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Abstract

The electrochemical behaviour of LaNi Co , LaNi Mn and LaNi Al intermetallic compounds was investigated using2.5 2.5 4.5 0.5 4.5 0.5

chronopotentiometric and impedance measurements. Electrochemical isotherms have been found to be in good agreement with solid gas
determinations. Kinetics data are drawn from impedance spectroscopy for the three compounds. Important changes in the magnitude of a
low frequency semicircle in the impedance diagrams have been correlated to a corrosion layer effect which is strongly reduced from the
first cycle and as cycling proceeds. A subsequent increase in the apparent hydrogen chemical diffusion coefficientD is found from theH

first cycle, which is well correlated to the decrease of the diffusion length through the oxide layer as the thickness of the corrosion layer
210decreases. The apparent hydrogen chemical diffusion coefficient is found to be one order of magnitude larger in thea phase (10

2cm /s) than in theb phase.
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1 . Introduction composition on the long-term electrochemical behaviour,
little is known about its origin and the specific effect of

From the point view of the electrochemical storage each substituent.
application, LaNi is the most promising negative elec- In this study, single substituted LaNi Mn ,5 4.5 0.5

trode material for rechargeable Ni–MH batteries because LaNi Al and LaNi Co compounds were sys-4.5 0.5 2.5 2.5

of the rapid and reversible storage of large quantities of tematically examined to get further detailed information
hydrogen[1]. However the practical application of LaNi concerning the impact of each Mn, Al and Co substituent5

is limited both from a thermodynamic and an electro- on the negative electrode behaviour. The performance of
chemical point of view: the hydride formation pressure is the negative electrode is mainly controlled by the kinetics
too high (| 1.7 bars) and the capacity loss of such an of the hydrogen diffusion process and/or the reactions
electrode upon cycling is too large for practical application taking place on the alloy surface. Electrochemical impe-
(50% loss of capacity upon 100 cycles). It is nevertheless dance spectroscopy is a powerful tool in such a context as
possible to overcome such limitations by changing the it allows to get an understanding of the different processes
composition of the parent LaNi alloy. Partial substitutions if their time constants are well separated. However, till5

on the lanthanum and the nickel sites have been proved to now very few data have been reported for the single
be very successful in adapting the thermodynamic prop- substituted compounds. Most of the kinetic studies concern
erties of the hydrides and improving their life time upon the conventional trisubstituted compounds[3–16] and only
cycling and the best compromise has been found for the one paper reports an apparent chemical hydrogen diffusion
three substituted LaNi Mn Al Co compound[2]. coefficient for LaNi Al , determined by the potential3.55 0.4 0.3 0.75 4.5 0.5

However, it remains that in spite of such effects of the step electrochemical technique[17]. Moreover, examina-
tion of the first charge–discharge cycles by electrochemi-
cal impedance spectroscopy (EIS) has only been reported*Corresponding author.

E-mail address: rita.badour@glvt-cnrs.fr(R. Baddour-Hadjean). by Yang et al.[16] for a Mm-based multicomponent alloy.
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 In this paper, electrochemical features such as discharge
capacity, potential composition isotherms and cycling
behaviour are reported for each single substituted
LaNi Mn , LaNi Al and LaNi Co compounds.4.5 0.5 4.5 0.5 2.5 2.5

Changes in the impedance spectra all over the first 10
cycles are discussed and values for the exchange current
density and apparent hydrogen chemical diffusion coeffi-
cient are reported.

2 . Experimental

All the intermetallic compounds were prepared as
reported in Ref.[18]. The composite anodic electrodes
were made from the intermetallic active powder (50 mg)

Fig. 1. Electrochemical discharge isotherms at 258C for LaNi Mwith average particle size 40mm mixed with carbon black 52x x

intermetallic compounds.and PTFE in the weight ratio of 90:5:5. The mixtures were
spread out in sheets 0.25 mm thick and compressed up to 5

2t on the two faces of a nickel grid (S50.65 cm ). OCV measurements during the charge process using the
Electrochemical measurements were conducted at room current pulse relaxation method except for the Mn-com-
temperature in a conventional three-electrode cell. The pound for which a dissolution process takes place. In that
electrolyte consisted of a 1 M KOH solution in which a case, quasi equilibrium data have been achieved using
continuous flow of Ar is kept through the cell. Impedance galvanostatic charge curves at very low rate (5 mA/g). For
experiments were carried out after charging the electrode the Co-compound, for which two equilibrium plateaus may
at 0.1 H/ f.u. and waiting until the equilibrium potential is exist and two relatedb andb9 hydrides[19], the present
reached (| 3 h). Kinetic measurements were performed in data are focused on the first plateau.

5 24a frequency range from 10 Hz to 10 Hz using seven Table 2 reports the electrochemical and solid gas data
frequencies per decade, applying a computer-controlled for the different alloys, where the hydrogen absorption
1255 Schlumberger frequency response analyser coupled pressuresP have been converted into equilibrium elec-H2

SGto an EGG potentiostat model 273A. The excitation signal trode potentialE using the Nernst equation[20].eq

was 10 mV peak to peak. In addition to the expected effect of Ni substitution on
the hydride formation pressure, lower discharge capacities
are available compared to the parent LaNi compound,5

3 . Results and discussion which range between 250 and 310 mAh/g. A good
agreement is found between the solid gas and electro-

All the LaNi M compounds crystallise in the original chemical data within the experimental error, both from the52x x

P6/mmm LaNi structure. However, an effect of partial Ni view-point of potentials and specific capacities. A probable5

replacement is the increase of the unit cell volume in the dissolution process taking place for LaNi Mn could4.5 0.5

order Ni,Co,Al,Mn (seeTable 1). The expansion ratio explain the higher discrepancy between the two sets of
of the corresponding cell volumes by solid gas hydrogen data.
absorption at 258C is in the order Co,Al,Mn,Ni. Results of cyclic galvanostatic experiments atC /3, D/6

The hydriding properties of the single substituted rates are illustrated inFig. 2 by the evolution of the
LaNi M (M5Al, Mn, Co) alloys are illustrated by the discharge capacity vs. number of cycles. In spite of a very52x x

electrochemical potential–composition isotherm curves fast activation, LaNi Mn exhibits a strong decline of4.5 0.5

reported inFig. 1.Such isotherms have been obtained from the capacity during the first 20 cycles and stabilises
thereafter around 200 mAh/g. For LaNi Al , a maxi-4.5 0.5

T able 1
Cell parameters and volume of material electrodes T able 2

3 Solid gas and electrochemical data for the different LaNi M alloysa 52x x˚ ˚ ˚Compound a(A) c (A) V (A ) DV /V
SG

60.005 60.01 60.04 (%) Compound P E E C CH2 eq dis at 1 bar, 258C dis

(bars) (mV) (mV) (mAh/g) (mAh/g)
LaNi 5.012 3.984 86.68 25.05

LaNi Co 5.054 3.988 88.19 14.6 LaNi Co 0.20 2917 2920 250 2502.5 2.5 2.5 2.5

LaNi Al 5.034 4.022 88.27 19.54.5 0.5

LaNi Mn 5.050 4.018 88.74 22.0 LaNi Al 0.16 2914 2915 300 2804.5 0.5 4.5 0.5

a The expansion ratio of cell volume by solid gas hydrogen absorption
LaNi Mn 0.11 2910 2915 380 3104.5 0.5at 258C.
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Fig. 2. Evolution of the specific capacity with the number of cycles for
LaNi M compounds (KOH 1 N,C /3, D/6 rates).52x x

mum capacity of 310 mAh/g is rapidly available, which
decreases continuously to reach 200 mAh/g after 50
cycles. Insofar as the expansion ratio of the unit cell
volume is very close for both compounds (Table 1), the
more severe decrease observed for the Mn-compound is
probably associated to a noticeable dissolution process inFig. 3. (a) Typical Nyquist plots for LaNi Co H during the first 102.5 2.5 0.1

alkaline electrolyte[21]. Conversely, the discharge capaci- cycles. (b) Enlarged view of the Warburg region for LaNi Co H2.5 2.5 0.1

(first cycle).ty of the LaNi Co needs about 10 cycles before2.5 2.5

reaching its maximum values of 240 mAh/g, very close to
the theoretical one and remains stable at least over 50
cycles. The lower value of the volume expansion (Table 1) nomenon indicates that the low frequency response corre-
can explain the positive effect of cobalt on cycling stability sponds to the presence of a corrosion layer whose thick-
as a consequence of a limited decrepitation process. ness increases with time immersion. Therefore, the very

The kinetics of hydrogen transfer and hydrogen diffu- high impedance of 330V observed for the raw
sion in the bulk alloys has been investigated using EIS. LaNi Co material reflects the presence on the alloy2.5 2.5

Typical impedance diagrams are reported inFig. 3 for surface of a great amount of native oxides and/or corro-
LaNi Co for the same state of charge of 0.1 H/ f.u. (| sion products formed in the KOH electrolyte[21].2.5 2.5

6 mAh/g) corresponding to thea phase solid solution, Conversely, whatever the intermetallic compound, the
after a varying number of charge–discharge cycles during high frequency semicircle with a characteristic frequency

4the first 10 cycles. All these spectra consist of a very small of 10 Hz remains practically unchanged with cycle
5 2semicircle in the high frequency region (10 Hz–10 Hz), number, state of charge or time exposure in KOH. The

a slope of about 458 related to Warburg impedance in the value of the resistance associated with this fastest step
2medium frequency range (10 Hz–1 Hz), and a large remains stable all over the first cycles for the three

24semicircle in the low frequency region (1 Hz–10 Hz), compounds. (R|1/1.5 V for LaNi Co and2.5 2.5

which exhibits marked dependence on the cycle number: LaNi Mn ,R|5 V for LaNi Al ). The assignment of4.5 0.5 4.5 0.5

its contribution significantly decreases during the first this small arc is not very clear at the moment and is still a
cycles: from 330V for the raw material to 40V after one matter of controversy. It was first attributed to the contact
cycle and 8V after 10 cycles for LaNi Co (Fig. 3a). A resistance between the hydrogen storage alloy and the2.5 2.5

less pronounced trend is observed for LaNi Al as the current collector and between the alloys particles[22,23].4.5 0.5

initial impedance of the low frequency semicircle is far However more recently, based on impedance modelling of
lower: only 18V for the raw material, 7V after one cycle the kinetics of metal hydride electrodes, Wang[24] attribu-
and 4V after 10 cycles. ted the features at high frequency to the charge transfer

Furthermore, long-time immersion of a cycled reaction. Experimentally, such a high frequency small arc
LaNi Co electrode in KOH 1 N in open circuit was also observed for hydrogen storage alloy ingot[12],2.5 2.5

condition gives evidence for an increase of the low which makes questionable its assignment to a contact
frequency semicircle: the impedance associated changes resistance. Furthermore, from our results we can find that
from 5 to 18 V after 2 days of storage, and the corre- the capacitance value for the high frequency region (C|

2sponding capacitance decreases by a factor 3. This phe- 15–20mF/cm ) is consistent with the double layer
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capacitance expected at the metal-solution interface[25]. explained by an increase in surface area usually described
This value is almost constant whatever the cycle number. as a consequence of the decrepitation process. Indeed, the
Hence, the high frequency semicircle can be mainly low capacity involved during the first discharge (70 mAh/
regarded as the charge transfer process, as previously g) cannot lead to a significant volume change in the
reported[16,24]. Exchange current density valuesJ of 20 electrode material. However the apparent hydrogen diffu-0

2and 4 mA/cm , respectively, for LaNi Co and sion coefficient takes into account two factors: hydrogen2.5 2.5

LaNi Al are then obtained from the charge transfer transport in the bulk material and diffusion through a4.5 0.5

resistance. Such values are in good agreement with those corrosion layer. Hence, the existence of native oxides and
reported in the literature for intermetallic compounds corrosion products at the electrode surface of the raw
[16,26]. material can explain: (i) the high initial electrode impe-

Fig. 3b allows to clearly distinguish at medium fre- dance value (330V); (ii) the correlated high polarisation
quencies (4 to 75 Hz) a straight line with an angle of 458 in the first charge–discharge curves; and (iii) the lower
corresponding to the ‘Warburg region’. In this frequency initialD value. With a partial consumption of theseH

range, under semi-infinite diffusion conditions, the appar- oxides during the first reduction process, an increase of the
ent chemical diffusion coefficient of hydrogenD can be rate of hydrogen transport is then observed.H

calculated from the Warburg’s prefactor A (slope of the In the case of the Al-based compound, an apparent
21 / 2plots ReZ vs.v ) chemical diffusion coefficient of hydrogenD is found toH

211 2increase from 1.5?10 cm /s for the raw material to
21 / 2 1 / 2 211 2 210 2A (V.s ) 5 [Vm (dE /dx)] / [(2D ) .F.S] 4?10 cm /s for the first cycle and 10 cm /s after 10H

cycles. These values are in good accordance with those
3whereV is the molar volume (53 cm ), dE /dx is the slope determined by other techniques[27,28].m

of the coulometric titration curve for a givenx value, In contrast to the Co-compound, a very low increase in
determined fromFig. 1 and S is the geometric area (1.3 D is observed between the raw Al-based material and theH

2cm ). first cycle. The value of the initial electrode impedance is
21 / 2Fig. 4 shows the slopes of the plots ReZ vs.v for twenty times lower compared to that of the Co-compound,

LaNi Co H as a function of the cycle number. The and as a consequence, a good efficiency of the charge2.5 2.5 0.1

Warburg’s prefactorA is found to decrease from 5.7 discharge process is observed from the first cycle (seeFig.
21 / 2 21 / 2

V.s for the raw material to 1.1V.s for cycle 10. 2).
An apparent chemical diffusion coefficient of hydrogenD Such different behaviours between the two compoundsH

211 2in LaNi Co is found to increase from 4?10 cm /s can mainly be explained by the nature and/or amount of2.5 2.5
210 2for the raw material to 2?10 cm /s for the first cycle the corrosion products. Indeed, cobalt-containing alloys are

29 2and 10 cm /s after 10 cycles. This increase is well known to produce insoluble corrosion products such as Co,
correlated to the progressive decrease of the polarisation in Co(OH) and CoOOH at the alloy surface while no2

charge–discharge curves during the first 10 cycles (from corrosion products related to Al is formed in the case of
270 to 70 mV) and the simultaneous increase in the Al-based compounds[21]. This effect is especially en-
specific capacity (from 70 to 240 mAh/g, seeFig. 2). The hanced in LaNi Co characterised by a high cobalt2.5 2.5

change in D by one order of magnitude, occurring content. These features explain the increase in the elec-H

between the raw material and the first cycle, cannot be trode impedance and the decrease in the apparent hydrogen
diffusion coefficient which are commonly reported as the

 cobalt content is increased in multicomponent alloys
[10,29] or as cobalt powder is added to metal hydride
electrodes[12].

For both compounds, the apparent chemical diffusion
coefficient is found to increase by half a decade between
the first and the tenth cycle. A continuous decrease in the
corrosion layer thickness on cycling could explain this
result. Indeed, the value of the corrosion layer capacitance
calculated from the characteristic frequency of the low
frequency semicircle continuously increases with cycling:
by 50% from the raw material to the first cycle, then once
again by 40% between cycle 1 and cycle 10.

Similar EIS experiments performed on the Mn-Com-
pound (Fig. 5) reveal a faster hydrogen diffusion in thea
phase compared to theb phase by one order of magnitude:

210 211 2
21 / 2 10 to 10 cm /s, respectively. The parameters of theFig. 4. ReZ vs.v plots for LaNi Co H during the first 102.5 2.5 0.1

cycles. EIS response do not practically change with the state of
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