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SiO Anodes for Li-ion Batteries
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The use of @fli onoxide (SiO) as an anode material has attracted significant interest due to its

aNUS

high capacit{'a ng cycling life. Many promising approaches, including structural design and
carbon at high temperatures, effectively improve its intrinsic low electrical conductivity and

poor coulo iciency. However, the “heat-treatment process - composition and microstructure

M

- electr operties” relationship of the SiO anode is not fundamentally understood. Here

the structure and composition evolution in amorphous SiO and graphene-coated SiO is investigated

[

using diffe

technique @

lithiation preee upplemented by physical or chemical characterization and electrochemical

treatment conditions. The X-ray Absorption Near-Edge Structure (XANES)

employed to analyze the surface and bulk composition change during the initial

testing. Th reveal the structural transition of SiO during heat treatment, from amorphous to

n

disprop ierarchical structure, where the as-formed dielectric exterior SiO, shell and

interior

{

severely polarizes electrodes, hindering the lithiation process. Carbon coating on

SiO effecti icts the growth of the SiO, shell and facilitates charge transfer, leading to

U

improved emical performance. Eventually, a schematic model is proposed to reveal the
relationshi en the treatments, the resultant structural evolutions, and corresponding

electroc behaviors.

A

This is the author manuscript accepted for publication and has undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1002/aenm.202200127.

This article is protected by copyright. All rights reserved.

'.) Check for updates


https://doi.org/10.1002/aenm.202200127
https://doi.org/10.1002/aenm.202200127
https://doi.org/10.1002/aenm.202200127
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202200127&domain=pdf&date_stamp=2022-03-21

WILEY-VCH

1. Introduction

Silicon-based materials (e,g., Si and SiO) are expected to replace graphite (372 mAh g') to increase
the eneW of Li-ion batteries (LIBs) owing to their high specific capacity (4200 mAh g* for
Si).[” Howe high capacity is offset by its significant volume expansion (~ 400%) during
lithiation, @izes its particles, causing the Si particles to lose contact with electrodes.”” The
side reaetiomssieeiween Si and electrolytes form the solid-electrolyte interface (SEI), which is

unstable d

[

ithiation/delithiation cycles and consumes the electrolyte continuously, resulting in
a thick SEl miorated Li* transport. These problems contribute to low cycling efficiency and
a,

rapid capa

3)
Silicon momO) possesses a compromised theoretical capacity of ~ 2400 mAh g™, with a
o

much smal e expansion (~ 200%), making it more practical for LIBs when compared to Si
alone;" howeverdan accurate structural model of the SiO materials remains controversial after
decades o ental and theoretical efforts.” Two structural models, the random-mixture (RM)
and randoﬂg (RB) were proposed to address SiO’s composition and valence distribution.”
The RM m s

Si,”® while model posits that silicon exists with the valence of 0 to+4 randomly connecting the

that SiO exists as a stoichiometric mixture of amorphous SiO, and amorphous

oxygen ato ecent study indicates that Si nanoclusters (Si°) are surrounded by an amorphous

SiO, m . Some silicon exists with valences of +1, +2, and +3 in their interfacial regions.[w]
SiO’s uniqu sition and structure allow it to deliver greater cycling performance than Si
anodes. for that is the reaction between amorphous SiO, matrix and Li-ions in the initial

lithiation process, forming irreversible Li,O and Li silicates. Both can act as a buffer phase that

effectivelyg the significant volume change of the Si nanoclusters.™” However, the

irreversibl@s also account for a major capacity loss, corresponding to a low initial coulombic
efficiency ( s a result, SiO anodes show faster capacity failure than the commercial graphite
anodes,thﬂch slower than Si anode. Other failure mechanisms include the intrinsic inferior
electric imity, the electrical isolation effect caused by volume changes during cycling,™ and
consideiHactions with electrolytes."™ Mitigation of those failure mechanisms is crucial for
the comm on of SiO in LIBs.!™

Some appr ncluding conductive coating,™™ structural design,'*”! and chemical etching,™

have been ed to improve the electrochemical performance of SiO anode. These approaches
heat treatment process to calcinate the SiO-related precursors. However, up to
date the impact of heat treatments on the SiO microstructure is not fully studied probably due to its

thermal instability. Heat treatment can expedite the disproportionation reaction of sio: ™!
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25i0 > Si + Si0,

Higher temperatures (>800 °( and longer heating times can accelerate this reaction and promote the

Siand Si paration, which is indicated by the increased nanocluster size and crystallinity of
the Si phas & Intensive studies on SiO have demonstrated that the Si and SiO, phase growth
and separa ignificantly impact its electrochemical performance.”2%! For instance, the

electrical resistamee of the disproportionated SiO materials (D-SiO) increases as the dielectric SiO,
matrix phaWes denser.'” As a result, D-SiO becomes inert during lithiation.*® However,
there are stijfsoMig unsolved questions on this matter. 1) How does the surface composition and
structure o i® anode particles change during heat treatment? Reports were focused on its bulk
propertiest the surface, which plays a crucial role in the electrochemical behaviors,
including S rrdation, initial lithiation, and charge transfer resistance. The overpotential that
appeared in the IMgial lithiation of D-SiO has not been thoroughly investigated yet.”** ?? 2) What is
the format anism of “Si nanowires” often observed during heat treatment?™® It reports “Si

nanowiresfiformed on the surface of SiO particles when heated from 900-1100 °Cand these

nanowires med conducive to the electrochemical performance of a SiO-based anode.

However, t t failed to provide a detailed analysis of its formation mechanism, synthetic

atmosphere®diStBution, and content.””® 3) How does carbon coating impact the composition and

microst e evolution of SiO materials during heat treatment? 4) How does the composition and
microstruct ution impact the electrochemical performance of SiO anodes? Several
researc estigated the impact of heat treatment on ICE and the cycling life of SiO anodes,

but their results are often contradictory.?>?*!

To shed a Ihwose fundamental questions, herein we present a systematic study on this
matter. Wmth investigating the effects of heat treatment and carbon coating processes on

the morph crostructure, and chemical composition of SiO by using a series of microanalysis

technizESEM, Raman, and XRD. Our work is focused on analyzing the dynamic evolution
of the Si i ases during the process. We further analyze and compare three anode particles,
namely “(P-Sio), D-SiO, and carbon-coated D-SiO (D-SiO@G), before and after cycling by

XANES tec i-K and Si L-edge), supplemented with battery cycling life and electrochemical

impedanc copy (EIS) testing. At last, we propose a SiO structural model to illustrate the

relationshi nthetic processes-microstructure-electrochemical behaviors”.
2. Resu iscussion
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Figure 1. aff) P @ 5 of crucibles with SiO powder after heat treatments. SEM images of g) The D-SiO
particles in the top red-brown substance (TRS), h) D-SiO particles under the TRS. i) EDX analysis spot
of the Sin

SiO). )

s, and j) Corresponding elemental content. k) SEM image of the pristine SiO (P-

erns of the P-SiO and D-SiO samples. m) SEM image of the D-SiO@G particles.

Figure 1a-f depicts the photos of the pristine SiO (P-SiO) and D-SiO samples after heat treatments
under a regericing atmosphere. The pristine P-SiO powder (Figure 1a) is brownish-black, similar to the
appearanc&)-sm samples prepared at lower temperatures (Figure 1b and 1c). The D-SiO

@ bles is covered with a thin topping of a reddish-brown substance (TRS) when

powder in

heated at 1 000*Cor 2 h and above (Figure 1d-1f), as indicated by the cross-section of the D-SiO-

are attac -Si0 particles in the TRS layer, while the bulk of the D-SiO powder under the TRS is

composed of D—SiSparticIes (Figure 1h) that are identical to the P-SiO particles (Figure 1k) with no

interparticle nanowires. The EDX elemental analysis (Figure 1j) reveals that the nanowires consist of

silicon n with atomic contents of 48.0 and 52.0% (Figure 1j), respectively. The atomic ratio

of silicon to (~ 1:1) indicates that the so-called “Si nanowires” are primarily SiO, formed by
the sublimation of SiO and the subsequent deposition of SiO vapor under high temperatures. These

Si nanowires should have a crystalline silicon core and an amorphous SiO, sheath structure, as
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indicated by previous reports.[ZS] The electrochemical improvements, if any, by the “Si nanowires”
would be restricted for their insulating structure (dielectric SiO, sheath), small quantity, and
IocalizeWn. It is worth noting that while under ultra-pure argon, which is one of the most
widely-use heres in research, a topping of white (instead of reddish-brown) nanowires in
the TRS Iay&rved. The white nanowires are composed of SiO, (Figure S2). Therefore we
suspectathesSimmam@\ires were oxidized by the trace oxygen in the high purity argon, which indicates
the Si nancme extremely reactive at a high temperature. After the topping was removed, all
the followig@ch terizations were focused on the bottom part. The color of the D-SiO powder
(Figure S3)u lighter with an increase of heating temperature and time, from the brownish-
black simil -SiO to brown when heated at 1000 °Gor 20 h. This observation implies that a
layer of theY8ht&@color substance is likely enriched on the SiO particle surface. During the high-

temperature treaS\ent, the SiO vapor consisting of (Si0), (n = 1) clusters would also deposit onto its
s

surroundin urfaces in addition to the formation of Si nanowires. Higher binding energy and
lower surfd€e strain are the driving forces of a stable configuration as calculated by the density-
functional Y Which makes it energetically favorable for oxygen atoms to migrate from the core
to surface, he structural transition:!**> %! An exterior SiO, shell forms on the surface of D-SiO
particles, while Si phase remains in the core, making the color of D-SiO powder lighter.

Anothe quence of the heat treatment process is the evolution of the XRD patterns (Figure 11).
P-SiO exhibij D pattern with a bump peak (15-30°). D-Si0-800-2 shows a similar XRD pattern
as P-Siq; hat no apparent disproportionation reaction happens when heated at 800 °Gor

2 h. Several peaks belonging to crystalline Si appear, become sharper and more intense as the

temperatuhating time increase, while a broad peak (18 — 25°) attributed to amorphous SiO,

is also sepa ﬂ om the SiO bump peak.”?”
The effect Ofilaegéarbon coating on the SiO morphology evolution during the heat treatment process

was also i d. We used humic acid as the carbon source to create a conductive and resilient
nano-g ing during the heat treatment process.”® The synthesized D-SiO@G composites
(Figure H a similar particle size to P-SiO but with a rounded-edge shape because of the
graphene portantly, no Si nanowire is found from the powder. The D-SiO@G particles

etched wit solution for 3 h (Figure S4) exhibit a thin and intact graphene coating,

encapsulatj residual unetched D-SiO particles. The coating accounts for 9.1 wt% of the D-
SIO@G not change the XRD patterns (Figure S5) compared to the D-SiO materials.
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Figure 2. Tges of a) P-Si0, b) D-5i0-1000-8, and c) D-SIO@G-1000-8. XPS spectra of Si 2p and
their corre

fitting peaks for d) P-SiO, e) D-SiO-1000-8, and f) D-SiO@G-1000-8.
High-resolmsmission electron microscopy (HRTEM) was performed to inspect the SiO's
o

and microstructure changes during the heat treatment and graphene coating

surface co

processt able lattice fringes belonging to Si nanoclusters are enclosed by the amorphous

matrix, repr by white dashed circles in Figures 2a, b, and c. The HRTEM image of P-SiO

(Figure a swarm of Si nanoclusters a few nanometers in size randomly distributed in the

amorphous SiO, matrix in the radial direction of the particle."*” The HRTEM image of a D-5i0-1000-8

particle (Fihindicates that no Si nanoclusters can be found near the particle surface except

for a thick @us SiO, shell (~ 20 nm) because of heat treatment. The Si nanoclusters are fewer
[

but larger mpared to P-5i0. %** The HRTEM image of a D-SiO@G-1000-8 particle (Figure

2c) reveals noclusters similar in size to D-Si0-1000-8, however, possess a much thinner
amorp)—ﬂll (5 nm). The surface difference can be attributed to the intact graphene
coating,“s the sublimation and subsequent deposition of SiO and hinders oxygen
migration core to the surface effectively, resulting in a thinner SiO, shell and the absence of
Si nanowiresgi arbon-coated samples. The TEM observations are also supported by X-ray
photoelectr roscopy (XPS) results. The Si 2p peaks in all P-SiO spectra (Figure 2d), D-SiO-
1000-8 Qnd D-SiO@G-1000-8 (Figure 2f) can be fitted with five subpeaks corresponding
to Si° (Si nanocluster), Si**, Si**, Si**, and Si** (SiO, matrix). The considerable Si and SiO, subpeaks in

the P-SiO spectrum indicate prevalent Si nanoclusters and SiO, phases on the P-SiO particle surface,
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which agree well with the TEM results. Intermediate valence (Si**, Si**, Si**) subpeaks experience

considerable shrink from P-SiO to D-SiO-1000-8 due to the heat treatment process, since these

valenceMionate into Si° and Si**, forming larger Si nanoclusters and denser SiO, matrices;

however, t

suffers sig

bpeak in D-Si0-1000-8 does not increase accordingly with the Si**

peak but

tion, which should be attributed to the cover of the exterior SiO, shell since

the XPSmnyshasmamdetective depth of a few nanometers for solid materials. The intact graphene
coating of W@G-IOOO—S composite (Figure 2f) leads to a very weak Si 2p peak, in which Si**

subpeak d(rina\ demonstrating the existence of the SiO, shell beneath the graphene coating.

o4
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Figure 3. a second charge-discharge curves of SiO after different heat treatments, and b)
the overpo f SiO samples. c) First and second charge-discharge curves of D-SiO@G.
We used h ell testing to further investigate the effect of the heat treatment and carbon

coating p he SiO electrochemical behavior. Figure 3a illustrates the charge-discharge
profiles nd second cycles of the P-SiO and D-SiO electrodes. P-SiO delivers the highest

dischar

f 2564.8 mAh g™ (Table 1) at a current density of 50 mA g™. D-SiO-800-2 delivers

a capacity 3Ah g") close to P-SiO since the heat treatment at 800°C for 2 h cannot make

substantial

to P-SiO. The initial discharge capacity decreases with an increase in
ating time, accompanied by a decline in the discharge plateau potential,

he overpotential of the electrodes increases drastically.”?” Figure 3b specifically

depicts the overpotential evolution of all SiO samples. As lithiation begins, the max-overpotential

point appears at the incipient stage of lithiation, at approximately 150 mAh g. Higher heating
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temperatures and longer heating times facilitate the formation of a thicker and denser SiO, shell,
making it more resistant to electrochemical reactions.” * The shell with high electrical resistance
and Iowwt acts as a barrier, preventing the migration of Li-ions through the surface of the
particles, ¢ e maximum resistance overpotential (orange arrow, Figure 3b). When the heat
treatment mj at 1000 °Gor 20 h, the exterior SiO, shell is thick enough to completely
preventuki-iomssfsemn passing through, making the lithiation potential drop to 0 V versus the counter

electrode

1

etal), which indicates that Li-ions begin to deposit on the surface of the D-SiO

particles, rw the capacity dive of D-Si0-1000-20. With lower heating temperatures or less

heating tim igi®ns can pass through the barrier and react with Si nanoclusters inside the D-SiO
particles, r ore capacity (> 150 mAh g, Figure 3b). The following lithiation process is also
accompani y ®e drop of the discharge plateau potential (blue arrow, Figure 3b), from 0.35 V for
P-SiO to 0. ORD-Si0-1000-8 at the capacity of ~300 mAh g™, indicating that the amorphous
interior Si also becomes denser and more inert at high temperatures, causing a new

resistance Serpotential. Another valuable finding was that once Li-ions react with the SiO, shells
and SiO, m S forming irreversible Li,O and Li silicates, which are conducive to charge transfer and
act as the d€c Li* transport in the following cycles.[“] As a result, no resistance overpotential

was observed s the second cycle of all samples (Figures 3a and 3c).

Table 1. iIscharge Capacity and ICE for P-SiO, D-SiO, and D-SiO@G samples.
Initial Cycle Initial Cycle
Sio Discharge Charge Efficiency D-Si0O@G samples Discharge Charge Efficiency

mAhg?)  (mAhg?) (%) (mAhg?)  (mAhg?) (%)

(
P-SIL 2564.8 1709.3 69.8

D-SiO-80 2461.2 1697.4 69.0 D-Si0O@G-800-2 2264.4 1733.1 76.5
D-Si0-9 2107.9 1287.9 61.1 D-Si0O@G-900-2 2124.2 1662.6 78.3

D-SiO-1000- 1992.1 1204.2 60.4 D-Si0O@G-1000-2 2044.0 1604.0 78.5

D—SiO—li—S 1968.9 1395.0 70.9 D-SiO@G-1000-8 1942.8 1533.4 78.9
D-Si 207.9 93.9 45.2 D-SiO@G-1000-20 1831.1 1452.8 79.3

Figure 3c dm effect of graphene coating on the charge-discharge behaviors of the D-SiO
i a

samples. D mples treated at higher temperatures and longer times also present a decrease

in initial dis Capacity, which is similar to the P-SiO and D-SiO samples; however, the sample D-

SIO@G- could overcome the overpotential barrier and deliver a considerable discharge
capacity (1831.1 mAh g™, while its uncoated counterpart D-Si0-1000-20 could not. This difference

should be attributed to the graphene coating that favors thinner SiO, shells and makes the D-SiO
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particles more conductive, which alleviates the overpotential and facilitates charge transfer.
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[16a, 30]

The graphene coating also significantly increases the ICE, as depicted in Table 1: D-SiO-800-2 has an

ICE of oWhile the ICE of D-SiO@G-800-2 significantly increased to 76.5%. With the

increase in temperature and time, the ICE further increases to 79.3% for D-SiO@G-1000-20.
Two reaso e: 1) the graphene coating prevents the side reactions between the

electrolyte mmelSi@imaterials, limiting the growth of the SEl film and leaving more Li-ions reversible,
and 2) a hiwperature and longer heating time make the SiO, domains denser and more
electrical r@limiting the formation of Li silicate, a well-known low Coulombic efficiency

byproduct!
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Figure 4. LANES spectra of (a) P-SiO, (b) D-Si0-1000-8, and (c) D-SiO@G-1000-8 electrodes

at a series of

electrodes\@t a series

of SolL.

j L-edge XANES spectra of (d) P-SiO, (e) D-Si0-1000-8, and (f) D-SiO@G-1000-8

X-ray AbsoFtion :rar—Edge Structure spectroscopy (XANES) as a powerful tool for analyzing the

PGM beamline of the Canadian Light Source. Figures 4a, b, and c reveal the Li-K edge XANES spectra

chemical cﬁon and distribution of electrode interface and bulk was conducted at the VLS-

of the P-SiO, D-Sj

lithiati

peaks can be a

63 eV), as indicated in the XANES library for lithium compounds.®” Li,O originates through two

routes: 1) the lithiation reaction of SiO, and 2) the decomposition product of two unstable SEI

This article is protected by copyright. All rights reserved.
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000-8, and D-SiO@G-1000-8 electrodes respectively as a function of the state of
%, 20%, 60%, and 100%) in the first lithiation (Figure S6). In the three graphs, three
ed to two compounds, LiF (peaks at ~ 62 eV and ~ 70 eV) and Li,O (~ 58 eV and ~
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components, Li,0, and Li,CO3, caused by the soft X-ray radiation during the XANES measurement.
Route 2 is trivial and neglectable in our testing due to limited X-ray exposure time (<10 min)./*%* 333
The Iowwcitation energy (50 eV- 75 eV) leads to an analysis depth of approximately 15 nm
(Figure S7a is ideal for analyzing the chemical composition of the SEl film formed in the initial
lithiation p@ree spectra (SoL 5%) in Figures 4a, b, and c had two peaks (~¥ 62V and ~ 70
eV) in the imitialdischarge (lithiation) process corresponding to a lithiation potential of 0.5V,
attributablm major characteristic component of SEI film."***! A new peak at ~58 eV appears
with an Solghcr from 5% to 100%, accompanied by the shift of the main peak from ~ 62 eV to ~
ut degree was in the order: P-SiO > D-SiO-1000-8 > D-SiO@G-1000-8, as indicated
by the oram (Figure 4a-c). With the Sol of 100%, the main peak in P-SiO had the largest shift,
indicating t i,@0overtake LiF on the particle surface, while the D-SiO@G-1000-8 peak has no
apparent smating LiF remains dominant along with Li,O. In other words, the latter has a more

63 eV. The

stable surf ical composition. Since the analysis depth of the Li-K edge is greatly overlapped
with the t ness of the SEl film formed in the initial lithiation, it is safe to conclude that the SEI film

formed on @G-1000-8 is more stable than the other two counterparts. Combining with the

initial Iithimharge) capacity data in Table 1, P-SiO (2564.8 mAh g*) delivered a capacity
h

30.3% hig -Si0-1000-8 (1968.9 mAh g*), we further infer that the accompanied severe
volume e from the high capacity of P-SiO breaks the as-formed SEI, leaving more Li,O in
lithiated Si d and then detected.?

Figure e, illustrates the Si-L edge XANES spectra of the P-SiO, D-SiO-1000-8, and D-

SiO@G-1000-8 electrodes with an initial SoL series of 5%, 20%, 60%, and 100%, respectively. The
peaks at 9Lch graph are associated with Si°, also referred to as Si nanoclusters, while those

from 104 — @ re attributable to Si**, also referred to as the SiO, phase.® Specifically speaking,
the first twround 105-106 eV can assign to Si3s, while the broad peak at 108 eV is Si3d
state.BsES exhibits the most intense Si peak due to the disproportionation of SiO, while
the Sip iID @G-1000-8 is slightly weaker due to carbon coating. It is also visible that D-
SiO@G-H lower Si3d state, which might reflect the Si-O-C interaction, and this is the key

electronic observation by XANES. The detection depth of the Si L-edge XANES spectra can

be 110 nm (Figure S7b), which is deep enough to gain the bulk information inside particles.
With the i of SoL in the initial lithiation process, Si reacts with Li-ions, forming Li,Si alloys;
while Si with Li-ions, and mainly forms Li,O and Li silicates, leading to the declination of all
peaks. All three electrodes show a gradual decrease of Si3d intensity along with lithiation which

might indicate that charge compensation involves Si3d state. The Si° peak of the P-SiO and D-SiO @G-

This article is protected by copyright. All rights reserved.
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1000-8 electrodes disappear when the Sol reaches 100%, while the D-SiO-1000-8 electrode still has
some residual. This observation indicates that some Si nanoclusters are not able to react with Li-ions
in D—SiOMesistance of the exterior SiO, shell and interior SiO, matrix, resulting in a
capacity lo sample D-SiO@G-1000-8, the graphene coating limits the growth of the SiO,
shell and rticles more conductive than D-SiO-1000-8, leading to a higher lithiation

degree jiihemeweilution of the surface and bulk composition revealed by the XAENS analysis agrees

well with tMrochemical behaviors.

_uof @ e 24004 |y D SOmE8002
z D-Si0-800-2 Pt Speny

= b Ee D-SH0HEG-900-2
= 05002 s D-SIO@G-1000-2
z v D-5i0-1000.2 D-SHHDG-1000-8

D-5iG-1000-8

D-Si0-1000-20 D
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Figure 5. Cycli rformance of a) SiO and b) D-SIO@G samples (50 mA g for the first cycle, 200

cond and third cycles, and 1,000 mA g™ for the rest cycles). Cyclic voltammetry
curves (third cycles) for the c) SiO and d) D-SiO@G samples. Nyquist plots of the e) SiO and f) D-
SiO@G samples.
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The effect of the heat treatment and carbon coating on electrochemical performance is further
illustrated in Figure 5. P-SiO has the best cycling performance among SiO samples, delivering a
reversibM)f 1468.2 mAh g™ at 1000 mA g with a capacity retention of 51.2% after 150
cycles (Figu he cycling performance of D-SiO significantly deteriorates with an increase in
heating te&wd time. The Si nanoclusters inside the D-SiO particles cannot react with Li-
ions when heatstmeated at 1000 °Gor 20 h due to the impenetrable exterior SiO, shell, resulting in a
limited revaacity of 45.6 mAh g™ at 1000 mA g™. In contrast, D-SiO samples with carbon

coating teme improved cycling performance (Figure 5b). D-SiO@G-1000-20 has the best

cycling per e with a reversible capacity of 1223.2 mAh g and capacity retention of 84.2%
after 200 cms improvement can be explained by two reasons: 1) the carbon coating prevents
n

the side re etween D-SiO particles and the electrolyte, facilitating durable cycling,*” and 2)

the heat treatme5process increases the density and resistivity of the SiO, phase,”™ making Li-ion
) a

transport nd resulting in a lower capacity accompanied by a smaller volume change during
cycling, w is conducive to a longer cycling life. A capacity increase can be detected from the
samples h d at 1000 °Gand some reports,”s] in the incipient tens of cycles (Figure 5b), which
can be attrm the additional lithiation of the unreacted SiO, phase and its embedded Si

nanocluste

The cyc ammetry (CV) of the SiO and D-SiO@G samples was performed at a scan rate of 0.1
mV S The fi le of the CV profiles for the SiO (Figure S8a) and D-SiO@G samples (Figure S8b)
indicat dic and cathodic currents drop significantly with the increase in heating

temperature and time due to the resistance of the as-formed dense and dielectric SiO, phase. The

values of thurrent for each sample increase in subsequent cycles as more silicon

participate ithiation and delithiation processes.® In the third CV cycle, the SiO (Figure 5a)
and D-SiO

to the I:Eio, while the oxidation peaks at 0.3-0.5 V can be attributed to the delithiation
proces amples have the smaller redox peak potential difference (AEp: ~ 0.53 V for D-

SIO@G H ~ 0.55 V for D-SiO samples), and larger redox currents than their corresponding

les (Figure 5b) exhibit reduction peaks in the range of 0.001-0.2 V corresponding

D-SiO samples, ating a faster and more intense redox reaction response due to the graphene

coating. T ts are also supported by the EIS results. The Nyquist plots for all SiO (Figure 5e)

and D-SiO ples (Figure 5f) possess one depressed semicircle in the high-frequency area
charge transfer and an inclined line in the low-frequency area associated with Li-
ion diffusion. The charge-transfer resistance for SiO samples increases when heat-treated at a higher

temperature and longer time. The D-SiO@G samples deliver a smaller charge-transfer resistance
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than the corresponding D-SiO samples for the same reason as the CV results: the graphene coating

and the subsequent reduced exterior SiO, shell facilitate electron transfer and Li-ion transport.

: a Si0 vapor
Cross-section 1 _ 2 f,f‘f ! 3 - f
@  Sinanocluster Si0; matrix i = -
@ LISl alloy Heat treatment o Higher temperaturei o & @ ‘n
—_ [} L%
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- = ger time L3 o -
Lithiated area . -
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Figure tic diagram of the relationship between the electrochemical behavior and the

composition a jcrostructure of SiO induced by heat treatments. The dashed line in each particle
denote tic boundary between the SiO, shell and SiO, matrix. b) Schematic diagram of D-
SiO materials in the initial lithiation process. c) Schematic diagram of the effect of graphene coating.
The particl!colors reflect the actual color change observed in the experiment. The dashed line

indicates thedewsndary between the surface and the bulk, corresponding to the boundaries labeled

in the HR- @ e in Figure 2. The yellow section in Figures 6a4, 6a5, and 6c depict the areas

where lithiati urs effectively.
We investigated the effect of the heat treatment and carbon coating processes on SiO composition
and micro;uctur'changes and explicated the relationships between their morphology and
electrochemi aviors. Here, we propose a schematic model in Figure 6 to establish the SiO
structure evolutio@during the heat treatment and carbon coating processes. P-SiO has Si

nanoclusters in thegsurrounding amorphous SiO, matrix, delivering considerable discharge capacity

SiO (Figure 6a gers disproportionation (Figures 6al->6a2), expediting the Si and SiO, phase
separation and forming a more inert and denser SiO, matrix and larger Si nanoclusters. High

temperature also sublimates a certain amount of SiO, generating SiO vapor, which partially deposits
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onto the top of the sample powder, forming Si nanowires, while a certain proportion condensed and
deposited onto the surface of the surrounding SiO particles where oxygen atoms tend to enrich
outwardm\ exterior layer of SiO, shell (Figure 6a2). The lithiation of D-SiO (Figure
6a2->6a5) i icient as evidenced by the XANES analysis and the capacity loss compared with P-
SiO becaus& phase, including both the exterior SiO, shell and interior SiO, matrix, has a
higher lighigtiomsemergy barrier and only partially participated in the lithiation reaction, and 2) the
SiO, shell owface hinders the lithiation of the Si phase since Li-ions must migrate through it

before reagiihg the interior Si nanoclusters (Figure 6b), causing the max overpotential (Figure
6b, orange urther lithiation of the interior Si nanoclusters is also hindered by the inert and
resistive inteti ,» matrix, resulting in decreased lithiation plateau potential (Figure 6b, blue
arrow) and reacted areas (Figure 6a5). When treated at a higher temperature and longer

time (Figu:ﬁaﬂ, the exterior SiO, shell becomes thick enough to prevent Li-ions from passing

through a a Li-deposit onto the D-SiO surface (Figure 6a3->6a6), resulting in a significant

capacity Ios. :Ee graphene coating process illustrated in Figure 6c significantly limited the growth of
2

the exterio Il by confining SiO sublimation at high temperatures, facilitating the charge
transfer thfou surface and preventing the side-reactions between SiO and the electrolyte,
leading to a‘thi and more stable SEl, higher ICE, and better cycling performance.

3. Conc

In summar tematically investigated the composition and structure evolution of amorphous
SiO un f heat and carbon coating treatments, as well as the resultant electrochemical

behaviors, including the initial lithiation profiles, ICEs, and cycling life. SEM and TEM results provide
direct evidLhe formation of Si nanowires, the exterior SiO, shell, and the interior SiO, matrix.

Electrocheg “ ting and XANES analysis indicate the as-formed dielectric SiO, phase severely
hinders theVitk

on process, polarizes electrodes, subsequently causes severe overpotential,

Ieadingﬂoss and deteriorated cycling life. While carbon coating on SiO effectively restricts

the gro O, shell, facilitating the alloy reactions of Li-ions and the interior Si nanoclusters,
accomp#table SEI. As a result, a higher ICE (79.3%) and improved cyclability (84.2% after
200 cycles) ved. Our findings resolve some of the long-standing questions on SiO,

meanwhil portant insights for the future design and application of SiO-based anode

materials.
4. Exper Section
D-SiO preparation: Disproportionated SiO (D-SiO) powder was prepared by sintering pristine SiO (P-

SiO, Dsp = 5 um, the atomic ratio of Si and O = 1:1, Alibaba) using a series of heat treatment
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processes (300 °Gor 2 h, and then at 800 °Gor 2 h, 900 °(or 2 h, 1,000 °Gor 2 h, 1,000 °Gor 8 h, and
1 000 °Gor 20 h) with a ramp rate of 5 °Gmin™ under a reducing atmosphere (10% H, with 90% Ar) in
a TFM2 Wbe furnace (Across International, USA). The obtained D-SiO samples were named
D-SiO-800- -900-2, D-Si0-1000-2, D-SiO-1000-8, and D-SiO-1000-20. Another series of
disproport&D—SiO) powder was prepared using the same heat treatment process except
under agpunesAmatmnosphere.

D-Sio@G jon: Humic acid, extracted and purified from North Dakota lignite according to our

[

previous reg®rts®yas used as the carbon source in the carbon coating process.”?® Humic acid (2.5 g)
and10go i wder were mixed in 100 mL of DI water, then 1 mL of ammonium (28% - 30%,

LabChem ) added dropwise into the mixture to dissolve the humic acid completely. This

S

slurry was edWigorously for 1 hour then spray dried (Spray Dryer TP-S15, Toption) with an inlet

temperature o °CThe powder was then sintered using the same heat treatment process as the

U

D-SiO prep " A series of D-SiO with graphene coating composites (D-SiO@G) were obtained

upon coolifig to room temperature. The obtained D-SiO@G composites were named D-SiO@G-800-

£

2, D-Sio@ " D-SiO@G-1000-2, D-SiO@G-1000-8, and D-SiO@G-1000-20.

Materials dfia jzation: Powder X-ray diffraction (XRD) profiles were collected using an X-ray

d

diffractometer rtlab, Rigaku) at an accelerating voltage of 40 kV, a tube current of 44 mA, and a
scanra min -~ from 10° to 80°. Field-emission transmission electron microscopy (FE-TEM, JEM-

2100F, JEO ) and field-emission scanning electron microscopy (FE-SEM, Quanta 650 FEG, FEIl)

i

were c nalyze particle morphology and microstructure. X-ray photoelectron
spectroscopy was conducted using a PHI 5600ci spectrometer equipped with a hemispherical

electron a

[

d a monochromatic Al Ka (1486.6 eV) radiation source. A carbon analyzer (TOC-

V, SHIMAD an SSM 5000A module was used to calculate the carbon content of the D-SIO@G

G

compositess

Electroche surements: Active materials, conductive agent (acetylene black), CMC

§

(Carbo lulose), and SBR (Styrene-Butadiene Rubber) with a mass ratio of 60:20:8:12

[

were mi

foil and dri

ter for 8 h to prepare the electrode paste. The paste was spread onto a copper

ight in a vacuum at 100 °CThe coated copper foil was punched into disks with a

U

diameter to create working electrodes, in company with lithium foil as the counter
electrodes iIPFg in EC/DMC/EMC (1/1/1 in wt%) with 10 wt% FEC as the electrolyte, and

Celgard mbrane as the separator to assemble CR2032 coin cells. Galvanostatic charge-

A

discharge testing between 0.001 V and 2.0 V (vs. Li/Li*) was performed with a battery testing system

(CT-4008, Neware Technology Limited, Shenzhen, China) at room temperature. In this work, the
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discharge process represented the lithiation process while the charge was delithiation. Cyclic

voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were conducted on a

potentich 1010E, Gamry Instruments, USA).

P-SiO, D-Si , and D-SiO@G-1000-8 electrodes with an initial status of lithiation (SoL) were
investigatemdge and Li K-edge X-ray Absorption Near-Edge Structure spectroscopy
(XANES)mat jsheavis§sP GM beamline of the Canadian Light Source, University of Saskatchewan.
Electrodesmin cells were first lithiated to a specific state of lithiation (SoL) then disassembled
and rinsed yftth tonitrile (>99.5%, Fisher Chemical) in a glovebox. The electrodes were dried in an
ultra-pure uphere, attached to the sample holders under an Ar atmosphere, then transferred
into the vammber of the beamline’s endstation. The XANES spectra were collected and
analyzed u aWicrochannel plate detector in the fluorescent yield mode (FLY).B? A high vacuum
(<1 X107 torr)was maintained in the experimental chamber during the test. The collected FLY

data were ed with the |y current, measured using a nickel mesh placed in front of the

sample. Th&€energy shift of the beamline was calibrated by the LiCl during the test. Please refer to

the refere tailed operation procedures.*?
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