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Abstract

Certain highly concentrated electrolytes (HCEs) enhance the charge-transfer reaction rate at the
electrode/electrolyte interface in Li-ion batteries. The solvation structure of Li* in HCEs significantly
affects the electrochemical interfacial reaction kinetics. However, the effects of different anions on these
kinetics have not yet been fully understood. Therefore, in this study, we investigated the effects of anionic
species on the liquid structure and electrochemical reactions of HCEs composed of various Li salts and
propylene carbonate (PC). Raman spectra revealed that both PC and anions were coordinated to Li" ions
in HCEs and that the concentration of uncoordinated (free) PC changed depending on the anionic species.
Consequently, the activity of Li" in the electrolyte changed depending on the anionic species. The use of
Li salts with weakly Lewis basic anions increased the activity of Li" and decreased the concentration of
free PC in HCEs. The activity of Li" in the electrolyte significantly affected the Li*
intercalation/deintercalation reaction rate of the LiCoO» thin-film electrode. Electrochemical impedance
spectroscopy revealed that the interfacial reaction rate of LiCoO> was enhanced in the HCEs with anions

having weaker Lewis basicity owing to the higher Li" ion activity.



1. Introduction
Electrochemical reactions of lithium-ion batteries (LIBs) occur at the electrode/electrolyte interface and
the kinetics of these reactions significantly affect the rate capability of LIBs. The Li" ions undergo
intercalation and deintercalation at the interface, which involve solvation and desolvation. Ogumi and
Abe et al. reported that the desolvation of Li* is the rate-determining step of the charge transfer reaction
at the electrode/electrolyte interface.!™ The activation energy for the interfacial charge transfer reaction
is correlated with the interaction between Li" ions and the solvent, and thus, weak Li‘—solvent
interactions are favorable for reducing the activation barrier at the interface and improving the interfacial
reaction rate.>”’ Furthermore, Xu et al. reported that a solid electrolyte interphase (SEI) layer on the
graphite negative electrode surface, which is derived from the reductive decomposition products of the
electrolyte, also affects the interfacial kinetics of Li" intercalation at the graphite/electrolyte interface.’
Therefore, the electrolyte composition critically affects the interfacial charge transfer kinetics in LIBs.

Highly concentrated electrolyte (HCE) solutions containing over 3 mol dm™ of Li salts have
attracted attention recently owing to their unique physicochemical and electrochemical properties such
as high thermal and electrochemical stability, unusual Li* ion transport processes, and good compatibility
with next-generation batteries containing Li anodes.'®'* The kinetics of Li" intercalation reactions at the
electrodes are faster in certain HCEs compared to that in conventional electrolytes containing 1 mol dm
of Li salts.!*!® Typically, in HCEs with Li-salt concentration above 3 mol dm™, Li* ions coordinate to
both solvent molecules and anions to satisfy their coordination number owing to the scarcity of the
solvent. We previously reported that the Li" coordination structures and physicochemical properties of
HCEs are significantly affected by the anion species.!®?! However, the effects of anion species on the
interfacial charge transfer kinetics at the electrode/HCE interface have not yet been fully understood.

In this study, we investigated the anionic effects on the Li" solvation structure and electrochemistry
of highly concentrated Li salt/propylene carbonate solutions. Li salts with various anions,

hexafluorophosphate (PFs ), bis(fluorosulfonyl)amide (FSA™), bis(trifluoromethanesulfonyl)amide



(TFSA"), perchlorate (ClO4"), tetrafluoroborate (BF4"), and trifluoromethanesulfonate (OTf"), were used
as the electrolyte salts (Figure 1). Propylene carbonate (PC) is a polar aprotic solvent with a strong ability
to solvate alkali metal ions and can dissolve alkali metal salts at high concentrations. Therefore, Li
salt/PC solutions have been widely investigated as model electrolytes for LIBs.?>>? In this study, we
analyzed the liquid structures of HCE solutions using Raman spectroscopy. The activity of Li" in HCEs
was evaluated using a concentration cell. Finally, we investigated the kinetics of Li"

intercalation/deintercalation of the LiCoO» thin-film electrodes using the electrochemical impedance

method.
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Figure 1. Chemical structures of propylene carbonate and anions of Li salts.
2. Methods

Purified propylene carbonate (PC), battery-grade LiTFSA, LiFSA, LiPFs, LiBF4, and LiOTf
were purchased from Kishida Chemical. Battery-grade LiClO4 was purchased from Sigma-Aldrich and
was used as received. The electrolyte solutions were prepared by mixing the Li salts and solvents in an
Ar-filled glove box (VAC, [H2O] < 1 ppm). The concentrations of the Li salt in the solutions are
summarized in Tables S1-S6. The densities and viscosities of the electrolytes (Tables S7-S10) were
measured using an Anton Paar SVM 3000 viscometer. Raman spectra of the electrolyte solutions were

recorded using a JASCO RMP-330 Raman spectrometer with a 532 nm laser. The instrument was



calibrated using a polypropylene standard before the measurements and spectroscopic resolution was 4.5
cm !, The electrode potentials of the Li metal in the electrolyte solutions were measured using the
concentration cell [Li|]1 mol dm ™ LiTFSA/PC|| x mol dm Li salt dissolved in PC|Li]. Vycor glass was
used as the liquid junction to separate the sample and reference solutions (1 mol dm > LiTFSA/PC). The
electromotive force of the cell at 30 °C was recorded using a Biologic VMP3 electrochemical analyzer.
LiCoO> thin-film electrodes were prepared using the polyvinylpyrrolidone (PVP) sol-gel
method.*!*? CH3COOLi (98.0%, Wako Pure Chemical Industries) and PVP (average molecular weight =
~55000, Sigma-Aldrich) were dissolved in a mixture of i-C3H;0H (99.7%, Wako Pure Chemical

Industries) and CH3COOH (99.7%, Wako Pure Chemical Industries). Co(CH3COO).*4H20 (99.0%,

Wako Pure Chemical Industries) was dissolved in purified water. The two solutions were homogeneously
mixed to prepare a  precursor solution  with the final molar ratio  of
CH3COOLi:Co(CH3COO)-4H,0:PVP:i-C3H;0H:CH3;COOH:H>0 as 1.1:1:3:10:20:70. The precursor
solution was dropped onto the Au substrate and spun at 3000 rpm using a spin coater to obtain a uniform
PVP gel film. The gel film was heat-treated in air at 700 °C for 1 h. X-ray diffraction (XRD) patterns of
the LiCoOxz thin films were collected using an Rigaku Ultima IV X-ray diffractometer with Cu Ka (1 =
0.154 nm) radiation. The morphology of the thin films was observed using a Hitachi High-Technologies
SU8010 scanning electron microscope (SEM).

The electrochemical measurements of the LiCoO> thin-film electrode were performed using a
three-electrode cell. Li metal (Honjo Metal) was employed as both the counter and reference electrodes
and a LiCoO; thin film as the working electrode (electrode area: 1.0 cm?). Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were conducted using a Biologic VSP-300
electrochemical analyzer. Prior to each EIS measurement, the potential of the LiCoO> electrode was
swept to the desired value at a scan rate of 1 mV s! and held until LiCoO> reached equilibrium at that

potential. The impedance spectra were collected at a given potential in the frequency range of 200 kHz



to 100 mHz with a voltage amplitude of 10 mV root mean square. The cell temperature was controlled

using a Espec SU-242 thermostat chamber.

3. Results and Discussion
3.1. Solvation of Li" in Li salt/PC mixtures

The liquid structures of the Li salt/PC binary mixtures were investigated by Raman spectroscopy.

Figure 2 shows the Raman spectra of neat PC and Li salt/PC mixtures in the range of 680—780 cm™'.
Neat PC exhibits a peak at 712 cm™!, which is attributed to the symmetric ring deformation mode.?**3-3
When Li salt is added to PC, a new peak appeared at ~722 cm™! corresponding to the PC molecules
coordinated to Li" ions, i.e., bound PC. However, the quantitative estimation of the amount of
uncoordinated (free) and bound PC in the electrolyte using the Raman bands is not possible because of
the bands of cis" and cis™ conformers of PC overlap.®> Nevertheless, the Raman band intensities of free
and bound PC provide useful information on the liquid structure of the electrolyte. The peak intensity of
free PC decreased and that of bound PC increased with increasing Li salt concentration. For HCEs with
[Li salt]/[PC] = 1/3 and highly dissociative salts such as LiPFs and LiFSA, the peak intensity of bound
PC is much higher than that of free PC, suggesting that most of the PC molecules are coordinated to Li"
ions and that free PC molecules hardly exist. In contrast, for HCEs with highly associative salts such as
LiBF4 and LiOTf, the peak intensity of free PC is comparable to or greater than that of bound PC,
indicating that significant amounts of free PC molecules are present in these solutions. According to
literature, the order of ionic association is LiPFs < LiFSA < LiTFSA < LiClO4 < LiBF; < LiOTf,*¢?7
owing to the respective Lewis basicities of the anions. A strongly Lewis basic anion interacts more
strongly with the strongly Lewis acidic Li" ion. The Raman spectra in Figure 2 reveals that the fraction
of free PC in the [Li salt]/[PC] = 1/3 HCE increases with increasing attractive interactions between the

anion and Li".
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Figure 2. Raman spectra showing the symmetric ring deformation mode of PC in the Li salt/PC mixtures
containing (a) LiPFg, (b) LiFSA, (c¢) LiTFSA, (d) LiClOs4, (¢) LiBF4, and (f) LiOTf salts at 30 °C.
Figure 3 shows the Raman spectra of the Li salt/PC mixtures corresponding to the vibrational
bands of the anions. Each anionic vibrational band is sensitive to the ionic interactions between Li" and
the corresponding anion in the liquid. For mixtures of [LiClO4]/[PC] < 1/6, the Raman band of the
symmetric stretching mode of the C1O4~ anion was observed at ~934 cm™!, which is characteristic of free
ClO4 and/or ClO4™ in a solvent-separated ion pair (SSIP);***° this implies that Li* ions in mixtures of
[LiClO4)/[PC] < 1/6 are solvated by PC molecules. With increasing mole fraction of LiClOs to
[LiClO4]/[PC] = 1/3, a shoulder peak at ~940 cm™' became more prominent, suggesting that the C1O4
anion directly interacts with a Li" ion to form a contact ion pair (CIP).***° Although the Raman bands of
anions involved in SSIP and CIP overlap in LiPFs-, LIFSA-, and LiTFSA-based electrolytes,>”*!*? each
band shifts to a higher wavenumber with increasing mole fraction of the Li salt, suggesting that the
interactions between Li* ions and anions become stronger. In other words, the solvent and the anions are
competitively coordinated to Li" ions in HCEs irrespective of the anion species. Because the coordination

number of Li* is typically 4-5 in nonaqueous electrolyte solutions,*** the amount of PC solvent in the



electrolytes with a molar ratio of [Li salt]/[PC] = 1/3 is insufficient to fulfill this coordination number.
Therefore, Li" ions coordinate to the anions and form CIPs. In the Raman spectra of the mixtures of
[LiBF4])/[PC] = 1/3 and [LiOT{]/[PC] = 1/3, intense peaks of BF4~and OTf" appeared at ~775 and ~1050
cm™!, respectively, indicating the formation of ionic aggregates (AGG), in which an anion is coordinated
to more than one Li* ion.***” This suggests that the more associative anions strongly interact with
multiple Li" ions and a certain amount of PC is removed from the first solvation sheath of Li*, resulting

in an increase in the fraction of free PC in the electrolyte (vide supra).
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Figure 3. Raman spectra of the vibrational mode of the anions in the Li salt/PC mixtures of (a) LiPFs
(PFs symmetric stretching), (b) LiFSA (S=O stretching), (c) LiTFSA (CF3 bending coupled with S—N
stretching), (d) LiClO4 (C1O4 symmetric stretching), (e) LiBF4 (BF4 symmetric stretching), and (f) LiOTf
(SOs symmetric stretching) at 30 °C. The peaks denoted by * at ~ 722, 778, 960, and 1227 cm™
correspond to the symmetric ring deformation, ring deformation, carbonate symmetric stretching
vibration, and carbonate asymmetric stretching vibration modes of PC, respectively.>’

3.2. Electrode potential of Li metal
To evaluate the activities of Li" ions in the electrolyte solutions, the electrode potential of the Li

metal was measured. During the deposition/dissolution of Li metal, the solvation and desolvation of Li"



occur at the electrode/electrolyte interface. Therefore, the electrochemical reaction of Li metal in non-
aqueous electrolyte solutions can be described as follows:
[Li(solvent),,]* + e~ 2 Li + nsolvent (1)

The Nernst equation for the electrode potential of the reaction in Eq. (1) can be expressed as follows:
E =E + gln% )

where E; is the standard electrode potential of Eq. (1), aris and Gene are the activities of the
solvated Li" ion and free solvent, respectively, R is the gas constant, T is the absolute temperature, and F
is the Faraday constant. The Li deposition/dissolution reactions occur at the Li metal/SEI interface. Even
so, the electrode potential of Li metal is determined by the composition of bulk electrolyte solution.*
Figure 4 shows the electrode potentials of Li metal in various Li salt/PC electrolytes, measured using a
concentration cell. The liquid junction potential in the concentration cell [Li| 1 M LiTFSA/PC || x M Li
salt/PC | Li] may affect the measured electrode potential of Li metal in the sample solution. The
diffusivities of Li" and anion in 1 M LiTFSA/PC solution showed similar values (Table S11), and Li* ion
transference number calculated from the diffusivities was 0.41. Therefore, the effect of liquid junction
potential was considered to be minor. In dilute electrolyte solutions (< 0.1 M) containing excess solvent,
the electrode potential of Li metal increased linearly with log cvi irrespective of the anion species (Figure
4). This result indicates that the assumption of constant solvent activity (i.e., @solvent = 1) 1s valid for the
dilute electrolytes. The slope of the Li electrode potential vs log cri in the concentration range 0.01—0.1
M was 50~60 mV per decade irrespective of anionic species, which is in good agreement with the
theoretical value (60 mV per decade) for the one-electron reaction. However, for concentrated
electrolytes (>1 M and [Li salt]/[PC] > 1/8), the Li electrode potential increased nonlinearly with

increasing salt concentration, which is consistent with a previous report on glyme-based HCEs.!320:46



This nonlinear relationship between log cLi and the Li electrode potential can be attributed to the increase
in the activity coefficient (y:+) of Li* (where avi+ = y:c1i) or a decrease in the activity of the free solvent.
Actually, the concentration (or activity) of free solvent decreases with increasing the salt concentration
as revealed by Raman spectroscopy (Figure 2). However, in the conventional electrolyte solution theory,
the activity of solvent is assumed to be unchanged (i.e., asoivent = 1) irrespective of salt concentration.*’
If we assume that asovent 1S always 1 irrespective of the salt concentration (i.e., neglecting the salt
concentration dependency of solvent activity in the electrolyte), the activity coefficient of Li" should
increase with cr; at > 1 M Li salt concentrations. The slope of the plot of Li electrode potential vs log cti
varied depending on the anion in the concentration range over 1 M. Here we note that the order of the
coordinating ability of anion is related to the strength of ionic association, i.e., PFs < FSA™ < TFSA™ <
ClO4 < BF4 < OTf %37 The electrode potentials in the electrolytes with weakly coordinating anions
(PFs, FSA™,and TFSA") are higher than those in the electrolytes with strongly coordinating anions (BF4~
and OTf"), suggesting that the activity coefficients of Li" in the concentrated electrolytes with weakly
coordinating anions are higher. The strongly coordinating anions preferentially interact with Li" to form
CIPs and AGGs in the concentrated electrolytes (Figure 3). This might cause the relatively low activity

coefficients of Li" in the concentrated electrolytes with strongly coordinating anions.
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Figure 4. Plots of the Li/Li" electrode potential vs Li salt concentration in Li salt/PC mixtures at 30 °C.
The reference electrode was Li/Li* in 1 mol dm~ LiTFSA/PC.
3.3. Electrochemistry of LiCoO: thin film

We investigated the effects of the salt concentration and anionic species in the Li salt/PC
electrolytes on the electrochemical reactions of LiCoO> thin-film electrodes. We selected LiCoO; thin
film as the model electrode to avoid the effects of additives such as polymer binders and carbon
conductive agents that are often used to fabricate electrodes in LIBs. We prepared the LiCoO2 thin-film
electrode via a PVP sol-gel process.’!*® XRD (Figure S1) and Raman spectroscopy (Figure S2)
confirmed that the prepared LiCoO> thin film was in a single phase without any impurity phases. The
thin film was polycrystalline and comprised submicron-sized grains (Figure S3). Figure Sa shows the
cyclic voltammograms of the LiCoO» thin-film electrode in the [LiClO4]/[PC] = 1/10 electrolyte. The
main redox peaks were observed at approximately 3.9 V, which is ascribed to Li" ion extraction from or
insertion into the layered structure of LiCoO.. Two small peaks appeared at 4.07 and 4.17 V, which are
attributed to the phase transition between ordered and disordered Li" ion arrangements in the CoO;
framework.>!*? The peak separation of the main redox peaks at ~3.9 V was small (~40 mV) at a scan rate
of 1 mV s™!, which is consistent with previous reports.’>> However, upon cycling, the peak separation
increased and peak current decreased, indicating cracking of LiCoO» polycrystalline film occurred during
the cycling (vide infra). In the case of the cell configuration used in this study (Figure S4), no mechanical
pressure was applied to the LiCoO: electrode. Therefore, if cracking of the film occurs during the
electrochemical reaction, the electrical contact between the LiCoO; thin film and Au substrate may
partially deteriorate and a certain number of crystal grains might become electrically isolated. This causes
increased polarization and capacity loss during cycling.

In the HCE with a molar ratio of [LiClO4])/[PC] = 1/3, the reversible Li" insertion/extraction
reactions of LiCoQO> were also observed (Figure 5b). The peak separation of the main redox peaks and

the peak current density of the voltammogram in the [LiClO4])/[PC] = 1/3 electrolyte were larger and
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lower, respectively, compared with those in the [LiClO4]/[PC] = 1/10 electrolyte. This might be due to
the lower ionic conductivity of the former electrolyte (0.58 mS cm™!) than that of the latter one (5.59 mS
cm ). In the case of [LiClO4)/[PC] = 1/3 electrolyte, the deterioration of peak current density upon
cycling was suppressed, indicating that the stability of LiCoO; electrode was improved with increasing
the salt concentration. The effect of Li salt concentration on the stability of LiCoO, electrode will be
further discussed later.
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Figure 5. Cyclic voltammograms of LiCoO> thin-film electrodes in (a) [LiClO4])/[PC] = 1/10 and (b)
[LiClO4]/[PC] = 1/3 electrolytes at a scan rate of 1 mV s ! at 30 °C.

To investigate the charge transfer reaction kinetics at the LiCoOa/electrolyte interface,
electrochemical impedance spectroscopy (EIS) was performed. Figure 6 shows Nyquist plots of the
LiCoO:2 thin-film electrode in the [LiC104]/[PC] = 1/10 electrolyte at various electrode potentials. A small

semicircle is observed in the high-frequency range (> 1 kHz), which did not change with changing

12



electrode potential and could be attributed to the electronic resistance in the polycrystalline LiCoO; film
and contact resistance between Au and LiCoO,. The thin film exhibited capacitive behavior in the
frequency range of < 1 kHz at the open circuit potential of 3.4 Vi; (Figure 6a) because it becomes a
blocking electrode at this potential. When the electrode potential is higher than 3.8 Vii, a second
semicircle appeared in the low-frequency region. The diameter of this semicircle changed with changing
electrode potential and reached a minimum at 4.0 Vy; (Figure 6b). Therefore, this semicircle is ascribed
to the charge-transfer reaction at the LiCoO»/electrolyte interface. Then, the charge-transfer resistance
(Rct) was evaluated by fitting the equivalent circuit shown in the inset of Figure 6a, where Ry, is the ionic
resistance of the bulk electrolyte, Rur is the electronic resistance in the LiCoO»> thin-film, CPEs are the

constant phase elements, Zy, is the Warburg impedance, and Cy is the Li" intercalation capacitance of the

thin film.
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Figure 6. (a) Nyquist plots of LiCoO> thin-film electrode (area: 1.0 cm?) in [LiClO4]/[PC] = 1/10
electrolyte at various electrode potentials and 30 °C. (b) Enlarged view of the Nyquist plots.

The temperature dependence of Rt at the LiCoOz/electrolyte interface was also investigated.
Figure 7 shows the Arrhenius plots of 7/R. at the electrode potential of 4.0 Vi; in the Li salt/PC
electrolytes. Rec was nearly unchanged before and after the temperature-dependent EIS measurements
(Figure S5). Notably, R of the [LiCl104]/[PC] = 1/3 electrolyte was lower than that of the [LiC1O4]/[PC]
= 1/10 electrolyte in this temperature range. The Li* intercalation reaction into the partially delithiated
Li.CoO> can be expressed as follows:

Li,Co0, + 8Li* + Se~ 2 Li,,5C00, 3)

The exchange current density io for the Li" intercalation reaction is inversely proportional to R and can

be described as follows:>**

iO = = kOaLi+(1_a) asolida (4)

where ko is the standard rate constant, asolid is the activity of Li" in the partially delithiated LiCoO>, and
a is the transfer coefficient (0 < a < 1). We can assume that the activity of Li" in the partially delithiated
LiCoO:; is unchanged during the AC impedance measurement at 4.0 V. For simplicity, the Li" activity
(aris+) 1s based on the assumption that the activity of the free solvent is unchanged (asolvent = 1)
irrespective of the Li salt concentration (i.e., neglecting the salt concentration dependency of solvent
activity in the electrolyte). The transfer coefficient a is typically ~0.5, and Uchimoto et al. reported that
the a value is close to 0.5 for the Li* intercalation reactions of LiLaisNbOs and LiMn,Os electrodes.’*
3¢ Eq. (4) suggests that i increases with increasing Li" ion activity (a;) (i.e., Li salt concentration) in

the electrolyte. The standard rate constant ko is expressed as follows:

ko = Aexp (—}?g*) (5)

where A4 is the pre-exponential factor and AG* is the standard Gibbs energy of activation. According to
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the literature, the rate-determining step of the Li" intercalation reaction is the desolvation process of Li"
at the electrode/electrolyte interface.!™ Therefore, AG* has been assumed to originate mainly from the
activation barrier required to break the ion—dipole interaction between Li* and the solvent.® Assuming
that a;;, is unchanged in the measured temperature range, the apparent activation energy Ea(app) of the
Li" intercalation reaction can be estimated from the Arrhenius plot (Figure 7a) using the following

equation:

RT _ A'exp (—Ea(app)) (6)

FRet RT

where A4’ is a pre-exponential factor. However, Ea(app) is not equal to AG* (vide infra). The Ea(app) value
for the [LiClO4]/[PC] = 1/10 electrolyte was estimated as 64 kJ mol™!, which is comparable to a
previously reported value.>’ The apparent activation energy estimated from the Arrhenius plot of 1/Rc
was 62 kJ mol™! (Figure S6), which is not significantly different from the value shown in Figure 7a. The
Ea(app) value for the [LiClO4]/[PC] = 1/3 HCE was estimated as 71 kJ mol™!, which was larger than that
for the [LiClO4)/[PC] = 1/10 low-concentration electrolyte (LCE) and is comparable to previously
reported values.® ¢! Abe et al. reported an increase in Ex(app) for solid electrolyte/liquid electrolyte®

and carbonaceous electrode/electrolyte interfaces>”*°

at high salt concentrations in the range of 3—-5 M.
They speculated that the cleavage of the ion pairs of Li*-anions at the interface requires a larger AG*
than that for the desolvation of Li" ions in HCEs.*® However, here a question arises whether the attractive
force between Li" and ClO4 is stronger than that between Li" and PC in the studied electrolytes.
Gutmann’s donor number (DN) is a good metric of Lewis basicity; the DN of PC is 15.1 kcal mol %
whereas that of C104™ is 8.44 kcal mol '.%® As PC is a stronger Lewis base than C1O4, the Lewis acidic
Li" ions are mainly solvated by PC molecules in the LCEs, as revealed by Raman spectroscopy (Figure
2). In HCEs such as [LiClO4])/[PC] = 1/3, both PC and ClO4™ are coordinated to Li" ions. If the complex

formation between Li" and the anion is the main cause of the increase in Ey(app) in HCEs, Ea(app) is

expected to change depending on the anion species. To confirm this hypothesis, we investigated the
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temperature dependence of R in [Li salt]/[PC] = 1/3 electrolytes containing different Li salts, LiFSA,
LiClO4, and LiOTf. As mentioned previously, the coordination ability of the anion increases in the
following order: FSA™ < ClO4~ < OTf . The DN of OTf" is 16.9 kcal mol!,** which is higher than that
of Cl04™ (8.44 kcal mol ') and PC (15.1 kcal mol™!). Therefore, the attractive interaction between OTf"
and Li" was stronger than that between PC and Li*. Consequently, OTf anions are preferentially
coordinated to Li*, and free PC molecules exist even in HCEs such as [LiOTf]/[PC] = 1/3 (Figure 2).
Figure 7b shows the Arrhenius plot of 7/R. in the [Li salt]/[PC] = 1/3 electrolyte containing different Li
salts. R¢ values measured at 30 °C were in the order FSA™ < ClOs < OTf". Because the salt
concentrations in the three electrolytes are almost identical (~3 M), the differences in R could be
attributed to the differences in the activity coefficients of Li". As mentioned previously, the activity
coefficient of Li" is high in HCEs with more weakly coordinating anions. Therefore, the higher activity
coefficient of Li" in [LiFSA])/[PC] = 1/3 results in a lower R, i.e., a higher rate of Li*
intercalation/deintercalation at the LiCoO»/electrolyte interface. Although R value of the [Li salt]/[PC]
= 1/3 electrolyte was significantly affected by the anionic species, the Ea(app) values were similar (71—
73 kJ mol™!) irrespective of the coordinating ability of the anion, indicating that E,(app) is not necessarily

determined by the interaction strength between Li" and the anion in the HCEs.
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Figure 7. Arrhenius plots of 7/R. for LiCoOx> thin-film electrode at 4.0 Vi in (a) [LiClO4)/[PC] = 1/n (n
=3, 10) and (b) [LiX]/[PC] = 1/3 (X = FSA, ClO4, OTY) electrolytes.

In addition to the Gibbs energy of activation AG*, the electrolyte viscosity (#) also has a significant
effect on the charge-transfer kinetics at the electrode/electrolyte interface. Uchimoto et al. reported a
linear relationship between Re and 5 for the Li' intercalation reaction of LiMn,Os at constant
temperature.>® They explained this based on the solvent dynamics theory.®*% If the solvent dynamics
theory is valid for the Li" intercalation reaction, the pre-exponential factor 4 in Eq. (5) would include the
longitudinal relaxation time of the solvent 7. and is expressed as follows:®6-68

ko = exp ()

where B = Ar.. The longitudinal relaxation time 7. is roughly proportional to #.%* Figure 8 shows the

(7)

Arrhenius plots of the fluidity (reciprocal of viscosity, # ') of the PC-based LCE and HCEs. LCEs have

higher fluidity (i.e., lower viscosity) than that of HCEs. Among the [Li salt]/[PC] = 1/3 HCEs, the LiFSA-
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based electrolyte exhibited the highest fluidity (Figure 8), which could also explain its high 1/R. (Figure
7b). The fluidity of the LiOTf-based electrolyte was higher than that of LiClO4-based one; however, the
1/R¢ of the former was lower than that of the latter, possibly because of the lower activity coefficient of
Li" in the former (Figure 4). With increasing Li salt concentration, the fluidity of an electrolyte solution
decreased, whereas Li* activity increased. This tradeoff between aj;; and 5 ' could provide an
electrolyte composition with the maximum 1/R. value. Doi et al. reported that the R value at the
interface between the NASICON-type Li" conductive glass ceramic and LiBF4/PC electrolyte is at its
minimum at an electrolyte composition of [LiBF4]/[PC] =1/5.5!

Although the temperature dependence of the fluidity of concentrated electrolytes follows the
Vogel-Fulcher-Tammann equation over a wide temperature range,®’! the fluidity is linearly
proportional to 1/7 in the narrow temperature range of 20—40 °C. The apparent activation energy of

fluidity Ea(n') was estimated using the following equation:

_ _ _Ea -1
17t =yt exp (Z2)) ®)
where 70 ! is a pre-exponential factor. As shown in Figure 8, the Ea(5!) values of the [Li salt]/[PC] =
1/3 HCE are much higher than those of the [LiClO4]/[PC] = 1/10 LCE. Considering the temperature

dependence of 71, Eq. (7) can be rewritten as follows:

ko = Bty lexp (%) exp (%g*) 9)
where 70 ! is the pre-exponential factor in the Arrhenius equation of 77! and Ea(z.7!) is the activation
energy of 7.~ . Assuming that 7. is proportional to # in the measured temperature range, Ea(7. ') is equal
to Ea(57"). However, the increase in Ea(app) with increasing Li salt concentration from [LiClO4]/[PC] =
1/10 to [LiClO4)/[PC] = 1/3 was only 7 kJ mol ! (Figure 7a), whereas the increase in Ea(5 ') was 31 kJ
mol ™! (Figure 8). This difference might be owing to the temperature dependency of other factors.
Previous reports indicate that the association between Li™ and anions in the electrolyte is enhanced with

increasing temperature.”>”’* The enhanced association between Li" and anions at high temperatures
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lowers the activity coefficient of Li" (vide supra) and consequently lowers the Ea(app) value.
Furthermore, the anion species in the solution affect the temperature dependence of the activity
coefficient of Li". Consequently, in addition to AG*, the temperature dependence of 71 and the activity
coefficient of Li" affect Ea(app) in HCEs.
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Figure 8. Arrhenius plots of the fluidity (') of the electrolytes with the compositions of [LiFSA]/[PC]
= 1/3, [LiClO4]/[PC] = 1/n (n = 3, 10), and [LiOTf]/[PC] = 1/3.

Figure 9a shows the time dependency of the R values of LiCoO> in LiClO4/PC electrolytes at the
electrode potential of 4.0 Vii. The R¢ value in the [LiClO4]/[PC] = 1/10 electrolyte increased
continuously with time. However, this increase is suppressed in the [LiClO4]/[PC] = 1/3 HCE. The
surface of the partially delithiated LiCoO- is more stable and maintains a lower charge transfer resistance
in the HCE than in the LCE. Considering the high stability of the crystal structure of LiCoO> at a potential
of 4.0 Vi;,°'*? the increase in R in the LCE might be related to the chemical and/or electrochemical
decomposition of PC molecules on the surface of the partially delithiated LiCoO> electrode.”’® The
imaginary part of the impedance (—Z"") at the lowest frequency continuously increased with time for 12
h in the [LiClO4])/[PC] = 1/10 electrolyte, which has excess solvent (Figure S7). The intercalation
capacitance (Cr) of the LiCoO: thin-film electrode decreased gradually in the [LiClO4])/[PC] = 1/10

electrolyte (Figure 9b), whereas that for [LiClO4]/[PC] = 1/3 electrolyte was small. The decrease in CrL
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in the former case could be attributed to the cracking of the LiCoO; thin film electrode. Previous studies
reported that the polycrystalline particles in LiNij.x,Mn,Co,02 (NMC) positive electrode cracked during
charge-discharge cycling; the NMC material has a layered rock salt structure similar to that of LiCoQ2.”’~
7 In particular, cracking was severe in carbonate-based electrolytes containing excess solvent. Therefore,
the cracking was considered to be related to the side reaction of carbonate solvents on the surface of
NMC particles. Similarly, the decomposition of the PC solvent might cause the LiCoO> thin-film
electrode to crack in the [LiClO4]/[PC] = 1/10 electrolyte, resulting in a decrease in Cr and an increase
in Re. In the [LiClO4]/[PC] = 1/3 electrolyte, a large fraction of PC was coordinated to Li" and the
concentration of free PC was extremely low (Figure 2). According to previous studies, the solvent
coordinated to Li" ions is more stable against chemical and electrochemical oxidation at the electrode
surface than the free solvent.3*3* Indeed, the anodic limit of the LiClO4/PC electrolyte solution shifted
to a more positive potential as the molar ratio of PC decreased (Figure S8). The enhanced oxidative
stability of the coordinated PC and the low concentration of free PC in the [LiClO4]/[PC] = 1/3 electrolyte
may be effective in suppressing the decomposition of PC, resulting in the suppression of Ci. fading and
R growth.

We further examined the effect of the concentration of free PC on Rcc growth and Cr deterioration
in HCEs containing different Li salts (Figures 9c and 9d). The concentration of the free solvent in HCEs
is significantly affected by the Lewis basicity of the anion (Figure 2). In the [LiFSA]/[PC] = 1/3
electrolyte with a lower concentration of free PC, the changes in R¢: and Cp were small over 12 h. In
contrast, in the [LiOTf]/[PC] = 1/3 electrolyte with higher concentrations of free PC, R and CL
continuously increased and decreased, respectively, with time. These results demonstrate that the
LiCoOx/electrolyte interface can be stabilized by decreasing the concentration of free solvent in the

electrolyte.

20



60 35

@) —@-[LiCIO,/[PC] - 113 (b)
5] —@—[LiCIO,J/[PC] = 1/10 0] o4 o .
) — 9T 0—0—o—9
“ . / 25 ] o\.\.
G . £ 20 ®
C 301 ® -
\45 ./ OJ 151
T 201 ./
- 10
o __e—o0—0—° :
10| g—0—@ 5] —@—[LiCIO,J[PC] = 1/3
—@—[LiCIO,J[PC] = 1/10
O T T T T T T T 0 T T T T T T T
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time/h Time/h
60 35
(c) ©— [LiFSAJ/[PC] = 1/3 (d)
—@— [LiCIO,J[PC] = 1/3 20
504 —@— [LIOT/[PC] = 1/3 1 Q:%—@—G—o o—o
™ TT—eo——o
~ 404 ././ 251 —eo
5 o ./ LIE_ 201
C 304 - =
~ . _
3 O 154
T 2] ./
10
e —8 ©— [LiIFSAJ[PC] = 1/3
104 8’0“ 8 8—3¢ 8 5] —@— [LiCIO,J[PC] = 1/3
—@—[LIOTf[PC] = 1/3
0 T T T T T T T 0 . . . . . .

0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time /h Time/h

Figure 9. Time dependency of the charge transfer resistance (Rc) and Li" intercalation capacitance (Cr)
of LiCoOz thin-film electrodes in (a, b) [LiClO4]/[PC] = 1/n (n =3, 10) and (c, d) [LiX]/[PC] = 1/3 (X =
FSA, ClO4, OTY) electrolytes measured at 30 °C. The electrode potential of LiCoO; was set to 4.0 VL.

4. Conclusions

We investigated the effect of the Lewis basicity of the anion on the interfacial charge-transfer
kinetics of LiCoO> thin-film electrodes in Li salt/PC HCEs. With decreasing Lewis basicity of the anion
in HCEs, the ionic association between Li" and the anion weakened and the concentration of free PC
decreased, resulting in a higher activity coefficient of Li*. Electrochemical impedance spectroscopy
revealed that the charge-transfer resistance at the LiCoOx/electrolyte interface (Rc) decreased as the Li*
ion activity in the electrolyte increased. Consequently, the use of highly dissociative Li salts with anions

having weak Lewis basicity in HCEs is favorable for achieving fast charge-transfer kinetics at the
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LiCoOx/electrolyte interface. Furthermore, the concentration of free PC affected the stability of the
partially delithiated LiCoO: electrode in the electrolyte. Re and Li" intercalation capacitance (Cv) of the
partially delithiated LiCoO; electrode increased and decreased, respectively, with time in the electrolytes
containing higher concentrations of free PC, whereas R growth and Cv fading slowed down in the
electrolytes with lower concentrations of free PC. Therefore, the stability of the LiCoO, electrode can be

improved using HCEs with anions having weak Lewis basicity.
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