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Absiract

The electrochemical hydrogen absorption/desorption behavior of a crystalline and an amorphous Zr, (V, 1:Nig ;). 8lloy sample was
investigated. Electrodes made of the crystalline sample show a much lower resistance and consequently a higher discharge capacity
compared to the electrodes made of the amorphous alloy. The XPS surface analysis did not explain the difference, we observed almost
exactly the same depth profile on both samples. However the surface of the activated alloy compared to the non-activated was drastically
changed. The oxide layer on an amorphous alloy secms to grow in a much more compact and stable structure than the oxide layer on a

crystalling sample. © 1998 Elsevier Science S.A,
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1. Introduction

Most of the investigation on metal hydride alloys are
done on crystalline phases. Crystalline alloys show a sharp
phase transformation resulting in a change in the lattice
constant during hydrogen absorption. The lattice mismatch
at the interface between hydrided and the unhydrided
phase leads, due to the brittleness of the material, to
cracking of the larger alloy grains. Most alloys upon
repetitive hydriding end up in a powder with a grain size
distribution of a few micrometers. A crystalline alloy
offers the hydrogen atoms well defined tetrahedral or
octahedral interstitial sites. This leads to a very narrow
binding-energy distribution for hydrogen. Since the chemi-
cal, electronic and geometric nature of the nearest neigh-
borhood of an interstitial site mainly defines the binding
characteristics for the hydrogen atom, the binding-energy
of the hydrogen can be explained with the electronic band
structure of the alloy. During hydrogen absorption a so-
called hydrogen induced band is created about & &V below
the Fermi-level and at the same time the Fermi-level
moves up due to the additional electrons from hydrogen.

Amorphous alloys are usually produced as tapes which
are a few micrometers thick [1]. Upon hydriding they do
not break down into powder because there are a large
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number of different interstitial sites for hydrogen [2.3], and
no spatial separation-of-the-hydrided-and-unhydrided phage
can be observed. This fact allows the investigation of
amorphous alloy electrodes without adding any supporting
material 43 it is necessary 1o contact erystalline powder.
Furthermore, the absorption and desorption process does
not change the surface area of the sample. Amorphous
alloys generally exhibit a certain short range order like
glass and should therefore be called metallic glasses. The
short range order leads to the formation of interstitial sites
similar to crystalline alloys of the same composition.
However, the nearest neighbor atoms around the interstitial
site are distributed in a statistical way. Harris et al. [4]
propose that all A B,_ metallic glasses, where A (B) is
an early (late) transition metal, are structurally isomorphic
and chemically random alloys which store hydrogen in
tetrahedral interstitial sites A, B,_, (r=0, 1, 2, 3, 4). The
sequence of site energy is determined by the number of
Jate transition atoms Zr,, Zr,Ni, Zr,Ni,, ZiNi,, and Ni,
tetrahedral with increasing site energy (G, =-—40 ki
mol~', =22 ki-mol™', —4 ki-mot™', 14 ki-mol™', 33
ki-mol”™' for 373 K [5]). The maximum absorbed hydro-
gen-to-metal atomic ratio within each type of interstitial
site is
41
(=0 ()

Din) =1 gm

independent of alloy and temperature. The factor 1.9 is the
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total number of tetrahedral -sites per metal atom in the
amorphous matrix which can be occupied by hydrogen,
and is smaller than the total number of tetrahedral sites
because of repulsion between hydrogen atoms at small
distances. According to Kirchheim et al. [6] this factor
varies between 1.2 and 1.7 depending on the A element
size. The local modes of hydrogen vibration are not
affected very much by filling different tetrahedral sites
with hydrogen, whereas hydrogen diffusivity changes over
two or three orders of magnitude. Kirchheim et al. [6]
observed a diffusion coefficient of D=10"% cm®s™' for
H/M=0.001 and D=10"° em®s™" for H/M=03 on a
Zry;Nig; sample at 393 K. The diffusion coefficient at 273
K is approximately two orders of magnitude smaller
depending on the hydrogen concentration. The concen-
tration dependence of the diffusion coefficient is in semi-
quantitative agreement with the model of constant saddle
point energies and discrepancies may arise from correla-
tion’s between site and saddle point energies or from
diffusion via sub lattices formed by the different types of
tetrahedral. Aoki et al. [7] obtained the relative partial
molar enthalpy and entropy for the absorption of hydrogen
from the pressure—composition isotherms for both amor-
phous and crystaliine Zr,,Nig, alloy. The quantities of the
reaction enthalpy and entropy in the amorphous state show
the minimum at certain hydrogen content (H/M=0.23,
AH=-25 kI-mol~", AS= =40 J-mol™'-X™") and they
remain fairly constant as the hydrogen content is further
increased. The characteristic variations in the reaction
entropy for the amorphous Zr—Ni alloy may be attributed
to the changes in the local environmental structure around
hydrogen atoms, leading to an increase in the configuration
entropy.

Varga et al. {8] observed no difference in storage
capacity of nano-~ and micro-crystalline states, the maximal
hydrogen content increases linearly with the Zr content in
the Ni,_Zr, system (x=0.33, 0.36, 0.39, 0.41, 0.45 and
0.3). The storage capacity in the amorphous state is (H/
M=1.1). Ciureanu et al. [9] found discharge capacities of
batteries constructed using anodes manufactured from
Ni,,Zr,, rapidly quenched alioy fibers to be in the range
from 220 to 260 mAh/g (10 h discharge rate).

In this paper we compare the electrochemical charge and
discharge behavior of an amorphous and crystalline
Zry4(V, 3aNig 67 ), alloy electrode and explain the differ-
ences with respect to the specific bulk and surface prop-
erties of the two samples,

2. Experimental
2.1. Alloy preparation

The Zr;o(VpasNiggrea OF (Z8(Vy43Nig g} 15) alloy
sample (6 g, =1 em’, M=191.02 g-mol ') was prepared

by r.f. levitation melting of the appropriate amounis of the
elements, i.e. zirconium m{Zr)=2.8652 g from Goodfel-
low, 99.8% Zr, vanadium m{V)=09387 g from Koch-
Light, 99.7% V, and nickel m(Ni)=2.1961 g from Johnson
Matthey, 99.99% Ni. The elements were cut and cleaned
from oxides with a file. The weight was adjusted on a
single piece of every element by removing the excess
amount with a file. The metals were then washed in
acetone and subsequently introduced into r.f. levitation
oven, vacaum (1077 mbar). A copper crucible was used to
hold the metals together before power was applied and
levitation occurred. The metais were initially heated to
1480°C and they formed a homogeneous looking round
ball. The power was reduced and the sample was held at
1350°C for 5 min. Thereafter the power was switched off
and the sample was quenched to room temperature by
contact with the water cooled crucible. We estimate the
cooling rate to be in the order of 100°C/s. Half of the
sample was ground into a powder (=50 pm). The amor-
phous Zr, (Vg 43Nige,)e, sample was received from
Bakonyi [10] as a tape approximately 3-mm wide and
20-pm thick.

2.2, Alloy characterization

X-ray diffraction was performed with copper radiation
(Cvo Ko A=1.5406 }i). Channel width was set to 28=0.1°
and the angular resolution was found to be 24=0.3°
(FWHM). The count time was set to 100 s per channel
resulting in a maximum count rate of approximately 1.3-
10° counts on the main peak in the spectrum (0.3% error
in the count rate).

2.3. Electrochemical tests

For the electrochemical measurements approximately
300 mg of the alloy powder was cold pressed (450 MPa) to
a pellet (d=13 mm) between two expanded nickel screens.
The pellets were connected to a nickel wire and squeezed
between to nickel hydroxide electrodes separated by a
non-woven polypropylene separator. The electrodes were
charged and discharged electrochemically in a 30% KOH
electrolyte in a cell open to the atmosphere. The potentials
were referred to a mercury-mercury oxide electrode
outside of the sandwich. The discharge cut-off potential
was —0.6 V with respect to the Hg~HgO-OH ™ reference
electrode. The electrodes were tested in a half-cell experi-
ment with constant charge (10 mA, ie. 30 mA/g) and
discharge (10 m4, i.e. 30 mA/g) current. Upon 30 cycles
the electrodes reached their maximum discharge capacity.
The equilibrium potentials were measured in special cycles
with charge and discharge pulses of approximately 5 mAh/
g during the pause of the pulses (5 min} [11]. A set of
electrodes were activated using a special pulse activation
procedure, Pulse activation [12] means that the cell is
connected to a potentiostat generating a rectangular po-
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tential of —1.0 Vand —1.7 V between the metal hydride
electrode and the nickel hydroxide electrode. The pulse
length is set to 50 s at each potential. This pulsing is
repeated for 24 h at room temperature.

2.4, ESCA measurements

For surface analysis, the samples were rinsed with bi-
distilled water, dried in air and pressed to a pellet and then
introduced in the ultra high vacuum (<10™° Pa base
pressure) of the spectrometer. The surface concentration of
the elements was analyzed with X-ray photoelectron
spectroscopy in a Perkin Elmer spectrometer.

3. Results and discussion

The crystallographic structure of the amorphous and the
crystalline sample of Zr, (V, 3.Nig 47060 Were determined
by X-ray diffraction patterns (Fig. 1). The intensities were
normalized to 100% for the peak maximum. The peak
maximum on the main peak was 2-10° counts (crystalline
sample). The crystalline alloy consists mainly of the CI15
Laves phase (Fd3m, MgCu,-structure, s.g. 227), however
a minor part of the alloy formed the hexagonal Cl4 phase
(P63/mmc, MgZn,-structure, s.g. 194). The lattice con-
stant of the cubic (CI5) phase was found to be a=
7.12378+0.0005 A and for the hexagonal (C14) phase

CHM
0.0 o1 702 03 0.4

-Potential [V] vs. Hg/HeO/OH
[+eq] sinssaiq

0 50 100 | 150
Capacity [mAlrg™)
Fig. 2. Equilibrivmn curve of the crystalline (absorption 4, disorption >}
and amorphous (absorption @, disorption O} Zr,(V, 1,Nig ;). sample.

Charge and discharge currents were 15 mA/g and 0.75 mA/g for the
crystalling and amorphous sample, respectively.

The electrochemically measured charge and discharge
curves (potential measured while current was applied) of
the amorphous and the crystalline alloy are shown in Fig.
2. We observed for the crystalline sample a discharge
capacity of 170 mAh/g and 80 mAh/g for the amorphous
sample. The applied currents were 15 mA/g for the
crystalline and (.75 mA/g for the amorphous sample. This
setup allowed the potential curves of the two samples to
overlap.

a=5,0412+0.0005 A and ¢=8.24831%+0.0005 A. Four
minor additional peaks at 2(=39.848°, 26=41.000°
26)=158.403°, 26)=74.245° with an intensity of 7%, 5%,
3%, and 3%, respectively, could not be assigned. The
amorphous alloy did not show any crystallinity.

Intensity
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30 40 50 60 70 80 90
20 [°]

Fig. 1. X-ray diffraction pattern of the Zr, (V, ,,Ni, )., amorphous
sample on top, crystalline sample {measurement and fit), diffraction hines
of the C15 phase, diffraction lines of the Cl4 phase, and difference
spectrum on bottom,

The comparison of the discharge capacity as a function
of the discharge current is shown in Fig. 3. The discharge
capacities decreases exponentially with increasing dis-
charge current for both samples. However, the amorphous
sample showed a much stronger decrease of the discharge
capacity as a function of the discharge current. The
following equation can be used to represent the discharge
capacity (C) as a function of the discharge current (i):
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Fig. 3. Discharge capacity as a function of discharge current for the
crystalline (>} and amorphous (Q) Zr, (V, 4, Ni, (. )o, sample,
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C=C,- 1077, 2)

The parameters were computed to be C,=121 mAh-g~'
and B=—0.0035 g-mA”~" for the crystalline sample and
C,=83 mAh-g”" and B=—0.043 g-mA™' for the amor-
phous sample. Both electrodes have the same chemical
composition and approximately the same geometrical
surface area. The big difference in their rate capability has
to originate in their different crystalline structure. The
crystalline structure influences the hydrogen diffusion rate
and the structure of the surface as well. Both are direct
parameters of the rate capability.

The charge and discharge resistances of the electrodes
are potential dependent. Fig. 4 shows the resistance
measured by impedance spectroscopy of the amerphous
and crystalline electrodes before and after activation as a
function of the equilibrfium potential, ie. at different
charge states. The initial resistance of an as-prepared
electrode wpon the first charge, measured at —1 V vs.
Hg-HgO reference electrode, is very high and equals
- approximately 10 W for the crystalline electrode and 1000
W for the amorphous electrode. This resistance drops on
the pulse activated samples to approximately 2  for the
crystalline electrode and to 150  for the amorphous
electrode. The resistance increases at more positive po-
tentials for both electrodes. A drastic increase of the
resistance was observed at approximately —0.8 V for the
crystalline sample electrode. This potential corresponds to
the potential for the oxidation of nickel (E,=0.110—
0.0591-pH [13] ie. E=—0.816 V vs. Hg-HgO-OH")
according to the following reaction.

Ni+20H zZNiO+H,0+2" (3)

The equilibrium potentials as a function of the hydrogen
contents together with the calculated density of states
curve of the crystalline sample are shown in Fig. 5. The
DoS curve shows a well defined but wide absorption peak
corresponding to the sloping plateau. Due to the very high

1000 ;
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Fig. 4. Resistance as a function of the equilibrium potential for the
crystalline and amorphous Zr, (V, 1;Nig (2), electrodes: 4 crystalline
pulse activated electrode, A crystalline cycle activated electrode and @
amorphous pulse activated electrode.
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Fig. 5. Absorption (@) and desorption (O) equilibrium curve of the
crystalline Zr, (Vy 33Nig ;). sample on the left hand side and density of
state curve on the right hand side.

resistance of the amorphous sample, especially at lower
potentials, it was not possible to measure an equilibrium
curve on the amorphous sample electrode. )

The XPS depth profile of a freshly prepared electrode of
the crystalline sample is shown in Fig. 6. The depth profile
can be divided into three parts, the top surface (40 /:\) is

0 50 100 150
depth [A]

Fig. 6. XPS-depth profile for Ni, V and Zr of the as-prepared crystalline
Zr;o (Vo 33Nig 67 )eq Sample. Filled markers represent the total amount of
the element and empty markers represent the metallic part of the clement.
The sum of Ni, V, and Zr was normalized to 2.73 for (AB, ;4).

)
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composed of zirconivm oxide with small amounts of
vanadium oxide and metallic nickel. Between 40 A and
100 A the composition changes smoothly to bulk com-
position and the elements become metallic. Beyond 100 A
the composition does not change further and corresponds
to bulk composition. The XPS depth profile of the amor-
phous sample (Fig. 7) is very similar, except that the
composition of the bulk is attained at a shorter distance
into the sample. This is probably not a characteristic of the
material but rather a property of the well defined geometric
surface of the tape compared to the pressed powder pellet.

The surface composition of the pulse activated samples
(Fig. 8) is very different from the surface composition of
the freshly prepared electrodes. However, there was no
difference found between the crystalline and the amor-
phous sample. The zirconium concentration corresponds to
the bulk concentration and zirconium is oxidized down to
more than 150 A. The vanadium concentration is very low,
indicating that vanadium dissolved into the electrolyte
during the activation procedure. The nickel concentration
is higher than bulk concentration, especially in the top
layers (50 1?\). However, more than haif of the nickel was
found to be oxidized down to 150 A.

The XPS depth profile of the crystailine cycle activated
electrode is almost the same as the depth profile of the
pulse activated sample. This shows that pulse activation

0 50 100 150
depth [A]

Fig. 7. XPS-depth profile for Ni, V and Zr of the as preparcd amorphous
2y (¥ 13Ny (2 Yo Sample. Filled markers represemt the total amount of
the clement and empty markers represent the mesallic part of the element.
The sum of Ni, ¥, and Zr was normalized to 2.78 for (AR, ;,).

[y]
]

7t/ AB,

%

b2
1

?

[

Ni/AB, 5

<
L

0 50 100 150
depth [A]

Fig. 8 XPS-depth profilc for Ni, V and Zr of the crystalline
Zr (Vo 3sNiger)es sample pulse activated electrode. Filled markers
represent the total amount of the element and empty markers represent the
metallic part of the element. The sum of Ni, ¥, and Zr was normalized 10
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leads to the same changes in the surface composition as
normal cycling of the clectrode.

4. Conclusion

In electrochemical tests, we observed different revers-
ible capacities and rate capabilities in the amorphous and
crystalline sample. The much lower capacity of the amor-
phous sample can be explained by the smaller number of
appropriate interstitial sites. The lower rate capability is
explained by the formation of a more dense and passivat-
ing surface oxide layer. The oxide layer is more stable on
an amorphous substrate compared to a crystalline sub-
strate. This is due to the smoother interface between the
oxide and the amorphous metal and the missing stress in
the alloy during hydriding becavse of the lack of an
a—B-phase interface.
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