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Abstract

This study provides experimental evidence for proton and hydrogen formation caused by the anodic electropolymerization of cyclohexyl benzene
(CHB), which is a popular electrolyte additive for overcharge protection of lithium-ion batteries (LIBs). It is found that considerable H, evolution
is observed in overcharged LiCoQO,/graphite cells, especially when CHB is included as an electrolyte additive. In order to confirm the proton
generation during the CHB oxidation, Pt/Pt-rotating ring disc electrode (RRDE) measurements are performed in 1 M Li(C,FsSO;),N ethylene
carbonate/ethyl methyl carbonate (1/2, v/v) solutions with and without CHB. The cathodic ring current is intimately correlated to the anodic disc
current, and the cathodic reaction at the ring is determined to be the reduction of the proton. The proton generation efficiency during the CHB
oxidation is as high as 90%. Proton liberation is also observed during the anodic decomposition of the electrolyte solvents, although it occurs in a
much less stoichiometric way compared with that during the CHB oxidation.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Overcharging has long been the safety problem of most
concern for lithium-ion batteries (LIBs). Aromatic compounds
such as cyclohexyl benzene (CHB) and biphenyl (BP) are
being widely employed as electrolyte additives for overcharge
protection of LIBs [1-6]. However, there still remains some
ambiguity on their operating mechanism. It has been claimed
that they are oxidized to form a passive polymeric film at the
cathode|electrolyte interface, which hinders Li ion transport and
eventually prevents additional charging of LIBs [5,6]. The addi-
tives have also been suggested to generate H, gas during the
process of the anodic polymerization, which increases the inter-
nal pressure to activate the current interrupt device (CID) of
cylindrical LIBs [1-4].

Scheme 1 depicts the detailed mechanism of the anodic
electropolymerization of CHB based on the radical coupling
mechanism [7-9]. Shima et al. [1] have recently reported
that bond formation between aromatic monomers such as
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BP and CHB is preferred at ortho-positions of the phenyl
groups. The scheme predicts that two H* ions are generated
for every bond formation between phenyl groups. Regard-
ing H evolution resulting from the aromatic additives during
the overcharge, it has been suggested that H* is liberated
from the oxidized species, moves to the anode side, and is
then reduced to Hy gas [1,5,6]. To date, however, there has
been no solid experimental support for the interplay between
the cathode and the anode. This appears to be due mainly
to the difficulty in detecting protons in non-aqueous LIB
electrolytes.

Determination of the H* concentration in LIB electrolytes
is not as straightforward as in aqueous solutions. Acid—base
titration with a strong base, e.g., concentrated NaOH solu-
tion, is usually conducted for water-diluted LIB electrolytes,
which is indirect and defective in nature. Recently, Beck
and co-workers [10,11] have employed the rotating ring disc
electrode (RRDE) technique to monitor H* generation during
the oxidation of aprotic non-aqueous electrolytes. Using the
RRDE technique, the reaction product at the disc electrode
can be electrochemically determined at the ring electrode by
adjusting each electrode potential [12]. The RRDE technique
has also been found to be a very versatile tool for the study of
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Scheme 1. Proposed mechanism of anodic electropolymerization of CHB.

the reductive decomposition of LIB electrolytes [13] and Mn
dissolution from Mn-based cathodes [14].

This study aims to investigate H* liberation during the
oxidation of LIB electrolytes by means of gas analysis and
the RRDE technique. First, the Hy evolution in overcharged
LiCoO»/graphite cells with and without CHB is investigated
by means of gas chromatography with a mass selective detec-
tor (GC-MS). Then, the RRDE measurements are performed
to monitor the H* generation during the oxidation of 1M
Li(C2F5S0;),N (LiBETI) in ethylene carbonate (EC)/ethyl
methyl carbonate (EMC) (1/2, v/v) solution with and without
CHB. For this purpose, the redox potential of the Hy/H* couple
on a Pt electrode in the electrolytes containing various acids are
determined for comparison.

2. Experimental
2.1. Chemicals and cell preparation

Battery grade 1 M LiPFg and 1 M Li(C,F5S0;)>N (LiBETI)
in ethylene carbonate (EC)/ethyl methyl carbonate (EMC) (1/2,
v/v) were used as the base electrolyte solutions for cell man-
ufacture and electrochemical experiments, respectively. The
water content in each of the electrolytes was determined using
the Karl-Fisher titration method at less than 20ppm. The
free acid contents in the electrolytes were 50 and less than
2 ppm, respectively. Reagent grade HF (48 wt.% in water),
HCI (37 wt.% in water), HC1O4 (70% ACS specification), and
CF3SO3H (99%) were used. Cyclohexyl benzene (98%, Acros)
was purified to more than 99.9% by vacuum distillation prior
use. LiCoOs/graphite Al-laminated pouch cells (383562-size,
700 mAh) were employed for the gas analysis. Mesocarbon
microbeads graphite (Osaka gas, Japan) was used as an anode
material and LiCoO, (NCI, Japan) as a cathode material, with

polyethylene as the separator (Tonen, Japan). The electrolyte
was 1 M LiPFg in a mixture of EC/EMC (1/2, v/v). Three types
of LiCoOy/graphite cells were charged at a 0.1 C constant cur-
rent to 4.2 V. One of them was analyzed as-prepared. The other
two types were opened and degassed inside the vacuum chamber
in order to eliminate the gases evolved on the first charge (for-
mation gases). They were then cycled several times over 3—4.2 V
and overcharged for 90 min with a 1 C current before gas anal-
ysis. One of the overcharged cells contained 5 wt.% CHB in the
electrolyte.

2.2. Instrumentation

Gas chromatography (HP 6890A) was coupled to a mass
selective detector (HP 5973) for examining gas composition,
and to a thermal conductive detector for measuring the amounts
of individual components.

A three-electrode configuration was employed for all electro-
chemical experiments. The reference electrode was Li foil and
the counter electrode was Pt wire. A Pt disc (area=0.02 cm?)
served as the working electrode for the determination of Hy/H*
potential and the cyclic voltammetry of CHB. The working
electrode for the rotating ring disc electrode (RRDE) experi-
ments was a Radiometer model EAD10000 in which the Pt disc
has a radius of 2.0mm (area=0.13 cm?) and Pt ring radii of
2.2 and 2.4 mm (area=0.03 cm?). Electrochemical experiments
were carried out with a VoltalLab 40 (Radiometer). For RRDE
experiments, two potentiostats (Radiometer, VoltalL.ab 10 and
VoltaLab 40) were combined to serve as a bipotentiostat and rota-
tion was performed with a rotor (Radiometer, Tachyprocesseur).
In RRDE experiments, the collection efficiency (N) is defined as
[11]:

(@ " > " ir

N= (322 =—<.) 1)
g )

where iR is the ring current, ip the disc current, r3 the outer
ring radius, r, the inner ring radius, and ry is the disc radius.
The geometry of the RRDE used in this study predicts the theo-
retical N value to be 0.54. In order to determine the N value
experimentally, the ratio of ig to ip was obtained for a fer-
rocene (Fc”*) couple. Ferrocene is well known as a standard
material with an invariant redox potential and ideal chemical
reversibility [15]. The ring electrode was held at 3.1V, while
the disc electrode was swept from 3.1 to 3.6V in 5mM fer-
rocene in the LiBETI solution. The ratio of ig to ip was about
0.15 over a rotation speed from 100 to 1600 rpm, which is
much smaller than the theoretical one. This difference appears
to be mainly due to imperfect flatness between the disc and the
ring, which hinders lamina flow from the disc to the ring. It is
believed that the experimental N value can be considered as a
practical one.

Preparation of electrolytes and all the electrochemical exper-
iments were performed in an argon-atmosphere glove box in
which H>O and O; concentrations were kept below 5 ppm and
the temperature was held at 25 £2°C.
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Table 1

Gas amounts (arbitrary units) in LiCoO,/graphite cells

Cells Hz C2H4 COz CH4 CzH(, Others
Initial charged cell 0.25 1.85 0.37 0.05 0.05 0.03 0.02
Overcharged cell 2.19 0.06 0.02 0.23 1.40 2.42 0.19
Overcharged cell with CHB 3.75 0.46 0.02 0.79 0.14 1.05 1.03

3. Results and discussion

3.1. Hydrogen evolution in overcharged LiCoQO»/graphite
cells

The gas composition of three LiCoO,/graphite cells treated
in different ways is shown in Table 1. The listed numbers are
the values in arbitrary units derived from the detector signals,
which are proportional to the amounts of gas species. The gas
amounts in the initial charged cell are in the following order:
CyH4>CO>Hj>COy =CHy >CyHg. It is generally accepted
that SEI formation at the graphite anode is mainly responsible
for gas evolution during the first charging process [16,17]. CoHa
is known to result from EC reduction, whereas CH4 and CoHg
arise from EMC reduction. CO; and CO can be traced to either
EC or EMC [16-19]. H gas evolved in the first charge is usually
assigned to the reduction of trace water present in the electrolytes
[18-20].

Not only are the overall amounts of the evolved gases greatly
increased in the overcharged cells, but the composition of the gas
species is also very different when compared with that in a nor-
mally charged cell. The order of gas amounts in the overcharged
cell without CHB is C,Hg >Hj > CHy > CO; > CyHy. Note the
large quantity of Hy gas in the overcharged cells. Intensive Hy
evolution during overcharge has also been observed in other
reports, but no explanation has been given [2,21]. Obviously,
the large amount of Hy can hardly be attributed to the trace
water present as an impurity in the cell. H, content is greater
when CHB is included as an electrolyte additive. There has also
been a previous observation of large amounts of Hy in an over-
charged cell containing CHB [2]. It is frequently reported that
CO; is a major gas component in overcharged LIBs [22,23],
which is not the case in this study. It is considered that several
factors such as cell design, overcharge conditions, and analy-
sis method may affect the gas composition in overcharged LIBs
[20].

When ‘4-V class’ LIBs are overcharged, the cathode voltage
is increased to be sufficiently high to cause electrolyte oxida-
tion (>4.5V versus Li/Li*). Beck and his co-workers [10,11]
have suggested the possibility of H" generation during the oxi-
dation of organic solvents. They performed RRDE experiments
with propylene carbonate and acetonitrile solutions with 0.2 M
LiClO4. However, the water concentration in their electrolytes
was rather high (about 300 ppm) so that H* may be generated
from the water rather than the organic solvents. In addition, the
high water content may facilitate the decomposition of organic
solvents and affect the reaction pathways [24-27]. Meanwhile,
it is also possible that the active Li metal deposited on the over-
charged anode may enhance the reductive decomposition of

the electrolyte and result in the evolution of Hy gas. Indeed,
it has been reported that Hy was the one of the major gas
components present in coin-type half-cells employing Li metal
[16]. All the above ambiguities provide a motive to seek direct
evidence for H* formation during the oxidation of LIB elec-
trolytes under conditions where the water content is strictly
controlled.

3.2. Determination of redox potential of Hy/H" in I M
LiBETI EC/EMC

To our best knowledge, there has been no systematic study
of the redox reaction of the Hp/H* couple in a non-aqueous
LIB electrolyte. Fig. 1 compares the cyclic voltammograms
(CVs) of 1M LiBETI EC/EMC (1/2, v/v) solutions containing
various acids such as CF3SOszH (1.0 mM), HCIO4 (4.2 mM),
HCI (3.0mM), and HF (13.5 mM). The water content of the
acid solutions was determined as 1.4, 11.3, 11.8, and 19.7 mM,
respectively. The potentials of the redox couples in Fig. 1 are
in the range of 2.8-3.2'V, depending on the kind of acid used.
The redox potential of the standard hydrogen electrode (SHE) is
3.05V on the Li/Li* scale [12], while the reduction potential of
water in non-aqueous solutions has been reported to be as low as
1.8 V [28,29]. Thus, the redox reactions shown in Fig. 1 can be
reasonably assigned to the Hy/H* couples. It can be anticipated
that the water content in non-aqueous media may affect Hy/H*
potential. Higher amounts of water are expected to enhance the
dissociation of the acid so that it shifts the Hy/H" potential in a
positive direction. However, as shown in Fig. 1, the order of the
H,/H* potentials is reverse to that of the water content in the acid
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Fig. 1. First CVs in 1 M LiBETI EC/EMC (1/2, v/v) containing CF3SO3zH
(1 mM, solid), HC1O4 (4.2 mM, dot), HCI (3 mM, dash), and HF (13.5mM,
dash dot). Pt (area=0.02cm?) as a working electrode. Scan rate =20 mV sl
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solutions, and the correlation between them seems rather weak.
Therefore, the variation in Hy/H* potentials observed in Fig. 1
appear to be more related to the nature of the acids. Due to the soft
characteristic of the conjugate anion, CF3SO3H is supposed to
release H* ions easily compared with other acids, which would
lead to a most positive Hy/H* potential. By contrast, HF exhibits
the most negative reduction potential and the corresponding re-
oxidation peak is absent. In our previous study [30], the notable
behaviour of HF has been ascribed to the formation of a LiF pre-
cipitate that acts as a passive layer towards the cathodic reactions
below 3V versus Li/Li*. This implies that electrolyte solutions
with LiPFg salt, which is inevitably contaminated with a trace
of HF, are not a suitable medium for determining the redox
reaction of the Hy/H* couple. This is the reason why LiBETI
has been chosen as the electrolyte salt, instead of LiPFg, in this
study.

3.3. Voltammetric behaviour of CHB

Fig. 2 shows two consecutive voltammograms for a Pt disc
electrode in 1M LiBETI EC/EMC (1/2, v/v) solution with
3wt.% CHB. On the first cycle, the oxidation current starts to
increase above 4.8 V and displays a couple of peaks between 5.1
and 5.3 V. The oxidation current for the base electrolyte (without
CHB) is negligible up to 5.5 V (not shown here). The current on
the second anodic scan in the CHB solution starts to increase
as early as 4.2V and attains a much higher value than that dur-
ing the first scan. A dark brown film is observed on the surface
of the Pt electrode after the CV scans. The enhanced anodic
reactivity during the subsequent scans has been attributed to the
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Fig. 2. Two consecutive CVs in 1M LiBETI EC/EMC (1/2, v/v) contain-
ing 3wt.% CHB. First cycle (solid) and second cycle (dash). (a) Overall
and (b) enlarged views. Pt (area=0.02 cm?) as a working electrode. Scan
rate=20mVs~!,

oxidation products that are more easily oxidizable than the orig-
inal monomer [1,2]. It has also been suggested that a poly-CHB
film formed on the first cycle accelerates further electropoly-
merization [6]. Note that there is a relatively small redox couple
at 3.0-3.4V around the end of the first cycle and the begin-
ning of the second cycle (Fig. 2b). It appears that the redox
reaction is related to the oxidation products of CHB since it is
absent before the first anodic scan and its current is increased
on the second cycle. It can be concluded that oligo-CHB or
some radical cations residing near the electrode surface may be
responsible for the new peak. However, it has been shown from
both experiments and quantum chemical calculations that pos-
sible oxidation products such as alkyl benzene, terphenyl, and
their derivatives exhibit oxidation potentials higher than 3.5V
[1,2,31-37]. Thus, itis expected that the new redox couple is due
to H* ions liberated during the CHB oxidation. This is confirmed
in following section.

3.4. Proton generation during CHB oxidation

In order to investigate H* liberation during CHB oxidation,
rotating disc electrode (RDE) and the rotating ring disc electrode
(RRDE) experiments were performed. Fig. 3 presents a linear
sweep voltammogram (LSV) of a Pt disc rotating at a speed of
400 rpm in a 1 M LiBETI EC/EMC (1/2, v/v) solution with and
without CHB. As the disc potential is linearly swept from 3.5
to 6V, the oxidation current in the CHB solution (thick line)
begins to flow at around 4.8 V as in the stationary case (Fig. 2a).
This indicates that the onset potential for CHB oxidation is not
affected by the forced convection. However, the current steadily
rises up to 6 V unlike that in Fig. 2a. This implies that the CHB
oxidation is a diffusion-limited reaction in a stationary condition,
while it is kinetic-controlled under a hydrodynamic condition.
When CHB is not present in the electrolyte, the anodic current
remains negligible up to 5.8 V (thin line in Fig. 3).

The RRDE experiments were performed with a CHB solu-
tion (Fig. 4). A constant current was applied to the disc and
the ring potential was linearly scanned in the cathodic direction
from 3.5 to 2.0 V. As shown in Fig. 4a, the ring current (ir) dis-
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Fig. 3. LSVsof 1 M LiBETI EC/EMC (1/2, v/v) containing 2 wt.% CHB (thick
line) and without CHB (thin line). Rotating speed =400 rpm. Pt (area=0.13 cm?)
as a working electrode. Scan rate=20mV s~
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Fig. 4. RRDE results with a constant disc current of 0 mA (thin solid), 0.1 mA
(solid), 0.5 mA (dash), and 1 mA (dash dot) in 1 M LiBETI EC/EMC (1/2, v/v)
containing 2 wt.% CHB. Rotating speed =400 rpm. (a) Currents at the ring that
is linearly swept at 10mV s~!, (b) disc potentials, and (c) concurrent plots of
the H* generation efficiency defined in Eq. (2).

plays sigmoidal behaviour, and the limiting ir increases with the
disc current (ip). The disc potential also increases with ip over
4.9-5.3V, which is above the onset potential for CHB oxidation
observed in Fig. 3. Note that the half-wave potential for the ir
in Fig. 4a is around 2.9-3.0 V, which is within the range of the
Ho/H* potential observed in Fig. 2. These results clearly indicate
that the cathodic reaction at the ring is due to the reduction of H*
ions generated from CHB oxidation at the disc. The efficiency
of proton generation (o) can be defined as:

IR —iRo
Nip

where iR, is the background ring current as the ip is zero, N the

collection efficiency of the RRDE electrode as explained above,

and g the current efficiency defined as the ratio of the charge
consumed to oxidize CHB to the total charge delivered. Plots

x gg x 100 2)

of o value versus ring potential are given in Fig. 4c. The plots
for different ip values are similar, which implies that the nature
of the reduction occurring at the ring, and thus the oxidation
at the disc, is hardly altered within the tested ip values. Note
that the o value is more than 90% over the limiting ir region
(<2.4V). An « value of 100% means that every bond formation
between phenyl groups liberates two H* ions. In our previous
study [6], the coulombic efficiency of CHB polymerization was
determined as 85% over 5-5.5V, as proven by measurements
with an electrochemical quartz crystal microbalance (EQCM).
Accordingly, the « value higher than 90% in this study appears
to be reasonable. In case of ip =0.1 mA, the « value goes beyond
100% as the ring potential is less than 2.5 V. It is concluded that
this is probably due to the experimental error in measuring the
background current (i), the effect of which becomes rather
adverse when the iR is relatively low.
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Fig. 5. RRDE results with constant disc current of 0 mA (thin solid), 0.1 mA
(solid), 0.5mA (dash), and 1 mA (dash dot) in 1 M LiBETI EC/EMC (1/2,
v/v). Rotating speed =400 rpm. (a) Currents at the ring that is linearly swept
at 10mVs~!, (b) disc potentials, and (c) concurrent plots of the H" generation
efficiency defined in Eq. (2).
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3.5. Proton generation during oxidation of 1 M LiBETI
EC/EMC

The same RRDE experiment as that in Fig. 4 was repeated
for a solution without CHB (Fig. 5). The ir curves in Fig. 5a
have slanted sigmoidal shapes. Although not so clear as in
the CHB case, the rapid increase in igr over 3.2-2.8 V can be
reasonably assigned to the H* reduction based on its poten-
tial range. Thus, besides H reduction, there appears to exist
additional cathodic reactions that cause the sloped sigmoid
behaviour of the ir. The disc potential is in the range of 5.8—-6.0 V
(Fig. 5b), which is consistent with the LSV result shown in
Fig. 3. Various authors have reported the presence of CO; evolu-
tion during the oxidation of LIB electrolytes [20,24,26,38,39],
but the electrochemical reduction of CO, in aprotic media is
well known to be negligible above 2V (vs. Li/Li*) [40-42].
Aurbach and his co-workers [43] have recently reported that
the anodic decomposition of carbonate solvents may yield var-
ious carbonyl compounds such as aldehydes, esters, and CO. It
has also been claimed [44] that some organic radicals can be
formed as a result of the anodic reactions of linear and cyclic
carbonates. Therefore, it is assumed that some of the chemi-
cal species mentioned above are responsible for the additional
cathodic reaction at the ring. The « value in Fig. 5¢ is much
less than that in the CHB, which should be due to oxidation
reactions that do not liberate H* ions. Obviously, H* liberation
should result from the anodic decomposition of EC and EMC
rather than from the salt (LiBETI). At present, however, it is dif-
ficult to determine the relative contributions of EC and EMC to
the overall anodic current and H generation. Experiments with
solutions employing a single solvent or deuterium-substituted
solvents may be able to reveal the respective contributions.
Some of these studies are in progress in our group. In sum-
mary, it is quite probable that the anodic decomposition of
the electrolyte solvents is accompanied by H* generation,
although in a much less stoichiometric manner than with CHB
oxidation.

4. Conclusions

It has been demonstrated that a proton is generated during
the electropolymerization of CHB, a popular electrolyte additive
for overcharge protection of LIBs. It is also suggested that the
anodic decomposition of the electrolyte solvents is accompanied
by some proton generation. These results shed some light on the
following two issues: (i) the working mechanism of CHB as
an overcharge protector involves CHB oxidation at the cathode
that generates a proton, which is reduced to hydrogen gas at the
anode, and finally turns on the current interrupting device of
cylindrical LIBs; (ii) rigorous build-up of hydrogen gas within
LIBs subject to overcharge abuse is at least partly ascribed to
the anodic decomposition of electrolyte solvents.
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