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Abstract 

The inherent thermodynamic and kinetic challenges of Mg/MgH2 hydrogen storage materials pose significant obstacles to their devel- 
opment. Alloying has emerged as a highly promising strategy to overcome these challenges. In this study, we synthesized a series of 
Mg93 –Ni7- x -Six ( x = 0.4, 1.6, 5) ternary alloys through microstructure optimization and particle refinement using melting and high energy 
ball milling techniques. We systematically investigated the effects of varying Ni and Si content on the microstructure and hydrogen storage 
properties of Mg-Ni-Si alloys. The results demonstrate that variations in Ni and Si content leads to the formation of different types of inter- 
metallic compounds within the alloys, thereby influencing their hydrogen storage properties. Among the tested alloys, Mg93 Ni2 Si5 exhibits 
superior activation and hydrogen absorption properties. The enhanced hydrogenation performance can be attributed to the precipitation of 
the Mg2 Si phase resulting from increased Si content, as well as the refinement of the Mg2 Ni3 Si phase and the increase in eutectic structure 
Mg + Mg11 Ni12 Si10 . Significantly, the increased intermetallic compounds provide a large number of sites and channels for the nucleation of 
hydrides as well as the diffusion of hydrogen. During the dehydrogenation process, Ni, serves as the predominant catalytic species, effec- 
tively promotes the dissociation of hydrogen and enhances the reaction kinetics. As a result, the hydrogen desorption of the hydrogenated 
Mg93 Ni6.6 Si0.4 alloy initiates at 180 °C, with a reduced activation energy of 105.21 kJ/mol. These findings underscore the synergistic and 
effective roles of Ni and Si elements in enhancing the hydrogen storage properties of Mg-based materials, thus supporting the development 
of economically viable and promising Mg-based solid-state hydrogen storage materials. 
© 2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Hydrogen energy, as a secondary energy source, exhibits
haracteristics of abundant sources, carbon-free, high energy
ensity (120 MJ/kg), and diverse application scenarios [1–5] .
ts potential for mitigating environmental pollution and driv-
ng energy transformation has led to its status as a global
evelopment strategy and a focal point of competition [6–8] .
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owever, the ecological production, low-pressure and high-
ensity storage of hydrogen are several key challenges hin-
ering the development of the hydrogen energy industry [9–
3] . Especially the development of safe and efficient new hy-
rogen storage technologies. In comparison to conventional
ydrogen storage technologies, solid-state hydrogen storage
ased on Mg materials offers numerous advantages, includ-
ng high hydrogen storage density (7.6 wt.% and 110 g H2 /L),
afety, efficiency, and favorable reversibility [14–19] . These
erits open up greater possibilities for large-scale utiliza-

ion of hydrogen energy. Nonetheless, challenges related to
hermodynamic and kinetic persist, especially high operating
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emperatures ( > 350 ◦C) and sluggish reaction rates [20–24] .
vercoming these limitations remains the primary scientific

hallenge for the widespread application of Mg-based solid-
tate hydrogen storage technology in the future. 

Various strategies have been devised to enhance the hydro-
en absorption and desorption performance of Mg based ma-
erials [19 , 25-27 ]. For example, the incorporation of catalysts,
uch as transition metals [28–30] and their oxides [14 , 31-
3 ], chlorides [34] , medium/high entropy alloys [15 , 24 , 35] ,
nd amorphous materials [36 , 37] , has demonstrated signifi-
ant potential in reducing the kinetic energy barrier of Mg-
ased systems. Moreover, nanostructures have shown promise
n shortening the pathway for hydrogen diffusion and enhanc-
ng the activation of reaction sites, thus improving the kinetic
nd thermodynamic properties of Mg/MgH2 [16 , 38] . Despite
ome encouraging progress, there are still serious technical
nd application challenges for Mg based hydrogen storage
aterials. An effective approach involves alloying Mg with

ther elements, such as transition metals (TM), rare metals
RE), and non-metallic elements, which is one of the most
romising means to enhance the hydrogen storage perfor-
ance of Mg-based materials [39–41] . Notably, alloying of-

ers several distinct advantages over other modification meth-
ds: firstly, the thermodynamic properties of the material can
e improved by changing the reaction path [26] ; secondly, the
ntroduction of a secondary element fulfills a catalytic role,
nhancing the kinetic properties of the hydrogen absorption
nd desorption processes [42] ; finally, the scalability of alloy
aterials through melting technology allows for large-scale

roduction, rendering it particularly suitable for industrial ap-
lications. 

Previous studies have revealed that Mg can compound
ith transition metals such as Ni, Co, and Fe to form al-

oy hydrides Mg2 NiH4 , Mg2 CoH5 , and Mg2 FeH6 after hydro-
enation. Taking Mg2 NiH4 as an example, its dehydrogena-
ion enthalpy decreases to 64.5 kJ/mol compared to MgH2 

76 kJ/mol), and it also exhibits commendable hydrogen ab-
orption kinetics and reversibility [43] . Subsequent investiga-
ions involve the addition of Ti, Cu, Zr, and Mn to Mg2 Ni,
ubstituting Mg or Ni to create ternary metal compounds [44–
6] . The results indicate a notable decline in the dehydro-
enation enthalpy to 41 kJ/mol for Mg3 MnNi2 H3- x alloy hy-
ride [44] . While these intermetallic compounds exhibit supe-
ior kinetic performance and lower dehydrogenation enthalpy
ompared to MgH2 , the hydrogen storage capacity reduction
emains substantial. Recent research has revealed that Mg-
ich alloy materials, resulting from the combination of Mg,
ransition metals, and rare earth elements, exhibit notable hy-
rogen storage capacity and stable characteristics. Transition
etals, as the primary catalyst species, can effectively re-

uce the dissociation energy barrier of hydrogen and signif-
cantly lower the temperature for hydrogen absorption and
esorption [47] . Meanwhile, rare earth hydrides precipitated
n situ within Mg during hydrogenation serves as both ac-
ive units for hydrogen dissociation and nucleation sites for

gH2 [48] . For instance, Pang et al. [49] demonstrated that
g91.4 Ni7 Y1.6 alloy achieves a hydrogen storage capacity of
.44 wt.% and a decreased enthalpy change of 60.6 kJ/mol.
n this alloy, the fine long-period stacking ordered (LPSO)
hase decomposes into numerous Mg2 NiHx , YHx , and other
ano-hydrides, effectively catalyzing kinetic reactions. More-
ver, rare earth elements have also been shown to play a role
n the thermodynamic destabilization of MgH2 . Specifically,
tudies by Cermak et al. [50] and Zhou et al. [51] , have re-
orted a significant decrease in the thermodynamic stability
f Mg-In alloys. While alloying strategies positively impact
oth the thermodynamic and kinetic properties of Mg-based
aterials, the addition of other elements, especially rare earth

lements, can reduce the maximum hydrogen storage capac-
ty. Therefore, it is necessary to further explore new alloying
lements to enhance the de-/hydrogenation performance and
racticality of Mg based alloys. 

As a metalloid element, Si boasts both source abundance
nd lightweight properties. Furthermore, the in-situ emergence
f Mg2 Si phase in Mg has shown promise as a catalyst, aug-
enting hydrogen storage kinetic and thermodynamic perfor-
ance in Mg-based materials [52–55] . Nevertheless, it’s evi-

ent that Si’s catalytic potential falls short when measured
gainst transition metals [54 , 56 , 57] . Moreover, our current
nowledge regarding Si-doped Mg-based alloys’ hydrogen
torage characteristics and microstructure remains restricted.
herefore, building upon the preceding discourse, it is be-

ieved that alloying Mg with Si and transition metals is poised
o enhance Mg-based alloys’ hydrogen storage performance.
n this study, we synthesize Mg-Ni-Si alloys of varying com-
ositions via composition control and microstructure adjust-
ent. We explore the effects of distinct Ni and Si contents

n phase composition, microstructure and hydrogen storage
roperties in Mg alloys. Additionally, we delve into the un-
erlying mechanism enhancing hydrogen storage performance
n Mg-Ni-Si alloys. This investigation yields valuable insights
nd a scientific foundation for the structural design and de-
elopment of Mg-based hydrogen storage materials. 

. Experimental 

.1. Materials preparation 

Mg93 -Ni7- x -Six ( x = 0.4, 1.6, 5) alloys were synthesized
sing an electric resistance furnace under a protective SF6 

1 vol%) + CO2 (99 vol%) gas atmosphere. Raw materials
ncluded pure Mg (99.9%), Mg-30 wt.% Ni, and Mg-10 wt.%
i master alloys. Sequentially adding and melting Mg, Mg-Si
lloy, and Mg-Ni alloy in a stainless steel crucible yielded
g-Ni-Si alloys ingots. After complete melting of the initial
aterials at 750 °C for 30 min, the crucible was cooled to

oom temperature with salt water. Mg-Ni-Si alloys particles
ere produced by ball milling as-cast alloys powders obtained

hrough mechanical crushing in an argon atmosphere using
 high energy ball mill (Pulverisette 4, FRITSCH, Germany)
quipped with stainless steel jars (0.25 L in volume) and balls
6 mm in diameter). Mechanical crushing is the process of
sing a filing tool to file as-cast Mg-Ni-Si blocks into powder
n an argon filled glove box. Ball milling was performed on
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 g of as-cast powder at a speed of 280 r/min for 12 h, with
 ball-to-powder weight ratio of 30:1. 

.2. Materials characterization 

Phase composition was determined using X-ray diffrac-
ion (XRD, PANalytical X’Pert Powder) equipped with Cu-
 α radiation ( λ= 1.5418 Å) at 4 °/min. Environmental scan-
ing electron microscopy (ESEM, Quattro S, FEI, USA) was
mployed to investigate the morphology and microstructure
f as-cast alloys and powder particles. Further insights into
icrostructure and element distribution of alloy particles were

dentified using transmission electron microscopy (TEM, Ta-
os F200S, FEI, USA) equipped with energy dispersive X-ray
pectroscopy (EDS) and a high-resolution transmission elec-
ron microscope (HRTEM). 

The hydrogen storage performance was assessed using
n automated Sievert-type absorption/desorption apparatus
PCTPro, Setaram, France). Isothermal hydrogen absorption
nd desorption were conducted at initial hydrogen pressures
f 3 MPa and 0.01 MPa, respectively. For temperature-
rogrammed-dehydrogenation (TPD) testing, samples were
eated from 25 °C to 500 °C at an initial pressure of
.01 MPa with a heating rate of 1 °C/min. Pressure-
omposition-temperature (PCT) curves were generated to de-
ermine plateau pressure values and sample thermodynamic
roperties across various temperatures. 

. Results and discussions 

.1. Evolution of phase compositions and microstructure 

XRD patterns for both as-cast and ball milled states of
g93 Ni6.6 Si0.4 alloy, Mg93 Ni5.4 Si1.6 alloy and Mg93 Ni2 Si5 al-

oy are shown in Fig. 1 . The phase composition of the three
s-cast alloys varies, as evident from Fig. 1 (a), with fluc-
uations in Ni and Si element content. The Mg93 Ni6.6 Si0.4 
Fig. 1. XRD patterns of Mg93 Ni6.6 Si0.4 alloy, Mg93 Ni5.4 Si1.6 alloy and
s-cast alloy primarily comprises the Mg phase, secondary
g2 Ni binary phase, and Mg2 Ni3 Si ternary phase. With in-

reasing Si to Ni atomic ratio, the Mg93 Ni5.4 Si1.6 cast alloy
ot only showcases Mg, Mg2 Ni, and Mg2 Ni3 Si phases but
lso identifies an unknown phase that does not match any
f the known phases to the best of our knowledge. Accord-
ng to the reported Mg-Ni-Si ternary phase diagram [58 , 59] ,

g93 Ni5.4 Si1.6 and Mg93 Ni2 Si5 alloys, which satisfy the com-
osition and temperature conditions, undergo a eutectic reac-
ion of L ↔ Mg + Mg11 Ni12 Si10 during the solidification pro-
ess. Therefore, it can be inferred that the unknown phase in
he XRD patterns is likely the Mg11 Ni12 Si10 ternary phase. In
he Mg93 Ni2 Si5 as-cast alloy, the Mg2 Ni phase’s diffraction
eak undetectable, while excessive Si elements form a binary
g2 Si phase within the Mg matrix. Fig. 1 (b) depicts XRD

atterns of the three alloys after ball milling. The phase com-
osition remains largely consistent with the as-cast alloy after
igh energy ball milling. It is noteworthy that XRD diffrac-
ion peaks exhibit broadening and elevated backgrounds. This
hift in diffraction peaks arises from grain refinement and
attice distortion, which is due to stress and deformation im-
arted by grinding balls and the milling jar during high energy
all milling [60 , 61] . Furthermore, additional high energy ball
illing of alloy powder obtained from mechanical crushing

an increase specific surface area and hydrogen dissociation
ites in the particles, consequently augmenting reaction kinet-
cs [62 , 63] . 

Fig. 2 (a) presents the XRD patterns of the alloys after hy-
rogenation at 350 °C under 3 MPa hydrogen pressure. As
hown in Fig. 2 (a), the predominant phase after hydrogenation
n all three alloys is the MgH2 phase. For the Mg93 Ni6.6 Si0.4 

nd Mg93 Ni5.4 Si1.6 samples, in addition to the MgH2 phase,
g2 NiH4 diffraction peaks are also observed in the hydrides.

he formation of the Mg2 NiH4 phase can be attributed to the
ydrogenation reaction between the Mg2 Ni phase and H2 dur-
ng hydrogen absorption process. It has been observed that,
xcept for Mg and Mg2 Ni, the other phases in the three al-
 Mg93 Ni2 Si5 alloy at different states: (a) as-cast, (b) ball milling. 
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Fig. 2. XRD patterns of Mg93 Ni6.6 Si0.4 alloy, Mg93 Ni5.4 Si1.6 alloy and Mg93 Ni2 Si5 alloy at different states: (a) hydrogenation, (b) dehydrogenation. 

l  

d  

v  

e  

d  

l  

F  

t  

t  

a  

a  

M  

a  

e
 

s  

o  

t  

l  

c  

f  

t  

i  

M  

l  

M  

f  

e  

c  

w  

F  

t  

w  

O  

o  

f

a  

p  

t  

c  

s  

r  

o  

y  

w  

M  

f  

t  

w  

M  

t  

b  

t  

e  

X
 

M  

c  

E  

F  

m  

c  

d  

f  

p  

M  

e  

i  

4  

t  

c  

fi  

A  

d  

m  

p  

t  
oys remain stable after hydrogen absorption. These stably
ispersed second phase components in the alloy matrix pro-
ide numerous nucleation sites for hydride formation, which
nhances hydrogenation kinetics. Fig. 2 (b) displays the dehy-
rogenation XRD patterns of hydrogenated Mg93 Ni6.6 Si0.4 al-
oy, Mg93 Ni5.4 Si1.6 alloy, and Mg93 Ni2 Si5 alloy samples. From
ig. 2 (b), it can be observed that the diffraction peaks of the

hree materials are primarily Mg diffraction peaks formed af-
er dehydrogenation. Additionally, diffraction peaks of Mg2 Ni
re detected in the Mg93 Ni6.6 Si0.4 and Mg93 Ni5.4 Si1.6 samples,
ffirming the phase transition from MgH2 to Mg and from
g2 NiH4 to Mg2 Ni during the dehydrogenation process. In

ddition, the other second phase components remain stable
ven after hydrogen release. 

The SEM and EDS spectrum of the as-cast alloys are pre-
ented in Fig. 3 . It is worth noting that the microstructure
f Mg-Ni-Si alloys exhibits pronounced variations attributed
o fluctuations in Ni and Si content. For Mg93 Ni6.6 Si0.4 al-
oy ( Fig. 3 a and 3b), the microstructure comprises three main
omponents: a coarse primary Mg phase (black area), a white
rame structure, and the irregular block structures. As per
he Mg-Ni-Si equilibrium ternary phase diagram [58] , dur-
ng the liquid phase solidification transformation process of

g93 Ni6.6 Si0.4 alloy, Si is first consumed and forms a block
ike Mg2 Ni3 Si phase. As the temperature decreases, primary

g phase and eutectic Mg-Mg2 Ni structure are gradually
ormed. The EDS results of Fig. 3 (g) show that only the
lements Mg and Ni are identified in spectrum 1, which in
ombination with the XRD results of Fig. 1 confirms that this
hite framework structure is a Mg + Mg2 Ni eutectic structure.
urthermore, spectrum 2 establishes that the block structure in

he Mg93 Ni6.6 Si0.4 alloy contains the elements Mg, Ni and Si,
hich are matched to the Mg2 Ni3 Si phase in XRD ( Fig. 1 ).
bservations reveal an average size of the primary Mg phase
f 30–40 μm, and an average size of approximately 20 μm
or the Mg2 Ni3 Si ternary phase. 

Fig. 3 (c) and 3(d) depict SEM images of the Mg93 Ni5.4 Si1.6 

lloy at varying magnifications. From Fig. 3 (c), the black
rimary Mg phase, the reduced elongated Mg + M2 Ni eutec-
ic structure and the increased gray blocky Mg2 Ni3 Si phase
an be observed. Additionally, in conjunction with the re-
ults from spectrum 3 in Fig. 3 (g), a bright white bright short
od-like microstructure containing Mg, Ni, and Si elements is
bserved in the Mg93 Ni5.4 Si1.6 alloy. Based on the XRD anal-
sis in Fig. 1 , it can be inferred that this abundant and fine
hite bright short rod-like microstructure corresponds to the
g + Mg11 Ni12 Si10 eutectic structure. The detailed structural

eatures of the Mg11 Ni12 Si10 phase have not been addressed in
his work and these will be further explored in future research
ork. As for the Mg93 Ni2 Si5 alloy, aside from the primary
g phase, Mg2 Ni3 Si phase, and the Mg + Mg11 Ni12 Si10 eu-

ectic structure seen in Fig. 3 (e) and 3(f), an abundance of
lack dendritic structures is also present. The dendritic struc-
ure, identified by EDS analysis (spectrum 4 in Fig. 3 g) to
xclusively contain Mg and Si elements, is confirmed through
RD results ( Fig. 1 ) to be the Mg2 Si phase. 
Fig. 4 presents SEM images of Mg93 Ni6.6 Si0.4 alloy,

g93 Ni5.4 Si1.6 alloy and Mg93 Ni2 Si5 alloy in both mechani-
ally crushed and ball milled states, along with corresponding
DS elemental mappings of the alloy particles. As depicted in
ig. 4 (a), 4(c) and 4(e), all three alloy powders obtained from
echanical crushing exhibit a serrated structure. The parti-

les from mechanically crushed Mg93 Ni6.6 Si0.4 alloy ( Fig. 4 a)
isplay elongated serrations, showcasing favorable plastic de-
ormation ability. With the increase of Si-containing second
hases, such as Mg2 Ni3 Si, Mg11 Ni12 Si10 , and Mg2 Si, the
g93 Ni5.4 Si1.6 alloy ( Fig. 4 c) and Mg93 Ni2 Si5 alloy ( Fig. 4 e)

xhibit more brittle characteristics during mechanical crush-
ng, resulting in particles with short blocky shapes. Fig. 4 (b),
(d), and 4(f) depict SEM micrographs of particles subjected
o subsequent high energy ball milling following mechanical
rushing. It’s evident that the three alloy powders exhibit a re-
ned quasi spherical particulate morphology after ball milling.
 salient observation is the heightened uniformity and the
iminution of particles size in the Mg93 Ni6.6 Si0.4 alloy, which
ay be attributed to the uniform dispersion of primary Mg

hase and Mg2 Ni phase across the alloy matrix. In contrast,
he Mg93 Ni5.4 Si1.6 alloy and Mg93 Ni2 Si5 alloy, owing to their



3788 H. Wan, L. Ran, H. Lu et al. / Journal of Magnesium and Alloys 13 (2025) 3784–3797 

Fig. 3. SEM images of (a, b) Mg93 Ni6.6 Si0.4 as-cast alloy, (c, d) Mg93 Ni5.4 Si1.6 as-cast alloy and (e, f) Mg93 Ni2 Si5 as-cast alloy and corresponding (g) EDS 
mapping results. 

Fig. 4. SEM images of (a, b) Mg93 Ni6.6 Si0.4 alloy, (c, d) Mg93 Ni5.4 Si1.6 alloy and (e, f) Mg93 Ni2 Si5 alloy in mechanical crushing and ball milling states, 
and (g-i) EDS element mapping corresponding to Mg93 Ni6.6 Si0.4 alloy particles. 
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Fig. 5. TEM-HAADF images and corresponding element (Mg, Ni, and Si) mapping of (a) milled Mg93 Ni6.6 Si0.4 alloy and (b) milled Mg93 Ni2 Si5 alloy. 
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nherent brittleness conducive to ball milling, yield finer pow-
er particles prone to agglomeration and uneven size dis-
ribution. Furthermore, the elemental distribution within the

g93 Ni6.6 Si0.4 alloy particles was explored via EDS analysis,
s shown in Fig. 4 (g-i). The results demonstrate a uniform
ispersion of Mg, Ni, and Si elements in the particles of the
g93 Ni6.6 Si0.4 alloy, devoid of any signs of aggregation. 
The TEM-HAADF images and EDS element mapping

pecifically characterized milled Mg93 Ni6.6 Si0.4 alloy parti-
les and milled Mg93 Ni2 Si5 alloy particles, as depicted in
ig. 5 . The results clearly illustrate the uniform distribution
f numerous nanoscale second phase particles within both
lloys. In the Mg93 Ni6.6 Si0.4 alloy ( Fig. 5 a), Mg2 Ni parti-
les with sizes ranging from 200 to 400 nm (indicated by
hite dashed circles) and Mg2 Ni3 Si particles with sizes below
00 nm (highlighted by yellow dashed circles) can be identi-
ed based on their elemental compositions. In the Mg93 Ni2 Si5 
lloy ( Fig. 5 b), the regions enriched in both Mg and Si ele-
ents correspond to the Mg2 Si phase (outlined in red), with

article sizes below 400 nm. Additionally, Mg2 Ni3 Si phases
ith particle sizes below 140 nm are marked with yellow
ashed circles. The Mg11 Ni12 Si10 phase is present where both
i and Si elements are detected, but its small size leads to less

ignificant elemental enrichment in the energy spectrum. High
nergy ball milling effectively disrupts the eutectic structures
nd other second phase structures of the cast alloy, transform-
ng them into dispersed nanoparticles [64 , 65] . These widely
ispersed second phase nanoparticles provide numerous ac-
ive sites and “transport channels” for hydrogen dissociation
nd diffusion, thus significantly enhancing the hydrogen ab-
orption and desorption processes [66 , 67] . 

The detailed microstructure of the hydrogenation and dehy-
rogenation states of the Mg93 Ni2 Si5 alloy was further char-
cterized by HRTEM as shown in Fig. 6 . Lattice stripes with
rystal plane spacing of 0.212 nm and 0.369 nm, correspond-
ng to the Mg2 Ni3 Si (021) crystal plane and the Mg2 Si (111)
rystal plane, respectively, were calibrated in the HRTEM
mage of the hydrogenated Mg93 Ni2 Si5 alloy ( Fig. 6 a). Due
o MgH2 decomposition induced by electron diffraction dur-
ng TEM characterization, only the Mg (101) crystal plane
ith a crystal plane spacing of 0.245 nm was calibrated in

he hydrogenated Mg93 Ni2 Si5 alloy. For the dehydrogenated
g93 Ni2 Si5 alloy ( Fig. 6 b), the Mg (101) crystal plane with a

rystal plane spacing of 0.245 nm was also calibrated. In ad-
ition, nanograins with crystal plane spacing of 0.319 nm,
.225 nm and 0.207 nm were calibrated in the region of
ig. 6 (b), corresponding to the Mg2 Si (220) crystal plane,
g2 Si (200) crystal plane and Mg2 Ni3 Si (113) crystal plane,

espectively. It is well known that hydrogen storage materials
ith nanostructures can provide more active surfaces for hy-
rogen adsorption and dissociation, accelerating the process
f hydrogen adsorption and release reactions. Moreover, the
ispersed nano second phase can also effectively hinder the
rowth of Mg grains during the hydrogenation and dehydro-
enation process, which is conducive to achieving stable and
fficient cycling kinetics. 

.2. Investigation of hydrogen absorption and desorption 

erformance 

To assess the hydrogen storage performance of Mg-Ni-Si
lloys, multiple hydrogen absorption tests were conducted on
hree alloys with the objective of activating the particles and
chieving stable and rapid hydrogen absorption and desorp-
ion reactions [61 , 65] . The activation curves of Mg93 Ni6.6 Si0.4 

lloy, Mg93 Ni5.4 Si1.6 alloy, and Mg93 Ni2 Si5 alloy at 350 ◦C
nd 3 MPa hydrogen pressure are presented in Fig. 7 . As
epicted in Fig. 7 (a-c), it is evident that the initial hydro-
en absorption of all three alloys exhibited an incubation
eriod of 10–30 min, signifying a relatively slow hydrogen
bsorption rate. Subsequently, the alloys entered a rapid hy-
rogen absorption stage. In comparison, the Mg93 Ni2 Si5 al-
oy exhibits a shorter incubation period, and its hydrogen ab-
orption content after the first activation is 4.2 wt.%, which
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Fig. 6. HRTEM images of Mg93 Ni2 Si5 alloy at different states: (a) hydrogenation, (b) dehydrogenation. 

Fig. 7. Activation curves of (a) Mg93 Ni6.6 Si0.4 alloy, (b) Mg93 Ni5.4 Si1.6 alloy and (c) Mg93 Ni2 Si5 alloy at 350 ◦C under the initial hydrogen pressure of 
3 MPa and (d) comparison of hydrogen absorption capacity with different activation times. 
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s significantly higher than that of the Mg93 Ni6.6 Si0.4 alloy
3.8 wt.%) and the Mg93 Ni5.4 Si1.6 alloy (3.3 wt.%). Notably,
he rate of second hydrogenation all three alloys is consid-
rably higher than the first, and there is no incubation pe-
iod. The Mg93 Ni5.4 Si1.6 and Mg93 Ni2 Si5 alloys achieve a
table hydrogen absorption state after three cycles, while the
g93 Ni6.6 Si0.4 alloy requires five cycles for complete activa-
ion. Fig. 7 (d) depicts the variation in hydrogen absorption
apacity for the initial three activations of the alloys. As ob-
erved, the hydrogen storage capacity of the alloys gradually
ncreases with each activation. Particularly, the Mg93 Ni2 Si5 
lloy demonstrates superior activation performance, reach-
ng a hydrogen storage capacity of 5.0 wt.% after the third
ydrogenation. 
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Fig. 8. Hydrogenation kinetic curves of Mg93 Ni6.6 Si0.4 alloy, Mg93 Ni5.4 Si1.6 alloy and Mg93 Ni2 Si5 alloy at (a) 250 ◦C, (b) 300 ◦C and (c) 350 ◦C under the 
initial hydrogen pressure of 3 MPa and (d) comparison of hydrogen absorption capacity at different temperatures. 
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The isothermal hydrogen absorption curves of the
g93 Ni6.6 Si0.4 , Mg93 Ni5.4 Si1.6 , and Mg93 Ni2 Si5 alloys under

 hydrogen pressure of 3 MPa are presented in Fig. 8 . It
s evident from Fig. 8 (a) that both the Mg93 Ni6.6 Si0.4 and

g93 Ni5.4 Si1.6 alloys exhibit significantly higher initial hydro-
en absorption rates compared to the Mg93 Ni2 Si5 alloy at an
sothermal temperature of 250 °C. The hydrogen absorption
apacities of the three alloys at 250 °C follow the sequence:
g93 Ni6.6 Si0.4 (4.6 wt.%) > Mg93 Ni5.4 Si1.6 (4.5 wt.%) >

g93 Ni2 Si5 (4.2 wt.%). However, as the isothermal tempera-
ure increases to 300 °C and 350 °C, a reversal in the final
ydrogenation capacity order is observed, despite the initially
ast hydrogen storage rate for all three alloys, as depicted in
ig. 8 (b) and 8(c). For instance, at an isothermal tempera-

ure of 350 °C ( Fig. 8 c), the hydrogen absorption capacities
f the alloys are ranked as follows: Mg93 Ni2 Si5 (5.1 wt.%)
 Mg93 Ni5.4 Si1.6 (4.8 wt.%) > Mg93 Ni6.6 Si0.4 (4.7 wt.%).
ig. 8 (d) depicts the temperature dependent variation in hy-
rogen adsorption capacity for the three alloys. It is observed
hat Mg93 Ni6.6 Si0.4 and Mg93 Ni5.4 Si1.6 alloys exhibit minimal
hanges in hydrogen storage as temperature increases. In con-
rast, the Mg93 Ni2 Si5 alloy displays a significant increase in
ydrogen storage, from 4.2 wt.% to 5.1 wt.%, as temperature
ises from 250 °C to 350 °C. This result indicates that the
iscrepancy of Ni and Si content and microstructure has a
ignificant influence on the hydrogen absorbing properties of
g-Ni-Si alloys. At lower temperatures, Ni’s excellent cat-

lytic ability dominates the hydrogen absorption process, ac-
elerating hydrogen dissociation and promoting the kinetic re-
ction. Concurrently, Si has a weak catalytic capacity, while
he second phase containing Si can serve as a “diffusion chan-
el” for hydrogen and a nucleation site for hydrides. Conse-
uently, the increase in Ni content enhances both the hydro-
en absorption rate and capacity of the alloys at 250 °C. As
he temperature reaches 300 °C and 350 °C, all three alloys
xhibit rapid hydrogen absorption rates in the initial stage, fa-
ilitated by the elevated temperature promoting hydrogen dis-
ociation. As the hydrogen absorption progresses, the volume
raction occupied by hydrides increases, eventually reaching
aturation, where hydrogen diffusion becomes the predomi-
ant rate-limiting step. Due to the presence of numerous fine
econd phase structures in the Mg93 Ni2 Si5 alloy, the more
iffusion pathways and nucleation sites are provided for hy-
rogen diffusion and hydride formation, further enhancing the
lloy’s hydrogenation ability. 

Fig. 9 showcases the TPD curves and isothermal hydro-
en release kinetics curves of hydrogenated Mg93 Ni6.6 Si0.4 

lloy, Mg93 Ni5.4 Si1.6 alloy and Mg93 Ni2 Si5 alloy. As de-
icted in Fig. 9 (a), the dehydrogenation behavior of the
g93 Ni6.6 Si0.4 alloy initiates at 180 °C, exhibiting a lower
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Fig. 9. (a) TPD curves and (b-d) dehydrogenation kinetic curves of Mg93 Ni6.6 Si0.4 alloy, Mg93 Ni5.4 Si1.6 alloy and Mg93 Ni2 Si5 alloy at (b) 250 ◦C, (c) 300 ◦C 

and (d) 350 ◦C under the initial hydrogen pressure of 0.01 MPa. 
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nitial hydrogen release temperature compared to both the
g93 Ni5.4 Si1.6 alloy (210 °C) and the Mg93 Ni2 Si5 alloy

243 °C). At an isothermal temperature of 250 °C ( Fig. 9 b),
he Mg93 Ni6.6 Si0.4 alloy exhibits the fastest rate of dehy-
rogenation by achieving complete hydrogen release within
5 min, while the Mg93 Ni5.4 Si1.6 alloy and the Mg93 Ni2 Si5 
lloy necessitate 150 min and 450 min, respectively. Fig. 9 (b-
) demonstrate a substantial increase in both the dehydro-
enation rate and the capacity of hydrogen released for all
hree alloys as the temperature rises. At 300 °C, the hy-
rogenated Mg93 Ni6.6 Si0.4 alloy can generate 4.5 wt.% H2 

ithin 5 min, while the Mg93 Ni2 Si5 alloy accomplishes the
elease of 5.0 wt.% H2 within 35 min ( Fig. 9 c). At an isother-
al temperature of 350 °C ( Fig. 9 d), all three alloys can

omplete the hydrogen release within 6 min. These find-
ngs confirm the excellent dehydrogenation kinetics of the

g93 Ni6.6 Si0.4 alloy and the higher dehydrogenation capac-
ty of the Mg93 Ni2 Si5 alloy. It is well known that the dis-
ociation of Mg-H bonds, the recombination of hydrogen
nd diffusion of hydrogen are the main factors determin-
ng the difficulty and rate of the hydrogen release process.
ue to the unique 3 d electronic structure characteristics, tran-

ition metals can effectively destabilize MgH2 , facilitating
he kinetic performance of hydrogen release [68 , 69] . Further-
ore, previous investigations have reported that Mg2 NiH4 ,
ossessing lower thermal stability, serves as a “hydrogen
ump” to augment dehydrogenation kinetics [15 , 28 , 42] . Con-
equently, Mg93 Ni6.6 Si0.4 alloy with higher Ni content showed
ower dehydrogenation temperature and enhanced kinetic
roperties. 

.3. Hydrogen storage kinetics and thermodynamics 

The kinetic properties were further evaluated by cal-
ulating the dehydrogenation activation energy of the al-
oys through the Johnson-Mehl-Avrami-Kolmogorov (JMAK)
odel ( Eq. (1 )) [70] and the Arrhenius equation ( Eq. (2) ). 

n [ −ln ( 1 − α) ] = n ln t + n ln k (1)

 = A exp ( Ea /RT ) (2)

here α is the reaction fraction of time t, n is the Arrhe-
ius exponent, k is the reaction rate constant. A, R and T
re pre-exponential factors, gas constants and temperatures,
espectively. Fig. 10 (a), 10(d) and 10(g) show the dehydro-
enation Arrhenius plots of hydrogenated Mg93 Ni6.6 Si0.4 al-
oy, Mg93 Ni5.4 Si1.6 alloy and Mg93 Ni2 Si5 alloy. The dehydro-
enation activation energy values for the three alloys were
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Fig. 10. Arrhenius plots, PCT curves and Van’t Hoff plots for (a-c) Mg93 Ni6.6 Si0.4 alloy, (d-f) Mg93 Ni5.4 Si1.6 alloy and (g-i) Mg93 Ni2 Si5 alloy at different 
temperature. 

Table 1 
Comparison of dehydrogenation Ea and �H between Mg93 Ni6.6 Si0.4 alloy 
and other Mg-based materials. 

Materials Dehydrogenation 
Ea (kJ/mol) 

�H (kJ/mol) Ref. 

MgH2 151.9 77.2 [15] 
Mg-5Ni-15La (wt.%) 118.6 80.1 [71] 
Mg90 Li4 Si6 128.3 – [72] 
Mg91 Y3 Al6 115.1 – [73] 
Mg88.7 Ni6.3 Y5 141.0 −72.3 [74] 
Mg@Mg2 Si – 77.0 [55] 
Mg93 Ni6.6 Si0.4 105.2 76.4 This work 
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alculated by linear fitting. It is found that Mg93 Ni6.6 Si0.4 

lloy has the lowest dehydrogenation activation energy of
05.21 ±5.4 kJ/mol, which is consistent with the results of
he kinetic curves in Fig. 8 . Compared with other Mg-based
ydrogen storage materials ( Table 1 ), Mg93 Ni6.6 Si0.4 alloy
emonstrates a significant enhancement in dehydrogenation
inetics, especially with a 30.7% reduction compared to the
ehydrogenation Ea of MgH2 (151.9 kJ/mol) [15] . 
In order to investigate the thermodynamic properties of the
lloys in terms of hydrogen absorption and desorption, PCT
ests were carried out at different temperatures as shown in
ig. 10 (b), 10(e) and 10(h). Based on the plateau pressure ob-

ained from the PCT curves, the de-/hydrogenation enthalpies
f the materials were calculated by the Van’t Hoff equation
 Eq. (3) [51] , as presented in Fig. 10 (c), 10(f) and 10(i). 

n P = �H/RT − �S/R (3)

here P, T , �H and �S are the plateau pres-
ure, temperatures and enthalpy and entropy, respec-
ively. The values of the hydrogen absorption en-
halpy ( �Habs ) and desorption enthalpy ( �Hdes ) for

g93 Ni6.6 Si0.4 alloy, Mg93 Ni5.4 Si1.6 alloy, and Mg93 Ni2 Si5 
lloy are −76.1 ± 1.4 kJ/mol and 76.4 ± 1.2 kJ/mol
 Fig. 10 c), −71.8 ± 2.8 kJ/mol and 72.8 ± 2.5 kJ/mol
 Fig. 10 f), and −92.2 ± 7.1 kJ/mol and 88.6 ± 2.1 kJ/mol
 Fig. 10 i), respectively. Nonetheless, the enthalpy change of
he Mg-Ni-Si alloys was not dramatically improved in con-
rast to the pure MgH2 that has been reported [15] . This in-
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Fig. 11. (a) XRD patterns, (b, c) SEM images of Mg93 Ni6.6 Si0.4 alloy and Mg93 Ni2 Si5 alloy after the 31st hydrogenation, and (d, e) hydrogenation kinetic 
curves of 31 cycles for both alloys. 
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icates that the alloying strategy through the addition of Ni,
i elements has a weak effect on the thermodynamic prop-
rties of Mg/MgH2 . Additionally, it is worth noting that, al-
hough the dehydrogenation enthalpies of Mg93 Ni6.6 Si0.4 al-
oy and Mg93 Ni5.4 Si1.6 alloy are close, both are significantly
ower than that of Mg93 Ni2 Si5 alloy. This suggests that, with
 decrease in the Ni/Si elemental ratio, there is a degrada-
ion in the thermodynamic performance of Mg-Ni-Si alloys.
he negative influence on the thermodynamic performance of
g93 Ni2 Si5 alloy caused by an increase in the Si/Ni atomic

atio may be associated with the reduction of the lower sta-
le Mg2 NiH4 and the need for a larger reaction driving force
providing additional energy) to overcome rate-limiting steps
n hydrogen absorption/desorption reactions [28 , 75] . 

.4. Cycling stability and mechanism analysis 

Fig. 11 (a) presents the XRD patterns of the activated
g93 Ni6.6 Si0.4 alloy and Mg93 Ni2 Si5 alloy after 31 cycles. As

ndicated by the XRD results, the post-cycled Mg93 Ni6.6 Si0.4 

lloy is composed of MgH2 , Mg2 NiH4 , and Mg2 Ni3 Si phases.
imultaneously, the Mg93 Ni2 Si5 alloy after the 31st hydro-
en absorption cycle exhibits predominant phases of MgH2 ,
g2 Si, and Mg2 Ni3 Si. The presence of a small amount of
g phase is related to incomplete hydrogenation. The XRD

esults confirm the stable phase composition of the Mg-
i-Si alloy during at least 31 cycles of hydrogen absorp-

ion/desorption processes. Fig. 11 (b) and 11(c) respectively
llustrate the micromorphology of the Mg93 Ni6.6 Si0.4 alloy
nd Mg93 Ni2 Si5 alloy after 31 cycles. Due to the expan-
ion and contraction during consecutive hydrogen absorp-
ion/desorption processes, the alloy powders are fragmented
nto fine particles, exhibiting a porous and fluffy characteris-
ic. Furthermore, broken particle sizes in the Mg93 Ni2 Si5 alloy
re observed to be finer than those in the Mg93 Ni6.6 Si0.4 al-
oy. This phenomenon is primarily attributed to the uniform
ispersion of abundant precipitates in the Mg93 Ni2 Si5 alloy,
roviding more hydrogen reaction interfaces and shorter dif-
usion distances, thereby favoring stress release caused by
attice volume changes during the de/-hydrogenation process.
hese stresses typically concentrate at boundaries such as
hase boundaries and grain boundaries, leading to crack for-
ation [76] . Fig. 11 (d) and 11(e) demonstrate that both the
g93 Ni6.6 Si0.4 alloy and Mg93 Ni2 Si5 alloy exhibit a capacity

etention rate exceeding 97% after 31 hydrogen absorption
ycles, showcasing stable reversibility. 

The mechanism underlying the enhanced hydrogen stor-
ge performance of Mg-Ni-Si alloys can be illustrated
y referencing Fig. 12 . During hydrogen absorption, the
g93 Ni6.6 Si0.4 alloy exhibits rapid hydrogenation at lower

emperatures owing to the preferential hydrogenation of
g2 Ni in comparison to Mg ( Fig. 8 a). The presence of
g2 Ni3 Si further facilitates the hydrogen absorption process.
ith an increase in the Si to Ni ratio, numerous fine sec-

nd phases emerge, providing an abundance of adsorption
ites for hydrogenation. These phase interfaces, characterized
y distortion, serve as nucleation sites for the formation of
gH2 [77] . As depicted in Fig. 12 (a), hydrogen dissociation

rimarily occurs at the intermetallic compound surfaces in
he Mg93 Ni2 Si5 alloy during the hydrogenation stage. Subse-
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Fig. 12. Schematic diagram for (a) hydrogenation of Mg93 Ni2 Si5 and (b) dehydrogenation of Mg93 Ni6.6 Si0.4 alloy. 
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uently, hydrogen atoms react with Mg at the phase interfaces,
nabling further binding within the internal Mg structure. This
rocess greatly contributes to the rapid activation and excel-
ent hydrogen absorption properties of the Mg93 Ni2 Si5 alloy. 

During the dehydrogenation process ( Fig. 12 b), as the ratio
f Ni to Si increases, Mg2 NiH4 with a low dehydrogenation
nthalpy in the Mg93 Ni6.6 Si0.4 alloy dissociates first and in-
uces MgH2 to be able to decompose at lower temperatures
42 , 78] . Furthermore, the presence of Ni with unsaturated 3 d
lectron orbitals facilitates the facile release of hydrogen from
gH2 through inherent electron transfer properties [79 , 80] . In

onclusion, a heterogeneous catalytic system with multi-phase
nterfaces was formed in the Mg93 Ni6.6 Si0.4 alloy, wherein

g2 Ni/Mg2 NiH4 acts as the “hydrogen pump” to induce hy-
rogen absorption and release of Mg/MgH2 . Simultaneously,
g2 Ni3 Si serves as the “hydrogen diffusion channel” and ac-

ive center to promote efficient hydrogen transfer. 

. Conclusions 

In summary, this work investigates the influence of Ni and
i elements on the microstructure evolution and hydrogen ab-
orption/desorption properties of Mg93 -Ni7- x -Six ( x = 0.4, 1.6,
) system alloys. The results reveal distinct variations in the
ype and dimensions of intermetallic compound phases within

g-Ni-Si alloys as a function of Ni and Si content, which has
 pronounced influence on the hydrogen storage characteris-
ics of the alloys. The presence of a significant number of
nely dispersed second phase structures facilitates enhanced
ydrogen diffusion and promotes efficient hydrogen absorp-
ion reactions. Particularly noteworthy is the Mg93 Ni2 Si5 al-
oy, which attains the activated state after a mere three cycles
nd shows exceptional performance during the hydrogenation
rocess. Remarkably, the Mg93 Ni2 Si5 demonstrates rapid hy-
rogen absorption, achieving hydrogen uptake of 4.6 wt.%
nd 5.0 wt.% within a mere 10 min at temperatures of
00 °C and 350 °C, respectively. Furthermore, the destabi-
izing effect of Ni on MgH2 significantly reduces the initial
ecomposition temperature of Mg-Ni-Si alloys, leading to an
ugmented hydrogen release rate. The Mg93 Ni6.6 Si0.4 alloy
anifests decomposition at a relatively low temperature of
80 °C, revealing a dehydrogenation activation energy value
f 105.21 kJ/mol, akin to alloys in the same category. This
ubstantiates notable advancements of Mg-Ni-Si alloys in hy-
rogen storage properties compared to MgH2 . It is worth not-
ng that the improvement of thermodynamic properties of Mg
ased hydrogen storage materials by Ni and Si elements is
imited. These results provide valuable insights for the struc-
ural design and development of Mg-based solid-state hydro-
en storage materials. 
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N. Novaković, Int. J. Hydrogen. Energy 39 (11) (2014) 5874–5887 . 
69] J. Cui, H. Wang, J. Liu, L. Ouyang, Q. Zhang, D. Sun, X. Yao, M. Zhu,

J. Mater. Chem. A 1 (18) (2013) 5603–5611 . 
70] Y. Pang, Q. Li, Int. J. Hydrogen. Energy 41 (40) (2016) 18072–18087 .
71] F. Guo, T. Zhang, L. Shi, L. Song, Int. J. Hydrogen. Energy 45 (56)

(2020) 32221–32233 . 
72] Y. Wang, Z. Zhou, W. Zhou, L. Xu, J. Guo, Z. Lan, Mater. Des. 111

(2016) 248–252 . 
73] K. Zhang, Y. Chang, J. Lei, J. Chen, T. Si, X. Ding, P. Cui, H.-W. Li,

http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0004
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0005
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0006
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0007
https://doi.org/10.1016/j.jma.2022.11.022
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0009
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0010
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0011
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0012
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0013
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0014
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0015
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0016
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0017
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0018
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0019
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0020
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0021
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0022
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0023
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0024
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0025
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0026
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0027
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0028
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0029
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0030
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0031
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0032
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0033
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0034
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0035
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0036
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0037
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0038
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0039
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0040
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0041
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0042
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0043
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0044
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0045
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0046
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0047
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0048
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0049
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0050
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0051
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0052
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0053
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0054
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0055
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0056
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0057
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0058
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0059
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0060
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0061
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0062
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0063
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0064
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0065
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0066
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0067
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0068
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0069
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0070
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0071
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0072


H. Wan, L. Ran, H. Lu et al. / Journal of Magnesium and Alloys 13 (2025) 3784–3797 3797 

 

[  

[  

[  

[  

[  

[  

[  
Q. Zhang, Y. Li, J. Magnes. Alloys (2023) In Press , doi: 10.1016/j.jma.
2023.01.020. 

74] W. Song, W. Ma, S. He, W. Chen, J. Shen, D. Sun, Q. Wei, X. Yu, J.
Magnes. Alloys (2023) In Press , doi: 10.1016/j.jma.2023.04.002. 

75] F. Guo, T. Zhang, L. Shi, L. Song, Int. J. Hydrogen. Energy 45 (11)
(2020) 6701–6712 . 

76] C. Zlotea, M. Sahlberg, S. Özbilen, P. Moretto, Y. Andersson, Acta
Mater. 56 (11) (2008) 2421–2428 . 
77] F. Guo, T. Zhang, L. Shi, Y. Chen, L. Song, Int. J. Hydrogen. Energy
47 (2) (2022) 1063–1075 . 

78] Y. Fu, L. Zhang, Y. Li, S. Guo, H. Yu, W. Wang, K. Ren, W. Zhang,
S. Han, J. Magnes. Alloys 11 (8) (2022) 2927–2938 . 

79] L. Dan, H. Wang, J. Liu, L. Ouyang, M. Zhu, ACS. Appl. Energy Mater.
5 (4) (2022) 4976–4984 . 

80] S. Wang, M. Gao, Z. Yao, K. Xian, M. Wu, Y. Liu, W. Sun, H. Pan, J.
Magnes. Alloys 10 (12) (2022) 3354–3366 . 

https://doi.org/10.1016/j.jma.2023.01.020
https://doi.org/10.1016/j.jma.2023.04.002
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0075
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0076
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0077
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0078
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0079
http://refhub.elsevier.com/S2213-9567(24)00042-2/sbref0080

	Optimizing microstructure and enhancing hydrogen storage properties in Mg alloy via tailoring Ni and Si element
	1 Introduction
	2 Experimental
	2.1 Materials preparation
	2.2 Materials characterization

	3 Results and discussions
	3.1 Evolution of phase compositions and microstructure
	3.2 Investigation of hydrogen absorption and desorption performance
	3.3 Hydrogen storage kinetics and thermodynamics
	3.4 Cycling stability and mechanism analysis

	4 Conclusions
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgements
	References


