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ARTICLE INFO ABSTRACT

Keywords: High-energy ball-milling technique was employed to synthesize a series of MgH, — based composite powders
Hydrogen storage containing 30 wt% Fe — TiH, milled solution as a catalyst and graphene oxide as a co-catalyst. Milling durations
Magnesium

of 1 h, 3 h and 10 h were investigated. The morphology of the as-milled powders was examined by scanning
electron microscopy and transmitting electron microscopy, while their microstructural characteristics were
analyzed by X-ray diffraction. Convolutional Multiple Whole Profile fitting algorithm was applied to quantify the
microstructural parameters of the powders. Prolonged milling time resulted in a pronounced reduction in powder
aggregate size, accompanied by a decrease in the coherently scattering crystallite size to approximately 7 nm.
Concurrently, severe plastic deformation induced a very high dislocation density (~10'® nm~2). The dehydro-
genation behavior of the composites was studied by differential scanning calorimetry, revealing that the addition
of graphene oxide significantly lowers the hydrogen desorption temperatures. Hydrogen sorption kinetics
measured using a Sieverts-type apparatus demonstrated that the composite milled for 3 h exhibits the most rapid

Severe plastic deformation
Ball-milling
X-ray Line profile analysis

hydrogen absorption and desorption behavior.

1. Introduction

As global energy demand continues to rise, interest in renewable
energy sources has increased correspondingly. Nevertheless, the inte-
gration of these clean energy sources to the existing energy grid is still
hindered due to their strong spatial and temporal condition dependence
[1]. In this context hydrogen emerges as a potential candidate with
expected usage growth of 50 % by 2030 [2]. Within the conceptual
framework of a “hydrogen economy”, hydrogen primarily functions as
an energy carrier [3], owing to its abundance and exceptional energy
storage capacity in its molecular state, which seamlessly integrates with
renewable energy sources [4,5]. Despite these advantages, hydrogen
storage faces significant challenges that hinder its widespread com-
mercial adoption [6]. Conventional storage techniques, including stor-
age in liquid and gaseous form, give a raise to safety concerns, involve
unavoidable energy loss during exploitation among other known issues
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[7-9]. On the other hand, desired goals of safety, gravimetric and
volumetric energy density can be attained through the implementation
of solid-stage hydrogen carrier units [10,11]. In the last couple of de-
cades, intensive research efforts have focused on developing efficient
solid-state hydrogen storage systems that combine high hydrogen den-
sity with practical applicability, addressing both fundamental and
applied aspects [12,13].

Among the diverse hydrogen storage systems, metal hydrides gained
outstanding potential [14], including a particular interest to magnesium
and its hydride due to supreme gravimetric hydrogen capacity and
satisfactory cyclic stability [15-17]. Magnesium exhibits the highest
theoretical gravimetric hydrogen capacity of all metals (7.6 wt% or
2600 Wh/kg) [18]. In addition, this metal is light, low cost, abundant in
the Earth’s crust, and non-toxic [12,14-17]. Despite these advantages,
the commercial application of magnesium for hydrogen storage is hin-
dered by its sluggish kinetics and high hydrogenation/dehydrogenation
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enthalpy [19]. One effective strategy to overcome these limitations is
nanostructuring [20-26], which involves a reduction of the crystallite
size down to 100-10 nm by intensive deformation techniques such as
ball-milling [31]. Nanostructured Mg exhibits larger specific surface
area, distorted atomic bonds in the vicinity of grain boundaries, which
can promote hydrogen diffusion into the interior of Mg nanocrystals
[27-30].

High energy ball milling (HEBM) is a prevalent technique for pro-
ducing nanostructured hydrogen storage materials [26]. This approach
applies substantial energy to powders via severe plastic deformation
(SPD), markedly increasing the grain boundary volume fraction and the
density of other lattice defects, including dislocations [31—35]. These
defects evidently promote faster hydrogen sorption kinetics due to the
enlarged diffusion length of the hydrogen [36-38]. Ab initio molecular
dynamics and density functional theory have shown that nanoclusters
are thermodynamically less stable than bulk MgH; with a reduced for-
mation energy resulting in weakened Mg-H bonds [39].

Furthermore, the absorption kinetics of Mg/MgH, and the temper-
ature of hydrogen sorption can be significantly enhanced by alloying Mg
with different elements [40-42]. The high Mg-H bonding energy which
underlies the thermal stability of MgHy can be reduced through the
introduction of transition metals (TMs), forming Mg-TM-H bonds [43].
For example, the addition of different TM catalysts, including Ti
[44-46], Fe [47,48] and Ni [49-53], or transition metal oxides [54-60],
high entropy alloys [61], carbon nanostructures [62] and various syn-
ergetic catalyst combinations [54,63-67] has been demonstrated to
improve desorption kinetics, cyclic life stability, and activation energy
of Mg-based hydrogen storage systems.

FeTi, a widely studied transition metal combination is often applied
as a primary hydrogen storage material, either as a solid solution or
intermetallic compound [68-73], and as an efficient catalyst for MgH,
[44,74-77]. Ball-milled MgH, — FeTi composites have been shown to
exhibit a rapid kinetics at elevated temperatures [74,75,78], while, the
strong catalytic effect of FeTi leads to a drastic reduction of the activa-
tion energy, enabling appreciable hydrogen uptake even at room tem-
perature [79]. Notably, hydrogen release in this system can be initiated
at 180 °C [77]. However, achieving reasonable kinetics and conversion
at low temperatures typically requires a relatively high catalyst content
of approximately 50 wt% [80]. Additionally, an optimal HEBM time of
around 3 h has been identified to maximize the overall hydrogen storage
performance of MgHz—FeTi composites [75]. The primary advantage of
FeTi becomes evident for large-scale applications, owing to its excellent
price-to-performance ratio compared with TiMn and NbyOs [73].

In addition to TMs, carbon nanostructures have been extensively
investigated as catalysts and co-catalysts for MgHj in recent years [62,
81-85]. Graphene (Gr) exhibit notable catalytic activity in MgH, [86],
however, conventional catalysts clearly outperform pure graphene in
terms of kinetic enhancement [84]. It has been shown that the most
effective use of graphene and other carbon allotropes is as co-catalysts
alongside metal-based catalysts. For instance, the incorporation of car-
bon nanotubes as a co-catalyst improves both the hydrogen sorption
kinetics [87] and the cyclic stability of the composite [77]. A similar
effect is observed when graphene is introduced as a co-catalyst, as
exemplified by the MgH>-Ti-Ni-Fe@Gr composite, which exhibits a
substantial reduction in desorption onset temperature and enhanced
cyclic stability compared to the Gr-free MgH>-Ti-Ni-Fe alloy [44]. The
pronounced improvement in cyclic stability is attributed to anchoring of
the catalyst particles on the Gr surface, which prevents aggregation of
both MgH- and transition metal particles [83].

Graphene oxide (GO), which is often used as a precursor for a specific
form of graphene (rGO) [82,83,88] has been less commonly reported as
a co-catalyst for MgHy. Nevertheless, its synergistic interaction with
metal oxides, such as SnO, can significantly reduce the hydrogenation
onset temperature. For example, ball-milled GO supported MgH>-SnO5
composite exhibit an onset temperature of 274 °C, compared to 290 °C
for the GO-free counterpart [89], highlighting the potential of GO as an
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effective co-catalyst.

In the current research nanocrystalline MgH, powders have been co-
catalyzed with FeTiH and GO by HEBM for varying durations. The
catalyst content was set as high as 30 wt%, since high FeTi may dras-
tically improve high temperature kinetics. GO was selected as a co-
catalyst because, while it possesses a morphology similar to graphene
in the form of 2D sheets or flakes, it exhibits distinct chemical properties
and represents a more cost-effective alternative. The study focuses on
the microstructural, morphological and thermal evolution of the pow-
ders during milling and set up correlation between their structural pa-
rameters and hydrogen storage performance.

2. Materials and methods
2.1. Sample preparation

As a first step of powder processing, FeTiH catalyst was synthesized
via ball-milling of pure Fe and TiH; powders (purity 99.9 %) at a 1:1 wt
ratio. The HEBM process has been carried out in SPEX 8000 M Mixer Mill
(SPEX, Metuchen, NJ, USA) using a stainless-steel vial (volume: 65 ml)
containing 10 stainless steel balls (1/4 in) with 10:1 ball-to-powder ratio
at an operational frequency of 1425 RPM. The milling time was set as
10 h in order to achieve a complete homogenization of the catalysts, in
accordance with our previous studies [75,90].

In the subsequent step, the mixture of as-milled FeTiH powder (97 wt
%) and GO (3 wt%) (4-10 % edge-oxidized, 15-20 layers; Sigma-
Aldrich, St. Louis, MO, USA) diluted with dimethyl-formamide (DMF)
solution was subjected to ultrasonication in a water bath using a Bran-
sonic MH5800H-E Heated Ultrasonic Cleaning Bath (Branson Ultra-
sonic, Danbury, USA) for 5 h in order to ensure proper distribution of the
components and cohesion between FeTiH and GO particles.

In the final step, the obtained FeTiH/GO co-catalyst (30 wt%) was
further co-milled with MgH; powder (90 % MgH,, remainder Mg;
Sigma-Aldrich, St. Louis, MO, USA; CAS-number: 7693-23-8) for 1, 3
and 10 h with 10:1 ball-to-powder ratio. Hereafter, these composite
blends will be denoted as MgH, + FeTiH/GO (1 h), MgH; + FeTiH/GO
(3 h), MgH» + FeTiH/GO (10 h). For comparison, a reference MgH,
powder was also synthesized in the ball mill, hereafter it is denoted as
MgHo (3 h). All powder processing has been carried out under protective
Ar atmosphere in a glove box. To prevent powder sticking to the vial
walls, the milling process was interrupted after one hour, and the vial
was rotated by 90 ° along its symmetrical axis.

2.2. Microstructural characterization

2.2.1. Scanning electron microscopy

Detailed morphological studies on the MgH, (3 h) and MgH,
+ FeTiH/GO powders were carried out in a FEI QUANTA 3D dual beam
scanning electron microscope (SEM) via back-scattered electron (BSE)
and secondary electrons (SE) regimes. The chemical composition was
evaluated by energy-disperse X-ray spectroscopy (EDS) with 1 % relative
accuracy. Quantitative analysis of the powder agglomerates was carried
out by ImageJ software by obtaining the individual length of each par-
ticle through their geometrical center in the same direction.

2.2.2. Transmitting electron microscopy

For transmission electron microscopy experiments, the HEBM pow-
ders of the as-milled FeTiH/GO catalyst and MgH, + FeTiH/GO (3 h)
composite were dispersed dry on a lacey carbon coated Cu TEM grid
(Ted Pella). TEM analysis was carried out using an FEI Themis G2 Cs
corrected microscope (FEI, Thermo Fischer, Schottky FEG electron
source, 200 keV acceleration voltage, 0.08 nm resolution in high reso-
lution (HRTEM) mode and 1.6 nm resolution in scanning (STEM) mode).
TEM images were recorded with Velox software (Thermo Fischer). High-
angle annular dark-field (HAADF) technique was applied to explore the
atomic number (Z) contrast of the powders on nanoscale. Elemental



R. Paramonov et al.

maps are plotted using the net count after removing the background. For
background calculation, the Brown-Powell ionization cross section
model implemented in the 3.8.1 offline version of the Velox software
was used. To improve visualization, 5px Gaussian blur was applied post
filtering.

2.2.3. X-ray diffraction

Phase analysis and the microstructure of the MgH, + FeTiH/GO
composites and MgH» (3 h) reference powder was investigated by X-ray
powder diffraction (XRD). All measurements were carried out on a
Rigaku SmartLab diffractometer in a Bragg-Brentano geometry using
Cu-Ka radiation. The data were collected in the range 20 = 20°-90° with
a step size of A(20) = 0.01°. For detailed microstructural analysis, the
recorded XRD patterns were evaluated by the Convolutional Multiple
Whole Profile (CMWP) fitting analysis, see Supplementary material.

2.3. Thermal characterization

Linear-heating scans were performed on a power-compensated Per-
kin Elmer Differential scanning Calorimeter (DSC) to explore the ther-
mal stability and hydrogen release of the powder composites at heating
rates 10 K/min, 20 K/min, 40 K/min and 80 K/min. All measurements
were carried out in a Pt sample holder under constant high-purity Ar
flux. Temperature and enthalpy were calibrated by the melting of pure
In and Al The activation energy (E,) of the dehydrogenation processes
has been determined by the Kissinger analysis [91]:

p _ZR —Eq;
L 1
T2 By P\RT m

where T; denotes the individual transformation peak temperatures, Z
and R are the frequency factor and the gas constant, respectively. Plot-
ting ln(ﬁ/TiZ) vs. Ti'! enables the determination of E, for each trans-
formation from the slope of the fitted straight line.

2.4. Hydrogen storage experiments

The hydrogen-storage performance of all powder composites were
carried in a home-made Sieverts’-type apparatus. Isothermal hydroge-
nation and dehydrogenation measurements were performed at 573 K,
with an initial hydrogen pressure of 1 MPa for absorption and 1 kPa for

Journal of Alloys and Compounds 1055 (2026) 186509

desorption. Linear heating up to the sorption temperature was done in
vacuum, followed by the introduction of hydrogen into the sample
chamber (the pre-set hydrogen pressure was reached in a few seconds).
For each experiment, approximately 100 mg of powder was used.

3. Results

The TEM analysis presented in Figs. 1 and 2 summarizes the char-
acteristic sub-micrometer-scale features of the as-milled FeTiH/GO
catalyst. As shown in Fig. 1a, catalyst nanoparticles mostly form ag-
gregates with sizes reaching several hundred nanometers. These ag-
gregates are completely wrapped by GO additive, which is attached to
the particle surfaces and interconnects individual catalyst aggregates
into larger units (Fig. 1a). Individual packets of GO sheets with thickness
of 3-10 nm are clearly observed on the HRTEM images in edge view
(denoted by white arrows in Fig. 1b) together with packets of sheets in
plane view. These observations indicate that GO is randomly oriented
and, on average, form isotropic 3D clusters on the mesoscale, as also
supported by the corresponding Fourier transform shown in the inset of
Fig. 1a. In certain regions, individual FeTi nanoparticles overlaying GO
aggregate can also be identified (Fig. 1c). The presence of few nm thick
GO packet surrounding the nanoparticle (white arrow in Fig. 1c) in-
dicates a close and stable nanoscale connection between the two com-
ponents. According to EDS elemental maps, the catalyst nanoparticles
consist of a homogeneous mixture of Fe and Ti (Fig. 1d-e).

Fig. 2 shows some individual catalyst nanoparticles attached to the
surface of a large and thick GO aggregate. This image was acquired in
STEM-HAADF mode, in which the contrast is directly proportional to
the average atomic number of the material, in case of uniform thickness.
Owing to the large Z difference between GO and the FeTiH catalyst
nanoparticles, the latter can be clearly distinguished despite the pres-
ence of the underlying thick carbonaceous substrate. The marked region
in Fig. 2a shows contrast variation within the GO substrate (see inset),
which can be attributed to positional thickness variation. At the same
time, individual catalyst nanoparticles with sizes of approximately
10-20 nm (bright spots in the inset) are still recognizable. This region
has been subjected to EDS mapping (Fig. 2b-d). As revealed by the EDS
analysis, some nanoparticles contain only Fe, while others consist of a
mixture of Fe and Ti. This finding indicates that the elemental distri-
bution of Fe and Ti within the individual nanoparticles is inhomoge-
neous on the nanometer scale (Figs. 2¢c and 2d). This observation implies

Fig. 1. (a) Bright field (BF) TEM image of aggregates of FeTiH catalyst nanoparticles (cat) surrounded and connected by GO. The inset shows the Fast Fourier
Transform (FFT) of a GO aggregate. The presence of reflections from both in plane periodicity (2 ;\) and from the distance between layers (3.4 ;\) indicates that the
GO aggregate is randomly oriented. White arrows indicate GO sheets viewed from the edge. (b) HRTEM image of a GO aggregate showing edge view (arrow) and
plane view GO sheets in close vicinity. (c) BF image of a single catalyst nanoparticle overlaying on a GO aggregate. In the inset a HAADF image of the marked area is
shown. White arrows show GO sheets in edge view. EDS elemental maps showing the spatial distribution of (d) C, (e) Fe and (f) Ti, respectively, of the area indicated

on (c).
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Fig. 2. (a) HAADF image of a GO aggregate with catalyst nanoparticles (cat) attached to its surface. EDS elemental maps showing the spatial distribution of (b) C, (c)
Fe and (d) Ti, respectively, of the area indicated on (a). Inhomogeneous distribution of Fe and Ti inside catalyst nanoparticles is highlighted with yellow arrows

and boxes.

that larger catalyst nanoparticles (~50 nm) that appear compositionally
homogeneous (e.g. the one marked in Fig. 2¢) are in fact, composite
particles built up from Fe-rich and Ti-rich rich units with characteristic
sizes of ~10 nm or smaller. At the same time, the observed common
aggregation of catalyst nanoparticles results in an overall homogeneous
composition on the mesoscale.

SEM-BSE images of the MgH, + FeTiH/GO powder composites are
presented in Fig. 3. Powder- to-ball and powder-to-vial interactions
evidently lead to the formation of flat-surfaced particles, which can be
attributed to the relative softness of MgH> compared to the stainless-
steel milling environment. The BSE imaging mode provides atomic
number contrast, from which it can be inferred that the catalyst is evenly
distributed throughout the composite even after 1 h of HEBM. As
observed in the images, FeTiH particles are notably smaller than the
MgH, aggregates and show a pronounced tendency to become
embedded in softer MgH, clusters. Consequently, the structure of the
catalyzed material can be described as FeTiH particles reinforcing MgH»
aggregate matrix. The SEM-BSE images were further employed for
quantitative analysis of the MgH, aggregate size distribution. Particle
sizes were determined by measuring the horizontal and vertical di-
mensions through the geometric center of each aggregate. In agreement
with recent studies [92], the collected data can be satisfactorily fitted by
a lognormal function, with the maximum located at approximately
2 pym.

According to the fitted distributions, the median (mggy), variance
(osem) and area-weighted mean agglomerate size ((d)sgm,area) decrease
with increasing milling time. The pronounced reduction of these pa-
rameters indicates that longer milling durations promote more effective
structural refinement within a reasonable processing time frame. A
notable discrepancy is observed between the reference MgH> (3 h)
sample and MgH, + FeTiH/GO (3 h). Although the median for the
reference sample is comparatively larger, the presence of the catalyst

promotes to the formation of larger aggregates, thereby resulting in
broader variance. Similar phenomena was also observed in a previous
study [69]. Evidently, increasing catalyst content leads to larger vari-
ance and area weighted average particle size. The FeTiH particles pre-
sumably act as nucleation sites for aggregate formation. The relatively
soft MgH;, phase tends to accumulate around the structurally stable
catalyst particles, which ultimately results in substantial size in-
homogeneity within the composite.

The EDS spectra illustrated in Fig. 3 provide quantitative information
on the chemical composition of the MgH, + FeTiH/GO composites.
While Fe:Ti ratio remains close to initial Fe and TiH mixture composition
(see Table 1), the Mg:FeTi ratio increases continuously with milling time
(20 wt% for MgH; + FeTiH/GO (1 h), 24 wt% for MgH; + FeTiH/GO
(3h) and 27 wt% for MgH; + FeTiH/GO (10 h)). Accordingly, the
nominal FeTi content (28.65 wt%) is achieved only after prolonged
milling. These observations are consistent with previous studies [74,75].

Fig. 4 summarizes the TEM analysis of the MgH, + FeTiH/GO (3 h)
composite. As shown in Fig. 4a, the FeTiH catalyst mostly consists of
rough-edged aggregates of several hundred nanometers. Notably, no
underlying GO substrate is observed in these regions. The HAADF image
(inset of Fig. 4a) reveals that the catalyst aggregates are either attached
to or embedded within thick MgH- crystals. The elemental maps pre-
sented in Fig. 4b-d confirm that the surface of the soft MgHj crystal is not
completely depleted in Mg, indicating that a fraction of the harder FeTi
catalyst particles can be embedded within hydride aggregates. In addi-
tion to the large FeTi particles, individual nanometer-sized catalyst can
also be identified. According to the elemental maps, the distribution of
Fe and Ti is uniform both within the large aggregates and in the indi-
vidual particles (Fig. 4b-d).

Fig. 5a presents the XRD pattern of the FeTiH catalysts HEBMed for
10 h. It is seen that the pattern is dominated by broad and diffuse halos
which indicate the formation of amorphous and nanocrystalline



R. Paramonov et al.

Journal of Alloys and Compounds 1055 (2026) 186509

Counts MgKa
150 72k
MgH, (3h)
m =1.97 um -
100 -
P c=0.48
c _ 4sk
8 <d> area — 3.47 pm
O 36k
50
27k
18k
0+ 9k
0 2 4 6 8 10 12 % xa
. " c *a
Agglomerate SIze (mlcrons) 2.00 4.00 6.00 8.00 10.00 12.00 keV
[Counts MgKa
150 - 48k
MgH, + FeTiH/GO (1h)
m = 1.94 um [
1004 o =0.66 ok
%)
g <d> area = 5.79 um 30k
o
O 124k
50
18k
12k
04 e
0 2 4 6 8 10 12 % xa TiKa Feka
. . C Ka ATixb A Fekb
Agglomerate Slze (mlcrons) 2.00 4.00 6.00 8.00 10.00 12.00 kev
Counts MgKa
150 40k
MgH, + FeTiH/GO (3h) |
m=1.79 um
1001 o =0.60 -
%)
£ <d> 0n =443 pm
o
0 20k
50
15k
10k
04 FeLl
0 2 4 6 8 10 12 K Tika —
Agglomerate size (microns) Cha e 4o
2.00 4.00 6.00 8.00 10.00 12.00 keV
(Counts MgKa
[40k
20 MgH, + FeTiH/GO (10h)| |,
m = 1.47 um "
_—— c =045 '
= = 25k
< <d> ., =243 um
8 100+ 20k
50 15k
10k
0+ FeLl
0 2 4 6 8 10 12 [y TiKa _—
Agglomerate size (microns) cda J G
ELTE TTK 2.00 4.00 6.00 8.00 10.00 12.00 keV

Fig. 3. Low magnification BSE-SEM images of ball-milled a) MgH, (3 h), (b) MgH, + FeTiH/GO (1 h), (c) MgH, + FeTiH/GO (3 h) and (d) MgH, + FeTiH/GO (10 h)
samples with corresponding particle size distribution histograms fitted by lognormal function and the respective EDS spectra.

intermetallic FeTi. Notably, the characteristic Bragg-reflections of bcc-
Fe and cubic TiH, are absent, in agreement with the Fe-Ti particles
observed in the HRTEM images, see Figs. 1 and 2. It is noted that the size
of the coherently scattering nanocrystalline domains of the Fe-rich ag-
gregates presented in Fig. 2 is below the detection limit of conventional
X-ray powder diffractometry.

The 1:1 Fe:TiHy weight ratio employed in this study offers several
advantages. First, the observed large FeTi amorphous fraction can pro-
vide multiple pathways for hydrogen diffusion [93]. Second, the nom-
inal Fe:Ti ratio is close to that of the intermetallic compound, as

confirmed by its 20 position in the XRD pattern (Fig. 5a). This com-
pound not only can store hydrogen, but can also facilitate the “hydrogen
pump” effect, thereby accelerating hydrogen distribution within the
composite [76]. Furthermore, the small amount of unreacted TiHs may
contribute to a reduction in the activation energy for hydrogenation and
dehydrogenation reactions [94].

The X-ray diffractograms of the as-milled reference MgH, powder
and the MgH; + FeTiH/GO composites are depicted in Fig. 5b. All
patterns are dominated by the Bragg-peaks of tetragonal a-MgHo,,
however, a metastable y-MgH; phase, which forms under high pressure,
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Table 1
Elemental composition of MgH, + FeTiH/GO composites obtained from the EDS
analysis.

MgH, + FeTiH/GO MgH, + FeTiH/GO MgH, + FeTiH/GO

1h (B h) (10 h)
Mg (wt 80.1 76.4 73.1
%)
Fe (wt 10.2 12.4 14.1
%)
Ti (wt 9.7 11.2 12.8

%)

is also present in small amount in each powder. As a consequence of SPD
during HEBM, all reflections exhibit pronounced broadening, corre-
sponding to intensive crystallite size refinement [29,36,95]. Notably,
the intensity ratio between the strongest y-MgH, and a-MgH, reflections
is the highest for the pure MgH, powder, indicating that the collisions
between the hardened stainless-steel balls and the MgH, powder parti-
cles induce the most intensive plastic deformation among all powders. In
contrast, this ratio is reduced for the co-catalyst containing composites,
suggesting that the presence of FeTiH/GO mitigates the impact intensity
between the hydride particles and the milling balls. As seen, a reflection
centered at 20 = 43 deg is observed in all patterns and can be attributed
to the formation of some MgO. It is also evident from the patterns that no
reflections of any Fe-Ti-H phase are detected, which is consistent with
the amorphization of this catalyst in the solid state, approved by the
overlapping broad halo developed at around 26 = 44 deg. Similar phe-
nomenon has been reported for HEBM MgH, catalyzed by increased
amount of activated FeTi [74].

Fig. 6 summarizes the application of the CMWP algorithm to the
measured XRD profiles of the nanocrystalline MgHy powder and all
three MgH, + FeTiH/GO composites. Each graph presents the fitted
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diffraction profile together with the difference between the measured
data and the corresponding fit. It is undoubted from the plots that the
convolutional numerical algorithm has perfectly converged after
approximately 100 iteration steps, yielding excellent fit for all powders.
The microstructural parameters obtained from the CMWP analysis, such
as the median (m) and variance (c) of the main coherently scattering
a-MgH; crystallites are also depicted in each graph. For the reference
MgH; powder, the m value is the largest, corresponding to larger
nanocrystals. Upon milling the co-catalyst to MgH> for 1 h, the ¢ value
shows a slight increase. Subsequent HEBM time results in a gradual
decrease of the variance, the smaller ¢ refers to a more homogeneous
nanostructure. The corresponding G(x) lognormal size-distribution
functions for the tetragonal a-MgH, phase obtained from Eq. S4 are
plotted for all composites in Fig. 7. It is evident that all powders are
characterized by fine nanometric crystalline domains that formed by
SPD during the milling process. The pure MgHy exhibits a slightly
broader and more inhomogeneous size distribution, whereas the addi-
tion of the FeTiH/GO co-catalyst to MgH, shifts of the distribution to-
wards smaller values, indicative of a more homogeneous nanostructure.

Based on Eq. S5, the (D)areq area averaged crystallite sizes were also
determined. These values are plotted in Fig. 8a and are indicated by
triangular symbols on the histograms in Fig. 7. As shown, all MgH,
coherently scattering domain sizes are in the nanometric regime,
reflecting extensive nanocrystallization during ball milling, in agree-
ment with previous reports on other Mg-based nanopowders processed
by HEBM [36,75,95]. The pure MgH> nanopowder exhibits an average
value of (D)area = 7 nm, which is practically the same for the MgHp,
+ FeTiH/GO (1 h) composite. Prolonged milling leads only a marginal
further reduction to approximately 6 nm. Such nanocrystalline powders
are abundant in high angle grain boundaries characterized by distorted
atomic bonds and reduced atomic density [32]. The volume fraction of
these two-dimensional lattice defects can reach as high as 20-30 % and

Fig. 4. (a) Typical BF image of sample MgH, + FeTiH/GO (3 h). In the insert the HAADF image of the marked area is shown. Catalyst nanoparticles and their
aggregates (cat) are recognizable due to their higher brightness. EDS elemental maps showing the spatial distribution of (b) Mg, (c) Fe and (d) Ti, respectively, of the

area indicated in (a). Yellow arrows point to an individual catalyst nanoparticle.
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Fig. 5. XRD patterns of the (a) as-milled FeTiH catalyst and (b) the HEBM
MgH, and MgH, + FeTiH/GO composites.

can act as fast penetration channels for hydrogen. It should be noted that
the crystallite size obtained from CMWP X-ray line profile analysis
cannot be directly compared with the crystallite size estimated from
HRTEM images, as the former is typically smaller, particularly in ma-
terials processed by SPD. This discrepancy arises because the coherently
scattering domains are bounded by grain boundaries rich in dislocations
or dipolar walls [96].

It is noted that a clear correlation is observed between the powder
particle size obtained from the SEM images (Fig. 3) and the coherently
scattering crystallite size obtained from the CMWP analysis (Fig. 8a);
specifically, longer SPD duration leads to simultaneous structural
refinement on both the micron and nanoscale. Based on the data pre-
sented in Figs. 3 and 8a. it can be estimated that a single powder
aggregate contains, on average, on the order of 107 coherently scattering
nanocrystalline domains.

In addition to nanostructural refinement, one-dimensional lattice
defect such as dislocations can also form during SPD within Mg-based
powder particles [29,36,75]. Fig. 8b presents the average dislocation
density (p) values for the main a-MgH, phase obtained from the CMWP
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analysis for all processed powders. As one can notice, HEBM results in a
very high value (p ~ 5 -10'® m~2) for the as-milled MgH, nanopowder.
The addition of the FeTiH/GO co-catalyst leads to a further increase in
the dislocation density, exceeding p ~ 10'® m~2 (which is close to the
theoretical limit) and may promote hydrogen kinetic enhancement of
MgH,. Based on the obtained p values, the average dislocation distance
(Lc) can also be calculated using Eq. S6, and is shown in Fig. 8a. As a
consequence of the abundant dislocations, the L¢ values exhibit nano-
metric dimensions, however, they are slightly larger than (D)area for
each composite. This indicates that, on average, fewer than one dislo-
cation is present within an individual nanocrystal, despite the overall
extremely high dislocation density.

Fig. 9 presents the continuous heating DSC curves recorded at
heating rate of 40 K/min for the MgH; + FeTiH/GO composites and the
reference sample MgH, powder. Each thermogram exhibits two over-
lapping endothermic peaks (T; and T5), which correspond to the dehy-
drogenation of the metastable high-pressure y-MgH, and the stable
a-MgH> phases, in agreement with previous studies [75]. The markedly
lower dehydrogenation temperature associated with the y-MgH, — Mg
-+ Hp reaction in the composite powders is attributed to the weaker
Mg-H bond of this hydride phase [75]. The inset of Fig. 9 presents the
evolution of the temperature of reaction onset (Topset) as well as T; and
T, as a function of milling time. It is evident from the plot that all
characteristic temperatures are significantly reduced in the presence of
the FeTiH/GO co-catalyst compared with the as-milled MgH, powder.
For example, the Topse Value for the MgHo + FeTiH/GO (1 h) composite
decreases by more than 100 °C, while the reduction of the dehydroge-
nation peak temperatures also exceeds 50 °C. These results clearly
demonstrate a synergetic effect between nanocrystalline MgH; and the
FeTiH/GO co-catalyst. As one can also notice, there exists an increase in
the dehydrogenation temperatures with increasing milling time. The
lowest T; dehydrogenation temperatures of the HEBMed MgH,
+ FeTiH/GO (1 h) powder might relate to the presence of Mg crystallites
in the as-received commercial powder (see the XRD pattern in Fig. 6)
that can promote the growth of hexagonal Mg during the desorption
process without the need for additional nucleation. More extensive
attrition and nanocrystallization induced by prolonged millings might
reduce this effect, leading to the observed gradual increase of the
characteristic temperatures. It is worth noting that the incorporation of
FeTiH/GO co-catalyst to MgHj; results in a substantial reduction of T
dehydrogenation temperature compared to GO-free MgH; + FeTiH
composites [74,75].

The activation energy associated with the T; desorption temperature
was obtained from the Kissinger-analysis for all powders. As an example,
Fig. 10 shows the calorimetric thermograms of the MgH, + FeTiH/GO
(3 h) composite recorded at heating rates of 10 K/min, 20 K/min, 40 K/
min and 80 K/min. The corresponding Kissinger plot shown in the inset
exhibits a clear linear relationship. The obtained E, values for the
nanocrystalline MgH» powder and the MgH» + FeTiH/GO composites
are summarized in Fig. 11. The reference MgH, powder exhibits a high
activation energy (141 kJ/mol), in good agreement with literature value
[97,98]. In contrast, a pronounced reduction in E, is observed for all
co-catalyzed powders, with values falling in the range of
~40-100 kJ/mol, rendering them more suitable for practical applica-
tions. Among the composites, the MgH» + FeTiH/GO (3 h) sample ex-
hibits the lowest value (E, = 52 kJ/mol), which is almost two times
smaller than for MgH, + FeTiH/GO (1 h) powder (E; = 96 kJ/mol).
Further extension of the HEBM times leads to an increase in the acti-
vation energy, accordingly, the MgHy + FeTiH/GO (10 h) composite
exhibits a higher value (E; = 106 kJ/mol). These results indicate that
the optimal milling time of approximately 3 h minimizes the dehydro-
genation activation energy of MgH» + FeTiH/GO powders.

Fig. 12 summarizes the hydrogen sorption performance of the MgH,
+ FeTiH/GO powders. In general, all composites can be hydrogenated
and dehydrogenated in a reasonably short time, indicating good kinetics
performance. Specifically, the MgH» + FeTiH/GO (1 h) powder presents
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functions are also depicted in the respective graphs.
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MgH, + FeTiH/GO composites. Triangles denote the (D)., area averaged
crystallite sizes.

a remarkable hydrogen uptake during the 1st (activation) cycle,

achieving 50 % of the absorbed hydrogen within 100 s and similar
behavior was observed during subsequent runs (see Fig. 12a). As shown
in Fig. 12a, longer milling times lead to a deviation between the 1st and
2nd hydrogenation curves, likely due to the gradual formation of a thin
oxide layer around the MgH» nanocrystals, see also Fig. 6. For instance,
the MgH; + FeTiH/GO (10 h) sample absorbs more than twice the
amount of hydrogen during the second hydrogen uptake. In contrast, the
dehydrogenation performance of all powder composites are identical,
exhibiting only minor differences between the first and second desorp-
tion, see Fig. 12b. Overall, the fastest absorption and desorption are
observed for the MgH, + FeTiH/GO (3 h) powder, which absorbs 2.3 wt
% of hydrogen in 180 s and desorbs 1.3 wt% of hydrogen over the same
time interval (see Figs. 12a and 12b). The obtained capacity values for
this composite are 3 wt% during absorption and 2.9 wt% during
desorption.

The Johnson-Mehl-Avrami model with Kolmogorov extension
(JMAK) was employed to gain a deeper understanding of kinetics of the
2nd hydrogenation and dehydrogenation. In brief, this model assumes
that the nucleation is a random process, nuclei can emerge on the sur-
face as well as in the bulk [99]. For quantitative analysis, the sorption
curves were normalized to their respective maximum capacities.
Thereafter, these normalized curves were fitted using the JMAK model
function:

a(t) =1—e™* @)
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where k is a temperature dependent reaction constant, n is the Avrami
exponent that relates to the nucleation and growth mechanism of the
new phase [99]. Eq. 2 can be linearized as:

In(—In(1—a)) =neln(t) +In(k) 3)

By fitting the In( —In(1 —a)) term as a function of In(t) with a straight
line, the slope will provide the n exponent while the intercept with the
ordinate gives the k value. As illustrated in the double logarithmic plots
in Figs. 13a and 13b, most absorption and desorption curves deviate
from a single linear trend predicted by Eq. 3. Nevertheless, each curve
can be subdivided into two linear segments, corresponding to a distinct
kinetic regimes according to the JMAK fits. As summarized in Table 2,
the first absorption stage of MgH; + FeTiH/GO (1 h) and MgH,
+ FeTiH/GO (3 h) samples as well as the overall reaction of the MgH,
+ FeTiH/GO (10 h) composite exhibit Avrami exponent values in the
range n = 0.7 — 0.9. These moderately low values indicate constrained,
diffusion-controlled phase growth with a decreasing nucleation rate
[100]. During the second stage of the absorption of the MgH;
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der obtained at different heating rates. The inset shows the Kissinger plot
corresponding to the T, reaction.

+ FeTiH/GO (1 h) and MgH, + FeTiH/GO (3 h) samples, even smaller
Avrami exponent values are observed (0.4 < n < 0.6), reflecting to a
slowdown of the reaction relative to the initial stage.

The desorption reactions show similar trends, i.e. for all powders, the
first-stage Avrami exponent ranges fromn = 1.0 ton = 1.5 (see Table 2),
which is consistent with a constrained, diffusion-driven phase trans-
formation with a decreasing nucleation rate [100]. The second stage
proceeds more slowly, with n &~ 0.4-0.5, as hydrogen at this point dif-
fuses from deeper within the bulk material.

Phase evolution during dehydrogenation and hydrogenation of the
MgH,; + FeTiH/GO nanopowders is summarized in Fig. 14. Each graph
displays the X-ray diffractograms corresponding to the as-milled powder
composite, the desorbed state (after a full sorption cycle) and the sub-
sequent absorbed state. At a first glance, the XRD patterns of the
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desorbed states are dominated by the Bragg-peaks of hexagonal Mg,
however, minor residual a-MgH, peaks are still detectable in this state,
indicating that a small fraction of MgH> remained unconverted during
dehydrogenation. It is important to note that all XRD patterns are pre-
sented on a logarithmic scale to emphasize the presence of minor phases.
The unchanged intensity of the MgO reflections throughout the
hydrogen cycling confirms that no additional oxidation occurred during
the PCT measurements. Therefore, the MgO most likely formed during
the HEBM process, when fresh internal surfaces were created, and/or
during powder containment under protective Ar atmosphere in a glove
box, prior to the PCT measurements. This oxide layer plays a significant
role only in the case of the MgH, + FeTiH/GO (10 h) composite, when
an activation cycle is required prior to a reasonable absorption mea-
surement. A notable sharpening of the main Mg phase reflections is
observed in the desorbed powders, suggesting the formation of larger
nanocrystals during the dehydrogenation process. Upon rehydrogena-
tion, the absorbed powders exhibit the formation of a-MgH», while no
detectable traces of the high-pressure y-MgH, are observed. CMWP
analysis was performed on the X-ray patterns of both the dehydrided and
hydrided states, and the resulting microstructural parameters are pre-
sented in Fig. 15.

Fig. 15a clearly shows that dehydrogenation after a complete sorp-
tion cycle at T = 300 °C does not degrade the nanocrystalline structure
of the MgH> + FeTiH/GO powder composites, which is critical for their
potential practical applications. The main crystalline phase (hexagonal
Mg) characterizing this state exhibits a crystallite size ranging from
~35 nm (MgH; + FeTiH/GO (10 h)) to ~100 nm (MgH> + FeTiH/GO
(10 h)). The slight difference in the MgH; coherent crystallite size
observed in the as-milled powders (see Fig. 8a) is retained throughout
the MgH, (tetragonal) — Mg (hexagonal) — MgH, (tetragonal) — Mg
(hexagonal) reaction cycle, resulting in the nucleation of Mg nano-
crystals with different size. As confirmed by the XRD patterns (see
Fig. 13), these Mg nanocrystals almost fully disappear during the sub-
sequent Mg (hexagonal) — MgH, (tetragonal) absorption reaction, while
the newly nucleated a-MgH; nanocrystals exhibit crystallite size below
40 nm, confirming microstructural stability during hydrogen sorption
cycling. Such nanoparticles can contain grain boundaries with a volume
fraction of ~10 %, therefore hydrogen diffusion can still be favorable
[101]. Specifically, after two complete sorption cycles, the crystallite
size of a-MgH- in the MgH= + FeTiH/GO (1 h) composite is approxi-
mately four times larger than in the as-milled state (from (D)area = 8 nm
to (D)area = 35nm), whereas the original nanostructure is better
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Fig. 12. Hydrogen (a) absorption and (b) desorption curves obtained for the
MgH, + FeTiH/GO composites.

preserved in the MgH» + FeTiH/GO (10 h) sample with only a twofold
increase in crystallite size (from (D)area = 5 nm to (D)area = 12 nm).
Upon dehydrogenation, the dislocation density in hexagonal Mg is an
order of magnitude smaller (p ~ 0.3-0.6-10'°> m~2) compared to the
as-milled powders, but remains relatively high (see Fig. 15b). Subse-
quent absorption does not significantly alter the value of p. The obtained
L¢ values (30-50 nm) are comparable to the respective (D)area Values,
indicating that, in both the hydrided and dehydrided states, (nearly)
every nanocrystal still contains dislocation.

4. Discussion

As demonstrated by the DSC study (see Fig. 9), the addition of FeTiH
+ GO catalyst to MgHj leads to a significant reduction in the Typset, T1
and T, desorption temperatures. In comparison, a GO-free MgH,
+ 40 wt% FeTiH nanocrystalline powder exhibits higher characteristic
temperatures [74] than those obtained in this work, highlighting the
beneficial effect of GO in enhancing the dehydrogenation performance
of MgH, + FeTiH/GO composites. These observations are consistent
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attributed to the catalytic role of GO in destabilizing the Mg-H bond
[89]. Furthermore, the distinct T; and T, peaks observed in the ther- Fig. 14. XRD pattern corresponding to the as-milled, dehydrided and hydrided
states of the MgH, + FeTiH/GO powders ball-milled for (a) 1 h, (b) 3 h and

mogram of the MgH, + 40 wt% FeTiH composite [74] become sub-
stantially overlapped in the DSC-curve of the MgHs + FeTiH/GO (3 h)
sample (see Fig. 9) due to peak broadening. The broadening of the first

(c) 10 h.
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endothermic reaction, expressed as AT = T1-Topset is AT =51 K for
MgH,; + FeTiH/GO (3 h), while it is only AT = 36 K for MgH; + 40 wt%
FeTiH (3 h) [74]. This broadening together with the substantial reduc-
tion in Topset confirms the noticeable impact of GO in destabilizing the
hydride phase, thereby enhancing the desorption performance of the
composite.

Fig. 11 confirmed that the MgH;, + FeTiH/GO (3 h) sample exhibits
the lowest activation energy for the dehydrogenation reaction and.
Consistently, PCT measurements demonstrate that this sample kineti-
cally outperforms 1 h and 10 h HEBMed powders, both during hydrogen
absorption and desorption (see Fig. 12). These results suggest that there
exists an optimal milling time of 3 h, corresponding to a favorable
microstructure and morphology of the MgH, + FeTiH/GO system.
Similar observations have been found for ball-milled nanocrystalline
MgH, catalyzed by metal-oxide additives [102]. The relatively high
FeTiH catalyst content employed in this study may accelerate the hy-
drogenation and dehydrogenation kinetics at lower temperatures, which
is the focus of future research.

The CMWP analysis clearly confirmed that as a result of SPD, the as-
milled powders exhibits a fine nanocrystalline structure with extremely
high dislocation densities (see Fig. 8a). Hydrogen cycling was found to
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induce only a moderate increase in the crystallite size of a-MgH> —
approximately twofold for MgH> + FeTiH/GO (10 h), threefold for
MgH- + FeTiH/GO (3 h), and fourfold for MgH> + FeTiH/GO (1 h) -
while preserving the nanostructure of the composite powders (see
Fig. 15a). Thus, cycling stability of the microstructure of the MgH,
correlates with the HEBM time, i.e. longer the milling yields a more
stable the microstructure. A similar structural stability after several
cycles has also been reported for HEBM-processed MgH= powder [29].
For each powder composite, the dislocation density decreases by
roughly an order of magnitude from 10® m~2 to 10'° m~2 (see Fig. 15b).
These observations indicate that the addition of FeTiH/GO catalysts to
MgH, by ball-milling does not significantly alter the MgHy microstruc-
ture during phase transformations via subsequent dehydrogenation and
hydrogenation. Consequently, the overall hydrogen kinetics perfor-
mance of the MgH; + FeTiH/GO system (see Fig. 12) does not correlate
directly with the raw structural parameters obtained from the CMWP
analysis, Other morphological features, however, appear to play a sig-
nificant role in the observed sorption behavior. For example, HRTEM
images revealed that FeTi catalyst nanocrystals can be embedded within
the MgH» matrix in the MgH; + FeTiH/GO (3 h) composite powder (see
Fig. 4). This morphological feature correlates well with the corre-
sponding EDS spectra (see Fig. 3) and the obtained Mg:Fe-Ti ratio, which
is smaller than the nominal value (see Table 1). Consequently, some
catalyst particles are partially shielded from the electron beam, consis-
tent with the observed embedded structure. This distinctive morphology
likely contributes to the superior kinetic performance of the MgH-
+ FeTiH/GO (3 h) composite.

5. Conclusions

In this work HEBM was applied to synthesize MgHy + FeTiH/GO
powder composites. The Fe:TiH; weight ratio was chosen as 1:1, while
the total catalyst content was set as 30 wt%.

TEM study revealed that catalyst nanoparticle is a homogeneous
mixture of Fe and Ti and completely wrapped by GO additive. HAADF
image of the MgH, + FeTiH/GO (3 h) composite demonstrated that FeTi
catalyst particles can be embedded inside hydride aggregates, which
was further confirmed by EDS analysis, i.e. Mg:FeTi ratio reaches the
nominal content of FeTi after 10 h of HEBM.

XRD experiments showed that each composite is dominated by
a-MgH», however, the high pressure y-MgH, phase is also present. It was
obtained from the CMWP X-ray line profile analysis that as-milled
powders exhibit a fine nanocrystalline structure ((D)areqa ~ 6-8 nm) an
extremely high dislocation density (p~10'® m~2).

DSC experiments revealed a two-step dehydrogenation process for all
powders, corresponding to the H-release of the y-MgHs and a-MgH,
phases. The addition of FeTiH + GO catalyst to MgH, by HEBM leads to
a significant reduction in the Topser, T1 and Ty desorption temperatures,
confirming that GO has a remarkable impact on the destabilization of
the hydrides. It was also found that the dehydrogenation activation
energy decreased by 65 % for the the MgHy + FeTiH/GO (1 h) if
compared to pure MgHj,. Isothermal sorption measurements indicated
that all powders exhibit good kinetics. Specifically, the initial hydrogen
uptake of the MgH, + FeTiH/GO (1 h) powder reaches 50 % of the
absorbed hydrogen within 100 s. Overall, the fastest absorption and
desorption were observed for the MgH; + FeTiH/GO (3 h) powder.

The CMWP analysis undoubtedly confirmed that dehydrogenation
after a complete sorption cycle does not degrade the nanocrystalline
structure of the powder composites, i.e. the crystallite size of a-MgH- is
only 2-4 times larger than in the as-milled state, coupled with a
remarkable high dislocation density (p~10'> m~2),
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