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Magnesium hydride (MgH,) is considered a highly promising material for hydrogen storage and on-demand hydrogen
generation due to its high hydrogen capacity, low cost, and environmental safety. However, its practical use, is limited
by slow sorption—desorption kinetics and rapid passivation during hydrolysis caused by the formation of a poorly
soluble Mg(OH), layer. Mechanochemical hydrogenation is an effective method for producing nanocrystalline MgH,
with improved reactivity, especially when catalytic additives are introduced to accelerate H, dissociation and diffusion.
In this work, Mg/MgH ,—FeNiCo composites were synthesized by reactive ball milling in hydrogen with 10 wt. %
FeNiCo (Raney type) additive. The FeNiCo catalyst was obtained by alkaline leaching of arc-melted Fe—Ni—Co—Al
alloys. Structural analysis (XRD) confirmed the formation of a-MgH, and y-MgH, phases, residual Mg and MgO.
Microstructure observations showed heterogeneous particle morphology typical of high-energy milling. Hydrogen
absorption experiments demonstrated that FeNiCo significantly accelerates magnesium hydrogenation: in 20 h the
composite absorbed 5.52 wt. % H, whereas pure Mg reached only 2.43 wt. % under identical conditions. Thermal
desorption studies showed that the main peak of hydrogen evolution for the composite occurs at a temperature of
280 °C. The composite was also evaluated as a material for hydrogen generation by hydrolysis. While MgH , milled
for 20 h released only 3 % hydrogen in distilled water, the Mg/MgH ,—FeNiCo composite achieved 42 % conversion m
90 min. The use of MgCl, solutions further enhanced performance, increasing conversion up to 81 % at 0.1 mol - L
These results confirm the catalytic efficiency of FeNiCo in both mechanochemical hydrogenation and hydrolyszs,
demonstrating its potential for efficient in situ hydrogen production.
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Introduction. Magnesium hydride (MgH,) is a promising material for hydrogen storage and
on-demand hydrogen generation due to its high hydrogen capacity, low cost, and environmental
safety [1, 2]. However, its practical application is limited by slow sorption—desorption kinetics and
the formation of a passivating Mg(OH), layer during hydrolysis, which terminates the reaction at
~20 % conversion [3, 4]. Therefore, rapid and efficient synthesis of highly reactive MgH, remains
an important challenge.

Mechanochemical hydrogenation offers a solution by enabling complete conversion of mag-
nesium into nanocrystalline MgH, at room temperature. High-energy ball milling increases the
surface area, reduces particle size, and creates numerous defects and grain boundaries, which
accelerates hydrogen diffusion and hydride formation [5]. The reaction kinetics can be further
improved with catalytic additives. Transition metals, their oxides, hydrides, and intermetallic
compounds — especially Ti- and Zr-based — lower the activation barrier for H, dissociation and
enhance desorption kinetics [6—8]. Sub-oxides such as Ti,Fe,O_and Zr,V,O, decrease the syn-
thesis time of MgH, by a factor of four [9, 10], while graphite reduces particle agglomeration and
improves cyclic stability [11, 12].

Hydrogen generation via MgH, hydrolysis is another promising application, particularly for
portable systems [3, 4, 13]. However, the growth of Mg(OH), on particle surfaces limits its ef-
ficiency. Various approaches have been explored to overcome passivation, including ball milling,
alloying, acid or chloride-containing solutions, and catalytic additives [14—16]. Chloride salts are
especially effective because they reduce pH and destabilize the hydroxide layer [17].

The purpose of this work was to investigate the effect of FeNiCo Raney-type additives on hy-
drogen sorption properties of a hydride composite obtained from magnesium and their hydrogen
generation in the hydrolysis process.

Materials and methods. Hydride nanocomposites MgH,—FeNiCo were prepared from mag-
nesium powder (0.08—0.125 mm, Shanghai Synnad, 99.0 %) and Raney-type FeNiCo powder
obtained by a leaching method. Compact metals Fe, Ni, Co, and Al (Alfa Aesar, 99.5 %) were used
as starting materials FeNiCo synthesis; the corresponding aluminides were produced by arc melt-
ing. The resulting alloy (0.3 g) was mechanically ground in a mortar to obtain a fine powder with
a particle size not exceeding 0.04—0.08 mm. The powder was treated with a 5 mol - L' NaOH
solution at 20 °C. After the reaction was complete, the precipitate was washed three times with an
alkaline solution at 70 °C using magnetic stirring at 220 rpm until gas evolution ceased completely.
The obtained precipitate was subsequently washed five times with distilled water until neutral pH
was achieved (verified using litmus paper) and then dried at room temperature.

Magnesium-based hydride composites (with 10 wt. % nanostructured additive) were pre-
pared by reactive ball milling in a hydrogen atmosphere (up to 2 MPa) at a disk rotation speed
of 400 rpm using a Fritsch Pulverisette-6 planetary mill. Stainless steel balls with a ball-to-
powder mass ratio of 30 : 1 were employed as the milling media. The starting components
were loaded in ambient air, whereas the synthesized composites were unloaded in an argon
atmosphere and stored in sealed containers. The amount of hydrogen absorbed by the sample
during milling was determined by a volumetric method based on the change in hydrogen pres-
sure in a known volume.

Phase analysis of the samples was performed using powder X-ray diffraction patterns record-
ed on a DRON-3.0 diffractometer with Cu K radiation. The obtained data were analyzed by full-
profile structural refinement using the Rietveld method. The microstructure of the synthesized
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Fig. 1. X-ray diffraction pattern (a) and microstructural image (b) of FeNiCo-R powder

composites was examined by scanning electron microscopy (SEM) using an EVO 40XVP micro-
scope equipped with an INCA Energy 350 spectrometer.

Hydrogen desorption from hydride composites was additionally investigated by thermal de-
sorption spectroscopy (TDS). The samples were heated at a constant rate of 2 °C - min~' under
dynamic vacuum from room temperature to 450 °C. Sample with a mass 0.1 g was placed in an auto-
clave, and a vacuum was created in the system prior to heating. Sample temperature and pressure
were continuously recorded; their changes indicated the progress of the dehydrogenation reaction.
The hydrogen desorption temperature was determined from the sharp increase in the hydrogen flow.

Hydrogen generation by hydrolysis of MgH, was carried out under pseudo-isothermal condi-
tions at 25 °C using the experimental setup described in [16]. Distilled water or aqueous magne-
sium chloride solutions (0.01—0.1 mol - L") were employed as the reaction solutions. The total
volume of the reaction mixture was 20 mL, and the mass of the tested sample was 0.2 g. The vol-
ume of the evolved hydrogen was determined by a volumetric method.

Results and discussion. The X-ray diffraction pattern and microstructural image of the
leached powder (FeNiCo-Raney or FeNiCo-R) are shown in Fig. 1. X-ray phase analysis revealed
that the obtained sample is single-phase, with a structural type (ST) corresponding to a-Fe (space
group Im-3m), a lattice parameter a = 2.844 A, and an average crystallite size of approximately
5 nm. Aluminum-containing phases were not detected by XRD; however, the presence of alumi-
num in minor amounts was confirmed by EDX analysis.

The hydride composites Mg/MgH,—FeNiCo-R and Mg/MgH, were synthesized by a mecha-
nochemical method. The hydrogen absorption curves for magnesium without additives and with
the FeNiCo-R additive are shown in Fig. 2, a. The hydrogen content is expressed relative to the
MgH hydride phase. During 20 h of synthesis, the Mg/MgH,—FeNiCo-R composite absorbed
5.52 wt % H,. For comparison, magnesium without additives absorbed only 2.43 wt % H, under
identical conditions.

X-ray diffraction analysis of the composite (Fig. 2, b) revealed the formation of a mixture of
two magnesium hydride polymorphs: a-MgH, (ST rutile-type TiO,) and y-MgH, (ST a-PbO,-
type). High deformation and the partially amorphous nature of the sample did not allow for ac-
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Fig. 2. Curves of mechanochemical hydrogenation of Mg and Mg—FeNiCo-R (a) and X-ray diffraction pattern of
the hydride composite Mg/MgH ,—FeNiCo-R (b)

a b

Spectr 1 Spectr 2 Spectr 3
Spectr 3 Element

wt.% | at.% | wt.% | at.% | wt.% | at.%

Mg 93.57 | 97.19 | 82.35 | 79.24 | 81.93 | 79.30

Spectr 1 o - - 12.87 | 18.81 | 12.54 | 18.45
Fe 227 | 1.03 | 1.98 | 0.83 | 1.85 | 0.78
Spectr 2
Ni 218 | 094 | 1.42 | 057 | 1.61 | 0.64
100 pm Co 198 | 0.85 | 1.38 | 0.55 | 2.08 | 0.83

C

Fig. 3. Microstructure of Mg/MgH, (a), Mg/MgH,—FeNiCo-R (b) composites powder with a milling time of 20 h,
and element distribution for Mg/MgH,—FeNiCo-R (c)
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Fig. 5. Dependence of hydrogen yield (X) on time for Mg/MgH, (a) and Mg/MgH,—FeNiCo-R (b)

Degree of conversion (hydrogen yield) and volume of hydrogen
released from Mg/MgH, and Mg/MgH,—FeNiCo-R (20 h of milling) during 90 min of hydrolysis

Mg/MgH, Mg/MgH,—FeNiCo-R
C(MgCL,), mol - L™
X, % V,ml.-g" X, % V,ml. g™
0 3 35 41.8 621
0.01 — — 62.4 929
0.05 — — 73.3 1090
0.1 73.7 934 80.8 1202
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curate identification of the phases and their quantitative content. Nevertheless, the presence of the
main reflections of additional phases allowed for the identification of unreacted magnesium and
magnesium oxide. The selected milling duration was insufficient to achieve complete transforma-
tion of magnesium to magnesium hydride. The presence of residual metallic magnesium in the
composites correlates with the results of hydrogen uptake measurements. The detection of MgO
is attributed to slight oxidation of the material during X-ray data collection in air. No additional
phases indicating chemical interaction between Mg (or its hydride) and the additives during reac-
tive milling in hydrogen were detected.

Powder morphology evaluation showed that the average particle size of Mg/MgH, was
1.42 pm after 20 h of milling, while for Mg/MgH ,—FeNiCo-R composite was 1.0 um (Fig. 3, a
and b, respectively). EDX analysis confirmed a uniform distribution of the additive within the
Mg/MgH,—FeNiCo-R hydride composite (Fig. 3, c). The average particle size of Mg/MgH,
milled for 72 h decreased to 0.64 pum, indicating the significant influence of milling duration as
an experimental parameter.

TDS (heating rate 2 °C - min™") of the Mg/MgH,—FeNiCo-R composite showed that the main
peak of hydrogen desorption temperature is 280 °C (Fig. 4). However, an additional hydrogen
release from the composite was also observed at 388 °C. This separation of the desorption profile
will be clarified in further studies.

Comminution of magnesium hydride during milling significantly increases the hydrogen
yield in the hydrolysis reaction. The optimal milling duration depends on several factors, includ-
ing the type of catalytic additives, milling speed and energy, and the purity and dispersity of the
initial magnesium [18]. During hydrolysis in distilled water, the conversion yield of MgH , milled
for 20 h was only 3 % (Fig. 5, a). Prolonging the milling time to 72 h increased the reaction yield
to 49 %. Thus, the milling duration (and, accordingly, enhanced dispersity and increased particle
surface area) accounts for the nearly comparable hydrogen release from pure magnesium hydride
and the Mg/MgH,—FeNiCo-R composite. The dispersion of magnesium hydride and its compo-
sites also has a pronounced effect on their functional explosive characteristics [19]. Thus, mecha-
nochemical synthesis is also a promising approach to the production of magnesium hydride as an
energy-containing material for specialized applications.

Magnesium chloride solution is the most promising and extensively studied medium for the
hydrolysis reaction [16]. Owing to its low molecular weight, it enables a high conversion of mag-
nesium hydride with only a minor increase in the overall mass of the composition. The use of
MgCl, solutions significantly enhances both the hydrogen evolution rate and the degree of con-
version (Table). In particular, for Mg/MgH, milled for 20 h, the conversion increased from 3 % in
distilled water to 74 % in a 0.1 mol - L™ MgCl, solution.

For the Mg/MgH,—FeNiCo-R composite, the degree of conversion increased by a factor of
two compared with the reaction in distilled water (Fig. 5). These values are slightly lower than the
previously reported conversion degrees for composites containing binary additives FeCo-R [20].
This difference may be attributed to variations in the amount of oxide phases present in the syn-
thesized nanoadditives. At the same time, a comparative analysis of these compositionally similar
materials indicates that the composite with the ternary nanoadditive exhibits somewhat improved
hydrogen uptake kinetics.

Conclusions. Thus, this study demonstrates the effect of the FeNiCo catalytic additive on the
hydrogenation rate of magnesium during reactive ball milling. The hydrogenation time of magne-
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sium with additives is, on average, approximately three times shorter than that of pure magnesium.
The structure of the resulting composites was analyzed and characterized using X-ray diffraction
and scanning electron microscopy. X-ray phase analysis of the diffraction patterns revealed the
presence of hydride phases MgH, (a-MgH, and y-MgH,), magnesium oxide, and residual magne-
sium that did not react with hydrogen within the composite. The obtained TDS spectrum showed
that the synthesized composite exhibits main hydrogen desorption peak at 280 °C. The material
was also tested as a hydrogen-generating material by means of hydrolysis. The results indicated
that within 90 min the degree of conversion in distilled water reached 42 % and increased signifi-
cantly upon the addition of MgCl, (0.1 mol - L"), reaching 81 %. The synthesized composites may
also be considered as energy-containing materials for specialized applications.
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CUHTE3 TA ®YHKIIOHAJIbHI BIACTUBOCTI
KOMITO3UTA Mg/MgH,—FeNiCo (TUITY PEHES)

Tigpun marniro (MgH,) BBaka€Tbcs MepCreKTMBHMM MaTepianoM /i 36epiraHHs BOJHIO Ta JOro TeHepalrii 3a
norpe6u. OgHak JI0oro IpakTU4YHe BUKOPUCTAaHHA OOMEXXeHe depe3 IIOBIIbHY KiHeTUKY copOuii—pecopOuil Ta
IIBUJIKY MTACMBAIIIIO Mif] Yac Tifpoisy BHAC/IIOK yTBOPEHHs MOraHo posunHHoro mapy Mg(OH),. Mexanoximiu-
He Tif[pyBaHHA € eDeKTUBHMM METOJOM OTPMMAaHHA HaHOKpucTaniyHoro MgH, 3 mokpameHoo peakIiiiHow
3ATHICTIO, 0COOMMBO Y pasi BBeeHHs KaTaTITUYHUX JOOABOK UL IIPUCKOPEHHs Aycorianii ta gudysii H, V¥
nocnimxenni komnosutn Mg/MgH,—FeNiCo 6yno cuHTe30BaHO METOIOM PEaKTMBHOTO KYNbOBOTO TIOMENY Y
BoziHi 3 10 Mac. % gob6askoro FeNiCo (tumy Penes). Karamisatop FeNiCo oTpuMaHO IULIXOM JTy>KHOTO BUTYTOBY-
BaHHA JIyroBo-posiviaBienyx ciasiB Fe—Ni—Co—Al Crpykrypuuit ananis (XRD) mifTBepayus yTBOpeHHA
das a-MgH, ta y-MgH,, sammmkosux Mg ta MgO. 3a 0moMorow ckaHyBa/lbHOi eIeKTPOHHOI MiKpOCKOTIi
(SEM) BU3HaueHO reTeporeHHy MOpQOJIOrilo YaCTUHOK, TUIIOBY JJIA BUCOKOEHepreTHyHoro momeny. Excrepu-
MEHTH 3 TIOIVIMHAHHA BOJHIO Nokasany, 1o FeNiCo 3HauHO IPUCKOPIOE TilpyBaHHA MarHiio: npotsaroM 20 rop
KOMIIO3UT NOIMMHYB 5,52 Mac. % H, Topi ax yuctmit Mg — nuie 2,43 mac.% 3a ileHTUYHMX yMOB. 3riffHO 3 pe-
3y/lbTaTaMi JOCT/PKEHHs TepMOfiecopO1lii, OCHOBHUII MK BUAIIEHHS BOJHIO /I KOMIIO3UTA BifOyBaeThCs 3a
temueparypu 280 °C. Komnosut Takoxx OyB OLiHeHuUI AK MaTepias g OTPUMAaHHA BOJHIO IIUIAXOM Tifiposisy.
Tomi six MgH,, nozpibHenmit npotsirom 20 rof, BUBIIbHUB /uiie 3 % BOGHIO B JUCTM/IBOBAHI BOJi, KOMIIO3UT
Mg/MgH,—FeNiCo nocar 42 % xonsepcii 3a 90 xB. Bukopucrannsa posunnis MgCl, 1ie 6inbiie mokpaummo mpo-
LYKTUBHICTb, 361IbIIMBIIN KOHBEPCiIo 10 81 % 3a KoHIjeHTpawil 0,1 Momb/n1. OTpuMaHi pesyabTaTit MiATBEPHIKY-
IOTh KaTaJiTU4YHY e(beKTMBHiCTb FeNiCo sk y MexaHOXiMiYHOMY TifpyBaHHi, TaK i B rifponisi, JeMOHCTpyIOYMn
jioro noTeHuiasn A/ eeKTUBHOTO BUPOOHNUIITBA BOLHIO.

Kntouosi cnosa: xomnosummui mamepianu, 2iopud maeHiio, kamanimuuni 006asxu, cnaasu muny Penes, 600env,
2idporis.
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