
S

E
l

Y
a

b

c

a

A
R
R
A
A

K
C
H
L
O
T

1

l
t
o
m
o
L
m
f
s
r
c
e
t
r
d
i
v
T
s
t

0
d

Journal of Power Sources 196 (2011) 6997–7001

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

hort communication

ffect of an organic additive on the cycling performance and thermal stability of
ithium-ion cells assembled with carbon anode and LiNi1/3Co1/3Mn1/3O2 cathode

oon-Sung Leea, Ki-Soo Leea, Yang-Kook Sunb, Yong Min Leec, Dong-Won Kima,∗

Department of Chemical Engineering, Hanyang University, 17 Haengdang-dong, Seungdong-gu, Seoul 133-791, Republic of Korea
Department of Energy Engineering, Hanyang University, Seungdong-gu, Seoul 133-791, Republic of Korea
Department of Applied Chemistry, Hanbat National University, Yusung-gu, Daejeon 305-719, Republic of Korea

r t i c l e i n f o

rticle history:
eceived 29 July 2010
eceived in revised form 12 October 2010
ccepted 18 October 2010
vailable online 26 October 2010

a b s t r a c t

A small amount of thiophene or ethylene dioxythiophene (EDOT) is introduced into the liquid electrolyte
of lithium-ion cells as an additive. These organic additives are electrochemically oxidized to form a thin
conductive polymer film on the surface of the cathode at high potential. With the liquid electrolyte
containing different additives, the lithium-ion cells composed of carbon anode and LiNi1/3Co1/3Mn1/3O2

cathode are assembled, and their cycling performances are evaluated. Adding small amounts of thiophene
eywords:
ycling performance
igh voltage
ithium-ion cells
rganic additive

or EDOT to the liquid electrolyte is found to reduce the interfacial resistance in the cells and thus the cells
containing an organic additive exhibit less capacity fading and better high-rate performance. Differen-
tial scanning calorimetric studies show that the thermal stability of the charged Li1−xNi1/3Co1/3Mn1/3O2

cathode is also enhanced in the presence of an organic additive.
© 2010 Elsevier B.V. All rights reserved.
hermal stability

. Introduction

Lithium-ion batteries with high energy density and long cycle
ife have become important power sources for portable elec-
ronic devices, electric vehicles, and load leveling systems. Most
f commercialized lithium-ion batteries use LiCoO2 as a cathode
aterial. However, toxicity and high cost of cobalt pose major

bstacles that limit its application in large-scale batteries. Recently,
iNi1/3Co1/3Mn1/3O2 has attracted much attention as one of the
ost promising alternative cathode materials to replace LiCoO2

or lithium-ion batteries, due to its high capacity, good structural
tability and relatively low cost [1–5]. In order to increase the
eversible capacity of LiNi1/3Co1/3Mn1/3O2 material, the charging
ut-off voltage could be increased to around 4.5 V. However, the
lectrodes charged to a high voltage lead to a significant deteriora-
ion of the cycle performance [5,6]. The origin of the capacity fade is
elated to the increase in the surface reactivity between the highly
elithiated cathode and the electrolyte solution, resulting in an

ncrease in the interfacial resistance. In addition, operating at high
oltage can lead to structural changes in the cathode material [7].

o solve these problems, numerous efforts have been undertaken,
uch as the addition of various inorganic and organic additives to
he electrolyte [8–11] and inorganic coating on the surface of cath-

∗ Corresponding author. Tel.: +82 2 2220 2337; fax: +82 2 2298 4101.
E-mail address: dongwonkim@hanyang.ac.kr (D.-W. Kim).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.10.047
ode active materials [12–15]. Our group has recently reported that
the high voltage (upper cut-off voltage: 4.4 V) cycling performance
of lithium-ion cells composed of carbon anode and LiCoO2 cath-
ode could be improved by adding thiophene [16]. The use of the
organic additive was based on the concept that it could be electro-
chemically polymerized prior to solvent decomposition in the high
potential region [17–19].

With the aim of improving the cycling stability of lithium-ion
cells with high cut-off voltage, i.e., cells composed of carbon anode
and LiNi1/3Co1/3Mn1/3O2 cathode, we introduced a small amount
of thiophene or ethylene dioxythiophene (EDOT) as an additive
to liquid electrolyte. The influences of these organic additives on
the cycling performances and the thermal stability of a delithiated
Li1−xNi1/3Co1/3Mn1/3O2 cathode were investigated.

2. Experimental

2.1. Electrode preparation and cell assembly

LiNi1/3Co1/3Mn1/3O2 powders were synthesized by the co-
precipitation method, as described previously in detail [3]. The
cathode was prepared by coating the N-methyl pyrrolidone (NMP)-
based slurry containing LiNi1/3Co1/3Mn1/3O2, poly(vinylidene

fluoride) (PVdF) and super-P carbon (85:7.5:7.5 by weight) on an
aluminum foil. The thickness of the electrodes ranged from 50
to 60 �m after roll pressing, and their active mass loading corre-
sponded to a capacity of about 1 mAh cm−2 (geometric electrode

dx.doi.org/10.1016/j.jpowsour.2010.10.047
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:dongwonkim@hanyang.ac.kr
dx.doi.org/10.1016/j.jpowsour.2010.10.047
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rea: 30 cm2). The carbon anode was also prepared by coating
he NMP-based slurry of mesocarbon microbeads (MCMB), PVdF
nd super-P carbon (88:8:4 by weight) on a copper foil. The liq-
id electrolyte was 1.15 M LiPF6 in ethylene carbonate (EC)/diethyl
arbonate (DEC) (3:7 by volume, battery grade, Techno Semichem
o., Ltd.). Thiophene or EDOT was added to a concentration of
.05 wt.% as an additive into the liquid electrolyte. The cell com-
osed of carbon anode, a polyethylene separator (Celgard 2400) and
iNi1/3Co1/3Mn1/3O2 cathode was assembled with an electrolyte
olution containing an organic additive and was enclosed in an alu-
inum pouch. All cells were assembled in a dry box filled with

rgon gas.

.2. Measurements

AC impedance measurements of the lithium-ion cells were per-
ormed in the charged state (4.5 V) using a CHI impedance analyzer
ver the frequency range of 1 mHz to 100 kHz with an amplitude of
0 mV. The surface morphology of the LiNi1/3Co1/3Mn1/3O2 cathode
aterial was observed using a transmission electron microscope

TEM, JEOL 2010) after the repeated cycling. In order to evalu-
te the cycling performance, the cells were cycled over 3.0–4.5 V
r 3.0–4.6 V at a current rate of 1.0C. For differential scanning
alorimetry (DSC) experiments, the cells were fully recharged to
.5 V after 200 cycles and opened in a dry room. After disassembling
he cells, the cathode was gently scraped from the current collec-
or. Approximately 5 mg of the cathode was hermetically sealed
n a stainless steel sealed pan, and measurements were performed
sing a 200 PC (NETZSCH, Germany) differential scanning calorime-
er at a heating rate of 1 ◦C min−1. Before DSC measurements, the
mount of cathode active material and electrolyte solution was
easured, and heat flow was calculated based on the weight of

he cathode active material.

. Results and discussion

In our previous study, it was shown that EDOT and thiophene
xidized prior to the decomposition (4.90 V vs. Li/Li+) of the liq-
id electrolyte [19]. That is, two additional small oxidative current
eaks were observed for the electrolyte solution containing EDOT
4.06 and 4.55 V vs. Li/Li+) and thiophene (4.11 and 4.55 V vs.
i/Li+), respectively. The electrochemical oxidation of these addi-
ives can result in the formation of a conductive polymer film on the
lectrode because their polymerization products are electronically
onductive in their oxidized states [18,20]. Chemical compounds
ith a high HOMO (highest occupied molecular orbital) energy tend

o easily decompose [11,21], since they are good electron donors.
ecause the HOMO energies of thiophene and EDOT are higher than
hose of solvents (EC, DEC) in the liquid electrolyte, thiophene and
DOT could be easily oxidized at potentials lower than the decom-
osition potential of the solvent.

The cycling performance of lithium-ion cells prepared with liq-
id electrolyte containing an organic additive has been evaluated.
or the purpose of comparison, the cell without an additive was
lso cycled under the same conditions. The assembled cells were
nitially subjected to a preconditioning cycle over 3.0–4.5 V at a
onstant current of 0.1 mA cm−2 (0.1C rate). The preconditioning
harge–discharge curves of lithium-ion cells with and without an
dditive are given in Fig. 1. As shown, the initial discharge capac-
ties of the cells containing an organic additive are slightly lower
han that of the cell without an organic additive. The cell without an

dditive shows an initial discharge capacity of 188.5 mAh g−1 based
n the LiNi1/3Co1/3Mn1/3O2 active material in the cathode. Initial
ischarge capacities of the cells containing an organic additive are
85.7 and 185.1 mAh g−1 for EDOT and thiophene, respectively.
Fig. 1. First preconditioning cycles of lithium-ion cells assembled with liquid elec-
trolyte containing different additives (0.1C, cut-off voltage: 3.0–4.5 V).

When comparing the coulombic efficiency of the pre-conditioning
cycle, the cell without an organic additive has a higher value (86.5%)
than the cells containing EDOT (84.0%) or thiophene (83.6%). Low
coulombic efficiency of the cell containing an organic additive is
associated with an irreversible electrochemical oxidation of an
organic additive on the electrode during the first preconditioning
cycle, as oxidative polymerization of organic additive is liable to
irreversibly occur at high voltage during the charging process. It
is thus plausible that the oxidative polymerization of an additive
consumes part of the capacity, which corresponds to an irreversible
capacity loss.

After two cycles at 0.1C rate, the cells were charged to 4.5 V at
a constant current of 1.0C rate. This was followed by a constant-
voltage charge with a decline of current until the final current
reached 10% of the charging current. They were then discharged
down to a cut-off voltage of 3.0 V at the same current. Fig. 2 com-
pares the charge–discharge curves of the 1st, 10th, 50th, 100th and
200th cycles of the lithium-ion cell containing thiophene as an addi-
tive. The cell has a first discharge capacity of 161.1 mAh g−1, and the
discharge capacity of the cell declines to 137.2 mAh g−1 after 200
Specific capacity(mAh g )

Fig. 2. Charge and discharge curves of the lithium-ion cell assembled with liquid
electrolyte containing thiophene. (1.0C CC and CV charge, 1.0C CC discharge, cut-off
voltage: 3.0–4.5 V).
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Fig. 3. Discharge capacities of the lithium-ion cells assembled with liquid electrolyte
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resistance is shown to be higher in the cell containing EDOT. This
ontaining different additives, as a function of cycle number. (1.0C CC and CV charge,
.0C CC discharge). (a) cut-off voltage: 3.0–4.5 V, (b) cut-off voltage: 3.0–4.6 V.

Fig. 3 presents the effect of an additive on the discharge capac-
ties as a function of cycle number. The cells were cycled over
.0–4.5 V or 3.0–4.6 V at a current rate of 1.0C. It is clear that the
ddition of an organic compound to the liquid electrolyte leads to
mproved cycling characteristics. In Fig. 3-(a), the cell without an
dditive has a discharge capacity of 121.3 mAh g−1 at the 200th
ycle, which corresponds to 73.7% of initial discharge capacity. On
he other hand, the capacity retentions of the cells containing an
rganic additive are 81.8 and 85.2% at the 200th cycle for EDOT and
hiophene, respectively. When the cut-off voltage for charging was
ncreased to 4.6 V, the improvement of capacity retention was more
emarkable in the presence of additive, though the cycling stabil-
ty rather decreased for all the cells, as shown in Fig. 3-(b). Good
apacity retention in the cell with these additives can be ascribed
o the formation of an electronically conductive polymer film on the
ctive sites of the cathode during charging, as explained above. This
onductive polymer film functions as a protective layer to cover
he active cathode sites and reduce the electrolyte decomposition
t high voltage, so that the structural stability of cathode material
an be enhanced.

In order to understand the effect of the organic additives on
ell cycling performance, the ac impedance of the cells was mea-
ured, and the resultant ac impedance spectra are shown in Fig. 4.
t has been known that ac impedance behavior of the cell depends
n the state of charge [22]. For a fair comparison, we tried to
nvestigate the ac impedance spectra at charged state of the cell.
ig. 4-(a) was obtained at the charged state after 1 cycle, and Fig. 4-
b) was measured at the charged state after 200 cycles. In both

pectra, two overlapping semicircles are observed. According to
he previous studies of ac impedance analysis [23,24], the semi-
ircle appeared in the high frequency range can be attributed to
Fig. 4. AC impedance spectra of the lithium-ion cells assembled with liquid elec-
trolyte containing different additives, which are obtained at charged state after (a)
1 cycle and (b) 200 cycles.

the resistance due to Li+ ion migration through the surface film on
the electrode (Rf) and the semicircle observed in the medium-to-
low frequency range is due to charge transfer resistance between
the electrode and electrolyte (Rct). In Fig. 4-(a), the surface film
resistance in the cell without additive is observed to be slightly
larger than those of the cells with additive, but there are little differ-
ences in the charge transfer resistance. After 200 cycles, the largest
increase in charge transfer resistance is observed in the cell with-
out additive. The resistive layer formed on the electrode surface
due to electrolyte decomposition may hamper charge transport at
the electrode and electrolyte interface, which increases the charge
transfer resistance with the repeated cycles. On the other hand,
the surface film resistance and charge transfer resistance are lower
in the cells containing an organic additive. This would support the
notion that, in the presence of an organic additive, a protective con-
ductive film is formed on the cathode during cycling, which limits
the growth of a resistive layer due to the electrolyte decomposition.
Though the resistances of Li+ ions through surface film are almost
the same in the presence of an organic additive, the charge transfer
result indicates that electronic properties of thin films formed on
cathode may be different. When a conductive layer does form on the
surface of the active material, this would produce a good electrical
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ig. 5. Relative discharge capacities of the lithium-ion cells assembled with liquid
lectrolyte containing different additives, as a function of C rate.

ontact between less conductive oxides, which facilitates electron
ransfer. For EDOT, the substitutions at the 3- and 4-positions of
hiophene lead to steric interactions that distort the �-conjugated
ystem, lowering the electronic conductivity and thus increasing
he charge transfer resistance.

The rate capability of the lithium-ion cell prepared with liquid
lectrolyte containing an organic additive was evaluated. In order to
nduce the electrochemical oxidation of additives in the cell and dis-
inguish the effect of additives clearly, the cells were cycled twice
t 0.1C rate and then 20 times at 1.0C rate, before the execution of
ate capability tests. Fig. 5 compares the relative discharge capaci-
ies of lithium-ion cells containing different additives, as a function
f current rate. The relative capacity is defined as the ratio of the
ischarge capacity at a specific C rate to the discharge delivered at
.1C rate. It was found that the discharge capacities are almost the
ame at low current density, regardless of the addition of organic
dditive. However, with increasing current rate to 5.0C rate, the
ffect of additives on rate performance of the cell becomes more
oticeable. It can be seen that, in the presence of thiophene, the
ighest discharge capacity at high current rates is obtained. High
ate performance of the cell containing thiophene may be encour-
ged by the less resistive surface film on the LiNi1/3Co1/3Mn1/3O2
athode and the faster kinetics of the charge transfer reaction, as
xplained in the ac impedance spectra of Fig. 4-(b).

Fig. 6 shows the TEM images of the LiNi1/3Co1/3Mn1/3O2 active
aterials obtained after 200 cycles of the cells without and with

hiophene as an additive. A magnified image around the edge of
he primary LiNi1/3Co1/3Mn1/3O2 particle cycled in the presence
f thiophene additive clearly reveals that it is uniformly coated
y the conductive polymer layer, and its thickness ranges from
9 to 28 nm, as shown in Fig. 6-(b). On the contrary, the bright
eld TEM of the LiNi1/3Co1/3Mn1/3O2 particle cycled in the absence
f an additive did not have an extra film on the particle surface.
rom the auger electron spectroscopy depth profile of the cath-
de obtained after 200 cycles in the presence of thiophene, the
lm thickness formed on LiNi1/3Co1/3Mn1/3O2 was also measured
o be about 23 nm. Thus, these results provide conclusive evidence
hat the primary LiNi1/3Co1/3Mn1/3O2 particle is coated by the thin
olymer layer formed by electrochemical oxidation of thiophene.

The thermal stability of cathode materials, especially at the
elithiated state, is of great importance for battery safety. DSC mea-
urements were performed in order to evaluate the thermal sta-

ility of the delithiated cathode material (Li1−xNi1/3Co1/3Mn1/3O2)

n the presence of additive. The weight ratio of active cathode
aterial to electrolyte solution was almost the same in all the
Fig. 6. TEM images of LiNi1/3Co1/3Mn1/3O2 particle obtained after 200 cycles of the
cells (a) without and (b) with thiophene.

samples. Fig. 7 shows the DSC profiles of the cathode materials
charged to 4.5 V, which are obtained after 200 cycles. The DSC
profiles of Li1−xNi1/3Co1/3Mn1/3O2 showed two exothermic peaks,
one appearing around 243 ◦C and the other above 255 ◦C. The first
exothermic peak resulted from the decomposition of electrolyte
solution due to an active cathode surface, and the second one could
be ascribed to the electrolyte oxidation caused by released oxy-
gen from Li1−xNi1/3Co1/3Mn1/3O2, as previously reported by Baba
et al. [25]. There is no significant difference in exothermic temper-
ature and heat generation in the first peaks. On the other hand, the
Li1−xNi1/3Co1/3Mn1/3O2 material in the cell containing an organic
additive has a smaller exothermic heat at higher temperature,

in the case of the second exothermic peaks. That is, the heat of
reaction for the Li1−xNi1/3Co1/3Mn1/3O2 material in the cell con-
taining EDOT and thiophene was reduced from 1081.0 to 781.1
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fter 200 repeated cycles.

nd 710.8 J g−1, and their exothermic peaks shifted from 259.3
o 275.4 and 282.3 ◦C, respectively, which indicate the enhanced
hermal stability of the delithiated cathode material in the pres-
nce of the additive. We believe that the polymer layer coated
n active cathode surface may block the oxygen release from
i1−xNi1/3Co1/3Mn1/3O2 material and it in turn gives rise to the shift
f the exothermic oxidation reaction to higher temperature as well
s the reduction of heat generation. These results suggest that more
hermally stable cells based on LiNi1/3Co1/3Mn1/3O2 cathode could
e assembled by adding a small amount of organic additive into the

iquid electrolyte.

. Conclusions

Cycling performances of lithium-ion cells composed of carbon
node and LiNi1/3Co1/3Mn1/3O2 cathode were improved by adding
small amount of an additive to the liquid electrolyte. Lithium-

on cells containing an organic additive exhibited good capacity
etention in the voltage range of 3.0–4.5 V and good high rate per-

ormance. Good cycling performance with an additive in the cell
ould be ascribed to the formation of a thin conductive film to sup-
ress the electrolyte decomposition on cathode active sites at high
oltage, which reduces the electrolyte decomposition so that the

[
[
[

[

urces 196 (2011) 6997–7001 7001

structural stability of active material can be enhanced. The ther-
mal stability of the charged Li1−xNi1/3Co1/3Mn1/3O2 cathode was
also improved in the cell containing an organic additive. It is thus
concluded that the addition of an organic additive is very useful
for improving cycling performance and thermal stability of high-
voltage lithium-ion cells.
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