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Abstract: Composite nanomaterials usually possess synergetic
properties resulting from the respective components and can be
used for a wide range of applications. In this work, a Pd
nanocubes@ZIF-8 composite material has been rationally
fabricated by encapsulation of the Pd nanocubes in ZIF-§,
a common metal-organic framework (MOF). This composite
was used for the efficient and selective catalytic hydrogenation
of olefins at room temperature under 1 atm H, and light
irradiation, and benefits from plasmonic photothermal effects
of the Pd nanocube cores while the ZIF-8 shell plays multiple
roles; it accelerates the reaction by H, enrichment, acts as
a “molecular sieve” for olefins with specific sizes, and stabilizes
the Pd cores. Remarkably, the catalytic efficiency of a reaction
under 60 mW cm™? full-spectrum or 100 mW cm 2 visible-light
irradiation at room temperature turned out to be comparable to
that of a process driven by heating at 50°C. Furthermore, the
catalyst remained stable and could be easily recycled. To the
best of our knowledge, this work represents the first combina-
tion of the photothermal effects of metal nanocrystals with the
favorable properties of MOFs for efficient and selective
catalysis.

The hydrogenation of compounds with unsaturated bonds is
a very common transformation involved in many chemical
processes.!' Traditionally, hydrogenation reactions are carried
out with hydride reagents, for example, sodium borohydride,
lithium aluminum hydride, or ammonia borane.”! Although
these reductants are effective, they are of high cost, and their
decomposition leads to byproducts that are difficult to
separate from the reaction system. Catalytic reduction with
molecular hydrogen (H,) obviously represents an attractive,
more atom-economic alternative. Hydrogenation in the
presence of H, typically requires high temperatures and/or
H, pressures.’! However, from the viewpoints of energy,
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environment, cost, and safety, the development of catalytic
hydrogenation reactions that do not depend on the use of heat
and high-pressure hydrogen gas is highly desirable.

To this end, solar energy can be utilized instead of heat to
drive a reaction by making use of the surface plasmonic
properties of metal nanocrystals.!! To efficiently convert
sunlight into the heat required for the hydrogenation
reaction, the metal nanocrystals (e.g., Pd, one of the most
active species owing to its strong interaction with H,
molecules!) should possess sufficient plasmonic absorption
cross-sections to harvest light over a broad spectral range. Pd
nanocrystals with a variety of shapes have been reported, with
Pd nanocubes (NCs) being one of the most active and widely
studied systems.”®! Tt is expected that Pd NCs not only display
high activity in such hydrogenation reactions but also enable
the utilization of solar energy to drive the reaction by making
use of their well-known surface plasmon effects.

On the other hand, the small Pd NCs are usually not
uniformly dispersed and readily aggregate to some extent
during the reaction, especially upon heating, which greatly
impedes their catalytic performance. To address this issue, the
encapsulation of Pd NCs inside porous materials as shells with
small pore openings should be a judicious solution, which
would offer the following advantages: 1) The Pd NCs will
maintain their high dispersion inside the host materials during
catalytic recycling; 2)the pore structure of the shell is
beneficial to the transportation of substrates/products and
guarantees the accessibility of the Pd active sites; 3) the
porous shell leads to enhanced catalytic efficiency by H,
enrichment;”! and 4) the use of shells with different pore
sizes would enable the size-selective hydrogenation of differ-
ent substrates. To sieve various molecules with different sizes,
the shell should display a well-defined porous structure and
uniform pore sizes. In this context, metal-organic frameworks
(MOFs, also called porous coordination polymers), which not
only possess diversified and tailorable structures with uniform
pores but can also be used for various functional applica-
tions,®*] especially for gas sorption, could be ideal candidates.

Bearing these facts in mind, we rationally grew a repre-
sentative MOF, Zn(2-methylimidazole), (ZIF-8),'” on Pd
NCs to obtain Pd NCs@ZIF-8 with a core-shell structure.
This composite structure displays a plasmonic band covering
the UV-to-visible spectral range and thus induces high
temperatures to drive the hydrogenation reaction by photo-
thermal conversion. Compared to Pd NCs with similar sizes,
the catalytic activity of Pd NCs@ZIF-8 in the hydrogenation
of 1-hexene under 100 mWcm ™ full-spectrum light irradia-
tion at room temperature is significantly enhanced, and the
reaction efficiency is even higher than that of a reaction
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thermally heated at 50°C. Furthermore, owing to the MOF
shell, the nanocomposite catalyst shows excellent recyclabil-
ity and selectivity because large olefins cannot reach the Pd
active sites (Scheme 1). Although metal nanoparticles@MOF
composites have been intensively studied as catalysts in
recent years,'!l to the best of our knowledge, this is the first
time that the plasmonic photothermal effects of metal
nanocrystals were combined with the favorable properties
of MOFs towards efficient and selective catalysis.

W
@ Salfassembly

@® Zn(NO;),
= 2-Methylimidazole

Scheme 1. Self-assembly of Pd NCs@ZIF-8 and plasmon-driven selec-
tive catalysis of the hydrogenation of olefins.

The Pd NCs were synthesized from K,PdCl, as a precur-
sor; L-ascorbic acid was used as the reductant, poly(vinyl
pyrrolidone) (PVP) as a stabilizer, and KBr as a capping
agent to promote the formation of
{100} facets.™? Zeolite-type ZIF-8
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pation by the Pd NCs (Figure 1b). H, sorption studies for
Pd NCs@ZIF-8 at 77 K and 298 K clearly manifest its H,
enrichment capability (Figure 1c; see also the Supporting
Information, Figure S1), which should greatly improve the
catalytic hydrogenation. As-synthesized Pd NCs exhibit
a broad absorption band in the surface plasmon resonance
(SPR) spectrum at 220-700 nm, which was also observed for
the Pd NCs@ZIF-8 composite (Figure 1d).

Transmission electron microscopy (TEM) and high-reso-
lution TEM (HRTEM) studies suggest that the Pd NCs have
a well-defined structure with sizes of 17+3 nm and are
enclosed by {100} facets (Figures2a,b and S2). A scanning
electron microscopy (SEM) image shows the size of an
individual Pd NCs@ZIF-8 particle to be 250-350 nm (Fig-
ure 2¢). TEM images confirm the core—shell nanostructure of
the composite material, with the Pd NCs well encapsulated by
the ZIF-8 shell and retention of the shape and size of the
Pd NCs (Figures 2d and S3). The thickness of the ZIF-8 shell
can be controlled simply by changing the reaction time
(Figure S4). An approximately 130 nm thick ZIF-8 shell,
which was obtained by growth for 60 minutes, was used
hereafter, unless otherwise stated. The actual Pd content of
the composite was determined to be 8.7 wt % by inductively
coupled plasma atomic emission spectroscopy (ICP-AES).

Encouraged by the broad SPR absorption band of the
Pd NCs@ZIF-8 composite, full-spectrum light irradiation was
employed to investigate its surface-plasmon-driven photo-
thermal conversion for the catalytic hydrogenation of olefins
at room temperature. 1-Hexene was used as a model substrate
to optimize the reaction parameters. The catalytic perfor-
mance of the Pd NCs@ZIF-8 composite in the hydrogenation
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Figure 1. a) Powder XRD patterns simulated for Pd and ZIF-8 and experimentally determined for as-
synthesized Pd NCs and Pd NCs@ZIF-8. b) N, sorption isotherms for ZIF-8 and Pd NCs@ZIF-8 at
77 K. c) H, sorption isotherms for Pd NCs@ZIF-8 and Pd NCs at 298 K. d) UV/Vis absorption spectra
for ZIF-8, Pd NCs, and Pd NCs@ZIF-8.
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Figure 2. a) TEM and b) HRTEM images of Pd NCs. c) SEM and
d) TEM images of Pd NCs@ZIF-8. Inset in (d): Pd nanocubes inside
ZIF-8.

of 1-hexene under irradiation with different light intensities is
illustrated in Figure 3 a. In the presence of the composite, the
hydrogenation product was formed in only 37 % after 30 min
at room temperature in the dark. Strikingly, the performance
of the composite catalyst was sig-
nificantly improved by full-spec-
trum irradiation with
a 100 mWcm? Xe lamp, and the
0 20 40
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achieved by heating at this temperature is similar to that
achieved by 60 mWcm ™ full-spectrum irradiation in the
presence of the Pd NCs@ZIF-8 catalyst (Figures 3a and S6).
As visible light accounts for approximately 50 % of natural
sunlight, the visible-light photothermal conversion properties
of materials are very important. Under visible-light irradi-
ation (100 mW cm~?) at room temperature, the Pd NCs@ZIF-
8 catalyst afforded the desired product in 52 % yield, which
corresponds to that achieved by heating at 50°C (Figure 3 a).
By deducting the yield obtained in the dark (37 %), we can
calculate that the visible-light irradiation contributes roughly
52% to the full-spectrum performance, which is in good
agreement with the percentage of visible light in sunlight.
To examine the influence of the size of the Pd NCs on the
reaction, a Pd NCs@ZIF-8 composite with small Pd NCs (7 +
3 nm) was synthesized for comparison (Figure S7). Although
small Pd nanostructures usually display higher activity, their
narrower SPR absorption impacts on their plasmon-driven
catalytic efficiency. The catalyst with smaller Pd NCs is
indeed inferior to the original one (Pd size: 17+3 nm;
Figure S8). Furthermore, the thickness of the ZIF-8 shell can
be controlled by changing the time of the MOF growth; a thin
ZIF-8 shell was slightly beneficial to the catalytic activity
(Figure S9). To exclude transport limitations, additional
experiments with different amounts of the Pd NCs@ZIF-8
catalyst were conducted to determine the dependence of the
yield on the catalyst amount (Figure S10). The results indicate
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clearly demonstrated (Figure S5).
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thermal effects for the overall reac-
tion, the catalytic hydrogenation
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with all parameters unaltered
except for changing light irradiation
to heating. The results clearly show
that the reaction efficiency is much
better under 100 mWcm2 full-
spectrum irradiation than upon
heating at 50°C; the conversion
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Figure 3. a) The yields of the hydrogenation of 1-hexene with 1 atm H, over Pd NCs@ZIF-8 under
full-spectrum irradiation with different light intensities at room temperature or upon heating at
different temperatures. b) Dependence of the hydrogenation yield of 1-hexene on the reaction time
over Pd NCs or Pd NCs@ZIF-8. c) Recyclability of Pd NCs@ZIF-8 and Pd NCs for the hydrogenation
of 1-hexene. d) Conversions of the hydrogenation of various alkenes over Pd NCs@ZIF-8 and

Pd NCs. Reaction conditions in (b)—(d): 100 mWcm™ full-spectrum irradiation, room temperature.
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that the influence of internal mass diffusion transport
resistance is negligible.

To demonstrate the advantages of the Pd NCs@ZIF-8
composite in catalysis, the control reactions over ZIF-8 or
Pd NCs were also carried out. The results show that the
activity of ZIF-8 is negligible (Table S1). Kinetic analysis
manifests the much higher activity of Pd NCs@ZIF-8 com-
pared to Pd NCs (Figure 3b). Under light irradiation, the use
of Pd NCs@ZIF-8 leads to almost complete conversion of 1-
hexene in 90 min, whereas only 58 % conversion occurred in
the presence of Pd NCs under otherwise identical reaction
conditions. The significant difference could be partially due to
the H, enrichment capability of ZIF-8 (as indicated above),
which serves as a nanoreactor for catalysis and also as
a hydrogen gas reservoir to accelerate the hydrogenation
process.”l Meanwhile, the Pd NCs are well incorporated and
fixed into the ZIF-8 host, and their migration/aggregation is
thus prevented. Recycling experiments clearly show that the
yields over Pd NCs@ZIF-8 are close to 100% over three
consecutive runs, whereas with the Pd NCs without ZIF-8
protection, the yield gradually decreased to only 21 % in the
third run (Figure 3c¢). These results are in line with the TEM
observations: The Pd NCs undergo severe aggregation to
large particles whereas the ZIF-8-protected Pd NCs maintain
their original size/morphology and dispersion inside the MOF
(Figures S11 and S12). The powder XRD profile further
supports the assumption that the crystallinity of
Pd NCs@ZIF-8 was well preserved (Figure S13). The
Pd NCs could be hardly recovered by centrifugation owing
to their small size whereas the large size of the Pd NCs@ZIF-8
composite greatly facilitates its recyclability and the hetero-
genization of the active sites.

Furthermore, the well-defined pore structure of the ZIF-8
shell can act as a “molecular sieve” for selective catalysis. As
shown in Figure 3d, the use of Pd NCs@ZIF-8 leads to
significantly different conversions for olefins with different
molecular sizes. For 1-hexene, approximately 100 % conver-
sion can be achieved in 90 minutes, which is even better than
that achieved with Pd NCs (58 % yield only), inferring that
the ZIF-8 shell does not affect the diffusion of 1-hexene
(molecular size ca. 2.5 A). The slightly larger 1-octene (ca.
4 A) and cyclohexene (ca. 42 A) hardly pass through the
ZIF-8 shell with a pore aperture of 3.4 A, and therefore, the
yields decreased to 37 % and 27 %, respectively, after 90 min.
When the substrate size becomes even larger, such as with
cyclooctene (ca. 5.5 A), negligible activity was observed. In
stark contrast, the conversions are similar for all four
substrates over the Pd NCs, reflecting the size selectivity of
the Pd NCs@ZIF-8 catalyst. This observation further con-
firms that all Pd NCs are encapsulated inside ZIF-8, which is
consistent with our TEM results. ICP-AES analysis confirmed
that negligible leaching (<0.02% Pd leaching from the
catalyst) had occurred after hydrogenation.

In summary, we have rationally fabricated a core—shell
Pd NCs@ZIF-8 composite that benefits from surface-plas-
mon-driven photothermal effects of the Pd NCs and the
specific properties of the MOF, which accelerates the catalytic
reaction by H, enrichment, enables the selection of substrates
of a specific size for selective catalysis, and stabilizes the
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Pd NC:s for excellent recyclability. As a result, the composite
selectively catalyzes the hydrogenation of small olefins under
light irradiation at room temperature. Compared to thermally
driven catalytic hydrogenation at 50°C, 100 mW cm  visible-
light irradiation afforded similar catalytic activity whereas
100 mW cm 2 full-spectrum irradiation led to a much higher
efficiency in the absence of additional heating. The superior
catalytic performance can be ascribed to the broad absorption
band of the Pd NCs and many accessible active Pd sites on
corner and edge positions. Impressively, thanks to the
stabilization endowed by the ZIF-8 shell, the nanostructure
and crystallinity of the catalyst, but also its catalytic activity,
were well maintained during recycling experiments. This work
represents the first attempt on utilizing solar energy for
accelerating a catalytic reaction by combining the SPR effects
of metal nanocrystals with the favorable properties of MOFs,
which would exert their synergistic advantages and open up
an avenue to the utilization of solar energy instead of heat to
drive a heterogeneous catalytic reaction.
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