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In the course of the research it was determined that step-by-step air exposition of the Zr-Mn-Cr-Ni-V alloy
(in the form of ingot and powder) facilitating the formation of concentration inhomogeneity significantly
increases the cycle life of electrodes. An electrode compacted of step-by-step exposited ingot of the aloy
demonstrates no loss of capacity during 190 cycles. With the decrease of porosity, caused by adding the nickel
powder with significantly smaller particle size than that of particles of the aloy, or by increase of plagticizer
content from 5 % to 10 %, the eectrodes are being destroyed much sooner due to formation of more dense

packing.

Based on the polarization curves of the researched alloy and manganese that demonstrate similar
electrochemical behavior in non-oxidized state and stability in oxidized state, the conclusion is made that the
increased stability and, as a conseguence, the cycle life of the air-exposited dloy is mainly achieved due to

manganese which is stably passive in oxidized gate.
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I ntr oduction

Nickel-meta hydride (NiMH) batteries are
becoming widespread due to high operating
characteristics and environmental safety [1-3]. AB, type
(Laves phases) zirconium alloys, which properties
depend significantly on the component and phase
composition, are promisng materials for nickel—metal
hydride batteries.

One of the basic requirements for metal-hydride
electrodes, when they are used in practice, islong cycle
life when working in an alkali eectrolyte. A reduction of
cycle life is possible as a consequence of mechanical
destruction due to the significant volume effect of the
hydrogenation-dehydrogenation reaction and corrosion.
Many methods are used to increase the cycle life of the
aloy. One of the methods is the creation of a certain
concentration inhomogeneity, thereby reducing the
mechanical stresses at the interphase boundaries that
leads to a reduction in the formation of cracks and
corrosion [4]. It is possible to achieve concentration
inhomogeneity in multicomponent zirconium alloys, and
to use Ni, Cr, Mn, Co and others as alloying elements.

We have studied the electrochemical properties of a
multicomponent zirconium alloy in order to find ways to
improve its kinetic and cyclic characteristics and have
found a positive effect of air exposition of the alloy on
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the indicated characterigics. In further studies, it has
been established that a more effective way of improving
cycle life is the step-by-step exposition of the alloy (in
ingots and in powder). In our opinion, concentration
inhomogeneity is also created with step-by-step
exposition, that contributes to the increase of cycle life.
The results of these studies are presented in this paper.

Since the behavior of alloys of the AB, type during
hydrogenation-dehydrogenation is highly dependent on
the elementa composition, the el ectrochemical behavior
of some of the alloy components and their ability to bein
equilibrium with their own ions in the eectrolyte, at
which achievement further dissolution (corrosion) of the
elements does not occur, that affects properties of the
alloy as awhole [5] has been studied.

|. Experimental details

The aloy (30g) was obtained by the argon-arc
melting method. The composition of the alloy is given in
Table 1.

The aloy samples were validated by X-ray
diffraction analyss using DRON-3M with Bragg-
Brentano focusing. The voltage and current on the X-ray
tube were 30 kV and 25 mA, respectively. The recording
was carried out in Cu Ka - monochromatic radiation in
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Tablel
Composition of Zr-containing alloy
Formula composition
Zr-1 Mn-0.5 Ni —1.2 Cr-0.20 V-01
Weight % of componentsin the alloy
Zr —44.58 Mn—13.42 Ni —34.43 Cr-5.08 V —-249
Table2
Optimal parameters of the device
Ni Mn Cr
Lamp current, mA 4 5 5
Flame stoichiometry oxidizing oxidizing reducing
Wavelength, nm 232.0 279.5 257.9
Slit width, nm 0.2 0.2 0.2
Optimal operating range of 0.1-20 0.02-5 0.06-15
concentrations, g/ml

the range of angles 20 from 30 to 80 degrees with a
scanning step of 0.05 °, the integral action time was 10
seconds. A single crystal of graphite was used as a
monochromator on a secondary beam.

Powder morphology, structure and chemical
inhomogeneity of the material were examined by
scanning electron microscopy and X-ray microanalysis
using the microanalyzer "Superprobe-733" (JEOL,
Japan). The morphology was recorded in secondary
electrons (SEI), structures were recorded in reflected
electrons (BEI). The investigations were carried out with
an accelerating voltage of 25 kV and a beam current of
1x10™ A for eectron microscopic studies and 2x107A
for X-ray spectral studies. Working vacuum was 1x10°
atm.

The voltage-current characteristics were studied by
the method of potentiodynamic polarization curves from
the stationary potential of the electrode to a potentia of -
1.6V (forward stroke) and from -1.6V to -0.6 V (reverse
stroke) relative to the oxide-mercury reference electrode
in a three-electrode cell with separated electrode spaces
in a 30 % KOH solution using the PI-50-1.1 potentiostat
at apotential sweep speed of 2 mV/s.

The cycle life of the samples was studied by cycling
in the galvanostatic mode in a two-€lectrode cell on a 4-
channel automatic module equipped with nonvolatile
memory, which provides the restoration of experimental
data during repeated program launches. The
measurements were carried out at a temperature of
20+2°C in a 30 % solution of KOH. The eectrode of
the Ni / Ni (OH), system served as the counter electrode.
The charge of the electrodes was conducted with a
current of 50 mA for 1.5 hours, a discharge with a
current of 5 mA until a potential difference of 0.8 V or
1.0V wasreached.

The amount of dissolved components of the alloy
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(nickel, manganese, chromium) in KOH was determined
by atomic absorption spectroscopy (AAS). Themethod is
based on measuring the degree of absorption of
resonance radiation by free metal atoms formed as a
result of spraying the anayzed solution in an air-
acetylene flame. The relationship between the measured
value and the concentration of the assignable element is
established during calibration. AAS is one of the most
precise methods for determining low concentrations,
characterized by high selectivity, sensitivity and speed of
execution. The work was performed on an aomic-
absorption spectrophotometer AAS-3.

Toincrease the sendtivity of the determination of the
above elements, the optimal parameters of the instrument
were selected (Table 2). To eiminate the effect of acids,
their concentration in working and calibration solutions
was equalized.

1. Results and discussion

According to the X-ray diffraction anaysis the main
phase component of the investigated ZrMnCrNiV aloy is
a cubic phase with MgCu, type Cy5 structure. Along with
this phase, there is also a d€ignificant amount of
hexagonal phase C,4 of MgZn, type and secondary
phases of Zr;Niy and ZrgNiy; intermetallic compounds.

For the studies, the electrodes shown in Table 3 were
prepared. Electrodes were prepared by cold pressing of
particles (less than 100 pum), in a nickel grid (tablet
diameter is 8 mm) with additives of
pol ytetrafluoroethylene as a binder. Mass of the aloy in
the compressed electrodes was 0.1 g.

Figures 1 and 2 show the results of a study of the
cycle life of electrodes compacted from the aloy in ingot
previousy exposed in air (2 months), followed by its
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Table3
Electrodes prepared from ZrMnCrNiV alloy powders of different genesis
Air exposition of the aloy in the form of an ingot (30-40g) for 2 months
followed by a step-by-step exposition in powder *
Electrode Exposition time, days Amount of Addition Dischargeto
No particle size particle size bi rfl;ier, of n(:/ckel, dlffer_glncev
600-100 um <100 um o o potentials,

1 6 5 0.8
2 3 3 5 0.8
3 3 3 5 1.0
4 6 5 0.8
5 6 10 0.8

Air exposition of the aloy in the form of an ingot (30-40g) for 2 months

followed by exposition in the form of an ingot weighing 3g for amonth
6 0 5 0.8
7 0 5 10 0.8
8 0 5 50 0.8

Air exposition of the aloy in the form of an ingot (30-40g) for 5-6 months
followed by exposition in the form of powder

9 0 5 0.8
10 7 5 0.8

* Air exposition of the alloy powder with a particle size of 600-100 um with further grinding and exposition of the

powder with particle size <100 pm
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Fig. 1. Dependences of the specific capacity of
electrodes Ne 1-5 on the number of cycles. The number
of the curve corresponds to the electrode number
according to Table 2.

grinding and additional exposition in powder (Fig. 1,
electrodes Ne 1-5) and ingot (Fig. 2, electrodes Ne 6-8).
According to Fig. 1, thelongest cycle life was shown
by eectrode Ne 2 made of the step-by-step air exposed
alloy powder (with a particle size of 600-100, followed
by its grinding and exposition in a powder with a particle
size of 100 um), in comparison with electrode Ne 1
compacted from an exposed powder only with a size
particles < 100 um. After 55 cycles loss of capacity of
electrode Ne 2 was 3.3%, and of electrode Ne 1 was
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Fig. 2. Dependences of the specific capacity of
electrodes Ne 6-8 on the number of cycles. The
number of the curve corresponds to the electrode
number according to Table 2.

12 %. The maximum cycle life had electrode Ne 3,
compacted from the aloy powder step-by-step air
exposed, discharged until the potentia difference was E
= -1.0V. For 55 cycles, its loss of capacity was only
2.5%. Among the eectrodes exposed in air during the
same time (6 days) but with different particle sizes
(electrodes Ne 1 and 4), the electrode of smaller particles
has longer cyclelife.

An increase in the binder content from 5 to 10 %
(curve 5) in our case does not create a skeleton capable to
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prevent the mechanical destruction of the electrode but
on the contrary leads to its faster destruction. In our
opinion, thisis due to the decrease in porosity, which has
negative consequences for the mechanical stability of the
electrode, which undergoes up to 25% volumetric
expansion under hydrogenation.

A plateau with a length of 190 cycles was obtained
on the electrode step-by-step air exposed in the ingot
(Fig. 2, curve Ne 6). The electrode began to lose capacity
after 190 cycles of hydrogenation-dehydrogenation as a
result of mechanical destruction of the nickel grid and
shedding of the material, which was observed visually.
Also, nickel powder in the amount of 10 and 50 %
(electrodes Ne 7 and 8) was added to this investigated
material. The surface of the compacted alloy powder
with particle size <100 um without additives and with

additives of nickel powder in an amount of 10 % is
shown in Fig. 3. In our case, the addition of nickel
powder resulted in complete mechanical destruction of
the electrodes. The compacted eectrode is 60%
composed of particles with a size of 100 —80 um, and
the added nickel powder, which morphology is shown in
Fig. 3 (f), has a particle size of severa um. Asaresult of
the powder addition, the pores were closed with the
creation of a denser packing (Figure 3d, €) compared to
the electrode without nickd additives (Figs. 3, b, c), so
the electrodes Ne 7 and 8 mechanically failed (Fig. 2,
curves 7 and 8). Electrodes Ne 5,7 and 8 clearly
demonstrate the effect of porosity on cyclelife. To detect
nickel particles and their distribution in the material, a
recording of the surface area in the reflected eectrons
and in the Niy, characteristic X-ray radiation was carried

Fig. 3. The surface of the compacted powder of the aloy with particle Sze < 100 um without additives
(a-x300 BEI, b-x1000 BEI, ¢-x1000 X-Ray Niy,) and with additives of nickel powder in an amount of 10 %
(d-x1000 BEI, e-x1000 X- Ray Nika), f- nickel powder, x3000SEI.
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Fig. 4. The cathodic (a, forward stroke) and anodic (b) polarization curves of potentiodynamic cycling of
electrol ytic manganese without exposition (1-4 (a), 1-2 (b)) and exposition in air for 5-6 monthsin the form of an
ingot (3 (b)); 1-4 (a), 1-3 (b) isthe number of the cycle; 4 - after aging thetablet for 30 minutesin KOH solution.
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out. In Fig. 3, e the bright sections correspond to the
nickel; in Fig. 3,d, they are darker, since its atomic
number is lower than the average atomic number of the
aloy.

Since each component of the alloy affects its surface
or bulk properties, the electrochemical behavior of the
unexposed (initial) and exposed for 5-6 months (in the
form of a plate) of eectrolytic manganese and nickel
powder stored in air for severa years, the content of
which in alloy is 13.42 and 34.43 %, respectively. The
manganese stored in the air for a long time was reduced
in a vacuum electric furnace SNV, and then the reduced
manganese was exposed in the air for 5-6 months.
Figures 4 and 5 show cathodic (forward stroke) and
anodic polarization curves of manganese and nickel
powders pressed into a nickel grid (tablet diameter is 8
mm) with mass of 0.1 g.

Analysis of the curves in Figures 4a and 5a shows
that the manganese unexposed in air loses its activity in
the cathode region faster than the nickel powder stored
for several yearsin air (curves 1, 2 and 3 in Figs. 4a and
5a, respectively). After aging in asolution of KOH for 30
minutes, it is practically passive, and the activity of
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nickel after similar aging in solution is grester in amost
the whole investigated region of potentials than in the
first 3 cycles (curve 4 in Figures 4aand 5a, respectively).
In the anodic region, nickel retainsits activity (Fig. 5, b),
while manganese is active only in its original form (Fig.
4b, curve 1-2), and after exposition in air manganese is
completely passive (Fig. 4, b, curve 3). In the potential
region E = -0.72V (Fig. 4, b and 5, b, curves 1 and 2),
where there is a sharp increase in the anode current
followed by passivation, in addition to the oxidation
reaction of absorbed hydrogen, oxidizing processes
occur. Taking into account the eectrochemical behavior
of manganese exposed in air (Fig. 4, b, curve 3) the
manganese oxidation reaction dominates over the
electroreduction reaction in this range of potentias that
leads to its complete passivity. Electrochemical behavior
of nickel indicates that it is capable to be oxidized and
reduced according to reaction (1) in contrast to
manganese. A similar behavior of nickel (the ability of
Ni(OH), to be reduced to metallic Ni during battery
charging) isaso claimed by the authors[6].
Ni(OH),+ 26 — Ni + 20H Q)
Earlier we carried out polarization studies of the
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Fig. 5. Cathodic (a, forward stroke) and anodic (b) polarization curves of potentiodynamic cycling of nickel
powder after its storagein air for several years; 1-4 (a), 1-2 (b) - the number of the cycle; 4 - after aging the tablet
for 30 minutes in KOH solution.
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Fig. 6. Cathodic and anodic polarization curves of dectrodes: a- Ne 9, b - Ne10.
The number of the electrode corresponds to the number according to Table 2. 1- forward stroke, 2-reverse stroke.
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electrodes made of the unexposed (initiad) alloy and
freshly melted alloy exposed in air for 7 days, for which
an abrupt increase of current to I, = 66 MA in the
potential region E = -0.72V was observed in the anodic
region. After a long exposition of the alloy (in the form
of an ingot) (the results of its study are shown in Fig. 6
(a, b)) the electrochemica processes stabilize, as a result
electrode Ne 9 has a small current increase in the same
potential region up to I,= 22 mA (Fig. 6a, curve 2), and
electrode Ne 10 do not have thisincrease. In this case, the
cathodic curves of the forward and reverse stroke of
cycling of electrode Ne 10 almost completely coincide.

A joint analysis of Figures 4, 5, 6 and the previous
study of the eectrochemical properties of the freshly
melted alloy shows the same behavior of the alloy and
manganese, namely, the presence of peaks on the anodic
curves in the potentia region E = -0.72 V for the initia
alloy and manganese, and the absence of peaks after air
storage for 5-6 months. In nickel, after long-term air
storage, the peak in the indicated potential region is
present.

Thus, as aresult of air exposition of the aloy cycle
life increased (Fig. 7) that is largely promoted by
manganese, which is stably passive in the oxidized gate.
The question arises concerning the positive effect of the
presence of manganesein it as an alloying element on the
cycle life of the aloy (if "yes', then in what quantity).
The alloying €eement during hydrogenation-
dehydrogenation loses its activity, which, in turn, is
accompanied by €eectrochemica transformations,
stresses and, as a result, mechanical destruction of the
electrodes.

To evaluate the ability of the alloy componentsto be
in equilibrium with their own ions in the electrolyte, two
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Fig. 7. Dependences of the specific capacity of

number of the curve corresponds to the electrode

30% KOH solutions of 5 and 20 ml volume were
investigated, in which 0.3 g of an alloy powder with a
particle size <100 um air aged during a month was aged
during 45 days. Ni, Mn, Cr high-purity metals were used
to calibrate the spectrophotometer. Several calibration
solutions (corresponding to the optimal measurement
interval) were prepared by gradualy diluting the
relatively concentrated initiadl solutions (Fig. 8).
Cadlibration curves, which have linear character and arein
the region of the determined concentrations, were plotted
using the measured values of adsorption of standard
solutions.

From the decanted initial solutions with a volume of
5ml. (Ne 1) and 20 ml (Ne 2) (Table 4) aliquots (a) were
taken. Their akaline medium was neutralized, then
brought to an acidic using mixture of sulfuric (1:1) and
nitrate (1:1) acids and diluted to a volume of 25 ml with
digtilled water. The concentration (a) of nicke,
chromium and manganese in these solutions was
measured using a spectrophotometer and recal cul ated for
initid (c).

According to the data given in Table 4, the number
of nicke ions transferred to solutions of 5 ml and 20 ml
(ratio 1:4) is the same and is 3.510°g, which
correspondsto 7.8 and 1.9 ug/ ml (ratio 4: 1). It follows
from this that the dissolution of nickel does not depend
on the volume of the dectrolyte, but is afunction of time.
In 5 ml of eectrolyte chromium was not found, and in
20 ml of electrolyte its concentration is greater than that
of nickel and is 5.7-10° g, that is most likely due to the
fact that the corroded nickel is mainly on the surface of
the aloy in the form of NiO and Ni (OH), with low
electrical conductivity [7]. The absence of chromium in
5ml of eectrolyte indicates its very low concentrations

ABSORBANCE

CONCENTRATION, ng/ml

Fig. 8 Calibration curves of nickel, manganese and
electrodes No. 9-10 on the number of cycles. The chromium.

number according to Table 2.
Table4
Concentration of nickel and chromium in el ectrolyte solution
No a, Ni Cr
| ml Cy, ug/ ml Cin., ug/ ml m, g. Cw,ug/ ml Cin., ug/ ml m, g.
1 2 0.625 7.8 3510 <2
2 10 0.755 1.9 35107 1.24 3.1 5.7-10°

* The minimum chromium concentration that a device can determineis2 pg/ mi
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that cannot be determined and that chromium is capable,
as contrasted to nickel, dissolve before equilibrium with
its own ions in the solution, after which the loss of mass
of the aloy due to dissolution (corrosion) of chromium
does not occur. Corroded manganese in the solutions
studied is not found, which means that it islocated on the
surface of the alloy forming non-conductive oxide layers.

Studies on the effect of manganese on the cycle life
of the alloy and the results of atomic absorption
spectroscopy are well combined with the literature data.
Thus, the authors of [8,9] investigated the alloy
Ti-Zr-V-Mn-Ni, gradually replacing manganese with
iron, aluminum, cobalt and chromium [8], and in [9] only
chromium. The results of these studies show that in the
case of the replacement of manganese by chromium, the
cycle life of the alloy increases in proportion to the
decrease in the amount of substituted manganese, which
is explainable on the basis of our studies.

Conclusions

Thus, it was established that the step-by-step air
exposition of the aloy (in the form of an ingot and in a
powder) promotes a significant increase of the cycle life
of the electrodes. When the porosity is reduced (due to
the addition of nickel powder with a particle size much
smaller than the alloy particles or due to an increase in
the amount of plasticizer from 5 to 10 %), the el ectrodes
are rapidly destroyed due to the formation of a more
dense packing.

The components of the aloy manganese and nickel
show different electrochemical behavior. Manganese,
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BB nmocraaiiinoi ekcro3uuii Ha moBiTpi ciaBy Zr-M n-Cr-Ni-V Ha
HMKJIIYHY CTIlKiCTh

Incmumym npobnem mamepianosnascmsa im. .M. @panyesuna HAH Vrpainu, 3, eyn. Kpowcusicanoscoroeo, Kuis,
03680, Vkpaina, e-mail:0.galiy87@gmail.com

B xoli mpoBeIeHHUX JOCIiIKEHb BCTAHOBICHO, IO MOCTaiiiHe ekcroHyBaHHs ciuiaBy Zr-Mn-Cr-Ni-V nHa
noBiTpi (B QopMi 31UTKA i B NMOPOLIKY), IO CIPHSE CTBOPEHHIO KOHLCHTPALIHHOI HEOMHOPIAHOCTI, 1CTOTHO
I IBUIILY€E [IMKIIIYHY CTIHKICTb esieKTpoaiB. Enexrpos, cipecoBaHuii 3 0eTanHo eKCIIOHOBAHOTO CILIaBy y (opMi
3nutKa, nporsiroM 190 mukiiiB He Mae BTpat eMHOCTI. IIpy 3MeHIIeHHI MOPUCTOCTI (IUIIXOM 00aBOK IIOPOLIKY
HIKEJII0 3 PO3MIpOM YaCTHHOK 3HAYHO MEHIIMM, Hi’K YACTHHKH CIUIaBy, 00 30LIBIICHHS BMICTY IUIacTU(IKaTOpy
3 5 110 10 %) enexkTpony 3HAYHO MIBHUALLE PYHHYIOTHCS BHACHIIOK CTBOPSHHS OLIBII IIJIBHOI YIIAKOBKH.

Ha mizxcraBi momspu3amlifiHUX KPUBHX JOCIHIIPKYBAaHOTO CIUIaBY 1 MapraHIO, sKi ITOKa3ylOTh OIHAKOBY
€JICKTPOXIMIUHY IOBEIIHKY B HEOKHCICHOMY 1 CTaOUIbHICTh B OKHUCICHOMY CTaHi, 3pOOJICHO BHCHOBOK, ILO
TIiIBUILIEHA CTA0IBHICTB 1, SIK HACNIIOK, IUKJIIYHA CTIHKICTh €KCIIOHOBAHOI'O HA IOBITPI CIUIaBy 0arato B YoMy
JIOCSATAETHCS 3aBASKH MapraHiiio, cTabiIbHO ITACHBHOMY B OKHUCIIEHOMY CTaHi .

KurouoBi ciioBa: Zr-cruias, rifipyBaHHs, €KCIIO3HLISI HA TIOBITPI.
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