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Abstract

Hexa(phenyl)benzene (HPB) and hexaibfomophenyl)benzene (HPB-Br) were submitted to controlled pyrolysis under mild conditions
to prepare carbonaceous materials for Li-ion storage. Experiments were performed in evacuated sealed ampoules and different temperatu
(in the range 500-60) and heating times (1 upto 5 days) were applied. Pyrolytic products were obtained as black flakes and characterised
by elemental analysis, thermogravimetric analysis, UV—vis—NIR and Raman spectroscopies. Scanning electron microscopy exhibited sever
structures (nanorods, bundles, microspheres) onthe surface of the flakes, depending on the precursor and on the pyrolysis procedure. Prelimin
electrochemical measurements revealed lithium storage capacities upto 500fAh g
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction equipment innovations. Therefore, extensive research activ-
ity is devoted to further improve the performance of the three
There has been a keen interest in rechargeable lithium-ioncomponents of these batteries, i.e. the cathode, the electrolyte
batteries since the commercialisation of the first cell by Sony and the anode. Solid-state chemists are deeply involved in the
in the early 90s. The primary advantages of Li-ion technol- development of lithium transition metal oxidfs-10] since
ogy include high potential, small size and low weight that these reversible lithium intercalation hosts successfully op-
afford gravimetric energy densities higher than 130 Wh'kg  erate as cathodes in Li cells. Current trends in the field of
for a lifespan exceeding 1000 cyclgls-5]. Consequently,  electrolytes tendto replace the conventional liquid electrolyte
Li-ion batteries find applications in numerous portable de- with lithium-conducting polymer electrolyt¢$1—15] In the
vices (e.g. cellular phone, lap-top computer, camcorder) andcase of anodes, widespread carbon-based feedstocks are com-
they are expected to be a major breakthrough for electric monly recognised as some of the best materials. This choice
vehicles. Though the Li-ion battery market matures, a greatis governed by their lightness associated to their ability to
deal of R&D effort is still needed to face ongoing mobile reversibly incorporate guest molecules such as alkali metal
ions. Presently, graphite is largely used in commercial cells
_ but its lithium storage capacity is limited to 372 mAhly
* Corresponding_author. Tel.: +33 3 8841 4156; fax: +33 3 8841 4099. corresponding to the Li€stage.
™ Co-corresponding author. . In the search for more efficient anodic materials, we
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Helmholtzstrasse 8, 89081 Ulm, Germany. arrangements as follows: (i) to start at a molecular level

0378-7753/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2004.06.069



T. Renouard et al. / Journal of Power Sources 139 (2005) 242—-249 243

from carbon-rich, benzene-based precursors and (i) tobut without any solvent, so post-treatment was reduced to
induce intermolecular aryl-aryl couplings and simultaneous elimination of bromine excess. Purification was performed
or subsequent intramolecular dehydrogenation to obtainby filtering a hot THF solution of the product, which al-
graphene disks being part of a 3D-network. Recently, nano-lowed to remove the residual inorganic salts. Heand
sized propeller-shaped graphitic molecules were obtained by'3C NMR data were in agreement with a hexa-brominated
metal-catalysed cyclodehydrogenation of three-dimensionalcompound. No evidence of less halogenated derivatives was
dendritic oligophenylengd 6]. It has already been observed observed.

that heat treatment of polg{phenylenes) also results in
the formation of planar graphene units by thermal hydro-
gen elimination combined with fusion of benzene rings
[17]. Moreover, a convenient way has been developed to
prepare carbon nano- and micro-particles by pyrolysis of
well-defined polycyclic aromatic hydrocarbons (PAHS)
under mild conditions[18]. Thus, we assumed that by

2.3. Pyrolysis

Experiments were carried out in evacuated@@bar),
sealed quartz or glass ampoules in an electrical oven. The
pyrolysis programs allowed: (i) slow heating (12 h) to the
o . =7 desired temperature; (ii) pyrolysis for different times; and
carefully tailoring the pyrolysis procedure, both crosslinking (iii) cooling down to room temperature in 12 h (vide infra).

Of. oligophenylen_es and thermal cyclodehydrogenation The products were removed from the walls of the ampoules,
might be feasible in the same reactor. Hexa(phenyl)benzene

(PE) and evtistbromonhenyDoeniene (1P5 swere <ty 0 100 TUE 0 e e oL ere
selected as starting materials, since they can be considereﬁnentS were performed on a gram scale and were well repro-
as the smallest branched 3D-oligophenylenes. The SymheSisducible.

characterisation and preliminary results of lithium storage

capacities of a set of pyrolysed materials are reported in this
work. 2.4. Electrochemical measurements

The electrochemical experiments were carried out using

2. Experimental two- and three- electrode cells. The reference and counter
electrodes were metallic Li disks of 10 mm diameter. The
2.1. General working electrodes for galvanostatic cycles were prepared

as follows: first, active materials and small quantities of

Elemental analysis was run on a CHNS Microanalyser Poly(vinylidene difluoride) (PVdF) were mixed. PVdF was
EA1112 from ThermoFinnigan. A LEO 1450VP Oxford used as a binder to ensure a good mechanical stability
Instrument and a LEO 1530 field emission scanning elec- of the electrode films. When necessary, a better electronic
tron microscope were used for SEM investigations. TGA contact throughout the film was obtained by adding 14%
spectra were measured on a Mettler TG 50 Thermobal- Of an electronic carbon conductor (extremely fine powder
ance. The optical absorption measurements were performedSuper P). This mixture was then dispersed in a suitable sol-
at ambient temperature on a UV-vis—NIR Perkin-Elmer Vvent (usuallyN-methyl pyrrolidinone) and stirred for sev-
Lambda 900 spectrometer. Raman spectra were measure@ral hours. The final active materials preparation was poured
as KBr pellets and recorded on a Dilor XY 800 spec- on a thin copper foil and spread by sliding a stainless
trometer with a liquid-nitrogen cooled CCD detector and Steel blade (Doctor Blade) all over the length of the foil.
Raman microscopical unit. An Ar+ laser (514.5nm) was The film thickness (normally 0.1 mm) was set by adjust-
used as excitation source. Cyclic voltammetric measurementdng the distance of the blade from the copper foil. After
(CV) were carried out using a 213 Par potentiostat Coup|ed evaporation of the solvent, the thin electrode film obtained
with a software especially developed in our laboratories. A Was cut as small disks of 10mm diameter and dried at
Maccor battery Cyc"ng was used for gah/anostatic Cyc"ng 120°C under vacuum to eliminate the residual solvent and

(GC). humidity. The electrodes for CV experiments were pre-
pared using the same technique but without addition of
2.2. Synthesis of precursors Super P. The electrolyte was a 1 M solution of LiGIM

EC:DEC (ethyl carbonate:diethyl carbonate) or EC:DMC
The synthesis of HPB is well-established and allows its (€thyl carbonate:dimethyl carbonate) 1:1 molar ratio. All

preparation on a large scdtE9). Starting from tetraphenyl- ~ cells were assembled in a MBraun dry box, under an ar-
cyclopentadienone, diphenylacetylene and diphenylether (asgon atmosphere and a water content below 1 ppm. All gal-
solvent) HPB was obtained via a Diels—Alder cycloaddi- vanostatic cycles were carried out at a current rate of C/5,
tion that releases only carbon monoxide. An original method Which represents the current necessary to discharge the ac-
for bromination of HPB has been developed by Rathore et tive electrode materials in 5h. The actual current density
al. which consists in a simple stirring with neat bromine Was calculated using the maximum capacity of graphite
in chilled ethanol[20]. A comparable route was applied (372mAhg?).
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Table 1 relative intensities of the bands were similar to those of large
Detailed experimental conditions for pyrolysis of HPB in quartz ampoules  5|l-henzenoid polycyclic aromatic hydrocarbons with 10—-22
Sample TemperatureQ) Time (h) Elemental analysis (%)  “full” fused benzene rings recorded under identical condi-

HPB - - 93.79 (C); 5.97 (H) tions[24-30]
1 600 24 94.04 (C); 2.82 (H) Combining the results from UV-vis and Raman spectro-
2 600 60 96.45 (C); 2.66 (H)

scopies suggests the formation of all-benzenoid PAHs as

3 600 108 98.93 (C); 1.03 (H) a consequence of thermal cyclodehydrogenation processes
and supports the anticipated mechanism with intermolecu-
3. Results and discussions lar crosslinking and fusion of the. benzene rings during heat
treatment at 600C. After pyrolysis for 24 h, PAHs with a
3.1. Pyrolysed materials minimum of five “full” fused b_enzene rings could be aIregdy
detected. Prolonged pyrolysis for 60 and 108 h, respectively,
3.1.1. Pyrolysis of hexa(phenyl)benzene (HPB) led to a gradual increase in the size of the obtained PAHs, as

The pyrolysis of HPB at 600C in quartz ampoules led ~ "€vealed by elemental analysis. .
to the formation of different pyrolytic products, depending  SCanning electron microscopy of the insoluble parts of
on the duration of the heatingdble 3. Heat treatment for ~ Sa@mple 1 (obtained after washing with THF, filtration and
241 produced a mixture of dark brown soluble and insolu- drying under reduced pressure) showed that the top of the
ble materials (sample 1). In comparison to the starting prod- film was partially coated by discrete microobjects with dif-
uct, elemental analysis of the pyrolytic compound showed ferent forms and dimension§i. 3a). After 60h pyrolysis
an increase of the carbon—-hydrogen ratio. This material was(S2mPple 2), the shape of these objects became more uniform
investigated by UV-vis spectroscopy and scanning electron@nd shprt rods were the major structures seen in the SEM im-
microscopy. The UV-vis spectrum of the soluble part of the 29€S Fig. ). The outer diameters of these structures were
sample showed an intense absorption band at 320 nm, whicHPeut 100 nm and the lengths were upfeni. The product
is red shifted compared to the absorption band of the start-OPtained after prolonged pyrolysis for 108 h (sample 3) was
ing compound (290 nm)Fig. 1). A similar spectrum was black and almost insoluble in organic solvents. Elemental
observed in the case ofgH16, an all-benzenoid polycyclic analysis showed that more than 35 % of the original hy-
aromatic hydrocarbon (PAH) containing five so-called “full”  drogen content had been removed. The morphology of the
aromatic rings (fused benzene rings), synthesised by oxida-oPtained compound was probed by SEM. The more or less
tive cyclodehydrogenatiofi6,21—23] Additionally, several |sola'Fed nanorods, detected on the top of the film after py-
shoulders were detected between 360 nm and 500 nm. They©!Ysis for 60 h now became even longer and formed bundles
can be attributed to larger all-benzenoid PAHs containing of thin, elongated fibrils with diameters of about 100 nm and
between 6 and 10 “full” fused benzene rings, based upon alengths upto um. Furthermore, these bundles formed ex-
comparison with the UV-vis spectra of authentic PAHs ob- tended, porous networks and covered the surface of the film
tained by direct chemical synthe§is,21-23] (Fig. 3c). In some areas, spherical particles with diameters

Raman spectroscopy gave significant information about 2nging from a few hundred nanometers tar4 were also
the extension of the-conjugation. Thus, the first-order Ra-  S€eM, which were comparable to the radial spherical textures
man spectrum of sample 3 (washed and dried) exhibited only ©Ptained by pyrolysis of hexa(alkyl)substituted hexa-peri-
two bands. one at 1334 crh with a shoulder at 1260 cnd hexabenzocoronerj&8] and during carbonisation of a vari-

and a second one at 1600Th(Fig. 2). The positions and &Y of carbonaceous precursf#$,32] The spherical objects
were often coated by the network of the long fibrisy. 3d).
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Fig. 1. UV-vis spectra of HPB (a) and of the soluble part of sample 1 (b). Fig. 2. Raman spectra of HPB (a) and of sample 3 (b).
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Fig. 3. SEM micrographs of the products obtained by pyrolysis of HPB at @0@fter 24 h (a and inset), after 60 h (b) and after 108 h (c and d); Scale bars:
(c) 1pm, (a, inset, b and d) 2m.

Table 2

Detailed experimental conditions for pyrolysis of HPB-Br in glass ampoules

Sample TemperaturéQ) Time (h) Soluble part Elemental analysis (%)
HPB-Br - - - 50.07 (C); 2.55 (H); 46.6 (Br)
4 600 24 Traces 84.48 (C); 1.49 (H); 3.54 (Br)
5 580 72 5% 91.23 (C); 1.64 (H); 2.36 (Br)
6 550 72 8% 93.04 (C); 1.95 (H); 2.38 (Br)
7 500 120 10% 95.38 (C); 2.14 (H); 1.06 (Br)

The influence of prolonged cooling process (for 36 h) on the insoluble in common organic solvents and evaporation of
morphology of the pyrolytic compound was investigated but the washings (seBection 2 revealed only limited amounts

no significant effect was observed on the final products. of soluble parts. Thermogravimetric analysis showed that
the products were extremely thermally stable over a wide

3.1.2. Pyrolysis of hexakis(p-bromophenyl)benzene range of temperatures (upto 900) under inert atmosphere.

(HPB-Br) Around 5% weight loss was usually observed, which can

For HPB-Br as a pyrolysis precursor, different tempera- be related to gradual evaporation of insoluble small molar
tures and heating times were tested in evacuated sealed glaswass compounds trapped within the intercalation structures.
ampoules Table 2. Since bromine atoms are better leav- No thermal oxidation of the products occurred before 450
ing groups than hydrogens, they were assumed to facilitateunder air. Although the materials formation was assumed to
the intermolecular aryl-aryl couplings, and so the formation proceed by radical couplings, no ESR signal could be de-
of large branched 3D-polyphenylenes at lower temperatures.tected for the final compounds. Elemental analyses revealed
As for HPB, the black products obtained from HPB-Br were that the higher the temperature of pyrolysis the lower the
recovered as films coating the glass walls. All thin films were remaining hydrogen content, regardless of the heating time.

Conversely, decreasing the pyrolysis time resulted in larger

1 Note that for batches at 60C heating was always stopped after 24 h bromine contents (i.e. less crosslinked structures), although

since the glass ampoules started to expand. higher temperatures were applied. Indeed, pyrolysis for 5
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uct contains very low amounts of soluble fraction. Moreover,
the fact that the pyrolysis temperature is reduced to°850

is of practical importance since then glass ampoules can be
used.

As previously observed for HPB-based materials, both
sides of the films exhibit a different appearance. Whereas
the external face (in contact with the glass walls) of the foil
was smooth with metallic brightness, the internal face was
. . . - - ' dull. SEM images revealed that the internal face was coated

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 by layers of microsphereig. 9) that closely resemble the

Wavelength (nm) so-called “mesocarbon microbeads” (MCMB3J]. Intrigu-
ingly, the dimensions of the beadsig. 5a) were relatively
Fig. 4. Solid-state UV-vis-NIR spectrum of sample 6. homogeneous, since most of the diameters were in the range
5-7um. As displayed by the edge plane image, the beads

days at 500C produced materials containing 1.06% of resid- are fused to one another. Since these beads are present only
ual Br, while pyrolysis for one day at 60C still gave 3.54% on the surface facing the internal part of the ampoules, one
of Br. Bromine doping of graphite has been known for long can assume this difference of texture to be due to the lack of
[33-35] In that case, bromine is present in the interlayer material able to sublime at the final stage of the pyrolysis.
space between graphite sheets in the form gfiBolecules. This is emphasised by the low ratio of the layer thickness of
Since our materials still contain hydrogens that can further beads compared to the thickness of carbon bulk.
react with Bp, the remaining bromine content is assumed
to correspond to bromine atoms bound to carbons. Further-3.2. Electrochemical measurements
more, it has been shown by Nishikawa et al. that bromine
doping of artificial graphite obtained at relatively low tem- Preliminary CV experiments were performed using sam-
peratures led to formation of C—Br bonds by reaction of Br  ples 3 and 5Kig. 6). Although the pyrolysis conditions were
with dandling bonds of carbd36]. Even though allthe prod-  quite similar, the electrochemical behaviour of the samples
ucts were insoluble, UV-vis—NIR spectra were measured on clearly depends on the final product, i.e. on the starting mate-
a quartz plate coated by thin films obtained by spray deposi-rial used. CV cycles of sample 3 (carried out at 0.2 m¥)s
tion of finely powdered materials dispersed in methanol. The are reported inFig. 6a. The cathodic current at the low
UV-vis—Nir spectrum of sample 6 is depictedrig. 4 Due limit potential (near OV versus Li) is related to Li inser-
to the broad bands, no typical absorption wavelength can betion into the carbon host, while the cathodic peaks in the
distinguished. Nevertheless, since the absorption covers theange 200-250 mV can be assigned to both reversible and ir-
entire visible range and based upon comparison with previ- reversible processes, these latter being attributed to the forma-
ously reported PAH$16,21-23] one can estimate that the tion of a protective, passivation layer on the electrode surface
materials are composed of large graphene units incorporat{1]. The anodic peaks at 300 mV versus Li represent the Li
ing upto 35—40 fused aromatic rings. The reported elementaldeinsertion process from the host material. Both anodic and
analysis is in accordance with such extended structures. Allcathodic peaks are very sharp, which is related to the sur-
these data confirm the interest of the brominated derivative of face area characteristics and is generally observed with pure
HPB. Indeed, by applying mild pyrolysis conditions (58D phase materials. The reported values are in accordance with
for 3 days) the materials obtained exhibit higher graphiti- typical redox potential ranges of natural carbons. CV cycles
sation rate as compared with HPB-based materials preparedf sample 5 are shown iRig. 6b, using the same experi-
from pyrolysis at 600C for almost 5 days and the crude prod- mental conditions as for sample 3. The cathodic and anodic

Absorbance (a.u.)

Fig. 5. SEM micrographs of sample 5. Internal face (a) and edge plane (b).
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peaks appear at similar potentials than for sample 3, but theyent parameters can be responsible for these variajiys

exhibit different shapes since at least two cathodic and two the most likely being irreversible reactions taking place at
anodic peaks can be distinguished. Another major differencethe electrode/electrolyte interface. Description and analysis
between the CV of the two samples is noteworthy during of all the parameters are outside the scope of this preliminary
the first cycle: for sample 3, only a small increase of cur- report, but further work in this direction is under progress.
rent starting from 1250 mV versus Li can be detected, while  Fig. 7a shows the specific capacities of lithium storage

for sample 5 an important cathodic peak at 500 mV versus delivered during the first 50 Li insertion/deinsertion galvano-
Li appears. In both cases, minor evolutions can also be seerstatic (C/5) cycles for sample 3. After some capacity fading,
between the second and the following cycles. Many differ- the values stabilise around 500 mAhlg i.e. much higher
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cycles at C/5 (b).
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than the maximum value for pure graphite (372 mAf)y 00571). Special thanks to R. Roth (ICS, elemental analysis
The efficiency of the Li insertion/deinsertion processes Of Br), S. Natale (University of Rome, electrode preparation),
reaches 99% after 7 cycleBig. 7b). This behaviour is in ~ H.-J. Menges (MPI-P, Raman spectroscopy) and G. Glasser
agreement with CV data: &8ig. 6a shows, no important  (MPI-P, SEM measurements).
irreversible cathodic peak is present during the first cycle
and one may assume that irreversible reactions are displaced
not only on the first cycle, but rather over several subsequent
cycles, this in turn lowers the corresponding efficiency.

The behaviour of sample 5 is differerfig. 8a shows
the specific capacity of lithium storage delivered during the [1] M. Wakihara, O. Yamamoto (Eds.), Lithium-lon Batteries: Funda-
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