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The high ductility of Mg has posed major challenges for nanofabrication uti-
lizing mechanical ball-milling. While the addition of organic solvents is effec-
tive, it has been unclear how they improve the ball-milling effect by modifying
the material’s surface properties. Herein, we report that the solvent-mediated
partial ionicity plays an important role in enhancing the nanosizing effect of
Mgs sNis sY> alloy. This approach enables the Mgg; sNis sY7 particles to be 88
times smaller than those of the solvent-free procedure. The Mgs; sNis5Y>
nanoparticles underwent complete dehydrogenation in 3 min at 300 °C and in
17 min at 240 °C, which can be stably cycled at least for 500 times. Solvent
(THF) adsorption on Mg induces Mg®-Mg® dipole structure. This increases
the surface hardness of Mg-based alloy and maximizes the ball milling-driven
structural deformation, thereby facilitating ion migration. Mg-Mg bond
breaking is caused by the resulting Coulombic repulsion between Mg atoms.
These findings provide an affordable approach for nanoparticle fabrication of

highly ductile materials.

Hydrogen, as a zero-carbon energy carrier, exhibits impressive char-
acteristics of abundance, versatile application, and high energy con-
version efficiency. Unfortunately, its widespread application is
constrained by critical challenges in hydrogen storage and transpor-
tation sectors'. Magnesium (Mg) has emerged as a promising candi-
date, given its prominent theoretical hydrogen storage capacity
(7.6 wt.% H,), environmental friendliness and abundant natural
reserves’ %, Despite these advantages, Mg faces limitations due to its
sluggish reaction kinetics, which stem from multistep reaction pro-
cesses, including hydrogen adsorption, dissociation, diffusion and
nucleation. These processes necessitate high operation temperature
(-350°C) and substantial energy loss™.

To enhance the kinetic processes, a variety of Mg-based alloys,
such as Mg-Ni-RE (RE =rare earths), have been developed”¢. They

undergo in situ decomposition after the activation process and gen-
erate Mg, Mg,Ni, and REH, nanoparticles (NPs). In it, Mg contributes
hydrogen storage capacity, while REH, and Mg,Ni serve as catalyst
phases for hydrogen adsorption and dissociation, thereby enhancing
the rates of hydrogenation and dehydrogenation (de/
hydrogenation)”’~?". However, the hydrogen diffusion in the Mg phase
is hardly accelerated by these catalyst phases, and persistent chal-
lenges of coarse particle size distribution and suboptimal morphology
control are still unresolved”?.

Nanostructuring  strategies  demonstrate  transformative
potential***, Nanoparticles increase their surface energies thanks to
the unsaturated coordination number, increased grain boundaries and
enriched reaction sites/defects, which accelerate hydrogen adsorption
and dissociation®*?®, Furthermore, nanoscale dimensions shorten
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hydrogen diffusion paths between surface and bulk regions, sig-
nificantly ramping de/hydrogenation rates?. Combining Ni catalysts
with nanostructured Mg simultaneously accelerates hydrogen
adsorption, dissociation, diffusion and nucleation. Nanofabrication of
Mg can drastically enhance de/hydrogenation rates at much milder
reaction temperatures****°~2, Room-temperature reversible hydrogen
storage of Mg can even be achieved at particle sizes below ~5nm®,
While the current nanofabrication method can improve scalability, it
predominantly relies on gas atomization and chemical reduction
processes, which requires expensive precursors and complicated
synthetic procedures, posing major challenges for industry utilization.

In contrast, mechanical ball milling offers a simpler and cost-
effective alternative, and a variety of ball-milling studies on both Mg-
based compounds, such as MgH,, have been reported* . However,
unlike the brittle ceramic MgH,, the high ductility of metallic Mg
fundamentally hinders its applicability due to severe agglomeration
and cold welding*>*. Recent advances in solvent-assisted ball milling
show promise. Zou et al.*? successfully synthesized nanoscale Mg via
this approach, providing a scalable route for the nanoparticle pro-
duction of Mg. However, the mechanistic role of solvents in enabling
Mg nanosizing is still unclear. In addition, surface instability after ball-
milling poses challenges for practical applications. These issues col-
lectively impede the development of milder-temperature operatable
Mg-based hydrogen storage materials.

Herein, we report that the partial ionicity induced by solvent
adsorption on Mg-based alloy (Mgg7sNissY7) can improve nanosizing
effects during ball-milling. The solvent-assisted process yielded parti-
cles as small as ~511.87 nm, representing an 88-fold size reduction
compared to solvent-free milling (-44.89 pum). The nanostructured
Mgs7 sNissY; exhibited dehydrogenation rates of 1.71wt.% min™ at
300°C and 0.46wt.% min® at 240°C, surpassing the previously
reported related Mg-based alloys. Density functional theory (DFT)
calculations revealed that solvent (THF) adsorption on Mg surfaces
induces electron redistribution. Mg atoms bonded to oxygen lose 0.56
e”, while adjacent Mg atoms gain partial electrons. It gives rise to
partial ionicity in Mg (Mg®-Mg?- dipole structure), and as a result, the
surface hardness (Vickers hardness) is -22% enhanced by THF-
adsorption. The ion migration during balling induces Coulombic
repulsion between Mg atoms, maximizing stress-driven structural
deformation and subsequent nanoparticle formation. The present
data demonstrates the microscopic role of solvents on modifying the
material’s surface electronic structure and mechanical properties,
offering an affordable strategy for nanoparticle fabrication.

Results and discussion

Solvent-Assisted Ball-Milling of Mgg7 sNis Y~

Figure 1a illustrates the powdering process achieved through
mechanical impact, such as ball milling, of metallic and ionic com-
pounds. Metallic materials are characterized by delocalized electrons,
and structural deformation contributes a little to the metallic bond
structure, resulting in more ductile properties. Meanwhile, ionic
materials involve both positively and negatively charged ions. The
slight modification of crystal deformation immediately gives rise to
Coulombic repulsion between identically charged ions and generates
cracks. Therefore, it is widely believed that ionic materials are more
susceptible to mechanical impact and are easily nanosized by ball-
milling. Mgg> sNis sY7 is one of the Mg-based alloys that is characterized
by highly ductile properties. Prior to THF adsorption, ball-milling does
not provide a powdering effect to the Mgg; sNis Y alloy, and the mean
particle size was estimated to be 44.89 um (Fig. 1b and Supplementary
Figs. S1 and S2). Meanwhile, introducing 1mL THF significantly
enhanced the ball-milling effect. The THF-assisted milling achieved a
mean particle size of 511.87 nm, an 88-fold reduction compared to the
solvent-free process. Its BET area was measured as 3.72 m*>g™ (Fig. 1c).
The particle size distribution analysis indicates that 78 % of the

particulates fall within the range of 300 ~900 nm, highlighting the
efficacy of THF-assisted milling in achieving uniform dispersion and
considerable nanosizing during the ball-milling process.

High-resolution TEM (HRTEM) characterization of the
Mgs; sNissY7 alloy (Fig. 1d) reveals characteristic lattice fringes with
measured d-spacings of 0.19 nm, which corresponds to the (102) plane
of hexagonal close-packed Mg. It agrees well with the XRD data, in
which Mg and Mg,Ni were observed as major and minor phases,
respectively (Supplementary Fig. S3). EDS elemental mapping verifies
homogeneous distribution of Mg and Y across the matrix, whereas Ni
demonstrates preferential segregation within the Mg,Ni domains.
These findings are further supported by XPS analysis of the electronic
states of the elements within Mgs; sNissY; NPs. Specifically, Mg dis-
plays a Mg® peak at 1303.5 eV, metallic Ni 2p5, signatures at 852.7 eV in
Mg,Ni phases, and the Y 3d spectrum reveals spin-orbit resolved
doublets where the 3ds,, component at 156.8 eV is assigned to Y&
(Fig. 1le-g). These XPS characteristics are consistent with Mg-Ni-Y
alloys reported elsewhere****, demonstrating that the Mgg; sNissY-
NPs are not oxidized during the nanosizing process.

It is emphasized that not all solvents can enhance the nanosizing
effect of ball-milling. As shown in Supplementary Fig. S4, the addition
of cyclohexane exhibits little contribution to ball-milling efficiency,
and the observed mean particle size is largely consistent with that of
the dry-milled samples. The mechanism difference of THF- and
cyclohexane-assisted nanosizing effect will be discussed later.

Hydrolysis corrosion properties

While nanosizing enhances the hydrogen storage capability of Mg-
based hydrogen storage materials, it also increases their surface areas,
thereby worsening the material’s chemical stability. This is because the
increased surface area provides more reactive sites for impurities such
as water to form Mg(OH),. The degradation of Mg,Ni further exacer-
bates the surface corrosion rates”. To tackle the contradiction
between hydrogen storage performance and chemical stability of
Mgs sNissY; NPs, we applied PMMA coatings. In this study, we syn-
thesized Mgg; sNissY; NPs with 0, 0.1, 0.5, and 1.0 wt.% PMMA content
and successfully suppressed the surface corrosion rates (Fig. 2a).
Uncoated nanoparticles exhibited severe hydrogen corrosion with a
rapid hydrogen evolution at 51.0 mL-g™min™ during the first 3 minutes
(Fig. 2b). Meanwhile, the H, production rate of Mgg5 sNissY7 NPs with
0.1, 0.5, and 1.0 wt.% PMMA content were estimated to be 14.7 mL-g
Lmin?, 7.0 mL-g*min™ and 5.6 mL-gmin’, respectively, representing
a 71.2-89.0 % reduction compared to the PMMA-free system (Fig. 2b
and Supplementary Figs. S5 and S6). The suppression of H, evolution is
interpreted by the polymer’s (e.g., PMMA) protection effect that sup-
press direct contact between MggsNissY; NPs and water, which is
consistent with previous studies****™*°,

Figure 2c shows the XRD pattern of water-exposed uncoated and
0.1wt.% PMMA coated Mgg; sNissY; NPs. While the uncoated samples
exhibit major Mg(OH), peaks, the corresponding peaks are much
suppressed for the 0.1 wt.% PMMA-coated samples. To further confirm
the surface protection effect of PMMA, we exposed the uncoated and
0.1wt.% PMMA-coated Mgg;sNissY; NPs under an ambient atmo-
sphere for two weeks (Fig. 2d). Again, a notable Mg(OH), peak was
confirmed for the uncoated samples, due to the reaction with air
moisture. Meanwhile, the XRD is largely unchanged for 0.1wt.%
PMMA-coated Mgg- sNissY; NPs, and both Mg(OH), and MgO peaks
were not identified. These data demonstrated improved surface sta-
bility by the PMMA coating.

Hydrogen storage performances

To investigate the effects of nanosizing and surface modification on
the dehydrogenation kinetics of Mgg;sNissY;, we conducted dehy-
drogenation experiments on samples with and without PMMA coating.
Prior to the kinetics analysis, all of the samples were activated utilizing
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Fig. 1| Morphology and chemical properties of Mgs,.sNis sY; NPs. a Schematic
illustration of mechanical impact to the metallic and ionic compounds. The light
blue region represents the distributed free electrons. b SEM image and mean
particle size distribution of dry and THF-assisted ball-milled Mgg; sNis 5Y7 alloy. The
solid lines represent a Gaussian fit. The error bars were given utilizing the standard
deviation of 147 particle data. ¢ Adsorption isotherm of dry and THF-assisted ball-
milled Mgg7 sNissY7 alloy. d HRTEM images and corresponding EDS mapping of
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THF-assisted ball-milled Mgg; sNis sY7 alloy. The inset represents the (102) lattice
plane of Mg. The red, light-blue and green dots represent Mg, Ni and Y elements,
respectively. e-g XPS spectra of Mgg;sNissY; NPs. The dots and solid lines repre-
sent experimental data and fitting results. During the fitting of the Mg 15, Ni 2p, and
Y 3 d core-level spectra, the full width at half maximum (FWHM) was constrained to
be identical for multiple peaks belonging to the same chemical state. Their area
ratios (shaded region) were also fixed with the theoretical ratio.

de/hydrogenation cycles. While Mgg5 sNissY; NPs (THF-assisted ball-
milled samples) are easily activated, the dry-milled samples cannot be
activated under the same conditions (Supplementary Fig. S7). After the
activation, the MggssNissY; NPs transform to MgH,-Mg,Ni-YH;
nanocomposite, whose BET surface area is 9.51 m>g™ (Supplementary
Fig. S8). In it, both Mg,Ni and YH, exhibit improved hydrogen adop-
tion and dissociation capability, which serve as catalytically active
phases (Supplementary Fig. S9). In YH;, hydrogen deficiencies are
required to serve as a catalytically active phase. The de/hydrogenation
kinetics of dry-milled sample is fiarly worse than that of Mgg; sNissY7
NPs (Supplementary Fig. S7). The dehydrogenation kinetics were
analyzed using the JMAK model and the Arrhenius equation to deter-
mine the apparent activation energy, and the isothermal kinetics were
further explored using the Sharp and Jones method (Supplementary
Table SI).

The results revealed that Mgg sNissY; NPs achieved 5.15wt.% H,
released within 3 minutes at 300 °C, reaching 95 % of its theoretical
capacity, and released 4.85wt.% H, in 15 min at 240 °C (Fig. 3a). The
analysis indicated its apparent activation energy of 69.9 kJ-mol™, sig-
nificantly lower than 158.0 kJ-mol™ reported for bulk MgH, (Fig. 3g)*°.
The isothermal kinetic analysis of Mgg,sNissY; NPs showed that the
experimental data were well fitted to the A2 model, suggesting that
nucleation-and-growth of Mg/MgH, phases is the rate-determining
step, consistent with previously reported Mg-TM-RE (TM = transition
metals, RE=rare earths) hydrogen storage alloys (Supplementary
Table S2 and Supplementary Fig. S10)"°. These findings demonstrate
that nanosizing Mgg; sNissY; notably improves the dehydrogenation
kinetics by increasing surface reactivity and reducing diffusion bar-
riers, compared with the reported Mg-TM-RE systems (Fig. 3h and
Supplementary Table S3)°",
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To explore the impacts of PMMA coating on dehydrogenation
kinetics, we synthesized Mgg; sNissY; NPs with varying PMMA thick-
nesses and tested their dehydrogenation capabilities from 240 °C and
300°C. At 300°C, 0.I-PMMA@MgssNissY; released 4.85wt.% H,,
while 0.5-PMMA@Mgg; sNis sY; showed reduced capacity of 3.65 wt.%
H,, with 83.5kJ-mol™ and 81.3 kJ-mol™, respectively (Fig. 3b-g). This
temperature-dependent trend persisted at 240 °C, with desorption
capacities decreasing to 4.46wt.% and 3.61wt.% H,, respectively,
maintaining the inverse correlation between PMMA loading and
hydrogen release efficiency. The kinetic model was fitted to the R2
model (Supplementary Table S4 and Supplementary Fig. S11), indi-
cating that interfacial chemical reactions are the rate-determining
step. Accordingly, the PMMA layer on the alloy surface impeded
hydrogen molecule access to active sites, thereby suppressing the
interfacial reaction kinetics. The suppressed dehydrogenation kinetics
corroborate this mechanism observed for 1.0-PMMA@Mgg7 sNis sY. It
only releases 1.94 wt.% H, at 300 °C and 1.76 wt.% H, at 240 °C. The
excessive coating of 1.0 wt.% PMMA caused a 63.1% hydrogen capacity
loss and a 28.0-52.8 % increase in the activation energy (Supple-
mentary Fig. S12). Supplementary Fig. S13 shows the equilibrium
pressures of uncoated and 0.1-PMMA@Mgs; sNissY;. The reaction
enthalpy obtained from van't Hoff equation shows the nanosizing
effect affect little to the thermodynamic properties.

To investigate the effects of different PMMA concentrations on
the microstructure and surface chemical states of dehydrogenated
Mgg sNissY; alloys, we systematically analyzed the dehydrogenated
samples. All the samples predominantly consist of Mg, Mg,Ni, and YH;
phases after dehydrogenation (Supplementary Fig. S14). The YH;
phase, formed during hydrogen absorption, remains stable without

decomposition during the dehydrogenation process. SEM images and
EDS elemental mappings of dehydrogenated alloys confirm that the
modified samples with varying PMMA concentrations maintain a fine
particulate morphology after dehydrogenation (Supplementary
Fig. S15). These results indicate that the Mgg; sNis sY alloy maintains a
relatively stable phase composition after dehydrogenation, and the
different PMMA concentrations have minimal impact on the phase
distribution.

HRTEM-EDS mapping (Supplementary Fig. S16) reveals uniform
dispersion of Mg and Y elements, whereas Ni predominantly segre-
gates as Mg,Ni clusters within the alloy matrix after dehydrogenation.
XPS analysis of uncoated and 0.1 wt.% PMMA-coated samples reveals
that the Mg 1s spectra resolves dual peaks, i.e., a metallic magnesium
component at 1303.5eV and an oxidized magnesium species at
1306.3 eV (Supplementary Fig. S17). This indicates that partial surface
oxidation exists. Meanwhile, the 0.5 and 1.0 wt.% PMMA samples show
a single Mg 1s peak at 1303 eV, verifying complete dehydrogenation
without detectable oxidation. The Ni 2p spectra consistently displays
spin-orbit doublets (2ps/, and 2p,/,) accompanied by two characteristic
satellite peaks across all compositions. The dominant 2p5,, component
at 852.5eV corresponds to Mg-Ni intermetallic bonding, confirming
the structural integrity of intermetallic phases during dehydrogena-
tion. The Y 3 d spectra reveals spin-orbit split 3ds/, and 3d5/, doublets,
where the 3ds/, peak at 157.2 eV is assigned to Y-H bonding config-
urations. Optimizing the concentration of PMMA is critical to balance
surface protection with hydrogen storage performance. Based on our
preliminary analysis of samples with varying PMMA contents, 0.1-
PMMA@Mgs7 sNissY; exhibited an optimal combination of high
hydrogen storage capacity and surface stability. Hence, we selected it
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Fig. 3 | Hydrogen Storage properties. a-c Isothermal dehydrogenation kinetic
curves of the nanostructured Mgg; sNis sY; alloy with three different PMMA pro-
tective layer contents. The isothermal dehydrogenation measurements were con-
ducted under the initial pressure of 0.01bar. d-f JMAK plots of corresponding
kinetic data. g Arrhenius’s plots obtained from JMAK plots. h Hydrogen desorption

performance comparison at 280 °C between the nanostructured Mgs; sNis sY alloy
developed in this work and other reported Mg-based alloys®°. The data of dry-
milled and THF-assisted samples were drawn utilizing blue bars, while the reference
data were illustrated utilizing light-blue bars, respectively. The red dots illustrate
the mean particle size of the compared samples.

for in-depth characterization to further elucidate its cyclic hydrogen
storage performance and structural stability.

The cycle stability of uncoated and 0.1-PMMA coated Mgg> sNis sY7
NPs is presented in Fig. 4a. To each sample, cycle stability was eval-
uated up to 500 cycles. Both samples exhibit excellent cycling stability,
while the uncoated Mgg;sNissY; exhibits persistent degradation in
terms of hydrogen storage capacity and reaction rates (Fig. 4a and b).
After experiencing 500 cycles, the hydrogen storage capacity changed
from 4.86 wt.% to 4.52 wt.%. Notable degradation of hydrogen storage
capacity and reaction rates were not identified for the 0.1-PMMA
coated Mgg,sNissY; (Fig. 4a and b). The 0.1wt% PMMA-coated
Mgs sNissY; material outperforms previously reported Mg-based
systems in both de/hydrogenation kinetics and cycling stability
(Fig. 4¢)°* %, These results collectively confirm that the PMMA-coated
nanocrystalline alloy powder possesses exceptional chemical stability
and remarkable cyclic durability under repeated hydrogen cycling
conditions.

Figure 5a shows the Mg, Ni and Y XPS data of 50 and 500 times
cycled uncoated Mgg;sNissY; NPs. The Mg 1s spectrum exhibits a

metallic Mg° peak centered at 1303.5 eV, indicating minimal surface
oxidation. The Ni 2p spectrum was deconvoluted into Mg-Ni alloy
components with two satellite peaks, confirming the presence of Mg—
Ni intermetallic bonding. The Y 3 d spectrum revealed a Y-H bonding
doublet, suggesting the presence of YH; species. These are consistent
with XRD data of cycled samples (Supplementary Figs. S14 and S18),
showing that the Mg, Mg;Ni and YH; are the major phases for the
dehydrogenated samples. It should be highlighted that the XPS data is
largely unchanged between the 50th and 500th samples for the
uncoated Mgg- sNissY; NPs (Fig. 5a). These suggest that the degrada-
tion of hydrogen storage capability is likely associated with the
structural or morphological evolution of materials. Figure 5b, ¢ show
the TEM images of uncoated and 0.1 wt.% PMMA-coated Mgg7 sNis sY7
NPs after 500 cycles. While the chemical composition keeps relatively
uniform, clear particle growth can be identified for the uncoated
Mgsg7 sNissY; NPs relative to the 50th cycled sample (Supplementary
Fig. S19), leading to the degraded cycle properties. Meanwhile, the
0.1wt.% PMMA coated sample kept its finer particle morphology even
after the long-cycle experiment (Fig. 5c). These data show that PMMA
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coating not only improves chemical stability but also helpful to keep
particle morphology during long-cycle operation.

Solvent-mediated partial ionicity
To elucidate the formation mechanism of nanostructures, we calcu-
lated the adsorption energies of THF at four distinct sites on the Mg
(0001) surface, namely FCC-hollow, Bridge, HCP-hollow and on-top
sites. Figure 6a shows that the most stable adsorption configuration
occurs at the on-top site above Mg atoms, with an adsorption energy of
—0.48 eV. Bader charge analysis (Fig. 6b and Supplementary Fig. S20)
combined with charge distribution difference calculations reveal that
upon THF adsorption, the Mg atom coordinating with the oxygen loses
0.56 electrons (manifested as positive charge states in blue), while
neighboring Mg atoms acquire 0.03-0.08 electrons, giving rise to the
Mg¥-Mg? dipole structure. Additionally, Y-doping induces charge
redistribution in proximal Mg atoms, with electron transfer quantities
as quantified (Supplementary Fig. S21). Different views of the THF
adsorption structure at the on-top site of Mg and the Y-doped struc-
ture are shown in Supplementary Fig. S22. Indeed, XPS analysis on the
as milled samples show the presence of both positively and negatively
charged Mg, consistent with the DFT calculations (Supplementary
Fig. S23). The synergistic interplay between THF adsorption and
Y-doping induces localized charge redistribution in adjacent Mg
atoms, giving rise to the partial ionicity between Mg atoms.
Subsequently, we discuss the impact of cyclohexane adsorption
on Mg-based alloy. Unlike THF, cyclohexane is characterized by less
polarized molecules and exhibits much weaker interaction (Supple-
mentary Figs. S24 and S25). As a result, adsorption of cyclohexane on
Mg-alloy does not cause drastic charge redistribution as was observed

for THF, and this is why cyclohexane does not obviously contribute to
mechanical nanosizing efficiency (Supplementary Fig. S4).

Such partial ionicity should suppress the ductility of Mg metal and
maximize the ball milling-driven structural deformation that facilitates
ion migration. The modified surface mechanical properties are indeed
demonstrated utilizing Vickers hardness measurements. As shown in
Fig. 6¢ and d, the notable enhancement of Vickers hardness was
identified for the THF-adsorbed sample. It achieved an average hard-
ness of 103.1 HV, representing 21.9 % enhancement compared to the
untreated surface (84.6 HV) (Supplementary Table S5). These results
indicate that the Mg surface becomes less ductile and thus more sus-
ceptible to mechanical impact, leading to enhanced ball-milling effi-
ciency. Based on the above-mentioned results, we propose the
mechanism of solvent-assisted mechanical nanosizing processes in
Fig. 6e. First, solvent molecules, such as THF, adsorb on the metal
surface. It gives rise to an electron distribution that enhances surface
hardness, making the metal powder more susceptible to mechanical
impact. Subsequently, the cracks are easier to generate, and the sol-
vent molecules can be adsorbed on the fresh surface, further enabling
mechanical nanosizing.

In summary, we successfully prepared Mgs> sNis sY7 NPs utilizing
solvent-assisted mechanical ball-milling. It was found that the
adsorption of solvents, such as THF, induces weak positive and nega-
tive charge distribution on the Mg surface. This partial ionicity
enhances the surface hardness of Mg-based alloys, thereby enhancing
mechanical nanosizing effect by the factor of 88. The nanostructured
Mgs, sNissY; alloy exhibited exceptional dehydrogenation kinetics,
releasing 5.22 wt.% H, within 5 min at 280 °C and 4.85 wt.% H; in 15 min
even at 240 °C, exceeding previously reported Mg-based hydrogen
storage alloys. The Mgg sNissY; NPs also exhibit improved chemical
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Fig. 5 | Chemical and structural evolution. a The XPS data of 50 and 500 times
cycled Mgs; sNis sY; NPs. The dots and solid lines represent experimental data and
data fitting. During the fitting of the Mg 1s, Ni 2p, and Y 3 d core-level spectra, the
full width at half maximum (FWHM) was constrained to be identical for multiple
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peaks belonging to the same chemical state. Their area ratios (shaded region) were
also fixed to the theoretical value. b, ¢ TEM-EDS data of 500-cycled uncoated
Mgg7 sNissY7 and 0.1-PMMA@Mgg7 sNis sY7 NPs. The red, light-blue and green dots
in the EDS represent Mg, Ni and Y signals, respectively.

and cycle stability, which is further improved by PMMA coating.
Notable kinetic and capacity degradation were not identified for the
PMMA-coated Mgg-sNissY7 NPs, at least for 500 cycles. The present
data reveals how the charge rearrangement caused by metal-solvent
interfaces affect surface mechanical properties and improve nano-
fabrication efficiency of ball-milling, which is even applicable to ductile
Mg-based alloys, offering an affordable and scalable approach for
nanofabrication of inorganic materials.

Methods

Sample preparation

The Mgg7.sNissY7 alloy was synthesized via vacuum induction melting
under a high-purity argon atmosphere. Nanostructured alloy powder
was fabricated via solvent-assisted ball milling with the following
protocol. In it, 0.25 g of alloy powder was weighed into a 100 ml ball
milling jar, followed by uniform dispersion of 1mL tetrahydrofuran
(THF) onto the powder surface using a calibrated micropipette. Ball
milling was performed for 20 hours under an argon atmosphere.
During the ball-milling, ball-to-powder ratio was set to 40:1 with the
rotational speed of 400 rpm. 10 min pause was introduced between
every 10 min milling to prevent overheating.

Three polymethyl methacrylate (PMMA, Mw ~ 120,000, Aladdin,
Shanghai) solutions with distinct concentrations (0.00025g/mL,
0.00125g/mL, 0.0025g/mL) were prepared by dissolving 0.005g,
0.025g, and 0.050g PMMA in 20 mL anhydrous tetrahydrofuran
(99.5%, Macklin). The mixtures were magnetically stirred in argon-
protected containers for 12 h to ensure complete dissolution. Three
gradient-concentration PMMA solutions were mixed with the
Mgsg7 sNissY7 NPs for PMMA coating. The experimental parameters are

summarized in Supplementary Table Sé. For the test of cyclohexane-
assisted ball-milling the solvent was changed to cyclohexane (99.9 %,
Macklin) while other conditions were retained.

Material characterization
The phase composition of the alloy was characterized by X-ray dif-
fraction (XRD, Rigaku, Cu Ka radiation) at a step size of 0.02° and a
scanning rate of 5°min™. The morphological characteristics and ele-
mental distribution of the samples were analyzed before and after
hydrogen storage performance tests using environmental scanning
electron microscopy (ESEM, Quattro S) and transmission electron
microscopy (TEM; Talos F200S). The error bars of particle distribution
were estimated utilizing Gaussian fit with statistics from n=147. The
elemental composition and stoichiometry of the samples were deter-
mined by X-ray photoelectron spectroscopy (XPS, Thermo K-Alpha,
Thermo Fisher Scientific). The C 1s peak (284.8 eV) was used as the
reference. During the fitting of the Mg 1s, Ni 2p, and Y 3 d core-level
spectra, the full width at half maximum (FWHM) was constrained to be
identical for multiple peaks belonging to the same chemical state, and
their area ratios were fixed. For the Ni 2p and Y 3 d doublet, the area
ratio and splitting set at reference values, thereby ensuring the accu-
racy of the results.

Vickers hardness testing using a 300 g load and a holding time of
10 s was carried out on a Micro Vickers hardness testing system (UHV-
1000F). For each sample, 120 tests were performed and utilized for
statics estimation, such as median/mean values, the 25th/75th quartiles
and standard deviation. Prior to the Vickers hardness test, the alloys
surface was polished. THF was then sprayed to the surface, and the
excess THF was dried under an ambient condition.
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each sample, 120 tests were performed and utilized for statics evaluation. The box
plot depicts the median (solid line), mean (dashed line), the 25th and 75th quartiles
(box), respectively. Error bars were derived from the standard deviation.

e Proposed solvent-assisted mechanical nanosizing mechanism. It is considered
that the adsorbed THF gives rise to electron distribution on Mg surface. It resulted
in harder surface properties and made the Mg-based alloy being more susceptible
to mechanical impact.

Hydrolysis corrosion experiments

The hydrolysis corrosion reaction was tested in a hydrolysis H, gen-
eration device based on the drainage method. The equipment con-
sists of a reaction device and a data logger. The amount of gas
released was measured by the mass of water discharged from the gas
scrubber bottle, which was weighed with a balance throughout. The
weight of deionized water was obtained automatically by an electro-
nic balance connected to a computer, which stored data and reaction
times. Then, the generation rate-time curve corresponding to the
hydrolysis H, generation process was obtained. For hydrolysis cor-
rosion reaction, in a typical experiment, ~ 0.05g of the sample was
loaded in a 100 ml flask bottle, and 50 ml deionized water was added
to start the reaction at room temperature and under ambient atmo-
sphere. The flask was immersed in a circulating water bath to control
reaction temperature and put over a magnetic stirrer to agitate the
reactions. The background flow (0.15 ml-min™) was subtracted from
the data.

Hydrogen storage performance measurements

The isothermal hydrogenation and dehydrogenation characteristics of
the samples, including cycling curves, were investigated using a com-
mercial Sieverts-type apparatus (PCT Pro, Setaram and H-Sorb 4600PCT
PRO, Cigtec). The background hydrogen pressures were set to 30 bar for
hydrogenation and 0.0l1bar for dehydrogenation processes, respec-
tively. Prior to hydrogen absorption/desorption kinetics testing, the
alloy samples were subjected to 5 activation cycles at 300 °C.

To better understand the dehydrogenation kinetic behavior, the
equations associated with Sharp’s and Jone’s method model (equation
1 and 2) were used to fit the isothermal dehydrogenation curves at
different temperatures®*
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where d is the differential of conversion extent, d. is the differential of
time, k is the reaction rate constant, f(a) is a function that depends on a
specific kinetic mechanism, A represents a constant related to the
kinetic mechanism, and ¢, 5 represents the time when a equals to 0.5.
The kinetic model was obtained by plotting the experimental value
(t/to.5)exp against the theoretical value (/o 5)iheo-

The PCT curves of samples in different cycle stages were tested at
a temperatures of 280 °C, 300 °C, 320 °C, 340 °C and hydrogen pres-
sures ranging from 0.02 to 3 MPa. The reaction enthalpy (AH) was then
calculated utilizing van’t Hoff equation.

In (@> =AH/RT — AS/R 3)
PO

where Py, denotes the equilibrium pressure of the Mg/MgH, reaction,
AH represents the enthalpy change, AS is the entropy change, T is the
testing temperature, R is the gas constant [8.314 J/(mol-K)], and P, the
standard atmospheric pressure (~1.01 x 10°Pa).

DFT studies

All structural relaxations and electronic structure calculations were
carried out using density functional theory (DFT) as implemented in
the Vienna Ab initio Simulation Package (VASP)*’. Based on the opti-
mized bulk lattice parameters, a 6 x 6 Mg(0001) surface model was
constructed for the simulations, with a vacuum layer of 15A intro-
duced to eliminate interlayer interactions. The supercell consists of
five atomic layers, with the bottom three layers fixed to mimic the bulk
behavior and improve computational efficiency. During geometry
optimization, the plane-wave cutoff energy was set to 450 eV, and a
Monkhorst-Pack k-point mesh of 5x 5x1 was used. The convergence
criteria for electronic self-consistent iteration and ionic relaxation
were set to 10"eV per atom for the total energy and 0.01 eV-A™ for the
maximum atomic force, respectively. The exchange-correlation func-
tional was treated within the generalized gradient approximation
(GGA) using the Perdew-Burke-Ernzerhof (PBE) formulation®* ¢, The
electron charge density was analyzed using the Bader charge analysis
method combined with charge density difference calculations. For the
transition state analysis of the hydrogen dissociation reaction, the
climbing image nudged elastic band (CI-NEB) was employed to identify
saddle points and minimum energy paths (MEPs)**, The number of
CI-NEB images was determined using the VASP-VTST’”® script, based
on the interatomic distances between the initial and final states. All
transition-state models were fully optimized until the energy and force
convergence thresholds of 1x10°%eV and 0.01eV-A™, respectively,
were reached. The adsorption energy E,4(X) of X (X =tetrahydrofuran
or cyclohexane) on the surface is defined as E,4(X) = E¢o:(X/sub)-E(sub)-
E(X), where E(X/sub) is the total energy of the optimized config-
uration of the X molecule adsorbed on the substrate, E(sub) is the total
energy of the clean substrate, and E(X) is the total energy of an isolated
X molecule.

Data availability

The data generated in this study are presented in the main text, Sup-
plementary Information and Source Data file. Source data are provided
in this paper.
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