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This paper reports the development of a facile, general and effective approach, based on microwave

irradiation (MWI), for the incorporation of a variety of metallic and bimetallic nanoparticle catalysts

within the highly porous coordination polymer MIL-101. The current approach is based on the

simultaneous activation of the pores of MIL-101 and the rapid chemical reduction of metal precursors

using MWI in the presence of a reducing agent. Small Pd, Cu and Pd–Cu nanoparticles of 2–3 nm are

incorporated within the pores and larger particles of 4–6 nm are supported on the surface of the

MIL-101 crystals. TEM images reveal that the loading of the particles using MWI is uniform across the

MIL crystals. The observed catalytic activities toward CO oxidation of the Pd nanocatalysts supported

on the highly porous MIL-101 polymer are significantly higher than any other reported metal clusters

supported on metal–organic frameworks. The observed high activity is attributed to the small metal

nanoparticles imbedded within the pores of the MIL crystals. The activity of the small embedded

particles is higher than those supported on the surface. This allows the use of small metal loadings for

efficient low temperature CO oxidation. These results should allow optimization of a new class of

nanocatalysts incorporated within the highly porous MIL-101. These materials are promising

environmentally relevant catalyst systems.
Introduction

The field of metal–organic frameworks (MOFs) has provided

a new class of highly porous crystalline materials with well-

defined cavities or channels that can accommodate a variety of

guest species of different sizes and shapes.1–5 The versatile

synthetic avenues and the many different combinations of

organic linkers with metal ions allow for the design and synthesis

of highly porous materials with precise control over pore metric

and dimensionality. These materials have a wide range of

applications including gas storage, separation, sensing, and

catalysis.1–5

MOFs have unique features which make them very attractive

in catalysis. The mechanically robust walls of the frameworks

can be used both to confine metal nanoparticles and to restrict

their growth, which are pertinent features to their applications in

heterogeneous catalysis. However, MOFs’ utility in catalysis has

been impeded by their scarcely accessible open-metal sites which

are essential in catalysis.6–12 As indicated in a recent review, only

a handful of examples of catalysis by MOF materials have been

reported.1,6–18 The catalytic activities of several MOFs have been

demonstrated for a few reactions such as cyanosilylation,

hydrogenation, polymerization, isomerization13–16 as well as for

enantioselective separations and catalytic transformations.17,18
Department of Chemistry, Virginia Commonwealth University, Richmond,
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This journal is ª The Royal Society of Chemistry 2009
Several approaches for loading of metal nanocatalysts onto

porous MOFs using techniques such as metal–organic chemical

vapor deposition (MOCVD),19,20 solution infiltration,16,21,22 solid

grinding,23 and surface grafting24 have recently been introduced.

In spite of these promising approaches, the development of

a general and facile method to incorporate active nanocatalysts

within MOFs remains a real challenge.

In this paper, we present a new approach for the incorpora-

tion of metal nanocatalysts within MIL-101, a chromium-based

MOF with the molecular formula Cr3F(H2O)2O[(O2C)–C6H4–

(CO2)]3$nH2O (where n is �25).25 The high surface area, meso-

porous nature and stability in water collectively make this MOF

an attractive catalyst support. It has two types of mesopores

with free diameters of 2.9 and 3.4 nm accessible through two

microporous windows of 1.2 and 1.6 nm, respectively.24,25 Thus,

the pore windows are big enough to give access to the metal ions

to diffuse into the pores where nucleation can take place to form

nanoparticles that cannot grow to sizes larger than the pore

diameters. These particles are, therefore, expected to be much

smaller than the nanoparticles that can be formed on the

external surfaces of the MIL crystals in the absence of growth

restrictions.

Our approach is based on the simultaneous activation of the

pores of MIL-101 and the rapid chemical reduction of the metal

precursors. This is achieved by hydrazine reduction under

microwave irradiation (MWI) for 1–2 min. The main advantages

of MWI over other conventional heating methods are uniform

and rapid heating of the reaction mixture and the simplicity of

the process.26–30 Furthermore, MWI can remove the coordinated

water molecules around the chromium centers of MIL-101, thus
J. Mater. Chem., 2009, 19, 7625–7631 | 7625
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creating accessible sites where nucleation of the metal nano-

crystals can take place following the reduction of the metal ions.

Although MWI has been demonstrated for the synthesis of

MOFs and other hybrid inorganic–organic porous materials,27–29

there has been no report on the MWI synthesis of metallic and

bimetallic nanoparticles within MOFs. In this work, we establish

MWI as a general and facile method for the incorporation of

metal nanoparticles within hybrid porous materials. We also

demonstrate the use of MIL-101 as a catalyst support for Pd

nanoparticles and their high activities toward CO oxidation

under aerobic conditions. The development of efficient low

temperature CO oxidation catalysts is of immense interest in

a variety of fields such as fuel cell performance and the removal

of toxic gases released to the atmosphere by combustion

processes.31–33
Experimental

Chemicals and materials

Palladium(II) nitrate 10 wt% solution in dilute HNO3 (Pd(NO3)2,

99.999%), copper(II) nitrate hydrate (Cu(NO3)2$xH2O, 98%),

chromium(III) nitrate nonahydrate (Cr(NO3)3$9H2O, 99%),

hydrofluoric acid (HF, 48%) and hydrazine hydrate

(N2H4$xH2O, 50–60%) were purchased from Sigma Aldrich

Chemicals. Terephthalic acid (98%) was purchased from Acros

Chemicals. All chemicals were used without any further purifi-

cation. Nano pure water (�18 MU) was used for all experiments.

MIL-101 was synthesized and purified according to the

method described by Kaskel et al.21 Briefly a clear solution of

Cr(NO3)2$9H2O (6.0 g), terephthalic acid (3.76 g), and hydro-

fluoric acid (0.75 ml) was prepared in 75 ml H2O, then introduced

and sealed in a 250 ml Teflon-line hydrothermal digestion bomb

from Parr Instruments. The mixture was then heated in

a programmable oven (Isotemp Oven from Fisher Scientific) to

220 �C for 8 h with a ramping rate of 5 �C min�1. After cooling,

the mixture was filtered to eliminate excess of recrystallized ter-

ephthalic acid. The MIL-101 was first activated hydrothermally

in ethanol at 100 �C for 4 h and then separated using a fine pore

fritted glass filter. The solid was dried at 150 �C, in air overnight

to obtained fine powdered MIL-101. Further activation for the

MIL-101 samples was performed using microwave irradiation in

hydrazine (50 ml)–MIL-101 (500 mg)–deionized water (30 ml)

for 1–2 min.

Two methods were used for the synthesis of metal nanoparticle

catalysts within the activated MIL-101. In method-A, a calcu-

lated amount of palladium and/or copper nitrate equivalent to

1.0–5.0 wt% metal loading was added to an aqueous dispersion

of MIL-101 (500 mg of MIL-101 in 30 ml of water) and was kept

under stirring for 10 min. After that 50 ml of hydrazine hydrate

were injected quickly into the solution. No color change was

observed upon the addition of the reducing agent indicating that

no metallic nanoparticles were formed on the surfaces of MIL-

101. The solution was then placed in a conventional microwave

set at 1000 W power and operated in 1 min cycles (on for 55 s, off

and stirring for 5 s) for a total microwaving time that varied from

1–2 min. After cooling down, the metallic or bimetallic nano-

particles supported on MIL-101 were separated using an

Eppendorf 5804 centrifuge operated at 3000 rpm for 2 min. The
7626 | J. Mater. Chem., 2009, 19, 7625–7631
particles were washed at least two times with water and dried

overnight under vacuum. The colors of the samples after the

microwave reaction changed from pale green (pure MIL-101) to

slightly dark green (metal-loaded MIL-101).

In method-B, the MIL was stirred for 24 h in the metal nitrate

solution and then was separated by centrifugation to remove the

excess metal ions from the solution. The MIL was then redis-

persed in water followed by the addition of the hydrazine hydrate

under stirring and MWI for 55 s. No change in the green color of

MIL was observed following the hydrazine reduction under

MWI indicating that metal nanoparticles were not formed on the

external surface of the MIL.
Characterization methods

The X-ray diffraction (XRD) patterns of the powder samples

were measured at room temperature with an X’Pert Philips

Materials Research Diffractometer, with CuKaR radiation.

Transmission electron microscopy (TEM) was carried out using

a Joel JEM-1230 electron microscope operated at 120 kV

equipped with a Gatan UltraScan 4000SP 4K � 4K CCD

camera. Additional TEM analyses were performed using a Joel

2010F field-emission gun operating at 200 kV and having an

Oxford ultrathin window EDX detector. Samples for TEM were

prepared by placing a droplet of the colloid suspension in ethanol

on a Formvar carbon-coated, 300-mesh copper grid (Ted Pella)

which was then allowed to evaporate in air at room temperature.

Scanning electron microscopy (SEM) and energy dispersive

X-ray spectroscopy (EDS) were carried out using a Quantum

DS-130S Dual Stage Electron Microscope. The nitrogen phys-

isorption isotherms were measured at 77 K using a Quantach-

rome AUTOSORB-1-C/TCD apparatus. In a typical

experiment, samples of metal-doped MIL-101 (38–50 mg) were

transferred to a quartz cell and then degassed at 150 �C, 10�5

Torr for 12 h prior to nitrogen sorption experiments. Specific

surface areas were calculated using the single point BET plot at

p/p0 ¼ 0.1 and the specific total pore volume was measured at

p/p0 ¼ 0.9.

For the CO catalytic oxidation the sample was placed inside

a Thermolyne 2100 programmable tube furnace reactor

(ESI†).31–33 The sample temperature was measured by a thermo-

couple placed near the sample. In a typical experiment, a gas

mixture consisting of 4 wt% CO and 20 wt% O2 in helium was

passed over the sample while the temperature was ramped. The

gas mixture was set to flow over the sample at a rate of 100 cm3

min�1 controlled via a MKS digital flow meter. The conversion of

CO to CO2 was monitored using an infrared gas analyzer (ACS,

Automated Custom Systems Inc.). All catalytic activities were

measured (using 50 mg sample) after a heat treatment of the

catalyst at 110 �C in the reactant gas mixture for 15 min in order

to remove moisture and adsorbed impurities.
Results and discussion

Fig. 1 displays typical SEM and TEM images of the free MIL-

101 and the corresponding EDX confirming the presence of C, O

and Cr in the MIL crystals. The apparent surface area was

calculated from the N2 isotherm using the Brunauer–Emmett–

Teller (BET) model (P/Po¼ 0.1 where P is gas pressure and Po is
This journal is ª The Royal Society of Chemistry 2009
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Fig. 1 (a) SEM and (b) TEM images, and (c) EDX spectrum of the MIL-101 crystals (the Si peak is due to the sample holder).
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saturation pressure) and was found to be 2345 m2 g�1. This value

is similar to those reported recently by Kaskel et al. and

Kholdeeva et al.21,22 The microwave activation of the MIL-101

samples results in a higher Langmuir surface area, increasing

from 1608 to 3674 m2 g�1 as shown in Fig. 2. It appears that the

presence of hydrazine during the microwave activation of the

MIL-101 crystals is important since it could reduce species such

as unreacted chromium nitrate salt and terephthalic acid trapped

inside the pores.

Two methods were used for the incorporation of the metal

nanoparticles. In the first method (method-A), MIL-101 sus-

pended in water was treated with the appropriate amount of

metal nitrate, M(NO3)2 (M¼ Pd, Cu), under stirring followed by

the addition of hydrazine hydrate under MWI. In the second

method (method-B), solution infiltration (incipient wetness

impregnation)21 was used before the hydrazine reduction in MW.

Method-A results in higher loadings of the metal nanoparticles

(as determined by ICP) which tend to disperse on the external

surface of the MIL (in addition to within the pores) as shown in

the TEM images of Fig. 3a and b. The solution infiltration

method results in smaller loading percentages with most of the

nanoparticles incorporated within the bulk phase of MIL
Fig. 2 Nitrogen adsorption isotherms at 77.3 K for the as prepared

MIL-101 and the activated material by microwave irradiation in the

presence of hydrazine hydrate.

This journal is ª The Royal Society of Chemistry 2009
crystallites. The TEM images of the Pd nanoparticles formed by

method-B clearly indicate that the number of nanoparticles

formed on the external surfaces of the MIL crystals has been

significantly reduced as shown in Fig. 3c and d.

These images also show that the few particles appearing on the

surface are actually incorporated within the MIL crystals and are

not simply sitting on the surface. The EDX spectra confirm

the presence of the metal particles as shown in Fig. 4a and b for

the MIL samples containing Pd and Pd–Cu nanoparticles,

respectively. The diffraction peaks of the crystal planes of Pd can

be clearly identified in the XRD patterns of the MIL

samples with high Pd loading percent, for example the 4.9 wt%

Pd–MIL sample (ESI†). The observed broadening of the Pd-111

diffraction peak is consistent with an average particle size of

3–4 nm (ESI†).
Fig. 3 TEM images of (a) 2.9 wt% Pd and (b) 0.5 wt% Pd + 2 wt% Cu

loaded on MIL prepared by method-A; (c) 0.1 wt% Pd and (d) 0.3 wt% Pd

loaded on MIL prepared by method-B.

J. Mater. Chem., 2009, 19, 7625–7631 | 7627
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Fig. 4 Energy dispersive X-ray (EDX) spectra of (a) 2.9 wt% Pd and (b)

0.5 wt% Pd + 2 wt% Cu loaded on MIL-101 crystals.

Fig. 5 TEM images of Pd nanoparticles-doped MIL-101.

Table 1 Surface area measurements for the free and metal-doped MIL-
101 crystals

Sample

BET
surface
area/m2 g�1

Langmuir
surface
area/m2 g�1

Pore
volume/cm3 g�1

MIL-101 2345 3674 1.31
2.9% Pd–MIL-101 1837 2672 0.90
4.9% Pd–MIL-101 1486 2285 0.73
2% Cu–MIL-101 1362 2160 0.65
0.5% Pd + 2% Cu–MIL-101 1577 2494 0.78

Fig. 6 Nitrogen adsorption isotherms at 77.3 K for MIL-101 and metal-

doped materials, filled (adsorption) and empty (desorption) symbols.

Pu
bl

is
he

d 
on

 1
6 

Se
pt

em
be

r 
20

09
. D

ow
nl

oa
de

d 
by

 V
ir

gi
ni

a 
C

om
m

on
w

ea
lth

 U
ni

ve
rs

ity
 o

n 
23

/0
7/

20
14

 1
9:

01
:2

4.
 

View Article Online
Fig. 5a compares the distribution of the 2.9 wt% Pd nano-

particles (prepared by method-A) on large areas of the MIL

crystals with those of the 0.3 wt% Pd (prepared by method-B)

shown in Fig. 5b. In both cases, the TEM images reveal that the

loading of the particles using MWI is uniform across the MIL

crystals. To demonstrate that metal nanoparticles are also

incorporated within the pores of the MIL support, we carried out

high-resolution TEM tomography measurements as shown in

Fig. 5c and d (additional images shown in ESI†). It should be

noted that HRTEM images for the nanoparticles-doped MIL are

difficult to obtain because of the charging of the sample under the

electron beam especially for small particles less than 3 nm. Large

particles on the surface of the MIL crystals can accommodate the

charges but for small nanoparticles embedded within the MIL

crystals, charges tend to accumulate and images become dis-

torted as shown in Fig. 5c and d. Nevertheless, these images

indicate that particles in the 3 nm size range spread throughout
7628 | J. Mater. Chem., 2009, 19, 7625–7631
the framework. These results are consistent with the work of

Fischer et al. which showed that large particles tend to be present

at the surface and only small particles (1–3 nm) are nestled within

the framework.34

The impact of metal doping on the porosity of MIL-101 was

established using N2 sorption experiments which reveal that the

materials remain porous and exhibit BET surface areas that

range from 1837 to 1362 m2 g�1 as shown in Table 1. The decrease

in surface area is consistent with recent studies on metal-

doped MOFs where agglomeration of metal nanoparticles could

lead to pore clogging thereby reducing pore volume and

accessibility.19–23 This is particularly more pronounced for

samples containing large Cu and Pd nanoparticles. However, the

catalyst support maintains its mesoporous nature as confirmed

by the type I adsorption in all of the N2 isotherms with secondary

uptakes at P/Po ¼ 0.1 and 0.2, characteristic of the presence of

the two kinds of microporous cavities as shown in Fig. 6.

The conversion percentages for the CO oxidation over the free

and metal-loaded MIL crystals were measured using a flow tube

reactor coupled to an IR detector for the analysis of the gaseous

reactants and products (ESI†).31–33 The measured catalyst

temperatures for 50% and 100% conversions of CO to CO2 are

listed in Table 2. Fig. 7 compares the catalytic activities of the

2.9, 2.2 and 1.1 wt% Pd nanocatalysts supported on MIL

prepared by method-A where the particles are both on the

surface and within the bulk crystallites, with those of 0.3 wt% and

0.1 wt% Pd prepared by method-B (solution infiltration). The

Pd–MIL with 2.9 wt% Pd loading shows the highest catalytic
This journal is ª The Royal Society of Chemistry 2009
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Table 2 Temperatures for the corresponding conversions of CO over
selected Pd–MIL-101 catalysts. Nanoparticle catalysts are supported on
the surface and inside the pores of the MIL (method-A). Nanoparticles
are mostly inside the pores (method-B)

Method Catalyst T50%/�C T100%/�C

A 4.9% Pd 97 147
A 2.9% Pd 92 107
A 2.2% Pd 100 123
A 1.1% Pd 128 151
B 0.6% Pd 112 151
B 0.3% Pd 115 140
B 0.1% Pd 170 181
A 2% Cu 275 289
A 0.5% Pd + 2% Cu 175 180
A 1% Pd + 2% Cu 146 152

Fig. 7 CO oxidation on Pd nanoparticles-doped MIL-101.

Fig. 8 CO oxidation on Pd, Cu, and mixed Pd–Cu nanocatalysts sup-

ported on MIL-101.
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activity with a full conversion at 107 �C. Increasing the metal

loading to 4.9 wt% results in a decrease in the catalytic activity as

shown in Table 2. This is probably due to the aggregation of the

nanoparticles at higher loadings on the surface of the support.

However, the catalytic activity does not decrease significantly by

removing most of the Pd nanoparticles from the surface and

retaining less than 1 wt% Pd incorporated within the pores of

MIL. In fact, the activity of the 0.3 wt% Pd incorporated within

the pores of MIL is better than that of the 1.1 wt% Pd supported

on the surface of MIL. This suggests that most of the activity

comes from the small Pd nanoparticles incorporated within the

pores. Since the accessible mesoporous pores have diameters of

2.9 and 3.4 nm, it can be assumed that the high catalytic activity

comes from particles within the 3 nm size range. It is quite

remarkable that with such a very small Pd content such as 0.1

wt%, 100% CO oxidation occurs at 181 �C. The catalytic activity

for 2 wt% Cu supported on the surface of MIL shows a full

conversion at a significantly higher temperature (289 �C) as

shown in Fig. 8. However, the mixed Pd–Cu catalyst prepared by

only 0.5 wt% Pd and 2 wt% Cu shows a significant enhancement

over the 2 wt% Cu catalyst. This enhancement may suggest the

possible formation of a PdCu nanoalloy. Our previous work

shows that CuPd nanoalloys are formed under MWI of a mixture

of Pd and Cu nitrates.35 The reduced activity of the Cu and Cu–

Pd catalysts is attributed to the larger size of the Cu nanoparticles

as confirmed by the TEM images.
This journal is ª The Royal Society of Chemistry 2009
It is interesting that most of the metal clusters including Au

supported on MOFs did not show high activity for CO oxida-

tion.7–12,23 For example, the poor catalytic activity reported for

metal Au–CPL-2 was attributed to the absence of oxygen

vacancy sites on the metal–PCP interfaces where oxygen acti-

vation can take place.23 However, the high catalytic activity

observed for the current Pd–MIL system suggests that MIL may

act as an active support for the metal nanocatalysts. It is also

interesting that the observed activity of the 2 wt% Pd–MIL is

similar to that of the 5 wt% Pd–CeO2 nanoparticle catalyst where

the high activity is attributed to the oxygen storage capacity of

CeO2.31–33 This could suggest that a significant number of oxygen

vacancies may exist on the Pd–MIL-101 interface. These

vacancies could be created as a result of the MWI process during

the incorporation of the Pd nanoparticles with the MIL crystals.

Other attractive features of the current MIL-101 catalysts

include the long-term activity and stability of the catalyst since

no reduction in efficiency has been observed after several

repeated catalytic reaction cycles. Also, the framework of MIL-

101 is intact after usage as demonstrated by the identical XRD

patterns before and after catalysis as shown in Fig. 9. These

results show that the crystalline nature of MIL-101 did not

change after the metal loading and the microwaving of the

sample, as the diffraction peaks of the MIL-101 are retained for

all the metal-loaded samples. It is also worth mentioning that the

MIL-101 is relatively stable up to 300 �C which makes it a good

support for catalysis. Furthermore, the use of small concentra-

tions of the precious metals such as Pd and the incorporation of

less expensive metals such as Cu could increase the economic

value and accelerate the practical applications of these catalysts.
Conclusion

In conclusion, we have developed a facile, general and effective

approach based on microwave irradiation for the incorpora-

tion of a variety of metallic and bimetallic nanoparticle cata-

lysts within porous coordination polymers. In this approach,

metal precursors and the reducing agent are allowed to diffuse
J. Mater. Chem., 2009, 19, 7625–7631 | 7629
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Fig. 9 X-Ray diffraction patterns of pure MIL-101 and nanocatalyst-supported on MIL-101 with (left) 2 wt% Pd, (middle) 2 wt% Cu, and (right)

0.5 wt% Pd–2 wt% Cu before and after the CO catalytic oxidation reaction.
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within the pores of the MIL crystals and adsorb on the

internal and external surfaces of the crystals. Microwave

assisted reduction results in the formation of high concentra-

tions of metal atoms which immediately nucleate to form metal

nanocrystals. The growth of the nanocrystals nucleated inside

the pores is limited by the size of the pores thus resulting in the

incorporation of small nanoparticles with 2–3 nm diameters

within the pores. These particles are difficult to visualize by

low-resolution TEM. However, high-resolution TEM tomog-

raphy measurements can provide evidence for the presence of

these small particles. On the other hand, nanocrystals nucle-

ated on the external surfaces of the MIL crystals can grow

larger in size consistent with the 4–6 nm particles observed by

the low-resolution TEM images. The trends observed in

catalysis with respect to the metal loading and the high activity

observed for the particles prepared by the solution infiltration

method suggest that most of the catalytic activity comes from

the small Pd nanoparticles with the size range of 2 to 3 nm

incorporated within the pores. The significance of the current

method lies mainly in its simplicity, flexibility, and the control

of the different factors that determine the activity of the sup-

ported nanoparticle catalysts. The method might also lead to

tuning the activity of metallic and bimetallic nanocatalysts and

to the development of environmentally relevant and commer-

cially useful catalyst systems.
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