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The effect of regulating the different proportions (0, 1 : 3, 1 : 2 and 1 : 1) of Zr to Mn elements on the

hydrogen storage properties of TiFe0.85−xMn0.15Zrx (x = 0, 0.05, 0.075 and 0.15) alloys was systematically

studied in this work. The results showed that all alloys mainly showed TiFe and MgZn2 type phases. The

MgZn2 type phase went up with the proportion of Zr to Mn elements. At the same time, increasing the

proportion of Zr to Mn elements enhanced the first hydrogenation properties. In addition, the x = 0.15

alloy showed the highest hydrogen storage capacity during the first hydrogenation process. This was

because the MgZn2 type phase could improve the penetration of hydrogen atoms and enhance the

diffusion of hydrogen atoms. During the test of prolonged air exposure, it was clear that the oxidation

resistance also increased with the proportion of Zr to Mn elements. In addition to this, the effect of the

starting particle size was also studied. When the length of the starting particle size was around 0.5 cm,

the x = 0.05 alloy did not absorb any hydrogen within 1500 seconds. However, the x = 0.15 alloy could

be activated in only around 100 seconds. Finally, the rate limiting step of the first hydrogenation and PCT

properties were also investigated.
1. Introduction

With the rapid development of human society, the demand for
energy is increasingly exuberant. However, the traditional fossil
energy reserves are limited, so it is urgent to develop new energy
sources.1–3 Hydrogen energy as a new type of secondary energy
has been widely considered because of its high caloric value,
producing no pollution and abundant reserves.4 In order to
achieve the large-scale application of hydrogen energy, in
addition to hydrogen production and application, hydrogen
storage has become the bottleneck of hydrogen energy utiliza-
tion. If the problem of hydrogen storage is not solved, it will be
difficult to popularize the application of hydrogen energy. At
present, there are three main types of hydrogen storage tech-
nologies, namely compressed hydrogen storage, liquid
hydrogen storage and solid-state hydrogen storage. Among
these three hydrogen storage technologies, solid-state hydrogen
storage is the most promising hydrogen storage technology due
to its good safety and high volumetric hydrogen storage
density.3,5–7
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In order to develop the solid-state hydrogen storage tech-
nology, we must nd and develop different high-performance
hydrogen storage materials. TiFe alloy has attracted much
attention because of its excellent properties including high
hydrogen storage capacity (around 1.86 wt%), low cost and
abundant reserves.8–13 But the disadvantages of TiFe alloy are
very clear. The difficult activation is the rst problem needed to
be solved. In order to solve the problem of difficult activation,
the researchers have done a lot of research work, mainly
including element addition or substitution (Mn,14–19 Cr,11,16,17,19

Zr,20–22 V,23 Pr,24 La,25 Sm,26 Al,27 Ni,28 Cu,8 Y,19 S,29 etc.) and
mechanical deformation.9,10,30–33 The researchers found that
element addition or substitution was a very easy way to improve
the activation of TiFe alloy. Among so many elements, Mn was
considered as a good choice.8,14–19,21,34,35 Zeaiter et al.35 studied
the effect of thermo-chemical treatment on the hydrogen
storage properties of TiFe0.9Mn0.1 alloy. They found that
TiFe0.9Mn0.1 alloy aer thermo-chemical treatment showed
a faster rst hydrogenation kinetics. Shang et al.18 prepared
Ti1.1Fe0.8Mn0.2 alloy and found substituting Fe with Mn partly
made the average grain size decrease. This reduction was very
helpful for the rst hydrogenation and improving its hydrogen
storage capacities. Yang et al.19 reported the microstructure and
positive hydrogen storage properties of TiFe-based alloys aer
introducing Mn element. Park et al.17 synthesized TiFe0.9Mn0.1,
RSC Adv., 2023, 13, 10157–10167 | 10157
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TiFe0.8Mn0.2 and TiFe0.7Mn0.3 alloys and compared the effect of
different Mn contents on the rst hydrogenation kinetics of air-
exposed TiFe-based hydrogen storage alloys. Dematteis et al.15

investigated the thermodynamic changes induced by the vari-
ation of the substitution of Mn for Fe between 0 and 5 at%.
Barale et al.14 explored the application of TiFe0.85Mn0.05 alloy
(around 5 kg) in a hydrogen storage plant. From the above
studies, it was clear that although the addition/substitution of
Mn could effectively improve the rst hydrogenation properties
of TiFe alloy, but most of Ti–Fe–Mn alloys still needed prior heat
treatment or hydrogen exposure before it could absorb the
hydrogen.

Recently, Modi et al.16 studied the hydrogen storage proper-
ties of TiFe0.85Mn0.15 alloy. They used ball milling to process
TiFe0.85Mn0.15 alloy to make the alloy absorb the hydrogen
directly under 3MPa hydrogen pressure. However, the hydrogen
pressure during the hydrogenation process was still high and its
hydrogen storage capacity was only around 1.2 wt%. In previous
studies,20–22 Zr element was considered as a positive element to
improve the hydrogen storage properties of TiFe alloy. This
phenomenon provided us with a good idea to introduce Zr
element to TiFe0.85Mn0.15 alloy to further improve its hydrogen
storage properties. So how did we regulate the content of Zr to
make TiFe0.85Mn0.15 alloy has the best hydrogen storage prop-
erties? Therefore, we decided to study the effect of regulating
the different proportions of Zr to Mn elements on the hydrogen
storage properties of TiFe0.85Mn0.15 alloy in this work.
2. Materials and methods

ZhongNuo Advanced Material (Beijing) Technology Co., Ltd
provided the rawmaterials including Ti (99.9%), Fe (99.9%), Mn
(99.9%) and Zr (99.9%). The alloys TiFe0.85−xMn0.15Zrx (x = 0,
0.05, 0.075 and 0.15) were synthesized by using arc melting
machine (SP-MSM20-7, Shenyang Kejing Co., Ltd). When x = 0,
0.05, 0.075 and 0.15, the proportion of Zr to Mn elements was 0,
1 : 3, 1 : 2 and 1 : 1, respectively. During the process of arc
melting, we weighed the exact mass of the metal rstly and put
them in a copper crucible. Then we began to melt the alloy and
inverted the alloy three or four times to achieve a homogeneous
composition. For the ordinary measurement, we smashed the
alloy into powder and loaded the powder in the sample holder
in air in a very short time (<2 minutes). For a test of prolonged
air exposure, we crushed the alloy into powder in air and put the
powder in an open plastic tube for different air exposure time (2
and 24 hours). The process of preparing TiFe0.85−xMn0.15Zrx (x
Fig. 1 The process of preparing TiFe0.85−xMn0.15Zrx (x = 0, 0.05, 0.075
and 0.15) alloys after different air exposure time.

10158 | RSC Adv., 2023, 13, 10157–10167
= 0, 0.05, 0.075 and 0.15) alloys aer different air exposure time
was shown in Fig. 1.

A Bruker D8 Advance X-ray diffractometer (Cu K) was used to
measure the crystal structure of the alloy. A Hitachi TM4000Plus
scanning electron microscope was used to measure the
morphology of the alloy. A homemade Sieverts-type apparatus
was used to measure the hydrogen storage properties of the
alloy. The system had to be vacuumed for 30 minutes before
each measurement. In addition, it must be pointed out that we
did not give any heat treatment or hydrogen exposure to the
alloy. The test conditions for all hydrogen absorption were room
temperature and 2 MPa hydrogen pressure. The experimental
error on the hydrogen content measured in wt% (mass of
hydrogen over mass of metal) was evaluated as 0.05 wt%.
3. Results and discussion
3.1. First hydrogenation properties

Fig. 2 shows the rst hydrogenation properties of TiFe0.85−x-
Mn0.15Zrx (x = 0, 0.05, 0.075 and 0.15) alloys at room tempera-
ture and under 2 MPa hydrogen pressure. Before the rst
hydrogenation, there was no any prior heat treatment and
hydrogen exposure. First, it was clear that all alloys absorbed
the hydrogen directly except x = 0 alloy at room temperature
and under 2 MPa hydrogen pressure. It was very clear that x =

0 alloy did not absorb the hydrogen within 2000 seconds. Modi
et al.16 reported that TiFe0.85Mn0.15 alloy aer ball milling for 30
minutes absorbed the hydrogen immediately. This was
different from our result. This possible reason was because we
did not use ball milling to process the alloy and the lower
hydrogen pressure (2 MPa) was used in our rst hydrogenation
process. In fact, TiFe0.85Mn0.15 alloy without treatment could
not be activated at room temperature and under 2 MPa
hydrogen pressure even aer a few hours according to our
measurement. In addition to this, the maximum hydrogen
storage capacity increased with the increase of the proportion of
Zr to Mn elements. Second, it was clear that the reaction rate of
rst hydrogenation of x = 0.075 and 0.15 alloys was similar and
Fig. 2 First hydrogenation properties of TiFe0.85−xMn0.15Zrx (x = 0,
0.05, 0.075 and 0.15) alloys at room temperature and under 2 MPa
hydrogen pressure.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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faster than x= 0.05 and 0 alloys. Third, x= 0.075 and 0.15 alloys
absorbed more than 98% of maximum hydrogen storage
capacity within 500 seconds. However, x = 0.05 alloy needed
more than 2000 seconds to nish its rst hydrogenation. These
results demonstrated that increasing the proportion of Zr to Mn
elements led to the improvement of rst hydrogenation capac-
ities of TiFe0.85−xMn0.15Zrx (x = 0, 0.05, 0.075 and 0.15) alloys.
Fig. 4 Backscattered electron micrograph of TiFe0.85−xMn0.15Zrx (x =
0 (a), 0.05 (b), 0.075 (c) and 0.15 (d)) alloys in 20 mm.
3.2. Morphology

Fig. 3 shows the backscattered electron micrograph of
TiFe0.85−xMn0.15Zrx (x = 0 (a), 0.05 (b), 0.075 (c) and 0.15 (d))
alloys in 100 mm. It was clear that all alloys showed three-phase
structure, including the white phase, grey phase and black
phase. In addition, Ti, Fe and Mn elements were distributed in
every corner of each alloy, but Zr element was seemly distrib-
uted in the white phase of the alloy. Further study, we found
that the number of grain boundaries in all alloys increased with
the proportion of Zr to Mn elements. Generally speaking, the
presence of more grain boundaries led to the fast diffusion of
hydrogen atoms.36 The grain boundaries could provide very
clear native surface regions without oxidation, which was
a possible way for improving the rst hydrogenation.37 Further,
it was also very clear that the increasing number of grain
boundaries in Fig. 3 agreed with the trend of the rst hydro-
genation kinetics in Fig. 2.

Fig. 4 showed the backscattered electron micrograph of
TiFe0.85−xMn0.15Zrx (x = 0 (a), 0.05 (b), 0.075 (c) and 0.15 (d))
alloys in 20 mm. All alloys clearly showed the white phase, grey
phase and black phase. Han et al.38 used scanning Kelvin probe
force microscopy to study the phase of TiFe hydrogen storage
alloy with adding Zr. They also found three phases including
TiFe, TiFe2 (MgZn2 type) and b-Ti aer adding 2 wt% Zr to TiFe
Fig. 3 Backscattered electronmicrograph and elementmapping of TiFe0

© 2023 The Author(s). Published by the Royal Society of Chemistry
hydrogen storage alloy. This result agreed with our experiment.
Table 1 presented the composition of the point A (the repre-
sentative composition of the white phase), point B (the repre-
sentative composition of the grey phase) and point C (the
representative composition of the black phase) from Fig. 4. It
was clear that Zr was mainly in the white phase. The content of
Ti in the grey and black phases were higher than the white
phase. The content of Mn in the grey and black phases were
lower than the white phase. In addition, the grey phase started
to show the highest content of Fe aer using Zr to replace Fe.
Table 2 presented the area percentage of the white phase and
the grey + black phases from Fig. 4 using image J soware. It was
seen clearly that the area percentage of the white phase rosed
with increasing the proportion of Zr to Mn elements. For x =

0.15 alloy, the alloy showed the highest area percentage of the
.85−xMn0.15Zrx (x= 0 (a), 0.05 (b), 0.075 (c) and 0.15 (d)) alloys in 100 mm.

RSC Adv., 2023, 13, 10157–10167 | 10159
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Table 1 The composition of the point A (the representative compo-
sition of the white phase), point B (the representative composition of
the grey phase) and point C (the representative composition of the
black phase) from Fig. 4

Sample Element
Point A
(wt%)

Point B
(wt%)

Point C
(wt%)

x = 0 Ti 46.01 65.15 54.17
Mn 11.91 11.50 11.49
Fe 42.08 23.35 34.34

x = 0.05 Ti 33.89 43.33 58.70
Mn 13.22 8.10 6.26
Fe 35.59 43.63 21.04
Zr 17.30 4.94 14.00

x = 0.075 Ti 39.67 43.45 42.15
Mn 9.99 7.63 8.97
Fe 36.72 43.41 34.63
Zr 13.62 5.51 14.25

x = 0.15 Ti 35.55 44.56 40.34
Mn 10.67 9.24 9.63
Fe 26.84 38.64 24.90
Zr 26.94 7.56 25.13

Table 2 The area percentage of the white phase and grey + black
phases from Fig. 4

Sample White phase (%)
Grey +
black phases (%)

x = 0 7.95 92.05
x = 0.05 10.88 89.12
x = 0.075 33.73 66.27
x = 0.15 54.90 45.10

Fig. 5 XRD patterns of TiFe0.85−xMn0.15Zrx (x= 0, 0.05, 0.075 and 0.15)
alloys in as-cast state.
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white phase (54.90%). In previous studies,20,39,40 it was proved
that the white phase could act as gateways for hydrogen diffu-
sion. The deep reason may be due to the changes of bond
character. With the increase of the proportion of Zr to Mn
elements, the ionicity decreased and made the interaction
between hydrogen and metal weaken.15,38 This conclusion
agreed with our result that x = 0.15 alloy showed the best rst
hydrogenation properties in Fig. 2.
Fig. 6 XRD patterns of TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075 and 0.15)
alloys in hydrogenation state.
3.3. XRD patterns

Fig. 5 shows the XRD patterns of TiFe0.85−xMn0.15Zrx (x = 0,
0.05, 0.075 and 0.15) alloys in as-cast state. From Fig. 5, it was
clear that all alloys mainly contained TiFe (Pm�3m (221)) and
MgZn2 type phases (P63/mmc (194)). The TiFe phase should
correspond to the grey phase. The MgZn2 type phase should
correspond to the white phase. For the minor black phase, it
should be b-Ti phase. However, the peaks of b-Ti phase were too
weak to be found in XRD patterns in Fig. 5. It was very clear that
the different proportions of Zr to Mn elements did not change
the crystal structure of all alloys. This result agreed with
previous studies.15,38

Fig. 6 shows the XRD patterns of TiFe0.85−xMn0.15Zrx (x = 0,
0.05, 0.075 and 0.15) alloys in hydrogenation state. It was clear
10160 | RSC Adv., 2023, 13, 10157–10167
that TiFeH1.5, MgZn2 type and unknown phases were found
aer x = 0.05 alloy was hydrogenated. (FeMn)(Ti0.3Zr0.7)H2,
MgZn2 type and unknown phases were found aer x = 0.075
alloy was hydrogenated. TiFeH, Mn2(Ti0.1Zr0.9)H3.4, MgZn2 type
and unknown phases were found aer x = 0.15 alloy was
hydrogenated.

Table 3 shows the lattice parameter a (Å) of TiFe phase of
TiFe0.85−xMn0.15Zrx (x = 0, 0.05, 0.075 and 0.15) alloys as
determined by Rietveld analysis. The lattice parameter a of TiFe
phase decreased from 2.99171 Å (x = 0) to 2.99163 Å (x = 0.05),
2.98596 Å (x= 0.075) and 2.98418 Å (x= 0.15). It was well known
that the atomic radius of Zr atom was larger than Ti, Fe andMn.
If Zr atom replaced Fe atom completely, the lattice parameter
a of TiFe alloy should be larger, but in fact the lattice parameter
a was smaller. This result suggested that Zr atoms introduced
did not completely replace iron atoms. Some Zr atoms
dispersed in the alloy and existed in the grain interface. This
phenomenon may lead to the reduction of the lattice parameter
a of TiFe phase. Similar results were also reported by Park et al.41

and Zhai et al.25
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The lattice parameter a (Å) of TiFe phase of TiFe0.85−x-
Mn0.15Zrx (x = 0, 0.05, 0.075 and 0.15) alloys as determined by Rietveld
analysis

Phase

Sample

x = 0 x = 0.05 x = 0.075 x = 0.15

TiFe a 2.99171 2.99163 2.98596 2.98418
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3.4. Hydrogen storage properties

Fig. 7 shows the hydrogenation cycles (from 1st to 5th) of
TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075 and 0.15) alloys at room
temperature and under 2 MPa hydrogen pressure. Before each
hydrogen absorption cycle, the sample holder was vacuumed
for 30 minutes at room temperature. Because x = 0 alloy could
not be activated even aer a few hours. Therefore, we did not
study the other properties of x = 0 alloy in the following
sections. It was very clear for us that the maximum hydrogen
storage capacities of TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075 and
0.15) alloys were reduced aer the rst cycle. And the maximum
hydrogen storage capacity of each alloy was stable from 2nd to
5th cycles. The lost hydrogen storage capacity should be due to
Fig. 7 Hydrogenation cycles (from 1st to 5th) of TiFe0.85−xMn0.15Zrx (x =

hydrogen pressure.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the formation of an irreversible hydride that captured some of
hydrogen atoms. This may be because the b-Ti phase aer
hydrogenation could not decompose again and reduced the
reversible hydrogen storage capacity.15 Similar results could be
found in these previous studies.11,20,39,40 In addition to this, the
reaction rate of all alloys increased aer the rst hydrogenation.
This result showed that the rst hydrogen absorption could
effectively build the diffusion channel for hydrogen atoms.
Stable hydrogen diffusion channels could ensure a stable
reaction rate of hydrogen absorption and desorption. This
result explained why each alloy had a stable reaction rate from
the 2nd to 5th cycles.

Fig. 8 shows the hydrogen storage capacity of each hydro-
genation cycle (from 1st to 5th) of TiFe0.85−xMn0.15Zrx (x = 0.05,
0.075 and 0.15) alloys at room temperature and under 2 MPa
hydrogen pressure. It was very clear that x = 0.15 alloy showed
the lowest reversible hydrogen storage capacity (around
0.92 wt%). x = 0.05 and 0.075 alloys showed higher reversible
hydrogen storage capacity (around 1.44 and 1.43 wt%). In order
to get the accurate hydrogen storage capacity retention rate of
each alloy, the maximum hydrogen absorption capacity of the
rst hydrogenation and the average reversible hydrogen storage
capacity, the average loss of hydrogen storage capacity and the
hydrogen storage capacity retention rate of TiFe0.85−xMn0.15Zrx
0.05, 0.075 and 0.15) alloys at room temperature and under 2 MPa

RSC Adv., 2023, 13, 10157–10167 | 10161
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Fig. 8 Hydrogen storage capacity of each hydrogenation cycle (from
1st to 5th) of TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075 and 0.15) alloys at
room temperature and under 2 MPa hydrogen pressure.

Fig. 9 First hydrogenation of TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075 and
0.15) alloys in different starting particle sizes at room temperature and
under 2 MPa hydrogen pressure.
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(x = 0.05, 0.075 and 0.15) alloys were summarized in Table 4.
We could see clearly that the maximum hydrogen absorption
capacity of the rst hydrogenation increased with the propor-
tion of Zr to Mn elements. However, the hydrogen storage
capacity retention rate decreased with the proportion of Zr to
Mn elements. It was very clear that x = 0.05 alloy showed the
best stability of circulation. This result demonstrated that the
different proportions of Zr to Mn elements had an important
inuence on the reversible hydrogen storage capacity of
TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075 and 0.15) alloys.

3.5. Effect of starting particle size on rst hydrogenation

Fig. 9 shows the rst hydrogenation curves of TiFe0.85−x-
Mn0.15Zrx (x = 0.05, 0.075 and 0.15) alloys in different starting
particle sizes at room temperature and under 2 MPa hydrogen
pressure. Research on hydrogen absorption of large-size alloys
is of great value in the industry. It was very clear from Fig. 9 that
the starting particle size had an obvious effect on the rst
hydrogenation of TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075 and 0.15)
alloys. When the starting particle size was around 0.5 cm, the
rst hydrogenation of TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075 and
0.15) alloys showed completely different curves. For x = 0.05
alloy, it could not be activated aer 1500 seconds at all. For x =
0.075 alloy, it showed a long incubation time of around 750
seconds. For x = 0.15 alloy, the incubation time was around 100
seconds. This result proved the effect of the white phase again.
Table 4 The maximum hydrogen absorption capacity of the first hydr
average loss of hydrogen storage capacity and the hydrogen storage ca
alloys

Sample

The maximum hydrogen absorption capacity of rst hydrogenation (wt%
The average reversible hydrogen storage capacity (wt%)
The average loss of hydrogen storage capacity (wt%)
The hydrogen storage capacity retention rate (%)

10162 | RSC Adv., 2023, 13, 10157–10167
The more white phases there were, the more gateways there
were for the hydrogen atoms to diffuse.

Fig. 10 shows the hydrogenation cycles (1st to 3rd) of
TiFe0.85−xMn0.15Zrx (x = 0.075 and 0.15) alloys in different
starting particle sizes at room temperature and under 2 MPa
hydrogen pressure. Because x = 0.05 alloy with the big starting
particle size could not absorb the hydrogen, we did not present
its cycle here. It was clear that the big starting particle size only
had an effect on the rst hydrogenation properties compared
with the powder size. The main change is the incubation time
aer increasing the starting particle size. The incubation time of
x = 0.075 alloy was around 70 times longer. However, the incu-
bation time of x = 0.15 alloy was only around 2 times longer. But
the hydrogen storage capacity kept stable. This result showed
that the starting particle size of the alloy had little effect on the
rst hydrogen absorption properties aer increasing the
proportion of Zr to Mn elements. Aer the rst hydrogenation, x
= 0.075 and 0.15 alloys both absorbed the hydrogen easily. In
addition, the reversible hydrogen storage capacities of x = 0.075
and 0.15 alloys in the 2nd and 3rd cycle were almost as same as the
values in Fig. 7. This proved that the starting particle size had no
effect on the hydrogenation cycle properties.
3.6. Oxidation resistance

The oxidation resistance is of great value to the practical
application of hydrogen storage alloys. Fig. 11 shows the rst
ogenation and the average reversible hydrogen storage capacity, the
pacity retention rate of TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075 and 0.15)

x = 0.05 x = 0.075 x = 0.15

) 1.76 1.82 2.00
1.44 1.43 0.92
0.32 0.39 1.08

81.81 78.57 46.00

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Hydrogenation cycles (1st to 3rd) of TiFe0.85−xMn0.15Zrx (x = 0.075 and 0.15) alloys in different starting particle sizes at room temperature
and under 2 MPa hydrogen pressure.

Fig. 11 First hydrogenation curves of TiFe0.85−xMn0.15Zrx (x = 0.05,
0.075 and 0.15) alloys exposed to air for 2 hours at room temperature
and under 2 MPa hydrogen pressure.
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hydrogenation curves of TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075
and 0.15) alloys exposed to air for 2 hours at room temperature
and under 2 MPa hydrogen pressure. It was clear that compared
with the alloys crushed in air for a short time in Fig. 2, all alloys
(x= 0.05, 0.075 and 0.15) with prolonged air exposure presented
a slower rst hydrogenation kinetics. In particular, x = 0.05
Table 5 Hydrogen absorption capacity and loss of capacity within 1200 s
and 0.15) alloys crushed in air for a short time and exposed to air for 2 h

Sample Parameters

x = 0 Hydrogen absorption capacity (wt%)
Loss of capacity (wt%)

x = 0.05 Hydrogen absorption capacity (wt%)
Loss of capacity (wt%)

x = 0.075 Hydrogen absorption capacity (wt%)
Loss of capacity (wt%)

x = 0.15 Hydrogen absorption capacity (wt%)
Loss of capacity (wt%)

© 2023 The Author(s). Published by the Royal Society of Chemistry
alloy showed the slowest rst hydrogenation kinetics and x =

0.15 alloy showed the fastest rst hydrogenation kinetics. Table
5 shows the hydrogen absorption capacity and loss of capacity
within 1200 seconds of the rst hydrogenation of TiFe0.85−x-
Mn0.15Zrx (x = 0.05, 0.075 and 0.15) alloys crushed in air for
a short time and exposed to air for 2 hours. It was clear that with
the increase of the proportion of Zr to Mn elements, the loss of
capacity within 1200 seconds decreased. Here, it must be
pointed out that the low hydrogen absorption capacity of x =

0.05 alloy was because we only picked up the data with 1200
seconds. Especially for x = 0.15 alloy, the air exposure had no
effect on its rst hydrogen storage capacity.

Fig. 12 shows the hydrogenation cycles (from 1st to 2nd) of
TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075 and 0.15) alloys exposed to
air for 2 hours at room temperature and under 2 MPa hydrogen
pressure. It was clear that the reversible hydrogen storage
capacities of TiFe0.85−xMn0.15Zrx (x= 0.05, 0.075 and 0.15) alloys
were 1.34, 1.12 and 0.92 wt%. Compared with the reversible
hydrogen storage capacities (1.44, 1.43 and 0.92 wt%) of
TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075 and 0.15) alloys crushed in
air for a short time in Fig. 7, the reversible hydrogen storage
capacities of x = 0.05 and 0.075 alloys were a little lower, which
suggested that air exposure for 2 hours had a negative effect on
these two alloys. Bur for x = 0.15 alloy, the reversible hydrogen
storage capacity had no change.
econds of the first hydrogenation of TiFe0.85−xMn0.15Zrx (x= 0.05, 0.075
ours

Crushed in air
for a short time Exposed to air for 2 hours

— —
—

1.76 0.79
0.93

1.82 1.81
0.01

2.00 2.00
0

RSC Adv., 2023, 13, 10157–10167 | 10163
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Fig. 12 Hydrogenation cycles (from 1st to 2nd) of TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075 and 0.15) alloys exposed to air for 2 hours at room
temperature and under 2 MPa hydrogen pressure.

Fig. 13 First hydrogenation curves of TiFe0.85−xMn0.15Zrx (x= 0.05 and
0.075) alloys exposed to air for 24 hours at room temperature and
under 2 MPa hydrogen pressure.
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Fig. 13 shows the rst hydrogenation curves of TiFe0.85−x-
Mn0.15Zrx (x = 0.05 and 0.075) alloys exposed to air for 24 hours
at room temperature and under 2 MPa hydrogen pressure.
Prolonged air exposure (24 hours) had a serious effect on the
rst hydrogenation properties. The main manifestations were
the increase of the incubation time and the decrease of the
maximum hydrogen storage capacity. The incubation time of x
= 0.075 alloy was shorted than x = 0.05 alloy. This result
showed the strong oxidation resistance obtained from
increasing the proportion of Zr to Mn elements. Some
researchers had proved that the increase of the grain
10164 | RSC Adv., 2023, 13, 10157–10167
boundaries could provide more clear native surface regions
without oxidation, which could enhance the diffusion of
hydrogen atoms.37 It was clear that x= 0.075 alloy showed more
grain boundaries than x= 0.05 alloy in Fig. 3 and 4. Therefore, x
= 0.075 alloy still showed faster rst hydrogenation reaction
rate than x = 0.05 alloy aer exposure in air for 24 hours.
3.7. Rate limiting step

Regulating the different proportions of Zr to Mn elements has
an important effect on the rst hydrogenation properties of
TiFe0.85Mn0.15 alloy. And the different compositions showed
different rst hydrogenation curves in Fig. 2. This result sug-
gested that we should investigate the effect of the different
proportions of Zr to Mn elements on the rate limiting step of the
rst hydrogenation curves of TiFe0.85−xMn0.15Zrx (x = 0.05,
0.075 and 0.15) alloys. Different rate limiting step models
including Chemisorption,42–44 JMA,42–44 CV45–48 and GB49,50 were
listed in Table 6. For each model equation, the le side should
be considered as a function of the reaction completion ratio a(t)
(a = %Habs/%Hmax), t was the reaction time, and k was the
kinetic rate constant.

Fig. 14 shows the rate limiting step curves of the rst hydro-
genation of TiFe0.85−xMn0.15Zrx (x = 0.05 (a), 0.075 (b) and 0.15
(c)) alloys at room temperature and under 2 MPa hydrogen
pressure. The reaction completion ratio was chosen from 0.1 to
0.9 according to our previous work.52 Table 7 shows the adjusted
R2 values getting from the tting curves from Fig. 14. The
adjusted R2 value is the tting correlation coefficient, which can
reect the quality of the tting result. The closer to 1, the better
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01131c


Table 6 Different rate limiting step models51,52

Model name Model equation Model description

Chemisorption a = kt Surface controlled
JMA2D [−ln(1 − a)]1/2 = kt 2D growth of existing nuclei with constant interface velocity
JMA3D [−ln(1 − a)]1/3 = kt 3D growth of existing nuclei with constant interface velocity
CV2D 1 − (1 − a)1/2 = kt 2D growth with constant interface velocity
CV3D 1 − (1 − a)1/3 = kt 3D growth with constant interface velocity
GB2D (1 − a)ln(1 − a) + a = kt 2D growth, diffusion controlled with decreasing interface velocity
GB3D 1 − (2a/3) − (1 − a)2/3 = kt 3D growth, diffusion controlled with decreasing interface velocity

Fig. 14 The rate limiting step curves of the first hydrogenation of TiFe0.85−xMn0.15Zrx (x = 0.05 (a), 0.075 (b) and 0.15 (c)) alloys at room
temperature and under 2 MPa hydrogen pressure.
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the tting result. It was very clear that x = 0.05 alloy showed
CV3D model, which suggested “3D growth with constant inter-
face velocity”. When Zr content increased from 0.075 to 0.15, two
alloys both showed GB3D model. This result revealed that the
rate limiting step of the rst hydrogenation kinetics had changed
from “3D growth with constant interface velocity” to “3D growth,
diffusion controlled with decreasing interface velocity”.
3.8. PCT properties

PCT curves of TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075 and 0.15)
alloys at room temperature were shown in Fig. 15. First, we
© 2023 The Author(s). Published by the Royal Society of Chemistry
could see clearly that the reversible hydrogen storage capacity
decreased from x = 0.05 to 0.15. This meant that the increase of
the proportion of Zr to Mn elements was harmful for the
reversible hydrogen storage capacity. Second, it was clear that
all alloys showed very close hydrogen absorption and desorp-
tion pressure, especially the hydrogen desorption pressure. It
must be emphasized here that x = 0.15 alloy appeared to have
two hydrogen absorption and desorption platforms in Fig. 15.
This result agreed with the two kinds of hydrides (TiFeH,
Mn2(Ti0.1Zr0.9)H3.4) formed in the hydrogenation process in
Fig. 6.
RSC Adv., 2023, 13, 10157–10167 | 10165
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Table 7 Adjusted R2 values getting from fitting curves from Fig. 14. The number in bold is the adjusted R2 value closest to 1

Chemisorption JMA2D JMA3D CV2D CV3D GB2D GB3D

x = 0.05 0.9592 0.99017 0.97779 0.98976 0.99412 0.9824 0.97701
x = 0.075 0.85793 0.93241 0.89907 0.93857 0.9591 0.98109 0.98999
x = 0.15 0.90952 0.95911 0.93777 0.95976 0.97271 0.97859 0.98297

Fig. 15 PCT curves of TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075 and 0.15)
alloys at room temperature.

Fig. 16 Schematic diagram of hydrogen absorption and desorption
mechanism of TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075 and 0.15) alloys.
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3.9. Hydrogen absorption and desorption mechanism

Fig. 16 shows the schematic diagram of hydrogen absorption
and desorption mechanism of TiFe0.85−xMn0.15Zrx (x = 0.05,
0.075 and 0.15) alloys. It was clear that there were three phases
including white phase, grey phase and black phase. From Fig. 2
and Table 2, we knew that the white phase could act as gateways
for hydrogen diffusion. In addition, the white phase may be
more attractive to the hydrogen molecules. As we discussed in
Section 3.3, the increase of the proportion of Zr to Mn elements
decreased the ionicity and made the interaction between
hydrogen and metal weaken.38 Hydrogen molecules rapidly
dissociated into hydrogen atoms on the surface of the white
phase rstly. Then the hydrogen atoms diffused into the white
phase and formed numerous cracks and pores, which could be
used as the channels for the hydrogen atoms. This explained
the alloy with higher white phase showed fast rst hydrogena-
tion kinetics.
10166 | RSC Adv., 2023, 13, 10157–10167
4. Conclusion

The effect of regulating the different proportions of Zr to Mn
elements on the hydrogen storage properties of TiFe0.85Mn0.15

alloy was studied in this work. TiFe0.85−xMn0.15Zrx (x = 0, 0.05,
0.075 and 0.15) alloys were prepared by arc melting. The main
conclusions were following.

(1) All alloys prepared showed three phases including the white
phase, grey phase and black phase. In addition, the area
percentage of the white phase increased with the increase of the
proportion of Zr toMn elements. The TiFe andMgZn2 type phases
should correspond to the grey and white phases, respectively.

(2) Increasing the proportion of Zr to Mn elements obviously
enhanced the rst hydrogenation properties of TiFe0.85−x-
Mn0.15Zrx (x = 0, 0.05, 0.075 and 0.15) alloys with/without pro-
longed air exposure. x = 0 alloy did not absorb the hydrogen
under 2 MPa hydrogen pressure. x = 0.15 alloy showed the
highest hydrogen storage capacity during the rst hydrogena-
tion process. This should be due to the positive inuence of the
white phase, which decreased the ionicity and made the inter-
action between hydrogen and metal weaken.

(3) In the test of prolonged air exposure, increasing the
proportion of Zr to Mn elements was helpful for improving the
oxidation resistance of TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075 and
0.15) alloys.

(4) The starting particle size had an obvious effect on the rst
hydrogenation of TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075 and 0.15)
alloys. When the length of the starting particle size was around
0.5 cm, x= 0.15 alloy showed the shortest incubation time. This
result suggested the big starting particle size had little effect on
the alloy with higher proportion of Zr to Mn elements.

(5) The rate limiting stepmodels of the rst hydrogenation of
TiFe0.85−xMn0.15Zrx (x = 0.05, 0.075 and 0.15) alloys were
different. x = 0.05 alloy showed CV3D model. However, x =

0.075 and 0.15 alloys both showed GB3D model. This meant
that the change of the proportion of Zr to Mn elements may
affect the rate limiting step model.
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