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ABSTRACT: Ultrafine Pt nanoparticles were successfully
immobilized inside the pores of a metal−organic frame-
work, MIL-101, without aggregation of Pt nanoparticles on
the external surfaces of framework by using a “double
solvents” method. TEM and electron tomographic
measurements clearly demonstrated the uniform three-
dimensional distribution of the ultrafine Pt NPs through-
out the interior cavities of MIL-101. The resulting Pt@
MIL-101 composites represent the first highly active
MOF-immobilized metal nanocatalysts for catalytic
reactions in all three phases: liquid-phase ammonia borane
hydrolysis, solid-phase ammonia borane thermal dehydro-
genation, and gas-phase CO oxidation.

Catalysis using metal nanoparticles (MNPs) has attracted
great interest in recent years.1 Considering the current

impetus of nanoscience, it is understandable that all the aspects
related to the preparation of small nanoparticles (NPs) with
narrow size distribution, their stabilization and their unique
properties compared to larger particles are appealing to a large
community of researchers from materials science, computa-
tional chemistry, catalysis and so on.2 Nanostructured and
nanoscale materials strongly offer the possibility of controlling
material tailoring parameters independently of their bulk
counterparts.3

Porous metal−organic frameworks (MOFs) have emerged as
a class of very promising hybrid functional materials.4 Over the
past decades, research efforts have been mostly aimed in
preparing new MOF structures and studying their applications
in molecule storage and separation.5 Loading of MNPs inside
the porous matrices of MOFs is of current interest.6−11 There
have been two approaches for the synthesis of MNPs inside
MOFs. The first and most widely used approach is to use
MOFs as stabilizing host material providing a confined space
for nucleation, which includes techniques such as chemical
vapor deposition,7 solution infiltration,8 and solid grinding9 for
introducing the metal precursor. A recent report has
demonstrated the use of a photoactive MOF as matrix to
generate metal microstructures within the framework by
photoreduction of the metal precursors introduced by solution
infiltration.10a The second approach, reported very recently,11

involves synthesis of MNPs individually first and subsequent

addition of suitable chemicals to construct the MOF around the
MNPs. Although great efforts have been made in this field, a
general and facile method is still needed that can easily
introduce all the metal precursor inside the cavities of MOF
and control the formation of ultrafine MNPs with a small
particle size, which is beneficial in cases such as catalysis, inside
the cavities without aggregation on the external surfaces of
MOF. Herein, we report the use of “double solvents” method
for the first time to introduce ultrafine Pt NPs into MOF
nanopores without Pt NPs aggregation on the external surface
of framework, which exhibit excellent catalytic performances for
liquid-phase (ammonia borane hydrolysis), solid-phase (am-
monia borane thermal dehydrogenation) and gas-phase (CO
oxidation) reactions.
MIL-101,12 a chromium-based MOF with molecular formula

Cr3F(H2O)2O[(O2C)C6H4(CO2)]3.nH2O (where n is ∼25),
was chosen for this strategy because of its high stability in
water, large surface area, and two hydrophilic zeotypic cavities
with free diameters of ca. 2.9 and 3.4 nm accessible through two
pore windows of ca. 1.2 and 1.6 nm in diameter. These pore
windows are big enough for the metal precursor H2PtCl6 to
diffuse into the cavities, within which nucleation can take place
to form Pt NPs (Figure 1). The “double solvents” method13

used in this work for avoiding MNPs aggregation on external
surfaces of MIL-101 framework is based on a hydrophilic
solvent (water) and a hydrophobic solvent (hexane), the
former containing the metal precursor with a volume set equal
to or less than the pore volume of the adsorbent (MIL-101),
which can be absorbed within the hydrophilic adsorbent pores,
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Figure 1. Schematic representation of synthesis of Pt nanoparticles
inside the MIL-101 matrix using double solvents method.
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and the latter, in a large amount, playing an important role to
suspend the adsorbent and facilitate the impregnation process.
Since the inner surface area of MIL-101 is much larger than the
outer surface area, the small amount of aqueous H2PtCl6 (equal
or less than pore volume) could go inside the hydrophilic pores
by capillary force, which greatly minimizes the deposition of
H2PtCl6 on the outer surface. In contract, in the conventional
single-solvent impregnation process, a large amount of solvent
containing the metal precursor is used, some of which will be
deposited on the outer surfaces of MOF after drying,
generating aggregated MNPs on the outer surfaces.
MIL-101 was obtained following the synthesis procedure

described in the literature.12,14 For loading Pt inside the cavities
of MIL-101, 100 mg of green MIL-101 powder activated by
heating at 150 °C for 12 h under dynamic vacuum, which has a
pore volume of 2.01 cm3 g−1 as determined by N2 sorption
isotherm, was suspended in dry n-hexane (20 mL), to which an
aqueous H2PtCl6 solution (0.20 mL) with different concen-
trations was added dropwise under continuous vigorous
stirring. After careful filtration, the green powder was dried in
air at room temperature. These synthesized samples were
further dried at 150 °C for 12 h, followed by treating in a
stream of H2/He (50 mL min−1/50 mL min−1) at 200 °C for 5
h to yield Pt@MIL-101. During the reduction, there was no
color change in the samples, suggesting that the formed Pt NPs
are highly dispersed within the MIL-101 cavities. There was no
loss of crystallinity in the powder X-ray diffraction (PXRD)
patterns after H2 reduction for Pt@MIL-101 with Pt loadings
up to 5 wt %, suggesting that the integrity of the MIL-101
framework is maintained (Figure S1). The PXRD pattern of
Pt@MIL-101 did not exhibit the characteristic peaks for Pt,
indicating the formation of very small NPs. The large decrease
in the amount of N2 adsorption and the pore volume of Pt@
MIL-101 indicates that the cavities of the MIL frameworks are
occupied by the highly dispersed Pt NPs (Figure S2). The X-
ray photoelectron spectroscopic (XPS) investigation of Pt@
MIL-101 at the Pt 4f levels exhibited metallic Pt(0) peaks
(Figure S3).
The high-angle annular dark-field scanning TEM (HAADF-

STEM), bright field-STEM (BF-STEM), TEM images (Figures
2, S4 and S5), energy-dispersive X-ray spectroscopy (EDX)
analyses (Figure S6) and electron tomographic reconstruction

(Figure 2d and a movie provided as Supporting Information)14

of 2 wt % Pt@MIL-101 exhibited the uniformity of the Pt NPs
in the MIL-101 framework. The TEM images showed that the
sizes of the Pt NPs were in the range of 1.2−3.0 nm with
average size of 1.8 ± 0.2 nm (Figure S7), which are small
enough to be accommodated in the two mesoporous cavities of
MIL-101. Differently from the previous reports,6−10 these TEM
images showed no big particle aggregation. HRTEM analysis
and diffraction patterns showed that the Pt NPs are crystalline
with a spacing of 2.4 Å corresponding to Pt(1 1 1) (Figure S8).
Electron tomographic reconstruction clearly demonstrated the
uniform three-dimensional distribution of ultrafine Pt NPs
throughout the interior cavities of MIL-101 crystals.14

It is well-known that the catalytic activity generally increases
with the decrease of MNP size, as smaller MNPs have higher
surface areas available for reactants. Therefore, these completely
confined ultrafine MNPs into MIL-101 could be as model
catalyst for different catalytic reactions. Interestingly, the highly
dispersed Pt NPs inside MIL-101 exhibited excellent catalytic
activities for reactions in all three phases, that is, liquid-phase
ammonia borane hydrolysis, solid-phase ammonia borane
thermal dehydrogenation, and gas-phase CO oxidation
reactions. One more benefit of using MIL-101 as host for
MNPs, which has cavities (2.9 and 3.4 nm) larger than the
open windows (1.2 and 1.6 nm), is the size limitation effect of
the windows, which prevent the NPs (mean size, 1.8 ± 0.2 nm)
from crossing the framework. Therefore, reactants can access
the reactive MNPs but MNPs cannot diffuse outside from the
cavities, which consequently minimizes the possibility of
agglomeration of MNPs even in liquid-phase catalysis.
It is well-known that ammonia borane (NH3BH3, AB) is a

promising material for chemical hydrogen storage, from which
H2 can be released through either hydrolysis or pyrolysis.15,16

First, the obtained Pt@MIL-101 was tested for the catalytic
hydrolysis of ammonia borane. The reaction was initiated by
introducing aqueous AB solution into the reaction flask
containing the as-synthesized Pt@MIL-101 catalyst with
vigorous shaking at room temperature.14 Figures 3 and S9

show the H2 generation from aqueous AB at room temperature
in the presence of Pt@MIL-101 with different Pt loadings. It is
revealed that all the Pt@MIL-101 catalysts are highly active for
the hydrolysis of AB, exhibiting hydrogen release of H2/AB = 3.
With 2 wt % Pt@MIL-101 (Pt/AB = 0.0029 in molar ratio), the
hydrolysis of AB is completed within 2.5 min, corresponding to
∼1.0 × 104 LH2 molPt

−1 min−1, 2 times higher than that of 2 wt
Figure 2. (a, b) HAADF-STEM, (c) TEM images and (d)
reconstructed slice by tomography of 2 wt % Pt@MIL-101.

Figure 3. Hydrogen generation from aqueous NH3BH3 in the
presence of Pt@MIL-101 catalysts at room temperature. Pt/AB (molar
ratio) = 0.0014, 0.0029, and 0.0071 at Pt loadings of 1.0, 2.0 and 5.0%,
respectively.
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% Pt/γ-Al2O3, the most active Pt catalyst for this reaction
reported so far.15j Reasonably, the small sizes of Pt NPs within
MIL-101 account for the observed high catalytic activity. It is
found that the productivity of H2 over the Pt@MIL-101
catalysts remains unchanged after five runs, indicating the high
durability in AB hydrolysis (Figure S10). PXRD (Figure S11)
and TEM (Figure S12) measurements of Pt@MIL-101 after
AB hydrolysis showed no significant changes in the
morphologies of Pt NPs with retention of the MIL-101
framework.14 Since the biproduct (BO2

−) formed in AB
hydrolysis is soluble in water, we can remove the spent fuels by
water washing and reuse the catalyst.
Pyrolysis is another route to H2 release from AB. It has been

reported that confinement of AB in nanoscaffolds can improve
the kinetics of the dehydrogenation of AB and suppress the
emission of undesired volatile byproducts.16 In addition to the
nanoconfinement, MNP catalysts within the nanospace can
hopefully superpose effects for improving H2 release from AB.
In this regard, we tested the dehydrogenation performance of
AB in the pores of Pt@MIL-101. Liquid NH3 was used as
solvent to load AB into MIL-101 and 1% Pt@MIL-101 with 1:1
wt/wt to form the AB@MIL-101 and AB/Pt@MIL-101
composites. Temperature-programmed desorption mass spec-
trometry (TPS/MS) was used to compare the temperature
profiles of volatile products (H2, NH3 and B3N3H6) released
from pristine AB and the AB@MIL-101 and AB/Pt@MIL-101
composites (Figure 4). The pristine AB released the first

equivalent of H2 around 120 °C and the second equivalent of
H2 at 160 °C accompanied by a large evolution of borazine at
around 140−200 °C, which is consistent with the reported
results.16 Compared to pristine AB, AB@MIL-101 started to
evolve H2 at 70 °C with a broad peak centered at 95 °C. The
evolution of ammonia was not completely suppressed, while no
borazine was detected. Interestingly, in the case of AB/Pt@
MIL-101, the dehydrogenation temperature shifted to lower
temperature. The AB/Pt@MIL-101 sample showed the first
and second H2 evolution peaks at about 88 and 130 °C,
respectively, which are ∼30 °C lower than those for the pristine
AB. No noticeable peaks corresponding to NH3 and borazine
were detected. The thermogravimetric analysis (TG) results
showed that the weight losses of the AB@MIL-101 and AB/
Pt@MIL-101 decreased compared to that of the pristine AB
(Figure S13). For AB/Pt@MIL-101, the total weight loss by
180 °C is 6.5 wt %, corresponding to the theoretical value of 2
equivs H2 release (6.53 wt %), suggesting a significant
suppression of the volatile byproducts. Notably, for both
AB@MIL-101 and AB/Pt@MIL-101, no material foaming and
expansion were observed during the AB decomposition.16f After
pyrolysis, the crystallinity of the Pt@MIL-101 host matrix as
well as Pt particle size remains unchanged as confirmed by the
TEM images (Figure S14) and PXRD patterns (Figure S15).14

The lowering of AB dehydrogenation temperature and the
effective depression of volatile byproducts and material foaming
observed for AB/Pt@MIL-101 clearly demonstrate the
synergetic effect of the Pt NPs catalysis and nanoconfinement
of MIL-101 framework.
To assess the catalytic functionality of the ultrafine Pt NPs

immobilized within MIL-101 for gas-phase reactions, we carried
out the CO oxidation reaction17 from room to elevated
temperatures. The reaction was performed using a fixed bed
flow reactor. Figure 5 shows the CO conversion as a function of

temperature. MIL-101 exhibited no catalytic activity for CO
oxidation reaction in the whole temperature range. The 5%
Pt@MIL-101 started to show the activity at 50 °C, while CO to
CO2 conversion increased suddenly at 100 °C with complete
conversion at 150 °C. Arrhenius plots show that the activation
energy is 40.7 kJ mol−1 (Figure S17), which is comparable to
the reported values of the mesoporous silica supported Pt
catalyst.18 The catalyst showed stable activity, keeping 100%
CO conversion for 150 min at 175 °C (Figure S18). After
catalytic reaction, the crystallinity of the Pt@MIL-101 host
matrix remains unchanged with no large Pt particle aggregation
as confirmed by the TEM measurements (Figure S19) and
PXRD patterns (Figure S20).14 The small sizes of the MNPs
stably incorporated within MIL-101 pores largely contribute to
the high activity, as observed previously for M@MIL-101 (M =
Pd, Cu) catalysts.10c

In conclusion, we have developed a facile, general and
effective “double solvents” approach for the incorporation of
MNPs within pores of metal−organic frameworks without
deposition of the MNPs on the external surface of host
framework. We have used this efficient method for the first time
to generate ultrafine Pt NPs inside the mesoporous MOF, MIL-
101, which exhibit excellent catalytic performances for reactions
in all phases of liquid, solid and gas. Uniform distribution of Pt
NPs without aggregation after catalysis confirms the advantage
of MNPs within the MIL-101 matrix. The present results bring
light to new opportunities in the development of high-
performance heterogeneous catalysts by using functionalized
cavities of MOFs as hosts for ultrafine MNPs.
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Figure 4. TPD-MS spectra of pristine AB (left), AB@MIL-101 (AB/
MIL-101 = 1:1 wt/wt) (middle), and AB/Pt@MIL-101 (AB/1% Pt@
MIL-101 = 1:1 wt/wt) (right).

Figure 5. Conversion of CO over MIL-101 and 5% Pt@MIL-101
catalysts as a function of temperature (CO/O2/He = 1:20:79, 20 000
mL h−1 gcat.

−1).
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Arrhenius plot for CO oxidation. This material is available free
of charge via the Internet at http://pubs.acs.org.
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