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ABSTRACT

Hydrogen storage in metal hydrides holds great promise for advancing a low-carbon energy future. Yet, fine-tuning the
thermodynamics of hydrogen absorption remains challenging with traditional microalloying approaches. Here, we report a
strategy inspired by compositionally complex alloy design to introduce atomic disorder into the prototypical TiFe intermetallic
system. By progressively substituting Fe with Co, Ni, Cu, and Mn in equal proportions, we synthesize a series of near-single-
phase B2-structured compositionally complex intermetallics, that is, Tiso(FeCo)so, Tiso(FeCoNi)sg, Tiso(FeCoNiCu)so, and
Tiso(FeCoNiCuMn)s, (at.%). These materials exhibit hydrogen storage capacities (measured by pressure-composition isotherm,
PCI) of 1.39, 1.42, 1.31, and 1.14 wt.% under 100 bar of H, at 50°C, respectively. Notably, Tiso(FeCo)so demonstrates rapid
hydrogen uptake kinetics, achieving 90% of its full capacity within 77 s under 50 bar of hydrogen pressure at 50°C. Hydrogen
storage thermodynamic analyses reveal that increasing atomic disorder stabilizes the hydride phase, with thermodynamic
stability following the order: Tiso(FeCoNiCuMn)s, > Tiso(FeCoNi)so > Tiso(FeCoNiCu)so > Tiso(FeCo)so. Our findings establish
atomic disorder as a versatile thermodynamic tuning knob for intermetallic hydrides, offering a rational framework for the
design of advanced hydrogen storage materials.

1 | Introduction have emerged as promising candidates, owing to their favorable
thermodynamics and moderate operating conditions [6, 7]. Nota-
bly, the B2-type intermetallic compound TiFe can reversibly store
ca. 1.33wt.% of hydrogen within 10 min under 65bar of H, at
40°C, demonstrating low-pressure operation, efficient thermal

Hydrogen is widely regarded as a pivotal energy carrier in the
transition to a carbon-neutral future, owing to its exceptional
gravimetric energy density (~120 MJ kg "), which surpasses that of
conventional fuels such as methane, propane, and gasoline [1].
However, the widespread adoption of hydrogen is greatly hindered management and rapid kinetics [8]. These features position TiFe
by challenges associated with its storage and transport. Among the ~ s @ Viable material for practical deployment. However, its
various storage strategies, solid-state hydrogen storage offers dis- hydrogen storage performance remains suboptimal. Achieving
tinct advantages, including high energy density, intrinsic safety, ~ further improvements requires a holistic design strategy that
and minimal energy loss, making it particularly attractive for ~ integrates considerations of activation behavior, storage capacity,
stationary applications [2-5]. Room-temperature metal hydrides  thermodynamic stability, and kinetic performance.
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Traditional approaches to tuning metal hydride properties have
relied heavily on microalloying or processing modifications. For
example, the introduction of 4at.% Cr into TiFe simplifies
activation, requiring only 20 to 24 h under 25 bar of H, at 300°C,
but it reduces the storage capacity to 1.0 wt.% under 60 bar of H,
at 22°C [9]. Substitution of 0.1 at.% Ni for Fe in TiFe dramati-
cally enhances kinetics, yielding 0.9 wt.% uptake within 5 min
under 30 bar of H, at 40°C, yet widens the pressure gap between
the first and second plateaus and thus diminishes reversible
capacity [10, 11]. Mn emerges as a particularly effective modi-
fier: replacing 10at.% Fe with Mn increases the reversible
capacity from 1.31 to 1.50 wt.% at 25°C under a pressure range
of 0.3 to 25 bar of H,, albeit at the cost of a steeper plateau slope
and broader operating pressure range [12]. Similarly, ball mil-
ling, ion implantation, and severe deformation markedly
improve activation but incur capacity penalties [13-15]. For
instance, milling the as-cast TiFe-based intermetallic for 60 min
reduces its capacity from 1.39 to 1.05 wt.% under 35 bar of H, at
50°C [16].

Compositionally complex alloys have recently attracted con-
siderable attention for energy-related applications, owing to
their vast compositional diversity and highly tunable properties
[17-25]. Comprising multiple principal elements in near-
equiatomic ratios, compositionally complex alloys introduce
substantial atomic disorder into the crystal lattice, profoundly
influencing structural and chemical behavior. This intrinsic
disorder offers a wide range of possibilities to tune the hydrogen
storage properties in the desired direction, which offers new
opportunities to engineer hydrogen storage behavior in ways
not possible with conventional alloys. For instance, Dangwal
et al. developed a compositionally complex alloy with AB-type
configuration, that is, TiV,ZrCrMnFeNi alloy with dual C14
Laves and body-centered cubic (bcc) phases [26]. The results
show that the main phase for hydrogenation is the C14 phase,
while the existence of the bcc phase helps to build the inter-
phase boundaries, thus promoting the activation behavior of the
alloy. The TiV,ZrCrMnFeNi alloy can reversibly absorb/desorb
1.6 wt.% of hydrogen at 20°C under a pressure of 100 bar of H,,
as obtained from pressure-composition isotherm (PCI) curves.
The kinetic results show that the hydrogenation reaches a
steady state within 1 min, suggesting fast kinetic behavior. Later
on, with the support of machine learning method, a series of
TiyZr,_,CrMnFeNi (x = 0.5, 1.0, and 1.5) with desired enthalpy
for room-temperature hydrogen storage were developed [27].
The hydride formation enthalpies of these predicated alloys fall
well in the range of —39 to —25kJ mol™", which are in good
agreement with the experimental and density functional theory
(DFT) calculations data. The findings suggest that machine
learning can serve as an efficient and dependable tool for
designing compositionally complex alloys with tailored hydro-
gen storage characteristics.

Inspired by the design principles of compositionally complex
alloys, we substitute Fe with Co, Ni, Cu, and Mn in equia-
tomic ratios to introduce atomic disorder into the proto-
typical TiFe intermetallic system. Tiso(FeCo)so was selected
as the starting composition since Ti-Co and Fe-Co pairs
have favorable mixing enthalpies, indicating a thermo-
dynamically stable and homogeneous intermetallic phase.
This provides a well-defined structural and thermodynamic
stability for systematically studying atomic disorder by

compositionally complex alloying on the B sites. The
resulting compositionally complex intermetallics (CCIs)
Tiso(FeCo)sg, Tiso(FeCoNi)sg, Tiso(FeCoNiCu)sy, and
Tiso(FeCoNiCuMn)s, (at.%) all adopt a predominantly single
B2-ordered phase structure, yet display markedly different
kinetic and thermodynamic responses upon hydrogen up-
take. These CCIs reversibly absorb 1.39, 1.42, 1.31, and
1.14wt.% of hydrogen, respectively, under 100 bar of H, at
50°C. Their corresponding hydrogenation plateau pressures
at 100°C are 4.21, 0.47, 0.73, and 0.44 bar, highlighting the
tunable thermodynamics achieved through controlled com-
positional complexity. This atomic disorder-driven design
paradigm opens new avenues for engineering advanced
hydrogen storage materials with tailored performance.

2 |
21 |

Results and Discussion
Microstructural Characterization

We used synchrotron radiation powder X-ray diffraction (SR-
PXD) to investigate the crystal structures of Tiso(FeCo)so,
Tiso(FeCoNi)sg, Tisg(FeCoNiCu)so, and Tiso(FeCoNiCuMn)sq
CCIs (Figure 1A-D). All four CCIs exhibit a nearly single-
phase B2 structure, which has an ordered bcc lattice (space
group Pm—3m). Their calculated lattice constants are
2.9875+0.0001, 3.0047 +0.0001, 3.0275+0.0003, and
3.0256 + 0.0001 A, respectively. As the number of alloying
elements increases from Tiso(FeCo)sy to Tiso(FeCoNiCu)sg,
the lattice expands accordingly. However, the addition of Mn
in Tiso(FeCoNiCuMn)s, does not further increase the lattice
constant, suggesting that the influence of configurational
entropy on lattice expansion diminishes beyond a certain
compositional complexity. Despite the slight changes in lat-
tice constant, all CCIs retain the same B2 structure as
TisoFes, (lattice constant a =2.9788 +0.0004 A), with only
trace amounts of Ti,Fe-type secondary phase detected [8]. All
CCIs possess larger lattice constants than TisoFeso, indicating
that the introduction of multiple elements leads to lattice
expansion. Rietveld refinement reveals that the secondary
phase content in all four CClIs is negligible, remaining below
1wt.%, see Figures S1-S4. In the case of TisoFeso, cap. 1.4 +
0.1% of the Ti,Fe phase was detected. When synthesized
using the same protocol (arc melting, casting, and crushing),
CCIs exhibit phase constitutions comparable to those of
TisoFeso intermetallics. Figure 1E-H show the atomic con-
figurations generated using the special quasi-random struc-
ture (SQS) model. Each model contains 128 atoms. As more
elements are introduced, the degree of atomic disorder
increases, reflecting the growing chemical complexity of the
system.

The microstructures of all four CCIs were further investigated by
scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), and electron backscatter diffraction (EBSD).
Figure 2AB display the SEM micrographs of the as-cast
Tiso(FeCo)sy CCL. SEM reveals a uniform B2 matrix punctuated
by sparse, submicron particles at grain boundaries. EDS, in con-
junction with SR-PXD, identifies these particles as the Tiy(FeCo)
phase (Figure S5). EBSD mappings (Figure 2C,D) yield an average
grain size of 12.6 um for this CCIL Figure 2E,F,LJM,N show
analogous micrographs for Tiso(FeCoNi)sp, Tiso(FeCoNiCu)sg, and
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Crystallographic features. (A—D) SR-PXD patterns of Tiso(FeCo)sg, Tiso(FeCoNi)sy, Tiso(FeCoNiCu)so, and Tiso(FeCoNiCuMn)s,

CCIs (wavelength A =0.20735 A), illustrating phase evolution with increasing atomic disorder. (E—H) Corresponding atomic configurations gen-
erated via the SQS approach, revealing local structural motifs and atomic disorder across the CCI series.

Tiso(FeCoNiCuMn)s, respectively. In all cases, the B2 phase
dominates, with only trace secondary phases surrounding grain
boundaries. Elemental distributions (Figures S5,S6) reveal that in
both Tiso(FeCo)so and Tiso(FeCoNi)sg, Co and Ni occupy mainly Fe
sites, leaving Ti at ~50 at.% in the B2 matrix. In Tiso(FeCoNiCu)sg,
however, the B2 matrix contains ~40at.% Ti and ~30at.% Cu
(Figure S7), indicating that Cu substitutes for both Fe and Ti sites.
In the B2 matrix of Tiso(FeCoNiCuMn)s,, Ti remains at ~40 at.%
and Cu at ~20 at.% (Figure S8), suggesting that Mn preferentially
occupies Fe sites while Cu distributes over both Fe and Ti
positions. The secondary phases also evolve with composition.
The grain-boundary phase in Tiso(FeCoNi)s, corresponds to
Ti,(FeCoNi) (Figure S6G). In Tiso(FeCoNiCu)s, this phase shows
a Ti:(Co+ Ni+ Cu) ratio of ca. 4:1, reflecting its Ti enrichment
and Cu depletion (Figure S7H). In Tiso(FeCoNiCuMn)so, EDS line-
scan indicates a Ti:(Co + Ni + Cu + Mn) ratio near 2:1, akin to the
secondary phases in Tiso(FeCo)so and Tiso(FeCoNi)s, (Figure S8I).
This progression highlights Cu's pronounced role in secondary-
phase formation. EBSD measurements (Figure 2G,H,K,L,0,P)
show that Tiso(FeCoNi)s, grains average 12.6 um, which is com-
parable to Tiso(FeCo)so. The grain sizes for Tiso(FeCoNiCu)so and
Tiso(FeCoNiCuMn)sg refine to 7.1 and 7.9 pum, respectively. Despite
increasing chemical complexity, the average grain size remains
primarily governed by the presence of Cu, rather than configura-
tional entropy. As a matter of comparison, the average grain size
for the TisoFes, intermetallic prepared by the same method is
approximately 41.0um, as shown in Figure S9, which is
about three to five times as large as those of the four CCIs inves-
tigated here. The results imply that multi-elemental substitution
leads to a significant reduction in grain size, which may influence
the hydrogen diffusion pathways and nucleation sites for the
hydride phase.

22 |

Figure 3A,E,LM present PCIs from O to 100bar for all four
CCIs. Expanded views from 0 to 15 bar appear in Figure 3B,F,J,N.
At 50°C under 100bar of H,, Tiso(FeCo)so, Tiso(FeCoNi)sp,
Tiso(FeCoNiCu)sg, and Tiso(FeCoNiCuMn)s, reach hydrogen stor-
age capacities of 1.39, 1.42, 1.31, and 1.14 wt.%, respectively. The
plateau pressures were determined by identifying the midpoint of
each plateau region on the PCIs. Tiso(FeCo)s, exhibits a two-step
hydrogenation: at 50°C, the first and second hydrogenation pla-
teaus lie at 0.39 and 8.59bar (dehydrogenation at 0.26 and
8.21 bar), which shift to 4.21/25.41 bar (hydrogenation) and 3.31/
19.90 bar (dehydrogenation) at 100°C. van't Hoff fittings of the
first plateau over 50°C-125°C yield the hydrogenation enthalpy
AH,p=—47.5+04kImol™, hydrogenation entropy ASu,=
—139.1 +1.1JK™" mol™" (Figure 3C), dehydrogenation enthalpy
AHges =49.7 + 1.0kI mol™, and dehydrogenation entropy ASges =
1429 +2.7JK™" mol™" (Figure 3D). In contrast, Tiso(FeCoNi)so
displays a single plateau at ~0.02 bar for both hydrogenation and
dehydrogenation process at 50°C, shifting to 0.47/0.41bar at
100°C. Its thermodynamics over 50°C-200°C gives AH,,s = —55.1
+4.5kImol™, AS,ps=-1404+11.5JK™" mol™" (Figure 3G),
AHyee=53.8+4.7kImol™" and AS;es=136.1+123JK" mol™*
(Figure 3H). Substituting Cu in Tiso(FeCoNiCu)s, raises the
50°C plateau to 0.21bar for hydrogenation (0.02bar for
dehydrogenation) and to 0.73/0.42 bar at 100°C. Its AHps and ASqps
drop to —34.5+3.2kImol™ and AS,,,=—-924+82JK ' mol™
(Figure 3K), with AHge =44.9 + 5.3 kI mol™ and ASye, =109.0 +
13.6 JK" mol™ (Figure 3L). Adding Mn restores stronger bond-
ing, whereas Tiso(FeCoNiCuMn)s, shows at 50°C, both hydro-
genation and dehydrogenation plateaus are 0.02bar. The
hydrogenation and dehydrogenation plateaus at 100°C are 0.44 and
0.11bar, with AHps=—49.5+3.6kImol™!, ASys=—122.9+92
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FIGURE 2 |

Microstructural characteristics. (A—D) Secondary electron (SE) images, EBSD map, and crystallite size distribution of the

Tiso(FeCo)so CCI. (E—H) Corresponding SE images, EBSD map, and crystallite size distribution for Tiso(FeCoNi)s,. (I—L) Microstructural analyses of
Tiso(FeCoNiCu)so. (M—P) Microstructural analyses of Tiso(FeCoNiCuMn)so. The data highlight grain morphology, orientation, and size distribution

across the CCI series as a function of increasing atomic disorder.

JK™' mol™ (Figure 30), AHge=50.0+54kImol™", and
ASges =120.3+14.1JK " mol™" (Figure 3P). At 50°C, hydrogena-
tion plateau pressures follow: Tiso(FeCo)so > Tiso(FeCoNiCu)sy >
Tiso(FeCoNi)sy = Tiso(FeCoNiCuMn)sy; at 100°C they rank:
Tiso(FeCo)sg > Tiso(FeCoNiCu)sg > Tisg(FeCoNi)sg > Tiso(FeCoNi-
CuMn)s,. The CCI with more negative AH has a more negative AS
value, for example, Tiso(FeCoNi)s, CCI has the most negative AH
and AS. This is consistent with a AH-AS compensation behavior,
which is frequently observed in metal-hydrogen systems. This
compensation indicates that during the hydride formation process,
the changes in metal-hydrogen bond strength are relatively offset
by structural changes. Note that the binary TiFe system exhibits
AH,ps of —24.6kImol™ H, and AS,ps of —100.8 JK™! mol™ H,,
which provides a useful reference point for assessing the role
of chemical complexity [8]. The AS,,s values of Tisy(FeCo)sg,
Tiso(FeCoNi)sg, and Tiso(FeCoNiCuMn)s, are more negative than
that of binary TiFe, indicating that upon hydrogenation, hydrogen
in these CCIs occupies various compositionally distinct local en-
vironments, resulting in greater loss of configurational freedom. In
comparison, the Tiso(FeCoNiCu)s, CCI exhibits a less negative
AS,ps than other CCIs and binary TiFe, implying that Cu not
only modifies the bond strength of metal-hydrogen, but also

reduces configurational contribution to the hydrogenation
entropy. This suggests that some specific B site elements, such
as Cu, can influence both hydrogenation enthalpy and en-
tropy. The later introduction of Mn partly reestablishes
stronger bonding and a more negative entropy, consistent
with its analogous role to Co and Ni in the TiFe lattice.
The hysteresis calculated from 100°C plateaus decreases
from 1.20 in Tiso(FeCo)s, (first plateau only) to 0.85,
0.36, and 0.37 in the Tiso(FeCoNi)sy, Tiso(FeCoNiCu)sy, and
Tiso(FeCoNiCuMn)s, CCIs, respectively. All four CCIs exhibit
lower hysteresis than TisoFeso (1.30), demonstrating more
reversible hydride formation and tunable thermodynamics for
practical hydrogen storage applications. It is worth noting
that the observed hydrogenation/dehydrogenation thermo-
dynamics are controlled not only by the hydrogen binding
energy of individual elements, but also by the atomic disorder
and related distribution of hydrogen binding local environ-
ment. On one hand, substituting Fe by Co, Ni, Cu, and Mn
can modify the metal-hydrogen interactions due to their
different hydrogen binding energies. In compositionally
complex B sites, the substitutions can change the coordinates,
electron densities, and local strains, thus altering the local
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FIGURE 3 | Thermodynamic properties of hydrogen storage. (A—D) PCIs and van't Hoff analyses for determining the hydrogenation/
dehydrogenation enthalpy (AH) and entropy (AS) of Tiso(FeCo)so. (E—H) Corresponding PCI curves and van't Hoff fittings for Tiso(FeCoNi)so. (I-L)
Thermodynamic analyses of Tiso(FeCoNiCu)so. (M—P) Thermodynamic analyses of Tiso(FeCoNiCuMn)s,. The results highlight systematic variations
in hydrogen storage behavior and thermodynamic parameters with increasing atomic disorder.

chemical environment [28]. This can significantly affect the Tiso(FeCoNiCuMn)s, CCI activates in 15 h, the Tiso(FeCo)sq
thermodynamic properties when compared to the binary TiFe CCI in 5h, and the Tiso(FeCoNiCu)so CCI in just 2.5 h, which
alloy. On the other hand, the significance of introducing is the quickest among all. These results highlight that atomic
atomic disorder by compositionally complex alloying can lead disorder introduced by multiple principal elements signifi-
to a broad distribution of hydrogen binding environments cantly improves activation behavior compared to the binary
rather than a single characteristic environment [29, 30]. system. Following activation, dehydrogenation was per-
Therefore, the observed PCI plateau features are consistent formed under 0.5bar of H, with a temperature range from
with the broadened elemental distributions, which do not 50°C to 300°C at 10°C min~*! (Figure 4C). The Tiso(FeCo)so
follow a simple linear or weighted-average relationship if we CCI delivers the highest capacity (1.44wt.%), followed by
consider only the hydrogen binding energy of individual  Tis(FeCoNi)s, (1.28 Wt.%), Tiso(FeCoNiCuMn)s, (1.26 Wt.%),
elements. and Tisq(FeCoNiCu)so (1.03 wt.%). Notably, the Tiso(FeCo)sq

All CCIs require activation before PCI and kinetic measure- ~ CCI exhibits a rapid initial release of 0.51 wt.% of hydrogen.
ments. Figure 4A,B show the first hydrogenation behaviors for ~ Hydrogenation kinetics were measured under 50 bar of H, at
the investigated CCIs under 65 bar of H, at 50°C. Compared to ~ 50°C. The hydrogenation capacities for the Tiso(FeCo)so,
the binary TisoFes, intermetallic, which takes about 150h to  Tisg(FeCoNi)so, Tiso(FeCoNiCu)sy, and Tiso(FeCoNiCuMn)so
activate, the newly designed CClIs activate much more quickly. CCIs are 1.45, 1.33, 1.36, and 1.31wt.%, respectively
In contrast, the Tiso(FeCoNi)s, CCI activates in 36.9 h, and the (Figure 4D). For comparison, the TisoFes, intermetallic
other three CCIs display even faster activation (Figure 4B). The shows a hydrogenation capacity of 1.42 wt.% under the same
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FIGURE 4 | Hydrogen storage kinetic properties. (A) First hydrogenation curves of Tiso(FeCo)so, Tiso(FeCoNi)sy, Tiso(FeCoNiCu)sg, and

Tiso(FeCoNiCuMn)s, measured at 50°C under 65bar of H,. (B) Enlarged view of the initial hydrogenation stage (orange box in A).
(C) Dehydrogenation kinetics under 0.5 bar back pressure with a temperature ramp from 50°C to 300°C at 10°C min~"'. (D) Comparative hydro-
genation kinetics at 50°C under 50 bar of H,. (E) Corresponding kinetic modeling results of the hydrogenation kinetics in (D). The results illustrate
the influence of increasing atomic disorder on hydrogenation/dehydrogenation rates.

conditions. The Tisyo(FeCo)so, CCI achieved 90% of its capacity
(1.30 wt.%) within 77 s—significantly faster than the others,
which required 1029, 2055, and 7845s, respectively. The
dehydrogenation rate trends mirror those of hydrogenation,
underscoring the strong hydrogen-trapping effect introduced
by high configurational entropy. These results indicate that
increasing configurational entropy slows both
dehydrogenation and hydrogenation, likely due to greater
lattice distortion that hinders hydrogen diffusion. The Cu-
alloyed Tiso(FeCoNiCu)s, exhibits a markedly faster activa-
tion than the other studied CClIs, yet its subsequent hydro-
genation rate remains inferior to that of Tiso(FeCo)s, and
Tiso(FeCoNi)so. All samples begin with comparable surface
oxidation levels, but Cu introduction may lead to higher
resistance to oxidation. This could influence the surface
chemistry and passivation behavior, allowing more rapid
oxide disruption and the emergence of fresh reactive sites
during the initial hydrogenation process [31]. Simulta-
neously, the enlarged lattice constant in Tiso(FeCoNiCu)s,
lowers the energy barrier for hydride nucleation, while
hydrogen-induced microcracks and defects furnish additional
heterogeneous nucleation centers [32]. These synergistic ef-
fects drive the accelerated activation, yet upon extended
hydrogenation/dehydrogenation activities, the progressive
defect accumulation, particle pulverization, and agglomera-
tion affect the hydrogen diffusion pathways and ultimately
diminish the kinetic advantage [33]. To elucidate the rate-
limiting step of the hydrogenation processes shown in Fig-
ure 4D, kinetic modeling was conducted using various

models (Table S1), with fitting performed over the reaction
range of 0.25-0.7. Comprehensive fitting results are pre-
sented in Figures S10-S13 and Tables S2-S5 [34]. As illus-
trated in Figure 4E, the optimal kinetic models differ among
the four CCIs. For Tiso(FeCo)so, hydrogenation is governed
by a three-dimensional diffusion mechanism described by the
Ginstling-Brounshtein (D4) model. In contrast,
Tiso(FeCoNi)so and Tiso(FeCoNiCuMn)s, follow a distinct
three-dimensional diffusion pathway consistent with the
Jander (D3) model. Meanwhile, Tiso(FeCoNiCu)s, exhibits
kinetics that conform to the Johnson-Mehl-Avrami-
Kolmogorov (JMAK) model with a reaction order of 1 (F1),
indicating that its hydrogenation is primarily controlled by
nucleation and growth of the hydride phase. In
metal-hydrogen systems, the hydrogenation process typically
proceeds through five successive steps. (1) Physisorption:
hydrogen molecules weakly adsorb onto the metal surface
through van der Waals interactions. (2) Chemisorption: the
adsorbed hydrogen molecules dissociate, and the resulting
atomic hydrogen forms chemical bonds with surface metal
atoms. (3) Surface penetration: hydrogen atoms penetrate
through the metal's surface. (4) Hydrogen diffusion: hydro-
gen atoms diffuse through the metal lattice. (5) Nucleation
and growth of the hydride phase: the hydride phase begins
nucleation, followed by growth with the interface movement.
Among these steps, the slowest one limits the overall
hydrogenation rate and is referred to as the rate-limiting step.
Although all four CCIs have near-single-phase characters,
their degree of atomic disorder, local chemical environment,
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and lattice strain vary significantly. All these features
may lead to different hydrogen diffusion rates, hydride
phase nucleation and growth by interface movement,
resulting in different kinetic behavior. For the Tiso(FeCo)s,
CCI, which has the smallest atomic disorder degree, nucle-
ation of the hydride phase is ready thus the bulk diffusion
becomes the rate-limiting step. Like Tiso(FeCoNi)s, and
Tiso(FeCoNiCuMn)s, CCIs follow the same model, in
which the rate-limiting step is also a diffusion-controlled
process. However, as the model changed from D4 to D3, this
means that the addition of Ni and Mn alters the diffusion in a
different geometric configuration as compared with
Tiso(FeCo)so CCI. In contrast, when introducing Cu into the
B sites, as for Tiso(FeCoNiCu)s, CCI, the hydrogenation
reaction is dominantly controlled by nucleation and growth
of the hydride phase.

Although it will be difficult to link directly the rate-limiting
steps within kinetic measurements with the thermodynamic
properties of the CCIs, both the thermodynamic and kinetic
behavior point to the same underlying factors related to atomic
disorder, local chemical environment, and lattice distortion.
Ideally, they follow the same sequence, as Tiso(FeCoNiCu)sq
CCT has the least negative AH,,s and AS,, values, and the rate-
limiting step during hydrogenation is the nucleation and
growth of the hydride phase. Interestingly, the introduction of
Cu can introduce severe lattice distortion and greater atomic
disorder, which thermodynamically weakens the metal-
hydrogen bond strength and reduces structural ordering and

kinetically hinders the hydride phase from continuous nuclea-
tion sites.

2.3 | Hydrogenation/Dehydrogenation Process

To track phase evolution during hydrogenation, in-situ SR-PXD
was applied to Tiso(FeCo)so under 15 bar of H, while ramping
the temperature from 30°C to 200°C at a heating rate of 10°C
min~! (Figure 5A). The first emergence of hydride peaks at 28
close to 5° appears at 136°C, marking hydride formation under
this condition. In contrast, heating Tiso(FeCo)so CCI in 1 bar of
Ar with an identical temperature program produces no struc-
tural changes (Figure 5C), confirming that the new peaks in
Figure 5A arise solely from hydrogen uptake. Detailed SR-PXD
scans in Figure 5B,D reinforce this conclusion. Under Ar, dif-
fraction patterns at 30°C and 136°C overlap perfectly
(Figure 5D), whereas under H,, the hydride reflections become
evident alongside the parent B2 peaks (Figure 5B). The close
similarity of the hydride and B2 lattice parameters suggests that
hydrogen occupies interstitial sites without drastically distort-
ing the host lattice.

We used high-pressure differential scanning calorimetry (DSC)
to determine how atomic disorder affects the dehydrogenation
activation energy (E,). For Tiso(FeCo)sy, 10bar of H, was
applied as back pressure, and the sample was heated from room
temperature (RT) to 300°C; for the other three CCIs, the back
pressure was 1 bar of H,, and they were heated to 500°C. Note
that the back pressure is different for the Tiso(FeCo)so sample,
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FIGURE 5 | In-situ SR-PXD analyses. (A) Two-dimensional SR-PXD map (wavelength 1 =0.20739 A) showing phase evolution during hydro-
genation of unhydrogenated Tiso(FeCo)so. (B) Phase compositions before and after hydrogenation. (C) Two-dimensional SR-PXD map of Tiso(FeCo)so
during heating in the unhydrogenated state. (D) Corresponding phase composition of unhydrogenated Tiso(FeCo)s, during thermal treatment. The
data reveal structural transformations induced by hydrogen uptake and temperature variation.
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as the thermodynamic stability of its hydride is higher than that Tiso(FeCo)s exhibits two endothermic peaks, indicating a two-
of the others. Figure 6A,C,E,G display DSC traces at heating step dehydrogenation; its main peak temperature reaches
rates of 1, 3, 5°C, and 10°C min~' for the hydrogenated 187.0°C at 10°C min~'. At the same heating rate, the main
Tiso(FeCo)sg, Tiso(FeCoNi)sg, Tiso(FeCoNiCu)sy, and Tisg dehydrogenation peaks are 200.9°C for Tiso(FeCoNi)so, 195.8°C
(FeCoNiCuMn)sg, respectively. Under the applied conditions, for Tiso(FeCoNiCu)sy, and 242.8°C for Tiso(FeCoNiCuMn)sy,.
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FIGURE 6 | Thermal properties of hydrogenated CCIs. (A, C, E, G) High-pressure differential scanning calorimetry (HP-DSC) curves of Tiso(FeCo)sp,
Tiso(FeCoNi)so, Tiso(FeCoNiCu)so, and Tiso(FeCoNiCuMn)s, CCIs at heating rates of 1, 3, 5°C, and 10°C min™". Note that the back pressure for Tis,(FeCo)s, is
10 bar of H,, while for the other CClIs it is 1 bar of H,. (B, D, F, H) Corresponding Kissinger plots and activation energies for the dehydrogenation process. The
results provide insights into the thermal behavior and activation energies associated with hydrogen release in these CClIs.
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Applying the Kissinger method (Figure 6B,D,F,H), the E, values
were extracted as 133.6+13.3, 125.8+23.4, 85.5+ 7.0, and
41.3 + 7.7 kI mol ™, respectively. These results demonstrate that
dehydrogenation becomes progressively easier as the number of
principal elements increases, in line with the observed kinetic
trends. The observed positive effect of lattice strain on hydrogen-
ation activity agrees with earlier reports showing that mechani-
cally induced strain, introduced by methods such as high-pressure
torsion, groove rolling, and ball milling, effectively activates TiFe-
based intermetallics and improves their kinetic performances by
providing fast diffusion pathways for hydrogen [13, 35, 36]. Note
that the E, values obtained from the Kissinger method can only
represent the energetic barrier to overcome for the
dehydrogenation process. The reaction rate also depends on the
preexponential factor A, representing the entropy contributions. In
this case, the differences in dehydrogenation behavior for all four
CCIs may originate from different E, and A terms, and E, can not
solely describe the kinetic performances.

2.4 | Mechanistic Insights

To understand how atomic disorder affects hydride stability,
firstly, the size of the tetrahedral sites, which are preferred
hydrogen locations in each B2 lattice, was evaluated. The tet-
rahedral interstice radius (r;) can be calculated using [37]:

—B 1
n=—- = (B —40), (1a)
5= 3¢ (1b)
2

Bra-p-%
C= i w . (1c)

-2 -1

a a

R=DcR, ad)

where a is the lattice constant, ¢; and R; are the atomic fraction
and atomic radius of element i. The results indicate that r;
increases slightly from 0.3822 A in Tiso(FeCo)so to 0.3828 A in
Tiso(FeCoNi)so and to 0.3848 A in both Tiso(FeCoNiCu)s, and
Tiso(FeCoNiCuMn)so. Although larger interstices generally
stabilize hydrides, the PCI data at 100°C show hydride
stability follows the order: Tiso(FeCo)so < Tiso(FeCoNiCu)sy <
Tiso(FeCoNi)sy < Tiso(FeCoNiCuMn)sg, implying additional
electronic factors govern thermodynamics.

To probe these factors, DFT calculations were performed on SQS
structures (128-atom bcc cells) for each composition. Convergence
tests indicate that a 500 eV plane-wave cutoff energy and 6 X 6 X 6/
9%x9x9 k-point grids for optimizations and energy calculations,
respectively (Figure S14), were selected for the following calcula-
tions. Birch-Murnaghan fits to volume-energy data yielded equili-
brium lattice parameters (Figure S15). Bader charge analysis
(Figure 7A-D) shows Ti atoms carry Bader charges in the range of
—1.1577 to —0.2226 lel, indicating that Ti gains electronic density
compared to neutral Ti. While Fe, Co, Ni, Cu, and Mn share similar
charge states regardless of CCI complexity. The range of Ti Bader
charges in the four CCIs increases with atomic disorder level,

suggesting greater variations in local electronic environments
and potentially more effective sites for the hydrogenation process.
Figure 7E-H demonstrates the total and partial density of states
(TDOSs and PDOSs) for s, p, and d orbitals of the 4 CCIs. Within
the energy range of —6 to 6 eV, the d-orbits of all the CCIs con-
tribute primarily to their TDOS curves. The Fermi level (Ep) is
situated in a narrow valley for the TDOS (Figure 71) of each CCI,
hallmarking relatively structural stability. In addition, the
results are in good agreement with the theory that the d-electronic
orbit plays a significant role in bond formation [38]. Comparing
upper d-PDOSs at E; (Figure 7J-M) shows that the available
density of electrons for bonding formation increases in the
sequence: Tiso(FeCo)so < Tiso(FeCoNi)so < Tiso(FeCoNiCuMn)s,
< Tiso(FeCoNiCu)s,, respectively. The activity of the surface can
be quantified by the d-band center values, where a lower electron
transfer efficiency is indicated by a more negative value. The up-
ward movement of the d-band center may be a contributing factor
to the strong adsorption of hydrogen because of the lower occu-
pancy of the anti-bonding orbitals [39]. The d-band centers shift
from —0.689 eV in Tiso(FeCo)sy to —0.205€V in Tiso(FeCoNi)s,
then to —0.497eV in Tiso(FeCoNiCu)s, and —0.570eV in
Tiso(FeCoNiCuMn)s,. The least negative center in Tiso(FeCoNi)sq
correlates with its strongest hydrogen binding and highest plateau
pressures. Element-resolved d-band projections (Figure 7J-M)
show valence bands (below Ef) dominated by Fe, Co, Ni, Cu, and
Mn, while conduction bands (above Ey) are Ti-rich. Introducing
elements with atomic sizes that deviate significantly from the host
lattice, either larger or smaller, will strain the lattice, alter orbital
overlap, and tune the d-band width, that is, widest in
Tiso(FeCoNi)sy and narrowest in Tiso(FeCo)so. Linking composi-
tion, interstice size, and electronic structure, especially the d-band
center, offers qualitative insight into how these parameters affect
hydrogen adsorption energies and tailored thermodynamics, and
this may serve as a basis for guiding the design of CCIs with
desired hydrogen storage properties. Nevertheless, a large number
of compositions and more systematic and well-defined parameters
would be necessary to establish accurate design principles. This
will be investigated in future work, with the support of some
advanced tools such as machine learning methods and so on.

3 | Conclusion

In this study, four CCIs with nominal compositions of
Tiso(FeCo)so, Tiso(FeCoNi)so, Tiso(FeCoNiCu)so, and
Tiso(FeCoNiCuMn)s, are designed to systematically investigate the
effect of atomic disorder on hydrogen storage performance using
both experimental and first-principles simulation methods. Under
hydrogenation conditions of 100bar at 50°C, the measured
hydrogen storage capacities are 1.39, 1.42, 1.31, and 1.14 wt.% for
the four CClIs, respectively. PCI analyses reveal an unexpected
trend in hydride phase stability, following the sequence:
Tiso(FeCoNiCuMn)sg > Tiso(FeCoNi)sy > Tiso(FeCoNiCu)sg > T-
iso(FeCo)so. These findings demonstrate that the thermodynamic
properties of metal hydrides can be extensively tuned by adjusting
the atomic disorder. Despite all four CCIs crystallizing in a nearly
B2-type structure, as confirmed by microstructural characteriza-
tion, significant differences in hydrogenation behavior are
observed. DFT calculations further reveal that the influence of
atomic disorder on hydrogen storage performance goes beyond
configurational entropy alone, involving electronic structure
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(E-H) TDOS and s, p, d orbital contributions for Tiso(FeCo)sy, Tiso(FeCoNi)sy, Tiso(FeCoNiCu)s,, and

Tiso(FeCoNiCuMn)s, CCIs. (I) TDOS of d-orbitals for the Tiso(FeCo)so, Tiso(FeCoNi)so, Tiso(FeCoNiCu)sg, and Tiso(FeCoNiCuMn)s, CCIs. (J—M)
PDOS of d-orbitals for the Tiso(FeCo)s, Tiso(FeCoNi)sg, Tiso(FeCoNiCu)sg, and Tiso(FeCoNiCuMn)s, CCIs. The calculations provide insights into the
charge distribution and electronic structure, highlighting the contributions of different orbitals to the total density of states in the CClIs.

modifications and changes in hydrogen adsorption energetics.
This work provides a foundation for the rational design of inter-
metallic hydrides with tailored hydrogen storage properties
through compositional engineering.

4 |
41 |

Commercially available Fe (99.5% purity, Alfa Aesar), Co (99.95%
purity, Thermo Scientific), Ni (99.5% purity, Thermo Scientific),
Cu foils (99.9% purity, Thermo Scientific), Ti (99.5% purity,
Thermo Scientific), and Mn pieces (99.9% purity, Thermo Scientific)
were used as starting materials. Four CCIs with nominal com-
positions of Tiso(FeCo)so, Tiso(FeCoNi)sg, Tiso(FeCoNiCu)s,, and

Experimental Section/Methods

Materials Preparation

Tiso(FeCoNiCuMn)s, (at.%) were prepared by using an Edmund
Buhler MAM-1 arc melter. For each CCI, four grams of the material
mixture were melted five times to ensure the homogeneity of the
synthesized ingot. After melting, all the ingots were suction-casted
into cylinders with a dimension of @3 X 30 mm. The cylinders were
hand-crushed into powders under air, and after crushing, a
125-mesh sieve was used to sieve the powders.

4.2 | Microstructural Characterizations

The SR-PXD investigations were performed at beamline P02.1
at PETRA III of DESY (Hamburg, Germany). The wavelength is
0.20735 A, and a Varex 4343CT detector was employed. The
sample-to-detector distance was calibrated using LaB4 standard
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powders from NIST. The acquired 2D images were converted to
numerical data using the FIT2D program [40]. The lattice
constants of each peak were calculated using Bragg's equation.
Then the calculated lattice constants were displayed versus
cos?6 ( 1 + 1

2 sin @ 6
mal lattice constant value can be obtained by extrapolating the
depicted curve to zero [41]. Phase fractions were determined

using the MAUD program [42].

), where 6 represents the Bragg angle. The opti-

The in-situ SR-PXD measurements were measured at beamline
P02.1 at PETRA III of DESY (Hamburg, Germany). The selected
wavelength is 0.20739 A, and the detector is a Varex 4343CT
detector. The sample-to-detector distance was calibrated by
using a CeO, standard. The acquired 2D images were converted
to numerical data using the pyFAI program [43]. The conditions
for the hydrogenated sample were with a back pressure of
15bar of H,, heating from RT to 200°C with a heating rate of
10°C min~'. The conditions for the dehydrogenated sample
were with 1 bar of Ar pressure, heating from RT to 200°C with a

heating rate of 10°C min™".

The as-cast samples along the casting direction were prepared
for analysis through standard metallographic procedures,
including machining, grinding, and polishing. Microstructural
characterization was performed using an FEI Quanta 650 field
emission gun (FEG) SEM, equipped with an EDAX Apollo X
EDS system and Velocity EBSD detectors. The data from EBSD
was analyzed by TSL OIM 8.

4.3 | Hydrogen Storage Property Analyses

Prior to hydrogen storage property analyses, the CCI powders
obtained by sieving were activated. The activation was per-
formed by varying pressure and temperature, as described in a
previous work [8]. After that, all the handling of the activated
powders were done inside an Ar-filled glovebox (both O, and
H,0 levels <1ppm). To obtain the thermodynamic properties
of the CCIs, a GASPRO Sieverts-type gas sorption analyzer was
utilized to measure the hydrogenation and dehydrogenation
PCI curves of each activated sample (50, 75, 100, and 125°C for
Tiso(FeCo)so; whereas 50, 100, 150, and 200°C for
Tiso(FeCoNi)sg, Tiso(FeCoNiCu)sg, and Tiso(FeCoNiCuMn)sg).
Approximately 2 g of each CCI was placed into a steel sample
vial and closed with a screw lid containing porous sintered
metal filters. The steel sample vial was then inserted into an
autoclave-style sample holder (maximum temperature of 400°C
and maximum pressure of 200bar). The selected hydrogen
pressure step is in the range of 3 to 5 bar, while the equilibrium
time is about 60 to 120 min for each pressure step. The mea-
sured pressure ranges from 0 to 100 bar of H,. The van't Hoff
equation was used to calculate the hydrogenation and
dehydrogenation AH and AS:

R
p-a _ AH _AS @)
B RT R

where P4 is the equilibrium pressure obtained from the PCI
measurements, P, is the standard pressure, R is the gas con-
stant, and T is the sample temperature. The AH and AS can be
obtained from the slope and the y-intercept by applying linear

fitting of In -

1
P versus T

The kinetic properties of the CCIs were investigated on a
custom-built in-house Sieverts-type apparatus. The hydrogena-
tion measurements were conducted under 50 bar of H, at 50°C.
The conditions for dehydrogenation measurements are as fol-
lows: under 0.5 bar of H,, heating from 50°C to 300°C with a

heating rate of 10°C min™".

44 |

Thermal analyses of the dehydrogenation via DSC
were performed on an HP-DSC 204 HP Phoenix from
Netzsch, located in an Ar-filled glovebox with O, and H,O
levels less than 1ppm. For measurements, approximately
20 mg of the sample were placed into an Al,0; crucible on
the sample side, with the same type of crucible on the ref-
erence side. The hydrogenated Tiso(FeCo)s, sample was
heated from RT to 250°C under 10 bar of H, pressure. For
the other three hydrogenated samples, they were heated
from RT to 500°C under 1bar of H, pressure. To calculate
the E, of the dehydrogenation process by the Kissinger
method, varying heating rates were applied (1, 3, 5, and
10°C min™%):

Thermal Analyses

mbP = B AR 3)

where Tp.x is the peak temperature for the dehydrogenation
event, 3 is the corresponding heating rate, and A is the pre-
exponential factor.

4.5 | Computational Methods

The first-principles calculations were carried out via DFT as
implemented in the Vienna Ab-initio Simulation Package
(VASP) version 5.4.4 [44, 45]. The exchange-correlation in-
teractions were described using the revised version of the
Perdew-Burke-Ernzerhof functional for solids and surfaces
(PBESol) within the generalized gradient approximation
(GGA) [46, 47]. The Monte Carlo SQS (MCSQS) tool within the
Alloy Theory Automation Toolkit (ATAT) was utilized to
generate SQS of CCIs. For each composition, the structure
with relative stability was selected [48]. All structures were
constructed adopting a bcc lattice including 128 atoms. All
calculations took spin polarization into account. The struc-
tural relaxations were performed using ISIF =2, with an en-
ergy convergence criterion of 1 x 107>eV atom™", until the
residual forces on all atoms fell below 0.01 eV A~". The Bril-
louin zone integrations for optimization and energy calcula-
tions were conducted using Gamma-centered k-meshes of
(6x6x6) and (9x9x9), respectively. The analyses of elec-
tronic properties were done with the Bader charge analysis
and VASPKIT program [49, 50].
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