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ABSTRACT

Low-concentration electrolytes hold significant potential for the development of cost-effective sodium-ion batteries (SIBs),
whereas they face persistent challenges in sustaining the cycling stability of hard carbon anodes, especially under wide-
temperature operation. This issue arises from the poorly controlled solid electrolyte interphase (SEI) formed in low-
concentration electrolytes, typically featured by an inhomogeneous, fragile, and kinetically sluggish inorganic inner layer.
Herein, we report a confined interfacial microenvironment design strategy by reconstructing a low-concentration ether
electrolyte using a trace amount of anionic surfactant (sodium dodecyl sulfate, SDS). SDS is proposed to spontaneously
adsorb and enrich at the hard carbon-electrolyte interface, creating a locally concentrated and confined interfacial
microenvironment. Spectroscopic and electrochemical analyses indicate that this interfacial enrichment reshapes the local
coordination/association environment of Na* during interfacial transport and desolvation, thereby promoting anion-involved
interphase formation. This generates a thin SElI composed of an inner-layer rich in inorganic NaF and Na,S and an
organic out-layer, achieving a rigid-flexible integrated interphase to mitigate high-temperature interfacial instability and low-
temperature sluggish kinetics. Consequently, the assembled SIBs show an improved cycling stability from a low capacity
retention of 47.61% after 250 cycles to a high value of 91.44% after 350 cycles and demonstrate wide-temperature
adaptability ranging from -15 to 50 °C. This study provides a promising interfacial microenvironment design strategy to
address the instability challenge of hard carbon for high-performance wide-temperature SiBs.
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electrolyte design must simultaneously address two distinct
interfacial constraints. At low temperatures, sluggish desolvation
and charge transfer increase polarization; thus, an optimized
electrolyte should promote the rapid formation of a compact,
inorganic-rich SEI to facilitate Na* transport and mitigate capacity
loss [12-16]. Conversely, at high temperatures, accelerated

1 Introduction

Sodium-ion batteries (SIBs), benefiting from the natural
abundance of sodium resources and intrinsic suitability for high-
rate operation, are attracting intensive attention in the energy
storage field [1-4]. As a crucial component of SIBs, the electrolyte
is a primary determinant of electrode-electrolyte interface stability

[5-8], especially across a wide-temperature range. The design of
electrolyte components and their physicochemical properties
governs the interface stability of hard carbon-based SIBs, primarily
through controlling the chemistry and structure of the solid
electrolyte interphase (SEI) formed on the hard carbon anode.
Because SEI formation is highly temperature dependent [9-11],

parasitic reactions can drive continuous electrolyte decomposition
and uncontrolled SEI thickening. Therefore, electrolytes
with high thermal and electrochemical stability are required to
suppress side reactions, limit SEI overgrowth, and maintain the
structural integrity of hard carbon, thereby ensuring cycling
stability [17-21].
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The regulation of electrolyte concentration is one of the key
strategies for optimizing the stability of the electrolyte-electrode
interface and enhancing the cycling performance and safety of
batteries. Variations in concentration directly affect the solvation
structure of the electrolyte, ionic transport characteristics, and the
mechanisms of interface film formation, which in turn
significantly influence the electrochemical stability, rate capability,
and high-temperature tolerance of the battery. For high-
concentration electrolytes (HCEs), when the salt concentration of
NaFSI was increased to 5 M, the Ethylene Carbonate/Propylene
Carbonate (EC/PC)-based electrolyte experienced rapid cell failure
within 20 cycles because the high viscosity of EC/PC hindered
charge transport and reduced ionic conductivity [22]. Choi et al.
[22] instead used NaFSI in dimethoxyethane (DME), where the
salt exhibits higher solubility, enabling the concentration to be
increased to 5 M. They found that this electrolyte remained
anodically stable up to 4.9 V vs. Na/Na'. However, the large-scale
application of HCEs in commercial SIBs remains challenging in
the foreseeable future owing to the high cost of sodium salts, high
viscosity, and poor wettability. For locally high-concentration
electrolytes (LHCEs), adding inert diluents such as fluorinated
ethers can reduce the viscosity of HCEs, thereby partially
improving  wettability and low-temperature conductivity.
Fluoroether solvents meet these requirements and are therefore
commonly used as diluents in LHCEs formulations. Symmetric
fluoroether solvents, such as 1,1,2,2-tetrafluoroethyl-2,2,3,3-
tetrafluoropropyl ether and bis(2,2,2-trifluoroethyl) ether (BTFE),
have been employed in LHCEs [23-25]. Chou and co-workers
[26] prepared HCEs consisting of 3.1 M NaTFSI in the trimethyl
phosphate (TMP) and then diluted the mixture with the inert
solvent BTFE to form LHCEs. Unfortunately, the addition of
excessive BTFE disrupted the solvation balance in the original
solution, leading to the recrystallization of NaTFSI in the
electrolyte. Zhang et al. [27] used an LHCE of 2.1 M NaFSI/DME-
BTFE (solvent molar ratio 1:2), which enables fast charging
capability (20 C) and long cycling life (90.8% retention over 40,000
cycles) of Na;V,(PO,); cathodes. However, the high cost of
commonly used fluoroether diluents restricts their practical
application. Therefore, there is an urgent need to develop cost-
effective diluents with favorable properties for LHCEs [28]. For
conventional electrolytes, Xu et al. [29] used vinylene carbonate
(VC) in an ether electrolyte, namely 1 M NaPF, in DME. They
found that VC decomposed in large amounts on the surface of the
electrodes into an excessively thick SEI with increased impedance.
For low-concentration electrolytes, although researchers dissolved
0.8 M NaPF, in TMP solvent with 10% FEC additive to
successfully achieve a non-flammable electrolyte, its initial
Coulombic efficiency remains low at only 68.3% [30].

In contrast, low-concentration electrolytes exhibit unique
advantages: First, the amount of salt used is significantly reduced,
lowering costs by 20%-30% compared to conventional
electrolytes; second, the high solvent content results in weak
intermolecular forces, lower viscosity at ultra-low temperatures,
and less resistance to ion migration, laying the foundation for high
conductivity at low temperatures; third, low-concentration
systems do not encounter issues related to salt aggregation, and
the solvation structure can be precisely regulated through the
incorporation of functional additives. This approach avoids
diluent-induced interfacial perturbations and can, in principle,
enable the concurrent realization of ultra-low temperature ionic
conductivity, wide-temperature interface stability, and low cost
[31]. However, pure low-concentration electrolytes have
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drawbacks such as weak SEI film formation ability, requiring
functional additives for performance enhancement [32].
Functional additives, as an efficient strategy for electrolyte
optimization, have become central to improving the overall
performance of low-concentration electrolytes due to their small
dosage and precise control [33]. Numerous studies have
confirmed that the rational selection of additives can
synergistically address the shortcomings of low-concentration
electrolytes [34]. The electrolyte formulation of 0.35 M sodium bis
(oxalato) borate (NaBOB) in the triethyl phosphate with the
addition of 3 wt.% ethylene sulfate has been proposed, yet it
exhibits rapid capacity fading when cycled at 55 °C and shows
acceptable initial performance but undergoes a sharp decline in
subsequent cycling stability at 40 °C. As a result, it fails to achieve
long-term stable operation under high-temperature conditions.
Moreover, its effect on improving battery performance is only
limited to specific conditions such as room temperature and short-
term cycling, thus featuring an extremely narrow application
range [35]. Therefore, low-concentration electrolytes still face
severe challenges in cycling stability under both high and low
temperatures. Notably, for porous hard carbon electrodes, the
decisive chemistry often occurs within a thin interfacial region and
confined pores, where the local electrolyte environment can
deviate substantially from the bulk composition, particularly
under wide-temperature operation. This motivates an interfacial-
centric design principle: trace additives can be made highly
effective if they are capable of spontaneous enrichment at the hard-
carbon surface, thereby reshaping local solvation/association and
directing early-stage interphase formation.

In this work, we propose a confined interfacial
microenvironment design strategy by introducing sodium dodecyl
sulfate (SDS) as an anionic surfactant additive in low-
concentration ether-based electrolytes. Owing to its spontaneous
adsorption on hard carbon, SDS is expected to form an interfacial
enrichment layer even at a low bulk dosage. When Na* traverses
this interfacial layer prior to insertion, the accompanying anionic
species can bias interfacial reactions toward anion-derived
products and accelerate the formation of a thin, dense, inorganic-
rich SEI, thereby stabilizing the interface across a wide
temperature range. The interfacial-enrichment mechanism was
demonstrated by nuclear magnetic resonance (NMR)
spectroscopy and Raman spectroscopy. A thinner and more
uniform SEI with an inorganic-rich inner layer was revealed
through depth-resolved X-ray photoelectron spectroscopy (with
sputter etching) and high-resolution transmission electron
microscopy (HRTEM). As a result, the SDS-enabled low-
concentration electrolyte delivers markedly enhanced reversible
capacity, rate capability and cycling stability for hard carbon
anodes, with the capacity retention improved from 47.61% after
250 cycles to a high of 91.44% after 350 cycles, and with stable
operation further demonstrated across —15 to 50 °C. This
interfacial-enrichment concept provides a practical and scalable
route to reconcile low cost with wide-temperature stability in hard
carbon-based SIBs.

2 Results and discussion

By employing advanced characterization techniques including
NMR spectroscopy and Raman spectroscopy, the solvation
structure and Na® coordination environment of a low-
concentration electrolyte (NaOTF;5-G2, sodium salt, NaOTF,
solvent, diglyme, G2) after the addition of SDS (0.03 M) were
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Figure1 Solvation structure study of low-concentration electrolytes before and after using SDS additive. NMR spectra of (a) 'H in G2, (b) "O in G2, (c) “F in two
different electrolytes at 25 °C. (d) NMR of "O in NaOTF. NMR spectra of (e) 'H and (f) “F in the two electrolytes at different temperatures. Raman spectra of different
electrolytes at different Raman shift range of (g) free solvent G2 and Na*-G2 coordination (780-900 cm™) and (h) OTF bending region (736-776 cm™). (i) Schematic
diagram showing the temperature-dependent changes of solvation structure and coordination environment of low-concentration electrolytes with or without SDS

additive.

elucidated. NMR data show that in bare solvent G2, both 'H and
"O-related signals shift upfield after introducing NaOTF
(Figs. 1(a) and 1(b)), indicating enhanced electronic shielding that
is consistent with salt-induced solvent structuring and strong Na*-
G2 coordination [36]. Adding 0.03 M SDS additive to the
NaOTF,5-G2 electrolyte shifts both 'H and O-related signals shift
downfield, suggesting a re-polarization and de-shielding of the
local solvent environment due to surfactant-mediated ionic
nanodomains and competitive interactions involving the sulfate
headgroups [37]. This indicates that SDS restructures the local
solvation microenvironment and redistributes Na* coordination/
association equilibria, which can manifest as an apparent
weakening of the average Na™-G2 interaction in the bulk spectra
[38]. Importantly, although SDS is introduced at a low bulk

concentration, its anionic-surfactant nature enables spontaneous
adsorption and enrichment at the hard carbon surface, creating an
interfacial region with elevated sulfate density and a markedly
different local electric field and ion-partitioning behavior from the
bulk. The negative charge of the DS ion concentrates on the three
oxygen atoms of the sulfate group. Although the long alkyl chain
increases steric hindrance, the localized charge density enhances
the electrostatic attraction with sodium ions [39]. Meanwhile, the
negative charge of the OTF- ion is highly delocalized through the
three oxygen atoms of the sulfonic acid group and the strong
electron-withdrawing effect of the trifluoromethyl group, leading
to a dispersed charge density and weakening the binding with
sodium ions. Therefore, the NMR signal of “F shifts downfield,
resulting in a decrease in the electron cloud density around F atom
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(de-shielding effect). Thus, the addition of SDS weakens the Na*-
OTF interaction (Fig. 1(c)). In Fig. 1(d), the downfield shift of the
O-related signal, indicates a lower electronic shielding around
oxygen, in line with the "F-NMR trend and the SDS-induced re-
polarization of the solvation microenvironment. Taken together,
these bulk-averaged NMR shifts are consistent with an SDS-
induced reconstruction of the solvation structure via interfacial
enrichment, local field effects, and competitive sulfate
participation, which can be further amplified within the SDS-
enriched interfacial layer where ion association and anion
participation become more pronounced.

To elucidate the solvation structure changes caused by SDS
[40], temperature- dependent NMR was used to obtain the
molecular structure information of SDS in G2 solvent. With
increasing temperature, in the NaOTF;-G2 electrolyte system, the
concentrations of a-'H protons in G2 increased from 3.518, 3.438,
3.257 ppm at 25 °C to 3.533, 3.450, 3.272 ppm at 50 °C, and 3.547,
3462, 3.284 ppm at 75 °C (Fig. 1(e)). The increments of a-'H, -
'H, and y-'H were 0.015, 0.012, 0.015 ppm from 25 °C to 50 °C
and 0.029, 0.024, 0.027 ppm from 25 to 75 °C, respectively. This
indicates that the coordination effect of Na*-G2 weakens with
increasing temperature, and the coordination effect of O
(connected to a-'H and y-'H) with Na® in G2 solvent is
significantly smaller than that of (O connected to B-'H). In the
NaOTF,5-SDS;3-G2 electrolyte system, the concentrations of a-
'H protons in G2 increased from 3.519, 3.437, 3.258 at 25 °C to
3.533, 3.450, 3.274 ppm at 50 °C, and 3.545, 3.461, 3.285 ppm at
75 °C (Fig. S1 in the Electronic Supplementary Material (ESM)).
The increases in a-'H, f-'H, and y-'H were 0.014, 0.013, 0.016,
0.026, 0.024, and 0.027 ppm, respectively. In the NaOTF;-G2
electrolyte system, with increasing temperature, “F changed from
-78.11 to -77.95 and -77.80 ppm, implying that increasing
temperature leads to enhanced thermal motion and a greater
distance between Na® and OTF, weakening the interaction
between them. However, with adding SDS, “F decreased from
-77.79 to —78.06 and —-77.91 ppm (Fig. 1(f)), indicating that SDS
increased the interaction between Na* and OTF". With increasing
temperature, the interaction force between Na® and DS™ weakened
(Fig. S2 in the ESM).

Raman spectroscopy was used to further study the solvation
environment of Na'. As shown in Fig. 1(g), bare G2 molecule
exhibits three characteristic peaks at 804.7, 824.2 and 850.9 cm™,
which are attributed to the coupling mode of its intramolecular
—-CH,- rocking vibration and C-O-C stretching vibration [41].
Correspondingly, when G2 coordinating with Na* to form a Na'-
G2 complex, its characteristic peaks appear at 840.9 and 863.2 cm™
[42]. Quantitative analysis of the characteristic peak areas revealed
that in the NaOTF,5-G2 basic electrolyte, the proportion of Na*-
solvated G2 was 38.43%. When adding SDS, this proportion
decreased to 37.42% (Fig. S3 in the ESM). Rather than requiring
extensive incorporation of SDS into the bulk solvation sheath, this
subtle decrease suggests that the local coordination equilibrium
experienced by Na® is shifted toward reduced solvent
coordination, consistent with an adsorption-driven, anion-
enriched interfacial microenvironment that accompanies Na*
during interfacial transport and desolvation.

Simultaneously, we also analyzed the coordination environment
of OTF anion. The characteristic peaks of OTF" in the range of
736-776 cm™ originate from its O-S-O bending vibration, which
can be further divided into three different ion pair configurations
(Fig. 1(h)). The peak at 749.0 cm™ represents the solvent-separated
ion pair (SSIP, uncoordinated free OTF"), the peak at 757.6 cm™
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represents the contact ion pair (CIP, one OTF" coordinated with
one Na'), and the peak at 765.8 cm™ corresponds to the aggregate
(AGG, one OTF- coordinated with two Na*) [43-45]. Quantitative
fitting results showed that in the NaOTF;5-G2 basic electrolyte,
the proportions of SSIP, CIP, and AGG were 34.57%, 52.33%, and
13.11%, respectively. However, after adding 0.03 M SDS, the
proportions changed to 30.79% (SSIP), 54.52% (CIP), and 14.67%
(AGQG) (Fig. $4 in the ESM). These changes indicate enhanced ion
association and a higher tendency for anion-cation contact states,
which is particularly relevant for the confined interfacial region
where SDS adsorption can create locally concentrated domains
and promote anion-involved interfacial solvation/association
during SEI formation.

Figure 1(i) schematically shows the chemical coordination
environment of the electrolyte under different temperatures with
or without SDS [46]. For the NaOTF,5-G2 baseline electrolyte,
with increasing temperature, the enhanced molecular thermal
motion leads to an increase in the distance between Na® and G2
solvent and OTF, resulting in a weakening of the interaction force
between Na' and G2 solvent and between Na® and OTF. In
contrast, for the NaOTF;5-SDSy(;-G2 electrolyte, as the
temperature increases, the coordination of Na* with G2 solvent
and DS anions are weakened, while the interaction between Na*
and OTF- is enhanced. This temperature-dependent redistribution
is proposed to occur predominantly within the SDS-enriched
interfacial layer and confined pores, where local association states
can be reshaped during Na* transport and desolvation. Therefore,
DS and OTF enter the solvation sheath through competitive
coordination, laying the foundation of SEI featured by an inner
layer SEI rich in NaF and Na,S on hard carbon.

Cyclic voltammetry (CV) curves show an improvement in rate
capability with the addition of SDS. Across scan rates from 0.1 to
1 mV-s, the NaOTF;-G2 baseline electrolyte (Fig.2(a)) shows
weaker current responses, whereas the SDS-containing electrolyte
(Fig. 2(b)) exhibits consistently higher current responses.
Importantly, since a b-value closer to 0.5 indicates predominantly
diffusion-controlled kinetics, whereas a b-value approaching
1.0 suggests a stronger surface/capacitive contribution, the two
electrolytes both exhibit diffusion-dominated Na* storage behavior
on hard carbon under the tested conditions. Notably, the SDS-
containing electrolyte shows a moderately higher b value (0.5753
vs. 0.5401) (Fig.2(c)) [47], indicating an increased contribution
from faster surface-related processes and reduced kinetic
constraints [48].

To quantitatively analyze this kinetic advantage from the
perspective of interfacial processes, we performed electrochemical
impedance spectroscopy (EIS) tests for the two electrolyte systems
(Fig.2(d)). It can be observed that all spectra consist of a
semicircle in the high-frequency region and a diagonal line in the
low-frequency region, corresponding to the charge transfer
process and the solid-phase diffusion of Na® in electrode,
respectively [49]. The charge transfer impedance (R) value of the
SDS-containing electrolyte is significantly lower than that of the
baseline electrolyte. This result is highly consistent with the lower
polarization observed in CV curves. In addition, the diffusion
coefficient of Na* in the SDS-containing electrolyte is higher than
that in the baseline electrolyte (Fig. S5(a) in the ESM). Considering
that the ionic conductivity of the SDS-containing electrolyte is
slightly increased (Fig. S5(b) in the ESM), it is proposed that SDS
promotes the formation of a thinner, more uniform, and
inorganic-rich SEI, which decreases the interfacial barrier for Na*
desolvation/charge transfer and facilitates ion transport across the
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Figure2 Interfacial kinetics of low-concentration electrolytes. CV curves of (a) NaOTF,5-G2, (b) NaOTF,5-SDS;-G2 at different scan rates. (c) The b-value fitting
curves based on CV data at different scan rates. (d) EIS of two electrolytes. DRT curves of (e) NaOTF;-G2, (f) NaOTF,5-SDS;;-G2 the inset shows an enlarged view
of the DRT spectra in the Rgg-associated frequency region. (g) Desolvation energy of Na* desolvation derived from Nyquist plots. (h) Comparison of ion transference
numbers, and (i) Tafel curves in low-concentration electrolytes with and without SDS.

interface, thereby lowering the overall impedance despite limited
changes in bulk electrolyte properties.

To reveal the microscopic mechanism by which ether-based
electrolytes influence the high and low temperature performance
of hard carbon anodes from a kinetic perspective, relaxation time
distribution (DRT) analysis was used to analyze the EIS data in the
temperature range from 30 to 70 °C (Fig. S6 in the ESM). DRT
successfully decoupled the conventional Nyquist plots of the
NaOTF,5-G2 electrolyte (Fig. 2(e) in the ESM) and the NaOTF, ;-
SDSyp3-G2 electrolyte (Fig.2(f) in the ESM) into three
independent processes, including ion migration in SEI (Rgg),
charge transfer (R.), and solid-phase diffusion (Rgg) [50]. By
plotting the corresponding Arrhenius curves and calculating the
activation energy, the baseline electrolyte exhibited a high
activation energy (33.12 kJ-mol") for the charge transfer process,
while the value of the electrolyte containing SDS decreased to
29.48 KkJ-mol' (Fig.2(g)) [51]. This result indicates that SDS
effectively reduces the energy barrier of Na* desolvation. The Na-
transference number has increased from 0.880 to 0.895 (Fig. 2(h)).
As shown in Fig. 2(i), a large stripping/electroplating exchange
current density was achieved in an electrolyte containing SDS [52].
This is attributed to the anion-enhanced solvent induced by SD-
anions, which accelerates interfacial transport dynamics,
consistent with the CV and impedance results above.

The impacts of electrolytes design on the layered composition,
distribution ~ profile  of inorganic = components, and

micromorphology of the SEI on the hard carbon anode were
comprehensively illustrated through a combination of XPS
etching and HRTEM characterization techniques. SEI formed in
two electrolytes were characterized in terms of chemistry and
structure. XPS was used to analyze the chemical composition of
SEI on hard carbon after cycling. The results showed that SEI
formed in two electrolytes consist of similar elements (C, O, F, and
S) (Figs. 3(a)-3(f)), while the contents show large differences.
Specifically, for SEI formed in NaOTE,;-G2 electrolyte, four peaks
can be fitted in the C 1s spectrum before Ar* etching, located at
284.8 eV (C-C), 286.6 eV (C-O-C), 288.3 eV (C=0), and
289.3 eV (Na,COs3) (Fig. S7 in the ESM) [53]. The signals at 533.4
and 532.2 eV in the O 1s spectrum can be attributed to ~-CH,-O-
and C=0 groups, corresponding to organic species generated by
solvent reduction. In addition, the O 1s peak appearing at
5312 eV corresponds to C-O-Na inorganic compounds
(Fig. 3(a)). The F 1s spectrum shows distinct Na-F and C-F peaks
at 684.1 and 688.9 eV, respectively (Fig. 3(b)), suggesting that they
originate from the reductive decomposition of OTF- anion. The S
2p spectrum shows peaks at 169.9, 168.7 eV (S 2p™2, S 2p*, SO),
1684, 167.2 eV (S 2p'% S 2p*, SO5*), and an S peak at a lower
binding energy (approximately 162.2 eV) (Fig.3(c)), which
originate from the reduction reaction of OTF" [54, 55]. Although
the XPS spectra of different systems have similar fitting peak
positions, the relative contents of their organic and inorganic
components are significantly different. With increasing etching
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Figure3 SEI characterization of Kuraray hard carbon anodes cycled in electrolytes with or without SDS. (a) O 1s, (b) F 1s, (c) S 2p XPS Spectra after cycling in
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profiling was 0.2 nm-s™. (g) Statistical chart of the component contents of NaF, Na,CO; and Na,S. HRTEM images of hard carbon after 50 cycles in (h) NaOTF,5-G2

and (i) NaOTF;-SDS; p;-G2 electrolytes.

depth, compared to the NaOTF,5-G2 system, the SEI formed in
NaOTF,5-SDS5-G2  electrolyte contained lower organic
components (C-C, C-O) (Fig. 3(d)), and a higher proportion of
inorganic species, namely NaF (Fig.3(e)) and Na,S (Fig. 3(f)),
which originate from the reduction reaction of OTF and DS". The
types and relative proportions of inorganic components are
summarized in Fig. 3(g).

The structure and morphology of SEI on hard carbon were
further investigated using high-resolution electron microscopy. A
15.1-28.8 nm SEI with uneven thickness was observed on hard
carbon cycled in NaOTF,5-G2 electrolyte (Fig. 3(h)). In contrast,
in the NaOTF,5-SDS43-G2 electrolyte, a more uniform SEI with a
thickness of ~14.7 nm was observed on hard carbon (Fig. 3(i)).
Moreover, SDS contributes to the formation of an inner-layer
featured by a large amount of NaF and Na,S, as supported by the
corresponding data analysis (Fig. S8 in the ESM) [17]. Therefore,
it can be inferred that the introduction of SDS promoted the
preferential decomposition of anions, thereby facilitating the
formation of a stable SEI rich in inorganic species.

The chemical composition and structure of the SEI on the hard
carbon anode of SIBs, particularly the types and distribution of
inorganic phases in the inner layer, are core factors determining
the cycling stability and rate performance of the battery. Figure 4

(& i#% 7w | Sci@pen

illustrates the transport kinetics processes in low-concentration
electrolytes with and without SDS, as well as the transport kinetics
processes within the different SEI structures formed as a result.
Distinct from conventional bulk-solvation tuning, the SDS
additive perturbs the coordination/association equilibria of Na* in
the ether electrolyte, as evidenced by the NMR and Raman
signatures, indicating weakened Na™-G2 coordination and a higher
tendency toward anion-involved association states. Importantly,
given the amphiphilic nature of SDS, we propose that its effect is
amplified at the porous hard-carbon interface through
spontaneous  adsorption/enrichment, creating a locally
concentrated and confined interfacial microenvironment that the
charge carriers traverse prior to insertion. Such an interfacial
environment favors anion-involved interphase chemistry during
the initial cycles, thereby promoting the rapid formation of a thin,
compact, and inorganic-rich SEI with a NaF/Na,S-enriched inner
layer as revealed by depth-resolved XPS and HRTEM. This early-
stage formation of a robust inorganic inner layer effectively
passivates the surface, suppresses continuous electrolyte
consumption, and stabilizes the interface over extended cycling
[56]. In contrast, the control sample, lacking such a directional
inducer, experienced disordered reduction of electrolyte
components, mainly generating a thick, loose, and organic-
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dominated undesirable SEL Its inner layer lacked NaF [57],
resulting in high interfacial impedance, persistent side reactions,
and ultimately significant degradation of battery performance.

The electrochemical performances of low-concentration
electrolytes with or without SDS were examined using
commercially available Kuraray hard carbon under different
temperatures. Based on the galvanostatic charge-discharge (GCD)
curves of electrolyte systems with different SDS concentrations,
0.03 M SDS is determined as the optimal additive concentration
(Fig. S9 in the ESM). At 25 °C, after introducing the SDS additive,
the ICE of the hard carbon anode is increased from 91.76% in the
baseline electrolyte to 92.64% in the SDS-containing electrolyte
(Fig. S10 in the ESM). This is consistent with a more effective early-
stage interphase formation in the presence of SDS, which reduces
irreversible Na* consumption and improves the reversibility of the
first cycle. The introduction of SDS enables excellent cycling
stability at a low current density of 0.05 A-g”, with a capacity
retention of 90.98% after 80 cycles, which is much higher than that
of the NaOTF,5-G2 electrolyte system (Fig. 5(a)). However, the
capacity of the NaOTF5-SDS,;-G2 electrolyte system exhibits a
slight fluctuation during cycling, which is mainly attributed to
uncontrolled ambient temperature drift during cycling. At a
higher current density of 0.2 A-g”, SDS significantly improves the
cycling stability (Fig. 5(b)). The capacity retention rate increased
from 50.01% after 250 cycles to 91.44% after 350 cycles. At high
temperature (50 °C), the capacities of hard carbon in SDS-
containing electrolyte reached 37748 mAh-g' at 0.05 A.g’
(Fig. 5(c)), with the initial Coulombic efficiency (ICE) improved
from 93.46% to 94.37%, and 288.70 mAhg' at 02 Ag’
(Fig. 5(d)), higher than the baseline electrolyte (346.57 and
268.90 mAh-g). Moreover, SDS could also improve the cycling
stability at high temperature. This is because that SDS can
effectively ~ regulate the interfacial  solvation/association
environment via adsorption-driven enrichment and promote
more stable interphase formation at high temperatures. The low-
temperature solubility of surfactants is a key factor determining
low-temperature battery performance. The NaOTF,5-SDS;;-G2
electrolyte remained optically clear and homogeneous, showing no
observable cloudiness or sedimentation after long-term storage at

—15 °C (Fig. S11 in the ESM). At low temperature (—15 °C), SDS
could also improve the cycling stability at different current
densities of 0.05 and 0.2 A-g™. At a current density of 0.05 A-g”,
the ICE is significantly improved from 83.80% to 87.54% with the
SDS additive, and the capacity retention reaches 95.32% after
80 cycles (Fig.5(e)). Meanwhile, at 0.2 A-g”, a high capacity
retention of 94.61% is achieved after 110 cycles (Fig. 5(f)). While
decreasing temperature generally slows both reversible and
parasitic processes, sub-ambient operation markedly aggravates
kinetic limitations (e.g., desolvation/charge transfer) and increases
interfacial polarization/resistance, which reduces the fraction of
charge stored reversibly and renders irreversible interphase
formation more prominent in the first cycle. The more
pronounced ICE improvement at —15 °C therefore indicates that
SDS more effectively regulates interphase formation and mitigates
interfacial polarization under kinetically constrained conditions,
consistent with the enhanced interfacial kinetics and the thinner,
more uniform SEI revealed in our characterization. Therefore,
under wide-temperature condition from —15 to 50 °C, SDS as an
electrolyte additive can effectively optimize the interfacial
solvation/association environment and significantly improve the
reversible capacity, cycle stability and rate performance of hard
carbon anodes (Fig. S12 in the ESM). To assess the compatibility
of the electrolyte, modified asphalt YP50 was utilized as the hard
carbon anode. At current densities of 0.05 A-g’, the battery
exhibited impressive capacity retention rates of 95.64% after
40 cycles (Fig. S13 in the ESM). This indicates that the designed
electrolyte is highly effective in enhancing the cycling stability of
SIBs. These findings further highlight the efficacy of the electrolyte
and its potential for practical applications, particularly in
prolonging battery lifespan and improving overall performance.

3 Conclusion

In summary, based on the confined interfacial microenvironment
design strategy, SDS was utilized to regulate the interfacial
solvation structure and interfacial properties of the low-
concentration electrolyte, thereby constructing a "rigid-flexible
integrated" SEI with a NaF-Na,S-rich inner layer and an organic-
rich outer layer. The effectiveness at a low bulk dosage is attributed
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Figure5 Electrochemical performance of low-concentration electrolytes with or without SDS additive for commercial Kuraray hard carbon. Cycling performance at
(a)0.05 A-g"and (b) 0.2 A-g" at 25°C, at (c) 0.05 A-g" and (d) 0.2 A-g™ at 50 °C, and at (e) 0.05 A-g™ and (f) 0.2 A-g™ at —15 °C in two different electrolytes.

to spontaneous adsorption and enrichment of the anionic
surfactant on hard carbon, which creates a locally concentrated
and confined interfacial microenvironment that directs anion-
prioritized interphase formation. Combined with characterizations
including NMR, Raman spectroscopy, etching XPS and TEM, this
study elucidates the mechanism underlying SDS-induced
reconstruction of the electrolyte interfacial solvation environment
and dlarifies the precise regulatory effect of interfacial phase
engineering on the composition, structure and morphology of the
SEL The cycling stability was improved from a low capacity
retention of 47.61% after 250 cycles to a high value of 91.44% after
350 cycles. The cycling stability enhancement was also
demonstrated under wide-temperature conditions from —15 to
50 °C. This study provides a novel technical approach for the
efficient compatibility of low-concentration electrolytes with hard
carbon anodes, and it also offers important theoretical and
experimental support for interfacial phase design and wide-
temperature performance optimization of high-performance SIBs.
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