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Polyparaphenylene (PPP)-based carbons heat-treated at temperaturessTHTd from
600±C up to 3000±C have been characterized both structurally and in terms of their
physical properties. Special attention is given to PPP heat-treated at 700±C (denoted
by PPP-700), since samples heat-treated to this temperature were observed to have
exceptionally high lithium affinities when electrochemically doped with Li. At low
THT below 700±C, it is found that the local structure of PPP-based samples can be
characterized mostly in terms of a disordered polymer. As a result of heat treatment t
high temperature, PPP-based carbon shows graphitization behavior with regard to x-r
diffraction d002 (graphitec-axis d-spacing) development and to the increase of the Ram
IGyID intensity ratio (whereIG and ID are the integrated intensities of the 1580cm21 and
1360cm21 Raman modes, respectively), as is found in so-called graphitizing carbons
However, development of thec-axis crystallite sizesLcd is restricted to very small values,
in the range of so-called nongraphitizing carbons, while thea-axis crystallite sizesLad
attains values up to roughly 120̊A for heat treatments near 3000±C. These structural
properties of PPP-based carbons are consistent with the observed electrical characte
and their dependence onTHT. Low temperature magnetic susceptibility measurements
were analyzed, along with Raman spectra, allowing for the characterization of disorde
in terms of localized spin states for several heat-treated PPP samples. By interpreting
results of these various characterization techniques, we are able to present an insigh
perspective on the nature of PPP-based carbons and the role of PPP-700 as an effec
lithium host material for secondary battery applications.
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I. INTRODUCTION

To enhance the capabilities of many present lap-t
computers and other electronic products, it would
highly beneficial to increase the power storage cap
ity of rechargeable batteries, such as so-called lithiu
ion batteries. Much effort has been expended and
large number of disordered and well-ordered graph
materials have been tested for use as carbon anode
high capacity lithium ion batteries.1–6 Polyparaphenylene
(PPP)-based carbons, heat-treated at temperatures as
as 700±C, have been shown to yield a superior negati
electrode material, with energy storage capacities as h
as 1170 A-hykg. This extremely high Li storage capacit
in PPP-based, low heat-treatment temperature mater
which is about three times greater than that of we
ordered, graphite-based, first stage intercalation co
pounds (e.g., LiC6), is believed to arise from the specia
structure of PPP-based carbon.7 Indeed, these lowTHT

PPP-based carbons contrast most LixC6 host materials
J. Mater. Res., Vol. 11, No. 12, Dec 1996
p
e
c-
m
a

te
in

low
e
gh

ls,
l-

-

not only in structure, but in chemical composition a
well (atomic HyC , 0.24 for PPP-700).

To characterize PPP-based carbons, we have stud
the structure and electrical transport properties of PP
based carbons as a function of heat-treatment te
perature,THT , from 600±C extending to 3000±C. The
structural characterization measurements include x-r
diffraction studies, yielding thed002 distance and the
c-axis crystallite sizeLc, and Raman scattering which
can be used to obtain information on theLa crystallite
length and the degree of in-plane order forTHT .

800 ±C. Raman spectroscopy was also used to study
interesting structural changes brought about by the th
mal decomposition of PPP in the range600 ±C , THT ,
800 ±C. Magnetic susceptibility and resistivity measure
ments were performed in order to characterize the ele
tronic states of localized and delocalized carriers as
function of measurement temperature for all heat-treat
samples. TEM and SEM measurements were also carr
 1996 Materials Research Society 3099
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out on samples heat-treated to 700±C to determine other
special features associated with this material, since P
700 has been shown to be optimum for Li uptake.

II. EXPERIMENTAL

The PPP used in the present experiments has b
synthesized by the Kovacic method (see Fig. 1) us
a reaction vessel maintained at 30±C, yielding PPP in
granular form.8 Samples of this material were subse
quently heat-treated to various temperatures betw
600 and 3000±C in high purity argon gas, using a
conventional resistance furnace for heat-treatment te
peratures,1000 ±C and a graphite resistance furnac
for THT . 1000 ±C. A residence time of 1 h was use
for the heat treatment. Subsequent to preparation
heat treatment, the samples were characterized by x
diffraction (XRD). In order to form a sample suitabl
for electrical measurements, the granular PPP mate
was pressed into appropriate shapes (2 mm3 2 mm 3

15 mm), and these shaped samples were heat-treate
the same manner as the granular sample material. E
trical measurements were made on the shaped sam
using four-point electrical resistance techniques to obt
values for the room temperature resistance and then
the more detailed temperature-dependent electrical re
tivity for each of the heat-treated PPP bulk samples. T
voltage between the middle two contacts was measu
using a Keithley model 181 digital nanovoltmeter, whi
the current through the outer two leads was provided
a Keithley model 225 nanoampere current source. T
temperature scans from about 25 K up to 300 K to
place through natural warming of the sample in the H
cryostat. The resistivity of each sample was calcula
using the measured resistance and the measured c
sectional area and length. For PPP-based carbon mat
heat-treated atTHT , 700 ±C and 2900±C, additional
characterization was carried out using high resoluti
SEM and TEM. The TEM studies were carried o
on a JEOL 400 kV TEM instrument. Raman scatterin
experiments were performed at ambient conditions us
a back-scattering geometry with 4880Å as the laser ex-
citation wavelength. Scattered light was resolved throu
a 300mm slit into a SPEX double monochromator an
measured using a liquid nitrogen cooled CCD dete
tor. Magnetic susceptibility measurements were ma
using a Quantum Design SQUID magnetometer ov
the temperature range 4–200 K in magnetic fields
to 5 kG.
3100 J. Mater. Res., Vol. 11
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III. SAMPLE PREPARATION

As a function ofTHT , PPP changes more gradually t
a graphitic material than is common for so-called graph
tizing materials9 as is shown in Fig. 2, where the carbo
yield for PPP vsTHT is plotted. In this work, carbon
yield is defined as the ratio of the weight of carbon pr
duced through heat treatment to the weight of starti
material (PPP). The results show a gradual decreas
the carbon yield with increasingTHT as more hydrogen
and hydrocarbon volatiles are vaporized from the sam
over the range 600±C , THT , 2400 ±C. The data show
the superior carbon yield behavior of PPP in contrast to
furfurol alcohol-based carbon, a typical nongraphitizin
(glassy) carbon which shows a very rapid decrease
carbon yield with increasingTHT as well as a lower value
of the carbon yield at stabilization. AsTHT increases
above 2400±C, the carbon yield for PPP stabilizes a
,70%. For characterization purposes, PPP with aTHT

of 600±C has a dark bronze color, which changes
black forTHT > 700 ±C. Figure 2 shows that PPP-base
carbon can thus be characterized as one of the high y
carbons.10

IV. EXPERIMENTAL RESULTS

A. X-ray diffraction

Figure 3 shows the (002) x-ray diffraction peaks fo
PPP-based samples heat-treated at various temperat
A silicon powder sample is used as an internal stand
for calibration of the interlayer separationd002 and to
determine the crystallite thicknessLc. The PPP-700
material shows a very broad (002) peak as seen in Fig
indicating a highly disordered carbonaceous mater
while PPP-2900 shows a sharp graphitic structure. Lit
change in the x-ray spectra is seen between the P
700, PPP-800, and PPP-1000 samples. However, m
changes in the peak resolution and linewidth are o
served between the PPP-1000, PPP-1500, and PPP–
traces in Fig. 3. Finally, a sharp (002) feature appears
the PPP-2400 trace, and an even sharper (002) fea
for the PPP-2900 trace. We note that no (112) diffracti
peak, which would appear at 83.6±, was observed for
PPP-2900, indicative of the turbostratic behavior of th
material. For a givenTHT, no clear difference in the
x-ray diffraction profile was observed between powd
samples and bulk samples (pressed from powder) wh
were used for transport measurements.
hod.
FIG. 1. Chemical reaction for the formation of PPP (polyparaphenylene) by the Kovacic met
, No. 12, Dec 1996
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FIG. 2. Carbon yield of PPP-based carbon as a function ofTHT in
an argon atmosphere. Included for comparison is the carbon yield
furfuryl alcohol-based carbon.

Figures 4(a) and 4(b), respectively, show theTHT

dependence of the interlayer separation distanced002

and the apparentc-axis crystallite sizeLc, as determined
by XRD measurements, indicating graphitizing behav
of PPP at high heat-treatment temperatures. TheLc in
Fig. 4 were determined from the half-width of the (002
diffraction line, taking into account Lorentz polarizatio
and the atomic scattering factor, and using the Si(11
peak as an internal standard. In Fig. 4, a comparis
is also made between the graphitization of PPP-ba
carbon and vapor-grown carbon fibers (VGCF’s), whi
represent one of the typical graphitizing carbons. T
interlayer spacing of PPP-700 is 3.77Å, which is a
rather large value even for a turbostratic carbon, butd002

decreases progressively with increasingTHT , reaching a
value of 3.37Å at THT  2900 ±C, close to the graphite
value of 3.35Å for d002. It is clearly seen from the
large change ind002 as a function ofTHT that PPP-
based carbons are transformed from a highly disorde
material atTHT , 700 ±C to a relatively well-graphitized
carbon form for PPP-2900. On the other hand, t
crystallite thicknessLc in Fig. 4(b) does not show such
a large increase withTHT as is normally found in
graphitizing carbons. Rather, Fig. 4(b) shows increa
in Lc from ,10 Å at THT , 700 ±C to ,90 Å at THT ,
2900 ±C. Figure 4 further shows thatLc for vapor-grown
carbon fibers increases from,50 Å for THT , 1050 ±C
(as-prepared sample) to about 300Å for THT , 1900 ±C,
and to over 1000̊A for THT , 3000 ±C (not shown). The
properties of PPP-based carbon samples are summar
in Table I with the degree of graphitizationG for THT >
J. Mater. Res., Vol. 11
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FIG. 3. (002) X-ray diffraction profiles for PPP-based carbon
heat-treated at 700–2900±C. The Si(111) peak is used as an intern
standard.

2000 ±C given by

G 
3.44 2 d002

3.44 2 3.354
, (1)

where G  0 corresponds to the turbostratic limi
(d002  3.44 Å) andG  1 corresponds to a completely
graphitized material (d002  3.354 Å). Thus, in PPP-
based carbon, graphitization starts at a relatively hi
temperature, such asTHT  2000 ±C, which is about
600±C higher than that for typical graphitizing carbon
such as VGCF.

From a structural standpoint, the PPP-based carb
shows graphitizing behavior in some ways, but not
others. When the PPP-based carbon is characterized
the interlayer separation, it appears to be a graphitiz
carbon, but with a crystallite thicknessLc that is re-
stricted to small values characteristic of nongraphitizin
carbons. The restrictions to the growth ofLc may arise
from the molecular structure of the precursor PPP, whi
has a chain molecular configuration. As the crystall
, No. 12, Dec 1996 3101
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(a)

(b)

FIG. 4. The interlayer separation distanced002 (a) and crystallite
thicknessLc (b) versus heat-treatment temperatureTHT . The data for
PPP are compared with corresponding data for vapor-grown car
fibers (VGCF’s).
3102 J. Mater. Res., Vol. 11
on

TABLE I. Summary of samples studied.

Sample Lc sÅd d002 sÅd G IDyIG
a La sÅd

PPP-700 11 3.77 · · · · · · · · ·
PPP-800 15 3.77 · · · 1.7 26
PPP-1000 20 3.65 · · · 1.7 26
PPP-1500 23 3.56 · · · 1.0 44
PPP-2000 42 3.44 0 0.65 68
PPP-2400 65 3.38 0.70 0.48 92
PPP-2900 90 3.37 0.81 0.36 122
VGCF-1050 46 3.44 0 0.90 49
VGCF-1900 300 3.36 0.93 0.35 126

aThe ratio of Raman intensities is a measure of the degree
graphitization.

develops, the chains stack several layers deep, but rem
entangled with each other. Thus the interlayer spacing
PPP develops as a graphitizing carbon, but the incre
in Lc develops slowly, in a manner of nongraphitizin
carbons.

B. SEM and TEM

Figure 5 shows a high resolution field emission F
SEM micrograph of the original PPP sample and
the heat-treated samples PPP-700, PPP-2400, and
2900 obtained at low acceleration voltages (,5 keV).
To avoid charging effects, the original PPP sample w
coated with gold in taking the FE-SEM image. The hea
treated granular samples were directly mounted on
SEM observation stage without further pulverizatio
The SEM micrographs indicate a characteristic poro
and granular microstructure for each sample, differe
from that of common graphitizing carbons which sho
a platelet-like appearance with a well-developed stack
structure.11 It would be worthwhile to identify the high
density of pores in the PPP-700 sample which can
as a pathway for the electrolyte motion in seconda
battery applications.

We now compare the texture of the PPP-700, PP
2400, and PPP-2700 samples. The PPP-700 sam
shows a porous structure arising from outgasing a
carbonization. Upon heating the sample to 2400±C, the
material initially becomes more bulky as a result
increased densification, but upon further heat treatm
to 2900±C, the sample becomes more porous again a
result of graphitization, with a final porosity similar to
the porosity of the PPP-700 sample. It is also interest
to note in the SEM image of Fig. 5(b) that the PPP-7
samples typically consist of two types of pores: larg
pores with a width of,1 mm size (arrow L) among
the granular areas, and smaller pores with widths in
range between 50 and several hundred nm (arrow
presumably formed by a puffing mechanism. From the
small pores, pyrolytically decomposed gases from P
are ejected.
, No. 12, Dec 1996
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FIG. 5. High resolution FE-SEM pictures of the original PPP sample (a) and the heat-treated PPP-700 (b), PPP-2400 (c), and PPP
powder samples. Low- and high-resolution micrographs are shown on the left and right, respectively, for each sample.
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Figure 6 shows the high resolution TEM images
PPP-700 and PPP-2900, for samples similar to th
shown in Fig. 5, and in both cases, the samples were
pulverized. The granular samples were directly moun
on the carbon TEM microgrid, and the periphe
of the particles was observed in the TEM image
so that the original pore and bulk structures cou
be observed directly. The periphery of the particl
was sufficiently thin for electron beam penetration b
J. Mater. Res., Vol. 11
f
se
ot
d

,
d
s
y

electrons accelerated by 400 kV in the TEM instrumen
In Fig. 6, short (002) carbon fringes are seen to
randomly arranged in a ribbon-like fashion for PPP
2900, with small regions showing several parall
layer stackings. These structures for PPP-2900 te
to give an interlayer spacing that is graphitic, but th
entanglement seen in the TEM image (Fig. 7) inhib
an increase inLc to sizes typical of nongraphitizing
carbons.
, No. 12, Dec 1996 3103
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FIG. 6. High resolution, bright-field TEM pictures of PPP-700 (a
and PPP-2900 (b). Insets: Selected area diffraction pattern taken f
corresponding images.

The porous structure and amorphous texture
clearly seen in both the bright-field images [see Fig. 6(
and the inserted selected area electron diffraction (SA
pattern for the PPP-700 sample. Oblique pores, as sm
as 20 nm in length, are clearly seen (arrow) in t
particles, and these small pores may have their ori
from the PPP precursor structure. By graphitization
2900±C, the PPP-based carbon structure changes t
fibril structure, shown in Fig. 6(b), which remains highl
porous, but has a texture intermediate between that o
typical graphitizing and a nongraphitizing carbon, hea
treated at the same temperature.12 The inserted SAD
pattern in Fig. 6(b) shows 002, 10, 004, and 11 ring
but no 112 three-dimensional diffraction line is observe
This indicates that the crystallites are still turbostrat
and consist of small crystallite segments, as shown
x-ray diffraction measurements (see Sec. IV. A).

Figure 7 shows the lattice images corresponding
the bright-field images of Fig. 6. The very disordere
3104 J. Mater. Res., Vol. 11
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FIG. 7. Lattice images corresponding to the bright-field images
Fig. 6 for PPP-700 (a) and PPP-2900 (b).

lattice images of PPP-700 in Fig. 7(a) change to rath
long but poorly aligned fringes upon heat treatment
2900±C in Fig. 7(b), indicative of a fibril structure con-
taining defective (002) layers in the PPP-2900 samp
The carbon interlayer spacing in the PPP-700 sample
found to beø4 Å, while the (002) stacking distance in
the PPP-2900 sample isø3.4 Å. The wider interlayer
spacing in PPP-700 thus changes to approximately t
of graphite by heat treatment to 2900±C. These structural
characteristics of PPP-2900 support the relatively low
storage capacity reported for PPP-2900, similar to th
for less-ordered crystalline graphite.13

C. Raman spectroscopy

Figure 8 shows Raman spectra taken for samp
heat-treated over the broad range700 ±C < THT <
2700 ±C. Additional spectra were taken for sample
heat-treated to 2400±C and 2900±C, so as to compare
, No. 12, Dec 1996
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FIG. 8. Raman spectra for several heat-treated PPP samples.
PPP-700 sample exhibits an interesting 3-peak structure due to
mode remnants, whereas at higherTHT the usual “disorder” and
“graphite” peaks are observed.

with the XRD data presented in Sec. IV. A and display
in Table I. Except for PPP-700, each spectrum exhib
two distinct features, one near 1600cm21 and the other
around 1350cm21. An additional third feature around
1260cm21 is observed for PPP-700, but this featu
seems to be quenched through heat treatment at hig
temperatures. ForTHT . 1000 ±C, we may identify
these two features in the Raman spectra as the fam
Raman-allowedE2g2 mode of graphite (,1580 cm21)
and a disorder-induced mode arising from a breakdo
in the k-selection rules for graphite (,1360 cm21). We
see that theE2g2 peak for lowerTHT is slightly upshifted,
with respect to pure graphite, due to the scatteri
by disorder-induced non-zone center modes of sligh
higher frequency (and probably some residual PPPAg

modes as well), but the peak frequency decreases w
increasingTHT to a value of 1585cm21 at 2700±C,
nearly equal to the HOPG (highly oriented pyrolyt
graphite) value of 1582cm21. Correspondingly, as the
amount of graphitic order is increased through he
treatment, the intensity of the graphiteE2g2 peak sIGd
increases and the intensity of the disorder-induced p
sIDd decreases.14 The ratio of these two peaks can b
used as a measure of the degree of order within the
graphene sheets, whereas thea-axis microcrystallite size
is proportional to the ratioIGyID. We note further that
the “disorder” peak frequency also shifts as a functi
of heat-treatment temperature from roughly 1340cm21

for PPP-700 to 1360cm21 for PPP-2900. This is mos
likely due to a quenching of PPP-derived peaks ne
1330cm21 as THT is increased, as discussed below.

It has been found that, for various graphitic carbo
such as coke, glassy carbons and HOPG, a sim
J. Mater. Res., Vol. 11
The
PP
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relation betweenLa and theIGyID ratio is observed,
yielding the empirical formula15

La  44 Å
IG

ID
. (2)

Table I lists the values ofLa found through this relation
for samples heat-treated above 800±C. For THT below
1000±C La is on the order of 20–30̊A, but reaches
a maximum value of 120̊A for THT near 3000±C. It
should be stressed that this relation holds approximat
for a variety of carbons. However, such a relation h
been shown to yield an underestimate inLa for the
case of nuclear-grade graphite.16 This analysis was not
applied to PPP-700, since the peaks observed in
Raman spectrum for this sample are influenced by t
characteristics of the precursor more than by those
a typical graphitic material. In fact, a more carefu
study reveals that much of the peak intensities observ
for PPP-700 arises from severalAg modes of a highly
disordered PPP molecular crystal.

In order to study these modes more carefully
the THT regime about 700±C, Raman spectra were
taken for samples heat-treated from 650±C to 750±C
in increments ofDTHT  25 ±C. Figure 9 displays the
results of these scans, revealing a detailed peak pro
which quickly evolves over the given temperature rang
Scans on lowerTHT samples proved difficult since a
strong luminescence background obscured the Ram
peaks. This luminescence effect has been observed
non-heat-treated Kovacic PPP, as well as in other pu
polymer samples, and tends to prevent the use of la
excitations in the visible for Raman spectroscopy.17,18

The Raman spectrum of pristine PPP has been st
ied extensively.17,19–21 The PPP molecule in its ground
state possessesD2h symmetry, yielding the following

FIG. 9. Raman spectra for PPP heat-treated to temperatures betw
650±C and 750±C showing several PPP-derivedAg modes.
, No. 12, Dec 1996 3105
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in-plane modes atk  0:

5Ag 1 5B1g 1 4B2u 1 4B3u .

Of these, 3Ag modes produce strong Raman line
in the range 1100cm21 to 1800cm21, namely at
,1220 cm21, ,1280 cm21, and ,1600 cm21. In our
Raman spectrum for PPP-650 and PPP-675, howe
we find a relatively sharp peak centered at 1242cm21,
a broad peak centered at around 1270cm21, and a
broad, but strong, peak centered at 1334cm21, along
with the relatively unchanged 1600cm21 peak. Upon
careful decomposition of Lorentzian lineshapes throu
a least-squares fitting procedure, two other peaks n
1218cm21 and 1360cm21 could be accounted for,
thereby producing the best fit. Although the benzeno
(nondegenerate) ground state of PPP produces l
around 1220cm21 and 1280cm21, it is well known that
a (higher energy) quinoid state exists for the molecu
producing Raman lines near 1240cm21 and 1330cm21,
slightly higher in frequency from those for the benzeno
system due to a redistribution of C–C double-bonds. T
C–C stretch mode producing the peak near 1600cm21

remains unshifted as a result of heat treatment in t
THT range. Thus, the lines at 1240cm21 and 1330cm21

could imply the presence of regions in the sample w
a quinoid-like structure produced by the introduction
defect states through heat treatment. Although the id
quinoid structure, which is a planar structure due to t
double-bond bridging of phenyl groups, has a high
overall energy per PPP chain than the ideal benzen
structure, strong correlation between exposedortho-
sites of neighboring PPP chains in the defective P
material may act to lower the energy of the quino
state pergroup of neighboring PPP chains. Ultimately
a planar configuration of phenyl groups is energetica
favored as the heat-treated solid loses more hydrogen
eventually forms small graphene sheets. The lines n
1218 and 1270cm21, then, could be due to benzenoi
PPP peak remnants, which appear slightly downshift

It should be noted that, at these low heat-treatm
temperatures (THT < 700 ±C), the PPP samples have lo
much (though not all) of their hydrogen, and man
molecular defects due to hydrogen vacancies will
present. Indeed, previous work on PPP thin films ind
cates that at temperatures near 675±C (for 1 h residence
time), H2 and CH4 gases begin to evolve from the
polymer.22 Therefore, an interpretation of the Rama
spectra for lowTHT samples in terms of a disordere
PPP, rather than a disordered graphitic carbon, se
reasonable. It is interesting to note that the Ram
peak near 1600cm21 is relatively robust through the
range650 ±C < THT < 725 ±C, indicating that most of
the carbon ring systems do not become dismant
through heat treatment. Hence, the high frequency C
stretch mode within each ring persists despite dras
3106 J. Mater. Res., Vol. 11
er,

h
ar

d
es

e,

d
e

is

h
f
al
e
r
id

P

y
nd
ar

d.
nt
t

e
i-

ms
n

d
C
ic

structural changes resulting from heat treatment. T
stretch mode associated with the C–C nearest neighb
eventually becomes anE2g2 graphite mode underD4

6h

space group symmetry forTHT . 800 ±C. The special
properties of PPP-700 can be attributed to the presenc
both a PPP-like short-range structure and an immatur
formed disordered graphene arrangement. Raman an
sis suggests that, at aTHT of 700±C, the PPP samples
are only partially carbonized and show the signature
a highly disordered quinoid-like PPP structure.

D. Electrical properties

Figure 10 shows the effect of heat treatment o
the room temperature resistivity of small PPP sam
ple bars. The resistivity results in Fig. 10 show thre
clear regions of behavior, as is also observed in typi
graphitizing carbons. At lowTHT values (700–1000±C),
the resistivity drops by many orders of magnitud
from r , 3.6 3 101 V-cm at THT , 600 ±C to 3.0 3

1022 V-cm at 1000±C. This drop in r is identified
with the formation of ap-band from the insulating
molecular coordination of PPP (Eg , 3.4 eV). The sec-
ond region (1000 ±C , THT , 2000 ±C) shows almost
no change inr, corresponding to a competition effec
between the decrease in dangling bond concentrat
(see Sec. IV. E.) and a decrease in carrier localizat

FIG. 10. Room temperature resistivity versus heat-treatment temp
ture showing typical soft carbon behavior for PPP-derived carbo
The plateau corresponds to a competition between decreasing ca
density and increasing carrier mobility due to a decrease in car
scattering.
, No. 12, Dec 1996
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and the increased mobility through the development
La, the in-plane crystallite size. Above 2000±C, the
graphene band structure starts first to develop as
ordering and at the highestTHT value near 3000±C,
some 3D interplanar correlation sets in. These structu
changes begin to influence carrier conduction, produc
a resistivity of5.0 3 1023 V-cm for PPP-3000. These
three temperature regions are closely correlated w
the dependence ofd002 on THT described in Fig. 4.
However, the lowest resistivity obtained for the PP
3000 sample is,2 orders of magnitude higher than fo
conventional graphite materials. This highr value is
explained by the small crystallite size of the PPP-bas
carbon, even after graphitization. This is consistent w
the dual graphitizing and nongraphitizing aspects of t
PPP-based carbon. Graphitic aspects are found in te
of demonstrating the three regions of resistivity behav
shown in Fig. 10. In contrast, nongraphitizing carbo
show only two regions inrsT d as a function ofTHT .
The relatively high value ofr at 300 K for PPP-based
carbon, however, indicates the presence of nongraph
behavior, which we attribute to shortLa andLc values.

Figure 11 shows the temperature dependentrsTd for
variousTHT samples. ThersTd curves for PPP-700 and
PPP-800 show a clear “semiconducting”T dependence,
typical of disordered carbons. But asTHT increases,rsTd
shows approximatelyT-independent behavior, and some
what lower values of the room temperature resistivi
characteristic of the intermediate region ofTHT behavior

FIG. 11. rsTd for PPP samples heat-treated to variousTHT values.
The flatness of the curves and the absence of a “metallic” tempera
dependence forrsT d at high heat-treatment temperatures is associa
with small Lc values.
J. Mater. Res., Vol. 11
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in Fig. 10. In this regimersTd varies very weakly with
THT . However, as the highTHT regime is reached, the
room temperaturer value again starts to decrease, whi
rsTd remains flat. As shown in Fig. 11, thersTd for
THT , 3000 ±C shows no metallic temperature behavi
at low temperature, consistent with the smallLc value
of the PPP-3000 and corresponding high density
scattering centers.

E. Magnetic susceptibility

Temperature-dependent susceptibility measureme
(Fig. 12) for samples heat-treated in the range650 ±C <

THT < 2700 ±C are well fit by a Curie law x 
sCyTd 1 x0 over the measurement temperature ran
4 , T , 20 K where the constant offset,x0, represents
the temperature-independent diamagnetic contributi
From the slope ofx vs 1yT , the Curie constant

C 
NlocSsS 1 1dg2m2

B

3kB
(3)

is obtained, from which we extract the localized sp
concentrationsNlocd for each PPP sample (Fig. 13). W
see that the number of unpaired localized spins increa
with increasingTHT at low heat-treatment temperature
reaches a maximum between 750±C and 800±C, and
gradually decreases upon heat treatment to hig
temperature. ForTHT . 800 ±C, we can tentatively
correlateNloc with the relative integrated intensity o
the disorder peak from Raman data,sIDyIGd21. Thus, as
graphitization proceeds at higherTHT values, the number
of unpaired spins per unit volume formed at the dangli
bonds along the edges of the pregraphitic micr
crystallites tends to decrease as the amount of “ed
versus “volume” of a given microcrystallite decreases

FIG. 12. Temperature dependent magnetic susceptibility meas
ments for PPP samples heat-treated to variousTHT values.
, No. 12, Dec 1996 3107
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FIG. 13. Localized spin densitysNlocd as a function ofTHT .

As indicated earlier, analysis of samples heat-trea
in the range650 ±C < THT < 800 ±C is best done from
the perspective of a disorderedsTHT , 775 ±Cd polymer,
as opposed to a disordered carbonsTHT . 775 ±Cd.
Hence, disorder decreases as we move away from
peak nearTHT , 775 ±C in Fig. 13, for either increasing
or decreasingTHT. At a THT of 650±C, many edge
sites of the carbonaceous clusters, consisting of p
tially dehydrogenated PPP, are terminated by hydro
atoms. These hydrogen atoms are quickly expelled
higher THT , thus exposing unpaired electrons localiz
at carbon atoms along the edges and within the b
of the crystallites. For sample PPP-700, the expos
of hydrogen-terminated sites is only partially comple
implying that each crystallite will have many danglin
bonds as well as hydrogen atoms at edge locatio
Interestingly, very nearTHT  700 ±C we find a global
maximum in the total number of unpaired spins in o
system. This peak bears a striking resemblance to
peak in evolved H2 as a function ofTHT reported in
Ref. 22 for measurements done on thin film PPP. Th
the special properties of PPP-700 may be related
this maximal exposure ofortho-sites which produces a
maximum of localized spins.

V. DISCUSSION

In the present work, PPP-based carbons were c
acterized in terms of structural, lattice, and electron
properties in an attempt to better understand these
terials, particularly those heat-treated in the675 ±C ,

THT , 775 ±C temperature range, where the most d
matic changes in physical properties occur due to
carbonization of the polymer precursor. In this low-THT

regime, XRD measurements reveal short range (3.77Å)
d002-spacing consistent with literature values for high
disordered carbon structures. Raman studies reveal
3108 J. Mater. Res., Vol. 1
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for PPP samples withTHT , 700 ±C, features in the
Raman spectrum between 1200cm21 and 1400cm21

may be identified with modes derived from each of th
resonant PPP molecular structures. Thus, at lowTHT ,
Raman and XRD results suggest the coexistence o
mostly quinoid-like disordered PPP material with smalle
amounts of benzenoid-PPP and turbostratic graphe
constituents. Furthermore, the transport behavior f
THT , 800 ±C is dominated by strongly localized car
riers originating from the large band gap of PPP prio
to heat treatment. Although many aromatic ring stru
tures exist forTHT , 800 ±C, mostly in small PPP-like
clusters, the high density of dangling bonds and t
semiconducting nature of the disordered PPP indica
the absence of a conductive pathway, and therefo
of extendedp-bands. This picture drastically change
as THT is increased above 800±C, where carboniza-
tion proceeds, the dangling bond concentration drop
and correspondingly the conductivity increases by ov
3 orders of magnitude. This increase in pregraphi
carbon conductivity occurs as the PPP character of
samples diminishes, leaving behind a novel form
disordered carbon. Whereas these PPP-based carbon
almost be characterized as a glassy carbon in terms
their limiting La and Lc values at highTHT, the short
interplanar distance (3.37̊A) near 3000±C is almost
equal to thed002 spacings of graphite (3.35̊A). The
tendency for PPP-700 to accommodate large concen
tions of Li is believed to be linked with these coexistin
graphitizing/nongraphitizing characteristics in that the
both arise from the strong structural influence of th
aromatic polymer precursor. In terms of graphitizabi
ity, the formation of extended graphene sheets fro
columnar crystallites in pregraphitic PPP-based carbo
is prevented by the presence and entanglement of P
chains up to relatively high temperaturess,800 ±Cd.
This high-temperature stability, in fact, is one of th
outstanding characteristics of PPP, enabling it to for
an entangling structure at high temperatures. Howev
since the partially dehydrogenated molecules form
below 800±C are expected to be planar due to the
quinoid confirmation, adjacent chains are able to pa
closely, allowing for closed002-spacings at higherTHT .
In the low-THT regime, PPP-based carbons are thoug
to consist of a long-range polymeric entanglement, wh
supporting a local environment of mostly quinoid-PP
chains arranged roughly in coplanar alignments, wi
smaller amounts of benzenoid-PPP and disordered c
bon constituents. The larged002-spacings for the dis-
ordered carbon regions imply the presence of lar
open channels, both in the carbonized and precarboni
quinoid-PPP regions, consistent with SEM observation
These large open channels should enhance the mob
of Li dopants, as well as providing accessibility o
lithium to various sites. Furthermore, we also expe
1, No. 12, Dec 1996
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an increase in total available localization sites for
in PPP-700, since a highly flexible structure with man
edge sites is created through dehydrogenation. Th
the delicate structure produced atTHT  700 ±C can
accommodate large amounts of Li due to a maximu
in both vacant and accessible sites.
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