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Hydrogen absorption in Ti–Zr–Ni quasicrystals and 1/1 approximants
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Abstract

Ti/Zr-based quasicrystals and their approximants draw attention as new candidate materials for hydrogen storage applications based on
recent discoveries that they absorb a large amount of hydrogen, reversibly, at low temperatures and pressures. In fact, Ti45Zr38Ni17 quasicrystals
take hydrogen to a maximum value of hydrogen to host metal atom ratio (H/M) of nearly 2. To evaluate their technical usefulness and to probe
the local structure of the quasicrystals, pressure–composition isotherms (p–c–T) were measured above 250◦C using a computer-controlled
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pparatus. In the Ti–Zr–Ni quasicrystal, thep–c–T curves do not exhibit a clear pressure plateau. Instead, the equilibrium vapor p
emains low (<5 Torr) below H/M≈ 1and increases sharply for increasing H/M. In the Ti–Zr–Ni 1/1 approximant phase, which is
nit cell bcc structure (a = 13.13Å), thep–c–T measurements show similar curves with a hint of pressure plateau consistent with a s
imilarity between the phases. The quasicrystals desorb most of the absorbed hydrogen above 600◦C for 2 h in dynamical vacuum witho
hase transformation, and they do not become powder, even after a few absorption–desorption cycles. Interestingly, a small am

nhibits the growth of the (Ti,Zr)Hx hydride phase during hydrogenation.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Recently, Ti-based quasicrystals have been suggested as
otential hydrogen storage materials, especially for battery
pplications. Particular attention has focused on Ti–Zr–Ni
lloys, where the quasicrystal is thermodynamically stable

1]. These quasicrystals are known to reversibly store large
uantities of hydrogen (to a density exceeding that of liquid
ydrogen) at low temperatures and pressures, making them
ompetitive with or superior to current commercial metal hy-
ride materials[2]. Further, the light weight and low cost
f Ti-transition metal alloys offer significant advantages for
uch applications. A realistic evaluation of their technological
sefulness, however, requires knowledge of the equilibrium
apor pressure for hydrogen in the quasicrystal. This informa-
ion also allows a deeper probe into the quasicrystal structure,
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reflecting the site energies for hydrogen. In this paper
present the measurements of the vapor pressure of hyd
in quasicrystals and related phases, obtaining the abso
pressure–composition isotherms (p–c–T). These data are fu
ther used to estimate the site energies for hydrogen in
phases relative to the reference state of hydrogen gas a
dard pressure. Also, a limited cycling for hydrogen in the
Zr–Ni quasicrystal, a key requirement for any applicatio
demonstrated.

2. Experiments

A computer-controlled apparatus was constructed to
termine thep–c–T curves. Known quantities of high pur
(99.9999%) hydrogen gas were introduced into an ev
ated chamber (<5× 10−6 Torr) of known volume (78.73 cc
which also contains the sample. Thep–c–T curves for the
samples were determined for temperatures between 20
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400◦C. The change in pressure during absorption was mea-
sured using a Barocel manometer gauge with a scale from 0
to 10 Torr (gauge resolution of 0.005 Torr). The vapor pres-
sure above the sample was assumed to be equilibrium when
it changed by less than 0.05 Torr over 1 h. The validity of
this definition of the equilibrium pressure was tested in the
as-quenched Ti45Zr38Ni17 samples at 350◦C by calculating
the asymptotic values that were obtained from the last 200
data points, where equilibrium was assumed. The amount
of hydrogen absorbed by the sample, denoted by the hydro-
gen to host metal ratio (H/M), was calculated from both the
pressure change and the weight gain after thep–c–T mea-
surement, using a Cahn micro-balance, with an accuracy of
±5 �g. Both measurements gave the same result within 5%.
Prior to loading, all samples were plasma-etched (400 V DC,
80 mA) for 2 h in an argon atmosphere to remove the oxygen
layer. Etched samples were then immediately coated by a thin
layer of Pd (≈200Å). These treatments effectively removed
the surface barrier, allowing the equilibrium vapor pressure
to be attained[3]. A JEOL 2000FX TEM was used to ob-
tain the morphology, high resolution image, and diffraction
patterns from individual grains in the sample. A Noran Voy-
ager/Pioneer energy dispersive X-ray spectrometer (EDXS),
equipped with an ultra-thin NORVAR window, was used to
measure the chemical compositions of the phases present.
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evidence for a pressure plateau was observed. They presum-
ably reflect the different structural characteristics of the qua-
sicrystal.

One of the simple ways to determine the distribution of
sites for hydrogen is described as a relation betweenx, the
normalized concentration of hydrogen relative to the maxi-
mum H/M value, and�µi[4–6]

x = H/M

(H/M)Max
=

k∑
i=1

Ai

(
1 + erf

(
�µi + RT ln

√
p

σi

))

2N

where�µiis the energy of theith site relative to the refer-
ence state of hydrogen gas at standard pressure obtained by
non-linear least square fits to the experimentalp–c–T curves.
When the maximum H/M value is equal to 2, the fits indicate
one prominent site energy for hydrogen,�µ1, of −0.187 eV
with an FWHM of 0.05 eV. A broad background, a second
peak, is centered near�µ2 = −0.025 eV (Fig. 1(b)).

While the isotherm measurements made between 300 and
400◦C were reproducible, the measurements made at lower
temperatures were not. At 250◦C, for example, the equilib-
rium pressures showed 0.2 Torr variations from sample to
sample. This may be due to a slow hydrogen diffusion rate
at low temperature, or an incomplete removal of the oxygen
l hen
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. Results and discussions

.1. Isotherms

When etched, nonoxidized, as-quenched quasicrysta
ons are exposed to hydrogen, the hydrogenation pro
eadily at elevated temperatures. Notable hydrogen d
ion into the ribbons was obtained when the ribbons w
eated above 250◦C. Hydrogen absorption was fast
/M < 0.6and equilibrium was reached within 5 h.
Fig. 1(a) shows the measured equilibrium vapor pres

or the Ti45Zr38Ni17 quasicrystal phase as a function of H
he vapor pressure remains low (<5 Torr) until H/M ≈ 1, af-

er which it increases sharply with increasing H/M. No c

ig. 1. The equilibrium vapor pressure of hydrogen vs. hydrogen con
t to thep–c–T data (b) measured for Ti45Zr38Ni17 quasicrystals. In (a), fi
ayer by etching reducing the hydrogen absorption rate. W
amples were heated above 400◦C under hydrogen pressu
elow 100 Torr, a significant volume fraction of the ribb
>40%) transformed into the (Ti,Zr)Hx hydride phase, whic
ade it difficult to accurately measure the vapor pressur

he quasicrystal. The combined X-ray diffraction and T
tudies including EDXS measurements indicate that the
ride phase is a fcc structure (a = 4.63Å) with a chemica
omposition of 40–49 and 60–51 at.% for Ti and Zr, res
ively. Since hydrogen is a light atom, the accurate conce
ion of hydrogen in the hydride phase could not be determ
rom EDXS measurements.

For a Ti45Zr38Ni17 1/1 approximant phase which was p
ared by annealing in vacuum at 570◦C for 64 h[7], the site
nergy for hydrogen,�µ1, is −0.187 eV with a FWHM o

ion (a) and the site energies for hydrogen obtained by the non-linearsquare
e equation in the text are shown by solid lines.
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0.03 eV. This energy distribution is narrower than that of the
quasicrystal phase, suggesting more homogeneous site chem-
istry than in the quasicrystal. Again, a broad second peak
(�µ2 = −0.08 eV, FWHM= 0.3 eV) is obtained. The sim-
ilar values of the site energy distributions reflect structural
similarities between the quasicrystal and 1/1 phases[8]. The
narrower distribution of site energies in the 1/1 crystalline
approximant phase is similar to that for AB2 Laves-phase
intermetallic hydrides (A= Zr, B = V, Cr, Mn) [9,10].

3.2. Effects of Pd

Pd was added to the Ti45Zr38Ni17 quasicrystals forming
Ti45Zr36Ni17Pd2 and Ti45Zr34Ni17Pd4 to increase the vapor
pressure, and to be a suitable hydrogen storage application
material. Once hydrogenation begins, it proceeds at a faster
rate (nearly four times faster than for the Ti45Zr38Ni17 qua-
sicrystals) in the samples prepared with 2 at.% Pd. This sug-
gests a higher diffusion rate in the samples prepared with Pd.
The X-ray diffraction pattern from these samples show a re-
duction of the hydride phase after hydrogenation (seeFig. 2
(a)).

3.3. Hydrogen cycling
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Fig. 3. Thep–c–T curves for the Ti45Zr38Ni17 quasicrystal phase sample
measured at 300◦C for the first run (solid square) and the second run (open
circle). The second run was measured after the hydrogen was desorbed at
650◦C by continuous pumping for 1 h.

each evacuation became so small due to the low vapor pres-
sure that continued measurements were not practical with the
current apparatus.

When the hydrogenated quasicrystal ribbons were an-
nealed in vacuum at temperatures above 400◦C, they trans-
formed to the hydride phase and a C14 Laves phase (a =
5.23Å, c = 8.75Å). High-temperature X-ray and TEM data,
however, have demonstrated that the quasicrystal phase reap-
pears above 638◦C [11], making it possible to perform hy-
drogen cycling experiments. The hydrogen in the quasicrystal
was desorbed by pumping on the sample at 650◦C for 1 h.
The 2θposition of the (100,000) peak in the X-ray diffraction
pattern taken from the quasicrystal phase after the hydro-
gen was desorbed differed by only 0.078◦C from its position
in the as-quenched sample before hydrogenation (H/M= 0),
suggesting that 96% of the absorbed hydrogen was desorbed.
After the hydrogen was desorbed, a secondp–c–T measure-
ment was made at 300◦C for the same sample. The second
p–c–T curve is almost the same as the first one, only off-
set by H/M= 0.04(Fig. 3), demonstrating the cycling ability
of the quasicrystal. Throughout the absorption–desorption–
absorption cycle, the quasicrystal phase and the sample in-
tegrity (i.e. no reduction to powder) were maintained, giving
a limited demonstration of the reversibility of the hydrogen
storage.
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The desorptionp–c–T curves for hydrogen in th
i45Zr38Ni17 quasicrystal were determined by measuring
ressure rise in the evacuated sample chamber from a s
f known H/M. The stabilized pressure should be the equ
ium vapor pressure. The H/M in the sample was comp
rom the number of moles of hydrogen lost to the gas ph
hep–c–T curves were the same for desorption and abs

ion down to H/M≈0.8, the lower limit for the desorptio
easurements. For smaller values, the change in H/M d

ig. 2. X-ray diffraction (λ = 1.542Å) pattern taken from Ti45Zr36Ni17Pd2

uasicrystal ribbons (a) and Ti45Zr36Ni17 quasicrystal ribbons (b). Both sa
les were hydrogenated at 350◦C and cooled down to room temperat
H/M = 1.8). The (Ti,Zr)-H2 hydride phase peak formed in the samp
ithout Pd is indicated by an arrow in (b).
. Conclusions

The measurements of the hydrogen absorption pres
omposition isotherms in quasicrystals were presented
ults have demonstrated that: (1) the distribution of site e
ies for hydrogen is intermediate to results from other cr
etal hydrides, such as the C14 phases, and amorphou
ls, (2) the local atomic structures in the quasicrystal

he corresponding 1/1 crystal approximant are similar b
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on the computed site energy distributions and (3) the sample
integrity of the quasicrystal is maintained during a limited
hydrogen cycling. These results provide valuable new struc-
tural information on this novel phase and support continued
study for the potential use of Ti–Zr–Ni quasicrystals in energy
storage applications.
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