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SUMMARY

The nanometric carbon CMK-3 modified with Pt was synthesized and applied as a reservoir for hydrogen uptake. We found
that the newly synthesized hybrid composites exhibited significantly enhanced H2 storage. The approach that we have
followed includes synthesis of nanostructures with the experimental study of its adsorption capacity and storage properties.
In summary, we have shown that CMK-3 ordered porous carbon modified with Pt nanoclusters is a promising material for
hydrogen uptake. The samples were characterized by X-ray diffraction, N2 isotherms, X-ray photoelectron spectra and
transmission electron microscopy. The nanoparticles of Pt (~1.7 nm) incorporated onto the nanostructured carbon
CMK-3 showed higher hydrogen uptake at low and high pressures (3.3wt% of H2 sorption at 10 bar and 77K) than
CMK-3. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Hydrogen is an alternative energy source of clean fuel and
other industrial applications [1], can operate fuel cells and
internal combustions engines [2], and is an alternative for
non-renewable energy sources like oil [3].

The biggest challenge for hydrogen economy is the devel-
opment of a viable storage system for hydrogen and has been
recognized as an ideal energy carrier because it is easily pro-
duced from renewable energy sources and contains higher
chemical energy per mass than hydrocarbon fuels [4].

In the past decades, hydrogen storage and transportation
has been the major difficult in the hydrogen technology.
The method of storing as compressed hydrogen or lique-
fied hydrogen is inappropriate for wide application because
of its low storage density or high cost. Chemisorption
of hydrogen in the form of metals or complex hydrides
is an attractive method, but these materials are relatively
expensive [4].

Physisorption of hydrogen on carbon-based
nanomaterials or other porous materials have attracted
greatly scientific interests. Porous carbons with well-
ordered pore systems offered great potential in hydrogen
storage [5–8].

Metal organic frameworks (MOFs) are very promising
candidates in the field of gas separation and storage. A
large portion of voids generated in MOFs usually remains
unutilized for hydrogen storage because of weak interac-
tions between the walls of MOFs and H2 molecules. Saha
and Deng [9] synthesized mixed crystals of MOF-5 and
MOF-177 in order to determined hydrogen adsorption at
hydrogen pressure up to 1.05 bar and different tempera-
tures (77, 194.5, and 298K).

Klyamkin et al. [10] synthesized porous chromium (III)
oxoterphthalate MIL-101 and hybrid MIL-101/Pt/C com-
posite materials. The hydrogen adsorption properties of
porous materials were investigated at pressures up to
1000 bar. Hydrogen sorption capacity increases gradually
with pressure and reaches 1.5wt% instead of maximum
0.4wt% for the pristine MIL-101.

Moussa et al. [11] studied boron-based hydrides for
chemical hydrogen storage and concluded that boron-
based hydrides have a significant potential in chemical
hydrogen storage, but their implementation depends on
the recyclability of the solid by-products.

Liang et al. [12] published unique properties of
graphene and graphene-based materials in clean energy-
related devices.

INTERNATIONAL JOURNAL OF ENERGY RESEARCH
Int. J. Energy Res. 2015; 39:128–139

Published online 26 June 2014 in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/er.3229

Copyright © 2014 John Wiley & Sons, Ltd.128



Many activated and templated carbons with high-sur-
face area exhibit potential for storing molecular hydrogen
[4,13–15]. Nanostructured carbons are among the major
candidates of physisorption for their lightweight, abundant
natural precursors, and low cost. The activated carbons
have been reported to have relatively high hydrogen stor-
age capacity at 77K [13,14], but the pore size distribution
is generally wide, and more than half of the total porous
volumes come from macropores, which contribute less to
the uptake of hydrogen. Despite the fact that the carbon
nanotubes and carbon nanofibers (CNFs) have been stud-
ied as hydrogen storage materials [15–21], there are still
disputes about their capacities of hydrogen adsorption.
Moreover, the carbon activation has also been reported to
be useful for improving the pore structure and increasing
the hydrogen uptake in new nanostructured carbon mate-
rials such as single-wall nanotubes and CNFs. Thus, the
activation of the ordered porous carbon is desirable for get-
ting a higher hydrogen uptake. The amounts of hydrogen
adsorbed at atmospheric pressure on single-wall nanotubes
reach approximately 0.01wt% at 298K and 1wt% at 77K
[22], and H2 sorption on CNF activated with KOH and
CO2 is between 0.05 and 0.35wt% [23].

The carbons were obtained via the template method,
which involved the introduction of suitable carbon precur-
sors into the ordered pores of the template followed by car-
bonization and finally removal of the template [24–26].
These carbon materials usually have large specific surface
areas and high pore volumes, which are useful for effective
physisorption of H2. Besides, the ordered networks may
provide fast transportation in the materials, a noticeable
volume of micropores can efficiently adsorb hydrogen,
and the microporosity and the mesoporosity can be
adjusted by changing the template, the carbon precursor,
and the amount of carbon infiltrated in the template [5].

Hydrogen storage measurements on peels formed
from powdered carbide-derived carbons mixed with
polytetrafluorethylene were presented by Singer et al.
[27]. Poirier et al. [28] studied hydrogen storage on CNFs
and intercalated and exfoliated carbon materials. Giraudet
et al. [29] studied the hydrogen adsorption on ordered
mesoporous carbons (OMCs) doped with nickel
nanoparticles.

Platinum and platinum alloys are used as catalysts for
fuel oxidation and oxygen reduction reactions, and the
usage of expensive Pt-based catalysts in fuel cells can be
minimized by supporting them on high surface area
carbon.

Carbon mesostructured from Korea (CMK) is one such
family of OMCs [30]. Produced inside of the channels of
mesostructured silicates or aluminosilicates, CMKs have
specific surface areas from 1000 to 2000m2/g and pore
volumes from 0.5 to over 1mL/g. These materials are
promising for hydrogen storage applications.

The MOF and CMK have similar behavior in hydrogen
uptake capacity. CMK nanocarbons are important candidates
of hydrogen uptake because of their lightweight, abundant
natural precursors, and low cost [31]. Thus, CMK-3 was

chosen as an ideal candidate as a support material for hydro-
gen storage, because they have large surface area, high
chemical stability, uniform pore diameters accessible poros-
ity, and three-dimensional conducting network [32,33].
MOFs are organometallic compounds that have a mesopo-
rous zeotype framework with mesoporous cage and micro-
porous windows, a big cell volume, huge surface area, and
numerous unsaturated metal sites [34]. The hydrogen storage
ability of these materials is related to the van derWaals inter-
actions between their surface and hydrogen molecules [35].
It seems that the small pores in MOF play a major role on
the hydrogen adsorption. The values in hydrogen adsorption
capacity are close to values of other porous materials such as
nanostructured carbons [31].

Therefore, the high hydrothermal stability, together
with its high adsorption capacities, makes MOFs an attrac-
tive candidate for hydrogen adsorption like CMK-3 car-
bon. Anbia and Mandegarzad [36] prepared a MIL-101
modified with Pt/CMK. Their work shows an improvement
in the hydrogen adsorption capacity after modifying the
MIL-101TE with Pt (20wt%)/CMK-3 and carbon bridge.

Metal particles dispersed in the porosity of active car-
bons are largely contributing to enhancing storage abilities.
Numerous studies focused on this feature. Generally, hy-
drogen spillover was evidenced. The catalyst is supposed
to trigger the H2 dissociation, and then atomic hydrogen
is assumed to diffuse deeper in the microporous network
and even in between graphitic layers.

Xia et al. [31] studied CO2 activation effect in ordered
porous carbon CMK-3 applied in hydrogen storage. The
H2 adsorption of CMK-1 is around 1.2wt% at 1 bar and
the activated around 2% [31]. Kim et al. have investigated
the OMCs as support materials for Pt catalysts for oxygen
reduction reaction [37]. Kuppan and Selvam have studied
the effect of the preparation of platinum-supported meso-
porous carbon (Pt/CMK-3) as anodic catalyst for direct
methanol fuel cell applications [38].

The platinum activity in adsorption of hydrogen mole-
cules (spillover) is improved producing significant changes
in hydrogen sorption properties. After Pt-CMK-3 impreg-
nation, a loss of specific surface area and total pore
volumes was observed, but at 77K, the hydrogen uptake
is better than pristine material, which have improved the
hydrogen uptake that has cause enhanced ‘spillover’ mech-
anism and may promote the adsorption of molecular
hydrogen on the surface of Pt nanoparticles, and also a
further hydrogen diffusion into the porosity of the carbon.
This material improves the hydrogen uptake capacity of
CMK-3 nanometric carbon. Pt clusters dispersed on
CMK-3 support of large particle size and long channel
lengths possess a design in order to enhance the hydrogen
uptake.

In this work, ordered porous carbon designated as
CMK-3 was synthesized by replication from SBA-15 silica
and then was modified with platinum in order to gain a
higher hydrogen storage capacity.

Our goal was to evaluate the hydrogen storage capaci-
ties of CMK-3 replica modified with Pt nanospecies. The
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approach includes synthesis and characterization of car-
bon-modified nanostructures along with experimental
study of their adsorption capacity and storage properties.

2. MATERIAL AND METHODS

2.1. Preparation of SBA-15 template

Ordered mesoporous silica SBA-15 was prepared by using
the triblock copolymer, poly(ethylene glycol)-block-poly
(propyleneglycol)-block-poly(ethyleneglycol), (EO20PO70EO20,
P123-Sigma-Aldrich), as the surfactant and tetraethyl
orthosilicate (Sigma-Aldrich, reagent grade 98%) as the
silica source. The procedure designed is described as
follows: 20 g of P123 was dissolved in a solution of HCl
1M (400mL) with stirring at 323K. Then, 40 g of tetraethyl
orthosilicate was added, and the resulting mixture was stirred
at 323K for 24 h. The milky mixture was transferred into a
PP bottle and aged at 373K for 72 h. The solid was separated
by filtration, washed with deionized water until pH ~6. The
molar composition was 1 Si:0.018 EO20PO70EO20:2.08
HCl:112 H2O. To remove the template, the material was
immersed in ethanol reflux for 6 h and then calcined at
823K in air for 6 h. The product was filtered, washed, and
dried in air at 363K [39].

2.2. Synthesis of CMK-3

Ordered porous carbon CMK-3 was synthesized via a
two-step impregnation of the mesopores of SBA-15 with a
solution of sucrose using an incipient wetness method.
Briefly, 1.0 g of the as-prepared SBA-15 was impregnated
with an aqueous solution obtained by dissolving 1.1 g of su-
crose and 0.14 g of H2SO4 in 5.0 g of deionized water. The
mixture was then dried at 373K for 6 h and subsequently at
433K for 6 h. The silica sample, containing partially poly-
merized and carbonized sucrose, was treated again at 373K
and 433K after the addition of 0.65 g of sucrose, 90mg of
H2SO4, and 5.0 g of deionized water. The sucrose–silica
composite was then heated at 1173K for 4 h under nitrogen
flow (20mL/min) to complete the carbonization.

The silica template was dissolved with 5wt%
hydrofluoric acid at room temperature. The template-free
carbon product thus obtained was filtered, washed with
deionized water and ethanol, and dried [31].

2.3. Synthesis of Pt-CMK-3

The sample was prepared by wetness impregnation using
cloroplatinic acid (H2PtCl6.H2O-Sigma-Aldrich) as source
of Pt. A solution of cloroplatinic acid in ethanol was mixed
to carbon solution at ambient temperature. The solution
was placed in a rotary evaporator to remove excess of eth-
anol at about 333K and 60 rpm. Afterwards, the sample
was dried at 373K for 18 h. Then, the resulting material
was thermally treated in a dynamic inert (N2) atmosphere
from 298 to 473K with a slope of 10K/min and kept at this

temperature during 5 h; after that, the temperature was
increased to 743K with a slope of 10K/min, kept 5 h at
that temperature. Nitrogen flow was always 20mL/min.
The sample was treated under H2 flow, at 773K for 6 h
with ramp rate 10K/min. The sample was denoted as
Pt-CMK-3. The percentage of Pt has been 1% with respect
to carbon in the final Pt-CMK-3 material.

2.4. Characterization

The structural characteristics of the template (SBA-15) and
the nanostructured carbon material (CMK-3 and Pt-CMK-3)
were obtained from small angle X-ray diffraction (XRD).
The XRD patterns were recorded with a Philips X’Pert
PRO PANalytical diffractometer under Cu Kα radiation
(λ =0.154 nm). Measurements of N2 (99.999%) adsorp-
tion–desorption isotherms at 77K were carried out using a
volumetric adsorption apparatus (ASAP 2020 instrument).
Samples were previously degassed at 423K for 10 h, until
residual pressure was smaller than 0.5 Pa.

The transmission electron microscopy (TEM) micro-
graphs were taken on a TEM Philips EM 301 instrument,
operated at 100 kV. The elemental compositions and the
formation of core-shell structure of Pt nanoparticles were
identified by energy dispersive spectrometer (EDS) that is
attached to a Philips EM 301 TEM instrument.

X-ray photoelectron spectra (XPS) were obtained on a
MicrotechMultilb 3000 spectrometer, equipped with a hemi-
spherical electron analyzer and MgKα (hν=1253.6 eV)
photon source. An estimated error of ±0.1 eV can be
assumed for all measurements. Intensities of the peaks were
calculated from the respective peak areas after background
subtraction and spectrum fitting by a combination of
Gaussian/Lorentzian functions. The relative surface atomic
ratios were determined from the corresponding peak intensi-
ties, corrected with tabulated sensitivity factors, with a preci-
sion of ±7%. Hydrogen chemisorption characterization was
performed in Micromeritics Chemisorb 2720 apparatus,
equipped with a thermal conductivity detector, at room tem-
perature and atmospheric pressure. The samples were purged
with N2 (25mL/min) at 673K. For pulse chemisorption
analysis, samples were cooled to 295K and titrated with
H2 pulses in a stream of N2 until a constant output thermal
conductivity detector signal indicates saturation.

Hydrogen storage isotherms at 77K at low and high
pressures (up to 10 bar) were measured using a home-made
equipment calibrated appropriately. Before the hydrogen
storage test, metal-doped carbons were heated under high
vacuum at milder temperature in order to prevent a possi-
ble decomposition of metal nanoparticles at higher temper-
atures (523K for at least 8 h. Then the samples were cooled
at room temperature. For the adsorption experiments, high-
purity hydrogen gas (99.9999%) was employed into the
equipment. Volumetric equipment was used for hydrogen
storage capacity (hydrogen physisorption) in a pressure
range from 0 to 10 bar. It performed a set-up calibration
of the total volume of the equipment, using a standard
volume. There were no observable leaks in the instrument.
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The calibration of the equipment was performed for each
sample in order to obtain the volume occupied by the sam-
ple and its density. Experiments were also run in blank to
determine the dead volume at 77K. Before each experi-
ment, the equipment is filled with gas and purged several
times. To diminish the experimental error in data collec-
tion, it was calibrated with a standard sample.

3. RESULTS AND DISCUSSION

3.1. Morphological studies of samples

Figure 1 shows the typical XRD pattern for the silica tem-
plate SBA-15 and the carbon CMK-3 obtained following
the aforementioned procedures. The low-angle XRD pat-
tern of SBA-15 indicates excellent structural order for the
hexagonal P6mm crystallographic space group (Table I).
The carbon CMK-3 obtained, by removing the silica wall
after carbonization, exhibits a similar pattern relative to
SBA-15. The structure of CMK-3 material, synthesized
using silicate SBA-15 template, was found to be an exact
negative replica of the template. The main indication of
the structural transformation was the appearance on the
XRD patterns of CMK-3 that was consistent with the sym-
metry of SBA-15 [30].

The low-angle XRD patterns of CMK-3 and the metal
modified sample can be observed in Figure 1. After the in-
corporation of Pt, the overall pore structure is retained as
indicated by the appearance of low-angle diffraction peaks
(Table I). However, the signal intensity corresponding to
[1 1 0] diffraction plane of the sample decreases slowly
compared with the parent CMK-3. In general, the introduc-
tion of scattering material into the pores leads to an
increased phase cancellation between scattering from
the wall and the pore regions. The loss in intensity of
CMK-3 typical Bragg reflections is due to the introduction
of scattering material (Pt) into the pores [40].

Figure 2 shows the wide-angle (20°–70°) diffraction re-
gion of the samples. SBA-15 sample shows a typical XRD
pattern of these mesoporous materials. CMK-3 shows two
broad diffraction peaks that can be indexed as [0 0 2] and
[1 0 0] diffraction for typical graphite carbons [41].

The pattern of Pt-CMK-3 shows metallic Pt signals
[38], indicating a quite well reduction process. The ab-
sence of prominent reflections in case of Pt clusters indi-
cates that no crystalline bulk material has been formed
outside the pore system [42], with nanometric size and
high dispersion (very broad XRD signal of Pt, Figure 2)
as it can be seen in Table II. This can be ascribed to a rel-
atively low scattering contrast between the pores and the
walls of the mesoporous materials due to the formation of
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Figure 1. Small-angle X-ray diffraction patterns of SBA-15, CMK-3
and Pt-CMK-3.

Table I. X-ray diffraction parameters of samples.

Sample

SBA-15 [h k l] CMK-3 [h k l]

ao
(nm)

[100] [110] [200] [100] [110] [200]

d (nm) d (nm)

SBA-15 8.6 5.0 4.3 — — — 10.0
CMK-3 — — — 10.5 6.1 5.2 12.1
Pt-CMK-3 — — — 8.4 4.9 4.2 9.7
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Figure 2. Wide-angle X-ray diffraction patterns of SBA-15, CMK-3
and Pt-CMK-3.

Table II. Textural and structural properties of the samples.

Sample
Area
m2/g

VP (cm3/g)
mesoprous
Volume

BJH pore
diameter
(nm)*

Metal cluster
average

size (nm)**

H2

sorption
(wt%)***

SBA-15 904 1.38 7.5 — —

CMK-3 950 1.30 4 — 2.2
Pt-CMK-3 500 0.98 3.8 1.77 3.3

*Calculated by Barrett-Joyner-Halenda (BJH) analysis.
**Estimated by transmission electron microscopy and X-ray
diffraction by Scherrer’s formulae and hydrogen chemisorption.

***H2 sorption at 10 bars and 77K.
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reduced platinum that depicts fine dispersion on CMK-3
with a narrow size distribution (Table II) [43].

While the nanomaterial area is significantly smaller
with the incorporation of the metal, CMK-3’s characteristic
structure is maintained after the metal is within the host, in
agreement with the XRD studies (Table II).

The XRD pattern analyses allow determining the crys-
tals size of metallic particles in the samples, and the effect
on the metal dispersion was obtained. The average cluster
size was estimated from the width of the diffraction peaks
corresponding to different [h k l] Miller index using
Scherrer’s formula [44].

d ¼ K λ
β cos θð Þ (1)

Here d is the mean size of the ordered (crystalline)
domains (the crystal average size defined as the cube root
of the material volume). Furthermore, λ is the X-ray
wavelength (1.54Å), β the full width at half-maximum
(in radians) of the same diffraction peak and θ the Bragg
angle. The Scherrer constant, K, is a dimensionless shape
factor that depends on the shape of the nanocluster (has a
typical value of about 0.89), and if the clusters are not
spherically shaped on the [h k l] index of the diffraction
peak, the K value is 0.83 [45], although it is not this case.

For the application of Scherrer formula, were employed
[1 1 1], [2 0 0] and [2 2 0] refractions plains for Pt-CMK-3.
The metal particles average diameters obtained by
Scherrer’s formula were ~1.76 nm.

Hydrogen chemisorption was carried out to samples.
The hydrogen chemisorption at room temperature was
0.19mL/g for Pt-CMK-3: (CMK-3 did not present H2

chemisorption), indicating that there was a few little chem-
ical reactions or strong H2-metal bonds and hydrogen
adsorption was fully reversible. The percent of metal
dispersion was 65%, and the average crystallite size of
platinum was ~1.70 nm. The calculated platinum nanopar-
ticles sizes from the computed values from XRD (see also
Table II) are in concordance with TEM images and size
distribution (Figure 8). Thus, it is evident that a narrow
particle size distribution of 1–2 nm is obtained.

The textural properties of the samples SBA-15, CMK-3
and Pt-CMK-3 carbon were determined from nitrogen
physisorption analysis (Figure 3 and Table II). The nitro-
gen adsorption–desorption isotherm for SBA-15 is a typi-
cal type IV curve with hysteresis loop, according to
IUPAC classification, revealing the mesoporous nature of
the material.

The isotherm for CMK-3 and Pt-CMK-3 samples
exhibit hysteresis loops at a relative pressure range of
0.4–0.8, which can be attributed to capillary condensa-
tion–evaporation from the mesopores. The material con-
sists of fairly uniform carbon rods (see TEM images) and
higher pore volume resulting from mesopores between car-
bon rods. Some irregularities in channels were attributed to
an incomplete filling of SBA-15 meso-tunnels with carbon

precursor, from the presence of a fraction of nonlinear
channels in the SBA-15. The pore size distribution of
CMK-3 shows a sharp peak at 4 nm that indicates a quite
regular array of nanopores.

In contrast, pore size distribution of Pt-CMK-3 shows a
broad peak with a maximum at approximately 3.8 nm,
which corresponds to primary mesopores. The reason of
the appearance of a wide peak is the filling of pores with
Pt nanoclusters and the increase of the irregularity in
nanopores. Around 6 nm, an overlapped peak appears
corresponding to CMK-3 pores that no fill with Pt
nanoclusters. These pore size analyses were consistent
with the TEM observations.

3.2. Transmission electron microscopy
studies

Figure 4 shows TEM images of SBA-15 synthesized to be
used as an inorganic template. An ordered mesoporous
array of longitudinal nanochannels can be observed in the
Figure 4 with pore diameter of 7.5 nm. Figure 5 shows
TEM images of CMK-3. Ordered structure was shown to
be slightly damaged by thermal treatments and exhibit
well-organized pores parallel to each other. The white lines
are corresponding to the mesopores generated in the space
previously occupied by the walls of SBA-15 template.

Figure 6 illustrates the TEM micrographs of Pt-CMK-3.
The ordered mesostructure of sample can be seen from
Figure 6a and b, which indicates that the ordered structure
of CMK-3 is retained after the incorporation of Pt nanopar-
ticles. The places with darker contrast (small dark spots)
could be assigned to the presence of Pt particles with a
great and regular dispersion. The images indicate the fine
dispersion on CMK-3 from reduced platinum, with a nar-
row size distribution (Figure 7) and an average diameter
of ~1–2 nm within the mesopores of the framework struc-
ture CMK-3. The Pt nanoclusters sites are active sites for
hydrogen adsorption, and narrow pore size distribution is
important because the level of dispersion is better and the
active metal area is superior. The existence of platinum in-
side the pore system of CMK-3 indicates an improvement
in the dispersion phenomena compared with the metal only
in the external surface of CMK-3.

The particle size distribution ranging from 1 to 2.5 nm
indicates that metal particles are mainly present inside the
pores, and the mean particle diameter was found to be
close to 1.74 nm indicating that most of the particles reside
inside of the pore system.

Kuppan et al. [38] reported that dispersion and particle
size distribution of platinum nanoparticles on CMK-3 is
strongly dependent on both deposition method and carbon
support properties, suggesting that the reduction method
with paraformaldehyde of platinum nanoparticles depos-
ited on mesoporous carbon CMK-3 is superior to other
methods of reduction, including H2 reduction.

In this work, we show that the nature of the Pt incorpo-
ration to CMK-3 and the preparation of the Pt-CMK-3
before Pt reduction procedure (under N2 atmosphere and
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Figure 3. Nitrogen adsorption (solid symbols)–desorption isotherm (open symbols) at 77 K and pore size distribution of (a) SBA-15, (b)
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Figure 4. Transmission electron microscopy images of SBA-15. (a) [1 0 0] and (b) [1 1 0] reflection planes.
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controlled temperature elimination of the Pt precursor) in-
fluence the posterior Pt-reduced nanoparticles sizes,
obtaining a narrow distribution, around 1.74 nm (Figure 7
and Table II). If the first elimination of Pt precursors-
CMK-3 is obtained under oxidative atmosphere, there is
more possibility of generation of larger Pt cluster. We
found the same effect on iridium incorporation over
SBA-16, showed in the recent work [46]. Under N2 flow
and controlled temperature desorption, the component of
the Pt source elimination (cloroplatinic acid in ethanol-
CMK-3) is endothermic and not oxidative, avoiding the
migration and agglomeration of Pt particles after its reduc-
tion with H2.

In order to determine the presence of Pt in the prepared
Pt-CMK-3, the elemental compositions for C, O and Pt

nanoparticles were carefully evaluated by EDS analysis
(Figure 8). The contents of all elements were evaluated
on the basis of the maps of elements collected from four
spots. Thus, the average of the atomic percentage of C, O
and Pt nanoclusters in Pt-CMK-3 is about 98.82%, 0.28 %
and 0.9%, respectively (Table III).

3.3. X-ray photoelectron spectra
characterization

The determination of the nature and oxidation state of Pt
species (Pt0, Pt2+ and Pt4+) is normally accomplished using
XPS technique and in particular by means of the Pt (4f)
peak study (Figure 9). It is known that metallic Pt0 has
binding energies of 70.7–70.9 eV and 74.0–74.1 eV for
4f7/2 and 4f5/2 electrons, respectively [47]. In oxidized
states, Pt2+ and Pt4+ exhibit much higher binding energies:
72.8–73.1 eV (4f7/2) and 76.3–76.4 eV (4f5/2) for Pt

2+ and
74.6–74.9 eV (4f7/2) and 78.1–78.2 eV (4f5/2) for Pt

4+ [48].
In this way, XPS were performed to examine the state

of Pt. Metallic Pt was found to be the predominant species

Figure 5. Transmission electron microscopy images of CMK-3.
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Figure 6. Transmission electron microscopy images of Pt-CMK-3.
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Figure 7. Histograms of PSDs measured from full images of Pt-
CMK-3 shown in Figure 6a and b.
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in CMK-3, as shown in Figure 9. Spectra were resolved in
two pairs of peaks. The main peaks in all spectra are dou-
blets containing a high energy band, Pt 4f5/2, and a low en-
ergy band, Pt 4f7/2, which appeared at 75.1 and 71.8 eV,
respectively, indicating that deposited Pt is metallic
(Table IV). It must be noted that the observed shift of the
Pt0 peak to slightly higher binding energies is in accor-
dance to the known effect for small particle sizes, as
reported by Roth et al. [48] and Takasu et al. [49] or for
charge transfer between platinum and carbon reported by
Aricò et al. [50]. The second pair of Pt signals appears
around 74.9 and 77.1 eV and has been reported to be due to
presence of PtO or PtO2 [46, 51]. In Table IV, we can see
the chemical composition obtained by XPS of Pt-CMK-3
and peak position for C, O and Pt.

Following XPS analysis, the Pt concentration at 50Å of
depth was 0.38wt%, whereas using ICP and EDS analysis
(Figure 8), indicating a nominal Pt = 0.9wt% on Pt-CMK-3
allowed us to suggest that the majority of Pt0 is inside the
nanostructure of CMK-3 sample. Moreover, about 80wt%
of oxygen is on external surface of CMK, with the corre-
sponding lower amount of unreduced Pt species (Pt2,4+ ).

3.4. Hydrogen uptake measurements

The capacity of hydrogen storage was evaluated at low and
high pressures and cryogenic temperatures (77K).

The experimental data were fitted by Freundlich iso-
therm [52] that is a purely empirical formula for gaseous
adsorbates. The Freundlich model is described by the fol-
lowing equation:

Q ¼ KFP
1
n (2)

Figure 8. Energy dispersive X-ray spectrometry of Pt-CMK-3.

Table III. Energy dispersive spectrometer analysis of C, O and
Pt in Pt-CMK-3. All spots (displaying wt%).

Pt-CMK-3 C O Pt

Spot 1 98.8 0.3 0.9
Spot 2 98.9 0.2 0.91
Spot 3 98.8 0.28 0.915
Spot 4 98.75 0.33 0.912
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Figure 9. Core level Pt4f X-ray photoelectron spectra of Pt-CMK-3.

Table IV. Energy binding (eV) and chemical composition (at%) of Pt-CMK-3.

Sample C1s O1s Pt 4f7/2 C (at%) O (at%) Pt (at%)

Pt-CMK-3 284.8 (86) 531.8 (35) 71.8 (89) 99.47 0.6 0.03
286.4 (14) 533.7 (65) 74.9 (11)
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where Q is the quantity adsorbed per unit mass of adsor-
bent, P is the pressure of adsorbate, and KF and n are em-
pirical constants, called Freundlich constants, for each
adsorbent–adsorbate pair at a given temperature. The KF

is a measurement of the adsorption, and n is a measure of
the adsorption intensity [52]. As the temperature increases,
the constants KF and n change to reflect the empirical
observation that the quantity adsorbed rises more slowly
and higher pressures are required to saturate the surface.

The experimental data were fitted to the Freundlich
equation using least-squares nonlinear regression for arbi-
trary fit functions and minimizing the objective function
employing Levenberg–Marquardt method. The fitting
accuracy was R2 = 0.98.

Figure 10 shows the adsorption–desorption isotherms
of hydrogen at 77K on CMK-3 and Pt-CMK-3 samples
at a range of pressures (0–10 bar). The inset of this figure
shows the behavior at low pressures (0–1 bar).

At low and high pressures, the amount of hydrogen
uptake is higher in Pt-CMK-3 sample than CMK-3 sample
(Table II). We employed the term ‘uptake’ as storage
(carbon like a sponge); thus, the process is completely re-
versible, and the curve becomes in the same place, because
every point returns to initial values.

The proposed mechanism for hydrogen storage in
Pt-CMK-3 agreed with Kim et al. [53]. There are at least
two ways in the process of physisorption of hydrogen on
the Pt-CMK-3 surface. The molecules of hydrogen spill
over onto the CMK-3 nano/micropores and adsorbed onto
nanometric metal clusters. It was found that the hydrogen
adsorption was fully reversible [53], indicating that there
was no chemical reaction or strong bonds between hydro-
gen and metal nanocluster or CMK-3 framework.

Therefore, a dipole-induced model is proposed. The
first layer of hydrogen molecules could be reacted with
the metal cluster because of high oxidation metal capacity

interacting like as dihydrogen complex [49], but the
amount of this initial interaction is insignificant. The sec-
ond layer of hydrogen molecules is physically adsorbed
by dipole-induced interaction. Hydrogen molecules are ba-
sically nonpolar, but the strong interaction of the metal par-
ticles leads to the dipole-inducing effects of the hydrogen
molecules. The third layer and any upper layer of hydrogen
molecules could interact with metal cluster by the same
mechanism, but the force of the dipole-induced bond is
weakly and reduces when the distance to the surface in-
creases. This mechanism can be applied at higher pressure
consequently; Pt-CMK-3 adsorbs more amount of hydro-
gen than the carbon at higher pressures.

4. CONCLUSIONS

We have shown that a promising hydrogen storage mate-
rial can be obtained by ordered porous carbon CMK-3
modified with Pt nanoparticles, which was synthesized by
replication using SBA-15 as template, and incorporation
of metal was carried out by wetness impregnation, sup-
ported by XRD and N2 isotherm studies. The CMK-3 mod-
ified with Pt presents a better capacity for hydrogen uptake
than the nanometric carbon CMK-3. The enhanced activity
and the superior performance of Pt/CMK-3 is due to
improved dispersion of uniform platinum nanoparticles as
well as better utilization of the support, which probably
was originate of a high surface area and pore volume,
which allows a large dispersion of Pt. The study also dem-
onstrates that optimized carbon supports can offer signifi-
cant improvement by way of lowering the noble metal
loading.

The nanoparticles of Pt in Pt-CMK-3 have a smaller
size (~1.7 nm average, obtained by XRD, TEM and H2

chemisorptions) and a quite well dispersion, and the
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Figure 10. H2 adsorption–desorption isotherms of CMK-3 and Pt-CMK-3.
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occlusion of nanopores of the carbon framework is lower,
although Pt is almost in the nanoporous of CMK-3 accord-
ing to the XPS and ICP-EDS analyses.

This indicates the better hydrogen adsorption of the
Pt-CMK-3 sample than CMK-3 carbon. A hydrogen
storage mechanism on metal/carbon surfaces was pro-
posed. We can conclude this work indicating that CMK-3
hydrogen storage capacity was increased by addition of
metal clusters. Also hydrogen storage behaviors onto
Pt-CMK-3 can be optimized by controlling the metal
cluster size and dispersion and also increasing the carbon
specific surface area.
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