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ABSTRACT

Electrochemical lithium insertion into polyacrylonitrile (PAN)-based disordered carbons was studied using the tech-
niques of discharge/charge tests, eyclic voltammetry, and "Li nuclear magnetic resonance (NMR) spectroscopy. The PAN-
. based carbons were prepared b% vacuum gymlysis of PAN at 500, 800, and 1000°C. They showed charge capacities

between 254 and 380 mAh/g in the first cycle. "Li NMR spectra showed two kinds of lithium insertion sites in the PAN-
based carbons: a reversible site where lithium is removed in the subsequent charge process and an irreversible site where
lithium remains intact. The NMR results suggest that lithium in fully Li-inserted PAN-based carbons has an ionic¢ char-

acter, and reversible site lithium resides between negatively charged carbon layers.

Introduction

Numerous studies on the electrochemical insertion of lith-
ium into various carbon materials have been reported.?®
Such intensive research has resulted from the recognition
that carbons are promising as anode materials for lithium-
ton batteries.®® Studies on lithium intercalation inte graph-
ite, in particular, have been well established.'®"*" It ig
known that a maximum of one lithium atom per six carbon
atoms can be intercalated when lithium is fully intercalated
into graphite. In LiC;, the intercalated lithium exists as a
screened ion between two adjacent graphite layers, the the-
oretical specific capacity of LiC; being 372 mAh/g.

Recently, there have been numerous reports on lithium
insertion into disordered carbons prepared by pyrolysis of
organic precursors below 1000°C.3*%131¢ In general, these
carbons show higher capacities than those of graphite.
These high capacities and structures of the disordered
carbons prepared at low temperatures suggest that there
should be a mechanism different from that of graphite for
lithium insertion. Lithium insertion into the disordered
carbons with high capacities showed two kinds of electro-
chemical behavior. First, the carbon materials composed of
single graphene sheets predominantly have voltage profiles
which show little hysteresis and a low-voltage plateau.'*'*
Dahn proposed that lithium can be adsorbed on both of the
surfaces of these single graphene sheets.'*'® In this case, the
theoretical maximum capacity is 740 mAh/g, which corre-
sponds to x = 2 in Li,C;. Second, the carbon materials con-
taining much hydrogen show voltage profiles with large
hysteresis.***'* Several mechanisms have been proposed to
explain hoth the high capacity and the large hysteresis
which are generally observed during the lithium insertion
in carbons having significant quantities of hydrogen.®!41%%

* Electrochemical Sof:iety Active Member. ‘

Recently, Dahn pointed out mistakes of both mechanisms
suggested by Mabuchi et al.® and by Sato et al.'* and pro-
posed a new mechanism of lithium insertion where the
inserted lithium binds to a carbon atom which also binds
a hydrogen atom, causing a change in the bonding orbital
for the carbon-carbon bond from sp? to sp?, 142

Many disordered carbons prepared from organic precur-
sors have been found to be promising anode materials for
lithium-ion batteries. However, there have been only a few
reports about the electrochemical behavior of PAN-based
carbons, which have been found to be inappropriate for
electrode materials due to poor reversible capacity®*
Recently, Verbrugge and Koch reported that PAN-based
carbon fibers may be useful negative electrodes for lithi-
um-ion batteries through cyclic voltammetric (CV) analy-
5is.?® Nevertheless, the electrochemical characteristics of
PAN-hased carbons have not been clearly identified, and
there have been no studies on the effect of pyrolysis tem-
perature (T,) upon the electrochemical behavior of PAN-
based carbons. In this study, we report lithium insertion
into PAN-based disordered carbons prepared by pyrolysis
of PAN at various temperatures to evaluate the effect of
pyrolysis temperature (T,) on the electrochemical charac-
teristics of PAN-based carbons and to give insight into a
mechanism of lithium insertion into PAN-based carbons.

Experimental

The PAN-based disordered carbons were prepared from
PAN (Taekwang Industrial Co., Ltd, Korea) by vacuum
pyrolysis at temperatures of 500, 800, and 1000°C, denoted
as PAN-500, PAN-800, and PAN-1000, respectively. The
vacuum pyrolysis technique used in this study is deseribed
elsewhere *® These samples were ground to a fine carbon
powder with particle size of less than 100 pm using ball
mills. The x-ray diffractometry (XRD) was carried out on
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a Rigaku x-ray diffractometer (Rigaku D/MAX-RC 12 kW
system} with Cu K, radiation. The data were collected
from 10 to 100°in scattering angle (26). The average crys-
tallite sizes along the a axes (L,) were estimated from the
(100) diffraction peak using the Scherrer equation.” Ele-
mental analysis was carried out using an elemental analyz-
er from Foss Heraeus Analysentechnik Instrument.

The PAN-based carbons were mixed with 7 weight per-
cent (w/o) of poly(tetrafluoroethylene) binder in isopropyl
alcohol. The resulting mixtures were deposited on SUS-
EXMET (stainless steel expanded metal grids) and pressed
to form a thin electrode with thickness of 300 to 350 pm.
After the carbon electrodes were cured for 3 h at 280°C,
they were repressed, dried under vacuum for 24 h at 150°C,
and stored in an argon-filled glove box tc avoid exposure
to air. Electrochemical measurements were performed in a
three-electrode cell made of polypropylene at ambient tem-
perature. The organic electrolyte used was 1.0 M LiPF; in
ethylene carbonate (EC)/1,2-dimethylecarbonate (DMC)
(2/1, v/v) solution (battery grade, Mitsubishi Petrochemical
Co., Ltd.). A large amount of solution was always used to
get rid of the influence of compositional change of the elec-
trolyte. Lithium metal was used as a counter and a refer-
ence electrode. The surface area of the counterelectrode
was about three times larger than that of the carbon elec-
trode. The cyclic voltammetry of the carbon electrodes was
carried out in the range 0 to 3 V »s. Li/Li" at scan rates of
1 mV/s. The discharge (inserting lithium) and charge
{removing lithium) tests for the carbon electrodes were car-
ried out between 0 and 2.5 V vs. Li/Li* using constant cur-
rents of 24.8 mA/g. Fully Li-inserted carbons,and fully Li-
removed carbons in the first cyecle were made by discharging
to 0 V and by subsequent charging to 2.5 V after the first
discharging, respectively. The fully Li-inserted carbons and
the fully Li-removed carbons after the full lithium insertion
in the first cycle were examined by "Li NMR spectroscopy
{Bruker AM-300; resonance frequency 116.6 MHz). A solu-
tion of 1 M LiCl/D,0 was used as an external standard.

Results and Discussion

Structure and composition of PAN-based carbons—
Elemental analysis of the PAN-based carbons (Table I)
shows the atomic ratic of hydrogen to carbon (H/C) to
decrease from 0.34 to 0.06 with an increase of pyrolysis
temperature (T,). The atomic ratio of nitrogen to carbon
{N/C) slowly decreases from 0.23 to 0.10 as T, is increased.
The results suggest that the PAN-based carbons have a
structure as shown in Scheme I, which is slightly different
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~ 800°C
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-~ 1000°C
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PAN-800

Scheme |. Plausible structures of the PAN-based carbons prepared
by vacuum pyrolysis of PAN.
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Table I. Results of elemental analysis and L, valves calculated from

XRD patterns using the Scherrer equation.
Weight percentage  Atomic ratio
(w/o) (a/o)
Sample T,(C) L&) C H N  H/C N/C
PAN-500 500 27 74.9 2,10 205 634 023
PAN-800 800 30 819 0.85 13.7 012  0.14
PAN-1000 _1000 38 83.6 .43 99 006 0.10

from that described elsewhere®® Scheme I shows that
small-size carbon layers composed of aromatic rings are
formed by the aromatization of PAN at low T, and the size
of carbon layers becomes larger through condensation of
aromatic rings as T, is raised. It has been reported that the
residual hydrogen and nitrogen are completely removed
above 1000 and 1500°C, respectively.®* The suggested
structure of PAN-500, however, is not fully consistent with
the results of the elemental analysis, because carbons hav-
ing defect sites can be formed as shown in Scheme II.

defect site

Scheme N. Structure with defect site in PAN-500.

(a)
(b}
=
(c)
10 20 30 40 50‘60I70480 90 100
‘ 20

Fig. 1. XRD Jxmems of the PAN-based carbons: [a) PAN-500, (b)
PAN-800, and (c) PAN-1000.
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XRD patterns of the PAN-based carbons are shown in
Fig. 1. All the peaks have broad shapes indicating highly
disordered carbons.®™ The (002) and (004) peaks due to the
stacking of carbon layers and the (100} and (110) peaks
due to in-plane order are observed. The (002}, (004), (100),
and {110) peaks are observed at 28 of near 25, 54, 44, and
80°, respectively. Figure 1 shows that the (002) and (100}
peaks become sharp as T, is raised from 500 to 1000°C. In
PAN-500, a typical XRD pattern of disordered carbons is
also observed. This is good evidence that the carbon layers
are well stacked even at 500°C. The average crystallite
sizes along the a axes (L,) are estimated from the (100) dif-
fraction peak using the Scherrer equation™ and are shown
in Table 1. The approximate L, values increase from 27 A
in PAN-500 to 38 A in PAN-1000.

Electrochemical studies on the PAN-based carbons—
Figure 2 shows the discharge and charge curves of the
PAN-based carbons during the first two cycles. The results
of the discharge and charge tests of the three samples are
summarized in Table IL. As T, is increased from 500 to
1000°C, the charge capacities of the PAN-based carbons
decrease from 380 to 254 mAh/g in the first cycle. In all
the PAN-based carbons, the cycle efficiencies (Ru/@as) Of
the first and the second cycle are above 50 and 90%,
respectively. The discharge and charge curves in Fig. 2b
and ¢ show almost no hysteresis; the discharge and charge
steps occur over essentially the same potential range. On
the contrary, Fig. 2a displays a hysteresis effect; however,
it seems to be due to the overvoltages which arise from
the low conductivity of PAN-500. In summary, the dis-
charge/charge curves in Fig. 2, which were obtained be-
tween.0 and 2.5 V vs. Li/Li*, display typical curves for
standard lithium insertion/removal processes in pyrolyzed
carbons, where x = 1 in Li,C;. Note that the curves in
Fig. 2 do not show the hysteresis phenomenon occurring

charge
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discharge

[ PAN-BO0 @ ()
charge

discharge

Potential vs. Li/Li* (V)

PAN-1000 ©
:| charge : }
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Fig. 2. Discharge/charge curves of the PAN-based carbons: (a}
PAN-500, (b] PAN-800, and {¢) PAN-1000. The solid and det lines
correspond to the first and second cycle, respectively.

Table Il. Results of the charge/discharge tests for the
PAN-base?:urbons.

Capacity (mAh/g) Cycle
Discharge ~ Charge h‘ggggrcsiitl;le efficiency (%)
Sample 1st 2nd  1st 2nd (mAh/g) ist and

PAN-500 731 389 380 362 351 52 93
PAN-800¢ 605 341 340 338 265 56 99
PAN-1000 487 252 254 241 233 52 96

after reaching > 1 in Li C,, which is achieved only at
potentials near bulk lithium deposition.*

The irreversible capacity usually observed in the first
discharge cycle of carbon electrodes is defined as the dif-
ference in capacity between the first discharge and the
subsequent charge. The PAN-based carbons tested in this
study also show a large irreversible capacity. The irre-
versible capacities of the PAN-based carbons (Table II)
decrease from 351 -fo 233 mAh/g as T, is raised. This trend
is similar to that observed in the recent work of Xing et al.
in which they prepared carbons by pyrolysis of sugar™
Generally, it is accepted that the irreversible capacity is
caused by the formation of a passivating film on the sur-
face of the carbon electrodes due to the decomposition of
electrolyte.®

Figure 3 shows reversible capacities and efficiency vs.
cycle number for PAN-800. The cells were cycled between
0.0 and 2.5 V at a constant current density of 24.8 mA/g.
Good efficiency is shown from the second cycle. At the tenth
cycle, a high capacity of about 300 mAh/g is observed.

Figure 4 shows cyclic voltammograms (CV) of the PAN-
based carbons. Upon the anodic scan, the charge (lithium
removal) capacities are very low in the early cycles and
gradually increase during repeated cycles. The low charge
capacities observed in the early cyeles indicate that a large
amount of inserted lithium in the PAN-based carbons
remains upon scan reversal. This is consistent with the
results observed in the first cycle of discharge/charge tests.
Higher anodic peak currents for the PAN-based carbons
are observed in PAN-1000, compared with PAN-500 and
PAN-800, indicating the kinetics of lithium insertion/re-
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Fig. 3. Plots of the capacity [a) and cycle efficiency (b} vs. cycle
number in PAN-800.
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Fig. 4. Cyclic vollammograms of the PAN-based carbons: {a}
PAN-500, (b) PAN-800, ond (<) PAN-1000,

moval in PAN-1000 to be the fastest among the three PAN-
based carbons. It is probable that this feature is mainly
due to better conductivity of PAN-1000 than those of
PAN-500 and PAN-800. Discharge (lithium insertion) and
charge (lithium removal) capacities are caleulated in each
cycle. The plots of both discharge capacities (@,,) and
charge capacities (@) vs. cycle number are shown in
Fig. 5. PAN-500 shows low values of Q4 and @, in the
early cycles, compared with those of PAN-800 and PAN-
1000 but similar values of @y, and @, around the tenth
cycle. The very low @y, and @, of PAN-500 in the early
cycles are attributed to the sweep rate being relatively fast
compared to the kinetics of the lithium insertion/removal
in PAN-500. It is believed in a fast potential sweep that
lithium is not inserted into the deep inner parts of carbon
particles in early cycles due to large ohmie (IR) drop, but
into only the shallow inner parts of carbon particles. Thus,
only shallow inner parts near the surface of carbon parti-
cles take in lithium from solution in early cycles. It is
expected, however, that during repeated cycles, more and
more lithium is inserted into the deep inner parts of car-
bon particles by solid-state diffusion. The plots of the
cycle efficiency (@.,/Qq,) vs. cycle are shown in Fig. 6. In
the case of PAN-1000, @,/Q,, approaches almost unity in
the tenth cycle. This observation proves that inserted lithi-
um in PAN-1000 is completely removed upon scan rever-
sal in the tenth cycle.

"Li NMR spectra of the PAN-based carbons.—To investi-
gate the lithium insertion sites and the chemical state of

J. Electrochem, Soc., Vol. 144, No. 12, December 1997 © The Electrochemical Society, Inc.
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Fig. 5. Plots of both discharge (Q,,) and charge (@) capacities
vs. cycle: (o) PAN-500, (b} PAN-800, and (¢} PAN-1000,

L B — —
10t ©
®)
@
R-N S 4
2]
:a
4
05 6 -
A -
2L o
1
0.0 1 L 1 1 1

0 2 4 B 8 10 12

Cycle Number

Fig. 6. Plot of @,/Qy, vs. cycle: o) PAN-500, {bj PAN-800, and
(c} PAN-1000, , _



S

J. Electrochem. Soc., Vol. 144, No, 12, December 1987 © The Electrochemical Society, inc. 4283
PAN-500 PAN-800 PAN-1000
@ ) - (&)
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and PAN-1000, respectively. (c],
J\ /\ (B, and (i} are the deconvoluted
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. PAN-500 {a), PAN-800 (d}, and

© A 6 @ PAN-1000 [g), respectively.
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lithium, "Li NMR spectra were obtained in both the fully
Li-inserted PAN-based carbons and the fully Li-removed
PAN-hased carbons after the full lithium insertion in the
first cycle (Fig. 7). The peaks for lithium in the fully Li-
inserted PAN-500 (Fig. 7a), PAN-800 (Fig. 7d), and PAN-
1600 (Fig. 7g) are observed at around 5, 16, and 14 ppm,
respectively. The chemical shift of the fully Li-inserted
PAN-based carbons increases with an increase of T,. A
similar trend was found in the recent work of Tatsumi
et al. where they used mesocarbon microbeads (MCMBs)
as electrode materials.? The peaks for lithium in the fully
Li-removed PAN-500 (Fig. 7b), PAN-800 (Fig. 7e), and
PAN-1000 (Fig. Th) are observed at around 2, 3, and 5 ppm,
respectively. The chemical shifts of lithium in the three
PAN-based carbons are closer to that of LiCl (0 ppm)
rather than that of metallic lithium (262 ppm), suggesting
that lithium in the PAN-based carbons has an ionic char-
acter. The deconvoluted results for the peaks observed in
the fully Li-inserted PAN-based carbons are shownm in
Fig. Tc, 7f, and 7i. The results indicate two kinds of lithi-
um insertion sites: a reversible site where lithium is re-
moved in the subsequent charge process and an irre-
versible site where lithium remains. The reversible peak
due to the reversible site lithium is observed in the direc-
tion of downfield. On the other hand, the irreversible peak
due to the irreversible site lithium is observed in the direc-
tion of upfield. It is suggested that the irreversible peak is
caused by lithium salts in the passivating film.

The downfield shift of the reversible site lithium is
observed with an increase of T, as shown in Fig. 8. Such a
downfield shift can be understood by a model where the
lithium in the fully Li-inserted PAN-based carbons resides
between negatively charged carbon layers. As T, is raised,
carbons with large condensed aromatic rings are formed,
and the interlayer distance decreases. It is expected that
the interactions between lithium ions and conduction
electrons in the carbon plane are more favorable as the
interlayer distance decreases, and the lithium in the PAN-
based carbons prepared at higher T, have a higher electron
density. As a result, the chemical shift of lithium moves to
downfield with an increase of T,.

Conclusions
As T, is increased from 500 to 1000°C, the charge capac-
ities of PAN-based carbons decrease from 380 to 254
mAh/g in the first eycle. The discharge/charge cutves of
three PAN-based carbons, which were obtained between 0
and 2.5 V »s. Li/Li*, show typical curves for standard

-100 100

50 0 50 -100
Chemical shift (ppm)

lithium insertion/removal processes in pyrolyzed carbons,
where x < 1 in Li,C,. Higher anodic peak currents of the
PAN-based carbons are cbserved in CV curves of PAN-
1000, compared with those of PAN-500 and PAN-800. This
feature indicates that the kinetics of the lithium inser-
tion/removal in PAN-1000 are the fastest among the three
PAN-based carbons. It is probable that this feature is main-
ly due to the higher conductivity of PAN-1000 compared to
the other PAN-based carbons. 'Li NMR spectra show two
kinds of lithium insertion sites in the PAN-based carbons:
a reversible site where lithium is removed in the subse-
quent charge process and an irreversible site where lithi-
um remains.
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