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Characteristics of hydride electrodes using Ti–Fe–Pd–X alloys
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Abstract

Electrochemical hydrogenation behaviors of partially substituted TiFe alloys were studied. By substituting the alloy with palladium, they
became electrochemically rechargeable. Their rechargeable capacities were about 200 mAh/g, which corresponded to the H/M value of 0.5,
although theP–C isotherm determined by Sieverts’ type apparatus showed the H/M reached more than 1.0. The cause of small capacity
was found to be increased in equilibrium pressure due to palladium-substitution. With increasing the amount of palladium substitution, the
P–C isotherm plateau split into two portions, and the equilibrium pressure of second plateau went much higher than the ambient pressure,
consequently hydrogen corresponding to the higher plateau could not be electrochemically charged.
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By further substitution of the alloy with vanadium, both of the two plateau pressures decreased and their electrochemically re
apacities reached more than 400 mAh/g. However, their rechargeable capacities quickly decayed with increasing charge/disch
uring the cycles, the alloy was found to decompose into titanium hydride and iron hydroxide. The cause of quick capacity d
ttributed to the decomposition of the alloy.
2005 Published by Elsevier B.V.
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. Introduction

The TiFe-based alloys are promising materials for hydro-
en storage because of their large storage capacity and their
ost performance[1–3]. Because of the difficulty in initial hy-
rogenation (activation), TiFe-based alloys were hardly used
s a material for metal-hydride electrodes (MH-electrodes).
owever, various efforts have been made and the activa-

ion property was greatly improved. Addition of a third ele-
ent[4,5] and mechanical alloying[6–8] were found to be
ffective. As Yamashita et al. reported[5], partial substitu-

ion of iron in TiFe with palladium was found to be effective
n improving activation characteristics, and the alloy became
lectrochemically rechargeable.

As we also reported in previous work[9], the activation
haracteristics of TiFe were improved by substitution of
he alloy element with nickel. Their electrochemically
echargeable capacities reached more than 300 mAh/g, but
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the discharge rate efficiencies of the alloy electrodes wer
so good compared with those using rare-earth based al

For practical use, their rate efficiencies and recharge
capacities have to be further improved, therefore, the su
tution with palladium is a better solution than that with nic
In the present work, we first studied the effect of pa
substitution of elements in TiFe with palladium. Lattice str
tures, change in characteristics of their pressure–compo
(P–C) isotherms, electrochemical charge/discharge p
erties were studied with varying the substitution eleme
Secondly, the effect of further substitution with a fou
element (vanadium or manganese) was investigated.

2. Experimental procedure

Chemical compositions of the alloy samples were sh
in Table 1. The alloys were prepared by arc melting
high purity metal elements into ingots under an ar
atmosphere. The alloy ingots were pulverized in a ni
mortar, into powders with particle size about 60�m in
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Table 1
Chemical compositions of studied alloys

Alloy type Chemical composition

Ternary alloys
A-site substitution TiFe0.9Pd0.1, TiFe0.8Pd0.2, TiFe0.6Pd0.4

B-site substitution Ti0.8FePd0.2

Four-component alloys TiFe0.8Pd0.1V0.1, TiFe0.8Pd0.1Mn0.1

diameter. Lattice structures were investigated by X-ray
diffractometer (Phillips “X’Pert” system) using Cu K�
radiation with a carbon monochromator.

The pressure–composition isotherms for the hydrogena-
tion of the alloys were determined at 293 K using a Siev-
erts’ type apparatus. The sample was first evacuated down to
1.0 × 10−3 Torr for 30 min by a rotary pump. Then it was kept
in a hydrogen atmosphere of 3.5 MPa at 523 K, for activa-
tion. After being activated, each sample was evacuated again
at 523 K for 2 h and dehydrogenated, followed by cooling
down to the measuring temperature (293 K), and thenP–C
isotherm measurement was started.

Each alloy powder was made into metal hydride electrode
(MH electrode). The alloy powders were sieved and their par-
ticle sizes are averaged to about 60�m in diameter. The al-
loy powders were mixed with copper powder (Fukuda Metal
Foil & Powder MFG. Co.; “FCC-1100MH”) which worked as
both a binder and a current collector. The mixing ratio of cop-
per to alloy powder was 3:1. The mixtures were then pressed
into pellets with 13 mm in diameter, which contained about
0.2 g of alloy powder. The copper-bound pellet was then en-
veloped by a piece of small nickel net which was connected
to a nickel wire, thus a working electrode was obtained.

The alloy electrodes were tested in an open cell at 298 K,
using 6 M KOH electrolyte, Ni(OH)2/NiOOH counter elec-
trode, and Hg/HgO reference electrode. The electrode char-
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Fig. 1. X-ray diffraction profiles of Ti–Fe–Pd(–X) alloys.

their atomic radii.Fig. 2 shows theP–C isotherms of these
alloys. About the B-site substituted alloys, contrary to the
case of substitution with nickel[9], the plateau was distinctly
split into two portions and the higher H/M portion of the
isotherm became very flat. With increasing the amount of
substitution, the equilibrium pressure of the higher portion of
plateau became higher, and that of the lower portion became
lower. It is usually difficult to use high-plateau pressure
alloys as MH electrodes, therefore, the electrochemically
rechargeable capacities of these B-site substituted alloy
electrodes would be smaller than expected.

Fig. 3shows change in discharge capacities with increas-
ing charge/discharge cycles (cycle life profile). The alloy
electrodes using TiFe0.6Pd0.4 and Ti0.8FePd0.2 alloys were
fully activated in the first cycle, but their discharge capacities
were very small. For Ti0.8FePd0.2 alloy electrode, the
capacity estimated from itsP–C isotherm corresponds to the
electrochemical capacity. For TiFe0.6Pd0.4 alloy electrode,
the equilibrium pressure of the lower pressure plateau at
293 K became lower than 10−2 MPa, and electrochemical
capacity became smaller than that estimated from itsP–C
isotherm, because of its slow desorption kinetics. For the
alloy electrodes using TiFe0.9Pd0.1 and TiFe0.8Pd0.2 alloys,
cteristics (cycle lives and high rate discharge efficien
ere measured by monitoring the electrode potentials

ng charge/discharge cycles. Currents were controlled
onventional galvanostat (Hokuto-denkoh HA-151), wi
mall computer system. Rechargeable capacities were
ated discharging the electrodes from fully charged sta

o the cut off potential of−0.65 V versus Hg/HgO. In cyc
ife tests, all electrodes were charged at a rate of 80 m
nd discharged at that of 40 mA/g.

. Results and discussion

.1. Ti–Fe–Pd ternary alloys

Fig. 1shows the XRD profiles of B-site substituted all
TiFe1−xPdx, x = 0.1, 0.2, 0.4) and an A-site substitute
lloy (Ti0.8FePd0.2). Although the former alloys kept th
riginal microstructure (CsCl type), the latter turned into
rystal with a C14 Laves phase structure. This suggest
t is difficult to substitute titanium atoms TiFe crystal w
alladium, probably because of the large difference betw
 Fig. 2. P–C isotherms of TiFe1−xPdx and Ti0.8FePd0.2 alloys (293 K).
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Fig. 3. Cycle life profiles of TiFe1−xPdx and Ti0.8FePd0.2 alloy electrodes
(298 K).

discharge capacities went up as high as 200 mAh/g, however,
this means rechargeable H/M was less than 0.5.Fig. 4
shows the discharge curves of TiFe0.9Pd0.1 alloy electrodes
measured at several different current densities. With de-
creasing discharge current density, its dischargeable capacity
saturated at about 200 mAh/g. This means electrochemically
rechargeable capacity of this alloy is actually 200 mAh/g, and
suggests that the alloy could not be charged electrochemically
with more H/M than 0.5, because the higher pressure plateau
of this alloy corresponds to the pressure as high as 1 MPa.

3.2. Effect of further substitution with vanadium or
manganese

In order to decrease the equilibrium hydrogen pressure,
the alloy was further substituted with vanadium or man-
ganese.Fig. 5shows theP–C isotherms of TiFe0.8Pd0.1V0.1
and TiFe0.8Pd0.1Mn0.1 alloys. The isotherm of TiFe0.9Pd0.1
is also plotted for comparison. This shows that both of the
fourth element lowered the plateau pressure, especially vana-
dium is hopeful to make the higher plateau pressure down to
electrochemically rechargeable range.Fig. 6shows discharge

Fig. 5. P–C isotherms TiFe0.8Pd0.1M0.1 (M = V, Mn) alloys (293 K).

Fig. 6. Discharge curves of TiFe0.8Pd0.1M0.1 (M = V, Mn) alloy electrodes
(298 K).

curves of the V/Mn substituted alloy electrodes. The vana-
dium substituted one has a large rechargeable capacity more
than 400 mAh/g.

However, the cycle life of TiFe0.8Pd0.1V0.1 alloy electrode
was extremely short.Fig. 7shows its cycle life profile, plotted
with that of TiFe0.9Pd0.1 electrode. The discharge capacity

Fig. 7. Cycle life profiles of TiFe1−xPdxMx alloy electrodes (298 K).
Fig. 4. Discharge curves of TiFe0.9Pd0.1 alloy electrode (298 K).
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Fig. 8. (a) SEM micrograph of TiFe0.9Pd0.1 alloy electrode after 20 charge/discharge cycles. (b) Close-up of the precipitate on alloy electrode. The open circle
indicates the area investigated by EDX.

Table 2
EDX analysis of precipitates on the surface of TiFe0.9Pd0.1 alloy electrode
after 20 charge/discharge cycles

Element Atomic fraction

K 8.2
Ti 7.2
Fe 82.1
Cu 2.5
Pd 0

decayed quickly, and became almost inactive within the first
10 cycles.

There are two main causes for capacity decay of MH elec-
trodes. First is the decrease in the degree of contact of active
materials to the current collector due to volume change during
hydrogen absorption/desorption. The second is the deterio-
ration of active material itself. X-ray diffraction profile of
the electrode after charge/discharge cycles showed the ex-
istence of titanium hydride and iron hydroxide, suggesting
that phase separation had occurred.Fig. 8(a)shows the SEM
micrograph of TiFe0.9Pd0.1 alloy electrode after 20 cycles of
charge/discharge. The alloy particles are covered with pin-
like precipitates.Fig. 8(b) is the close-up of a precipitate.
The EDX analysis was carried out for the area indicated by
the open circle, and the result is shown inTable 2. It was
found that the precipitate mainly consisted of iron. These
results show that the alloy matrix is rather unstable, and de-
composed into titanium hydride and iron hydroxide during
charge/discharge cycles. For practical use, the chemical sta-
bility of the alloy must be further improved.

4. Conclusion

By substituting iron in TiFe alloy with palladium, the
plateau in theP–C isotherms became flat and distinctly split
i ion,

the higher-pressure portion of the plateau became higher and
lower-pressure portion became lower. The lattice structure
(CsCl type) was not changed by this substitution. By substi-
tuting titanium in TiFe with palladium, the crystal structure
was changed into C14 Laves phase, and hydrogen absorp-
tion capacity (H/M) strongly decreased. By further substi-
tution of TiFe1−xPdx alloys with vanadium or manganese,
plateau pressures of the both higher and lower portions of
P–C isotherms decreased.

The electrochemically rechargeable capacity of TiFe0.8
Pd0.1V0.1 alloy reached more than 400 mAh/g, however, the
cycle life of the alloy electrode quickly decayed, and became
inactive within the initial 10 cycles. The cause of quick dete-
rioration was attributed to phase separation of the alloy.
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