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Te-vacancy engineering and robust Ti-Te interfacial coupling synergistically regulate
the electronic structure and accelerate Na® transport in BixTe;x@MXene. The
integrated heterostructure stabilizes conversion-alloying reactions, enabling ultralong
cycling life and high energy-power output in sodium-ion batteries.
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ABSTRACT

Metal tellurides are promising anode candidates for high-energy sodium-ion batteries (SIBs) owing to their multielectron redox
chemistry, but their practical deployment is limited by sluggish reaction kinetics and severe structural instability associated with
repeated conversion/alloying reactions. Herein, a Te-vacancy-rich Bi;Tes.x@MXene heterostructure is rationally constructed via
synergistic electrostatic assembly and in situ tellurization. Strong Ti-Te interfacial coupling immobilizes Bi;Tez.x nanoparticles on
conductive MXene nanosheets, generating a robust three-dimensional architecture with continuous electron/ion transport
pathways and enhanced tolerance to volume variation. Meanwhile, Te-vacancy engineering tailors the electronic structure and
creates abundant active sites, synergistically accelerating Na* transport kinetics. Combined electrochemical analysis and in
situ/ex situ characterizations reveal a highly reversible insertion-conversion-alloying mechanism with stabilized phase evolution
during cycling. Consequently, the Bi:Tesx@MXene anode delivers outstanding rate capability and ultralong cycling stability,
retaining 324.8 mAh g! after 2000 cycles at 2 A g! and maintaining 317.9 mAh g! even at 10 A g’ Moreover, the
Na3zV2(P04)3//Bi;Tes«@MXene full cell achieves a high energy density of 210.6 Wh kg and preserves 104.7 Wh kg'! even at an
ultrahigh power density of 11300 W kg'. This work highlights the effectiveness of integrating defect chemistry with
heterointerface engineering to unlock fast and durable sodium storage in metal tellurides for high-energy and high-power SIBs.

KEYWORDS
sodium-ion batteries, anode, Biz2Tes.x, Te-vacancy engineering, ultralong cycling stability

1 Instruction

The global transition toward electrified society and

renewable-dominated power grids demands
electrochemical storage systems that are not only
high-performing but also inherently scalable and

resource-sustainable [1-3]. Sodium-ion batteries (SIBs)
are therefore attracting intense interest as a compelling
post-lithium technology, enabled by the natural
abundance, low cost, and wide geographic distribution of
sodium resources [4-8]. However, the larger ionic radius
and slower diffusion kinetics of Na* compared with Li*
impose stringent requirements on anode materials,
especially in terms of structural robustness, reaction

reversibility, and interfacial charge-transfer -efficiency
under practical current densities [9, 12]. Consequently,
developing high-capacity anode materials capable of
simultaneously achieving fast ion/electron transport, high
structural stability, and durable cycling performance
remains a critical challenge for next-generation SIBs.
Among various candidate anodes, bismuth-based
materials have attracted considerable attention owing to
their high electronic conductivity and favorable
alloying/dealloying reactions with sodium [11-15]. In
particular, layered Bi;Tes has emerged as a promising
anode  material because of its  multielectron
conversion/alloying chemistry, high theoretical capacity,
and intrinsically fast electron transport characteristics
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[16-18]. Nevertheless, its practical electrochemical
performance is still limited by severe volume fluctuation
during  repeated sodiation/desodiation, particle
pulverization, interparticle electrical disconnection, and
unstable solid-electrolyte interphase (SEI) evolution. More
importantly, the structural instability of Bi;Tes is further
aggravated under high-rate conditions, where insufficient
interfacial charge-transfer efficiency and slow Na*
transport become increasingly dominant. In essence, the
fundamental bottleneck of Bi;Tes-based anodes lies not
only in their limited structural stability, but also in the lack
of robust and dynamically stable heterointerfaces capable
of simultaneously regulating electron transport, Na*
diffusion, and stress dissipation throughout repeated
electrochemical cycling.

Two-dimensional MXenes, represented by TizC;Tx, have
recently emerged as highly attractive conductive scaffolds
for advanced electrochemical energy-storage systems
because of their metallic conductivity, hydrophilic surface
chemistry, abundant terminal functional groups, and
mechanically flexible layered structures [19-21]. Unlike
graphene, which features a relatively inert sp® carbon
surface with limited chemical functionality, MXenes
provide abundant surface terminations (-0, -OH, and -F)
and tunable interlayer galleries, enabling stronger
interfacial coupling with active materials, enhanced
electrolyte accessibility, and more favorable Na* transport
kinetics. These wunique structural and interfacial
characteristics allow MXene nanosheets to function as
conductive and flexible matrices that accommodate
volume variation, suppress active-phase aggregation, and
facilitate electron/ion transport during electrochemical
cycling [22-24]. However, conventional hybridization
approaches, such as mechanical mixing or post-growth
assembly, generally suffer from weak interfacial
interactions and uncontrolled active-phase distribution,
leading to increased interfacial resistance, severe
nanosheet restacking, and localized transport bottlenecks
during cycling. As a result, achieving efficient interfacial
charge transfer and structural integrity simultaneously
remains highly challenging. These limitations underscore
the importance of constructing strongly coupled and
spatially regulated heterostructures in which the
nucleation, growth, and crystallization behaviors of active
materials can be precisely controlled to maximize
interfacial stability and electrochemical kinetics.

Herein, we report the rational design of Te-vacancy-rich
BixTe;x@MXene composites, in which highly conductive
MXene nanosheets serve as a robust 2D matrix for Bi;Tes
via a combination of electrostatic adsorption and in situ
tellurization strategies. In this architecture, BizTes
nanoparticles are uniformly anchored on the MXene
surface through strong Ti-Te covalent interactions and
simultaneously interwoven into a 3D conductive
framework, forming continuous pathways that enable
rapid electron/ion transport while maintaining structural

integrity during repeated cycling. Meanwhile, the
A .
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introduction of Te vacancies effectively tailors the
electronic  structure and  generates  abundant
electrochemically active sites, thereby enhancing Na*
adsorption capability and accelerating charge-transfer
kinetics. Benefiting from these structural and interfacial
merits, the Bi;Te;.x@MXene electrodes exhibit markedly
enhanced sodium-storage performance, delivering high
reversible capacity, excellent long-term cycling stability,
and superior rate capability in both half-cell and full-cell
sodium-ion battery configurations.

2 Results and Discussion

The fabrication process of the Te-vacancy-rich
Bi;Tez.x@MXene composites is schematically illustrated in
Figure 1la. Initially, few-layer Ti3C.Tx MXene nanosheets
were exfoliated from the TizAlC; MAX precursor through a
mild etching strategy [5, 25]. Assisted by ultrasonic
delamination, the obtained MXene exhibits a highly
exposed two-dimensional architecture with large specific
surface area and excellent dispersibility (Figure S1 and
S2), providing abundant active sites for the subsequent
anchoring of Bi species. Subsequently, Bi3* ions were
uniformly immobilized on the negatively charged MXene
surface via electrostatic interactions, effectively
suppressing precursor aggregation. Meanwhile, PVP acted
as a coordination agent to regulate the nucleation and
growth of Bi-based species, where the carbonyl groups
within the pyrrolidone rings coordinated with Bi3* ions to
retard rapid hydrolysis and agglomeration. During the
subsequent in situ tellurization process, the adsorbed Bi
species were gradually converted into uniformly dispersed
nanoparticles on the MXene framework, ultimately
forming the Te-vacancy-rich Bi;Tez.<@MXene
heterostructure.

The morphology and microstructure of the
Bi;Te;.x@MXene  composites  were  systematically
examined by field-emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM). As
shown in Figure 1b and c, the Bi;Tes.x nanoparticles are
uniformly and intimately anchored on highly wrinkled,
interconnected MXene nanosheets, constructing a
well-defined three-dimensional hierarchical architecture.
Notably, the intrinsic ultrathin layered configuration of
MXene is well retained after the tellurization process,
indicating the structural robustness of the MXene scaffold
during composite formation. In sharp contrast, pure Bi;Tes3
shows pronounced particle agglomeration and irregular
bulk-like morphologies composed of densely packed
nanoparticles (Figure S3), indicative of uncontrolled
crystal growth and the absence of an effective dispersive
substrate. These observations highlight the critical role of
MXene in directing the spatially confined growth of
Bi;Tes.x nanocrystals and stabilizing the overall
architecture. TEM analysis further confirms that ultrafine
Bi,Tes.x nanoparticles with an average diameter of ~20 nm
are homogeneously dispersed and firmly anchored on the
MXene nanosheets without observable aggregation
(Figure 1d, e), evidencing the effectiveness of the
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electrostatic adsorption-assisted nucleation and growth
strategy. High-resolution TEM (HRTEM) of pure Bi;Tes
reveals well-defined lattice fringes with an interplanar
spacing of 0.323 nm (Figure 1g), corresponding to the
(015) plane of rhombohedral Bi;Tesz (PDF#08-0027) [26,
27]. In comparison, the Bi;Teszx@MXene composite
(Figure 1f) exhibits a slightly expanded lattice spacing of
0.326 nm for the same plane, indicative of lattice dilation
induced by Te vacancy formation. More importantly, the
corresponding 3D surface-intensity reconstruction further
reveals pronounced lattice fluctuations and enhanced
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local structural disorder in Bi;Te;.@MXene relative to
pure Bi;Tes, indicating the presence of abundant defect
sites and significant lattice distortion, which are expected
to contribute to modulate the local electronic environment
and acceleraed charge transfer. The high-angle annular
darkfield scanning TEM (HAADF-STEM) image and
corresponding energy dispersive spectroscopy (EDS)
elemental mappings clearly demonstrate the presence and
uniform distribution of Ti, C, O, Bi, and Te elements within
the Bi;Tesx@MXene (Figure 1h-m).
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Figure 1. Synthesis and morphology characteristics. (a) Schematic illustration of the synthesis process. (b, c) FESEM
images and (d, e) TEM images of the Bi;Te;.x@MZXene composite. (e) HRTEM image and 3D Surface Plots of the
Bi;Tesz x@MXene composite. (g) HRTEM image and 3D Surface Plots of the pure Bi;Tes. (h) HAADF-STEM image and (i-m)
corresponding elemental mappings of Bi,Tes;.@MXene composite.

The crystal structure and phase composition of the
Bi;Tes@MXene composite were investigated by X-ray
diffraction (XRD). As shown in Figure 2a, all diffraction
peaks of both pure Bi;Te; and BiTe;..@MXene can be

unambiguously indexed to rhombohedral Bi;Tes; phase
(JCPDS no. 08-0027), with no detectable impurity peaks,
confirming the successful formation of highly crystalline
and phase-pure Bi;Tes; [28]. The characteristic reflection
located below 10° is assigned to the (002) plane of TizC;Tx

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy
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MXene, consistent with its typical layered structure.
Notably, compared with pure MXene, the (002) peak of
Bi;Tes@MXene shifts toward lower diffraction angles,
indicating an increased interlayer spacing after the
incorporation of Bi;Tez nanostructures. This enlarged
spacing not only mitigates nanosheet restacking but also
facilitates electrolyte infiltration and shortens ion
transport pathways, thereby promoting faster charge
transfer and improved electrochemical kinetics. Moreover,
the magnified XRD pattern (Figure 2b) reveals subtle
shifts of selected Bi:Tes reflections, indicative of slight
lattice distortion while preserving the rhombohedral
phase, which can be reasonably associated with Te-defect
formation and interfacial coupling with MXene. Electron
paramagnetic resonance (EPR) spectroscopy was further

Nano Research Energy

employed to probe the defect chemistry of the obtained
samples. As displayed in Figure 2c, Bi,Te;x@MXene
exhibits a pronounced resonance signal centered at 2.003,
whereas pure Bi;Tez shows only a much weaker response.
This signal is characteristic of unpaired electrons trapped
at Te-vacancy-related defect centers, demonstrating a
markedly higher defect concentration in the hybrid [29,
30]. The increased defect density is attributed to the
strong interfacial coupling between Bi,Te; and MXene,
which promotes the generation and stabilization of
vacancies. Such abundant vacancy defects can serve as
additional electrochemically active sites and modulate the
local electronic structure, thereby enhancing charge
transfer and accelerating ion-storage kinetics.
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Figure 2. Structural characterization. (a, b) XRD pattern of MXene, pure Be;Tez and Bi;Tez.<@MXene. (c) EPR spectra and
(d) XPS panoramic spectra of pure Be;Tez and Bi,Te;.@MXene. High-resolution XPS spectra of (e) C 1 s and (f) Ti 2p for
BixTesx@MXene. High-resolution XPS spectra of (g) Bi 4f, (h) Te 3d and (i) BET analysis for pure Be;Te; and

Bi,Tesx@MZXene (inset: pore size distribution).

The surface chemical composition and electronic
structure evolution of the Bi;Te;.@MXene hybrid were
systematically investigated by X-ray photoelectron
spectroscopy (XPS). In the survey spectra (Figure 2d),

TSINGHUA Sci@pen

both pure Bi;Tes and BiTe;x@MXene exhibit
characteristic Bi and Te signals, while the emergence of
distinct Ti-related peaks in the Bi;Tezx@MXene composite
confirms the successful integration of the MXene
framework into the hybrid architecture. The
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high-resolution C 1s spectrum of Bi;Tesx@MXene (Figure
2e) can be deconvoluted into five components centered at
281.5, 283.2, 284.6, 286.1, and 288.6 eV, corresponding to
C-Ti, C-Ti-0, C-C, C-0, and 0-C=0 species, respectively.[18,
25] The retained C-Ti and C-Ti-O components verify that
the carbide backbone of MXene is preserved after hybrid
formation, whereas the oxygen-containing species arise
from surface terminations and slight surface oxidation
during etching and exfoliation. More importantly, the Ti 2p
spectrum can be fitted into four pairs of spin-orbit
doublets  located at 455.4/461.3, 456.7/462.2,
457.8/464.4, and 459.2/466.1 eV (Figure 2f),
corresponding to Ti-C, Ti-Te, Ti?* 2Pz and Ti3* 2Py3
species, respectively [18, 31, 32]. Notably, the appearance
of the Ti-Te component suggests the formation of strongly
chemical bonding between Ti atoms of MXene and Te
atoms in Bi;Tes.y, rather than simple physical contact. Such
interfacial Ti-Te bonding not only anchors Bi;Tes
nanocrystals onto the conductive MXene scaffold but also
establishes an efficient electronic communication pathway
across the heterointerface. The high-resolution Bi 4f
spectrum of pure Be;Te; (Figure 2g) displays two
characteristic peaks located at 157.5 and 162.7 eV,
assigned to Bi 4f;, and Bi 4fs;, respectively [26, 33].
Additional peaks at 159.1 and 164.4 eV are attributed to
oxidized Bi-Te-O species, indicating partial surface
oxidation [34]. Similarly, the Te 3d spectrum of pure
Be:Tes (Figure 2h) exhibits Te 3d3/2 and 3d5/2 peaks at
572.3 and 582.8 eV, accompanied by Te-O signals at 576.4
and 586.8 eV.[18] Compared with pure Bi;Tes, both Bi 4f
and Te 3d peaks of Bi;Tez.@MXene exhibit obvious shifts
toward lower binding energies, accompanied by a
noticeable suppression of the Bi-Te-O and Te-O
components. The negative shifts reveal an increased
electron density around both Bi and Te atoms, suggesting
substantial electronic reconstruction within the Bi;Tes«
lattice. This phenomenon can be attributed to the
synergistic effect of Te-vacancy-induced charge
redistribution and interfacial electron transfer from
MXene to BiyTesx. The strong electronic coupling at the
heterointerface effectively alters the local electronic
environment of Bi and Te atoms, confirming the formation
of a defect-rich electronically coupled heterostructure.
Nitrogen adsorption-desorption measurements were
further carried out to elucidate the porous characteristics.
As shown in Figure 2i, the Bi:Te;..@MZXene exhibits a
typical type IV isotherm with a pronounced hysteresis
loop, indicative of a mesoporous architecture. The
Brunauer-Emmett-Teller (BET) specific surface area of
Bi,Tes@MZXene reaches 92.7 m? g, which is much higher
than that of the pure Bi;Tes; (11.4 m? g!), demonstrating
that the integration of Bi;Tes.x with the two-dimensional
MXene framework substantially increases the exposed
surface area and accessible interface. The pore-size
distribution (inset of Figure 2i) further suggests the
presence of hierarchical pores dominated by mesopores
together with larger transport voids. Such a multiscale

| . R—

porous network provides abundant electrochemically
active sites, facilitates electrolyte infiltration and ion
diffusion, and effectively buffers the volume variation of
Bi,Tes.x during repeated charge/discharge processes.

The sodium-storage behavior of Bi;Te;.x@MXene
composite was investigated by cyclic voltammetry (CV) at
a scanning rate of 0.1 mV s (Figure 3a). During the initial
three cycles, the CV profiles exhibit highly overlapped
cathodic and anodic peaks, indicating excellent
electrochemical reversibility and structural stability upon
repeated sodiation/desodiation. In the first cathodic scan,
several distinct reduction peaks located at approximately
1.41, 1.13, 0.62, and 0.35 V versus Na*/Na, are observed,
suggesting a multistep sodium-storage mechanism. The
broad peak centered at ~1.13 V is primarily associated
with the formation of a solid-electrolyte interphase (SEI)
layer together with the conversion reaction of Bi;Tes to
metallic Bi and Na;Te [34]. Subsequently, the reduction
peaks at 0.62 and 0.35 V can be assigned to the sequential
alloying reactions between Bi and Na, leading to the
formation of NaBi and NaszBi phases, respectively [33].
During the anodic sweep, the corresponding oxidation
peaks arise from the reversible dealloying of NazBi and the
reconstruction of the Bi-Te framework. Notably, the CV
response of pure Bi;Tes exhibits similar redox features
(Figure S4), confirming the preservation of the intrinsic
sodium-storage chemistry after MXene incorporation and
Te-defect engineering. The galvanostatic charge-discharge
(GCD) profiles recorded at 0.2 A g! for the
Bi Tesx@MXene electrode display well-defined voltage
plateaus that closely correspond to the redox peaks
observed in the CV curves, further verifying the proposed
reaction mechanism (Figure 3b). The Bi;Te;«@MXene
electrode delivers an initial discharge and charge capacity
of 504.1 and 439.3 mAh g, respectively, corresponding to
a high initial Coulombic efficiency (ICE) of 87.1%, which is
higher than that of pure Bi Te; (76.8%, Figure S5). The
irreversible capacity loss in the first cycle can be mainly
attributed to SEI formation and irreversible electrolyte
decomposition. Despite these irreversible processes, the
ICE of Bi;Te;x@MXene compares favorably with those of
representative metal-chalcogenide anodes reported in the
recent literature (Table S1). Encouragingly, the Coulombic
efficiency rapidly increases and stabilizes at nearly 100%

in subsequent cycles, indicating highly reversible
electrochemical reactions and excellent interfacial
stability.

The cycling performance was further evaluated at 0.2 A
g (Figure 3c). Remarkably, the Bi,Tesx@MXene electrode
retains a reversible capacity of 383.2 mAh g after 200
cycles, substantially outperforming pure Bi;Tes electrode,
which only maintains 219.4 mAh g?! under identical
conditions. The rate capability of the Bi;Tez..@MXene
electrode was subsequently examined over a wide range
of current densities (Figure 3d). The electrode delivers
reversible capacities of 451.3, 419.4, 396.7, 374.8, 353.1,
and 336.5 mAh g' at 0.1, 0.2, 0.5, 1, 2 and 5 A g},

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy
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respectively. Even under an ultrahigh current density of 10
A g1, the capacity (317.9 mAh g?) of the Bi;Tez«@MXene
remains significantly higher than that of pure Be;Tes
(114.2 mAh g1), highlighting the superior reaction
kinetics of the hybrid architecture. Notably, the
Bi;Tezx@MXene electrode maintains 70.4% of its initial
capacity despite a 100-fold increase in current density,
whereas pure Bi;Tes retains only 33.1%, underscoring the
remarkable rate tolerance of the composite. These results
demonstrate that an appropriate amount of MXene not
only synergistically enhances electronic conductivity but
also stabilizes the overall electrode architecture during
repeated (de)sodiation. The corresponding GCD curves at
different current densities of Bi;Tezx@MXene exhibit
highly reversible charge/discharge characteristics with
only a slight increase in polarization as the current density
increases compared to pure Bi;Tes; (Figure 3e and S6),
suggesting fast charge-transfer kinetics and efficient Na*
diffusion within the electrode. Such behavior can be
attributed to the synergistic effects of Te-vacancy
engineering and the highly conductive MXene framework,
which collectively accelerate electron transport, expose
additional electrochemically active sites, and buffer the
volume variations associated with repeated
alloying/dealloying reactions. When the current density is
restored to 0.1 A g, the capacity of the Bi;Te;x@MXene

Nano Research Energy

rapidly recovers to 446.3 mAh g, corresponding to 98.9%
of its initial value, whereas pure Bi;Te; electrode recovers
only 295.1 mAh g, further demonstrating the excellent
structural robustness and electrochemical reversibility of
the Bi;Tezx@MXene electrode. To further benchmark its
high-rate performance, the electrochemical properties of
BixTe;x@MXene were compared with previously reported
Bi»Te; and BizSes based anodes for SIBs (Figure 3f) [28,
33-39]. The Bi;Te;.<@MXene electrode exhibits one of the
highest  reversible capacities across a  broad
current-density range, highlighting the effectiveness of the
integrated  defect-engineering and MXene-coupling
strategy. To further evaluate the electrolyte compatibility
of Bi;Tez«@MXene, its electrochemical performance was
also examined in a conventional carbonate-based
electrolyte of 1 M NaClO4 in EC/DMC (1:1, v/v). As shown
in Figure S7, Bi;Te:x@MXene exhibits slightly lower
capacity and stability in the carbonate-based electrolyte
than in the diglyme-based electrolyte, while still
outperforming pristine BizTes. The improved performance
in diglyme can be attributed to the more favorable
interfacial chemistry and Na* transport characteristics of
the ether-based electrolyte, which are better suited to the
repeated conversion/alloying reactions and associated
structural evolution of telluride anodes.
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Figure 3. Electrochemical performance. (a) CV curves at a scan rate of 0.1 mV s and (b) galvanostatic charge/discharge
voltage profiles of the Bi,Tesx@MXene electrode at 0.2 A g''. (a) Cycling stability at 0.2 A g%, (d) rate performance and (e)
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reported Bi,Tez and Bi,Sez based anodes. (g) Long-term cycling performance of the Bi,Te;x@MXene and pure Be;Te; at

2.0 A g?. (h) Comparison of long-term cycling stability with

More importantly, the long-term cycling stability was
evaluated at a high current density of 2 A g (Figure 3g).
The Bi:Tesx@MXene electrode maintains a reversible
capacity of 324.8 mAh g! after 2000 cycles, with an
impressive capacity retention of 88.1%, evidencing its
excellent cycling robustness under high-rate operation. Ex
situ structural characterization reveals that, after
prolonged cycling, the Bi;Tesx nanoparticles remain
uniformly anchored on the crumpled MXene nanosheet
framework, without pronounced pulverization or
aggregation (Figure S8 a, b). Moreover, the HRTEM and
EPR results confirm that the Te-vacancy-related defects
are substantially retained after prolonged cycling (Figure
S8c, d). This preserved architecture verifies the key role of
MXene in accommodating the volume variation of BiyTes.y,
restraining the migration/agglomeration of active species,

(a)

Na,Bi
(110)

B, 1e;
(015)

[+}] /

E B

Al s .
& S NaBiTe2
Q (111)

3.2 1 0 25 30 35
Voltage (V) 2Theta (degree)
() A e

Na,Bi
(110) ¢
0zrzam . 41

A, N | s A VD
c1ieVv c1e6V
A Y Sl A o
3t . > g i
| D0.01V .01 V)
E g. D 0.0
§ . w/"n‘\«w««"ﬂ\"w\, g Mﬂ &
= posv| ¥ D08V
- - N - £\
e N / \"“ e ——4/\-»—\4,,/ \‘-N/"\u.
Bi* Bin;\ Pristine A Pristine
/ A M\
/ \_B_l 4fg, // _Bi 4f, ;| J :\‘ Te 3"3;3" \Tﬁ 3dg,;

590 585 580 575 570 565
Binding energy (eV)

T T T T T T
166 164 162 160 158 156
Binding energy (eV)

other reported metal telluride anodes for SIBs.

and sustaining continuous charge-transport pathways
during repeated sodiation/desodiation. Notably, the
Coulombic efficiency remains nearly 100% over the entire
cycling process, suggesting highly reversible Na* storage
reactions and a stable electrode/electrolyte interface. In
sharp contrast, pure Be;Te3 retains only 31.7% of its initial
capacity after 2000 cycles, highlighting the synergistic
effect of MXene integration and Te-vacancy engineering in
enhancing structural stability and electrochemical
reversibility. Furthermore, benchmarking against recently
reported Bi-based and metal telluride anodes for SIBs
confirms that Bi;Te;x@MZXene offers a competitive
combination of high reversible capacity, excellent rate
performance, and outstanding long-term cycling durability.
(Figure 3h) [26, 28, 33-35, 37, 40-43].
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Figure 4. Elucidation of the Na-storage mechanism in Bi,Tesx@MXene electrode. (a, b) Galvanostatic discharge/charge
curve and corresponding operando XRD patterns. Ex situ HRTEM images acquired at (c) 0.8 V and (d) 0.01 V during
discharge, (e) HAADF-STEM image with elemental mappings at 0.01 V, and (f) 3.0 V after charge. Ex situ XPS spectra of (g)

Bi 4f and (h) Te 3d at selected
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insertion-conversion-alloying mechanism during Na* storage.

To elucidate the sodium-storage mechanism of the
Bi;Tezx@MXene electrode, in-situ XRD measurements
were carried out during the discharge/charge process
(Figure 4a). At open-circuit voltage, the diffraction peaks
located at 27.2°, 37.5°, and 40.4° can be assigned to
crystalline Bi;Tes. Upon sodiation, these characteristic
peaks progressively weaken, accompanied by the
emergence of new reflections at 26.9° and 20.9°, which
can be indexed to the (012) plane of metallic Bi (JCPDS No.
85-1329) and the (111) plane of NaBiTe; (JCPDS card no.
65-6863), respectively [34, 37]. This evolution indicates
that the pristine Bi;Te; phase undergoes a conversion
reaction with Na', generating intermediate NaBiTe;
together with Bi. As the discharge proceeds to below 1.0 V,
additional diffraction signals corresponding to Na;Te and
NaBi become discernible, suggesting a sequential
multistep conversion process. With further sodiation from
0.6 to 0.01 V, new peaks appear at 32.7° and 19.9°,
assignable to the (101) and (110) planes of NazBi (JCPDS
card no. 04-0351), respectively [18]. The formation of
NasBi demonstrates that the Bi species generated during
the conversion process subsequently undergo alloying
with sodium, leading to the fully sodiated state. During
desodiation, the NasBi-related peaks gradually vanish
when the cell is charged to 0.8 V, accompanied by the
reappearance of the NaBi phase, indicative of the stepwise
dealloying of NazBi. Upon further charging to 1.6 V, the
reflections associated with Bi and NaBiTe; re-emerge,
implying the reversibility of the conversion reaction
between sodium and the telluride framework. When the
potential reaches 3.0 V, the diffraction features of Bi,Tes
become detectable again, although with relatively
weakened intensity, suggesting the reformation of Bi,Te;
with reduced crystallinity after desodiation.

The ex-situ TEM characterization of Bi,Tes;..@MXene
electrode at different (dis)charge states further provide
direct visualization of the phase evolution. At 0.8 V
discharge (Figure 4c), lattice fringes with spacings of
0.227 nm and 0.258 nm are observed, corresponding to
the (110) plane of Bi and the (220) plane of NazTe,
confirming the initial conversion of Bi;Te; into Bi and
NazTe [33]. Upon deep discharge to 0.01 V (Figure 4d),
additional fringes at 0.272 nm, assignable to the (110)
plane of NasBi, appear alongside Na;Te, indicating
subsequent alloying of Bi to form NazBi phase inferred
from the XRD patterns. Elemental mapping at full
discharge (Figure 4e) reveals uniform distribution of C, Ti,
Bi, Te, and Na, demonstrating intimate integration of
MXene with active phases, which facilitates electron
transport and accommodates volumetric changes. During
the subsequent charge to 3.0 V (Figure 4f), the lattice
fringes corresponding to the (015) plane of Bi;Tes
reappear, evidencing reversible reconstruction of the
Bi,Tes phase, although reduced contrast and partial lattice
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disorder suggest lower crystallinity and nanoscale
structural features, consistent with the weakened XRD
reflections after charging.

To further verify the phase evolution and valence-state
variation during the sodiation/desodiation process, ex situ
XPS measurements were conducted at representative
electrochemical states. For the pristine electrode, the Bi 4f
spectrum shows peaks corresponding to Bi3* in BizTes,
along with higher-binding-energy components from
surface-oxidized species (Figure 4g). Upon discharge to
0.8 V, all Bi 4f peaks shift to lower binding energies,
indicating partial reduction to metallic Bi and the onset of
the conversion reaction. Further sodiation to 0.01 V
induces a more pronounced shift, consistent with
formation of Na-Bi alloy species, confirming the
progression from conversion to alloying [44]. During
charging, the alloy-related peaks gradually decrease, while
the Bi** and oxidized peaks recover. At 3.0 V, the Bi 4f
spectrum nearly returns to its original state, evidencing
the reversible regeneration of the Bi;Te; framework. A
similar evolution is observed in the Te 3d spectra (Figure
4h). The pristine electrode displays the characteristic Te
3ds,2 and Te 3ds;z peaks of BiyTes. Upon sodiation, new
components associated with Na;Te emerge, accompanied
by a decrease in the intensity of the original Te signals,
demonstrating the conversion of Te species into sodium
tellurides. At the fully discharged state, the Na,Te-related
peaks become dominant, corroborating the formation of
Na;Te identified by operando XRD and HRTEM. Upon
subsequent charging, the Na;Te signals gradually diminish,
while the Te peaks characteristic of Bi,Te; reappear,
evidencing the reversible reconstruction of the telluride
framework. Based on the above analyses results, the
sodium-storage mechanism of the Bi,Te;x@MXene
electrode can be summarized as a coupled
insertion-conversion-alloying process (Figure 4i) [16, 33].
During this process, Na* is initially inserted into the Bi;Te3
lattice to form an intermediate NaBiTe; phase, which
subsequently undergoes a conversion reaction to generate
Bi and NazTe. The resulting Bi species further react with
Na* through a stepwise alloying process to form NaBi and
ultimately NaszBi. Upon desodiation, the reverse dealloying
and conversion reactions occur, leading to the
regeneration of the Bi,Tez framework.

To gain deeper insight into the superior Na* storage
kinetics of the Bi;Tezx@MXene electrode, cyclic
voltammetry (CV), galvanostatic intermittent titration
technique (GITT), and electrochemical impedance
spectroscopy  (EIS) analyses were systematically
performed. As shown in Figure 5a, the CV curves of
Bi;Te;x@MZXene retain nearly identical shapes with
increasing scan rates from 0.2 to 1.2 mV s, indicating
good reversibility and limited polarization during the
sodiation/desodiation processes. The charge-storage
kinetics were further investigated to elucidate the Na*
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storage mechanism (Figure 5b). The calculated b values
for the four representative redox peaks of Bi,;Tez«@MXene
range from 0.717 to 0.859, which are significantly higher
than those of pure Be;Tes (0.413-0.611, Figure S9a, b).
These results suggest that Na* storage in Bi,Te;.«@MXene
is predominantly governed by surface-controlled
pseudocapacitive processes, whereas the pure Be;Tes
electrode is more diffusion-limited [45]. To quantitatively
distinguish the capacitive and diffusion-controlled
contributions, the current response was analyzed
according to Figure 5d. The capacitive-controlled

s1 and continuously increases from 67.4% to 84.3% with
increasing scan rate from 0.2 to 1.2 mV s (Figure 5c). In
comparison, the pure Be;Tes electrode exhibits a
considerably lower capacitive contribution of only 61.8%
at 1.0 mV s (Figure S9c), together with lower capacitive
fractions over the entire scan-rate range. The significantly
enhanced pseudocapacitive behavior indicates that
Te-defect engineering coupled with the highly conductive
MXene network facilitates rapid charge transfer and
surface-induced Na* storage, thereby contributing to the
superior rate capability.

contribution of Bi;Tesx@MXene reaches 81.6% at 1.0 mV
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Figure 5. Kinetic analysis. (a) CV curves at various scan rates from 0.2 to 2.0 mV s and (b) corresponding log(i)-log(v)
plots for Bi;Te;.x@MXene electrodes. (c) Calculated capacitive contribution ratios of Bi,Te;x@MXene and pure Be;Te3 at
different sweep rate. (d) Capacitive contribution of Bi;Te;x@MXene electrode at 1.0 mV s?. (e, f) GITT profiles and
corresponding Na* diffusion coefficients of Bi;Te;.«@MXene and pure Be;Tes after 50 cycles at 0.2 A g'. (g, h) Ex situ EIS
spectra of Bi;Tez.x@MXene and pure Be;Tes collected during the initial discharge and charge processes, respectively. (i)
Evolution of the fitted R values of Bi;Tesx@MXene and pure Be;Tez during the initial discharge/charge process. (j-1)
Structure diagram of Na adsorption on Mxene, Be;Tes., and Bi;Tesx@MXene. (m) The corresponding Na adsorption
energies. (n-p) DOS of Mxene, Be;Tes.y, and Bi,Tez.x@MXene.
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The Na* diffusion kinetics were further investigated by
GITT measurements (Figure 5e and S10). Compared with
pure Be;Tes, the Bi;Tes@MXene electrode exhibits
markedly smaller voltage polarization during both
sodiation and desodiation processes, indicative of reduced
reaction barriers and faster electrochemical kinetics. The
corresponding Na* diffusion coefficients (Dna:) calculated
from GITT profiles are shown in Figure 5f. Throughout the
entire sodiation/desodiation process, BirTes<@MXene
maintains consistently higher Dya: values, typically in the
range of 10! to 10° cm? s, whereas the pure Be,Te;
electrode shows lower diffusion coefficients accompanied
by pronounced fluctuations. The accelerated Na* transport
kinetics are attributed to the shortened ion diffusion
pathways and abundant active sites introduced by Te
vacancies, together with the efficient electron-conduction
channels provided by the MXene framework [46]. To gain
further insight into the interfacial charge-transfer
behavior, EIS measurements were performed at different
states of charge and discharge (Figure 5g, h). Both
electrodes exhibit typical Nyquist plots consisting of a
depressed semicircle in the high-frequency region and an
inclined line in the low-frequency region, corresponding
to the charge-transfer process and Na* diffusion behavior,
respectively. Notably, the Bi;Tezx@MZXene electrode
displays consistently smaller semicircle diameters and
lower Warburg factors (o) than pure Be;Tes; throughout
the entire electrochemical process (Figure S11), indicating
facilitated charge-transfer Kkinetics and accelerated
solid-state Na* diffusion. More importantly, the fitted
charge-transfer resistance (R«) of BixTe;x@MXene
remains relatively stable with negligible fluctuation upon
cycling, suggesting the formation of a robust and
dynamically stable electrode/electrolyte interface that
effectively suppresses interfacial polarization and sustains
rapid charge transport. In contrast, the larger and more
variable impedance response of pure Be;Te: reflects
sluggish reaction kinetics and inferior interfacial stability.
The corresponding DRT curves and contour plots are
presented in Figure S12. As shown in Figure S12a,b, three
characteristic relaxation processes, denoted as ti, T2, and
13, can be distinguished based on their characteristic
relaxation-time regions. The t1 process, located in the
long-relaxation-time region, is associated with the
ion-diffusion impedance in the low-frequency regime,
reflecting the relatively slow diffusion of Na* into the bulk
electrode. The T2 process in the
intermediate-relaxation-time region is mainly related to
interfacial film/SEI processes and Na* transport across the
interfacial layer, whereas the 13 process at shorter
relaxation times is associated with rapid interfacial
charge-transfer and  surface-related ion-transport
processes. Notably, compared with pure Bi;Tes,
BixTesx@MXene exhibits substantially weaker t; and T
responses and smaller variations in DRT intensity during
charge/discharge (Figure S12a,.c), indicating more
favorable and stable ion-transport and interfacial kinetics.
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In contrast, pure Bi;Tez shows pronounced evolution of
the T1 and T2 processes (Figure S12b,d), suggesting
stronger interfacial polarization and progressive kinetic
deterioration. These results further demonstrate that the
introduction of MXene and defect engineering effectively
regulates the electrode/electrolyte interface and facilitates
Na*® transport during cycling. Moreover, even after
prolonged cycling, Bi;Te:«@MXene retains a substantially
lower R than pristine Bi,Te; (Figure S13), further
confirming its superior interfacial stability and sustained
charge-transfer capability. These results collectively
demonstrate that the defect-engineered Bi,Te;x@MXene
heterostructure establishes a Kkinetically favorable
ion/electron transport network and a stable interfacial
environment, thereby enabling highly reversible and
ultrafast sodium-storage reactions.

To further elucidate the respective roles of Te vacancies
and MXene in enhancing the electrochemical performance
of Bi;Te;«@MXene, density functional theory (DFT)
calculations were performed. As shown in Figures S14 and
5j-1, the structural models and corresponding Na
adsorption configurations of MXene, Be;Tesy, and
Be:Tes.«@MXene were constructed. The calculated Na
adsorption energies are -0.24, -0.87, and -1.07 eV for
MXene, Be;Tes.y, and Be;Tes;.«@MXene, respectively (Figure
5m). The stronger Na adsorption of Be;Tesx compared
with MXene indicates that Te vacancies provide favorable
active sites for Na* adsorption, which can facilitate Na*
storage and stabilize the electrode during cycling. The
further enhanced adsorption in Be,;Te;x@MXene suggests
a synergistic effect between the Te-vacancy-rich Be;Tes«
and MXene substrate. Furthermore, the density of states
(DOS) was analyzed to clarify the electronic effects of
MXene incorporation (Figures 5n-p). MXene exhibits a
pronounced metallic character, with abundant Ti 3d states
near the Fermi level, whereas Be;Tes« shows a relatively
lower density of states around the Fermi level, mainly
contributed by Bi and Te orbitals. After forming the
Be:Tes;.@MXene heterostructure, the Ti 3d, Bi, and Te
states show evident overlap and redistribution near the
Fermi level, indicating strong interfacial orbital
hybridization and electronic coupling accompanied by
charge redistribution. Meanwhile, the composite
maintains a high DOS near the Fermi level, suggesting
enhanced electronic conductivity. Overall, the DFT results
demonstrate that Te vacancies facilitate Na* adsorption,
whereas MXene enhances interfacial electronic coupling
and electron transport, together accounting for the
improved electrochemical performance of
Be;Te; x@MXene.

Encouraged by the outstanding Na® storage
performance of the Bi,Tesx@MXene anode in half cells,
sodium-ion full cells were further assembled using
NazV2(PO4)3 (NVP) as the cathode to evaluate the practical
feasibility of the proposed electrode system. Prior to
full-cell assembly, the morphology, crystal structure, and
electrochemical properties of the NVP cathode were
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systematically investigated. As shown in Figure S15a, the
as-prepared NVP consists of densely packed nanoparticles
assembled from numerous nanosized primary grains,
forming a rough and porous surface that is beneficial for
electrolyte penetration and rapid Na* transport. The XRD
pattern can be well indexed to the rhombohedral
NASICON-type NaszVz(PO4)3 phase without detectable
impurities (Figure S15b), indicating the successful
formation of highly crystalline NVP [22, 47, 48]. The
Na-storage properties of the NVP cathode were first
evaluated in half cells (Figure S16). Typical
charge/discharge profiles exhibit characteristic voltage
plateaus associated with the reversible V3*/V*" redox
reaction, demonstrating  highly  reversible  Na*
insertion/extraction processes. Benefiting from the
intrinsically open three-dimensional NASICON framework,
the NVP cathode delivers excellent rate -capability,
retaining considerable capacities even at high current
densities up to 6.4 A g, and rapidly recovering its initial
capacity when the current density is switched back to 0.1
A g! (Figure S16a, b). Moreover, the NVP electrode
exhibits remarkable long-term cyclability over 1000 cycles
with nearly unchanged Coulombic efficiency at 1 A g™*
(Figure S16c), highlighting its robust structural stability
and highly reversible electrochemical reaction. Therefore,
considering the capacity matching between the cathode
and anode, the active mass ratio of NVP to Bi;Te;.<@MXene
was optimized to approximately 5:1 for the subsequent
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full-cell assembly.

The corresponding Na* storage mechanism of the
NVP//Bi;Tes«@MXene full cell during the discharge
process is schematically illustrated in Figure 6a. Benefiting
from the favorable voltage matching between the
high-voltage NVP cathode and the low-potential
Bi;Tez x@MXene anode, the assembled full cell exhibits a
broad operating voltage window with average charge and
discharge voltages close to 2.8 V, as evidenced by the
voltage profiles of the individual electrodes and the full
cell plotted against normalized capacity (Figure 6b). Such
a large voltage output is advantageous for maximizing the
energy density of the full-cell system. Figure 6c¢ displays
the cycling performance of the NVP//Bi;Tezx@MXene full
cell at 0.1 A g'*. Based on the total mass of both electrodes,
the full cell delivers an initial reversible capacity of
approximately 85 mAh g™' and maintains a highly stable
capacity upon prolonged cycling, accompanied by nearly
100% Coulombic efficiency. The excellent reversibility
demonstrates the high compatibility between the NVP
cathode and Bi;Tezx@MXene anode as well as the robust
electrode/electrolyte interfaces inherited from both
electrodes. More importantly, a single coin-type full cell is
capable of powering a commercial LED display (inset of
Figure 6c), directly demonstrating its feasibility for
practical energy-storage applications.
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and discharge curves, (c) cycling performance at 0.1 A g, (d) rate capability, and (e) charge/discharge voltage profiles at
different current densities. (f) Ragone plots of the NVP//Bi;Tes.@MXene full cell in comparison with previously reported
sodium-ion full cells. Inset in (c): photographs of LED lights with different colors powered by the full cell.

The rate capability of the NVP//Bi:Tez.x@MZXene full cell
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was further investigated (Figure 6d). As the current
density increased from 0.1 to 5 A g, the device delivered
reversible capacities of 83.8, 76.6, 67.9, 59.5, 52.6, and
46.2 mAh g?, respectively, demonstrating favorable rate
capability. Notably, when the current density was restored
to 0.1 A g, the reversible capacity rapidly recovered to
83.1 mAh g, evidencing highly reversible electrochemical
processes and robust structural stability under high-rate
operation. Meanwhile, the charge/discharge curves at
various current densities exhibit well-preserved voltage
plateaus and only slight polarization even under
high-current conditions (Figure 6e and S17), confirming
the rapid reaction kinetics and efficient Na* transport
within the full-cell configuration. Such superior rate
performance can be attributed to the synergistic
combination of the fast Na® diffusion and dominant
pseudocapacitive behavior of the defect-engineered
BixTe;x@MZXene anode together with the intrinsically
open NASICON framework of the NVP cathode. In addition,
the NVP//Bi;Tesx@MXene full cell delivered an initial
capacity of 44 mAh g™* at 5.0 A g”* and retained 36 mAh
g™ after 200 cycles, corresponding to 82% capacity
retention (Figure S18). In contrast, the NVP//Bi;Tes full
cell exhibited severe capacity decay under the same
conditions, retaining only ~3-4 mAh g™* after 200 cycles.
Furthermore, the Ragone plot in Figure 6f reveals that the
NVP//Bi;Tes«@MXene full cell delivers a high energy
density while simultaneously maintaining excellent power
capability. It can deliver a maximum energy density of
210.6 Wh kg at a power density of 251 W Kg. Even at
ultrahigh power densities of 11300 W Kg!, the device still
retains considerable energy output of 104.7 Wh Kg?,
outperforming many previously reported sodium-ion
full-cell systems [49-57]. These results demonstrate that
the NVP//Bi;Tesx@MXene full cell successfully translates
the superior half-cell kinetics into practical device-level
performance, offering great promise for high-energy and
high-power SIBs in the future.

3 Conclusion

In summary, we have successfully fabricated
Te-vacancy-rich Bi;Te;x@MXene with strong interface
bonding as the fast-charging anode for SIBs. The uniformly
distributed Bi,Te;_x nanoparticles are chemically
anchored on conductive MXene nanosheets through
strong Ti-Te interfacial interactions, forming an integrated
conductive framework that facilitates rapid electron/Na*
transport, accommodates volume fluctuations, and
suppresses active-species aggregation during prolonged
cycling. Meanwhile, Te-vacancy engineering modulates the
electronic structure, creates abundant Na‘*-accessible
active sites, and accelerates charge-transfer Kkinetics.
Combined in situ XRD and ex situ XPS/HRTEM analyses
reveal a highly reversible insertion-conversion-alloying
sodium-storage mechanism with stabilized phase
evolution. Benefiting from this synergistic
defect-interface-structure engineering, the
Bi;Te:.x@MXene anode exhibits a high reversible capacity
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of 383.2 mAh g™ after 200 cycles at 0.2 A g, excellent
rate capability of 3179 mAh g! at 10 A g?! and
remarkable long-term cycling stability with 324.8 mAh g!
retained after 2000 cycles at 2 A g'. More importantly,
when paired with a NasV2(P04)3 cathode, the assembled
full cell achieves a high energy density of 210.6 Wh kg
and retains 104.7 Wh kg* at an ultrahigh power density of
11.3 kW kg?, demonstrating excellent energy-power
characteristics and practical feasibility. This work
highlights a powerful strategy based on vacancy
engineering and MXene-coupled interfacial stabilization
for developing advanced metal chalcogenide anodes
toward high-energy and high-power SIBs.
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Experimental Procedures

Synthesis of MXene: Briefly, 20 mL of 9 M HCI solution was prepared, followed by the addition of 1 g LiF under
continuous stirring for 20 min. Subsequently, 1 g of TizAlC2 (400 mesh) was slowly introduced into the above solution to
avoid excessive reaction. The etching process was conducted at 40 °C under stirring (300 rpm) for 96 h. Afterward, the
obtained suspension was repeatedly washed with deionized water until the supernatant became dark green. The resulting
product was further sonicated in an ice-water bath for 2 h and centrifuged at 3500 rpm for 10 min. Finally, the collected
supernatant was freeze-dried for 48 h to obtain few-layer TizC;Tx MXene nanosheets.

Synthesis of Bi:Te;x@MXene: Few-layer MXene nanosheets (20 mg) were first dispersed in 20 mL deionized water via
ultrasonication in an ice-water bath for 1 h to form a homogeneous suspension. Separately, 1 mmol of Bi(NO3)3-5H20 and
100 mg Polyvinyl pyrrolidone (PVP) was dissolved in 10 mL of ethylene glycol under magnetic stirring. The obtained
Bi%*-containing solution was then slowly introduced into the MXene dispersion and continuously stirred at room
temperature for 6 h to ensure sufficient adsorption of Bi3* species on the MXene surface. The resulting precursor was
collected by freeze-drying for 48 h. Subsequently, the as-prepared Bi3*/MXene precursor was thoroughly mixed with Te
powder at a mass ratio of 1:2 and transferred into a porcelain boat for thermal treatment. The tellurization process was
carried out in a tube furnace at 500 °C for 1 h under a flowing 5% Hz/Ar atmosphere with a heating rate of 5 'C min,
yielding the final product Bi;Tes./MXene composite. For comparison, pure Bi;Tez was synthesized under identical
conditions in the absence of MXene nanosheets.

Synthesis of nanosized NazVz(P04)3: The nano NazV2(PO4)s (NVP) was synthesized via a hydrothermal-assisted sol-gel
route. Briefly, V.05 (4 mmol), NH4H2PO4 (12 mmol), and NaCOsz (6 mmol) were dissolved in deionized water under
continuous stirring, followed by the addition of ascorbic acid (6 mmol) and polyethylene glycol (6 mL) to form a
homogeneous blue suspension. After further stirring, the mixture was transferred into a Teflon-lined autoclave and
subjected to hydrothermal treatment at 180 °C for 40 h. Upon cooling, the obtained suspension was ultrasonically
dispersed and concentrated through solvent evaporation to yield a brown sol, which was subsequently dried at 120 °C

overnight. The resulting precursor was ground thoroughly and annealed at 750 °C for 4 h under an Ar atmosphere,
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affording nano-sized NVP powders.

Characterization: The microstructures and morphologies of the obtained samples were characterized by field-emission
scanning electron microscopy (FESEM, Hitachi SU-8020) and high-resolution transmission electron microscopy (HRTEM,
Tecnai F20). Elemental distribution and composition were further analyzed using an energy-dispersive X-ray (EDX)
spectrometer attached to the HRTEM system. Phase identification was carried out by X-ray diffraction (XRD, Miniflex 600)
with Cu Ka radiation. Electron paramagnetic resonance (EPR, Bruker-550) spectroscopy was employed to probe the
defect characteristics of the materials. The specific surface area and pore structure were evaluated from N
adsorption/desorption measurements using an Intelligent Gravimetric Sorption Analyzer (Hiden IGA100B). The MXene
content of the composites was determined through thermogravimetric analysis (TGA, NETZSCH STA449F3) under an air
atmosphere at a heating rate of 10 °C min’. In addition, surface elemental composition and valence states were
investigated by X-ray photoelectron spectroscopy (XPS, ESCALAB 250).

Electrochemical Characterizations: The sodium-storage properties of the prepared samples were evaluated using
CR2032 coin-type half-cells assembled in an argon-filled glovebox with oxygen and moisture levels strictly controlled
below trace amounts. The working electrodes were fabricated by mixing the active material, Super P conductive carbon,
and carboxymethyl cellulose (CMC) binder at a mass ratio of 8:1:1. After dispersing the mixture in deionized water, the
resulting slurry was uniformly coated onto Cu foil and subsequently dried under vacuum. The average active material
loading was maintained at approximately 1.5 mg cm. Sodium metal was employed as both the counter and reference
electrode. The electrolyte consisted of 1 M NaPF¢ dissolved in diglyme (DEGLYME), while Whatman glass fiber
membranes were used as separators. Galvanostatic charge/discharge (GCD) measurements and galvanostatic intermittent
titration technique (GITT) tests were conducted on a LAND multichannel battery testing system at room temperature
within a voltage range of 0.01-3.0 V versus Na*/Na. For the GITT measurements, the cells were tested after the fifth cycle
using current pulses of 0.2 A g for 20 minutes, followed by relaxation periods of 2 h to evaluate the Na* diffusion
kinetics. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) analyses were carried out on a
CHI660E electrochemical workstation to investigate the electrochemical reaction behavior, charge-transfer
characteristics, and ion-transport kinetics. For post-cycling characterization, the cells were disassembled inside the
glovebox, and the harvested electrodes were carefully rinsed with DEGLYME to remove residual electrolyte species prior
to in situ and ex situ analyses.

To further assess the practical sodium-storage capability, full cells were assembled using NazV2(P0O4)3 (NVP) as the
cathode and pre-sodiated Bi:Tes.x/MXene as the anode. The pre-sodiation treatment was applied to compensate for the
initial irreversible sodium loss of the anode. The cathode slurry was prepared by dispersing 80 wt.% NasV2(P04)3, 10
wt.% acetylene black, and 10 wt.% polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidone (NMP), followed by coating
onto Al foil. After vacuum drying at 100 °C overnight, the cathode was paired with the Bi:Tes.x/MXene anode to assemble
full cells. The same electrolyte and separator used in the half-cells were adopted for full-cell testing. Electrochemical
measurements were performed on a LAND multichannel battery testing system at room temperature over a voltage
window of 1.0-3.8 V.

The energy (E, Wh kg!) and power densities (P, W kg!) of sodium ion full-cells were calculated based on the following
equations:

CVZ Tt (Viax-Vinin)

= — (Equation S1)

E== 2x3.6xm

P= £x3600 (Equation S2)
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where I (A) is the constant discharge current, t (s) is the discharge time, m (g) is the total mass of active materials
in both the anode and cathode, Vimax (V) is the initial discharge voltage excluding the IR drop and Vmin (V) is the final

discharge voltage.

Calculation of the b Value and Capacitive Contribution: The charge-storage behavior was evaluated by
analyzing the relationship between the current response (i) and scan rate (v) obtained from cyclic voltammetry

(CV) measurements according to the power-law equation:

i=aw (Equation S3)

log (i) =b log(v) + log (a) (Equation S4)

where a and b are adjustable parameters. The b-value reflects the dominant charge-storage mechanism, with b =
0.5 corresponding to a diffusion-controlled intercalation process and b = 1.0 indicating an ideal
capacitive-controlled behavior. To further quantify the relative contributions from capacitive and

diffusion-controlled processes, the current response at a given potential can be separated using:
i(V) =k, v+k,v'”? (Equation S5)
VN2 =k v12+k, (Equation S6)

where both ki and k; are fitting constants. The term kiv represents the capacitive contribution, including
surface-controlled redox reactions and electrical double-layer capacitance, whereas k;v/? corresponds to the

diffusion-limited sodium-ion storage process.

Galvanostatic intermittent titration (GITT) measurement: The sodium-ion diffusion coefficient (Dna+) was

estimated from GITT measurements based on the simplified solution of Fick’s second law:

2 2
=4 M) (ﬂ) :
D — ( MpS AE, (Equation S7)
where mg denotes the mass loading of active material, S (cm?) is the effective electrode area, Mg (g mol ') and Vu
(cm?® mol?) represent the molecular weight and molar volume of the active material, respectively, and t is the
duration of the current pulse. AEs corresponds to the steady-state potential variation before and after each pulse,

while AE: represents the transient voltage change during the current pulse after eliminating the IR drop.

Computational details: First-principles calculations based on density functional theory (DFT) were carried out using
the Vienna Ab initio Simulation Package (VASP) [1] within the projector augmented-wave (PAW) framework. The
exchange-correlation energy was treated using the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional [2]. Long-range dispersion interactions were taken into account through
the DFT-D3 correction [3]. A plane-wave Kinetic-energy cutoff of 450 eV was employed for all calculations, while the
electronic self-consistency criterion was set to 10-5 eV. Brillouin-zone integrations were performed using a 1x3x1
Monkhorst-Pack k-point mesh. The atomic configurations were fully optimized until the residual force on each atom
was below 0.05 eV/A. A vacuum spacing of 15 A was introduced along the z direction to eliminate artificial interactions
between periodically repeated slabs. Spin-polarized calculations were considered throughout.

The adsorption energy of Na was evaluated using bulk metallic Na as the reference state according to:

Eq,qs(Na) = Eqapina = Egiab — R0,

where Eg.pina and Eg,, represent the calculated total energies of the Na-adsorbed and bare surfaces, respectively,

bulk

N denotes the chemical potential of Na, which was determined from the energy per atom of bulk metallic Na.

and pu
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Figure S1. (a, b) SEM images of multi-layered Tiz:CoTx MXene.
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Figure S2. (a, b) SEM images of few-layered TisC.Tx MXene nanosheets.



Nano Research Energy

Figure S3. (a, b) FESEM and (c-e) TEM images of pure Be;Tes.
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Figure S4. CV curves of the pure Be:Te; electrode at a scan rate 0.1 mV s,
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Figure S5. galvanostatic charge/discharge voltage profiles of pure Be>Tes electrode at 0.2 A g1,
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Figure S6. The GCDs curves of pure Be,Tes at different current densities.
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Figure S7. Rate performance of the BirTesx@MXene and pure Be;Te; electrodes in 1 M NaClO4 electrolyte
dissolved in a mixture of ethylene carbonate and dimethyl carbonate (EC/DMC, 1:1, v/v).
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Figure S8. Structural stability and EPR characterization of Bi»Tesx@MXene after prolonged cycling at 2 A g\
(a) FESEM image, (b) TEM image, and (¢) HRTEM image with the corresponding 3D surface plot of
Bi;Tesx@MXene after 2000 cycles. (d) EPR spectra of BixTe;x@MXene before and after 2000 cycles,

showing the persistence of the characteristic Te-vacancy-related signal.
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Figure S10. Representative GITT profile. Determination of AEt (voltage change during the current pulse) and
AEs (quasi-equilibrium voltage difference before and after the current pulse) from the measured GITT profile.



Nano Research Energy

a) 2000 b - C) 600 -
(a) * Bi;Te; ,@MXene Pristine ( )1200 * Bi,Te; ,@MXene Discha 1.0 V (©) ° Bi,Te;,@MXene Discha 0.5V
s Bi,Te, s Bi,Te, 500/ ¢ BisTe,
15004 Fitted s 10001 Fitted Fitted
Fitted Fitted " Fitted
g 1tte: . L] — 800 ittec e = 400 4 Itten -
E 1000 . E > E .
£ % £ 2 £ .
o . "Slope=613.8 O 600 ) Slope=296.9 O 300 a0t Slope=79.5
< T = 2 2 = T
N 200 o N 400 oo N 200 & Fes
o e~ A
p>” .~ 2004 R -
- coss oot " RIS el 100 P Slope=56.7
| asacacs = e = s00sd pe A
0 Slope=77.3 o = Slope=81.2 -
. r : , 0 . ,
2 3 1 2 3 1 2 3
m-1t2ls-1i2 u-1l2ls-1.f2 w-1t2,s-112
d - e - 800 -
(d) * BiTe,,@MXene  Discha 0.01V (e) * Bi,Te; ,@MXene Cha0.5V (f) * Bi,Te; @MXene Cha1.0V
600 » Bi,Te, 600] » Bi,Te, s Bi,Te,
Fitted —— Fitted 6004 Fitted
Fitted 35 Fitted Fitted
T A E — B .
E w0 E 400 £
(=] 28 Slope=84.2 o i O 400+ Lo
e s i as® Slope=74.5 = 03 Slope=94.8
N a9 N Leo®? " N " *
200 200 200 #
o—a—— P i * - " =
wwaesssose® @0 2 glone=04 § asmassossoset? Slope=33.4 sssas st Y Slope=43.6
0 . . 0 0 . .
2 3 1 2 3 1 2 3
( ) m-1.’2ls-1!2 (h) w-11‘2[s-1;‘2 w-1l2’s-1.'2
1400 - 2000 .
9 = Bi,Te; ,@MXene Cha15V » Bi;Te;,@MXene Cha3.0V
12004 « Bi,Te, E s Bi,Te,
Fitted . 1500 Fitted v
10001 Fitted - Fitted e
- > _ °
E 800+ " Slope=409.6 | E .
o e ©1000+ sl
= 600 - = . ° slope=591.4
N o« N A
bt IR Slopoc53.9 5004 coot
ope=53. Slope=60.5
20047 e ope
_..un»*uaaawi‘“"' S5 f [SEPSRRS L o s S g
0 " . 0
2 3 1 2 3
w»1f2f5711‘2 w-ll21s-112

Figure S11. Z’-w'”? plots for Bi>Tesx@MXene and pure Be>Tes collected at different status. (a) pristine, discharging
to (b) 1.0 V, (¢) 0.5V, (d) 0.01 V, and charging to (¢) 0.5 V, (f) 1.0 V, (g) 1.5 V and (h) 3.0 V.
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Figure S12. DRT curves obtained from EIS measurements of (a) Bi>Tesx@MXene and (b) pure Be;Te; at different

potentials, and corresponding contour plots of (c) BixTe;x@MXene and (d) pure Be;Tes.
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Figure S13. Electrochemical impedance spectra of the Bi;Tesx@MXene and pure Be.Tes electrodes obtained after

200 cycles at 0.2 A g,
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Figure S14. Top and side illustration of simulations for (a) Mxene, (b) Bi2Tesx, (¢) Bi2Tesx@MXene.
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Figure S15. (a) FESEM image, (b) XRD pattern of the Na3V2(PO4)s.
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Figure S17. Average voltage calculations in discharge process at the current densities for
NVP//Bi;Tesx@MXene full cell.
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Figure S18. Cycling performance of the NVP//Bi,Tes.x@MXene and NVP//Bi;Tes full cell at 5 A g
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Table S1. The initial Coulombic efficiency comparisons for sodium ion batteries between this work and other metal

chalcogenide anodes.

Sample Current density initial Coulombic References
(Agh efficiency (%)

BixTes x@MXene 0.2 87.1 This work
CuS@MoS; 0.1 78 4
2D-MoTex@3DPCN 0.1 46.1 5
MoS:..Se,/m-C@rGO 0.1 63 6
Vs - ZnlnyS4 0.5 78 7
KCusS4 0.02 80.3 8
FePS3/TisCoTx 0.05 77.9 9
(Co,Cu)Sea/NC 0.2 59.4 10
Se-CoS»/CoSen 0.1 80.88 11
SnTe@SHNC 0.1 58 12
W-P/WSe,/C 0.1 46.7 13
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