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Abstract :

A new experimental set-up constituted of an electrochemical cell connected to a
compression load cell and an acoustic emission (AE) equipment was used for monitoring
the force and the cracking of metal hydrides electrodes generated by their volume
expansion/contraction during their cycling. Two metal hydrides were studied: a
commercial LaNis-based alloy and an amorphous MgNi alloy prepared by ball milling.
During the charge of the LaNis-based electrode, a concordance was observed between the
increase of the force generated by its volume expansion and the increase of the AE
activity characteristic of the particle cracking. This correlation was not observed during
the charge of the MgNi electrode, which tends to confirm that the main origin of the
cracking of the MgNi particles is not their volume expansion but is rather due to the
mechanical action of the H> bubbles produced at the end of the charge step. In addition,
on the basis of the generated/relaxed force rates, the volume expansion/contraction of the
electrode appeared much slower with the MgNi alloy than with the LaNis-based alloy.
This could result from the lack of abrupt a-f phase transition region in the MgNi alloy

due to its amorphous structure.

Keywords: Ni-MH batteries, metal hydride electrodes, volume expansion, particle
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1. Introduction

In recent years, magnesium-based alloys have been extensively studied as active
materials in negative electrodes for nickel-metal hydride (Ni-MH) batteries because they
present a high theoretical hydrogen absorption capacity in addition to be inexpensive and
environmentally friendly. For example, amorphous MgNi alloy obtained by high-energy
ball-milling has an initial discharge capacity close to 500 mAh g [1], compared to ~300
mAh g for LaNis-based alloys used in commercial Ni-MH batteries. The poor cycle life
of the MgNi electrode, however, prevents its commercial use. This is mainly due to the
irreversible oxidation of the MgNi alloy by the KOH electrolyte [2]. This is strongly
accelerated by the pulverization of the MgNi particles occurring during the hydrogen
absorption/desorption cycles [3]. For LaNis-based alloys, the pulverization phenomenon
induces the electrode activation by breaking the native surface oxide layer and by
increasing the effective surface area of the electrode [4]. But it also decreases their cycle
life by increasing the alloy corrosion rate [5]. The pulverization of the LaNis-based
electrodes results from the large discrete lattice expansion (typically, 10-20 vol.%)
between the a-solid solution and B-hydride phase as shown from in situ X-ray diffraction
analyses [6-8].

Acoustic emission (AE) is a nondestructive technique, which enables in-situ study
of hydrogen evolution reaction (HER) and mechanical damage during locate corrosion of
various materials [9-11]. In this way, we have recently demonstrated by coupling
electrochemical measurements with AE that MgNi and LaNis-based alloys present
different pulverization mechanisms [12]. The pulverization of the MgNi electrode mainly

occurs at the end of the charge step (i.e., when the HER is initiated) whereas for the
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LaNis-based electrode, its cracking is observed at the beginning of the charge (i.e., in the
a-to-p phase transition zone). This difference in the pulverization mechanism is explained
by the porous morphology and amorphous structure of the MgNi powder compared to the
dense and crystalline LaNis-based material. Indeed, the MgNi material consists of porous
agglomerates made up of many particles cold-welded together, which are likely to be
easily broken down by the mechanical action of the H» bubbles during the HER. On the
other hand, its volume expansion during hydrogen absorption is assumed to be lower and
more progressive than for the crystalline LaNis-based alloy due to its amorphous
structure. However, this latter assumption cannot be confirmed from in situ XRD
investigations because MgNi is amorphous.

In the present study, we propose to correlate the detected AE activity with the
force generated/relaxed by the volume expansion/contraction of LaNis-based and MgNi
electrodes during cycling. The primary aim is to determine if the generated force and thus
indirectly the volume expansion related to H-absorption is lower and more progressive on
MgNi than on LaNis-based alloy. For that purpose, a new experimental set-up constituted
of a compression load cell (similar to that used in studies of the Al-based alloys
exfoliation corrosion [10,13]) connected to electrochemical and AE equipments will be
conceived. To our knowledge, this is the first time that this set-up is applied to the study

of Ni-MH battery materials.

2. Experimental

A commercial LaNis-based alloy (MmNisesC00.78Mno.3sAlo.28) powder from Japan

Metals & Chemicals Co and an amorphous MgNi alloy powder obtained by high energy
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ball milling [1] were studied as active materials. 0.2 g of active material was manually
mixed with 0.2 g of copper powder. The mixture was then cold pressed on 2 g of copper
powder at 6 tons cm for 10 minutes in a stainless steel die to form a pellet (16 mm in
diameter, ~2 mm in thickness) used as working electrode.

The experimental set-up used for concomitant electrochemical, AE and stress
measurements is schematized in Fig. 1. The reference and counter electrodes were an
Hg/HgO electrode and a nickel wire, respectively. The three-electrode cell was monitored
by a Voltalab PGZ 301 galvanostat/potentiostat. Unless otherwise indicated, the working
electrode was charged at -100 mA g for 3 h (charge input of 300 mAh g*) for the LaNis-
based alloy and 5 h (charge input of 500 mAh g*) for MgNi, and discharged at 20 mA g
until reaching -0.6 V vs. Hg/HgO. All the experiments were carried out at room
temperature in a 6 mol L™ KOH solution. Before the first charge, the potential of the
working electrode was maintained at -0.85 V vs. Hg/HgO for a few minutes to reduce the
native oxide layer present on the Cu and active material powders.

The AE signals were recorded during cycling by a wide band sensor EPA micro 80
(frequency range 100-1000 kHz) and transmitted via an EPA USB Node acquisition card
to the computer. For all the experiments, the gain G and the threshold S were fixed at 40
dB and 27 dB, respectively. The recorded acoustic signals were treated and the
waveforms were obtained with AE Win software (EPA). The AE signals are separated in
two classes. The first one, labelled P1, is attributed to cracking of MH particles and the
second one, labelled P2, is due to the release of H> bubbles [12, 14]. The temporal and

energetic characteristics of both signal types were described in detail in ref. [12]. In the



present study, the P1 and P2 activities (number of events) were normalized to their
maximum value measured at the end of the charge step.

The force generated during charge/discharge cycling was measured by a 500 N
compression load cell, mounted on an Instron 1195 press. An increase (decrease) in force
indicated a volume expansion (contraction) of the working electrode. In order to ensure
the contact between the working electrode and the electrolyte, a SiC ceramic pellet (16
mm in diameter, 8 mm in thickness) with a porosity of 60 % was placed between the
working electrode and the load cell. A small compressive pre-load of 2 N was applied on
the working electrode beforehand in all tests. To determine the influence of the set-up on
the generated force measurements, repeated displacement steps (displacement of 0.18
mm applied with a crosshead speed of 0.05 mm min™) were applied for several hours on
the set-up without the working electrode. A maximum load relaxation of 10 % was
observed.

Same experiments were repeated at least three times to check their reproducibility.

3. Results and discussion

3.1. Evolution of the AE activity and generated force during the first charge

The evolution of the electrode potential, generated force and normalized acoustic
activities of P1 and P2 type AE signals as a function of the charge input during the first
charge are shown in Fig. 2A and 2B for LaNis-based and MgNi electrodes, respectively.

In the case of the LaNis-based electrode (Fig. 2A), a rapid decrease of the electrode

potential, probably related to the native oxide layer reduction, is observed up to a charge
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input of 5 mAh g*. No force is generated and no acoustic activity is detected during this
short period. As the charge input increases, a slow decrease of the electrode potential
associated with the hydrogen absorption reaction (HAR) is observed and tends to
stabilize around -1.17 V vs. Hg/HgO. From a charge input of ~100 mAh g1, the hydrogen
evolution reaction (HER) occurs concomitantly with the HAR and becomes dominant
from a charge input of ~170 mAh g. This is consistent with the evolution of the P2-type
AE activity (related to the release of Hx bubbles [12]), which slightly increases from a
charge input of ~100 mAh g and abruptly rises from a charge input of ~170 mAh g
Regarding the evolution of the P1-type AE activity (related to the MH particle cracking
[12]), a large increase is observed from 5 to ~60 mAh g followed by a second and less
important increase from ~100 to ~150 mAh g*. Almost no Pl-type AE activity is
detected at a charge input >150 mAh g*. As shown previously [12], the first large
increase of the P1 activity is due to the MH particle cracking resulting from the o-to-f
phase transition, which induces an abrupt lattice expansion [6-8]. The second increase
initiated at ~100 mAh g (corresponding to the beginning of the HER) was not observed
in our previous AE study [12] and could result from the accumulation of H, bubbles in
the electrode pores and between the working electrode and the ceramic pellet of the
compression load cell (see Fig. 1), which may favor the cracking of the electrode.
Regarding the evolution of the generated force, it rises rapidly when the charge input
increases from ~10 to ~100 mAh g* and then slows to reach a maximum value of 42 N
(corresponding to a stress of 0.21 MPa over the electrode of 2 cm?) at the end of the
charge step. The measured force could be generated by (i) the alloy volume expansion

associated with the formation of the B-hydride phase, (ii) the formation of voluminous
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corrosion products such as Mm(OH)s [15] and (iii) the pressure exerted on the load cell
by the accumulation of H> bubbles as discussed before. Only a small decrease of the
generated force (~7 N), assumed to be related to the evacuation of the Hz bubbles, was
observed after the charge step in open-circuit conditions for five hours (not show). This
tends to confirm that the generated force is mainly due to the formation of the B-hydride
phase. This is also in accordance with the fact that the force is mainly generated at the
beginning of the charge, i.e. when an abrupt lattice expansion due the o-to-B phase
transition occurs [6-8]. Moreover, a concordance appears between the increase of
generated force and the increase of the P1 activity, confirming that the cracking of the
LaNis-based particles is due to their volume expansion. In addition, the generated force
does not reach a plateau value at the end of the charge step, probably because the
hydriding of the LaNis-based electrode is not fully completed after the first charge.

On the MgNi electrode (Fig. 2B), a slow decrease of the electrode potential from -
0.93 to -1.05V vs. Hg/HgO related the HAR is observed as the charge input increases up
to ~375 mAh g*. At higher charge inputs, the electrode potential stabilizes around -1.05V
vs. Hg/HgO due to the HER as confirmed by the abrupt increase of the P2 acoustic
activity from ~375 mAh g. In contrast to that was previously observed on the LaNis-
based electrode, the P1 acoustic activity is low in the HAR region and becomes important
only when the HER is dominant, i.e. from ~375 mAh g*. As explained in the introduction
section and in our recent AE study [12], this indicates that the cracking of the MgNi
particles mainly results from the mechanical action of the H> bubbles produced at the end
of the charge step through the HER rather than to the alloy volume expansion related to

the HAR. On the other hand, the generated force (stress) quickly increases up to 10 N
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(0.05 MPa) in the first 50 mAh g*. It is attributed to the volume expansion associated
with the a-to-f phase transition rather that the Mg(OH). formation, because an identical
generated force has been measured during the first charge even when the electrode was
previously left in open-circuit for 24 hours in KOH solution (not shown). From a charge
input of 50 mAh g, the generated force progressively increases to reach a plateau value
of 36 N (0.18 MPa) at the end of the charge. Note that a short stress relaxation and an
increase of the P1 activity are observed at ~275 mAh g, which could be related to the
formation of a macroscopic crack in the electrode. In comparison with the LaNis-based
electrode (Fig. 2A), this is no apparent correlation between the increase of generated
force and the increase of the P1 activity during charging, which tends to confirm that the
main origin of the cracking of the MgNi particles is not their volume expansion, as
previously stated. Moreover, the increase of the generated force associated with H-
absorption is more progressive and lower on the MgNi electrode (Fig. 2B) than on the
LaNis-based electrode (Fig. 2A) despite the larger amount of hydrogen absorbed in the
former. This could be explained by the lack of abrupt a-p phase transition region in the

MgNi alloy due to its amorphous structure, as argued in the Introduction section.

3.2. Evolution of the generated force during the first discharge

The evolution of the electrode potential, the generated force and the rate of the
generated force during the first discharge on the LaNis-based and MgNi electrodes are
shown in Fig. 3A and 3B, respectively. No significant acoustic activity was detected

during the discharge.



In the case of the LaNis-based electrode (Fig. 3A), the electrode potential increases
from -0.91 to -0.60 V vs. Hg/HgO with a large and well-discernable plateau centered
around -0.83 V corresponding to the o + B mixed region. The generated force (stress)
decreases from 42 N (0.21 MPa) to 6 N (0.03 MPa) due to the alloy volume contraction
associated with the hydrogen desorption reaction. The generated force does not reach
zero at the end of discharge, which may indicate that H-desorption from the LaNis-based
alloy is incomplete. The evolution of the generated force rate clearly shows that the
volume contraction is rapid during the first 20 mAh g* (force rate of 10-20 N h') and
progressively slows as the deep of discharge increases. These observations corroborate
the ones obtained by in situ neutron diffraction studies of LaNis-based alloys [16,17],
showing a rapid volume contraction in the first time of discharge (B phase region)
followed by a slow volume contraction when the desorption plateau (o+f phase region) is
reached. Such a behavior is explained by kinetic limitations related to the mobility of the
ao/B interface [17].

In the case of the MgNi electrode (Fig. 3B), an increase of the electrode potential
from -0.97 to -0.60 V vs. Hg/HgO related to the hydrogen desorption reaction is
observed. As previously seen on the LaNis-based electrode, a desorption plateau centered
around -0.80 V is also well discernible. However, compared with the LaNis-based alloy,
an extension of the single B-phase and a-phase regions leading to the narrowing of the
a+f phase region is clearly apparent, which agrees with the amorphous structure of the
MgNi alloy. The generated force decreases almost linearly from 36 to 8 N at a mean rate
of ~3 N h! up to a discharge capacity of ~170 mAh g*, which corresponds to the

beginning of the a+p phase region. Then, the rate of the generated relaxation force
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greatly slows down and the force reaches 0 N at the end of the discharge. As previously
argued for the LaNis-based, the abrupt decrease of the generated force (volume
contraction) rate when the MgNi electrode reaches the a+f phase region could reflect a
H-desorption process kinetically limited by the a<>p phase transformation (i.e., by the
mobility of the a/p interface). Lastly, on the basis of their respective relaxation force rate,
the volume contraction appears much slower with MgNi than with the LaNis-based alloy,

even in the B phase region.

3.3. Evolution of the generated force with cycling

Fig. 4 shows the evolution of the charge/discharge curves and the generated
expansion/relaxation forces during the first five cycles for the LaNis-based electrode
charged at 300 mAh g (A) and MgNi electrodes charged at 500 (B) and 200 mAh g*
©).

For the LaNis-based electrode (Fig. 4A), the discharge potential decreases and the
discharge capacity increases (from 140 to 265 mAh g*) with cycling, reflecting the well-
known activation of the electrode related to the particle cracking [6] as explained in the
Introduction section. On the other hand, a progressive decrease of the maximum
generated force (from 42 to 22 N) is observed with cycling. This is in contradiction with
the concomitant increase of the electrode H-storage capacity, which should induce an
increase of the generated force due to a higher volume expansion/contraction of the
LaNis-based alloy. Actually, the observed decrease of the generated force with cycling
may be due to the increase of the electrode porosity resulting from the particle cracking,

as shown the SEM images on cycled LaNis-based electrodes (Fig. 5B-C). This porosity
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may act as a buffer volume during the alloy expansion. The volume expansion of the
particles is therefore not detected macroscopically by the generated force measurement
until the pores are filled. In this way, the maximum generated force decreases and appears
at a higher charge input with cycling, as shown in Fig. 4A. It can also be noted in Fig. 4A
that the difference between the generated expansion force (charge step) and the relaxation
force (discharge step) decreases from 6 to O N with cycling, reflecting the improvement
of the electrode reversibility through its activation.

In the case of the MgNi electrode (Fig. 4b), its discharge capacity decreases
rapidly with cycling (from 445 to 265 mAh g in the first 5 cycles) due to its irreversible
oxidation by the KOH electrolyte leading to the formation of Mg(OH). [2]. The
maximum generated force also decreases with cycling (from 36 to 17 N) in accordance
with the decrease of the electrode H-storage capacity. This decay can also result from the
increasing electrode porosity generated with the particle cracking (see Fig. 5E-F), as
explained previously for the LaNis-based electrode. In addition, a progressive increase of
the remaining force measured at the end of the discharge is discernable with cycling
(from 0 to 4 N). It can be explained by to the growing of the Mg(OH). layer on the
particles with cycling. In contrast, when the charge input of the MgNi electrode is limited
to 200 mAh g* (Fig. 4C) in order to prevent major particle cracking (see P1 acoustic
activity in Fig. 2B), no significant capacity decay with cycling is observed. Moreover, the
maximum generated force remains almost stable (~12 N) from the second cycle and the
generated force is fully relaxed cycle after cycle, indicating that no particle cracking and

no Mg(OH). growing occurred in such conditions. These observations tend to confirm
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the correlation existing between the MgNi particle cracking favoring the Mg(OH)2

formation and the degradation of the electrode capacity.

4. Conclusion
This study demonstrated that the coupling of electrochemical, acoustic emission and
stress measurements is an effective method for the in-situ characterization of the volume
change and the pulverization of hydride materials for Ni-MH batteries. Thanks to this
method, it has been demonstrated that the generated/relaxed stress associated with the
electrode volume expansion/contraction during hydrogen absorption/desorption cycling is
more progressive on the amorphous MgNi electrode than on the crystalline LaNis-based

electrode.
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Figure captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Schematic diagram of the experimental set-up for concomitant

electrochemical, generated stress and acoustic emission measurements.

Evolution of the electrode potential, the normalized P1 and P2-type
acoustic activities and the generated force as a function of the charge input
on (A) LaNis-based electrode and (B) MgNi electrode during the first

charge.

Evolution of the electrode potential, the relaxation force and the relaxation
force rate as a function of the discharge capacity on (A) LaNis-based

electrode and (B) MgNi electrode during the first discharge.

Evolution of the charge/discharge curves and the generated
expansion/relaxation forces during the first five cycles on (A) LaNis-based
electrode overcharged at 300 mAh g2, (B) MgNi electrode overcharged at

500 mAh gt and (C) MgNi electrode charged at 200 mAh g*.

SEM micrographs of a LaNis-based electrode before charging (A), after 1
cycle (B), after 4 cycles (C) and of a MgNi electrode before charging (D),

after 1 cycle (E) and after 10 cycles (F).
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