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erlithiation effect on cycling and
calendar aging of a silicon/graphite electrode for
high-energy lithium-ion batteries†

Xiaohong Wang, Chunhao Li, Shiyu Liu and Yongming Sun *

Lithium (Li) plating, triggered by fast charging and low temperature, will cause performance degradation and

safety concerns for lithium-ion batteries (LIBs). However, strategically limited and controlled Li deposition

might be advantageous for enhancing energy density. The detailed mechanism and regulation for

performance improvement are yet to be fully explored. This study meticulously modulates the

overlithiation capacity to regulate Li plating and probes its effects on the stability of high-capacity

silicon/graphite (Si/Gr) electrodes through consecutive cycling and over the calendar aging period. The

Si/Gr electrode (20 wt% Si) with a 20% overlithiation degree exhibits enhanced reversible capacity in

comparison to the pristine Si/Gr electrode. This improvement is attributed to precision-controlled Li

deposition, the increased electrochemical utilization of Si and Gr above 0 V, and the additional

intercalation/alloying reactions below 0 V, which decelerate the progression of capacity degradation and

significantly boost the electrochemical performance of Si/Gr electrodes. Moreover, this tailored Si/Gr

electrode with a 20% overlithiation degree attenuates the deterioration associated with calendar aging.

This research not only elucidates the intricate interplay and mechanisms of Li plating on Si/Gr electrodes

during overlithiation but also presents a new understanding and approach to advance the performance

of LIBs and extend their service lifespan.
1. Introduction

Lithium-ion batteries (LIBs) continue to gain prominence in
electric vehicles and portable electronics, underscoring the
pressing need for batteries with superior energy density and an
extended lifespan.1,2 This urgent demand motivates researchers
to innovate and improve the anode, a fundamental component
of LIBs.3 The silicon/graphite (Si/Gr) anode has particularly
drawn considerable attention due to the exceptional theoretical
capacity of Si, which synergizes with the intrinsic good stability
of Gr.4–6 However, this alliance is not devoid of challenges. One
of the signicant obstacles lies in the mismatch of the working
potentials between Si (∼0.4 V vs. Li/Li+) and Gr (∼0.2 V vs. Li/
Li+), which signicantly contributes to the interplay between
them.7,8 The crosstalk of Li+ ions in the Si/Gr electrode
compromises the uniform distribution of Li+ ions over an entire
Si particle from the interior to the outer shell, thereby hindering
the complete dealloying process. The accumulation of trapped
Li+ ions in Si particles leads to pressure build-up, which in turn
interferes with the subsequent intercalation into Gr. The
interaction of electrochemical and mechanical behaviours of Si
nics, Huazhong University of Science and
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and Gr within the Si/Gr electrode accelerates the capacity fade.9

To overcome this issue, various strategies have been explored,
encompassing the design of the material structure, enhance-
ment of the hardness of Gr, and the adoption of alternative
materials with elevated working voltages.9–12 These approaches
strive to harmonize the lithiation/delithiation processes
between Si and Gr, thus mitigating electrochemical degradation
and extending the battery's operational life.

In real-world applications, LIBs are subjected to a relentless
decline known as calendar aging, a gradual yet inevitable
capacity fade over time, even when the batteries are not actively
undergoing charge/discharge cycles.13–16 In particular, anodes
composed of Si degenerate at a more precipitous rate in
comparison to their pure Gr counterparts. This heightened
susceptibility of Si is attributed to its pronounced chemical
reactivity, the dynamic evolution of the solid electrolyte inter-
phase (SEI), and the rampant cycling of deleterious hydrolytic
HF.17 While the impacts of these factors are widely acknowl-
edged, the complex interplay between Si and Gr in accelerating
the calendar aging process remains an intricate conundrum,
which necessitates further investigation to elucidate the
fundamental mechanisms and to develop strategies that
enhance the longevity of batteries.

Additionally, Li plating, a phenomenon associated with
special scenarios such as fast charging, low temperatures, and
overcharging, is widely acknowledged as a catalyst for the
Chem. Sci., 2024, 15, 17979–17987 | 17979
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degradation of LIBs.18–20 The innovative application of “Gr/Li”
hybrid anodes, which exploit continuous intercalation-plating
mechanisms and feature regulated and uniform Li plating,
has enabled batteries to achieve enhanced capacities.21–24 These
technological strides demonstrate that with careful manage-
ment, Li deposition can be transformed from a perilous issue
into a strategic advantage in the pursuit of amplifying energy
densities, while suppressing its hazard effect. Despite these
advancements, the precise effect of Li plating on the efficacy of
the Si/Gr electrode remains unclear.

This study delves into the interrelationship between the
overlithiation degree and the electrochemical behaviours of Si/
Gr electrodes during regular cycling operation and throughout
calendar aging. The Si/Gr electrode set at a 20% overlithiation
degree exhibits enhanced electrochemical performance.
However, an excessive overlithiation degree can induce uncon-
trolled Li plating, compromising overall stability and resulting
in premature deactivation. Through the meticulous dissection
of delithiation curves and a detailed analysis of dQ/dV proles,
we quantitatively discern the individual contributions of Li, Gr
and Si and shed light on the mechanism of capacity optimiza-
tion. Moreover, the Si/Gr electrode with a 20% overlithiation
degree demonstrates improved capacity retention aer calendar
aging, outperforming the pristine Si/Gr electrode. By tracking
the capacity changes of Li, Gr, and Si, we reveal the essential
causes of the capacity degradation associated with calendar
aging. Comprehensive surface examinations and evaluations of
kinetic performance through an array of tests further enrich our
understanding. Our ndings provide new insights into the
overlithiation effects on the Si/Gr electrode, contributing to the
development of advanced LIBs with high energy density and
prolonged calendar life.
2. Experimental section
2.1 Preparation of Si/Gr electrodes

The Si/Gr electrode was prepared via a slurry approach. The
active material (80 wt% Gr and 20 wt% Si), carbon black (CB)
and polyacrylic acid (PAA) in a mass ratio of 90 : 5 : 5 were evenly
dispersed in N-methyl-2-pyrrolidone (NMP) to produce
a uniform slurry. This resultant slurry was coated onto copper
foil, subjected to a drying process at 80 °C for 12 h under
vacuum, and then cut into discs with a diameter of 10 mm. The
nal Si/Gr electrode was designed to achieve a mass loading of
∼3 mg cm−2.
2.2 Electrochemical tests

The assembly of all cells was carried out in an argon-lled glove
box (H2O and O2 < 1 ppm). The procedure involved integrating
the pre-fabricated working electrode with Li metal foil serving
as the counter electrode. They were separated with a poly-
propylene lm and immersed in a specially formulated elec-
trolyte. This electrolyte was a solution of 1 M LiPF6, dissolved in
a composite solvent comprising ethylene carbonate (EC), ethyl
methyl carbonate (EMC), diethyl carbonate (DEC), and uoro-
ethylene carbonate (FEC) in a volumetric ratio of 3 : 3 : 3 : 1.
17980 | Chem. Sci., 2024, 15, 17979–17987
Galvanostatic cycling was performed using a Land battery
testing system. A complete charge–discharge protocol involved
discharging to 0 V, followed by continuous discharging towards
the designed overlithiation capacity, culminating with a charge
back to 1.0 V. The overlithiation process was consistently
applied to every cycle. Before calendar aging experiments, the
cells underwent a formation process consisting of three cycles
at 0.1C (1C = 900 mA h g−1), followed by calendar storage at
controlled temperatures of 30 or 60 °C for 145 h, and concluded
with three additional cycles at 0.1C. Galvanostatic intermittent
titration technique (GITT) measurements were conducted with
a current pulse of 10 min at 0.1C, followed by a rest period of
3 h. Cyclic voltammetry (CV) tests were performed on a Biologic
VMP3 electrochemical workstation with scan rates ranging from
0.01 to 0.1 mV s−1. Electrochemical impedance spectroscopy
(EIS) curves were collected over a frequency region of 10 mHz to
100 kHz with an amplitude of 10 mV.
2.3 Characterization

The morphological features and interphase compositions of
electrodes were characterized using scanning electron micros-
copy (SEM, Nova NanoSEM 450) and X-ray photoelectron spec-
troscopy (XPS, Thermo Fisher ESCALAB 250Xi) measurements.
The cycled electrodes were carefully washed with dimethyl
carbonate (DMC) before the characterization.
3. Results and discussion

In our study, half cells were constructed for the overlithiation
regulation of a Si/Gr electrode, which employed Li metal foil as
the counter electrode. These half cells were methodically dis-
charged (lithiated) to 0 V, followed by a continuous discharge to
achieve predetermined overlithiation capacities of 180, 360,
540, and 720 mA h g−1 (the capacity was calculated based on the
masses of Si and Gr unless otherwise stated), corresponding to
20%, 40%, 60%, and 80% overlithiation degrees, respectively.
The discharge process is completed upon reaching the pre-set
overlithiation capacity (<0 V). Subsequently, the cells were
charged to 1 V at 0.5C aer three cycles at 0.1C. The selected
current density of 0.5C in a long-term cycling test aims to
eliminate effects induced by fast charging and to simplify the
variables, thus allowing for a clear assessment of Li plating.18,25

As the overlithiation degree escalates from 0% to 80%, there is
a distinct upsurge in overall charge capacity; however, there is
a signicant decline in stability and coulombic efficiency (CE)
(Fig. 1A and S1†). We dissect the galvanostatic charge curve to
ascertain the individual contributions of Li, Gr, and Si. The
voltage span from 0.25 V to 1.0 V primarily pertains to the
dealloying process of LixSi, and the voltage region from 0.1 V to
0.25 V is predominantly linked to the deintercalation of LixGr
(Fig. 1C).26 The utilization of FEC as an electrolyte additive
effectively diminishes the Li stripping potential.27,28 During the
100th cycle, a pronounced Li stripping plateau at ∼0.06 V is
observed in the Si/Gr electrode with a 20% overlithiation degree
(marked as the Si/Gr-OL-20% electrode), a feature missing in
the Si/Gr electrode without overlithiation (labelled as the Si/Gr-
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05632a


Fig. 1 Electrochemical performance of Si/Gr electrodes with varied overlithiation degrees. (A) Reversible delithiation capacity and (B) individual
capacity contributions from Li stripping, Gr deintercalation, and Si dealloying processes of Si/Gr electrodes with overlithiation degrees from0% to
80%. (C) Charge–discharge profiles and (D) delithiation capacities assigned to Li, Gr and Si of the Si/Gr electrode with an 80% overlithiation
degree for the 30th to 35th cycles.
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OL-0% electrode) (Fig. S2†). The voltage region below 0.1 V is
delineated as the domain for the Li stripping behaviour. When
the degree of overlithiation increases from 0 to 20%, there is
a noticeable enhancement in the delithiation capacities of Si
(0.25–1.0 V) and Gr (0.1–0.25 V) aer 100 cycles: the capacity of
Si climbs from 1854.5 to 2396.5 mA h g−1 (referencing to the Si
mass) and that of Gr ascends from 254.1 to 325.9 mA h g−1

(based on the mass of Gr) (Fig. S3†). However, the growth of
capacities deviates from a linear relationship in response to the
intensifying overlithiation degree. During the overlithiation
process, that is, the discharge process below 0 V, a dynamic
competition emerges among the Li deposition, the intercalation
of Gr, and the alloying with Si for the capture of Li+ ions. At the
initial stage of overlithiation (such as the overlithiation degree
of 20%), the additional lithiation reactions below 0 V outpace Li
plating. This phenomenon could be attributed to the abun-
dance of unoccupied active sites, predominantly from the Si
particles, which facilitate the alloying/intercalation reactions.
When the overlithiation degree exceeds 20%, Li plating
progressively emerges as the prevailing electrochemical reac-
tion.29 Therefore, the capacities for LixGr deintercalation and
LixSi dealloying processes experience an increase with the
overlithiation degree from 0% to 20% and then level off,
maintaining stability despite further elevation of the over-
lithiation level up to 80% (Fig. 1B). In contrast, the Li stripping
capacity (<0.1 V) exhibits a gradual increment, accompanied by
a concurrent diminished stability as the overlithiation degree
increases. The trend of Li stripping aligns with the behaviour of
Si/Gr electrodes, emphasizing its pivotal role on the battery's
electrochemical performance. The Si/Gr electrode with the
highest overlithiation degree (80%) exhibits the least stability,
lasting only ∼20 cycles. A detailed analysis during its 30th to
35th cycles reveals dramatic uctuations in Li stripping
© 2024 The Author(s). Published by the Royal Society of Chemistry
capacities compared to the minimal variations in the LixSi and
LixGr delithiation capacities, suggesting erratic and incomplete
Li stripping as the cause for impaired stability (Fig. 1C and D).29

There is an abrupt escalation in Li stripping capacity to
929.3 mA h g−1 in the 31st cycle, even surpassing the designated
overlithiation capacity of 720 mA h g−1. The Cui group discov-
ered that isolated Li metal can reestablish a connection with the
electrode during subsequent Li plating processes.30,31 The
excessive Li stripping capacity in the 31st cycle can be ascribed
to the reactivation of previously electrochemically inert “dead
Li”. In conclusion, its electrochemical performance is signi-
cantly enhanced through careful regulation of the overlithiation
degree, demonstrating the advantage of meticulous manage-
ment. The Si/Gr-OL-20% electrode exhibits 788 mA h g−1

(2.5 mA h cm−2), maintaining a capacity retention of 79.2%
aer 100 cycles, which is superior to 575 mA h g−1

(1.8 mA h cm−2, with a retention of 74.3%) of the Si/Gr-OL-0%
electrode (Fig. S4†). On the other hand, an excessive over-
lithiation degree, represented by 80%, triggers uncontrolled Li
deposition along with inadequate Li stripping, resulting in
diminished stability. Therefore, diligently managing the trade-
off between capacity and stability is crucial for optimizing the
electrochemical performance.

A thorough exploration is essential to elucidate the electro-
chemical behaviour observed in the over-discharged Si/Gr
electrodes. Typically, Si/Gr-OL-0% and Si/Gr-OL-20% elec-
trodes during the 10th cycle deliver total charge capacities of
685.5 and 1066.9 mA h g−1, respectively (Fig. 2A). The signi-
cant increment of 381.4 mA h g−1 exceeds the preassigned
overlithiation capacity of 180 mA h g−1. The residual enhance-
ment can be traced back to the augmented lithiation capacity
above 0 V (Fig. 2B). The Si/Gr-OL-20% electrode recorded at
886.9 mA h g−1 (>0 V) signicantly outperforms that of the Si/Gr-
Chem. Sci., 2024, 15, 17979–17987 | 17981
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Fig. 2 Analysis of the effect of overdischarge on the electrochemical responses of Si and Gr in Si/Gr electrodes. (A) Galvanostatic charge–
discharge curves and (B) their magnified profiles of Si/Gr-OL-0% and Si/Gr-OL-20% electrodes during the 10th cycle. dQ/dV curves during (C)
lithiation and (D) delithiation processes for different cycles.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 4
:5

3:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
OL-0% electrode in the 10th cycle. The aforementioned elevated
reversible capacity (381.4 mA h g−1) partially arises from
a boosted lithiation capacity (201.4 mA h g−1, >0 V), in
conjunction with the intended overlithiation capacity
(180 mA h g−1, <0 V). A further differential capacity (dQ/dV)
analysis reveals a discernible intensication of peak intensity
within the 0.15–0 V region for the Si/Gr-OL-20% electrode,
signifying an increased lithiation capacity above 0 V (Fig. 2C).
During charging, the dQ/dV curves demonstrate that the Si
dealloying commences at ∼0.25 V (Fig. 2D), corroborating the
appropriateness of the segmented charge curves previously
delineated. Moreover, the charge curves of the Si/Gr-OL-20%
electrode feature a distinct plateau at ∼0.4 V, which correlates
with the dealloying of crystalline Li15Si4 (c-Li15Si4), as further
described by the associated dQ/dV proles (Fig. 2D).32,33 The
pronounced improvement of the c-Li15Si4 phase is due to the
deepening alloying degree, stemming from the continuous
alloying reactions below 0 V. This observed behaviour is
consistent with the results from our prior research, suggesting
that a meticulously executed overlithiation strategy can mark-
edly enhance the formation of c-Li15Si4.29 The intensity decay of
this peak in subsequent cycles is attributable to the gradual
deactivation of Si particles.34

In practical applications, the electrochemical performance
of LIBs gradually deteriorates during both active service and
periods of inactivity. A comprehensive assessment of the dura-
bility and longevity of LIBs necessitates examining the capacity
fade associated with calendar aging. Our investigation speci-
cally scrutinizes the impact of overlithiation on fully lithiated/
delithiated Si/Gr-OL-0% and Si/Gr-OL-20% electrodes at static
storage temperatures of 30 and 60 °C. Before storage experi-
ments, each cell underwent three cycles to establish a stable
SEI. Subsequently, the cell was discharged to 0 V at 0.1C to
17982 | Chem. Sci., 2024, 15, 17979–17987
achieve a fully lithiated Si/Gr-OL-0% electrode. For the fully
lithiated Si/Gr-OL-20% electrode, the cell was discharged at
0.1C past 0 V to attain the targeted overlithiation capacity of
180 mA h g−1. Thereaer, all cells were stored at 60 °C for 145 h
(Fig. 3A). The trajectory of open circuit voltage (OCV) exhibits an
uptrend over the storage duration at 60 °C, with a more
pronounced increase in the Si/Gr-OL-0% electrode (0.0145 V) as
opposed to the Si/Gr-OL-20% electrode (0.0045 V) (Fig. 3B). For
a detailed examination of the calendar aging effect on the
lithiated electrode, the 3rd (before calendar storage), 4th
(during storage), 5th (the rst cycle aer calendar storage), and
6th (the second cycle post-calendar storage) cycles are analysed
(Fig. 3D). “Cdn” denotes the delithiation capacity at a certain
cycle number “n”, with “Cd3” referring to the delithiation
capacity in the 3rd cycle before calendar storage. Capacity
retention, labelled as “CRdn”, can be calculated using the
formula CRdn = (Cdn/Cd3) × 100%.35 Without the inuence of
aging, the capacity retentions of the Si/Gr-OL-0% electrode for
the 4th and 5th cycles are 99.8% and 99.2%, respectively (Fig.
S5†). However, aer calendar aging at 60 °C, the capacity
retention signicantly drops to 85.6% in the 4th cycle, which
then rebounds to 95.0% in the 5th cycle and stabilizes at 94.1%
in the 6th cycle (Fig. 3C). The slight reduction in the retention
between the 5th and 6th cycles can primarily be attributed to
substantial volumetric changes and ongoing interface side
reactions during cycling.34 The 4th cycle suffers from an overall
capacity fade of 14.2%, which includes both irreversible and
reversible losses. The 5th cycle exhibits a capacity fade of 4.2%,
indicative of complete irreversibility. The segmented delithia-
tion capacity is utilized to investigate the degradation mecha-
nisms associated with calendar aging (Fig. 3E). The
deintercalation capacity of Gr (0.1–0.25 V) in the Si/Gr-OL-0%
electrode sharply declines from 286 mA h g−1 (3rd cycle) to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of overlithiation on lithiated Si/Gr-OL-0% and Si/Gr-OL-20% electrodes with calendar aging at 60 °C. (A) Voltage variations, (B)
time-dependent OCV profiles, (C) capacity retention, and (D) voltage–capacity curves of lithiated Si/Gr-OL-0% and Si/Gr-OL-20% electrodes.
Fluctuations in the Li stripping, Gr deintercalation, and Si dealloying capacities of lithiated (E) Si/Gr-OL-0% and (F) Si/Gr-OL-20% electrodes
before and after the aging process.
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141.6 mA h g−1 (4th cycle) and rebounds to 299.8 mA h g−1 (5th
cycle) and 296.4 mA h g−1 (6th cycle). Simultaneously, the
dealloying capacity of Si (0.25–1.0 V) surges from 534.2 mA h g−1

(3rd cycle) to 592.2 mA h g−1 (4th cycle), and then declines to
499.1 mA h g−1 (5th cycle) and 495.9 mA h g−1 (6th cycle). The
incomplete recovery of the delithiation capacity of Si suggests
irreversible attenuations, predominantly attributable to the
inactivation of some Si particles.36,37 The Si/Gr-OL-20% elec-
trode also exhibits a decreased delithiation capacity with
a retention of 87.4% in the 4th cycle aer calendar aging
(Fig. 3C). The negligible decline in the capacity retention in the
5th (99.9%) and 6th cycles (99.3%) indicates that the aging-
deduced capacity reduction in the 4th cycle for the Si/Gr-OL-
20% electrode may be largely reversible. Before calendar aging,
the segmented delithiation capacities of the Si/Gr-OL-20%
electrode are recorded as 175.6 mA h g−1 (Li, <0.1 V),
231.9 mA h g−1 (Gr, 0.1–0.25 V), and 622.8 mA h g−1 (Si, 0.25–1.0
V) in the 3rd cycle. These values aer calendar storage shi to
36, 237.5, and 636.2 mA h g−1 in the 4th cycle, respectively. They
rebound to 179.1, 232.6, and 623.6 mA h g−1 in the 5th cycle and
maintain stability at 183.7, 229.2 and 619 mA h g−1 in the 6th
cycle (Fig. 3F). The marked decline in Li stripping between the
3rd and 4th cycles could be attributed to the dissolution of Li
metal, which is largely recoverable.38 The rise in dealloying
capacity points to ongoing alloying reactions during the aging
period, as evidenced by a strengthened delithiation plateau at
around 0.4 V, which is indicative of an intensied dealloying
process of c-Li15Si4 (Fig. 3D). Relative to the Si/Gr-OL-0% elec-
trode, the diminished capacity of Gr in the Si/Gr-OL-20% elec-
trode can be ascribed to the increased mechanical pressure
© 2024 The Author(s). Published by the Royal Society of Chemistry
exerted by Si.9 The delithiated Si/Gr-OL-0% electrode aer
calendar aging experiences a capacity reduction, a fading that is
predominantly irreversible (Fig. S6†). The capacity loss in deli-
thiated Si/Gr-OL-20% electrodes is attributed to the dissolution
of Li metal (recoverable) and the deactivation of Si (unrecover-
able). Moreover, the degradation behaviours of Si/Gr-OL-0%
and Si/Gr-OL-20% electrodes at 30 °C demonstrate similarities
to those at 60 °C (Fig. S7†). The calendar aging effects are
markedly more severe at 60 °C, highlighting the temperature-
dependent nature.39 We also conducted aging experiments on
pure lithiated/delithiated Si electrodes with 0% and 20% over-
lithiation degrees at 60 °C for 145 h (Fig. S8†). The results ob-
tained from Si electrodes are consistent with those observed on
Si/Gr electrodes, where the electrode with a 20% over-lithiation
degree exhibits enhanced capacity retention. The meticulous
application of controlled overlithiation can potentially bolster
the electrochemical endurance and stability, demonstrating the
efficacy of this approach in improving the longevity and func-
tional reliability of Si-based LIBs.

XPS measurements were performed to explore the surface
composition evolution of the Si/Gr electrode subjected to
calendar aging at 60 °C. Remarkable alterations can be detected
in the high-resolution C 1s XPS spectra (Fig. 4A and B), with an
elevated carbon content for lithiated Si/Gr-OL-20% electrodes
compared to Si/Gr-OL-0% electrodes. This could be attributed
to the SEI formation on the deposited Li metal.40,41 The relative
contents of organic (C–O (∼286 eV) and C]O (∼288.5 eV)) and
inorganic (LiF (∼684.5 eV), LixPOyFz (∼686.5 eV), and Li2CO3

(∼289 eV)) species are normalized (Fig. 4C).35,42 Aer calendar
aging, an increased concentration of organic constituents is
Chem. Sci., 2024, 15, 17979–17987 | 17983
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Fig. 4 Interface composition and morphology characterization of lithiated Si/Gr electrodes before and after calendar aging at 60 °C. C 1s and F
1s XPS spectra of the lithiated (A) Si/Gr-OL-0% and (B) Si/Gr-OL-20% electrodes. (C) Variations in the normalized relative contents of organic and
inorganic components according to the XPS results. SEM images of the lithiated (D) Si/Gr-OL-0% and (E) Si/Gr-OL-20% electrodes.
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detected, stemming from the decomposition of electrolyte
components such as ethylene carbonate (EC) and uoro-
ethylene carbonate (FEC).43 The aged, lithiated Si/Gr-OL-0%
electrodes, with an organic-rich SEI, become porous and
unstable.40 The decline in LiF content observed in the Si/Gr-OL-
0% electrode aer calendar aging may be attributed to the
dissolution of LiF.44,45 Meanwhile, there is a conspicuous
decrease in the amount of Li2CO3, accompanied by an increase
in the content of LixPOyFz. These changes can be ascribed to the
reduction of LiPF6, catalyzed by trace water, yielding LiF, Lix-
POyFz, and HF.46,47 HF reacts with Li2CO3, diminishing the
amount of Li2CO3. Moreover, HF interacts with oxide-
containing Si species (e.g., SiO2), generating additional water
that could further instigate the hydrolysis of LiPF6.17 Addition-
ally, side reactions between HF and Si incapacitate the active
anode material as demonstrated by Ha et al., where a mere
50 ppm of water can trigger a domino effect of pitting reactions
on Si wafers.48 Therefore, the Si degradation plays an important
role in the irreversible capacity loss, which could deliver a lower
stability than Gr. Independent of the aging and overlithiation
conditions, lithiated Si/Gr electrodes exhibit a reduced preva-
lence of LiF and LixPOyFz in contrast to their delithiated coun-
terparts (Fig. S9A–C†). Delithiated Si/Gr-OL-0% electrodes show
a more signicant accumulation of LiF and LixPOyFz compared
to Si/Gr-OL-20% electrodes. The morphological SEM images
reveal that although the lithiated Si/Gr electrode appears
roughened, its surface integrity is preserved aer calendar
aging (Fig. 4D and E). In contrast, the SEM images show
17984 | Chem. Sci., 2024, 15, 17979–17987
substantial cracking on delithiated Si/Gr electrodes, with aging
treatment exacerbating the damage (Fig. S9D and E†). The
decomposition of the electrolyte and the ensuing morpholog-
ical evolution contribute to the increased interface impedance
(Fig. S10†).

The Li+ ion diffusion is inherently connected to the electro-
chemical performance, and this relationship is particularly
crucial when evaluating the inuence of overlithiation on the Si/
Gr electrode. The GITT technique sheds light on the kinetic
properties of the Si/Gr electrode (Fig. 5A).49,50 No signicant
uctuations are observed in either the apparent diffusion
coefficient (D) of Li+ ions or the overpotential for Si/Gr-OL-0%
and Si/Gr-OL-20% electrodes throughout the lithiation process
(Fig. 5B). During the delithiation process, within the voltage
span of 0.2–0.4 V, the Si/Gr-OL-0% electrode presents a higher
overpotential and reduced D values compared to the Si/Gr-OL-
20% electrode (Fig. 5C). Moreover, the Si/Gr-OL-20% electrode
exhibits an augmented hysteresis voltage in the 50–100% state
of discharge (SOD) region, which can be ascribed to the
enhanced formation of c-Li15Si4.29 For a more detailed under-
standing of Li+ ion diffusion, CV tests were conducted. The
current peak at∼0.03 V is assigned to the Li stripping. Peaks A1,
A2, C1, and C2 are associated with the intercalation and dein-
tercalation of Gr, and peaks A3, A4, C3, and C4 are indicative of
the alloying and dealloying processes of Si (Fig. 5D). The C4
peak at ∼0.4 V is a signature of the c-Li15Si4 dealloying reac-
tion,32,33 with a notable amplication in peak intensity sug-
gesting the high utilization ratio of Si. These peak currents are
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05632a


Fig. 5 Kinetic measurement of Si/Gr-OL-0% and Si/Gr-OL-20% electrodes. (A) Voltage response versus SOD in GITT tests; inset details the
relationship of hysteresis voltage and SOD. Overpotential andD during (B) lithiation and (C) delithiation processes. (D) CV profiles of Si/Gr-OL-0%
and Si/Gr-OL-20% electrodes. (E) Corresponding anodic peaks (A1, A2, A3, and A4) and (F) cathodic peaks (C1, C2, C3, and C4) with respect to the
square root of the scan rate (v1/2).

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 4
:5

3:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
linearly proportional to the square root of the scan rate (v1/2)
(Fig. 5E and F). D can be quantied using the reaction ip = 2.69
× 105An3/2C0D

1/2v1/2,49–51 where ip refers to the peak current, A to
the electrode's area, n to the number of electrons involved in the
transfer, and C0 to the Li+ ion concentration. Given that these
parameters—A, n, and C0—are constants, D is determined from
the slope of ip versus v

1/2. Slopes for the Si/Gr-OL-0% and Si/Gr-
OL-20% electrodes are found to be remarkably consistent,
indicating that moderate overlithiation operation does not
impede the diffusion of Li+ ions. However, the unvarying D at
∼0.4 V inferred from the CV test diverges from the nding of the
GITT method. The GITT is found to be less suitable for deter-
mining D in a region where two distinct phases coexist.52 The
simultaneous existence of c-Li15Si4 and amorphous LixSi
compromises the accuracy of D at ∼0.4 V.
4. Conclusions

We have conducted a precise regulation of overlithiation
capacity (degrees) to scrutinize its inuence on a Si/Gr electrode
during cyclic operation and calendar aging. A regulated over-
lithiation degree signicantly enhances reversible capacity and
cycling stability, whereas an excessive overlithiation degree
could cause uncontrollable Li plating and the instability of the
electrode. The increased reversible capacity of the Si/Gr-OL-20%
electrode (788 mA h g−1 aer 100 cycles) originates from the
precisely managed Li deposition, the increased electrochemical
© 2024 The Author(s). Published by the Royal Society of Chemistry
utilization of Si and Gr above 0 V, and the continuous alloying/
intercalation reaction below 0 V. Aer calendar aging, the fully
lithiated Si/Gr-OL-20% electrode demonstrates enhanced
capacity retention relative to the Si/Gr-OL-0% electrode. The
capacity decay in lithiated electrodes comprises reversible and
irreversible components. The permanent capacity loss is
primarily attributable to the deactivation of Si particles.
Furthermore, kinetic analysis reveals an accelerated Li+ ion
transport capability within the voltage range of 0.2–0.4 V during
the delithiation of the Si/Gr-OL-20% electrode. The additional
alloying reaction amplies the formation of c-Li15Si4 and
broadens the hysteresis voltage between lithiation and deli-
thiation. This exhaustive research meticulously elucidates the
intricate mechanisms of Si/Gr electrodes under operational and
calendar aging conditions, establishing a foundation for their
further renement and paving the way for bolstering the elec-
trochemical functionality.
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