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Abstract

Magnesium-based alloys are promising hydrogen storage materials due to their high capacity but suffer from slow hydro-
genation kinetics and high operating temperatures. While high-pressure torsion (HPT) enhances kinetics through micro-
structural refinement, and nickel addition provides catalytic effects, their combined influence on hydrogen storage per-
formance remains insufficiently characterized. This work investigates Mg-Ni composites with variable Ni content (2-16
at%). After consolidating the powders by HPT and activating them in a Sievert apparatus, in-situ differential scanning
calorimetry (DSC) was used to track phase evolution and extract thermodynamic parameters. DSC thermal cycling under
hydrogen promoted the in-situ solid-state synthesis of Mg:Ni from the elemental mixtures. Activation energy analysis
revealed systematic reduction with increasing Ni content. While HPT enhanced initial hydrogenation kinetics, thermo-
dynamic parameters (enthalpy, entropy) showed no systematic variation across HPT conditions, as high thermal cycling
temperatures (up to 450 °C) led to the annealing of HPT-induced structural defects. The findings demonstrate that com-
positional tuning through in-situ Mg:Ni formation dominates hydrogen storage performance, with HPT serving primarily
as an initial activation aid.

Keywords Severe plastic deformation - Metal hydrides - In-situ phase transformation - Hydrogen sorption -
Thermodynamic hysteresis

Introduction

Magnesium and its alloys are among the most promising
candidates for solid-state hydrogen storage due to their
lightweight, high hydrogen storage capacity, and relatively
low cost [1]. Pure magnesium can retain hydrogen up to 7.6
wt%, which is the highest capacity among all recognized
metal hydrides reported to date [2, 3]. However, its practi-
cal application is hindered by slow hydrogen absorption and
desorption kinetics, as well as the need for high tempera-
tures to achieve reasonable hydrogenation rates [4].

To overcome the slow hydrogenation kinetics in mag-

>< Babak O’. Shahreza
babakomr@ucm.es

Hydrogen Research Institute, University of Quebec in Trois-
Rivieres (UQTR), 3351 Des Forges,
Trois-Rivieres G9A 5H7, Canada

Department of Chemical and Materials Engineering,

Complutense University of Madrid (UCM), Av.
Complutense, 28040 Madrid, Spain

Department of Mechanical and Industrial Engineering,
Tallinn University of Technology (TalTech), Ehitajate Tee 5,
19086 Tallinn, Estonia

Institute of Nanotechnology (INT), Karlsruhe Institute of
Technology (KIT), 76021 Karlsruhe, Germany

Department of Mechanical and Industrial Engineering,
University of Toronto, 5 King’s College Road, Toronto,
ON MS5S 3G8, Canada

Published online: 26 June 2026

nesium hydride, two complementary strategies have been
developed: catalytic alloying and mechanical nanostruc-
turing [1, 5, 6]. Catalytic additives, particularly transition
metals such as Ni, Co, and Fe, enhance hydrogen storage
performance through multiple mechanisms. First, they
facilitate the dissociation and recombination of H. mol-
ecules at the material surface, accelerating the rate-limiting
step [7-9]. Second, certain elements can form intermetallic
phases with different thermodynamic properties and crystal
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structures that may provide more favorable hydrogen diffu-
sion pathways [10]. For instance, nickel in magnesium sys-
tems promotes the formation of MgNi, which subsequently
enables the formation of Mg.NiH+—a hydride with lower
decomposition temperature and enhanced kinetics compared
to MgH: [11, 12]. The catalytic effect thus operates through
both surface activation and bulk phase modification.

Complementary to catalytic approaches, severe plas-
tic deformation (SPD) techniques enhance hydrogenation
kinetics by mechanical nanostructuring effects without alter-
ing composition [6, 13]. SPD methods, particularly High-
Pressure Torsion (HPT), reduce grain sizes to the nanometer
scale and introduce high densities of dislocations and stack-
ing faults [14—-16]. These structural features serve dual
roles: grain boundaries and stacking faults provide high-dif-
fusivity pathways for hydrogen penetration [17, 18], while
dislocations act as nucleation sites for hydride formation
[19]. HPT produces nanostructures comparable to advanced
composite materials such as nanostructured aerogel fibers,
where controlled hierarchical architectures enable excep-
tional property combinations [20]. While catalytic alloying
and HPT processing have each been extensively studied for
improving Mg-based hydrogen storage, their combined and
relative contributions within a unified design framework
have received less systematic attention [21, 22]. A critical
knowledge gap exists regarding their competitive or syn-
ergistic interaction. It is currently unclear whether the high
defect density from HPT remains the primary kinetic driver
after the first thermal cycle, or if the in-situ formation of
intermetallic phases like Mg-Ni overrides the initial micro-
structural refinement. Without decoupling these effects, the
physical origin of the kinetic enhancement remains unclear.
Furthermore, a methodological gap exists in the synthesis of
these composites. Previous studies on Mg-Ni systems have
primarily focused on stoichiometric compositions, particu-
larly pre-alloyed Mg>Ni and its hydride Mg-NiHa [11, 23].
However, the behavior of non-stoichiometric Mg-Ni com-
posites under combined HPT processing and in-situ phase
evolution during hydrogen cycling has been relatively unex-
plored [19, 21]. Understanding how in-situ phase evolution
during hydrogen storage cycling affects performance could
provide valuable insights for practical material design,
where perfect stoichiometry may not be guaranteed. More-
over, identifying the dominant factor -compositional tuning
versus microstructural refinement- can guide more cost-
effective processing strategies [22, 24, 25].

Although Pressure-Composition-Temperature (PCT)
measurements yield established equilibrium thermodynam-
ics, characterization of HPT-processed materials presents
practical challenges due to their small sample quantities
(typically 5-20 mg extracted from a single disk) [21, 26].
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In-situ differential scanning calorimetry (DSC) experi-
ments offer a synergistic alternative for such materials,
enabling quantitative thermodynamic and kinetic analyses
from milligram-scale samples alongside real-time obser-
vation of solid-state phase transformations during thermal
cycling [27, 28]. Even though previous DSC studies of
SPD-processed hydrides have primarily provided qualita-
tive assessments [14, 29-32], there is a need for systematic
quantitative analysis to correlate compositional tuning with
the resulting sorption behavior.

The present study investigates Mg-Ni composites with
variable Ni content (2—16 at%) processed by HPT, with the
objectives of: (1) quantifying the relative contributions of
composition versus microstructural refinement to hydro-
gen storage performance; (2) characterizing in-situ phase
evolution during hydrogen cycling, utilizing the DSC as
a mini-reactor for the solid-state synthesis of Mg:Ni from
non-stoichiometric elemental mixtures. By leveraging this
in-situ approach, we bypass the requirement for traditional
pre-alloying steps (such as ball milling [33]), providing a
facile route to evaluate the storage behavior of materials.
The combined use of Sievert apparatus measurements, in-
situ DSC, and post-cycling XRD enables a comprehensive
assessment of both the initial activation and the following
cycling performance.

Materials and methodology

Magnesium (Mg) powder with a mesh size of 100-200 and
a purity of 99.6%, provided by ThermoFisher, and Nickel
(Ni) powder with a purity of 99.99% and a mesh size of
100, purchased from MaTeck, were used for composi-
tion preparation. To study the catalytic effect of Ni on the
hydrogenation of Mg, four different compositions were
prepared: Mg with 2, 4, 6, and 16% Ni, all in atomic per-
centages (sample codes are provided in Table 1). The com-
positions were weighed and prepared in a glovebox under
an argon atmosphere. Pre-compaction and HPT processing
were performed in air at room temperature. Each sample
was subjected to pre-compaction at 566 MPa and then, HPT
processing at 5 GPa. Each sample weighed between 0.2
and 0.26 g, and the sample diameter was~1 cm. The sam-
ples underwent 1 and 5 full rotations during HPT process-
ing. One sample (MgNil16-NO) in the pre-compacted state
without any HPT turns was also prepared as a reference.
The HPT facility was computer-controlled to ensure pre-
cise monitoring of rotation numbers. Microhardness testing
was conducted by a Micro Vickers Hardness Tester model
900-391. Hydrogenation of the samples was carried out in a
homemade Sievert-type apparatus with calibrated volumes
at 300 °C and under a hydrogen atmosphere with a pressure
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Table 1 Sample codes and Vickers microhardness values measured at
the center (r=0 mm) and edge (r ~ 4.6 mm) of the disks

Sample Ni content Number of HPT = Center Edge

code” (at%) turns (N)

MgNi2 2 N=1 39(2) 45 (3)
N=5 39(3) 48 (4)

MgNi4 4 N=1 43 (2) 54 (3)
N=5 42 (3) 59 (4)

MgNi6 6 N=1 54 (2) 62 (2)
N=5 55(2) 68 (3)

MgNil6 16 N=0 55(2) 54 (2)
N=1 61 (2) 71 (4)
N=5 63 (3) 80 (4)

The numbers in the parentheses represent the marginal error of the
last significant digit

[I3%H]

*Hereinafter, the samples are presented as MgNia-Nb, where “a
represents the atomic percentage of Ni and “b”, the number of HPT
turns, such as MgNi2-N5

of 30 bar. The HPT-processed disks were cut into small frag-
ments of approximately 2—4 mm and subsequently placed
in the Sievert reactor for hydrogenation. Microstructural
observations of the sample and chemical analysis were con-
ducted using a Hitachi SU1510 scanning electron micro-
scope (SEM) equipped with an EDX (energy-dispersive
X-ray) apparatus from Oxford Instruments. A Bruker D8
Focus obtained the x-ray diffraction (XRD) patterns with
Cu Ka radiation (A=1.5406 A), and the Topas software (ver.
7) performed the Rietveld refinement of the patterns [34].
XRD analysis was performed on samples before hydrogena-
tion, after hydrogenation in the Sievert apparatus, and after
DSC cycling to track phase evolution. DSC measurements
were performed using a TA Instruments DSC-25P appara-
tus capable of operating under controlled gas atmospheres
and pressures. Sample masses ranged from 15 to 25 mg,
obtained by fragmenting the hydrogenated chunks. For
ex-situ dehydrogenation, hydrogenated samples were first
dehydrogenated under an argon atmosphere at 3 bar abso-
lute pressure to characterize the as-prepared hydride phases.
For kinetic evaluation via the Kissinger method, separate
dehydrogenation runs were conducted at heating rates of 2,
5, 10, and 20 K-min! to determine the activation energy
(E,).

For in-situ cycling, following the initial dehydrogena-
tion, samples were subjected to in-situ hydrogenation and
dehydrogenation cycles under a hydrogen atmosphere at
three different absolute pressures of 6, 11, and 21 bar (5,
10, and 20 bar gauge pressure). These measurements were
performed at a constant heating/cooling rate of 2 K-min™!
to approximate near-equilibrium conditions and minimize
kinetic effects, as faster rates introduce systematic kinetic
artifacts that shift peak temperatures away from true equi-
librium values.

Results
Microstructure and hardness evolution

Microhardness testing was applied to the surface of the
HPT-processed samples to assess the impact of HPT on
the mechanical behavior of the material. Indentations were
applied to the Mg-rich matrix regions, avoiding nickel par-
ticles, to assess the deformation response of the dominant
phase. The results are shown in Table 1. This table shows
that the two factors, the number of turns in HPT, and the
nickel content, are the influential parameters increasing the
hardness of the material. However, the central zone of the
sample (r =~ 0 mm) is essentially insensitive to the number of
turns. This behavior is consistent with the HPT strain field:
shear strain increases with radial position, so sample regions
farther from the disk center experience higher imposed
strain and correspondingly larger hardness increases [35].
Additionally, the effect of nickel content is pronounced
at the edge (r = 4.6 mm), where hardness increases by up
to~67% for MgNil16 compared with MgNi2.

Earlier studies on the Mg-Ni alloy can confirm these find-
ings, where increasing Ni content corresponded to enhanced
hardness [36—38]. However, the hardness values observed
in this work are slightly lower, ranging from 45 to 80 HV,
which is typically 1020 HV below the reported values.
This discrepancy is understandable since, in earlier works,
Mg turnings were melted with Ni particles, enhancing the
homogeneity [36], and the presence of a secondary phase
strengthened the composition [37].

X-ray diffraction (XRD) analysis was performed on
samples before hydrogenation to evaluate microstructural
changes induced by HPT. Figure 1 presents the XRD pat-
terns of the as-received and HPT-processed samples before
hydrogenation.

Except for MgNil6-NO, which was only compacted, all
other samples that experienced HPT, showed preferred ori-
entations. Rietveld refinement of the patterns revealed the
crystallite size and the amount of microstrain imposed on
the samples, shown in Table 2.

Hydrogen storage behavior
First hydrogenation kinetics

Figure 2 shows the hydrogen uptake curves during the first
hydrogenation cycle (activation at 30 bar and 300 °C for 24
h). In addition to the microstructural refinement by HPT,
first hydrogenation kinetics demonstrated a strong com-
positional dependence on Ni content. MgNi2 and MgNi4
samples exhibited sluggish uptake, reaching only ~0.7 wt%
within 24 h regardless of HPT turns, indicating insufficient

@ Springer



40 Page 4 of 21 Materials for Renewable and Sustainable Energy (2026) 15:40

v t ¢ Y ¢ v ¥V WY ¢+ v ¢ v ¢ Mg
. s 3 A — ¢ Ni
| (I
—— MgNi16-N5
11 I R W | ——MgNit6-N1
——— MgNi16-NO
——— MgNi8-N5
R ——— MgNi8-N1
> ——— MgNi4-N5
8 M . . ——— MgNi4-N1
o —— MgNi2-N5
= —— MgNi2-N1
c o A
()
e
=
A JLL A A A
. l_l A A A
A J u Ac A A A
A _J u A A h A
T ' T ' T : T g T T T G T " T g T
20 30 40 50 60 70 80 90 100
Angle (26)
Fig. 1 XRD patterns of the as-received HPT samples -before hydrogenation
Ni content for effective catalysis. A remarkable kinetic tran-  h, nearly fourfold enhancement compared to MgNi2 and

sition occurred at 6 at% Ni: MgNi6-N5 achieved 1.5 wt% in ~ MgNi4 samples. Such behavior indicates that HPT provides
24 h, representing a more than twofold improvement over ~ a modest but measurable enhancement: MgNil6-NO (no
lower Ni compositions. The MgNil6 series showed the fast- ~ HPT turns) reached~2.8 wt% while MgNil6-N5 (five HPT
est kinetics, with MgNil6-N5 reaching 3.3 wt% within 24  turns) achieved 3.3 wt%. The improvement is attributed to
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Table 2 Structural information of samples before hydrogenation

Composition Number Structure  Crystallite Micro-
of HPT size (nm) strain
rotations (%)

MgNi2 1 Mg 90(1) 0.010(8)

Ni 125(13) 0.019(8)
5 Mg 66(1) 0.031(1)
Ni 79(1) 0.095(6)
MgNi4 1 Mg 107(1) 0.014(1)
Ni 64(6) 0.096(4)
5 Mg 64(1) 0.031(1)
Ni 62(7) 0.079(6)
MgNi6 1 Mg 81 (1) 0.013 (1)
Ni 57 (5) 0.094 (4)
5 Mg 90 (2) 0.035 (1)
Ni 57(7) 0.093 (7)
MgNil6 1 Mg 91(2) 0.013 (2)
Ni 45 (1) 0.075 (2)
5 Mg 79 (1) 0.010 (2)
Ni 48 (2) 0.079 (2)
0 Mg 142 (14) -
Ni 202 (38) 0.010 (1)

The numbers in parentheses show the error for the last significant
digit

grain refinement and defect introduction, which create dif-
fusion pathways facilitating hydrogenation [13], especially

when sufficient Ni is present to catalyze H. dissociation.
These results show that compositional tuning (Ni addi-
tion) is the dominant driver of kinetic performance, while
mechanical nanostructuring enhances kinetics synergisti-
cally in Ni-rich compositions, particularly during the first
activation cycle [19, 39].

To provide deeper insight into the catalytic influence of
Ni and mechanical nanostructuring, we performed a kinetic
rate analysis of the initial hydrogenation. The motivation for
this analysis is first, to decouple the mechanical effect of
HPT-induced defect density from the chemical effect of Ni-
induced catalytic sites; and second, to compare the kinetic
rates during the challenging first activation cycle.

To quantify these kinetics, the hydrogen uptake data were
converted into the extent of reaction, o, defined as:

B HMa:J: ( )

(0%

where H, is the hydrogen content absorbed at time t, and
Hy . 18 the theoretical capacity of the Mg-matrix (account-
ing for the weight fraction of Ni as non-storing content).
This normalization enables a direct comparison of sorption
kinetics across different compositions.

T ' T ' | ' ] ; |
3.5 1 Isothermal hydrogenation N
- P=30 bar, T= 300 °c || —=— MgNi16- N5
—&— MgNi16- N1
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Fig. 2 Hydrogenation kinetics of samples in the Sievert apparatus
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Table 3 Hydrogen uptake and extent of reaction (o) during the first
hydrogenation at 300 °C and 30 bar H: pressure

Reaction Time 2h 12h 24 h
MgNi2-N1 H uptake (wt%) 0.13 0.43 0.76
Extent of reaction (o) 0.02 0.06 0.10
MgNi2-N5 H uptake (wt%) 0.13 0.45 0.80
Extent of reaction (o) 0.02 0.06 0.11
MgNi4-N1 H uptake (wt%) 0.15 0.48 0.83
Extent of reaction (a) 0.02 0.07 0.12
MgNi4-N5 H uptake (wt%) 0.15 047  0.85
Extent of reaction (o) 0.02 0.07 0.12
MgNi6-N1 H uptake (wt%) 0.22 0.61 1.09
Extent of reaction (a) 0.03 0.09 0.16
H uptake (wt%) 0.23 0.88 1.59
MgNi6-N5 Extent of reaction (o) 0.03 0.13 0.24
H uptake (wt%) 0.37 1.61 2.71
MgNil6-NO Extent of reaction (o) 0.07 0.31 0.52
H uptake (wt%) 0.58 1.99 2.96
MgNil6-N1 Extent of reaction (o) 0.11 0.38 0.56
H uptake (wt%) 1.00  2.57 3.31
MgNil6-N5 Extent of reaction (o) 0.19 0.49 0.63

The values for the extent of reaction (alpha) represent a normalized,
dimensionless fraction calculated directly from the experimental
hydrogen uptake divided by the fixed theoretical maximum capac-
ity(H¢/Hmaz). The values are reported to two decimal places to
reflect the physical significance and precision limits of the volumet-
ric measurement system, and as a normalized ratio, they do not carry
independent experimental error margin

The kinetics were assessed by comparing a at key time

intervals (t=2h, 12h, 24h), as summarized in Table 3. Fig-
ure 3 illustrates the a values versus time profiles, revealing
the kinetic evolution and catalytic impact of Ni addition.
The results reveal a kinetic transition: while MgNi2 and
MgNi4 samples exhibit sluggish kinetics, reaching only a
~ (.10 within 24 h, the MgNil6-N5 composition achieves
0=0.63 in the same timeframe, representing a 6.3-fold
enhancement over the low-Ni samples. The data indicate
that while mechanical nanostructuring via HPT provides
a measurable enhancement, compositional tuning via Ni
addition acts as the dominant kinetic driver. Specifically, the
higher density of Ni-rich interfaces in the MgNil6 series
facilitates hydrogen dissociation, effectively lowering the
barrier for hydride nucleation. A notable synergistic effect
is observed in the MgNil6 series, where HPT processing
(N5) increased the extent of reaction (a) from 0.52 (NO) to
0.63 (N5) at the 24-h mark, a 21% relative improvement.
As shown in Fig. 3, all samples exhibit a linear progression
throughout the 24-h period except for the MgNil6 series,
which displays a steeper initial slope, indicating an acceler-
ated hydrogen uptake from the onset of the reaction. This
suggests that the grain refinement and defect density pro-
vided by HPT most effectively enhance hydrogen transport
when a sufficient threshold of catalytic Ni sites is present. In
contrast, the low-Ni compositions (2 and 4 at%) remained
kinetically limited regardless of HPT turns, failing to reach
even 15% of their theoretical capacity within 24 h.

Fig. 3 Extent of reaction (a) as a 0.7
function of time for Mg-Ni com- ’
osites during first hydrogenation — ] i
P £ Ve ? #  MgNi16-N5 ok
| |-® MgNi16-N1 _
c 06 P MgNi16-NO
._g i - MgNi6-N5 ] i
[§] 4 MgNi6-N1
© 05 - ¥ MgNi4-N5 » |
o v A MgNi4-N1 *
u— | ® MgNi2-N5 - |
o —— MgNi2-N1
T 04 - -
Qo )
LU ,
Tn/ 0.3 > .
O ’
GC) r
-2 02 = * ‘ -
c i & i
o
2 014 ¥ i
3 " s
12 e
0.0 H -
. I - T : T . T . T
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Table 4 Activation energy values for dehydrogenation determined by
the Kissinger method under an argon atmosphere

Sample ID Activation energy E, (kJ-mol™!)

HPT turns

0 1 5
MgNi2 - 181+14 175+13
MgNi4 - 17613 166+13
MgNi6 - 169+11 158+12
MgNil6 177+14 165+13 156+12

Error values represent standard errors from linear regression of DSC
peak shifts

Activation energy analysis

To quantify the kinetic barriers to hydrogen release, activa-
tion energy (E,) values were determined from DSC dehy-
drogenation experiments under an argon atmosphere using
the Kissinger method [40]. Measurements were performed
at multiple heating rates (=2, 5, 10, and 20 K-min™'). This
approach relates the heating rate () to the peak temperature
(Tp) according to Eq. (2):

B E,
L — | = - .
n (sz) RTp + const )

where R is the ideal gas constant (R =8.314 J.mol ' K1), and
T, is the peak temperature corresponding to the maximum
reaction rate. Assuming a linear relationship as Y=aX+b,

Fig.4 Activation energy for dehy-

e . ) 200
drogenation in Mg—Ni composites 00
with respect to Ni content and HPT
turns. Error bars represent standard
errors from the linear regression of

& —~ 1 90 1

the Kissinger method

Activation energy E_ (KJ/mol
=
1

150

the Kissinger plot is constructed by plotting Ln(B/sz) ver-
sus 1/T,,. The activation energy is then calculated from the
slope of the resulting linear regression line E,=—Slope xR
[41].

Table 4 summarizes the activation energy values for
MgH: dehydrogenation across all compositions and HPT
conditions. The results reveal systematic trends with both
Ni content and HPT processing, which are aligned with ear-
lier reports [17, 42].

Figure 4 visualizes the trends and deviations of the activa-
tion energy with respect to the composition and HPT turns.
As shown here, for samples after one HPT turn, E, decreased
from 181+14 kJ-mol'1 (MgNi2-N1) to 165+13 kJ-mol1
(MgNil6-N1). After five HPT turns, a similar composi-
tional trend was observed, with E, ranging from 175+13
kJ-mol~1 (MgNi2-N5) to 156+ 12 kJ-mol"1 (MgNil16-N5).

These values are consistent with literature reports for
MgH- systems, which typically range from 110 to 170
kJ-mol"1 depending on preparation method and catalysts
[43—-49]. The systematic reduction in E, with increasing Ni
content demonstrates the catalytic role of nickel in lower-
ing the kinetic barrier for hydrogen release. HPT process-
ing contributes an additional modest reduction, with the
effect being most pronounced in higher Ni-content samples
where defect-assisted diffusion can synergize with catalytic
sites[21, 26].

140 T

4 6 16
Ni content (at.%)

@ Springer



40 Page 8 of 21

Materials for Renewable and Sustainable Energy

(2026) 15:40

Phase evolution and thermodynamic analysis
Microstructural evolution after hydrogenation

Results from X-ray diffraction (XRD) analysis on the
hydrogenated samples demonstrated the presence of the
hydride phase (MgH-- Fig. 5), along with unreacted magne-
sium and nickel. Subsequent Rietveld refinement provided
quantitative data on the percentage of each phase, as well as
the crystallite size and microstrain imposed on the material
(Table 5).

SEM images of the hydrogenated samples revealed key
microstructural details. The matrix appears as a bright gray
phase, representing pure magnesium. The white regions cor-
respond to nickel islands, and the dark gray regions indicate
the hydride phase (MgH:). The samples were only partially
hydrogenated, as not all of the Mg matrix had absorbed
hydrogen. As Fig. 6a to j shows, the dark regions are mainly
found around the nickel islands, which provides visual evi-
dence of the catalytic impact of nickel on the hydrogenation

process. Furthermore Fig. 7 demonstrates the elemental
distribution and phase morphology of the HPT-processed
sample MgNi2-N1, illustrating the dispersion of Ni powder
within the Mg matrix.

In-situ phase evolution during DSC cycling

Following the first hydrogenation cycle in the Sievert appa-
ratus, samples were analyzed by Differential Scanning Calo-
rimetry (DSC) to characterize phase transformations during
hydrogen cycling. Dehydrogenation was first performed
under an argon atmosphere. Thereafter, a slow heating/cool-
ing ramp of 2 K-min! was applied under 21 bar hydrogen
pressure up to 550 °C to promote the solid-state reaction
between Mg and Ni. At these elevated temperatures, the ini-
tial decomposition of MgH- provides metallic magnesium,
which reacts with nickel to form the Mg:Ni intermetal-
lic phase. Subsequently, the ternary hydride (Mg:NiH4) is
formed during the cooling cycle under hydrogen pressure
[50]. This multi-stage process can be represented as follows:

v
* ¢
ERLB LTINS SRR It
I vMg
AA A A A A
s—J\_JJu_l L..L " e /R Rhamniosiiiin
= | —— MgNi16-N5
§ ] 1 N : S MgNi16-N1
= ‘ —— MgNi16-NO
,-%' SIS ) [ ST, . S A M g Ni8-N5
E, ——— MgNi8-N1
E A am— A A MgN|4'N5
J —— MgNi4-N1
S . . MgNi2-N5
—— MgNi2-N1
JL
2'0 | 3IO | 4|0 | 5I0 | 6'0 7|0 8IO | QIO 1CI)O
Angle (26)

Fig. 5 XRD patterns of samples after hydrogenation
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Table 5 Structural information of samples after hydrogenation

Sample Number  Structure Percent- Crystal- Microstrain
of HPT age lite size (%)
rotations (Wt%)  (nm)

MgNi2 1 Mg 86(2) 164(3)  0.0213(7)

MgH, 11(2) 91(9) -
Ni 3209) 5319 -
5 Mg 91(6) 165(5)  0.0196(8)
MgH, 5(2) 65(10) -
Ni 3(1) s6(11) -
MgNi4 1 Mg 81(5) 141(4)  0.0243(9)
MgH, 7(5) 121(13)  0.085(12)
Ni 11(4) 69(7) -
5 Mg 82(6) 136(4)  0.0225(10)
MgH, 8(1) 77.8(60) 0.104(19)
Ni 10(5) 46(5) -
MgNi6 1 Mg 68(2) 160(8)  0.027(2)
MgH, 20(1) 140(30)  0.039(5)
Ni 12(7) 69(7) -
5 Mg 70(1) 160(6)  0.034(2)
MgH, 18(1) 160(50) 0.046(7)
Ni 12(1) 59 (6) -
MgNil6 1 Mg 26(1) 180(20)  0.045(3)
MgH, 41(2) 116(11)  0.029(4)
Ni 34(4) 99(7) -
5 Mg 23(4) 151(12) 0.071(2)
MgH, 44(3) 97(7) 0.054(3)
Ni 33(2) 61(3) 0.026(2)
0 Mg 24(1) 152 (11) 0.045(3)
MgH, 43(2) 111(23)  0.034(5)
Ni 33(2) 62 (6) -

The numbers in parentheses show the error for the last significant
digits

9MgH, + Ni — 2Mg + 2H, + Ni — Mg,Ni + 2H, — Mg, NiH, (3)

Thereafter, the in-situ DSC measurements were carried out
under a hydrogen atmosphere at three different absolute
pressures of 6, 11, and 21 bar. These measurements allowed
for consecutive dehydrogenation and hydrogenation cycles
(Fig. 8Db).

As shown in Fig. 5, the Mg:Ni phase was not present
in samples after initial hydrogenation in the Sievert appa-
ratus. However, during subsequent in-situ DSC cycling,
this intermetallic compound was formed through a solid-
state reaction between elemental Mg and Ni. Once estab-
lished, Mg:Ni acted as an active phase that facilitated the
subsequent hydrogenation and dehydrogenation of the
Mg:NiH4 phase. This phase is thermodynamically less sta-
ble and decomposes and forms at lower temperatures than
MgHo: (see Fig. 8b; peaks 2 and 5). Specifically, the DSC-
induced formation of Mg>Ni lowers the kinetic barrier for
both hydrogen absorption and desorption [51], serving as
an effective route to create highly active sites for hydro-
gen storage materials [52, 53]. To confirm the presence of

Mg:Ni during DSC cycling quantitatively, X-ray diffraction
analysis was performed on a MgNil6 sample after complet-
ing the DSC hydrogenation/dehydrogenation cycles under
hydrogen. Rietveld refinement by Topas (Fig. 9) revealed
that the sample consisted of 64 wt% Mg.NiH4 after hydro-
genation. The dominant presence of Mg:NiH4 confirms
that the repeated thermal cycling under hydrogen pressure
induced the reaction between Mg and Ni, forming this active
intermetallic phase. This structural transformation explains
the emergence of low-temperature dehydrogenation peaks
in DSC thermograms (Fig. 8b, Peak 2 at about 350 °C),
corresponding to the decomposition of Mg.NiH4, which is
thermodynamically less stable than MgH- (Peak 3 at around
390 °C). In addition to the primary sorption peaks, second-
ary thermal events labeled as peaks 1 and 6 in Fig. 8b were
observed. These correspond to the reversible polymorphic
structural transformation of the Mg:NiH. phase, represent-
ing the transition between the high-temperature cubic struc-
ture (Fm 3 m) and the low-temperature monoclinic structure
(C2/c) [54, 55], which typically occurs around 235 °C. The
substantial Mg.NiH4 content (64 wt%) demonstrates exten-
sive in-situ MgNi formation during DSC cycling. The pres-
ence of MgO (14 wt%) indicates that significant Mg was
consumed by oxidation during sample handling, reducing
the Mg available for Mg>Ni or MgH- formation.

Thermodynamic parameters via Van't Hoff analysis

Following confirmation of in-situ Mg:Ni formation, ther-
modynamic analysis utilizing van’t Hoff plots [56], was
performed to determine the enthalpy (AH) and entropy
(AS) of hydrogenation and dehydrogenation (Fig. 10). Van’t
Hoff analysis utilizes the relationship between equilibrium
hydrogen pressure and temperature, as described by the
van’t Hoff equation [57]:

I P AH 1 AS 4

"BmT R TR @
where P is the equilibrium hydrogen pressure, Py, is the stan-
dard state pressure, which is conventionally defined as 1 bar,
AH is the enthalpy of dehydrogenation, AS is the entropy of
dehydrogenation, R is the ideal gas constant (8.314 J.mol ..
K"), and T is the absolute temperature in Kelvin [58]. DSC
experiments were conducted at three different hydrogen
pressures (6, 11, and 21 bar absolute). For each de/hydroge-
nation peak, a van’t Hoff plot of Ln(P) versus 1/T was then
constructed, where the slope corresponds to—AH/R and
the intercept to AS/R (see Fig. 10). It should be noted that
although DSC is used here as a non-isothermal calorimet-
ric proxy for equilibrium thermodynamics, this approach
follows established methodologies reported for Mg-based
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Fig.6 SEM micrographs of Mg-Ni
samples after hydrogenation. Images (a-
h) show partially hydrogenated samples
of different compositions after one HPT
turn (a, ¢, e, and g) and five HPT turns (b,
d, f, and h). Images (i-j) show a MgNil6
sample without HPT (N=0)

MgNi2

MgNi4

MgNi16

MgNi16-NO Bright

phase

Dark phase
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Fig. 7 EDS Mapping of Phases in
an MgNi2 composite

— soim
[27, 59] and TiFe-based [60] hydrides, where high-Pressure
DSC transition temperatures as a function of hydrogen pres-
sure have been combined with van’t Hoff analysis to obtain
enthalpy and entropy values. To minimize the influence of
kinetic effects and thermal gradients, thermodynamic param-
eters were derived from DSC measurements conducted at a
slow heating rate of 2 K-min'. The onset temperatures of
the dehydrogenation and hydrogenation peaks were taken as
approximations of the equilibrium temperatures. Although
the non-isothermal nature of DSC causes a systematic devi-
ation relative to fully isothermal PCT measurements, using
a single, consistent onset-temperature criterion for all com-
positions and pressures provides internal consistency in the
extracted AH and AS values. This approach, combined with
slow heating rates, ensures that the derived values AH and
AS provide a consistent comparative analysis among the
extracted parameters.

For the MgNil6-NO sample at 2 K-min!, the derived
thermodynamic parameters were obtained as: AH=72+2
kJ-mol! and AS=132+3 J-mol'-K"! for Mg:NiH. dehy-
drogenation, and AH=77+3 kJ-mol' and AS=137+5
J-mol"-K~! for MgH: dehydrogenation. These values are
in reasonable agreement with the available literature data
for these hydride systems [61-65]. Hydrogenation thermo-
dynamics were similarly analyzed using van’t Hoff plots
constructed from cooling ramp data at 2 K-min! (Fig. 10).
The Mg hydrogenation exhibited AH=-69+4 kJ-mol!
and AS=128+7 J-mol !-K!, while Mg:Ni hydrogenation
showed AH=-62+3 kJ'mol™' and AS=120+3 J-mol "K"".

50pum
Hysteresis analysis

Upon comparing the enthalpy and entropy values in hydro-
genation with respect to those obtained for dehydrogena-
tion, some differences in their magnitudes are observed.
These discrepancies between the absorption and desorption
processes indicate deviations from ideal thermodynamic
reversibility, a phenomenon commonly referred to as hys-
teresis in hydrogen storage systems[66]. This thermody-
namic parameter provides fundamental insights into the
energy landscape of the hydrogen sorption process, reveal-
ing the stability of the hydride phase and the reversibility of
the hydrogen storage reaction [67, 68]. The thermodynamic
hysteresis represents the energy loss and total irreversibility
of a full hydrogen storage cycle based on the enthalpy and
entropy derived from van’t Hoff plots.

Table 6 provides the enthalpy and entropy of dehydro-
genation and hydrogenation for all samples following the
van’t Hoff methodology explained above. To allow for a
direct and consistent comparison across all samples, the
equilibrium pressures for dehydrogenation (P.) and hydro-
genation (P,,,) were calculated at a constant, representative
temperature of 350 °C (623.15 K) using the van’t Hoff equa-
tion (Eq. 4). This temperature was selected as representative
of typical operating conditions for Mg-based hydrogen stor-
age systems [67, 69—72]. The hysteresis was then expressed
as a dimensionless hysteresis factor, defined as ALn(P)=Ln
( Paps / Pyes), shown in Eq. (5). This factor provides a stan-
dardized measure of the deviation from ideal thermody-
namic reversibility [73, 74].

AHaps — AHges | ASaps — ASaes

ALnP = Ln (Pays) — Ln (Pyes) = T + = &)
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Fig. 8 DSC thermograms of an
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A comprehensive evaluation of the thermodynamic proper-
ties of all samples in de/hydrogenation and their hysteresis
was conducted and summarized in Table 6.

It should be clarified that the effect of HPT in Table 6 is
presented only for the MgNi16 series. For this composition,
samples with 0, 1, and 5 HPT turns were analyzed to evalu-
ate the influence of strain. Hysteresis values for MgNil6
across HPT conditions (N=0, 1, 5) show no systematic trend
(MgaNiHa:  AlnP=0.24-0.51; MgH2: AlnP=0.44-0.49),
consistent with the thermodynamic invariance observed for

@ Springer

Temperature (°C)

AH and AS. This is also valid considering the fact that DSC
experiments on each sample were conducted over several
cycles (under argon at different heating rates, and under
hydrogen at different pressures) up to~450 °C, which is
far beyond the recrystallization temperature of the material
(about 150-200 °C)[75]. At these high temperatures, the
microstructural effects induced by HPT, such as grain refine-
ment and increased defect density, are effectively annealed
out [76]. As a result, the starting microstructure did not have
a lasting influence on such properties. Therefore, only the
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Fig.9 Rietveld refinement of the MgNil6 sample after multiple dehydrogenation-hydrogenation cycles in the DSC. The final hydrogenation cycle
was performed under a hydrogen atmosphere at 6 bar before cooling to room temperature for analysis
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Fig. 10 Van’t Hoff plots for the de/hydrogenation peaks of the MgNil6-NO sample

five-turn HPT condition was included in the remaining com-
positions (MgNi2, MgNi4, and MgNi6), since preliminary
results showed no obvious change beyond the error margins
in AH or AS.

A direct comparison of the results in this table shows that
Mg:NiH4 dehydrogenation is slightly less endothermic than
that of MgH.. This observation agrees with the well-known
thermodynamic order of these hydrides [77] and also con-
firms that the DSC method used here can distinguish the

stability of the two coexisting phases. The hysteresis val-
ues (AlnP) presented in Table 6 provide an overview of the
reversibility of hydrogen cycling in the investigated sam-
ples. For the Mg:NiH4 phase, a wider scatter is observed
(ALnP=0.24-0.95), whereas the MgH: phase exhibits more
consistent hysteresis values across all compositions (ALnP
~ 0.44-0.56).

@ Springer



40 Page 14 of 21

Materials for Renewable and Sustainable Energy

(2026) 15:40

Table 6 Thermodynamic parameters for the dehydrogenation and hydrogenation peaks of Mg-Ni—H composites derived from van’t Hoff plots

Sample ID HPT turns Dehydrogenation Hydrogenation Hysteresis
Enthalpy (kJ-mol ") Entropy (J.mol -K™) Enthalpy (kJ-mol ") Entropy ALn (P)
(J.mol K™
Mg:NiH,
MgNi2 5 73+3 133+2 —59+2 116+2 0.51
MgNi4 5 73+3 13245 —-61+2 11942 0.63
MgNi6 5 72+5 13145 —61+2 122+4 0.95
MgNil6 0 72+£2 13243 - 6243 120+3 0.43
MgNil6 1 70+3 130+2 —63+2 121+2 0.24
MgNil6 5 71+£2 131+4 —62+2 121+1 0.51
MgH,
MgNi2 5 79+3 139+7 —66+3 123+4 0.56
MgNi4 5 78+3 137+5 —67+4 124+4 0.54
MgNi6 5 78+£5 137+5 —67+3 125+2 0.54
MgNil6 0 77+3 137+5 —69+4 128+7 0.44
MgNil6 1 76+3 135+4 —71+4 131+6 0.47
MgNil6 5 77+3 136+5 —71+4 131+4 0.49

The error values for the enthalpy and entropy were obtained from the linear regression analysis of the van’t Hoff plots

Discussion

Composition versus microstructure: relative
contributions to hydrogen storage performance

The results presented above demonstrate that compositional
tuning, specifically through nickel content, has a dominant
influence on hydrogen storage performance compared to
microstructural refinement via HPT processing. From a
kinetic perspective, activation energy analysis (Table 4,
Sect. "Activation energy analysis") reveals that increasing
Ni content from 2 to 16 at% reduces E, from 181 to 156
kJ-mol! for MgH: dehydrogenation, a reduction of approx-
imately 14%. In contrast, HPT processing yields a reduc-
tion of approximately 21 kJ-mol ! or 12% specifically in the
MgNil6 samples after five turns of rotation.

The first hydrogenation curves (Fig. 2) further illus-
trate this hierarchy. MgNi2 and MgNi4 samples achieved
less than 1 wt% H: uptake within 24 h regardless of HPT
turns (N=1 or N=15), indicating that microstructural refine-
ment alone cannot overcome insufficient catalytic activity.
A threshold effect emerges at 6 at% Ni, where MgNi6-N5
reached 1.5 wt%, that is more than twofold improvement.
The MgNil6 composition achieved 3.3 wt% (N=5), dem-
onstrating that adequate Ni content is a prerequisite for
effective hydrogen activation. Within the MgNil6 series,
HPT processing provided measurable but secondary ben-
efits: MgNil16-NO reached 2.8 wt% versus 3.3 wt% for
MgNil6-N5, an 18% relative improvement related to grain
refinement and crystalline defects.

From a thermodynamic perspective, this pattern becomes
even clearer. Table 6 shows that enthalpy and entropy values
remain largely constant across HPT conditions (comparing
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N=0, N=1, N=5 for MgNil6) and show only minor varia-
tions across compositions. For example, MgH. dehydro-
genation enthalpy ranges from 77 to 79 kJ-mol™! across
all samples, which is within experimental uncertainty.
This insensitivity to both composition and microstructure
reflects the fact that thermodynamic parameters are deter-
mined by the chemical nature of the hydride phases (MgH:
vs. Mg>NiHa), whereas grain refinement and defect density
mainly influence the reaction kinetics [19, 67].

The observed thermodynamic invariance with respect to
HPT is attributed to thermal annealing during DSC cycling.
Repeated heating to~450 °C during in-situ measurements
far exceeds magnesium’s recrystallization temperature
(~150-200 °C) [75], effectively erasing the nanostructure
imposed by HPT. From a practical standpoint, these find-
ings suggest that HPT or similar SPD processing may be
valuable for initial material activation and first hydrogena-
tion kinetics enhancement, whereas sustained cycling per-
formance can be largely ensured by appropriate catalytic
alloying. For laboratory-scale fundamental studies, HPT
offers excellent control over microstructure and enables
systematic investigation of deformation effects. In con-
trast, compositional effects -particularly the catalytic role
of nickel- remain active throughout cycling because they
reflect intrinsic chemical properties rather than metastable
microstructural features [26, 67, 78, 79]. Therefore, suffi-
cient Ni content for in-situ Mg:Ni formation provides per-
sistent catalytic benefits that survive thermal cycling, even
in large-scale applications.
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Fig. 11 Schematic illustration of the integrated processing and charac-
terization approach in Mg-Ni composites. The workflow demonstrates
the initial powder mixture to microstructural refinement (via HPT),

In-situ Mg,Ni formation

A central finding of this work is that Mg>Ni forms in-situ
during DSC thermal cycling from initially non-stoichiomet-
ric Mg-Ni powder mixtures, and this phase plays a critical
role in subsequent hydrogen storage performance. XRD
analysis after first hydrogenation in the Sievert apparatus
(Fig. 5, Table 5) confirmed the presence of MgH-, unre-
acted Mg, and Ni, but no Mg:Ni intermetallic phase. How-
ever, post-DSC XRD (Fig. 9) revealed 64 wt% Mg.NiHa4
in the MgNil16 sample after cycling under hydrogen, dem-
onstrating that repeated exposure to elevated temperature
and hydrogen pressure drives solid-state reaction between
elemental Mg and Ni to form the Mg:Ni intermetallic. This
in-situ formation pathway differs from conventional synthe-
sis routes (melting, ball milling) and offers practical advan-
tages. Pre-alloyed Mg:Ni requires either high-temperature
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in-situ Mga2Ni phase synthesis during DSC thermal cycling, and the
resulting reduction in hysteresis, evidenced by the narrowed separation
(AT) of the de/hydrogenation peaks

metallurgical processing or extended mechanical milling,
both energy- and time- intensive approaches [33, 80, 81].
In contrast, the present approach demonstrates that sim-
ple powder mixing, combined with HPT consolidation,
achieves phase formation during hydrogen cycling via DSC.
This pathway is particularly relevant for real-world applica-
tions where perfect stoichiometric control may not be guar-
anteed and when avoiding intermediate material processing
complications.

This sequence of processing steps and their impact on
phase evolution and hysteresis is summarized schematically
in Fig. 11.

The catalytic mechanism of Mg:Ni enhances the hydro-
genation mechanism through three distinct pathways:

e First, the Mg:Ni/Mg-NiH4 system exhibits lower ther-
modynamic stability than MgH>/Mg, as evidenced by the
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lower decomposition temperature (~350°C vs.~390°C
in DSC thermograms, Fig. 8-b) and reduced enthalpy
values (72 vs. 77 kJ'mol™! for dehydrogenation, Ta-
ble 6). This thermodynamic advantage enables hydro-
gen release and uptake at more favorable conditions.

e Second, Mg:Ni provides active surface sites for Ha dis-
sociation and recombination, lowering the kinetic bar-
rier reflected in reduced activation energies [52, 53, 82].

e Third, the presence of Mg:Ni creates interfacial regions
with Mg/MgH: that may serve as preferential nucleation
sites for hydride formation and decomposition[68, 83,
84].

The compositional range investigated (2—16 at% Ni) reveals
that Mg>Ni formation and its catalytic benefits require suf-
ficient Ni content. At 2—4 at% Ni, sufficient elemental Ni is
unavailable for hydrogenation, resulting in limited catalytic
enhancement. At 6 at% Ni, it could measurably improve
kinetics (see Fig. 2), and at 16 at% Ni, Mg:Ni formation is
maximized (as evidenced by 64 wt% Mg.NiH. -as revealed
by the Rietveld analysis- Fig. 9), yielding the lowest activa-
tion energies and fastest hydrogenation rates (see Fig. 2 &
Fig. 4). This compositional window (6—16 at% Ni) defines
a practical design space where non-stoichiometric Mg-Ni
composites can achieve effective hydrogen storage perfor-
mance through in-situ phase evolution. Importantly, even at
16 at% Ni, some elemental Mg remains unreacted (as Fig. 9
shows residual Mg after cycling). This multiphase coexis-
tence—Mg:Ni/Mg:NiH+ alongside MgH./Mg—results in
the dual-peak DSC behavior observed (Peaks 2 and 3 in
Fig. 8b). While this complicates thermodynamic analysis
compared to pure single-phase systems, it may actually be
advantageous for applications requiring staged hydrogen
release across a temperature range.

The observed 14.7 wt% MgO in MgNil6-NO after DSC
cycling (Fig. 9) formed during sample handling, represents
Mg permanently removed from the Mg-Ni reaction. Since
Mg oxidizes preferentially over Ni, this effectively enriches
the Ni concentration in the remaining reactive material
[68], while the Mg:NiH4 phase reaches 64 wt%. Literature
on Mg:Ni formation shows composition- and kinetics-lim-
ited saturation behavior. Ball-milling studies demonstrate
that even after extended processing time and then anneal-
ing, complete Mg:Ni conversion is rarely achieved, with
residual phases persisting due to diffusion-limited reac-
tions and product-layer formation that blocks further con-
version [53, 85]. Cycling-assisted formation studies show
that MgaNi fractions increase over the first few cycles
and then plateau, with further cycling primarily refining
microstructure rather than changing the overall phase bal-
ance [86]. Even hydrogen-assisted pathways (such as using
MgHo as starting materials), which accelerate interdiffusion
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compared to solid-state annealing, remain diffusion-limited
and composition-dependent [12, 25]. These precedents indi-
cate that phase fractions tend to reach a composition-depen-
dent saturation rather than increasing indefinitely. In this
work, the residual 7.3 wt% Ni is therefore likely kinetically
trapped, for example as Ni-rich particles surrounded by
MgaNi product layers or adjacent to MgO interfaces. Fur-
ther conversion would require more aggressive processing
(high-temperature annealing, re-milling), which is incom-
patible with DSC cycling. Based on these observations and
the presence of kinetically trapped residual Ni, additional
DSC cycling is unlikely to substantially increase MgaNi
fraction beyond~64 wt%. Importantly, this level already
provides sufficient catalytic enhancement (activation
energy reduction from 181 to 156 kJ-mol! and markedly
faster absorption), so the observed saturation is practically
effective despite incomplete conversion.

Practical implications for material design

The findings of this study provide several insights for
designing Mg-based hydrogen storage materials:

1. Compositional optimization over microstructural refine-
ment: For systems where thermal cycling is anticipated,
efforts should prioritize compositional design (catalytic
additives) over metastable nanostructuring, as compo-
sitional effects persist while nanostructure anneals out.
Nickel content in the 6—16 at% range provides substan-
tial benefits, whereas below 6 at%, catalytic effects are
insufficient for practical kinetics. SPD techniques like
HPT are valuable for laboratory studies and for acceler-
ating initial activation but are not essential for long-term
performance. For scaled production, if rapid initial acti-
vation is critical, brief high-temperature treatment under
hydrogen may substitute for intensive mechanical nano-
structuring. This highlights that while SPD techniques
like HPT are excellent for creating high-density inter-
faces for initial activation, the long-term performance
is dominated by the thermodynamically stable Mg:Ni
catalyst.

2. Non-stoichiometric processing flexibility: Perfect stoi-
chiometric control (e.g., exactly Mg:Ni) is not required.
Elemental Mg-Ni powder mixtures with appropriate Ni
content will form active Mg:Ni during thermal cycling
under hydrogen. This simplifies processing and allows
compositional tuning without requiring pre-alloying
steps. The multiphase nature (coexisting Mg/MgH- and
Mg:Ni/Mg:NiH4) may even be advantageous for appli-
cations requiring staged hydrogen release.

3. Operating temperature selection: The in-situ formation
of Mg:Ni requires elevated temperature exposure during
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initial cycling (demonstrated here at~550 °C under
hydrogen). For practical applications, the system must
allow for a one-time activation step to establish the new
phase. Once Mg:Ni is formed, subsequent cycling can
occur at lower temperatures (~350—400 °C) while retain-
ing catalytic benefits.

4. Balancing capacity and kinetics: Higher Ni content
improves kinetics but reduces gravimetric capacity
(MgaNiHa stores 3.6 wt% Hz vs. 7.6 wt% for MgH2)[25,
87]. The optimal composition depends on application
requirements; systems prioritizing fast kinetics and mod-
erate capacity may favor 816 at% Ni, while capacity-
critical applications could use 4—6 at% Ni with longer
activation times.

Scientific context and research significance

The thermodynamic parameters obtained here (AH=70-73
kJ-mol! for Mg:NiHa; 77-79 kJ-mol™! for MgH>) show a
moderate positive deviation from typical equilibrium values
obtained from isothermal PCT measurements [61-65, 88].
Similar deviations have been observed in earlier DSC-based
studies of Mg hydrides [59] as well as other hydride systems
[27, 89, 90]. This systematic deviation is well-documented
for non-equilibrium thermal analysis methods, where finite
heating rates produce apparent enthalpies 5-20% higher
than true equilibrium values due to thermal lag, incomplete
phase equilibration, and kinetic contributions [56, 87, 91].
While Révész et al. [11] examined HPT-processed stoichio-
metric Mg:Ni using similar DSC methodology, the present
work bridges a critical gap by investigating a non-stoi-
chiometric compositional range (2—16 at% Ni), providing
a comprehensive framework for understanding the practi-
cal processing of Mg-Ni composites for hydrogen storage
applications.

Finally, it should be acknowledged that the slow kinetics
observed in the first Sievert hydrogenation largely reflect
the typical activation process of magnesium-based hydrides,
often requiring extended times and, in our case, not reaching
full capacity even after 24 h. However, the subsequent DSC
measurements revealed a faster hydrogenation process with
the DSC peaks indicating nearly complete hydrogenation
signals within relatively shorter timeframes. This difference
between Sievert and DSC kinetics is not solely a first-cycle
effect, but also reflects the catalytic role of in-situ formation
of Mg:Ni, which is absent in the pristine Mg—Ni powder
mixture. Once Mg:Ni forms in-situ during the dehydrogena-
tion cycles in DSC (Eq. 3), it acts as a catalyst in the subse-
quent DSC hydrogenations, accelerating hydrogen uptake.

As shown in Fig. 8, the first dehydrogenation peak during
DSC cycling originated from Mg:NiH4 at lower tempera-
tures prior to MgH>, indicating a lower activation barrier

pathway. While the in-situ formation of Mg>Ni as a catalytic
phase has been well recognized by ball milling [33], our
study demonstrates that such phase evolution can be directly
induced and tracked using in-situ DSC. This methodological
approach, applied to HPT-processed composites, provides
a facile route to quantify the thermodynamic parameters
while capturing the catalytic role of in-situ formed Mg>Ni.
Thus, catalytic phase formation during in-situ DSC cycling
from non-stoichiometric powders offers a viable pathway
for improving hydrogen storage performance without the
need for perfectly pre-alloyed compounds.

Conclusion

This study investigated the combined effects of nickel con-
tent (2—16 at%) and High Pressure Torsion (HPT) on the
hydrogen storage performance of Mg-Ni powder mixtures.
The results demonstrate that compositional tuning domi-
nates over microstructural refinement in hydrogen sorption
performance.

Kinetics: Activation energy analysis via the Kissinger
method revealed that increasing Ni content from 2 to 16 at%
reduced the kinetic barrier for MgH> dehydrogenation from
181 to 156 kJ-mol™1, a 14% reduction. HPT processing pro-
vided additional improvements (~12%) in initial activation,
with the effect being most pronounced when sufficient Ni
was present. First hydrogenation kinetics using the Sievert
apparatus confirmed that compositions with less than 6 at%
Ni achieved minimal uptake (<1 wt% in 24 h) regardless
of HPT turns, while the sample with 16 at% Ni and after
five turns of HPT rotations (MgNil16-N5) reached 3.3 wt%,
demonstrating that adequate Ni content is a prerequisite for
effective hydrogen activation.

Thermodynamic: In-situ differential scanning calorime-
try (DSC) cycling was implemented to characterize the ther-
modynamic properties via van’t Hoff analysis. The results
demonstrated that enthalpy and entropy values remained
invariant across all investigated Ni concentrations and HPT
processing conditions. This stability indicates that the fun-
damental thermodynamic equilibrium is not significantly
altered by microstructural refinement or the presence of
the catalytic phase. The lack of microstructural influence
is attributed to thermal annealing during DSC cycling (up
to~450 °C), which exceeds the recrystallization tempera-
ture of magnesium and leads to the recovery of the HPT-
induced features. Consequently, while HPT and Ni-addition
effectively optimize the kinetic pathways, they do not shift
the intrinsic thermodynamic stability of the hydride phases
Mg:NiH4+ and MgHo.

Phase evolution: A key finding is that Mg:Ni forms in-
situ during DSC cycling from non-stoichiometric Mg-Ni
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powder mixtures. XRD analysis confirmed that the Mg.Ni
intermetallic, absent after the initial Sievert hydrogenation,
formed during DSC cycling under elevated temperature and
hydrogen pressure, with Rietveld refinement indicating 64
wt% MgaNiHa. in the sample with 16 at% Ni (MgNil6). This
in-situ formation pathway provides practical advantages
over conventional synthesis routes, e.g., ball milling, as it
eliminates the need for complex pre-alloying and provides
a flexible approach to material synthesis. The catalytic role
of Mg:Ni, evidenced by lower decomposition temperatures
(~350 °C vs.~390 °C for MgH:) and reduced activation
energies, remains active throughout cycling. Exploiting
non-stoichiometric Mg-Ni composites and achieving effec-
tive hydrogen storage performance through in-situ phase
evolution provides a more flexible and practical pathway for
material development compared to traditional techniques
requiring perfect stoichiometry.

Practical implications: These findings provide several
key principles for the strategic design of Mg-based storage
systems: (1) The results suggest that compositional optimi-
zation (6—16 at% Ni) should be considered a priority over
intensive mechanical processing for achieving sustained
performance. (2) Perfect stoichiometric control is unneces-
sary, as active phases form in-situ from elemental mixtures;
(3) An initial high-temperature activation (~550 °C) via
DSC facilitates the formation of Mg>Ni, after which the sys-
tem can operate efficiently at significantly lower tempera-
tures (350—400 °C); (4) Ni content can be balanced based on
application requirements: higher Ni improves kinetics but
reduces capacity. (5) The dominance of composition over
microstructure suggests that cost-effective processing strat-
egies can be realized by shifting the focus toward targeted
chemical additions and in-situ phase engineering.
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