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Abstract

In the present work, we investigated the hydrogen desorption properties of nano-sized
MgH, that was loaded on ordered mesoporous carbon (OMC) surface that had been
already modified with nickel and iron oxide nanoparticles. The surface modified meso-
porous carbon was characterized by BET surface area and X-ray diffraction (XRD) analysis.
The amount of MgH, on the carbon surface was confirmed by thermogravimetric analysis
(TGA). Dehydrogenation data of MgH, on the ordered mesoporous carbon were collected
for the pressure up to 8 MPa (80 bar) at 500 K. The incorporated MgH, on nickel oxide—me-
soporous carbon nanocomposite had faster dehydrogenation kinetics compared to incur-
porated MgH, on iron oxide-mesoporous carbon nanocomposite as well as incorporated
MgH, on mesoporous carbon. This can be attributed to the particle size of the former
being smaller than that of the latter, as well as much accessible nanosized surface of
loaded MgH,.
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Hydrogen is recognized as an environment-friendly
fuel. Many researchers have recently focused their
interests on the hydrogen generation by the new novel
materials [1,2]. Alloys containing light elements are fo-
cused on high performance storage materials. Most
hydrogen absorbing metals are very reactive, easily
forming surface oxides, which then block the uptake of
hydrogen. They also require costly and time-consuming
activation. Magnesium, in particular, has a high storage
capacity (7.6 wt.%) with the benefits of low cost and
abundant availability [3]. The main barriers for the di-
rect usage of pure MgH, are slow desorption kinetics,
high thermodynamic stability and high reactivity toward
air and oxygen, which it has in common with majority
of lightweight metal hydrides [4-6].

Magnesium hydride is the binary metal hydride that
comes closest to fuelling, in regard to the hydrogen
storage density and stability as proposed by the U. S.
Department of Energy [7]. However, magnesium hyd-
ride requires a temperature of approx. 280 °C for de-
hydrogenation at 1 bar (AH; = —75 kJ/mol H,) and suf-
fers from slow kinetics [7].

In recent years, significant progress has been made
using nanocrystalline Mg produced by high energy mil-
ling [8] and with the addition of suitable catalysts [9—
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—11]. For technical application, sufficiently fast kinetics
has been achieved at 300 °C [10].

Recently, the preparation of nano-hydrides by ball
milling techniques in a controlled environment and with
further addition of submicro-nanoparticles dispersion
of different additives such as transition metals, inter-
metallics or oxides, allowed the achievement of faster
sorption kinetics at reduced temperatures [12-16]. At
the same time the hydrogen sorption properties were
investigated on model systems as Mg—Pd multilayer
prepared by vacuum evaporation [17] or Nb-doped Mg
films deposited by rf magnetron sputtering [18,19]. The
phenomenological models explaining the observed im-
proved kinetics of hydrogen sorption have advanced,
taking into the account several factor such as the hyd-
ride grain-particle size [20], relevant surface area of
oxide layers present in these nanosystems [21], the
metal oxide particles dimension [21], the catalytic ef-
fect of some additives [22,23], and the thermal stability
of the nanostructured hydrides against repeated ab-
sorption—desorption cycles [24]. Although the hydro-
gen diffusion mechanism at the nano-scale is not com-
pletely explained, recent investigations have indicated
that suitable processing of MgH,-based nanocompo-
sites is the way to modify hydrogen desorption chan-
nels with improved desorption properties, requiring
cheaper but not strictly clean processing [25,26].

This required tremendous efforts made in the past
decade that lead to the development of novel ap-
proaches, such as nanostructuring, alloying, and the
use of catalysts [27-30]. It has been proven that high-
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energy ball milling could increase hydrogenation ki-
netics by reducing the particle size, activating the sur-
face and introducing defects.

Additionally, Mg can be alloyed with other metallic
elements, such as Ni to enhance the absorption ki-
netics, albeit at the cost of partial gravimetric capacity
reduction [31]. Transitional metals such as Fe, Ti and V
can lead to the catalyzation of hydrogen dissociation
process and thus enhance the hydrogenation kinetics
at high temperatures significantly (> 573 K) [26]. Re-
cently, carbon materials, in particular carbon nano-
tubes, demonstrated having an excellent catalytic ef-
fect on hydrogen storage in Mg-based alloys by en-
hancing the hydrogen diffusion in MgH,—C or MgH,—me-
tal-C systems [32-34].

Furthermore, great interest has been paid to the
synthesis of nanosized metal hydrides in porous mate-
rials [35,36]. It has been suggested that incorporation
of hydrogen storage materials into the micro- and me-
soporous structure of nanoporous carbon materials
would stabilize “nanosized” materials and prevent ag-
gregation during cycling. Thus, the material would re-
tain the thermodynamic parameters and kinetic be-
haviour associated with the hydrogenation-rehydro-
genation of the nanomaterial rather than revert to the
standard bulk material.

In this study, mesoporous carbons, iron oxide and
nickel oxide modified mesoporous carbon have been
impregnated with MgH,, using the organo-magnesium
reagent, dibutylmagnesium (MgBu2) as the precursor.
After being impregnated into mesoporous carbon po-
res, MgBu, was hydrogenated. The characterization
and hydrogen storage properties of the resulting mate-
rial were also examined. The MgH, nickel modified
ordered mesoporous carbon (MgH,—~OMC), MgH,—
—nickel modified ordered mesoporous carbon (MgH,—
—Ni—-OMC) and MgH,—iron modified ordered mesopo-
rous carbon (MgH,-Fe-OMC) systems were examined
with respect to hydrogen sorption—desorption kinetics.

Here, we demonstrate new MgH,—Ni-OMC and
MgH2-Fe—OMC systems that exhibit ultrafast hydro-
genation kinetics with high capacity. A possible hydro-
genation mechanism is proposed in terms of the syner-
gistic catalytic effects of transition metals and OMC.

EXPERIMENTAL

Materials

The reactants used in this study were tetraethoxy-
silane (TEQS, 98%, Acros) as the silica source, non-ionic
oligomeric alkyl-ethylene oxide surfactant (Pluronic
123) as the surfactant, HCl (35 wt.%), ethanol and
deionized water for synthesis of mesoporous silica
(SBA-15), sucrose as the carbon source, sulfuric acid as
the catalyst for synthesis of mesoporous carbon, nickel
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nitrate (NiNOs;), ferrous iron and dibutylmagnesium
MgBu, (1.0 M solution in heptanes) as the functiona-
lization agents. All chemicals were of analytical grade
from Merck.

Adsorbent preparation

Mesoporous silica and unmodified mesoporous
carbon samples

SBA-15 silica was prepared according to the proce-
dure reported by Zhao et al. [37] with the use of a non-
ionic oligomeric alkyl-ethylene oxide surfactant (Plu-
ronic 123) as the structure-directing agent, after that
the template was removed by means of calcinations at
500 °C in flowing air. Ordered porous carbon was syn-
thesized via the two-step impregnation of the meso-
pores of SBA-15 with the solution of sucrose using the
incipient wetness method [38]. Briefly, 1.0 g of the as-
prepared SBA-15 was impregnated with the aqueous
solution obtained by dissolving 1.1 g of sucrose and
0.14 g of H,SO, in 5.0 g of deionized water. The mixture
was then dried at 100 °C for 6 h, and subsequently at
160 °C for 6 h. The silica sample, containing partially
polymerized and carbonized sucrose, was treated again
at 100 and 160 °C after the addition of 0.65 g of suc-
rose, 90 mg of H,S0, and 5.0 g of deionized water. The
sucrose—silica composite was then heated at 900 °C for
4 h under nitrogen to complete the carbonization. The
silica template was dissolved with 5 wt.% hydrofluoric
acid at room temperature. The obtained template-free
carbon product was filtered, washed with deionized
water and ethanol, and dried.

Iron oxide doped samples

The prepared mesoporous carbon sorbent was used
primarily as the supporting medium to prepare Fe-OMC
by previously reported iron impregnation procedure
[39]. The process used ferrous iron as the starting ma-
terial, which could diffuse deep into the internal pores
of OMC, followed by oxidation, which generates ferric
iron that could cross-link with various functional groups
in the dispersive way on the prepared OMC.

Nickel doped samples

The nanoporous carbon samples were impregnated
with nickel nitrate (NiNO;) acetone solutions by the
vacuum decomposition process using the incipient
wetness impregnation method [40]. In this study, a
nickel nitrate solution (analytical grade) of low concen-
tration (5 mM) was selected for the vacuum impreg-
nation process. The nanoporous carbon impregnated
with the acetone solution was then filtered and dried at
60 °C for 4 h. The resultant nanoporous carbon doped
with Ni was then heated at 100 °C for 1 h under hyd-
rogen atmosphere with the goal of reducing the nickel
salt to nanoparticles.
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MgH, doped samples

The mesoporous carbon samples (modified and un-
modified iron oxide) were impregnated with MgBu,
heptane solutions with the incorporated MgBu, then
hydrogenated to MgH, [16]. The mesoporous carbon
sample with a mass of 1.0 g was dried at 220 °C under
vacuum for 5-6 h. After cooling down, the mesoporous
carbon sample was transferred to an argon-purged glo-
vebox and 20 ml of MgBu, was added. Subsequently,
the solution and the mesoporous carbon sorbent were
transferred and sealed into an autoclave with argon
atmosphere, which was sustained by closing the valve
that controls the outlet and inlet gas. The autoclave
was brought out of the glovebox and then connected to
the hydrogen gas line. Flushing the autoclave for 6-10
times with H, changed the argon atmosphere to hydro-
gen with H, pressure subsequently being adjusted to 4
MPa (40 bar). The autoclave was heated to 170 °C and
the solution was stirred. After the temperature was
reached and stabilized at 170 °C, the H, pressure was
adjusted to 5-5.5 MPa (50-55 bar). With the end of
hydrogenation, which lasted for ca. 24 h, the autoclave
was cooled down to room temperature, the H, was
vented and the autoclave was transferred into the glo-
vebox. The autoclave was opened and black mesopo-
rous carbons sorbent with gray fine precipitate of MgH,
were observed. MgH, precipitate was decanted, washed
out by pentane and removed with pipets. The re-
maining carbon—MgH, was dried at 85 °C under va-
cuum for 6 h.

Textural and structural studies

The structure of the surface modified samples was
investigated by powder X-ray diffraction (XRD) on a
Philips 1830 diffractometer using graphite monochro-
mated CuKou radiation. Adsorption isotherms of the
mesoporous carbon samples were obtained using the
N, gas microporosimeter (micromeritics model ASAP
2010 sorptometer) at 77 K. Pore size distribution and
specific surface area were calculated by the Dollimore—
—Heal [41] and BET [42] methods. Pore volume was
estimated from the amount of adsorbed N, gas at
0.963 in relative pressure, which derives from 25 nm
radius pores. Micropore volume was calculated by
t-plot. The thermal analysis was carried out using a
NETZSCH STA449C analyzer. The instrument settings
were: heating rate, 10 °C/min and a nitrogen atmo-
sphere with 100 ml/min flow rate. For each measure-
ment, about 25 mg of the ground adsorbent sample
were used. The differential weight loss was calculated
from the weight loss curve, where peaks represent the
weight loss.

Hydrogen adsorption-desorption

To study the hydrogen absorption kinetics the sam-
ples were placed in the closed system with constant
volume under pure hydrogen atmosphere (99.995%).
They were kept in vacuum at 250 °C during 5 h before
the first absorption. The hydrogen initial pressure was
set to 4 MPa (40 bar). The amount of absorbed hydro-
gen was estimated from the decrease of pressure with
time. The successive hydrogen absorption/desorption
kinetic measurements were performed at 300 °C (de-
sorption).

The system used for thermal absortion/desorption
process, utilizes a temperature controlled furnace and
a fused silica tube where in hydrogen charged sample is
heated at a constant rate under constant argon or
hydrogen carrier flow. For subsequent analysis, the re-
lease argon and hydrogen gas was fed into the Hewlett-
Packard gas chromatograph that permits quantitative
analysis.

RESULT AND DISCUSSION

Pore textural properties

The isotherm is the most important information
about surface and porosity obtained from the physi-
sorption experiment. It reveals the kind of porosity
present in porous and nonporous samples. Brunauer
has defined five different types [42]. Type | isotherms
are characteristic for microporous adsorbents, such as
zeolites and carbons. Type |V isotherms are typical for
mesoporous goods. Pore textural properties of the
pure ordered mesoporous carbon, iron oxide and nickel
oxide modified mesoporous carbons, and also MgH,
modified carbons, were calculated from the nitrogen
adsorption and desorption isotherms shown in Figure
1. It can be seen that after the modification, the ob-
tained carbons continue to have type IV isotherms, in-
dicating that mesoporosity is still preserved. However,
the modification leads to a decrease in the total uptake
of the mesoporous carbon, which reflects in the de-
crease of the total pore volume resulting from metal
oxide and magnesium hydride nanoparticles modifica-
tions. Interestingly, the modified nanoporous carbons
essentially keep the bimodal pore size distribution (d
spacing have not changed much), which is characte-
ristic for the parent mesoporous carbon. The textural
parameters listed in Table 1 clearly confirm the struc-
tural changes of OMC to Fe-OMC, Ni—-OMC, MgH,—
—OMC, MgH,—Ni—-OMC and MgH,—Fe—OMC. Especially,
the variations of the surface area and pore volume are
significant by iron oxide nanoparticles loading.

319



M.J. BANIAMERIAN, S.E. MORADI: MgH, AND OXIDE MODIFIED MESOPOROUS CARBON SORBENT

Hem. ind. 66 (3) 317-325 (2012)

3]

(=

o
.

N
[=]
o

300 1

200 -

Volume Adsorbed (cm3/g) STP

100

——Ni-OMC
-=— OMC
MgH2-OMC
Fe-OMC
——MgH2-Ni-OMC
—— MgH2-Fe-OMC

0 0.2 0.4
Relative Pressure (P/Po)

0.6 0.8 1

Figure 1. Adsorption—desorption isotherms of nitrogen at 77 K on OMC, Fe—-OMC, Ni-OMC, MgH,—OMC,
MgH,—Ni—OMC and MgH,—Fe—OMLC.

Table 1. Textural parameters of the OMC, Fe—OMC, Ni-OMC,
MgH,—OMC, MgH,—Ni—-OMC and MgH,—Fe—OMC employed
in this study; Ager —specific surface area, V, —pore volume

Adsorbent d Spacing, nm  Aggr/m’gt v,/ em’g?
omMcC 3.7 1530 0.73
Ni-OMC 3.6 1467 0.72
Fe-OMC 3.6 1434 0.69
MgH,—OMC 3.5 1421 0.64
MgH,—Ni—OMC 3.5 1411 0.58
MgH,—Fe—OMC 3.4 1405 0.56
(110)

XRD Analysis

Figure 2 shows low angle XRD patterns of the pa-
rent mesoporous carbon and of MgH,—OMC, Ni-OMC
and Fe—OMC samples. With OMC, three well-resolved
peaks are observed, corresponding to the (100), (110)
and (200) reflections typical of the 2D hexagonal space
group P6mm. Along with all the replicas, the main re-
flection peak is well maintained, indicating that or-
dered mesoporous materials with hexagonal structures
were obtained. For modified mesoporous samples, the

——O0MC

—#—Fe-OMC

——MgH2-OMC
Ni-OMC

20

Figure 2. Low angle XRD patterns of the mesoporous carbon composite OMC, Ni-OMC, Fe—OMC and MgH,—OMC.
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2D hexagonal structure of OMC was maintained well.
However the XRD reflections become less than pristine,
which can be the result of the partial damage of the
mesoporous carbon sorbent.

The wide-angle XRD pattern of the studied MgH2—-
—OMC is shown in Figure 3. The XRD spectra of the Fe—
—OMC and Ni-OMC have also been recorded for com-
parison. The wide-angle XRD patterns of nickel mo-
dified mesoporous adsorbent (Ni-OMC) in Figure 3 ex-
hibit two resolved diffraction peaks at 44.59 (111) and
51.90° (200) 26, characteristic of metallic nickel with
the fcc structure. It reveals that the nickel species in
the mesoporous carbon matrix exists in metallic form.
The weak and broad peak at 26 = 35° of the Fe—OMC
sample corresponds to almost very small iron (Ill) oxide
crystallites.

The MgH, incorporated mesoporous carbon (MgH,—
—OMC) shows two broad diffraction peaks (26 = 26.5°
and 37°), implying that the incorporated MgH, has a
very small particle size. Therefore, XRD results indicate
that incorporated MgH, has been confined in the pore
structure of mesoporous carbons.

TGA analysis

Figure 4 shows thermogravimetric analysis (TGA)
curve of the mesoporous carbons using nitrogen atmo-

sphere and heating rate of 10 °C min~" ranging from the
room temperature to 1000 °C. Subsequently, the car-
bon and magnesium hydride were oxidized to CO, and
MgO, respectively. The weight loss at 280-650 °C is
attributed to the decomposition of carbon in nitrogen.
The weight of the samples at 650 °C is about 15, 3 and
19% of the starting MgH,—OMC, Fe—OMC and MgH,—
—Fe—OMC, respectively. Assuming that almost all the
residual is from MgH,, it can be calculated that MgH,
loading is 15 wt.% related to the total weight of the
incorporated material.

Hydrogen desorption analysis

Temperature effect

The quantification of the hydrogen desorption for
the MgH,—Ni—~OMC and MgH,—Fe—OMC systems is given
in Figure 5 together with that of MgH,—OMC. The data
were obtained by measuring the amount of desorbed
hydrogen every 20 °C, ranging from room temperature
to 300 °C, using a volumetric apparatus. The calibrated
volume, in which hydrogen was collected, was regularly
emptied so to maintain the pressure below 0.1 MPa (1
bar). For each temperature, the measurement of the
hydrogen desorption capacity was made after the total
release duration of 15 h. The final hydrogen desorption
capacity at 300 °C for MgH,—OMC, MgH,—Ni—-OMC and

MgH, -OMC

Fe-OMC

Ni-OMC

T T
30 40

50 60

2 theta (degree)

Figure 3. Wide angle XRD patterns of the mesoporous carbon composite OMC, Ni-OMC, Fe—OMC and MgH,—OMC.
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Figure 4. TGA curve of MgH, incorporated mesoporous carbon composite. The samples were heated under nitrogen atmosphere
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Figure 5. Amounts of released hydrogen at different temperatures for MgH,-~OMC, MgH,—Ni—OMC and MgH ,~Fe—OMLC.

MgH,—Fe—OMC reaches 11.3, 14.5 and 13.2 wt.%, res-
pectively. Complete achievement of the desorption
process for MgH,—OMC, MgH,—Ni—-OMC and MgH,—Fe—
OMC requires higher temperatures and/or longer dura-
tions. The positive effect exhibited by the MgH, confi-
nement to nanoscale is its capability to release hydro-
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gen at temperatures as low as 200 °C. The total hydro-
gen desorption capacity at 500 °C is near to 12.0% per
weight of MgH, (for MgH,—OMC). It can be concluded
that the desorbed material is also embedded into the
mesoporous carbon since no reflections are visible, apart
for those as the effect of sample holder. The carbo-
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naceous host is therefore able to maintain the confi-
nement of the material during the desorption process.

Effect of surface oxide on kinetics

The isothermal dehydrogenation kinetic experi-
ments of pore MgH,, MgH,—OMC, MgH,—Ni-OMC and
MgH,—Fe—OMC at 280 °C has been done, in which the
amount of desorbed hydrogen was normalized as the
wt.% related to MgH, (Figure 6). Based on the hydro-
gen evolution in the first hour of dehydrogenation, the
initial dehydrogenation rates are 9.1, 12.1 and 13.2
wt.% h™' for the MgH,—-OMC, MgH,—Ni-OMC and
MgH,—Fe—OMC, respectively. For all of MgH, incorpo-
rated in mesoporous carbon, dehydrogenation at 280
°C is almost complete in 8 h with about 2 wt.% hyd-
rogen evolution. The fast dehydrogenation rate of in-
corporated MgH, can be attributed to the small hydride
size that was confined by the porous structure of the
mesoporous carbon. It should be noted that the dehyd-
rogenation kinetics for the nanosized incorporated
MgH, and pore MgH, are slower than those initially
observed with MgH, containing Ni or Fe catalyst [43].

hydrogen storage applications. The MgH,—Ni—-OMC is
also found to be more effective than others for the
hydrogen desorption from MgH,.
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1ZVOD

INKLUZIJA MgH, U MEZOPOROZNI GRAFITNI SORBENT MODIFIKOVAN GVOZDE-OKSIDOM | NIKAL-OKSIDOM:
ISPITIVANJE PROIZVODNJE VODONIKA

Razie Dashtil, Javad Khodaveisil, Seyyed Ershad Moradi

1Young Researchers Club, Islamic Azad University — Bushehr Branch, Iran
2Young Researchers Club, Islamic Azad University — Sari Branch, Iran

(Naucni rad)

U ovom radu, ispitivanano je desorpciono ponasanje nanostrukturnog MgH, Kljucne reci: Mezoporozni ugljenik ® De-
koji je formiran na uredenoj povrsini mezoporoznog ugljenika (OMC), koja je pret- sorpcija vodonika e MgH, e Nanokom-
hodno modifikovana sa ¢esticama oksida gvozda i nikla. Karakterizacija modifiko- pozit ® Nanacestica gvozde-oksida e Na-
vane povrsine mezoporoznog ugljenika je radena BET i rendgenskom strukturnom naocestica nikal-oksida

(XRD) analizom. Koli¢ina MgH, na povrsini ugljenika je potvrdena termogravimet-
rijskom analizom (TGA). Podaci o dehidrogenaciji MgH, sa uredenog mezoporoz-
nog ugljenika su dobijeni za pritisak od 8 MPa i temperaturu od 500 K. Utvrdeno
je da je kinetika dehidrogenacije brza sa povrsine modifikovane nikal-oksidom u
odnosu na onu modifikovanu gvoZzde-oksidom. Ovi eksperimentalni rezultati se
mogu objasniti ¢injenicom da je veli¢ina ¢estica nanokompozita nikal-oksid/mezo-
porozni ugljenik manja nego nanokompozita dobijenog sa gvozde-oksidom, kao i
vec¢om dostupnoséu nanostrukturne povrsine inkorporiranog MgH,.
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