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Room temperature (RT) sodium-sulfur (Na-S) batteries are a promising technology for stationary energy storage
thanks to their high energy density of 1274 Wh kg~! and low cost. However, RT Na-S batteries are hazardous
because they use highly volatile and flammable electrolytes. Here, we develop a new nonflammable electrolyte for
RT Na-S batteries, consisting of sodium trifluoromethanesulfonimide (NaTFSI) in a mixture of trimethyl phos-
phate (TMP) and fluoroethylene carbonate (FEC). The nonflammable electrolyte facilitates highly stable and
reversible Na plating/stripping during cycles. The dendrite-free Na-S battery with the NaTFSI/TMP+FEC elec-
trolyte delivers a remarkable reversible capacity of 788 mAh g™! after 300 cycles at 1C, corresponding to a
negligible capacity decay below 0.04% per cycle. The ab initio molecular dynamics simulations and surface
analysis reveal the formation of a NaF-rich solid electrolyte interphase (SEI) film with reduced interfacial resis-
tance thanks to the introduction of FEC into the electrolyte. The formed NaF SEI layer suppresses the growth of Na
dendrites on the anode, enhancing the electrochemical performance of the RT Na-S batteries. The new findings
reported here will shed new light on dendrite-free RT Na-S batteries by the rational design of nonflammable

electrolytes.

1. Introduction

Conventional high-temperature (HT) sodium-sulfur (Na-S) batteries
have been used for grid-scale storage applications because of their
excellent lifespan, low cost, and the abundance of raw materials [1-5].
However, these Na-S batteries typically operate at above 300 °C to ensure
fast diffusion of Na™ ions in the solid electrolyte [1-3,6]. At these tem-
peratures, both S and Na electrodes are in a molten state, leading to a
series of technological challenges with reference to safety, material cost,
and HT sealing [6]. To resolve these challenges, room temperature (RT)
Na-S batteries have been developed [2-5]. Unfortunately, RT Na-S bat-
teries are hazardous: (1) conventional organic electrolytes are highly
volatile and flammable with tangible fire and explosion risks under
abusive conditions, such as impact, overheating, and overcharging [7-91;
(2) because of the growth of Na dendrites [4-6]. Nonflammable, elec-
trochemically stable, and cost-effective electrolytes are needed to address

the above issue. Several nonflammable electrolytes have recently been
explored including ionic liquids and inorganic solid-state electrolytes [6,
10-12]. However, the former electrolytes are expensive, while the latter
suffer from higher electrode/electrolyte interfacial resistances than
liquid-based electrolytes [11-13].

In search of nonflammable electrolytes for RT Na-S batteries, organic
phosphates have been explored because of their low viscosity, wide range
of useable temperature, ability to dissolve high Na salt concentrations,
and intrinsic nonflammability [7,14]. Among various phosphate sol-
vents, trimethyl phosphate (TMP) is particularly promising because of its
low viscosity (2.3 mPas), high dielectric constant (21.6), and wide
temperature range of its liquid phase (between —46 and 197 °C) [7,8,15,
16]. However, TMP decomposes on carbonaceous and Na metal anodes,
and cannot form stable solid electrolyte interphase (SEI) films on the
anode surface [7,17,18]. Therefore, ternary mixed additives have been
incorporated to improve the stability of TMP on graphite anodes in Li-ion

* Corresponding author. Department of Mechanical and Aerospace Engineering, The Hong Kong University of Science and Technology, Clear Water Bay, Kowloon,

Hong Kong, China.
** Corresponding author.

E-mail addresses: francesco.ciucci@ust.hk (F. Ciucci), mejkkim@ust.hk (J.-K. Kim).

https://doi.org/10.1016/j.ensm.2019.05.045

Received 16 February 2019; Received in revised form 27 May 2019; Accepted 29 May 2019

Available online 1 June 2019
2405-8297/© 2019 Elsevier B.V. All rights reserved.


mailto:francesco.ciucci@ust.hk
mailto:mejkkim@ust.hk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ensm.2019.05.045&domain=pdf
www.sciencedirect.com/science/journal/24058297
www.elsevier.com/locate/ensm
https://doi.org/10.1016/j.ensm.2019.05.045
https://doi.org/10.1016/j.ensm.2019.05.045
https://doi.org/10.1016/j.ensm.2019.05.045

J. Wuet al

batteries [18]. Recently, a concentrated electrolyte with 3.3 M NaN(-
SO9F), in TMP was used to achieve the stable charge and discharge of
hard carbon for more than 1000 cycles in Na-ion batteries [8]. However,
nonflammable electrolytes have not been reported for RT Na-S batteries
delivering high capacities and stable cyclability.

Sulfurized polyacrylonitrile (SPAN), firstly developed by the Yang's
group, has attracted great interest as a cathode material for lithium-sulfur
(Li-S) batteries because no polysulfide dissolution occurred in the redox
process of SPAN [13,19-21]. Therefore, batteries with a SPAN cathode
have shown excellent cyclic performances [13,20,21]. In addition, the
fabrication of the SPAN composite is simple and can be easily scaled-up.
In light of these reasons, we selected SPAN as the cathode material for
our RT Na-S battery.

In this study, we developed a nonflammable electrolyte, 2 M NaTFSI/
TMP+FEC. This electrolyte displayed a high ionic conductivity of about
6.0 mS cm ™! and facilitated the stable Na plating/stripping cycles on the
Na metal anodes of RT Na-S batteries. The X-ray photoelectron spec-
troscopy (XPS) and ab initio molecular dynamics simulations demon-
strated the formation of a mechanically strong sodium fluoride (NaF)-
rich SEI film promoted by the newly developed electrolyte. The NaF-rich
SEI film suppressed the growth of Na dendrites on the anode, which in
turn ameliorated the performance of the RT Na-S batteries to deliver a
remarkable capacity of 788 mAh g~ after 300 cycles at 1C with a ca-
pacity retention of about 90%. In brief, our nonflammable electrolyte
significantly improved the safety of RT Na-S batteries without compro-
mising the electrochemical performance.

2. Experimental section
2.1. Preparation of SPAN cathodes

An isopropyl alcohol (Aladdin, 99.5%) slurry of PAN (Aldrich, Mw
150000) and S (Aldrich, AR 99.5%) in a weight ratio of 1:8 was homo-
geneously mixed using a ball miller (Tencan XQM-0.4A) at 500 rpm for
6 h. Then, the slurry was dried in a vacuum oven at 50°C for 6 h to
evaporate the solvent. Finally, the SPAN composite was obtained by
heating the power in a tube furnace at 300 °C for 450 min under Ny
(purity>99.99%) flow. As a control, PAN without sulfur was heat-treated
at 300 °C and the product is denoted as pPAN.

2.2. Preparation of electrolytes

NaTFSI (DoDoChem, 99.8%), Sodium hexafluorophosphate (NaPFg
Sigma-Aldrich, 98%), and sodium perchlorate (NaClO4, Sigma-Aldrich,
98%) were dried in a vacuum oven at 100 °C for 12 h. TMP (Sigma-
Aldrich, 99%), ethyl carbonate (EC, Sigma-Aldrich, 99%), and diethyl
carbonate (DEC, Sigma-Aldrich, 99%) were dehydrated by 4 A molecular
sieves. FEC (Aladdin, >98%) was used as received. The electrolytes were
prepared by dissolving the specific salts into the solvents inside a glove
box (Mikrounda, <0.01 ppm of oxygen and <0.01 ppm of moisture)
filled with Ar. The 2 M NaTFSI/TMP+FEC electrolyte was obtained by
dissolving 2 M NaTFSI salt into the mixture of TMP/FEC (in a volume
ratio, v/v = 7:3), where “M” stands for molar concentration. The water
content in the electrolytes was determined by Karl-Fisher titration. The
values for the 2 M NaTFSI/TMP-+FEC and 2 M NaTFSI/TMP electrolytes
are approximately 9.5 ppm and 9.2 ppm, respectively.

2.3. Characterization

X-ray diffraction (XRD) was carried out using a Philips PW1830
diffractometer with Cu Ka radiation at a scanning rate of 5°min~'. The
morphology and structure of materials were examined on a field emission
scanning electron microscope (FE-SEM, HITACH 8010U) and a trans-
mission electron microscope (TEM, JEOL 2010). The Raman spectra were
collected using a Raman spectroscometer (HORIBA Labram HR Evolu-
tion) equipped with a 532 nm Ar-ion laser. Fourier transformed infrared
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(FTIR) spectra were taken using a Bruker Vertex 70 spectrometer. XPS
was carried out using a PHI 5000 VersaProbe II with a monochromatic Al
Ka X-ray source (1486.6 eV) at 25 W and 5kV with a beam spot size of
100 pm. Depth profile measurements were obtained by sputtering the Na
using an Ar' ion gun at 2kV. The S content in the SPAN composite was
determined by elemental analyzer (vario Micro cube). The ionic con-
ductivities of the electrolytes were measured by the electrochemical
impedance spectra taken from 1 Hz to 100 kHz at a current amplitude of
5mV on an electrochemical workstation (VSP-300, Bio-Logic) at RT. The
test cells were assembled by soaking two stainless steel blocking elec-
trodes in the electrolyte. For the ex situ SEM characterization, the Na
anodes were rinsed with dimethyl carbonate (DMC) inside the glove box
and transferred into the SEM using a vacuum chamber.

2.4. Electrochemical measurements

We prepared the electrodes by mixing the SPAN composite, carbon
black and carboxymethyl cellulose in a weight ratio of 8:1:1 in deionized
(DI) water to form a homogeneous slurry. The slurry was coated onto a
thin aluminum foil, which was dried in a vacuum oven at 60 °C for 12 h.
The SPAN electrodes were punched into circular discs with a diameter of
12 mm. The CR2032-type Na/SPAN coin cells were assembled in the Ar-
filled glove box with SPAN, Na metal foil, and glass microfiber (What-
man, GF/D) as the cathode, anode, and separator, respectively. The
electrolyte/S volume-to-mass ratio is around 100mLg~ . The cyclic
performance and rate tests were recorded using a Land 2001A battery
testing system over a voltage range from 0.8 to 3 V at RT. The capacities
were normalized with respect to sulfur loading in the SPAN composite
whose mass loading varied between 1.2 and 1.5mgcm ™2 The cyclic
voltammetry (CV) measurements were performed between 0.8 and 3V
and electrochemical impedance spectroscopy (EIS) was conducted in a
frequency range from 0.01 Hz to 100 kHz on a VSP-300 electrochemical
workstation. The electrochemical stability of the electrolyte was studied
via linear sweep voltammetry (LSV) and CV. A stainless-steel (SS)
blocking electrode was employed as the working electrode while a Na foil
was used as both the counter and reference electrode. The LSV curves
were recorded from open circuit voltage up to 6.0 V versus Na/Na™" at a
scanning rate of 1 mVs~!. An identical blocking configuration was used
for the CV measurements, where the voltage range was selected from —1
to 5V versus Na/Na' and the scanning rate was set at 5mV s, We also
assembled Na/Na symmetric cells, where the Na foil had a diameter of
12 mm.

2.5. Computational methods

The lowest unoccupied molecular orbital (LUMO) energies of FEC and
TMP were calculated using the Gaussian 09 software [22]. We first
optimized the structures of FEC and TMP molecules, using the density
functional theory (DFT) with the B3LYP exchange—correlation functional
[23,24] and the 6-31++G (d, p) basis set. The vibrational frequency was
calculated to confirm the true minimum structures on the potential en-
ergy surface. The LUMO energies of molecules were calculated based on
the optimized structure.

We also calculated the LUMO energies of FEC and TMP using Vienna
ab initio simulation package (VASP) with the general gradient approxi-
mation (GGA) and the Perdew-Burke-Ernzerhof (PBE) functional [25,
26]. We obtained virtually identical values within 0.01 eV. Consequently,
ab initio molecular dynamics (AIMD) simulations were carried out using
VASP. The model was constructed using six TMP molecules and four FEC
molecules in a volume ratio of TMP to FEC being 7:3 on a three-layer
4 x 2 supercell of Na (110) surface. For the “pure” TMP system, ten
TMP molecules were used. A 15 A vacuum layer was added to limit the
image-image interactions. The cutoff kinetic energy and the energy
convergence criterion were set at 400 eV and 10%ev, respectively. The
AIMD simulations were performed in 10 ps with a time step of 1.0 fs in
the NVT ensemble at 300 K with the Nosé thermostat [27-30].
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Fig. 1. (a) Schematic illustration of the synthesis procedure, (b) SEM, (c) TEM and SAED pattern (inset of c), (d) TEM-EDS images of the SPAN composite. () XRD

patterns, and (f) Raman spectra of the SPAN composite, pPAN, and S.

3. Results and discussion

The fabrication process of SPAN composite is schematically shown in
Fig. 1a. The SEM image shown in Fig. 1b indicates that the average
particle size of SPAN was ~100 nm, a value further confirmed by TEM
(Fig. 1c). High-resolution TEM images (Fig. S1) and the selected area
electron diffraction (SAED) patterns (see inset of Fig. 1c) both indicate
that SPAN has an amorphous structure. The EDS elemental maps suggest
that C, S, and N were homogeneously distributed in SPAN (Fig. 1d).
According to the elemental analysis, S constituted ~43 wt% of the mass
of the SPAN composite (Table S1). The XRD patterns of the pPAN, S, and
SPAN are presented in Fig. 1e. The XRD pattern of SPAN has a broad peak
centered at ~25°, corresponding to the hexahydric-ring layer of pyro-
lyzed PAN, which is analogous to disordered carbon [21,31]. No crys-
talline Sg peaks were detected in the SPAN, suggesting that the S in SPAN
was amorphous. The Raman spectrum of elemental S has three distinct
peaks at 153, 218, and 473 em! [21], whereas the SPAN exhibited three
peaks with much weaker intensities, as shown in Fig. 1f. The two peaks
centered at 308 and 384 cm ™! can be assigned to the C-S bonds formed by
the reaction between S and PAN during heating [21,32], whereas the
peak at 474 cm~ ! can be attributed to the presence of S-S bonds [31]. The
FTIR spectra further confirmed the presence of C-S and S-S bonds in

10

SPAN composite (Fig. S2). The peaks in the region from 1200 to
1600cm™! and the peak at 803cm ' suggest the formation of
six-membered rings containing C—=C and C=N bonds. Besides, the peaks
at 515, 668, and 938cm™! can be attributed to S-S stretching, C-S
stretching, and ring breath of the side-chain containing S-S bonds,
respectively [20,21].

Fig. 2a and b compare the interactions of the carbonate electrolyte (2
M NaTFSI/EC+DEC (1:1, v/v)) and 2 M NaTFSI/TMP-FEC electrolyte
with a direct flame. The carbonate electrolyte burned quickly and
continuously even after removing the exogenous fire (Fig. 2a), while the
TMP-based electrolyte could not be ignited (Fig. 2b). When dropping the
carbonate electrolyte over a flame, the flame was intensified (Movie S1).
In contrast, the 2 M NaTFSI/TMP-+FEC electrolyte was an effective fire
extinguisher (Movie S2). This occurred because TMP scavenges the active
hydrogen radicals to delay the combustion chain reaction [13,33].

Supplementary data related to this article can be found at https://do
i.org/10.1016/j.ensm.2019.05.045.

The ionic conductivities of the NaTFSI/TMP+FEC electrolytes with
different salt concentrations are shown in Fig. 2c. The 2 M NaTFSl/
TMP+FEC electrolyte had the highest conductivity (6.0 mS cm ') among
the three measured. The electrochemical stability of the 2 M NaTFSI/
TMP+FEC and 2 M NaTFSI/TMP electrolytes against Na metal was
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Fig. 2. Combustion tests of (a) 2 M NaTFSI/EC+DEC (1:1, v/v) and (b) 2 M NaTFSI/TMP+FEC electrolytes. (c) RT ionic conductivities of the electrolytes with
different salt concentrations. (d) Electrochemical stability window of 2 M NaTFSI/TMP+FEC and 2 M NaTFSI/TMP electrolytes determined by LSV at a scan rate of 1
mV s~ with a SS foil as the working electrode and a Na foil as the reference and counter electrode.

measured by LSV and CV. The LSV curves shown in Fig. 2d suggest that
the 2 M NaTFSI/TMP+FEC electrolyte possesses an electrochemical
window of about 4.6 V, which is larger than that of the 2 M NaTFSI/TMP
without FEC (4.3 V). The CV scans were carried out from —1 to 5V vs.
Na/Na‘ at a scan rate of 5mV s '. As shown in Fig. S3, two oxidation/
reduction peaks corresponding to Na plating/stripping on SS appeared at
around OV vs. Na/Na" [7]. The CV curve of Na/2 M NaTF-
SI/TMP-+FEC/SS cell presents comparable oxidation/reduction peaks,
suggesting good reversibility of the Na plating/stripping process. In
contrast, the area of the reduction peak is much larger than that of the
oxidation peak using 2 M NaTFSI/TMP. This discrepancy may be
attributed to side reactions taking place during the Na plating process.
The CV profiles of the RT Na/SPAN batteries were also recorded with the
2 M NaTFSI/TMP+FEC electrolyte. As shown in Fig. S4, the reduction
and oxidation scans nearly overlapped from the 3rd cycle onwards,
supporting the high reversibility of the Na/SPAN batteries.

We also explored the impact of salt concentration on rate perfor-
mance of the Na/SPAN cells, see Fig. S5. Among the cells studied, the one
with the 2 M NaTFSI/TMP+FEC electrolyte showed the best overall
performance. The reversible capacity obtained for the battery with the 3
M NaTFSI/TMP+FEC electrolyte was even worse than the one recorded
with the 1 M counterpart, consistently with much lower ionic conduc-
tivity, see Fig. 2c. Furthermore, electrolytes with FEC concentrations
ranging 0 to 50 vol% were also tested. As shown in Fig. S6, the electrolyte
containing 30 vol% FEC yielded the best capacity (821 mAh g~ ! after 100
cycles) among the four studied. Therefore, we used the 30 vol% FEC in all
ensuing electrochemical tests. The impact of the Na salts on the cyclic
performance of Na/SPAN batteries was also investigated. As shown in
Fig. S7, the capacity was more stable in the electrolyte with the NaTFSI
salt compared to that of batteries that used NaClO4 and NaPF salts.

Fig. 3a compares the cyclic performance of the Na/SPAN cells with
two different electrolytes with and without FEC. The cells were activated
at 0.1C for 3 cycles before carrying out the cyclic tests at 0.2C (Fig. S8).
The reversible capacity and the Coulombic efficiency were significantly
improved by the addition of FEC. The battery containing FEC in the
electrolyte delivered a reversible capacity of 1070 mAh g~! after 100
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cycles, a value much high than the ~150 mAh g~! obtained for the cell
without FEC. After the cyclic tests, the EIS was measured to evaluate the
impedance parameters and Fig. 3b shows the Nyquist plots of the Na/
SPAN cells in the above two electrolytes. The EIS spectra were fitted with
the equivalent circuit shown in Fig. S9 and the estimated impedance
parameters are given in Table S2. In the absence of FEC, the interfacial
resistance (Rf) and charge transfer resistance (R.) were ~384 and
~326 Q, respectively. These values were significantly reduced to ~228
and ~110 Q, respectively, upon addition of FEC in the electrolyte, indi-
cating the formation of favorable SEI layers and ameliorating the transfer
of charge. Further, the presence of FEC in the electrolyte improved the
rate capability of the battery, as shown in Fig. 3c. The cell with the 2 M
NaTFSI/TMP+FEC electrolyte delivered remarkable reversible capacities
of ~1025, 880, 750, 550, and 300 mAh g’1 at 0.2, 0.5, 1, 2, and 4C,
respectively, along with a high capacity of 1020 mAh g~? after reverting
to 0.2C. The corresponding discharge/charge curves are shown in
Fig. 3d. In contrast, the cell with the 2 M NaTFSI/TMP electrolyte had far
lower capacities of 734, 354, 128, and 45 mAh g}, respectively.

Fig. 3e shows the long-term cyclic performance of the Na/SPAN cells
with the 2 M NaTFSI/TMP+FEC electrolyte at 1C. The battery delivered a
remaining capacity of 788 mAh g~ after 300 cycles, corresponding to an
exceptionally low capacity decay below 0.04% per cycle. In contrast, the
cyclic performance of the Na/SPAN cells with the FEC-free electrolyte
was typical of fast fading with a ~1% capacity decay per cycle and a
remaining capacity of only ~100mAh g~ ! after 300 cycles. As will be
discussed in detail by ex situ SEM and XPS analyses, the improved cyclic
performance can be attributed to the formation of stable interfaces at
both cathode and anode when the electrolyte containing FEC was used.
The cyclic performance of the Na/SPAN cells with electrolytes containing
different compositions of EC, DEC and FEC are shown in Fig. S10. The
specific capacity of the Na/SPAN cell with the 2 M NaTFSI/EC+DEC (1:1,
v/v) electrolyte faded quickly to 200 mAh g~! after 300 cycles at 1C; the
capacity decay was ~0.5%/cycle. With the same FEC (30 vol%) in the
latter electrolyte, the cyclic stability of the battery was significantly
improved, confirming its ameliorative effect. Table S3 compares the
electrochemical performance of RT Na-S batteries reported in the
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Nyquist plots of the EIS spectra obtained after 100 cycles; (c) rate performance at several current densities, and (d) corresponding charge/discharge curves. (e) Cyclic

performance at 1C.

literature. The current Na/SPAN cell with the 2 M NaTFSI/TMP+FEC
electrolyte outperformed previous reported state-of-the-art batteries in
terms of both cyclic performance and rate capability.

To evaluate the stability of Na plating/stripping with the 2 M NaTFSI/
TMP+FEC electrolyte, Na|Na symmetric cells were assembled. Fig. 4a
shows the voltage profiles of symmetric cells assembled using the 2 M
NaTFSI/TMP+FEC and 2 M NaTFSI/TMP electrolytes at a current density
of 1 mA cm 2. The plating/stripping time was 0.5 h. The symmetric cell
without FEC electrolyte exhibited irregular voltage fluctuations
throughout the test. In contrast, the cells with the electrolyte containing
FEC are characterized by a highly stable Na plating/stripping for 160 h.
The voltage profiles of Na|Na symmetric cells with plating/stripping
capacities of 1 mAh cm™2 and 3 mAh cm™2 are shown in Fig. S11. The
symmetric cells with the FEC added to the electrolyte displayed a much
stable Na plating/stripping response for 100 h. Remarkably, the Na|Na
cell in the same electrolyte was able to cycle with excellent stability for
1000 h at 0.3 mA cm 2 (Fig. 4b). To further confirm the role of FEC in
supporting stable Na plating and stripping, analogous tests were

conducted in carbonate electrolytes. The voltage profiles shown in both
Fig. 4a and Fig. S12 reveal that the presence of FEC in the electrolyte
improved the cyclic stability of the symmetric cells. The superior cyclic
stability of the symmetric cells in an electrolyte containing FEC was
verified by the ex situ EIS measurements after 20 cycles, as shown in
Fig. S13. The interfacial resistances estimated from the EIS spectra were
~805 and 1300 Q, for the cells in the electrolytes with and without FEC,
respectively. This result again confirms the improved electrode/electro-
lyte interface due to FEC [34,35]. Furthermore, the morphology of the Na
anode surface was examined after 50 plating/stripping cycles, as shown
in Fig. 4c and d. While the surface of the Na anode remained flat and
dense in the 2 M NaTFSI/TMP+FEC electrolyte, mossy and dead Na can
be observed when FEC is not present. The porous and loose Na may be
attributed to the dead Na, which leads to a large interfacial resistance,
agreeing with the EIS results [36].

Xu et al. reported that FEC can reduce the solubility of sodium pol-
ysulfides and be used to construct a robust SEI on the Na anode upon
cycling [5]. For the specific SPAN cathode, the short-chain poly(sulfide)s

12
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images of Na anode surfaces after 50 plating/stripping cycles with the (c) 2 M NaTFSI/TMP+FEC and (d) 2 M NaTFSI/TMP electrolytes.

Fig. 5. SEM images of the SPAN cathode and Na anode surfaces of the Na/SPAN batteries after 100 cycles at 1C with the (a, ¢) 2 M NaTFSI/TMP+FEC and (b, e) 2 M
NaTFSI/TMP electrolytes, respectively. SEM images of the Na anode surfaces of the Na/SPAN batteries after 100 cycles at 1C with the (e) 2 M NaTFSI/EC+DEC+FEC
(3.5:3.5:3, v/v/v) and (f) 2 M NaTFSI/EC+DEC (1:1, v/v) electrolytes.

formed upon discharge have limited solubility in ester electrolyte [20, Na/SPAN batteries in spite of reduced solubility of sodium polysulfides
37]. Therefore, the shuttle effect does not play an important role in due to FEC. The morphological impact of FEC on the SPAN cathode was
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Fig. 6. (a) Snapshot of the AIMD simulation of FEC and TMP molecules on a three-layer Na (110) surface. (b) C 1s and F 1s XPS spectra of the SEI layer on the Na metal
anode induced by the 2 M NaTFSI/TMP-+FEC and 2 M NaTFSI/TMP electrolytes at various sputtering times. Atomic ratios of various elements as a function of
sputtering time for the SEIs formed using (c) 2 M NaTFSI/TMP+FEC and (d) 2 M NaTFSI/TMP. The data were recorded after 100 cycles at 1C. (e) Schematic

illustration of the impact of NaF-rich SEI on the stability of the Na electrode.

checked by disassembling the Na/SPAN cells tested in the 2 M NaTF-
SI/TMP+FEC and 2 M NaTFSI/TMP electrolytes for 100 cycles. As shown
in Fig. 5a, The SPAN cathode tested in the electrolyte containing FEC
displayed no obvious pulverization or fracture. Instead, cracks were
present in the absence of FEC, see Fig. 5b. The Na deposition in the
presence of FEC took place uniformly leading to an even and smooth
surface (Fig. 5¢). In contrast, without FEC the Na metal anode surface was
far rougher (Fig. 5d). The above observations confirm that the FEC
promotes the formation of stable interfaces at both cathode and Na metal
anode. To confirm the role of FEC in inhibiting the growth of Na den-
drites, FEC was also added to the 2 M NaTFSI/EC+DEC (1:1, v/v) elec-
trolyte. The stability of carbonate-based electrolytes (2 M
NaTFSI/EC+DEC (1:1, v/v) and 2 M NaTFSI/EC+DEC+FEC (3.5:3.5:3,
v/v/v)) against the Na anode was examined by SEM (Fig. 5e and f). One
should note that, if 30 vol% FEC was added to 2 M NaTFSI/EC+DEC (1:1,
v/v), then the surface of the Na electrode was significantly smoother than
the one without FEC even after 100 cycles.

It is well-established that FEC reduces before conventional carbonate
solvents, such as EC and DEC, to form an SEI layer. This earlier reduction
occurs because FEC has a lower LUMO energy compared to the
conventionally used solvents [36,38]. We confirmed that FEC has a lower
LUMO energy than that of TMP according to first-principles calculations,
see Fig. S14. This means that FEC was easier to reduce than TMP on the
surface of Na metal. Furthermore, ab initio molecular dynamics simula-
tions were conducted to understand the formation of the SEI layer
induced by FEC. Six TMP molecules and four FEC molecules were put on
a three-layer Na (110) slab to simulate the reaction between the Na
anode and the electrolyte containing both TMP and FEC, as shown in
Fig. 6a. The carbon-fluorine (C-F) bond in the FEC molecule broke after
only 300 fs from the start of the simulation. The calculated Na-F distance
(at 300fs), d=2.36+0.14 10\, is consistent with the experimental value,
d=2.32 A, of NaF crystals [39]. Following this formation, the Na-F bond
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was still maintained (Fig. S15). This result suggests the generation of NaF
on the surface of the Na metal anode. The as-obtained NaF is considered
as an important component of SEI In contrast, as shown in Fig. S16, TMP
decomposed on the surface of the Na metal.

The FEC-induced SEI layer developed on the Na anode after 100 cy-
cles was probed by Ar™ ion etching-assisted XPS, as shown in Fig. 6b.
Regarding the C 1s spectra, the features at 284.8 eV and 289.4 eV can be
assigned to C- (C, H) and O-C=0O0, respectively. The latter is commonly
formed in FEC-containing electrolyte and is attributed to the decompo-
sition of FEC [38,40]. The F 1s spectra obtained with and without FEC
additive show distinct characteristics. We should first note that the peaks
at 689.4 eV and 684.5 eV are attributable to the presence of C-F bonds in
TFSI™ and NaF, respectively [41-43]. The relative intensity of the NaF
peak for the FEC-containing electrolyte is much higher than its FEC-free
counterpart. Fig. 6 ¢ and d show the atomic concentration of various
elements as a function of etching time for the SEI formed using both the 2
M NaTFSI/TMP+FEC and the 2 M NaTFSI/TMP electrolytes. The content
of F element in FEC-induced SEI can be estimated to be around 20%,
which is higher than that recorded for the FEC-free electrolyte. Besides,
the concentrations of P and O in the FEC-induced SEI are also much
lower. In summary, the above results strongly suggest that the presence
of FEC in the 2 M NaTFSI/TMP+FEC electrolyte reduces the reaction
between TMP and Na metal and promotes the generation of a stable
NaF-rich SEI layer. Based on the aforementioned result, Fig. 6e sche-
matically illustrates the impact of the NaF-rich SEI on the stability and
reversibility of the Na electrode. After repeating plating and stripping,
mossy and dendritic Na formed if FEC was not added. In contrast, with
the 2 M NaTFSI/TMP+FEC electrolyte, a conformal and robust NaF-rich
SEI formed on top of the Na anode. This SEI suppressed side reactions
between the electrolyte and the Na anode as well as the growth of Na
dendrites [42-45]. Therefore, the NaF-rich SEI facilitated stable and
reversible Na plating/stripping and promoted the long cycle life of the RT
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Na/SPAN batteries.
4. Conclusions

We have developed a nonflammable electrolyte for dendrite-free RT
Na-S battery. The nonflammable electrolyte, 2 M NaTFSI/TMP+FEC, has
a high ionic conductivity of about 6 mS cm ™! and a wide electrochemical
window nearing 4.6V vs. Na/Na'. The first-principle calculations
revealed that FEC has a lower LUMO energy than TMP, implying that FEC
is easily reduced on the surface of Na metal, leading to the formation of
NaF-rich SEI films. The NaF-rich SEI layer guarantees a stable electrode/
electrolyte interface and, in turn, suppresses the growth of Na dendrites.
Consequently, the dendrite-free RT Na-S batteries with the 2 M NaTFSI/
TMP-+FEC electrolyte deliver a remarkable capacity of 788 mAh g ™! after
300 cycles at 1C with a capacity retention of about 90%, as well as
excellent rate capabilities. This work offers an effective approach using
nonflammable organic phosphate electrolytes for dendrite-free and high-
safety RT Na-S batteries.
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