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ABSTRACT: Metal nanoparticles encapsulated in zeolite
have been recently developed as a special type of catalyst that
shows significant advantages in activity, shape-selectivity, and
stability over conventional supported catalysts. The selectivity
modulation of encapsulated nanoparticle catalysis by the
zeolite microenvironment is theoretically possible but not
addressed yet. Here, we report the in situ encapsulation of
sub-nanometric palladium species within MFI-type zeolites,
which exhibit high activity and good stability in the
hydroconversion of furfural as a model reaction of biomass
upgrading. Remarkably, different products, e.g., furan, furfural
alcohol, and 1,5-pentanediol, from furfural hydroconversion
can be obtained when silicalite-1, Na-ZSM-S, and H-ZSM-5
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are employed as hosts of palladium nanoparticles, respectively. Density functional theory calculations and spectroscopy
investigations reveal that both the adsorption of furfural and the activation of hydrogen are significantly affected by the zeolite
microenvironment, leading to different reaction pathways. Our work presents an elegant example of catalytic selectivity
modulation of encapsulated metal nanoparticles by tuning the zeolite microenvironment.
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1. INTRODUCTION

Supported metal catalysts, a most common type of materials
employed in heterogeneous catalysis, play a critical role in the
sustainable production of fuels and chemicals. The perform-
ance of supported metal catalysts is controlled by many
interrelated factors, e.g, the intrinsic properties of metal
centers, the sizes of metal particles, the functionalities of
supports, and the interaction between metals and supports,
which make supported metal catalysts very complicated
systems to interpret.  In addition, the reconstruction and
sintering of metal particles during reaction contributes to an
important issue of supported metal catalysts.*°

Zeolites are widely used support materials for metal centers
that can provide fine-tuned acid—base sites, special electronic
interactions, and well-defined channels for catalytic processes.”
Metal nanoparticles encapsulated in zeolites have been recently
developed as a unique type of supported metal catalyst.”™"
The steric restrictions from zeolite channels can effectively
suppress the aggregation of metal particles during both catalyst
preparation and catalytic reaction processes, generating highly
active zeolite-encapsulated uniform metal particles with
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remarkable stability against sintering.”~'® Moreover, compared
with metal particles on the outer surface of zeolites, zeolite-
encapsulated metal nanoparticles exhibit attractive substrate-
shape selectivity in catalytic reactions.'” >
zeolite-encapsulated nanoparticles can hopefully address most

It seems that

of the important issues of supported catalysts, i.e., activity,
selectivity, and stability. But this is far from the end of the
story. Zeolites are not inert supports, and they can provide a
specific microenvironment, e.g., confinement effects and
functional sites, for catalytic reactions. The confinement effects
can modulate the properties of metal nanoparticles, which
accordingly result in different catalytic properties. The
functional sites, e.g, acid—base sites, are in close proximity
with the encapsulated nanoparticles and can further alter their
properties. However, to our knowledge, the impacts of the
zeolite microenvironment on the catalytic behaviors of
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encapsulated metal nanoparticles are not well understood so
far.

Here, we report the in situ encapsulation of palladium
nanoparticles in MFI-type zeolites and the construction of
robust catalysts on the basis of encapsulated palladium
nanoparticles and MFI zeolite microenvironment. The catalyst
systems are applied in the hydroconversion of furfural (FFL),
which is an important biomass-derived platform molecule that
can be transformed into several value-added chemicals, e.%.,
furfural alcohol (FAL), 2-methylfuran (2-MF), and furan.*' >’
Significantly, we demonstrate, for the first time, the selectivity
modulation of palladium catalysis by a zeolite microenviron-
ment, which can shed a light on the rational design of zeolite-
encapsulated noble metal nanoparticles for selective catalysis.

2. EXPERIMENTAL SECTION

2.1. Chemical Reagents. The following reagents were
directly used without further purification: silica solution (50 wt
% Si0,, Alfa Aesar), sodium aluminate (NaAlO,, J&K),
tetrapropylammonium hydroxide solution (TPAOH, 40 wt %
in water, Macklin), sodium hydroxide (NaOH, J&K), Pd-
(NO;), solution (40.1 wt % in methanol, Aladdin), (3-
mercaptopropyl)trimethoxysilane (MPTS, Adamas), ammo-
nium nitrate (NH,NO;, J&K), sodium nitrate (NaNOj;, J&K),
nitrobenzene (99%, J&K), l-nitronaphthalene (98%, J&K),
sodium borohydride (98%, J&K), 4-methoxyphenylboronic
acid (98%, J&K), iodobenzene (98%, TCI), 2,4,6-trimethyl
iodobenzene (97%, J&K), potassium carbonate (99%, J&K), 2-
propanol (99%, Alfa Aesar), furfural (99%, Alfa Aesar), and n-
dodecane (99%, Acros).

2.2. Encapsulation of Palladium Nanoparticles in MFI
Zeolites. Pd-SH Precursor. Pd-SH precursor was prepared
from Pd(NO;), and MPTS in a mixed solution of ethanol and
H,0 (v/v = 1:1, called mixed-solvent strategy). In a typical
experiment, 2.5 g of MPTS was dissolved in the mixture
solution of 10 mL of H,O and 10 mL of ethanol. Then 1.82 g
of PANO; (40.1 wt %) was added dropwise into the previous
solution under stirring.

Raw Pd@ZSM-5. Raw Pd@ZSM-S was synthesized via a
simple hydrothermal process. In a typical experiment, 1.02 g of
NaOH and 0.45 g of NaAlO, were added into 100 mL of
deionized water with 0.8 g of TPAOH solution and stirred for
1S min at room temperature. SiO, gel (10 g, SO wt %) was
then added into above solution. After being stirred for 30 min,
3 mL of Pd-SH precursor solution was added dropwise into
the above mixture, which was fully hydrolyzed at 80 °C for 6 h
under stirring to form synthesis gel (called prehydrolysis
strategy). Finally, the gel with a molar ratio of 1 SiO,/0.02
ALO,/0.15 Na,0/0.04 TPAOH/0.005 Pd-SH/100 H,O was
transferred into an autoclave and heated at 170 °C for 3 days
under static conditions. The solid sample was collected by
centrifuging, washing with water, and drying at 80 °C
overnight to derive raw Pd@ZSM-S.

Pd@Na-ZSM-5 and Pd@H-ZSM-5. Raw Pd@ZSM-S was
ion exchanged with 1 M NaNO; or NH,NO; solution three
times, dried at 80 °C overnight, calcined in flowing air at 550
°C for 6 h (Figure S1), and finally reduced in 10%H,/Ar at
240 °C for 2 h to derive the Pd@Na-ZSM-S or Pd@H-ZSM-5
sample, respectively.

Pd@S-1. Pd@S-1 was synthesized from similar to those
employed in the synthesis of PdA@H-ZSM-S, except that no
aluminum precursor was added throughout the process.
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Pd/S-1, Pd/Na-ZSM-5, and Pd/H-ZSM-5. Palladium species
were also introduced into S-1, Na-ZSM-S5, and H-ZSM-S
zeolites by wet impregnation, followed by similar drying,
calcination, and reduction steps. The final products were
denoted as Pd/S-1, Pd/Na-ZSM-5, and Pd/H-ZSM-S,
respectively.

2.3. Characterization Techniques. The X-ray diffraction
(XRD) patterns of zeolite samples were recorded on a Bruker
D8 diffractometer using Cu Ko radiation (4 = 0.1541 nm) at a
scanning rate of 6°/min in the region of 26 = 5—-50°.

The surface areas of zeolite samples were determined by
nitrogen adsorption/desorption isotherms at —196 °C
collected on a Quantachrome iQ-MP gas adsorption analyzer.
The total surface area was calculated via the Brunauer—
Emmett—Teller (BET) equation, and micropore size distribu-
tion was determined using the t-plot method.

Solid-state nuclear magnetic resonance (NMR) experiments
were performed on a Bruker Advance III 400WB spectrometer
at resonance frequencies of 104.3 and 79.5 MHz for *’Al and
»Si NMR, respectively.

Samples for electron microscopy analysis were prepared by
drying a drop of sample-containing alcohol suspension on
carbon-coated copper grids. High angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
images were acquired on a FEI Talos electron microscope. The
relatively large collection angle (54—200 mard) of the
HAADEF-STEM detector ensures the excellent atomic-number
(2) sensitivity.24 Since zeolite crystals are quite sensitive to
electron beams, under HAADF mode, we reduced the probe
size to 10 (beam current: ~16 pA) for high-quality HAADF
imaging. Mapping the elemental distribution of zeolite crystals
was conducted under HAADF-STEM mode using FEI built-in
energy dispersive spectrum (EDS) software with drift
correction applied. The average palladium nanoparticle
diameters in the images were calculated by surface-area-
weighted, drgy = Yomd/ D nd?.

The experiments of temperature-programmed reduction by
hydrogen (H,-TPR) were performed on a Quantachrome
ChemBET 3000 chemisorption analyzer. In a typical experi-
ment, the sample was calcined in dry air at 550 °C for 1 h and
cooled to 50 °C in flowing Ar. The H,-TPR profile was
recorded in flowing 5%H,/Ar at a heating rate of 10 °C/min
from 50 to 400 °C.

X-ray photoelectron spectra (XPS) of palladium containing
samples were recorded on a Thermo Scientific ESCALAB
250Xi spectrometer using monochromatic Al Ka X-ray source
(hv = 1486.6 V) as the excitation source. Accurate binding
energies (+0.1 eV) were determined with respect to the
position of the adventitious C 1s peak at 284.8 eV.

FTIR spectra of CO adsorption on samples were recorded
on a Bruker Tensor 27 spectrometer. In a typical experiment, a
self-supporting sample pellet was placed in the reaction
chamber, and the background spectrum was taken at 25 °C
in flowing He. Afterward, the sample was saturated with 1%
CO/He and purged with He at the same temperature for 1 h.
The steady-state FTIR spectrum of CO adsorption on sample
was finally recorded with the resolution of 4 cm™.

The experiments of temperature-programmed desorption of
ammonia (NH;-TPD) were performed on a Quantachrome
ChemBet 3000 chemisorption analyzer. In a typical experi-
ment, the sample was saturated with 5% NH;/He at 50 °C and
then purged with He at the same temperature for 1 h to
eliminate the physical absorbed ammonia. The NH;-TPD
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profile was recorded in flowing He at a heating rate of 10 °C/
min from 50 to 800 °C.

The experiments of temperature-programmed desorption of
carbon dioxide (CO,-TPD) were also performed on the
Quantachrome ChemBet 3000 chemisorption analyzer. In a
typical experiment, the sample was saturated with 5% CO,/He
at 50 °C and then purged with He at the same temperature for
1 h to eliminate the physical absorbed carbon dioxide. CO,-
TPD profile was recorded in flowing He at a heating rate of 10
°C/min from S0 to 800 °C.

The experiments of temperature-programmed desorption of
hydrogen (H,-TPD) were also performed on the Quantach-
rome ChemBet 3000 chemisorption analyzer. In a typical
experiment, the sample was saturated with 10% H,/Ar at 50
°C and then purged with Ar at the same temperature for 1 h to
eliminate the physical absorbed hydrogen. H,-TPD profile was
recorded in flowing Ar at a heating rate of 10 °C/min from 50
to 700 °C

The experiments of temperature-programmed desorption of
furfaral (FFL-TPD) were also performed in the fixed-bed
reactor connected with a downstream gas sampling mass
spectrometer (Pfeiffer Omnistar). In a typical experiment, the
sample was saturated with furfural at 60 °C in a He flow (20
mL/min) and then purged with He at the same temperature
for 1 h to eliminate the physical absorbed furfural. The FFL-
TPD profile was recorded in flowing He at a heating rate of 10
°C/min from 60 to 700 °C.

2.4. Catalytic Studies. The hydroconversion of FFL was
performed in a high-pressure stainless autoclave (Xinyuan
Chemical Machinery, Series CJK, 300 mL) at a stirring rate of
750 rpm, which is adequate to exclude the external mass
transfer limitation. In a typical experiment, 1.2 g of catalyst, 24
mmol of FFL, and 90 mL of 2-propanol were well mixed in the
autoclave and purged with pure He three times at room
temperature. The autoclave was rapidly heated to the
designated temperature, and then hydrogen was introduced
at 1 MPa to initiate the reaction.

After reaction, the liquid organic products were analyzed by
gas chromatography (Shimadzu GC-2010) and gas chroma-
tography—mass spectrometry (Shimadzu GCMS-QP2010 SE),
both with a RXI-SMS column (30 m, 0.25 mm i.d., stationary
phase thickness of 0.25 um). n-Dodecane was used as an
internal standard for quantification. The possible gas products
were analyzed with a mass spectrometer (Pfeiffer Omnistar
GSD 320).

Recycling tests in FFL hydroconversion over Pd@Na-ZSM-
S catalyst were conducted. In a typical experiment, the mixture
after one reaction cycle (6 h) was centrifuged at 8000 rpm to
deposit the solid catalyst, which was washed with CH,Cl, and
dried at 80 °C for 12 h for next use directly.

The conversion, selectivity, and reaction rate are defined as
follows:

FFL —
FFL conversion (%) = before

product

after

FFLy¢.re — FFL

X 100

product selectivity (%) =

after

FFLy ... — FFL

after

reaction rate (mmol/g/h) =

Meatalyst X time
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2.5. Theoretical Calculations. Density functional theory
(DFT) calculations were performed with the plane wave-based
Vienna ab initio simulation package, VASP.”> The calculations
took advantage of the generalized gradient approximation
(GGA) in the form of the Bayesian error estimation functional
with van der Waals correlation (BEEF-vdW).*® The projector
augmented wave (PAW) method was applied to depict the
interaction between the atomic electrons and cores.

The well-tested genetic algorithms were applied in our
global optimization method.”>”” A unit-cell of Sig,AL, Oy, was
used to represent the MFI framework with the aluminum
atoms located in calculated stable positions. To boost the
convergence procedure, the global optimization calculations
were conducted with a reduced energy cutoff of 300 eV, and
Brillouin zone-sampling was restricted to the I" point. The
geometries in global optimization calculations were relaxed
until the force on every atom was less than 0.05 eV/A. The
obtained possible global minima were later refined with a
cutoff of 400 eV and a force convergence standard of 0.02 eV/
A. The initial candidates of Pd clusters in generation 0 were
randomly generated by the algorithms with the constraint for
minimal atom distances and unit-cell spacing. Each generation
produced 10 well-optimized structures, which were then added
into the competing list for the “fitness test”. The 10 structures
of the former generations with lowest energies (10 “fittest”
candidates) would be selected for mating and then reproduced
the next generation. To produce as many different config-
urations as possible, the mutation was introduced to trigger a
20% possibility for each structure to swag atom positions. And
an exponential fitness function with @ = 3 was applied to pass
down the structural information from parent generation
according to roulette wheel selection method.”

According to results from global optimization and spectros-
copy characterizations, stable Pd, and Pds were employed to
simulate palladium nanoparticles encapsulated in S-1, and Na-
ZSM-5. A 201-atom cubooctahedral cluster (Pd,y;) was used
to simulate Pd nanoparticles supported on S-1. The adsorption
energy is defined as Egp = E(X + FFL) — E(X) — E(FFL).
E(FFL) is the energy of a gas-phase FFL molecule, and E(X) is
the energy of bare X, where X represents Pd/S-1, Pd@S-1, or
Pd@Na-ZSM-S.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Zeolite-
Encapsulated Palladium Nanoparticles. The in situ
encapsulation of ligand-stabilized metal precursor during the
hydrothermal synthesis of zeolite has been well documented,
and zeolite-encapsulated nanoparticles can be obtained
through a subsequent calcination and reduction process.
However, a lack of productivity and reproducibility is always
claimed. This becomes more prominent in the encapsulation of
ligand-stabilized metal precursors in high-silica zeolites, e.g,,
ZSM-5, where higher alkalinity and crystallization temperature
are employed. In this work, we improved the conventional
synthesis route to zeolite-encapsulated palladium nanoparticles
with two modifications, i.e., the mixed-solvent strategy during
the preparation of ligand-stabilized palladium precursor and
the prehydrolysis strategy in the crystallization step (see the
Experimental Section for details). Briefly, Pd-SH precursor
dissolved well in alcohol—water mixed solvent to form a clear
solution even at a high temperature of 80 °C, and
homogeneous gel was formed through the prehydrolysis
process. As a result, zeolite-encapsulated palladium nano-
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Figure 1. HAADF-STEM images, selected-area element mapping analyses, and high-resolution HAADF-STEM images of Pd@S-1 (a—c), Pd@Na-
ZSM-S (e—g), and PA@H-ZSM-S (i—k) with corresponding size distribution histograms of palladium nanoparticles (d, h, 1).

particles with productivity of >90% and perfect reproducibility
could be obtained. The actual palladium loadings in as-
obtained zeolite encapsulated palladium nanoparticles, from
both XRF and TEM-EDS analysis, matched well with the
target palladium loadings (Table S1). XRD patterns of zeolite-
encapsulated palladium nanoparticles (Figure S2) confirmed
the pure phase of MFI type zeolites obtained and the nitrogen
sorption isotherms revealed the high surface areas and large
micropore volumes of the products (Figure S3 and Table S1).
According to the nitrogen sorption isotherms, some mesopores
were also created within zeolite crystals probably during the
calcination removal of MPTS. Moreover, 2°Si/?*’Al MAS NMR
spectra (Figure S4) excluded the presence of nonframework
silicon or aluminum species in the products.

The formation of encapsulated palladium nanoparticles in
zeolite crystals were directly observed by electron microscopy
(Figure 1). Low-magnification HAADF-STEM images (Figure
laei) revealed the well-shaped microscale zeolite single
crystals of Pd@S-1, Pd@Na-ZSM-S5, and Pd@H-ZSM-S,
respectively, while no traces of palladium particles could be
identified. Selected-area element mapping analyses undoubt-
edly confirmed the existence and the homogeneous dispersion
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of palladium species in the as-obtained zeolite samples. In the
thin region (Figure 1b), well isolated palladium species could
be directly observed, while homogeneous dispersion of
palladium species without significant aggregation could be
observed in the thick region (Figure 1f,j. In the high-resolution
HAADEF-STEM images, uniform palladium nanoparticles with
mean size of 1.7—1.8 nm, i.e., the bright dots in the images,
were well dispersed in zeolite crystals (Figure la,e,i). That is,
uniform palladium nanoparticles could be encapsulated in MFI
zeolite via the in situ hydrothermal route and the presence of
aluminum in zeolite framework did not influence the formation
of palladium nanoparticles. For reference, palladium species
were also introduced to S-1 and Na-ZSM-5 zeolites via wet
impregnation. Through identical calcination and reduction
processes, palladium particles, the dark dots in the images of
Figure SS, with sizes from several to a dozen nanometers were
observed on the surface of zeolite crystals.

3.2. Functionalities of Zeolite-Encapsulated Palladi-
um Nanoparticles. For Pd@S-1, palladium centers appeared
to be the sole active sites, and S-1 zeolite provided
confinement effects on palladium centers and well-defined
channels for catalytic reactions, while for Pd@Na-ZSM-5 and
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Figure 2. Physical—chemical properties of palladium-containing zeolites. (a) H,-TPR profiles of samples after calcination; (b) Pd 3d XPS of
samples; (c) NH;-TPD and (d) CO,-TPD profiles of samples; (e) FTIR spectra of CO adsorption on sample and corresponding CO adsorption

configurations.

Pd@H-ZSM-5 additional base and acid sites might be
provided by Na-ZSM-S and H-ZSM-S supports, respectively.
We will focus on the functionalities of zeolite-encapsulated
palladium nanoparticles in this section.

We first examined the reducibility of zeolite-encapsulated
palladium species. After calcination in flowing air, palladium
species should exist in the oxidized states, which can be
reduced to metallic palladium by hydrogen. For Pd/S-1, the
reduction of palladium species started from ~70 °C and ended
at ~140 °C, involving a negative peak at ~95 °C due to the
decomposition of PdH, and the release of hydrogen (Figure
2a). The H/Pd ratio of 1.1 indicated that a considerable
proportion of palladium species (almost half) were already
reduced at 70 °C, in line with those observed for supported
palladium catalyst,”” while for zeolite-encapsulated palladium
species, the major reduction peaks were observed in the
temperature region of 170—250 °C. The retard in reduction of
palladium species could be explained by their interaction with
the zeolite framework. The H/Pd ratios of 1.6—1.9 (1.6 for
Pd@S-1, 1.9 for PdA@Na-ZSM-$S and 1.7 for Pd@H-ZSM-5)
indicated that only a small proportion of could be reduced by
hydrogen at 50 °C, in great contrast to the case of Pd/S-1.

The chemical states of Pd nanoparticles encapsulated in
zeolites were evaluated by XPS analysis. As shown in Figure 2b,
the binding energy values of 335.5 and 340.8 eV were observed
for reference Pd/S-1, corresponding to the 3ds,, and 3d;/, of
metallic palladium, respectively.”” For palladium nanoparticles
encapsulated in zeolites, the palladium 3d binding energy
values shifted significantly toward higher values by 0.5—0.6 eV
due to the electron transfer from palladium to the zeolite
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framework, supporting the TPR results (Figure 2a). It was also
noted that the intensities of the palladium 3d XPS signals in
Pd@S-1, Pd@Na-ZSM-S, and Pd@H-ZSM-5 were much lower
than that in Pd/S-1 with similar palladium loadings (Figure
2b). A rational explanation is that palladium species located on
the outer surface of zeolite supports in Pd/zeolite, while they
located inside zeolite crystals in Pd@zeolite, in accordance
with literature reports.'”

The exact location of palladium species on zeolite and the
functionalities of zeolite channels were investigated through
substrate-shape selective probe reactions. Pd/C and Pd/S-1
catalysts with palladium nanoparticles accessible to all
molecules exhibited high activity in the hydrogenation of
nitrobenzene (5.4 X 5.0 A) and 1-nitronaphthalene (7.3 X 6.6
A), as shown in Table S2. In contrast, palladium encapsulated
in MFI zeolites (channel size: 5.6 X 5.3 A), i.e, Pd@S-1 and
Pd@Na-ZSM-5, only showed high activity for the nitro-
benzene hydrogenation, with very low activity for 1-nitro-
naphthalene hydrogenation. Moreover, similar substrate-shape
selectivity of Pd@S-1 and Pd@Na-ZSM-5 was explored in
Suzuki coupling reactions, where a highly suppressed
conversion of 2,4,6-trimethyl iodobenzene (7.2 X 7.1 A) was
observed compared with iodobenzene (5.2 X 5.0 A) when
coupling with 4-methoxyphenylboronic acid (Table S3). The
distinct substrate-shape selectivity in both probe reactions
unambiguously verified that most palladium nanoparticles had
been successfully encapsulated inside zeolite crystals instead of
anchoring to the outer surface of zeolites.

The additional functionalities provided by zeolite micro-
environment, i.e., acid—base sites, were investigated by means

DOI: 10.1021/acscatal.80b02276
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of temperature-programed desorption of probe molecules.
Pd@S-1 sample did not exhibit significant acidity or basicity, as
revealed by the absence of desorption peaks of ammonia and
carbon dioxide, respectively (Figure 2c,d). Weak ammonia
desorption peaks in the temperature range of 150—450 °C
(0.0 mmolyy;/g) were observed in the NH;-TPD profile of
Pd@Na-ZSM-5. In contrast, strong ammonia desorption peaks
in the temperature range of 100—450 °C (0.83 mmolyy;/g)
were observed for PA@H-ZSM-S (Figure 2c), confirming the
existence of abundant acid sites in the sample. Compared with
parent H-ZSM-S (Figure S6), both the low-temperature and
high-temperature ammonia desorption peaks split into two
distinguishable peaks, which should be explained from the
impacts of adjacent palladium nanoparticles on the strength of
acid sites.”’ These observations, on the other hand, indicated
the possible cooperation between acid sites and palladium
nanoparticles in PdA@H-ZSM-5 during catalytic reaction. In the
CO,-TPD profiles (Figure 2d), significant carbon dioxide
desorption peaks in the temperature region of 200—700 °C
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were observed for Pd@Na-ZSM-5, and the presence of
abundant base sites (0.37 mmolcg,/g) from zeolite framework
(bridging oxogroup [Si—O—Al]~ balanced by Na*) could be
proposed.

The local environment of palladium species was further
studied by FTIR spectroscopy with CO adsorption (Figure
2e), which was reliable for the discrimination of highly
dispersed metal centers and large metal aggregates.lé’32 For
Pd/S-1, IR bands at 2100—2000, ~1930, and ~1900 cm™!
ascribed to atop-bonded, doubly bridge-bonded, and 3-fold
bridge-bonded CO, respectively,”** on the palladium surface
were observed. These observations indicated the formation of
palladium nanoparticles on the zeolite outer surface, as
disclosed in TEM images (Figure SS). For palladium
nanoparticles encapsulated in zeolites, only atop-bonded CO
species (IR bands at 2100—2000 cm™") were observed, while
doubly bridge-bonded (IR bands at ~1930 cm™") and 3-fold
bridge-bonded CO species (IR bands at ~1900 cm™") were
missing. Moreover, although exclusive atop-bonded CO
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species were formed on Pd@MF], their specific constitution
was different. More atop-bonded CO species on edge sites (IR
bands at 2050 cm™') were formed on Pd@Na-ZSM-$ and
Pd@H-ZSM-S, while more atop-bonded CO species (IR band
at 2070 cm™') were formed on Pd@S-1.°* That is, the
presence of framework Al species could influence the
adsorption configuration of CO on palladium to some extent.
Opverall, the palladium species should exist in the form of sub-
nanometric particles in PdA@MFI, and the formation of large
nanoparticles could be ruled out.”> These seemed to coincide
well with our experimental design, although they were
somewhat inconsistent with the electron microscopic observa-
tions shown in Figure 1. We then came back to the results of
electron microscopic analysis. In the high-resolution HAADEF-
STEM image of Pd@S-1 along the straight channels of MFI
zeolite (Figure S7), both sub-nanometric palladium species (d
= ~ 0.8 nm, marked with yellow circles) and palladium
nanoparticles of ~1.8 nm (marked with red circles) could be
identified. Meanwhile, channel-size voids were found in
palladium nanoparticles, pointing to sub-nanometric palladium
species in the minimum dimension (d = ~ 0.7 nm). That is,
palladium atoms (diameter of 3.6 A) were successfully
encapsulated in MFI zeolite channels (5.6 X 5.3 A) during
in situ synthesis, and they could migrate within zeolite
channels during calcination and reduction step to form sub-
nanometric palladium species, in good agreement with recent
report on similar systems."”

The confinement of the MFI framework could limit the sizes
of metal nanoparticles; thus, small cluster models or even
single atoms were frequently applied in studying the active
metals on ZSM-5.33% Herein, two models, i.e., four and six
Pd atoms per unit cell, respectively, were employed for global
optimization calculations. In both cases, the Pd atoms tended
to aggregate into Pd, and Pdy clusters, respectively, instead of
monodispersed atoms or smaller clusters. In the case of Pd,,
the most stable structure was a tetrahedron-like cluster inside
the straight 10-ring channel and the second most stable one
was also a tetrahedron just beside the channel (Figure 3a). In
the case of Pds, the most stable configuration was an
octahedron-like cluster in 10-ring channel and a boatlike
structure ranked second (Figure 3b). The genetic algorithm
calculations offered many possible structures of different
populations in each case (Table S4) and promised a potential
cluster-rich configuration for PA@MFI zeolites. According to
the results from spectroscopic characterization and global
optimization, the most feasible structure models of Pd@MFI
are summarized in Figure 3c. In the as-obtained Pd@MFI
sample, e.g., PdA@Na-ZSM-5, a mixture of Pd, and Pd clusters
with stable configuration should exist, which were observed as
sub-nanometric palladium species encapsulated in zeolite.

3.3. Hydroconversion of Furfural over Zeolite-
Encapsulated Palladium Nanoparticles. The unique
catalytic properties of zeolite-encapsulated palladium nano-
particles were evaluated in the hydroconversion of FFL as a
probe reaction. It is well-known that palladium catalysts can
catalyze the hydroconversion of FFL while distinct reaction
products might be obtained, as indicated by the reaction
network in Scheme 1. Pd/S-1 (Figure 4a), Pd/Na-ZSM-$S
(Figure 4b), and Pd/H-ZSM-S (Figure 4c) exhibited similar
catalytic performance in the hydroconversion of FFL,
predominantly generating total hydrogenation products
tetrahydrofuran, tetrahydrofuryl alcohol, and 2-methyltetrahy-
drofuran. These observations were in line with literature
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Scheme 1. Reaction Network for the Hydroconversion of
Furfural
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reports on palladium catalysts, e.g, Pd/C* and Pd/Al,0,,>
with palladium nanoparticles on the surface of supports. We
noted that even though acid—base sites were present in H-
ZSM-5 and Na-ZSM-S supports, they showed very limited
impacts on the product distribution. Tentatively, the acid—base
sites and palladium centers were not in close proximity to form
cooperative effects during the reaction. In contrast to Pd/S-1,
Pd@S-1 with quite similar chemical composition showed good
selectivity toward FFL decarbonylation to furan (>70% at 175
°C), and the formation of total hydrogenation products was
greatly suppressed, in good agreement with recent reports for
this type of material.'* This should be originated from the size-
and site-dependent catalytic behaviors of metal centers
encapsulated in zeolite,*”*' which would be further interpreted
in the next section. With the existence of acid—base sites in
zeolite supports, zeolite-encapsulated palladium nanoparticles
exhibited quite distinct selectivities in the hydroconversion of
FFL. For Pd@Na-ZSM-5, FFL could be hydrogenated to FAL
with high selectivity to >90% (at 175 °C), which was amazing
for monometallic palladium catalysts.”>*****>**> Experimen-
tally, the zeolite microenvironment could significantly
modulate the reaction pathways and product distribution,
while for PdA@H-ZSM-5, the protons from bridging hydroxyls
in H-ZSM-S (Si—OH-Al) could attack the oxygen atoms in
furan rings and cause the ring opening via hydrogenolysis. As a
result, 1,5-pentanediol (PDO) from hydrogenolysis-hydro-
genation (~30% at 175 °C), FAL from hydrogenation (~30%
at 175 °C), and furan from decarbonylation (~30% at 175 °C)
were produced. With prolonged reaction time, FAL and furan
could not be further converted to straight-chain alcohols via
hydrogenolysis (Figure S8). Moreover, total hydrogenation
products, e.g., tetrahydrofurfuryl alcohol, were difficult to
convert to straight chain alcohols under our reaction
conditions (Figure S9).

The different catalytic properties of various palladium
catalysts in FFL hydroconversion are summarized in Table 1.
Commercial Pd/C preferred to catalyze the total hydro-
genation of FFL, accompanied by the significant condensation
of furfural derives and the resulting low carbon balance. Zeolite
supports, e.g, Na-ZSM-S and H-ZSM-S, showed negligible
activity in FFL hydroconversion, and palladium nanoparticles
on the surface of zeolites (Pd/MFI) could catalyze the total
hydrogenation of FFL. Zeolite-encapsulated palladium nano-
particles (Pd@MFI) exhibited comparable activity with
palladium nanoparticles on zeolites (Pd/MFI), but the product
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Hydrogenation

HO\/\/\/OH
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Figure 4. Catalytic performance of furfural hydroconversion over Pd/S-1 (a), Pd/Na-ZSM-S (b), Pd/H-ZSM-S (c), Pd@S-1 (d), Pd@Na-ZSM-S
(e), and PA@H-ZSM-5 (f). Reaction conditions: 0.04 g of catalyst, 0.8 mmol of furfural, 3 mL of 2-propanol as solvent, 1 MPa H,, reaction time =

3 h

Table 1. Hydroconversion of FFL over Various Catalysts”

selectivity” (%)

catalyst reaction rate” (mmol/g/h) FAL
Pd/S-1 10.2 32
Pd@S-1 10.1 133
Pd/Na-ZSM-§ 9.9 9.7
Pd@Na-ZSM-5 9.2 90.2
Pd/H-ZSM-5 10.3 9.9
Pd@H-ZSM-S 10.7 33.5
Na-ZSM-5 0.1 0
H-ZSM-5 0.3 0
Pd@S-1 and Na-ZSM-5°¢ S.5 12.4
Pd@S-1 and H-ZSM-5° 5.6 11.4
Pd@S-1 and NaOH' 102 12.8
Pd@S-1 and HCYV 10.5 12.5
Pd/C*® 9.3 143

2-MF furan PDO others® carbon balance®

1.9 2.1 7.6 85.2 88
3.1 719 2.0 9.7 96
2.5 5.6 4.4 77.8 85
2.1 3.8 1.5 2.4 98
4.5 8.4 13.8 63.4 82

11.2 26.2 26.0 3.1 95
0 87.0 0 13.0
0 71.0 0 29.0
3.0 73.2 1.1 10.3 96
2.8 72.8 1.8 11.2 94
3.1 72.4 1.9 9.8 96
3.2 72.1 2.3 9.9 9S
0 0 0 85.6 70

“Reaction conditions: 0.04 g of catalyst, 0.8 mmol of furfural, 3 mL of 2-propanol as solvent, 1 MPa H,, T = 175 °C. “Data reported at FFL
conversion of 10—20%. “Products from furan ring hydrogenation, with a few unknown products. ?At FFL conversion of 50%. €0.04 g of Pd@S-1
and 0.04 g Na-ZSM-5 or H-ZSM-5. 10.04 g of Pd@S-1 and 2S5 pumol of NaOH or HCL. ¥ Commercial product from Alfa Aesar with palladium

loading of 5%.

distributions differed a lot. Pd@S-1 predominantly catalyzed
the decarbonylation of FFL, generating furan as major product.
Pd@Na-ZSM-5 predominantly catalyzed the hydrogenation of
FFL to FAL. Pd@H-ZSM-5 could simultaneously catalyze the
decarbonylation, the hydrogenation and hydrogenolysis of
FFL, leading to complex products including furan, FAL, and
PDO. Here, both the properties of palladium centers and
zeolite microenvironment, e.g., the acid—base sites, played a
crucial role in controlling the reaction pathways in FFL
hydroconversion. Mixing Pd@S-1 with Na-ZSM-5 or H-ZSM-
5 did not change the product distribution, probably due to the
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lack of cooperation between palladium centers and acid or base
sites according to the so-called intimacy criterion.”* The
experiments of furfural hydroconversion catalyzed by the
mixture of Pd@S-1 and NaOH or HCI were also performed.
As shown in Table 1, the product selectivity of furfural
hydroconversion on Pd@S-1 was not significantly changed
even with the addition of liquid base or acid, and the reason for
selectivity modulation would be discussed in the next section.
On the whole, rational product selectivity control in FFL
hydroconversion could be achieved by using palladium
nanoparticles encapsulated in zeolites as model catalysts.
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Table 2. Impacts of Hydrogen Pressure on the Hydroconversion of FFL”

catalyst H, pressure (MPa) reaction rate” (mmol/g/h)
Pd/S-1 0 3.1
Pd@5-1 1.0 10.1
0.7 9.9
0.4 9.8
0.1 9.7
0 7.4
Pd@Na-ZSM-5 1.0 9.2
0.7 9.1
0.4 9.1
0.1 9.0
0 7.3
Pd@H-ZSM-5 1.0 10.7
0.7 10.6
0.4 10.5
0.1 10.4
0 7.9

selectivity” (%)

FAL 2-MF Furan PDO others®
0.6 2.1 91.5 0 5.8
13.3 3.1 71.9 2.0 9.7
11.0 3.3 74.5 1.8 9.4
7.5 3.0 78.6 1.9 9.0
5.2 3.6 80.9 1.5 8.8
0.7 2.3 91.7 0.1 5.2
90.2 2.1 3.8 1.5 2.4
86.9 2.7 6.9 1.3 2.2
81.5 2.9 12.5 1.2 1.9
71.1 2.4 24.0 1.0 1.5
1.9 3.0 90.6 0.1 4.4
33.5 11.2 26.2 26.0 3.1
315 11.6 28.4 25.5 3.0
26.9 12.0 33.3 25.1 2.7
21.3 12.5 39.6 24.3 2.3
2.5 3.6 88.1 0.9 4.9

“Reaction conditions: 0.04 g of catalyst, 0.8 mmol of furfural, 3 mL of 2-propanol as solvent, 1 MPa He + H,, T = 175 °C. ®Data reported at FFL
conversion of 10—20%. “Products from furan ring hydrogenation, with trace condensation products.

Although many products from FFL hydroconversion, e.g,
furan, FAL, and PDO, have great industrial value, the precise
selectivity control can significantly improve the economy in
biomass upgrading.

We also investigated the impacts of hydrogen pressure on
the hydroconversion of FFL over PdA@MFI. As shown in Table
2, the reaction rates of FFL hydroconversion over Pd@MFI
decreased slightly with decreasing hydrogen pressure while the
selectivity toward furan increased noticeably. All Pd@MFI
catalysts showed considerable activity and good selectivities in
FFL direct decarbonylation to furan in the absence of
hydrogen, providing an alternative route for FFL upgrading.
According to these experimental observations, FFL conversion
to furan should proceed via direct decarbonylation, and the
presence of hydrogen was beneficial to the reaction probably
due to its promoting effects on CO removal from the surface.

Palladium nanoparticles encapsulated in MFI zeolites
appeared to be promising catalysts for FFL upgrading, and in
particular, Pd@Na-ZSM-5 was a robust catalyst for the
selective hydrogenation of FFL to FAL. As expected, Pd@
Na-ZSM-S exhibited perfect recyclability in FFL hydro-
conversion, and no significant changes in FFL conversion
and FAL selectivity could be observed in five reaction cycles
(Figure Sa). Common problems leading to the deactivation of
noble metal catalysts in liquid-phase reactions, i.e., particle
sintering, metal leaching, and surface poisoning,45 were not
encountered for our Pd@Na-ZSM-S catalyst. As shown in
Figure Sb,c, the size and distribution of palladium nano-
particles encapsulated in Na-ZSM-5 remained almost un-
changed after five complete recycles. Meanwhile, carbon
balance of >95% was achieved for all reaction cycles, which
was not reported in similar reaction systems. Moreover, Pd@S-
1 and Pd@H-ZSM-5 exhibit perfect recyclability in FFL
hydroconversion, as shown in Figure S10.

3.4. Catalysis of Zeolite-Encapsulated Sub-nano-
metric Palladium Species. The adsorption of reactant
molecules was examined to gain insight into the unique
catalytic behaviors of zeolite-encapsulated sub-nanometric
palladium species. We first investigated the adsorption
behaviors of H, on palladium-containing zeolites. As shown
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Figure 5. Recycling ability of Pd@Na-ZSM-S in furfural hydro-
conversion. (a) Recycling test of furfural hydrogenation over Pd@Na-
ZSM-5 catalyst. Reaction conditions: 0.04 g of catalyst, 0.8 mmol of
furfural, 3 mL of 2-propanol as solvent, 1 MPa H,, reaction time = 6
h; (b) HAADF-STEM image of Pd@Na-ZSM-$ after five recycles
from different orientations; (c) corresponding size-distribution
histogram of palladium nanoparticles from the HADDEF-STEM
image along the straight channels.

in Figure 6a, specific H, desorption signals could be observed
for all palladium-containing zeolites. H, adsorbed slightly more
strongly on Pd@S-1 than that on Pd/S-1, which might be
explained from the size-dependent effects of palladium. More
importantly, the H, adsorption was significantly promoted by
the presence of framework aluminum. A much higher amount
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Pd/S-1 and PA@MFTI; (c) adsorption configurations of furfural on Pd,q, clusters in Pd/S-1 and Pd, or Pd, clusters encapsulated in MFI zeolites.

of H, adsorbed more strongly on Pd@Na-ZSM-5 and Pd@H-
ZSM-S than that on Pd@S-1 (Figure 6a). Obviously, the
zeolite framework participated in H, adsorption and activation,
which was generally good for the hydrogenation reaction. In
this context, we should treat PA@MEFI as a whole rather than
sub-nanometric palladium species plus MFI zeolite support.
The FFL-TPD profiles of Pd/S-1 and PA@MFI were shown in
Figure 6b. Typically, FFL adsorbed more strongly on Pd/S-1
than that on Pd@S-1 (60 °C difference in the desorption
temperature). The presence of framework aluminum species
could promote FFL adsorption on PdA@MFI to some extent,
however, the FFL adsorption on Pd@Na-ZSM-5 and Pd@H-
ZSM-S was still weaker than that on Pd/S-1. Since FFL can
adsorb on the palladium surface via oxygen of aldehyde group
or via furan ring, DFT calculations were performed to reveal
the exact adsorption configurations on different palladium-
containing zeolites. As shown in Figure 6¢, the FFL molecule
preferred to adsorb on the Pd,,, in Pd/S-1 via the furan ring
with parallel configuration (—1.57 ~ —1.59 eV) over that via
oxygen (—0.66 ~ —0.59 eV). The parallel configuration has
been generally acknowledged in the adsorption of FFL on
supported palladium nanoparticles.””***>*” In great contrast,
for Pd,@MFI and Pd¢@MF]I, the perpendicular configuration
was in preference to parallel configuration (Figure 6c), which
should be explained by the cramped internal structure deep
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inside the zeolite framework and the hindrance of free
movements. In addition, framework aluminum species could
slightly promote FFL adsorption (see comparison between
Pd@S-1 and Pd@Na-ZSM-S), consistent with FFL-TPD
profiles (Figure 6b). The parallel configuration of FFL
adsorption would unavoidably lead to the hydrogenation of
furan ring, ie., the over-hydrogenation of FFL while the
perpendicular configuration was good for the hydrogenation of
aldehyde group, which presented an intuitive explanation of
the distinct selectivity in FFL hydroconversion over Pd/MFI
and Pd@MFI (Figure 4).

On the other hand, despite of the perpendicular
configuration of FFL adsorption on Pd@S-1 and Pd@Na-
ZSM-S, the product distribution from FFL hydroconversion
over these two catalysts was quite different (Figure 4), which
should be explained from the degree of H, activation on these
catalysts. As indicated by the H,-TPD profile in Figure 6a, H,
was inadequately activated on Pd@S-1, and accordingly, the
strongly adsorbed FFL should undergo the direct decarbon-
ylation to furan over Pd@S-1 (Figure 4, Table 1). The
presence of H, could only increase the decarbonylation rate to
some extent (Table 2) due to its promotion effect on CO
removal. In contrast, with the presence of framework
aluminum, H, was adequately activated on Pd@Na-ZSM-§
and involved in the hydrogenation of adsorbed FFL to FAL, as
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verified by catalytic data (Figure 4), while for PdA@H-ZSM-$
the protons from bridging hydroxyls in H-ZSM-S, i.e., Si-OH-
Al, could attack the oxygen atoms in the furan rings and lead to
secondary product PDO via ring-opening hydrogenolysis, as
proposed in previous reports. -0

On the whole, the zeolite microenvironment can show
significant impacts on the adsorption of FFL and the activation
of H, over encapsulated sub-nanometric palladium species, the
latter being primarily responsible for the distinct reaction
pathways in FFL hydroconversion over PA@MFI (Scheme 1).

4. CONCLUSIONS

In summary, we have developed an efficient in situ strategy to
zeolite-encapsulated palladium nanoparticles, ie., Pd@MFL
Sub-nanometric palladium species are encapsulated inside the
channels of MFI zeolites. Zeolites hosts can provide a specific
microenvironment for encapsulated palladium species and,
accordingly, alter their catalytic properties. Zeolite-encapsu-
lated sub-nanometric palladium species exhibit high activity
and excellent stability in the hydroconversion of furfural as a
model reaction of biomass upgrading. More importantly, the
product selectivity control in the context of furan, furfural
alcohol, and 1,5-pentanediol is realized in furfural hydro-
conversion by changing the zeolite hosts of encapsulated
palladium nanoparticles, i.e., silicalite-1, Na-ZSM-S, and H-
ZSM-5. Temperature-programmed desorption studies and
density functional theory calculations further reveal that both
the adsorption of furfural and the activation of H, on
encapsulated palladium species are significantly affected by
the zeolite microenvironment, which accordingly leads to
different pathways in furfural hydroconversion catalyzed by
Pd@MEL

As mentioned in the introduction, metal nanoparticles
encapsulated in zeolites have exhibited significant advantages
in activity, shape-selectivity, and stability over conventional
supported catalysts. In this work, we further demonstrate the
modulation of catalytic selectivity of encapsulated nano-
particles by tuning the zeolite microenvironment. All of these
findings make zeolite-encapsulated metal nanoparticles prom-
ising catalysts for target reactions.
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