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Abstract 

It has been well known that doping nano-scale catalysts can significantly improve both the kinetics and reversible hydrogen storage 
capacity of MgH 2 . However, so far it is still a challenge to directly synthesize ultrafine catalysts (e.g., < 5 nm), mainly because of the 
complicated chemical reaction processes. Here, a facile one-step high-energy ball milling process is developed to in situ form ultrafine Ni 
nanoparticles from the nickel acetylacetonate precursor in the MgH 2 matrix. With the combined action of ultrafine metallic Ni and expanded 
graphite (EG), the formed MgH 2 –Ni-EG nanocomposite with the optimized doping amounts of Ni and EG can still release 7.03 wt.% H 2 

within 8.5 min at 300 °C after 10 cycles. At a temperature close to room temperature (50 °C), it can also absorb 2.42 wt.% H 2 within 
1 h. It can be confirmed from the microstructural characterization analysis that the in situ formed ultrafine metallic Ni is transformed into 
Mg 2 Ni/Mg 2 NiH 4 in the subsequent hydrogen absorption and desorption cycles. It is calculated that the dehydrogenation activation energy 
of the MgH 2 –Ni-EG nanocomposite is also reduced obviously in comparison with the pure MgH 2 . Our work provides a methodology to 
significantly improve the hydrogen storage performance of MgH 2 by combining the in situ formed and uniformly dispersed ultrafine metallic 
catalyst from the precursor and EG. 
© 2022 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/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

With the reduction of industrial hydrogen production costs
nd the development of hydrogen fuel cell technology, hydro-
en has gradually become one of the most promising clean
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ensive applications in hydrogen compressor, fuel cell vehicle
FCV), as well as grid-scale hydrogen energy storage [2–5] .

ore specifically, it is still urging to develop hydrogen storage
echnologies with the characteristics of high gravimetric ca-
acity, low cost, high safety, and reliability. Compared with
he high-pressure gaseous and low-temperature liquid stor-
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ge technologies, the solid-state hydrogen storage technology
s highly promising, due to its relatively higher gravimetric
r volumetric density, safety, and economy [6 , 7 ]. Owing to
he high theoretical gravimetric capacity (7.6 wt.% for pure

gH 2 ) and relatively abundant resources, Mg-based materi-
ls have been receiving widespread coverage from researchers
s one of the most promising carriers for on-board hydrogen
torage devices [8–10] . But the relatively high desorption tem-
erature ( > 300 °C) and slow sorption kinetics make them
ifficult to meet the requirements of the fuel cell module
 < 85 °C) and on-board hydrogen storage devices. Besides,

g-based materials still have the problem in terms of the
apacity fade during the ab/desorption cycles. 

Doping additives or catalysts, such as transition metal-
ased catalysts (such as Nb, Ti, V, and Ni, etc.), has been
onsidered as one of the most effective strategies to improve
he hydrogen storage performance of Mg/MgH 2 . It can effec-
ively accelerate the dissociation and combination of hydrogen
toms and decrease the activation energy for hydrogen des-
rption [11–14] , thus improving the dehydrogenation kinetics
nd lowering the dehydrogenation temperatures [15–21] . For
xample, Wang et al. [15] demonstrated that the N 

–Nb 2 O 5 

10 wt.%)-doped MgH 2 composite has an excellent desorption
erformance, releasing 5.0 wt.% H 2 at 250 °C within 3 min.
y exfoliating the Ti 3 AlC 2 powders to synthesize 2D Ti 3 C 2 

MXene), Liu et al. [20] obtained MgH 2 containing 5 wt.%
i 3 C 2 that can release 6.2 wt.% H 2 at 300 °C within 1 min,
xhibiting superior dehydrogenation kinetics to counterparts
oped with other Ti-based catalysts. In particular, metallic Ni
s also an efficient and low-cost catalyst to significantly im-
rove the hydrogen storage performance of Mg/MgH 2 . To
ame a few, Liu et al. [21] added the porous Ni@rGO
o MgH 2 by ball milling, and the formed MgH 2 + 5 wt.%
i@rGO nanocomposite can still release 6 wt.% H 2 at 300

C within 10 min after the 9th cycle. Although the excel-
ent catalytic effects, the amount of doped catalyst should
e limited largely, especially for some heavy elements since
t would lower the practical hydrogen storage capacity of
he Mg/MgH 2 system. Therefore, the catalytic activity of the
oped catalyst should be effectively improved to promote the
ehydrogenation kinetics of MgH 2 as much as possible, so as
o maintain the high hydrogen storage capacity of Mg/MgH 2 .

Recently, it is interesting to find that the reduction in size
nd improvement of dispersity would increase the catalytic
ctivity of the catalyst [22–25] . For instance, Zhang et al.
23] employed a wet-chemical method to prepare the NbH x 

 ∼10–50 nm-sized nanoparticles) and doped it into MgH 2 to
mprove its hydrogen storage properties, which can release
.0 wt.% H 2 within 9 min at 300 °C. In addition, their ex-
erimental results also concluded that the smaller the particle
ize of the NbH x was, the better catalytic effect on hydrogen
torage performance of MgH 2 would be. In this regard, Chen
t al. [24] reported that the well-distributed Ni nanoparticles
NPs) can provide more active catalytic sites for the absorp-
ion and desorption cycles. Specifically, the homogeneous dis-
ribution of super Ni NPs (uniform size of ∼10–20 nm) on
he surface of MgH 2 was achieved by breaking the 1D fibrous
i via ball milling. Accordingly, the MgH 2 doping with 4
ol% Ni NPs composites can dehydrogenate 7.02 wt.% H 2 

ithin 11 min at 325 °C. More impressively, the ultrafine cat-
lyst with homogeneous dispersity can be tailored from some
recursors, such as some transition metal MXene and metal
rganic frameworks (MOF) [26–30] . For example, Jia et.al
27] obtained ultrafine Ni NPs (2–3 nm) from Ni-MOF-74
n the MgH 2 matrix by a mechanochemical-force-driven pro-
edure, which improved the hydrogen absorption/desorption
rocesses of Mg/MgH 2 and was proven by theoretical calcu-
ations and experiments. Huang et al. [30] used MOF as a
recursor to homogeneously disperse metallic Ni on Ti 3 C 2 .
he synthesized MgH 2 + 10 wt.% Ni@C-MXene composite
an release about 5.6 wt.% H 2 within 2 min at 300 °C and
bsorb approximately 5 wt.% H 2 within 2 min under 3.2 MPa
t 150 °C, possessing an excellent cycling stability (e.g., with-
ut obvious decay for both capacity and kinetics after 10
ycles). Particularly, a common Ni-based metal-organic com-
lex named nickel acetylacetonate (Ni(acac) 2 ) has been of-
en used as a precursor for high-efficiency catalysts [31] . In
omparison with other Ni-based compounds (e.g., NiCl 2 and
iF 2 ), Ni(acac) 2 as catalyst precursor has a lower melting
oint (238 °C) [32 , 33] , which is beneficial for the smaller
article size and better dispersion [34] . Nonetheless, many
ltrafine catalysts-doped Mg/MgH 2 systems still show the ob-
ious degradation of cycle stability. [35] . 

It has been found that the addition of carbon can be used
s a grinding aid to inhibit the grain aggregation and growth
f Mg/MgH 2 during cycle-life (kinetics). Various carbon-
ased materials, such as activated carbon, carbon nanotubes,
raphite, graphene, and its derivatives, are considered as ad-
itives [36–40] , among which carbon nanotubes and graphite
re typical representatives for the ideal candidates. For ex-
mple, Liu et al. [41] supported the Co/Pd catalysts on
amboo-shape carbon nanotubes to obtain MgH 2 –Co/Pd@B-
NTs composite, which can absorb 6.68 wt.% H 2 at 250 °C
ithin 10 s. Wang et.al [42] developed a graphene-guided

nd growth process to prepare N-doped Nb 2 O 5 @C nanorods
nd the MgH 2 with 10 wt.% N-doped Nb 2 O 5 @C can release
.2 wt.% H 2 from 170 °C to 270 °C, which has a capacity
etention of 98% after 50 cycles. It should be noted that ex-
anded graphite (EG) is one of the cheapest and most efficient
arbon materials [37] . 

The above descriptions indicate that a suitable transition
etal catalyst precursor and carbon materials (especially the
G) could be introduced into the Mg/MgH 2 matrix to in situ

orm the ultrafine and well-dispersed catalyst with high cat-
lytic activity, thereby improving the dehydrogenation kinet-
cs and cycle stability of Mg/MgH 2 system while maintaining
he high hydrogen capacity (e.g., over 7 wt.%) for the target
f the on-board application. Herein, a facile one-step high-
nergy ball milling technique has been developed to in situ
orm ultrafine Ni nanoparticles catalyst in the MgH 2 matrix,
ombining the nickel acetylacetonate as a precursor and EG.
n one hand, the in situ formed ultrafine Ni nanoparticles

atalyst from the Ni(acac) 2 can significantly improve the des-
rption kinetics of MgH 2 . On the other hand, the cycle perfor-
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Fig. 1. The XRD patterns of MgH 2 + x wt.% Ni(acac) 2 samples ( x = 1, 3, 
5, 7 and 10). 

(  

r  

1  

t  

E  

d

3

3

 

a  

t  

g  

r  

s  

fi  

d  

l  

m  

r  

r  

o  

a  

i  

t  

f  

t  

i  

i  

b  

N  

c  

f
 

N  

t  
ance of Mg/MgH 2 is improved by the low-cost and effective
G. Consequently, the formed MgH 2 –Ni-EG nanocomposite
ith the optimized doping amounts of Ni and EG can re-

ease 7.03 wt.% H 2 within 8.5 min at 300 °C after 10 cycles.
he exceptional hydrogen storage performance was credited

o a 26.9% decrease in the dehydrogenation activation energy
n comparison with pure MgH 2 . In addition, the evaluation
rocess of Ni(acac) 2 and was revealed on the basis of the
icrostructural characterization analysis. 

. Material and methods 

.1. Sample preparations 

The high-purity Ni(acac) 2 (99%, Aladdin), MgH 2 (98%,
laddin), Ni powder (99%, Maclin), and expandable graphite

XingRuiDa Graphite manufacturing Co., Ltd.) were used as
aw materials. The received expandable graphite was annealed
n an Ar atmosphere at 1300 °C for 2 h, and then sintered in
 H 2 atmosphere at 400 °C for 4 h to obtain EG. Ni(acac) 2 
as doped into the commercial MgH 2 at mass percentages of
 = 1 wt.%, 3 wt.%, 5 wt.%, 7 wt.%, and 10 wt.%, respec-
ively, via a vibration-type ball mill (QM-3C, Nanjing, China)
t 1200 rpm for 5 h under H 2 pressure of 1.5 MPa. Further,
he EG was introduced into MgH 2 with Ni(acac) 2 together
y ball milling. The mass ratio of MgH 2 , Ni(acac) 2 , and EG
s 97:1.5:1.5 (denoted as MgH 2 –Ni-EG). For the compari-
on, pure Ni powder was also doped into MgH 2 (donated as
gH 2 –Ni p -EG) by ball milling for 5 h The ball-to-sample

adio was around 50:1 during the milling process, which was
onducted for 30 min after every 30 min pause. 

.2. Characterizations 

The X-ray diffraction (XRD) equipped with Cu K α ra-
iation ( λ = 0.15,418 nm) operated at 45 kV and 40 mA
as used to identify the phase of the samples. The XRD
ata was captured in a 2 θ range of 15 °∼85 ° with a step
f 0.026 °. A scanning electron microscope (Zeiss Supra-40)
nd a transmission electron microscope (JEM-2100, Japan)
ere used for observing morphologies and microstructures of

he samples. X-ray photoelectron spectroscopy (XPS) spec-
ra (Thermo Fisher Scientific K-Alpha) were performed with
 monochromatic Al K α X-ray source at a base pressure of
 × 10 

−9 mbar to obtain the relevant valence information
bout the sample. The XPS data were fitted using Avantage
oftware. 

The hydrogen sorption properties of materials were mea-
ured by using PCT Pro2000, in which the sample with a
ass of 180 ± 5 mg was loaded into a stainless-steel sample

older. For non-isothermal dehydrogenation tests, the sample
as heated at a heating rate of 2 K/min under a vacuum en-
ironment for desorption. For isothermal measurements, the
ample was heated to the preset temperature at a heated rate
f 5 K/min and then start the next dehydrogenation experi-
ents. In addition, the sample with the mass of 9.5 ± 0.5 mg
as loaded into an alumina crucible for thermal analysis
DSC, Setaram SENSYS Evolution) and it was heated from
oom temperature to 450 °C at different rates (2, 7, 10 and
5 K/min, respectively) under an argon atmosphere. Before
he measurement for DSC, the MgH 2 –Ni-EG and MgH 2 –Ni p -
G composites were activated via dehydrogenation and hy-
rogenation procedures at 300 °C. 

. Results and discussion 

.1. Catalytic effects of Ni in situ formed from Ni(acac) 2 

Ni(acac) 2 precursors with different mass fractions were
dded to MgH 2 via vibratory-type high-energy ball milling
o investigate the effect of Ni(acac) 2 addition on the hydro-
en storage performance of MgH 2 . Fig. 1 shows the XRD
esults of MgH 2 + x wt.% Ni(acac) 2 ( x = 1, 3, 5, 7, and 10)
amples after high-energy ball milling which can provide suf-
cient energy for the reaction between them. Obviously, the
iffraction peaks associated with the β-MgH 2 , γ -MgH 2 , and a
ittle amount of MgO phases can be well indexed in the ball-
illed MgH 2 + x wt.% Ni(acac) 2 samples. Characteristic peaks

elated to Ni(acac) 2 cannot be found, indicating the chemical
eaction between MgH 2 and Ni(acac) 2 or the decomposition
f Ni(acac) 2 during the ball milling process. However, there
re no diffraction peaks of Ni and/or Ni-based compounds
n the XRD patterns. It may be due to the small content of
he Ni phase or the small size in situ formed Ni particles
rom Ni(acac) 2 (as evidenced by the HRTEM observations in
he following section), which might result in the correspond-
ng diffraction peaks being too weak to detect. In addition,
t should be noted that the peak intensity of the MgO phase
ecome stronger with the increase of the mass percent of
i(acac) 2 (Fig. S1), which suggests that the O element might

ome from the C = O group of Ni(acac) 2 to facilitate the
ormation of the MgO phase. 

Non-isothermal dehydrogenation curves of MgH 2 + x wt.%
i(acac) 2 samples ( x = 1, 3, 5, 7, and 10) were firstly tested

o explore the influence of Ni(acac) 2 precursor on the hydro-
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Fig. 2. Non-isothermal dehydrogenation curves (a). The first (b) and second (c) isothermal dehydrogenation curves at 300 °C. (d) The second isothermal 
dehydrogenation curves at 275 °C of MgH 2 + x wt.% Ni(acac) 2 ( x = 1, 3, 5, 7 and 10) and as-milled MgH 2 samples. 
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en storage performance of MgH 2 , which was also compared
ith the pure MgH 2 treated under the same conditions of
all milling. Specifically, the temperature at which the sam-
le releases 0.1 wt.% H 2 was used as the initial dehydro-
enation temperature during the non-isothermal dehydrogena-
ion test. As shown in Fig. 2 (a), it can be clearly seen that
he initial dehydrogenation temperature of the MgH 2 + x wt.%
i(acac) 2 samples decrease with the increase of the addition
f Ni(acac) 2 , i.e., around 260 °C, 254 °C, 245 °C, 243 °C and
34 °C for x = 1, 3, 5, 7, and 10, respectively. These initial
ydrogen release temperatures of all MgH 2 + x wt.% Ni(acac) 2 
amples are lower than 265 °C of as-milled pure MgH 2 . In
ddition, the kinetics of MgH 2 + x wt.% Ni(acac) 2 samples in
he subsequent dehydrogenation are better than that of the as-

illed MgH 2 sample. It should also be noted that the hydro-
en storage capacity of the MgH 2 + x wt.% Ni(acac) 2 samples
s decreased with the increase of the addition of Ni(acac) 2 . 

Furthermore, the first and second-cycle isothermal dehy-
rogenation curves of the MgH 2 + x wt.% Ni(acac) 2 samples
nd as-milled MgH 2 at 300 °C under initial H 2 pressure of
.05 bar were given and compared in Fig. 2 (b) and (c), re-
pectively. Obviously, all the MgH 2 + x wt.% Ni(acac) 2 sam-
les demonstrate the much better dehydrogenation kinetics
han the as-milled MgH 2 sample. Fig. 2 (b) shows that the

gH 2 + x wt.% Ni(acac) 2 samples can release H 2 ranging
rom 7.26 wt.% to 6.66 wt.% at 300 °C in the first cy-
le, with increasing the doping amount of Ni(acac) 2 from
 wt.% to 10 wt.%. And the increment in the doping amount
f Ni(acac) 2 could also speed up the dehydrogenation kinetics
f MgH 2 in the first dehydrogenation process. Noticeably, the
ehydrogenation kinetics of the MgH 2 + x wt.% Ni(acac) 2 are
urther accelerated in the second cycle ( Fig. 2 (c)), especially
or the MgH 2 + x wt.% Ni(acac) 2 samples with relatively small
i(acac) 2 amount. For example, the MgH 2 + 1 wt.% Ni(acac) 2 

ample spends ∼ 1580 s to release 6.9 wt.% H 2 in the first
ehydrogenation process, as shown in Fig. 2 (b-c), which is
ignificantly reduced to be ∼ 758 s in the second dehydro-
enation process. When the addition of Ni(acac) 2 exceeds a
ertain value (i.e., higher than 3 wt.%) at 300 °C, the de-
ydrogenation kinetics of MgH 2 + x wt.% Ni(acac) 2 samples
ould keep unimproved in the second dehydrogenation cy-

le, while the hydrogen capacity is decreased correspondingly,
s shown in Fig. 2 (c). In other words, the MgH 2 + 3 wt.%
i(acac) 2 sample may exhibit the best combination of



3178 S. Shen, L. Ouyang, J. Liu et al. / Journal of Magnesium and Alloys 11 (2023) 3174–3185 

Fig. 3. Isothermal dehydrogenation curves of MgH 2 + x wt.% Ni(acac) 2 samples at 250 °C (a) and 225 °C (b). 
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he dehydrogenation kinetics and hydrogen storage capacity
 ∼ 6.9 wt.% H 2 for the second dehydrogenation test) at 300
C, showing the sufficient catalytic effect without scarifying
he hydrogen capacity. This optimized doping amount is very
mportant for designing the subsequent experiments, which
ill be discussed later. 
In addition, the isothermal dehydrogenation kinetics curves

f the MgH 2 + x wt.% Ni(acac) 2 samples were measured at
 lower temperature of 275 °C under initial H 2 pressure of
.02 bar to further understand the effect of Ni(acac) 2 ad-
ition on the dehydrogenation kinetics of MgH 2 , as shown
n Fig. 2 (d), exhibiting the significantly enhanced dehydro-
enation kinetics performance in comparison with the as-
illed MgH 2 sample. Noticeably, when the added amount

f Ni(acac) 2 is increased to 5 wt.%, the improvement in
he dehydrogenation kinetics of MgH 2 will be not obvious
nymore. For instance, the MgH 2 + 5 wt.% Ni(acac) 2 sam-
le releases 6.27 wt.% H 2 within 10 min and 6.5 wt.% H 2 

ithin 13 min, respectively. Similarly, the 10 wt.% Ni(acac) 2 -
oped sample can release the slightly less hydrogen capac-
ty of 6.15 wt.% within 10 min, which might be caused
y the more addition of Ni(acac) 2 . Different from that at
75 °C, it is noted that the dehydrogenation kinetics of the
gH 2 + 10 wt.% Ni(acac) 2 sample can be significantly faster

han MgH 2 + 5 wt.% Ni(acac) 2 sample at two lower tempera-
ures of 250 °C under initial H 2 pressure of 0.002 bar and 225
C under initial H 2 pressure of 0 bar, respectively, as shown in
ig. 3 . It is reasonable to see in Fig. 3 (a) that MgH 2 + 10 wt.%
i(acac) 2 sample with more addition results in a lower re-
ersible hydrogen storage capacity than the MgH 2 + 5 wt.%
i(acac) 2 sample at 250 °C. However, Fig. 3 (b) shows that
oth MgH 2 + 5 wt.% Ni(acac) 2 and MgH 2 + 10 wt.% Ni(acac) 2 
ample can desorb equivalent H 2 capacity of 5.6 wt.% within
20 min at the lower temperature of 225 °C, but the dehy-
rogenation kinetics of the former is slower than the latter.
or example, the MgH 2 + 5 wt.% Ni(acac) 2 sample releases
.6 wt.% H 2 with 1 h, significantly lower than 4.6 wt.% H 2 

or the MgH 2 + 10 wt.% Ni(acac) 2 sample. The above dehy-
rogenation curves of MgH 2 + x wt.% Ni(acac) 2 tested at var-
ous temperatures indicate that appropriately controlling the
mount of the additive could achieve the optimal combina-
ion of the fast desorption kinetics and high hydrogen storage
apacity at a certain temperature. 

.2. Hydrogen storage performance of MgH 2 –Ni-EG 

anocomposite 

The results of dehydrogenation tests suggest that
gH 2 + 3 wt.% Ni(acac) 2 sample might have the optimal com-

ination of reversible hydrogen storage capacity and desorp-
ion kinetics at 300 °C. Subsequently, the cycle stability of
he MgH 2 + 3 wt.% Ni(acac) 2 sample was further measured at
00 °C under initial H 2 pressure of 0.05 bar using isother-
al dehydrogenation mode, as shown in Fig. 4 (a). It is found

hat the capacity of MgH 2 + 3 wt.% Ni(acac) 2 sample is de-
ayed rapidly from 7.15 wt.% in the first cycle to 6.73 wt.%
n the fifth cycle during the dehydrogenation cycle-life (ki-
etics), showing the relatively poor cycle stability. This phe-
omenon may be related to the agglomeration of Mg/MgH 2 

nd catalysts during high-temperature cycles [25 , 40 , 43] , lead-
ng to the incomplete hydrogenation of Mg (also evidenced by
ur XRD results in Fig. 8 (b) in the later section). Therefore,
he prepared EG with the same weight fraction was intro-
uced to improve the cycle stability of the MgH 2 , denoting
s MgH 2 + 3 wt.% EG. And the XRD pattern and SEM image
f EG were shown in Fig. S2 and Fig. S3, respectively. Owing
o the huge improvement in the cycle stability from EG, as
hown in Fig. 4 (b) and (c), the MgH 2 + 3 wt.% EG sample can
aintain the hydrogen capacity of 7.05 wt.% after 5 cycles.
o balance the dehydrogenation kinetics and cycle stability,

he Ni(acac) 2 and EG were added to MgH 2 together with
 mass ratio of 1:1, namely MgH 2 :Ni(acac) 2 :EG = 97:1.5:1.5
donated as MgH 2 –Ni-EG)). 

Accordingly, the hydrogen storage performance, including
he isothermal hydrogenation and dehydrogenation measure-

ents, was characterized for the MgH 2 –Ni-EG nanocompos-
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Fig. 4. The isothermal cycle-life (kinetics) curves of MgH 2 + 3 wt.% Ni(acac) 2 (a) and MgH 2 + 3 wt.% EG sample (b). Hydrogen capacity versus cycle numbers 
of these two samples (c). 

Fig. 5. Isothermal dehydrogenation (a), isothermal hydrogenation (b) curves of MgH 2 –Ni-EG nanocomposite; isothermal dehydrogenation curves of MgH 2 –Ni p - 
EG composite (c); The second isothermal dehydrogenation curves (d) of MgH 2 + 3 wt.% EG, MgH 2 –Ni-EG, MgH 2 –Ni p -EG, MgH 2 + 3 wt.% Ni(acac) 2 and 
as-milled MgH 2 samples, respectively, at the temperature of 300 °C. 
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te. Fig. 5 (a) shows the isothermal dehydrogenation curves
f MgH 2 –Ni-EG nanocomposite at different temperatures of
75 °C, 300 °C, and 320 °C, respectively. Excitingly, the
gH 2 –Ni-EG nanocomposite can release 7.0 wt.% H 2 within

.3 min at 300 °C and within 4.2 min at 320 °C, respec-
ively. To the best of our knowledge, this should be the best
erformance in the literature in terms of the dehydrogenation
ydrogen capacity of 7.0 wt.% for the Ni catalyst. The final
ehydrogenation capacity of the MgH 2 –Ni-EG nanocomposite
s reduced to 6.8 wt.% at 275 °C, which is still significantly
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etter than pure MgH 2 that only can desorb 0.55 wt.% H 2 

t 300 °C within the same period of dehydrogenation time.
ig. 5 (b) shows the hydrogen absorption performance of the
gH 2 –Ni-EG nanocomposite at several different temperatures

anging from 50 °C to 125 °C under initial H 2 pressure of
0 bar It turns out that MgH 2 –Ni-EG nanocomposite can ab-
orb 5.6 wt.% H 2 within 60 min at 100 °C, and the finally
each 6.3 wt.% within 2 h When the temperature increases
o 125 °C, the hydrogen absorption kinetics of the sample is
reatly accelerated, absorbing 6.0 wt.% H 2 within 40 min and
.51 wt.% H 2 within 75 min. Even at a low temperature of 50
C, 2.42 wt.% and 3.44 wt.% H 2 can still be absorbed within
 h and 2 h, respectively, which is much better than that of
he pure as-milled MgH 2 . In addition, the hydrogen absorp-
ion kinetics of MgH 2 –Ni-EG and MgH 2 + 3 wt.% Ni(acac) 2 
amples are given and compared in Fig. S4, which shows that
he hydrogen absorption kinetics of MgH 2 –Ni-EG sample are
lower than MgH 2 + 3 wt.% Ni(acac) 2 sample at relatively low
emperatures of 50 °C and 100 °C. When the temperature in-
reasing to 125 °C, the MgH 2 –Ni-EG sample exhibits a better
ydrogen absorption kinetics and higher hydrogen absorption
apacity than that of the MgH 2 + 3 wt.% Ni(acac) 2 sample,
onsistent with the dehydrogenation kinetics performance. 

Fig. 5 (c) gives the dehydrogenation kinetics curves of
gH 2 –Ni p -EG composite at the same temperatures of 275

C, 300 °C, and 320 °C, respectively, to compare with the
gH 2 –Ni-EG nanocomposite using Ni(acac) 2 as a precur-

or. Since the content of Ni in Ni(acac) 2 is ∼22.6 wt.%,
he actual Ni content in the MgH 2 –Ni-EG nanocomposite
s 0.33 wt.%. Therefore, the metallic Ni powder with the
mount of 0.33 wt.% and EG with 1.5 wt.% were selected to
repare the MgH 2 –Ni p -EG sample for comparison. Fig. 5 (c)
hows that the MgH 2 –Ni p -EG composite needs 25.5 min to
esorb 7.0 wt.% H 2 at 300 °C, obviously longer than that
.3 min for the MgH 2 –Ni-EG nanocomposite. In addition,
he MgH 2 –Ni-EG nanocomposite also shows faster dehydro-
enation kinetics at both 275 °C and 320 °C. As a concluding
oint, Fig. 5 (d) compares the dehydrogenation kinetics curves
f different samples at 300 °C. Although the MgH 2 + 3 wt.%
i(acac) 2 sample shows the best dehydrogenation kinetics,

he poor cycle stability and the loss of theoretical hydro-
en storage capacity due to the reaction of Ni(acac) 2 with
gH 2 lead to the necessity to further optimize its perfor-
ance. Thanks to the excellent catalytic performance of the

atalyst, the MgH 2 –Ni-EG nanocomposite can not only speed
p the dehydrogenation kinetics rate but also increase the de-
ydrogenation capacity, compared to the MgH 2 + 3 wt.% EG,
gH 2 –Ni p -EG, and as-milled MgH 2 samples. Thus, replac-

ng part of Ni(acac) 2 by EG to improve the cycle stability of
he composite is necessary, as indicated by our experimental
esults. 

Further, the effects of Ni(acac) 2 and EG on the dehydro-
enation process of MgH 2 –Ni-EG nanocomposite was ana-
yzed by DSC in Fig. 6 (a), which indicates that the dehydro-
enation peak temperatures of MgH 2 –Ni-EG nanocomposite
re 293.20 °C, 321.35 °C, 329.20 °C, and 340.04 °C at the
eating rates of 2, 7, 10, and 15 K/min, respectively. And
he pure MgH 2 and MgH 2 –Ni p -EG were also studied by the
SC method, as shown in Fig. S5 and Fig. S6. Based on DSC

urves at different heating rates, the dehydrogenation activa-
ion energy ( E a ) can be calculated using Kissinger’s method
s follows [44] : 

d 

(
ln 

β

T 2 max 

)

d 

(
1 

T max 

) = −E a 

R 

(1) 

here E a is the apparent activation energy (kJ ·mol −1 ), β is
he heating rate (K/min), T max is the absolute temperature for
he maximum reaction rate (K), and R is the gas constant
J/(K ·mol)), respectively. Based on Eq. (1) , the E a can be ob-
ained by linearly fitting the slope of the plot with ln( β/T 

2 
max )

ersus 1/T ( Fig. 6 (b)). Accordingly, the dehydrogenation ac-
ivation energy ( E a ) of MgH 2 –Ni-EG nanocomposite is lin-
arly fitted to be 114.7 kJ ·mol −1 , which is lower than 133.0
J ·mol −1 for MgH 2 –Ni p -EG sample and 157.1 kJ ·mol −1 for
ure MgH 2 , respectively. On the other hand, Johnson-Mehl-
vrami-Kolmogorov (JMAK) equation can be expressed as

42] : 

n [ −ln ( 1 − α) ] = η ln k + η ln t (2)

here α is the dehydrogenation reaction fraction at time t,
is Avrami index, k is the dehydrogenation rate constant

nd t is the reaction time, respectively. Combining the Ar-
henius equation , the dehydrogenation activation energy of
he MgH 2 –Ni-EG sample can also be obtained by a linearly
tting plot with lnk versus 1000/ T. Fig. 6 (c) shows the fit-

ing results of the dehydrogenation kinetics curves for the
gH 2 –Ni-EG sample at 275 °C, 300 °C, and 320 °C, respec-

ively, contributing to a dehydrogenation activation energy of
18.1 kJ ·mol −1 in Fig. 6 (d). It should be noticed that the de-
ydrogenation activation energy of the MgH 2 –Ni-EG sample
alculated by the above two methods is very close. Both the
igh reversible hydrogen storage capacity of 7 wt.% and the
aster dehydrogenation kinetics for the MgH 2 –Ni-EG sample
an be understood by the decreased dehydrogenation activa-
ion energy. 

The excellent reversible hydrogen storage capacity of the
gH 2 –Ni-EG sample over 7.0 wt.% was also confirmed by

he dehydrogenation PCI curves ( Fig. 7 ) at 300 °C, 320 °C,
nd 340 °C, respectively. Consistently, the dehydrogenation
CI curves in Fig. 7 (a) show that MgH 2 –Ni-EG nanocom-
osite has a hydrogen storage capacity of ∼7.1 wt.% at
ll temperatures. In addition, based on the dehydrogenation
lateau pressure corresponding to the different temperatures
Table S1), the linearly fitted slope of the van’t Hoff curve
 Fig. 7 (b)) denotes the dehydrogenation reaction enthalpy
 �H ) of 76.5 kJ ·mol −1 for the MgH 2 –Ni-EG sample, which
s almost equivalent to that of pure MgH 2 , indicating that the
ddition of Ni(acac) 2 and EG hardly influences the thermo-
ynamic property of MgH 2 . 
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Fig. 6. DSC curves of MgH 2 –Ni-EG nanocomposite at different heating rates (2, 7, 10, and 15 K/min) (a), Kissinger’s plots, and corresponding fitting lines 
for pure MgH 2 , MgH 2 –Ni-EG, and MgH 2 –Ni p -EG samples (b). JMAK plots (c), and Arrhenius’s plots of MgH 2 –Ni-EG nanocomposite (d). 

Fig. 7. P-C-I curves (a) and corresponding van’t Hoff plots (b) of the MgH 2 –Ni-EG nanocomposite. 
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.3. Evolution of Ni(acac) 2 and catalytic mechanism during 

ydrogen de/absorption processes 

The XRD patterns at different states of MgH 2 –Ni-EG
anocomposite during ball milling and the cycle-life(kinetics)
rocess were obtained in Fig. 8 to clarify the evolution pro-
ess of Ni(acac) 2 . Fig. 8 (a) shows that the diffraction peaks
f β-MgH 2 , γ -MgH 2 , and trace amount MgO phases can be
ound in the as-milled MgH 2 –Ni-EG sample. As mentioned
arlier, the formation of the MgO phase may be due to the
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Fig. 8. XRD patterns of the as-milled, dehydrogenated and rehydrogenated MgH 2 –Ni-EG (a) and MgH 2 + 10 wt.% Ni(acac) 2 composite (b); The expanded 
view of MgO for MgH 2 –Ni-EG nanocomposite (c), High resolution XPS spectra for Ni 2p of MgH 2 + 10 wt.% Ni(acac) 2 sample(d). 
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eaction between MgH 2 and Ni(acac) 2 during ball milling
 Fig. 8 (c)). However, it should be noted that neither metal-
ic Ni nor Ni-based compounds were detected from the XRD
atterns in the as-milled, dehydrogenated, and rehydrogenated
amples. It might be due to the low concentration of Ni be-
ng ultrafine particles. In this regard, the XRD pattern of as-

illed, dehydrogenated, and rehydrogenated MgH 2 + 10 wt.%
i(acac) 2 sample with a higher amount of Ni were obtained in
ig. 8 (b), in which Mg 2 Ni and Mg 2 NiH 4 phases can be well-

ndexed. Admittedly, the in situ formed Mg 2 Ni/Mg 2 NiH 4 can
ctively affect the re/dehydrogenation process of MgH 2 as a
hydrogen pump” [45] . 

XPS was also used to analyze the chemical states of Ni
n the sample after ball milling. Similarly, an effective XPS
ignal related to the Ni might still not be detected in the
gH 2 –Ni-EG nanocomposite because of the too low con-

entration of Ni. Therefore, the high-resolution spectrum of
he Ni 2p was obtained from the as-milled MgH 2 + 10 wt.%
i(acac) 2 sample, which is shown in Fig. 8 (d). The Ni 2p
pectrum exhibits two 2p 

1/2 and 2p 

3/2 contributions located at
52.38 and 869.98 eV, respectively, which can be assigned
o Ni 0 . And the characteristic peak at 873.78 eV is the satel-
ite peak of Ni 0 2p 

1/2 , also implying that the valence state of
etal Ni is 0. In addition, Fig. 9 gives the HRTEM images of

he microstructure and distribution of the in situ formed ul-
rafine Ni particles in the as-milled MgH 2 –Ni-EG nanocom-
osite. As marked by the yellow lines, two typical diffrac-
ion rings in SAED patterns can be indexed to (211) planes
f MgH 2 (PDF#01–074–0934) and (220) planes of metallic
i (PDF#01–070–0989) phases, respectively, in the as-milled
gH 2 –Ni-EG sample. In addition, the HRTEM image of the

s-milled MgH 2 –Ni-EG nanocomposite in Fig. 9 (c) also con-
rms the existence of these two phases. More specifically,

he interplanar spacing of d (111) = 0.287 nm for γ -MgH 2 ,
 (101) = 0.255 nm for �-MgH 2 , and d (111) = 0.204 nm for Ni
re measured, respectively. In addition, a Fast Fourier Trans-
orm (FFT) pattern of the area circled by the red circle in
ig. 9 (c) is also given in its insert, showing the (111) plane
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Fig. 9. TEM (a), SAED (b), HRTEM image (c) of as-milled MgH 2 –Ni-EG nanocomposite, and corresponding FFT pattern of metallic Ni (d). 

Fig. 10. Cycling profiles of MgH 2 –Ni-EG nanocomposite under dehydrogenation conditions at 300 °C and the initial H 2 pressure of 0.05 bar. 
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f the metallic Ni phase. It should be noted that the ultrafine
etallic Ni (4–5 nm) is in situ formed and dispersed uni-

ormly in the MgH 2 matrix, as shown in Fig. 9 (c), which is
onsistent with the reference work [27] . Therefore, the evo-
ution process of Ni(acac) 2 can be described as follows: 

g H 2 + Ni ( acac ) 2 → MgO + Ni (3)

g H 2 + Ni → M g 2 Ni + H 2 (4)

 g 2 Ni + H 2 → M g 2 Ni H 4 (5)

.4. The cycle performance of the MgH 2 –Ni-EG 

anocomposite 

The cycling stability of MgH 2 –Ni-EG nanocomposite has
een evaluated in Fig. 10 for the purpose of the potential prac-
ical application. During the cycling testing, the MgH 2 –Ni-EG
anocomposite was operated to absorb H 2 at 300 °C under
nitial H 2 pressure of 50 bar for 25 min and then started
he dehydrogenation kinetics test at the same temperature un-
er initial H 2 pressure of 0.05 bar. Fig. 10 shows that the
gH 2 –Ni-EG nanocomposite is able to maintain a high hy-

rogen storage capacity of 7.03 wt.% even after 10 hydrogen
b/desorption cycles. It achieves a hydrogen capacity retention
f up to 97.2% (Fig. S7), which is referred to the second-cycle
apacity. Surprisingly, the MgH 2 –Ni-EG nanocomposite ex-
ibits faster dehydrogenation kinetics with the increase of the
ycle number. There is no doubt that the in situ formed ultra-
ne and uniformly dispersed metallic Ni from Ni(acac) 2 pre-
ursor and the EG combined in the MgH 2 –Ni-EG nanocom-
osite can significantly improve the hydrogen storage perfor-
ance of MgH 2 , including the dehydrogenation kinetics, high

ydrogen capacity, and cycle stability. 
Fig. 11 shows the TEM results of the MgH 2 –Ni-EG sam-

le after 10th dehydrogenation. It can be proved from the
AED patterns ( Fig. 11 (a)) that the main phases of the dehy-
rogenated MgH 2 –Ni-EG sample are Mg and Mg 2 Ni phases,
hich is consistent with the XRD results ( Fig. 8 (b)). The in-

erplanar spacing d (101) = 0.245 and d (200) = 0.245 can be
lso well-indexed for Mg (PDF#01–089–7195) and Mg 2 Ni
PDF#01–075–1249) phases, respectively, in the HRTEM im-
ge ( Fig. 11 (b)). Note that the in situ formed Mg 2 Ni dis-
ributed around the Mg particles can act as catalytic ac-
ive sites. In addition, the EDX analysis of the dehydro-
enated MgH 2 –Ni-EG sample ( Fig. 11 (c-f)) shows that the
i and C elements are still homogeneously distributed on

he MgH 2 matrix, in lieu of aggregation after 10 dehydro-
enation/hydrogenation cycles. Therefore, the TEM observa-
ions reveal that the in situ formed Mg 2 Ni/Mg 2 NiH 4 phase
as been well-maintained with the cycles, in which the high-
ispersibility of Ni and C elements might contribute to such
uperior cycling stability of the MgH 2 –Ni-EG system. 

Fig. 12 schematically summarizes the roles of the in situ
ormed Mg 2 Ni/Mg 2 NiH 4 and EG in improving the hydrogen
torage performance of MgH 2 and the catalytic mechanism.

ore specifically, the Mg 2 Ni/Mg 2 NiH 4 converted from the ul-
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Fig. 11. SAED patterns (a), HRTEM image (b), and (c-f) corresponding EDX results of Mg, Ni, and C elements of the MgH 2 –Ni-EG sample after 10th 
dehydrogenation. 

Fig. 12. Schematic summary of the catalytic mechanism for in situ formed 
Mg 2 Ni/Mg 2 NiH 4 and EG during the dehydrogenation process of MgH 2 . 
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rafine metallic Ni and EG are homogeneously dispersed on
he interface of the MgH 2 particles. First, the highly dispersed

g 2 Ni/Mg 2 NiH 4 provides a large number of active sites for
he hydrogen absorption/desorption reactions of MgH 2 , which
an reduce the dehydrogenation activation energy and accel-
rate its hydrogen de/absorption kinetics. Secondly, the pres-
nce of EG can inhibit the grain agglomeration and growth
f Mg/MgH 2 at high temperatures and thus improve the cycle
tability of the MgH 2 –Ni-EG nanocomposite. With the com-
ined action of the in situ formed Mg 2 Ni/Mg 2 NiH 4 and EG,
he MgH 2 –Ni-EG nanocomposite not only can ensure suitable
ehydrogenation kinetics but also show good cycle stability. 

. Conclusions 

In this work, a facile one-step high-energy ball milling
rocess is developed to in situ form ultrafine Ni nanoparticles
ith uniform dispersity from the nickel acetylacetonate pre-

ursor in the MgH 2 matrix. On one hand, the in situ formed
ltrafine Ni nanoparticles catalyst from the Ni(acac) 2 can sig-
ificantly improve the desorption kinetics of MgH 2 . On the
ther hand, the cycle performance of Mg/MgH 2 is improved
y the low-cost and effective EG. After tailoring the amounts
f the catalyst, the MgH 2 –Ni-EG nanocomposite can com-
ine the individual functions from the ultrafine metallic Ni
atalyst and EG to release 7.03 wt.% H 2 within 8.5 min af-
er 10 cycles, showing an exceptional hydrogen storage per-
ormance. The activation energy of dehydrogenation is re-
uced to 115 kJ/mol from 157.1 kJ/mol for pure MgH 2 . Ad-
itionally, the MgH 2 –Ni-EG sample can absorb 2.42 wt.% H 2 

ithin 1 h at a temperature close to room temperature (50 °C).
s a result, the ultrafine metallic Ni ( < 5 nm) in situ formed

nd the Mg 2 Ni/Mg 2 NiH 4 generated in the subsequent hydro-
en absorption and desorption process play a critical role in
he improvement of the hydrogen ab/desorption kinetics of

gH 2 . Our work provides a methodology to significantly im-
rove the hydrogen storage performance of MgH 2 by com-
ining the in situ formed and uniformly dispersed ultrafine
etallic catalyst from precursor and EG. 
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