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Remarkable hydrogen storage properties at low
temperature of Mg-Ni composites prepared by hydriding
combustion synthesis and mechanical milling

Yajun Tan, Qifeng Mao, Wei Su, Yunfeng Zhu, Liquan Li*

Mgi00xNix (X=0, 5, 10 and 20) composites with the main particle size below 400 nm were synthesized by hydridinn
combustion synthesis follow by mechanical milling (HCS+MM). XRD and TEM results of Mgie.«Nix revealed that tie
products had the phases of MgH,, Mg;NiH4, Mg;NiHo; and Mg ( Mg just for x=0 and 5), with Mg-Ni hydrides distributing
uniformly in the composites. DSC results of Mgie-xNix composites demonstrated that the hydrogen desorption peak for
MgH, in the MggoNizo composite was decreased to 223.9/247.3 °C. With 5 at.% Ni added, the MggsNis reached its saturated
hydrogen absorption capacity of 5.80 wt.% within 100 s at 473 K. As for MgsoNiz, a hydrogen absorption of 3.70 wt.% al
313 K and a desorption capacity of 1.84 wt.% at 473 K could be obtained. The Mg,Ni distributing uniformly in Mg-Ni
composites significantly facilitates hydrogen diffusion and improves the hydriding/dehydriding kinetics and hydrogen
storage capacity of at low temperature. The amount of Ni is related greatly to the hydriding/dehydriding properties of Mg
«Niy, which makes the hydrogen storage capacity and hydriding/dehydriding Kinetics remarkable. Besides, the excellent

cycling stability was also obtained through the

1. Introduction

Hydrogen storage system is required for hydrogen to become a
widely used fuel.! Some materials for solid hydrogen storage such as
metal-organic frameworks,>® nanoporous polymers,* and other
carbon-based materials®® are under development, which can only
absorb a small amount of hydrogen (typically less than 1 wt.%) at
room temperature. Magnesium hydride has been regarded as one of
the most potential materials for hydrogen storage due to its high
gravimetric and volumetric hydrogen densities.”® However, a very
high temperature (above 573 K) required for desorption and the poor
hydrogen absorption/desorption kinetics resulting from the high
thermal stability limit its practical application.

A commonly effective method is to use transition metal,® metal
oxides,'® carbon,** and halides*? as the catalysts to improve the
hydrogen storage performance of MgH,. Lu et al.*® added TiH, to
MgH,, showing the excellent hydrogen absorption capacity of about
25 wt% at room temperature within 60 min under 4.0 MPa
hydrogen pressure. Nano-confinement has also been an interesting
approach to enhance the kinetics and reduce the desorption
temperature.*® MgH, nanoparticles were synthesized within the
pores of the mesoporous materials CMK3 by Konarova et al,*” and
the desorption peak temperature of MgH, decreased to 253 ‘C for
MgCMK20. A number of different techniques such as ball milling,*

“Address here.

bAddress here.

“Address here.

* Footnotes relating to the title and/or authors should appear here.
Electronic Supplementary Information (ESI) available: [details of any
supplementary information available should be included here]. See
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isothermal de/hydrogenation cycling Kinetics measurement.

thin film formation,'® physical vapor deposition,® hydriding
chemical vapor deposition?! and organic solution synthesis?? have
been used to synthesize Mg-based materials. Liu et al.® used the
hydrogen plasma-metal reaction (HPMR) method to prepare Mg-
9.2wt.%TiH; g71-3.7Wt.%TiH; s nanocomposite, which could absor-
4.3 wt.% of hydrogen at 373 K within 60 min.

In this work, Mg is alloyed with transition metal of Ni to
decrease the desorption temperature and improve the kinetics at low
temperature. The method of hydriding combustion synthesis
followed by mechanical milling (HCS+MM) is used to synthesize
Mg-Ni composites. The HCS method has the advantages of low
energy consumption, high activity of the product and short
processing time, which is regarded as an innovative process for the
preparation of Mg-based hydrogen storage materials.?** The
hydrogen storage property of Mg-Ni composites at low temperature
is studied, which will contribute to the application for the solid
hydrogen storage. Furthermore, the effect of the atomic ratio (at.%)
of Ni on the absorption/desorption kinetics of Mg-Ni composites is
also investigated.

2. Experimental details

Original powders of Mg (99 wt.% in purity and < 74 um ir
diameter) and Ni (99 wt.% in purity and 2-3 um in diameter) we..
commercially obtained. Mg and Ni powders with an atomic ratio of
100-x: x (x=0, 5, 10 and 20) were homogenized by ultrasonic
vibration in acetone for 60 min. After drying in air, the mixtur s
were used directly for HCS. More details about HCS are described .
our previous work.?® The HCS product were further treated b/
mechanical milling under 0.1 MPa argon atmospheres with proce ;s
control agent of 2 wt.% graphite on a planetary ball mill with ball w
powder ratio of 30:1 at 400 rpm for 600 min.
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The crystal structure and surface configuration of samples were
determined by powder X-ray diffraction (XRD, SmartLab TM,
Rigaku, Tokyo, Japan) with Cu Ka radiation (40 kV and 35 mA),
scanning electron microscopy (SEM, JSM-6360LV, JEOL, Tokyo,
Japan) and high-resolution transmission electron microscope
(HRTEM, JEM-2010 UHR, JEOL, Tokyo, Japan). The software
Rietica was used for the quantitative phase analysis of the HCS
products based on the Rietveld method.?’

Thermal decomposition property was examined by using a
differential scanning calorimeter (DSC, Q2000, TA instruments,
USA). In the DSC tests argon was adopted as carrier gas. The
hydriding and dehydriding properties of products after HCS+MM
were measured by volumetric method, using the gas reaction
controller made by Advance Materials Corporation (AMC,
Pittsburgh, USA). In order to prevent possible oxidation, the transfer
of samples to the sample chamber was performed in a glove box
under an argon atmosphere. Ahead of hydriding measurement, the
samples would have a thermal desorption, which were dehydrided
completely under vacuum by heating up to approximately 603 K.
Then, the hydriding kinetics at different temperatures was measured
under the hydrogen pressure of 3.0 MPa. The dehydriding kinetics at
temperatures of 473 K, 493 K and 523 K were measured under a
hydrogen pressure of 0.001 MPa.

3. Results and discussions

3.1 Structural characterization

Fig. 1a shows the XRD patterns of the HCS products of Mgqo.
«Niy (x=0, 5, 10 and 20). For the pure Mg, the peaks of MgH, and
Mg are detected, showing that part of Mg is not fully hydrogenated.
In the Mg-Ni composites, Mg and the intermetallic compound of
Mg,Ni reacted with hydrogen and led to the formation of MgH,,
Mg,NiH, and Mg,NiHg3. As the amount of Ni over 5 at.% , the
peaks of Mg disappears, suggesting Ni facilitates the hydrogenation
of Mg. With the addition of Ni, the contents of Mg,NiH, and
Mg,NiHy; are also increased. Table 1 presents the results of
quantitative phase analysis of the HCS products by Rietveld method.
The Rietveld analysis profiles of Mg;q.«Niy (x=0, 5, 10 and 20) are
shown in Fig. S1. The XRD patterns of Mg;qo.xNiy (x=0, 5, 10 and
20) composites after HCS+MM are shown in Fig. 1b. It can be seen
that the diffraction peaks of Mg, MgH,, Mg,NiH, and Mg,NiH,
peaks are significantly broadened, especially for Mg-Ni composites,
indicating the crystallites are refined during MM.'® Besides, the
relative intensity of Mg,NiH,; diffraction peaks are significantly
strengthened after MM, especially when x=10 and 20, which is
based on the ratio of diffraction intensity between MgH, and
Mg,NiHg 3. This indicates that part of MgH, and Mg,NiH, in the
HCS products may have dehydrogenated during MM in argon. The
phenomenon is also observed in other studied.?8%°
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0 MgyNiHg 3
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Fig. 1. XRD patterns of the HCS product of Mgi00xNix (x=0, 5, 10 and 20) (a)
before and (b) after MM

Table 1 Quantitative phase analysis of Mgigo.xNix (x=0, 5, 10 and 20)
composites prepared by HCS

X= MgH, Mg2NiH, Mg:NiHo3 Mg
(WL%) Wt.9%) (WeL.%) (Wt.9%)
0 66.58 0 0 33.42
5 69.19 11.36 5.25 14.0
10 64.45 15.08 20.47 0
20 33.71 38.31 27.98 0

The SEM images of Mg;go.xNiy (x=0, 5, 10 and 20) composites
after HCS+MM are shown in Fig. 2. It can be seen that the particles
are spherical and distribute uniformly. The particle size distributior
of Mgyg0xNiy (X=0, 5, 10 and 20) composites according to the SEM
images (a, b, ¢, and d) are show in Fig. S2. All the Mg;qoxNi,
composites have the main particle size below 400 nm. However, as
shown in Fig.2e, the particle size of Mg before MM is much more
bigger, indicating that the method of HCS+MM has superiority in
the preparation of Mg-based hydrogen storage materials with sub-
micron scale. Compared with the pure Mg, the Mg-Ni compositc.
possess relatively smaller and uniform particle size. It reveals that
the addition of Ni is helpful for the particle refinement of the
composites during the process of MM.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. SEM images of Mgsoo.xNix composites after HCS+MM: (a), (b), (c)
and (d) are corresponding to x=0, 5, 10 and 20, respectively.(e) is the HCS
product of Mg before MM

The composite of MggNiy was chosen to further study by
TEM analysis to investigate the existence and dispersion form of the
different phases in the composites after MM. Fig. 3 shows the TEM
images of the MggNi, composite after MM. In the bright field
image as shown in Fig. 3a, the black area and gray area is
distinguishable. It is more clearly recognized from the dark field
image in Fig. 3b that the white points are Ni, which are
corresponding to Mg-Ni hydrides. It shows that the Mg-Ni hydrides
distribute uniformly in the Mg-Ni composites. The HRTEM images
in Fig. 3c and 3d show that the lattice fringes with a separation of
0.2497 nm agree well with the (101) interplanar spacing of MgHy;
and the lattice fringes with a separation of 0.2025 nm agree well
with the (203) interplanar spacing of Mg,NiH 3. Due to the small
amount and the incomplete dehydrogenation of Mg,NiH, during
MM, the lattice fringe was not detected.

Fig. 3. TEM images of the MggNio composite after HCS+MM: (a) bright
field image; (b) dark field image; (c, d) HRTEM image, the inset in c and d
are the IFFT images

3.2 Hydrogen storage properties of Mg-Ni composites

Thermal decomposition properties of MggoxNiy (x=0, 5, 10
and 20) composites after HCS+MM were measured by DSC curves
at the heating rate of 2 K/min. As shown in Fig. 4, all the samples
show two endothermic peaks. The endothermic peaks were
correspond to hydrogen desorption of f-MgH, and y-MgH, by Da
Conceicao et al.* whose works are in accordance with us. Liu et al**
thought the two peaks may be due to bimodal particle size
distribution of MgH, formed during ball milling. As the amount of
Ni added to 20 at.%, the hydrogen desorption temperature of MgH,
decreased from 320.3/340.4 “C to 223.9/247.3 °C, indicating that the
Ni could significantly attribute to the decrease of desorption
temperature. Due to the small amount, ralatively low hydrogen

This journal is © The Royal Society of Chemistry 20xx
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content and the incomplete dehydrogenation during MM, the
hydrogen desorption peak of Mg,NiH, (~186 ‘C shown in Fig. S3) i<
not found.

—— MggsNig
—— MggNigg

Heat Flow (a.u.)

— MgggNipg EXO

100 150 200 250 300 350
Temperature (°C)

400

Fig. 4. DSC curves of Mgi«Nix (x=0, 5, 10 and 20) composites after
HCS+MM

Fig. 5 shows the hydrogen absorption curves of the HCS+MM
products of Mg;goxNiy (x=0, 5, 10 and 20) at 313 K and 473 K unc'~~
3.0 MPa hydrogen pressure. As shown in Fig. 5a, the hydrogen
absorption capacities of the Mg;q0.xNiy composites are significantly
improved when the atomic ratio of Ni is increased, indicating tha
the addition of Ni facilitates hydrogen absorption of the composites.
The MggoNiy absorbs 3.70 wt.% H, in 1 h at 313 K, though the My
can hardly absorb hydrogen under the same condition. When the
temperature increases to 473 K shown in Fig. 5b, all the samples
except Mg exhibit rapid hydriding kinetics and can reach their
saturated hydrogen absorption capacity within 100 s. The MggsNis
can absorb 5.80 wt% H, at 473 K within 100 s. Isothermal
hydrogenation curves of Mgi0xNix (x=0, 5, 10 and 20) composites
at 493 K and 523 K under 3.0 MPa hydrogen pressure are shown in
Fig. S4. With the increase of temperature, the amount of hydrogen
absorption is increasing. The hydrogen absorption capacities of all
the samples at different temperatures are listed in Table S1.

a 4.0

= Mg
35F e MgggNig
g30p * MogoNiz
] v MggoNi
%2_57 igoNi20 ey

S v
& W

§ 201 vvvv'
§ 151 R
2 v s’
S10F v st
f v M
v
> W
0.0 trtntais!

0 10 20 30 40 50 60
Time (min)
b 6
o*
5r 2
< |
= [2 _VYYVVVVVYYVVVVVVVVVVYVVVVVVVVVVVVY
= | v
)
1= v
g3
c aun®
g -
g Lun®
4 L = Mg
F - ® MggsNig
" .
T - 4 MggoNigg
- "
_-" v MggoNizg
0 L L L L R
0 100 200 300 400 500 600
Time (sec)

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




RSC Advances

Fig. 5. Isothermal hydrogenation curves of the HCS+MM products of Mgoo-
«Nix (x=0, 5, 10 and 20) at (a) 313 K and (b) 473 K under 3.0 MPa hydrogen
pressure.

To investigate the hydrogen desorption kinetics of Mg;qo.xNiX,
isothermal dehydrogenation measures were performed at different
temperatures. Fig. 6a, 6b and 6c show the isothermal
dehydrogenation curves of the HCS+MM products of Mgigo.xNix
(x=0, 5, 10 and 20) at 473 K, 493 K and 523 K. A hydrogen
desorption capacity of 1.84 wt.% can be reached for MggNiyg at 473
K. However, the Mg releases only 0.22 wt.% H, at the same
condition. When the temperature is increased, both of the
dehydriding kinetics and hydrogen desorption capacities of the
composites are improved. At 523 K, the MggNiy, reaches its
saturated hydrogen desorption capacity of 3.92 wt.% within 50 min,
displaying the relatively excellent dehydriding kinetics at low
temperature. As for MgggNiyo, it releases 5.24 wt.% H, within 90
min. For different samples at the same temperature, the dehydriding
kinetics and hydrogen desorption capacities are also significently
improved with the addition of Ni. The hydrogen desorption
capacities of all the samples at different temperatures are listed in
Table S2.
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Fig. 6. Isothermal dehydrogenation curves of the HCS+MM products of
Mgi00xNix (X=0, 5, 10 and 20) at (a) 473 K, (b) 493 K and (c) 523 K under
0.001 MPa hydrogen pressure. (d) Arrhenius plots for the dehydriding
kinetics of the MggoNiso composite

The XRD pattern of Mgiqo.xNiy (X=0, 5, 10 and 20) composites
after dehydrogenation at 523 K are shown in Fig. S5. Mg and Mg,Ni
are detected for the Mg-Ni composites, indicating the complete

dehydrogenation at 523 K. As for pure Mg, there is also many MgH..

Due to the poor dehydriding kinetics, MgH, can not be fully
dehydrogenated at 523 K.

The experimental results have demonstrated that the hydrogen
storage properties of Mg-Ni composites are considerably enhanced
compared with pure Mg. To further understand the dehydriding
kinetics mechanism, the Johnson-Mehl-Avrami (JMA) kinetic model
was used to describe the hydrogen desorption.®*3 The MggNizo
with relatively better properties was chosen to further study. The
equation of JMA model is presented below:

In[-In(1- )] = nint +nink 1)

Where a is the dehydriding transformed fraction at time t, k is the
rate constant and n is the Avrami exponent. The JMA plots of In [-In
(1-a)] vs In (t) for the desorption data at 473 K, 493 K and 523 K
are shown in Fig. S6. The relative correlation coefficients (R?) of

4| J. Name., 2012, 00, 1-3

MggoNiyq are all larger than 0.99 at the temperatures of 473 K, 493 K
and 553 K. The values of the exponent n are close to 1.0, indicatinn
that the nucleation of Mg occurs quickly and the growth is a
diffusion-controlled process.'®3*

According to the kinetic model, different k values of the
dehydrogenation curves at 473 K, 493 K and 523 K were attained.
Afterwards, the activation energy for dehydrogenation was obtained
according to the Arrhenius equation presented below:

k - Ae-Ea/RT (2)

Where k is the dehydriding kinetic rate constant derived from the
Kinetic curves at different temperatures, A is the Arrhenius pre-
exponential factor and R is the gas constant. The Arrhenius plots for
the dehydriding kinetics of MggNiy, are shown in Fig. 6d. The
activation energy E for hydrogen desorption of MggoNiyg is 88.0 KJ
mol™?, which is lower than 153 KJ mol™ for the as-received
commercial MgH,.*

Isothermal hydrogenation and dehydrogenation cycling kinetics
of the MggNi,o have been measured for 10 cycles at 523 K to pro -
the cycling stability. As shown in Fig. 7a, the hydriding kinetics of
the composite from the 1st to the 10th cycle remain almost the sam..,
which can reach its saturated hydrogen capacity within 100 s. The
saturated hydriding capacity is 5.63 wt.% in the 10th hydriding cyc...
only 0.16 wt.% loss compared with the 1st hydriding cycle shown in
Fig. 7b. As for the dehydrogenation process, only 0.12 wt.%
difference between the maximum (5.25 wt.%) and the minimum
values (5.13 wt.%) of the hydrogen desorption capacity. Due to the
inevitable reaction time for instrument and peopele, the capacity o1
hydrogen desorption at 523 K is a litter lower than hydrogen
absorption. The cyclic hydriding/dehydriding properties illustrate the
excellent cycling stability of the Mg-Ni composites.
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Fig. 7. (a) Isothermal hydrogenation and dehydrogenation cyclic kinetics
curves of MggoNiz from the 1% cycle to the 10th cycle at 523 K; (b) The
cyclic hydriding/dehydriding capacities for the composite as a function of
cycle number.
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3.3 Effects of atomic ratio of Ni on the hydrogen storage
properties of Mg-Ni composites

As shown above, the hydriding/dehydriding kinetics of pure Mg
is poor. However, with 5 at.% Ni added, the saturated hydrogen
absorption capacity of Mg rises from 3.25 wt.% to 5.80 wt.% at 473
K and can reach its saturated hydrogen absorption capacity within
100 s. The hydriding/dehydriding kinetics and hydrogen storage
capacity are significantly improved. At 523 K, it can also release
5.36 wt.%. With the content of Ni increased to 20 at.%, the MgggNiyg
absorbs 3.7 wt.% H, at 313 K and releases 1.84 wt.% H, at 473 K.
The propertes of MggNiy at low temperature are remarkable in the
field of hydrogen storage. The amount of Ni is related greatly to the
hydriding/dehydriding properties of Mgq.xNiy, which makes the
hydrogen storage capacity and hydriding/dehydriding Kkinetics
regulable. Besides, the excellent cycling stability is also obtained for
Mg with the effect of Ni. The Mg-Ni composites with better
hydriding/dehydriding kinetics at low temperature or higher
hydrogen storage capacity can be easily obtained with the reasonable
amount of Ni through the method of HCS+MM.

After the process of MM, the Mg-Ni composites are considered
as having a smaller particle size as shown in Fig. S2. Through MM,
Mg-Ni hydrides may inlay and disperse on the MgH, surface,
restraining the MgH, particles from growing during MM. Besides,
due to the difference of brittleness between MgH, and Mg-Ni
hydrides, they may interact with each other and improve the
efficiency of MM. The broad trend of diffraction peaks shown in Fig.
1b also indicates the refinement of crystallite size. The average
crystallite sizes of MgH, in different samples after MM are
estimated according to the Scherrer equation:

D=KAx/ fcosd ©))

where D is the crystallite size, K is the shape factor, typically 0.89, 1
is the X-ray wavelength of 0.154 nm, g is the full width at half
maximum of the diffraction peak and @ is the Bragg angle. The
average crystallite sizes of MgH, in Mg;00.4xNiy (x=0, 5, 10 and 20)
composites are calculated as 27.5 nm, 16.5 nm, 20.2 nm and 21.4 nm,
respectively. As shown in period 1 of Fig. 8, the refinement of the
particle size and crystallite size results in more fraction of grain
boundary, which is helpful to shorten the hydrogen diffusion
distance.

Besides, the dissociation of hydrogen molecules is very slowly
on the magnesium surface due to the large energy barrier of the
hydrogen  dissociation, which limits the rate of the
hydrogenation/dehydrogenation process. However, the hydrogen
molecules can rapidly spitted into hydrogen atoms on the Mg,Ni
surface due to the catalytic effect of nickel in the Mg-Ni composites
shown in period 2 of Fig. 8. In addition, Mg-Ni hydrides of
Mg,NiH, also has a smaller enthalpy compared with MgH, (the
enthalpy of desorption for MgH, and Mg,NiH, are 76 KJ mol™* H,
and 60.8 KJ mol™® H,, respectively)®* it is much easier to
absorb/release  hydrogen compared with MgH, in the
hydrogenation/dehydrogenation process (shown in period 3 of Fig.
8). Therefore, the widely dispersed, Mg,Ni in Mg-Ni composites can
significantly facilitate hydrogen dissociation. So the hydrogen
storage properties of MggNiy (x=0, 5, 10 and 20) composites are
extremely related to the amount of Mg-Ni hydrides. The MggyNiyg
composite with the largest amount of Mg,NiHy3 and Mg,NiH,
shows the most excellent performance at low temperatrure.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8. The illustration of hydrogenation/dehydrogenation process of Mg-Ni
composites

4. Conclusions

In this study, the Mg;oo«Nix (x=0, 5, 10 and 20) composites
with the the phases of MgH,, Mg,NiH,, Mg,NiH, 3 and Mg ( Mg just
for x=0 and 5) are prepared by HCS. The Mg-Ni hydrides distribute
uniformly in the Mg-Ni composites. With the addition of Ni, the
hydrogenation degree of Mg is significantly improved. T
hydrogen storage properties of Mg-Ni composites at low temperature
are excellent and become regulable by controlling the amount of I
With 5 at.% Ni added, the hydrogen absorption capacity of Mg rises
to 5.86 wt.% at 523 K. As for MggNiy, without any activation, *
absorbs 3.7 wt.% H, at 313 K within 1 h and releases 1.84 wt.% H,
at 473 K. With more Ni added, the hydrogen storage properties at
low temperature tend to be more excellent. The excellent properties
should attribute to Mg,Ni, which can significantly facilitate
hydrogen diffusion. The method of hydriding combustion synthes..
follow by mechanical milling is proved to have superiority in the
preparation of Mg-based hydrogen storage materials with excellent
properties.
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