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«“IMPROVEMENTS IN LEAD-ACID BATTERY CONSTRUCTION”
FIELD OF THE INVENTION
The invention relates tg an improved battery construction for lead-acid batterie;
BACKGROUNDi

A battery stores and releases énergy by electrochemical reaction(s) at the surfaces of its electrodes.
Each cell of a lead-acid battery i‘n‘the fully charged state ;ontaiﬁs electrodes of elemental lead (Pb)
and lead (IV) dioxide (PbO,) in an electrolyte of dilute suifuric acid (H,SO,). In the discharged
state both electrodes turn into lead(II) sulfate (PbSO,) én’d the électrolyte loses its dissolved
sulfutic acid and becomes primarily water. In the pastéd—plate construction each plate consists of a
lead grid initially filled with a paste comprising a mixture of leady oxide (Pb and PbO) and dilute
sulfuric acid. This construction allows the acid in the paéte to react with the leady oxide inside the
plate during cell formation v(ﬁrst charge and discharge cycle during which linkages between
neighbouting particles, increasing the electrical conductivity and active surface area and thus the
battery capacity.‘ The paste may also contain carbon blaék, blanc fixe (fine bartum sulfate), and-
lignosulfonate. The blanc fixe acts as a seed crystal for the lead to lead sulfate reaction. The
lignosulfonate prevents the negative plate from forming a solid rnz;ss of lead sulfate during
'discharg‘e. Carbon black counteracts the effect of inhibiting formation caused by the’

lignosulfonates.
SUMMARY OF INVENTION

In broad terms in one aspect the invention compfises a léad—ac_id battery or cell including at least
one electrode comprising as a current collector a conductive fibrous material comprising:
ﬁl_ameﬁté comprising fibres with an average interfibre spacing between fibres of less than
50 mictrons, and/or '.
~ filaments which are monofibres and in which the average interfibre spacing between

monofibres is less than 50 microns.

In broad terms in another aspect the invention comprises a2 method for manufacturirig a lead-acid
battery or cell which includes forrnirig at least one electrode comprising as current collector a

conductive fibrous material comprising:
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filaments comprising fibres with an average interfibre spacing between fibres of less than
50 microns, and/or
- filaments which are monofibres and in which the average interfibre spacing between

monofibres is less than 50 microns.

In broad terms the another aspect the invention cbrnprises a lead-acid battery or cell comprising as .
a current collector a conductive fibrous matetial having length and width dimensions in a major
plane of the material and depth perpendlcular to sa1d major plane of the material and comprising:
filaments comprising fibres w1th an average interfibre spacing between fibres of less than
50 microns, and/ ot '
filaments which are monoﬁbres and in which the average interfibre spacing between

monofibres is less than 50 mictons.
In some embodiments the average interfibre spacing is less than 20 microns.

Preferably said average interfibre spaeing is over at least a major fraction of the mat_erial and more

preferably over substantially all of the material..

The current collector fibrous material may have an average depth of the material of at least 0.2mm

or at least 1mm.

The curtent collector may comprise multiple layers of the conductive fibrous material.

Preferably the current eollector material has bulk resistivity less than 10 QQ mm and preferably less

‘than 1 Q mm or 0.1 QQ mm.

The electrode material may be a woven matemal (compnsmg mterscctmg warp and weft fibres), a

. knitted material, or a non-woven matenal such as a woven or kmtted or non-woven fabric.

The positive electrode or electrodes, the negative electrode or electrodes, or both, may be formed

of one or more layers of the conductive fibrous material.

Preferably the conductive ﬁbroue material 1s also lighter than lead.
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The current collector material may comprise a carbon fibre material such as a woven or knitted or

non-woven carbon fibre fabric.

Carbon fibre current collector material may be heat treated to sufficient temperature to increase its

electrical conductivity. . .

In broad terms in another aspect the invention comprises a lead-acid battery or cell including at
least one electrode comprising as a current collector a carbon fibre material thermally treated to

reduce the resistivity thereof. The thermal treatment may be by electric arc discharge.

In the micfoscale electrode construction of the invention the average interfibre distance between
fibres of the conductive fibrous current collector material is less than 50 microns and may be less
than 20 microns, either between individual fibres of multifibre filaments such as carbofl
multifilament yarn used for example to weave of knit the material, or between mdnoﬁlam"ent's ofa
material for examplé woven or knitted from a monofilament. During formation and subsequent
discharge and re-charge cycling of a battety or cell, each particle must connect electrically directly
ot indirectly with neighbouring particles and to the electrode current collector before it can receive
charge or deliver charge by‘ reaction. In the microscale electrode construction of the invention
relatively fewer patticles must link to connect to near current collector fibres. For example the
farthest distance of any active particle in a conducting chain of particles to the nearest current
collector fibre surface may be less than 25 microns or less than 10 microns. This may increase
utilisation and capacity, and also reduce the time required for initial cell formation, and reduce the
chance of elec&ical isolation of active patticles (particles can be isolated by adjacent particles

’ converting to PbSO, before they do - PbSO, s electrically insulatinig). ‘

During cell or battery construction the current collector material such as carbon fibre material may
be impregnated under pressure with a paste, such as a paste comprising a mixture of lead sulphate

particles and dilute sulfuric acid.

~In broad terms in another aspect the invention comprises a meéthod for manufacturiﬁg a battery or
cell comprising applying to at least one electrode comprising as current collector a conductive '
fibrous material, a paste which comi)rises a mixture of lead sulphate particles and dilute sulfuric
acid. In preferred embodiments lead sulphate paste 1s substantially the sole source of lead 1n the

active material paste.
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The tetm “comprising” as used in this specification means “consisting at least in part of>. When
interpreting each statement in this specification that includes the term “comprising”, features other
than that or those prefaced by the term may also be present. Related terms such as “comprise” and

“comprises” are to be interpreted in the same manner.
BRIEF DESCRIPTION OF THE FIGURES

The invention is further described with reference to the accompanying Figures by way of example

wherein:
Figure 1 schematically illustrates one form of reactor for the continuous or semi-continuous
activation of a carbon fibre material for use as a current collector material according to the

invention, and

Figure 2 is a close up schematic view of the electrodes and the material path between the electrodes

of the reactor of Figure 1,

Figure 3 is a photo micrograph of a section of the woven carbon fibre matetial referred to in

subsequent éxperiméntal Example 1,

Figure 4'1s a SEM image of a singie multifibre filament of the catbon fibre rﬁaterial of ‘Figure 3,
Figures 5 and 6 are “Ragone” type plqts of specific capacity in Ah/ kg Pb in the negative active
mass versus specific current A /kg Pb in the negative active mass referred to in subsequent

experimental Example 4,

Figure 7 isa cycle end-of-discharge cell voltage plot referred to in subsequent experimental

Examples 6 and 7, and

Figure 8 1s a plot of charge current against number of éycles referred to in experimental Examplé 8.
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

The invention includes a lead-acid battery including at least one electrode comprising as a current
collector a microscale conductive fibrous material in which the average interfibre spacing thereof is.

less than 50 microns ot less than 20 microns.

The current collector material may be a woven material, a knitted material, or a non—&oven
material, such as a woven or knjtted or non-woven fabric. The material may comprise filaments
extending unidirectionally in a major plane of the material with each filament composed of multiple
fibres; with 6ptionally connecting threads extending transversely across the filaments to

mechanically connect the filaments.

The negative electrode or electrodes, the positive electrode or electrodes, or both, of a cell or
battery may be formed with one or two ot more layers of the conductive fibrous material as the

current collector(s) of each electrode.

In preferred embodiments the electrode fibres are inherenﬂy conductive without requiting coating
with a more conductive material such as a metal to increaée conductivity, and may be carbon fibres
which may in some embodiments be treated to increase conductivity, but in other embodiments
the electrode fibres may be a less conductive microscale material the fibres of which are coated
with a conductive or more conductive coating. In some embodiments the fibres of the current
collector material may be coated with Pb or a Pbl—based material. For example the negative
-electrode or electrodes may be coated with Pb and the positive electrode(s) coated with Pb and

then thereon PbO,.

Carbon ﬁBre material for use as the electrode current collector material may be thermally treated at
an elevated temperature sufficient to increase electrical ﬁonducdvity. “Thermal treatment may also
increase the thermal conductivity of the material, which should be sufficiernit to prevent local hot
spots on the electrode. in use. Catbon fibres are generally hydrocarbon-based and during
manufacture heated to around 1100°C or more (“carbonised”). For use as current collector
material in batteries or cells of the invention, carbon fibre material may be heafed further, generally
in the range 2200 to 2800°C; to enlarge regions in the carbon that afe already aromatic or graphitic,
increasing electrical conductivity, by evaporating off at least some or a major fraction of non-

graphitic carbon from the catbon fibres, and no more than a minor fraction of graphitic carbon.
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Thermal treatment to increase electrical and/or thermal conductivity may be by electric arc

discharge, or in a resistively heated furnace for example.

The microscale cutrent collector material may be treated to increase its sutface area to increase
capacitance. In some embodiments carbon fibre electrode material is activated to increase the
surface area of the material to increase internal capacitance with the battery. The matetial may be -
heated to a surface temperatute for example above about 3600K. Also applying and then drying an
Ni(NOj,), solution onto carbon fibre material before arc treatment may increase surface area
development (apparently through oxidation). The material may be thermally treated by electric arc |
discharge. Alternatively the material may be activated by physical activation such as by steam ot |
catbon dioxide at temperatures around 1000°C, ot by chemical activation by for example alkali
solutions. Activation typically creates pores of nanoscale and most typically up to 50 nm in
diameter, in the material, or on the surface of the material. Matertals with extensive pores smaller
than around 1 nm may not good electronic conductors. Potes from 1 nm to around 10 nm may
provide the surface area required for significant capacity, but pores well distributed above 10 nm
are also needed to provide easy diffusional access of 1ons for adequate electrolyte conductivity.

Also required is sufficient electrical conductivity within the solid. '

In some embodiments catbon fibre matetial has carbon nanotubes (CNTs) attached thereto. The
CNTs—bearing material may be produced by electric arc dischatge treatment of the carbon fibre
‘material, or alternatively by chemical x}apour deposition at lower temperatures in the presence of a

catalyst.

Preferably the curtent collector material and the fibres thereof ate flexible, which will assist in
accommodating volume changes of the active material attached to the current collector material
during battery cycling, and the microscale fibres may also reinforce the active materal, both

assisting to reduce breaking off (“shedding”) of active material from the electrode in use: -

The current collector material may be supported mechanically and a supporting mechanical frame
may also provide electrical connection of each electrode ot plate to the battery terminals. F o_f
example one or more square or rectangular adjacent layers of the current collector material may be
supported to form a planar battery plate by a peripheral metal frame on all sides or between-
opposite metal frame elements on two opposite sides. Alternatively for example concentric
cylindrical positive and negative plates of each cell may comprise cylindrical sections of the

microscale current collector supported at either cylindrical end by circular metal frames.
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Preferably substantially all or at least a majority of filaments/ ﬁbres of the electrode material extend
continuously across the electrode between or to a metal frame or frame elements to which both
ends or at least one end of the fibres is/ate electrically connected. A woven fabric of continuous
fibres may be optimal. The electrical connection -between the carbon fibtes and the conductive
frame should be 2 minimum resistance join and in a preferred form each fibre end 1s surrounded
with a molten metal which physically fixes and electrically connects the fibre end to the metal
frame, during battery or cell construction. The metal frame or frame elements may themselves be
formed by cooling molten metal strips along one or more edges of the electrode material to.
surround and embed the fibre ends. Optionally the fibres or fabric can continue Beyond one or
motre fravm(-:: elements at one or more edges to form another adjacent electrode ot electrode section.
Preferably substantially all or at least a majority of electrode fibres in one ditection or in plane axis
of the material are elg:ctticaﬂy connected to 2 metal frame element not more than 100 mm to 10
mm away- from where the fibre starts in the active material or at both opposite edges of the
~ material. This distance or the size or area of each current collector material section is mainly
determined by the bulk resistivity of the current collector material in the most conducting
direction. If only one edge of the fabric 1s electrically connected to a metal frame element,
preferably this most conducting direction in the fébric 1s aligned perpendicular to the connected
edge to minimize the overall resistance. To allow highest cutrent density in an eiectrodc: without
significant capécity loss, the Iength of the fabric from the connected edge may be up to about 50 to
100 mm. A metal frame may alternaﬁvely_'compriée a metal sheet with apertures, on one ot both
sides of the material, leaving the apertures or windows with solely carbon fibres carrying the
cutrent and collecting from the active material that they cérry. For example an eiectrode frame of
height 200 mm, may comprise three windows of height each 60 mm, with a conducting web left
around the edge. For each of these window regions, carbon fabric can be spread and attached at

the metal cross-bars and at the edges.

- Typically during battery or cell construction the microscale current collector material is
impregnated under pressure with a pasfe, which 1n a preferred form comprises a mixture of lead
sulphate (PbSO,) particle; and dilute sulfuric acid. The lead sulphate particles may comprise milled
or chemically formed particles which may have a mean size of 10 microns or less, and the size
disttibution may be optimised for charge generation or charge acceptance rather than forming a
conductive network. In preferred embodiments lead sulphate paste is substantially the sole sourcé
of lead in the active matemnal paste. Alternativeh’f the paste rﬁay include some Pb and PbO.

~ Alternatively again, in other embodiments the paste may comptise a mixture of Pb and PbO and
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dilute sulfuric acid. The paste may optionally also contain other additives such as carbon black,

batium sulphate and sulphonate. It may also be optimised for electrolyte diffusion.

During initial cell formation (first charge and discharge cycle during which active particle linkages
form) after cell or battery construction, in a conventional pasted-plate ba%tery or cell where the
paste cqrriprises a mix of Pb oxides, cell formation occurs first by buﬂdmg the conducﬁng
framework, taking up most of the Pb in the negative active material, normally over lengths of
several millimetres (connecting strings of perhaps a thousand ot more micron sized patticles end to
end). This stage also produces small PbSO, particles. Second, these smaller particles attach to this
conductive framework to provide and receive current. In accordance with this aspect of the |

“invention the Pb framewortk is replaced with a microscale fibrous current collector and the paste'_
comptises PbSO, particles, requiring during formation substantially only attaching these PbSO,
particles to the nearest fibres in the microscale conductive current collector material. It may be
advantageous that during formation the charging current is pulsed periodically. The fibre surfaces
of the cutrent collector matetial may be surface treated to enhance attachment of the PbSO,
particlés (at least the first particle in a chain) by processing to attach oxide particles or oxygen

- bearing chemical groups to the fibres. Anodic oxidation of electric arc-treated carbon fibre fabric
also may convert it to a hydrophilic material. This may assist an even distribution of the active
patticles through thé material and initial attraction of the Pb (covered with oxide groups) to the

~ catbon, by dipole-dipole attractions.

A microscale elecltrode in accordance with the invention with an internal surface atea may provide
capacitance sufficient to add to charge accepténce over and above the electrochemical contribution.
An electrode area that is well wetted by and accessible to the acid electrolyte may contribute an
otdet of magnitude larger capacitance than that given by the total surface area of a conventional
active matetial in the negative electrode of a lead-acid battery. It may have sufficient electrolytic
double-layer capacity to absotb or deliver sevefal seconds of high current. Alternatively a battery
of the invention may comprise a separate high surface area eleétrode, which may comprise arc-
treated carbon fibre material as described herein, in parallel to the or each negative or positive cell‘

electrode, to add or increase capacitance.

In certain embodiments carbon fibre material may be treated by arc discharge by moving the
carbon fibre material within a reaction chamber either through an electric arc'in a gap between two
+ electrodes or past an electrode so that an electric arc exists between the electrode and the material

at a temperature effective to activate the material. In Figure 1, reference numeral 1 indicates a
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~ reactor chamber in which the discharge arc is created. Electrodes 2 and 3 project into the reactor
chamber 1 and are typically mounted by electrode-feeding mechanisms 4 as are known 1in the art,
so that the position of electrode 3, which maybe the anode, and electrode 2, which may be the
cathode (the positions of the anode and cathode may be reversed), may be adjusted to create the
arc, and in op'eration to rnainfain ot if required adjust the arc. A cooling system 5 consisting of
coppe£ tube coils wound around each electrodes through which water is circulated méy also be
arranged to cool the electrode(s). Carbon fibre material 8 passes between electrodes 2 and 3 and
through the arc during operation of the reactor, as shown. This is shown in more detail in Figure
2. The current should be sufficient to vaporise non-graphitic carbon but not triggef the destructive
localised arc attachment mode Operation between 10 A énd 20 A is recommended. The material
may enter the reactor chamber through a slit 12 in the reactor chamber and leave through a similar
exit slit 13 mn the reactor chamber on fhe other side of the electrodes. A mechanism is provided to
feed the material through the reactor chamber. For example during operation of the reactor the
substrate may be unwound from a spool 9 dtiven by a gearbox which is coupled to an electric
motor with an appropriate control system. During opération the interior of the reactor is preferably
at of slightly above atrnospheri_c pressure, and the gas flow exiting the reactor through shit 13 is
extracted 'Via a furné hood ot similar. An inert gas sﬁch as nitrogen, atgon ot heliﬁrn for example 1s
flushed through the reaction chamber, for example by mntroducing a controlled gas ﬂoxy inside the
reaction chamber 1 through one of the openings 11 at the base of the reactor. Additionally or
aiternatively a gas flow may also be directed through the tungsten tube 7 via a porous carbon anode
3 to flush away carbon vapour and/ot cool the substrate durihg arc ttéatr’nerit. The cooling flow
through porous catbon 3 assists in avoiding burn-through of the material and removal of excessive
carbon vapour duﬁng atc discharge, Whereas the operation of the other mlet 11 serves to control
oxidation. The anode as well as the spool which dtives the tape are preferably earthed. Any take-
\ip mechanism for collécting the substrate after_ it has passed through the reactor chamber is also
preferably earthed, as 1s also the reactor shell. Referring to Figure 2, it may be preferable for one
‘electrode, which in the figure is the anode 31, to be positioned to impinge on the substrate 8 such
that the substrate is téns‘ioned against that electrode as the substrate moves past it as s‘chematically
shown. A gas flow 10 to cool the substrate may be directed through the carbon anode plug 3

housed inside a cylindrical carbon anode support 6 fixed on a tungten tube 7.

‘The method may be carried out in the presence of an introduced metal additive. Suitable additives
may berNi'—Co,' Co—Y,. Ni-Y or alternatively lower cost additives such as Fe or B additive for

example or a Pb additive.
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EXPERIMENTAL

The invenﬁon is further illustrated by the following desctiption of eﬁperimental work which is

given by way of example and without intending to be limiting.
Example 1 - Production of Arc Treated Carbon‘Fibré Electrode Material

A polyacrylonitrite (PAN) based woven carbon fibre tape CW1001 manufactured by TaiCatbon,
Taiwan sold under the brand name KoTHmex of the specific weight 220 g/m? thickness was 0.7
mm, and a carbon content of 99.98 % was cut into strips of width 25 mm. Figure 3 is a V

photomicrograph of a section of the material. The material was woven from ﬁl"aménts, each

comprising many carbon fibres of average diameter of 6 — 7 um. Figure 4 is a SEM Image across a

- patt of a single multifibre filament of the material.

The material strips were fed into a reactor through a slit 12 from a spool 9 similar to that described
with reference to Figurés 1 and 2, into the reaction chamber 1. The tape exited the reactor through
an outlet slit 13. The graphite cathode ;]iameter was 3 mm. The distance between the electrode tips
was set to about 5 — 6 mm. During operation the reactor was flushed with nitrogen at a rate set to
10 L/min, and cooling water was circuléted through éooling colls around the electrode supports.
To strike the arc, the cathode was moved forward until the discharge took place, then the cathode
was withdrawn slightly to establish the arc. The current was set to approximately 16 A. The
material was fed through at a speed of 3 mm/s. An additional cooling gas was introduced through
" a porous carbon anbde 3 to cool the material close to the arc attachment zone (as shown 1 Figure
2). After the desired length of thé carbon material had been run through the reactor the discharge
was stopped by shutting off the péwer supply. Gas was flushed through the reactor for a further

five minutes to remove exhaust gases.

Example 2 — Effect of Atc Treatment on Resistivity of Carbon Fibre Electrode Material
‘Woven carbon fibre material as described in Example 1 was treated i an electric arc reactor also as
described in Example 1 for 3 seconds. The measuted treatment temperature in the arc was in the
mterval 3700-3800K. The fesistivity of the fabric was measured by increasing the resistance of two

different lengths of a 10 mm wide strip of the material using two spring-loaded clips with flat

contacts 10 mm long, attached to the probes of a multi-meter set to resistance. By eliminating the
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contact resistances by difference the resistance per unit length could be calculated. By multiplying

this by the thickness of the material and by the width of the strip the resistivity was obtained. The
fabtic bé-fore arc treatment had resistivities of 1.18 Q m, and 0.135 Q2 m respectively, for the -
untreated fabric and fibre. The atc treated fabtic had a fabric resistivity of 0.1 £ m, resulting in a

fibre resistivity of 0.010 €2 m (the fabric resistivity is based on the total volume of the fabric,

whereas the fibre resistivity 1s based on the volume of the catbon in the fabric).

Example 3 — Effect of Arc Treatment on Capacitive Potential of Carbon Fibre Electrode

Material »

Carbon fibre material as described in Examf)le 1 and arc-treated also as in Example 1 was

investigated for internal surface area and for effective electrolytic capacity.

Aromatic vapouf adsorption: A benzene adsorbtioﬁ analysis with 5 ppm benzene vapour in
atrﬁospheric pressure nitrogen at room temperature, gave 3.5 umole/g of the carbon fabric
consistent with that adsorbed by an activated carbon of 100 m?/ g BET surface area. A
comparative benzene adsorption anélysis for the same carbon fabric without arc treatment gave 0.5

pmole benzene / g catbon fabric.

Nitrogen adsorption (BET): The material without arc treatment showed a BET surface area of
around 220 m?/g, but with almost unmeasuteable pore volume and very fine pores (< 1 nm). BET

measurements of the arc-treated fabric gave values in the range 50 to 100 m®/g carbon.

Effective electrolytic capacity: Cyclic voltammetry on two identical carbon fabric electrodes
irhrﬁersed in 1.28 s.g. sulphuric acid gave the effective capacitance per unit mass of the carbon -
fabric immersed stated below. Sweeping the individual potential of the negative electrode between
-0.7 aﬁd -1.3 'V with respect to a Hg/HgSO, refetence electrode, the charging‘ and then discharging
current was mntegrated around the C}}cle, and divided by 2X total V'oltagev sweep range of the ceﬂ to
obtain the electrode capacitance. This was done for sweep voltage rates between 0.5 mV /s to iOOO
mV/s. For sweep voltage rates equal to or larger than 10 mV /s, the charge over discharge ratio
was 1.13. Then to obtain the specific electrode capacitance, the electrode capacitance was divided
by the average méss of the carbon per electrode. 'The resulting electrode capacitance values are

listed below: |
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Sample | 10mV/s  100mV/s 1000 mV/s
Without arc treatment 252 39 . 05
Arc ueatéd | S 7.3 1.2
Time per cycle inseconds 60~ 6 06

The arc-treated fabric had larger capacitance. Also the ratio of the arc-treated to non-treated

increases as the sweep rate increases, reflecting the larger pore size found in the BET

- measurements.

Exambple 4 - Battery with negative electrode current collectors of arc-treated carbon arc

treated fibre material

A small 3 cell 6V lead acid mototcycle battery of 2 Ah ca?acity (Bike Master 6N2 2A1) at the

| beginning of its life was dis:lssernbled by‘ﬁrst'cutting off the polypropylene top. Each cell was
made up of one positive electrode between two negative electrodes. The positive electrode had
active material loaded in its grid with access to electrolyte either side. Each negative electrode was
likewise constructed and was separated from the positive by a fibrous separator. The size of e;lch ;
original electrode was 56 mm wide and 44 mm high giving an area of 26.4 cm’. With two active
surfaces acting in pa;allél, the total negative-positive area for each cell was (2)(26.4) =52.8 cm”.

The thickl}e_ss of each original active layer was around 2 mm.

One of the negative electrodes of one cell was removed and replaced by a smaller negative
electrode made up as described below. Thé other negative electrode was disconnected from the_

charging circuit.

The smaller negative electrode was made up of four layers each 10 mm x 45 mm x 0.5 mm thick of
a woven carbon fabric as described in Emrnple 1 arc treated also as descnbed n Example l
(resulting in properties 150 g/m’, 0.5 mm thick, 0.23 Q / sq along roll, O 37 Q / sq across roll).
The layers were cut from a roll of the catbon fabric with the long side in the direction of the width
of the unwound roll. Of these layers, 35 mm length was used as an active area and 10 mm used as
an electrlcal contact area. Prior to arc treatment the matemal was fully wetted with Pb(N 0O,), |
aqueous solunon drled overnight so that 2 mass % Pb was dep051ted The arc ueatrnent

graphitised the material and chstnbuted the lead in a smooth_»coatmg over all fibres. SEM
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micrograr-)hs showed a uniform layer of around 100 nm thick on the fibres, shown by microprobe

elemental analysis to be PbO2.

Four such layers were then assembled one beneath the other so that they were all bdnded to lead
shim to form a connecting lug at one of their ends. A 0.8 mm dia lead solder wire (60 % Sn, 40 %
Pb) that incorporated a resin flux cote was laid in zig-zag form in the three gaps between the four
layers. A 20 mm wide ribbon of metallic lead (0.6 mm thick) was then wrapped around the outside
of the ends of the four layers, covering the top 10 mm section of each layer. The lead coverings
were squeezed between the two electrodes of a spot-welder while current was passed to melt the
ensemble, providing good contact between the carbon ﬁbres and solder and lead. In this way, a lug
was formed on the top end of the electrode, connecting and holding the carbon fabric layers that

could be flexibly moved about for further treatment.

To make the active material, PbSO, powder (mean size 4-5 um after milling) was mixed in with
low concentration sulphuric acid (s.g. < bl.OS) to make a paste of 78 mass % vPbSO4 (0.37 volume
fraction). This paste was squeezed with a spatula into the free exposed part (35 mm length) of
each layer of carbon fabric, while thth layer Was pressed against the flat bottom of a glass vessel
immersed in an ultrasound cleanirlg bath (180 W, 4 L, 53 kHz). Each pasted layer ﬁzasthen
scraped clean of superfluous paste. These pasted layers were also lightly squeezed toge‘vther at this

point to make good contact with each other while still wet.

The whole electrode had a superficial active drea of 3.5 cm® (where the PbSO, had been loaded)
and was 2 mm thick.. This electrode was dried to allow the dry mass of Pb.SO4 to be measured, and
then inserted in place of a larger negative of the original battery, and the cell then became limited

~only by the new 3.5 cm” electrode, opposite a single 26.4 cm’ conventional positive.

After insertion of the negati{re electrode into the c.ell, charging was immediately started using a
Cadex C7200-C battery analyser (Cadex Electronics, British C.olumbié, ACanada) using a period of
controlled.45 mA current followed by a period of controlled cell voltage at 2.4 V. After the
formation charge and disc}rarge, a further 4 complete cycles with 45 mA initial charging current
and 17 mA discharge current were carried out to stabilize the electrode capacity. Further cycles
were charged at 45 mA (around 39 A / kg Pb in the negative active mass) and discharged at
successively higher currents of 40, 195, 256, 655,800 mA and then stepped down over the same

values. The current during discharge was integrated with the respect to time to estimate the
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capacity for each cycle in mAh. These capacities and cuttents were divided by the mass of lead in
the electrode (estimafed from the dry mass of PbSO4). Figure 5 is a “Ragone” type plot of the
return sequence points specific current A/kg Pb in the negative active mass (NAM) versus specific

capacity Al/kg Pb in the NAM — triangle data points.

Figure 6is a plot silnﬂar to Figure 5 for a battery made up as described above but with three
catbon fibre layers in the catbon fibre negative electrode instead of four layers and with all of the
cut edge of two of three the layers completely surrounded by solder at the connecting lug. The

higher capacity may be due to lower resistance at this connection.

Example 5 - Battery with negative electrode current collector of non-arc treated carbon

fibte material

A battery was constructed as described in Example 4 but without first arc treating the carbon fibre
material. Capacities were measured as described in Example 4. These eapacity — current
measurements wete again divided by the lead mass in the active material of the negative, and were

plotted in Figure 5 — square data points.

The battery of Example 4 with arc-treated fabric elec&odes had supe_rior capacity performance

particularly at high current densities.

Example 6 - Negative electrode current collector of arc-treated carbon fibre material —

“cycle life

An electrode was constructed with arc-treated PAN-based carbon fibre fabric as descrlbed n
Example 4 with no additives in the paste, and subjected to an accelerated lifetime test which -
approximated the partial state of charge (PSOC) duty in mild hybrid Veh1cles, beginning with a fully
charged battery, then discharging at 50 A for 1 minute, then charging for‘lxminute, and eontil_luing
until the cell voltage at the end of the discharge time drops below around 1.75 V per cell. The -
charge began at a constant 50 A, until the cell voltage rose to 2.35 'V, diopping after this to |
maintain the charging vvoltage constant. The Cadex C7200-C battery tester was also used for this

- test. The end-ﬁof—discharge cell voltage is'.plot-ted in Figure 6 against cycle number — darker plot, |
and it can be seen that almost 11,600 cycles were achieved before failure. The sudden drop just
after 6000 cycles was due to an earthquake turning off power for 10 days. Typical lifetimes ai‘e also

iridicated for typical conventional lead-acid battery, an ISS battery,'and an “Ultrabattery”.



WO 2011/078707 : - PCT/NZ2010/000264
. : 15 o

Example 7 - Negative electrode current collector of non-arc treated carbon fibre material —

cycle life

An electrode was constructed from non-arc treated carbon fibre as described in Example 6 and was
subjected to the same accelerated lifetime test as described in Example 6, but with more active
material. The end-of-discharge cell voltage 1s plotted on Figure 7 against cycle number — lighter

plot, showing a lifetime of just more than 9000 cycles.

"The atc-treated fabric electrode of Exérnple 6 had a higher lifetime (despite hax;ing higher current

density).

Example 8 - Negative electrode current collector of arc-treated carbon fibre material —

~‘chatge acceptance

The battery of Example 4 was tested for charge acceptance 6V¢r a range of cutrents prior to the
tests of Example 4. The charging tests followed the cycle of charge and divscharge described in
Example 7, but the currents were reduced below and raised above the 167 mA chosen for tha;c test.
The battery was near fully charged. The chatge and dischatge periods used wete again 1 minute.
The Cadex C7200- C was agam used. The mmng of the one measurement of charge current varled
according to the current. The charge current set at the beginning of the test was 120 mA for the
first 450 cycles, 180 mA for the second set of 200 cycles and 240 mA for the last set of 1000 cycles.
It took »sbrne secoﬁds for the cutrent to rise to the set level, as observed from the digital current
meter. The measured current is plotted in Figure 8 against total number of cycles. The current was
measured at almost 60 s after the start of charging for the 120 mA cycles (measured at 90 mA), 19 s
after the start for the 180 mA cycles (at 180 mA) and 23 s after fhe start for the ‘240 mA (at 238
mA). Thus the chargmg current dropped_from 120 to 90 mA over the full minute, and dropped
neghg1bly from 180 mA over 19 s, and dropped ]ust 2 mA over 23 from 240 mA.

The maximum specific charging rate tested for was (240 mA)/(0.81 g) = 295 A / kg of lead in the
active mass, and the electrode can accept this at least for around 20 s (enough for regenerative -
charging in a hybrid vehicle). Probably the charging current continued high for the full minute
éven for the highest current. As thve test progreésed the state of charge will have decreased

somewhat, allowing more charge to be accepted.
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The foregoing describes the invention including preferred forms thereof and alterations and
modifications as will be obvious to one skilled in the art are intended to be incorporated in the

scope theteof as defined in the acéompanying claims.
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CLAIMS:

1. A lead-acid battery or cell including at least one electrode comprising as a cutrent collector
a conducﬁvé fibrous material compris_ing: '

filaments comprising fibres with an average intetfibre spacing between fibres of less than
50 microns, and/or _ ‘ ' : : -

filaments which are monofibres and in which the average intetfibre spacing between

monofibres is less than 50 microns.

2. A lead-acid battery or cell comprising as a éurrent colléctor a conductive fibrous material
havingblength and width dimensions in a major plane of the material and depth pe_rpendiéular to
said major plane of the material and comprising: |

filaments comprising fibres with an average interfibre spacing between fibres of less thén
50 microns, and/or v |
filaments which are monofibres and in which the avetzige interfibre spacing between

monofibres is less than 50 microns.” .

3. A lead-acid battery according to claim 2 in which the average depth of the material 1s at
least 0.2 millimetres.
4. - A lead-acid battery according to claim 2 in which the avérage depth of the material is at

least 1 millimetre.

5. A lead-acid battery according to any one of claims 1 to 4 wherein the current collector

material is composed substantially of filaments each composed of multiple fibres.

6. A lead-acid battery or cell according to any ohe of claims 1 to 5 wherein in the conductive

fibrous material th'e average interfibre spacing 1s less than 20 microns.

7. A lead-acid battery according to-any one of claims 1 to 6 Where_in the average mterfibre v

spacing is over at least a major fraction of the material.

8. A lead-acid battery according to any one of claims 1 to 6 wherein the average intetfibre

. spacing is over substantially all of the material. -
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9. A lead-acid battery according to any one of claims 1 to 8 wherein the fibrous current

collector material 1s a woven material.

10. A lead-acid battery according to any one of claims 1 to 8 wherein the fibrous current

collector material is a knitted material.

11. A lead—acid battery according to any one of claims 1 to 8 wherein the fibrous current
collector material comprises filaments extending unidirectionally in a major plane of the material

and each composed of multiple fibres.

12. A lead-acid battery according to any one of claims 1 to 11 wherein the fibrous current

collector material or the fibres thereof are flexible.

13. A lead-acid battety according to any one of claims 1 to 12 wherein the fibrous current

collector material comptises a carbon fibre material.

14. A lead-acid battery according to claim 13 wherein the carbon fibre material 1s comprises or

derived from a rayon, polyacrylonitrile, phenol resin, or pitch material.

15. A lead-acid battery according to any either claim 13 or claim 14 wherein the carbon fibre

~material'has been thermally treated to increase the electrical conductivity thereof

16. A lead-acid battety according to any one of claims 13 to 15 wherein the carbon fibre

matetial has been thermally treated by electric arc discharge.

17. A lead-acid battery according to claim 16 wherein the carbon fibre material has been
_ therrnally treated by electric arc discharge by causing relative movement between the carbon fibre
material and an electric arc in a gap between two electrodes or past an electrode so that an electric

arc exists between the electrode and the carbon fibre material.

18. A lead—acidvbattery according to claim either claim 16 or claim 17 wherein the carbon fibre
materialv has been thermally treated by_elecﬁ:ic arc discharge to vaporise a major fraction of non-
graphitic carbon and no more than a minor fraction of graphitic carbon of the carbon fibre

material.
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19. A lead-acid battery according to any one of claims 1 to 18 wherein the fibrous current

- collector material has bulk resistivity less than 10 £ mm.

20. A lead-acid battery according to any one of claims 1 to 18 wherein the fibrous current

collector material has bulk resistivity less than 1 Q2 mm.

21. A lead-acid battery according to any one of claims 1 to 20 wherein the fibrous current

collector material has been surface activated to increase its surface area to increase capacitance.

©22. A lead-acid battery according to any one of claims 1 to 21 wherein said at least one
electrode comprises a conductive frame or frame elements supporting the current collector material

“and to which the filaments of the current collector material are electrically connected.

23. A lead-acid battery according to claim 22 wherein the filaments of the current collector
material are electrically connected to the metal frame or frame elements by a metal element in
which ends or another portion of the filaments are embedded and which was molten on

app]jcarion to the filaments at manufacture.

24. A lead-acid battery according to any one of claims 1 to 21 wherein the current collector
material is supported, and the filaments of the current collector material are electrically connected,
by a metal element in which ends or another portibn of the filaments are embedded and which

was molten on application to the filaments at manufacture.

25. A lead-acid battery according to any one of claims 1 to 24 whetein the fibrous current
“collector material during battery or cell construction has been impregnated with a paste comprising

- a mixture of lead sulphate particles and dilute sulfutic acid.

26. A lead-acid battery according to claim 25 wherein the lead sulphate in the paste is

substantially the sole source of lead in the active material of the battery or cell.

27. A lead-acid battery according to any one of claims 1 to 26 wherein said at least one

electrode 1s a negative electrode.
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28. A lead-acid battery according to any one of claims 1 to 27 whetein said at least one

electrode comprises multiple layers of said fibrous current collector material.

29. A lead-acid battery or cell including at least one electrode comprising as a current collector a

catbon fibre material thermally treated by electric arc discharge.

30. A lead-acid battery according to claim 29 wherein the carbon fibre material has been
thermally treated by electric arc discharge by causing relative movement between the carbon fibre
material and an electric arc in a gap between two electrodes or past an electrode so that an electric

arc exists between the electrode and the carbon fibre material.

31. A lead-acid battery according to either claim 29 or clairn 30 wherein the carbon fibre
material has been thermally treated by electric atc discharge to vaporise a major fraction of non-
graphitic carbon and no more than a minor fraction of graphitic carbon of the carbon ﬁbre

material.

32. A lead-acid battery according to any one of clairhs 29 to 31 wherein the carbon fibre

material has bulk resistivity less than 10 Q mm. .

33, A lead-acid battery acéording to any one of claims 29 to 31 wherein the catbon fibre

material less than 1 Q mm.

| 34, A lead-acid battery according tc; ény one of claims 29 to 33 wherein the carbbn fibre

material has been surface activated to increase its surface area to increase capacitance.

35. A lead-acid battéry according to any one of claims 29 to 34 wherein the carbon fibre

material is a woven material.

36. A lead-acid battefy according to any one of claims 29 to 34 wherein the carbon fibre

material 1s a knitted material.

37. A lead-acid battery according to any one of claims 29 to 36 wherein the carbon fibre

material comprises or is derived from a rayon, polyacrylonitrile, phenol resin, or pitch material.
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38. A lead-acid battery according to any one of claims 29 to 37 wherein the carbon fibre
material during battery or cell construction has been impregnated with a paste comptising a

mixture of lead sulphate patticles and dilute sulfuric acid.

39. A lead-acid battery according to claim 38 wherein lead sulphate in the péste 1s substéntia]ly

the sole source of lead in the active material of the battery or cell.‘

40. . A lead-acid battery according to any one of claims 29 to 39 wherein said at least one

electrode is a negative electrode.

41. A'leadtacid battery according to any one of claims 29 to 40 said at least one eléctrode

comprises multiple layers of said carbon fibre material.

42. A method for manufacturing a léad—acid battery or cell which includes forming at least one
electrode comprising as cirrent collector a conductive fibrous material comprising:
filaments comprising fibres with an averagé mterfibre spacing between fibres of less than
50 microns, and/or ‘ |
ﬁlarhents which are monofibtes and in which the average interfibre spacing between

monofibres is less than 50 microns.

"43. A method for manufacturing a lead-acid battery or cell which includes forming at least one
electrode comprising as current collector a conductive fibrous material having length and width in a
major plane of the material and depth perpendicular to said major plane o.f the material and"
comprising: - '

filaments comprising fibres with an average interfibre spacing between fibres of less than
50 microns, aﬁd/ or 7

filaments which are rﬁonoﬁbres and in which the average interfibre spacing between

monofibres 1s less than 50 microns.

44', A method according to claim 43 in which the average depth of the material 1s at least 0.2
. millimetres. :

45. A method according to claifn 43 which the average depth of the material 1s at least 1
millimetre. .
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46. A lead-acid battery according to any one of claims 42 to 45 whetein the current collectot is

composed substantially of filaments each composed of multiple fibres.

47. A method according to any one of claims 42 to 46 wherein the average interfibre spacing is

less than 20 microns.

48, A method according to any one of claims 42 to 47 wherein the average intetfibre spacing is

over at least a major fraction of the material.

49. A method according to any one of claims 42 to 47 wherein the average interfibre spacing is’

over substantially all of the material.

50. A method according to any one of claims 42 to 49 wherein the fibrous matetial is 2 woven

material.

51. A method according to any one of claims 42 to 49 Wherein the fibrous material is a knitted

material.

52. A method according to any one of claims 42 to 49 wherein the conductive fibrous material
comptises filaments extending unidirectionally in a major plane of the material and each composed

of multiple fibres.

53. A method according to any one of claims 42 to 52 wherein the fibrous material or the -

fibres thereof are flexible.

_ 54, A method according t(S any one of claims 42 to 53 wherein the fibrous material comprises a

carbon fibre matetial,

55. A method according to claim 54 wherein the carbon fibre material comprises or 1s derived

from a rayon, polyacrylonitrile, phenol resin, or pitch material.

56. A method according to either claim 54 or claim 55 iﬁcluding thermally treating the carbon

fibre material to increase the electrical conductivity thereof
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57. A method according to any one of claims 54 to 56 including thermally treating the carbon

fibre matérial by electric arc discharge.

58. A method according to claim 57 including thermally treating the catbon fibre material by
electric arc discharge by causing relative movement between the carbon fibre material and an
electric arc in a gap between two electrodes or past an electrode so that an electric arc exists

between the electrode and the carbon fibre material.

59. A method acéording to either claim 57 or claim 58 including thermally treating the carbon
fibre material to vapbrise a major fraction of non-graphitic carbon and no more than a minor

fraction of graphitic carbon of the carbon fibre material.

60. A method according to any one of claims 42 to 59 wherein the conductive fibrous material

hés bulk resistivity less than 10 £ mm. '

61. A method according to any one of claims 42 to 59 wherein the conductive fibrous material

has bulk resistivity less than 1 Q2 mm.

62. A methqd accordiﬁg to any one of claims 42 to 61 including surface activating the fibrous

material to increase its surface area to increase capacitance.

63. A method accor_ding to any one of claims 42 to 62 including irnpregnating the conductive

' fibrous material with a paste comprising a mixture of lead sulphate particles and dilute sulfuric acid.

. 64. A method according to claim 65 wherein the lead sulphate in the paste is the substantially

sole soutce of lead in the active material of the battery or cell.”

65. A method according to any one of claims 42 to 64 including placing the curtent collector
material in a conductive frame or between conductive frame elements to support the current
collector material and electrically connecting the filaments of the current collector material to the

frame or frame elements.
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66. A method according to claim 65 including electricaliy connecting the filaments of the
cutrent collector material to the metal frame or frame elements by embedding the ends or another

- portion of the filaments in a molten metal and allowing the molten metal to solidify.

67. A method according to any one of claims 42 to 64 including electrically connecting the
filaments of the current collector material by embedding the ends or another portion of the

filaments in a molten metal and allowing the molten metal to solidify.

. 68. A method for manufacturing a battery or cell which includes applying to at least one
electrode comprising as cutrent collector a conductive fibrous material, a paste which comprises a

mixture of lead sulphate particles and dilute sulfuric acid.

69. A method according to claim 68 wherein the lead sulphate in the paste is sﬁbstanu'ally the

sole source of lead in the active material of the battery or cell. -
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mixture of lead sulphate particles and dilute sulphuric acid to a current collector formed of a conductive
fibrous material. It is considered that this group of claims define a third invention.

PCT Rule 13.2, first sentence, states that unity of invention is only fulfilled when there is a technical relationship
among the claimed inventions involving one or more of the same or corresponding special techinical features. PCT
Rule 13.2, second sentence, defines a special technical feature as a f eature which makes a contribution over the prior
art. '

The only feature common to all of the claims is a lead-acid cell current collector formed of a fibrous- material.
However this common feature is generic in the art. This means that the common feature can not constitute a special
technical feature within the meaning of PCT Rule 13.2, second sentence, since it makes no contribution over the prior
art. ’

Because the common feature does not satisfy the requirement for being a special technical feature it follows that it
cannot provide the necessary technical relationship between the identified inventions. Therefore the claims do not
satisfy the requirement of unity of invention a posteriori. '
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