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Abstract In this work, we report the synthesis and
characterization of iron oxide nanoparticles supported
in nanostructured carbon (CMK-3). This material is
promising in the application of hydrogen adsorption
for energy storage. The material with iron oxide nano-
particles (Fe-CMK-3) was successfully synthesized and
characterized by X-ray diffraction, textural properties
analysis, transmission and scanning electron microsco-
py, X-ray photoelectron spectroscopy, and magnetiza-
tion studies. A large amount of the iron incorporated as
iron oxide nanoparticles was in the magnetite phase.
The incorporation of magnetite on the CMK-3 carbon
surface significantly improved the storage capacity of
hydrogen (4.45 wt% at 77 K and 10 bar) compared with
the CMK-3 framework alone (2.20 wt% at 77 K and
10 bar). The synthesized material is promising for hy-
drogen adsorption by weak bond forces (physisorption).
A hydrogen adsorption mechanism was proposed in
which the nanoparticles of magnetite have an important
role.

Keywords Magnetite . CMK-3 . Hydrogen . Storage .

Adsorption . Nanocomposites

Introduction

In the past decades, many researchers have paid special
attention to hydrogen storage, because it is an effective,
cheap, and clean energy carrier with a nominal capacity
of 243 kJ/mol. It can be used not only for fuel cell
vehicles but also in portable devices. The main advan-
tage of hydrogen as a perfect substitute to fossil re-
sources is that it tackles both energy and environmental
problems at the same time (Froudakis 2011; Dutta 2014;
Satyapal et al. 2007; Armoli and Balzani 2011; Liu et al.
2010).

Even though hydrogen has a high heating value per
unit mass, it is renewing, it is eco-friendly, and it has a
kinetics for adsorption-desorption that can be consid-
ered simple, a viable H2 storage system is critical.
Among the disadvantages, storage and transport prob-
lemsmust be solved (Langmi et al. 2014). Therefore, the
current scientific challenge is to design a lightweight,
low-cost nanostructured material that can be used as a
“hydrogen sponge,” with a reversible hydrogen uptake
at room temperature (Wang et al. 2010).

Different materials such as zeolites, activated car-
bons, and MOFs have been widely studied in this field
of application (Liu et al. 2007; Li and Yang 2006; Park
et al. 2008; Kim et al. 2008; Dong et al. 2007). The
hydrogen storage capacity of these materials is related to
the van der Waals interactions between the surface of
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the materials and hydrogen molecules (Hirscher et al.
2010). Therefore, materials with large surface areas and
low densities, such as nanostructured mesoporous car-
bons, have been studied for this purpose. In recent years,
different synthesis methods have been developed to
obtain mesoporous carbon materials with various tex-
tural properties (Jun et al. 2000; Lu et al. 2005).

Mesostructured carbons from Korea (CMK) belong
to a family of ordered mesoporous carbons (OMC)
(Yang and Zhao 2005). This kind of materials can be
synthesized by a nanocasting strategy inside the chan-
nels of mesostructured aluminosilicates, used as true
“nanoreactors.” The carbons are obtained through this
method using an inorganic template agent, by the intro-
duction of suitable carbon precursors into the ordered
pores of the mesoporous material based on silicates
(SBA-15), followed by carbonization and finally the
elimination of the precursors. They have specific sur-
faces from 1000 to 2000 m2/g and pore volumes from
0.5 to 1 mL/g (Jun et al. 2000; Joo et al. 2001). This
highly ordered carbon material (CMK-3) with a large
surface area, high chemical stability, uniform pore di-
ameter, accessible porosity, and three-dimensional
channel network is a good candidate for use in hydrogen
storage (Anbia and Ghaffari 2009; Anbia and Parvin
2011).

The incorporation of metal or metal oxide nanoparti-
cles promotes the presence of active sites, which has
been recognized as a viable way to improve hydrogen
storage capacity (Giasafaki et al. 2012). The nanoparti-
cles dispersed within the pores of the nanostructured
carbons contribute greatly to improve the hydrogen
storage capacities. In the case of materials with noble
metals incorporated into the structure, atomic hydrogen
diffuses more deeply into the microporous network of
the carbon and even between the graphitic layers
reaching the metallic particle, where the adsorption
would take place by means of a spillover effect. Al-
though it was demonstrated that metals like platinum or
palladium improve the behavior of this mechanism,
other studies present better results using more cost-
effective metals (Giraudet and Zhu 2011). Clearly, the
hydrogen adsorption capacity of carbonmaterials can be
improved with the introduction of appropriate nanopar-
ticles. Although it was found that the storage of hydro-
gen was rather proportional to the specific surface area,
the micropore diameter can play a key role in the deter-
mination of the final storage capacity (Kim and Park
2011). In previous reports, we have proven that the

incorporation of different metal or metal oxide nanopar-
ticles improves the hydrogen storage capability of meso-
porous carbon. For instance Pt, Ni, Zn, TiO2, and V2O5

nanoparticles, among others, incorporated into nano-
structured carbon CMK-3 show larger hydrogen uptake
at lower and higher pressures than CMK-3 (Juárez et al.
2015a; Juárez et al. 2015b; Juárez et al. 2017; Gómez
Costa et al. 2013).

In this framework, the aim of the present paper is to
study the hydrogen storage capacity of a mesoporous
carbon CMK-3 modified with nanoparticles of iron
oxide (Fe-CMK-3). Different textural and chemical
properties were analyzed and discussed concerning the
improvement of hydrogen adsorption at 77 K for low
and high pressures (up to 10 bar).

Experimental

Synthesis of ordered mesoporous carbon CMK-3

The synthesis of the ordered mesoporous carbon was
performed by nanocasting strategy using silica mesopo-
rous material SBA-15 as template and sucrose as carbon
source (Juárez et al. 2015a).

The siliceous template was prepared according to a
previously reported method (Juárez et al. 2015a). Brief-
ly, 20 g of P123 (poly(ethylene glycol)-block-poly(pro-
pylene glycol)-block-poly(ethylene glycol) ,
EO20PO70EO20, P123-Sigma-Aldrich) used as a sur-
factant was immersed in a HCl 1-M solution. After
complete dissolution of the P123, 40 g of silica source
TEOS (tetraethylorthosilicate, 98%, Sigma-Aldrich)
was added dropwise and stirred at 50 °C for 24 h. The
resulting mixture was kept at 80 °C for 72 h inside a
polypropylene bottle. Afterwards, the material was fil-
tered and washed until pH 7. In order to remove the
surfactant, the recovered solid was immersed in an
ethanol-water mixture and desorbed with N2 flow
(20 mL/min) at 470 °C for 4 h. Finally, a calcination
procedure was performed at 550 °C for 4 h.

The SBA-15 synthesized was used as template for
the synthesis of the mesoporous carbon. The previously
described procedure (Juárez et al. 2015a) was as fol-
lows: Firstly, 1.1 g of sucrose was dissolved in an acid
solution (5.0 g of deionized water and 0.14 g of H2SO4);
the siliceous template was immersed in this solution,
and heated afterwards for 6 h at 100 °C. After that time,
the material was heated to 160 °C for another 6 h. A
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second impregnation was carried out in order to ensure
the infiltration of the sucrose within the pores of the
siliceous template; the solutions involved in this impreg-
nation process were the following: 0.65 g of sucrose,
90 mg of H2SO4, and 5.0 g of deionized water. Two
thermal treatments at 100 °C and 160 °C for 6 h each
were performed to the obtained material. The carboni-
zation process was carried out at 900 °C for 4 h in inert
atmosphere (N2, 20 mL/min).

Finally, to remove the siliceous template, the com-
posite was immersed in a solution of hydrofluoric acid
(5 wt%) at room temperature. The resulting material was
filtered, washed with an ethanol-water solution, and
dried at 50 °C.

Synthesis of ordered mesoporous carbon with magnetite
nanoparticles

Thematerial modifiedwith magnetite nanoparticles (Fe-
CMK-3) was prepared by wet impregnation using
FeCl3·6H2O as the iron source. This source was dis-
solved in deionized water and the CMK-3 support was
incorporated to this solution. The mixture was placed in
a rotary evaporator in order to remove the excess water
at 60 °C and 60 rpm. Afterwards, the sample was dried
at 100 °C overnight. Finally, the modified mesoporous
carbon was then desorbed in an inert atmosphere (N2,
20 mL/min) at 550 °C for 4 h. The theoretical percent-
age of incorporated iron was 2 wt%, in excellent agree-
ment with ICP measurements (1.98%).

Characterization

Elemental analysis was performed by inductively
coupled plasma-atomic emission spectroscopy (ICP) in
a VISTA-MPX spectrometer, operated with a high-
frequency emission power of 1.5 kW and plasma air
flow of 12.0 L/min. The X-ray diffractogram was ob-
tained with a Panalytical Philips X’pert XDS diffrac-
tometer with a Cu Kα radiation source. Nitrogen
adsorption-desorption isotherms and pore size distribu-
tion were measured in a high-speed gas sorption ana-
lyzer (Nova 4000) after outgassing the samples at
200 °C for 4 h. N2 adsorption-desorption isotherms
and surface area measurements were carried out on a
sorption equipment with an accuracy higher than 3%
and a reproducibility of ± 0.5%. The pore size distribu-
tion (PSD) was estimated using the nonlocal density
functional theory (NLDFT) algorithm from adsorption

isotherms. Prior to the measurement, the sample was
outgassed for 12 h at 200 °C. TEM micrographs were
taken in a TEM Philips EM 301 instrument. Direct
current electrical conductivity measurements were per-
formed using pellets, improving contact with a silver
layer. Magnetic properties measurements of the samples
were performed with a Lakeshore 7300 vibrating sam-
ple magnetometer (VSM). Hysteresis loops were mea-
sured by applying magnetic fields between ± 1.2 T, at
room temperature. Scanning electron microscopy im-
ages were obtained with a FE-SEM, Sigma Zeiss equip-
ment applying a voltage of 5 kV. XPS measurements
were performed in a K-Alpha™ + X-ray photoelectron
spectrometer (XPS) with an X-ray beam size of 400 μm.
The spectrum was calibrated to the binding energy of
the C–C carbon signal. Hydrogen storage isotherms at
77 K at low and high pressure (up to 10 bar) were
measured using an ASAP 2050 equipment properly
calibrated.

Results and discussion

X-ray diffraction

Low-angle X-ray diffractograms for CMK-3 and Fe-
CMK-3 are shown in Fig. 1a. The CMK-3 nanostruc-
tured carbon, obtained with SBA-15 inorganic template,
shows a structural order comparable with the P6mm,
with a crystallographic hexagonal group, which is an
exact replica of the SBA-15 (Yang and Zhao 2005).

The diffractogram of the iron-modified sample at low
angle (Fig. 1a) is shifted to higher 2θ due to the oxide
incorporation inside the channels of the mesoporous
carbon that leads to a slight distortion in the structural
regularity, and a little disorder and small shrinkage of
the framework because of heating treatment and forma-
tion of more micropores during the activation process.
Magnetite nanoparticles produce a minor alteration in
the uniformity of channels that disturbs the distance of
hexagonal regularity manifested with the shift observed
at higher diffraction angles. This phenomenon was also
observed before (Gómez Costa et al. 2013; Ding et al.
2015; Chaliha and Bhattacharyya 2009).

Figure 1b shows the high-angle X-ray diffractograms
of the iron-modified material before (Fe-CMK-3) and
after (Fe-CMK-3-H) hydrogen adsorption measure-
ments. There are two wide peaks that correspond to
the typical reflections (002) and (100) of graphitic
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carbons (Suryavanshi et al. 2012). The characteristic
reflections of the iron oxide corresponding to the spinel
structure of magnetite (Fe3O4) are also observed: (220),
(311), (400), (422), (511), and (440), located at approx-
imately 30.3°, 35.7°, 43.3°, 53.7°, 57.2°, and 62.8°,
respectively (PDF2 database: 00-019-0629). No other
phases are observed, within the detection limits of this
technique. This result indicates that the iron incorporat-
ed to the CMK-3 structure is in the form of magnetite
nanoparticles with crystal size of approximately 18 nm
for both samples, as estimated by the Scherrer equation.

It can be seen from the Fig. 1b that the presence of
magnetite nanoparticles does not affect the carbon struc-
ture and that hydrogen storage does not modify the iron
oxide nanoparticles.

Textural properties

CMK-3 and Fe-CMK-3 nitrogen adsorption/desorption
isotherms (before and after hydrogen adsorption test) at
77 K are observed in Fig. 2, which shows a type IV H2
behavior with physisorption hysteresis, according to the
typical IUPAC catalog of ordered nanoporousmaterials.

The materials synthesized exhibit capillary conden-
sation, associated with a pore obstruction effect that
affects the pressure where vaporization or desorption
occurs. Figure 2b also shows the PSD of samples,
showing narrow peaks indicating well-defined pores.
The iron samples show a lower specific surface area
and a smaller pore size (diameter) compared with CMK-
3 (Table 1), which indicates that magnetite nanoparticles
are within the mesoporous channels of the CMK-3
framework.

Scanning and transmission electron microscopy

Figure 3 shows SEM images of sample Fe-CMK-3.
The average size of the particles deposited on the

surface of the CMK-3 support was obtained by a statis-
tical analysis of several images giving D ~ 40 nm. This
particle size is consistent with the crystal size estimated
by the Scherrer equation from the measured
diffractograms, indicating that the magnetite nanoparti-
cles deposited on the surface of the carbonaceous frame-
work are polycrystalline.

TEM images of the samples were obtained in order to
study the structure and the size of the pores (Fig. 4).

The TEM image shows that nanometric particles are
widely dispersed within the mesoporous structure of
CMK-3. The average particle size was statistically cal-
culated from several images, being D ~ 4 nm, as shown
in the histogram of Fig. 4b.

Fe-CMK-3 contains a large number of smaller mag-
netite nanoparticles in the internal channels (of size
around 4 nm), in addition to the larger particles detected
by SEM (D ~ 40 nm) located at the external surface.

XPS

XPS results of sample Fe-CMK-3 are shown in Fig. 5
and the characteristic parameters are given in Table 2. In
the case of CMK-3, the binding energy of C1s at ap-
proximately 284 eV is attributed to C–C sp3 and the
peak at 286 eV is assigned to C=C sp2, both character-
istic of CMK as graphite and disordered carbon species
(Gardner et al. 1995; Darmstadt et al. 2003;
Weidenthaler et al. 2006; Tang et al. 2010).

Fig. 1 X-ray diffractograms at: a low angle of CMK-3 and Fe-CMK-3 and b high angle of Fe-CMK-3 and Fe-CMK-3-H (sample modified
with iron after hydrogen adsorption). The vertical lines correspond to the position of the spinel reflections
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Figure 5a shows the complete XPS spectrum of
Fe-CMK-3, where the signals for iron, carbon, and
oxygenated species can be identified. Figure 5b
shows the peaks around 724.8 eV and 711.8 eV
corresponding to the doublet of the 2p1/2 and 2p3/2
signals of magnetite (Fe3O4). It has been previously
reported that the peak positions for pure Fe3O4 of Fe
2p1/2 and Fe 2p3/2 are, respectively, 724.1 eV and
711.4 eV (Tan et al. 1990; Allen et al. 1974; Hawn
and DeKoven 1987; Muhler et al. 1992; Yamashita
and Hayes 2008). Despite the low resolution of the
measurement in this energy range (due to the low Fe
content in the sample), it can be stated that metallic
iron is not present, within the limit of detection of
this technique. In general, the line associated with
this metal should appear as a shoulder of the peak
2p3/2, at 706.7 eV. Figure 5c shows the characteris-
tic bands of oxygen, the C–O band and the corre-
sponding to O linked with metal cations (magnetite).
There is also an unidentified band associated with
organic molecules, which could be attributed to su-
crose that has not been fully carbonized in the syn-
thesis process (Nordfors et al. 1991). In Fig. 5d, C–

C and C=C bonds can be observed, mainly due to
the carbon matrix of the CMK-3 and traces of C–O
and C=O bonds, because of the possible existence of
some oxygenated compounds on the surface of
CMK-3. Finally, traces of organic compounds ap-
pear that are remnants of the synthesis process of
this carbon. The other fitted bands correspond to
satellite lines of the main magnetite features, and
FeO traces with their respective satellite bands.

The XPS analysis agrees with the results of high-
angle XRD and confirms that the impregnated iron has
oxidized to magnetite. The low amount of iron oxide on
the surface suggests that iron species are mainly found
in the inner channels of the mesoporous carbon. The Fe
2p wt% of approximately 1.4% (see Table 2) indicates
that iron is well distributed both on the surface and
inside the CMK-3 channels. According to ICP results
for iron content (1.98 wt%), it is possible to deduce that
there is a larger amount of smaller magnetite nanoparti-
cles inside the channels than outside, where bigger
nanoparticles are found. The Fe/C atomic ratio is
0.003 which would indicate that the magnetite is highly
dispersed within the carbonaceous material.

Fig. 2 aNitrogen adsorption/desorption analysis (measured at standard temperature and pressure). b PSD of CMK-3 and Fe-CMK-3 before
and after the hydrogen uptake test

Table 1 Textural properties of CMK-3 and Fe-CMK-3 before and after H adsorption

Sample Surface area (m2/g) Pore volume (cm3/g) Pore size (nm)

CMK-3 1323 1.01 4.2

Fe-CMK-3 1237 0.98 3.6

Fe-CMK-3-H 1231 0.97 3.6

Pore diameter: calculated by the NLDFT method (Ravikovitch et al. 1998)
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Magnetic properties

The magnetization M versus applied magnetic field H
hysteresis loop of sample Fe-CMK-3 is shown in Fig. 6,
after subtracting the diamagnetic contribution of the
carbon.

The curve corresponds to a ferromagnetic signal in
agreement with the presence of magnetite, displaying a
coercive field of 20 mT and a saturation magnetization
of 1.4 emu/g of the composite (this corresponds to ~
70 emu/g of magnetite, since the estimated weight frac-
tion of magnetite present in the sample is ~ 2 wt%).
These values agree with those for magnetite nanoparti-
cles of ~ 40 nm (Batlle et al. 2011) and correspond to the
particles located at the surface of the carbonaceous
structures, as determined by SEM (see Fig. 3). The
particles inside the channels of size D ~ 4 nm (as
determined by TEM, Fig. 4) are superparamagnetic
(Upadhyay et al. 2016) and have negligible coercivity
but contribute to the total magnetization.

Hydrogen adsorption measurements

With the purpose of evaluating the hydrogen uptake
capacity (Juárez et al. 2015b), hydrogen adsorption/
desorption measurements at 77 K were performed on
samples CMK-3 and Fe-CMK-3 in a pressure range 0–
10 bar. The obtained curves can be observed in Fig. 7.

Experimental information were fit with the
Freundlich isotherm equation, which is an empirical
expression used in gas adsorption studies. To fit the
experimental data, a nonlinear regression of least
squares was used, and an optimization numerical meth-
od (Levenberg-Marquardt) was employed. The fitting
regression coefficient was 0.98, indicating good
accuracy.

In the whole pressure range, the amount of adsorbed
hydrogen is larger in the iron-containing sample. The
process is completely reversible as it can be seen in Fig.
7, by the superposition of the absorption and desorption
data points. The presence of magnetite nanoparticles

Fig. 3 SEM images of iron-modified CMK-3 (Fe-CMK-3) taken at different magnifications. Magnetite nanoparticles are observed as bright
spots on the surface of the carbonaceous support

Fig. 4 a Fe-CMK-3 TEM image and b particle size distribution analysis
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increases the hydrogen adsorption capacity of the CMK-
3 alone. Magnetite aggregates are better dispersed
helped by the CMK-3 surface; therefore, the nanoparti-
cles are smaller and the activity for hydrogen storage
increases due to a larger surface area of magnetite nano-
particles and its high dispersion.

There are two important mechanisms of charge trans-
fer in hydrogen adsorption. On the one hand, the hydro-
gen molecule is a weak Lewis acid donating charges
from its σ orbital. In contrast, it functions as a weak base

Fig. 5 a High-resolution XPS spectrum of Fe-CMK-3 and regions corresponding to signals of b iron, c oxygen, and d carbon

Table 2 Binding energy (BE), at.% and wt% of C, O, and Fe in
Fe-CMK-3

BE (eV) at.% wt%

C1s 284.78
286.28
287.48
289.88

96.06 93.88

O1s 531.18
533.48
536.33

3.63 4.73

Fe 2p 711.93
725.03

0.31 1.39
Fig. 6 Magnetization hysteresis loop of Fe-CMK-3 after
subtracting the diamagnetic background (Venosta et al. 2017)
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of Lewis where the σ* orbital of the hydrogen molecule
accepts the charge of the adsorbent. An important con-
tribution to H2 physisorption can be found within the
phenomenon of polarization, creating electrostatic mo-
ments in the H2 molecule. This allows an attractive
electrostatic interaction with the linker. A polarization
of the hydrogen molecule could cause a strong dipole or
quadrupole moment.

Studies (Hoang and Antonelli 2009) show that the
surface area is not the only important factor in hydrogen
storage and that hydrogen bonding increases with the
oxidation state, provided that this factor is not compen-
sated by other parameters. It also demonstrates that an
enthalpy increase in surface coverage occurs whenever
there is a transitionmetal with d electrons on the surface.

The reason for this increase is not yet understood, but
calculations by Yildirim and Ciraci (Yildirim and Ciraci
2005) predict an increase in binding enthalpy with in-
creasing hydrogen ligation in Kubas compounds with
multiple H2 ligands.

In this study, CMK-3 carbon acts as a framework to
support magnetite nanoparticles for Kubas binding to
hydrogen.

According to studies (Yildirim and Ciraci 2005) in
nanotubes decorated with Ti, the first hydrogen mole-
cule dissociates into two hydrides by oxidative addition
to magnetite. During this process, the H–H distance
increases. The second, third, and fourth hydrogen

molecules bind to the magnetite nanoparticle without
dissociation in Kubas type interaction. Yildirim’s calcu-
lations show that the system is stable until four hydrogen
molecules are adsorbed.

Therefore, this adsorption mechanism is similar to
that described in this work for the magnetite-decorated
CMK-3 in that it uses a carbon support as a graft site for
Kubas binding of hydrogen.

Assuming that weak orbital interactions occur be-
tween H2 and magnetite active site, it is possible to say
that the first coat of hydrogen molecules can react with
dissociation on magnetite nanoparticle. Second, third,
and fourth layers interact with magnetite of Fe-CMK-3
through a metal-dihydrogen complex (Kubas complex)
(Takasu et al. 1978). More layers could link with the
metal oxide particles by induced dipole forces because

Ads. CMK-3
 Ads. Fe-CMK-3

0 2 4 6 8 10
0

1

2

3

4

5

 Des. CMK-3
 Des. Fe-CMK-3

H
2

]
%t

w[
ekatp

U

P (bar)
Fig. 7 Hydrogen adsorption (solid lines)/desorption (squares) curves of CMK-3 and Fe-CMK-3 at 77 K

Table 3 Hydrogen adsorption of different nanomaterials

Material Hydrogen uptake
(wt%)*

Reference

Pt-CMK-3 3.3 (Juárez et al. 2015a)

Anatase-CMK-3 2.9 (Gómez Costa et al.
2017)

Ti-CMK-3 2.6 (Juárez et al. 2017)

VxOy-CMK-3 3.43 (Juárez et al. 2019)

*H2 sorption at 10 bars and 77 K
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the strong interaction between magnetite nanoparticles
and hydrogen molecules induces dipole forces and it is
possible that more H2 molecules are adsorbed in more
coats by dipole-dipole-like interactions, but the link
forces diminish when the distance to Fe-CMK-3 surface
increases.

In previous works, we have studied the effect on
hydrogen adsorption of different mesoporous carbons
modified with different nanoparticles (Table 3). The
hydrogen adsorption capacity depends not only on the
surface area of the nanomaterial but also on the size and
characteristics of the nanoparticles that modify it.

Conclusion

A significant result of this research related to hydrogen
adsorption and storage refers to the design of ordered
mesoporous carbon modified with magnetite nanoparti-
cles. This material adsorbs hydrogen molecules through
weak bond forces (physisorption). The activity of the
samples is due to a high surface area of both the meso-
porous carbon and the exposed surface of the magnetite
nanoparticles as well as the uniform dispersion of this.

In this work, a mechanism is proposed explaining
how hydrogen molecules are adsorbed on the sample
and the difference in adsorption between the Fe-CMK-3
material and the support.

We are in the process of optimization and improve-
ment of the material to increase the adsorption of hy-
drogen and therefore increase the storage capacity. This
optimization in adsorption capacity can be done through
the control of the size and dispersion of the nanoparti-
cles and the type of support.
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