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Abstract

To elucidate the gas generation mechanism due to electrolyte decomposition in commercial lithium-ion cells after long cycling, we
developed a device which can accurately determine the volume of generated gas in the cell. Experiments on Li C rLi CoO cellsx 6 1yx 2

Ž . Ž . Ž .using electrolytes such as 1 M LiPF in propylene carbonate PC , dimethyl carbonate DMC , ethyl methyl carbonate EMC , and diethyl6
Ž . Ž .carbonate DEC are presented and discussed. In the nominal voltage range 4.2–2.5 V , compositional change due mainly to ester

exchange reaction occurs, and gaseous products in the cell are little. Generated gas volume and compositional change in the electrolyte
are detected largely in overcharged cells, and we discussed that gas generation due to electrolyte decomposition involves different
decomposition reactions in overcharged and overdischarged cells. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The demand for long-life energy storage battery sys-
w xtems has been increasing 1 . One sample of such cells is a

lithium-ion cell in which carbon materials and Li CoOx 2

are used as negative and positive active materials, respec-
tively. The electrolytes generally used in these cells are
cyclic alkyl carbonate and chain alkyl carbonate solution,
with LiPF as a salt. It was reported that gas generation6

due to electrolyte decomposition occurs in these cells
w xduring cycling 2–4 . Electrolyte stability, in particular, is

important for long life and safety of cells in practical use
w x5 . Therefore, one of the important issues in the develop-
ment of a long-life and safe lithium-ion cell is the estima-
tion of the decomposition and compositional change of
electrolytes during long cycling. However, the degradation
mechanism remains to be understood in commercial cells.

In this study, we carried out long-life cycle tests, and
electrolyte decomposition was investigated by means of
analysis of the generated gases in the cell, in order to
investigate the degradation mechanism of the 1 Ah capac-
ity commercial lithium-ion cell.
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2. Experimental

2.1. Test cells

One ampere hour capacity commercial lithium-ion cells
Ž .US18650 from an NP-500 battery pack , commercialized
by Sony for video equipment, were used as samples. These
cells have a carbon anode, a LiCoO cathode, and an2

electrolyte solution containing 1 M LiPF dissolved in a6
Ž .mixture of propylene carbonate PC , ethyl methyl carbon-

Ž . Ž .ate EMC , diethyl carbonate DEC and dimethyl carbon-
Ž .ate DMC .

Ž .In this study, the cells were cycled as follows: 1 long
Ž .cycling in the nominal voltage range 4.2–2.5 V at vari-
Ž .ous charge and discharge rates, and 2 imbalanced cells

pre-shifted by q5% and y10% of the capacities com-
pared to the standard cell were used for overcharge and
overdischarge tests. The cells were operated for a number
of cycles at constant capacity without voltage limitation.
All test cells were maintained at 258C during the cycles.

2.2. Determination of generated gas Õolume

To determine the volume of generated gas in the cell,
an apparatus was constructed as shown in Fig. 1. It was

Ž .composed of: 1 a vessel to release and hold of generated
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Ž .Fig. 1. a Schematic drawing of a vessel for the release of generated
Ž .gases in the cells. b Schematic diagram of the apparatus for gas volume

measurements.

Ž . Ž .gas in the cell Fig. 1a , 2 a pressure sensor to measure
Ž .released and dilution gas volume, 3 a sampling tank to

Ž .buffer pressure fluctuation and analyze, and 4 a vacuum
pump to evacuate before and after measurement. The
apparatus is a closed and sealed system. After cycle tests,
the cells were placed in the vessel after drilling a hole 4
mm in diameter at the center of the positive terminal cap,
and vacuumed until approximately 0.1 Torr. The gases
generated in the cells were then released into the vessel

puncturing by the needle. Using this device, the volume of
generated gas in the cell can be measured directly. The
total volume of gas was calculated from the pressure and
the space volume in each part of the apparatus. This
method can determine up to 0.01 ml in volume.

2.3. Analysis of gas and electrolyte composition

The composition of the sampled gas was analyzed by
Ž .gas chromatography Shimadzu GC-14A . A flame ioniza-

Ž .tion detector FID was used to detect hydrocarbons, and a
Ž .thermal conductive detector TCD was also used to detect

inorganic gas in the generated gases. As sample, 0.5 ml of
gas was injected for the abovementioned analyses.

The cells were then removed from the gas release
Ž .vessel, and added organic solvent dichloromethane, 1 ml

for 30 min to leach electrolytes. The compositional change
of the electrolytes was determined by gas chromatogra-

Žphyrmass spectrometry GCrMS; Hewlett-Packard, HP-
.5971A .

3. Results and discussion

3.1. Gas generation in the nominal Õoltage range

The cells were operated about 2500 cycles at different
charge and discharge currents in the nominal voltage range,
and changes in electrolyte composition and generated gas
volume were examined. The composition of electrolyte

Ž . Ž .before cycling was determined as PC 50% , EMC 25% ,
Ž . Ž .DEC 15% , and DMC 10% in vol%. The compositional

change of electrolyte was analyzed from comparison of
each peak area with that of before cycled cell.

Table 1 shows the volume and the composition of
generated gases after long cycling in the nominal voltage
range. When the cells were operated for 2000–3000 cy-

Table 1
Ž .Composition of gases generated in the nominal operating voltage range 4.2 V–2.5 V , and during overcharging and overdischarging

Ž .Test no. Test conditions Cycle Capacity at Composition of detected gases % Total
number end cycle volumeCharge Discharge O N CO CO CH C H C H C H2 2 2 4 2 6 3 8 3 6

Ž . Ž .Ah mlcurrent current

R1 Before 5.3 42.5 1.7 40 4.2 0.4 0.95
cycle test

R2 100 mA 2043 0.6 2.7 8.5 2.2 72 6.7 7.2 0.4 2.23
R3 200 mA 125 mA 2397 0.6 1.7 5.9 4.1 73 7.0 7.9 0.4 2.42
R4 200 mA 2331 0.5 1.5 6.5 7.2 61 7.6 15.6 0.8 2.63
R5 500 mA 2301 0.5 2.3 11.0 4.0 62 9.2 10.4 0.6 1.73
R6 125 mA 1915 0.6 2.1 7.7 1.3 75 7.8 6.2 0.2 2.01
R7 200 mA 125 mA 2570 0.5 3.2 6.6 3.2 72 8.3 7.2 0.4 2.78
R8 500 mA 3111 0.6 6.1 25.4 2.5 51 6.2 8.5 0.4 1.75
R9 200r200 mA, 880 0.6 1.3 5.3 75.6 12 2.6 2.7 10.57

overcharge
R10 200r200 mA, 880 0.0 0.3 1.5 71.2 0.6 21 3.2 0.8 1.0 40.21

overdischarge
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cles, their capacity reduced by half. The total gas volume
in the cycled cells was in the range of 1.7–2.8 ml, and
mainly methane gas was detected. Trace amounts of ethane,
propane, and other hydrocarbons were also detected. This
shows that the decomposition of the electrolytes occurred
in the cell during long cycling.

In nominal voltage range, the gas generation is consid-
ered to result from side reaction of ester exchange as
follows.

ROCO RqLiqqey™ROCO LixqRU 1Ž .2 2

ROCO LiqLiqqey™Li CO xqRU 2Ž .2 2 3

RU q1r2H ™Alkyl≠ 3Ž .2

RU qRU ™R–R≠ 4Ž .
In the electrolyte solution, the concentration of PC was

not changed, but that of EMC was reduced and those of
both DEC and DMC were increased following cycles. This
suggests that the change in composition of the electrolyte
due to ester exchange reaction such as EMC™DMCq
DEC occurs independent of the chargerdischarge current.
The ester exchange reaction in cells containing PC, DMC
and DEC electrolytes was reported according to the fol-

w xlowing equation 6 .

DECqDMC°2EMC 5Ž .
Our results indicate that the equilibrium was not estab-

lished, and compositional change of electrolytes occurred
following cycles. This reaction may affect the cell reaction
which is related to the charged states of the cathode
Ž . Ž .Li CoO and the anode Li C . However, with the1yx 2 x 6

Ž .presence of both high-potential cathode and low-potential
Ž .anode materials in a cell, it is difficult to distinguish
which electrode is responsible for the ester exchange reac-
tion in commercial lithium-ion cells.

3.2. Gas generation behaÕior

In the 5% overcharged state, the cell had about 4.3 V at
the end of charge from the first cycle to the end of cycles.
The 10% overdischarged cell reached 0 V at only about 50
cycles, it was short-circuit without venting. As shown in

Ž . Ž .Table 1 R9, R10 , large volumes of carbon dioxide CO ,2

methane and other hydrocarbons were detected in the cells.

3.2.1. Gas generation in oÕerdischarged cell
Large amount of CO and hydrocarbons as well as CO2

were detected from overdischarged cell. No hydrogen was
detected, but its detection was reported in similar elec-

w xtrolyte systems 3 .
In the overdischarged state, the copper of the anode

current collector dissolves at low potential range, and the
cathode is plated with dissolved copper. Thus, no charging
reaction occurred at the cathode, and electrolyte decompo-
sition is accelerated. As a result, a large volume of hydro-
carbon was produced. From these results, it was assumed
that the decomposition of the electrolytes was mainly due

to the reduction of the electrolytes. This reaction seemed to
be dependent on the change in surface conditions at the
cathode.

For the case of DMC, gas generation reactions in the
overcharged state cell are considered as follows.

CH OCO CH q2eyq2Liq™2CH OLixqCO≠ 6Ž .3 2 3 3

CH OCO CH q2eyq2LiqqH ™Li CO xq2CH3 2 3 2 2 3 4

7Ž .
CH OCO CH qeyqLiqq1r2H ™CH OCO Lix3 2 3 2 3 2

qCH ≠ 8Ž .4

The case of DEC and EMC could be explained by
similar reactions. These suggest that during overdischarg-
ing, the decomposition of electrolytes takes place with the
release of hydrocarbons, CO, CO , and other gases.2

3.2.2. Gas generation in oÕercharged cell
In a study on used cells, CO generation at 4.8 V or2

above from lithium carbonate added in cathode was re-
w xported for the cells 7 . In our experiment, the cell did not

reach that voltage. However, a large amount of CO was2

detected in our overcharged cell. It was assumed that CO2

was mainly generated due to the generation of oxygen
Ž .O from cathode material during overcharging. As shown2

Ž .in Table 1 R9 , O concentration was about 3 times that2

in other cells. This implies that O was generated as a2

result of decomposition of the overcharged cathode mate-
rial.

The mechanism of the generation of O and CO is2 2

considered as follows.

3CoO ™Co O qO ≠ 9Ž .2 3 4 2

CH OCO CH DMC q3O ™3CO ≠q3H O 10Ž . Ž .3 2 3 2 2 2

Ž . Ž .The reactions in 9 and 10 show O generation due to2

the degradation of the cathode material and the decomposi-
tion of electrolytes by the generated O , respectively.2

Ž .Fig. 2. GCrMS chromatograms of the vapor in A overcharged cell and
Ž .B overdischarged cell.
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Ž .Fig. 3. GCrMS chromatograms of the electrolytes in A overcharged
Ž . Ž .cell and B overdischarged cell. a Trimethyl and triethyl phosphate

Ž . Ž . Ž . Ž .esters, b intermediate of EMC, c intermediate of DEC, d and e
Ž .unknown, DPC: dipropyl carbonate, f intermediate of PC.

From GCrMS analysis of the vapor and electrolyte
Ž .solutions in the overcharged cell, water H O and phos-2

phate esters were detected as shown in Figs. 2 and 3,
respectively. It is important that H O could be generated2

in the cell. H O leads many reactions in the cells.2

Generation of R–O–R could be explained by hydrolysis
of the esters producing alcohol and dehydration of the
alcohol, if H O exists. From the electrolyte solution analy-2

sis, trimethyl and triethyl phosphate esters were detected.
It was therefore suggested that LiPF salt also degrades6

with overcharging.

3.3. Test conditions and generated gas Õolume

Fig. 4 shows the relationship between the generated
volume of hydrocarbons and CO in the cells. In the2

nominal voltage range, the volume of the gas generated
was small, and the gases were almost exclusively hydro-
carbons. Eliminating the short-circuit cell, the figure shows
two different gas generation mechanisms due to electrolyte

Fig. 4. Relationship between generated hydrocarbons and carbon dioxide
in the cell.

Fig. 5. Overcharge and overdischarge voltage profiles of Li-ion cell and
the gas generation model.

decomposition in both overcharged and overdischarged
cells. The results suggest that the decomposition of elec-
trolytes in the overdischarged cell involved reduction, and
generating mainly hydrocarbons. In the case of the over-
charged cell, electrolyte decomposition involved oxidation
due to oxygen generated from the cathode material, and
generating CO and hydrocarbons.2

These events not only increase the internal pressure that
can lead to safety hazards in practical cells, but also
increase cell impedance, resulting in poor cell perfor-
mance.

4. Conclusion

To investigate the mechanism of gas generation due to
electrolyte decomposition, we developed a device which
can accurately determine the volume of generated gases in
the cell. From the analysis of the gases and electrolyte, the
mechanism of gas generation due to electrolyte decomposi-
tion was discussed.

Fig. 5 shows the gas generation mechanism based on
our results. In the nominal operating voltage range, com-
positional change mainly due to ester exchange occurs, but
gaseous products in the cell are little. Large volumes of
gas generation and large compositional change in the
electrolyte are detected in overcharged and overdischarged
cells, and we clarified that gas generation due to elec-
trolyte decomposition involves different decomposition re-
actions in overcharged and overdischarged cells.
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