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ABSTRACT: For the first time, this work presents
surfactant-free monometallic and bimetallic polyhedral
metal nanocrystals (MNCs) immobilized to a metal—
organic framework (MIL-101) by CO-directed reduction
of metal precursors at the solid—gas interface. With this
novel method, Pt cubes and Pd tetrahedra were formed by
CO preferential bindings on their (100) and (111) facets,
respectively. PtPd bimetallic nanocrystals showed metal
segregation, leading to Pd-rich core and Pt-rich shell
Core—shell Pt@Pd nanocrystals were immobilized to
MIL-101 by seed-mediated two-step reduction, represent-
ing the first example of core—shell MNCs formed using
only gas-phase reducing agents. These MOF-supported
MNCs exhibited high catalytic activities for CO oxidation.

he fascinating mono- and bimetallic polyhedral nanocryst-

als have attracted growing attention owing to their unique
properties, which are different from those of their spherical
counterparts,' and have been extensively used in a wide range of
applications, such as catalysis including reforming of hydro-
carbons and reduction of oxygen in fuel cells, sensing of
biomolecules, enhancing spectral signals, photothermal therapy,
and so on.” Recent works have shown that the catalytic activity
and selectivity of such catalysts can be altered significantly by the
nature of the metal facets exposed to reactants.” In general,
polyhedral MNCs are prepared by wet-chemical approaches in
colloidal solutions with the use of surfactant/capping agents.”*
Very recently, carbon monoxide (CO) gas has been used to
generate specific facets in solution-phase reactions containing
polyvinylpyrrolidone/oleylamine/oleic acid.® However, in such
approaches, excessive amounts of organic agents are employed,
often leading to contamination problems, and as the catalytic
process takes place on the metal surfaces, the presence of a
protective organic shell around the MNCs is unfavorable for
catalytic applications. Therefore, a suitable approach that can
overcome such problems is demanded.

Metal—organic frameworks (MOFs), a new class of crystalline
porous materials, have predesignable pore structures and
promising multifunctionalities.’ Over the past decade, research
efforts have been mostly aimed at preparing new MOF structures
and studying their applications in molecule storage and
separation.” Given the similarity to zeolites, depositing metal
nanoparticles to MOFs could afford heterogeneous catalysts.* '
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It is expected that the crystalline porous structures of MOFs limit
the migration and aggregation of metal nanoparticles. So far,
there are some examples of MOF-supported sphere-shaped
mono- and bimetallic nanoparticles but only one example, to the
best of our knowledge, of MOF-immobilized core—shell metal
nanoparticles, which were prepared by the wet-chemical
approach,'® whereas no polyhedral MNCs supported on
MOFs have been reported. Furthermore, notably no examples
of surfactant-free core—shell metal nanoparticles/nanocrystals
formed by gas-phase reduction have been reported. Herein, we
report for the first time that polyhedral MNCs can be successfully
immobilized to MIL-101, a representative MOF, by direct
reduction of metal precursors at the solid—gas interface without
use of any surfactant/liquid-capping agents (Scheme 1).

Scheme 1. Schematic Illustration of the Formation of Cubic
Pt, Tetrahedral Pd, and Octahedral PtPd Metal Nanocrystals
on MIL-101 Support in the Presence of CO and H,

M = Pt, Pd, PtPd

Polyhedral bimetallic PtPd nanocrystals having a core—shell-
like structure with a Pt-rich shell have been formed because of the
segregation effect in the one-step CO-directed reduction process,
while Pt@Pd core—shell nanocrystals have been synthesized by a
seed-mediated two-step reduction. The whole reduction
processes have been carried out under dry conditions using
only gas-phase reducing agents.

MIL-101, a chromium-based MOF with molecular formula
Cr;F(H,0),0[(0,C)C¢H,(CO,)]5:nH,0 (where n is ~25),
has been used as the support, which has high stability, large
surface area, and two zeotypic cavities with diameters of 2.9 and
3.4 nm accessible through two pore windows of 1.2 and 1.6 nm.”®
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MIL-101 supported MNCs were prepared by using a CO/H,/
He mixture as gas-phase reducing agents. Briefly, metal
acetylacetonate, M(acac), (M = Pt, Pd or Pt/Pd), was first
dissolved in a mixture of acetone/DMF (1:1), impregnated into a
preactivated MIL-101 support by incipient wetness method, and
then dried under a vacuum at 70 °C for overnight. The solids
were subsequently heated to 200 °C in a stream of CO/H,/He
(40/10/50 mL min™") for 1 h to produce Pt/MIL-101, Pd/MIL-
101, and PtPd/MIL-101.!! There was no loss of crystallinity in
the powder X-ray diffraction (PXRD) patterns after reduction,
suggesting that the integrity of the MIL-101 framework was
maintained after MNCs deposition (Figure S1, Supporting
Information (SI)). Very weak diffractions for a face-centered
cubic (fcc) structure were detected for Pt, Pd, and PtPd
nanocrystals from powder XRD patterns, which might be due to
the low metal loadings. The decreases in the amount of N,
adsorption and the pore volume of these samples indicate that
the cavities of the host framework are occupied by dispersed
MNCs and/or blocked by the MNCs located at the surface
(Figure S2 (SI)), as observed in the cases of loading metal
nanoparticles to ZIF-8, MOEF-S, and other porous materials.®
The X-ray photoelectron spectra (XPS) of Pt/MIL-101, Pd/
MIL-101 and PtPd/MIL-101 at the Pt 4f and Pd 3d levels exhibit
metallic Pt and Pd peaks (Figures S3—SS (SI)); Ar etching of
PtPd/MIL-101 for 240 min reveals a Pt-rich shell (Figure SS
(SI)). High-angle annular dark field (HAADF) and bright field
(BF) scanning transmission electron microscopy (STEM)
images reveal majority of cubic Pt (Figure 1a), tetrahedral Pd

Figure 1. STEM images of (a) Pt/MIL-101, (b, c) Pd/MIL-101, and (d)
PtPd/MIL-101. Inset in (d) shows a single octahedron.

(Figure 1b and 1c) and PtPd octahedral (Figure 1d) nanocrystals
deposited to MIL-101."" Statistical analysis of the images by
counting the numbers of MNCs with different shapes (Figures 1
and S6—S8 (SI)) show that most of the MNCs are cubic (88%),
tetrahedral (80%), and octadedral (65%) with average sizes of
8.0, 8.5, and 10.5 nm in Pt/MIL-101, Pd/MIL-101 and PtPd/
MIL-101, respectively. The cubic Pt nanocrystals have straight
edges with sharp corners, while the tetrahedral Pd and octahedral
PtPd nanocrystals have straight edges with little truncated
corners. The byproducts in Pt/MIL-101 consist of some spheres,
rectangular structures and rods, whereas Pd/MIL-101 and PtPd/

MIL-101 contain only some spheric, prismatic, and multifaceted
polyhedral nanocrystals.

Energy-dispersive X-ray spectroscopy (EDS) elemental
mapping of PtPd nanocrystal showes a Pt-rich shell with a
PtPd bimetallic core, in agreement with the XPS observations
(Figure 2). Because the adsorption enthalpy of CO on Pt is

Figure 2. HAADF-STEM image of single PtPd nanocrystal deposited
on MIL-101 with corresponding EDS Pd-L and Pt-M mapping images.

higher than on Pd, Pt segregates to the surface of the nanocrystals
and correspondingly displaces Pd to the core, leading to a Pd-rich
core with a Ptrich shell'? Such adsorbate-induced surface
segregation in MNPs are highly demanded in heterogeneous
catalysis, which can reduce the use of expensive Pt for better
catalytic activity.'?® To the best of our knowledge, it is the first
example of metal segregation observed for MOF-supported
MNPs, providing new possibilities for MOF-based catalysts.
Single-crystal seeds are believed to grow from tiny clusters that
are generated through self-nucleation during the initial stage of
synthesis. The final size and shape of the MNC:s are then decided
by the reducing/capping agents.m1 It is well-known that the
capping agents are used to stabilize certain facets through
selective chemisorption, and as a result, the growth rates of
various types of facets are altered, leading to the formation of
MNC:s with diversified shapes. CO, working as a capping agent,
preferentially binds to specific surfaces of metals, leading to the
formation of polyhedral MNCs."¥ It is found that the use of H,/
He in place of CO/H,/He under the same experimental
conditions results in spherical Pt (Figure S9 (SI)), suggesting
that CO directs the growth of Pt and shapes them into cubes. The
formation of a cubic shape is likely associated with preferential
chemisorption of CO on Pt (100), thereby modifying the growth
kinetics.>® Previous experimental and theoretical studies have
shown stronger binding of CO molecules to Pt (100) than to
other low-indexed facets.'> The strongly adsorbed CO will
inhibit the growth of (100) planes, making these planes the
bounding surfaces of the final MNCs. Similarly, tetrahedral Pd
nanocrystals, which are enclosed with (111) facets, are results of
preferential chemisorption of CO on Pd(111) facets.
Seed-mediated growth has emerged as one of the most
effective routes to the synthesis of core—shell MNCs in colloidal
solutions, by which the size, structure, and morphologly of
resultant MNCs can be tailored in a controllable fashion.'* In
general, solution-phase seed-mediated growth involves two
major steps: (i) synthesis of seeds with uniform and relatively
small sizes and (ii) nucleation and growth of another metal on
the as-prepared seeds, leading to the formation of core—shell
MNCs. In this work, to obtain core—shell Pt@Pd nanocrystals,
the two-step reduction process has been adopted, but under dry
reduction condition by the use of gas-phase reducing agent. As
shown in Scheme 2, small spherical Pt were used as seeds (core)
for the growth of Pd shell. Typically, Pt seeds with an average size
of 2 nm immobilized to MIL-101 (Figure S10 (SI)) were first
synthesized by reducing the H,PtCly impregnated MIL-101 in
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Scheme 2. Schematic Illustration of the Formation of Pt@Pd
Core—Shell Tetrahedral MNCs on MIL-101 Support in the
Presence of CO and H,

: Pd(acac),

the mixture of CO/H,/He (40/10/50 mL min™") at 200 °C for 1
h. Pd(acac), dissolved in DMF/acetone was added dropwisely
onto the resultant sample under continuous stirring, dried in a
vacuum, and then reduced in a CO/H,/He (40/10/50 mL
min™") flow at 200 °C for 1 h, leading to the formation of Pt@
Pd/MIL-101."" N, adsorption (Figure S11 (SI)) and PXRD
(Figure S12 (SI)) measurements confirmed the stability of MIL-
101 framework.

Transmission electron microscopy (TEM) (Figure 3a) and
HAADF-STEM (Figures 3b,c) observations of Pt@Pd/MIL-101

Figure 3. (a) TEM, (b, c) HAADF-STEM, and (d) high resolution
HAADE-STEM of Pt@Pd/MIL-101.

revealed uniform distribution of polyhedral MNCs with sizes of
3-9 nm to MIL-101 framework. Most of them (~70%) are
either tetrahedron- or truncated tetrahedron-shaped nanocryst-
als with some spheres, cubes, rectangles, and octahedra as
byproducts. A bright spherical core (Pt) coated by a darker shell
(Pd) is observed for each particle in the HAADF-STEM images
(Figures 3d and S13 (SI)). The distance between adjacent lattice
fringes (Figure 3d) in the Pd shell is ~0.23 nm, which fits well the
distance between the (111) planes of the fcc Pd. The single Pt@
Pd nanocrystal projected along the (110) zone axis shows two
(111) facets with characteristic fast Fourier transform (FFT)
pattern, indicating that the nanocrystal is a tetrahedron truncated
by (111) and (100) planes (Figure S14 (SI)). Relative to Pd
nanocubes, the formation of Pd nanocrystals with surface
enclosed by (111) facets should be more favored because of

their lower surface energy. Also, CO adsorbs selectively on
Pd(111) facets, which retards the continuous growth of these
faces with minimum surface energy, resulting in the majority of
tetrahedron-shaped core—shell Pt@Pd nanocrystals enclosed
with (111) facets.

It has been reported that Pt(100) and Pd(111) facets are the
most active surfaces for CO oxidation reaction, because of the
appropriate CO adsorption strength.'> This catalytic reaction,
important in automobile emission control, is known to be
sensitive to the structure of the MNCs.>* We have investigated
our MNCs deposited to MIL-101 as model catalysts for CO
oxidation reaction. The reaction was performed using a fixed bed
flow reactor from room to elevated temperatures.'' Figure 4
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Figure 4. Conversion of CO over MIL-101 and MIL-101-supported
MNC catalysts as a function of temperature (CO:0,:He = 1:20:79, 20
000 mL h~' g, 7).

shows the CO conversion as a function of temperature. MIL-101
exhibited no catalytic activity for CO oxidation reaction in the
whole temperature range. All the MNC catalysts were found to
be highly active for CO conversion to CO,. Pt/MIL-101, PtPd/
MIL-101, and Pt@Pd/MIL-101 started to show the activity at
100 °C, while CO to CO, conversion increased suddenly at 150
°C with complete conversion at 175, 175, and 200 °C,
respectively. However, Pd/MIL-101 started to show the activity
at 125 °C with complete conversion at 200 °C. Arrhenius plots
show that the activation energies for Pt/MIL-101, Pd/MIL-101,
PtPd/MIL-101, and Pt@Pd/MIL-101 are 69.0, 77.8, 72.7, and
62.6 k] mol™!, respectively (Figure S1S (SI)), which are
comparable to the reported values of the other MOF-supported
fine metal nanocatalysts for CO oxidation.'® In comparison with
other samples, Pd/MIL-101 showed slightly larger activation
energy and higher temperature for starting to show CO
conversion to CO,, corresponding to slightly lower catalytic
activity for CO oxidation. After catalytic reactions, the
crystallinities of MIL-101 frameworks remain unchanged, as
confirmed by the PXRD patterns (Figure S16 (SI)). The small
sub-10 nm sizes of the MNCs stably immobilized to MIL-101
frameworks with exposed Pt(100) and Pd(111) facets largely
contribute to the high catalytic activities of these catalysts.

In summary, for the first time, mono- and bimetallic surfactant-
free polyhedral MNCs were immobilized to a porous MOF by a
facile CO-directed reduction method at solid—gas interface. The
first observations of metal segregation and core—shell polyhedral
structure of MNCs on MOFs under gas-phase reduction
conditions are encouraging, which might open up a new avenue
in the development of MNCs with different shapes and
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compositions as superior heterogeneous catalysts by using
MOFs as well as other porous materials as supports.
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