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bstract

Gas evolution has been examined for different types of battery-related electrode materials via in situ differential electrochemical mass spec-
rometry (DEMS). Besides standard graphite also a novel silicon-based negative electrode was examined and it was shown that the evolution of
ydrogen and ethylene is considerably reduced on this material compared to graphite. Oxygen evolution was proven to happen on the oxidative
eaction of a Li2O2 electrode, besides a certain oxidation of the electrolyte. The 4.5 V plateau upon the oxidation of Li[Ni0.2Li0.2Mn0.6]O2 was
ikewise proven to be linked to oxygen evolution. Also in this case electrolyte oxidation was shown to be a side reaction. Layered positive electrode
aterials Li(Ni,Co,Al)O2 and Li(Ni,Mn,Co)O2 were also examined. The influence of different parameters on the CO2 evolution in lithium-ion
atteries was shown up. The amount of CO2 formation is increased by high temperatures and cell voltages, while the addition of vinylene carbonate
VC) decreases it. Li(Ni,Mn,Co)O2 shows much less CO2 evolution than Li(Ni,Co,Al)O2.

2007 Published by Elsevier B.V.
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. Introduction

Gas evolution during storage and use is a major failure mech-
nism of lithium-ion batteries. Gases formed in the hermetically
ealed cells may lead to internal pressure build-up and cell
ulging, de-lamination of the electrodes and de-contacting of
ctive material and thus present a safety risk. Reductive decom-
osition of the electrolyte on the negative electrode may form
as, depending on the electrolyte and the type of carbon used.
n positive electrodes and during prolonged storage, especially

t elevated temperature and high cell voltage CO2 is the main
aseous compound formed [1,2]. According to previous inves-
igations, CO2 is mainly formed at the positive electrode due to
xidation of the electrolyte [2,3].

With the differential electrochemical mass spectrometry
DEMS) technique it is possible to detect the different gaseous

eaction products that are evolved during cycling. Hence, inten-
ity changes in mass signals can be detected as a function of
ime and/or potential and, thus, can be correlated with current
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-85368 Moosburg, Germany.

E-mail address: michael.holzapfel@sud-chemie.com (M. Holzapfel).
1 Present address: Fraunhofer Institute for Silicon Technology (ISIT), Fraun-
oferstr. 1, D-25524 Itzehoe, Germany.

a

a
F
m
B
S
b
o
o

378-7753/$ – see front matter © 2007 Published by Elsevier B.V.
oi:10.1016/j.jpowsour.2007.06.182
S

eaks in the cyclic voltammogram or plateaus on galvanostatic
harging/discharging curves.

In this study the evolution of different gases, studied via
EMS, will be discussed on both standard negative and posi-

ive electrode materials. Besides, novel systems as silicon-based
egative electrodes or oxygen evolving positive electrodes will
e presented.

. Experimental

The measurement system [4] (Fig. 1) is based on headspace
nalysis. The gaseous reaction products are pumped off contin-
ously from the top of the electrochemical cell via a capillary
nto a quadrupole mass spectrometer where they are analyzed
n-line. With this electrochemical cell it is possible to identify
ven very small quantities of gas. The cell is also equipped with
heating unit for measurements at elevated temperature.

The electrodes were prepared by blade-coating the oxide
nd graphite directly on the titanium body of the DEMS cell.
or the positive electrodes a mixture of 86.2 wt.% active oxide
aterial, 7.4 wt.% TIMREX® KS6 graphite (TIMCAL SA,
odio, Switzerland), 1.4 wt.% Super P carbon black (TIMCAL

A, Bodio, Switzerland) and 5 wt.% poly(vinylidene difluoride)
inder (SOLEF 6020, Solvay SA, Belgium) was used. Because
f eventual reaction of the CO2 with metallic lithium, in the case
f the oxide electrodes a graphite counter electrode was used for

mailto:michael.holzapfel@sud-chemie.com
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M. Holzapfel et al. / Journal of Power

F
h
p

t
b
t
t
i
w
S
i
t
n
g
D
t

M
w

t
S
(
i
v
A
c
(

o
i
c
a

m
t
c
s
w
g

f
5
w
i
p
d
c
i
c
1
0

b

h
c
n
s
m
e

3

3

t
u
p
a
d
a
[
t
s
t
a
t
o
m
h
t
t
c
(
c
i
f
s
A
b
E
fi

With this new cell we then could examine the dependence
ig. 1. Schematic drawing of the improved DEMS measurement cell for
eadspace gas analysis. For measurements at elevated temperature, heating
lates can be attached to either side.

he measurements. The electrodes were balanced to be limited
y the positive electrode active mass, with an excess of 30% on
he graphite side, in order to avoid undesired side reactions at
he negative electrode due to lithium plating. For graphite work-
ng or counter electrodes 95 wt.% active material were mixed
ith 5 wt.% poly(vinylidene difluoride) binder (SOLEF 6020,
olvay SA, Belgium). In both cases the slurries were prepared

n N-methyl pyrrolidone (NMP). After the coating of the elec-
rode material the cell parts were vacuum-dried at 120 ◦C over
ight. The measurements cell was assembled in an argon filled
love-box with a moisture and oxygen level of less than 5 ppm.
uring the measurements a constant stream of argon is flown

hrough the headspace of the cell.
For the nano-silicon electrodes, 20% of silicon (Degussa AG,

arl, Germany) was added to the graphite and the electrodes
ere prepared as stated for graphite.
For the oxygen measurements on Li2O2 the experimental pro-

ocol is the following: ball-milled Li2O2 (Aldrich 90%), Super
carbon, electrolytical manganese dioxide (EMD) and PTFE

Aldrich) or Kynar 2810 (weight ratios: 16:80:2:2) are dispersed
n NMP under argon and cast on the titanium cell body, the sol-
ent evaporated and the electrodes dried at 120 ◦C over night.
pproximately 55 mg of Li2O2 were used. Lithium was used as

ounter electrode. One mole of LiPF6 in propylene carbonate
PC) was used as electrolyte.

For the measurements on Li[Ni0.2Li0.2Mn0.6]O2 a mixture
f active material, Super S carbon and Kynar Flex 2801 binder
n the weight ratios 80:10:10 in NMP was used, lithium as
ounter electrode and a 1 M solution of LiPF6 in EC/DEC (1:2)
s electrolyte.

For the oxide and graphite electrodes, the DEMS measure-
ents were carried out potentiodynamically either at room

emperature or 60 ◦C. A scan rate of 400 �V s−1 was used for
yclic voltammetry (CV). For the nano-silicon electrodes the

weep rate was reduced to 100 �V s−1. The CV measurements
ere started at open circuit potential (OCP). In the case of the
raphite and silicon electrodes, the cell voltage was decreased

o
a
a
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rom OCP to 5 mV in the first cycle, and then varied between
mV and 1.5 V. In the case of the oxide full cells, unless other-
ise stated, the cell voltage was increased from OCP to 4.3 V

n the first cycle, and then varied between 4.3 V and 3.0 V. For
art of the measurements, a potentiostatic hold period was intro-
uced both at the upper and lower voltage limit. For Li2O2 the
ell potential was first stabilized at 4.2 V und then was raised
n 100 mV steps every 120 min. For Li[Ni0.2Li0.2Mn0.6]O2 the
ell potential was first stabilized at 4.3 V and then raised in
00 mV steps to 4.8 V every 120 min with a sweep rate of
.1 mV s−1.

The current and mass signals were recorded simultaneously
oth as a function of cell voltage and time.

Gases evolved at the electrode rise in the electrolyte to the
eadspace were they are pumped of, together with the argon
arrier gas, via a capillary to the mass spectrometer. Mass sig-
als were recorded on a Prisma QME 200 quadrupol mass
pectrometer (Balzers AG/Pfeiffer Vaccuum). Electrochemical
easurements were performed using standard laboratory test

quipment (Astrol AG and Amel Instruments).

. Results and discussion

.1. Improvement of the cell design

The examination of gaseous reaction products coming from
he reductive decomposition of organic carbonates on graphite
pon the formation of the passivation film is relatively uncom-
lex due to the large amounts of gases formed. For this we used
n old conventional DEMS cell design which is based on the
iffusion of gases through a semi-permeable membrane situ-
ted below the active material. This cell is described in Ref.
5]. However if one passes to the reaction of positive elec-
rode materials with electrolyte the amounts of gases are much
maller and the analysis cannot longer be done with the conven-
ional cell. We, thus, designed a new cell based on headspace
nalysis of the gases. This cell is described in Section 2. In
his cell the electrodes are in parallel and separated by 1 mm
r less of electrolyte layer, whereas in the old cell the active
aterial on the bottom and the lithium foil is immersed in the

uge excess of electrolyte from above. Another advantage of
he new cell design is that also different counter electrodes
han lithium can easily be used. The main advantage of this
ell, however, is the much higher amount of active material
50–300 mg) for the same amount of electrolyte (2.5 ml) in
omparison to the old cell (10 mg for 2.5 ml). The difference
n the detected signal is proportionally about 100 times higher
or the new cell, as can be seen in Fig. 2 for the example of
tandard graphite (TIMREX® SFG6) in EC/DMC, 1 M LiPF6.
t potentials below 1 V versus Li/Li+ ethylene evolution can
e detected which arises from the reductive decomposition of
C on the graphite surface under formation of a passivating
lm.
f the CO2 evolution upon the partial oxidation of electrolyte
s a function of temperature type of material and possible
dditives.
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ig. 2. Ethylene evolution in cells with TIMREX® SFG6 graphite in EC/DMC,
M LiPF6 electrolyte at room temperature.

.2. CO2 evolution in layered oxide materials

.2.1. Cell voltage and temperature
Investigations using Li(Ni,Co,Al)O2 [6] as the positive active

aterial showed a strong influence of the temperature on the
nset voltage of CO2 evolution (Fig. 3). The amount of CO2
volved is very low. For this reason for these experiments, 3%
f Li2CO3 were added to the electrode to increase the amount of

O2 evolved. It must be said also that CO2 has a relatively high

olubility in the electrolyte which does not facilitate its detection
7]. CO2 evolution (in the first cycle) starts at a cell voltage of
.9 V during the decrease of the voltage, and continues until a

ig. 3. CO2 evolution in cells with Li(Ni,Co,Al)O2 + 3% Li2CO3 cathodes at
oom temperature and at 60 ◦C.

a

3

t
I
t
g
v
s
i
a
e

3

o
t
h

ig. 4. CO2 evolution in cells with Li(Ni,Co,Al)O2 + 3% Li2CO3 cathodes at
0 ◦C, without VC and with 2% VC added to the electrolyte.

ell voltage of ca. 3.3 V is reached. At 60 ◦C the CO2 evolution
lready starts at ca. 3.5 V during the increase of the voltage,
ontinues until a cell voltage of 5.1 V is reached, and during the
ollowing discharge. From these results a decrease in the onset
oltage for CO2 evolution of ca. 1.4 V can be derived. As could
ave been expected, the overall amount of CO2 generated is
igher at elevated temperatures, indicated by higher ion currents
n the MS.

.2.2. Effect of vinylene carbonate
Vinylene carbonate (VC) is a well-known electrolyte additive

or lithium-ion batteries, increasing the cycleability and reduc-
ng the irreversible capacity. In this study, we investigated the
nfluence of VC on the CO2 evolution of the cathode materi-
ls at elevated temperature. Li(Ni,Co,Al)O2 with 3% of added
i2CO3 and the EC/PC/DMC, 1 M LiPF6 electrolyte, with and
ithout addition of 2% of vinylene carbonate was examined

Fig. 4). In the presence of VC, the onset voltage of CO2 for-
ation is slightly lower than in absence of the additive, but the

otal amount of CO2 formed during the first cycle is smaller by
factor of around 3.

.2.3. Lithium nickel manganese cobalt oxide
As a second positive active material, Li(Ni,Mn,Co)O2 was

ested on its CO2 evolution in dependence of the cell voltage.
t was found that a very small amount of CO2 evolved from
hese electrodes at 60 ◦C which could only hardly be distin-
uished from the noise (Fig. 5). The material contains only
ery small amounts of Li2CO3, but addition of Li2CO3 gave
omewhat contradictory results [6]. This is a strong hint that
norganic carbonate present in the Li(Ni,Mn,Co)O2 has only

minor impact on the evolution of CO2 at high voltages and
levated temperatures.

.3. Oxygen evolution in Li[Ni0.2Li0.2Mn0.6]O2
Lithium may be extracted from lithium manganese-based
xides, such as Li2MnO3, containing Mn4+ ions, without oxida-
ion of the transition metal ion. It was for a long-time not clear
ow this can be explained. H+ ion exchange and simultaneous
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Fig. 5. CO2 evolution in cells with Li(Ni,Mn,Co)O2 cathodes and EC/PC/DMC,
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Table 1
Comparison of the different gases evolved upon electrochemical charging of
Li[Ni0.2Li0.2Mn0.6]O2, Li2O2/EMD and Li2O2

m/z Relative amounts of
gas evolved for
Li[Ni0.2Li0.2Mn0.6]2

Li2O2/EMD Li2O2

12 (from CO and CO2) 1.2 0.6 –
16 (from O2, CO and CO2) 15 7 0.3
28 (CO and CO2) 14 12 1.6
3
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and lowers the potential and is therefore an active participant,
M LiPF6 electrolyte at 60 ◦C, with potentiostatic hold period at higher and
ower voltage limit.

emoval of Li and O has been proposed. In the latter case struc-
ural reorganisation of the material should occur (see [8] and
eferences cited therein).

In Li[NixLi(1/3)−(2x/3)Mn(2/3)−(x/3)]O2 (0 ≤ x ≤ 0.5), three
i2+ ions substitute for two Li+ ions and one Mn4+ ion in the

ayered compound Li2MnO3 (Li[Li1/3Mn2/3]O2). This material
hows short-range order of cations and can be described rather
s a nanocomposite structure derived from a pseudo-binary
.4LiNi0.5Mn0.5O2·0.6Li2MnO3 system with LiNi0.5Mn0.5O2
nd Li2MnO3 end members. Following lithium deintercalation
nd the associated oxidation of Ni2+ to Ni4+, lithium may con-
inue to be extracted from this material despite the fact that all
he manganese and nickel ions are in their fully charged (4+) oxi-
ation state, and this with a high reversible capacity in excess of
00 mAh g−1.

This process is associated with a well-defined plateau at 4.5 V,
hich corresponds then to the electrochemical removal of Li2O

lithium extraction and oxygen loss) from the Li2MnO3 compo-
ent of xLiNi0.5Mn0.5O2·(1 − x)Li2MnO3 electrode structures,
ccompanied by oxygen loss and a condensation of manganese
nd nickel in the octahedral sites left vacant by the lithium
ons.
Evolution of oxygen was observed with the DEMS technique.
t became important from a potential of 4.6 V (Fig. 6), corre-
ponding to the plateau at 4.5 V in the charge/discharge curve.

ig. 6. Gas evolution vs. cell potential upon electrochemical charging of
i[Ni0.2Li0.2Mn0.6]O2.

a

s

F
i

2 (O2) 100 100 1.1
4 (CO2) 14 13 0.6

t the same time as oxygen also other gases were detected, as
O2 and CO coming from partial oxidation of the electrolyte by

he native oxygen. These gases could have been identified due
o their secondary signals, e.g. CO2 gives signals at m/z = 44
CO2), 28 (CO), 16 (O) and 12 (C), as shown in Table 1. These
esults provide direct evidence of oxygen evolution associated
ith the 4.5 V plateau.

.4. Oxygen evolution in Li2O2

Oxygen cathodes have been employed in batteries that con-
ain an aqueous electrolyte/air interface; the most well known
s probably Zn/air. Their advantage compared to classic bat-
eries is the low weight and thus high specific electrochemical
apacity, as the oxygen is taken from and released into the air.
n a system containing lithium ions in an organic electrolyte it
as demonstrated that Li2O2 is the dominant discharge product

9] and recently it was shown that sustained charge/discharge
ycling of Li2O2 is possible and that the Li2O2 formed on dis-
harge, 2Li+ + 2e− + O2 → Li2O2, is decomposed to Li + O2 on
harging when electrolytic manganese dioxide (EMD) is added
s catalyst [10].

The decomposition of Li2O2 occurs also without EMD but the
resence of the manganese oxide increases the amount of oxygen
iding the charging process.
Direct evidence for O2 evolution is given in Fig. 7 where,

ignificant O2 evolution was observed above 4.5 V in the case

ig. 7. Comparison of the oxygen evolution vs. cell potential upon electrochem-
cal charging of Li2O2 and Li2O2/EMD.
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ig. 8. Gas evolution for a nano-silicon graphite composite electrode com-
ared to a graphite electrode upon the first electrochemical cycle (the hydrogen
volution is shown). The specific charge of both electrodes was comparable.

f the Li2O2/EMD. Li2O2 without EMD does show only a very
ow activity (and a cell without Li2O2 but with EMD gave no
uch oxygen evolution). Also in this case the amount of oxygen
volution far exceeded any other gases, the next most abundant
eing CO2 and CO. The relative amounts of these gases, coming
rom the concomitant partial oxidation of the organic electrolyte
y the oxygen are shown in Table 1.

.5. Ethylene and hydrogen evolution at negative electrode
aterials, graphite and nano-silicon

Fig. 8 shows the comparative evolution of hydrogen for
oth nano-silicon and the graphite electrodes in the standard
lectrolyte EC:DMC (1:1), 1 M LiPF6 + 2% VC. The active
asses were calculated to have in both cases approximately

he same total charge capacity per electrode. Thus the rela-
ive gas evolution can be compared directly. It can be seen that
he gas evolution is four to five times less for the composite
lectrode which means that the nano-silicon does not signif-
cantly account for the reduction of the electrolyte under gas
volution (see also [11]). Graphite possesses a layered struc-
ure where the solvent molecules can partly be co-intercalated
long with lithium ions, above all during the first cycle, when
he passivation film which protects the graphite surface is not
et entirely formed. These solvent molecules are not stable
t the low potential within the graphite upon further lithium
ntercalation, and are thus reduced under gas formation. Silicon
oes not present this layered structure, but a three-dimensional
iamond-like structure. Solvent molecules can, hence, not be
o-intercalated into the material but the only reaction occurs
t the surface. It has been shown that a homogeneous pas-
ivation film is formed also on the surface of silicon; this
assivation seems to protect the reduction of solvent rela-
ively effectively, which reduces much the amount of gas
ormed.

For ethylene the amount of gas formed on the silicon electrode
s also much reduced with respect to graphite (not shown here).

he pressure build-up within a lithium-ion battery could thus be

educed, which increases the safety of the battery. A comparable
esult has already been described by Wagner et al. for tin-based
lectrodes [12].

[

[
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. Conclusions

A new cell system for in situ gas analysis via differential elec-
rochemical mass spectrometry (DEMS) was developed. This
ell shows a sensitivity which is increased by a factor of approx-
mately 100 compared to the classical measurement system.
sing this new cell it could be shown that in Li(Ni,Co,Al)O2 pos-

tive electrode material and EC/PC/DMC, 1 M LiPF6 electrolyte
igh temperatures promote the formation of CO2. In the pres-
nce of vinylene carbonate in the electrolyte, the CO2 evolution
s reduced. Only very small amounts of CO2 seem to be gener-
ted at Li(Ni,Mn,Co)O2 at 60 ◦C. Nano-silicon-based negative
lectrode material shows a reduced gas (hydrogen, ethylene)
volution when compared to standard graphite. This is due to the
act that for the silicon the reduction of the electrolyte occurs
nly on the surface of the particles, as no co-intercalation of
olvent is possible, due to the lacking two-dimensional structure.

Li[Ni0.2Li0.2Mn0.6]O2 and Li2O2, finally, were shown to
evelop oxygen upon positive polarization which goes along
ith some oxidation of the electrolyte as side reaction.
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