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� TiFe doped with only Zr or only Mn or combination of Zr þ Mn was studied.

� Combination of 2 wt% Mn þ 4 wt% Zr had the highest capacity ~2 wt%.

� Fast first hydrogenation is due to the presence of Ti2Fe type phase.
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In this paper, the effect of Zr and Mn on the microstructure and first hydrogenation kinetic

of TiFe alloy is reported. TiFe alloy to which Zr, Mn or a combination of both have been

added were synthesized by induction melting. First hydrogenation of all alloys was per-

formed at room temperature under 20 bar of hydrogen. We found that addition of man-

ganese makes possible activation at room temperature, but kinetics was very sluggish.

Alloy with 2 wt% Zr did not absorb hydrogen. However, with addition of 4 wt% Zr, the alloy

absorbed 1.2 wt% of hydrogen. A synergetic effect was found when zirconium was added

along with manganese. Alloy with 1 wt%Mn and 2 wt% Zr had better kinetics than the alloy

having only Mn or only Zr. The maximum hydrogen capacity was also greater at ~1.8 wt%

after 7 h. Combination of 4 wt% Zr and 2 wt% Mn absorbed 2 wt% of hydrogen in 5 h. The

rate limiting step for each activated alloy was found to be diffusion controlled with

decreasing interface velocity.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
[1,2]. Hydrogen fulfills the criteria as an alternative energy

Introduction

Emission of greenhouse gases due to the intensive use of

fossils fuel demands the development of alternative fuels
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carrier due to its high energy density, availability and less

impact on the environment when produced by renewable

resources such as solar and wind energies [3,4]. One of the

major challenges in the development of hydrogen economy is
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to store hydrogen safely and at low cost [5]. The solid-state

hydrogen storage in metal hydrides presents some advan-

tages over the conventional high-pressure cylinders and

liquid hydrogen because of its high volumetric capacity, low

pressure, and low temperature of operation [6e10]. Metal

hydrides can also be used as a negative electrode in

rechargeable batteries such as Ni-MH [11e13]. Two of the

major characteristics of metal hydrides should have in order

to fulfill the requirements for mobile and stationary applica-

tions are low cost and utilization in a practical range of tem-

perature and pressure (0e100 �C, 1e10 atm) [14e16]. TiFe alloy

is a promising candidate to meet these requirements. TiFe

alloy has low cost of raw material, good hydrogen capacity

(maximum hydrogen capacity ~1.9 wt%) and works at room

temperature under mild pressure [17]. For example, TiFe-

based alloy is presently used in the fuel cell powered sub-

marines [18]. However, one difficulty with TiFe alloy for

hydrogen storage is the very slow first hydrogenation due to

the presence of surface oxide layer which acts as a barrier for

hydrogen gas [19,20]. In earlier literature, mechanical alloying

[21e26] and severe plastic deformation techniques [27,28]

have been used on TiFe alloy for the enhancement of activa-

tion process. Change in chemical composition by adding other

elements such as Cu [29], Ce [30], Pd [31], Al, Ni, Co [32], Mn

[33,34], Zr [35e37] also eases the first hydrogenation and im-

proves kinetics. Recently, Peng et al. found that addition of

4 wt% (Zr þ 2 Mn) to TiFe alloy improves the activation of TiFe

alloy but kinetics is still slow [38]. This justified the study of

the effect of individual elements (Zr, Mn) as dopant and also

combination of these two elements on the kinetics of first

hydrogenation of TiFe alloy. These two elements were

selected because Zr is very effective to enhance the first hy-

drogenation and Mn is a well-known catalyst for hydrogena-

tion of various metal hydrides. A combination of these

elements has been made in order to study a possible synergy

between Zr and Mn.

Experimental details

Ingots of TiFe with and without additive were synthesized by

GKN Powder Metallurgy. The synthesis was done by induction

melting under vacuum using industrial grade Fe (ASTM 1005)
Table 1 e Bulk chemical analysis: nominal and as measured b
Uncertainty on all values is ±1 at. %.

Alloy Ti (at. %)

TiFe Nominal composition

Measurement

50

50

TiFe þ2 wt% Zr Nominal composition

Measurement

50

50

TiFe þ4 wt% Zr Nominal composition

Measurement

49

50

TiFe þ1 wt% Mn Nominal composition

Measurement

50

51

TiFe þ6 wt% Mn Nominal composition

Measurement

47

52

TiFe þ1 wt%

Mn þ 2 wt% Zr

Nominal composition

Measurement

49

55

TiFe þ2 wt%

Mn þ 4 wt% Zr

Nominal composition

Measurement

48

53
and Ti (ASTM B265 grade 1). The melt size was ~6.5 kg. The

additives were Zr 702 (99.2%) alloy and electrolyticmanganese

Mn (99.7%). The bulk composition of all alloys, asmeasured by

X-ray fluorescence spectrometer (Bruker XRF S1titan), is

shown in Table 1 and compared with the nominal composi-

tion of each alloy. The measured composition is close to the

nominal one but, it is seen that for manganese containing

alloys the amount of titanium is higher and iron lower than

the nominal values. In fact, this discrepancy seems to get

bigger as manganese concentration increases.

It must be mentioned here that this work differs from the

previous investigation [33,34]. Previously, partial substitution

of Mn for Fe in TiFe had been investigated while in the present

paper, elements are added to stoichiometric TiFe. Further-

more, in these previous investigations, the alloy was heat

treated prior to activation. In the study presented here, no

heat treatment was applied to the alloy.

In the present work, TiFe with addition of 1 wt% or 6 wt%

Mn has been synthesized at large scale (~6.5 kg). First hydro-

genation was carried out without any prior heat treatment. A

comparison with the previous studies on the addition of Zr

and addition of a combination of Zr and Mn to TiFe alloy is

summarized in Table 2. There are strong similarities between

the alloys reported in Table 2 and other investigations of TiFe

alloys and the alloys reported in this paper. However, the

following discrepancies should be pointed out. First, the

starting Ti and Fe elements were of industrial grades. Usually,

laboratory grades are used but here we wanted to test alloys

that were synthesized at large scale. In this work, casting of

alloys was done at large scale (~6.5 kg) contrary to the vast

majority of other investigations where casting is of laboratory

scale (~3 g). Again, this was to be as close as possible to real-

istic industrial conditions. Also, in the present investigation,

Zr andMn are added to TiFe alloy while inmost investigations

they are substituted to either Ti or Fe or both.

The synthesized ingots of each alloy were crushed in air to

obtain small chunks. These small chunks were thereafter

crushed into powder in an argon atmosphere using a hard-

ened steel mortar and pestle. First hydrogenation tests were

performed at room temperature and under a hydrogen pres-

sure of 20 bar in a homemade Sievert apparatus. 1 g of sample

was filled in the reactor in argon atmosphere and reactor
y XRF (X-ray fluorescence) spectrometer of all alloys.

Fe (at. %) Zr (at. %) Mn (at. %)

50

50

49

48

1

1

49

48

2

2

49

47

<1
1

47

42

6

6

49

43

1

1

<1
<1

48

42

2

2

2

2
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Table 2 e The difference between the current work and previous investigations.

Literature Starting materials Hydrogen capacity (wt.%) Heat Treatment Melt size

Jain et al. [35]

TiFe þ 4 wt% Zr

Ti (99.9%, sponge),

Fe (99.5%, pieces),

Zr (99.5%, sponge)

purchased from Alfa Aesar

1.6

(20 bar, 40 �C)
no Laboratory scale

(~3 g)

Peng et al. [36]

TiFeZr0.05

1.4

(20 bar, room temperature)

Patel et al. [37]

TiFe þ 4 wt% Zr

Industrial grade

Ti (ASTM B265 grade 1),

Fe (ASTM 1005),

Zr (99.5%, sponge)

1.6 wt%

(20 bar, room temperature)

This work

TiFe þ x wt% Zr

(x ¼ 2, 4)

Industrial grade

Ti (ASTM B265 grade 1),

Fe (ASTM 1005),

Zr 702 (99.2%)

For 2 wt% Zr

No activation

(20 bar, room temperature)

For 4 wt% Zr

1.2

(20 bar, room temperature)

Large scale

(~6.5 kg)

Peng et al. [38]

Addition of 4 wt% (Zr þ 2 Mn) to TiFe

Ti (99.9%, sponge),

Fe (99.5%, pieces),

Zr (99.5%, sponge)

purchased from Alfa Aesar

0.9

(30 bar, room temperature)

Laboratory scale

(~3 g)

This work

TiFe þ 2 wt% Mn þ 4 wt% Zr

Industrial grade

Ti (ASTM B265 grade 1),

Fe (ASTM 1005),

Zr 702 (99.2%)

2

(20 bar, room temperature)

Large

scale

(~6.5 kg)
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temperature was controlled using an air furnace. To have a

better heat conductivity and also a bigger thermal mass, an

annulus of copper was in close thermal contact to the reactor.

This restricted the temperature change during hydrogenation

or dehydrogenation to a few degrees at maximum. A Hitachi

SU-3500 scanning electron microscope (SEM) equipped with

an EDX (Energy Dispersive X-ray) spectrometer from Oxford

Instruments was utilized to investigate the microstructure

and chemical composition of each alloy. Samples for SEM

observations were prepared by polishing small chunks of al-

loys embedded into epoxy resin. X-ray pattern of each alloy

was obtained using a Bruker D8 Focus X-ray with Cu ka radi-

ation. The scanning speed for X-ray diffraction pattern mea-

surements was 0.04�/sec. Rietveld refinement was performed

on the X-ray patterns using Topas software [39]. The phase

identification and Rietveld analysis for TiFe, Ti and TiFe2
phase was done by using the reference phases present in

phase diagram of TieFe system [40]. For Ti2Fe, reference [41]

was used.
Result and discussion

Morphology

Fig. 1 shows the microstructure of all the compositions stud-

ied. We could clearly see small secondary phase, bright grey

phase over a uniform grey phase, in the pure TiFe alloy. It

should be pointed out that, for pure TiFe alloy, the secondary

phase abundance was very small. Fig. 1(a) is a close-up of a

region with secondary phase but is not representative of the

whole alloy. The other compositions had a more uniform

distribution of the secondary phases. The TiFe alloys with

only Zr additive (2 wt% and 4 wt%) have grey phase, light grey

phase, and a bright phase. The alloy with 2 wt% Zr has much
more globular secondary phase compared to the 4 wt% Zr

alloy. In the case of 2 wt% Zr, the bright phase is found to be at

the edge of light grey phase. However, in themicrostructure of

TiFe alloy with 4 wt% Zr, the bright phase is more clearly

embedded in the light grey phase. The microstructure of al-

loys with only Mn as additive is shown in Fig. 1(d), (e). For low

doping level (1 wt%Mn), we see black precipitates and islands

of dark grey phase within the main grey phase. For 6 wt% Mn

alloy, the black precipitates are very small. Fig. 1(f), (g) show

the microstructure of alloy doped with Zr and Mn

simultaneously.

For the addition of 1 wt%Mn and 2wt% Zr (Fig. 1f), the alloy

is made of a main grey phase and a secondary phase that is

brighter at its edge. This change of brightness within the

secondary phase indicates a variation in chemical composi-

tion. A similar situation is seen in alloy with 2 wt% Mn and

4 wt% Zr (Fig. 1g) but with a much more abundant secondary

phase. Also, closer inspection (Fig. 2) shows stripes of dark

phase inside the secondary phase.

The chemical composition of each phase was evaluated by

EDX analysis. In Fig. 3, elementalmapping using EDX is shown

for TiFe alloy. Area analysis of the grey and bright grey phases

are presented in Table 3. It shows that the bright grey phase

has a chemical composition very close to TiFe2 which is a

phase expected from the phase diagram.

Fig. 4 shows the area analysis of each phase present in

alloys doped with 2 and 4 wt% Zr. The chemical composition

of each phase is shown in Table 4. This confirms that themain

grey phase is TiFe. For both alloys, zirconium is essentially

concentrated in the bright phase. Bright phase has an average

composition close to Ti 40 at. %, Fe 40 at. % and Zr 20 at.%. The

light grey phase has a different chemical composition in the

two alloys.

For 2 wt% Zr, light grey phase’s composition is close to

TiFe2 while for 4 wt% Zr, it is close to Ti2Fe. However, it is clear

https://doi.org/10.1016/j.ijhydene.2019.10.239
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Fig. 1 e Microstructure of (a) as-cast TiFe alloy, TiFe with (b) 2 wt% Zr, (c) 4 wt% Zr, (d) 1 wt% Mn, (e) 6 wt % Mn, (f) 1 wt%

Mn þ 2 wt% Zr and (g) 2 wt% Mn þ 4 wt% Zr.
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from the micrographs that the bright phase and light grey

phase are closely related. One explanation is that during so-

lidification, zirconium is ‘expelled’ from the light grey phase to

form the bright phase.

Fig. 5 shows the EDX analysis of TiFe alloys doped with Mn

at a concentration level of 1 and 6 wt%.

Table 5 shows the chemical composition of TiFe alloys

doped with Mn. As in the preceding cases, the grey phase is

TiFe but here, as Mn content increases, the concentration of

Mn in TiFe phase increases. It is also clear that manganese

substitute for iron. Light grey phase has a composition close to

Ti2Fe. Dark grey phase is a Ti-rich phase.
Fig. 6 shows the EDX analysis of alloy having Zr and Mn.

The first alloy has 1 wt% Mn and 2 wt% Zr. The second alloy

has twice this concentration. There are three phases present

in each alloy: (1) grey phase; (2) light grey phase and (3) bright

phase. The chemical composition of each phase is shown in

Table 6. As for the other alloys, the grey phase is TiFe. Since, as

manganese is one of the additives, the TiFe phase has some

manganese that is substituted for iron.

Light grey and bright phases are Zr-rich phases. The bright

phase has a higher proportion of Zr compare to the other two

phases. We also see that the light grey phase has Zr abun-

dance about ½ of the abundance in the bright phase.

https://doi.org/10.1016/j.ijhydene.2019.10.239
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Fig. 2 eMicrostructure of TiFeþ2 wt%Mnþ 4 wt% at 20 mm

scale.

Table 3 e Chemical composition of different phases
present in TiFe (uncertainty on all values is ±1).

TiFe Ti (at. %) Fe (at. %)

Area 1 (grey phase) 50 50

Area 2 (bright grey phase) 40 60

i n t e r n a t i o n a l j o u rn a l o f h y d r o g e n en e r g y 4 5 ( 2 0 2 0 ) 7 8 7e7 9 7 791
Structural characterization

Fig. 7 shows the X-ray pattern of each alloy and confirms the

presence of a main TiFe (space group Pm-3m) phase with, in

most alloys, secondary phases of TiFe2 type (space group P63/

mmc), Ti2Fe type (space group Fd-3m) and Ti (space group P63/

mmc). In the Rietveld refinement, the crystallite size and lat-

tice parameter have been evaluated and the results are shown

in Table 7. Phase fraction was also measured by Rietveld

refinement for each phase in each alloy (Table 7).

X-raypatternofTiFeundopedrevealsamainTiFephasewith

some minor peaks attributed to TiFe2. The presence of these

phases in TiFe undoped is also evidenced by the result of

chemical compositionanalysisofTiFealloy as shown inTable 3.
Fig. 3 e EDX analysis and ele
For the alloy doped with 2 wt% Zr, presence of TiFe and

TiFe2 phases could be seen. At concentration level of 4 wt%

Zr, appearance of minors peaks related to Ti2Fe phase could

be seen along with TiFe main phase. Presence of these pha-

ses is in good agreement with the chemical composition

analysis of alloys with only Zr (Table 4). The main cause of

the appearance of Ti2Fe phase was that addition of Zr at

concentration level of 4 wt% leads to the formation of Ti-rich

phase. X-ray pattern of TiFe alloy with only Mn (6wt%) shows

amajor peak of TiFe alloy withminor peak of Ti2Fe. However,

at 1 wt% level of Mn, minor peak of Ti2Fe totally disappeared.

The main cause of presence of Ti2Fe phase along with TiFe in

the alloy with 6 wt% Mn only is that addition of Mn leads to a

significant reduction of TiFe2 phase and the formation of Ti-

rich phase as recently found by Shang et al. [42].

Minor peaks of Ti and Ti2Fe phases were observed in the X-

ray pattern of TiFe alloy with the combination of Zr and Mn.

These minor phases were also seen in chemical composition

analysis of alloys with the combination of Zr and Mn. For the

Ti2Fe-like phase, a close inspection of the EDX results of Table

6 shows that adding the abundance of Ti and Zr gives a total

abundance very close to 66 at% while the abundance of Fe is

close to 33 at.%. Thus, it indicates that, in this phase, zirco-

nium seems to substitute for titanium. Lattice parameter is

almost the same for each phase in all alloys. From Table 7, we
mental mapping of TiFe.

https://doi.org/10.1016/j.ijhydene.2019.10.239
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Fig. 4 e EDX analysis of TiFe doped with Zr (a) 2 wt% Zr and (b) 4 wt% Zr.

Table 4 e Chemical composition of each phase present in
alloys doped with Zr (uncertainty on all values is ±1).

Alloys Ti (at. %) Fe (at. %) Zr (at. %)

TiFe þ2 wt% Zr

Area 1 (grey phase) 50 50

Area 2 (light grey phase) 39 58 3

Area 3 (bright phase) 39 42 17

TiFe þ 4 wt% Zr

Area 1 (grey phase) 51 49 <1
Area 2 (light grey phase) 56 33 12

Area 3 (bright phase) 43 37 20

Table 5 e Chemical composition of different phases
present in each alloy havingMn (uncertainty on all values
is ±1).

Alloy Ti (at. %) Fe (at. %) Mn (at. %)

TiFe þ1 wt% Mn

Area 1 (grey phase) 52 48 <1
Area 2 (light grey phase) 67 33 <1
Area 3 (dark grey phase) 82 18 <1
TiFe þ 6 wt% Mn

Area 1 (grey phase) 51 43 6

Area 2 (light grey phase) 63 32 6

Area 3 (dark grey phase) 77 17 6

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 5 ( 2 0 2 0 ) 7 8 7e7 9 7792
could see that the crystallite size of TiFe increases with the

zirconium content. Unfortunately, because of the limited

numbers of data points, the functional form of this increase

could not be established. In the same way, addition of man-

ganese increases the crystallite size of TiFe. In this case, the

increase is higher than in the zirconium case. An opposite

trend is seen for the TiFe2 phasewhen only Zr is added to TiFe.

We see that the crystallite size of this phase is smaller for 2 wt

% Zr addition than for the TiFe alloy. The Ti2Fe phase has a

constant crystallite size for all alloyswithMn dopingwhile the

crystallite size is much smaller in the alloy with only Zr
Fig. 5 e EDX analysis of TiFe alloy
addition. It could be concluded that addition of Zr and Mn has

an impact on the crystallite size of the phases present in the

alloys.

Activation kinetics

First hydrogenation (activation) curves of TiFe alloy doped

with Zr (2, 4 wt%), Mn (1, 6 wt%), with 2wt%Mnþ 4wt% Zr and

with 1 wt% Mn þ 2 wt% Zr are shown in Fig. 8. As we could

clearly see, TiFe without any dopant does not absorb

hydrogen. Alloy having 2 wt% Zr could also not be activated.
with Mn (a) 1 wt%, (b) 6 wt%.

https://doi.org/10.1016/j.ijhydene.2019.10.239
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Fig. 6 e EDX analysis of TiFe alloy with Zr and Mn.

Table 6 e Chemical composition of different phases
present in each alloy having Zr andMn (uncertainty on all
values is ±1).

Alloy Ti
(at. %)

Fe
(at. %)

Zr
(at. %)

Mn
(at. %)

TiFe þ1 wt % Mn þ 2 wt % Zr

Area 1(grey phase) 51 47 <1
Area 2 (light grey phase) 62 32 4 <1
Area 3 (bright phase) 56 32 11 <1
TiFe þ 2 wt % Mn þ 4 wt % Zr

Area 1(grey phase) 50 47 3

Area 2 (light grey phase) 56 31 10 2

Area 3 (bright phase) 43 32 21 2

i n t e r n a t i o n a l j o u rn a l o f h y d r o g e n en e r g y 4 5 ( 2 0 2 0 ) 7 8 7e7 9 7 793
Addition of Zr only is beneficial but a minimum amount of Zr

(~4 wt% Zr) is essential to activate under the present

conditions.
Fig. 7 e X-ray pattern of TiFe undoped and d
The alloys with only Mn addition present an incubation

time that increases with increasing Mn content. However, the

maximum capacity increases with Mn content. Adding both

Zr and Mn brings the benefits of both elements (i.e. no incu-

bation time and better capacity). Clearly, there is some syn-

ergetic effect because the kinetics and capacities are much

better than what could be achieved by just the sum of what

was seen for Zr and Mn alone. The alloy with 2 wt% Mn and

4 wt% Zr has the fastest kinetics and highest capacity.

Therefore, we could conclude that addition of Zr and Mn is

beneficial for activation and hydrogen capacity of TiFe alloy.

The reason for the faster kinetics and higher capacity of the

TiFe alloy with 2 wt% Mn þ 4 wt % Zr could be related to the

microstructure and chemical composition of the phases. From

Fig. 1, we see that, compared to the other alloys, the secondary

phase finely and homogeneously distributed within the TiFe

alloy in the alloy with 2 wt% Mn þ 4 wt% Zr. The chemical
oped with Zr, Mn, and Zr þ Mn alloys.

https://doi.org/10.1016/j.ijhydene.2019.10.239
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Table 7 e Phase fraction, lattice parameter and crystallite
size for each alloy composition.

Phase name Phase
fraction (%)

Lattice
parameter

(�A)

Crystallite
size (nm)

TiFe undoped

TiFe 93(1) a ¼ 2.98(1) 31(1)

TiFe2 7(1) a ¼ 4.71(1) c ¼ 7.97(1) 36(2)

2 wt% Zr

TiFe 89(1) a ¼ 2.98(1) 34(2)

TiFe2 11(1) a ¼ 4.84(1) c ¼ 8.10(1) 23(2)

4 wt% Zr

TiFe 73(1) a ¼ 2.98(1) 41(2)

Ti2Fe 27(1) a ¼ 11.48(1) 17(2)

1 wt% Mn

TiFe 100(1) a ¼ 2.99(1) 40(1)

6 wt% Mn

TiFe 90(1) a ¼ 2.99(1) 52(2)

Ti2Fe 10(1) a ¼ 11.32(1) 45(1)

1 wt% Mn þ 2 wt% Zr

TiFe 79(1) a ¼ 2.99(1) 44(1)

Ti2Fe 18(1) a ¼ 11.42(1) 45(2)

Ti 3(1) a ¼ 2.99(1) c ¼ 4.67(1) 25(1)

2 wt% Mn þ 4 wt% Zr

TiFe 70(1) a ¼ 2.99(1) 33(1)

Ti2Fe 28(1) a ¼ 11.44(1) 45(1)

Ti 2(1) a ¼ 2.99(1) c ¼ 4.77(1) 20(2)

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 5 ( 2 0 2 0 ) 7 8 7e7 9 7794
composition of the secondary phases also plays a role. For

both TiFeþ1 wt%Mnþ 2wt % Zr and TiFeþ2 wt%Mnþ 4wt %

Zr alloys, the diffraction patterns showed the presence of Ti

and Ti2Fe phases. It may be the presence of these phases that

makes the first hydrogenation very quick and high capacity.
Fig. 8 e Activation kinetics of all alloys at room t
Titanium could act as a gateway for hydrogen to enter the TiFe

phase. However, more extensive study is needed to test this

hypothesis. Gu�eguen et al. already showed the importance of

Ti-rich (Ti2Fe, Ti) phases for easy activation and improving

kinetic [43].

Rate limiting step of first hydrogenation

A clear difference among the first hydrogenation kinetics of

activated alloys could be seen in Fig. 9. Change in the rate

limiting step may be the cause for the different first hydro-

genation kinetics. The usual rate limiting step model equa-

tions are described in Table 8 which summarizes the

chemisorption, nucleation-growth-impingement, contracting

volume and Ginstling-Brounshtein models. The best way to

know the rate limiting step is to do the linear regression for

the plot of the left side of the equation as a function of time for

each model. The best linear fitted model will give information

about mechanism of hydrogenation. In these equations, X is

the transformed factor which represents the ratio of the

absorbed hydrogen quantity divided by the alloy’s maximum

hydrogen absorption capacity (X ¼ %H/%Hmax), k is the reac-

tion constant and t is time. The linear regressions were per-

formed for 10% to 90% of the transformed factor (X¼ 0.1 to 0.9)

as shown in the previous rate limiting studies [44] and fitted

curves are shown in Fig. 9 for each activated alloys. The

adjusted R2 values for the linear regression of each alloy’s

model curve are shown in Table 9. It shows that adjusted R2

value for GB3D model is closer to 1 than any other model. It

clearly shows a good linear fitting for the GB3D model.

Therefore, rate limiting step for each activated alloy was

found to be three-dimensional growth where diffusion

controlled with decreasing interface velocity.
emperature under 20 bar hydrogen pressure.
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Fig. 9 e Linear fitting of each rate limiting step model for each activated alloy (a) for 4 wt % Zr, (b) 1 wt% Mn, (c) 6 wt% Mn, (d)

1 wt% Mn þ 2 wt% Zr and (e) 2 wt% Mn þ 4 wt% Zr.

Table 8 e Model equations for rate limiting step determination.

Rate limiting step model name Model equation Description

Chemisorption X ¼ kt Surface controlled [45]

Nucleation-growth-impingement model

(JMA2D)

[-ln(1-X)]1/2 ¼ kt 2D growth of existing nuclei with constant velocity [45,46]

Nucleation-growth-impingement model

(JMA3D)

[-ln(1-X)]1/3 ¼ kt 3D growth of existing nuclei with constant velocity [45,46]

Contracting volume

(CV2D)

1-(1-X)1/2 ¼ kt 2D growth with constant interface velocity [45]

Contracting volume

(CV3D)

1-(1-X)1/3 ¼ kt 3D growth with constant interface velocity [45]

Ginstling-Brounshtein model

(GB2D)

(1-X) ln(1-X) þX ¼ kt 2D growth, diffusion controlled with decreasing interface velocity [47]

Ginstling-Brounshtein model

(GB3D)

1-(2X/3) - (1-X)2/3 ¼ kt 3D growth, diffusion controlled with decreasing interface velocity [45]
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Table 9 e Adjusted R2 value for the linear regression of Model equations shown in Table 8.

Adjusted R2 Chemisorption JMA2D JMA3D CV2D CV3D GB2D GB3D

4 wt% Zr 0.87440 0.93112 0.88798 0.944877 0.96724 0.98505 0.99031

1 wt% Mn 0.88476 0.94378 0.90872 0.95753 0.97452 0.98501 0.99745

6 wt% Mn 0.86447 0.92667 0.88734 0.94198 0.96201 0.98742 0.99415

1 wt % Mn þ 2 wt% Zr 0.76697 0.86706 0.80557 0.89401 0.92768 0.96104 0.97969

2 wt % Mn þ 4 wt% Zr 0.80465 0.87823 0.82225 0.90428 0.93182 0.97406 0.98631

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 5 ( 2 0 2 0 ) 7 8 7e7 9 7796
Conclusion

Microstructure and activation kinetics of pure TiFe and with

addition of Zr or Mn or a combination of Zr and Mn were

studied. The following conclusion could be drawn:

1. Doping with zirconium is effective but a certain level of

zirconium (4 wt%) is necessary.

2. Doping with 1 wt% Mn is effective, but kinetics is very

sluggish.

3. Simultaneous addition of 1 wt%Mnþ 2 wt% Zr to TiFe alloy

results in better kinetics and hydrogen capacity compared

to only Zr or Mn doped alloys. It absorbs 1.8 wt% of

hydrogen in 7 h.

4. The fastest and highest capacitymeasuredwas for the TiFe

alloy with simultaneous addition of 2 wt% Mn and 4 wt%

Zr. Hydrogen capacity for this alloy was 2 wt%. This fast

first hydrogenation kinetics is attributed to the presence of

a large proportion of Ti2Fe type phase intowhich zirconium

substitute for titanium.

5. The rate limiting step during the first hydrogenation for

activated alloys was found to be a three-dimensional

growth where diffusion controlled with decreasing inter-

face velocity.

This investigation was targeted mainly to the first hydro-

genation. Future work will be on the thermodynamic and

cycling properties of these alloys.
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