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Chapter 1

General introduction



1.1 Scope

After the industrial revolution, mankind invented a method to get electrical energy
from fossil fuels. Energy consumption has then exponentially increased by the shift to
industrialization ~ with  mass-production and  mass-consumption and the
information-oriented society with the development of the IT technique, that caused
various environmental problems such as limited fossil fuels, air pollution and global
warming.

The development of alternative energy sources is indispensable to control the
occurrence of environmental problems and to continue economic development.
Moreover, it is important to minimize the consumption of fossil fuels by pushing
forward the development of energy-saving techniques. These new technologies have
attracted much interest by the global deployment of a new fiscal policy “Green New
Deal”. As an alternative energy source, a method to convert natural energy sources, such
as solar, wind and tidal powers, into electric energy has been energetically investigated.
For the natural power sources, the quantity of generation easily fluctuates dependent on
the local weather and time. A stable electricity supply is required in order to use these
energy sources as a social power supply network. Energy storage devices can effectively
improve the noticeable fluctuations in the generated power. Large-sized energy storage
systems, such as secondary batteries, should be developed and widely used for
renewable energy applications.

Currently, Pb-acid batteries have been widely used as the battery for industrial
applications. The reason why this battery has been widely used is because it is
economical and inexpensive [1]. However, the Pb-acid battery has a low energy-density
and power, and the Pb causes environmental problems.

The R&D studies of secondary batteries are now focused on applications for use in a



hybrid electric vehicle (HEV) and electric vehicle (EV). The HEV, which realizes on
energy-savings by combining the gasoline engine and battery, has been commercialized
and widely used [2-7]. Over 3 million of the HEV “Prius” commercialized by Toyota
were sold during the past 15 years [8]. The nickel-metal hydride (Ni-MH) battery is
generally used as the battery of HEVs.

In the near future, a smart grid, which is a method of controlling the renewable
energies with large load-fluctuations by secondary batteries and IT technology, will be
developed and applied on a global scale. In this situation, requirements for further
high-performance rechargeable batteries would be increased [9 - 11]. The total energy
management, which performs energy storage and supply between a plug-in hybrid
electric vehicle (PHEV) and the power grid (smart grid), is examined and introduced.

As the larger-scale battery applications, a battery-driven light rail vehicle (LRV) and
wayside energy storage system for railways, which stores regenerative energy and
supplies the stored power to other trains, has been developed [12-21]. The large-scale
battery systems capable of delivering several hundreds of kWhs are necessary for the
railway applications [15-19, 22, 23]. Verification tests have been carried out for both the
Ni-MH battery [12-19] and the Li-ion battery [20-21]. However, their expensive costs
have to be reduced for the widespread use of these applications. The development of
these high-performance large-scale battery systems would promote penetration into the
social-infrastructure of future large-scale grid systems.

The Ni-MH battery does not contain elements which have a significant impact on
the environment, and uses hydrogen as the active material. Hydrogen is a clean energy
source. However, large containers are necessary to store the gaseous hydrogen.
Therefore, a hydrogen storage material is necessary as the medium to store gaseous

hydrogen at a normal pressure and ambient temperature [24-26]. In this battery, an



alkaline aqueous solution is used as the electrolyte thus it exhibits a superior safety to
the lithium-ion (Li-ion) battery, which uses a combustible organic electrolyte. For the
Li-ion battery, safety is one of the most important subjects in the development of a
large-sized cell. Energetic research by many groups has remarkably improved the safety
of the Li-ion battery [27, 28], but the development of a large-sized Ni-MH battery,
which uses a noncombustible electrolyte, plays a significant role in ensuring the

widespread use of energy-storage devices for industrial applications.

1.2 Background of this research

A device picking up electric energy using the oxidation-reduction reaction of
materials is called a chemical battery. Chemical batteries are classified into three groups,
namely, the primary battery, secondary battery and fuel cell. For the secondary battery, a
reverse current needs to flow through the battery which has discharged in order to return
it to its original state before the discharge again. In other words, a secondary battery
may be called a rechargeable battery because it is a battery which can be charged [29,
30].

The first secondary battery was the Pb-acid battery invented by R.L.G. Planté in 1859.
In 1899, Swedish W. Junger developed the nickel-cadmium (Ni-Cd) secondary battery,
and in 1900, American T. Edison developed the nickel-iron (Ni-Fe) secondary battery.
Edison’s Ni-Fe battery was used as a power source of an electric vehicle which was able
to travel 160km on one charge. Junger’s Ni-Cd battery was commercialized in 1946, and
was widely used as a small consumer battery.

In 1990, the nickel-metal hydride (Ni-MH) battery was developed using a
combination of hydrogen storage alloys and battery technologies [2]. This battery has a

two times higher energy density and fewer environmental problems, but is much more



expensive than the conventional Ni-Cd battery. As the legal regulations for the disposal
of Ni-Cd batteries became very strict, replacing Ni-Cd batteries with Ni-MH batteries in
the small rechargeable battery market rapidly expanded. The Ni-MH batteries are
widely used as the power sources of hybrid electric vehicles (HEVs) as well as
consumer electronic devices. The demand for the Ni-MH batteries is increasing due to
the increasing focus on the environment and its sustainability.

In the 1950s, the development of a battery using metallic lithium (Li) as the anode,
which can provide a higher energy density than other anode materials, occurred [31]. In
the 1970s, the lithium primary cell was commercialized [32]. Moreover, in 1991, the
first Li-ion battery, which uses LiCoO, and carbon as the cathode and anode materials,
respectively, was developed and commercialized [33, 34]. The Li-ion batteries have
been used as the power source of consumer electric devices, such as mobile phones,

laptop computers and power tools because of its superior high energy density.

1.3 General concept of the nickel-metal hydride battery

The nickel-metal hydride (Ni-MH) battery has emerged from the conventional
alkaline secondary battery using a different negative-electrode material. The principle of
the Ni-MH battery is explained in the Fig. 1.1. Nickel hydroxide (Ni(OH),) and a metal
hydride (MH) are used as the positive and negative electrode materials, respectively. As
the electrolyte, a potassium hydroxide-based aqueous solution is used.

The metal hydride (MH) is a hydrogen absorbed alloy, and LaNisH¢ is one of the
representative examples. For the commercialized Ni-MH batteries, Mm (mish metal)
has been used instead of La because of its performance and cost. Part of the Ni is
replaced by several other transition metals such as cobalt (Co), manganese (Mn) and

aluminum (Al).



The charge and discharge reactions are expressed as follows [35].

Positive: Ni(OH), + OH™ <> NiOOH + H,O + ¢’ (1.1)
Negative: M + H,O <> MH + OH" (1.2)
Overall reaction: Ni(OH), + M < NiOOH + MH (1.3)

As shown by reaction (1.3), the water does not contribute to the battery reaction.
Therefore, the electrolyte density is constantly maintained. The theoretical
electromotive force, the real working voltage and the operating temperature are almost

the same as those of a nickel-cadmium battery.

Load

Battery
charger

Negative Alkaline Positive
electrode electrolyte electrode
(MH) (KOH) (Ni(OH),)

Figure 1.1: Schematic view of charge reaction for Ni-MH battery.



During the charging process, the positive Ni(OH), is converted to nickel
oxy-hydroxide (NiOOH), and hydrogen is electrochemically absorbed by the negative
electrode alloy. Moreover, during the overcharging process, oxygen is generated in the
positive electrode by water-electrolysis. This oxygen changes into a hydroxyl group at

the negative alloy surface as shown by reactions (1.4) and (1.5).

Positive: 40H — 2H,0 + O, + 4¢ (1.4)

Negative: 2H,0 + O, +4¢” — 40H" (1.5)

1.4 Components for Ni-MH battery
1.4.1 Positive electrode

The nickel hydroxide, Ni(OH),, is used as the positive-electrode material. This
material is a layered compound with a Cdl,-type crystal structure [36, 37]. As shown in
Fig. 1.2, the nickel-ion is sandwiched between the hexagonally closed packed
hydroxide-ion layers, corresponding to the octahedral coordinated layered-structure.
The OH bonding arranges in the c-axis direction that is perpendicular to the layer. The
interlayer distance is approximately 4.6A, and the layers are connected by van der
Waals forces, meaning that the hydrogen ion (proton) can easily move. This crystal
structure is called B-Ni(OH),, and its density is 3.97g/cm’. The interlayer distance
increases to 7A upon water-molecule intercalation. This structure is called a-Ni(OH)s,
and its density is 2.82g/cm’.

The B-Ni(OH), has been generally used as the positive active material of alkaline
secondary battery. Its layered structure is maintained during the charge and discharge
processes, and the proton goes in and out between the layers. The nickel valence is

transformed between 2" and 3" during the typical charging and discharging.



Figure 1.2: Crystal structure of B-Ni(OH),, (a) primitive lattice, (b) outline of atomic

arrangement

The a-Ni(OH),, involving the a-Ni(OH),/y-NiOOH transition, has received much
attention as a high-capacity active material for the positive electrode of advanced
Ni-MH batteries. In this reaction, the nickel valence would be increased to 3.3 — 3.7. In

general, the pure a-Ni(OH), is unstable in an alkali electrolyte, being easily transformed



Charge
B-Ni(OH), B-NiOOH + H* + ¢
Discharge |

Overdischarge

o-Ni(OH), Plcharee o NiOOH + H* + e

Figure 1.3: Charge and discharge behavior of nickel hydroxide (Bode diagram).

into B-Ni(OH), as shown in Fig.1.3. To stabilize the o-Ni(OH), structure, partial
substitution of the nickel in the Ni(OH), by other elements, such as Co [38], Fe [39],
Mn [40-42], Al [43], and Zn [44], have been carried out. Substitution by trivalent Al
ions over 20mol% stabilizes the a-Ni(OH), structure. In recent studies, several new
Al-substituted materials, such as the a-Ni(OH); thin film [45] and a-Ni(OH),/carbon
composite [46], were developed by a liquid phase deposition method.

However, the a-Ni(OH),/y-NiOOH transformation produces a 30% volume change,
causing the active-material separation from the substrate and capacity decay.
Furthermore, the y-NiOOH would be formed during the overcharge of the B-Ni(OH),.
The expanded y-NiOOH absorbs electrolyte, and then causes dry out of the battery.
Generally, zinc or magnesium are coprecipitated with the Ni(OH), to prevent the
formation of y-NiOOH [47]. In order to create a greater high-capacity positive electrode,
the utilization of the a-Ni(OH),/y-NiOOH transformation is expected.

A paste-type electrode is generally used for the Ni-MH battery in order to increase
the energy density of the nickel positive electrode [48-50]. This electrode is comprised

of a spherical Ni(OH), powder which is loaded on a porous nickel foam substrate. In



order to improve the low electrical conductivity of Ni(OH), and increase the
active-material utilization, the addition of a conductive agent is required. In general, the
surface of the Ni(OH), particle is coated with cobalt materials such as Co(OH),;, CoO
and CoOOH [48,49,51,52]. The cobalt materials are transformed into CoOOH having a

high electrical conductivity during the charging process.

1.4.2 Negative electrode

The negative electrode alloy is required to have a high reversible hydrogen capacity
at room temperature and long cycle-life performance in an alkaline electrolyte. In order
to satisfy these requirements, the material consisting of light elements with a reversible
hydrogen storage property at room temperature, alkaline resistance and oxidation
resistance is required. There are few materials meeting these specifications in spite of
many hydrogen storage materials.

In general, the ABs type Mm(Ni,Co,Mn,Al)s (Mm: misch-metal, A: Mm, B: transition
metals and Al) alloys have been used as the negative material. In these types of alloys,
cobalt (Co) i1s added to improve the cycle-life performance of the alloy electrode. The
manganese (Mn) and aluminum (Al) are added to regulate the hydrogen equilibrium
pressure (EP). The Mn can regulate the EP without reducing the hydrogen storage
capacity. However, the Co and manganese (Mn) cause an increased self-discharge
[53-55]. In the 1970s, the MmNis and MmNis. .M, (M = Co, Mn and Al) base materials
had already been developed and their hydrogen storage properties investigated [56, 57].
In the 1980s, these alloys were developed as the negative materials of an alkaline
secondary battery [58, 59]. In the 1990s, these materials were used for commercialized
Ni-MH batteries [1, 60].

The AB,-type alloys (A: Ti, Zr, B:Ni, V, Mn, Co, Cr, Al, etc.) were also used as the

10



negative alloy [61 - 64]. The theoretical capacity of this alloy is greater than that of the
ABs-type one. However, these alloys are not used because of the difficulty of activation
and the various battery performance deteriorations such as cycle-life, power and
self-discharge.

In 1997, the REMg,Ty (ABs; RE = rare earth, T = transition metals) with the high
discharge capacity of 370mAh/g was discovered [65-71], and this discovery has led to
the development of various RE-Mg-Ni based alloys (ABs0.3.7; A= La, Pr, Nd and Mg, B
= Ni, Al, Co, Mn) [72-75]. In these crystal structures, the ABs lattice and AB, one are
alternately stacked in the c-axis direction. The stacked structure would maintain a good
cycle-life performance in spite of the Co-less or Co-free composition. Dependent on the
stacking numbers, various crystal structures, such as the PuNis-type, Ce;Nis-type and
PrsCojo-type ones, exist as shown in Fig. 1.4.

AB A
/_ABS 3 ? /~ sBio N

Conventional

/ alloys

AB; AB AB
AB, A.B, B "
CaCu AB ’ AB. 5 5
: : : AB, AB,
ik &b, AB AB
=
PuNi, CeNi AB AB.
C14 Laves N > - "
5 5
A,B, AB, AB,
AB, AB,
AB, AB, AB, AB,
AB, AB, AB, AB,
AB, A.B, AB, AB,
AB, AB, AB, AB,
AB, AB, AB, AB,
AB AB, AB, AB,

\ 6oy CexNiy ) \Cescmg PrscOw/

Figure 1.4: Schematic view (perpendicular to c-axis direction) of stacking structure

observed in RE-Mg-Ni based alloys.
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1.4.3 Separator [76]

The role of the separator is to separate both electrodes so that the positive one does
not make electrical contact with the negative one. Moreover, various functions, such as
electrolyte retention between both electrodes, gas permeability, absorbing the volume
changes in the electrodes and trapping the deposit are required to maintain the battery
performance.

Previously, a nonwoven nylon fabric was used as the separator of an alkaline
secondary battery [53]. However, the nylon easily decomposed during the overcharge
process or the dried out, and poor safety was a problem. Currently, a polyolefin fabric,
such as the nonwoven fabric of polypropylene fibers is generally used. In order to
improve the hydrophilicity of the polyolefin fiber, a hydrophilic processing with fuming
sulfuric acid is carried out.

A thinner separator is generally desirable to preserve the battery capacity and increase
the power capability. Meanwhile, a thin separator can cause short-circuiting during the
battery manufacturing process and reduced electrolyte storage between both electrodes.
A thin separator, which is hard to short-circuit and hold the electrolyte, needs to be

developed.

1.4.4 Electrolyte [77]

As the electrolyte of the Ni-MH battery, a caustic alkaline aqueous solution, such as
KOH, NaOH and LiOH, is used. Of these three materials, the ionic conductivity
becomes higher in order of LiOH, NaOH and KOH. In particular, the 7mol/L KOH
exhibits the best ionic conductivity.

Meanwhile, in the alkaline battery, a side-reaction of oxygen gas generation occurs

during the charging process, and the charge efficiency is decreased. In order to increase

12



the oxygen overpotential and improve the charge efficiency, NaOH and/or LiOH is

generally added to the KOH aqueous solution.

1.4.5 Design and structure of alkaline secondary battery

Ni-MH batteries for consumer applications consist of spirally wound electrodes and a
cylinder-type container as shown in Fig. 1.5. In this type of battery, a current-collecting
tab is welded on the electrode terminal.

The battery performances such as power, capacity and cycle-life, depend on the
internal resistance, current-correcting resistance, reaction resistance, ion-diffusion
resistance and electrical conducting resistance. These resistance factors are connected in
series and determine the internal resistance. In order to decrease the internal resistance,
it is necessary to reduce each factor. One representative measure is to thin the electrode.

For the high-power type batteries, thin electrodes are generally used.

Positive electrode

Negative electrode

Separator

.

Figure 1.5: Schematic view of the cylinder-type structure for consumer Ni-MH battery.
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1.5 Purpose and subject of this research

The consumer-type Ni-MH battery with the spirally wound structure is already a
mature product. However, there would be many factors that should be improved so that
the large-sized Ni-MH battery can be used for industrial applications. In these
applications, safe and low-cost materials, which can be stably supplied, are
indispensable. The Ni-MH battery using an aqueous electrolyte is safer than the Li-ion
one using an organic electrolyte. Moreover, the Ni-MH battery exhibits a superior
battery performance such as energy density, power and low environmental load
performance in comparison to the Pb-acid battery, which has already been used for
industrial applications. As for the high-performance Ni-MH battery, the spread to the
social infrastructure is expected.

On the other hand, the Ni-MH battery is very expensive because both electrodes
consist of rare metals such as transition metals and rare-earth elements. In particular, as
for Co, which is added to both electrodes as an essential element, the components are
unevenly distributed, and the price is easily increased based on the influence of the local
government. For example, only about 10% Co in the alloys accounts for half of the total
alloy cost [78]. Moreover, the cost of Co has exhibited a noticeable fluctuation and has
often increased over the past three decades. In 2008, the highest price (> 110 US$/t) in
history was recorded for some unexplained reason. After 2010, its price has had a stable
transition due to an excess supply. However, the concern about a stable supply in the
future still remains. The development of Co-free materials is an important subject for
reducing the cost of the Ni-MH battery.

It is necessary to manage the battery in kW not the conventional kWh in order to
make a profit based on current economic indicators. It is essential to improve the power

and cycle-life of the battery. Based on these commitments, the problems to be solved are
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enumerated.

1.5.1 Electrode and battery structure for industrial applications

For industrial applications, the single-cell capacity is generally greater than that of
the consumer one. A number of single cells are stacked in series to assemble a
high-voltage battery module. It is necessary to provide a battery structure with a low
internal resistance and an efficient heat releasing system in order to suppress the battery
deterioration due to the heat generated during the charge and discharge process. For the
conventional battery structure as shown in Fig. 1.5, the resistance around the current
collecting tub would be increased with increasing the electrode size. The resistance
causes increased heat and voltage reduction, therefore, the current collector should be
improved.

As for the battery for industrial applications, the long-term durability of 15 years is
required. In this case, it is necessary to increase the electrolyte quantity compared to a
consumer battery to prevent electrolyte loss. However, for the conventional paste-type
electrode, if there is too much electrolyte, the Ni(OH), particles would be easily
separated from the nickel-foam substrate. A binder material, which exhibits a good
adhesion, is necessary.

Verification tests have to be conducted for future industrial applications, such as a
battery-driven light rail vehicle (LRV), Battery Power System (BPS) for railways and

power generation and stabilization of the Power Grid.

1.5.2 Development of Co-free-type electrodes
As already described, Co is essential for both electrodes of the Ni-MH battery.

However there are serious problems when using Co additives for industrial applications.

15



For the positive electrode, the CoOOH conductive network is easily reduced by an
overdischarge and thus disruption of the conductive network is a concern. To realize the
long cycle-life and manage the battery safely, the overdischarge resistance of the battery
must be improved. Furthermore, a high amount of Co(OH), with a thick deposition
layer not only has a low specific area, but also hinders the diffusion of protons from the
surface to the interior of the Ni(OH), particles [79]. A new conductive agent, which
replaces the CoOOH, has to be developed in order to design a Co-free positive electrode
for the Ni-MH battery.

For the single-cell stacked battery module, each of the cells are equally charged and
discharged during the initial cycles. However, the increasing self-discharge in some
cells causes a difference in the state-of-charge (SOC) among the cells, and these cells
would be degraded by any overdischarge. When the conventional ABs or AB, alloys are
used as the negative materials, various elements, such as Co and Mn, are eluted into the
alkaline electrolyte, and cause self-discharge of the cells. As a conventional provision,
the alkaline immersion of the alloy powder before battery construction would be an
effective way to suppress the self-discharge during the initial cycles. As for the
industrial battery with long-term use, development of Co and Mn-free alloys with no

self-discharge is desirable.

1.5.3. Development of high-power type electrodes

Large-sized batteries are needed to fabricate large-scale energy storage systems for
industrial applications. Conventionally, the Pb-acid battery has been used in these
applications. Performance of this battery is inferior to the Ni-MH ones, but the cost is
much lower. It would be difficult for the expensive Ni-MH batteries to be used in the

social infrastructure even if the batteries exhibited high performances. Although unit
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cost per kWh for the battery has been reduced by the efforts of many battery makers,
there is no-prospect that a drastic price reduction realizes. This is because the theoretical
battery capacity is limited by the battery materials. Moreover, the price of the rare
metals, which consists of the electrode materials has shown a noticeable fluctuation and
often increased over the three decades. Concern about a stable supply in the future still
remains. The development of rare-metal-free electrodes is an important subject for
reducing the cost of the Ni-MH battery.

Here, the unit price of a battery is defined as the battery price divided by the energy
storage capacity (Japanese-yen(JY)/kWh). For the commercialized electrical power, the
unit price is 10 ~ 30 JY/kWh, while for the battery, 100,000 ~ 300,000 JY/kWh. From
an economical point of view, 10,000 cycles of charge and discharge are necessary for
equivalent use.

Meanwhile, if the battery costs were considered based on kW, instead of kWh, the
battery would be useful in the social infrastructure. Based on this point of view, when
the battery with 300,000 JY/kWh is charge and discharged at the 1C-rate, the battery
price becomes 300,000 JY/kW. If the rate was increased to the 20C-rate, the price would
be reduced to 1/20, that is 15,000 JY/kW. Increasing the rate decreases the battery
capacity and cost.

In particular, when the battery is used for a large load change (charge and discharge
by a momentary large current), the output is more important than the capacity of the
battery. This is easy to understand when the EV and HEV are compared. In other words,
a lot of kWh is necessary for an EV to provide the mileage, but the charge and discharge
rate can be reduced because the battery capacity is high. On the other hand, an HEV is
equipped with a small-sized high-power battery. This battery is used to obtain the power

rather than the mileage, and a high-rate charge and discharge capability (kW) is required.
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For further large-scale industrial applications, improving the high-power performance is
desirable. Furthermore, improving the cycle-life performance of the battery will reduce

the running costs.

1.6 Outline of this thesis

The outline of this thesis is as follows. For a large-sized Ni-MH battery, a low
internal resistance and long-term durability are the key points.

In chapter 2, 1 present and discuss the new concepts for industrial battery
components. A new low-internal resistance battery structure was developed, and the
battery performance was confirmed. This concept has been applied to Kawasaki’s
battery product, called the “GIGACELL®”. I have conducted various verification tests
using the GIGACELL® applications and confirmed its high-performances in LRV, BPS,
wind-power and solar-power applications. In addition, I have developed a high-capacity
electrode with a long cycle-life performance. In this electrode, the active material was
granulated along with a binder and conductive materials, and the granulated particles
were collected with nickel foam substrates.

In chapter 3, 1 present and discuss the development of Co-free materials for a
Co-free Ni-MH battery. As the negative materials, REgoMg Ni,Alp, (x = 3.9 ~ 4.3,
ABy4 1.45) alloys are prepared. These alloys are characterized by X-ray diffraction and
transmission electron microscopy measurements. Furthermore, the battery performance
with an improved self-discharge capability was investigated. For the positive electrode,
an oxidation-resistant carbon was used as a substitute for the conventional conductive
material, CoOOH. In order to develop a conductive network among the Ni(OH),
particles, the carbon-coated Ni(OH), was prepared by spraying a carbon dispersion onto

the Ni(OH), particles using a fluid-bed coating technique. A Co-free Ni-MH battery
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with a 205Ah rating was constructed and tested.

In chapter 4, 1 present and discuss the development of high-power carbon fiber-type
electrodes. The B-Ni(OH), is electrodeposited on the carbon fiber in a nickel nitrate
solution. The a-Ni(OH), can be prepared by the 20%Al addition to the nickel nitrate
solution. Super high-rate charge and discharge performances of these fiber-type
electrodes were investigated. The charge and discharge mechanisms are investigated by
a synchrotron XRD analysis. Furthermore, the fiber-type electrode manufacturing

technology and cell with a fiber electrode having a 350mAbh rating was developed.
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Chapter 2

Development of high-power and

large-sized Ni-MH battery
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2.1 Development of high-capacity Ni(OH); electrode using granulation process
2.1.1 Introduction

After the industrial revolution, mankind invented a method to get electrical energy
from fossil fuels. The energy consumption has exponentially increased by the shift to
industrialization ~ with ~ mass-production and  mass-consumption and the
information-oriented society with the development of the IT technique, causing various
environmental problems such as limited fossil fuel resources, air pollution and global
warming.

In Japan, new technologies such as alternative energy and energy savings have
attracted much interest by the global deployment of a new fiscal policy called the
“Green New Deal”. In the near future, the ratio of power generation using a renewable
energy, such as solar and wind, would be increased. Moreover, the energy savings using
a battery is promoted not only for cars (Sakai, 2010; Sakai and Sato, 2003), but also for
public transportation such as trains (Nishimura and Tsutumi, 2007; Tsusumi, 2008;
Tsutsumi and Matsumura, 2009; Yamazaki et al., 2010; Ogura et al., 2010). A large
battery with a high-capacity and long cycle-life is indispensable to absorb the load
fluctuations of generation and railways. In order to meet this requirement, the
development of a higher-capacity electrode than the conventional one would be one of
the effective ways.

For industrial applications, a number of single cells are stacked to assemble a high
voltage battery. A difference in the state of charge gradually increases during the charge
and discharge cycles, and some cells could be overcharged and overdischarged. For the
conventional positive electrode containing a CoOOH conductive material, the
overdischarge causes degradation of the battery performance as well as disruption of the

CoOOH conductive network (Takasaki et al., 2013). In addition, cobalt is an expensive
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rare metal, and its price has often noticeably fluctuated. The securing of a stable supply
is a serious concern. Therefore, the Co-free Ni(OH), electrode is an important subject
for the Ni-MH battery.

Furthermore, as for the battery for industrial applications, the long-term durability of
15 years is required. In this case, it is necessary to increase the electrolyte quantity
compared to a consumer battery to prevent electrolyte loss. However, for the
conventional paste-type electrode, if there is too much electrolyte, the Ni(OH), particles
would be easily separated from the nickel-foam substrate. A binder material, which
exhibits a good adhesion, is necessary.

In this study, a high-capacity positive electrode with the long-term durability was
prepared by granulating the Ni(OH), with conductive and binder materials. The battery
performances dependent on this addition were investigated and the optimum addition
was investigated. A small-sized test cell consisting of a structure that is equivalent to a
large-sized Ni-MH battery, called the GIGACELL® (Nishimura and Tsutumi, 2007,
Tsusumi, 2008; Tsutsumi and Matsumura, 2009; Yamazaki et al., 2010; Ogura et al.,
2010), was constructed, and the contact pressure between the electrode and separator
was measured and the correlation among the electrode-expansion, the electrolyte-loss

and cycle-life performance was investigated.

2.1.2. Experimental

As the positive material, spherical Ni(OH), particles with an approximate 10 u m ¢
[Isize were used. An oxidation-resistant carbon (CB) and Ni-plated carbon fiber (PAN)
were used as the conductive materials. The oxidation-resistant carbon was prepared by
annealing carbon black at approximately 2500K in an inert-gas atmosphere. Ethylene

vinyl acetate (EVA), which exhibits a good oxidation-resistance, is alkali-proof and has
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a good binding strength, was also used.

The CB, PAN and EVA were added to a xylene solvent at the weight ratioof 1 : 1 : 1,
then stirred while heating to 333K to obtain a uniform slurry. The positive granulated
particles were formed by adding Ni(OH), powder, and mixing it with a high-speed
LFS-2 mixer (Earthtechnica Co., Ltd., Japan) while heating. In addition, the
MmNis; 7Cop7Mng 3Alp 3 alloy with an approximate 50 x m ¢ was used as the negative
material, and negative granulated particles were made using a manufacturing method
equivalent to the positive one.

The granulated particles were molded as electrodes for the battery test by
maintaining them at 333K for 10 minutes while compacting them by at 6MPa after
sandwiched between two pieces of nickel-foam with 0.04g/cm” of the weight per area.
The GIGACELL-type single cells (Nishimura and Tsutumi, 2007; Tsusumi, 2008;
Tsutsumi and Matsumura, 2009; Yamazaki et al., 2010; Ogura et al., 2010) with a 15Ah
rating were constructed using the granulated electrodes. Inside the cells, pre-formed
stripes of positive and negative electrodes are inserted into the respective sides of the
pleat-folded separator. The separator thickness was 0.4mm. The electrolyte was 6mol/L
KOH.

As a probe to measure the pressure change between the electrode and separator
during the charge/discharge process, three small-sized LM-100KA-P load-cells (Kyowa
Electronic Instruments Co., Ltd., Japan) were sandwiched between two pieces of
stainless steel boards with the same size as the electrode and fixed in place. The entire
probe was sealed in a plastic bag and inserted into a separator with the electrodes. The
average of the measured values of the 3 load-cells was divided by the electrode area to
obtain the pressure (kgf/cm®). An autograph AG-100kNG (Shimadzu Corporation) was

used for measuring the repulsive force during the separator compression.
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2.1.3. Results and discussion
2.1.3.1. Electrode preparation and performance

The obtained granulated particles were shifted, and the particles with an approximate
3mm ¢ were sorted as shown in Fig. 1. The CB and PAN dispersed around the
Ni(OH), particles could contribute to improving the electrical conductivity, while the

EVA plays a role to maintain the shape of the granulated particles as binder.

Figure 1: Photograph of the granulated Ni(OH), particles.

In the electrode molding process, the granulated particles were sandwiched between
two nickel-foam pieces and pressed while heating as shown in Fig. 2(a). Figure 2(b)
shows a photograph of the molded electrodes. The thickness of the electrodes was
approximately 1.2mmt, and the density of the granulated particles was approximately
1.8 ~ 2.0g/cm’. In addition, it was difficult to mold the electrode at room temperature

because the EVA does not work as an adhesive at this temperature.
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Figure 2: (a)Schematic view of electrode molding process, (b) granulated particles
sandwiched between nickel foams and pressed while heating at 333K.

Table 1 shows the energy density of the granulated electrode compared to that of the
various conventional sintered (Fleischer, 1948; Falk and Salkind, 1969; Ng and
Schneider, 1986) and paste-type (Oshitani et al., 1989; Yao et al., 2007) ones. The
capacity per unit volume (mAh/cm®) was comparable or greater than that of the sintered
electrode, while the capacity per unit area (mAh/cm?) , which was estimated by dividing
the capacity per unit volume in the electrode thickness, was 1.5 ~ 2 times greater than

the paste-type one using Ni-foam substrate.

Tablel: Energy density for various electrodes

Energy density Electrode thickness
Electrode type > 3
mAh/cm mAh/cm mm
Granulated particle 54 450 1.2
Ni-foam 36 600 0.6
sintered 20 400 0.5
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As shown in Table 2, the electrical resistance of the positive electrode decreased
with the increasing conductive additives. The conductive materials would improve the
low electrical conductivity of the Ni(OH),. However, the high-rate discharge
performances of electrode #pl, which exhibited the best electrical conductivity, were
inferior to those of electrode #p2. This result indicates that a large amount of the
conductive material would reduce the Ni(OH),/electrolyte interface, and prevent the
electrochemical reaction by ionic diffusion. The high-rate performances of electrode
#p3 suggest that the electrical conductivity was not sufficiently improved even if the
Ni(OH),/electrolyte interface is sufficient. The amount of additives for electrode #p2 is
the most suitable for improving the electrode performance.

For the negative electrode, two electrodes were tested. Electrode #nl with higher
amount of additives exhibited the better performance. The higher amount of EVA would
improve the adhesion of the alloy particles to the nickel-foam substrate. The amount of
additives in the negative electrodes was lower than that of the positive ones. This would
be related to the good metallic conductivity of the negative alloy compared to the

Ni(OH),. In the following battery tests, electrodes p#2 and n#1 were used.

Table 2: The weight ratio of active materials and additives, resistance of electrode and high-rate performance

Discharge capacity (mAh/g)

No. Ni(OH), EVA CB PAN Resistance (Q)

0.1C 1C 5C

#1 100 10 10 10 7.0 230 195 52

Positive electrode #2 100 5 5 5 8.2 248 230 69
#3 100 2.5 2.5 2.5 103 151 38 1

. Discharge capacity (mAh/g)

No. MH EVA CB PAN Resistance (Q2) 0.1C C 5C

Negative electrode #1 100 2.5 2.5 2.5 0.27 270 244 55
#2 100 1.25 1.25 1.25 0.25 236 217 21
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2.1.3.2. Pressure variation between the electrode and separator

The test batteries, which had a structure equivalent to the GIGACELL® (Nishimura
and Tsutsumi, 2007; Tsutsumi, 2008; Tsutsumi and Matsumura, 2009; Yamazaki et al.,
2010; Ogura et al., 2010), were constructed using electrodes p#2 and n#l as shown in
Fig. 3. The pressure upon a unit area between the electrode and separator was monitored
using the inserted load-cells. The value of separator thickness was designed to be

0.4mmt, which is equal to the original thickness.

+ Terminal — Terminal

\ /

Spacer

Positive

electrode Negative

electrode

Separator

\ Nut

Bolt PP case

Figure 3: Schematic view of GIGACELL®-type test battery.

33



Figure 4 shows the cycle-dependent battery performances, namely, the Ah-efficiency,
average discharge voltage and voltage at the end of charging. The initial performances
were maintained to the 100th cycle. After 130 cycles, the Ah efficiency decreased, and a

discharge-voltage reduction and charge-voltage increase were also observed.
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Figure 4: Cycle-life performance of the test battery without separator compression.
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Figure 5 shows the pressure variation during the charge and discharge processes at
the 41th and 130th cycles. At the 41th cycle, the pressure decreased during the initial
step of the charging process, and increased with the increasing charging. At the
beginning of the discharge process, the pressure decreased, then increased from the
middle of the discharge again. The pressure variation exhibited a similar behavior at the
130th cycle, but the pressure level rose in comparison to the value at the 41th cycle. The
pressure value at the 130th cycle was in the range of 1.5 ~ 2.4 kgf/cm?. This value
drastically increased to 10kgf/cm® after the 130th cycle. It is considered that the
electrode, which absorbs the electrolyte, expands, and therefore, the pressure rose.
Electrolyte absorption would cause the separator to dry out, which led to the

deterioration of the battery performance.
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Figure 5: Voltage and pressure observations during charge-discharge process.
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2.1.3.3.  Cycle-life performance
Because the polypropylene (PP) nonwoven fabric, which is used as the separator,
includes a space between the fibers, the separator thickness can be controlled if it is
compressed. Spacers were added as shown in Fig. 3 and the separator was compressed
so that the design thickness of the separator became 0.2mmt or 0.3mmt when the
electrode bundle was placed in the cell frame.
Figure 6 shows the cycle-life performances of the test cell with the design thickness
of the separator of 0.2mmt and 0.3mmt. These cells exhibited longer cycle-life than that
of the cell in Fig. 4. The cycle-life performance of the cell with the 0.2mmt separator

was doubled in comparison to that of the cell with the 0.3mmt separator.

105+ o - Slepallratlor‘lthiciknless; — —
. —— 0.2 mmt
S\_O/IOO_ —/— 0.3 mmt | |
2
= 95
2
A=
% 90
=
< gsiH

ol vt b e

0 500 1000 1500 2000

Number of cycles

Figure 6: Cycle-life performance with the separator compression (a) 0.2mmt as the

designed thickness, (b) 0.3mmt.
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The results in Figs 4 and 6 indicate that thinner design thickness gives the longer
cycle-life. It is considered that repulsive force from the compressed separator increases
pressure to the electrodes, and therefore, the electrolyte absorption by the electrode
would be reduced, which maintained the battery performance. Table 3 summarizes the
battery performances, such as the discharge voltage and Ah-efficiency. These values
were improved with decreasing the separator thickness. Meanwhile, there was a concern
that the space decrease due to the separator compression would decrease the electrolyte
which could be held in the separator. In order to understand these results, the porosity of
the compressed separator was estimated as shown in Fig. 7(a). The porosity was
equivalent to the ratio of the cavity between the fibers, and it was defined as the shade
density of the separator divided by the truth density. The porosity decreased with the
increasing compression and became approximately 0 by compressing to 0.lmmt. In
addition, the porosity decreased by 10% when the separator thickness decreased to

0.2mmt from 0.3mmt.
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Figure 7: Calculated values of (a) the porosity and (b) voltage drop dependent on the

designed separator thickness.
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Table 3: Sepecification and peformance of the test batteries

Granulated particle electrode Separator Battery performance
thickness density thickness replusive force | Average discharge voltage  Ah efficiency
mm g/cm3 mm kgf/cm2 \Y %
1.2 1.9 0.3 <0.01 1.199 953
1.2 1.9 0.2 1.2 1.223 98.2

For the measured eclectrolyte resistance (Re = 2 () -cm), porosity and separator

thickness, the voltage drops were calculated from the following relational expressions.

Resistance between the electrodes = (R, / porosity) x separator thickness  (I)

Voltage drop during the discharge process = (I) x discharge current (ID)

Figure 7(b) shows the relationship between the separator thickness and
discharge-voltage decrease at the 1C-rate discharge, suggesting that the voltage
reduction is slightly decreased when the separator was compressed from 0.3mmt to
0.2mmt. Namely, the porosity decrease in this range does not remove electrolyte from
the separator, and there would be little influence on the ionic diffusion during the
electrochemical reaction. Meanwhile, the separator compression would increase the
adhesion between the active material particle and substrate, and improve the electrical
conductivity of the active material. Therefore, at a 0.2mmt separator thickness, the
battery performance was improved. This consideration is consistent to the observed
voltage value in Table 3. Meanwhile, a high voltage decrease would occur if the
electrolyte in the separator could not remain as the porosity approached 0%. The aim of
the compressed separator thickness such that the electrolyte, which does not affect the
charge-discharge reaction, would be an approximate 0.15mmt.

Factors affecting the cycle-life improvement for the 0.2mmt separator compression
include electrode expansion restraint by the repulsive force from a compressed separator,

preventing the electrolyte absorption of the electrode and drying of the separator.
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Figure 8 shows the repulsive force of the separator, which was measured by an
autograph instrument. The repulsive force was gradually increased when the separator
thickness is less than 0.28mmt. A 1.6kgf/cm” repulsive force was observed for the
0.2mmt compressed thickness, while it was approximately 3kgf/cm? at the 0.18mmt.
The former value is comparable or higher than that of the observed pressure of the
electrode expansion in Fig. 5. These results suggest that a moderate repulsive force
suppresses the electrode expansion, and contributes to improving the cycle-life
performance. A further improvement in the cycle-life performance would be expected

by raising the compression to 0.15 ~ 0.18mmt.
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Figure 8: Repulsive force dependent on the compressed separator thickness observed by

an autograph instrument.
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2.14. Conclusion

The active material powder was granulated with CB, PAN and EVA, and the
granulated particles were sandwiched between two nickel-foam pieces to form plate-like
electrodes for the Ni-MH battery. The positive electrode with the 5wt% of CB, PAN
and EVA as additives exhibited the highest discharge capacity. The battery test using
the GIGACELL®-type single cells showed that the cycle-life performance was
influenced by the separator compression. At a 0.2mmt separator thickness, no
remarkable capacity loss was observed for 2000 cycles. The repulsive force dependent
on the separator compression would suppress the electrolyte absorption of the electrode

and dry out the separator, contributing to an improved cycle-life performance
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2.2 Development of Ni-MH battery with a new structure suitable for scaling-up
and verification test
2.2.1. Introduction

After the Industrial Revolution human beings invented methods for obtaining electric
energy from fossil fuels. The consumption of electrical energy has been increasing at an
accelerated pace as modern industrialization permits mass production and mass
consumption, and as the development of IT technology shifts society towards being
information-oriented. These changes have caused dwindling reserves of fossil fuels,
pollution of the atmosphere, global warming and other environment-related problems.

Since the Green New Deal was launched globally, a great deal of interest has arisen in
Japan in alternative energy saving and other new technologies (Sakai, 2010). An
increase in the proportion of renewable energy electric-generation, including solar and
wind power energy, is expected in the future. Saving energy by using electric storage
devices is being actively promoted not only for automobiles but also for trains and other
vehicles in the mass transportation system (Nishimura and Tsutsumi, 2007; Tsutsumi,
2008; Tsutsumi and Matsumura, 2009; Yamazaki et al., 2010; Ogura et al., 2010).

Electric storage devices are one of the key technologies for popularizing alternatives
to oil and promoting the saving of energy. In particular, high-power storage batteries
with a high capacity are essential for generating electric power and absorbing the load
changes of the mass transportation system. In response to such demand it is necessary to
secure the further durability of high-safety, high-power and high-energy-density storage
batteries like the Ni-MH battery.

For industrial use, cell capacity should be increased further and multiple cells stacked
in series in order to manage a high voltage. When charge/discharge is conducted with a

large current of around 1,000 A, a great amount of Joule heat will be generated and, as a
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result, battery temperature will increase and the battery life will be shortened unless the
heat is effectively removed. This is a major challenge when batteries are used in
industry, where batteries are required to have 10 to 15 years of durability.

The conventional battery-structure employs a general method of welding metal tabs
to electrodes and extracting electricity from collecting terminals. This method increases
resistance while polarization increases at a distant section from the tabs when the sizes
of the electrodes are enlarged. On the other hand, when the number of electrodes is
increased, flow control and cost increase while the number of welding places increases.

We have proposed a new high-capacity, high-power and low-cost battery structure
with a method that enables current collecting at multiple electrodes through the use of
large-area metal plates, and with conduction retained as the electrodes and current
collectors are not welded together but make contact. In order to affirm the utility of this
battery structure, the sizes of the batteries were increased from 1-cell (1 Wh) with a
capacity of 0.77 Ah, 30-cell (5 kWh) with a capacity of 141 Ah, to 10-cell (14 kWh)

with a capacity of 1,200 Ah, and battery performances were verified.

2.2.2. Experimental

Figure 1 shows a conceptual diagram of a single cell of the newly structured battery.
Strip positive-electrodes and strip negative-electrodes are loaded alternately on a pleated
separator, and the plates with the same polar character are placed on the same side in
order to build an electrode body. The electrode body is first embedded in a
polypropylene celluloid-rim and then a nickel-plating steel-plate is located on each
positive electrode and negative electrode in order to build a current collector. To secure
contact between the electrode and the current collector, fix-plates were placed outside of

the current collector and they were fixed in a direction so as to compress against the
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electrode body. With this structure, the electrodes and the steel-plates are not welded but
current is collected by force of pressure, and thus this is easy to manufacture even if the
scale is expanded. This new method of collecting current without using welding on the
cell cases but by force of pressure is called a GIGACELL structure and a battery

produced from this method is called a GIGACELL-type battery.

+ Terminal — Terminal

Positive

electrods Negative

electrode L Bundle

O ring

Separator

\ Nut

Bolt PP case

Figure 1: Conceptual diagram of a GIGACELL-structured cell
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The positive electrode was prepared by adding slurry, which is made by mixing
nickel hydroxide powder, conductive aid material and binder material, to foaming nickel.
The slurry was first made by mixing carbon powder (5 wt%) (CB), equine viral arteritis
(5 wt%) (EVA) and xylene (20 %) with nickel hydroxide (100 wt%), and then the slurry
was impregnated with foaming nickel, dried and pressed in order to produce a 0.35
mmT sheet-shape electrode. The sheet-shape electrodes obtained were cut to a size of
130 mm-length and 29 mm-width, and they were used as strip electrodes.

The negative electrode was prepared by applying slurry, which was made by mixing
alloy powder with conductive aid material and binder material, to punching metal. The
aqueous slurry was first made by using carboxymethyl cellulose (0.2 wt%) as a bodying
agent and styrene-butadiene rubber (0.5 wt%) as a binder for quinary alloys
(MmNi; 7Cop7Mny 3Aly3) hydrogen occlusion alloy (100 wt%), and then the aqueous
slurry was applied to the punching metal, dried and pressed to produce a 0.35 mmT
sheet-shape electrode. The sheet-shape electrodes obtained were cut in the size of 130
mm-length and 29 mm-width, and they were used as strip electrodes.

The content ratio of the negative electrode and positive electrode was 3.7 (3.7 times
of the positive electrode when the alloy content was 300 mAh/g). The electrolytic
solution contained binary alloys of 4.8N-KOH and 1.2N-NaOH, and the separator was a
pleated separator made of hydrophilic-treated polypropylene unwoven-cloth.

Table 1 shows the specifications of each battery.

Table 1: The capacity, sizes of electrodes and the number of electrodes loaded of each

battery.
Battery capacity| Electrode size Number of Electrode energy
Number of Stacking
Ah mm Positive Negative kWh
a 1.3 29 X 60 6 7 1 0.0016
b 141 29 x 230 150 151 30 5.1
c 1200 29 x 230 1200 1208 10 14.4




Figure 2 shows an enlarged conceptual diagram of a GIGACELL-structured battery.
Both the 30-cell module and the 10-cell module batteries were designed with a bipolar
structure. Aluminum perforated pipes were located between cells as heat sinks, and a

cooling fan sends air through the structure.

Paositive electrode

Nickel hydroxide/Substrate

Heat sink

Detailed Drawin
9 Negative electrode

Coaling fan
Positive electrode

Single cell

Figure 2: Conceptual diagram of a GIGACELL structure
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Figure 3 shows the exterior of each battery.

Figure 3: Exterior of each battery

a) 0.77 Ah—single cell b) 141 Ah—30-cell ¢) 1,200 Ah—10-cell
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2.2.3. Results and discussion
2.2.3.1. Evaluation of a single-cell battery with a capacity of 0.77Ah

Figure 4 shows the discharge curve of a single-cell battery with a capacity of 0.77 Ah
at a current rate of 0.5 C~1.5 C. After the battery was charged at a current rate of 1 C
(0.77 A) so that the capacity reached 0.77 Ah of rating capacity, discharges were
conducted at each rate. Approximately 1.2 V discharge voltage and a discharge capacity

of 0.7 Ah and over were observed at the time of discharge at the current rate of 1.5 C (=

1.155 A).
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Figure 4: Charge/discharge characteristics of a single-cell with a capacity of 0.77Ah

49



Figure 5 shows a graph of current values and voltage values at 10 seconds after
discharge initiation. The internal resistance of the battery can be calculated as 31.6 mQ

from the gradient.
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Figure 5: Relation between current and voltage of a single-cell with a capacity of 0.77

Ah at 10 seconds after discharge initiation
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Figure 6 shows the result of a cycle test for a single-cell with a capacity of 1.3 Ah
when the battery capacity was almost doubled. After the battery was charged at a
current rate of 2 C so that the capacity reached 1.3 Ah, the battery was discharged at the
current rate of 2 C until it reached 0.8 V. The Ah-efficiency (discharge capacity/charge
capacity) was 99 % and over from the early period on the cycle, and efficiency was
sustained up to around a 1,000-cycle. Efficiency began declining gradually after the

1,000-cycle, and it declined to approximately 85 % at 1,900 cycles.
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Figure 6: Results of cycle test for a single-cell with a capacity of 1.3 Ah
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2.2.3.2. Evaluation of a 30-cell module with a capacity of 141 Ah

Figure 7 shows a charge/discharge graph of a 30-cell module with a capacity of 141

Ah. After the battery was charged with a current rate of 0.2 C (= 28.2 A) so that the

capacity reached 141 Ah of rating capacity, discharges were conducted at each rate.

Approximately 1.2 V discharge voltage and a discharge capacity of 130Ah and over

were observed at the time of discharge at 1.5 C (= 211.5 A). The temperature increase

was approximately 8 °C.
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Figure 8 shows a graph of voltage values and current values at 10 seconds after
discharge initiation. The internal resistance of the battery can be calculated as 6.1 mQ

from the gradient of the straight line.
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Figure 8: Relation between current and voltage of a 30-module with a capacity of 141

Ah at 10 seconds after discharge initiation
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2.2.3.3. Evaluation of a 10-cell module with a capacity of 1,200 Ah

Figure 9 shows the discharge curve of the battery at current rates of 0.5 C~1.5 C.
After the battery was charged with a current rate of 0.2 C (= 240 A) so that the capacity
reached 1,200Ah of rating capacity, discharges were conducted at each rate.
Approximately 1.24 V discharge voltage and a discharge capacity of 1,100 Ah and over
were observed at the time of discharge at 1.5 C (= 1,800 A), and the temperature

increase was approximately 5 °C.
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Figure 9: Charge/discharge characteristics of a 10-module with a capacity of 1,200 Ah
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Figure 10 shows a graph of voltage values and current values at 10 seconds after
discharge initiation. The internal resistance of the battery can be calculated as 0.25 mQ

from the gradient.
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Figure 10: Relation between current and voltage of a 10-module with a capacity of

1,200 Ah at 10 seconds after discharge initiation
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2.2.3.4. Comparisons among batteries

To make comparisons of the values of the internal resistance of batteries with a
different number of stacks and various capacities, internal resistance value was
standardized and set as mQ - Ah/cell.

Figure 11 shows the capacity and internal resistance of each battery. It was found that
even when the capacity of a battery increases, the internal resistance is sustained at a
similar value, and when the size of battery is increased, the internal resistance shows no

increase.
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Figure 11: The capacity and internal resistance of each battery
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Figure 12 shows the dispersion of internal resistance of each cell when modules have
capacities of 141 Ah and 1,200 Ah. The internal resistance values were 30 mQAh + 7
mQAh for a 30-cell module with a capacity of 141 Ah and 30 mQAh = 5 mQAh for a
10-cell module with a capacity of 1,200 Ah. This shows that even when the size of the
battery is increased, it is possible to keep the dispersion among cells small.

These results verified that, though a GIGACELL battery is structured with merely the
contact of electrodes and current collectors rather than having them welded, the battery
does not exhibit an increase of internal resistance even if its scale is expanded, nor a

large increase of temperature.
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Figure 12: Verification of repeatability at different capacities of each battery
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2.2.4. Conclusion

Heat generation must be minimized when the scale of a battery is expanded. A new
method was found for reducing the internal resistance of an Ni-MH battery.

The structure of collecting current only by the contact of electrodes rather than
having them welded was called GIGACELL, and it was verified that even if the scale of
the battery is expanded, the internal resistance is sustained at a certain value.

The temperature increase of the battery was kept small by sending air through the
structure with a cooling fan.

Performance tests verified that this GIGACELL structure is a battery structure which
is suitable for large cells.

A lot of improvements were made to resolve the dispersion in the internal resistance

of cells, and there is no dispersion in the commercialized GIGACELL of today.
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2.3 Introduction of large-sized nickel-metal hydride battery GIGACELL® for
industrial applications
2.3.1. Introduction

Hydrogen storage material is a good medium to store gaseous hydrogen at a normal
pressure and ambient temperature, which provides a possible new way to design various
energy storage systems [1-3]. A nickel-metal hydride (Ni-MH) battery has been
developed using a combination of hydrogen storage alloys and battery technologies
[4-6]. This battery has two times a higher energy density and fewer environmental
problems than the Ni-Cd battery. Ni-MH batteries have been commercialized in Japan
since 1990. The Ni-MH batteries are widely used as the power sources of hybrid electric
vehicles (HEVs) as well as consumer electronic devices [7-9]. The demand for the
Ni-MH batteries is increasing due to the increasing focus on the environment and its
sustainability.

A new fiscal policy, “Green New Deal”, was deployed on a global scale in order to
realize a low carbon society and improve the self-sufficiency energy supply ratio. In
Japan, targets are reducing the amount of greenhouse-gas emissions by 25% in 2020
compared to 1990, and increasing the rate of renewable energy, such as solar and wind,
from the present 1% to 10%. A smart grid, which is a method of controlling the
renewable energies with large load-fluctuations by secondary batteries and IT
technology, is being actively developed on a global scale [10]. The development of
large-sized high-performance batteries will promote the widespread use of a new power
generation, transmission and distribution system in the social-infrastructure.

Kawasaki Heavy Industries (KHI) has recently developed a large-sized high-power
Ni-MH battery, GIGACELL®, as shown in Figure 1. Verification tests have been

conducted for several industrial applications, such as SWIMO®, a battery-driven light
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rail vehicle (LRV), Battery Power System (BPS) for railways and power generation and
stabilization of the Power Grid [11-17]. In this paper, the innovative design of the

GIGACELL® and the results of the verification tests are described.

Figure 1 GIGACELL® battery

2.3.2. Design and Performance of GIGACELL®

Figure 2 is a schematic view showing the structure of the GIGACELL®. The
GIGACELL® is composed of individual cells that are connected in series at their cell
walls, with the front and rear surfaces becoming the positive and negative terminals,
thus forming the bipolar structure. The cell walls provide a large cross-sectional area
that minimizes energy loss that usually occurs when the cells are connected. The high
voltage of the battery is accomplished by increasing the number of cells arranged in the
bipolar structure. Inside each cell, pre-formed stripes of positive and negative electrodes
are inserted into the respective sides of the pleat-folded separator. Increasing the

three-dimensional elements of the pre-formed strips (height, width and quantity)
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expands the capacity of the battery. The bipolar design of the GIGACELL® prevents
overheating of the battery, with a cooling fan sending cooling air through the heat-sink.
It also reduces the energy loss between cells allowing a greater capacity. In addition, no
welding is used on the cell cases, therefore, the GIGACELL® can be easily

disassembled for recycling.

Negative electrode

Positive electrode
Nickel hydroxide/Substrate

Heat sink

Separator

Polyolefin non-woven material

Detailed Drawin
9 MNegative electrode

Positive electrode

Single cell

Figure 2 Schematic view showing the structure of the GIGACELL®.

Figure 3(a) shows the discharge curves of a 30-cell module with a 150Ah rating. An
approximate 38V discharge voltage (1.27V/cell) and 97% discharge capacity was
observed at the 1C rate (= 150A). Even at the 5C-rate (= 750A), an approximate 35V
discharge voltage (= 1.17V/cell) and 90% discharge capacity are maintained.

Figure 3(b) shows a cycle-life performance of a single 3.5Ah cell of the

GIGACELL®. An approximate 98% efficiency was observed after charging to 2.8Ah
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(80% of the rated cell capacity). No capacity decay is observed after 11,000 cycles. The
average voltage was 1.24V during the cycling. As just described, the structure of the

GIGACELL® is suitable for use in a high-power, large-sized battery with a long

cycle-life.
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Figure 3(a) Discharge curves of 150Ah module(30-cells) at 298K and various currents.

3(b)Cycle-life performance of 3.5Ah single cell at 298K.
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2.3.3. Verification tests of GIGACELL®
2.3.3.1 Battery-driven light rail vehicle, SWIMO®

KHI developed a battery-driven light rail vehicle (LRV) SWIMO® that is equipped
with the GIGACELL®. Figure 4(a) shows the experimental vehicle called SWIMO-X.
The structure and specifications of the SWIMO-X were reported in a previous study [11,
13, 14]. A wide and low floor was realized by storing the compact GIGACELL® under
the seats. A total of 16 modules (115kWh) were installed in the SWIMO-X. In 2007, a
running test of the SWIMO-X was performed by the Sapporo City Transportation
Bureau during the winter [13]. The LRV was able to operate for over 10 km using the
onboard GIGACELL® without recharging.

Figure 4(b) shows an outline of the battery-driven system for the LRV. In the
electrified sections, the power-supply line mainly provides power to the LRV. The
batteries can provide power when there is a voltage drop from the power supply line. In
the non-electrified sections, the onboard batteries provide power to the LRV. The
batteries can also capture and store regenerated energy. Moreover, the energy stored in
the battery can be used for power when starting as well as for operating the auxiliary
equipment. The railway operator can reduce the number of substations by spacing them
farther apart. Moreover, it is now possible to entirely eliminate power lines for some
sections of the track and operate the SWIMO® solely by using its onboard

GIGACELL®.
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Figure 4(a) Experimental vehicle called SWIMO-X.

(b) An outline of the battery-driven system for the LRV.

65



2.3.3.2. Battery power system (BPS) for railways

With today’s rail system, regenerative braking is a significant achievement. An
electric train generates electricity using regenerative braking when decelerating, and the
electricity will be supplied to another train during acceleration. However, trains cannot
generate the maximum amount of regenerative braking energy when there are no nearby
trains needing electricity, or when the line voltage is too high. The surplus energy surges
down toward the catenary wire and is dissipated as heat. This termination of
regenerative braking is known as “regenerative failure”. In this case, trains will have to
rely on its mechanical brake for stopping, which will increase brake wear and
maintenance costs.

Figure 5 shows a schematic illustration of the wayside energy storage system for
railways, which KHI calls the Battery Power System or (BPS) for railways. The BPS is
electricity storage equipment that is installed near a substation. Generally, 20 or 40
GIGACELL® batteries are connected in series in one BPS unit.

The BPS accumulates any excessive electricity when the power supply line voltage
rises, thus stabilizing the line voltage. With the BPS, the surplus energy can be stored in
the GIGACELL®, and discharged when needed, thus ensuring efficient use of the
regenerative braking energy at all times. Heavy train traffic, such as during rush hour,
can cause the voltage supplied to the trains to drop. At such times, the BPS discharges to
provide supplemental power to the trains that will help to the train operator to avoid
costly peak energy surcharges. In addition, the GIGACELL® equipped BPS is directly
connected to the power line, eliminating the need for any type of expensive controllers

that can cause electromagnetic interference (EMI)-related problems.
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Figure 5 Schematic illustration of the wayside energy storage system for railways.

Kawasaki’s long experience in the railway industry has enabled the BPS to be
successful in numerous verification tests. Several of Japan’s top operators, such as the
Osaka Municipal Transportation Bureau (Osaka subway) and Tokyu Corporation, have
started commercial use of the BPS. The Tokyo monorail has also determined to
introduce the GIGACELL® equipped BPS into their systems.

The first BPS verification test was conducted in November 2007 in the Osaka
subway, which is the second largest subway network in Japan [17]. The current
commercial BPS at the Komagawa substation consists of two banks (19
GIGACELLs/bank; 205kWh). This system has saved 449MWh/year. This value

corresponds to 5% of the total energy consumption of the substation.
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Figure 6 shows the transitions of charge/discharge power during operation of the
BPS at the Komagawa substation in 2011. This is a 750V DC system. Performance
without BPS is shown by the gray line. The train’s propulsion system cancelled the
regenerative braking when the voltage at the pantograph reached 900V. After the BPS
was installed, which is shown by the black line, the maximum voltage during
regenerative braking was kept at 854V, preventing the cancellation of regenerative
braking. With the introduction of BPS, the range of voltage fluctuations decreased from

236V to 136V. The tests resulted in 1136kWh battery charges per day.
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Figure 6 The transitions of charge/discharge power during operation of the BPS at

the Komagawa substation in 2011.
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The Tokyu Corporation is the largest privately-owned operator in Japan. Their
verification test of the BPS was conducted from August, 2010 to September, 2011.
Commercial use at the Tsukimino substation was started in November, 2011. The
current commercial BPS consists of 4 banks (Four banks of 20 GIGACELL modules per
bank give a total of 420kWh). Figure 7 shows the BPS operation data for the Tsukimino
substation on the Tokyu line. On the 1500V line where the testing was done, an
approximate 4000 charge/discharge cycles were recorded on the BPS system in one day.
Currently, the total charged and discharged amounts are 4229 and 3914 kWh per day
respectively. This system has saved 1600MWh of energy per year. This value
corresponds to 4.8% of the total energy consumption for the substation.

The verification test of the Tokyo monorail has already been conducted in 2010. The
monorail line, which goes to the Haneda airport, travels through a harbor area. In case
of an emergency, electrical power to propel the trains to the nearest station is
indispensable for ensuring the passenger safety. In the emergency running test, the BPS
system enabled a monorail to power as far as 10.2 km away. The emergency power
supply function of the BPS has proven to be valuable for the operator. The Tokyo
monorail has also decided to introduce the GIGACELL® equipped BPS into their

systems.
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Figure 7 The BPS operation data for the Tsukimino substation on the Tokyu line.
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2.3.3.3. Stabilization of Power Grid

In this section, the verification tests of GIGACELL® in a power grid that
incorporates solar and wind power will be introduced. With the natural power sources
such as these, there is a concern that daily weather changes could cause sharp and large
fluctuations in the electrical output. This will become a barrier when high numbers of
such natural power sources are connected to the power grids. Therefore, in order to
enable the wide use of these renewable energy sources, it is essential that the output of
wind- and solar-power sources is stabilized through the use of energy storage systems.

The use of GIGACELL batteries in conjunction with solar power plants is being
undertaken on a commercial basis at the Yachiyo-shoin High School in the northern part
of Japan’s main island and at Kawasaki’s west-Kobe plant. Furthermore, a verification
test is in progress at the Nissin Electric Corporation. In these applications, the solar
panels generate between 100 and 300 kW, and the GIGACELL capacities are from 150
to 270 kWh. The GIGACELLs are being used for peak shaving to reduce the large
fluctuations in the electrical output and for power supply to operate auxiliary equipment
in the case of emergency.

The use of GIGACELL batteries as part of a wind power plant is being
commercially performed at the Nishime wind farm (Win Power Co., Ltd.) in Akita
prefecture in northern Japan. Figure 8 shows the wind-power, GIGACELL® and
smoothed outputs during the tests. Wind power also exhibits large fluctuations in the
electrical output due to the daily changes in the weather. With wind-power output,
short-cycle fluctuations caused by the unstable characteristics of the wind are common.
The GIGACELL® is charged and discharged in response to the wind conditions, greatly
reducing fluctuations in the power supplied to the grid. If the wind power is higher than

the smoothing target value, the GIGACELL® is charged with the extra energy and then
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discharges it when the output is below the target value.

Furthermore, Kawasaki has started a verification test of the stabilization of power
frequency from solar panels connected to a commercial infrastructure. In 2010, 10MW
solar panels and a 102 kWh GIGACELL array were installed at the Ishizugawa
substation. This extensive test is being carried out with the cooperation of the Kansai

Electric Co. Inc. and the Nissin Electric Corporation.
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Figure 8 The wind-power, GIGACELL® and smoothed outputs during the tests.
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Figure 9 shows the frequency of the AC power, inverter output, SOC and bias state
for one day during the test at the Ishizugawa substation. The battery is charged when the
frequency exceeds 60Hz, while the battery is discharged when the frequency is less than
60Hz. For example, between 15:07 and 15:36, the frequency showed a tendency
towards being less than 60Hz. At times like these, the inverter output continues
increasing and the SOC of the battery was reduced. As shown by the arrows and circles,
the charge-bias was turned on when the SOC was less than 40% to protect the battery
from being overdischarged. Meanwhile, the charge-bias was turned off when the SOC
reached 45%. A 50kW reduction in invertor output was observed during the charge-bias
activated process as shown by the square frame. If the charge-bias as had not been
activated, the inverter output would behave like the black line.

If the high amount of renewable energy source were incorporated into the today’s
power grid, the use of the energy storage system such as GIGACELL would be
indispensable to stabilize the AC frequency. Destabilization in the AC frequency may

cause various troubles such as electric-power failure and generator breakdown.
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Figure 9 The frequency of the AC power, inverter output, SOC and bias state for one

day during the test at the Ishizugawa substation.
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In the future, the demand of large-scale high-power energy storage system will be
increased for stabilization of large-scale power grids. As stated above, the bipolar
structure of the GIGACELL® allows for the increase in both the number and capacity
of the cells. Figure 10 shows the extremely large-sized battery stack with 40 cells and
1500Ah (75kWh). Despite the large capacity, this battery exhibited an approximately
equivalent discharge curve compared with the normal sized GIGACELL as shown in
Figure 11. In the future, KHI will continue to improve the development of innovative

battery technology for the social-infrastructure.

Figure 10 the extremely large-sized battery stack with 40 cells and 1500Ah (75kWh).
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2.3.4. Conclusion

The high-performance battery has become one of the key components for
environmental protection and its sustainability. KHI has developed a large-sized
high-power Ni-MH battery, called the GIGACELL®. This battery shows a great
potential for various industrial applications, such as LRV, BPS for railways and
stabilization of the power grid. The GIGACELL® will significantly contribute to
energy savings and reduction CO;, emissions in future social-infrastructures. The
GIGACELL® is viewed as a competitive candidate for next generation energy storage

system.
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Chapter 3

Development of cobalt-free
nickel-metal hydride battery for

industrial applications

79



3.1 Cobalt-free materials for nickel-metal hydride battery: self-discharge
suppression and overdischarge-resistance improvement
3.1.1 Introduction

Applications of nickel-metal hydride (Ni-MH) batteries have been extended from
consumer-use electric devices to the hybrid electric vehicle (HEV) [1]. Research and
development of this battery is now focused on application to large-sized industrial
equipment such as a battery-driven train, wayside energy storage system for railways
and a power-grid as a renewable energy source [2-4].

For industrial applications, a number of single cells are stacked in series to assemble
a high-voltage battery module. Each of the cells are equally charged and discharged
during the initial cycles. However, the increasing self-discharge in some cells causes a
difference in the state-of-charge (SOC) among the cells, and these cells would be
degraded by overdischarge. In order to modify the Ni-MH battery for
social-infrastructure use, it is important to improve its self-discharge suppression and
overdischarge resistance as well as its high-power and long cycle-life performances.

For the negative electrode, the ABs type Mm(N1,Co,Mn,Al)s (Mm: misch-metal, A:
Mm, B: transition metals and Al) alloys have been generally used [5,6]. In these types
alloys, its cobalt (Co) was added to improve the cycle-life performance of the alloy
electrode. However, the Co and manganese (Mn) cause an increasing self-discharge [7,
8]. Discovery of the REMg;Niy with the high discharge capacity of 370mAh/g [9-15]
has led to the development of various RE-Mg-Ni based alloys (AB;.3.7; A = rare earth
and Mg, B = transition metals and Al) [16-20]. In these crystal structures, the ABs
lattice and AB,; one are alternately stacked in the c-axis direction. The stacked structure
would maintain a good cycle-life performance in spite of the Co-less or Co-free

composition.
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For the positive electrode, the Ni(OH), particles are generally coated with CoOOH
in order to increase the active material utilization [21, 22]. However, the CoOOH
conductive network is easily reduced by an overdischarge and thus disruption of the
conductive network is a concern. Recently, Morishita et al. reported that CeO, improves
the overdischarge resistance of the CoOOH network [23]. Meanwhile, the development
of an oxidation-resistant carbon has provided a possible way to design a Co-free
positive electrode for the Ni-MH battery [24].

Moreover, the cost of Co has exhibited a noticeable fluctuation and has often
increased over the past three decades. In 2008, the highest price (> 110 US$/t) in history
was recorded for some unexplained reason. After 2010, its price has had a stable
transition due to an excess supply. However, concern about a stable supply in the future
still remains. The development of Co-free materials is an important subject for reducing
the cost of the Ni-MH battery.

In this study, Co-free materials, which improve the self-discharge suppression and
overdischarge resistance, were developed for the large-sized Ni-MH battery for use in
the social-infrastructure. As the negative materials, REgoMgo Ni,Alp> (x = 3.9 ~ 4.3,
ABy41.45) alloys are prepared for producing a low self-discharge negative electrode.
These alloys have a higher B/A ratio than those of the conventional RE-Mg-Ni alloys
[16-20] and contain a substantial ABs-type phase with the stacking structured one. The
content of the ABs-type phase dependence on the B/A ratio was investigated by
synchrotron X-ray diffraction (XRD) and transmission electron microscopy (TEM). The
correlation between the ABs content and battery characteristics was discussed.
Meanwhile, as the positive conductive material, an oxidation-resistant carbon®* was
used as a substitute for the conventional CoOOH. In order to develop a conductive

network among the Ni(OH), particles, the carbon-coated Ni(OH), was prepared by
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spraying a carbon dispersion onto the Ni(OH), particles using a fluid-bed coating

technique.

3.1.2 Experimental
3.1.2.1 Electrode and battery preparation

As the negative electrode materials, the REg9Mgy Ni,Alp, (x = 3.9 ~ 4.3) alloys
were synthesized using an induction furnace with an argon atmosphere [19]. The RE
portion consists of La, Pr and Nd. Table 3.1.1 summarizes the alloy compositions used

in this study.

Table 3.1.1 Nominal compositions of the REy9Mg ;Ni, Al alloys.

A-site B-site B/A ratio
La/Pr/Nd Mg Ni(x) Al
Alloy#1 10.50/0.15/0.35 0.1 3.9 0.2 4.1
Alloy#2 (0.60/0.12/0.28 0.1 4.1 0.2 4.3
Alloy#3 (0.70/0.09/0.21 0.1 43 0.2 4.5

A-site: RE (=La, Pr and Nd) and Mg, B-site: Ni and Al

An oxidation-resistant carbon (CB) and ethylene-vinyl-acetate (EVA) were
dispersed in a xylene solvent at the molar ratio of 1 : 1. The prepared carbon dispersion
was sprayed onto spherical Ni(OH), particles (diameter: ca. 10um) using a fluid-bed
coating apparatus (Powrex Co., Ltd., Japan) to obtain the carbon(CB)-coated Ni(OH),
powder as the active material of the positive electrode. The CB-coated Ni(OH), consists
of Ni(OH),, CB and EVA with the weight ratio of 100 : 5 : 5. The oxidation-resistant
carbon was prepared by annealing the carbon black at approximately 2500K in an

inert-gas atmosphere.
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The negative and positive electrodes were prepared by a paste method, namely, the
material powder, binder and thickening agents were thoroughly mixed with water. The
paste was then loaded on a nickel-foam substrate and pressed to form a plate with a
thickness of 0.4 mm. The negative paste consists of the alloy powder, styrene butadiene
rubber (SBR) as the binder, carboxyl-methyl-cellulose (CMC) as the thickening agent
and water. On the other hand, the positive one contains the CB-coated Ni(OH), powder,
CMC and water.

For the cylindrical battery construction, the negative and positive electrodes were
spirally wound together with a sulfonated polypropylene separator, and this bundle was
then inserted into a cylindrical case. After the electrolyte (30wt. % KOH with
30gL'LiOH) was added, the cell was sealed. The negative electrode capacity is 4 times
that of the positive one (N/P = 4). The battery capacities were 760mAh. For the
open-type battery, the positive electrode was held between two negative electrodes
using a non-woven polypropylene separator. The N/P ratio and battery capacities were
10 and 120mAh, respectively. The charge/discharge curves were recorded using a
computer-controlled charge/discharge system (BLS series, Keisokuki Center Co., Japan)
equipped with a thermostatic chamber at 298 K. Table 3.1.2 summarizes the battery

specifications used in this study.

Table 3.1.2 List of the test batteries used in this study

Battery name | Rated capacity| Subject (Fignumber) | Battery type | Positive conductive agent Negative alloy N/P ratio*
Battery(1A) ] L Alloy#1

1 T 760mAh | Self-disc] : lindrical Co{O! R TIREETEEPEEI AP PPRP PR 4
Battery(1B) ¢ tarse (Fg6) | CY 0: MmNi, ;Co, JMn, ;AL 5
Battery(2A) . o Carbon

m Batteret ZB) 600 mAh Overcharge (Fig.9) | Cylindrcal |------------ Co( OH).l ------------ Alloy#l 4

P YOA) | 120mAn Overdischarge (Fig.10) | Open-type ¢ Alloy#1 10
............... e (Fig. -
Battery(3B) & Co(OH),

+]/P = (Negative electrode capacity) / (pesitive electrode capacity)
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3.1.2.2 Analyses

Synchrotron X-ray diffraction (XRD) patterns of the alloys were obtained from the
beam line BL19B2 at the synchrotron radiation facility, SPring-8, Japan. The
wavelengths were calibrated to A = 0.412 A using CeO, as the standard. The XRD
samples were prepared by adding the powder to a Lindeman glass capillary with a
0.2-um inner diameter. The structural analysis was carried out using the Rietveld
program, RIETAN-2000.%

Thin-film alloy samples for the scanning transmission electron microscopy (STEM)
measurements were prepared using an ion-polishing instrument. High-angle annular
dark field (HAADF) images, which correspond to the high-resolution atomic
arrangement, were observed using a JEM-ARMZ200F equipped with a Cs-corrector for
the STEM (JEOL, Ltd., Japan).

The morphologies of the carbon-coated Ni(OH), were observed using a scanning
electron microscope (SEM, JSM-6390, JEOL, Ltd., Japan).

The electrochemical impedance spectra (EIS) of the Ni(OH), samples were
measured by a frequency response analyzer (SI 1280B, Solartron, UK).

The X-ray photoemission spectra (XPS) of the Ni(OH), samples were observed

using an X-ray photoemission spectrometer (XPS, JPS-9010MX, JEOL, Ltd., Japan).

3.1.3. Results and discussion

3.1.3.1 Characterization and electrochemical performances of the alloy electrodes
Figure 3.1.1 shows the discharge capacity of the alloy electrodes in the KOH

electrolyte. The electrodes were discharged after a 400mAh/g charging at a 100mA/g

current. These alloys were easily activated, and the maximum 340 mAh/g discharge

capacity (= Cpax) Was observed during the 2nd cycle. The alloy#1 exhibited a better
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capacity retention than alloys#2 and #3. The capacity retention of each alloy in the 48th
cycle (= C4s/Ciax) became high in the order of alloy#3 (82%) < alloy#2 (86%) < alloy#1

(91%).
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Figure 3.1.1 Capacity retention of the alloy electrodes in 8N KOH solution.

Figure 3.1.2 shows the XRD pattern and Rietveld refinements for alloy#1. In this
refinement, the rare-earth and transition-metal sites were replaced by vertical species,
1.e., LagsoPro sNdp3s and NiggsAlges, respectively. A four-phase model with the
CaCus-type (1:5H), Ce;Nis-type (2:7H), CesCojo-type (5:19H) and PrsCojo-type
(5:19R) ones reasonably reproduced the observed pattern. For alloy#2, the equivalent

four-phase model was used to refine the XRD pattern. For alloy#3, three phase with
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1:5H, 5:19H and 5:19R ones was the reasonable model. Table 3.1.3 summarizes the

phase components and refinement parameters of alloys#1 - #3.
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Figure 3.1.2 Synchrotron X-ray diffraction pattern and Rietveld refinement for alloy#1.

Figure 3.1.3 shows the phase abundance of alloys#1 - #3 determined by the Rietveld
refinements. For alloy#1, two 5:19 phases occupy approximately 70wt.%. Meanwhile,
for alloy#3, the 1:5H phase occupies approximately 70wt.%. The abundance of the 1:5H
phase increased with the increasing B/A ratio. The observed faster capacity fading in
alloys#2 and #3 is probably related to the greater abundance of the 1:5H phase. In the
conventional MmNis-based alloys with the 1:5H structure, cobalt addition is
indispensable as it suppresses the pulverization of the alloy and maintains the cycle-life
performance. In alloys #1-#3, there is no cobalt addition. The greater abundance of the

1:5H phase could cause pulverization of the alloy and subsequent capacity fading.
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Table 3.1.3 Phase components, R values, mass fractions and cell parameters obtained

from the Rietveld refinements using the synchrotron XRD data of alloys#1 - #3

Alloy#1 R, =11.89%, R, =8.99%, R, =3.23%

Phase Ry Ry Space group | Abundance (wt.%) |Cell parameters (A)
a =4.9968(2)
CaCus-type | 398 | 147 | P6/mmm 24 ¢ =3.9975(2)
] a =5.015(2)
Ce,Ni,-type | 4.42 1.51 P63/mmc 9 c =24.23(1)
a =5.0126(2)
C65C019—type 4.02 1.44 R3-m 51 c = 48441(2)
=5.0136(4
Pr,Coyotype | 4.08 148 | P63/mmec 16 - 32'3048
Alloy#2 R, =11.90%, R, =8.77%, R, = 3.57%
Phase Rp Ry Space group [Abundance (wt.%) [Cell parameter (A)
=4.9948(1)
CaCus-t . . e
aCus-type 3.47 1.55 P6/mmm 46 ¢ =3.9948(1)
- i a =5.0158(9)
Ce,Ni;-type 4.59 2.05 R3-m 4 ¢ =24.221(5)
=5.0072(1)
CesCoyo-t . . . ‘
€5L09-typ€ 4.32 1.68 R3-m 37 c =48.325(2)
] a =5.0021(5)
PrsCojo-type | 444 | 181 | P63/mmc 13 ¢ =32.090(4)
Alloy#3 R,,=14.33%, R, =10.6%, R, =3.22%
Phase Rp Ry Space group |Abundance (wt.%) [Cell parameter (A)
CaCu.t . ' a =5.0174(2)
aCus-type 5.71 3.41 P6/mmm 70 ¢ =4.0022(1)
=5.0208(4)
CesCoyo-t . ‘
esCoo-type |  6.19 3.67 R3-m 19 ¢ =48318(3)
a =5.0214(8)
PrsCoo-type 6.65 3.77 P6/mmm 11 ¢ =32213(3)

Figure 3.1.4 shows the electron diffraction (ED) pattern of the alloys. The
diffraction spots are arrayed along a line perpendicular to the c* direction. Patterns (a)
and (b) were observed in different regions of an alloy#1 grain. Each of the patterns was
indexed on the basis of the hexagonal 5:19H and rhombohedral 5:19R structures?’,
respectively. Alloy#1 contained multiple stacking-structured phases. For alloy#3, the

pattern like (c), which was indexed to a hexagonal 1:5H structure, was mainly observed.
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Figure.3.1.3 Phase abundances of alloys#1 - #3 obtained by Rietveld refinement.

In addition, streaks in the c* direction were often observed as shown in (d). This
feature suggests that alloy#3 mainly consists of the 1:5H phase, and pieces of the
stacking-structured phases, such as the 5:19-types, are contained in the 1:5H phase.
These results are consistent with the XRD measurements.

Figure 3.1.5 shows an HAADF image of alloy#1 observed by scanning transmission
electron microscopy (STEM). A high-resolution atomic arrangement was observed. The
white contrasts are the atom positions. The perpendicular direction of the image is the
c-axis direction corresponding to the direction in which the blocks composed of
fundamental units are stacked. The square frames are placed on the position of a single

CaCus-type lattice. This atomic arrangement corresponds to the 5:19R phase.
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Figure 3.1.5 HAADF image of alloy#1

89



3.1.3.2 Battery performances of the developed alloys

The self-discharge characteristics of batteries(1A) and (1B) were observed during
the charge/discharge cycles. The battery specifications are shown in Table 2(I). Before
constructing battery(1B), the MmNi4 ¢CopsMng3Aly3 alloy was immersed in a 353K
alkaline-solution to remove the Co, Mn and Al on the surface of the alloy particles. The
charged batteries were held on open circuit in a 318K thermostatic chamber for 1 week,

and then discharged in a 298K chamber.

100

o Battery(1A)-
805 o——e——e aeny(1A

N

60

N

40 Battery(1B)

e

Charge: 1C, 110% of rated capacity
Held at 318 K for 1 week
Discharge: 1C, 0.8V cut-off

Rated capacity: 760 mAh

0O 100 200 300 400 500 600
Number of cycles

20

Capacity retention (%)

Figure 3.1.6 Plots of remaining capacity after storage at 318 K for 1 week for

batteries(1A) and (1B).

Figure 3.1.6 shows the plots of the discharge capacity after this treatment. This

measurement was carried out at the 40th, 150th, 250th, 350th, 450th and 550th cycles.
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Battery(1A) exhibited an approximate 80% of the rated capacity at the 40th cycle and
maintained this initial value even after 550 cycles. Meanwhile, the capacity of
battery(1B) significantly decreased with the increasing number of cycles. The difference
in the self-discharge characteristics would be ascribed to the composition of the
negative alloys.

When the conventional MmNis-based alloys are immersed in alkaline solution, the
elution of Co, Mn and Al was observed based on ICP spectroscopy measurements.
These elements were removed from the surface of the alloy particles. The alkaline
immersion treatment before battery construction would be effective in suppressing the
self-discharge increasing, especially during the initial 150 cycles. However,
deterioration of the capacity retention was observed after 250 cycles. Charge and
discharge cycling produces pulverization of the alloy. The elution of Co, Mn and Al,
which causes increasing self-discharge, would be increased on the new pulverized
surface.

For battery(1B), the positive electrode side of the separator, which was removed
from the battery after cycling, changed to a black color. Meanwhile, for battery(1A)
using alloy#1, no separator color change was observed. The SEM and EDS
measurements of the separators showed that deposits containing Co and Mn were
observed in the ABs alloy battery as shown in Fig. 3.1.7. The eluted Co and Mn could
be oxidized and deposited on the positive side of the separator. For example, the cobalt
metal (Co) in the alloy is oxidized and eluted in electrolyte as Co>".*"** Then, the eluted
Co®" is possibly oxidized in Co®” by a reaction with NiOOH and deposited on the
positive side of the separator. This reaction could be one of the origins of self-discharge
increasing. Furthermore, the CoOOH with Co’" is reported to have high electrical

conductivity**, and could form micro-short-circuits between both electrodes becoming
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the origin of the increasing self-discharge®. Meanwhile, for alloy#1, no deposits were
observed on the separator after cycling. These results suggest that alloy#1 has an

improved effect on the self-discharge suppression of the Ni-MH battery.

|1[Ipm CoL

i

Mn

. i 100 pm
Figure 3.1.7 (a) SEM image of the separator after cycling, and EDS mapping for (b)

Co-L and (¢) Mn-K lines.

3.1.3.3 Preparation of CB-coated Ni(OH), and battery performances
Figure 3.1.8 shows an SEM image of the carbon-coated Ni(OH),. The surface of the
Ni(OH), particles was coated with a carbon layer by spraying the carbon dispersion

using a fluid-bed coating apparatus. The electrical conductance of the 5 wt% CB-coated
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Ni(OH), was 5 x 10” S-em™. The conductance of the CoOOH-coated Ni(OH), was of

the same order.

3.00* %800 _5pm « L0900 1125 SEI

X

Figure 3.1.8 SEM photograph of the carbon-coated Ni(OH),.

Figure 3.1.9 shows the overcharge characteristics of cylindrical batteries(2A) and
(2B). The battery specifications are shown in Table 2(II). As positive electrode
materials, the carbon-coated and Co(OH);-coated Ni(OH), were used for batteries
(2A) and (2B), respectively. Alloy#1 was used as the negative electrode material. The
charge capacity was 150% of the rated capacity. Although the discharge capacity of the
CB-coated one was lower than that of the CoOOH coated one, no noticeable decrease
in the discharge capacity was observed after 150 cycles of the overcharging treatment.
These results suggest that the carbon used in this study exhibits an adequate

oxidation-resistance for at least several hundred cycles.
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Figure 3.1.9 Cycle life performances of batteries (2A) and (2B) after 150%

overcharging of the rated capacity.

Open-type batteries (3A) and (3B) were overdischarged to investigate the influence.
The battery specifications are shown in Table 2(III). As positive electrode materials, the
carbon-coated and Co(OH),-coated Ni(OH), were used for batteries (3A) and (3B),
respectively. Alloy#1 was used as the negative electrode material. The cells were
charged and discharged at the 0.2C rate during the first 10 cycles for activation. After a
200% overdischarge of the rated capacity, a 0.25C-rate charge/discharge cycle was
carried out as shown in Fig. 3.1.10. Battery(3A) containing the CB-coated electrode
exhibited an 82% rated capacity, while the battery(3B) containing the CoOOH-coated
one exhibited a 39% capacity. The carbon-coated electrode exhibited a higher discharge

capacity indicating a better overdischarge resistance.
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Figure 3.1.11 shows the electrochemical impedance spectra (EIS) of the positive
electrode before and after the overdischarge process. These spectra show a semicircle
resulting from the charge transfer resistance (R) and a slope resulting from the
Warburg impedance (Zyw). For the CB-coated Ni(OH), electrode, the R is equivalent
before and after the overdischarge process, while that for the cobalt-coated one
significantly increased. These results suggest that the CoOOH conductive network is
damaged by the overdischarge process. Figure 3.1.12 shows the X-ray photoemission
spectra (XPS) of the Co on the Ni(OH),. The Co-2p peaks were observed at 780eV and

795eV. These peaks shifted to the lower energy side after the overdischarge treatment.

95



The Co valence was changed from Co’" to Co”’, indicating that the CoOOH was
reduced to the Co(OH), by the overdischarge treatment. Furthermore, the reduced
Co(OH); would be retransformed to the CoOOH during the charging process. In Fig.
3.1.10, an approximate 10mAh at the beginning of the charge process of battery (3B)
probably corresponds to the Co(OH), oxidation. One of the reasons for the lower
discharge capacity of battery (3B) would be related to the fact that not only Ni(OH), but

also the Co(OH), is oxidized during the charging.
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Figure 3.1.11 Electrochemical impedance spectra (EIS) of positive electrodes before

and after the overdischarge process: (a)battery(3A) and (b) battery(3B).
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Figure 3.1.12 X-ray photoemission spectra (XPS) of Co-2p state for the CoOOH-coated

nickel electrode (a) as-prepared and (b) after the overdischarge treatment.

The Co-free electrodes were used in a Kawasaki-developed industrial battery, called
the GIGACELL™™, in order to realize a Co-free Ni-MH battery.”” A single-type cell
containing the Co-free electrodes exhibited approximately 2000 charge/discharge cycles.
Furthermore, for the GIGACELL-type structure, scale-up was easily accomplished. A
large-sized Co-free battery with a 205Ah rating was constructed. At the 2C-rate, the
Co-free cell exhibited a better high-rate performance than the cell containing the
conventional electrodes. The voltage and Ah efficiency of the former one are higher by
100mV and 7%, respectively, than those of the latter one. The development of the
Co-free electrode materials would provide an advanced Ni-MH battery having a
self-discharge suppression and overdischarge resistance as well as the high-power and

long cycle-life performances for use in future large scale operations.
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3.1.4 Conclusion

REy9Mgo 1Ni,Aly, alloys (RE: rare earth, x = 3.9 ~ 4.3) were prepared for producing
a low self-discharge nickel-metal hydride (Ni-MH) battery. The alloys contains 4 phases,
such as CaCus-type (1:5H), Ce;Nis-type (2:7H), CesCojo-type (5:19R) and PrsCojo-type
(5:19H) ones. The phase abundance of the 1:5H one increased with the increasing x
value. The capacity retention during the electrochemical test has a correlation to the
abundance of the 1:5H phase. Based on the battery test using a cylinder-type sealed cell,
the cell using alloy#l as the negative material exhibited better self-discharge
characteristics than that using the conventional Mm(N1,Co,Mn,Al)s-type alloy.

A carbon-coated Ni(OH), was prepared by spraying a carbon dispersion onto
Ni(OH), particles using a fluid-bed coating apparatus. The overcharge and
overdischarge performances of the CB-coated Ni(OH), are comparable or better than
those of the conventional CoOOH-coated one. The CoOOH conductive network is
easily damaged by any overdischarge treatment. A Co-free Ni-MH battery consisting of
these Co-free electrodes would combine several good battery characteristics, such as a

low self-discharge and overdischarge resistance.
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3.2 Cobalt-free nickel-metal hydride battery for industrial applications
3.2.1 Introduction

The nickel-metal hydride (Ni-MH) battery has been widely used for hybrid electric
vehicles (HEVs) as well as consumer electronic devices [1]. Recently, its application
has been extended to large-scale industrial equipment such as the battery power system
(BPS) for railways and power-grids as a renewable energy source [2, 3]. In order to
promote the widespread-use of the Ni-MH batteries, further high-power output, long
cycle-life and low costs are required.

For industrial applications, a number of single cells are stacked to assemble a
high-voltage battery module. Each of the cells are equally charged and discharged.
However, a difference in the state of charge (SOC) gradually increases with the
increasing self-discharge in some cells, and these cells would be overdischarged. The
positive electrode material, Ni(OH),, is coated with CoOOH to increase the active
material utilization [4]. The overdischarge causes not only disruption of the CoOOH
conductive network, but also degradation of the cell and module performances. The
self-discharge suppression and overdischarge-resistance improvement are important
requirements to maintain the battery-module performance over the long term.

In the conventional Ni-MH batteries, ABs type Mm(Ni, Co, Mn, Al)s alloys [5] and
CoOOH-coated Ni(OH), [4] have been used as the negative and positive electrode
materials, respectively. In these materials, the Co is the essential to improve the battery
performances. However, the increasing Co price has often been observed in the past
three decades and only about 10% Co in the alloys accounted for half of the total alloy
cost [6]. Noticeable fluctuations in Co pricing would be a serious concern for the battery
material costs in the future. Therefore, the development of Co-free materials is an

important subject for the Ni-MH battery.
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The discovery of REMg;Niy with the high discharge capacity of 370mAh/g
provided a alternative way to design new negative electrode alloys [7-13]. A series of
RE-Mg-Ni based alloys (AB3.40; A = rare earth, Ca and Mg, B = transition metals and
Al), which contains less cobalt or no cobalt, has been developed by many groups
[14-19]. These high-capacity alloys have contributed to increasing the capacity of the
consumer-based batteries.

In this study, for the Co-free negative electrode with a high-power and low
self-discharge, the RE(oMgyNisoAly, (AB4;) alloy was prepared. Moreover, a
carbon-coated Ni(OH), using an oxidation-resistant carbon material was developed to
produce a Co-free Ni-MH battery. The battery performances of the Co-free materials

were tested using a large-sized Ni-MH cell with a 205 Ah rating.

3.2.2 Experimental

The RE(9Mgj Niz9Alp, alloy was synthesized using the previously reported
method [17]. The RE consists of La, Pr and Nd with the molar ratio of 0.5 : 0.15 : 0.35.
The phase compositions of the samples were characterized by X-ray diffraction (XRD)
using the synchrotron radiation facility, SPring-8, Japan. The structural analysis was
carried out using the Rietveld program, RIETAN-2000 [20]. The negative electrodes
were prepared by the paste method. The alloy powder, styrene butadiene rubber (SBR)
as the binder and carboxyl-methyl-cellulose (CMC) as the thickening agent were
thoroughly mixed with water. The paste was loaded on a nickel-foam substrate and
pressed to form a plate with a thickness of 0.4 mm.

An oxidation-resistant carbon and ethylene-vinyl-acetate were dispersed in xylene
as the solvent. The prepared carbon dispersion was sprayed onto spherical Ni(OH),

particles using a fluid-bed coating apparatus (Powrex Co., Ltd., Japan) to obtain the
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carbon-coated Ni(OH), powder as the positive electrode material. The carbon-coated
Ni(OH), was formed into the positive electrode in the same manner as the negative
electrode, namely, a paste consisting of the carbon-coated Ni(OH), powder and CMC
with water was loaded on a nickel foam substrate and pressed to form a plate with a
thickness of 0.4 mm.

For the cylindrical battery construction, the negative and positive electrodes were
spirally wound together with a sulfonated polypropylene separator and the bundle was
then inserted into a cylindrical case. The negative alloy (MmNis7CopsMng4Aly3) was
used as the reference for comparison. The composition is a typical one for consumer
devices emphasizing the cycle-life as well as the capacity and power. The negative
electrode capacity is 4 times that of the positive one (N/P = 4). The battery capacities
were 400 ~ 800mAh. After the electrolyte (5.6mol/L- KOH with1.2mol/L-LiOH) was
added, the battery was sealed.

Figure 3.2.1 is a schematic view showing the structure of a large-sized Ni-MH battery,
called the GIGACELL® [2, 3]. The GIGACELL-type single cells with 750mAh ~
205Ah ratings were constructed using the Co-free electrodes. Inside the cells,
pre-formed stripes of positive and negative electrodes are inserted into the respective
sides of the pleat-folded separator. The negative alloy (MmNis3;Cop7Mng3Alp3) was
used as the reference for the comparison. The composition was similar to that used for
the conventional GIGACELL, mainly emphasizing the power performance. The
capacity ratio was calculated to be N/P = 2.5. The electrolyte was 4.8mol/L-KOH +
1.2mol/L-NaOH.

The charge/discharge curves were recorded using a computer-controlled
charge/discharge system (BLS series, Keisokuki Center Co., Japan, or SM8 series,

Hokuto Denko Co., Japan) equipped with a thermostatic chamber at 298 K.
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3.2.3. Results and discussion

Figure 3.2.2 shows the discharge capacity of the alloy electrodes in a KOH
electrolyte. The RE(9Mg NisoAly, alloy (alloy#1) was easily activated compared to
the conventional ABs type MmNi;;Cop7Mng3Alp3 one. Alloy#1 and ABs exhibited
340mAh/g and 315 mAh/g discharge capacities, respectively. A synchrotron XRD
analysis indicated that the Rietveld refinement parameters, Ryp, Ry, Re and S, were
estimated to be 11.89%, 8.99%, 3.23% and 3.68, respectively. Alloy#1 contains multiple
phases, namely, the CaCus-type (25wt. %), Ce,Nis-type (10wt. %), CesCoio-type

50wt. %) and PrsCo9-type (15wt. %) ones.
yp
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Figure 3.2.3 Discharge curves of the cylindrical batteries at various discharge currents.
Solid and dashed lines correspond to alloy#1 and MmNis3;7CoosMng4Alp3 as negative
alloy, respectively. The capacity ratio (N/P) between the negative electrode and positive

one 1s 4.0.

105



Figure 3.2.3 shows the discharge curves of the cylindrical batteries at various currents.
The battery specifications are equivalent except for the alloy used as the negative
electrode. An approximate 1.2V discharge voltage and 99% of its rated capacity were
observed for the battery containing alloy#1 at the 1C rate. The current value at the nC
rate (n: positive number) was determined by multiplying the rated battery capacity and
the n value. Even at the 10C rate, an approximate 1.0V voltage and 88% of its rated
capacity was maintained. At the 10C rate, a 200mV difference was observed for the
discharge voltage between both batteries. A comparatively good high-rate discharge

performance was obtained using alloy#1.
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Figure 3.2.4 1C-rate discharge curves of the cylindrical batteries after storage at 318 K

for 1 week. N/P =4.0.
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In order to investigate the self-discharge, the charged batteries were held at open
circuit in a 318 K thermostatic chamber for 1 week. Figure 3.2.4 shows the discharge
curves of the cylindrical batteries after this treatment. The battery containing alloy#1
maintained an approximate 74% of its rated capacity. Meanwhile, the one containing
MmNi; 7Cop sMng 4Al 3 exhibited 64% of its rated capacity. For the latter battery, the Co
and Mn released from the ABs alloy are deposited on the separator and positive

electrode.

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

(b)

e

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
keV

Figure 3.2.5 SEM 1mage of the separators after cycling: (a) ABs

(MmNi;7Co¢7Mng3Alj3) and (b) alloy#1 as negative alloys.
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The deposits may accelerate the self-discharge of the positive electrode. As shown in
Fig. 3.2.5(a), deposits containing Mn and Co were observed in the separator after
cycling. Meanwhile, there was no deposit in the separator of the battery containing
alloy#1 as shown in Fig. 3.2.5(b). These results suggest that the use of alloy#1 is
effective for suppressing the self-discharge of the Ni-MH battery. In addition, Au was
previously evaporated on the separator specimens in order to improve the low electrical
conductivity. The sulfonated treatment of the separator would be the origin of the sulfur.

The Ca was possibly contained in the mischmetal as an impurity.

I Carbon-coated Ni(OH), : positive material

Capacity (mAh)

Charge: 1C, 100% of the rated capacities
Discharge: 1C, 1V cut-off

Rated capacity: 600 mAh

N/P=4.0

O | | |
0 200 400 600 800

Number of cycles

Figure 3.2.6 Cycle life performances of cylindrical batteries. N/P = 4.0.

Figure 3.2.6 shows the capacity retention of the cylindrical batteries. The battery

specifications are equivalent except for the positive electrode materials. Both batteries
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contain alloy#1 as the negative electrode material. For both batteries, no capacity decay
was observed during 800 cycles. These results suggest that the carbon-coated Ni(OH),
exhibited an adequate charge/discharge cycling durability comparable to the
conventional CoOOH coated one. Furthermore, the overdischarge resistance is expected
to improve using carbon, which would exhibit a better resistance to reduction than the

CoOOH.

800

Alloy#1 : negative material

~
S
o/\

o S

MmNi; ;Co, ;Mn, ;Al) 3

O
S
-

Capacity (mAh)
o))
S
O
OIIIIIII|IIIIIIIII|I

Charge: 1C, 100% of the rated capacity
Discharge: 1C, 1V cut-off

Rated capacity: 750 mAh

N/P=2.5
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500 1000 15
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Figure 3.2.7 Cycle-life performance of single 750mAh GIGACELL-type cells. N/P =

2.5.

Figure 3.2.7 shows the cycle-life performance of a single 750mAh GIGACELL-type
cell, containing the Co-free positive and negative materials. Another cell, which

contained MmNi; 7Cog7Mng3Alj 3 as the negative alloy, was also tested for comparison.
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An approximate 99% Ah-efficiency was observed after charging to 750mAh. The initial
discharge capacity was maintained after 1000 cycles. After 1800 cycles, both cells
maintained an approximate 85% Ah-efficiency. The Co-free cell exhibits a capacity

retention comparable to the cell containing MmNi; 7Cop7Mng 3Aly 3 alloy.
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Figure 3.2.8 Discharge curves of single 205Ah GIGACELL-type cells. Solid and
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W
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dashed lines correspond to alloy#1 and MmNi;;Cop7Mng3Alp3 as negative alloy,

respectively. N/P = 2.5.

Figure 3.2.8 shows the discharge curves of the single 205Ah cells. At the 0.2C rate (=

41A) discharge, the voltage and discharge capacity were almost equivalent to each other.

At the 2C rate (= 410A) discharge, the Co-free cell maintained a 1.25V voltage and 97%
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Ah-efficiency. On the other hand, the cell containing the MmNi3 ;Cog7;Mng 3Alg 3 alloy
(dashed line) exhibited a 1.15V discharge and 90% Ah-efficiency. The voltage of the
former one is higher by 100mV than that of the latter one. The combination of the
Co-free materials and GIGACELL structure would be suitable for industrial use as a

high-power, large-sized battery with a long cycle-life.

3.2.4 Conclusion

The use of the Co-free alloy#1 as the negative electrode effectively improved the
high-rate discharge and suppressed the self-discharge of the Ni-MH battery. Moreover,
the carbon-coated Ni(OH),, which was prepared using a fluid-bed coating method,
exhibited a good cycle-life performance that was comparable to the conventional
CoOOH-coated one. The GIGACELL-type Ni-MH cell consisting of these Co-free
materials exhibited long cycle-life performances. Good high-rate characteristics were

maintained in the GIGACELL-type cell with a 205Ah rating.
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Chapter 4

Development of fiber-type Ni(OH),

electrodes for nickel-metal hydride

battery
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4.1 Fiber-type Ni(OH); electrode for nickel-metal hydride battery: Super high-rate

charge/discharge and long cycle-life performances

4.1.1 Introduction

For more than two decades, nickel-metal hydride (Ni-MH) batteries have made
progress and are widely used as power sources of consumer electronic devices, as well
as hybrid electric vehicles (HEVs). In particular, the demand for the Ni-MH battery in
HEVs has been increasing because of its superior properties of high-power capability,
long cycle-life, reliability and safety [1-3]. Moreover, large-sized Ni-MH batteries have
been developed for a battery-driven light rail vehicle (LRV; 600 V — 200Ah unit), and
battery power system for railways (BPS; 750V — 150Ah unit) [4- 6]. In order to realize
the widespread use of these large-sized batteries, further high-power capabilities are
required.

At the end of the 1920s, the high-power discharge performance of the nickel
positive electrode was improved by Ackermann’s invention of the sintered nickel
electrode [7, 8]. In the 1980s, a paste-type electrode was developed in order to increase
the energy density of the nickel positive electrode [9, 10]. The latter electrode is
comprised of a spherical Ni(OH), powder which is loaded on a porous nickel substrate.
Zinc is coprecipitated with the Ni(OH), to prevent the formation of y-NiOOH, which
produces electrode swelling and capacity decay [11]. The Ni(OH), particles are coated
with Co(OH); in order to increase in the utilization efficiency [10, 12]. The Co(OH); is
transformed into CoOOH having a high electrical conductivity during the charging
process. Recently, Higuchi et al. reported that pretreatment, discharging before the
initial activation, improves the Co(OH),-coated Ni(OH), electrode performances such

as high-rate discharge and cycle durability [13]. Meanwhile, a high amount of Co(OH);
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with a thick deposition layer not only has a low specific area, but also hinders the
diffusion of protons from the surface to the interior of the Ni(OH), particles [14].

In recent studies of Ni(OH),, several new particle shapes, such as a ribbon- and
board-like one [15], tube-type one [16] and large pseudo-single crystal [17], have been
synthesized. Moreover, the Ni(OH), thin film [18] and Ni(OH),/carbon composite [19]
were prepared by a liquid phase deposition method. These new materials are expected to
be candidates for use as the Ni(OH); electrode for future batteries.

For further improvement of the high-power performance, the electrodes need to
have a high electronic conductivity as well as a low electrochemical impedance. In this
study, a carbon fiber-type Ni(OH), electrode was developed for the Ni-MH battery. This
electrode exhibits a high discharge capacity and long cycle-life without the CoOOH
coating. Moreover, excellent high-rate charge and discharge characteristics are observed.
The phase compositions in the charge and discharge states have been examined by the

synchrotron X-ray diffraction (XRD) method.

4.1.2 Experimental

In order to prepare the fiber-type Ni(OH), electrodes, a carbon fiber-tow (Toho
Tenax Co., Ltd.) with 3000 single fibers was used for the collector substrate. The carbon
fibers with the diameter of 6 um were plated with 0.2 ~ 0.3 pm thickness by metallic
nickel. A commercially available electroless plating reagent (Topchemi alloy B-1;
Okuno chemical industries., Ltd.) was used. As shown in Fig. 4.1.1, the end of the
fiber-tow was fixed by inserting it between two nickel-foam pieces, and a lead wire for
electrical contact was spot-welded to the nickel-foam piece. The Ni(OH), was
electrodeposited [20, 21] from a 0.5 ~ 1.0 mol// nickel nitrate aqueous solution at the

current density of 5 ~ 25 mA/cm” for 5 ~ 30 minutes. The electrode was immersed in

116



the 5SM NaOH solution at 353 K for 30 minutes to remove the nitrate ions remaining on
the deposited Ni(OH),. The amount of Ni(OH), was determined from the weight
difference before and after the deposition. The nominal capacities were calculated using
289 mAh/g as the one-electron exchange for the 3-Ni(OH),/B-NiOOH couple reaction.
The size of the fiber-type electrode, which was modified by Ni(OH),, was about 3cm

(length) x1.3 cm (width) x 0.005 cm (thickness).

Nickel lead

| foam

7]

Figure 4.1.1 Photograph of the fiber-type substrate.

To prepare the test cells, the fiber-type Ni(OH), electrode was held between two
MmNi; 7Cop7Mng3Alp3 alloy electrodes (Mm: mishmetal) through a non-woven
polypropylene separator. The alloy capacities were in significant excess compared to
that of the fiber-type Ni(OH), electrode. The electrolyte was 30wt. % KOH with

30gL'LiOH. The cell was charged and discharged at the 0.1C rate during the first 10
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cycles for activation. The charge/discharge curves were recorded using a
computer-controlled charge/discharge system (BLS series, Keisokuki Center Co., Japan)
equipped with a thermostatic chamber at 298 K. In this paper, the value of 1.0 for the
number of exchanged electrons (NEE) per one nickel atom is defined as 100% (= 289
mAh/g) of the depth of charge (DOC). The cells were charged in the range of 110 —
150% of the DOC, that is, 1.1 — 1.5 of the NEE.

The electrochemical impedance spectra (EIS) were measured by a frequency
response analyzer (SI 1280B, Solartron, UK) after charging to 1.1 of the NEE.

The morphologies of the fiber-type Ni(OH), electrode were observed by a scanning
electron microscope (SEM, JSM-6390, JEOL DATUM, Ltd., Japan).

The phase compositions of the samples were characterized by X-ray diffraction
(XRD) using the beam line BL19B2 at the synchrotron radiation facility, SPring-8,
Japan. A large Debye-Scherrer camera was used to detect the fine diffraction patterns.
The wavelengths were calibrated to A = 0.7010(2) A using CeO; as the standard. The
fiber-type electrodes were cut into small pieces, then loaded into glass capillaries with a
0.3 mm¢ inner diameter. The structural analysis was carried out using the Rietveld

program, RIETAN-2000 [22].

4.1.3 Results and Discussion
4.1.3.1 Preparation of the fiber-type Ni(OH); electrode and charge/discharge tests
using the Ni-MH cell.

Approximately 18 ~ 23 mg of Ni(OH), was electrodeposited on the 3000 carbon
fibers with a 3 cm length. Figure 4.1.2 shows that the surface of each single fiber was
coated with a Ni(OH), layer of 1.5 ~ 2.5um thickness. The capacities per unit-volume

and per electrode-weight were estimated to be 280 ~ 340 mAh/cm® and 180 ~ 200

118



mAh/g, respectively. The latter values are greater than that of the paste-type one [10].
Table 4.1.1 summarizes the specification of the fiber-type electrodes. Table 4.1.2 shows

the fiber-type electrodes contained in the Ni-MH test cells.

single fibers and (b) expanded view of a single fiber.

Figure 4.1.3 shows the 1C-rate charge/discharge curve of cell#1 after repeating 100
cycles. An approximate 1.3V discharge voltage and 1.05 (= 303mAh/g) NEE was

observed during the discharge process after charging to 1.1 of the NEE.
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Table 4.1.1 Specification of the fiber-type electrode for the Ni-MH test cells.

Number of carbon fibers 3000
Length of carbon fibers (cm) 3
Weight of nickel plated carbon fibers (g) 0.011
Weight of electrodeposited Ni(OH), (g) 0.018 ~0.023
Capacity of the fiber-type electrode (mAh) 52~6.6
Capacity per unit volume (mAh/cm’) 280 ~ 340
Capacity per electrode weight (mAh/g) 180 ~ 200

*Nominal capacities were calculated using 289 mAh/g as the one-electron exchange in the
B-Ni(OH),/B-NiOOH couple reaction.

Table 4.1.2 Fiber-type electrodes in the Ni-MH test cells.

fiber electrode capacity (mAh)
Cell #1 5.49
Cell #2 No-coating 5.72
Cell #3 6.60
Cell co#l _ 5.20
= CoOOH coating
cell co#2 6.10

Figure 4.1.4 shows the capacity retention of cell#2 at 298 K. No remarkable
capacity decay is observed during 2000 cycles. The average voltage was 1.24 V for the
cycles less than 200. The voltage then began to fade, and the average voltages remained
at about 1.15V after 700 cycles. The inset shows the discharge curves. At the 100th
cycle, the curve displays plateau region and the voltage significantly drops at the end of
the discharge. Meanwhile, at the 2000th cycle, the voltage gradually decreases during
the discharge process. These characteristics suggest that the internal resistance of cell#2

increases during the cycling.
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Figure 4.1.3 1C rate charge/discharge curve of cell#1.
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Figure 4.1.4 Cycle-life performance of cell#2.
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]_.5""I""l""l""l'|||I||||I||||I||||I||||I||||I||||_
Charge: 1C rate, NEE=1.1 é
Discharge: 1 ~200C rate, 0.8V cut-off | 3
RN Capacity: 5.49 mAh (Cell#1) E
A1.3i\ —
) 3
0012 7
NGRS
o - E
= LI Vo ;
) 3 30 10 5 3 1C F
O 10k 60 1 L
-VE \ 100 E
N
b WL
0.85||||I||||||||I|||||||I|||| |||I|||||||I||||||||E
00 02 04 06 08 1.0
NEE

Figure 4.1.6 High-rate dischargeability of cell#1 at various currents

1.1 of NEE at the 1C rate.
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Figure 4.1.5 shows the high-rate charging of cell#1. After charging to 1.1 of the
NEE at a current ranging from the 1 - 500C rate, the cell was discharged at the 1C rate
to a 0.8V cut-off voltage. An approximate 0.98 (= 283 mAh/g) NEE was obtained, even
if the cell was charged at the 500C rate.

Figure 4.1.6 shows the high-rate discharging of cell#1. After charging to 1.1 of the
NEE at the 1C rate, the cell was discharged at various currents ranging from the 1 to
200C rate. Even at the 100C rate, an approximate 1.15V discharge voltage and 0.5 NEE

were delivered.
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Figure 4.1.7 High-rate dischargeability of cell co#1 (solid lines) and cell#1 (dashed

lines) at various currents.
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In order to form the CoOOH layer, the fiber-type Ni(OH), electrode was alternately
immersed in a cobalt nitrate solution and NaOH solution, and then dried at 378 K for 1
hour. Figure 4.1.7 shows the high-rate discharge of cell co#1. This cell exhibited a
lower discharge voltage than cell#1, especially at the high-rate discharge. The internal
resistance of cell co#l is estimated to be approximately 7 mQ-Ah from the voltage vs.
current (I-V) plots at the 10-second discharge, which is 2.3 times higher than that of
cell#1. This result suggests that the high-rate discharge performance of the fiber-type

Ni(OH), electrode is degraded by the CoOOH coating.
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Figure 4.1.8 Electrochemical impedance spectra (EIS) of cell#3 (o) and cell co#2 (©)

at the 1.1 NEE.

124



Figure 4.1.8 shows the electrochemical impedance spectra (EIS) for cell#3 and
cell co#2 after charging to 1.1 of the NEE. Both spectra show a depressed semicircle
resulting from the charge transfer resistance (R) at a high frequency, and a slope
resulting from the Warburg impedance (Zw) in the low frequency region. The Cell#3
exhibited a lower R than that of cell co#2. In the frequency region greater than about
0.1 Hz (= 10s), the EIS includes information about the electrochemical reaction. This
result suggests that the internal resistances obtained at the 10-second discharge in Fig. 7

reflect the difference in the electrochemical reactions between cell#3 and cell co#2.

H,O
4 v OH-
H+ electrolyte

Ni plated layer e-

Carbon fiber

Figure 4.1.9 Schematic views of the discharge reaction mechanism of the fiber-type

Ni(OH), electrode.

Figure 4.1.9 shows a schematic view of the discharge reaction mechanism of the

fiber-type electrode in the test cells. An electron is supplied from the nickel-plated fiber
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on the inner side of the NiOOH layer, and a proton diffuses in the NiOOH layer through
the NiOOH/electrolyte interface. In the CoOOH-coated fiber-type electrode, the state of
the electron path would be equivalent to the non-coated fiber-type electrode. Meanwhile,
the CoOOH layer on the NiOOH/electrolyte interface is different for both electrodes.
The results of Figs. 7 and 8 suggest that the CoOOH reduces the specific area which

participates in the electrochemical reaction of the fiber-type Ni(OH), electrode.

4.1.3.2 XRD patterns of the fiber-type Ni(OH); electrodes.
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Figure 4.1.10 Synchrotron XRD patterns of the fiber-type Ni(OH), electrodes at various
NEEs; (a) NEE = 0 (as-prepared sample), (b) NEE = 0 (after 100 cycles), (c) NEE = 1.1,

(d) NEE = 1.5.
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Figure 4.1.10 shows the synchrotron XRD patterns of the fiber-type Ni(OH),
electrodes. The as-prepared sample consists of B-Ni(OH),. At the 0 of the NEE after 100
cycles, a-Ni(OH), was found in addition to B-Ni(OH),. After charging to 1.1 of the
NEE, the B-NiOOH, y-NiOOH and a-Ni(OH), phases were observed. After charging to
1.5 of the NEE, a monoclinic phase, which could be composed of K,NiO, [23, 24], was

found in addition to the B-NiOOH, y-NiOOH and a-Ni(OH), phases.
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Figure 4.1.11 Synchrotron XRD pattern and the Rietveld refinement results of the

as-prepared fiber-type Ni(OH), electrode.

Figure 4.1.11 shows an XRD pattern with the Rietveld refinement of the as-prepared
fiber-type Ni(OH), electrode. For the refinement, a model containing a stacking fault
[25-27] was used, in which the B-Ni(OH), contains two types of phases, namely, the
ideal phase and fault one. The nickel atom is shifted from the (0, 0, 0) site for the ideal

phase to the (2/3, 1/3, 0) site for the fault one. The abundance of the fault phase was
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around 30 wt.%, indicating that the fiber-type Ni(OH), electrode contains many
stacking faults compared to the spherical Ni(OH), particle [27]. Table 4.1.3 summarizes
the refinement results for the various NEEs.

Table 4.1.3 Phase components, R values, mass fractions and cell parameters obtained
from the Rietveld refinements using the synchrotron XRD data of the carbon fiber-type
Ni(OH), at the various NEE:s.

(a) NEE = 0 (As-prepared sample); R, =4.79, R, =3.55,R,=2.69

Phases Ideal/fault | Rg (%) [ Rg (%) | (wt. %) Space Group | Cell parameter (A)| volume (A%
Ideal 176 | 0.89 67 | P-3ml (No.164y | ¢~ 313BD) 40.1
B-Ni(OH), ¢ = 4.698(2)
a =3.1202)
Fault | 212 | 1.06 3| PamiNoded) | DAl 39.2
(b) NEE = 0 (After 100 cycles); R,,=3.12, R, =2.27, R, = 2.81
Phases Ideal/Fault | Rg (%) | Rp (%) | (wt. %) Space Group | Cell parameter (A)| volume (A%
Ideal 185 | 084 53 | Pami Noteay | @120 39.4
B-Ni(OH), ¢ = 4.666(2)
a =3.112(1)
Fault | 353 | 170 2| P3mMNoded) | Dol 38.9
Ideal 170 | 0.84 17| R3mNo166) | @ 73068 194.6
o Ni(OH), ¢ =23.86(6)
7 =3.032)
Fault | 125 | 075 2| RamNod6e) | o0 185.3
(b) NEE = 1.1; R,, = 2.88, R, = 2.14, R, = 2.72
Phases Re (%) | Re(%) | (wt. %) Space Group | Cell parameter (A)| volnme (A%
Ideal 172 | 082 14 | P-3ml (No.l64) | @ = 2:841(7) 338
B-NiOOH ¢ =4.830(7)
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Figure 4.1.12 The phase abundance of the fiber-type electrodes at various NEEs: 0, 1.1

and 1.5.

Figure 4.1.12 shows the phase abundances for each phase at the various NEEs. The
abundance of the a-Ni(OH), phases remained constant value during charging to 1.1 of
the NEE, indicating that the o-Ni(OH), hardly participates in the reaction. The
B-Ni(OH), phases were transformed into B-NiOOH and y-NiOOH ones during the
charging to the 1.1 NEE. After charging to 1.5 the NEE, the mass fractions of the
a-Ni(OH), phases decreased to around 10 wt.%. A part of the a-Ni(OH), phases could
be charged and transformed into the y-NiOOH or K,NiO, phases. The K,NiO, phase
could be formed by overcharge of the y-NiOOH phase.

It is considered that a charge reaction arises from the inner side of the
active-material layer near the carbon fiber, and gradually progresses towards the outside.

The B-Ni(OH), and a-Ni(OH), possibly exist in the inside and the outside of the
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active-material layer as shown in Figs. 4.1.13(a) and 4.1.13(b). As shown in Fig.
4.1.13(c), the real fiber-type electrode after cycling is composed of Ni(OH), fixed on

the inner fiber and outer layer separated from the inner fiber.

(b): aftercycling
(NEE = 0)

a):as-prepared
(a):as-prep

Carbon fiber

/

Carbon fiber
B-Ni(OH),

a-Ni(OH),
B-Ni(OH), Crack

Figure 4.1.13 Schematic views of cross-sections of the (a) as-prepared electrode, (b) the

electrode after cycling, and (c) SEM photographs of a fiber-type electrode after cycling.

Figure 4.1.14 shows the average cell volumes for the various NEEs, which were
obtained by the linear combination of the cell volumes multiplied by the abundance for

each phase. The expansion ratio, {V(NEE= 1.1) — V(NEE=0)}/V(NEE = 0), is
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estimated to be approximately 8 %, a value which is much lower than the other ratios,
such as {V(y-NiOOH) — V(B-Ni(OH),)}/V(B-Ni(OH),) of ~ 20% and {V(y-NiOOH) —

V(B-NiOOH)}/V(B-NiOOH) of ~ 40%.

= S0r V(1.5) ]
s .
= L 4
S 45] / '
S L 4
E I charge u ]
e 40} = v -
°§, - V(0) [ | e discharge i
> - ]
35
0 1.1 1.5
NEE

Figure 4.1.14 (a) The change in average cell volumes at various NEEs: V(0), V(1.1)

and V(1.5) for NEE =0, 1.1 and 1.5, respectively.

The reason for the low expansion ratio would be related to the fact that the
contraction degree of the B-Ni(OH), — B-NiOOH transformation and the expansion
degree of the B-NiOOH — v-NiOOH transformation offset each other. The low
expansion at the 1.1 NEE would permit a good capacity retention for the fiber-type
electrode in spite of containing a large amount of the y-NiOOH phase. Meanwhile, the
repeated expansion/contraction during the charge/discharge cycles should gradually
weaken the contact between the active-material layer and carbon fiber, causing the
increased internal resistance. This is extrapolated to be the reason for the voltage

decrease in Fig. 4. The 0.8V cut-off, which is a general cut-off voltage value for the

131



Ni-MH cell [28], enabled the fiber-type electrode to maintain the discharge capacity as
shown in the inset of Fig.4. If the cut-off voltage is considered to be a higher value, e.g.
1.0V, the discharge capacity is found to be reduced at the 2000th cycle.

On the other hand, the expansion ratio, {V(1.5)-V(0)}/V(0), was estimated to be
approximately 23%. The inner layer would be expanded by forming a total of 77 wt.%
of the y-NiOOH and K,NiO, phases, and the a-Ni(OH), is also charged by perhaps
contacting the expanded inner layer. At the 1.5 NEE, the capacity and voltage was found
to decrease during several tens of cycles. In order to produce a long cycle-life for the
fiber-type electrode, it is necessary to limit the charge capacity so that the state occurs
when the outer layer is not charged.

For the conventional paste-type electrode, the coprecipitation of the Zn [11] and
CoOOH-coating [10, 12] is indispensable for suppressing the formation of y-NiOOH,
which produces electrode swelling and capacity decay. For the fiber-type Ni(OH),
electrode, it was found that pure Ni(OH),, which easily forms y-NiOOH, exhibits good
electrode performances. However, in order to apply this electrode to practical batteries,
improving the voltage retention during several thousands of cycles is an important

subject. A further study in this area is now in progress.

4.1.4 Conclusion

The fiber-type Ni(OH), electrode was prepared by the electrodeposition of pure
Ni(OH), on nickel-plated carbon fibers. The Ni-MH cell containing the fiber-type
Ni(OH), electrode can get a higher-rate performance due to good mass transport of the
electrolyte. The CoOOH coating, which is indispensable for the conventional paste-type
electrode, degraded the electrochemical reactivity of the fiber-type Ni(OH), electrode.

A comparatively long cycle-life occurred due to low volume expansion of the
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active-material layer during charging. Meanwhile, a high volume expansion with

overcharge affects the cycle-life during several tens of cycles.
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4.2 Fiber-type Ni(OH); electrode with o/y phase transformation: high-capacity and
high-voltage performances of nickel-metal hydride battery
4.2.1 Introduction

Nickel-metal hydride (Ni-MH) batteries are being widely used in various consumer
electronic devices and hybrid electric vehicles (HEVs) [1-3]. Their applications have
also been extended to various industrial equipment such as a battery-driven light rail
vehicle (LRV), a battery power system for railways (BPS) and a power-grid for a
renewable energy source. For this trend, large-scale battery systems with the capacity of
200 ~ 400kWh were developed and verification tests have been conducted at various
locations in Japan [4-7]. Further progress in performance, such as the power, cycle-life,
safety and cost, is required in order to realize the widespread use of the large-scale
battery system.

At present, a paste-type electrode is typically used for the positive electrode of the
Ni-MH batteries [8, 9]. This electrode is comprised of a spherical 3-Ni(OH), powder
which is loaded on a porous nickel substrate. The coprecipitation of the Zn [10] and
CoOOH-coating [9,11,12] is indispensable for improving the discharge capacity and
suppressing the formation of y-NiOOH, which produces electrode swelling and capacity
decay.

Ni(OH), has two polymorphs, namely, a-Ni(OH), and B-Ni(OH),. The a-Ni(OH),,
involving the o-Ni(OH),/y-NiOOH transition, has received much attention as a
high-capacity active material for the positive electrode of advanced Ni-MH batteries. In
general, the pure a-Ni(OH); is unstable in an alkali electrolyte, being easily transformed
into B-Ni(OH),. To stabilize the a-Ni(OH), structure, partial substitution of the nickel in
the Ni(OH), by other elements, such as Co [13], Fe [14], Mn [15-17], Al [18], and Zn

[19] have been carried out. Detailed structural analyses of the Mn or Al substituted
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ao-Ni(OH), were reported [20, 21]. Substitution by trivalent Al ions over 20mol%
stabilizes the a-Ni(OH), structure. In recent studies, several new Al-substituted
materials, such as the a-Ni(OH), thin film [22] and a-Ni(OH),/carbon composite [23],
were developed by a liquid phase deposition method.

Recently, a fiber-type electrode with B-Ni(OH), was prepared by electrodeposition
[24]. The Ni-MH cell containing the fiber-type Ni(OH), electrode can obtain a better
high-rate performance. In this electrode, more than 50wt% of the active material was
easily transformed into y-NiOOH during charging. In this study, fiber-type a-Ni(OH),
electrodes were prepared by electrodeposition in a 20mol% Al-added nickel nitrate
solution. Their charge and discharge behaviors, such as the high-rate charge/discharge
and cycle-life performances, were investigated. The phase compositions in the charge
and discharge states have been investigated by the synchrotron X-ray diffraction (XRD)

method.

4.2.2 Experimental

In order to prepare the fiber-type electrodes, a carbon fiber-tow (Toho Tenax Co.,
Ltd.) with 3000 single fibers was used as the collector substrate. The carbon fibers with
an average diameter of 6 um were plated with 0.2 ~ 0.3 um metallic nickel. A
commercially available electroless plating reagent (Top chemi alloy B-1; Okuno
Chemical Industries., Ltd.) was used. The end of the fiber-tow was fixed by inserting it
between two nickel-foam pieces, and a lead wire for electrical contact was spot-welded
to the nickel-foam piece [24].

Al-substituted fiber-type Ni(OH), electrodes were prepared using the
electrodeposition method [25, 26] for the nickel-plated carbon fibers. The aqueous

solution consisted of Al nitrate and Ni nitrate with the molar ratio of 80 : 20. An
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Al-substituted Ni(OH), was electrodeposited from the 0.5 ~ 1.0 mol// solution at the
current density of 5 ~ 30 mA/cm? for 5 ~ 30 minutes.

Meanwhile, a pure Ni(OH), (without Al addition) was also electrodeposited from a
pure nickel nitrate aqueous solution on the nickel-plated carbon fibers. The fiber-type
pure Ni(OH); electrode was used as the reference for the comparison.

The electrodes were immersed in a SM NaOH solution at 353 K for 30 minutes to
remove the nitrate ions remaining on the deposited Ni(OH),. The amount of active
material was determined from the weight difference before and after the deposition. An
approximate 14 ~ 20 mg electrodeposit was obtained on the carbon fibers.

The dimensions of the fiber-type electrode, which were modified by the active
material, were about 3cm (length) x1.3 cm (width) x 0.005 cm (thickness).

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to
obtain the aluminum substitution ratio in the electrodeposited Ni(OH)s.

To prepare the test cells, the fiber-type electrode was held between two
MmNis3 7Coo7Mng 3Alp3 alloy electrodes (Mm: mishmetal) separated by a non-woven
polypropylene separator. The alloy capacities were in significant excess compared to
that of the fiber-type electrode. The electrolyte was 30wt.% KOH with 30gL'LiOH.
The cell was charged and discharged at the 0.1C rate during the first 10 cycles for
activation. The charge/discharge curves were recorded using a computer-controlled
charge/discharge system (BLS series, Keisokuki Center Co., Japan) equipped with a
thermostatic chamber at 298 K.

The phase compositions of the samples were characterized by X-ray diffraction
(XRD) using the beam line BL19B2 at the synchrotron radiation facility, SPring-8,
Japan. A large Debye-Scherrer camera was used to detect the fine diffraction patterns.

The wavelengths were calibrated to A = 0.7010(2) A using CeO, as the standard. The
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fiber-type electrodes were cut into small pieces, then loaded into glass capillaries with a

0.3 mm¢ inner diameter. The structural analysis was carried out using the Rietveld

program, RIETAN-2000 [27].

4.2.3 Results and Discussion
4.2.3.1 Analysis of the electrode structure and charge/discharge tests using the
Ni-MH cell.

Figure 4.2.1 shows that the surface of each single fiber was coated with a
flaky-shaped Ni(OH), layer of 2 ~ 4um thickness. The ICP-AES analysis showed that
the electrodeposited nickel hydroxide on the carbon fiber contained approximately
20mol% Al. This fiber-type electrode was labeled the 20%Al fiber-type Ni(OH),
electrode or electrode A. The fiber-type pure Ni(OH), electrode, which was prepared as
the reference, was labeled the electrode B. In order to investigate the effect of the Al
addition, the battery performances of electrode B were compared to those of
electrode A. For electrode A, the capacities per unit-volume and per electrode-weight

were estimated to be 230 ~ 260 mAh/cm’

and 160 ~ 170mAh/g, respectively. These
values are comparable or lower than those of electrode B. Table 4.2.1 summarizes the
specifications of the fiber-type electrodes contained in the Ni-MH test cells.

Figure 4.2.2 shows the 1C-rate discharge curves of cell A-1 and cell B-1 after 100
cycles. Cell A-1 and cell B-1 exhibited 305mAh/g and 303mAh/g discharge capacities,
respectively, after charging to 318mAh/g. For cell A-1, a wide plateau region was

observed in the discharge curve. Cell B-1 exhibited a sloping discharge voltage

compared to cell A-1. In electrode A, 20mol% of the Ni was substituted by Al, namely,
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Figure 4.2.1 SEM photographs of the 20%Al fiber-type Ni(OH), electrode (a) image of

a number of single fibers, and (b) expanded view of a single fiber.
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Figure 4.2.2 1C rate charge/discharge curves of cell A-1 (solid lines) and cell B-1

(dashed lines).
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NigsAlp2(OH), was formed. The nickel content of the electrode A was 20% less than
that of electrode B. Nevertheless, cell A-1 exhibited a discharge capacity comparable
to cell B-1. These results suggest that the number of exchange electrons (NEE) of

electrode A is greater than that of electrode B.
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Figure 4.2.3 (a) High-rate chargeability of cell A-1 at various currents to 318mAh/g,
discharged at the 1C rate to a 0.8 V cut-off voltage, and (b) 1C-rate discharge curves

after 200C-rate charging for cell A-1 (solid line) and cell B-1 (dashed line).

Figure 4.2.3(a) shows the high-rate charging of cell A-1. After charging to
318mAh/g at a current ranging from the 1 - 200C rate, the cell was discharged at the 1C

rate to a 0.8V cut-off voltage. The discharge capacity gradually decreased with the
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increasing charging rate. Figure 4.2.3(b) shows the 1C-rate discharge curves for
cell A-1 and cell B-1 after the 200C-rate charging. The former one exhibited an
approximate 220mAh/g discharge capacity, while the latter one was 310mAh/g. This
result suggests that the high-rate discharge performance of the fiber-type Ni(OH),

electrode is degraded by the Al addition.
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Figure 4.2.4 High-rate dischargeability of (a) cell A-1 at various currents after charging

to 318mAh/g at the 1C rate, and (b) cell B-1 at various currents.

Figures 4.2.4(a) and (b) show the high-rate discharging of cell A-1 and cell B-1,

respectively. After charging to 318mAh/g at the 1C rate, the cells were discharged at
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various currents ranging from the 1 to 200C rate. At a rate lower than 30C, the capacity
of cell_A-1 is comparable or greater than that of cell B-1. Overall, cell A-1 exhibited a
lower discharge voltage than cell B-1, especially at the higher rate. The internal
resistances of cell A-1 and B-1 were estimated to be approximately 1300m€2 and
600mQ, respectively, from the voltage vs. current (/-V) plots at the 10-second discharge.
The resistance value is affected by the battery capacity. For example, in our experiments
using the large-sized Ni-MH battery “GIGACELL®” [4 - 7], the resistance value for the

100Ah-cell became approximately 0.2m€2, while that for the 1Ah-cell became
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approximately 20mQ. In order to compare the internal resistances between these cells,
the internal resistance value has to be normalized by multiplying the capacity (Ah) and
the resistance value (mQ). In this case, the internal resistance of cell A-1 was estimated
to be approximately 6.0mQ-Ah, which is 1.9 times higher than that of cell B-1 (3.1
mQ-Ah). These results suggest that the high-rate discharge performance of the
fiber-type Ni(OH), electrode is degraded by the 20% Al addition.

Figure 4.2.5(a) shows the cycle-dependent discharge curves for cell A-2 at the
5C-rate. After charging to 318mAh/g at the 20C rate, the cell was discharged at the 5C
rate. In addition, the remaining capacity was discharged at the 1C-rate during every
cycle. The discharge capacity at the 5C rate (total 5C+1C) was 290mAh/g (310mAh/g)
at the 50th cycle. The discharge capacity then began to fade after 50 cycles. At the 200th
cycle, the discharge capacity at the 5C rate (total SC+1C) decreased to 260mAh/g
(290mAh/g). This capacity value was maintained from the 200th to 700th cycle.
Meanwhile, the discharge voltage maintained the initial characteristics with a wide
plateau region and high voltage value even at the 700th cycle. In the case of cell B-2,
no remarkable capacity decay was observed during the 700 cycles, but the voltage faded
as shown in Fig. 4.2.5(b). These cycling data suggest that the capacity retention was
degraded, while the voltage retention was improved by the 20% Al addition for the

fiber-type Ni(OH), electrode.

4.2.3.2 XRD patterns of the 20% Al fiber-type Ni(OH); electrodes

Figure 4.2.6 shows the synchrotron XRD patterns of the fiber-type 20%AI-Ni(OH),
electrodes. The as-prepared sample consisted of a-Ni(OH),. After charging to 318
mAh/g, the y-NiOOH and a-Ni(OH), phases were observed. After the charge/discharge

cycles, the discharged electrode consisted of a-Ni(OH),.
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Figure 4.2.6 Synchrotron XRD patterns of the 20%Al fiber-type Ni(OH), electrodes
(electrode A) at various states; (a) as-prepared sample, (b) after charging to 318mAh/g,

and (c¢) discharged sample after 50 cycles.
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Figure 4.2.7 Synchrotron XRD pattern and the Rietveld refinement results of the

20%Al fiber-type Ni(OH), electrode.
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Figure 4.2.7 shows a synchrotron XRD pattern with the Rietveld refinement of the
20%AI-Ni(OH), electrode in the charged state after 50 cycles. Table 4.2.2 summarizes
the refinement results for the charged and discharged states. For the refinement, a model
containing a stacking fault [28, 29, 21] was used, in which the a-Ni(OH), contains two
types of phases, namely, the ideal phase and fault one. The nickel atom is shifted from
the (0, 0, 0) site for the ideal phase to the (2/3, 1/3, 0) site for the fault one. The
abundance of the fault phase was around 30wt%, which is equivalent to that of the pure
fiber-type Ni(OH), electrode [24], but is greater than those (20wt%) of the spherical
Ni(OH), particles [21].

Approximately 80% of the a-Ni(OH), phases was transformed into y-NiOOH
during the charging to 318 mAh/g. In addition, the ICP-AES analysis indicated that the
NigsAlg2(OH), was formed in electrode A. The 80mol% nickel would contribute to the
electron exchange during charging and discharging. Furthermore, as shown in table
4.2.2(b), approximately 80% of its active material was transformed into y-NiOOH
during charging to 318mAh/g. For the 305mAh/g discharge capacity in Fig. 2, the
number of exchanged electrons (NEE) per one nickel atom was estimated to be NEE =
1.64, corresponding to the 3.64 nickel oxidation state in the y-NiOOH phase. This value
i1s within the range of the previously reported ones of 3.3 — 3.7 [30]. For the total
290mAh/g (5C+1C) discharge capacity at the 700th cycle, the NEE value was estimated
to be 1.56. On the other hand, for electrode B, the NEE values are simply calculated by
dividing the discharge capacity by 289mAh/g as the one-electron exchange for the
B-Ni(OH),/B-NiOOH couple reaction. These NEE values are summarized in Table
4.2.1.

Our group (M.Morishita and T. Sakai et al.) previously reported the electrode

performances of the paste-type a-Ni(OH), contained in the Ni-foam substrate [20, 21].
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These are examples showing that the Al or Mn-substituted Ni(OH), particles are used
for the most generally employed electrode structure. They reported that Al-substituted
Ni(OH), with the a/y transformation exhibited a higher discharge voltage and capacity
than the conventional Ni(OH), with the [B/B transformation. On the other hand,
discharge capacity decrease after 50 cycles.

In reference [21], the NEE value reached 1.41 at the 20th cycle, and then decreased
to 1.26 at the 50th cycle. The NEE values are lower than those of the fiber-type
electrodes. The capacity retention between the 20th and 50th cycles was estimated to be
89%. Meanwhile, for the fiber-type electrode, the capacity retention between the 50th
and 700th cycles was estimated to be 94%. These results suggest that the fiber-type
electrode structure is more suitable for the long cycle-life performance than the

conventional paste-type one.
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Figure 4.2.8 The change in average lattice volumes of electrodes A and B in the

charged and discharged states.
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Figure 4.2.8 shows the average cell volumes for the charged and discharged states,
which were obtained by the linear combination of the cell volumes multiplied by the
abundance of each phase. For electrode A, the volume of the active material layer
contracted during charging. The volume change (AV) from the a-Ni(OH), to y-NiOOH
+ o-Ni(OH), was estimated to be approximately —18%. During discharging, the
active-material layer returned to the original volume. Namely, the volume of the active
material does not expand more than the original size. On the other hand, for electrode B,
the volume change from the -Ni(OH), to y-NiOOH + B-NiOOH was estimated to be
approximately AV=+8% as previously reported [24].

Figure 4.2.9 shows a schematic view of the cross-sections for the fiber-type
electrodes  during the charge/discharge process. For electrode A, the
volume-contraction of the active-material layer during charging maintains a good
contact between the active-material and the carbon-fiber substrate. This is suggested to
be the reason for the good voltage retention during the cycle-life performances of
cell A-2. Meanwhile, the greater volume-change (AV = -18%) could cause partial
separation of the active material, especially located on the outside of the layer during
cycling. The active material, which contributes to the discharge capacity, would
decrease during the cycling. This is suggested to be the reason for the capacity decay of
cell A-2. For electrode B, a small expansion during charging (AV = +8%) would allow
for the good capacity retention of the fiber-type electrode. Meanwhile, repeated
expansions during cycling could weaken the contact between the active material layer
and carbon fiber, and the voltage gradually decreases as shown in Fig. 4.2.5(b).

For electrode B, more than 50wt% of the active-material was transformed into the
v-NiOOH phase during charging [24]. Regardless of the Al addition, the y-NiOOH

phase mainly contributes to the discharge performances of the fiber-type electrodes. The
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Figure 4.2.9 Schematic views of cross-sections of the fiber-type electrode during

charging and discharging for (a) electrode A and (b) electrode B.

difference in the high-rate performances between electrode A and electrode B could be
related to the Al addition, which causes a decrease in the amount of Ni present in the
active material, rather than the y-NiOOH formation. Namely, the internal resistance of

electrode A could be increased by the Al addition. Further investigation in this area is

now in progress.
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4.2.4. Conclusion

The fiber-type a-Ni(OH), electrode was prepared by electrodeposition in a 20mol%
aluminum nitrate-added nickel nitrate solution. The discharge curve of the Ni-MH cell
containing the 20%Al fiber-type Ni(OH), electrode exhibited a wider plateau region
than that of the cell containing the pure Ni(OH), one. Better high-rate charge/discharge
performances were obtained for the pure Ni(OH), electrode than for the 20%Al
substituted Ni(OH), one. During the cycling test, the 20%Al fiber-type electrode
exhibited a better voltage retention than the pure Ni(OH), one. For the capacity
retention, the pure Ni(OH), one was better than the 20%Al fiber-type one.

Meanwhile, for the 20%Al substituted Ni(OH), with a/y transformation, the
fiber-type electrode structure is more suitable for long cycle-life performances than the

generally employed paste-type electrode.
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4.3 Nickel-metal hydride battery using fiber-type Ni(OH), electrode: electrode
manufacturing and battery performance
4.3.1 Introduction

In 1990, the nickel-metal hydride (Ni-MH) battery was commercialized in Japan. The
Ni-MH battery was used for consumer applications such as cordless and mobile devices,
while the demand for this battery is big, and the amount of the production was increased
year by year. At present, the lithium-ion (Li-ion) battery is mainly used for the
consumer applications because of the higher energy density. On the other hand, the
Ni-MH battery exhibits superior performances such as power, cycle-life, safety. In
particular, in the use for taking a severe current momentarily, uniformity scale demand
for HEV would be expected. Furthermore, application of large-scale battery system
using the high-power and safe Ni-MH battery for social-infrastructure, such as a railway
and natural power generation, is expected [3-7].

Nickel hydroxide is generally used as active material of alkaline secondary battery
including the Ni-MH battery. One of the technical problems of this material is the
expansion and contraction during charge and discharge process. The low electrical
conductivity is also the problem. When the positive electrode is produced, adhesion
between the active material and the substrate and the conductivity has to be improved.
In 1900s, W. Junger developed the Ni-Cd battery using the pocket-type electrodes. In
the electrode, the active material powder mixed to graphite was filled in the
nickel-plated punched steel [8, 9]. On the other hand, Edison developed a tube-type
electrode, which consists of metal tube containing the material alternately laminated
nickel hydroxide and nickel foil. And the electric vehicle (EV) was run by using the
Edison’s Ni-Fe battery. After the 1920s, the sintered nickel electrode was invented,

and the high-power performance of the alkaline secondary battery was significantly
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improved. In this electrode, active material is chemically impregnated into the porous
nickel substrate prepared by sintering process. [8, 10-15]. In the 1980s, a paste-type
method was developed in order to iprove the energy density of the nickel positive
electrode [9, 10]. In this method, high density spherical Ni(OH), powder is loaded on Ni
foam substrate. Moreover, the Co-coating technique increased the active material
utilization. [16] — 20].

In order to realize the widespread use of Ni-MH battery into the large-scale industrial
use, the high-power performance have to be improved. In our previous studies, a
fiber-type nickel hydroxide electrode, namely the Ni(OH), layer formed on a
nickel-plated carbon fiber, was developed [21, 22]. The small sized electrode with a
SmAh rating exhibited super high-rate charge and discharge performances at the 100 ~
500C rates. In order to construct the larger sized battery using the fiber-type electrode,
we constructed a fiber-electrode manufacturing apparatus. A battery with the 350mAh
rating was constructed using the produced meter-sized fiber-type electrode. The

charge-discharge performance was performed.

4.3.2 Experimental

The fiber-type Ni(OH), electrode was prepared by use of a home-made
manufacturing equipment as shown in Fig. 1. As the Ist step, 12,000 carbon fiber-tow
was sent from a wind-roll to the equipment, and the fiber-tow was spread into a seat
with an approximate 4cm width by blowing air.
Then, the spread tow was sent into the first bath and metallic nickel was electroplated
on the fibers.

After that, the nickel-plated fiber-tow was sent to the second bath, and the Ni(OH),

layer was formed on the plated layer. At the third bath, the fiber-type Ni(OH), electrode
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was immersed in the alkaline solution. Table 1 summarizes the compositions of the bath
solutions.
Scanning electron microscope (SEM, S-3000N, HITACHI Co. Ltd) was used for the

observation of fiber-type electrode.

Carbon fiber
tow

Air blasting

4

M 0y (11D

Ni-plating Electro- Alkali

bath deposition Immersing
bath bath

Figure 1. Consecutively manufacturing fiber-type electrode manufacturing system.

Table 1: Bath composition and temperature for the fiber-type electrode manufacturing

Number of bath Composition Bath temperature (K)
(D) Nickel plating bath Ni(NH,S03), (450g/L) / H;BO, (30g/L) / NiCl, (15g/L) 328
(II) Ni(OH), deposition bath Ni(NOs),*6H,0 (0.3mol/L) 328
(IIT) Alkaline bath NaOH (5mol/L) 333

After cutting in 3.5cm length as shown in Figure 2(a), the fiber-type electrode was
lined up in the direction perpendicular to the fiber direction as shown in Figure 2(b).
Then, the both terminals of the fibers were clipped by a Ni-foam frame. After the
pressing, the positive electrode using fiber-type electrode was gotten. The negative
electrode was prepared by the paste-method, namely, the REooMg NizoAly, alloy

powder mixed to styrene-butadiene-rubber (SBR; the binder material) and carboxyl
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methylcellulose (CMC; thickening agent) was loaded on Ni-foam. The positive and
negative electrodes were spirally wounded with a non-woven polypropylene separator
as shown in Figure 2(c). The electrode block was inserted into the battery case, and the
terminals were connected to get the test cell (Cell#1). The electrolyte was 30wt. % KOH
with 30gL’1LiOH. A paste-type positive electrode consisting of Co(OH), coated
spherical Ni(OH), powder (Tanaka Chemical CZ) and CMC was prepared and spirally
wounded to construct the test cell (Cell#2) for comparison. Specification of Cell#2 is
equivalent to that of Cell#1 except for the positive electrode. Table 2 summarizes the

test cell’s specifications.

(a)

Fiber direction

Cutting  Cutting  Cutting

(b) Ni-foam frames

N

4

Separator Fiber-electrode
(c) P

\
Alloy electrode
Spirally
wounded block
Figure 2(a) the fiber-type electrode 2(b) Ni-foam frames 2(c)Separator and alloy

electrode
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Table2 : Positive elecrtrode specifications used for cylinder-type cells

Rated electrod: Conductiv t thickerni t Capacity per electrode
Substrate Ni(OH), loading process ed electrode onductive agen ickerning agent pacity p

capacity (mAh) (addition) (addition) volume (Ah L‘l)
Ni-plated Electrodeposition on the
Cell#1 357 - - 128
¢ carbon fiber Ni-plated carbon fiber
. Filling the Ni(OH), containig CoOOH coating CMC
2 Ni- 4 12
Celit Foam slurry on the Ni-foam 03 (5Wt%) (0.2wt%) 3

4.3.3 Results and discussion
Figure 3 shows the SEM image of the fiber-type electrode prepared by
electrodesposition process. On each carbon fiber, the Ni(OH), layer with an

approximate 2 [Im thickness is confirmed.

18 ki

Figure 3 SEM image of the fiber-type electrode prepared by electrodesposition process.
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Figure 4 shows the relationship between the elapsed time after the electrodeposition
and the deposition weight. Fiber-type electrode obtained by 30 minutes continuous
deposition was cut in 70mm length, and their deposition weights were measured. An
approximate 3mA/cm® deposition current gave the relatively stable deposition in the
range of 0.09 ~ 1.0g/70mm. The pH measurement every 5 minutes shows that the pH in
the second bath keeps a constant value as shown in Fig. 4(b).

Homogeneous fiber-type electrode was continuously produced using the manufacturing

equipment.
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Figure 4 relationship between the elapsed time after the electrodeposition and the

deposition weight.
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Figure 5(a) shows the high-rate discharge curves for Cell#1 using the fiber-type
electrode. After charging to 110% of the rated capacity at the 1C rate, the cell was
discharged at various current ranging from the 1 to 70C rate. At the 30C rate
discharging, 70% of the rated capacity was delivered. Even at the 70C rate, an
approximate 50% was maintained. Figure 5(b) shows the discharge performance of
Cell#2 using the paste-type electrode. The capacity reduction with increasing the rate

was greater than that of Cell#1.
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(a) Cell#1 Charge: 1C, 110% of rated capacity
14 Discharge: 1 ~ 70C, 0.8V cut-off
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14 (b) Cell#2 Charge: 1C, 110% of rated capacity

Discharge: 1 ~ 70C, 0.8V cut-off
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Figure 5(a) High-rate discharge curves for Cell#1 using the fiber-type electrode. 5(b)

using the paste-type electrode.
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Figure 6 shows the voltage vs. current (/-V) plots at the Ssecond and 10-second
discharge for Cell#1 and Cell#2. The voltage value is straightly decreased dependent
on the discharge current at the 10~ 70C rates. Table 3 summarizes the internal
resistance values obtained from the slope of the line. With increasing the discharge time,

Cell#2 exhibited greater voltage drop and internal resistance than Cell#1.
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0.9
R
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Figure 6 Voltage vs. current (I-V) plots at the 5second and 10-second discharge for

Cell#1 and Cell#2.

Table 3: Internal resistance (m<) = Ah)

5sec 10sec
Cell#1 52 5.4
Cell#2 8.5 10.3
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The paste-type electrode is obtained by loading the Ni(OH), powder with an
approximate 10um diameter on the Ni-foam substrate, and the large energy density per
volume with 500 ~ 600 Ah L' was possible. Generally, in order to obtain a
high-power battery using the paste-type electrode, the loading Ni(OH), quantity is
reduced and the electrode is thinly molded. For Cell#2, the low density with an
approximate 120 Ah L-1 permitted the high-rate discharge even at the 70C rate.
However, the internal resistance is lower than that of Cell#1, containing the equivalent
density of fiber-type electrode. Therefore, for Cell#2, the capacity reduction is greater
than that of Cell#1.

The different high-rate performances would be ascribed to the thickness of the active
material layers.  For the fiber-type electrode, thickness of the Ni(OH), layer is
approximately 2um, while for the paste-type one, average diameter of the Ni(OH),
particle is approximately 10um. For the latter case, electron and proton would be
relatively hard to penetrate inside of the particle detached from the contact area between
the substrate and the particle, and the electrochemical reactions would hardly occur.

For the paste-type electrode, some Ni(OH), particles are directly collected to the
nickel substrate, while the other ones are indirectly collected mediated from the other
Ni(OH), particles. In order to increase the active material utilization, it is essential to
improve the electrical conductivity of the indirectly collected Ni(OH),. Generally, Co
materials such as CoO, Co(OH), and CoOOH were coated on the Ni(OH), surface.
However, the Co material was lain on the interface between the electrolyte and the
Ni(OH),, and the existence of the Co-material layer prevents the ionic conduction,
causing internal resistance increasing [21 - 25]. The paste type electrode realized the
high-energy density and active material utilization, while the particle size and surface

coating would restrict the improvement of the high-rate performance. On the other hand,
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the passes of ionic and electronic conduction are separated because the inner nickel
layer contribute to the electrical conduction, while the outer periphery of the Ni(OH),
layer that contact to the electrolyte contribute to ionic conduction. Therefore, the
charge and discharge reaction easily occurred compared to the paste-type one, and the
high-rate performance was improved.

Generally, a sintered nickel electrode is known as the electrode which is the superior
in the high-power performance. This electrode was prepared by the chemical
impregnation or electrochemical deposition. [9, 15]. For the latter method, the
Ni(OH), was directly deposited on the 6 ~ 12um pore of the sintered nickel substrate by
the cathodic polarization in the Ni(NOs), aqueous solution. Then, impurities of the
deposited Ni(OH), were removed by the chemical conversion treatment in the caustic
alkali solution, and there are similarities between the fiber-type electrode and the
sintered one on their manufacturing processes. From the microscopic point of view,
the sintered nickel layer contribute to the electrical conduction, while the outer
periphery of the Ni(OH), layer that contact to the electrolyte contribute to ionic
conduction. The reaction mechanism is equivalent to that of the fiber-type one.

From the macroscopic point of view, the sintered electrode consists of platy shapes
with the 500 ~ 1000mm thickness, while the fiber-type electrode consists of 12000
fibers spread with 4cm width and 50 ~ 150um thickness. Electrochemical reaction of
the fiber-type electrode would proceed more smoothly and show the better high-rate
performance than that of the sintered one, because of the thinner electrode structure of
fiber-type one.  In Ref [10, 11], the high-rate discharge performance of the battery
using the sintered nickel electrode is introduced. The batteries consisting of the
sintered Ni positive electrode and Cd negative one exhibited less than 0.9V discharge

voltage and 50% of the rated capacity at the 18 ~20C rate. =~ Meanwhile, in the case of
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the fiber-type electrode, 1.1V discharge voltage and 70% of the rated capacity was
maintained even at the 30C rate discharge.

The energy density per volume of the fiber-type electrode, which was used for Cell#1
is an approximate 120Ah L. The effective density is 100 ~ 300 Ah L by considering
the previous reports [21, 22]. These values are smaller than the conventional one for the
sintered nickel electrode.

The reason for the small density would be ascribed to the space occupying among the
fibers. The energy density per volume could be significantly increased if the space was
decreased.  For example, as shown in Figure.7, the fiber-type electrode, consisting of
the Ni(OH), layer with the 2um thickness, is considered. Each fiber was arranged
parallel without a gap.  The capacity of the fiber-type electrode occupying the space
and the space where the fibers occupy (shown as slash-lined area) were calculated as
follows

1.44x10-9+nea (L)
7.21x10-7+n%a (Ah)
Here, the number of fibers (n) and length of fibers (a) were arbitrary.

The energy density per volume is calculated to be an approximate 500 Ah L.  In
this calculation, the density (3.97g/cm’) and theoretical capacity (289mAh/g) of
B-Ni(OH), were used.  Although it would be very difficult to remove the space
completely, progress of the electrode manufacturing technique would realize the
higher-power positive electrode maintaining the energy density equivalent to the

sintered one in the future.
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Fiber length (depth): a
Number of fibers: n

Figure.7 Schematic image of the fiber-type electrode
Figure 8 shows the discharge capacity per electrode weight (= active material +
substrate) for Cell#1 and Cell#2. The fiber-type electrode exhibited higher discharge
capacity per electrode weight than the paste-type one. For the former case,
carbon-based light-weight material is used as the substrate, while for the latter one, the
substrate consists of metallic nickel. The difference of nickel quantity occupying the

substrate would be the reason.
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Figure 8  Discharge capacity per electrode weight for Cell#1 and Cell#2.
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Figure 9 shows the cycle-life performance of the battery consisting of the spirally
rolled fiber-type electrode. The cell construction condition is equivalent to Cell#1.
The capacity retention is 90% even after 1400 cycles. The carbon materials were not
almost used as the positive conductive material for the alkaline secondary battery
because of the low oxidation resistance. As reported in Refs. [23, 24], carbon
materials heat-treated more than 2000 degree Celsius exhibited better oxidation
resistance, and enables more than 1000 charge and discharge cycles. The carbon fiber
used in this study was also heat-treated at more than 2000 degree Celsius. The improved
oxidation resistance would improve the cycle-life performance of the fiber-type

electrode.
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Figure 9 Cycle-life performance of the battery consisting of the spirally rolled fiber-type

electrode.
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As shown in Fig. 9, spirally rolled fiber-type battery maintained 1.24V average
discharge voltage during cycling. In Ref. [21], discharge voltage reduction was
reported. The volume expansion and contraction of the active material layer is large and
the gradual separation from the substrate and the internal resistance increasing would be
the reason for the voltage reduction. It is considered that the difference of the battery
structure cause the different battery performances. In the case of Ref [21], the stacked
electrodes and separator was put between two acrylic plates, and the four corners were
fixed using the bolts and nuts. In this structure, the pressure in the contact area is
smaller than that of the spirally wounded structure. ~Actually, pressure sensitive papers
put between the separator and electrode exhibits higher pressure value for the spirally
wounded structure than that of the simple-type structure in Ref. [21]. For the former
case, overall 2.5MPa pressure was observed, and several 10MPa points were also
observed. On the other hand, around 0.2 ~ 0.5MPa was observe in the simple-type cell.
Higher pressure in the contact area prevents the active material separation from the

substrate and contribute to the improvement of the voltage retention.

4.3.4 Conclusion

The fiber-type electrode was manufactured using the device for consecutively
manufacturing fiber-type electrode manufacturing system. Using the meter-sized
fiber-type electrode, a spirally wounded structured fiber-type cell with a 350mAh rating
(Cell#1) was constructed and the charge and discharge performance was investigated.
The cell using a paste-type electrode with the equivalent energy density per volume
(Cell#2) was also tested. Cell#1 exhibited superior high-rate discharge performance

than Cell#2, and the former internal resistance is half of the latter one.
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General conclusion

The Ni-MH battery is one of the promising candidates as the future energy storage

device for various industrial applications, because of the high-power, large-energy

density, long cycle-life, reliability, safety and low environmental load. However, the

battery materials are very expensive and it would prevent the widespread use of this

battery. Development of rare-metal free, in particular Co-free electrodes, which

maintains high performance, have to be developed in order to decrease costs. Moreover,

the electrode and battery structures, which enhance the high-power performance, should

be investigated and developed for further applications.

1.

The active material powder was granulated with ORCB, Ni-CF and EVA, and
the granulated particles were sandwiched between two nickel-foam pieces to
form plate-like electrodes for the Ni-MH battery. The positive electrode with the
S5wt% of ORCB, Ni-CF and EVA as additives exhibited the highest discharge
capacity. The battery test using the GIGACELL®-type single cells showed that
the cycle-life performance was influenced by the separator compression. At a
0.2mmt separator thickness, no remarkable capacity loss was observed for 2000
cycles. The repulsive force dependent on the separator compression would
suppress the electrolyte absorption of the electrode and dry out the separator,
contributing to an improved cycle-life performance. Heat generation must be
minimized when the scale of a battery is expanded. A new method was found for
reducing the internal resistance of a Ni-MH battery. The structure of collecting
current only by the contact of electrodes rather than having them welded was
called GIGACELL, and it was verified that even if the scale of the battery is
expanded, the internal resistance is sustained at a certain value.The temperature

increase of the battery was kept small by sending air through the structure with a
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cooling fan.Performance tests verified that this GIGACELL structure is a battery
structure which is suitable for large cells.A lot of improvements were made to
resolve the dispersion in the internal resistance of cells, and there is no
dispersion in the commercialized GIGACELL of today. The high-performance
battery has become one of the key components for environmental protection and
its sustainability. KHI has developed a large-sized high-power Ni-MH battery,
called the GIGACELL®. This battery shows a great potential for various
industrial applications, such as LRV, BPS for railways and stabilization of the
power grid. The GIGACELL® will significantly contribute to energy savings
and reduction CO, emissions in future social-infrastructures. The GIGACELL®
is viewed as a competitive candidate for next generation energy storage system.

. REo9Mg( Ni,Aly, alloys (RE: rare earth, x = 3.9 ~ 4.3) were prepared for
producing a low self-discharge nickel-metal hydride (Ni-MH) battery. The alloys
contains 4 phases, such as CaCus-type (1:5H), Ce,Niy-type (2:7H), CesCojo-type
(5:19R) and PrsCojo-type (5:19H) ones. The phase abundance of the 1:5H one
increased with the increasing x value. The capacity retention during the
electrochemical test has a correlation to the abundance of the 1:5H phase. Based
on the battery test using a cylinder-type sealed cell, the cell using alloy#1 as the
negative material exhibited better self-discharge characteristics than that using
the conventional Mm(Ni,Co,Mn,Al)s-type alloy. A carbon-coated Ni(OH), was
prepared by spraying a carbon dispersion onto Ni(OH), particles using a
fluid-bed coating apparatus. The overcharge and overdischarge performances of
the CB-coated Ni(OH), are comparable or better than those of the conventional
CoOOH-coated one. The CoOOH conductive network is easily damaged by any

overdischarge treatment. A Co-free Ni-MH battery consisting of these Co-free
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electrodes would combine several good battery characteristics, such as a low
self-discharge and overdischarge resistance. The GIGACELL-type Ni-MH cell
consisting of these Co-free materials exhibited long cycle-life performances.
Good high-rate characteristics were maintained in the GIGACELL-type cell
with a 205Ah rating.

. The fiber-type Ni(OH), electrode was prepared by the electrodeposition of pure
Ni(OH), on nickel-plated carbon fibers. The Ni-MH cell containing the
fiber-type Ni(OH), electrode can get a higher-rate performance due to good
mass transport of the electrolyte. The CoOOH coating, which is indispensable
for the conventional paste-type electrode, degraded the electrochemical
reactivity of the fiber-type Ni(OH), electrode. A comparatively long cycle-life
occurred due to low volume expansion of the active-material layer during
charging. Meanwhile, a high volume expansion with overcharge affects the
cycle-life during several tens of cycles. Meanwhile, the fiber-type « -Ni(OH),
electrode was prepared by electrodeposition in a 20mol% aluminum
nitrate-added nickel nitrate solution. The discharge curve of the Ni-MH cell
containing the 20%Al fiber-type Ni(OH), electrode exhibited a wider plateau
region than that of the cell containing the pure Ni(OH), one. Better high-rate
charge/discharge performances were obtained for the pure Ni(OH), electrode
than for the 20%Al substituted Ni(OH), one. During the cycling test, the 20%Al
fiber-type electrode exhibited a better voltage retention than the pure Ni(OH),
one. For the capacity retention, the pure Ni(OH), one was better than the 20%Al
fiber-type one. Meanwhile, for the 20%Al substituted Ni(OH), with « /vy
transformation, the fiber-type electrode structure is more suitable for long

cycle-life performances than the generally employed paste-type electrode. The
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fiber-type electrode was manufactured using the device for consecutively
manufacturing fiber-type electrode manufacturing system. Using the meter-sized
fiber-type electrode, a spirally wounded structured fiber-type cell with a
350mAh rating was constructed and the charge and discharge performance was
investigated. The cell using a paste-type electrode with the equivalent energy
density per volume was also tested. The spirally wounded structured fiber-type
cell exhibited superior high-rate discharge performance than the Cell with a

paste-type electrode , and the former internal resistance is half of the latter one.
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