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Abstract MIL-101 is a chromium-based metal organic
framework known to adsorb large amount of gases such as
Hj, CO; and CHy. The framework was synthesized through
solvothermal route and the H, adsorption capacity was mea-
sured using a standard gravimetric method. X-ray absorp-
tion spectroscopy was performed to understand the fine
structure, neighbors, coordination number and bond dis-
tance. The BET specific surface area of MIL-101nf (treated
with NH4F) was 2,868 m?/g with a type I hysteresis loop
measured from Ny adsorption isotherm. The hydrogen stor-
age capacity was 0.16 wt% measured at 32 bar and room
temperature for MIL-101nf. This capacity was increased
up to 0.45 wt% by doping metal-supported carbon cata-
lyst (Pd/AC and Pt/AC) through a carbon bridge with MIL-
101. XANES spectra indicated that the valency of MIL-101
MOFs was Cr(IIT). EXAFS data also revealed that MIL-101
has a first shell of Cr-O bonding with the bond distance of
1.97 A and the coordination number of 5.4.

Keywords MIL-101 - Metal organic frameworks - Porous
material - Hydrogen storage - XANES/EXAFS - Hydrogen
spillover

1 Introduction

The negative impact of greenhouse gases and the eventual
depletion of fossil fuel reserves have increased the impor-
tance of developing alternative fuel sources that are strong,
viable, and emission free. Hydrogen is considered as a clean
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fuel that has a minimum impact on the environment nearly
eliminating the levels of carbon dioxide and other green-
house gas emissions (Mazloomi and Gomes 2012). It is
safe to manufacture, reliable and environmental friendly
(Nowotny et al. 2005; Uhm et al. 2012). Also, demanding
for more efficient power source has increased the interest
in different kinds of new technologies, such as fuel cells
using hydrogen or hydrocarbons as fuel (Avc et al. 2001;
Martin et al. 2009; Suzuki et al. 2011). It is widely be-
lieved that hydrogen will become the fuel of the near fu-
ture that powers most vehicles and portable devices. Hydro-
gen will become the means of storing and transporting en-
ergy. However, developing safe, reliable, compact, and cost-
effective Hy storage technologies is one of the most techni-
cally challenging barriers to the widespread use of hydro-
gen as a form of energy as well as onboard vehicle appli-
cation. Hydrogen storage by adsorption represents a poten-
tial strategy for effective and relatively safe hydrogen stor-
age. Many efforts have been expended to finding efficient
hydrogen storage materials. Concerning adsorbents, nanos-
tructured carbon including activated carbon (AC) (Erdogan
and Kopac 2007), carbon nanotubes (Hirscher and Becher
2003) graphite nanofibers (Lueking et al. 2004), zeolites
(Dong et al. 2007) and complex metal hydrides (Sakintuna
et al. 2007) have been the major candidates for hydrogen
storage. However, known carbon nanostructures and other
studied materials cannot store a sufficient amount of Hy re-
quired for transportation applications (Luo and Ronnebro
2005; Armaroli and Balzani 2011).

Metal-organic frameworks (MOFs) are a rapidly grow-
ing class of microporous materials that enable tailoring
of regular porosity on a nanometer scale (Rowsell et al.
2005). A variety of MOFs have been studied past few years
for many potential applications, such as optics(Evans and
Lin 2002), adsorptions depending on size and shape (Saha
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and Deng 2010), catalysis (Bandosz and Petit 2011), and
most importantly gas storage (Rowsell and Yaghi 2004; Lin
et al. 2011). Among the potential applications, particularly,
MOFs have been explored as a viable H, storage material
due to their relatively high hydrogen storage capacity and
raised considerable interest in this field (Panella et al. 2006;
Saha et al. 2008). MOFs have the advantages of reversibility
and fast kinetic ability in H adsorption than complex metal
hydrides. However, it is still far away from the hydrogen ad-
sorption goal for onboard vehicle established by the United
States Department of Energy (DOE). Recently, hydrogen
spillover effect was successfully used in hydrogen storage
materials based on physisorption, such as carbon materials
(Wang and Yang 2012), zeolites (Li and Yang 2006a), MOFs
(Stuckert et al. 2010; Wang et al. 2011). Hydrogen stor-
age capacity of porous materials can be greatly enhanced
by doping them with metal supported catalysts through a
carbon bridge. The increased hydrogen storage capacity of
catalyst-doped porous materials is attributed to the hydro-
gen spillover effect. The process includes a dissociation of
hydrogen molecules on a metal and subsequent spillover to
its support, while the carbon bridge helps the hydrogen to
spillover to the target porous materials that formed the sec-
ondary spillover. This process modifies the chemical nature
of the porous materials and activates the porous materials to
strengthen subsequent hydrogen physisorption (Roland et al.
1997).

In this view, we tried to focus the hydrogen spillover
effect on MIL-101 metal organic framework. A past study
showed that it could store 0.36 wt% of hydrogen at 298 K
and 86 bar (Latroche et al. 2006). Here we present our
results on hydrogen storage capacity of MIL-101 doped
with Pt/AC or Pd/AC catalyst and modified with carbon
bridged Pt/AC or Pd/AC. We also focused on the fine
structural characterization of MIL-101 with short-range or-
der through X-ray absorption spectroscopy (XAS) such as;
X-Ray absorption near edge spectroscopy (XANES) which
provides information of electronic configuration, stereo-
chemistry and the oxidation states of the metallic atoms
in the catalysts and extended X-ray absorption fine struc-
ture (EXAFS) spectroscopy which can investigate the in-
formation on the atomic arrangement of the catalysts in
terms of bond distance, coordination number, kind of neigh-
bors, thermal and static disorder (Meitzner et al. 1992;
Zabinsky et al. 1995). The XANES and EXAFS also offer
the basic knowledge of understanding the oxidation states
and fine structures to further study on the mechanism of sur-
face reaction. Thus, the main objectives of the present work
were to investigate the effects of different activation process
of MIL-101, carried out the valency and fine structural pa-
rameters of Cr atom in MIL-101 as central metal ion and the
hydrogen storage capacity via hydrogen spillover.
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2 Experimental
2.1 Synthesis of MIL-101 samples

MIL-101 was synthesized through solvothermal route that
can be found in literature (Ferey et al. 2005). 2.0 g Chromium
nitrate nano hydrate (Cr(NO3)3-9H,0) and 0.83 g of BDC
(Terephthalic acid) were dissolved in 24 mL of deionized
water following the addition of 0.9 mL hydrofluorohydric
acid (HF, 5 M). After stirring the above mixture about
15 min, it was introduced into Teflon-lined steel autoclave to
heat at 220 °C for 8 h. Then the autoclave was cooled slowly
in room temperature. The nonreacted BDC was present
in the green color crystals and it was removed by filter-
ing through glass frit. Then the product was washed with
deionized water several times and dried. This product is de-
noted as MIL-101as (as: as-synthesized). Then about 2.0 g
of MIL-101as sample was treated with 40 mL aqueous mix-
ture of ethanol (95 % ethanol and 5 % water) at 60 °C for
20 h. After cooling the sample was washed and dried at
100 °C overnight. At this stage it is denoted as MIL-101et
(et: ethanol treated). Finally, 2.0 g of MIL-101et sample was
treated with 300 mL NH4F (30 mM) at 60 °C for 12 h. Then
the sample was washing several times, drying at 100 °C and
denoted as MIL-101nf (nf: NH4F treated). These all treat-
ments were done due to purify the crystals as purification
and activation of MIL-101 are very crucial.

2.2 Preparation of Pt or Pd-doped AC (Pt/AC and Pd/AC)

In a typical procedure to synthesize the Pt or Pd-doped AC,
Darco AC of 100-325 mesh obtained from Sigma-Aldrich
was further treated by nitric acid in this work. 5.0 g of AC
was immerged into 300 mL of 3M nitric acid solution. The
resulting mixture was heated to 60 °C and stirred for 1 h.
After cooling to room temperature the AC was filtered and
washed with water until the pH 5 had been reached and then
dried in air. 0.5 g PtCly or PdCls-5H,0 was dissolved into
another 300 mL of H,O/ethylene glycol solution with the
volume ratio of 1:2. Then the acid treated AC was added
into the HyO/ethylene glycol solution and stirred for 12 h
at 110 °C. Then the resulted mixture was filtered and the
solid residue was dried at 70 °C overnight in reduced pres-
sure. The Pt or Pd content into AC was found around 5 wt%
analyzed by ICP-OES.

2.3 Preparation of Pt or Pd-doped AC-MIL-101

An effective bridged composite of Pt or Pd-doped AC-—
MOFs was done by building technique (Lachawiec et al.
2005; Li and Yang 2006b). The catalyst containing 5 wt%
platinum or palladium supported on active carbon was used
as the source for hydrogen dissociation. Carbon bridges
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between the source and receptor were formed by car-
bonization of sucrose that was previously introduced into
a physical mixture with Pt/AC or Pd/AC. The recep-
tor/precursor/source ratio was fixed at 4:1:1 on the basis of
the complete carbonization of the precursor. The resultant
mixture was ground together for 1 h in ball mill and then
subjected to the heating treatment procedures as described
by Li and Yang (2006b).

2.4 Characterization

X-ray diffraction (XRD) measurements were conducted us-
ing standard powder diffraction procedures analyzed by
Cu Ko radiation (RIGAKU Model D/MAX III-V) at 30 kV
and 20 mA with a scan rate of 4°(20) min~!. FE-SEM (S-
4700 Type II) and TEM (Zeiss 10C) were performed to
identify the morphologies, and particle size distribution of
the crystals. ICP-OES was performed by Optima 2100DV
(Perkin Elmer) for item analyses of the samples. Nitrogen
adsorption isotherms of the samples were measured at 77 K
using an ASAP 2020 (Micromeritics). Thermal decomposi-
tion was investigated using a TGA system (model SDT 2960
& Thermal Analyst 2000, TA Instruments). Reaction tem-
peratures and sample weights were recorded at 10 seconds
intervals. About 30 mg of samples were heated from 25 to
600 °C at a heating rate of 10 °C min~! in air atmosphere at
the flow rate of 20 cm® min~!.

X-ray absorption (EXAFS and XANES) spectra were
collected at the Wiggler beam line 16A1 at NSRRC of Tai-
wan. The electron storage ring was operated with an energy
of 1.5 GeV and the current of 100-200 mA. A Si (111)
double-crystal monochromator (DCM) was used for selec-
tion of energy with an energy resolution of 1.9 x 10~*. Data
were collected in fluorescence or transmission mode with a
Lytle detector (Lytle 1999) in the regions of the Cr K edge
(5,989 eV) at room temperature. The photon energy was cal-
ibrated by characteristic pre-edge peaks in the absorption
spectra of Cr standards. The raw absorption data below the
edge position were fit to a straight line using the least-square
algorithms. The fitted pre-edge background curves were ex-
trapolated throughout all data range, subtracted and normal-
ized to minimize the effect of sample thickness. The near-
edge structure in an absorption spectrum covers the range
between the threshold and the point at which the EXAFS be-
gins. The k2 and k3-weighted EXAFS spectra were Fourier
transformed over the range of interatomic distance (R). The
EXAFS data were further analyzed by using the UWXAFS
3.0 program and FEFF 8.0 codes (Ressler 1998; Nesvizhskii
and Rehr 1999).

2.5 Hydrogen adsorption measurement

Hydrogen isotherm was measured gravimetrically at 298 K
using a method previously described by Eddaoudi et al.

(2000). A Cahn Thermax 500 microgravimetric balance was
used to measure the change in mass of samples suspended
within a glass enclosure under a certain atmosphere which
had a sensitivity of 1 ug. A pressure sensor, with a range
of 0 to 68 atm (at 1,000 °C) and sensitivity of 0.011 atm
was used to measure the hydrogen pressure in the cham-
ber. Samples were outgassed overnight in situ until constant
mass was attained; these varied from 0.2 to 2.0 g. Prior to
admittance of the analyte gas, the entire chamber and man-
ifold were evacuated overnight. The system was purged at
room temperature three times with the analyte gas before
cooling to 77 K, and gases were passed through a molec-
ular sieve trap immersed in liquid nitrogen to remove any
condensable impurities or moisture before being exposed to
the sample. The adsorbed amount of hydrogen gas was cal-
culated after the buoyancy correction of the experiment. For
the buoyancy correction, the volume of the sample container
and the sample was determined using a helium measurement
assuming that helium adsorption at room temperature can be
neglected.

3 Results and discussion
3.1 Morphologies of MIL-101 samples

FE-SEM and TEM micrographs of MIL-101 and Pt or Pd-
doped AC were used to investigate the morphologies, and
microstructure of the samples. The particle size of synthe-
sized MIL-101 samples was around 500-700 nm identified
by FE-SEM micrographs shown in Fig. 1a. It has an octahe-
dral shape and the particles are well dispersed. TEM images
of Pd/AC and Pt/AC are shown in Figs. 1b and Ic, respec-
tively. Pt and Pd particles were uniformly dispersed in AC
and the particle size was very small which is favorable to en-
hance the spillover. The particle size of Pd for 5 wt% Pd/AC
ranges from 5 to 15 nm while the Pd particles were much
smaller around 2 to 10 nm. Formation of large Pt or Pd par-
ticles can be attributed to the aggregation of some smaller
particles. All the particles were well dispersed in AC that
facilitated the spillover of hydrogen by dissociating of hy-
drogen molecule into atomic hydrogen.

3.2 Crystallinity analysis

The XRD patterns of three different MIL-101 samples
(MIL-101as, MIL-101et and MIL-101nf) are plotted in
Fig. 2. All samples showed good crystallinity though there
were notable changes had been found on the intensity of the
peaks. It can be found that the peak intensities around 17.40
26 degree of MIL-101as showed higher values than MIL-
10let and MIL-101nf samples. There may remain some
small amount of unreacted chemicals that has been removed
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Fig. 1 (a) FE-SEM images of MIL-101 after treated by using NH4F;
TEM images of (b) Pd-doped AC, and (c) Pt-doped AC

after ethanol treatment. The intensive peaks appearing at
small 20 angles in the XRD pattern are characteristics of
porous materials which possess abundant pores or cavities.
The main diffraction peaks were at 26 = 3.36, 5.10, 8.41,
9.08, and 16.46 degree. The relative diffraction intensities of
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Fig. 2 XRD patterns of MIL-101 for (a) as-synthesized, treated by (b)
ethanol, and (¢) NH4F
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Fig. 3 XRD patterns of (a) activated carbon, (b) Pd-doped AC, and
(c) Pt-doped AC

the prepared samples were found to be the same as the stan-
dard data for MIL-101 (Ferey et al. 2005). Figure 3 shows
the XRD patterns of AC, Pd-doped AC, and Pt-doped AC.
These patterns show a broad and less intensive peak around
26 = 24 degree can be attributed to the graphitic structure
of AC. The other four peaks could be indexed to the (111),
(200), (220), and (311) planes of Pd or Pt catalysts (Liu
et al. 2007b). The calculated mean particle size of the doped
Pd and Pt particles by Scherrer equation were about 18 and
14 nm, respectively.

3.3 Thermal analysis
As shown in Fig. 4, the thermogravimetric curve of MIL-101

MOF is consistent with prominent weight-loss steps. It fol-
lowed that a fully hydrated molecular sieve contains about
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Fig. 4 TG/DTG curve of as-synthesized MIL-101
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Fig. 5 Normalized Cr K-edge XANES spectra of MIL-101 for
(a) as-synthesized, (b) treated by ethanol, (c) treated by NH4F,
(d) Cr,03, and (e) Cr(0) standards

8 wt% water and other guest molecules. At the initial period
(25-200 °C) the weight loss is due to the evaporation of wa-
ter or guest molecules. It has also to be mentioned that the
water content of MIL-101 varies considerably, depending
on the presence of coordinated solvent, the temperature in
the laboratory, or the rate of humidity. After that the sample
didn’t show any step of weight change but slow and gradu-
ally decay in weight until 340 °C. This result confirmed the
stability of the framework at higher temperature and a sud-
den weight change (around 56 wt%) was observed around
366 °C due to the total damage of organic linker.

3.4 XANES measurement
The normalized Cr K-edge XANES of three different MIL-

101 samples with the CrpO3, and Cr(0) standards are rep-
resented in Fig. 5. The comparison is designed to deter-

Table 1 Chromium K-edge X-ray absorption near-edge position of
MIL-101 samples

Sample Shell Near edge (eV)
MIL-101 as-synthesized Cr-O 6001.10
MIL-101 treated by ethanol Cr-O 6000.62
MIL-101treated by NH4F Cr-O 6000.88
Cr03 Cr-O 6005.85
Metallic Cr Cr-Cr 5988.90

mine the Cr atoms in MIL-101 MOFs and understanding the
treatment effects of ethanol and NH4F on the crystal struc-
tures. It was found that the edge positions of all the prepared
samples were very close to the Cr(I) as shown in Table 1.
However, compared with the standard Cr(II) K-edge energy
(5,989 eV) the offset was 0.16 eV for the MIL-101as sam-
ple which revealed that Cr ions were not entirely surrounded
by oxygen atoms and may form oxides (OH™) through co-
valent bond. The offset of MIL-101et and MIL-101nf sam-
ples were around 0.12 eV which can also speculated for
Cr(Il) ions during the elimination of the nonreacted BDC
molecules upon treatment with ethanol and NH4F. The pre-
edge XANES spectra of Cr exhibit an absorbance feature at
5,991 eV for the 1s to 3d transition and this transition is
forbidden by the selection rule in case of perfect octahedral
symmetry. The sharp feature at 6,010 eV of MIL-101as, due
to the dipole-allowed 1s to 4p,, electron transition, indi-
cated the existence of Cr>*. The density of Cr** in MIL-101
was proportional to the intensity of the 1s to 4 p,, transition.
The shoulder at 6,001 eV and an intense feature at 6,011 eV
for MIL-101et and MIL-10nf samples were attributed to the
Is to 4py, transition also, that indicated the existence of
Cr?* species in the MIL-101 crystals. Oxygen is the major
atoms coordinated to the central Cr atoms in the prepared
crystals.

3.5 EXAFS analysis

The MIL-101 samples were further studied by using EX-
AFS to understand the fine structure and the behavior in
the neighbor atoms. Cr K-edge EXAFS spectroscopy can
also provide the information on the Cr atomic arrange-
ment of catalysts in terms of bond distance, coordination
number, and kind of near neighbors. Figure 6 shows the
k3-weighted and least-square fitted Cr K-edge EXAFS and
their Fourier transforms of three different MIL-101 samples.
Since XANES shows significant changes between as syn-
thesized and treated MIL-101 samples, it is interesting that
the EXAFS data shown in Table 2 are virtually identical.
It shows that the all samples have the center Cr atoms co-
ordinated by primarily Cr—O bonding. The fine structural
parameters of MIL-101 analyzed by the EXAFS data also
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Fig. 6 Cr K-edge EXAFS

oscillation k> x (k) and Fourier
transform (FT) spectra of
MIL-101 samples:

(a), (b) as-synthesized, treated
by (e), (d) ethanol, and

(e), (f) NH4F. The best fitting of
the EXAFS spectra are
expressed by the circled
symbols
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Table 2 Fine structural parameters of MIL-101 samples analyzed by using Cr K-edge EXAFS

Sample Shell CN*+0.5 RY+0.02 (A) Ac?¢ (A2)
MIL-101 as-synthesized Cr-O 542 1.971 0.00582
MIL-101 treated by ethanol Cr-O 4.74 1.973 0.00237
MIL-101treated by NH4F Cr-0 4.53 1.973 0.00302

2Coordination number

®Bond distance
“Debye-Waller factor

suggested that Cr atoms may be mirror-symmetrically (Dy)
surrounded by four oxygen atoms. The EXAFS data showed
that the MIL-101as sample had Cr central atoms coordi-
nated by primarily Cr-O with the bond distances of 1.971 A
with the coordination number of 5.42. After the treatment
with ethanol, the bond distance of Cr—O in MIL-101et was
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1.973 A with the coordination number of 4.73. Following
the same trend, MIL-101nf had the less coordination num-
ber as 4.53 while it can be noted that, the bond distance
didn’t change compare to MIL-101et which is 1.973 A. This
is a statistical effect; this means that in spite of removing a
small amount of oxygen atoms from the lattice, the overall



Adsorption (2012) 18:483-491 489
Table 3 The pore structural .
properties of MIL-101 samples, Sample Activation BET sulzfaie; Pore; V(il}nne Ayerage pore
AC, Pd/AC, and Pt/AC method area (m g ) (cm g )a NV4s (A)a
MIL-101 as-synthesized N.AbD 1452 0.016 8.03
MIL-101 treated by ethanol Ethanol 2454 0.020 8.04
MIL-101treated by NH4F NH4F 2868 0.025 8.06
#Pore volume and average pore AC after acid treatment HNO3, 3M 840 0.062 8.04
size were determined by DFT Pd/AC NAb 655 0.061 8.04
h
method PUAC N.AD 619 0.055 8.03
PN.A. denotes “not available”
800 0.14
L 21.62 A
> 700 0.12} e
]
E 600 E
£ o 010}
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Fig. 7 BET nitrogen adsorption isotherms of as-synthesized, ethanol
and NHy4F treated MIL-101 samples measured at 77 K. Filled and open
symbols represent the adsorption and desorption of nitrogen gases, re-
spectively

structure is maintained with little electronic changes. These
oxygen atoms may contributed from the non-reacted BDC
that presents in the MIL-101as structure. As MIL-101et and
MIL-nf samples are treated, the number of non-reacted BDC
present in the structure are very few, hence the coordination
number decreased.

3.6 Pore textural properties

Table 3 summarizes the pore textural properties for the
three samples of MIL-101 along with AC and Pt or Pd-
doped AC. The nitrogen adsorption isotherms of different
MIL-101 samples measured at 77 K are shown in Fig. 7.
Both isotherms were type-I with almost no hysteresis loop.
It confirms that the MIL-101 samples were microporous.
The BET specific surface area was measured using Barret—
Joyner—Halenda (BJH) model (Barrett et al. 1951), while
pore volume and average pore diameter were calculated by
the ASAP 2020 analyzer’s built-in software using Density
Functional Theory (DFT) method. It was noted that the BET
specific surface area notably increases with after treated
the MIL-101as sample with ethanol and NH4F. For the as

Pore Diameter (A)

Fig. 8 Pore size distribution of as-synthesized MIL-101 measured by
Density Functional Theory method

synthesized MIL-101 the BET specific surface area was
1,452 m? g~!. After ethanol treatment this value enhanced
to 2,454 m? g_1 for MIL-101et and from this situation, fi-
nally it increased to 2,868 m? g~! for MIL-101nf. These re-
sults proves that post treatment is crucial for MIL-101 sam-
ples to improve the surface area which is favorable for the
higher hydrogen storage (Llewellyn et al. 2008). The pore
textural properties of the three MIL-101 samples had the
similar trend to increase the pore volume with the treatment
with ethanol and NH4F. The discrepancies between the ob-
served values are due to the variable amount of terephthalic
acid present as an impurity or present within the pores. The
presence of free terephthalic acid within the pores of MIL-
101 was expected since other porous chromium (Barthelet
et al. 2004) terephthalates contained significant amounts of
free carboxylic acid within the pores in their as-synthesized
form. The BET specific area of AC after acid treatment was
840 m? g~!. After Pt or Pd-doping, this value was decreased
to 619 or 655 m? g~ !, respectively. The pore size distribu-
tion of MIL-101as sample is shown in Fig. 8. It can be seen
that the average pore size of the synthesized sample was
about 21.62 A with the pore volumes vary between 0.016
and 0.025 cm3 g1,
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Fig. 9 Hydrogen adsorption isotherms of Pt-doped AC, Pd-doped
AC and different MIL-101 samples measured at 7" = 298 K and
P =0-32 bar

3.7 Gravimetric hydrogen adsorption

The hydrogen adsorption isotherms of the MIL-101 mate-
rials measured at room temperature (298 K) are presented
in Fig. 9. We have used the NH4F treated MIL-101 sample
to examine the hydrogen adsorption capacity as it has the
highest BET specific surface area. It can be seen that the
H; adsorption value of MIL-101 sample without Pt or Pd-
doped was about 0.16 wt%. The Hj adsorption capacity for
Pd-AC and Pt-AC were about 0.11 and 0.09 wt%, respec-
tively. It can be noted that Pd-AC and Pt-AC have lower Hj
adsorption capacity than pristine MIL-101 sample though
they have primary spillover effect. It may be due to the lower
specific surface area of Pd-AC or Pt-AC samples. After mix-
ing the Pd-AC or Pt-AC with MIL-101 sample, the H, ad-
sorption capacity increased to 0.25 and 0.24 wt%, respec-
tively. This elevated adsorption capacity of MIL-101 sam-
ple was due to the additional H, adsorption by the Pd-AC
or Pt-AC. However, after establishing the carbon bridge be-
tween MIL-101 and Pd-AC or Pt-AC, the H, adsorption ca-
pacity increased to 0.45 and 0.40 wt% through hydrogen
spillover mechanism. The enhancement factor is defined as
the ratio of the adsorbed amount of the bridged sample via
spillover to that of the MIL-101 alone. After the modifica-
tion of MIL-101, this factor is almost three times that of the
unmodified MIL-101. There are two reasons for this signifi-
cant improvement: the first reason is the role of AC as a sup-
port for Pd or Pt catalytic activity. The Pd or Pt nanoparticles
are uniformly distributed into the AC supports. Therefore,
the dissociation of hydrogen molecule is improved through
the catalytic activity of Pd or Pt which has led to signifi-
cant changes in hydrogen sorption properties. This is the pri-
mary spillover effect. The second reason is the carbon bridge
and making of site defect in carbon supported sample. The
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bridge-building treatment strengthens the connectivity be-
tween MIL-101 and Pd/AC or Pt/AC, and the migration of
monatomic hydrogen, largely enhancing hydrogen uptake.
After the bridge-building treatment, Pd/AC or Pt/AC parti-
cles (primary spillover receptor) were well dispersed within
fine powders of MIL-101 crystals (secondary spillover re-
ceptor) through the connection of carbon bridges. Gener-
ally, at the low-pressure region of the adsorption isotherm, it
is strongly dependent on the strength of the interaction be-
tween hydrogen molecules and the adsorbent. Therefore, the
difference in the storage capacity and different heat of ad-
sorption are attributed. The presence of amorphous or non-
porous impurity such as the impurities during the synthesis
process is also required to eliminate for enhancing the hy-
drogen uptake (Lee et al. 2005; Rowsell and Yaghi 2006;
Liu et al. 2007a). Activation involves removal of any guest
molecules (most of them are synthesis solvent and the ex-
cess organic ligands) that are contained within the pores or
channels of the MIL-101 MOFs, either through thermal or
chemical means or through a combination of both. In the
case of Hy adsorption measurements, there are additional
considerations should taken such as the experimental sys-
tem must be ultra-clean and it is necessary to purify even
ultrahigh-purity hydrogen before the measurements.

4 Conclusions

MIL-101 MOFs having the particle size about 500-700 nm
and crystalline in structure. The central Cr atom of as syn-
thesized MIL-101 was coordinated by primarily Cr—O bonds
having the bond distance of 1.971 A with the coordination
number of 5.42. After treatment with ethanol and NH4F, the
Cr—O bonds distance changed into 1.973 A with the coordi-
nation number of 4.53. The Cr atom was in divalent (Cr?t)
in the MIL-101 crystals identified by XANES spectra. The
results show an improvement in the hydrogen adsorption ca-
pacity after modifying the MIL-101 with Pd-AC or Pt-AC
and carbon bridge. The storage capacity of modified MIL-
101 at 32 bar and 298 K are found to be 0.45 wt% (MIL-
101/CB/Pd-AC) and 0.40 wt% (MIL-101/CB/Pt-AC) which
is significantly improved as compared to the pristine sample
(0.16 wt% at 298 K and 32 bar).
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