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Abstract

Rechargeable Na metal batteries have gained great recognition as a promising candidate for next-
generation battery systems, largely on the basis of the high theoretical specific capacity (1165 mAh
g") and low redox potential (—2.71 V versus the standard hydrogen electrode) of Na metal, as well as
the natural abundance of Na and the similarities between these batteries and lithium batteries. Much
effort has been dedicated to improving the electrochemical performance of rechargeable Na batteries
through the development of high-performance cathodes, anodes, and electrolytes. Nevertheless, the
practical application of Na metal batteries is quite challenging because the high chemical and
electrochemical reactivity of Na metal electrodes with organic liquid electrolytes leads to low
Coulombic efficiencies and limited cycling performance. Severe electrolyte decomposition at the Na
metal electrode results in the formation of a resistive and non-uniform surface film, leading to
dendritic Na metal growth. To control the Na metal electrode—electrolyte interface for high
performance Na metal batteries, considerable efforts have been made to find electrolyte systems that
are stable at the Na metal electrode. Using fluoroethylene carbonate (FEC) as an electrolyte additive
for in situ formation of an artificial solid electrolyte interphase (SEI) layer could stabilize the anode-
electrolyte interface. However, the FEC-derived SEI acted as a resistive layer, impeding the
sodiation—desodiation process and reducing the reversible capacity of the anodes. Finding new
electrolyte systems that are stable at the Na metal electrode and possess high oxidation durability at
high-voltage cathodes is necessary for the development of high-performance Na metal batteries.

Very recently, there are some papers which introduced significant breakthroughs in lithium battery
electrolytes. It is reported that improving the cycling efficiency of lithium plating/stripping and
suppressing the formation of dendritic lithium metal is possible by using highly concentrated
electrolytes, even at high current densities. And it is also reported that highly concentrated electroltyes
can inhibit the dissolution of transition metals out of the 5 V-class LiNigsMn;sOs (LNMO) electrode
material and the corrosion of the Al current collector at high voltage conditions. After reading these
papers, I thought that applying this highly concentrated electrolyte system to sodium metal batteries
could be the solution for improvements in the electrochemical performance of Na metal anodes
coupled with high-voltage cathodes.

In this study, an ultraconcentrated electrolyte composed of 5 M sodium bis(fluorosulfonyl)imide in
1,2-dimethoxyethane will be introduced for Na metal anodes coupled with high-voltage cathodes.
Using this electrolyte, a very high Coulombic efficiency of 99.3% at the 120" cycle for Na
plating/stripping is obtained in Na/stainless steel (SS) cells, with highly reduced corrosivity toward
Na metal and high oxidation durability (over 4.9 V versus Na/Na") without corrosion of the aluminum
cathode current collector. Importantly, the use of this ultraconcentrated electrolyte results in

substantially improved rate capability in Na/SS cells and excellent cycling performance in Na/Na
4



symmetric cells without the increase of polarization. Moreover, this ultraconcentrated electrolyte
exhibits good compatibility with high-voltage NasFe3(PO4)2(P207) and Nag7(FeosMng.s)O, cathodes
charged to high voltages (>4.2 V versus Na/Na"), resulting in outstanding cycling stability (high
reversible capacity of 109 mAh g™' over 300 cycles for the Na/NasFes(PO4)(P.07) cell) compared
with the conventional dilute electrolyte, 1 M NaPFs in ethylene carbonate/propylene carbonate (5/5,

v/v).
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I. Introduction

1.1 Demand for Na metal batteries

Rechargeable Na metal batteries have gained great recognition as a promising candidate for next-
generation battery systems, largely on the basis of the high theoretical specific capacity (1165 mAh
g ") and low redox potential (—2.71 V versus the standard hydrogen electrode) of Na metal, as well as
the natural abundance of Na and the similarities between these batteries and lithium batteries.' Also,
there is an another factor which makes Na batteries more cost effective than Li batteries. For Li
batteries, since aluminum (Al) can form a binary alloy with Li, copper (Cu) is used as a current
collector for negative electrode materials. In contrast, Na does not form an alloy with Al that can be
used as the current collector for Na batteries. Using more cheaper Al as a current collector for
negative electrode is an additional practical advantage of the Na batteries system, which could reduce
the total cost of batteries, compared to Li batteries.' There is an schematic representation of Na battery

in Figure 1.



J Electrolyte “21 Anode Al

Figure 1. An schematic representation of Na battery.
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1.2 Problems of Na metal batteries

Much effort has been dedicated to improving the electrochemical performance of rechargeable Na

15-19 20-27

batteries through the development of high-performance cathodes,*!* anodes, and electrolytes.
Nevertheless, the practical application of Na metal batteries is quite challenging because the high
chemical and electrochemical reactivity of Na metal electrodes with organic liquid electrolytes leads

to low Coulombic efficiencies and limited cycling performance.?**+2

Severe electrolyte
decomposition at the Na metal electrode results in the formation of a resistive and non-uniform
surface film, leading to dendritic Na metal growth. To control the Na metal electrode—electrolyte
interface for high performance Na metal batteries, considerable efforts have been made to find
electrolyte systems that are stable at the Na metal electrode.?**"3-2® The use of linear carbonates such
as dimethyl carbonate (DMC), which are widely used as electrolyte solvents in lithium batteries, is
limited due to their drastic decomposition at Na metal electrodes and sodiated hard carbon anodes.>**’
Using fluoroethylene carbonate (FEC) as an electrolyte additive for in situ formation of an artificial
solid electrolyte interphase (SEI) layer could stabilize the anode—electrolyte interface (Figure 2).2%2426
However, the FEC-derived SEI acted as a resistive layer, impeding the sodiation—desodiation process
and reducing the reversible capacity of the anodes.? Finding new electrolyte systems that are stable at

the Na metal electrode and possess high oxidation durability at high-voltage cathodes is necessary for

the development of high-performance Na metal batteries.
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Figure 2. *C NMR spectra of (a) DMC-added electrolyte and (b) DMC + FEC-added electrolyte
before and after contact with Na metal for 10 days without applied potentials. Schematic
representation of (c) the formation of decomposed products by the reaction between DMC and Na
metal and (d) the suppression of the decomposition of DMC by addition of 5 wt% FEC, which can

make a protective surface film on Na metal '
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1.3 New electrolyte systems : highly concentrated electrolytes

Recently, the Zhang and Yamada groups reported significant breakthroughs in lithium battery
electrolytes.”®* A highly concentrated electrolyte, 4 M lithium bis(fluorosulfonyl)imide (LiN(SO,F),,
LiFSI) in 1,2-dimethoxyethane (DME or glyme), drastically improved the cycling efficiency of
lithium plating/stripping and suppressed the formation of dendritic lithium metal, even at high current
densities (Figure 3).2® A superconcentrated electrolyte based on lithium bis(fluorosulfonyl)amide
(LiFSA or LiFSI)-DMC (1:1.1 molar ratio) effectually inhibited the dissolution of transition metals
out of the 5 V-class LiNigsMn; 504 (LNMO) electrode material and the corrosion of the Al current
collector at high voltage conditions (Figure 4).> Moreover, the cycling stability, high rate capability,
and safety of a high-voltage LiNigsMn; sO4/graphite battery were greatly improved by the use of the
superconcentrated LiFSA-DMC electrolyte.” Since highly concentrated liquid electrolyte systems
were first suggested by the McKinnon and Dahn groups, many research groups have concentrated on
the distinctive functions of such systems.?**° Unwanted co-intercalation of propylene carbonate (PC)
into a layered ZrS, electrode could be mitigated by using a saturated solution of LiAsFs in PC.*
Highly concentrated PC electrolytes with 2.72 M LiN(SO,C:Fs), allowed the use of graphite as an
anode in lithium-ion batteries, which is exfoliated in PC electrolytes with low salt concentrations of
around 0.82 M.’! Moreover, good cycling efficiency for lithium plating/stripping and suppression of
dendritic lithium growth have been achieved in highly concentrated PC-based electrolytes.?? The
Yamada group reported that the use of 4.2 M lithium bis(trifluoromethanesulfonyl)amide (LiTFSA or
LiTFSI) in acetonitrile (AN) drastically enhanced reductive stability at low potentials for lithium
intercalation into a graphite electrode and that the use of 4.5 M LiFSA in AN allowed not only good
reductive stability but also relatively fast electrochemical reaction kinetics of a graphite electrode
when compared with commercially used electrolyte systems.’* Additionally, Al corrosion was not
observed up to 4.5 V versus Li/Li" and good cycling performance of a 4 V-class Li/LiMn,Os cell at
high rates was achieved in a highly concentrated LiFSA-AN-based electrolyte.’” Very recently, the
Zhang group reported that a highly concentrated electrolyte based on sodium bis(fluorosulfonyl)imide
(NaFSI) enables the use of Na metal anodes for room-temperature sodium metal batteries based on a
Na3V,(POq); cathode with the charging cut-off voltage of 3.7 V versus Na/Na".*! The Freunberger
group demonstrated that a highly concentrated NaFSI-DME electrolyte allows nondentritic Na metal
plating and its good compatibility with Na intercalation electrodes (Na3;V2(POa); cathodes and hard
carbon anodes) makes reliable evaluation of half cells possible.** Additionally, it was reported that
highly concentrated NaTFSI-dimethyl sulfoxide (DMSO) electrolyte improves the cycling
performance of Na-O, batteries.* Herein, we demonstrate that the use of an ultraconcentrated

electrolyte composed of 5 M NaFSI in DME leads to high Coulombic efficiency for Na
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plating/stripping in Na/stainless steel (SS) cells and excellent oxidation stability of over 4.9 V versus
Na/Na* on the Al substrate used as the cathode current collector, which is impossible in dilute DME-
based electrolytes. Moreover, we report for the first time that Na metal anodes coupled with high-
voltage cathodes with high charging cut-off voltage of 4.3 V versus Na/Na®*, NasFe3(PO4).(P.07) and
Nag 7(FeosMnos)O2, display superior electrochemical performance with this ultraconcentrated
electrolyte than with the conventional dilute electrolyte of 1 M NaPFs—ethylene carbonate (EC)/PC
(5/5, viv).

V?% O

Figure 3. SEM images of the morphologies of Li metal after plating on Cu substrates in different
electrolytes. (a,b) 1M LiPF¢-PC. (c,d) 4M LiFSI-DME. The current density was 1.0mAcm™ and the
deposition time was 1.5 h. The diameter of the Cu substrate shown in the insert of (a,c) was 2 cm.

Scale bar, 10 pm.?
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Figure 4. Oxidation stability of an aluminium electrode. LSV of an aluminium electrode in various
concentrations of LIFSA/DMC electrolytes in a three-electrode cell. The scan rate was 1.0mVs™'. The
insets are scanning electron microscopy images of the Al surface polarized in the dilute 1:10.8 (left of
panel) and superconcentrated 1:1.1 (right of panel) electrolytes. Many corroding pits cover the surface
of the Al electrode polarized in the dilute electrolyte, showing a severe anodic Al dissolution. In
contrast, no corroding pits appear on the surface of the Al electrode polarized in the superconcentrated

electrolyte, indicating a good inhibition of anodic Al dissolution. The white scale bar represents 20

um.??
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I1. Experimental

2.1 Electrolytes and electrodes

The electrolytes were prepared by dissolving the salt (sodium bis(fluorosulfonyl)imide (NaFSI,

>99.7%, Solvionic) or sodium hexafluorophosphate (NaPFs, >99.0%, Alfa Aesar)) in the solvent (1,2-
dimethoxyethane (DME, >99.9%, Aldrich) or a mixture of ethylene carbonate (EC)/propylene
carbonate (PC) (5/5, v/v) (Soulbrain Co., Ltd.)). The NasFes3(POs)(P,07) cathode material was
synthesized according to a literature procedure.® For the electrochemical tests, the electrode was
prepared by spreading a slurry mixture of 70 wt% NasFe3(PO,4)2(P207) as an active material, 20 wt%
super P as a conducting agent, and 10 wt% poly(vinylidene fluoride) (PVDF) as a binder dissolved in
anhydrous N-methyl-2-pyrrolidone (NMP, 99.5%, Aldrich) onto an Al foil.
The Nay7(FeosMng5)O; cathode material was synthesized using a one-step solid-state method. The
starting materials, Fe3O4 (98%, Aldrich), Mn>Os3 (99%, Aldrich), and Na,COj3(99.8%, Aldrich), were
mixed with acetone using a planetary ball mill for 1 h at 300 rpm, and the mixed materials were then
dried to remove acetone at 25 °C. The resulting mixture was sintered at 900 °C for 10 h in air to
obtain the P2-type Nag7(FeosMnos)O, cathode material. It was reported that cathodes with P2-type
structures of Nax(FeosMnos)O; (x < 0.71) show relatively good cycling performance when compared
with Os structures.*** X-ray diffraction (XRD) data for the Nao 7(FeosMngs)O cathode were obtained
using a Bruker D2 Phaser powder diffractometer equipped with a Cu-Ko radiation source (A =
1.54184 A). The samples were scanned over the 20 range of 15-80°. The structure of
Nao.7(FeosMng5)O, corresponds to a hexagonal structure (Powder Diffraction File# 52-0537). For
the electrochemical tests, the electrode was prepared by spreading a slurry mixture of 80 wt%
Nao.7(Feo.sMng 5)O; as an active material, 10 wt% super P as a conducting agent, and 10 wt% PVDF as
a binder dissolved in anhydrous NMP (99.5%, Aldrich) onto an Al foil. The slurry was dried in a
convection oven at 110 °C for 1 h. After drying, the electrodes were pressed and then dried under
vacuum at 120 °C for 2 h prior to their assembly into cells. The thickness, specific capacity, and
loading density of the NasFes(PO4)2(P,07) cathode were 45 pm, 0.254 mAh cm 2, and 2 mg cm 2,
respectively. The thickness, specific capacity, and loading density of the Nag7(FeosMnos)O, cathode
were 34 um, 0.7 mAh cm 2, and 3.6 mg cm ™2, respectively.
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2.2 Characterization

The ionic conductivity and viscosity of the electrolytes at room temperature were measured using
an Oakton CON 11 standard conductivity meter and a Brookfield viscometer (LVDV-II+P),
respectively. The attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of the
electrolytes were recorded by reflectance measurements obtained using a Varian 670-IR spectrometer
with a spectral resolution of 4 cm ™' under a nitrogen atmosphere. Scanning electron microscope (SEM;
JSM-6700F, JEOL) images of Al working electrodes after linear sweep voltammetry (LSV)
measurements and the Na metal plated on the Cu substrate were recorded using an FEI Nanonova 230.
During the acquisition of the SEM image of the Na metal plated on the Cu substrate, an energy
dispersive spectrometer (EDS) was used to determine the kind of chemical components. Each
electrode was rinsed with DME to remove the residual electrolyte and then was dried at room

temperature.
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2.3 Electrochemical tests

The anodic limits of the electrolytes were determined by LSV using an Iviumstat (Ivium

Technologies) at a scan rate of 1 mV s!

. Al was used as the working electrode, with Na metal as the
counter and reference electrodes. To evaluate the cycling efficiency and rate capability for the Na
metal plating/stripping process, a 2032 coin-type cell with an SS electrode, a Na metal electrode, and
a glass fiber filter (GFF, Whatman, 260 um thickness) separator was assembled in an argon filled
glove box with less than 1 ppm of both oxygen and moisture. Precycling and subsequent cycling of
the Na/SS cells were galvanostatically performed at a current density of 0.056 mA cm™
(corresponding to a C/10 rate) using a computer-controlled battery measurement system (WonATech
WBCS 3000) at 30 °C. During the first cathodic scan, Na plating occurred on the SS electrode, while
Na was stripped from the Na counter electrode until the potential reached 1.0 V versus Na/Na*. The
evaluation of the rate capability of the Na/SS cells was carried out at various current densities of
0.056 mA cm? (C/10), 0.19 mA cm™ (C/3), 0.28 mA cm™ (C/2), 0.56 mA cm™ (1 C), 1.12 mA cm™ (2
C), and 2.80mA cm (5 C) at 30 °C.

To obtain the images of Na metal plated on a Cu substrate, a 2032 coin-type cell with a Cu
electrode, a Na metal electrode, and a microporous polyethylene (PE) separator (thickness: 20 um,
porosity: 38%, SK Innovation Co., Ltd.) was cycled at a rate of C/10 and the capacity of Na metal
plated on the Cu substrate was 5 mAh. For electrochemical tests of Na/Na symmetrical cells, a 2032
coin-type cell with a Na working electrode and a Na metal electrode used as a counter electrode was
assembled in an argon filled glove box with less than 1 ppm of both oxygen and moisture. After
precycling at a current density of 0.0014 mA c¢m™, the Na stripping and deposition process was
performed for 0.5 h at a current density of 0.0028 mA cm?. A 2032 coin-type full cell with a
NagFe3(PO4)2(P207) or Nag7(FeosMnos)O, cathode, a Na metal electrode, and a GFF separator was
assembled in an argon filled glove box with less than 1 ppm of both oxygen and moisture. The
Na/NasFe3(PO4)2(P207) cells were precycled in the potential window between 1.7 V and 4.2 V at a
rate of C/20 at 30 °C. Precycling of the Na/Nag7(FeosMngs)O: cells was performed in the potential
window between 1.5 V and 4.3 V at a rate of C/20 at 30 °C. After precycling, the Na/cathode cells
were cycled at a rate of C/2 at 30 °C.
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III. Result and discussion

3.1 Properties of ultraconcentrated electrolytes

The highly concentrated electrolyte composed of 5 M NaFSI dissolved in DME was transparent
and viscous at room temperature (Figure 5a). This viscous electrolyte flowed through an Eppendorf
tube, unlike the low concentration electrolyte 1 M NaFSI-DME. Changes in the structure of a solvent
owing to ion—dipole interactions between the solvent molecule and an ionic species lead to an
appreciable increase in the viscosity of the electrolyte.?®* The viscosity of the NaFSI-DME
electrolyte dramatically increased from 0.92 cP to 330.4 cP as the NaFSI salt concentration increased
from 1 M to 5 M, and thus, the ionic conductivity of the concentrated electrolyte was significantly
reduced (Figure 5b). The solubility limit of NaFSI in DME was 5 M (Figure 6). Concentrations of
NaPFs greater than 2 M could not be dissolved in the mixed solvent EC/PC (5/5, v/v), and the ionic
conductivity of the NaPF¢-EC/PC electrolyte was lower than that of NaFSI-DME at the same salt
concentration. XM NaFSI-EC/PC electrolytes showed slightly reduced ionic conductivity compared
with xM NaFSI-DME (Figure 5b). This is mostly due to high viscosity of EC/PC hampering the
charge transport and causing a decrease in ionic conductivity. NaFSI-DME exhibited the highest ionic
conductivity in the order of NaFSI-DME > NaPF¢s-DME > NaFSI-EC/PC > NaPFs-EC/PC at the salt
concentration of 1 M in DME or a mixture of EC/PC (5/5). It is found that DME with low viscosity
(0.455cP) is more effective solvent for fast movement of charge carriers compared with EC (1.9cP
@40°C)/PC (2.53¢P). 1 M NaFSI-DME showed slightly higher ionic conductivity (15.1 mS cm™)
than 1 M NaPF¢-DME (11.1 mS ¢m™"), presumably because of the increase of the number of charge
carriers by higher NaFSI salt dissociation in DME. It is noteworthy that LiFSI with weakly
coordinating FSI"anions by delocalization of the negative charge over the whole anion is more readily
dissociated in organic solvents than LiPFs.*® The Fourier transform infrared (FTIR) spectra shown in
Figure 5c indicate the solvation structure of NaFSI-DME electrolytes as a function of NaFSI salt
concentration. The characteristic C-O stretching band of pure DME is located at 1110 cm™' (Figure
5¢). Notably, the introduction of NaFSI into DME produced a new peak at 1085 cm™!, which was not
observed in pure DME or NaFSI salt. This result indicates that the ion—dipole interactions between the
C-O-C moieties and Na' ions affect the C—O—C stretching vibration mode of DME, with DME
solvating Na*ions sufficiently to prevent ion pairing. The peak intensity at 1085 cm™!, which arises
from coordination between C—O—C moieties and Na" ions, gradually increased as a function of NaFSI
salt concentration. The structure of solvated DME interacting with Na" is displayed in the inset of
Figure 5c. 7 A comparison of the relative fraction of solvated and free DME, and FSI- anion

participating in the solvation structure of Na' cation revealed that the solvation structure such as
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Na*(DME)«(FSI')x is produced in NaFSI-DME electrolytes and at >2 M NaFSI the contribution of
FSI" anion in this solvation structure becomes greater (Figure 7). The oxidation durability of NaFSI-
DME electrolytes on an Al working electrode, which is used as the current collector for cathode

!, which was applied to

materials in Na metal batteries, was investigated at a scan rate of 1 mV s~
exclude the effects of polarization resistance on the anodic limit of electrolytes (Figure 5d). 1 M
NaPFs-EC/PC exhibits no appreciable anodic current up to 5.0 V versus Na/Na'. Although the anodic
current began to increase near 5.0 V, there was no significant current even at 5.5 V. In contrast,
conventional dilute 1 M NaFSI-DME displays a sudden increase in the anodic current near 4.0 V,
indicating a relatively narrow window of electrochemical stability compared with 1 M NaPFs-EC/PC.
In the case of 1 M NaPFs-DME, a significant oxidation current was not induced up to around 5.0 V
versus Na/Na'. Interestingly, the anodic limit of 1 M NaFSI-EC/PC was analogous with that of 1 M
NaFSI-DME. It is obvious that FSI™ anions dissociated in organic solvents such as DME and EC/PC
are not electrochemically stable on an Al working electrode in the high potential region over 4.0 V.
Indeed, many pits were observed on the Al surface produced by Al corrosion in 1 M NaFSI-DME
(Figure 8b). It was reported that CI™ impurities in the neat salt corrode Al and FSI™ anions cause SS
corrosion in the high potential region***’ The anodic limits of NaFSI-containing electrolytes can be
lowered owing to these characteristics of FSI-based salts. Surprisingly, superior oxidative stability
was achieved in more concentrated NaFSI-DME electrolytes. In particular, ultraconcentrated 5 M
NaFSI-DME, with the lowest ionic conductivity of 0.584 mS c¢cm™!, showed a slight increase in the
anodic current at around 4.0 V on an Al working electrode, but produced no considerable anodic
current up to 4.9 V (Figure 5b, d). Moreover, the morphology of the Al surface after the linear sweep
voltammetry (LSV) measurements in 5 M NaFSI-DME was nearly identical to that of the pristine Al

electrode (Figure 8a, c).
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Figure 6. Photograph showing the solubility limit of NaFSI in DME solvent.
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Figure 8. SEM images of (a) pristine Al and Al surfaces after LSV measurements in (b) 1 M NaFSI-
DME and (c) 5 M NaFSI-DME (NaFSI : DME = 1.06 : 1 mole ratio) (scale bar: 100 pm).
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3.2 Three mechanisms of improved oxidation durability of SM NaFSI-DME

This improved oxidation durability can be explained by the following three mechanisms. First, the
lack of free (uncoordinated) DME hardly dissolves AI-Cl or AI-FSI complexes formed on the Al
electrode. Since Al-Cl or AI-FSI complexes on the Al electrode can act as a protective layer against
Al corrosion in non-aqueous electrolytes at high voltages, the dissolution of these complexes into the
electrolyte is undesirable.’” 5M NaFSI-DME exhibited stronger peak intensity corresponding to S-F
of FSI- anion at 686.5 eV and Al-FSI complex at 76 eV compared with 1M NaFSI-DME. From this
result, we speculate that the AI-FSI complexes formed in ultraconcentrated 5SM NaFSI-DME are not
dissolved into the electrolyte and can act as a protective layer against Al corrosion (Figure 9). Second,
the oxidative decomposition of solvents is mitigated by the decrease of their highest occupied
molecular orbital (HOMO) energy levels. The Watanabe group demonstrated that ethers with
relatively strong Lewis basicity readily donate their oxygen lone pair electrons to cations, and these
solvated (coordinated) ethers have lower HOMO energy levels than free (uncoordinated) ethers.>
Finally, it is noteworthy that unwanted reactions between free organic solvents and a highly reactive
Na metal electrode can generate unstable by-products, which may promote the oxidative
decomposition of the electrolyte at a cathode charged to a high voltage of 4.2 V vs. Na/Na".!” In
Figure 10, a noticeable feature of the Na metal electrode after stored in 1 M NaFSI-DME with low
anodic limit of around 4.1 V for 5 days is the significant color change of the Na metal. This result
suggests that conventional dilute 1M NaFSI-DME undergoes severe decomposition at the Na metal.
On contrary, there was no discernible color change of the Na metal stored in 5 M NaFSI-DME. This
is a clear evidence for low decomposition tendency of 5 M NaFSI-DME at the Na metal electrode. To
confirm the oxidation stability of NaFSI-DME electrolytes without Al corrosion, anodic limits on a Pt
working electrode were measured (Figure 11). Clearly, ultraconcentrated 5 M NaFSI-DME electrolyte
exhibited superior anodic stability on a Pt electrode compared with conventional dilute 1M NaFSI-
DME celectrolyte. In case of 5 M NaFSI-DME, no appreciable anodic current appeared up to 4.7 V vs.
Na/Na* and gradual increase of the anodic current was observed at around 4.7 V on a Pt electrode. On
the other hand, 1M NaFSI-DME started to oxidize at around 4.1 V vs. Na/Na" and eventually
produced considerable oxidation current on a Pt electrode. Since SM NaFSI-DME led to the formation
of suitable passivation layer inhibiting the Al corrosion and electrolyte decomposition on an Al
electrode, it is thought that this ultraconcentrated electrolyte did not produce significant oxidation
current up to 5.0 V vs. Na/Na“. A comparison of LSV results of SM NaFSI-DME on Al and Pt
electrode clearly shows that drastically reduced oxidation current of SM NaFSI-DME on an Al
electrode at high voltages of greater than 5.0 V is mostly due to the formation of the AI-FSI
complexes. This formed Al-FSI complexes may be hardly soluble in superconcentrated SM NaFSI-
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DME and thereby can act as a as passivation layers. From these results, the superior oxidation
stability of ultraconcentrated 5 M NaFSI-DME is thought to be ascribed to the formation of a
protective layer, such as AI-Cl or AI-FSI complexes, solvated DME with a lower HOMO energy
level than free DME, and minimal free DME, which minimizes undesirable interactions with the

highly reactive Na metal electrode.
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Figure 9. F 1s and Al 2p XPS spectra of Al electrodes after the LSV measurements.
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3.3 Electrochemical performances of Na/SS cells and analysis

A comparison of the voltage profiles for initial Na plating/stripping in coin-type Na/SS cells with
electrolytes of various salt concentrations is shown in Figure 12a and 12b. During the first cathodic
scan, Na stripping from the Na metal electrode occurs, while the Na metal plates onto the SS working
electrode. The overpotential at the beginning of the first cathodic scan of Na/SS cells gradually
increased with increasing NaFSI concentration in DME. This phenomenon is mostly due to the high
viscosity of concentrated NaFSI-DME electrolytes (Figure 5b). No Na stripping occurred in dilute 1
and 2 M NaFSI-DME electrolytes. However, 1 M NaPFs-EC/PC and 1 M NaFSI-EC/PC allowed Na
stripping from the Na deposits on the SS working electrode, with initial Coulombic efficiencies (ICEs)
of 31.1% and 23.6%, respectively (Figure 12a). More concentrated NaFSI-DME electrolytes led to
substantially improved ICEs for Na plating/stripping on the SS working electrode. Notably, the
highest ICE of 72.7% was achieved in the ultraconcentrated 5 M NaFSI-DME electrolyte. The large
polarization of approximately —200 mV versus Na/Na® observed with the 5 M NaFSI-DME
electrolyte during the first cathodic scan disappeared after the 2™ cycle and a low polarization of
about —10 mV was retained at a rate of C/10 over 100 cycles (Figure 12b). Moreover, with the 5 M
NaFSI-DME electrolyte, a very high Coulombic efficiency of 99.3% was attained for the 120" cycle
at a rate of C/10, despite the low ionic conductivity of this electrolyte (Figure 12c). Although Na
plating/stripping initially occurred in 1 M NaPFs-EC/PC, the Coulombic efficiency sharply declined
to ~10% during cycling (Figure 12¢). In the case of 3 M NaFSI-DME, Na plating/stripping in the
Na/SS cell took place for only 4 cycles. The use of high NaFSI salt concentration of 6 M in EC/PC
(5/5) did not prevent rapid fading of the Coulombic efficiency for Na plating/stripping. This result
suggests that the cycling stability of Na/SS cells is greatly affected by the solvent in the highly
concentrated electrolyte, and DME is a suitable solvent that ensures reversible Na plating/stripping on
the SS working electrode. Interestingly, the incorporation of 1 wt% FEC, which has been widely used
as an effective additive for the formation of an SEI on the anode, leads to a discernibly reduced and
unstable Coulombic efficiency for Na plating/stripping at a high rate of 1 C in the Na/SS cell with 5
M NaFSI-DME compared with the cell with the FEC-free electrolyte (Figure 13). It is obvious that
the formulation of FEC with the ultraconcentrated 5 M NaFSI-DME electrolyte is detrimental to the
cycling performance of Na/SS cells because of the resistive NaF formation by the FEC
decomposition.”? On the other hand, it is thought that 5 M NaFSI-DME without FEC produces a
desirable interfacial structure, allowing highly reversible Na plating/stripping on the SS working
electrode. This finding reveals that NaF formed by FEC decomposition acts as a resistive layer for Na

17,22

plating/stripping in the ultraconcentrated 5 M NaFSI-DME electrolyte. We surmise that minimal

amount of free (uncoordinated) DME in the ultraconcentrated 5 M NaFSI-DME electrolyte minimizes
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the formation of a resistive SEI layer via interaction of the electrolyte components with reactive Na
metal. The impact of ultraconcentrated 5 M NaFSI-DME on the cycling stability at high C rates is
shown in Figure 12d. The use of the 5 M NaFSI-DME electrolyte clearly results in a drastically
enhanced rate capability compared with the conventional dilute 1 M NaPFs-EC/PC (5/5) electrolyte.
Moreover, a superior Coulombic efficiency is maintained with the 5 M NaFSI-DME electrolyte as a
function of the applied C rate, with a Coulombic efficiency of 93.8% at a high rate of 2 C
(corresponding to 1.12 mA cm™?) at 30 °C. This is likely because the supply of Na ions without the
dendritic Na formation was realized by highly viscous 5 M NaFSI-DME. However, the Coulombic
efficiency of the Na/SS cells with the conventional dilute 1 M NaPFs-EC/PC (5/5) electrolyte rapidly
fades. The characteristics of the surface layer formed on the electrode are one of the key factors that
affects the kinetics and reversibility of the Na plating/stripping process. The formation of an unstable
SEI through unavoidable interaction between free organic solvents and reactive Na metal deteriorates
the Na metal—electrolyte interface, impeding the Na metal plating/stripping kinetics and eventually,
the cell is disabled. Further evidence for the outstanding characteristics of ultraconcentrated 5 M
NaFSI-DME as an electrolyte is given by the comparison of Na metal plated on a Cu substrate in 1 M
NaPFs-EC/PC, 1 M NaFSI-DME, and ultraconcentrated 5 M NaFSI-DME (Figure 12¢).

Clearly, non-uniform Na metal plating was obtained with 1 M NaPFs-EC/PC and the plated metal
does not have the characteristic silver color of Na metal. This result implies that 1 M NaPFcEC/PC
severely decomposes during the Na plating process and the Cu substrate is seemingly covered with

black-colored electrolyte decomposition products.

Clear evidence for the decomposition of 1 M NaPFs-EC/PC is given in Figure 14. It is notable that
very rough surface morphology was observed on the electrochemically deposited Na metal obtained
from 1 M NaPFs-EC/PC. A relatively strong carbon (C) signal produced by the decomposition of EC
and PC solvents appeared for the Na deposit on the Cu substrate with 1 M NaPFs-EC/PC (5/5)
compared with 5 M NaFSI-DME electrolyte. The appearance of P and F signals implies that the
NaPFs decomposition takes place during the Na deposition in 1 M NaPFs-EC/PC. In the case of 1 M
NaFSI-DME, Na metal plating mostly occurred near the center of the Cu substrate and dark-brown-
colored by-products produced by decomposition of this electrolyte during the plating process were
observed on the edge of the substrate. Surprisingly, the ultraconcentrated 5 M NaFSI-DME electrolyte
allowed uniform Na metal plating across the entire surface of the Cu substrate, and the color of Na
metal plated on the Cu substrate was quite similar to that of the pristine Na metal. This uniform Na
metal plating was also confirmed by the SEM image of Figure 14. Importantly, the EDS result of
Figure 14 manifests that the DME decomposition to produce the C signal is mitigated in the

ultraconcentrated 5 M NaFSI-DME electrolyte. From these results, the interfacial characteristics
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between Na metal and the electrolyte is believed to be the important factor affecting the rate

capability of the Na/SS cells.

a i 1.0 - |
© 1M NaFSI :
Z 08 -ECIPC
= L (3w amf|sm
Z 0.6 - !
2 0.4 {"edre| !
I
2 0.2 - !
) 0.0 .
sV ‘
0 -0.2
> 04 ' ' X M NaFSI-DME
00 02 04 06 08 10
Capacity (mAh)
C = 100

80

40

Coulombic Efficiency (%)

o

60 -

20 -

JLefailure o sy NaFsI-OME

—@— 3M NaFSI-DME
—=— 4M NaFSI-DME

— - 1M NaPF,-DME
—m— 1M NaPF,-ECIPC(55)

4 5M NaFSI-EC/PC(5/5)
—¥— 6M NaFSI-EC/PC(5/5)

20

40 60 80 100 120
Cycle Number

1M NaPF3-EC/PC(5/5)
: N

- NGTONE

Voltage (V vs. Na/Na®)

Coulombic Efficiency (%)

101 _ | i
st oy
0.8 --sth i e
-==-10th g
0.6 { --- 50th ¥
-==-100th i
0.4 1 i
||
0.2 i
0.0 - -
02 L——
04 5M NaFSI-DME
0.0 0.2 0.4 0.6 0.8 1.0
Capacity (mAh)
100-°/1°§ C/3§C/z 1 1ci 2C 5C 10C
b 000900000000 % 4000 gPA
80{ * 5MNaFsI-DME .
¢
60 ¢
40
20 A 1M NaPF4-EC/PC(5/5)
AAAAAAAAAAAAAAAAAAAAAAAAAAAA adat
0 ' . : i i A
0 5 10 15 20 25 30 35

Figure 12. (a) Voltage profiles for initial Na plating/stripping in the coin-type Na/SS cells at a rate of
C/10 (0.056 mA cm2). (b) Voltage profiles of 5 M NaFSI-DME during the 1%, 5% 10™, 50%, and 100"

cycles at a rate of C/10. (¢) Coulombic efficiency for Na plating/stripping in Na/SS cells. (d)
Coulombic efficiency of Na/SS cells with 5 M NaFSI-DME and 1 M NaPFs EC/PC (5/5) at various C

rates. (e) Photographs of a pristine Na metal electrode and Cu substrates after the initial Na plating at

a rate of C/10. The utilized capacity of the Na metal electrode was 5.0 mAh.
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3.4 Electrochemical performances of Na/Na symmetric cells and analysis

The voltage profiles at current densities of 0.0014 mA cm™? and 0.0028 mA c¢m? during
galvanostatic cycling of Na/Na symmetric cells with a 1 M NaPFs-EC/PC (5/5), 1 M NaFSI-DME, or
5 M NaFSI-DME electrolyte are presented in Figure 15. The initial steep and large overpotential of
the Na/Na symmetric cells with a 1 M NaPFs-EC/PC (5/5) or 5 M NaFSI-DME electrolyte is thought
to be a result of an interfacial structure that impedes initiation of Na stripping from the Na metal
electrode and Na deposition on the counter Na metal electrode during the first cathodic scan at a
current density of 0.0014 mA cm™. The dilute conventional electrolyte, 1 M NaPFc-EC/PC (5/5),
showed a relatively large overpotential between the two Na electrodes during 600 cycles at a current
density of 0.0028 mA c¢m 2 with the time cut-off condition of 0.5 h. This indicates that the electrolyte
forms a resistive SEI layer that causes the overpotential for the Na plating/stripping process on the Na
metal electrode. Although 1 M NaFSI-DME showed a greatly reduced overpotential barrier for Na
metal plating/stripping during the first cathodic scan, its overpotential gradually increased during
cycling, becoming larger than that of the ultraconcentrated 5 M NaFSI-DME electrolyte (Figure 15a).
Importantly, a highly stable voltage profile and low overpotential for Na metal plating/stripping on the
Na metal electrode were observed with the ultraconcentrated 5 M NaFSI-DME electrolyte after 600
cycles at a current density of 0.0028 mA cm™. The differences in the overpotentials for Na metal
plating/stripping on the Na metal electrode are more clearly shown in Figure 15b. For instance, 1 M
NaPFs-EC/PC (5/5) showed an overpotential of —18.3 mV for the cathodic scan (Na plating on the Na
counter electrode), whereas a low overpotential of —4.6 mV was obtained with the 5 M NaFSI-DME
electrolyte. This finding indicates that the interfacial structure formed in the 5 M NaFSI-DME
electrolyte effectively assists Na migration to the Na metal electrode and allows reversible Na metal

stripping/plating in the Na/Na symmetric cell.
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3.5 Electrochemical performances of Na/Cathode cells and analysis

Figure 16a shows two voltage plateaus near 2.9 V and 3.2 V vs. Na/Na®, which corresponds to the
reversible extraction of Na ions from the NasFe;(PO4)2(P207) cathode during the charge process of
precycling. Na/NasFes3(PO4)2(P,O7) cells with 1 M NaPF¢-EC/PC (5/5) and 5 M NaFSI-DME
delivered the discharge capacities of 111.4 mAh g' and 116.2 mAh g' during precycling,
respectively. When this cathode was cycled in 1 M NaPF-EC/PC (5/5), a low Coulombic efficiency
of ca. 96% was achieved over 300 cycles at a rate of C/2 (Figure 16c). In addition, a relatively large
voltage hysteresis was observed for the Na/NasFe3(PO4)2(P.O7) cell with 1 M NaPF¢-EC/PC (5/5)
during cycling (Figure 17a). In contrast, this cathode with 5 M NaFSI-DME exhibits a slightly higher
charge plateau and a lower discharge plateau due to the polarization caused by the high viscosity of
the ultraconcentrated electrolyte (Figure 16a). Nevertheless, the Na/NasFe3(PO4)2(P.O7) cell with 5 M
NaFSI-DME delivers a higher discharge capacity (109.4 mAh g!) than that with 1 M NaPF-EC/PC
(5/5) (95.3 mAh g ') during the 300" cycle and displays outstanding cycling stability with a high
Coulombic efficiency of ca. 99% over 300 cycles at a rate of C/2 (Figure 16b and 16c). In addition,
extremely stable charge and discharge profiles without noticeable capacity loss and discernibly
reduced voltage hysteresis over 300 cycles were achieved with ultraconcentrated 5 M NaFSI-DME
(Figure 17b). This finding reveals that the low ionic conductivity of the ultraconcentrated 5 M NaFSI-
DME electrolyte does not hinder the electrochemical reactions of the NasFes(POs)(P.07) cathode.
Cells with lower concentrations of NaFSI in DME (1 M and 4 M) showed severe overcharge
behaviors for the first desodiation (charge) of the NasFe3;(PO4)2(P>07) cathode during precycling and
the sodiation (discharge) process did not proceed (Figure 18). This result is in good agreement with
the findings that 1 and 4 M NaFSI-DME electrolytes are electrochemically unstable at high voltages
(>4.0 V versus Na/Na") and that the concentrated 4 M NaFSI-DME electrolyte has relatively inferior
oxidation durability compared with ultraconcentrated 5 M NaFSI-DME (Figure 5d). Therefore, it is
thought that less concentrated NaFSI-DME electrolytes are not suitable for use with the
NayFe3(PO4)2(P207) cathode because of their severe electrochemical decomposition behavior at high
voltages of around 4.0 V versus Na/Na*. The cell with the 1 M NaFSI-DME electrolyte exhibited
considerable overcharging with an increased length of the voltage plateau at around 3.2 V versus
Na/Na® and caused a significant color change of the Na metal electrode and a glass fiber filter (GFF)
separator (Figure 18). The cell with the more concentrated 4 M NaFSI-DME electrolyte, which did
not exhibit overcharging at 3.2 V versus Na/Na*, showed a similar charge voltage profile up to 4.0 V.
After reaching 4.0 V versus Na/Na’, overcharging with a long voltage plateau at around 3.9 V was
observed in the Na/NasFe3;(PO4)2(P207) cell with 4 M NaFSI-DME. The excellent electrochemical
performances of ultraconcentrated 5 M NaFSI-DME were observed not only with the phosphate-
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based cathode, NasFe;(PO4)2(P2O7), but also with a layered oxide-based cathode, P2-
Nag 7(FeosMnos)O> having a wide operating potential range between 1.5 V and 4.3 V vs. Na/Na".
Nayg 7(FeosMnos)O, has been considered one of promising cathode materials owing to the use of
inexpensive Fe and Mn and its high theoretical capacity (259 mAh g ! for the extraction of 1 Na atom
from the cathode).*® Nag 7(FeosMngs)O, was obtained through a conventional solid state synthesis, and
no impurity peaks were observed in the XRD pattern shown in Figure 19. Figure 16d and 16e show
the charge—discharge profiles during precycling and the discharge capacity retention of P2-
Nao7(FeosMngs)O, after the precycle, respectively.** The Nag7(FeosMngs)O> cathode with 1 M
NaPF¢-EC/PC (5/5) delivered a charge capacity of 113.4 mAh g! (corresponding to the extraction of
0.44 Na atoms from the cathode) during precycling at a rate of C/20 (Figure 16d). The cathode with
the ultraconcentrated 5 M NaFSI-DME exhibited a slightly higher charge capacity of 137.2 mAh g™
(corresponding to the extraction of 0.53 Na atoms from the cathode). For the precycling, the discharge
capacities are larger than the charge capacities because of the Na deficiency in Nag 7(FeosMngs)O..
(165.3 mAh g ! and 175.2 mAh g! for I M NaPF¢-EC/PC (5/5) and 5 M NaFSI-DME, respectively).
More importantly, the discharge capacity retention of the Nag7(FeosMnos)O, cathode was greatly
improved from 55.9% in 1 M NaPFs-EC/PC (5/5) to 82.1% in 5 M NaFSI-DME after 100 cycles at a
rate of C/2 at 30 °C (Figure 16e, Figure 17c and 17d). It is clear that the P2-type Nao 7(FeosMnos)O.
cathode undergoes reversible electrochemical reactions in the ultraconcentrated 5 M NaFSI-DME
electrolyte (Figure 16e). Moreover, the Nag7(FeosMngs)O, cathode with 5 M NaFSI-DME displayed
an improved Coulombic efficiency of close to 99% compared with the Coulombic efficiency of ca. 97%

obtained with 1 M NaPF¢-EC/PC (5/5) (Figure 16f).
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Figure 16. (a) Initial voltage profiles of Na/NasFes3(PO4)2(P,O7) full cells at a rate of C/20. (b)
Discharge capacity and (c¢) Coulombic efficiency of Na/NasFe3;(PO4)2(P,O7) full cells during 300
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(e) Discharge capacity and (f) Coulombic efficiency of Na/Nag7(FeosMnos)O; full cells during 100
cycles at a rate of C/2.
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IV. Conclusion

In summary, although sodium metal batteries have attracted considerable attention as promising
next-generation rechargeable batteries, especially for large-scale energy storage systems (ESS), there
are some issues to solve for commercializing the sodium metal batteries. The first is high reactivity of
sodium metal. Owing to the high reactivity, the use of linear carbonates such as dimethyl carbonate
(DMC), which are widely used as electrolyte solvents in lithium batteries cannot be used in sodium
metal batteries. The second is highly oxidative environment. Since normal hydrogen electrode of
sodium-ion redox potential is higher than that of lithium, sodium metal battery has relatively higher
oxidative environment. Finding new electrolyte systems that are stable at the Na metal electrode and
possess high oxidation durability at high-voltage cathodes is necessary for the development of high-

performance Na metal batteries.

Herein, we used new electrolyte system, highly concentrated electrolyte system for sodium metal
batteries. We have demonstrated that the ultraconcentrated 5 M NaFSI-DME electrolyte has excellent
electrochemical stability toward highly reactive Na metal electrodes, ensures superior reversibility of
Na metal plating/stripping in Na/SS cells and Na/Na symmetric cells, and improves the oxidation
durability on Al substrates. Furthermore, a noticeable improvement of the cycling performance of
high-voltage NasFe3(PO4)2(P207) and Nag7(FeosMngs)O, cathodes was achieved in the
ultraconcentrated 5 M NaFSI-DME electrolyte. The data obtained in this study allows the design
suitable electrolyte systems with the promise of further improvements in the electrochemical

performance of Na metal anodes coupled with high-voltage cathodes.

Most contents of this thesis are published in ACS Applied Materials & Interfaces.®!
(DOI: 10.1021/acsami.6b14878)
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