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Silicon (Si) is a high-capacity anode material for lithium-ion bat-
teries; however, its large volume change during cycling causes
severe mechanical degradation. We show that optimizing the
delithiation cut-off voltage effectively suppresses interfacial dela-
mination in Si thin-film anodes. By limiting delithiation at 0.6 V,
partial Li retention reduces interfacial stress and prevents structural
collapse, achieving 92% capacity retention (2200 mAh g 1) after
100 cycles. Cross-sectional analyses confirmed suppressed shrink-
age and strong adhesion to the substrate. This simple voltage-
control strategy provides a universal and practical route to enhance
the durability of Si-based and other alloy-type anodes.

Rechargeable lithium-ion batteries (LIBs) are essential energy
storage systems that power portable electronics, electric vehi-
cles, and renewable energy infrastructures.' Their high energy
density and long cycle life have supported rapid technological
advances. However, the performance of current LIBs—based on
graphite anodes and layered oxide cathodes—has nearly
reached its theoretical limit.”® To further improve energy
density and durability, new electrode materials capable of
storing larger amounts of lithium while maintaining structural
stability are required. In pursuit of higher-capacity materials,
alloy- and conversion-type anodes have been extensively stu-
died, among which silicon (Si) stands out because of its high
theoretical capacity (3579 mAh g~ for Li;5Si,), natural abun-
dance, and environmental benignity.®®

Despite its advantages, Si suffers from drastic volume
changes of up to 400% during lithiation and delithiation,
leading to cracking, pulverization, and delamination from the
current collector.”'® These mechanical failures disrupt electron
transport and destabilize the solid-electrolyte interphase (SEI),
resulting in severe capacity fading. To mitigate these problems,
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various approaches—such as nanostructuring,"*™® composite

formation with conductive matrices,’”?° and artificial SEI
coatings®'™>* have been proposed. While these strategies par-
tially suppress mechanical degradation, they often involve
complex fabrication processes or compromise the volumetric
energy density. In addition to material design, electrochemical
factors such as the potential window also strongly influence the
degradation behavior of Si anodes.>**” Complete delithiation
at low potentials enhances interfacial stress and accelerates SEI
fracture, whereas limiting the delithiation voltage range within
the Si-Li reaction potential can moderate volume changes and
improve cycling stability. Several studies have explored the
voltage window for Si-based electrodes; however, most examined
composite Si electrodes,*® full- or deep-delithiation behavior,>®
or lower cut-off regulation.*® Recent work on alloy-type anodes
also focused mainly on SEI suppression rather than delithiation
control.* For Si thin films, only limited efforts have addressed
cut-off voltages and no systematic study has intentionally varied
the delithiation cut-off voltage to control delithiation-induced
shrinkage.

In this study, we focus on the delithiation cut-off voltage as a
new perspective for addressing the intrinsic challenges of Si
anodes. By optimizing the delithiation voltage, lithium ions
were partially retained within the Si layer instead of being
completely extracted, effectively mitigating the structural
damage associated with repeated lithiation and delithiation.
This simple voltage-control strategy achieved outstanding elec-
trochemical performance, with a discharge capacity of approxi-
mately 2200 mAh g~ ! and 92% capacity retention after 100
cycles. These results demonstrate that appropriate delithiation
cut-off voltage regulation can suppress interfacial delamina-
tion, improve mechanical stability, and extend the lifetime of Si
thin-film anodes, offering a practical route toward high-
capacity and durable lithium-ion batteries.

To investigate the effect of delithiation cut-off voltage on the
electrochemical and structural properties of Si thin-film
anodes, samples were prepared by radio-frequency (RF) magne-
tron sputtering. A 250 nm thick amorphous Si layer was
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deposited onto molybdenum (Mo) foil (99.95% purity, 50 pm
thickness) using a sputtering system (Sanyu Electron SVC-
700RF) with an argon plasma atmosphere. Mo foil was selected
as the substrate because sputtered Si films are known to exhibit
stronger adhesion on Mo than on Cu, which frequently suffers
from early delamination during cycling.
provides a higher in-plane stiffness (Young’s modulus = 330 GPa)
than Cu (~ 110 GPa), offering a larger lateral constraint against
shrinkage-induced peeling of the Si layer. The base pressure
was maintained at 3.0 x 10™* Pa, and the RF power was set to
50 W, corresponding to a deposition rate of approximately
6.4 nm min~'. The purity of the Si target was 99.9%. After
deposition, the films were punched into 10 mm diameter disks
and dried under vacuum at 120 °C for 12 h prior to cell
assembly. Coin-type cells (CR2032) were fabricated in an
argon-filled glove box (UNICO UL-Ef1000A-TKSP) using the Si
thin-film as the working electrode, lithium metal foil as the
counter and reference electrode, and a polypropylene separator
(Celgard 2400). The electrolyte was a 1 mol L' solution of
lithium hexafluorophosphate (LiPF¢) dissolved in ethylene car-
bonate (EC) and diethyl carbonate (DEC) with a volume ratio of
1:1. Galvanostatic charge/discharge measurements were car-
ried out using an electrochemical analyzer (Meiden Hokuto
HJ1001SD8). The lithiation cut-off voltage was fixed at 0.005 V
for all samples, while the delithiation cut-off voltages (V) were
varied at 2.0, 0.8, 0.6, and 0.4 V to control the degree of
delithiation. For each voltage condition, three-coin cells were
prepared and tested to confirm reproducibility. The value of
2.0 V was used as a fully delithiated reference, whereas the
three lower voltages were selected to regulate the extent of Li
extraction within the practical Si-Li reaction window. Moti-
vated by the well-documented delithiation potentials of amor-
phous Si (x 0.3-0.5 V),” we selected 0.4, 0.6, and 0.8 V as
representative cut-off voltages to systematically tune the degree
of delithiation. Specifically, 0.4 V lies near the lower boundary
of the delithiation plateau and leaves a relatively Li-rich a-Li,Si
phase; 0.6 V is slightly above the upper delithiation peak and
corresponds to intermediate Li content; and 0.8 V exceeds
the main alloying potentials, approaching nearly complete
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delithiation while remaining within a practically meaningful
window. After electrochemical testing, the cells were disas-
sembled using a coin-type cell separator (Hohsen) to examine
the Si anode morphology. Surface and cross-sectional struc-
tures were analyzed by scanning electron microscopy (SEM,
Hitachi High-Technologies SU-7000) equipped with an energy-
dispersive X-ray spectrometer (EDX, Oxford AZtec). Transmis-
sion electron microscopy (TEM) and high-angle annular dark-
field scanning TEM (HAADF-STEM) observations were per-
formed using a field-emission TEM (HF5000, 200 kV) equipped
with an EDX detector to analyze interfacial structures and
elemental distributions. Focused ion beam (FIB) cross-
sectioning was conducted using a Helios Nanolab 600i system.
For SEM/EDX surface observations, the extracted electrodes
were gently rinsed with deionized water to remove residual
electrolyte (LiPF¢) and subsequently dried under N, flow. In
contrast, for FIB-SEM and TEM cross-sectional analyses, the Si
films were in a lithiated state; therefore, they were not rinsed
but gently dried under N, flow to avoid structural disturbance.
As a result, a thin layer of LiPF¢-derived residue remained on
the Si surface. For cross-sectional analysis, a Pt protective layer
was deposited on the sample surface prior to FIB milling to
prevent damage and redeposition during Ga ion irradiation.
Fig. 1(a)-(d) shows the galvanostatic charge/discharge curves
of the Si thin-film anodes measured at V4 of 2.0, 0.8, 0.6, and
0.4 V. The measurements were performed at 1C for 200 cycles.
All samples exhibited distinct charge/discharge behavior
throughout the cycling test. The plateau region observed
around 0.2 V corresponds to Li-ion insertion and extraction
into and from the Si layer. For the 0.4 and 0.6 V samples, where
the discharge was terminated within the Si-Li reaction range,
the plateau region ended earlier and became shorter. The first-
cycle charge capacities exceeded 3000 mAh g~ for all samples
with negligible variation, whereas the first discharge capacities
decreased with decreasing V4. This is attributed to incomplete
delithiation because lower V4 lies within the delithiation
potential region, leaving part of the Li ions in the Si layer.
Fig. 1(e) summarizes the discharge capacity as a function of
cycle number. In all samples, small cycle-to-cycle fluctuations

200

Fig. 1 Delithiation cut-off voltage (V) dependence of the anode properties. (a)—(d) Galvanostatic charge/discharge cycles at V4 = (a) 2.0 V, (b) 0.8 V, (c)
0.6 V, and (d) 0.4 V. (e) Cycle dependence of discharge capacities. (f)-(i) dQ/dV plots at V4 = (f) 2.0V, (g) 0.8 V, (h) 0.6 V, and (i) 0.4 V.
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appeared during the early stages of cycling, which are com-
monly reported for Si anodes and mainly arise from repeated
SEI fracture/reformation and the exposure of fresh Si surfaces
caused by crack generation. Subsequently, the capacity gradu-
ally decreased with cycling, reflecting the typical degradation
behavior caused by the expansion and contraction of the Si
layer during lithiation and delithiation.>>?® The extent of
capacity fading varied with V4. The 2.0 V sample exhibited a
steep capacity drop after approximately 40 cycles, and its
capacity decreased to 520 mAh g~ ' (x 16% of the initial value)
after 100 cycles. In contrast, the 0.8 and 0.6 V samples exhibited
smaller initial capacities but maintained higher capacities for
longer cycles. Particularly, the 0.6 V sample retained approxi-
mately 2200 mAh g~' (92% of the initial capacity) after 100
cycles, demonstrating excellent capacity retention and gradual
fading. Interestingly, this sample also exhibited a slight capa-
city increase during the early cycles, which was reproducibly
observed in all cells cycled at 0.6 V. We infer that, under this
condition, partial delithiation suppresses catastrophic interfa-
cial delamination so that the Si film remains anchored to the
Mo substrate; with repeated cycling, fine surface cracks then
develop mainly near the film surface (as discussed later in

View Article Online
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Fig. 2 and 3), exposing previously inactive Si to the electrolyte
and gradually enlarging the electrochemically accessible area.
Although SEI reformation on these newly exposed surfaces and
other degradation processes eventually lead to capacity fading
at longer cycle numbers, the net effect in the early stages is a
modest increase in reversible capacity. The 0.4 V sample,
however, exhibited both a small initial capacity and a rapid
capacity decrease, suggesting that insufficient delithiation
caused Li accumulation within the Si, leading to degradation.
The differential capacity (dQ/dV) plots shown in Fig. 1(f)-(i)
exhibit broad peaks at approximately 0.1 and 0.25 V during
lithiation and 0.3 and 0.5 V during delithiation, corresponding
to Li insertion/extraction in amorphous Si.>’"*° Because amor-
phous Si does not undergo sharp phase transitions as crystal-
line Si does, the peaks appear broader.*’ A more detailed
interpretation of the dQ/dV behavior further clarifies the
voltage-dependent degradation mechanisms. According to pre-
vious studies on Si-Li alloying reactions, the peak positions,
widths, and shifts in dQ/dV curves reflect changes in the local a-
Li,Si structure and the degree of cell polarization.*>** For the
2.0 V sample, the peak intensities decrease markedly with
cycling, indicating substantial degradation of the active Si layer.
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Fig. 2 SEM and EDX images of the sample surface after 50 and 100 charge/discharge cycles at different Vy: (a)—(d) 2.0 V, (e)-(h) 0.8 V, (i))-(l) 0.6 V, and

(m)=(p) 0.4 V. In the EDX images, Si is shown in light blue and Mo in red.
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Fig. 3 Cross-sectional FIB-SEM images of the samples. (a) After 2nd charge at V4 = 2.0 V. (b) and (c) After 2nd discharge at V4 = (b) 2.0 V and (c) 0.6 V.

In contrast, the 0.6 V sample maintains strong and well-defined
peaks up to the 100th cycle. Although slight peak shifts are
observed, the overall peak shape and intensity remain largely
preserved, indicating stable lithiation/delithiation pathways
and suppressed polarization growth. The 0.4 V sample exhib-
ited fewer and weaker peaks, with the peak positions shifting to
lower and higher potentials during lithiation and delithiation,
respectively, suggesting incomplete Li extraction. These results
demonstrate that setting V4 within the intermediate range of
the Si-Li reaction effectively limits excessive delithiation and
mitigates degradation, thereby extending the cycle life of Si
anodes. Compared with previous voltage-window studies on Si-
based anodes, which mainly evaluated composite or thick-film
electrodes and focused on lower cut-off regulation, the present
results highlight the distinct effect of controlling the upper cut-
off voltage in Si thin films. The superior capacity retention at
0.6 V—together with sustained dQ/dV features—demonstrates
that partial delithiation effectively suppresses degradation, a
trend not explicitly reported in earlier thin-film studies. The
delithiation cut-off voltage regulation provides an additional
and practical design parameter for improving the cycling dur-
ability of Si thin-film anodes.

Fig. 2 shows the SEM images and corresponding EDX maps
of the Si anode surfaces after 50 and 100 cycles at different V4 of
2.0, 0.8, 0.6, and 0.4 V. The charge/discharge tests were con-
ducted at 1C, and the cells were disassembled to observe the Si
surface. In all samples, cracks were observed in the Si layer,
which originated from the repeated volume expansion and
contraction during lithiation and delithiation. The progressive
surface deterioration with cycling is consistent with the well-
known mechanical failure behavior of Si anodes.”>** In the
2.0 V sample, delamination of the Si film was evident after 50
cycles, exposing parts of the underlying Mo substrate (Fig. 2(a)
and (b)). After 100 cycles, most of the Si layer had peeled off,
leaving the substrate nearly bare (Fig. 2(c) and (d)). In the 0.8 V
sample, partial delamination was observed after 50 cycles;
however, the remaining Si coverage was greater than that in
the 2.0 V sample, and a substantial portion of the Si layer still
remained after 100 cycles (Fig. 2(e)-(h)). In contrast, the 0.6 V
sample retained a continuous Si layer that adhered firmly to the
Mo substrate without apparent delamination. The film exhib-
ited a finely divided morphology, likely caused by local

© 2026 The Author(s). Published by the Royal Society of Chemistry

microcrack formation rather than large-scale peeling. Even
after 100 cycles, the Si layer remained intact, confirming that
delamination was effectively suppressed. This morphological
stability supports the excellent capacity retention observed at
0.6 V. For the 0.4 V sample, the Si layer also remained on the
substrate after 100 cycles and showed less structural damage
than the others. This result is attributed to the small mechan-
ical stress caused by limited delithiation, which reduced
volume change and mitigated damage to the Si film.

Fig. 3(a)—(c) presents the cross-sectional FIB-SEM images of
the Si anodes after two charge/discharge cycles at 1C. In the
charged state (Fig. 3(a)), the Si layer expanded significantly.
Although the theoretical volume expansion of fully lithiated Si
is approximately 400%,>"" the observed expansion appeared
even larger, probably because lateral expansion was con-
strained by the substrate, forcing the Si layer to expand mainly
in the vertical direction. A distinct gap was observed at the Si/
Mo interface, suggesting that interfacial damage occurred even
after only a few cycles. Additionally, the morphologies near the
surface and the interface differed, indicating nonuniform Li
insertion and the presence of a Li concentration gradient
within the Si layer. In the discharged state at 2.0 V (Fig. 3(b)),
the Si layer contracted markedly as Li ions were extracted. Such
repeated expansion and contraction likely lead to the accumu-
lation of mechanical stress, crack propagation, and eventual
delamination, resulting in loss of electrode activity. In contrast,
the discharged 0.6 V sample (Fig. 3(c)) did not exhibit complete
contraction, suggesting incomplete delithiation. Partial reten-
tion of Li in the Si layer may relax mechanical stress at the
interface, thereby suppressing damage accumulation and
improving the long-term cycling stability.

Fig. 4 shows the cross-sectional TEM and EDX images of the
Si anodes after two charge/discharge cycles at 1C, discharged to
2.0 and 0.6 V. In the 2.0 V sample (Fig. 4(a)-(e)), a large gap
formed at the Si/substrate interface, indicating severe delami-
nation. The EDX elemental maps revealed fluorine in this
interfacial region, suggesting that electrolyte-derived species,
including possible SEI components, had penetrated the gap
between the Si layer and the Mo substrate. In contrast, the
interfacial gap in the 0.6 V sample (Fig. 4(f)-(j)) was much
smaller, and the Si layer remained closely attached to the
substrate. The Si layer appeared slightly thinner than in the

Mater. Adv., 2026, 7,192-197 | 195
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Fig. 4 Cross-sectional structures of the samples after 2nd discharge at V4 = (a)—(e) 2.0 V and (f)-(j) 0.6 V. (a) and (f) Bright-field TEM images, (b) and (g)
HAADF-STEM images, and EDX mappings of (c) and (h) Si, (d) and (i) Mo, and (e) and (j) F.

FIB-SEM image of Fig. 3, likely due to spontaneous delithiation
during the time between the electrochemical test and TEM
observation. This delithiation induced stress relaxation, result-
ing in a reduced apparent thickness.”>™*® Although a thin
interfacial layer was observed in some regions of the TEM
images, this does not imply that the entire Si film was
detached. Si thin films can maintain electrical contact even
when only part of the interface remains firmly adhered, and
such partial adhesion is sufficient for the anode to function.
These findings suggest that controlling the delithiation cut-off
voltage to avoid complete delithiation effectively suppresses
excessive shrinkage of the Si layer, thereby mitigating delami-
nation and contributing to the improved structural and elec-
trochemical stability of the anode.

Conclusions

The effect of delithiation cut-off voltage on the electrochemical
and structural stability of Si thin-film anodes was systematically
investigated. All samples showed clear charge/discharge beha-
vior; however, the cycling performance varied markedly
depending on the delithiation cut-off voltage. The 2.0 V sample
exhibited rapid capacity fading and severe delamination of the
Si film from the Mo substrate, whereas the 0.6 V sample
maintained high capacity retention and structural integrity
even after 100 cycles. Cross-sectional analyses clarified that
complete delithiation caused significant contraction of the Si
layer and formation of interfacial voids, while partial delithia-
tion at 0.6 V effectively suppressed such damage. This voltage-
controlled suppression of mechanical stress minimized inter-
facial degradation and enhanced long-term durability. Adjust-
ing the delithiation cut-off voltage within the Si-Li reaction
range enables control over Li extraction, thereby mitigating
excessive shrinkage and delamination. Although this study
demonstrates the effectiveness of cut-off regulation on Mo
substrates, the voltage effect may vary depending on substrate
stiffness and intrinsic adhesion. This study provides a new

196 | Mater. Adv,, 2026, 7,192-197

electrochemical perspective for extending the cycle life of
Si-based anodes through simple potential window optimization.
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