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Improvement of high- and low-temperature characteristics of
nickel-metal hydride secondary batteries using rare-earth compounds
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Abstract

Improvement of high- and low-temperature characteristics of nickel–metal hydride secondary batteries using rare-earth compounds is
discussed. High-temperature charge characteristics are improved by coating a sintered positive electrode with yttrium hydroxide due to the
increased oxygen evolution overpotential. Low-temperature discharge characteristics are also improved by adding rare-earth oxides into a
negative electrode due to the increased ratio of metallic nickel at the surface of the hydrogen-absorbing alloy.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Nickel–metal hydride (Ni–MH) secondary batteries have
een widely used for a variety of applications such as digital
till cameras (DSCs), notebook computers and power tools.
ecently, Ni–MH batteries for retail market have been get-

ing important with the growth of the DSC market since users
f DSCs require larger battery capacity for larger filming
umber than alkaline dry batteries. Meeting this customers’
emand, the capacity of the Ni–MH batteries for retail mar-
et has been increasing almost linearly year by year and have
eached approximately double the capacity at the first intro-
uction in 1996 as shown inFig. 1 [1]. For the other applica-

ions, hybrid electric vehicles (HEVs) have been receiving
uch attention from both environmental and economical
oints of view. Ni–MH batteries for HEVs have eventually
een getting important since almost all the commercialized
EVs employ Ni–MH batteries because of their better com-
ination of output power, capacity, life, reliability and cost

2–8].

Ni–MH batteries thus need to match with a variety
applications, and in particular, they are required to w
in a wide temperature range by improving both high-
low-temperature characteristics. The discharge capacit
Ni–MH battery charged at high temperature is usually lo
than that charged at room temperature[9–13]. This is con
sidered to be due to the oxygen evolution reaction or a
reaction (Eq.(2)) of the charging reaction (Eq.(1)) of the
positive electrode at high temperature, either using a sin
nickel electrode or using a non-sintered nickel electrode

Charge reaction

Ni(OH)2 + OH− → NiOOH + H2O + e− (1)

Side reaction of oxygen evolution

4OH− → O2 + 2H2O + 4e−. (2)

In the past, the electrolyte composition[10] and co-
precipitating elements into nickel hydroxide such as co
and calcium[11–15]were investigated in order to improve t
high-temperature charge efficiency. Powder additives
∗ Corresponding author. Tel.: +81 78 993 1129; fax: +81 78 993 1094.
E-mail address: sinyama@sm.energy.sanyo.co.jp (K. Shinyama).

as calcium compounds, barium compounds and rare-earth
compounds are used for this purpose for a non-sintered
nickel electrode[16–20]. However, it is difficult from the
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Fig. 1. Increase in the capacity of an AA-size Ni–MH battery for retail
market (Sanyo HR-3U).

manufacturing point of view to apply such powder addi-
tives to a sintered nickel electrode, which possesses better
power characteristics than a non-sintered nickel electrode
and is suitable for use in HEVs. As for low-temperature
characteristics, it has been reported that the reactivity of the
negative electrode using a hydrogen-absorbing alloy dom-
inates the low-temperature characteristics of a whole cell
[21].

In this report, we focus on the improvement of the high-
and low-temperature characteristics of Ni–MH batteries by
using rare-earth compounds. We discuss the improvement of
high-temperature charge characteristics by coating a sintered
nickel positive electrode with a hydroxide of rare-earth ele-
ments. Improvement of low-temperature characteristics by
adding rare-earth compounds to the negative electrode is also
presented.

2. Experimental

2.1. Modification of sintered positive electrode by
rare-earth compounds [22]

First, yttrium from the rare-earth elements was selected
as a coating material. Calcium from the alkaline earth met-
a nt to
b ted.
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Test cells using the coated positive electrode as the
working electrode and a sintered cadmium electrode as
the counter electrode were assembled in order to exam-
ine the high-temperature characteristics. A three-ingredient
solution of potassium hydroxide, sodium hydroxide and
lithium hydroxide was used as the electrolyte. The condi-
tion testing the high-temperature charge characteristics was
as follows: (1) charge the positive electrode up to 160% of
the theoretical capacity for a one-electron reaction at 1/5C
within an environmental temperature range from 25 to 60◦C.
(2) Set the environmental temperature at 25◦C. (3) Dis-
charge the positive electrode up to a cell voltage of 0.8 V
at 1/3C.

Cylindrical sealed-type AA-size cells using the coated
nickel positive electrode, a hydrogen-absorbing alloy nega-
tive electrode and a three-ingredient electrolyte consisting of
potassium hydroxide, sodium hydroxide and lithium hydrox-
ide was also prepared. The composition of the hydrogen-
absorbing alloy was MmNi3.6Co0.6Al0.3Mn0.5 (Mm: misch
metal). The conditions testing the high-temperature charge
characteristics was as follows: (1) charge the cell up to 120%
of the cell capacity at 1/2C at an environmental temperature
range from 25 to 60◦C. (2) Set the environmental tempera-
ture at 25◦C. (3) Discharge the cell up to a cell voltage of
1.0 V at 1/2C.
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ls and cobalt, which is commonly used as an eleme
e co-precipitated in nickel hydroxide were also selec
fter filling nickel hydroxide into a porous sintering body
sing a chemical impregnation method, the sintering b
ith nickel hydroxide was immersed in an yttrium nitr
olution, calcium nitrate solution or cobalt nitrate solutio
specific gravity of 1.2. By immersion in a sodium hydr

de solution, the sintered nickel positive electrodes sur
oated with yttrium hydroxide, calcium hydroxide and co
ydroxide were obtained, respectively. The amount of c

ng hydroxide was calculated from the weight differenc
he electrode before and after coating. The nickel pos
lectrode coated with yttrium hydroxide was character
ith scanning electron microscopy (SEM) and electron p
icroanalysis (EPMA).
.2. Addition of rare-earth compounds to negative
lectrode

Cylindrical sealed-type AA-size cells were p
ared as follows. A paste-type electrode compri
mNi3.6Co0.6Al0.3Mn0.5 hydrogen-absorbing alloy w
sed as a negative electrode. The rare-earth oxide add

o the negative electrode were selected from gadolin
xide (Gd2O3), terbium oxide (Tb4O7), holmium oxide
Ho2O3), thulium oxide (Tm2O3) and lutetium oxide
Lu2O3). The amount of each additive was 0.5 wt%
he hydrogen-absorbing alloy. A sintered nickel electr
omprising nickel hydroxide co-precipitated with cob
nd zinc and coated with yttrium hydroxide was used
ositive electrode. The negative and positive electrodes
ound with a hydrophilic treated polyolefin separator.
lectrolyte was composed of potassium hydroxide, so
ydroxide and lithium hydroxide.

The DC resistance of the cell was measured as foll
fter being charged to SOC 50%, the cell was discharge
0 s at various currents at 25 and 0◦C and the cell resistan
as calculated as a slope from the relationship betwee
ell voltage and the current. The condition testing the c
haracteristics was as follows: (1) charge up to a cell vo
owered 10 mV from the maximum at room temperatur
C. (2) Discharge up to a cell voltage of 1 V at room te
erature at 1C. The negative electrode alloys added with
are-earth oxides were also characterized with X-ray ph
lectron spectroscopy (XPS) in order to examine chan

he surface structure.
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Fig. 2. Oxygen evolution reaction at the surface of the sintered positive
nickel electrode.

3. Results and discussion

3.1. Improvement of high-temperature charge
characteristics of positive electrode [22]

Our strategy for improving high-temperature charge effi-
ciency is illustrated inFig. 2. The sintered nickel electrode
has a three-dimensional porous structure consisting of a sin-
tered nickel body filled with nickel hydroxide as the active
material. When the cell temperature is high, the side reac-
tion in Eq.(2) occurs, generating oxygen and water. Cobalt
co-precipitation in nickel hydroxide is often used in order to
improve the charge acceptance characteristics. Instead, we
focused on the modification of the active material surface by
coating the nickel positive electrode with hydroxides of other
elements as this side reaction is considered to occur on the
active material surface.

The amount of the coating materials is approximately
2 wt% as shown inTable 1. SEM and EPMA images of the
surface of the nickel positive electrode coated with yttrium
hydroxide are shown inFig. 3. The white dots in the EPMA
image indicate the presence of yttrium, showing that the sur-
face of the nickel hydroxide, which is the active oxygen
evolution site is coated with yttrium hydroxide.

Table 1
Amount of coating hydroxides with respect to the nickel positive electrode
material

Coating Amount of coating hydroxides (wt%)

Cobalt hydroxide 1.8
Yttrium hydroxide 2.4
Calcium hydroxide 2.1

Fig. 4. Effect of hydroxide coating on high-temperature charge efficiency
of test cells.

The effect of hydroxide coating on the high-temperature
charge efficiency of the test cells is shown inFig. 4 in terms
of the discharge capacity ratio versus the charging temper-
ature. The charge efficiency at high temperature has been
improved for all the three hydroxides. In particular, the elec-
trodes using yttrium hydroxide and calcium hydroxide show
a large discharge capacity even for charging at 60◦C. The
cobalt hydroxide shows the same characteristic as the non-
coated electrode for charging at 60◦C, while it shows a
superior capacity compared to the non-coated electrode up
to 55◦C.

In order to interpret the difference depending on the coat-
ing materials, we analyzed the voltage behavior during charg-
ing. Fig. 5 shows the charge characteristics of the test cells
at 25◦C. The potential difference between oxygen evolution
and nickel hydroxide oxidation is large when using the elec-
trodes coated with yttrium hydroxide and calcium hydroxide

a nicke
Fig. 3. Surface SEM and EPMA images of
 l positive electrode coated with yttrium hydroxide.
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Fig. 5. Charge characteristics of test cells at 25◦C.

compared to the non-coated electrode. Coating with yttrium
hydroxide and calcium hydroxide suppresses the oxygen
evolution reaction. The timing of the oxygen evolution reac-
tion is delayed for the electrode coated with cobalt hydrox-
ide although the oxygen evolution overvoltage does not
change.

Fig. 6shows the charge characteristics of the test cells at
60◦C. Among the three elements, yttrium hydroxide and cal-
cium hydroxide suppress the oxygen evolution reaction more
effectively, and high-charge efficiency is achieved even at
high temperatures. Contrary to this, the electrode with cobalt
hydroxide exhibits the same characteristic as the non-coated
electrode, because the drop in oxygen evolution potential is
large. Thus, high-temperature characteristics of a sintered
nickel positive electrode are greatly enhanced when coated
with yttrium hydroxide and calcium hydroxide.

The effect of the hydroxide coating on the high-
temperature charge efficiency of AA cells is shown inFig. 7.
Similarly to the results for the test cells, the AA cells using
the coated positive electrodes show a large discharge capac-
ity at the charge temperature above 40◦C. In particular, the
electrodes using yttrium hydroxide and calcium hydroxide
give a large discharge capacity even when charged at 60◦C
compared to the non-coated electrode.

Fig. 7. Effect of hydroxide coating on high-temperature charge efficiency
of AA cells.

Fig. 8. Function of the surface coating material.

Fig. 8 illustrates a microstructural cross-section of the
coated sintered electrode. The sintered body is originally
nickel metal sintered powders. On the sintered body surface,
the nickel hydroxide active material is maintained to hold the
current collectiveness. This time we coated the surface of the
nickel hydroxide active material with yttrium hydroxide and
calcium hydroxide as shown inFig. 8 and increased in the
oxygen overvoltage.

3.2. Improvement of low-temperature characteristics of
negative electrode

The cell resistance of AA cells using the negative elec-
trodes containing the rare-earth additives at 0 and 25◦C is
shown inTable 2. All the additives brought a decrease in
the cell resistances at both 0 and 25◦C. In particular, the cell

Table 2
Cell resistance at 25 and 0◦C of AA cells using negative electrode added
with rare-earth oxides

Additive Cell resistance at
25◦C (m�)

Cell resistance at
0◦C (m�)

Gd2O3 24.7 46.2
Tb4O7 23.6 44.2
Ho2O3 24.6 46.8
Lu2O3 23.9 46.1
N

Fig. 6. Charge characteristics of test cells at 60◦C.

o additive 24.8 47.4
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Fig. 9. Profile of nickel valence state near the surface of the hydrogen-
absorbing alloy added with terbium oxide.

resistance at 0◦C decreased by 7% for the addition of terbium
oxide compared to the cell without additive.

In order to examine the changes caused by the rare-earth
additives, the valence state of nickel at the surface was mea-
sured using XPS. The nickel valence state of nickel at the
surface for the hydrogen-absorbing alloys with terbium oxide
and without additive is shown inFigs. 9 and 10, respectively.
The ratio of metallic nickel at the surface was increased by
adding the terbium oxide. The metallic nickel at the sur-
face is considered to work as an active site for the charge
and discharge reactions. The addition of rare-earth oxides
thus improves the reactivity of the surface of the hydrogen-
absorbing alloy, bringing the decrease in the cell resistance
even at a low temperature.

The cycle characteristics of the AA cell containing the
terbium oxide were also evaluated at 1C charge–discharge
current in order to examine the effect of the additives on
the cycle life as shown inFig. 11. The addition of ter-
bium oxide prolonged the cycle life by 6% compared to
the cell without additive. It has been considered that the
low-temperature characteristics and cycle characteristics are
usually in a trade-off relationship. The addition of terbium
oxide, however, improved both the low temperature and cycle
characteristics.

F ogen-
a

Fig. 11. Cycle characteristics of AA cells using the negative electrodes with
terbium oxide and without additive.

4. Conclusions

In order to improve high- and low-temperature charac-
teristics for nickel–metal hydride secondary batteries, coat-
ing the positive electrode by hydroxides including yttrium
hydroxide and adding rare-earth oxides to the negative elec-
trode have been investigated. The high-temperature charge
efficiency of a sintered nickel positive electrode is greatly
improved when coated with yttrium hydroxide and calcium
hydroxide by increasing the oxygen overvoltage at active
oxygen evolution sites.

For the low-temperature characteristics, the addition of
rare-earth oxides to the negative electrode decreased the dc
resistance of the negative electrode and the cell at low temper-
ature by increasing the ratio of metallic nickel at the surface
of the hydrogen-absorbing alloy. The reactivity of the neg-
ative electrode is considered to be improved by the surface
modification with nickel. The cycle characteristics are also
improved by the addition of terbium oxide.

References

[1] http://www.global-sanyo.com/news/0407/0706-e.html.
[2] I. Yonezu, Second International Advanced Automotive Battery Con-

ference Proceedings, 2002, p. 26.

100

urces

999)

ro-
ty of

[ 471.
[ 984)

[ rces
ig. 10. Profile of nickel valence state near the surface of the hydr
bsorbing alloy with no additive.
[3] M. Verbrugge, E. Tate, J. Power Sources 126 (2004) 236.
[4] Y.-F. Yang, J. Power Sources 75 (1998) 19.
[5] A. Taniguchi, N. Fujioka, M. Ikoma, A. Ohta, J. Power Sources

(2001) 117.
[6] P. Gifford, J. Adams, D. Corrigan, S. Venkatesan, J. Power So

80 (1999) 157.
[7] T. Sakai, I. Uehara, H. Ishikawa, J. Alloys Compd. 293–295 (1

762.
[8] R.F. Nelson, J. Power Sources 91 (2000) 2.
[9] K. Shinyama, R. Maeda, Y. Matsuura, I. Yonezu, K. Nishio, P

ceedings of 65th Annual Meeting of the Electrochemical Socie
Japan, 1998, p. 162 (abstract).

10] M. Oshitani, M. Yamane, S. Hattori, J. Power Sources 8 (1980)
11] M. Oshitani, Y. Sasaki, K. Yakashima, J. Power Sources 12 (1

219.
12] D.M. Constantin, E.M. Rus, L. Oniciu, L. Ghergari, J. Power Sou

74 (1998) 188.



K. Shinyama et al. / Journal of Alloys and Compounds 408–412 (2006) 288–293 293

[13] E.J. Casey, A.R. Dubois, P.E. Lake, W.Z. Moroz, J. Electrochem.
Soc. 112 (1965) 371.

[14] M.E. Folquer, J.R. Vilche, A.J. Arvia, J. Electroanal. Chem. 172
(1984) 235.

[15] D.F. Pickett, J.T. Maloy, J. Electrochem. Soc. 125 (1978) 1026.
[16] H. Nakahara, H. Sasaki, T. Murata, M. Yamachi, GS News Tech.

Rep. 57 (1) (1998) 26.
[17] H. Matsuda, M. Ikoma, Denki Kagaku (presently Electrochemistry)

65 (1997) 96.
[18] A. Yuan, S. Cheng, J. Zhang, C. Cao, J. Power Sources 76 (1998)

36.

[19] C. Shaoan, Y. Anbao, L. Hong, Z. Jianqing, C. Chunan, J. Power
Sources 76 (1998) 215.

[20] K. Ohta, K. Hayashi, H. Matsuda, Y. Toyoguchi, Proceedings of
186th Annual Meeting of the Electrochemical Society, 1994, p. 98
(abstract).

[21] K. Ishiwa, Y. Katayama, M. Wakino, M. Takee, T. Tamagawa, K.
Shinyama, Y. Magari, H. Nakamura, Proceedings of 9th Ulm Elec-
trochemical Talks, 2004, p. 22 (abstract).

[22] K. Shinyama, Y. Magari, A. Funahashi, T. Nohma, I. Yonezu, Elec-
trochemistry 71 (2003) 686.


	Improvement of high- and low-temperature characteristics of nickel-metal hydride secondary batteries using rare-earth compounds
	Introduction
	Experimental
	Modification of sintered positive electrode by rare-earth compounds [22]
	Addition of rare-earth compounds to negative electrode

	Results and discussion
	Improvement of high-temperature charge characteristics of positive electrode [22]
	Improvement of low-temperature characteristics of negative electrode

	Conclusions
	References


