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ABSTRACT

The physicochemical properties of pentaglyme (G5) and sodium bis(trifluoromethanesulfonyl)amide
(Na[TFSA]) binary mixtures were investigated with respect to salt concentration and temperature. The density,
viscosity, ionic conductivity, self-diffusion coefficient, and oxidative stability of a series of binary mixtures
were measured, and the mixtures were examined as electrolytes for Na secondary batteries. An equimolar
mixture of G5 and Na[TFSA] formed a low melting solvate, [Na(G5),][TFSA], which exhibited an ionic
conductivity of 0.61 mS cm ! at 30 °C. The ionicity (Aimp/Aidgeal) Of the glyme-Na[TFSA] mixture was estimated
from the molar conductivity of electrochemical impedance measurements (/4in,) and Walden plot (Aidear).
[Na(G5)][TFSA] possessed a high ionicity of 0.63 at 30 °C, suggesting that [Na(GS5);][TFSA] is highly
dissociated into [Na(G5),]" cation and [TFSA] anion, regardless of extreme salt concentration in the liquid.
The oxidative stabilities of G5—Na[TFSA] mixtures were investigated by linear sweep voltammetry, and the
higher concentration resulted in higher oxidative stability due to the lowering of the HOMO energy level of G5
by complexation with Na' ion. In addition, battery tests were performed using the mixtures as electrolytes. The
[Na | [Na(G5);][TFSA] | Nag44MnO;] cell showed good charge—discharge cycle stability, with a discharge
capacity of ca. 100 mA h g ', while the [Na(G5),,s][TFSA] system, containing excess G5, showed poor

stability.
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1. INTRODUCTION

Recently, Na secondary batteries have attracted much attention as promising post Li secondary batteries for
realizing an energy sustainable society.' The distribution of Li resources is limited to certain countries. On the
other hand, Na is present in a large global abundance, primarily in seawater as NaCl salts, and hence, Na
resources can be easily obtained at a lower cost compared to Li. The Na-S battery, which is composed of an
elemental sulfur cathode, Na metal anode, and a proper solid-electrolyte, has been commercialized and utilized
so far.’ However, since operating temperatures of this battery is as high as 300 °C at which both the sulfur
cathode and Na anode are in the molten state, problems of safety arise for its utility in further diverse
applications. Moreover, although some researchers reported the possibilities of Na secondary batteries,”™ these
systems often contain organic solvents as electrolytes, which may result in serious problems due to the
flammability and volatility of electrolytes. With this in mind, Na secondary batteries that can be operated safely
at ambient temperatures for prolonged periods are strongly desired.

Equimolar glyme-Li salt mixtures have recently emerged as promising alternatives to traditional organic
electrolytes due to their remarkable physicochemical and electrochemical properties. In these mixtures, glymes,
having the chemical structure of CH;—O—(CH,—CH,—0),—CHj3; (especially, triglyme (G3; n = 3) and tetraglyme,
(G4; n = 4)), coordinate to Li" cations to form long-lived complex cations in a 1:1 molar ratio.”"> Appropriate
combinations of glymes and Li salts result in molten liquid complexes at ambient temperature that behave like
typical ionic liquids (ILs)."* Thus, they can be regarded as ILs consisting of complex [Li(glyme),]” cations and
counter anions, and can be further classified as “solvate ILs”."> These complexes have sufficient ionic
conductivity for use as an electrolyte and their oxidative and thermal stabilities are also considerably enhanced
upon complexation. These fascinating properties allow glyme-Li solvate ILs to be used as electrolytes for Li
secondary batteries with various cathode and anode materials.'®?'

On the basis of the similar chemical nature of congeners, glyme-Na salt molten complexes can be regarded as
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one of the promising candidates of electrolytes for Na secondary batteries because of successful charge—
discharge of Li secondary batteries using structurally analogous glyme-Li solvate IL electrolytes. Previously, we
have systematically studied a series of glyme-Na salt binary mixtures with respect to phase diagrams and
solvate structures, and found that they also exhibit the characteristics of equimolar complexes.* Isothermal
thermogravimetric analyses and temperature-dependent Raman spectra for the complexes have indicated that
the characteristic solvate structures of certain glyme-Na salt equimolar complexes would be maintained even in
the liquid state. Although the use of Na salt-IL binary mixtures, composed of Na salts and conventional aprotic
ILs, as electrolytes has also been studied so far, they usually have serious drawbacks such as low Na' ion
transport properties mainly due to low Na' ion concnetration,”>** resulting in poor battery performance at room
temperature. In contrast, because glyme-Na salt equimolar complexes involve complex [Na(glyme),]" ion as a
single component cation, they can realize the relatively low viscous electrolytes with high Na" ion concentration
without any other media. These favorable characteristics strongly suggest the satisfactory potential of glyme-Na
salt complexes as electrolytes for Na batteries. Among them, [Na(G5),][TFSA], the equimolar binary mixture of
pentaglyme (G5) and sodium bis(trifluoromethanesulfonyl)amide salt (Na[TFSA]), is a likely candidate for this
purpose because of exceptionally low crystallinity of this complex (the supercooled liquid state is easily formed
at ambient temperature). However, there are no reports on the transport and electrochemical properties of
[Na(G5);][TFSA] as an electrolyte.

In this paper, we report the physicochemical properties, including density, viscosity, and ionic conductivity,
for a series of G5-Na[TFSA] binary mixtures as a function of concentration and temperature. On the basis of
pulsed-field-gradient NMR spectroscopy, the ionic nature of the equimolar molten mixture, [Na(G5);][TFSA],
was investigated. The oxidative stabilities of [Na(G5),][TFSA] were investigated by linear sweep voltammetry
(LSV) accompanied with quantum chemical calculations. Furthermore, a battery test was performed to assess

the performance of [Na(G5),][TFSA] electrolyte for Na secondary batteries.
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2. EXPERIMENTAL SECTION

Materials

Bis(trifluoromethanesulfonyl)amine (H[TFSA]), Na,COs, and 0.01 M KCI aqueous solution (standard) were
purchased from TCI and used as received. Monoglyme (G1), diglyme (G2), and pentaglyme (GS5) were supplied
from Nippon Nyukazai. Triglyme (G3) and tetraglyme (G4) were purchased from TCI. All glymes except for
G5 were distilled under high vacuum over sodium metal before use. G5 was used as received. The residual
water contents in these liquids, measured by Karl Fischer titration, were less than 50 ppm. Acetylene black and
poly(vinylidene fluoride) were purchased from Denki Kagaku Kogyo and Kishida Chemical, respectively, and
used as received. All other chemicals and solvents were purchased from Wako Pure Chemical Industries, Ltd.,
and used without further purification. Na[TFSA] was synthesized by neutralization of H[TFSA] and Na,COs3
according to the previously published procedure.”” The resulting Na[TFSA] was dried under high vacuum at
80 °C for 12 h and stored in an Ar-filled glove box until just before use. A series of [Na(G5),][TFSA] (x = 0.8—
3845) salts were prepared by mixing stoichiometric Na[TFSA] and G5 in the Ar-filled glove box with stirring
for at least 12 h at 60 °C to achieve complete mixing.

The cathode active material for sodium batteries, Nay44MnO,, was synthesized by a solid-state reaction
according to the previously reported procedure.”®*’ Na,CO; and MnCO5 were manually ground using a mortar
in a molar ratio of 0.48:2, pressed into pellets, and then heated for 8 h at 300 °C under air. The pellets were
again ground into a powder using a mortar and pressed into pellets, followed by heating for 9 h at 800 °C under
air.

Measurements

The thermal decomposition temperatures (7y3) for pure solvents and their mixtures with Na[TFSA] were

evaluated by thermogravimetric (TG) measurements using a TG/DTA 6200 instrument (Seiko) from room
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temperature to 550 °C at a heating rate of 10 °C min ' under a nitrogen atmosphere. Ionic conductivities (o) of
[Na(GS5),][TFSA] were determined by the complex impedance method using an ac impedance analyzer
(Princeton Applied Research, VMP3) in the frequency range of 500 kHz—20 mHz with a sinusoidal alternating
voltage amplitude of 10 mV root-mean-square (rms). A cell equipped with two platinized platinum electrodes
was utilized for conductivity measurements (TOA Electronics, CG-511B), and the cell constant was determined
using a 0.01 M KCI aqueous solution at 25 °C. The cell was placed in a temperature-controlled chamber, and
conductivity was measured at different temperatures with heating from 10-90 °C. The liquid density and
viscosity were determined in the temperature range of 10-90 °C with a viscometer (Anton Paar, SVM 3000).
NMR spectroscopy was conducted to examine the dynamic coordination environment of the Na-based
solvate IL. Pulsed-field gradient spin-echo (PGSE) NMR measurements were carried out to determine the
self-diffusion coefficients of [Na(G5),][TFSA] (x =1 and 2). A JEOL-ECX 400 NMR spectrometer witha 9.4 T
narrow-bore super-conducting magnet equipped with a pulsed-field gradient probe and current amplifier was
used for this purpose. Self-diffusion coefficients were calculated with the Hahn spin-echo sequence using 'H
from terminal methyl group of G5 and "°F from [TFSA] anion. The free diffusion echo signal attenuation E is

related to the experimental parameters by the Stejskal equation with a sinusoidal pulsed-field gradient:*®
—y%g’D6?%(44 — 6)

T2

In(E) = In(S/Ss=0) =
where S is the spin-echo signal intensity, ¢ is the duration of the field gradient with magnitude g, y is the
gyromagnetic ratio and 4 is the interval between the two gradient pulses. The value of 4 was set at 50 ms. The
sample was inserted into a NMR microtube to a height of 3 mm to exclude the convection. The measurements
were conducted at 30 and 60 °C. "H NMR measurements for [Na(G5),]J[TFSA] (x = | and 2) and pure G5 were
performed in order to measure the life-time of free glyme molecules in the mixture. The measurements were
carried out using a JEOL-ECX 400 NMR spectrometer with a 'H resonance frequency of 400 MHz at 30 °C.

Each sample was placed in a sample tube with an outer diameter of 4 mm, and that tube was inserted into a 5
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mm standard NMR sample tube. CDCl; for field/frequency lock and external standard was infused in the
narrow space between the 4 and 5 mm tubes.

The electrochemical stabilities of [Na(GS5),][TFSA] (x = 0.8, 1, and 1.25) were evaluated by linear sweep
voltammetry (LSV) using an electrochemical analyzer (Princeton Applied Research, VMP3) and three-electrode
cell with a scan rate of 1 mV s . The working and counter electrodes were both platinum. The reference
electrode was consisting of Li metal soaked in [Li(G4),][TFSA], confined in a glass tube equipped with a liquid
junction.

Charge-discharge characteristics of [Na(GS5),][TFSA] electrolyte (x = 1 and 1.25) were tested using a
2032-type coin cell with a [Na anode | [Na(G5),][TFSA] electrolyte | Nay44MnO, cathode]. The composite
cathode was prepared by thoroughly mixing Naj44MnO, as the cathode active material, acetylene black as an
electrically conductive additive, and poly(vinylidene fluoride) as a binder in the a weight ratio of 80:10:10,
respectively. The mixture was homogenized in a solvent of N-methylpyrrolidone to obtain a slurry. The slurry
was pasted onto an aluminum current collector and dried at 80 °C for 12 h. The above obtained cathode sheet
was compressed to improve the electrical conductivity and further dried under vacuum at 100 °C for 12 h before
use. Sodium foil was used as an anode and a glass fiber filter (GA-55, ADVANTEC) was used as a separator. To
ensure complete penetration of the electrolyte into the pressed cathode sheet, the fabricated cell was aged at
60 °C for 12 h. The charge—discharge test was carried out at 60 °C with a current density of 70 pA cm 2 (12.15
mA gf1 based on the mass of Naj 44MnO,).

Calculations

Ab initio molecular orbital calculations were carried out using the Gaussian 03 program package.” The basis
sets implemented in the Gaussian program were used. The geometries of G5 and [Na(G5);][TFSA] were fully
optimized at the HF/6-311G** level, and the HOMO energy levels were also calculated at the HF/6-311G**

level. The atomic coordinates for initial geometries were obtained from the crystal structure of
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[Na(G5)][TFSA] at —100 °C.*

3. RESULTS AND DISCUSSION
3.1 Coordination Structure of [Na(G5),][TFSA]

Because the physicochemical properties such as electrochemical and transport properties are closely related
to the speciation presented in solution, we first examined their coordination structures in solution. We have
previously reported the phase diagrams of G5-Na[TFSA] binary mixtures, demonstrating that an equimolar
mixture of them forms the relatively stable solvate [Na(G5);][TFSA] (melting point: 31.7 °C).* Although the
melting point of [Na(G5),][TFSA] is slightly higher than room temperature, it maintains its liquid state at 30 °C
as a supercooled liquid. The single-crystal structure for [Na(G5),][TFSA] has also been clarified.** In the crystal,
the glyme (GS5) wraps around the Na' ion with a characteristic framework to form the complex cation
[Na(G5);]". The counter [TFSA] anions also coordinate to Na' ions in a monodentate form, resulting in
formation of a CIP-I (contact ion pair with a monodentate anion) type solvate. Raman analysis has verified that

the 1:1 complex cation structure of [Na(G5),]" is maintained even in the liquid state.”
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Figure 1. ATy of glyme—Na[TFSA] mixtures at an [O]/[Na'] ratio of 6.
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Based on the principles of coordination chemistry and solvate structure, glyme-Na[TFSA] binary mixtures
with the ratio of Na" ions and oxygen atoms within solvents ([O]/[Na']) at 6 are likely to form stable complexes.
As the strong ion-solvent interaction makes the complexes thermally stable,'’ TG measurements on a series of
glyme-Na[TFSA] mixtures would be able to verify the interaction between Na' ions and different glyme ligands.
Figure 1 shows the difference in thermal decomposition temperatures (474) between the pure solvents and
mixtures having an [O]/[Na'] ratio of 6 ([Na(G1);][TFSA], [Na(G2),][TFSA], [Na(G3);s][TFSA],
[Na(G4)2][TFSA], and [Na(G5),][TFSA]), where Ty is defined as the temperature at 5% weight loss. The
measured TG results are shown in Figure S1 (Electronic Supplementary Information (ESI)). The substantially
lower ATy observed for [Na(G1);][TFSA] is attributed to the high volatility of the uncoordinating or weakly
interacting solvents with Na' ions in the mixture. As increasing glyme length, the ATy values of the mixtures
became larger. The considerably high ATy of [Na(G5);][TFSA] among all mixtures clearly demonstrates the
strong ion-solvent interaction between the longer glyme (G5) and Na' ion. This structure-dependent interaction
is ascribed to the chelate effect, which is well known to increase in strength as the number of coordination sites
within a single ligand molecule is increased. The calculated structure also demonstrates the formation of a 1:1
complex. As shown in Figure 2, the optimized structure for [Na(G5),][TFSA] obtained by ab initio molecular
orbital calculations, namely a CIP-I-type solvate composed of [Na(G5);]" and [TFSA] ions, is similar to the

experimental structure.”
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Figure 2. Optimized structure of [Na(G5),][TFSA] via ab initio molecular orbital calculations at the
HF/6-311G** level. Orange, Na; red, O; gray, C; white, H; blue, N; yellow, S; green, F.

3.2 Transport Properties of G5-Na[TFSA] Binary Mixtures

Concentration effect. Figure 3 shows the isothermal viscosity () and ionic conductivity (o) of
[Na(G5),][TFSA] at 30 °C as a function of Na[TFSA] molar concentration in solution. Molar concentration ¢
was calculated from the solution density and molecular weight of Na[TFSA]. The viscosity of [Na(G5),][TFSA]
was shown to increase drastically at concentrations higher than 2.5 mol dm . The molar concentration of
molten solvate [Na(G5),][TFSA] was found to be approximately 2.5 mol dm > (Table S1 in ESI), which is in
good agreement with the concentration at which the abrupt increase in viscosity was observed. As concentration
is increased, the population of the bulky complex cation of [Na(G5),]" in the electrolyte is increased. In addition,
the coulombic interaction between the complex cation and [TFSA] anion would become stronger with an
increase in concentration since the average distance between the cation and anion should decrease as
concentration increases. This phenomenon causes the increase in mixture’s viscosity.

30-33

The concentration dependent ¢ showed behavior typical to common electrolyte systems. The o value

10
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increased at first with an increase in molar concentration, reaching a maximum at around 1 mol dm >, whereas
for a further concentrated system, the value decreased. The reason for this phenomenon can be explained in
terms of the number and mobility of charge carriers. The number of charge carriers increases as concentration is
increase. However, its mobility decreases simultaneously with increasing viscosity of the medium by adding
Na[TFSA], as shown in Figure 3. These two effects compete mutually, resulting in the appearance of a o

maximum value.

X
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Figure 3. Concentration dependencies of viscosity () and ionic conductivity (o) for the binary mixtures of

Na[TFSA] and G5 at 30 °C; c is the molar concentration of Na[TFSA], and x is the molar ratio of Na[TFSA]
and G5 in [Na(G5),][TFSA]. The lines in the figure function as guidelines for the eye.

The diffusion coefficient of each species in the complex is very helpful in discussing the coordination state of
the complex. Nevertheless, measuring the diffusion coefficient of Na’ ions by PGSE-NMR spectroscopy is
extremely difficult due to the intrinsic chemical nature of the Na nucleus. Instead, we can measure the diffusion
coefficients of glymes and paired anions because of the involvement of NMR-sensitive 'H and "°F nuclei in G5
and the [TFSA] anion, respectively. Table 1 shows the diffusion coefficients of G5 and [TFSA] of

[Na(G5);][TFSA] and [Na(G5),][TFSA]. As reported previously, G5 molecules coordinate to Na' ions in a 1:1
11
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molar ratio to form the complex cation of [Na(G5),]" in the liquid state, similar to that in the crystalline state.*
Thus, we can assume that the coordinating G5 molecule and Na' ion diffuse together in the liquid
[Na(G5),][TFSA], consequently, the diffusion rate of Na" ion corresponds to that of G5. For [Na(G5),][TFSA],
the diffusion coefficients of G5 and [TFSA] anion showed an almost identical value, but with [TFSA]
diffusing slightly faster than G5. As listed in Table 1 (Dgjyme/D-), this minute difference became more evident
with increasing temperature, suggesting that [Na(G5),;]" cations and [TFSA]™ anions are partially dissociated in
the liquid state. As evidenced by their Raman spectra, however, they are present predominantly as CIPs in the
liquid state.”? This discrepancy can be understood by the ion-exchange reaction, i.e., dynamic coordination
exchange, between the [Na(G5),]" cation and [TFSA] ™ anion.

In contrast, the diffusion coefticient of G5 in [Na(G5),][TFSA] was larger than that of the [TFSA] anion.
Two types of G5 are expected in [Na(G5),][TFSA], one in which is G5 coordinating to the Na' ion and the
other is the uncoordinating (or free) G5. Raman spectrum has also proven this assumption.”* Because these two
glymes could not be distinguished by NMR spectroscopy due to ligand exchange of the complex [Na(G5),]"
cation ([Na(G5),]" + G5* 2 [Na(G5*),]" + GS), the measured diffusion coefficients presented are the average
values of these types. The Dgjyme/D- ratio in [Na(G5),][TFSA] was found to be larger than that in
[Na(G5)][TFSA], suggesting that the uncoordinating glyme molecules diffuse faster than the coordinating

oncs.

Table 1. Diffusion coefficients of G5 (glyme) and [TFSA] anions at 30 and 60 °C.

Diffusion coefficient / 10" ¢m®s !

Sample T/°C Dgiyme/D-
Dgiyme D
[Na(G5),][TFSA] 30 0.44 0.45 0.98
[Na(G5),][TFSA] 30 2.61 2.18 1.20
[Na(G5),][TFSA] 60 2.60 2.67 0.97
[Na(G5),][TFSA] 60 10.24 9.39 1.09

12
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Investigation of the ligand exchange rate of the complex [Na(G5),]" cation in the liquid is also of interest to
this study. To evaluate the ligand exchange rate in the mixtures, 'H NMR spectra of pure G5 and
[Na(G5),][TFSA] (x =1 and 2) were obtained as shown in Figure S2 (ESI). When one-half of the G5 molecules
coordinate with Na" ions in the [Na(G5);][TFSA] mixture and ligand exchange takes place, the exchange rate

(kex) can be expressed as follows:** >

_ w(8v)?
W - W)

where W, and W are the full width at half-maximum (fwhm) of the NMR signal of the terminal methyl protons
of pure G5 and [Na(G5),][TFSA], respectively. The dv is the difference in chemical shift of the end methyl
protons of [Na(G5)][TFSA] and pure G5. [Na(G5),][TFSA] is assumed to be a mixture of [Na(G5);][TFSA]
and excess G5. By using this equation, ke in [Na(G5),][TFSA] (¢ = 1.5 mol dm ) was estimated as 9.6 x 10°
s'!, and the life-time (z = 1/kex) of complex [Na(G5),]" cation in the liquid was estimated as 1.0 x 10™* s. This
life-time of [Na(G5);]" cation is much longer than that of [Na(H,0)]" consisting of a monodentate ligand
(H,0) in aqueous solutions (7 < 10® 5).° The ligand exchange rate can thus be estimated for the excess-glyme
containing solution of [Na(G5);][TFSA], and the exchange rate should become slower (the life-time of the
complex [Na(G5);]" cation should become longer while the life-time of free G5 should become shorter) as the
molar ratio of G5 decreases in the liquid. It is presumable that a Na' ion and G5 molecule form a long-lived
complex [Na(G5),]" cation (7 > 10 s) in the equimolar molten [Na(G5),][TFSA] complex because free glymes
scarcely exist in the molten complex. These results support the view that molten [Na(G5);][TFSA] is composed
of a solvate [Na(G5),]" cation and [TFSA] anion and can thus be categorized as a solvate IL.

It is noteworthy that the ligand exchange rates for [Li(G3),][TFSA] and [Li(G4),][TFSA] were 5.2 x 10°and
2.8 x 10° 57!, respectively.'” Regardless of the longer ligand, the ligand exchange rate for [Na(G5),][TFSA] was

slightly higher than those of glyme-Li systems. The electric field of the Na” ion is weaker than that of Li" ion

13
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because of its larger radius. This causes a weaker ion-dipole interaction between Na' and glyme, resulting in the
relatively high rate of ligand exchange.

To gain deeper insight into the ionic nature of the concentrated system, ionicity of the system was evaluated.
Ionicity, or the ratio of molar conductivity (4imp/4nmr), has been previously used to estimate the degree of

dissociation of lithium salts in dilute electrolytes,’ =

and can also be a useful metric for quantifying the
dissociativity or degree of correlative motion of the ions, even in extremely concentrated systems such as ILs.>"
42 Ionicity is defined as the molar conductivity ratio, Aimp/Anmr, Where Aim, and Axvr are the molar

conductivities obtained from electrochemical impedance measurements and PGSE-NMR spectroscopy,

respectively. This can be written as follows:

o
Aimp = E

FZ
Anmr = RT (Dy +D.)

where F is the Faraday constant, R is the gas constant, 7 is the absolute temperature, and D, and D- are the
self-diffusion coefficients of cation and anion obtained from PGSE-NMR, respectively. This equation assumes
that all diffusing species detected by PGSE-NMR contribute to the molar conductivity. Ionicity values for
typical aprotic and protic ILs have been widely studied, and have been found to be comparable to traditional
electrolyte solutions.'* Glyme-Li salt mixtures with different concentrations and anionic structures have also
been systematically investigated.''* The ionicity values for [Li(G3),]J[TFSA] and [Li(G4)][TFSA],
representative solvate ILs, are 0.68 and 0.63 at 30 °C, respectively.''

Unfortunately, a valid Anyr value for [Na(GS5),][TFSA] cannot be collected as stated before. The above
assumption used for estimating the ligand exchange rate is available only for [Na(G5),][TSFA]. For these
systems, Aimp/Aigeal Would be effective as an alternative indicator of ionicity.43 The product of molar conductivity
Aimp and n becomes constant if the solution obeys Walden’s rule. The Walden plot (log4 versus log(1/5)) of a 1.0

M aqueous KCI solution where K cation and CI™ anion are totally dissociated is considered to be an ideal

14
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straight line with a slope of unity. From the ideal line, a Aj4e, value at certain # can be expected. Previous
investigations of the relationship between Aimp/Anmr and Aimp/Aigesr of ILs and equimolar glyme-Li salt
mixtures have shown a decent consistency.'* **

Figure 4 shows the concentration dependency of ionicity (Aimp/Aigeal) for [Na(G5)J[TFSA] at 30 °C.
[Na(G5)][TFSA] was observed to have an ionicity value of 0.63, comparable to [Li(glyme);][TFSA] systems.
As shown in Figure 4, its ionicity became larger with increasing concentration in the range of 0.01-2.5 mol
dm . This result is similar to our previous results observed in not only binary glyme-Li[TFSA] mixtures,'"*
but also in aprotic IL/solvent mixtures,” indicating that [Na(G5),][TFSA] behaves similarly to
[Li(glyme);][TFSA] as well as aprotic ILs. This type of behavior is opposite to that observed in conventional
organic electrolyte solutions consisting of alkali metal salts and polar solvents.* Although the precise
explanation for these opposing phenomena accompanying an increment in concentration cannot be made, it may
be interpreted by a nano-inhomogeneity of the mixtures. For aprotic IL/solvent mixtures, the presence of an
jonic cluster is suggested in the case of incorporating low-polar solvents.**™* Actually, glymes are low-polar
solvents. The relative permittivity (e,) values of G1-G4 at ambient temperature are in the range of 7.2-7.7,°%"!
therefore, the & of G5 is also expected to be 7-8. This value is substantially low compared to those of polar
solvents, such as propylene carbonate (&, = 65) and dimethyl sulfoxide (¢, = 46.5),”* which are often used as
solvents for conventional organic electrolytes. Low-polar solvents serve as low dielectric media. The
electrostatic force between cation and anion increases as decreasing the relative permittivity of solvent in
electrolyte solution. Thus, interionic attractive forces would be enhanced in the presence of low-polar solvents,
rather than in neat ILs with well-balanced ionic interactions. This situation causes formation of ionic clusters in
the IL/low-polar solvent mixtures, resulting in low ionicity. The excess glyme containing [Na(G5),][TFSA] (x >

1) can be regarded as a mixture of [Na(GS5);][TFSA]/(x—1)GS5, and hence, the diluted solutions appear

comparable to aprotic IL/low-polar solvent systems. Therefore, ionic cluster formation induced by the presence
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of excess glyme molecules may account for the anomalous behavior in the concentration dependent ionicity of

[Na(G5),][TFSA]. It should be noted that, at very low salt concentration (< 3 mM), the ionicity increases again

with decreasing the salt concentration as predicted by classical electrolyte theories (Figure S3 and Table S1).°*

>4 This result indicates that ion-pairs dissociate into their constituent ions at extremely low concentration even in
a low-polar medium. The Walden plot (Figure S4) also clearly reflects a variation of the ionic state depending

on the concentration.
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¢/ mol dm-3

Aimp 1A ideal

Figure 4. Ionicity (Aimp/Aiqeal) of [Na(G5),][TFSA] as a function of concentration at 30 °C. The line in the figure functions as a
guideline for the eye.

Temperature effect: The temperature dependencies of # and o for [Na(G5),][TFSA] are shown in Figure S in
the form of an Arrhenius plot. The ¢ values appeared to increase with elevating temperature and showed

convex-curved profiles as described by the following Vogel-Tamman-Fulcher (VTF) equation:

7
T_TO

o= aoexp[

where oy, B, and T are constants. The best fit values for each parameter were g, = 4.71 x 10'S cm_l, B=

6.69 x 10° K, and Ty =202 K. Among the obtained values, T for [Na(G5);][TFSA] was higher compared to that
16
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for [Li(G?))l][TFSA].11 In contrast, temperature dependent 7 decreased with elevating temperature, showing a

concave-curved profile as described by the following VTF equation:

= noesp =]
" = MoeXp |7

where 79, B, and Ty are constants. The best fit values for each parameter were 7y = 5.1 102 mPa s, B=9.96 x
10> K, and T; = 185 K. Similar to the VTF parameters in the temperature dependent o, the T, value for
[Na(G5),][TFSA] was higher than that for [Li(G3),][TFSA]."" These higher T\ parameters observed for both o

and # suggest a stronger cohesive energy of [Na(G5),][TFSA] than that of [Li(G3);][TFSA].

107
10°F

h ”
E ©
S 10k st
o
-~ ~ 102 F
© =

107k i ] i 1 i ] i ] i 10" ; 1 i 1 i ! i | i
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103 T-1/K-1 103 T-1/K-1

Figure 5. Arrhenius plots of ionic conductivity (left) and viscosity (right) for [Na(G5),][TFSA].

The temperature dependency of liquid density (p) for [Na(G5);][TFSA] is depicted in Figure 6. The density
decreases linearly with elevating temperature and can be expressed by the following equation:
p=b—aT
where T is the absolute temperature (K), and @ and b are constants with values of a = 1.0 x 107 g cm > K ' and

bh=1.695gcm .
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Figure 6. Temperature dependence of liquid density for [Na(G5),|][TFSA].

As reported previously, [Na(G5);][TFSA] exhibited an exceptionally higher thermal stability compared to its
diluted solutions since the equimolar mixture of Na[TFSA] and G5 forms a long-lived complex cation,
[Na(G5),]", even at 150 °C.** This remarkable thermal stability is favorable for the use of [Na(G5),][TFSA] as a
highly safe electrolyte for Na secondary batteries instead of conventional organic electrolytes. The
electrochemical properties and battery performance of the [Na(G5),][TFSA] electrolyte are discussed in the

next section.

3.3 Electrochemical Properties and Battery Application

The oxidative stabilities of the G5-Na[TFSA] binary mixtures were investigated by linear sweep voltammetry
(LSV) at 30 and 60 °C. Figure 7 shows the LSV results of [Na(G5),][TFSA] (x = 0.8, 1, and 1.25). In these
systems, a sharp rise in anodic current is known to result from the oxidation of glymes. Figure 7 clearly
illustrates that the oxidative stability became higher with increasing concentration irrespective of operating
temperature. In addition, a comparison of stabilities for each mixture with the same concentration at different

temperatures revealed that the elevated temperature leads to lower stability in the mixtures.
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Figure 7. LSV curves for [Na(G5),][TFSA] (x= 0.8, 1, 1.25) at 30 (left) and 60 (right) °C.

To discuss the oxidative stability of the complexes in further detail, variations in the HOMO energy levels
through complexation were evaluated by ab initio molecular orbital calculations based on the optimized
structure shown in Figure 2. The calculated HOMO energy levels for G5 (all trans conformation), [Na(G5),]",
and [Na(G5);][TFSA] are listed in Table 2. The electrochemical oxidation of glyme molecules at the
electrode/electrolyte interface occurs when electrons are extracted from the HOMO of glyme. Thus, the lower
HOMO energy level leads to a higher oxidative stability. From the calculated result, the HOMO energy level of
[Na(G5);]" appeared lower than that of G5, indicating that the HOMO energy level of G5 is lowered by
complexation. When G5 and Na" ion form a complex cation, the G5 molecule is highly polarized by the strong
electric field of Na" ion which serves to stabilize the orbitals of ether oxygen atoms containing lone-pair
electrons, resulting in the lowering of its HOMO energy level. The HOMO energy level of [Na(G5),][TFSA]
appeared higher than that of [Na(G5),]" because of a weakening of the Na" cation electric field by the
negatively charged [TFSA] anion, however, the HOMO energy level of [Na(G5);][TFSA] was still lower than
that of pure G5. A similar result has also been reported for [Li(glyme),][TFSA].'**> As shown in Figure 7, as
the molar ratio of G5 in the electrolyte was decreased, the oxidative stability was improved. In the case of

[Na(G5);.25][TFSA], certain amounts of uncoordinating free G5 are present in the mixture. This free G5 can be
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oxidized at a lower electrode potential than the coordinating G5. On the other hand, free glyme molecules are
scarce in the equimolar complex of [Na(GS5);][TFSA], leading to its higher oxidative stability. Although the
calculation of HOMO energy levels is based on the coordination structure in the crystalline state, the
calculations suitably account for the improvement in oxidative stability of glyme by complex formation,
suggesting that the complex structures of [Na(G5);]" and [Na(G5),][TFSA] are retained to a great extent even in
the liquid state. This is also supported by the comparison of Raman spectra between solid- and liquid-state
[Na(G5)][TFSA].*

Table 2. HOMO energy levels of glymes calculated by HF/6-311G** level ab initio molecular orbital calculations.

Sample Atomic unit eV AeV*

G5 (all trans) —0.42133 —11.46 0
[Na(G5),]" —0.54421 -14.81 -3.35
[Na(G5)][TFSA] —0.44036 —11.98 —0.52

“ AeV is the change in the HOMO level associated with complex formation from that of the isolated a/l trans G5.

From the LSV result, [Na(G5),][TFSA] showed a decent oxidative stability below 4.5 V, indicating its
possible use as a liquid electrolyte for Na-ion batteries with 4 V class cathodes. To examine the possibility of
[Na(G5)][TFSA] as an electrolyte for batteries, the battery tests were carried out. Figure 8a shows the
galvanostatic charge—discharge curves of a [Na metal | [Na(G5);][TFSA] | Nay44MnO;] cell operated at 60 °C.
As the temperature was increased from 30 to 60 °C, the viscosity and ionic conductivity of [Na(G5),][TFSA]
were greatly decreased and increased, respectively (Table S2 in ESI), resulting in the lowering of internal cell
resistance. The cell showed reversible charge—discharge behavior with a capacity of about 110 mA h g' in the
first 10 cycles except for the first charge. Through this charge—discharge process, Na' ions are reversibly
extracted/inserted from/into the framework structure constructed of MnO, with a varying composition of
cathode active material, as follows:*’

Nag44Mn0O, — Nag,gMnO, + 0.26Na™ + 0.26e~ (for the first charge) (Eq. 1)
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Naj 15Mn0, + 0.46Na* + 0.46e~ 2 Nag4,MnO, (after first charge) (Eq. 2).
As described in Eq. 1, the amount of Na' ions deintercalated from Nay4MnO, are lower for the first charge
process compared to those after first charge, resulting in the exceptionally low charge capacity at the first charge
process. The charge—discharge coulombic efficiency was approximately 90% at the second cycle. The efficiency
improved with increasing cycle number, reaching over 95% after 30 cycles (Figure 9). Although the capacity
gradually decreased through cycling, the cell with [Na(G5)][TFSA] exhibited highly reversible charge—
discharge behavior. The charge—discharge test performed at 30 °C at a low current density of 10 pA cm > (2.94

mA g ' based on the mass of Nag 44sMnO>) also verified the good reversibility of this cell (Figure S5).

4.0 | 4.0 F /
> 35} > 35f
I | °
% - Cycle Number %
= [ — 1 = Cycle Number

L 3.0 y
g 3.0 i s D g —
= L — 10 =
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25 — 5() 25

20 & . . . . i . . . . i b . 20 1 N N " A 1 N " N A 1
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Figure 8. Charge—discharge curves of [Na | [Na(G5);][TFSA] | Nag4MnO,] (a) and [Na | [Na(G5),,s][TFSA] | Nag44MnO; |

(b) at 60 °C.

In contrast, in the case of [Na(G5),][TFSA] (x > 1) electrolytes, the battery cycle performances changed
drastically as shown in Figure 8b. At the first charge process, a large irreversible capacity was observed, after
which the cell could no longer charge and discharge. This observation is presumed to arise from the oxidative
stability of the electrolyte. An oxidation current due to the oxidation of uncoordinating excess glyme was
detected at ca. 3.0 V in the LSV curve for [Na(G5);,5][TFSA] at 60 °C, while [Na(G5);][TFSA] and

[Na(G5)os][TFSA], having no excess glyme molecules, possessed higher oxidative stabilities (Figure 7).
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Because the battery test was performed in the voltage range of 2.0-4.0 V, the uncoordinating glymes were
oxidatively decomposed at the cathode surface. The electrode surface would therefore be covered by the
decomposition products after the first charge, preventing further proper electrochemical reactions from
occurring. Thus, it can be concluded that the undesired reaction originating from the oxidation of excess glymes
causes the unsuccessful charge—discharge of the [Na | [Na(G5);2s][TFSA] | Nag44MnO;] cell. Furthermore,
these results also clearly indicate that the presence or absence of free glymes in the electrolyte has a significant

impact on battery performance.
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Figure 9. Charge—discharge capacities and coulombic efficiency of [Na | [Na(G5),][TFSA] | Nag 44MnO,].

4. CONCLUSIONS

The physicochemical properties of a series of G5-Na[TFSA] binary mixtures were explored. The equimolar
mixture of G5 and Na[TFSA] forms a low melting solvate. Lone pairs of electrons on oxygen atoms for the
glyme (G5) are attracted to the Na' ions through ion-dipole interaction, and the glyme molecule wraps around
the Na" ion to form a complex [Na(G5);]" cation. The ligand exchange rate of [Na(G5),]" in the G5-Na[TFSA]
binary mixture was investigated using NMR, revealing that the G5 and Na' form a long-lived complex cation
(INa(G5),]") with a life time > 10™* s in concentrated mixtures (¢ > 1.5 mol dm ). The molten solvate of

[Na(G5),][TFSA] exhibited an ionic conductivity of 0.61 mS cm ' at 30 °C, suggesting that [Na(G5),][TFSA]
22



Physical Chemistry Chemical Physics Page 24 of 29

dissociates into [Na(GS)l]Jr cation and [TFSA] anion in the liquid. The ionicity (Ajmp/Aidear) Of
[Na(G5)][TFSA] was as high as 0.63 at 30 °C, regardless of extreme solution concentrations, which also
supports the ionic nature of the molten complex.

The electrochemical properties of [Na(GS5),][TFSA] as electrolytes for Na secondary batteries were also
investigated. LSV experiments revealed that the oxidative stability of G5-Na[TFSA] mixtures increased with an
increasing concentration of Na[TFSA]. This result was clearly interpreted from the variation in the HOMO
energy level of G5 through the formation of [Na(G5);]" complexes and [Na(G5);][TFSA] in the liquid, as
evidenced by quantum chemical calculations. The improved oxidative stability of electrolytes due to
complexation enabled the stable charge and discharge of a Na cell of [Na | [Na(G5);][TFSA] | Nag.4MnO;] in
the voltage range of 2.0-4.0 V. The cell containing [Na(G5);][TFSA] showed a good cycle stability with a
capacity of ca. 100 mA h g ' for 50 cycles, while the cell consisting of [Na(G5),][TFSA] (x > 1) with excess
glyme could not be operated. According to these results, applying [Na(G5),][TFSA] as an electrolyte will make

it possible to fabricate the safe Na secondary batteries that operate at ambient conditions.
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