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ABSTRACT
Silicon suboxide (SiOx) is one of the promising anode materials for the next-generation lithium-ion batteries. However, SiOx has a severe
capacity fading problem during cycling. It is thus desired to investigate the detailed fading mechanisms of SiOx anode materials. In this study,
limited capacity cycling was employed to examine the electrochemical behaviors of the SiOx anode, and the lithiation/delithiation cycling was
limited within a range of 10% theoretical capacity. This strategy minimizes the volume variation of SiOx materials upon charging/discharging,
which helps to reveal their decay factors other than volume fluctuation. It is demonstrated that the instability of the SiOx surface during cycling
was likely a parallel factor of active material fading, which seems to cause unfavored electrode interface rearrangements with lowered electric
conductivity.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0077036

I. INTRODUCTION

Lithium-ion batteries (LIBs) have been extensively applied in
daily electronics and electric vehicles (EVs) due to their good opera-
tional stability as well as high energy densities.1–4 The rapid increase
of energy storage demands has motivated a lot of research tar-
geting novel battery systems, such as lithium–sulfur batteries5–8

and lithium–air batteries.9,10 However, on the other hand, next-
generation LIBs with enhanced energy densities enabled by high-
capacity active materials are still promising candidates.11,12 In par-
ticular, silicon (Si) is a competitive anode material for LIBs because
it theoretically has over ten-fold capacity (∼4200 mAh/g) as that
of widely used graphite anode materials (∼370 mAh/g).13,14 Nev-
ertheless, the practical deployment of Si anodes is still confronted
with critical challenges, such as severe volume swelling (∼300%)
and unstable solid electrolyte interphase (SEI) during repetitive
lithiation–delithiation cycles that could readily result in rapid capac-
ity fading.12,15 Researchers have developed nanostructured materi-
als and composite materials for Si-based anodes, which delivered

improved electrochemical performance.16,17 However, the prob-
lems of large volume change, unstable SEI, and consumption of
lithium still hinder the large-scale utilization of Si anodes.3 Sili-
con suboxides (SiOx, x < 2) are a class of alternative silicon anode
materials that have attracted wide research interest. The key advan-
tage of SiOx anode materials is their relatively improved cycling
stability in comparison to silicon anodes, which benefits from the
irreversible formation of lithium oxide and lithium silicate dur-
ing initial lithiation that could serve as a volume buffer matrix for
the active materials in subsequent electrochemical reactions.3,18,19

Despite these positive factors, SiOx would still experience a vol-
ume expansion of 100%–150% upon electrochemical lithiation.20,21

In addition, SiOx also has a similar capacity fading issue to that of Si
materials.18 The possible causes include particle pulverization, repet-
itive SEI growth, volume change during full-depth charge/discharge,
and loss of electric contact between active materials and the current
collector.22–26

Si-based anodes face a common problem of unstable inter-
face during charge–discharge cycling.3 Considerable research effort
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has been made to enhance silicon electrode surface properties. For
example, fluoroethylene carbonate (FEC) additive has been widely
employed to improve the performance of Si-based electrodes.27–31

The FEC additive generally promotes the generation of a uniform
and stable SEI layer to suppress continuous electrolyte decomposi-
tion at the electrode surface. However, on the other hand, there have
also been reports showing higher cell performance with non-FEC
electrolytes.3,32 To demonstrate the differences in electrode surface
properties, long-term cycling is often performed,33–35 which is time-
consuming. To make it worse, the fading of Si-based electrodes could
depend on a series of factors, with the dramatic volume changes very
possibly playing the major role.36–38 Thus, it is challenging to indi-
vidually investigate the impact of Si surface evolution or to evaluate
the effectiveness of a given electrode interface improvement strategy.
Due to the chemical complexity of battery systems, it is desirable
to develop specialized analytical approaches for characterization
of battery electrochemistry.39–43 In this study, the electrochemical
behavior of SiOx electrodes was investigated with limited capac-
ity cycling (lithiation–delithiation within 10% theoretical capacity).
Such a cycling protocol could reduce the 100%–150% volume expan-
sion of SiOx to roughly 10%–15% level, which is comparable to
that of graphite44 at about 13%. With the volume expansion fac-
tor largely eliminated, the contribution of silicon interface evolution
in electrode fading was demonstrated. Electrochemical impedance
spectroscopy (EIS)45 is a powerful technique in LIB studies to inves-
tigate SEI statuses, insertion/de-insertion reactions, and diffusion
behaviors. The evolution of SiOx anodes was characterized by EIS
as well as morphology measurements. The limited capacity cycling
proves to be a facile testing strategy to investigate silicon electrode
decay factors other than volume expansion.

II. MATERIALS AND METHODS
A. Materials

Styrene-butadiene rubber (SBR) emulsion (JSR TRD105A,
40.7 wt. %) was obtained from JSR Corporation, Japan. Car-
boxymethyl cellulose sodium salt (CMC, Mw 250000, D. S. 0.90)
was obtained from Aldrich. TIMCAL SUPER C65 was used as a
conductive carbon agent. Micrometer-sized SiOx was obtained from
Bosch. The LiNi0.5Mn0.3Co0.2O2 (NMC532) cathode was provided
by Argonne National Laboratory (ANL).

B. Electrode preparation
The electrode preparation followed the strategy in a previous

report46 and is briefly summarized as follows. Pre-mixing of SiOx,
C65, and CMC was performed with ball milling in water for 6 h.
After addition of SBR, the mixture was further ball-milled overnight.
Then, the slurry was cast onto copper foil to make the electrode
film (compressed to 40 μm thickness) with a final composition of
SiOx/C65/CMC/SBR (80/10/5/5, w/w).

C. Cell testing
Cells of silicon electrodes were assembled in an argon-filled

glovebox with 2325 coin cells and 1.2M LiPF6 ethylene carbon-
ate:diethyl carbonate (EC:DEC, 1:2 w/w) electrolyte (Li foil or
NMC532 counter electrodes). The coin cell performance was eval-
uated in a thermal chamber at 30 ○C with a Maccor Battery Test

System. Electrochemical impedance spectroscopy (EIS) was per-
formed in EC-Lab with frequencies ranging from 20 kHz to 10 mHz,
and the perturbation signal was 10 mV. Morphology characteriza-
tion of electrodes was performed with a JSM-7500F (JOEL Ltd.)
scanning electron microscope (SEM). Before-cycling SEM data were
obtained previously.47

III. RESULTS AND DISCUSSION
A. Half cell performance with limited capacity cycling

First, limited capacity cycling was applied to the SiOx electrode
in half cell testing. The initial cycle was carried out with full lithia-
tion followed by delithiation to 40% theory capacity. The subsequent
cycles underwent repetitive lithiation/delithiation within the range
of 10% theory capacity at the rate of 1 C (1.3 A/g), and the cycling
capacities are presented in Fig. 1. The voltage changes of the half cell
during cycling are shown in Fig. 2. The gap between the high voltage
and low voltage could serve as an indicator for the cell status. It can
be observed that the gap between the high voltage and low voltage
was expanding during cycling. In particular, the high voltage initially
increased slowly from the starting point to around 230 h, corre-
sponding to nearly 450 cycles; then, the high voltage quickly climbed
above 1.5 V (hitting the high voltage limit of the cycling protocol),
which implies that the cell could no longer cycle properly. That is to
say, the cell has decayed to a failure point after about 450 cycles of
limited capacity cycling (10% capacity lithiation/delithiation).

B. Full cell performance with limited capacity cycling
In half cells, the lithium counter electrodes may also decay

during cycling, which could be challenging to distinguish from the
fading of the silicon electrodes. Therefore, further studies are needed
to verify the role of silicon electrode degrading. To pursue this goal,
a commercially available and stable cathode, NMC532, was used
to fabricate full cells. The formation cycles were carried out with
charge–discharge at C/25 rate (1 C = 1.3 A/g) for 4 cycles. Then,
the cell was charged to 50% theory capacity, followed by 10% the-
ory capacity discharge–charge cycling under 1 C rate. The potential
limiting window was 2.8–4.0 V vs Li/Li+. The cycling capacities

FIG. 1. The cycling capacities of the SiOx half cell. The inset demonstrates the
charge/discharge capacities during the initial cycles.
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FIG. 2. The voltage changes of the SiOx half cell during cycling. The inset
demonstrates the voltage profile during the initial hours.

are presented in Fig. 3, and the voltage changes during 10% capac-
ity cycling are shown in Fig. 4 (Fig. 4 starts with the fifth cycle,
namely, after the formation cycles). Similar to the case of the half
cell, the trend of high voltage and low voltage could also illustrate
the properties of the electrodes during cycling. Figure 4 demon-
strates an expanding gap between the high voltage and low voltage
during cycling, indicating gradual fading of the cell. To be more spe-
cific, during the course of 215 h cycling, the high voltage decreased
slowly from 3.75 to 3.68 V, and the low voltage decreased faster from
around 3.4 to 3.2 V. These results indicated that the cathode main-
tained its stability during cycling while the anode clearly experienced
outstanding performance fading.

C. Impedance of SiOx full cell during cycling
The voltage profile during cycling is a convenient marker to

identify cell decay, and additional characterization is demanded
to reveal the fading mechanism of the cell. Generally, continu-
ous SEI reactions associated with severe volume changes during

FIG. 3. The cycling capacities of the SiOx full cell. The inset demonstrates the
charge/discharge capacities during the initial cycles.

FIG. 4. The voltage changes of the SiOx full cell during cycling. The inset
demonstrates the voltage profile during the initial hours.

charge–discharge cycling are considered the major causes for fad-
ing of SiOx anodes.3 In this study, the anodes only underwent
discharge–charge cycling over a limited range of 10% theoretical
capacity, during the process of which the volume change would
be non-outstanding (comparable to that of graphite) and the SEI
would not be significantly disturbed by SiOx volume fluctuation.
However, the expanding gaps between the high voltages and the low
voltages in both half cell and full cell clearly demonstrated grad-
ual degrading of the SiOx electrodes during the limited capacity
cycling.

EIS was employed to further investigate the fading mechanism.
For the EIS measurement, the full cell was processed identically as
that for cycling (four formation cycles at C/25), and the impedance
was measured every 20 cycles at 40% theory capacity (discharged
state) during repeated 10% capacity cycling at 1 C rate. The measure-
ments were sequentially labeled as Ipd1 through Ipd10. As shown in
Fig. 5, for each curve, two semicircles and a straight line were clearly
observed in the Nyquist plot, and the equivalent circuit diagram48,49

is provided. The components of the circuit are explained as fol-
lows. The bulk resistance Rb is contributed by cell parts, such as
electrodes, electrolyte, and current collectors; the Ohmic resistance
of the surface layer, namely, Rsl, corresponds to the resistance of
SEI; Rct reflects the charge transfer resistance of electrode reactions;
Warburg impedance (ZW) is associated with the lithium diffusion
in the electrode. The two semicircles located in the high-frequency
and middle-frequency ranges are attributed to lithium-ion trans-
portation in the SEI film (Rsl) and the charge transfer resistance at
amorphous silicon domains (Rct), respectively, and the straight line
at the low frequency is generated by lithium diffusion in the particles,
namely, Warburg impedance (ZW). There is no significant change in
the semicircle radius at the high frequency in the EIS spectra shown
in Fig. 5. It can be deduced that the SEI remained stable during the
cycling. There is also no significant change in the straight line at the
low frequency, which indicates that the diffusion resistance in the
particles remained steady during cycling. It is obvious that the radius
of the semicircle at the medium frequency continuously becomes
larger from Ipd1 to Ipd10, which indicates that the charge-transfer
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FIG. 5. Electrochemical impedance spectroscopy of the SiOx full cell during cycling
(insets show the equivalent circuit diagram and expanded spectra in the high
frequency range).

resistance at amorphous Si domains became higher and higher dur-
ing cycling. In other words, the electrical conductivity of the anodes
became worse during cycling. Further discussions are provided in
Sec. III D in combination with morphology characterization of the
electrode.

D. Surface morphology of SiOx anodes
To provide additional information regarding the SiOx material

evolution during cycling, morphology measurements were carried
out. SEM analysis was employed to examine the microstructure of

the SiOx electrode before and after cycling in the full cell to further
demonstrate the fading process of the anode. Figures 6(a) and 6(b) vs
Figs. 6(d) and 6(e) illustrate that the anode surface does not present
noticeable cracks after cycling, and the smooth anode film (before
cycling) only turned slightly roughened (after cycling). In addi-
tion, the SiOx particles have sharp edges prior to cycling [Fig. 6(c)],
while the particle edges are rounder and the particle surfaces present
minor fuzziness after cycling [Fig. 6(f)]. These are typical contrasts of
the silicon anode before and after cycling, although the changes here
are relatively minor compared to silicon anodes cycled in full capac-
ity depth.46 These observations demonstrate that the limited volume
expansion during 10% capacity cycling did not lead to apparent
damages of the electrode, which verified the effectiveness of the lim-
ited capacity cycling strategy to avoid the extensive volume changes
of SiOx materials.

In addition to the morphology changes of the particle sur-
faces, the conductive additive distribution was also different after
cycling. There were fewer conductive agents on the active materi-
als after cycling than before cycling [Figs. 6(c) and 6(f)]. Such an
observation demonstrates that the electric conductivity of the anode
decreased upon cycling, which agrees with the EIS results (Fig. 5).
It is very likely that the loss of electric contact between active par-
ticles was one of the key factors causing SiOx anode fading. Since
the SiOx particles did not undergo significant volume variation dur-
ing the 10% capacity charge/discharge, the evolution of the SiOx
particle surfaces was largely associated with their intrinsic prop-
erties. The results revealed that the instability of the SiOx surface
likely led to unfavored rearrangements of the interface, which was
a cause for anode fading. This fading factor of SiOx active mate-
rials was investigated separately here from the volume variation
factor and has been confirmed individually. It can explain for the
higher charge transfer resistance on the anode side after cycling as
observed in Fig. 5. It is worth briefly noting that a series of solutions
have been proposed to address the silicon interface instability issue,
such as surface decoration to reduce electrolyte contact with silicon
particles,50,51 nanostructured coating at the Si surface to increase

FIG. 6. SEM images of the SiOx anode before and after cycling (full cell). (a)–(c) Images of the SiOx anode before cycling. (d)–(f) Images of the SiOx anode after cycling.
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conductivity,52,53 and robust artificial SEI to protect the silicon
interface.54

IV. CONCLUSION
This work demonstrates a simple and effective approach for

investigating the SiOx anode fading mechanism under the condi-
tion of suppressed volume expansion of the active materials. It was
realized by limiting the cell lithiation–delithiation cycles within the
range of only 10% theoretical capacity of the active materials (lim-
ited capacity cycling). Such a strategy could minimize the volume
change of silicon materials and thus allow identification of paral-
lel fading factors of SiOx anodes other than volume fluctuation. The
behaviors of SiOx anodes were examined in both half cell and full cell
setups. The voltage profiles of the cells showed gradually expand-
ing gaps between the high voltages and low voltages, which served
as indicators of the cell condition and reflected the fading of SiOx
electrodes. The precise causes for the decay of active materials with-
out undergoing large volume changes were further investigated by
impedance and morphology measurements. The impedance spectra
showed that the charge transfer resistance presented a continuously
increasing trend during limited capacity cycling. The morphology
comparison of the electrode before and after cycling supported the
above observation, where the surfaces of the particles were found to
be rougher after cycling with reduced coverage of conductive carbon
agents. The limited capacity cycling strategy excluded the volume
variation factor of SiOx materials and revealed that the intrinsically
unstable interfaces of the active materials could present unfavored
evolution during cycling processes, which is likely one of the factors
causing SiOx anode fading.
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