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A B S T R A C T

Fast-charging sodium-ion batteries are severely constrained by sluggish Na+ diffusion, structural instability, and
rapid capacity fading in layered anodes, representing a major challenge for high-power energy storage appli-
cations. Here, a Co and Se co-doping strategy is implemented on MoS2 (Co–MoS1.8Se0.2/C) to stabilize the
metallic 1T-like phase, expand interlayer spacing, and introduce abundant defect sites, generating additional
redox-active centers that facilitate rapid and reversible Na+ insertion and extraction. Cobalt doping serves as a
catalytic regulator, promoting uniform SEI formation and enhancing interfacial stability, whereas selenium
doping reduces Na+ diffusion barriers and alleviates strain induced by volumetric changes. A conductive carbon
framework supports the nanosheet structure, prevents restacking, and buffers mechanical stress, ensuring
structural integrity during extreme-rate cycling. The Co–MoS1.8Se0.2/C electrode achieves a reversible capacity
of 250 mAh g− 1 at 20 A g− 1, corresponding to full charge/discharge in approximately 15 s, and maintains long-
term cycling stability over 1400 cycles at 5 A g− 1. Structural analyses reveal partial electron transfer from Co and
Se to Mo upon intercalation, triggering reorganization of Mo 4d orbitals and inducing a spontaneous 2H-to-1T
phase transition, which enhances electrical conductivity. Reversible layered-to-metallic transformation occurs
alongside the formation of a stable SEI layer, further promoting electrochemical kinetics and interfacial stability.
The synergistic integration of dual-element doping and carbon framework design significantly improves struc-
tural robustness and sodium storage performance.

1. Introduction

The accelerating demand for large-scale energy storage has intensi-
fied the search for cost-effective and sustainable alternatives to con-
ventional lithium-ion batteries. Sodium-ion batteries (SIBs) have
emerged as a promising candidate due to the natural abundance, low
cost, and chemical similarity of sodium relative to lithium [1–3].
However, the larger ionic radius and higher standard redox potential of
Na+ impose intrinsic limitations on the kinetics and structural stability
of electrode materials, posing formidable challenges for the develop-
ment of high-performance anodes [4–6]. Specifically, these character-
istics often lead to sluggish Na+ diffusion, significant volume expansion,
and rapid capacity degradation during prolonged cycling. Layered
transition metal dichalcogenides (TMDs), particularly molybdenum

disulfide (MoS2) [7–10], have attracted extensive attention as anode
materials for SIBs, owing to their high theoretical capacity,
two-dimensional layered structure, and tunable interlayer spacing
[11–13].

To address the intrinsic drawbacks of MoS2, extensive efforts have
been devoted to structural and compositional engineering strategies
aimed at enhancing electrical conductivity, mechanical stability, and
sodium storage kinetics [14,15]. One widely adopted approach is
nanostructuring, which shortens Na+ diffusion pathways, increases the
active surface area, and provides structural flexibility to accommodate
volume fluctuations during cycling. Such features effectively accelerate
reaction kinetics and improve reversible capacity [16,17]. Nevertheless,
excessive nanostructuring inevitably exposes a large surface area to the
electrolyte, leading to pronounced side reactions, low initial coulombic
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efficiency, and complex synthesis procedures that hinder large-scale
application [18–20]. Beyond structural modifications, compositional
engineering through elemental doping provides a powerful route to
improve intrinsic conductivity, create additional active sites, and sta-
bilize the layered framework. MoS2 exhibits polymorphism, mainly in
the semiconducting 2H phase and the metallic 1T phase [7,12,16]. The
1T phase offers higher electrical conductivity and more favorable Na+

intercalation channels, which accelerate charge transfer and enhance
reversible capacity. However, 1T MoS2 is metastable under ambient
conditions, prone to partial reversion to the 2H phase, and susceptible to
lattice distortions or defect formation. Such instability can result in rapid
capacity fading and poor cycling performance. Direct synthesis of 1T
MoS2 often yields heterogeneous phase distributions, further compro-
mising structural integrity. Elemental doping can facilitate the 2H → 1T
phase transition while stabilizing the 1T structure. Cationic dopants
donate electrons to the lattice, lowering the formation energy of the 1T
phase, whereas anionic dopants expand interlayer spacing and introduce
additional active sites, promoting Na+ diffusion and accommodating
volumetric changes [21,22]. Conventional single-element doping,
however, is limited by potential lattice distortion, phase segregation, or
defect clustering, which may undermine long-term cycling stability.
Inspired by high-entropy material concepts, dual cation–anion and
multielement co-doping strategies have recently emerged as a promising
pathway [23]. By leveraging synergistic interactions among dopants,

these approaches can simultaneously optimize electronic states, inter-
layer spacing, and structural robustness, overcoming the intrinsic con-
straints of single-element doping [24,25]. Despite progress in doping
strategies, achieving rational dual- or multi-element doping of MoS2
remains formidable, due to the need for targeted dopant selection,
spatially uniform incorporation, and coordinated electronic effects that
prevent structural degradation.

In this study, Co and Se co-dopedMoS2 nanosheets were anchored on
carbon to achieve a synergistic integration of electronic modulation and
structural stabilization for sodium storage (Co–MoS1.8Se0.2/C). Cobalt
doping, as a cationic modulation, facilitates the stabilization of a
metallic 1T-like phase and introduces additional redox-active sites,
thereby enhancing charge-transfer kinetics. Meanwhile, selenium
doping, as an anionic regulation, effectively enlarges the interlayer
spacing and reduces Na+ diffusion barriers, which accelerates ion
transport and mitigates the strain associated with volume change. In
parallel, the conductive N,S co-doped carbon framework provides a
robust network that suppresses nanosheet restacking, buffers structural
stress, and offers heteroatom-derived active sites to stabilize the solid
electrolyte interphase. Benefiting from the cooperative effect of dual-
element doping and carbon matrix support, the composite simulta-
neously achieves improved electrical conductivity, stabilized interlayer
channels for fast and reversible Na+ insertion/extraction, and abundant
active defect/edge sites that contribute to high capacity and prolonged

Fig. 1. (a) Schematic illustration of the synthetic process. (b) SEM image. (c) TEM image. (d–f) HRTEM image. (g) Corresponding FFT pattern, and schematic di-
agram of 1T/2H structure.
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durability. Owing to structural and compositional advantages, the
optimized Co–MoS1.8Se0.2/C electrode delivers a high reversible ca-
pacity of 450 mAh g− 1 at 0.2 A g− 1. In addition, exceptional fast-
charging performance is achieved, reaching 250 mAh g− 1 at an ultra-
high current density of 20 A g− 1, corresponding to full charge/discharge
in approximately 15 s. Furthermore, long-term cycling tests demonstrate
retention of 85 % of the initial capacity over 1400 cycles at 5 A g− 1, with
an initial coulombic efficiency of ~98 %. Overall, these results illustrate
the effectiveness of Co–MoS1.8Se0.2/C for high-power and durable
sodium-ion energy storage applications.

2. Results and discussion

The Co–MoS1.8Se0.2/C composite was successfully synthesized
through a freeze-drying–calcination strategy, as illustrated in Fig. 1a.
Initially, the Co–Mo precursor was uniformly dispersed in a graphene
oxide (GO) solution, followed by freeze-drying to obtain a three-
dimensional Co–Mo/GO aerogel. Subsequent calcination under a
mixed S/Se atmosphere facilitated the in situ growth of Co and Se co-
doped MoS2 nanosheets anchored on carbon sheet, forming a hierar-
chical architecture with intimate interfacial contact. This synthetic route
not only enables homogeneous distribution of dopants but also ensures
the integration of conductive carbon with the active MoS2 phase,
thereby providing structural robustness and enhanced electron/ion
transport pathways. The morphology of the obtained Co–MoS1.8Se0.2/C
was examined by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). As shown in Fig. 1b, the Co–MoS1.8Se0.2/C
composite displays wrinkled nanosheets with loose stacking, while the
TEM image in Fig. 1c further confirms the ultrathin and transparent
nature of these nanosheets, suggesting the successful formation of a two-
dimensional layered structure with uniform dispersion on the carbon
matrix. Such a porous, three-dimensional network is expected to facili-
tate electrolyte infiltration and buffer mechanical stress during repeated
sodiation/desodiation cycles. High-resolution TEM (HRTEM) images
(Fig. 1d) reveal clear lattice fringes with an interplanar spacing of
0.71 nm, corresponding to the expanded (002) plane of MoS2. The
enlarged interlayer distance, induced by Se incorporation, provides

more accessible channels for Na+ intercalation and improves ion
transport kinetics. In contrast, SEM analysis (Fig. S1a) shows that the
MoS2/C sample exhibits nanosheets with a morphology largely similar
to that of Co–MoS1.8Se0.2/C, while TEM characterization (Fig. S1b) re-
veals a smaller interplanar spacing of 0.62 nm [26,27], corresponding to
the (002) plane of MoS2. In addition, distinct lattice fringes with a
spacing of 0.191 nm can be assigned to the (101) plane of metallic Co
(Fig. 1e), confirming the successful introduction of cobalt species into
the composite. Further atomic-resolution TEM observations (Fig. 1f–g)
demonstrate the coexistence of both 1T- and 2H-MoS2 phases, consistent
with the simulated structural models. Notably, abundant lattice distor-
tions and defect sites are observed, which can be attributed to Se
incorporation. These defect features not only increase the number of
active sites for Na + storage but also promote charge redistribution
within the MoS2 framework.

The crystalline structures of the samples were investigated by X-ray
diffraction (XRD), as shown in Fig. 2a. Both Co–MoS2/C and
Co–MoS1.8Se0.2/C display broad and weak diffraction peaks, indicative
of the poor crystallinity of the MoS2 phase. 14.4◦, 32.7◦, 39.6◦, and 56.4◦

can be indexed to the (002), (100), (103), and (110) planes of 2H-MoS2
(JCPDS No. 37–1492), respectively. No distinct diffraction peaks cor-
responding to cobalt selenide phases are observed, which suggests that
the Co and Se dopants are homogeneously incorporated into the MoS2
lattice without forming secondary crystalline phases. Notably, the (002)
reflection of Co–MoS1.8Se0.2/C shifts to a lower angle compared to that
of MoS2, corresponding to an enlarged interlayer spacing caused by Se
substitution. The expanded interlayer spacing is expected to facilitate
Na+ intercalation and improve diffusion kinetics during electrochemical
cycling. To further elucidate the phase structures, Raman spectroscopy
was conducted (Fig. 2b). Both Co–MoS2/C and Co–MoS1.8Se0.2/C
exhibit the characteristic E2g1 and A1g vibrational modes of MoS2. In
addition, several additional peaks at 144.3 cm− 1 (J1), 235.8 cm− 1 (J2),
278.9 cm− 1 (E1g), and 335.8 cm− 1 (J3) are observed, which are char-
acteristic fingerprints of the metallic 1T-MoS2 phase [28–30]. The
coexistence of both 2H and 1T phases indicates that Co/Se dual doping
promotes a partial 2H → 1T transition, providing enhanced electrical
conductivity and more favorable ion diffusion channels. X-ray

Fig. 2. (a) XRD patterns of Co–MoS2/C and Co–MoS1.8Se0.2/C. (b) Raman spectra of MoS2/C and Co–MoS1.8Se0.2/C. (c–f) XPS spectra of Co–MoS1.8Se0.2/C: (c) Mo
3d, (d) Se 3p and S 2p, (e) Co 2p, and (f) C 1s.
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photoelectron spectroscopy (XPS) was employed to probe the chemical
states and elemental composition of Co–MoS1.8Se0.2/C. The
high-resolution Mo 3d spectrum (Fig. 2c) can be deconvoluted into
peaks at 232.8 eV (Mo 3d3/2) and 229.7 eV (Mo 3d5/2), corresponding to
1T-MoS2, along with peaks at 233.8 eV (Mo 3d3/2) and 230.4 eV (Mo
3d5/2), assigned to 2H-MoS2. This confirms the coexistence of both
phases, consistent with Raman results. The S 2p spectrum (Fig. 2d)
shows peaks at 163.9 eV and 162.8 eV, slightly shifted toward lower
binding energies compared to pristine MoS2, which can be ascribed to
electronic interactions arising from Se incorporation. The presence of Se
is further verified by the Se 3p spectrum with peaks at 161.8 and
166.7 eV, as well as the Se 3d spectrum (Fig. S2) at 54.6 and 55.4 eV,
confirming successful doping of Se into the MoS2 framework. In
contrast, the MoS2/C sample exhibits only the characteristic Mo 3d3/2
and Mo 3d5/2 peaks of 2H-MoS2, with no detectable signals corre-
sponding to the 1T phase (Fig. S3). The S 2p spectrum displays solely the
conventional S 2p3/2 and S 2p1/2 peaks, suggesting the absence of
Se-induced electronic interactions (Fig. S3). The high-resolution Co 2p
spectrum (Fig. 2e) further confirms the successful incorporation of co-
balt species into the composite. The Co 2p3/2 region can be deconvo-
luted into two main peaks at 777.5 eV and 780 eV, which are attributed
to Co3+ and Co2+, respectively. Similarly, the Co 2p1/2 region shows
peaks at 792.2 eV (Co3+) and 795 eV (Co2+). The high-resolution C 1s
spectrum (Fig. 2f) can be deconvoluted into three peaks centered at
283.2 eV, 284.8 eV, and 287.1 eV, which are assigned to C–C/C=C, C–S,
and C=O bonding configurations, respectively. The clear presence of the
C–S bonding signal demonstrates the successful incorporation of sulfur

into the carbon framework.
The CV curves of the Co–MoS1.8Se0.2/C electrode, shown in Fig. 3a,

were measured within a voltage window of 0.01–3 V at a scan rate of
0.1 mV s− 1. In the first cathodic cycle, an irreversible peak at 0.85 V can
be ascribed to Na+ insertion, while the peak at 0.2 V corresponds pri-
marily to the conversion of MoS2 to Mo and Na2S. During the anodic
sweep, the main peak at 1.75 V is associated with Na + extraction and
the reversible reaction of Mo with Na2S. From the second cycle onward,
the CV curves largely overlap, indicating good electrochemical revers-
ibility. In comparison, the MoS2/C electrode (Fig. 3b) exhibits three
cathodic peaks at 0.9, 0.7, and 0.2 V in the first cycle. The 0.9 V peak
corresponds to Na+ insertion, the 0.7 V peak is attributed to SEI for-
mation, and the 0.2 V peak corresponds to the conversion reaction.
Notably, the SEI-related peak is not clearly observed in the
Co–MoS1.8Se0.2/C electrode, suggesting that a relatively thin SEI forms
rapidly during the first cycle. This behavior can be attributed to the
interfacial catalytic effect of Co, which facilitates faster charge transfer
and promotes stable SEI formation. The initial charge–discharge profiles
of Co–MoS1.8Se0.2/C and MoS2/C electrodes were evaluated to investi-
gate their sodium storage behavior. As shown in Fig. 3d, the
Co–MoS1.8Se0.2/C electrode delivers an initial discharge capacity of 570
mAh g− 1 and a charge capacity of 480 mAh g− 1, corresponding to an
initial coulombic efficiency (ICE) of approximately 84 %. In comparison,
the MoS2/C electrode exhibits an initial discharge capacity of 545 mAh
g− 1 and a charge capacity of 440 mAh g− 1, resulting in a lower ICE of
about 80 % (Fig. 3e). The higher ICE of Co–MoS1.8Se0.2/C can be
attributed to the synergistic effect of Co and Se co-doping, which

Fig. 3. (a) CV curves of Co–MoS1.8Se0.2/C. (b) CV curves of MoS2/C. (c) Rate performance of Co–MoS1.8Se0.2/C and MoS2/C. (d) Charge–discharge curves of
Co–MoS1.8Se0.2/C. (e) Charge–discharge curves of MoS2/C. (f) Cycling performance of Co–MoS1.8Se0.2/C and MoS2/C. (g) Long-term cycling of Co–MoS1.8Se0.2/C.
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optimizes electronic structure, facilitates Na+ insertion/extraction, and
stabilizes the electrode–electrolyte interface. Compared with undoped
MoS2/C, the improvement in initial Coulombic efficiency (ICE) of the
Co–MoS1.8Se0.2/C composite is mainly attributed to the introduction of
Co. Co doping induces a partial 2H→1T phase transition in MoS2, which
reduces the diffusion barrier for Na+ at the electrode surface and facil-
itates more efficient sodium insertion/extraction. In addition, Co can
catalyze the decomposition of the electrolyte, promoting the rapid for-
mation of a stable SEI layer during the first cycle. In subsequent cycles,
the coulombic efficiency of Co–MoS1.8Se0.2/C rapidly increases to 98 %
from the second cycle onward and remains close to 100 % during pro-
longed cycling, indicating highly reversible sodium storage and effective
suppression of parasitic side reactions. In contrast, the MoS2/C electrode
exhibits a slower rise in coulombic efficiency during the initial cycles
and requires more cycles to stabilize near 100 %, suggesting relatively
sluggish interfacial kinetics and less stable SEI formation. The rate
performance of Co–MoS1.8Se0.2/C and MoS2/C electrodes was further
evaluated under current densities ranging from 0.2 to 20 A g− 1 (Fig. 3c).
The Co–MoS1.8Se0.2/C electrode delivers reversible capacities of
approximately 300 mAh g− 1 at 5 A g− 1, 280 mAh g− 1 at 8 A g− 1, 260
mAh g− 1 at 10 A g− 1, 250mAh g− 1 at 15 A g− 1, 245mAh g− 1 at 18 A g− 1,
and 240 mAh g− 1 at 20 A g− 1, demonstrating outstanding rate capability
with only a slight capacity decay even at ultrahigh current densities.
Remarkably, at 20 A g− 1, a full charge/discharge process can be
completed within ~15 s, highlighting the ultrafast sodium storage ki-
netics of the dual-doped composite. More importantly, when the current
density is returned to 0.2 A g− 1, the reversible capacity recovers to ~350

mAh g− 1, indicating excellent structural robustness and superior
reversibility under extreme conditions. In contrast, the MoS2/C elec-
trode exhibits significantly lower rate performance, with rapid capacity
fading at elevated current densities. At 20 A g− 1, the reversible capacity
decreases to ~170 mAh g− 1, and the recovered capacity after returning
to 0.2 A g− 1 remains notably lower than the initial value, suggesting
irreversible structural degradation and unstable electrode–electrolyte
interface. The cycling performance of Co–MoS1.8Se0.2/C and MoS2/C
electrodes was evaluated at a current density of 3 A g− 1 (Fig. 3f). The
Co–MoS1.8Se0.2/C electrode delivers a stable reversible capacity of
~400 mAh g− 1, which is well maintained over 600 cycles without
noticeable capacity fading, demonstrating remarkable cycling dura-
bility. In contrast, the MoS2/C electrode exhibits rapid capacity decay,
with the reversible capacity dropping to ~210mAh g− 1 after 100 cycles.
Furthermore, continuous cycling results in severe degradation, eventu-
ally leading to cell failure and short circuit after ~500 cycles. To further
evaluate durability under high-rate conditions, long-term cycling of the
Co–MoS1.8Se0.2/C electrode was conducted at a current density of
5 A g− 1 (Fig. 3g). The electrode maintains a highly stable reversible
capacity of ~300mAh g− 1 over 1400 cycles without observable capacity
decay, demonstrating outstanding structural robustness and electro-
chemical reversibility. In addition, the coulombic efficiency remains
close to 100 % throughout the entire cycling process, confirming effi-
cient suppression of side reactions and excellent electrode–electrolyte
interfacial stability.

The electrochemical kinetics of Co–MoS1.8Se0.2/C were systemati-
cally evaluated by cyclic voltammetry (CV) at different scan rates

Fig. 4. (a) CV curves of Co–MoS1.8Se0.2/C at different scan rates (0.1–1 mV s− 1). (b) Pseudocapacitive contribution at 0.2 mV s− 1. (c) b values. (d) Na+ diffusion
coefficients calculated from GITT. (e–f) In situ EIS of Co–MoS1.8Se0.2/C and MoS2/C.
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(0.1–1 mV s− 1) (Fig. 4a). The relationship between peak current (i) and
scan rate (v) follows the power-law equation:

i = avb

where a is a constant and b reflects the charge storage mechanism. A b
value of 0.5 indicates a semi-infinite diffusion-controlled process
dominated by ion intercalation, whereas a b value of 1.0 corresponds to
a capacitive process governed by surface-controlled reactions. The
calculated b values for both anodic and cathodic peaks are approxi-
mately 0.85 across the entire potential window (Fig. 4c), suggesting that
the sodium storage in Co–MoS1.8Se0.2/C is dominated by pseudocapa-
citive behavior with partial contribution from diffusion-controlled
intercalation. To further distinguish between capacitive and diffusion
contributions, the current response at a fixed potential can be expressed
as:

i(V) = k1v + k2v1/2

where k1v corresponds to the surface-controlled (capacitive) contribu-
tion and k2v1ᐟ2 represents the diffusion-controlled contribution [31,32].
Quantitative analysis at 0.2 mV s− 1 reveals that pseudocapacitive pro-
cesses contribute ~80 % of the total capacity (Fig. 4b). This large
pseudocapacitive fraction confirms that the Co–MoS1.8Se0.2/C electrode

enables rapid charge storage via surface redox reactions and interfacial
adsorption, which accounts for its excellent rate capability and high
reversibility under ultrafast cycling. The Na+ diffusion kinetics of
Co–MoS1.8Se0.2/C and MoS2/C electrodes were further investigated by
galvanostatic intermittent titration technique (GITT). The Na+ diffusion
coefficient (DNa+ ) was calculated according to Fick's second law (Fig. S4).

As shown in Fig. 4d, the Na+ diffusion coefficient of Co–MoS1.8Se0.2/
C during both sodiation and desodiation processes remains in the range
of 10− 10–10− 11 cm2 s− 1, which is higher than that of MoS2/C across the
entire voltage window. The superior DNa + values indicate faster ion
transport kinetics enabled by Co and Se co-doping. Specifically, the
enlarged interlayer spacing induced by Se substitution lowers the
diffusion barrier, while Co incorporation enhances electronic conduc-
tivity and facilitates charge transfer. The interfacial charge-transfer
behavior of Co–MoS1.8Se0.2/C and MoS2/C electrodes was further
evaluated by in-situ electrochemical impedance spectroscopy (EIS)
during the sodiation/desodiation process (Fig. 4e–f). The Nyquist plots
of both electrodes consist of a depressed semicircle in the high-to-
medium frequency region, associated with charge-transfer resistance
(Rct), and a straight line in the low-frequency region, corresponding to
the Warburg impedance of Na+ diffusion. During the discharge process,
the Rct of Co–MoS1.8Se0.2/C gradually decreases, reflecting progres-
sively enhanced charge transfer. This behavior is mainly attributed to

Fig. 5. (a–c) Co–MoS1.8Se0.2/C at different states: discharge 1 V, discharge 0.01 V, and charge 3 V. (d) SEI thickness of Co–MoS1.8Se0.2/C after cycling. (e) SEI
thickness of MoS2/C after cycling. (f–i) In-depth XPS analysis of Co–MoS1.8Se0.2/C: (f) C 1s, (g) O 1s, (h) F 1s, and (i) Relative proportions of different func-
tional groups.
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the in-situ formation of Mo-related conductive species during sodiation,
which significantly improves electronic conductivity, while the
expanded interlayer spacing and defect sites introduced by Co/Se co-
doping further facilitate Na+ insertion. In the subsequent charge pro-
cess, Rct increases slightly, which may be associated with partial
structural relaxation and reconstruction of the electrode–electrolyte
interface. Importantly, the overall Rct values of Co–MoS1.8Se0.2/C
remain significantly lower than those of MoS2/C throughout cycling,
suggesting superior electronic conductivity and interfacial stability.

HRTEM was employed to probe the structural evolution of
Co–MoS1.8Se0.2/C during charge–discharge processes. At 1 V discharge
(Fig. 5a), lattice fringes of 0.76 nm indicate that the layered structure
remains intact, corresponding to the partially sodiated phase Nax-
MoS1.8Se0.2, with no significant conversion reaction occurring. Upon
full discharge to 0.01 V (Fig. 5b), lattice fringes of 0.200 nm and
0.191 nm were observed, corresponding to the (200) plane of metallic
Mo and the (101) plane of Co, evidencing the completion of conversion
reactions. After charging to 3 V (Fig. 5c), the lattice spacing contracts to
0.72 nm, suggesting partial restoration of the layered structure. These
observations indicate that Co–MoS1.8Se0.2/C undergoes reversible
structural evolution, where the initial layered framework accommo-
dates Na+ insertion/extraction Post-cycling TEM analysis was per-
formed to examine the SEI layer on Co–MoS1.8Se0.2/C and MoS2/C
electrodes. For Co–MoS1.8Se0.2/C, a uniform SEI layer with a thickness
of ~4.4 nm was observed (Fig. 5d), indicating stable interfacial forma-
tion during repeated sodiation/desodiation. In contrast, MoS2/C
exhibited a thicker (~6.3 nm) and uneven SEI layer (Fig. 5e), suggesting
uncontrolled interfacial growth and possible aggregation of decompo-
sition products. TEM analyses were conducted on the Co–MoS1.8Se0.2/C
electrodes after 100 charge-discharge cycles at 3 A g− 1 (Fig. S5). The
TEM images show that the nanosheet morphology is largely preserved
and confirm that the MoS2 lattice fringes remain clearly visible. Depth-
resolved XPS measurements were carried out to elucidate the chemical
composition and depth distribution of the SEI film formed on
Co–MoS1.8Se0.2/C after cycling. The C 1s spectra (Fig. 5f) show three
major peaks at 284.8, 285.8V and 288.1 eV, which can be assigned to
C–C/C=C, C–O, and C=O species, respectively. At the outermost SEI
surface, strong contributions from oxygenated carbon species (C=O) are
observed, indicative of organic sodium carbonate and polymeric
byproducts generated from electrolyte decomposition. With increasing
etching depth, the relative intensity of C=O decreases, whereas the
contribution of C–C/C=C becomes more pronounced, suggesting that
organic species dominate the outer SEI while carbonaceous residues and
inorganic phases are enriched in the inner region. Fig. 5g shows the
depth-dependent O 1s spectra of the cycled Co–MoS1.8Se0.2/C electrode
at etching times of 0 s, 20 s, and 120 s. Three distinct components can be
identified: the high-binding-energy peak at ~536–537 eV corresponds
to C–F species, the intermediate peak at ~533–534 eV is assigned to
C–O/O–H groups, and the lower-binding-energy peak at ~531–532 eV is
attributed to Na–O/C=O species [33]. At the surface (0 s), the O 1s
spectrum is dominated by C–O/O–H contributions, accompanied by
noticeable C–F signals, indicating the prevalence of organic/polymeric
decomposition products and fluorinated organic species in the outer SEI.
With increasing etching depth (20 s and 120 s), the relative intensity of
the C–O/O–H and C–F components gradually decreases, while the
Na–O/C=O contribution becomes increasingly prominent and shifts
slightly toward lower binding energy, suggesting the enrichment of
inorganic Na-containing oxides and carbonates in the inner SEI [34,35].
The F 1s spectra (Fig. 5h) present a primary peak centered at ~683.8 eV,
attributed to NaF, together with a higher binding-energy component at
~687.0 eV that can be assigned to sodium fluorophosphates (NaxPFyOz)
[36,37]. The NaF intensity becomes increasingly prominent with
etching depth, demonstrating that inorganic NaF is mainly distributed in
the inner SEI layer, serving as a passivation component with high me-
chanical and chemical stability [ [38,39]{Han, 2025 #940}]. The
depth-dependent distribution of functional groups is summarized in

Fig. 5i. Taken together, the depth-dependent XPS results reveal a
bilayered SEI structure on Co–MoS1.8Se0.2/C, in which organic car-
bonates and polymeric species dominate the outer surface, while the
inner region is enriched with inorganic components such as NaF and
metal oxides. Such a graded SEI architecture is expected to provide both
interfacial stability and fast Na+ transport, thereby accounting for the
superior cycling durability of the composite electrode.

3. Conclusion

In summary, A Co and Se co-doped MoS2–carbon composite was
developed as a high-performance anode for sodium-ion batteries. Spe-
cifically, Co doping serves as a cationic modulator that stabilizes the
metallic 1T-like phase and simultaneously facilitates the rapid formation
of a uniform SEI layer, thereby enhancing interfacial stability during
cycling. In parallel, Se doping acts as an anionic regulator, effectively
enlarging the interlayer spacing and reducing Na+ diffusion barriers,
which promotes faster ion transport and mitigates strain induced by
volume changes. Moreover, the incorporation of doping-induced defect
sites introduces abundant redox-active centers, further contributing to
reversible sodium storage. At the same time, the carbon matrix provides
a conductive and robust framework that prevents nanosheet restacking,
buffers structural stress, and supports the overall electrode architecture,
ensuring structural integrity during prolonged cycling. As a result, the
Co–MoS1.8Se0.2/C electrode delivers a high reversible capacity of 450
mAh g− 1 at 0.2 A g− 1, maintains excellent rate performance with 250
mAh g− 1 at 20 A g− 1, and exhibits long-term cycling stability over 1400
cycles at a high current density of 5 A g− 1. Taken together, the combi-
nation of dual-element doping and carbon matrix integration not only
optimizes the structural and interfacial properties of the electrode but
also enhances electrochemical kinetics and durability. These findings
offer valuable insights into the rational design of layered TMD anodes
and present a practical strategy for advancing sodium-ion batteries to-
ward large-scale, durable, and efficient energy storage applications.
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