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a b s t r a c t

In this study, highly ordered mesoporous carbon molecular sieve with high surface area and pore volume
have been modified by Ni doping. The surface modified mesoporous carbon was characterized by BET
surface area, also XRD analysis (low and wide angle). Adsorption data of H2 on the ordered mesoporous
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carbon were collected with PCT method for a pressure range up to 100 bar at 303 K. Enhanced hydrogen
adsorption was observed on the carbon adsorbents doped with 0.8 wt% of Ni doping due to the combined
effects of hydrogen adsorption on the carbon surface and the spill over of hydrogen molecules into carbon
structures.

© 2010 Elsevier B.V. All rights reserved.
urface modification
ydrogen storage

. Introduction

Development of hydrogen fueled vehicles can bring econom-
cal and environmental benefits through a decrease in using oil,
nd, consequently, a decrease in air pollution and other green-
ouse gases [1]. However, one of the most important drawbacks
f the use of hydrogen as a fuel is that it has to be stored. There
re different techniques to store hydrogen. All those techniques
ave to meet the provisional Department of Energy of the United
tates (DOE) criterion. The DOE has established different targets
or onboard hydrogen storage systems, including the minimum
gravimetric” and “volumetric” capacity and the reversibility of
he charging/discharging processes. For the 2010 year, the stor-
ge system should have a gravimetric capacity of 2 kWh/kg (6 wt%
f H2) and a volumetric capacity of 1.5 kWh/l (0.045 kg H2/l). In
he case of the European Hydrogen & Fuel Cell Technology Plat-
orm, it requested energy density values of 1.1 kWh/l in its strategic
esearch agenda (SRA) and deployment strategy (DS) documents,
hat it published at the end of 2004, and were reviewed in 2005 [2].
hese energy density values are equivalent to a volumetric hydro-

en storage capacity of about 33 g H2/l. It is important to remark
hat, in the case of materials-based technologies, to achieve system-
evel capacities, the gravimetric and volumetric capacities of the

aterial alone must clearly be higher than the system-level tar-
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E-mail address: er moradi@hotmail.com (S.E. Moradi).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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gets (depending on the material and on the system design, material
capacities may need to be a factor of 1.2–2 times higher than sys-
tem capacity targets [3]). These values are referred to the whole
system, including the storage medium, the vessel, the refueling
infrastructure, any regulators, electronic controllers, sensors, and
so on.

There are basically six different storage technologies that
have been investigated: compression, liquefaction, physisorption,
metallic and complex hydrides and storage through oxidation
of reactive metals with water [4–6]. However, the hydrogen
physisorption has been considered as the most promising hydro-
gen storage method [6,7]. Generally, adsorption mechanisms can
be classified into two types; physisorption and chemisorption. For
physisorption, adsorbate molecules are held on the surface of the
adsorbent by only the adsorption potential. In that case, adsorp-
tion is reversible. For chemisorption, chemical bonds are formed
between the adsorbent and adsorbate molecules, and adsorption
may be irreversible. In terms of hydrogen storage, the adsorption
mechanism in hydrogen adsorbing metal alloys can be regarded as
chemisorption, while that in carbon is physisorption. As for organic
materials, crown ethers and phenyl groups have been examined for
their hydrogen adsorption capability [8,9]. They have confirmed
that these types of organic molecules and groups are probable can-

didates for hydrogen storage materials.

In recent years, physisorption of hydrogen on carbon-based
nanomaterials or other porous materials have attracted greatly
scientific interests. Nanostructured carbons are among the major
candidates of physisorption for their lightweight, abundant natural

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:er_moradi@hotmail.com
dx.doi.org/10.1016/j.jallcom.2010.03.144
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obvious hysteresis loops, indicating that OMC samples are typical
mesoporous materials. It also can be seen from the inset of Fig. 1
that the pore sizes of OMC and 1-Ni-OMC, 3-Ni-OMC and 5-Ni-OMC
locate in mesopore size range and their most probable pore diame-
ter are 3.7, 3.65, 3.62 and 3.55 nm, respectively. From the nitrogen
S.E. Moradi et al. / Journal of Alloy

recursors and low cost. The activated carbons have been reported
o have relatively high hydrogen storage capacity at 77 K [10,11],
ut the pore size distribution is generally wide and more than half of
he total porous volumes come from macropores, which contribute
ess to the uptake of hydrogen.

Recently, mesoporous carbons with well-ordered pore systems
ffered great potential in hydrogen storage [12–15]. The carbons
ere obtained via the template method, which involved the intro-
uction of suitable carbon precursors into the ordered pores of
he template followed by carbonization and finally removal of the
emplate [16–18]. These carbon materials usually have large spe-
ific surface areas and high pore volumes, which are useful for
ffective physisorption of H2. Besides, the ordered networks may
rovide fast transportation in the materials, a noticeable volume of
icropores can efficiently adsorb hydrogen, and the micro- and the
esoporosity can be adjusted by changing the template, the car-

on precursor and the amount of carbon infiltrated in the template
19]. As a matter of fact, hydrogen adsorption on carbon materials
s strongly ascribed to surface heterogeneity, depending in its turn
n their preparation and formulation. Surface heterogeneity can
rise not only from surface irregularities, including bound impuri-
ies and functional groups, but also from nanopore polydispersity
structural heterogeneity).

In this work, we prepared novel high-specific-surface area
orous carbons from highly ordered mesoporous silica template
y using nanocasting pathway, and investigated the effects of spe-
ific surface area and surface functional group on hydrogen uptake.
erein, The H2 sorption densities of the materials were measured
t 303 K over the hydrogen pressure range up to 100 bar. Moreover,
e attempted to find out the key factors in hydrogen storage, sur-

ace functional groups and also the amount of that, which may help
o understand the H2 adsorption mechanism and direct the design
f carbon-based hydrogen adsorbents.

. Experimental

.1. Materials

The reactants used in this study were tetraethoxysilane (TEOS, 98%, Acros) as a
ilica source, non-ionic oligomeric alkyl-ethylene oxide surfactant (Pluronic 123) as
surfactant, HCl (35 wt%), ethanol and deionized water for synthesis of mesoporous
ilica (SBA-15), sucrose as a carbon source, sulfuric acid as a catalyst for synthesis of
esoporous carbon, nickel nitrate (NiNO3) as fictionalization agent. All chemicals
ere of analytical grade from Merck.

.2. Adsorbent preparation

.2.1. Mesoporous silica and unmodified mesoporous carbon samples
SBA-15 silica was prepared according to the procedure reported by Zhao et al.

20] by using a non-ionic oligomeric alkyl-ethylene oxide surfactant (Pluronic 123)
s a structure directing agent, after that template removal by means of calcina-
ions at 500 ◦C in flowing air. Ordered porous carbon was synthesized via a two
tep impregnation of the mesopores of SBA-15 with a solution of sucrose using an
ncipient wetness method [18]. Briefly, 1.0 g of the as-prepared SBA-15 was impreg-
ated with an aqueous solution obtained by dissolving 1.1 g of sucrose and 0.14 g of
2SO4 in 5.0 g of deionized water. The mixture was then dried at 100 ◦C for 6 h, and

ubsequently at 160 ◦C for 6 h. The silica sample, containing partially polymerized
nd carbonized sucrose, was treated again at 100 and 160 ◦C after the addition of
.65 g of sucrose, 90 mg of H2SO4 and 5.0 g of deionized water. The sucrose–silica
omposite was then heated at 900 ◦C for 4 h under nitrogen to complete the car-
onization. The silica template was dissolved with 5 wt% hydrofluoric acid at room
emperature. The template-free carbon product thus obtained was filtered, washed
ith deionized water and ethanol, and dried.

.2.2. Nickel doped samples
The mesoporous carbon samples were impregnated with nickel nitrate (NiNO3)

cetone solutions by a vacuum decomposition process using the incipient wetness

mpregnation method [21]. In this study, a nickel nitrate solution (analytical grade)
f a low concentration (5 mM) was selected for the vacuum impregnation process in
ifferent times from 1 to 5 h (1-Ni-OMC to 5-Ni-OMC). Mesoporous carbon impreg-
ated with the acetone solution were then filtered and dried at 60 ◦C for 4 h. The
esultants mesoporous carbon doped with Ni were then heated at 100 ◦C for 1 h
nder hydrogen atmosphere to reduce the nickel salt to nanoparticles. The activa-
Compounds 498 (2010) 168–171 169

tion temperature was 1033 K and optimum N2 gas flow rates (250 cc/min) were used
[22].

2.3. Textural and structural studies

The porous structure of the surface modified samples was estimated by powder
XRD (Philips 1830 diffractometer) using graphite monochromated Cu Ka radiation.
Adsorption isotherms of the mesoporous carbon samples were obtained using a N2

gas microporosimeter (micromeritics model ASAP 2010 sorptometer) at 77 K. Pore
size distribution and specific surface area were calculated by Dollimore–Heal [23]
and BET [24] methods. Pore volume was estimated from the amount of adsorbed N2

gas at 0.963 in relative pressure, which derives from 25 nm radii pores. Micropore
volume was calculated by t-plot.

2.4. Hydrogen adsorption

Hydrogen adsorption capacities at 303 K over the hydrogen pressure range up
to 100 bar were measured by the PCT method (AnySorb 7) with an automatically
controlled apparatus for high-pressure adsorption. The hydrogen adsorption capac-
ities were measured after all samples were pretreated at 423 K for 90 min in helium
flow and sequentially reduced in situ in a hydrogen/nitrogen mixture flow. The dead
volume was calibrated with helium gas at room temperature. High-purity hydrogen
(99.999%) was used in this study. The amounts of hydrogen adsorbed were calcu-
lated using the Redlich/Kwong equation. Steps were taken to ensure the accuracy
of the experimental results. The principal part of the apparatus was held in an air
thermostat to keep its temperature at 303 K. The apparatus was previously tested
for leakage and calibrated with the empty sample cell and well-known standard
samples. The time adopted for equilibration was 30 min at each step. About 300 mg
of the mesoporous carbon samples were used for hydrogen adsorption.

3. Results and discussion

3.1. Textural characterization

Nitrogen physisorption is the method of choice to gain knowl-
edge about mesoporous materials. This method gives information
on the specific surface area and the pore diameter. Calculating pore
diameters of mesoporous materials using the BJH method is com-
mon. Former studies show that the application of the BJH theory
gives appropriate qualitative results which allow a direct compar-
ison of relative changes between different mesoporous materials.

As shown in Fig. 1, all OMC samples show type IV isotherms with
Fig. 1. Adsorption–desorption isotherms of nitrogen at 77 K on OMC, 1-Ni-OMC, 3-
Ni-OMC and 5-Ni-OMC. The insert shows the BJH pore size distribution calculated
from the desorption branch of the isotherm.
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Table 1
Textural parameters of the OMC, 1-Ni-OMC, 3-Ni-OMC and 5-Ni-OMC employed in
this study.

Adsorbent d spacing (nm) ABET (m2 g−1) Vp (cm3 g−1)

OMC 3.7 1530 0.73
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1-Ni-OMC 3.65 1467.4 0.72
3-Ni-OMC 3.62 1434.1 0.69
5-Ni-OMC 3.55 1421.9 0.64

orption isotherms of mesoporous carbon type carbons before and
fter chemical modification, it can be seen that after chemical modi-
cation the obtained carbons still have type IV isotherms, indicating
hat mesoporosity is preserved. The textural parameters listed in
able 1 clearly confirm the structural changes of nickel modified
esoporous carbon.
In order to check the structural degradation, XRD data of

arbonaceous adsorbents were obtained on Philips 1830 diffrac-
ometer using Cu K� radiation of wavelength 0.154 nm. Fig. 2
eports low angle XRD patterns of the parent mesoporous silica
nd of samples OMC, 1-Ni-OMC, 3-Ni-OMC and 5-Ni-OMC. With
BA-15, three well-resolved peaks are observed, corresponding to
he (1 0 0), (1 1 0) and (2 0 0) reflections typical of the 2D hexagonal
pace group p6mm. With all replicas, the main reflection peak is
ell maintained, indicating that rather ordered mesoporous mate-

ials with hexagonal structures were obtained. With respect to the
arent silica, a shift of the d1 0 0 peak towards higher 2� values is
bserved, in agreement with the literature [20].

The wide-angle XRD patterns of nickel modified mesoporous

dsorbent (3-Ni-OMC) in Fig. 3 exhibit two resolved diffraction
eaks at 44.59◦ (1 1 1) and 51.90◦ (2 0 0) 2�, characteristic of metal-

ic nickel with a cfc structure but the same XRD pattern of pristine
esoporous carbon adsorbent does not show any diffraction peak.

ig. 2. Low angle XRD patterns of the parent SBA-15 and of carbonaceous meso-
orous adsorbents (OMC, 1-Ni-OMC, 3-Ni-OMC and 5-Ni-OMC).
Fig. 3. Wide angle XRD patterns of the mesoporous carbon adsorbents (pristine
mesoporous carbon and 3-Ni-OMC).

It reveals that the nickel species in the mesoporous carbon matrix
exists in metallic form.

3.2. Hydrogen adsorption study

We estimated the hydrogen storage capacity of modified meso-
porous carbon with the PCT method. Fig. 4 shows hydrogen
adsorption isotherms of mesoporous carbons (OMC and 3-Ni-OMC)
studied over hydrogen pressure up to 100 bar at 303 K. We have
obtained similarly shaped of hydrogen adsorption isotherms in
spite of surface modification for mesoporous carbon adsorbent
studied. Hydrogen adsorption capacity is a linear function of pres-
sure, which can be explained by Henry’s law. These results indicated
that nickel was well dispersed on the surface of mesoporous
carbon adsorbent. The amount of hydrogen adsorbed increased
with increasing pressure. The amounts of hydrogen adsorbed
on nickel doped mesoporous carbon adsorbent (3-Ni-OMC) were

much larger than parent mesoporous carbon adsorbent (OMC). In
the data shown in Fig. 4, the effect of activation of nickel is more
prominent, and thus led to more hydrogen storage. It could be
confirmed that surface modification of mesoporous carbon adsor-

Fig. 4. Hydrogen adsorption isotherm of the unmodified (OMC) and modified meso-
porous carbon (3-Ni-OMC) at 303 K.
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Fig. 5. The effect of specific surface area on the hydrogen adsorption capacity of
unmodified and modified mesoporous carbon adsorbents at 100 bar, 303 K.
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ig. 6. Effect of modification time on hydrogen adsorption on ordered mesoporous
arbon adsorbent at 100 bar, 303 K.

ents plays an important role in determining the porous structure
nd amounts of hydrogen adsorbed. Fig. 5 shows the effect of spe-
ific surface area on the hydrogen adsorption capacity of the all
esoporous carbon adsorbents studied at 100 bar, 303 K. As the

ET surface area increases, the hydrogen adsorption of the mate-
ials also increases [25]. In this study, though the specific surface
reas of modified mesoporous carbon adsorbents are decreased,
heir hydrogen adsorption are improved as compared with unmod-
fied mesoporous carbon adsorbents due to the enhancement of

ydrogen affinity by Ni doping.

Fig. 6 shows the hydrogen-storage volume as a function of
he modification time. The as-received sample showed only a
ow hydrogen-storage capacity, 17.3 cm3 g−1 (hydrogen uptake:
.14 wt%) at 100 bar. The hydrogen-storage capacity of the 1-Ni-

[
[
[
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OMC samples, in stark contrast, was found to be 200% more than
that of the as-received sample. The 5-Ni-OMC sample was found
to store 84.7 cm3 g−1 (hydrogen uptake: 0.69 wt%) of hydrogen,
fully 500% that of the as-received sample. Yang et al. [26] reported
that hydrogen-uptake capacity can be remarkably enhanced in the
presence of transition metals, as a result of the spill over of hydro-
gen molecules into carbon structures. The presence of Ni particles
can also encourage the hydrogen uptake of Ni-OMCs by means of
hydrogen-molecule spill over.

4. Conclusions

SBA-15 carbon replicas were synthesized by using a sucrose
solution as carbon source. The structural order and textural prop-
erties of the modified and unmodified mesoporous adsorbents was
studied by XRD and nitrogen adsorption analyses. The Ni modified
ordered mesoporous carbons prepared in this work are suitable for
the hydrogen storage in contrast with other novel carbonaceous
adsorbents. Enhanced hydrogen adsorption was observed on the
carbon adsorbents doped with 0.5 wt% and 0.75 wt% of nickel at
hydrogen pressures about 100 bar, 303 K.
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