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Glyme-based electrolytes for sodium-sulfur (Na–S) batteries are proposed for
advanced cell configuration. Solutions of NaClO4 or NaCF3SO3 in tetraglyme
are investigated in terms of thermal stability, ionic conductivity,
Na+-transference number, electrochemical stability, stripping-deposition
ability, and chemical stability in Na-cells. Subsequently, versions of the
electrolytes doped with fluoroethylene carbonate (FEC) are prepared using
0.5, 1, 2, or 3% additive weight concentrations, and evaluated by adopting the
same approach used for the bare solutions. Scanning electron microscopy
(SEM) provides morphological details of the passivation layer formed on the
Na electrodes, while X-ray photoelectron spectroscopy (XPS) sheds light on its
composition. The most relevant achievement of the FEC-added electrolyte is
the suppression of the polysulfide shuttle in Na–S cells using a cathode with
70 wt.% of sulfur in the composite. This result appears even more notable
considering the low amount of the additive requested for enabling the
reversible cell operation. The solutions using 1% of FEC show the best
compromise between cell performance and stability. Cyclic voltammetry (CV)
displays the potential region related to the FEC electrochemical process
responsible for Na–S cell operation. The understanding of the electrolyte
features enables additional cycling tests using sulfur cathode with an
optimized current collector, increased specific capacity, and coulombic
efficiency.

1. Introduction

Extensive research and development to allow the large-scale dif-
fusion of electric or hybrid vehicles, as well as for massive
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exploitation of intermittent renewable
energy sources, have been recently
triggered by environmental schemes
launched in several countries with the
aim of mitigating concerns on climate
change, possibly ascribed to human
activities.[1] The lithium-ion battery (LIB)
has been established as the technology of
choice to fulfill the challenging requests
of energy storage, due to the advantages
of the Li-intercalation electrodes in
terms of reversibility and specific energy
density which exceeds 250 Wh kg−1.[2–4]

Despite the undeniable advantages, the
materials used in LIB electrodes such as
cobalt, nickel, manganese, copper, and
lithium itself, are now posing serious
concerns due to the expected decrease
in availability and increase in cost.[5,6]

In this complex scenario, sodium-based
batteries are drawing increasing interest
in view of the wide availability of the
alkali metal and the remarkable en-
ergy content promoted by its low redox
potential of −2.71 V versus SHE.[7–9]

Among the various proposed sodium
batteries, the Na–S one appeared the
most appealing since it holds at the same

time several bonuses, including the use of abundant, en-
vironmentally friendly, and low-cost materials, and the rel-
evant theoretical energy density of the cell.[7] Indeed, the
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electrochemical conversion process between Na and S, sum-
marized by the 16Na + S8 ⇆ 8Na2S reaction, may lead to an 
energy density as high as 1274 Wh kg−1.[10,11] Despite the no-
table expectation, the Na–S battery suffers from severe issues 
concerning the solubility of the high-order polysulfides such
as Na2S8 and Na2S6 which can migrate by diffusion to the an-
ode, reduce on its surface, and move back to the cathode to be 
newly oxidized within a shuttle process preventing the actual 
energy storage and shortening the cell life.[12,13] The remark-
able insulant character of Na2S alongside its detrimental depo-
sition in the cell, and the relatively low reversibility of the charge-
transfer process can further limit the possible application of this 
intriguing technology.[12,14] Great efforts to overcome these is-
sues concerned all the cell components, including cathode,[15–19] 

anode,[20–22] interlayer,[12,23] and electrolyte,[24–29] with the aim of 
achieving a practical configuration of the Na–S battery. Never-
theless, the very limited benchmarking of the Na–S cell, and 
in particular of the electrolyte, hindered the actual evaluation 
of the various proposed breakthroughs. Recent reports have fo-
cused on the effects of the various solvents, conductive salts, and 
Na-protective additives on the Na/electrolyte interphase, how-
ever, only limited attention has been devoted to the influence 
of the single components and their concomitant effects on the 
electrochemical performance of the cell.[30–36] Indeed, further 
knowledge is still required to figure out the role of the sacri-
ficial agent in allowing the use of the reactive metal anode in 
the Na–S battery. Beneficial effects on cell performance and effi-
ciency have been attributed to the NaNO3 additive, while a com-
prehensive study on its actual role is still needed.[37,38] More-
over, FEC has been proposed due to its passivation ability upon 
reduction with the alkali metals,[39,40] however with a focus on 
sodium-ion batteries (SIBs) rather than Na–S ones for which 
the appropriate concentration, reactivity, and role of this impor-
tant sacrificial agent need considerable clarification. Therefore, 
we propose herein a step forward for the understanding of the 
role of the various electrolyte constituents on the Na–S elec-
trode/electrolyte interphase in view of possible benchmarking. 
For this matter, tetraethylene glycol dimethyl ether (TEGDME) is 
hereafter selected as the favorite solvent to ensure suitable ions 
exchange and low flammability of the solutions,[41] and two com-
mon slats, i.e., NaClO4 or NaCF3SO3, are chosen as the most 
adequate for electrolyte preparation. The electrochemical prop-
erties of the solutions are thoroughly studied to shed light on 
the differences deriving from the choice of the conductive salt, 
while the effect of the FEC addition is subsequently investigated. 
In particular, electrolytes containing either 0.5, 1, 2, or 3% in 
weight of FEC are screened in terms of physical-chemical and 
electrochemical features. Relevantly, a benchmark sulfur elec-
trode exploiting 70 wt.% of active material in the composite 
is used to assess the electrochemical performance of the elec-
trolytes in Na–S battery, and the most promising solutions are 
verified using an optimized, yet still scalable, sulfur electrode. 
The detailed study proposed in this work can allow the opti-
mization of cells with reproducible outcomes beginning from the 
electrolyte, and therefore facilitate the achievement of advanced 
Na–S battery configurations characterized by potentially scalable 
performances.

2. Results and Discussion

The physical-chemical and electrochemical characteristics of the
bare electrolytes intended as the ones dissolving either NaClO4
(TE-Cl) or NaCF3SO3 (TE-F) without FEC addition are evaluated
in Figure 1 (all electrolytes acronyms and compositions are re-
ported in Table 1 for readers convenience). The TGA of the so-
lutions performed under N2 flow (Figure 1a) and the related dif-
ferential (DTG) curves (Figure S1a in Supporting Information)
display for both the electrolytes the main weight loss above 200
°C attributed to the TEGDME solvent evaporation, and an addi-
tional minor change at 245 °C likely due to the removal of crys-
tallization solvent from salts complexes.[42–44] The salts degrada-
tion is observed at 530 °C for NaClO4 in TE-Cl and 510 °C for
NaCF3SO3 in TE-F (see TGA and DTG of solvents and salts in
Figure S1b of Supporting Information). Moreover, TE-Cl shows
a final weight variation from 780 °C possibly due to a further de-
composition of NaClO4 (Figure S1b of Supporting Information),
while TE-F exhibits an additional loss at 290 °C, thus suggesting
different solvent-salt complexes compared to TE-Cl. It is worth
noting that the formation of such solvation complexes can in-
fluence the thermal trend of the NaClO4 compared to the bare
salt as evidenced by the TGA-DTG of Figure S1b (Supporting
Information), which shows the increase of the degradation tem-
perature from 530 to 560 °C, while NaCF3SO3 appears less in-
fluenced and shows approximately unaltered value (i.e., 510 °C).
The ionic conductivity trends of TE-Cl and TE-F are investigated
in the Arrhenius plots in Figure 1b. The values are obtained from
the electrolyte resistance (Re) at various temperatures determined
by fitting the EIS Nyquist plots in Figure S2a,b (Supporting In-
formation) through the non-linear least-square (NLLS) method
(see Experimental section for details).[45,46] The two electrolytes
show similar conductivity in the 10–74 °C interval, with values
increasing from 6.1 × 10−4 to 1.7 × 10−3 S cm−1 for TE-Cl and
from 5.2 × 10−4 to 1.2 × 10−3 S cm−1 for TE-F, although a no-
table difference is observed between 10 °C and −3 °C. Indeed,
TE-Cl holds the quasi-linear variation with a remarkable final
value of 5.0 × 10−4 S cm−1, while TE-F conductivity abruptly de-
creases to 5.7 × 10−5 S cm−1. This discrepancy is due to the effi-
cient dissolution of NaClO4 in TE-Cl even at lower temperatures,
and the formation of lowly conductive crystalline phases includ-
ing solvated NaCF3SO3 in TE-F at temperatures lower than 10
°C as suggested by the literature,[47] despite further effects as-
cribed to ion association with the formation of neutral couples
without charge transport cannot be excluded.[37] On the other
hand, both the solutions exhibit conductivity values suitable for
battery application in the temperature range from 10 to 74 °C,
while TE-Cl may be also suited for low-temperature operation.
The ion mobility in TE-Cl and TE-F is further evaluated by deter-
mining the Na+ transference number (t+) at room temperature
using the Bruce–Vincent–Evans method.[48] Accordingly, t+ is cal-
culated with Equation 1 (Experimental section) using the param-
eters in Table 2 which are achieved by performing chronoamper-
ometric tests on Na|Na cells and NLLS-fitting of the EIS Nyquist
plots recorded before and after polarization (Figure S2c–f, Sup-
porting Information).[45,46] Figure 1c reveals relatively high t+ val-
ues for both solutions and suggests enhanced mobility of the





Table 1. Acronyms and compositions of the investigated electrolytes.

Electrolyte acronym Composition

TE-Cl TEGDME, 1m NaClO4

TE-Cl_0.5% TEGDME, 1m NaClO4 + 0.5% FEC

TE-Cl_1% TEGDME, 1m NaClO4 + 1% FEC

TE-Cl_2% TEGDME, 1m NaClO4 + 2% FEC

TE-Cl_3% TEGDME, 1m NaClO4 + 3% FEC

TE-F TEGDME, 1m NaCF3SO3

TE-F_0.5% TEGDME, 1m NaCF3SO3 + 0.5% FEC

TE-F_1% TEGDME, 1m NaCF3SO3 + 1% FEC

TE-F_2% TEGDME, 1m NaCF3SO3 + 2% FEC

TE-F_3% TEGDME, 1m NaCF3SO3 + 3% FEC

Na+ ions in line with the results achieved for similar glyme-based
solutions,[24] despite the Bruce–Vincent–Evans method may lead
to overestimated values in particular in the liquid electrolytes.[49]

Furthermore, the lower t+ value obtained for TE-Cl (0.74) com-
pared with TE-F (0.80) indicates a faster ion mobility in the latter
compared to the former, likely due to the different nature of the
two salts. The electrochemical stability window (ESW) of TE-Cl
and TE-F is determined with CV in the cathodic region (0.01–
2.0 V versus Na+/Na) and linear sweep voltammetry (LSW) in the
anodic one (between OCV and 5.0 V versus Na+/Na). Figure 1d,e
shows the corresponding voltammograms revealing for both TE-
Cl (Figure 1d) and TE-F (Figure 1e) a first reduction process at
≈0.7 V versus Na+/Na, accounting for partial electrolyte reduc-
tion with the formation of a passivation layer or solid electrolyte
interphase (SEI).[50] Reversible deposition/dissolution of Na ions
between 0.05 and 0.08 V versus Na+/Na and (de)insertion slightly
below 1.0 V versus Na+/Na can be also observed during the first
cycle, as well as in the subsequent overlapping ones.[50] On the
other hand, the two solutions show different anodic stability,
which is taken as the potential value over which a non-negligible
oxidation current of 30 μA is detected. Hence, TE-Cl exhibits elec-
trolyte oxidation at 4.42 V versus Na+/Na while TE-F shows the
same behavior already at 2.98 V versus Na+/Na. These values
greatly influence the application range of the solutions since TE-
Cl may be actually employed in Na batteries using phosphates-
or layered oxide-based cathodes working above 3 V, while TE-F
would be hardly suitable due to excessive side-reaction.[51–53] Nev-
ertheless, the application in Na–S battery can be still considered
both for TE-Cl and TE-F due to the operating voltage centered
at ≈2.0 V of the electrochemical conversion process between Na
and S.[21,24,54,55] With the aim of further testing the electrochem-
ical stability, Figure 1f reports the sodium stripping/deposition
tests carried out on Na|Na cells through galvanostatic cycling us-

ing a current of 0.1 mA cm−2, and setting a step time of 1 h for
charge and discharge. The results display the absence of sodium
dendrites formation over 500 h of cycling and a low overvoltage,
although significant differences between the solutions are ob-
served. TE-Cl exhibits initial overvoltage of 9 mV which rapidly
stabilizes at a steady state of 10 mV, and grows in the final stages
to a maximum of 14 mV. Instead, TE-F shows a constant polar-
ization slightly exceeding 3 mV for the whole testing time. These
data are in line with the higher t+ in TE-F than TE-Cl shown in
Figure 1c, and further suggest a faster Na+ transfer kinetics at
room temperature leading to a lower polarization in the former
compared to the latter. On the other hand, the increase of the over-
voltage in TE-Cl at the end of the test can be ascribed to a slight
growth of the passivation layer and the charge transfer resistance,
possibly promoted by the relatively high density of NaClO4 solu-
tion compared to other salts.[44,56] The stripping-deposition test in
Figure 1g performed with a step time extended to 10 h evidences
for TE-F a nearly constant square-shape overvoltage of 7 mV over
90 h of cycling, while an increasing slope is observed for TE-Cl
with initial value of ≈17 mV growing to ≈25 mV at the end of the
test. This behavior supports the formation of a thicker SEI layer
on the Na electrodes which may increase the electrode/electrolyte
interphase resistance when TE-Cl is employed rather than TE-F.
Nevertheless, a more effective SEI is expected to efficiently pro-
tect the Na surface, in particular in view of possible application in
Na–S cells. To shed light on this aspect, the variation of the elec-
trode/electrolyte interphase resistance is analyzed in Figure 1h
through EIS tests on Na|Na cells aged for 23 days using TE-Cl and
TE-F, with values achieved by NLLS fitting of the Nyquist plots in
Figures S3 and S4 (Supporting Information), and results listed in
detail in Tables S1 and S2 (Supporting Information), respectively.
The TE-Cl undergoes a relevant variation of the Nyquist plot
shape (Figure S3, Supporting Information), and consequently of
the number of elements accounting for the interphase (RiQi) in
the corresponding equivalent circuit, that is, from 1 with overall
resistance of R1 to 2 after 1 day with overall resistance of R1+R2,
and back to 1 after 6 days, besides the element (RwQw) accounting
for the Warburg-type Na+ diffusion (Table S1, Supporting Infor-
mation). The continuous circuit modifications are concomitant
with the notable increase of the electrode/electrolyte interphase
resistance observed for TE-Cl, which raises from values between
1.0 and 1.5 Ω during the first 14 h upon cell assembly to almost
850 Ω after 23 days (Figure 1h) as the SEI grows and consolidates
by aging.[57] On the other hand, the equivalent circuits associated
with TE-F show variation limited to the diffusion elements, i.e.,
from (RwQw) to Qw (see Experimental section for details) while
the interphase resistance holds a low and constant value of ≈2
Ω for the whole aging period (Figure 1h). Thus, the data con-
firm the consolidation of a highly resistive SEI on the Na elec-
trodes using TE-Cl, while TE-F seems to be characterized by mild

Figure 1. Characterization of TE-Cl and TE-F: a) TGA performed under N2 flow in the 25–800 °C temperature range, see DTG curves in Figure S1 of
Supporting Information; b) Arrhenius plots reporting ionic conductivity trends determined by EIS at various temperatures, see related Nyquist plots in
Figure S2 of Supporting Information; frequency range: 500 kHz–100 Hz; alternate voltage signal: 10 mV; c) histogram representation of the t+ values
calculated through Bruce–Vincent–Evans method (see equation 1 and Table 2),[48] see related chronoamperometric curves and Nyquist plots in Figure S2
of Supporting Information; (d, e) ESWs of d) TE-Cl and e) TE-F evaluated by CV (cathodic stability) in the 0.01–2.0 V versus Na+/Na potential range and
LSV (anodic stability) from the OCV condition to 5.0 V versus Na+/Na; scan rate: 0.1 mV s−1; (f, g) Na stripping/deposition tests achieved by applying
a constant current rate of 0.1 mA cm−2 with step time of either f) 1 h or g) 10 h for charge and discharge; h) resistance trend versus time obtained
through EIS carried out upon aging of Na|Na cells, see related Nyquist plots in Figures S3 and S4 and NLLS analyses in Tables S1 and S2 of Supporting
Information; frequency range: 500 kHz–100 mHz; alternate voltage signal: 10 mV. See Table 1 for electrolyte acronyms.



Table 2. Parameters used in Equation 1 to calculate the t+ values for TE-Cl and TE-F through the Bruce–Vincent–Evans method.[48] Current values are
obtained by chronoamperometric curves displayed in Figure S2c,d of Supporting Information, while resistances are evaluated by applying the NLLS
fitting method through the Boukamp software[45,46] on the Nyquist plots reported in Figure S2e,f of Supporting Information. See Table 1 for electrolyte
acronyms.

Electrolyte Initial current
(I0) [A]

Steady-state current
(Iss) [A]

Initial resistance
(R0) [Ω]

Steady-state resistance
(Rss) [Ω]

t+

TE-Cl 1.26 × 10−3 9.25 × 10−4 0.52 0.81 0.74

TE-F 6.20 × 10−4 5.00 × 10−4 1.14 1.12 0.80

passivation. These outcomes evidence pronounced differences in
the electrolyte properties depending on the use of either NaClO4
or NaCF3SO3 conductive salt, not exclusively limited to the con-
ductivity but also concerning the side reactions with Na.

The FEC-doped electrolytes are investigated by TGA per-
formed in Figure 2a for the solutions using NaClO4 (i.e., TE-
Cl_0.5% - TE-Cl_3%) and in Figure 2b for the ones dissolving
NaCF3SO3 (i.e., TE-F_0.5% - TE-F_3%), while the corresponding
DTG curves are reported in Figure S5 (Supporting Information).
The outcomes indicate for the TE-Cl family (Figure 2a) an initial
weight loss beginning over 100 °C, with variations centered near
200 °C and between 220 and 240 °C. Despite the above weight
losses being coherent with TEGDME and FEC evaporation (com-
pare with Figure S1 in the Supporting Information), the solu-
tions exhibit a complex response not linearly associated with the
FEC content. This behavior might suggest the partial formation
of a co-solvent between TEGDME and FEC, and the correspond-
ing solvent-salt complexes, which would also explain the relevant
weight loss in the FEC region at 200 °C, in contrast with the low
additive amount ranging from 0.5 to 3%. Subsequently, the TE-Cl
derivatives show weight losses at ≈280 °C due to the TEGDME-
NaClO4 crystallization solvent evaporation, and at 530 °C upon
NaClO4 degradation, in agreement with the TGA of TE-Cl dis-
cussed in Figure 1. On the other hand, the TGA curves of the
FEC-doped TE-F (Figure 2b) display one main weight loss start-
ing above 100 °C and centered at ≈200 °C due to the solvent and
possible co-solvent removal, a barely detectable step over 250 °C
related to solvent loss from TEGDME-NaCF3SO3 complexes, as
well as a final one at 510 °C attributed to NaCF3SO3 degradation.
Interestingly, the DTG curves in Figure S5 (Supporting Informa-
tion) reveal for TE-F derivatives asymmetric peaks for the main
loss at 200 °C, which may indicate additional contributes due to
the presence of a co-solvent and related complexes. As already
observed for TE-Cl family, the data suggest that low amounts of
FEC can modify the thermal response and the solvation com-
plexes also for the TE-F electrolytes which hold, at the same time,
a suitable thermal stability. Na stripping/deposition measure-
ments performed with a charge/discharge step time of 1 h are re-
ported for the FEC-doped TE-Cl (Figure 2c) and TE-F (Figure 2d),
alongside with the performance of bare solutions to facilitate the
comparison. The data clearly indicate that the FEC remarkably
raises the cell overvoltage due to the growth of a resistive SEI trig-
gered by the additive reduction at the Na surface.[39] The figure
also shows a notable change of the polarization during time, de-
pending on the FEC amount and the employed conductive salt.
In particular, the cell using TE-Cl_0.5% presents an initial polar-
ization below 0.2 V which rapidly decreases after 100 h of cycling,
and stabilizes below 0.1 V until the end of the test, while that em-

ploying TE-Cl_1% shows a similar behavior however with a slight
polarization increase between 250 and 300 h of cycling to ≈0.2 V,
and a rapid decrease after 300 h to a value of ≈0.03 V. Meanwhile,
the cells with TE-Cl_2% and TE-Cl_3% maintain a constant over-
voltage between 0.15 and 0.2 V over the whole test. The decrease
of the Na|Na cell polarization can be related to a partial dissolu-
tion of the native SEI occurring during repeated cycling,[37] which
is reasonably affected by the amount of FEC and possibly avoided
with additive concentration ≥ 2% in the presence of NaClO4.
This behavior is expected to relevantly impact the Na cells’ perfor-
mance, since a partial dissolution of the native passivation layer
may certainly lead to a less resistive electrode/electrolyte inter-
phase, however it may provide a relatively weak protection of the
Na surface. The cells using FEC-doped TE-F electrolytes exhibit
a similar process, although the dissolution occurs earlier than
the analog TE-Cl solutions (compare Figure 2d with Figure 2c),
and can be avoided only by increasing the FEC content up to 3%.
Indeed, the cell using TE-F_0.5% shows rapid decrease of the po-
larization from 0.16 to 0.05 V already after 30 h of cycling and a
second gradual drop after 60 h leading to a minimum value of
0.013 V. On the other hand, the overvoltage of the cell with TE-
F_1% gradually drops from 0.20 to 0.13 V during the initial 85 h,
and then rapidly to 0.027 V until the end of the test, while the
one with TE-F_2% passes from 0.23 to 0.18 V in 250 h, and then
abruptly to a final value of 0.042 V. Instead, the cell using TE-
F_3% displays a constant polarization between 0.15 and 0.20 V
during the whole cycling test. Therefore, the partial dissolution
of the SEI seems to have a different time-constant, depending ei-
ther on the salt nature or on the FEC content. Nevertheless, the
passivation of Na and its polarization is certainly increased by
FEC, which promotes a further side process in addition to the
one already observed for NaClO4 and NaCF3SO3 with far lower
overvoltage. Additional insight into the Na stripping/deposition
is achieved by prolonging the charge/discharge time to 10 h in
cells using FEC-doped TE-Cl (Figure 2e) and TE-F (Figure 2f).
The cells using the TE-Cl family reveal a characteristic overvolt-
age evolving trough a reversible double wave with a slight stabi-
lization after the first cycle, while a similar but less pronounced
shape is observed for the ones using the TE-F family. The cell
with TE-F_0.5% shows lower overvoltage compared to the one
with TE-Cl_0.5%, and evolves according to a slowly polarized
square signal already after 2 cycles. The cell using TE-F_1% ap-
pears similar yet more polarized than the one with TE-F_0.5%,
and forms the square wave after 3 cycles, while the cells em-
ploying TE-F_2% and TE-F_3% maintain the double wave-shape
during the whole cycling. These data confirm the relevant role of
the FEC additive in promoting the formation of the passivation
layer and influencing the Na extraction/deposition mechanism.



Figure 2. Characterization of the FEC-doped electrolytes (see Table 1 for compositions): a,b) TGA of the electrolytes dissolving either a) NaClO4 or
b) NaCF3SO3 performed under N2 flow in the 25–800 °C temperature range, see related DTG curves in Figure S5 of Supporting Information; c–f) Na
stripping/deposition tests achieved by applying a constant current of 0.1 mA cm−2 with step time of either c,d) 1 h or e,f) 10 h for charge and discharge
on Na|Na cells using electrolytes dissolving (c, e) NaClO4 or (d, f) NaCF3SO3; g) histogram representation of the anodic stability values measured by
LSV, see Figure S6 and S7 in Supporting Information for voltammograms displaying the corresponding entire ESWs; scan rate: 0.1 mV s−1; h,i) resistance
trend versus time obtained through EIS carried out upon aging of Na|Na cells using electrolytes with h) NaClO4 or i) NaCF3SO3, see related Nyquist
plots in Figures S8 and S9, and NLLS analyses in Tables S3–S10 of Supporting Information; frequency range: 500 kHz–100 mHz; alternate voltage signal:
10 mV.

The latter aspect seems particularly pronounced when cells us-
ing the FEC-added solutions (Figure 2e,f) are compared with the
bare electrolytes (Figure 1g) in which the exclusive contributes
of the conductive salt and the solvent are expected.[58,59] In addi-
tion, the trends of Figure 2e,f indicate once more the higher sol-
ubility of the SEI formed at the Na surface in the TE-F solutions
compared to TE-Cl ones, despite the presence of FEC. The ESW
of the FEC-doped electrolytes is evaluated through CV in the ca-
thodic region and LSV in the anodic one with voltammograms in
Figures S6 and S7 (Supporting Information) for FEC-doped TE-
Cl and TE-F, respectively. Figure 2g summarizes by histograms
the related anodic stability (the values for TE-Cl and TE-F precur-
sors are included for comparison). The TE-Cl solutions show dur-
ing initial cathodic scan (Figure S6, Supporting Information) a

first slight shoulder between 0.8 and 0.9 V versus Na+/Na convo-
luted with the main reduction process at ≈0.5 V versus Na+/Na,
and a minor signal at 0.2 V versus Na+/Na. The relative intensi-
ties of these cathodic peaks change with the variation of the FEC
content, and appear associated with partial electrolyte reduction
promoted by the additive, as indeed observed for carbonate-based
solutions.[60] The subsequent voltammetry cycles evidence the re-
versible Na (de)insertion in the carbon at ≈0.6 V versus Na+/Na,
that occurs for all the electrolytes with remarkable stability.[50]

Interestingly, only TE-Cl_0.5% clearly shows the reversible pro-
cess between 0.01 and 0.10 V versus Na+/Na ascribed to Na
electrodeposition, which is apparently hindered by further in-
creasing the additive content (Figure S6, Supporting Informa-
tion). Very similar potential shapes, intensities, and variations are



displayed by the cells using TE-F-based electrolytes in the ca-
thodic region (Figure S7, Supporting Information), with an addi-
tional minor signal during the first scan at 2.0 V versus Na+/Na 
possibly due to specific side reactions of NaCF3SO3. Despite the
similarities in the cathodic region, the FEC-added TE-Cl and TE-
F electrolytes show relevant discrepancies of the anodic stability 
(Figure 2g). Hence, TE-Cl family stands up 4.5 V versus Na+/Na, 
instead the TE-F one displays oxidation already between 3.8 and 
4.1 V versus Na+/Na. Furthermore, the data indicate that FEC 
addition slightly enhances the anodic stability of the TEGDME-
NaClO4 solution, and it strongly improves (≈1 V) the TEGDME-
NaCF3SO3 one. This beneficial effect of FEC was recently ob-
served for Li-based systems as well,[61] and it is likely due to the 
formation of a stable cathode electrolyte interphase (CEI) that 
protects the positive electrode and hinders the decomposition of 
the electrolyte at high voltages. Herein, the addition of FEC to
the TEGDME-NaCF3SO3 electrolyte seemingly promotes an en-
hanced CEI compared to the exclusive use of the conducting salt,
thanks to a synergy between NaCF3SO3 and the fluorinated car-
bonate that allows increased anodic stability. Figure 2h reports 
the interphase resistance trends of the FEC-doped TE-Cl solu-
tions upon aging in Na|Na cells, with value obtained from the 
NLLS analyses of Tables S3–S6 (Supporting Information) per-
formed on the EIS Nyquist plots displayed in Figure S8 (Support-
ing Information). The Nyquist plots can be represented with the 
Re(RiQi)(RwQw) equivalent circuit, except for TE-Cl_0.5% which 
modifies to Re(RiQi)Qw after cell assembly. The FEC-added elec-
trolytes exhibit relevantly higher interphase resistance than the
bare TE-Cl, with values at the OCV from 840 to 2600 Ω, sharply 
rising between 1500 and 6400 Ω already after 2 h of aging due 
to a relevant SEI growth.[57] Surprisingly, TE-Cl_0.5% presents 
the highest resistance (≈6000 Ω), and TE-Cl_1% displays remark-
able values (from 3000 to 4000 Ω) from 2 h until the end of the 
test. Instead, TE-Cl_2% and TE-Cl_3% exhibit initial resistances 
of 1060 and 840 Ω, respectively, which progressively grow to 5100 
and 6900 Ω in 23 days. These data suggest the fast formation 
of a resistive SEI in the solutions with lower FEC content (TE-
Cl_0.5% and TE-Cl_1%), and a slowed down growth of the film 
in those with higher additive amount (TE-Cl_2% and TE-Cl_3%). 
Moreover, TE-Cl_1% reveals after 23 days the lowest interphase 
resistance (≈ 4000 Ω) with the most stable trend, suggesting a 
suitable compromise for Na-cell application. Except for the initial 
2 h of test, the TE-F electrolytes added by FEC show a rather dif-
ferent behavior than TF-Cl ones, as demonstrated by the trends 
of the interphase resistance in Figure 2i which is based on the 
NLLS analyses reported in Tables S7–S10 (Supporting Informa-
tion) of the Nyquist plots in Figure S9 (Supporting Information).
The same Re(RiQi)(RwQw) equivalent circuit represents all cells, 
while the analysis reveals a fast initial resistance increase from
690–960 to1160–1360 Ω, accounting for the relevant reduction of 
the electrolytes occurring in 2 h, and the subsequent progressive 
raise leading to values between 1700 and 2700 Ω. It is worth men-
tioning that the highest resistance is achieved after 23 days in the 
cell using TE-F_0.5%, whilst the lowest value is related to the one 
using TE-F_3%.

Figure 3 reports a detailed investigation carried out by FTIR 
spectroscopy on the electrolytes to provide further insights into 
their composition, as well as by ex situ SEM performed on Na 
electrodes aged in contact with the TEGDME-based solutions for

1 month (see the Experimental section) to observe the morpho-
logical features of the SEI in dependence of the electrolyte com-
position. As deduced from the FTIR spectra in Figure 3a, both
the TEGDME-NaCF3SO3-based and the TEGDME-NaClO4-based
electrolyte solutions reveal the expected combination of signa-
tures due to the solvent and the respective conducting salt. In-
deed, NaCF3SO3 is identified by signals at 638 and 1033 cm−1

corresponding to the symmetric SO3 vibration and stretching,
respectively, as well as by peaks at 755 and 1225 cm−1 related
to the CF3 band stretching,[62] while the NaClO4 contribution is
revealed by the vibrational mode of ClO4

− at 624 cm−1.[63] On
the other hand, the FEC is observed by signals with intensity in-
creasing in concomitance to its concentration in the solutions,
that is, at 727 and 767 cm−1 due to the O─C─O ring breath-
ing mode,[61] at 1647 cm−1, which is usually observed for CF-
containing species,[64] and at 1833 cm−1, identifying the C═O vi-
brational mode.[65] Interestingly, a minor peak is observed at 1722
cm−1, with a detectable intensity only for TE-F_2%, TE-Cl_0.5%,
and TE-Cl_3%, which may be attributed to carbonate species de-
riving from FEC side reactions within the solutions.[66,67] The ef-
fects of the composition of the solutions on the properties of the
passivation film on the Na electrode are investigated by SEM in
Figure 3b–u. The sodium sample treated with TE-Cl (Figure 3b,c)
presents an irregular surface characterized by indented micro-
metric agglomerates across the electrode surface, indicating a
poor passivation ability of the bare combination of the TEGDME
solvent and the NaClO4 conducting salt. Remarkably, the addition
of a limited amount of FEC in TE-Cl_0.5% is sufficient to form
a thin SEI layer on Na, despite the presence of multiple cracks
and nanometric agglomerates on the surface observed in the
corresponding micrographs (Figure 3d,e). Following this trend,
the treatment with TE-Cl_1% leads to an SEI with a character-
istic morphology, where the homogeneous layer shows porous
regions approaching sizes of ≈10 μm (Figure 3f,g). The further
increase of the FEC concentration in TE-Cl_2% and TE-Cl_3%
thickens the SEI layer, leading to the formation of submicromet-
ric clusters scattered around the electrode surface for the for-
mer (Figure 3h,i), and to the complete coverage of Na for the
latter (Figure 3j,k), likely suggesting an excessive electrode passi-
vation. The sodium samples aged in contact with the TEGDME-
NaCF3SO3-based solutions display a similar growth trend as for
the previous ones, however with a considerably different mor-
phology of the corresponding SEIs. Indeed, TE-F leads to an ir-
regular disposition on the Na surface of spherical aggregates with
sizes of <1 μm (Figure 3l,m), while Na passivation is observed
upon aging with TE-F_0.5% where the SEI displays deep cracks
until the metal surface (Figure 3n,o). The increase of the FEC
content in TE-F_1% causes a uniform coverage of the Na surface
through an SEI with heterogeneous morphology (Figure 3p,q),
which undergoes an abrupt thickening and partial cracking when
the FEC content is further increased in TE-F_2% (Figure 3r,s).
This trend is consistent with the SEM data acquired for TE-
F_3%, where the further thickening of the passivation film leads
to the formation of submicrometric crystal-like structures scat-
tered around the electrode surface (Figure 3t,u). Notably, the SEM
analyses reported in Figure 3 indicate the relevant or likely ex-
cessive Na passivation upon contact with solutions having FEC
concentration ≥2%, as indeed hypothesized in the discussion of
Figure 2. On the other hand, the mild passivation promoted by



Figure 3. a) FTIR spectra of the TEGDME-based electrolytes; b–u) SEM images at various magnifications of Na electrodes aged in contact with b,c)
TE-Cl, d,e) TE-Cl_0.5%, f, g) TE-Cl_1%, h,i) TE-Cl_2%, j,k) TE-Cl_3%, l,m) TE-F, n,o) TE-F_0.5%, p,q) TE-F_1%, r,s) TE-F_2% and t,u) TE-F_3% in Na|Na
cells. See Table 1 for electrolyte acronyms.



the solutions with FEC concentration of either 0.5% or 1% can fa-
cilitate the Na+ ions diffusion toward the sodium electrode, while 
excessive passivation is expected to prevent an adequate opera-
tion of the metallic anode and depress the Na–S cell response.

The composition of the passivation film formed on the Na 
surface in the bare electrolytes and the ones modified with FEC 
addition is investigated through XPS in Figure 4. The Na sam-
ples are retrieved from Na|Na cells aged for more than 20 days 
with either TE-Cl, TE-F, TE-Cl_3%, or TE-F_3% (see Experimen-
tal section for details). The survey spectra related to TE-Cl and 
TE-F in Figure 4a share the Na, C, and O signals, and also re-
veal the expected differences due to NaClO4 and NaCF3SO3 re-
duction products, respectively. TE-Cl exhibits signals in Cl 2p 
regions,[68] while peaks in the F 1s, F KLL, and S 2p peaks are 
detected for TE-F.[69,70] Some detail on the SEI composition is ob-
tained from the corresponding high-resolution spectra reported 
in Figure 4b–j. The Na 1s signal ascribed to the formation of NaCl 
and NaF precipitates at the Na surface as well as due to the metal 
itself appears at (1071.5 ± 0.2) eV for both TE-Cl (Figure 4b) and  
TE-F (Figure 4f).[31] In addition, contributes of the C─C, C─O, 
and C═O bonds due to the reduction of the TEGDME solvent 
to carbonates and organic species are deducted from the C 1s 
signals at (284.8 ± 0.2), (286.3 ± 0.2) and (287.5 ± 0.2) eV for 
TE-Cl (Figure 4c) and TE-F (Figure 4g).[31] Further contributes 
at (289.0 ± 0.2) and (293.9 ± 0.2) eV ascribed to O─C═O and
C-F bonds, respectively, are observed only for TE-F (Figure 4g) 
as indeed expected from the fluorinated salt.[70] Interestingly, 
the O─C═O signal suggests in TE-F the formation of a charac-
teristic SEI with a significant amount of organic fraction upon
glyme reduction in the presence of NaCF3SO3.[70] The O 1s re-
gion shows for TE-Cl (Figure 4d) and TE-F (Figure 4h) compos-
ite peaks, that are deconvoluted into the Na KLL Auger peak at 
≈536 eV, the contribution at ≈531 eV accounting for Na─O inter-
actions in sodium-ethers, oligomers, carbonates, and oxides,[31,70] 

and another peak between 532 and 533 eV confirming the pres-
ence of C─O bonds[31] as well as Cl─O ones.[71] The Cl 2p sig-
nals for TE-Cl (Figure 4e) consist of two 2p3/2/2p1/2 doublets at 
208.5/210.1 and 206.3/207.9 eV of ClO4 and ClO3 groups, re-
spectively, due to the salt deposition and reduction at the Na-
interphase.[68,72] On the other hand, TE-F displays the typical sig-
nals in the F 1s (Figure 4i) and S 2p (Figure 4j) regions due to 
C─F (688.6 ± 0.2 eV), Na─F (683.8 ± 0.2 eV) and S─O (2p3/2/2p1/2 
doublet at 169.2/170.4 eV) interactions deriving from NaCF3SO3 
decomposition.[73,74] The role of FEC on the SEI composition is 
evaluated in Figure 4k, which reports the survey spectra of Na 
samples from sodium symmetrical cells using TE-Cl_3% and TE-
F_3%. As expected, TE-Cl_3% reveals the presence of weak F KLL 
and F 1s signals ascribed to FEC, and a slight decrease of the Cl 
2p wave intensity. The corresponding high-resolution spectra in 
Figure S10a,b (Supporting Information) confirm the C-F and Na-
F interactions in the F 1s interval, as well as the retained ClO4 
and ClO3 doublets in the Cl 2p range. These modifications well 
suggest a partial covering by the FEC decomposition products 
of the SEI deriving from glyme solvent and salt. A similar influ-
ence of FEC is observed for TE-F_3%, since a modification in the 
shape of the F 1s peak and the almost suppression of the S 2p sig-
nal can be observed in Figure S10c,d (Supporting Information), 
respectively. Therefore, the XPS data reveal the concomitant con-
tributes of the TEGDME solvent, the salts (i.e., either NaClO4 and

NaCF3SO3), and the FEC additive to the by-products forming the
passivation layer covering the Na surface. These products lead
to unique SEI compositions, with atomic percentages extracted
from the XPS and reported in Table 3. The SEI layers deriving
from TE-F and TE-F_3% show almost the same composition in
terms of Na, C, O, and F, with the exception of S which greatly
decreases from 3.1% in TE-F to 1.7% in TE-F_3%. On the other
hand, a decrease of Na, C, and Cl, a great increase of O, alongside
the presence of F can be observed by comparing TE-Cl and TE-
Cl_3%, thus suggesting the preferential formation in the outer
layers of inorganic species, such as sodium carbonates and chlo-
rates. The XPS outcomes appear in line with the different proper-
ties observed in Na-Na symmetrical cells, and evidence a relevant
dependence of the SEI composition on the electrolyte formula-
tion which is expected to affect the electrochemical performance
of Na–S cells.

The two electrolyte sets are hereafter tested in Na–S cells at
the constant current rate of C/20 (1C = 1675 mA g−1) between
1.4 and 2.6 V as reported in Figures 5 (TE-Cl set) and 6 (TE-F
set) using a sulfur-Super P carbon black (S:SPC) 70:30 w/w ca-
thodic composite cast on bare aluminum (see Experimental sec-
tion for details). Figure 5a shows the voltage-time profile dur-
ing the first cycle of Na–S cells using the TE-Cl set, and indi-
cates remarkable differences promoted by the FEC addition to
the electrolyte. Hence, the voltage of the cell using the bare TE-
Cl shows two discharge plateaus at 2.25 and 1.72 V with slopes
accounting respectively for the formation of high-order polysul-
fides Na2Sx (4 ≤ x ≤ 8) and short-order ones (2 ≤ x ≤ 4) upon
conversion reaction between Na and S.[12,14] Subsequently, two
charge steps at 1.95 and 2.32 V upon oxidation of the polysul-
fides are observed,[12,14] the latter of which proceeds without any
end until the time cut-off of 20 h adopted as protection (see Ex-
perimental section). This behavior clearly indicates a severe poly-
sulfide shuttle process, which is typically promoted by a poorly
protected Na surface, favoring a continuous reaction of the sol-
uble Na2Sx species with the metal anode.[75] On the other hand,
the shuttle reaction is somehow mitigated in the second cycle
(Figure 5b) and progressively vanishes upon several cycles (see
30th cycle in Figure 5c). The addition of FEC even at very low
concentration almost fully hinders the shuttle reaction, and re-
markably allows the completion of the charging process already
at the first cycle, as shown in Figure 5a for the cells using TE-
Cl_0.5%, TE-Cl_1%, TE-Cl_2% and TE-Cl_3%. Furthermore, the
curves related to the first cycle show the occurrence of an ad-
ditional discharge plateau at ≈1.95 V, the magnitude of which
increases by raising the FEC content due to the electrochemical
reduction of the additive already observed through CV in the ca-
thodic region (Figures S6 and S7 in Supporting Information). It is
worth mentioning that the shape of the charge profile of the Na–
S cell may also reflect a contribution of the FEC to the plateaus
related to the oxidation of the polysulfides, thus possibly suggest-
ing a role of the additive on the kinetics of the Na–S process. The
second cycle (Figure 5b) evidences for the FEC-doped solutions
a well-defined multi-step discharge/charge process, the shape of
which depends on the additive content, while the TE-Cl precur-
sor shows partial deactivation of the high-voltage discharge step.
After 30 cycles (Figure 5c), the Na–S conversion process is al-
most fully hindered in the cells using TE-Cl_2% and TE-Cl_3%,
instead, the ones using TE-Cl_0.5% and TE-Cl_1% still reveal



Figure 4. XPS analyses of sodium electrodes retrieved from Na|Na cells using TE-Cl, TE-F, TE-Cl_3% or TE-F_3%. In detail: a) survey spectra related to
TE-Cl and TE-F; b–e) high-resolution spectra recorded in b) Na 1s, c) C 1s, d) O 1s and e) Cl 2p regions for TE-Cl; f–j) high-resolution spectra recorded in
f) Na 1s, g) C 1s, h) O 1s, i) F 1s and j) S 2p regions for TE-F; k) survey spectra related to TE-Cl_3% and TE-F_3%. See Table 1 for electrolyte acronyms.



Table 3. Atomic percent compositions recorded through XPS on the sur-
face of Na samples collected from Na-cells using either TE-Cl, TE-F, TE-
Cl_3% or TE-F_3%. See Figure 4 for related XPS spectra, the Experimental 
section for sodium treatment, and Table 1 for electrolyte acronyms.

Electrolyte Na [%] C [%] O [%] Cl [%] F [%] S [%]

TE-Cl 11.2 41.5 41.6 5.7 0 0

TE-F 14.8 31.0 40.5 0 10.6 3.1

TE-Cl_3% 7.4 15.2 71.4 3.9 2.1 0

TE-F_3% 15.2 30.3 41.9 0 10.8 1.7

a reversible reaction with acceptable magnitude. These results,
in combination with the features of the electrolytes in Na-metal
cells discussed in Figures 2 and 3, indicate that the excessive SEI
growth and consequent resistance increase for TE-Cl_2% and TE-
Cl_3% may limit the evolution of the Na–S electrochemical pro-

cess. Figure 5d shows the discharge capacity and coulombic ef-
ficiency trends over cycling for the various Na–S cells discussed
above. The cell using TE-Cl exhibits an initial capacity slightly be-
low 400 mAh g−1, that subsequently decreases to 200 and reaches
≈130 mAh g−1 at the steady state, with very modest values of the
coulombic efficiency (40–60%) and final failure possibly due to
dendrites formation. The low efficiency is clearly ascribed to the
above-discussed shuttle process affecting the cell with the bare
electrolyte (see top-side panels a, b, c in Figure 5), which finally
leads to irregularities of the SEI promoting in principle the metal
dendrites on the Na surface.[12,13] On the other hand, the addition
of FEC is reflected in the increase of the first cycle capacity to
≈700, 800, 900, and 1000 mAh g−1 for the cells with TE-Cl_0.5%,
TE-Cl_1%, TE-Cl_2%, and TE-Cl_3%, respectively. This initial ca-
pacity increase is due to the contribution of the FEC redox reac-
tion, which progressively vanishes during the subsequent cycles.
Besides the side action of the additive, the Na–S cells using the

Figure 5. Galvanostatic cycling tests performed on Na–S cells using electrolytes dissolving NaClO4 (see Table 1 for compositions): a–c) voltage profiles
versus time of the a) 1st, b) 2nd, and c) 30th cycle, and d) corresponding capacity trends versus cycle number with right y-axis reporting coulombic
efficiency; constant current rate: C/20 (1C = 1675 mA gS

−1); voltage range: 1.4–2.6 V; electrode: S:SPC 70:30 w/w on Al support.



Figure 6. Galvanostatic cycling tests performed on Na–S cells using electrolytes dissolving NaCF3SO3 (see Table 1 for compositions): a–c) voltage
profiles versus time of the a) 1st, b) 2nd, and c) 30th cycle, and d) corresponding capacity trend versus cycle number with right y-axis reporting coulombic
efficiency; constant current rate: C/20 (1C = 1675 mA gS

−1); voltage range: 1.4–2.6 V; electrode: S:SPC 70:30 w/w on Al support.

doped electrolytes reveal a remarkable increase of the coulom-
bic efficiency to values approaching 90% as the shuttle process
is mitigated. The cells using TE-Cl_0.5% and TE-Cl_1% reveal
suitable capacity trends with steady-state values of 180 and 240
mAh g−1, respectively, despite only the latter exhibiting cycle life
over 100 cycles, notable retention (238 mAh g−1 at the end of the
test), and constant coulombic efficiency exceeding 90%. Instead,
the cells using TE-Cl_2% and TE-Cl_3% show a fast drop of the
discharge capacity to 40 mAh g−1 only after 30 cycles, despite a
coulombic efficiency approaching 90%. These discrepancies may
be ascribed to a less effective SEI in TE-Cl_0.5%, an excessive film
growth in TE-Cl_2% and TE-Cl_3%, and possibly to an optimal
condition in TE-Cl_1%. Hence, a relevant growth of the passiva-
tion layer using TE-Cl_2% and TE-Cl_3% can certainly prevent
the dendrites formation, however, it may strongly increase the
interphase resistance and limit the Na–S conversion process. In-

stead, an insufficient protection of Na due to the relatively low
FEC content in TE-Cl_0.5% can promote partial polysulfide shut-
tle, thus decreasing the cell efficiency, leading to the loss of active
material and lowering the Na–S cell capacity.

The Na–S cells using TE-F-based solutions show in Figure 6
analog performances to those with TE-Cl-based electrolytes dis-
cussed in Figure 5. The cell using bare TE-F exhibits at the first
cycle (Figure 6a top panel) the two plateaus during discharge at-
tributed to the formation of sodium polysulfides, reversed into a
double-step charge due to their electrochemical oxidation with a
prolonged high-voltage plateau ascribed to the polysulfides shut-
tle, however less extended than the one observed for the bare TE-
Cl (compare with Figure 5a, top panel).[12,14] The latter process
is in part limited during subsequent cycles upon the consolida-
tion of the SEI (Figure 6b,c). The addition of FEC leads to the
expected mitigation of the shuttle process and the concomitant



Figure 7. a–d) CV measurements and e–h) EIS tests carried out on Na–S cells using either a,e) TE-Cl, b,f) TE-F, c,g) TE-Cl_1%, d,h) TE-F_1% electrolytes.
EIS spectra recorded at the cell OCV condition and after 1, 5, and 10 cycles. CV potential range: 1.4–2.6 V versus Na+/Na; scan rate: 0.1 mV s−1; EIS
frequency range: 500 kHz–100 mHz; alternate voltage signal: 10 mV. See Table 1 for electrolyte acronyms.

appearance of new redox steps both in charge and in discharge
(Figure 6a), with magnitude raising from TE-F_0.5% to TE-F_1%
and TE-F_2%, despite TE-F_2% and TE-F_3% show similar first
discharge. The voltage profiles during the subsequent cycles
(Figure 6b,c) show for cells using TE-F_2% and TE-F_3% the
progressive deactivation of the Na–S conversion due to excessive
passivation of Na (see Figure 3), while TE-F_0.5% and TE-F_1%
lead to a well reversible evolution of the discharge/charge Na–S
plateaus. Similarly to TE-Cl solutions, Figure 6d shows low effi-
ciency and failure due to dendrite growth for the cell using bare
TE-F electrolyte, with the most enhanced cycling behavior, effi-
ciency, and capacity retention for the TE-F_0.5% and TE-F_1%,
and a fast capacity decay despite the high efficiency for TE-F_2%
and TE-F_3%. Also in the case of TE-F electrolyte, the addition
of the FEC promotes the first cycle capacity from 400 mAh g−1

(TE-F) to a maximum approaching 1000 mAh g−1 (TE-F_2% and
TE-F_3%). Furthermore, the cell using bare TE-F reveals a steady-
state capacity of ≈100 mAh g−1 with occasional drops due to den-
drites, and a columbic efficiency as low as ≈60% as the shuttle
process runs, thus confirming the poor characteristics of the SEI.
Meanwhile, the cells using TE-F_2% and TE-F_3% exhibit effi-
ciency increased between 80 and 90%, however with rapid ca-
pacity decrease suggesting the hindering of the reaction between
Na and S due to a sluggish electrode/electrolyte interphase. Rel-
evantly, TE-F_0.5% and TE-F_1% show cycle life extended over
100 cycles, with steady-state capacity of 220 and 260 mAh g−1, re-
spectively, and coulombic efficiency exceeding 80%. It is worth
mentioning that the efficiency of the latter cells decreases to val-
ues between 60 and 70% at the end of the test possibly due to a
partial dissolution of the SEI at the Na surface. Hence, the cell us-
ing TE-F_0.5% (Figure 6d) reveals a longer cycle life with respect
to the one using TE-Cl_0.5% (Figure 5d), thus suggesting a more

stable interphase in the former than in the latter, which is possi-
bly promoted by an optimized interplay between the FEC additive
and NaCF3SO3 salt compared to NaClO4 one in this specific con-
centration. On the other hand, the slightly enhanced capacity of
TE-F_1% (Figure 6d) with respect to TE-Cl_1% (Figure 5d) asso-
ciated with a lower coulombic efficiency indicates for the Na–S
cell using the former electrolyte a less resistive but more soluble
SEI, in line with the electrolytes’ properties studied in Figures 1
and 2. Therefore, the data recorded in Figures 5 and 6 indicate the
addition of 1% of FEC to the TE-Cl and TE-F as the most suitable
condition to achieve, at the same time, long cycle life, enhanced
capacity, and acceptable coulombic efficiency of the Na–S cell.

To further investigate the modification of the elec-
trode/electrolyte interphase during Na–S cycling and the
influence of the FEC on the reaction kinetics, CV measurements
coupled with EIS are performed in Na–S cells using the TE-Cl
and TE-F electrolyte precursors as well as the most performing
FEC-added solutions according to Figures 5 and 6, that is,
TE-Cl_1% and TE-F_1%. Figure 7 reports the voltammograms
recorded between 1.4 and 2.6 V versus Na+/Na (Figure 7a–d)
and the Nyquist plots at the OCV condition of the cells and
after 1, 5, and 10 cycles (Figure 7e–h). The cell using bare TE-Cl
shows at the first cycle (Figure 7a) two main reduction signals at
2.2 and 1.6 V versus Na+/Na in line with galvanostatic profiles
in Figure 5, attributed to polysulfides formation including an
intermediate shoulder at ≈1.9 V versus Na+/Na during the
conversion from Na and S to Na2Sx.[12,24] The subsequent ox-
idation evidences a double-peak extending from 1.7 to 2.2 V
versus Na+/Na, and a second signal centered at ≈2.4 V versus
Na+/Na in accordance with the conversion of the polysulfide
intermediates back to Na and S.[12,21] It is worth mentioning
that the polysulfide shuttle observed for the cells using the bare



Table 4. NLLS analyses carried out on the Nyquist plots reported in Figure 7, recorded upon CV of Na–S cells using either the TE-Cl, TE-F, TE-Cl_1%,
or TE-F_1% electrolyte. The NLLS method is applied through the Boukamp software by exclusively accepting fits with a 𝜒2 value of the order of 10−4 or
lower.[45,46] See Table 1 for electrolyte acronyms.

Electrolyte Cell condition Circuit R1 [Ω] R2 [Ω] R3 [Ω] Ri (∑Rn) [Ω] 𝜒2

TE-Cl OCV Re(R1Q1)(R2Q2)(RwQw) 5.19 ± 5.09 73.6 ± 2.0 / 78.7 ± 3.9 2 × 10−4

1 CV cycle Re(R1Q1)(RwQw) 53.5 ± 0.3 / / 53.5 ± 0.3 6 × 10−5

5 CV cycles Re(R1Q1)(RwQw) 76.2 ± 1.2 / / 76.2 ± 1.2 8 × 10−5

10 CV cycles Re(R1Q1)(RwQw) 78.4 ± 0.7 / / 78.4 ± 0.7 1 × 10−5

TE-F OCV Re(R1Q1)(R2Q2)Qw 30.4 ± 2.5 9.02 ± 2.9 / 39.4 ± 2.7 3 × 10−4

1 CV cycle Re(R1Q1)(R2Q2)Qw 34.1 ± 1.2 16.6 ± 2.2 / 50.7 ± 1.8 3 × 10−5

5 CV cycles Re(R1Q1)(R2Q2)Qw 38.6 ± 3.6 19.5 ± 2.9 / 58.1 ± 3.3 4 × 10−5

10 CV cycles Re(R1Q1)(R2Q2)Qw 38.5 ± 1.0 13.5 ± 1.5 / 52.0 ± 1.3 2 × 10−5

TE-Cl_1% OCV Re(R1Q1)(R2Q2)(RwQw) 10.2 ± 0.7 343 ± 2 / 353 ± 2 3 × 10−5

1 CV cycle Re(R1Q1)(R2Q2)Qw 12.6 ± 3.0 36.8 ± 3.4 / 49.4 ± 3.2 4 × 10−5

5 CV cycles Re(R1Q1)(R2Q2)Qw 35.7 ± 5.5 25.1 ± 4.9 / 60.8 ± 5.2 1 × 10−4

10 CV cycles Re(R1Q1)(RwQw) 112 ± 4 / / 112 ± 4 8 × 10−4

TE-F_1% OCV Re(R1Q1)(RwQw) 599 ± 6 / / 599 ± 6 2 × 10−5

1 CV cycle Re(R1Q1)(R2Q2) 74.8 ± 0.7 13.9 ± 1.2 / 88.7 ± 1.0 9 × 10−5

5 CV cycles Re(R1Q1)(R2Q2)(R3Q3) 33.6 ± 4.0 56.9 ± 4.4 10.6 ± 1.1 101 ± 4 1 × 10−5

10 CV cycles Re(R1Q1)(R2Q2)(R3Q3) 37.6 ± 8.6 91.6 ± 9.9 10.4 ± 2.9 140 ± 8 6 × 10−5

solution during charge in the galvanostatic cycling in Figure 5
is not clearly detected during oxidation in the CV of Figure 7a,
mostly due to the difference between the two techniques which
can influence the occurrence of this process. Indeed, CV is based
on a potential scan during which the current can notably rise in
correspondence to the occurrence of the Na–S electrochemical
process, instead the galvanostatic cycling proceeds at a constant
and relatively low current that may allow a relevant shuttle
reaction. The second cycle reveals some change in the CV shape
and peak position, associated with morphological rearrange-
ment of the sulfur cathode and SEI formation, which typically
modify the electrode conductivity and the cell polarization as
observed in previous work.[76] More relevantly, Figure 7a depicts
for the cell using the bare TE-Cl an abrupt decrease of peak
intensity upon the subsequent cycles, a relevant deactivation
of the charge peaks at 2.0 and 2.4 V versus Na+/Na, and the
discharge ones at 2.2 and 1.7 V versus Na+/Na, as well as an
additional slight shoulder detected as a weak signal at ≈1.75 V
versus Na+/Na during charge. This behavior may be attributed
to the rapid loss of the active material, i.e., sulfur, caused by the
polysulfide reaction and deposition at the anode side which is
particularly effective in the presence of a weak SEI layer.[76,77]

The voltammograms of TE-F (Figure 7b) show at the first cycle
the same processes already observed for TE-Cl, however with
hindered kinetics suggested from the broad peak during first
oxidation between 1.7 and 2.2 V versus Na+/Na. The above wave
is deconvoluted into a defined double peak centered at 1.8 and
1.9 V versus Na+/Na during subsequent cycles, with profile
change and potential shifts induced by the already mentioned
electrode morphological changes.[76] Furthermore, Figure 7b
displays a mitigated deactivation of the Na–S conversion in
TE-F compared to TE-Cl (Figure 7a), thus suggesting a better
interphase formed in the TEGDME-NaCF3SO3 electrolyte rather
than the equivalent one using NaClO4, despite the galvanostatic

tests in Figures 5 and 6 demonstrated the failure of both systems
upon prolonged cycling in Na–S cell. The cells using TE-Cl_1%
(Figure 7c) and TE-F_1% (Figure 7d) reveal an electrochemical
process strongly influenced by the FEC addition. Hence, the
systems exhibit three peaks during the first discharge at 2.0,
1.8, and 1.5 V versus Na+/Na rather than the two observed in
the bare solution, reflected in corresponding charge signals at
2.0, 2.2, and 2.4 V versus Na+/Na. The presence of an additional
reversible peak at 1.8 V versus Na+/Na during discharge well
agrees with the cycling data discussed previously and confirms
the effective reduction of the FEC occurring in the Li-S battery
concomitantly with the electrochemical conversion reaction.
Moreover, the activation, stabilization, and definition of the
peaks during the subsequent cycles suggest the effective role
of the additive in stabilizing a characteristic Li-S redox process
which differs from the one observed without FEC, both in terms
of peak position and shape (compare panels c and d with a and
b in Figure 7). The mitigated deactivation of the CV response
observed for the FEC-added solutions reflects the enhancement
of the electrode/electrolyte interphase already discussed in the
galvanostatic cycles of Figures 5 and 6. On the other hand,
the CV tests show a progressive weakening and potential shift
toward lower potential values of the discharge process at 1.5 V
versus Na+/Na, thus suggesting that the reduction of the long-
chain polysulfides to short-chain ones occurring at low potential
becomes incomplete and affected by a polarization increase
with the ongoing of the cycles. The Nyquist plots recorded
upon voltammetry of Figure 7e–h are analyzed through NLLS
method using equivalent circuits including various elemens as
previously discussed, with outcomes collected in Table 4 to shed
light on the electrode/electrolyte interphase behavior during
Na–S conversion reaction.[45,46] The cell using TE-Cl (Figure 7e)
exhibits an initial resistance of ≈79 Ω that decreases to 54 Ω after
the first cycle in line with the activation of the interphase,[76]



and increases to 78 Ω at the end of the test, thus accounting for 
a gradual growth of the SEI film.[31] On the other hand, TE-F
(Figure 7f) shows  a low  Ri with slight increase from 39 to 51 Ω 
after one cycle, and stabilization between 50 and 60 Ω during the 
subsequent ones in line with the better CV results (Figure 7b) 
compared to TE-Cl (Figure 7a). A different scenario is presented 
by TE-Cl_1% (Figure 7g) and TE-F_1% (Figure 7h), which reveal 
the expected interphase activation after one cycle with drastic
decrease of Ri from 353 and 599 to 49 and 89 Ω, respectively. 
Subsequently, the data indicate a progressive resistance increase
to reach at the end of the tests 112 Ω for TE-Cl_1% and 140 Ω 
for TE-F_1%, likely due to the Na/electrolyte interphase features 
already discussed in Figure 2h,i, with an additional contribute 
of the sodium polysulfides to the SEI growth.[78] Moreover,
the lower final resistances deriving from the NaClO4-FEC sys-
tem are in line with a more stable interphase with respect to
NaCF3SO3-FEC, as already suggested by the cycling performance 
in Figures 5 and 6. Therefore, the CV and EIS data confirm the 
relevant influence of FEC not only on SEI characteristics but 
also on the features of the Na–S conversion process.

The deactivation of the discharge process at 1.5 V versus 
Na+/Na upon cycling observed above may be associated with 
the features of the electrochemical reduction process to short-
chain polysulfides. With the aim of investigating a deeper conver-
sion degree, additional CV and galvanostatic measurements are 
performed in Na–S cells by lowering the reduction limit from 
1.4 V down to 1.0 V and using a sulfur cathode with an im-
proved few-layer graphene (FLG)-coated aluminum current col-
lector rather than the bare metallic foil used in the previous ex-
periments (see Experimental section). Figure 8 shows in panels 
a and b the voltammograms recorded with the enlarged poten-
tial limits for the Na–S cells using TE-Cl_1% and TE-F_1%, re-
spectively. The CV profiles show for both the systems the Na–S 
conversion signals already observed in Figure 7, including the 
stabilization and definition of the peaks during subsequent cy-
cles and the completion of the low voltage discharge process at 
1.5 V versus Na+/Na due to the lower potential cut-off. In agree-
ment with CV of Figure 7, a substantial decrease of peak inten-
sity during reduction is detected between 1st and 2nd cycle, in 
line with active material loss particularly promoted in this case 
by the adopted low cut-off voltage that leads to irreversible for-
mation of short-chain sodium polysulfides, and possibly to side 
electrolyte reduction.[76,77] In addition, after a few CV cycles the 
two cells reveal in Figure 8a,b an unexpected failure possibly in-
duced by the lowered discharge cut-off. A similar scenario is ev-
idenced by the galvanostatic cycling tests within the extended 
limits in Figure 8c,d, which display respectively the voltage pro-
files at C/20 between 1.0 and 2.6 V related to TE-Cl_1% and TE-
F_1%. After a few cycles during which the Na–S conversion oc-
curs properly, a sudden noise appears during charge and leads 
to fast failure of the cells analogously to CV. A possible explana-
tion for this phenomenon may be found in the excessive precipi-
tation of low-chain polysulfides such as Na2S2 or Na2S formed  
below 1.4 V,[26] and their reactivity with amorphous and high 
surface area carbon, such as the carbon black (super P) used in 
the electrode formulation (see Experimental Section). The above-
mentioned reactivity of Na2S with carbon, also documented by 
the safety data sheets of commercial products and literature,[79] 

can lead to gas evolution possibly affecting the cathode mechan-

ical stability and leading to cell failure, such as that observed in
Figure 8a–d. Moreover, the reaction between sulfides and the FEC
carbonyl group cannot be excluded, as suggested by the modifi-
cation of the Na–S responses promoted by the presence of the
additive observed previously. To verify in part this hypothesis,
and exclude a possible role of the FLG-coated aluminum support,
new Na-S cells are cycled at C/20 between limits restricted again
to 1.4–2.6 V, and compared with those employing the bare alu-
minum already reported in Figures 5 and 6. The voltage profiles
of the cells using TE-Cl_1% (Figure 8e) and TE-F_1% (Figure 8g)
with the optimized sulfur cathode show the typical evolution of
the Na–S conversion process, with the irreversible capacity pro-
moted by the FEC reaction at the first cycle,[80] and the stable
and reversible multi-step discharge/charge processes occurring
through the subsequent cycles. Relevantly, the cycling trends for
TE-Cl_1% (Figure 8f) and TE-F_1% (Figure 8h) display a slight
enhancement in performance with respect to the systems using
the benchmark sulfur cathode coated on bare aluminum, both in
terms of delivered capacity and coulombic efficiency. The FLG-
coated support allows a steady state cell capacity after 50 cycles
of 282 mAh g−1 in TE-Cl_1% with respect to the 236 mAh g−1 of
the bare aluminum, and final value of 270 mAh g−1 instead of
237 mAh g−1 (Figure 8f). Moreover, the cell using the optimized
electrode delivers a coulombic efficiency exceeding 97% during
the whole test, instead of values between 90 and 92% associated
with the benchmark electrode (Figure 8f). Meanwhile, the cell us-
ing TE-F_1% with the FLG-coated support shows a steady state
capacity after 50 cycles of 307 mAh g−1 and a final value of 287
mAh g−1, instead of 272 and 233 mAh g−1, respectively, shown
for the cells using the bare Al (Figure 8h). Improved coulombic
efficiency is also demonstrated by the cells using the optimized
sulfur electrode compared to the benchmark in TE-F_1%, with
values of 90% after 50 cycles and 88% at the end of the test rather
than 84% and 63%, respectively. More importantly, these mea-
surements suggest that the increase back of the discharge cut-off
from 1.0 to 1.4 V can actually avoid the cell failure and drawbacks
observed in the tests of Figure 8a–d, and almost completely ex-
clude possible detrimental effects on the cell performance of the
FLG-coated current collector, which instead enhances the perfor-
mance in terms of delivered capacity and efficiency.[81] In this
regard, panels a-c of Figure S11 (Supporting Information) re-
port photographic images of electrodes and separator retrieved
after a few cycles at C/20 in the 1.0–2.6 V voltage range in TE-
Cl_1% (i.e., after the test reported in Figure 8c), while panels d-f
of the same figure display the respective cell components after
100 cycles between 1.4 and 2.6 V with the same electrolyte (i.e.,
after the test shown in Figure 8e). The photographs evidence for
the components cycled between 1.0 and 2.6 V (Figure S11a–c,
Supporting Information) irregular swellings on the cathode sur-
face and mark-up (Figure S11a, Supporting Information) likely
promoted by mechanical stress due to gas evolution, bubbling,
or volume change. Furthermore, the almost uniform dark color
of the separator may account on the cathode side for the short-
chain polysulfides formation (Figure S11b, Supporting Informa-
tion, left panel) and on the anode side for Na dendritic structure
infiltration (Figure S11b, Supporting Information, right panel).
Moreover, the metallic anode surface presents a dark and rough
surface suggesting substantial polysulfide precipitation at the
SEI (Figure S11c, Supporting Information). The cell components



1.0 1.5 2.0 2.5

-1.0

-0.5

0.0

0.5

1.0

1.5

 1st cycle

 2nd cycle

 3rd cycle
A

m / t
n

err
u

C

Potential / V vs. Na+/Na

(a)TE-Cl_1%

1.0 1.5 2.0 2.5

-1.0

-0.5

0.0

0.5

1.0

1.5

 1st cycle

 2nd cycle

 3rd cycle

C
u
rr

e
n
t 
/ 
m

A

Potential / V vs. Na+/Na

(b)TE-F_1%

0 1 2 3 4 5 6

1.0

1.5

2.0

2.5

3.0

V / 
e

g
atl

o
V

Capacity / Ah g-1

(c)TE-Cl_1%

0 1 2 3 4 5 6

1.0

1.5

2.0

2.5

3.0

V / 
e

g
atl

o
V

Capacity / Ah g-1

(d)TE-F_1%

0 200 400 600 800 1000
1.2

1.5

1.8

2.1

2.4

2.7

V / 
e

g
atl

o
V

Capacity / mAh g-1

 1st

 5th

 10th

 20th

 50th

 100th

FLG-coated Al (e)

TE-Cl_1%

0 20 40 60 80 100
0

200

400

600

800

1000

D
is

c
h

a
rg

e
 c

a
p

a
c
it
y
 /
 m

A
h

 g
-1

Cycles

FLG-coated Al

Bare Al
(f)

TE-Cl_1%
0

20

40

60

80

100

120

140

C
o

u
lo

m
b

ic
 e

ff
ic

ie
n

c
y
 /
 %

0 200 400 600 800 1000
1.2

1.5

1.8

2.1

2.4

2.7

V / 
e

g
atl

o
V

Capacity / mAh g-1

 1st

 5th

 10th

 20th

 50th

 100th

FLG-coated Al (g)

TE-F_1%

0 20 40 60 80 100
0

200

400

600

800

1000

D
is

c
h

a
rg

e
 c

a
p

a
c
it
y
 /
 m

A
h

 g
-1

Cycles

FLG-coated Al

Bare Al
(h)

TE-F_1%
0

20

40

60

80

100

120

140

C
o

u
lo

m
b

ic
 e

ff
ic

ie
n

c
y
 /
 %



cycled between 1.4 and 2.6 V (Figure S11d–f, Supporting Infor-
mation) exhibit instead a more regular surface of the sulfur cath-
ode compared to the previous one, with traces of passivation pre-
cipitates expected upon long cycling (Figure S11d, Supporting In-
formation). The separator at the cathode side (Figure S11e, Sup-
porting Information, left panel) depicts in this cell a lighter color 
compared to the one of the cell cycle within the extended volt-
age limits, while the opposite face likely reveals the absence of 
Na dendrites (Figure S11e, Supporting Information, right panel). 
The sodium side of this latter cell shows a smoother passivated 
surface than the previous one, which is notably achieved over 
a long charge/discharge galvanostatic test (Figure S11f, Sup-
porting Information). It is also worth mentioning that the dark 
residues on the anode surfaces due to separator detachment 
upon opening are much more evident in the cell tested within 
the extended voltage cut-off (panel c) than in the one using the 
restricted voltage range (panel f). Therefore, the data provided 
in Figure 8 and Figure S11 (Supporting Information) indicate 
the crucial role of the cathode composition and operational volt-
age limits to ensure reversible and safe Na–S cycling at room-
temperature. In addition, the outcomes of Figures 5 and 6 high-
light the importance of the electrolyte features for allowing Na–S 
application, and demonstrate that even limited modifications in 
the solution composition may actually drive the successful cell 
operation and avoid its failure. The effective approach we pro-
pose can also shed light on the critical role of the additive used to 
enhance the Na–S performance which, on the other hand, influ-
ences the Na–S conversion steps leading to new processes that 
still require investigation.[26,28,82] Further improvement may be 
indeed achieved by setting up the proper electrolyte design before 
focusing on the cathode architecture to get higher capacity in Na–
S batteries.[83,84] The results achieved herein are compared with 
the recent literature in Table S11 in the Supporting Information 
in terms of active material content in the cathode composite, the 
charge/discharge cut-off voltages, and the steady state capacity, 
that is, the most stable value provided by the cell. The compar-
ison is carried out by taking into consideration a similar sulfur 
loading (1–2 mg cm−2) and comparable discharge–charge rates. 
The outcomes clearly show that higher capacity values can be 
delivered by Na–S cells, although by using a considerably wider 
charge/discharge voltage window and a lower sulfur content in 
the cathode composite. Indeed, various works reported sulfur 
composites with an S content ranging from <30 wt.%[85] to 40–
50 wt.%,[23,86–94] while only a few of them investigated mixtures 
with an S content approaching 60 wt.%[95,96] or 70 wt.%[25] like 
in our work. In addition, the Na–S cycling conditions always in-
volve a discharge voltage cut-off lower than 1.0 V in spite of the 
possible irreversible formation of short-chain Na polysulfides. In 
addition, the preparation of the sulfur-carbon composite typically 
includes complex or expensive synthesis steps to achieve the final 
mixture. Instead, herein we focus on the effect of the electrolyte 
composition on the reversible Na–S conversion process, which 
may be heavily affected by the Na polysulfides chemistry occur-

ring at low potential values as suggested in Figure 8. Moreover,
our cathode relies on a simple mixture at mild temperatures be-
tween carbon black and sulfur with an active material content as
high as 70 wt.%, with the aim of studying scalable benchmarks.
Therefore, this work proposes a thorough and critical investiga-
tion of the complex interplay between the electrolyte and the Na–
S chemistry, which is often overlooked.

In this regard, Figure 9 shows further insights into the mor-
phology of the sulfur cathode and glass-fiber separator upon cy-
cling in Na–S cells achieved by the ex situ SEM analysis. The
voltage profiles of the Na–S cells cycled at 35 mA g−1 between
1.4 and 2.6 V exploiting either TE-Cl_1% (Figure 9a) or TE-F_1%
(Figure 9b) are recorded during the two cycles, performed prior
to the morphological study. A specific current as low as 35 mA
g−1 is selected to allow for an almost full evolution of the electro-
chemical process, without possible limits typically deriving from
polarization. The voltage profiles show for both cells the charac-
teristic evolution of the Na–S conversion process, where the FEC
contribution leads to discharge capacities between 1000 and 1300
mAh g−1 in the first cycle, while the second one reveals values of
≈600 mAh g−1 (Figure 9a,b). After the initial two cycles, the cells
are disassembled and the SEM investigations of cathodes and
separators are depicted in Figure 9c–j. The cathode cycled with
TE-Cl_1% (Figure 9c,d) reveals flat FLG flakes with micrometric
size distributed across amorphous particles formed by the active
material, conductive carbon, and binder, while the corresponding
separator (Figure 9e,f) displays an amorphous precipitate among
the glass fibers, possibly due to side reactions from the elec-
trolyte of dissolved polysulfides upon the Na–S conversion. Inter-
estingly, the cathode cycled with TE-F_1% (Figure 9g,h) shows a
similar morphology as the one observed for TE-Cl_1%, while re-
markable differences can be observed in the SEM micrographs
of the separator (Figure 9i,j). The latter exhibits a more extended
coverage of the glass fibers than TE-Cl_1% (compared with pan-
els e and f), and shows, in addition, a notable presence of ag-
gregates with micrometric size attributed to the deposition and
possible recrystallization of the active material or electrolyte by-
products. The above SEM outcomes, which are in line with the
photographic images presented in Figure S11 (Supporting Infor-
mation), confirm that the different chemical environments of the
two solutions driven by the conducting salts can actually affect
the Na–S electrochemical conversion process. Therefore, the re-
sults of this study further highlight the key role of the electrolyte
design in achieving advanced configurations of the challenging
Na–S system, characterized by a stable electrochemical process
and high efficiency.

3. Conclusions

TEGDME-based electrolytes using either NaClO4 (TE-Cl) or
NaCF3SO3 (TE-F) and various concentrations of FEC (i.e., 0.5%,
1%, 2% or 3%) as SEI film-forming agent have been thoroughly
analyzed before application in Na–S cells. The bare TE-Cl and

Figure 8. Performance of Na–S cells using either TE-Cl_1% or TE-F_1% with sulfur cathode cast on a FLG-coated current collector. In particular: a,b) CV
profiles performed with a) TE-Cl_1% and b) TE-F_1% in the extended 1.0–2.6 V versus Na+/Na potential range at 0.1 mV s−1; c,d) galvanostatic profiles
of cells using c) TE-Cl_1% and d) TE-F_1% cycled at C/20 (1C = 1675 mA gS

−1) between 1.0 and 2.6 V; e–h) galvanostatic cycling performance in terms
of e,g) voltage profiles and f,h) corresponding cycling trends (right y-axes show coulombic efficiency) of cells using e,f) TE-Cl_1% and g,h) TE-F_1%
in the restricted 1.4–2.6 V voltage range at C/20. Panels (f) and (h) also report the cycling trends of the respective Na–S cells in the same operative
conditions using the sulfur cathode on bare aluminum (taken from Figures 5 and 6) for better comparison. See Table 1 for electrolyte acronyms.



Figure 9. a,b) Voltage profiles related to galvanostatic cycling of Na–S cells carried out at 35 mA g−1 employing either a) TE-Cl_1% or b) TE-F_1%; voltage
range: 1.4–2.6 V; electrode: S:SPC 70:30 w/w on FLG-coated Al support; c–j) ex situ SEM measurements performed on c,d,g,h) sulfur cathode and e,f,i,j)
separator retrieved from Na–S cells upon cycling at 35 mA g−1 with either (c–f) TE-Cl_1% or (g–j) TE-F_1%. See Table 1 for electrolyte acronyms.



TE-F evidenced thermal stability extending up to 200 °C with 
the formation of solvent-salt complexes, and similar conductiv-
ities approaching 10−3 S cm−1 at room temperature. Further-
more, TE-Cl showed a t+ of 0.74 and ESW extended from 0 to 
4.52 V versus Na+/Na, while TE-F revealed a higher t+ of 0.80 
and an ESW limited in the 0–2.98 V versus Na+/Na range. The 
data indicated higher Na-stripping/deposition polarization and 
much more resistive interphase for TE-Cl (≈850 Ω) compared 
to TE-F (≈2 Ω) upon prolonged aging in Na-cell. The addition 
of FEC to the bare solutions only slightly influenced the charac-
teristics of the solvated-salt complexes and thermal stability, in-
stead, the Na-cell polarization remarkably changed due to the for-
mation of more resistive and less soluble SEI film using TE-Cl 
rather than TE-F. Moreover, modifications of the sodium strip-
ping/deposition overvoltage shape suggested possible effects of 
FEC on the Na electrochemical process kinetics. The FEC addi-
tion enhanced the anodic stability to values exceeding 4.5 V ver-
sus Na+/Na for TE-Cl and between 3.8 and 4.1 V versus Na+/Na 
for TE-F, and increased the Na-interphase resistance upon ag-
ing to values between 840 and 7000 Ω for TE-Cl and from 690 to 
3200 Ω for TE-F. The differences have been attributed to the spe-
cific chemical nature of the SEI at the Na surface, which is char-
acterized by the predominant presence of reductive decomposi-
tion products of the conductive salts, the solvent, and the FEC. 
In this regard, ex situ SEM performed on Na electrodes upon 
aging in contact with the electrolytes confirmed the growth of 
the SEI in concomitance with an increase of the FEC concen-
tration, and notable differences in morphology depending on the 
composition of the electrolyte solution. The bare electrolytes have 
been employed in Na–S cells with a benchmark S:SPC 70:30 w/w 
composite cathode cast on Al that showed a conversion process 
evolving through a double-step discharge at 2.25 and 1.72 V, due 
to the formation of Na2Sx (2 ≤ x ≤ 8), reversed in two charge
plateaus at 1.95 and 2.32 V with very low efficiency and severe 
shuttle process, due to the insufficient protection of the Na an-
ode. Instead, the FEC-doped solutions revealed Na–S kinetics 
influenced by the additive through the promotion of an addi-
tional discharge process at ≈1.8 V which greatly enhanced the 
cell performance. In particular, the cells using TE-Cl_1% and 
TE-F_1% exhibited long cycle life and coulombic efficiency ex-
ceeding 90% and 80%, respectively. Hence, Na–S cells using the 
bare electrolytes evidenced a weak SEI and poor reaction kinet-
ics, instead TE-Cl_1% and TE-F_1% solutions ensured stable cy-
cling and limited increase of the interphase resistance within a 
potential range limited between 1.4 and 2.6 V. The Na–S conver-
sion process has been further extended by lowering the reduction 
potential down to 1.0 V, exploiting a sulfur cathode optimized 
by an FLG-coated Al collector. However, a modest cycle life and 
cell failure have been achieved due to the excessive formation
of low-chain polysulfides (i.e., Na2S2 and Na2S), and their pos-
sible reactivity with the carbon used in the sulfur electrode. On 
the other hand, the galvanostatic cycling performed within 1.4 
and 2.6 V using the optimized cathode with either TE-Cl_1% or 
TE-F_1% revealed enhanced capacity and coulombic efficiency. 
Therefore, the data reported in this work evidenced the key im-
portance of the thorough electrolyte investigation for determin-
ing the proper setup requested for exploiting advanced Na–S cell 
configuration.

4. Experimental Section
Electrolytes Preparation: TEGDME (CH3(OCH2CH2)4OCH3, ≥ 99%,

Sigma-Aldrich) was selected as solvent to prepare two electrolytes, one
dissolving NaClO4 (ACS reagent, ≥ 98.0%, Sigma-Aldrich) conducting
salt with concentration of 1 mol kgsolvent

−1 (1m), and the other dissolv-
ing NaCF3SO3 (98%, Sigma-Aldrich) conducting salt with concentration
of 1m. The solutions were indicated in the text as TE-Cl and TE-F, re-
spectively. A set of 8 electrolytes was prepared by adding various concen-
trations of FEC (≥ 99%, acid < 200 ppm, anhydrous, Sigma-Aldrich) as
passivating agents, that was, 0.5%, 1%, 2%, and 3% with respect to the
electrolyte weight. The 8 electrolytes were indicated in text as TE-Cl_0.5%,
TE-Cl_1%, TE-Cl_2%, TE-Cl_3%, TE-F_0.5%, TE-F_1%, TE-F_2% and TE-
F_3%. Table 1 summarizes the acronyms used for the electrolytes and the
corresponding compositions. Before use, TEGDME and FEC solvents were
stored under molecular sieves (rods, 3 Å, size 1/16 in., Honeywell Fluka)
to achieve a water content below 10 ppm as measured by a Karl Fischer
899 Coulometer (Metrohm), while NaClO4 and NaCF3SO3 were dried un-
der vacuum at 110 °C for two days. All the electrolytes were prepared and
stored in an Ar-filled glovebox (MBraun) with H2O and O2 levels lower
than 1 ppm.

Electrolytes Characterization: TGA of solvents, salts, and electrolytes
were performed by temperature scans in the 25-800 °C range under a N2
flow of 50 mL min−1 with a rate of 5 °C min−1 via a Mettler-Toledo TGA
2 instrument. Ionic conductivity was evaluated for TE-Cl and TE-F by per-
forming EIS at various temperatures in the 500 kHz–100 Hz frequency
range using a 10 mV alternate voltage signal in CR2032 coin-type cells
(coin-cells, MTI Corp.) having the stainless-steel|electrolyte|stainless-steel
configuration, where the electrolyte was held by an O-ring (23-5FEP-2-50,
CS Hyde) with internal diameter of 10 mm, thickness of 127 μm, and cell
constant of 0.016 cm−1. The cell temperature was controlled through a Ju-
labo F12 instrument. Symmetrical Na|Na coin-cells employing Na metal
electrodes with a diameter of 14 mm separated by a 16 mm-diameter glass-
fiber (Whatman GF/B) disc soaked with either TE-Cl or TE-F were pre-
pared to evaluate the Na+ transference number (t+) of the two solutions
through the Bruce–Vincent–Evans method.[48] The above tests consisted
of a chronoamperometric step performed on the cells by applying a voltage
of 30 mV (ΔV) for 90 min, alongside EIS measurements carried out before
and after polarization in the 500 kHz–100 mHz frequency range using a
10 mV alternate voltage signal. The initial and the steady state currents,
as well as the interphase resistance values obtained from the fitting of the
EIS spectra (see method below), were used in Equation (1) to calculate
t+:[48]

t+ =
iss
i0

×
(ΔV − R0i0)
(ΔV − Rssiss)

(1)

where i0 and iss were the current values at the initial and steady state, re-
spectively, and R0 and Rss were the interphase resistances before and after
cell polarization, respectively. The ESW of the electrolytes was determined
by performing voltammetry measurements on coin cells exploiting Na 14
mm-diameter anode and carbon-based cathode separated by a 16 mm-
diameter glass-fiber (Whatman GF/B) disc. The carbon-based electrodes
were prepared by doctor blade (MTI Corp.) casting on either Al or Cu foil
(MTI Corp.) of a slurry composed of SPC (Timcal) at the 80 wt.% and
polyvinilidene fluoride (PVDF, Solef 6020) binding agent at the 20 wt.% dis-
persed in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich). The electrodes
were indicated as SPC-Cu and SPC-Al, respectively. The electrode tapes
were dried on a hot plate at 70 °C, cut into discs with a 14 mm diameter,
and dried under vacuum at 110 °C for 3 h before being transferred in the
Ar-filled glovebox. CV measurements were carried out on Na|SPC-Cu cells
in the 0.01–2.0 V versus Na+/Na potential range at a rate of 0.1 mV s−1

to evaluate the cathodic stability, while the anodic one was determined by
an LSV run performed on Na|SPC-Al cells from the OCV condition to 5 V
versus Na+/Na at 0.1 mV s−1. Sodium stripping/deposition stability was
investigated by galvanostatic cycling tests on Na|Na symmetrical cells ap-
plying a current of 0.1 mA cm−2: a step time of 1 h was set for both nominal



charge and discharge for coin-cells using 14 mm-diameter Na electrodes 
separated by two glass-fiber Whatman GF/B 18 mm-discs, while a step 
time of 10 h was exploited for Swagelok T-type cells using 10 mm Na elec-
trodes separated by three glass-fiber (Whatman GF/B) 10 mm-diameter 
discs. The stability of the electrolytes upon aging in contact with Na metal 
was studied via EIS measurements performed in the 500 kHz–100 mHz 
frequency range through an alternate voltage signal of 10 mV on Na|Na 
symmetrical coin-cells using 14 mm-diameter Na electrodes separated by 
a glass-fiber (Whatman GF/B) 16 mm-diameter disc. The EIS tests were 
carried out every 2 h during the first 14 h after assembling and subse-
quently every day for 23 days. All the voltammetry and EIS measurements 
were carried out using a VersaSTAT MC Princeton Applied Research (PAR-
AMETEK) instrument, while the galvanostatic cycling data were acquired 
via a MACCOR 4000 battery test system. All the Nyquist plots recorded 
by EIS were fitted via NLLS method using the Boukamp software,[45,46]

which allowed the description of the spectra with equivalent circuits that 
include resistive (R) and capacitive (Q) elements. The fitting led to the
identification of i) Re, which was the electrolyte resistance indicated by 
the high-frequency intercept of the plot; ii) Ri, which defines the elec-
trode/electrolyte interphase resistance measured by the amplitude of the 
semicircle in the high-medium frequency region including various convo-
luted contributions, and is arranged in parallel with the Qi capacitive ele-
ment in (RiQi); iii) the (RwQw) and Qw elements, which identify either the 
finite-length or semi-infinite Warburg-type Na+ diffusion through either a 
semicircle or a tilted line, respectively, in the low-frequency region.[45,46]

Only fits with a 𝜒2 of the order of 10−4 or lower were accepted.
Fourier transform infrared (FTIR) spectra of the electrolytes were ob-

tained using a Bruker Vertex V70 instrument set up in the transmittance 
mode.

SEM was performed via a Zeiss Gemini microscope (accelerating volt-
age of 5 kV) ex situ on Na electrodes retrieved after 1 month of aging from 
symmetrical Na|Na coin-cells assembled using 10 mm-diameter sodium 
electrodes and one 16 mm-diameter separator (Whatman GF/B) soaked 
with the electrolyte. Before SEM measurements, the Na electrodes were 
washed with 300 μL of diethylene glycol dimethyl ether (DEGDME, anhy-
drous, 99.5%, Sigma-Aldrich) and subsequently dried under vacuum for 
10 min. The DEGDME solvent was dried under molecular sieves (rods, 3 
Å, size 1/16 in., Merck) before use.

XPS was performed on Na samples exposed to either TE-Cl, TE-F, TE-
Cl_3% or TE-F_3%. Accordingly, Na|Na coin-cells were assembled using 
10 mm-diameter sodium electrodes separated by one glass-fiber (What-
man GF/B) 16 mm-diameter disc and aged for 23 days. Subsequently, the 
cells were disassembled in an Ar-filled glovebox and the Na samples were 
retrieved, washed with 300 μL of TEGDME, dried under vacuum for 1 h, 
and transferred to the XPS instrument with a sealed chamber. The XPS 
measurements were carried out through a Kratos Axis UltraDLD spectrom-
eter (Kratos Analytical Ltd.) with a monochromated Al K𝛼 X-ray source (h𝜈 
= 1486.6 eV) operating at 20 mA and 15 kV. The wide scans were collected 
over an analysis area of 300 × 700 μm2 at a photoelectron pass energy 
of 160 eV and energy step of 1 eV, while high-resolution spectra were col-
lected at a photoelectron pass energy of 20 eV and an energy step of 0.1 eV. 
Differential electrical charging effects on the surface of the sample were 
neutralized during the measurements of all specimens. The spectra were 
referenced to the adventitious C 1s peak at 284.8 eV. The spectra were ana-
lyzed with the CasaXPS software (Casa Software Ltd., version 2.3.24), and 
the residual background was eliminated by the Shirley method.

Na–S Cells Testing: The sulfur-carbon composite exploited herein was 
prepared according to previous work.[97] Elemental sulfur (≥ 99.5%, 
Riedel-de Haën) and SPC were mixed in the 70:30 weight ratio, heated 
at 125 °C under magnetic stirring with the aid of a silicon oil bath until 
complete melting of sulfur, cooled at room temperature until solidifica-
tion of the mixture, and finally ground in an agate mortar to obtain a fine 
powder. The sulfur-carbon composite was indicated in the text as S:SPC 
70:30 w/w. The sulfur cathode was prepared by doctor blade casting on 
aluminum foil (MTI Corp., 15 μm thick) of a slurry composed by 80 wt.% of 
S:SPC 70:30 w/w, 10 wt.% of FLG (produced via WJM method by BeDimen-
sional S.p.A.)[98] as electron conductive agent and structural enhancer,[81]

and 10 wt.% of PVDF, dispersed in NMP solvent. The electrode tape was

dried at room temperature until complete evaporation of NMP, calendared 
through an MSK-2150 rolling machine (MTI Corp.) to a final thickness of 
≈80 μm, cut into 14 mm-diameter discs and dried under vacuum at 30 °C 
overnight before being transferred in the Ar-filled glovebox. The final sulfur 
loading achieved on the cathode surface ranged between 1.7 and 2.0 mg 
cm−2 (electrode geometric area: 1.54 cm2). CR2032 coin-cells were pre-
pared by stacking a S:SPC 70:30 w/w cathode, a 18 mm-diameter glass-
fiber separator (Whatman GF/B) soaked with 200 μL of electrolyte, and a 
14 mm-diameter sodium anode d(Na–S cells).

CV measurements were carried out on Na–S cells employing TE-Cl, TE-
F, TE-Cl_1%, or TE-F_1% between 1.4 and 2.6 V through a scan rate of 
0.1 mV s−1. EIS spectra were recorded at the OCV condition of the cell and 
after 1, 5, and 10 cycles in the 500 kHz–100 mHz frequency range with an 
alternate voltage signal of 10 mV. The corresponding Nyquist plots were 
analyzed by NLLS fitting method through Boukamp software as described 
above, and exclusively accepting results with 𝜒2 of the order of 10−4 or 
lower.[45,46]

Galvanostatic cycling tests were performed on the Na–S cells by using 
a constant current rate of C/20 (1C = 1675 mA g−1) in the 1.4–2.6 V volt-
age range setting a safety step-time of 20 h for charge process in order to
switch to discharge if the theoretical capacity (i.e., 1675 mAh gS

−1) was 
reached.

Additional S:SPC 70:30 w/w electrodes were prepared by using an alu-
minum foil coated with FLG as cathodic support instead of bare alu-
minum, with final sulfur loading between 1.6 and 2.0 mg cm−2 (electrode 
geometric area: 1.54 cm2).[81] The FLG-coated Al support was prepared by 
mixing 90 wt.% of FLG and 10 wt.% of PVDF into NMP solvent, stirring 
for ≈1 h, doctor-blade casting of the slurry on bare aluminum foil, drying 
at room temperature until complete evaporation of NMP, and calendared 
using a MSK-2150 rolling machine to a thickness below 50 μm. The FLG 
carbon loading on the cathodic support surface was below 2.0 mg cm−2. 
Na–S cells were prepared using the same configuration described above 
employing the S:SPC 70:30 w/w cathodes on the FLG-coated support and 
were tested through CV in the 1.0–2.6 V versus Na+/Na potential range 
at 0.1 mV s−1 and galvanostatic cycling exploiting a rate of C/20 both in 
the 1.4–2.6 V and 1.0–2.6 V voltage ranges. Additional cycling tests were 
performed at 35 mA g−1 using the S:SPC 70:30 w/w cathodes on the FLG-
coated support between 1.4and 2.6 V. Upon two discharge/charge cycles, 
the cells were disassembled in an Ar-filled glovebox to retrieve cathodes 
and separators, which were washed with TEGDME solvent and dried un-
der vacuum for 1 h. Subsequently, ex situ SEM analyses were carried out 
on both cathodes and separators using a Zeiss Gemini microscope (ac-
celerating voltage of 5 kV).

The Na–S CV profiles were acquired using a VersaSTAT MC Princeton 
Applied Research (PAR-AMETEK) instrument, and the galvanostatic cy-
cling tests were carried out via a MACCOR 4000 battery test system setting 
the room temperature at 30 °C with a maximum fluctuation of ± 0.1 °C.
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