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PLASTICIZERS (Polymer-Plasticizer Interactions)

POLYACENIC SEMICONDUCTOR
MATERIALS (Application to
Rechargeable Batteries)

Kazuyoshi Tanaka” and Tokio Yamabe
Division of Molecular Engineering
Graduate School of Engineering

Kyoto University

Shizukuni Yata
Battery Business Promotion
Kanebo Ltd.

The science and technology of carbon allotropy has
recently boomed with the inclusion of such new members as
fullerenes and carbon nanotubes. Such “pure” carbon allo-
trope is interesting in its own right, but marginal members
of the -allotrope are also of interest because they are
expected to show a variety of properties lacked by pure
carbon materials. A simplified diagram of such an “ex-
tended” carbon family, including the conventional polymers

*Author to whom correspondence should be addressed.
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such as polyacetylene and polyethylene, is shown in Figure
1. There is a rather ambiguous region called amorphous
carbon (a-C) near the one-dimensional graphite (1D-G)
line connecting polyacene and graphite.!? The a-C consists
of many fractions of condensed aromatic rings incompletely
grown and is often respected as defective graphite or even
“garbage”. Coal, coke, charcoal, pitch, and others are
classified into a-C and have seldom been considered as
electronic materials that can be compared to graphite.

The polyacenic semiconductor material (PAS) obtained
by the pyrolytic treatment of phenol-formaldehyde resin is
one of the members of this “garbage” group with only
exception that it is used as versatile electronic material that
can be doped and undoped like other electrically conductive
polymers. It can also accommodate bulky and small dopants
in a more stable manner compared with graphite and most
of the conductive polymers. Here we summarize our re-
search on the structures and properties of PAS materials and
application to the electrode material of rechargeable batter-
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ies. We will also discuss the possibility that PAS can be
deeply doped with Li beyond the CgLi stage that is the ideal
value for graphite.

PREPARATION
Normal PAS

Normal PAS samples are prepared by the pyrolysis of
phenol-formaldehyde resin molded beforehand.>* A dia-
gram of the preparation procedure is shown in Figure 2a.
The pyrolytic treatment was performed under a fine tem-
perature control in the range 500°-800 °C in a non-
oxidative condition. The pyrolytic reaction is essentially a
carbonization process consisting of dehydration and dehy-
drogenation, the ideal reaction diagram of which is shown in
Figure 3. The actual structure of PAS is, however, far
different from that of Figure 3 and is more like that of coals
or charcoals. The degree of carbonization can be controlled
by the pyrolytic temperature (T},) as listed in Table 1. The
PAS material thus prepared has proved that it can be doped
with both electron acceptor (iodine or bromine) and electron
donor (lithium or sodium). As listed in Table 2, a maximum
increase in the conductivity of more than seven and eleven
orders of magnitude has been observed with respect to I,-
and Na-dopings, respectively.

Porous PAS

For the sake of doping more bulky dopants, such as AsF;
or ClO,, a porous PAS has been developed by pyrolysis of
phenol-formaldehyde resin molded with ZnCl,, the proce-
dure being shown in Figure 2b.>® This inorganic salt serves
not only as the pore-forming agent to form open pores grow-

FIGURE 1. A “phase” diagram including carbon materials and
organic polymers. N

ing into a three-dimensional network structure in the cured
material, but also as the microstructure-controlling agent to
form a loose structure dopable with the bulky dopants men-
tioned above. ZnCl, is removed in a later step by thorough
washing with HCI and water. A possible structure of porous
PAS is illustrated in Figure 4. This porous PAS can be made
in the form of plate or film with a bulk density of 0.2-0.5
g/cm® and with a bending strength of 100-150 kg/em®. It
has been proved that the porous PAS material thus prepared
can be doped with AsFs in vapor phase and with FeCl,,
NbCls, MoCls, TaCls, or WClg in liquid phase.”® Moreover,
the porous PAS material is used for the electrode in re-
chargeable batteries as mentioned later.

STRUCTURE
X-ray Diffraction Analyses

X-ray structural analyses of the normal PAS and the
porous PAS materials show the amorphous structure with a
broad (002) band and the interlayer distance d, shortened
with increase in 7,,.”* Typical PAS material with 7, = 595 °C
and[H}/[C] = 0.35, for instance, shows d, of 4.07A being
considerably larger than that of graphite 3.35 A.!° This
interlayer looseness induces large potential of the dopability
in PAS. It is thus understood that PAS belongs to hard-
graphitizing carbon.!’ The (10) band from the intralayer
contribution (smearing of the (100) and (101) peaks) al-
ready appears in the low-T), materials. Furthermore, it is
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FIGURE 2. Diagram of the PAS sample preparations: (2) normal PAS and (b) porous PAS. Source: Reference 4. With permission.

most intriguing that for the PAS materials prepared at
535-800 °C the I,-doping causes a decrease of d.and L,
which is quite different from what is expected in conven-
tional intercalated graphite.'?!3

Porosity

From mercury porosimetry all of the porous PAS mate-
rials were found to have two kinds of porous regions.® One
region consists of macropores of diameter about 10*A and
another of micropores of diameter less than 10%A. The latter
seems to be crucial for doping with bulky dopants. The
absorbed isotherms for all the porous PAS were nearly of
Langmuir-type characterized by the complete monolayer
adsorption giving large surface-area value of 2000 m?g.
Evaluated average radius of micropores of the porous PAS
with [H)/[C] = 0.2 was about 5A, being much larger than
those of the conventional active carbons.

ELECTRONIC PROPERTIES
Electrical Transport

Measurements of DC electrical transport properties such
as DC conductivity, thermoelectric power and magnetore-
sistance have been performed for the pristine and the
heavily doped normal PAS.'* All of the pristine PAS
samples are p-type on the basis of the sign of thermoelectric
powers. This signifies that there are some intrinsic levels in

all of the pristine PAS samples probably concerning their
structures.

The PAS samples with [H)/[C] = 0.35 showed the
behavior of o(T) ruled by the three-dimensional, variable
range-hopping (3D-VRH) mechanism even after heavily
doped with I, or Na. For the PAS samples with [H)/[C] =
0.27 and 0.15, the 3D-VRH becomes less likely to occur and
the temperature dependence of the thermopower showed the
nearly filled-band metallic behavior. In the Li-doped PAS,
the behavior of thermoelectric power at low Li concentra-
tions cannot be explained by simple carrier compensation
mechanism but by coexistence of negative and positive
conduction carriers.!’

For the PAS sample with [H]/[C] = 0.05 the thermally
activated conduction mechanism prevails with the activa-
tion energy in the order of 1073 eV, The magnetoresistance
of this sample is positive and tends to saturate at higher
magnetic field, which suggests that the Fermi energy surface
is closed in this sample. The mobility of this PAS sample
estimated from the magnetoresistance was considerably
large (450 cm?/V sec).

AC Conduction Mechanism

The AC conductivities of the pristine porous PAS samples
with [H)/[C] = 0.35 and 0.24 were found to follow the
expression 0 ,(w)=Tw’(s = 0.59-0.72) based on the pair
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FIGURE 3. Reaction diagram of the preparation of the PAS materials. Note that the polymers in the botiom are exaggerated forms.

approximation of the quantum-mechanical tunneling pro-
cess.'®!7 It has been concluded that there are more numbers
of carrier densities near the Fermi level qualified for the AC
conductivity than for the DC conduction. The AC conduc-
tion behavior of the BF,-doped PAS samples with [BE,"V/
[C]1=1X10"%and 0.10 can be interpreted by the continuous—
time random-walk model.

Conduction Path

A ">C-NMR study for the pristine normal PAS material
has found that the material consists of electrically high- and

low-conductive parts, the content of the former increasing
as T}, is raised.'® The path of conduction carriers lies on the
outer edge consisting of protonated carbons of the metallic
islands as has been theoretically predicted for the condensed
aromatic-ring systems (see Figure 5).!920

Electron Spins and Magnetic Susceptibility

The ESR analyses of the pristine PAS showed that there
are unpaired spins of w-type with the concentration of
10'*-10% spins/g. The PAS material with [HYV[C] = 0.24
(T, = 680 °C for the normal PAS) showed the minimum
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TABLE 1. Elemental Analysis and Electric Conductivity (o) of the Pristine PAS Samples

Pyrolysis Elemental analysis

temperature (°C) (in wt. %) [H)/[C] molar Ratio o (in S/cm)®
590 C:93.3 H:2.76 0:1.65 0.36 2X107°
610 C:93.5 H:2.55 0:1.50 0.33 5x1077
670 C:94.7 H:1.80 0:0.89 0.23 2x10"
740 C:94.7 H:1.42 0:0.75 0.18 3x10°

“At room temperature.
Source: Reference 4. With permission.

peak-to-peak ESR linewidth (0.31 G) and the maximum
spin concentration 1.2X10?° spins/g in the PAS materials
with other [HJ/[C] values. These reflect the structural
characteristics of each pristine PAS material 2!"2

Both the p-type and the n-type dopants such as I, and
Na, respectively, have two kinds of roles: (i) scavenging of
the magnetic impurities, the energy levels of which exist
near the Fermi level, and (ii) genmeration of conduction
carriers giving broadened ESR spectra, particularly in the
PAS material with low [H]/[C] (less than 0.1), possibly due
to the spin-orbit coupling mechanism on the dopant
species. 224

The magnetization and magnetic-susceptibility measure-
ments of the pristine porous PAS have revealed that the
materials mostly show the paramagnetism obeying the
Curie law with the spin multiplicity S = 1/2.2% In the PAS
material with [H}/[C] = 0.09 the Curie~-Weiss behavior is
seen with the Weiss constant of —8.9 K, which could come
from an antiferromagnetic interaction possibly existing
among the carbonized fragments or metallic islands. Al-
though a certain pyrolytic carbon such as that obtained by
chemical-vapor deposition of adamantane has shown super-
paramagnetic behavior with occasional ferromagnetic tran-
sition, the present PAS materials do not show such special
magnetic properties.?®

Nonetheless, the porous PAS material pyrolized at low
temperature (220 °C) has shown S of nearly unity, signify-
ing the existence of parallel spin alignment (triplet state),

which was further confirmed by the observation of the
forbidden ESR signal of Am, = %2 at the temperature less
than 88 K. The research along this line would be of interest
concerning with recent study of organic magnetic materials.

APPLICATIONS

Electrochemical Properties

Electrochemical measurements on the porous PAS mate-
rials were studied to examine their applicability to the
electrodes in secondary batteries.>2® A rectangular polypro-
pylene cell was set up for the measurement employing a Li
counter and Li reference electrodes pressed on a Pt mesh. A
porous PAS sample in the form of a disk with 15 mm
diameter and 0.75-mm thickness was used as the working
electrode. The interelectrode distance was set to be less than
1 mm. One side of the porous PAS electrode was coated
with evaporated Au and pressed on a Pt mesh connected by
a lead wire. A solution of 1 M LiBF, in propylene carbonate
was used as the electrolyte after careful purification. All of
these assemblies were set up in argon atmosphere. A
constant-current (0.5 mA/ cm?) doping was carried out to
study the dopant concentration and the electrode potential.

It has been clarified that a large amount of charge can be
stored in the porous PAS with [H]/[C] = 0.15-0.3. In particu-
lar, the electrochemical doping-undoping processes in the
porous PAS sample with [H)/[C] = 0.21 over the p-type and

TABLE 2. Molar Ratio and Electric Conductivity (o) of the Iodine- and Sodium-doped PAS Samples

1,-doped samples Na-doped Samples
o (S/cm)*® [H)/[C] molar ratio  [1}/[C] molar ratio o (S/cm)”® [H)/[C] molar ratio [Na}/[C] molar ratio
7.5X107% (1.0X10~ 11y 0.44 0.062 1.3X107! (<1071%) 0.38 0.028
1.1X1072 3.3x1077%) 0.34 0.062 1.6X107? (1.2X107%) 0.29 0.077
2.4X1071 (2.6X107%) 0.24 0.069 6.3X10° (5.6X107%) 0.22 0.13
7.0X10° (2.0X10% 0.13 0.071 2.6X10' (5.8X1071) 0.13 0.13

“At room temperature.

"Parenthetic entries are the electric conductivities before the doping (that is, of the pristine).

Source: Reference 4. With permission.













