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Abstract

TiVCr-based alloys are well-explored body-centered cubic (BCC) materials for hydrogen
storage applications that can potentially store higher amounts of hydrogen at moderate
temperatures. The challenge remains in optimizing the alloy-hydrogen stability, and
several transition elements have been found to support the reduction in the hydride
stability. In this study, Ni and Nb transition elements were incorporated into the TiVCr
alloy system to thoroughly understand their influence on the (de)hydrogenation kinetics
and thermodynamic properties. Three different compositions, (TiVCr)95Ni5, (TiVCr)90

Ni10, and (TiVCr)95Ni5Nb5, were prepared via arc melting. The as-prepared samples
showed the formation of a dual-phase BCC solid solution and secondary phase precipitates.
The samples were characterized using hydrogen sorption studies. Among the studied
compositions, (TiVCr)90Ni10 exhibited the highest hydrogen absorption capacity of 3 wt%,
whereas both (TiVCr)95Ni5 and (TiVCr)90Ni5Nb5 absorbed up to 2.5 wt% hydrogen. The
kinetics of (de)hydrogenation were modeled using the JMAK and 3D Jander diffusion
models. The kinetics results showed that the presence of Ni improved hydrogen adsorption
at the interface level, whereas Nb substitution enhanced diffusion and hydrogen release
at room temperature. Thus, the addition of Ni and Nb to Ti-V-Cr-based high-entropy
alloys significantly improved the hydrogen absorption and desorption properties at room
temperature for gas-phase hydrogen storage.

Keywords: hydrogen storage; TiVCrNi alloy; TiVCrNiNb alloy; BCC solid solution;
secondary phase; kinetic modeling

1. Introduction
Globally, the rise in greenhouse gas emissions is a concerning and challenging threat

to human survival. In particular, approximately 59% of greenhouse gas emissions (GHGs)
originate from the transportation sector [1]. Efforts to minimize carbon emissions through
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the use of renewable resources have increased. In particular, hydrogen energy is considered
a viable alternative approach for achieving net-zero emissions in mobile and stationary
applications [2]. Conversely, the scaling up of hydrogen production and storage is emerging
as a key research focus for developing greener energy systems [3–5]. Metal hydrides (MHs)
are solid-state materials that can store hydrogen safely and compactly, providing better
reversibility with high gravimetric and volumetric energy densities [6,7]. High-entropy
alloys (HEA) have recently gained significant attention as potential hydrogen storage
materials. HEA have more than five different constituent elements at equal or non-equal
non-equiatomic ratios, providing high selectivity of elements and tunability of the compo-
sitions. These variations significantly change the hydrogen kinetic and thermodynamic
performances [8–15]. Some challenges that are common for commercial metal hydrides
(typically binary or multicomponent alloy systems) are found to show limited influence on
altering the compositional parameters that are important for tuning hydride stability or
improving kinetic properties at moderate temperatures [16–20].

TiV-based alloys can store large amounts of hydrogen (>3 wt%), providing a greater
advantage in hydrogen absorption at room temperature [21,22]. Some popular TiV(M)
BCC-based alloys are doped with elements such as Cr, Zr, Nb, and Mn, which have been
found to exhibit high gravimetric hydrogen capacities at moderate temperatures [23–33].
The addition of these (non-)transition elements enhances the kinetic and thermodynamic
properties while also helping to reduce the vanadium usage and overall material cost.
Some practical challenges involved in BCC structures are (i) poor hydrogen reversibility
under ambient conditions due to the formation of a monohydride phase, (ii) requires
activation, and (iii) hysteresis loss during (de)absorption cycles, and (iv) requires high
temperature for hydrogen desorption (>300 ◦C) [34]. Compared to commercially available
intermetallic compounds such as (AB, AB2, and AB5), which can typically store only
1–2 wt% of hydrogen, the BCC structure can absorb large amounts of hydrogen at room
temperature, which is essential for light-duty hydrogen storage applications [35,36].

TiVCr-based alloys are considered promising hydrogen storage materials because the
addition of Cr helps to tune the plateau pressure and reduce the oxidation effects of V
and Ti [37,38]. At room temperature, it can form a single-phase BCC solid solution with
a high hydrogen content (3–4 wt% H2). However, TiVCr presents a low plateau pressure
range during the (de)hydriding process at room temperature. Thus, from a thermodynamic
perspective, higher temperatures (~300 ◦C) are required for the complete hydrogen des-
orption process [32,39,40]. Several reports have stated that the plateau pressure can be
tuned by varying the compositional range substitution of non-hydriding elements such
as Fe, Al, Ni, Mn, and Nb, which significantly improve the kinetics and thermodynamic
properties during the (de)hydriding process [28,30,31,41]. According to Vegard’s law, the
lattice parameter has a direct effect on the stability of the hydride [27,42,43], leading to
a shift in the equilibrium plateau pressure range. That, in turn, influences the desorp-
tion onset temperature and overall hydrogen storage capacity. An appropriate plateau
pressure near atmospheric pressure and moderate temperature (<100 ◦C) is essential for
light-duty vehicular applications. Thus, TiVCr-based alloys have the potential to meet the
Department of Energy (DoE) criteria because of their higher hydrogen storage capacity
and tunable properties to reduce the stability of hydrides by the addition of non-transition
elements [44,45].

Chao et al. investigated the relationship between the lattice parameter and Ti/Cr
ratio in the TiVCr alloy system. Altering the titanium-to-chromium ratio to a value higher
than 0.75 significantly affected the plateau pressure range [46]. The Seemita et al. group
studied a series of Ti-V-Cr-based quaternary alloy systems. It has been reported that
for the Ti2−xCrVMx (M = Fe, Co, Ni) alloy system, substituting Ti with non-transition
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elements leads to improved hydriding performance. For instance, the addition of Ni
improved the kinetic performance, achieving a hydrogen storage capacity of 3.9 wt% at
room temperature. In another report, replacing Ti with Al in the Ti2VCr system increased
the plateau pressure to 0.1 bar at room temperature. When the Al concentration is increased
from 5 wt% to 10 wt%, a decrease in the hydrogen storage capacity and kinetics properties
is observed [47,48]. Similarly, Wang et al. reported the role of Fe in a V-rich BCC alloy;
with results showing enhanced cyclic stability and hydrogen storage capacity of 3.8 wt%
H2. The plateau pressure increased when the Fe concentration was up to 3 wt% for
V75-Ti-Cr-Fey (Ti/Cr = 0.9, y = 0–6) at room temperature, maintaining good reversibility.
Kumar et al. showed that the Ti2CrV alloy exhibited good reversibility up to 3.5 wt% at
room temperature [49]. Thus, several reports have proven that the addition of transition
and non-transition metals to TiVCr alloys significantly impacts the hydrogen sorption
properties, with some direct influences on the thermodynamic properties. Few reports
have presented TiVCr alloys with composites such as LaNi5, TiMn2, ZrFe1.8V0.2, and other
rare-earth elements. The presence of secondary phases inhibited the storage capacity but
increased the equilibrium plateau pressure [50–52]. Lave-phase-related BCC alloys are
easily achieved by substituting non-transition metals. Some reports also show that the
presence of the lave phase in BCC, multicomponent, and high-entropy alloys significantly
enhances the hydrogen kinetics and decreases the hydride stability [53].

Similarly, Zhu investigated a complex doping strategy using a high-entropy alloy in the
TiVCr system [54]. The addition of HEA showed a synergistic effect in improving hydrogen
storage performance. It was effectively able to release 1.73 wt% of hydrogen at 1 bar
pressure (70 ◦C) for TiCr1.0V0.7(NbFeCoNiMn)0.2 with a minor presence of C14 secondary
phase. Zhu et al. demonstrated that the substitution of Nb in Ti-V-Cr alloys has a significant
impact on cyclic durability [30]. TiVCrNb is another well-explored multicomponent BCC
high-entropy alloy capable of absorbing hydrogen at a high capacity of 2 H/M. The
ratio of Cr and the valence electron concentration plays a crucial role in determining its
thermodynamic properties [55,56]. Ankita et al. conducted a detailed comparative analysis
of the bulk-level synthesis of BCC alloys using arc melting (AM) and induction melting
(IM) methods to characterize hydrogen storage performance. The 52Ti-12V-36Cr + 4 wt%
Zr alloy was synthesized in bulk using both AM and IM techniques. The synthesized
alloy consisted of BCC and secondary lave phases. The sample prepared via the AM
method stored 3.5 wt% hydrogen at room temperature. In the IM method, traces of TiC
contamination were detected during the melting process in the graphite crucible, which
adversely affected the hydriding kinetics and cyclic properties, resulting in a storage
capacity of 2.9 wt%. The authors have highlighted that the production and commercial
scaling of TiVCr present significant challenges, primarily due to the impact of the synthesis
method on storage capacity [57].

Based on the above discussion and extensive work on tuning the properties of TiV-
based alloys, significant efforts have been made to explore suitable non-hydriding elements
that can enhance the kinetic properties and reduce the stability of the hydride. The addition
of Ni to TiVCr-based alloys has been reported to be beneficial in destabilizing the alloy-
hydrogen stability, also leading to the formation of secondary phases that provide pathways
for hydrogen uptake and release [58–61]. In addition, the addition of Nb to TiVCr was
found to improve its cyclic stability [30,62]. To further explore the contribution of the
addition of Ni and Nb to TiVCr base alloys, in this study, quaternary and quinary alloys,
(TiVCr)xNi1−x and (TiVCr)xNi1−xNb5 (x = 0.90, 0.95), were prepared via the arc melting
method. The hydrogen storage properties were investigated through kinetic measurements
conducted at various temperatures. Furthermore, kinetic modeling was performed to
comprehend how the addition of Ni and Nb to the base matrix of the TiVCr alloy affects the
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hydrogen storage capabilities at different temperatures. This study aims to (i) understand
the role of Ni in TiVCr, (ii) understand the role of Nb in TiVCrNi, and (iii) evaluate the
consequent contribution of Nb to the effective hydrogen storage capacity.

2. Experimental
2.1. Sample Preparation

Ti rod (Thermo Scientific, Walham, MA, USA, 99.99% purity), Cr pieces (Thermo Sci-
entific, 99.99% purity), Vanadium sheets (Thermo Fisher, 99.7% purity), Nb pieces (Thermo
Scientific, 99.99% purity), and Ni pieces (Alfa Aesar, Haverhill, MA, USA 99.8% ) were
weighed based on the required composition proportions, as shown in Table 1. Three
compositions of TiVCr-based quaternary and quinary high-entropy alloys were synthe-
sized using the vacuum arc melting method. The stoichiometries of the compositions
are (TiVCr)xNi1−x and (TiVCr)xNi1−xNb5 (x = 0.90, 0.95), i.e., (TiVCr)95Ni5, (TiVCr)90Ni10,
and (TiVCr)95Ni5Nb5, respectively. Before melting, the arc chamber was continuously
purged with ultra-high-purity argon gas, and the Ti getter was melted to trap the residual
oxygen gas. All three compositions were melted four times to maintain the homogene-
ity of the sample. The as-synthesized alloy was mechanically crushed under hydraulic
pressure (load range 40–60 kN) and further characterized for its structural and hydrogen
storage properties.

Table 1. HEA calculated the parameter values.

Composition ∆Smix ∆Hmix δ Ω VEC ¯
∆H∞

¯
∆H

◦
f

(TiVCr)95Ni5 10.33 −8.16 6.68 2.62 5.24 −17.51 −37.44
(TiVCr)90Ni10 10.92 −11.16 6.69 2.02 5.50 −16.1 −35.70
(TiVCr)90Ni5Nb5 11.50 −8.22 6.65 2.96 5.25 −18.5 −37.45

Units: ∆S (J/K·mol), δ(%), ∆H, ∆H∞ and ∆H
◦
f (KJ/mol).

2.2. Characterization Method

The as-synthesized high entropy alloys were characterized by the X-ray diffraction
technique at a scan rate 1◦/min and a scan range of 10–90 degrees using a Rigaku X-ray
diffractometer with a tube voltage of 40 kV and current of 30 mA (Cu kα radiation). The
hydrogenation properties were determined using a Sievert-type apparatus (Hydata PCT
pro 2000, Setaram, Caluire, France). Kinetic measurements were taken at three different
temperatures (20, 100, and 200 ◦C) by applying a pressure of 30 bar. Thermal analysis
was performed for all three compositions after fully hydriding the alloys to measure
the complete hydrogen desorption temperature. The hydrided samples were carefully
removed from the PCT pro instrument, and the sample holders were dismantled inside
an argon-filled glove box to carry out chemisorption measurements using temperature-
programmed desorption (H2-TPD) in a Quantachrome Autosorb iQ-C-XR instrument
(Anton Paar, Gurugram, India). Approximately 120 mg of the hydrided sample was loaded
into the quartz sample holder and purged with ultra-high-purity helium gas at a flow
rate of 300 µL/min (1 bar). The heating rate was 5 ◦C/min, measured up to 500 ◦C. The
properties of the hydrogen-desorbed alloys were measured using a thermal conductivity
detector (TCD). After complete desorption, the samples were characterized using XRD
to understand the phase stability of the alloy. The microstructures of the samples were
examined using field-emission scanning electron microscopy (Gemini 300, Carl Zeiss,
Bangalore, India).

The formation of a single-phase high-entropy alloy is based on calculating criteria
such as configurational entropy (∆S), atomic size difference (δ), enthalpy of alloy formation
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(∆H), thermodynamic parameter (Ω), and valence electron count (VEC). The following
equations theoretically describe the formation of HEA and their expected phases.

Entropy of mixing ( ∆S)

∆Smix = −R
n

∑
i=1,j ̸=j

cilnci,

where R is the gas constant and ci is the atomic percent.
Atomic size difference (δ)

δ = 100

√
n

∑
i=1

ci

(
1 − ri

r

)2
, δ ≤ 6.6,

where r = ∑n
i=1 ciri, ciri atomic percent and atomic radius of the ith element.

Thermodynamic parameter (Ω)

Ω =
Tm∆Smix
|∆Hmix|

, Ω > 1

Enthalpy of alloy formation ( ∆H)

∆Hmix =
n

∑
i=1,i ̸=j

Ωijcicj,

where Ωij = 4∆HAB
ij , +3.2kJ/mol ≤ ∆Hmix ≥ −12.6kJ/mol. The enthalpy of mixing of

binary alloy AB ( ∆H) are based on the Miedema macroscopic model [63].
Valence electron configuration (VEC)

VEC =
n

∑
i=1

ci(VEC)i,

where VEC < 6.87 tends to form BCC whereas VEC > 8 forms FCC solid solution [64].
In this work, ∆H∞ and ∆H

◦
f are calculated using the following equations from ref-

erence [65], where (∆H∞)i is the enthalpy of hydrogen solution at infinite dilution and(
∆H

◦
f

)
i
is the standard enthalpy of formation of element i. The values are referred from [66].

The calculated values are shown in Table 1.

∆H∞ =
N

∑
i=1

{ci(∆H∞)i}

∆H
◦
f =

N

∑
i=1

{
ci

(
∆H

◦
f

)
i

}
3. Results and Discussion
3.1. Structural Analysis

The XRD patterns of (TiVCr)95Ni5, (TiVCr)90Ni10, and (TiVCr)95Ni5Nb5 for the as-
synthesized, hydrogenated, and dehydrogenated samples are compared and shown in
Figure 1a–c. All three compositions exhibited the existence of dual phases consisting of BCC
and secondary phases. Quantitative phase analysis was performed using Xpert Highscore
Plus (Malvern Panalytical B.V., Almelo, The Netherlands). Table 2 shows the structural
parameters of the as-synthesized alloys. The BCC lattice parameter for (TiVCr)95Ni5,
(TiVCr)90Ni10 was found to decrease slightly from 3.048 to 3.042 Å, and this is mainly due
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to the addition of small atom Ni (1.25 Å) [59,67]. Although the addition of Nb (1.48 Å) is
expected to increase the lattice value, a decrease in the lattice parameter is observed. This
reduction in the lattice parameter for (TiVCr)95Ni5Nb5 correlates well with the calculated
atomic size difference (δ) values provided in Table 1, which also show a slight decrease. That
may cause a lattice distortion effect due to atomic mismatch, which is generally observed in
HEA. For (TiVCr)95Ni5 and (TiVCr)90Ni10, the phase fraction of the BCC matrix decreased
from 82.2% to 52.8%, attributed to an increase in secondary phase formation. The observed
secondary phase is Cr0.8Ni0.2 substitutional solid-solution phase (BCC). The increase in the
phase fraction of the secondary phase for the (TiVCr)90Ni10 composition also matched with
an increase in ∆H from −8.16 to −11.16 kJ/mol (Table 1). For (TiVCr)95Ni5Nb5, a vanadium-
dominant BCC solid solution and secondary phase belong to the face-centered cubic C15
(MgCu2) lave phase (MgCu2, S.G: Fd 3 m) with total volume fractions of 89.6% and 10.4%,
respectively [68].

 

Figure 1. XRD diffraction pattern for (TiVCr)95Ni5 (a), (TiVCr)90Ni10 (b), and (TiVCr)90Ni5Nb5

(c) compositions for as-synthesized alloy, fully hydrogenated at 30 bar, and fully dehydrided after
TPD measurement and (d) results of temperature-programmed desorption (H2-TPD).

In the case of the hydrided sample, a peak shift in the BCC phase was observed for
(TiVCr)95Ni5, (TiVCr)90Ni10, and (TiVCr)95Ni5Nb5, attributed to the absorption of hydrogen
in the BCC lattice, causing volume expansion. Table 2 shows the lattice parameter details of
the hydride sample measured after several repeated cyclic studies. The volume expansion
percentages in the BCC phase upon hydrogenation were observed to be 11.17%, 10.09%, and
10.59% for (TiVCr)95Ni5, (TiVCr)90Ni10, and (TiVCr)95Ni5Nb5, respectively. The secondary
phase exhibited no peak shift for the as-synthesized material. However, a slight change
was observed in the hydrided phase, which may be attributed to the repeated cyclic effect
that induces pulverization. For (TiVCr)95Ni5Nb5, in addition to the presence of a secondary
phase, small traces of the BCT/FCC hydride phase were observed for the hydrided sample
at 2θ = 35.3 and 38.5◦ [68]. Figure 1a–c shows the diffraction pattern of the fully desorbed
state of the alloy measured after performing temperature-programmed desorption (TPD)
at a temperature of 500 ◦C. All compositions retained their original phases, which were
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present in the as-synthesized samples, and the XRD reflections did not exhibit any peak
shifts, confirming the structural stability of the alloy.

Table 2. Lattice parameter evaluated by XRD analysis for as-synthesized and hydrided alloy for
(TiVCr)95Ni5, (TiVCr)90Ni10, and (TiVCr)95Ni5Nb5 compositions.

As-Synthesized Hydride

Composition Phase
Phase

Fraction
(%)

Lattice
Parameter

(Å)
* Cell Volume

(Å3) Phase
Lattice

Parameter
(Å)

* Cell
Volume

(Å3)

(TiVCr)95Ni5
BCC 82.2 a = 3.048 28.31 BCC Hydride a = 3.159 31.52

Secondary BCC 17.8 a = 2.881 23.91 Secondary BCC a = 2.884 23.98

(TiVCr)90Ni10
BCC 52.8 a = 3.042 28.14 BCC Hydride a = 3.141 30.98

Secondary BCC 47.2 a = 2.880 23.88 Secondary BCC a = 2.898 24.33

(TiVCr)95Ni5Nb5
BCC 89.6 a = 3.038 28.04 BCC Hydride a = 3.142 31.01

C15 Lave phase 10.4 a = 6.951 335.8 C15 Lave phase a = 6.992 341.8

* Cell volume is the unit cell volume in Å3.

3.2. Microstructural Analysis

Figure 2 shows backscattered electron (BSE) images of all three compositions (a–c)
depicting arc-melted alloys and (d–f) hydrided samples for (TiVCr)95Ni5, (TiVCr)90Ni10,
and (TiVCr)90Ni5Nb5 compositions. The as-synthesized alloy comprised dark and light
regions, attributed to the presence of two-phase regions, BCC (dark phase) + secondary
phase (light phase). In the case of the Nb-substituted quinary alloy from the BSE result
(Figure 2c), the as-cast alloy also presented BCC and secondary phases. Figure 2d–f shows
the BSE images of the hydrogenated samples for all three compositions. The pulverization
of the alloy during the hydriding process was observed in all three compositions. This type
of crack or break is generally observed during repeated cyclic studies of metal hydride
systems [69,70].

 

Figure 2. BSE images of as-cast alloy (a–c) and hydride phase of (TiVCr)95Ni5, (TiVCr)90Ni10, and
(TiVCr)90Ni5Nb5 compositions (d–f).

3.3. Kinetics Measurement

Kinetic measurements were performed at different temperatures (20, 100, and 200 ◦C).
Initially, all the samples were measured at room temperature and under a constant pressure
of 30 bars. Before every new kinetic absorption measurement, the alloy was heated up
to 300 ◦C and evacuated under vacuum (10−2 bar) for complete hydrogen desorption.
The results of the absorption–desorption kinetics for all three compositions are shown
in Figure 3 and Table 3. (TiVCr)95Ni5, (TiVCr)90Ni10, and (TiVCr)90Ni5Nb5 compositions
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showed hydrogen uptake at room temperature. It is observed for all three compositions
that the hydrogen absorption capacity decreases with respect to an increase in temperature
(>100 ◦C). Similar results on the temperature-independent decrease in hydrogen absorption
have also been observed in a few previous studies. This decrease in storage capacity can
be attributed to two possible reasons: (i) the hydrogenation process is exothermic, and
both hydrogenation and dehydrogenation reactions compete with each other, leading to a
decrease in the storage capacity at high temperatures, and (ii) an increase in the equilibrium
pressure as a result of an increase in temperature [71–74]. The total absorption capacities
of (TiVCr)95Ni5 and (TiVCr)90Ni5Nb5 at room temperature were similar at 2.5 wt% H2,
whereas that of (TiVCr)90Ni10 showed a slight increase in capacity value up to 3 wt%
H2. The total time to complete the hydrogenation process was 45, 65, and 35 min for
(TiVCr)95Ni5, (TiVCr)90Ni10, and (TiVCr)90Ni5Nb5, respectively, at room temperature. Thus,
the concentration of Ni and the addition of Nb to the (TiVCr) HEA significantly impacted
the total capacity and (de)hydrogenation rate.

 

Figure 3. Hydrogen absorption/desorption kinetic profile of (TiVCr)95Ni5 (a,d), (TiVCr)90Ni10 (b,e),
and (TiVCr)90Ni5Nb5 (c,f) are measured at temperatures 20 ◦C, 100 ◦C, and 200 ◦C. For the desorption
measurements, the pressure was set to 0.02 bar.

Table 3. Hydrogenation absorption (abs) and desorption (des) behavior at different temperatures.
Units are in wt%.

Composition
20 ◦C 100 ◦C 200 ◦C

abs des abs des abs des

(TiVCr)95Ni5 2.50 0.86 2.00 0.91 1.09 0.49
(TiVCr)90Ni10 3.00 1.20 1.47 0.44 1.14 0.68
(TiVCr)90Ni5Nb5 2.50 1.15 1.35 0.53 1.22 0.75

Several reports have indicated that the existence of the lave phase, which is a type
of intermetallic phase, plays a significant role in promoting hydrogen diffusion across
grain boundaries [58,72,75–78]. From the Figure 1a–c XRD diffraction pattern, all three
hydrogenated compositions showed a clear peak shift towards a lower 2θ value, indicating
BCC lattice expansion due to effective absorption of a significant amount of hydrogen.
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No peak shift was observed for the secondary phases. That supports the opinion that
this phase could support and/or promote the hydrogen diffusion process at the inter-
face/bulk BCC lattice [79]. It has been experimentally observed in several studies that the
typical BCC structure upon hydrogenation shows a phase transformation from BCC to FCC
structure [55,56,58–60,80–82]. However, in most cases, an intermediate BCC/BCT mono-
hydride is also formed, which can reversibly store hydrogen up to <1 H/M at moderate
temperatures [83,84]. In the present study, for all three compositions, the reaction process
developed as follows: BCC + secondary phase ↔ intermediate BCC hydride + secondary
phase [22,59,60,81,85,86]. This indicates that upon hydrogenation, the BCC solid solution
phase (α-phase) undergoes a phase change to monohydride (β-phase), without converting
to dihydride FCC phase (δ), thus establishing an incomplete phase transformation, which
can be referred to Figure 1a–c. Few studies have shown that a relatively large presence of
a secondary phase reduces the actual storage capacity [34,87]. Long et al. and Silva et al.
presented similar lattice expansion of the BCC phase alone up to 50% of hydrogen capacity,
as the hydrogen concentration increases, the FCC phase is achieved [38,88]. These results
show that for the present compositions, the incomplete phase transformation from BCC to
FCC could be due to the presence of a secondary phase, which may hinder hydrogen diffu-
sion at the bulk level, causing a reduction in storage capacity. The alloy may require high
pressure (>30 bar) to gain more hydrogen into the lattice, since α-δ phase transformation
also depends on the hydrogen concentration [81].

Usually, strong hydride-forming elements (that include Ti, V) have a negative en-
thalpy of hydride formation value; thus, a higher temperature (~300–400 ◦C) is required
to release hydrogen completely. Efforts to reduce hydride stability have been achieved
by adding (non)transition elements, varying the atomic concentrations of constituent ele-
ments, and increasing the valence electron concentration (VEC). These are the most effective
strategies for destabilizing hydrides in multicomponent systems, including high-entropy
alloys [14,47,55,60,89]. It can be seen from the kinetic desorption profile (Figure 3d–f) that
not all absorbed hydrogen is released at room temperature. This partial hydrogen release
could be due to the contribution from intermetallic phases and/or hydrogen release from
the intermediate BCC hydride phase, which typically occurs at a low equilibrium pres-
sure [56,87]. In this study, the addition of Ni and Nb to the TiVCr matrix improved the
kinetics performance during absorption and desorption. However, complete desorption
was not achieved and requires a temperature of up to 450 ◦C to release hydrogen from all
three compositions, as observed in the TPD results of Figure 1d. Similarly, desorption onset
temperature in the range 400–500 ◦C is also observed in the literature and requires a high
temperature for the complete desorption process, which is one of the main challenges in
BCC-structured materials [77,87].

3.4. Kinetic Modeling

Kinetic modeling was performed to understand the hydrogen absorption and des-
orption properties of all three compositions. The time-dependent reaction fraction α (t)
is calculated using the definition α (t) = (Po − Pt/Po − Pe), where Po is the initial pres-
sure of the system, and Pt and Pe are the pressures at time t and the final equilibrium
pressure. Figure 4a–c shows the reacted fraction (α) of the hydrogen absorption process
for all three compositions at different temperatures [47,73,89,90]. All the compositions
presented different reaction fraction durations at higher temperatures and showed a satura-
tion time above 600 s to reach 90% of the total absorption capacity. At room temperature,
the time taken to reach 90% of the total capacity was t = 1000 s, 2000 s, and 680 s for
(TiVCr)95Ni5, (TiVCr)90Ni10, and (TiVCr)90Ni5Nb5, respectively. Regarding the increase
in temperature, the reacted fraction (α), especially for (TiVCr)95Ni5 and (TiVCr)90Ni10,
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reaches 90% of its capacity more quickly but exhibits a reduction in storage capacity. In the
case of (TiVCr)90Ni5Nb5 with respect to an increase in temperature, the reacted fraction
(α) takes a slightly longer time to reach 90% saturation, indicating that the rate-controlling
step occurs either at the interface or at the bulk level. Figure 4d shows the plot of the
reacted fraction versus time at room temperature. The results show a faster hydrogen
uptake for (TiVCr)95Ni5 and (TiVCr)90Ni10 compositions up to α = 0.7–0.8. In contrast,
(TiVCr)90Ni5Nb5 showed a short incubation period (t = 125 s) at room temperature, pre-
senting enhanced hydrogen absorption properties. This composition exhibited a shorter
duration to reach maximum capacity (t = 35 min) at room temperature.

 

Figure 4. Plots of reacted fraction α vs. t(s) for (TiVCr)95Ni5 (a), (TiVCr)90Ni10 (b), and
(TiVCr)90Ni5Nb5 (c) at different temperatures, and (d) reacted fraction at room temperature
for comparison.

Hydrogen absorption in metals/alloys depends on the applied pressure and tem-
perature, which drives the reaction [91]. The results of the kinetic modeling at different
temperatures for hydrogen absorption are shown in Figure 5. The kinetic data were
analyzed using a solid–gas reaction model, and for all three compositions, the Johnson–
Mehl–Avrami–Kolmogorov (JMAK) and 3D Jander diffusion models were well-fitted. The
results are presented in Figures 5 and 6. The above models are considered the best fit for
understanding hydrogen sorption kinetics, as they yielded the highest R2 coefficient values,
which were closest to 1. The expression for JMAK is α = 1 − exp (−kt)η, expanding to ln
[−ln (1 − α)] = (η ln k) + η ln t. The 3D diffusion model for Jander is given by equation
[1 − (1 − α)1/3]2 = kt, where α is the reaction fraction at time t, k is the rate constant, and η

is the Avrami constant. In general, the hydrogen absorption process proceeds as follows:
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(i) physisorption of hydrogen molecules on the surface of the alloy, (ii) dissociation of
hydrogen molecules into hydrogen atoms, (iii) penetration of hydrogen into the subsurface
layer, (iv) nucleation and growth, and (v) diffusion of hydrogen into the bulk [92]. The
development of the entire hydrogen absorption and desorption process over time pro-
vides critical insights into the nature of nucleation and growth mechanisms, as well as
rate-controlling steps (RCS), at both interface and bulk levels, which can be interpreted
using kinetic modeling.

 

Figure 5. Plots of ln (−ln (1 − α)) vs. ln (t) of hydrogen absorption kinetics calculated at two different
time zones of t = 10–35 s (a–c) and t = 100–300 s (d–f) for (TiVCr)95Ni5 (a,d), (TiVCr)90Ni10 (b,e), and
(TiVCr)90Ni5Nb5 measured at different temperatures (20, 100, and 200 ◦C).

Figure 5a–f and Table 4 show the calculated values for the Avrami constant (η) and
rate constant (k) values at different temperatures for all the three compositions. The
nucleation rate for all three compositions for a time period till 300 s shows η = 1–2, showing
a 1D interface/diffusion-controlled reaction with a reduced nucleation rate with respect
to an increase in temperature [59,93]. Ideally, a high nucleation rate and rapid growth
of the hydride phase are essential for a faster hydrogen absorption process. However,
several experimental studies have shown that the formation of a hydride layer hinders the
hydrogen diffusion process inside the bulk of the alloy. This constitutes a rate-controlling
step for the alloy to hydrogenate completely, which is typically seen as a flat curve during
kinetic measurements (refer to Figure 2) [89,91,94].

The (TiVCr)95Ni5 and (TiVCr)90Ni5Nb5 compositions exhibited a decrease in the rate
constant with increasing temperature. Both compositions at room temperature showed a
higher rate constant (k) value in the time zone (t = 0–35 s) with an Avrami component value
(η) of ~2. For time (t = 100–300 s), a gradual decrease in the η and k values was observed
for both compositions. This indicates that the kinetics at the interface are faster initially
and slow down over time, which is attributed to the rate-controlling step due to hydride
shell formation [73]. The decrease in the rate constant value with increasing temperature is
due to the exothermic process, where both hydrogenation and dehydrogenation reactions
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compete with each other, resulting in a decrease in storage capacity at high temperatures.
In the case of (TiVCr)90Ni10, the rate constant (k) value is found to increase, with an increase
in temperature, from 0.0061 to 0.0135 during the time period (t = 0–35 s). The increase in
rate during the initial step demonstrates the alloy’s ability to quickly absorb hydrogen
at the interface level, which may be attributed to an increase in the phase fraction of the
secondary phase. Nickel acts as a hydrogen accumulator region, supporting the dissociation
of hydrogen.

 

Figure 6. Three-dimensional Jander diffusion model fitting for (TiVCr)95Ni5 (a), (TiVCr)90Ni10 (b),
and (TiVCr)90Ni5Nb5 (c) at different temperatures (20, 100, and 200 ◦C) for time duration t = 300–600 s
and 600–1000 s (d–f).

Table 4. Results of JMAK at two time stages: 1 (t = 10–35 s) and 2 (t = 100–300 s), η is the Avrami
component, k is the rate constant (s).

Composition Temperature
(K)

Stage 1 (t = 0–35 s) Stage 2 (t = 100–300 s)

η k R2 η k R2

(TiVCr)95Ni5
293 2.07 0.0166 0.997 0.486 0.0088 0.986
373 0.899 0.0062 0.998 0.681 0.0059 0.999
473 0.811 0.0061 0.999 0.940 0.0053 0.996

(TiVCr)90Ni10

293 0.935 0.0061 0.999 0.609 0.0040 0.989
373 0.759 0.0082 0.999 0.444 0.00431 0.997
473 0.735 0.0135 0.999 0.445 0.011 0.999

(TiVCr)90Ni5Nb5

293 1.684 0.00472 0.999 1.132 0.00397 0.981
373 0.778 0.00138 0.999 0.576 0.00053 0.997
473 0.680 0.0011 0.997 0.457 0.00017 0.998

It is generally noted that the reaction rate constant (k) depends on the temperature,
which drives the (de)hydrogenation reaction speed. In the present case, the reaction rate (k)
decreased with increasing temperature for (TiVCr)95Ni5 and (TiVCr)90Ni5Nb5, showing
a negative temperature dependence. Similar results on the decrease in the rate constant
with increasing temperature have been experimentally shown in the literature [95–97],
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which indicates that this effect is due to the competition between hydrogen absorption
and desorption (exothermic process). Although the goodness of fit is achieved, the JMAK
model does not provide an in-depth understanding of the negative temperature effect. All
the as-synthesized alloys can absorb hydrogen at room temperature and gradually lose this
ability when the temperature increases.

It is generally observed that hydrogen diffusion gradually decreases over time
during the hydrogen absorption process, causing a rate-limiting step at the bulk
level. Figure 6a–f shows the results of the 3D Jander diffusion model for (TiVCr)95Ni5,
(TiVCr)90Ni10, and (TiVCr)90Ni5Nb5 compositions. The diffusion behavior was investi-
gated for two different time ranges, t = 300–600 s, and 600–1000 s, to understand the
diffusion limitations over time. The rate constant (k) values for (TiVCr)95Ni5, during the
time period (t = 300–600 s), at 20 ◦C, 100 ◦C, and 200 ◦C are 0.0001, 0.0003, and 0.0018,
respectively. The k value decreases slightly from 1 × 10−4 to 2 × 10−4 (t ≥ 600 s), with an
increase in temperature, which is attributed to a diffusion-controlled step at the bulk level
over time due to hydride layer formation. In case of (TiVCr)90Ni10 the k value increases
from 0.000136 to 0.0004 for time (t = 300–600 s), and the k value above 600 s decreases from
9 × 10−5 to 4 × 10−5 at increasing temperature (20, 100, and 200 ◦C). For (TiVCr)90Ni5Nb5,

at room temperature, the k value for the time period (t = 300–600 s and 600–1000 s) is equal
to 0.00050 and 0.0004. This value is slightly higher than that of the other compositions. For
temperatures of 100 ◦C and 200 ◦C, at a time zone between 300 and 1000 s, the k value
is ~3–4 × 10−5. This suggests that diffusion is the rate-controlling step as temperature
increases, which is also evident from Figures 2 and 4 showing slower hydrogenation reac-
tion performances at 100 ◦C and 200 ◦C, whereas at room temperature, (TiVCr)90Ni5Nb5

showed enhanced hydrogen diffusion properties.
Figure 7a–c presents the results for the diffusion-controlled mechanism for the hydro-

gen desorption process for (TiVCr)95Ni5, (TiVCr)90Ni10, and (TiVCr)90Ni5Nb5 compositions
at different temperatures. The activation energies for the desorption process were 6.714,
6.135, and 0.436 kJ/mol for (TiVCr)95Ni5, (TiVCr)90Ni10, and (TiVCr)90Ni5Nb5. The desorp-
tion of hydrogen for all compositions was promising, with a minimum activation energy.
The (TiVCr)90Ni5Nb5 composition presented a minimum activation energy for hydrogen
release, thus indicating that the addition of Nb not only improved hydrogen diffusion
at the bulk level but also destabilized the stability of the alloy-hydrogen interaction(s).
Cheng et al. studied the hydrogenation properties of TiVCrNbNi alloys with different Ni
concentrations (range 2–6 wt%). The hydrogen desorption activation energy gradually
decreased with increasing Ni concentration (Ea = 93–24 kJ/mol) [98]. In the present work,
the lower activation energy for hydrogen desorption may be attributed to the presence of
secondary phases, which effectively facilitate hydrogen release at room temperature. These
results agree well with the temperature-programmed desorption (TPD) profile, where
hydrogen release begins at and above room temperature, and remaining hydrogen can be
released only above 300 ◦C. Typically, strong hydride-forming elements (including Ti and
V) have a high enthalpy of hydride formation, requiring high temperatures to release hy-
drogen completely. The presence of secondary phases supports hydrogen dissociation and
enhances the absorption and desorption processes at room temperature. Figure 7d–f can be
compared with the desorption curves in Figure 2d–f, where the total dehydrogenation time
is shorter for the Nb-substituted alloy, indicating a decrease in the stability of the hydride.
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Figure 7. Three-dimensional Jander diffusion model fitting for (TiVCr)95Ni5 (a), (TiVCr)90Ni10 (b),
and (TiVCr)90Ni5Nb5 (c) at different temperatures (20, 100, and 200 ◦C) and apparent activation
energy (Ea) for hydrogen desorption (d–f).

In summary, the addition of Ni and Nb to the TiVCr and TiVCrNiNb compositions
impacted the overall kinetic performance. Specifically, the addition of 5 wt% nickel to
(TiVCr)95Ni5 resulted in 2.5 wt% hydrogen absorption. The kinetic modeling results show
enhanced hydrogen absorption at the surface level and improved hydrogen diffusion
behavior at the bulk level. In the case of (TiVCr)90Ni10, a hydrogen storage capacity of up
to 3 wt% was achieved. The results obtained from kinetic modeling revealed a rate-limiting
step at both the interface and bulk levels as time increases. In the case of (TiVCr)90Ni5Nb5,
the addition of Nb greatly benefits the hydrogen absorption and desorption processes,
resulting in an increase in the rate constant (k) value over time at room temperature, thereby
enhancing the overall kinetic performance. In conclusion, Nickel concentration (5 wt%)
and Niobium addition facilitated hydrogen absorption and release at room temperature.

4. Conclusions
TiVCr-based alloys are well-explored BCC solid-solution materials for hydrogen stor-

age applications. Improving the kinetic and thermodynamic properties can be achieved
by adding (non)transition elements, selecting suitable catalysts, and adjusting the con-
stituent elemental composition. These are the most commonly accepted strategies for
enhancing (de)hydrogenation performance. In this study, three compositions, (TiVCr)95Ni5,
(TiVCr)90Ni10, and (TiVCr)90Ni5Nb5, were prepared using the arc-melting technique. The
hydrogenation properties were studied using kinetic measurements at different tempera-
tures. This study aims to enhance the kinetic absorption step by adding Ni and to improve
the hydrogen desorption properties by Nb substitution. Microstructural analysis revealed
the presence of a dual phase (BCC + secondary) in all three compositions. The BCC struc-
ture actively absorbed hydrogen, and the presence of the secondary phase supported the
hydrogen sorption process by dissociating hydrogen at the interface and improving the
hydrogen diffusion behavior at the bulk level.
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The kinetic modeling results showed that Ni addition increased the nucleation rate
at the interface level, and Nb substitution improved the diffusion properties at the bulk
level. The apparent activation energies during the desorption process were calculated
using the 3D diffusion Jander model, and the values were found to be 6.714, 6.135, and
0.436 kJ/mol for (TiVCr)95Ni5, (TiVCr)90Ni10, and (TiVCr)90Ni5Nb5, respectively. Thus,
the inclusion of Nb in TiVCrNi improved bulk-level hydrogen diffusion and facilitated
hydrogen desorption at room temperature with a lower activation energy. (TiVCr)95Ni5
and (TiVCr)90Ni10 exhibited enhanced hydrogen absorption properties. However, higher
temperatures above 300 ◦C are required for complete hydrogen desorption. In this study,
the influence of Ni and Nb substitution in Ti-V-Cr-based high-entropy alloys for room-
temperature hydrogen storage applications was investigated. The results show that the
dual phases improve the overall hydrogen absorption-desorption kinetic properties.
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