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Confining noble nanometal in zeolite framework is a promising
way to improve its efficiency and durability for catalytic
reactions. Herein, the synergistic effect of Pd nanoparticles and
intrinsic acid sites in zeolite on promoting hydrogen generation
performance is demonstrated. Pd nanoparticles are embedded
into macroporous ZSM-5 (designed as Pd@ZSM-5) via a steam-
thermal strategy. The confined Pd and acid sites in Pd@ZSM-5
synergistically promote the activation of ammonia borane (AB)
and water molecules, resulting in the enhanced H, generation
rates for AB hydrolysis. The interaction of Pd and acid sites in
zeolite is further confirmed by solid-state NMR techniques and
the key aspect is the confinement effect of zeolite. Furthermore,
Pd@ZSM-5 shows high activity and durability in tandem hydro-
genation of nitrobenzene.
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The hydrolytic dehydrogenation of boron-based compounds
with high hydrogen content, low molecular weight and good
solubility is considered as an attractive way to generate
hydrogen (H,) for energy demand."” Pd nanometal has been
reported to be one of the most efficient catalyst for this H,
revolution reactions, but the maximum utilization of active sites
and high stability of nanoparticles is still needed for the
practical application.®* Recently, various efficient supported Pd
metal catalysts have been developed for the dehydrogenation
of boron-based compounds for H, production.*® Zeolites, with
prominent features of high surface area, good stability and
highly ordered structure, are promising porous supports to Pd
stabilization and cost decrease.”™ In addition, the unique
confinement effects of zeolite-confined Pd on a molecular scale
enables spatially confined catalysis analogous to enzyme
catalysis."” The acid sites in solid acid catalyst has been
reported to promote the dissociation and hydrolysis of boron-
based compounds  for  enhanced H,  production
performance.'™" Therefore, confining Pd nanometal in acidic
zeolites can incorporate metals and acidic functions for the
synergetic enhancement of the H, production. Moreover, the
confined Pd nanometal can strongly affect the state of the acid
sites while the zeolite framework can also influence the
electronic structure and coordination state of Pd, thus possess-
ing advantageous synergistic effects compared with the
isolated Pd and acid sites."*'*®

Herein, macro-microporous ZSM-5 zeolite confined Pd
nanoparticles (designed as Pd@ZSM-5) was synthesized by a
direct steam-thermal crystallization approach. The synthesized
Pd@ZSM-5 exhibits high H, generation rate from the hydrolytic
dehydrogenation of ammonia borane (AB). Most significantly, it
shows excellent activity and stability in the tandem dehydro-
genation of boron-based compounds and reduction of nitro
compounds. This work demonstrates a facile way for the
rational design of zeolites-confined metal catalysts with high
catalytic performance.

As shown in Scheme 1, Pd@ZSM-5 was prepared by steam-
assisted crystallization of a dry gel with the molar composition
of 1 Si0,/0.01 Al,05/0.12 TPAOH/0.0057 K,PdCl, followed by
calcination and H, reduction. (see ESIt for details).

As shown in SEM and TEM images (Figure 1a, b, Figure S1),
zeolite particles have uniform size of about 2-3 um with
intracrystalline macropores (~500 nm). Powder X-ray diffraction
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Scheme 1. The schematic illustration of the fabrication of Pd@ZSM-
5.
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Figure 1. (a) TEM image and (b) SEM image of Pd@ZSM-5. (c) XRD
pattern of Pd@ZSM-5. (d) N, adsorption/desorption isotherms and
pore size distribution of Pd@ZSM-5.

pattern (Figure 1c) shows that Pd@ZSM-5 has a well-defined
MFI structure without detectable peaks corresponding to Pd
species, indicating the negligible lattice distortion after the
encapsulation of Pd inside ZSM-5. N, adsorption isotherms and
pore diameter distribution suggest that Pd@ZSM-5 has micro-
porous and structure with additional mesopores. The structure
and morphology of ZSM-5 (Figure S2, Table S1) has no signifi-
cant difference from that of pure macroporous ZSM-5, indicat-
ing the introduction of Pd nanoparticles has no damage to the
intrinsic structure of zeolite. Figure S3 shows the Pd 3d X-ray
photoelectron spectroscopy (XPS) spectra of Pd@ZSM-5, which
indicates that most the Pd precursor has been reduced to zero
valence state.

The hydrolysis of AB as a typical hydrolytic hydrogenation
reaction for H, generation is applied to investigate the catalytic
performance of Pd@ZSM-5. And as comparison, Pd@S-1
(Silicalite-1 with MFI structure and no any acidic sites synthe-
sized by our method), Pd/ZSM-5 (macroporous ZSM-5 sup-
ported Pd via impregnation), Pd/nano-ZSM-5 (nano-ZSM-5
supported Pd via impregnation) and commercial Pd/Al,O; are
also obtained. As measured by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) analysis (Table S2), all
of the Pd-containing zeolites possess similar metal loadings of
about 0.78 wt%. As shown in Figure 2a, Pd@ZSM-5 catalyst
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Figure 2. (a) Volume of the H, generated from AB hydrolysis versus
time and (b) corresponding TOF values over different samples.

completed the hydrolysis of AB within 40 min, producing 60 mL
H, (npy/Nag=0.12), affording a high turnover frequency (TOF)
value of 1400 h™' (Figure 2b). Compared with the reported
catalyst (Table S3), higher TOF values for ammonia borane
hydrolysis is obtained in our work. This TOF value is about 2-
fold of Pd@S-1, 2.4-fold of Pd/nano-ZSM-5, 3.4-fold of Pd/ZSM-5
and 3.9-fold of commercial Pd/Al,O;, respectively (Figure 2b,
Table S2). Compared with Pd@S-1 using the same synthesis
strategy, Pd@ZSM-5 has additional acid sites, which could be
the main reason for its better catalytic performance. Therefore,
it is important to gain insight into the acid sites with further
investigations.

Solid-state nuclear magnetic resonance (NMR), which is
capable of providing atomic-level information on intrinsic
structure,"”'® has been widely used as an effective technique to
probe the acid sites in zeolites.""?! Pd@ZSM-5 is firstly
characterized by one-dimensional (1D) 'H solid-state magic
angle spinning (MAS) NMR. As shown in Figure 3a, a strong
signal at 3.7 ppm is observed in Pd@ZSM-5, which is assigned
to the bridging hydroxyls species generated by Brgnsted acid
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Figure 3. (a) 'H solid-state MAS NMR spectra of Pd@ZSM-5. Asterisk
represents the signal of rotor cap. (b) '"H DQ-SQ MAS NMR spectra
of Pd@ZSM-5. (c) Schematic illustration of proposed mechanism of
AB hydrolysis over the model of Pd/acid sites.
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sites (SIOHAI)." The very weak signals in the range of 1-2 ppm
belong to both terminal Si-OH protons and terminal hydroxyls
arise from Lewis acid sites (AIOH)."” Two-dimensional (2D)
'H-"H double quantum (DQ)

MAS NMR, with the ability to provide the spatial proximity/
interaction in the local structure,??% is further applied to gain
deep insight into the interaction between acid sites of zeolite
and Pd. The autocorrelation peaks at (1.2, 2.4) ppm, (2.6, 5.2)
ppm and (3.7, 7.4) ppm in 2D 'H DQ-SQ MAS NMR of Pd@ZSM-5
(Figure 3b) reveals the spatial proximity of terminal Si-OH
protons, terminal AI-OH protons and Bregnsted acid sites,
respectively.”>¥=% A strong autocorrelation peak at (7.1, 14.2)
ppm is attributed to the strong interaction between the
trapped water molecules in the framework and Lewis acid
sites.®” Notably, this signal indicates that Pd@ZSM-5 has strong
adsorption ability of water molecules and enables the rapid
exchange of the acidic protons with water. Therefore, the
protonated water molecule activated by the acid sites can exert
influence on AB hydrolysis along with Pd.

On the basis of catalytic results and characteristics, the
possible mechanism of AB hydrolysis is shown in Figure 3c. In the
reaction system, the confined Pd nanoparticles can firstly absorb
AB molecules with further activation, resulting in the cleavage of
B—H bonds.®**" Meanwhile, the acid sites in zeolites can activate
water molecules by transferring the proton from the acid sites to
water.”**” The dissociated H atoms from B—H bonds would bond
with the protonated water molecule and lead to the formation of
H, molecules. Therefore, the enhanced H, generation of Pd@ZSM-
5 from AB hydrolysis could be attributed to the synergistic
activation of AB and water molecules by the confined Pd/Acid
sites. Another possible mechanism is that the promoted catalytic
activity of AB hydrolysis is attributed to the change of electronic
states of Pd caused by acid sites,?*** although it will still need
further characterizations.

To further verify the synergistic effect of Pd/acid sites, the
tandem dehydrogenation of sodium borohydride and hydro-
genation of nitrobenzene were also investigated. Pd@ZSM-5
shows the highest yield (98 %) of aminobenzene in comparison
with Pd@S-1 (78.7%), Pd/ZSM-5 (83.2%), Pd/nano-ZSM-5
(78.3%) and commercial Pd/Al,O; (48%). It indicates that the
increased hydrogen generation rates could promote the
efficiency of tandem nitrobenzene hydrogenation. Besides,
Pd@ZSM-5 also show over 80% of conversion rate after 5 cycles,
indicating its good catalytic stability. The characterization of the
recycled Pd@ZSM-5 after catalysis show a well-maintained
crystal structure and morphology (Figure 4c), as well as the
porous structure (Figure 4d). Therefore, confining Pd in ZSM-5
enables the successful stabilization of Pd nanoparticles and
contribute to the synergy of Pd and acid sites in ZSM-5, thus
resulting in the enhanced hydrogenation activity and good
structural stability.

In summary, Pd nanoparticles have been successfully encapsu-
lated in macroporous ZSM-5 zeolite by steam assisted crystalliza-
tion method. The Pd@ZSM-5 shows high H, generation rates for
AB hydrolysis owing to the interaction of Pd and the acid sites in
zeolite, which is further investigated with solid-state NMR
techniques. The mechanism of the synergistic activation of AB and
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Figure 4. (a) Product yield of Pd@ZSM-5, Pd@5S-1, Pd/nano-ZSM-5,
Pd/ZSM-5, and Pd/Al,O; in the reduction of nitrobenzene. (b) The
performance of the recycled sample Pd@ZSM-5 in the reduction of
nitrobenzene. (c) XRD pattern and SEM image (inset) of Pd@ZSM-5
after circulation. (d) N, adsorption/desorption isotherms and pore
size distribution (inset) of Pd@ZSM-5 after circulation.

water molecules by Pd/Acid sites is proposed. Moreover, the
zeolite-confined Pd catalyst exhibits high activity and stability in
tandem hydrogenation of nitroarenes through coupling with
dehydrogenation of boron-based compounds. This work not only
provides a rational strategy for the design of zeolite-confined
metal catalysts but also shows the great potential of such catalysts
in tandem catalytic reactions.
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