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HIGHLIGHTS

e Graphene and CeF; co-catalyzed MgH, were prepared by wet method ball milling and hydriding.
e Onset hydrogen desorption temperature decreased by 86 °C after co-addition of CeF;@Gn.

e The maximum hydrogen desorption rates promoted 118 times at 200 °C.

¢ No eminent cycling degradation occurred after 15 hydrogen desorption/absorption cycles.
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In order to improve the hydrogen storage performance of MgH,, graphene and CeF; co-
catalyzed MgH, (hereafter denoted as MgH,+CeF;@Gn) were prepared by wet method
ball milling and hydriding, which is a simple and time-saving method. The effect of
CeF;@Gn on the hydrogen storage behavior of MgH, was investigated. The experimental
results showed that co-addition of CeF;@Gn greatly decreased the hydrogen desorption/
absorption temperature of MgH,, and remarkably improved the dehydriding/hydriding
kinetics of MgH,. The onset hydrogen desorption temperature of Mg + CeF;@Gn is 232 °C ,
which is 86 °C lower than that of as-milled undoped MgH,, and its hydrogen desorption
capacity reaches 6.77 wt%, which is 99% of its theoretical capacity (6.84 wt%). At 300 °C and
200 °C the maximum hydrogen desorption rates are 79.5 and 118 times faster than that of
the as-milled undoped MgH,. Even at low temperature of 150 °C, the dedydrided sample
(Mg + CeF3;@Gn) also showed excellent hydrogen absorption kinetics, it can absorb 5.71 wt
% hydrogen within 50 s, and its maximum hydrogen absorption rate reached 15.0 wt% H,/
min, which is 1765 times faster than that of the undoped Mg. Moreover, no eminent
degradation of hydrogen storage capacity occurred after 15 hydrogen desorption/absorp-
tion cycles. Mg + CeFs;@Gn showed excellent hydrogen de/absorption kinetics because of
the MgF, and CeH,.; that are formed in situ, and the synergic catalytic effect of these by-
products and unique structure of Gn.
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Introduction

Hydrogen energy is regarded as one of the most promising
options to replace traditional energy because water is the only
dominating combustion product which is clean and non-
toxic. Solid-state storage of hydrogen has attracted exten-
sive interest for on-board system because hydrogen in the
form of hydrides which can offer high hydrogen density,
safety and efficient mode of storage [1-5]. Among all
hydrogen storage materials, MgH, is a very promising candi-
date for on-board applications due to its high gravimetric and
volumetric capacity (7.6 wt% and 110 g/L, respectively),
excellent reversibility, abundance and low cost. However,
MgH, has its own shortcomings such as high desorption
temperature and poor hydrogen absorption/desorption ki-
netics which hinders the practical application of MgH,. How to
resolve these problems has been a hot spot in the research of
Mg-based hydrogen storage materials.

Various approaches have been presented and certified
helpful for the design and synthesis of magnesium hydrogen
storage system, such as alloying with other elements [6—9],
nanosizing [10—12], adding catalysts/additives [13—16], mixing
with various hydrogen storage materials [17—20], dielectric
barrier discharge plasma assisted milling [21—23] have been
reported and so on. In particular, many experiments have
proved that adding catalysts is quite effective for reducing the
operating temperature and improving the dehydrogenation
kinetics of MgH,. Among these, adding catalysts has been
recognized to be a very effective method to reduce the onset
and peak decomposition temperature, enhance the hydriding/
dehydriding kinetics, and improve the reversibility of MgH,
[24—29]. Mixing of MgH, with various metal halides is an
effective strategy to improve the hydrogen sorption kinetics of
Mg-based materials [30—35]. Ismail [35] studied the catalytic
properties of FeCl; on hydrogen desorption kinetics of MgH,,
and displayed that the average dehydrogenation rate is 5—6
times faster than that of the undoped MgH,. And MgH, pow-
der with various transition metal halides shows favorable
dehydrogenation performance, and they can release
hydrogen at 225 °C [30]. Kumar et al. [33] reported that VCl; can
in-situ generate metallic vanadium during ball milling along
with MgH,, and the material can absorb hydrogen even at
room temperature. Ismail et al. [36] found that CeCl; can
improve hydrogen storage properties of MgH, and active
species are in situ formed Ce—Mg alloy, MgCl,, and CeHj; 73,

Plentiful studies have suggested that the agglomeration of
additive/catalyst is main reason for degradation in revers-
ibility [37], and a lot of researches have shown that carbon
structures can shorten hydrogen diffusion gateways and
hinder the grain growth of MgH, during hydrogen sorption
cycling [38—43]. Liu et al. [41,42] investigated few-layer gra-
phene nanosheets in enhancing the hydrogen sorption ki-
netics of MgH,, experimental results showed that
MgH,—5GNSs can absorb 6.6 wt% H, within 1 min and release
6.3 wt% H, within 80 min at 300 °C, and the hydrogen storage
capacity has no difference after 6 desorption/absorption cy-
cles. They believed that graphene nanosheets can provide

more edge sites and hydrogen diffusion channels. Analo-
gously, Singh et al. [38] proved that the presence of graphene
can weaken the Mg—H bond, which is beneficial to reduce the
hydrogen desorption temperature. MgH, mechanical milling
with 5 wt% CNT can adsorb 0.059 g (H,)/g (MgH,) at 673 K and
4.6 MPa [16]. Soni et al. [39] synthesized MgH,: CeF,@Gr by
direct ball milling commercial MgH, with CeF,@Gr, the results
of which showed that the dehydrogenation reaction with a
total release of about 5.85 wt% of hydrogen and MgH,:CeF,@Gr
absorbs 5.50 wt% hydrogen within 2.5 min at 300 °C under
1.5 MPa H, pressure. Zhang et al. [40] used the hydriding
combustion synthesis and mechanical milling method to
prepare Mg-based composites, and revealed the reason why
the Mg@Ni/Gn composites have remarkable enhancement of
hydrogen sorption kinetics is that in situ formed nanosized
Mg,NiH4. The metal halide-carbon based co-doped is one of
the key point in this hydrogen storage [34,44—46]. Ismail et al.
[44] found the dopants of 10 wt% K,NbF,—5 wt% MWCNT have
markedly reduced the initial decomposition temperature and
decomposition activation energy of MgH,, and the experiment
proved that the by-product of MgF,, KH, and Nb together with
the unique structure of MWCNT are the active species to
enhance the hydrogen storage properties of MgH,

Our recent research also revealed that the initial hydrogen
desorption temperature is about 214 °C and maximum dehy-
driding rate is 572 times faster than that of commercial MgH,
which exhibits remarkably thermodynamics and kinetics
properties [47]. The studies carried out in our group have
shown that MgH, can react with CeF; to in-situ generate MgF,
and CeH, 3, which are conducive to reduce hydrogen
desorption temperature and improve hydrogen desorption/
absorption kinetics of MgH, [48].

Various studies have shown that metal halides have good
catalytic performance, which exhibits remarkably expedite
hydrogen desorption/absorption kinetics. But most of them
were focused on transition metal halides, reports on rare-
earth metal halides are very few [49-52]. In this work, we
attempted to introduce CeFs/Graphene nanoplatelets (the
mass ratio of CeF; to Gn is 7:3) to achieve the simultaneous
enhancement of the hydrogen desorption/absorption ther-
modynamics and kinetics of MgH,. To the best of my knowl-
edge, up to now there have been no investigation of
Mg + CeF;@Gn. For the sake of contrast, Mg + Gn, Mg + CeF3
and undoped Mg were prepared under the same conditions. It
is found that co-addition of CeF;@Gn greatly decreased the
hydrogen desorption/absorption temperature of MgH,, and
remarkably improved the dehydriding/hydriding kinetics of
MgH2

Experimental

Original powders of Mg (Sinopharm Croup, >99.0% in purity
and 100—200 mesh in size), CeF; (Sinopharm Group, 99.9% in
purity) were used as received. Graphene nanoplatelets (TCI,
6—8 nm in thickness and 15 pm in width) were treated with
concentrated nitric acid (Sinopharm Croup, GR, 65.0-68.0%),
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anhydrous ether and tetrahydrofuran (Sinopharm Croup, AR,
>99.7%) as solvent.

Graphene nanoplates (250 mg) were incipiently treated
with concentrated nitric acid (60 mL) by ultrasonication for
2 h at 40 kHz frequency to introduce functional groups, which
is beneficial for other samples to load on its surface [40]. Fol-
lowed by centrifugal washing and drying at 70 °C, the treated-
graphene nanoplates and CeF; (30 wt%:70 wt%) were
dispersed into 50 mL tetrahydrofuran by ultrasonication for
2 h at 40 kHz frequency, then dried at 70 °C, and the resulting
sample is denoted as CeFs@Gn.

Afterwards, 90 wt% Mg and 10 wt% CeF;@Gn are mixed in
anhydrous ether by ultrasonic dispersion for about 40 min,
which allows the sample to dry naturally, during this process,
the necessary anti-oxidation measures is indispensable. After
grinding by hand for about 30 min, the powders were heated
from room temperature to 350 °C to absorb hydrogen at a
heating rate of 10 °C/min under 5 MPa hydrogen pressure for
10 h. Then these samples were prepared by ball milling using a
QM-3SP4 planetary mill (Nanjing Nanda Instrument Plant) at
400 rpm for 2 h (running for 10 min and pausing for 2 min) with
the ball to powder mass ratio of 50 : 1. These semi-finished
products absorbed hydrogen again at 300 °C, 5 MPa for 10 h.
After cooled down, these products were processed for longer
ball milling for 6 h (running for 6 min and pausing for 6 min) at
a speed of 400 rpm with the ball to powder mass ratio of 50 : 1.
The final product is denoted as MgH2+CeF3@Gn. For com-
parison, the contrast samples MgH,+Gn, MgH,+CeF; and
undoped MgH, were prepared under the same conditions.

Phase structures were determined by powder X-ray
diffraction (XRD) using a Bruker-D8 ADVANCE X-ray diffrac-
tometer with Co Ko (A = 1.7902 A) radiation. When the samples
were transferred and measured, they were sealed with
amorphous membranes to prevent oxidation. Scanning elec-
tron microscope (SEM, Hitachi SU-8010) was employed to
observe the morphologies of the samples. Raman spectrum
(LabRAM HR Evolution, excitation 532 nm). Differential scan-
ning calorimetry (DSC, Netzsch, STA449F5) was used to
calculate the apparent activation energies of dehydrogena-
tion. The samples were heated from room temperature to
500 °C at a rate of 2 °C/min, 4 °C/min, 8 °C/min,16 °C/min
respectively. Before heated, the sample was vacuumed and
during the heating process, argon was owed at 50 mL min~* to
prevent sample oxidation.

Quantitative measurements of the hydrogen desorption
and absorption were carried out on a homemade Sieverts-type
apparatus. The onset hydrogen desorption temperature and
hydrogen desorption capacity were analyzed through
temperature-programmed desorption (TPD) at a heating rate
of 2 °C/min. To analyze the hydrogen desorption/absorption
kinetics properties, the isothermal desorption measurements
were carried out at different temperatures (dehydrogenation
at 250 °C, 275 °C, 300 °C under vacuum, and hydrogenation at
250 °C, 200 °C, 150 °C under 3 MPa hydrogen pressure,
respectively). Before the temperature reached the set value,
filled 5 MPa hydrogen to prevent the sample from dehydro-
genation. All handling of these samples were carried out in a
glovebox (MIKROUNA) filled with a high purity argon and
maintain oxygen and water vapor contents lower than 1 ppm.
It's noteworthy that all samples absorb hydrogen at 300 °C

under 5 MPa hydrogen pressure for 30 min before desorption
measurements.

Results and discussion
Microstructures

XRD and Raman spectra patterns of raw Gn, the treated Gn
(which were only treated with concentrated nitric acid) and
CeF;@Gn are shown in Fig. 1. As shown in Fig. 1(a), it can be
clearly seen that the diffraction peaks in the XRD patterns are
all consistent with the standard peaks of C and CeFs. It in-
dicates the pure additives were successfully obtained. More-
over, the Raman spectra was carried out to confirm the fact
that the treated Gn is superior to raw Gn when used as an
additive, as shown in Fig. 1(a). Raman spectra display D, G, 2D
and D + G peaks at around 1343, 1580, 2454, 2721 cm ™}, that
correspond to some of the literature [41,53—55], and a wide-
spread agreement is that D peak can be expressed as sp3 hy-
bridization, G peak can be assigned to sp2 hybridization, 2D

Fig. 1 — XRD and Raman spectra patterns of the raw Gn, the
treated Gn (which were only treated with concentrated
nitric acid) and CeF;@Gn.
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peak is used for judging layers of graphene and D + G peak can
be used to illustrate the defects in graphene [54,55]. So, the
intensity ratio of D + G for the treated Gn (which was only
treated with concentrated nitric acid) showed a little better
value than raw Gn.

Furthermore, the morphological features of the raw Gn, the
treated Gn and CeF;@Gn were clearly characterized using
SEM, and the results are presented in Fig. 2, respectively. The
confusion degree of graphene was increased after treatment
with concentrated nitric acid by comparing Fig. 2(a and b),
which is beneficial to the dispersion of CeF; nano-particles on
its surface. And from Fig. 2(c), we can see that CeF; nano-
particles are uniformly dispersed on the Gn surface.

Fig. 3 shows XRD patterns of the as-prepared Mg + CeF;@-
Gn and contrast samples which have already absorbed
hydrogen at 300 °C under 5 MPa hydrogen pressure for 30 min.
It is clearly shown that no diffraction peaks corresponding to
Mg are detected for MgH,+CeF;@Gn, but for the contrast
samples the diffraction peaks corresponding to Mg are
detected, and the MgH, diffraction peaks of MgH,+CeF;@Gn
are broader and weaker, indicating the increase of lattice
strain and the reduction of grain size. It is well known that the
decreased grain size may shorten the hydrogen diffusion
channel, which is beneficial for improving kinetics perfor-
mance [56]. Diffraction peaks corresponding to CeH,.; also
exist in the hydrogenated samples (MgH,+CeF;@Gn and
MgH,+CeFs), which suggests that CeF; may have reacted with
MgH,, Mg and hydrogen during the hydrogen desorption
process, and form CeH, ;. Mg still exists in the contrast sam-
ples means that hydrogen absorption is incomplete, which
results in the reduction of hydrogen storage capacity.

SEM was employed to observe the surface morphology of
the samples, and the results are shown in Fig. 4, from which it
can be seen that many small and inhomogeneous particles
adhere to the surface of the large particles, especially for
MgH,+CeF3;@Gn. And Gn dispersed in a state of disorder and

Fig. 3 — The XRD patterns of as-prepared MgH,+CeF,@Gn,
MgH,+CeFs;, MgH,+Gn, and undoped MgH, after hydrogen
absorption for 30 min.

irregular after ball milling, which helps to reduce particle size
and serves as “hydrogen diffusion channel”.

In order to study the distribution of elements in CeF;@Gn
and MgH,+CeFs;@Gn, EDS mapping analyses were performed,
as shown in Fig. 5. From Fig. 5(a), it can be seen that uniformly
dispersed CeF; located on the surface of graphene nanoplates,
and the distribution of C and Ce and F shown in Fig. 5(b) reveals
the catalyst was uniformly distributed in MgH,. These prove
that wet method ball milling and hydriding treatment are
effective way to add the dispersion of additives on MgH, matrix.

Hydrogen desorption/absorption performance

Fig. 6(a) shows the TPD (temperature programmed desorption)
curves for the four samples. Vertical coordinate represents the

Fig. 2 — SEM of raw Gn, the treated Gn (which were only treated with concentrated nitric acid) and CeF;@Gn.
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Fig. 4 — SEM images of the as-prepared samples: (a) MgH,-+CeF3;@Gn; (b) MgH,+Gn; (c) MgH,+CeFs; (d) MgH,.

percentage of hydrogen desorption, transverse coordinate
represents the temperature of hydrogen desorption. When the
curve of hydrogen desorption starts to deviate from 0 wt% and
quick hydrogen releases, it corresponds the starting dehy-
drogenation point. So it can be seen that MgH,+CeF;@Gn
starts to release hydrogen at around 232 °C, which is 86 °C
lower than that of as-milled undoped MgH,. We can see from
Fig. 6(b) peak hydrogen release temperature is also reduced by
80°C, so CeF3@Gn can improved thermodynamic performance
of MgH,. And Fig. 6(a) shows the full dehydrogenation
completed at around 310 °C for MgH,+CeF;@Gn, which is also
90 °C lower than that of as-milled MgH,. The total amount of
hydrogen release is about 6.77 wt%, which is 99% of its theo-
retical capacity (6.84 wt%). However, under the same condi-
tions MgH,+Gn and MgH,+CeF; completely released
hydrogen about 6.24 wt% (91.2%), 6.17 wt% (90.1%), respec-
tively. And under the same conditions the onset hydrogen
desorption temperature of the as-milled undoped MgH, is
about 318 °C, and desorbed about 6.75 wt% after 400 °C,

which is only 88.8% of theoretical capacity (7.6 wt%). The
hydrogen desorption capacity of contrast samples is lower
than the theoretical hydrogen capacity, the incomplete hy-
drogenation for these samples is also one of the reasons. This
also agrees with the analysis results as shown in Fig. 3. Syn-
ergetic catalysis of CeF; and Gn (graphene) makes the sample
generate more MgH, during the preparation process, and
MgH, has good brittleness which is helpful to reduce the
particle size during ball mill process and accelerates the ab-
sorption kinetics, so that the sample with CeF;@Gn addition
can be hydrided completely. But contrast samples cannot be
fully hydrided.

To study the hydrogen desorption kinetics, isothermal
hydrogen desorption measurements were performed. Fig. 7
shows the dehydrogenation kinetic curves of the four sam-
ples at 300 °C, 275 °C, 250 °C, respectively. As we can see

from Fig. 7(a), under condition of 300 °C desorption, MgH,.
+CeF3;@Gn can release 6.67 wt% hydrogen within 13 min ,
which is 97.5% of the theoretical hydrogen capacity, and the
maximum hydrogen desorption rate is around 0.70 wt%H,/
min, which is 79.5 times faster than that of the as-milled
undoped MgH, (the hydrogen desorption rate within the first
30 min under 300 °C is around 0.0088 wt%H,/min). In
contrast , MgH,+CeF3;, MgH,+Gn and MgH, only can release
2 wt%, 1.80 wt% and 0.19 wt% hydrogen under the same
conditions, respectively.

Under desorption temperature of 275 °C, MgH,+CeF;@Gn,
MgH,+CeF3, MgH,+Gn and MgH, can release 6.35 wt%, 2.81 wt
%, 2.08 wt% and 0.22 wt% hydrogen in 45 min, respectively.
The maximum hydrogen desorption rate of the as-milled
undoped MgH, is around 0.0038 wt%H,/min, while that of
MgH,+CeFs@Gn reached 0.2 wt%H,/min, which is 52.6 times
faster than the as-milled undoped MgH,.

As the desorption temperature decreased to 250 °C, the as-
milled undoped MgH, can hardly release hydrogen, its
hydrogen desorption rate is only around 0.00067 wt% Hy/min.
When CeF; and Gn is added, the hydrogen desorption rate
increases remarkably, MgH,+CeF3, Mg + Gn release 0.75 wt%
and 051 wt% hydrogen within 60 min, respectively.
Mg + CeFs@Gn shows the best hydrogen desorption proper-
ties. It can desorb 4.01 wt% and 5.32 wt% hydrogen within
60 min and 120 min, respectively. And the maximum
hydrogen desorption rate still reached 0.079 wt%H,/min,
which is 118 times faster than that of the as-milled undoped
MgHo,.

The hydrogen desorption kinetics was also investigated by
DSC measurements. Fig. 8 shows the DSC curves performed at
different heating rates (2 °C/min, 4 °C/min, 8 °C/min, 16 °C/
min). And the apparent activation energy (E;) of hydrogen
release reaction was estimated by Kissinger's equation. The
equation as follows:
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Fig. 5 — SEM image and EDS mapping of (a) CeF;@Gn and (b) MgH,+CeF,@Gn.
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Fig. 6 — TPD and DSC curves of MgH,+CeF;@Gn and the
contrast samples.

In (ﬁ/T;):—Ea/RTp+A (1)

where 3 is the heating rate (2 °C/min, 4 °C/min, 8 °C/min, 16 °C/
min) and Tp is the peak temperature of hydrogen release,
which can be got from Fig. 8. R is the ideal gas constant
(8.314 ) mol~* K%). A is a constant. As shown in Fig. 9, the E,
can be calculated from the slope times R in a plot of In (6/T5)
versus 1000/T,. After fitting we got hydrogen desorption acti-
vation energy of the four samples. The apparent activation
energy of MgH,+CeF;@Gn is around 128.7 kJ/mol, which was
decreased by 76.7 kJ/mol compared to the undoped MgH,,
much better than those of MgH,-10 wt%K,TiFs [57], MgH,.
—FeCl; and Carbon Nanotubes [46], as well as other compos-
ites [26,35,47,49]. And it is also lower than that of separately
added samples. The results clearly show CeF;@Gn, Gn and
CeF; all can improve the dehydrogenation kinetics compared
to the undoped MgH,. Moreover, co-addition of Gn and CeF;
shows synergistic effect on enhancing the hydrogen storage
properties, which agrees with the results as shown in Fig. 8.
The hydrogen absorption behavior was studied for the
samples after dehydrogenation. Fig. 10 shows the absorption
kinetics of Mg + CeFs@Gn and three other comparative

Fig. 7 — Isothermal hydrogen desorption curves of
MgH,+Gn@CeF; and contrast samples at (a) 300 °C (b)
275 °G (c) 250 °C.

samples at 250 °C, 200 °C, 150 °C and under hydrogen pressure
of 3.0 MPa.

The results show that co-addition of CeF; and Gn would
not only greatly increase the hydrogen absorption rate, but
also increase the hydrogen absorption capacity. Mg + CeF;@-
Gn can absorb 6.52 wt% hydrogen within 50 s at 250 °C, the
undoped Mg only absorbs 0.85 wt% under the same condi-
tions. When the temperature decreased to 200 °C, the
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Fig. 8 — DSC curves at different heating rates (2 °G/min, 4 °G/min, 8 °C/min, 16 °C/min) for (a) MgH,+CeF;@Gn, (b) MgH,+Gn;

(c) MgH,+CeFs3; (d) MgH..

undoped Mg only absorbs 0.15 wt% hydrogen within 50 s,
while Mg + CeF;@Gn still can absorb 6.23 wt% hydrogen
within 50 s, which is one of the best hydrogen absorption rates
at 200 °C for Mg-base material so far reported.

As the temperature further decreased to 150 °C, the
undoped Mg can hardly absorb hydrogen, its hydrogen ab-
sorption rate is only 0.0085 wt%H,/min, while Mg + CeF;@Gn
can absorb 5.71 wt% hydrogen within 50 s, its maximum
hydrogen absorption rate reached 15.0 wt%H,/min, which is
1765 times faster than that of the undoped Mg. At this low

-10.0
Mg + CeF,@Gn
Mg+Gn R’=0.98862
105 R=0.99773 Slope=-15.48565
-1V.0T Slope=-17.00421 Ea=128.7477 kJ/mol
Ea=141.373 kJ/mol
-11.0 1
—
=%
&
& -11.51
=
=
-
-12.04 v
Mg Mg+CeF,
R’=0.98699 m R=0.98371
12.5 Slope=-24.71887 Slope=-18.67514
- : Ea=205.5127 kJ/mol Ea=155.2651 kJ/mol

140 144 148 152 156 1.60 1.64 1.68 1.72
1000/T,

Fig. 9 — Kissinger plots for MgH,+CeF3;@Gn and three other
contrast samples.

temperature, hydrogen absorption rate of Mg + Gn is also
extremely slow (0.059 wt%H,/min).

The decomposition of hydrogen molecule on the sample
surface and the diffusion of hydrogen atom into the bulk have
great influence on the kinetics of re-hydrogenation perfor-
mance. The addition of CeF; helps the decomposition of H,
molecule [48,50], which is largely due to the action of the by-
product of the reaction. Figs. 3 and 12 confirm the presence
of MgF, and CeH,._; after re-hydrogenation. Graphene helps
shorten the diffusion path, but the effect of graphene on
hydrogen absorption is not obvious at low temperature.
Hence, the effect of co-addition of CeF; and Gn on hydrogen
absorption performance is not simple superposition, but is
great mutual promotion and synergistic catalysis.

The cycling properties of MgH,+CeF;@Gn were studied by
measuring the isothermal hydrogen desorption at 300 °C for
1 h and hydrogen absorption at 300 °C under 5 MPa hydrogen
pressure for 30 min. The results are shown in Fig. 11. It can be
seen from Fig. 11 that no eminent decrease of hydrogen
desorption capacity occurred in the 15 hydrogen desorption
and absorption cycles, which indicates excellent cyclic sta-
bility. It is better than MgH,+5 wWt%NbFs+5 wt%SWNTs ,
which about only 4.5 wt% hydrogen can be desorbed within
60 min at the first ten times hydrogen desorption and ab-
sorption [34] , and many composites show should not be
neglected decrease during hydrogen desorption and absorp-
tion cycles [46,58].

XRD patterns of hydrogen absorption product after 15 cy-
cles are shown in Fig. 12. The peaks related to MgH,,
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Fig. 10 — Isothermal re-hydriding curves of Mg + Gn@CeF3
and contrast samples at (a) 250 °C (b) 200 °C (c) 150 °C.

unhydrided Mg, CeH,.3, MgF, are detected. The in situ formed
CeH,.; and MgF, are cyclic stable, and they can effectively
suppress Mg/MgH, grain growth and improves the hydrogen
desorption and absorption properties of MgH,. Many studies
reported the by-product rare earth hydride remains during the
desorption/absorption processes [50,51,58—60]. However, in
this work, we found that the CeH,.; was only found in the
hydrided samples, and it disappeared after the sample was
dehydrided, as shown in Fig. 13. CeH,.; acts as “hydrogen

Fig. 11 — Isothermal de/re-hydrogenation cycling curves of
MgH,-+CeF;@Gn
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Fig. 12 — The XRD patterns of MgH,+CeF;@Gn after
hydrogen absorption at 15th cycle.
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Fig. 13 — The XRD patterns of 300 °C isothermal hydrogen
desorption sample of Mg + CeF;@Gn.
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pump effect”, can weaken the stability of MgH,, which helps
to improve the performance of hydrogen release kinetics.

Conclusion

In conclusion, with wet method, ball milling and hydriding
method we have prepared MgH,+CeF;@Gn, MgH,+CeFs,
MgH,+Gn and undoped MgH,. The hydrogen storage behavior
of the prepared samples were investigated. The onset
hydrogen desorption temperature of MgH,+CeF;@Gn is
232 °C, which is 86 °C lower than as-milled undoped MgH,.
And the full dehydrogenation completed at around 310 °C for
MgH,+CeF3;@Gn, which is also 90 °C lower than that of as-
milled MgH,, and the hydrogen desorption capacity reaches
6.77 wt%, which is 99% of its theoretical capacity (6.84 wt%). At
300 °C and 200 °C the maximum hydrogen desorption rates are
79.5 and 118 times faster than that of the as-milled undoped
MgH,. After hydrogen desorption the CeF;@Gn catalyzed Mg
also showed excellent hydrogen absorption properties. Even
at low temperature of 150 °C, Mg + CeF;@Gn can absorb
5.71 wt% hydrogen within 50 s, and its maximum hydrogen
absorption rate reached 15.0 wt%H,/min, which is 1765 times
faster than that of the undoped Mg. No eminent decrease of
hydrogen storage capacity occurred after 15 hydrogen
desorption/absorption cycles, which indicates excellent cyclic
stability. Based on the superior the hydrogen storage proper-
ties, we believed the by-products of MgF, and CeH,.5 that were
formed in situ during re/dehydrogenation, cooperate with the
unique structure of Gn played a key role. In situ generation of
products is an excellent method which shows mutually
beneficial for overcoming the agglomeration and enhancing
the thermodynamics and kinetics, this gives us a direction to
synthesize additives of Mg-based hydrogen storage materials
or other materials.
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