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ABSTRACT: Silicon (Si) has emerged as a promising anode o,

material for lithium-ion batteries (LIBs) due to its extremely high
theoretical capacity of 4200 mAh-g'. However, its practical
application is limited by several critical challenges, including
severe volume expansion and poor electrical conductivity.
Herein, we employ a two-dimensional (2D) oxygen modification
engineering approach to fabricate 2D oxygen-functionalized
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CaSi, (CaSi,0,) layers. During the preparation of 2D CaSi, layers, O atoms are gradually incorporated onto their surface.
The resulting 2D CaSi,O, layers have a thickness of 3-5 nm, closely matching the theoretical thickness of 6-10 layers.
When used as lithium anodes, the 2D CaSi,O, layers exhibit exceptional electrochemical performance, maintaining stability
over 3000 cycles at an ultrahigh current density of 30 A-g™'. By tailoring the surface properties, their pseudocapacitive
charge storage mechanism is significantly enhanced, effectively overcoming the intrinsic limitations of traditional Si anodes.
This study highlights the promise of 2D surface engineering in the development of advanced materials for next-generation

LIBs.

KEYWORDS: two-dimensional (2D) CaSi,O,, Si anode, volume change, pseudocapacitive, surface modification, lithium

storage

1 Introduction

Lithium-ion batteries (LIBs) have become an integral part of daily
life, powering various devices and technologies [1-4]. However,
their development has been constrained by the limitations of
commercial graphite anodes, which have a relatively low theoretical
capacity of 372 mAh-g™* [5]. In contrast, silicon (Si) has emerged as
a promising anode material for LIBs due to its extremely high
theoretical capacity of 4200 mAh-g™, significantly surpassing that of
commercial graphite anodes [6-8]. However, its practical
application is limited by several critical challenges, including severe
volume expansion (> 300%) during lithiation and delithiation, low
Coulombic efficiency (CE), and poor electrical conductivity [9, 10].
These issues result in electrode pulverization, the formation of an
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unstable solid electrolyte interphase (SEI) layer, loss of electrical
contact, and rapid capacity degradation.

Thus, researchers have turned their attention to Si composite
anodes or Si-alloy anodes [11-15]. To improve the electrochemical
performance of Si-based anodes, three main strategies have been
proposed to address the above challenges: dimension
nanostructuring, alloying with other metals, and controlled surface
oxidation [16, 17]. The strategy of dimension nanostructuring
involves the preparation of silicon-based structures in various
dimensional forms, such as zero-dimensional (0D) (Si
nanospheres) [18, 19], one-dimensional (1D) (Si nanowires)
[20-22], and two-dimensional (2D) (few-layer silicene) [23, 24].
Among these, 2D engineering is regarded as the most promising
approach due to the unique structures, which can effectively
mitigate volume expansion, shorten the diffusion paths of Li* ion,
and enhance ion transport. For instance, when few-layer silicene
was used for lithium storage, it demonstrated remarkable cycling
stability, achieving up to 1800 cycles with a reversible capacity of
800 mAh-g* [25]. This performance is significantly superior to
other 0D and 1D structures tested under the similar conditions. In
addition to nanostructuring, Si alloying with other metals is an
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efficient strategy to improve electrical conductivity and reduce
internal resistance. For example, the introduction of metallic
germanium (Ge) to form a SiGe alloy significantly improved the
electrochemical performance, achieving a capacity of 1046 mAh-g™'
at 2 A-g™ after 500 cycles [26]. The alloying process helps stabilize
the electrode structure and improves its durability during repeated
lithiation and delithiation cycles. Recently, controlling the surface
oxides of Si-based anodes has emerged as a promising approach to
enhance their practical applicability by improving the
pseudocapacitive properties for lithium storage [27]. This strategy
not only enhances cycling stability but also reduces the production
cost of the anodes. Prof. Guo and his co-workers developed a
SiMg,O, anode that delivered a 1000-cycle operational life under
industry-standard electrochemical testing conditions [28]. The
improved pseudocapacitive behavior of these materials is crucial for
stabilizing the electrode/electrolyte interface and maintaining high
performance during extended cycling.

These strategies have been proven effective in addressing the
challenges of Si anodes, even when only one or two are applied.
However, simultaneously integrating all three strategies within a
single electrode material remains a challenge, because it is difficult
to fabricate Si alloy materials with a 2D structure. Among these Si-
based alloy materials, CaSi, stands out as a unique candidate due to
its intrinsic 2D structure [29, 30]. This inherent advantage makes
CaSi, an excellent platform for combining 2D nanostructuring,
alloying, and surface oxidation within a single material. By
leveraging these combined strategies, the electrochemical
limitations of Si-based anodes can be addressed more
comprehensively, enabling their practical implementation in next-
generation LIBs.

Herein, we employ a 2D oxygen modification engineering
approach to fabricate 2D oxygen-functionalized CaSi, (CaSi,O,)
layers. During the preparation of 2D CaSi, layers, O atoms are
gradually incorporated onto their surface. The resulting 2D CaSi,O,
layers have a thickness of 3-5 nm, closely matching the theoretical
thickness of 6-10 layers. When used as anode in LIBs, the 2D
CaSi,O, layers exhibit exceptional electrochemical performance,
maintaining stability over 3000 cycles at an ultrahigh current
density of 30 A-g’. By tailoring the surface properties, the
pseudocapacitive charge storage was highly enhanced, effectively
overcoming the intrinsic limitations of traditional Si anodes. This
study highlights the promise of 2D surface engineering in the
development of advanced materials for next-generation LIBs.

2 Experimental

2.1 The synthesis of 2D CaSi,O, layers and 2D CaSi,
layers

To prepare 2D CaSi,O, and CaSi, layers, CaSi, powders were
initially dispersed in isopropyl alcohol (IPA) at a concentration of
1 mgmL™” to form separate suspensions. For the synthesis of
CaSi,O, layers, the dispersion was sonicated in an air atmosphere
without any gas protection to induce partial surface oxidation, while
the preparation of 2D CaSi, layers was carried out under an inert
pure argon (Ar) atmosphere to preserve the pristine structure.
Specifically, 200 mg of CaSi, powder was introduced into 200 mL of
IPA, pre-saturated with either air or Ar gas, followed by
ultrasonication for 24 h. This sonication process facilitated the
exfoliation of CaSi, into few-layered nanosheets, with the degree of

Nano Research, 2025, 18, 94907277

94907277 (2 of 8)

exfoliation increasing with prolonged sonication. After sonication,
the resulting products were thoroughly washed with deionized
water and ethanol several times to remove residual impurities.

2.2 Morphological and structural characterization

The samples were characterized extensively to analyze their
morphology and microstructure. Atomic force microscopy (AFM)
was employed to capture detailed surface topography and texture.
Transmission electron microscopy (TEM) and selected area
electron diffraction (SAED) were carried out on a Tecnai G2 F20 U-
TWIN system to reveal the nanoscale structural arrangement. X-ray
diffraction (XRD) was performed using a Rigaku D/max2500PC
with Cu Ka radiation over a 26 range of 10°-80° to confirm the
crystalline structure and phase composition. Raman spectroscopy,
conducted with a Horiba JY LaRAM ARAMIS system, was utilized
to probe the vibrational properties of the materials. X-ray
photoelectron spectra were recorded by a Thermo Electron
Corporation ESCALAB 250 XPS spectrometer using a
monochromatized Al Ko radiation with 200 eV pass energy with
30 eV step over the sample (500 um x 500 pm).

2.3 Electrochemical measurements

Electrochemical performance was evaluated using 2032 coin-type
cells. The working electrodes were prepared by mixing the active
material, acetylene black, and polyvinylidene fluoride (PVDF) in a
weight ratio of 7:2:1. The resulting slurry was evenly coated onto Cu
foil, with an active material mass loading of ~ 0.5 mg-cm™ Pure
lithium foil served as the counter electrode, while a polypropylene
film was used as the separator. The electrolyte consisted of 1.0 M
LiPF dissolved in a 1:1 weight ratio mixture of ethylene carbonate
and dimethyl carbonate. Charge—discharge tests were conducted on
a Land CT2001A battery testing system across a range of current
densities (0.16 to 30 A-g™") within a voltage window of 0.01-3.00 V.
Electrochemical impedance spectroscopy (EIS) measurements were
performed using a CHI760E electrochemical workstation.

3 Results and discussion

Figure 1 illustrates the preparation process of 2D CaSi,O, and 2D
CaSi, layers via a sonication-assisted exfoliation approach under
controlled atmospheres (air and Ar). CaSi, is a typical layered
material composed of alternating Si and Ca layers (Fig. S1 in the
Electronic Supplementary Material (ESM)), making it an excellent
precursor for the production of 2D nanosheets. In this preparation
process, IPA was employed as the exfoliation medium, and the
sonication facilitates the delamination of CaSi, into individual or
few-layered nanosheets. The exfoliation was performed under two
distinct atmospheric conditions to tailor the surface properties and
oxidation states of the materials. In an oxygen/air atmosphere, the
process induced partial oxidation of 2D CaSi, layer, resulting in the
formation of 2D CaSi,0O, layers. Oxygen atoms were introduced
into the surface of CaSi, during sonication and caused the surface
oxidation, likely altering the electronic structure and creating
additional active sites for lithium storage. Conversely, exfoliation in
an Ar atmosphere inhibited oxidation and preserved the pristine
layered structure of CaSiy. The resulting 2D CaSi, nanosheets
retained their intrinsic properties, making them suitable for
applications requiring unmodified CaSi,.

SEM measurements were employed to examine the morphology
of the 2D CaSi,O, layers and CaSi, bulk. As exhibited in Figs. S2
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Figure1 Schematic illustration of the preparation of 2D CaSi,O, and 2D CaSi, layers.

Exfoliation in Ar

and S3 in the ESM, the CaSi,O, layers demonstrate a 2D layered
morphology compared to CaSi, bulk. Furthermore, the TEM
images (Fig. 2(a) and Fig. S4 in the ESM) reveal their ultrathin,
sheet-like morphology, which are different from the original CaSi,
bulk (Fig. S5 in the ESM). These observations confirm the
successful exfoliation of the layered CaSi, structure into 2D
nanosheets, highlighting the effectiveness of the oxidation-assisted
sonication process. Besides, the high-resolution TEM (Fig. 2(b))
image further demonstrates the crystalline nature of the 2D CaSi,O,
layers, as evidenced by distinct lattice fringes. The measured lattice
spacing of 3.06 A corresponds to the (104) plane, verifying the
retention of the material’s crystallographic structure during the
oxidation-assisted exfoliation process. Furthermore, the SAED
pattern (inset image) exhibits sharp diffraction spots, providing
additional confirmation of the crystallinity of the 2D CaSi,O, layers.
AFM measurement was also conducted to examine the thickness of

(a) (b)

P

2D CaSi, layers

the 2D CaSi,O, layers (Fig. 2(c)). The AFM image shows smooth,
flat sheets with a consistent thickness, and the line profile inset
indicates a thickness of 3-5 nm, corresponding to 6-10 layers of
CaSi,. This measurement corresponds to a few-layer structure, in
agreement with the TEM observations, and demonstrates the
success of the exfoliation process in producing well-defined 2D
nanosheets.

XRD patterns of the 2D CaSi,O, layers, 2D CaSi, layers, and
pristine CaSi, reveal similar diffraction peaks, indicating that the
crystalline structure remains unchanged (Fig. 2(d)). However, a
closer examination of the (006) diffraction peak highlights
structural differences among the three samples. The increased peak
intensity of (006) observed in the 2D CaSi,O, layers suggests
successful exfoliation of the CaSi, into thinner nanosheets (Fig. 2(e)
and Fig. S6 in the ESM). Meanwhile, the intensity in the (0018) and
(0024) peaks show a distinct decrease compared to pristine CaSi,
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Figure2 (a) TEM image of 2D CaSi,O, layers. (b) HRTEM image and relevant SAED pattern of 2D CaSi,O, layer. (c) AFM image of 2D CaSi,O, layer. (d) XRD
patterns of 2D CaSi,O, layers, 2D CaSi, layers, and CaSi,, respectively. Magnified XRD patterns of (e) (006) and (f) (0018) peaks of 2D CaSi,O, layers, 2D CaSi, layers, and

CaSi,, respectively.
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(Fig. 2(f) and Figs. S7 and S8 in the ESM), indicating that the
exfoliation process has effectively reduced the interlayer thickness,
resulting in thinner, more layered structures. A similar
phenomenon has been observed in the preparation of other 2D
materials, such as MXenes, where the exfoliation process enhances
the separation between layers [31-39]. These results confirm that
the oxidation-assisted exfoliation process preserves the overall
crystal structure while significantly altering the layer thickness and
enhancing the 2D nature of the material.

The Raman spectra display distinct peaks for the 2D CaSi,O,
layers, 2D CaSi, layers, and pristine CaSi, (Fig. 3(a)). In the pristine
CaSi,, a strong peak near 516 cm™ is observed, which corresponds
to the Si-Si stretching vibration within the layered CaSi, structure
(Fig. 3(b) and Fig. S9 in the ESM) [40]. For the 2D CaSi, layers, this
characteristic peak is retained but shows slight broadening and a
red shift, indicating minor structural distortions introduced by the
exfoliation process. These distortions likely arise from the reduction
in layer thickness and subtle changes in the interlayer interactions.
Similar phenomena have been observed in the exfoliation of other
2D materials, such as antimonene and MoS, [41, 42]. In the case of
the 2D CaSi,O, layers, the peak shifts further toward lower
wavenumbers (red shift) and broadens significantly. This
pronounced red shift should be attributed to the formation of Si-O
bonds due to the partial oxidation. The incorporation of O atoms
alters the local bonding environment, enhancing the Si-Si vibration
and decreasing the vibrational frequency. These spectral changes
confirm the successful preparation of the 2D CaSi,O, layers during
the oxidation-assisted exfoliation process.

The XPS spectra of 2D CaSi,0O, layers, 2D CaSi, layers, and CaSi,
further confirm the presence of Si 2p, Ca 2p, O 1s, and C 1s signals
without any other elements (Fig. 3(c) and Figs. S10 and S11 in the
ESM). The prominent O 1s peak and high ratio of Si and O (Table
S1 in the ESM) indicate significant surface oxidation, consistent
with the Raman results. The Si 2p spectra (Fig. 3(d)) show two
main components: a lower binding energy peak at ~ 99.5 eV (Si-Si
bond) and a higher binding energy peak at ~ 103 eV (Si-O bond).
For pristine CaSi,, the Si-Si peak dominates, indicating the intact

silicide structure. In 2D CaSi, layers, the Si-Si peak remains
dominant with minimal Si-O contribution, reflecting the
preservation of the silicide framework. In 2D CaSi,O, layers, the
Si-O peak becomes dominant, evidencing substantial oxidation of
Si atoms on the surface, consistent with the formation of 2D
CaSi,O, layers. The Ca 2p spectra exhibit peaks corresponding to
Ca-Si (~ 3485 eV) and Ca-O (~ 347 eV) environments (Fig. 3(e)).
In pristine CaSi,, the Ca-Si peak dominates, indicating Ca’s
interaction with the silicide lattice. For 2D CaSi, layers, this peak
shifts slightly due to lattice distortions during exfoliation. In 2D
CaSi,O, layers, the Ca-O and Ca-Si peaks shift to higher energy,
indicating the increase valence of Ca due to the oxidation. The O 1s
spectra show peaks attributed to O-Si (~ 531.5 eV), O-Ca
(~ 530.5 V), and possibly O-Si-Ca species (Fig. 3(f)). For pristine
CaSi,, the O-Si-Ca peak is dominant. In 2D CaSi, layers, weak O-
related peaks emerge, suggesting minor surface oxidation during
exfoliation. In 2D CaSi,O, layers, the O 1s peak intensifies
significantly, dominated by O-Si-O and O-Ca bonds, consistent
with surface oxidation and the formation of mixed oxides. These
results highlight the successful modulation of surface chemistry
through controlled oxidation, which is critical for the
electrochemical properties.

To evaluate the electrochemical performance of the 2D CaSi,O,
layers, a half-cell configuration was fabricated, consisting of a 2D
CaSi,O, anode, a lithium counter electrode, and a separator
(Fig. 4(a)). The cyclic voltammetry (CV) curves for the first and
second cycles reveal distinct peaks corresponding to the lithiation
and delithiation processes (Fig. 4(b) and Fig. S12 in the ESM). The
cathodic peak at ~ 1.46 V appears during the first cycle but
disappears in the second cycle, which can be attributed to the
formation of a SEI film. The peaks at ~ 0.94 and 1.00 V are likely
associated with the insertion and extraction of Li* jons into and
from the 2D CaSi,O, layers. The redox peaks at 0.01 and 0.05 V are
most likely related to the lithiation and delithiation processes
involving Li and Ca or Si. The charge-discharge voltage profiles of
the 2D CaSi,O, layers during the 1% 2™, and 50" cycles demonstrate
a gradual stabilization of the reversible capacity (Fig. 4(c)), reflecting
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Figure3 (a) Raman shift and (b) magnified spectra of 2D CaSi,O, layers, 2D CaSi, layers, and CaSi,, respectively. (c) XPS spectrum of 2D CaSi,O, layers. (d) High-
resolution XPS spectra of Si 2p of 2D CaSi,O, layers, 2D CaSi, layers, and CaSi,, respectively. (e) High-resolution XPS spectra of Ca 2p of 2D CaSi,O, layers, 2D CaSi,
layers, and CaSi,, respectively. (f) High-resolution XPS spectra of O 1s of 2D CaSi,O, layers, 2D CaSi, layers, and CaSi,, respectively.
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Figure4 (a) Schematic illustration of battery based on CaSi,O, anode and Li counter electrode. (b) CV curves of 2D CaSi,O, layers for the first two cycles. (c) Selected
charge-discharge curves of 2D CaSi,O, of 1%, 2, and 50" cycles. (d) Cyclic performance and CE of 2D CaSi,O, layers, 2D CaSi, layers, and CaSi,, respectively. (e) and (f)
Rrate capabilities of 2D CaSi,O, layers, 2D CaSi, layers, and CaSi,, respectively, at various current densities. (g) Long cyclic performance of 2D CaSi,O, layers at a current
density of 30 A-g™. (h) Comparison of electrochemical performance between 2D CaSi,O, layers and reported Si-based anodes.

the formation of a stable SEI film and enhanced cycling stability.
When comparing cycling performance (Fig. 4(d)), the 2D CaSi,O,
layers outperform the 2D CaSi, layers (Fig. S13 in the ESM) and
pristine CaSi, (Fig. S14 in the ESM) in terms of both specific
capacity and retention. At a current density of 160 mA-g™, the 2D
CaS$i,0O, layers maintain a significantly higher specific capacity of ~
400 mAh-g* over 50 cycles, underscoring the beneficial effects of
surface oxidation. Besides, the 2D CaSi,O, layers exhibit a ~ 100%
Coulumbic efficiency after 50 cycles. The rate capability tests
(Figs. 4(e) and 4(f)) further highlight the superior performance of
the 2D CaSi,O, layers, which exhibit the highest specific capacities
across various current densities compared to the 2D CaSi, layers
and CaSi,. This good rate performance should be attributed to the
abundant O functional groups and improved charge-transfer
kinetics introduced by surface oxidation. Notably, at an ultrahigh
current density of 30 A.g", the 2D CaSi,O, layers demonstrate
exceptional long-term cycling stability, maintaining a consistent
specific capacity up to 200 mAh-g' over 3000 cycles. SEM
measurements were further conducted to investigate electrode
structure of CaSi,O,. As shown in Figs. S15 and S16 in the ESM, the
SEM images of 2D CaSi,O, electrodes before and after cycling show
the stability and integrality of electrode, ensuring the long cycle life.
This excellent electrochemical performance is superior to those of
reported Si-based anodes (Fig. 4(h) and Table S2 in the ESM)
[43-52]. This outstanding performance underscores the material’s
robustness and its potential for high-rate energy storage
applications.
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To explore the mechanism underlying the high-performance
lithium storage of 2D CaSi,O, layers, CV measurements (Figs. S17
and S18 in the ESM) at various scan rates and EIS tests were
performed. These analyses provide insights into the charge storage
behavior, reaction kinetics, and ion transport properties, which are
critical for understanding the superior electrochemical performance
of the electrode material. Figure 5(a) shows the relationship
between the logarithm of the peak current (log(i)) and the
logarithm of the sweep rate (log(v)) for the 2D CaSi,O, layers and
pristine CaSi,. The slope b of this plot is a key parameter that
indicates the dominant charge storage mechanism. For pristine
CaSi,, the b-value is 0.19, suggesting a diffusion-controlled process,
where the lithium-ion insertion/extraction depends primarily on
solid-state diffusion. For the 2D CaSi,O, layers, the b-value is
significantly higher at 0.71, indicating a predominance of
pseudocapacitive behavior, where charge storage involves surface-
driven, fast redox reactions rather than slow ion diffusion.
Figure 5(b) quantifies the contribution of capacitive-controlled
(purple) and diffusion-controlled (orange) processes at various scan
rates for the 2D CaSi,O, layers. At lower scan rates (0.2 mV-s"), the
diffusion-controlled contribution is higher (~ 32.5%), as the slower
rate allows sufficient time for lithium-ion diffusion into the
electrode material. However, as the scan rate increases, the
capacitive-controlled contribution dominates, reaching at 87.7% at
3.0 mV-s™. This shift reflects the surface-dominated charge storage
behavior facilitated by the 2D structure and O functional group,
which enhance the availability of active sites and improve charge-
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Figure5 (a) The relationship between the logarithm of the peak current (log(i)) and the logarithm of the sweep rate (log(v)) for the 2D CaS$i,O, layers and pristine CaSi,.
(b) The contribution of capacitive-controlled (purple) and diffusion-controlled (orange) processes at various scan rates for the 2D CaSi,O, layers. (c) The
pseudocapacitance mechanism of 2 D CaSi,O, layers for lithium storage. (d) Schematic illustration of traditional electrochemical double-layer capacitance.

transfer kinetics. Besides, the fitting EIS curves demonstrate that 2D
CaSi,O, layers possess lower inter resistance than that of CaSi,
(Figs. S19 and S20 and Table S3 in the ESM), ensuring the fast Li*
ions transfer.

The exceptional performance of 2D CaSi,O, layers can be
attributed to their intercalation pseudocapacitance mechanism
(Fig. 5(c)), which enables rapid lithium-ion storage and excellent
cycling stability. Unlike traditional electrochemical double-layer
capacitance (Fig. 5(d)), where charge storage is purely electrostatic,
intercalation pseudocapacitance involves fast surface-limited redox
reactions. The layered structure of 2D CaSi,O, provides accessible
intercalation pathways, minimizing ion diffusion distances and
enhancing charge-transfer kinetics. Additionally, the partially
oxidized surface introduces abundant active sites, further boosting
redox activity and pseudocapacitive behavior. These features
collectively lead to high specific capacity, superior rate performance,
and long-term cycling stability, making 2D CaSi,O, layers highly
suitable for high-rate energy storage applications.

4 Conclusions

We adopt a 2D oxygen functionalization strategy to synthesize 2D
CaSi,O, layers by gradually incorporating oxygen atoms onto the
surface of 2D CaSi, during preparation. The fabricated 2D CaSi,O,
layers exhibit a thickness of 3-5 nm, aligning well with the
theoretical thickness of 6-10 layers of CaSi,. As the anode materials
in LIBs, the 2D CaSi,O, layers demonstrate exceptional
electrochemical performance, maintaining stability for over
3000 cycles at an ultrahigh current density of 30 A-g™. The surface
functionalization enhances the pseudocapacitive charge storage
mechanism, addressing the inherent challenges of conventional Si
anodes. These advantages result in a high specific capacity, excellent
rate performance, and remarkable cycling stability, highlighting the
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suitability of 2D CaSi,O, layers for high-rate energy storage
applications.

Electronic Supplementary Material: Supplementary material
(SEM and TEM iamges, XRD and Raman spectras, CV curves and
EIS results) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907277.
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