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Abstract

Carbon filaments, when surface treated and used in stead of carbon black as the conductive additive to MnQ, cathodes in lithium cells,
produced a more gently sloping discharge curve (desirable for applications requiring end-of-life indication).. These filament composite cathode
plates also occupied less volume (higher packing density) and were handleable without the uze of a binder, thus resulting in higher volumetric
energy density than the carbon black counterpart. The Li/MnO, discharge capacity increased with the cathode’s electrolyte absorptivity and
rate of electrolyte absorption, as opposed to the cathode’s electrical conductivity, whether carbon filaments or carbon black was used. The
cathode’s electrolyte absorption characteristics and packing density and the carbon’s electron transfer rate were enhanced by surface treatment
of the carbon. For carbon filaments, solvent cleansing, followed by ¢ither surfactant treatment or chopping plus drying, was effective; solvent
cleansing also decreased the volume resistivity of both the carbon compact and the MnO,/filament compact. For carbon black, surfactant
treatment was effective and resulted in increases in test cell discharge capacity, open- and closed-circuit voltages (OCV and CCV), and
cathode packing density. The volume electrical resistivity of the filament compact was lower than that of the carbon black compact, but the
volume resistivity of the composite cathode was higher using carbon filaments instead of carbon black; the latter is due to the spreadability

of carbon black between the MnO, particles.
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1. Introduction

The use of carbon and graphite in commercial cells as a
conductive additive to MnO, was first implemented by
Leclanché [ 1]. The current zinc/carbon dry cell technology,
which evolved from the original Leclanché battery, continues
to use carbon black as the conductive additive te MnQ,. The
electrical conductivity, electrolyte absorptivity, surface area,
porosity and mechanical properties of these Leclanché-type
cells are all affected by the type of carbon additive used [2-
4]. Lahaye et al. [5] studied the effect of carbon black on
the electrical properties of the MnO, cathodes of the current
technology. Their study disclosed that the addition of carbon
black to MnO, improved the conductivity of the composite
electrode, enhanced the ability of the electrode to absorb and
hold electrolyte, and provided compressibility and elasticity
to the electrode. Researchers have also determined that the
performance of composite electrodes for many electrochem-
ical cells is dependent upon the particle size and shape of the
carbon additive. Studies have shown that the conductivity of
various composite electrodes significantly increases as par-
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ticle size decreases [6-8]. Though carbon blacks are typi-
cally selected because they most closely satisfy the
application requirements, graphite powders and carbon fibers
have also been used as conductive additives [9-11]. The
impact of different types of carbon black additives on elec-
trolyte absorptivity of MnO, was also studied [12-15]. It
was learned that the structure of carbon black significantly
influences the absorption capacity of the composite cathode
(high structure carbon blacks absorbing more electrolyte),
and, in turn, influences the overall capacity of the cell
(increased capacity with increased electrolyte absorption
capability).

Solid cathodes of lithium cells are composite electrodes
which also use carbon materials as an additive. In the case of
Li/MnO;, cells, carbon is added to the cathode primarily to
enhance electrical conductivity, because cathode electrical
conductivity is thought to be the main factor influencing
battery performance [7,16-20]. Carbon black has been the
only type of carbon additive studied for use in the Li/MnO,
system precisely because it is highly conductive. The scope
of these studies is limited to the type of carbon black and the
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volume fraction required to reach optimum MnO, cathode
conductivity. Further, the correlation of cathode lectrolyte
absorption with the lithium cell capacity has not been made
and comparative studies of carbon black with other carbon
materials have not been conducted in the lithium system. This
work shows that carbon filaments, because of their high
aspect ratio and their shape, greatly improve MnO, cathode
absorptivity. The improved cathode absorptivity, as opposed
to cathode conductivity, was found to result in significant
increases in capacity in the lithium/MnQO, cell.

With the caron black technology, binders such as
Teflon™ are necessary to provide sheapeability and forma-
bility to the MnO, cathode. They are, however, passive and
take up space which could be occupied by the active material,
namely the MnO,. The efforts toward improving the MnO-
cathode for optimum lithium cell performance using carbon
black as the conductive additive are lacking in depth relative
to binder technology. In this work, carbon filaments, which
replace the carbon black, also serve as the binder, so that the
need for a conventional binder is eliminated. Further, the
carbon black used in the current technology is highly struc-
tured as well as highly porous, so that composite MnO, cath-
odes using carbon black, although highly conductive, resist
compaction. Therefore densification of composite MnO,
cathodes is limited, which, in turn, limits energy density capa-
bility. As shown in this work, improvements in cathode com-
pressibility, bindability and miniaturizability can be made by
substituting carbon filaments for carben black as the additive
in the MnO, cathode.

Some battery applications, in particular medical implant-
able applications, require a characteristic discharge curve so
that physicians have end-of-life indication early enough to
explant and replace life-sustaining devices such as the cardiac
pacemaker. The discharge curve may take the form of a step-
wise running voltage, or it may have a gentle slope to end-
of-life such that the decreasing running voltage as a function
of capacity near end-of-life is long cnough to allow time to
make the explantation determination. In the MnO, system of
the current technology (using the carbon black as the con-
ductive additive), the characteristic discharge curve is too
abrupt near end-of-life, due to the severe polarization of the
composite cathode at end-of-life, that use as a medical
implantable power source is impractical. In this work, carbon
filaments were used as the conductive additive in stead of
carbon black. Their use decreased cathode polarization and,
in turn, favorably altered the appearance of the discharge
curve at end-of-life, offering opportunity for use of the
Li/MnO, system for applications requiring end-of-life
indication.

Carbon filaments are a recent technological development
offering potential for use in battery electrodes [21-24). They
are submicron in diameter (typically ~0.1 wm) and are
grown catalytically from carbonaceous gases [25-27]. They
are commercially available through Applied Sciences Inc.

(Cedarville, OH). The carbonaceous gas for growing carbon
filaments is usually carbon monoxide or a hydrocarbon, such

as methane, various aliphatics, olefins and aromatics [28-
34]. Since carbon filaments are small in diameter and exhibit
high aspect ratio and high electrical conductivity, fabrication
of dense electrodes with high surface area, good electrolyte
absorptivity, high electrical conductivity, and good mechan-
ical integrity is possible, as shown in this work. Further, as
shown in this work, the high aspect ratio of carbon filaments
provides mechanical connectivity within the electrode, allow-
ing them to substitute passive electrode binders, such as
Teflon™, that are currently used in composite electrodes. An
objective of this paper, therefore, is to improve the state-of-
the-art Li/MnO, cell (which uses carbon black as the con-
ductive additive in the MnO, cathode) by increasing the
energy density (i.c., increasing the cathode packing density)
and making the drop in potential toward the end-of-discharge
life more gradual (for implantable and other applications
requiring end-of-life indication). A related objective is to
investigate the use of carbon filaments in stead of carbon
black as the conductive additive in the MnO, cathode, and
simultancously in stead of Tefon™ as the binder in the MnO,
cathode. Another related objective is to compare carbon black
and carbon filaments in terms of their mechanical and elec-
trical connectivity when in the form of a compact with MnO,.
A final objective of this paper is to determine the material
parameters that govern the discharge performance of the Li/
MnO, cell with carbon as the conductive additive in the MnO,
cathode.

Since the main purpose of the carbon material in Li/MnO,
cells is to enhance the conductivity of the cathode, the elec-
trical properties of the carbon material are important, The
contact resistivity between adjacent units of the carbon and
between carbon and the cathode material must be low. For
this purpose, the surface of the carbon should not be covered
by contaminants which are not good conductors. Carbon fil-
aments, because of their manufacturing process, are covered
with a tarry contaminant (mostly aliphatic hydrocarbons)
that affects their electrical properties. Solvents are effective
in removing filament contaminants [35]. The impact of sol-
vent cleansing on cell discharge performance, however,
requires investigation. This work demonstrates dramatic
improvements in discharge capacity by using solvent
cleansed carbon filaments as the conductive additive to
Mno:.

Surfactants are another means by which to treat materials
when attempting to enhance wetting by an electrolyte. The
term ‘surfactant’ is generally understood to refer to long-
chain molecules containing hydrophilic and lipophilic moi-
eties, that is, amphiphilic or soap-like structures [36]. In this
case, the surfactant is adsorbed onto filaments during the
chopping process, serving to significantly modify interfacial
properties at low bulk solution concentrations. Consequently,
the surface energy of the filaments is lowered, allowing better
wettability by the electrolyte, and therefore absorptivity of
the cathode. Pluronic, which was used in this work to treat
the carbon conductive additives, is a difunctional block
copolymer surfactant terminating in primary hydroxyl
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groups. It is nonionic and is 100% active. Surfactant treatment
of carbon conductive additives is virtually unstudied, even in
the current carbon black technology. This work demonstrates
substantial improvements in not only the new carbon filament
conductive additive application, but also to the state-of-the-
art carbon black technology. Therefore, another objective of
this paper is to investigate the effect of surface treatment of
the carbon conductive additive on Li/MnO, cell performance
and on the MnO, cathode’s packing density (which relates
to energy density), electrolyte absorptivity and electrical
resistivity.

Since carbon is the conductive medium in the MnO, cath-
ode, its volume resistivity, which decreases with increasing
crystallinity, must be low. Just enough carbon must be present
to provide the necessary conduction to the composite cathode
and yet prevent polarization of the MnO, particles. Polari-
zation is known to occur at too high a carbon coatent [3-
6,13]. To achieve a continuous electrical network, the size,
aspect ratio and degree of dispersion of the carbon and the
amount of the carbon added to the cathode material are impor-
tant as well. Continuity is enhanced by a small size, large
aspect ratio, high degree of dispersion and large carbon vol-
ume fraction. Chopping of the filaments is a means of con-
trolling these parameters [ 35]. Various media can be used to
chop the filaments, but the effects of the chopping medium
on cell discharge performance need to be studied. This work
demonstrates that different capacities are achieved using dif-
ferent chopping media primarily because the absorptivity of
the composite MnO, cathode is related to the chopping
medium used.

The MnO, cathode material was chosen for study because
itis well characterized due to its use in commercial cells prior
to its use in lithium cells. MnO, exists as a natural ore and as
a synthetic material. Since the supply of high quality natural
ore MnO, is decreasing, battery manufacturers are relying
heavily on the synthetic version which is produced either by
chemical or electrolytic means. The physical, chemical and
electrical properties of MnO, are dependent upon the manu-
facturing process. For example, electrolytic production
results in good porosity and high depolarizing characteristics,
while chemically produced MaO, has high activity.

The Li/MnQ, discharge process has been studied by Ikeda
and co-workers who proposed that MnO, is reduced from the
tetravalent to the trivalent species as follows:

Li* +e” +MnO,~MnO,(Li) (n

The indication is that, upon discharge, lithium cations diffuse
into the MnO, lattice [37]. Performance is dependent upon
the crystalline state, level of hydration and activity of the
MnO, [38]. Today, Li/MnO, cells, in flat button or cylin-
drical shapes, are sold commercially for use in watches, cal-
culators, cameras and for applications requiring memory
back-up. Improvements in energy and cell reliability have
contributed to their introduction into the implantable device
industry [39]. Researchers, however, are still working to
resolve the abrupt end-of-life for this system. Typically,

B./lnoz cathodes use carbon black (mean particle size of 500
A and an aspect ratio of 1) as the conductive additive (opti-
mized concentration between 30 and 40% by volume) [11].
The composite cathode may be fabricated in either of two
ways. One method (used in this study to assess the effect of
the conductive additive on discharge performance) is to dry
mix the cathode constituents followed by pressing to form
plates or pellets. The second (used in this study to assess the
impact of conductive additive on cathode abscrptivity) is to
prepare a paste from the cathode mix and then pressing the
mixture onto a current collector which also serves as a sup-
port. This method is commonly used to produce rolled anode
and cathode assemblies. The advantages of the Li/MnO,
technology include high energy density and high voltage,
excellent discharge characteristics, wide operating tempera-
ture range, superior storage characteristics and a high degree
of stability and safety [40].

The effective use of carbon as an additive to MnQ, cath-
odes of lithium cells requires proper choice of numerous
material narameters, particularly electrical conductivity, elec-
trolyte absorptivity and compactability. The relative impor-
tance of these parameters have not been assessed for any form
of carbon in the MnO, cathode used in the lithium cell. This
paper provides carbon filament surface treatment and chop-
ping techniques that are important for the effective use of
carbon filaments in solid cathode lithium cell applications.
Of practical significance is the finding that the use of carbon
filaments in stead of carbon black provides increased dis-
charge capacities for an MnO, cathode and witha more gently
sloping discharge curve for use in applications requiring end-
of-life indication. This work discloses that the main origin of
the increased capacity was the increased electrolyte absorp-
tivity and not the cathode electrical conductivity.

2. Experimental

Two types of carbon filaments were obtained from Applied
Sciences Inc.: (i) ADNH of filament diameter 1500 A and
density 2.0 g/cm®, and (ii) HT9 of filament diameter 500 A
and density 2.0 g/cm’. Both as-received filament types dis-
play lengths in excess of 100 wm. The carbon filaments were
evaluated (i) as-received, (ii) after cleansing and chopping
in a solvent, (iii) after cleansing in a solvent and then chop-
ping in water, and (iv) after cleansing in a solvent and then
chopping in water containing a surfactant. Cieansing was
accomplished by immersing in either acetone or methylene
chloride (reagent grade) while stirring using a stirring plate
[35]. Chopping was achieved by blending using a rotary
blade blender. Surfactant treatment was performed by dis-
solving 0.029 g of Pluronic obtained from BASF Corporation
(Parsippany, NJ) in one liter of water. A portion of the
solution was used to chop the filaments, whereas the carbon
black was immersed in another portion of the solution while
stirring using a stirring plate. The carbon black studied was
Shawinigan acetylene black obtained from Chevron (Hous-
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ton, TX) and of mean particle size 500 A and density 2.05
g/cm’. The effects of surfactant treatment of carbon black
were compared to the current technology. Cleansing and sur-
face treatment of the carbon additives were conducted prior
to mixing with MnO,. Except for the acetone cleansed ADNH
chopped in water (which was allowed to air dry in a low
humidity environment of less than 1% RH overnight), the
cathodes were dried at 140 °C after pressing for a minimum
of 6 h.

For discharge testing, the carbon filaments (the conductive
additive) were dry mixed with the cathode material MnO,
(an International Comrnon Sample, Japan, 1.C. No. 21, elec-
trolytic MnQ,, particle size ranging between 2 and 10 pm,
density of 5.0 g/cm®) in a car ped glass vial (25.4 mm diam-
eter by 76.2 mm length) for 1 min using a Crescent Wig-L-
Bug shaker prior to compaction at 21 MP2 to {urm a plate
{1168 mm diaineter). The volume fractions achieved ranged
between 10 and 25% depending on filament treatment. Fila-
ment/MnQ, cathodes were fabricated and discharged with
and without a Teflon™ binder. All carbon black/MnO, cath-
odes were fabricated and discharged with Teflon™ binder.
{Carbon black/MnO, cathodes without Teflon™ were not
handleabte.) In the Teflon™ containing cathodes, 8.2 wt.%
carbon, 9.8 wt.% Teflon™ and 82 wt.% MnO, (a ratio of
1:10-0.8 carbon:MnO,: Teflon™) were used. Those without
Teflon™ contained 9.09 wt.% carbon and 90.9 wt.% MnO,
(a ratio of 1:10 carbon:MnQO,). Note that for the sake of
comparing the performance of the carbon material, the carbon
weight in both the Teflon™ and no Teflon™ cases was fixed
at 1/10that of the MnO, cathode material. During dry mixing
using the Wig-L-Bug shaker, the vial containing the carbon
and the MnO, was placed horizontally in the shaker arm and
rocked along the longitudinal axis of the vial forming a
1 120° angle. The vial was allowed to settle before opening
to prevent particles from becoming aitborne. (Since the car-
bon filaments are of such small size, researchers have
expressed concern regarding their potential health hazard if
inhaled.)

Effectiveness of the filaments as electrode materials was
assessed by constant current, plate-to-plate discharge testing
in an electrolyte comprising one molar lithium hexafluoroar-
senate salt in a 50:50 solution of propylene carbonate/dime-
thoxyethane solvent. Apparatus and discharge parameters are
described in acompanion paper [41]. The discharge capacity
was calculated per gram of MnQ,. Discharge data were col-
lected and evaluated on two samples for each trial except for
the as-received ADNH (six trials), as-received H79 (three
trials) and chopping duration studies (one trial).

Electrolyte absorptivity was measured as described in Ref.
[41]. The cathodes were fabricated using 8 wt.% carbon, 10
wt.% Teflon™ and 82 wt.% MnO, from a wet slurry of
isopropyl alcohol in water containing a suspension of
Teflon™ particles.

The electrical resistivity of the composite cathode (as a
function of the carbon additive used) was measured using
the four-point probe method [41,42]. The test fixture is

shown in Fig. 1. Current () was applied using a Lakeshore
power source. Voltage (V) was measured with a Keithley
electrometer. The design incorporates a perforated plastic
surface mount through which four wires were secured.
Attached to the ends of the wires were alligator clips for
connecting to the power source and the electrometer. The two
inner wires were placed a known distance (!) apart. The
potential developed across these two wires was measured as
current was passed through the end wires. The electrical resis-
tivity was measured by placing the cathode on the four wires
and weighing it with a Mylar® insulated steel block to ensure
good contact between the cathode and the wires.

The density of the cathode was determined by dividing the
weight of the cathode by the volume uf the cathode. Cathode
thickness (used to calculate volume) was measured using a
displacement transducer (Mitutoyo Digimatic) affixed with
an arm to which is mounted a flat disk (diameter 8 mm), as
shown in Fig. 2. The empty case was placed under the trans-
ducer with disked arm to zero. The case was remeved from
the transducer support surface, filled with cathode material,
and the cathode was pressed inside the case at 21 MPa. The

Current
probe
hY

l I I/ Current

A Y

Cathode

Surlace moun}

I

Fig. 1. Setup for the four-point probe method for measuring electrical
resistivity of MnO, composite cathode plates.

Dial indicator

Digimatic arm

Circular disk
Cathode

Case

\ | =1/ Supporting surface

Fig. 2. Setup for packing density measurement of MnO, composite cathede
plates.
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assembly was returned to the transducer, the disked arm low-
ered to the cathode surface (no pressure was applied by the
transducer) and the thickness of the cathode recorded.

Carbon material electrochemical performance was
assessed by cyclic voltammetry (CV) using the method
described in Ref. [35]. The carbon filaments were packed
into the cavity of a purchased BAS holder normally used for
carbon paste at a pressure of 10 MPa without the use of any
binder, whereas carbon black was packed into the holder with
mineral oil as the binder. (Without the binder, the carbon
black dislodges from the electrode cavity during CV.) The
circularcarbon filament electrode had a surface areaof 0.0792
cm?®. The rate constant for electron transfer (k,) was used to
compare the electrochemical performance of the carbon addi-
tives [35]. An aqueous solution was selected over an organic
solution for this phase of study because aqueous systems are,
in general, more conductive than organic systems allowing
faster scan rates and, in turn, more efficient experimentation
and evaluation of results. Even though the electrochemical
response may be different in aqueous solutions than in
organic solutions, the comparative information obtained rel-
ative to the effect of carbon type and treatment on electro-
chemical performance can be used to interpret performances
achieved in electrochemical cells (such as battery electrodes)
regardless of the electrolyte used.

3. Results

The two types of carbon filaments, H79 and ADNH, were
obtained from Applied Sciences Inc. The differences in fila-
mentshape and size are givenin Ref. [41]. (ADNH filaments
were relatively straight, substantially larger in diameter,
~ 1500 A, and less crystaltine in nature in comparison to the
H79 filaments which were more curved, twisted and smaller
in diameter, ~500 A.) Carbon black, with which the fila-
ments were being compared, was spherical in nature with a
mean diameter of 500 A, X-ray diffraction demonstrated that,
in contrast to the carbon filaments, the carbon black used to
complement this study was absent of the 002 graphite peak.

MnO, cathode plates fabricated with ADNH carbon fila-
ments as the conductive additive in stead of carbon black
generally displayed a higher cathode resistivity (Table 1),
even though filament compacts without MnO, displayed
resistivities lower than those achieved by the carbon black
compacts (Table 2). The higher filament/MnO, cathode
resistivities, however, did not compromise discharge per-
formance. Rather, under certain conditions, significantly
higher capacities than those using carbon black were
achieved, while the OCV and CCV of the test assemblies
were equivalent to or higher than those with carbon black.

Because of their clinginess, the filament clusters were dif-
ficult to separate into individual filaments, thus affecting fil-
ament distribution in the MnQ, cathode. A previous study
demonstrated that chopping of the filaments in a liquid
medium using a rotary blade blender shortened the length of

the ADNH filaments [35}. In the case of ADNH, cleansing
of the filaments in acetone, whether (i) followed by chopping
in water and then drying, (ii) followed by chopping in water
containing Pluronic, or (iii) followed by choppingin acetone,
significantly increased the cathode's electrolyte absorptivity
and absorption rate, whicti, in turn, resulted in a significant
increase in the discharge capacity (Table 1). Acetone cleans-
ing followed by chopping in water (but without oven drying),
lowered the cathode volume resistivity, although it had linle
effect on the absorptivity. rate of absomticz or capacity
(Table 1). A chopping duration of 1 min in acetone was
found to be better than 3 min for attaining high absorptivity
and high rate of absorption and hence high capacity. Exces-
sive chopping (as for 3 min of chopping in acetone)
decreased absorptivity and rate of absorption (and hence
decreased capacity), while increasing resistivity (and hence
decreasing the OCV and the CCV) due to excessive short-
ening of the filaments. Cleansing and chopping ADNH in
methylene chloride was not as effective as doing the same in
acetone.

In the case of H79, cleansing and chopping in methylene
chloride for 1 min resuited in equivalent absorptivity and rate
of absorption (and hence equivalent capacity) compared to
as-received carbon black and as-received ADNH cathodes.
(A previous study disclosed cleansing in acetone to be inef-
fective for H79 [35).) The OCV and CCV values of the 1
min methylene chloride chopped H79 were significantly
lower than those of the 3 min meshylene chloride chopped
H79; this is related to the higher resistivity of the former.
Increasing the chopping time from 1 to 3 min is believed to
facilitate filament distribution throughout the cathode, which,
in turn, resulted in lower cathode resistivity and increased
OCV and CCV. The absorptivity and absorption rate, how-
ever, were decreased (due to the reduced aspect ratio of the
filaments), and therefore capacity also decreased.

The composite cathodes using cleansed H79 carbon fila-
ments (chopped for 1 min) gave capacity that was compa-
rable to the as-received carbon black counterpart, due to their
comparable electrolyte absorptivity and rate of absorption
(in turn, due to their similar unit size, 500 A, and hence pore
size). However, the capacity was lower than as-received car-
bon black when chopped for 3 min due to a decrease in
cathode absorptivity and rate of absorption; in spite of this,
OCV and CCV were higher than as-received carbon black
when chopped for 3 min, due to the decreased resistivity,
presumably resulting from more homogeneous distribution
of the H79 filaments attained with 3 min chopping thaa with
1 min chopping. Use of H79 in stead of carbon black had no
effect on cathode packing density. Capacities for the H79
containing cathodes were lower compared to cleansed and
treated ADNH because of the lower cathode absorptivity and
rate of absorption of the H79 cathodes.

Pluronic treatment of carbon black greatly increased the
cathode’s electrolyte absorptivity and rate of absorption, and
hence the capacity, while the resistivity was decreased, thus
causing OCV and CCV to increase (Table i). Acetone
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Table 2
Electrical resistivity of carbon filaments at 7 MPa pressure, from Ref, [35).

Filament type Condition Density (g/cm®) Resistivity (Q cm)
ADNH As-received 0.562 0.041
ADNH Acetone cleansed 0632 0.020
ADNH Acetone cleansed, Pluronic treated 0.747 0.066
HT9 As-received 0.795 0.106
H79 Acetone cleansed 0.733 0.109
H79 Methylene chleride cleansed 0.889 0.086
Carbon black As-received 0618 0.069
Carbon black Pluronic treated 0615 0.046

cleansed ADNH carbon filaments chopped for 1 min in ace-
tone produced higher OCV and CCV than carbon black (as-
received or Pluronic treated), but lower cathode packing
density.

Surface cleansing and chopping of the filaments favorably
impacted achieved capacities. The effect, however, is related
to the increased electrolyte absorptivity and rate of electrolyte
absorption of the cathode and not the decreased cathode resis-
tivity. For example, the electrical resistivity of the cathode
using ADNH chopped 3 min in acetone was ten times greater
than the as-received carbon black counterpart, yet achieved
almost 60 mAh/g MnO, more capacity than the as-received
carbon black counterpart (Table 1). Only in the case of sur-
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Rate of (9 to/g min)

Fig. 3. Plot of cathode electrolyte absorption characteristics: (a) Capacity
vs. cathode electrolyte absorption, and (b) capacity vs. cathode electrolyte
absorption rate.

factant treatment of the carbon filaments was composite cath-
ode electrical resistivity low and absorptivity high. Almest
80 mAh/g MnO, more capacity was achieved with surfactant
treatment of the filaments than that achieved with the as-
received carbon black counterpart (Table 1). The relation-
ship between achieved capacity and electrolyte absorption
and that between achieved capacity and electrolyte absorption
rate are shown in Fig. 3 for all the carbon types studied. Table
1 and Fig. 3 clearly demonstrate that the main factors related
to a high capacity are cathode electrolyte absorptivity and
electrolyte absorption rate, not cathode conductivity.

There are other advantages than just capacity improve-
ments associated with using carbon filaments in place of
carbon black as the conductive additive to MnO, cathodes.
Both end-of-life indication and energy density are improved.
With respect to end-of-life indication, Table 3 and Fig. 4
show that the discharge curve displays a more gentle slope
near end-of-life with carbon filaments compared to carbon
black. This means that cathodes using carbon filaments are
conducive for use in applications requiring end-of-life indi-
cation, such as the implantable cardiac pacemaker. The end-
of-life character of the discharge curve is shown in Table 3
in terms of the change in capacity upon changing the cutoff
voltage from 2.5 to 1.5 V. The change in capacity for ADNH
carbon filaments ranged between 40 and 90 mAh/g MnO,
(Table 3). Carbon black containing cathodes, even with treat-
ment, displayed capacity changes below 25 mAh/g MnO,
(Table 3 and Fig. 5). However, for both ADNH and H79,
the change in capacity decreased when the chopping time
increased from 1 10 3 min. Thus, it is concluded that a large
aspect ratio for the carbon additive unit is one factor desirable
for achieving good end-of-life indication. A second factor,
and probably the more important, is the electron transfer rate
of the conductive additive. As shown by the CV data in
Table 4 and Fig. 6(a), as-received ADNH displayed irre-
versible electrochemical behavior. After acetone cleansing
and chopping in acetone (Fig. 6(b)), a more reversible elec-
trochemical response was obtained with a calculable reaction
rate constant. Carbon black, on the other hand, displayed
irreversible performance even with Pluronic treatment,
though the Pluronic treatment helped (Table 4 and Fig. 7).
The ability to transfer electrons rapidly prevents charge build-
up by the cathode and therefore inhibits abrupt end-of-life. A
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Table 3
Discharge end-of-life characteristics of MnO; cathodes with Teflon

Carbontype  Carbon treatment Capacity (mAh/g MnO,) ( £25) Change in capacity for cutoff
voltages between 2.5t0 1.5 V
025V 020V tolSV (mAh/g MnO,) (£5)
ADNH As-received 103 139 158 52
ADNH Acctone cleansed, chopped in water® 112 140 153 41
ADNH Acetone cleansed, chopped in water 165 206 28 63
ADNH Acetone cleansed, Pluronic treated 171 213 237 66
ADNH Acetone cleansed, chopped 1 min 147 207 236 89
ADNH Acetone cleansed, chopped 3 min 143 191 218 75
ADNH Methylene chloride cleansed, 163 192 207 4
chopped | min
H79 As-received 52 3 79 27
H79 Methylene chioride cleansed, 102 139 152 50
chopped 1 min
H79 Methylene chloride cleansed, 79 95 103 24
chopped 3 min
Carbonblack  As-received 130 136 139 9
Carbonblack  Pluronic treated 190 203 214 29

* Diried overnight in an environmentally controtled room with < 1% RH. All others dried at 140 °C for a minimum of 6 h.

high absorptivity or a high rate of absorption per se (as in the
case of Pluronic treated carbon black) did not necessarily
result in good end-of-life indication (Tables 1 and 3). The
cathode resistivity did not correlate with the end-of-life char-
acter (Tables 1 and 3).

Of the treatments to ADNH that resulted in dramatic capac-
ity improvements, (i) acetone cleansing and chopping n
water with Pluronic, and (ii) acetone cleansing and chopping
in water plus drying, additionally increased the packing den-
sity of the MnO, cathode ( 1% and 33% higher respectively,
Table 1). Only aslight increase in packing density (2%) was
realized with the Pluronic treated carbon black. The resistance
to compaction duc to the structure of the carbon black over-

shadowed any significant densification that might be realized
by the surfactant treatment of the carbon black. Acetone
cleansing and chopping in water with Pluronic and acetone
cleansing and chopping in water plus drying also made pos-
sible the fabrication of cathodes with higher carbon volume
fractions. A higher carbon volume fraction contributed to
lowering the cathode resistivity. In the case of ADNH that
had been acetone cleansed and Pluronic chopped, the cathode
resistivity was near to that achieved by using as-received
carbon black (8 {} cm ADNH and 6 Q cm for as-received
carbon black).

With respect to the energy density, the appropriately
treated ADNH filament/MnQ, cathodes consistently dis-

Yoltage (V)

Copasity (mAlfg MnO2)

Fig. 4. Discharge results comparing composite cathodes madz with: (a) ADNH filaments cleansed and chopped 1 min in acetone; (b) H79 filaments cleansed

and chopped | min in

thyl hioride, and (c) as-recei

ed carbon black as the conductive additive.
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Fig. 5. Discharge results comparing composite cathodes made with: (a) as-received carbon black, and (b) surfactant treated carbon black as the conductive

additive. :
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Fig. 6. Cyclic voltammetry resulis for carbon filaments: () as-received. and
(b) acetone cleansed and chopped.

played higher gravimetric energy densities than those utiliz-
ing as-received carbon black, and the carbon black electrodes
approached the gravimetric energy densities achieved using
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Fig. 7. Cyclic voltammetsy results for carbon black: (a) as-received, and
(b) Pluronic treated.

the treated ADNH filaments when treated with Pluronic
(Table 5). The volumetric energy density of the ADNH fil-
ament/MnQ, cathodes were dramatically improved by treat-
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Table 4

Carbon material cyclic voltammetry results obtained at a potential scan rate of 200 mV/s

Filament type Treatment Anodic peak Cathodic peak 11, Peak separation, AE Rate constant, k,
current density, [, current density, /. (£02) (mV) (+10) (cm/s)
(mA/cm?) (mA/cm) (£0.0005)
(£ 25) (£25)
ADNH As-received 7800 1650 47 530 Irreversible
ADNH Acetone cleansed/ 1680 1450 12 130 0.0082
chopped
Carbon black As-received 9000 8300 NA NA Irreversible
Carbon black Pluronic treated 89 13 6.8 556 ireversible
Table §
Energy densities with percent of theoretical value
Carbontype  Carbon treatment Gravimetric encrgy % of theoretical value  Volumetric energy % of theoretical value
density * (Wh/ density " (Wh/cm')
2){£0.02) (+0.02)
ADNH As-received 0.04 4 045 15
ADNH Acetone cleansed, choppedin  0.33 B 084 7
water ©
ADNH Acetone cleansed, choppedin 048 48 265 86
water
ADNH Acetone cleansed, Pluronic 0.45 45 1.86 60
treated
ADNH Acetone cleansed, chopped 048 47 124 40
| min
ADNH Acetone cleansed, chopped 043 43 1.08 35
3 min
ADNH Methylene chleride cleansed,  0.46 46 1.19 39
chopped 1 min
H79 As-received 0.18 18 043 14
H79 Methylene chloride cleansed,  0.31 3 113 37
chopped 1 min
H79 Methylene chloride cleansed, 023 n 0385 28
chopped 3 min
Carbonblack  As-received 042 42 1.57 51
Carbonblack  Pluronic treated 049 49 1.87 61

* Theoretical gravimetric energy for Li/MaO, is 1.001 Wh/g for a theoretical voltage of 3.5 V, from Ref. [38].
" Theoretical volumetric encrgy dcnsny for Li/MnO, is 3.084 Wh/cm* for a theoretical voltage of 3.5 V, from Ref. [38].

¢ Dried

ightin an en Iy ¢

ing the filaments with a <urfactant or acetone cleansing
followed by chopping plus drying (Table 5). The improve-
ment in volumetric cnergy density is attributed to the
improved cathode packing density (Table 1) obtained with
these treatments. In the case of acetone cleansing with chop-
ping plus drying of the filaments, 25% more energy density
by volume was achieved over even the Pluronic treated car-
bon black technology (Table 5). Further, the volumetric
energy density achieved with ADNH that had been cleansed
in acetone, chopped in water and then dried was 86% of
theoretical (Table 5), whereas that of the as-received carbon
black containing cathode was 51% of theoretical, and the
Pluronic treated carbon black containing cathode was 61%
of theoretical.

An added bonus to the carbon filament technology is that
MnO, cathode plates using ADNH did not require binders

lled coom with < 1% RH. All athers dried at 140 °C for a minimum of 6 k.

for handleability and shapeability. Because of the filaments®
clinginess to each other and their high aspect ratio, MnO,
particles were held in place by the random orientation of the
carbon filaments, which formed a web, effectively entrapping
the MnO, particles between them. This is shown in Fig. 8(b).
The highly structured, porous carbon black, although spread-
able, thus providing better electrical connectivity, was unable
to hold the MnO, particles in place. A binder, such as
Teflon™, was required to provide asticky backbone to which
the carbon black and MnO; particles cling. Fig. 8(2) shows
the carbon black/MnO,/Teflon™ cathode. The end-of-life
appearance of the discharge curve using carbon filaments and
no Teflon™, as shown in Fig. 9, is unaffected by the absence
of the Teflon™ binder. Additionally, as shown in Table 6
cathode packing density and volumetric energy density were
increased an additional 10% by using no Teflon™
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Fig. 8. Scanning electron mi pe photographs of composite cathodes
made with: (a) as-received carbon black, and (b) ADNH carbon filaments
as the conductive additive.

4. Discussion

To be useful for applications requiring end-of-life indica-
tion, battery discharge curves must display a gradual change
in voltage as a function of time so as to alert users of a time
interval within which replacement can be made. The change
in voltage can display itself as a series of declining running
voltages 50 as to create steps in the discharge curve or the
voltages near end-of-life can show a gradual decline in run-
ning voltage over a long period of time (for implantable
devices, 6 months is the accepted time interval to replace-
ment). In the Li/MnO, system, where carbon black is typi-
cally used as the cathode conductive additive, the abrupt and
rapid decline in running voltage at end-of-life precludes its
use for these applications. In this work, substitution of carbon
black with ADNH carbon filaments produces a discharge

Table 6

ison for ADNH filament/Mn©, cathodes with and without Teflon

capacity p

"

Di

Cathode Cathode

Volume percent

carbon

(%)

Cathode packing

density

Volumetric energy

density ®

Gravimetric energy

density *

Capacity to 2.0V

Carbon treatment

Carbon
type

Rate of absorption
(g/g cathode in 15 s)

(£05)

absorptivity

sesistivity
(Qem)

(x5)

(mAh/g MnO;)
(£25)

(g/g cathode)
(x0.5)

(£0.2)

(g/cm®)
(+£0.02)

(+0.02)

{Wh/cm®)

(Wh/g)
(+£0.02)

2148

61.5

58

10.5

048 1.24

207

chopped I min

with Teflon

Acetone cleansed,
Acetone cleansed,

ADNH

217.9

66.6

60

ERE

0.52

203
chopped 1 min

no Teflon

ADNH

* Theoretical gravimetric =nergy density for Li/MnO, is 1.00} Wh/g for a theoretical voltage of 3.5 V, from Ref. [38].
® Theoretical volumetric energy density for Li/MnQ, is 3.084 Wh/cm® for a theoretical voltage of 3.5 V, from Ref. {38].
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Fig. 9. Discharge results comparing composite cathodes made with acetone cleansed ADNH carbon filaments chopped 1 min: (a) with teflon, and (b) without

Teflon binder.

curve with a gentle slope at end-of-life. Furthermore, dis-
charge capacities exceed those achieved by the state-of-the-
art carbon black technology. The primary factor contributing
to these results is associated with the electron transfer rate of
the carbon filaments with some contribution being made by
the shape of the carbon filaments. Their high aspect ratio
produces a channel-like pore structure within the MnO, cath-
ode that facilitates flowability of electrolyte into the cathode.
This easter flow of electrolyte allows a larger quantity of
electrolyte to be held by the cathode and the rate of absorption
of the electrolyte into the cathode to be higher. The availa-
bility of electrolyte to promote ionic conduction and the abil-
ity of the carbon filament to rapidly transfer electrons
decrease the degree and rate of cathode polarization, thereby
extending the usable life of the cathode and yielding a dis-
charge curve with a gently sloping end-of-life. The impor-
tance of electrolyte absorptivity and rate of electrolyte
absorption is in contrast to the currently accepted belief that
cathode conductivity is the overriding factor contributing to
the Li/MnO, cell performance. Cathode absorptivity and rate
of absorption also proved to be governing factors for carbon
black containing cathodes.

The performance of the Li/MnO, cell is described by the
OCV, CCV, capacity, energy density {gravimetric and vol-
umetric) and gradualness of the discharge curve toward end-
of-life. This work shows that the use of appropriately treated
ADNH carbon filaments in stead of as-received carbon black
(state-of-the-art carbon black) resulted in comparable OCV
and CCV, higher capacity, higher energy density (both grav-
imetric and volumetric) and improved gradualness of the
discharge curve toward end-of-life. The improved gradual-
ness toward end-of-life makes possible the use of the Li/
MnQ, cell for applications (such as implanted medical appli-
cations) that require an indication of the approach to end-of-

life. Even with Pluronic treated carbon black, this is not
possible. However, with appropriately treated ADNH carbon
filaments this is possible.

The origin of the high volumetric energy density achieved
by using the ADNH carbon filaments is in the high packing
density of the cathode and the high capacity. The origin of
the high capacity is the cathode s high electrolyte absorptivity
and rate of electrolyte absorption, The good absorption char-
acteristics are in turn due to the channel-like shape and large
size of the pores in the cathodes. The origin of the high
packing density is the small diameter of the carbon filaments
(0.15 pm for ADNH) compared to a particle size of 2-10
nm for the MnO,, and the effectiveness of the filament sur-
face treatment in removing surface contaminants (polyaro-
matic hydrocarbons {35]) and filament length reduction
(clustering tendency reduction).

The origin of good end-of-life indication is the alleviation
of polarization in the cell. The polarization alleviation is in
turn due partly to a high electron transfer rate at the carbon
surface and partly to the cathode’s high rate of electrolyte
absorption and high electrolyte absorptivity, as the ease of
clectron transfer and of clectrolyte flow avoids local charge
build-up. For Pluronic treated carbon black, the absorption
characteristics are as good as those of the filament cathodes,
but the electron transfer rate is too low for avoiding polari-
zation, so good end-of-life indication is not possible. There
may still be other factors that govern the end-of-life character,
but the cathode resistivity is not a major factor (in contrast
to the common belief that a low resistivity helps reduce polar-
ization). This work provides some but not all the factors.

The surface treatments that gave best overall performance
to the Li/MnO, cell with ADNH carbon filaments were (i)
acetone cleansing followed by chopping in water containing
Pluronic, (ii) acetone cleansing followed by chopping in
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water and then oven drying, and (iii) acetone cleansing and
chopping in acetone for | min. The second treatment is attrac-
tive in giving the highest volumetric energy density; the third
treatment is attractive in giving the best end-of-life indication
and the highest OCV and CCV:; the first treatment is attractive
in giving the next-to-highest volumetric energy density as
well as the next-to-best end-of-life indication. All three treat-
ments are similar in terms of cost and in the step of acetone
cleansing and the step of chopping, though they differ in the
acetone for chopping. Acetone cleansing serves to remove
the surface contaminants (polyaromatic hydrocarbons
{35]). Chopping serves mainly to help break up the filament
clusters and reduce filament length, particularly if it is done
for too long. The use of water as a chopping medium requires
subsequent oven drying. The use of surfactant changes the
surface functional groups on the carbon filaments, thereby
allowing the filaments to pack more intimately with the
MnO,. This intimacy not only serves to increase the packing
density, but serves to decrease the contact resistivity between
carbon and MnO,, thus enhancing the ease of charge transfer.
If acetone is used as the chopping medium, no drying or
surfactant use is needed.

The use of H79 instead of ADNH carbon filaments gave
lower capacity (due to much lower absorptivity and much
lower rate of absorption) and poorer end-of-life indication
(due to alow electron transfer rate and poor absorption char-
acteristics). The poor absorption characteristics are due to
the small pore size, which is due to the small diameter of H79
compared to ADNH. Methylene chloride cleansing of H79
serves to remove the contaminant (polyaromatic hydrocar-
bons) on the filament surface [35]; acetone cleansing is not
effective for H79 [ 35]. In spite of the cleansing and chopping
in methylene chloride, H79 performed poorly.

This work shows that Pluronic treatment of carbon black
greatly improves the Li/MnO, cell performance for cells that
use carbon black as the conductive additive. The improve-
mentis interms of increased OCV, CCV, capacity and energy
density (both gravimetric and volumetric). The increased
OCV and CCV arc duc to the decreased resistivity. The
increased capacity is due to the cathode’s increased electro-
lyte absorptivity and rate of electrolyte absorption. The
increased energy density is due to the increased packing den-
sity and increased capacity.

A low cathode resistivity is valuable not only in increasing
OCV and CCV, but also for reducing the Joule heating of the
cell during use. The heating reduction is desirable for enhanc-
ing the safety of the cell.

The electrical resistivity of the cathode is governed by the
volume electrical resistivities of the cathode components
(i.¢., MnQ; and carbon, particularly the latter), the contact
electrical resistivity between the carbon and MnO,, and the
connectivity of the carbon, Table 2 shows that the carbon
compact without MnO, is more conductive when the carbon
consists of carbon filaments than when the carbon is carboa
black. However, Table | shows that the compact with MnO,
is more conductive when the carbon is carbon black than

when the carbon is consisting of carbon filaments. The effect
in Table 2 is due to the high aspect ratio and high volume
fraction of the carbon filaments; percolation necessarily
occurred since the filaments were the only phase present,
thereby resulting in a low resistivity for the carbon compact.
In contrast, the MnO,/carbon compact of Table 1 contained
up to only 22 vol.% carben. The connectivity of the carbon
depends on the ability of the carbon to spread itsz!f between
the adjacent MnQ, particles. The result of Table 1 implies
that carbon black has better spreadability than the carbon
filaments, due to the porous nature of each carbon black
particle. Table 1 also shows that appropriate treatments of the
ADNH carbon filaments decreased the resistivity of the
MnO,/carbon compact. The most effective treatment
involves acetone cleansing followed by chopping in water
containing Pluronic. This treatment also decreased the resis-
tivity of the carbon compact without MnO, (Table 2). These
effects are because the surface treatment improved the dis-
persion of carbon filaments.

For the sake of comparison, this work fixed the carbon
weight at 1/10 that of the MnO, cathode material for both
carbon black and carbon filaments. Volume fractions varied.
The optimum carbon volume fraction was not determined
and may be different for cathodes with carbon black and those
with carbon filaments.

In general, the filament/MnO, cathodes maintained han-
dleability and shapeability without the use of binders, in con-
trast to carbon black containing cathodes. The filaments
themselves are the binder, effectively entrapping the MnO,
between the weblike structure formed by their random distri-
bution throughout the cathode. The absence of binder further
improves cathode packing density, and therefore volumetric
energy density (Table 6).

5. Conclusions

Substitution of carbon black as the conductive additive to
the Mn0Q, cathode plates with ADNH carbon filaments that
had been acetone cleansed and chopped in water with Plu-
ronic surfactant, or acetone cleansed and chopped in water
followed by drying, resulted in a gradual (not abrupt) decline
in running voltage near cell end-of-life, and required less
cathode volume and no binder for shapeability and handlea-
bility. Less cathode volume translated into higher volumetric
energy density. The factors governing the capacity of the Li/
MnO; system were determined to be electrolyte absorptivity
and rate of electrolyte absorption rather than cathode electri-
cal resistivity, regardless of the carbon additive used. The
factors governing the gradualness toward end-of-life include
a high electron transfer rate across the carbon surface and a
high rate of electrolyte absorption. The MnO, cathode’s elec-
trolyte absorptivity, rate of absorption, packing density, and
volumetric and gravimetric energy densitics were, in tum,
govemed by the surface treatment of the carbon additive. In
the case of carbon black, surfactant treatment was effective
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in improving electrolyte absorptivity, rate of absorption, and
gravimetric and volumetric energy densities. Cathode com-
paction and carbon surface electron transfer rate, however,
were only slightly improved. For ADNH carbon filaments,
solvent cleansing, followed optionally by either chopping
using a surfactant or chopping in water plus drying, was
effective in improving absorptivity characteristics, carbon
surface electron transfer rate and energy densities. Much
higher cell discharge capacities were achieved using ADNH
carbon filaments than by using H79 carbon filaments due to
the former’s higher clectrolyte absorptivity and rate of elec-
trolyte absorption. Though the carbon black compact without
MnO, disptayed a higher volume resistivity than the ADNH
carbon filament compact, the carbon black/MnOQ, compact
exhibited an clectrical resistivity lower than or cquivalent to
that of the carbon filament/MnO, compact. This is attributed
to the spreadability of the carbon black between adjacent
MnO, particles when compressed.
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