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Abstract

Alkaline rechargeable battery systems have been under development for more than 100 years yet. Different electrochemical couples of
positive and negative materials have been subject of research and development, but only the nickel-cadmium system (NiCd) and, since
about 10 years, the nickel-metal hydride system (NiMH) have achieved the stage of large volume production. Particularly, sealed NiCd
and NiMH cells have been established in a variety of applications. Recent advances with the NiMH system have brought about portable
batteries with energy storing capabilities coming close to those of alkaline primary cells. Although representing a technically interesting
solution even for electric vehicles, relatively high cost will limit the use of rechargeable alkaline batteries to small high power batteries for
hybrid electric vehicles. Basic technological developments for materials suitable for high energy and high power design are described.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction maintenance-free battery could be realised hence limiting
the use of NiFe accumulators to some traction and UPS
Alkaline batteries have been playing an important role in applications. Despite a lot of efforts also the NizZn system
the field of electric energy storing devices for more than could not be developed successfully to a rechargeable battery
100 years. Since the discovery of the nickel-iron accumula- system. Lacking stability of the negative electrode with the
tor by Edison and of the nickel-cadmium battery system by tendency of growing Zn dendrites is the main reason for
Jungnen1,2], a multitude of inventions has contributed to limited service life[1].
make alkaline rechargeable electrochemical energy storing The only rechargeable alkaline system using a cathode
systems viable for a big market. This is particularly valid for other than a Ni-based material is the manganese/zinc system.
the big consumer market driven by new electronic devices Considerable efforts have been taken to bring this system to
emerging since the last 20 years. The situation looks differ- the market placé4]. Its most interesting features are high
ent for the traction and UPS market. Because of the consid-specific energy and relatively low cost. Nonetheless, lacking
erably higher price in comparison to lead-based batteries, stability in terms of capacity turnover kept this interesting
these systems—most of them based on nickel as cathodesystem from penetrating the market on large scale.
material—have been mainly used for those applicationswere By end of the 1980s, the nickel-metal hydride system
lead—acid batteries exhibited weak behaviour. This mainly appeared in the markd5,6]. Main change to the other
means high continuous power capability, fast recharge andnickel-based rechargeable system is the replacement of the
long service life, particularly in terms of energy turnover.  anode by a material capable of reversibly storing hydrogen.
In general, there are five different systems which have This development was enabled by the availability of new
been under development for a long time in the last century. hydrogen-storing alloys which are stable under exposure to
The NiCd system first developed by Jungner is still present strong caustic media and a high number of charge/discharge
in the market. Especially, the realisation of maintenance-free cycles[7,8]. Increased specific capacities and high capacity
sealed NiCd cells by Neumann et |] in 1950s made this  densities of the negative electrode resulting from the em-
system dominating the market for portable accumulators for ployment of these hydride materials have been the reason for
more than 30 years. NiFe batteries played a less importanta considerable increase of energy storing capacity of cells
role. Because of the instability of the Fe anode, no sealed andmanufactured therewith. Particularly, the increased energy
density has been highly desired by the upcoming market of
mpondmg author. Tels49-511-975-1830: new portable applicatio_ns in the last decade bringing about a
fax: +49-511-975-1801. variety of new electronic products as are notebook comput-
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Fig. 1. Specific energy and energy density of various portable battery systems (cell based).

teries have continuously taken over the biggest part of the focus of development, traction and vehicle applications are
NiCd market since. Besides the significantly better techni- requesting especially high power capability and long service
cal properties, the lacking of poisonous heavy metals as,life in terms of calendar endurance and capacity turnover.
e.g. cadmium is another important argument. However, the The realisation of cells with high capacities, and high
further spreading of NiMH batteries runs under the strong energy storing capability was enabled by a couple of dif-
competition by the rechargeable Li-ion system, which has a ferent basic developments in the past. At the positive po-
considerable advantage in terms of specific energy. larity, the replacement of the positive Ni sinter electrode
Fig. 1displays specific energies and energy densities for with the Ni foam electrode has brought about an around
the various systems. Because of the described technical im-50% volumetric capacity increase. This technical achieve-
itations only NiCd and NiMH batteries will be considered ment was enabled by the considerably higher void volume
for future applications. Mid term, the use of NiCd batter- fraction of the foam electrode and the employment of new
ies is expected to be limited to special applications which high density types of nickel hydroxides. While Ni sinter
NiMH batteries cannot serve. electrodes typically have capacity densities of approximately
450 mAh/cn?, nickel foam type electrodes reach values up
to 700 mAh/cni (Fig. 2). The technical progress on the neg-
2. Alkaline battery systems for different applications ative polarity was even more impressive. The change from
the originally used Cd sinter electrode to the negative slurry
Besides portable applications, it is mainly the market for electrode resulted in a some 30% volumetric capacity in-
current and future traction which is challenging the devel- crease. A more drastic increase, however, was achieved by
opment of alkaline rechargeable systems. While for high replacing cadmium hydroxide at the negative electrode with
portable applications high energy storing capability is in the hydride-forming metal alloys. Up to 150% higher volumetric
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Fig. 2. Capacity densities of positive nickel electrodes, negative cadmium and metal hydride electrodes.
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capacities have been achieved meanwttlig.(2). This is binder. A polyolefin foil was used as a separator. The nega-
the main reason why NiMH cells on the portable market tive electrode consists of a hydrogen storage alloy and a con-
available these days have an about 60% higher storage caductive carbon/PTFE mixture. A mixture of 6.5 mol/l KOH
pability than corresponding NiCd cells have. Besides the and 0.5 mol/l LiOH was used as an electrolyte. The capac-
improvements with the electrodes other achievements as ardty of the NiMH cells was limited by the positive electrode.
thinner separator materials, new electrode design and special' he capacity was measured after 10 charge/discharge cycles
electrolyte compositions have also contributed to technical at aC/5 rate. From discharge curves with various discharge
progress. currents, the average discharge voltage was obtained, char-
The main advantage of alkaline batteries in vehicles is acterising the rate capability. Hydrogen storage alloys were
their high charge and discharge power capability and their also examined in cylindrical NiMH cells using a foam type
excellentlong term endurance. Both features are essential forpositive electrode.
future vehicle applications. This is especially true for hybrid
electric vehicles (HEVs) which are very likely to come to the
market place on larger scale within the next years, but also4. Results and discussion
for new vehicle electric supply systems. The electric power
supply systems will be based on an increased voltage level4.1. Effect of nickel hydroxide material on the
for supplying a multitude of new energy and power demand- performance of NiMH batteries
ing vehicle functions. Alkaline batteries for pure electric ve-
hicles (EVs) will remain a small niche market, because of  The nickel hydroxide materials used in this study had a
the still limited driving range even with these advanced bat- spherical or nearly spherical shape. The materials differ in
teries and the relatively high cost. Both make these cars little surface area, powder morphology as well as in crystallite
interesting for a mass market. Over the last years, a couplesize and in the degree of disorder in the crystal structure.
of different products were developed. By use of advanced The structure of3-nickel hydroxide consists of Ni(OH)
materials and optimised electrode and cell design, specificslabs from which protons can be deintercalated during elec-
power capability up to 1300 W/kg could be demonstrated. trochemical cycling to yiel-NiOOH. This process is re-
Life testing exhibited results demonstrating the chance of versible, thusp-nickel hydroxide can be cycled between
realising power systems which may reach the life endurancep-Ni(OH), and B-NiOOH. During overcharge3-NiOOH
of typical cars (10 years, more than 200,000 km). may be transferred tg-NiOOH, where water (inter-slab
In the following sections, the considerations for future water) and alkali ions are intercalated between the NiOOH
rechargeable alkaline systems will be limited to recent de- slabs in they-phase[10,11] Crystal imperfections due to
velopments with the nickel-metal hydride system. The de- stacking mistakes of the Ni(Obl)slabs or growth defects
velopment of the active storing electrode materials on both lead to a so called disordered material.
polarities and their influence on the electrochemical cell per- The decomposition of the nickel hydroxide samples was
formance will be in the focus. performed thermally in aluminum crucibles in the DSC ap-
paratus under an inert gas atmosphere. When beginning the
heating process at room temperature, the materials lose sur-
3. Experimental face water up to 100C. The amount of surface water often
correlates with the surface area of the nickel hydroxide pow-
X-ray diffraction analysis of electrode materials was per- der. Inter-slab water is removed between 100 and°£30
formed with a Siemens D500 diffractometer with Cae K Above 270°C, the nickel hydroxide begins to decompose,
radiation. Scan rate was 0.0@20), step time was 0.3s. The generating water and nickel oxide (deig. 3) [12].
samples were measured and analysed four times, the peak A slight correlation was found between the decomposi-
broadening (full width at half maximum (FWHM)) was de- tion temperature of the nickel hydroxide and the degree of
termined via a Siemens software. The degree of disorder wasdisorder of the material (sd€g. 4). An explanation for this
calculated from the line width of the (1 0 1) line according to behaviour is given by Wronski et g9,10]. They suppose
[9], lattice parameters were calculated via Siemens software.that the hydroxyl groups can be removed more easily as their
X-ray diffraction of the hydride phase of hydrogen storage mobility is increased by ordering defects in the host lattice.
alloys was performed in a hydrogen pressure cell under hy- Highly ordered materials with a degree of disorder be-
drogen loading. The lattice parameters were determined af-low 10% show a DSC peak at about 325385 whereas
ter Rietveld refinement. Pressure—composition—temperaturematerials with a higher degree of disorder of 20% decom-
(PCT) curves were obtained from the alloy supplier. Ther- pose at a significantly lower temperature of 290-300
mal analysis was performed with the thermal analysis unit The intercalation and release of protons into and from the
DSC 200 from Netzsch. For the electrochemical examina- nickel hydroxide host lattice is expected to be enhanced by
tions, positive electrodes were made from the nickel hydrox- crystal imperfection. There can be stacking defects as well
ide samples consisting of said nickel hydroxide, a cobalt as growth defects producing vacancies for enhanced pro-
source like cobalt hydroxide or cobalt oxide and PTFE as a ton hopping conduction in the host lattice. The utilisation
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Fig. 3. DSC curves of different nickel hydroxides.

of nickel hydroxide often suffers from its low conductivity. by a FWHM of the (10 1) line of 0.5(20) or less exhibited
Disorder may also result in an enhanced conductivity espe-a specific capacity of about 220-230 mAh/g. Less ordered
cially when cobalt is introduced into the lattice replacing materials showing a FWHM of the (10 1) line of 0.26) or
nickel. Due to Guinier’s theory of layered imperfect crystals, more had a specific capacity of about 270—-280 mAh/g, which
Wronski et al[9] used the concept of the degree of disorder comes close to the theoretical value of 289 mAh/g Ni(@H)
to quantify the defects in the stacking of basal planes. The Taking into account that the studied nickel hydroxides were
broadening of the (10 1) line is used according&d 0] for doped hydroxides substituting, e.g. some cobalt and zinc
the calculation of the degree of disorder in the present work. for nickel, the latter values correspond to a mass utilisation
Peak broadening is also related to a reduced crystallite size close to 100% of the theoretical value.
The line broadening due to the size effect is therefore over- The specific capacity of the nickel hydroxide material is
laying the line broadening due to disorder in the arrangementa main topic for high energy demands, since the capacity
of the lattice planes. A correlation between the specific ca- of nickel-metal hydride cells is determined by the posi-
pacity and the width of the (101) line (FWHM) was found tive electrode and its active material. A good high power
for various nickel hydroxide materials (s€éy. 5). capability on the other hand is also important especially
As has been discussed earlier, the broadening of the (1 0 1)or applications in the field of electric vehicles and hybrid
line is mainly caused by disorder effects rather than by a vehicles. Therefore, the high power capability of different
decreased crystallite size. The latter mainly influences the nickel hydroxides was also evaluated ($ag. 6).
(001) and (100) reflectiond 3]. Therefore, the increasing A correlation between the average discharge voltage at a
specific capacity of the various nickel hydroxide materials discharge rate of X0, measured at a complete NiMH cell
can be explained by an increasing degree of disorder in the(corresponding to a discharge time of 6 min) and the line
stacking of the basal planes. Nickel hydroxides characterisedwidth of the (1 01) line in the X-ray diffraction pattern was
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Fig. 4. Correlation between decomposition temperature and the degree of disorder of various nickel hydroxides.
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Fig. 6. Correlation between the average discharge voltage folCadi€tharge rate at 2 and the line width of the (101) line.

found (Fig. 6). As the line broadening of the (101) peak formation of theB-phase resulting in a two phase region,
is mainly caused by stacking mistakes of the basal planes,where the equilibrium pressure remains constant. After the
the increasing discharge voltage at high rate discharge cur-B-phase formation is completed, a further increase of the hy-
rents is ascribed to improved proton diffusion by disorder drogen concentration results in a solid solution of hydrogen
effects. Nickel hydroxides with a higher degree of disorder in the B-phase, which is characterised by further increasing
represented by a higher broadening of the (10 1) peak, show

an average discharge voltage at a&ldischarge which is

60-100 mV higher than that of corresponding materials with
higher ordered structure. Teritical
-~ e .
: 2 . ~ Ts
4.2. Effect of hydrogen storage alloy material on the 2
performance of NiMH batteries o -/
a £ a+B / . B

The absorption and desorption equilibrium of hydrogen T o N N
by ABs alloys is represented BYCT isothermg14] as are / / T,
shown schematically ifrig. 7. ! )

Prior to the formation of the hydride phasephase, a N "
so calleda-phase is built, this is describing the solid solu- X in ABgH,

tion of hydrogen in the alloy host lattice. A further increase
of the hydrogen concentration in the host lattice leads to the Fig. 7. PCT diagram of a AB type hydrogen storage alloy.
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pressure. The hydrogen concentration in the alloy lattice de- 1.4 -
pends on the temperature. 1.2 4

AB5 alloys for battery applications must be able to take
up hydrogen not only from hydrogen gas phase but also elec-
trochemically. An equilibrium pressure compatible with the
mechanical stability of the cell case is a key issue. Electro-
chemical stability against a strong caustic medium as well as
fast electron and hydrogen transfer reactions at the particle
surface enabling rapid charging and discharging are crucial
for the cell performance.

The formation of the hydride phase goes along with an capacity [Ah]
increase of the unit cell volume. The volume expansion as
well as the hydrogen equilibrium pressure are related to
the alloy composition. In a series, an ABCo, hydrogen
storage alloys with B consisting of a mixture of nickel and
other elements like aluminum or manganese or others and In this series of different hydrogen storage alloy com-
with Co substituting for nickel, the volume of the hydride positions, a correlation between the cobalt conterin
phase as well as the hydrogen equilibrium pressure wereABs5_,Co, and the average discharge voltage was observed.
found to decrease with an increasing cobalt conteigf. (8). This is especially valid for high discharge currents (see

Uzocatorc [V]

Fig. 9. Influence of the cobalt content in AB.Co, alloys on the average
discharge voltage for a ZDdischarge rate at C.
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Fig. 9), representing discharge voltages unde€ 2@te at 90
0°C. = 80

The average discharge voltage of aC2tate at 0C as <
well as the discharge capacity decrease with increasing £ 07 o Tigh Eneray
cobalt content. While the basic composition ABhows a % 60 0.~ High Power
high average discharge voltage of about 950 mV under these & 5o - = © —Ulira High Power
conditions, the compound with the highest cobalt content 5 ,, | -
(AB4.3C0oy.7) exhibit a significantly lower average discharge 2 a C==O-~0 o ~Oa
voltage of 720mV and an inferior capacity. From these © 307 =
data, a correlation between hydrogen equilibrium pressure & 20 7 =
and high rate capability can be deducé&i( 10. 8 10 -

The highest average discharge voltage for@ adidcharge 2 ‘ ‘ ‘ ‘ ‘ ‘
rate at @C was found with the alloy having the highest 0 200 400 600 800 1000 1200 1400
hydrogen equilibrium pressure corresponding to the lowest Spec. Discharge Power / (Wikg)

cobalt content in the AB_,Co, alloy series. High rate dis-
charge voltages decrease with decreasing hydrogen equi"bFig. 12. Specific discharge energy vs. specific discharge power for different
rium pressure. NiMH cell types.

The equilibrium pressure represents the thermodynamic
stability of the hydride phase. The kinetics of electron and alloy bulk. This goes along with a decreased kinetics of hy-
hydrogen transfer dominating the discharge capability, how- drogen release from the metallic solid phase. The effect of
ever, is determined also by other factors. The amount of thethe surface area can be taken fréig. 11 ABs type alloys
surface area as well as its catalytic activity are of great im- with different particle sizes, characterised by tty value,
portance with respect to power performance. Particularly, were tested under high rate discharge conditions.
the chemical composition of the hydrogen storage alloy A discharge current corresponding to eClte was ap-
may affect the hydrogen transportation and the electron plied at 0°C. An average discharge voltage of 0.98V for
transfer. Layers consisting of insulating oxides normally are cells with fine alloy particles<€20m) was observed. This
formed by corrosion at the surface of the particles in alkaline is drastically higher in comparison to the value of 0.86V
medium. These surface layers may act as barriers for elec-measured at cells with relatively coarse particles (z60.
tron and hydrogen transfer. Studies of the surface structure oflt is well known that hydride-forming metallic alloy parti-
electrochemically cycled hydrogen storage alloys confirmed cles break into finer pieces during electrochemical cycling,
the evidence of surface layers consisting of rare earth ox-so increasing the intrinsic active surface area over cycling.
ides or hydroxide$7]. Underneath the oxide surface layer,
a nickel-enriched layer was observed. Its presence is gen-
erally regarded responsible for high electrocatalytic activity 5. Conclusion
for hydrogen and electron absorption and desorption. Stable
hydrides are represented by a low equilibrium pressure due Technical progress with the nickel-metal hydride system
to a strong chemical binding of the hydrogen to the metal triggered by the development of advanced positive and neg-
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