ano

esearch
Open Access

Fluorinated MXene-engineered LiF-rich solid electrolyte interphase
and hierarchical confinement strategy enabling high performance
micro-sized silicon anodes

Lin Sun® "™, Lijun Wang"?, Tiangi Wang', Yanyan Liu', Yunjing Qiao’, Xuetao Lu', Miao Qi*, and Zhong Jin®?**

!School of Chemistry and Chemical Engineering, Yancheng Institute of Technology, Yancheng 224051, China

*State Key Laboratory of Coordination Chemistry, MOE Key Laboratory of Mesoscopic Chemistry, MOE Key Laboratory of High
Performance Polymer Materials and Technology, Jiangsu Key Laboratory of Green Energy Catalysis and Intelligent Chemical Engineering,
Suzhou Key Laboratory of Green Intelligent Manufacturing of New Energy Materials and Devices, Tianchang New Materials and Energy
Technologies Research Center, Institute of Green Chemistry and Engineering, School of Chemistry and Chemical Engineering, Nanjing
University, Nanjing, Jiangsu 210023, China

* Yancheng Polytechnic College, Yancheng 224005, China

Cite this article: Nano Research, 2026, 19, 94908024. https://doi.org/10.26599/NR.2025.94908024

ABSTRACT: Silicon (Si) anodes, despite their exceptional theoretical
capacity (~ 4200 mAh-g™), face critical challenges, including severe
volumetric expansion (> 300%) during lithiation and poor intrinsic
conductivity, resulting in structural pulverization and unstable solid
electrolyte interphase (SEI) formation. This work demonstrates a
hierarchical confinement strategy integrating self-assembly and
chemical vapor deposition (CVD) to construct microporous silicon-
based composite anode material (mpSi-MGC) synergistically
encapsulated by few-layer Ti;C,T, (T = F, O, and OH) MXene,
reduced graphene oxide (rGO), and CVD carbon coating. The multi-
confinement architecture not only enhances mechanical stability but
also optimizes electron (e7)/lithium ions (Li*) transport kinetics. 0 . .
Systematic ex situ analysis reveals that fluorine-functionalized groups 0 20 40 60 80 100
in Ti;C,T, significantly boost Li* diffusion coefficients by promoting LiF- Cycle number

rich SEI formation, while the exterior CVD-carbon coating further stabilizes the hybrid structure. The optimized mpSi-MGC
delivers exceptional Li storage performance: a high reversible initial capacity of 1800 mAh-g™ at 0.2 A-g™', remarkable
cyclability with 992 mAh-g™ retained after 200 cycles at 1.0 A-g™', and superior rate capability (818 mAh-g™ at 3 A-g™"). This
multi-scale confinement design effectively mitigates volume expansion in micron-sized Si while enhancing e7/Li*
conductivity, offering a promising paradigm for developing high-energy-density lithium-ion batteries (LIBs) through rational
structural engineering and interfacial optimization.

3200

—~
1
o 2400}
5 e
Fast and continuous
ion/electron pathways

1600

100} Li1s
sol ROCOLI  ROCOLi

The formation of

a dense SEl film

60 Li,COy rich in LiF
Li,CO,

Capacity (mAh

800}

Pesk area ratio (%)

20 LiF (50%)
LiF (16%)

mpSi-MGC  mpSi-C

KEYWORDS: micro-sized silicon, anode, MXene, solid electrolyte interphase (SEI), lithium-ion battery

emerged as a highly promising anode material due to its
exceptional theoretical capacity (approximately 10-fold higher than
graphite), natural abundance, and established industrial production
capabilities [4-7]. However, two fundamental challenges impede
practical implementation of Si-based anodes: (1) The substantial
volumetric fluctuations (> 300%) during (de)lithiation induce
severe mechanical stress at both particle and electrode levels,
leading to structural pulverization, active material detachment, and

1 Introduction

The ongoing global energy transition and rapid development of
electric vehicles and portable electronics have propelled lithium-ion
batteries (LIBs) with high energy density and long-term cyclability
to the forefront of energy storage research [1-3]. Silicon (Si) has
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consequent rapid capacity degradation [1, 8]; (2) the inherently low
electrical conductivity of Si restricts e7/Li" transport kinetics,
resulting in unsatisfactory rate performance [9-11].

To address these limitations, researchers have developed
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multifaceted strategies, including Si nanostructuring [12, 13],
composite material engineering [14-17], artificial solid electrolyte
interphase (SEI) films [18-20], and conductive network
architecture [21-23]. Carbon-based composites demonstrate
particular effectiveness by simultaneously enhancing conductivity
and accommodating volume changes while improving mechanical
integrity [24]. However, conventional carbon coatings often fail to
reconcile the conflicting requirements of efficient charge transport
and robust mechanical stability [25]. Recent advances highlight the
potential of two-dimensional (2D) materials like graphene and
MXenes (transition metal carbides/nitrides) for Si anode
modification [26-28]. Graphene contributes exceptional electrical
conductivity and mechanical reinforcement, whereas MXenes
(e.g» TizC,T,) combine metallic conductivity with superior ionic
transport facilitated by surface functional groups (T = F, O,
and OH) [29, 30]. The synergistic integration of graphene and
MXenes with micrometer-sized Si (mSi) may enable composite
anodes with optimized charge transfer kinetics and mechanical
resilience [31-34].

In this study, we developed a hierarchical Si-based composite
anode through acid etching of commercial AlgSi,, alloy to obtain
porous mSi (mpSi), followed by synergistic modification with
reduced graphene oxide (rGO) and Ti;C,T, MXene, and final
encapsulation via CVD carbon coating. The ternary architecture
leverages graphene’s superior electron transport and MXene’s ionic
conductivity to enhance charge transfer kinetics, while the
combined mechanical strength of 2D materials and conformal
carbon coating effectively mitigates volume expansion and
suppresses parasitic reactions. Additionally, the F groups on the
surface of Ti;C,T, can effectively participate in the formation of the
SEI film, constructing an SEI film rich in LiF, which significantly
promotes Li* transport. The optimized microporous silicon-based
composite anode material (mpSi-MGC) demonstrates remarkable
electrochemical performance, delivering a reversible capacity of
1600 mAh-g' at 0.2 A-.g' and maintaining 992 mAh-g' after
200 cycles at 1 A-g™'. This multiscale engineering strategy provides
new insights for developing high-performance Si-based anode
systems.

2 Experimental

2.1 Preparation of few-layer Ti;C,T, MXene dispersion

To synthesize few-layer Ti;C,T, MXene, 1 g of lithium fluoride
(LiF) was dissolved in 20 mL of 9 M hydrochloric acid (HCI) under
continuous stirring at 40 °C. Subsequently, 1 g of Ti;AIC, powder
was gradually added to the solution, and the reaction mixture was
stirred for 24 h to selectively etch the aluminum (Al) layers from
the Ti;AlC, precursor. The resulting product was washed repeatedly
with deionized water via centrifugation until the supernatant
reached a pH of 6. The precipitate was then vacuum-dried at 60 °C
overnight to obtain multilayered Ti,C,T,, To exfoliate the
multilayered Ti;C,T, into few-layer Ti;C,T, MXene, the dried
powder was dispersed in 50 mL of deionized water and subjected to
probe sonication for 30 min. The dispersion was centrifuged at
3500 rpm for 30 min to remove unexfoliated or thick multilayered
precipitates, yielding a stable colloidal suspension of few-layer
Ti;C,T, MXene.

2.2 Synthesis of micro-sized silicon (mpSi)

Micro-sized silicon was fabricated by chemically etching a silicon-
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aluminum alloy (AlgSiy). Specifically, 5 g of the alloy powder was
immersed in an appropriate volume of 3 M HCI solution under
vigorous stirring for 20 h to remove the Al phase. After etching, the
product was washed sequentially with deionized water and
anhydrous ethanol through multiple centrifugation cycles until the
supernatant became neutral. The purified material was then
vacuum-dried overnight at 60 °C to obtain the final mpSi.

2.3 Synthesis of mpSi-MGC

A 10 mgmL" GO dispersion was first prepared by ultrasonically
dispersing 0.5 g GO powder in 50 mL deionized water for 30 min.
Subsequently, the above prepared few-layer Ti,C,T, MXene
dispersion was introduced into the GO suspension, followed by
additional ultrasonication for 10 min and continuous magnetic
stirring for 2 h. Then, 0.5 g of mpSi powder was gradually
incorporated into the mixed dispersion under vigorous magnetic
stirring in an ice-water bath overnight. The resulting homogeneous
dispersion was rapidly frozen in liquid nitrogen and subjected to
freeze-drying at —50 °C under vacuum for 72 h to produce product
that was designated as mpSi-MG.

The mpSi-MG composite was then placed in a horizontal tubular
furnace and thermally treated under flowing C,H,/Ar atmosphere
(5% v/v ethylene). The temperature was elevated to 800 °C at a
heating rate of 10 °Cmin™ and maintained for 2 h for carbon
deposition. After natural cooling to ambient temperature, the final
product was collected as mpSi-MGC.

For comprehensive evaluation of electrochemical performance,
three control samples were simultaneously prepared: (1) mpSi-C
obtained through identical CVD carbon coating without
graphene/MXene components, (2) mpSi-MG prepared by omitting
the CVD carbon, and (3) mpSi-MC prepared without the graphene.

24 Electrode fabrication

Electrode fabrication was conducted through standardized slurry
casting followed by vacuum-assisted processing. The electrode
formulation consisted of active material, conductive carbon black,
and sodium carboxymethyl cellulose (CMC) binder in an 8:1:1
mass ratio, which were homogenized with deionized water through
high-shear mixing to achieve optimal rheological properties. The
resultant slurry was doctor-bladed onto 18-um copper current
collectors under controlled gap thickness, followed by vacuum
desiccation at 80 °C for 12 h to remove residual solvents. Post-
drying, the composite electrodes were precision-punched into
14 mm disks using a hydraulic die cutter, yielding reproducible
mass loadings of 1.4 + 0.1 mg-cm™ for electrochemical evaluation.

2.5 Materials characterization

The morphological and structural characteristics of the synthesized
materials were systematically investigated using advanced
characterization techniques. High-resolution field emission
scanning electron microscopy (FE-SEM, Nova NanoSEM 450, FEI
Company) was performed at 5 kV acceleration voltage.
Microstructural evolution was further examined by transmission
electron microscopy (TEM, JEM-2100F, JEOL Ltd., Japan)
operating at 200 kV in bright-field mode, coupled with energy-
dispersive X-ray spectroscopy (EDS, X-MaxN 80TIE250, Oxford
Instruments) for elemental mapping. Crystallographic analysis was
conducted on a Bragg-Brentano geometry X-ray diffractometer (X’
Pert PRO MPD, PANalytical) using monochromated Cu Ka
radiation (A = 1.5406 A) over 20 range of 5°-90° with 0.02° step
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resolution. Surface chemical states were probed by X-ray
photoelectron  spectroscopy (XPS, Escalab 250Xi, Thermo
Scientific) employing monochromatic Al Ko excitation (1486.6 eV)
with charge neutralization, while molecular vibrations were
analyzed using Fourier transform infrared (FT-IR) spectroscopy
(NEXUS-670, Thermo Nicolet) in transmission mode.
Thermogravimetric behavior was evaluated under oxidative
atmosphere (dry air) from 30-800 °C at 10 °C:min™ heating ramp
(STA 449C). Textural properties were quantified through N,
physisorption at 77 K (ASAP 2020 HD, Micromeritics) following
10 h degassing at 130 °C under 10~ Torr vacuum. Brunauer-
Emmett-Teller (BET) surface area calculations were performed
within relative pressure (P/P) = 0.05-0.3 range, complemented by
nonlocal density functional theory (NLDFT) pore size distribution
analysis. Raman spectral acquisition (LabRAM HR Evolution,
HORIBA) utilized 633 nm excitation laser, calibrated using silicon
reference (520.7 cm™), accumulating 3 cycles with 30 s integration
time.

2.6 Electrochemical performance evaluation

The electrochemical assessments were conducted using CR2025
coin-type cells. In half-cell configurations, lithium foil served as the
counter electrode, with a Celgard 2400 porous polypropylene
separator and an electrolyte comprising 1 M LiPF, dissolved in
ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 v/v) with
2 wt.% vinylene carbonate (VC) as an electrolyte additive. All
electrochemical measurements, including galvanostatic cycling
(0.01-2.0 V wvs. Li/Li) and galvanostatic intermittent titration
technique (GITT) analysis, were performed on a Neware battery
testing system (Shenzhen Neware Co., Ltd.,, China). The specific
capacity was determined based on the active mass of the silicon
component in the working electrode. Electrochemical impedance
spectroscopy (EIS) measurements were acquired using a CHI660E
electrochemical workstation over a frequency range of 0.01 to
100 kHz. All tests were conducted under controlled ambient
conditions (25 * 2 °C) unless otherwise specified. In addition, in
order to improve the initial Coulombic efficiency (ICE) of the
prepared material electrode, pre-lithiation treatment was carried
out. This was achieved by bringing the electrode coated with active
material into full contact with lithium foil in the presence of
electrolyte for 25 min.

Full cells were assembled in 2025-type coin configurations
employing pre-lithiated mpSi-MGC composite anodes paired with
commercial LiNiy5Coq;Mn,,0, (NCM811) cathodes, maintaining a
capacity balancing (N/P ratio) of 1.1. The cathode slurry was
formulated by homogenizing NCM811 active material, conductive
carbon black, and polyvinylidene fluoride (PVDF) binder at an
81:1 mass ratio in N-methyl-2-pyrrolidone (NMP) solvent,
followed by doctor-blade coating onto aluminum foil, vacuum
drying at 80 °C for 12 h, and precision punching into 12 mm disks.
Full-cell evaluations involved galvanostatic charge/discharge cycling
between 3.0-4.3 V, with specific capacity normalized to the cathode
active material mass.

3 Results and discussion

The fabrication procedure of the mpSi-MGC composite is
schematically illustrated in Fig. 1(a). Initially, micro-sized porous
silicon (mpSi) was obtained through selective etching of a
commercial AlgSiy, alloy using a hydrochloric acid aqueous
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solution with optimized concentration. Subsequently, the prepared
mpSi was uniformly dispersed into a mixed colloidal suspension
containing few-layer Ti;C,T, MXene and exfoliated GO
nanosheets. Hydrogen bonds are formed between the hydroxyl
groups on the MXene surface and the carboxyl groups on the GO
surface, enabling the assembly of the two components.
Concurrently, Ti-O-C bonds (titanium-oxygen-carbon bonds) and
Ti-O-Ti bonds (titanium-oxygen-titanium bonds) are generated,
which significantly enhance the mechanical strength of the
MZXene/GO hybrid coating. In addition, the incorporation of freeze-
drying technology facilitates the formation of a three-dimensional
(3D) framework structure. In the subsequent stage, the dense
chemical vapor deposition (CVD) carbon coating deposited on the
exterior of the framework further improves the mechanical strength
and electrical conductivity of the material. Eventually, a hierarchical
composite anode material with an MXene/rGO hybrid wrapping
layer and a CVD carbon coating structure is formed, which is
designated as mpSi-MGC.

Figure S1 in the Electronic Supplementary Material (ESM)
presents the X-ray diffraction (XRD) pattern and SEM image of
pristine Ti;AlC, MAX phase, confirming its high phase purity with
negligible two-dimensional layered characteristics. After chemical
etching using the HCI-LIF system (Fig. S2 in the ESM), the initially
delaminated Ti;C,T, MXene exhibited distinct stacked lamellar
structures. To obtain few-layer Ti,C,T, nanosheets, controlled
ultrasonication combined with differential centrifugation was
systematically implemented to prepare the colloidal suspension.
The structural evolution during exfoliation is evidenced by XRD
patterns in Fig. S3(a) in the ESM, where the characteristic (002)
diffraction peak shifted significantly from 9.8° to 6.7°
unambiguously demonstrating interlayer spacing expansion
through successful delamination. Notably, the acquired dark green
coloration of the few-layer Ti;C,T, dispersion (Fig. S3(b) in the
ESM) indicates modified optical absorption properties due to
dimensional reduction, providing supplementary evidence for
effective exfoliation.

The morphology of mpSi-MGC was comprehensively
characterized by SEM (Figs. 1(b) and 1(c) and Figs. S4(a) and S4(b)
in the ESM), revealing mpSi particles tightly encapsulated within
the hybrid matrix composed of few-layer Ti;C,T, and rGO
nanosheets. The morphology of mpSi-MGC was comprehensively
characterized by SEM (Figs. 1(d) and 1(e)) further elucidates the
hierarchical architecture, including the conformal CVD carbon
coating and homogeneous Si distribution. Comparative
morphological studies with control samples (mpSi-C in Fig. S5 in
the ESM, mpSi-MG in Fig. S6 in the ESM, and mpSi-MC in Fig. S7
in the ESM) demonstrate distinct structural differences. High-
resolution TEM (HRTEM) images (Figs. 1(f)-1(i)) distinctly resolve
lattice fringes corresponding to (200) planes of Ti,C,T,, (220)
planes of crystalline Si, and (002) planes of rGO, confirming the
successful integration of all components. Elemental mapping
analysis (Figs. 1(j)-1(n)) reveals uniform distribution of Si, C, and
Ti elements, along with residual F species originating from the
terminal groups (-O and -F) of Ti;C,T, MXene. As will be
discussed later, these fluorine moieties are anticipated to facilitate
the formation of LiF-enriched SEI layers during electrochemical
cycling.

Figure 2(a) presents the XRD patterns of mpSi-MGC and mpSi-
MG samples. The diffraction peaks corresponding to Si align well
with the cubic phase of crystalline silicon (JCPDS No. 27-1402).
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Figure1 (a) Schematic diagram of the preparation process of the mpSi sample. ((b) and (c)) SEM images of the mpSi sample at different magnifications. ((d) and (e))
TEM images of the mpSi sample at different magnifications. ((f)-(i)) HRTEM images of the mpSi sample and the lattice fringe spacing of the corresponding components.
((j)-(n)) SEM image of the mpSi sample and the corresponding elemental distribution.

Notably, the characteristic peak of GO at 20 = 26° undergoes a O 1s spectrum (Fig. 2(d)) deconvolutes into four components at
distinct shift to 26 = 11° after CVD treatment, corresponding to the 533.1, 531.8, 530.6, and 529.2 eV, corresponding to H-O, Si-O,
rGO signature. This transformation confirms the thermal reduction C-Ti-O,, and Ti-O bonds, respectively [41-44]. The dominance of
of GO to rGO during CVD processing, where the removal of Si* (103.8 eV) over Si° (99.3 eV) in the unetched Si 2p spectra
oxygen-containing functional groups results in an enlarged (Fig. 2(e)) suggests surface oxidation of mpSi due to interactions
interlayer spacing [35, 36]. The Raman spectrum of mpSi-MGC with oxygen-rich functional groups on GO and MXene. Prolonged
(Fig. 2(b)) exhibits two prominent scattering peaks at 503 and etching gradually reveals lower oxidation states (Si, Si*, and Si*),
946 cm™, attributed to crystalline silicon. Additionally, the D-band confirming that oxidation is confined to the surface layer. Further
(1350 cm™) and G-band (1586 cm™) of carbon species display an evidence of chemical bonding between mpSi, GO, and MXene is
intensity ratio (Ip/Ig) of 0.832, indicative of a high graphitization provided by the Ti 2p and C 1s spectra (Fig. 2(f) and Fig. S8(b) in
degree in the carbon matrix. This enhanced graphitic ordering the ESM).

contributes significantly to improving the overall -electrical Thermogravimetric analysis (TGA) (Fig. 2(g)) reveals a 37.1%
conductivity of the composite electrode [37]. FT-IR analysis of weight loss for mpSi-MGC between 350-650 °C, compared to
mpSi-MGC (Fig. 2(c)) reveals absorption bands at ~ 1077 and 16.8% for mpSi-MC, indicating an estimated rGO content of

471 cm’, assigned to the asymmetric stretching and bending ~ 20.3%. N, adsorption-desorption isotherms (Fig. 2(h))
vibrations of Si-O-Si bonds, respectively [38, 39]. Peaks observed demonstrate that the hybrid coating of rGO/MXene and CVD
at 3434 and 1631 cm™ correspond to O-H stretching vibrations carbon coating encapsulation reduces the specific surface area of

and C=O stretching modes, while the peak at ~ 700 cm™ is mpSi-MGC to 18.2 m*g™, substantially lower than that of pristine
attributed to Ti-F bonds, respectively [40]. These findings mpSi (~ 40 m>g") [45]. Nevertheless, the preserved mesoporous

collectively demonstrate the formation of robust chemical bonding structure with an average pore diameter of 20.1 nm (Fig. 2(i))

between Si and Ti;C,T, MXene. provides critical buffer space to accommodate volume expansion of
XPS spectra (Figs. 2(d)-2(f) and Fig. S8 in the ESM) were active materials during electrochemical cycling.

employed to investigate the elemental composition and surface To systematically evaluate the application prospects of mpSi-

electronic states of mpSi-MGC. The survey spectrum (Fig. S8(a) in MGC as an advanced Si-based anode material for LIBs, we
the ESM) confirms the presence of Si, O, C, and Ti. High-resolution conducted a series of electrochemical performance tests. Figure 3(a)
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Figure2 (a) XRD patterns of mpSi-MG and mpSi-MGC. (b) Raman spectrum of the mpSi-MGC. (c) FT-IR spectrum of the mpSi-MGC. ((d)-(f)) XPS spectra of the
mpSi-MGC for various elements: (d) O 1s, () Si 2p at different etching time, and (f) Ti 2p. (g) TGA curves of mpSi-MC and mpSi-MGC. (h) The N, isothermal
adsorption-desorption curves of the mpSi-MGC sample at 77 K. (i) The corresponding pore size distribution.

displays the first three cyclic voltammetry (CV) curves of the mpSi-
MGQC electrode within a voltage window of 0-3.0 V at a scan rate of
0.2 mV-s". During the initial lithiation process, two irreversible
cathodic peaks are clearly observed. The broad peak spanning
0.7-1.9 V corresponds to the formation of the SEI layer [46, 47]. In
the delithiation process, two anodic peaks at 0.34 and 0.49 V are
identified, reflecting the phase transition from Li-Si alloy to
amorphous Si [48]. The progressive enhancement of delithiation
peak currents in subsequent cycles, driven by the activation of
active materials, confirms the reversible nature of Li* storage and
extraction. These CV results unambiguously demonstrate the
reversible electrochemical interaction between Li* and the mpSi-
MGC electrode. Figure 3(b) illustrates the galvanostatic
charge/discharge profiles of the mpSi-MGC electrode at a current
density of 0.2 A-g”. The minimal variation in voltage plateau
profiles and curve shapes from the 1* to the 100" cycle underscores
the electrode’s exceptional electrochemical stability.

A comparative analysis of the initial charge/discharge curves
before and after pre-lithiation is presented in Fig. 3(c). The pristine
mpSi-MGC  electrode exhibits initial discharge and charge
capacities of 2410 and 1535 mAh-g”, respectively, yielding an ICE
of 63.7%. Following pre-lithiation, the corresponding values shift to
1500 and 1438 mAh-g”', with ICE significantly enhanced to 95.9%.

=
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This demonstrates that a straightforward contact pre-lithiation
strategy effectively optimizes the ICE of mpSi-MGC. Figure 3(d)
highlights the rate capabilities of mpSi-MGC compared to control
electrodes (mpSi-MC and mpSi-C). The mpSi-MGC electrode
exhibits superior rate performance, delivering a reversible capacity
of 852 mAh-g" at 3 A-.g" and recovering to 1364 mAh-g" upon
returning to 0.2 A-g”, indicative of robust structural integrity and
rapid ion/electron transport kinetics.

Long-term cycling stability at varying current densities is
depicted in Figs. 3(e) and 3(f) and Fig. S9 in the ESM. The mpSi-
MGC electrode achieves the highest reversible capacity and cycling
durability, retaining 1800 mAh-g™ (69.7% capacity retention) after
100 cycles at 0.2 A-g™. In stark contrast, mpSi-MC and mpSi-C
electrodes suffer severe capacity degradation, retaining only 495 and
64 mAh-g”, respectively. This performance superiority confirms
that the hybrid encapsulation with few layer Ti,C,T, and rGO not
only enhances bulk conductivity but also reinforces structural
stability and reversible capacity during prolonged cycling [49]. The
supplementary CVD carbon coating further contributes to
performance optimization, as evidenced by the inferior capacity
retention and rate capability of the carbon-free mpSi-MG electrode
(Fig. S9 in the ESM). These findings collectively reveal synergistic
effects among Ti;C,T,, rGO, and CVD carbon coating in
enhancing electrode performance.

Nano Research, 2026, 19, 94908024


https://www.sciopen.com/article/10.26599/NR.2025.94908024
https://www.sciopen.com/article/10.26599/NR.2025.94908024
https://www.sciopen.com/article/10.26599/NR.2025.94908024
https://www.sciopen.com/article/10.26599/NR.2025.94908024
https://www.sciopen.com/article/10.26599/NR.2025.94908024
https://www.sciopen.com/article/10.26599/NR.2025.94908024
https://www.sciopen.com/article/10.26599/NR.2025.94908024
https://www.sciopen.com/article/10.26599/NR.2025.94908024

Sun et al.

Nano Research | Vol. 19, No. 2

(a)

0.0}
<
£
€ 0.2}
o
S 1st
© 04} ond
3rd
0 1 2 3
Voltage (V vs. Li/Li*)
(c)
2.5 Pristine
Prelithiated
g 2.0}
S 15}
o
o 1.0f 02Ag™
o
0.5}
ICE: 63.7%~>95.9%
0.0

0 500 1000 1500 20700 2500
Capacity (mAh-g™)

3200

1100 _

[ X
' mpSi-MGC\ <
_? 2400 mpSi-MC 180 »
g « mpSi-C - k5
> 1600} €
e 140 o
& 800} 02Ag" 2
O 120 o©
>

[e]

O

0 1 1 L n
0 20 40 60 80 108
Cycle number

(b) 25

100t 50 20t 10t 5t qst
2.0} “
S
5 1.5}
b=
210
(e}
o
0.5¢ S 02Ag"
0.0 \
0 800 1600 2400 3200

Capacity (mAh-g™")

mpSi-MGC

T mpSi-MC
2 1500 > mpSi-C
< 02 0.5 0.2
E 08 '
> 1000+ :
S Unit: A-g™" 5

O L L 1

0 8 16 24 32
Cycle number

)
—h
A

__2800¢ ~ 100
= X
o mpSi-MGC  “ g4 T
£ 2100} mpSi-MC S
2 1400t 5
§ X 140 o
@ 1Ag" 2
& 700 N 20 E

>

8

0 : : : 0
0 50 100 150 200

Cycle number

Figure3 (a) CV curves of the first three cycles of the mpSi-MGC electrode. (b) Voltage profiles of the mpSi-MGC electrode at different cycle numbers under a current
density of 0.2 A-g™. (c) First charge-discharge curves of the mpSi-MGC electrode before and after prelithiation. (d) Rate capability of the mpSi-C, mpSi-MC, and mpSi-
MGC electrodes. ((e) and (f)) Long-term cycling stability of mpSi-C, mpSi-MC, and mpSi-MGC electrodes at different current densities: (¢) 0.2 A-g” and (f) 1 A-g™.

To probe volume evolution during cycling, post-cycled
electrodes were analyzed via surface and cross-sectional SEM
(Fig. S10 in the ESM). The mpSi-MGC electrode exhibits a
moderate volume expansion of 17.3% after 50 cycles at 0.3 A-g”,
with a crack-free surface morphology. Conversely, mpSi-MC and
mpSi-C electrodes undergo severe expansion (126.9% and 192.3%,
respectively) accompanied by extensive surface cracking.
Furthermore, the elemental mapping images of the mpSi-MGC
electrode surface after cycling (Fig. S11 in the ESM) also reveal that
F, P, and O elements are uniformly distributed within the Si matrix.
These results unequivocally validate that hybrid surface
encapsulation effectively mitigates volume expansion during
lithiation/delithiation processes.

To systematically elucidate the mechanistic enhancement of Li*
and e transport kinetics in mpSi through the synergistic
incorporation of few-layer Ti;C,T, MXene, rGO, and CVD carbon
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coating, we conducted a series of validation experiments. First,
comparative XPS analysis was performed on mpSi-MGC and mpSi-
C electrodes after 20 charge/discharge cycles. High-resolution F 1s
spectra (Fig. 4(a)) reveal a substantial increase in LiF content within
the mpSi-MGC electrode (44.59%) compared to the Ti;C,T,/rGO-
free mpSi-C counterpart (15.12%) (Fig. 4(b)). This LiF enrichment
was further corroborated by Li 1s spectral analysis (Figs. 4(c) and
4(d)), demonstrating that fluorine-containing functional groups in
Ti,C,T, effectively facilitate the formation of a LiF-rich SEI layer,
thereby accelerating Li* transport kinetics. A LiF-rich SEI layer can
provide more and faster channels for Li* transport, thereby
accelerating lithium-ion diffusion and improving rate capability.
Simultaneously, the high mechanical strength of LiF effectively
enhances the mechanical robustness of the SEI layer, preventing its
repeated fracture and reformation. This significantly reduces the
continuous consumption of active lithium and electrolyte, leading
to a remarkable improvement in the cycling stability of the battery.
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To quantitatively verify this mechanism, we employed GITT at
0.05 mA-g™ (Fig. S12 in the ESM) to analyze relaxation behavior
and calculate Li* diffusion coefficients (D,-) during cycling. As
shown in Ti,C,T, in Fig. 4(e), the mpSi-MGC electrode exhibits
superior D,;- values ranging from 10 to 10™ cm*s™, significantly
higher than those of mpSi-MC (10™-10" cm*s™) and mpSi-C
(10™-10" cm*s™) electrodes. These results, combined with post-
cycling XPS analysis, conclusively demonstrate the critical role of in
enhancing Li* diffusion kinetics.

To evaluate the hybrid encapsulation’s impact on electrode
conductivity, we conducted EIS before and after cycling. The
Nyquist plots (Fig. 4(f) and Fig. S13 in the ESM) with
corresponding equivalent circuit models (inset, Fig. 4(f)) reveal
significantly lower charge transfer resistance (R) for mpSi-MGC
compared to control electrodes. This improvement stems from the
three-dimensional conductive network formed by Ti,C,T,/rGO/
CVD-carbon hybridization. Notably, Fig. S13 in the ESM
demonstrates progressive R, reduction with cycling, attributable to
enhanced electrolyte infiltration into electrode pores and optimized
electrode/electrolyte interfacial contact [50].

The synergistic combination of fluorine-functionalized Ti,C,T,
rGO and CVD carbon coating establishes continuous pathways for
rapid electron/ion transport while maintaining electrode structural

(& 727w | Sci@pen
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integrity (Fig. 4(g)). This multifunctional architecture addresses
critical challenges in Si-based anodes by simultaneously enhancing
ionic conductivity through LiF-rich SEI formation and electronic
conductivity via 3D percolation networks.

To elucidate the Li storage mechanisms of the mpSi-MGC
electrode, comparative CV analyses were systematically conducted
on mpSi-MGC, mpSi-MC, and mpSi-C electrodes across scan rates
0f 0.2-0.7 mV-s™ (Fig. 5(a)). The electrochemical kinetics governing
charge storage behavior can be quantitatively differentiated through
the power-law relationship between current response (i) and scan
rate (v)

i=a (1

logi = blogv+loga 2)

where a is a proportional constant. b-values derived from linear
regression analysis (Fig. 5(b)) provide critical mechanistic insights.
The calculated b-values of 0.56 (Peak 1) and 0.62 (Peak 2) for mpSi-
MGC indicate a hybrid charge storage mechanism combining
diffusion-controlled and capacitive-dominated processes [51]. The
capacitive contribution is attributed to synergistic effects from
oxygen-functionalized Ti,C, T, surfaces, rGO integration, and CVD
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MGC electrode at different scanning rates. () Cycling stability of the NCM811//mpSi-MGC full battery at a current density of 0.2 A-g™. (f) Voltage profiles of the
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the NCM811//mpSi-MGC full battery.

carbon coating matrix. Quantitative deconvolution of capacitive
contributions (Figs. 5(c) and 5(d) and Figs. S14(a)-S14(e) in the
ESM) reveals a 65% capacitive dominance at 0.6 mV-s", with
progressive enhancement at elevated scan rates. Notably, mpSi-MC
electrodes exhibit analogous dual-mode behavior (Figs.
S15(a)-S15(h) in the ESM), primarily governed by Ti;C,T, and
CVD-carbon interfaces. Capacitive behavior enables rapid charge
transfer, allowing the electrode to maintain excellent responsiveness
even at high scan rates, while diffusion processes ensure high
specific capacity. The synergistic interaction between these two
mechanisms achieves an optimal balance between rate capability
and capacity retention, enabling the mpSi-MGC material to deliver
stable performance across current densities ranging from 0.2 to
1Ag

To evaluate practical viability, full-cells were assembled using
NCMS811 cathodes (cell configuration: Fig. 5(g)). The mpSi-
MGC//NCM811 system demonstrates exceptional cyclability,
retaining 74.4% capacity (75 mAh-g™) after 100 cycles at 0.2 A-g"
(Fig. 5(e)). Well-defined charge/discharge plateaus persist
throughout cycling (Fig. 5(f)), confirming stable electrochemical
kinetics. Practical applicability is further evidenced by successful
power delivery to a 44-light-emitting diode (LED) array (Fig. 5(h)),
highlighting operational stability under realistic load conditions.
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4 Conclusions

In summary, this study successfully fabricated a mpSi-MGC
through a synergistic combination of self-assembly techniques and
CVD processes. The hierarchical architecture features few-layer
Ti;C,T, MXene, rGO, and CVD carbon layers forming a multi-
confinement encapsulation system. This sophisticated structural
design not only endows the mpSi core with exceptional mechanical
robustness but also significantly optimizes both electronic and ionic
transport kinetics. Ex situ characterization systematically revealed
that the enhanced Li* diffusion coefficients in the mpSi-MGC
electrode originate from F-functionalized groups within the Ti,C,T,
matrix. These fluorinated moieties substantially facilitate the
formation of a LiF-rich SEI layer, while the exterior CVD-carbon
coating on the 2D Ti,G,T,/rGO assembly further reinforces
structural integrity through secondary confinement effects. The
resultant multi-confinement architecture demonstrates outstanding
electrochemical performance: delivering a remarkable reversible
capacity of 1800 mAh-g™* at 0.2 A-g”', maintaining 992 mAh-g" after
200 cycles at 1.0 A-g”, and exhibiting superior rate capability with
818 mAhg' at 3 A.g' This multi-scale confinement strategy
presents profound implications for addressing the critical challenges
of volumetric expansion in mpSi anodes while simultaneously
enhancing Li*/e” conductivity. The proposed structural paradigm
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offers novel conceptual guidance for developing high-energy-
density LIBs, particularly in advancing micron-scale Si anode
technologies through rational interface engineering and
multidimensional transport pathway optimization.

Electronic Supplementary Material: Supplementary material
(SEM images, XRD patterns, HRTEM images, digital photograph,
cycling performance, XPS spectra, GITT curves, Nyquist plots, and
CV curves) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94908024.
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