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Due to the fact that some electrochemical electrode The primary objective of this work is to investigate the
materials are not conductive electrically, a conductive effect of the type of carbon additive on the electrical
additive is added to the electrochemically active species in resistivity of the MnO cathode. The types of carbon2

forming the electrode [1–6]. An example is manganese include graphitized mesophase pitch, natural graphite,
dioxide (MnO ), which is not conducting and serves as the graphitized carbon filaments (0.1mm diameter, as made2

cathode of various electrochemical cells, including lithium catalytically from carbonaceous gases), carbon filaments
cells. Due to the chemically inert and electrically conduc- without graphitization, and carbon black. These types of
tive nature of carbons, carbon is used as the conductive carbon differ in their particle size, aspect ratio and degree
additive. Among the carbons, carbon black is particularly of crystallinity, so their dispersion, connectivity and effec-
common for this purpose. tiveness as a conductive additive are expected to differ.

Other than the electrochemically active materials and the The secondary objective of this work is to investigate
conductive additive, the electrode contains a binder, which the effect of binder content on the effectiveness of carbons
is commonly a thermoplastic polymer, such as polytetra- as a conductive additive.
fluoroethylene (PTFE, or teflon) and polyvinylidenefl- Previous work has shown that carbon black is more
uoride (PVDF) in the form of particles. The binder serves effective than submicron carbon filaments without graphiti-
to bind the ingredients together to form a shaped object zation as a conductive additive for the MnO cathode [7],2

(such as a disc) that can be handled. The type and amounteven though a carbon black compact without MnO2

of binder are expected to affect not only the bindability, exhibits higher resistivity than a carbon filament compact
but also the distribution of the carbon additive. without MnO [8]. Thus, a low resistivity for a carbon2

compact does not imply a low resistivity for an MnO –2

carbon composite. This is because the resistivity of an*Corresponding author. Tel.:11-716-645-2593x2243; fax:
11-716-645-3875. MnO –carbon composite depends on the dispersion and2

connectivity of the carbon in the midst of MnO particles.E-mail address: ddlchung@acsu.buffalo.edu (D.D.L. Chung). 2

0008-6223/02/$ – see front matter 2002 Elsevier Science Ltd. All rights reserved.
PI I : S0008-6223( 01 )00233-0



448 Letters to the editor / Carbon 40 (2002) 445–467

In spite of the large aspect ratio of a carbon filament, the perpendicular to the plane of the cathode disc by using the
carbon black is superior as a conductive additive, because four-probe method. All four electrical contacts were in the
of the spreadability of carbon black between the MnO form of silver paint in conjunction with copper wire. A2

particles [7]. Because of the difficulty of theoretical current contact in the form of a loop and a voltage contact
prediction regarding the effectiveness of a carbon additive in the form of a dot at the center of the loop were applied
as a conductive additive, an experimental comparative to each of the two circular faces of a disc. Six specimens
study of various carbons for this application is the focus of of each combination of carbon type and binder content
this work. were tested. A Keithley 2001 multimeter was used for

The MnO cathode was prepared by (i) degassing the resistance measurement.2

carbon additive in vacuum at 1508C for 1 h, (ii) mixing the As the resistivity of a disc is expected to decrease with
carbon additive (5 wt.%), the binder (PVDF, 5-mm particle increasing packing density, the density is a relevant
size, either 10 or 6 wt.%), MnO powder (from Aldrich, attribute. The density of a cathode disc was determined by2

Milwaukee, WI, 991%, 60-mm particle size, 85 wt.% measuring the weight and volume of the disc.
when PVDF amounted to 10 wt.%, 89 wt.% when PVDF Table 2 gives the resistivity and density of the 10
amounted to 6 wt.%) and ethanol to form a paste, (iii) different compositions of the MnO cathode. At a binder2

making a foil from the paste, (iv) cutting a disc from the content of 10 wt.%, graphitized carbon filament and
2foil, (v) pressing the disc at a pressure of 30 kg/cm , and graphitized mesophase pitch gave the lowest resistivity,

(vi) drying the disk in a vacuum at 1258C. Step (i) is for while carbon filament without graphitization gave the
removing the adsorbed moisture, oxygen and other volatile highest resistivity. The resistivity of the cathode containing
species from the surface of the carbon. The disc was of natural graphite was quite low, in spite of the low density.
diameter 20 mm and thickness ranging from 3 to 4 mm. The cathode containing graphitized carbon filament ex-
The thickness of each specimen was measured for the hibited lower resistivity than that containing graphitized
purpose of determining the resistivity. mesophase pitch, in spite of the lower density of the

Five types of carbon were used in this comparative former. At a binder content of 6 wt.%, carbon black and
study. They are listed in Table 1 and their basic charac- graphitized carbon filaments gave the lowest resistivity,
teristics are shown there as well. The mesophase pitch was while natural graphite and graphitized mesophase pitch
from Institute of Coal Chemistry, Chinese Academy of gave the highest resistivity.
Sciences, Taiyuan, Shanxi, PR China. The natural graphite At either binder content, graphitization of the carbon
was from Superior Graphite, Chicago, IL. The carbon filaments decreased the resistivity of the MnO cathode,2

filament was from Applied Sciences, Cedarville, OH; its while increasing the density slightly. At either binder
diameter was 0.1mm; its length was at least 100mm. The content, carbon black gave a cathode of lower resistivity
carbon black was Shawinigan acetylene black from Chev- than carbon filaments without graphitization, as previously
ron, Houston, TX; it was made by decomposing a high reported [7].
purity acetylene gas at about 15008C. For all the types of carbon except carbon black, a

Graphitization was performed on the mesophase pitch decrease in binder content increased the resistivity. For all
and the carbon filaments, using a vacuum furnace at the types of carbon, a decrease in binder content increased
28008C. Both carbon filaments with and without graphiti- the density slightly. Thus, except for carbon black, the
zation were investigated. resistivity increased in spite of an increase in density. This

The DC volume electrical resistivity of the MnO effect is attributed to the decrease in the degree of2

cathodes with five different types of carbon additive and dispersion of the carbon as the binder content decreased. In
two different binder contents was measured in the direction other words, the binder helped the dispersion of the

Table 1
The basic characteristics of various types of carbon

C (%) d BET-specific Particle002
˚(A) surface area size

2(m /g) (mm)

Graphitized mesophase 99.90 3.369 5.23 12
pitch
Natural graphite 99.89 3.362 2.75 27
Graphitized carbon 99.70 3.360 26.4 /
filaments
Carbon filaments 99.70 3.367 53.9 /

aCarbon black / / 2.8 0.05
a ˚Pore size518.9 A [7].
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Table 2
Electrical resistivity and packing density of MnO cathodes of various compositions2

Carbon type Binder content Resistivity Density
3(wt.%) (V?cm) (g/cm )

Graphitized mesophase pitch 10 1.7 (65.2%) 2.27 (61.2%)
Natural graphite 10 3.9 (64.3%) 0.79 (61.3%)
Graphitized carbon filaments 10 1.0 (64.7%) 1.41 (61.2%)
Carbon filaments (without 10 21 (64.2%) 1.36 (61.2%)
graphitization)
Carbon black 10 10.2 (65.2%) 1.61 (61.2%)
Graphitized mesophase pitch 6 152 (66.0%) 2.30 (61.4%)
Natural graphite 6 213 (65.6%) 0.82 (61.5%)
Graphitized carbon filaments 6 9.2 (65.7%) 1.44 (61.4%)
Carbon filaments (without 6 29 (65.2%) 1.38 (61.5%)
graphitization)
Carbon black 6 8.9 (65.8%) 1.65 (61.5%)

carbon, except for carbon black, the dispersion of which is resistivity than carbon black. The above conclusions were
related to the spreadability of the carbon black between the for a PVPF binder content of 10 wt.%. A decrease of the
MnO particles. In contrast, the other types of carbon binder content to 6 wt.% increased the resistivity (due to a2

could not spread upon squeezing and, so, their dispersion decrease in the degree of carbon dispersion), and the effect
needed the help of the binder more. was larger for particulate carbons than filamentous carbon,

A decrease in binder content from 10 to 6 wt.% except for carbon black, the spreadability of which en-
increased the resistivity of cathodes with carbon filaments hanced the resistivity and decreased the need for a binder
(whether graphitized or not), but not drastically. On the to help its dispersion.
other hand, the resistivity increased drastically upon de-
creasing the binder content for the cases of graphitized
mesophase pitch and natural graphite. This means that
particulate carbon required the help of the binder for its References
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