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Preface

For over a hundred years from its conception, the lead—acid cell was normally
operated with unrestricted access between the surface of its electrolyte and the
external atmosphere so that, during periods of overcharge, hydrogen and oxygen
were lost from the cell via electrolysis. As a result, periodic additions of distilled
water were necessary. Since about 1970, an alternative to the traditional ‘flooded’
cell has been available — one that avoids the need for water maintenance. Moreover,
acid is immobilized in the new design and this endows the cell with the additional
advantages of being ‘spill-proof” and able to operate in any orientation (upright, on
its side, or even upside down).

The change to the so-called ‘valve-regulated lead—acid’ (VRLA) technology has
not, however, been accomplished without some difficulty. Experience has demon-
strated forcibly the fundamental differences between the two systems, and the lead—
acid battery manufacturing industry has faced major challenges in investing the
VRLA version with a performance to match that of its flooded predecessor.
Nevertheless, research into understanding the electrochemisty, producing improved
cell components and optimizing charge strategies has resulted in VRLA batteries
becoming well-established and reliable devices. Operators now take advantage of the
particular properties of these batteries for the storage of electrical energy in a wide
variety of stationary applications.

Much of the recent advancement of VRLA technology has been achieved through
a co-operative research effort under the auspices of the Advanced Lead-Acid Battery
Consortium (ALABC). The main effort has been directed towards the development
of VRLA battery systems for new-generation road transportation — electric and
hybrid electric vehicles — that will reduce fuel consumption and lower emissions.
The progress gained in this endeavour will ultimately also benefit the enormously
important markets in telecommunications and remote-area power supplies.

This volume presents a detailed account of recent advances in the science and
technology of VRLA batteries. The expert contributors are from organizations
which have either been members of, or contractors to, the ALABC. In editing the
contributions, we have aimed to unify the style of the volume as far as possible, but
have allowed a little overlap between those chapters where there is a natural inter-
action between topics. It is hoped that this work will constitute a sound exposition of
the present status of VRLA batteries, and will provide a resource that will enable
technologists to deliver products with performances that surpass the requirements of
the major markets.

We wish to express our special appreciation of the dedication and expert skills
of Ms. Rita Spiteri (CSIRO) for producing the complete text for publication and
redrafting most of the illustrations.

D.A.J. Rand J. Garche
P.T. Moseley C.D. Parker
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—CHAPTER 1—

THE VALVE-REGULATED BATTERY — A
PARADIGM SHIFT IN LEAD-ACID TECHNOLOGY

P.T. Moseley and D.A.J. Rand
1.1. Lead—Acid Batteries — A Key Technology for Energy Sustainability

A ready and affordable supply of energy is essential for maintaining the standard-of-
living of the developed world and for markedly improving that of the less-developed
countries. Coal, mineral oil, and natural gas (the ‘fossil fuels’), together with uranium
(‘nuclear energy’), have long been exploited as major sources of primary energy. The
most important, versatile, and useful means of distributing such energy to where
it is needed is through conversion to electricity. Unfortunately, the cumulative
environmental effects of burning fossil fuels, the profligate consumption of these
fuels, and concerns over the safety of nuclear power and radioactive wastes, have
placed Planet Earth in jeopardy.

One strategy for safeguarding the future is to move away from the traditional fuels
towards so-called ‘renewable’ sources of energy which are of a non-polluting nature
and are sustainable. The harnessing of renewable energies — hydro, solar, wind,
geothermal, wave, tidal, biomass — presents, however, a further set of technical and
economic problems. Unlike fossil and nuclear fuels, which are concentrated sources
of energy that can be casily stored and transported, renewable forms of energy are,
for the most part, highly dilute and diffuse. Moreover, their supply can be extremely
intermittent and unreliable. It is therefore not surprising that, except for hydro-
electric power, renewable energy sources have made little contribution to world
electricity supplies. In 1999, for example, renewables provided only 1.6% of the
energy required for world electricity generation; the remainder came from: coal,
38.1%; hydroelectric power, 17.5%; nuclear power, 17.2%; natural gas, 17.1%;
oil, 8.5% [1].

Irrespective of the source, an effective storage system is critical for the efficient
use of the energy, and for the good stewardship of its supply. The development
of effective and affordable means to store electrical energy for an ever-increasing
number of applications of great variety continues to present a major challenge to
scientists, technologists, and engineers.

The scale of energy-storage systems ranges from minuscule elements on integrated
circuits to pumped hydroelectric reservoirs that store the equivalent of giga watt-
hours of electrical energy. The needs of small electrical appliances can be supplied
by primary (single-use and discard) batteries, or by a rapidly developing range of



2 P.T. MOSELEY AND D.A.J. RAND

rechargeable types which are principally based on the use of lithium or nickel. To
date, however, batteries based on these two metals have failed to become
economically viable for larger energy-storage applications. Examples of this category
include systems designed to cope with diurnal fluctuations in electricity demand. In
small communities remote from a grid supply, electricity generated during the day
by photovoltaic (‘solar’) installations must be stored for use during the hours of
darkness. In electricity utility systems, there is often a need to store surplus energy
generated during the night for use at peak periods on the following day. When
electric power is used for transport, it is often necessary for a vehicle to move free
from the source of power and for the electricity to be stored ‘in a box’. In most
medium- and large-scale energy-storage functions, lead—acid batteries, in one form
or another, have been the technology of choice.

Lead—acid batteries are employed in a wide variety of different tasks, each with
its own distinctive duty cycle. In internal-combustion engined vehicles, the battery
provides a quick pulse of high current for starting and a lower, sustained current for
other purposes; the battery remains at a high state-of-charge for most of the time.
The same is true of batteries used for back-up power in telecommunications and in
other uninterruptible power supplies, although in such service (so-called ‘float duty’)
the battery should seldom be called upon to discharge. Electric vehicle (EV)
batteries, on the other hand, are expected to undergo deep discharges and recharges
over periods of a few hours repeatedly (so-called ‘deep-discharge duty’). In between
the extreme cases of float duty and deep discharge, the batteries in hybrid electric
vehicles (HEVs) and in storage units for remote-area power supply (RAPS) systems
spend most of the time cycling about an intermediate state-of-charge, often near
50% (so-called ‘partial-state-of-discharge duty’).

In all cases, the battery must be able to provide adequate power for the task in
hand. This may be a more severe requirement for batteries in EVs and HEVs than
for batteries in solar-based RAPS systems. For mobile applications, the energy-
storage capability should be provided with a minimum weight penalty. In essence,
the battery should have a high ‘specific energy’, i.e., a high energy output per unit
weight, Whkg™'. Generally, a high coulombic efficiency (charge out : charge in)
is also an asset as this preserves primary energy.

Finally, a sine qua non is acceptable cost. The factors to be considered are the
initial price of the battery, the operational life of the battery, and the associated
maintenance costs. Lead—acid batteries are eminently suitable for medium- and
large-scale energy-storage operations because they offer an acceptable combination
of performance parameters at a cost which is substantially below that of alternative
systems.

1.2. The Lead-Acid Battery

The fundamental elements of the lead—acid battery were set in place over 100 years
ago. Gaston Planté [2] was the first to report that a useful discharge current could
be drawn from a pair of lead plates that had been immersed in sulfuric acid and
subjected to a charging current. Later, Camille Fauré [3] proposed the concept of
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the pasted plate. In the subsequent hundred yeasrs or so, the principal elements of
the battery have not undergone any further radical change. The most commonly
employed design has ‘flat plates’. These are prepared by coating pastes of lead oxides
and sulfuric acid on to conductive lead or lead-alloy ‘grids’, which act as current-
collectors. The plates are then ‘formed’ electrolytically into ‘active’ materials. One
alternative cell design uses positive plates in which the active material is contained
in tubes, each fitted with a coaxial current-collector. Such ‘tubular plates’ serve to
prevent shedding of the material during battery service (v.i.). A more recent cell
design, aimed at high-power applications, has a single pair of positive and negative
plates which are interleaved with microfibre-glass mat separators and wound
together in a cylindrical can (the ‘spirally wound’ or ‘jellyroll” design). Ironically, this
arrangement mimics that invented originally by Planté. Schematics of the various
plate types are given in Fig. 1.1.
The discharge reactions of the lead—acid cell are as follows:

Positive plate: PbO, + 3H™ + HSO, + 2¢~ — PbSOy4 + 2H,0 (L.D

Negative plate: Pb + HSO; — PbSO4 + H™ + 2¢~ (1.2)

In both cases, a solid conductor of electrons (semi-conducting lead dioxide, PbO,, in
the positive plate; metallic lead, Pb, in the negative) reacts with sulfuric acid to form
a non-conductive, solid product of lead sulfate, PbSO,. Both discharge reactions are
accompanied by an increase in volume of the solid phase. The volume increase for
the transformation of PbO, to PbSO, (shown in Fig. 1.2) is 92%, while that for Pb
to PbSQOy is 164%.

The key technical challenge to be met in maximizing battery performance involves
facilitating continuity of supply, contact and interaction of reactants. In principal,
this requires an adequate supply of acid, solid reactants of high surface-area,
maintenance of good contact between the particles of the active material
(particularly in positive plates that show a tendency to expand during charge—
discharge service, v.i.), and minimization of the insulating effects of PbSOy.

After each discharge, the above set of optimum conditions is to be restored by
charge reactions, which are the reverse of those expressed by eqns. (1.1) and (1.2).
In the ideal case, the discharge capacity would be constant during cycling of the cell
(or during time on float). For even the most advanced design of commercial battery,
however, the practical utilization of the active materials is generally limited to
considerably less than 50% when discharge is performed at a rate of five hours, or
less. As cycling (or life) proceeds, a number of processes (‘failure mechanisms’) can
degrade further this limited performance. Conventional batteries (i.e., those with
free electrolyte, so-called ‘flooded’ designs) commonly suffer from one or more of
the following five failure mechanisms.

FM 1. Positive-plate expansion. This can occur both in the plane of the plate (if the
grid is stretched by a growing corrosion layer) and in the direction normal to the
plate (through expansion of the active material itself). Repetitive discharge and
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Fig. 1.1. (a) Gaston Planté’s cell and battery; (b) flat plate; (c) tubular positive plate;
(d) spiral-wound cell.
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Fig. 1.2. Projections of crystal structures of PbSO, and B-PbO,. Each contains the same
number of lead atoms and thus a comparison illustrates the volume change that accompanies
the interconversion of the two compounds.

recharge causes expansion of the positive active-material because, as shown in
Fig. 1.2, the solid product of the discharge reaction (PbSQ,) occupies a substantially
greater formula volume than the reactant material (PbO,). Recharge of the cell
restores most of the PbO,, but not within the original volume. By contrast, the
negative plate does not show the same tendency to expand, perhaps because lead is
softer than lead dioxide and therefore the active material is more easily compressed
as the conversion to the more voluminous lead sulfate proceeds. Progressive
expansion of the positive plate with cycling service causes an increasing fraction of
the active material to become electrically disconnected from the current-collection
process [4].

FM2. Water loss. Production of hydrogen and oxygen during overcharge can
reduce the volume of electrolyte to a degree that some of the active material loses
contact with the liquid phase. This process can be auto-accelerating in that dry-out
increases the internal resistance of the battery which, in turn, can cause excessive
heating during charging and consequently an increased rate of water loss through
evaporation. It should also be noted that the propensity of a battery to gas can be
strongly influenced by the presence of impurities [5,6].

FM3. Acid stratification. On recharge, sulfuric acid is produced in and between
the plates and there is a tendency for acid of higher concentration, which has a
greater relative density, to collect at the bottom of the cell, see Fig. 1.3 [7].

The development of a vertical concentration gradient of acid can give rise to non-
uniform utilization of active material and, consequently, shortened service life
through the irreversible formation of PbSOy, [8].

FMA4. Incomplete charging. 1f either of the electrodes is persistently undercharged,
either because of a defective charge regime or as a result of physical changes which
prevent the electrode from reaching an adequate potential, then a rapid decline in
available battery capacity may occur.
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Fig. 1.3. Schematic representation of processes and electrolyte flow that contribute to acid
stratification during (a) discharge and (b) charge [7].

FM5. Corrosion. The positive grid is subject to corrosion. The rate of this
debilitating process is influenced by: grid composition and microstructure, plate
potential, electrolyte composition, temperature. The corrosion product is generally
more electrically resistive than the grid and thus diminishes the output of the battery.
In extreme cases, corrosion results in disintegration of the grid and collapse of the
plate.

Most of the above modes of failure can be suppressed to an acceptable level in
conventional lead—acid batteries, as follows.

FM1. Positive-plate expansion. The use of lead—antimony alloy enhances the
creep strength of the positive grid and thus retards growth in the plane of the plate.
For the flat design of positive plate, expansion normal to the plate can be moderated
by applying a compressive force to the plate group. Tubular positive plates have
gauntlets that constrain the active material and reduce its tendency to expand,
disconnect, and shed.

FM?2. Water loss. Water loss can be made good by the process of ‘topping up’.

FM3. Acid stratification. Acid concentration gradients can be removed through
agitation of the acid by setting the battery to deliberate gassing during extended
overcharge.

FMA4. Incomplete charging. Batteries operated under partial-state-of-charge duty
(as experienced in remote-area power supplies and hybrid electric vehicles) require a
periodic full charge in order to maintain capacity.

With the aid of these several measures, substantial service lives can be obtained
from flooded batteries in their various applications. The drive towards increased



THE VALVE-REGULATED BATTERY 7

convenience through eliminating the need for water maintenance and avoiding the
release of acid-carrying gases has led, however, to the widespread adoption of the
‘valve-regulated’ form of the lead—acid battery. This paradigm shift in battery design
has brought about a new set of scientific and technological challenges.

1.3. The Valve-regulated Battery

Towards the end of the twentieth century, the lead—acid battery underwent a
significant functional revision. For most of its long history, the battery had operated
with its plates immersed in a mobile electrolyte and provision had been made for the
hydrogen and the oxygen produced during overcharge to be released freely into the
atmosphere. The dissipated gases represented a loss of water from the electrolyte,
but, as mentioned above, this could be replaced in a regular maintenance operation.

For many years, scientists attempted to develop ‘sealed’ batteries. At first, efforts
focused on the catalytic recombination of the gases within the battery; this approach
has proven to be impractical. Success came, however, with the invention of the valve-
regulated lead—acid (VRLA) battery. The first commercial units were devised by
Sonnenschein GmbH in the 1960s [9] and by Gates Energy Products, Inc. [10] during
the 1970s. These were, respectively, the ‘gel’ and the ‘absorptive glass mat’ (AGM)
technologies (v.i.).

The VRLA battery is designed to operate by means of an ‘internal oxygen
cycle’ (or ‘oxygen-recombination cycle’), see Fig. 1.4 [I11]. Oxygen evolved
during the latter stages of charging, and during overcharging, of the positive
electrode, i.c.,

H,0 — 2H" + 1051 +2¢” (1.3)
Electrolyte film Separator Electrolyte film
~0.01 um ~1 mm ~0.4 pm
Do, = 9x10%cm? s Do, = 0.18 cm? s Do, =9 x 10% cm? s

Positive electrode Negative electrode

/4
Overcharge reaction Recombination reaction
H0 & 2H* + 2e- + %0, T %0, +Pb + H,SO, <= PbSO, + H,0 + Heat

Fig. 1.4. Conceptual view of internal oxygen cycle in a valve-regulated lead—acid cell
(Nelson, 1999) [11].
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transfers through a gas space to the negative electrode where it is reduced
(‘recombined’) to water:

Pb +10, + H,S0,4 — PbSO4 + H,0 + Heat (1.4)

Two other reactions must be taken into account during the charging of a VRLA cell.
These are, the evolution of hydrogen at the negative plate:

2H' +2¢~ — H, (1.5)
and the corrosion of the positive grid:
Pb 4+ 2H,0 — PbO, + 4HT + de™ (1.6)

Thus, the charging of a VRLA cell is potentially more complex than the charging
of its flooded counterpart. During the charging of a VRLA cell, thermodynamic/
kinetic conditions allow the progress of six separate reactions at significant rates:
two charge reactions (the reverse of reactions (1.1) and (1.2)) and four secondary
reactions (1.3) to (1.6).

The oxygen cycle, defined by reactions (1.3) and (1.4), shifts the potential of the
negative electrode to a less negative value and thus decreases the rate of hydrogen
evolution to a much lower level (i.e., much less than in the older, flooded design of
battery). A one-way, pressure-relief valve is provided to ensure that even the small
amounts of hydrogen produced do not generate a high pressure within the battery —
hence, the term: ‘valve-regulated’. Since the plate is simultancously on charge, the
lead sulfate produced is immediately reduced to lead via the reverse of reaction (1.2).
This restores the chemical balance of the cell, i.e., in stoichiometric terms, the net
sum of reactions (1.3), (1.4) and the reverse of reaction (1.2) is zero. Thus, part of the
electrical energy delivered to the cell is consumed by the oxygen-recombination cycle
and is converted into heat rather than into chemical energy [11].

As long as the overcharge current remains moderate, the charge and
recombination reactions can remain in equilibrium and little net gas is generated.
For example, consider a flooded cell charged to a constant voltage, e.g., 2.45 V as in
Fig. 1.5[12]. The current at the positive electrode is consumed principally by oxygen
evolution (/o) and by grid corrosion (/;), and is balanced by that consumed by
hydrogen evolution at the negative electrode (I,). With a valve-regulated cell,
however, oxygen reduction (/o req) shifts the potential of the negative electrode
(AV) and the rate of hydrogen evolution (/y,) becomes much reduced, but is not
eliminated completely, compared with that experienced in the flooded system. With
a high recombination efficiency and with no loss of oxygen from the cell, the rate
of hydrogen evolution is balanced by the rate of positive-grid corrosion. In general,
the rate at which oxygen recombines at the negative plate is a complex function of
the cell design, the operating conditions, and the overcharge regime. By contrast,
the recharge of a battery which performs deep-discharge cycling service is more
complicated because the relative kinetics of the several competing reactions alter as
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Fig. 1.5. Current distribution in flooded and valve-regulated cells during constant-voltage
charging at 2.45V (Note, anodic and cathodic currents are opposite in sign but, for
convenience, are both presented on the same side of the potential axis.) [12].

the battery approaches top-of-charge. If recharging is not managed correctly, current
may be continually consumed by the internal oxygen cycle such that the negative
plate never reaches a full state-of-charge.

There are two alternative designs which provide the gas space in VRLA cells. One
design has the electrolyte immobilized as a gel, the other has the electrolyte held in an
AGM separator. Gas passes through fissures in the gel, or through channels in the
AGM (Fig. 1.4).

Antimony is no longer included in the grid alloys for VRLA cells because this
element lowers the hydrogen overpotential and therefore encourages gassing at the
negative electrode. Care needs to be taken against the introduction of other elements
that might act similarly [5,6]. Excessive gassing at either the negative or the positive
electrode can result in selective discharge of the respective electrode [13]. Lead—
calcium—tin alloys are preferred by manufacturers of VRLA batteries for float duties,
and lead—tin alloys for cycling applications.

If the cell is over-filled with acid initially, the oxygen cycle cannot function because
oxygen diffuses through the aqueous phase at a rate which is approximately four
orders of magnitude slower than through the gas space, see Fig. 1.4 [11]. The cell
then behaves as if it were of a conventional, flooded design. Towards top-of-charge,
first oxygen (from the positive), and then oxygen (from the positive) and hydrogen
(from the negative), are evolved and may be released through the valve. This loss
of water eventually opens gas spaces (due to drying out of the gel or a decrease in
the volume of electrolyte held by the AGM) and allows the transfer of oxygen to
proceed. Gas release from the cell then falls to a very low level.

If the oxygen cycle is worked too hard then substantial heat is generated, charging
of the negative plate becomes difficult, and progressive sulfation begins from the
bottom of the plate where the acid concentration tends to be highest. The function
of the oxygen cycle is subtly linked to the microstructure of the separator material
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(for AGM designs) and to the nature of the charge algorithm applied, especially near
top-of-charge.

As a result of the move from the flooded to the valve-regulated design it is possible
that several of the failure mechanisms discussed above may reappear.

FM]I. Replacement of lead—antimony alloys with lead—calcium alternatives, as a
means to discourage hydrogen evolution, reduces the creep strength of grids so that
expansion in the plane of the plate may again become a concern. Use of a separator
with insufficient rigidity (i.e., too much ‘compressibility’) may allow expansion
normal to the plane of the plate.

FM?2. Water loss is reduced to the extent that periodic replenishment, as required
by flooded cells, is no longer necessary. Nevertheless, both hydrogen evolution at
the negative electrode and grid corrosion at the positive electrode do cause some
water loss.

FM3. Any acid stratification which occurs cannot be overcome by overcharging
because there is little free electrolyte and, hence, ineffective mixing. Moreover, water
lost cannot be replaced because the battery is expected to remain sealed for life.

FM4. The operation of the oxygen cycle may cause incomplete charging of either
the negative or the positive plate [13].

1.4. Heat Management in Lead—Acid Batteries
1.4.1 Heat generation

Batteries generate heat during charge—discharge cycling and this must be dissipated
to the environment to prevent the battery temperature from rising continuously. The
heat effects originate from the change in entropy of the cell reaction (‘reversible heat
effect’), and from energy losses caused by overpotential factors and ohmic resistance
(‘Joule heating’). The former effect is small and gives rise to heat generation during
charging and corresponding cooling on discharging. By contrast, Joule heating
occurs during both charging and discharging. Proper heat management will
ensure that the battery temperature does not exceed a safe level and will maintain all
the cells within as small a range of temperatures as possible. The penalty for allowing
the development of temperature gradients is non-uniform states-of-charge and
states-of-health between cells, which can result in premature failure.

Overcharging causes greater temperature increases in VRLA batteries than in
flooded types; in the latter designs, much of the heat generated escapes with the gases
evolved during charging. Moreover, the heat that arises from the internal oxygen
cycle in VRLA batteries (reaction (1.4)) can be substantial [14], especially in aged
batteries where separator dry-out allows oxygen recombination to proceed at a high
rate. Thus, closer attention has to be paid to the generation and management of heat
in VRLA batteries than in flooded counterparts.
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The rate of change in temperature, d7/dz (K s™"), of a battery during charging or
discharging is given by [14]:

dT/dt = (dQ,/dt — dQy/d1)/C) (1.7)

where: dQ,/dt is the heat generated per unit time (J s~! or W); dQ,/dt is the heat
dissipated per unit time (Js™' or W); C, is the heat capacity of the materials that
comprise the battery (JK™'). The heat capacity is defined by:

Cp =D m)Cy(0) (1.8)

where: m(i) is the mass of component i (g); C,(i) is the specific heat of component
() Jg 'K™"). The specific heat C, of VRLA batteries is in the range 0.7 to
0.9Jg 'K™', while the corresponding value for flooded batteries is slightly above
1Jg ' K~'. The difference is due mainly to the additional electrolyte in flooded
designs.

A Dbattery reaches a stable temperature when heat generation balances heat
dissipation, i.e., when dQ./df = dQ,/d:. When heat generation exceeds heat
dissipation, ‘thermal runaway’ may result.

1.4.2 Heat dissipation

The dissipation of heat from a battery to its surroundings normally proceeds via
three mechanisms: (i) heat flow through the components of the battery and the
container walls; (ii) heat radiation; (iii) free convection of air. In practice, the cooling
of a battery takes place mainly through the side walls of the container. The bottom
surface is usually in contact with a solid surface, which attains the same temperature
as the battery and then ceases to be an effective heat sink. The upper surface plays
little part in heat exchange; the lid has no direct contact with the electrolyte, and
the intermediate layer of gas, which has low thermal conductivity, hinders heat
exchange.

The quantity of heat per unit area (W m>) that can be conducted through the
battery wall per unit time is given by

dQ/dt = M(AT/x) (1.9)

where A is the thermal conductivity (Wm™" K™'); x is the thickness of the medium,
e.g., the container wall (m); AT is the temperature difference across the battery wall
(K). For plastic materials, A is of the order of 0.2W m™' K~'. Thus, for example,
the heat conduction through a container wall of thickness 3 mm is 67 Wm 2K ™',

The thermal conductivity of the battery electrolyte solution is higher than that
of plastic, and that of lead is higher again. Accordingly, the internal heat flux is
fast compared with that through the container wall, mainly due to the thermal
conductivity of the electrodes, and the temperature measured at the side wall usually
represents a good approximation of the average cell temperature. This approxima-
tion does not hold good, however, at high rates of charge.
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The quantity of the heat lost per unit area (W m™2) per unit time by the radiation
process is governed by the Stefan-Boltzmann law:

dQ/dt = ecT* (1.10)

where ¢ is the Stefan-Boltzmann constant (5.67 x 107 *Wm 7K™, o is the
emissivity of the material with respect to an ideal emitter (~0.95 for plastic materials
normally used for battery containers); 7' is the absolute temperature (K). For
comparatively small differences in temperature between the battery and the
environment, the heat dissipated for each unit temperature difference (K) is [14]:

dQ/dr =5to 6 Wm2K"! (1.11)

For small differences in temperature between the battery and the environment, and
a minimum spacing of about 1 cm between facing walls, the rate of removal of heat
from the battery wall by the free convection of air for each unit temperature
difference (K) is [14]:

dQ/dt =2to4Wm K™ (1.12)
For a free-standing battery, the total dissipation of heat is given by
dQ,/dt = dQ/dt (radiation) + dQ/d¢ (conduction) (1.13)

with the second factor limited by the rate of removal by air convection. Thus, the
total heat dissipation for each unit temperature difference is the sum of eqns. (1.11)
and (1.12), i.e.,

dQy/dt =7to 10Wm K ™! (1.14)

Clearly, the combined processes of radiation and free convection of air are
inadequate to remove all of the heat that is conducted through the battery container
(e.g., 67Wm 2K ! for the example given above). Far greater rates of heat removal
can be achieved by means of forced flow of liquid coolants over the outer surface of
the battery.

1.5. The Challenges Ahead

The changes made to the construction of the battery in the move to the valve-
regulated design (summarized in Fig. 1.6) have brought new challenges for battery
scientists and technologists in terms of overcoming the various life-limiting
mechanisms of the lead—acid battery. The reward for a complete resolution of these
issues will be a battery that requires no maintenance, presents no threat of acid spill,
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Fig. 1.6. Schematic of section through a VRLA cell. Components modified in the change from
the flooded design are denoted by asterisks.

can be deployed with a minimal footprint, and can deliver high-rate performance
combined with higher specific energy.

As the new millennium begins, there are clear signs that the demands placed on
lead—acid batteries, in all existing and prospective applications, are about to
undergo a dramatic change. The rapidly expanding use of electronics within
automobiles, for example, is leading to the adoption of 42-V PowerNets. These
will require batteries with higher power, good ability to withstand extensive periods
of operation at a partial state-of-charge (PSoC), and long service-life. The same
qualities will be expected from batteries used to power HEVs. Partial-state-of-charge
duty brings both an advantage and a disadvantage compared with float and cycling
duties. On the credit side, it has been found that VRLA batteries operated under
PSoC regimes at modest rates of charge and discharge enjoy a significant increase in
life-time storage capability (i.e., an increase in the total amount of energy that can be
stored and delivered during the life of the battery) compared with regular cycling.
On the debit side, at the higher charge—discharge rates required for 42-V PowerNet
and HEV duties, VRLA batteries (still in a PSoC mode) suffer from rapid and
irreversible formation of lead sulfate on the negative plates that curtails operating
life. Thus, significant modifications in VRLA design will be required for new-
generation transportation applications (see Chapter 17). Likewise, consumers are
insisting on improvements in VRLA batteries used for stationary energy-storage in
telecommunications and remote-area power-supply systems.

A summary of the new demands that are being placed on medium- and large-scale
VRLA batteries in all their applications is given in Table 1.1. The necessary
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Table 1.1. New demands imposed on VRLA battery performance by present and future

markets.
Application Battery requirements
Automobiles (42-V PowerNets) ¢ PSoC duty, 2kWh, 20kW

Hybrid electric vehicles

5000 kWh throughput/life

PSoC duty, 1-3kWh, 30kW

e 600Wkg™!

5000 kWh throughput per kWh of capacity

Electric vehicles » 40Whkg™'

Telecommunications systems

Remote-area power-supplies

fast charge

1000 deep-discharge cycles

reliable float life of 10 years at all
foreseeable operating temperatures

PSoC duty

reliable life of 10 years

transition from the flooded to the valve-regulated version must also be accompanied
by a step-function advance in performance. It is the purpose of this book to set forth
the way this transition in technology is being successfully accomplished.
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—CHAPTER 2—

LEAD ALLOYS FOR VALVE-REGULATED
LEAD-ACID BATTERIES

R.D. Prengaman

2.1. Antimony-free Grid Alloys

Early grid materials for valve-regulated lead—acid (VRLA) batteries consisted of
pure lead or lead—calcium alloys for both the positive and negative plates. Although
batteries made with plates using these grid materials were usually found to be
acceptable for float applications, a rapid decline in capacity was observed in cycling
duties, often within the first 50 cycles. This phenomenon was first termed the
‘antimony-free effect’, but later became known as ‘premature capacity loss’ (PCL).
Two theories were proposed to account for this loss of capacity. According to the
first, the cause was thought to be the formation of electrically resistive PbSO,4/a-PbO
layers at the grid|active-material interface in the absence of sufficient antimony in
the positive grid. The second theory asserted that capacity loss was due to excessive
corrosion, and particularly growth, of the positive grid that resulted in inadequate
attachment of the active material (lead dioxide).

The addition of tin to pure lead and lead—calcium alloys was found to improve the
mechanical properties, increase the rechargeability, reduce corrosion, and increase
the conductivity at the grid|active-material interface. Sufficient tin also modified the
grain structure of the grid materials, changed the method of precipitation of the
alloys, and dramatically decreased the amount of PbSO,4 or «-PbO formed at
the interface. Silver additions to lead—calcium—tin alloys enhanced the corrosion
resistance and reduced markedly the creep rate or growth rate of the alloys, which
resulted in grid materials of much greater stability.

2.2. Pure-lead Positive Grids

Pure lead has been used for many years in Planté cells for float service in flooded
batteries. The spiral-wound VRLA batteries produced by Gates incorporate chill-
cast, high purity, lead sheet for grid manufacturing [1]. The lead is very soft and
facilitates the manufacturing process. Moreover, pure lead is excellent in terms of
good corrosion resistance in the positive plate, and of suppressing gassing rates
at the negative due to the high overpotential for hydrogen evolution. Batteries
produced from pure lead have produced exceptional performance in float
applications.
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One area of performance of pure-lead batteries has been unsatisfactory, namely,
the failure to recover from deep discharge in cycling applications. The phenomenon
is thought to be caused by a passive layer at the grid|active-material interface.
This raises the impedance of the cell and thus impairs rechargeability. The
phenomenon was first noted in 1941 [2]. Subsequently, it was proposed [3—6] that the
passivation layer was due to the formation of PbSQO,, a-PbO, and basic lead sulfates
at the grid|active-material interface. The occurrence of a-PbO is quite remarkable
given that it cannot be formed on a lead surface in an acid environment [7]. To
explain its presence, it was postulated [7] that the grid surface is separated from the
electrolyte by a semi-permeable membrane that enables the pH in the vicinity of the
corroded surface to be much higher than that in the bulk electrolyte solution. Pavlov
and his colleagues [8—11] developed a detailed model of the corrosion process. It was
demonstrated that a-PbO can indeed be generated in the corrosion layer when the
overlaying PbSO, layer functions as a semi-permeable membrane and blocks
the ingress of HSO, and SOﬁ_, but allows the migration of H" ions away from
the grid surface. This model was verified experimentally by Ruetschi [12]. The
high pH associated with the deficiency of H* ions results in the creation of
a Pb|PbO corrosion couple. Since a-PbO is an insulator, the grid becomes passivated
(formation of an electrically insulating surface layer) by the corrosion film.
The passivation has also been attributed [13,14] to cracking of the corrosion
layers due to stresses at the grid|corrosion-layer interface that result from the
growth of the grid and the extra volume occupied by the corrosion products.
Accommodation of these products causes the corrosion layer to lose contact with
non-antimonial grids.

It has been shown [15] that the insulating o-PbO layer forms on lead-sheet
electrodes at high positive potentials via an oxidation process which is the equivalent
of overcharge. Furthermore, «-PbO can be produced at the grid interface during self-
discharge of an acid-starved battery at low states-of-charge [16]. There is evidence
[17] for a galvanic coupling between PbO, and lead (grid metal) on open-circuit
stand. This causes a local increase in pH and results in the growth of PbSO,4 which
acts as a semi-permeable membrane and hinders ionic migration. The reaction
depends on the structure formed by the self-discharge and the size of the PbSO,
particles [18]. The PbSO, layer gives rise to passivation as «-PbO can now form
in a solid-state process beneath the PbSO, layer. Poorly conducting o-PbO films
were shown to be produced in dry-charged plates through a process called
‘thermopassivation’, which involves a solid-state reaction between lead and PbO,,
particularly at low pH [19,20].

The passivation layer that forms on pure-lead grids in spiral-wound cells can lead
to a premature drop in capacity during the first few cycles [21]. The passive film
completely covers the surface of the pure-lead grid.

2.3. Lead-Calcium Alloys

Lead—calcium alloys were introduced into standby and telephone systems in the
1930s [22,23]. The alloys were primarily binary compositions with very low calcium
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contents, viz., 0.03wt.%. Similar alloys were also used in batteries for submarines.
The corrosion rates of the alloys were very low and battery lives of over 30 years
were attained. The positive grids also performed very well in float service. The
calcium content must be controlled precisely because excess calcium causes rapid
growth of the grids [24], while too little calcium results in inferior mechanical
properties [22]. The casting conditions also influence the grain structure and the
eventual degree of corrosion [25]. Because lead—calcium alloys had been used in
flooded standby-power and telephone batteries, they became the first alloys of choice
for VRLA batteries and had the same binary lead—calcium compositions.

When batteries with lead—calcium alloys were cycled, difficulties in recharge
emerged and rapid capacity loss often occurred in the first few dozen cycles [26-28],
particularly when using constant-voltage charging. As mentioned above, this
phenomenon was called the antimony-free effect by early researchers [29] because it
did not occur when batteries with antimonial grids were cycled. During the following
years, the antimony content in positive grids was progressively reduced and it was
found that batteries with low-antimony grids could also exhibit poor cycle-life. Thus,
the phenomenon was afforded the general term: ‘premature capacity loss — PCL’
[30]. The cycling difficulties experienced with lead—calcium alloys were initially
believed to be due to the formation of a barrier layer of an insulating compound,
which was formed during discharge. Early studies [13,31,32] reported that the
compound was PbSQO,. A layer of a-PbO was then found below the PbSOy, layer [33].
The phenomenon was believed to be similar to that seen with pure-lead grids. It was
proposed [34] that, in lead—calcium grids, the calcium present at the grid|active-
material corrosion surface, whether as Pbs;Ca or CaO, might be a contributor to
the alkaline condition. A loss of conductivity in certain areas of the grid was also
thought to be a contributory factor [35]. Extensive task groups were commissioned
[36-38] to attack the problem of severe capacity decline during cycling of batteries
which employed lead—calcium alloys (Fig. 2.1). This phenomenon was found to be
associated with processes at the grid| AM interface and was termed PCL-1. A second,
less severe, loss in capacity was attributed to degradation of the positive-active
material itself and was termed PCL-2 (see Chapter 9).

Hardening mechanism in lead—calcium alloys. Lead—calcium alloys harden
extremely rapidly; 80% of the ultimate strength is reached in one day, and virtually
full ageing in seven days. Such rapid hardening enhances grid handling and battery
production. The rapid hardening was a benefit to VRLA batteries.

Rated (ideal)
. ——
PCL-1 PCL.2 ‘Normal

Capacity
. Active-material effect
Interfacial effect

Life ———v>

Fig. 2.1. Schematic representation of premature capacity loss (PCL).
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Fig. 2.2. Lead—calcium phase diagram.

The lead—calcium phase diagram [39] is shown in Fig. 2.2. The method of
strengthening lead—calcium grid alloys is very complex. A small amount of calcium
(of the order of a few hundredths of one percent) is sufficient, after cooling, to
produce a supersaturated matrix. At room temperatures, precipitation of the
calcium produces very rapid hardening to relatively high mechanical property levels
in rather short holding times. Below 0.07 wt.% Ca, the alloys solidify into a cellular
dendritic grain structure with large columnar crystals [40,41]. The primary method
of strengthening is a discontinuous precipitation or cellular precipitation reaction,
which entails movement of grain boundaries into the supersaturated matrix with
subsequent precipitation of Pbs;Ca particles in the matrix behind the moving
boundaries. This precipitation mechanism has been thoroughly described [42-47].

The boundaries move with a very low activation energy of 11-20kJmol~" [48]
due to the ease of precipitation of the Pb3zCa particles. The discontinuous
precipitation reaction is responsible for the irregular (‘jagged’ or ‘puzzle-like’) grain
boundaries seen in the microstructures of these alloys. The grain structure is related
to the calcium content, the cooling rate, and the manner in which the alloy is worked
[49]. Low calcium contents and slow cooling produce large grains [50], as seen in
Fig. 2.3. In all cases, the lead—calcium binary alloys are strengthened by the
discontinuous precipitation reaction. Fine grains are created by the simultaneous
movement of many boundaries through a supersaturated solution of high calcium
content, as seen in Fig. 2.4. Bismuth accelerates the discontinuous precipitation
reaction, while silver delays it [48]. In most cases, the reactions take a few days to
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90 pm

Fig. 2.3. Coarse-grained lead—calcium alloy, 0.03wt.% Ca.

J?Euml

Fig. 2.4. Fine-grained lead—calcium alloy, 0.09 wt.% Ca.

complete, but this time can be shortened to a few hours by the application of
elevated temperature.

As the grain boundaries move through the casting, they are trapped on defects and
impurities. This can result in boundaries that are more prone to corrosion. It has
been suggested [25] that heat treatment of the alloy can redissolve the Pb;Ca particles
near the boundary and, thereby, reduce the rate of corrosion of the alloy. Certainly,
the mechanical properties, creep rate, and corrosion rates of lead—calcium alloys are
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Table 2.1. Mechanical properties of binary lead—calcium alloys.

Calcium  Yield strength  Tensile strength  YS:UTS® Creep to failure Corrosion rate

(Wt.%) (MPa) (MPa) at 20.7MPa (h) (mm per year)
0.025 17.7 25.1 0.71 1 0.279
0.050 29.0 37.2 0.78 30 0.345
0.065 31.8 42.5 0.75 50 0.348
0.075 353 46.4 0.78 40 0.358
0.090 32.9 47.0 0.70 20 0.392
0.100 32.5 47.8 0.68 10 0.411
0.110 30.5 46.3 0.66 7 0.429
0.120 27.6 43.2 0.64 5 0.480
0.140 24.7 39.2 0.63 2 0.513

2YS = yield strength; UTS = ultimate tensile strength.

dependent on the calcium content [51]. These properties are listed in Table 2.1. The
maximum values of the yield strength, the ultimate tensile strength, and the creep
resistance are reached at 0.075, 0.10, and 0.065 wt.% Ca, respectively. The corrosion
rate increases continuously with calcium content. The creep rate is increased
markedly at calcium contents above 0.09 wt.% Ca, due to the very fine nature of the
grain structure of these alloys. Part of the problem of PCL with lead—calcium alloys
was believed to be the low mechanical properties, particularly creep resistance, which
permitted significant growth of the positive grids [52].

2.4. Tin Additions to Pure Lead and Lead—Calcium Alloys

Tin additions to pure lead have greatly diminished the problems experienced on
cycling batteries with grids made from this metal. Small amounts of tin
(0.3-0.6 wt.%) increase dramatically the charge-acceptance of pure lead [53]. The
beneficial effects of tin on passivation were demonstrated quite early. Tin additions
to lead and lead alloys reduce the rate of bare-metal corrosion of grids to a
significant degree [54]. Pavlov demonstrated [55] that tin doping of the PbO
layer resulted in an increased photoelectric current, and therefore concluded that
tin-containing corrosion layers were more conductive than those formed on pure
lead. It has been suggested [56,57] that complex semiconductor structures of SnO-
or SnO;-doped PbO account for the increased conductivity of the corrosion layer.

The addition of 0.6-0.7wt.% Sn to a pure-lead positive grid can virtually
eliminate the rapid loss in capacity displayed by VRLA batteries within the first
50 cycles [21]. The results also show that the corrosion process changes from the
formation of a continuous and uniform layer to a much more selective attack which
penetrates into the grain boundaries. Despite the penetration, the corrosion rates are
lower than that for pure lead. When tin is present at 0.6-0.7wt.% in the alloy,
doping of the corrosion layer at the grid|active-material interface with SnO, inhibits,
but does not eliminate, the formation of a passivation layer of PbSO,4 and/or a-PbO
on the surface of the grid.
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Several workers [54,55,57] have investigated the effect of tin as an alloying
element in lead. In addition to conventional bulk alloying, tin-rich surface layers
have been added to grids by lamination [58-60], and lead—tin has been co-extruded
over wires to form grids [61]. Tin has also been added to the surface of lead grids
by electroplating [62,63].

Recently, there has been more definitive work on the addition of tin to lead and
its effect on corrosion and passivation [64,65]. In a series of experiments with
0.5-3.5wt.% Sn added to lead, it was found that the passive layer which impedes
electrical conduction through the grid|active-material interface could be reduced or
eliminated by the addition of sufficient tin. Below 0.8 wt.% Sn, the passive films
have only ionic conductivity. The electrical conductivity increases rapidly beyond
0.8wt.% Sn and reaches a plateau at 1.5wt.% Sn. The work shows that the
corrosion resistance of the alloy increases sharply as the tin content of the alloy
increases. A minimum tin content of about 1.5wt.% is required to ensure high
conductivity of the corrosion layer and a minimum corrosion rate. It was found that
tin inhibits the oxidation of Pb to Pb ™2 as predicted by an earlier model [57].

Alloying lead with tin has the effect of inhibiting the oxidation of lead to PbO,
but intermediate compounds, PbO,, can be formed. The corrosion product on
pure lead is a semiconductor. Tin additions to the lead grid alloy transform the
semiconducting corrosion layer of lead oxide into a lead—tin oxide layer, which is
highly conductive. The tin content of the passive film is greatly increased i.c., from
3wt.% for an alloy of 0.5wt.% Sn to 44wt.% for an alloy of 3.5wt.% Sn [65].
Measurement of the resistance of the grid|active-material interface upon cycling
in actual cells [66] has shown that antimony or tin additions to grids improve the
conductivity of the corrosion layer.

At high pH values, lead is oxidized to Pb(OH), in a first step, and tin is oxidized,
first to SnO, and subsequently to SnO,. The Pb(OH), may be reduced by SnO back
to lead with consequent formation of SnO,, in a simple redox procedure [67]. In this
reaction, the PbO layer becomes thinner and more enriched with SnO,. Significant
conductivity of the grid|active-material interface requires a concentration of tin of
10 wt.% or higher in the corrosion product [65].

2.5. Lead-Calcium-Tin Alloys
2.5.1 Grain structure

Tin additions to lead—calcium alloys change dramatically the method of
precipitation and age-hardening from discontinuous precipitation of PbsCa to a
mixed discontinuous and continuous precipitation of Pb3Ca and (PbSn);Ca and,
finally, to a continuous precipitation of SnzCa. Such precipitation reactions have
been described for alloys that contain low tin contents [45,48,68—70]. The reactions
are not influenced or modified by impurities in the lead alloys [71,72]. A ternary
phase diagram has been proposed [41], which sets the areas of stability of Pb;Ca,
Sn;Ca, and mixed (PbSn);Ca precipitates, and this is shown in Fig. 2.5. The phase
diagram has been confirmed [73].
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Fig. 2.5. Lead-rich region of lead—calcium—tin phase diagram.

At low tin contents, the calcium initially precipitates rapidly as Pb;Ca in the same
manner as in binary lead—calcium alloys. These alloys have a fine grain structure
and quickly reach high hardness as discontinuous precipitation predominates. At
higher tin contents, the mode of precipitation changes to a mixed discontinuous
precipitation of Pb;Ca followed by a continuous precipitation reaction of Pb,Sn,Ca.
These reactions lead to overageing of the precipitates and a decrease in mechanical
properties.

Below a calcium content of 0.08 wt.% and above a Sn:Ca ratio (‘" value) of
9:1 (the value corresponding to stoichiometric Sn;Ca), the reaction changes to a
continuous precipitation. In the continuous precipitation mode, the original cast
grain structure is maintained.

2.5.2 Mechanical properties of cast lead—calcium—tin alloys

The mechanical properties and ageing response of cast lead—calcium—tin alloys have
been described by several authors [44,74,75]. The effect of calcium at 0.5 and
1.5wt.% Sn on the yield strength, ultimate tensile strength, creep resistance, and
corrosion rates of fully aged cast materials is shown in Tables 2.2 and 2.3,
respectively [51]. Alloys with low calcium contents have low mechanical properties
which can be increased with additional tin. Tin additions above an ‘7’ value of 9:1 are
believed to drive the precipitation reaction to completion. Higher calcium contents
do not produce higher mechanical properties unless accompanied by higher tin
contents. Sn;Ca occupies a larger volume and has a higher misfit with the lead lattice
than PbsCa. The increase in second phase volume and greater stability of Sn;Ca



LEAD ALLOYS FOR VRLA BATTERIES 23

Table 2.2. Mechanical properties of lead—calcium—tin alloys with 0.5 wt.% Sn.

Calcium (wt.%) Yield strength UTS YS:UTS Creep to failure at
Silver (wt.%) (MPa) (MPa) 20.7 MPa (h)
0.025 19.3 25.5 0.75 10

0.050 38.5 48.2 0.80 70

0.050 + 0.035Ag 42.6 50.7 0.84 300

0.065 40.0 48.9 0.82 200

0.075 40.2 50.3 0.80 300

0.090 40.0 51.3 0.78 100

0.100 38.7 51.7 0.75 70

0.120 31.1 45.8 0.68 20

0.140 31.2 46.5 0.67 15

Table 2.3. Mechanical properties of lead—calcium-tin alloys with 1.5wt.% Sn.

Calcium (wt.%) Yield strength UTS YS:UTS Creep to failure at
Silver (wt.%) (MPa) (MPa) 20.7 MPa (h)
0.025 34.3 45.8 0.75 30

0.050 46.8 55.1 0.84 100

0.050 + 0.05Ag 49.1 57.7 0.85 700

0.065 49.1 58.6 0.84 750

0.075 50.2 60.1 0.84 1000

0.090 46.9 58.6 0.80 600

0.100 43.7 57.9 0.75 250

0.120 41.7 57.2 0.73 140

0.140 39.5 56.5 0.70 120

compared with Pb3Ca cannot, however, explain fully the higher mechanical
properties. These properties must be due to the change in morphology of the
precipitate from the larger Pb;Ca formed in discontinuous precipitation to the
smaller continuous Sn;Ca. Higher tin contents accelerate the change from mixed
Pb;Ca-(PbSn);Ca to the more stable Sn;Ca.

For many years, alloys with ‘r’ values above 9:1 were not utilized for VRLA
batteries. Large battery grids and tubular grids required alloys which would harden
rapidly. Alloys of 0.08-0.12wt.% Ca and 0.3-0.6 wt.% Sn were most commonly
utilized for VRLA batteries for standby and telecommunications service. These
alloys harden rapidly and the alloys can be handled and pasted after a short ageing
time at room temperature compared with weeks for materials with high ‘»* values.

Alloys with ‘r’ values of 3:1 to 6:1 have much lower yield strength, significantly
lower creep resistance and lower corrosion resistance than alloys with ‘7’ values
above 9:1 and particularly those with ‘’ values of 12:1 or higher. It has been
suggested that the poor mechanical properties of calcium alloys with low tin contents
are also the cause of the poor cycling performance of these alloys. The grids are
prone to growth [52] and this may result in cracking of the corrosion layer [13].
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2.5.3  Aluminium addition

Aluminium has been added to lead—calcium and lead—calcium—tin alloys to protect
the alloy from loss of calcium and variations in calcium content [76-78]. The
oxidation of calcium — and, if present, tin — is prevented by the formation of a thin,
tough skin of aluminium oxide which denies access of oxygen to the surface of the
molten alloy. Aluminium additions greatly decrease the amount of calcium oxide
suspended in the cast grid and increase the mechanical properties due to higher
utilization of metallic calcium. The reduced oxidation of calcium when aluminium
is present in the castings reduces the rate of penetrating corrosion into the grain
boundaries of positive grids. It has been confirmed [78] that aluminium renders more
calcium available in metallic form in lead—calcium—tin alloys. The effective ‘7’ values
of lead—calcium—tin alloys in more recent applications may have decreased compared
with those reported years ago when aluminium was not included in grid alloys.

Corrosion of lead—calcium—tin alloys. Tin not only increases the mechanical
properties of all lead—calcium alloys, but also has a dramatic effect on the yield
strength and creep resistance of alloys with an ‘r’ value above 9:1. Perhaps more
importantly than its influence on mechanical properties, tin addition to lead—calcium
alloys reduces dramatically the rate of corrosion of lead—calcium alloys. For cast
lead—calcium—tin alloys, the rate of corrosion is a function of both calcium and
tin composition [79]. High tin contents can offset the higher rates of corrosion
experienced by alloys with high calcium contents, as shown in Table 2.4. Higher
tin contents in rolled expanded grids result in improved tensile strength, greatly
improved corrosion resistance, and significantly reduced grid growth [80]. An
appreciable decrease in the corrosion weight loss of lead—calcium—tin alloys occurs
when tin is increased above 0.6 wt.% [81]. Corrosion rates also decrease as the
calcium content is decreased, as demonstrated in Table 2.5. Alloys with low ‘7’ values
show higher corrosion weight loss and growth [82] and confirm the results of earlier
studies [52,83]. The discontinuous precipitation reactions at low ‘° values are

Table 2.4. Corrosion behaviour of cast lead—calcium alloys with various amounts of tin.
(Corrosion rate: mils per year at 0.84mA cm™2.)

Calcium (wt.%) Tin (wt.%)
0 0.25 0.5 0.75 1.0 1.5

0.025 11.6 10.2 10.0 10.1 9.7 9.4
0.050 13.6 12.9 12.9 12.0 11.1 10.6
0.065 13.7 13.0 12.7 11.6 10.9 10.8
0.075 14.1 13.1 12.8 11.7 11.7 11.4
0.090 15.4 — 12.6 12.6 12.3 12.1
0.010 16.2 13.9 13.5 12.7 12.8 11.9
0.012 18.9 14.0 13.8 13.3 13.6 12.8

0.014 20.2 15.5 14.4 14.1 13.8 133
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Table 2.5. Effect of tin and silver on corrosion resistance of lead—calcium—tin alloys.
(Corrosion weight loss in mgcm™2)

0.6wt.% Sn  12wt.% Sn  1.5wt.% Sn  3.0wt.% Sn

0.1wt.% Ca 126 80 76 54
0.08 wt.% Ca 75 37 33 32
0.08 wt.% Ca + 0.05wt.% Ag 39 22 — —

believed [84] to contribute to the corrosion. The weight loss passes through a
minimum at about 1.3wt.% Sn [82]. At higher tin contents, however, the grains
become coarser and this results in deeper intergranular corrosion in accord with
other studies [21,85,86]. Similar corrosion behaviour has been found [87] on cast
and expanded grids, as seen in Fig. 2.6. As the tin content is increased further,
corrosion becomes more regular and occurs primarily at interdendritic boundaries.
This results in a higher corrosion rate but lower rates of penetration into the grain
structure.

Very regular corrosion, without grain boundary attack, was found [88] on alloys
that had low calcium content (0.06 wt.%), a relatively high tin content (0.7 wt.%),
and contained aluminium. Evidently, when present at sufficiently high concentra-
tions, tin prevents localized penetrating corrosion and macro-pitting, and also
reduces the volume of the corrosion product. The reduced attack was attributed to
the lower number of grain boundaries per unit volume in low-calcium—high-tin
alloys. The structure was thought to induce low grid growth and to be desirable for
the long life of VRLA batteries. Unfortunately, the results contradicted those of
other workers [83] who obtained evidence of extensive attack at grain boundaries in
similar lead—calcium—tin alloys. The difference in findings may be due to the fact that
aluminium was present in the alloys used in the more recent work [88], but absent
from the alloys examined by the earlier researchers [83].

Even higher tin contents (up to 2wt.%) have been reported [89] to provide
reduction in the rate of corrosion and growth of positive lead—calcium grids in
VRLA batteries employed in standby service at elevated temperatures. The beneficial
effects of high tin on positive-grid corrosion in VRLA batteries have recently been
confirmed [90]. It is proposed that the improved corrosion resistance is due to the
large number of fine precipitate particles and better accommodation of the stresses
of corrosion by the high mechanical properties of the alloys.

2.5.4 Tin effects on conductivity of battery grids

Following the studies on pure lead [57,64], a great deal of work has been undertaken
to determine the effects of tin on the corrosion layer of lead—calcium—tin alloys,
which are the major alloys for VRLA batteries. One study [82] showed that the
corrosion rate of lead—calcium alloys was significantly reduced by the addition of tin
and the thickness of the a-PbO layer was substantially reduced. It was further found
that tin enrichment at grain boundaries in cast alloys induced a high level of tin in
the corrosion layer that was able to suppress passivation. Finally, it was suggested
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100 pm

Fig. 2.6. Penetrating corrosion into grain boundary of Pb—Ca-Sn alloys, Pb—0.06 wt.%
Ca—0.7wt.% Sn alloy.

that the decrease in the passive layer thickness might be due to the acidity of Sn**
which is incompatible with the stability of a-PbO.

Tin has been shown to increase greatly the conductivity of the passive corrosion
layer in lead—calcium alloys. The presence of tin can exercise an important influence
on the corrosion resistance of lead—calcium—tin alloys, as well as on the thickness and
conductivity of the passive layer formed on the alloys [91]. Tin additions of about
1.2wt.% or more have been shown [90,92] to increase markedly the conductivity
of the corrosion layer, particularly of the a-PbO, which can develop under deep-
discharge conditions. Lead—calcium alloys show significant differences from pure-
lead counterparts [65]. A lead—calcium alloy with 0.6 wt.% Sn shows no enrichment
of tin in the oxide layer [91], while an alloy with 1.2 wt.% Sn exhibits only moderate
enrichment. It is not until the tin concentration reaches 1.5wt.% that significant
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enrichment occurs. The resistance of the interface as a function of tin content for
Pb-0.08 wt.% Ca alloys is presented in Fig. 2.7. These differences may be due to
the discontinuous precipitation processes which occur at low ‘r’ values. There is
significant segregation of tin to the interdendritic boundaries as well as to the grain
boundaries in both lead—calcium—tin and lead—tin alloys [93,94]. The segregation is
shown in Fig. 2.8 [41].
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Fig. 2.7. Effect of tin on polarization resistance of Pb-0.008 wt.% Ca—x wt.%Sn alloys in
0.5M H,S0O, after passivation at 700 mV for 24 h.

e
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Fig. 2.8. Segregation of tin in lead—calcium—tin alloys to grain and sub-grain boundaries.
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When the ‘7’ value is less than 9:1, and more likely when the calcium is at high
levels, significant precipitation of calcium PbzCa occurs by grain-boundary
movement. This movement in discontinuous precipitation destroys the tin segre-
gation found in the lead—calcium—tin alloys with low ‘r’ values and homogenizes
the alloy. Significant segregation of up to 2wt.% Sn has been observed [94] in an
alloy which contained 0.6 wt.% Sn and a low calcium content, and for which the
precipitation of (PbSn);Ca or Sn;Ca continuous particles resulted in no change in
the microstructure. Much lower segregation was also found in a cast alloy with
1.2wt.% Sn but a much higher calcium content, viz., 0.09 wt.%. Such compositions
may not produce the stable Sn;Ca precipitate within the cast structure, but may
undergo discontinuous precipitation of PbsCa, despite a favourable ‘7’ value, due
to segregation of calcium as well as tin [95]. The modified grain structure, which
disperses the tin segregation, may make the tin less accessible to the corrosion
product because it is not concentrated in the grain boundaries.

At tin contents of 2 wt.% and higher, three phases are present in the alloy, namely,
a solid solution of 1.9 wt.% Sn, fine precipitates of (PbSn);Ca — Sn;Ca, and coarse
crystals of pure tin primarily at grain boundaries and interdendritic boundaries [91].
The tin crystals appear to inhibit the formation of PbSO,4 on the surface. During
oxidation, the corrosion layer is doped with sufficient tin, in the form of SnO,, to
increase the conductivity of the passive layer. Improvements in conductivity at tin
contents below 1.5wt.% could be due to the presence of SnO, precipitated at the
grain boundaries of the PbO [96]. Alloying with tin also increases the overpotential
of both the oxygen and hydrogen evolution reactions. The high segregation of tin to
the grain and sub-grain boundaries can increase locally the concentration of SnO,
in the PbO lattice. The doping can alter the electrical properties of the corrosion
layer [55]. Lead—tin alloys are able to maintain the tin segregation to the grain
boundaries [65,21]. The internal resistance and life of VRLA batteries under float
service is a function of tin content [89], as shown in Fig. 2.9.

The phase diagram [97] presented in Fig. 2.10 shows the tin level above the ‘7’
value of 9:1 that is sufficient to force the calcium within the cast matrix to react and
produce continuous (PbSn);Ca precipitates and dope the grain and interdendritic
boundaries. The high tin content of the segregated boundaries enhances the localized
doping of the corrosion product at the grid surface (Fig. 2.11).

Doping the active material of the battery and corrosion layer of the grid surface
with a solution of tin sulfate to produce localized high conductivity greatly improves
cycling ability and increases capacity [98]. The extremely high resistance to oxidation
of the lead surface in the presence of high amounts of tin might be a problem when
curing these grids, particularly for spiral-wound configurations [95]. The tin may
reduce the PbO formed on the surface to lead, while the tin maybe oxidized to SnO,.
This would lower the pH at the grid|active-material interface and thus prevent
further alkaline attack and attachment of basic lead sulfates.

Silver additions to lead—calcium—tin alloys. Silver has been added to lead—
calcium—tin alloys to increase the resistance to creep and corrosion, and to prevent
growth of the positive grids at elevated temperatures. Valve-regulated lead—acid
batteries often operate at elevated temperatures and/or produce high internal
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Fig. 2.9. Evolution of internal resistance of 6-V, 100-Ah, VRLA batteries under float at 2.28 V
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Fig. 2.10. Amount of tin required to form stable SnCa precipitates (solid line) and dope the
corrosion layer (dashed line) as function of calcium content.
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p-PbO2

a-PbO2

Fig. 2.11. Schematic of corrosion product on lead—calcium—tin alloy.

temperatures during recombination of oxygen at the negative plate. High
temperature leads to enhanced grid corrosion and subsequent growth. Lead—
calcium—tin alloys with silver contents up to 0.1 wt.% have been evaluated recently
[81]. Tin-rich alloys contained large grains oriented in the direction of heat flows.
Silver additions caused large segregation at grain boundaries and sub-grain
boundaries. The segregated particles contained aluminium, silver, and Ag.Sn,
intermetallic particles. Tin-rich alloys with 0.05wt.% Ag significantly increased the
mechanical properties of the lead—calcium—tin alloys.

Silver has a significant effect in delaying the discontinuous precipitation reaction
as well as the overageing of calcium precipitates [90]. Silver also increases the
corrosion resistance of lead—calcium—tin alloys — particularly under conditions that
simulate end-of-discharge (high pH) conditions — and improves the cycle-life and
capacity of VRLA batteries. Silver decreases the thickness of the PbO layer but
produces a harder, more compact, corrosion layer than tin. Silver does not, however,
increase the conductivity of the corrosion layer.

Silver imparts little improvement to the mechanical properties of lead—calcium—
tin-(silver) alloys which are fully aged (Table 2.6), but gives lower elongation in both
cast and rolled alloys. There is no effect on the microstructure at 0.03 wt.% Ag [51].
Significant improvement in creep resistance has been observed in alloys which
contain silver [99]. Significant increases in cycle-life and capacity have been described
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Table 2.6. Comparison of mechanical properties of lead—calcium—tin-silver alloys.

Calcium Tin Silver YS UTS YS:UTS  Elongation
(wt.%) wt.%)  (wt.%) (MPa) (MPa) (%)
Continuously cast (12 mm thickness) before rolling

0.044 0.50 — 38.2 47.7 80 31
0.042 0.73 — 41.1 50.0 82 28
0.043 1.17 — 45.6 55.0 83 31
Conventionally cast

0.048 0.48 — 38.8 48.6 80 30
0.046 0.70 — 44.0 53.6 82 30
0.043 1.18 — 47.1 57.5 82 29
0.045 0.55 0.036 41.6 50.7 82 28
0.042 0.77 0.030 44.2 53.2 83 28
0.046 1.05 0.032 46.0 55.5 83 27
Continuously cast

0.040 0.95 — 42.6 47.5 89 30
0.037 0.48 0.034 36.3 40.3 90 24
Concast rolled to 1.2mm

0.044 0.50 — 46.8 57.1 82 17
0.042 0.73 — 54.6 63.5 86 16
0.042 1.17 — 57.8 64.3 90 15
0.040 0.62 0.034 64.6 65.4 98 9

for VRLA batteries that employ lead—calcium—tin alloys which contain various
amounts of silver [100,101].

Silver is reported to segregate to the grain and sub-grain boundaries of lead—
calcium—tin alloys [94]. Microprobe analysis of the cross-section of grid wires
produced from cast and rolled lead—calcium—tin alloys with a bulk silver content of
0.03wt.% indicates segregation of 1.6-6wt.% Ag to the grain and sub-grain
boundaries. The variation in the silver content to the boundaries is due to different
solidification conditions. This segregation to the grain boundaries, and reaction with
tin, can result in the formation of low-melting, tin—silver intermetallic compounds.
Special techniques [102] may be required for handling thick grids containing high
silver and high tin in order to prevent cracking in grid production. The incorporation
of silver up to 0.05wt.% has been found to impose no detrimental effects on cast
lead—calcium—tin alloys for stationary VRLA batteries [89].

After years of research, alloys for the positive grids of VRLA batteries for cycling
or stationary service have evolved to be primarily lead—calcium alloys which utilize
low calcium content (0.04-0.07 wt.%), a relatively high tin content (1.2wt.% or
higher), and a low silver content of 0.01-0.04 wt.%. These alloys show exceptional
resistance to corrosion in float or cycling service, achieve high mechanical properties
and resistance to creep or grid growth, produce excellent conductivity through
the corrosion layer, yield good rechargeability from deep discharge, and offer low
self-discharge rates.
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2.6. Lead-Antimony—Cadmium Alloys

One battery company (GNB-Exide) has developed an antimony alloy suitable for use
in cycling, as well as stationary, VRLA batteries [103]. Antimony and cadmium react
in this alloy to form the intermetallic compound SbCd [104]. There is a pseudo
binary equilibrium with a eutectic of about 10 wt.% PbSn and a maximum solubility
in lead of 6wt.% SbCd. Grid alloys containing SbCd have satisfactory properties
for casting grids in the factory, but grid cracking can be a problem. The creep and
corrosion properties, although less favourable than those of lead—calcium—tin alloys,
are satisfactory for use in VRLA batteries. The alloys must have a higher cadmium
content than is required to react with the antimony to form CdSb [104,105].

The basis for the performance of the alloy in VRLA batteries is corrosion of the
lead—cadmium—antimony alloy to produce antimony in the corrosion layer of the
positive grid, which thus eliminates the antimony-free effect of pure lead or lead—
calcium alloys. During corrosion, small amounts of antimony and cadmium present
in the lead matrix are introduced into the corrosion product and thereby dope it
with antimony and cadmium oxides. The antimony and cadmium give excellent
conductivity through the corrosion product. The major component of the alloy, the
CdSb intermetallic alloy, is not significantly oxidized upon float service, but may
become oxidized in cycling service.

Small amounts of cadmium and antimony are leached from the grid corrosion
layer during cycling. These deposit on the negative during recharge. The cadmium is
believed to plate over the antimony on the negative plate and raise the potential of
the negative plate. Even in the presence of antimony, this process reduces gassing to
levels where the alloy can be used for VRLA batteries.
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—CHAPTER 3—

FORMATION OF LEAD-ACID BATTERIES AND
STRUCTURE OF POSITIVE AND NEGATIVE
ACTIVE MASSES

D. Pavlov
3.1. Introduction

3.1.1. Manufacture of lead—acid battery plates

The classical scheme for the manufacture of flat pasted plates for automotive,
traction and stationary lead—acid batteries is shown in Fig. 3.1. There is no difference
between the technology of plate manufacture for conventional (flooded) and valve-
regulated (VRLA) lead—acid batteries. The two versions do differ, however, in
the method of separation of the plates, the quantity and type (liquid or gel) of
electrolyte, and in the design of the battery itself.

The basic steps in the process of plate manufacture are as follows.

Grid manufacture. The grids for positive and negative plates are produced either
through casting, or through rolling and expansion techniques. Lead—antimony or
lead—tin—calcium alloys are used. Grids for VRLA batteries are produced from
the latter type of alloy. Grid alloys and grid manufacture are discussed in detail in
Chapter 2 [1].

Production of leady oxide. Pure lead ingots are subjected simultaneously to
abrasion and surface oxidation in a ball mill, or are melted in a Barton pot and
oxidized in an air atmosphere [2]. A 70-85% oxidized lead powder (called ‘leady
oxide’) is obtained with a characteristic grain size-distribution. The same leady oxide
is used for the production of both positive and negative plates.

Paste preparation. The leady oxide is placed in a reactor (mixer). Fine polymer
fibres, cut into small pieces (3 mm), are added to the paste to reduce the processing
waste during paste preparation. Measured amounts of water and H,SO, solution are
also added under continuous stirring. Basic lead sulfates are formed during this step.
After mixing for 10-20min, during which the crystals of the basic lead sulfates
grow, the paste is ready for the preparation of positive plates. The negative paste is
prepared in a similar way, except that lignosulfonate (expander), BaSO,, carbon,
and inhibitors are added. The paste must have a precise density and consistency.
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Fig. 3.1. General scheme of technological procedures involved in manufacture of lead—acid
battery plates.

Depending on the temperature of paste preparation, two types of basic lead sulfates
are formed, namely: 3PbO-PbSO4-H,O (termed: 3BS) or 4PbO-PbSO, (termed: 4BS).
If the temperature of paste preparation is kept below 65°C, 3BS is formed. The
particles are between 1 and 4 um in length, and 0.5 and 0.8 pm in diameter. If the
temperature of paste preparation exceeds 75°C and there are no surface-active
substances (e.g., expanders), 4BS crystals are formed. These particles are larger than
those of 3BS, viz., 15-50 um in length and 3-15pm in width, as determined by the
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conditions of paste preparation. The size of the above crystals and the amount of
liquid in the paste determine the porosity of the paste, which, in turn, is responsible
for the porosity of the active masses obtained.

Grid pasting. Paste of the required density and consistency is spread on to the grids
by means of a specially designed machine. When expanded grids are used, the paste
is applied to the expanded strip and then both sides of the pasted strip are covered
with paper, after which the individual plates are separated. The pasted plates are
partially dried in a tunnel oven and are then stacked on pallets.

Plate curing. During this procedure, the individual 3BS (or 4BS) and PbO particles
interconnect to form a continuous skeleton, which is attached to the grid (current-
collector). The lead in the paste is oxidized to PbO, the grid undergoes partial
corrosion, and the 3BS (or 4BS) and PbO particles partially recrystallize. The paste
is then dried. During this step, the hydroxides contained in the solution that fills
the pores crystallize mostly at the sites of contact between the crystals, which
thus interconnect to form a continuous ‘skeleton’ structure. In order to obtain a
connection of good mechanical strength between the grid and the positive active-
mass (PAM), a corrosion layer with a thickness above a certain critical value should
be formed during plate curing. The process is conducted in special chambers with
controlled temperature, humidity, and duration of both the curing and drying stages.
For both types of pastes (3BS and 4BS), high-temperature curing (at 60°C for 3BS
pastes; at >80°C for 4BS pastes) facilitates the formation of a corrosion layer of
the appropriate thickness. Crystals of 4BS can also be obtained during the curing
process by treating 3BS plates with steam at a temperature above 90°C for 2—4 h.
If the duration of vapour treatment exceeds this period, it may lead to the forma-
tion of large 4BS crystals, which are difficult to convert (‘form’) into the desired
active materials.

Positive and negative active-mass formation. The cured pastes of both positive
and negative plates comprise identical mixtures of bivalent lead compounds (3BS,
4BS, PbO), which cannot create electromotive forces when the pasted plates are
assembled into cells. The purpose of the formation step is to convert the cured pastes
into electrochemically active porous materials — PbO, in the positive plates and Pb
in the negative plates — which are connected mechanically and electrically to the
grids. The process of formation can be conducted via two basic schemes, as shown
in Fig. 3.1.

(1) Tank formation. Cured positive and negative plates (usually 50-200 pieces)
are arranged, individually or in couples, in large electrolytic tanks containing
H,SO,4 of 1.08-1.10 rel. dens. Plates of similar polarity are connected to each
other. The plates are left in the tanks for a definite period of time (‘soaking
step’). Then, the multi-plate cell is switched to an electrical source which
supplies the formation current according to a precise algorithm. The amount of
electrolyte is calculated on the basis of 2-31kg ™" of dry paste. The formation
temperature is controlled within the range of 25-55°C. For conventional
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technology, the formation current varies between 0.7 and 2.5mA cm ™2 during
the stages of the formation process. Formation usually lasts from 18 to 40 h for
automotive battery plates, and from 48 to 73 h for traction battery plates. The
quantity of electricity that is passed through the plates is about 1.7 to 2.5 times
their theoretical capacity. When accelerated formation methods are applied for
automotive battery plates, the formation time can be reduced to 8—12h. After
formation, the plates are removed from the tanks, washed with water to remove
H,SO, solution from their pores, and dried under appropriate conditions.
Negative plates are dried either in an oxygen-free atmosphere or under vacuum.
Positive and negative plates are assembled, with separators between them, into
dry-charged batteries.

(1) Container formation. Cured positive and negative plates, together with the
separators, are assembled into ‘plate groups’, which are then placed in battery
containers. For VRLA batteries with absorptive glass mat (AGM) separators,
the plate group should be compressed to a definite pressure and then fastened
with polymer tapes before insertion into the battery container (for both traction
and stationary cells). If the cells are small and the container is designed to
maintain the required compression, the plate groups are placed in the container
without fastening. The next step is to fill the container with electrolyte. This
is a rather delicate procedure with VRLA batteries that use AGM or gelled
electrolyte. After a definite period of soaking, the battery is connected to the
current source and formation commences. Depending on the concentration of
the acid used, two formation methods are applied: (i) ‘double-shot formation’,
in which the battery is filled with H,SO4 of 1.08-1.15 rel. dens.; after forma-
tion the electrolyte is replaced with H,SO4 of 1.30-1.32 rel. dens., which
decreases to 1.28 rel. dens. as a result of dilution by the residual acid in
the plates; (ii) ‘single-shot formation’, in which the battery is filled with
H>SO,4 of 1.24 to 1.25 rel. dens.; during formation the H,SO4 concentration
increases to 1.28 rel. dens., and after some finishing procedures the batteries are
ready for use.

In this Chapter, the discussion is confined to the processes that occur during
soaking and formation of the positive and negative plates, as well as to the structures
of the two types of active mass obtained as a result of the formation procedure.
These steps are identified in the dashed-line frame in Fig. 3.1.

3.1.2. Survey of soaking and formation phenomena

Chemically prepared positive (PbO,) and negative (Pb) active-masses show
somewhat poorer capacity than electrochemically prepared materials in the early
discharges of cycling batteries. In the case of positive plates, the electrochemical
formation process is associated with the formation of PbO, of high surface-arca
and of a special structure. The positive and negative active materials must have an
appropriate structure in order to provide good capacity. This structure is obtained
by a complex combination of chemical and electrochemical reactions and
crystallization processes that proceed during plate formation.
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Generally, formation is carried out under constant-current conditions. The
changes in temperature, electrolyte concentration, and cell voltage during plate
soaking and formation are presented in Fig. 3.2 [2]. Chemical reactions commence
between PbO, basic lead sulfates, and H,SO4 when the plates come into contact
with the solution.

80

Battery formation (H,SO,, 1.24 rel. dens.)

60

Temperature / °C

Tank formation

Battery formation
(H;S0,, 1.24 rel. dens.)
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2.0

Fig. 3.2. Changes in temperature, electrolyte concentration, and cell voltage during soaking
and formation of battery plates [2].
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Since the reactions during the soaking procedure are exothermic, the temperature
in the tank or battery starts to rise. The electrochemical reactions involved in the
formation process also contribute to the overall thermal balance (in the battery or in
the tank). These reactions are endothermic and can be represented by the following
equations:

2PbO = Pb + PbO, AH; = +160kJ 3.1)
2PbSO4 + 2H,0 = Pb + PbO, + 2H,S04 AHy = +363k]J (3.2)
H,O=H, + %OQ AH; = +286k]J (3.3)

In addition, when electric current flows through the electrolyte, Joule heat is
released. Heat exchange occurs between the formation tank (or battery) and the
surrounding atmosphere. The reactions during the different formation stages all
provide individual contributions to the overall thermal balance of the system.
Consequently, the temperature curves feature a maximum, and with attenuation of
the exothermic chemical reactions of sulfation, the temperature of the tank (battery)
decreases slowly. Battery manufacturing practice has shown that the optimum
temperature range for the formation process is between 25 and 55°C.

The data in Fig. 3.2 show that, initially, the H,SO,4 concentration decreases, not
only during the soaking period but also during the early stages of formation. A
decrease in the formation tank (battery) voltage is also observed during the initial
period of formation, Fig. 3.2(c).

Later in the formation process, the electrochemical reactions cause H,SO4 to be
extracted from the plates and, consequently, the acid concentration increases. At
the end of the formation process, the acid concentration is higher than that at the
beginning of formation. This increase is due to the extraction from the plates of the
acid used in the production of basic lead sulfates during paste preparation and in
sulfation of the paste during plate soaking.

3.2. Soaking of Plates

3.2.1. Filling VRLA cells with H>SO, solution

When VRLA batteries are container-formed, filling of the cells with H,SO4 solution
is a delicate process, especially when using gelled electrolyte. Since the plate group
is under compression, the efficacy of the filling process depends on the following
parameters.

(1) Pore system in AGM and plates. Both the plates and the AGM separators have
a porous structure. The transport of the H>,SOy4 solution through the pores is
strongly impeded, however, and depends on the total pore volume and the
pore-size distribution as well as on the hydrophilicity of the pore walls, in both
the AGM and the plates.
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Plate-group design and dimensions. Sulfation proceeds by reactions between the
H,S0,4 and the PbO and the basic lead sulfates in the plates, as a result of
which water is formed and H,SO4 concentration gradients are created in the
different parts of the plate group and hence the degree of sulfation of the
various parts of the plates will also be different. The H,SO, in the electrolyte
may become so diluted when penetrating into the interior of the plate group
that only a weak H,SO, solution or even pure water remains. In the latter case,
the paste particles are hydrated. This process depends on the plate-group
design and on the method of filling the cells with H,SO,4 solution. A very
important design parameter is the ratio between the plate height (/,) and the
separator thickness (dagm) [3]. For h,:dagm < 50, filling the plate group with
electrolyte is easy. If this ratio is between 50 and 100, there are some difficulties
with filling, and the process is strongly impeded at ratios between 100 and 200.
At ratios greater than 200, the access of H,SO, solution to some parts of the
plate group may be blocked and hence ‘dry zones’ may be formed.

Phase composition of cured paste. The processes of sulfation of basic lead
sulfates and of the PbO in the paste are exothermic. The heat released from
these reactions causes the temperature of the plate group as a whole to rise.
As the acid concentration is not the same in all parts of the plate group, the
temperature in the different zones will also be different. In some zones, it may
rise so much that water vapour may form. In this case, oxides from the cured
pastes may be blown out into the separators. Through heat exchange between
the different zones in the plate group, and between the plate group and the
surrounding medium, the temperature will be equalized after a certain period
of time (0.5-1.0h). In order to reduce the rates of the above reactions of
sulfation, the H,SO, solution is most often cooled to temperatures below 0°C
before being poured into the cells.

The most widely used filling techniques include the following.

Gravity filling of the cells with H,SO, electrolyte. This is the slowest method
and results in the most uneven H,SO, distribution throughout the plate group.
This method is applied in filling cells with Z,:dagm < 50.

60% of the H,SO,4 solution is gravity filled into the cells and then they are
vacuum treated. The remaining electrolyte is then added.

The cells are vacuum treated. 35% of the electrolyte volume is filled and the cells
are vacuum treated again. Another 35% of the electrolyte is added. The cells are
vacuum treated and the remaining 30% of the electrolyte volume is filled. Most
often, however, this procedure is reduced to two vacuum treatments only. The
method is applied mainly to gel designs of VRLA battery. There are two types
of vacuum treatment: (i) ‘soft vacuum’, in which a pressure slightly lower than
atmospheric pressure is maintained in the cells; (ii) ‘hard vacuum’, in which the
cell pressure is < 15mm Hg column. The hard vacuum treatment ensures faster
filling of the plate group with electrolyte.

The basic criteria for selecting an appropriate method of electrolyte filling

are:

(i) small H,SO,4 concentration gradients between the different parts of the
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plate group; (ii) an almost equal temperature throughout the whole volume of
the plate group.

After the reactions of paste sulfation start, plates that have been partially
carbonated during the paste preparation, and especially during the plate-curing
process, release CO,.

The VRLA cells are filled with H,SO, electrolyte until a layer of electrolyte is
formed over the plate groups. On completion of the formation process, the excess
H,SO, solution is removed from the cells. A mirror-like electrolyte surface,
interrupted only by the tops of the separators, forms in the plate group. This
corresponds to 100% saturation of the AGM separator with electrolyte. At the
beginning of cycling, the oxygen cycle operates with low efficiency. This leads to
water loss and when the electrolyte saturation drops below 96%, the efficiency of
the oxygen cycle increases and the water loss decreases. When a considerable part
of the water in the electrolyte decomposes, water should be added to restore that
which is lost.

3.2.2.  Chemical zonal processes during soaking

Zonal processes are due to the reactions that proceed between the ions of the
solution and the solid porous mass as a result of which a new solid porous phase is
formed [4]. The latter occupies a certain zone in the volume of the solid porous mass,
see Fig. 3.3.

The reaction between the ions of the solution and the initial solid porous phases
proceeds in a reaction layer, which is located between the zone of the initial phases
and the zone occupied by the reaction products. The reaction layer shifts in space
and penetrates the volume of the initial phase zone. Thus, the volume of the zone
occupied by the reaction products grows at the expense of the initial phase zone. The
direction in which the reaction product zone grows depends on the transport
hindrances experienced by the ions on their way from the solution volume to the
reaction layer and/or on the transport difficulties met by the ions formed in the
reaction layer on their way to the solution volume. On soaking and formation of
the positive and negative plates, some zonal processes occur. During soaking, only
chemical reactions proceed in the reaction layer (i.e., chemical zonal processes).

PbSO, zone

gilinmnusHs e

Cured paste <¢—

Reaction layer

Grid bar  <€—

Reaction layer

Fig. 3.3. Schematic of zones through cross-section of cured plate after soaking.

PbSO, zone
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During plate formation, electrochemical reactions proceed in the reaction layer
(i.e., electrochemical zonal processes).

The following chemical processes take place during soaking of the plates. These
result in sulfation of the basic lead sulfates and of PbO, as follows.

4PbO + SO~ 4+ 2H* = 3PbO - PbSO, - H,0

3.4
pH = 146 + 05 ln asoi— ( )
3PbO - PbSO; - H,0 + SO;™ + 2H™ = 2(PbO - PbSO4) + 2H,0 3s
pH = 9.6 4 0.5Inagox- 3-5)
PbO - PbSO, + SO;™ + 2H*" = 2PbSO, + H,0 16
pH = 8.4—}-0.51113.50‘2; ( ’ )
4PbO - PbSO, + 4S0;~ + 8H' = 5PbSO, + 4H,0 57

pH = 13.2" + 0.5 Inage:-

(*No experimentally determined value for the equilibrium coefficient for reaction
(3.7) has been found in the literature. The value 13.2 has been obtained by
approximate calculations based on similar reactions.)

The above reactions start at the two surfaces of the plates and form two zones rich
in PbSO,4, which grow towards the core of the plate (Fig. 3.3). Cured pastes are
yellow in colour (basic lead sulfates and PbO are hydrated), while sulfated zones are
grey. This difference in colouring allows easy determination of the growth rate of the
sulfate zones towards the interior of the plate. The rate of movement of the reaction
layer (V) into the bulk of the cured paste depends on the following parameters:

Vsul :f(CstO4aTanastead’laHZSO4: PbO) (38)

where T is the temperature; Cp,g is the phase composition of the paste; d is the
density of the cured paste; / is the thickness of the plate; H,SO4:PbO is the acid-to-
oxide ratio; PbO is the amount of free and bonded PbO.

When soaking is conducted in H,SO4 of 1.06 rel. dens., there still remains
unreacted paste even after 20 h of soaking. When the plate group of an automotive
cell is soaked in H,SO4 of 1.20 rel. dens., 30-40 min is sufficient for the whole cured
paste of a plate of 2.8 mm in thickness to turn grey in colour, but it is not completely
sulfated [5].

In H,SO4 solution of low rel. dens., the zonal processes should be carefully
controlled as they create an inhomogeneity in the phase composition of the paste
throughout the plate cross-section, which leads to inhomogeneity of the PAM
structure.

On the microstructural level, sulfation of the cured paste depends on crystal size.
Thus, both 3BS crystals (which are generally small) and the small PbO particles
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undergo sulfation relatively quickly, whereas the cores of 4BS crystals, of the large
PbO particles and of the unoxidized Pb particles remain non-sulfated even after 24 h
of soaking. The processes that take place on soaking of 3BS and 4BS cured pastes
will be discussed separately.

3.2.3. Soaking of 3BS-cured pastes

A study has been made of the chemical processes that take place on soaking
3BS-cured pastes in three H,SO, solutions of different relative densities [6]. In these
investigations, 1.425 g of cured paste (both positive and negative) reacts with 1cm?
of electrolyte. The changes in chemical and phase composition of 3BS pastes when
soaked in H,SO, solutions of 1.05, 1.15, and 1.25 rel. dens. have been studied. The
resulting changes in electrolyte relative density are shown in Fig. 3.4. The highest
rate of sulfation is observed during the first hour of soaking.

The changes in PbO and PbSO,4 content in the paste (determined by wet analysis)
during soaking of the positive plates are presented in Fig. 3.5. Similar changes in
chemical composition have also been observed with the negative plates. After 8 h, the
amount of PbSQOy in the positive paste increases by 22, 47, and 60% for acid solutions
of 1.05, 1.15, and 1.25 rel. dens., respectively.

The data in Figs. 3.4 and 3.5 indicate that despite the presence of PbO and H,SO,4
the reaction between them proceeds at a very low rate. Our recent investigations have
provided an explanation for this phenomenon. It has been found that in the plate
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1.05 - oo ——
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~~._
\\'~~~§O~ 1.05
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Fig. 3.4. Changes in electrolyte concentration of cells during soaking in 1.05, 1.15, or
1.25 rel. dens. H,SO, [6].
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Fig. 3.5. Changes in chemical composition of cured positive plates during soaking in 1.05,
1.15, or 1.25 rel. dens. H,SOy, [6].

interior, between the two PbSOy4 zones (Fig. 3.3), the H,SO4 concentration is very
low and water reacts with 3BS (or 4BS) and PbO as a result of which hydroxides and
hydroxy-sulfates are formed. These products are greater in volume than the initial
compounds and, hence, the small pores are filled and the radii of the larger pores are
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reduced. When H,SO,4 flows through the pores of the PbSOy, layers, it penetrates
only the remaining free large pores in the hydrated inner zone and reacts with the
pore surface to form a PbSO, layer that has membrane properties. This layer blocks
the access of H>SO,4 to the hydroxides in the inner plate zone and, consequently, the
reaction of sulfation is slowed down substantially. Thus, during soaking of the plate,
two PbSOy layers are formed on the two plate surfaces, whereas in the hydrated plate
interior, PbSO, is formed only on the surface of the large pores. The relative
amounts of PbSO, in the former two layers and in the hydrated inner zone are
determined by the concentration of H,SO, during soaking of the plate.

The cured paste contains a-PbO (tetragonal), B-PbO (orthorhombic), and 3BS.
During soaking, PbO-PbSO, (1BS) and PbSO, are formed. The changes in intensity
of the characteristic X-ray diffraction (XRD) lines for these phases on soaking are
shown in Fig. 3.6. During the first 15 min, the contents of a-PbO and 3BS decrease
rapidly, while B-PbO undergoes sulfation more slowly.

On soaking in H>,SOy, of 1.05 rel. dens., the principal crystal products of sulfation
are 1BS and 3BS, with small amounts of PbSO,4 formed after 4 h of soaking. The 1BS
phase is formed at the beginning of soaking, and the 3BS 1-2 h later. The higher the
H,SO, concentration, the greater the amount of PbSO,4 formed in the paste.

Changes in both the structure and the crystal morphology of the cured pastes
during the 8-h period of soaking have been monitored by means of scanning electron
microscopy. Electron micrographs of paste crystals, and of the structure of the paste
after 3 h of soaking in H>SO,4 of 1.15 rel. dens., are presented in Fig. 3.7. The paste
structure at the surface of the plate is shown in Fig. 3.7(a,b). During soaking in
H,SO,, the surface layers of the plate feature PbSO, crystals. These crystals are
much smaller in the interior of the plate.

The hydrated basic lead sulfates and lead oxide crystals, formed in the plate
interior on soaking, are presented in Fig. 3.7(c,d), and the structure of the PbSO,
layers in the large pores of the hydrated zone are shown in Fig. 3.7(e,f). At the end of
soaking, well-shaped prismatic PbSOy crystals are also observed in the plate surface
layers. These PbSOy crystals have resulted from recrystallization processes following
the Gibbs—Thompson equation [7].

The above electron micrographs of soaked pastes indicate that PbSOy, crystals
retain no memory of the initial 3BS crystals, which has also been reported by other
researchers [8,9]. On the other hand, the micrographs in Fig. 3.6 show that
considerable quantities of 3BS crystals remain unsulfated even after 5h of soaking
in H,SO4 of 1.25 rel. dens., i.e., there is a trace of memory of the initial paste
composition. The remaining 3BS crystals are involved in the processes of formation
and exert an influence on the organization of the PAM structure, and hence on the
performance of the battery.

The influence of soaking on the performance of automotive batteries has also been
investigated [6]. The capacities of batteries manufactured with plates that have been
soaked in H,SOy solutions of three concentrations (1.05, 1.15, and 1.25 rel. dens.) for
0, 2, 5, and 8 h are given in Fig. 3.8. The utilization of the PAM is 50%. The capacity
measurements are performed at the 20-h rate of discharge (C»g) and 25°C. The time
of discharge at —18°C with a discharge current of 5 C,y amperes (cold-cranking test,
CCA) is shown in Fig. 3.8(b).
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Fig. 3.6. Changes in relative intensity of characteristic XRD lines (peak heights measured
in mm from diffraction record) for different phases in pastes during soaking in 1.05, 1.15, or
1.25 rel. dens. H,SO,4. PbSO,, 1BS, and some 3BS are formed during soaking [6].

The cycle-lives of the above batteries under the DIN 43539/2-test protocol for
automotive batteries are presented in Fig. 3.9. The end-of-discharge voltage at the
tenth charge—discharge cycle (i.e., after one week of cycling) is given in Fig. 3.9(a),
and the voltage after 30s of the CCA test in Fig. 3.9(b). The batteries were soaked
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Fig. 3.7. Structure of soaked paste and crystal morphology in: (a), (b) sulfated surface layers
of paste; (c), (d) hydrated inner plate zone; (e), (f) sulfated surfaces of pores in hydrated inner
zone.

for 2 h and then formed in H,SO4 of 1.05, 1.15, or 1.25 rel. dens. The results indicate
that the optimum conditions of soaking are: H,SO, of rel. dens. 1.15 and a soaking
time of 2h. Under these conditions, the initial capacity of the battery is high, the
CCA performance is acceptable, and the battery cycle-life is sufficiently long.

It has been established that the processes of soaking are affected by the density
of the 3BS paste. Thus, at a paste density of 3.89 gem™>, the amount of H,SOy4
that reacts during the soaking step is greater than that for pastes with density
4.39gem ™ [3].

It can be concluded that the soaking procedure changes significantly both the
phase composition and the structure of the cured 3BS paste. These changes depend
strongly on the concentration of the H,SO, solution and on the duration and
temperature of soaking. Accordingly, the structure of the active mass during
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formation will be influenced by the structure of the soaked paste rather than by that
of the cured paste. Hence, soaking exerts an effect on both the capacity and the
cycle-life of the battery. That is why the soaking procedure should be considered
as an autonomous technological step with a definite role in determining battery
performance and, therefore, should be controlled very carefully.

3.24. Soaking of 4BS-cured pastes

With the introduction of Pb—Ca—Sn alloys for the production of positive grids, the
phenomenon known as premature capacity loss (PCL) was observed. Positive
plates lost capacity during the initial cycles because of impaired electronic and
mechanical contact between the PAM and the grid (termed the ‘PCL-1 effect’). One
of the possible methods to suppress this effect was to use 4BS pastes [10]. The 4BS
crystals are large and build up a strong PAM skeleton. Due to their large size,
however, 4BS crystals are difficult to form and plates produced with 4BS pastes
require more time for formation. This presents some technological problems. A
possible solution is to prolong the time of soaking to allow deep sulfation of the 4BS
crystals [5,11-14].

The dependence of the amount of H,SO,4 that has reacted with 10 g of 3BS or 4BS
paste as a function of soaking time is shown in Fig. 3.10. 4BS pastes react with
H,SO4 much more slowly than do 3BS pastes. The smaller surface area and the
greater thickness of the crystals in 4BS pastes cause the rate of the reaction of
sulfation to slow down within the first 30 min of soaking [11-16]. The structure of the
lead sulfate layer that covers the 4BS crystals has been examined [11-14]. First,
polyhedral particles with an average size of up to 2 um are formed on the surface of
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Fig. 3.10. Changes in PbSO,4 content formed on soaking 3BS and 4BS pastes as a function of
time of soaking [13].
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Fig. 3.11. Photograph of cross-section of broken 4BS crystal with PbSO, layer on surface [13].

the 4BS crystals. Then, the sulfation proceeds into the volume of the 4BS crystals to
form a layer of small agglomerates which are composed of PbSO,4 nodules of a size
that does not exceed 0.2 um [11-14]. The cross-section of a partially sulfated 4BS
crystal is shown in Fig. 3.11 [13]. A superficial PbSO, layer composed of large
and small crystals, and the unreacted core of the 4BS crystal can be clearly
distinguished.

The processes of 4BS sulfation proceed within the matrix of the 4BS crystal
through a metasomatic chemical reaction [15]. This allows the 4BS macrostructure
of the paste to be preserved and transferred, through the formation process,
into the macrostructure of the PbO, active mass. The progress of the sulfation
reaction deep into the core of the 4BS crystals is slowed down and (in practice)
a definite thickness of the PbSOy layer is reached, which depends on the temperature
of soaking. These dependences are given in Fig. 3.12 for different temperatures [13].
The higher the temperature of soaking, the thicker is the PbSO, layer formed on
each 4BS crystal. Elevated temperatures increase the depth of sulfation by increasing
the porosity of the structure of the granular PbSO, layer. This facilitates the
transport of H' and SOF~ ions and water through the layer towards the core of
the crystal.

Heat generation during the soaking step is proportional to the specific surface of
the cured paste [14]. Thus, the temperature rise on soaking of 4BS pastes is half that
for 3BS pastes. It is therefore not necessary to cool down the H,SO, solution before
filling into batteries with 4BS cured plates.

It has been established that the rate of sulfation on soaking of 4BS pastes depends
on the method of 4BS crystal formation. The various methods of 4BS production
yield not only crystals of different size, but also different nature [17].
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Fig. 3.12. Changes in thickness of superficial PbSO, layer on 4BS crystals during soaking at
three different temperatures [13].

3.3. Formation of Positive Plates

3.3.1. Thermodynamics of formation processes

The electrochemical reactions that proceed during the formation of positive plates
can be represented by the following equations. E; represents the equilibrium

potential for the reaction at 298.15 K.

PbO; 4 SO~ 4 4H™ 4 2¢~ = PbSO, + 2H,0

(3.9)
Ey = 1.685 — 0.118pH +0.029 Inagc-
PbO, + HSO; + 3H* + 2¢~ = PbSO, + 2H,0
(3.10)
Ep, =1.628 — 0.088pH + 0.029 In agso;
2PbO; + SO3™ +4e™ 4+ 6H" = PbO - PbSO, + 3H,0
(3.11)
Ep = 1.468 — 0.088 + pH + 0.015In ag;-
4PbO; 4 SO~ + 8¢~ + 10H' = 3PbO - PbSO, - H,0 + 4H,0
(3.12)
Ey = 1.325 - 0.074pH + 0.007 In ag;-
PbO; + 2¢~ +2H' = PbO + H,0
(3.13)
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3PbO; + 4¢~ +4H' = Pb3;04 + 2H,0

(3.14)
Ep = 1.122 — 0.059pH

0,+4H" + 4¢~ = 2H,0

(3.15)
Ey = 1.228 — 0.059pH + 0.015 In Pbo,

All equilibrium potentials are referred to a standard hydrogen electrode. The
Hg/Hg,SO, electrode is widely used in lead—acid battery investigations. This
electrode has a potential which is 0.620 V more positive than that of the standard
hydrogen electrode at pH =0 [18].

The above reactions involve bivalent lead compounds with different PbO and
PbSO, contents. The higher the content of PbO in a given compound, the more
negative is the potential of its oxidation to PbO,. Thus, on oxidation of a mixture of
PbSO,, 1BS, 3BS, and Pb;Oy in the cured paste after soaking, first PbO and then
the basic lead sulfates will be oxidized. When the amount of the starting compounds
diminishes, the potential of the positive plates will increase and when it exceeds
the equilibrium PbO,/PbSO, potential, oxidation of PbSO4 will start. The higher
the H,SO,4 concentration, the more positive is the equilibrium potential of the
PbO,|PbSOy electrode. Consequently, different potential plateaux will be observed
during formation of the soaked paste, as determined by the phase composition of
the paste. The development of potential plateaux for the different paste phases in the
potential-time curve depends on the kinetics of the redox reactions. For purely
kinetic reasons, some of the phases in the paste may not manifest themselves by
a specific plateau in the potential curves.

3.3.2.  Reactions during formation of PAM from 3BS-cured pastes

The reactions that proceed during positive-plate formation have been identified by
the accompanying changes in the phase and chemical compositions of the plates, as
well as by the changes in both the open-circuit and charge potentials of the plates, see
Fig. 3.13 [19,20]. The phase composition has been determined by XRD analysis.
The pastes are prepared at 30°C using an acid-to-oxide ratio of 4.5% and water is
added to give a paste density of 4.0 gecm™>. The formation electrolyte is H,SO, of
1.05 rel. dens. and the time of soaking is 10 min. Small regions of the pasted plates
are sulfated during the soaking step. The chemical composition is determined
through conventional analytical methods; the potentials are measured vs. a
Hg|/Hg,SO, reference electrode.

Depending on the phase and chemical compositions of the paste and of the active
mass, the formation process may be divided into two stages, as follows.

(1) First stage. The lead oxide and basic lead sulfates are oxidized to a-PbO, and
small amounts of B-PbO,, and the paste also reacts with H,SO4 to form PbSOy4
(reaching approximately 25% at the end of the first stage); the potentials under
load and at open-circuit are low.
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Fig. 3.13. Dependence on formation time of: (a) phase composition and (b) chemical

composition of paste and active mass, and (c) plate potential under formation current (¢;) and
on open-circuit (¢g). Formation electrolyte is 1.05 rel. dens. H,SO4 [19].

(1) Second stage (after about 6 h). The PbSO,4 formed on soaking and during the
first stage of formation is oxidized to B-PbO,; the potential under load
increases. The low degree of sulfation of the paste, the short time of soaking

and the low H,SO, concentration on formation yield approximately equal
amounts of a-PbO, and B-PbO,.

Based on the analytical data for the changes in the phase and chemical
compositions of the plates during formation, schemes for the chemical and
electrochemical reactions that proceed during the two formation stages have been
proposed. The reactions of formation of PbO, from 3BS during the first stage are
shown in Fig. 3.14. The parameter n represents the amount of Pb>" jons that
participate in the electrochemical process (B;) leading to the formation of PbO,

according to reaction (C;); (4—n) is the remainder of the lead ions which react to
form PbSOy, (reaction E;).



FORMATION OF LEAD-ACID BATTERIES 57

—>

3-msor ¥

v

@ (4-n)Pb? + (4-n)sO0> > | (4-n)PbSO,

2H,0 (@-2nH0 >

»
»

3PbO-PbSO,H,0 +2H,0 = 4Pb? + SO+ 60H" (6-2mH,0

!

nPb?* —» nPb%* + 2ne~ (6-2mH*
¢ T\

6OH™ + [jn + (6-2n)H* = 6H,0

2nH,0 ' (6—2n)IH20

@ nPb#* +2nH,0 —» | nPbO, |+ 4nH*

l 2nH*

»
»

Fig. 3.14. Reactions of 3PbO-PbSO,4-H,O oxidation to PbO, and sulfation to PbSO,4 during
first stage of formation [19].

For the above reactions to proceed, it is necessary that flows of H*, SOZ~, and
H,O enter or exit the plate. These flows, together with the electronic charge shown in
reaction B;, maintain the electroneutrality of the solution in the reaction layer. The
direction of each flow depends on the formation current as well as on the degree
of sulfation of the cured paste and on the concentration of H,SO, in the formation
electrolyte [19,21].

During both the soaking step and the first formation stage, H,SO,4 penetrates into
the plate and the paste is sulfated. Sulfation starts first in the surface layer of the
plate during soaking and then proceeds inside the plate during formation. The 3BS,
4BS, and PbO in the plate interior are hydrated and the pH of the solution in the
pores increases. In these inner zones, the electrochemical reaction B; proceeds and
a-PbO, is formed (reaction C;). It can be seen from eqns. (3.11) to (3.13) that 1BS,
3BS, and PbO are oxidized to PbO, at potentials more negative than those at which
PbSOy, is oxidized (eqns. (3.9) and (3.10)). The potential of the plates during the first
stage of formation is more negative by 150-200mV than that during the second
stage of formation (see Fig. 3.13).

The X-ray data for the phase composition of the PbO, + PbSOy4 zone indicate that
both the electrochemical reaction B; and the reaction of sulfation E; proceed in the
same reaction layer. During the first stage of formation, there are two reaction layers
in the plate. In the first layer, the electrochemical reaction B; and the chemical
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reactions C; and E; proceed. This layer is located in the interior of the plate. The
second reaction layer is near the plate surface and this is the layer where the reactions
of sulfation of PbO and of basic lead sulfates to PbSO4 and 1BS proceed. The
distribution of the two reaction layers (v.s.) is responsible for the formation of
different structures in different parts of the PAM.

When PbO and 3BS have been depleted, the pH of the solution will decrease.
In order to maintain a constant formation current, the potential of the plate will
increase and reach the value required for the oxidation of PbSOy4 to PbO, to proceed.
At this point, the second stage of formation will commence according to the scheme
of chemical and electrochemical reactions shown in Fig. 3.15. PbSO, is oxidized
to B-PbO,. This process is associated with generation of H,SOy4 (reaction D»). The
solution in the pores becomes strongly acidic and a flow of H,SO, leaves the plate.
Consequently, the concentration of H,SO, in the electrolyte increases (Fig. 3.2(b)).
The PbO, formed during this stage is of the f modification.

When sulfation of the paste is high (acid-to-oxide ratio = 5-6%), longer soaking
time and higher H,SO,4 concentrations during formation (1.20-1.25 rel. dens.)
shorten the first stage of formation (<2h) [19], and the amount of B-PbO, in the
PAM exceeds several times that of the «-PbO, modification. Under the above

PbSO, > Pb% +SO%

Pb2* = Pb* +26 H,SO,
SoF ;?n H,S0,

@ Pb* + 2H,0 = [ PbO, | +4H*

\4

2H*
T H,0 g
H,0
@ 2H,0 o 20H" +2H*
’ | 2H*
@ 20H"=( % 0, + | H0 +2e” plate solution

v

Fig. 3.15. Electrochemical and chemical reactions during second stage of formation [19].
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conditions, the formation of PbSO,4 on the plate surface is not always complete and
there are white regions in the plates, which are not fully formed. The reason for this
lies in the development of a thick layer of large PbSO, crystals, which are oxidized to
PbO; only during the first charge—discharge cycles.

The distribution of the a-PbO» and B-PbO» phases through the cross-section of the
plate depends on the local pH of the solution that fills the pores of the reaction layer.
It has been established that $-PbO, predominates in the outer layers of the plate,
whereas a-PbO, is found mostly in the plate core [19-27]. It has also been found that
high pH values are created as a result of transport difficulties that affect the flow of
H,SO, into the interior of the plate. The transport of H,SO4 may be impeded as a
result of the formation of a dense layer of PbSO, crystals that covers the plate
surface or a high PbO content and a high density of the cured paste, low formation
H,SO, concentration, considerable plate thickness, etc. [19,26,27]. In general, the
distribution of a-PbO, and B-PbO, depends on the conditions of paste preparation,
of soaking and of formation of the plates.

3.3.3. Zonal processes during formation of PAM from 3BS-cured pastes

Lead oxides and basic lead sulfates are white or yellow in colour, whereas PbO, is
dark brown or black. This difference in colour allows the formed and unformed
zones in the plate to be clearly distinguished. Photographs of the cross-section of the
plate during different stages of formation in H>,SO4 of 1.15 rel. dens. are shown in
Fig. 3.16. Since the lead grid is the only electronic conductor in the plate, the growth
of PbO, starts at the grid bars and can be clearly seen as a dark-brown zone. Phase
analysis shows that this zone consists of PbO, and PbSO, crystals. During
formation, the PbO, 4+ PbSO, zone grows first in the interior of the plate. White
zones of PbSO, crystals, which are formed on both surfaces of the plate during
the soaking step and during the first formation stage, grow into the plate core. The
PbO, + PbSO, zones of two adjacent grid bars advance towards each other until they
coalesce, and then the zone grows towards the surface of the plate, whereby PbSO,
is oxidized to B-PbO.,. As at this stage of formation, the electrode potential is highly
positive (Fig. 3.13), the PbSO,4 formed in the interior of the plate during the first
stage is also oxidized to B-PbO,. The direction of the growth of the PbO, + PbSOy4
zone is determined by the transport hindrances that affect H* and SO3~ ion flows
and of water transfer between the reaction layer and the bulk of the electrolyte, as
well as by the paste composition and the formation current density [21].

The influence of paste composition on the direction of growth of the
PbO, 4+ PbSOy4 zones is shown in Fig. 3.17 [4]. The data are for cross-sections of
partially formed plates prepared with pastes containing 0, 2, 4, 6, 8, 10, and 12%
H,SO,. Examinations have been carried out after 8 h of formation of 12-Ah battery
plates. In all cases, formation starts at the grid bars and the growth of the zones
depends on the amount of H,SO, in the paste. If the paste is prepared with water
alone (i.e., 0% H,SO,), the zones advance initially along the surface of the plate and
then into its interior. With pastes containing more than 8% H,SOy,, the growth of the
zones proceeds in the reverse direction. On formation of pastes prepared with 2-6%
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Fig. 3.16. Cross-sections through plate at various stages of formation in 1.15 rel. dens. H,SOj,.
Dark regions are PbO, + PbSO,4 zones [19,20]. Plate thickness is 1.8 mm. This is a vertical
cross-section of the plate.

H,SO,, the growth may follow different patterns as dictated by the acid-to-oxide
ratio in the paste and the density of the formation current [21]. Hence, the phase
composition of the active mass (a-PbO, or B-PbO,) will differ for the different
regions within the cross-section of the plate and will depend on the direction of
PbO, + PbSO, zone growth during formation [20].

Zonal processes are slow processes. They are responsible for the long duration
of plate formation. Hence, it is important to find methods to by-pass the zonal
processes. In order to accelerate the formation of positive plates, some conductive
additives have been added to the positive pastes [28]. These additives increase
the conductivity of the cured paste and formation proceeds almost uniformly
throughout the whole plate volume as the electric current flows along the conductive
additive network. The additives should be chemically stable in H>,SO,4 solution.
Data have been reported about successful attempts to reduce the duration of the
formation procedure to 8 h.
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Fig. 3.17. PbO,+ PbSO, zones in partially formed plates prepared with pastes of different
acid-to-oxide ratios (%) [4]. Plate thickness is 1.8 mm. This is a vertical cross-section of
the plate.

Conductive additives that are commonly used are as follows:

(i)
(i)

(iif)

(iv)

Carbon, anisotropic graphite, graphite.

Conductive polymers, i.e., polyaniline, polypyrrole, polyparaphenylene, and
polyacetylene, in the form of powders or fibres. These polymers are added to
the positive paste. The maximum amounts of these additives should not exceed
a few percent. To date, there are no data that indicates wide application of
these polymers by the battery industry.

Glass fibres coated with SnO, have been developed and used in lead—acid
battery positive plates with the aim to improve the process of plate formation
and the performance of the plate.

Barium plumbate is a relatively stable conductive ceramic having the
perovskite structure. Addition of this material to PAM [29-31] improves
significantly the formation efficiency.
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(v) Lead dioxide or red lead (25-50%) are widely used by many major battery
manufacturers. When H,SO, is added to red lead the following reaction
proceeds:

Pb;04 + 2H,SO4 — 2PbSO4 + B'PbOQ + 2H,0 (316)

B-PbO,, when present in sufficient amounts, may suppress the zonal processes and
thus improve substantially the efficiency of the formation process. This can be
achieved, however, only if the leady oxide does not contain too much lead. In this
case, the following reaction proceeds:

Pb + PbO, + 2H,SO4 — 2PbSO, + 2H,0 (3.17)

and the role of Pb3O4 as an additive that suppresses the zonal processes is eliminated.
The various types of positive-plate additives and their effect are discussed in detail
in Chapter 4.

3.34. B-PbO,:a-PbO; ratio and its effect on capacity of positive plates

Based on the processes that occur during the two formation stages and taking into
account that a-PbO, is formed in weak acidic to alkaline media, whereas B-PbO, is
formed in acidic media, the following overall equation for the B-PbO,:a-PbO, ratio
in the active mass at the end of the formation process has been proposed [19]:

B-PbO,:0-PbO, = (ng504+qll’b504+q%’b0) - (Appo — q%’bSO4 — Appo) (3.18)

where qopbso4 is the initial quantity of PbSQOy, in the basic lead sulfates; q11>b504 is the
amount of PbSO, produced during soaking and the first formation stage; qpyo is the
amount of PbO transformed into f-PbO,, a process which may proceed at the end of
the first formation stage; qpyo is the total initial amount of PbO (free and bonded in
basic lead sulfates).

Many scientists have investigated the influence of the B-PbO,:a-PbO, ratio on the
capacity of plates [22,25,26,32,33]. It has been established that this ratio does indeed
affect capacity, but there is no direct correlation, as demonstrated by the following
experiments [34]. Two series of plates were produced using pastes with the same
acid-to-oxide ratio in the range 0-12%, but mixed at two different temperatures,
namely, 30°C to yield 3BS crystals and 80°C to facilitate the formation of 4BS
crystals. Note, 3BS and 4BS pastes form different PAM structures. If the capacity
were determined directly by the B-PbO,:a-PbO, ratio, then both series of plates
should have the same capacity determined only by this ratio. The ratio as a function
of the acid-to-oxide ratio in the paste is presented in Fig. 3.18. It can be seen that the
B-Pb0O,:a-PbO, ratio is the same for the two series of plates when the acid-to-oxide
ratio in the paste is up to 8%. The dependence of the capacity of the plates during
the second cycle on discharge at 0.7 A or 42 A as a function of the acid-to-oxide ratio
is given in Fig. 3.19. The capacity of the plates increases at both discharge currents.
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Fig. 3.18. Experimentally determined B-PbO,:a-PbO, ratio as a function of acid-to-oxide
ratio in paste [34].

(a) 1, = 0.7A

20

15

=
o

(b) I, =424 |

Capacity / Ah

0 1 1 L i 1

0 2 4 6 8 10 12
H,S0, | wt%
Fig. 3.19. Capacity of positive plates at second charge—discharge cycle as a function of acid-
to-oxide ratio in paste [34].
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Moreover, the higher the discharge current, the weaker is the dependence of the plate
capacity on the B-PbO,:a-PbO, ratio.

A comparison of the data in Figs. 3.18 and 3.19 shows that although the
B-PbO,:a-PbO; ratio for a given acid-to-oxide ratio is the same, the active mass
prepared from pastes containing 3BS yields a higher capacity than plates produced
with 4BS pastes. Thus, the capacity of the active mass depends not only on the ratio
between the two PbO, modifications in PAM, but also, and much more so, on the
type and structure of the PAM that are determined by the type of basic lead sulfates
in the paste subjected to formation. Hence, the capacity of the positive plate
is determined by the structure of the active mass and the relative proportions of
B-PbO, and a-PbO».

3.3.5. Structure of PAM

The structure of the PAM obtained during formation of the plates has been studied
through scanning electron microscopy and a model for this structure has been
proposed, see Fig. 3.20 [35-37]. The following two structural levels can be
distinguished.

(1) Microstructural level. The smallest building element of the PAM structure is
the PbO, particle. A certain number of PbO, particles interconnect into
agglomerates. In some cases (usually after cycling of the battery), these
agglomerates contain micro-pores between the particles. In other cases,
the particles have coalesced and only the boundaries between them are
distinguished at high magnifications (> 30000 X). At this microstructural level,
the electrochemical reaction of discharge proceeds. This level determines the
active surface-area of the PAM.

(1) Macrostructural level. A huge number of agglomerates, and in some cases
individual particles, interconnect to form aggregates or a porous mass. Micro-
pores are formed between the agglomerates that constitute the aggregate.
Thus, the aggregate has the nature of a microporous structure. Aggregates
interconnect to form a ‘skeleton’, which is connected to the grid through an
interface. Macro-pores are formed between the aggregates and allow H™ and

Macropores

Micropores

Aggregates Skeleton

Particles Agglomerates (branches)

Fig. 3.20. Schematic of basic structural elements of PAM [38].
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SO~ ions and water to move between the plate interior and the bulk of the
electrolyte. Thus, the macrostructural level provides the main transport system
in the PAM.

The type of macrostructure that will be formed in the PAM depends on the size of
the crystals in the cured paste. Crystals and particles of 3BS, 4BS, PbO, and PbSOy4
are converted into aggregates and agglomerates, which build up the macrostructure
of the PAM. It should be noted that 3BS and 4BS crystals, as well as PbO particles,
vary in size. Three different types of macrostructures are formed, as follows.

(i) Skeleton. When the cured paste contains large particles (>10pum), the
macrostructure has a pronounced skeleton appearance. This is best manifested
in PAM obtained from the formation of 4BS pastes. An electron micrograph
of a cured paste with 4BS crystals and the active mass obtained from these
paste is shown in Fig. 3.21(a) and (b), respectively. During formation, the
shape of the 4BS crystals is transferred to the aggregates, which interconnect
into a skeleton. On cycling of the plates, the skeleton undergoes evolution
and the well-shaped aggregates visible in Fig. 3.21(b) gradually change in
appearance. The shape of the skeleton is now determined by the charge and
discharge current algorithms, but the micro- and macrostructural levels and
their functions are preserved.

(1)) Porous mass. When the cured paste contains small particles (<1.5 pm) that
are chaotically interconnected, a porous mass is formed (Fig. 3.22). This
type of macrostructure lacks the pronounced skeleton structure that features
aggregates with macro-pores in-between. The basic building elements of this
type of macrostructure are the agglomerates of interconnected particles. The
3BS particles are small in size (1-2pm long, 0.3-0.8 um wide). They are

Fig. 3.21. Scanning electron micrographs of structure of (a) cured paste and (b) PAM
obtained from 4BS pastes. PAM skeleton built up of interconnected aggregates obtained from
oxidation of 4BS crystals [17].
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Fig. 3.22. Scanning electron micrographs of cured paste produced from 3BS particles.
Chaotically interconnected 3BS crystals form a porous mass.

(iif)

grouped fairly chaotically during paste preparation and curing and are
converted into a porous mass during formation. An electron micrograph of
the positive PbO, mass obtained by formation of a 3BS paste is presented
in Fig. 3.23(a) [38]. The agglomerates, which are tightly interconnected with
macro-pores in-between, are shown in Fig. 3.23(b) and the agglomerate and
the constituent particles and nuclei in Fig. 3.23(c). It can be clearly seen that
this type of structure creates a large contact surface between the agglomerates
and the solution in the pores of the PAM. On cycling of the plates, the macro-
structure of the PAM formed from 3BS pastes also undergoes evolution [38].
Mixed macrostructure. This comprises zones with skeleton structure and
porous mass zones. Such a macrostructure is observed in the PAM obtained
from cured pastes that have experienced prolonged soaking or on formation of
pastes containing both 4BS and 3BS crystals.

3.3.6. Gel-crystal forms of PbO; particles

From electron micrographs of PbO, particles which are interconnected in
agglomerates (Fig. 3.23 and 3.24), the following types of particles can be
distinguished:

Spherical or egg-shaped particles as if obtained from a liquid phase (Fig. 3.23(c)
and Fig. 3.24(a,b)), in which PbO, particles have coalesced into small
agglomerates (Fig. 3.24(a)) or into individual particles with good contact
between them (Fig. 3.24(Db)).

PbO, crystal particles, which are relatively small in size but are in contact with
each other (Fig. 3.24(c)), or large crystallites with well-shaped faces, apexes, and
edges. Some of the crystallites have partially built faces of prismatic form. These
forms are a result of metasomatic oxidation of undissolved parts of the PbSO,
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Fig. 3.23. Scanning electron micrographs of PAM obtained from 3BS pastes: (a) porous
PAM; (b) agglomerate structure of macroporous mass; (c) agglomerate comprising particles of
various shapes [38].

crystals, which have converted into PbO, during charge. Several small particles
exhibit heterogeneous structures (Fig. 3.24(d)). The contact surface-area between
these particles is not so large.

e Needle-like particles, possibly with a common base (Fig. 3.24(e)), or individual
needle-like particles possibly with contacts between them (Fig. 3.24(f)).

The following question arises: Are the particles homogeneous in material and phase
composition? The answer is provided by the images obtained by means of
transmission electron microscopy, see Fig. 3.25 [39]. The patchy appearance of
the image contrast suggests some degree of heterogeneous structure. Hence, the
PbO, particles consist of zones of different composition.

A transmission electron micrograph and a diagrammatic representation of
the phase composition (determined by electron diffraction analysis) of a particle of
formed PAM are presented in Fig. 3.26. The electron diffraction analysis
demonstrates the predominance of zones with B-PbO, structure in the middle part
of the particle. By contrast, the uppermost and bottom parts, which are far more
electron-transparent, have an amorphous structure. A PbSO,4 nucleus is also detected
in the bottom part near the amorphous zone.
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(a) (b)

=xm s

Fig. 3.24. Scanning electron micrographs of PbO, particles of various shapes formed during
plate formation and cycling [38].

It has been established, through XRD analysis, that the average dimensions of
PbO, crystals in PAM are between 45 and 60nm [39—41]. The micrographs in
Figs. 3.25 and 3.26 show that the size of some PbO, particles exceeds 100 nm.

It is to be expected that the amorphous zones are strongly hydrated. To verify
this conjecture, PbO, particles have been subjected to heating inside a scanning
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m— (.05 um
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Fig. 3.25. Transmission electron micrograph of PbO, particles. The particles have a

non-homogeneous composition [39].

(.05 pm ‘

Zone # Interplanar distance (d), ,; Phase
. 3.51 B-PbO;
3.33 PbS04
2 2.81 B-PbO;
3 3.33; 3.00; 1.64 PbSO4
4 3.50; 1.75; 1.86; 2.23 B-PbO;
5 2.80; 1.09 B-PBO;
6 3.50; 2.22 B-PbO;
A Amorphous structure

Fig. 3.26. Transmission electron micrograph of a PbO, particle and distribution of structural

zones as determined through electron diffraction analysis [39].
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Fig. 3.27. Transmission electron micrographs of PbO, particles: (a) before and (b) after
heating inside microscope [42].

electron microscope. Micrographs of particles prior to and after heating are
presented in Fig. 3.27 [42]. The small particle contains only a small amorphous
zone; the longer one contains several amorphous zones (Fig. 3.27 (a)). When
heated at 100°C for 20min, the long particle boils for a short time and water
evaporates from inside the particle. The material is concentrated in several zones
which are mainly around the crystal part of the particle (Fig. 3.27(b)). Empty
zones (voids) also appear. It follows then that the lighter zones in the particle
are hydrated and are of an amorphous nature. These regions are referred to as
‘gel zones’.

3.3.7.  Mechanism of formation of PbO, particles

Studies with X-ray photoelectron spectroscopy have found that the formed PAM
contains 34% OH groups when obtained from 3BS pastes and 31% OH groups
when the PAM is formed from 4BS pastes [39]. Hydrothermogravimetric analysis
has shown that in the temperature range from 260 to 450°C, water evaporates from
the PAM at 0.00323cm’g~' PAM [43].

The finding that there are hydrated zones in the PbO, particles has
allowed the following mechanism for the formation of PbO, particles to be
proposed [37,39]:

Pb** + 4H,0 — Pb(OH), + 4H* (3.19)

Pb(OH), has a sol character, i.c., it dehydrates partially as a result of which gel
particles are formed:

nPb(OH), — [PbO(OH),], + nH,O (3.20)
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[PbO(OH),],, represents a gel particle. Further dehydration takes place and PbO,
crystallites and crystal zones are formed in the particles or in particles that have
coalesced into agglomerates.

[PbO(OH),], < [k(PbO,) + (n — k)PbO(OH),] + kH,O (3.21)
crystal zone gel zone

Hydrated zones exchange ions with the solution. Hence, the lead dioxide particle is
an open system [39,42]. PbO(OH), may also be represented by the formula H,PbOs.
Thus, both OH™ and H™ ions in the gel zones are in equilibrium with the anions and
cations of the solution, which facilitates the discharge reaction [44]. It has been
established that the crystallites which build up the crystal zones of the formed PAM
particles are sized between 25 and 40 nm, whereas the size of the particles themselves
varies from 50nm to about 150nm, and a single particle may contain several
crystallites [38]. These particle sizes give a specific surface-area of 5-7m?g~' PAM.

When the size of the crystal zones substantially exceeds that of gel zones, the
particles have a recognizable crystal habit (Fig. 3.24(c,d)). If the gel zones occupy a
relatively thick layer on the surface of the particles, the latter have rounded shape
(Fig. 3.23(c), Fig. 3.24(a,b)). When, however, the particles are completely hydrated
(which is usually the case with small particles Fig. 3.23(c)), the shape is drop-like or
egg-like. It has been found that there is equilibrium between gel zones and crystal
zones, and this equilibrium depends on the temperature, the types of ion in the
solution [42], and the alloying additives used. Antimony increases the share of gel
zones to about 30% [45]. As PbO, particles are an open system, an ion-exchange
may proceed between the solution outside the particles and their hydrated zones.
This suggests that PbO, particles resemble biological cells in their behaviour. The
crystal zones of a-PbO, and B-PbO, particles have the nature of degenerate semi-
conductors and are characterized by high electroconductivity (~10*Q~'cm™") [46].
Hydrated zones have proton (H™) conductivity.

The reaction of discharge involves both electrons and protons (eqns. (3.9) and
(3.10)). When these two types of charged particles reach a given point in the gel zone
of the lead dioxide particle simultaneously, the discharge reaction proceeds. This
may happen most readily at the boundary between crystal and hydrated zones.
When the PAM is composed only of PbO, crystals, it will have high electron
conductivity but low proton conductivity. The capacity of the plate will be low [47].
By contrast, if the PAM is composed of gel alone, it will exhibit high proton
conductivity, but low electron conductivity. Again, the plate capacity will be low.
If the PAM is a gel-crystal system, electron and proton conductivities will both be
high, as will the plate capacity [47,48].

3.3.8. Formation of pore system in PAM and its functions
One of the requirements for metasomatic transformations is that the volume changes

between the host and metasomate are minimal. The changes during formation of
PbO, from several lead compounds contained in the cured paste are listed in
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Table 3.1. Volume changes during formation of PbO, [15].

Compound Moles of PbO, per AV* (cm®) % AV* per
mole of compound Pb atom
PbSO, 1 —23.12 —48.12
B-PbO 1 1.69 7.18
a-PbO 1 0.96 4.02
Pbs04 3 —0.72 —2.81
PbO-PbSO, 2 —12.66 —33.77
3PbO-PbSO4-H,O 4 —13.00 —34.00
4PbO-PbSO, 5 —4.51 —15.38

AV* is volume change upon conversion to -PbO, per gram atom of Pb in compound.

Table 3.1 [15]. The volume of the particles increases during the oxidation of PbO
to B-PbO,, and decreases during the oxidation of PbSO,4 and basic lead sulfates
to PbO,. Thus, the overall volume change of the crystals will depend on the phase
composition of the paste.

The changes in porosity of pastes, prepared with 6% H,SO4 at 30°C and
containing 3BS during formation at a current density of 2mA cm ™2 are presented in
Fig. 3.28 [4]. The porograms for the surface layers and for the interior of the plate are
plotted and compared with those for an unformed plate. The paste in the interior of
the plate is hydrated, which accounts for the pore volume being smaller than that of
the unformed plate. During the first formation stage (12 Ah, 18 Ah), the average pore
radius remains virtually unchanged; the number of fine pores increases whilst that
of large pores decreases. The total volume of the pores decreases, which shows that
sulfation and hydration processes have a predominant effect on pore volume. The
PbSO, is formed in two reaction layers. During the second stage (28 Ah, 60 Ah),
PbS0O, is oxidized to PbO, and the average radius of the pores increases from 0.15
to 0.80-1.00 pm, whereas the total pore volume of the active mass increases from
0.065 to 0.085cm> g~! PAM.

The data in Table 3.1 show that oxidation of PbO to PbO, leads to an increase of
4-7% in the volume of the solid phase. By contrast, oxidation of basic lead sulfates
to PbO, causes shrinkage of the solid phase volume by 15-34%. Thus, plates
containing only basic lead sulfates may have cracks after formation. To reduce such
cracking, the paste should contain PbO and basic lead sulfates in an appropriate
ratio.

The pore volume and pore surface-area as a function of pore radius for an active
mass formed from 3BS paste on lead—antimony grids are presented in Fig. 3.29(a)
and (b), respectively. The pore volume begins to rise at a pore radius of 1 pm and the
surface area at a pore radius of 0.1 um. Pores with 0.1 um radius have a specific pore
volume of 0.065cm® g~', which is about 62% of the total pore volume. The surface
area of the pores of this same size is only 6% of the total surface-area of the PAM.
These results demonstrate that the macrostructure of the PAM is basically built up
of pores with radii larger than ~0.1 pm (macro-pores), and these pores serve as the
main transport system for the flows of ions and H,O between the bulk of the solution
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(a) 12 Ah

Cumulative pore volume / cm?® g x 102
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Fig. 3.28. Changes in total pore volume and pore-size distribution by radius for 3BS paste
and active mass during formation with current density of 2mA cm™% (@) unformed plate;
(0) plate surface; (OJ) plate interior [4].

and the aggregates inside the plate. Pores with radii smaller than ~0.1 um (micro-
pores) are located in the interior of the aggregates between the agglomerates. The
electrochemical processes of discharge take place on the surfaces of these small
‘reaction pores’ [36].

The pore volume and surface-area distribution vs. pore radius for PAM formed
from pastes with various phase compositions and densities are given in Fig. 3.30 [36].
The curves for chemically prepared PbO, are also provided for comparison. When
the PAM is obtained by formation of basic lead sulfate pastes, the pore volume
grows gradually within a wide range of radii (0.05-1.2 um). For chemically prepared
PbO,, the total pore volume attains its limiting value within a very narrow range of
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Fig. 3.29. Pore volume and pore surface-area distribution for PAM formed from 3BS paste.
Pore radius of ~0.1 um is assumed to be the limit between micro- and macro- (transport)
pores [36].

radii. A steep rise in the surface-area curve for PAM prepared from basic lead sulfate
pastes is observed for pore radii smaller than 0.5—0.1 um. In the case of chemical
PbO,, this rise starts at radii ten times smaller (0.01 um). Both the pore volume and
the surface area are strongly dependent on the phase composition and density of the
paste. These experiments suggest that the porosity of the PAM can be controlled
through the phase composition and the density of the initial paste.

The boundary between micro- and macro-pores in Fig. 3.30 is marked by an
arrow on the porograms. The surface area of the PAM is determined mainly by
the surface of the micro-pores; the contribution from the macro-pores is negligible.
Hence, the boundary between the macro-pores and the micro-pores is determined
by the pore radius from which the PAM surface-area starts to increase rapidly
(Fig. 30(b)). As the agglomerates and particles that surround the micro-pores differ
in size for PAMs obtained from different pastes, the macro-pore|micro-pore
boundary varies between 0.05 and 0.2 pm (Fig. 30(b)). In the literature, it is often
assumed that the boundary micro-pore radius has an average value of ~0.1 pm. The
correlation between the total pore volume (V/,) and the micro-pore volume (V,,;,) and
the capacity of the plate at the fifth cycle is given in Fig. 3.31 [36]. The capacity
increases with increase in the total pore volume and does not depend on the volume
of micro-pores. The difference V', — V', gives the volume of the transport pores.
Hence, the volume of the transport pores is the capacity-limiting parameter for
positive plates with lead—antimony grids.
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Fig. 3.32. Plate capacity as a function of BET surface-area for PAM prepared from pastes
with various phase compositions [36].

The capacity of plates with lead—antimony grids and different phase composition
and density of the pastes as a function of the BET surface-area of the PAM (at the
fifth cycle) is shown in Fig. 3.32 [36]. In general, the plate capacity increases with
increase in BET surface-area. Several plates have comparatively low BET surface-
area but high capacity. Hence, the BET surface-area of the PAM is not the sole
parameter that determines plate capacity.

The above porosity, BET surface-area, and capacity measurements have been
carried out at the fifth cycle, i.e., when the structure of the PAM is determined by the
formation process. On further cycling, the PAM structure undergoes changes, as a
result of which one or more of the above parameters may become capacity-limiting.

3.3.9. Influence of basic lead sulfates on cycle-life of positive plates

The dependencies of the phase composition of the paste and the cycle-life of the
positive plates on the acid-to-oxide ratio used for paste preparation are presented
in Fig. 3.33 [34]. The relative intensities of the characteristic diffraction lines for the
different phases in pastes prepared using different acid-to-oxide ratios are shown in
Fig. 3.33 (a) and (b). The sulfation of the pastes increases with increase in acid content.

(i) Pastes prepared at 30°C (Fig. 3.33(a)). 3BS is the main basic lead sulfate formed
in the paste when acid-to-oxide ratios of up to 10% are used. At ratios above
8%, 1BS appears in the paste and its amount increases with increase in the
ratio. When the acid-to-oxide ratio is above 10%, the amount of 3BS in the
paste decreases at the expense of an increase in 1BS. Pastes prepared with
acid-to-oxide ratios between 1 and 8% contain B-PbO as well.

(ii) Pastes prepared at 80°C (Fig. 3.33(b)). Hydrated 4BS (4PbO-PbSOy-
xH,0 =4BS-xH,»0) is formed in pastes at acid-to-oxide ratios between 1 and
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Fig. 3.33. (a), (b) Phase composition of pastes prepared with different amounts of acid at
30 and 80°C; (c), (d) Changes in Cy capacity of 12-V/42-Ah automotive batteries with positive
plates produced from 3BS, 4BS, and 1BS pastes (depending on acid strength and
preparation temperature) on cycling at 50% DoD. The battery capacity is limited by the
positive plates [34].

8%; the maximum amount of 4BS-xH-O is detected at ratios between 4 and
6%. At higher acid contents in the paste, the amount of 4BS-xH,O decreases
abruptly at the expense of the formation of 3BS. The quantity of the latter
phase increases with acid-to-oxide ratios up to 10%, and decreases thereafter.
The pastes prepared with acid-to-oxide ratios above 8% also contain 1BS,
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which gradually increases with ratios up to 12%. B-PbO is also formed in the
pastes at ratios between 1 and 8% (Fig. 3.33(b)).

A study has been made of the effect of the above basic lead sulfates formed in the
PAM on the cycle-life of 12-V/42-Ah batteries. In order to allow the PAM structure
to manifest fully its influence, the batteries were cycled with no compression applied,
i.e., the PAM was allowed to expand freely on cycling. The results, presented in
Fig. 3.33(c) and (d), demonstrate clearly the marked effect of paste composition on
the cycle-life performance of the positive plates.

During cycling, the positive plates retain ‘a memory’ of the pastes used for their
production. The positive plates produced with pastes without H,SO, yield less than
60% of the rated capacity but have a long cycle-life. By contrast, plates with an
acid-to-oxide ratio of 8-12% have high initial capacity but poor cycle-life due
to shedding of the positive active-material. The 1BS crystals are thin and elongated
in shape and they produce a weak skeleton, which disintegrates rapidly on cycling
(Fig. 3.33). These crystals are formed on soaking 3BS pastes, though in small
amounts (Fig. 3.6), and they adversely affect battery cycle-life.

Batteries produced with pastes containing 4BS (4-6% H,SO,4 at 80°C) exhibit
the longest cycle-life. The initial capacity of these batteries is, however, lower than
that of their 3BS counterparts. These results reflect the effect of the PAM structure
on the performance of the battery. It is true that the PAM structure changes
substantially on cycling, but the initial structure formed during formation is of
utmost importance. This structure affects the conversion of one type of porous mass
or skeleton to another on cycling.

In positive-plate manufacture, 3BS and 4BS phases are never used alone. They are
always in combination with PbO, which improves the connection between the basic
lead sulfate crystals and hence facilitates the formation of a mechanically strong
porous mass or skeleton. The ratio between the basic lead sulfates and the PbO in the
pastes exerts an influence on the initial capacity and the cycle-life performance of
the battery, namely the higher the PbO content in the paste, the lower is the initial
capacity of the positive plates (Fig. 3.33).

When the leady oxide used for 3BS paste preparation has a degree of oxidation
of 80-84%, the acid-to-oxide ratio is low (4%), the soaking step is short and the
formation of the plates is conducted in H,SOy4 solutions with relative density below
1.10, the degree of sulfation of the paste is low and the first formation stage is long.
The PAM obtained is intact (no cracks are observed) and the degree of formation is
70-75% PbO,. A great amount of PbO remains unoxidized because of the formation
of a porous mass rather than a skeleton and part of this mass is encapsulated by the
PbO, layer formed on its surface. The initial capacity of the formed plates is 75-80%
of the rated value and about 4-10 cycles are required to reach 100%. Usually, such
plates have relatively long cycle-life.

When 3BS pastes are prepared using a leady oxide with 80% oxidation, an
acid-to-oxide ratio of 6%, a relatively long soaking step and formation in H,SO,4
of 1.15 rel. dens. or higher, the first formation stage is relatively short and the
degree of formation is 90-92% PbO,. The initial capacity of the plates is about
100% of the rated value. The PAM macrostructure formed during the first
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formation stage is not particularly strong, which leads to a gradual decline in
capacity on cycling.

3.3.10. Formation of plates prepared with 4BS-cured pastes

The size of 4BS crystals varies from 10 to 100 um in length and from 2 to 15 um in
diameter. The changes in the phase and the chemical compositions of the plate on the
formation of 4BS pastes are illustrated in Fig. 3.34 [49]. Within 20 h of formation,
70% of the paste has been converted into PbO, (Fig. 3.34(b)). The remaining
unformed 4BS crystals can be easily identified by immersing a piece of PAM in
a mixture of H,O,+ HNOj5. PbO, dissolves in this solution and the remaining
core consists of 4BS and PbSO, phases, as confirmed by the XRD data. A scanning
electron micrograph of the plate core is presented in Fig. 3.35 [49]; the circles mark
the remnants of unformed 4BS in the interior of particles.

As mentioned above in Section 3.2.4, only a superficial layer of 4BS crystals
(1-2 pm thick) is sulfated during the soaking procedure. Further sulfation stops there-
after. If the diameter of 4BS crystals is kept constant (at about 10 um), the length
does not influence the efficiency of the formation process [9]. In fact, the formation
efficiency depends very strongly on the diameter of the 4BS crystals [9,12,49].
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Fig. 3.34. Changes in (a) phase and (b) chemical composition of 4BS pastes during active-
mass formation. Maximum degree of formation is 70% at 30 h [49].
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Fig. 3.35. Scanning electron micrograph of non-formed parts of 4BS crystals in interior of
PbO, agglomerates after 30h of formation. PbO, is dissolved in H,O,+ HNO;. X-ray
diffraction analysis shows presence of PbSO,4 crystals. Magnification bar =1 pm [49].

The formation of 4BS crystals is influenced by the conditions of soaking, which
determine the thickness of the PbSO, layer that forms on the 4BS crystals. The stages
of formation of a partially sulfated 4BS crystal (short soaking period) are shown
schematically in Fig. 3.36 [12]. First, the superficial PbSOy4 layer is oxidized to PbO,
(Fig. 3.36(b)). As a result of the electrochemical and chemical reactions involved
in formation of the latter compound, H,SOy is formed, which reacts partially with
the 4BS crystals to produce more PbSO, and part of it leaves the crystals.
Consequently, a layer of (4BS + PbSO4) is formed in the crystal interior
(Fig. 3.36(c)). The unoxidized interior of the large 4BS crystals is easily dissolved
by treating the formed PAM with ammonium acetate solution at 80°C. The bivalent
compounds dissolve and only PbO, remains in the PAM. An electron micrograph
of a treated sample of PAM after 6h of formation is shown in Fig. 3.37. The
PbO, surface layer consists of small agglomerates with micro-pores in-between.
During formation, H,O and H" ions have to penetrate through these pores into
the interior of the aggregate and SO37~ ions have to escape. These flows have to
overcome some transport hindrances on their way. The data in Fig. 3.34 show
that formation of the remaining part of the 4BS crystals cannot be completed even
after 30 h of formation. lon transport difficulties are the reason for the low efficiency
of formation of the 4BS crystals. The interior of the aggregates is formed only after
5-10 deep discharge—charge cycles.

The time for formation of the 4BS crystals depends on their thickness. The latter,
in turn, is determined by the method of production of these crystals. The following
technologies for the production of 4BS-cured pastes have been put into practice.

(i) 4BS crystals are produced during plate curing [50]. This is the most common
method for 4BS paste production. The plates are subjected to steam treat-
ment for 2—4 h. During this period, the temperature of the plates rises to over
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Fig. 3.36. Schematic of formation of 4BS crystals to PbO, after short soaking period [12].

(i)

80°C and 3BS crystals are converted into 4BS crystals of irregular shape
(Fig. 3.38), with good connection between themselves and with the current-
collector. Formation of such pastes takes more than 48 h. This technology is
used for the production of all types of positive plates. If the time of steam
treatment is extended to 8-10h and the temperature of the plate is higher than
90°C, the resulting 4BS crystals are very thick and the formation of such pastes
requires several days. When this method is applied to the manufacture of
positive plates for stationary batteries, service lives of over 15 years are
achieved.

4BS crystals are obtained during paste preparation at temperatures higher
than 80°C [51]. This technology yields long, well-shaped, 4BS crystals with
a thickness that varies depending on the time of paste mixing and the
temperature of paste preparation. When the paste is mixed for 10-20 min, the
crystals are 2—4pum thick and require 20-30h for formation. The PAM



82 D. PAVLOV

Fig. 3.37. Electron micrographs of PbO, aggregates treated with ammonium acetate after 6 h
of formation. Inner parts of aggregates have dissolved to form channels. Magnification bar:
(a) 10 pm; (b) 1 um [49].

skeleton obtained is stable and well connected to the current-collector,
especially if combined with high-temperature curing (> 80°C) for 2 h.

(iii) Semi-suspension method [17]. This method is analogous to the one described
in (i) above, except for the fact that the 4BS crystals are obtained from a
semi-suspension (density =3.2-3.4cm’ g~!) instead of a paste at temperatures
higher than 80°C. After stirring of the semi-suspension for 10-20 min, the
excess water is evaporated under vacuum [52] until the desired paste density is
achieved. The 4BS crystals (15-25 um in length, 2—6 pm in diameter) obtained
by this method are hydrated and their formation is relatively easy (20-35h).
The resulting PAM skeleton is very stable and hence the cycle-life of the
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(b)

Fig. 3.38. Scanning electron micrographs of 4BS crystals formed during high-temperature
curing.

plates is long. Longer stirring of the semi-suspension yields larger 4BS
crystals (30-50 um in length). These pastes are suitable for the production of
long-life batteries.

(iv) 4BS crystals are obtained from a slurry of lead oxide in water to which H,SO,4
solution is added slowly in stoichiometric quantities with respect to the oxide.
The temperature of stirring is 80°C [15,53]. After filtration, the powder
obtained is heated to 55°C. The 4BS crystals thus produced are sized between
30 and 40 pm and formation requires 6—7 days with several charge—discharge
cycles. This method has been used for the production of cylindrical stationary
batteries for the AT&T company, with a service life of over 20 years.

Selection of a particular method for the production of 4BS pastes depends on the
type of battery application, the time of plate formation and the planned service life
of the battery. 4BS pastes are gaining an ever-increasing share in the production of
positive plates for lead—acid batteries.

3.3.11. Influence of current-collector surface on formation of
PbSO, crystals at grid—PAM interface

It has been established that on cycling of tubular positive plates with die-cut strap
grids (SGTP) or of positive plates with expanded grids with flat ribs, a rapid capacity
loss is observed (the PCL-1 effect, see Section 2.3, Chapter 2 and Chapter 9) [54].
The reason for this capacity loss is the formation of groups of PbSO, crystals in
the layer of the PAM that contacts the current-collector (Fig. 3.39). These PbSO,4
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(b)

Fig. 3.39. Scanning electron micrographs of groups of PbSO, crystals formed in layer close to
current-collector with smooth surface [54].

crystals are not oxidized to PbO, during charge. Hence, even though the PAM is in
good health, the plates have low capacity and power.

What is the cause of this phenomenon? The smooth metal surface encourages the
processes of discharge to proceed at a uniform rate in a layer close to the grid|PAM
interface, as a result of which large plate-like PbSO, crystals are formed in this layer
(Fig. 3.39). These crystals ‘eat up’ and interrupt the branches of the PAM skeleton
and consequently their number at the interface decreases, which impairs the contact
of the PAM with the current-collector. On battery charge, the PbSOy crystals are not
oxidized to PbO, because of the interrupted branches and the impeded transport of
H,SO, in the PAM [54].

A model for the grid|[PAM interface of a plate with a smooth metal surface is
presented in Fig. 3.40(a). Through roughening of the metal surface of rolled
Pb—-Sn—Ca or Pb—Ca grids (or straps), the formation of groups of plate-like PbSO,
crystals can be prevented (Fig. 3.40(b)). Such roughening can be achieved by various
techniques, as follows:

(1) Through mechanical treatment of the grid or strap current-collector.

(i) Through subjecting the battery to negative polarization for 3045 min before
formation [54]. As a result of this procedure, lead is deposited irregularly on the
smooth metal surface and hence causes roughening (Fig. 3.40(b)). After such
pre-treatment, the connections of the battery poles to the power source
terminals are reversed and formation proper starts. Test results for batteries
that have been formed with an algorithm which includes prior negative
polarization are given in Fig. 3.41. The capacity curve is similar to that for
batteries that use cast grids with rough surfaces.
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(a) Smooth surface (b) Rough surface

Corrosion layer PbSO, Corrosion layer PbSO,

Pb PbO,

Fig. 3.40. Models for current-collector surface profiles and PbSO, crystals formed on:
(a) smooth surface; (b) rough surface.
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Fig. 3.41. Capacity curves for strap grid tubular positive plates (SGTP): (a) cast strap grids
with smooth surface; (b) die-cut strap grids with smooth surface (PCL-1 effect); (c) die-cut
strap grids with rough surface obtained after reverse-current treatment prior to formation
proper [54].

3.4. Formation of Negative Plates
3.4.1. Thermodynamics of formation processes

The electrochemical reactions that proceed during formation of negative plates can
be represented by the following equations. Ej, represents the equilibrium potential
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for the reaction at 298.15K. All equilibrium potentials are referred to a standard
hydrogen electrode.

PbO +2¢~ + 2H" = Pb + H,0 (3.22)
Ep=0.248 — 0.059pH

3PbO - PbSOy - HyO + 8¢~ + 8H™ = 4Pb + H,S04 + 4H,0 (3.23)
Ey = 0.030 — 0.044pH — 0.007 In a0

PbO - PbSO, + 4e~+ 4H™ = 2Pb + H,0 + H,SO,

3.24
Ey, =—-0.113 - 0.029pH — 0.0151n asop- ( )
PbSO4 + 2¢™ + 2HT =Pb + H,SO4 395
Ep = —0.356 — 0.0291n asor- (3.25)
PbSO4 + 2¢~ +2H" = Pb + HSO; + H* (3.26)
Eyn=—0.302 — 0.029pH — 0.029 In aHso; ’
2HY+2¢” =H, (3.27)

Ey = —0.059pH — 0.029 In Pby,

It is generally assumed in electrochemistry that the standard potential of the
hydrogen electrode is equal to 0V at all temperatures. Hence, there is no numerical
term in eq. (3.27). On comparing the values of the numerical terms in eqns. (3.22)—
(3.27), it can be seen that after the reduction of PbO and 3BS, water decomposition
will start with the evolution of hydrogen. Due to kinetic limitations, however, this
does not actually occur. The hydrogen overpotential on lead electrodes is one of the
highest observed for different metals. Hence, 1BS and PbSOy are reduced to lead first
and then, on increase of the potential, the hydrogen reaction commences.

3.4.2.  Reactions during formation of negative plate

The changes in phase composition of negative plates (12 Ah) when formed in H,SOy4
of 1.05 rel. dens. at a current density of 5mA cm ™, after a 10-min soaking period,
are presented in Fig. 3.42 [55]. The XRD data show that the formation process can
be divided into two stages. During the first stage, the amounts of PbO and 3BS
decrease, whilst those of Pb and PbSO, increase. This suggests that PbO and 3BS are
partially reduced to Pb, and partially react with H,SO4 to form PbSO,. During the
second stage, the XRD lines for PbSO, indicate a decrease in the amount of PbSOy4
and an increase in Pb content.

Based on the above XRD data, a general scheme has been proposed for the
electrochemical and chemical reactions that proceed during the first formation stage
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Fig. 3.42. Changes in phase compositions of paste and active mass of negative plates during
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Fig. 3.43. Electrochemical and chemical reactions during first stage of formation of NAM
obtained from 3BS pastes [56].

[55,56]. These processes occur in a reaction layer. This reaction scheme for the
formation of Pb active mass from 3BS pastes is shown in Fig. 3.43. A similar scheme
for the reactions that proceed during the second formation stage is given in Fig. 3.44.

It can be seen from the above reaction schemes that during the first formation
stage Pb, PbSO,, and H,O are formed in the reaction layer, i.e., the latter has an
almost neutral pH. During the second stage, H,SO, is produced in the pores of the
plate and hence a Pb phase grows in this strongly acidic solution. It is well known
that Pb> " ions form different complexes, depending on the pH of the solution. In
neutral solutions, Pb(OH)* and Pb(OH), types of complexes are produced, whilst
in strongly acidic solutions, Pb** and PbSO,,, are present. The different lead



88 D. PAVLOV

v

SO +2H* —» | H,S0,

PbSO, <= Pb% + S0,
@ Pb% +2e- > | Pb

@ 2H,0 +2e-—» | H, | + 20H-

»
P

Fig. 3.44. Reactions during second stage of formation of NAM [56].

complexes may affect the electro-crystallization process of lead. This fact has
encouraged the notion that a ‘primary’ lead structure is created during the first
formation stage and a ‘secondary’ structure during the second stage.

3.4.3. Zonal processes

How do the formation processes proceed through the cross-section of the plate?
Photographs of the plate cross-section prior to formation as well as during different
stages of formation are presented in Fig. 3.45 [56]. Formation starts on the grid
surface. A grey zone is formed, which grows along the two surfaces of the plate.
According to the X-ray data, this zone is composed of Pb and PbSO,. After covering
the whole surface of the plate, the Pb + PbSO, zones grow towards the interior of the
plate until the entire cross-section is formed.

According to the reaction scheme in Fig. 3.43 , an exchange of H*, SO~ ions,
and H,O occurs between the bulk of electrolyte and the reaction layer located
between the Pb+PbSO, zone and the non-formed paste. The electrochemical
reaction Pb>" + 2¢~ — Pb decreases the concentration of the positive charges
in the reaction layer. The charges of OH™ and SOj7  ions in this layer remain
uncompensated. In order to preserve the electrical neutrality of the solution in the
reaction layer, H" ions must migrate from the bulk of the electrolyte into the
reaction layer and SO~ ions must move in the reverse direction. The rates of these
flows control the rate of the electrochemical reactions in the reaction layer. Since H™
ions are much more mobile than SOZ ™ ions, they will maintain the electric neutrality
of the reaction layer. The H" (and OH™ and SO,*7) ions experience the least
transport difficulties and hence pass along the shortest paths between the surface
layers of the plate and the bulk of electrolyte. Therefore, the Pb + PbSO,4 zones will
first grow in the plate surface layers and, after the plates are fully covered by the



FORMATION OF LEAD-ACID BATTERIES 89

Fig. 3.45. Photographs of cross-section of negative plate during formation: (a) prior to
formation; (b)—(d) during different formation stages, dark regions are Pb+ PbSO, zones;
(e) completely formed plate [56]. Plate thickness is 1.8 mm. This is a vertical cross-section of
the plate.

Pb + PbSO, zones, the latter will progress towards the interior of the paste. These
zonal processes are illustrated in Fig. 3.45.

The question arises as to when does the second stage of formation start? Does this
occur when PbO and 3BS in the plate are completely depleted, or does it begin
earlier? In an attempt to find the answer to this question, the changes in PbSO,
distribution throughout the cross-section of the plate during formation have been
followed by means of electron microprobe analysis [56]. These changes in PbSOy4
content after each 2h of formation are shown in Fig. 3.46. During the first 4h of
formation, PbSO, is formed only in the surface layers of the plate and the resulting
Pb+ PbSO4 zones grow towards the interior of the plate. After 6h, the PbSOy,
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Fig. 3.46. Changes in PbSOy distribution through cross-section of plate during formation [56].

content in the surface layers begins to decrease, i.e., the reaction PbSO, — Pb
proceeds, though the PbO and 3BS phases in the inner plate layers have not yet fully
reacted. This indicates that two reaction layers have formed — one in the interior
of the plate where Pb is produced as a result of the electrochemical reactions of PbO
and the reduction of 3BS (first stage), and a second reaction layer near the plate
surface where PbSQy is reduced to Pb. With time of formation, the first reaction
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layer disappears as the amounts of PbO and 3BS are exhausted, and the second
reaction layer grows towards the interior of the plate. Through model investigations,
it has been established that these phenomena are due to impeded transport (diffusion
and migration) of the H™ and SO3~ ions into the plate interior [57].

3.4.4. Structure of negative active mass

The morphology of the crystals in the Pb+PbSO, zone during the first stage
of negative-plate formation has been investigated by means of scanning electron
microscopy. An electron micrograph of the crystal structure of the Pb + PbSO,4 zone
is shown in Fig. 3.47 [55]. The PbSOy crystals exhibit miscellaneous morphology.
Part of the negative plate has been immersed in a boiling saturated solution of
ammonium acetate for 30 min to allow all divalent compounds to dissolve and leave
only the lead phase. The structure of this lead phase (Fig. 3.48) consists of a network
(skeleton) of bonded crystals of irregular shape. The length and width of the separate
branches is 3-10 and 2-5 um, respectively. If Figs. 3.47 and 3.48 are compared, it
becomes evident that the Pb + PbSO, zone is composed of a network of Pb crystals
that is covered with PbSOy, crystals.

The lead structure of a completely formed plate is presented in Fig. 3.49. Small,
dendrite-shaped lead crystals are formed from PbSO, during the second formation
stage. These crystals grow on the lead skeleton surface. Therefore, it can be assumed
that the negative active-mass (NAM) consists of a skeleton of primary lead crystals
that are bonded to each other and to the plate grid, and are covered with small
secondary lead crystals. The lead crystals in a completely charged plate, after 10
charge-discharge cycles at a current density of 5mA cm™2, are shown in Fig. 3.50.
A comparison between Figs. 3.49 and 3.50 shows that the overall appearance of
the lead crystals after cycling is different from that after formation. This difference
is due to the different H,SO,4 concentrations in which the lead crystals have been
formed during plate formation and cycling.

Fig. 3.47. Scanning electron micrograph of crystals within Pb 4+ PbSO, zone during first stage
of formation of negative plate [55].
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Fig. 3.48. Scanning electron micrograph of lead skeleton obtained during first formation
stage [55].

Fig. 3.49. Scanning electron micrograph of lead crystals in completely formed negative
plate [55].

The morphology of the crystals in the discharged active mass is shown in Fig. 3.51.
Densely packed PbSO4 crystals (1-4 um) are observed in the micrograph. The
morphology of the lead crystals located beneath has been determined after dissolving
the PbSO,4 in ammonium acetate solution. An electron micrograph of this lead sub-
structure is given in Fig. 3.52. A comparison of Figs. 3.48 and 3.52 reveals that the
lead structure obtained during the first formation stage has been but slightly affected
during charge—discharge cycling. The lead skeleton has a double function: it serves as
a current-collector for all parts of the active mass and provides mechanical support
to the lead crystals which participate in the current-generation process. It has been
established that the capacity of the plate is equivalent to the amount of electricity
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Fig. 3.50. Scanning electron micrograph of lead crystals in charged negative plate after 10
charge—discharge cycles [55].

Fig. 3.51. Morphology of crystals in fully discharged negative plate [55].

obtained during the oxidation of the secondary lead structure. Only 10-15% of
the lead skeleton structure participates in the current-generation process. Thus, the
secondary lead structure has been identified as the ‘energy providing’ structure.
During pasting of the grids, the paste is homogeneous in all parts of the plate.
During formation, however, the electrochemical processes occur in two stages. Due
to the different equilibrium potentials of the divalent lead compounds contained in
the paste, different products are formed during these processes. Micro-heterogeneity
is thus created by the occurrence of a primary and a secondary structure [55]. During
battery operation (charge—discharge cycling), these two structures play different
roles. It may be expected that the capacity, power, and cycle-life of the plate will
depend on the relative proportions of these structures. By keeping an optimum ratio
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between these two structures, it is possible to maintain stable operating parameters
of the negative plates.

The secondary structure of the negative plate builds up and disintegrates during
each charge—discharge cycle. On the other hand, the skeleton structure changes
slowly throughout the cycle-life of the battery. Hence, the primary structure created
during the first stage of formation constitutes the ‘memory’ for the technology of
negative-plate manufacture [55].

3.4.5. Evolution of pore structure of plate during formation

The changes in molar volume on conversion of one lead compound into another or
on reduction to Pb are given in Table 3.2 [15]. The molar volume increases during the
reactions of sulfation and decreases during the electrochemical reaction of reduction
of lead compounds to lead.

Fig. 3.52. Scanning electron micrograph of skeleton of discharged negative plate after
dissolving PbSOy, crystals [55].

Table 3.2. Volume changes during formation of lead [15].

Reaction Relative volume change with
respect to initial product (%)
Starting product End product
PbO Pb -23
3PbO-PbSO4-H,O +60
PbSO, + 100
3PbO-PbSO4-H,O Pb —52
PbSO, +23

PbSO, Pb —60
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Changes in pore-volume distribution by radius during formation of a negative
plate have been determined for both the surface layers and the interior of the plate.
The results are presented in Fig. 3.53 [56]. Prior to formation, the pore radii vary
between 0.1 and 0.3 um; after formation, they are in the range 0.6—4 pm. The two
stages of formation can be clearly distinguished by the behaviour of the porograms.
During the first formation stage (first 6 h), the total pore volume in the surface layers
of the plate decreases slightly. This indicates that the rate of the chemical reaction of
PbSO, formation is higher than that of the formation of Pb. After 8 h, the reaction
of Pb formation becomes dominating both in the surface layers and in the interior of
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the plate, whilst the rate of the reaction of paste sulfation decreases sharply or ceases
altogether as the 3BS and PbO phases become exhausted. The total pore volume
increases and so does the average pore radius after 10, 12, and 14h of formation
(Fig. 3.53).

3.4.6. Effect of expanders on NAM

The NAM contains some additives, i.e., 0.2-2.0 wt.% BaSO,4 (most often 0.8 wt.%),
0.2-0.3 wt.% carbon, and 0.2-0.5 wt.% chemically treated lignins or their derivatives.
The lignin additive has the highest activity and hence it is often called the ‘expander’.
The expander improves the capacity performance of the plates at low temperatures
and high charge currents (cold-cranking ability), and also prolongs the life of
the battery on cycling. Expanders exert a strong influence on the crystallization
processes of Pb on charge and of PbSO,4 on discharge [58—67]. They also suppress
the formation of B-PbO and 4BS crystals [20,68].

How does the organic expander affect the skeleton and the secondary structure?
Negative plates with or without expander (lignosulfonate) have been investigated.
The changes in potential (vs. Hg|Hg,SO, electrode) and the content of PbSO,4 during
formation are presented in Fig. 3.54 for negative plates with and without expander
[66]. Formation of the plates containing expander is completed within 10h, while
those without expander require 12h of formation. Hydrogen evolution starts on
plates with expander at an overpotential which is 160 mV more negative than that
on plates with no expander.

The dependence of plate potential on current density during the first and the
second formation stages is presented in Fig. 3.55 [66]. The processes of PbO and 3BS
reduction during the first stage of formation proceed at a lower potential in the
plates without expander. The same tendency is observed with the reduction of PbSO,
to Pb. This indicates that the expander impedes all the electrochemical reactions
involved in the formation process.

The morphology of the Pb crystals that build up the NAM skeleton for plates with
or without expander is presented in Fig. 3.56. A more pronounced roughness of the
skeleton surface is observed in expander-containing plates. Different expanders yield
different NAM skeletons, which may serve as a ‘memory’ of the technology of plate
production [66].

The secondary lead structure of the completely formed plates with or without
expander is shown in Fig. 3.57. In NAM without expander, the secondary lead
structure covers the skeleton in the form of a smooth layer, whereas the secondary
lead structure in the NAM of expander-containing plates comprises individual Pb
crystals which are located over the skeleton structure. Hence, organic expanders
regulate the processes involved in the formation of both types of structure in the lead
active-mass during the formation of negative plates.

In VRLA batteries, oxygen reaches the negative plates and is reduced to form
water. It also oxidizes the expander and thereby produces carbon dioxide.
Consequently, the morphology of the secondary Pb crystals is changed and they
become dendrite-like, similar to those shown in Fig. 3.57(a). This results in capacity
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Fig. 3.56. Scanning electron micrographs of skeleton structure of NAM formed during first
formation stage: (a) no expander; (b) with expander [66].

(a) (b)

Fig. 3.57. Morphology of crystals of secondary lead structure formed in plates during second
formation stage: (a) no expander; (b) with expander [66].

loss and often the cycle-life of VRLA batteries is limited by the type and chemical
stability of the expander.

The most widely used expander for automotive batteries is Vanisperse A (VS-A)
produced by Borregaard LignoTech (Norway). By contrast, a great variety of
expanders is used by manufacturers of industrial and standby batteries. In the case of
batteries for cycling applications, the use of an expander blend of Indulin and VS-A
guarantees a much longer cycle-life than when the two organic substances are used
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alone [69]. The choice of an appropriate expander for a given type of battery is very
important for the overall performance of the battery.

3.4.7. Effect of expander structure on battery performance

Organic expanders are complex polymer substances which contain different
functional groups such as methoxy, phenolic, carboxy, ketonic, and carbinol groups.
The correlation between the structural groups that build the different expanders and
the performance of the negative plates (e.g., capacity, CCA, cycle-life, self-discharge,
charge-acceptance) is very complex [62-65,67,70-75, see also Chapter 3].
Lignosulfonates contain a great number of functional groups that occupy different
positions in the structure of the expander and these active groups affect battery
performance in different ways, depending on their position in the polymer structure,
and the physicochemical, electrochemical, and crystallization processes involved in
the formation and disintegration of the NAM structure.

Through studying the influence of eight members of a family of expanders on the
performance of automotive batteries (according to the DIN43539-2 test protocol), a
correlation has been found between the content of the different structural groups in
the expander and the performance of the battery [73,74]. Expanders with low average
molecular weight (LMW) have the greatest beneficial effect on battery performance.
Smaller molecules adsorb to the surface of Pb or PbSO, faster than polymer
molecules with higher molecular weight (HMW). Smaller molecules are more mobile
and have a better chance of adsorption on the lead nuclei and the growing crystals.
Hence, in batteries, which are subjected to continuous cycling (i.e., they are in a
dynamic state), expanders with LMW have a stronger effect on the NAM
performance than do HMW expanders.

On the other hand, the HMW polymer fractions are adsorbed preferentially on the
lead surface under equilibrium conditions [73]. A large molecule has many points of
contact with the surface and adheres more tightly to it. A large polymer molecule has
less freedom in solution. Hence, smaller polymer molecules will first be adsorbed on
the lead surface and then these molecules will gradually be substituted by larger ones.
Due to the above processes, the beneficial effect of the expanders on the performance
of standby batteries will differ from their influence on automotive batteries.

It has been established that an increase in the carboxylic acid group (COOH)
content in the expander leads to an increase in capacity and a decrease in the
self-discharge of plates. Methoxy groups (—O-CHj3) render the expander more
hydrophobic and consequently, the voltage during the 30 s of the CCA test decreases.
The higher the organic sulfur content in the expander, the higher is the rate of
the self-discharge processes. Phenolic groups (Ar—OH) improve the cycle-life
performance of automotive batteries, but reduce charge-acceptance and accelerate
self-discharge. It has also been established that the higher the purity of the lignins,
the higher are the CCA performance parameters and the longer the cycle-life of
the negative plates [73]. From these observations, it follows that an appropriate
expander with optimum functional group content and average polymer molecular
weight should be selected for each type of battery so as to achieve optimum battery
performance.
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3.5. Technology of Formation
3.5.1. Technological parameters of formation process

The following parameters play an essential role in the technology of formation.

(1) Formation current. This determines the rates of the electrochemical reactions
as well as those of the chemical reactions caused by the electrochemical ones,
that proceed in both types of plate. The formation current algorithm takes
account of the different stages during which the various structural elements
(i.e., corrosion layer, adjacent PAM layer, two types of active material) are
formed. An appropriate current profile should yield optimum performance
parameters for the plates, but should also shorten the duration of the
formation procedure and minimize the amount of water that decomposes
during this step. The maximum admissible current density is limited by the
temperature and the battery voltage.

(i1)  Battery voltage. Battery voltage should be lower than that which causes intense
evolution of hydrogen and oxygen as such gassing would increase energy losses
and harmful emissions to the environment. The voltage limit for formation
depends on the temperature, the type of grid alloy, the H,SO,4 concentration
and the phase composition of the pastes.

(ili) Temperature. The temperature of formation should not exceed 55-60°C.
Otherwise, the performance of the battery will be impaired. This temperature
limit should be taken into account when selecting the formation current.
Elevated temperatures reduce the voltage of water decomposition and
temperatures higher than 65-70°C reduce the cold-cranking ability of the
battery.

(iv) H»SO, concentration. The H,SO,4 concentration exerts an influence on the
processes of sulfation of the plates during soaking and formation, and hence
on the structure and phase composition of the active masses.

(V) Quantity of electricity flowing through plates. This quantity should amount to
between 1.7 and 2.5 times the theoretical capacity of the plates and depends on
the thickness of the plates, the phase composition of the cured paste, the size
of the particles which constitute the individual phases, and the current and
voltage algorithms of formation.

Each of the above parameters exerts an influence on the formation of the structure
of the active masses and on the nature of their interfaces with the grids. Thus, the
parameters affect the performance of the battery. The algorithm of the formation
should take into account the zonal processes that occur on both types of plate so
as to ensure the formation of appropriate active-mass structures, which would
guarantee high battery performance characteristics.

3.5.2.  Stages of formation of positive and negative plates

Positive-plate formation. As discussed earlier (Figs. 3.16 and 3.17), zonal processes
occur during formation of the positive plates. In the case of the positive-plate
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Fig. 3.58. Schematic of cross-section through structure of positive plate during formation.

structure presented in Fig. 3.58, these processes can be summarized as follows.

(1) First, a corrosion layer is formed around the grid bars.

(i) Next, the active-mass layer which contacts the corrosion layer is formed. This
layer is called the ‘active-mass collecting layer — AMCL’ [76] and its role will
be discussed later.

(i) The final stage is formation of the volume of the cured paste. The reactions
which proceed during this stage are presented schematically in Figs. 3.14
and 3.15, and by eqns. (19)-(21).

(iv) When a small part of the cured paste remains unformed, the potential of the
positive plate starts to increase and reaches the values at which decomposition
of water and evolution of oxygen proceed.

The processes that occur during each of these stages should be taken into account
when establishing the current (voltage) algorithm for formation of positive plates.
The specific current and voltage values for the different formation stages are
discussed below in Section 3.5.3.

Negative-plate formation. The stages in the formation of negative plates have been
determined in terms of the zonal processes as presented in Fig. 3.45. The reactions
involved in each of the formation stages are presented schematically in Figs. 3.43
and 3.44, and are summarized in Fig. 3.59. The formation can be divided into the
following stages.

(1) First, a contact lead layer is formed on the grid surface.
(i) Then, a lead skeleton and a Pb+ PbSO,4 zone begins to grow from this layer
and covers both plate surfaces.
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Fig. 3.59. Schematic of cross-section through structure of negative plate during the formation
stage when Pb 4+ PbSO, zones have covered the whole plate surface.

(i) When the plate surface is covered by the Pb+ PbSO, zone, the direction of

(iv)

growth of the Pb skeleton changes towards the interior of the cured paste.
With progress of the growth front deep into the plate core, the resistance of the
electrolyte filling the pores of the Pb 4+ PbSO, zone increases. In order to keep
the current constant, the potential of the negative plates increases and when
it exceeds the equilibrium potential of the Pb|PbSO, electrode, a second reac-
tion layer is formed and reduction of PbSO,4 to Pb commences. This process
starts at the plate surface and advances towards the interior of the Pb 4+ PbSOy4
zones [57].

When PbO and 3BS are reduced to a Pb skeleton and PbSO, crystals
are formed, which in turn are reduced to Pb, the plate potential increases to
values higher than the potential for H, evolution and water decomposition
commences.

The current and voltage algorithm should account for the above stages of the
formation process. Formation of the NAM results directly in the formation of Pb
(cf., reaction schemes in Figs. 3.43 and 3.44) and the processes involved are not
complicated. This is not the case, however, with the formation of the positive plates.
As is evident from the reaction schemes presented in Figs. 3.14 and 3.15, the
formation process of the positive plates involves a number of chemical reactions
(reactions (19)—(21)), which result in the formation of PbO, with a gel-crystal form.
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These processes depend strongly on the local conditions at a given site within the
plate and lead to the formation of different macrostructures. That is why a more
complex algorithm is needed for the current and voltage of formation of the positive
plates. Hence, the overall battery (formation tank) algorithm should be based mainly
on that required for positive-plate formation. The individual stages in this algorithm
will be outlined below.

3.5.3. General current (voltage) algorithm for formation of positive plates

The algorithm is based on the structure of the positive plate as presented in Fig. 3.58.
Changes in the potential of positive plates (125g paste per plate) have been
monitored during plate formation. The plates were produced with 3BS and 4BS
pastes of two densities, viz., 4.0 and 4.3 gecm™>. The electrolyte used was H,SOy4 of
rel. dens. 1.06. The duration of the soaking step was 2 h. Formation was conducted
with a constant current of 12mA g~ of cured positive paste [5]. The initial positive-
plate potentials during constant-current formation and the capacities of the plates on
the first, second, and eighth cycles are given in Fig. 3.60.
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Fig. 3.60. Positive-plate potential during constant-current formation and initial capacity of
four different types of cured pastes [5]. The former data show the decline in potential after the
maximum value.
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In view of the potential-time curve profile, as well as the reaction schemes
and zonal processes presented in Figs. 3.13 to 3.17, and the structure of the plate as
shown in Fig. 3.58, formation can be divided into four stages.

(1) Formation of corrosion layer (initial). The potential passes through a maximum
and declines thereafter. According to Fig. 3.16, this stage is related to the
formation of a corrosion layer on the grid surface. As the only electron
conductor in the cured paste is the grid (current-collector), and its surface
is small, the current density at the beginning of formation will be high.
Consequently, the polarization of the positive plate will be high. The corrosion
layer forms mainly during the curing process. It is composed of PbO and
Pb(OH),, in amounts that depend on the conditions of curing. These
compounds are electron insulators. For their oxidation to PbO,, the potential
increases abruptly and when the corrosion layer is oxidized to PbO, and
the latter comes into contact with the solution, the active surface increases
and the polarization of the plate decreases. The potential curve passes
through a maximum and declines thereafter. The basic problem during this
formation stage is the creation of a homogeneous corrosion layer all over
the grid surface, with a thickness above a certain critical value. In order to
prevent high polarization of the plate, which may lead to intense oxygen
evolution, and detachment of the cured paste from the grid, the current
density during this initial period should be low (0.02-0.05 C, where C is
the rated capacity). The current value and the duration of this initial period
depend on the type of grid alloy used. Pb—Sb grids are oxidized at a higher
rate, and a thick corrosion layer is formed on their surface relatively quickly
during plate curing. When the thickness of the layer is above a certain
critical value, it is resistant to the mechanical influences during the first
charge—discharge cycles.

Corrosion of Pb—Sn—Ca grids proceeds at a low rate, and the thickness
of the corrosion layer obtained during the curing step is below the critical
value, hence it cracks easily, its contact with the PAM is impaired, and the
PCL-1 effect occurs on cycling of such plates. To avoid this phenomenon,
a thick corrosion layer should be formed on the surface of Pb—Sn—Ca grids
during plate curing. This can be achieved by introducing into the curing
procedure a step of treating the plates (either 3BS or 4BS) at high temperature
in the presence of oxygen and water steam. The duration of this step depends
on the corrosion rate of the particular grid alloy and the method of grid
production, and it is aimed at formation of a corrosion layer which is well
bound to the 3BS or 4BS paste. During this high-temperature step, CO, is
supplied along with the air blown into the curing chamber and part of the paste
undergoes carbonization. The CO, gas is then released on soaking and during
the initial stages of formation.

Through formation of the PbO, corrosion layer, the -electron-
conductive surface of the plate increases and thus the current density is
reduced and the cell voltage decreases. This allows an increase in the formation
current to a higher value (to a rate of 0.2 C) for a certain period of time. The
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formation current may be increased step-wise using one, two, or more current
steps. The overall duration of this initial period of current increase is about
1-2h, during which time a quantity of electricity amounting to approximately
1 Ah per plate flows through the battery. This period is needed because of
the non-uniform oxidation of the corrosion layer over the grid surface. The
outermost parts of the grid oxidize faster than those in the interior of the plate.
The oxidation of the corrosion layer to PbO, marks the beginning of the
oxidation of the cured paste.

Formation of the active-mass collecting layer (AMCL). This is an active-mass
layer of a certain thickness which is in contact with the corrosion layer.
During charge, the AMCL has the function of collecting the electrons
generated in the active mass and conducting them through the corrosion layer
to the current-collector. During discharge, the AMCL conducts the electrons
that come from the grid and pass through the corrosion layer, and then
distributes them throughout the PAM [76]. To be able to perform these
functions, the AMCL should be composed of a great number of highly
conductive, thick skeleton branches, or of a porous shapeless mass. Such a
layer can be formed in the presence of high oversaturations of Pb*™ ions in the
pores of the AMCL, which can be achieved at high formation current densities.
The current is kept high (e.g., 0.2-0.3 C) for about 2-3h or a cell voltage
of about 2.35-2.40V is maintained for 2h, whereby the current passes
through a maximum and is reduced thereafter. During this period, the
grid[PAM interface is oversaturated with Pb*™ ions, which leads to intense
nucleation and growth of small PbO, particles. These particles form an AMCL
of adequate mechanical strength and elasticity, and of high electrical
conductivity.

Formation of PAM and NAM. This period involves the processes that proceed
during the two stages of active-mass formation described earlier for both the
positive and the negative plates (Figs. 3.13-3.15 and 3.42-3.44). The battery
(tank) temperature should be kept below 55°C and the voltage should not
exceed 2.60 V per cell. This voltage limit is only provisional and depends on the
type of grid alloy. If antimony-free alloys are used, the voltage limit is higher,
namely, 2.70 V per cell. The upper voltage limit also depends on the thickness
of the plate.

If the temperature rises above 55°C, the formation current should be
reduced. When the voltage reaches the upper voltage limit, further formation is
conducted at this value and the current declines. During this formation stage,
the PAM and NAM skeletons are built and most of the PbSO, is converted
into B-PbO, and Pb, respectively. During this period, the amount of electricity
that flows through the battery (or formation tank) is equal to about 1.4-1.5
of the theoretical capacity and the formation current is 0.15-0.2 C for most of
the time. The current is reduced when intense gas evolution (i.e., that exceeding
an acceptable rate) commences. Most formation current algorithms include a
pause (rest period) of about 1-2 h at the end of this stage, followed by another
2-4 h of formation with a current of 0.1-0.15 C with certain voltage limitations.
Recrystallization processes occur in the PAM and the NAM during the rest
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period, as well as desorption of oxygen and hydrogen from the active mass.
It is not recommended that a rest period be included in the first stage of
formation.

The formation current algorithm should also include one charge—discharge
cycle when processing: (i) 4BS-cured pastes with large crystals; (ii) 3BS-cured
pastes with considerable PbO content, which forms a porous mass with a
small surface-area; (iii) thick plates. In these three cases, when 1.8-2.0 of
the theoretical electricity passes through the plates, a formation efficiency of
72-78% PDbO, is usually reached and intense water decomposition proceeds.
In order to ‘open’ new surfaces of the non-formed cured paste to the solution,
the battery (formation tank) is discharged to 40-60% DoD and is then
recharged to 120-140%. As a result of these steps, the quantity of electricity
that passes through the battery plates during the formation process increases to
2.3-3.0 of the theoretical value. Such batteries reach their rated capacity within
the first three cycles.

(iv) Water decomposition. During this fourth stage of formation, the reactions of
water decomposition predominate. The overvoltage of hydrogen and oxygen
evolution depends on the formation current, the temperature, and the additives
to the grid alloy and to the paste. Organic additives increase the overpotential
of hydrogen and oxygen evolution (see Chapters 4 and 5). These reactions
reduce the efficiency of the formation process. Therefore, the rates of these
reactions should be kept very low through control of the voltage applied to the
battery (or formation tank). Moreover, the evolved hydrogen and oxygen flows
may sweep amounts of H,SO, into the atmosphere and thus create serious
environmental problems.

3.6. Conclusions

The above formation current (voltage) algorithm has been developed taking into
account the processes that are involved in formation as well as the reaction zones in
the plate cross-section where these processes take place. This is only a general
algorithm. It should be modified to account for the specific type of plate
(automotive, traction, or stationary), size and thickness of plate, type of battery
(flooded, VRLA), phase composition, and structure of the cured pastes.

The efficiency of a given formation algorithm should be judged not only by
the initial capacity and CCA performance of the battery, but also by the profile of
the capacity vs. cycle number curve and the cycle-life of the battery. As discussed
earlier, the structure of the PAM and NAM and of the grid|active-material interface,
which are formed during battery manufacture, though changing substantially
on subsequent cycling, still exert a strong influence on the life of the battery.
Therefore, claboration of an appropriate current, voltage, and temperature
algorithm for battery formation involves conducting the symphony of processes
that take place during formation, so as to ensure the manufacture of positive and
negative plates that will endow batteries with high-performance characteristics
and long cycle-life.
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—CHAPTER 4—

POSITIVE-PLATE ADDITIVES TO ENHANCE
FORMATION AND BATTERY PERFORMANCE

K.R. Bullock and T.C. Dayton

4.1. Introduction

This chapter reviews the effects of additives in the positive active-material of the
lead—acid battery. Common materials found in the oxide and the positive-plate
paste, such as lead oxides, basic lead sulfates, and lead carbonate, are not included.
Additives and impurities that derive from grid corrosion or from the reaction of the
plate with the electrolyte are also beyond the scope of this chapter.

The lead—acid battery has inherent characteristics that make it attractive for many
applications. These include high specific power and power density, high volumetric
energy density, and low initial cost. One shortcoming of the lead—acid battery,
whether in its flooded or valve-regulated (VRLA) form, is its low specific energy
(i.e., energy per unit weight). This limits its usefulness in more demanding
applications such as in electric-vehicle duty. The theoretical specific energy of the
lead—acid battery is 218 Whkg™' for 100 wt.% sulfuric acid. This value is based on
a cell voltage of 2.606V for 100% sulfuric acid going to 100% water on battery
discharge. If it is assumed that 40% sulfuric acid is used and the weight of water
is included, then the theoretical specific energy drops to 123 Whkg™'. The specific
energy actually achieved depends on the discharge rate but is around 20% of the
theoretical capacity. The major reason for the low specific energy is that much of
the active material in both the positive and negative plates is not discharged. Thus,
non-reacting additives in the active material provide structure and conductivity to
the plates, but do not contribute to the cell reaction [1].

4.2. Modelling the Effects of Additives

In an attempt to reach a better understanding of lead—acid batteries and the physical
processes that limit capacity, computer programs were developed that simulate the
conductivity of the positive active-material and the diffusion of sulfate ions [2].
The ‘conductivity model’ estimates the critical volume fraction of paste that
contains non-conducting or conducting additives which are not chemically active. In
order to model the conductivity of the active material, the material is assumed to be
made of spherical particles and modelled as nodes on a two-dimensional grid. Each
node is connected to the surrounding eight nodes by a conductive pathway. The grid
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contains over one million nodes, i.e., 1024 x 1024 nodes. The model randomly
chooses a node and attempts to find a conductive pathway to the edge of the grid. If
a pathway can be found, the starting node is considered discharged and marked as
non-conductive. If a pathway is not found, the starting node is marked as isolated.
After all nodes have been selected and pathways have been tried, the model reports
the number of nodes that have been either discharged or isolated. The critical volume
fraction is calculated as the ratio of discharged nodes to the initial number of
available nodes.

The model can take into account any non-conductive additives by initially
marking those nodes as discharged. For conductive additives, the model marks
those nodes as always conductive. The amounts of additives are given as volume
percentages and the size of the individual additive is given relative to the base node
size. For example, a non-conductive glass microsphere, approximately 20-50 pm in
diameter, is represented as a particle of 10 x 10 nodes.

Using this model, Fig. 4.1 was created to show the effect on the critical volume
fraction of adding conductive and non-conductive additives. This figure shows how
different loadings and types of additives can modify the percentage of the active
material that can react during discharge. With regards to non-conductive additives,
the larger-sized additives are most effective in displacing active material without
seriously decreasing the critical volume fraction. If 40% by volume of larger
additives were added to the active material, the critical volume fraction would only
drop to around 50%. Conversely, for conductive additives, the model predicts the

Critical volume fraction / %

Conductive fillers
Nonconductive fillers

0 I ! ! ! ! !
0 10 20 30 40 50 60 70

Filler materiat / %

Fig. 4.1. Critical volume fraction with material additives [2].
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most performance increase from small particles. The particle size represented by the
1 x 1 additive would be similar in size to the lead oxide particle. If 40% by volume
of these small additives were added to the active material, then nearly 100% of the
remaining active material would react.

The conductivity model is limited to a two-dimensional representation and the
conductive pathways have no resistance. Additionally the model assumes a
homogeneous material without any pores. Even with these limitations, the model has
been used to predict the effects of non-conductive additives with good correlation to
experimental data [3].

The ‘diffusion model’ employs finite difference equations and Fick’s law to
estimate the acid concentration in both the negative and positive active-material,
as well as between them as a function of time. The Nernst equation is then used
to determine the battery voltage. The model combines diffusion and conductivity
parameters, which include the critical volume fraction from the conductivity model,
to estimate battery performance over a wide range of discharge rates. The model
produces voltage vs. time curves, percentage material reaction curves, and acid
concentration plots. The model is helpful in understanding the behaviour of lead—
acid batteries and can be used to develop new cell designs. Once the plate and cell
parameters are established, the model can predict the performance of the cell and
allows for iterations to determine optimum parameter values.

With these two models a battery can be designed, modelled, and optimized for the
use of inert additives. Since each type of additive has different effects on battery
performance, it is necessary to design the battery to utilize the selected additive to its
fullest. The models are also very useful in designing experiments to test the effects
that the additives will have on battery performance.

4.3. Non-conductive Additives

Using non-conductive additives, the specific energy can be increased either by
minimizing the weight of the battery or by improving the porosity of the plates.
Additives replace the lead active-material, which is typically heavier than the
additive. If, however, the plate has an excessive amount of the additive, the energy
that the plate will deliver is reduced because less active material is available. Non-
conductive additives also lower the electrical conductivity of the plate. When the
weight is reduced more than the energy, the specific energy of the battery increases. If
the porosity of the positive active-material is increased by the additive, the diffusion
of electrolyte into the plate is enhanced and thus more of the active material will
react, which again increases the specific energy. The magnitude of both these effects
depends on both the discharge rate and the battery design.

4.3.1. Hollow glass microspheres

A simple way of reducing the weight of the battery is to use lightweight fillers in the
plates. If the filler replaces active material that does not contribute to the energy of
the battery, the specific energy can increase dramatically. One type of filler material
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Table 4.1. Effect of glass microspheres on performance of positive plates [1].

Plate type Stoichiometric Measured utilization,
capacity (Ah) Cave. (%)
Production plate 18.96 11.64
Hand pasted, 0 wt.% additive 17.41 5.02
Hand pasted, 1.1 wt.% additive 12.89 24.57
Hand pasted, 2.2 wt.% additive 12.83 30.32
Hand pasted, 4.4 wt.% additive 8.44 33.12
Hand pasted, 6.6 wt.% additive 9.08 19.94

that has been studied is hollow glass microspheres. These spheres have a solid
surface, which prevents any liquid from penetrating to their hollow centres. The glass
spheres are chemically inert and non-conductive.

In one study [1], positive plates were pasted with varying amounts of glass
microspheres added to the active material as a weight percentage of lead oxide. The
plates were produced by the hand-pasting of production grids. The cast grids
were 4.251n. high, 4.5in. wide, and 0.077in. thick. Each plate was pasted to a
thickness of 0.085in. After curing, one positive plate was combined with two
production negative plates to form a cell. Two cells were constructed for each type of
plate. The cells contained excess electrolyte and excess negative material to ensure
that the positive plate was the limiting component. After the cells were formed, the
relative density of the acid was adjusted to 1.3 and the cells were cycled. Each cell
was then tested at several rates to evaluate the performances of the plates. The results
of the discharge tests are presented in Table 4.1 as percent utilizations. Utilization is
determined by dividing the discharged ampere-hours by the stoichiometric capacity
of the paste. The data show that the utilization increases when glass microspheres
are added to the paste. The increase is greatest at the higher discharge rates and
is negligible at the lower discharge rates. The maximum increase in utilization is
reached with 4.4 wt.% loading of glass microspheres. The glass microspheres lower
the density of the positive paste so that the amount of active material in the plate
is reduced while the surface area and pore volume remain essentially unchanged.
Therefore, a larger volume of electrolyte for reaction surrounds each gram of active
material [1].

One disadvantage to using filler-type additives, such as glass microspheres, is that
there will most likely be an increase in the battery volume. The increased volume
will degrade the energy density of the battery. Depending on the application, this
trade-off may be acceptable.

4.3.2. Carboxymethyl cellulose
Attempts to assist the supply of acid to the positive active-material have focused

on increasing the porosity of the paste to enhance diffusion or by providing fine
local reservoirs of acid within porous particles throughout the plate [4]. One such
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additive is carboxymethyl cellulose (CMC). The effects of adding CMC to positive
active-material have been investigated by using flooded cells that each comprised one
positive plate and two negative plates. The positive plates were loaded with CMC
at 0.2 and 2wt.% with respect to leady oxide. The addition of CMC was found to
increase the water absorption of the paste without decreasing the workability of the
paste. This is probably due to the known swelling and dispersion-stabilizing
properties of CMC [5]. Capacity tests showed little improvement at 2wt.% CMC.
By contrast, a loading of 0.2 wt.% gave a 10% increase in initial capacity at a high
discharge rate (C/3) and a 5% increase at a low discharge rate (C/20). Poor cycle-life
was reported due to the swelling effect of CMC, which weakened the mechanical
strength of the active material [6].

4.3.3. Silica gel

Silica gel has also been studied as a porosity-increasing additive [5]. The addition
of 0.2wt.% resulted in improved capacity at both low and high rates. Although
the addition of silica gel was not observed to cause significant physiochemical
changes to the positive active-material, it is possible that silica gel promotes
nucleation which consequently leads to a finer pore structure in the active material.
Since this form of silica is porous, the additive may act as an acid reservoir. Further
study of silica gel as an additive, especially at high discharge rates, has been
recommended [6].

4.3.4. Designer additives

A recently completed research programme examined the use of porosity-enhancing
additives. Two types of such additives were tested and reported [7-9]. One additive
was an inorganic particle that contains a major amount of silica (ES-60); the other
additive was a porous polyolefin (ES-100). Both additives had a maximum particle
size of 150 um and were elongated [7]. The additives were incorporated into hand-
pasted, positive plates at 1.5wt.%. After the plates were cured, 5-plate, flooded cells
were assembled and formed in the container. The cells were tested at discharge rates
which ranged from 2.5-75 A. The results are shown in Table 4.2 in terms of capacity
per unit weight (Ahkg™'). The data confirm that the additives significantly increase
the utilization of positive active-material and thus enhance the capacity. This is
most noticeable at the higher discharge rates. Life-cycle testing at constant current

Table 4.2. Effect of additives on performance of positive plates in terms of Ah per kg active
material [7].

Current (A) 75 50 18.7 6.3 2.5
No additive 10.3 14.8 54.8 98.2 107.7
ES-60 28.9 34.5 65.7 107.6 118.8

ES-100 19.5 26.5 69.5 113.4 124.3
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was then applied to the additive-doped cells. The cell with the ES-100 additive
continued to show a 20% improvement over the cell without additive to 140 cycles.
The performance of the cell with the ES-60 additive declined rapidly around 50
cycles and failure occurred at 80 cycles.

As these additives showed merit in flooded cells [8], the test was extended to
include VRLA batteries of the absorptive glass mat (AGM) design. The additives,
ES-60 and ES-100, were incorporated separately in the positive-plate paste at
loadings of 2 and 3% by weight of dry lead oxide. Grids of golf battery size
(6.625 x 7.2501in.) were hand-pasted, cured, and tank-formed. Sealed test cells were
constructed, each with two positive plates and three negative plates. Compression
was maintained on the plates at 40% of the original thickness of the separator.
These test cells were cycled 15 times and then discharged at rates similar to those
listed in Table 4.2. The resulting capacities showed 17-47% increases over the
control cells for the various discharge rates and additive types. After 100 cycles,
the capacity tests were repeated. At the higher discharge rates, the capacity was
about 20% greater than that of the control cell. When the test cells were loaded with
3wt.% additive, the resulting capacity was little different from that obtained at the
2wt.% loading [§].

Tests were also performed using VRLA batteries with gelled electrolyte [9]. The
additives gave benefits similar to those obtained with AGM batteries. It was
concluded that the porosity additives could have a positive effect on battery capacity.
Future work with these additives will continue and involve full-scale batteries.

4.4. Conductive Additives

One of the main reasons for the high power capability of the lead—acid battery is the
high conductivity of the active materials. Lead dioxide is a semiconductor with a
conductivity of up to 10° (Q cm) ' at room temperature, while 35% sulfuric acid
has a conductivity of 0.8 (Q cm)'. Lead, which is a metallic conductor, is used
for both the current-collector and the negative active-material. Because of the high
conductivities of these materials, a fully charged lead—acid battery has a resistance of
only a few mQ.

Unfortunately, the lead (IT) compounds are not very conductive. Lead sulfate is an
insulator and the lead oxides and basic lead sulfates are semiconductors. Before they
are given the first charge, called ‘formation’, battery plates are composed of mixtures
of these materials. Plate formation cannot proceed until a conductive pathway is
formed. Pavlov and co-workers [10] have shown that in acid solutions, the materials
next to the current-collector are first converted to conductive lead and lead dioxide.
Formation then proceeds inward towards the centre of the pellet (see Chapter 3).
Lead sulfate is the last material to be converted in the formation process. The rate of
formation is thus limited by the non-conductive nature of lead oxide, especially in
the positive plate.

During discharge, the conductive positive plate is covered with an insulating layer
of lead sulfate crystals that precipitate on to the surfaces of the porous lead dioxide.
The discharge capacity is limited by the rate of diffusion of acid to the underlying
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lead dioxide. Total material utilization of the lead dioxide is also limited by the need
to maintain a stable, conductive structure in the plate to conduct current from the
reaction site to the current-collector. If the plate becomes too heavily sulfated, it
will be difficult or impossible to recharge. Storage of the battery in a discharged
condition can exacerbate this problem by allowing the lead sulfate crystals to grow
into a ‘hard sulfate’ with a low surface area.

To overcome these limitations, lead—acid battery researchers have been searching
for conductive additives that are stable in the battery environment. The ideal
additive would have a conductivity that is at least as high as carbon, a long-range
order to minimize the amount of material needed, and stability within the positive
plate during formation. It must also not contaminate or degrade the battery during
subsequent use. This is a difficult task, since many conductive materials oxidize in the
positive plate because of its high potentials and the strongly oxidizing properties of
Pb02 and HzSO4.

4.4.1. Barium plumbate

One conductive additive which is relatively stable is barium plumbate (BaPbO3) [11].
This is a ceramic [12] with the perovskite structure and is easily made by standard
ceramic-powder technology. Addition of this material to positive plates in a lead—
acid battery significantly improves the formation efficiency. The formation
mechanism is changed when the conductive particles are dispersed in the plate.
Formation not only proceeds from the grid towards the centre of the pellet, but also
takes place slowly around the conductive particles in the plate. The conductive paths
of PbO, grow and make connection with each other during formation to establish a
network, which further facilitates the formation.

The beneficial effect of BaPbOj5 has been illustrated by the results of a study of the
formation of positive plates made from orthorhombic lead oxide (B-PbO), 1wt.%
glassy fibre, and 5.8 M H,SO,. The weight ratio of lead oxide to acid was about 9.
Because B-PbO is harder to oxidize than typical leady oxides, formation
enhancement by conductive additives would be more pronounced. The chemical
compositions of plates with and without the conductive additive after formation with
200% theoretical input capacity are listed in Table 4.3. The formation efficiency is
significantly enhanced by the additive, as indicated by the higher content of PbO,.
The formed plates were discharged at a current density of about 13.3mA cm 2,
which is equivalent to a 2-h rate to a cut-off voltage of 1.75V. The results,
summarized as the material utilization in the first reserve capacity, are also listed in
Table 4.3. The material utilization of the plate with BaPbOj is the same as that of
a completely formed, conventional, positive plate. Without BaPbOj3, the material
utilization is only 6%.

The formation mechanisms for plates with and without BaPbO5; appear to be
different. As shown in Fig. 4.2, the formation of a plate without the conductive
additive proceeds from the grid towards the centre of the pellet (Fig. 4.2(a) to (d));
this is consistent with the results of other studies [10]. When the conductive particles
are dispersed in the plate (Fig. 4.2(e)), long-range conductive paths are apparently
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Table 4.3. Effect of barium plumbate on positive-plate formation [11] (reproduced by
permission of J. Electrochem. Soc., Inc.).

Characterization of formed B-PbO plates

Without BaPbO; With 10 wt.% BaPbO;
Chemical content (wt.%)
PbO, 43.9 76.0
PbO 16.7 16.5
PbSO, 384 44
First reserve capacity
material utilization (%) 6.0 433

Experimental error £+ 2% absolute.

established. This will allow formation to proceed not only from the grid but also
slowly around the conductive particles inside the plate (Fig. 4.2(f)). As the
conductive paths of PbO, grow and make connection with each other (Fig. 4.2(g)), a
conducting network is formed which further facilitates the formation (Fig. 4.2(h)).
The plate with the BaPbOj; additive appears to be completely formed after the
passage of about 180% of the theoretical plate capacity.

The effect of loading of BaPbOs in a positive plate on the formation efficiency is
summarized in Table 4.4. The data show that significant improvement in formation
starts at a loading level as low as 0.5wt.%. This formation enhancement increases
with BaPbO; loading and approaches a plateau. Beyond about 7wt.%, additional
BaPbO; has no influence on the formation efficiency.

Once the battery is formed, a stable conductive additive can enhance the current-
acceptance of deeply discharged batteries. This has been demonstrated [12] by the
addition of 10wt.% BaPbO; to a conventional positive plate made by adding
1.325 rel. dens. H,SO, to a water-based, ball-mill, leady oxide and 0.1wt.%
polyester fibres. The plates were prepared via a standard process for commercial
automotive batteries and used to construct flooded test cells with one positive and
two negative plates. The cells were first given two cold-cranking tests alternately with
three reserve-capacity tests. Then, the cells were discharged over 20h to 1.5V,
discharged on a 2-Q resistive load for five days, and finally left on open-circuit at
1.975 V. When subjected to a current-acceptance test to 2.67 V, the cell with BaPbO;
in the positive plate and a control cell without the additive required 2 and 4 min,
respectively, to accept 10 A.

The stability of BaPbO3 and its effect on the performance of a battery over its
useful life have also been investigated for automotive applications [12-14]. A
conventional automotive cell with 1wt.% BaPbOj; in the positive paste and a
control cell were formed by means of a standard high-rate formation procedure.
Cell performance was then evaluated by means of a standard Battery Council
International (BCI) sequence of reserve capacity and cold-cranking tests. The cell
containing BaPbO; formed three times faster with 12% less input capacity. The BCI
test results of the two cells were comparable.
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Fig. 4.2. Effect of conductive additive on formation efficiency. Cross-section of positive
B-PbO plates without (a) to (d) and with (e) to (h) 10 wt.% BaPbOj after (a),(e) 0%, (b) 70%,
(H) 125%, (c),(g) 144%, (h) 169% and (d) 200% of theoretical capacity is passed. The grid
is on the left-hand side. (Reprinted from J. Electrochem. Soc., Vol. 139, No. 4, April (1992)
by permission of J. Electrochemical Society, Inc. Photographs courtesy of Johnson
Controls, Inc.)

Barium plumbate is electrochemically stable in the positive plate. Chemically,
however, it can be slowly attacked by dilute sulfuric acid. The first-order rate
constant for decomposition of barium plumbate in dilute sulfuric acid was
determined to be k = 2.6 x 10" {H ™} exp (—E,/RT), where E, is 31.6 kcal, R is the
gas constant, and 7 is the absolute temperature. The half-life of this material in
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Table 4.4. Effect of barium plumbate loading on positive-
plate formation [I1] (reproduced by permission of
J. Electrochem. Soc., Inc.).

BaPbOj; loading (wt.%) Material utilization (%)
0.0 6.0
0.1 8.7
0.5 22.6
1.0 327
2.5 37.4
5.0 41.1
10.0 43.3

Experimental error £+ 2% absolute

sulfuric acid of 1.265 rel. dens. at 20°C is estimated from the rate constant to be 3.4
years, but is much less at higher temperature.

The products from decomposition of BaPbOj in sulfuric acid include BaSO4 and
PbO,. Barium sulfate in a positive plate is known to facilitate the nucleation of lead
sulfate and to alter the morphology of the plate (see Section 4.5.1). Cycle-life during
100% DoD testing of a positive plate is shortened if the content of BaSO,4 becomes
greater than 0.3wt% [12-14]. Based on the half-life and fraction of barium in the
additive, BaSO4 would not reach this detrimental level during the service life of an
automotive battery if the loading of BaPbOj; is limited to about 1wt.%. This was
confirmed in 100% DoD cycling of cells formed with positive pastes which contained
0, 1, 2.5, or 5wt.% BaPbOs;. The cell with 1 wt.% BaPbO; had a cycle-life compa-
rable with the control that had no BaPbOs, while the cells with 2.5 and 5Swt.%
exhibited significantly shortened cycle-life.

4.4.2. Titanium oxide

Magneli phase TiO, (x = 1.67 to 1.9) is conductive. A proprietary material of this
composition in the form of solid sheets or a honeycomb has been patented for use
as current-collectors in either monopolar or bipolar lead—acid batteries [15]. The
honeycombed structure holds the paste and thereby improves paste adhesion and the
mechanical stability of the plate, as well as the electrical conductivity. The material is
stable at the potentials of the positive plate [16,17].

Conductive TiO, has been evaluated as a positive-plate additive in spirally wound,
VRLA batteries of the AGM design [18]. Both fibres and powders at a 2wt.%
concentration were examined in a sequence that consisted of five conditioning cycles,
variable rate discharges, polarization, and cycle-life tests. For each additive, 36
single cells with nominal capacity of 15 Ah were conditioned by discharging at 7.5 A
to a 1.75V cut-off, followed by a 1.5A charge to 12h. In the remaining testing,
charging was conducted at constant current (15 A)-constant voltage (2.45V to
1 A)—constant current (1 A for 1h). Variable-rate discharges at 1.5, 5, 15, and 25 A
were performed to a 1.75V cut-off. Polarization testing consisted of current pulses
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for 10 s (charging and discharging) that were separated by rests for 10 min at 100, 80,
50, and 20% SoC. Cycle-life testing used 15 A discharges to a 1.75V cut-off. Results
showed that discharge capacities were not significantly enhanced by the conductive
TiO, and cycle-life was reduced.

A further disadvantage of TiO, is the narrow range of non-stoichiometric oxida-
tion states that are both stable and conductive. Uniform oxidation of TiO, materials
is difficult to maintain in a large-scale, commercial, manufacturing process.

The reduction of TiO, to the conductive Magneli phases is accommodated by
a crystallographic shear process in which two layers of the MOy octahedra that
compose the oxide move closer together and eliminate a layer of oxygen ions [4]. This
systematically generates a number of Ti®* ions that contribute to the conductivity
via the mechanism: Ti*" — Ti** 4+ ¢~. Moseley [4] has suggested two alternative
materials for further study: (i) niobium could be substituted on to the cationic
sub-lattice of rutile, and donors would be generated by Nb*T — Nb>T—e;
(i1) fluorine could be substituted on to the sub-lattice of tin dioxide, and donors
would be generated by Sn’>*t — Sn** 4 2¢7.

4.4.3. Conductive polymers

Polymeric tubes for clad lead—acid battery plates have been made from intrinsically
conductive polymers [19] by weaving fibres of polypyrrole, poly(phenylene vinylene),
or polythiophene of several hundred microns in thickness. Polyaniline [20] as well
as polypyrrole, polyparaphenylene, and polyacetylene doped with anions (ClO,4_,
FeCl3, AsF5, SO?~, and HSOj) have also been added as 1.15 um powders or fibres
to positive pastes to improve capacity [21].

The polymers contained 0.02—0.35mole fraction of dopant, which gave a typical
conductivity of 80 (Q cm)~'. Discharge tests on positive pastes made from PbO and
aqueous H,SO4 (1.40rel. dens.) showed higher material utilization when 50 vol.%
of conductive polypyrrole was added to the paste. Positive active-material with the
additive had 85% material utilization of the PbO, and 0.28 Ah, compared with 60%
material utilization and 0.40 Ah without the additive [20]. It is evident that the lower
capacity without the additive is due to the large volume of inactive polymeric
material in the plate. An earlier patent [21] showed that, except for polyaniline, the
additives degraded during recharge and could not withstand overcharge. The first
and second discharge capacities of plates containing 10vol.% of either conductive
polyaniline or polyparaphenylene are compared in Table 4.5 with those of a control
without the additive.

Table 4.5. Effect of conductive polymers on performance of positive plates [21].

Plate composition First capacity after Second capacity after
formation (Ahkg™") 2.5V charge (Ahkg™")

PbO, 108 114

PbO,; + polyaniline 117 130

PbO, + polyparaphenylene 115 95
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The conductive polymers were also tested at levels of 1-3 wt.% in a positive plate
which contained PbSQO,, a-PbO,, and B-PbO, [22]. The optimum concentration was
found to be 1wt.%. At 2-3wt.% additive, the discharge capacity was increased by
about 30% and the specific surface-area from 34 to 5-6m”g~". Cycle-life declined
at additive concentrations above 5wt.% due to mechanical instability of the elec-
trode. Polypyrrole and polythiophene oxidized during overcharge, but polyaniline
remained stable.

4.44. SnO;

In the VRLA battery studies described above [18], the plates with the tin dioxide
additive showed a slightly higher capacity at the highest discharge rate (0.6 C)
applied. The SnO, migrated out of the plate during cycling, however, and gave rise
to cell failure by shorting.

Tin dioxide doped with about 10at.% of fluorine is conductive and stable in
the positive electrode, but is unstable during cell reversal and in the negative
electrode during normal operation. Glass fibres coated with this material have
been developed and used in lead—acid battery pastes to improve formation and
plate performance [23-25]. The fibres are coated by a spray-pyrolysis process,
in which an aqueous solution of SnCly is sprayed on to the fibres at 500°C in air
[26]. Unwanted impurities, such as iron and chloride ions, are eliminated by rinsing
the fibres in sulfuric acid of 1.300 rel. dens. at 70°C and distilled water. The SnO,
coating is 0.5 to 1 um in thickness and has a tetragonal (cassiterite) structure.
Positive active-material which contains these fibres delivers utilization efficiencies in
excess of 50% at the 1-h rate [27]. A 20% increase in utilization at the 5-min rate can
be achieved when fibres are added to the positive active-material of bipolar VRLA
batteries [28].

4.4.5. Iron boride

Positive plates with a density of 1.15 gem ™ have been made from 8.2 wt.% ball-milled
lead oxide, 10wt.% iron boride, and 8wt.% polyethylene [29]. The mixture
was pressed, sintered, and put in a honeycomb conductive matrix. The battery
delivered 60 Whkg™' with this lightweight electrode. The patent claims that
shedding and morphology changes during cycling were reduced and nucleation
of the lead oxide crystals was improved. The utilization of positive active-material
was increased by 50% at the C/3 rate compared with typical positive active-material.
Other conductive additives claimed in the patent are TaB,, TaN, ZrSi,, NbSi,, TiP,
and CrP.

4.4.6. Lead-coated glass wire

Materials made by a co-extrusion process for coating glass, copper, or titanium wire
with lead [30] have been proposed as a substitute for the lead grid. The diameter of
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the wire thicknesses can vary from 0.038 to 0.635cm. The wires are too thick to be
used as an additive in battery pastes but have been woven together to form lead grids
and have also been incorporated in tubular plates to add strength and save weight.
Lead-coated glass fibres of 0.025 cm diameter have also been suggested as additives
to the positive plate [31].

4.4.7. Carbon

Carbon is insoluble in acid and is stable in the negative plate, but it tends to
decompose in the positive-plate environment at a rate that depends on the form of
the material.

Although carbon has been investigated as an additive to the positive plate for
many years, its use has not yet achieved much commercial success. A grid made from
lead wire with carbon fibres protruding from the grid wires into the paste was
developed to improve cycle-life and high-rate performance [32]. The addition of an
isotropic graphite to the positive plate was also found to improve capacity and cycle-
life [33,34]. It was claimed that the improvement was due to expansion of the
material which increased plate porosity, rather than to an increase in conductivity.
The addition of graphite, carbon, and/or titanate whiskers to both the positive and
negative pastes has also been patented [35]. When long carbon whiskers were added
to the positive plate at concentrations up to 1.5wt.%, the ohmic resistance of the
cured plate decreased and the formation efficiency increased [36]. Half of the carbon
decomposed during formation. This resulted in increased pore size and greater
utilization of positive active-material on discharge. The average pore size increased
from 0.13 um without carbon to 2.7 um with 1wt.% carbon, and the pore volume
from 0.10 to 0.15cm’ g~ '. Cycle-life on a JISC8702 test with 50% DoD at 25°C was
not affected by the carbon additive.

The addition of 0.1-0.5wt.% graphite fibres made from either acrylonitrile
or a pitch precursor has been patented [37]. On average, the chopped fibres
were about 3.0mm in length and 0.05mm in diameter. Positive plates were
made from a paste composed of 8§1.3wt.% PbO, 9.5wt.% H,SOy4 (1.35 rel. dens.),
8.7wt.% deionized water, 0.1wt.% Dynel™ fibre, and 0.4 wt.% polyacrylonitrile
graphite fibre. Formation of a battery made with this paste was compared
with a control that had no graphite additive. Only 39% of the energy required to
form the control was required to form the battery that contained graphite in the
positive plate.

The effects of adding 0.3 wt.% of either carbon or glass fibre to the positive
paste have been compared [38]. Plate thickness, discharge rates, and temperatures
were varied, and the capacities of cells that contained one positive and two
negative plates were measured. Under a discharge of 12.25mAcm™2 at 25°C,
positive plates of thickness 2.77mm had less capacity with carbon than with
glass, but more capacity than the control with 4.25-mm thick plates. Neither the
volume % nor the density of the fibres was given, and the loss of carbon during
formation was not determined. In this study, therefore, it is difficult to distinguish
the effect on discharge capacity of conductivity enhancement from that of acid
transport.
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Adding carbon black to the positive paste not only enhances formation slightly
(a maximum of 2%) by increasing the conductivity of the paste, but also promotes
the formation of a-PbO, [5]. The porosity and coarseness of the active mass also
increases. A paste was made by mixing ball-milled leady oxide with 0.2 or 10g
carbon black and adding aqueous sulfuric acid and water. Positive plates prepared
from this paste were formed and cycled at the 10-h rate; each cycle involved
discharge for 1 h and charge for 5h. After 216 cycles, the a-PbO,:B-PbO, ratio in the
cell with 0.2 wt.% carbon black was still 41% higher than that in the control cell with
no carbon added. It was also found that the carbon was not stable in the positive
plate. For a cell with 1.0 wt.% carbon black, 0.4 wt.% remained after formation and
only 0.05wt.% after cycling. It was further observed that oxidation of carbon black
occurred even when the positive electrode was at open-circuit. Cycle-life, however,
was not affected. The findings thus agree substantially with those of Hojo et al.
[35,36]. Both sets of studies show that additions of carbon to the positive electrode
have the greatest benefit during formation. Although the carbon influences the plate
morphology, it does not appear to have much effect on cell performance or cycle-life.
This is probably because carbon is oxidized in the positive-plate environment to
form gaseous carbon dioxide.

In a flooded lead—acid battery, carbon dioxide will evolve without imparting any
significant effect on battery performance. In VRLA batteries, however, the gas will
increase the internal cell pressure. This could accelerate a common failure mode,
namely, cell dry-out, by causing the valve to open more frequently. The pressure
increase and bubble formation may affect the rate of oxygen evolution of the positive
plate, and/or the rate of oxygen transport, and/or oxygen recombination at the
negative plate. Another failure mechanism of VRLA batteries is progressive
sulfation of the negative plate by oxygen recombination. If carbon dioxide interferes
with either oxygen formation or recombination, it may reduce the rate of negative
plate sulfation and increase float life.

Measurements of the effect of graphite concentration in the positive plate on gas
evolution have been made on flooded stationary cells with a nominal capacity of
4.5 Ah at the 10-h rate [39]. Standard plates with grids made from pure-lead, lead—
calcium, or lead—antimony alloys were tested and gave similar results. In cells with
lead—calcium grids, gas evolution increased significantly as the graphite content was
increased from 0.5 to Swt.%. For all alloys, when cells with 0.5 wt.% graphite were
floated at 2.23 V per cell, the initial rate of gas evolution was less than that for cells
without graphite. At the end of an 8-week float test, however, the cells with and
without 0.5wt.% graphite had similar gassing rates. Cell capacities were initially
higher with graphite, but cycle-life remained unchanged. These results suggest that
the effects of graphite additions on the oxygen cycle in VRLA batteries should be
evaluated.

Another study [40] examined the effect of adding 10 g of natural graphite with a
grain size of 520 um to positive plates in 4.5-Ah VRLA cells. The active material was
prepared by mixing 2 kg of leady oxide and 0.8 g of polyester fibre with 150 ml of
water and then 271 ml of 1.200 rel. dens. sulfuric acid. The pastes were applied to
lead—calcium—tin grids, cured at 80°C for 72h, and dried in air. The test cells,
composed of one positive and two negative plates, were formed and then floated at a
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constant voltage of 2.25V. Each month, the cells were discharged at a constant
current of 0.45A to a 1.80V cut-off. The cell with graphite retained its capacity
better than the cell without graphite. The capacity of both cells increased somewhat
when they were ‘reactivated’ by discharging at a low current of 0.1 A and charging at
0.45 A. When the cells were dismantled, the active material that contained graphite
was found to be very brittle. It was suggested that this was due to intercalation of
sulfate ions into the graphite grains. The total amount of graphite remaining in the
plate was not reported. Other studies on flooded batteries show that the carbon
gradually oxidizes to carbon dioxide, as reported above.

The initial utilization of active material was found to increase when 0.5wt.% of
expanded graphite, carbon fibre, needle coke, or polyacene was added to positive
pastes [41]. Expanded graphite was the most beneficial in this respect. The addition
of this graphite did, however, reduce the number of cycles due to softening and
shedding of the active materials when the cell was subjected to constant-current
discharges at a 3 to 4-h rate to a 1.65V cut-off. Addition of a nitrogenous
heterocyclic compound along with the graphite overcame this problem. Cycle-life
was equivalent to that of a control cell with no additives, but the material utilization
increased from 38 to 53% by the 30th cycle. Further tests on commercial batteries
showed that 1 wt.% of the composite additive gave good results. Comparable battery
performance could be achieved with 14% less active material at the expense of only a
small reduction in cycle-life.

Fibres made from carbon-filled polyolefin or polyester have been added to battery
paste to increase life [42]. In another approach [43], a battery plate was made by
filling a non-conductive polyvinylchloride grid with paste and covering the plate with
a sheet of partly carbonized, organic, non-conductive fibres. The carbonized layer on
the fibres provided the electrical conductivity.

The capacity of densely packed tubular electrodes made of chemically prepared
PbO, was improved by the addition of 1-12wt.% graphite of 8-um diameter
[44]. The increase in capacity was ascribed to an improved acid supply which
resulted from two effects of the graphite, viz., pore formation and electro-osmotic

pumping.

4.4.8. Lead dioxide

Although much work has been undertaken to find a stable, conductive additive for
the positive plate, lead dioxide is still the additive which is most commonly employed
to improve the efficiency of the formation process. A traditional way to enhance
the conductivity of the positive plate during formation is to use 25-100 wt.% of
red lead (Pb3;04 = 2PbO-Pb0O,). When sulfuric acid is added to this oxide to make
a paste, the red lead reacts to form lead dioxide and lead sulfate. This well-
demonstrated approach is adopted for hard-to-form batteries, particularly those
with tubular positive plates. Plates made of red lead have poor cycle-life unless
the positive active-material is highly compressed. This requirement has limited
the use of red lead in flat-plate designs, such as those used for automotive batteries.
Three paste-mixing processes in which red lead is added to the paste have recently
been patented [45-47]. These pastes can be cured at higher temperatures to
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form tetrabasic lead sulfate that provides longer cycle-life and only slightly less
initial capacity than pastes that contain tribasic lead sulfate. The direct addition
of lead dioxide to paste mixtures containing tetrabasic lead sulfate enhances
formation [48].

Particles of lead dioxide in lead monoxide, such as those formed in a ball-mill, can
be formed by treating the oxide with ozone before paste mixing [49]. The use of
persulfate [50-53] and peroxides [54] to effect the partial conversion of lead oxide in
the paste to lead dioxide has also been proposed. A proprietary process for treating
the surfaces of unformed plates with ozone gas produced a thin coating of lead
dioxide, which enhanced formation [55,56]. Much lower quantities of lead dioxide
are needed with this approach than when red lead is added to the plate, and the
normal battery paste mix can be used. Dipping or spraying the plate with a
persulfate solution has also been adopted to oxidize the surface PbO to conductive
PbO, [57].

4.5. Chemically Active Additives
4.5.1. Sulfate salts

Sulfate salts are sometimes added to batteries to depress the formation of large lead
sulfate crystals that are difficult to recharge. Failure by ‘sulfation’ is common when
the battery is deeply discharged or left on open-circuit in the discharged state.
Because crystals of barium sulfate and strontium sulfate are isomorphous with lead
sulfate and are relatively insoluble, they can nucleate the lead sulfate crystals and
thus reduce their size.

The addition of sulfates to the positive plate was evaluated by Lorenz (as
described in Ref. 58). Results showed that 0.5wt.% barium sulfate or strontium
sulfate added to the positive active-material reduced the cycle-life from 100 cycles
without the additive to 30-50 cycles with the additive under the same conditions. The
end-of-life was taken as a 40% decline in the initial capacity. Lorenz further reported
that calcium sulfate is not isomorphous with lead sulfate and therefore has no effect
on battery life. (Note, calcium sulfate also does not act as an inorganic expander for
negative plates.)

The cycle-life of cells discharged at the C/5 rate to 0.7V was found to decrease
when 0.3 or 3wt.% BaSO,4 was added to the positive plate [59]. Compared with an
undoped plate, the addition of 3 wt.% BaSO, decreased the cycle-life by a factor of
10. The expansion of a free-standing positive plate increased by a factor of 4, and the
loss of active material increased by a factor of 8. Addition of 0.3 wt.% BaSO,4 had an
effect that was half-way between 0 and 3 wt.% BaSO,. Although compression of the
cell stack increases cycle-life, the relative effect of adding BaSQy is similar. The cycle-
life was estimated to be 320, 80, and 35 cycles for cells with 0, 0.3, and 3 wt.% BaSQOy,
respectively. (See Section 4.4.1 above for further discussion.)

Sodium sulfate is not isomorphous with lead sulfate and is more soluble. The
solubility of lead sulfate in sulfuric acid containing sodium sulfate is given in
Table 4.6 for acid concentrations from 0 to 10 wt.% [60,61]. When dissolved in the
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Table 4.6. Solubility of lead sulfate in sulfuric acid + sodium sulfate solutions®.

H,SO, Na,S0y Solubility of PbSOy,
(wt.%) (wt.%) pH (mg Pb per 1)
25°C 66°C 25°C 66°C
0 0.05 6.1 8.1 4.3 9.9
0.2 6.4 7.2 3.2 7.2
0.5 5.0 5.0 5.0 5.6
2.0 5.6 5.6 4.0 7.5
10.0 5.7 5.7 10.8 18.4
0.5 0.05 1.34 1.23 3.7 7.6
0.2 1.26 6.1
0.5 1.42 1.42 3.4 6.8
2.0 1.63 1.63 3.9 6.8
5.0 1.83 1.70 5.4 9.5
10.0 1.93 1.93 9.5 17.1
2.0 0.5 0.87 0.87 4.2 8.8
2.0 0.96 0.96 4.4 6.6
10.0 1.22 1.22 8.3 13.2
10.0 0.5 0.08 0.08 5.3 6.3
2.0 0.12 0.12 5.6 6.5
10.0 0.18 0.18 12.3 10.4

“Private communication from Marsh of data shown in graphical form in Refs. [60,61]. Marsh measured
the data cited in Refs. [60,61].

electrolyte, up to about 2 wt.% sodium sulfate decreases the solubility of lead sulfate
at all acid concentrations, due to the common-ion effect. At concentrations of
sodium sulfate between 2 and 10 wt.%, the solubility of lead sulfate is higher at all
acid concentrations. The growth of large crystals, called ‘hard sulfate’, occurs by a
dissolution—precipitation process when the battery is on open-circuit. At the low
acid concentrations in a discharged battery, the solubility of lead sulfate is higher
than in a fully charged battery with high acid concentrations. Addition of sulfate
salts to the battery electrolyte to reduce the solubility of lead sulfate reduces the
number of failures from shorting when the battery is deeply discharged or stored
with minimal electrolyte [60,61]. Addition of sulfate salts is common in VRLA
batteries, where the limited electrolyte volume can, at the end of the discharge or
on open-circuit, result in a more dilute acid than in the case of flooded batteries.
Unfortunately, sodium sulfate accelerates the corrosion of the negative plate lugs
and connecting strap when lead—tin alloys are used for these parts [62]. This effect
occurs in VRLA batteries because the negative lugs and strap are exposed to air and
wetted with only a thin film of electrolyte. Addition of selenium to the alloy
suppresses this effect.

In the early 1950s, the United States National Bureau of Standards evaluated a
battery electrolyte additive which contained sodium sulfate and magnesium sulfate.
The manufacturer’s claim was that the additive could restore the performance of
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Table 4.7. Effect of sodium sulfate on performance of positive plates [44].

Na,SO,  Total packing efficiency % Theoretical capacity obtained at cycles
(Wt.%) as % of theoretical

(PbO; + Na»SO,) 1 2 3 4
3.8 39 15.1 5.6 10.6 12
2.2 36 2.4 2.8 2.8 2

heavily sulfated batteries, but the Bureau of Standards concluded that the material
was without merit. When a strong controversy erupted, the National Academy of
Sciences appointed a Committee to appraise the work of the National Bureau of
Standards [63]. The Report of the Committee on Battery Additives [64] supported
the Bureau of Standards conclusion.

Tubular plates have been made with chemically prepared lead dioxide and 2.2 or
3.8 wt.% sodium sulfate in the positive active-material [44]. Test results on cells
cycled at constant-current are shown in Table 4.7. It was concluded that sodium
sulfate increases the utilization of material by dissolving to create a more porous
structure in the positive plate. It was also noted that graphite has an even greater
effect in the same concentration range (see Section 4.4.7).

Sulfate salts have been introduced into the positive paste of VRLA cells during
the paste-mixing process. In a recent study [65], sodium sulfate was added to
positive pastes at 0, 0.01, 0.05, 1, and 2M levels (note, the authors did not explain
how the molarity levels were calculated). The plates were cured at 85°C to form
tetrabasic lead sulfate and a-PbO. The tetrabasic lead sulfate crystals had sizes of
1-20 um in the paste without sodium sulfate. The crystal size decreased and the
specific surface-area increased most with the lowest amounts of sodium sulfate,
viz., 0.01 and 0.05M. Five, 4.0-Ah, VRLA cells, one for each additive concen-
tration, were subjected to 100% DoD cycling. The cells with 0.01-0.05wt.%
sodium sulfate in the positive plate had about 4% higher initial capacity and 4%
more average capacity per cycle than the cell with no sodium sulfate. Under duty
that simulated the driving of an electric scooter, the cells that had 0.01-0.05 wt.%
sodium sulfate in the positive plate showed about 8% increase in both initial and
average capacity per cycle.

In another study [66], three-plate, 1.2-Ah cells with a Pb-5.5wt.%Sb grid,
1.250 rel. dens. acid and PVC separators were discharged at 200mA for 5h and
recharged at 70 mA for 17 h. Capacities were measured after every five cycles to an
end-of-life at 80% of initial capacity. The performance of positive plates containing
0.5 or 1.5wt.% of sodium or magnesium sulfate were compared with undoped
plates. The cycle-life of the positive plate was improved by the addition of
magnesium sulfate, but the negative plates shed material after 60 cycles (note, no
explanation for this plate deterioration was given). The authors also studied the
behaviour of cells that contained 0.5 and 1.5 wt.% sodium sulfate in the electrolyte.
It was concluded that addition of sodium sulfate is more effective in the electrolyte
than in the paste.
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The effect of the addition of calcium sulfate to positive pastes has also been
investigated [67]. Pasted electrodes were cycled three times as well as to the end
of the battery cycle-life. The positive active-material was washed with water,
dried, pulverized, and used to pack tubular electrodes. Additions of 0, 0.1, 0.2,
0.8, and 1.2wt.% calcium sulfate were included in the study. When the tubular
electrodes were cycled, the capacity of the ground positive active-material was
gradually restored. Cycle-life increased as a function of the content of calcium
sulfate; the most stable capacity was with 0.8wt.% calcium sulfate. It was
concluded that the addition of calcium sulfate increases the rate of lead sulfate
nucleation during discharge and modifies the B-PbO, and lead sulfate structure.
The positive active-material contains regions of crystalline lead dioxide, as well
as regions of amorphous, hydrated, lead oxide — called ‘gel’. The calcium ions
increase the gel:crystal ratio in the positive active-material and act as binders for
the skeletal structure of the material. This conclusion appears to be in conflict
with Lorenz’s conclusion that CaSO,4 does not nucleate PbSO, (see above).

Another investigation [68] found that calcium sulfate in paste improves the
cold-cranking ability of automotive batteries. Two types of batteries were tested,
namely, a standard 12-V, 60-Ah unit and a tubular, 8-V, 450-Ah diesel electric
locomotive battery. Either 0.25 or 2wt.% calcium sulfate was dry blended with
the oxide before acid and water additions. The automotive batteries were tested
at the C/20 rate and also discharged at high rates at 0 and —15°C. The tubular
batteries were discharged at 2300 A for 15s, followed by a rest period for 15s.
Calcium sulfate increased the voltage at all concentrations and discharge rates,
and the effect was more pronounced at higher currents and lower temperatures.
Lead—acid batteries typically show a sharp voltage drop at the beginning of
discharge, and this is followed by a voltage increase. The phenomenon is called
the ‘coup de fouet’. In the above study, the voltage drop was not reduced by
calcium sulfate and the voltage increase was only seen after the first 5s of
discharge, except under a high rate of discharge at —15°C. An alternative
approach involved dipping dry pasted plates in calcium nitrate solution, draining
off the excess nitrate solution, immersing the plates in dilute sulfuric acid to form
calcium sulfate in the pores, and then washing to remove acid and nitrate.
Although this treatment decreased the porosity by as much as 25%, the battery
performance was still improved.

4.5.2. Phosphates

Voss [69] has published a comprehensive review of the effects of phosphoric acid on
the performance of lead—acid batteries. This review included previously unpublished
tests by Kugel, Rabl, and Woost conducted between 1926 and 1935, in which
phosphoric acid was added to the positive paste at the 0.9, 2.0, 2.9, or 4.0 wt.% level,
and at 0.9wt.% in the electrolyte. The results showed that, during cycling, the
phosphoric acid concentration increases in the electrolyte but decreases in the
phosphated positive active-material. It is also higher in the electrolyte when the cell is
discharged. Tables 4.8—4.10 show the results of these studies.
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Table 4.8. Content of phosphoric acid in electrolyte and charged positive active-material of
Fauré plates during the first six cycles [69].

Charge no. 1 2 3 4 5 6
Discharge no. 1 2 3 4 5
H;POy, in electrolyte
charged state (g 171) 3.6 3.9 4.3 4.7 5.1 53
discharged state (g 17" 4.7 53 6.0 6.5 6.8
H;PO, in positive material
charged state (%) 2.5 24 2.1 1.9 1.7 1.6

Table 4.9. Cycle-life data of 4 Ky 225 Fauré plates with/without phosphoric acid [69].

Cycle Discharge rate Nominal C/5 capacity Voltage at start of discharge
(h) (%) (V per cell)
with without with without
H;PO, H;PO, H;PO, H;PO,
300 5 60 68 2.04 2.02
325 5 58 66 2.03 2.02
326 10 58 67 2.04 2.03
327 1 50 59 2.03 2.02

Table 4.10. Effect of phosphoric acid
dosage on cycle-life of Ky Fauré type cells
[69] (end-of-life taken as 60% C/5).

H;PO, dosage Cycle-life
(g per kg lead oxide)
9 220
20 330
29 490
40 720

Cells with four positive and five negative electrodes were constructed with 0 and
2-3wt.% phosphoric acid in the paste. The cells with phosphoric acid had
13-18 wt.% lower capacity than cells without phosphoric acid. The cell voltage at the
beginning of discharge was 10-20mV higher in the phosphated cells. The positive
active-material with phosphate adhered more firmly to the grid than in cells without
phosphate, and this reduced the shedding of the material by about 50%. Thus,
phosphoric acid in the paste significantly improved cycle-life. At 6 wt.% phosphoric
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acid, however, mossing due to formation and reduction of soluble lead (IV) material
on charge resulted in early cell failure due to short-circuits.

Many other workers have studied the effects of adding phosphoric acid to the
electrolyte. The results vary dramatically with the acid concentration, paste
composition, acid:paste ratio, and application. Voss recommends that cells should be
operated above 15°C to decrease mossing, and summarizes the effects of phosphoric
acid in lead—acid cells as follows:

retards sulfation on stand after deep discharge;

promotes the formation of lead (IV) species on charge, which may increase
mossing and may oxidize organic materials;

reduces lead corrosion;

reduces self-discharge;

affects the cell voltage, more specifically the potential of the positive plate;
reduces the shedding rate of the positive active-material;

increases the cycle-life of positive plates;

reduces the capacity of positive pasted plates by about 15%;

may increase the capacity of Planté plates due to lower shedding rates;

behaves opposite to the sulfate ion with regard to its concentration in the
electrolyte.

Phosphoric acid and phosphate salts have been added to improve the performance
of many different battery designs in many applications. Frequently, use of the
additive has been discontinued when unexpected test or field results contradicted
earlier laboratory results. The many conflicting effects listed by Voss explain why
phosphates have been so controversial. A series of studies of the effects of
phosphates in sulfuric acid on the positive electrode [70-72] may help to explain this
quandary. The activity of the phosphate ion in sulfuric acid solution is determined by
the acid concentration. The degrees of dissociation of H;PO,4 into H,POy, HPOf‘_,
and PO}~ are dependent on the activity of the hydrogen ion. When the sulfuric acid
concentration is high, the phosphate activity will be low, and vice versa. Thus, during
formation or at the end of discharge, phosphate additions will have a higher effective
concentration than in a fully charged battery. In the alkaline environments that can
exist in the corrosion film or during plate formation, lead phosphates are more stable
than basic lead sulfates [72]. Lead phosphates in the positive paste can significantly
alter the structure and reactivity of the paste during formation or the corrosion film
during battery use.

One of the most successful applications of phosphoric acid has been in gelled
electrolytes that are made by adding fumed silica to sulfuric acid [73,74]. Larger
phosphate concentrations appear to be tolerated in the gelled acid without adversely
affecting cell performance. One reason may be that the plates in these batteries
are formed by the dry-charge process and the phosphate is added to the battery
with the electrolyte. Addition of silica may also affect the equilibria of phosphate
dissociation and/or lead phosphate formation. Further study of these effects may
lead to a better understanding of how to control phosphate activities to enhance
battery performance.
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One study [75] explored additions of 0.06 wt.% silicide, 0.26 wt.% phosphate,
0.12wt.% cobalt salts or 0.15wt.% fibre to positive plates of 4-Ah capacity. The
plates were formed in acid with 50-100% overcharge and discharged at a 5-h rate to
1.75V. It was found that cobalt (1) salts increased the a-PbO; in the plate, and that
phosphate promoted the development of smaller PbO, crystals. Addition of silicide
or phosphate increased the initial capacity. Cycle-life increased from 19 to 26 cycles
with phosphate and to 28 cycles with cobalt. Silicide and fibre mechanically
strengthened the active material but only slightly increased the cycle-life. Silicide
with fibre and cobalt salt with phosphate were claimed to be the best formulations
for increasing the capacity of the active material (by 10-15%).

4.5.3. Bismuth

Because bismuth is a common impurity in lead, its effects in lead—acid batteries have
been extensively studied. A review of the literature [76] has concluded that the
investigations have produced many conflicting results. Nevertheless, it is generally
agreed that bismuth accelerates oxygen evolution from the positive plate. Formation
of a mixed oxide, PbO,-BiO,, has been suggested as the reason for the lower oxygen
overpotential. Bismuth may also possibly suppress hydrogen evolution on lead and
enhance oxygen reduction. This suggests the need for further study of the action of
the oxygen cycle in VRLA batteries with bismuth additions.

In a recent study [77], positive plates were made from either bismuth-free oxide, or
from high-purity oxide that contained 0.05wt.% bismuth. The resulting active
material was removed from the grid, washed and dried, pulverized, and compressed
into disc-shaped electrodes at 2.9kPa. The clectrodes were immersed in acid of
1.275 rel. dens. and subjected to a ‘full charge’ at 0.05 A for 16 h. Capacity tests were
then performed (20 cycles; discharge: 0.125 A to 1.75V; charge: 0.05 A, no voltage
limit, 120% charge return) with the electrode compressed under a given pressure in
the range 1.4-60kPa. Below 40kPa, bismuth was found to increase the initial
capacity. Moreover, at all pressures studied, bismuth enhanced the rate at which the
capacity developed on cycling. Both these observations are consistent with the
findings of other studies [78,79], which have shown that bismuth in the grid alloy or
in the electrolyte restores the capacity of tubular electrodes made from pulverized
positive-plate material. It was concluded [77] that bismuth encourages the growth of
fine, acicular crystals of lead dioxide that interconnect and, thereby, consolidate and
strengthen the porous mass of the positive electrode.

In a parallel investigation [80], VRLA batteries (6 V, nominal C»y = 4 Ah) were
manufactured either from lead oxide containing 0.05wt.% bismuth or from
standard factory lead oxide. Cycle tests were performed under the Japanese
Industrial Standard (JIS) and the International Electrotechnical Commission (IEC)
tests protocols. In the JIS test, the battery is discharged at 0.25C»o A for 2h and
then recharged at a constant voltage equivalent to 2.45V per cell with a maximum
current of 0.1C,y A for 6 h. Twenty-four of these discharge—charge sequences are
applied. On the next cycle, the battery is discharged at the same current until
the voltage reaches 1.7V per cell. The 25-cycle test is repeated until either the
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discharge capacity on the 25th sub-cycle is lower than 50% of the nominal capacity
or the battery reaches the 1.7 V per cell cut-off during the 2-h discharge test. Under
the JIS protocol, the cycle-life was increased from 675 to 800 with the bismuth-
bearing oxide. The failure mode of the batteries without bismuth was positive-plate
expansion.

The IEC protocol, run at 22°C, consists of discharging at 0.17C,, A and
recharging at a constant voltage equivalent to 2.35V per cell with a current
maximum of 0.3C,y A for 9h. Fifty discharge—charge cycles are applied and then
the battery is discharged at the C5(/20 rate to 1.75V per cell. This is repeated until
the capacity either declines to 60% or less of the nominal Cy, value or the voltage
during the 3-h discharge reaches 1.75V per cell. The batteries with bismuth gave
675 cycles compared with 510 cycles for the controls. The failure mode of batteries
subjected to the IEC protocol was undercharge or sulfation of the negative, which
suggests that bismuth may improve negative-plate rechargeability. This possibility
was later verified [81] in experiments that showed that bismuth contents up to
0.06 wt.% can improve the charging ability of negative plates, especially when
cycling within a low and narrow partial state-of-charge window (40-70% SoC) of
the type that will be experienced in 42-V powernet automotive and hybrid electric
vehicle duties.

It has recently been demonstrated that other benefits to be gained by
incorporating bismuth in active material include: lower rates of hydrogen and
oxygen gassing [82] (note, this effect on oxygen evolution is opposite to the
traditional view [76]); less risk of selective discharge of negative or positive plates and
lower float current [83]; lower self-discharge rates [84].

4.5.4. Polyvinylsulfonic acid and its salts

The tests of additives in spirally wound VRLA batteries [18] also included a
proprietary ‘AD7’ additive, which was chemically described as polyvinylsulfonic acid
or its salts, called polyvinylsulfonates [85,86], together with crystal carbon fibres,
polyester fibres and SnO, powder. None of the additives were found to increase
the initial discharge capacities compared with the control. The ‘AD7’ additive did,
however, show significantly better maintenance of capacity during cycling than the
control. It was further claimed [81,82] that typical additive concentrations of about
0.001-0.5wt.%, in either the positive paste or the negative paste or both, function
as a binder and a plasticizer to improve life, capacity, and low-temperature
performance.

4.6. Conclusions

This review of work on additives to the positive plate shows that a variety of effects
can be achieved. The choice of additives is very dependent on the intended
application and corresponding battery requirements. Additives that enhance
material utilization and/or reduce plate weight may be desirable for batteries in
electric vehicles, where high specific energy is required. In automotive batteries,
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specific power may be enhanced by additives that increase plate porosity and
facilitate acid transport. Batteries that require long cycle-life under deep-discharge
conditions may benefit from binders to reduce active-material shedding.

Most studies of additives to the positive plate have focused on flooded lead—acid
batteries. The results are probably applicable to VRLA batteries in most cases. One
exception may be when additive effects are dependent on acid concentration. For
example, the addition of soluble sulfate salts may be more effective in VRLA
batteries with AGM separators than in gelled or flooded designs. This is because the
acid in VRLA batteries may reach lower concentrations under deep discharge or
prolonged open-circuit conditions. Soluble sulfate salts will reduce shorting and may
prevent freezing under such conditions. It should be noted, however, that soluble
sulfate salts may also accelerate corrosion of the negative plate lugs and connecting
strap when these parts are exposed to oxygen and wetted with a thin film of
electrolyte. Another additive worthy of consideration is phosphoric acid. Control
of the effects of phosphoric acid additions appears to be better in gelled batteries
formed by dry-charging than in AGM or flooded batteries made with an in-case
formation process. This may be due to better control of the degree of dissociation of
the phosphoric acid in such gelled batteries.

A second restriction to the use of additives in VRLA batteries may be when they
affect the oxygen cycle. For example, carbon may increase the internal cell pressure
by oxidizing to produce carbon dioxide. Bismuth may accelerate oxygen evolution.
And sulfate salts may have some effect on the recombination of oxygen at the
negative plate by nucleating lead sulfate crystals. At the positive, additives that
increase the plate surface-area or porosity may accelerate oxygen evolution on
overcharge. Further study of such effects is needed to determine what additives are
most beneficial in VRLA batteries.
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—CHAPTER 5—

NEGATIVE PLATES IN VALVE-REGULATED
LEAD-ACID BATTERIES

K. Peters

5.1. Introduction

The period between 1950 and 1980 saw several changes in the design and
manufacture of negative plates for lead—acid batteries. In particular, new types of
additives were introduced following the change from wood to synthetic separators.
There followed many investigations into the mechanisms and influence of the chosen
additives [1-4]. Until that period, negative plates were perceived as the life-limiting
component due to a progressive loss in their surface area during battery service. As
a result of this work and the subsequent changes in technology, both the service-life
and the coulombic output of lead—acid batteries were greatly improved.

In recent years, with the progressive introduction of valve-regulated lead—acid
(VRLA) batteries, the behaviour of negative plates under typical operating
conditions of limited overcharge and an internal oxygen cycle has assumed new
importance. There is concern that without a better understanding and subsequent
improvement of charge maintenance, the negative plate will again be the life-limiting
component, in both cycling and standby applications.

The rapid reaction of oxygen with lead is the keystone to the functioning of the
internal oxygen cycle in VRLA batteries, and ways to ensure that gas recombination
proceeds efficiently without progressive loss of negative-plate capacity constitute
the subject of many present studies. The self-discharge of the negative-plate by
the oxidation reaction must be balanced by equivalent secondary reactions at the
positive plate or, at least, decreased by appropriate charging conditions. Where high
specific energy is desirable in, for example, new designs of electric-vehicle (EV)
batteries, there is also the problem that negative failure may be exacerbated by a
decrease in the mass of the active material to a value which is just sufficient to meet
the required capacity, without due allowance for progressive loss of capacity as the
battery ages.

Resolution of the above problems is made more difficult by the sensitivity of
negative plates to various secondary reactions, such as those caused by impurities
and additives. These may affect the self-discharge rate, as well as the charge-
acceptance and the efficiency at which the charge input is subsequently used. The
transient nature of these effects increases the difficulty of understanding their
influence. Several studies are now underway to increase this understanding and
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thereby improve the performance of negative plates in VRLA batteries, particularly
under the high-rate, partial state-of-charge (HRPSoC) conditions that are
experienced in all types of hybrid electric vehicle (HEV) applications. Much of
this effort is supported and coordinated by the Advanced Lead—Acid Battery
Consortium (ALABC) under the auspices of the International Lead and Zinc
Research Organization. Whilst more work is required to ensure that negative plates
in VRLA designs meet duty requirements and provide long and trouble-free service,
this chapter reviews the present state-of-knowledge and includes a discussion of the
effects of impurities and additives and their influence on charging methods.

5.2. Basic Electrochemical Characteristics

The first step in the conventional process for the manufacture of porous lead
electrodes is to mix a powder of lead and lead oxide (so-called ‘leady oxide’) with
sulfuric acid, water, and certain additives. The resulting paste is then applied to the
grids and ‘cured’ under controlled conditions of temperature, relative humidity, and
time to produce basic lead sulfates which assist consolidation of the material as well
as its adherence to the grid. Finally, the basic lead sulfates are reduced to a porous
lead plate by a prolonged electrochemical charge operation, so-called ‘formation’
(see Chapter 3). The chemical and physical structure of the active material produced
by this process must be capable of meeting the design capacity and be sufficiently
durable for the required battery service-life. With conventional manufacturing
methods, the paste must also have the correct consistency to enable application to
grids without loss, slumping, or excessive shrinkage.

Within these constraints, the apparent density of negative active-material is
usually in the range 3.8-4.2gcm™> with a surface area of 0.3-0.8m?g™! and a
porosity of 48—-55%. These properties change during service according to the types of
additives used and the treatment history of the plates, i.e., depth-of-discharge (DoD)
and charging practice.

The structure of negative active-material has been described as consisting of a
skeleton which is produced during the initial stage of the formation process, with
small lead crystals — a so-called ‘energetic structure’ — being developed on the
surface in the latter stages [5]. It has been further suggested that the decline or
increase in capacity during cycling is due to the fact that the microstructure
developed during plate processing undergoes morphological changes with
consequent changes in surface area.

During discharge, lead is oxidized to Pb*> ™ ions with the production of lead sulfate
and the release of two electrons, i.e.,

Pb + HSO; — PbSO4 + H* 4 2¢~ (5.1)

The theoretical consumption of lead during discharge is 3.86g per Ah
(259mAhg™"), but the capacity is invariably limited by the surface coverage of
sulfate and the restricted accessibility of acid within the pores so that the actual
value is much less than theoretical. The capacity depends on several factors, which
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include: discharge rate; temperature; plate thickness and internal structure, i.e.,
density, pore size, and surface area.

Functional characteristics, such as the specific energy and specific power at
various rates of discharge and temperature, generally refer to cells or batteries as
a whole. The properties of individual eclectrodes can be assessed, however, by
monitoring the performance of single plates under experimental conditions where
they limit the discharge, for example by discharging single negative plates against
two opposing positive electrodes in excess electrolyte with a suitable reference
electrode.

A good approximation of the relationship between current, I, and discharge
duration, ¢, is given by the empirical Peukert equation, i.e.,

I"t=K (5.2)

where n and K are constants over a specific range of discharge conditions and can be
determined experimentally. The value of n approaches unity at very small current
densities at which the discharge capacity approaches the limit imposed by exhaustion
of reactants. For intermediate current densities at 25°C, values of K = 0.42 and
n = 1.39 have been reported for negative plates [6]. At high current densities, n
approaches 2 as the capacity is limited by diffusion.

Diffusion limitations and their influence on capacity and the utilization of the
active mass are progressively reduced with thinner plates, and the Peukert equation
can be modified [7] to include both temperature and thickness parameters, namely:

I"t/d% ] = Ko(1 + aT) (5.3)

where d is the plate thickness in mm; 7 is the temperature in °C; a is a constant over
the range —20 to + 20°C. The capacity and material utilization of negative plates
that vary in thickness from 1 to 5.9 mm for discharge rates of 5min, 1h, and 5h are
shown in Fig. 5.1. The data illustrate the high efficiency of the negative active-mass
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Fig. 5.1. Utilization of negative active-material at various plate thicknesses.
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Fig. 5.2. Tafel plots for hydrogen and oxygen evolution at 20°C.

under conditions of excess electrolyte and low discharge rate; the coulombic
utilization of thin plates approaches 80% of the Faradaic value.

Within the normal range of electrolyte concentrations (4.5-5.6 M H,SOy), the
equilibrium potential, E,, of the negative electrode is —0.330 to —0.345V with
respect to a standard hydrogen electrode (SHE). Deviations from this value during
charge and discharge (i.e., the overpotential, 1) as a result of kinetic hindrances and
resistive losses can be conveniently related to the current density, i, by the Tafel
equation

nN=E—-E,=a+blogi (5.4)

where E is the electrode potential under load; a is a constant; b is the slope of the
Tafel line. Tafel plots for negative and positive electrodes in a standby battery that
had been float-charged for an extended period at 20°C are shown in Fig. 5.2.

The evolution of hydrogen on lead in sulfuric acid, though thermodynamically
favoured, is strongly inhibited due to its high overpotential. The lead — lead sulfate
and hydrogen evolution reactions occur simultaneously and can be represented by a
mixed-potential [§]. In Fig. 5.3, the lead — lead sulfate reaction is shown to occur
rapidly due to its low overpotential, whilst the overpotential associated with
hydrogen evolution results in a slow and gradual rise in current. Under open-circuit
conditions, i.e., no external current, self-discharge occurs with the gradual
conversion of lead to lead sulfate at a mixed potential, Ey;. The position of the
mixed potential is determined mainly by the faster of the two reactions, whilst the
(equal) rate of each reaction, 7, is dominated by the slower reaction. For example, as
shown in Fig. 5.3, an increase in the rate of hydrogen evolution (the slower reaction)
results in a marked increase in the rate of self-discharge (the faster reaction), viz.,
iy — i, but in only a slight shift in the mixed potential, viz., Eyy, — Ew,.

Electrode behaviour is strongly influenced by several factors, particularly by
impurities, certain additives, and dry-charging treatments (especially those which are
oil-based). Contamination by metals which have a lower hydrogen overpotential
than lead, progressively increases gassing at lower applied potentials and accelerates
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Fig. 5.3. Schematic of the mixed potential, £y, established at the negative plate of a lead—acid
battery due to the competing lead discharge and hydrogen evolution reactions (diagram based
on that presented by Berndt [8]).

self-discharge. Trace amounts of these metals can increase the current when charging
at the same potential and result in substantially higher gassing rates. Certain types of
organic additives, such as lignosulfonates, can have the reverse effect and increase
the overpotential [9], although usually not to the same extent as some metallic
impurities. The complexity of the situation is further exacerbated by the transient
nature of these influences. For example, the deposition of impurities may increase
with service but, at the same time, coverage by lead sulfate may suppress their effect.
Additionally, some metallic impurities may be gassed off as hydrides, particularly if
certain organic additives or separators derived from natural products are used [10].

These factors have a major effect on the charging response. For example, where
charging is limited to a pre-set voltage level, the amount of charge to this point, i.e.,
the charge-acceptance, will vary according to the influence of the contaminant or the
additive. Constant-current charging provides some control of charge-acceptance,
but the amount of charge which is efficiently used to convert discharged product
to charged product will depend on the extent to which these factors effect the
overpotential.

Manufacturing materials are the main source of impurities. The quality of lead
used during manufacture varies widely and high purity is essential if the response to
specific charging procedures is to be uniform. The difference in the current—voltage
relationship during the charging of negative plates made with lead from two sources
is shown in Fig. 5.4. One source is high-purity primary lead and the other is
secondary (recovered) lead with higher impurity levels [11]. Batteries containing
negative plates made from the secondary lead have higher charge currents at the
same potential with much higher gassing rates, particularly as plates approach full
charge.

Several attempts have been made to specify acceptable purity levels more
accurately [12,13], but the strong influence of quite small amounts of certain metals
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Fig. 5.5. Gassing on negative active-material made from primary and secondary lead.

makes this difficult. Additionally, there is a widely held view that combinations of
trace amounts of certain metals have a greater effect than the individual metals
themselves.

A simple and convenient method for assessing the scale of impurity effects is to
measure the gassing rates of negatives made with lead from various sources when
immersed in sulfuric acid [11]. The amount of gas evolved from negative active-
material made from 50 different sources of lead, split approximately equally between
primary and secondary lead, is shown in Fig. 5.5. The active material was fully
formed, evacuated to remove absorbed gas, and immersed in acid for 70 days at
25°C. The primary lead samples gave much lower gassing rates. More recently [14],
this technique has been used to demonstrate the variable effects of raw materials on
both the gassing rate and the float currents of standby batteries, particularly in
relation to the use of internal catalytic gas-recombination devices, as discussed later
in Section 5.5. Quantification of the influence of specific impurities is presently being
undertaken in a research project that is being conducted by CSIRO as part of the
ALABC research programme [15].
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Table 5.1. TImpurity standards of primary and secondary lead (wt.%).

Element Primary Purified Element Primary Purified
secondary secondary
Al <0.0001 <0.0001 Mn <0.00005 <0.00005
Sb 0.0005 0.0003 Ni <0.0001 0.0001
As <0.0001 0.0001 Se <0.00005 <0.00005
Bi 0.006 0.018 Ag 0.0005 0.0017
Co <0.00005 <0.00005 Sn 0.0001 0.0001
Cr <0.00005 <0.00005 Te <0.00005 <0.00005
Cu 0.0004 0.0003 S <0.0001 <0.0001
Fe <0.0001 <0.0001 Zn 0.0006 0.0001

Several sources of refined secondary lead with higher purity standards, produced
specifically for the manufacture of VRLA designs, are now available. Typical purity
standards are shown in Table 5.1.

Whilst the influence of impurities and additives on charge or float conditions
is common to all types of lead—acid batteries, with VRLA batteries there is the
additional concern of self-discharge of the negative by reduction of the oxygen
generated at the positive electrode, i.c.,

Pb + %02 + H,SO4 — PbSO4 + H,O (5.5)

The reduction of oxygen has been studied on porous lead plates of industrial
design by using two-electrode models of the lead—acid battery, with close packing of
the plates and with the space between the plates sealed along the edges [16]. The rate
of absorption of oxygen in the system, j,, was derived from the current flow when
using a fully charged lead electrode held at an overpotential of 50mV, i.e., —0.390 V
vs. SHE. Oxygen entered the system at a rate, j., which was equivalent to that
evolved from a PbO, electrode charged at current densities of up to 50 mA cm 2. The
ratio j, : jo for different charging rates was determined for a flooded system without
separators, as well as for cells which contained lower amounts of electrolyte
with various separator materials (Fig. 5.6). The recombination of oxygen on the
fully immersed (flooded) electrode is equivalent to a gassing rate of 0.1-0.2 mA cm 2.
This is in agreement with the convectional flow of oxygen in sulfuric acid;
oxygen has a diffusion coefficient of 0.8 x 10°cm?s™' and a solubility of
0.65 x 107°gmolcem ™. In sealed systems that have glass-fibre separators with pore
diameters between 10 and 20 um and with an oxygen pressure sufficient to displace
some electrolyte, recombination efficiencies greater than 50% are obtained at a
current density of 50mAcm™2 This is a very high rate of charge for most
applications.

Unlimited diffusion and the rapid reduction of oxygen will have an effect on
the potential of the negative plate. It will remain close to the open-circuit value,
with the potential of the positive plate becoming more positive under the usual



142 K. PETERS

100
Glass-fibre separation

X

)

2 50 |

2

No separation (flooded)
0 Lo 0 0 00 0 0y

5 25 50
Jo | mA cm?2

Fig. 5.6. Relative reduction rates of oxygen on porous lead electrodes.

voltage-limiting conditions of charge and with oxygen evolution increasing further
according to the Tafel relationship. Under these conditions, a steady decline in the
state-of-charge (SoC) of the negative plate is likely. Attempts to prevent this decrease
in SoC by increasing overcharge will accelerate the problem unless secondary
reactions, such as grid corrosion at the positive plate or oxidation of organic
materials, reduce the evolution of oxygen to a value which allows the potential of the
negative plate to become more negative.

Several possible ways to ensure that the negative plate is adequately charged are
under investigation. It is important to balance the secondary reactions of grid
corrosion at the positive, and hydrogen evolution at the negative, in such a way that
the charge current more than compensates for the self-discharge at the negative.
Alternatively, oxygen recombination can be limited by diffusion constraints, for
example with highly saturated separators or by the use of separators which have a
higher percentage of much smaller pores than the materials normally used in VRLA
designs (see Chapters 6 and 7). Lowering of the recombination efficiency by these
means implies some water loss from the system with the possibility of premature
drying out. A further option is the use of internal catalysts to recombine the hydrogen
evolved as the negative approaches full charge with a proportion of the oxygen
evolved at the positive, to produce water. This approach is now used commercially
[17,18] and the results are discussed, together with the influence of charging conditions
on the SoC of the negative plate in Sections 5.4 and 5.5, below.

5.3. Negative-plate Additives

Traditionally, negative plates in lead—acid batteries contain a combination of carbon
black, barium sulfate, and an organic additive which is usually a wood extract. These
additives are collectively called an ‘expander’, although this term is often used purely
for the organic component of the mix. The presence of the expander helps to
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maintain a porous lead structure with a high surface-area during cycling. The three
components are usually premixed by the supplier and the composition varies
according to requirements. Typical proportions used in automotive batteries are:
0.15-0.25wt.% carbon, 0.3-0.5 wt.% barium sulfate, 0.2-0.4 wt.% organic additive.
Higher levels are used in industrial batteries. The total amount of expander used in
industrial VRLA designs varies between 1.0 and 2.5% of the weight of oxide in the
paste mix [9] and the ratio of organic, carbon, and barium additions vary according
to the manufacturer’s specifications. The organic component is not added to the
negative plates of some products in order to avoid possible changes in the on-charge
potential during service. In these cases, as much as 2.0 wt.% barium sulfate may be
added to compensate for the absence of the organic additive.

The effects of expanders have been investigated extensively, particularly in the
period between 1940 and 1955 [1,19,20]. The work was aimed at extending the service
life of negative plates, which was the usual failure mode of lead—acid batteries at that
time, and at increasing engine starting power, particularly under cold conditions.
The additives influence the development of lead crystals during charge and control
the formation of lead sulfate during discharge [21]. The three materials function in
different ways to provide independent beneficial features, but also give further
improvements when combined [22-24].

As mentioned above in Section 5.1, attention has focused again on the need to
maintain the negative plate in a good SoC in VRLA batteries, and the more recent
studies have concentrated on the choice of expanders. This is mainly because of the
concern that the strong oxidizing atmosphere and higher temperature at the surface
of the negative plate under the internal oxygen cycle will degrade the organic
component and thus cause premature battery failure. Whilst there is little
quantitative evidence of such degradation, some manufacturers increase the amount
of barium sulfate, which modifies the crystal size of lead sulfate, to about 1.0 wt.%.
The higher amount is presumed to maintain a small crystal size for the discharge
product in the event of loss of effectiveness of the organic component.

A second concern is the fact that naturally occurring materials contain metallic
impurities, which may reduce the hydrogen overpotential. In cycling applications,
it is usual with VRLA designs to limit charge to a pre-set voltage. Additives which
increase the plate overpotentials will reduce gassing, i.e., the coulombic input during
charge to these pre-set levels will be used more efficiently, although the total charge
accepted may be lower. Conversely, under the same conditions, additives which
decrease the overpotentials will cause the ampere-hour input during charge to be
higher but because the plates will gas earlier, the charge efficiency will be lower.
These influences may be compensated by suitable charge algorithms (see Chapter 9),
but it is their transient nature during service that is difficult to manage. The other
two additives, namely, carbon black and barium sulfate, when supplied at the
required purity and quality standards, have little or no effect on the overpotentials.

The final reason for the renewed interest in expanders — and indeed in all types
of additive — is the desire to improve the coulombic output of negative plates,
primarily in order to improve the specific power and specific energy of lead—acid
batteries. This objective has assumed more importance recently given the need to
develop batteries for EV and HEV applications.
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5.3.1. Carbon

Early studies on the effects of carbon addition to negative pastes [21,25] showed that
carbon functions primarily as a conductor, and thereby enhances formation
efficiency and reduces the level of residual sulfate. It may also improve recharge,
particularly under deep-discharge conditions. It was further concluded that, when
combined with barium sulfate and an organic component, a typical carbon addition
of ~0.2wt.% has little influence on the discharge performance and cycle-life of
batteries.

More recently, Shiomi e al. [26] reported that much higher amounts of carbon not
only improve the formation process with less charge required to reduce the lead
sulfate, but also extend cycle-life in tests designed to simulate HEV service. The
schedules provide only limited overcharge and VRLA batteries with negative plates
made with ten times the normal levels of carbon exhibit much improved cycling
performance and generally have higher finishing voltages throughout cycling,
see Fig. 5.7.

Similar improvements in cycling performance have been reported by Saez et al.
[27] with high levels of carbon in negative plates in 15-Ah VRLA motorcycle
batteries that were operated under typical EV schedules. The batteries contained
negative plates made with 0.2 wt.% Vanisperse A, 1.0 wt.% barium sulfate, and three
levels of carbon, viz., 0.28, 0.56, and 2.8 wt.%. The initial capacities at the 1C, 2C,
and 5C discharge rates increased by about 10% when the carbon content was raised
to 0.56 wt.%, but were lower at the higher carbon level of 2.8 wt.%. This effect on
capacity was confirmed when trials were repeated prior to conducting the EUCAR
ECEI1S5L cycle test. This schedule consists of a repetitive series of constant-power
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Fig. 5.7. Life-cycle tests on 65-Ah VRLA batteries made with two levels of carbon in the
negative plates [26].
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Fig. 5.8. Life-cycle tests on batteries with different amounts of carbon in the negative plates.

Table 5.2. Properties of negative plates made with different amounts of carbon.

Carbon content  Free-lead content  Porosity =~ Mean pore size  Specific surface-area

(Wt.%) (Wt.%) (%) (pm) (m’g™)
0.28 2.5 49 0.38 1.53
0.56 1.1 45 0.28 1.65
2.8 1.4 41 0.25 1.62

discharges, charges, and rest periods. Battery failure usually occurs during the high-
power discharge stage with the battery voltage decreasing below the required level.
The performance of batteries with three levels of carbon when tested to 80% DoD
is shown in Fig. 5.8. The cycle-life improves when the carbon addition is doubled
to 0.56wt.%, and there is a further marked increase when the content is raised
to 2.8 wt.%. The properties of these negative plates were measured and are listed
in Table 5.2. The data show a trend of decreasing porosity, smaller pore size, and
greater specific surface-area as the carbon content is increased.

Both Shiomi et al. [26] and Saez et al. [27] have suggested that high levels of
carbon improve the rechargeability of negative plates by providing conductive
networks around the peripheries of lead sulfate crystals and, thereby, extend battery
cycle-life.

In a third study, Newnham et al. [28] constructed cells with negatives that
contained up to ten times the normal level of standard grade carbon, high surface-
area carbon, and graphite powder. Each cell was fitted with an electrolyte pump to
minimize the influence of acid stratification, and then subjected to a simple HEV
driving schedule (1-min discharge, 1-min charge between 50 and 53% SoC).
Negative-plate potentials were measured at the end of each charge and each
discharge period. The effect of high levels of carbon was noticeable during the first
charge — the potential of cells made with negatives that contained normal levels of
carbon (0.2 wt.%) displayed a progressive rise at an early stage of charging, but the
potential of cells with 2.0 wt.% carbon or graphite remained low until substantial
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Fig. 5.9. End-of-discharge potential of negative plates in prototype cells during simple HEV
duty [28].

charging had taken place. Under the HEV schedule, cells with the higher levels of
carbon showed a substantial improvement in cycle-life, particularly when using
negatives made with 2.0 wt.% graphite, as shown in Fig. 5.9. During charging in the
early stages of cycling, it was found that the potential of the negatives increased in a
negative direction into regions where significant evolution of hydrogen, and hence
a lower charge efficiency, can be expected. In most cases, a high content of carbon
delayed this effect, and the use of graphite was even more effective, see Fig. 5.9.

5.3.2.  Barium sulfate

The influence of barium sulfate additions on the performance of negative plates has
been studied extensively [21,25]. Barium sulfate is isomorphous with lead sulfate
and therefore functions as a nucleation centre (‘seed’) for the precipitation of
the discharge product and favourably restricts its crystal size (see Section 4.5.1,
Chapter 4). Strontium sulfate behaves similarly. It has been suggested that the
effectiveness of barium sulfate is directly attributable to the number of nucleii present
rather than to the amount added. The optimum amount of barium sulfate when
combined with other additives for use in automotive batteries has been found to be
between 0.3 and 0.5 wt.%.

These early developments were carried out on flooded batteries but similar
conclusions have been shown to apply to VRLA designs. There is no indication that
barium sulfate additions affect negative-plate overpotentials. Thus, there is a trend
towards using greater amounts in VRLA batteries on the basis that the level of
organic additive can be reduced so as to avoid overpotential influences on the
performance of positive and/or negative plates during charge and to maintain good
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Fig. 5.10. Effect of barium sulfate additions on battery cycle-life.

negative-plate activity in the event of degradation of the organic additive during
service. Several manufacturers have doubled, or even trebled, the barium content in
negative plates used in VRLA batteries. This is particularly the case in some standby
batteries where only barium sulfate and carbon are used as a precaution against
varying float currents during service.

From tests conducted on negative-limited, nine-plate cells with three levels of
barium sulfate, it was found that cycle-life improved as the amount of barium sulfate
was increased [29]. The negatives contained 0.15wt.% Vanisperse A and 0.2 wt.%
carbon, and the cells subjected to an automotive battery test schedule of 2-h
discharge/4-h charge at 0.25C,, A over 5 days followed by open-circuit stand for 65h
and a check discharge at 5C>y A at —18°C. With a failure point of 1-min discharge
duration, cells without barium additions survived for only seven weeks on this
schedule. The cycle-life increased to 13 weeks with 0.4 wt.% barium sulfate, and to
more than 15 weeks with 0.8 wt.% barium sulfate, as shown in Fig. 5.10. Studies on
negative plates in VRLA batteries revealed a similar trend [27]. Cells with 1.0 wt.%
barium sulfate gave initial capacities which were similar to those for cells with lower
additions, but had better cycle-lives on the ECE15L life test. The improvement when
higher levels of barium were used in negative plates with two different organic
additives is demonstrated in Fig. 5.11.

5.3.3. Organic additives

Traditionally, the organic components of expander formulations are derived from
natural products such as wood pulp. The composition of such materials is poorly
defined. Lignin extracts, frequently obtained from waste sulfite liquors in the
papermaking industry, are purified by removing sugars and various metals, and then
depolymerized to different degrees. Lignin molecules are formed from three primary
precursors, p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol; the
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proportion of each varies with the origin of the lignin [30]. They can be sulfonated to
different levels with sulfurous acid and then prepared as salts with various cations.

The preferred structure appears to be a low average molecular weight with a high
proportion of carboxyl and phenolic groups, and a low content of methoxy and
thionyl radicals. It has been suggested [31] that structural groups of the pyrocatechol
type are particularly beneficial. Lignosulfonates produced by sulfonation can be
partially oxidized, a process which reduces the number of sulfonic and methoxy
groups and increases the number of functional phenolic and carboxyl groups. Such
materials are commonly known as ‘oxylignins’.

Lignin-derived compounds are dispersing agents which reduce the particle size
of the active material and greatly increase the surface area. During discharge, the
surface coverage of active lead sites is modified and passivation is delayed, with
consequent improvement and maintenance of capacity, particularly when discharges
are carried out at high rates and under cold conditions. In common with most
organics, these materials may affect the overvoltage during charge with consequent
effects on charging patterns. The extent of this varies with the type and amount of
expander and as explained earlier, charge responses may change during service due
to degradation of the organic. A further feature of these materials is the cleansing or
immunizing effect of purging metallic impurities from the lead surface. This is similar
to the mechanism by which certain separators, namely those made from natural
products such as rubber or wood, reduce the effect of trace contaminants, such as
antimony, by promoting the evolution of their hydrides, e.g., stibine in the case of
antimony [10].

The concern over the performance of negative plates in VRLA batteries has
resulted in renewed interest in the influence and mechanisms of organic additives
and extensive research programmes have been carried out under the auspices of the
ALABC. This work has included an assessment of 34 materials, five of which were
synthetic organic compounds that were identified to have the potential to act as
effective expander components in lead—acid batteries [32]. Preliminary screening
tests for stability in acid, impurities and thermal stability, followed by studies of
potentiostatic transients, impedance plots, and cyclic voltammograms [33], have
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reduced the number to five naturally occurring and three synthetically produced
materials for cell testing. A parallel research programme [27] started with 19 possible
materials from natural and synthetic sources. These were reduced to seven for
performance and life-cycle testing in cells and batteries. All the tested organic
substances changed the structure of the lead sulfate layer and this change had an
influence on its subsequent reduction to lead. Further work on the effects of blends
of organic materials on capacity and service has been carried out in a project under
the Brite Euram Programme of the European Union [34]; the project was also partly
funded by the ALABC.

In the above studies, batteries with negative plates that contain both lignins and
oxylignins exhibit improved cycling performance. With the likelihood that VRLA
batteries will have higher operational temperatures due to the exothermic reduction
of oxygen and that thermal degradation will therefore be accelerated, it has been
suggested that a combination of a low level of a highly electrochemically active
material with a higher amount of a less electrochemically active material may be
desirable for optimum cycle-life. Combinations of Indulin AT (lignin), Vanisperse A
(oxylignin), and proprietary materials identified as UP313 (a purified softwood Kraft
lignin) and UP414 (a desulfonated, high molecular weight, sodium lignosulfonate
made from softwood) have been used in capacity and cycle-life tests at 25, 40, and
60°C. The life of all test cells was much reduced at the higher temperature, but unlike
tests with other additives, there was no fall in capacity at the beginning of cycling.
It was found that the charge mode strongly influences both the capacity and
the cycle-life. If the charge is conducted to a small overcharge, the capacity of the
negative plates first declines rapidly, increases to about 80% of the useful capacity
within 10-15 cycles, and then remains almost constant at this level. If the charge is
conducted to high overcharge levels, no initial decline in capacity is observed and
negative plates that contain a combination of the three additives give the longest
cycle-life.

In the study conducted by Boden [32], the effectiveness of the eight organic
materials which passed the screening test was determined by measuring the capacities
of negative plates made with three levels of each additive at three constant-current
discharge rates. The experiments were conducted with negative-limiting cells which
each consisted of three plates with a central negative fitted with a reference electrode.
Capacity measurements were made after several conditioning cycles and with five
replicates. In addition, initial capacities were measured at room temperature and at
—18°C under the Dynamic Stress Test for EVs in accordance with the United States
Advanced Battery Consortium Procedure 5B. This has a variable discharge profile
based on specific power requirements, with a maximum of 150 W kg~" when related
to a full-sized EV battery. For the experimental cells, the peak power was equivalent
to a current density of 16.3mA cm 2.

All the organic additives increased the BET specific surface-area of the negative
plate. In the absence of an additive, the surface area was 0.2m?>g~'. Vanisperse A —
probably the organic material which is most commonly used by the battery industry
— increased the surface area to 0.67m*g ™" at the lowest addition level (0.25wt.%),
and to 0.82m”g " at 0.75 wt.%. Other materials increased the surface area similarly,
but not to the same extent. For all the materials, the surface area increased with the
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dosage. For example, plates made with the synthetic material BNF had a surface
area of 0.4m?g~" at the lowest level (0.25wt.%) and 0.8m”g~' at the highest
addition level.

The utilization of negative active-material at three discharge rates was determined,
and Table 5.3 shows the range of mean values for plates made with 0.22 wt.% carbon
black, 0.8 wt.% barium sulfate, and three levels of the experimental materials. The
data have been normalized to eliminate small variations in paste weight. At
0.25wt.%, the least-effective additive increased the material efficiency at a current
density of 5.7mA cm™2 (5-h rate) from approximately 90mAh g~ (no organic) to
101 mAhg™!, after conditioning cycles, whilst the most-effective material gave
147mAh g~". This is 57% of the theoretical value of 259 mAh g~'. Additives which
showed the greatest improvement at 5.7mA cm ™2 are listed in Table 5.4 and include
two synthetically produced materials, Lomar B and GKD. The difference between
the effects of various additives is more noticeable at high discharge rates. Higher
capacities were obtained with greater amounts of some materials, especially Indulin
AT (a natural wood lignin), Kraftplex (a sulfonated modified Kraft lignin), and

Table 5.3. Range of mean active-material utilization (mAhg™') of negative plates with
varying amounts of additive.*

Additive concentration Discharge rate

(Wt.%)
57mAcm™> (C/5) 8.5mAcm 2 (C/3) 21.7mAcm~ 2 (C/1)
0 90 84 64
0.25 101 to 147 95 to 143 79 to 122
0.50 119 to 144 106 to 132 92 to 121
0.75 101 to 147 93 to 142 74 to 123

*Values are the mean of five cells for each experimental variant and the range shown covers the values for
all of the eight different organic additives [30].

Table 5.4. Additives with highest utilization of negative active-material at 5.7 mA cm 2.

Material Type Concentration Improvement*
(wt.%) (%)

Lomar B Naphthalene sulfonate 0.25 170

Lomar B Naphthalene sulfonate 0.75 169

Kraftplex Sulfonated Kraft lignin 0.75 161

Maracell XC-2 Partially desulfonated 0.25 157

sodium lignosulfonate
GKD Composition unknown 0.50 155
Vanisperse A Partially desulfonated 0.25 152

sodium lignosulfonate

*Negatives with no organic additive = 100%.



NEGATIVE PLATES IN VRLA BATTERIES 151

Table 5.5. Utilization of negative active-material under Dynamic Stress Test.

Material Concentration (wt.%) Utilization (mAhg™")
Room temperature —18°C

Lomar B 0.5 116 55
Lomar B 0.25 115 49
Lomar B 0.75 112 50
Kraftplex 0.75 108 49
GKD 0.5 106 33
GKD 0.75 101 49
Maracell XC 0.75 100 50
Vanisperse A 0.25 100 45
Vanisperse A 0.75 100 45

Lignotech D-1380 (a partially desulfonated sodium lignosulfonate). With other
materials, for example BNF (a beta-naphthol formaldehyde condensate) and
Vanisperse A (a partially desulfonated sodium lignosulfonate), the capacities were
lower at higher concentrations.

The capacities and utilizations obtained under the variable power Dynamic Stress
Test at 25°C and —18°C followed a similar trend. The results for materials which
gave good utilizations are summarized in Table 5.5.

Saez et al. [27] used seven additives from the original nineteen for cell testing
at a level of 0.2wt.%, together with the addition of 1.0 wt.% barium sulfate and
0.28 wt.% carbon. Three additives were also tested at the 0.4wt.% level, namely,
DDS5 (a blend of Kraft lignin and condensed naphthalene sulfonate), N17 (a sodium
lignosulfonate), and Vanisperse A. At the 5-h rate, the best results, which cannot
be directly compared with those of Boden [32] because of the difference in cell
design, gave material utilizations of 120128 mAhg™' and 114-124 mAh g~ for 0.2
and 0.4 wt.% additions, respectively, i.e., utilization was generally slightly lower at
the higher level. A small decrease in efficiency with the higher amount of additive was
also observed on the variable power ECE15L schedule; cells with 0.2 wt.% additive
had utilizations between 96 and 108 mAhg~', whilst those with 0.4wt.% gave
92-96mAhg~'. At both additive levels, there was an appreciable decrease in both
capacity and material utilization on subsequent ECE15L cycles.

Whilst there are clear differences between the effects of the various organic
materials, the influence of increasing levels of addition is variable. In both the recent
research programmes [27,32], some additives give better results at the lower
concentrations, whilst higher amounts of others improve performance. It is
suggested that there exists a point at which the maximum surface adsorption of
a given organic material takes place, above which little, if any, benefit is obtained
at higher concentrations. Greater utilizations may be possible with higher additions,
but because of the apparent high specificity of the organic—active-material surface
chemistry, comparing the performance at a constant loading of active material may
not be the most effective method of evaluation.
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Table 5.6. Cycle-life of three-plate cells at two temperatures.

Additive Concentration (wt.%) Cycle-life
25°C 40°C

Vanisperse A 0.75 1000 500
Vanisperse A 0.25 680 110
Lomar B 0.75 510 390
BNF 0.75 370 320
GKD 0.50 100 480
Lignotech D-1380 0.75 150 460
Maracell XC 0.75 180 420

Although the influence of the above materials over extended battery service has
yet to be quantified, experimental trials at 25 and 40°C with three-plate cells which
had an excess of positive active-material have provided an indication of their
effectiveness during cycling [9]. The cells were discharged at 1.50 A (16.3mA cm ) to
1.70 V, and recharged at 2.45V with a current limit of 5A. The failure point was
when the utilization of the negative active-material fell by 20mAh g~' from its initial
value. Cells with no organic additives had mean cycle-lives of 70 and 115, and
material utilizations of 58 and 70 mAh g~ at 25 and 40°C, respectively. All additives
improved the cycle-life but to different extents, see Table 5.6. With certain materials,
the cycle-life was increased on raising the temperature to 40°C, whilst others gave a
lower cycle-life at that temperature. There was also a considerable difference in the
effect of different concentrations of the same material, as can be seen for the two
levels of Vanisperse A. To some extent, this may be explained by the pre-defined
failure point used in the tests.

A better representation of the effectiveness of the additives is given in Fig. 5.12
which shows the actual material efficiency of each additive after the first 100 cycles.
Additives which had a better initial performance at the lower concentration of
0.25wt.%, such as Lomar B, Vanisperse A, and Maracell XC-2, maintained
efficiencies that were greater than 100mAhg™' after 100 cycles. At the higher
concentrations (0.75wt.%), the utilization of negatives with synthetic materials
Lomar and GKD was about 20% higher than most of the natural products. In most
cases, but particularly with the natural products, the material utilization was higher
when cells were cycled at 40°C. With the synthetic material Lomar B, there was little
difference in utilization at the two temperatures.

During cycling, the surface area of negatives made with natural products decreased
and the lead sulfate content increased. For example, the surface area of negative plates
that contained Vanisperse A decreased from ~0.8 to 0.3m”g ™' at about 400 cycles.
BET surface-arca analysis of negatives appears to be a good indicator of the
effectiveness of the organic material — there is a correlation between surface area and
capacity. It is noteworthy that the plates made with Lomar B maintained a surface
area of 0.4m?” g~ through more than 500 cycles, at both 25 and 40°C.
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Fig. 5.12. Effect of type and amount of organic additive on utilization of negative-plate
material after 100 cycles at 25 and 40°C.

The best cycle-lives at room temperature were obtained with the organic materials
that gave the highest initial utilization. This is not always the case at higher
temperatures, where, though material utilization is improved, the cycle-life with the
more efficient additives decreases and those negatives containing the less efficient
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additives cycle longer before significant deterioration in battery performance. This
suggests that the more electrochemically efficient materials are also the most
degradable. In support of this view, additives (e.g., Vanisperse A) which showed a
decrease in cycle-life with temperature were the most severely decomposed when
soaked for five days in 40% sulfuric acid at 65°C.

In summary, it is clear that the experimental organic materials exhibit different
behaviour. Additions of synthetic Lomar B yield the highest initial capacity both on
constant-current discharges and on the Dynamic Stress Test, as well as a good mean
cycle-life. The widely used Vanisperse A provides a somewhat longer cycle-life,
particularly at high addition levels, but produces a lower capacity and, more
seriously, is found to exhibit substantial batch-to-batch variability in electrode
properties [33]. This latter problem may ultimately encourage the use of synthetic
materials. All the experimental work conducted to date suggests that highly
compressed designs of VRLA cell enable increased amounts of additives to be used
without overexpansion being a major concern. Additions of up to 0.75wt.% have
been used so far, and it is possible that even higher amounts can be used in VRLA
cells to provide further improvement in performance.

5.4. Charging Influences

As described above in Section 5.2, the high hydrogen overpotential on lead allows
the negative plate to charge efficiently with minimal gassing until the charge reaction
is almost complete. This situation applies over a wide range of charging rates and
temperatures. By comparison, recharge of the positive plate is less efficient, with the
evolution of oxygen occurring early during charge and increasing progressively as
the charge proceeds [35].

Several factors influence the hydrogen overpotential, especially metallic impurities
which can reduce its value and therefore increase gassing and self-discharge and
thereby decrease the charge efficiency. In extreme cases of contamination only
hydrogen is produced, i.c., it is impossible to recharge the negative plate. Organic
additives increase the hydrogen overpotential to various degrees according to the
type and amount of the organic material. This implies more efficient conversion of
the discharged product to active material. Under limiting charging conditions
(voltage or time), however, an increase in the absolute value of the potential at the
negative may reduce the charge-acceptance and consequently the positive plate,
which is the less-efficient charge acceptor, may not be adequately charged.

The influence of organic materials on charge inhibition has been demonstrated by
means of cyclic voltammetry [36]. All the materials increase the anodic peak area,
which is an indication of the developed capacity. In addition, the expanders modify,
to varying degrees, the shape and peak values of the cathodic sweep, which are
indicators of the charge-acceptance. Consequently, the voltammograms enable two
main performance features of organic materials to be examined, namely: (i) the
ability to increase the capacity of the lead electrode; (ii) the higher or lower
hindrance that the additive imparts to the charging process. Saez et al. [27] identified
seven preferred additives. The differences between the cathodic peak potentials of
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Table 5.7. Gas evolution currents from negative plates with
different organic materials before and after cycling (charge at
1.35V vs. Hg|Hg,SO,).

Organic material Gas evolution (mA)
Initial After 40 cycles

DD5 6.3 241.4

DDS 9.7 133.2
Kraftplex 9.3 392.6

N17 12.2 46.3

S004 114 58

UP414 33 144
Vanisperse A 6.5 81.6

negatives with each of these materials (E.,) and those of undoped negative plates
(E) are shown in Fig. 5.13. The practical significance of these effects was shown by
measuring gassing rates during the charging of cells made with negatives containing
the additives, both before and after cycling. The data given in Table 5.7 show a
marked and variable increase in hydrogen evolution after 40 cycles. It may be
possible to counter these effects by the use of charge algorithms that accommodate
such changes, or by making appropriate corrections to the selected charging
procedure during service.

In VRLA designs, there is the added complication that self-discharge as a result
of the oxygen-recombination process renders the potential of the negative plate
less negative. Consequently, under similar limiting conditions of voltage or time, it
is possible to recharge the positive plate effectively with only a low overcharge
factor, whilst the recharge of the negative plate may be insufficient because of the
self-discharge reaction. Further overcharge only serves to increase both the
temperature of the battery and the rate of self-discharge. Moreover, the situation
at the negative is exacerbated if impurities that promote self-discharge are also
present.
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Negative plates made with different organic materials, as described previously [31]
had end-of-charge potentials between —1.00 and —1.30V (with respect to
Hg/Hg,SO,4) when charged during cycling with a voltage limit of 2.45V per cell
for 5 h. The potentials of the positive plate varied by a similar amount in the positive
direction, i.e., over a range of + 1.45 to +1.15V. At room temperature, the shift in
the potential of the negative plate to less negative values during cycling was most
noticeable with those plates that had the highest initial value. Usually, though not
always, cycle-life was improved at 40°C. It has been suggested [32] that this
behaviour reflects the effect of the organic component of the expander on the charge-
acceptance under voltage-limiting conditions and would account for the improved
cycle-life at higher temperatures.

The majority of VRLA batteries produced today are used in standby applications
to provide a reliable source of power in the event of failure of the mains supply.
Discharges are infrequent and the batteries are maintained by float charging at a pre-
set voltage. For example, European practice is to use parallel strings (usually 48 V)
across a 54.5V supply (2.27V per cell). Adequately designed new cells, after
conditioning and free of impurities, have a float current of <1mA per Ah at 20°C.

Under normal operating conditions, the battery is fully charged and the float
current, Ipo,(, should maintain this condition by compensating for self-discharge and
secondary reactions. In a VRLA cell, the current distribution at each electrode is:
At negative electrode

Tnoar = ]Hz +Ir (56)
At positive electrode
Tfioat = 102 + Leorr (57)

where the current consumed by hydrogen evolution, oxygen reduction, oxygen
evolution, and grid corrosion is denoted by Iy, Ir, lo,, and Ieo., respectively.

The hydrogen evolution current, Iy, follows the Tafel relationship, and is the main
reaction at the negative plate in vented cells. At high oxygen-recombination
efficiencies (~ 100%), all the oxygen produced at the positive plate is reduced at the
negative. In this situation, if the hydrogen evolution rate, Iy, exceeds the corrosion
rate, I..., the negative plate will not be fully charged. Most likely, it will be
progressively self-discharged and lose capacity. If, however, I is greater than Iy,
the float current will be sufficient to sustain the charge on the negative. With less
oxygen recombination, for example in the case of cells that have highly saturated
separators, or if gas transport is impeded by using separators with small diameter
pores [37], the float current may sustain the charge on the negative unless impurities
increase the hydrogen evolution current excessively. In this situation, oxygen that
is not recombined will exhaust through the vent and the system may dry out
prematurely.

To ensure reliability over long periods of service, good purity standards are
essential. With proper control of temperature and float voltage, service-lives in excess
of 10 years are normal and positive grid corrosion is the usual failure mode. At high
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temperatures, however, corrosion may be excessive and intermittent float charging
has been proposed to minimize corrosion rates [38].

In cycling applications where charging is invariably time-limited, the effectiveness
of recharge is influenced by the relative efficiencies of the oxidation and the reduction
of PbSO, in the respective plate polarities. Marginal differences in the SoC of
the positive and negative plates will accumulate over several cycles. Several
charging algorithms have been proposed in an attempt to overcome this problem (see
Chapter 9). The simplest approach, now widely used, is to continue the recharge at a
low constant current for a set time after the normal voltage-limited termination.
Stepped constant-current and ‘current-interrupt’ algorithms operate on a similar
principle and help to complete the recharge of the negative without undue build-up
of heat. Improved cycle-lives of VRLA batteries have been reported [39] by limiting
the charge to 105% of the discharge output, followed by an extended charge of
115% after every six cycles. With a similar procedure, up to 1000 cycles have been
reported with spiral-wound cells on a rapid charging schedule [40]. The cells were
undercharged during rapid charging with an overcharge every five cycles. Sub-
sequent examination showed that the rate of growth of the negative active-material
particles was slower during rapid charging compared with that observed during
conventional charging.

A similar approach, used experimentally with some success, is to conduct cycling
with only partial recharge. Under these conditions, the charge efficiency at both
electrodes is high and the secondary reactions of gas production are reduced.
Extended cycle-lives were obtained with batteries cycled between 20 and 80% of full
charge [41] and, more recently, 12-V VRLA batteries recharged to 80% capacity
with a 14.35V limit and a full recharge with a constant current every 10 cycles gave
800 cycles to a failure limit of 80% of the initial capacity [42]. Beyond 800 cycles,
there was a more rapid decline in capacity and the negative plates could not be fully
charged without causing unacceptable thermal problems. Many applications do not
require a full discharge on each cycle (e.g., HEV and remote-area power supply
duties, see Chapters 11 and 14, respectively) and operating procedures of this type
could extend service-life appreciably [43].

5.5. Use of Internal Catalysts

Several early patents exist on the use of gas-recombining catalysts inside vented cells
to combine gases produced on overcharge and thereby reduce watering periods and
the hazard of gassing in closed environments [43—46]. More recently, such catalysts
have been fitted in VRLA batteries to recombine some of the oxygen produced at
the positive plate during charge with the small amount of hydrogen produced at
the negative [47,48]. As explained earlier, unless the secondary reactions at each
electrode are properly balanced, the negative plate will progressively lose capacity.
Assuming 100% recombination of oxygen, this requires the corrosion rate at the
positive plate to be equal to or greater than the hydrogen evolution rate at the negative
plate. The results from both trials and the commercial operation of VRLA batteries
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have shown that this balance can be shifted if a proportion of the oxygen evolved at the
positive plate reacts with hydrogen on the catalyst to produce water [17,18].

Catalytic recombination of only a small proportion of the oxygen is sufficient to
reduce the internal oxygen cycle to such an extent that the negative plate can be fully
charged. During five years operation of standby batteries fitted with catalysts, the
float currents were found to be much more stable and the negatives remained in a
fully charged condition. In the same application, negative plates in batteries without
catalysts became extensively sulfated. The use of these catalysts substantially reduces
the deleterious effects of impurities and VRLA cells that are out of balance initially
can be corrected.

More recently, a range of 6-V and 12-V, 125-Ah monobloc batteries with/without
catalysts have been tested under standby float conditions for extended periods at
room temperature and the gassing rates recorded. The results for the 6-V batteries
are presented in Table 5.8. Batteries 1 and 2 were not fitted with catalysts and had
individually sealed cell compartments. Batteries 3 and 4 had a single catalyst located
in a common headspace. The data obtained from tests on 12-V, 25-Ah batteries with
two catalysts in the common headspace are shown in Fig. 5.14. Those without

Table 5.8. Gassing rates for batteries under standby service at room

temperature.

Battery* Catalyst Gassing rate (cm® per cell per h)
2.26 V per cell 2.35V per cell

1 no 0.93 16.8

2 no 1.4 7.8

3 yes nil 0.62

4 yes nil nil

*Batteries 1 and 2: 6V, 125 Ah with cells separately sealed.
Batteries 3 and 4: 6 V, 125 Ah with common headspace.
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Fig. 5.14. Weight loss of 12-V/25-Ah batteries on float at 40°C.
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catalysts had individually sealed cells and showed four times more weight loss than
cells with catalysts when charged continuously at 2.26 V per cell at 40°C.

5.6.

Summary

Recent studies have provided a better understanding of the behaviour of negative
plates in VRLA lead—acid batteries. The major conclusions of this work can be
summarized as follows.

(i)

(i)

(iif)

(iv)

V)

Under conditions where oxygen recombination operates efficiently, battery
cycle-life may be reduced if the balance of the charge input and the self-
discharge at the negative plate does not allow the potential of the negative
plate to reach a sufficiently negative value during charge. The self-discharge
rate can be reduced by improving purity standards. Further improvement in
cycle-life is possible with the correct choice of charge algorithm.

The influence of additives on the performance and life of batteries has been
investigated extensively with confirmation of the previously reported benefits
of high levels of carbon and/or barium sulfate. Higher addition levels have
little effect on capacities and the improved cycle-life appears to be due to the
greater effectiveness of charge, particularly when the coulombic input is
restricted in order to minimize gassing.

Several natural and synthetic organic materials, identified as having the
potential to act as effective expander components, have been tested. All
materials increase the surface area of the negative plate, particularly when
using higher amounts of materials derived from natural products. The surface
area of negative plates containing synthetic materials shows little change
during cycling. All materials improve the initial capacity, but to varying
extents. The best materials give 50-60% improvement in coulombic efficiency
at the 5-h rate of discharge. With some materials, higher amounts increase
charge outputs. With others, however, increasing the addition level has the
reverse effect. Differences between additives are more noticeable at higher rates
of discharge.

The effect of the organic additives on the cycle-life of experimental cells varies
considerably. The best results have been obtained with negative plates that
contain 0.75 wt.% Vanisperse A and that are cycled at room temperature. With
some additives, there is an improvement at 40°C, but with others the cycle-life
is decreased. Similarly, higher amounts of some additives result in improved
cycle-lives but, again, the reverse is true for others. It is noteworthy that the
synthetic Lomar B gives the highest initial capacity on both constant-current
discharges and the Dynamic Stress Test, as well as a good mean cycle-life. The
widely used Vanisperse A provides a somewhat lower capacity and has been
reported to suffer from batch-to-batch variability but a better cycle-life,
particularly at high addition levels.

The above differences, namely, the influence of higher or lower additions of
organic materials on initial performance and cycling and the diverse behaviour
at two temperatures are not fully understood and further work is proceeding.
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(vi)

(vii)

(viii)

K. PETERS

It has been suggested that comparing the performance at a constant loading
in the active material may not be the most effective method of evaluation.
Whilst the best cycle-lives at room temperature are found with organic
materials which give the highest initial utilization, these same materials tend
to cause a lower cycle-life at higher temperatures. This suggests that the more
electrochemically efficient materials are also the most degradable. Evidence in
support of this possibility has been provided by degradation tests in strong
sulfuric acid.

All organic additives affect the hydrogen overpotential, but the extent
depends on the type and the amount of additive that is used. Under voltage-
limited charging where the charge is restricted, these influences affect the
coulombic input and this can account for the different cycle-lives of negatives
with the various additives. Changes in the cycling performance at 25 and
40°C can also be explained by the differing action of additives at these two
temperatures.

Several methods of charging VRLA batteries to improve the durability and
life of negative plates have been investigated. Under limiting conditions of
charge, the charge effectiveness is dependent on several factors, namely, the
purity of the raw materials; the influence of the organic additions; cell design;
the specific algorithm that is being used. Charging problems are increased in
cycling applications due to the varying charge efficiencies of the positive and
negative plates, as well as the difficulties of ensuring a correct balance between
charge input and self-discharge.

Internal catalysts have been used in VRLA batteries to promote the
recombination of a proportion of the oxygen produced at the positive plate
in order to reduce the self-discharge from the internal oxygen cycle to such
an extent that the negative can be fully charged. Experience with standby
batteries indicates that the deleterious effects of impurities that cause VRLA
cells to become out of balance can be corrected through the use of gas-
recombining catalysts.
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—CHAPTER 6—

THE FUNCTION OF THE SEPARATOR IN THE
VALVE-REGULATED LEAD-ACID BATTERY

M.J. Weighall

6.1. Introduction

The separator, or more precisely the system employed to immobilize the electrolyte,
is the key component in a valve-regulated lead—acid (VRLA) cell since it provides
the means for valve-regulated operation. Provision must be made for the electrolyte
to have ready access to the active material on the positive and negative plates, and
for free passage of oxygen from the positive plate to the negative plate during
charging. This latter requirement effectively demands gas channels between the
plates because the coefficient of diffusion of oxygen through the aqueous electrolyte
phase is some four orders of magnitude smaller than that through air [1].
Simultaneously, the separator system must offer all the properties necessary for the
flooded version of the lead—acid cell, from which the VRLA design has been
developed. These properties include: chemical stability in the acid environment,
electronic insulation, sufficient open porosity to allow low ionic resistance through
the electrolyte phase, good dimensional stability, and adequate strength to prevent
puncture by lead ‘dendrites’.

As mentioned briefly in Section 1.3, Chapter 1, two principal methods have been
developed for providing the special combination of electrolyte accommodation and
directed porosity that are required in a VRLA cell. The first system to be introduced [2]
had the electrolyte immobilized as a gel by the addition of 5-8 wt.% of fumed silica.
Partial dry-out of the gel opens out the gas spaces necessary for oxygen transport,
while acid within the gel remains available for participation in the cell reaction. A
sheet of microporous material is usually added to protect against metallic short-
circuits and to fix the inter-plate separation. The second system [3] makes use of a
glass-micro-fibre separator, which has a very high porosity and can thus absorb a
large volume of electrolyte. Batteries using absorptive glass mat (AGM) are more
widely used than gel alternatives by virtue of their lower cost and higher power
ratings. On the other hand, gel technology is less prone to acid stratification and
drainage (v.i.), and is preferred where long life, especially under deep-cycling
applications, is the prime requirement. It should be noted that since separator
materials now used in the former battery technology may not be comprised solely of
glass mat, some authors have preferred to use the generic term ‘recombinant-battery
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separator mat — RBSM’ in place of ‘AGM’. It has been decided to adopt the more
common ‘AGM’ terminology in this and other chapters.

Separator properties must be taken into account when considering the
performance required in specific applications. For example, the compression
properties of the separator exercise a direct influence on plate-group pressure and the
prevention of active-material expansion. Separator properties also affect aspects of
battery manufacture, especially the process of battery formation. For reasons of cost
and convenience, many VRLA manufacturers prefer to assemble the batteries with
unformed plates and use container formation, rather than to construct batteries from
dry-charged plates. Problems may arise with container formation if the cell groups
are built with a very high plate-group pressure [4] to maintain positive-plate integrity
during cycling and prevent premature capacity loss. When an AGM separator is
compressed, it reduces the pore size significantly and thus decreases the space
available for electrolyte between the plates. This adversely affects the wicking
properties of the electrolyte (v.i.). During discharge, the reaction of the electrolyte
with the plate active-materials is exothermic, so that as the liquid penetrates into the
plate stack it becomes hotter as well as more dilute. In the extreme case, lead sulfate
from the plates dissolves into the dilute electrolyte, releases soluble Pb® ™ ions into
the separator, and gives rise to hydration shorts during subsequent charge when the
Pb>* ions are converted back into lead in the pores of the separator. The reduced
electrolyte availability aggravates this problem if the separator is under high
compression or if there is a small inter-plate spacing.

Another potential problem with the filling process is that individual cells may
retain dry areas in which little or no liquid is present. This may arise if the filling
process is non-uniform and leaves pockets of trapped gas. These dry areas will slowly
become wetted both during and after formation, but there is a risk of severe grid
corrosion due to the high temperatures and alkaline conditions prior to, and during,
formation [4].

In summary, the separator materials required to accommodate the electrolyte in a
VRLA cell perform a function that is not only vital for the operation of the cell, but
is also extremely demanding in terms of the complex combination of properties that
are necessary.

6.2. Characteristics of Absorptive Glass Mat (AGM)
6.2.1. Wetting behaviour of AGM materials

The micro-fine glass material chosen for the separator in the cells originally
produced by the Gates Rubber Company [3] is still used in the majority of present-
day VRLA batteries. The material is made from borosilicate glass via a flame-
attenuation process which produces fibres with diameters in the range 0.1-10 um,
and with a typical length of around 1 mm (Fig. 6.1). As prepared, the material has
the consistency of cotton wool and is processed into sheet form by a wet-laying
procedure on a conventional paper-making machine [6]. This gives the sheet a three-
dimensional anisotropy, and most of the fibres lie in the plane of the sheet with a
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Fig. 6.1. Scanning electron micrograph of glass micro-fibre mat [5].
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Fig. 6.2. Schematic drawing of AGM microstructure [1].

slight preference for the machining direction. The structural anisotropy is illustrated
schematically in Fig. 6.2 in terms of a scheme of orthogonal co-ordinates in which
the x and y axes lie in the plane of the sheet and the z axis is perpendicular to that
plane. The pores in the z direction are much larger (10-30 um) than those in the x—y
plane of the separator (2-4 um). These structural properties exercise an important
influence on the manner in which the material performs as a separator.

Wetting characteristics can be improved by maximizing the surface area through
the use of densely packed fibres of small diameter — but at a higher cost and with the
likelihood of a decrease in the efficiency of oxygen recombination. The fibre blend
and subsequent treatment influence the resulting pore size and associated properties
such as tensile strength and compressibility. In addition, some manufacturers use
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Table 6.1. Influence of fibre diameter on separator characteristics [7].

Fibre diameter 0.1 0.5 1.0 2.0 5.0 10.0
(Hm)

Fibre length
(mkg™") 47x10"° 19x10° 47x10® 12x10% 19x107 4.7x10°

(mm™) 1.1x10"%  45x10" 1.1x10" 28x10"° 45x10° 1.1x10°
Surface area

(m*kg™) 14 800 2960 1480 741 296 148

(m*m™) 35%x10°  7.01x10°  35x10°  18x10°  7.1x10* 3.6x10*
Pore size P increasing >
Tensile strength P decreasing >
Cost P decreasing >

chopped fibres to provide the separator with more uniform compression
characteristics. This influence of small-diameter fibres is summarized in Table 6.1
[7]. Separators that contain a high proportion of very fine fibres are more costly, but
some batterymakers accept this penalty in order to improve battery quality or to
enhance certain operational characteristics such as tensile strength and separator
behaviour under compression. The separator material is purchased in terms of a
‘basis weight” which usually varies from 100 to 300m? g™, in either cut or roll form,
and can be used in single- or multi-layers. Because various manufacturing processes
result in slight differences in the uncompressed thickness, this parameter is quoted at
a standard pressure which is normally specified as 10 kPa.

The following definitive analysis of the function of the AGM has been given by
Culpin and Hayman [1]. Capillary systems in porous media involve a solid phase
and at least two fluid phases (here, air/oxygen and sulfuric acid, respectively). The
interface between a solid and a liquid phase is subject to surface tension forces. Clean
glass surfaces are perfectly wetted by sulfuric acid solution (i.e., the contact angle is
zero) so that the micro-fibres in the separator become coated with a layer of acid.
The liquid phase arranges itself spatially in order to minimize its surface energy, i.e.,
the liquid tries simultaneously to maximize its area of contact with the glass and
to minimize its surface area of contact with the gas phase (sulfuric acid has a high
air|liquid interfacial tension of 0.75mNcm™").

In order to minimize the area of contact with the gas phase, the liquid will tend to
bridge across smaller pores initially, since to bridge across large pores will expose a
larger surface area to the gas phase. Thus, as saturation of the fibre mat by the liquid
phase increases, liquid will first fill the small pores, which are oriented within the x—y
plane of the separator. At this stage, the larger pores, which are oriented in the
z direction (i.e., perpendicular to the plane of the separator), are essentially open and
free to the passage of gas. Therefore, up to a certain level of saturation, the volume
of liquid in the separator presents no obstruction to the passage of oxygen by gas-
phase diffusion. As saturation increases, the size of pores which are blocked by liquid
films increases progressively until, at around 90% saturation, the largest pores are
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Fig. 6.3. Apparent diffusion coefficient of oxygen as a function of separator saturation [1].

covered and the residual 10% of porosity represents isolated pockets of gas which do
not play any effective part in oxygen transport. The apparent diffusion coefficient
for oxygen transport across a glass micro-fibre separator falls as saturation reaches
90%, as shown in Fig. 6.3 [1]. (Note, the apparent diffusion coefficient is the
measured value. This will be the all-gas value when there is no liquid and the all-
liquid value when there is no gas, but a weighted-mean when there are two phases,
i.e., as in a real separator.)

The progressive blocking of larger and larger pores in the separator as saturation
proceeds is effectively a capillary-wicking process. The rate of wicking, di/d¢, of
a wetting liquid in a porous structure is given by the Washburn equation [§8]. This
relationship comprises two terms: the first defines the influence of surface tension,
while the second defines the effect of gravity, as follows:

dh/dt = 2rycos 0/8nh — r*pg/8n (6.1)

where £ is the height of the wicking front; ¢ is time; r is the pore radius; v is interfacial
tension; 0 is the contact angle; n is the viscosity of the liquid; p is the density of the
liquid; g is the gravitational constant.

Integration of eqn. (6.1) and invoking the limit that # = 0 at time zero gives:

rpgt/8n = huy In[(hn)/(hn — h)] = h (6.2)
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where /i, is the maximum height reached by the fluid at infinite time and is given by:
hym = 2ycos0/pgr (6.3)
If the gravity term in eqn. (6.1) is ignored, integration yields the expression:
h? = yrtcos0/K *2n (6.4)

where K represents a tortuosity factor.

The driving force for liquid penetration is governed by the pressure gradient, P,
across the curved liquid|gas interface. The pressure drop across the interface in a
uniform capillary of radius r is given by:

P =2ycosb/r (6.5)

Equation (6.1) indicates that a plot of di/d¢ versus 1/h should give a straight line,
and indeed data for specimens of glass micro-fibre do show such a relationship, see
Fig. 6.4 [1]. It follows that the velocity of the wicking front is directly proportional
to the pore size, i.e., capillary rise is most rapid in the largest pores. By contrast,
eqn. (6.3) suggests that the maximum height to which the liquid will rise (after
infinite time) is inversely proportional to the size of the pore, i.e., the smaller the
pores, the higher will the liquid wick.

The above two predictions have been verified by the results of experiments with
materials that offer different pore sizes by virtue of different mass fractions of fine
fibres — the more fine fibres, the smaller the pore size, see Fig. 6.5 [6]. The effect of
fibre mix on wicking characteristics for wicking heights up to 12cm is shown in
Fig. 6.6 [6]. A good linear relationship between the square of the wicking height and
time is obtained, as predicted by eqn. (6.1). Furthermore, it is clear that the greater
the percentage of fine fibres, i.e., the smaller the mean pore size, the slower is the

dh/dt / cm s

0 1 1 1 1 1
0 0.05 0.10 0.15 0.20 0.25

1/h | cm?
Fig. 6.4. Wicking data fitted to Washburn equation [1].
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Fig. 6.5. Effect of fibre mix on pore size [6].
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Fig. 6.6. Effect of fibre mix on wicking characteristics; percentage of fine fibres as shown [6].

wicking process. In agreement with the prediction given by eqn. (6.3), the liquid
phase ultimately wicks to a greater height in a glass mat with a fine pore size than in
one with a coarse pore size, as shown in Fig. 6.7 [9] and Table 6.2 [7].

The contrasting structure of the plates and the separators is also relevant to the
functioning of the battery. For example, the capillary pressures dictate that
electrolyte fills the plates preferentially. This preferential filling appears to be the
ideal situation since it can best support the electrochemical reaction, i.e., it leaves the
separator partially saturated so that movement of electrolyte can provide pathways
for gas transport. If, however, the overall saturation is too low or there is excessive
loss of water, the separator will dry out and give rise to an increase in the internal
resistance of the battery and the possibility of thermal runaway. An increase in
internal resistance, and consequent low service-life, can also result if the compression
between separators and battery plates relaxes over a period of time. Over-
compression may cause fibres to fracture with a loss of resilience, i.e., the separators
lose the ability to return to original thickness after a high pressure is applied and
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Fig. 6.7. Respective wicking rates for AGM separators with large (11 um) and small (4 pm)
pore sizes [9].

Table 6.2. Properties of all-glass AGM separators [7].

Property Sample
1 2 3 4
Specific surface area (m>g™") 0.5 0.9 1.2 2.6
Maximum pore size (um) 45 31 24 14
Thickness (mm)
mm at 10kPa dry 2.58 1.78 1.65 1.39
wet 2.51 1.71 1.60 1.35
mm at 20kPa dry 2.03 1.49 1.47 1.27
wet 1.99 1.47 1.44 1.26
mm at 30 kPa dry 1.86 1.40 1.40 1.23
wet 1.87 1.39 1.41 1.21
Grammage (gm ™) 280 240 240 180

Wicking height (mm)
1.300 rel. dens. acid

—1 min 42 39 37 33
—5min 94 38 83 75
—1lh 195 205 210 220
—2h 240 280 300 370
—10h 360 410 455 550
Tensile strength after 25 min (g)* 1900 1870 1950 1600

“In this test, a strip of separator (25 x 150 mm) is clamped in a tensile testing machine. The rate of jaw
separation is set at 25 £ Smm per min and the breaking force is recorded.
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then released. Also, fine fibres may dissolve during prolonged service, particularly at
higher temperatures. Both these effects will reduce compression.

6.2.2. Physical properties of AGM materials

The AGM materials used in VRLA batteries must sustain the required plate-group
pressure, must hold the electrolyte in place, and must allow sufficient (but not
excessive) transport of oxygen from the positive plate to the negative. Some of
the properties of typical all-glass AGM separators are shown above in Table 6.2 [7].
The following important features are noted:

Thickness / mm

The maximum wicking height after an extended period is inversely proportional
to the pore size, as seen previously in Fig. 6.7.

The separator is compressible and the separator thickness decreases with
increasing applied pressure, see Fig. 6.8 [7]. For example, for a separator with
a grammage of 280 gm >, the dry thickness at 30kPa is 28% less than that
at 10kPa. Compression also reduces the pore size in the vertical plane of the
separator. For instance, measurements of capillary rise on sample 3 (Table 6.2) at
15 and 25% compression gave pore sizes of 1.3 and 1.1 pm in the vertical plane,
compared with 2.1 pm when uncompressed.

A separator with a high surface area exhibits a smaller reduction in thickness for
a given applied pressure than a separator with a low surface area. Therefore, a
higher applied pressure is needed to achieve the same percentage compression
with the former type of separator.

1.8

L (a), (b) dry separator

16 | (a) (c), {d) wet separator

0.8 2 'y ' L i L 1 1 L

Applied pressure / kPa

Fig. 6.8. Thickness—compression curves for AGM separator; arrow denotes direction of
increasing/decreasing pressure [7].



172 M.J. WEIGHALL

The characteristics of the key physical parameters of AGM separators are
discussed below. Reference should also be made to the BCI test methods for these
materials [10].

Thickness. Because of the delicate and very compressible nature of AGM, it is
necessary to measure the thickness at a controlled, standard pressure. The pressure
chosen is 10kPa (1.5 psi). Thus, calculation of the percentage compression is based
on the initial thickness of the separator as measured at 10 kPa and, ideally, the BCI
test method is employed [10]. It should be noted that the relative humidity of the test
conditions and prior handling of the material may affect the result.

Basis weight (or ‘grammage’). This is the weight per unit area and is usually
expressed in terms of g m 2. Since AGM is normally sold by weight but used by area,
this is a critical specification. The weight is measured on a moisture-free sample, and
then corrected for the moisture content of the test specimen (AGM may pick up
moisture between manufacture and testing/use).

Volume porosity. This is the ratio of the total void volume to the total apparent
volume, expressed as a percentage. The apparent volume is obtained by multiplying
the sample area by the thickness measured at a specified pressure. The void volume is
that portion of the apparent volume which is not occupied by the solids used to make
the separator, and is usually determined by subtracting the volume of the solids from
the apparent volume. The volume porosity of the AGM in the compressed state
limits the maximum amount of acid between the plates. Determination of the volume
porosity requires knowledge of the thickness, basis weight, and average density of
the solids in the sample.

Pore size. The bubble point method (BCI Test Method 3-015) [10] is used to
measure the maximum pore diameter. The maximum pore size and the pore-size
distribution can be determined by means of the liquid porosimetry method which
uses, for example, a Coulter porosimeter (BCI Test Method 3-017) [10].

A more detailed characterization of the pore-size characteristics of AGM can be
obtained with the mercury intrusion technique. This is based on the principle that
the external pressure required to force a non-wetting liquid into a pore against the
opposing force of surface tension depends on the pore size. The technique is widely
employed to characterize porous materials, and provides data on pore diameter,
pore-size distribution, and pore volume. Some caution must be applied in
interpreting the results, however, because of the assumptions that are made
concerning cylindrical pores, contact angle, and the surface tension of mercury.

Surface area. This can be determined using BET adsorption [11]. The significance
of this parameter is that the performance of a VRLA battery is partly dependent on
the surface area of the mat between the plates. For example, surface area has an
influence on acid stratification.
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Compressibility. The AGM is typically used while under compression, and
therefore it is necessary to know the pressure required to give the desired level of
compression within the battery. The separator thickness is measured under various
forces and the resulting relationship is used to determine the pressure required to
compress the AGM into the available space between the plates in the battery.
A typical ‘compression curve’ has been shown above in Fig. 6.8.

Electrical resistance. Measurement of electrical resistance (i.e., the resistance to an
ionic current through the electrolyte) is a standard procedure for characterizing
separators used in flooded lead—acid batteries; the electrical resistance is usually
included in the separator specification. By contrast, AGM separators are used in a
partially saturated state and account must therefore be taken of gas-filled pores
which contribute an extremely high electrical resistance. Partial de-saturation of a
porous medium which is initially saturated with a conducting wetting fluid causes an
increase in the electrical resistance, provided that the conducting liquid is replaced by
a non-conducting fluid. Archie’s Law [12] is an empirical relationship which relates
the resistivity of a partially saturated medium, R, to the degree of saturation of the
wetting phase, Sy, and the resistivity of the liquid at 100% saturation, R, as follows:

R=R,S," (6.6)

where n is known as the ‘saturation exponent’. Measurements of the resistance ratio,
R/R,, of glass micro-fibres in the z direction (i.e., perpendicular to the plane of the
sheet) indicate [1] that such material obeys Archie’s Law with a rather high
saturation exponent, viz., n = 4. The behaviour is evidently attributable to the
anisotropic structure of the material.

6.3. Gel Batteries

As mentioned earlier, the electrolyte in gel batteries is immobilized by gelatinization
with silicon dioxide. The preferred agent is a ‘fumed silica’ with a very small mean
particle size (~ 10 nm) and, hence, a very high surface area (200-300m>g~"). When
fumed silica (typically around 5wt.%) is mixed with sulfuric acid electrolyte, a
viscous solution is formed and develops into a gel on standing. The thickening
process can be reversed by subjecting the material to a significant impact, although
the gel will re-form if the solution is left in an undisturbed state. It is claimed that
weak hydrogen-bonding is responsible for this thixotropic behaviour. Oxygen
transport occurs via fissures in the gel that are formed during the early stages of
battery life through partial drying out (water loss) and concomitant shrinkage of the
gel. A supplementary sheet of a micro-porous (pores < 1 pum) material is required in
batteries with the gelled electrolyte in order to prevent electrical short-circuits and fix
the inter-plate separation. Typical materials used for this supplementary separator
sheet are discussed in Section 7.2.2, Chapter 7.

The manufacturing costs of gel batteries are higher than those of batteries with
AGM separators and the specific power is generally lower because of the higher level
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of internal resistance. On the other hand, gel technology is a more effective means of
immobilizing the electrolyte and the batteries are less prone to electrolyte drainage
and acid stratification than are AGM batteries.

6.4. Separator Properties and Function
6.4.1. Compression characteristics

The micro-fine glass separator mat used in VRLA batteries is extremely
compressible, and this property serves to mould the separator to the structure of
the plate surface. Unfortunately, changes in plate volume can take place during
charge—discharge cycling, with the result that the glass mat may lose compressibility.
There may also be some dissolution of the fine fibres which, again, will have an
adverse effect on the compression characteristics.

The positive plate, in particular, undergoes structural changes during deep-
discharge cycling. If unrestrained, the active material softens, and particle-to-particle
contact becomes weaker and is eventually lost. This process gives rise to shedding
of the active material and loss of capacity. If the active material can be constrained
by the separator, expansion and shedding are delayed and battery cycle-life
extended [13]. For many years, conventional heavy-duty batteries, e.g., for motive-
power applications, have been constructed with thick glass mats adjacent to the
positive plates. Nevertheless, the applied compression in these batteries has not
necessarily been controlled accurately. A clear relationship has been demonstrated
[14,15] between positive-plate compression and cycle-life. For example, Takahashi
et al. [14] have demonstrated that a critical plate-group pressure of >40kPa is
necessary to control plate growth.

During a study of the factors that affect the failure modes of VRLA batteries [13],
it was pointed out that compression of the positive active-material via the separator
is a critical factor in eliminating premature capacity loss. As a result of this work, it
was concluded that the progressive expansion of the positive active-material leads
ultimately to a breakdown of conductivity through the porous structure. As this
breakdown intensifies, less and less of the material is accessible to discharge and,
therefore, capacity falls. Compression and constraint of the active material mitigate
against this breakdown by opposing the expansion of the material. If the separator is
compressed against the positive plate at a sufficiently high pressure, the expansion
and shedding of the active material are controlled and battery life is extended. In
effect, the fibres in the AGM separator act as ‘springs’ in constraining the expansion
of the positive active-material during cycling. As the force of the spring is directed
against not only the plates but also the cell container, it is important that the latter
is rigid and does not distort. This requirement may necessitate the development of
special container designs [16].

The beneficial effect of compression in extending the cycle-life of VRLA batteries
was confirmed in a project carried out by the Advanced Lead-Acid Battery
Consortium (ALABC) [17]. The work also showed that the composition of the
micro-fine glass separator has an important influence on cycle-life, namely, a higher
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content of fine fibres results in longer cycle-life. Accordingly, attention was focused
on the need to improve the properties of the glass separator, and to search for
alternative separator materials of superior performance.

The behaviour of AGM separators under compression depends on a range of
parameters which include the glass source, ratio of fine to coarse fibres, grammage,
and surface area. The compression curve for a particular separator needs to be taken
into account in battery design given the performance and life requirements of the
particular application. An example of the compression characteristics of a typical
material used in this application together with the consequences of the material
becoming wetted with sulfuric acid is shown in Fig. 6.9. The following general
conclusions can be drawn from these curves.

e For an applied force up to — and possibly beyond — 50kPa, the separator
thickness is reduced with increasing applied force.

e When the applied force is released, the separator recovery is incomplete such that
the separator does not return to its original thickness.

e The separator tends to contract on wetting, and for a given applied force has a
lower thickness than in the dry state.

To achieve a compression of 30% (i.e., a reduction in thickness of 30% compared
with the original value at 10kPa) an applied force in excess of 50kPa may be
required. (Note, the percentage compression must be referenced to the dry state,
because the original thickness is measured with the separator in this state.)

If high plate-group pressure is required, special attention needs to be paid to the
cell-assembly equipment to enable sufficient pressure to be applied to the plate group
for it to be inserted into the cell container. Over-compression at this stage may
actually damage the fibres. On the other hand, if a high compression cannot be
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Fig. 6.9. Compression vs. applied pressure for typical all-glass separator. Dashed line
indicates alternation between compression and recovery measurements [18].
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maintained within the cell, there may be a rapid fall in capacity caused by expansion
and loss of active material from the positive plates. In this connection, a study
carried out by Hollingsworth & Vose [19] has provided some reassurance. For
applied forces as high as 500 kPa, the results demonstrated that AGM separators
can in fact maintain resilience. A reduction in tensile strength and an increase in
elongation were observed during compression testing and this suggests that the
matrix of AGM separators changes as the force increases. Evidence from scanning
electron microscopic studies indicated that fibre displacement rather than fibre
breakage was occurring, with fibres rotating, spreading out and even grouping
together. For standard separators, it was found that over 92% of the original
thickness was recovered after the pressure was released. It may be possible to
improve tensile strength with modified materials (e.g., by including organic fibres).

Only the properties of separators in the dry state were reported by Hollingsworth
& Vose [17]. Separators with a range of surface areas and grammages were tested,
but the ratio of fine to coarse fibres in each separator was not given. The
compression tests were conducted over short periods (30 min) and therefore concern
remains over the effect of long-term, high compressive forces on glass-fibres in the
wet state. Nevertheless, the results do indicate that the limitation on the maintenance
of a high plate-group pressure within a VRLA battery is more likely to be due to
the battery design and methods of assembly, rather than to the properties of the
separator itself. It is worth noting that the design of the first commercially available
battery using micro-fine glass separators — the Gates cell — had a spirally wound
configuration which caused the plates and separators to be restrained under a firm
assembly pressure. Thus, serendipitously, this first design provided the high
compression of the separator against the positive electrode that is necessary to
achieve a long cycle-life.

In practice, it may be difficult to maintain the required plate-group pressure
throughout the life of a battery. An initial pressure of 40 kPa soon drops to 30 kPa
or less. This is the result of several factors: wetting of the separator; formation of
the battery; loss of fibre resilience during cycling. To maintain the integrity of the
positive plates, the compression needs to be kept as high as possible during the early
stages of cycling. Plate-group pressure does increase again later in cycling, but this is
due to expansion of the positive active-material. A separator with a high surface area
(i.e., a high fine-fibre content) may be better able to resist ‘crush’ under high levels of
compression, and may also minimize acid stratification. Another possibility is to use
a separator that resists compression. To be effective, this also requires a device that
acts as an external spring to exert force on the plate group.

6.4.2. Oxygen cycle and recombination efficiency

The essential function of the VRLA battery relies on the transport of oxygen from
the positive plate through the separator to the negative plate during charging. This
transport can only take place effectively if the separator is not fully saturated. A
saturation level of 95% or less is preferred.
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Table 6.3. Comparison of transport rates through an orifice (length = 5mm, radius as
shown) at 20°C by pressure-assisted flow (Ap = 10kPa) and by diffusion [20].

Orifice radius Pressure-assisted out-flow of Flux of oxygen due to diffusion
(um) oxygen (Cm3 s7h (cm3 h™)

10 0.341 0.0009

50 213 0.022

The transport of oxygen can take place by pressure-aided gas flow and/or by
diffusion [20]. Gas flow through an orifice is described by the Poiseuille equation, i.e.,

AV /At =mr*/(@8n])- Ap (6.7)

where AV is the volume of gas in cm?®; At is time in s; r is the radius of the orifice in
cm; 1 is the viscosity in Nsecm™2; / is the length of the flow route in cm; Ap is the
pressure difference in Necm ™. The rate of diffusion is governed by Fick’s first law:

dn/dt = —(DA)de/dx (6.8)

where 7 is the number of moles transported; ¢ is time in s; D is the diffusion
coefficient in cm? s™'; 4 is the cross-sectional area in cm?; de/dx is the concentration
gradient in mole cm > per cm. The relative importance of the transport mechanisms
is shown in Table 6.3 in terms of the volume of oxygen transported by pressure-
assisted flow and by diffusion through orifices of radius 10 and 50 um, respectively.
Both mechanisms are likely to contribute in the changing circumstances of an ageing
VRLA system. Initially, most pores will be partly closed and oxygen will only
penetrate when assisted by the build-up of pressure at the positive electrode. Under
these circumstances, the radius of the opening through which the gas ultimately
passes is extremely significant given the dependence of the rate of transport on the
fourth power of the radius, see eqn. (6.7). Later in life, when separator/gel dry-out
due to water loss causes channels to be permanently open between the electrodes,
the internal pressure in the battery will be less and diffusion may become more
important. In such a situation, the radius of the orifice will become less dominant.

At first sight, during recharge of the VRLA battery, it would seem that the oxygen
cycle should be 100% efficient. This would ensure that no gas is released and vented
to the outside atmosphere so that water loss is minimized. In recent years, however,
it has become apparent that 100% oxygen recombination may not be desirable, as
this may lead to negative-plate degradation. The secondary reactions of hydrogen
evolution and grid corrosion are very important in the lead—acid battery, and may
have a significant impact on VRLA cell behaviour. The rates of the two reactions
need to be balanced, otherwise one of the electrodes — usually the negative — may
not become fully charged. The negative electrode may actually self-discharge at
the reversible potential and therefore its potential will have to rise above this value
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Fig. 6.10. Possible reactions in VRLA batteries as function of electrode potential. Origin of
arrows represents equilibrium potential of given reaction [22].

(i.e., become more negative) to compensate for self-discharge and to prevent capacity
decline. While the negative plate is occupied in recombining oxygen, its potential
cannot become more negative in the required manner. There is then a risk that it will
slowly lose capacity because of self-discharge due to local action from impurities
in the active materials. This situation will arise if the rate of oxygen recombination
is high and the rate of local action at the negative plate exceeds the rate of grid
corrosion at the positive plate [21]. The possible reactions in VRLA batteries are
shown in Fig. 6.10 as a function of electrode potential [22].

The actual structure of the separator exercises an important influence on the
efficiency of oxygen recombination. A separator with a high surface area and a small
average pore size may wick acid to a greater height and provide a higher resistance to
the diffusion of oxygen. This may imply the use of a separator with a high percentage
of fine fibres, or a hybrid separator containing, for example, organic fibres.

6.4.3. Stratification and drainage

A uniform distribution of sulfuric acid electrolyte between the plates of the battery
is essential if the battery is to provide an optimum service. Two types of departure
from this ideal are encountered in practice: (i) a heterogeneous distribution of the
liquid phase when saturation is incomplete; (ii) and the development of con-
centration gradients within the liquid phase.

The heterogeneous distribution of electrolyte between the plates not only
influences the oxygen cycle but also prevents complete utilization of the active
material since regions of the plate which dry out are unable to take part in the
discharge reaction. This phenomenon becomes a progressively more serious problem
as water is lost and the total volume of electrolyte decreases.
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A related issue, when the plates are oriented in a vertical plane, is drainage. There
is a limiting height to which the forces of surface tension are able to carry liquid in
defiance of the forces of gravity (see eqn. (6.3)). Plates that are taller than this limit
will become incompletely saturated at the top with the same consequences that result
from falling levels of saturation. Conversely, electrolyte drainage from the separator
in a fully assembled cell would be expected to reduce performance, particularly at
low discharge rates, where acid starvation would limit capacity. Drainage imposes
a maximum height for the element if optimum capacity is to be retained. For
commonly used grades of AGM, the height limit is 30-40cm. If capacity
requirements demand larger plates than this to be used, then either the plates must be
mounted horizontally or a material with a finer pore structure must be used as the
separator.

Concentration gradients (‘acid stratification’) occur readily in the electrolyte
of flooded cells. As the cells are charged, sulfuric acid is produced at a high
concentration adjacent to the plate surface and sinks to the base of the cell because it
has a higher relative density than the rest of the electrolyte. If left uncorrected, this
situation will lead to a non-uniform utilization of active material (with a reduced
capacity), aggravated local corrosion and, consequently, shortened cell-life. Flooded
cells are periodically set to produce gas during charging, which stirs the electrolyte
and overcomes these problems. The immobilization of the electrolyte in a VRLA cell
with an AGM separator reduces the tendency for acid stratification but also removes
the possible remedy for the problem since gassing is not an option. A gelled
electrolyte practically eliminates stratification effects because the molecules of acid
immobilized in the gel are not free to move under the influence of gravity.

6.5. Future Developments

The above discussion has shown how the separator—electrolyte-immobilization
system in a VRLA battery performs a complex combination of functions. Recently,
McGregor et al. [18] have listed the following separator properties that are
considered to be generally desirable for most battery applications:

e acceptable tensile strength (0.875-1.75kNm™") and elongation (0.5-10%) for
processing;

e high porosity (~ 95% uncompressed) to allow for effective acid filling and oxygen
transport;

e serve as an clectronic insulator, but when partially saturated display low ionic
resistivity (5070 mQ cm?);
readily wettable by sulfuric acid over the life of the battery;
minimal shrinkage on wetting, sustain a high level of applied pressure at the
positive-plate, and conform to the surface of the plates at the required level of
force;

e resistance to attack by battery-strength acid at high temperatures (80-120°C) and
by oxidation at high potentials;

e high chemical purity, i.e., must not release metal or organic impurities, such as
transition metals or chloride species;
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e have a pore-size distribution (1-20 um) which provides a sufficient supply of acid
to the plates at the desired rate, but presents no risk of dendritic growth;

e have the ability to wick acid electrolyte to heights of up to 30 cm and minimize
stratification and drainage.

None of the present-day AGM separator materials meets the requirements
perfectly. The separators appear to allow expansion (and softening) of the positive
active-material unless they are employed with compressive forces that are so high as
to be impracticable in conventional designs of battery container. The separators also
enable high rates, and hence high-power performance, to be obtained from VRLA
batteries, but they can also cause the internal oxygen cycle to be overworked as
cell life advances and this could give rise to charging and heating problems. This
characteristic is, at least partly, a consequence of the pore structure of the AGM
materials.

It is obvious that the search for modified or new separator materials for VRLA
batteries should be a research topic of high priority. Compared with traditional
materials, a separator with a high surface area and a small average pore size may
reduce acid stratification, wick acid to a greater height, and provide a higher
resistance to the diffusion of oxygen. Such novel materials could moderate the
adverse effects of the oxygen cycle (i.e., generation of heat and suppression of
negative-plate potential) and hence extend battery life by facilitating complete
recharge. Research and development into improved separators is reviewed in
Chapter 7.
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—CHAPTER 7—

SEPARATOR MATERIALS FOR VALVE-REGULATED
LEAD-ACID BATTERIES

K. IThmels and W. Bohnstedt

7.1. Introduction

The function of the separator in the VRLA battery has been reviewed in Chapter 6,
where the need for the separator to satisfy a complex set of requirements
simultaneously has been described. The development of an effective separator clearly
represents a challenge for the materials scientist. This chapter outlines the materials
that have been used to date and introduces others which are emerging as candidates
during the search for improved performance.

Two VRLA battery technologies are currently predominant, i.e., absorptive glass
mat (AGM) and gel designs. In the former, the AGM immobilizes the electrolyte and
simultaneously functions as a separator. In gel batteries, the acid is immobilized
by means of fumed silica, and an additional separator is required to fix the plate
distance and to prevent electronic shorts.

State-of-the-art separators for these batteries are described here only to the
extent required to illustrate trends and to highlight the need for further development.
The greater part of the discussion is descriptive of the new materials which are
currently being investigated in pursuit of improved separator performance in VRLA
batteries.

7.2. State-of-the-art Separators
7.2.1. Absorptive glass mat (AGM ) separators

The most commonly used AGM separators are microfibre-glass fleeces without
organic components such as binders or polymeric fibres. The fleeces are composed
of blends of acid-resistant glass fibres from two size ranges: (i) ‘microfibres’, with
an average fibre diameter below 1 pm; (ii) ‘coarse’ fibres, with an average diameter
of ~3pum. The microfibres (approximately 20-30% of the total) increase the
internal surface, improve the tensile strength, and decrease the pore diameter; but
they significantly increase the product cost. The driving force for the incorporation
of larger fibres is mainly cost reduction, but they also facilitate the filling of
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Table 7.1. Typical properties of AGM separators [1].

Basis weight (gm™2) 200
Porosity (%) 93-95
Average pore size (Lum) 5-10
Thickness (acid filled) (mm)

at 10kPa 1.3

at 35kPa 1.0
Puncture strength (N) 7.5

“Defined in Chapter 6.

batteries by creating larger pores with faster acid pick-up, often referred to as the
‘wicking rate’.

Typical data for conventional AGM separators are shown in Table 7.1 [1]. The
separators have a very high porosity, i.e., in excess of 90%. This high porosity,
together with a good wettability, results in a very high acid absorption and a low
electrical resistance. In addition, the chemical and oxidative stability of the material is
very good and the purity, in terms of trace elements and organic contamination,
is high.

In the battery, the acid saturation of AGM separators is usually in the range of 95
to 85% [2]. This increases the effective electrical resistance over that of fully satu-
rated separators by 20% for 95% saturation and by 90% for 85% saturation [3], but
it also creates open channels of relatively large pores that enable very efficient oxygen
transport from the positive to the negative plate. Too high an oxygen transport rate
may, however, result in thermal runaway due to the exothermic consumption of
oxygen on the negative plate [4], and in premature capacity loss (PCL) by
undercharging of the negative plate, a mechanism now referred to as PCL-3 [5,6].

Given the relatively large pores and the good wettability, the wicking rate (speed
of acid pick-up) of AGM is fairly high. On the other hand, the comparatively large
pores present the risk of internal shorts through the separator, especially when using
a narrow plate-spacing and in cycling applications. Additionally, the larger pores
reduce resistance to vertical flow of the acid in the separator. Therefore, AGM
separators are prone to acid drainage and acid stratification. The term ‘acid
drainage’ describes a gravity-driven migration of the acid to the bottom of the
separator, while ‘acid stratification’ relates to the diffusion of concentrated acid
generated during charge towards the bottom of the battery. Acid drainage occurs
when the cell is too tall for the capillary forces to overcome the forces of gravity. The
liquid phase then ‘sags’ within the pore structure until the two forces are balanced.
When the plates are taller than this critical value, and ‘sagging’ takes place, an upper
part of the separator is left with gas in its pores rather than liquid and this obviously
alters dramatically the rate of oxygen transfer. Drainage is thus a process which
involves two non-solid phases — liquid and gas. By contrast, stratification only takes
place within the liquid phase. Clearly, the two phenomena limit the height of AGM
batteries. Furthermore, since acid stratification is accelerated by deep-discharge
cycles, AGM batteries are predominantly used in applications that do not involve
frequent service under such cycles.



SEPARATOR MATERIALS FOR VRLA BATTERIES 185

Another feature of AGM separators is their compressibility. With compression of
the plate and separator stack, this AGM property guarantees good plate—separator
contact, even if the plates are not perfectly smooth. Also, battery assembly is
facilitated since the stack can be easily inserted into the cell after compression to a
thickness lower than the cell dimension. An undesirable result of the compressibility
is that the AGM separator does not exert sufficient resistance against expansion of
the positive plate during battery cycle-life. This expansion is particularly prevalent in
deep-cycle applications and can cause the battery to suffer premature capacity loss
(PCL) via reduced inter-particle conductivity — a phenomenon known as ‘PCL-2’
[7]. In the literature, two additional characteristics, which are related to the PCL-2
failure mode, are discussed, namely, AGM separators shrink when first wetted with
electrolyte and their fibres can be crushed at high pressure levels [8—10]. These
features result in a loss of separator resilience, i.c., a lessening of the ability to display
a reversible spring effect.

7.2.2.  Separators for gel batteries

In gel batteries, the addition of 5-8 wt.% of fumed silica (pyrogenic silica) with a
specific (BET) surface-area of 200-300m?”g~" serves to immobilize the electrolyte.
Cracks in the gel provide voids for oxygen transport to the negative electrode.
Compared with AGM batteries, the manufacturing cost of gel batteries is considered
higher, and their specific power is lower due to a higher internal resistance. Because
of the very effective immobilization of acid in the fumed-silica gel, the batteries
are less prone to electrolyte drainage and acid stratification than AGM batteries.
Accordingly, gel technology offers some advantage in cycle applications, e.g., in
motive power for in-plant vehicles and wheelchairs [11].

Gel batteries require an additional separator to fix the plate distance and to
prevent electronic shorts. The most effective protection against shorts is achieved by
means of separators with low pore size; ideally, microporous materials should be
used (pore size less than 1 pm). Additionally, the separator should have a low acid-
displacement since the fumed silica and the cracks in the gel already reduce the
volume available for electrolyte. To minimize the internal resistance of the battery,
the electrical resistance of the separator should be as low as possible. These two
requirements, viz., low acid-displacement and low electrical resistance, translate into
a need for separators with good wettability, high porosity, and low geometrical
volume, i.e., rib configuration and backweb thickness should both be optimized.

In contrast to most conventional separators for flooded batteries, separators for
gel batteries have ribs positioned not only towards the positive plate, but also
towards the negative plate in order to facilitate the gel-filling process. For batteries
with pasted positive plates, the separator is usually laminated with a glass fleece,
which protects the positive plate against shedding, especially in cycle applications.
Although this surface fleece stabilizes the active material, the present design of gel
batteries cannot prevent completely the expansion of the positive material and the
occurrence of PCL-2. The most important characteristics of separators used in gel
batteries are listed in Table 7.2 (adapted from Ref. 12).
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Table 7.2. Properties of separators used in gel batteries.

Property Phenol-formaldehyde/ Microporous Coated glass-mat
resorcinol separators ~ PVC separators separators

Backweb thickness (mm) 0.4 0.55 0.4

Porosity (%) 70 71 70

Pore size (average) (um) 0.5 0.2 0.1

Acid displacement (mlm™2) 165 260 n.a.

Electrical resistance (mQ cm?)?* 100 160 140

“This is the resistance offered by one square centimetre of the separator material in question.

Table 7.3. Characteristics of state-of-the-art separator technologies for VRLA batteries.

System Advantages Disadvantages
Absorptive glass e Very high porosity of ¢ Relatively large separator
mat (AGM) separator pores

—acid stratification
—electrolyte drainage
—risk of internal shorts

¢ High purity and stability
of separator

¢ Low internal electrical —risk of thermal runaway
resistance —risk of PCL-3

¢ Easy acid filling e Low tensile strength of separator

* Relatively low cost ¢ High compressibility of separator

—risk of PCL-2

e Low crush resistance of separator
—risk of PCL-2

¢ Contraction on wetting of
separator
—risk of PCL-2

Gel  Little acid stratification » Difficult gel-filling processes
o Little electrolyte drainage o Relatively high internal resistance
e Small separator pores e Low compressive forces
—low risk of internal shorts — risk of PCL-2

¢ Relatively high cost

7.3. Development Trends for VRLA Battery Separators

The advantages and disadvantages of state-of-the-art AGM and gel separator
technologies for VRLA batteries are given in Table 7.3.

Much recent effort on separator development has been devoted to the
optimization of existing products. Since the separator dictates the performance of
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an AGM battery much more than does the separator in a gel battery, work has
focused primarily on the improvement of microfibre separators, namely:

e minimization of acid stratification, electrolyte drainage, and the risk of electric
shorts
— separator with small pore size
e prevention of PCL-2 (expansion of positive active mass)
— separator with low compressibility, high crush resistance, and low contraction
on wetting
e prevention of PCL-3 (undercharging of negative plate) and thermal runaway
— separator that allows controlled transport of oxygen.

Attempts to satisfy these requirements have involved several different develop-
ment strategies:

optimization of the share of fine and coarse fibres in AGM
addition of polymeric fibres or silica

lamination with membranes

novel separator concepts.

All of these development concepts are described in the next section.

7.4. Separator Developments
7.4.1. Modified AGM

74.1.1. AGM — high surface-area. When first introduced into the market,
AGM separators had a relatively high content of fine fibres. These separators had
specific surface-areas in the range of 1.6-2.0m” g~ ' (note, a surface area of 2.0 m> g~
represents a separator with close to 100% fine fibres). Today, separators with a lower
share of fine fibres (20-30%) are common and, consequently, surface areas are
typically between 1.1 and 1.3m?g~" [13]. The driving force for this lower fine-fibre
content has been mainly the higher cost of such fibres, a welcome side effect is a
faster wicking rate due to larger pores [13,14]. Most of these AGM separators went
into stationary batteries, which experience less acid stratification and expansion of
the positive plates than batteries in cycling applications.

With VRLA batteries recently becoming the focus of attention for cycling
applications, requirements for the AGM separator have changed. In particular,
the AGM separator must better withstand the forces caused by the expansion of
the active material, and acid stratification must be reduced. Both these requirements
call for a higher share of fine fibres, which is known to improve the mechanical
properties and to decrease the pore size. The latter property, in turn, should reduce
acid stratification. The expected improvement in mechanical properties can be
illustrated by calculating the number of fibres for a given sample weight. For
example, a two-gram sample contains about 5.6 billion fine fibres (diameter 0.8 um)
vs. 28 million coarse fibres (diameter 3.5 um). If the fibres are viewed as springs,
fine fibres should offer substantially more resilience to provide for sustained pressure
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against the plates [14]. The data compiled in Table 7.4 illustrate the trend to lower
pore size and lower compressibility with the higher surface area which results from a
higher share of fine fibres [15]. It has also been reported [10] that AGM separators
with high surface area exhibit greater crush-resistance.

As a result of such considerations, the surface area, particularly fine-fibre content
of AGM separators has been the subject of two ALABC projects on EV batteries. In
the first project [16], acid stratification was found to decrease as the surface area of
the separator was increased, see Table 7.5. Nevertheless, any advantage in terms of
battery cycle-life was less clear-cut, see Table 7.6.

Post-service examination revealed that all positive plates had undergone softening
and considerable expansion. In addition, lead dioxide particles had penetrated the
separator. The general condition of the positive plates was better with separators of
higher fine-fibre content, which was related to the lower degree of acid stratification.

Table 7.4. Pore size and compressibility of AGM separators with different surface areas [15].

Specific surface-area

m?g™h 0.5 0.9 1.2 2.6
Maximum pore size (pm) 45 31 24 14
Thickness (dry) (mm)

at 10kPa 2.58 (100%)  1.78 (100%)  1.65 (100%)  1.39 (100%)

at 20kPa 2.03 (79%) 1.49 (83%) 1.47 (89%) 1.27 (91%)

at 30kPa 1.86 (72%) 1.40 (78%) 1.40 (85%) 1.23 (88%)
Thickness (acid filled) (mm)

at 10kPa 2.51 (100%)  1.71 (100%)  1.60 (100%)  1.35 (100%)

at 20kPa 1.99 (79%) 1.47 (86%) 1.44 (90%) 1.26 (93%)

at 30kPa 1.87 (75%) 1.39 (81%) 1.41 (88%) 1.21 (90%)

Note, figures in brackets represent percentage of initial thickness at 10 kPa.

Table 7.5. Acid densities after tests of cells using AGM separators with different contents of
fine fibre [16].

Cycles at Specific Fine-fibre Acid densities in different separator
end-of-service surface-area content (%) regions (gcm ™)
(m*g™)
Upper region Middle region Lower region

142 0.7 10 1.250 1.323 1.346

230 0.7 10 1.231 1.308 1.326

202 1.45 55 1.255 1.289 1.307

205 1.45 55 1.293 1.301 1.305

180 2.2 100 1.293 1.296 1.299

188 22 100 1.283 1.283 1.308

260 2.2 100 1.305 1.305 1.308
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Table 7.6. Cycle-life of cells using AGM separators with different contents of fine fibre [16].

Specific Fine-fibre Cycles when Cell pressure at
surface-area content Cell pressure capacity loss initial cycles
m?g™h (%) (kPa) first reaches 20% (kPa)

0.7 10 ~40* 54 29

0.7 10 40° 63° —

1.45 55 ~40* 70 12

1.45 55 ~40* 40 14

2.2 100 < 10* 55 4

2.2 100 ~55¢ 59 30

2.2 100 40° 130¢ —

“Initial pressure at cell build, operated at fixed plate-group thickness.
®Operated at constant pressure by means of piston cell.

“Permanent fall to below 80% of initial capacity after ~90 cycles.
9Permanent fall to below 80% of initial capacity after ~ 180 cycles.

Table 7.7. Cycle-life of cells using AGM separators with different
contents of fine fibre at different compression levels [17].

Fine-fibre content (%) Cycle-life* at compression level (%)
20% 25% 30%
50 325 350 680
66 820 460 840
75 890 870 620

“End of cycle-life estimated for capacity falling below 80% of initial value.

The best cycle-life was obtained for a separator with 100% fine fibres when the cell
was operated under constant pressure by means of a piston cell. For cells operated
at fixed plate-group thickness, there were strong indications of crushing of the
separators very early in service, and this allowed expansion of the positive plates that
resulted in a substantial loss of capacity. The separator crushing is reflected in the
low cell pressures listed in the last column of Table 7.6. In general, the cycle-life of
all the cells was low compared with those employed in other ALABC projects with
AGM separators. This is at least partly explained by the 100% DoD operation of
the former cells (end-of-discharge-voltage, 1.75 V) at a 3-h discharge rate, which was
much more demanding than most of the regimes adopted in the other ALABC
projects.

In a second ALABC project [17], separators with 50, 66, and 75% fine-fibre
content were assembled into cells at compression levels of 20, 25, and 30%,
respectively. These cells were operated to 75% DoD (3 h at Cs/4) at a constant plate-
group thickness; the cycle-lives are listed in Table 7.7. Although there were some
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anomalies (e.g., 75% fine-fibres and 30% compression), it can be concluded from the
results that cycle-life increases with higher fine-fibre content and higher compression.
It should be noted, however, that this tendency with higher compression is less clear-
cut, which may be due to uncontrolled loss of compression during cycling, as
was observed in the earlier ALABC project [16] (v.s.) for cells operated at constant
plate-group thickness (see Table 7.6).

74.1.2. AGM — highllow surface-area composite. In a different approach
aimed at taking advantage of the separate merits of high and low surface-area glass
fibres, multi-layered AGM separators were investigated [18]. It was found that two
interspersed layers — one with fine fibres and one with coarse fibres — showed better
properties than when those fibres were dispersed (‘mixed’) in a single, uniform sheet.
This was especially true for pore size and tensile strength, as shown in Table 7.8.
These results can be explained by assuming that the fine fibres are not ‘diluted’ in
a two-layer separator, but they are in a uniformly mixed fibre material. In addition to
these results, a 100% fine-fibre layer facing the electrodes can also be expected
to prevent shorts and acid stratification more effectively than a mixed fibre separator.

With the preceding as background, a two-layered AGM separator was evaluated
in a further ALABC project [19,20]. This separator consisted of a layer of 100%
fine fibres (high surface area) and a second layer made of a mixture of 40% fine
fibres with the addition of coarse fibres and chopped structural fibres (low surface
area) [21]. Both the positive and negative plates were wrapped by this separator,
with the 100% fine-fibre layer facing the electrodes; the cell configuration is shown

Table 7.8. Comparison of properties of AGM separators, one consisting of a layer of fine
fibres in contact with a layer of coarse fibres, and the other consisting of a single-layer of
mixed fibres [18].

Fibre ratio Separator type Average pore size Tensile strength
fine (%)/coarse (%) (um) (kNm™")
0/100 coarse fibres 10.4 0.20
17/83 mixed fibres 6.9 0.37

two layers 3.6 0.41
25/75 mixed fibres 5.8 0.37

two layers 3.2 0.47
33/67 mixed fibres 4.8 0.44

two layers 3.0 0.57
42/58 mixed fibres 4.2 0.43

two layers 2.8 0.62
50/50 mixed fibres 4.0 0.68

two layers 2.5 0.72

100/0 fine fibres 2.6 0.69
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in Fig. 7.1. The compressive force in these cells, applied on the dry separator, was
35kPa, and cycling was performed to 75% DoD (3h at 0.25 Cs). The best two of
six cells went below 80% of their initial capacities at approximately 340 cycles.
This was of a low cycle-life compared with other separators tested in the project,
which may be partly explained by the relatively low compression level that was
employed.

74.1.3. AGM — membrane sandwich. The combination of a membrane with an
AGM separator has been investigated with a view towards controlling the oxygen
transport as well as improving the compressive properties of the separator. With
reference to the latter aspect, a AGM—-membrane sandwich has been evaluated [19].
The AGM consisted of 100% fine fibres, and the incompressible polymer membrane
was a mixture of polyvinyl chloride and 5-10 wt.% silica, which was partly extracted
to increase the pore size and porosity. The properties of the two separator
components are summarized in Table 7.9 [22].

The cell configuration, illustrated in Fig. 7.2, placed a layer of the AGM in contact
with each electrode and the membrane was located between the two layers of AGM.
The compressive force in the cells, applied on the dry separator, was > 50 kPa, and
cycling was performed to 75% DoD (3 h at 0.25Cs). Under these conditions, the cells
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Fig. 7.1. Cell construction with two-layered AGM.

Table 7.9. Properties of AGM-membrane sandwich components [22].

Property Micro-glass fibre Organic membrane
Total thickness (dry) (mm) 0.52 0.57

Backweb thickness (mm) 0.52 0.47

Porosity (%) 93 81

Specific surface-area (m*g™") 2.0 —

Pore size (mean) (um) 2.5 5.0

Electrical resistance (mQ cm?)? — 45

“This is the resistance offered by one square centimetre of the separator material in question.
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High surface-area AGM

[E3 Polymer membrane

Fig. 7.2. Cell construction with AGM-membrane sandwich [22].

ran approximately 600 cycles before dropping to below 80% of their initial capacity
[23]. Tear-down analysis of one intact cell after 500 cycles showed both the plates
and the separators to be in good condition. Compared with hybrid separators and
the two-layered AGM separator described earlier, the sandwich separator gave the
best cycle performance. This finding may stimulate further work on such separator
systems.

7.4.14. AGM — with organic fibres. AGM separators made from a blend of
glass fibres and about 10 wt.% of polymeric fibres have been used by the battery
industry for many years [24-26]. Compared with traditional AGM separators, these
so-called ‘hybrid separators’ show an improved tensile strength and a 2-5 times
higher puncture strength [26]. Depending on the weight fraction of the polymer
fibres, hybrid separators can be sealed into pockets. In addition, the polymer fibres
(e.g., made from polyethylene, polypropylene, polyester, or bi-component polymers)
create hydrophobic sites. These sites allow the use of a “fill and spill’ process in which
batteries are flooded with acid and, after formation, the excess acid is decanted. The
hydrophobic sites then allow the passage of oxygen to the negative plate [13].

Although hybrid separators appear to offer advantages in battery manufacture
and, additionally, might show an improved resilience after compression [25],
there have been few published reports on their performance. Recently, a hybrid
separator with 15wt.% organic fibres was the subject of an ALABC investigation.
The properties of this separator are compared with those of conventional
AGM separators in Table 7.10 [27]. The hybrid separator shows a slightly lower
compressibility in the dry state and a significantly lower shrinkage on wetting.
Several cells were cycled at the 2-h rate to 80% DoD. The conditions and results
are summarized in Table 7.11. For all the cells that showed a positive-plate
limitation, softening and expansion of the positive active-material was observed. For
the cells subjected to a pressure of 80 kPa, this was accompanied by a compaction of
the separator and of the negative active-material, with the latter causing a reduction
in the capacity of the negative plate.

The above results indicate that hybrid separators are more of an advantage for the
battery production process than for improving battery performance.
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Table 7.10. Compressive properties of hybrid and AGM separators [27].

Property Hybrid* AGM
Thickness (dry) (mm)
at 10kPa 1.55 (100%) 1.64 (100%)
at 20kPa 1.51 (97%) 1.58 (96%)
at 50kPa 1.39 (90%) 1.37 (84%)
Thickness (acid filled) (mm)
at 10kPa 1.38 (100%) 1.27 (100%)
at 50kPa 1.30 (94%) 1.20 (94%)
Contraction on wetting (%)®
at 10kPa 11 23
at 50kPa 6 12
Specific surface-area (m? g~ ') 0.83 —

Note, figures in brackets represent percentage of initial thickness at 10 kPa.
“Designation II-P15.
Contraction = (dry thickness — acid-saturated thickness)/dry thickness x 100%.

Table 7.11. Summary of cycle-life tests with hybrid separators [27].

Pressure Cell type Separator End-of-life* Limiting

(kPa) (cycles) plate-group

40 standard II-P15 90 positive

40 standard II-P15 + pasting paper® 335 positive

40 standard [1-P15 + PE separator® 194 positive

40 piston cell II-P15 155 positive

80 piston cell 1I-P15 156 positive

80 standard I1-P15 120 negative (slightly)
80 piston cell II-P15 63 neither plate

“To 80% of initial capacity.
To restrict movement of positive active-material into separator.

74.1.5. Silica-loaded glass mat (SLGM). As mentioned earlier, the cost of
AGM increases substantially with the share of fine fibres. Therefore, the
incorporation of cheap fillers with high surface area has been pursued as a low-
cost alternative to increase the surface area of AGM [13]. Various patents have been
granted on AGM separators filled with silica. The claimed advantages include:
reduced acid stratification when AGM is immersed in a colloidal solution of silica
and the water is dried off [28]; high tensile strength, resiliency and crush resistance
when silica particles are incorporated together with a binder [29]; and smaller pore
size, higher surface area and, therefore, improved battery performance when AGM is
filled with silica particles [30].
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Table 7.12. Compressive properties of silica-loaded glass mat and AGM separators [27].

Property SLGM AGM
Thickness (dry) (mm)
at 10kPa 1.90 (100%) 1.64 (100%)
at 20 kPa 1.88 (99%) 1.58 (96%)
at 50kPa 1.82 (96%) 1.37 (84%)
Thickness (acid filled) (mm)
at 10kPa 1.84 (100%) 1.27 (100%)
at 50kPa 1.79 (97%) 1.20 (94%)
Contraction on wetting (%)*
at 10kPa 3 23
at 50 kPa 2 12
Specific surface-area (m* g ") 3.86 —
Pore size (average) (um) 16 —

Note, figures in brackets represent percentage of initial thickness at 10 kPa.
#Contraction = (dry thickness — acid-saturated thickness)/dry thickness x 100%.

Considering these potential advantages, a glass-fibre separator filled with silica
(SLGM) was included in an ALABC project that evaluated various separator
systems [27]. No details of the composition and manufacturing of this particular
SLGM separator were disclosed, but a comparative evaluation against other
separators was performed. The data are summarized in Table 7.12. Because of their
favourable compressibility and shrink-on-wetting characteristics, these separators
were also examined in a battery test programme. Two cells subjected to an initial
pressure of 80kPa and cycled to 80% DoD failed very early (less than 50 cycles).
Surprisingly, these failures were found to be due to significant contraction of the
separators accompanied by a partial loss of contact between the plates and the
separators. In a subsequent cycling test in which the plate-group pressure was
adjusted during cycling, a notably better cycle-life (~ 470 cycles) could be achieved
with frequent adjustments of the plate-group pressure to compensate for the
contraction of the separator. It remains to be investigated whether this unexpected
contraction is related to the particular separator version that was employed in the
study or if it is a general feature of SLGM.

In another ALABC project [31], a so-called ‘Silica Powder AGM’ composed of
70wt.% silica, 10wt.% polyester fibres (with low melting point and acting as a
binder) and 20wt.% glass fibres was subjected to cycling tests to 72% DoD.
The initial pressure was 42kPa and the cell achieved about 250 cycles before its
capacity fell below 80% of the initial value.

Within the framework of a project for the optimization of batteries for storing
photovoltaic and wind energy, an AGM separator with an inorganic filler of high
surface-area was developed. The surface area was found to increase and the pore size
to decrease significantly with incorporation of the filler, but the tensile strength
suffered, see Table 7.13 [32]. With this separator (regardless of how much filler was
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Table 7.13. Properties of unfilled (standard) AGM and filled separators [32].

Property Filler content

Standard Low High
Specific surface-area (m> g ') 1.17 7.28 14.83
Pore size (average) (um) 4.78 3.29 2.84
Tensile strength (kNm™") 0.96 0.67 0.47

used) and additional modifications of the battery design (high ratio of positive to
negative active-material, relatively high compression of the separator, relatively
low saturation degree), the cycle-life of batteries operated at 60% DoD could be
improved by up to 50%.

7.4.1.6. Other AGM modifications. Some recently published patents have
described AGM separators produced from dry-laid instead of wet-laid fibres
[33,34]. In the wet-laid paper process, the glass fibres break during their dispersion in
water. Since the dry-laying process avoids such ‘fibre degradation’, it is claimed to
produce sheets with longer fibres and better mechanical properties, e.g., higher
tensile strength, resiliency, and crush resistance. Other patents deal with pre-
compressed AGM separators, which expand on filling with acid [35], or AGM
treated with polymer dispersions for improved mechanical properties [36]. A special
variety of VRLA battery separators composed of a very small amount of fibrillated
PTFE (Teflon) and silica has also been disclosed [37,38]. It remains to be seen which
of these technologies can be converted into commercial products.

7.4.2. Alternative separators

74.2.1. Synthetic wood-pulp separators (SWP). So-called ‘synthetic wood-
pulp’ (SWP) separators are used widely in Japan for automotive batteries. These are
fleeces made from fibrillated polyethylene or polypropylene and small amounts of
additional fibres (e.g., polyester fibres); sometimes, the fleeces are also filled with
silica. The organic sheets are laminated with a glass mat, which serves to stabilize the
positive active-material [39].

Within the ALABC programme, various new SWP separators have been
evaluated with respect to their suitability for VRLA batteries [31,40]. These
separators vary in their fibre composition, and some also contain silica powder and
microglass fibres. The porosity is in the range of 85-88%, which is somewhat less
than that of AGM separators. Due to the hydrophobic nature of the organic fibres,
the electrical resistance is about 3—5 times higher than that of conventional AGM
separators. On the other hand, the SWP separators exhibit lower compressibility,
lower contraction on wetting, and better recovery compared with AGM separators.
In a separate ALABC task [27], one of these SWP separators (referenced as SWP-7)
was compared with a standard AGM; the results are compiled in Table 7.14.
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Table 7.14. Compressive properties of SWP-7 and AGM separators [27].

Property SWP-7 AGM
Thickness (dry) (mm)
at 10kPa 1.50 (100%) 1.64 (100%)
at 20 kPa 1.48 (99%) 1.58 (96%)
at 50kPa 1.46 (97%) 1.37 (84%)
Thickness (acid filled) (mm)
at 10kPa 1.39 (100%) 1.27 (100%)
at 50kPa 1.34 (96%) 1.20 (94%)
Contraction on wetting (%)*
at 10kPa 7 23
at 50 kPa 8 12
Pore size (average) (um) 13 —

Note, figures in brackets represent percentage of initial thickness at 10 kPa.
“Contraction = (dry thickness — acid-saturated thickness)/dry thickness x 100%.

In battery cycle tests to a regular 72% DoD, the initial discharge capacities of the
SWP-7 cells were 10% lower than for the AGM cell. This difference was attributed
to the lower porosity of the SWP-7 separator and the attendant lower acid volume.
Cells with SWP-7 separators achieved 300 cycles, but the AGM cell failed after 150
cycles (failure point: 80% of initial capacity). It should be mentioned that whereas
the SWP-7 cells were built with an assembly pressure of 4858 kPa, the AGM cell
used only 22 kPa and this may have contributed to its shorter cycle-life.

In a different battery test with a simulated EV load pattern, a SWP-7 cell with an
assembly pressure of 60 kPa achieved 450 cycles versus 270 cycles for an AGM cell
with 73 kPa. The failure mode was found not to be the expansion of positive plate
but, rather, sulfation of the negative plate. This led to the conclusion that the
favourable mechanical properties of SWP-type separators suppress degradation of
the positive active-material.

7.4.2.2.  Polymeric microfibre mat. Until recently, the production of absorptive
separators from 100% polymeric fibres was limited by the fact that fibre diameters of
less than 1 pm could not be produced at reasonable cost. Further developments in
polymers, as well as refinements in fibre production, have resulted in the
manufacture of mats with a high percentage of fine fibres with a diameter below
1 pm [41]. As these organic fibres (usually polypropylene) are hydrophobic by nature,
wettability has to be imparted by additional treatments such as grafting with
hydrophilic agents or by co-extrusion with hydrophilic polymers [1].

A comparison between typical data for a microfibre-glass mat and that for
a polypropylene microfibre mat is given in Table 7.15 [1]. Glass mats attain a
higher porosity and smaller pore size, probably due to the higher stiffness of the
individual fibres and a higher portion of microfibres. Polypropylene microfibre mats
distinguish themselves by higher tensile and puncture strengths. In addition, they can
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Table 7.15. Properties of microfibre-glass mat and polypropylene microfibre mat
separators [1].

Properties Microfibre-glass mat Polypropylene
Porosity (%) 93-95 90-92
Pore size (mean) (um) 5-10 5-15
Fibre diameter (um) 0.5-5 0.5-30
Puncture strength (N) 7.5 15
Tensile strength (kNm™")

-MD 0.32 0.75

—-CMD 0.25 0.92

Table 7.16. Compressive properties of polypropylene microfibre mat and AGM
separators [27].

Property Polypropylene AGM
Thickness (dry) (mm)
at 10kPa 0.97 (100%) 1.64 (100%)
at 20 kPa 0.95 (97%) 1.58 (96%)
at 50kPa 0.88 (91%) 1.37 (84%)
Thickness (acid filled) (mm)
at 10kPa 0.95 (100%) 1.27 (100%)
at S0kPa 0.87 (92%) 1.20 (94%)
Contraction on wetting (%)*
at 10kPa 2 23
at 50kPa 1 12
Pore size (average) (um) 32.5 —

Note, figures in brackets represent percentage of initial thickness at 10 kPa.
#Contraction = (dry thickness — acid-saturated thickness)/dry thickness x 100%.

be welded into pockets and, thus, can be integrated into highly automated assembly
processes.

The compressive properties of a polypropylene microfibre mat and a standard
AGM were compared in one of the ALABC projects discussed above [27]. The
findings are shown in Table 7.16. Although the compressibility of the dry separator
and especially the shrink-on-wetting look favourable, the capacities of cells
assembled at 40 kPa and 80 kPa were significantly lower than for cells with hybrid
separators (mix of glass and polymer fibres). Tear-down analysis revealed that this
was due to release of acid from the separators. In the light of this phenomenon, no
further work on this separator type was conducted within the project.

7.4.2.3. Staflex. A separator named ‘Staflex’” has been evaluated in the ALABC
programme [27]. The properties of this separator are compared with those of a
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Table 7.17. Compressive properties of Staflex and AGM separators [27].

Property Staflex AGM
Thickness (dry) (mm)
at 10kPa 1.12 (100%) 1.64 (100%)
at 20 kPa 1.12 (100%) 1.58 (96%)
at 50kPa 1.09 (97%) 1.37 (84%)
Thickness (acid filled) (mm)
at 10kPa 1.05 (100%) 1.27 (100%)
at 50kPa 1.05 (100%) 1.20 (94%)
Contraction on wetting (%)*
at 10kPa 6 23
at 50 kPa 4 12
Specific surface-area (m* g ") 6.94 —
Pore size (average) (um) 0.63 —

Note, figures in brackets represent percentage of initial thickness at 10 kPa.
#Contraction = (dry thickness — acid-saturated thickness)/dry thickness x 100%.

standard microfibre-glass separator in Table 7.17. Although no details of its
composition have been published, Staflex is claimed to be an organic material. The
separator does not yield as much as AGM when subjected to pressure, and it also
shrinks less upon wetting with acid. Based on its relatively low compressibility, it was
anticipated that it would allow high levels of plate-group pressure and thereby
could control positive-plate expansion and, thus, sustain capacity. At a pressure of
80 kPa, however, cells cycled to 80% and 100% DoD failed after only 50 and
25 cycles, respectively. The capacity was negative-limited, and post-service analysis
revealed that this was due to significant compaction and porosity loss of the negative
active-material. There may also have been a contribution from a strong interaction
of this active material with the separator, which would limit diffusion of acid into the
plate and cause an insufficient recombination efficiency.

7.4.2.4. Acid jellying separator. Recently, a microporous separator known as the
‘Acid Jellying Separator’ (AJS) has been developed [42]. This is a highly filled
polymer separator with fumed silica as the major filler component. Important
properties of the AJS are given in Table 7.18 for a sample with a thickness of 1 mm
[1]. In contrast to microfibre-glass mats, the AJS swells slightly when filled with acid.
The very low compressibility is also remarkable, as shown in Fig. 7.3 where its
properties are compared with those of a microfibre-glass mat separator [1]. For a
design pressure of 100 kPa, the AJS thickness decreases by only about 1% in contrast
to more than 40% for microfibre-glass mats. This low pressure sensitivity of the AJS,
in conjunction with a suitable battery design, should allow the expansion of the
positive active-material to be strictly limited. In addition, its microporosity should
largely prevent the growth of active material into the separator.
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Table 7.18. Properties of AJS [1].

Porosity (%) 81
Pore size (mean) (um) 0.2
Dimension change on wetting (%) +1
Thickness (acid filled) (mm)
at 10kPa 1.000
at 35kPa 0.995
at 100 kPa 0.990
Electrical resistance (mQ cm?)? 90

4This is the resistance offered by one square centimetre of the separator
material in question.
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Fig. 7.3. Compressibility of AJS and AGM separator (acid filled) [1].

Acid stratification is also not expected to have a significant effect on cycle-life,
since the electrolyte is contained in a gel inside these separators. This is due to the
fumed silica used as the major filler and the resulting large internal surface area of
some 150 m?g~'. The following laboratory investigation was undertaken. Separator
strips (8 x 2.5cm) were soaked with sulfuric acid — one half of each strip with acid
of 1.6 gem ™ rel. dens. and the other half with acid of 1.2 gem > rel. dens. The strips
were then suspended with the higher density acid in the top half. Due to gravity
effects, with time, the densities equalize from top to bottom. The acid densities for
the AJS and a microfibre-glass mat separator are shown in Fig. 7.4 as a function of
time [1]. The intersection of the straight lines yields the extrapolated time for acid
density equalization within the separator. Due to the substantially larger internal
surface area and the lower average pore size, the acid density change proceeds some
six times slower in the AJS than in the microfibre-glass mat. This should effectively
delay acid stratification in cycling service, or even completely eliminate it, because
the time for forming denser acid within the few hours of one charge—discharge cycle
is short in comparison with the time of acid diffusion exchange inside the separator
(some 50 h).
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Fig. 7.4. Acid stratification experiment for AJS and AGM separator [1].

Acid Jellying Separators have been compared with AGM and gel in cells tested for
EV duty [43]. Cells with a nominal capacity of 48 Ah (Cs/5 rate) were assembled with
various separation systems, and pressure was applied to the cell walls. The cells were
subjected to 25 cycles (C,/2 rate) followed by two capacity checks (Cs/5 rate),
by means of the following regime:

discharge: 100%DoD: 20 A to 1.6 V(C>/2); 9.6 A to 1.75V(Cs/5).
charge: IU: 14.4A, 10h, 2.4 V for AGM; 2.45 V for AJS and gel.

The Cs capacities of three cells are shown in Fig. 7.5. Two cells were separated with
AJS and subjected to 30 and 80 kPa initial external pressure, respectively, and one
cell was separated with AGM and 30kPa initial pressure [44]. With the end-of-life
defined as the moment when the capacity fell below 80% of its initial value, the AJS
(30kPa), AJS (80kPa), and AGM (30 kPa) cells completed 510, 1005, and 250 cycles,
respectively. Thus, compared with this particular sample of AGM, twice the cycle-
life is achieved with AJS cells at the same initial mechanical pressure. By increasing
the mechanical pressure from 30 to 80 kPa, the cycle-life of the AJS cell is doubled
(i.e., four times that of an AGM cell), which demonstrates the beneficial effect of
applying pressure to the electrodes in combination with a non-compressible
separator. This is supported by thickness measurements on positive plates removed
from service after 450 cycles, see Table 7.19 [43]. The expansion of the positive plate
is significantly constrained by the use of AJS and simultaneous application of higher
mechanical pressure in comparison with a cycled gel cell under lower mechanical
pressure. After cycling, the positive active-material of the AJS cells is still in good
condition without any visual evidence of substantial softening. In agreement with the
above-mentioned laboratory experiments, only very slight acid stratification and
electrolyte drainage is found in these cells. Failure of the AJS (80 kPa) cell after 1005
cycles is attributed to grid corrosion.

7.4.2.5. Ceramic separator. A rigid ceramic separator has been developed by
Corning, Inc. [45], with the purpose of improving the cycle-life of VRLA batteries by
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Table 7.19. Positive-plate thickness for new cell and two cells after 450 cycles (100%
DoD) [43].

Property Cell type
New Cycled AJS Cycled gel
Mechanical pressure (kPa) — 60 30
Positive-plate thickness (mm)
—top 2.85 33 4.0
—middle 2.85 3.4 4.2
—bottom 2.85 3.5 4.1

means of a compressed battery design. Follow-up patents were filed [46—48], and
encouraging test results were obtained with batteries [49].

In an ALABC project, rigid ceramic separators were tested with the purpose
of preventing the expansion of the positive plate and thereby extending the battery
life [50]. Two types of completely rigid separators were evaluated, one characterized
by a porosity of 70% and an average pore diameter of 20 um, and the other by
a porosity of 82% and an average pore diameter of 26 pum. Due to mechanical
limitations of the separator, the plate-group pressure was limited to 20kPa. In
the first battery tests, the initial cell capacity was rather low. This was due to
an insufficient contact between the rigid separators and the plates, which by
their nature are not perfectly smooth. This problem was circumvented by inserting
a thin paper sheet between the plate and separator. Subsequent cycle tests with
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this revised configuration were performed on the second type of ceramic separator
that had a larger pore size and a porosity of 82%. The thickness of the separators
was around 1.5mm. The battery capacity declined significantly after only 40 cycles
and, after 60 cycles, one cell failed completely. Battery tear-down revealed a short
through the separator for the failed cell as well as substantial softening of the
positive mass and deep penetration of the active material into the separator pores in
all cells.

Additional cycle tests, with both separator versions under slightly modified
conditions, confirmed these results, although with slightly better results for the
separator with the lower pore size, see Fig. 7.6. The cycle tests were stopped after 80
cycles with 42% of the initial capacity, and after 110 cycles with 47% of the initial
capacity, for the two types of ceramic separators, respectively. Although no shorts
were found in these batteries, a considerable amount of softening of the positive
active-material was evident. These results underline the need for a separator with
small pore size (preferably microporous) in order to prevent shorts and the
expansion of the active material into the separator.

A similar ceramic separator was used in a different ALABC project [27].
This separator had a thickness of 3.39 mm, an average pore size of 100 um, and a
surface area of 0.36m?g~'. Compared with the test described above, a higher stack
pressure, between 58 and 130 kPa, was applied. The cell with this separator failed
after only 33 cycles, i.e., gave less than 80% of its initial capacity. The failure was due
to severe negative-plate compaction and subsequent capacity limitation of this plate.

7.4.2.6. Granular silica. 1In the early 1990s, Japan Storage Battery developed a
VRLA battery in which the acid was immobilized by closely packed granular silica
that was filled between and around the plates [51-53]. The silica consists of fine
primary particles and of coarser secondary particles formed by agglomerates of the
primary particles. While the fine primary particles immobilize the acid, the interstices

1.1
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04r

0.3 . : . .
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Fig. 7.6. Cycle test (discharge rate 1.25A, 100% DoD) of 8 V batteries with two versions of
ceramic separator [50].
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Table 7.20. Properties of granular silica and AGM separator [53].

Property Granular silica AGM
Porosity (%) 88-90 92-95
Electrical resistance (mQ cm?*/mm)? 80-100 60-80
Specific surface-area (m> g~ ') 100-300 1-3

%This is the resistance offered by one square centimetre of the separator material per millimetre of
thickness.

between the agglomerates create the channels for oxygen transport. A separator
was also used which had a thickness of 0.02-0.3 mm and a porosity of 70-80%.
The properties of the granular silica are compared with those of an AGM separator
in Table 7.20 [53].

Since it was assumed that plate growth can be reduced by the densely packed
silica, batteries with this concept have been the subject of an ALABC project for EV
batteries [31]. It was found that, in contrast to AGM separators, granular silica does
not contract either upon wetting with sulfuric acid or when water is lost from the
battery. This should be beneficial for maintaining a stabilizing effect on the plates.
Batteries of various plate thickness (2.2, 3.2, and 4.5mm) with AGM and with
granular silica were cycled at 60°C to 52% DoD. While the best AGM battery failed
after approximately 500 cycles (failure point: 80% of initial capacity), the granular
silica batteries achieved around 700 cycles. In addition, all three batteries with
granular silica had a similar cycle-life independent of the plate thickness, while the
AGM battery with the thinnest plates had a significantly shorter cycle-life. Post-test
evaluations showed substantial grid growth for the AGM cells, but only small grid
growth for all the granular silica batteries. The failure mode for the granular silica
batteries appeared to be the grid corrosion.

7.5. Conclusions

The essential attributes of the ideal material for use as a separator in VRLA cells are
now well understood. A wide range of materials and material combinations has been
evaluated for this purpose, and it has emerged that materials with small pore size
(high surface area) and very little compressibility show good prospects for extending
the cycle-life of VRLA batteries.

It remains to be seen which of the many separator materials will be successful
in commercial applications. Obviously, this will depend on costs and market
requirements, as well as on performance. Although most of the developments
reviewed here have been directed towards EV batteries, many of the findings
are equally applicable to valve-regulated lead—acid batteries intended for use in other
applications.

References

1.  W. Bohnstedt, J. Power Sources, 78 (1999) 35-40.
2. R.F. Nelson, Batteries International, 43 (2000) 51-60.



204

3.

® Nk

10.
11.
12.

13.
14.
15.
16.

17.

18.
19.

20.

21.

22.

23.

24.
25.
26.
27.

28.
29.
30.
31.

32.
33.
34.
35.
36.

37.

K. IHMELS AND W. BOHNSTEDT

B. Culpin, J.A. Hayman, in: L.J. Pearce (Ed.), Power Sources 11. Research and Development in Non-
mechanical Electrical Power Sources, International Power Sources Symposium Committee,
Leatherhead, England, 1986, pp. 45-66.

K. Jana, The Battery Man, 41(4) (1999) 28-36.

W.B. Brecht, The Battery Man, 40(5) (1998) 24-45.

R.D. Prengaman, The Battery Man, 42(9) (2000) 16-25.

A.F. Hollenkamp, J. Power Sources, 59 (1996) 87-98.

K. McGregor, A.F. Hollenkamp, M. Barber, T.D. Huynh, H. Ozgun, C.G. Phyland, A.J. Urban,
D.G. Vella, L.H. Vu, J. Power Sources, 73 (1998) 65-73.

K. Peters, J. Power Sources, 59 (1996) 9-13.

G.C. Zguris, J. Power Sources, 59 (1996) 131-135.

D. Berndt, Maintenance-Free Batteries, Research Studies Press Ltd., Taunton, England, 1997, p. 152.
W. Bohnstedt, in: J.O. Besenhard (Ed.), Handbook of Battery Materials, Wiley VCH Weinheim,
Germany, 1999, p. 281.

G.C. Zguris, The Battery Man, 34(9) (1992) 42-48.

G.C. Zguris, The Battery Man, 39(3) (1997) 14-24.

K. Peters, J. Power Sources, 42 (1993) 155-164.

A.F. Hollenkamp, K. McGregor, M. Barber, J.A. Hamilton, T.D. Huynh, H. Ozgun, C.G. Phyland,
A.J. Urban, D.G. Vella and L.H. Vu, ALABC Project AMC-009, Final Report: December 1999 —
November 1997, Advanced Lead-Acid Battery Consortium, Research Triangle Park, NC, USA, 1998.
Hawker Batteries, Entek International, BE 7297 Task 6, Final Report, Volume 3, January 1998,
Advanced Lead-Acid Battery Consortium, Research Triangle Park, NC, USA, 1998.

A.L. Ferreira, J. Power Sources, 78 (1999) 41-45.

Oldham France, Amer-Sil, Hollingsworth & Vose, University of Kassel, BE97-4085 Task I(a),
3 Months Periodic Progress Report, 10 August 1988, Advanced Lead-Acid Battery Consortium,
Research Triangle Park, NC, USA, 1998.

Oldham France, Amer-Sil, Hollingsworth & Vose, University of Kassel, BE97-4085 Task I(a),
Second Annual Progress Report, 29 February 2000, Advanced Lead-Acid Battery Consortium,
Research Triangle Park, NC, USA, 2000.

M. Weighhall, ALABC Project No. R/S-001, October 2000, Advanced Lead-Acid Battery
Consortium, Research Triangle Park, NC, USA, 2000.

U. Lambert, Proc. 5th ALABC Members & Contractors Conference, Nice, France, 28-31 March,
2000, Advanced Lead-Acid Battery Consortium, Research Triangle Park, NC, USA, 2000.
Oldham France, Amer-Sil, Hollingsworth & Vose, University of Kassel, BE97-4085 Task I(a),
Periodic Progress Report Six Months, 22 August 2000, Advanced Lead-Acid Battery Consortium,
Research Triangle Park, NC, USA, 2000.

K. Peters, B. Culpin, U. S. Patent 4,373,015 (1980).

J.P. Badger, U. S. Patent 4,908,282 (1987).

G.C. Zguris, The Battery Man, 42(8) (2000) 14-25.

A.F. Hollenkamp, K. McGregor, R.H. Newnham, W.G.A. Baldsing, P. Howlett, T.D. Huynh, C.G.
Phyland, A.J. Urban, D.G. Vella, L.H. Vu, ALABC Project No. B-001.2, Final Report, February
2000, Advanced Lead-Acid Battery Consortium, Research Triangle Park, NC, USA, 2000.

E. Voss, R. Briautigam, European Patent Application 0 253 987 Al (1986).

M.J. Isaacson, European Patent Application 0 466 302 A1 (1990).

G.M. Fernandez, F.L. Trinidad, European Patent Specification EP 0 680 105 B1 (1994).

M. Tsubota, M. Shiomi, K. Nakamura, Y. Okada, K. Sawai, ALABC Project No. B-003.4, Final
Report, 10 September 1999, Advanced Lead-Acid Battery Consortium, Research Triangle Park, NC,
USA, 1999.

M. Fernandez, A.J. Ruddell, N. Vast, J. Esteban, J. Power Sources, 95 (2001) 135-140.

G.C. Zguris, U. S. Patent 6,071,641 (1997).

D.A. Forte, J. Rumiesz, M.J. Cusick, P.C. Martin, U. S. Patent 6,071, 651 (1998).

G.C. Zguris, F.C. Harmon, European Patent 0 672 304 B1 (1992).

D. Pavlov, S.I. Ruevski, V.B. Naidenov, V.V. Mircheva, G.A. Petkova, M.K. Dimitrov, T.V.
Rogachev, M.H. Cherneva-Vasileva, International Patent Application (PCT) WO 99/01902 (1997).
M. Khavari, U. S. Patent 5,928,811 (1997).



38.
39.

40.
41.
42.
43.

44.
45,
46.
47.
48.
49.

50.

51.

53.

SEPARATOR MATERIALS FOR VRLA BATTERIES 205

H.B. Johnson, S.B. Laferty, M.P. Wagner, S.M. Mohnot, U. S. Patent 5,009,971 (1989).

W. Bohnstedt, in: J.O. Besenhard (Ed.), Handbook of Battery Materials, Wiley VCH Weinheim,
Germany, 1999, p. 267.

K. Sawai, M. Shiomi, Y. Okada, K. Nakamura, M. Tsubota, J. Power Sources, 78 (1999) 46-53.
J. Zucker, International Patent Application (PCT) WO 98/31060 (1997).

W. Bohnstedt, J. Deiters, K. Ihmels, J. Ruhoff, U. S. Patent 6,124,059 (1998).

ZSW, Accumulatorenfabrik Sonnenschein, Daramic, BE97-4085 Task 1(b), Periodic Progress Report
Six Months, 22 August 2000, Advanced Lead-Acid Battery Consortium, Research Triangle Park,
NC, USA, 2000.

M. Perrin, H. Doring, K. Thmels, A. Weiss, E. Vogel, R. Wagner, J. Power Sources, 95 (2001) 85-96.
J.L. Stempin, R.L. Stewart, D.R. Wexell, U. S. Patent 5,514,494 (1995).

V.A. Edwards, J.L. Stempin, International Patent Application (PCT) WO 98/33222 (1997).

J.L. Stempin, R.L. Stewart, D.R. Wexell, U. S. Patent 5,728,331 (1996).

T.N. Gardner, A.J. Salkind, J.L. Stempin, D.R. Wexell, U. S. Patent 5,738,955 (1996).

A.G. Cannone, A.J. Salkind, J.L. Stempin, D.R. Wexell, Proc. Eleventh Annual Battery Conference
on Applications and Advances, Long Beach, NY, USA, 1996, 279-282.

Accumulatorenfabrik Sonnenschein, BE97-4085 Task 1(c), Annual Report, February 1999, Advanced
Lead-Acid Battery Consortium, Research Triangle Park, NC, USA, 1999.

A. Tokunaga, T. Hayashi, T. Hatanaka, M. Kasai, T. Omae, European Patent Specification 0 443
451 BI1 (1990).

M. Shiomi, K. Takahashi, M. Tsubota, J. Power Sources, 42 (1993) 173-184.

K. Takahashi, A. Tokunaga, M. Tsubota, The Battery Man, 37(11) (1995) 24-32.



This page [
intentionally
left blank


arul
This page intentionally left blank


© 2004 Elsevier B.V. All rights reserved
Valve-Regulated Lead—Acid Batteries
D.A.J. Rand et al., editors

—CHAPTER 8—

BATTERY MANAGEMENT

A. Jossen

8.1. Introduction

As is well known, the operational functions of valve-regulated lead—acid (VRLA)
batteries are more complex than those of vented type (‘flooded’) lead—acid batteries.
The main reasons for this are the use of an immobilized electrolyte and the
participation of the internal oxygen cycle (see Section 1.3, Chapter 1). The VRLA
design allows the development of very compact storage units, for example, those
employed in uninterruptible power supplies (UPSs). One effect of such compact
storage is an inhomogeneous battery temperature. A further factor influencing
performance is that modern energy-storage applications require higher reliability
than has been demanded in the past. These characteristics and requirements have
resulted in marked improvements in VRLA batteries during the past decade. In
addition, systems have been developed for monitoring and managing the batteries
so as to achieve optimum duty in service.

Monitoring systems measure and display key battery parameters. The main
objective is to detect cell or battery module failures at an early stage. The
replacement of a cell or module can then be accomplished with a short system down-
time as and when necessary. Monitoring systems normally measure cell/module
voltages, current and temperature, and estimate cell/module state-of-charge (SoC)
and/or state-of-health (SoH). Such systems have been used in UPS applications
for many years.

Battery management systems (BMSs) are based on such monitoring systems. The
information gained from the monitoring system is fed back to the battery system for
the purpose of electrical management. Thus, for example, the electrical management
takes account of the SoH of the battery. The target is not only to predict cell failures,
but also to increase battery life. The principle of a typical BMS is shown in Fig. 8.1.
For simplicity, only the charge control part is shown.

It is very important that the BMS be optimized for the particular type of battery
that is being used. That is, the BMS should be matched to the battery. The combined
battery plus BMS unit is then called a ‘battery system’. Additionally, the BMS
should also be matched to the application. For example, a BMS that is optimized
for photovoltaic applications may not be suitable for UPS applications.

Optimized operation of a BMS is not only important for lead—acid batteries. It
is even more important for advanced battery systems such as lithium batteries
and high-temperature batteries. Indeed, successful operation of high-temperature
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Fig. 8.1. Principle of BMS (only for charge process).

batteries is not possible without a BMS. Therefore, the development of BMSs
for such batteries has a high priority and is normally carried out by the battery
manufacturer. In the case of VRLA batteries, a BMS is still useful, but is not
essential. Accordingly, most VRLA battery manufacturers have tended to devote
only a low priority to BMS development. Nowadays, however, the rapid
development of automobile electrical systems, for example the 42-V powernet,
steering by wire and other advances, has increased the need for battery monitoring
and management systems for lead—acid batteries to be developed both by battery
manufacturers and by car manufacturers and their component suppliers.

Battery management systems are based on micro-controller systems. Therefore, it
is possible to integrate additional, helpful features. For example, storage of historical
data (data logging) and communication via the internet are possible.

8.2. Tasks of Battery Management Systems

Independent of the battery type and the application, the structure of the BMS is
always broadly the same. The functions of a BMS can be split into the following
tasks:

data acquisition

battery state determination

electrical management

thermal management (not always necessary)
storage of historical data

safety management

communication.

The calculated control parameters are transmitted via an interface to the control
units, such as the charger and the load. The task with the highest priority is safety
management. Any critical failure must be detected by this task and substitute
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Fig. 8.2. Schematic of BMS.

functions used or, in a worst-case situation (e.g., short-circuit), the system shut
down. A simplified block diagram of a BMS is shown in Fig. 8.2.

Depending on the application and the battery chemistry, the functions within the
tasks are different. For small batteries, some of the listed functions are available as
single- or multiple-chip solutions. For example, lithium-ion battery packs for cellular
phones and laptop computers contain, as a minimum, a safety-management
function. In the case of larger battery systems, the BMS is more complex and must
be individually developed for the battery technology and the application.

8.3. Designs of Battery Management System

In general, there are two different architectures for BMSs namely, decentralized
systems and centralized systems. These two architectures are illustrated for an
electric vehicle (EV) application in Fig. 8.3 (decentralized) and Fig. 8.4 (centralized).
In the decentralized system (Fig. 8.3), the individual BMS tasks are located in
different devices. The charge control is part of the charger, the discharge control is
part of the EV drive system, the battery state determination is carried out within a
range meter, and so on. Some BMS tasks must be implemented in more than one
device, especially in the case of safety management. Normally, there is little or no
communication between the devices, so an optimized operation is not possible.
Another disadvantage is that the battery-relevant control functions are located in
different devices. Thus, each device must be adapted to the particular battery used.

A centralized BMS for the same EV application is presented in Fig. 8.4. All BMS
tasks are located in the battery management unit, which is positioned close to the
battery. The main advantages of this architecture are:

e unlimited communication between BMS tasks is possible
e safety management is facilitated



210 A. JOSSEN

Control of charg Diagnostic
. 4 e\‘
r » Charger|-¢
Displ.
Measured data » splay
T
; \
-| l_ v Contains SoC determination
W Drive
T Inverter - controller

Thermal
management |
Drive motor Control of discharge

Fig. 8.3. Example of decentralized BMS (electric vehicle).

Communication line
BMS Diagnostic

Contains all BMS functlonSF Charger|}

within one unit

Display

L| I- Drive [] Drive

inverter [— controller

Heat-exchange
system

Drive motor
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e Dbattery relevant functions are located in one unit; therefore, parameter
adjustment and adaptation to different batteries is simplified

e a dumb charger is used; it is totally controlled by the BMS (which contains the
charge algorithm).

For these reasons, more and more BMSs are of the centralized structure type.
8.4. Battery Data Acquisition

All the algorithms of the BMS use measured and calculated data as input
information. Therefore, the accuracy, sampling rate, and the characterization of
front-end filtering are very important and, again, these depend on the type of
application. For example, the sampling rates for EV applications are much faster
than one sample per second, whereas in the case of photovoltaic or UPS
applications, sampling rates are less than 1 sample per second. Battery current(s),
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voltages, and temperatures are used as input values. The use of special sensors to
measure other physical values (e.g., acid rel. dens., pressure) is very expensive. A
critical factor within most applications is the incidence of single cell/module failures,
which leads to reduced performance or, in the worst case, to sudden drops in voltage.
Therefore, measurements cell/module voltage are very important, but this does
increase costs. Finally, there remains the question of how many cells can be grouped
to one measurement channel. The literature suggests the optimum number is in the
range of 1 to 10 cells.

The purpose of single-cell or single-module voltage measurements is a cell/
module-based electrical management scheme (see Section 8.6) to avoid single-cell/
module failure. The measurements can also be used to detect, or better to predict,
cell/module failures (see Section 8.5).

Two different architectures for cell/module measurements are used, namely,
centralized and decentralized architectures. In the centralized system (Fig. 8.5), the
data acquisition unit is located within the BMS. The advantage of this technology
is lower material cost. The main disadvantage is the necessity of replicated wiring
between the BMS central unit and each battery cell (module). In the decentralized
measurement system (Fig. 8.6), data acquisition is decentralized, i.e., one unit
for each cell/module. These units communicate with the central BMS via a digital
communication bus. The advantages of this configuration include reduced wiring,
the possibility of expanding the system, and the ease of adding measurements of cell/
module temperature. This additional information gives the possibility for a better,
but also more complex, battery-state calculation. Decentralized systems become
more economical in the case of larger batteries. Bus structures or ring structures are
used for communication. The ring structures have the advantage that identification
of the module position can be done automatically and the modules require no
address. An example of a decentralized measurement system based on a ring
structure is described in Ref. [1], and an example with a bus structure is described
in Ref. [2]. At present, there is a move to integrate the decentralized measurement
units into the battery and to decentralize management tasks, such as SoC and SoH
determination.

Central BMS

Measurement unit

C - |

-4

Fig. 8.5. Centralized data acquisition.
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Fig. 8.6. Decentralized data acquisition.

Within the BMS, the measured values are used for state determination and for
system control. Therefore, it is important that the measured values are correct,
failures are detected, and substitute functions are available in case of measurement
failures. Thus, the following processing should be carried out: (i) analogue filtering;
(i1) digital filtering; (iii) broken wire checking; (iv) range check; (v) check of deviation
(only for temperature measurement); (vi) comparison with other measured signals
(e.g., average cell voltage with battery voltage); (vii) in case of a measurement failure:
generation of a substitute value (e.g., room-temperature instead of battery
temperature) and signaling the measurement failure. Functions (iii) to (vii) are
often called plausibility checks. Such checks are most critical in the case of battery
current and voltage. Even if there are no redundant measurements available, it is still
possible to check the correlation between voltage and current for the detection of
broken wires. Voltage measurements can be used to identify battery connector bolts
that need to be tightened [3]. Indications of measurement failures are used within the
electrical management system (to prompt use of substitute values) and are stored in
an error register.

8.5. Determination of Battery State

Battery state is used as an input parameter for the electrical management system
and, additionally, is an important parameter for the user. The battery state, which is
described in terms of SoC and SoH, can be used to estimate both the bridging time
(the period of time for which the battery will be able to provide power during an
interruption of the normal power supply) and the expected life of the battery. In
general, the SoC describes the actual available charge whereas the SoH describes the
available charge of the fully charged battery. Both parameters are relative values,
normalized to the full battery capacity, i.e.,

B remaining capacity
~ capacity of fully charged battery

SoC 8.1
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measured capacit
SoH = pacty
rated capacity

(8.2)

One issue is how to define the capacity of a fully charged battery. It can be
the rated capacity (given by the manufacturer), the measured capacity (which
changes with age), or the practical capacity (battery capacity that is available
during operation conditions). The differences between these capacities is illustrated
in Fig. 8.7. Definitions of SoC, SoH, measured capacity, practical capacity etc.
are given in Table 8.1. A detailed discussion of these terms has been presented by
Sauer et al. [4].

8.5.1. Battery state-of-charge

The determination of SoC can be based on the measurement of internal parameters
(electrolyte or active mass parameters) or external parameters (temperature, voltage,
current). The possible measurement methods are shown in Fig. 8.8.

Internal battery parameters can only be measured by the use of special sensors [5],
which leads to high costs. Most of the known methods are based on electrolyte
measurements. According to the cell reaction of the lead—acid battery, the electrolyte
is not only necessary for the ionic transport but is also necessary for the charge
and discharge reactions. The SO?{ ions of the electrolyte take part in the reactions.
This results in a linear relation between the SoC and the ionic concentration
of the electrolyte. Other electrolyte parameters vary approximately linearly with
concentration. The relationship between acid rel. dens. and these other parameters is
given in Table 8.2.

For SoC measurements, it is possible to measure a representative electrolyte
parameter e.g., measurement of buoyant force, refractive index, concentration,
acid rel. dens. measurement by hydrostatic pressure, conductance, dielectric
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Table 8.1. Definitions for capacity, SoC, full state-of-charge, and SoH [4].

Parameter

Symbol Definition

Unit Range

Rated capacity
or nominal
capacity

Initial capacity

Measured
capacity

Practical

capacity

Remaining
capacity

Charge
balance

Cy

Co

Cm

Or

O

The rated or nominal capacity is the value for the
capacity given by the manufacturer at nominal
operating conditions (defined by temperature,
current, and end-of-discharge voltage). As a
standard, the 10h capacity (N = 10) should
be used. A transformation between any
temperature between 10 and 30°C and the
nominal temperature is possible with the given
equation. If the manufacturer only specifies
values for the 100-h, 20-h, or 5-h capacity, then
a rough approximation of the Cy capacity can
be gained from the rules-of-thumb:

Cy = Cioon/1.2; Cy = Coon/1.1; Cy = C5p/0.9

T 14z-(T=20°C)
z= 0.006 K!

CN with

The initial capacity is the capacity
available at a capacity test with /;o down
to 1.8 V/cell (according to DIN 43539)
starting at state-of- charge FULL
(DIN 43539) after taking the battery into
operation according to the manufacturers
recommendations.

The measured capacity is the capacity
available at a capacity test with ;o down
to 1.8 V/cell (according to DIN 43539)
starting at state-of- charge FULL at
any time after taking the battery into
operation.

The practical capacity is the capacity
between the practical state-of-charge
FULL,;, and the end-of- discharge
threshold defined in the system.

The remaining capacity is the amount of
charge available at a certain time without
any previous charging with an I
discharge down to 1.8 V/cell.

Net discharged charge from a battery
since the last state-of-charge FULL

Ob Z/IMR'dl,
t

Iyvir = main reaction current

Ah

Ah

Ah

Ah

Ah

Ah

>0

>0

>0

>0

>0

>0

continued
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Parameter

Symbol  Definition

Unit

Range

Depth-of-
discharge

State-of-charge

Relative state-

of-charge

Practical state-

of-charge

DoD The depth of discharge is the ratio of the
charge balance and the rated capacity.
The depth of discharge is 0 when
reaching the full state-of- charge and
1 after a net discharge of the rated
capacity.

Ov
DoD ==
°v=c

N

SoC The state-of-charge is the ratio between
the difference of the rated capacity
and the charge balance on the one
hand and the rated capacity on the
other hand. State-of-charge is 1 when
state-of-charge FULL is reached and
0 after a net discharge of the
rated capacity.

Cy — 0Oy

SoC=1—-DoD =
0 0 Cr

SoC, The relative state-of-charge is
the ratio between the difference
of the measured capacity and the
charge balance on the one hand
and the measured capacity on the
other hand. The relative state-of-
charge is 1 when state-of-
charge FULL is reached and 0
after a net discharge of the
measured capacity

Cm_Qb

SoC, =
0 c

SoC,, The practical state-of-charge is the
ratio between the difference of
the practical capacity and the
charge balance on the one hand
and the practical capacity on the
other hand. The practical state-of-
charge is 1 when the practical
state-of-charge FULL is reached
and 0 after a net discharge
of the practical capacity

Ob

C —
SoC, = 2 =2
o Cp

Oto >1
or 0 to
>100%

1to <0
or 100
to < 0%

1to0
or 100
to 0%

1to0
or 100
to 0%

continued
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Parameter Symbol Definition Unit Range
Dynamic SoC,q  only of relevance at currents > [y, dynamic - 1to <0
relative state- correction of the measured capacity with or 100
of-charge the available battery current and the to < 0%

battery temperature Fel0,1]
Cp - F— Qb .
SoCrg = ﬁ N
F :f(T>1baltery)

Dynamic SoCpq only of relevance at currents > /o, dynamic - 1to <0
practical state- correction of the practical capacity with or
of-charge the available battery current and the 100 to

battery temperature <0%
T Felo, 1]
SOde = %.F,Qb; F :f(TaIbattery)

Full state- FULL Full state-of-charge is reached (according to
of-charge DIN 43539), if the battery current is not

changing within 2-h at a constant charge
voltage and constant temperature.

Practical full FULL,, The practical full state-of-charge is the
state-of-charge state-of-charge, which can be reached

in a system under normal operating
conditions (depending on the charge
voltage, the maximum charge current
and the short-time history of the battery).

Open-circuit OoCVvV The open-circuit voltage is the voltage A% 2.2-1.9
voltage measured at a battery at open-circuit

(Ipate = 0) while the voltage changes less
than 0.5mV/cell within 2 h.

Approximate OCV, The approximate open-circuit voltage is the v 2.2-1.9
open-circuit voltage of a battery at open-circuit
voltage (Ipare = 0) while the voltage changes less

than xmV/cell/h. The approximate open-
circuit voltage with x = 0.25mV/cell/h is
equivalent to the open-circuit voltage
(OCVq,5 = OCV).
State-of-health ~ SoH The state-of-health is the ratio between the >11t00

measured capacity and the rated capacity.
State of health is 1, when the measured

capacity equals the rated capacity. A state-
of-health greater than 1 means more measured
capacity than promised by the rated capacity.
As per definition, a battery is at its end of

lifetime at a state-of-health of 0.8.

Cﬂ’l
SoH = -2
[0} CN
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Fig. 8.8. Methods of SoC measurement.

Table 8.2. Electrolyte parameters for dilute sulfuric acid (room temperature).

Wt.% Relative Concentration Concentration Refractive Relative

density (g1™h (mol 171 index viscosity
8.0 1.0541 84.2 0.858 1.3427 1.180
10.0 1.0068 106.6 1.087 1.3451 1.228
12.0 1.0821 129.6 1.322 1.3475 1.279
14.0 1.0966 153.3 1.563 1.3500 1.334
16.0 1.1114 177.5 1.810 1.3525 1.396
18.0 1.1265 202.4 2.064 1.3551 1.467
20.0 1.1418 228.0 2.324 1.3576 1.543
22.0 1.1575 254.2 2.592 1.3602 1.621
24.0 1.1735 281.1 2.866 1.3628 1.703
26.0 1.1893 308.7 3.147 1.3653 1.793
28.0 1.2052 336.9 3.435 1.3677 1.890
30.0 1.2213 365.7 3.729 1.3701 1.997
32.0 1.2353 395.3 4.030 1.3725 2.118
34.0 1.2518 425.6 4.339 1.3749 2.250
36.0 1.2685 456.7 4.656 1.3773 2.387
38.0 1.2855 488.5 4.981 1.3797 2.528
40.0 1.3028 521.1 5.313 1.3821 2.685

characteristic, ultrasonic properties, and measurement by additional electrodes.
Additional information about these several methods is given in Table 8.3.

SoC determinations by measurement of external parameters can be grouped
into short-term and long-term measurements. The latter take historical factors into
account.

Short-term measurements are based on the relation between current and voltage.
It is possible to observe the system and wait for a defined event (e.g., open-circuit
operation, starting of an engine, etc.), or it is possible to inject a defined current and
measure the voltage response. Most methods are based on an electric circuit that
consists of a voltage source, an over-voltage network, and a side-reaction current
(Fig. 8.9).
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Table 8.3. Electrolyte measurements for SoC determination.
Method Accuracy  Type of Measurement Usable Cost
measurement influenced by for
VRLA
Buoyant force C Local, at the e gassing No High
(depth of dip) top electrolyte e acceleration forces
e inclination
e acid level
e acid stratification
Buoyant force B Local, at the e gassing No High
(compensation top electrolyte e acceleration forces
of forces) e inclination
e friction of
mechanism
e acid stratification
Refractive A Local, at the e gassing Possible Medium
index (prism) top electrolyte e dirt
e acid stratification
Refractive B Local, at the e Gassing Possible Medium
index (fibre top electrolyte e dirt
optic) e acid stratification
Hydrostatic A Average e acceleration forces No Medium
pressure e inclination
Concentration B Average value e friction of Possible High
measurement over sensor mechanism
(Ion exchange length e ageing of
membrane) membrane
Additional C Local e ageing of electrode Possible Medium
electrodes: e gassing
Open-circuit e acid stratification
measurement
Additional C Local e ageing of electrodes Possible Medium
electrodes: e acid stratification
principle of
intercalation
Dielectric D Local e gassing Possible Medium
measurement e acid stratification
Conductance of D Local e gassing Possible Medium
electrolyte e acid stratification
e temperature
Viscosity D Local e gassing No High
e acceleration forces
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Fig. 8.9. Electric circuit for open-circuit voltage measurement.

The open-circuit voltage (OCV, approximately Uy) is in good correlation with the
acid rel. dens. and can be used directly for SoC determination:

a—U()
a—>b

SoC=1- (8.3)

where a is open-circuit voltage at full SoC and b is open-circuit voltage at fully
discharged state. Using Table 8.1, it is possible to calibrate this equation for
several SoC definitions. The main disadvantage of direct OCV measurement is
the dynamic behaviour, which is caused by overvoltages. Rest periods of five or
more hours are necessary to get the true OCV value [6]. Improved methods predict
the OCV by extrapolation of the voltage curve [7,8], which yields good results after
5-10 min.

The overpotential network of Fig. 8.9 can be simplified by exploiting the internal
d.c. resistance of the battery, and the side-reaction current, I o, can be neglected
when discharging at a SoC below 90%. The differential internal resistance, R, , can
then be computed by inserting a current step (I; — I,) and measuring the voltage
response (U; — Uy):

e — % = AA—ZI] 8.4)
2 — 1

It must be taken into account that differential internal resistance varies with
temperature and current [9]. Therefore, the measurement must be carried out under
defined conditions. The differential resistance of a VRLA, gel-type traction battery
vs. SoC is given in Fig. 8.10. The data show that the differential resistance increases
with decreasing SoC, and increases more strongly when the SoC is below 20%.
At a high SoC, the statistical uncertainty is greater than the change in the differ-
ential resistance with SoC. Thus, the measurement is of limited value under these
conditions.

Measurement of the d.c. resistance can, however, be used to detect a low SoC.
Finally, it should be noted that the d.c. resistance increases with battery age.



220 A. JOSSEN

Although this feature complicates SoC measurements, it does lead to the possibility
of using d.c. resistance values in SoH determination.

It is also possible to measure the complex impedance or complex admittance
of an overpotential network. Instead of measuring the whole complex impedance
(or admittance) curve, it is usually sufficient to measure only one or two values at
given frequencies. The frequencies used are in the range 50-10,000 Hz, most often
1000 Hz. The admittance of a gel VRLA battery during discharge at the 10-h rate
is shown in Fig. 8.11 [8]; note that, frequency and SoC are parameters. Instead of
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Fig. 8.10. Differential d.c. resistance as function of SoC.
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Fig. 8.11. Admittance of VRLA battery as a function of SoC and frequency.
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admittance, its real part, conductance, is often determined. It can be seen that, over
a wide range of frequency, the value of the complex impedance is sensitive to SoC
from 0% to around 50% SoC. At high SoCs, the complex impedance is much less
sensitive to SoC.

On the other hand, the impedance changes with the battery age and this can be
used as an SoH indicator. According to Feder et al. [10], conductance is in good
correlation with available capacity. Therefore, if the SoC is known by another
method, the conductance can be used for SoH determination.

There exist different methods for impedance measurement. Normally, a sine-
wave current is injected and the voltage response is measured. In some special
applications, it is possible to use an existing current ripple instead of the sine-wave
current source. For example, the a.c. ripple from an alternator that is a part of the
system can, perhaps, be used [11].

The actual battery state is mainly influenced by the historical operation of the
battery. Therefore, methods for SoC determination should ideally take into account
the history of the battery. Such (long-term) methods include simple charge balance
and more complex adaptive methods.

Charge balance, or Ah counting, is a simple and often used method for SoC
determination. With reference to Fig. 8.9, the charge balance (Qy) is approximately
the integral of the main reaction current (lyr):

O, = /IMR -dt, Iyr = main reaction current (8.5)
t

Op = Ovo + /0 Ivr - dt (8.6)

where (Qy,0) is the initial value of the charge balance.

The main reaction current is the battery current minus the loss current (/i ;).
The loss current must be calculated. A simple empirical method is the use of a
charge factor:

It oss = Iyt * (CF — 1) for charge 8.7

Iioss =0 for discharge (8.8)

where CF is the charge factor (1.0-1.2).

An improvement is possible if a constant self-discharge rate is taken into account.
In the case of varying operation conditions (temperature, SoC, current), this simple
approach will not fit the real loss current. Jossen et al. [12] describe a method based
on Tafel and Arrhenius characteristics. This takes into account changes in the
efficiency of the oxygen cycle. The model is calibrated at the full SoC. A more
complex model for loss calculation is described in Ref. [13].
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The main problems with Ah counting are:

e drift of the SoC, by reason of integration of errors:
— measurement offset
— error in estimation of the self-discharge rate
high accuracy measurement of current is necessary
for installation, the actual SoC must be known to calibrate the algorithm; it is
therefore necessary to charge the battery to a full SoC

e several different mechanisms of loss must be taken into account, especially for
VRLA designs

e battery ageing must be accommodated because of changes in the overcharge
characteristic and in battery capacity.

The following improvements have been made:

e recalibration of charge balance by
— full SoC detection [12]
— open-circuit voltage [14]
— battery models [15]
— other recalibration methods
e change in the self-discharge rate must be determined by adaptive methods.

A simple Ah counter with recalibration is shown in Fig. 8.12. The Ah counter is
reset to the battery capacity when the full SoC is detected, and it is set to zero when
a fully discharged state is detected. Additionally, the Ah counter can be used to
measure battery capacity.

A disadvantage of the charge-balance method described is that the equation for
loss calculation varies with battery type and age. Therefore, it is difficult to determine
the exact parameters. As a result, normally standard parameters are often used,
which can lead to an increased calculation error and a drift of the SoC meter.

The manual setting of parameters and the ageing of model parameters are the
main disadvantages of the methods described above. One solution is the self-learning

Charge

? termination | %D
signal
v
Empty| | Full Estimation of
+
Reset -
Ah counter
Capacity Normalizing
SoC

Fig. 8.12. Principle of a SoC meter based on Ah counting.
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adaptive system. As an example, the estimation of losses of the Ah-counter of
Fig. 8.12 can be improved if the difference between the Ah-counter and the reset
capacity is used to adapt the parameters of the equation.

Other adaptive systems are based on a comparison of the battery voltage with the
calculated voltage of a battery model. The differences are used to adapt the
parameters of the battery model. The parameters and state values of the model are
used for SoC and SoH calculations. The principle of such a system is illustrated in
Fig. 8.13.

Other methods for parameter adaptation are known. The use of a Kalman filter
is the most popular one. The basis of such a filter is the battery model shown in
Fig. 8.14. The Kalman filter takes the statistical knowledge of the parameter and the
measurement into account. Applications are described in Refs. [16] and [17].
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Fig. 8.13. Adaptive method for battery state determination.

Fig. 8.14. Battery model used within a Kalman filter.
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The main advantage of this method, as compared with Ah-counting, is its drift-
free operation. Measurement errors lead to a calculation error. After some operation
time, however, the calculated SoC goes back to the actual value (see Fig. 8.15).

There are many other known methods for SoC determination. Piller [16] describes
an artificial neural network (ANN) and a simple linear equation method. The
structure of the ANN is given in Fig. 8.16. For training the ANN, measured values
of temperature, voltage, current and a SoC value (calculated with a reference
method) are necessary.

Instead of the ANN, it is possible to use a simple linear equation:

AQ() = o + oy

SoC /! %

UG+ 00 UG — 1) +os - I() +og - I — 1)+ 05 - O — 1)

(8.9)
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Fig. 8.15. Error of SoC calculation with Kalman filter after a forced measurement error.
(Measured current was set to zero for 20h.)
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Fig. 8.16. Structure of a feed-back artificial neural network: I(i) = current; Q(i) = SoC;
U(i) = voltage; AQ(i) = change of SoC; oo = parameter.
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Fig. 8.17. SoC determination by different methods.

Parameter determination is accomplished by laboratory measurements or by a
least-mean-squares method if reference data are available. With such methods, it is
possible to use a current measurement with a low accuracy. This can reduce costs
for a SoC measurement capability. Singh e al. [18] and Heinemann [19] describe
SoC determination methods based on fuzzy logic. This approach relies on the use of
expert knowledge in lieu of complex mathematical models. It is also possible to
combine a fuzzy SoC algorithm with other methods to increase the accuracy.

Kozlowski et al. [20] have described a method where three different SoC
calculation methods are used, and these results are compared and weighted to
combine the advantages of the three methods. The principle is illustrated in Fig. 8.17.

Statistical analysis is often used to determine differences between battery cells. If
no charge-equalizing equipment is installed, the current through each cell is equal.
Therefore, the cell/block voltages can be compared to estimate differences between
cells. It is known that the voltage is not a direct indication of the battery state.
Voltage can be used for relative analyses, however, and can show the changes of one
cell in comparison with others.

8.5.2. Battery state-of-health

The SoH is defined as the quotient of the measured capacity and the rated capacity.
The measured capacity is the capacity of a fully charged battery at standard
discharge conditions. In some applications (e.g., automotive), the high-power
capability is of interest. Therefore, other definitions for SoH are also possible.

SoC and SoH are not independent. Both reflect the battery performance in a
similar way. For example, both parameters provide an indication of high-power
capability. The relation between the two parameters, however, is not linear and
depends on the ageing mechanism. A simplified relationship between SoH and SoC
is illustrated in Fig. 8.18.

In general, SoC describes the short-term changes of battery parameters whereas
SoH describes the long-term changes. SoH determination does not need to be carried
out continuously. Periodic measurements (e.g., once a week) are adequate for most
applications. The period of measurement depends on the application. Extrapolation
of SoH measurements allows a prediction of battery life. Sudden battery failures,
however, also occur, e.g., cracking of a faulty weld. Failures such as these are very
difficult to predict. To determine the SoH, it is necessary to know the actual SoC or
to measure the SoH, always at the same SoC (i.e., full SoC).
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Fig. 8.19. Capacity test of 100-Ah VRLA battery (gel type) after five years of photovoltaic
operation.

It is well known that the cells of a battery age individually. This characteristic
stems from manufacturing tolerances and different operating conditions (e.g.,
different cell temperatures). The single-cell characteristic within a large battery
cannot be detected by monitoring the battery voltage, but cell/block voltage
measurement is necessary in order to get information about individual cells/blocks
and to predict failures at an early stage.

The results of a capacity test on a 55-cell, VRLA gel-type battery after five years
of operation are given in Fig. 8.19. It can be seen that the cell capacities are very
different and that no systematic pattern develops during ageing.

The determination of SoH can be achieved by discharging a fully charged battery
until the end-of-discharge voltage is reached. This method is consistent with the
definition of SoH and, therefore, the exact value of SoH can be computed. In most
applications, however, it is not possible to carry out discharge tests, due to
limitations of the power equipment or the lack of access to the battery. In the case of
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a multi-string battery architecture within UPS systems, each string is discharged
separately while the other strings are still in UPS operation. Lohner [21] describes
another method for UPS batteries, in which ageing is determined by a partial
discharge test between 100% and 90% DoD, and Pascoe and Anbuky [22] describes
a method that exploits an analysis of the Coup de Fouet region for estimating the
battery capacity.

The simplest method for SoH estimation is to count the throughput of charge and
to compare it with a defined value. Improvements are possible if this method is
corrected for depth-of-discharge (DoD) per cycle, temperature, ageing by time,
and ageing by abuse conditions (over-discharge, over-charge). Ter Horst e al. [23]
describe three methods:

N - geye = constant (8.10)
N - ln(l - M) = constant (8.11)
Qmax
N
= constant 8.12)

1 - QCyc/Qmax

where N is the number of cycles; gy is the DoD; gpay is the parameter.

Other equations take the discharge current and the temperature into account [24].
The main disadvantage of these models is that there is no feed-back between the
battery and the calculated state. Therefore, such models can be used for life
estimation within the planning phase, but not for online state estimation.

A method based on the detection of end-of-discharge involves the measurement of
the practical capacity of a battery by observing the Ah difference between a full SoC
and a fully discharged state of the battery during normal operation. This method is
simple to implement if an Ah counter is available. The time between the full SoC and
the discharged state should not be too high (i.e., less than 1 week). This method is
only practical if the two reference points are reached within the application.

The internal resistance of a battery increases with battery age due to corrosion,
sulfation, water loss, and loss of conductivity between grid and active mass.
Therefore, the d.c. resistance or the complex admittance are good indicators of
battery age. As described previously, battery resistance is also influenced by the SoC
and the temperature.

Lohner [21] describes a cell/block-based method for estimating SoH in UPS
applications. This method includes the resistance of the wiring. The system measures
the resistances of the new battery blocks and compares these reference values with
measured resistance during life. The measurements are carried out at a 95% SoC.
The SoH determination is based on the change in the resistance. Feder [25] has
discussed the measurement of conductance. This value is in good correlation with
the measured capacity. If the SoC is known, it is possible to calculate the SoH.



228 A. JOSSEN

Impedance-based measurements are often used for UPS batteries. Measurements are
carried out at full SoC and the results of all cells/blocks are compared.

Spaeth et al. [26] have developed a method for SoH determination that is based on
fuzzy clustering [27]. This method separates the life of a battery into three phases,
namely, new, working, and capacity-drop phases. The sum of the populations of
all the phases is constant. An algorithm is used to quantify the phases by analysing
existing reference data. A periodically measurable event is used for the reference
data, e.g., the current drop during a constant-voltage charge. The reference data
must be available for the entire battery lifetime. Results obtained using this method
for three identical batteries operated under different conditions for three years are
presented in Fig. 8.20.
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Fig. 8.20. Capacity and fuzzy classification of cycling, floating and self-discharge performance
of lead—acid batteries operated for three years.
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8.6. Electrical Management of Batteries

With electrical management of the battery, the input parameters of current, voltage,
temperature, SoC, and SoH are used to control the charge and discharge processes.
The following tasks must be fulfilled:

e control of the charge process:

— standard charging

— equalization charging (e.g., via a charge-equalization circuit)

— float charge

— auxiliary charge (e.g., charging by diesel within a photovoltaic hybrid system)
— recuperation charge (e.g., electric vehicle)

control of discharge:

— deep-discharge protection
— current/power limitation
— avoid other critical operation parameters

The charge control process and the discharge limitation depend strongly on the
particular battery technology and type. For UPS systems, the recharging of the
battery must be adapted to the depth of the previous discharge, the temperature,
and (optionally) the battery age. Quick recharge and lowest possible ageing rate are
the main targets. The control of float charge is very important.

8.6.1. Control of charge

The targets of charging are: (i) charge as fast as is practical; (ii) avoid ageing; (iii)
periodic equalization of cells. Charge methods are described in Chapter 9 and are not
discussed here.

8.6.2. Control of discharge

The BMS features necessary for discharge operation depend strongly on the
application. The main task is to avoid overload and deep discharge. Either of these
factors will reduce the life of the battery. In some applications (e.g., automotive), it is
important to guarantee a special performance (e.g., starting). Therefore, discharging
below a critical state must be avoided.

Deep-discharge protection is provided in order to avoid life-reduction by over-
discharge of the cells. Over-discharge, especially to the point of causing some
reverse charge, must be avoided [28].

In most state-of-the-art systems, deep-discharge protection is controlled by
voltage. The relation between end-of-discharge voltage, discharge current, and
depth of discharge is shown in Fig. 8.21. It can be seen that the voltage is not a
good parameter for protecting the battery against deep discharge, especially if the
currents are small (<1I;o) or the current is not constant. An improvement can be
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Fig. 8.21. Battery voltage as function of discharge current for various depths-of-discharge.

achieved if the voltage threshold value is corrected or compensated for different
current values:

Upoft = Upofro — I * R (8.13)

where [ is the discharge current; Upno is the turn-off voltage for 7= 0.
This equation can be used for discharge currents above [;o and a current dynamic
(Imax/Imin) of up to 3. For smaller currents or for high dynamic operation, a
quadratic equation or two or more linear equations are necessary. It is not possible,
however, to limit the DoD to values below 90% at currents below ;¢ by use of the
voltage and current, because the cut-off voltage is very close to the open-circuit
value.

If there is no charge-equalizing circuit that operates during discharge [29], the
cell/block voltages must be monitored and the discharge must be terminated if the
worst-case cell voltage reaches the cut-off value.

In high-power applications, e.g., hybrid electric vehicles (HEVs), UPS, over-load
by current and by temperature must be avoided. A significant difference between
applications is whether it is practical to limit the discharge current (e.g., HEV
applications) or not practical to limit the discharge current (e.g., UPS applications).
If it is not practical to limit the discharge current, it may be reasonable to implement
a priority-controlled load system (see below).

An approach to limiting the discharge current to a HEV as a function of SoC,
temperature, and voltage is presented in Fig. 8.22. Such methods use knowledge
about the internal resistance as a function of the SoC and the temperature. The
target is to avoid low battery voltages during operation. Improved methods allow
the prediction of the maximum current (or power) for a given load period. This is
vital information that enables constant power to be guaranteed during acceleration
of an EV.

If loads within a utility system have different power requirements, it may be
reasonable to protect critical loads by implementing a load prioritization scheme.
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Fig. 8.23. Example of priority-controlled, deep-discharge, protection system.

For example, within a PV system, a medical refrigerator is likely more important
than a television set. Consequently, during periods of low solar insolation, turning
off the television could protect the refrigerator.

Individual loads can be prioritized and controlled remotely or, alternatively, a
distribution grid with lines of different priority can be used. A simple method would
be to base the turn-off and turn-on of the load on battery SoC values. Such a system
is shown in Fig. 8.23. An advantage of the grid-control option is that the control
switches are then centralized.

8.6.3.  Multiple battery systems

Systems with two or more independent batteries may be used for any or all of
the following reasons: (i) they combine the advantages of different battery systems;
(i1) they provide increased redundancy; (iii) they provide the possibility of improved
control and measurement methods; examples of such methods would be: discharge
tests with UPS systems or the ability to charge batteries in photovoltaic systems
fully.
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Fig. 8.24. Two-battery system for automotive applications from Gemini TwinPower.

The use of two or more different battery technologies can exploit the
advantages of each. It is also possible to combine batteries of the same
chemistry but with different designs. For example, one battery is optimized for
high power and a second battery (energy) is optimized for cycle-life. Such a
system for automotive applications is shown in Fig. 8.24. The battery-
management system would preferentially discharge the cycling battery and
preferentially charge the power battery. Discharging of the power battery is only
done for starting the engine, and the operational strategy ensures that this
battery is always at a very high SoC.

It is also possible to combine storage systems of different technologies. The targets
are the same as those mentioned above. One idea is to combine a lead—acid battery
with a double-layer capacitor (DLC). Within HEVs, DLCs can be used for storing
the recuperation energy whereas a lead—acid battery is used for energy storage and
low power loads.

Applications with special safety requirements demand highly reliable energy
storage. Such applications are UPS and x-by-wire systems. If one battery bank fails,
system operation can continue for a limited time with the remaining batteries.

If there are two or more independent batteries within a system, it is possible to
control charge and discharge currents separately. If one battery is not available
because it is under a diagnostic or maintenance procedure, limited system operation
is still possible. Such diagnostic and maintenance procedures can be:

— discharge test (e.g., UPS)

— open-circuit voltage measurement

— full charge and equalization charge in photovoltaic systems
— other procedures, e.g., resistance measurements.

A special type of two-battery system is the 42-V/14-V automotive network. This
system has two separate networks; one with 42-V and one with 14-V charge
requirements, and each network is buffered with a battery. The 42-V battery is
necessary to meet the requirements of the high power loads, and the 14-V battery is
used for operating the other loads. The electrical management of a multiple battery
system is more complex and the investment costs of the whole system are higher than
for a single battery system.
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8.7. Thermal Management of Batteries

From the literature, it is known that temperature affects the performance of a battery
in multiple ways. With decreasing temperature, battery capacity is reduced and cycle-
life is increased. Charge-acceptance is reduced at decreasing temperature, especially
if the temperature is below 0°C [30]. Temperature gradients between cells in a battery
reduce capacity and lifetime [31]. Peak power increases with increasing temperature
[32]. Therefore, control of battery temperature (thermal management) is an
important task for a battery management system.
A thermal-management system is helpful for:

e high power applications (e.g., HEVs), where the battery is heated by internal
processes;

e applications where cell temperatures differ due to local heat sources or sinks
(e.g., UPS systems where batteries and rectifiers/inverters are located in a single
cabinet) or in high-power applications where heat dissipation from the battery
cells (blocks) is inhomogeneous;

e solar applications where the batteries are located in cabinets exposed to solar
radiation;

e high-power, low-temperature applications (e.g., military) where heating is
necessary to guarantee a high power capability;

e applications where fast recharging at low temperatures is necessary; here, heating
may be necessary to increase charge-acceptance.

The tasks of thermal-management systems may include temperature equalization
among cells, cooling of the battery and, in other applications, heating of the battery.
Liquid coolants, forced air, and direct electric systems are among the methods used.
Additionally, insulation can moderate the effects of high and low temperatures and
maintain the battery near the average temperature. A major problem is achieving
adequate heat transfer from inside the battery cells to the outside, which must
overcome the thermal resistance of the electrolyte, the plastic container, and the
balance of the transfer path (see Section 1.4, Chapter 1). Immobilized electrolytes,
especially, limit the heat-transfer. The reasons are: (i) no convection inside the
battery; (ii) inadequate heat conductivity between electrolyte and container. Thermal
management and the particular system used exert a significant influence on the
temperature differences between cells, as illustrated in Fig. 8.25.

Most manufacturers recommend that the maximum temperature difference
between cells does not exceed 5°C. Depending on the application, the power
consumption of the thermal-management system may be very important. Pumps,
fans, and heating devices are energy-consuming. Therefore, the control of these
components should be optimized. Different types of thermal-management system
have been discussed by Pesaran [33].

8.7.1. Air systems

The use of forced-air convection is the simplest method for cooling, heating, and
temperature equalization. Electric vehicles, like General Motors’ EV; and Chrysler’s
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Fig. 8.26. Principle of thermal management using air.

EPIC, used air as the medium for battery cooling and heating. The principle of a
thermal-management system using air is shown in Fig. 8.26.

The temperature of the battery depends on the outside air temperature and
the operation parameters. Therefore, in lieu of thermal management, the battery
temperature cannot be below the ambient temperature. If battery temperatures
below the ambient temperature are necessary, the incoming air must be cooled. This
can be done with an evaporator, for example. In the case of very low ambient
temperatures, it is also possible to heat the incoming air.

8.7.2. Liquid systems

Cooling systems based on a liquid heat transfer medium have a higher efficiency than
air systems, but are more complex. Heat transfer from the battery to the liquid can
be accomplished by means of plates glued on to the container wall or integrated
in the container wall, for example. Also, integrated heat-exchangers can exploit the
high thermal conductivity of the battery terminals, by either cooling or heating the
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Fig. 8.27. Principle of thermal management using liquid.

terminals, as appropriate to maintain the required temperature [34]. Regardless of
the heat-exchange method, the batteries are connected within the cooling loop in
series and/or parallel. A layout for a liquid-cooled battery with nine battery blocks
is given in Fig. 8.27. The cooling system should be designed in such a way that
the temperature difference between the first and last cells is within the allowed
specifications (typically <5°C). The system shown in Fig. 8.27 holds the battery
temperature close to the ambient temperature and equalizes block temperatures. For
active cooling and heating, an additional heat exchanger is necessary. Independent of
the heat-transfer medium used, the layout (parallel-series connection) of the blocks
is an important design parameter.

8.7.3.  Electrical systems

In the case of applications where only heating is necessary, electrical heat
systems are the least-expensive solution. Heat plates are simply mounted on the
outside of the battery container. It is then very simple to control the heating
power. In the case of stand-alone systems, however, heating uses energy from
the battery. This reduces efficiencies and also battery SoC. Therefore, battery
performance is reduced, and an accurate balance between improvement of
battery performance via increased temperature and performance reduction via
lower SoC is necessitated. The effect of heating by discharging can be expressed
in terms of the ratio of the specific energy and specific heat capacity of the
system. Several advantages and disadvantages of electric heating are listed in
Table 8.4.

The use of Peltier elements for cooling of batteries is also possible.
Koppenhoefer [35] describes field tests with and without active cooling with
Peltier elements. Such a system for the case of a fibre-cable distribution shelter
is shown in Fig. 8.28.
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Table 8.4. Advantages and disadvantages of electrical-heating systems.

Advantages Disadvantages

Inexpensive Only for small batteries

Simple control No temperature equalization between cells

No noise Stand-alone systems use energy from the battery

| | — Cable distribution electronics (100 W)

Battery in temperature-insulated box
with Peltier element, heat sink, and fan

Fig. 8.28. Cable distributor cabinet with air-conditioned battery.

Air outlet T - Inner circle ind T Air outlet
outer circle il - =t ™ - 4 outer circle
} tt !

' tt '
Air inlet Air inlet
outer circle outer circle

Fig. 8.29. Double-shell housing as passive cooling device.

8.7.4. Passive cooling systems and isolation

In some applications, where it is necessary to protect the batteries from heat via solar
radiation (e.g., PV systems), passive-cooling systems can be used (Fig. 8.29). An
example of a passive-cooling system in telecommunications applications is described
in Ref. [36]. This design reduces the effects of heating by direct solar radiation and
by heat generated inside the housing. Additionally, the batteries are protected
against other effects of the environment.
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8.7.5. Phase-change materials

The latent heat of a phase change can be used to hold a battery at a constant
temperature. The phase-change temperature should be adapted to the average
operation temperature. The use of a phase-change material (PCM) increases the total
heat capacity of the system and this leads to equalization of temperature over time.
The heat dissipation of the whole system (battery + PCM) is not increased. The
latent heat of a PCM (e.g., 190kJ kg~! for the material ISO-T27) is about 200 times
higher than the thermal energy that a typical VRLA battery (specific heat capacity:
about 0.8 kJ kg~' K™") gains or loses for a change in temperature of 1 K. Therefore,
the necessary mass of the PCM can be in the range of 10% of the battery weight.
Barnes et al. [37] showed that a temperature reduction of 10K is possible through
the use of a PCM.

8.7.6. Other systems

There are other possibilities for the thermal control of batteries, namely:

e use of variable heat conductance insulation [38];
e placement in the ground in a special box, i.e., insulate;
e inductive heating [39].

8.8. Storage of Historical Battery Data

Measured data can be stored in several different ways, e.g., data logging, storing
of integrated values (cycles, Ah, etc.), storing of statistically analyzed data, error
storage. Data logging is used to store interesting and important values, often as
a function of time. These data can be used to analyze the operation conditions in
detail. This does require, however, a large memory. Integrated values summarize
interesting parameters of a battery. These are: (i) charged and discharged Ah; (ii)
charged and discharged Wh. Statistically analyzed data summarize the operation of
the battery. For example, the number of cycles vs. DoD, as illustrated in Table 8.5, is
a useful and interesting data field. In this example, it is possible to get an overview of
the cycling operation with only 5 stored parameters.
Other statistical analyses could encompass the following parameters:

current

temperature

voltage

SoC

over-load/abuse conditions

number of full charges/equalization charges.

With such data, it is possible to see how the battery has been operated and how it
has performed. This information is interesting and could be of value for warranty
purposes.
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Table 8.5. Example for statistical data storage (cl-c5 are the labels for the cycles).

DoD <20% 20-40% 40-60% 60-80% >80%

cycles cl c2 c3 c4 c5

Error storage technology is well known for automotive systems. For example,
sensor failures, battery failures, and failures of the charger are detected and stored.
Normally, these errors are displayed (e.g., via a red warning light) and, in some
instances, may signal a requirement for maintenance.

8.9. Safety Management of Batteries

Safety management has to protect the battery against critical operation conditions
and against failure of the BMS or its associated sensors and wiring. In the case of
failure, substitute functions may be necessary in order to continue battery operation,
perhaps at a lower performance.

In the case of a BMS for an electric vehicle, the tasks of the safety-management
system are:

protection against deep discharge

protection of single cells against over-discharge
protection against over-temperature (thermal runaway)
detection of short-circuits

detection of isolation failures

battery turn off in case of a crash.

Over-current and over-voltage conditions should also be detected by the safety-
management system.

8.10. System Communications

Communication between the BMS and other systems is another important feature.
The different communication lines are illustrated in Fig. 8.30. The specific type of
physical interface and the protocol used depend mainly on the application. In
general the following systems are used:

analogue signals

pulse-width modulated signals
digital bus systems, e.g., CAN
use of the powerline.

It is also possible to have communication between external systems and the BMS. As
an example, it is possible to transmit data from a vehicle to a central database. Such
a feature is interesting for fleet operators in order to optimize the range or operation
time of the vehicles. Data transmission can be carried out during charging at a
charge station (wired communication) or with a wireless communication line while
the vehicle is in use.
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Fig. 8.30. Communications between BMS and other systems.

8.11. Conclusions

Battery management systems are used to improve the performance and lifetime of
batteries. In order to perform this function effectively, a BMS should contain all the
battery-relevant parameters and algorithms for charging, control of discharge, and
control of battery temperature. The systems are also used to obtain knowledge about
the actual battery state (SoC and SoH). The improved performance of micro-
controllers in combination with on-line battery models will lead to a more accurate
calculation of the SoC and SoH in the future. One of the driving forces for the
development of improved methods for SoH calculation is the new 42-V powernet for
vehicles. In the case of steering-by-wire and braking-by-wire, the battery is a safety-
relevant component and monitoring of the state parameters is essential in order to
guarantee the performance of the powernet.
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