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On the concentration polarisation in molten Li salts and borate-
based Li ionic liquids
Keisuke Shigenobu,a Frederik Philippi,a Seiji Tsuzuki, b Hisashi Kokubo, a Kaoru Dokko, a, b 
Masayoshi Watanabe b and Kazuhide Ueno *a, b

Electrolytes that transport only Li ions play a crucial role in improving rapid charge and discharge properties in Li 
secondary batteries. The single Li-ion conduction can be achieved via liquid materials such as Li ionic liquids containing Li+ 
as the only cations, because solvent-free fused Li salts do not polarise in electrochemical cells, owing to the absence of 
neutral solvents that allow polarisation in the salt concentration and the inevitably homogeneous density in the cells 
under anion-blocking conditions. However, we found that borate-based Li ionic liquids induce concentration polarisation in 
a Li/Li symmetric cell, which results in their transference (transport) numbers under anion-blocking condition ( ) well 𝑡abc

Li

below unity. The electrochemical polarisation of the borate-based Li ionic liquids was attributed to an equilibrium shift 
caused by exchangeable B–O coordination bonds in the anions to generate Li salts and borate-ester solvents at the 
electrode/electrolyte interface. By comparing borate-based Li ionic liquids containing different ligands, the B–O bond 
strength and extent of ligand exchange were directly linked to the values. This study confirms that the presence of 𝑡abc

Li

dynamic exchangeable bonds causes electrochemical polarisation and provides a reference for the rational molecular 
design of Li ionic liquids aimed at achieving single-ion conducting liquid electrolytes.

Introduction
Widespread use of electric vehicles and stationary energy 
storage is indispensable for renewable energy to become an 
efficient countermeasure against climate change. Lithium 
secondary batteries have been used in the applications as 
state-of-the-art energy storage. However, issues with power 
density, energy density, and fire safety remain unresolved. To 
meet the current demand for Li secondary batteries capable of 
rapid charge and discharge, the transport properties of liquid 
electrolytes, such as ionic conductivities and Li+ transference 
(transport) numbers ( ), must be improved 1, 2. Electrolytes 𝑡Li

with high  also suppress Li dendrite formation, thereby 𝑡Li

boosting the development of high-energy-density Li metal 
batteries 3. Previous studies have aimed at improving   𝑡Li

values, for instance, using metal/covalent organic frameworks 
(MOFs/COFs) 4-6, anion-receptor additives 7-10, polyanions 11-15, 
and highly concentrated electrolytes 16-18. However, a partial Li 
salt concentration gradient is expected in electrochemical 
cells, unless single-ion conduction (  ~ 1) has been achieved. 𝑡Li

An 18 % concentration difference between Li metal electrodes 

was indeed visualised via in situ magnetic resonance imaging 
(MRI) for a concentrated electrolyte comprising 3 mol dm−3 of 
LiPF6 in ethyl methyl carbonate (EMC  ≈ 0.4) 19. Such a high , 𝑡Li

concentration polarisation significantly increases the 
overpotential, saturation/salt precipitation, and/or salt 
depletion at the electrode interface, which in turn causes 
battery degradation 20-22. 
To completely suppress concentration polarisation under 
anion-blocking conditions, that is, to achieve single-ion 
conduction (  ~ 1) in liquid electrolytes containing a salt 𝑡Li

dissolved in a molecular solvent, complex ionic motions must 
be considered. There has been a greater understanding of the 
ion transport by the fundamental and comprehensive works 
regarding the transference number including methodology 23-

28, velocity of components 29-31 and frame of reference 27, 32-39, 
and mode of transport such as migration and diffusion (and in 
some cases convection) 27, 40-42. Especially, mutual ion–ion and 
ion–solvent motions have been investigated in concentrated 
electrolytes based on various transport theories, using the 
velocity cross-correlation 43-47, Stefan–Maxwell diffusion 40, 48-

50, and Onsager transport coefficients 28, 51, 52. Although the 
concentrated electrolyte theory predicts the feasibility of  𝑡Li

being 1 in liquid electrolytes, highly elaborate modulations of 
the ion–ion and ion–solvent interactions are necessary for 
achieving a veritable single-ion conduction 28, 51, 53.
Ionic liquid-based electrolytes have been intensively studied as 
a non-flammable liquid electrolyte for enhancing battery 
safety 54-57. However, binary mixtures of aprotic ionic liquids 
and Li salts dominate the previous reports, and studies on 
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solvent-free molten Li salts or Li ionic liquids containing Li+ as 
the only cations are largely limited because of their intrinsically 
high melting point. Considering the single-ion conduction, the 
solvent-free molten Li salts or Li ionic liquids can also achieve 

 ~ 1 under anion-blocking conditions. A significant difference 𝑡Li

in the mass and momentum of Li+ and bulky anions in the 
molten salt results in a highly preferential motion of Li+ 28, 53, 58. 
In addition, the density of the molten Li salts is invariable, and 
therefore, a concentration gradient of Li salt cannot be formed 
in electrochemical cells under anion-blocking conditions, even 
though the current passes through the electrode/electrolyte 
interface 59. Indeed, a high  value of 0.94 was achieved in an 𝑡Li

electrochemical cell using a molten Li salt, lithium 
(fluorosulfonyl) (trifluoromethanesulfonyl)amide (Li[FTA]) at 
140 °C 60. Counter anions have also been specially designed to 
lower the melting points of Li salts. Despite that, the high 
melting points of these salts restrict their use at room 
temperature 61-63. 
 Borate-based Li ionic liquids containing Li+ as the only cations, 
as reported by us and Fujinami et al. 64-67, can remain in a 
liquid state at ambient temperatures (in a broad sense, below 
100 °C) and can be used as liquid electrolytes owing to their 
good compatibility with Li metal electrodes and high oxidative 
stability (> 4 V) 68.  This unique room-temperature liquefaction 
was achieved by reducing the Lewis basicity of the borate-
anion centre using electron-withdrawing ligands and 
enhancing the dissociability of Li+ using oligoether (ethylene 
oxide (EO)) groups introduced into the anion.
 Here, we evaluated the  values of borate-based Li ionic 𝑡Li

liquids and compared them with those of other molten Li salts: 
Li[FTA] 60 and lithium 2,5,8,11-tetraoxatridecan-13-oate 
(Li[TOTO]) 69. An unfavourable concentration polarisation was 
observed in an electrochemical cell using the borate-based Li 
ionic liquids. We investigated the possible factors causing 
unfavourable electrochemical polarisation and proposed a 
method to mitigate them in borate-based Li ionic liquids.

Experimental

Syntheses

Borate-based Li ionic liquids, lithium bis(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)-
bis(hexafluoroisopropyloxy)borate (Li[B(mPEG3)2(OHFIP)2]) 
and lithium bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-
bis(2,2,2-trifluoroacetoxy)borate (Li[B(mPEG3)2(OTFA)2]), and 
Li salts, lithium tetrakis(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)borate (Li[B(mPEG3)4]) and 
lithium tetrakis(2,2,2-trifluoroacetoxy)borate (Li[B(OTFA)4]), 
were synthesised according to previously reported procedures 
64, 65. Another Li ionic liquid, Li[TOTO], was synthesised using 
the method reported by Zech et al., with a slight modification; 
zeolite molecular sieves (Tosoh, Zeolum NSA-700) were used 
for the purification process, instead of ultrahigh vacuum 69. A 
borate-ester solvent, B(mPEG3)3, was synthesised according to 
the method reported by Karatas et al. 70. Figure 1 shows the 
chemical structures of the obtained compounds. The 
compounds were transferred to an inert Ar-filled glove box 
and characterised using 1H and 11B NMR spectroscopy. The 
NMR spectra of the synthesised compounds (except the 
borate-based Li ionic liquids) have been summarised in the 
supplementary information (Figures S2–S6, see 
Supplementary Information).

Measurements
1H, 11B, and 13C NMR (only for Li[TOTO]), (JEOL, ECX400) were 
used for the characterisation of the synthesised compounds. A 
coaxial NMR tube system was used for the 11B NMR 
measurements. The reference standards used were 
tetramethylsilane (TMS) for 1H and 13C NMR and a boron 
trifluoride-diethyl ether complex for 11B NMR (δ = 0 ppm), and 
the synthesised compounds and the references were diluted 
using deuterated chloroform (CDCl3). For the coaxial NMR tube 
system, the samples were inserted into the inner tube and the 
reference solutions were placed in the outer tube. Variable 
temperature (VT) 11B NMR was also performed using the same 
coaxial-tube system, without diluting the borate-based Li ionic 

Figure 1 The chemical structures of the synthesised compounds.
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liquids. A 1:10 molar-ratio mixture of LiBF4 and deuterated 
dimethyl sulfoxide (DMSO-d6) was used as the reference 
standard (δ = −0.82 ppm), because the reference solution 
maintained in a liquid state over the measurement-
temperature range.
The Li+ transference number under anion-blocking conditions (

) was determined by combining potentiostatic polarisation 𝑡abc
Li

and electrochemical impedance spectroscopy using Li 
symmetric cells 71, 72.
Fast atom bombardment mass spectroscopy (FAB-MS) (JEOL, 
JMS-MS600) was performed in the positive-ion mode, using 
argon as the bombarding gas. The samples were collected 
without dilution, under air, owing to the probe setup.

Computational method

DFT calculations were performed using the Gaussian 16 
program 73. The geometries of the Li ionic liquids, borate 
esters, and Li salts were made through GaussView 6 and 
optimised at the B3LYP/6-311++G** level 74-77. Before 
preparing the Li salts, each component (Li cation and anions) 
was made and optimised. For the borate esters, several 
possible structures were made considering the conformation. 
After the optimisation, for the Li salts, the possible geometries 
such as monodentate or bidentate were considered. The 
number of possible initial structures for Li[B(OHFIP)4] and 
Li[B(OTFA)4] was 3 and 5, respectively. The interaction 
energies between Li+ and anions for the possible geometries 
were first calculated, and then the geometries with the lowest 
energy were employed for the main calculation (total energy). 
The basis set superposition error (BSSE) 78 was corrected by 

counterpoise method 79 for the interaction energy calculation. 
The energies for these components ( , , and , 𝐸LiIL 𝐸sol 𝐸salt

respectively) were calculated at the same level as the 
optimisation. The energy difference (heat of reaction, ) was 𝛥𝐸
calculated using Eq. 2 at the B3LYP/6-311++G** level.

Results and discussion

Transport properties of Li ionic liquids

Various methods have been proposed to estimate Li+ 
transference numbers. Here, we used an electrochemical 
method based on potentiostatic polarisation combined with 
electrochemical impedance spectroscopy 71, 72. The 
transference number ( ) obtained using this method under 𝑡abc

Li

the anion-blocking condition, referred as “current fraction” 80, 
can be defined as follows: 

𝑡abc
Li =

𝐼SS(𝑉DC ― 𝐼Ohm𝑅i,0)
𝐼Ohm(𝑉DC ― 𝐼SS𝑅i,SS) #(Eq. 1),

where  is a constant applied voltage,  and  are the 𝑉DC  𝐼Ohm 𝐼SS

initial and steady-state currents, respectively, and  and  𝑅i,0 𝑅i,SS

are the initial and steady-state interfacial resistances, 
respectively.  was calculated using Ohm’s law, 𝐼Ohm 𝐼Ohm = 𝑉DC

, owing to the inaccuracy of “measured” initial /(𝑅bulk + 𝑅i,0)
current data point ( ), which strongly depends on the 𝐼0

sampling time 80. In this method,  is obtained in the 𝑡abc
Li

laboratory frame of reference.

Figure 2 The potentiostatic polarisation curves of (a) Li[FTA] at 120 °C, (b) Li[TOTO], (c) borate-based Li ionic 
liquids at 30 °C, and (d) schematic image of no concentration polarisation (  ~ 1) and its concentration profile.𝑡abc

Li
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  Figure 2 (a) shows the potentiostatic polarisation curve of the 
inorganic molten Li salt, lithium(fluorosulfonyl) 
(trifluoromethanesulfonyl)amide (Li[FTA]), at 120 °C. The 
current decay with time was negligible, suggesting that no 
concentration gradient was formed in the Li/Li symmetric 
electrochemical cell. The  of the molten Li[FTA] salt was 𝑡abc

Li

calculated to be 0.99. Thus, we could reproduce the results 
reported for Li[FTA] by Kubota et al 60, 81. We also measured 
the  of a room-temperature Li ionic liquid, Li[TOTO], which 𝑡abc

Li

contained an mPEG3 chain covalently bound to a carboxylate 
anion. We could not determine the accurate  value of 𝑡abc

Li

Li[TOTO] because of the severe overlap between  and  𝑅bulk 𝑅i,0

in the impedance spectra. Nevertheless,  was approximately 𝐼SS

equal to , similar to Li[FTA]; therefore, the concentration 𝐼Ohm

polarisation is expected to be negligible in the corresponding Li 
symmetric cell (Figure 2 (b)), and  value of Li[TOTO] was 𝑡abc

Li

assumed to be ~1. For molten Li salts, such as Li[FTA] and 
Li[TOTO], a spatial distribution of density is impossible in the 
absence of solvents during electrochemical polarisation, even 
if they are dissociated into Li+ and counter anions, that is, the 
density must be homogeneous in the cells. Furthermore, the 
total momentum of ions in the electrochemical cell is 
conserved by ions when they move in the same manner as the 
common molten salts and ionic liquids 82-84. Consequently, only 
Li+ is mobile enough to maintain the density of Li ionic liquids 
and conserve the total momentum of ions (i.e., Li+ can only 
conserve its momentum) in anion-blocking cells 85 (Figure 2 
(d)). Thus, the estimated transference number ( ) becomes 𝑡abc

Li

1. Interestingly,  of the molten Li salts is in accordance with 𝑡abc
Li

the cationic transference number of pure fused salts in the 
anion-fixed frame of reference as predicted in the Sinistri’s 
work 32. This would be related to the fact that the anion flux is 
zero under anion-blocking conditions. In contrast to the 
polarisation curves for molten Li[FTA] and Li[TOTO], current 
relaxation was observed in both Li[B(mPEG3)2(OHFIP)2] and 
Li[B(mPEG3)2(OTFA)2], suggesting that the cells were polarised 
under an electric field (Figure 2 (c)). The estimated  values 𝑡abc

Li

were lower than unity, but they showed a significant structure-
dependence: a higher value of  (0.77) was obtained for 𝑡abc

Li

Li[B(mPEG3)2(OTFA)2] compared with that of 
Li[B(mPEG3)2(OHFIP)2] (0.25) at 30 °C.

Mechanism of the electrochemical polarisation in borate-
based Li ionic liquids
Here, we discuss the reasons for the electrochemical 
polarisation in borate-based Li ionic liquids and the difference 
between the polarisation behaviours of Li[B(mPEG3)2(OHFIP)2] 
and Li[B(mPEG3)2(OTFA)2].
The first reason for polarisation would be the reversible ligand 
exchange of B–O bonds in the borate-based Li ionic liquids, 
which is not common in molten salts and ionic liquids. Figures 
3 (a) and (b) show the 11B NMR spectra of 
Li[B(mPEG3)2(OHFIP)2] and Li[B(mPEG3)2(OTFA)2], respectively. 
The broad background signals in the measurement range of 60 
to −60 ppm can be attributed to the borosilicate-glass NMR 
tubes. These Li ionic liquids were synthesised via a two-step 
substitution reaction of LiBH4 (see SI), and the signal 

corresponding to the BH4 anions (δ = −38.2 ppm, quintet) 86 
was not confirmed in either Li ionic liquid, indicating a 
substitution reactions proceeded successfully. In addition, a 
sharp signal at approximately 2 ppm (δ = 2.03 and 1.85 ppm 
for Li[B(mPEG3)2(OHFIP)2] and Li[B(mPEG3)2(OTFA)2], 
respectively) was assigned to the B(OR)4 (R: mPEG3, HFIP, and 
TFA) anion mixtures, along with the ligand exchange based on 
the chemical shifts of Li[B(mPEG1)4] (δ = 2.64 ppm) 87, 
Li[B(mPEG3)4] (δ = 2.63 ppm, Figure S3 (b)), Li[B(OTFA)4] (δ = 
1.27 ppm, Figure S4), and Li[B(OHFIP)4]•3DME (δ = 1.54 ppm, 
in DMSO-D6) 63. Therefore, Li[B(mPEG3)2(OTFA)2] and 
Li[B(mPEG3)2(OHFIP)2] were considered the nominal 
compositions; however, they were actually composed of a 
mixture of Li[B(mPEG3)x(OTFA)4-x] and Li[B(mPEG3)x(OHFIP)4-x] 
(x = 0–4).

The borate ester (B–O) bond is an exchangeable covalent 
bond, and its bond stability is controlled by the temperature 
and Lewis basicity of the ligands 88, 89. To verify the ligand 
exchange of the B–O bonds, VT NMR spectroscopy was 
conducted. Figure 4 shows the temperature-dependent 11B 
spectra of Li[B(mPEG3)2(OTFA)2]. Two sharp signals were 
observed between 0–3 ppm at 5 °C, and the signal with a 
higher chemical shift was assigned to the mPEG3-rich mixture 
of [B(mPEG3)x(OTFA)4−x]− (denoted as mPEG3-rich anion) and 
the one with a lower chemical shift to the OTFA-rich 
[B(mPEG3)x(OTFA)4−x]− (denoted as OTFA-rich anion), according 
to the 11B chemical shifts of their Li salts: Li[B(mPEG3)4] (δ = 
2.63 ppm, Figure S3 (b)) and Li[B(OTFA)4] (δ = 1.27 ppm, Figure 
S4). The two signals gradually coalesced with increasing 
temperature and became a single broad signal at 
temperatures higher than 40 °C, suggesting that the ligand 
exchange of B–O bonds occurred between the borate-ester 
anions at a timescale lower than the NMR timescale. In 
contrast, multiple 11B chemical shifts corresponding to mPEG3-
rich [B(mPEG3)x(OHFIP)4-x]− were observed at 2.14, 2.56, and 
2.75 ppm, in addition to the shifts of OHFIP-rich 
[B(mPEG3)x(OHFIP)4-x]− (δ = 1.72 ppm) at 15 °C for 
Li[(mPEG3)2(OHFIP)2] (Figure S7). The chemical shifts of the 
mPEG3-rich and OTFA-rich [B(mPEG3)x(OTFA)4-x]− anions 
gradually coalesced with increasing temperature, and a sharp 
signal was observed at 80 °C (Figure 4). In contrast to 
Li[B(mPEG3)2(OTFA)2], the coalescence of the two signals was 
not observed for Li[(mPEG3)2(OHFIP)2] (Figure S7). This 
suggests that the rate of ligand exchange of the B–O bonds 

Figure 3 11B NMR spectra of (a) Li[B(mPEG3)2(OHFIP)2] and (b) 
Li[B(mPEG3)2(OTFA)2], from 60 to −60 ppm. The spectra were 
recorded at room temperature.
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between [B(mPEG3)4]− and [B(OHFIP)4]− was lower than the 
NMR timescale.

Considering the previously mentioned ligand exchange 
behaviour of the B–O bonds in the borate-ester anions, 
another competitive ligand exchange between the strong 
Lewis acid, Li+, and the borate-ester solvents (B(OR)3) may be 
possible in the Li ionic liquid via the dissociation of the alkoxide 
or trifluoroacetate ligands from the borate centre. Thus, the 
polarisation was mainly attributed to an equilibrium shift from 
the “solvent-free” borate-based Li ionic liquids to a electrolyte 
solution consisting of trivalent borate-ester solvents (B(OR)3) 
and Li salts (see Eq. 2), owing to the ligand exchange of B–O 
bonds. As shown in Figure 3 (b), a broad signal at 
approximately 18 ppm was confirmed for 
Li[B(mPEG3)2(OTFA)2] and was assigned to trivalent borate-
ester solvents according to their signals: B(mPEG3)3 (δ = 18.2 
ppm, Figure S5 (b)), B(OCH3)3, and B(OC2H5)3 (δ = 18.1 ppm) 86. 
During the substitution reaction of LiBH4, trivalent borate 
esters such as B(mPEG3)3 would not be produced during the Li 
ionic liquid synthesis process. However, once the Li ionic liquid 
is formed, the following equilibrium can be assumed based on 
B–O bond exchange:
Li[B(mPEG3)2(OTFA)2]⇄LiOTFA + B(mPEG3)2(OTFA) #(Eq. 2)
Li ionic liquids can generate Li salts and trivalent borate-ester 
solvents. The 11B NMR results clearly indicated that the borate-
based Li ionic liquid existed in equilibrium, and trivalent 
borate-ester solvents were generated at ambient 
temperature. For Li[B(mPEG3)2(OHFIP)2], the broad signal at 
18 ppm (assigned to the trivalent borate-ester solvents) was 
not discernible, because it overlapped with the larger 
background spectra in Figure 3 (a). However, 
Li[B(mPEG3)2(OHFIP)2] potentially generated solvent species in 
form of borate esters.
The FAB-MS spectra of Li[B(mPEG3)2(OTFA)2] (Figure 5) were 
obtained to validate the presumed mixture composition. The 
ionic liquid decomposed into positively ionised species and 
was detected in a gaseous state during the measurement. The 
base peak (m/z 171) was attributed to Li+-coordinated mPEG3–
OH, which was produced via fragmentation during the 

measurement. Here, m/z 577 was assigned to Li+-coordinated 
Li[B(mPEG3)2(OTFA)2] (i.e., [Li2[B(mPEG3)2(OTFA)2]]+), 
indicating the synthesis of Li[B(mPEG3)2(OTFA)2] was 
successful. Moreover, the Li salt, LiOTFA (m/z 127: Li+-
coordinated one ([Li2OTFA]+)) and borate-ester solvents such 
as B(mPEG3)3 (m/z 507: Li+-coordinated), B(OLi)(mPEG3)2 (m/z 
367: Li+-coordinated), and B(OLi)(OTFA)2 (m/z 267: Li+-
coordinated) were detected in the Li ionic liquid. Similar to 
Li[B(mPEG3)2(OTFA)2], borate-ester solvents, B(mPEG3)3 (m/z 
507: Li+-coordinated) and B(OLi)(mPEG3)2 (m/z 367: Li+-
coordinated), were also observed in addition to Li+-
coordinated Li ionic liquids (m/z 677) in Li[B(mPEG3)2(OHFIP)2] 
(Figure S8). Therefore, the FAB-MS spectra suggest that 
borate-ester solvents can be generated via ligand exchange of 
B–O bonds, and the electrolyte solution species can coexist 
with borate-based Li ionic liquids.

According to the previously mentioned results, Li ionic liquids 
can be partially converted to Li salts and borate-ester solvents 
and behave as “liquid-electrolyte solutions”, consequently 
forming a Li salt concentration gradient in electrochemical 
cells. Like concentrated electrolytes, solvents can contribute to 
momentum conservation by solvating and exchanging the 
ligand solvents and causing salt diffusion 51, 84. Consequently, 
polarisation is possible in the electrochemical cells, and  𝑡abc

Li

cannot be unity as long as borate-ester solvents exist therein. 
  If Li ionic liquids retain the “pure” ionic liquid character 
without equilibrium, like the molten Li salts, they would not be 
polarised under an electric field and the transference number 
under anion blocking conditions should be unity, cf. the 
polarisation curve of Li[FTA] and Li[TOTO]. Accordingly, the 
strength of the B–O exchangeable sites, which facilitate 
equilibrium (Eq. 2), determines the concentration polarisation 
in the electrochemical cells.

  Herein, we discuss the difference in the  of 𝑡abc
Li

Li[B(mPEG3)2(OHFIP)2] and Li[B(mPEG3)2(OTFA)2], which arises 
from difference in the extent to which electrolyte solutions are 
generated in these Li ionic liquids. Compared with 
Li[B(mPEG3)2(OTFA)2], a larger amount of electrolyte solution 

Figure 4 VT NMR spectra corresponding to 11B of 
Li[B(mPEG3)2(OTFA)2].

Figure 5 FAB-MS spectrum of 11B of Li[B(mPEG3)2(OTFA)2].
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was formed in Li[B(mPEG3)2(OHFIP)2], owing to the more 
prominent right-shift of the equilibrium in Eq. 2, which 
resulted in a lower value of  for Li[B(mPEG3)2(OHFIP)2]. We 𝑡abc

Li

could not estimate the equilibrium constant directly from NMR 
measurements, because of the timescale and multiple 
conceivable species. Therefore, we estimated the extent to 
which the equilibrium had shifted to the right by comparing 
the energy difference (heat of reaction: ) between the Li 𝛥𝐸
ionic liquids and electrolyte solutions (borate esters and Li 
salts), assuming the gaseous state, based on Eq. 2. We used 
Li[(OHFIP)4] and Li[(OTFA)4] as models of Li ionic liquids for 
simplicity of the DFT calculations and optimised structures 
(Figure S9). Table 1 summarises the energy difference 
between Li ionic liquids, and solvents and Li salts (𝛥𝐸 =  (𝐸sol

) and calculated total energies of the Li ionic + 𝐸salt) ― 𝐸LiIL

liquid models, corresponding borate esters, and Li salts ( , 𝐸LiIL

 and ) were summarised in Table S1.𝐸sol, 𝐸salt

 The calculated  values for the equilibrium for Li[(OHFIP)4] 𝛥𝐸
and Li[(OTFA)4] were 151.49 and 202.69 kJ mol−1, respectively. 
Therefore, the Li ionic liquids with the OHFIP group 
preferentially generated borate esters and Li salts, which 
accelerated the concentration polarisation in the cells more 
than Li[(OTFA)4]. Indeed,  for Li[B(mPEG3)2(OHFIP)2] was 𝑡abc

Li

lower than that for Li[B(mPEG3)2(OHFIP)2], as mentioned in 
Section 3.2. The positive  value for the equilibrium shown in 𝛥𝐸
Eq. 2 implies that the reverse reaction (left-shift) was 
predominant in both systems. However, in these calculations, 
no interaction between the generated borate esters and Li 
salts (i.e., stabilisation via solvation) was assumed in the 
gaseous state. Although the entropic contribution is not 
considered in the calculation, the forward shift in Eq. 2 is 
entropically favourable. Thus, electrolyte solution generation 
reactions (the right-shift of Eq. 2) were possible, considering 
entropic and solvation contributions, as evidenced by the NMR 
and FAB-MS spectra. Thus, the difference between the 
functional groups (e.g., OHFIP, OTFA, and mPEG3) in the 
borate-based Li ionic liquids affected the B–O exchange 
properties, as suggested by the difference in , which would  𝛥𝐸
in turn affect the  value for the Li ionic liquids.𝑡abc

Li

Although the borate-based Li ionic liquids showed 
concentration polarisation in the electrochemical cells, they 
were beneficial for transport properties, as shown in Table 2, 
in addition to room-temperature liquefaction. Indeed, borate-
based Li ionic liquids were significantly less viscous than others 
(e.g., 590 mPa s at 30 °C for Li[B(mPEG3)2(OHFIP)2] vs. 17000 
mPa s at 110 °C for Li[FTA] 60, 64 and 760000 mPa s at 30 °C for 
Na[TOTO] 69).

Table 1 The energy difference ( ) between Li ionic liquids, and 𝛥𝐸

borate esters and Li salts a.

/kJ mol−1𝛥𝐸

Li[B(OHFIP)4] 151.49

Li[B(OTFA)4] 202.69

a: Energy in kJ mol−1. 𝛥𝐸 = (𝐸sol + 𝐸salt) ― (𝐸LiIL)

Table 2 Conductivities and Li+ transference numbers ( ) of Li ionic 𝑡abc
Li

liquids at 30 °C.

Conductivity
/S cm−1

𝑡abc
Li

Li[B(mPEG3)2(OHFIP)2] 1.3×10−5 a 0.25

Li[B(mPEG3)2(OTFA)2] 2.7×10−5 b 0.77

Li[TOTO] 4.1×10−8 ~1

a: ref. 64 and b: ref. 65.

Thus, borate-based Li ionic liquids provided a higher room-
temperature conductivity (e.g., 1.3×10−5 S cm−1 at 30 °C for 
Li[B(mPEG3)2(OHFIP)2]) 64 than Li ionic liquids (4.1×10−8 S cm−1 
at 30 °C for Li[TOTO]). A comparative analysis of the  values 𝑡abc

Li

of Li[B(mPEG3)2(OTFA)2] and Li[B(mPEG3)2(OHFIP)2] suggested 
that a weaker Lewis-basicity ligand of the borate-ester anions 
mitigated the unfavourable formation of the electrolyte 
solution species (borate esters and Li salts as a by-product) 
and consequently an ionic-liquid-rich composition at 
equilibrium (Eq. 2), resulting in a higher  value. Further 𝑡abc

Li

rational design of the borate-ester anions may achieve higher 
 and ionic conductivities of the Li ionic liquids.𝑡abc

Li

Conclusions
Borate-based Li ionic liquids were polarised in electrochemical 
cells, in contrast to the molten Li[FTA] salt and “mPEG3-chain 
covalently bound” Li[TOTO] ionic liquids. This polarisation 
property was ascribed to the electrolyte-solution-generating 
equilibrium (Eq. 2), owing to the exchangeable B–O bonds in 
the Li ionic liquids. The energy difference (heat of reaction, 𝛥𝐸
) at equilibrium (Eq. 2) played an important role in maintaining 
a “pure” Li ionic liquid character; the significant 
electrochemical polarisation of Li[B(mPEG3)2(OHFIP)2] was 
ascribed to a lower energy barrier in the electrolyte-solution-
generation reaction (Eq. 2) corresponding to Li[(OHFIP)4] and 
Li[(OTFA)4], using DFT calculations. Overall, this study 
emphasises that the presence of dynamic exchangeable bonds 
in Li ionic liquids causes electrochemical polarisation under 
anion-blocking conditions. For future work, we investigate 
borate-ester anions with weakly Lewis basic ligands to 
enhance  and ionic conductivities of Li ionic liquids.𝑡abc

Li
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