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Hydrogen energy is interesting as a clean fuel for the future, while it also concerns regarding its safety problem being raised.
Generally, gas hydrogen always keeps expensive high-pressure tanks, has a low energy density, and is able to potentially explo-
sion situation. Liquid hydrogen also has a low safety and high cost to transport and store, requires cooling down below −253◦C.
Otherwise, the solid-state hydrogen stored by hydrogen storage alloy is stable and confirms the high energy density through
maintaining it in metal lattice. However, conventional TiFe-based hydrogen storage alloys require high energy and temperature to
active the hydrogen storage properties, also charge-discharge process have a high cost with low storage. In this study, the multi-
principal element alloys (MPEAs) applied to hydrogen storage materials to overcome these limitation. MPEAs exhibit a simple
solid-solution structure and excellent stability, as the entropy of mixing overcomes the enthalpy of mixing. MPEA powders were
synthesized via mechanical alloying; their stable phases were verified through thermodynamic calculations, their microstructures
were analyzed using X-ray diffraction and electron microscopy, and their hydrogen storage characteristics were measured at 10
atm and room temperature using the Sieverts method. The alloy exhibited an FCC structure and significant lattice distortion,
enabling initial hydrogen activation without external heating and achieving a hydrogen storage capacity of 1.3 wt.%. These
findings suggest that MPEAs have the potential to serve as next-generation hydrogen storage alloys in the hydrogen energy fields.
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Introduction

Long-term instability of climate change, air pollution and fos-
sil fuel supplies are accelerating the search for alternative en-
ergy systems. Among the many proposed solutions, hydro-
gen has been identified as a key energy carrier in a future
low-carbon economy When hydrogen is used for a fuel cell
or combusted with oxygen, water is produced instead of car-
bon dioxide. Due to this chemical property allows hydrogen
to serve as attractive decarbonizing sectors that are difficult to
direct electrification, heavy transportation, steel production,
shipping and large-scale energy storage1. In addition, hydro-
gen can serve as an energy buffer: excess electricity generated
from intermittent renewable energy sources such as wind or
solar power can be converted into hydrogen and later recon-
verted into electricity when needed. So, hydrogen is not only
considered simply as a fuel, but also as a bridge connecting
renewable energy generation with a stable supply2. However,
the characteristics of hydrogen indicate a major obstacle. Un-
der room temperature and 1 atm, hydrogen is light gas with
very low density. Thus, storage of hydrogen in a compact and
safe form is challenging point. Generally, hydrogen is stored
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in three type states: compressed gas, liquid, and solid-state in
metal-hydride with their own pros and cons3.

Compressed hydrogen storage is well established technol-
ogy and already applied in prototype fuel cell vehicles4. Hy-
drogen is stored in high pressure tanks typically ∼700 bars.
However, the high-pressured gas requires tanks based on high
mechanical properties with safety design and regular inspec-
tion. Although hydrogen gas is under high pressure, it con-
tributes to low density compared to conventional fuels. Due
to these limits driving range and increase the overall weight
of the hydrogen storage system. Liquid hydrogen storage
systems improve volumetric density by cooling hydrogen be-
low its boiling point of −253◦C5. The liquid state hydro-
gen is higher density than compressed gas, but liquefaction
requires significant energy that is larger than stored energy.
Also, cryogenic conditions of hydrogen require advanced in-
sulation technology, and it is evaporating and losing that occur
during long-term storage6. These limitations occurred atten-
tion of solid-state hydrogen storage such as the metal-hydride
storage systems storing hydrogen atoms in interstitial sites of
metal are efficient and safe. This method densifies hydrogen
under normal conditions and reduces risk compared to other
methods. Thus, hydrogen storage alloys are attractive materi-
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Figure. 1 (a) Global hydrogen demand based on recent international energy outlook reports (IEA) [1], (b) Historical global demand for pure
hydrogen from 1975 to 2020 [2].

als as candidates for compact and safer hydrogen energy and
transport7.

Figure 1(a)8 shows the global hydrogen demand based on
recent international energy outlook reports. The graph shows
continuously increasing hydrogen integrated into transporta-
tion, industry, and power generation. The demand increase is
significant, indicating national commitments to carbon neu-
trality and the expansion of hydrogen-based technologies.
Figure 1(b)9 indicated historical data on global demand for
pure hydrogen. In Figure 1(b), combined with the future pro-
jections in Figure 1(a), suggests that hydrogen is expected to
play a much larger role in the global energy landscape. Im-
provements in hydrogen storage materials have become in-
creasingly important10.

Numerous intermetallic hydrogen-storage alloys have been
developed and studied such as LaNi5, TiFe, ZrNi, TiCr2, and
Mg2Ni among the most widely investigated systems with the
formation of hydrides11. TiFe-based alloys are attended be-
cause they are composed of cheap elements and exhibit mod-
erate hydrogen storage capacity as ∼1.0 wt.% at room temper-
ature. These alloys show cycling stability that conventional
hydrogen storage alloys still encounter numerous substantial
limits. However, one of the most important issues of hydrogen
storage materials is first-cycle activation. TiFe-based alloys
cannot hydrogen absorption begin immediately under room
temperature. Elevated temperature or high hydrogen pres-
sure is usually required to initiate hydrogen activation. This
process increases system complexity and energy consump-
tion. Mg-based alloys provide a higher capacity to density;
they require even higher temperatures for activation and ex-
hibit slow hydrogen absorption–desorption kinetics. Alloys

containing rare-earth elements can achieve favorable hydro-
genation behavior but introduce concerns related to cost and
resource availability12. These conventional storage systems
involve different thermodynamic parameters. So, an alloy de-
sign that combines structural stability with lattice distortion
and defect-assisted hydrogen transport is needed for milder
activation behavior11,12.

Thermodynamic balance is also a challenge that needs to
be addressed. If the enthalpy of hydride formation is too neg-
ative, hydrogen becomes difficult to release. Compositional
design should be confirmed to achieve high storage capacity
and repeatability under lower temperature and pressure. These
limitations suggest that conventional binary and ternary in-
termetallic systems may not fully satisfy the requirements of
next-generation hydrogen storage. So, new alloy design con-
cepts that move beyond conventional composition strategies
are being explored. Multi-principal element alloys are com-
bined in similar atomic fractions to introduce configurational
entropy stabilization and lattice distortion effects. Such com-
positional complexity can influence hydrogen diffusion path-
ways and reduce activation barriers remains an open question
and is still under active investigation13.

Multi-principal element alloys (MPEAs) have recently
emerged as an alloy-design strategy that departs from con-
ventional binary and ternary intermetallic systems. Conven-
tional hydrogen-storage alloys are typically based on classical
AB-, AB2-, and AB5- type structures, in which a single prin-
cipal element dominates the composition and minor substitu-
tions are used to tune thermodynamic properties. MPEA, by
contrast, makes a complexity of compositions by combining
several metallic components, which causes a whole change
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of phase stability and structure properties. This approach in-
creases configurational entropy; Otherwise, it can stabilize
disordered solid solution phases even if several intermetallic
structures were formed. As the composed elements have dif-
ferent characters—such as atomic radios, combine tendency,
electronegativities—structures show clear distortion and local
atomic displacement. In the case of hydrogen storage mate-
rials, these features are not coincidental; hydrogen absorption
depends on the availability of interstitial sites, lattice distor-
tions, and the hydride formation enthalpy. The distorted lattice
which has various chemical conditions, can affect hydrogen
storage behavior (Figure 2)14.

Figure. 2 Structural schematic illustrating hydrogen storage in solid-
state alloys: (a) Conventional alloy with uniform lattice, (b) Multi-
principal element alloy (MPEA) exhibiting lattice distortion and di-
verse interstitial sites after hydrogen incorporation.

The attention to the MPEA for hydrogen storage has in-
creased, but it is still at an early stage compared to the re-
search of TiFe- or LaNi5- based materials. Initial research
mainly focuses on the structural and mechanical properties
of multi-component alloys, while the next stage focuses on
the hydrogen absorption behavior. Refractory elements-based
MPEA shows the capability of hydride formation, some cases
report that the hydrogen occupation occurred at many intersti-
tial sites because of the severe lattice distortion. Although the
study about the multi-components system including Mg was
animated on the high theoretical weight capacity, usually high
temperature is needed in real activation. Reported hydrogen
storage capacity is highly dependent on the phases, chemical
alloying compositions, and manufacturing processes. Some
systems almost form FCC or BCC solid solutions, whereas
others contain Laves phase or ordered intermetallic phase that
affect hydride formation pathway. These results suggested that
the control of the phase stability and the microstructure are
still important for availability of hydrogen absorption of the
MPEA. However, the role of MPEA structure at the first hy-
drogen activation cycle is not clearly investigated yet. Most
studies are focused on hydride stability of total storage capac-
ity, but the studies whether the lattice distortion and localized
chemical complexity can turn down activation barriers in mild
conditions are relatively little. Though, the research about

the room temperature activation of the hydrogen storage al-
loy based on the MPEA still remains an important research
gap.

Almost hydrogen absorption-MPEA studies were con-
ducted by solidification after the arc melting process, which
forms bulk alloys with relatively rough structures. Mean-
while, Mechanical Alloying (MA) provides different process-
ing methods. High energy ball milling promotes repeated
fracture and cold welding of powder particles, which facili-
tate the micro powder size, increased chemical homogeneity,
and controlled phase transformation. In the hydrogen stor-
age research, the MA was used to activate the TiFe- based
system, because it can introduce stacking faults and increase
surface area over a long duration. Therefore, if MA is intro-
duced in MPEA, it can achieve complexity of formation by de-
signing multi-component systems and microstructure refine-
ment because of severe plastic deformation. Reactive milling
under hydrogen conditions was attempted on several multi-
component systems, which formed hydrides directly during
the process; the results for capacity and reversibility are quite
different among the systems. Certain Mg-containing MPEA
shows proper hydrogen absorptions, whereas others show lim-
ited interaction with hydrogen in particular phases. Those
mixed results suggest that the increasing complexity of for-
mation does not always guarantee increased hydrogen storage
capacity; instead, interaction among phase constitutions, lat-
tice distortions, and thermodynamics should be considered15.

The multi-component alloys based on Fe, Co, and Ni are
used to stabilize solid solutions easily, and the introduction
of Ti and Cu can affect oxidation behavior and lattice strain.
Therefore, CoCuFeNiTi, which derived from the TiFe-based
materials, was selected for the MPEA system; in this system,
Ti and Fe serve as hydrogen storage base, Co and Ni stabi-
lize multi-component FCC-based structure, and Cu modifies
the local surface condition and lattice strain during initial hy-
drogen interaction. TiFe material is one of the most studied
materials because it has a proper capacity at room tempera-
ture and its cost is relatively low. Nevertheless, the TiFe-based
system still needs a caution at the activation process, which of-
ten involves high temperature or high hydrogen pressure dur-
ing the first cycle. Surface oxidation layers and the kinetic
barrier to hydrogen diffusion limit direct absorption at room
temperature. Previous studies on TiFe-based hydrogen stor-
age materials were conducted at high temperature of 300◦C
and under high pressure within the tens of atmosphere range.
Thus, achieving hydrogen activation under milder conditions
remains an important goal for solid-state hydrogen storage
materials. If a multi-component approach can stabilize lat-
tice characteristics to decrease such barriers, it could open the
path to achieving useful activation behavior without rare-earth
elements or extreme processing conditions16.

In this study, CoCuFeNiTi multi-component alloys were
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produced by mechanical alloying, and whether hydrogen ab-
sorption under practical conditions can be improved by com-
bining compositional complexity with microstructure refine-
ment was investigated. This study not only focuses on increas-
ing storage capacity but also treats the issue of first cycle acti-
vation at room temperature, which remains an important lim-
itation of conventional hydrogen storage systems. Phase sta-
bility is measured and thermodynamic parameters are calcu-
lated, and the results are used to establish phase evolution and
lattice constant. After that hydrogen absorption behavior was
tested at room temperature to evaluate activation performance.
In this research, we related structure features to hydrogen ab-
sorption to investigate how the MPEA design strategy affects
activation behavior and whether it can provide a practical way
to overcome the continuous activation limitations observed in
conventional hydrogen storage alloys.

Results

Thermodynamic calculation of CoCuFeNiTi MPEA

Before doing experimental analysis, several thermodynamic
and geometric parameters were calculated to evaluate whether
CoCuFeNiTi (MPEA) alloy can satisfy the generally accepted
standard for solid solution formation. In multicomponent al-
loys, phase stability can be affected not only single factors
but also many factors together, including configurational en-
tropy (∆Sconf), mixing enthalpy (∆Hmix), atomic size differ-
ence (δ ), and electronic structure. In these parameters shown
whether alloys can form a stable solid solution or multiphase
structure. They should be considered as guidelines for phase
stability and lattice distortion, not as direct guidelines for hy-
drogen storage capacity or activation behavior Therefore, we
used the calculated parameters only to discuss phase stability
and lattice distortion, and the hydrogen absorption was evalu-
ated separately through hydrogen test. Table 1 shows MPEA’s
calculated thermodynamic parameters17.

To quantitatively assess phase stability in the CoCuFeNiTi
MPEA, several thermodynamic parameters used for MPEA
systems were calculated. These parameters are applied in
evaluating whether a composition is likely to form a sta-
ble solid solution or to decompose into multiple intermetallic
phases.

The configurational entropy (∆Sconf) was calculated using
the standard expression:

∆Sconf =−R∑
i

ci lnci (1)

where R is the gas constant (8.314 J mol−1 K−1) and Ci
represents the atomic fraction of each constituent element.
For the present alloy, ∆Sconf was calculated to be 13.07 J
mol−1 K−1 that lies within the range associated with entropy-
stabilized multicomponent alloys. A high configurational
entropy indicates a significant degree of chemical disorder,
which thermodynamically favors the stabilization of disor-
dered solid-solution phases over ordered intermetallic com-
pounds.

The mixing enthalpy (∆Hmix), which reflects pairwise
atomic interactions between different elements, was deter-
mined using:

∆Hmix = 4 ∑
i< j

Hi jcic j (2)

where Hi j denotes the binary mixing enthalpy between ele-
ments i and j. The calculated ∆Hmix value of −5.51 kJmol−1

suggests moderately negative atomic interactions. Instead, it
implies that while solid-solution phases may be stabilized,
secondary intermetallic phases cannot be excluded18.

To evaluate the relative influence of entropy and enthalpy,
the Ω parameter was calculated:

Ω =
Tm∆Sconf

|∆Hmix|
(3)

where Tm is the average melting temperature of the alloy,
calculated by the rule of mixtures from the melting tempera-
tures of Ti, Fe, Co, Ni, and Cu. For the present composition,
Tm was calculated to be approximately 1676 K. The result-
ing Ω value of 3.98 is significantly greater than the commonly
referenced stability criterion (Ω > 1). From a thermodynamic
perspective, the entropy contribution is sufficiently strong to
compete with the enthalpy term and promote solid-solution
stabilization.

Atomic size mismatch (δ ), which quantifies lattice distor-
tion arising from differences in atomic radii, was calculated
as:

δ =

√︄
∑

i
ci

(︂
1− ri

r̄

)︂2
×100 (4)

where ri is the atomic radius of element i and r̄ is the aver-
age atomic radius. The calculated δ value of 6.76% indicates

Table 1 Calculated thermodynamic parameters of the CoCuFeNiTi MPEAs

Composition ∆∆∆SSSconf ∆∆∆HHHmix ΩΩΩ δδδ VVV EEECCCmix ∆∆∆χχχ

TiFeCoNiCu 13.07 J mol−1 K−1 −5.51 kJ mol−1 5.85 6.76% 8.79 0.173
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substantial lattice distortion. This distortion is relevant for
hydrogen-storage materials because it can influence the distri-
bution of interstitial sites available for hydrogen occupation.

The valence electron concentration (VEC), which is often
used to predict preferred crystal structure, was determined by:

V ECmix = ∑
i

ciV ECi (5)

The calculated V ECmix value of 8.79 falls within the range
typically associated with FCC phase stability. This predic-
tion is consistent with the FCC-based phases later identified
through X-ray diffraction analysis19.

The electronegativity difference (∆χ) was calculated using:

∆χ =
√︃

∑
i

ci
(︁
χi −∑c j χ̄ j

)︁2 (6)

where χi represents the electronegativity of each element.
The obtained ∆χ value of 0.173 suggests moderate chemical
non-uniformity within the alloy. Such non-uniformity can pro-
mote local variations in bonding character and may facilitate
the formation of minor secondary phases, including Laves-
type structures20.

Phase transformation of CoCuFeNiTi MPEA

XRD was used to analyze phase evolution of CoCuFeNiTi
MPEA while mechanical alloying, and the results are shown
in Figure 3. The diffraction patterns show the change while
milling time increases. After 5 h milling, alloys do not show
single phase. Instead, TiFe rich, NiCu rich and clear C14
Laves phase diffraction peaks were observed. Also, weak

NiTi ordering peaks are observed in the pattern. In this step,
the powder undergoes repeated collisions and cold welding,
but atomic diffusion was still unstable. Coexistence of several
intermetallic peaks mean the segregation of powder, because
homogenization limits. When the milling time became 15 h,
diffraction profile showed a noticeable change. The FCC1
peak became stronger, while intermetallic peaks decreased
and disappeared. Continuous high-energy milling improved
atomic mixing that mechanical alloying repeatedly breaks and
welds the powder to reduce the diffusion distance and cause
the elements to penetrate each other. The separated TiFe rich
and NiCu regions become to dissolve into continuous solid
solution matrix. Decreasing and disappearing intermetallic
peaks suggest that ordering broke and the system became
chemically disordered21.

The diffraction pattern showed a change after 45 h milling.
Now the alloy becomes two FCC phases, called FCC1 and
FCC2, with only weak C14 Laves peak remaining. The two
FCC peaks, not a single peak, indicate small compositional
differences that remained in the structure, because of local
chemical distribution. Furthermore, the overall pattern be-
came simpler compared with initial condition. The inter-
metallic compounds were no longer clear at 5 h milling. It
means long time of mechanical deformation made these or-
dered phases unstable and enter their atoms into FCC matrix.

Fine peak shifts become clear during milling. Shifting into
lower angles of FCC2 reflection means increase of the lattice
parameter, while the FCC1 and Laves peak shifts into higher
angles. This opposite shifting means local composition rear-
rangement between the two FCC phases. Change of Lattice
parameter match with the difference in atomic size of Co, Cu,

Figure. 3 X-ray diffraction pattens of CoCuFeNiTi MPEA (a) after mechanical alloying at different milling time, (b) enlarged view of main
diffraction peaks of (a).
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Fe, Ni, Ti. A calculated atomic size mismatch (δ = 6.76%) can
be expected to be a measurable lattice distortion. Thus, the ob-
served peak shifts are related to strain accumulation and inter-
nal lattice change, instead of simple phase change. The value
of calculated electronegativity (∆χ= 0.173) can be evident for
short range chemical ununiform, and this can contribute to
small amount of topologically close packed structures. Crys-
tallite size and lattice strain were calculated with the Scherrer
equation. Small increase in crystallite size occurred from 15
h to 30 h because of cold welding and agglomeration. How-
ever, at 45 h, severe plastic deformation and fracture reduced
the crystallite size again. This result means particle breaking
of alloys were more dominant than particle growth. Simulta-
neously, milling time can cause higher lattice strain, reflecting
dislocation and accumulation of internal defects. Calculated
dislocation density was shown, which means the increase of
disordering during milling22.

Microstructural evolution and elemental distribution

Figure 4 showed representative SEM images of difference of
powder morphology during mechanical alloying. Clear differ-
ences observed as the milling time from 5 h to 45 h.

After 5 h milling, agglomerated irregular powder particles
were observed. The coexist presence of large fragments and
fine debris shows cold welding and fracture were both work-

ing but not reached stable state. Rough and mechanically de-
formed surfaces were observed because of repeated impact
during high energy milling. At 15 and 30 h, broadening of the
overall particle size observed. Agglomerate powder remained,
but smaller particles became more superior in the matrix. At
this point, the competition of cold welding and particle frac-
ture becomes more clearly observed. Some particles can grow
with welding temporarily while other particles break down.
This kind of dynamic balance easily occurs during mechani-
cal alloying of multicomponent.

After 45 h milling, the powder morphology clearly changed.
Particle distribution becomes more uniform and larger ag-
glomerates become less dominant. Most particles become
finer and more dispersed. This refinement consists of severe
plastic deformation and fracture after long time of milling pro-
cess. The large number of defects during milling considered
improved homogenization and change of the internal struc-
ture23.

Figure 4(e) presents the EDS mapping for examine the el-
emental distribution. The results showed that Co, Cu, Fe, Ni,
Ti were distributed without any clear segregation. At observed
scale, no element was limited to a separate region, showing
that long milling can successfully promote chemical mixing.
This homogeneity is different from the early XRD structured
results, that showed separate TiFe rich and NiCu rich phase.
After 45 h milling, these chemically separated regions were re-

Figure. 4 SEM results of CoCuFeNiTi MPEA powders with increasing milling time: (a) 5 h, (b) 15 h, (c) 30 h, and (d) 45 h. (e) Corresponding
EDS elemental maps of the 45 h milled powder, illustrating the spatial distribution of Co, Cu, Fe, Ni, and Ti.
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duced. Instead of clear TiFe rich region, two FCC regions cor-
respond to FCC1 and FCC2 in XRD results, consist of main
structure. Small amount of Laves phase remained. Clear de-
crease of composition boundaries show that initial intermetal-
lic phase gradually dissolved into FCC matrix. The composi-
tions measured in 5 and 45 h milling were similar to nominal
compositions. It means, no significant element loss occurred
during milling24.

Particle size analysis of CoCuFeNiTi MPEA

The particle size analysis results for CoCuFeNiTi MPEA pow-
ders are summarized in Figure 5. Distribution curves indicate
clear changes while increasing milling time. This shows the
competition mechanisms during mechanical alloying.

In the case of 5 hour milling powder, the powder showed a
wide particle size distribution with large deviation. The parti-
cle size distributes nearly 100 µm. This shows the coexistence
of coarse agglomerates and fine particles. In this step, repeated
high energy impacts rapidly break the powders. And cold-
welding leads to sticking between new surfaces. Significant
deviation in particle size occurred because dynamic balance
of two systems did not reach yet. The average particle size in-
creased when the milling time to 15 h. This means cold weld-
ing momentarily stronger than fracture. During the middle
step of milling, plastically deformed particles repeatedly frac-
ture and attach to large agglomerates. The mechanical energy
input could be enough to deform particles. But not enough to
break the welded particle continuously. As a result, particle
growth observed despite the fracture occurred continued.

When the milling continued to 45 h, this trend revered. The

average particle size became smaller and distribution became
sharp. After long deformation, strain accumulated inside the
particles. Work hardening and heavy defects reduce the ductil-
ity, while welded agglomerates gradually become more brittle.
With continuous fracture loading, these brittle particles broke
more easily than welded. Therefore, fracturing became the
dominant mechanism instead of cold welding. As a result, the
powder showed more fine and uniform size distribution25.

Thermal stability of CoCuFeNiTi MPEA

Figure 6 shows the results of differential thermal analysis
(DTA) and thermogravimetric analysis (TGA) of mechani-
cally alloyed CoCuFeNiTi MPEA powder. Figure 6(a) shows
the DTA result, and Figure 6(b) shows the related mass
changes from TGA.

Thermal phenomenon observed between 200 and 280 °C
in DTA curve in Figure 6(a). Peaks indicated 200 °C, 237
°C, 242 °C, 278 °C depending on the milling condition. The
powders used for DTA/TGA were not considered to be hy-
drogen desorption result, because the powders were not hy-
drogenated. DTA/TGA peaks were not considered to result
in hydrogen desorption, because the powders were not hy-
drogenated before test. Instead, these peaks were considered
thermal reaction, including structural relaxation, defect recov-
ery or reactions related to metastable phases formed during
milling. When milling time increases, the reaction temper-
ature shift decreases and range becomes wider. This means
long time of mechanical alloying produced a wider range of
defect state and atomic environment.

Figure 6(b) shows the TGA curves of the relative change of

Figure. 5 (a) Particle size distribution curves of CoCuFeNiTi MPEA powders after 5 h, 15 h, 30 h, and 45 h of mechanical alloying. (b)
Variation in average particle size with corresponding standard deviation.
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Figure. 6 Thermal analysis results of mechanically alloyed CoCuFeNiTi MPEA powders: (a) Differential thermal analysis (DTA) curves, (b)
Thermogravimetric analysis (TGA) curves.

mass during heating. Because Ar gas was used, the change
of mass reflects the thermal stability of mechanical alloying
powder and resistance to oxidation mass increase. The mass
increase small, this means the CoCuFeNiTi MPEA powders
remained relatively stable during heating conditions. Mass
gain decrease was found after long time milling. This means
that improved chemical mixing and FCC based solid solution
formation contributed much more thermal stability. Therefore,
the DTA/TGA results were used for the discussion of thermal
reaction and oxidation stability rather than hydrogen absorp-
tion and desorption. Mechanical alloying can produce fine
powders with high specific surface area and increase defect
density, making powders reactivity. Therefore, small changes
of slope at high temperature can contribute to surface oxida-
tion or structural rearrangement during heating. Higher sur-
face activity corresponds to the smaller particle size analyzed
in microstructure26.

Specific surface area of CoCuFeNiTi MPEA

The specific surface area of the mechanically alloyed
CoCuFeNiTi MPEA powders was investigated using
Brunauer–Emmett–Teller (BET), and the results are shown in
figure 7.

As the milling time increased, the surface area gradually in-
creased. The measured value increased from 0.0604 ± 0.0009
m2g−1 after 5 h of milling to 0.0972 ± m2g−1 after 45 h. The
absolute values were relatively small; however, the tendency
was consistent and reproducible. At the relatively low pressure
(p/p0 < 0.3), nitrogen adsorption-desorption isotherms did not
present clear adsorption, while did not exhibit meaningful hys-

teresis Roop between adsorption-desorption branches. The
absence of clear hysteresis Roop suggests that there is no con-
nection between mesopore networks in the powder whereas
adsorption behavior was mainly caused by surface exposure.
In other words, the increase of BET surface is not the result of
pore, but the particle refinement and surface roughening dur-
ing mechanical alloying27.

These interpretations correspond to the particle size results.
Although rapid fracture produces fine fragments at the ear-
lier milling stage, the agglomeration induced larger effective

Figure. 7 Specific surface area of CoCuFeNiTi MPEA powders mea-
sured by BET analysis under nitrogen atmosphere as a function of
mechanical alloying time.
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size as the cold welding became dominant temporarily. As the
milling proceeds, accumulated strain and work hardening re-
duces ductility, and agglomerates fractured more easily. As
the milling time increases, decreased particle size increases
available surface area. The parallel variation of PSA and BET
results supports these mechanisms28.

Hydrogenation activation of CoCuFeNiTi MPEA

Hydrogen absorption of CoCuFeNiTi MPEA was investigated
using Sieverts’ apparatus at room temperature under initial hy-
drogen pressure of 10 atm.

The recorded pressure during the activation process and
subsequent first hydrogenation cycle is shown in figure 8(a).
Immediately after hydrogen charging into the reactor, the sys-
tem entered the labeled “activation cycle” stage. In this stage,
the pressure was not constantly maintained. Instead, the pres-
sure continuously dropped to approximately 0.98 atm for the
first 5 min. This suggests that the absorption of hydrogen was
started without heating or long delay. This initial drop of pres-
sure corresponds to hydrogen dissociation on the particle sur-
face and absorption on the near surface. The measurable ab-
sorption at the initial stage suggests that although the possibil-
ity of oxide, mechanically alloyed surfaces allowed hydrogen
penetration under pressure with sufficient surface activation.
After this first decrease of pressure, the system reached a tem-
poral equilibrium state with stabilized pressure. At this point,
hydrogen was recharged to the system to increase the pressure
10 atm. This depressurization corresponds to transition from
activation stage to first hydrogenation cycle. Once the pres-
sure was reset, alloy absorbed hydrogen, and second pressure
deep until approximately 1.03 atm for before the 3 min. This

magnitude of drop is slightly larger and occurs more rapidly
than the activation stage. These differences suggest that al-
loy reacted more sensitively after the initial activation stage.
The activation stage may disrupt the surface barrier and con-
nect the diffusion path into the lattice which enables faster hy-
drogen absorption during the first cycle. After this rapid ab-
sorption, pressure gradually decreased until a new equilibrium
state29. Figure 8(b) shows pressure variations during the first
hydrogenation cycle except for the activation stage. The time
axis expressed in minute and presented substantial absorption
dynamics after activation. Curves showed rapid initial slope
during the initial stage of the first cycle, which indicates rapid
hydrogen absorption. This behavior of the first stage is gen-
erally related to surface adsorption and short range diffusion
into a severely distorted lattice. The slope gradually decreased
as time progressed, which indicates the hydrogen transport
was controlled diffusion into the matrix. Pressures continu-
ally dropped until stable equilibrium started at approximately
120 min, which means about 1.3 wt.% H2 hydrogen storage30.

Combine the two-stage pressure response shown in figure
8(a) with continuous absorption profile shown in figure 8(b),
providing insights of activation mechanisms. Conventional
TiFe alloy requires high temperatures (300–400 °C) or repet-
itive cycling for establishing stable hydrogen absorption. In
contrast, the present MPEA proceeds stable hydrogen absorp-
tion under appropriate pressure and is entirely activated at
room temperature. The observed room temperature activa-
tion behavior can relate to refined particles, high defect den-
sity induced by mechanical alloying and dual fcc-based phase.
Since the diffusion coefficient and hydrogen site occupancy
are not measured, the role of lattice distortion should be con-

Figure. 8 Hydrogenation behavior of CoCuFeNiTi MPEA powders mechanically alloyed for 45 h and subsequently exposed to hydrogen at 30
°C under an applied pressure of 10 atm. (a) Pressure profile during the activation stage followed by re-pressurization and the first hydrogenation
cycle. (b) Hydrogen pressure changes with time during the first hydrogenation cycle.
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sidered as a possible interpretation. Pressure response indi-
cates hydrogen absorption during the first cycle at room tem-
perature; however detailed activation mechanisms should be
verified through measurement31.

Discussion

Room temperature hydrogen storage responses present the
most significant results. Hydrogen absorption initiated at 30
°C under 10 atm without pre-treatment and achieved 1.3 wt.%
H2 storage during the first cycle. Previous studies about TiFe-
or MPEA-based hydrogen storage alloys usually carried out
activation treated over than 300 °C to induce stable absorption
and applied hydrogen pressure over than 50 atm. Therefore,
although the presented storage should be interpreted not as re-
versible storage capacity but absorption mass during the first
cycle, these results have value that can achieve activation dur-
ing the first cycle under easy conditions. Conventional FCC-
based hydrogen storage alloys usually limit the gravimetric ca-
pacity to about 1.0 wt.% under similar comparable conditions.
In contrast, the present study shows superior storage capac-
ity under room temperature conditions2. According to XRD,
SEM-EDS and particle size analysis, alloy maintains the FCC-
based MPEA which includes measurable lattice distortion and
refined particle size. These properties may promote hydrogen
absorption by providing short diffusion paths and local inser-
tion sites31.

Thermodynamic calculations indicate that alloy satisfies the
standard of multi-component system stability. High config-
uration entropy and Ω parameter suggest that solid solution
phase can be stabilized, while appropriate mixing enthalpy
and difference of atomic radius predicted lattice distortion can
occur17. MPEA maintained a structural stability local stress
field, rather than an unstable multi-phase18. XRD19 and mi-
crostructure results show that longtime mechanical alloying
transformed separated intermetallic compounds at initial state
to FCC-based solid solution14. Diffraction peak shifting and
broadening indicates not the chemical instability but accu-
mulated strain. SEM-EDS map shows gradual homogeniza-
tion and grain refinement as the milling time increased. In
other words, microstructural evolution indicates not the ran-
dom mixing but stabilization of a distorted FCC matrix by
featuring ordered compounds. This distortion may affect dis-
tribution of insertion sites which affect the hydride energy dy-
namics20.

Particle shape and size results correspond to this structural
deformation. Fracture-cold welding-refracture step caused re-
finements during longtime milling23. BET results show that
surface area systemically increased, which was caused by de-
crease of particle size rather than pore. As surface exposure
increased, the hydrogen diffusion range decreased, and sur-
face reactivity increased. Therefore, lattice distortion and sur-

face refinement both contribute to improving the hydrogen ab-
sorption dynamics22. Thermal analysis shows that reaction
temperature was slightly decreased and reaction range was en-
larged as the milling time increased. These results were not in-
terpreted as hydrogen desorption because non-hydrogenation
powder was used for DTA/TGA analysis. Instead, enlarged
reaction range is interpreted as evidence of structural relax-
ation or defect-based reaction which was induced by mechan-
ical alloying. Results of insignificant mass change shown in
TGA suggest that mechanical alloyed CoCuFeNiTi powder
maintained excellent thermal and oxidation stability. In other
words, this alloy possesses both thermal stability and struc-
tural complexity30.

Regarding hydrogenation, presented performance corre-
sponds to the strategy of alloy design. A stable MPEA matrix
was maintained, while lattice distortion provided additional
hydrogen pathways. Activation phenomenon under relatively
low pressure at room temperature suggests that the dynamic
barrier which is reported in conventional FCC-based hydrogen
storage alloys has decreased. Therefore, these performance
improvements can be discussed that FCC-based phase, lat-
tice distortion, defect accumulation and refined powder affect
complexly rather than single mechanism12.

The present study presents that MPEA design can improve
room temperature hydrogen storage performance without hin-
dering structural stability. The hydrogen storage properties
can be controlled in a favorable direction by element complex-
ity and controlled mechanical processing, without substitution
to rare earth elements or extreme thermal activation13.

Methods

Ti, Fe, Co, Ni, and Cu powders (purity: >99%) were used
as starting materials. Mechanical alloying was carried out us-
ing a planetary ball mill (RETSCH PM-400MA, Germany)
with 500 mL SUS304 jar and 20 mm diameter SUS304 balls
and ball-to-powder ratio of 20:1. The milling energy was ∼21
gravity energy. Milling was performed under Ar 100% atmo-
sphere at 300 rpm for 5, 15, 30, and 45 h. Phase evolution of
as-milled powders was measured by X-ray diffraction (Rigaku
D/MAX-Ultima III, Cu Kα radiation). Microstructure and
elemental distribution were observed via FE-SEM with EDS
(JEOL JSM-7500F). Particle size of powder milled 5 h, 15 h,
30 h, and 45 h was measured by PSA (Horiba LA-350), with
five times to confirm accuracy. Thermal behavior was evalu-
ated using differential thermal analysis and thermogravimet-
ric analysis (Pyris Diamond, Perkin Elmer, Germany). The
measurement was performed using non-hydrogenated powder
with a sample mass of 38.31 mg under Ar flow at 50 sccm,
and the heating rate was fixed at 10 °C/min. Specific surface
area was determined using nitrogen adsorption–desorption
isotherms based on the Brunauer–Emmett–Teller method (Mi-
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cromeritics ASAP-2020). Hydrogenation behavior was evalu-
ated using Sieverts-type utilities within high-purity (99.99%)
hydrogen gas at room temperature under 10 atm. The acti-
vation of hydrogen storage for this matarials were measured
through pressure change with time change.
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