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bstract

We have monitored the physical processes linked to electrochemical processes in situ occurring at MmNi3.6Mn0.4Al0.3Co0.7 and TiCr0.3V1.8Ni0.3

lectrodes using an acoustic emission (AE) technique. The difference in initial activation behavior between both alloy electrodes was characterized
y waveforms, power spectra and time history of the AE signals. In the first charging process, the cracking based on hydrogen absorption occurred

ntensively on the MmNi3.6Mn0.4Al0.3Co0.7 electrode in the first half, while the cracking on the TiCr0.3V1.8Ni0.3 negative electrode occurred after
ydrogen evolution. In the initial activation, the MmNi3.6Mn0.4Al0.3Co0.7 particles were broken down with many large and small cracks, while the
iCr0.3V1.8Ni0.3 particles were not pulverized although a few cracks were observed.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen absorption into hydrogen storage alloys causes
he cracking of the alloy particles as a result of lattice expan-
ion. Appearance of fresh alloy surface accelerates the hydrogen
bsorption. At hydrogen storage alloy negative electrodes
sed in nickel–metal hydride (Ni–MH) batteries, the hydro-
en absorption occurs in charging. In this case, the cracking
f alloy particles leads to the increase in discharge capacity. The
ischarge capacity increases with repeating charge–discharge
ycles and finally reaches a constant value. In this way, most of
ydrogen storage alloy electrodes need initial activation in which
harge–discharge cycles are repeated until discharge capacity
eaches a constant value [1]. The number of charge–discharge
ycles required for the initial activation depends on hydrogen
torage alloys used. For example, AB5-type alloy electrodes
ave a constant discharge capacity in several charge–discharge
ycles while AB2-type Laves-phase alloy electrodes need sev-

ral dozen cycles.

The effect of the initial activation has been inferred by ex
itu analyses like scanning electron microscopy after discharge
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apacity reached a constant value. Notten et al. succeeded in in
itu monitoring of lattice constants of hydrogen storage alloys
uring charging by X-ray diffractometry, and clarified the rela-
ionship between the lattice volume and the amount of absorbed
ydrogen in detail [2]. Unfortunately, there have been quite a
ew in situ methods for analyzing the initial activation behavior.

The acoustic emission (AE) method is a nondestructive and
ensitive technique for detecting elastic waves generated by
he cracking of materials. In addition, the AE method can be
sed for real time in situ analysis. Various physical phenomena
uch as gas evolution, cracking and so on which could be only
dentified using electrochemical measurements can be discrim-
nated using AE [3–9]. Quite recently, we have reported that
he AE technique was useful for the in situ analysis of physical
henomena linked to electrochemical processes occurring at a
mNi3.6Mn0.4Al0.3Co0.7 alloy negative electrode during first

harging, including the cracking of alloy particles and hydrogen
volution [10]. In the present study, we will characterize the ini-
ial activation behaviors for two kinds of alloy electrodes by in
itu monitoring with the AE technique.
. Experimental

Ingots of MmNi3.6Mn0.4Al0.3Co0.7 (Mm: Mischmetal) and TiCr0.3V1.8Ni0.3

lloys were prepared by an arc melting method in an Ar atmosphere. Mischmetal
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Fig. 1. Time history of frequency of AE signals and electrode potential in (a) first, (b) second and (c) sixth charging processes and (d) initial activation behavior for
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MmNi3.6Mn0.4Al0.3Co0.7 electrode.

s composed of Ce (55.24 mass%), La (24.19%), Nd (15.08%), Pr (5.43%) and
m (0.06%). Each alloy ingot was ground into powder and sieved into powders
ith particle sizes of 106–125 �m for the MmNi3.6Mn0.4Al0.3Co0.7 alloy and
5–106 �m for the TiCr0.3V1.8Ni0.3 alloy. Each alloy powder was mixed with Cu
owder with a mass ratio of 1:3, and the mixture was subjected to a pressure of
00 MPa at room temperature for 1 min yielding pellets for a negative electrode.

An experimental cell assembly for AE monitoring has been shown in the pre-
ious paper [10]. The pellet-type negative electrode, a sulfonated-polypropylene
eparator and a Ni(OH)2/NiOOH positive electrode were stacked. A Ni sheet
as inserted between the negative electrode and an AE transducer as a current

ollector for the negative electrode and a protector of the AE sensor from a 6 M
OH aqueous solution. Before fabricating the cell assembly, the sulfonated-
olypropylene separator was thoroughly soaked in a 6 M KOH aqueous solution
hich was used as the electrolyte. An Hg/HgO electrode was used as a reference

lectrode.
The MmNi3.6Mn0.4Al0.3Co0.7 electrodes were charged at 100 mA g(alloy)−1

or 3 h and discharged at 50 mA g(alloy)−1 to −0.65 V versus Hg/HgO,
hile the TiCr0.3V1.8Ni0.3 electrodes were charged at 100 mA g(alloy)−1

or 6 h and discharged at 50 mA g(alloy)−1 to −0.75 V versus Hg/HgO.
n both cases the circuit was opened for 10 min after every charg-
ng.

AE monitoring was carried out using an automatic AE monitoring
ystem (NF Electronic Instruments, 7600/0710). An AE transducer (NF elec-
ronic Instruments, AE-900S-WB) and a preamplifier (30 dB gain for the

mNi3.6Mn0.4Al0.3Co0.7 particles and 40 dB gain for the TiCr0.3V1.8Ni0.3

articles) were used in the present study. The elastic waves generated by var-
ous phenomena such as cracking were detected by the AE transducer and
ransformed into AE signals. The AE signals were amplified by the pream-
lifier and stored in the automatic AE monitoring system. The stored data
ere displayed as time histories, AE waveforms and power spectra of the
E signals. The AE waveforms and power spectra express the duration of

he AE signals and distribution of frequencies for the AE signals, respec-

ively.

All experiments were carried out at room temperature. The surface mor-
hology of the alloys before and after various charge–discharge cycles was
haracterized using a field-emission scanning electron microscope (Hitachi,
-4500).
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e
M
o

. Results and discussion

.1. The MmNi3.6Mn0.4Al0.3Co0.7 electrode

Fig. 1 shows time history of frequency of AE signals and elec-
rode potential in the first, second and sixth charging processes
nd initial activation behavior for a MmNi3.6Mn0.4Al0.3Co0.7
lectrode. The frequency is defined as the number of AE signals
ith amplitude over a threshold of 0.5 V min−1 in the present

tudy. The discharge capacity at first cycle was ca. 140 mAh g−1

nd then increased with the cycle number and reached a constant
alue at the fourth cycle, indicating the completion of initial
ctivation.

It has been found that cracking of alloy particles was char-
cterized by a burst-type AE waveform with duration shorter
han 0.1 ms and large amplitude, and a power spectrum with
ide frequency distribution, particularly with some peaks at fre-
uencies more than 0.6 MHz [10]. During charging, hydrogen
volution can also occur on the surface of hydrogen storage
lloy negative electrodes as a side reaction and was character-
zed by the AE waveform with a long duration of over 0.15 ms,
nd a power spectrum with a relatively narrow frequency distri-
ution of around 0.6 MHz and maximum amplitude at about
.1 MHz [10]. As has already reported [10], a large number
f AE signals observed in the first half of the first charging
rocess came from the cracking based on lattice expansion
ue to hydrogen absorption, while hydrogen evolution pro-

eeded throughout the charging [10]. Fig. 2 shows scanning
lectron micrographs showing the surface morphology of the
mNi3.6Mn0.4Al0.3Co0.7 electrode before and after first, sec-

nd and sixth charge–discharge cycles. As can be seen from this
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ig. 2. Scanning electron micrographs showing the surface morphology of a Mm
harge–discharge cycles.

gure, a number of large and small cracks appeared on the alloy
urface after the first charge–discharge cycle, supporting a large
umber of AE signals observed in Fig. 1.

In the second charging process, the frequency of AE sig-
als decreased greatly compared to the first charging process as

hown in Fig. 1. In this case AE waveforms and power spec-
ra for the MmNi3.6Mn0.4Al0.3Co0.7 electrode measured every
h are summarized in Fig. 3. The cracking based on hydro-
en absorption occurred preferentially after 1 h and 2 h while

a
F
s

Fig. 3. (a) AE waveforms and (b) power spectra for a MmNi3.6Mn0.4Al0.3C
Mn0.4Al0.3Co0.7 electrode (a) before and after (b) first, (c) second and (d) sixth

ydrogen evolution proceeded continuously, suggesting that AE
ignals observed at around 1 h in the second charging process
see Fig. 1(b)) were ascribed to the cracking of alloy particles.
he scanning electron micrograph after second cycle showed

hat smaller cracks increased compared to after first cycle.

After sixth cycle, the number of AE signals still decreased

nd discharge capacity showed a constant value as shown in
ig. 1. A lot of finer cracks were observed after sixth cycle as
hown in Fig. 2. In this way, in situ analysis by the AE technique

o0.7 electrode measured every 1 h during the second charging process.
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ig. 4. Time history of frequency of AE signals and electrode potential in (a) fi
TiCr0.3V1.8Ni0.3 electrode.

onfirms the well-known conclusion that during initial activation
he MmNi3.6Mn0.4Al0.3Co0.7 particles cracks frequently and the
ncrease in the cracks with cycle number led to the increase in
ischarge capacity [1].

.2. The TiCr0.3V1.8Ni0.3 electrode

We have found that a TiV2.1Ni0.3 alloy, one of V-based
lloys, had high discharge capacity of 460 mAh g−1 but the
ischarge capacity became a third of the maximum after 20

harge–discharge cycles, indicating that the TiV2.1Ni0.3 elec-
rode had poor cycle durability [11–13]. In our preliminary
xperiments for improving the cycle durability, we found that
he discharge capacity for a TiCr0.3V1.8Ni0.3 electrode decreased

S
t
T
t

Fig. 5. AE waveforms for a TiCr0.3V1.8Ni0.3 electrode m
) second and (c) sixth charging processes and (d) initial activation behavior for

y only 8% even at 20th cycle, indicating clearly that the
iCr0.3V1.8Ni0.3 alloy had much better cycle durability than

he TiV2.1Ni0.3 alloy. So we investigated time history of fre-
uency of AE signals and electrode potential in first, second
nd sixth charging processes and initial activation behavior
or the TiCr0.3V1.8Ni0.3 electrode. The results are summarized
n Fig. 4. We raised the gain of a preamplifier in this case
ecause AE signals were weak compared to those for the
mNi3.6Mn0.4Al0.3Co0.7 electrode. A large number of AE sig-

als were observed for the first 2 h in the first charging process.

ince the electrode potential was −1.2 V versus Hg/HgO in this

erm, hydrogen evolution was expected to proceed preferentially.
his seems to suggest that in the beginning of the first charging

he alloy surface is covered by oxides of some alloy components

easured every 1 h during the first charging process.
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Fig. 6. Power spectra for a TiCr0.3V1.8Ni0.3 electro

o inhibit hydrogen absorption in the alloy. Figs. 5 and 6 show AE
aveforms and power spectra for the TiCr0.3V1.8Ni0.3 electrode
easured every 1 h during the first charging process. Both an AE
aveform and power spectrum after 1 h exhibit that hydrogen
volution proceeds, supporting the inference from Fig. 4(a). In
urther charging, an AE waveform and power spectrum identi-
ed as the cracking were mainly observed, but the cracking was
poradic as long as we see the time history of the frequency of

o
t
a
c

ig. 7. Scanning electron micrographs showing the surface morphology of a TiCr
harge–discharge cycles.
asured every 1 h during the first charging process.

E signals. In addition, the TiCr0.3V1.8Ni0.3 electrode began to
rack later than the MmNi3.6Mn0.4Al0.3Co0.7 electrode, suggest-
ng that the former was more patient for cracking than the latter.
he maximum amplitude of AE waveforms was just ca. one forth

f that for the MmNi3.6Mn0.4Al0.3Co0.7 electrode, suggesting
hat relatively small cracks were formed on the TiCr0.3V1.8Ni0.3
lloy surface. From the scanning electron micrograph after first
ycle shown in Fig. 7, it was found that a few and relatively small

0.3V1.8Ni0.3 electrode (a) before and after (b) first, (c) second and (d) sixth
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racks were observed on the TiCr0.3V1.8Ni0.3 particles, which
as with the suggestion from the AE measurements
The frequency of AE signals decreased greatly with repeating

harge–discharge cycles as shown in Fig. 4. From the analy-
es of AE waveforms and power spectra measured every 1 h
n the second charging process, it was found that the cracking
ased on hydrogen absorption was dominant during charging.
s can be seen from Fig. 4(d), the discharge capacity for the
iCr0.3V1.8Ni0.3 electrode greatly increases in the first 2 cycles,
uggesting initial activation. The initial activation seems to be
ecause the surface oxides which inhibited hydrogen absorp-
ion into alloy were removed or fresh surface was exposed by
poradic cracking of alloy particles during the first cycle. As a
esult, hydrogen absorption can occur from the beginning of the
econd charging. Fig. 7 shows that the TiCr0.3V1.8Ni0.3 particles
re not pulverized like the MmNi3.6Mn0.4Al0.3Co0.7 particles in
nitial activation, which is characteristic of the TiCr0.3V1.8Ni0.3
articles. Nevertheless the TiCr0.3V1.8Ni0.3 electrode has higher
ischarge capacity than the MmNi3.6Mn0.4Al0.3Co0.7 electrode
nd is comparable to the TiV2.1Ni0.3 electrode, suggesting that
ites occupied by hydrogen in the TiV2.1Ni0.3 alloy are kept even
n the TiCr0.3V1.8Ni0.3 alloy. It seems that the partial substitu-
ion with the Cr component does not bring any serious problems
n hydrogen diffusion in alloy and electron transfer at electrode
urface.

. Conclusion
We have analyzed initial activation behaviors of
mNi3.6Mn0.4Al0.3Co0.7 and TiCr0.3V1.8Ni0.3 electrodes using

n AE technique in terms of waveforms, power spectra and
ime history of the AE signals. The MmNi3.6Mn0.4Al0.3Co0.7
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articles cracked intensively in the first half of the first charging
rocess and were broken down with many large and small
racks during initial activation. In contrast, the TiCr0.3V1.8Ni0.3
articles cracked sporadically after hydrogen evolution in the
rst charging process and the AE signals for the cracking were
ery weak compared to those for the MmNi3.6Mn0.4Al0.3Co0.7
articles.
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