
•ARTICLES• January 2021 Vol.64 No.1: 109–115
https://doi.org/10.1007/s11426-020-9881-7

Encapsulation of ultrafine Pd nanoparticles within the shallow
layers of UiO-67 for highly efficient hydrogenation reactions
Zhiming Cui1, Ting Fan1, Liyu Chen1, Ruiqi Fang1*, Chuanmao Li1,2 & Yingwei Li1*

1State Key Laboratory of Pulp and Paper Engineering, School of Chemistry and Chemical Engineering, South China University of Technology,
Guangzhou 510640, China;

2Guangzhou Keneng Cosmetics Scientific Research Co., Ltd., Guangzhou 510800, China

Received July 16, 2020; accepted September 27, 2020; published online October 10, 2020

Metal-organic frameworks (MOFs) have been used to encapsulate active metal nanoparticles (MNPs) to fabricate MNPs@MOFs
composites with high catalytic efficiencies. However, the diffusion of reactants and the accessibility of MNPs located in the
center of MOFs may be hindered due to the inherent microporous structures of MOFs, which would affect the catalytic activities
of MNPs. Herein, we report a solvent assisted ligand exchange-hydrogen reduction (SALE-HR) strategy to selectively en-
capsulate ultrafine MNPs (Pd or Pt) within the shallow layers of a MOF, i.e., UiO-67. The particle sizes of the encapsulated
MNPs and the thickness of the MNPs-embedded layers can be adjusted easily by controlling the SALE conditions (e.g. time and
temperature). Crucially, the LE-Pd@UiO-80-0.5 composite with the thinnest Pd-embedded layers displays remarkable catalytic
efficiency with a high turnover frequency (TOF) value of 600 h−1 towards hydrogenation of nitrobenzene under 1 atm H2 at room
temperature. The results indicate that the catalytic efficiency and the utilization of MNPs can be enhanced by compactly
encapsulating MNPs within the shallow layers of MOFs as close to their outer surfaces as possible, owing to the short mass-
transfer distance and enhanced accessibility of overall MNPs.
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1 Introduction

Metal-based catalysts have shown considerable perfor-
mances in heterogeneous catalysis for the production of
various valuable products. With the development of modern
chemical industry, enormous efforts have been devoted to the
design and fabrication of highly efficient metal-based het-
erogeneous catalysts [1–7]. As a result, a series of synthesis
strategies have been developed, including coprecipitation
[8], sol-gel [9], electro-deposition [10], and impregnation-
reduction methods [11]. Among the various synthesis stra-
tegies [12–17], metal encapsulation, i.e., to uniformly dis-
perse the nanoscale guest molecules within the pores/layers/

vacancies of the porous supports [18–22], has been con-
sidered as one of the most effective protocols to enrich the
amounts of active sites and enhance the interactions between
the guest molecules and supports, thus promoting the activity
and durability of the as-prepared catalysts through nano-
confinement and size effects [23–25].
Porous materials (PM), including metal-organic frame-

works (MOFs), zeolites and silicates, have been widely uti-
lized for the encapsulation of metal species (MSs) like
nanoparticles (NPs), clusters and even single atoms for the
preparation of MS@PM composites [26–28]. In particular,
MOFs, which feature with high specific areas and tunable
nanoarchitectures, have drawn intense research attentions for
the encapsulation of MSs within their layers, channels and
pores [24,25,29,30]. For example, Xu et al. [31] reported a
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sequential double-solvent approach and liquid-phase con-
centration-controlled reduction strategy for the immobiliza-
tion of AuNi alloy within the pores of MIL-101. The as-
prepared AuNi@MIL-101 possessed homogeneous dis-
tribution of AuNi alloys in ultrasmall sizes and achieved a
remarkable performance in the hydrolytic dehydrogenation
of NH3BH3 at room temperature. Behm et al. [32] prepared a
Cu/UiO-66 through anchoring Cu single atoms onto the
–OH/–OH2 groups of UiO-66. Benefitting from the atom-
ically dispersed and positively charged Cu species, the
obtained Cu/UiO-66 composite exhibited significantly high
catalytic activity in CO oxidization. Su et al. [33] introduced
Pt nanorods into the 1D channel of Pd-PCN-222(Hf), which
showed unprecedented catalytic performances in the photo-
catalytic hydrogen evolution reaction.
More recently, a newly invented solvent assisted ligand

exchange (SALE) approach was reported for the introduction
of different MSs into the pores of MOFs. The morphology,
composition and porosity of the obtained MOF-based com-
posites could be precisely modified through tuning the pre-
synthesized composites, MOF templates and SALE condi-
tions [34,35]. Pan et al. [36] prepared Ru/Rh-coordinated
complexes such as [Ru(Cy*)(bpydc)Cl]Cl·H2O or [Rh(Cp*)-
(bpydc)Cl]Cl·H2O for the introduction of single-site Ru/Rh
into the pores of UiO-67 through SALE. Tsung et al. [37]
demonstrated the introduction of Ru complexes (tBuPNP)Ru-
(CO)-HCl, whose size was larger than that of the UiO-66
apertures, into the pores of UiO-66 through SALE. In spite of
the advances made, the bottleneck of SALE was its in-
efficient regulation towards the spatial distribution of MSs,
and therefore generally resulted in the homogeneous dis-
persion of MSs within the frameworks of MOFs. In terms of
heterogeneous catalysis, the micrometer-scaled bulk crys-
tallites of MOFs featuring microporous structures would
hinder the mass transfer process of reactants and limit the
accessibility of MSs distributing within the inner layers,
consequently lowering the availability of MSs and the cat-
alytic efficiency [38,39]. Therefore, in terms of the pursuit
for advanced catalytic performances, it is highly desired to
develop an efficient synthesis strategy to selectively en-
capsulate MSs within the shallow layers as close to the outer
surface of MOFs as possible.
This work demonstrates the fabrication of a series of LE-

M@UiO-T-t composites (where LE represents ligand-
exchanged, M represents the encapsulated MS including Pd
or Pt NP, T and t are the temperature (°C) and time (h) of the
SALE process, respectively) with unique core@shell
nanostructures with MSs selectively encapsulated within the
shell through the SALE method. Noteworthy, the composi-
tion of the composites as well as the location and sizes of the
encapsulated MSs could be easily modified by tuning the
time and temperature of SALE. Subsequently, the obtained
LE-Pd@UiO-80-t composites are employed as the catalysts

in nitrobenzene hydrogenation [21,22,40,41], which, as ex-
pected, exhibit remarkably enhanced catalytic performances
compared with noble metals@microporous supports pre-
pared by the conventional methods under the same reaction
conditions. Among the investigated composites, the LE-
Pd@UiO-80-0.5 shows the highest catalytic efficiency,
achieving an almost quantitative conversion from nitro-
benzene to aniline under 1 atm H2 at room temperature, with
a turnover frequency (TOF) value as high as 600 h−1.

2 Results and discussion

In order to prove the thermodynamic accessibility of the
SALE process between the original ligand of UiO-67 (i. e.,
4,4’-biphenyldicarboxylic acid, H2bpdc) and introduced li-
gand H2bpydc-PdCl2, density functional theory calculation
(DFT) was conducted before the experiments. The model
used to compute ligand exchange is shown in Figure S1. The
DFT results pointed out a negative solvated free energy of
the reaction (ΔG=−1.73 kcal/mol), indicating that the as-
sembling between H2bpydc-PdCl2 and the Zr4+ nodes of
UiO-67 was thermodynamically favorable.
Supported by the DFT results, H2bpydc-PdCl2 was pre-

pared as the introduced ligand for the subsequent SALE
process. X-ray photoelectron spectroscopy (XPS) and 1H
nuclear magnetic resonance (1H NMR) experiments were
conducted to verify the chelation between H2bpydc and Pd

2+.
In the XPS spectra of H2bpydc-PdCl2, two peaks were ob-
served at 337.6 and 342.9 eV (Figure S2a), which were as-
signed to divalent Pd. Besides, the binding energy of N 1s
peak of the ligands shifted to a higher value by about 1.0 eV
as compared with the pristine H2bpydc (Figure S2b), which
was related to the partial electron transfer from pyridine N to
Pd2+, verifying the successful chelation between H2bpydc
and Pd2+ [42]. Similarly, in comparison with pristine
H2bpydc, the

1H NMR peaks of the ortho- and para-protons
of pyridine N on the as-prepared H2bpydc-PdCl2 were ob-
viously shifted towards the low field, while the meta-proton
of pyridine N on the Pd-embracing ligands shifted towards
the high field (Figure S3). These shifts could be ascribed to
the electron-withdrawing conjugation effect caused by Pd2+,
further confirming the chelation interaction between
H2bpydc and Pd

2+ [43].
The typical synthesis route of LE-M@UiO-T-t is illu-

strated in Scheme 1. Taking the synthesis of LE-Pd@UiO-
80-0.5 as an example, UiO-67 was primarily synthesized
under solvothermal condition according to the reported
procedure with some modifications [44]. Afterwards, 2,2’-
bipyridine-5,5’-dicarboxylic acid ligands (H2bpydc) were
served as the anchoring ligands for Pd2+ to prepare the me-
talloligands (H2bpydc-PdCl2). Subsequently, H2bpydc-PdCl2
was used to substitute for the initial ligand (i.e., H2bpdc) at
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the shallow layers of UiO-67 through the SALE method at
80°C for 0.5 h, followed by hydrogen reduction (HR) of the
Pd in 10% H2/Ar at 250°C.
X-ray diffraction (XRD) was conducted to examine the

structure of the LE-Pd@UiO-80-0.5 composite. Strong
characteristic diffraction peaks of UiO-67 were observed at
5.7° and 6.6° in the XRD patterns of LE-Pd@UiO-80-0.5
(Figure 1(a)), indicating that the phase integrity and crys-
tallinity of UiO-67 were well preserved after the SALE-HR
process. In the N2-sorption experiments, the LE-Pd@UiO-
80-0.5 composite showed a typical type I sorption isotherm
and narrow pore size distribution (<2 nm), revealing its mi-
croporous regime inheriting from the parent UiO-67 (Figure
1(b, c)). It is noteworthy that the Brunauer-Emmett-Teller
(BET) specific surface area (1,235 m2/g) and pore volume
(0.65 cm3/g) of the LE-Pd@UiO-80-0.5 were remarkably
reduced in comparison with the pristine UiO-67, indicating
that partial cavities in the shallow layers of UiO-67 were
occupied by Pd NPs (Figure 1(b, c) and Table S1). XPS
analysis was further conducted to interpret the valence states
of Pd and N. The survey XPS spectra of LE-Pd@UiO-80-0.5
verified the co-existence of Zr, Pd, C, N and O elements
(Figure 1(d)). In the high-resolution spectra, the peaks at
335.4 eV (Pd 3d5/2) and 341.3 eV (Pd 3d3/2), along with the
presence of their characteristic shake-up satellite peaks,
suggested the presence of metallic Pd0 species in LE-
Pd@UiO-80-0.5 (Figure 1(e)) [45]. Meanwhile, the char-
acteristic peak at 399.3 eV in N 1s region was assigned to
pyridine N, pointing out that the H2bpydc ligands were
successfully incorporated onto the Zr4+ nodes to fabricate the
LE-Pd@UiO-80-0.5 (Figure 1(f)) [45].
Scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) were used to characterize the
morphology and structure of the as-prepared samples. The
parent UiO-67 exhibited the mono-dispersed octahedral
crystalline with a size of ca. 1.2 µm and smooth external

surfaces (Figure S4). After the SALE process at 80°C for
0.5 h and hydrogen reduction, the octahedral morphology
and crystal structure of LE-Pd@UiO-80-0.5 were well pre-
served (Figure 2(a)). The high-resolution TEM (HR-TEM)
images and particle size distribution results revealed that the
Pd NPs were in ultrafine sizes of ca. 1.85 nm with the in-
terplanar spacing of 0.224 nm, in accordance with the spa-
cing of the (111) planes of face-centered cubic (fcc) Pd0

Scheme 1 Synthesis routes of LE-M@UiO-T-t via SALE-HR strategy (color online).

Figure 1 (a) XRD patterns, (b) N2 adsorption/desorption isotherms and
(c) pore size distributions of UiO-67 and LE-Pd@UiO-80-0.5; (d) full scan,
(e) Pd 3d and (f) N 1s regions of the XPS spectra of LE-Pd@UiO-80-0.5
(color online).
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(Figure 2(f–h)) [45]. Particularly, TEM, high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) and corresponding Pd and N elemental
mapping experiments were carried out on the ultrathin cuts
of the LE-Pd@UiO-80-0.5 composite to further explore the
distribution of Pd NPs inside the bulk crystals. And the re-
sults suggested that the ultrafine Pd NPs were homo-
geneously distributed throughout the shallow layers of the
LE-Pd@UiO-80-0.5 bulks in depth of ca. 56 nm (Figure 2
(b–d)), while the H2bpydc ligands were introduced into the
shallow layers of the LE-Pd@UiO-80-0.5 according to the N
elemental mapping (Figure 2(e), noting that the N elemental
mapping was affected by the resin used for embedding the
sample). Besides, the Pd content of LE-Pd@UiO-80-0.5 was
about 0.3 wt% as measured by atomic absorption spectro-
scopy (AAS), in good agreement with the inductively-cou-
pled plasma optical emission spectrometry (ICP-OES)
results.
Furthermore, 1H NMR was conducted to quantify the li-

gand ratios of the as-prepared LE-Pd@UiO-80-t samples. As
shown in the 1H NMR spectra (Figure S9(a–c)), the peaks at
about 7.65 ppm (d, J=8 Hz, 4H) and 7.85 ppm (d, J=8 Hz,
4H) were assigned to the protons of H2bpdc ligands, while
the peaks at about 8.60 ppm (s, 2H), 8.40 ppm (d, J=8 Hz,
2H) and 8.10 ppm (d, J=8 Hz, 2H) were assigned to the
protons of H2bpydc ligands, suggesting that the H2bpydc
ligands were successfully incorporated onto the Zr4+ nodes to

fabricate the LE-Pd@UiO-80-t composites. Significantly,
the molar ratios of H2bpydc ligands in LE-Pd@UiO-80-0.5,
LE-Pd@UiO-80-1 and LE-Pd@UiO-80-2 were calculated to
be 9%, 15.3% and 21.1%, respectively. The 1H NMR results
were in good agreement with the Pd and N contents mea-
sured by AAS and element analysis (EA), respectively (Ta-
ble 1), suggesting a prolonged time was beneficial to
introduce more H2bpydc ligands into the samples via the
ligand exchanging process.
On the other hand, to explore the impact of the SALE

temperatures on their structural properties, LE-Pd@UiO-T-1
(T = 40, 60 and 100°C) composites were prepared at different
SALE temperatures. SEM images showed that the octahedral
morphology of LE-Pd@UiO-T-1 was preserved after the
SALE-HR process (Figure 3(a1–d1)), in agreement with the
XRD diffraction results (Figure S7). However, increasing the
temperature from 40°C to 100°C led to rougher external
surfaces on the obtained composites. TEM images revealed
that an increase in temperature could also result in an en-
hancement in the thicknesses of the Pd-containing shallow
layers, which were 48, 78 and 129 nm for LE-Pd@UiO-40-1,
LE-Pd@UiO-60-1 and LE-Pd@UiO-80-1, respectively.
These results indicated that the Pd-containing shallow layers
could also be modified by varying the SALE temperature
(Figure 3).
The SALE temperatures can also influence the size of the

Pd NPs. When the SALE treatment was carried out at 40°C,
the size of the obtained Pd NPs was 2.15 nm (Figure 3(a6,
a7)). When the SALE temperature was raised, the average
size of Pd NPs was gradually decreased to 2.07 at 60°C and
1.85 nm at 80°C, respectively (Figure 3(b6, b7) and (c6, c7)).
However, a further increase of the temperature to 100°C led
to remarkably enhanced Pd NP sizes to ca. 2.43 nm (Figure 3
(d6, d7)). Besides, 1H NMR confirmed the incorporation of
H2bpydc ligands in the as-prepared LE-Pd@UiO-T-1 (Figure
S9b, d–f). An increased ligand exchanging temperature from
40 to 100°C resulted in higher H2bpydc ligand contents from
7.5% to 19.6%. The 1H NMR results were also in good
agreement with the Pd and N contents obtained by AAS and
elemental analysis (Table 1), suggesting a higher temperature
was favorable for enhanced Pd contents because more
H2bpydc-PdCl2 ligands could be coordinated onto the Zr4+

Figure 2 (a) SEM image of LE-Pd@UiO-80-0.5; (b) TEM image, (c)
STEM image, (d) Pd elemental mapping, (e) N elemental mapping, (f, g)
HR-TEM images and (h) Pd particle size distributions of LE-Pd@UiO-80-
0.5 ultrathin cuts (color online).

Table 1 Thickness of Pd-embedded layers, ligand exchange ratio and elemental contents of the as-prepared composites

Sample Thickness of Pd-embedded
layers (nm)

Ligand exchange
ratio (%)

Elemental content (wt%)

C N Pd

LE-Pd@UiO-80-0.5 56 9.0 41.8 1.0 0.3

LE-Pd@UiO-80-1 129 15.3 40.6 1.1 1.0

LE-Pd@UiO-80-2 193 21.1 42.0 1.4 1.6

LE-Pd@UiO-40-1 48 7.5 41.9 0.6 0.3

LE-Pd@UiO-60-1 78 10.9 41.7 0.8 0.5

LE-Pd@UiO-100-1 127 19.6 40.8 1.6 1.1
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nodes via ligand exchanges. Some control experiments were
further conducted to exclude the physical adsorption of
H2bpydc-PdCl2 ligands on UiO-67. The Me-Pd/UiO was
prepared under the same conditions as LE-Pd@UiO-80-0.5
except using Me2bpy-PdCl2 (pre-synthesized by the co-
ordination of 5,5’-dimethyl-2,2’-bipyridine (Me2bpy) and
PdCl2) as the introduced ligand. No characteristic peaks of
Me2bpy were observed in the 1H NMR spectra of Me-Pd/
UiO (Figure S10), and the Pd content was below the de-
tecting limits of AAS, indicating that the free Me2bpy-PdCl2
compounds were removed by washing. Therefore, we could
infer that the H2bpydc-PdCl2 ligands were exclusively co-
ordinated onto the Zr4+ nodes of UiO-67 to fabricate the Pd-
containing shallow layers. Finally, the introduced Pd species

were completely reduced by H2 and encapsulated within the
shallow layers of the composites according to the XPS and
TEM characterizations (Figure S11; Figure S5 and Figure 3).
Based on the characterization results, we assumed that the

sizes of Pd NPs were simultaneously affected by the rates of
mass-transfer and coordination process [46,47]. During the
SALE treatment, the UiO-67 templates underwent a dis-
solution and self-assembling process, in which the dissolu-
tion of original ligands (H2bpdc) and the coordination of
introduced ligands (H2bpydc-PdCl2) were simultaneously
occurred. At low temperatures (e. g. 40°C), the inverse
concentration gradient mass-transfer rate of H2bpydc-PdCl2
was much inferior to its self-assembling rate, and hence the
ligand exchanging mostly occurred at the shallow layers,
leading to big sizes of Pd NPs. Raising the temperature led to
a higher mass-transfer rate and consequently a decreased
density of H2bpydc-PdCl2 at the shallow layers, resulting in
reduced particle sizes. However, the enlarged sizes of Pd NPs
in LE-Pd@UiO-100-1 may be attributed to the partial de-
composition of UiO-67 and unwilling slight aggregations of
H2bpydc-PdCl2 species [48]. In addition, the BET specific
surface areas and pore volumes of the composites displayed a
negatively-correlated trend with the rising temperatures,
which was possibly ascribed to the increasing Pd loadings
and crystalline disorders resulting from the dissolution and
self-assembling process (Figure S8 and Table S1).
Our strategy was also applicable to the encapsulation of Pt

NPs within the UiO-67 pores. Typically, H2bpydc-PtCl2 was
pre-synthesized and employed as the precursor in the sub-
sequent SALE-HR process at 80°C for 1 h. The obtained LE-
Pt@UiO-80-1 featured mono-dispersed octahedral crystal-
line with well-preserved integrity in sizes of ca. 1.1 µm with
rough surfaces (Figure S12a and Figure S13a). TEM and
HR-TEM images on the ultrathin cuts of the composite in-
dicated the successful confinement of ultrasmall Pt NPs
(1.6±0.4 nm) in the shallow layer in a depth of 143 nm
(Figure S12b–h). The lattice fringe of Pt NPs was about
0.226 nm, corresponding to the spacing of the (111) planes of
face-centered cubic (fcc) Pt [49]. The N2 adsorption/deso-
rption results proved the porosity of LE-Pt@UiO-80-1,
whose SBET, SLangmuir and pore volume were 1,225 m2/g,
1,778 m2/g and 0.63 cm3/g, respectively (Figure S13b–c).
Besides, the Pt 4f7/2 and Pt 4f5/2 peaks in XPS spectra were
located at 71.4 eV and 74.6 eV, respectively, implying that
the Pt species were completely reduced to metallic Pt NPs
(Figure S13e) with a mass fraction of ca. 1.1 wt% (de-
termined by AAS) [50]. Meanwhile, the characteristic peak
of pyridine N in N 1s region was located at 399.4 eV, sug-
gesting the bpydc ligands were successfully introduced onto
the Zr4+ nodes to fabricate the LE-Pt@UiO-80-1 composite
(Figure S13f).
Subsequently, the as-obtained LE-Pd@UiO-80-t compo-

sites were employed as catalysts for the hydrogenation of

Figure 3 (a1–d1) SEM images of (a) LE-Pd@UiO-40-1, (b) LE-
Pd@UiO-60-1, (c) LE-Pd@UiO-80-1 and (d) LE-Pd@UiO-100-1; (a2–d2)
TEM, (a3–d3) STEM, (a4–d4) Pd mapping, (a5–d5) N mapping, (a6–d6)
HR-TEM images and (a7–d7) Pd particle size distributions of (a) LE-
Pd@UiO-40-1, (b) LE-Pd@UiO-60-1, (c) LE-Pd@UiO-80-1 and (d) LE-
Pd@UiO-100-1 ultrathin cuts (color online).
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nitrobenzene (NB) to aniline (AN). All the hydrogenation
reactions were carried out under atmospheric pressure of H2

at room temperature in methanol solution. For comparison,
the Pd-in-UiO and Pd/UiO counterparts were also prepared
[21,51] (Figure S14 and S15) and employed in this reaction.
The catalytic performances of the as-prepared materials were
summarized in Figure 4. In the blank experiment, the NB
conversion over the pristine UiO-67 was below the detection
limit of gas chromatography-mass spectrometry (GC-MS),
revealing the essential role of Pd NPs as active sites for this
reaction. As expected, all of the LE-Pd@UiO-80-t compo-
sites showed remarkable catalytic efficiencies in the reaction,
achieving nearly quantitative yields of AN under 1 atm H2 at
room temperature (Figure 4(a)). In particular, the depth of
the Pd-containing shallow layers had a significant impact on
the catalytic performances. The catalytic reactivity was in-
versely proportional to the depth of Pd-containing shallow
layers (Figure 4(b)). The LE-Pd@UiO-80-0.5 with a 56 nm
shallow layer attained a TOF value as high as 600 h−1, out-
performing the other investigated materials. Therefore, we
could conclude that the catalytic efficiency and the accessi-
bility of Pd NPs could be promoted by selectively confining
the Pd NPs within MOF pores as close to the external surface
as possible to shorten the mass-transfer distance and promote
the accessibility of the Pd NPs. In addition, the LE-Pd@UiO-

80-t composites exhibited remarkably enhanced catalytic
performances in comparison with Pd/UiO, which may be
attributed to the ultrafine sizes of Pd NPs and the presence of
pyridine N within the pores. In addition, in comparison with
noble-metal-based encapsulated catalysts synthesized by the
conventional methods, the LE-Pd@UiO-80-0.5 reported in
this work showed higher or comparable catalytic perfor-
mance under relatively mild reaction conditions, demon-
strating the advantage of the SALE-HR strategy proposed in
this work (Table S2).
In practical applications, the stability and durability of

catalysts are of vital importance. After reaction, the LE-
Pd@UiO-80-0.5 catalyst was separated by centrifugation,
thoroughly washed by methanol, dried under vacuum and
then directly reused under identical conditions (Figure S16a).
To our delight, in the fifth cycle, the NB was almost quan-
titatively converted into AN in 10 min with a TOF value of
600 h−1. No significant activity or selectivity loss was ob-
served (Figure S16b), indicating its good recyclability. Be-
sides, the sizes of the Pd NPs in the spent LE-Pd@UiO-80-
0.5 were also well retained (Figure S16c–e) with a Pd content
of 0.3 wt% (determined by ICP-OES), suggesting the reli-
able stability of the catalyst, which may be ascribed to the
confinement effect of the UiO-67 frameworks (Figure S16f–
g).
Finally, a series of substituted nitroarenes were employed

as substrates to examine the substrate tolerance of LE-
Pd@UiO-80-0.5. As summarized in Table S3, all the in-
vestigated nitroarenes were selectively transformed into the
corresponding anilines, demonstrating the good tolerance of
LE-Pd@UiO-80-0.5 towards different nitroarenes.

3 Conclusions

In summary, we have developed a novel SALE-HR strategy
to encapsulate ultrafine Pd NPs within the shallow layers of
UiO-67. The synthesis is facile and simple, only involving
the pre-synthesis of UiO-67, subsequent ligand exchanging
and final reduction. The as-prepared LE-Pd@UiO-T-t com-
posites featured mono-dispersed octahedral crystalline and
evenly distributed ultrafine Pd NPs in the shallow layers of
UiO-67. It is noteworthy that the sizes of Pd NPs and depth
of shallow layers could be facilely tuned through adjusting
the synthesis parameters of SALE (e. g. time and tempera-
ture). The LE-Pd@UiO-80-t materials exhibited remarkable
catalytic performances in the hydrogenation of nitroarenes.
Particularly, the LE-Pd@UiO-80-0.5 composite with the Pd-
containing shallow layers in depth of 56 nm exhibited the
highest catalytic efficiency among the as-prepared compo-
sites, achieving a nearly quantitative conversion of ni-
trobenzene to aniline with a TOF value as high as 600 h−1.
This work might open an avenue for the encapsulation of

Figure 4 (a) Catalytic kinetic curves and (b) comparison of TOF values
of the materials. Reaction conditions: nitrobenzene (0.1 mmol), catalysts (1
mol% Pd, determined by ICP-OES), methanol (2 mL) and 1 atm H2, room
temperature (color online).

114 Cui et al. Sci China Chem January (2021) Vol.64 No.1



nanoparticles, nanoclusters or even single atoms of various
metals within porous materials like MOFs for frontier ap-
plications including heterogenous catalysis as demonstrated
here.
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