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The development of sodium-ion full cells is seriously suppressed by the incompatibility between elec-
trodes and electrolytes. Most representatively, high-voltage ester-based electrolytes required by the 
cathodes present poor interfacial compatibility with the anodes due to unstable solid electrode inter-
phase (SEI). Herein, FeS@N,S-C (spindle-like FeS nanoparticles individually encapsulated in N,S-doped 
carbon) with excellent structural stability is synthesized as a potential sodium anode material. It exhibits 
exceptional interfacial stability in ester-based electrolyte (1 M NaClO4 in ethylene carbonate/propylene 
carbonate with 5% fluoroethylene carbonate) with long-cycling lifespan (294 days) in Na|FeS@N,S-C coin 
cell and remarkable cyclability in pouch cell (capacity retention of 82.2% after 170 cycles at 0.2 A g�1). 
DFT calculation reveals that N,S-doping on electrode surface could drive strong repulsion to solvated 
Na+ and preferential adsorption to ClO4

� anion, guiding the anion-rich inner Helmholtz plane. 
Consequently, a robust SEI with rich inorganic species (NaCl and Na2O) through the whole depth stabi-
lizes the electrode–electrolyte interface and protects its integrity. This work brings new insight into 
the role of electrode’s surface properties in interfacial compatibility that can guide the design of more 
versatile electrodes for advanced rechargeable metal-ion batteries.
1. Introduction

Rechargeable sodium-ion batteries (SIBs) offer an excellent
solution to electrochemical energy storage, especially in grid stor-
age stations [1–3]. However, enormous obstacles remain in the
way of their commercialization. One of the most critical challenges
is poor compatibility between anode and electrolyte [4,5]. As an
essential part, cathode materials have been studied widely and
achieved encouraging performance in ester-based electrolytes,
including transition metal oxides, NASICON-type material and
Prussian blue analogues [6–11]. Unfortunately, most of the anode
materials currently studied demonstrate poor electrochemical
behaviour in ester-based electrolytes, with continuous electrolyte
decomposition and reckless SEI growing, eventually causing the
failure of cells [12,13]. To overcome this obstacle, pre-activation
of cathode and anode in their respective electrolytes before the
assembly of full cells is required, though it is complex and time-
consuming [14].

Recently, considerable efforts have been attempted to build a
stable anode-electrolyte interface. Taking into the role of elec-
trolyte account, most of them have aimed at regulating electrolyte
components and additives [15–19]. For example, salt-concentrated
electrolytes have been developed to induce inorganic-rich SEI to
stabilize anode [20]. Various electrolyte additives, such as fluo-
roethylene carbonate (FEC) and vinylene carbonate (VC), also play
positive roles in building a high-quality SEI [21,22]. Given that the
properties of the interface between anode and electrolyte are clo-
sely related to the potential, structure and chemical elements of
the electrode surface [23–27], deep understanding of the intrinsic
surface effect and targeted design of electrode materials are
desired to promote the compatibility between electrode and
electrolyte.

High-capacity iron sulfide anode, which is non-toxic and con-
sists of earth-abundant elements, is promising to satisfy the
demands for large-scale applications [28,29]. To improve the elec-
tric conductivity, suppress the large volume change and restain the
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polysulfides shuttle of iron sulfide during charge/discharge pro-
cess, rational structural design of the material is introduced, e.g.
carbon coating, nitrogen and sulphur-doping [30,31]. All these
aspects should be considered for the reliable stability of electrodes
[32–34]. Although FeS materials have been widely reported in
ester-based electrolytes [35,36], their compatibility problems have
not been revealed well, let alone designing effective material prop-
erties to enable improved interfacial stability.

Herein, FeS@N,S-C material with nano-sized FeS uniformly
encapsulated into N,S-doped carbon matrix was fabricated, afford-
ing rich cavities in bulk and excellent structural stability. The
structure and components of SEI that determines the interfacial
stability in various electrolytes are demonstrated. DFT calculation
was used to study the interfacial interactions between the elec-
trode surface and various Na+ solvation structures. Impressively,
it is verified that the N,S-doping on the surface could guide partial
exclusion to the solvated Na+ and enhanced adsorption to ClO4

�

anions in NaClO4 EC/PC electrolyte (1 M ethylene carbonate (EC)/
propylene carbonate (PC) with 5% fluoroethylene carbonate
(FEC)), which induces a durable inorganic-rich SEI. Such a highly
stable SEI ensures a superb FeS@N,S-C electrode with long-
lifespan cycling (294 days) in the coin cell and high cycling stabil-
ity in the pouch cell.
2. Results and discussion

FeS@N,S-C is prepared through a homogeneous carbothermal
reduction process from a precursor (Fig. S1) comprising FeSO4�7H2-
O, L-cysteine and citric acid (Fig. 1a). X-ray diffraction pattern
(XRD) demonstrates pure FeS phase with the lattice parameters
of a, b = 5.9268 Å, c = 11.3817 Å, V = 346.24 Å3 and a good weighted
profile R-factor (Rp = 6.03%, Fig. 1b). The morphology of FeS@N,S-C
was confirmed by transmission electron microscopy (TEM) and
high-angle annular dark field-scanning transmission electron
microscopy (HAADF-STEM) images. High-density FeS nanoparti-
cles are highly dispersed in the carbon matrix (Fig. 1c), leaving a
rough surface with bulgy particles (Fig. S2a–d). Most FeS nanopar-
ticles show a length varying from 33 to 49 nm and a width ranging
from 7 to 17 nm (Fig. 1d and Fig. S2e). The lattice fringes with
interplanar spacings of 0.2883 and 0.2023 nm in Fig. 1(e) corre-
spond to the (110) and (114) lattice planes of FeS, respectively,
in good agreement with the result of corresponding fast-Fourier
transformation (FFT) patterns and selected-area electron diffrac-
tion (SAED) (Fig. S2f). Some small FeS particles (�10 nm) with clear
diffraction spots are also tightly embedded in carbon matrix
(Fig. 1f). The carbon matrix effectively prevents the agglomerations
of FeS particles during charge–discharge cycles and ensures good
electronic conductivity [37]. Furthermore, the gas from the ther-
mal decomposition of the precursor may result in a porous struc-
ture in the composite (Fig. 1g) [38]. N2 adsorption–desorption
measurement implies a mesoporous structure (Fig. S3). Abundant
internal pores allow sufficient electrolyte inflation and reserved
space for buffering volume change of the electrode, helping to
relieve the internal stress in FeS@N,S-C electrode during sodia-
tion/desodiation process [35,39].

The carbon structure in FeS@N,S-C is further investigated by
various characterizations. Raman spectrum shows two distinct
peaks around 1342 and 1570 cm�1, representing sp3-type disor-
dered carbon (D band) and sp2-type graphitized carbon (G band)
[39], respectively (Fig. S4a). The ID/IG ratio of 1.93 suggests a highly
defective degree. X-ray photoelectron spectroscopy (XPS) spec-
trum shows clearly three N species peaks, including pyridinic-N
(398.1 eV), pyrrolic-N (399.9 eV) and graphitic-N (401.7 eV)
(Fig. S4b) [3]. S 2p spectrum is primarily fitted to the C-S bond
and S2�, as validated by the peaks at 163.3 and 161.3 eV, with a
part of oxidized group SOx (Fig. S4c) [38]. Elemental mapping
images show the distribution of Fe, S, N and C elements and indi-
cate the well-dispersed FeS particles (Fig. 1h). Except for the local-
ization of S in the particles, S and N elements are also highly
distributed in the carbon matrix owing to their successful doping.
Thermogravimetric analysis indicates the carbon content in FeS@N,
S-C is around 10.5 wt% (Fig. S4d). The N and S contents (N/
C = 0.1164, S/C = 0.0403, at%) are confirmed by element analysis
(Table S1).

The electrochemical process of FeS@N,S-C electrode in various
electrolytes is investigated through cyclic voltammetry (CV,
Fig. 2a), including NaClO4 EC/PC, NaCF3SO3 EC/PC (1 M NaCF3SO3

in EC/PC), NaClO4 DGM (1 M NaClO4 in diglyme) and NaCF3SO3

DGM (1 M NaCF3SO3 in DGM). The four electrolytes are supple-
mented with 5 wt% FEC additives. In NaClO4 EC/PC electrolyte, a
broad cathodic peak centered at 0.43 V arises due to the formation
of SEI and the FeS’s sodiation, which overlap [40]. During the ano-
dic scans, the oxidation peak around 1.52 V corresponds to the for-
mation of NaxFeS [41]. In NaCF3SO3 EC/PC electrolyte, a sluggish
SEI formation process is reflected by a broad cathodic peak from
0.01 to 0.81 V [42]. The voltage slope near 0.8–1.0 V is the charac-
teristic of FEC’s decomposition [43]. For DGM-based electrolytes,
the decomposition of FEC shows a weak cathodic peak around
1.04 V, and the sharper cathodic peaks indicate a faster reaction
kinetics process closely related to the remarkably reduced Na+ des-
olvation barrier [44].

Cycling stability of FeS@N,S-C is evaluated via galvanostatic
charge–discharge test (Fig. 2b), where its discharged capacities
based on the mass of FeS are 607 (NaClO4 EC/PC), 560 (NaCF3SO3

EC/PC), 664 (NaClO4 DGM), 697 (NaCF3SO3 DGM) mAh g�1 upon
the initial cycle, respectively. For comparison, extremely low
capacities delivered by N,S-C electrodes suggest their negligible
capacity contributions in FeS@N,S-C electrode (Fig. S5). Low initial
coulombic efficiency (ICE) of FeS@N,S-C electrodes indicate a large
amount of electrolyte decomposition caused by highly defective
surface (Fig. S6) [31]. Nevertheless, in NaClO4 EC/PC electrolyte,
CE rapidly increased to 98.9% in the second cycle and maintained
99.54% of average CE in the following cycles, revealing a stable
SEI and excellent structure stability during repeated (de)sodiation
process. While the CE in the other three electrolytes show larger
fluctuation with the average CE of 99.50%, 102.42% and 571.03%,
respectively, and earlier over-charging originated from poor SEI,
accompanied with larger voltage polarization [45]. Additionally,
FeS@N,S-C achieves long-cycling stability in this electrolyte. The
discharged capacity retains 205 mAh g�1 after 2450 cycles
(294 days) with a capacity decay of 0.0199% per cycle (Fig. 2c).
Notably, long-term cycling at low current density puts forward
higher requirements on the structure and interface of the elec-
trode. Therefore, this stresses the excellent stability of FeS@N,S-C
electrode. Under high mass loading (4.24 mg cm�2) or high rates,
FeS@N,S-C electrode still exhibits remarkable reversibility and reli-
able repeatability (Fig. S7). When removing FEC additive from the
electrolytes, improved ICE but terrible cycle stability appears
(Fig. S8), which implies that FEC, as an introduced film-formation
additive, plays an important role in improving batteries’ cycling
performance. However, unstable CE and poor capacity retention
are still presented in NaCF3SO3 EC/PC and DGM-based electrolytes
after dozens of cycles, suggesting that other dominant factors
except FEC benefit the improved cycling stability of FeS@N,S-C
electrode in NaClO4 EC/PC electrolyte.

More importantly, benefited from superior interface stability in
NaClO4 EC/PC electrolyte, FeS@N,S-C can be directly utilized as an
anode to match with commercial NaFe1/3Ni1/3Mn1/3O2 cathode
(Fig. S9a–d), which can light up 49 light-emitting diodes (LED,
Fig. 2d). Without pre-activation of cathode or anode in their prefer-
able electrolytes, the assembled pouch cell exhibits a reversible



Fig. 1. Characterizations of as-synthesized FeS@N,S-C material. (a) Schematic diagram of the synthesis process. (b) Synchrotron high-pressure powder X-ray diffraction
riveted refinement with the corresponding crystal structure. (c and f) HAADF-STEM images with FFT patterns. (d and e) TEM images. (e1 and e2) The enlarged TEM images
with corresponding FFT patterns in two regions of (e). (g) SEM image from the cross-section. (h) Element distributions.
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capacity of 301 mAh g�1 at 0.2 A g�1 (Fig. 2e) and remarkable
capacity retention of 82.2% over 170 cycles (Fig. 2f). Meantime, a
stable average CE around 99.43% after the initial cycles implies lit-
tle electrolyte consumption, displaying high cycling reversibility
and potential application prospects [46,47]. Furthermore, the low
ICE of pouch cell can be effectively enhanced via pre-activation
of the electrodes (Fig. S9e and f).

To find out the reason for the enhanced electrochemical perfor-
mance of FeS@N,S-C electrode in the optimized electrolyte, in-situ
and ex-situ XRD patterns are actualized upon the initial cycle
(Fig. S10). The peak intensities at 29.8 � and 33.9 � in in-situ XRD
patterns decrease and vanish at about 0.7 V upon the sodiation
process, conforming to the insertion of Na+ into FeS [38]. With
the discharge proceeding, the Na2S peak at 39.4 � intensifies, which
then decreases during the charging process. When charged to
2.5 V, the reappeared (110) and (112) diffraction peaks indicate
the recovery of FeS phase. Ex-situ XRD patterns show similar
change and more apparent Na2S and Fe peaks, suggesting the inter-
calation reaction combined with conversion reaction of FeS@N,S-C
during the charge–discharge process, consistent with that of FeS@C
in the ether-based electrolyte (1 M NaCF3SO3 in DGM) reported
previously by our group [38]. These results imply that the bulk
structure and electrolyte components do not affect the sodium-
insertion/desertion mechanism of the FeS. Thus, it cannot explain
the electrochemical performance difference of FeS@N,S-C in the
four electrolytes. Therefore, the interface might be the main
reason.

The surface morphologies of cycled FeS@N,S-C electrodes in the
four electrolytes are exhibited in Fig. S11, where a flat and compact
electrode surface from NaClO4 EC/PC electrolyte is presented. In
contrast, the rougher electrode surface from NaCF3SO3 EC/PC elec-
trolyte contains larger particles. On the electrode using NaClO4

DGM electrolyte, an incompact surface with coarse stripes is
observed clearly. The thicker flower-shaped agglomerates cover
incompletely on the electrode in NaCF3SO3 DGM electrolyte, lead-
ing to a larger electrochemical impedance (Fig. S12). These results
indicate that a more uniform SEI may form in NaClO4 EC/PC
electrolyte.

The SEI components are investigated by XPS spectra (Fig. 3a). In
the C 1s spectrum from NaClO4 EC/PC electrolyte, the C–C/C–H
(284.8 eV), C-O (286.3 eV) and CO3

2– (288.8 eV) peaks are attributed
to common SEI components such as sodium alkyl carbonate or
sodium carbonate (Na2CO3) and polyester [48,49]. While O 1s spec-
trum shows strong C@O (531.4 eV) and Na2O (530.0 =-eV) peaks.
The latter is mainly from the decomposition of ClO4

� and carbonyl
solvents [50,51], and weak NaF (684.2 eV) peak in F 1s spectrum is



Fig. 2. Electrochemical performance of FeS@N,S-C electrode. (a) The initial cyclic voltammetry curves at 0.2 mV s�1 and (b) cycling performance at 0.2 A g�1 with the
coulombic efficiency in various electrolytes, respectively. The average CE was obtained from the average value of CE from the second cycle. (c) Long-cycling performance at
0.2 A g�1 in NaClO4 EC/PC electrolyte. (d) Digital photo, (e) charge–discharge curves and (f) cycling performance of FeS@N,S-C|NaFe1/3Ni1/3Mn1/3O2 pouch cell at 0.2 A g�1.
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derived from the FEC. In NaCF3SO3 EC/PC electrolyte, higher F-
related peaks imply more serious electrolyte’s decomposition from
FEC and NaCF3SO3 salt [35], and C-O (532.5 eV) peak in O 1s spec-
trum indicates the polyester derived from solvents. In DGM-based
electrolytes, the low-intensity peaks in C 1s spectra are ascribed to
remarkable reduction stability of DGM, which maybe lead to the
agglomeration of FEC’s decomposition products on the electrode
surfaces in DGM-based electrolytes, increasing the interfacial
unevenness and impedance [52]. Meantime, low-content Na2O
(Fig. 3a) and NaCl (Fig. S13) in SEI may be powerless in enabling
their compactness and robustness [53]. Furthermore, through Ar+

etching treatment on FeS@N,S-C electrode surface in NaClO4 EC/
PC electrolyte (Fig. S14), the carbon content gradually decreases
(Fig. 3b), which demonstrates the main distribution of organic
components (C–C/C@C, C-O, RCOO2) in the outer SEI. Inorganic spe-
cies (NaCl and Na2O) present the distribution through the whole
depth, which render superior conductivity and compactness to
SEI [54]. All these confirm the distinctive inorganic-rich SEI formed
on FeS@N,S-C electrode in NaClO4 EC/PC electrolyte.

TEM image demonstrates an integral SEI that fully covers
FeS@N,S-C surface in NaClO4 EC/PC electrolyte (Fig. 3c). Meantime,
the discharged products remain fully embedded in the carbon
matrix, demonstrating excellent structure stability of the elec-
trode. Cryo-transmission electron microscopy (cryo-TEM) image
further determines the susceptible nanostructure of SEI without
beam damage [55]. A uniform SEI with a thickness of 35–45 nm,
effectively preventing FeS@N,S-C electrode from sustained reduc-
tions of the electrolyte (Fig. 3d). The amorphous organics ensure
a fully passivated interface. The large deep-colour areas on a
nanometer scale filled with various lattice fringes correspond to
high-content inorganic components, providing rapid Na+ transfer
paths across the SEI. Such a complex SEI layer with organic and
inorganic species possesses both mechanical strength and tough-
ness, stabilizing the electrode–electrolyte interface and maintain-
ing its integrity during the long-term cycling [56]. Therefore, it
should be the main reason for the excellent stability of FeS@N,S-
C in NaClO4 EC/PC electrolyte.

The structure and interface evolution of FeS@N,S-C electrodes in
NaClO4 EC/PC electrolyte after long-lasting cycling were also inves-
tigated. The electrode after 50 cycles still displays obvious bulk
structures, in which abundant internal pores help maintain the
electrode’s structural stability during the repeated (de)sodiation
process (Fig. S15). While the prominent element peaks in SEI keep
relatively steady at charged 2.5 V of the initial cycle, indicating lit-
tle re-consumption of the electrolyte (Fig. S16). After 290-day
cycling, the interface remains stable without an explosive increase
in peak intensities (Fig. S17). Meantime, the clearer and flatter bulk
electrode surface in NaClO4 EC/PC electrolyte implies a more stable
SEI (Fig. S18) [57]. In contrast, rougher surfaces contain numerous
aggregates in the electrodes of the other three electrolytes, indicat-
ing severely interfacial side reactions, which are fundamentally
associated with poor SEI [33].

The effect of electrode surface on SEI formation is revealed via
optimized Na+-solvation structures in the four electrolytes by
DFT calculation. For simplification, FEC additive in electrolytes is
ignored. The negative charge (red) is mainly localized on the O of
C@O group and salt anions, respectively (Fig. 4a). Owing to the lar-
ger volume of CF3SO3

� and relatively low electron density of DGM,



Fig. 3. Study on the SEI of FeS@N,S-C electrodes at discharged 0.01 V upon the initial cycle. (a) High-resolution XPS spectra in various electrolytes: C 1s, O 1s and F 1s. (b)
Element distributions in-depth tested by XPS etching. (c) TEM and (d) cryo-TEM images in NaClO4 EC/PC electrolyte.

Fig. 4. DFT calculations on electrolytes’ electrochemistry on electrode surfaces. (a) Electrostatic potential maps of four Na+-solvation structures. The scale unit of electronic
static potential is kcal mol�1. (b)DG values after compositing N,S-doped carbon structures with four Na+-solvation structures, respectively. (c) The lowest distance between N,
S-doped/pure carbon structures and anions in NaClO4 EC/PC (C-Cl bond) and NaCF3SO3 EC/PC (C–C bond) electrolytes, respectively.
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the higher electron density is presented in ClO4
� and EC/PC mole-

cules. When put Na+-solvation structures and N,S-doped carbon
structure into a simulating electrolyte environment, larger dC-Na
value (the lowest distance between carbon structures and Na+

ion) is presented in NaClO4 EC/PC compared with others
(Fig. S19), demonstrating the weaker adsorption between N,S-
doped carbon and solvated Na+. The reduced DG indicate an ener-
getically favourable process (Fig. 4b). Meantime, larger absolute
values of DG also imply stronger adsorption on the electrode sur-
face, which will further deteriorate the Na+ transport, leading to
uneven distribution of electrons/ions, and finally controlling the
generated SEI with poor integrity and compactness [44]. Further
calculations about pure carbon structure show a lower dC-Na value
in NaClO4 EC/PC but a higher dC-Na value in the other three elec-
trolytes (Fig. S20). It implies that, after the N,S-doping into carbon
surface, strong repulsive interaction in NaClO4 EC/PC and attractive
interaction in other three electrolytes are produced at electrode–
electrolyte interfaces. Such opposite interaction will cause differ-
ent interfacial effects. Concretely, solvated Na+ in NaClO4 EC/PC
electrolyte is more difficult to be trapped by N,S-doped carbon sur-
face, giving an advantage for ClO4

� anions during the competitive
adsorption process. While in the other three electrolytes, solvated
Na+ is accumulated gradually on the surface before reaching the
decomposition voltage of the electrolyte components. Once the
electrode reaches an appropriate negative potential, excess sol-
vated Na+ are easy to dissociation and subsequently evolve into
the solvent-rich precursor of SEI. However, these adsorptions can-
not increase the reduction activity of DGM, making the decompo-
sition products of FEC constitute the main components of SEI in
DGM-based electrolytes. Furthermore, the distance between ClO4

�

and N,S-doped carbon (C-Cl) decreases slightly in NaClO4 EC/PC
compared with the value between ClO4

� and pure carbon, while
CF3SO3

� are alienated from the N,S-doped carbon (C–C) (Fig. 4c),
demonstrating that N,S-doping guide ClO4

� to preferentially take
part in the inner Helmholtz plane (IHP) and reduce to form the
Fig. 5. Extended confirmations and schematic of interfacial effect. CE of (a) FeS@N,S-C an
at 0.2 A g�1 in NaClO4 EC/PC electrolyte, respectively. (d) Schematic diagram of electrod
SEI subsequently [58]. These firmly support the ability of the elec-
trode’s surface properties to tune the interfacial behavior of elec-
trolytes. N,S-doped carbon surface is favourable to alienate
solvated Na+ but endear the adsorption to ClO4

� anion in the IHP,
enabling a distinctive inorganic-rich SEI (NaCl, Na2O) for FeS@N,
S-C electrode in NaClO4 EC/PC electrolyte.

To further confirm the interfacial effect induced by N,S-doping,
other examples, including FeS@C, CoS@N,S-C and CoS@C, carbon
materials (N,S-doped carbon (NSC) and bare carbon (BC)) are pre-
pared based on similar preparation processes (See the Experimen-
tal section). Apparently, the superiority in CE are presented in N,S-
doped carbon composite electrodes (FeS@N,S-C, NSC, CoS@N,S-C)
(Fig. 5a–c and Fig. S21). In contrast, all doping-free electrodes
(FeS@C, BC, CoS@C) display lower and unexpectedly unstable CE,
demonstrating the continuous electrolyte decomposition induced
by unstable SEI [47]. On the other hand, N,S-doped carbon defects
inevitably trap Na+ during the desolvation process and generate a
more uneven electric field, resulting in more electrolyte’s decom-
position and a thicker SEI [59], which is also demonstrated by
TEM images (Fig. S22a–d). Due to the influence of complex prepa-
ration factors, it is difficult to obtain the optimal N,S-doping con-
tent in FeS@N,S-C electrodes enabling balanced electrode–
electrolyte interaction and electrolyte decomposition (Fig. S23
and Fig. S24). Even so, more inorganic components (NaCl, Na2O)
derived from ClO4

� anion are observed in the SEI of FeS@N,S-C elec-
trode, enabling an obviously smaller interfacial resistance (RSEI)
value (Fig. S22e–g and Table S2). According to the Arrhenius for-
mula, the interfacial resistance (RSEI)-derived Ea values are calcu-
lated to be 56.02 kJ mol�1 (for FeS@N,S-C) and 65.13 kJ mol�1

(for FeS@C), respectively [39]. This indicates that the uniform SEI
on FeS@N,S-C electrode with more rich inorganics enables Na+

lower activation energy for interfacial transfer and faster dynamic
behavior in passing through the SEI, which highlights the key role
of N,S-doping carbon surface in facilitating the formation of highly
robust SEI (Fig. 5d).
d FeS@C electrodes, (b) NSC and BC electrodes, (c) CoS@N,S-C and CoS@C electrodes
e’s electronic properties influencing SEI formation.



J. Zhang, Z. Meng, D. Yang et al.
3. Conclusion

In summary, FeS@N,S-C with rich void space in bulk is synthe-
sized through a facile freeze-drying process and subsequent
annealed step. When applied in SIBs as the anode, FeS@N,S-C
shows comfortable compatibility and ultra-long lifespan (294 days)
in the ester-based electrolyte (NaClO4 EC/PC), while poor cycling
stability is presented in other electrolytes (NaCF3SO3 EC/PC, NaClO4

DGM and NaCF3SO3 DGM). Physical characterization results indi-
cate that the as-synthesized FeS@N,S-C contains enriching element
doping of nitrogen and sulfur with extra pair of electrons, resulting
in the enrichment of electrons on the surface. Unlike the cases of
undoped carbon surfaces, the repulsive interaction is produced in
the Na+-solvation structure of NaClO4 EC/PC with the higher elec-
tronic cloud density, promoting the formation of inorganic-rich
SEI that enables the improvement of interfacial compatibility.
While for Na+-solvation structure of other electrolytes with lower
electronic cloud densities, stronger attractive interaction is formed
and causes the formation of rougher and uneven SEI, accounting
for the interfacial instability between anode and electrolytes. The
unusual results in ester-based and ether-based electrolytes can
be ascribed to the distinctive electrode–electrolyte interactions
originating from the strong electronegativity on the electrode sur-
face. We have emphasized the importance of electrode surface
properties in interfacial compatibility. With the regulation of the
electrode–electrolyte interaction reasonably, a stable interface
can be constructed via chemical modification on electrode surface
using doped-atoms with high electronegativity. As a result, as-
assembled pouch cells can achieve excellent cycling stability (ca-
pacity retention of 82.2% after 170 cycles at 0.2 A g�1) without
the pre-activation process of electrodes in their preferable elec-
trolytes. Therefore, this work not only provides novel understand-
ings about the effect of anode material’s surface properties on the
formation of SEI but also sheds light on improving the electrode–
electrolyte interfacial compatibility in rechargeable batteries.
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