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a b s t r a c t

TiFe0.9 and TiFe0.8Mn0.1 hydrides have suitable equilibrium pressures at ambient conditions and are
potential candidates for hydrogen storage applications. In this work, we study the influence of the addi-
tion of small amounts of vanadium on the hydrogenation properties of TiFe0.9Vx and TiFe0.8Mn0.1Vx (x = 0,
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eywords:
iFe

0.05 and 0.1) alloys. The excess of Ti from TiFe in these materials results in the precipitation of Ti and
Ti2Fe-type phases. In the analysis of the chemical composition, vanadium was observed in small amount
in all phases for each sample which contains vanadium. Vanadium tends to substitute Fe sites, which
results in a decrease of the plateau pressures. The addition of vanadium as TiFe0.8Mn0.1Vx (x = 0.05 and

effect
n in t
ydrogen storage materials
PMA
ressure hysteresis

0.1) alloys has beneficial
and a significant reductio

. Introduction

Among the different AB compounds (with A a transition metal
r a rare earth element and B a transition metal) considered for
ydrogen storage, FeTi (CsCl structure type) was found to exhibit
he highest gravimetric absorption capacity (1.9 wt% at 40 ◦C) and
uitable plateau pressures [1]. However, the binary alloy is not suit-
ble for hydrogen storage because of the difficulty to activate the
aterial and its slow kinetics. Several studies were carried out to

nderstand the reasons of such difficult activation. A summary of
he results was published by Schlapbach and Riesterer [2]. Dur-
ng activation, the TiFe lattice expands and contracts about 20%
f its volume. As a result, the surface/volume ratio increases sig-
ificantly. FeTi is then very reactive, not only towards hydrogen
ut also oxygen, resulting in the formation of an oxide layer which
cts as a barrier for hydrogen diffusion [3]. Problems of activation
ttributed to slow diffusion of hydrogen in the bulk material were
lso observed in ultrapure TiFe [2]. The activation issue can be over-
ome by adding a small excess of Ti to TiFe [4–6]. The formation of
-Ti hydride occurs before the hydrogenation of the TiFe phase,

esulting in the creation of cracks making easier the diffusion of
ydrogen through the bulk.
Challet et al. studied the partial substitution of Fe by Mn in
iFe0.9 [7]. The alloy TiFe0.8Mn0.1 can absorb up to 1.92 wt% at 25 ◦C.
he sample could be activated at room temperature without any
hermal treatment and 90% of the maximum capacity was absorbed
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s on the equilibrium plateaus of the hydrides: the plateaus become flatter
he pressure hysteresis is observed.
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within 157 s. The Pressure–Composition–Isotherm (PCI) curves of
TiFe0.8Mn0.1 present two absorption plateaus and two desorption
plateaus. However, the equilibrium pressures of the compound
TiFe0.8Mn0.1 are still low at 25 ◦C (0.122 and 0.244 MPa for absorp-
tion and 0.065 and 0.188 MPa for desorption). For hydrogen storage
in portable devices, materials with equilibrium desorption pres-
sures about 0.1–1 MPa at room temperature are required.

Massicot recently studied the hydrogenation properties of
a compound TiFe containing 5 at.% V (nominal composition
Ti47V5Fe48) [8]. Like TiFe, the activation of the sample required
severe thermal treatment. The kinetics were quite slow as well.
Interestingly a single pressure plateau was observed for Ti47V5Fe48
at 25 ◦C on the PCI curves whereas two plateaus were reported
by Reilly for TiFe [9]. Detailed X-ray studies of the hydrogena-
tion process of TiFe indicated the existence of two orthorhombic
hydrides �1 and �2 (FeTiH and TiFeH1.4) and a hydrogen rich mon-
oclinic phase � [10]. A single pressure plateau was also observed
by Mitrokhin et al. who studied the hydrogenation properties of
TiFe-type Ti–Fe–Mn–V alloys [11,12]. In these alloys, vanadium
substitutes for iron and titanium and the decomposition pressure
of the �- and �-hydride approaches each other. As a result, the two
corresponding plateaus transform into one sloping plateau. They
called this phenomenon the “pressure smoothing effect”. Metallic
vanadium atom has a larger radius than that of iron. As a result, the
equilibrium pressures for Ti47V5Fe48 were lower than those of TiFe.
Two suitable characteristics for hydrogen storage were observed

in the case of Ti47V5Fe48: little hysteresis between absorption and
desorption and smooth equilibrium plateaus.

In order to understand this result, the effects of the addition
of small amounts of vanadium to TiFe0.9 and TiFe0.8Mn0.1 on the
hydrogenation properties of TiFe0.9Vx and TiFe0.8Mn0.1Vx (x = 0,
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Table 1
Nominal composition of the TiFe0.9Vx (x = 0, 0.05, 0.1) alloys, structure, chemical composition and relative amount of the different phases present in the materials.

Sample no. Nominal
composition

Phase Structure type Fraction Composition Cell parameters (Å)

1 TiFe0.9 Matrix CsCl 94.8 (9) Ti51.4(3)Fe48.6(3) a = 2.98187 (7)
Ti-type precipitates P63/mmc 2.12 (2) Ti80.1(4)Fe19.7(4) a = 2.964 (2)

c = 4.621 (4)
Ti2Fe-type precipitates Fd-3m 3.06 (2) Ti66.8(4)Fe33.2(4) a = 11.321 (6)

2 TiFe0.9V0.05 Matrix CsCl 95.9 (9) Ti50.4(4)Fe47.3(5)V2.2(2) a = 2.9867 (3)
Ti-type precipitates P63/mmc 3.3 (3) Ti70.3(4)Fe21.9(5)V7.8(2) a = 2.929 (2)

c = 4.580 (5)
Ti2Fe-type precipitates Fd-3m 0.84 (1) Ti61.4(6)Fe33.0(6)V5.6(3) a = 11.296 (14)

3 TiFe0.9V0.1 Matrix CsCl 94.6 (9) Ti48.4(5)Fe47.7(9)V3.9(5) a = 2.9891 (2)
Ti-type precipitates P63/mmc 3.7 (2) Ti62.6(4)Fe23.3(8)V14.1(5) a = 2.898 (1)

c = 4.597 (4)
Ti2Fe-type precipitates Fd-3m 1.6 (3) Ti58.2(3)Fe32.9(5)V8.9(3) a = 11.290 (9)

Table 2
Nominal composition of the TiFe0.8Mn0.1Vx (x = 0, 0.05, 0.1) compounds, structure, chemical composition and relative amount of the different phases present in the materials.

Sample no. Nominal
composition

Phase Structure type Fraction Composition Cell parameters (Å)

4 TiFe0.8Mn0.1 Matrix CsCl 97.0 (9) Ti52.0(2)Fe43.1(5)Mn4.8(4) a = 2.9888 (2)
Ti-type precipitates P63/mmc 1.7 (2) Ti77.3(7)Fe18.1(7)Mn4.56 (6) a = 2.955 (2) c = 4.624 (5)
Ti2Fe-type precipitates Fd-3m 1.3 (2) Ti66.4(4)Fe29.7(4)Mn3.94(5) a = 11.326 (6)

5 TiFe0.8Mn0.1V0.05 Matrix CsCl 97.0 (10) Ti50.6(1)Fe41.7(6)Mn4.7(3)V3.0(1) a = 2.9940 (2)
Ti-type precipitates P63/mmc 2.4 (2) Ti69.0(1)Fe17.70(5)Mn4.56(2)V8.75(3) a = 2.932 (2) c = 4.590 (4)
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compounds 4, 5 and 6 (Fig. 2) which consisted of a main CsCl-type
phase and small amounts of Ti and Ti2Fe phases.

For all our samples, the cell parameters of the major phase
increase with the amount of vanadium. This is an indication that
Ti2Fe-type precipitates Fd-3m
6 TiFe0.8Mn0.1V0.1 Matrix CsCl

Ti-type precipitates P63/mmc
Ti2Fe-type precipitates Fd-3m

.05 and 0.1) alloys were studied. The structure and composi-
ion of the resulting alloys were investigated using powder X-ray
iffraction and Electron Probe Microanalysis Analysis (EPMA). The
ydrogenation properties (activation, kinetics, thermodynamics)
re also described and compared to vanadium free compounds.

. Experimental details

All samples were synthesized by melting high purity elements (Ti 99.99% from
lfa Aesar, V 99.9% from ChemPur, Fe 99.98% from Sigma–Aldrich and Mn 99.99%

rom ChemPur) in an induction furnace with a water-cooled copper hearth under
rgon atmosphere. The ingots were melted five times and turned over each time to
nsure a good homogeneity. After fusion, the ingots were wrapped in a tantalum foil,
nnealed in silica tubes at 1000 ◦C for 1 week under Ar atmosphere and quenched
n water to remove any concentration gradient created during induction melting.

Powder X-ray diffraction (PXRD) data were collected at room temperature on a
ruker D8 Advance (Cu K�, Bragg Brentano geometry, 2� range 20–100◦ , step size
.02◦). All the patterns were refined with the Rietveld method using the program
ullProf [13].

The chemical analysis was performed on finely polished samples using an EPMA
ameca SX 100. Segregation of minor phases in the bcc matrix was studied using
ackscattered Electron (BSE) microscopy. Accelerating voltage and beam current
ere 15 kV and 40 mA, respectively. The composition of each phase in the alloys
as determined from 10 to 100 measurement points at the surface of the polished

amples.
The Pressure–Composition–Isotherm (PCI) curves were measured with a Siev-

rts type apparatus. All manipulations before exposure to pure hydrogen gas
99.9999% from Alphagaz) were carried out under argon. Activations were per-
ormed at 25 ◦C under 2.5 MPa of hydrogen. All samples could be activated under
hese conditions. Dehydrogenation of the samples was carried out by applying pri-

ary vacuum at 25 ◦C for 2 h.

. Results and discussion

.1. Structural characterizations
Six samples (1–6) with nominal composition TiFe0.9Vx and
iFe0.8Mn0.1Vx (x = 0, 0.05 and 0.1) were synthesized, the composi-
ion of which are chosen by adding 0%, 5% and 10% V to TiFe0.9 and
iFe0.8Mn0.1. They consist mainly of a TiFe phase in which Ti and
i2Fe-type phases are also observed (Tables 1 and 2).
0.68 (7) Ti60.3(3)Fe29.2(4)Mn4.1(2)V6.3(3) a = 11.325 (5)
96.2 (9) Ti49.4(4)Fe41.3(7)Mn4.7(3)V4.6(2) a = 2.9959 (2)
3.4 (2) Ti63.8(5)Fe18.9(6)Mn4.73(7)V12.6(3) a = 2.887 (1) c = 4.696 (3)
0.46 (8) Ti57.9(11)Fe28.8(23)Mn4.6(4)V8.7(11) a = 11.305 (8)

The PXRD patterns for compounds 1, 2 and 3 are shown in Fig. 1.
The most intense peaks belong to the TiFe cubic phase. However,
minor peaks of low intensity in the region 39–42◦ are observed for
all compounds. The extra peaks could be indexed as Ti- and Ti2Fe-
type structure. The presence of these secondary phases is consistent
with the results reported by Challet et al. [7] who observed such
precipitates in TiFe0.8Mn0.1. The precipitation of such phases is
caused by the excess of Ti used. Rietveld refinement on the PXRD
data of compounds 1, 2 and 3 indicated a low content of these sec-
ondary phases (<4 wt%). Similar PXRD patterns were obtained for
Fig. 1. Powder X-ray diffraction patterns of alloys 1, 2 and 3 with nominal compo-
sition TiFe0.9Vx (x = 0, 0.05 and 0.1). Minor peaks of low intensity are observed in
the region 39–42◦ besides the main TiFe-type phase. hkl indexes stand for the main
phase (TiFe).
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absorption kinetics of vanadium containing samples was improved.

F
o

ig. 2. Powder X-ray diffraction patterns of alloys 4, 5 and 6 with nominal com-
osition TiFe0.8Mn0.1Vx (x = 0, 0.05 and 0.1). Minor peaks are observed in the area
9–42◦ .

anadium tends to substitute Fe in the B sites. By comparing the
xperimental and calculated density measured for TiFe0.7Mn0.1,
hallet showed that the excess of Ti was on the Fe site [7]. How-
ver, in this study, by Rietveld refinement putting vanadium in Ti
r Fe sites did not influence the result. This could be attributed to
he fact that the applied amount of vanadium is relatively small.

The chemical composition of the different phases present in the
amples was determined using EPMA analysis. By BSE microscopy
n finely polished samples, precipitations were observed. Two
xamples of images obtained for compounds 2 and 6 are shown
n Fig. 3. EPMA results for the six alloys are summarized in
ables 1 and 2.

The amounts of Ti and Fe in the TiFe0.9Vx compounds (x = 0,
.05 and 0.1) are similar, a small quantity of V is also present

n the composition of the matrix in the case of TiFe0.9V0.05 and
iFe0.9V0.1. For these compounds, Ti-type phase contains iron and a
ittle vanadium. Vanadium was also found in the Ti2Fe-type precip-
tates. These results are consistent with the Fe–Ti–V phase diagram
eported by Massicot et al. [14]. The alloys 1, 2 and 3 lie out-
ide of the limit of the TiFe single phase domain. The composition
i47V5Fe48 studied by Massicot [8] is inside the TiFe domain and

econdary phase was not observed.

The same observations about the TiFe0.8Mn0.1Vx samples were
one. Vanadium is present in small quantities in the matrix of
iFe0.8Mn0.1V0.05 and TiFe0.8Mn0.1V0.1. Vanadium is also found in

ig. 3. BSE images of (a) compound 2 and (b) compound 6. Two different types of precipi
nes Ti2Fe-type phases.
Fig. 4. PCI curves at 25 ◦C for the alloys 1 (�), 2 (�) and 3 (�). Absorption data
correspond to plain symbols, desorption data to empty ones.

the two types of precipitates. These results are consistent with the
information obtained by PXRD.

3.2. Hydrogenation properties

3.2.1. TiFe0.9Vx (x = 0, 0.05 and 0.1) alloys
All samples could be activated without any thermal treatment.

The presence of Ti- and Ti2Fe-type precipitates in the TiFe matrix
seems to play a significant role in the initiation of hydrogen absorp-
tion in our materials. Our three compositions, all containing Ti and
Ti2Fe-type precipitates, could be easily activated whereas for TiFe
and Ti47V5Fe48 severe thermal treatment was required to initiate
the hydrogenation [1,8]. This is in good agreement with previous
results reported by Matsumoto [15]. He observed, using in situ X-ray
diffraction, that, in TiFe-based alloys containing �-Ti phase, the �-
Ti phase hydrogenated before the TiFe matrix, thus creating cracks.
These cracks help the diffusion of hydrogen through the bulk and
create new reactive surface. After five activation cycles, the absorp-
tion kinetics of TiFe0.9Vx (x = 0, 0.05 and 0.1) alloys were studied.
90% of the maximal absorption capacity was reached after 72, 59
and 55 s for TiFe0.9, TiFe0.9V0.05 and TiFe0.9V0.1, respectively. The
The PCI curves of the TiFe0.9Vx (x = 0.05 and 0.1) compounds
were collected at 25 ◦C during absorption and desorption (Fig. 4).
The maximal absorption capacity increases as a function of vana-
dium content: TiFe0.9 absorbs 1.63 wt% of hydrogen and TiFe0.9V0.1

tates are observed in the TiFe matrix. Brighter areas are Ti-type phases and darker
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Table 3
Hydrogenation properties of the TiFe0.9Vx (x = 0, 0.05, 0.1) compounds at 25 ◦C: maximal and reversible capacities, equilibrium pressures during absorption and desorption.

Sample no. Nominal
composition

Maximal
capacity (wt%)

Reversible
capacity (wt%)

t90
a (s) Equilibrium pressure for

absorption (MPa)
Equilibrium pressure for
desorption (MPa)

1st Plateau 2nd Plateau ln(P2/P1) 1st Plateau 2nd Plateau ln(P2/P1)

1 TiFe0.9 1.62 1.56 72 0.337 0.998 1.086 0.160 0.471 1.080
2 TiFe0.9V0.05 1.88 1.60 59 0.076 0.312 1.412 0.037 0.188 1.626
3 TiFe0.9V0.1 1.96 1.74 55 0.036 0.232 1.863 0.039 0.145 1.313

NB: the reversible capacity was estimated by taking the beginning of the first desorption plateau and the end of the second plateau as limits.
a t90 is defined as the time needed to absorb 90% of the maximal capacity.

Table 4
Hydrogenation properties of the TiFe0.8Mn0.1Vx (x = 0, 0.05, 0.1) compounds at 25 ◦C: maximal and reversible capacities, equilibrium pressures during absorption and
desorption.

Sample no. Nominal
composition

Maximal
capacity (wt%)

Reversible
capacity (wt%)

t90
a (s) Equilibrium pressure for

absorption (MPa)
Equilibrium pressure for
désorption (MPa)

1st Plateau 2nd Plateau ln(P2/P1) 1st Plateau 2nd Plateau ln(P2/P1)

4 TiFe0.8Mn0.1 1.68 1.60 50 0.109 0.190 0.556 0.059 0.142 0.878
5 TiFe0.8Mn0.1V0.05 1.71 1.58 41 0.034 0.109 1.165 0.022 0.076 1.240
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sion as the � phase transforms into the � phase. In this study, such
reduction in pressure hysteresis is not observed for the TiFe0.9Vx

(x = 0, 0.05 and 0.1) alloys, this implies that Mn also plays a signif-
icant role in the hydrogenation process. Moreover, flatter plateaus
6 TiFe0.8Mn0.1V0.1 1.76 1.52 19

B: the reversible capacity was estimated by taking the beginning of the first desor
a t90 is defined as the time needed to absorb 90% of the maximal capacity.

.96 wt%. As the affinity of vanadium for hydrogen is higher than
hat of iron, partial substitution of iron by vanadium results in an
ncrease in the absorption capacity.

All PCI curves present two equilibrium plateaus. The equilibrium
ressures decrease with the amount of V. This is in good agreement
ith the increase in the cell parameters of the TiFe phase observed

y PXRD. The capacity of the first plateau was reduced and the
lope of the second plateau increased with the amount of vana-
ium. For x = 0.1, it is hard to determine precisely the equilibrium
ressure of the second plateau. During desorption, the difference
etween the equilibrium plateaus decreases with the amount of
, this agrees with the “pressure smoothing effect” described by
itrokhin in TiFe-type Ti–Fe–Mn–V [12] (see Table 3).

.2.2. TiFe0.8Mn0.1Vx (x = 0, 0.05 and 0.1) alloys
All samples could be activated without any thermal treatment.

his could be attributed to the influence of the Ti and Ti2Fe-type
recipitates on the activation of the hydrogen absorption of the TiFe
lloys as all the samples contain Ti and Ti2Fe-type precipitates. No
ignificant difference in the kinetics is observed when comparing
he three alloys: 90% of the maximal absorption capacity is reached
ithin less than 1 min (Table 4).

The total absorption capacity increases slightly with the amount
f vanadium. The increase of hydrogen storage capacity is not as sig-
ificant as that observed for the TiFe0.9Vx samples. This is probably
ue to the presence of Mn and V in the Fe sites. The affinity of Mn
or hydrogen is not as strong as that of V. As a result, the absorption
apacity of TiFe0.8Mn0.1 is not increased too much when adding V.

The PCI curves of the TiFe0.8Mn0.1Vx (x = 0, 0.05 and 0.1) com-
ounds were collected at 25 ◦C during absorption and desorption
Fig. 5). All present two equilibrium plateaus. Significant differ-
nces on the PCI curves are visible. First, the equilibrium pressures
ecrease with the amount of vanadium. This is consistent with
he increase of the cell parameters of the matrix observed from
XRD data. Then, for each composition, the pressure difference
etween the two plateaus increases with the amount of vanadium.
he value of ln(P2/P1) (P1 and P2 being the 1st and 2nd equilib-

ium pressures) varies between 0.556 for TiFe0.8Mn0.1 and 1.561 for
iFe0.8Mn0.1V0.1 during hydrogen absorption and 0.878 and 1.578
uring the desorption process. This suggests that vanadium mod-

fies the relative stability of the hydrides, the � hydride becoming
ore stable.
17 0.081 1.561 0.013 0.063 1.578

plateau and the end of the second plateau as limits.

Another interesting feature is the decrease in hysteresis with
the addition of vanadium. Very little hysteresis is observed
for TiFe0.8Mn0.1V0.1. Pressure hysteresis is an undesirable phe-
nomenon as it represents a loss in energy and efficiency. Thus the
addition of vanadium to TiFe0.8Mn0.1 has a beneficial effect on the
pressure hysteresis of the alloy. Several studies about the effects
of partial substitution of metal on the pressure hysteresis in AB2
and AB5 alloys have been reported [16,17]. Partial substitution of
Mn by V in Ti0.95Zr0.05Cr1.2Mn0.8 resulted also in a reduction of the
pressure hsyteresis [16]. Reduced hysteresis was also observed in
Ce-based AB5 where the nickel metal is partially replaced by Al,
Sn or Co [17]. Several theories to understand the hysteresis phe-
nomenon have been proposed [18–22]. A review of all these studies
was issued by Qian [23]. According to most theoretical models, the
main reason for such decrease in pressure hysteresis is the strain
of the crystalline matrix induced during hydride formation and
decomposition. The strain is caused by the lattice volume expan-
Fig. 5. PCI curves at 25 ◦C for the alloys 4 (�), 5 (�) and 6 (�). Absorption data
correspond to plain symbols, desorption data to empty ones.
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re obtained for the TiFe0.8Mn0.1Vx compounds. A detailed analy-
is by PXRD of the structural defects generated during the � to �
ransformation would be worth to be done.

. Conclusion

TiFe0.9Vx and TiFe0.8Mn0.1Vx (x = 0, 0.05 and 0.1) alloys have
een synthesized using induction melting. In order to ensure a
ood homogeneity, the ingots were annealed 1 week at 1000 ◦C. All
amples consist of a main TiFe phase in which Ti and Ti2Fe-type pre-
ipitates are observed. Vanadium was confirmed in both the matrix
nd the precipitates. All compounds absorb hydrogen without any
hermal treatment because of the presence of Ti-type precipitates.
he lattice constant of the matrix decreases with the amount of
anadium, which results in a decrease of the plateau pressures.
maller hydrogen capacity and more tilted pressure plateaus were
bserved for TiFe0.9V0.05 and TiFe0.9V0.1 when compared to TiFe0.9.
he main advantage of the addition of V to TiFe0.9 is an increase in
he absorption capacity. The addition of vanadium to TiFe0.8Mn0.1
as several beneficial effects for hydrogen storage: the pressure
ysteresis decreases with the vanadium content and the pressure
lateaus are flatter.
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