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Abstract

The cycle life of nickel zinc cells is determined by a number of parameters, several of
which have been investigated. The results of these investigations have led to the
development of experimental nickel zinc (Ni-Zn) cells with cycle life in excess of 1200
cycles at high rates of charge/discharge. These are superior to any other nickel zinc cells

reported in the open literature.

It was found that gross zinc active mass diffusion was the most significant problem in Ni-
Zn cells and is associated with zinc electrode shape change. The ready access of the
electrolyte to the electrode assembly was the main cause for gross diffusion. It was

proposed that the access of the electrolyte to the electrode assembly should be restricted.

It was identified that the reduction of zincate was a diffusion-controlled process and led to
the growth of zinc dendrites. The addition of quaternary ammonium hydroxide to the
electrolyte can efficiently inhibit the reduction of zincate. Among the quaternary
ammonium hydroxides, tetrabutylammonium hydroxide saturated in the electrolyte was

found to be the best for retarding the reduction of zincate.

Stainless steel wire was successfully adapted to replace the traditional Hg/HgO reference
electrode as a simple pseudo-reference electrode for indicating the potentials of both nickel

and zinc electrodes in a cell during cycling.

Sponge nickel is an important material used as the current collector to replace the
conventional sintered nickel as the current collector used for Ni-Cd, Ni-MH and Ni-Zn
cells. Using polymer sponge as a template, sponge nickel was successfully prepared in the

laboratory with optimized procedures.

The cell structure was optimized with restriction of electrolyte to the electrode assembly.
The electrode assembly was wound with nylon thread and then tightly enclosed in a plastic

bag open at the top edges with minimal volume for the electrolyte. The bulk electrolyte was



separated from the electrode assembly. The discharge/charge efficiency of a cell with this

optimized structure was over 70% for 500 cycles (Cell #5.4).

Addition of zinc stearate or calcium stearate to the zinc active mass to make it hydrophobic
was a further effort to restrict the access and diffusion of the electrolyte to the zinc active
mass. With the optimized cell structure, 18.9% (w/w) zinc stearate resulted in much
prolonged cycle life (Cell #6.3). Over the first 400 cycles the capacity for Cell #6.3 only
declined from 94% to 91%. The efficiency remained over 80% for 620 cycles.

Further modifications were made by using 18.9% (w/w) calcium stearate in place of zinc
stearate, adding solid KOH into the zinc active mass and electroplating the brass mesh
current collector with zinc prior to pasting further prolonged the cycle life of the cells
(duplicate cells, Cells #6.4 and #6.5). Cell #6.4 showed a high, and even slightly increasing
discharge capacity from 92% to 94% over the first 560 cycles. The discharge/charge
efficiency remained over 84.9% for 720 cycles. During these 720 cycles there were 4
periods of overcharging of the cell due to equipment failure, but no long lasting effects
were discernible. The result of Cell #6.5 is similar in nature to those for Cell #6.4. The
discharge/charge efficiency of Cell #6.4 remained over 70.7 % for 1221 cycles while the
discharge/charge efficiency of Cell #6.5 remained over 70.22 % for 1112 cycles. Cells #6.4
and #6.5 exhibit the most prolonged cycle life performance of any other nickel zinc battery

described in the open literature.

This new capability was successfully scaled-up by the use of two units in a cell, each
identical to Cells #6.4 and #6.5 except for their size and capacity. One such cell (Cell #7.4)
had a cycle life approaching 550 cycles with efficiency over 70%, indicating the potential

for further scale-up.
Some of these findings are embodied in NZ Provisional Patent Application (No: 510554).

This application has progressed to an international PCT (Patent Cooperation Treaty)

application.
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Chapter one Introduction

1.1 Introduction

Batteries are electrochemical energy storage devices, which enable the stored chemical
energy to be liberated and converted directly into electrical energy through electrochemical
reactions. The first description of an electrochemical battery was given by Alessandro
Volta in 1800. However, it was not until the 1830s with the introduction of telegraphic

systems that reliable commercial batteries were developed [1].

Batteries, which are widely used in our daily life, can be divided into two major classes:
primary and secondary batteries [2]. Primary batteries (which mainly comprise those
known as dry batteries), because of the non-reversible electrochemical processes involved,
cannot be recharged after the stored energy has been used up. Secondary or rechargeable
batteries, which are widely used in automobiles (lead-acid battery) and cell phones (nickel-
cadmium, nickel-metal hydride and lithium ion batteries), are rechargeable due to the
reversible electrochemical processes in the batteries. There are two fundamental functions

that all batteries fulfill.

i)  Portable electric power sources

These range from small button cells used in electric watches or calculators to the widely
used lead-acid batteries used for starting, lighting and ignition (SLI) in cars and other
vehicles with internal combustion engines. In the past 25 years, advance in microelectronics
technology has brought about a revolution in the electronics industry. Electronics-based
consumer products, such as portable computers, camcorders, cell phones (the ‘3Cs’) and
other ‘cordless’ power tools, are now inexpensive and widely used in daily life [1]. Such
electronic consumer products demand the evolution of portable power sources that can
offer a high energy density and superior charge/discharge characteristics compared with
those of traditional primary and secondary or rechargeable batteries. For example, a cell
phone designed to fit in a shirt pocket requires a smaller suitably-designed battery pack but
with no less energy capacity. Primary lithium batteries and secondary nickel-metal hydride

(Ni-MH) and lithium ion batteries have been developed to meet such demand. Ni-MH
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batteries are now widely available for many portable consumer products. Cell phone users
have benefited from the recently developed rechargeable lithium ion batteries, which have
made cell phones even smaller. Rechargeable alkaline zinc cells, such as nickel-zinc (Ni-

Zn), zinc-manganese dioxide (Zn-MnQ) batteries are under commercialization [1].

ii) Energy storage systems

Based on the ability of battery systems to store electrical energy supplied by external
sources, batteries play an important role in energy storage systems and this is likely to
increase for a variety of applications. These include: standby power systems for computer
systems; orbiting satellites are equipped with batteries (typically nickel cadmium batteries)
to store the electricity generated by solar cells, ensuring continuous power supplies to the
apparatus when not in sunlight [1] and stand-alone wind turbine or solar cell systems
usually incorporate battery energy storage systems to maintain a continuous power supply

to the houses equipped with these renewable power systems [3].

The progressive exhaustion of oil supplies and concerns relating to environmental pollution
in urban areas suggest that battery-powered electric vehicles might replace vehicles driven
by internal combustion engines. Since batteries for electric vehicles must be transported as
part of the vehicle load, they require high power and energy densities in addition to high
efficiency and long cycle life. Rechargeable Ni-Zn batteries, may potentially fulfill some of
these requirements with inexpensive and nontoxic materials, and are considered to be the

most promising short-term solution for electric vehicle (EV) propulsion [1].

Ni-Zn batteries have been the focus of considerable research, since the secondary Ni-Cd,
Ni-MH and Ni-Zn batteries utilize the same positive Ni electrode and alkaline electrolyte,
while the rechargeable alkaline zinc batteries such as Zn-MnO,, Ag-Zn, Zn-air and Ni-Zn
batteries employ similar negative zinc electrodes and alkaline electrolytes. Furthermore, the
components for a nickel zinc battery appear to be relative inexpensive and environmentally
friendly with respect to production, utilization and eventual disposal. All secondary alkaline
batteries with zinc electrodes, however, suffer from the same problems, zinc dendrite

formation and zinc electrode shape change both of which cause poor cycle life. It is the



solution of these problems that has formed the focus of the present study.

Dendrite growth occurs when redeposition of zinc metal during recharging and
overcharging of the zinc electrode take place at a collection of points on the electrode,
rather than as an even distribution across the entire surface. The source of zinc material to
produce the dendrites is not the precipitated zinc hydroxide, but the dissolved zinc in the
electrolyte solution. Narrow needles, or dendrites of zinc metal grow from the electrode
surface and eventually form an internal electrical short to the nickel electrode causing the

battery to fail.

In addition to the zinc dendrites, the phenomenon of zinc electrode shape change also takes
place. Shape change is a phenomenon whereby zinc hydroxide, formed during discharge, is
partiglly dissolved in the electrolyte as zincate and redeposited during recharge in a location
remote from where it originated. The zinc is lost preferentially from the edges of the zinc
electrode during discharge, followed by redeposition in a more compact form at the
electrode center during charging. This results in a gradual depletion of the active surface

area of the electrode.

Prior to embarking on a detailed discussion of earlier work on nickel zinc batteries it is
useful to provide a brief overview of other battery systems relevant to nickel zinc batteries,

since appreciation of these fundamentals will assist description of the present work.

The following terms are widely used in battery technology and are used to assess the

performance of primary or secondary batteries [2]:

i) Energy Density also known as Specific Energy is the ratio of the energy available
from a cell or battery to its volume (Wh/L) or on a weight basis (Wh/kg). The
energy density is related to the discharge rate. The higher the discharge rate, the

lower the energy density.

ii) Charge Rate is the current applied to a secondary cell or battery to restore its

capacity.



iii)

vi)

Vii)

viii)

ix)

Discharge Rate is usually expressed in amperes, at which electrical current is taken

from the cell or battery.

Capacity is the value of the output capability of a battery, expressed in Ah (Ampere
hour). 1Ah = 3600 (coulombs).

C Rate is the discharge or charge current in amperes, expressed as a multiple of the
rated capacity in ampere-hours, Ah.
I=Mx C, (1.1)
Where I = current, A

C = numerical value of rated capacity of a cell or battery (Ah).

n = C rate at which cell or battery was rated.

M = multiple or fraction of C (1/h)
For example, a 0.05C or C/20 discharge current for a battery rated at 5 Ah at the
0.2C or C/5 rate is 250 mA.
I=M x Cpz=(0.05) x (5)=0.250 A

Power Density, also known as Specific Power, is the ratio of the power (in Watts,

W) available from a battery to its weight (W/kg) or volume (W/L).

Depth of Discharge (DOD) is the ratio of the quantity of electricity (usually in

ampere-hours) removed from a cell or battery on discharge to its rated capacity.

Cycle Life in a secondary storage battery, the number of cycles the battery may

experience before its capacity falls to a point considered a failure.

Failure, the condition in which a battery is unable to perform satisfactorily.

1.2 Primary batteries incorporating zinc electrodes

In 1866, the telegraphic engineer Georges-Lionel Leclanché proposed a very important

battery system consisting of a zinc anode, a manganese dioxide cathode and an electrolyte

of ammonium chloride and zinc chloride dissolved in water [4]. The Leclanché cell, also

termed as the zinc-carbon cell, is still the most widely used of all primary batteries because



of its low cost, reliable performance and ready availability. Despite many advances and
improvement to the Leclanché cell, the electrochemical system of the modern primary cell
is fundamentally the same as that proposed by Leclanché. The cell forms the technical basis
of the modern dry-cell industry. Zinc-carbon cells can be divided into two cell systems,

classical Leclanché and zinc chloride cells.

1.2.1 Classical Leclanché cells

The important feature of the traditional Leclanché cell is that the electrolyte is coupled with
the separator, which is associated with the cause for its long-standing problems. Figure 1.1
shows a diagram of this cell [2]. The electrolyte is a solution of ammonium chloride and
zinc chloride. Flour-starch paste is usually employed as the separator. The cell may be

written as
Zn (s) | ZnCl; (aq), NH4Cl1 (aq) | MnO; (s), C (s) (1.2)

The open circuit voltage (OCV) is in the range 1.55-1.74 V. During discharge zinc as the

negative electrode is oxidized

Zn(s) — Zn**(aq) + 2¢° (1.3)

and MnQO; at the positive electrode is reduced

2MnO;(s) + 2H,0(aq) + 2e"— 2MnO.OH(s) + 20H (aq) (1.4)

The long-standing problem with Leclanché dry cells is their propensity to leak after heavy
or deep discharge, which arises from localized pitting corrosion of the zinc anode container.
In order to inhibit this corrosion, zinc alloy anode container containing cadmium and lead is
employed, coupled with the addition of corrosion inhibitors such as mercurous chloride in

the flour-starch paste [2]. Cadmium, lead and mercury are toxic materials, but are effective
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(redrawn from ref. [2]).



as corrosion inhibitors for metallic zinc. The inclusion of these materials has also been used
in nickel zinc cells to retard the corrosion and suppress hydrogen evolution at the zinc
electrode as will be discussed in Section 1.4. Employing an alloy anode container with the
addition of corrosion inhibitors reduces the leakage to some degree, but is unable to

completely prevent leakage.

The components of the electrolyte and the separator comprising of flour-starch paste were
also important factors contributing to the leakage. The flour-starch paste separator
contributed to the leakage by storage of a relatively large amount of aqueous electrolyte in
the cell. The ammonium chloride in the electrolyte enhances the dissolution of the zinc

discharge product [1], and hence accelerates the corrosion of the zinc container.

Zn**(aq) + 20H (aq) + 2NH,"(aq) — Zn(NH;),**(aq) + 2H,0(aq) (1.5)

1.2.2  Zinc chloride cells

A major advance in Leclanché cells was the introduction of zinc chloride cells in which the
ammonium chloride was completely replaced by zinc chloride and paper separators were
employed to replace the flour starch paste separator. As a consequence, the leakage is no

longer such a significant problem for zinc chloride cells.

Figure 1.2 shows a diagram of a commercial zinc chloride cell [2].

The cell is described by
Zn(s) | ZnCly(aq) | MnOx(s), C(s) (1.6)

During discharge, zinc as the cell container is oxidized identically to reaction (1.3) and
MnO; in the positive electrode is reduced similarly to reaction (1.4). In the absence of
ammonium chloride in the electrolyte, zinc discharge product Zn** undergoes a series of

reactions with formation of insoluble products:
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Zn**(aq) + 2H,0(aq) — Zn(OH),(s) + 2H"(aq) (1.7)
Zn**(aq) + 20H (aq) — Zn(OH),(s) (1.8)
H*(aq) + OH (aq) —— H,0(aq) (1.9)

where OH (aq) arises from reaction (1.4).

Following this, hydration of zinc hydroxide takes place.
Zn(OH),(s) + nH,0(aq) —— Zn(OH),.nH,0(s) (1.10)

Because of the reactions (1.4), (1.7), (1.8) and (1.10) water is consumed with a tendency for
the cell to dry out during discharge. Consequently, zinc chloride cells have a much greater
resistance to electrolyte leakage. The resulting cells have a much wider range of operating
temperature and a better service capacity at high current drain, at low temperatures and on
continuous discharge. Because of the superior performance of zinc chloride cells, there is
an increasing tendency to phase out the classical Leclanché formulation. The best zinc
chloride cells, typically referred to as “extra heavy duty”, have at least twice the energy

density of even the best Leclanché cells [1].

1.2.3 Alkaline manganese cells

The alkaline manganese cell is the most important advance over the classical Leclanché and
zinc chloride cells and meets the growing need for high-rate sources of electrical energy.
The first alkaline manganese cells became available in 1960 [4]. In the alkaline manganese
cell, the electrolyte is a concentrated solution of potassium hydroxide (about 30% w/w)
with varying amounts of zincate, Zn(OH),”, afforded by adding ZnO that dissolves in the

alkaline electrolyte through the reactions given below:

ZnO(s) + H,O(aq) —— Zn(OH),(s) (1.11)



Zn(OH)x(s) + 20H (aq) — Zn(OH)4*(aq) (1.12)
Figure 1.3 shows a diagram of a cylindrical alkaline manganese cell [1]. The cell
arrangement differs from that of the Leclanché and zinc chloride cells as shown in Figs. 1.1
and 1.2 respectively. This is especially the case for the anode, which consists of a cylinder
of powdered zinc set in a gel electrolyte. Starch or cellulosic derivatives, polyacrylates, or
ethylene maleic anhydride copolymers are used as gelling agents [2]. The median particle

size of the zinc powder ranges from 150 to 250 pum [1].

The alkaline manganese cell has a much superior performance to either classical Leclanché
or zinc chloride cells, especially at high rate. This is predominantly due to the larger surface
area anode and the high conductivity of the alkaline electrolyte in comparison with those in

the classical Leclanché and zinc chloride cells.
The cell may be written as
Zn(s)| KOH(aq) | MnOx(s), C(s) (1.13)

The open circuit voltage (OCV) is about 1.55V at room temperature. The overall cell

reaction may be written as

Zn(s) + 2MnOx(s) + 2H,0(1) —— 2MnO-OH(s) + Zn(OH)(s) (1.14)

During discharge, zinc is oxidized

Zn(s) + 20H (aq) —— Zn(OH)y(s) + 2¢” (1.15)

The discharge product Zn(OH),(s) partially dissolves in the alkaline electrolyte to form

zincate.

Zn(OH),(s) + 20H (aq) — Zn(OH)42'(aq) (1.16)
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The alkaline manganese cell is relevant to the rechargeable Ni-Zn cells since the alkaline
electrolyte is similar to that used in rechargeable nickel zinc cells and similar discharge

reactions take place at the zinc electrode as will be discussed in Section 1.4.

The most important feature of the alkaline manganese system is that it forms the basis of
the rechargeable Zn-MnO, battery system, which has the similar cell construction and is

available as commercial product produced by Union Carbide and Rayovac [4].

The classical primary batteries based on zinc and manganese dioxide are now more than a
century old but are still by far the most predominant primary cells with the largest
production [1]. The strong market position of these cells is due to a combination of factors
including low cost of materials and ease of manufacture, together with reliable performance

characteristics, which are suitable for a wide range of practical applications.

1.3 Secondary or rechargeable batteries

1.3.1 Lead-acid batteries

The history of lead-acid cell commenced in 1860 with the construction of the first practical
rechargeable cell by the French physicist, Gaston Planté [5]. The original cell consisted of
two lead foils, separated by a linen cloth soaked in sulfuric acid. This system forms the
basis of the most widely used secondary battery at the present time. About three hundred
million lead-acid batteries are manufactured every year, ranging in size from 2 Wh cells to

100 Wh SLI batteries and to 4 - 100 MWh stationary load-leveling battery modules [1].
The lead-acid cell consists of a negative electrode of porous lead and a positive electrode of
lead dioxide PbO,, separated by a porous polymer separator and immersed in an aqueous

solution of sulfuric acid (4.65 mol/L). The cell can be written as

Pb(s) | PbSO4(s) | H2SO04(aq) | PbSO4(s) | PbO4(s) | Pb(s) (1.17)
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The OCYV is about 2.15 V at 25°C. The overall electrochemical process can be represented

by the equation

Pb(s) + PbOx(s) + 2H,SO4(aq) 2PbS04(s) + 2H,0(aq) (1.18)
The lead acid battery is the most widely used of the rechargeable batteries because of its
maturity and high performance over cost ratio, even though it has innate disadvantages.
These include a low energy density by weight or by volume, poor low-temperature
characteristics and the use of toxic electrode materials. Furthermore, deep discharge or full
discharge may damage the battery. The lead acid battery differs from the nickel zinc battery
in electrodes and electrolytes and the advances in lead acid battery technology may not
assist solving the problems with nickel zinc batteries. The fields where lead acid batteries
are utilized, however, may help identify where nickel zinc batteries have the potential to
replace lead acid batteries, provided that the cycle life of nickel zinc batteries could be

much prolonged.

Lead acid batteries are available in two versions, the shallow-cycle version and deep-cycle
version. The shallow-cycle version is used for SLI in automobiles where a short burst of
energy is drawn from the battery when needed. They are constructed of thin pasted plates
with thin separators or retainer layers and short connector buses to minimize internal
resistance. In contrast to the shallow-cycle version, the deep-cycle version is designed to be
suitable for repeated full charge/discharge cycles at mild and low rates. Standby power lead
acid batteries are required in many situations. Energy storage lead acid batteries are
employed in many renewable energy applications to store the energy from solar cells or
wind turbines [3]. Emergency power to light people to safety without panic is necessary for
department stores, offices, factories, cinemas and other public places. Power stations,
telephone exchanges, lighthouse and computer installations are other examples of the
applications of standby power batteries. Lead acid batteries are also used in electric vehicle
(EV) traction, where the batteries must be able to sustain deep discharge at effectively

constant current.
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In traditional lead-acid cells, the recharge reactions become less efficient as the cell
approaches 85-90% state of charge, and the positive electrode begins to evolve oxygen and
hydrogen gas is formed at the negative electrode, resulting in water loss. Many of the lead-
acid batteries used in cars are of this type, which require the addition of water as
maintenance. Distilled water is required since addition of contaminants may lead to

problems. A typical example is the corrosion of lead by chloride [6].

Valve regulated lead-acid batteries (VRLA) are designed to promote the chemical
recombination of the oxygen at the negative electrode to minimize water loss. The sulfuric
acid is immobilized in a silica gel or absorbed in a porous glass separator with voids for
oxygen transport. Oxygen gas diffuses from the positive electrode to the negative electrode

and oxidizes the lead, preventing it from attaining the potential for hydrogen evolution.

Another development in lead-acid battery technology is the introduction of the
“maintenance free” (MF) batteries, which are constructed of such materials as gelled
electrolyte so that no substantial gas evolution occurs. Such batteries contain modified
positive grid and strap alloys, incorporating calcium lead alloys to minimize hydrogen

evolution.

Batteries used as standby power sources must be reliable for long life and low self-
discharge. Such batteries employ Planté plates or tubular plates, or thick pasted plates

formed on low antimony grids [1].

Over the past few years, a number of studies have been made of the use of lead-acid
batteries for load levelling [1]. The service required is very similar to that of traction

batteries except that the cycle efficiency is more important than energy density.
In recent years, the market for small portable lead-acid batteries has grown considerably

[1]. Almost all of these portable batteries are of VRLA design. Both cylindrical and

rectangular unit cells are made and assembled into multicell packs. Portable VRLA
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batteries can operate in any orientation without acid leakage and find many applications,
such as in electronic cash registers, alarm systems, emergency lighting units and

minicomputers and terminals.

Despite these advances in lead-acid batteries, concerns on the toxic electrode materials
from disposed batteries are growing, promoting the development of nickel zinc battery
among the battery systems being developed with low toxicity and superior performance to
lead acid batteries. There are reports of nickel zinc batteries being used in some fields
where lead acid batteries would prevail, such as in electric scooters, fishing boats and

electric vehicles [7].

1.3.2 Secondary alkaline batteries

Among the secondary alkaline batteries, which include nickel cadmium (Ni-Cd), nickel
metal hydride (Ni-MH), nickel zinc (Ni-Zn), zinc silver oxide (Zn-AgO), zinc manganese
dioxide (Zn-MnO,) and nickel iron (Ni-Fe), Ni-Zn should be considered for the vreasons

below:

i) Any advances of zinc electrode technology in Ni-Zn cells will be applicable to Zn-

AgO and Zn-MnO; cells;

ii) Advances in zinc electrodes could lead to replacement of cadmium electrodes in Ni-

Cd batteries;

iii)  Any modification or improvement in nickel electrodes for Ni-Zn batteries may be

adapted in Ni-Cd, Ni-MH and Ni-Fe batteries; and
iv) Ni-Zn cells can potentially replace Ni-Cd cells that use toxic materials and Ni-MH

cells that are relative expensive in a variety of applications, provided that the cycle

life of Ni-Zn cells could be significantly prolonged.
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The secondary alkaline battery industry has been dominated by Ni-Cd cells, other new
systems including Ni-Zn, Ni-MH and the rechargeable alkaline manganese dioxide (Zn-
MnQO,) cells, however, are making major inroads and may eventually displace the Ni-Cd

cells, particularly if legislation enforces the removal of this system.

1.3.2.1 Ni-Cd batteries

About 1890 and in the subsequent years, Walderman Janger developed the alkaline Ni-Cd
battery in Sweden [8]. Janger used potassium hydroxide as the electrolyte, nickel hydroxide
as the positive active material and a mixture of cadmium and iron as the negative active

material.
The fully charge cell can be written as
Cd(s) | KOH(aq) | NiO.OH(s) | Ni(s) (1.19)

The OCV is 1.35 V at room temperature and the overall cell reaction is typically written as

Cd(s) + 2NiO-OH(s) +2H,0(1) Cd(OH)z(s) + 2Ni(OH)x(s) (1.20)
The cell reactions are more complex than this due to the formation of a range of NiOOH
species and a series of higher nickel oxides with differing degrees of hydration [1]. Figures

1.4 and 1.5 show two different Ni-Cd cells, prismatic and cylindrical cells [2], respectively.

It is important to note that the KOH does not participate in the main cell reaction, so that its
concentration is virtually independent of the state of charge. As a consequence, neither the
internal resistance nor the freezing point of the electrolyte is affected by the state of charge
[8]. Depending on the construction, Ni-Cd cells have practical energy densities in the range
10-75 Wh/kg, a cycle life ranging from several hundreds for sealed cells to several

thousands for vented cells.
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The most important feature relevant to, but different from Ni-Zn cells is that the negative
electrode active material Cd(OH), is completely insoluble. This may account for the
differences in cycle life performance between Ni-Cd cells and Ni-Zn cells. Cadmium
dendrite growth and cadmium electrode shape change do not take place in Ni-Cd cells. In
contrast to Cd(OH),, the negative electrode material of Ni-Zn cells as Zn(OH), is highly
soluble in alkaline electrolyte, ultimately contributing to zinc dendrites and zinc electrode

shape change.

Since Ni-Cd cells have identical positive electrode and alkaline electrolyte to that used in
Ni-Zn cells, Ni-Cd cells could be readily converted to Ni-Zn cells by replacing the Cd
electrodes as shown in Figs. 1.4 and 1.5 with Zn electrodes provided that there was a
breakthrough in zinc electrode technology. Conversely, the modification or improvement to

nickel electrode technology in Ni-Cd cells can be applied to Ni-Zn cells.

The Ni-Cd system has been developed in a number of ways to produce a wide range of
commercially important rechargeable systems. These include sealed maintenance-free cells
with capacities of 10 mAh-15Ah, vented standby power units with capacities of over 1000

Ah and cranking batteries capable of delivery a peak current of 8000 A [1].

Ni-Cd cells are characterized by long cycle life, continuous overcharge capability,
relatively high rates of discharge and charge, almost constant discharge voltage and the
ability to operate at temperatures ranging from —40°C to +45°C [9]. However, the cost of
cadmium is several times of that of lead and is unlikely to decrease. Cadmium is a rare
element and is predominantly found in zinc ores (containing 0.2-0.3 per cent of cadmium).
It is usually separated from the zinc by means of its greater volatility. The cost of Ni-Cd
cell construction is more expensive than that of lead-acid cells, so that the overall capital
cost of energy storage is over 10 times higher. Health risks associated with the
manipulation of cadmium and environmental concerns associated with cell disposal will
undoubtedly promote the development of other environmentally friendly systems, such as

Ni-Zn, Ni-MH and the rechargeable Zn-MnO, systems.
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1.3.2.2 Alkaline silver zinc batteries

The first silver-zinc battery system was developed in France by André in the late 1930s [1].
André overcame the problem of silver migration as Ag(OH),” and Ag(OH);” to the zinc
electrode by using cellophane membrane separators. The Ag-Zn system has the highest
energy density of all rechargeable aqueous batteries [10]. Ag-Zn cells use the same zinc

electrode and alkaline electrolyte as those used in Ni-Zn cells.
The fully charged cell may be written as
Zn(s) | KOH(aq) | Ag:0(s) | Ag(s) (1.21)

The cell reactions take place in two stages, first

2Ag0O(s) + Zn(s) + H;O(aq) =—— Agx0(s) + Zn(OH),(s) (1.22)
followed by
AgyO(s) + Zn(s) + Hzo(aq) —_— 2Ag(s) + Zn(OH),(s) (1.23)

with cell potentials of 1.85 V and 1.59 V, respectively. The discharge reactions at the zinc
anode are similar to those occurring in the alkaline primary Zn-MnO, and rechargeable Ni-

Zn cells as in reactions (1.14) and (1.15).

Ag-Zn batteries are mainly used in military applications, such as aerospace, submarine and
underwater weapon (particularly as used in torpedoes) applications. Yardney and Eagle
Picher are two major Ag-Zn battery manufacturers in the USA. Figure 1.6 shows a Ag-Zn
battery construction [4]. The main difference between the Ag-Zn and Ni-Zn systems lie in
the positive electrodes. Ag-Zn cells as shown in Fig. 1.6 can be readily converted into Ni-
Zn cells simply by replacing the silver electrodes with the advanced nickel electrodes used
in Ni-Cd cells. This may account for Yardeny pioneering the development of Ni-Zn cells in

the USA during the 1960s [4] as discussed in detail in Section 1.4. Similarly, Eagle Picher
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Fig. 1.6 Cross sectional diagram of a prismatic rechargeable Ag-Zn cell (redrawn from

ref. [4]).
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also offers a range of vented Ni-Zn batteries in the capacity range 2-35 Ah [4].

Ag-Zn and Ni-Zn batteries share the same problems arising from zinc electrodes: those of
zinc dendrite growth and zinc electrode shape change. According to the information
.released by Eagle Picher[11], the cycle life of their Ag-Zn batteries is limited to 50-100
cycles. Consequently, it can be anticipated that any advances in zinc electrode technology

in Ni-Zn cells may assist improving the cycle life performance of Ag-Zn cells.

1.3.2.3 Alkaline manganese batteries

The concept of rechargeable zinc manganese cells has been under consideration and
investigation for many years. Attempts to recharge Leclanché or zinc chloride cells have
been doomed to failure because of the innate irreversibility of the discharge reactions [1].
With the introduction of the alkaline manganese primary battery during the 1960s, it
became feasible to produce a practical rechargeable Zn-MnO, system. The original design,
dating from around 1975, closely adapts the design of the alkaline Zn-MnO, primary cell

and retained its advantages of long shelf life, good current density and safety [12].
A potassium hydroxide solution of about 30% (w/w) is used as the electrolyte (similar to
that used in Ni-Zn cells). The discharge reactions at the anode are similar to those occurring

in the alkaline primary Zn-MnO; and rechargeable Ni-Zn cells as in reactions (1.15) and
(1.16). The cell may be written as

Zn(s) | KOH(aq) | MnOx(s), C(s) (1.24)

The cell reaction can be simply written as

Zn(s) + 2MnO,(s) + 2H,0(1) Zn(OH),(s) + 2MnO.OH(s) (1.25)

The OCV is about 1.55V and the batteries are interchangeable in application with primary
Zn-MnO;, cells.
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The reduction of MnO;, in alkaline conditions is a complex process and follows a number of

steps, which can be written formally as [1]:

Mn02 —_— Mn01,5 (1.26)
Mn01.5 ——— Mn01_33 (1.27)
MnO; 33 — MnO (1.28)

The last two stages are only possible at very low current drain. The discharge proceeds at
the cathode by the movement of protons and electrons into the MnO, lattice. Provided that
the reduction does not proceed below MnO; 33, the reaction can be reversed and the cathode
becomes rechargeable [2]. In practice, this means terminating the discharge at 1.1 V cell

voltage.

In the late 1970s and 1980s, a major research program headed by Kirdech at the Technical
University of Gratz, transformed the prospects of what have now become known as RAM
cells [4]. These now have greatly improved capacity and reliable cycling behavior. Figure
1.7 is a cross sectional diagram of a RAM cell [1], which may be considered to be an

inside-out construction of the alkaline primary Zn-MnO; cell (Fig. 1.3).

Unlike ordinary rechargeable cathodes with positive active material pasted onto a
conducting current collector, the cathode in RAM cells uses electrolytically prepared
manganese dioxide with 10% graphite formed into four ring-shaped pellets [1]. It may also
include additives as catalysts for the recombination of hydrogen and inert powders to
control porosity. The anode or negative electrode consists of zinc powder (rather than zinc
active mass pasted onto a current collector) in a gelled KOH matrix (with organic inhibitors
to reduce corrosion) wound on a central metallic current collector. A two or multilayer
separator with a strong fibrous element in it is generally used to prevent internal short

circuits by zinc dendrites formed during charge. The electrolyte is a concentrated solution
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of KOH with added ZnO to diminish the possibility of hydrogen formation during charge
[1].

RAM cells are manufactured and shipped in a charged state and have an initial capacity of
about 1.8 Ah at a 50 mA discharge rate. Cycling RAM cells produces a significant and
progressive capacity loss, especially during deep discharge. The degree of capacity loss can
be dismished if the discharge is terminated at high voltages. Under such partial discharge

conditions, RAM cells can provide many hundreds of cycles with little capacity loss [1].

The high internal resistance of RAM cells limits the maximum continuous output current
and also peak output current, in comparison with Ni-Cd, Ni-MH cells. The higher internal
resistance is believed to be associated with the cell design as shown in Figs. 1.3 and 1.7.
Provided that secondary Zn-MnO; cells could be assembled with structure similar to that
for Ni-Cd or Ni-MH cells (Figs. 1.4 and 1.5) and with the appropriate current collectors for

both electrodes, the internal resistance may well be reduced significantly.

The structure of RAM cells seems to be of unusual design for a rechargeable cell where the
current collectors should be in intimate contact with the active mass. Furthermore, there
should be a large surface area for both positive and negative electrodes to ensure low
current density during charge, especially for cells with zinc anodes. These important

features in rechargeable cells are absent in RAM cells.

Similarly to the situation in Ni-Zn cells, zinc dendrite growth during overcharge is another
problem with secondary Zn-MnO; cells, which leads to internal short circuits. It is
important to note that secondary Zn-MnO; cells do not suffer from the memory effect
reported in Ni-Cd and Ni-MH systems and self-discharge rate is approximately 0.01% per
day, which provides this system with a clear superiority over Ni-Cd and Ni-MH cells

(0.05% and 5% respectively) [1].

Rayovac is the main producer of RAM cells in the USA. According to publicly released
information, the cycle life of Rayovac RAM cells is about 25 cycles [13]. It can be

anticipated that there remains scope for modification or improvement to rechargeable Zn-
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MnO; cells and the advances in zinc electrode technology in Ni-Zn cells may well be

applied to secondary Zn-MnO; systems.

1.3.2.4 Ni-MH batteries

Nickel metal hydride cells are interchangeable with Ni-Cd cells in most applications and
are identical in structure as shown in Figs. 1.4 and 1.5. These employ the same positive
nickel electrodes and the same electrolyte. In Ni-MH cells, hydrogen is absorbed in a metal
alloy at the negative active material in place of cadmium. The replacement of cadmium not
only increases the energy density, but also produces a more environmentally friendly power

source without severe disposal problems [1].

The cell may be written as

MH(s) | KOH(aq) | NiO-OH(s) (1.29)

As in the Ni-Cd cell, the electrolyte is concentrated potassium hydroxide solution (30%
w/w). The OCV is in the range 1.32-1.35 V, similar to that of the Ni-Cd cells.

The overall reaction is

M(s) + Ni(OH),(s) MH(s) + NiO.OH(s) (1.30)
A distinct feature of Ni-MH cells is that water is not consumed in the cell reaction and the
electrolyte concentration is completely invariant during cycling. Hydrogen adsorption
alloys were discovered in 1960s during research into magnetic materials [2]. These alloys
can absorb several thousand times their own volume of hydrogen and usually consist of two
metals, one of which absorbs hydrogen and a second of which acts as a catalyst for the
dissociative absorption which precedes diffusion of hydrogen atoms into the lattice. The
most important alloys are ZrNi; and LaNis alloys. Due to the high cost of these hydrogen

storage alloys, Ni-MH cells are considerably more expensive than Ni-Cd cells [1].
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Self-discharge is the main problem with Ni-MH cells, with values of 4-5% per day not
untypical [1]. This is caused by hydrogen reacting with the positive electrode. The
hydrogen is from the desorption of hydrogen from the metal hydride. These reactions are

shown below:
2MH(s) — Ha(g) + M(s) (1.31)
H(g) + 2NiO.OH(s) —— 2Ni(OH)x(s) (1.32)

The energy density of Ni-MH cells is highly dependent on discharge rate, but for
comparable conditions it is 25% higher than an equivalent Ni-Cd cell [4].

In addition to the ‘3 Cs’ (Camcorders, Cell phones and Computers), Ni-MH cells are
replacing Ni-Cd cells in a wide variety of cordless electronic consumer products,
communication equipment and other high rate long cycle life applications. This cell system
is under active development for EV traction by Ovonic [4]. The thermal management and
relatively high cost, however, are likely to be the key factors that may limit the
development of Ni-MH technology for electric vehicles and standby power applications.
Ni-Zn batteries, which are relatively inexpensive and environmentally friendly, have
potential to replace Ni-Cd and Ni-MH systems for use in electric vehicles and standby
power applications. Since identical electrolyte and positive electrodes are used in Ni-MH
cells, Ni-MH cells can be readily converted to Ni-Zn cells by replacing the metal hydride

electrodes with zinc electrodes provided that the cycle life of the zinc electrodes could be

much prolonged.

1.4 Ni -~ Zn batteries

1.4.1 Introduction
The Ni-Zn battery system has been recognized for over 100 years. The first alkaline Ni-Zn
cell was patented by Milhalovskii in 1899 [14]. The first serous attempt to develop Ni-Zn
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batteries was in Ireland in the 1930s. The Drumm early Ni-Zn power source was used for
railway traction on a regular passenger line in Ireland [15-17]. However, problems
associated with the short cycle life of the zinc electrode prevented further commercial

interest in this system.

In the late 1950s and early 1960s, the Ni-Zn battery was under development in the former
USSR [18]. In the later 1960s, there was a resurgence of development efforts in the USA.
After the oil embargo of 1973, infusion of government funds in the USA led to the major
development programs on the Ni—Zn batteries for electric vehicle applications, which lasted
for about ten years [18]. There was also a major development effort on vehicle batteries at

The General Motors Corporation [18].

Using a combination of zinc and nickel electrodes, a battery with long cycle life and high
energy density was envisioned. When subjected to cycling, the zinc electrode deteriorates
and suffers from loss of capacity. The potential commercial market appears to be
significant enough to perpetuate development efforts. The Ni-Zn battery is an attractive
system for use in electric-powered equipment as well as electric vehicles and it has been

recognized as a good choice for portable applications for the following reasons:

i) The Ni-Zn battery provides the lowest-cost, highest energy density option for

alkaline rechargeable systems [19];
ii) Such system uses non-toxic and relatively inexpensive materials [2]; and

ifi)  The Ni-Zn battery affords good performance even under very low ambient

temperatures (-20°C) [2].

Currently, development on this battery type is still in process to lengthen the cycle life of

the zinc electrode.

A number of researchers have published review articles on the development of Ni-Zn
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batteries.

James McBreen, who used to work at Yardney on Ag-Zn cells [20] and then joined General
Motors Corporation for the battery programs on electric vehicles including Ni-Zn battery
[21-24], has reviewed the research and development of Ni-Zn batteries from the 1980s to
1993 [18]. His conclusion was that the technical problems are still related to zinc electrode
shape change and the disparity in charging efficiency between the positive and negative
electrodes. This is particularly a challenge in large cells. The nickel-zinc combination offers
considerable leeway in the choice of electrolyte, separator and charging method that may be
used. The careful choice of these together with combinations of additives may yield
batteries with adequate cycle life. If the technical problems can be overcome, Ni-Zn
batteries could replace Ni-Cd batteries in high-power applications. However, Evercel’s
efforts [28-60] on development of sealed Ni-Zn batteries over the last 20 years were

ignored in McBreen’s review [18].

Jiri Jindra, who used to be involved in research and development of Ni-Cd batteries, shows
his great interest in Ni-Zn batteries. In 1992, 1997 and 2000, he reviewed the progress of
sealed Ni-Zn cells [25-27]. In his latest review covering 1996-1998 [27], Jiri Jindra
concluded that no dramatic improvements stemming from research and development on
cells were observed and presently, the cells of Energy Research Corporation [40] seem to

be the best and most widely used.

In 1999, Energy Research Corporation, now FuelCell Energy, spun-off its Battery Divison
to become Evercel. Evercel is the premier manufacturer of sealed Ni-Zn rechargeable
batteries in the world. No other manufacturer of nickel-zinc batteries has announced the life
and performance reported for Evercel’s products [7]. In spite of Evercel being a "new"
company spun off from Energy Research Corporation, its researchers have a long history of
battery innovation. The Battery Divison of Energy Research Coporation had been actively
pursuing advanced electrochemistry in the areas of rechargeable batteries, particularly the
sealed Ni-Zn batteries, since the early 1970s when Allen Charkey joined Energy Research

Corporation.
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Charkey is the dominant contributor to the commercial development of Ni-Zn batteries [28-
60]. His activity in development of Ni-Zn batteries stemmed from 1966 while at Yardney
[61-68] that was a major company in the USA producing Ag-Zn batteries and pioneering
the development of Ni-Zn batteries in USA in 1960s [4]. There, he was engaged in research
and development of Ag-Zn and Ni-Zn batteries until joining Energy Research Corporation
in 1972 [60-61].

As is normal in commercialization at an early stage, Evercel seems to have been hampered
in its progress to full commercialization of sealed Ni-Zn batteries due to the unstable
performance of their batteries. This is consistent with the latest review that no dramatic

improvements have been observed in recent years [27].

The development of any new battery is time-consuming. In Ni-Zn batteries, failure is

usually associated with two phenomena [69]:

i) Zn dendrite initiation and propagation caused by the deposition of Zn(OH)* (aq)

from the electrolyte during recharge, leading to cell shorting;
it) Zn active material redistribution (shape change), causing gradual capacity loss.

The fundamental cause of Zn electrode shape change is not known with certainty, however,

various mechanisms have been proposed for the explanation [69]:

i) Electrolyte flow or forced convection caused by osmotic pressure gradients in cells

with ion exchange separators;

ii) Electrolyte concentration gradients caused by differences between the current

density distribution during charging and that during discharging;

iii)  Natural convection of the electrolyte caused by density gradient;
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iv) Auto-catalytic Zn dissolution from the periphery or the outside edge of the Zn

electrode;

V) Lower charge efficiency for the Zn deposition reaction at the electrode periphery

caused by non-uniform OH" ion concentration; and

Vi) Oxidation of Zn by O, that has migrated from the nickel electrode (where it is
evolved during charging) to the periphery of the Zn electrode.

It is believed that it is the high solubility of [Zn(OH)4]2' ions in alkaline electrolyte, and the
propensity for the formation of zincate-supersaturated electrolyte during discharging, that is

strongly associated with the shape change process [69].

In attempts to solve these problems with Ni-Zn cells, research into the following remedial

methods have been undertaken [25]:

i) Additives in the electrolyte to suppress the formation of zincate ions;
ii) Additives in the zinc electrode to suppress the shape change;

iii) Use of auxiliary electrodes for oxidation of H; in sealed cells;

iv) Additives to the zinc electrode to suppress the formation of dendrites;
v) Modification of charging regime;

Vi) Development of improved separators to resist the penetration of dendrites and

transport of zincates; and

vii)  Adjustment of the proportion of active materials (e.g. large excesses of zinc).
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The electrolyte, zinc active mass, cell structure and the separator are the factors that effect

the life-time of Zn-Ni batteries. It is appropriate here to review the findings on such factors.

1.4.2 The solubility of zinc active materials

There is a dilemma for selection of electrolyte for use in Ni-Zn cells. The Ni electrode
demands highly alkaline electrolyte for optimum performance, the ionic conductivity of the
electrolyte improves with increasing OH concentration, and the solubility of zincate
increases approximately with the square of OH™ concentration. Consequently, the cell
performance will increase with higher KOH concentration whereas the cycle life of the cell

will decrease [70].

The shape change of the zinc electrode is associated with the discharge products dissolved
in the alkaline electrolyte during discharge. During discharge, metallic zinc is oxidized,
forming Zn(OH), as the main discharge product, which partially dissolves as Zn(OH)42' in
the alkaline electrolyte. A possible mechanism for the dissolution of the discharge product

is [71]:

Zn(s) + OH (aq) —— Zn(OH),q¢ (1.33)
Zn(OH) .g — Zn(OH)(s) + € (1.34)
Zn(OH)(s) + OH(aq) — Zn(OH)x(s) + ¢ (1.35)
Zn(OH),(s) + 20H (aq) — Zn(OH)4*(aq) (1.36)

The amount of Zn(OH), dissolved in the electrolyte is related to the concentration of
zincate in the electrolyte. Reaction (1.36) is believed to be reversible with evidence that
decreasing the OH" concentration results in precipitation of Zn(OH),. It can be written here

as
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Zn(OH)y(s) + 20H (aq) Zn(OH),* (aq) (1.37)

The higher the concentration of zincate, the lower the amount of Zn(OH), is dissolved in

the electrolyte during discharge.

In order to suppress the dissolution of Zn(OH),(s) from the Zn electrode during discharge
associated with zinc electrode shape change, the electrolyte is usually saturated with

ZnO(s) to increase the initial concentration of Zn(OH)42'(aq) in the electrolyte.

The concentration of Zn(OH)42'(aq) in electrolyte ‘saturated with ZnO(s)’ and the methods
of dissolving this ZnO(s) in the alkaline electrolyte are usually unstated in articles found in
the open literature. According to one article [72], the electrolyte super-saturated with
zincate consisted of 100 mL of 31% (w/w) KOH with 'several grams of solid ZnO'
dissolved in it. In another article [73], the electrolyte consisted of 8.6 mol/L. KOH saturated
with zincate prepared from reagent grade 80% KOH and ZnO with distilled deionized
water. The concentration of zincate in the resulted solution was 5% (w/w) ZnO. In
McBreen’s review [18], the equilibrium solubility of ZnO is reported to be 53 g/L in 30%
(w/w) KOH solution.

The dissolution of zinc active mass from the zinc electrode during cycling is usually
identified as the cause for the formation of zincate-supersaturated electrolyte during
discharge. In the present study, it will be established in Chapter 3 that the electrolytes
reported by others were not truly saturated with respect to zincate. In this study, we will

investigate the factors which influence the concentration of zincate in the electrolyte.

1.4.3 Additives to the zinc active mass
The inclusion of additives to the zinc electrode active mass is one of the approaches to

eliminating the problems of zinc electrode shape change and dendrite growth.

The addition of Ca(OH), to zinc electrodes has longed been recognized [74-76] and is

covered in the patent literature [77-79]. The benefit is understood to arise from the reaction
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of Ca(OH), and zincate to form insoluble calcium zincate, maintaining much of the zinc
active mass in a solid form. By the end of the 1980s, the most extensive work on the
addition of Ca(OH); to the zinc electrode was performed by General Motors [80-85]. A key
finding of this work was that there is no suppression of the ZnO solubility at concentrations
over 34% (w/w) KOH and the kinetics of calcium zincate formation is very slow at
concentrations above 25% (w/w) KOH. The important aspects in applying this approach are
the use of 20% (w/w) KOH, elimination of carbonate contamination of the electrolyte and
the use of microporous separators. It is clear that the nickel electrode performance will be

sacrificed with employment of these low concentration KOH electrolytes.

Cairns and co-workers in Lawrence Berkeley Laboratories performed extensive work
investigating the effect of Ca(OH), on the cycle life of Ni-Zn cells [69, 86, 87]. It was
confirmed and recognized that the formation of calcium zincate was very slow in the
electrolyte at high KOH concentrations (31% w/w) [69]. A prototype Ni-Zn battery with a
KOH-KF electrolyte achieved >500 cycles at 100% depth-of-discharge, with >70% original
capacity [86]. The anode was modified by addition of 25 mol% Ca(OH),. Despite this, the
expected hexagonal Ca zincate crystals were not observed in the anodes after cycling in the

alkaline-fluoride electrolyte.

Batteries with Zn anodes containing 0, 10, 25, and 40 mol% Ca(OH), were fabricated and
tested [69, 87]. The best performing cells tested were those with 25 mol % Ca(OH),
electrodes, which lost capacity at a rate of 0.13%/cycle, compared to 0.47%/cycle in Ca-
free control cells. The 25 mol % Ca(OH), electrodes retained their capacity beyond 150
deep discharge cycles, with indications that further Zn redistribution would occur very
slowly. The electrodes with only 10% Ca(OH), contained insufficient Ca(OH), for
complexation to make a marked improvement of cycle life. According to the results, the
performance of the cells without Ca(OH); in the zinc electrodes was superior to those with
40 mol% Ca(OH),. It is believed here, that these high concentrations of Ca(OH), partially
1solated the zinc active particles and caused high local current densities at the zinc electrode
during charge, thereby enhancing zinc dendrite growth. 25 mol % Ca(OH), was inadequate

to convert all of the ZnO formed at the zinc electrode into calcium zincate. The effect of
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Ca(OH), seemed to be limited in 31 wt % KOH electrolyte and this may account for Cairns

and co-workers changing to use of electrolytes with lower KOH concentrations [70].

Charkey performed similar work on the effect of Ca(OH), while at Energy Research
Corporation to that reported by Cairns at Lawrence Berkeley Laboratory, but with a greater
focus on commercialization [33, 35, 40]. A reduced solubility zinc electrode and sealed cell
design was patented by Charkey in 1995 [40]. The zinc electrode comprised a Zn active
material, Ca(OH); and a conductive matrix including a metallic oxide PbO or Bi,Os, CdO,
Ga,03, T1,O3; which is more electropositive than Zn. The anode was incorporated into a
secondary Ni-Zn battery using a low KOH concentration electrolyte. The Zn anode was
split into assemblies separated by porous hydrophobic elements. A “roll-bonded” process
for manufacturing plastic bonded nickel and zinc electrodes was also patented by Charkey

[88]. The zinc electrode also contained Ca(OH); and PbO.

Cells assembled with Ca(OH); incorporated in the zinc electrodes demonstrated the ability
to deliver over 60 Wh/kg at the one hour rate and more than 450 W/kg at a 12C rate [37].
Cycle life was improved to more than 600 cycles at 80% depth of discharge by using the
patented reduced solubility zinc electrode and an improved sealed cell design [40]. More
than 7000 charge/discharge cycles at 10% depth-of-discharge were also reported [40].
Large quantities of sealed prismatic cells were manufactured in Energy Research

Corporation, including a 220 V battery for a hybrid electric vehicle (HEV) [89].

Ni-Zn cells with Ca(OH); in the zinc electrode were further tested. Life cycle testing
included discharge capacity and voltage performance as a function of cycling, charging
characteristics as a function of cycling, the effect of overcharge on performance and cycle
life, cell internal impedance as a function of cycling, and cycle life as a function of depth-
of-discharge (DOD). The cells yielded more than 600 cycles at 80% DOD and 11,000
cycles at 10% DOD [34].

The development and progress in Ni-Zn batteries by Energy Research Corporation [33-60]

resulted in the formation of Evercel in 1999. Since then, more work on commercial Ni-Zn
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batteries has been performed [28-32]. The low temperature performance of Evercel Ni-Zn
batteries has been reported [28]. These results suggest that the batteries can deliver more
than 50% of their room temperature capacity at the C/3 discharge rate at —=30°C. Moreover,
the batteries retain their capacity during repetitive cycling. The failure mode of Evercel Ni-
Zn batteries has also been identified [29]. The typical failure mechanism appears to be loss
of electrolyte with a resulting increase in cell internal resistance and decreased electrical

storage capacity.

Recently, it was found that zinc electrodes using calcium zincate prepared by chemical
coprecipitation show better electrochemical performance than those using calcium zincate

prepared by physical mixing of zinc oxide and calcium hydroxide [90].

In addition to Ca(OH),, the inclusion of polytetrafluoroethylene (PTFE) has long been
recognized as an important additive to the active materials to form plastic-bonded zinc
electrodes. While at Yardney in 1969, Charkey used PFTE (5% w/w) as a binder in the zinc
electrode in his early Ni-Zn cells [66]. In 1974, he also used PFTE in the zinc electrodes for
silver zinc cells [91]. At present, Evercel’s commercial Ni-Zn batteries include PFTE as a
binder in the calcium-zinc electrodes [88]. Cairns and co-workers also employed PTFE (4-

6% w/w) in the zinc-calcium electrode as a binder [69, 86, 87].

A number of other additives have been employed in the zinc electrodes. Charkey found the
benefit of addition of 5-30% w/w Portland cement to suppress the zinc electrode shape
change and prolonged the cycle life of the Ni-Zn cells [49]. This presumably supplied a
source of calcium for calcium zincate formation. A Ni-Zn battery with this anode gave
good performance for 260 charge-discharge cycles before its capacity declined to 70% of
its initial value. A comparison battery exhibited decline in performance after 100 cycles
and failed after 150 cycles. A patent was attained covering this research [92]. Charkey also
investigated the effect of Ba(OH), and Sr(OH), on the performance of zinc electrodes [25,
26]. Ba(OH), or Sr(OH), was not superior to Ca(OH); as an additive to the zinc electrode.

Other additives, such as PbO, Bi;O;, SnO, SnO,, Ga,0s3, In,O; and CdO, in the zinc

electrode to improve its electrical conductivity and to suppress hydrogen evolution have
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also been reported to be beneficial to the performance of the zinc electrode. Charkey
established the benefits of addition of CdO in the zinc active mass [53, 54]. Evercel’s zinc

calcium electrodes all contain these metal oxides [33, 38-39].

Caims and co-workers added small amounts of PbO into the zinc active mass [69, 86, 87].
The addition of Bi,O3 [93-97] or metallic Bi powder [90] into the zinc active mass has been
found beneficial to the zinc electrodes, suppressing hydrogen evolution and improving

electrical conductivity of the zinc active mass.

1.4.4 Electrolytes with lower KOH concentration
Addition of Ca(OH), into the zinc active mass alone is not sufficient to eliminate the zinc
electrode shape change and zinc dendrite growth. Ca(OH), must be employed with

electrolyte of lower KOH concentration.

As mentioned previously, it is challenging to select an appropriate electrolyte concentration
for use in Ni-Zn cells. The Ni electrode requires KOH electrolytes with high concentration
for optimal performance. The ionic conductivity of the electrolyte and the cell power
performance improves with increasing the KOH concentration. The solubility of the zinc
active mass, however, increases approximately with the square of the KOH concentration.
Therefore, the cell performance will improve with higher KOH concentration whilst the

cell cycle life in contrast will improve with lower KOH concentration.

Ignoring the impaired performance of Ni electrode in the electrolyte with lower KOH
concentrations, attempts have still been made by employing electrolytes with lower KOH
concentrations. This has usually involved the use of supporting electrolytes such as K3;BOs,
K3PO, and K;COs.

In the early 1970s, Schneider et al. employed K3BO; solution in the electrolyte in Ni-Zn

cells [97]. This substantially reduced the solubility of zincate and consequently suppressed

the formation of zinc dendrites. Eisenberg [98] recommended salts of a weak acid and a
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strong base such as K3BO3; NaBO; or Na3;BOs for vented and sealed Ni-Zn cells. Later, he
developed a series of mixed electrolytes for reducing zincate solubility. A typical
electrolyte composition was 3 M KOH + 3 M K3PO4 [99]. Addition of up to 10% w/w of
Ks;PO, in the electrolyte was patented in Japan [100]. Jost et al. in 1969 patented an
alkaline electrolyte containing carbonate for Ni-Zn cells [101]. In 1988, Cairns et al. in
Lawrence Berkeley National Laboratory used the following two solutions in their cells
[102].

i) 2.5M KOH + 2.5M K,CO; + 0.5M LiOH

ii) 3.5M KOH + 3.3M KF

The solubility of ZnO in the electrolyte was decreased in each case.

Cairns et al. repeated the above work in collaboration with Energy Research Corporation
by using the following solutions in 1.35 Ah cells [36, 103].

i) 2.5 M KOH + 2.5 M K,COs + 0.5 M LiOH

ii) 3.5MKOH + 33 MKF

iii) 32MKOH+ 1.8 MKF + 1.8 M K,COs3

The moderately alkaline electrolyte (3.2 M KOH + 1.8 M KF + 1.8 M K,CO3) in 1.35 Ah
cells provided over 500 deep-discharge cycles before reaching 60% of initial capacity.
They concluded that the processes, which degraded Zn electrode performances, were not

major problems in these cells and that it was the nickel electrode that limited the lifetime.

Cairns et al. investigated the effect of lower KOH concentration electrolyte together with
addition of F, CO;*, BO;> and PO,> on the performance of Ag-Zn cells containing
calcium zincate electrodes [104]. It was found that all of the anion additives to KOH
electrolytes resulted in lower cell capacities and shorter lifetimes, which could be attributed
to the formation of soluble silver salts with the subsequent degradation of the Ag electrode
performance. The authors failed to account for the formation of insoluble Ca(OH), and
CaF,. They did not identify what the soluble Ag salts might be, a somewhat surprising
assertion in any event since insoluble Ag salts would be expected to form in this alkaline

electrolyte.
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Evercel’s commercial Ni-Zn batteries with calcium zincate electrodes are based upon low
concentration KOH-KF-K,COs3 electrolyte systems (20% w/w KOH) [36]. It is expected
that the Ca(OH), will be converted into insoluble precipitates of CaCO; and CaF, in this
electrolyte system. The assumption of the role of insoluble calcium zincate in decreasing
the solubility of zinc active mass is consequently not likely to be appropriate in this lower
KOH concentration electrolyte in the presence of F and CO32'. However, the benefits from

the presence of Ca(OH); are demonstrable but must act by an alternative mechanism.

1.4.5 Further additives to the electrolyte

Further additives to the electrolyte have been used to prevent the corrosion of zinc electrode
and suppress the zinc dendrites formation and growth. A electrolyte containing thiocyanate
was patented in Japan in 1996 [105]. Here, thiocyanate was employed to inhibit the

dissolution of Zn during discharge and provide long cycle life.

Shivkumar et al. studied the effect of V,05 , ZnO, PbO and (NH,4),CS on the reversibility
of the redox couple [106]. ZnO and (NH4),CS can be used as electrolyte additives (10‘2 -
10> M), because they reduce the zinc corrosion markedly, do not enhance passivation of

the zinc electrode and increase the cycle life.

Tetraethylammonium bromide (10* M) was found to suppress the formation of zinc
dendrites and shape change [107]. Quaternary ammonium salts have been used to suppress
the zinc dendrite growth in Zn-Br batteries [108]. The effect of quaternary ammonium salts

will be reported in this work (Chapter 4).

Fatty esters of sorbitan have been added to the electrolyte and the batteries exhibited slower
rates of zinc dendrite and long cycle life [109]. Fatty esters are not stable in alkaline
electrolyte and are likely to decompose into fatty acid salts. The beneficial use of fatty acid

salts in the zinc active mass is explored in Chapter 6 in this thesis.

Potassium 1,3,5-phenyltrisulfonate has been used as an additive in the electrolyte and self-
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discharge rates appear to be dramatically reduced [110]. Polyethylene oxide (PEO), has
been used in electrolytes with 40-80% KOH (w/w) with the conversion into a solid polymer
electrolyte (SPE) system [111]. The PEO-SPE is a gelled electrolyte which has a number of
important characteristics. The convection caused by temperature gradient, density gradients
and others is suppressed. The diffusion of Zn(OH),* ions in the electrolyte associated with
the zinc electrode shape change is also suppressed. Here, the self-discharge of Ni-Zn cells

is reduced together with improved cycle life.

1.4.6 Effect of separators

The separators used in Ni-Zn cells is also an important factor, which effects the dendrite
growth and shape change. Modification of the porous separators by filling with inorganic
compounds has been reported by Charkey et al. [50, 56, 61, 64-65]. The separator system
used in Evercel Ni-Zn batteries may also contribute to battery performance. Two layers of
non-woven nylon material and several layers of a zinc migration barrier separator are

employed [36].

Alexandre et al. employed a special separator consisting of a highly porous nickel
membrane, which was inserted between two separators placed between the nickel and zinc
electrodes in their 44 Ah Ni-Zn batteries [112]. This separator acted as a catalyst for the

dissolution of zinc dendrites. This system achieved 500 cycles.

It was reported that the Ni-Zn batteries with specially arranged separators have long cycle
life [113]. Here, the number of separators at the edges of the zinc electrodes is greater than
that at the center. Anion-exchange membranes have also been used in Ni-Zn cells where

cycle life reached 200 cycles before the cells failed [114].

1.4.7 Charging/discharging regime
The charging/discharging regime is another factor which influences the cycle life. It is

interpreted here that the charging/discharging regime used by Cairns et al. was as important
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to the high cycle life of the cells as the modifications to the electrolyte and zinc active mass
[72, 103]. The regular cycle regime used by Cairns ef al. for 1.32 Ah cells consisted of
[70]:

i) Charging at 0.263 A for 5 hours;

it) 10 minutes at open circuit;

iii) Discharging at 0.526 A for 2.5 hours; followed by

iv) 10 minutes at open circuit prior to the next cycle.

Unlike other cells with 10 mol % and 40 mol % Ca(OH); in the zinc active mass, the 25
mol % Ca(OH), electrodes exhibited above average and erratic overpotentials at the 0.263
A charging rate, so the charge rate was decreased by 24% to 0.200 A [70]. The above

regimen for the 25 mol % Ca(OH), electrode then consisted of:

i) Charging at 0.200 A until the proper number of Ah was passed (with a 1-5%

overcharge) or until an upper voltage limit was reached (voltage limit not stated);

ii) 10 minutes at open circuit;

iii)  Discharging at 0.526 A until either the cell voltage (1.0 V) or the zinc electrode
potential exceeded specified values (1.0 V and —-1.0 V vs. Hg/HgO, respectively), or
until the 1.32 Ah designed capacity was reached; followed by

iv) 10 minutes at open circuit prior to the next cycle.

The above cycling was carried out with the further conditions that when the zinc electrode

potential increased near the end of charge (indicating a depletion of the available ZnO), a

reformation cycle was performed (full discharge at a low rate followed by recharge). As the
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cycling was computer controlled, the overcharge of the zinc electrode could be avoided.

However, such a cycling regimen is not practical in use.

The cycle regimen used to investigate low zinc solubility electrolytes was even more
complicated [103]. This cycle regime was designed in attempt to avoid overcharge of the
zinc electrode and to approach high cycle life. Such results indirectly indicate that cycle

regimen is important for cycle life of Ni-Zn cells.

Vibration and pulsed charging have also been investigated to avoid zinc dendrites
formation. The highest reported cycle life for a Ni-Zn cell is 1000 cycles for vibrating zinc
electrodes [113]. The use of mechanical vibration is to fragment the fragile dendrite needles

as they grow. This clearly is not an option for practical batteries.

It would seem that most of the investigations on Ni-Zn batteries have been carried out using
a ‘black box’ approach for the selection of the additives or electrolyte, alteration of the
conditions and then cycling the cells. Much more attention has been paid to the effect of
additives or electrolyte on the cycle life, rather than on the mechanisms which are more

important and essential to solve the problems with Ni-Zn batteries.

1.5 Scope of this study
The scope, aims and objectives of the present work may be succinctly identified. The

locations of the accompanying results are indicated.

i) To examine the zinc electrode in alkaline electrolyte and explore the mechanisms of

zinc dendrite formation and growth, and zinc electrode shape change (Chapter 3);

ii) To establish an experimental method to study the mechanisms of the effect of

additives on the dendrite growth and shape change (Chapter 4);

iii) Based on these mechanistic findings, to determine the dominant aspects that affect
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the cycle life of Ni-Zn cells (Chapter 4);

iv) To construct cells based on these findings and to perform charge/discharge testing

of these cells (Chapter 5, 6, 7); and

v) To find a method of preparing sponge or foam Ni for use as the current collector for

Ni electrode (Chapter 2).

It will be shown that these aims have been met and that nickel-zinc batteries of relatively
simply construction can now be assembled that can survive 1000 deep-discharge cycles.

These cycles are at high rates of charge and discharge and do not require complex cycle

regimes.
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Chapter Two Preparation of sponge nickel current collectors

2.1 Introduction

A fundamental goal in many secondary battery systems is the use of high surface area, low
mass and low volume current collectors. Such current collectors must have high electrical
conductivity and have both mechanical and chemical stability under the battery operation
conditions. At present, sintered nickel plates are used as current collectors for the negative
electrodes in Ni-Cd and Ni-MH cells and also for the nickel electrodes in Ni-Cd, Ni-MH
and Ni-Zn cells. The preparation of sintered nickel plate is by thermal decomposition of
Ni(CO), at 800-1000°C. This is relatively difficult and costly to achieve on an industrial-

scale and Ni(CO), represents a significant safety hazard.

An alternative process using ‘foam’ or ‘sponge’ nickel was first commercially developed
by Prof. Wang Jisan in the 777 Battery Company Ltd. in Jiangmen, Guangdong Province,
P. R. China in the early 1990s. The current collector is referred to as either ‘foam’ or
‘sponge’ nickel since electroless and electroplating of nickel takes place on an organic
polymer sponge template and consequently the nickel deposit takes the same shape as the
polymer sponge. Sponge nickel with its large specific surface area, high stability in alkaline
solutions and relative ease of production may provide a viable alternative to sintered nickel

plates. Specific advantages of sponge nickel compared to sintered include:

i) Simple manufacture process;

ii) Less expensive components; and

iii) Lower density collector.
A variety of preparation methods for high surface area Ni electrodes exist [116-118].
Although Ni electroless and electroplating are involved in the preparation, but details have

not been revealed about the important electroless plating procedures [119]. The existing

manufacturing methods in P.R. China also remain as trade-secrets. According to the
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information obtained from those who have been involved in the manufacturing process, the

preparation of sponge nickel consists of three basic procedures:

i) Electroless plating of an organic polymer sponge sheet with nickel;

ii) Further nickel electroplating the nickel coated sponge sheet; and

ii) Treating the electroplated sponge in a hydrogen flame.

Initial electroless plating is necessary due to the non-conductive polymer sponge. During
this process a uniform, but thin, metallic nickel coating is deposited throughout the sponge
to make it conductive. In order to obtain a sufficiently thick and uniform nickel coating for
mechanical strength and adequate electrical conduction, this conductive sponge must be
subjected to further nickel electroplating. Following this, the nickel-coated sponge is burnt
in a hydrogen flame to:

i) Remove the organic polymer template;

ii) Fuse the finely-divided electrodeposited nickel crystals to provide a contiguous

mass; and
iii)  Reduce surface nickel oxides to provide a ‘bright’ surface.
In this chapter the details for the development of a method for preparing sponge nickel

using electroless plating combined with electroplating are presented.

2.2 Electroless plating of Nickel
Electroless plating has been used for many years for the deposition of metals on non-
conducting substrates either to provide an initial coating for subsequent electroplating, or to

provide the sole method for metal deposition. Typical non-conducting substrates include
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plastics, glass, ceramics, wood and biological materials (leather, skin, bones etc.). The end-

use of such coated materials range from electronics and moldings to ornamental purposes.

The electroless plating process is an autocatalytic deposition during which a uniform
coating, usually metallic nickel is deposited onto the catalytic surfaces, regardless of the
shape of the object to be plated. Prior to electroless plating, pre-treatment of the substrate
may be required. In particular, the electroless plating of plastics usually involves etching
and surface neutralization steps [120]. The process developed in this project consisted of

cleaning, drying, catalyzing and accelerating, prior to electroless plating.

2.2.1 Selection of sponge template

Electroless plating provides an opportunity to provide a substantial coating of a metal, in
this case nickel, onto a non-conducting template. Consequently, the presentation of the
template dictates the final form of the metal artifact. In this case, the finished article must
provide a porous surface with void volumes of appropriate size to accommodate the battery
plate active mass. Furthermore, there should be a minimum of completely enclosed voids
through the thickness of the foam template. Such enclosed voids will not host the active
mass and will act to decrease the energy density (Wh/L) in the battery. These points are

illustrated in Fig. 2.1.

a) b)

eess ey PASAA

Fig. 2.1 Cross sectional schematic diagram of sponge templates where the solid lines
indicate the polymeric material. a) An undegirable sponge template for electroless plating
where internal voids may not be coated with nickel or subsequently filled with active mass.
b) An ideal sponge where nickel coating may take place and active mass may be introduced

to fill all voids.
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More importantly, if such hidden voids exist, then the electroless plating process will not
occur throughout the complete thickness of the template. In the worst possible case that
multiple layers of enclosed voids are present (Fig. 2.1a), then electroless plating will only
take place on each face of the template and a mechanically robust nickel sponge will not

remain after combustion of the polymeric material.

Many different polymer sponges were evaluated for use as templates. These ranged in
thickness, size of pores and polymer types which included polyester, non-woven nylon
cloth and polyurethane. The optimum material used in all subsequent work was a
polyurethane foam (Para Rubber Ltd., Palmerston North, NZ) with a porosity similar to that
for the commercial sponge nickel, cut into 2.1-2.3 mm thick sheets as used in air-
conditioning filters. Here, the pores are bubbles cleaved by the cutting process. The foam is
grown as 20-30 cm thick slabs and then cut with a sharp blade into whatever thickness
slices are desired. The bubbles arise during the polymerization process from the entrapment
of CO; gas. A further distinct advantage of this particular material is the high ratio of
bubble diameter/bubble wall thickness. Typical bubbles have diameters of 0.7 mm while
the thickness of the polyurethane walls is 50 um. Consequently, not only is there relatively
little polyurethane polymer to remove in the final heat treatment process, but also these thin
walls when coated with nickel will lead to a low nickel mass per unit volume foam. Figure
2.2 is a photograph of the polymer sponge used as the template to prepare the sponge

nickel.

2.2.2 Initial cleaning of sponge template

An initial cleaning step was found to improve the electroless plating process. This consisted
of washing with commercial washing powder (Cold Water Surf, Diversey Lever, New
Zealand) followed by copious rinsing with water. This removed fine particles of
polyurethane formed during the cutting of the thin sheets from the original cast slab. Such
particles tended to reside within the pores of the foam and if left in sifu during electroless
plating, the pores became filled with nickel granules and were not available for pasting of

the active mass. In some cases ‘grease spots’ were also observed on the foam sheets as

47



Fig. 2.2 Photograph of the polyurethane sponge.
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delivered by the supplier. These presumably arose during the cutting process or subsequent

handling. The washing adequately removed these hydrophobic spots.

2.2.3 Two-step catalyzing procedure

During the catalyzing step, metallic palladium particles were precipitated and absorbed
onto the clean polyurethane sponge surface. These particles provided catalytic sites for
initiation of the electroless plating process. Palladium is generally used as the catalyst and

. may be deposited in either a two-step or one-step procedure.

In the two-step catalyzing procedure, a piece of dry and clean sponge was immersed in an
acidic (40 ml/L 36% HCI) solution of stannous chloride (10 g/L SnCl,.H,0) at 20-25°C for
3 minutes. During this time some stannous ions are absorbed onto the polyurethane. Gentle,
but thorough, rinsing with water was used to remove excess stannous chloride. After that,
the sponge was immersed in an acidic (10 mL/L 36 wt % HCI) palladium chloride solution
(0.5-1 g/L. PdCly), during which Pd** was reduced by the absorbed Sn** ions and

precipitated onto the sponge surface as a thin layer of catalyst for nickel electroless

deposition.
Pd**(aq) + Sn**(ads) —— Pd’(ads) + Sn**(aq) (2.1)

The need for washing before immersion in the palladium solution is important since the
excess stannous chloride is detrimental for two reasons. First, if excess stannous chloride
remains in the sponge then too much palladium will deposit as granules rather than as a thin
film. Secondly, if the stannous chloride transfers into the palladium (II) solution, then large
scale formation of metallic palladium particles will take place in the aqueous solution and
will exhaust this relatively expensive reagent. Consequently, inadequate rinsing resulted in
excessive consumption of the palladiu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>