethylbenzene This work
a 75 .
2 Pd@ ZIF-8 cyclooctene’ cyclooctane This work
a 65 .
3 Pd@ ZIF-8 Phenyl acetylene Styrene This work
b 0
4 Pd/ZnO@ZIF-8 cyclooctene cyclooctane 27
c 99
5 Pd@MOF-5 styrene ethylbenzene 15
B 28
6 Pd@MOF-5 cyclooctene’ cyclooctane 15

[a] Reaction condition: 10 mg catalyst, Pd/Styrene=1/500, under H, (atmospheric pressure, balloon), 24h, 40°C [b]
40 mg catalyst, Pd/Styrene=1/10000, under H, (atmospheric pressure, balloon), 24h, 35°C, [c] 50 mg catalyst,
Pd/Styrene=1/100, under H, (atmospheric pressure), 12h and 24h for styrene and cyclooctene respectively, 35°C.



The 0.05%Pd@ZIF-8 sample was further investigated for the hydrogenation of
two other olefins (cyclooctene and phenylacetylene) applying the ratio of substrate/Pd
= 500 (Table 2). Remarkably, comparing with earlier reported works in which Pd
nano-particles were encapsulated in MOF structures, the Pd@ZIF-8 catalyst
synthesized by spray drying technique (this work) demonstrates much better turn over
numbers (TON) for the same substrates. This may be attributed to a better dispersion
of Pd nano-particles inside the ZIF-8 structure. Since the aggregation of metal nano
particles to bulk metal cannot occur during the distribution of metal nano-particles
inside the MOF. In several publications Pd’ is considered as the catalytic- site- in
hydrogenation reaction.[15, 46] Although in the synthesis procedure of Pd @ZIF-8 by
spray drying, palladium(Il) acetate is applied, XPS results revealed that pd’
nanoparticles are present in the ZIF-8. It is assumed that 2-methylimidazol acts as
both the organic linker and the reducing agent. Since, it<is reported that a redox
reaction between organic linker (4,4,4-nitrilotrisbenzoate) and Pd salt resulted in the
formation of Pd nanoparticles.[45] In addition, metal nanoparticles are formed in the
presence of octadecylamine and it is believed that electrons can transfer from the
amine to metal ions to form metal nanoparticles.[47] Therefor, similarly a redox
reaction can occur between 2-methylimidazole and the palladium salt. Moreover, even
acetate can act as a reducing agent which was demonstrate by Lim et al.[48]. In the
following, more investigation has been done by pretreating the 0.05Pd @ZIF-8 sample
with H, gas (H, at 150°C for 2 hours) to reduce Pd salt (if there is any) to Pd NPs and
then applied for hydrogenation of styrene. Interestingly, the obtained conversion for
styrene was similar to.the conversion obtained by the catalyst without pretreatment
(85% vs. 82%), confirming the presence of Pd’ inside the ZIF-8.

From industrial point of view, recyclability of heterogeneous catalysts is an
important and essential feature. In order to investigate the recyclability, hydrogenation
of styrene was performed on Pd @ZIF-8 sample containing 0.05% Palladium. Three
consecutive hydrogenation runs were performed while after each run the spent
catalyst was separated by centrifugation, washed thoroughly with methanol followed
by drying in vacuum for 24h at room temperature. The conversions of three runs were
82%, 81% and 78% for the first, second and third run, respectively. According to the
XRD results (Fig. S7), the crystalline structure of Pd@ZIF-8 remained unchanged
after 3 runs. The surface area (BET) and pore volume of the spent catalyst are similar
to the fresh sample (Table S1). Moreover, XPS analysis demonstrated that binding
energies for Pd and Zn in spent and fresh sample are matching perfectly (Fig. S8).

4. Conclusions



We have presented a facile one-step synthesis of nano-sized palladium loaded at
ZIF-8 structure via spry-drying. The structure of Pd@ZIF-8 remained crystalline
however; the amorphous phase appeared at higher Pd content which is evident from
XRD and BET analysis and HAAD-STEM images. The 0.05%Pd@ZIF-8 sample was
concluded not only as the best Pd loading applied for styrene hydrogenation reaction
but also as the highest loading of metal in which crystalline structure of ZIF-8 is
preserved by this synthesis procedure. Vividly, HAAD-STEM analysis displayed that
palladium nanoparticles are formed inside the ZIF-8 structure. Hence, spray-dry
technique could be considered as an efficient, remarkable and forward method to

accelerate the synthesis of Pd@ZIF-8 for industrial applications.
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Abbreviations

PXRD Powder X-Ray Diffraction

TEM Transmission Electron Microscopy

HR-TEM high-resolution transmission electron microscopy

SAED Selected Area Electron Diffraction

HAAD-STEM High Angle Annular Dark Field Scanning Transmission Electron
Microscopy

EDX Energy Dispersive X-ray Spectroscopy

XPS X-ray Photoelectron Spectroscopy
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Highlights:

e  Spray-dry technique was applied to synthesis Pd@ZIF-8.

e  With this technique PA@ZIF-8 was prepared without employing any stabilizer or
surfactant.

e The synthesis procedure is-included just one step.

e Characterization of pd @ZIF-8 demonstrated the presence of Pd nano-particles
inside the ZIF-8 structure.

¢ Pd@ZIF-8 as aheterogeneous catalyst showed excellent activity in alkene

hydrogenation.



