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Abstract Electrolyte design for Li ion batteries was
approached by means of comparison of faradaic and non-
faradaic currents. The faradaic current by the movement of
Li* ions was dependent on the composition of the electro-
lyte and was related to the battery capacity; the higher the
capacity, the greater the current by the faradaic reaction.
The open circuit potential of the electrode with a greater
faradaic current decreased at a slower rate than that of the
electrode with a smaller faradaic current. This analysis
method can be used to prepare an optimal electrolyte of an
actual Li ion battery, especially when developing batteries
with excellent high-rate discharge capabilities and low
temperature discharge properties.

Keywords Faradaic reaction - Non-faradaic reaction -
Open circuit voltage - Li ion battery - Electrolyte

1 Introduction

The energy state of a rechargeable battery is determined by
estimating the difference between the electrical potentials
of its cathode and anode. In the case of a Li ion battery, this
difference is controlled by graphite and LiMO, (M=Co,
Mn, Ni) electrodes, which intercalate and dissociate lith-
ium during the charging period. The electrolyte stability at
the surface of the electrode changes with the state of charge
of the electrodes. Therefore, analyzing the electrochemical
behavior at the surface of the electrode is the key towards
stabilizing a Li ion battery. Various studies have been
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conducted to increase the stability of the Li ion battery by
manipulating the electrolyte components (solvent, salt and
additive) to prevent the decomposition of the electrolyte by
oxidation and reduction on the surface of the charged
electrodes [1-7]. These studies have made a significant
contribution towards increasing the safety of the Li ion
battery in view of continuous upgrades and escalating
demands of technology.

In general, faradaic current is defined as the transfer of
an electron across the interface between the electrode and
electrolyte; this current is responsible for the electro-
chemical reduction or oxidation of the electrolyte at the
interface. Non-faradaic current is defined as the accumu-
lation of charge at the metal-solution interface; this current
is responsible for the formation of an electrical double
layer [8]. The formation of this double layer depends on the
composition of the electrolyte and the potential applied to
the electrode. In the Li ion battery, since the formation of
the electrical double layer during the initial charging period
does not significantly depend on the battery capacity, non-
faradaic currents are seldom used to generate analytical
signals. However, electric potential is determined by the
summation of the faradaic and non-faradaic potentials
estimated during the charging and discharging periods,
respectively. The non-faradaic potential is determined from
a capacitive component, and it is related to the electro-
chemical stability between the electrode and electrolyte.
On the other hand, the faradaic potential is determined not
only from the electrochemical reactions of the electrolyte
components on the surface of the electrode but also from
the intercalation and dissociation of Li* ions into and out
of the electrode in the Li ion battery. Xu et al. proposed
that the actual electrode should be used for the electro-
chemical reaction, because the faradaic reaction depends
on the surface of the electrode [1]. However, they did not
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sufficiently discuss the dissociating and intercalating
reactions of Li™ ions in the faradaic process, even though
the ions dissociate from the LiMO, electrode by oxidation
and intercalate to the graphite electrode by reduction dur-
ing the charging period. In this paper, the faradaic and non-
faradaic reactions during the charging period of the
graphite and LiCoO, electrodes were compared to optimize
the composition of the electrolyte for an actual Li ion
battery, by using linear sweep voltage (LSV) and open
circuit potential measurement (OCP). All electrochemical
analyses were performed using a scanning electrochemical
microscope (SECM) placed in an argon-charged glove box
to measure the currents (in pA) precisely.

2 Experimental

Electrolyte grade ethylene carbonate (EC), diethyl car-
bonate (DEC), ethyl methyl carbonate (EMC), dimethyl
carbonate (DMC), and lithium salts (LiPFs, LiBF,,
and LiTFSI [TFSI = bis(trifluoromethane sulfonylimide)]
were obtained from Cheil Co., Ltd. and used without fur-
ther purification. Graphite and LiCoO, electrodes were
obtained from Enerland Co., Ltd. as the mass-producing
grade for a Li ion battery. Electrolyte systems were pre-
pared by volume ratio in a glove box filled with argon gas
(purity 99.99%). All the electrochemical reactions were
analyzed using a scanning electrochemical microscope
(SECM, CHI900B, CH instruments) installed in the glove
box. A Pt wire was used as a reference electrode; graphite
and LiCoO, were alternately used as working and counter
electrodes. The radius of the working electrodes—graphite
and LiCoO,—was 3.22 mm, and the potential difference
between LiCoO, and graphite was almost O V in the
uncharged state. The charging rate for the reduction and
oxidation of the graphite and LiCoO, electrodes, respec-
tively, was fixed at 50 mV s~'. All data for the reduction
of the graphite electrode and the oxidation of the LiCoO,
electrode were obtained separately during the first charging
process.

3 Results and discussion

3.1 Oxidation and reduction behavior of LiCoO,
and graphite

The electrochemical reaction comprises the faradaic and
non-faradaic reactions that occur at the interface between
the electrode and electrolyte. In the Li ion battery, the
faradaic reaction comprises the decomposition of the
electrolyte and the movement of Li™ ions during charging
and discharging processes. Of these reactions, the
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decomposition of the electrolyte is an ancillary reaction
that depends on the change in the electrode potential and
mainly occurs during the initial charging period at the
graphite electrode or during the overcharging period at the
LiCoO, electrode. The movement of Lit ions is derived
from the association-disassociation in the LiCoO, electrode
and intercalation—deintercalation in the graphite electrode.
The non-faradaic reaction is responsible for the electro-
chemical stability of the electrolyte. Fig. 1 shows the total
LSV data obtained in terms of the reduction at the graph-
ite electrode and the oxidation at the LiCoQ, electrode,
with the electrolyte having a LiPFg concentration of
0.5-2.0 mol L™' in EC. The predominant difference
between the reduction and oxidation processes was that the
non-faradaic region on the LiCoO, substrate was shorter
than that on the graphite substrate. The potential of the
non-faradaic region ranged from 0 to +0.5 V for LiCoO,
and from 0 to —1.9 V for graphite; therefore, the potential
window of the electrolyte required for resisting the catho-
dic reaction must be wider than that required for resisting
the anodic reaction. In the case of the graphite electrode,
the peak at —2.2 V is thought to occur due to the formation
of a solid electrolyte interface (SEI) layer. However, in the
case of the LiCoO, electrode, it was difficult to observe the
special peak of the oxidation current above of +0.5 V,
which is the potential at which Li™ dissociation begins.
Therefore, it is clear that decomposition of the electrolyte
during the initial charging period is governed by the
reduction at the graphite electrode, not by oxidation at the
LiCoO, electrode. According to Aurbach and Andersson,
the reason for such a phenomenon is that all the cathode
materials—transition metal oxide based on Co, Mn, and
Ni—are already in an oxidized state; therefore, they cannot
be oxidized further [9—-12]. However, it is reported that a
protective film is formed on LiMO, compounds such as
LiMnO,, LiCo0O,, and LiNiO, at high oxidation potentials;
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Fig. 1 Total LSV data of reduction process at the graphite electrode
and of the oxidation process at the LiCoO, electrode with LiPFg
contents from 0.5 to 2.0 mol L™ in EC: a non-faradaic region,
b faradaic region
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this affects the irreversible capacity of the Li ion battery
[13-17]. These oxidation films are analyzed by determin-
ing the impedance, surface image and surface structure of
the electrode using synchrotron spectroscopy, X-ray dif-
fraction, high-resolution electron microscopy, electron
diffraction and solid-state NMR spectroscopy. In this
study, since there was no evidence of a special decompo-
sition peak at the LiCoO, electrode, the discussion on the
formation of the SEI layer at this electrode is still a matter
of intense investigation. In the case of the graphite elec-
trode, the special peak that is responsible for the formation
of the SEI layer was shifted to the Li* reduction potential
with a gradual increase in the concentration of LiPFg.
However, this phenomenon was dismissed as a minor
occurrence, since the shift in the reduction potential was
not large compared to the shift of the peak in the case of
mixed-salt experiments. In the authors’ previous paper
on the mixed-salt effect due to the formation of the SEI
layer, the reduction peak on the graphite electrode formed
during the first charging period was confirmed as a valid
peak, and it significantly affected the battery performance
(i.e. charge/discharge capacities, life cycle, safety, and
storage properties of the battery at high temperature) [18].

The faradaic currents increased dramatically from +0.5
and —2.5V in the oxidation and reduction processes,
respectively; these currents are probably attributable to the
Lit dissociation from LiCoO, and Li" intercalation to
graphite, and not to the electrochemical reaction of the
electrolyte at the interface. Although there is no special
peak assumed for the decomposition of the electrolyte, it is
still regarded as a part of the faradaic reaction because the
Li* ions are dissociated from LiCoO, by oxidation and
intercalated to graphite by reduction in these regions. Note
that the currents generated during the faradaic reactions
decrease with an increase in the salt concentration, as
shown in Fig. 1. Several reports on the relationship
between the salt concentration and the ionic conductivity
exist; a majority of these studies investigate how ionic
conductivity can be increased or how the potential window
can be expanded [19, 20]. For example, at low salt con-
centrations, the number of free ions increases with the salt
concentration; consequently, the ionic conductivity also
increases until a threshold concentration level is reached.
Beyond this threshold, an increase in the salt concentration
results in high ion aggregation and high solution viscosity,
which simultaneously reduces the number and mobility of
the free ions. These phenomena were investigated as the
relationship between the lithium salt concentration and the
faradaic currents in this study. The faradaic currents
decreased with increase in the concentration of LiPFg over
the potential ranges of 40.5 V at the LiCoO, and —2.5 V
at graphite electrodes, respectively. This implies that it is
not desirable to increase the salt concentration for

developing an electrolyte system with high ionic conduc-
tivity, since a high salt concentration causes the ion
aggregation and electrolyte viscosity to increase and dis-
turb the mobility of Li ion. In addition, since the faradaic
current generated by interaction of the Li™ ion is closely
related to the charging rate, this method provides useful
information for preparing an optimal electrolyte for a Li
ion battery used in hybrid electric vehicles (HEVs), which
have high power requirements.

The amount of faradaic currents was reanalyzed to
investigate the effects of salt concentration under a fixed
potential condition, as shown in Fig. 2. The compared
potentials were +1.5 V in the oxidation region and —3.5 V
in the reduction region, which were the respective fully
charged potentials of the LiCoO, anode and the graphite
cathode. Redox currents were constant until the salt
concentration reached 1.0 mol L™!; then the currents
decreased rapidly with increase in salt concentration. Since
the amount of faradaic current generated depends on the
amount of Li" ions dissociated from LiCoO, and interca-
lated to graphite in the Li ion battery, these experimental
results show that 1.0 mol L™ of LiPFg is a necessary and
sufficient condition in this battery system. In other words,
it is futile to increase the salt concentration above
1.0 mol L™" even if the ionic conductivity increases. The
reason for the above mentioned phenomena can be
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Fig. 2 Redox currents at the fixed potentials: a oxidation current at

+1.5 V at LiCoO, anode, b reduction current at —3.5 V at the
graphite cathode
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explained in terms of the colligative properties of electro-
lyte solutions, such as ionic aggregation and electrolyte
viscosity. These properties increase rapidly at a salt con-
centration greater than 1.0 mol L™,

3.2 Effect of solvent composition

To determine the electrolyte condition with the higher
faradaic current at the graphite electrode during the
charging period, the reduction current at —3.0 V was
investigated using three different linear carbonates (DMC,
EMC, and DEC) and EC. The concentration of LiPF¢ was
fixed at 1.0 mol L™'. As shown in Fig. 3, the reduction
current increased dramatically from 20 vol.% of EC in all
the three linear carbonate systems; it also increased in the
descending order of DMC, EMC, and DEC. From these
results, it was clear that the charging current increased with
increase in the dielectric constant of the mixed solvent
system; the dielectric constant of each solvent was EC (95),
DMC (3.12), EMC (2.9), and DEC (2.82). However, the
variation in the total dielectric constants of the mixed
electrolyte systems was not sufficiently large to overcome
the difference in the value of the currents generated in each
system. In the case of the 50 vol.% EC system, the total
dielectric constants calculated were 49.06, 48.95, and 48.91
for DMC, EMC and DEC system, respectively. The
difference in the amounts of current generated can also
be attributed to the presence of bulky solvent molecules.
The molecular sizes of DMC (247.5 cm® mol™"), EMC
(303.5 cm?® mol™"), and DEC (395.5 cm® mol™") systems
were calculated using Chem3D Pro 10.0. The current was
inversely proportional to the molecular size of the linear
carbonate. From these results, the faradaic currents gener-
ated by the Li* dissociation from LiCoO, and the Li*
intercalation to graphite are shown to be directly propor-
tional to the dielectric constant and inversely proportional
to the degree of bulkiness of the solvent molecules.
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Fig. 3 Reduction currents at —3.0 V in the graphite with the EC
concentration combined with three different linear carbonates
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3.3 Effect of electrolyte salt

In general, ionic conductivity is defined in the same way as
electronic conductivity

0 = nZeu (1)

where n is the number of charge carriers per unit volume, Z
is the charge of the ion, e is the elementary charge
(1.602 x 107" C), and p is the electrical mobility of the
ionic species. The mobility of an ion is known to vary
inversely with its radius r; according to the Stokes—Einstein
relation, which is expressed as follows [8]:

1
r= 6mnr;

(2)

where 7 is the viscosity of the media. Therefore, the ionic
conductivity can be expressed as

nZe

_ 3
7 6nnr; (3)

In the Li ion battery, the ionic conductivity of the
electrolyte is derived from the electrical mobility of the Li™
ions. However, since the viscosity of the electrolyte
solution is affected by the degree of bulkiness of the
solvent molecules or the ionic bonding force of the salt, the
counterparts of the Li* ions must also be considered.
According to Ue’s study on the ionic conductivity of
various solvents, excellent conductivity can be obtained by
a combination of the ionic mobility of the solvent and its
dissociation constant [21]. In this study, the amount of
faradaic current in the charging period was also
investigated for the three kinds of lithium salts (LiPFg,
LiBF,, and LiTFSI) under various solvent combinations.
As shown in Fig. 4, the reduction current at —3.0 V
decreased in the descending order of LiPFg, LiTFSI, and
LiBF;, in the electrolyte systems. Since the ionic bonding
force of LiBF, is stronger than that of LiPFg or LiTFSI
[18], the number of dissociated Li" ions from LiBF,
decreases in the EMC or the DEC system. The reduction
current, generated by the intercalation of Li* ions to the
graphite electrode, is affected by the dissociated ions from
the LiCoO, electrode during the charging period. This
current generated in the single linear carbonate system
increased in the descending order of DMC, EMC, and
DEC. And the current at —3.0 V was three times greater in
DMC than that in the DEC system, in the case of LiPFg.
These results show that Li* ions were significantly
intercalated to the graphite in the electrolyte system with
LiPFg and DMC.

During the charging period of the Li ion battery, the
non-faradaic current is generated from the capacitive
components of the electrodes, and the faradaic current is
mainly derived by the Li* interaction with the electrodes.
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And the rate of increase of electrode potential by the far-
adaic current is much slower than that by the non-faradiac
current. These phenomena were verified by the OCP of the
graphite electrode, as shown in Fig. 5. The OCP in a
100 vol.% EMC system was found to decrease more rap-
idly than that in a 50 vol.% EC-added system. These
results indicate that more Li* ions were intercalated into
the graphite electrode in the 50 vol.% EC-added systems
than those in the 100 vol.% DEC system. And the
increasing quantity of the potential of the graphite elec-
trode by the Li* intercalation decreased under the
100 vol.% DEC system. In this study, the voltage-current
profile was analyzed to determine the optimal electrolyte
composition by comparing the faradaic current under dif-
ferent concentrations of LiPFg, solvent component and salt
type. Although these results are similar to the general
studies, the method proposed here is suitable for preparing
an optimal electrolyte for a real battery system.

4 Conclusions

In this paper, the faradaic and non-faradaic reactions during
the charging period were investigated in order to determine
an optimal electrolyte composition for an actual Li ion
battery. The reactions were dependent on the composition
of the electrolyte and were analyzed in terms of the

Open circuit time /' s

Fig. 5 Comparison of the open circuit potential (OCP) of the
charged electrode: a charge profiles of graphite anode, b OCP profiles
after charging to —3.5 V

faradaic and non-faradaic currents. Actually, the faradaic
currents were associated with the concentration of LiPF¢
over the potential ranges of 40.5 V at the LiCoO, and
—2.5 V at graphite electrodes, respectively. The faradaic
current was also shown to be directly proportional to the
dielectric constant and inversely proportional to the degree
of bulkiness of the solvent molecules. And finally, the OCP
of the electrode with a greater faradaic current decreased at
a slower rate than that of the electrode with a smaller
faradaic current. This analysis method can be used effec-
tively for designing an optimal electrolyte system of an
actual battery with excellent high-rate discharge capabili-
ties and low temperature discharge properties.
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