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Abstract Nanocrystalline/amorphous LaMg,-type alloy—
Ni composites with a nominal composition of LaMgi,
Ni + x wt% Ni (x = 100, 200) were synthesized by
mechanical milling. Effects of Ni content and milling time
on the gaseous hydrogen storage thermodynamics and
dynamics of alloys were systematically investigated. The
hydrogen desorption properties were studied by Sievert
apparatus and a differential scanning calorimeter (DSC).
Thermodynamic parameters (AH and AS) for the hydrogen
absorption and desorption of alloys were calculated by
Van’t Hoff equation. Hydrogen desorption activation
energy of alloy hydride was estimated by Arrhenius and
Kissinger methods. The increase in Ni content has a slight
effect on the thermodynamic properties of alloys, but it
significantly enhances the hydrogen absorption and des-
orption kinetics performance of alloys. Moreover, variation
of milling time clearly affects the hydrogen storage prop-
erties of alloys. Hydrogen absorption capacity (Cj,,) and
hydrogen absorption saturation ratio (R};) (a ratio of the
hydrogen absorption capacity at 10 min to the saturated
hydrogen absorption capacity) have maximum values with
milling time varying. But hydrogen desorption ratio (Rgo)
(a ratio of the hydrogen desorption capacity at 20 min to
the saturated hydrogen absorption capacity) always
increases with milling time prolonging. Particularly,
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prolonging milling time from 5 to 60 h makes RS, increase
from 10.89% to 16.36% for the x = 100 alloy and from
13.93% to 21.68% for the x = 200 alloy, respectively.

Keywords LaMg;, alloy; Mechanical milling;
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1 Introduction

As a globally accepted clean and recyclable fuel, hydrogen
applied to vehicles fuel cell or portable electronic devices
is a pursuit and dream of scientists around the world for
decades. It is believed that the wide application of fuel cell
vehicles will fundamentally cut down both energy con-
sumption and carbon dioxide emissions due to the fact that
about one-quarter of total energy in the world was con-
sumed by transport [1]. A key technical challenge for the
realization of onboard fuel cell or hydrogen-fueled vehicles
is to develop a practical hydrogen storage system [2].
Among hydrogen storage methods, hydrogen storage in
metal hydrides is considered to be one of the most
promising alternatives to meet the requirements for mobile
application [3]. Many hydrogen storage materials have
been reported for the application goal, yet unfortunately
none of them can meet all the requirements of the perfor-
mance proposed by US Department of Energy (DOE) for
vehicular applications [4, 5]. With regard to the hydrogen
absorption capacity, Mg-based alloys are considered to be
one of the most attractive candidates for hydrogen fuel cell
vehicle. Particularly, RE-Mg,-type Mg-based alloys have
received considerable attention due to its gaseous hydrogen
storage capacity of 3.7 wt%—-6.0 wt% [6] and theoretical
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electrochemical capacity (over 1000 mA-h-g_l) [7], much
higher than that of Mg—Ni alloy. However, their extremely
low electrochemical discharge capacity at room tem-
perature as well as quite poor cycle stability, and rela-
tively high hydrogen desorption temperatures as well as
sluggish hydriding/dehydriding kinetics, gravely hinder
the practical application either as the negative electrode
materials of Ni-MH battery or as the hydrogen storage
materials of onboard use for the alloys. Therefore, how
to improve the hydrogen storage kinetics of RE-Mg-
based alloys is still a major challenge for the researchers
in this area.

Generally, the primary principles for improving the
hydrogen storage kinetics of RE-Mg-based alloys are
believed to be no more than two categories: the first one
is preparing an ultra-fine microstructure (sub-100 nm
range); the second one is adding catalytic elements such
as transition metals, transition metal oxides and rare-
earth (RE) metals [8, 9]. Some methods, such as
mechanical milling [10], melt spinning [11], physical
vapor deposition [12], equal-channel angular pressing
[13] and hydriding combustion synthesis [14], can be
applied to prepare amorphous and nanocrystalline RE-
Mg-based alloys with different compositions. Mechani-
cal milling and melt spinning, in particular, are univer-
sally accepted techniques for obtaining amorphous and/
or nanocrystalline alloys. Zhang et al. [15] reported that
the as-spun Mg;oNiR(R = La, Nd and Sm) alloys dis-
played superior hydriding and dehydriding kinetics as a
result of adding different rare-earth elements. Wang
et al. [16] investigated the electrochemical hydrogen
storage properties of ball-milled MmMg;, alloy with Ni
powders, and the results indicated that as Ni content in
the alloy increased from 150 to 200 wt%, the first dis-
charge capacity of the ball-milled sample increased from
770 to 1200 mA-h-g~'. Yartys et al. reported that the
LaMg;Ni alloy solidified at the highest cooling rate
exhibited the fastest hydrogenation kinetics, reaching
maximum hydrogenation capacity of 5.02 wt% H [17].
Cao et al. [18] reported that the dehydrogenation
enthalpy change and activation energy of MggsInsAlsTis
alloy synthesized by plasma milling are lowered to 65.2
and 125.2 kJ-mol ™', respectively.

It is well known that Ni can promote the amorphization
process in the alloy and exert a highly powerful catalytic
action on the hydrogen absorption and desorption of RE-
Mg-based alloys, and hence, in the present work, Mg in the
LaMg,-type alloy was partially substituted by Ni. The
nanocrystalline and amorphous LaMgNi + x wt% Ni
(x = 100, 200) alloys were prepared by mechanical mil-
ling, and the effects of Ni content and milling time on the
gaseous hydrogen storage thermodynamics and kinetics
performance of the alloys were investigated in detail.
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2 Experimental

Experimental alloys with a chemical composition of
LaMg,Ni were prepared using a vacuum induction fur-
nace in a helium atmosphere at a pressure of 0.04 MPa to
prevent Mg from volatilization. A part of the as-cast alloys
was mechanically crushed into powder with diameter of
<50 um. The alloy powder was mixed with carbonyl
nickel powder with a weight ratio of 1:1 and 1:2, respec-
tively. Subsequently, the mixed powder was mechanically
milled by a planetary-type mill in an argon atmosphere to
prevent the powder from oxidation during ball milling. The
obtained samples were handled in a glove box under Ar
atmosphere. Cr—Ni stainless steel ball and powder with a
weight ratio of 35:1 were placed into Cr—Ni stainless steel
vials together. Duration time was 5, 10, 20, 40 and 60 h,
respectively. Milling speed was 135 r-min~"'.

Phase structures of as-cast and milled alloys before and after
hydriding were determined using X-ray diffractometer (XRD,
D/max/2400), which was performed with Cu Kol radiation
filtered by graphite at 160 mA, 40 kV and 10 (°)-min~"'. The
powder samples of the as-milled alloys were observed by high-
resolution transmission electron microscope (HRTEM, JEM-
2100F, operated at 200 kV), and their crystalline states were
ascertained by electron diffraction (ED).

The hydrogen absorption and desorption kinetics and
pressure—composition isotherms (P-C-T) curves of the
alloys were measured by an automatically controlled Siev-
erts apparatus with a furnace controlled to an accuracy of
41 K. The hydrogen absorption and desorption were,
respectively, performed at 3 MPa hydrogen pressure (in fact,
this pressure is the initial pressure of hydriding process) and
1 x 107* MPa at 553,573,593 and 613 K. 300 mg sample
was loaded into a cylindrical reactor for each measurement.

Hydrogen desorption properties were also measured by
differential scanning calorimeter (DSC, STA449C) at
heating rates of 5, 10, 15 and 20 K-min~".

3 Results and discussion
3.1 Microstructural characteristics

The phase components and structure characteristics of as-
cast and milled LaMg|Ni + x wt% Ni (x = 0, 100, 200)
alloys before and after hydriding were subjected to XRD
detections, just as demonstrated in Fig. 1. It indicates that
the as-cast LaMg,|Ni alloy contains a major phase
La,Mg,; and a secondary phase Mg,Ni. The mechanical
milling results in the diffraction peaks merging and
broadening with the increase in Ni content, suggesting that
the crystalline structure has transformed to a nanocrys-
talline or amorphous structure. Furthermore, increasing Ni
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Fig. 1 XRD patterns of as-cast and milled (5 h) LaMg;;Ni + x wt% Ni (x = 0, 100, 200) alloys a before and b after hydriding

content in alloys evidently lowers the intensity of diffrac-
tion peaks and clearly broadens its width, implying that
increasing Ni content promotes the formation of glass in
the alloy. As stated by Abdellaoui et al. [19], the increase
in Ni content can lower the activation energy for the
crystalline to amorphous phase transformation of the La—
Mg alloys. After hydriding, three hydrides appear in the as-
cast alloy, namely LaH;, MgH, and Mg,NiH,, which
originate from the following reactions [20]:

La,Mg,; + H, — MgH, + LaH; (1)
Mg,Ni + H, — Mg,NiH, (2)

It can be found that the diffraction peaks of the hydrides
clearly broaden, which is ascribed to the lattice stress and
strain originated from hydrogen atoms entering into lattice
interstitials.

Moreover, the detail information of as-cast LaMg;Ni
alloy also was analyzed according to the Rietveld refine-
ments, as shown in Fig. 2. The milled alloys and hydro-
genated alloys cannot be fitted with the Rietveld method
because their XRD detections are amorphous. The as-cast
LaMg;Ni alloy is composed of major phase La,Mg;;
(79.9 wt%) with space group of P63/mmc hexagonal
structure (@ = b = 1.0342 nm, ¢ = 1.0287 nm) and sec-
ondary phase Mg,Ni (21.1 wt%) with space group of
P6222  hexagonal  structure (@ = b = 0.5209 nm,
¢ = 1.3269 nm).

Figure 3 shows HRTEM images and ED patterns of as-
milled LaMg;Ni + x wt% Ni (x = 100, 200) alloys. Two
phases La,Mg;7 and Mg,Ni are found in the as-cast alloy,
which is also supported by ED pattern. After milled for 5 h,
the x = 100 alloy exhibits a major nanocrystalline
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Fig. 2 Rietveld refinement on XRD patterns of as-cast LaMg;;Ni
alloy (R, mathematical fitting coefficient; R, physical fitting
coefficient)

p>

structure, while the x = 200 alloy presents a visible
nanocrystalline and amorphous structure, and the average
size of the as-milled alloys measured by linear intercept
method is found to be in the range of 8—12 nm. Meanwhile,
some crystal defects, such as dislocation, grain boundary
and twin, can be clearly observed in the as-milled alloys.

3.2 Gaseous hydrogen absorption/desorption
thermodynamics

P-C-T curves of as-milled LaMg;Ni + x wt% Ni
(x = 100, 200) alloys are depicted in Fig. 4. Compared
with the P-C-T curve of as-cast LaMg;;Ni alloys (not
shown here), the absorption and desorption pressure pla-
teaus of as-milled LaMg;Ni + x wt% Ni (x = 100, 200)
alloys are found to display a clear inclination and a large
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Fig. 4 P-C-T curves of as-milled LaMg;;Ni + x wt% Ni (x = 100, 200) alloys at 553 K: a x = 100 and b x = 200

hysteresis, suggesting that the addition of Ni and mechanical
milling could also affect the desorption thermodynamic
behavior of the alloys. The effect of milling and Ni addition
brings on gentle tilted plateaus of MgH, and Mg,NiH,. The
content of MgH, is much larger than that of Mg,NiHy;
hence, MgH, shows a longer tilted plateaus, which may
smoothly connect to the shorter tilted platform of Mg,NiHy,.
Therefore, it is shown only one plateau for P-C-T curves.
Moreover, it is visible that the milling time has an evident
effect on the maximum hydrogen storage capacities of the
alloys. The milling time dependence of maximum hydrogen
storage capacities is also shown in Fig. 4. Evidently, the
hydrogen storage capacities of the alloys first augment and
then decline with milling time prolonging, and the maxi-
mum value is 5.74% and 5.97% for x = 100 and 200 alloys,
respectively, indicating that increasing Ni content conduces
to the hydrogen absorption of the as-milled alloys. It is
worth noting that the milling time corresponding to the
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maximum hydrogen storage capacity clearly shortens with
Ni content increasing.

To obtain the thermodynamic parameters (enthalpy
change, AH, and entropy change, AS) of the hydrogen
absorption/desorption reaction, P-C-T curves of as-milled
(5 h) LaMgNi + x wt% Ni (x = 100, 200) alloys were
measured in the temperature range of 553-613 K, as shown
in Fig. 5. From the data in Fig. 5, Van’t Hoff diagrams can be
obtained for the hydrogen absorption/desorption of the alloys
(Fig. 5). Obviously, there are good linear relations between
Inpn, /po and 1/T for all the alloys. Thus, the AH and AS can
be easily calculated from Van’t Hoff equation [21]:

AH AS

In(pn, /po) = RT R

(3)

where py, is the equilibrium hydrogen gas pressure (due to
the fact that the pressure plateaus have a clear inclination
and, hence, it was taken the pressure corresponding to the
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Fig. 5 P—-C-T curves of as-milled (5 h) LaMg;;Ni + x wt% Ni (x = 100, 200) alloys in a temperature range of 553-613 K and Van’t Hoff
diagrams for hydrogen absorption/desorption of alloys (R%, degree of fitting): a x = 100 and b x = 200

50% of the maximum hydrogen absorption/desorption
capacity as equilibrium hydrogen gas pressure), pq is the
standard atmospheric pressure, T is the sample temperature
and R is the gas constant. The obtained enthalpy and
entropy changes in the as-milled alloys are listed in
Table 1. Apparently, increasing Ni content slightly affects
the thermodynamic properties of the as-milled alloys.

3.3 Hydrogen absorption/desorption kinetics

Hydrogen absorption kinetics of alloys was evaluated by
hydrogen absorption saturation ratio (R?), defined as:

R = C*/Cly x 100% (4)

where C{;, and C} are hydrogen absorption capacities at
the time of 100 min and ¢ min, respectively. Apparently,
for a fixed time (7), a larger saturation ratio (R?) implies
better hydrogen absorption kinetics. The experimental
results show that the C%, values of all the experimental
alloys exceed 98% of their saturated hydrogen absorption
capacities. Hence, the C¥, value is chosen as the saturated
hydrogen absorption capacity of the alloy. Equally, the
hydrogen desorption kinetics of alloys was symbolized by
hydrogen desorption ratio (RY), defined as:

R! = C!/CYy x 100% (5)

where C{, is the hydrogen absorption capacity at 100 min
and Cf is the hydrogen desorption capacity at the time of ¢

min. For a better mutual comparison, 10 min was taken as
a benchmark for hydrogen absorption and 20 min was
chosen for hydrogen absorption. Based on the above-
mentioned definitions, the relationship can be established
between RY (t = 10) as well as RS, (t = 20) values of as-
milled LaMg;Ni + x wt% Ni (x = 100, 200) alloys and
the milling time, as displayed in Fig. 6. Clearly, R}, values
of the as-milled alloys first increase and then decrease with
milling time increasing. As milling time is 20 h for
x = 100 alloy and 10 h for x = 200 alloy, Rj, values of
LaMg;Ni + x wt% Ni (x = 100, 200) alloys reach max-
imum, namely 83.2% and 92.3%, respectively. Differing
from the hydrogen absorption kinetics, increasing milling
time always benefits to improve the dehydriding kinetics of
alloys. To be specific, milling time varying from 5 to 60 h
gives rise to RY, value increasing from 10.89% to 16.36%
for x = 100 alloy and from 13.93% to 21.68% for x = 200
alloy, respectively. Furthermore, it is noteworthy that, for
the same milling time, x = 200 alloy displays a much
higher R}, and RY, values, indicating that increasing Ni
content generates relatively catalytic alloy surface for
hydrogen reactions in the process of ball milling, as stated
by Anik et al. [22].

Figure 7 describes the reaction time dependence of
hydrogen desorption capacities of as-milled (5 h)
LaMgNi + x wt% Ni (x = 100, 200) alloys in the tem-
perature range of 553-613 K. It is evident that the hydro-
gen desorption kinetics is very intensive to temperature.

Table 1 Enthalpy and entropy change in as-milled (5 h) LaMg;;Ni + x wt% Ni (x = 100, 200) alloys

LaMg;Ni + x wt% Ni Absorption Desorption
AH/(KJ-mol™!) AS/(J-mol~' K1) AH/(KJ-mol™h) AS/(J-mol K™
x =100 -73.35 -133.8 82.16 138.8
x = 200 —72.63 -132.6 78.34 134.1
9 Springer Rare Met. (2019) 38(12):1144-1152
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Fig. 6 Evolutions of a R}, and b Rgo values of as-milled LaMg;Ni + x wt% Ni (x = 100, 200) alloys at 553 K with milling time

More specifically, increasing hydrogen desorption tem-
perature makes the dehydriding rate faster and the dehy-
driding capacity higher. By comparing Fig. 7a with b, it is
also found that for all the dehydriding temperatures,
x = 200 alloy displays faster dehydriding kinetics than
x = 100 alloy, indicating that increasing Ni content facil-
itates the improvement in dehydriding kinetics.

3.4 Hydrogen desorption activation energy

Activation energy is viewed as a determined -crucial
parameter for evaluating the gas—solid reaction kinetics.
With regard to gaseous hydrogen desorption, it is generally
considered to be associated with total energy barrier con-
cerning hydrogen desorption processes [23]. Hence, the
driving force of hydrogen desorption reaction can be
determined according to the change in activation energy.
So Arrhenius and Kissinger methods were used to calculate
the hydrogen desorption activation energy of alloys. The
dehydrogenation activation energy (E%) can be estimated
by Arrhenius method according to the following equation
[24]:

H, desorbed / wt%
S}

0 7 14 21 28
Time/ 10° s

7Ede
k= Aexp( R; ) (6)

where A is a temperature-independent coefficient, T is the
absolute temperature and k is an effective kinetic
parameter. The hydrogen desorption curves were
analyzed using Johnson-Mehl-Avrami (JMA) equation
[25, 26]:

In[—In(1 —a)] =nlnk+nlnt (7)

where o is the phase fraction transformed at time ¢ which
can be identified with a normalized hydrogen content
(ranging from O to 1) and # is the Avrami exponent. Based
on the data in Fig. 7, the logarithmic transform of the
Eq. (5) was used to construct a graph of In[-In(1-o)] versus
Int at 553, 573, 593 and 613 K in which isothermal
experimental data are found to be approximatively linear,
as illustrated in Fig. 8. The linear fitting can be done by
plotting Ink versus 1/T, which is also shown in Fig. 8. From
the slope of the Arrhenius plot of Ink versus 1/7, the acti-
vation energy (Ege) can be easily calculated. The Ege values
of as-milled (5 h) LaMg;Ni + x wt% Ni (x = 100, 200)

H, desorbed / wt%

0k 5 . . . , .

0 4 8 12 16 20
Time/ 10° s

Fig. 7 Hydrogen desorption kinetic curves of as-milled (5 h) LaMg;{Ni + x wt% Ni (x = 100, 200) alloys at 553, 573, 593 and 613 K:

ax =100 and b x = 200
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alloys are 86.7 and 74.2 kJ-mol ', respectively. Evidently,
increasing Ni content can markedly decrease the hydrogen
desorption activation energy of LaMg;Ni alloys.
Another method to calculate the activation energy is the
Kissinger one, and Kissinger equation is as follows [27]:
_ Eﬁe

alin(B/T2)]
aT,) R ©)

where E* is activation energy, f is the heating rate and T,
is the absolute temperature corresponding to the maximum
desorption rate in DSC curves. To meet the calculation
requirement of Kissinger method, the hydrogen desorption
reaction of as-milled (5h) LaMg;|Ni 4+ x wt% Ni
(x = 100, 200) alloys which have absorbed hydrogen at
573 K and 3 MPa was measured by DSC at heating rates of
5, 10, 15 and 20 K-min~’, respectively, as demonstrated in
Fig. 9. A clear endothermic peak is observed in corre-
spondence with the hydrogen desorption. Furthermore, all
the alloys are found to display similar peak shapes, sug-
gesting that each reaction is involved in the same reaction
process. Meanwhile, by comparing Fig. 9a with b, it is
found that for each heating rate, the endothermic peak of
x = 200 alloy has a drift to low temperature, indicating
that the reaction rate is ameliorated by increasing Ni con-
tent in the hydrogen desorption process as well. Based on
the data in Fig. 9, the logarithmic transform of Eq. (6) was
used to plot a graph of ln(ﬁ/Tg) versus 1/T,, namely
Kissinger plots, which are found to be approximatively
linear, as shown in Fig. 9. From the slope of Kissinger plot,
the activation energy (Eﬂe) can be easily calculated. The
Eﬁe values of as-milled (5 h) LaMg;;Ni + x wt% Ni
(x =100, 200) alloys are 78.6 and 71.2 kJ~m0171,
respectively.

To establish the relationship between the hydrogen acti-
vation energy of alloys and milling time, the hydrogen

> Lo 553K, R*=0.9989 a
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1 -a 593K, R2=10.9963
| v 613K, R*=0.98695
N
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7-1/10% K-

_5 1 1 1 1 1 1 1 1 1
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desorption activation energies of all as-milled LaMg;,.
Ni + x wt% Ni (x = 100, 200) alloys using Arrhenius and
Kissinger methods were calculated, to obtain the milling time
dependence of E% (for Arrhenius method E® = E%*; for
Kissinger method E% = Eﬂe) values of the alloys, as descri-
bed in Fig. 10. It is found that the activation energies calcu-
lated by the two methods both decrease with milling time
increasing, suggesting that the enhancement of the hydrogen
desorption kinetics which results from extending milling time
originates from a decrease in the activation energy. Moreover,
no matter which method, increasing Ni content decreases the
hydrogen desorption activation energy, meaning that increas-
ing Ni content obviously facilitates the amelioration of
hydrogen desorption kinetics of the alloys. Furthermore, by
comparing the results calculated by Arrhenius and Kissinger
methods, it can be found that the activation energy derived by
Arrhenius method is larger than that by Kissinger method,
which is most likely ascribed to the change in hydrogen
desorption reaction mechanism. A very similar result was
reported by Baricco et al. [28].

Some elucidations can be provided for the effects of Ni
content and milling time on the hydrogen absorption and
desorption kinetics of the alloys. As for the positive con-
tribution of the mechanical milling to hydrogen storage
kinetics, it may be attributed to a change in the alloy
structure which results from the ball milling. The crys-
talline alloy milled mechanically becomes at least partially
disordered and its structure changes into nanocrystalline or
amorphous, creating a lot of new crystallites and grain
boundaries (Fig. 3), which can provide numerous sites with
low diffusion activation energy, thus facilitating the dif-
fusion of hydrogen atoms in alloys [29]. Here, it is note-
worthy that ball milling for a higher time of 20 h for
x = 100 alloy or 10 h for x = 200 alloy will incur an
undesirable decrease in the hydriding rate caused by the

o 553 K, R*=0.9957 b
2ro 573K, R*=0.9918
| < 593K, R*=0.9922

_g.4 | E¥=74.2kI'mol”

—4r 1.6 1.7 1.7 1.8
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Fig. 8 Plots of In[—In(1 — a)] versus Inz of as-milled (5 h) LaMg;;Ni + x wt% Ni (x = 100, 200) alloys at 553, 573, 593 and 613 K and

Arrhenius plots (R?, degree of fitting): a x = 100 and b x = 200
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Fig. 9 DSC curves of as-milled (5 h) LaMg;;Ni 4+ x wt% Ni (x = 100, 200) alloys at various heating rates and Kissinger plots: a x = 100 and
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Fig. 10 Variations of hydrogen desorption activation energies of as-
milled LaMg;Ni + x wt% Ni (x = 100, 200) alloys calculated by
Arrhenius and Kissinger methods with milling time

addition of Ni facilitating the glass forming, because the
diffusion ability of hydrogen atoms in an amorphous phase
is much lower than that in a nanocrystalline phase [30]. As
to the positive action of increasing milling time on the
hydrogen desorption kinetics, it is now well established
that reducing the grain size far below the micrometer scale
can dramatically improve the dehydrogenation properties
of Mg-based alloys [31]. The improved hydrogen absorp-
tion and desorption kinetics by increasing Ni content is
believed to create relatively catalytic alloy surface for the
hydrogen reactions during mechanical milling [32].

4 Conclusion

The variation of Ni content incurs a very slight effect on
the thermodynamic parameters (AH and AS) of as-milled
LaMg;{Ni + x wt% Ni (x = 100, 200) alloys, whereas it
dramatically improves hydrogen absorption and desorption
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kinetics of alloys, for which the decreased hydrogen des-
orption activation energy caused by increasing Ni content is
basically responsible. Gaseous hydrogen absorption capacity
(Ciy) and Kkinetics (RY,) of alloys have maximum values
with milling time varying, but hydrogen desorption kinetics
(Ry,) always increases with milling time prolonging, which
is due to the facilitated glass forming ability by increasing
Ni content and the decreased hydrogen desorption activation
energy caused by extending milling time. Arrhenius and
Kissinger methods were used to evaluate the hydrogen
desorption activation energy of as-milled alloy. The results
reveal that increasing Ni content and prolonging milling
time can markedly lower the hydrogen desorption activation
energy, which is responsible for the improvement in the
hydrogen desorption kinetics of as-milled alloys.
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