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ABSTRACT: Sodium croconate, a high-voltage organic cathode material, can be applied to high-energy-density and cost-ef-
fective organic sodium-ion batteries (OSIBs) as an alternative to traditional lithium-ion batteries. However, organic molecular
cathodes generally dissolve into the electrolyte, leading to poor cyclability. Thus, an electrolyte that can address the present
limitations and further the fabrication of highly reversible OSIBs must be developed. To address this gap in the literature, in
this study, we demonstrate an acetonitrile (AN)-based highly concentrated electrolyte (HCE) with sodium bis(fluorosul-
fonyl)imide (NaFSI). This electrolyte has an ionic conductivity of 12.1 mS cm-1, which is higher than those of previously re-
ported HCEs. Moreover, the developed HCE (NaFSI:AN molar ratio = 1:2.7) exhibits a high Na* transference number of 0.49.
A full-cell OSIB bearing this electrolyte demonstrates high-power operation with improved capacity retention. The solvent-
free electrolyte with the solvation structure of the [2Na*-FSI-] aggregate suppresses the dissolution of organic molecules,

leading to their high performance.

INTRODUCTION

Lithium-ion batteries (LIBs) are the main energy storage
systems used in many applications such as smartphones,
laptops, drones, and electric vehicles.2 However, the rapid
increase in the demand for these batteries has led to a lim-
ited supply of resources such as lithium and cobalt.3 Organic
sodium-ion batteries (OSIBs) prepared with organic cath-
ode materials have recently been developed as an alterna-
tive to traditional LIBs. Sodium resources are more abun-
dant in the Earth’s crust than lithium resources, and organic
molecules are usually composed of light elements (C, O, H,
N, etc.) obtained from industrial chemicals and biomass.*>
OSIBs can be used to develop completely precious-metal-
free and environmentally friendly secondary batteries.

Organic cathode materials for LIBs and SIBs can be cate-
gorized as small molecules,57.16-228-15 polymers,23-22 sulfur-
based materials,?°-31 and radicals.2332 The main strategy for
improving battery performance is to design an organic elec-
trode structure; in this context, the correlation between the
electrode structure and battery performance has been eval-
uated. However, OSIBs, especially those prepared from
small organic molecules, undergo extensive dissolution into
the electrolyte, leading to cycling degradation. Therefore,
both the electrode and electrolyte should be well-designed
for high-performance OSIBs.

Highly concentrated electrolytes (HCEs) are a hot topic in
the development of energy storage systems owing to their
unique features, which include high electrolyte/electrode

interphase stability, Al foil corrosion suppression, wide
electrochemical window, and high ion transference prop-
erty.33 Dokko et al. revealed that a sulfolane-based HCE pre-
pared with sodium bis(fluorosulfonyl)imide (NaFSI) salt
demonstrated a unique Na* hopping conduction mechanism,
with a Na* transference number (tn.+) as high as 0.8.3¢
Yamada’s research group applied a succinonitrile-based
HCE with NaFSI to a hard carbon anode to prepare SIBs; the
authors observed solid electrolyte interphase (SEI) for-
mation derived from the FSI- anion at ultrahigh concentra-
tions.35 In addition, it was revealed that a localized HCE di-
luted with a low-polarity cosolvent indicated high ionic con-
ductivity and less-flammable feature.3¢-3° HCEs have also
been applied to OSIBs; the dissolution of organic molecules
can be suppressed by limiting the presence of non-coordi-
nated (free) solvent molecules in HCEs. For example, Chen
et al. reported that increasing NaSO3CF3 salt concentration
in triglyme decreased the solubility of 9, 10-anthraquinone,
resulting in better cycling performance.** However, increas-
ing the salt concentration would also increase the viscosity
of the electrolyte, leading to low ionic conductivity and poor
rate capability at room temperature. Thus, the development
of an HCE with high ionic conductivity is a necessary under-
taking toward high-power OSIBs.

Herein, we demonstrate the acetonitrile (AN)-based HCE
with NaFSI having a unique ion transport property. NaFSI
can be dissolved in suitable solvents at high concentration
(>5 M) owing to its low cation-anion interaction. AN solvent
is known to have lower viscosity than other solvents,*! high
dielectric constant, and relatively high oxidative stability.



From the above points, to develop the HCE having higher
ion transport properties, we chose NaFSI/AN-based elec-
trolytes and evaluated the transport properties. We also
study the relationship between the battery performance of
OSIBs with a sodium croconate (CsOsNaz) cathode and the
solution structure of NaFSI/AN-based HCE. The croconate
molecule is a promising high-voltage (4 V vs. Li, 3.5 Vvs. Na)
organic cathode material for LIBs!3 and SIBs.22 However, the
fully oxidized form of this molecule, cyclopentanepentone
(Cs0s), dissolves into the electrolyte, leading to poor cycla-
bility; in addition, its intermediate, the sodium croconate
radical, dimerizes, further inducing Cs0s molecule decom-
position (see Fig. 1).22 We selected the Cs0sNaz cathode to
evaluate the correlation between the solution structure of
HCE and battery performances. We fabricated the OSIBs
with Cs0sNaz cathode and NaFSI/AN-based electrolytes and
evaluated the battery performance and the correlation with
the solution structure of the developed electrolytes.
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Figure 1. Proposed two-electron redox reactions of CsOsNaz
molecules during charging/discharging at 3.5 V vs. Na/Na* and
estimated cycling degradation mechanism of a CsOsNaz-based
organic sodium-ion battery with an organic liquid electrolyte.

EXPERIMENTAL SECTION

Materials. NaFSI powder (99%, Kishida Chemicals Co.,
Ltd.), sodium hexafluorophosphate (NaPFs, 99%, Kishida
Chemicals Co., Ltd.), AN (99.5%, Kanto Chemical Co., Inc.),
1,2-dimethoxyethane (DME, 99.5%, Kanto Chemical Co.,
Inc.), and propylene carbonate (PC, 98.0%, FUJIFILM Wako
Chemicals Co.,) were used to prepare the electrolytes. The
electrolytes were prepared by dissolving the NaFSI powder
in AN at NaFSI:AN molar ratios of 1:1, 1:2, 1:2.7, 1:8, or 1:20
in sealed glass vials. The concentrated solutions (NaFSI:AN
molar ratios = 1:1-1:2.7) were heated at 50 °C to completely
dissolve the NaFSI salt. CsOsNaz (97%, Sigma-Aldrich Co.),
COOH-MWCNT (COOH functionalized: >8%, average diame-
ter: 9.5 nm, length: 1.5 pm, Sigma-Aldrich Co.), and polytet-
rafluoroethylene (PTFE, Teflon-6], DuPont-Mitsui Fluoro-
chemicals Co., Ltd.) were used to fabricate the cathode com-
posite sheets. Hard carbon (Kuranode® type2: 5 um) was
provided by Kuraray Co., Ltd., and used as an anode. Polyvi-
nylidene difluoride (PVDF, KF 1100, KUREHA) was used as
the binder for the anode sheet.

Characterizations. lonic conductivity was evaluated by
two-probe AC impedance spectroscopy in a symmetric cell
(SUS | electrolyte | SUS) using a CellTest system (Solartron,
1470E, 1400A). The temperature dependence of the ionic
conductivity of the electrolytes was evaluated in the range
of 10-60°C. The viscosities of the electrolytes were measured
using a Brookfield viscometer (DV2T; LV). A symmetric cell
[Na metal | electrolyte | Na metal] was fabricated in an Ar-filled
glove box to evaluate the tna+ of the electrolytes. Na-metal foil
was cut into discs (diameter = 16 mm) and four sheets of a sep-
arator (Celgard 3501, thickness = 25 um, diameter = 16 mm)

were inserted between the two Na-metal electrodes in a 2032-
type coin cell. The electrolytes (100 pL) were soaked into the
separator. After the open-circuit-voltage of the Na symmetric
cell is stable, electrochemical polarization (AV = 10 mV) and
AC impedance measurements were performed at 25 °C using a
CellTest system. AC impedance measurements were conducted
before and after electrochemical polarization in the frequency
range of 1 MHz-100 mHz, with an AC amplitude of 10 mV.
The solution structure was evaluated by Raman spectroscopy
using an XploRA spectrometer (excitation wavelength = 532
nm; HORIBA). The samples were placed in a quartz cell and
sealed with vacuum grease in an Ar-filled glove box. The
spectra were deconvoluted using a Gaussian-Lorentzian
function with a linear background. Elemental compositions
and chemical states of SEI on hard carbon anode after first
charge/discharge measurement were investigated by X-ray
photoelectron spectroscopy (XPS, PHI5000, VersaProbe 1],
monochromatic Al Ka source (hv = 1486.6 eV)). Coin cells of
CsOsNaz/hard carbon full-cell after first charge/discharge
were disassembled in Ar-filled glove box, and the hard car-
bon anodes were prepared by washing five times with di-
methyl carbonate (DMC) and drying at room temperature
under vacuum. The samples were transferred to the XPS
chamber without exposure to air. Chemical structure of or-
ganic molecules dissolved into the electrolyte was evalu-
ated by 13C nuclear magnetic resonance (NMR, AVANCE IV
500 MHz, Bruker Biospin).

Battery Performance of Cs0sNaz Cathode/Hard Car-
bon Anode Cells. A cathode sheet was prepared by mixing
the CsOsNaz (23.7 wt%), COOH-MWCNT (71.3 wt%), and
PTFE (5.0 wt%) using an agate mortar and pestle. The cath-
ode sheet (5 mg, diameter = 7 mm) was prepared. The
COOH-MWCNT carbon material was used for the formation
of hydrogen bonding between COOH functional groups on
MWCNT and carbonyl groups (C=0) in Cs0sNaz molecules,
improving the cycling performance as reported in our re-
cent research.?2 An anode slurry was prepared by mixing
hard carbon (90 wt%), PVDF (10 wt%) and N-methylpyr-
rolidone as a solvent using a planetary centrifugal mixer
(AR-100 Conditioning Mixer, Thinky). The prepared slurry
was coated on Al foil as the current collector and dried over-
night at 120 °C under vacuum. The mass loading of the ac-
tive materials was approximately 2-3 mg cm2. A cell was
fabricated by stacking the CsOsNaz cathode sheet, a glass fi-
ber (GA55, ADVANTEC) or Celgard3401 as the separator,
and the hard carbon anode sheet in a CR2032-type coin cell
in an Ar-filled glove box. The electrolytes (40 pL) were
soaked into the separator. A carbon-coated Al foil (diameter =
16 mm) was inserted between the CsOsNaz cathode sheet and
coin-cell cap (SUS) to suppress the corrosion of the SUS. The
capacity of the negative electrode to the positive electrode
(N/P ratio) was fixed at 1.2-1.4. The specific capacities of
the cells were calculated based on the mass of Cs0sNaz in
the cathode composite sheet. The charge/discharge meas-
urements were carried out at 25°C and C-rates of 0.2-10 C
in the cut-off voltage range of 2.5-4.0 V.

RESULTS AND DISCUSSION

Ion Transport Property. Electrolyte solutions with
NaFSI:AN molar ratios of 1:1, 1:2, 1:2.7, 1:8, and 1:20 were
prepared by mixing NaFSI and AN (Fig. 2a) in sealed vials
until a transparent homogeneous solution was obtained.



The most concentrated electrolyte (NaFSI:AN molar ratio =
1:1, see Fig. 2b) and all other electrolytes maintained a lig-
uid state at room temperature. The salt concentration in
electrolytes with NaFSI:AN molar ratios = 1:1, 1:2,and 1:2.7
exceeded 4.5 M; thus, they were evaluated as HCEs. The ion
transport property of the AN-based electrolytes was inves-
tigated by evaluating their ionic conductivity using two-
probe AC impedance measurement over the temperature
ranges of 10-60 °C (see Fig. 2c). Although their ionic con-
ductivity decreased with increasing salt concentration, the
electrolytes with NaFSI:AN molar ratios = 1:2 and 1:2.7
showed good ionic conductivities as high as 6.3 and 12.1 mS
cm!, respectively, at 25 °C; these values are higher than
those of HCEs for SIBs reported in previous studies.354243
The viscosity of AN (0.3 cP at 25°C) is lower than that of sol-
vents generally used in SIBs (summarized in Table S1), such
as propylene carbonate (PC, 2.53 cP at 25°C);*! thus, it could
maintain the low viscosity of electrolytes with salt concen-
trations higher than 4.5 M (see Table 1). Among the electro-
lytes investigated, that with the highest salt concentration
(NaFSI:AN molar ratio =1:1) showed the highest viscosity,
leading to its low ionic conductivity (0.8 mS cm! at 25°C).
The Arrhenius plot of the ionic conductivity of the electro-
lytes can be fitted by the Vogel-Fulcher-Tamman (VFT)
equation (eq 1):44

o= g, exp( -2 ) €8]

T-To

where oo (S cm1), B (K), and To (K) are constants. The fitted
parameters are listed in Table S2. B, which is the apparent
activation energy, ranged from 300 to 400 in the HCEs with
NaFSI:AN molar ratios of 1:2 and 1:2.7; these values are
comparable with those of 1 M NaPFs carbonate-based elec-
trolyte generally used in SIBs.#* The B of the electrolyte with
a NaFSI:AN molar ratio of 1:1 increased to 618, which is
close to those of ionic liquids and glyme complex electro-
lytes, which are HCE well studied in LIBs.#5

(a)

Na*
O“s/N_\S'Q H.C—=N
F = SOF
00
NaFsI AN
(c) 0 prrrrrrr ey
C NaFSI:AN;
- F 1:207
£ C 1:8 1
o 2F 1:2.7]
S 30 1:2 3
[@)) C ]
9 L -
4F 1:1 3
_5:|||||||||I|||||||||I|||||||||I|||||||||:
3.0 3.2 34 3.6

1000 7 /K

Figure 2. (a) Chemical structures of NaFSI and AN. (b) Photo-
graph of a highly concentrated electrolyte (NaFSI:AN molar ra-
tio = 1:1). (c) Arrhenius plots of the ionic conductivity of the

NaFSI/AN-based electrolytes (NaFSI:AN molar ratios = 1:1, 1:2,
1:2.7, 1:8, and 1:20).

Table 1. lonic conductivities, viscosities, and transference
numbers of the NaFSI/AN-based electrolytes at 25 °C.

NaFSI:AN o) Viscosity tNa+
molar ratio / mS cm-1 /cP
1:20 30.1 0.7 -
1:8 28.5 1.7 -
1:2.7 121 11.9 0.49
1:2 6.3 36.56 0.50
1:1 0.8 582.9 -

To further investigate the Na-ion transport properties of
the electrolytes, we evaluated the tna+ of a Na symmetric cell
with the AN-based electrolytes (NaFSI:AN molar ratio =
1:2.7) using potentiostatic polarization (4V = 10 mV) and
AC impedance measurements (see Fig. 3). As shown in Fig.
3a, immediately after the application of a DC voltage of 10
mV, an initial current (Io) 19.3 pA was recorded. Subse-
quently, the current sharply decreased and stabilized from
approximately 100 to 600 s, implying that there is fewer
side reactions within this time scale and applied voltage.
The steady-state current was 15.8 pA. The Nyquist plots ob-
tained before and after the applied voltage were basically
identical, and interface resistance and concentration polar-
ization were observed at frequencies of 100 kHz-10 Hz and
lower than 10 Hz, respectively (see Fig. 3b, c). These results
revealed minimal concentration polarization and a rapid
frequency response. The interface resistance includes the
charge transfer resistance at the Na-metal electrode and the
resistance of the passivation layers; SEI at Na-metal surface.
tna+ was estimated using the following equation (eq 2):46

— Iss(AV—IgR; () (2)

Io(AV—IssRjss)

where 4V, I, and Iss are the applied voltage, initial current,
and steady-state current, respectively, and Rio, and Riss are
the interfacial resistances before and after potentiostatic
polarization, respectively. The detailed parameters are
summarized in Table S3. The tn.+ value of the electrolyte
with a NaFSI:AN molar ratio of 1:2.7 was estimated to be
0.49, which is higher than that of traditional carbonate-
based electrolytes. The tn.+ value of the electrolyte with a
NaFSI:AN molar ratio of 1:2 electrolyte was as high as 0.50
(see Table 1 and Fig. S1). In previous studies,*’ it was re-
ported that HCEs exhibit a large tna+; however, increases in
their viscosity are disadvantageous to their ionic conductiv-
ities (see Table S3). By contrast, the AN-based HCE
(NaFSI:AN molar ratio = 1:2.7) developed in this study
achieved both high ionic conductivity (12.1 mS cm-1) and
INa+ (049)
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Figure 3. (a) Chronoamperogram of the Na symmetric cell [Na
metal | NaFSI:AN = 1:2.7, molar ratio | Na metal] at a constant
voltage of 10 mV. Nyquist plots of the cell in the frequency
range of 1 MHz-0.1 Hz (b) before and (c) after the polarization
measurements. Red points and black solid lines indicate the ex-
perimental and fitting data obtained in the frequency range of
100kHz-10Hz, respectively.

Solution Structure. To investigate the solution structure
of the AN-based HCE, the coordination state of the AN sol-
vent was analyzed using Raman spectra (see Fig. 4a). The
band at approximately 2246 cm-! was assigned to the C=N
bond of AN solvent*® and shifted toward higher wave-
numbers with increasing NaFSI salts concentration; this re-
sult indicates that the C=N bonds are coordinated to a Na*
cation.354% At higher NaFSI salt concentrations (NaFSI:AN
molar ratio = 1:2.7-1:1), nearly all C=N bonds were coordi-
nated with Na* cations, indicating a lack of free (noncoordi-
nated) C=N bonds. A thermogravimetric analysis of the
electrolytes is also shown in Fig. S2. The thermal stability of
the electrolyte with a NaFSI:AN molar ratio of 1:1 was dras-
tically improved compared with that of free AN solvent be-
cause of the lower amount of free-AN molecules available in
the electrolyte.

In addition, the coordination states of the FSI- anion
changed with increasing NaFSI salt concentration (see Fig.
4b). The vibrational modes of FSI- were observed in the
range of 720-750 cm-1. The Raman spectra of the electro-
lytes were deconvoluted into four peaks at approximately
724, 734, 744, and 750 cm-!, which can be assigned to free
FSI anions, contact ion pairs (CIPs, FSI- anion coordinating
to one Na*), aggregates-I (AGG-I, FSI- anion coordinating to
two Na*), and aggregates-II (AGG-II, FSI- anion coordinating

to three Na*), respectively. Increases in NaFSI salt concen-
tration resulted in a decrease in the peaks of free FSI- and
increase in the peaks of the AGG-I. In the most concentrated
solution (NaFSI:AN molar ratio = 1:1), the FSI- anions ex-
isted solely as AGG-II structures, which is in agreement with
previous reports.3® To study the correlation between the
above solvate structure of the AN-based HCEs and battery
performance, we performed charge/discharge measure-
ments of OSIBs prepared with the developed HCEs in the
following section.
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Figure 4. Raman spectra of the AN-based electrolytes
(NaFSI:AN molar ratios = 1:1, 1:2, 1:2.7, 1:8, and 1:20) in the
range of (a) 2230-2276 cm-1 (C=N stretching mode of AN) and
(b) 690-790 cm-1 (vibrational mode of FSI-) at room tempera-
ture. Black points and solid lines indicate the experimental
spectra and fitting curves, respectively.

Charge/Discharge Profiles. First, we evaluated the per-
formance of a half-cell with a CsOsNaz cathode, the AN-
based electrolyte, and a Na-metal anode. However, a side re-
action occurred at the Na-metal anode during charging, ren-
dering the operation of the battery cell difficult even under
highly concentrated conditions (see Fig. S3). Therefore, in
this study, we evaluated the performance of a full-cell con-
figuration with a CsOsNa: cathode, the AN-based electro-
lytes, and a hard carbon anode. The first charge/discharge
profiles of the OSIBs are shown in Fig. 5a. The profiles of the
cells with the AN-based electrolytes (NaFSI:AN molar ratios
=1:1, 1:2, 1:2.7, and 1:8) were consistent with those in our
previous report. 22 Moreover, the dQ/dV plots (see Fig. S4)
for the AN-based HCEs (NaFSI:AN molar ratios = 1:8, 1:2.7,
and 1:2) clearly revealed the redox reaction of
CsOsNaz/hard carbon at approximately 3.5-3.7 V; this find-
ing is comparable with the results of CsOsNaz/hard carbon
full-cells with carbonate-based electrolytes (see Fig. S5), in-
dicating the successful redox reaction of the CsOsNa: cath-
ode/hard carbon anode with AN-based HCEs. Note that the
broad peaks appearing at approximately 2.5-3.0 V during
the first charging cycle are attributable to SEI formation
(see Fig. S4). However, in the first charge profile of the cell
with the electrolyte with a NaFSI:AN molar ratio of 1:20, a
side reaction was observed at approximately 3 V (see Fig.
S4), and the first discharge capacity was 47 mAh g-1, indi-
cating that the electrolyte had decomposed at the hard car-
bon anode interface; hence, the battery could not correctly
work. According to the Raman spectra in Fig. 4a, the electro-
lyte with a NaFSI:AN molar ratio of 1:20 contains a large



amount of free (noncoordinating) AN, which decomposes
on hard carbon anode at a low potential,3>4° leading to poor
battery performance. For further investigation of SEI on
hard carbon anode, the compositions and the chemical
states were studied using XPS (see Fig. S6). It was revealed
that the carbon concentration derived from the decomposi-
tion of AN solvent decreased with increasing NaFSI salt con-
centration. Moreover, the SEI formation derived from the
FSI- anion was observed at higher concentrations, which is
comparable to previous research.35 The first discharge ca-
pacities of cells with the AN-based electrolytes with
NaFSI:AN molar ratios of =1:1, 1:2, 1:2.7, and 1:8 were 144,
184, 192, and 133 mAh g-1, resulting in coulombic efficien-
cies of 49 %, 56 %, 55 %, and 41 %, respectively. The dis-
charge capacities and coulombic efficiencies of the OSIBs
are shown in Fig. 5b. Although the 10th discharge capacity
of the cell with the HCE with a NaFSI:AN molar ratio of 1:20
was lower than 3 mAh g-1, the 10th discharge capacities of
the cells with HCEs with NaFSI:AN molar ratios of 1:1, 1:2,
1:2.7, and 1:8 were 80, 148, 150, and 74 mAh g1, resulting
in coulombic efficiencies of 91%, 96%, 96%, and 90%, re-
spectively. These results reveal that cells with HCEs with
NaFSI:AN molar ratios of 1:2 and 1:2.7 have higher capaci-
ties and cycling retention ratio than other cells.
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Figure 5. (a) First charge/discharge profiles and (b) cycling
properties of organic sodium-ion batteries using a sodium cro-
conate cathode with AN-based electrolytes (NaFSI:AN molar
ratios = 1:1, 1:2, 1:2.7, 1:8, and 1:20) at 25°C.

To further investigate the correlation between the cycling
property and solution structure of the AN-based HCEs, their
10th discharge capacity retention ratios and 1st coulombic
efficiencies were summarized in Fig. 6a, and the fractions of
AN and FSI- anion solvate species were plotted in Fig. 6b
and 6c. The fraction of each solvate species was calculated
from the area ratios in the deconvoluted Raman spectra
(see Fig. 4). First coulombic efficiencies indicated from 40%
to 60%, which is comparable to the Cs0sNaz-based OSIBs

with carbonate-based electrolyte (see Fig. S5). For the first
cycled carbonate-based electrolytes, a 13C-NMR peak was
observed at approximately 184 ppm, which is derived from
Cs0s molecules (see Fig. S7); the dissolution of Cs0s mole-
cules is one of the reasons behind the lower coulombic effi-
ciency and cycling performance of CsOsNaz-based OSIBs.
For the AN-based HCEs studied in the present work, we con-
sidered that CsOs molecules also dissolve into the electro-
lytes, leading to low coulombic efficiency and poor cycling
performance. The cycling retention ratio and coulombic ef-
ficiency increased with increasing salt concentration, reach-
ing 80% and 56%, respectively, for the cell with the HCE
with a NaFSI:AN molar ratio of 1:2, which has almost no free
AN solvent (see Fig. 6b). Nazar et al. reported that a very low
fraction of free solvent was beneficial in inhibiting the dis-
solution of active materials into the electrolytes, improving
the battery performance of lithium-sulfur batteries.>0 It is
considered that the cycling performance of organic batter-
ies would also be improved by reducing the amount of free
AN available to solvate the organic molecules. The car-
bonate-based electrolyte NaPFs/PC, which is generally used
in SIBs, also showed a similar tendency, and its cycling re-
tention ratio improved with decreasing free PC (see Fig. S8).
By contrast, increasing salt concentration (NaFSI:AN molar
ratio = 1:1) decreased the capacity retention ratio and first
coulombic efficiency to 55% and 49%, respectively. To con-
firm the dissolution behavior of organic cathode, separators
after 1st charge/discharge measurement were observed
(see Fig.S9), and a deep yellow color was observed at higher
NaFSI concentration (NaFSI:AN molar ratio = 1:1, see Fig.
S9d). Based on the results of the solvate species of the
NaFSI/AN-based electrolyte with a molar ratio of 1:1, the
fraction of AGG-II structures drastically increased to 60%
despite the absence of free solvent (see Fig. 6¢), implying
that the AGG-II structures, which can affect the solubility of
croconates, is detrimental to the cycling performance of the
organic batteries.
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coulombic efficiency of organic sodium-ion batteries with a so-
dium croconate cathode and the AN-based electrolytes
(NaFSI:AN molar ratios = 1:1, 1:2, 1:2.7, 1:8, and 1:20). Frac-
tions of (b) AN solvate species and (c) FSI anion solvate species
calculated from the area ratios in the deconvoluted Raman
spectra.

Finally, to examine the reaction kinetics between the de-
veloped AN-based HCEs and Cs0sNaz cathode, we evaluated
the C-rate properties of the OSIBs (see Fig. 7a). The cells
with the AN-based HCE revealed higher C-rate properties
than those with carbonate-based electrolytes (saturated
NaPFs PC) and NaFSI-based HCEs with DME and PC. The
first discharge capacity of the cell with the HCE with a
NaFSI:AN molar ratio of 1:2.7 was 117 mAh g-! at an even
higher C-rate of 10 C. The AN-based HCE also demonstrated
better cycling stability than carbonate- and ether-based
HCEs (see Fig. 7b). HCE has been reported to have a unique
ion transport features, such as a high ion transference num-
ber,3451 although an increase in salt concentration generally
increases its viscosity, leading to lower ionic conductivity.
Ionic conductivities of NaFSI:DME (molar ratio = 1:2.7) and
NaFSI:PC (molar ratio = 1:2.7) were as high as 7.0 and 2.4
mS cm-!, respectively, at 25 °C (see Fig. S10). Compared
with the HCE reported in previous studies, the HCE with a
NaFSI:AN molar ratio of 1:2.7 developed in this study had a
higher ionic conductivity and tna+ (summarized in Table S4),
resulting in cells exhibiting excellent C-rate properties. The
100th discharge capacity of a cell with the HCE with a
NaFSI:AN molar ratio of 1:2.7 was 64 mAh g-! at a C-rate of
10 C (see Fig. 7c), resulting in a higher capacity retention
ratio of 55% and successful reversible redox reaction at
higher C-rates than those observed in carbonate-based

electrolytes and NaFSI-based HCEs with DME and PC. Be-
sides the unique high-power performance of OSIBs, the spe-
cific capacities and average voltages of the OSIBs are com-
pared with those of state-of-the-art SIB systems in Fig. S11.
The performance of the batteries in this study was superior
to that of other SIB cathodes, such as those made from tran-
sition-metal oxides, polyanion-type compounds, and or-
ganic molecules. Moreover, the energy density of the
CsOsNaz/AN-based HCE/hard carbon SIB system was
higher than that of the LiCoO2 cathode used in commercial
LIBs. This study provides significant insights into a com-
pletely rare-metal (cobalt)-free energy storage system as an
alternative to commerecial LIBs.
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Figure 7. (a) C-rate property of CsOsNaz-based organic so-
dium-ion batteries with NaFSI:AN (molar ratios = 1:2 and
1:2.7), NaFSI:PC (molar ratio = 1:2.7), NaFSI:DME (molar ratio
= 1:2.7) and sat. NaPFs PC as electrolytes at 25°C. (b) Cycling
properties of the CsOsNaz-based organic sodium-ion batteries
with FSI-based HCEs at C-rate of 0.2 C. (c) Cycling properties of
CsOsNaz-based organic sodium-ion batteries with NaFSI:AN
(molar ratio = 1:2.7) at a C-rate of 10 C and 25°C.

CONCLUSIONS



In summary, we demonstrated an AN-based HCE with
NaFSI salt. The developed electrolyte with a NaFSI:AN mo-
lar ratio of 1:2.7 exhibited an ionic conductivity and tna+ as
high as 12.1 mS cm and 0.49, respectively. The excellent
ion transport property of the electrolyte endowed OSIBs
bearing a CsOsNa: cathode and hard carbon anode with
higher C-rate properties. We also evaluated the correlation
between the solution structure of the HCE and performance
of OSIBs bearing a CsOsNaz cathode. The cycling property of
the OSIBs improved with increasing salt concentration, and
a correlation between the capacity retention ratio and
amount of free AN was clearly observed. The cycling prop-
erty of the OSIBs improved with decreasing free solvent
availability owing to the suppression of the dissolution of
organic molecules. By contrast, increasing the salt concen-
tration (NaFSI:AN molar ratio = 1:1) decreased the cycling
retention ratio, implying that AGG-II structures by FSI- ani-
ons are undesirable to cycling performance. We believe that
the above insights will be beneficial for further improve-
ments in the performance of OSIBs and the development of
high-power density energy storage systems.
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