
КОНДЕНСИРОВАННЫЕ СРЕДЫ И МЕЖФАЗНЫЕ ГРАНИЦЫ, Том 11, № 3, 2009 185

INTRODUCTION
In the recent years, metal hydride batteries have 

become increasingly popular as an alternative to Ni-Cd. 
In addition to the environmental benefi ts, they also have 
high discharge rates, long cycling stability and high 
energy-storage capacity (30—50% higher than Ni-Cd 
batteries) [1, 2]. The electrochemically active materials 
used in these batteries are LaNi5 based. In order to 
obtain the optimum performance, partial substitutions 
of the alloy composition with transition metals and rare 
earth metals have been investigated. Sakai et al [3] have 
studied AB 5 alloys with different elements substitution, 
as Mn, Cr, Al, Co and Cu. It was found that the cycle-
life improves upon the substitution of Ni with the ter-
nary solute in order Mn < Ni < Cu < Cr < Al < Co.

Co is a thermodynamically and kinetically impor-
tant substituting element [4, 5]. However, the mecha-
nism and the kinetics of the electrochemical behaviours 
of Co substitute have been still not clear [6]. That 
makes a subject of many recent researches [4—10]. 
Fundamental knowledge of positive action of Co ad-
ditive in batteries negative electrodes materials is 
necessary to fi nd other substituting elements, which 
are lower cost and more effective.

Beside that, many experimental techniques have 
been developed to study the behaviour of these mate-
rials [11—14], especially the electrochemical imped-
ance measurement [5, 7, 12—20].

Electrochemical impedance spectroscopy (EIS) is 
an essential tool to study a mechanisms of electro-

chemical process, in particular the electrochemical 
charge-discharge process of Ni-MH batteries. EIS 
technique allows studying the electrochemical reaction 
kinetics and particularly some reaction steps.

Impedance analyse of metal hydride electrodes is 
an established characterisation technique, considered 
as a non-destructive [12]. Following an impedance 
measurement, it is usually to research an equivalent 
circuit or to do a mathematic simulation.

In  th is  paper,  ingot  e lec t rodes  of  the 
LaNi4.3–xCoxMn0.4Al0.3 alloys, where x is largely varied 
in range of 0 to 1, have been prepared and utilised to 
study kinetic and mechanistic phenomena using EIS 
technique. The Co content effect on the electrodes 
behaviours has been also examined throughout imped-
ance analysis.

EXPERIMENTAL PROCEDURE
Negative electrode materials of composition 

LaNi4.3–xCoxMn0.4Al0.3, x = 0, 0.25, 0.5, 0.75 and 1.0, 
has been choosen. The preparation of the materials 
comprise of many steps (fi gure 1). The raw metallic 
materials are of high purify. The most signifi cant step 
is annealing at 1100° C during 7 days. All preparation 
were carried out at ITIMS and ITT (VAST).

Figure 2 presents the XRD patterns of the prepared 
materials with different Co ratios x. The crystalline 
structure of the materials are hexagonal as that of 
CuCa5, and all samples of different Co ratios possess 
this structure.
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The sample ingot electrodes were formed, with 
diameters 0.2—1 cm, thickness 0.1—0.5  cm. The 
electrodes are contacted and covered securely by epoxy 
resin. The ingot electrodes surface was subsequently 
polished using abrasive paper grade 600, 800 and 1000. 
it was then several times cleaned, washed, dried, and 
examined using SEM Jeol 5410LV system.

Electrochemical cell is a three electrodes system: 
working electrode (WE), referent electrode (RE, satu-
rated calomel electrode (SCE)), and counter platinum 
mesh electrode (CE). The referent electrode is con-
nected with electrolyte by KCl-bridge and intermedi-
ate vessel containing KOH 6M solution, and second 
KOH-bridge. All of electrochemical impedance mea-
surements are carried out using AUTOLAB PGSTAT 
30 system with FRA (Frequency Response Analyzer) 
4.7 software, at 100 kHz to 10 mHz and amplitude 
5 mV. To control measurement process, a PC with 
special software is used, also for collecting and analys-
ing experimental data.

RESULT AND DISCUSSION
The typical Nyquist plots of the electrochemical 

impedances of the ingot electrodes are presented in 
fi gure 3. As can be seen, the impedances have only one 
semicircle, exception of the fi rst one with x = 0 at 
E = –0.9V, where two fi nal points are typical of a dif-
fusion impedance. However, the diffusion impedance 

is not signifi cant at the applied frequencies range [12, 
13] with ingot electrodes.

The simplifi ed equivalent circuit of those imped-
ances composes two principal components in parallel: 
capacitance of double layer Cdl and charge transfer 
resistance Rct. The diffusion impedance can be repre-
sented by a component W in series with Rct, as shown 
in fi gure 4. It is possible to fi t the experimental data 
fi nding Rct and Cdl, two parameters related to kinetics 
of electrochemical reaction. Variation of these param-
eters with polarisation potentials at different Co ratio 
x is presented in fi gure 5.

In general, Rct increases with increasing applied 
potentials, however, Cdl decreases, with exception Cdl 
of sample M4 at Co ratio x = 0.75. Rct is a important 
kinetic parameter [12]. In the studied electrochemical 
system, there is only hydrogenation / des-hydrogena-
tion charge transfer reaction which is signifi cant, so 
that from Rct data one can estimate the charge transfer 
current using simplifi ed equation Jct = RT/FRct [21] It 
is evident that the smaller is Rct, the more important is 
Jct. For sample M2 x = 0.25, at E = –0.9 V the Rct 
value attains a maximum, that means the rate of charge 
transfer Jct is minimal.

For the other applied potentials, the values of Rct 
are nearly the same. In order to fi nd the Co ratio x 
suitable for the reaction, Rct variation according to x 
was examined (fi gure 6).
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Fig. 1. Block diagram of samples preparation steps.
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Fig. 2. XRD patterns of LaNi4.3–xCoxMn0.4Al0.3, x = 0, x = 0.5 and x = 1.
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Fig. 3. Typical Nyquist plots of impedance of ingot electrodes, Co ratio x = 0 (a), 0.5 (b), 0.75 (c) and 1.0 (d), at different 
polarization potentials.

Fig. 4. Equivalent circuit for the impedance of the ingot electrodes, Rs: solution resistance, Rct: charges transfer resistance, 
Cdl: double layer capacitance, W: diffusion impedance.

Fig. 5. Variation of Rct (a) and Cdl (b) as a function of polarisation potential E, the inserted numbers are Co ratio x.

Fig. 6. Dependency of Rct on the Co ratio x at –0.9 V, –1.0V (a) and at –1.1 V, –1.2 V (b).
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It is evident that for x = 0.75, Rct are minimal at the 
all applied potentials, corresponding to the maximum 
rate of the hydrogen charge transfer reaction. This 
suitable Co ratio x = 0.75 has been also reported previ-
ously [22—26]. However, the value x = 0.5 gives Rct 
very close to that at x = 0.75. The ratio RRct = RctM3/RctM4 
is nearly 1, especially at E = –0.9 (fi gure 7). That means 
that at range x = 0.5—0.75 there is approximately the 
same kinetics of charge-discharge process.

Impedance divides usually to real part Zr and 
imaginary part Zi. Zr characterises the real resistance 
proportion contributing to the total impedance at 
given frequency. For the LaNi5 based ingot electrodes, 
Zr represents the possibility to transfer the charges of 
hydrogen redox throughout the interface at given fre-
quency. For the lowest frequencies, Zr approaches the 
intrinsically kinetic parameter Rp or Rct. Figure 8 pres-
ents a variation of Zr as a function of frequencies in 
log scale.

It is evident that at high frequencies, Zr values are 
small and closing each other. For the rest, Zr evi-
dently depends on Co ratios. For x = 0.5 and 0.75, Zr 
are very approximate and together achieve minima for 
all frequencies range. However, at E = –1.2V, both Zr 
are always the smallest in comparison with those at 
the other Co ratios. Between Zr at x = 0.5 and 0.75, 
there is an alternative exchange of minimal values 
according to frequencies range. There is a compromis-
ing of two Co ratios effect at 0.5 and 0.75.

It is reasonable to consider an existence of fast and 
slow ‘charges’, transfer of which can be considered as 
fast (capable response to high frequencies), and slow 
(the response only manifests at low frequencies), re-
spectively. At the lowest frequencies, the all fast and 
slow charges are similarly affected by the impedance 
signals and their responses to these lowest frequencies 

signals are together joined and undistinguishable. This 
is interesting to correlate the high rate discharge pos-
sibility of the Ni-MH batteries with fast responses of 
hydrogen redox, with considering frequencies range.

For the all Co ratios studied in this paper, the 
value x = 0.75 nevertheless is statistically the most 
suitable for the electrochemical hydrogenation / des-
hydrogenation on the ingot electrode, corresponding 
to the previous results of space charges studies [22, 
23], and others [24—26]. At x = 0.75 the space charg-
es quantity at interne side of the interface solid/liquid 
achieves minimal values, in comparison to the other 
Co ratios [22, 23], corresponding to the highest rate of 
hydrogen redox, and here equivalent to the lowest Rct.

CONCLUSION
E l e c t r o c h e m i c a l  b e h a v i o u r s  o f 

LaNi4.3–xCoxMn0.4Al0.3 alloys in KOH 6M have been 
studied on ingot electrodes which possesses an indis-
cutable advantage in elimination of the surface ge-
ometry effect.

Electrochemical impedance spectroscopy is help-
fully practical tool enable to evaluate kinetic and 
mechanistic parameters, of which the charges transfer 
resistence Rct is one of the most important kinetic 
representant. At Co ratio x = 0.75, the obtained resis-
tance Rct attains minimum meaning the maximum of 
hydrogen redox rate.

According to the variation of Zr, one can correlate 
frequencies effects on Zr with a response rate of the 
ingot electrodes reaction to the impedance signals. 
There are fast responses corresponding to high frequen-
cies, and a slow response appeared only at low frec-
quencies. At the lowest frequncies, both the fast and 
the slow responses join together becoming undistin-
guishable. The frequencies effect seemly concernes 

Fig. 7. Variation of Rct ratio RRct = RctMi/RctM4, on polarisation 
potential E. 1 — RctM1/RctM4; 2 —RctM2/RctM4; 3 — RctM3/RctM4; 
4 — RctM4/RctM4 = 1; 5 — RctM5/RctM4.

Fig. 8. Variation of real part of the electrodes impedance Zr 
at E = –0.9 V (a), and at E = –1.2 V (b), inserted numbers 
are Co ratios x.
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also the effects of applied polarisation and Co contents, 
which do not seem too simple as it has been considered.
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nam, coding No. 1953 1804.

REFERENCES
1. Notten D.H.L. Report techn // Phillips Research 

Labors. 1994. P. 151—153.
2. Uchida H., Sato M. JAC 253-254. 1997. P. 235—237.
3. Sakai T., Oguru K., Miyamura H. [et all] //J. Less-

Common Metals. 1990. V. 161. P. 193—202.
4. Adzic G.D., Johnson J.R., Mukerjee S., McBreen J. 

// J. All. Comps. 1997. V. 253—254. P. 579—582.
5. Pan H., Ma J., Wang C. [et all] // J. All. Comps. 

1999. V. 293—295. P. 648—652
6. Ma J., Pan H., Zhu Y. [et all] // Electrochimica Acta. 

2001. V. 46. P. 2427—2434.
7. Yuan A., Xu N. // J. All. Comps. 2001.V. 322. № 1—2. 

P. 269—275.
8. Mani N., Ramaprabhu S. // J. All. Comps. 2003.V. 

359. № 1—2. P. 300—306.
9. Tai L., Nu N., Hang B. [et all] // 5th National Physic 

Conference, Hanoi, 4—5/3/2001.
10. Mani N., Ramaprabhu S. // J. All. Comps. 2003.V. 

359. № 1—2. P. 300—306.
11. Yukai Y. The Metal-Hydrogen System. Springer, 

Berlin, 1993.
12. Valøen L.O., Tunold R. // J. All. Comps. 2002. 

V. 330—332. P. 810—815.

13. Zhang W.L., Kumar M.P.S., Srinivasan S., Ploehn 
H.J. // J. Electrochem. Soc. 1995. V. 142. P. 2935—2943.

14. Wang C. // J. Electrochem. Soc. 1998. V. 145. № 6. 
P. 1801—1812.

15. Rodigue S., Munichandraiah N., Shukla A.K. // 
Proc. Indian Acad. Sci. (Chem. Soc.). 2001. V. 113. № 5—6. 
P. 527—537.

16. Chartouni D., Kuriyama N., Otto A. [et all] // J. All. 
Comps. 1999. V. 285. № 1—2. P. 292—297.

17. Li S., Pan G.L., Gao X.P. [et all] // J. All. Comps. 
2004. V. 364. P. 250—256.

18. Guenne L., Bernard P. // J. Power Sources. 
2002.V. 105. P. 134—138.

19. Xu Y., He G., Wang X. // International J. Hydrogen 
Energy. 2003. V. 28. № 9. P. 961—965.

20. Valøen L., Lasia A., Jensen J., Tunold R. // 
Electrochimica Acta. 2002. V. 47. № 18. P. 2871—2884.

21. Notten P.H.L., Hokkeling P. // J. Electrochem. Soc. 
1991. V. 238. P. 1877.

22. Que L. // 15e forum Imp. Electrochim. Paris, 2003. 
9 Dec. 2002. P. 176—183.

23. Que L., Thuy N. Solid State Ionics Trend in New 
Millennium / Ed. B.V.R. Chowdari [et all], Word Sci. Publ., 
2003. P. 73—83.

24. Licai M., Junyu T., Zhongqiang Sh. [et all] // J. All. 
Comps. 1999. V. 293—295. P. 829—832.

25. Latroche M., Chabre Y., Percheron-Guegan A. [et 
all] // J. All. Comps.V. 330—332. 2002. P. 787—791.

26. Mao L., Shan Z., Yin S. [et all] // J. All. Comps. 
1999. V. 293—295. P. 825—828.

Do Tra Huong — the candidate of Chemical sciences, 
Thai Nguyen Pedagogical Institute, Thai Nguyen, Vietnam; 
e-mail: dntiendhtn@yahoo.com

Le Xuan Que — the candidate of Chemical sciences, 
Correspondence, associate professor, Institute for Tropical 
Technology, Hanoi, Vietnam; e-mail: lexuanque@yahoo.
com, itt_vast@gawab.com

Nguyen Anh Tien — the post-graduated student of 
chemical faculty, Voronezh State University, Voronezh, 
Russia; e-mail: anhtien0601@rambler.ru

До Ча Хыонг — к.х.н., преподаватель химического 
факультета Тхайнгуенского педагогического института, 
Тхайнгуен, Вьетнам; e-mail: dntiendhtn@yahoo.com

Ле Суан Куе — к.х.н., член-корр., доцент Институ-
та тропической технологии, Ханой, Вьетнам; тел.: 
(00844) 7564333, 8363663; e-mail: lexuanque@yahoo.com, 
itt_vast@gawab.com

Нгуен Ань Тьен — аспирант 3 года обучения хими-
ческого факультета Воронежского государственного 
университета, Воронеж, Россия; e-mail: anhtien0601@
rambler.ru

ELECTROCHEMICAL IMPEDANCE AND CO CONTENT EFFECT OF LaNi5-BASED INGOT ELECTRODES




