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Polyparaphenylene (PPP)-based carbons heat-treated at tempefBiuiesom

600°C up to 3000C have been characterized both structurally and in terms of their
physical properties. Special attention is given to PPP heat-treated &€ {@@noted

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

Tyt 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 to
high temperature, PPP-based carbon shows graphitization behavior with regard to x-ray
diffraction do, (graphitec-axis d-spacing) development and to the increase of the Raman
I¢/Ip intensity ratio (wherd; and I, are the integrated intensities of the 1586~ and
1360cm ™! Raman modes, respectively), as is found in so-called graphitizing carbons.
However, development of theaxis crystallite sizdL.) is restricted to very small values,

in the range of so-called nongraphitizing carbons, whileafaxis crystallite siz&L,)

attains values up to roughly 120 for heat treatments near 3000. These structural
properties of PPP-based carbons are consistent with the observed electrical characteristics
and their dependence dfyr. Low temperature magnetic susceptibility measurements
were analyzed, along with Raman spectra, allowing for the characterization of disorder

in terms of localized spin states for several heat-treated PPP samples. By interpreting the
results of these various characterization techniques, we are able to present an insightful
perspective on the nature of PPP-based carbons and the role of PPP-700 as an effective
lithium host material for secondary battery applications.

. INTRODUCTION not only in structure, but in chemical composition as
To enhance the capabilities of many present lap-topvell (atomic H/C ~ 0.24 for PPP-700).
computers and other electronic products, it would be  To characterize PPP-based carbons, we have studied
highly beneficial to increase the power storage capache structure and electrical transport properties of PPP-
ity of rechargeable batteries, such as so-called lithiunbased carbons as a function of heat-treatment tem-
ion batteries. Much effort has been expended and aerature,Tyt, from 600°C extending to 300¢€C. The
large number of disordered and well-ordered graphitestructural characterization measurements include x-ray
materials have been tested for use as carbon anodesdiffraction studies, yielding thely, distance and the
high capacity lithium ion batterié's® Polyparaphenylene c-axis crystallite sizeL., and Raman scattering which
(PPP)-based carbons, heat-treated at temperatures as loan be used to obtain information on the crystallite
as 700°C, have been shown to yield a superior negativdength and the degree of in-plane order ffgr >
electrode material, with energy storage capacities as higd00 °C. Raman spectroscopy was also used to study the
as 1170 A-lkg. This extremely high Li storage capacity interesting structural changes brought about by the ther-
in PPP-based, low heat-treatment temperature materialsal decomposition of PPP in the ran@#® °C < Tyr <
which is about three times greater than that of well-800 °C. Magnetic susceptibility and resistivity measure-
ordered, graphite-based, first stage intercalation conments were performed in order to characterize the elec-
pounds (e.g., Lig), is believed to arise from the special tronic states of localized and delocalized carriers as a
structure of PPP-based carbomdeed, these lowW 'yt function of measurement temperature for all heat-treated
PPP-based carbons contrast mosiCki host materials samples. TEM and SEM measurements were also carried
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out on samples heat-treated to 7a0to determine other 1ll. SAMPLE PREPARATION
special features associated with this material, since PPP- A< 4 function ofTr, PPP changes more gradually to

700 has been shown to be optimum for Li uptake. 5 graphitic material than is common for so-called graphi-
tizing material8 as is shown in Fig. 2, where the carbon
. EXPERIMENTAL yield for PPP vsTyt is plotted. In this work, carbon

The PPP used in the present experiments has bedield is defined as the ratio of the weight of carbon pro-

synthesized by the Kovacic method (see Fig. 1) usinéiuced_ through heat treatment to the weight of starting
a reaction vessel maintained at ‘&) yielding PPP in material (PPP). The results show a gradual decrease in

granular form® Samples of this material were subse-th€ carbon yield with increasin@yr as more hydrogen

quently heat-treated to various temperatures betweednd hydrocarbon volatiles are vaporized from the sample
600 and 3006C in high purity argon gas, using a over the range 600C < Tyr < 2400 °C. The data show

conventional resistance furnace for heat-treatment tenjl€ Superior carbon yield behavior of PPP in contrast to a
peratures<1000°C and a graphite resistance furnacefurfurol aIcohoI—basgd carbon, a typical n(_)ngraphltlzmg
for Tyy > 1000 °C. A residence time of 1 h was used (glassy) carbon which shows a very rapid decrease in

for the heat treatment. Subsequent to preparation arfgf'Pon yield with increasingyr as well as a lower value
heat treatment, the samples were characterized by x-r&f the carbon yield at stabilization. Agyr increases
diffraction (XRD). In order to form a sample suitable 2P0ve 2400C, the carbon yield for PPP stabilizes at
for electrical measurements, the granular PPP materiar /0% For characterization purposes, PPP witlla

was pressed into appropriate shapes (2 mre mm X of 600°C has a dark br_onze color, which changes to
15 mm), and these shaped samples were heat-treated QiRCK for Tur = 700 °C. Figure 2 shows that PPP-based
the same manner as the granular sample material. Ele€2P0n can thus be characterized as one of the high yield
trical measurements were made on the shaped sampl&/bons:

using four-point electrical resistance techniques to obtain

values for the room temperature resistance and then for

t_hg more detailed temperature-dependent electrical resify  ExpERIMENTAL RESULTS

tivity for each of the heat-treated PPP bulk samples. The ) )

voltage between the middle two contacts was measured- Xray diffraction

using a Keithley model 181 digital nanovoltmeter, while Figure 3 shows the (002) x-ray diffraction peaks for
the current through the outer two leads was provided byPP-based samples heat-treated at various temperatures.
a Keithley model 225 nanoampere current source. Thé silicon powder sample is used as an internal standard
temperature scans from about 25 K up to 300 K tookfor calibration of the interlayer separatiafy,, and to
place through natural warming of the sample in the Hedetermine the crystallite thickness.. The PPP-700
cryostat. The resistivity of each sample was calculatednaterial shows a very broad (002) peak as seen in Fig. 3,
using the measured resistance and the measured crogsdicating a highly disordered carbonaceous material,
sectional area and length. For PPP-based carbon materighile PPP-2900 shows a sharp graphitic structure. Little
heat-treated af'yr ~ 700°C and 2900C, additional change in the x-ray spectra is seen between the PPP-
characterization was carried out using high resolutiory00, PPP-800, and PPP-1000 samples. However, major
SEM and TEM. The TEM studies were carried outchanges in the peak resolution and linewidth are ob-
on a JEOL 400 kV TEM instrument. Raman scatteringserved between the PPP-1000, PPP-1500, and PPP-2000
experiments were performed at ambient conditions usingraces in Fig. 3. Finally, a sharp (002) feature appears for
a back-scattering geometry with 4880as the laser ex- the PPP-2400 trace, and an even sharper (002) feature
citation wavelength. Scattered light was resolved througffor the PPP-2900 trace. We note that no (112) diffraction
a 300 um slit into a SPEX double monochromator and peak, which would appear at 83,6nas observed for
measured using a liquid nitrogen cooled CCD detecPPP-2900, indicative of the turbostratic behavior of the
tor. Magnetic susceptibility measurements were madenaterial. For a giveryr, no clear difference in the
using a Quantum Design SQUID magnetometer ovek-ray diffraction profile was observed between powder
the temperature range 4—-200 K in magnetic fields ugamples and bulk samples (pressed from powder) which
to 5 kG. were used for transport measurements.

AICI
nO) + 2ncuc,  —— @ + 2nCuCl + 27HCI
n

FIG. 1. Chemical reaction for the formation of PPP (polyparaphenylene) by the Kovacic method.
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FIG. 2. Carbon yield of PPP-based carbon as a functiofigf in
an argon atmosphere. Included for comparison is the carbon yield o 800°C
furfuryl alcohol-based carbon.

Figures 4(a) and 4(b), respectively, show ther KMAW

dependence of the interlayer separation distage
and the apparemtaxis crystallite sizd. ., as determined
by XRD measurements, indicating graphitizing behavior | | | | |
of PPP at high heat-treatment temperatures. Then
Fig. 4 were determined from the half-width of the (002) 26 (deg.)

diffraction line, taking into account Lorentz polarization

and the atomic scattering factor, and using the Si(111FIG. 3. (002) X-ray diffraction profiles for PPP-based carbons
peak as an internal standard. In Fig. 4, a Comparisoheat-treated at 700—290Q. The Si(111) peak is used as an internal
is also made between the graphitization of PPP-baseti® 92

carbon and vapor-grown carbon fibers (VGCF's), which

represent one of the typical graphitizing carbons. Th&000°C given by

interlayer spacing of PPP-700 is 3.A7 which is a 344 — doy
rather large value even for a turbostratic carbon,dat G=—"—"7"7—"7-,
decreases progressively with increasifg, reaching a 3.44 — 3.354
value of 3.37A at Ty = 2900 °C, close to the graphite where G = Q corresponds to the turbostratic limit
value of 3.35A for dyp. It is clearly seen from the (do = 3.44 A)andG = 1 corresponds to a completely
large change indy, as a function of7yr that PPP- graphitized material dy, = 3.354 A). Thus, in PPP-
based carbons are transformed from a highly disorderebased carbon, graphitization starts at a relatively high
material at'y ~ 700 °C to a relatively well-graphitized temperature, such agyr = 2000 °C, which is about
carbon form for PPP-2900. On the other hand, the600°C higher than that for typical graphitizing carbons
crystallite thicknesd., in Fig. 4(b) does not show such such as VGCF.

1)

a large increase witif'yr as is normally found in From a structural standpoint, the PPP-based carbon
graphitizing carbons. Rather, Fig. 4(b) shows increaseshows graphitizing behavior in some ways, but not in
in L, from~10 A at Tyr ~ 700°C to ~90 A at Tyt ~ others. When the PPP-based carbon is characterized by

2900 °C. Figure 4 further shows that, for vapor-grown  the interlayer separation, it appears to be a graphitizing
carbon fibers increases froms0 A for Tyt ~ 1050°C  carbon, but with a crystallite thickneds. that is re-
(as-prepared sample) to about 3@@or Tyt ~ 1900 °C,  stricted to small values characteristic of nongraphitizing
and to over 100\ for Tyt ~ 3000 °C (not shown). The carbons. The restrictions to the growth Iof may arise
properties of PPP-based carbon samples are summariz&dm the molecular structure of the precursor PPP, which
in Table | with the degree of graphitizatidgh for Tyt =  has a chain molecular configuration. As the crystallite
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FIG. 4. The interlayer separation distandg;, (a) and crystallite
thicknessL. (b) versus heat-treatment temperatilifg:. The data for

TABLE I. Summary of samples studied.

Sample L. (A) dooa (A) g Ip/IG? L, (A)

PPP-700 11 3.77 e
PPP-800 15 3.77 e 17 26
PPP-1000 20 3.65 e 17 26
PPP-1500 23 3.56 e 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 of
graphitization.

develops, the chains stack several layers deep, but remain
entangled with each other. Thus the interlayer spacing of
PPP develops as a graphitizing carbon, but the increase
in L. develops slowly, in a manner of nongraphitizing
carbons.

B. SEM and TEM

Figure 5 shows a high resolution field emission FE-
SEM micrograph of the original PPP sample and of
the heat-treated samples PPP-700, PPP-2400, and PPP-
2900 obtained at low acceleration voltages5(keV).

To avoid charging effects, the original PPP sample was
coated with gold in taking the FE-SEM image. The heat-
treated granular samples were directly mounted on the
SEM observation stage without further pulverization.
The SEM micrographs indicate a characteristic porous
and granular microstructure for each sample, different
from that of common graphitizing carbons which show
a platelet-like appearance with a well-developed stacked
structuret! It would be worthwhile to identify the high
density of pores in the PPP-700 sample which can act
as a pathway for the electrolyte motion in secondary
battery applications.

We now compare the texture of the PPP-700, PPP-
2400, and PPP-2700 samples. The PPP-700 sample
shows a porous structure arising from outgasing and
carbonization. Upon heating the sample to 24D0the
material initially becomes more bulky as a result of
increased densification, but upon further heat treatment
to 2900°C, the sample becomes more porous again as a
result of graphitization, with a final porosity similar to
the porosity of the PPP-700 sample. It is also interesting
to note in the SEM image of Fig. 5(b) that the PPP-700
samples typically consist of two types of pores: larger
pores with a width of~1 um size (arrow L) among
the granular areas, and smaller pores with widths in the
range between 50 and several hundred nm (arrow S),
presumably formed by a puffing mechanism. From these

PPP are compared with corresponding data for vapor-grown carbofiMall pores, pyrolytically decomposed gases from PPP

fibers (VGCF's).

are ejected.
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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-2900 (d)
powder samples. Low- and high-resolution micrographs are shown on the left and right, respectively, for each sample.

Figure 6 shows the high resolution TEM images ofelectrons accelerated by 400 kV in the TEM instrument.
PPP-700 and PPP-2900, for samples similar to thosk Fig. 6, short (002) carbon fringes are seen to be
shown in Fig. 5, and in both cases, the samples were noandomly arranged in a ribbon-like fashion for PPP-
pulverized. The granular samples were directly mounte@900, with small regions showing several parallel
on the carbon TEM microgrid, and the peripherylayer stackings. These structures for PPP-2900 tend
of the particles was observed in the TEM imagesto give an interlayer spacing that is graphitic, but the
so that the original pore and bulk structures couldentanglement seen in the TEM image (Fig. 7) inhibits
be observed directly. The periphery of the particlesan increase inL. to sizes typical of nongraphitizing
was sufficiently thin for electron beam penetration bycarbons.
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FIG. 6. High resolution, bright-field TEM pictures of PPP-700 () k|G, 7. Lattice images corresponding to the bright-field images in
and PPP-2900 (b). Insets: Selected area diffraction pattern taken frorinig_ 6 for PPP-700 (a) and PPP-2900 (b).
corresponding images.

The porous structure and amorphous texture aréattice images of PPP-700 in Fig. 7(a) change to rather
clearly seen in both the bright-field images [see Fig. 6(a)long but poorly aligned fringes upon heat treatment to
and the inserted selected area electron diffraction (SAD2900°C in Fig. 7(b), indicative of a fibril structure con-
pattern for the PPP-700 sample. Oblique pores, as smakining defective (002) layers in the PPP-2900 sample.
as 20 nm in length, are clearly seen (arrow) in theThe carbon interlayer spacing in the PPP-700 sample is
particles, and these small pores may have their origifiound to be~4 A, while the (002) stacking distance in
from the PPP precursor structure. By graphitization athe PPP-2900 sample 3.4 A. The wider interlayer
2900°C, the PPP-based carbon structure changes to spacing in PPP-700 thus changes to approximately that
fibril structure, shown in Fig. 6(b), which remains highly of graphite by heat treatment to 29WD. These structural
porous, but has a texture intermediate between that of eéharacteristics of PPP-2900 support the relatively low Li
typical graphitizing and a nongraphitizing carbon, heat-storage capacity reported for PPP-2900, similar to that
treated at the same temperatiieThe inserted SAD for less-ordered crystalline graphite.
pattern in Fig. 6(b) shows 002, 10, 004, and 11 rings,
but no 112 three-dimensional diffraction line is observed.

This indicates that the crystallites are still turbostratic,C- Raman spectroscopy
and consist of small crystallite segments, as shown by Figure 8 shows Raman spectra taken for samples
x-ray diffraction measurements (see Sec. IV.A). heat-treated over the broad rang@0°C < Tyt <

Figure 7 shows the lattice images corresponding t@700 °C. Additional spectra were taken for samples
the bright-field images of Fig. 6. The very disorderedheat-treated to 240@C and 2900C, so as to compare
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' ' relation betweenL, and thel;/Ip ratio is observed,
PPP-700 yielding the empirical formuf&
. |PPP-800 WMW%NW% L, =44 A Is 2)
‘é M ID
=
g PPP-1000 M Table 1 lists the values af, found through this relation
& for samples heat-treated above 800 For Tur below
§ PPP_1500 WMMW% 1000°C L, is on the order of 20— 38\, but reaches
5 a maximum value of 12@ for Ty, near 3000C. It
= PPP-2000 should be stressed that this relation holds approximately
wmmwM L TITR T for a variety of carbons. However, such a relation has
been shown to yield an underestimate fip for the
PPP- 2700W%M w case of nuclear-grade graphtfeThis analysis was not
1000 1200 1800 applied to PPP-700, since the peaks observed in the

Raman spectrum for this sample are influenced by the
characteristics of the precursor more than by those of
FIG. 8. Raman spectra for several heat-treated PPP samples. Tige typical graphitic material. In fact, a more careful
PPP-700 sample exhibits an interesting 3-peak structure due to PRtudy reveals that much of the peak intensities observed
‘r‘node .re,r7nnants, whereas at highgjir the usual “disorder” and  for PPP-700 arises from several modes of a highly
graphite” peaks are observed. disordered PPP molecular crystal.

In order to study these modes more carefully in
he Tyr regime about 700C, Raman spectra were
aken for samples heat-treated from 680to 750°C

¥n increments ofATyr = 25 °C. Figure 9 displays the
results of these scans, revealing a detailed peak profile
which quickly evolves over the given temperature range.
Scans on lowerTyr samples proved difficult since a
S{rong luminescence background obscured the Raman
eaks. This luminescence effect has been observed in
on-heat-treated Kovacic PPP, as well as in other pure
olymer samples, and tends to prevent the use of laser
xcitations in the visible for Raman spectroscopi?

Frequency Shlft (cm’ )

with the XRD data presented in Sec. IV. A and displaye
in Table I. Except for PPP-700, each spectrum exhibit
two distinct features, one near 166 ' and the other
around 135@m!. An additional third feature around
1260cm ™! is observed for PPP-700, but this feature
seems to be quenched through heat treatment at high
temperatures. FofTyr > 1000°C, we may identify
these two features in the Raman spectra as the famili
Raman-allowedE,,, mode of graphite {1580 cm™!)
and a disorder-induced mode arising from a breakdow

. . . 71
In th;kﬁﬁ{éd@ﬂ ruklefs flor grgwphlt_e\(}_%h(ilcm L.'f\th The Raman spectrum of pristine PPP has been stud-
see tha 2, PeAKTOr IOWeIH 7 IS Shightly UpShITed, 04 aytensively?1%-21 The PPP molecule in its ground

with respect to pure graphite, due to the scatterln%
tate possessel,, symmetry, yielding the followin
by disorder-induced non-zone center modes of slightly P 2 SY Y, yielding 9

higher frequency (and probably some residual PRP
modes as well), but the peak frequency decreases wit
increasingTyr to a value of 158&m~! at 2700°C,
nearly equal to the HOPG (highly oriented pyrolytic
graphite) value of 1582m~!. Correspondingly, as the
amount of graphitic order is increased through heat.
treatment, the intensity of the graphif®,, peak(/;)

increases and the intensity of the disorder-induced pea PPW\/ /\
(Ip) decrease¥ The ratio of these two peaks can be PPP-T00 - M/\

used as a measure of the degree of order within the 2L
graphene sheets, whereas #haxis microcrystallite size
is proportional to the ratid;/I,. We note further that PPP-725 M

the “disorder” peak frequency also shifts as a function L
of heat-treatment temperature from roughly 1340 ! PPP-750

for PPP-700 to 1360m ! for PPP-2900. This is most ‘ ' ‘

likely due to a quenching of PPP-derived peaks neal 1000 1200 1400, 1 1600 1800
1330cm ! asTyr is increased, as discussed below. Frequency Shift (em )

It has been found that, for various graphitic Carl?OnSFIG. 9. Raman spectra for PPP heat-treated to temperatures between
such as coke, glassy carbons and HOPG, a simpl&so°C and 750C showing several PPP-deriveld modes.

Intensity (arb. units)
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in-plane modes at = 0: structural changes resulting from heat treatment. The
stretch mode associated with the C—C nearest neighbors
SAg  SBig + 4By + 4B, eventually becomes af,,, graphite mode undebg,

Of these, 34, modes produce strong Raman linesspace group symmetry fdfyr > 800 °C. The special
in the range 110@m ' to 1800cm!, namely at properties of PPP-700 can be attributed to the presence of
~1220 cm ™!, ~1280 cm ™!, and ~1600 cm~!. In our  both a PPP-like short-range structure and an immaturely
Raman spectrum for PPP-650 and PPP-675, howeveigrmed disordered graphene arrangement. Raman analy-
we find a relatively sharp peak centered at 1242 !,  sis suggests that, at B;r of 700°C, the PPP samples
a broad peak centered at around 1240 ', and a are only partially carbonized and show the signature of
broad, but strong, peak centered at 1334 !, along a highly disordered quinoid-like PPP structure.
with the relatively unchanged 16Q@n ! peak. Upon
careful decomposition of Lorentzian lineshapes througtD. Electrical properties
a Ieast—sguares fitting p[()lcedure, two other peaks near Figure 10 shows the effect of heat treatment on
1218cm™" and 1360cm™ could be accounted for, o 15om temperature resistivity of small PPP sam-
thereby producing the best fit. Although the benzenpu%le bars. The resistivity results in Fig. 10 show three
(nondegeneratq)l ground state of PPP produces [inggear regions of behavior, as is also observed in typical
around 122@m ' and 1280cm !, it is well known that graphitizing carbons. At loW values (700—100€C),

a (higher energy) quinoid state exists for the moleculey,, resistivity drops by many orders of magnitude,
producing Raman lines near 124t ' and 1330cm ™', p ~ 3.6 X 10! Q-cm at Tur ~ 600°C t0 3.0 X

slightly higher in frequency from those for the benzenoid; -2 ) .., at 1000°C. This drop inp is identified
system due to a redistribution of C—C double-bonds. Th%VIth the formation Of. am-band from the insulating

i &0 1
C—C stretch mode producing the peak near 1680 " mojecular coordination of PPEE( ~ 3.4 eV). The sec-
remains unshifted as a result of heat treatment in thl%nd region (000°C < Tyr < 2000°C) shows almost
i -1 -1
Tyy range. Thus, the lines at 124éh " and 1330cm o change inp, corresponding to a competition effect

: . : N
could imply the presence of regions in the sample witty oy yeen the decrease in dangling bond concentration
a quinoid-like structure produced by the introduction of e gec. v E.) and a decrease in carrier localization
defect states through heat treatment. Although the ide P T

quinoid structure, which is a planar structure due to the -
double-bond bridging of phenyl groups, has a highet | |
overall energy per PPP chain than the ideal benzenoi
structure, strong correlation between exposmtho-
sites of neighboring PPP chains in the defective PPI
material may act to lower the energy of the quinoid ~
state pergroup of neighboring PPP chains. Ultimately, E
a planar configuration of phenyl groups is energetically 2
favored as the heat-treated solid loses more hydrogen ar G
eventually forms small graphene sheets. The lines nee ~ 10°
1218 and 127@m !, then, could be due to benzenoid
PPP peak remnants, which appear slightly downshifted
It should be noted that, at these low heat-treatmen
temperaturesi(yT < 700 °C), the PPP samples have lost
much (though not all) of their hydrogen, and many
molecular defects due to hydrogen vacancies will be
present. Indeed, previous work on PPP thin films indi- -
cates that at temperatures near 8Z%for 1 h residence 10°2
time), H, and CH, gases begin to evolve from the
polymer?? Therefore, an interpretation of the Raman

LR |

PPP-based carbon

T 1 ||i||a|

107"

Resistivity

spectra for lowTyr samples in terms of a disordered 0 1000 2000 ' 3000
PPP, rather than a disordered graphitic carbon, seen
reasonable. It is interesting to note that the Ramar Heat Treatment Temperature (° C)

peak near 1600m ! is relatively robust through the
range650 °C < Tyt < 725°C, indicating that most of :
the carbon ring systems do not b_ecome dlsmantleqtjhe plateau corresponds to a competition between decreasing carrier
through heat treatment. Hen_ce, the h'gh frequ?ncy C‘_@ensity and increasing carrier mobility due to a decrease in carrier
stretch mode within each ring persists despite drastiecattering.

FIG. 10. Room temperature resistivity versus heat-treatment tempera-
re showing typical soft carbon behavior for PPP-derived carbon.
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and the increased mobility through the development ofn Fig. 10. In this regimep (T) varies very weakly with
L., the in-plane crystallite size. Above 2000, the Tyr. However, as the higlfyr regime is reached, the
graphene band structure starts first to develop as 2Bbom temperature value again starts to decrease, while
ordering and at the highestyr value near 3000C, p(7) remains flat. As shown in Fig. 11, the(T) for
some 3D interplanar correlation sets in. These structurdyr ~ 3000 °C shows no metallic temperature behavior
changes begin to influence carrier conduction, producingt low temperature, consistent with the smgll value

a resistivity of5.0 X 1072 Q-cm for PPP-3000. These of the PPP-3000 and corresponding high density of
three temperature regions are closely correlated witscattering centers.

the dependence ofl, on Tyt described in Fig. 4.

However, the lowest resistivity obtained for the PPP-g. Mmagnetic susceptibility

3000 sample is-2 orders of magnitude higher than for T ture-d dent tibilit ¢
conventional graphite materials. This high value is emperature-oepenadent susceptibiiity measurements

explained by the small crystallite size of the PPP—basey'g' 12) forosamples heat—t_reated in the _raﬁge C=
carbon, even after graphitization. This is consistent with, AT <2700°C are well fit by a Curie lawy =
the dual graphitizing and nongraphitizing aspects of théC/T) + Xo Over the measurement temperature range
PPP-based carbon. Graphitic aspects are found in terrr%< T <20K wh_ere the constant offse;(/,o,. represents
of demonstrating the three regions of resistivity behavior '€ temperature-independent dlam_agnenc contribution.
shown in Fig. 10. In contrast, nongraphitizing carbons’ oM the slope ofy vs 1/T, the Curie constant
show onI_y two regions inp(T) as a function ofTyr. B NieeS(S + 1)g?u
The relatively high value op at 300 K for PPP-based C=
e " 3kp

carbon, however, indicates the presence of nongraphitic
behavior, which we attribute to shakt, and L. values. is obtained, from which we extract the localized spin

Figure 11 shows the temperature depengd@ for  concentratior(N,,.) for each PPP sample (Fig. 13). We
variousTyr samples. The(T) curves for PPP-700 and see that the number of unpaired localized spins increases
PPP-800 show a clear “semiconductinglependence, with increasinglyr at low heat-treatment temperatures,
typical of disordered carbons. But &g increasesp(T)  reaches a maximum between 78D and 800C, and
shows approximately-independent behavior, and some- gradually decreases upon heat treatment to higher
what lower values of the room temperature resistivity temperature. ForTyr > 800°C, we can tentatively
characteristic of the intermediate regionZgfr behavior  correlate N\, with the relative integrated intensity of
the disorder peak from Raman dats,/I;)"'. Thus, as
graphitization proceeds at highEgr values, the number
of unpaired spins per unit volume formed at the dangling

3)

[ bonds along the edges of the pregraphitic micro-
100 L crystallites tends to decrease as the amount of “edge”
/—é . versus “volume” of a given microcrystallite decreases.
el
o PPP-700
G
N 100 é- 15 .
- i B > PPP-650
= * PPP-700
> N ° PPP-750 |
S 107 10 1 + PPP-800
- i PPP-1000 3 + PPP-1000
4 = kS o PPP-1500
M o L PPP-2000 x5 'Pg%‘ < PPP-2000 1
i Siaa, » PPP-2700
PPP-3000 = waegis § 4 ; :
10°° . ] , I . ] 0 -%ooo o o o o o o S
0 100 200 300 i cad 4 4 4 a B “ “
Temperature (K) gm0t T :
0 50 100 150 200
FIG. 11. p(T) for PPP samples heat-treated to varidyg: values. T (K)

The flatness of the curves and the absence of a “metallic” temperature
dependence fgs (T') at high heat-treatment temperatures is associated-IG. 12. Temperature dependent magnetic susceptibility measure-
with small L. values. ments for PPP samples heat-treated to varibys values.
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8 ' ' for PPP samples wittfyr ~ 700 °C, features in the
Raman spectrum between 126! and 1400cm !
may be identified with modes derived from each of the
resonant PPP molecular structures. Thus, at Ty,
Raman and XRD results suggest the coexistence of a
mostly quinoid-like disordered PPP material with smaller
amounts of benzenoid-PPP and turbostratic graphene
constituents. Furthermore, the transport behavior for
Tyt < 800 °C is dominated by strongly localized car-
riers originating from the large band gap of PPP prior
to heat treatment. Although many aromatic ring struc-
tures exist forTyr < 800 °C, mostly in small PPP-like
clusters, the high density of dangling bonds and the
: semiconducting nature of the disordered PPP indicate
1000 2000 3000 the absence of a conductive pathway, and therefore
Tir(O) of extendeds-bands. This picture drastically changes
as Tyt is increased above 80Q, where carboniza-
tion proceeds, the dangling bond concentration drops,
nd correspondingly the conductivity increases by over
. N o orders of magnitude. This increase in pregraphitic
in the rangebS0°C < Ty < 800°C is best done from 1,5 conductivity occurs as the PPP character of the
the perspective of a disorder€fi;r < 775°C) polymer,  gympies diminishes, leaving behind a novel form of
as opposed to a disordered carbfur > 775°C). gisordered carbon. Whereas these PPP-based carbons can
Hence, disorder decreases as we move away from tha, ot he characterized as a glassy carbon in terms of
peak neaf'yr ~ 775 °C in Fig. 13, for either increasing their limiting L, and L, values at highTyr, the short

or decreasinglyr. At a Tyr Of 650°C, many edge interplanar distance (3.3&) near 3000C is almost

sites of the carbonaceous clusters, consisting of Palsqual to thedy, spacings of graphite (3_33)_ The

-+ =)

N,,. (spins/g) x 10”

[\]

(o]
[ R —

FIG. 13. Localized spin densit{V,,.) as a function ofl'yy.

As indicated earlier, analysis of samples heat-treate

raphitizing/nongraphitizing characteristics in that they
oth arise from the strong structural influence of the
Sromatic polymer precursor. In terms of graphitizabil-
ity, the formation of extended graphene sheets from
columnar crystallites in pregraphitic PPP-based carbons
¥s prevented by the presence and entanglement of PPP

at carbon atoms along the edges and within the bul
of the crystallites. For sample PPP-700, the exposur
of hydrogen-terminated sites is only partially complete
implying that each crystallite will have many dangling
bonds as well as hydrogen atoms at edge location

Interestingly, \r/1ery ne?THT : 70(10(: we figd aglobal  cpains up to relatively high temperaturés800°C).
maximum In the total number of unpaired Spins I OUrrpis high-temperature stability, in fact, is one of the

system. This peak bears a striking resemblance 10 thg, ;sianding characteristics of PPP, enabling it to form

peak in evolved K as a function of7yr reported in oy entangling structure at high temperatures. However,
Ref. 22 for measurements done on thin film PPP. ThuSgince the partially dehydrogenated molecules formed
the special properties of PPP-700 may be related tgq10,, goerC are expected to be planar due to their
this maximal exposure obrtho-sites which produces a ,ingig confirmation, adjacent chains are able to pack
maximum of localized spins. closely, allowing for closely,-spacings at higheFyr.
In the low-Tyr regime, PPP-based carbons are thought

V. DISCUSSION to consist of a long-range polymeric entanglement, while

In the present work, PPP-based carbons were chasupporting a local environment of mostly quinoid-PPP
acterized in terms of structural, lattice, and electronicchains arranged roughly in coplanar alignments, with
properties in an attempt to better understand these mamaller amounts of benzenoid-PPP and disordered car-
terials, particularly those heat-treated in & °C <  bon constituents. The largé,-spacings for the dis-
Tyt < 775 °C temperature range, where the most dra-ordered carbon regions imply the presence of large
matic changes in physical properties occur due to th@pen channels, both in the carbonized and precarbonized
carbonization of the polymer precursor. In this 1@y  quinoid-PPP regions, consistent with SEM observations.
regime, XRD measurements reveal short range (3)/7 These large open channels should enhance the mobility
doop-spacing consistent with literature values for highlyof Li dopants, as well as providing accessibility of
disordered carbon structures. Raman studies reveal thdithium to various sites. Furthermore, we also expect
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an increase in total available localization sites for Li 6.
in PPP-700, since a highly flexible structure with many
edge sites is created through dehydrogenation. Thus
the delicate structure produced &fr = 700 °C can '
accommodate large amounts of Li due to a maximums.
in both vacant and accessible sites. 9.
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