
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 5
/6

/2
02

6 
7:

44
:4

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Tailoring hydrog
aEngineering Research Center of Nuclea

University of Technology), Ministry of Educ

h-348931432@ecut.edu.cn; lvpeng@ecut.ed
bSchool of Science, East China University of
cSchool of Water Resources and Environmen

Technology, Nanchang 330013, Jiangxi, Chi
dJiangxi Provincial Key Laboratory of Gen

Pollution (East China University of Technol
eSchool of Chemistry and Materials Scienc

Nanchang 330013, Jiangxi, China

Cite this: RSC Adv., 2026, 16, 12348

Received 4th December 2025
Accepted 23rd February 2026

DOI: 10.1039/d5ra09388k

rsc.li/rsc-advances

12348 | RSC Adv., 2026, 16, 12348–12
enation, thermodynamic
properties and oxidation resistance of TiFe alloy by
only regulating the stoichiometric ratio of Ti and Fe
elements

Siqi Xia,acd Guojie Wu,acd Dongfang Huang,*abc Guixiang Ma,b Haonan Cai,cd

Jinyuan Jiang,ce Quanbao Zhou,e Xuebo Yana and Peng Lv *acd

This study systematically investigates the effect of regulating the stoichiometric ratio of Ti and Fe elements

on the microstructure, hydrogenation properties, thermodynamics and oxidation resistance of TixFe2−x (x=

1, 1.1, 1.2, 1.3) alloys. Microstructural analysis reveals that all as-cast alloys except x= 1 alloy consist of a TiFe

main phase and Ti2Fe secondary phase. Increasing Ti content leads to the expansion of the lattice

parameters, unit cell volume and crystallite size of the TiFe phase, alongside an increase in the area

percentage of a dark phase observed in the microstructure. Regarding hydrogenation, higher Ti content

enhances first hydrogenation kinetics and increases the maximum hydrogen storage capacity from

1.91 wt% (x = 1.1) to 2.27 wt% (x = 1.3), which is attributed to the dark phase facilitating hydrogen

dissociation and diffusion. However, the reversible hydrogen storage capacity decreases from 1.37 wt% (x

= 1.1) to 1.10 wt% (x = 1.3), likely due to the formation of stable TiHx hydrides. Thermodynamically, the

activation energy of hydrogen absorption decreases with higher Ti content (from 18.62 kJ mol−1 of x =

1.1 to 11.97 kJ mol−1 of x = 1.3), indicating enhanced hydrogen diffusion. Conversely, the activation

energy of hydride decomposition and the hydride stability increases with Ti content. Furthermore, the

oxidation resistance of the alloys deteriorates as Ti content increases, ascribed to the higher oxidation

sensitivity of Ti compared to Fe.
1 Introduction

With the growing severity of global environmental issues and
the continuous depletion of fossil fuels, the search for alterna-
tive energy sources has become a key priority for countries
worldwide to address the energy crisis.1,2 As a crucial compo-
nent of clean energy, hydrogen energy has attracted widespread
attention. However, its large-scale utilization strongly depends
on breakthroughs in hydrogen storage and transportation
technologies.3,4 Hydrogen storage alloys can absorb hydrogen at
relatively low hydrogen pressure and temperature, which
fundamentally overcomes the limitations of conventional high
pressure gaseous and cryogenic liquid hydrogen storage
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methods.5 Among all hydrogen storage alloys, TiFe alloy has
been extensively investigated owing to its better hydrogen
storage properties including a maximum hydrogen storage
capacity of approximately 1.86 wt% and a long cycle life. In
addition, it also can absorb hydrogen at room temperature and
relatively low hydrogen pressure.6

Although TiFe hydrogen storage alloy has a broad applica-
tion prospect, it still faces several problems that need to be
solved. The main problems are difficulty in activation and
susceptibility to oxidation. Many methods including elemental
doping,7–14 mechanical deformation15–17 and surface treat-
ment18,19 have been applied to overcome these problems.
Among all methods, elemental doping is an effective way to
improve the hydrogen storage properties of TiFe alloy. For
instance, Mn element can be introduced into TiFe alloy. BAR-
ALE Jb et al.7 reported that TiFe alloy doped with Mn exhibited
a hydrogen storage capacity of 1.0 wt% at 55 °C and 25 bar
hydrogen pressure. This alloy not only showed excellent
hydrogen adsorption/desorption kinetics but also showed good
oxidation resistance. Park et al.20 synthesized TiFe1−xMnx alloys
and found that the incubation time of TiFe0.7Mn0.3 alloy was
signicantly shortened from 300 to 20 min during the rst
hydrogenation process. Elements such as Zr/Hf/Cr/Mo, etc. were
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 First hydrogenation curves of TixFe2−x (x = 1, 1.1, 1.2, 1.3) alloys
at 30 °C and under 20 bar.

Table 1 The incubation time and maximum hydrogen storage
capacity of different alloys during the first hydrogenation

Sample
Incubation
time (s)

Maximum hydrogen
storage capacity (wt%)

x = 1 — —
x = 1.1 4200 1.91
x = 1.2 1893 2.07
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also introduced into TiFe alloy. Gosselin et al.10 found that TiFe
+ 4 wt% Zr alloy could absorb hydrogen directly without any
treatment at room temperature and 45 bar hydrogen pressure.
In addition, the presence of Zr rich intergranular phases
(Ti1−yZry)2Fe was identied, which effectively addressed
the issue of hard activation of TiFe alloy. Razandramanana
et al.11 reported that the addition of 8 wt% Hf was the
minimum limit for activating TiFe alloy without any
treatment at room temperature and 20 bar hydrogen pressure.
The three-phase structure (B2-TiFe, Fe-rich C14-Laves phase
and Ti-rich BCC phase) induced by Hf may be the core of
properties enhancement. Jung et al.13 reported that TiFe
alloy doped with Cr contained Ti(Cr, Fe)2 phase that is helpful
for improving the rst hydrogen absorption kinetics. But
the maximum hydrogen storage capacity decreased with
increasing the fraction of Ti(Cr, Fe)2 phase. Li et al.14 synthe-
sized a series of quaternary Ti1.05Fe0.85Cr0.1−xMox alloys. All
alloys can absorb hydrogen at room temperature without any
treatment and TiFe0.85Cr0.05Mo0.05 alloy showed the best
hydrogen storage properties. Except for elemental doping,
mechanical deformation and surface treatment were also
employed to handle TiFe alloy. Manna et al.15 used ball
milling to improve the rst hydrogenation kinetics of TiFe alloy.
Aer ball milling, the alloy absorbed 1.5 wt% hydrogen without
any treatment during the rst hydrogenation. Vega et al.17 re-
ported that cold rolled treatment enhanced the rst hydroge-
nation of TiFe alloy and the maximum hydrogen storage
capacity reached 1.4 wt%. Davids et al.18 carried out metal
organic chemical vapour deposition technique to synthesized
a Pd lm on the surface of TiFe alloy and found that Pd coated
TiFe alloy showed good oxidation resistance. Peng et al.19 used
chemical plating to prepare Ni coated TiFe0.8Mn0.15Zr0.05 alloy.
They found that the alloy with Ni plating for 10 min exhibited
rapid rst hydrogen absorption kinetics and the best oxidation
resistance.

Although techniques such as element doping, mechanical
modication and surface treatment can improve the hydrogen
storage properties of TiFe alloy, they oen suffer from draw-
backs including high cost and complex processing. Several
studies have attempted to enhance the hydrogen storage prop-
erties of TiFe alloy by regulating stoichiometric ratio of Ti and
Fe elements. K. B. Park et al.21 conducted preliminary studies on
the hydrogen absorption kinetics of Ti1.2Fe alloy and suggested
that Ti2Fe phase might promote hydrogenation. Later, Ulate-
Kolitsky et al.22 synthesized Ti1.2Fe0.8 alloy by arc melting and
found that the alloy can absorb hydrogen within 12 h without
any heat treatment or mechanical processing due to the ner
distribution of secondary phases (Ti2Fe and BCC). However,
these earlier works focused only on single-composition alloys
and the research on hydrogen storage properties is not
comprehensive. In order to gain a deeper understanding of the
effects of regulating stoichiometric ratio of Ti and Fe elements
on the microstructure, hydrogen storage properties, thermo-
dynamic properties and oxidation resistance of TiFe alloy. The
TixFe2−x (x= 1, 1.1, 1.2, 1.3) alloys are designed and prepared by
arc melting.
© 2026 The Author(s). Published by the Royal Society of Chemistry
2 Experimental details

High-purity metal raw materials of Ti and Fe (99.9%) were
supplied by ZhongNuo Advanced Material (Beijing) Technology
Co., Ltd. The total mass of the raw materials was 3 g and each
element was weighed precisely according to the designed stoi-
chiometric ratio. The mixture was placed in a water-cooled
copper crucible and melted under a high-purity argon atmo-
sphere using an arc-melting furnace (SP-MSM207) provided by
Shenyang Kejing Instrument Co., Ltd. During arc melting, the
ingots were remelted four times by ipping to ensure compo-
sitional homogeneity of TixFe2−x (x= 1, 1.1, 1.2, 1.3) alloys. Aer
solidication, the ingots were mechanically crushed using
a steel mortar and sieved to obtain alloy powder with particle
size ranging from 50–80 mesh.

The phase structure of all alloys before and aer hydroge-
nation was characterized by XRD (Bruker D8 Advance, Cu Ka).
The morphology was observed by scanning electron microscopy
(SEM, FEI Nova NanoSEM 450). Thermal analysis of both
hydrogenated and dehydrogenated alloys was carried out by
using a HITACHI STA 200 thermal analyzer under a ow of
pure nitrogen at different heating rates. Additionally, TGA
was performed on the same HITACHI STA 200 instrument in air
to assess the oxidation behavior of the alloys. In order to eval-
uate the hydrogen storage properties, a home-made Sieverts-
x = 1.3 1177 2.27
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Fig. 2 XRD patterns of all as-cast TixFe2−x (x = 1, 1.1, 1.2, 1.3) alloys (a). Rietveld refinement curves of all as-cast TixFe2−x (x = 1, 1.1, 1.2, 1.3) alloys
(b–e). Some structural parameters of TiFe phase obtained from Rietveld refinement (f).
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type apparatus was used. The hydrogen absorption was per-
formed at 30 °C under 20 bar. Prior to each hydrogenation
process, the system was evacuated for 30 minutes by using
a vacuum pump.
Fig. 3 BSE images and EDS mapping of TixFe2−x (x = 1, 1.1, 1.2, 1.3) alloy

12350 | RSC Adv., 2026, 16, 12348–12359
3 Results and discussion
3.1 First hydrogenation properties

Fig. 1 presents the rst hydrogenation curves of TixFe2−x (x = 1,
1.1, 1.2, 1.3) alloys measured at 30 °C under 20 bar. It is clear
s in 50 mm.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The composition of TixFe2−x (x = 1, 1.1, 1.2, 1.3) alloys

Samples
Theoretical Ti
content (atomic. %)

Theoretical Fe
content (atomic. %)

Actual Ti content
(atomic. %)

Actual Fe content
(atomic. %)

x = 1 50.00 50.00 51.19 48.81
x = 1.1 55.00 45.00 55.90 44.10
x = 1.2 60.00 40.00 60.89 39.11
x = 1.3 65.00 35.00 65.40 34.60
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that, except for the x = 1 alloy (pure TiFe alloy), all alloys can
absorb hydrogen directly aer different incubation time
without any prior activation or external surface treatment. Table
1 shows the incubation time and maximum hydrogen storage
capacity of different alloys during the rst hydrogenation. It is
clear that the incubation time reduces signicantly from 4200 s
of x = 1.1 alloy to 1177 s of x = 1.3 alloy and the maximum
hydrogen storage capacity increases from 1.91 wt% of x = 1.1
alloy to 2.27 wt% of x = 1.3 alloy. In addition, the rst hydro-
genation kinetics also rises with increasing x from 1.1 to 1.3.
This result suggests that the partial substitution of Fe by Ti can
facilitate hydrogen diffusion during rst hydrogenation process
effectively.
3.2 XRD pattern

XRD patterns of all as-cast alloys are shown in Fig. 2(a). It is
clear that all as-cast alloys exhibit TiFe as the primary phase and
Ti2Fe as the secondary phase, except for the x = 1 alloy, which
contains only TiFe phase. With Ti content increases, the
intensity of these diffraction peaks corresponding to Ti2Fe
phase becomes increasingly pronounced. The presence of Ti2Fe
Fig. 4 The area percentage of two phases of TixFe2−x (x = 1, 1.1, 1.2, 1.3

© 2026 The Author(s). Published by the Royal Society of Chemistry
phase maybe the reason why x = 1.1, 1.2 and 1.3 alloys can
absorb hydrogen directly under 20 bar hydrogen pressure
without any activation treatment. Park et al.21 reported that
higher Ti content promoted the formation of Ti2Fe and Ti4Fe
phases, providing diffusion pathways for hydrogen and
improving hydrogen absorption kinetics of the alloy.

Fig. 2(f) shows the lattice parameter, unit cell volume and
crystallite size of all as-cast alloys obtained from Rietveld
renement of Fig. 2(b–e). With increasing Ti content, the lattice
parameter of TiFe phase increases from 2.9733 Å (x = 1) to
2.9914 Å (x = 1.3) and the unit cell volume increases from 26.29
Å3 to 26.77 Å3. Meanwhile, the crystallite size increases from 701
Å to 1043 Å. This expansion of lattice parameter and unit cell
volume may be attributed to the larger atomic radius of Ti (1.47
Å) compared with Fe (1.26 Å). The above results may be one of
the reasons for the improved hydrogen absorption properties of
the alloy.
3.3 Morphology

Fig. 3 shows the BSE images and EDS mapping of TixFe2−x (x =

1, 1.1, 1.2, 1.3) alloys in 50 mm. It can be seen clearly that all
) alloys.

RSC Adv., 2026, 16, 12348–12359 | 12351

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09388k


Table 3 The area percentage of the bright phase and dark phase

Sample Bright phase (%) Dark phase (%)

x = 1 93.31 6.69
x = 1.1 80.82 19.18
x = 1.2 64.83 35.17
x = 1.3 51.14 48.86

Table 4 The composition of point A and B obtained from Fig. 5

Samples Element
Bright phase
(atomic. %)

Dark phase
(atomic. %)

x = 1 Ti 50.39 50.36
Fe 49.61 49.64

x = 1.1 Ti 52.07 76.86
Fe 47.93 23.14

x = 1.2 Ti 51.97 77.02
Fe 48.03 22.98

x = 1.3 Ti 52.56 77.49
Fe 47.44 22.51
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alloys consist of two regions with distinct contrast, appearing as
bright and dark phases. In the bright phase, Ti and Fe elements
are uniformly distributed. In the dark phase, there is a higher
concentration of Ti element and a lower concentration of Fe
element. In addition, there is a notable increase in the number
of interfaces including grain boundaries between two phases.
Such grain boundaries can provide effective diffusion channels
for hydrogen and reduce the incubation time during the rst
hydrogenation.16,23,24 Table 2 presents the composition of Tix-
Fe2−x (x= 1, 1.1, 1.2, 1.3) alloys. It is clear that the actual content
of Ti and Fe is close to the theoretical content of Ti and Fe.

In order to compare the area percentage of different phases,
the BSE images of all alloys are processed by using Image J
soware. The dark phase is marked with blue color in Fig. 4. The
area percentage of the bright phase and dark phase obtained
from Fig. 4 is shown in Table 3. It is clear that the area percentage
of the dark phase rises with the increase of Ti content.

Fig. 5 presents the composition of the bright and dark phases
as quantied by EDS pointing analysis, where points A and B
represent the bright phase and dark phase, respectively. The
corresponding composition of point A and B is summarized in
Table 4. It is very clear that Ti content is always higher that Fe
content in both phases. In the bright phase, the atomic ratio of Ti
to Fe is close. But in the dark phase, the atomic ratio of Ti to Fe is
close to 3 : 1 except pure TiFe alloy (x= 1). This result means that
Fig. 5 The BSE images of TixFe2−x (x = 1, 1.1, 1.2, 1.3) alloys in 30 mm.

12352 | RSC Adv., 2026, 16, 12348–12359
the bright phase may be mainly composed of TiFe phase and the
dark phase may be a mixture of TiFe and Ti2Fe phases.
3.4 Hydrogenation cycles

The hydrogenation cycles of TixFe2−x (x= 1.1, 1.2, 1.3) alloys are
shown in Fig. 6(a–c). The maximum and reversible hydrogen
storage capacities are shown in Fig. 6(d). It is clear that the
reversible hydrogen storage capacity of each alloy keeps stable
but is lower than themaximum hydrogen storage capacity of the
rst hydrogenation. With increasing Ti content, the reversible
hydrogen storage capacity decreases from 1.37 wt% (x = 1.1) to
1.10 wt% (x = 1.3). Especially the x = 1.3 alloy shows the
greatest loss in reversible hydrogen storage capacity (about
1.17 wt%). This reversible hydrogen storage capacity loss is
mainly caused by the excessive Ti reacting with hydrogen to
form stable TiHx hydrides. These TiHx hydrides show thermo-
dynamic stability and are not prone to decomposition at room
temperature. Fig. 7 shows the variation of hydrogen storage
capacity retention with different Ti2Fe content. It is clear that
the hydrogen storage capacity retention of the alloy signicantly
decreases with increasing the content of Ti2Fe phase. In
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Hydrogenation cycles (from 2nd to 5th) of TixFe2−x (x = 1.1, 1.2, 1.3) alloys at room temperature and under 20 bar hydrogen pressure (a–c).
The maximum and reversible hydrogen storage capacities in the first hydrogen hydrogenation of all alloys (d).
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addition, the content of Ti2Fe phase increases from 8.5% to
13.6% with x from 1.1 to 1.3 in Fig. 2. This result indicates that
the formation of Ti2Fe is associated with the reduction of the
reversible hydrogen storage capacity of the alloy.

In order to investigate the composition of the irreversible
hydrides that are difficult to decompose at room temperature,
XRD was performed for all dehydrogenated alloys in Fig. 8. It is
clear that the dehydrogenated alloy mainly consists of TiFe,
Ti2Fe, TiHx and FCC phases. The presence of TiFe phase may be
due to the decomposition of TiFeHx at room temperature. The
Fig. 7 The variation of hydrogen storage capacity retention with Ti2Fe
content.

© 2026 The Author(s). Published by the Royal Society of Chemistry
formation of TiHx is attributed to the reaction between excess Ti
and hydrogen leading to the irreversible hydrides that are
difficult to decompose at room temperature.

Based on the above results, the predicted mechanism of
hydrogen absorption TixFe2−x (x = 1.1, 1.2, 1.3) alloys can be
illustrated in Fig. 9. As shown in Fig. 3, all alloys consist of the
bright and dark phases. During the process of hydrogen
absorption, hydrogen molecules dissociate into atoms on the
surface of the dark phase. Then these hydrogen atoms can
Fig. 8 XRD pattern of TixFe2−x (x = 1.1, 1.2, 1.3) alloys after
dehydrogenation.

RSC Adv., 2026, 16, 12348–12359 | 12353

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09388k


Fig. 9 Prediction mechanism of hydrogen absorption of TixFe2−x

(x = 1.1, 1.2, 1.3) alloys.

Table 5 The usual models of rate limiting step during the hydroge-
nation process28

Model name Model equation

Chemisorption a = kt
JMA2D [−ln(1 − a)]1/2 = kt
JMA3D [−ln(1 − a)]1/3 = kt
CV2D [1 − (1 − a)]1/2 = kt
CV3D [1 − (1 − a)]1/3 = kt
GB2D (1 − a)ln(1 − a) + a = kt
GB3D 1 − (2a/3) − (1 − a)2/3 = kt
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rapidly diffuse through the dark phase and migrate into the
interior of the alloy, resulting in the formation of numerous
microcracks. These microcracks could provide pathways for
hydrogen atoms to further penetrate the alloy. This mechanism
explains why the alloy with higher area percentage of the dark
phase exhibits faster hydrogen absorption kinetics.25–27
3.5 Activation energy of hydrogen absorption and hydride
decomposition

In order to investigate the activation energy of the hydrogen
absorption of TixFe2−x (x = 1.1, 1.2, 1.3) alloys. The hydrogen
absorption curves of three alloys at different temperatures were
measured in Fig. 10(a–c). It can be seen that the hydrogen
storage capacity of each alloy decreases with increasing the
temperature. Table 5 lists the usual models of rate limiting step
during the hydrogenation process,28 where t is the reaction
time, a is the fraction of reaction completion and k is the rate
Fig. 10 The hydrogen absorption curves of TixFe2−x (x = 1.1, 1.2, 1.3) alloy
TixFe2−x (x = 1.1, 1.2, 1.3) alloys at 30 °C (d–f).

12354 | RSC Adv., 2026, 16, 12348–12359
constant. The chemisorption model represents surface reac-
tion. The JMA2D/3D model describes two-dimensional/three-
dimensional nucleation with a constant interface velocity. The
CV2D/3D model stands for two-dimensional/three-dimensional
controlled volume shrinkage. The GB2D/3D model character-
izes two-dimensional/three-dimensional diffusion and growth
controlled by a continuously decreasing interface velocity.

The representative hydrogen absorption curves of three
alloys at 30 °C were tted according to previous studies.24–26 The
tting results are shown in Fig. 10(d–f). The adjusted R2 values
are listed in Table 6. As we know, the closer the adjusted R2

value is to 1, the higher the degree of t. From Table 6 and it is
clear that three alloys agree with the GB3D model. The mech-
anism of hydrogen absorption is governed by three-
dimensional diffusion and growth controlled by a continu-
ously decreasing interface velocity.

Aer conrming that the mechanism of hydrogen absorp-
tion follows the GB3D model. The hydrogen absorption curves
at three temperatures are tted by using the GB3D model. The
tting results are shown in Fig. 11(a–c). The corresponding rate
constants (K) and adjusted R2 values for each temperature are
listed in Table 7. The natural logarithm of the rate constant (ln
k) is plotted against the reciprocal of temperature (1/T) and
s at different temperatures (a–c). Fitted hydrogen absorption curves of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Adjusted R2 values of the hydrogen absorption curves after fitting for three alloys

Samples Che JMA2D JMA3D CV2D CV3D GB2D GB3D

x = 1.1 0.60806 0.82456 0.78292 0.78078 0.82971 0.82538 0.90681
x = 1.2 0.68705 0.82026 0.76696 0.82474 0.86357 0.90971 0.93507
x = 1.3 0.66715 0.82632 0.78159 0.81396 0.85454 0.88855 0.91739

Fig. 11 GB3D-fitted hydrogen absorption curves of TixFe2−x (x = 1.1, 1.2, 1.3) alloys at different temperatures (a–c). Arrhenius fitting of TixFe2−x

(x = 1.1, 1.2, 1.3) alloys (d–f).
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tted linearly as shown in Fig. 11(d–f). Using the Arrhenius eqn
(1) and these parameters tted.

ln k ¼ �Ea

RTp

þ ln A (1)

The activation energies of hydrogen absorption of three
alloys are calculated as 18.62, 14.83 and 11.97 kJ mol−1,
respectively. The result indicates that the activation energy
decreases with increasing Ti content, suggesting that higher Ti
content enhances hydrogen diffusion.

DSC was conducted to study the activation energy of hydride
decomposition of two representative alloys (x= 1.2 and 1.3). For
x = 1.2 and x = 1.3 alloys, the decomposition peak temperature
is around 444.8 °C and 460.2 °C, respectively. Fig. 12(a and b)
present DSC curves of x = 1.2 and x = 1.3 alloys under different
heating rates. Based on the method proposed by Kudiiarov
et al.,29 the Kissinger eqn (2) was used to t the decomposition
peak temperature.
Table 7 Fitted K and adjusted R2 values at different temperatures based

Samples/Temperature 30 °C

x = 1.1 K = 0.00089 R2 = 0.92980
x = 1.2 K = 0.00296 R2 = 0.93297
x = 1.3 K = 0.00336 R2 = 0.94666

© 2026 The Author(s). Published by the Royal Society of Chemistry
ln
b

Tp
2
¼ C � Ea

RTp

(2)

The tted curves are shown in Fig. 12(c and d). The calcu-
lated activation energies of hydride decomposition are
98.56 kJ mol−1 for x = 1.2 alloy and 126.97 kJ mol−1 for x = 1.3
alloy. It is clear that the activation energy of hydride decom-
position increases with Ti content.
3.6 PCT properties

Fig. 13(a–c) shows PCT curves of TixFe2−x (x = 1.1, 1.2, 1.3)
alloys at different temperatures. The plateau pressure of three
alloys increases with the temperature, indicating that the
hydrogen absorption reaction is exothermic. Using the method
proposed by Liu et al.30 and Cheng et al.,31 PCT curves are tted
by Van't Hoff eqn (3) to determine the thermodynamic param-
eters, as shown in Fig. 13(e–f).
on the GB3D model

40 °C 50 °C

K = 0.00123 R2 = 0.96432 K = 0.00141 R2 = 0.96464
K = 0.00357 R2 = 0.95154 K = 0.00426 R2 = 0.96813
K = 0.00383 R2 = 0.93658 K = 0.00441 R2 = 0.96475

RSC Adv., 2026, 16, 12348–12359 | 12355
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Fig. 12 DSC curves of x = 1.2 and x = 1.3 alloys at different heating rates (a and b). Fitted curves by using Kissinger equation of x = 1.2 and 1.3
alloys (c and d).
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ln

�
Pep

P0

�
¼ DH

RT
� DS

R
(3)

The standard enthalpy of formation (DH) for the hydrides of
three alloys is −17.59 kJ mol−1 (x = 1.1), −22.38 kJ mol−1 (x =

1.2) and −26.55 kJ mol−1 (x = 1.3). The absolute value of DH
increases with Ti content. This result means the stability of alloy
hydride increases with Ti content.
Fig. 13 PCT curves at different temperatures (a–c) and Van't Hoff fitting

12356 | RSC Adv., 2026, 16, 12348–12359
3.7 Oxidation resistance

Fig. 14(a and b) presents the rst hydrogenation curves of x =

1.1 and x = 1.3 alloys aer different air exposure time. It is clear
that the maximum hydrogen storage capacity decreased with
the increase of air exposure time. When the air exposure time is
2 h, the x = 1.3 alloy can't absorb hydrogen again within 30
000 s. Fig. 14(c) shows the incubation time of the rst hydro-
genation of x= 1.1 and x= 1.3 alloys aer different air exposure
time. The incubation time of x = 1.1 alloy increases from
plots for TixFe2−x (x = 1.1, 1.2, 1.3) alloys (d–f).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Hydrogen absorption curves of x = 1.1 (a) and x= 1.3 (b) alloys after different air exposure time. Comparison chart of the incubation time
(c). TG curves of x = 1.1 and x = 1.3 alloys (d). Illustration of the mechanism of hydrogen absorption of the alloy after air exposure (e).
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around 3000 s (without air exposure) to around 4790 s (aer 1 h
of air exposure) and around 17 300 s (aer 2 h of air exposure).
In contrast, the x = 1.3 alloy exhibits a more pronounced
degradation. Its incubation time rises from around 1600 s
(without air exposure) to around 4900 s (aer 1 h of air expo-
sure). Aer 2 h of air exposure, the x = 1.3 alloy is dead totally.
This suggests that the x = 0.3 alloy is sensitive to the air.
Fig. 14(d) shows TG curves of x = 1.1 and x = 1.3 alloys. The x =
1.3 alloy exhibits a much greater weight increase than that of x
= 1.1 alloy. This result also further conrms the x = 1.3 alloy
has poorer oxidation resistance. This reason might be attrib-
uted to the fact that Ti is more prone to oxidation than Fe.32 Ti
can react easily with the oxygen to form TiOx. For x = 1.3 alloy,
its higher Ti content accelerates the process of surface oxidation
and promotes the growth of an oxide layer on its surface.21

The mechanism of hydrogen absorption of the alloy aer
oxidation can be predicted in Fig. 14(e). As we know from Table 4,
the dark phase has a higher Ti content on its surface than the
bright phase. When the alloy is exposed to air, an oxide lm forms
on the surface of the bright phase rstly. In addition, the area
percentage of the dark phase increases with Ti content. The higher
the content of Ti is, the more oxide layer there will be on the
surface of the alloy. As the air exposure time increases, the oxide
layer becomes thicker. The oxide layer formed in air can block the
channel for hydrogen diffusion. This explains why the longer the
same alloy is exposed to air, the longer its incubation time.33,34
4 Conclusions

This study systematically investigated the effect of regulating
the ratio of Ti and Fe elements on the microstructure, hydro-
genation, thermodynamic properties and oxidation resistance
of TixFe2−x (x = 1, 1.1, 1.2, 1.3) alloys. From the perspective of
the microstructure, all as-cast alloys contain TiFe main phase
© 2026 The Author(s). Published by the Royal Society of Chemistry
and Ti2Fe secondary phase except x = 1 alloy. In addition,
excessive Ti promotes the formation of Ti2Fe secondary phase
and results in the expansion of lattice parameter, unit cell
volume and crystallite size of TiFe main phase. In addition to
this, all as-cast alloys show the bright and dark phases. The area
percentage of the dark phase increases with Ti content. From
the perspective of the hydrogenation properties, increasing Ti
content can enhance the rst hydrogenation kinetics and rise
the maximum hydrogen storage capacity from 1.91 wt% (x =

1.1) to 2.27 wt% (x = 1.3). This may be due to the dark phase
formed that is helpful for hydrogen dissociation and diffusion.
But the reversible hydrogen storage capacity decreases from
1.37 wt% (x = 1.1) to 1.10 wt% (x = 1.3). This reason may be
because the excessive Ti reacts with hydrogen to form stable
TiHx hydrides. From the perspective of the thermodynamic
properties, the activation energies of hydrogen absorption are
calculated as 18.62 (x = 1.1), 14.83 (x = 1.2) and 11.97 kJ mol−1

(x = 1.3), respectively. The result indicates that higher Ti
content enhances hydrogen diffusion. The activation energies
of hydride decomposition are 98.56 kJ mol−1 for x = 1.2 alloy
and 126.97 kJ mol−1 for x = 1.3 alloy. The activation energy of
hydride decomposition increases with Ti content. The standard
enthalpy of formation (DH) of the hydrides is −17.59 (x = 1.1),
−22.38 (x = 1.2) and −26.55 kJ mol−1 (x = 1.3). This result
means the stability of alloy hydride increases with Ti content.
From the perspective of the oxidation resistance, the oxidation
resistance decreases with increasing Ti content. This reason
might be attributed to the fact that Ti is more prone to oxidation
than Fe.
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Abbreviation
XRD
12358 | RSC Ad
X-ray diffraction

SEM
 Scanning electron microscope

EDS
 Energy dispersive X-ray spectroscopy

DSC
 Differential scanning calorimetry

TGA
 Thermogravimetric Analysis

DTG
 Differential thermogravimetry

PCT
 Pressure-composition-temperature

JMA
 Nucleation-growth-impingement model

CV
 Contracting volume model

GB
 Ginstling-Brounshtein model
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