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Abstract: A new carbonaceous material was successfully prepared by the py-
rolysis of scrap tire rubber at 600 °C under a nitrogen atmosphere. The physical
characteristics of the prepared carbonaceous material were studied by scanning
electron microscopy (SEM), X-ray powder diffraction (XRD) and X-ray photo-
electron spectroscopy (XPS). It was proved that the carbonaceous material had
a disordered structure and spherical morphology with an average particle size
about 100 nm. The prepared carbonaceous material was also used as electrodes
in electrochemical systems to examine its electrochemical performances. It was
demonstrated that it delivered a lithium insertion capacity of 658 mA h g1
during the first cycle with a coulombic efficiency of 68 %. Cyclic voltammo-
grams test results showed that a redox reaction occurred during the cycles. The
chemical diffusion coefficient based on the impedance diagram was about 1010
cm? s1. The pyrolytic carbonaceous material derived from scrap tire rubber is
therefore considered to be a potential anode material in lithium secondary bat-
teries or capacitors. Furthermore, it is advantageous for environmental pro-
tection.

Keywords. pyrolytic carbon; scrap tire rubber; carbonaceous materias; electro-
chemical performance; coulombic efficiency; chemical diffusion coefficient.

INTRODUCTION

The lithium-ion battery has developed rapidly in the past decades due to its
advantages of high electromotive force and high energy density. In today’s com-
mercial lithium-ion batteries, carbonaceous materials are widely used as the ano-
des. As compared with lithium metal, carbonaceous anodes reduce the formation
of lithium dendrites on the surface of the anodes during the cycling process,
which effectively enhances the safety and prolongs the cycle of lithium-ion bat-
teries. In general, carbonaceous materials are classified into two groups. highly
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graphitized carbons and dlightly graphitized carbons of disordered structures.
Graphitic carbons are the dominant anode material in today’s lithium-ion techno-
logy because of their good characteristics of arelatively flat potential and stable
structure upon cycling. However, the formation of graphitic carbons usually re-
quires high reaction temperatures and their reversible capacities which, normally
below 372 mA h g1, are limited compared with lithium metal.

Low-crystalline carbons, also named disordered carbons, have received con-
siderable interest because of their appealing features, such as higher specific ca-
pacities of lithium insertion; good cycling performances; structural characteristics
controllable by changing the organic precursors, heat-treatment temperature and
soaking time.1.2 Disordered carbons synthesized by the pyrolysis of organic pre-
cursors can accommodate much larger amounts of lithium than graphitic carbons,
because disordered carbons contain predominantly planar hexagonal networks
but lack extended graphitic crystallite ordering. Moreover, the short-sized gra-
phite layers in disordered carbons are relatively facile for the insertion of lithium
ions compared with graphitic carbons.3

Scrap tires are usually considered as waste materials. Owing to their flexible
nature and resistance to degradation, under-grounding tires would occupy large
volumes of land and tires tend to cause destabilization of compacted landfill
sites. Scrap tires would also lead to significant fire hazards and generate high le-
vels of pollution to the air, soil and waters. In fact, scrap tires may represent a
source of many valuable products. According to recent management strategies
that focus on valuable resources recycling and environmental protection, pyro-
lysisisregarded as one of the most promising techniquesin terms of the recovery
of valuable products from scrap tire rubber.4

Disordered carbons prepared by the pyrolysis of condensed aromatics®6 and
a multitude of natural precursors’—11 have been reported. These disordered car-
bons showed high initial insertion specific capacities and good electrochemical
performance but low initia coulombic efficiencies. In this paper, the results of
the structural characteristics and electrochemical performance of carbonaceous
material pyrolyzed from scrap tire rubber are reported. The as-prepared carbo-
naceous material in the present study was designated as TRC. To evaluate the
electrochemical properties of TRC, the widely used commercial powdered gra-
phite carbons (abbreviated as CGP and F-0), activated carbon (abbreviated as
AC) were used for comparative purposes.

EXPERIMENTAL

Preparation of the carbonaceous material

The scrap tire rubber employed in this work was in powdered form of particle size about
0.3 mm. A tube furnace was used to produce the carbonaceous material. Before pyrolysis, the
rubber powder was washed with anhydrous ethanol. Subsequently, the above rubber precursor
was heated at 600 °C for 2 h in flowing nitrogen at a heating rate of 2 °C min-L. After natural
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NEW CARBONACEOUS MATERIAL FOR ELECTROCHEMICAL SYSTEMS 273

cooling to room temperature, the residual solid sample was mixed with a 1.0 M acetic acid
solution in a 250 mL screw cap glass bottle to leach the inorganic elements to a minimum.
The mixture was milled by magnetic force for 24 h and then end-over-end shaken for 6 h at
room temperature. Afterwards, the mixture was filtered through a low-ash filter paper and
then washed with distilled water until the pH value of the filtrate was neutral.
Analytical and testing instruments

SEM Images were obtained with a Hitachi X-650B microscope. The XRD data was col-
lected between the scattering angles (26) 0 and 90° using a Rigaku D/Max 2550 powder dif-
fractometer equipped with Cu-Ka radiation source (4 = 0.15418 nm). The XPS was collected
on aVG Escaab MK |1 instrument.
Assembly of cells and performance evaluation

The electrochemical properties of various carbonaceous materials were evaluated with a
lithium metal foil as the counter electrode. The working electrode was prepared by mixing
TRC (or CGP, F-0 and AC), acetylene black and an aqueous binder LA132 (from Indigo,
China) at aweight ratio of 87:5:8, in an appropriate amount of distilled water to make surry.
After mixing well, the slurry was pasted onto a 12 um copper foil and dried at 120 °C to give
the electrodes. All electrodes were cut into disks with a diameter of 14.5 mm (thus the area of
1.65 cm?), pressed, dried at 90 °C under vacuum for 4 h, and weighed to determine the active
mass of carbon.

All the operations on the cells assembly were realized in an argon-filled dry glove box.
The electrolyte was 1.0 M LiPFg dissolved in a mixture of ethylene carbonate (EC), dimethyl
carbonate (DMC) and ethylene methyl carbonate (EMC) with a volume ratio of 1:1:1. A po-
rous Celgard 2400 polypropylene membrane was used as the separator. The constant current
charge—discharge and room temperature cycling performance of the cells were tested on a
Neware battery tester (China) and cyclic voltammograms (CVs) were measured using an
Arbin Instrument (USA). Electrochemical impedance spectra (EIS) were investigated by a
Solartron 1260/1287 (UK) impedance analyzer in the frequency range of 10-1-106 Hz.

RESULTS AND DISCUSSION
SEM Characterization of the carbonaceous materials

The SEM microphotographs of CGP, F-0, AC and TRC are shown in Fig. 1.
The carbonaceous materials showed different morphologies. The SEM image of
TRC revealed a spherical morphology and the TRC spheres were comparatively
smooth with an average particle size of ca. 100 nm. According to Aurbach,12 car-
bonaceous materials with a smoother surface give a better lithium-ion in-ser-
tion/desertion performance. This is because a smooth surface is advantageous for
the formation of an effective passivation layer. In addition, carbon spheres are
thought to be beneficial for obtaining an improved performance because of their
high pack density, low surface-to-volume ratio, good structural stability, etc.13
Therefore, this morphological feature of the TRC material derived from the pyro-
lysis of scrap tire rubber is expected to be favorable for good cycling stability.
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274 LINetal.

Fig. 1. SEM Images of 8 CGP, b) F-0, c) AC and d) TRC.
XRD Characterization

The XRD patterns of CGP, F-0, AC and TRC are presented in Fig. 2. As
Sandi et al.14 indicated, CGP and F-0 show a highly graphitized carbon structure,
while AC and TRC display disordered carbon systems. The diffraction peak of
(100) at around 43° indicates the presence of planar hexagonal cluster structures,
while the broad reflection of (002) at around 24° indicates stacking of the gra-
phite sheets in TRC, as shown in Fig. 2d. The dgg2 of TRC is about 3.65 A,
which is a little larger than that of pure graphite carbon, as revealed in Figs. 2a
and 2b. The larger interlayer distance of TRC is facile for the insertion and de-
sartion of lithium ions and the retention the structural stability of TRC during
cycles.

As indicated by Liu et al.,15 the empirical parameter R can be used to esti-
mate the concentration of nonparallel single layers of carbon in carbonaceous
materials pyrolyzed at |low temperatures. In the present study, the R value of TRC
was found to be about 3.10. As shown in Figs. 2c and 2d, the R value of AC was
higher than that of TRC, indicating more graphitized carbon single layers in
TRC. The amount of the precursor loaded for pyrolysisis considered to be a con-
dition for alarge value of R. The reason is that large sample (more than 10 g pre-
cursor) when heat-treated can generate a higher partial vapor pressure of volatile
organic products which may be able to redeposit in a process similar to the che-
mical vapor deposition (CVD) action. The capacity of a sample is correlated with
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NEW CARBONACEOUS MATERIAL FOR ELECTROCHEMICAL SYSTEMS 275

the value of R that lies on the fraction of the single layers. Samples with lower R
values have more single layers and generally give alarger reversible specific ca
pacity. For all single layers R = 1,15 as shown in Figs. 2a and 2b. Therefore, the
single-layer fraction in TRC is small, which is one of the possible reasons that
TRC has arelatively lower reversible specific capacity.
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Fig. 2. XRD Patterns of @) CGP, b) F-0, c) AC and d) TRC.

XPS Measurements

The X-ray photoelectron binding energy spectrum of Cigin TRC isgivenin
Fig. 3. The spectrum shows that the TRC mainly consists of four kinds of carbon,
including elemental carbon (C-C), phenol or ether (C-O), carbonyl (C=0) and
carboxyl (COOH), which correspond to binding energies at 284.8, 286.2, 287.9
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and 289.6 eV, respectively. Surface functional groups such as C-O, C=0 and
COOH were mainly formed during the pyrolysis process. As Ogihara et al. dis-
cussed,3 these surface functional groups would cause a loss of reversible capacity
because of their potential reactions with lithium.
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Fig. 3. X-Ray photoelectron binding energy spectrum of Clsin TRC.

Cyclic voltammetry

The CVs of CGP, F-0, AC and TRC are shown in Fig. 4 (1). The scan rate
for al the electrodes was 0.2 mV s=1. As can be seen from Fig. 4 (1), the four
carbonaceous materials showed different electrochemical behaviors. The charge
—discharge curves of CGP, F-0, AC and TRC, as shown in Fig. 4 (2), also display
their different electrochemical properties. The CGP and F-0 electrodes exhibited
the same oxidation-reduction behavior, i.e., Li-ion insertion—extraction, in the
electrodes. The AC electrode exhibited no redox peaks, which is due to the pro-
cess of electrostatic adsorbing—desorbing of PFg~ in AC. The TRC electrode ex-
hibited two reduction peaks in the potential regions of 1.4-0.4 V and 0.4-0 V.
The currents (i) at 1.4-0.4 V varied aimost linearly with the scan rate (v), espe-
cialy at the potentials of 0.6 and 0.4 V, as shown in Fig. 5. This result demon-
strates a surface reaction behavior,16 which is consistent with those of Ogihara.3
In the potential region 1.4-0.4 V, a solid-electrolyte interface (SEI) film formed.
The SEI films were mainly produced by the electrochemical reduction of solvent
species at 1.2 V, the emphraxis of EC-solvated lithium on the carbonyl edges
(Cedge=0), and the reaction of lithium ions with Cegge=O to give the reversible
redox reaction Cedge=O/Cedge—OL .17 Consequently, the high capacity in the po-
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tential region of 1.4-0.4 V is the result of the electrochemically reversible redox
0of Cedge=O/Cedge—OL i, Which is cyclable and occurs only on the electrode sur-
face. In the potential region of 0.4-0 V, as suggested by other authors,18-20 this
is regarded as lithium ion insertion into the graphite layers (CgLi) and/or electro-
chemical deposition of metallic lithium clusters (Li%). Simultaneously, a LiF re-
sistive filmisformed irreversibly at around 0.2 V.17
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Fig. 4. 1) Cyclic voltammograms and 2) charge-discharge curves
of @ CGP, b) F-0, c) ACand d) TRC.
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Fig. 5. Scan rate (v) dependence of the current (i) for TRC at potentials
of 1.4,1.2,1.0,0.8,0.6,0.4,0.2and 0.0 V.

Cycling properties

The variations of the charge and discharge capacities with cycle number, to-
gether with the coulombic efficiency, for TRC are shown in Fig. 6. The cells
were cycled between 0 and 3V vs. Li/Li* at a current density of 0.45 mA cn2. A
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Fig. 6. Variation of the charge and discharge capacities with cycle numbers,
together with the coulombic efficiency for TRC.
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capacity of 658 mA h g1 was obtained during the initial discharge with a coulom-
bic efficiency of 68 %. The initia coulombic efficiency was much higher than
that of many other carbonaceous materials obtained by pyrolysis.”,10.11,21,22 The
TRC electrode exhibited a rapid capacity fading in the first two cycles, although
the irreversible capacities gradually decreased in the subsequent cycles. A suffi-
cient passivation layer was not formed because of the structural characteristics of
TRC and electrochemical parameters, such as large surface area, abundant func-
tional groups, and/or large current density are thought to be the reasons. The low
coulombic efficiencies of the first two cycles are considered to be caused by the
fact that the applied current was consumed not only when lithium ions were in-
serted into the TRC during the discharge process, but also by other side reactions,
such as solvent decomposition. After the 2nd cycle, the fading of both the charge
and discharge capacities become slow and the coulombic efficiency reaches up to
95 %, which were because highly passivated surface films formed, the effect of
side reactions abated and the structure of TRC became much more stable with
cycling.

Impedance measurements

The impedance diagrams obtained for cells with a TRC electrode before
cycling and after four cycles are shown in Fig. 7. The semicircles in the medium
frequency region correspond to the process of insertion of lithium ions. The se-
micircle in the high frequency region for the cell after four cyclesis considered to
correspond to the formation of an SEI film on the electrode surface. The diagram
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Fig. 7. Impedance diagram of the TRC electrode system before cycling and after four cycles.
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also demonstrates that the impedance of the cell greatly increased upon cycling.
This would be caused by the micro-exfoliation of the carbon particles during the
repeated insertion-desertion process. As indicated by Levi et al.,23 the micro-ex-
foliation would result in an increase of the surface area electrode and lead to a
continuous reduction of the solvent species. As a result, the electrode becomes
more covered by solution-reduced products and exfoliated carbon; hence the im-
pedance of the cell increases. The chemical diffusion coefficient of lithium was
calculated from the straight line of the impedance spectrum?4 shown in Fig. 7.
This value corresponds to 2.0x10-10 cm2 s-1, which is larger than the value ob-
tained by Sandi et al.14

CONCLUSIONS

Scrap tire rubber was proved to be a suitable precursor for the production of
carbonaceous el ectroactive materials for lithium-ion batteries. The prepared sam-
ple showed a disordered structure and spherical morphology with a relatively
smooth surface and comparatively uniform particle size distribution. The higher
chemical diffusion coefficient of lithium indicated the rapid transfer of lithium
ions during cycling. As suggested by Aurbach et al.,25 the structural characteris-
tics of carbonaceous materials have an important influence on the voltage profile,
reversibility and the final stoichiometry of the lithium-inserted carbon. The elec-
trochemical performances of TRC were largely determined by its surface mor-
phology and structural characteristics. A structure with a certain degree of crys
tallization and a certain number of poresis necessary for TRC to give a high ca-
pacity because the cavities in the TRC may be favorable for a greater accommo-
dation of lithium ions. The disordered pyrolytic carbon TRC derived from scrap
tire rubber showed a first-cycle coulombic efficiency of more than 65 %, which
is much higher than other carbonaceous materials of the same family obtained
from other precursors, although it exhibited arelatively low reversible capacity.

More importantly, not only the electrode materials could be obtained from
scrap tire rubber by pyrolysis, but also the serious “black pollution” by scrap tires
would be effectively solved by this method, which is thus advantageous for envi-
ronmental protection.

N3BOJ
CUHTE3A U KAPAKTEPU3ALIMJA HOBOI' YI'JBEHUYHOI' MATEPUJAJIA
3A VIIOTPEBY YV EJJEKTPOXEMUJCKMM CUCTEMUMA
Z1 J LIN*?, XUE BU HUY?, YONG JIAN HUAI*? u ZHENG HUA DENG?

1Chengdu Instutute of Organuc Chemustry, Chunese Academy of Scuences, Chengdu, Suchuan 610041, and
Graduate School of Chunese Academy of Scuences, Beujung, 100039 u 2Zhongke Laufang Power
Scuence & Technology Co., Ltd, Chengdu, Szchuan 610041, P.R. China

CHHTETHCAH je HOBH YIJbCHHYHH MaTepHjal [MHUPOIM30M OTIafaKa ayTOMOOWIICKHX T'yma Ha
600 °C y armoctepu azora. Pusnyke KapaKTepUCTHKE YIJbEHUYHOT MaTepujaja Cy UCIUTHBAHE

Available online at www.shd.org.rs/JSCS/

2009 Copyright (CC) SCS

olcle

EY HMC HD



NEW CARBONACEOUS MATERIAL FOR ELECTROCHEMICAL SYSTEMS 281

ckernpajyhom enekrporckom mukpockonujom (SEM), nudpakmujom X-3paka (XRD) u portoenex-
TpoHCKOM criekTpockomnujom X-3paka (XPS). Tloka3ano je ma marepujai mma HeypeheHy CTpyk-
Typy u cdepHy Mopdonorujy ca nmpocedHoM BenuuuHoM dectuna ox oko 100 nm. Cunrerucanu
YIJbEHHYHU MaTepujaj je KopumheH M Kao eNEeKTPoJa y ENEeKTPOXEMHjCKHM CUCTeMUMa Jia Ou ce
HCITUTAJIC FEroBe eJICKTPOXEMH]jCKe KapaKTepUCTHKe. Pe3ynraTu cy mokasanu Jia je KalnanureT UH-
Tepkananuje nutujyma 658 mAh/g Tokom mpBor muKiIyca y3 KyJOHOBCKY edukacHocT ox 68 %.
LukirgHOM BOJTaMETPHjOM je TOKa3aHO J1a c€ TOKOM IMKIIyca OAWTpaBa pemOKC peakiuja. Ha
OCHOBY MMIICIAHCHHX Meperba ofpelieH je koeduumjent nudysuje matnjyma og oko 107° cm?/s.
Ha ocHoBy oBHX pe3yaraTa Moxke ce pehu na Ou ce yribeHHYHHM MaTtepHjan JoOMjeH MUPOIU30M
oTHajgaKa ayTOMOOJHMCKHX T'yMa MOrao KOPUCTUTH Kao aHOJHM MarepHjai y JIMTHjyMCKuUM Oate-
pujama, mTo 61 NCTOBPEMEHO OHO ¥ JONIPUHOC OYyBamy )KUBOTHE CPEIUHE.

(TTpumsbeno 19. pebpyapa, pesumuparo 4. jyna 2009)
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