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Densely populated metal atomic site catalysts play a key role in practical catalysis applications. Herein,
we report an amorphous nanobox with high-density atomic platinum species which are uniformly

dispersed into the ZIF-8 skeleton through cation exchange. During the dispersing process, the ZIF-8

core was gradually etched into the hollow structure though the Kirkendall effect, and a great amount
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substitutions of Pt with Zn breaks the initial long-range ordered ZIF-8 topology into a distorted skeleton
which leads to the significantly unsaturated coordination of atomic Pt species. The high-density atomic
Pt nanoboxes exhibit excellent performance in direct C—H bond borylation of arenes which are usually

catalyzed by homogeneous complexes. Such high-density atomic site heterogeneous catalysts could
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Introduction

Atomic site catalysts (ASCs) have been a new frontier of interest
in materials and catalytic science due to their distinct advantages
in terms of their unique electronic structure and maximum atom
utilization.'® However, to keep the metal sites atomically dis-
persed and avoid agglomeration, the metal loading of ASCs is
usually below 1 at%, which leads to low overall activities. Densely
populated ASCs are now becoming increasingly important to
practical catalysis applications.” Recently, our group developed
an ion-exchange process to prepare atomic Pt sites embedded in
an amorphous CuS, support with a concentration as high as
24.8 at%.® The strong Pt-S affinity ensured that the Pt would be
atomically dispersed on the sulfur-rich support without the
formation of Pt clusters. Therefore, a proper support with rich
coordination sites (e.g. N/O/S) to anchor the metal atoms is the key
to ensure the high density atomically dispersed structure.
Metal-organic frameworks (MOFs), assembled by metal
nodes and organic ligands, have been intensely investigated
as novel porous materials with controlled architectures, abundant
anchoring sites and atomic level structure modularity.>™" It can
be founded that the metal nodes are atomically dispersed in the
MOFs naturally possessing a well-defined coordination with the

“ Department of Chemistry, Tsinghua University, Beijing 100084, China.
E-mail: cchen@mail.tsinghua.edu.cn, pengqing@mail.tsinghua.edu.cn,
ydli@mail.tsinghua.edu.cn

b College of Chemistry and Materials Science, Anhui Normal University, Wuhu,
241000, China

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/

dogmO00040j

i These authors contribute equally.

158 | Mater. Chem. Front., 2020, 4, 1158-1163

serve as a bridge to convert from homogeneous to heterogeneous catalysis.

organic ligands. The cation exchange of the metal nodes is an
attractive way to introduce densely distributed atomic metal sites
into the MOFs topology.">"* For example, the nonprecious 3d
transition metals have been widely reported to partially substitute
the Zn nodes in the zeolitic imidazolate framework (ZIF-8), and
the further derived high-density atomic catalysts have shown
excellent performance in many crucial catalytic reactions.'*™°
However, densely populated noble metal atomic catalysts supported
in MOFs have been rarely reported.

Hollow nanomaterials have attracted a broad interest due to
their unique structures and abundant beneficial physicochemical
properties.’** Herein, we report a novel amorphous nanobox
(NB) with high-density atomic platinum (A-Pt NB) derived from
ZIF-8 nanocubes. The catalytically active noble metal Pt is uni-
formly dispersed into the MOF skeleton by cation exchange and
then the MOF is gradually evolved into a hollow nanostructure
through the Kirkendall effect. The dispersing—etching strategy
endowed the nanobox with coordination unsaturated atomic
platinum at an ultrahigh density which was anchored by N atoms
in the distorted MOF skeleton. Such low-coordination atomic
platinum exhibits excellent performance in C-H bond activation
which could bridge the gap between homogeneous and hetero-
geneous catalysis.

Results and discussion
Synthesis of the A-Pt NBs

The ZIF-8 nanocubes were first synthesized according to the reported
method to serve as the precursor for the following dispersing-
etching process.** Transmission electron microscopy (TEM) images

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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and X-ray diffraction (XRD) patterns show the uniform cube
morphology and the well-defined structure of ZIF-8 (Fig. 2a
and e).

A dispersing-etching strategy similar to the method we have
reported previously is developed to prepare the A-Pt NB.>
The as-prepared ZIF-8 nanocubes were dispersed in a water
and methanol solution. Then, K,PtCl, was introduced into the
above solution, and the mixture was uniformly stirred and
underwent a solvothermal reaction. During the process, the
noble metal Pt>" is uniformly dispersed into the ZIF-8 skeleton
by cation exchange, then the ZIF-8 nanocubes are etched and
converted to hollow nanoboxes through the Kirkendall effect.

Fig. 1 Structure characterization of A-Pt NBs. (a) The AC-STEM image. (b)
The TEM image. (c) The SAED of (d). (d) The HAADF-STEM image. (e) The
EDS elemental mapping. (f) The AC HAADF-STEM image.
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As shown in the aberration corrected scanning transmission
electron microscopy (AC-STEM) and TEM images (Fig. 1a and b),
the A-Pt NBs exhibited a hollow nanobox morphology, inheriting
the shape of the ZIF-8 nanocubes (Fig. S1, ESIT). The high angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDS)
elemental mapping images revealed that Pt, N, O and C elements
are homogeneously distributed over the entire nanobox (Fig. 1d
and e), which indicated a homo-distribution of the Pt species
without obvious aggregation. The high resolution TEM (HRTEM)
selected area electron diffraction (SAED) image of an individual
A-Pt NB presents an amorphous diffraction ring, implying the
breaking of the well-defined ZIF-8 topology (Fig. 1c). To verify that
it is atomic Pt species on the nanoboxes, we performed aberration
corrected HAADF-STEM (AC HAADF-STEM) measurements. As
shown in Fig. 1f, high-concentration but randomly distributed,
isolated bright dots are observed, which are identified as the
atomic Pt species. It is clear that almost all the Pt species exist
exclusively at isolated atomic sites; no Pt nanoparticles are
detected. Besides, the A-Pt NBs exhibited a high surface area of
106 m*> g ' according to the Brunauer-Emmett-Teller (BET)
adsorption-desorption isotherms, which can facilitate the diffu-
sion and mass transfer of substrate molecules in the following
catalysis process (Fig. S2, ESIT). These results suggest that a large
number of atomic Pt species were dispersed in the distorted MOF
skeleton with a distinct amorphous feature.

Structure evolution of the A-Pt NBs

To better understand the formation mechanism of A-Pt NBs, we
tracked the entire evolution process by monitoring the inter-
mediates at different stages.

After Solvothermal
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Fig. 2 The TEM images (top row) and XRD patterns (bottom row) of the samples obtained at four representative stages during the structure evolution
process of A-Pt NBs. (a) and (e) The initial ZIF-8 nanocubes. (b) and (f) The samples obtained when the solvothermal reaction temperature rise to 80 °C.
(c) and (g) The samples obtained after the solvothermal reaction. (d) and (h) The final A-Pt NBs obtained after NH3H,O etching of ZnO.
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When the solvothermal reaction started, Pt** gradually
replaced Zn>" in the skeleton of ZIF-8 via cation exchange due
to the strong coordination interaction between Pt and N. Due to
the diffusion of the Zn>* cations out of the shell being faster
than the in-diffusion of Pt>" cations, a mild phase transition
occurred at the same time according to the Kirkendall effect.
The continuous consumption of the ZIF-8 core led to the gap
between the newly formed shell and the rest of the ZIF-8
core. When the temperature rises to 80 °C, an intermediate
part-etched structure can be obtained. The TEM image shows
that the initially solid nanocubes began to be eroded and the
XRD pattern revealed that the intermediates at this stage still
retained the crystalline structure of ZIF-8 (Fig. 2).

The internal ZIF-8 core was gradually dissolved as the
solvothermal reaction continues, leaving a stable core-shell
structure. The XRD pattern of the samples after solvothermal
reaction indicated a hexagonal ZnO phase (JCPDS #36-1451,
Fig. 2), which indicates that the redundant Zn>" during the
phase change process may have undergone hydrolysis and oxida-
tion to form the ZnO core. This dispersion-etching strategy can
also be adapted to synthesize other noble-metal hollow structures,
such as Au nanoboxes and Pd nanoboxes (Fig. S3, ESIT).

The ZnO core was further removed by the NH;H,O etching,
leaving the final hollow nanobox structure with high-density
atomic Pt. The poor crystallinity of the A-Pt NBs was evidenced
by the broadened XRD pattern which was consistent with the
SAED results as discussed above. Such amorphous features may
result from the major substitution of Zn** in ZIF-8 by the large
numbers of Pt** which breaks the well-defined topology.
According to the inductively coupled plasma-optical emission
spectrometry (ICP-OES) and X-ray photoelectron spectroscopy
(XPS) surface elemental analysis, the Pt content is as high as
6.24 at% (atomic ratio, based on the XPS) or 47 wt% (mass
ratio, 46.92 wt% based on the XPS and 47.38 wt% based on the
ICP-OES), while the Zn content is only 2 at% (based on the XPS)
(Table S1, ESIT). The metal loading can be further confirmed by
the thermogravimetric analysis (TGA) (Fig. S4, ESIt). It should
be noted that the analogous ZIF consisting of Pt metal and the
2-methylimidazole organic ligand is unavailable through direct
synthesis. Therefore, when a large proportion of Zn>" in ZIF-8
was substituted by Pt**, the lattice mismatch intensifies, leads
to the breaking of the well-defined ZIF topology. As a result, the
high-density Pt species were uniformly dispersed and stabilized in
the distorted metal-organic skeleton without further aggregation.

Fine structure characterization of the A-Pt NBs

Further characterizations were conducted to unveil the fine
structure of the A-Pt NBs. We performed XPS analysis to obtain
insights into the surface structure of the A-Pt NBs (Fig. S5,
ESIY). The peaks of the A-Pt NB at 72.5 eV and 75.8 eV are close
to the Pt(i) 4f”/% and 4f°/2.%° X-ray absorption spectroscopy (XAS)
studies were further carried out to determine the electronic
structure and coordination environment of the A-Pt NBs. The
white line intensity of the X-ray absorption near-edge structure
(XANES) for the Pt L;-edge is related to the electronic structure
of Pt.%*?” As shown in Fig. 3a, the white line intensity of the
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Fig. 3 X-ray absorption spectrometric studies of the A-Pt NBs. (a) XANES
spectra at the Pt Lz-edge of the A-Pt NBs, PtO,, and Pt foil. (b) Fourier
transform (FT) EXAFS spectrum of the A-Pt NBs compared with PtO, and
Pt foil at the Pt Lz-edge. (c—e) Wavelet transform (WT) EXAFS of the Pt foil
(c), PtO, (d) and A-Pt NBs (e).

A-Pt NBs is between those of Pt foil and PtO,. A semi-quantitative
analysis based on the white line intensity of XANES for the
Pt L3-edge indicated that the valence of Pt in A-Pt NBs is roughly
+1.5, which is consistent with the XPS results (Fig. S6, ESIT).

The coordination environment of Pt in A-Pt NBs is studied
using extended X-ray absorption fine structure (EXAFS). The
Fourier transform (FT) of the k* weighted EXAFS spectra are
shown in Fig. 3b. The major peak of the A-Pt NBs at ca. 1.6 A
(without phase correction) is close to that of commercial PtO,
in the EXAFS, indicating the scattering of Pt and light elements
(N/O). Besides the Pt-N bond which could be formed during the
cation exchange process, as shown in the Fig. le, there are
some O atoms around the Pt and N atoms, which indicates
that some Pt atoms may coordinate to O atoms under the
solvothermal reaction to form possible Pt-O bonds. More
importantly, the intensity of the Pt-N/O shell in R space greatly
weakened in comparison to PtO,, which may result from the
ratio and the low coordination numbers of Pt-N/O.'®?® As
discussed above, the significant substitution of Pt** for Zn>*
would break the initial long-range order of ZIF structure and
resulted in the distorted skeleton. At the same time, the
introduced Pt atoms could not form a well-defined Pt-N,
coordination structure like Zn-N, in the pristine ZIF-8. Instead,
a large number of Pt species would coordinate unsaturated due
to the dissolution of some organic ligands and the distorted
skeleton.

As shown in Fig. 3b, there is a minor peak at around 2.7 A in
the FT-EXAFS of A-Pt NBs that overlaps partially with the Pt-Pt
peak (around 2.6 A) which may result from the backscattering
between metal and the next nearest-neighbor light atoms or
the metal-metal contributions. To further understand the
elemental nature and atomic structure of A-Pt NBs, we performed

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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wavelet transform (WT) EXAFS analysis which allows a resolution of
the backscattering atoms in both k- and R-spaces (Fig. 3c-€).*>*°
The WT of K-weighted EXAFS signals clearly reveal a single
intensity maximum at around 10.7 A~ that can be assigned to
the Pt-Pt contributions of Pt foil. In marked contrast to the
maximum around 10 A~ resulting from metal-metal contribu-
tions, the WT EXAFS showed intensity maximum at about 7.4 A™*
for PtO, and about 7.0 A™* for A-Pt NBs, which can be assigned to
the metal-C/N/O contribution of the first nearest-neighbor coordi-
nation shell. Therefore, the minor peak at around 2.7 A in the
FT-EXAFS can be assigned to the second shell Pt-C/N/O contribu-
tions rather than Pt-Pt contributions. The maximum feature at
around 9.0 A~ in WT-EXAFS might result from the effect of side
lobes and the multiple scattering paths between the light atoms.
Combined with the FT-EXAFS and WT-EXAFS, we can confirm that
the Pt species are atomically dispersed in the nanoboxes without
aggregation to nanoparticles.

Catalytic performance of the A-Pt NBs

Arylboronic acids and their derivatives can be used as inter-
mediates for the conversion of various chemical functional
groups, therefore they possess significantly high chemical
value.*'** Direct C-H borylation without an aromatic halogen-
ated hydrocarbon step is the most attractive way to synthesize
arylboronic acid derivatives. However, the catalysts for direct
C-H borylation are mostly iridium/platinum complexes in
a homogeneous form, which suffer from the recovery and
recycling drawbacks.”> The first shell coordination of the
atomic metal sites can play the role of organic modifiers of
homogeneous catalysts to some extent, which may modify
the metal centers to show analogous homogeneous catalytic
performance.?® Therefore, atomic site catalysts with well-defined
metal centers are promising candidates which can serve as a
bridge for converting from homogeneous catalysis to hetero-
geneous catalysis.

Given the high-density atomic Pt and the diffusion advantage
of the hollow nanobox structure, we used the A-Pt NBs as a
heterocatalyst for the direct C-H bond borylation of toluene with
B,pin, (Fig. 4a). As shown in Fig. 4b, the A-Pt NBs show 99%
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Fig. 4 The catalytic test. (a) Chemical equation for C—H bond borylation
of toluene. (b) Kinetics study. (c) Catalytic performance of the C-H bond
borylation using different catalysts.
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conversion of B,pin, in 10 h at 120 °C through a condition
optimization and kinetics study, which is superior to the com-
mercial Pt/C catalysts, PtO, and Pt salt (Fig. 4c). Unfortunately, it
is hard to obtain a good borylation selectivity of all the catalysts.
However, the A-Pt NBs shows a robust cycling stability compared
with the homogeneous catalysts. The C-H bond borylation
activity was well retained after three cycles without any additional
re-activation (Fig. S7, ESIt). Meanwhile, the structure stability was
confirmed by TEM and XAS studies. The TEM images and XAS of
catalysts obtained after three catalytic cycles showed no signifi-
cant change compared with the initial ones (Fig. S8 and S9, ESIf).
Besides, the A-Pt NBs exhibit a high tolerance for a diverse range
of arenes with different substituents (Fig. S10, ESIT).

Several factors could contribute to the excellent C-H bond
activity of A-Pt NBs: (i) the hollow nanobox structure could
facilitate mass transfer and molecular diffusion. (ii) The coor-
dination unsaturated Pt-N/O species behave like the platinum
and organic modifiers of the homogeneous catalysts, which
may account for the similar activity. (iii) The high-density
atomic Pt species provide abundant active centers for the
C-H bond borylation and elevate the overall reaction activity.

Conclusions

In summary, we successfully synthesized A-Pt NBs by cation
exchange with the ZIF-8 precursor. Such atomic site catalysts
possess ultrahigh noble metal loading which benefits from
the dispersing-etching strategy. This work could provide new
insights into the design of densely populated atomic site
catalysts on metal-organic frameworks or other suitable
supports with abundant anchor sites.

Experimental

Chemicals and reagents

Analytical grade zinc nitrate hexahydrate (Zn(NOj;),-6H,0), and
commercial PtO, and Pt/C (5%) catalysts were purchased from
Alfa Aesar. 2-Methylimidazole was purchased from Aladdin.
Potassium tetrachloroplatinate(n) was purchased from Inno-
chem. All chemicals were from commercial sources and used
without further purification.

Synthesis of ZIF-8 nanocubes

Zn(NO3),-6H,0 (0.3626 g) was dissolved in 12.5 mL deionized
water to form solution A. 2-Methylimidazole (5.6752 g) and
CTAB (0.0175 g) were dissolved in 87.5 mL of deionized water to
form solution B. Then solution A was rapidly injected into the
solution B followed by 5 min stirring. The resulting suspension
was aged at 28 °C for 3 h to obtain a ZIF-8 nanocubes
dispersion.

Synthesis of A-Pt NBs

8 mL of as-synthesized ZIF-8 nanocubes dispersion was
centrifuged and re-dispersed uniformly in 4 mL deionized
water by sonication to form dispersion C. K,PtCl, (0.1 mmol)

Mater. Chem. Front., 2020, 4,1158-1163 | 1161
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was dissolved in 3 mL deionized water to form solution D.
Then, D and 1 mL MeOH were added into C, then the mixture
dispersion was heated to 80 °C for 2 h under stirring. The
precipitates were obtained by centrifugation and washed with
MeOH 3 times and re-dispersed in 4 mL H,O then 1 mL
NH,H,O was injected into the dispersion followed by 20 min
stirring. The final product A-Pt NBs were obtained by centri-
fugation and washed with MeOH 3 times and vacuum dried.

Characterization

TEM images were obtained on a Hitachi-7700 TEM operated at
100 kv. XRD data were measured on a Bruker D8 Advance
diffractometer (Cu Ko, / = 1.5418 A, operating at 40 kV/40 mA).
The HRTEM and the corresponding EDS elemental mapping
were carried out on a FEI Tecnai G2 F20 S-Twin HRTEM
working at 200 kV. AC HAADF-STEM images were obtained
on a Titan Themis 80-300 STEM operated at 300 kV, equipped
with a spherical probe aberration corrector. Elemental analysis
was detected using a Thermo IRIS Intrepid II ICP-OES. XPS was
performed on a ULVAC PHI Quantera microprobe. XAS study of
the Pt L3-edge was all collected at the 1W1B station of the
Beijing Synchrotron Radiation Facility using a fixed-exit Si(111)
double-crystal monochromator operated at 2.5 GeV with a
maximum current of 250 mA in transmission mode. Pt foil
and PtO, were used as references.

Catalysis testing

Typically, the C-H bond borylation of arenes was carried out in
a 10 mL standard Schlenk tube outfitted with a temperature
controller and stirrer. 20 mg catalysts and 30 mmol arenes were
added to the reactor followed by an hour of sonication. Then
B,pin, (0.25 mmol) was added into the above mixture, and
heated to 120 °C and vigorously stirred for 10 h. The conversion
was determined by GC-MS and GC analysis with dodecane as
the internal standard.
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