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Pd@MIL-101(Cr) hetero-catalysts have been successfully prepared using the metal-organic chemical
vapour deposition (MOCVD) approach, by choosing [Pd(n®-CsHs)(n°-CsHs)] as a volatile precursor, and

the hydrothermally stable metal—organic framework, MIL-101(Cr) as a support. The prepared Pd@MIL-
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Accepted 20th December 2016 101(Cr) hetero-catalysts characterized with various analytical techniques, exhibited highly monodispersed

immobilized Pd nanoparticles in the MIL-101(Cr) cavities, while retaining the pristine crystallinity and
porosity. The intact hybrid Pd@MIL-101(Cr) has been demonstrated to be an efficient catalyst for 2-
butyne-1,4-diol hydrogenation with excellent activity, stability and selectivity (2-butene-1,4-diol (>94%)).
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1. Introduction

Metal-organic frameworks (MOFs), a new class of porous crys-
talline materials, also called porous coordination polymers
(PCPs), are constructed by the coordination of metal ions/
clusters and organic bridging ligands."” The versatility of
a vast number of organic and inorganic building struts and the
possibility of modifying and functionalizing the frameworks by
conventional chemistry strategies imbue the MOFs with diver-
sity and enhanced capabilities for a plethora of applications.**®
A key structural feature of MOFs is the ultrahigh porosity (up to
90% free volume) and high internal surface areas, with values
up to 7000 m? g~ ! for NU-109 and NU-110.” As a result of these
outstanding structural features, high porosity and
tunability, MOFs have emerged as a class of promising mate-
rials with regards to applications in gas storage/separation,®
luminescence,’ sensing,'® drug delivery,"* catalysis,"»** and
photoelectric conversion.'*

The encapsulation of metal nanoparticles (MNPs) into MOFs
has been demonstrated to be an efficient method to impede
MNP aggregation and benefit from their activity for heteroge-
neous catalysis.’®’” Among the well-established methods for
fabrication of MNPs@MOFs, such as incipient wetness infil-
tration,” and double solvent method,"” direct diffusion/
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adsorption of the volatile metal precursors into MOFs cavities
is considered as one of the most appropriate strategies for
fabrication of MNPs@MOF composites. Through which, the
problem of solvent-induced competitive adsorption with metal
precursors and structure destruction can be substantially sup-
pressed. Pre-capped MNPs with surfactants have been demon-
strated to be loaded into MOFs with a controlled dispersion
such as Ru@MOF-5 and Au@ZIF-8.>>** However, the catalytic
performances are severely affected by the capped surfactants.>

Solvent-free gas-phase infiltration, also known as metal-
organic chemical vapour deposition (MOCVD), has been shown
to be an effective approach to incorporate Pd NPs into MOF-5 by
Fischer and co-workers.”*** Compared to solution-based
impregnation of MOFs with MNPs, MOCVD exhibit advan-
tages in avoiding MOF destruction, competitive adsorption
between solvents and metal precursors.>

The production of 2-butene-1,4-diol (BED) and 1,4-butane-
diol (BDO) with hydrogenation of 2-butyne-1,4-diol (BYD) has
an important industrial use.*® As an essential starting material
with a worldwide production =5000 tons per year, BED is used
for the synthesis of vitamins and insecticides.”” BDO has also
numerous applications in manufacturing polymer and chem-
icals such as tetrahydrofuran and y-butyrolactone. The hydro-
genation of BYD has been widely studied using Pd-/Ni-based
catalysts supported on CaCO;,*** carbon®* and alumina.*
However, further hydrogenation of BED is ineluctably accom-
panied with side reactions including double bond migration,
cyclization, hydrogenolysis and isomerization forming various
by-products as shown in Fig. 1, which leads to an extremely low
selectivity.*> While the use of Pd composites with Zn, Cu, Pb*
and the introduction of basic reaction modifiers such as pyri-
dine, quinoline or isoquinoline®** has been carried out to

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Reaction network for 2-butyne-1,4-diol hydrogenation.

improve the selectivity of BED, the conversion efficiency of the
hydrogenation of BYD was significantly decreased.

It has been demonstrated previously that MOFs can modu-
late the catalytic properties of the encapsulated NPs.***® Very
recently, Tang and co-workers have demonstrated that MOFs
can be used as selectivity regulators for hydrogenation reac-
tions.”” The porous structure of MOFs allow volatile metal-
organic precursors to diffuse into the pores, adsorb on the
interior of MOFs, facilitate reactants to reach the metal sites in
the pores and products to release from the active sites. Among
the huge numbers of reported MOFs, MIL-101(Cr) exhibit, in
addition to the high surface area (up to 4000 m”> g~ ), excellent
thermal and chemical stability to solvents than other MOFs.**
The pore size of MIL-101(Cr) amounts to be 2.9-3.4 nm with
large window sizes of 1.2-1.4 nm. These features make MIL-
101(Cr) an excellent support for fabrication of metal
NPs@MOF hetero-catalysts using volatile metalorganic as
precursors.>*?**

Herein, we successfully demonstrate the immobilization of
uniform and highly dispersed palladium nanoparticles into the
MIL-101(Cr) using the MOCVD approach at low temperature
using volatile Pd(n*-C3;H;s)(n’-CsHs) precursor. The catalytic
performance of PdA@MIL-101(Cr) towards the selective hydro-
genation of BYD to BED were examined. To best of our knowl-
edge, this is the first demonstration of Pd@MIL-101(Cr) for 2-
butyne-1,4-diol hydrogenation with excellent activity and
selectivity of 2-butene-1,4-diol (>94%).

2. Experimental
2.1 Preparation of PA@MIL-101(Cr)

The metal-organic precursor [Pd(n*-C3H;)(n’-CsH;)] has been
synthesized according to previously reported literature proce-
dures.**® MIL-101(Cr) was prepared using a hydrothermal
method with some minor modifications.*® In brief, terephthalic
acid (0.82 g, 5 mmol), Cr(NO3);-9H,0 (2.0 g, 5 mmol), HF (0.2 )
and H,0 (24 ml, 1333 mmol) were mixed and stirred for 15
minutes. After that, the mixture was introduced into a Teflon-
lined steel autoclave and heated at 220 °C for 8 h. After cool-
ing to room temperature, the obtained green mixture was
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filtrated using a large pore fritted glass filter (G2) to separate the
free recrystallized terephthalic acid. The green products were
collected by centrifuging and washed with H,O, DMF and
ethanol for three times, respectively. Finally, the recovered
sample was dried under vacuum at 150 °C for 12 h to remove the
adsorbed water molecules.

The gas-phase loading was performed in a specially designed
CVD apparatus, where Pd(n*-C;H;)(n’-CsHs) and MIL-101(Cr)
were placed separately on the glass sieve plate, allowing the
gas flow to pass through them sequentially. The temperature
was controlled by a CVD oven, coupled with two mass flow
controllers to monitor the flow of Ar and H,. The Pd(n’-
C3H;)(n>-CsH;) vapour was carried with Ar and spread, followed
by adsorption on the pre-activated MIL-101(Cr) at 30 °C for 12
hours. Subsequently, the reduction of Pd ions to Pd was per-
formed by introduction of H, at 30 °C for 2 hours. Finally, the
products were further treated with Ar for 12 hours to get rid of
the hydrocarbon residues.

2.2 Characterization of PdA@MIL-101(Cr)

Powder X-ray diffraction (PXRD) patterns were recorded at
ambient temperature with D/MAX-2400 diffractometer at 40 kV,
100 mA for Cu Ka. (A = 1.5418 A). The Brunauer-Emmett-Teller
(BET) surface area, pore volume and pore size distribution of
the samples were measured with N, adsorption-desorption
isotherms at 77 K using a Quantachrome Autosorb-IQ appa-
ratus. Thermogravimetric (TG) experiments were carried out on
a Mettler Toledo TGA/SDTA851° thermogravimetric analyzer.
As-prepared MIL-101(Cr) was heated from 25 °C to 600 °C in air
at a constant rate of 5 °C min~'. The Pd contents in the
Pd@MIL-101(Cr) catalysts were determined by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES)
(Perkin-Elmer Optima 2000DV). Fourier transform infrared
(FT-IR) spectra were collected at room temperature using
a Thermo fisher Nicolet 6700 spectrometer with a resolution of
0.09 cm ™. Transmission electron microscopy (TEM) measure-
ment was done using a JEOL model JEM-2000EX at 120 kV to
examine the Pd NPs encapsulated into MIL-101(Cr).

2.3 Characterization of catalytic performance

The catalytic performance of Pd@MIL-101(Cr) catalysts for
selective hydrogenation of 2-butyne-1,4-diol was examined in
a 50 ml batch reactor using H,O as solvent. Typically, the
catalysts were reduced at 200 °C for 2 h under Ar and H, (Ar : H,
= 2:1), followed by passivation under Ar overnight. The reac-
tion mixture which contained 1,2-propanediol (1 g) and 2-
butyne-1,4-diol (1 g) dissolving in H,O (18 g) and freshly
passivated catalyst (0.03 g) was added into the batch reactor.
After purging with H, for 5 times, the reactor was heated to the
desired temperature and then filled with a particular H, pres-
sure under stirring (600 rpm). After the reaction was completed,
the reactor was cooled to room temperature, and the products
were separated by centrifuging and subsequently analysed by
gas chromatograph (GC-7890F, FID, FFAP column 30 m x 0.32
mm x 0.5 pm). In order to test the recycling sustainability, the
Pd@MIL-101(Cr) after hydrogenation reaction was separated by
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centrifuging followed by washing with water, and reused for
a new batch of hydrogenation reactions. The PdA@MIL-101(Cr)
catalysts were reused for four times.

3. Results and discussion
3.1 Characterization of MIL-101(Cr) and Pd@MIL-101(Cr)

In order to characterize the crystalline structure of as-
synthesized MIL-101(Cr) and Pd@MIL-101(Cr), X-ray diffrac-
tion (XRD) experiments have been carried out. The XRD
patterns of the as-prepared MIL-101(Cr) and Pd@MIL-101(Cr)
with various amounts of Pd loadings are depicted in Fig. 2.
The XRD pattern of as-synthesized MIL-101(Cr) is in excellent
agreement with the simulated XRD pattern, presenting the
characteristic diffraction peaks at 26 = 2.81°, 3.29°, 3.98°, 5.19°,
5.92°,9.62°, which confirms the successful construction of MOF
supports for subsequent Pd NPs loading. A close look at the
peaks at 2.81° and 3.29°, the relative peak intensity changes for
MIL-101(Cr) and Pd@MIL-101(Cr) compared with simulated
one. This phenomenon results from the small amounts of
residual terephthalic acid and the introduction of Pd NPs into
the MIL-101(Cr) pores.** The MIL-101(Cr) didn't show
apparent loss of crystallinity after deposition of Pd precursor
and reduction treatment, which confirms the high stability of
this MOF. It should be noted that the diffraction peaks from Pd
NPs were not observed in the wide-angle XRD patterns
(Fig. S17), which is attributed to the small Pd loading amounts.
The existence of Pd species is revealed by inductively coupled
plasma (ICP) for three different batches of Pd@MIL-101(Cr).
The analysis of ICP results, show that Pd loadings of 0.38
wt%, 0.62 wt% and 1.82 wt% were obtained via changing the
mass ratio of Pd(n*-C3H;)(n>-CsH;) in MIL-101(Cr).

N, physisorption experiments were performed to study the
porosity of the parent MIL-101(Cr) and Pd@MIL-101(Cr) with
different Pd loadings. All the samples exhibit the typical type I
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Fig.2 Powder X-ray diffraction patterns of: (a) simulated MIL-101(Cr),
(b) MIL-101(Cr), (c) 0.38 wt% Pd@MIL-101(Cr), (d) 0.62 wt% Pd@MIL-
101(Cr), (e) 1.82 wt% Pd@MIL-101(Cr), (f) recovered 0.62 wt% Pd@MIL-
101(Cr) after reaction.
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isotherms as shown in Fig. 3a. The pore size distribution curves
are displayed in Fig. 3b, which shows the presence of two
different pore sizes with values of 1.4 nm and 1.7 nm, con-
firming the formation of micropores of MIL-101(Cr). The Bru-
nauer-Emmett-Teller (BET) surface area, micropore area and
volume are listed in Table 1, which are well agreement with the
reported values.**** In comparison with pristine MIL-101(Cr),
the PA@MIL-101(Cr) exhibits a slight decrease of Spgr and
total volume for the low Pd content of 0.38 wt% and 0.62 wt%.
However with increasing the Pd content up to 1.82 wt%, the Sggr
and total volume dramatically decrease from 3099 m* g~ ' and
1.59 cm® ¢ 7' to 1833 m* g ' and 1.16 cm® g™, respectively, as
aresult of the occupation of cavities or block of outer surfaces of
MIL-101(Cr) with Pd NPs.

The stability of MIL-101(Cr) was investigated using a thermal
gravimetric analysis (TGA) in the temperature range from 25 °C
to 600 °C under atmosphere conditions. Two distinct weight-
loss steps are clearly seen from TGA curves as displayed in
Fig. S2.1 The first weight-loss of 46% occurs in the range 25-
250 °C, which is corresponds to the release of guest water
molecules from framework. The second weight-loss of 32%
starts from 300 °C with obvious drop, until a constant weight is
reached after the temperature is up to 380 °C, which is mainly
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Fig. 3 N, adsorption—desorption isotherms at 77 K (a) and pore size
distribution curves (b) for MIL-101(Cr), Pd@MIL-101(Cr) (Pd 0.38 wt%,
0.62 wt% and 1.82 wt%) and recovered Pd@MIL-101(Cr) after reaction.
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Table 1 Textural properties of MIL-101(Cr) support and Pd@MIL-101(Cr) catalysts

Sample Sger (M* g™ 1) MA“ (m* g™ ) EA? (m? g™ MV (em® g ) TV (em® g7Y)
MIL-101 3099 2878 221 1.32 1.59

0.38 wt% Pd@MIL-101 2711 2406 305 1.13 1.56

0.62 wt% Pd@MIL-101 2805 2565 240 1.20 1.56

1.82 wt% Pd@MIL-101 1833 1521 312 0.72 1.16

0.62 wt% Pd@MIL-101 after reaction 1963 1659 304 0.74 1.22

“ Micropore area. ” External surface area. ¢ Micropore volume. ¢ Total volume.

attributed to the departure of OH/F groups and the decompo-
sition of the framework. These results indicate that the as-
synthesized MIL-101(Cr) is stable below 300 °C for the cata-
lytic reactions.’®

The IR spectra of MIL-101(Cr), Pd(n*-C;Hs)(n>-CsHs)@MIL-
101(Cr) and Pd@MIL-101(Cr) are presented in Fig. 4. The
characteristic bands at 1401 cm™ ' and 1617 cm ™" are observed
for all the samples, which are assigned to the symmetric and
asymmetric vibrational stretching of COO™ groups,*® respec-
tively. The observed weak and narrow bands at 749 cm™*, 1017
em ! and 1157 em™ ' can be assigned to 3(C-H) and y(C-H)
vibrations of the benzene rings.*” The presences of the above
vibrational bands strongly confirm the successful formation of
MIL-101(Cr) framework. Weak bands at 582 cm ™" are likely due
to the in-plane and out-of-plane bending modes of the COO-
groups. The weak band appeared at 2929 cm ' for Pd(n’-
C;3H;5)(n’-CsH5)@MIL-101(Cr) is ascribed to vibrations of allyl,
identifying that the successful deposition of Pd(n*-CsHs)(n’-
CsH;s) in MIL-101(Cr). The other features of Pd(n*-C;Hs)(n’-
CsHs) are not seen due to the low loading content or the overlap
with the bands from host MIL-101(Cr) material. The intense and
broad bands around 3426 cm™ ' can be attributed to the OH
vibrations, which suggest the existence of a large amount of
water molecules within these samples. As expected, the band at
2929 ecm™"' for PA@MIL-101(Cr) disappeared after hydrogen

|
|

| Ar-H Ar-H
(N e

()
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-

1500

4000 3500 3000 2500 2000 1000 500
Wavenumber (cm'l)

Fig. 4 FT-IR spectra of (a) MIL-101(Cr), (b) Pd(n*-CzHs)(n>-CsHs)
@MIL-101(Cr), and (c) Pd@MIL-101(Cr).
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reduction indicating the successful occurrence of reduction of
the Pd(n?-C3H;)(n>-CsH;) precursor to the desired Pd NPs.

The X-ray photoelectron spectroscopy (XPS) was used to
study the chemical state of Pd during preparation of Pd@MIL-
101(Cr) catalyst. The peaks appeared at 337.4 eV and 342.7 eV
in Fig. S3at for Pd(n3-C;H;)(n>-CsH;)@MIL-101(Cr) correspond
to Pd 3ds/, and Pd 3ds,, of Pd(n) existed in the Pd(n*-C5Hs)(n’-
CsHs) respectively, which confirms the successful deposition of
Pd precursor on MIL-101(Cr). After treated with H,/Ar, the
sample color changes from reddish brown to black, the 3ds,
and 3ds;, peaks of Pd(0) appeared at 335.6 eV and 340.9 eV
(Fig. S3bt) indicates Pd(u) has been reduced to Pd(0).** While
the two bigger peaks at 337.3 eV and 342.6 eV observed for
Pd@MIL-101(Cr) corresponds to the Pd(u) of PdO due to the
oxidation of metallic Pd in PA@MIL-101(Cr) in air during the
transport for XPS measurement.**

The TEM images of the as-prepared PA@MIL-101(Cr) with
different Pd loadings are shown in Fig. 5. The typical cubic
structure for pristine MIL-101(Cr) is clearly seen,* which indi-
cates that the intact structure is preserved after Pd incorporation.
In addition to that, the Pd nanoparticles are obviously seen and
are uniformly dispersed within MIL-101(Cr) with an average
nanoparticle sizes of 6.49 nm and 6.53 nm for Pd content of 0.38
wt% and 0.62 wt%, respectively, which is substantially larger
than the pore size of MIL-101(Cr) with a value of 1.2 nm.
Therefore, the Pd nanoparticles occupied several adjacent pores
instead of single pore of MIL-101(Cr)."” Upon increasing the Pd
loading content up to 1.82 wt% the average nanoparticle size of
Pd has increased to 9.21 nm, which is due to the aggregation of
Pd nanoparticles at high loading amounts. The formation of
these agglomerations leads to the occupation of several adjacent
pores beyond MOF cavity by these larger Pd nanoparticles. The
obtained TEM images strongly support the formation of highly
dispersed Pd nanoparticles within the MIL-101(Cr) abundant

100 nm 100_nm

100 nm

Fig. 5 TEM images of (a) 0.38 wt% Pd@MIL-101(Cr), (b) 0.62 wt%
Pd@MIL-101(Cr), (c) 1.82 wt% Pd@MIL-101(Cr).
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cavities."”” The catalytic activity of as-prepared Pd@MIL-101(Cr)
samples were further investigated in the selective hydrogena-
tion of 2-butyne-1,4-diol.

3.2 Catalytic performances

Palladium based catalysts have been proven to be one of the most
effective catalysts for achieving the transformation of alkynes, in
particular, for the catalytic partial hydrogenation (semi-
hydrogenation) of alkynes to alkenes.***" As shown in Fig. 1, in
first step, the 2-butene-1,4-diol (cis-BED and/or trans-BED) were
generated through the hydrogenation of BYD, the produced BED
adsorbed on the Pd sites to be further hydrogenated and yield -
hydroxybutyraldehyde, n-butyraldehyde, n-butanol, crotyl alcohol
and acetal due to the double bond migration and hydrogenolysis
of BED, which are treated as side products in this work. In this
study the selective hydrogenation of 2-butyne-1,4-diol (BYD) was
chosen as a model system for the evaluation of the catalytic
performance of the prepared PA@MIL-101(Cr) samples.

The catalytic performance of the as-prepared PdA@MIL-101(Cr)
samples, such as catalytic activity, selectivity and reaction path-
ways with respect to hydrogenation of BYD has been evaluated
under mild conditions at 50 °C and 0.5 MPa using water as
solvent. Fig. 6a displays the changes of reactant and products
concentration as a function of time and Fig. 6b shows the BED
selectivity versus BYD conversion.”** It can be seen that the
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Fig. 6 Changes of reactant and products concentration as a function
of time (a) and BED selectivity versus BYD conversion (b). Reaction
conditions: Pd@MIL-101(Cr) (0.03 g, Pd 0.62 wt%), temperature (50
°C), H» (0.5 MPa).
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conversion of BYD increased with prolonging the reaction time,
and reached 93.3% after 5 h, suggesting the high activity of small
amount of PdA@MIL-101(Cr) under these mild conditions. This
extremely high selectivity of about 99.0% remained constant
until the BYD conversion increased to 72.5%, and the formation
of BED was mainly from BYD hydrogenation without being
further catalysed to yield BDO and other side products. This is
correlated to that the majority of the unconverted BYD are
absorbed on Pd NPs, due to the stronger adsorption affinity on
the metal surface compared with BED, which therefore hindered
further hydrogenation of BED and the formation of side prod-
ucts. When the conversion of BYD was above 72.5%, the selec-
tivity of BED slightly decreased, as a result of the further reaction
of BED, which leads to the formation of BDO and other side
products. This leads to the increase in the reaction selectivity
toward BDO and the other side products. It should be noted that
the content of BDO was higher than that of side products during
the first 4 h of the reaction, which suggests that hydrogenation
was easier than the double bond migration and hydrogenolysis
for BED.

The influence of temperature on the conversion of BYD and
selectivity of the different products was also investigated, by
variation of reaction temperature from 40 °C to 80 °C at the same
pressure of 0.5 MPa. In Fig. 7a, the conversion of BYD increased
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Fig. 7 Effect of temperature (a) and H; pressure (b) on the conversion
of BYD and selectivity of different products. Reaction conditions:
Pd@MIL-101(Cr) (0.03 g, Pd 0.62 wt%), temperature [50 °C for (b)], H»
[0.5 MPa for (a)].
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from 42.0% to 100% with increasing temperature from 40 °C to
70 °C, which can be well explained by significantly impact of
temperature on the reaction kinetics.>® In contrast, the slightly
decreased selectivity of BED and increased selectivity of BDO and
side products, which are mainly caused by the consumption of
BYD, and the BED being activated on Pd NPs leading to the
formation of other side products. It can be seen that the selec-
tivity of BED still remain at 93.2% when BYD was completely
converted at 70 °C, this value is higher than 82.8% when 93.3% of
BYD were converted at 50 °C. This result clearly indicates that
higher temperature is in favour of obtaining high selectivity of
BED until the BYD were completely consumed due to the more
obvious accelerative effect in the hydrogenation of BYD.

Fig. 7b depicts the conversion of BYD and the selectivity of
BED and other products versus hydrogen pressure from 0.1 MPa
to 1.0 MPa. With the increase of hydrogen pressure the
conversion of BYD increases almost linearly, which is due to the
improved gas-liquid and liquid-solid mass transfer coefficient
and acceleration of conversion rate.** The selectivity of BED
show a slight decrease from 98.3% at 0.1 MPa to 96.9% at
0.7 MPa, and further decreased to 85.6% when the pressure
reached 1 MPa. As discussed above, the majority of BYD was
consumed under high pressure within 4 h, which explains well
the variation in selectivity towards BED and the formation of
undesired side products. In addition, the influence of different
Pd loadings (0.38 wt%, 0.62 wt%, and 1.82 wt%) of Pd@MIL-
101(Cr) on the activity and selectivity for BYD hydrogenation
was examined. The results reveal that with increasing Pd
loading content, the conversion of BYD increases (Fig. S41) due
to the existence of more active sites in PA@MIL-101(Cr) cata-
lysts with higher Pd content.

The different catalytic tests have shown that the selectivity of
BED can reach 94% with complete consumption of BYD by
using the as-prepared PA@MIL-101(Cr) as catalysts for hydro-
genation reaction under appropriate conditions. The PA@MIL-
101(Cr) catalysts exhibit excellent performance for BYD hydro-
genation compared to the commercial Pd/C catalysts (5 wt% Pd/
C (Johnson Matthey)) with 72.5% of selectivity towards BED
when 19.1% of BYD were consumed,* and comparable perfor-
mance of Nanoselect or Lindlar catalysts with the selectivity of
97%.°**” In addition to that the selectivity of BED is lower than
10% until the complete consumption of BYD for the 0.5 wt% Pd/
C with the commercial activated carbon (Chemviron SCXII)
used as a support,®® and the PA@MIL-101(Cr) shows higher
selectivity for BED than Bio-Pd* and Bio-Pt** with the same
conversion of BYD. The comparison of the Pd@MIL-101(Cr)
with other reported catalysts for 2-butyne-1,4-diol hydrogena-
tion can be found in Table S1.f It is well known that metal
nanoparticles terraces are favourable for alkyne hydrogenation,
while the vertex and edge sites are favourable for alkene
hydrogenation or isomerization.®® The excellent catalytic
performance of high selectivity of BED can be well explained as
follows: (i) the Pd nanoparticles with irregular shape were
encapsulated in the cavities of MIL-101(Cr) resulting in the
block of the parts of the vertex and edge sites by the framework,
therefore, further hydrogenation and isomerization of BED is
substantially suppressed; (ii) alkene hydrogenation may take
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Fig. 8 Catalyst recycle studies for 1.82 wt% Pd@MIL-101(Cr). Reaction
conditions: Pd@MIL-101(Cr) (0.03 g, Pd 1.82 wt%), temperature (50 °C),
H2 (0.5 MPa).

place on terraces with the absence of starting alkyne; (iii) the
first stage of BYD hydrogenation proceeds much faster than the
second stage of BED hydrogenation due to stronger adsorption
of BED on the metal-organic coordination polymers than that
on activated carbon.>®

To evaluate the stability of PA@MIL-101(Cr), which is an
essential requirement for industrial catalysts, XRD and N,
adsorption experiments were conducted to examine the struc-
tural stability before and after catalytic reactions. As shown in
Fig. 2f, the main characteristic diffraction peaks of the
Pd@MIL-101(Cr) have virtually no change after reaction,
strongly confirms the high stability of the used PdA@MIL-101(Cr)
catalysts. The dramatic decrease of the surface area (Sggr) for
0.62 wt% Pd@MIL-101(Cr) after reaction (Fig. 3a and Table 1)
and the slight shift in the pore size distribution (Fig. 3b) are
caused by partial-collapsed frameworks during the reaction. By
comparison of the TEM image of Pd@MIL-101(Cr) obtained
after reaction with the fresh catalysts (Fig. S51), the octahedral
structure of MIL-101(Cr) remains unchanged and no occurrence
of Pd nanoparticles aggregation.

Recyclability, the other essential requirement for industrial
catalysts in industrial applications, was evaluated for PdA@MIL-
101(Cr) with BYD hydrogenation. The recyclability of 1.82 wt%
Pd@MIL-101(Cr) for BYD hydrogenation is shown in Fig. 8,
which shows that the PA@MIL-101(Cr) exhibits excellent recy-
clability up to 5 successive cycles. The conversion of BYD shows
almost no decrease after the different cycles, with nearly 100%
conversion during hydrogenation reaction. The selectivity of
BED was above 86% in first run, and remained above 90% in the
later four runs. The slightly improved selectivity of BED can be
due to the partial collapse of frameworks during reaction, which
could lead to the blocking of more vertex and edge sites, which
will favour the hydrogenation or isomerization of BED.

4. Conclusions

In summary, we have successfully demonstrated the prepara-
tion of Pd@MIL-101(Cr) hetero-catalyst using the MOCVD
approach, by employing Pd(n-C;Hs)(n>-CsHs) as volatile
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precursor and MIL-101(Cr) as support. TEM confirms the
presence of the Pd NPs and their high dispersion within the
cages of MIL-101(Cr) without affecting the MOF structure,
crystallinity and porosity compared to pristine MIL-101(Cr). The
high catalytic activity and excellent selectivity of BED was ach-
ieved for the prepared PA@MIL-101(Cr) in the partial hydroge-
nation of BYD, due to the high dispersion and well confined Pd
NPs within MIL-101(Cr), which suppresses further hydrogena-
tion and isomerization of BED. The recyclability of the PdA@MIL-
101(Cr) hetero-catalyst were also evaluated, and has shown that
they possess excellent stability. Our results have revealed that
the hybrid PA@MIL-101(Cr) is a promising hetero-catalyst for
BYD hydrogenation towards industrial applications. Further
improvements of the selectivity of BYD hydrogenation by opti-
mizing the PA@MIL-101(Cr) catalyst and developments of other
metal NPsS@MOFs hetero-catalysts are undergoing in our lab.
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