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Enhanced substrate diffusion g

ABSTRACT: Metal-organic  frameworks (MOFs) have
emerged as superior hosting matrices for atomically precise
nanoclusters (NCs) encapsulation, offering excellent physical
and chemical protections for advanced catalysis.
Nevertheless, the MOF coating significantly reduces the NC
catalytic efficiency due to the diffusion barriers and the
confined microenvironments. Herein, a hierarchically
engineered MOF nanoreactor was constructed by controlled
structural etching for NC immobilization. This nanoreactor
possesses hierarchical pores to accelerate the diffusion rate :
of reactants and creates hollow structures to unleash the R O —
confined NC molecules from the rigid MOF network to a

capacious microenvironment. The enhanced mass transfer, Up to 99% yields
improved freedom of NCs, and outstanding stability collectively boosted the catalytic activity of the nanoreactor. By
controlling the etching time, freestanding Pds@zeolitic imidazolate framework-8 (ZIF-8)-TA,, displayed a catalytic efficiency
that was 3.17 times greater than that of the initial confined Pds@ZIF-8 and even better than free Pdg. This work opens a
new strategy to reduce the inherent limitations of porous matrixes for developing high-performance catalysts.

Improved the freedom of Pdg site EI

Pdy@ZIF-8-TA nanoreactor

KEYWORDS: metal nanoclusters, metal-organic frameworks, zeolitic imidazolate framework-8 (ZIF-8), hierarchical pores,
nanoreactor

recyclability of NCs during the reaction is to immobilize them with
specific supports. Metal-organic frameworks (MOFs) are an

1 Introduction

Atomically precise metal nanoclusters (NCs), composed of a few to
hundreds of metal atoms and protected ligands, have emerged as a
novel and promising nanomaterial in many fields [1-3]. Notably,
their ultrasmall sizes and crystallographically defined structures
allow the in-depth decipherment of the fundamentals of catalysis
[4-9]. One approach to improve the stability, monodispersity, and
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emerging class of porous network materials with precisely
determined structures and modifiable pores, allowing them to be
excellent hosts for NC immobilization [10-13]. Confining NC in
MOFs has shown excellent prospects since it provides NCs with
well-defined and optimizable inner-surface microenvironments
[14-21]. For example, the encapsulation of Pt;, within zeolitic
imidazolate framework-8 (ZIF-8) significantly improves NC
stability, which could prevent Pt;, from aggregating even after the
ligand removal [22]. Jiang and co-workers reported the
optimization of NC activity by MOF pore microenvironments,
highlighting the interfacial interactions between MOFs and NCs
[23]. Other studies also showcase the synergistic effects of NC-MOF
composites for enhancing their catalytic performance [24-30].
Despite these merits, most confined NCs in MOFs still confront

Nano Research, 2025, 18, 94907208


https://orcid.org/0000-0001-7180-4127
https://orcid.org/0000-0002-1146-0948
https://orcid.org/0000-0002-3068-7160
https://orcid.org/0000-0001-7180-4127
https://orcid.org/0000-0002-1146-0948
https://orcid.org/0000-0002-3068-7160
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://doi.org/10.26599/NR.2025.94907208
mailto:ymli_chem@163.com
mailto:shenght@ahu.edu.cn
mailto:zmz@ahu.edu.cn
mailto:zmz@ahu.edu.cn
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208
https://www.sciopen.com/article/10.26599/NR.2025.94907208

Yang et al.

Nano Research | Vol. 18, No. 3

significant challenges. For instance, MOFs that are commonly used
in encapsulated NCs possess relatively small pore apertures (less
than 1 nm), limiting the mass transfer significantly [31, 32].
Moreover, the rigid MOF framework spatially wraps around and
confines the immobilized NCs, which provides NC with a specific
interfacial interaction, while such interactions significantly alter the
NC electron density and activity [23, 33]. Exploring new platforms
to overcome these challenges and improve the catalytic
performance of embedded NC further is in urgent demand.

MOF nanoreactor that contains hierarchical mesopores and
macro-voids within MOF crystals exhibits excellent potential for
NC encapsulation, which enables the more effective mass transfer,
the relative freestanding state of immobilized NCs, thereby
reducing interfacial interactions [34-37]. There have been many
strategies for producing hierarchical pores or defects inside
microporous MOFs, such as template-directed strategy, modulator-
induced method, and perturbation-assisted approach [38-43].
However, these methods often lead to the partial amorphization of
MOFs. Etching microporous MOFs with an etching agent is
another excellent approach for creating a hierarchically porous
MOF nanoreactor [44, 45]. The weak phenolic acids are one of the
soft agents for MOF etching, which partly break the framework
structures inside MOF crystals while protecting the MOF surface
from structurally collapsing [46, 47]. Encapsulating NC within a
hierarchical MOF nanoreactor via etching may open up new
opportunities to enhance the performance of immobilized NCs,
which is ascribed to the enhanced mass transfer facilitated by the
hierarchical mesopores and the release of freestanding NC inside
MOF nanoreactor [48]. However, hierarchical MOF nanoreactors
have barely been employed as the matrix for NC immobilization to
date. Moreover, unleashing NC within a MOF nanoreactor also
provides a further way to understand and regulate the interfacial
interactions between MOFs and NCs, which is essential for the
design of functional catalysts.

Herein, a hierarchically porous ZIF nanoreactor containing
hollow structures was constructed for the encapsulation of NCs.
The Pd; was first confined in ZIF-8 via in situ encapsulation to
form Pdg@ZIF-8, followed by an etching process to create the large
pores and hollow voids inside ZIFs. Besides the higher diffusion
barriers, we have provided that the confined Pdg in micropore ZIF-
8 exhibited strong interfacial interactions, leading to a different
electron density from free Pd;. While hierarchically porous ZIF-8-
TA provided freestanding Pd; with a capacious microenvironment,
significantly reducing the interactions and recovering the same
electron density as their free counterpart. Such ZIF-8-TA
nanoreactor enhanced the stability and recyclability of immobilized
Pd; while facilitating the mass transfer and weakening the
interfacial interaction, thereby showing 3.17 times higher catalytic
efficiency than confined Pd,@ZIF-8.

2 Experimental

2.1 Synthesis of Pdg NC

67.5 mg of Pd(OAc), (0.3 mmol) and 225 mg of mercaptosuccinic
acid (MSA, 1.5 mmol) were added in an agate mortar and
continuously ground for 15 min until the color of the solid powder
changed from white to yellow. 60 mg of NaBH, (1.5 mmol) was
added to the mixture and further ground for 30 min until the
powder became dark. Subsequently, 3 mL of H,0O was added to the
mixture. The solution was collected and washed with ethanol
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(EtOH) to remove excess MSA. Then, 2 mL of H,O was added to
disperse the precipitate and aged at room temperature for 24 h.
Finally, the precipitate was removed by centrifugation (12,000 rpm,
5 min) and the supernatant was washed with ethanol, and the
obtained precipitate was dried under vacuum.

2.2 Synthesis of ZIF-8

An aqueous solution of Zn(NOs),,6H,0 (1.5 mL, 50 g-L") was
added to 20 mL H,0, followed by the addition of the H,O solution
containing 2-methylimidazole (9 mL, 200 g-L™). After stirring for
5 min, 2 mL aqueous solution of cetyltrimethylammonium
bromide (CTAB, 50 g-L") was added to the mixture and stirred
overnight. The resulting white powder was separated by
centrifugation (8500 rpm, 5 min), washed three times with
ultrapure water, and dried under vacuum at 35 °C.

2.3 Synthesis of Pd;@ZIF-8

Pd;@ZIF-8 was synthesized via a similar procedure to pure ZIF-8,
besides adding a few Pdg solutions (200 pL, 10 mg-mL™) to the
linker’s solution. Pdg@ZIF-8 could be obtained within 3 h, followed
by centrifugation-wash cycles.

24 Synthesis of Pds@ZIF-8-TA, (n represented the
etching time, min)

Tannic acid solution (TA, 5 mg-mL™) was first prepared, followed
by adding 50 mg Pd;@ZIE-8. The solution was left to stand at room
temperature for the desired time. The resulting powder was

centrifuged and washed with ultrapure water 2 times, followed by
methanol (MeOH) 3 times, and dried under vacuum at 35 °C.

2.5 Sonogashira coupling reaction

112 pL jodobenzene (1.0 mmol), 415 uL pyrrolidine (5 mmol),
131 pL phenylacetylene (1.2 mmol), and 1.66 x 10 mmol catalyst
(based on Pd) were added to a Schlenk reaction flask containing
2.5 mL of deionized water. The reaction mixture was stirred under
the protection of N, in an oil bath at 60 °C for a certain time. The
mixture was extracted with ethyl acetate, and the supernatant
obtained was determined by gas chromatography. The catalyst was
recovered by washing with ethanol and dried under vacuum at
room temperature overnight.

2.6 Reduction of p-nitrophenol (4-NP)

25 x 10° mmol of catalyst was added to a NaBH, solution
(0.5 mgmL"), followed by the introduction of 100 uL of p-
nitrophenol solution (33.3 mmol-L™), and the reaction was stirred
at room temperature and monitored by ultraviolet-visible (UV-vis)
spectrum.

3 Results and discussion

Pdg NC was verified by the UV-vis spectrum, transmission electron
microscopy (TEM) images, Fourier transform infrared (FTIR)
spectrum, X-ray photoelectron spectroscopy (XPS), and
thermogravimetric analysis (TGA, Figs. S1-S5 in the Electronic
Supplementary Material (ESM)) [49]. The encapsulation of Pdg
inside ZIF-8 was carried out in the presence of ZIF precursor and
Pd, solution. The as-obtained Pd;@ZIF-8 was next etched by TA
(5 mg-mL™) for 10 min to acquire hierarchically porous ZIFs with
hollow structures to release the confined NC molecules, called
Pd,@ZIF-8-TA,, nanoreactor (10 represents etching for 10 min,
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Scheme 1). Pdg NC did not leach from the nanoreactor during the
etching process since the outer parts of ZIF-8 provided
maintenance (Fig. S6 in the ESM). Wide angle X-ray scattering
(WAXS) and powder X-ray diffraction (PXRD) patterns
demonstrated the successful preparation of the Pd;@ZIF-8 catalyst,
and the introduction of Pdg did not affect the formation of the ZIF
shell (Fig. 1(a) and Fig. S7 in the ESM). In addition, the WAXS and
PXRD patterns of Pd;@ZIF-8-TA,, matched well with that of
Pd;@ZIF-8, suggesting that the etching process by TA did not affect
the long-range ZIF-8 crystal structure. The N, uptake data at 77 K
of ZIF-8, ZIF-8-TA, Pdy@ZIF-8, and Pd,@ZIF-8-TA,, were
collected. Pd,@ZIF-8 exhibited a lower surface area than pure ZIF-
8, probably due to the occupation of Pd; within the ZIF crystals,
emphasizing the successful immobilization of Pdg (Fig. 1(b) and
Figs. S8-S10 in the ESM). Furthermore, the surface area severely
decreased after the etching process (Pdy@ZIF-8: 1100.1 m’g"
Pd;@ZIF-8-TA);: 7222 m*g"), which was similar to previous
reports [42]. The etching process destroys part of the microporous
structure of the ZIF skeleton, leading to the generation of
hierarchical pores and hollow structures, as confirmed by the
hysteresis loop of hollow Pds@ZIF-8-TA,, in the nitrogen
isothermal sorption profiles.

The etching effect of TA on Pdy@ZIF-8 was next explored. For
Pd;@ZIF-8-TA,,, the characteristic FTIR peak at 1700 cm™ was
attributed to the stretching vibration of C-O groups of TA, proving

{3

; (o ®

Pdg nanocluster . )
In situ encapsulation

+—>
<« &

Zn** 2-Methylimidazole

that TA would be partially retained in ZIF crystal (Fig. 1(c)). The
peak observed at 1600 cm™ was attributed to C=0 bonds from the
Pdg ligand, implying the existence of NC in nanoreactor. The
elemental survey from XPS of Pdg, ZIF-8, Pd;@ZIF-8, and Pd,@ZIF-
8-TA, was performed. We found much stronger O element signals
in Pdg@ZIF-8-TA, than in Pd,@ZIF-8, which might be attributed
to the residual TA in the nanoreactor (Fig. 1(d)).

Importantly, Pd;@ZIF-8 exhibited a blue shift of Pd 3d peaks
compared to free Pdg in XPS data (Fig. 1(e)), indicating a chemical
interaction between confined Pdg and ZIF-8. The electron density
difference between free and confined NCs might be attributed to
the confined microenvironment of Pdg by ZIF coatings [20, 29].
After the etching process, the freestanding Pd;@ZIF-8-TAj,
nanoreactor displayed a similar binding energy of Pd 3d compared
to free Pdg suggesting that the etching treatment reduced the
interfacial interactions between ZIFs and Pd;. The structural
integrity of confined Pd;@ZIF-8 and freestanding Pd;@ZIF-8-TA,,
were also studied. In the UV-vis diffuse reflectance spectra, the
characteristic peaks of confined and freestanding Pd; were the same
as those of free NC (Fig. 1(f)), demonstrating the primal structure
of encapsulated Pdg was highly preserved. Furthermore, TA did not
change the characteristic peaks of Pdg NC, suggesting that the
etching procedure did not affect the NC structure (Fig. S11 in the
ESM).

Etching process

Pd;@ZIF-8 Pd,@ZIF-8-TA
Scheme 1 Synthetic route to Pd;@ZIF-8-TA nanoreactor.
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Figure1 (a) WAXS patterns of Pd;@ZIF-8 and Pd;@ZIF-8-TA,. (b) N, adsorption/desorption isotherms (77 K) of Pd;@ZIF-8 and Pd;@ZIF-8-TA,,. (c) FTIR data of
Pd;@ZIF-8 and Pd,@ZIF-8-TA, . XPS spectra of (d) O 1s and (e) Pd 3d of Pd;@ZIF-8 and Pd,@ZIF-8-TA,,. (f) UV-vis spectra of Pd;@ZIF-8 and Pd;@ZIF-8-TA,,.
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The morphological structure of Pd;@ZIF-8 and Pd;@ZIF-8-TA
were next investigated through TEM and high-angle annular dark-
field scanning TEM (HAADF-STEM). As shown in Figs. 2(a) and
2(b), Pd;@ZIF-8-TA,, clearly showed the central cavity formation
after TA treatment, which was different from solid Pd;@ZIF-8
bearing a microporous internal structure. Furthermore, the
HAADF-TEM images verified the uniform dispersion of the
confined and freestanding Pd in all samples (Figs. 2(c) and 2(d)).
No significant changes in NC size were found (Figs. S12 and S13 in
the ESM), revealing that neither the immobilization nor etching
processes changed the geometric structure of Pdg NC.

The hierarchical and hollow structure accelerates the diffusion of
reactants/products inside ZIF crystals. It unleashes confined NCs to
a capacious microenvironment with reduced interfacial
interactions, thereby greatly enhancing their catalytic performance.
Free Pd,, solid Pd;@ZIF-8, and hollow Pd,@ZIF-8-TA,, were
applied as catalysts in the Sonogashira coupling reaction, and the
optimal conditions for reactions were first screened. Several solvents
(such as H,0, EtOH, MeOH, N,N-dimethylformamide (DMF),
acetonitrile (MeCN), and tetrahydrofuran (THF)) were tested, and
H,0 showed the best catalytic performance with a yield of 76.2%
(Table S1 in the ESM, entries 1-6). Compared to inorganic bases
such as K,CO;, Cs,CO;, etc., organic bases showed much better
conversions, and pyrrolidine was the most suitable base for the
reaction (Table S1 in the ESM, entries 7-13). The reaction
temperatures were the other factor that affected the reaction
progress. Our data showed that the optimal temperature was 60 °C.
Lower temperatures offered unsatisfactory yields, while higher
temperatures gave negligible improvements in conversions (Table
S1 in the ESM, entries 14 and 15). Furthermore, no products were
found when pure ZIF-8, TA, or ZIF-8-TA were used as catalysts,
indicating that the catalyst activity was derived from the intrinsic
activity of encapsulated Pdg (Table S1 in the ESM, entries 16-18).
Free Pd;, Pd,@ZIF-8, and Pd;@ZIF-8-TA,, could catalyze the
reaction under optimal conditions, while Pd;@ZIF-8-TA,

Nano Research, 2025, 18, 94907208
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exhibited the best conversion (Table S1 in the ESM, entries 19-21).
The activity of Pd;@ZIF-8-TA, was better than the free Pdg NC,
which was attributed to the improved stability of Pd; NC (Fig. S14
in the ESM).

The effect of etching time on the Pd;@ZIF-8-TA nanoreactor
activity was then explored. PXRD patterns of Pd;@ZIF-8-TA at
different times showed no additional diffraction peak from
impurities (Fig. 3(a)), implying that prolonging the TA etching time
did not affect the pristine crystal structure of ZIF-8. The catalytic
performances of free Pd;, Pd;@ZIF-8, and Pd,@ZIF-8-TA, (n
represents the etching time) were next investigated. Interestingly, a
nonlinear correlation between the etching time and the activity of
the Pdy@ZIF-8-TA, nanoreactor was obtained. The catalytic
performance of Pd;@ZIF-8-TA, was first improved and then
decreased with the extension of etching time. The best conversion
was obtained by etching Pd;@ZIF-8 for 10 min (Fig. 3(b)). This
might be attributed to the improvement of diffusion efficiency and
degree of freedom brought about by early etching (< 10 min) and
the decrease in stability of immobilized NC caused by excessive
etching after 10 min.

Under the optimized conditions, the kinetics of Pd;@ZIF-8 and
Pd;@ZIF-8-TA,, were investigated in detail. After 6 h, Pd;@ZIF-8-
TA,, provided 72.6% conversion, which was more than two times
higher than that of unetched Pd;@ZIF-8 (32.4%). Prolonging
reaction time to 24 h, Pd;@ZIF-8 still could not achieve quantitative
conversion, which was achieved with Pd;@ZIF-8-TA,, after 10 h
(Fig. 3(c)). The catalytic rate constant of Pd;@ZIF-8-TA,, was
calculated to be 0.2496 h™ (Fig. 3(d)), which was 3.17 times higher
than that of Pd@ZIF-8 (0.0786 h™), demonstrating the superior
activity of Pd;@ZIF-8-TA,, nanoreactor compared to parental
Pd;@ZIF-8. Furthermore, changing the functional groups of
reactants did not affect the catalytic performance of the
nanoreactor. Pd;@ZIF-8-TA;, showed 2.2-2.6 times higher
conversions than Pd,@ZIF-8 (Fig. 3(e)), suggesting the high

Figure2 TEM images of (a) Pd;@ZIF-8 and (b) Pd,@ZIF-8-TA,,. HAADF-STEM images of (c) Pd;@ZIF-8 and (d) Pd@ZIF-8-TA,, and their corresponding elemental
mappings.
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Figure3 (a) PXRD patterns of Pd;@ZIF-8-TA,, with different etching times. (b) The catalytic performances of Pdg, Pd,@ZIF-8, and Pd;@ZIF-8-TA,, with different
etching times. (c) The conversion rate curves of Pd;@ZIF-8 and Pd,@ZIF-8-TA, in 24 h. (d) C/C, curves of the reactant catalyzed by Pd;@ZIF-8 and Pd,@ZIF-8-TA,, (C
and C, represent the concentrations of reactant with time and initial stage). (e) The catalytic performances of Pd;@ZIF-8 and Pd,@ZIF-8-TA,, towards various reactants
with different groups. (f) The thermal filtration experiments of Pd;@ZIF-8 and Pdy@ZIF-8-TA,,.

tolerance of our nanoreactor to various reactants. The thermal
filtration experiments showed that after removing the Pd;@ZIF-8
and Pd;@ZIF-8-TA,, catalysts from the reaction, no further
increase in products was observed (Fig. 3(f)). The filtrate after the
reaction was also analyzed by inductively coupled plasma-optical
emission spectroscopy (ICP-OES), providing no leaching of Pd ions
from the catalysts (< 0.0001%). These results together confirmed
the heterogeneous nature of both Pd;@ZIF-8 and Pd;@ZIF-8-TA
as catalysts.

The typical reduction reaction of 4-NP was also performed using
Pd;@ZIF-8 and Pd,@ZIF-8-TA, as catalysts to evaluate their
catalytic performances further. As shown in Figs. 4(a) and 4(b),
Pd;@ZIF-8-TA,, completely reduced 4-NP within 25 min, while
Pd;@ZIF-8 only gave about half of the total conversion at the same
time, indicating the superior catalytic performance of Pd;@ZIF-8-
TA,, nanoreactor. In addition, both the Pd;@ZIF-8 and Pd;@ZIF-8-
TA,, could be recycled at least 5 times without a noticeable loss of
activity (Fig. 4(c)). PXRD data showed no apparent change in
nanoreactor crystallinity after the reaction (Fig. 4(d)). TEM images,
UV-vis spectra, and N, uptake measurement showed no significant
change before and after the reaction (Figs. S15-S17 in the ESM),
suggesting the excellent recyclability and stability of nanoreactor.

4 Conclusions

In summary, we have created a facile etching strategy to encapsulate
NC into hierarchically porous and hollow MOF nanoreactors with
significantly enhanced catalytic performance. The etching process
partially broke the internal pore of ZIFs to unleash the confined NC
within the hollow structure, while the crystal surface was highly
maintained to keep the heterogeneous nature of the nanoreactor.
The Pd;@ZIF-8-TA nanoreactor can facilitate the diffusion of the
reactants and products, provide more capacious internal
environments for NC, and stabilize NC to enhance their
recyclability. By fine-tuning the etching process, freestanding Pdg in
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hollow Pd;@ZIF-8-TA,, nanoreactor exhibited a 3.17-fold
enhancement in catalytic performance compared to confined Pd; in
unetched Pd;@ZIF-8, even better than its free counterparts. This
work provides a new strategy for constructing a high-active
nanoreactor to encapsulate the freestanding NC in hollow MOFs.

Electronic Supplementary Material: Supplementary material
(UV-vis spectra, TEM and HAADF-STEM images, XPS spectra,
FTIR data, N, adsorption/desorption measurements, and 'H-NMR
data) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907208.
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