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An in situ scanning tunnelling microscopy investigation
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Abstract

‘We have investigated the alloy ZrV, ;Ni, ; by means of scanning electron microscopy (SEM) with electron probe X-ray microanalysis
(EPMA), X-ray diffraction (XRD), in situ STM (scanning tunnelling microscopy in an electrolyte under controlled electrochemical
potential) and electrochemical charge discharge measurements. By means of EPMA we found that the alloy is composed of three different
crystallographic phases. The main phase (=75 vol.%) is ZiV, o Ni, ,,, the second phase (=20 vol.%) is V,,Ni, and the third (=3 vol.%) is
a ZrNi based phase. Using in site $STM we investigated the different corrosion behaviour of the phases. At a potential of —600 mV versus
the Hg/HgO reference electrode we observed the corrosion of the vanadium rich phase while the other two phases passivated. © 1997

Elsevier Science S.A.
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1. Introduction

In commercial nickel-metal hydride batteries AB; or
AB, type alloys are used as negative electrode material
[1,2]. The discharge capacity of the electrodes is generally
about 250-320 mAh-g_l of active material [3,4]. There is
an urgent demand for much higher capacities in recharge-
able batteries.

Previous investigations of Laves phase AB, type metal
hydride electrodes have shown that the presence of a small
quantity of a second phase can improve the hydriding
characteristics [5,6]. For example, the two phase alloy
Zr(V, ,sNig 55, is composed of a C15 Laves phase (main
phase) and a Zr,Ni,, secondary phase [7]. The rate
capability for the two phase alloy was found to be superior
than that of each of the separate phases {5]. This interest-
ing effect has also been studied in the system containing
Zr(Cr, 4Niy ), as the tnain phase and Zr,Ni,, as sec-
ondary phase [6]. In this case the measured electrochemi-
cal discharge capacity of the two phase alloy is higher than
that of each phase, separately.

As a third example, TiV,Ni, 5, was found to contain two
phases, a TiV based main phase and a TiNi based
secondary phase (8]. The authors concluded that acting as
a catalyst and/or a current collector, the secondary phase
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would enhance the electrochemical reaction of the TiV

based primary phase—Further—investigation_of this_alloy .

showed that during cycling Ti and V of the secondary
phase were dissolved into the electrolyte limiting the cycle
life of the electrode {9].

The investigation of multiphase alloys requires a method
in which electrical properties and topographical structures
of the surface [10,11] can be measured in situ. In situ STM
offers the possibility of time resolved imaging of the
electrode topography with high spatial resolution [12-14].

In this paper we present an investigation of the corrosion
behaviour of this multiphase alloy by means of XRD, SEM
and in situ STM.
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2. Experimental
2.1. Sample preparation and ex situ measurements

The alloy ZriV, ;Ni, , was prepared by r.f. levitation
melting. The appropriate amount of elements (Zr 99.95%
from Johnson Matthey, UK, and V 99.8% and Ni 99.7%
from Goodfellow, UK) were melted in a water-cooled
copper crucible inside a quartz tube in a vacuum of 107°
mbar. Upon 4 min at 1400 °C the pellet was cooled to
room temperature. The pellet was remelted once again for
4 min at 1400°C and rapidly cooled to roem temperature
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{within seconds). The sample was cracked in air and some
pieces of about 4 mm in diameter were mounted in epoxy
resin and polished with diamond paste to 1/4 pm and
finely polished on velvet. The polished samples were used
for scanning electron microscopy (SEM) and in situ STM
investigations.

The remaining part of the alloy (about 3 g) was ground
to an average grain size of about 100 pm and pulverized
by cycling it several times with hydrogen gas (20 bar). The
powder material was used for XRD and electrochemical
measurements.

X-Ray diffraction was performed using Cu Ko radia-
tion. A maximum count rate of approximately 2200 counts
was found for the main peak in the spectrum (2.2% error
in the count rate) and the angular resolution was 2@=0.3 °
(FWHM).

The polished bulk sample was examined by SEM with
electron probe X-ray microanalysis (EPMA) in order to
determine the composition of each phase of the alloy. The
electron beam acceleration voltage used was 17 kV and the
beam current was 20 nA. The X-ray lines for quantitative
analysis were V Ko, Ni Ka and Zr La.

2.2, Electrochemical measurements

For electrochemical cycling about 30 mg of alloy
powder was mixed with 80 mg copper powder (Merck
p.a) and pressed into a pellet (d=7 mm, 5-10° Pa). The
electrode was stored for 13 h in 6 M KOH at 80 °C. Then
the electrode was electrochemically charge—discharge cy-
cled in an open halfcell (in a 6 M KOH electrolyte at room
temperature) using a computer-controlled current source.
The nickel counter electrode was placed in a separate
compartment of the cell. The cell was charged to 600
mAh-g~" with a constant current of 30 mA-g~'. The
discharge-current was also 30 mA-g~' and the discharge-
limit was set to —600 mV with respect to the Hg/HgO
reference electrode. Capacity was calculated from the
discharge time. The electrode was activated electrochemi-
cally and after 10 cycles the current was then set to 100
mA-g~' (referred to as the normal discharge current).

The maximum discharge capacity was measured at
intervals by imposing an additional discharge with a lower
current (half of the normal discharge current). The dis-
charge procedure was repeated 6 times and the sum of the
capacities is referred to as the maximum discharge capaci-
ty. We assume that in this manner the hydrogen was
completely descrbed, even for hydrides with slow kinetics.

2.3, In situ STM measurements

We adapted a commercial scanning tunnelling micro-
scope (NanoScope III} to be used with an electrochemical
cell [15]. This allowed in situ STM measurements of
electrode materials during electrochemical cycling. The

sample, the Hg/HgO reference electrode and the counter
electrode (platinum wire) are connected to an external
potentiostat/ galvanostat.

The Ptg,lIr,, tips have been made by etching using a
melted mixture of NaOH and NaNO, [16]. The tip
preparation procedure was described previously [15]. The
tips were insulated with apiezon wax [17] in order to
minimize the faradaic charge transfer currents. Our experi-
ments have shown that the insulation is stable for several
hours in concentrated 6 M KOH. It is necessary to change
the tip during long time duration experiments. Visually
relocating the new tip on the sample surface is difficult
because of the optical distortion cansed by the surface
tension of the electrolyte. Therefore a special optical
element was constructed which provides an internal view
of the tip-sample interface from outside with an optical
mMicroscope.

The electrochemical tip potential for stable tunnelling
conditions in 6 M KOH is between —950 and +100 mV
versus the Hg/HgO reference electrode. The potential of
the sample was set to —600 mV for three days. At this
corrosive potential the metal hydride electrode is in a
completely discharged state. Imaging of the electrode
surface was then performed to observe the corrosion
behaviour of the alloy. High bias voltages were used (up to
500 mV in the electrolyte).

3. Results and discussion

The maximum discharge capacity of the ZiV, (Ni,
multiphase alloy was found to be 503 mAh-g™' at 40 °C.
During normal cycling with 100 mA- g—l reversible capaci-
ties of 225 mAh-g™' could be measured. The very high
maximum discharge capacity of more than 500 mAh-g™*
could not be achieved with further maximum discharges.
About 330 mAh-g~"' were discharged in subsequent cycles
(Fig. 1). Between the very first maximum discharge (after
five normal cycles) and the following maximum discharges
a difference of 175 mAh-g™" at 40°C was measured. At
20 °C the same behaviour could be observed.

Fig. 2 shows a secondary electron image of the polished
ZivV,  Ni 5 surface. The black phase is V,,Nig, the main
phase (grey) is Zr(V;;5Nig ¢5), 25 and the remaining phase
(white) is a ZrNi based phase with a composition of
Zr,.44Ni.5;. The results of the EPMA and XRD measure-
ments are summarized in Table 1. The ordered pattern of
the vanadium rich phase has also been observed by
Miyamura et al. [18) in a Ti,;Zr, JNi, ,V,,Cr,, alloy.
They suggest that the dendritic growth of the precipitation
pattern from the melt might be because of the very high
melting point of the vanadium (1900 °C).

The phase distributionr in volume percent were roughly
estimated from an SEM image to an accuracy of about *+3
vol.% (Table 1).
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Fig. 2. Scanning secondary electron image of the polished ZrV, (Ni, ¢
sample. The black phase is V,,Ni,, the gray phase is Zr(V, ;5Nig¢s)s 20
(main phase) and the white phase is a ZiNi based phase. The region
marked by the square was chosen for the in sita STM investigation (Fig.
5 and Fig. 6).

Table 1
Results of EPMA and XRD measurements

The square on Fig. 2 indicates the region on which in
sita STM was performed (Fig. 5 and Fig. 6).

To exclude the possibility that the multiphase structure
was created during the polishing process, characieristic
X-ray maps were performed on fresh cleavage planes of
single alloy particles. This was done by grinding the alloy
to a maximum grain size of 150 pm and pressing the
powder onto a soft indium pellet. This powder showed the
same multiphase structure as the polished surface (Fig. 3).

The multiphase structure of the ZrV, Ni, . alloy can not
be resolved in the measured XRD data. Only the structure
of the main phase (ZiVy 4, Ni, 4, identified by EPMA} can
directly be perceived (Fig. 4, upper spectrum). However,
the second phase (V,,Ni;) has a cubic bee structure with
lattice parameter @=2.98 A [19]. The main peak {110} in
the XRD spectrum of V,,Ni, is at 20=42.9°, This peak
coincides with the {311} peak of the main phase in the
alloy (Fig. 4). Therefore, only the two remaining {200} at
61.8° and {211} at 77.75° are visible in Fig. 4 (upper
spectrum). Considering the intensities of these peaks and
the number of electrons per volume of the different phases,
we calculated a phase distribution 1:4 between this phase
and the main phase of the ailoy. The best fit of the
recalculation of the spectrum for the vanadium rich phase

Matrix phase Second phase Third phase
Volume of the alloy =75% =20% == 5%
Measured composition ZiVy o Niy o ZragVegNig Zr oy VN g
Probable composition Zr(Vy3sNig 65200 V. Nig Zr,Ni,, + ZINi
Alloy type Intermetallic Solid solution Mixture of two inter-
compound metallic comp. (?)
Structure CI5 Laves° phase bee phase Both orthorhombic
a=7.073 A a=2.99 A
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Fig. 3. Characteristic X-ray micrograph image of V Kua of a single
ZtV, (Ni, ; grain pressed onto indium. Light regions have high vanadium
concentrations, dark regions low vanadium concentration.

gave the parameter of 4=2.99 A [20). The modelled
spectrum is shown in Fig. 4 (lower spectrum) with the
same intensity as in the measured spectrum. The fact that

100

{311}

only 20 vol.% of the alloy is V,,Ni, and that the main peak
of this phase coincides with the strongest peak of the main
phase explains the apparent single phased nature of the
measured spectrum. The small peaks at about 2&=40° are
probably the main peaks of the third phase.

Fig. 5 shows an STM image of the topography of the
polished sample in 6 M KOH at an electrochemical
potential of —600 mV vs. Hg/HgO reference electrode.
This is the region indicated with a square in Fig. 2. It can
be seen, that the vanadium rich phase protrudes out of the
sutface. This is due to oxidation of the vanadium. The
height of the periodic features is about 30 nm above the
main phase.

Maintaining a potential of —600 mV, the sample was
scanned again after 72 h. The vanadium rich phase has
been dissolved (Fig. 6). The resulting holes are deeper than
the limit of the tip movement (in this case 1 pm).

For the other two phases (Zr(V,sNiges), o and
Zr .43 Nis,) changes in the surface topography could not
be observed. Zr—-Ni alloy systems ate known to form a
solid ZxO, layer on the swface as a result of oxidation
(21,22]. Apparently, this passivation layer protects these
alloys from further corrosion. In solutions with a pH higher
than 7 the solubility of ZrO, is about 7 orders of
magnitude smaller than the solubility of V,0, [23]. For a
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Fig. 4. Upper spectrum: measured X-ray diffraction pattern of ZrV, (Ni, .. The main phase has a cubic C15 Laves phase with lattice parameter @ =7.073 A.
Lower spectrum: calculated X-ray diffraction pattern of the second phase VN, (see Table 1}.
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Fig. 5. In situ STM image of ZiV, (Ni, ; just after immersion in 6 M KOH at an electrochemical potential of E= —600 mV vs. Hg/HgQ reference
electrode, The periodic features are the vanadium rich phase which is oxidized at the surface.
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Fig. 6. Same region and same conditions as in Fig. 5 but after 72 b of immersion. The vanadium rich phase has dissolved into the electrolyte.
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pH of 9, for example, the maximum amount of vanadium
oxide which can be dissclved ir the electrolyte is about 0.5
mol-1~! compared with 0.5-10~" mol-I™ for Z10,.

At the- applied potential the surface of the Vo,Ni; phase
is oxidized to V,0, and to Ni(OH), [23]. The oxidation of
the vanadium can be described by means of the following
Teaction:

2V + 4H,0 » V,0, + 4H,.

The hydrogen can be absorbed into the metal hydride
electrode and the vanadium oxide can easily be dissolved
into the electrolyte:

v,0, + OH™ —HV, 0, (solv.),

so fhat fresh surfaces of the vanadium rich phase are
continuously available for oxidation. The hydrogen which
was absorbed by the electrode can now be oxidized:

2H,,, +20H" —2H,0 +2¢".

This reaction, together with the reaction at the counter
electrode

2¢” +2H,0520H" +H,T,

can lead to an apparent capacity due to corrosion of the
vanadinm rich phase. If we assume that 20 vol.% of the
alloy is V,,Ni, we calculate an additional capacity of 354
mAh-g~" alioy.

4, Conclusion

A ZrV, (N, ; electrode in 6 M KOH under a conirolled
electrochemical potential was observed over a period of 72
h by means of in situ STM. The three component phases in
this alloy show a very different corrosion behaviour, While
the two zirconium containing phases are more stable the
vanadium rich secondary phase corrodes easily. The
dissolution of the vanadium rich phase out of the alloy
could be observed.
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