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A B S T R A C T

The present paper provides a new perspective regarding the influence of anions on the rate of lithium ion
insertion into graphite. We compared the properties of a LiFSA and solvent system with those of LiPF6 system
containing the same solvent when the ionic conductivity of these systems is comparable, to elucidate that better
rate properties of the former system than the latter is well reflected in the lower desolvation resistance (Rdesolv)
and its lower activation energy (Eadesolv) of the former. The solvation circumstances around Li+ are similar for
both the LiFSA and LiPF6 systems, while a significant interaction between Li+ and an anion is observed only in
the former. In addition to the previously proposed hypothesis that the Eadesolv reflects the energy required to
desolvate Li+ from the last solvating molecule, the present result points to the necessity of considering the
influence of the counter anion.

1. Introduction

Replacing the current fossil fuel-based automobiles by electric ve-
hicles (EVs) powered by lithium-ion batteries (LIBs) is considered a way
to mitigate the environmental burden caused by the CO2 emission. A
challenge to make EVs competitive is to shorten their full-charging time
to 5–10 min, i.e., time required to fill the fuel tank of the conventional
gas vehicles, which translates into a significantly high rate of 6–12C.
The input performance of LIBs strongly depends on the electrolyte
[1,2], hence its further development is called for.
Our previous study has demonstrated that the rate performance of

the LIBs could be significantly improved when we used an electrolyte
solution consisting of lithium bis(fluorosulfonyl)amide (LiFSA) dis-
solved in a binary solvent of ethylene carbonate (EC) and dimethyl
carbonate (DMC) of which the volumetric ratio is 10:90 [3]. In the
course of developing this electrolyte system, we found that the com-
bination of low EC-content solvent and LiFSA is a key to the superior
kinetics. The present study intends to shed light on the origins of the
superior kinetics. The dominant process governing the charging rate of
current LIBs is the Li+ intercalation into graphite, the mainstream ne-
gative electrode, the kinetics of which is influenced by three factors;
namely, the ionic conductivity of the electrolyte [4], the desolvation of
Li+ from the electrolyte[5–7] and the ion diffusion in the solid elec-
trolyte interface (SEI) film [13,14]. In the present study, by comparing
four electrolyte systems containing LiFSA and LiPF6 with different EC

contents, we investigate how the intercalation kinetics is related to the
electrolyte conductivity and the Raman spectra of not only the solvent
in the solution but also the counter anion; the effect of the latter has
been often considered insignificant in discussing the rate properties of
LIBs.

2. Experimental

All the solvent and lithium salt (i.e., LiPF6, LiFSA, EC, DMC and
GBL) of the lithium battery grade were purchased from Kishida
Chemical. The electrolyte solutions were prepared in an argon-filled
glove box with the dew point of below −70 °C to avoid reactions with
moisture. EC and DMC were mixed with a volumetric ratio of 50:50 or
10:90. LiPF6 or LiFSA salt was dissolved in these binary solvents to
1 mol dm−3. In this paper, these electrolytes are labeled as (anion
species)-(EC content); e.g., PF6-EC50, FSA-EC10, etc. We also use the
terminology like “EC50 solvent” or “FSA systems” to abbreviate the
expressions “solvent composed of 50 vol% of EC and 50 vol% of DMC”
or “electrolyte systems containing LiFSA”. For Raman spectroscopy of
the FSA system, the electrolytes in which EC is replaced by gamma-
butyrolactone (GBL) were also prepared, which are labeled as FSA-
GBL50 and FSA-GBL10.
The ionic conductivity of the electrolytes was measured by the

electrochemical impedance technique using potentiogalvanostat
(Ivium, CompactStat.e) equipped with a frequency response analyzer
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and a four-electrode cell (EC frontier). The cell constant was calibrated
by using a KCl conductivity standard solution. The cell containing about
10 ml of each electrolyte, which was assembled and sealed air-tight in
the glove box, was immersed in a water bath of which the temperature
was controlled by a heater and coolant water within an accuracy
of± 0.1 °C. Alternative current (AC) impedance was measured at 15,
25, 35, 45, and 55 °C. The cell was equilibrated at each temperature for
20 min prior to the measurement. The AC frequency ranges from 200 to
10 kHz with the amplitude of 5 mVp–0. The ionic conductivity was
calculated from reciprocal of the real component of the obtained im-
pedance and the cell constant.
Graphite (10 μm), acetylene black (Denka, Li-400), sodium car-

boxymethyl cellulose (DKS, WSA), and styrene-butadiene rubber (JSR,
TRD2001) were homogeneously dispersed in deionized water with a
weight ratio of 95:3:1:1 and the obtained slurry was cast on a Cu-foil
current collector. After drying under vacuum and pressing, the elec-
trode sheet was cut into 12-mm diameter disks for the electrochemical
measurements. The mass loading of active material and its density are
about 5.0 mg cm−2 and 1.35 g cm−3, respectively. The graphite elec-
trode half-cells were assembled in the glove box with a lithium foil
(Honjo Metal) of 13-mm diameter disk as the counter electrode, a
highly porous polyolefin film coated with ceramic as the separator and
the aforementioned electrolytes.
The Li+ intercalation kinetics into the graphite electrode in each

electrolyte was evaluated by potential step chronoamperometry and
electrochemical impedance measurement. In this paper, we refer to the
lithiation process (i.e., the direction in which the cell voltage decreases)
as “charge” and the reverse process as “discharge”. Prior to the
chronoamperometry, the graphite half-cells were pre-cycled so as to
sufficiently form the solid/electrolyte interface on the graphite surface
through the following procedure. Initially, the cells were charged to
5 mV with a constant current (C.C) mode followed by a constant voltage
(C.V) mode, in the latter of which the current was cut off when it de-
creased to a tenth of the C.C mode, and discharged to 1500 mV with a
C.C mode at 0.1 C-rate. Subsequently, the cells were cycled 10 times
with the same voltage range and mode at 1 C-rate. After the pre-cycles,
the cells were C.C-charged to 220 mV at 1C-rate and then held at that
voltage for 1 h. For the chronoamperometry, the cell voltage was
stepped down from 220 mV to 170 mV and the current response was
recorded as a function of time by using a potentiogalvanostat (Solartron
analytical, 1470E). The pre-cycles and the chronoamperometry were
carried out at 25 °C. For the electrochemical impedance measurement, a
graphite electrode symmetric cell was assembled as follows in order to
eliminate the influence from the counter electrode. At first, two gra-
phite half-cells, which consist of the electrodes with an equal active
material mass, were pre-cycled under the same conditions as in the
chronoamperometry, and then the cells were charged to 75% state of
charge. After relaxing the cells at the open circuit voltage for 6 h, the
two graphite electrodes were taken out from the cells in the glove box
to re-assemble in a symmetric cell. The AC impedance was measured at
5, 10, 15, 20, and 25 °C using a multi electrochemical measurement
system (Hokuto denko, HZ-Pro). The cell was held at each temperature
for 50 min prior to the measurement. The AC frequency ranges from
500 kHz to 10 mHz with the amplitude of 5 mVp–0.
Raman spectra of the electrolyte solutions were measured at room

temperature to investigate the coordination state around Li+ by using a
laser Raman microscope (nano photon, RAMANtouch VIS-NIR-LT). The
solutions were filled in a quartz cell with the 1 × 1-cm2 cross section in
the glove box. The exposure time was 1 s and the scattering spectrum
was integrated 60 times. The wavenumber of the Raman shift was ca-
librated by the spectrum of a Si wafer standard.

3. Results and discussion

Fig. 1 indicates the Arrhenius plots of the conductivity σ of the four
electrolyte systems: PF6-EC50, PF6-EC10, FSA-EC50 and FSA-EC10. The

numerical data are available in Table S1, which also summarizes the
activation energy Eaσ derived from the equation ln σ = −Eaσ/RT + C
where R is the gas constant, T is the absolute temperature and C is a
constant. In the solvent EC50, σ of the solute with FSA only slightly
exceeds that with PF6 (at most by 10% at 25 °C) throughout the tem-
perature range in the present study, which is reflected in their com-
parable Eaσ in Table S1. When the EC content decreases from EC50 to
EC10, regardless of the FSA- or PF6-anion system, both σ and Eaσ sig-
nificantly decrease, resulting in a comparable σ for all systems at room
temperature. One might hence infer that neither the solvent composi-
tion (EC50 or EC10) nor the counter anion (PF6 or FSA) is relevant in
determining the reaction rate of the graphite electrode at room tem-
perature, which is not the case in the present study as shown and
proved below.
Fig. 2 shows the chronoamperogram of the graphite half-cells of the

four electrolytes. We consider that the observed current only reflects
the electrochemical behavior of the graphite electrode because the re-
action rate of the counter electrode (i.e., the dissolution of lithium
metal) far exceeds that of the working electrode. The initial high cur-
rent decaying within a few seconds stems from the double-layer
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Fig. 1. Logarithm of the specific conductivity, ln σ, of the four electrolytes vs.
the reciprocal temperature 1/T, of which the slope gives −Eaσ/R, measured by
AC impedance spectroscopy in a four-electrode cell. Numerical data are avail-
able in Table S1.

Fig. 2. Chronoamperogram of the graphite half-cells at 25 °C using the four
electrolytes. Response to the cell voltage stepdown from 220 to 170 mV, prior
to which the cell voltage was held at 220 mV for 1 h after 11 cycles of full
charge and discharge.
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charging [8], which is irrelevant in determining the charging rate of the
LIBs. The subsequent slow process corresponds to the Li+ intercalation.
In the solvent EC50, the intercalation current profiles are nearly the
same for the PF6 and FSA system. On the other hand, despite the
comparable conductivity for all the four systems, not only is the profile
significantly influenced by the decrease in the EC content from EC50 to
EC10, but also current trend in decreasing EC for the PF6 and FSA
systems is opposite. Namely, the initial intercalation current of FSA-
EC10 is approximately 1.5 times higher than that of FSA-EC50, while
PF6-EC10 shows smaller initial current than PF6-EC50. The high initial
current of FSA-EC10 results in a quicker charging than FSA-EC50 as
indicated in the faster decay of the former current which falls below the
latter after 300 s. That is, for the LiFSA system, reducing the EC content
enhances the Li+ intercalation kinetics. On the other hand, the rate of
PF6-EC10 is obviously slower than that of PF6-EC50. Surely the ionic
conductivity of the electrolyte can be an important factor to determine
the rate performance of the LIBs. Yet even if the conductivity is com-
parable, the reaction kinetics varies with the solvent composition and/
or the counter-anion.
Fig. 3 shows the Nyquist plots obtained from the AC impedance

measurement of the graphite electrode symmetric cells. The high fre-
quency limit, which corresponds to the bulk electrolyte resistance Rs,
intercepts the ZRE-axis at a similar point for all the cells. This reflects
the fact that the conductivity of all the electrolytes in the present study
is close to each other at room temperature. The multi-semicircular
feature of the impedance in the high and intermediate frequency range,
which overwhelms Rs in magnitude, depends significantly on the tem-
perature as well as on the electrolyte composition. When the EC content
decreases from 50% to 10%, the semicircles shrink (except for the PF6
system at 5 °C), which is, so long as the FSA system is concerned,
consistent with the increased current observed in the chron-
oamperometry (Fig. 2), yet at odds for the PF6 system where the current
decreases. We analyzed the Nyquist plots based on the equivalent cir-
cuit shown in Fig. 4(a). As we failed to split the multi-semicircle into
two components, we decided to do with three components, which can
be interpreted as the electronic resistance Re, the resistance of solid
electrolyte interface RSEI, and the resistance associated with the deso-
lvation of Li+ from electrolyte Rdesolv [6] which is often conventionally
described as charge transfer resistance, respectively, in the descending
order of frequency, where the crucial index in determining the input

performance of the LIBs are the RSEI and Rdesolv characterizing the in-
termediate frequency regime because they are highly possible to dictate
the kinetics of Li+ intercalation into graphite [9,10]. Fig. S1 graphically
illustrates an example of breaking down the Nyquist plot into the
components in Fig. 4(a). The activation energy associated with the ion
diffusion in SEI film EaSEI and the desolvation process Eadesolv are
evaluated from the slope of the Arrhenius plot, ln(1/R) =−Ea/RT+ C,
shown in Fig. 4 (b and c). The results are summarized in Table S2 and
S3. The trend in the magnitude of Rdesolv and RSEI as well as EaSEI has no
clear correlation with Fig. 2, where the current increases for the FSA
system while decreases for the PF6 system when the EC content de-
creases. The observation implies that these resistances strongly depends
on the SEI in which the anions and solvents should be intricately in-
volved. On the other hand, Eadesolv observed in this study well correlates
with the current observed in Fig. 2. That is, in the EC50 electrolytes,
either for the PF6 or FSA system, Eadesolv is ca. 50 kJ mol−1, which
agrees with the previous study [6]. In the EC10 electrolytes, Eadesolv

increases to 70 kJ mol−1 or higher in the PF6 system whereas it de-
creases to 40 kJ mol−1 or lower in the FSA system. The present results
can corroborate the consideration by Abe et al. that the desolvation
process determines the reaction rate of the graphite electrode [6] ex-
cept for the diffusion-limited cases, which can occur when the higher
load electrode is used [11,12]. Incidentally, there is a debate that se-
parating Rdesolv and RSEI in this way is problematic [13,14], about
which we briefly addressed in the supporting information.
Fig. 5 compares the Raman spectra of (a) PF6-EC50 and PF6-EC10

and (b) FSA-EC50 and FSA-EC10. The signals from the solvent without
salt are in Fig. S2. The peaks located around 892 and 915 cm−1 are
assigned to stretching vibration of CeO bond in free EC and free DMC,
respectively [15,16]. The spectra obtained from PF6 system look as si-
milar to the FSA one, that is, they are not affected by the anions. It can
be, therefore, interpreted that the peak shift is affected only by the
interaction between the solvents and Li+. These peaks shift to 904 and
932 cm−1, when they solvate Li+ [16]. The fraction f and the number n
of molecules solvating Li+ are summarized in Table 1, which were
estimated from the peak area ratios and the molar ratio of the salt to the
solvent in Table S4 [17] by assuming the invariance in the scattering
cross section between free and solvating molecules. The results of peak
separation using the asymmetric pseudo-Voigt function (Eq. S1) are
shown in Fig. S3. Table 1 suggests that the solvation number n hardly
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Fig. 3. Nyquist plot obtained from the AC impedance measurement of symmetric-cells with twin graphite electrodes (frequency: 500 kHz–10 mHz, amplitude: 5 mVp-
0, temperature: every 5 °C from 5 to 25 °C). (a) PF6-EC50 (b) PF6-EC10, (c) FSA-EC50 and (d) FSA-EC10. Before assembling the symmetric cells, each single electrode
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distinguishes the FSA-system from the PF6-system. That is, either for the
PF6- or FSA-system, in the solvent EC50, about 2.5 EC molecules and
slightly more than one DMC molecules solvate Li+, totaling slightly less
than four in ntotal. When the EC content decreases to EC10, barely one
EC molecule solvates Li+ compensated partially by the increase in the
number of DMC molecule to slightly more than two, resulting in the
decrease in ntotal to nearly three. Yamada et al. hypothesize that EaCT

should reflect the energy associated with the step in which the last
molecule leaves Li+ in the sequential desolvation process during the
intercalation into graphite [18]. By considering the stronger interaction
of EC with Li+ than DMC [19], this hypothesis should lead to the equal
EaCT since in all the four electrolyte systems Li+ is solvated by at least

one EC molecule. The present observation that EaCT increases in the PF6-
system while it decreases in the FSA-system upon the decrease in the
EC-content in the solvent implies that we have to take into account the
influence from the counter anion.
The symmetric stretching vibration of PF6− octahedron (a1g mode)

shows up at 741 cm−1 [20,21], which is hardly influenced by the EC-
content as shown in Fig. 6(a), where the other peaks at 716 and
728 cm−1 are assigned to the symmetric ring deformation of free and
solvating EC [15,22]. The spectra of the salt-free solvent in this region
can also be identified in Fig. S2. By considering the significant influence
of the EC-content on the solvating circumstances around Li+ described
in the previous section, the invariance of the signal from PF6− implies
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Table 1
Fraction f and the number n of solvent molecules solvating Li+ estimated by
analyzing the peak area in Fig. 5 using an asymmetric pseudo-Voigt function
(see Eq. S1).

Electrolyte f/– n/–

EC DMC EC DMC EC + DMC

PF6-EC50 0.36 0.22 2.6 1.2 3.8
PF6-EC10 0.65 0.23 1.0 2.3 3.3
FSA-EC50 0.35 0.22 2.5 1.2 3.7
FSA-EC10 0.64 0.23 0.9 2.2 3.1

S. Uchida, et al. Electrochemistry Communications 114 (2020) 106705

4



that the cation-anion interaction is insignificant in the PF6-systems.
Because the relatively weak signal from FSA− is eclipsed by an in-
tensive one from EC (Fig. S4), we replaced EC by GBL, of which the
chemical structure and the dielectric constant are close to EC, so that
we assume the effect of the solvent content on the ionic interactions can
be qualitatively discussed. Fig. 6 (b) shows the Raman spectra of FSA-
GBL50 and FSA-GBL10, where two peaks related to FSA− show up at
νL = 720 and νH = 729 cm−1. Although the assignment and inter-
pretation of these signals differ by Refs. [23,24], one can say that νH
should derive from FSA− more strongly interacting with Li+ than νL.
When the GBL-content decreases from 50% to 10%, the fraction of
FSA− that gives νH increases from 0.38 to 0.85, calculated from the
peak area ratio of νH and νL (see Fig. S5). A similar qualitative tendency
can apply for EC. The fact that ntotal > 3 for all the systems suggests
that there seems to be no room for the anion to come to the primary
solvation shell of Li+. Nonetheless, in the FSA-system, FSA− interacts
with Li+ probably from the secondary shell, where the FSA− influence
is not reflected in the static solvation number.
The present study examined the kinetics of Li+ intercalation into

graphite from the viewpoint of the coordination state of the solvent and
anion. However, an important role should also be played in de-
termining the kinetics by the solid electrolyte interface (SEI), of which
the investigation is admittedly insufficient; e.g., how Rdesolv is related to

RSEI [13,14], how the EC content influences the SEI composition
[25–28] and so on. These issues are briefly addressed in the support
information along with the XPS spectra reflecting the SEI composition
(Figs. S6 and S7) and the temperature dependence of 1/RSEI (Fig. S8).

4. Conclusions

The present study investigated the reason why the low EC-content
electrolyte, 1 mol dm−3 LiFSA in EC:DMC = 10:90 (by vol.), excels in
the input performance for the graphite electrode. We compared the
properties of the LiFSA system with LiPF6 system dissolved in the same
solvent, the ionic conductivity of which is comparable, to find that the
higher rate properties of the former system than the latter is well re-
flected in the lower desovation resistance (Rdesolv) and its lower acti-
vation energy (Eadesolv) of the LiFSA system. That is, the rate of Li+-
intercalation into graphite is dominated by the process at the interface
between graphite and the electrolyte, rather than the bulk electrolyte
conductivity as long as the relativity low active material loading
(~5 mg cm−2, ~2 mAh cm−2), although the rate performances would
be more dominantly influenced by the bulk solution properties if a
higher load electrode (e.g., ~8 mAh cm−2) is used. The Raman spec-
troscopy revealed that, from the viewpoint of solvation number, the
circumstances around Li+ are similar for either the LiFSA or LiPF6
system, in which at least one EC molecule solvates Li+. In addition to
the hypothesis that Eadesolv reflects the energy required to desolvate Li+

from the last solvating molecule, the present result points to the ne-
cessity of considering the influence from the counter anion; the Raman
signal in the presence of FSA− clearly changes with the solvent com-
position while that in the presence of PF6− does not. To further improve
the rate properties of the electrolyte, detailed understanding of the
many-body correlations of not only the cation and solvent but also the
anion is important.
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