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ABSTRACT

Introduction: Anode-free sodium metal batteries have emerged as promising alternatives to
lithium-ion batteries (LIBs) due to their high energy density and cost-effectiveness. Nevertheless,
their practicalimplementation is hindered by sodium dendrite growth, an unstable solid electrolyte
interphase (SEl), and a limited sodium reservoir, resulting in poor Coulombic efficiency and a short
cycle life. High-concentration electrolytes (HCEs) can stabilize Na metal by suppressing solvent-
related parasitic reactions and promoting an inorganic-rich SEl, though their high costs and viscos-
ity constitute significant challenges. In this work, an HCE consisting of NaClO4 in ethylene carbonate
(EQ)—propylene carbonate (PC) diluted with fluoroethylene carbonate (FEC) is proposed to regulate
the solvation structure and induce an anion-derived and F-rich SEI.

Methods: Two HCE formulations with NaClO4:EC:PC:FEC molar ratios of 1:2.4:2.4:1 (HELF1) and
1:2.4:2.4:2 (HELF2) were prepared, and a low-concentration electrolyte (1 M NaClOy4 in PC-FEC, 98:2
vol%) was used as the baseline.

Results: Raman spectroscopy revealed that FEC increases the fraction of coordinated Na™ species
and dissociated ClO4 ™. HELF1 and HELF2 exhibit good oxidative stability up to 4.8 V vs. Na*/Na and
improved Na plating/stripping reversibility. However, excessive FEC leads to increased polarization,
which is attributed to the formation of a thick, ion-transport-limited, and mechanically fragile SEI.
Despite an improvement in the initial Coulombic efficiency (~85%), the Al||[NFZC full cell retains
only 17.2% of its capacity after 25 cycles.

Conclusion: FEC modulates the solvation structure and participates in SEl formation, effectively
enhancing the stability of Na metal and the Coulombic efficiency. However, excessive FEC leads to
an unstable SEl and poor long-term performance, highlighting the need to optimize its content to

balance interfacial stability and ion transport.

Key words: Anode-free sodium batteries, carbonate-based electrolyte, fluoroethylene carbonate,
high-concentration electrolytes, sodium perchlorate.

INTRODUCTION

Lithium-ion batteries (LIBs) have been successfully
commercialized owing to their high energy density
and lightweight nature, enabling their extensive ap-
plication in portable electronics, power tools, and
electric vehicles.> However, the growing demand
for cost-effective, sustainable, and large-scale en-
ergy storage systems has attracted increasing interest
in sodium-based rechargeable batteries. Benefiting
from the natural abundance and low cost of sodium
sources, sodium batteries are regarded as promis-
ing alternatives to LIBs while sharing similar electro-
chemical working principles. >

Sodium metal batteries (SMBs), particularly anode-
free sodium batteries (AFSBs), offer a significant ad-
vantage in terms of energy density by eliminating ex-
cess sodium metal at the anode. > Nevertheless, their
practical implementation is severely hindered by the

intrinsic instability of sodium metal during repeated
sodium plating and stripping. Sodium dendrite for-
mation, large volume fluctuations, continuous elec-
trolyte decomposition, and unstable solid electrolyte
interphase (SEI) formation lead to low Coulombic ef-
ficiency and rapid capacity decay.*®

Electrolyte engineering has emerged as an effec-
tive strategy to stabilize sodium metal anodes.>”’
High-concentration electrolytes (HCEs) can regulate
Na™ solvation structures to form anion-rich solva-
tion shells, resulting in the suppression of parasitic
reactions and an enhanced anion-derived SEI. How-
ever, they present the drawbacks of high salt con-
sumption and increased viscosity. NaClOy features
rapid ion transport, good chemical and thermal sta-
bility, and low costs, making it attractive for sodium
battery research.®® However, its strong interaction
with Na™ ions and the associated interfacial instabil-
ity necessitate careful electrolyte design. In addition,

Cite this article: Van N TK, Thi TT T, Nguyen HV, Ngoc T M L, Nguyen HT P, Vo T D, Tran M V. Effects of
fluoroethylene carbonate on high-concentration NaClO,-based carbonate electrolyte for sodium
batteries. VNUHCM J. Sci. Technol. Dev. 2026; 29(3):4291-4302.

4291



VNUHCM Journal of Science and Technology Development 2026, 29(3):4291-4302

History

e Received: 16-01-2026

e Revised: 30-04-2026

o Accepted: 02-05-2026

e Published Online: 28-09-2026

DOI :https://doi.org/
10.32508/vnuhcmij-std.v29i3.4653

W) Check for updates

|

Copyright

© VNUHCM Journd . This is an
open-access article distributed
under theterms of the Creative
CommonsAttribution 4.0
International license.

investigations into carbonate-based HCEs for AFSBs,
particularly those employing NaClOy4 salts, remain
limited. ®19-13 Incorporating film-forming additives
into HCEs, typically fluorinated components, offers
an effective pathway to regulate electrolyte decompo-
sition and strengthen the interphase. Fluoroethylene
carbonate (FEC) has been widely reported to modu-
late SEI chemistry and sodium deposition in various
carbonate- and ether-based electrolytes. 1422 Accord-
ing to previous studies, FEC-derived SEI layers are
typically compact and stable, leading to more uniform
sodium deposition and suppressed dendrite forma-
tion.1>22 Further, cryo-TEM analyses have revealed
that FEC induces the formation of a thin, multilayer
SEL this is typically composed of an amorphous NaF
layer over the inner Na3POy, which effectively in-
hibits continuous electrolyte reduction. 18 Moreover,
the incorporation of FEC in localized HCEs enhances
interfacial stability at high voltages via the formation
of a robust inorganic-enriched cathode-electrolyte
interphase. However, the effect of FEC is strongly
concentration-depentdent, as excessive FEC may re-
sult in mechanically fragile SEI layers with insufficient
organic binding components, !4 underscoring the ne-
cessity of electrolyte optimization.

In this work, we investigate a NaClO4-based HCE
using a mixed ethylene carbonate (EC) and propy-
lene carbonate (PC) system, with FEC serving as a
diluent and an SEI-forming additive. The influence
of the FEC content on the Na™ solvation structure,
sodium plating/stripping behavior, interfacial stabil-
ity, and electrochemical performance of AFSBs paired
with the cathode material is investigated.

MATERIALS AND METHODS

Chemicals
Sodium perchlorate (NaClOy4, > 98%), sodium metal

(Na, 99.95%), EC (> 99%), PC (> 99%), FEC
(> 99%), N-methyl-2-pyrrolidone (NMP, 99.5%),
poly(vinylidene fluoride) (PVDE, M,, ~ 534.000),
Zn(NO3),-6H,0 (98%), and Co(NO3),-6H,O (98%)
were obtained from Sigma-Aldrich. Carbon Super P
(C65) was provided by Imerys (> 99.9%), and sodium
hydroxide (NaOH, > 98%) was supplied by Merck.
Iron nitrate nonahydrate, Fe(NO3)3-9H,0 (> 98%),
and citric acid (> 99.0%) were purchased from Fisher.
All chemicals were used as received, without further
purification.

Preparation of electrolytes

Electrolytes were prepared by dissolving the desired
amount of NaClOy in the corresponding solvent sys-
tems under continuous stirring for 12 h at room tem-
perature inside an argon-filled glovebox (O, and H,O

< 0.1 ppm). The electrolytes investigated in this work
are denoted as follows:

+ ELF-1M: NaClO4/EC/PC/FEC (49:49:2, v/v)

+ HEL: NaClO4/EC/PC (1:2.4:2.4, molar ratio)

+ HELF1: NaClO4/EC/PC/FEC (1:2.4:2.4:1, molar
ratio)

+ HELF2: NaClO4/EC/PC/FEC (1:2.4:2.4:2, molar
ratio)

The relatively high FEC contents in the HELF1 and
HELF2 electrolytes (corresponding to approximately
16.42 and 28.21% v/v, respectively) were selected to
elucidate the effect of FEC on the solvation structure
and interfacial behavior of the electrolyte system.

Synthesis of cathode material

NaFe 45Zn¢ 05C0950, (NFZC) was synthesized
via the sol-gel route.  Stoichiometric amounts
of NaOH, Fe(NO3);3-9H,O, Zn(NO3),-6H,0,
Co(NO3),-6H,0, and citric acid were dissolved in
distilled water to form a concentrated precursor
solution. Subsequently, a 25% aqueous NH3 solution
was added dropwise to adjust the pH to 3-4. The
resulting solution was continuously stirred at 80 °C
to form a viscous gel. The gel was then preheated at
400 °C for 5 h, followed by calcination at 900 °C for
12 h in air to obtain the NFZC cathode material.

Electrolyte characterization
Raman spectra were recorded using a Horiba Jobin

Yvon Raman spectrometer with an excitation wave-
length of 638 nm.

Coin cell assembly and electrochemical
measurements

CR2032-type coin cells were assembled in the argon-
filled glovebox.
Nal|Na symmetric cells was conducted at a current

Sodium plating/stripping of the

density of 1.0 mA cm~2 with a plating/stripping pe-
riod of 1 h. Chronoamperometry (CA) measure-
ments for the Na||Na cells were performed by apply-
ing a constant potential step of 10 mV for 2100 s.
Nal|Al cells were assembled using an Al foil (19 mm
in diameter) as the working electrode and a sodium
metal foil (15.8 mm in diameter) as the counter and
reference electrodes. Sodium deposition in the Na||Al
cells was capacity controlled at a current density of
1.0 mA cm~2 for 1 h, while stripping was voltage
controlled with an upper cut off voltage of 1.0 V vs.
Na't/Na. Linear sweep voltammetry (LSV) was per-
formed on the Na||Al cells at a scan rate of 0.1 mV
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s~! from open-circuit voltage (OCV) to 6.0 V for ox-
idation and from OCV to -0.5 V for reduction. Elec-
trochemical impedance spectroscopy (EIS) measure-
ments were carried out using a sinusoidal voltage per-
turbation with an amplitude of 10 mV over a fre-
quency range of 1 MHz to 1 Hz.

Full cells were assembled using HELF1, NFZC, and
Al foil as the electrolyte, cathode, and anode, respec-
tively. The NFZC cathode slurry was prepared by
mixing 90 wt.% of the active material, 5 wt.% of con-
ductive carbon (C65), and 5 wt.% of the PVDF binder
in NMP using a Thinky mixer for 20 min. The homo-
geneous slurry was then cast onto Al foil and dried
under vacuum at 80 °C for 12 h. The dried elec-
trode was punched into disks (12.7 mm in diameter)
with an NFZC mass loading of ~9-10 mg cm™2 (1
mAh cm™2). A galvanostatic charge-discharge test
was conducted at a C/10 rate (1C = 150 mAh g~!)
within the range of 2.0-3.9 V.

LSV, EIS, and CA were carried out on a Bio-
logic VSP-300 potentiostat (France). The sodium
plating/stripping and galvanostatic charge-discharge
tests were conducted on a LAND CT3002A battery
testing system (China). For all cell configurations, 200
UL of the investigated electrolyte was impregnated
into two layers of Whatman glass fiber (GF/C) sep-
arators.

After cycling, the Al foil electrodes were rinsed with
dimethyl carbonate (DMC) and dried under vacuum
prior to examining their surface morphology via scan-
ning electron microscopy (SEM, Jeol SM-IT200), op-
erated at an accelerating voltage of 10 kV. The ele-
mental composition was analyzed using an energy-
dispersive X-ray spectroscopy (EDS) setup attached to
the SEM system.

RESULTS

The physical and electrochemical properties of the
low- and high-concentration electrolytes were inves-
tigated. Figure 1a presents the EIS spectra of the cells,
where stainless steel casings and spacers served as the
electrodes, separated by two layers of Whatman glass
fiber impregnated with the different electrolytes. As
expected, the HCEs exhibit higher Ohmic resistance
than the baseline ELF-1M due to increased viscos-
ity and enhanced ion pairing and/or ion aggregation,
which hinder ion mobility. The ionic conductivity (o)
was calculated according to Equation 1:

l

T RxsS W

where I (cm), R (Q), and S (cm?) are the thickness of
the two Whatman glass fibers, the Ohmic resistance

(obtained from the EIS measurement), and the circu-
lar area of the stainless steel spacer, respectively. The
ionic conductivities of HELF1 and HELF2 are lower
than that of ELF-1M (Figure 1b), consistent with the
higher resistance observed in the impedance spectra.
The Na™ transference number indicates the relative
contribution of Na® ions to the overall ionic con-
ductivity. As illustrated in Figure 1c, Na™ remains
the dominant charge carrier in all electrolytes, as re-
flected by the relatively high Na™ transference num-
ber. A slight decrease in the Na™ transference num-
ber from 0.78 (ELF-1M) to 0.73 (HELF1) can be ob-
served, likely due to the increased formation of ion
pairs and/or ion aggregates in a HCE, which mod-
erately impedes Na™ mobility. Increasing the FEC
content in HELF2 notably raises the Na™ transference
number to 0.84, suggesting that FEC acts as a diluent
that facilitates the mobility of ion pairs and aggregates.
The impedance spectra of the Na||Na symmetric cells
before and after the CA test (Figure 1d) display
semicircles corresponding to the interfacial charge-
transfer resistance. Although the ELF-1M electrolyte
shows relatively large semicircles, it exhibits a min-
imal change in its impedance profile; on the other
hand, HELF2 exhibits a pronounced growth in the
semicircle, which can be attributed to SEI thicken-
ing and increased charge-transfer resistance. Fig-
ure le presents the current response during the CA
measurements. The HCEs require a longer time to
reach a steady state, consistent with their lower ionic
conductivity and the increased interfacial impedance.
HELF1 exhibits a relatively higher steady-state cur-
rent, given its high Na™ concentration and lower
charge-transfer resistance.

Figure 1f displays the LSV profiles of Al foil in differ-
ent electrolytes to exploit their oxidative and reduc-
tive stability, with the inset showing enlarged views.
During the anodic scan, all electrolytes exhibit ox-
idative stability up to 4.8 V vs. Na'/Na. The low-
concentration electrolyte shows a larger capacitive

current, 23

which can be attributed to the large frac-
tion of solvated ions and solvent molecules participat-
ing in interfacial polarization. Interestingly, the low-
concentration electrolyte exhibits a slightly higher ox-
idation onset potential. While FEC-containing elec-
trolytes generally demonstrate improved oxidative
stability compared to conventional carbonate elec-
trolytes, theoretical calculations suggest that the ox-
idation potentials of coordinated species in HCEs
can be lower than those of isolated molecules be-

cause the oxidation processes are coupled with a high
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Figure 1: (a) Electrochemical impedance spectra of SS||SS symmetric cells, (b) ionic conductivity, and (c) Na™
transference number of the electrolytes. (d) Electrochemical impedance spectra of Na||Na cells before and after
chronoamperometry, and (e) current response during chronoamperometry. (f) Linear sweep voltammetry (LSV) of
Al foil in the different electrolytes. Inset: LSV curves with an adjusted current scale to highlight the weak reduction

feature at low potentials. [Source: Authors']

probability of H-transfer reactions.!® The initial on-
set of oxidation is likely associated with the oxida-
tion of the ClO4~ anion, which becomes weakly sol-
vated in the HCEs.?* Subsequent oxidation processes
can be ascribed to the formation of EC/PC radical
species, 1424 followed by FEC oxidation at higher
potentials. On the cathodic side, a single reduc-
tion peak can be observed for all electrolytes; this
shifts toward lower potentials with an increasing elec-
trolyte concentration due to the strengthened interac-
tions between Na™ and solvent molecules. The higher
reduction peak at high concentrations indicates a
greater tendency of electrolyte reduction. Although
the intrinsic electrochemical stability of NaClOy is
lower than that of the carbonate solvents, the ob-
served reduction process is most likely dominated by

FEC reduction, facilitated by the complex interactions
among FEC, Na™, and EC/PC molecules.2° The sharp
increase in current near 0 V corresponds to the depo-
sition of sodium metal on the Al substrate.

The ion-solvent interactions in the electrolytes were
elucidated by Raman spectroscopy (Figure 2a). Re-
garding the low-concentration electrolyte (EL-1M),
the band at 720 cm ™! is ascribed to the skeletal bend-
ing vibration of cyclic carbonate solvents, including
PC, EC, and FEC.?® Upon increasing the salt concen-
tration, this band shifts slightly toward higher wave
numbers, indicating the coordination of an increased
fraction of solvent molecules with Na™ ions. This shift
reflects the enhanced solvent-induced stress exerted
by Na* on the carbonate ring framework. 227 In ad-
dition, in the case of ELF-1M, the C-O stretching vi-
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bration of the EC-PC mixture appears at 850 cm™1,
while the vibration of PC occurs at 910 cm™!,2>28
After introducing FEC, the former band shifts to a
higher wave number, and the latter is replaced by a
new feature centered at 900 cm ™!, suggesting a mod-
ified solvent coordination environment around the
Na™ ions.

The asymmetric stretching vibration of ClO4~ gives
rise to two prominent bands in the range of 930-960
cm~!.272% The band at 930 cm ™! is attributed to free
solvated ClO4~ anions, whereas the band near 960

ecm~! corresponds to the formation of contact ion

pairs or ion aggregates between ClO4 ~ and Na*,30-33
Even in the low-concentration electrolyte, the pres-
ence of the high-frequency component indicates the
existence of ion pairs, implying non-negligible Na™ -
ClO,~ interactions.’® With the introduction of FEC
into the HCEs, the intensity of the band associated
with aggregated ClO4~ decreases, while the band of
free solvated anions increases in intensity. This be-
havior can be attributed to the partial replacement
of ClO4~ in the Na™ solvation shell and the effec-
tive shielding effect of FEC, arising from its strong
interaction with Nat. Overall, the transition from
ELF-1M to HELF1 and HELF2 is accompanied by sig-
nificant shifts in the solvent-related peaks, indicating
strengthened Nat—solvent interactions in the HCEs,
as illustrated in Figure 2b. Since FEC exhibits weaker
coordination with Na* than PC and EC, it preferen-
tially resides in the outer solvation shell. Here, it is
more readily exposed at the electrode/electrolyte in-
terface, facilitating electron transfer and, thereby, in-
creasing its susceptibility to electrochemical reduc-
tion. Together with the increased population of free
ClO4™ anions, this distinct solvation structure plays
a critical role in regulating the formation and compo-
sition of the SEL

Figure 3a displays the effect of electrolyte composi-
tion on the stability of the Na||Na symmetric cells.
The cells employing HCEs exhibit stable cycling for
over 400 h at a current density of 1 mA cm~2, whereas
the cell with the baseline fails after 240 h. The volt-
age fluctuation observed at the end of cycling in the
baseline cell can be attributed to unstable SEI evo-
lution, leading to increased interfacial resistance and
nonuniform Na plating/stripping behavior.* This
may induce dendritic growth and continuous sodium
loss, ultimately leading to cell failure. Figures 3b-
d present the corresponding DC polarization voltage
profiles during sodium stripping/plating over 200 cy-
cles. The baseline shows consistently higher polariza-
tion throughout cycling, with a pronounced increase
once the stripping or plating capacity exceeds 0.8

mAh cm ™2 (as indicated by the dashed line). Mean-
while, the cells with HCEs effectively suppress the
continuous growth of polarization, even under high-
capacity sodium deposition during prolonged cycling.
These results indicate that the SEI layers formed in
HCEs display greater compactness and ionic conduc-
tivity, thereby providing effective interfacial passiva-
tion against parasitic electrolyte decomposition and
enabling highly reversible plating/stripping. Never-
theless, a gradual increase in the overpotential can still
be observed after extended cycling, implying progres-
sive interfacial degradation that ultimately leads to the
collapse of cell performance.

Na||Al cells were assembled to further evaluate the
reversibility of sodium deposition and the interfacial
stability in various electrolytes. As shown in Fig-
ures 4a,b, the baseline cell exhibits higher polariza-
tion (100 mV for ELF-1M compared to 80 mV for
HELF1) and a more rapid increase in polarization
during sodium plating. Consequently, relatively low
first-cycle Coulombic efficiencies of 66.1% and 85.1%
are obtained for ELF-1M and HELF1, respectively.
Figure 4c compares the evolution of the Coulom-
bic efficiency upon cycling. Notably, the influence of
the SEI stability and sodium deposition behavior on
the cycling performance is significantly amplified in
the Nal|Al cells compared to the Na||Na symmetric
cells, owing to the absence of an excess sodium reser-
voir. Although the Coulombic efficiency of the ELF-
IM cell gradually increases with cycling, it remains
consistently lower than that of HELFI, resulting in
a shorter cycle life. This behavior indicates that the
cell failure in ELF-1M is associated with the forma-
tion of an insufficient and unstable SEI, which leads
to continuous electrolyte decomposition and progres-
sive thickening of the interfacial layer. Meanwhile,
HELF1 facilitates the formation of a partially protec-
tive and mechanically stable SEI, mitigating immedi-
ate cell failure and suppressing large fluctuations in
the Coulombic efficiency during prolonged cycling.
These fluctuations possibly originate from repeated
SEI fracture/reformation and the concurrent forma-
tion and recovery of dead sodium. 3> For compari-
son, the Na||Al cell using the ELF-1M electrolyte—1
M NaClO4 in EC-PC (1:1)—fails to sustain cycling,
while a HCE without FEC (HEL, NaClO4:EC:PC =
1:2.5:2.5) provides low Coulombic efficiency and a
short cycle life. Additionally, the HELF2 cell exhibits
sodium plating/stripping behavior and SEI character-
istics similar to those of the HELF1 cell; however,
more significant fluctuations in the Coulombic effi-
ciency can be observed, which ultimately cause cell
failure after approximately 40 cycles.
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Figure 2: (a) Raman spectra of the electrolytes, and (b) increased Na™-PC interactions when shifting from a low-

to a high-concentration electrolyte. [Source: Authors']

The sodium deposition morphology on Al foil af-
ter 10 plating/stripping cycles in the HCEs is shown
in Figures 5a,b. The deposited sodium in HELF1
exhibits a relatively uniform distribution across the
Al substrate, comprising homogeneously dispersed
submicron-sized Na particles; furthermore, no appar-
ent dendrites are observed. Meanwhile, HELF2 pro-
duces a smoother and denser surface morphology;
this is indicative of the formation of a thicker and
more compact interfacial layer, which results from the
more extensive participation of FEC and ClO4~ in
SEI formation. Elemental analysis via EDS (Figures
5¢,d) reveals that the sodium deposits formed in
HELF2 contain higher concentrations of F and Cl
species and lower contents of O and Na compared

to those in HELFI.
generation of an SEI enriched in inorganic compo-
nents, such as NaF and NaCl, derived from the de-
composition of FEC and ClO4~. Although such an
inorganic-dominated SEI is beneficial for early-stage

These results demonstrate the

interfacial passivation and contributes to dendrite-
free sodium deposition, its increased rigidity and brit-
tleness may be detrimental to long-term mechanical
integrity. This feature raises the observed polarization
growth and the instability in the Coulombic efficiency
in HELF2 during extended cycling.

The full cells performance in the different electrolytes
was evaluated. The cell with the low-concentration
electrolyte (ELF-1M) delivers an initial specific charge

capacity of 145 mAh g~ '; however, only 90 mAh g~!
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Figure 5: SEM images of sodium deposition on Al foil in (a) HELF1 and (b) HELF2 after 10 cycles at 1 mA cm~2
with an area capacity of 1 mAh cm~2 and a cut off voltage of 1.0 V vs. Na*/Na. Corresponding EDS spectra of the
sodium deposits in (c) HELF1 and (d) HELF2 (insets: elemental compositions obtained via EDS analysis). [Source:

Authors’]

4298



VNUHCM Journal of Science and Technology Development 2026, 29(3):4291-4302

4.0 4.0
(a) (b) L

35 354"
© ©
< <
‘s 3.0 ‘m 3.0
z z
: :

25 254
2 ICE = 67.7% < ICE = 81.4%
w 50th~e— 1st w 50th ~— 1st

20 2.0

AI[ELF-1M|NFZC, C/10 AIIHELF1|NFZC, C/10
1.5 T T T T T T T 15 T r T T T T T
0 20 40 60 80 100 120 140 0 20 40 60 8 100 120 140

120 Specific capacity / mAh g~ Specific capacity / mAh g~'
f(c) —m—ELF-M
'» 1004 —8— HELF1
S
T 80+
>
5 60 4
©
Q
g 404
Q
£
S 204
(9]
)

04
r : . r .

30 40 50

Cycle number

Figure 6: Selected charge-discharge curves of the Al|[NFZC cell in (a) ELF-1M and (b) HELF1, and (c) the corre-
sponding capacity as a function of the cycle number. [Source: Authors']

is recovered during the subsequent discharge, cor-
responding to a low Coulombic efficiency of 67.7%
(Figure 6a). In contrast, the cell employing an HCE
(HELF1) exhibits a comparable charge capacity while
delivering a higher discharge capacity of 110 mAh
g~ !, resulting in a significantly improved Coulom-
bic efficiency of 81.4% (Figure 6b). The cycle life of
the anode-free sodium full cells is strongly correlated
with their Coulombic efficiency, as the cathode serves
as the sole sodium reservoir.>”*® As shown in Fig-
ure 6¢, the higher Coulombic efficiency achieved with
HELFI, together with the formation of a more pro-
tective SEI layer, leads to enhanced capacity retention
during prolonged cycling. Specifically, the capacity
retention at the 25" cycle reaches 0.71% and 17.2% for
the ELF-1M and HELFI cells, respectively. Neverthe-
less, all cells ultimately suffer complete capacity de-
pletion after 50 cycles; this is attributed to the contin-
uous sodium inventory loss during repeated cycling,
arising from the low Coulombic efficiency of approxi-
mately 90% (Figure 4c). The sodium loss is mainly at-
tributed to continuous SEI formation and the genera-
tion of electrochemically isolated sodium. This obser-
vation agrees well with previous studies, where base-
line electrolytes with a low Coulombic efficiency also

exhibit rapid capacity fading. 342

DISCUSSION

The use of NaClOy4 as the sodium salt in carbonate-
based electrolytes, particularly in combination with
PC, provides an attractive and cost-effective approach
for AFSBs due to its low cost and favorable chem-
ical and thermal stability. However, conventional
dilute electrolytes cannot provide reliable AFSB op-
eration. In this work, we investigated whether in-
creasing the electrolyte concentration and introduc-
ing FEC can regulate the interfacial chemistry and im-
prove the reversibility of sodium plating/stripping in
the NaClO4-EC-PC system.

In HCEs, stronger Nat—solvent interactions signifi-
cantly alter the solvation environment compared to
At high contents,

FEC functions as a cosolvent that modulates the sol-
0

the low-concentration baseline.
vation structure?” via weak coordination with Na*,
partially replacing anions within the Na* solvation
shell and promoting salt dissociation. This leads to a
higher population of free anions while also providing
a film-forming additive that directly participates in

interfacial decomposition reactions, 1622

thereby gov-
erning the composition and physicochemical proper-
ties of the resulting SEI.

The Na||Na symmetric cells demonstrate that the

modified electrolytes enable the formation of rel-
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atively compact and ionically conductive SEI lay-
ers. These effectively mitigate continuous elec-
trolyte decomposition and reduce interfacial polar-
ization during prolonged sodium plating/stripping,
consequently improving cycling stability. However,
in practical anode-free cells, such SEI layers can-
not ensure long-term cycling durability. The study
found that the role of FEC is strongly concentration-
dependent. A moderate FEC content enhances in-
terfacial passivation and improves the reversibility
of sodium plating/stripping, whereas excessive FEC
leads to accelerated performance degradation and a
shortened cycle life. Morphological characterizations
reveal that sodium deposition becomes smoother and
denser with an increasing FEC content. Chemical
analyses indicate that the SEI primarily originates
from the reduction of ClO4~ and FEC, resulting in
inorganic-rich SEIlayers dominated by NaF and NaCl
species. While such SEI layers are generally consid-
ered chemically robust, they suffer from mechani-
cal fragility. The repeated expansion and contraction
of sodium deposits during cycling can cause contin-
uous SEI fracture and reformation, ultimately lead-
ing to detachment from the Al foil. Cell failure is
likely dominated by aggravated electrolyte decompo-
sition, which is strongly observed at a high deposi-
tion capacity; this causes the continuous supply of in-
organic species, leading to excessive SEI thickening.
At this stage, the sodium deposits evolve to exhibit
inhomogeneous and tortuous morphologies that are
difficult to fully plate or strip, resulting in the accu-
mulation of electrochemically inactive dead sodium.
This complex surface composition and morphology
significantly hinder effective ion transport and limit
electrochemical accessibility to the Al foil. Notably,
the sodium deposits formed in HELF1, characterized
by small grain sizes and relatively rough and porous
surfaces, provide additional ion transport pathways
and accessible deposition sites. This enables more
sustained plating/stripping over extended cycles com-
pared to the smoother and denser sodium deposits
observed in HELF2.
smooth and granular-like sodium deposits are gen-

Nevertheless, the uniformly

erally favorable for achieving effective protection and
ensuring long-term cycling stability. These results in-
dicate that optimization of the sodium morphology
alone is insufficient unless electrolyte decomposition
is simultaneously suppressed. Therefore, improving
the cycling performance in AFSBs requires not only
increasing the electrolyte concentration but also pre-
venting persistent electrolyte decomposition via the
formation of a robust SEI that simultaneously offers

effective passivation, high ionic conductivity, and suf-
ficient mechanical stability against volume changes
during cycling. While the use of FEC is effective
in improving the interfacial stability and initial re-
versibility, the stability of the resulting SEI is insuffi-
cient to sustain long-term cycling. Further optimiza-
tion of the salt concentration and FEC content, to-
gether with the introduction of suitable diluents to
balance interfacial passivation, ion transport, and me-
chanical robustness, is essential for realizing highly
reversible and stable AFSBs. In this regard, fluori-
nated ethers can act as effective diluents for construct-
ing thin and protective SEI layers in carbonate- and
ether-based electrolytes. 313

CONCLUSION

In this work, carbonate-based HCEs employing low-
cost NaClOy4 were investigated for AFSBs. Increasing
the NaClOy4 concentration in combination with a high
FEC content effectively regulates the Na™—solvent in-
teractions and the solvation structure, promotes ex-
tensive salt dissociation, and induces anion-derived
SEI formation. FEC also acts as a film-forming addi-
tive that participates in interfacial decomposition, fa-
cilitating the formation of an inorganic-rich SEI dom-
inated by NaF and NaCl species. Such an SEI provides
enhanced interfacial passivation, mitigates continu-
ous electrolyte decomposition, and improves the re-
versibility of sodium plating/stripping. However, the
SEI derived solely from the decomposition of FEC and
ClO4~ is insufficient to guarantee durable sodium
plating and stripping on Al foil in anode-free batteries.
Therefore, careful optimization of the salt concentra-
tion and FEC content, together with the introduction
of suitable diluents, is essential to balance interfacial
passivation, ion transport, and mechanical robustness
and achieve more reversible and stable sodium plat-
ing/stripping.

ABBREVIATION

CE: Coulombic efficiency
EC: ethylene carbonate
ELF-1M: electrolyte NaClO4 1 M/EC-PC:FEC (98:2

v/v)

HELF1: electrolyte NaClO4/EC/PC/FEC =
1:2.4:2.4:1, molar ratio

HELF2: electrolyte NaClO4/EC/PC/FEC =

1:2.4:2.4:2, molar ratio

FEC: fluoroethylene carbonate
LIBs: lithium-ion batteries
LSV: linear sweep voltammetry
NFZC: NaFe0,45 Zn0_05C00_5 02
NMP: N-methyl-2-pyrrolidone
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OCYV: open circuit voltage
PC: propylene carbonate
SIBs: sodium-ion batteries
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