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ABSTRACT

High-energy density and low cost magnesium nanoparticles (Mg NPs)-based material are
being sought to meet increasing capable of hydrogen (H,) storage demand. Here, a kind of
air-stable Mg NPs supported on porous structured multi-walled carbon tubes-polymethyl
methacrylate (MWCNTs-PMMA) template is prepared owing to reversible well-
distributed, dispersed and small-sized Mg/MgH, NPs. The aim is to improve the H, stor-
age capacity, hydrogen sorption kinetics and thermodynamics of nano Mg-based system
without using catalyst. The organic Mg precursor was directly in-situ reduced to metallic
Mg NPs in MWCNTs-PMMA template by lithium naphthalide. The size distribution of
reduced Mg nanoparticles is around 3.6 + 0.2 nm, confirmed by XRD and TEM analyses,
which is due to the strong interaction between Mg NPs and MWCNTs-PMMA via PMMA
binding Mg?*, as well as the confinement of porous template hindered the growth and
agglomeration of Mg NPs. Moreover, except H,, O, and H,O molecules can't infiltrate the
porous structure of MWCNTs-PMMA resulted in the presence of air stable Mg NPs in the
MWCNTs-PMMA. The work provides a new scope to prepare nano metal-based composite
for H, storage.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

method is becoming a meaningful works for sustainable
development. Many methods have been developed to try to
ensure hydrogen uptake and release close to theoretical ca-

In recent decades, large-scale application of hydrogen (H,)
energy in efficient storage which has been the most chal-
lenging in developing clean energy. Due to their high
hydrogen storage capacity, Magnesium (Mg)-based materials
as the safe and efficient solid-state hydrogen storage are an
attractive option. Therefore, to prepare Mg based hydrogen
storage materials in a highly efficiency and controllable
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pacity of 7.6 mass% and 110 g L ™! below 100 °C without using
the heavy metal catalyst [1-6]. Recently, due to the abun-
dance, low cost, low density, low toxicity, high hydrogen ca-
pacity and high efficiency sorption property, considerable
efforts have been made on the design and formation of size
confined magnesium nanoparticles (Mg NPs)-based material
as one efficient candidate for hydrogen storage by decreasing
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diffusion path lengths for hydrogen and decreasing the
required thickness of MgH, layer [7—9]. For example, Sun et al.
concluded the current state of Mg based materials for
hydrogen storage, demonstrating nanosized magnesium has
the potential to achieve the favourable thermodynamics and
rapid kinetic for uptake/release H, [10]. Kim et al. presented
the dimensional effect of nanostructured Mg/MgH, on
hydrogen storage applications, showing that the correlation of
size and sorption temperature/pressure, in which the smaller
nanosized metal might have more rapid kinetic and better
thermodynamics than bulk Mg [3]. Paskevicius et al. proved
that the size of MgH, supported on porous carbon made a
much pronounced effect on the H desorption temperature,
which could be decreased from below 240 °C—200 °C with the
reducing the particle size from ~7 nm to 0.9 nm. Therefore, the
fabrication of H, storage material should be focused on
smaller-size, stable structure, higher reversible storage ca-
pacity, as well as mild operation conditions of temperature
and pressure [5,7—9]. As is well known, the carbon materials
as supported and additive material can confine and hinder the
growth and agglomeration of metal NPs, which have attracted
more and more interest in exploiting H, storage or energy
material [11-21,47—-50]. For example, Yuan et al. used multi-
wall carbon nanotubes (MWCNTS) to support nano Pd parti-
cles obtained by solution chemical reduction for efficient
hydrogen storage of magnesium hydrides, showing porous
carbon as a supporter could disperse Pd particle and improve
the storage kinetic of nanocomposite [48]. Yuen et al.
demonstrated that porous carbon aerogels could prevent
further growth of MgH, nanoparticles, and decrease its
hydrogen desorption temperature [20]. Hou et al. studied that
the hydrogen storage property of metal Mg impregnated on
the porous channels of activated charcoal scaffold and found
that the physical contributions of CNTs for hydrogen storage
is to provide the fast diffusion surface/channels to reach Mg-
based hydrides [21]. Tian et al. investigated the H, storage
kinetics of Mg-based composites, which were significantly
improved by combining various types of carbon with metal
Mg, and achieved the lowest dehydrogenation temperature of
180 °C [22].

Although nanoconfinement in porous carbon scaffold has
been widely considered as a potential method to improve the
sorption performance of nano Mg particle, the existed major
issues of nanosized Mg supported in carbon scaffold materials
still are the uncontrollable pore filling and low degree of Mg/
MgH, loading [23—26]. Jongh et al. found that it was hard for
metal Mg to directly enter the pores of the porous carbon as a
scaffold system by melt infiltration method, resulted the Mg
amount loaded was confined [27]. Meanwhile, some carbon
materials like CNTs were considered to be insoluble for most
organic solvents because of the easy aggregation, which
limited the applications of the novel wet-phase method
[28—30]. And some functional groups such as —COOH, —OH,
and —C]O have been modified on the surface of CNTs to avoid
the aggregation, which could also be acted as nucleation sites
of metal ions. However, the chemical modification approach
often leaded to the extreme degradation of the tube structure
of CNTs [31—33]. In order to disperse CNTs in solutions and
prepare CNTs-metal NPs composite, some polymers can be as
the bridge for the binding of metal nanoparticles and CNTs.

Jaime et al. used polyvinyl pyrrolidone (PVP) as the surfactant
to modify metal Pd and bimetallic NisoPdso nanoparticles, and
deposited the above NPs on CNTs via the reduction-by-solvent
method [34,35]. Using the similar methods, the other CNTs-
metal NPs composite such as SWNTs-PSMA-Pd NPs, SWNT-
Pt-PANI and CNT-CdS-oleylamine also have been prepared
[36—38]. On the other hand, air-stable structure of Mg com-
posite is important rule for hydrogen storage. Jeon et al. pre-
pared an air-stable nano metal Mg/PMMA composite as the
high-capacity H, storage materials using bis (cyclo-
pentadienyl) magnesium (Cp,Mg) as Mg precursor, which was
dangers and explosive in air [24,39]. Tirandai et al. used
methyl magnesium chloride (MeMgCl) as a safe and efficient
Mg precursor to prepare SWCNTs-Mg NPs composite by so-
lution reduction method, the obtained Mg NPs in the diameter
of 3—5 nm presented the potential in H, storage [40]. In a
previous study, we also successfully used MeMgCl as precur-
sor to produce an air-stable Mg NPs/PMMA composite to be as
an efficient H, storage materials. In the work, the prepared
MWCNTs-PMMA complex as the template to support MeMgCl
as Mg precursor, then, the organic Mg precursor was directly
in-situ reduced to well-dispersed metallic Mg NPs in
MWCNTs-PMMA template by lithium naphthalide. MWCNTs-
PMMA template played an efficient role for preventing the
oxidation of Mg NPS because O, and H,0 molecules couldn't
infiltrate the porous structure of MWCNTs-PMMA. X-ray
spectroscopy (XRD) and transmission electron microscope
(TEM) give a powerful evidence for Mg NPs were protected
from O, and H,0 in MWCNTs-PMMA template, showing the
porous structure of PMMA gel can infiltrate H, molecules
rather than O, and H,O molecules [5,24,39,41]. The Fourier
transform infrared (FT-IR) and Roman spectra proved
carboxylate functional group of PMMA might act as a capping
ligand to prevent the aggregate of Mg NPs and the curling of
tubes. The mobility of Mg®>* were controlled by the strong
chemical interaction bond between the Mg?* and MWCNTs-
PMMA. The formation mechanism between Mg NPs and
MWCNTs-PMMA was proposed. We found that the thriving
porous structured MWCNTs-PMMA gave a significant influ-
ence on the amount and dispersion of Mg NPs. The obtained
Mg NPs in the diameter of 3—4 nm loaded in the highly
channel-nanosized network of MWCNTs-PMMA, showed a
high H, storage capacity, rapid kinetics, unstable thermody-
namic and reversibility absorption/desorption cycle. The
solution-phase synthesis of MWCNTs-PMMA-Mg composite
can be generally applied to a novel H, storage materials.

Experimental
Materials

Multi-walled carbon nanotubes (MWCNTs) with an inter
diameter of 3—5 nm and a length of 30 pm, PMMA (resistant to
high temperature, Mw = 120,000), Methyl magnesium chloride
(3.0 M solution in THF), lithium, and naphthalene were pur-
chased from Sigma-Aldrich. Anhydrous tetrahydrofuran
(THF, 99.8%) used as solvent in the polymerization reaction
was obtained from Aladdin chem. Ltd.
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Synthesis of MWCNTs-PMMA-Mg NPs composites

All samples were prepared in an inert atmosphere (Ar-filled
glove box). The synthesis process is as follows: Firstly, the
mixture of MWCNTs, PMMA, MeMgCl and THF solution were
added into 100 mL 3-neck round bottom flask, after refluxing
and mechanical stirring for 1 h, the MWCNTs- PMMA com-
plexes were formed in presence of Mg?* precursor from
MeMgCl, which was named Solution A. Meanwhile, naph-
thalene (1 eq.), Li (1 eq.), and THF were added into another
100 mL of 3-neck round bottom flask, after refluxing and me-
chanical stirring at 60 °C for 2 h, Li- naphthalene compound
was obtained, which was named Solution B. Secondly, the so-
lution B was added into the solution A, after refluxing and
stirring at 55 °C for 24 h, the Mgions might be reduced to metal
Mg nucleus and further aggregated nanoparticles along
MWCNTs by Li-naphthalene. Finally, after cooling to room
temperature, washing with THF solution for three times,
isolating by centrifugation, and drying under an Ar atmo-
sphere, the final product of MWCNTs-PMMA-Mg NPs com-
posite (MPMC) was obtained and stored in vacuum drying oven
for future characterization and analysis. In order to investigate
the loading Mg amount, the effect of the MWCNTs and PMMA
used in the experiment were studied and summarized in
Table 1 the optimal ratio of MWCNTs:MeMgCL:PMMA is
0.15 g:5ml:0.2 g, in which more Mg NPs with less MWCNTs and
PMMA could be loaded on MWCNTs-PMMA template related to
the yield of Mg NPs. The following sample of MPMC-4 as a
representative was further studied in detail.

Characterization

The morphology and composition of the samples were
analyzed by transmission electron microscope (TEM, FEI
TALOS F200 X). The microstructures of the samples were
characterized in an air-sensitive sample holder by X-ray
powder diffraction (XRD, Rigaku D/max/2500 PC, Japan) using
CuKo radiation with A = 1.5418 A operating at 40 kV/100 mA
with a scanning speed of 8°/min in the 26 range from 10 to 70°.
Raman analysis was carried out using Horiba Evolution-High
resolution laser confocal microscopic Raman spectrometer
(produced by Horiba Jobin Yvon SAS) with a spectrometer
focal length of 800 mm and aberration correction using czerny
Tutner. Fourier transform infrared (FT-IR) spectra were ob-
tained from KBr pellets using Frontiern Mid-IR FTIR/STA6000-
TL9000-MS (produce by Perkin Elmer) in the range of
4000—400 cm ™, with a spectral resolution of 4 cm™* and an
average of 32 scans. FTIR analysis was performed to obtain
qualitative estimations of the changes of functional groups of
Mg-based composite compare to MWCNT-PMMA.

H, absorption-desorption experiments

After drying in vacuum environment for >24 h to remove
solvent. The uptake/release H, for the reduced Mg NPs
dispersed in gas selective system of MWCNTs-PMMA (MPMC-4
sample) were measured using, the non-isothermal/isothermal
H, sorption method, and the schematic of hydrogen storage
system was shown in Scheme 1.

Temperature programmed reduction and desorption tests

Non-isothermal hydrogen sorption of the samples were
studied with temperature programmed absorption/desorp-
tion (H,-TPR-TPD) cycle by Autosorb-IQ3+ ChemStar (produce
by Quantachrome) with a TCD detector, which was attached
with a quartz reactor in a tube furnace. Approximately 100 mg
of the sample was used for each measurement. Argon was
used as the carrier gas and all composite samples were heated
up to 400 °C (pure Mg was heated up to 600 °C) with 5 °C/min in
25 mL/min Ar-flow.

H, absorption-desorption experiments with high pressure

Isothermal hydrogen sorption were performed in a high
pressure gravimetric analyzer at certain temperature in the
range of from 0.01 bar to 80 bar by HPVA-II high pressure ab-
sorption equipment (Micromeritics company, USA). Before
performing the isotherms, in the gravimetric apparatus, the
samples were pretreatment under vacuum at 200 °C,
respectively.

All sorption kinetic measurements of MPMC were evalu-
ated using an PCT hydrogen generating equipment (produce
by Tong Yuan Heng Li) combine with hydrogen generator
(PGH-300, produce by Pu Lai xi technology company, Bei Jin)
and gas chromactograph (GC126, produce by instrument
analysis company, Shang Hai). For the absorption/desorption
cycling, before starting the next absorption cycle, the sample
was kept at 200 °C in vacuum for several hours to allow full
hydrogen desorption.

Results and discussion
High transmission electron microscope

Fig. 1 shows the TEM images of MWCNTs-Mg NPs (a,e) and
MPMC (b,c,d,f), respectively. Mg NPs were distributed uni-
formly on the surface of MWCNTs-PMMA, of an approxi-
mately spherical morphology with diameter of about 3.8 nm
as shown in diameter fraction (Fig. 1h). Refer to TEM images of

Table 1 — Detailed information of the samples.

Sample Weight of MWCNTSs(g) MeMgCl (ml) Weight of PMMA(g) The yeild of Mg NPs(wt%)
MWCNTs-Mg NPs-1 0.02 5 0 51.6%

MPMC -2 0.05 5 0.10 75%

MPMC-3 0.10 5 0.15 80%

MPMC-4 0.15 5 0.20 81.3%

MPMC-5 0.20 5 0.30 82.0%

MPMC-6 0.25 5 0.40 82.0%
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Scheme 1 — Schematic of hydrogen storage MPMC
material: high-capacity Mg NPs are in situ synthesized and
supported by a selectively gas-permeable matrix.

MPMC (Fig. 1b), we also can observe MWCNTSs were dispersed
uniformly in PMMA phase and the more Mg NPs were
dispersed and grown along the MWCNT compare with the
image of MWCNTs-Mg NPs composite (Fig. 1a). Moreover,
from Fig. 1c and d, the well-distributed Mg NPs are loaded on
the MWCNTs-PMMA template, and there is about 20 nm space
between the particles, which might contribute to decrease the
chain reaction effect of MgH and to improve the H, sorption
kinetic of composite. Fig. 1le shows the presence of lattice
fringes with a separation of 0.30 nm in agreement with the
(101), inter planar d spacing of hexagonal magnesium in
MWCNTs-Mg NPs composite, while the Mg NPs in MPMC had
two kinds of lattice fringes with a separation of 0.30 nm and
0.287 nm in agreement with the (101) and (002) because
encapsulation of PMMA lead to the appearance of (002)
(Fig. 1f). The EDS data (Fig. 1g) indicated that no byproduct
such as chlorinated impurities are presented, so the fabrica-
tion technique was favorable to produce high purity Mg NPs.

X-ray diffraction

As shown in Fig. 2, the XRD pattern of MPMC (exposure to air
for 10 days) exhibits a two-phase (crystalline and amorphous)
structure: peaks located at 20 = 25.6°, 32.2°, 34.4°, 36.6°, 43.15°,
47.8°, 57.4° and 63.1° were assigned to (100), (002), (101), (102),
(110) and (103) planes of hexagonal magnesium, peaks located
at 26 = 25.6° and 43.15° were assigned to the amorphous peaks
of MWCNTs, and the peak at 26 = 21.9° was assigned to the
amorphous peak of PMMA according with Supplementary
Fig. 1, there were no peaks of MgO and Mg(OH), after 10 days

"M{“A MWCNTs
e

S e
3 MgQo2)
.4?0.287 nm
. R Mg(101)
. d=0.3nm

Intensity (<Counts)
5
i

Fraction(%)

Particle size( nm)

Fig. 1 — HR-TEM micrograph of MWCNTs-Mg NPs
composite (a),(e) and MPMC (b),(c),(d),(f), respectively; EDS
spectrum and fraction-size of MWCNTs-PMMA indicated
the presence of magnesium (g,h).

of air exposure, suggesting PMMA can protect Mg NPs from O,
and H,0. As using the well-know scherrer's formula calcula-
tion, grain-particle size of Mg nanoparticles encapsulated in
PMMA was about 3.6 + 0.2 nm, and this agreed well with the
analysis made from TEM micrography. Refer to the XRD
pattern of the MWCNTs-PMMA-Mg/MgH, NPs composite after
performed H, absorption/desorption cycle, presenting the
same stable crystal morphology with as-synthesized MPMC,
there were peaks of MgH, at 20 = 29.6°, 32.5°, 34.9°, 42.8°,
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Fig. 2 — X-ray diffraction patterns of MWCNTs and MPMC
and MWCNTs-PMMA-Mg/MgH, NPs for absorption/
desorption cycle.

49.5°and 62.16°, including the B and y peaks of MgH, were
observed previously in the XRD patterns. According with the
reported article, it was attributed to the Mg NPs supported on
MWCNTSs adsorbed H; at high pressure lead to the appearance
of the B and y peaks [42], as well as several weakened Mg NPs
peaks and MWCNTSs peaks also were observed because of its
low abundance (Fig. 2).

Raman spectra

The Raman spectroscopy is an alternative method for
analyzing the damage degree of MWCNTSs supported Mg NPs
(Fig. 3). There are two particularly important peaks in the
range of 1340—1570 cm™! of the spectrum, the sharp band
located at around 1570 cm™* (G band) is attribute to the in-
plane vibration of the C—C bond [42], while the band at
1340 cm~* (D band) is used to analysis the presence of disorder
in carbon system [42]. The relative intensity ratio of the D to
the G bands can provide information of MWCNTSs structural
defects, with the ratio of Ip/I; increasing, the defect of

--- MWCNTs-Mg NPs
--- MWCNTs-PMMA-Mg NPs
D G
El
©
-
>
x
7]
c
[
-
£
L L
1400 1600 1800

Raman shift(cm'1)

Fig. 3 — Raman spectra of MWCNTs-Mg NPs and MPMC.

MW(CNTSs were increased in the composites [15,34,41]. The Ip/
I ratio of MPMC and MWCNT-Mg NPs composite was 0.8 and
1.05, respectively. The intensity of D band decreased in
MWCNTs-Mg NPs composites is attributed to the presence of
Mg NPs, causing a debundling effect of the nanotubes ac-
cording with the reported article [40,43]. while Mg NPs were
deposited on MWCNTs-PMMA template, the debundling of the
nanotubes was avoided, MWCNTs present a few defect,
contributed to more Mg NPs were loaded on MWCNTs-PMMA
template, these results also could be observed in HETEM im-
ages, it was clearly shown that PMMA could protect tube-wall
from destroying to load more Mg NPs.

Fourier-transform infrared spectroscopy

FTIR analysis of the synthesized nanocomposites was per-
formed to obtain qualitative estimations of the changes of
functional groups of MPMC compare to MWCNTs-PMMA. FTIR
spectra of MWCNTs, MWCNTs-Mg NPs and MPMC are shown
in the Fig. 4, the absorption band of PMMA at 1734 cm ™! is
assigned to C]O stretch, but absent in MPMC due to the
conjugation effect by attachment of Mg NPs to the ring
structure of MWCNTSs wall or at tube ends [44]. This is an ev-
idence of the successful formation of interactions bond and
charge-transfer between Mg NPs and MWCNTs-PMMA. The
absorption peak of PMMA at 1239 cm™" is assigned to —CH,-
twisting, but the peak location in MPMC moved to 1233 cm™*
and the intensity of peak also has weakened, which may be
explained to Mg ions were attracted to MWCNTs-PMMA
through electrostatic attraction to the formation of =w-m
bonding between Mg NPs and MWCNTs-PMMA in THF solu-
tion. The bands correspond to C—O of the methoxy group in
pure PMMA appeared at 1151 cm™?, the absorption peak in
MPMC has weakened due to Mg*" was attracted to the acrylate
of PMMA [39]. There are also evidences of the peak at 989 cm™*
was assigned to -C-O-C- inPMMA, but absent in MPMC due to
the O]C—OCH; bond of MMA was dissociated and coordinate
to stable oxygen radical attract with Mg NPs [45]. The ab-
sorption peak at 1045 cm ™' in MWCNTs is assigned to O—CJO
symmetric and asymmetric stretching vibrations, while the

-~ MWCNTs
-~ MWCNTs-Mg NPs

-~ PMMA

- MWCNTs-PMMA-MgNPs cc

Transmittance(%)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm'1)

Fig. 4 — FTIR spectra for MWCNTs, MWCNTs-Mg NPs,
PMMA and MPMC, respectively.
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peak in MWCNTs-Mg NPs and MPMC moved to 1058 cm™~* and
the intensity of peak also has weakened due to deformation of
the carboxylic acid group [44,46], resulting from the presence
of Mg NPs causing a debundling of the nanotubes also was
observed in Raman spectrum.

Synthesized mechanism of MPMC

Refer to these characterization results, the one-pot reduction
reaction of methyl magnesium chloride as Mg precursor,
PMMA as surfactant to disperse MWCNTs was an effective,
inexpensive and achievable method for the fabrication of
MPMC, PMMA provided a gas-selective polymer barrier to
make the Mg NPs uptake and release hydrogen without
oxidizing. The synthesized mechanism of MPMC for the pro-
cess was explained and shown in Scheme 2, the MWCNTs
were dispersed with soluble PMMA, and Mg?* initially
attracted to MWCNTs-PMMA complexes through electrostatic
interactions, may coordination interaction with acrylate ions
of MMA and slowly shift the binding mode to charge-transfer
interaction with MWCNTSs in THF solution (Scheme 1a and b),
and subsequently MWCNTs-PMMA complexes matrix pre-
vented the reduced Mg NPs from aggregating with each other
(Scheme 1c). The reduced Mg nanoparticles modified with
MMA monolayer and they were dispersed uniformly on the
MWCNTs-PMMA template. Moreover, PMMA has additional
effect on confining MgH,-MWCNTs interface to enhance the
H, desorption kinetic of composite.

Hydrogen storage
Non-isothermal H, sorption

All samples were dried and reduced pretreatment at 200 °C
before non-isothermal hydrogen sorption measurement.
Hydrogen temperature programmed absorption/desorption
experiments were performed for MPMC and pure Mg (Fig. 5).
The H,-TPR profiles were obtained by reducing samples in the
range from room temperature to 600 °C at 101 KPa as shown in
Fig. 5a, MPMC exhibits the highest absorption peak tempera-
ture of 238 °C, which is prominent lower than pure Mg, pre-
senting the highest absorption peak temperature of 418 °C.
The absorption peak of MPMC presents a sharp peak
compared to broad peak of pure Mg, implying that hydrogen
absorption kinetics of Mg NPs supported on MWCNTs-PMMA
was improved obviously and more rapid than the reported
article [4-9,13—17,24—-26,39]. With respect to the onset

THF THF

THF

Mg2+ Mg

Scheme 2 — Synthesis mechanism of MPMC.

temperature, MPMC has the start absorption temperature of
150 °C, suggesting Mg NPs could achieve lower absorption
temperature for the feasible MPMC hydrogen storage system.

For the H,-TPR-TPD cycle experimental, after non-
isothermal hydrogen absorption measurement, then scav-
enging H, for 60 min, non-isothermal hydrogen desorption of
pure Mg crystal and MPMC were investigated by temperature
programmed control desorption with TPD-TCD (Fig. 5b) in the
temperature range room temperature to 600 °C with 0 bar H,
using argon as the carrier gas, MPMC enabled start to release
hydrogen as low as 120 °C with the highest desorption peak
temperature of 240 °C, much lower than pure Mg crystal,
presenting the highest desorption peak temperature of 416 °C,
implying Mg NPs encapsulated in porous structured
MWCNTs-PMMA template could release H, in lower temper-
ature, conforming to industrial application [25]. Refer to H,
desorption peak, there is a clear difference in the shape of
pure Mg and MPMC, in which MPMC presents a more sharp
peak compared to pure Mg, suggesting MPMC has more rapid
H, desorption kinetics, which will be analyzed detail in the
following absorption/desorption cycle test. As integral calcu-
lation for desorption peak area, MPMC release 4.5 wt% of H, at
240 °C, and release about 3.7 wt% of H, absolutely at 150 °C.
Then depend on the calculation results, we also investigated
the H, desorption amount of composite at 150 °C by ab/
desorption cycling measurement.

418.

pure Mg

MWCNTs-PMMA-Mg NPs

Intensity (a.u)

100 150 200 250 300 350 400 450 500 550
Temperature (. )

416 C
b - pure Mg

175°C

1 " 1 " 1 " 1 M 1 " 1

240 C

-- MWCNTs-PMMA-Mg NPs

Intensity(a.u)

1 F 1 " 1 " 1 i vl
300 400 500 600
Temperature(C)

Fig. 5 — Hydrogen absorption and desorption during TPR (a)
and TPD (b) cycles observed on MPMC and pure Mg.
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Fig. 6 — Isothermal H, Quantity Adsorbed of MPMC (0 day
and 10 days exposure to air) and MWCNTs-PMMA
assembles with various pressure using HPVA-II.

Isothermal hydrogen sorption

Isothermal hydrogen sorption were investigated by the pres-
sure programmed control absorption/desorption measure-
ment with HPVA-II equipment using argon as the carrier gas.
In this paper, as consider the research status, we focused on
H, absorption/desorption of material within 200 °C for
exploring application widely in industry. In Fig. 6, H, absorp-
tion amount of MPMC with various pressure ranging from
0.01 bar to 80 bar at 200 °C were demonstrated, exhibiting the
hydrogen absorption amount of 7.1 wt% (750 cm®/g STP) for
Mg NPs at 200 °C with the pressure reaching to 80 bar, with a
sharp weight increase within 10 bar and continue increasing
obviously within 25 bar, then increase slowly in rang from 25
to 80 bar. Meanwhile, the isothermal high pressure H, sorp-
tion of MPMC air-exposured for 10 days shows a similar
pattern with the as-synthesized MPMC, demonstrating the
air-exposure composite could keep the stable hydrogen
sorption performance. On the other hand, the hydrogen ab-
sorption amount of MWCNTs-PMMA assembles only is
0.2—0.5 wt% ( about 40 cm?/g STP ) at 200 °C with pressure
increasing from 0.01 to 80 bar, indicating that the phys-
isorption of hydrogen molecules in MWCNTs-PMMA via van
der Waals bonds is much lower than that of MPMC, consis-
tence with the previous report., [46], The results proved that
Mg/MgH, NPs in MWCNTs-PMMA was the main reason for the
uptake/release hydrogen.

The sorption kinetic profiles of samples were shown in
Fig. 7, depend on the above H,-TPR-TPD cycle and isothermal
high pressure hydrogen sorption, we investigated the
hydrogen absorption capacity and hydrogen absorption rate
within 200 °C and 20 bar H, for MPMC using a PCT equipment.
Refer to the absorption isotherm measurement, MPMC
accomplished a higher hydrogen absorption amount of 6.7 wt
% and higher absorption rate within 8 min at 20 bar and 200 °C,
displayed a sharp weight increase upon hydrogen exposure to
20 bar at 200 °C with a steep slope of hydrogenation occurring
during the first 5 min and plateaus off to a constant mass in
<30 min. The air-exposure MPMC also show the similar per-
formance with the composite exposure to air for 0 day. In

7k
6
—— 200 T 0 day air exposure
sk —®—200 C after 10 days air exposure
L A— 150 T
4

H2 amount absorption (wt%)

Hy release wrs)

2 ) m
Desdption timeimin) 1

0 10 20 30 40 50
Absorption time (min)

Fig. 7 — Hydrogen absorption of MPMC (0 day and 10 days
exposure to air) at 150 °C and 200 °C, respectively, with a
pressure of 20 bar; Inset: desorption kinetic curves of
MPMC at 150 and 240 °C with 0 bar H,,

comparison, at 20 bar and 100 °C, MPMC has lower hydrogen
absorption amount of 3.5 wt% and slower absorption kinetic,
pure Mg only has hydrogen absorption amount of 1.75 wt% at
200 °C and 20 bar H, and even no H, absorption at 25 °C
because its stable absorption thermodynamic (supplementary
Fig 2). In Fig. 7, refer to the inset figure, throughout long ab-
sorption/desorption cycles, MPMC released about 3.7 wt% of
hydrogen at 0 bar H, and 150 °C within 20 min and released
about 4.2 wt% of hydrogen at 0 bar and 240 °C within 10 min.
On the other hand, MPMC has better reversibility and long life
and well-preserved H, storage capacity. So Mg NPs were
loaded on MWCNTs-PMMA assembles could achieve an
excellent H, storage performance.

Conclusion

A nanosized Mg NPs supported on porous structured
MWCNTs-PMMA template, is designed to a satisfy H, storage
demand based on our previous experiment. It is potential to
shift from bulk metal to excellent air-stable H, storage per-
formance materials without using catalyst, which can
considerably improve the thermodynamic and kinetic prop-
erties, as well as overcome high reactivity of metallic Mg to O,
and H,0. The synthesis mechanism mode of MPMC was pro-
posed, contributed to in-depth understanding the funda-
mental mechanism of hydrogen storage. PMMA as dispersing
reagent in solution and capping ligands to confine the size of
Mg NPs, whereas the porous structure of the MWCNTs-PMMA
serves as hydrogen diffusion channels. Mg NPs support on
porous MWCNTs-PMMA template, achieving hydrogen ab-
sorption capacity of 6.7 wt% at 20 bar and 200 °C, which was
very close to theoretical capacity of 7.6 mass%. The composite
could release 3.7 wt% of H, at 150 °C and 0 bar H,, show a faster
desorption kinetic than reported material. More of that, the
composite sample could perform a reversible stabilized up-
take/release cycles. More of that, the composite sample could
perform areversible stabilized uptake/release cycles. This work
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will encourage further studies on the efficient H, storage ma-
terial in combining metal and porous organic/inorganic mate-
rial to promote the development of sustainable clean energy.
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