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Magnesium hydride (MgH,) demonstrates immense potential as a solid-state hydrogen storage material,
while its commercial utilization is impeded by the elevated operating temperature and sluggish reac-
tion kinetics. Herein, a MOF derived multi-phase FeNi;-S catalyst was specially designed for efficient
hydrogen storage in MgH,. Experiments confirmed that the incorporation of FeNi3-S into MgH, signifi-
cantly lowered the desorption temperature and accelerated the kinetics of hydrogen desorption and reab-
sorption. The initial dehydrogenation temperature of the MgH, + 10 wt% FeNi3-S composite was 202 °C,
which was 123°C lower than that of pure MgH,. At 325°C, the MgH, + 10 wt% FeNi;-S composite re-
leased 6.57 wt% H, (fully dehydrogenated) within 1000 s. Remarkably, MgH; + 10 wt% FeNi3-S compos-
ite initiated rehydrogenation at room temperature and rapidly absorbed 2.49 wt% H, within 30 min at
100°C. Moreover, 6.3 wt% H, was still retained after 20 cycles at 300°C, demonstrating the superior cy-
cling performance of the MgH; +10 wt% FeNi3-S composite. The activation energy fitting calculations
further evidenced the addition of FeNi;-S enhanced the de/resorption kinetics of MgH, (E, =98.6k]J/mol
and 43.3 kJ/mol, respectively). Through phase and microstructural analysis, it was determined that the
exceptional hydrogen storage performance of the composite was attributed to the in-situ formation of
Mg/Mg,Ni + Fe/MgS and MgH,/Mg,NiH, + Fe/MgS hydrogen storage systems. Further mechanistic analy-
sis revealed that Mg, Ni/Mg,NiH, served as “hydrogen pump” and Fe/MgS served as “hydrogen diffusion
channel”, thus accelerating the dissociation and recombination of hydrogen molecules. In conclusion, this
work offers insight into catalysts combining transition metal alloys and transition metal sulfide for ex-
erting muti-phase synergistic effect on boosting the dehydrogenation/hydrogenation reactions of MgH,,
which can also inspire future pioneering work on designing and fabricating high efficient catalysts in

other energy storage related areas.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Increased energy consumption and depletion of fossil fuel re-
serves pose a hazard to global energy security and the economy
[1]. In comparison to fossil fuels, hydrogen stands out as a promis-
ing alternative on account of its sustainability and eco-friendliness,
while its low volumetric density under standard conditions is the
primary impediment to the storage and transportation of hydro-
gen [2,3]. Over the past few decades, hydrogen storage meth-
ods including compressed hydrogen storage, liquid hydrogen stor-
age, cryo-compressed hydrogen storage and solid hydrogen stor-
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age have got a spectacular development [4]. In terms of safety
and efficiency, solid hydrogen storage comes to the fore, fueling
a surge in research of solid-state materials for hydrogen storage
[5]. Among miscellaneous materials, MgH, has been brought into
sharp focus by its high volumetric (110 kg H,/m3) and gravimetric
(7.6 wt% H,) capacities, fantastic reversibility, and abundant mag-
nesium reserves. Nevertheless, the high thermodynamic stability
(AH=76Kk]/mol) and kinetic barrier (E, = 160k]J/mol), which bring
about high-temperature desorption and sluggish hydrogen ab/de-
sorption kinetics respectively, have hinder the practical application
of MgH, in the long run [6,7].

In recent years, researchers have developed the following
strategies to address the challenges: nanosizing the Mg particles
[8-10], alloying Mg particles with mental elements [11-13] and
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adding different catalysts into Mg/MgH, hydrogen storage systems
[14-16]. It has been proven that the addition of catalysts together
with nanosized Mg particles via ball milling is the best bet to im-
prove the performance of MgH, in both thermodynamic and ki-
netic aspects [17,18]. Transition metals (TM), such as Ni [19,20],
Fe [21,22], Ti [23,24], Co [25,26], V [27,28], along with their al-
loys/compounds (oxides, sulfide, halides, hydrides etc.), exhibit sig-
nificant catalytic effects on the kinetics of MgH,. Some TMs like
Ni and Co involve in the reaction and generate intermetallic hy-
drides of Mg;NiH4 and Mg,CoHs in situ, thus serving as a “hy-
drogen pump” to accelerate the rates of hydrogen de/ab-sorption
[29,30]. Apart from forming intermetallic hydrides, other TMs con-
sist of Fe and Nb are also used as catalysts by virtue of the abun-
dant d-orbital electron and excellent catalytic function [31]. Among
all the TMs, M. Pozzo and his coworker have already proved that
Ni and Fe (Ni ranks first) are the best possible choice to accelerate
the kinetics of hydrogen absorption [32]. This work sheds light on
the selection of transition metal elements. In addition, bimetallic
catalysts have demonstrated higher efficiency than monometallic
catalysts due to the synergistic effect [6,10]. Therefore, researchers
have extensively investigated the effects of NiFe alloy catalysts
on enhancing the hydrogen storage capabilities of MgH,. Ding
et al. synthesized a core-shell structural Fegg4Nig36@C compos-
ite and observed that the initial desorption temperature of MgH,-
Feg 64Nig36@C system was decreased to 250°C. Besides, 5.18 wt%
H; could be absorbed at 150°C within 20 min [33]. Fu and co-
workers found that NiFe@CNT decreased the onset desorption tem-
perature of MgH, to 225 °C. Notably, the addition of NiFe@CNT sig-
nificantly reduced the dehydrogenation activation energy of MgH,
to 49.7 kJ/mol [31]. Both of Ding and Fu had reported the synergis-
tic effect between Fe and in-suit formed MgNi,/Mg,NiH,4. Hence,
the synergistic bimetallic catalysis of FeNi alloy has been con-
firmed to accelerate the reaction kinetics of MgH, and effectively
lower the energy barrier of the reaction.

Recent studies have indicated that transition metal sulfides
(TMS) possess excellent catalytic activity, which has been con-
firmed in the fields of hydrogen and oxygen evolution reactions
[34,35]. Based upon these findings, it is of great significance to re-
veal whether transition metal sulfides can enhance the hydrogen
storage properties of MgH,. The research group led by Zhang had
discovered that the addition of FeS, and Fe3S,; contributed posi-
tively to the enhancement of hydrogen storage behavior in MgH5.
They stated that the improved hydrogen storage capabilities of
MgH, were attributed to the synergistic catalytic action between
the Fe and in-situ formed MgS [36,37]. Zeng et al. introduced a
Ni3S,@C catalyst into MgH, and found that the MgH,-Ni3;S,@C-4
composite was able to absorb 5.68 wt% H, upon dehydrogenation
at 100°C and release 6.35 wt% H, upon rehydrogenation at 275 °C
[38]. Additionally, Fu and colleagues had also applied ternary tran-
sition metal catalysts to MgH,. Under the synergistic catalysis of
several active species, MgH,-FeNi,S, composite uptook 4.02 wt%
H, at 100°C for 1h [16]. These finding underscored the poten-
tial of transition metal sulfides as additives for improving the per-
formance of MgH,. Metal-organic frameworks (MOFs) have been
proven to be ideal precursors for the preparation of metal sulfides
[39]. MOF derived sulfides can be obtained by calcination in dif-
ferent atmospheres (such as air, Hy, and Ar) and are more stable
and conductive than primal MOFs [40]. In addition to retaining the
original composition and characteristics of MOFs, MOF derived ma-
terials possess larger specific surface area and higher porosity and
even hold better catalytic effect than primal MOFs [41].

It is noteworthy that bimetal and MOF derived sulfides are
promising candidates for MgH, hydrogen storage system. In a re-
cent research, Zhang et al. designed defect-rich Nigg7Feg33—MOF
by a solvothermal method, providing more options for efficient
OER systems [42]. Stimulated by the pioneering achievements, we
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synthesized NiFe-MOF and firstly designed FeNis-S successfully to
reveal whether NiFe-MOF and FeNi3-S could promote hydrogen ab-
sorption and desorption properties of Mg/MgH, system. Through a
systematic study of the de/resorption behavior of FeNi3-S doped
MgH, composites, we have demonstrated that FeNi3-S imparted a
notable improvement to the hydrogen storage properties of MgH,.
With the aid of structural and morphological characterizations, the
synergistic catalytic mechanism of FeNi3-S was discussed in detail.

NiFe-MOFs were prepared by a reported solvothermal method
[42] with a slight modification. Thiophene-2,5-dicarboxylic acid
(H,TDC, Macklin, 98 %) and N,N-dimethylformamide (DMF, Mack-
lim AR) were selected as organic ligand and solvent, while
Ni(NO3),-6H,0 (Alfa Aesar, 98 %) and Fe(NO3);-9H,0 (Sinopharm
Chemical Reagent Co., Ltd., AR) were used as nickel and iron
sources. None of the chemicals used were further purified.
The preparation process was as follows. 4mmol Ni(NOs3),-6H,O0,
4mmol Fe(NO3)3-9H,0 and 5mmol H,TDC were added into a
mixture of 60mL DMF and deionized water. After complete dis-
solution, the blended solution was heated at 120°C in a 100 mL
Teflon-lined autoclave for 12 h. The sediment was collected by cen-
trifugation, which was washed more than five times with a mixed
1:1 ratio of deionized water and ethanol solution to remove resid-
ual reactants. After a 12h vacuum-drying period, the resulting
brownish-yellow product was named as NiFe-MOF. The NiFe-MOF
was then calcined at 400°C for 2.5h under a 4 MPa H, atmosphere
to obtain FeNis-S.

MgH, was synthesized from commercially available Mg (Al-
addin, purity 99.99 %, 100-200 mesh) in our laboratory via several
times of ball-milling and hydrogenation. Mg was hydrogenated at
380°C under 7MPa H, pressure for 3h. The samples were trans-
ferred into a stainless mill pot (Nanjing Chishun, 40:1 ball-to-
powder weight ratio) and milled at a speed of 450 rpm for 5 h. Af-
ter repeating the above steps twice, MgH, powder was successfully
fabricated. 100 mg NiFe-MOFs and 100 mg FeNi3-S were added into
900 mg as-prepared MgH, powder respectively by ball milling at
a speed of 400rpm for 6h. All operations were conducted in an
argon-fille glovebox (MIKROUNA), where H,0 and O, levels all be-
low 0.1 ppm.

The phase compositions of the samples were undertaken via
X-ray diffraction (Smart Lab SE 6kW) tests, scanning from 20°
to 80° at a rate of 6°/min. The micromorphology of the sam-
ple was characterized by scanning electron microscope (SEM, Hi-
tachi SU8600) and transmission electron microscopy (TEM, JEM-
2100F). The corresponding energy dispersive X-ray spectroscopy
(EDS) displayed the element distribution. A Pressure-Composition-
Temperature (PCT) equipment had been self-established to re-
search the hydrogen storage properties (more detailed explana-
tion could be found in the supporting information). Before each
experiment, 120-150mg powders were transferred into a steel
tube, which was specially designed for hydrogen storage perfor-
mance tests in our lab. The non-isothermal dehydrogenation was
conducted at a heating rate of 5°C/min from room tempera-
ture to 450°C, while the non-isothermal hydrogen absorption was
1°C/min. In isothermal experiments, the samples were performed
at constant temperatures. The initial hydrogen pressure of absorp-
tion was 3.2MPa, and that of dehydrogenation was lower than
0.001 MPa. For cyclic experiments, the composite was similarly hy-
drogenated at 3.0 MPa, dehydrogenated at 0.001 MPa, and repeated
20 times at 300°C.

The NiFe-MOF was synthesized via a self-assembly process un-
der 120°C for 12 h. The FeNi3-S materials were then fabricated by
calcinating NiFe-MOF at 400°C for 2.5h under the H, atmosphere.
Fig. 1a shows the schematic diagram for the synthesis of the NiFe-
MOF and FeNi3-S materials.

The phase compositions of NiFe-MOF and FeNi3-S were de-
tected via XRD analysis. The XRD pattern of NiFe-MOF (Fig. S1 in
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Fig. 1. (a) The schematic diagram for the synthesis process of NiFe-MOF and FeNis-
S. (b) The XRD pattern of FeNis3-S. (¢, d) SEM patterns of NiFe-MOF. (e, f) SEM pat-
terns of FeNi;-S.

Supporting information) matched well with the previous research
of Zhang et al. [42], which implied successful synthesis of NiFe-
MOF. The XRD spectrum of FeNis3-S was provided in Fig. 1b. Several
sharp diffraction peaks could be perceived, indicating that the re-
sultant FeNi3-S had a good crystal structure. Three distinct diffrac-
tion peaks located at approximately 44.07°, 51.34°, and 75.56° were
consistent with the characteristic peaks of FeNis. In addition to the
prominent peaks corresponding to FeNis, the XRD pattern also ex-
hibited minor peaks indicative of the presence of FegNigS;s and
Ni3S,, further describing the composition of the sample. The XRD
result confirmed the formation of a multi-phase catalytic system
consisting of FeNiz alloys and two mental sulfides (Ni3S, and
FegNigSg). Thus, the hydrogen-annealed NiFe-MOF was labeled as
FeNi3-S in this work.

Morphological and structural analysis of the NiFe-MOF and
FeNis-S material were carried out through SEM. Micron-sized NiFe-
MOF (Figs. 1c and d) was corroborated as a nanoflower mor-
phology and consisted of many petal-like nanosheets. The aver-
age thickness of these petal-like nanosheets was 20 nm. The mag-
nified image is shown in the Figs. S2a and b (Supporting infor-
mation). These nanosheets possessed uneven surface with many
small particles decorated on it. After calcination, the matrix shape
of the MOF did not collapse as shown in Figs. 1e and f. FeNi3-S
had a nanoflower structure as well, with a host of macropores and
mesopores formed on the petal-like surface. The nanosheets trans-
formed into many irregular nanopores and nanoparticles (Figs. S2c
and d in Supporting information). The shapes of these nanoparti-
cles were primarily linear, with an average width of 0.041 pm. Ad-
ditionally, larger flake-like particles and finer particles could also
be observed. Irregular shapes and pores provided a larger specific
surface area and shorter diffusion channels, endowing FeNis-S with
higher catalytic activity.

To compare the catalytic effect of the as-synthesized NiFe-MOF
and FeNis3-S, non-isothermal dehydrogenation tests were imple-
mented on pure MgH,, MgH, + 10 wt% NiFe-MOF composite and
MgH, + 10 wt% FeNi3-S composite. The non-isothermal dehydro-
genation processes were shown in Fig. 2a. Obviously, the doping
of the NiFe-MOF and FeNi3-S catalyst significantly reduced the ini-
tial desorption temperature of MgH,. Pure MgH, began to dehy-
drogenate at a high temperature of 325°C. The initial dehydro-
genation temperature of NiFe-MOF dopped MgH, was decreased
to 227 °C, while that of FeNi3-S modified MgH, was further shifted
to 202 °C. The corresponding differential curves compared the peak
dehydrogenation temperature of MgH, dopped with NiFe-MOF and
FeNis-S. Specifically, MgH, + 10 wt% FeNi3-S composite exhibited a
peak dehydrogenation temperature of 307 °C, while MgH, + 10 wt%
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Fig. 2. (a) Non-isothermal dehydrogenation curves of MgH, +10 wt% (NiFe-
MOF/FeNi3-S) composites and the corresponding differential curves. (b) Isothermal
dehydrogenation curves of MgH, + 10 wt% FeNi;-S composites at 250, 275, 300 and
325°C. (c) Isothermal dehydrogenation curves of MgH, at 335, 350, 365 and 380°C.
(d) Fitted Arrhenius curves of MgH, and MgH, + 10 wt% FeNis;-S composites. (e)
Non-isothermal hydrogenation curves of MgH, + 10 wt% (NiFe-MOF/FeNi;-S) com-
posites. (f) Isothermal hydrogenation curves of MgH, + 10 wt% FeNi;-S composites
at 100, 125, 150 and 175°C. (g) Isothermal hydrogenation curves of MgH, at 200,
215, 230 and 245 °C. (h) Fitted Arrhenius curves of MgH, and MgH, + 10 wt% FeNis-
S composites.

FeNi3-S composite showed a peak dehydrogenation temperature of
329°C.

The results above revealed that NiFe-MOF and FeNi3-S both
had splendid influences on hydrogen desorption process of MgH,.
Between the two doped systems, MgH; +10 wt% FeNi3-S com-
posite exhibited superior dehydrogenation properties. Therefore,
MgH,; + 10 wt% FeNi3-S composite was selected for subsequent ki-
netic investigations. It could also be observed from the curves that
the hydrogen storage capacity inevitably decreased with the addi-
tion of the catalyst due to lower proportion of MgH, in the com-
posite. One the other hand, combined with sulfides in FeNis-S, a
small amount of Mg had been converted to MgS. This would be
explained in detail in subsequent sections.

Fig. 2b displays the isothermal hydrogen desorption kinetic
curves of the MgH, + 10 wt% FeNi3-S composite at 250, 275, 300,
and 325°C. Consistent with expectations, the desorption process
performed swifter kinetics upon the elevation of the temperature.
At 325°C, MgH, +10 wt% FeNi3-S composite could release 6.57
wt% H, (fully dehydrogenated) within 1000 s. When the tempera-
ture reached 275 °C, MgH, + 10 wt% FeNi3-S composite still quickly
liberated 6.30 wt% H, within 1000 s. Furthermore, it was noted
that at the comparatively lower temperature of 250°C, the same
material was capable to desorb 3.04 wt% H, within 1000 s. In the
control experiments, as-prepared MgH, exhibited a quite sluggish
dehydriding rate (Fig. 2c). Undoped-MgH, could only release 2.0
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wt% H, within 1000 s even at a high temperature of 335°C, which
was 1.0 wt% less than MgH, + 10 wt% FeNis3-S composite at a lower
temperature of 250 °C.

To delve deeper into the effect of FeNi3-S on the dehydriding
reaction of MgH,, the apparent activation energy (E,) for dehydro-
genation was computed utilizing both the Johnson-Mehl-Avrami-
Kolmogorov (JMAK) model and the Arrhenius equation. The formu-
lation of the J]MAK model was as follows:

In[-In(1 - )] =nlnk+Int (1)

where o was the extent of the reaction, t denoted the reaction du-
ration, n denoted the Avrami exponent, and k represented the rate
constant. Thereafter, E; was ensured using the Arrhenius equation:

k =Aexp (—E;) (2)

where k denoted the rate constant, T meant the isothermal hy-
drogen desorption temperature, A and R represented the pre-
exponential factor and the gas constant respectively. In this work,
the calculated values of E; (Fig. 2d) in dehydrogenation reaction
for MgH, + 10 wt% FeNi3-S composite was 98.6kJ/mol, achieving
a 33 % reduction compared to that of pure MgH, (146.3 kJ/mol).
Manifestly, the incorporation of FeNi3-S nanoflowers significantly
diminished the reaction barrier in the dehydrogenation process,
thereby greatly enhancing the dehydrogenation kinetics of MgH,.

To analyze the performance of hydrogen absorption, non-
isothermal and isothermal hydrogenation experiments were con-
ducted for as-prepared MgH, and MgH; + 10 wt% FeNis5-S compos-
ite. Fig. 2e compares the non-isothermal hydrogen absorption re-
sults for as-prepared MgH, and MgH, + 10 wt% FeNi3-S compos-
ite. Evidently, the addition of the catalyst facilitated a substantial
improvement in hydrogen absorption properties. The initial hydro-
genation temperature of MgH, was approximate 100°C. Notewor-
thy, the introduction of FeNi3-S resulted in a remarkable decrease
to 35°C, which was 65°C lower than the as-prepared MgH,. Fig. 2f
presents the isothermal hydrogen absorption kinetic curves of the
MgH, + 10 wt% FeNi3-S composite at 100, 125, 150, and 175°C. It
can be observed that the MgH, + 10 wt% FeNi3-S composite reab-
sorbed 2.49 wt% H, at 100°C within 30 min. This was in stark con-
trast to MgH, (Fig. 2g), which necessitated a significantly higher
temperature of 200°C to release an equivalent mass of hydrogen
under identical experimental conditions. The above data illustrated
that FeNis-S doped MgH, displayed superior hydrogen storage ca-
pability at low temperatures, along with rapid hydrogen absorp-
tion kinetics. To gain more profound understanding of the hy-
drogenation kinetics, E; was calculated by using the JMAK model
Eq. 1 and Arrhenius equation Eq. 2. Only 100, 125, and 150°C
were selected to calculate the activation energy since the rate of
hydrogen absorption at 175°C was excessively fast, which would
result in a poor goodness of fit. As shown in Fig. 2h, the doping
of FeNis-S lowered the E, value for hydrogen absorption of MgH,
from 81.3 kJ/mol to 43.3 kJ/mol, affirming the outstanding hydrogen
absorption property of MgH, + 10 wt% FeNi3-S composite.

The outstanding catalytic effect of FeNi3-S in the first
de/absorption cycle prompted in-depth research on the cycling
stability of FeNi3-S doped MgH, composite, which was a criti-
cal indicator for the commercial viability of MgH,. Fig. 3a details
the fluctuations in hydrogen storage capacity and presents several
typical cycles over the first 20 isothermal consecutive dehydro-
genation and hydrogenation cycles. After 20 cycles, the MgH, + 10
wt% FeNi3-S composite maintained desorption and absorption con-
tent at 6.2 wt% and 6.3 wt%, and the retention ratio was 94.2 %
and 96.0 % respectively. In addition, the curves depicted that the
MgH, + 10 wt% FeNis-S composite was able to complete hydrogen
release and uptake reaction within 10 min during all the 20 cycles.
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Fig. 3. (a) Dehydrogenation and rehydrogenation cycles of MgH, + 10 wt% FeNis-
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hydrogenation cycles). (b) Comparisons of different dehydrogenation curves during
the 20 cycles. (c) Current studies on FeNi alloy and FeNi sulfide catalysts for MgH,
[16,31,33,36,45-48].

In conclusion, the MgH, + 10 wt% FeNi3-S composite manifested
an exceptional cycling performance with stable retention both in
capacity and kinetics, indicating that FeNi3-S served as a highly
potent and reliable catalyst for MgH, to enhance the cycling life
of MgH,. Notably, the hydrogen capacity of the composite exhib-
ited a slight decrease but then rebounded, potentially attributed
to the formation and decomposition of magnesium oxide layer on
MgH, /Mg [43]. In addition, it was observed that the kinetics of de-
hydrogenation improved from the first cycle to the latter (Fig. 3b),
which had been studied in our former studies [44]. After several
cycle activation, MgH, + 10 wt% FeNi;-S composite was activated,
making it more amenable to hydrogen de/absorption. The FeNis,
Fe and MgS generated during the activation could significantly im-
prove the kinetics of MgH,. Analyses suggested that the MgH, + 10
wt% FeNis-S composite was supposed to undergo several activation
cycles to improve its initial hydrogen storage performance and to
ensure its reliability and stability for long-term use.

Based on the discussion of experimental results and theoretical
calculation, it was reasonable to conclude that FeNis-S efficiently
modified the kinetic and thermodynamic properties of MgH,. Fig.
3c compiled some current studies on FeNi alloy and FeNi sulfide
added in MgH,, which provided solid evidence for the superior hy-
drogen storage performances of the MgH, + 10 wt% FeNi3-S com-
posite [16,31,33,36,45-48].

To comprehensively elucidate the catalytic mechanism of FeNis-
S, relevant characterizations were conducted to ascertain the phase
composition and microstructure of MgH, + 10 wt% FeNi3-S com-
posite under diverse states. Fig. 4a is the XRD spectrum of the
MgH, +10 wt% FeNi3-S composite after ball milling, hydrogena-
tion, dehydrogenation and 20 cycles. Diffraction peaks of MgH,
and FeNi3-S were detected in the ball milled state, but other
phases of FeNi3-S were almost undetectable due to their low con-
centration. It suggested that no chemical transformation occurred
during the ball milling process. The observed broadening of the
XRD peaks implied that the crystallite size of MgH, and FeNis-
S had been significantly reduced after ball milling. Mg and MgH,
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Fig. 4. (a) The XRD patterns of MgH, +10 wt% FeNi3;-S composites after ball-
milling, de/rehydrogenation and 20 cycles. (b) SEM pattern of the MgH, + 10 wt%
FeNi3;-S composite. (c-e) TEM patterns of MgH; + 10 wt% FeNis-S composites. (f)
HRTEM patterns of the MgH, + 10 wt% FeNi;-S composite. (g) EDS mapping of the
MgH, + 10 wt% FeNi;-S composite.

were the main phase in de/re-hydrogenated states respectively. Af-
ter dehydrogenation, FeNi3-S had been decomposed. MgH, was
converted into Mg, along with the in-situ emergence of several
new phases including Mg,Ni, MgS, and Fe. The phase transfor-
mation of MgH, + 10 wt% FeNi;-S composite in dehydrogenation
could be outlined below:

MgH; — Mg+ H, (3)
8MgH, + Ni3S; — 2MgS + 3Mg,Ni + 8H, (4)
34MgH2 + F69Ni9515 — 16Mgs + 9Mg2 Ni + 9Fe + 34H2 (5)

Compared with the ball-milled state, the XRD patterns of the
MgH;, + 10 wt% FeNi3-S composite exhibited increased intensity
and sharpness after de/re-hydrogenation. This enhancement could
be attributed to the disappearance of lattice distortions and crys-
tal defects, which were initially introduced during the ball milling
process and subsequently mitigated during heating and hydrogena-
tion [45]. The existence of Mg phase in rehydrogenated state was
probably due to the partial hydrogenation caused by insufficient
hydriding time. After 20 cycles, the feature diffraction peaks of
Mg, NiH4, MgS and Fe were observed. Additionally, the diffraction
peaks located at approximately 43° and 62° belonged to MgO. The
formation of MgO was potentially attributable to the reaction be-
tween Mg particles and residual oxygen that was unavoidably in-
troduced into the system during 20 cycles. Fortunately, the surface
oxide layer gradually disintegrated with the ongoing cycling [43],
contributing to the recovery of hydrogen storage capacity which
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Fig. 5. Schematic illustration of multi-phase synergistic catalytic mechanism of the
MgH, + 10 wt% FeNi;-S composite.

correlated with the observed trend in hydrogen capacity curve (Fig.
3a). Characteristic peaks for Mg were also observed. This could be
attributed to that Mg particles were prone to agglomeration and
growth in the continuous cycles of hydrogenation and dehydro-
genation [21], which led to the internal Mg being unable to react
with H, and form MgH,. Thus, the hydrogen content gradually de-
clined as the cycles progress.

SEM, TEM, HRTEM and EDS mapping were carried out to fur-
ther discover the microstructure of ball-milled MgH, +10 wt%
FeNi3-S composite. After ball milling, the MgH, and FeNi3-S were
ground into many irregular fragments that were stacked upon one
another (Fig. 4b). Figs. 4c-e depicted that FeNi3-S particles were
inlaid on the surface of MgH,. Both MgH, and FeNi3-S particles
exhibited a relatively small size. HRTEM patterns in Fig. 4f con-
firmed the existence of MgH, (101), FeNisy (111), Ni3S, (003) and
FegNigS1g (400) planes according to the lattice fringe spacings. As a
supplementary argument to the XRD pattern, HRTEM images reaf-
firmed that FeNi3-S did not undergo any chemical transformation
during the ball milling process. Different phases of FeNiz-S inti-
mately connected thus offering a multitude of boundaries and in-
terfaces. EDS mapping images (Fig. 4g) revealed a uniform distri-
bution of nickel, iron, and sulfur elements throughout the mate-
rial. The uniform distribution of FeNi3-S stemmed from the unique
carbon skeleton inherited from NiFe-MOF.

Based on the characterization results presented above, the cat-
alytic mechanism can be summarized as follows (Fig. 5): (1) FeNis-
S was a MOF derived multi-phase catalyst composed of nickel-
iron alloy and nickel-iron sulfide. The special nanoflower mor-
phology, replete with an array of irregular nanopores, was in-
strumental in facilitating shorter diffusion pathways and the ex-
posure of numerous active sites. This intricate architecture en-
dowed FeNi3-S with remarkable catalytic performance. (2) After
ball milling, the nanoflower-like structure fragmented into a va-
riety of nanoparticle, homogeneously dispersing across the surface
of MgH,. During the heating and the first dehydrogenation, FeNis-
S reacted with MgH, and formed multi-phase catalysts in suit.
Henceforth, the Mg/Mg,Ni + Fe/MgS and MgH,/Mg,NiH, + Fe/MgS
hydrogen storage systems had been successfully developed. The
multifaceted interface facilitated the dissociation and recombina-
tion of H molecules by offering expanded active sites and dif-
fusion pathways, thus improving the de/rehydrogenation proper-
ties of MgH,/Mg. Our recent research had proven that the en-
thalpy of formation for the Mg,Ni/Mg,NiH,; was lower than that
of the Mg/MgH, [49]. Hence, Mg,Ni/Mg,NiH, altered the original
reaction pathway, reducing the theoretical energy required for hy-
drogen desorption and absorption. In brief, Mg,Ni/Mg,NiH, could
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de/absorb hydrogen more easily and rapidly than the Mg/MgH,
system, which had been previously studied and was referred to as
“hydrogen pump” [19,20]. Besides, both Fe and MgS were consis-
tently stable within the reaction system, functioning effectively as
“hydrogen diffusion channel” to expedite hydrogen migration. In-
terestingly, Zhang et al. had experimentally verified that the co-
catalytic impacts of Fe and MgS outperformed the individual cat-
alytic effect when Fe or MgS was added separately [37]. Thereby,
the synergistic catalytic effect of Mg,Ni/Mg,NiH4, along with Fe
and MgS markedly boosted the hydrogen storage properties of
Mg/MgH, system. (3) The carbon skeleton, inherited from NiFe-
MOF to FeNis-S, played a pivotal role in preventing the agglomera-
tion and growth of MgH, throughout the cyclic processes, thereby
effectively improving the cycle performance.

In this study, MOF-derived nanoflower-like FeNi3-S was suc-
cessfully designed by the process of solvothermal and calcina-
tion, which was proven effective in improving the hydrogen stor-
age properties of MgH,. The initial dehydrogenation tempera-
ture of MgH, + 10 wt% FeNi3-S composite was 202 °C, which was
123 °C lower than that of MgH,. At 250°C and 325 °C, MgH, + 10
wt% FeNi3-S released 3.04 wt% H, and 6.57 wt% H, (fully de-
hydrogenated) within 1000 s. Surprisingly, MgH, + 10 wt% FeNis3-
S composite began to rehydrogenate at room temperature and
rapidly absorb 2.49 wt% H, within 30min at 100°C. Based on
the activation energy fitting calculations, the addition of FeNis-
S enhanced the de/resorption kinetics of MgH, at low tem-
peratures (E; =98.6kJ/mol and 43.3k]/mol respectively). Further-
more, multi-phase synergistic catalytic effect was further proposed.
The fast kinetics at low temperatures of MgH, +10 wt% FeNi3-S
composite was owning to the in-situ formed Mg/Mg,Ni+ Fe/MgS
and MgH,/Mg,NiH, + Fe/MgS hydrogen storage systems. The
multi-phase synergistic catalytic effect between hydrogen pump
(Mg, Ni/Mg,NiH4) and active sites provided by Fe/MgS greatly im-
proved the hydrogen storage property of MgH,. In a summary, the
combination between transition metal alloys (TMAs) and transition
metal sulfides (TMSs) showed impressive catalytic effect on the
de/resorption processes of MgH,, which opened up new avenues
and provided fresh insights into overcoming the obstacles in Mg-
based hydrogen storage. The results of the study were also useful
for predicting the products of MOFs after calcination.
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