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a b s t r a c t

The electrolyte additive, 3,9-divinyl-2,4,8,10-tetraoxaspiro[5,5] undecane (TOS), was investigated as a
means to improve the life of mesocarbon microbead (MCMB)/Li1.1[Ni1/3Co1/3Mn1/3]0.9O2 (NCM) cells for
high-power applications. With the addition of an appropriate amount of TOS (no more than 1 wt%) to
MCMB/NCM cells, the capacity retention was significantly improved at 55 ◦C compared with cells contain-
ing pristine electrolyte. Aging tests at 55 ◦C indicated that the capacity retention of the negative electrode
eywords:
i-ion battery
dditive
lectrode
unctional electrolyte

had benefited as a result of the formation of a stable passivation film at the surface of the carbon elec-
trode due to TOS reduction. Electrochemical impedance spectroscopy showed that a TOS addition of more
than 0.5 wt% increased the cell interfacial impedance. Differential scanning calorimetry showed that the
thermal stability of lithiated MCMB was also improved with the TOS addition.

© 2010 Elsevier B.V. All rights reserved.

mpedance
ycleability

. Introduction

Currently, lithium-ion batteries are being developed as the
ower source for hybrid and plug-in hybrid electric vehicles [1–4],
hich generally require a 15-year battery life. This requirement is
significant challenge for the current technology of lithium-ion

atteries, and much effort is being devoted to extend the bat-
ery calendar and cycle life. The most promising approach is to
evelop functional electrolyte additives that limit the degradation
f electrodes during cycling by stabilizing the electrode/electrolyte
nterface. The state-of-the-art nonaqueous electrolyte for lithium-
on batteries is LiPF6 in carbonates, but LiPF6 is sensitive to

oisture. A tiny amount of moisture will trigger the decomposi-
ion of LiPF6 to produce PF5, LiF, POF3, and HF [5]. The HF will, in
urn, attack the cathode materials to release metal ions. Amine et al.
2] reported that a trace amount of reaction byproducts, such as HF,
iF, POF3, and Mn2+, can attack the battery electrodes (in particular,
he negative electrode) and dramatically shorten the life of the bat-
ery. To overcome this problem, researchers have developed several
assivation additives that can polymerize and form a stable pas-

ivation film at the electrode surface during the formation cycles.
xample of these additives are vinyl ethylene carbonate [6–8], viny-
ene carbonate [8–11], lithium bis(oxalato)borate [12,13], lithium
etrafluoro oxalato phosphate [14], and vinyl pyridine [15]. In

∗ Corresponding author.
E-mail address: amine@cmt.anl.gov (K. Amine).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.04.040
this paper, we report on a new TOS additive that improve sig-
nificantly the cycle life performance of mesocarbon microbeads
(MCMB)/Li[Ni1/3Co1/3Mn1/3]O2 cells, especially when operating or
aging the cell at high temperature.

2. Experimental

The TOS additive was purchased from Sigma–Aldrich and was
used as-received without further purification.

The positive electrode was prepared by casting a slurry of 84 wt%
NCM, 8 wt% carbon black (TB5500), and 8 wt% poly(vinylidene flu-
oride) (PVDF) (Kureha 7208) dispersed in N-methyl-2-pyrrolidone
on an aluminum foil. The active loading is 10 mg cm−2. The nega-
tive electrode was made by casting a slurry of 90 wt% mesocarbon
microbeads (MCMB-1028), 2 wt% vapor-grown carbon fiber, and
8 wt% PVDF (Kureha 1100) dispersed in N-methyl-2-pyrrolidone
on a copper foil and the active loading is 7 mg cm−2. Then the
electrodes were dried completely in a vacuum oven at 75 ◦C for
overnight. The capacity ratio between anode and cathode is about
1.2 taking into account of 15% irreversible capacity loss for NCM
[16] and 18% for MCMB.

The performance of the MCMB/NCM cells was evaluated in
2032-type coin cells. The cell was configured with a negative elec-

trode (MCMB), a microporous polypropylene separator (Celgard
3501), a positive electrode (NCM), and an appropriate amount of
electrolyte. The electrolyte was 1.2 M LiPF6 dissolved in the mix-
ture solvent of ethylene carbonate (EC) and ethyl methyl carbonate
(EMC) with a ratio of 3:7 by volume, with or without TOS additive.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:amine@cmt.anl.gov
dx.doi.org/10.1016/j.jpowsour.2010.04.040
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The concentrations of TOS tested were 0, 0.25, 0.5, 0.75, 1, and
wt%. The cells were first subjected to three formation cycles at

he C/10 rate, and then cycled under the following conditions: 1C
ate, temperature of 55 ◦C, and voltage between 3 and 4.0 V. The
pper cut-off voltage of 4 V was chosen because according to the
revious study, the best capacity retention was achieved when
ycled between 3 and 4.0 V [16]. Before and after 400 cycles, the
ells were constant-voltage charged to 3.8 V and then taken out of
he oven and cooled down to room temperature for AC impedance
nvestigation using a BAS-Zahner IM6 Impedance Analyzer (Zahner
lectric). The frequency window was between 1 MHz and 0.01 Hz,
ith voltage amplitude of 5 mV.

In other tests, Li metal foil was used as the counter electrode to
repare Li/MCMB and Li/NCM cells, respectively, with addition of
ifferent amounts of TOS. The cells were subjected to three for-
ation cycles at the C/10 rate, and then charged to 0.001 V for

he Li/MCMB and 4.1 V for the Li/NCM, respectively. After about 4
eeks of aging at 55 ◦C, the cells were taken out of the oven to mea-

ure their capacity at room temperature. The Li/MCMB cells were
ycled at the C/10 rate, while the Li/NCM cells were cycled at the
C rate. The low charge rate of C/10 was chosen for the Li/MCMB
ells because the capacity of those cells only recovered about 10%
f their initial capacity at the 1C rate after aging due to increase
n the cell impedance. After the capacity measurement, the cells
n good condition (capacity retention >30%) were subjected to the
ging test at 55 ◦C for another 2–4 weeks.

To study the impact of TOS on thermal stability of electrode
aterials, cells of Li/MCMB and Li/NCM with/without 1 wt% TOS
ere charged to 0.1 V and 4.1 V respectively. The cells were then
isassembled in the glove box; the recovered MCMB and NCM elec-
rode material were peeled off from the current collector. Then,
bout 3 mg materials was transferred to the stainless steel pan with
ddition of 3 �L electrolyte and tightly sealed. The prepared sam-
les were then subjected to differential scanning calorimetry (DSC)
Perkin-Elmer, Pyrix1) in the temperature range of 25–375 ◦C at a
can rate of 10 ◦C/min.

. Results and discussion
.1. Effect of TOS additive on capacity retention

Fig. 1 shows the normalized discharge capacity retention of the
CMB/NCM cells with different amounts of TOS in the electrolyte.

ig. 1. Capacity retention of MCMB/NCM cells cycled between 3 and 4 V at 55 ◦C
n electrolyte of 1.2 M LiPF6-EC:DEC (3:7 volume ratio) with and without TOS. The

eight percentage of the TOS is indicated in the plot.
Fig. 2. Capacity retention of Li/MCMB half cells with and without various amounts
of TOS after aging at 55 ◦C.

The initial specific capacity of these cells was about 130 mAh g−1,
based on the weight of positive electrode material (NCM). As the
concentration of TOS increased from 0 to 1 wt%, the cell capacity
retention increased. However, as the concentration increased from
1 to 2 wt%, the capacity retention decreased and was even worse
than that of the cell without TOS. After 400 cycles at 55 ◦C, the
capacity retention of the pristine cell was less than 68%, while that
of the 1 wt% TOS cell was above 76%.

Fig. 1 confirms that the addition of TOS as an electrolyte addi-
tive can improve the capacity retention of the full cell. However,
the mechanism of this improvement is not understood. To that
end, a series of Li/MCMB half cells were prepared with different
TOS contents. These cells were initially cycled at 25 ◦C with a con-
stant current of C/10 (0.3 mA) to check the initial capacity before
being constant-voltage discharged to 1 mV. The fully discharged
cells (1 mV) were then aged at 55 ◦C before being cooled to 25 ◦C
for capacity check (with a constant current of C/10 or 0.3 mA). Fig. 2
shows the normalized reversible capacity of the negative electrodes
at 25 ◦C with different TOS concentrations in the electrolyte after
cell aging at 55 ◦C. After being aged for 42 days at 55 ◦C, the cell
with pristine electrolyte had no reversible capacity left. The cells
with 0.75 and 1 wt% TOS showed excellent capacity retention of
70% and 80%, respectively after 28 days of aging. However, after
extensive aging for over 80 days, only cells with 1 wt% TOS sur-
vived with about 70% capacity retention. Further increases of the
concentration of TOS to 2 wt%, did not improve the capacity reten-
tion above that of the cell using pristine electrolyte, i.e., almost no
capacity was left after only 30 days of aging (not shown in Fig. 2).

The same aging experiments were carried out with Li/NCM half
cells. Fig. 3 shows the normalized discharge capacity of the positive
electrodes as a function of both the aging time and the concen-
tration of TOS added. The cells with and without TOS showed
similar capacity retention, and the performance of the cell with-
out TOS was slightly better than that of the cells with TOS. Similar
to well-studied additive VC [17], TOS has obvious beneficial effect
on graphite anodes and no adverse effect on cathode. Therefore,
we concluded that the added TOS benefited the negative electrode
and hence improved the capacity retention of full cells and signifi-
cantly improved the aging characteristics of the negative-electrode

half cells, especially at 55 ◦C.

Fig. 4 shows the partial dQ/dV curve of the first charge-discharge
cycle (at C/10) from the Li/MCMB half cell. The insert shows the
whole cycle profile. Although no extra peak was observed with
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ig. 3. Capacity retention of Li/NCM half cells with and without various amounts of
OS after aging at 55 ◦C.

ddition of 1 wt% TOS in the electrolyte, considering the positive
ffect of TOS on cycling and aging performance, we still believe
hat TOS can form polymerized SEI film on the electrode surface.
here are two possible pathways for the polymerization. One is
he proton induced condensation polymerization. For instance,
,9-diethylidene-2,4,8,10-tetraoxaspiro[5.5] undecane (DETOSU),
hich has very similar structure as TOS, can convert to poly(ortho

sters) (POE) through proton induced condensation polymeriza-
ion, which has been intensively studied due to its biodegradability
y hydrolysis [18,19]. In those cases, DETOSU reacted with a variety
f diols to produce the POE backbone with acid as the trigger agent.
owever, in the electrolyte of the lithium ion battery, the concen-

ration of proton in non-aqueous electrolyte is very low, besides, no
iols are presented in the lithium ion cell. Hence, we lean to another
ossible pathway, electrochemically induced free radical polymer-

zation. Monomers with double bonds, such as styrene [20] and
ethylenebisacrylamide [21], followed such polymerization path-
ay. We hypothesized that the unsaturated bonds on TOS could be
lectrochemically reduced, and that the generated radical initiates
he radical polymerization at a low potential during the initial dis-
harge, when lithium is inserted into the graphite. The amount of
urrent needed to initiate the free radicals could be too small to be

ig. 4. Partial dQ/dV curve of the first charge–discharge cycle (at C/10) from the
i/MCMB half cell with the insert showing the whole curve.
Fig. 5. Voltage response at constant charge current of (a) 2 mA and (b) 0.2 mA for
MCMB/NCM cells with 2 wt% TOS in the electrolyte at room temperature.

detected by our equipments, which emphasize on stability and rel-
atively high current application. The resulting polymer then covers
the surface of the negative electrode, forming an artificial solid-
electrolyte interface (SEI) to protect the negative electrode from
attack by the electrolyte. According to this mechanism, we expect
that the interfacial impedance of lithium-ion cells will increase
with TOS concentration.

As stated earlier, the capacity retention of the cell with 2 wt%
TOS was worse than that of the cell without TOS. Fig. 5a shows the
voltage profile of the cell with 2 wt% TOS after being cycled at 55 ◦C
for 400 cycles. These data were collected at 25 ◦C with a constant
current of 1C (2 mA). Fig. 5a shows that the voltage jumped consid-
erably at the beginning of each charge and then decayed slightly
with the charge time. This unusual behavior can only be explained
by large internal cell impedance that is sensitive to temperature.
At the beginning of each charge, the cell was “cold” and the cell
impedance was high. These conditions led to a large initial polar-
ization (∼0.9 V), as shown in Fig. 5a. The large voltage drop on the
resistive component was then converted to electric heat, which
increased the working temperature of the resistive component and
decreased the cell impedance. As the cell impedance decreased,
the initial large polarization also decreased, resulting in the slight
voltage decay following the initial voltage jump.

This high impedance at room temperature can be attributed
to the thick film formed by the TOS additive polymerization. It
was reported that the glass transition temperature of POE film will
vary as a function of the proportion of two diols used in the syn-
thesis [18]. The glass transition temperature will be higher when
more rigid diols take part in the reaction. With the different diols,
the highest glass transition temperature of polymerized DETOSU is
about 100 ◦C [18]. Since TOS has the similar structure as DETOSU,
the polymerized TOS may be more flexible due to the location of
the double bonds on the structure. Therefore, the glass transition
temperature might be lower than 100 ◦C. At room temperature or
when the cell temperature was cold, the film on the electrode was
rigid, which hindered or slowed down the diffusion of lithium ion
from the electrode surface to the electrolyte. Therefore, the cell
impedance increased, and no or little capacity could be obtained,

especially at rates higher than 1C. The film became flexible when
the cell temperature increased, which could facilitate the trans-
portation of Li-ion through the film, and all the cell capacity was
recovered. Based on the preliminary results above, we expect that
cell performance maybe improved if the film is less rigid at room
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strated on MCMB carbon electrodes aged at 55 C. Especially when
ig. 6. Nyquist plots of cells (a) before cycling, (b) after 400 cycles, and (c) after
00 cycles at 55 ◦C in electrolyte of 1.2 M LiPF6-EC:DEC (3:7 volume ratio) with and
ithout various amounts of additive TOS.

emperature, meaning that the glass transition temperature should
e lower than or close to room temperature. Therefore, physi-
al characterization of the film with various precursors, such as
ETOSU and diols, should be studied in the future to verify the cell
erformance and the modified SEI film property relation.

To test our speculation, we cycled the 2 wt% TOS cell at 25 ◦C with
very low constant current of C/10 (0.2 mA). The voltage profile

f the cell is shown in Fig. 5b. As expected, the high polarization
nd voltage drop shown in Fig. 4a were not observed with low-
ate cycling. This confirmed that an excess amount of TOS caused a
ignificant increase of the cell impedance and deterioration of the
apacity retention as shown in Figs. 1 and 2 (with 2 wt% TOS).

.2. Effect of TOS additive on electrochemical impedance

The above results indicate that the TOS electrolyte additive
an improve capacity retention of lithium-ion cells, but there is
n upper concentration of 1 wt% that should not be exceeded.
lectrochemical impedance spectroscopy (EIS) was carried out
o investigate the effect of TOS content on the cell impedance.
efore and after 400 cycles at 55 ◦C, the cells were constant-voltage
harged to 3.8 V before EIS measurement at 25 ◦C.

Fig. 6a shows the EIS measurements for fresh cells with different
mounts of TOS. For fresh cells with or without TOS in the elec-
rolyte, the high-frequency semicircle (5–10 kHz) did not stand out
ell from the middle-frequency semicircle (tens of Hz). After 400

ycles (Fig. 6b), the high-frequency semicircles became more obvi-
us and bigger. However, the high-frequency semicircles for the
OS additive electrolyte were all smaller than those for pristine
lectrolyte. With an increase in TOS additive, these high-frequency
emicircles first increase, then decrease when 0.75–1 wt% was
eached. The mid-frequency semicircles were clearly visible at
he beginning of cycling, but became depressed and less obvious
fter prolonged cycling. Following the mid-frequency semicircle,

depressed low-frequency (few Hz) semicircle developed, and

he low-frequency semicircle grew dramatically when the TOS
oncentration was larger than 0.5 wt%. Compared to the pristine
lectrolyte cell, the cells with TOS consistently had a smaller high-
Fig. 7. DSC curves of fully lithiated MCMB with and without 1 wt% TOS.

frequency semicircle after cycling (see Fig. 6b). The fresh cells
(Fig. 6a) had very small high-frequency semicircles, and the effect
of TOS on the high-frequency semicircle was not clearly shown in
Fig. 6a. Moreover, when the TOS additive was no more than 0.5 wt%,
the growth rate of the mid- and low-frequency semicircles was
equivalent to that of the cell without TOS. When more than 1.0 wt%
TOS was added, the low-frequency semicircle grew dramatically
for the cycled cells. This impedance behavior may be the cause of
the poor performance of cells with 2 wt% TOS. This result corrob-
orates with the cycling result shown in Fig. 1 where up to 1 wt%
TOS additive resulted in cell cycling improvement due to limited
increase of cell impedance compared to pristine cell.

3.3. DSC thermal stability studies

Fig. 7 shows the DSC results for the fully charged MCMB-1028 in
electrolyte with and without 1 wt% TOS. Without TOS, the onset of
SEI breakdown begins around 90 ◦C. However, with 1 wt% TOS, the
onset of SEI layer breakdown takes place after 110 ◦C. The amount
of heat generated by the SEI layer breakdown on the anode is the
key factor that triggers the thermal runaway [22]. The data clearly
show that with addition of TOS, the modified SEI layer has high ther-
mal resistance, which leads to the observed delay in the onset of
the breakdown temperature, and reduces the heat generated after
the breakdown until 200 ◦C. Above 200 ◦C, the cathode material
will react with electrolyte to induce thermal runaway. The additive
effect could be explained in two ways. First, if the additive improves
the stability of SEI layer on the anode, it could delay the onset of
the SEI layer breakdown and reduce the rate of the heat increase in
the cell. Secondly, the reduction of the heat rate increase, will delay
the onset temperature of the cathode reaction with the electrolyte
which is the cause of the thermal runaway in the cell.

4. Conclusions

The effect of TOS additive on MCMB/NCM cells has been stud-
ied. The addition of no more than 1 wt% TOS to the electrolyte
improved the cell capacity retention. This benefit was demon-

◦

1% TOS was added, the capacity retention significantly improved.
Without TOS, the MCMB/Li cells lost all the reversible capacity after
40 days of aging; however, with 1% TOS, the cells retained about 70%
capacity after more than 80 days of aging at 55 ◦C.
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Although TOS has a positive effect on the cell cycleability, EIS
ndicated that the addition of TOS increased the cell resistance at
oom temperature. With only 0.5% TOS, the cell impedance only
lightly increased. However, with more than 0.5% TOS, the cell
mpedance dramatically increased. Considering the overall perfor-

ance of the lithium ion cells, no more than 1 wt% TOS addition is
ecommended.

Addition of TOS in the electrolyte improved the thermal stability
f the negative electrodes by delaying the SEI breakdown onset
emperature and decreasing the heat accumulation to reduce the
ate of the heat increase in the cell and delay the onset temperature
f the reactivity of the cathode with electrolyte which is known to
ause the thermal runaway of the cell.
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