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a b s t r a c t

Ni/MCM-41 samples have been successfully prepared by wet impregnation method with different
degrees of metal loading. Various techniques including X-ray diffraction, N2 adsorption–desorption,
transmission electron microscopy, inductively coupled plasma atomic emission spectroscopy, electron
microprobe analysis, UV–Vis diffuse reflectance spectra, infrared analysis, adsorption of pyridine coupled
to infrared spectroscopy and hydrogen adsorption at 77 K at high and low pressure conditions were
employed for the materials characterization. The Ni loading degree had a marked influence on the
structural, chemical, acid and hydrogen storage properties of the samples. Thus, a low Ni loading favors
the presence of highly dispersed Ni species responsible of the Lewis acidity. These species would promote
hydrogen-favorable sites leading to a positive effect on the hydrogen storage capacity.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Hydrogen, since long, has been proved to be the most ideal fuel
to replace fossil fuels because it is a source of clean and efficient
energy. It is lightweight, highly abundant and has high heating
value with emission, during combustion, of an environmentally
benign product as is water instead of carbon dioxide. However,
there are major scientific challenges to overcome before the
technology necessary to change from petroleum to hydrogen as
an energy carrier can be implemented [1,2]. Hydrogen storage is
the main problem to be conquered for the successful implementa-
tion of fuel cell technology in transport applications and it repre-
sents a major materials science challenge. Currently, many
methods to store hydrogen, including high pressure gas, liquid
hydrogen, adsorption on porous materials, metal hydrides and
hydrogen intercalation in metals, are under consideration [3–5].
None of these methods completely satisfy all the criteria for the
amount of hydrogen that can be supplied from a given weight or
volume of tank for transport purposes. Nevertheless, the hydrogen
physisorption on porous materials (such as carbons, metal–organic
frameworks, polymers and zeolites) is one of the main methods
being considered for vehicle applications, that permits storage of

large amounts at ambient temperatures [6–9] and safe pressures.
In this sense, the interaction of hydrogen physisorbed within pores
needs to be studied and understood in order to optimize porous
materials for this application. On the other hand, it has been found
that doping such porous solids with metals such as platinum, pal-
ladium and nickel leads to a hydrogen spillover effect where
hydrogen molecules dissociate on the surface metal and hydrogen
atoms diffuse inside the support, increasing the amount of hydro-
gen adsorbed [10–12]. Thus, a new family of micelle-templated
mesoporous molecular sieves known as MCM-41 has recently been
proposed as a potential new hydrogen storage material when they
are modified with transition metals [13,14]. MCM-41 presents reg-
ular pore diameters between 2 and 10 nm, large surface areas
(>1000 m2/g), well-defined mesoporous array and good adsorption
properties. Moreover, MCM-41 is considered to be a suitable sup-
port for exploiting the hydrogen spillover effect since mesoporous
materials can accommodate metallic nano-species of very high
adsorption properties. Thus, Park et al. [14] have founded that
the presence of nickel on MCM-41, prepared by hydrothermal pro-
cess, creates hydrogen favorable sites that enhance the hydrogen
storage capacity by spillover effect at 298 K and 100 bars. Mean-
while, Sheppard et al. [15] have presented hydrogen adsorption
experiments at 77 K on mesoporous materials doped with Zn,
where Zn low loadings favored the hydrogen storage with respect
to MCM-41 pure. Prasanth et al. [13] have reported hydrogen
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adsorption studies on transition metals containing mesoporous
materials at 77 K/1 bar and 300 K/40 bar. Ramachandran et al.
[16] have evaluated the feasibility and perspectives of Al-MCM-
41 impregnated with NiO, as hydrogen storage systems; finding
that the hydrogen adsorption in Al-MCM-41 is strongly depend
on density of Brønsted acid sites and the amount of metal oxide,
especially NiO. Wu et al. [17] have presented hydrogen sorption
experiments at 77 K/1 bar on MCM-41 materials doped with Ni2+,
Fe3+, Co2+ and Cr3+ ions prepared under microwave irradiation, find-
ing that only the presence of small amount of Ni2+ ions improved
the hydrogen storage capacity. Recently, Yamamoto et al. [18] have
reported the temperature dependence on the hydrogen adsorption
properties, at pressures up to 1 bar at 298, 373, and 473 K, of nickel-
doped mesoporous silica synthesized by a direct hydrothermal
method. They observed that the hydrogen chemical adsorption in-
creased with increasing nickel content and adsorption temperature.
Nevertheless, although a few mesoporous materials (mainly PMOs)
have been developed and tested in recent years for hydrogen stor-
age at 77 K and high pressures, up to our knowledge there are not
reports about MCM-41 for hydrogen storage at these conditions.

On the other hand, normally, both physical and chemical prop-
erties of the support, its acidity, reducibility and the extent of
interaction with the active metal play important roles in the com-
plex chemistry of supported metal catalysts. Nevertheless, a key
objective is to find the appropriate metal and amount for modify
the MCM-41 and to evaluate the relation between the obtained
metallic species and the support that permits to improve their
hydrogen storage capacity.

In this work, MCM-41 mesoporous materials impregnated with
different levels of nickel were synthesized and exhaustively
characterized by different instrumental techniques. Special
emphasis was paid in the influence of the metal content on the
structural, textural, chemical, acid properties of the samples and
their relation with the hydrogen adsorption behavior at 77 K and
high pressures.

2. Materials and methods

2.1. Synthesis

The pure siliceous mesoporous material (MCM-41) was synthe-
sized as previously reported [19] following the method B, using
cetyltrimethylammonium bromide (CTAB) as template, tetraeth-
oxysilane (TEOS) (Aldrich 98%) as silicon source and sodium
hydroxide (NaOH) aqueous solution 2 mol/L for hydrolysis and
pH adjustment. The molar composition of gel was: NaOH/
Si = 0.50, surfactant/Si = 0.12, water/Si = 132. In a usual synthesis,
CTAB was dissolved in water–NaOH solution at 313 K; this new
solution was then cooled to room temperature and TEOS was final-
ly incorporated. The mixture was vigorously stirred for 4 h at room
temperature and then for 3 h at 343 K in a closed flask. The final
solid was filtered, washed and dried at 333 K overnight. To remove
the template, the samples were heated (heating rate of 2 K/min)
under N2 flow up to 773 K for 6 h and then calcined at the same
temperature under air flow for 6 h.

Ni/MCM-41 molecular sieves were modified with different Ni
loadings (1–15 wt.%) by the wet impregnation method. Firstly,
0.75 g of solid material (MCM-41), previously calcined at 773 K
for 5 h, was added to 37.5 ml of an aqueous solution of Ni(NO3)2-

�6H2O with a concentration corresponding to the desired metallic
loading. Then, the water was slowly removed by rotary evapora-
tion at 323 K for about 30 min. The resulting powder was dried
at 333 K and then calcined for 9 h at 773 K. The resulting materials
were named Ni/MCM-41(x), where x indicates the expected metal
loading percentage (nominal loading).

2.2. Characterization

The X-ray diffraction (XRD) patterns were recorded in a Philips
PW 3830 diffractometer with Cu Ka radiation (k = 1.5418 Å) in the
range of 2h from 1.5 to 7� and from 10 to 80�. The interplanar
distance (d100) was estimated using the position of the first X-ray
diffraction line. The lattice parameter (a0) of the hexagonal unit cell
was calculated as a0 = (2/

p
3) d100. A profile fitting was made to

each maximum in the high angle range, and the mean grain size
[D] of the corresponding phase was estimated using the Scherrer
formulae: [D] = 0.9a/bcosh, where b (in radians) is the peak width
at half maximum after subtraction of the instrumental contribu-
tion, k is the X-ray wavelength and h the diffraction (Bragg) angle.
The Ni content was determined by Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP) using a spectrophotometer
VISTA-MPX CCD Simultaneus ICP-OES-VARIAN. The surface ele-
mental Energy-dispersive X-ray analysis was determinate by elec-
tron microprobe analysis with energy dispersive spectrometry
(EMPA-EDS) in an electron microprobe Jeol JXA 8230. The specific
surface, the pore size distribution and the total pore volume (VTP)
were determined from N2 adsorption–desorption isotherms ob-
tained at 77 K using a Micromeritics ASAP 2000. The samples were
previously degassed at 573 K for 12 h. The specific surface was cal-
culated by the Brunauer–Emmett–Teller (BET) method in the pres-
sure range of P/P0: 0.01–0.25. The pore size distributions were
determined by NLDFT method. Transmission electron microscopy
(TEM) images were obtained using a Philips CM200UT transmis-
sion electron microscope. Samples were prepared by suspending
the catalyst in ethyl alcohol 99.5% and casting a drop of the suspen-
sion onto a lacey carbon copper grid. The UV–Vis diffuse reflec-
tance spectra (UV–Vis DRS) were recorded in air at room
temperature using a Jasco 650 spectrometer with an integrating
sphere in the wavelength range of 200–900 nm. The data were
automatically transferred according to the Kubelka–Munk equa-
tion: f(R) = (1 � R1)2/2R1. Infrared analysis of the Ni/MCM-41
samples was recorded on a Jasco 5300 FT-IR spectrometer. The IR
spectra were obtained at room temperature in the range between
400 and 1400 cm�1 (lattice vibration region) using KBr 0.05% pellet
technique. In order to evaluate the strength and type of acid sites,
FT-IR spectral measurements of pyridine adsorption on the sam-
ples were also performed through the following procedure: Self-
supported pellets of the samples (�20 mg and 13 mm of diameter)
were prepared, placed in a thermostatized cell with CaF2 windows
connected to a vacuum line and evacuated for 7 h at 673 K under a
dynamic vacuum; residual pressure was smaller than 10�3 Pa. The
background spectrum was recorded first after cooling the sample
to room temperature. Afterwards, the solid pellet was exposed to
pyridine vapors (Sintorgan, 99% purity) until saturate the system
to 46 mm Hg at room temperature; the contact time at this pres-
sure was 12 h. After an IR spectrum of the adsorbed pyridine at
room temperature was recorded, the subsequent IR spectra were
obtained following the pyridine desorption by evacuation for 1 h
at 323, 373 and 473 K. Finally, the difference spectrum for each
sample was obtained by subtracting the background previously re-
corded. Hydrogen (99.995%) adsorption capacity at 77 K and pres-
sures up to 10 bar were measured in an automated nanometric
system ASAP 2050 (Micromeritics Instrument Corporation). Previ-
ous to all the adsorption experiments, the samples were degassed
at 573 K during 12 h under vacuum conditions (5 � 10�3 mm Hg).

3. Results and discussion

X-ray diffraction is one of the most important techniques for
characterizing the structure of crystalline or other ordered materi-
als. It has been widely used in the study of MCM-41 materials to
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complement the nitrogen physisorption because of its capability of
assessing the hexagonal structure of the samples. The low-angle
XRD patterns of the materials synthesized in this study are shown

in Fig. 1a Three diffraction peaks are clearly observed for the MCM-
41, indexed as (100), (110) and (200) reflections, characteristic of
a highly ordered mesoporous structure with hexagonal pore array
[20]. The low angle XRD patterns of the nickel loaded samples are
similar to that of the pure MCM-41, indicating that the structure
was preserved after nickel loading. Thus, this structure allowed
an actual Ni loading of up to �10 wt.% without collapsing.
However, increasing actual nickel loading from �4 to 10 wt.% (cor-
responding to nominal loadings from 5 to 15 wt.%; see Table 1), the
peaks are broadened and the (100) and (200) reflections appear
less defined, which indicates a loss of periodicity concerning to
the mesopores.

Fig. 1b shows the high-angle XRD patterns of the Ni/MCM-41
samples in order to assess the crystallinity of the Ni oxide loaded
onto the support. All of the patterns exhibited the broad amor-
phous silica peak at around 23�. In addition, the Ni/MCM-41(15)
sample showed four narrow and intense peaks at 2h = 37�, 43�,
64� and 75�, which are assigned to the presence of crystalline nick-
el oxide (NiO) [21]. Ni/MCM-41(10) and Ni/MCM-41(5) exhibited
broader and weaker diffraction peaks at similar positions, indicat-
ing the presence of smaller NiO particles. The mean crystallite sizes
of NiO, estimated by the Scherrer equation, were 11 ± 3, 7 ± 4 and
3 ± 1 nm for the Ni/MCM-41(15), Ni/MCM-41(10) and Ni/
MCM-41(5) samples respectively. The other samples with lower
Ni loadings show only hints of the mentioned peaks, which sug-
gests that the oxides are in amorphous state or are clusters/parti-
cles too small to be accurately determined by XRD. On the other
hand, as it can be observed through the relative areas of the peaks,
a higher Ni loading favors the major formation of oxide particles on
the surface of solids.

N2 adsorption–desorption isotherms with their corresponding
pore size distribution of the Ni/MCM-41 and MCM-41 samples
are shown in Fig. 2; the corresponding physical parameters are col-
lected in Table 1. All the samples exhibited type IV isotherms, typ-
ical of mesoporous structures, which present hysteresis loops with
parallel and almost horizontal branches, classified as H4-type
according to IUPAC. Moreover, all samples exhibited a distinct
inflection in the P/P0 range from 0.1 to 0.25, characteristic of a nar-
row step of capillary condensation inside the mesopores. This fea-
ture provides evidence of narrow pore size distribution curves that
indicate the uniformity of pore arrangement. These results are in
agreement with those previously reported by us [22,23]. However,
whereas the inflection is sharp for the MCM-41 (giving account for
the narrow pore size distribution), it becomes less pronounced
with metal loading increasing, which indicates a bigger range in
the distribution of the pore sizes (Dp) and accords with the
decrease of structural order detected by XRD. In addition, all the
samples showed high specific surface and pore volume (VTP), which
are typical of mesoporous materials; nevertheless, a slight
decrease in these values is observed with Ni loading increasing.
Thus, the increased presence of clusters and/or small particles of
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Fig. 1. Low-angle XRD patterns (a) and high-angle XRD patterns of samples (b).

Table 1
Structure properties and chemical composition of the synthesized samples.

Sample Area (m2/g)a a0 (nm) Ni content (wt.%)b Ni content (wt.%)c Dp (nm)d VTP (cm3/g)d tw (nm)e

MCM-41 940 4.16 – – 3.5 0.70 0.667
Ni/MCM-41(1) 910 4.25 0.81 0.83 3.2 0.56 1.052
Ni/MCM-41(2.5) 860 4.23 2.16 2.33 3.2 0.54 1.031
Ni/MCM-41(5) 825 4.37 4.01 4.13 3.2 0.53 1.174
Ni/MCM-41(10) 695 4.45 8.01 8.75 3.3 0.46 1.152
Ni/MCM-41(15) 695 4.50 11.34 10.54 3.2 0.41 1.308

a Determined by BET.
b Determined by ICP.
c Determined by EPMA-EDS.
d Pore diameter (Dp) and pore volume (VTP) determined by N2 adsorption–desorption.
e Pore wall thickness: tw = a0 � Dp.
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metal oxides finely dispersed inside the channels as well as large
particles (detectable by XRD) on the external surface could affect
the pore structure provoking the observed behavior. In fact, the
growth of bigger oxides particles on the external surface of the
samples, promoted by the highest Ni loading, could cause the
blocking of some pores, the high structural deterioration and
consequently the highest decrease in the values of specific surface
and pore volume. Finally, a pore wall thickness (tw) increase is
observed when Ni loading is increased, which could give evidence

of an increasing amount of different Ni species inside the channels.
Thus, the variation in the different parameters allowed us infer
about the presence of nickel species inside the pores of mesopor-
ous framework. However, the high pore volume (Fig. 2 and Table 1)
suggests that the void space in the mesoporous host is open for the
entry of hydrogen, although a small portion of the channels may be
stuck with clusters or nanoparticles of nickel oxide. This void space
is very important for that the hydrogen molecule can diffuse into
the silica matrix and interact with the metallic species inside the
pores [13].

Figs. 3 and 4 show the transmission electron microscopy images
(TEM) of the synthesized samples. The images exhibit well-ordered
parallel straight mesochannels, characteristic of the regular and
hexagonal pore arrangement of MCM-41 type materials, which
was also inferred from the XRD patterns. Figs. 3a1, b1–2 and 4a1,
b1–2, c1 mainly correspond to views perpendicular to the direction
of the pore arrangement, where it can be observed straight chan-
nels arranged along the long axis; meanwhile the hexagonal
arrangement of unidirectional mesopores is clear in Figs. 3a1–2,
b1–2, and 4a1–2, b2 and c1–2 which show frontal views of them.
The pore size estimated from TEM images is about 3.3 nm, which
is close to that obtained from N2 adsorption–desorption isotherms.
On the other hand, this study also reveals the size distribution of
the Ni oxides formed on the solids. Since darker areas in TEM
images represent the electronically more dense phases, metal
oxide is considered to be present when irregular contrasts in the
images are observed [24]. Thus, high-contrast regions, extended
over more than one pore, that randomly interrupt the pore
arrangement characteristic of the mesoporous materials can be
attributed to the presence of NiO. These areas, corresponding to
Ni oxide particles segregated on the external surface of the silicate
[24], are mainly observed for the samples with higher Ni loadings
(Fig. 3) in agreement with the peaks assigned to these oxides in the
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Fig. 2. Nitrogen adsorption–desorption isotherms and NLDFT pore size distribution
(inset) of (a) MCM-41, (b) Ni/MCM-41(1), (c) Ni/MCM-41(2.5), (d) Ni/MCM-41(5),
(e) Ni/MCM-41(10) and (f) Ni/MCM-41(15).

Fig. 3. Transmission electron microscopy images of (a) Ni/MCM-41(15) and (b) Ni/MCM-41(10).
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XRD analysis. These particles, with sizes of around 3–12 nm,
appear also to be aggregated into larger secondary particles of
around 20–30 nm. This feature is expected for materials modified
with transition metals prepared by wet impregnation. On the other
hand, it can be also inferred that the nickel oxide is located inside
the pores due to that small black spots, which have a size of the or-
der of the pore size, are isolated and are filling one pore while its
neighbors are empty [24]. This is observed even for the sample
with the lower Ni loading (Fig. 4c2). Moreover, the incorporation
of the nickel oxide inside the mesoporous channels, as clusters or
very small nanoparticles, is also evidenced by the darker regions
along the mesopores that are increased with the Ni loading (see
Figs. 3a1, b1–2 and 4a1, b1, c1). This behavior was already observed
in samples modified with chromium with similar metal contents
and synthesized by the same impregnation method [25–27].

UV–Vis DRS spectroscopy is a useful method to characterize the
coordination environment of transition metals that are incorpo-
rated into the mesoporous materials. In this paper, this method

is also used to infer about the presence of different Ni species on
the synthesized mesoporous samples. The UV–Vis DRS spectra of
the MCM-41 samples and a NiO reference sample are shown in
Fig. 5. The main feature for all of the samples is an intense absorp-
tion in the UV region. This band, that appear in the 250–350 nm
range, is typically associated to the O2�(2p) ? Ni2+(3d) charge
transfer transition of octahedral Ni2+ species in NiO lattices [29].
This absorption increases in intensity and its position shifts to
higher wavenumber with increasing Ni loading. It is known that
the position of the absorption edge of semiconductor powders is
strongly affected by particle size shifting significantly to lower
wavelength by decreasing particle size. Accordingly, depending
on shape and size of the NiO particles, the absorption in the UV re-
gion is reported to change in shape and position [28,29]. Therefore,
the shifting of the UV band position observed suggests that the NiO
clusters or nanoparticles predominant in the samples with higher
Ni loadings should be larger and probably of weaker interaction
with the matrix. This agrees with the NiO crystallite sizes

Fig. 4. Transmission electron microscopy images of (a) Ni/MCM-41(5), (b) Ni/MCM-41(2.5), and (c) Ni/MCM-41(1).
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measured from XRD data. On the other hand, the samples with Ni
loadings above 1 wt.% also show absorption bands at about 400–
550 and 700–850 nm, which become stronger with increasing me-
tal loading. These absorptions in the visible region are associated to
several kinds of d–d transitions, superimposed each other, of Ni2+

ions in octahedral local environment in NiO. The last band, more
noticeable for the highly loaded samples, has been related to octa-
hedral Ni2+ in bulk NiO [30] indicating thus the presence of this
phase [31]. In conclusion, this technique suggests that depending
on the Ni loading, clusters or nanoparticles with a local structure
similar to that of NiO but with different sizes and interactions with
the matrix exist on our materials. The amount of these species as
well as the presence of larger particles, probably with lower inter-
action with the mesoporous matrix, is increased by increasing the
metal loading degree. Finally, the presence of isolated mononu-
clear Ni2+ species interacting with the mesoporous framework
oxygen (related to a O2�? Ni2+ charge transfer transition in the
mesoporous lattice that could be also associated with the band at
260 nm), should not be discarded.

The infrared spectra in the 400–1400 cm�1 range for KBr-pellet-
ized Ni/MCM-41 are shown in Fig. 6. Two bands at around 1080
and 1238 cm�1 are associated to transverse-optical and longitudi-
nal-optical modes of asymmetric Si–O stretching, meanwhile the
bands at 460 and 800 cm�1 are assigned to symmetric stretching
and tetrahedral bending of Si–O bonds, respectively [32–33]. A
characteristic band at 960 cm�1 is also clearly observed in the
spectra and can be interpreted in terms of the overlapping of both
Si–OH and Si–O–Ni stretching vibrations [33]. In addition, a very
slight shift of the band centered at 1080 cm�1 toward lower wave-
numbers according to Ni loading increasing may be attributed to
an increase in the Si–O distance in the walls caused by the substi-
tution of the smaller Si by the larger Ni2+possibly in coordination
with oxygen of silica framework [14].

In addition, usually a shift of the band centered at 1080 cm�1

toward lower wavenumbers may be attributed to an increase in
the Si–O distance in the walls caused by the substitution of the
smaller Si by the larger Ni2+ in coordination with oxygen of silica
framework [14]. Nevertheless, the shift of this band observed for
our samples seems too small to allow us to affirm the substitution
of Si by Ni. In this sense, the Ni incorporation into the framework is
not expected given the used synthesis method in this work.

The IR spectra in the hydroxyl range of the MCM-41 and the
Ni/MCM-41 samples, previously degassed at 673 K for 7 h, are
compared in Fig. 7. The spectrum of MCM-41 shows a band at
approximately 3740 cm�1 assigned to the O-H stretching
vibrations of terminal silanols groups [37]. For the Ni/MCM-41
samples this band became invisible likely due to the coordination
of the Si–OH groups with Ni ions giving rise to Si–O–Ni bonds. This
feature has been already observed by us elsewhere [37], where we
suggested that Si–OH groups could be blocked after the condensa-
tion with Cu species, leading to the formation of Si–O–Cu bonds.

The chemisorption of pyridine followed by IR studies is usually
a useful probe to detect the presence and nature of acid sites on a
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catalyst surface [34]. The pyridine, as basic molecule, can interact
via the nitrogen lone-pair electrons with these acid sites, giving
rise to characteristic bands. Information on the strength of Lewis
and Brønsted acid sites can be obtained from pyridine thermode-
sorption. IR spectra of pyridine adsorbed on MCM-41 and Ni/
MCM-41 samples and desorbed at 323, 373 and 473 K for an hour
are shown in Fig. 8. Note that in order to make a semi quantitative
and comparative analysis, all of the curves were affected by the
pellet mass. It is known that pyridine forms hydrogen bonds with
the silanol groups present in the structure whose hydroxyls are not
capable to protonate pyridine. Thus, bands corresponding to
hydrogen-bonded pyridine at 1446 and 1596 cm�1 [34–36] are
the only bands found in pure MCM-41, which disappear upon evac-
uation at 473 K indicating the weak interaction between pyridine
and the SiOH groups. However, according to the literature and to
our previous reports [34–39] the formation of a Lewis-type adduct
with adsorbed pyridine is identified by IR absorption bands at
about 1600–1620 and 1445–1455 cm�1. In this sense, the presence
of these bands at 1446 and 1596 cm�1 also in the Ni-modified sam-
ples could be interpreted in terms of the overlapping of both the
hydrogen-bonded pyridine band and a band attributed to pyridine
coordinately bonded to Lewis acid sites (Lewis-type adduct) [40–
44]. Nevertheless, according to the results obtained for the OH
adsorption region, for these samples the Si–OH groups would be
likely blocked after the condensation with the Ni species (Si–O–
Ni bonds). Therefore, the presence of the bands mentioned at
1446 and 1596 cm�1 in Ni-impregnated samples could be only
attributed to the formation of a strong ‘‘electron-donor–acceptor’’
adduct of pyridine-Lewis sites, probably due to an interaction
between a Ni unoccupied molecular orbital and the probe mole-
cule. Thus, these Lewis sites, enough strong to retain pyridine until
473 K (Fig. 8C), could arise from the isolated nickel species coordi-
nate to framework oxygen atoms. In this regard, the origin of such
Lewis acidity in Cu-modified MCM-41 was studied by us elsewhere
[37]. In addition, it is possible to observe in Fig. 8 that the signals
become more intense according the Ni content is increased in
the samples to a 4.13 wt.% (Ni/MCM-41(5)). Then, the signals are
diminished for the higher Ni loadings. This behavior may be
probably assigned to a blocking effect of larger Ni oxide clusters
or particles (present in these samples) over the acid sites.

In order to corroborate the origin of such Lewis acidity, the acid-
ity of the samples was again measured after a reduction treatment
was performed. The employed reduction conditions (H2

flow = 70 ml/min; 723 K) allow a complete reduction of the NiO
clusters or nanoparticles, according to temperature programmed
reduction (TPR) analysis reported in [45,46]. Thus, the Fig. 8 also
shows FT-IR spectra of some reduced samples, recorded after the
adsorption of pyridine and subsequent evacuation at 373 K. As it
is observed, the spectra of the reduced samples are very similar
to those from non-reduced samples. Therefore, this feature allows
us to restate that the Lewis acid sites generated by the incorpora-
tion of nickel in the silica can be mainly attributed to the presence
of highly dispersed nickel species coordinated to the framework
oxygen, which cannot be reduced at 723 K.

In order to analyze the capacity of the synthesized materials for
the hydrogen storage, some representative samples were studied.
The Fig. 9 shows the adsorption excess isotherms measured at
77 K of the pure MCM-41 and the Ni modified MCM-41 sieves. It
is important to note that hydrogen is a supercritical gas at the tem-
perature of engineering interest and follows a different adsorption
mechanism compared to the sub-critical gases. Usually, the excess
isotherms tend to a maximum after which, the excess amount
tends to diminish [5,47,48]. This maximum occurs at a point where
the difference between the density of the adsorbed phase and that
of bulk phase is maximal. Beyond this point, i.e. for higher
pressures, the difference between these densities becomes smaller,
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Fig. 8. FT-IR spectra of pyridine adsorbed on the synthesized samples: (a) MCM-41,
(b) Ni/MCM-41(1), (c) Ni/MCM-41(2.5), (d) Ni/MCM-41(5), (e) Ni/MCM-41(10) and
(f) Ni/MCM-41(15). Desorption at 323 K (A), 373 K (B) and 473 K (C). The spectra of
the corresponding reduced samples desorbed at 373 K are shown in dashed lines.
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consequently decreasing the excess amount. The position of this
point depends basically on the adsorbate-adsorbent interaction
as on the thermodynamic state of the adsorptive [55]. In the H2

excess isotherms measured, this maximum was observed for the
MCM-41 and Ni/MCM-41(10) samples, but it was not observed
for the samples with the lowest Ni loading. The Ni/MCM-41(2.5)
sample presents a high capacity of H2 storage at 77 K, reaching a
1.23 wt.% around 10 bar, followed by the Ni/MCM-41(5) with a
maximum of 1.10 wt.% at the same pressure. Meanwhile, the
MCM-41 and Ni/MCM-41(10) samples shows a minor adsorption
capacity, reaching a maximum of 0.88 and 0.57 wt.%, respectively,
at 5–6 bar.

It is interesting to observe that, at low pressures (up to 1 bar),
the samples modified with higher nickel loadings present lower
hydrogen storage capacities than the MCM-41. Probably, the in-
creased presence of different nickel species in the structure could
be obstructing the access of hydrogen towards the channels. How-
ever, the slightly higher storage capacity observed for the sample
with the lower Ni loading (Ni/MCM-41(2.5)) is giving account for
some interaction between the H2 and nickel species finely dis-
persed on the MCM-41. This interaction between nickel and H2

could be produced even at high pressures, resulting in an increased
hydrogen storage capacity of the nickel modified samples with re-
spect to the MCM-41, even for a nominal nickel content of 5 wt.%.
Thus, a low nickel loading on our MCM-41 materials have a posi-
tive effect on the hydrogen storage capacity, probably due to the
highly dispersed Ni species, which would be promoting the pres-
ence of hydrogen-favorable sites [14,17]. According to the litera-
ture, a charge transfer from the metal to the support surface and
a charge-induced dipole interaction could be taking place to keep
together the Ni atoms and H2 molecules [14,49–51]. Thus, in our
samples, isolated Ni species with Lewis acid character (which
was inferred from adsorption of pyridine coupled to FT-IR) could
polarize the H2 molecules on the surface, without charge transfer
from H2 to the Ni atoms. Therefore, these highly dispersed acidic
Ni species could interact with H2 at 77 K through the formation
of Ni2+�H2 adducts, increasing the hydrogen storage capacity of
the MCM-41 materials [13,52,53]. On the other hand, when the
nickel loading is increased, a decrease in hydrogen adsorption
capacity is observed. This fact could be due to both the gradual
deterioration of the structure, evidenced by XRD, as well as to
the decrease in the specific surface. Likewise, it is probably that
the major formation of oxide clusters or NiO nanoparticles may

be avoiding the access of hydrogen towards the interior of chan-
nels. In concordance with our results Saha et al. and Zeilinski
et al. [11,54] have reported that for nickel-doped carbons, the
hydrogen adsorption is maximum at a low metal content and it
then decreases with increasing nickel loading on the carbons.

4. Conclusion

Ni/MCM-41 molecular sieves have been successfully prepared
by wet impregnation with Ni(NO3)2�6H2O as nickel source. All of
the materials exhibited high specific surface, pore volume and
structural regularity typical of the MCM-41 mesoporous materials.
Whereas the incorporation of the nickel oxide inside the channels,
as clusters or very small nanoparticles, was evidenced for all of the
samples, the higher Ni loadings promoted the growth of bigger oxi-
des particles on the external surface of the silicates. Thus, depend-
ing on the metal loading, our materials show Ni species with a local
structure similar to that of NiO but with different sizes and inter-
actions with the matrix. Moreover, the presence of isolated mono-
nuclear Ni species, probably interacting with framework oxygen
through its coordination with the SiOH groups, could also be in-
ferred. These species, highly dispersed on the structure, would be
the responsible of the Lewis acidity that present our samples.
Meanwhile, a positive effect on the hydrogen storage capacity, ob-
served for the samples with low Ni loading, could be also associ-
ated to the presence of these highly dispersed Ni species which
could give rise to hydrogen favorable sites.
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