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a b s t r a c t

Pulverization and surface instability have been identified as the main impediments to the application of
Si anodes in high-energy lithium-ion batteries (LIBs). In this study, a Si-graphitic carbon hybrid (SiG) is
created via embedding Si nanoparticles in between expanding graphite interlayers, thus to be adopted as
a model system to unravel structure-properties relations for LIBs applications. We explore the impact of
artificial surface coating layers on the lithium cycling performance of SiG particles. In comparison with
native SiG and carbon-coated SiG (CC-SiG), we find that the “sticky-carbon” coating, i.e., an epoxy-rich
layer on top of the carbon coating, gave rise to superior cycle performance. In the “sticky carbon”
coated SiG (SCC-SiG), the surface chemistry appears to have a pivotal role in both alleviating electrode
disintegration and forming a favorable SEI rich in fluorine-polymers. These positive findings are exam-
ined in electrodes with mass loading ranging from 1.0 to 5.0 mg/cm2, achieving area capacities up to ~5.0
mAh/cm2. A full cell adopting >6 mg/cm2 LiNi0.8Co0.1Mn0.1O2 (NCM811) cathode and SCC-SiG delivers
stable cycling performances. It is hence unraveled that the carbon coating layer with reactive surface
groups on the top is an unrecognized key for wide range of Si-based anodes.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Lithium-ion batteries LIBs with high energy density and long
cycle life have been regarded as essential components in systems
like electric vehicles, portable electronics, and stationary grid en-
ergy storage, etc. [1] Silicon (Si), as an inherent naturally abundance
element, has emerged as a promising anode material for LIBs for it
offers a high Li-storage capacity of ~3580 mAh/g (corresponding to
Li15Si4) and low working potential (0e0.4 V vs Li/Li). However, it is
now well established that the cycle-induced large volume expan-
sion (~300%) of Si is the main obstacle towards its commercial
application as the anode in LIBs. Such extensive cycle-induced
volume expansion of Si leads to electrode disintegration and solid
and Low-Carbon Technology
5, China.
electrolyte interphase (SEI) overgrowth which are themain culprits
for the capacity loss and shortened cycle life of LIBs [2e4].

Carbon coating, carbon host, etc., are often adopted structural
designs to ameliorate cycle-induced structure disintegration and
loss of electrical contact for anodes with large volume expansion
(e.g. Si, Sn, oxides, etc.) [5e8]. Graphene have shown promising
advantages for hosting Si due to their superior flexibility and con-
ductivity, making Si-graphene composite an appealing structure in
accessing desirable Li-storage reversibility [9e12]. Recently, in-
teractions between binder molecules and the active materials have
been drawing increasing attention [13e17]. For instance, it has
been shown that the hydro-oxygen groups in the binder polymers
like carboxymethyl cellulose (CMC), polyacrylic acid (PAA), alginate,
etc., can hydrogen bond with the Si surface to help to suppress the
cycle-induced particle pulverization [18e20]. However, these
hydro-oxygen groups are also reported to initiate a series of auto-
catalytic side reactions of electrolyte, giving rise to SEI build-up and
impedance increases [21e23]. These negative effects would be
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Fig. 1. The formation of a Si-graphitic carbon (SiG) hybrid with ideal host structure. (a) SEM micrographs and the corresponding EDS elemental maps of C and Si of one SiG,
highlighting the uniform distribution of SiNPs in the expanded graphene host. (b) High-resolution SEM image of SiG. (c) SEM micrograph and corresponding EDS elemental maps of
CC-SiG, depicting a uniform SieC hybrid particle. (d) High-resolution TEM lattice analysis of a CC-SiG, revealing the crystalline structure Si and graphitic carbon support. The Si
particle surface was covered with a layer of amorphous carbon. Insets: fast Fourier transform of the framed area. (A colour version of this figure can be viewed online.)

Z. Chen, L. Li, Z. Zhang et al. Carbon 184 (2021) 91e101
further amplified at elevated mass loading conditions, with the
accelerated gas formation and electrolyte consumption leading to
further meltdown of the cell [24]. To date, accessing stable Li cycle
performances of high area capacity Si anodes remains challenging.

Prior explorations point to the fact that the surface of the active
materials significantly affects many aspects of the electrochemical
process in LIBs. It is known that the interactions between the oxide
surface of Si/SieC particles and various binder molecules are
important in maintaining electrode structure against volume
expansion [3]. Moreover, the surface of silicon and/or carbon
directly interfere with the SEI formation so that direct contact of Si
with electrolyte is considered detrimental [25,26]. One may find
that the role of Si anode particle surface remains non-explicit, as
subtle influences from the surface might be masked by relatively
low electrode mass loading and excessive active Li supply from the
counter electrode. Up to date, mechanistic understanding towards
surface chemistry in affecting lithiation/de-lithiation process of
SieC composite particles remains ambiguous, and the design of
SieC hybrid's surface moieties beyond conventional carbon coating
is rarely explored. This may however be a critical factor for practical
battery applications.

Here we prepare a Si-graphitic carbon hybrid (SiG) with Si nano
particles (SiNPs) homogeneously embedded in between expanded
graphite inter-galleries via an in-situ chemical-expansion hybridi-
zation route. The expanded graphene layers offer superior
conductive andmechanical attributes as Si host. This SiG composite
was utilized as a model system to unravel the critical role of surface
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moieties in electrochemical Li-storage reversibility. Three typical
types of surface moieties were examined, i.e., native surface, sur-
face with carbon coatings, and with “sticky” carbon coatings. Epoxy
reactive groups were introduced onto the topmost layer of carbon
coating, creating the “sticky” carbon coating layer. The electro-
chemical behaviors of the surface-tuned materials were compared
and in-depth investigation on the SEI interface and post cycled
electrodes morphology were carried out. A profound synergy of
fluorine polymer-rich SEI and surface-binder chemical bondingwas
identified on the sticky carbon-coated surface. This positive effect
was examined in both high-area capacity half cell and full cell ar-
chitectures. XPS and SEM were applied to provide further funda-
mental insights into the mechanism of surface chemistry in
affecting electrode performances.
2. Experimental section

2.1. Materials

Silicon nanoparticles (~50 nm), graphite (1200 mesh), decane,
and [g-(2,3-epoxypropoxy)- propyl]-trimethoxy silane (g-EPS)
were used as-received from Aladdin Chemicals. Sulfuric acid,
oleum, n-decane, and ammonium persulfate were supplied by
Kelong Chemicals. Carboxymethyl cellulose sodium (CMC), poly-
acrylic acid (PAA), pitch, and carbon black (CB) were supplied by the
Canrd Group.



Fig. 2. (a) FTIR spectra of SiG, CC-SiG, and SCC-SiG, highlighting the elimination of hydro-oxygen groups from SiG to CC-SiG and introduction of epoxy groups from CC-SiG to SCC-
SiG; (bed) XPS C 1s spectra of SiG, CC-SiG, and SCC-SiG respectively, (eeg) Schematic illustration of the surface tuned SiG nanocomposite forming varying interactions with the
polymer binder molecules. (A colour version of this figure can be viewed online.)

Fig. 3. (a, b, c) Cyclic voltammetry curves of SCC-SiG(a), CC-SiG (b) and SiG(c), tested at 0.1 mV/s; (dei) Initial charge-discharge voltage profile (def) and cycling performances (gei)
of SCC-SiG, CC-SiG and SiG, active material mass loading ~5.0 mg/cm2; (j) Cycle performances of SCC-SiG with various mass loading levels. (A colour version of this figure can be
viewed online.)
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2.2. Synthesis

Liquid-based expansion-hybridization chemistry was employed
to expand the interlayer space of graphite that allows Si nano-
particles to flock in, creating a silicon-expanded graphite hybrid
with ideal uniformity. In a typical experiment, 98% H2SO4 and
Oleum were initially mixed in a volume ratio of 4:1 and cooled to
room temperature. 6 g of (NH4)2S2O8 was dissolved into 50 mL acid
mixture solution and stirred until the salt was completely dis-
solved. 0.3 g graphite and 0.3 g nano-silicon powder was firstly
hand mixed and then step-wise added into the solution. The
mixture was transferred to a 60 �C water bath and kept under
magnetic stirring overnight. After rinsing with deionized water and
centrifugation at the 10000 r.p.m to remove diluted acid, the final
product SiG material was obtained by freeze-drying.

Carbon coated SiG hybrid (CC-SiG) was synthesized by modi-
fying the SiG with a layer of carbon. In a typical experiment,
commercial pitch and SiG powder in a weight ratio of 1:10 were
dissolved in decane under magnetic stirring. Then the uniform
solution was transferred into a hot-water bath at 80 �C to allow
slow evaporation of decane inside the fume hood. After complete
drying, pitch coating on SiG powder was pyrolyzed in a tube
furnace under an argon atmosphere. The tube was initially heated
to 300 �C for 1 h with a heating rate of 10 �C/min and then further
ramped to 900 �Cwith a heating rate of 5 �C/min and held at 900 �C
for 3 h.

“Sticky” carbon-coated SiG hybrid (SCC-SiG) was prepared via a
wet-chemistry route where the surface coupling reaction between
g-EPS and CC-SiG was utilized to create a modified surface rich in
epoxy moieties. A glacial acetic acid ethanol/aqueous solution
(90 vol% ethanol) with a pH z 5.5 was first prepared as a buffer
solution. Then g-EPS was added into the solution in a volume
content of 2 vol%. The solution was activated by manual shaking at
room temperature for 2 min until a homogeneous solution was
obtained. SCC-SiGwas obtained bymixing 1.5mL activated solution
with 100 mg CC-SiG powder followed by heating at 80 �C for 1.5 h.

2.3. Analytical characterization

Fourier Transform infrared spectroscopy (FTIR) was performed
using a Thermo Scientific Nicolet 7600IR spectrometer. The
morphology and structure of the samples were analyzed by Field
Emission Scanning Electron Microscopy (FE-SEM, JSM-7500F
operated at 15 kV). SEM was equipped with an energy dispersive
spectrometer (EDS) mapping (X-Max Extreme, Oxford-
Instruments). Transmission electron microscopy was carried out
in Tecnai G2-F20, operating at 200 kV. TEM specimens were
fabricated by casting a drop of materials dispersion (in isopropanol)
onto a lacey carbon copper grid. X-ray photoelectron spectroscopy
(XPS) was carried out with ThermoFisher EScalab 250Xi with Al Ka
radiation. XPS Peak fitting was performed using Gaussian/Lor-
entzian peak shapes following subtraction of Shirley's background.
X-ray diffraction (XRD) was carried out in a DX2700 instrument
(Dandong Haoyuan with Cu Ka radiation). Thermogravimetric
analysis (TG) was carried out on Netzsch STA-449 F3 under N2 at-
mosphere adopting a heating rate of 10 �C/min.

2.4. Electrochemical Characterization

For slurry preparation, the electrode binders, carboxymethyl
cellulose (CMC), and polyacrylic acid (PAA) were pre-dispersed into
de-ionized water in a weight ratio of 1:1. Then the obtained active
materials were mixed with carbon black (CB) into the viscous CMC/
PAA solution in a mass ratio of 8:1:1 (active material: CB: binder)
and ground in a mortar to obtain a uniform slurry. Then the slurry
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was blade-coated on porous nickel mesh with various active ma-
terial mass loading ranging from 1 to 5 mg/cm2. Nickel mesh was
used as current collectors to facilitate the fabrication of high-area-
capacity electrodes. Unlike conventional Cu foil, porous Ni-mesh
ensures good electron transport and electrolyte penetration even
with the heavy loading of active materials. By avoiding these
possible variables, an exclusive correlation between the electrode
performances and surface chemistry of SiG can be established. The
electrodes were vacuum dried at 60 �C and then roll-compressed
into ~200 mm thick discs. Then an annealing step at 120 �C for
24 h under vacuum was adopted to facilitate the surface in-
teractions between the active material and CMC/PAA binder. The
dried electrodes were assembled into 2025-type coin cells in an
argon-filled glovebox with oxygen and moisture content lower
than 0.1 ppm. Celgard 2400 membrane was employed as a sepa-
rator and a 0.4 mm lithium foil (China Energy Lithium Co., Ltd) was
used as a counter electrode in the half-cells. 1 M LiPF6 dissolved in a
1:1:1 (volume ratio) mixture of ethylene carbonate (EC), ethyl
methyl carbonate (EMC), and diethyl carbonate (DEC) with 10 vol%
fluoroethylene carbonate (FEC) was used as the electrolyte.
Approximately 160 ml electrolyte was used for each cell. The gal-
vanostatic charge-discharge cycling tests were performed on
LAND-CT2001A battery tester at 0.01e2.5 V vs. Li/Liþ. Cyclic Vol-
tammetry (CV) tests were carried out using AUTOLAB M204
(Metrohm, Switzerland), operating at 0.1 mV/s. Nickel-rich layered
oxide cathodes were prepared by mixing NCM811 powder with
polyvinylidene-difluoride (PVDF) and CB in N-Methyl pyrrolidone
(NMP) with a weight ratio of 8:1:1 and coated the slurry on
aluminum foil with active material mass loading of ~6.4 mg/cm2.
The capacity ratio of the anode to cathode (N/P ratio) was
controlled at ~1.3. The anode electrodes were preconditioned in
half cells for a few cycles and then assembled into the full cell. Full
cells were firstly cycled at 0.1 Ce0.1C charge-discharge after which
higher currents were adopted. Cycling C-rate was defined by
cathode area capacity (1C ¼ 1.2 mAh/cm2). Post-cycled electrodes
were extracted from cycled cells and then repeatedly rinsed in the
glove box with dimethyl carbonate (DMC) to remove residual
electrolyte.

3. Result and discussion

Incorporating Si nanoparticles (SiNPs) into a Si-carbon hybrid
structure, i.e. carbon coating, carbon support, etc., is a known
strategy to access superior lithium storage performance [9,12,27].
Here we prepare a Si-graphitic carbon hybrid structure with SiNPs
uniformly embedded in between expanded graphene layers,
providing a SieC hybridmodel system for further investigations. An
in-situ expansion-hybridization method was adopted to obtain
such structure. After immersion in the expansion agent
((NH4)2S2O8/H2SO4/oleum mixture), the interlayered structure of
graphite will greatly expand [28]. Co-adding the SiNPs and graphite
into the reacting agent results in uniform SiNPs adsorption onto the
newly exposed graphene surfaces, obtaining an ideally dispersed
Si-graphitic carbon (SiG) hybrid. After repeated rinsing, a freeze-
dried SiG nanocomposite material was obtained.

Fig. 1a shows the SEM micrograph and the corresponding EDS
elemental mapping of C, Si of a dry-state SiG particle that was
deposited on the Ni substate. The uniform distribution of Si and C
signals within the particle indicates the formation of a homoge-
neous SiG hybrid. The high-resolution SEM image shown in Fig. 1b
further confirms the successful introduction of SiNPs into the
interlayer space of the expanded graphite host. XRD patterns
(Fig. S1) indicate the greatly expanded and exfoliated (002) inter-
layer spacing of graphite into expanded graphene, allowing the in-
situ loading of a large amount of SiNPs with Si:C ratio up to 1:1.



Fig. 4. XPS C 1s (a, c, e) and F 1s spectra (b, d, f) of post cycled electrodes, highlighting the differences of surface moieties in affecting the SEI film composition in SCC-SiG (a, b), CC-
SiG (c, d) and SiG (e, f). (g) Illustration of SEI compounds derived from various electrolyte components and reaction routes. (A colour version of this figure can be viewed online.)
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Raman spectrum of the SiGmaterial (Fig. S2) shows a strong peak at
516 cm�1, suggesting high crystallinity of Si in good agreement with
high-resolution TEM (HR-TEM) lattice analysis and XRD patterns.
Moreover, graphitic carbon 2D peak and G peak at 2715 and
1580 cm�1 were also observed in the Raman spectrum. The high
Raman G:D ratio (IG:ID ¼ 12.1) indicates the highly ordered and
ultra-low defect nature of the graphene layers. It should be noted
that traditional reduced graphene oxide (r-GO) usually has an IG:ID
of ~0.5e1 [29]. The graphitic carbon supports with lower defect
contents are reported to give superior electrical conductivity and
compatibility with electrolyte [30], making the SiG material an
ideal model system to study the role of surface moieties in elec-
trochemical cycling. As will be elucidated in later discussion, the
surface of SiNPs in protogenic SiG is rich in oxygen groups.

Previous studies showed that the surface oxide layer in Si is
beneficial in improving the cycle performance of Si, assumably due
to the hydrogen bonding with binder molecules [13,18,20]. How-
ever, two aspects of surface interactions call for attention when
dealing with surface oxygen groups: (1) the hydrogen bonding is
sensitive and fragile at varying electrochemical potentials and/or at
large strain levels, (2) the protic hydroxyl groups promote elec-
trolyte decomposition and SEI instabilities via series of auto-
catalytic side reactions [22,31]. Conversely, carbon coating gives
rise to improved cycle performances of Si particles via isolating
electrolyte side-reactions [32e35]. As the mechanistic interde-
pendence between Si surface and electrochemical lithium cycling
behavior remains ambiguous, subtle influences from electrode
mass loading and current densities may further give rise to
diverged understanding of ideal surface chemistry [36]. We pro-
pose that further investigations on the mechanical and chemical
impact of surface chemistry of SieC particles are seminal.

Hence, we adopt the as-prepared SiG as a baseline material and
synthesized a series of surface structures and compared them in
parallel as: (1) the protogenic surface of neat SiG, which is rich in
protic oxygen groups, (2) a carbonaceous surface via coating a layer
of carbon onto SiG, and (3) a “sticky” carbon-coated surface via
further attaching organo-silane functional groups on top of the
carbon-coated SiG. To prepare carbon-coated SiG (denoted CC-SiG),
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a layer of pitch was liquid phase coated onto SiG and then the
material was subject to pyrolysis at 900 �C. This process generates a
layer of simple substance carbon covering the protogenic surface.
Fig. 1c shows the SEM and the corresponding EDS elemental
mapping image of CC-SiG, highlighting the uniform distribution of
Si and C elements. HRTEM analysis of CC-SiG is shown in Fig. 1d,
demonstrating the crystalline nature of a typical Si nanoparticle
loaded on the graphitic carbon layer. The corresponding fast Fourier
transform (FFT) pattern further confirms the (111) and (200) crys-
tallographic planes of the face-centered cubic (fcc) form of Si (red
frame), and (100) crystallographic planes of hexagonal graphene
(green frame). The amorphous carbon layer about 5e10 nm in
thickness on the surface of SiNPs is also clearly observed in this
image. The crystalline nature of SiNPs and expanded graphitic
carbon layer were not altered after pitch carbon coating, as char-
acterized by XRD shown in Fig. S1.

To prepare the “sticky” carbon surface, we further grafted epoxy
moieties onto the carbon coating layer of CC-SiG. A deliberate mild
reaction (80 �C at 1.5h) of SCC-SiGwith g-EPS was utilized to trigger
the surface coupling reaction, yielding a surface that is rich in epoxy
groups on top of the carbon coating layer. The “sticky” carbon layer
could isolate electrolyte side reactions similar to conventional
carbon coatings. Moreover, the “sticky carbon layer” is chemically
reactive with CMC/PAA binder via epoxy ring-opening reaction
during electrode dryingwhilst the carbon coating layer is inert with
the binder. This “sticky” carbon-coated SiG nanocomposite is
denoted as SCC-SiG, hereafter. The dosage of surface modifiers, i.e.
g-EPS, was elaborately controlled to a minor amount to minimize
the variation of weight percentages of active material. According to
TG results (Fig. S3), the epoxy-silane molecules attached in SCC-SiG
account for ~5 wt% of the composite.

The FTIR spectra of SiG, CC-SiG, and SCC-SiG are shown in Fig. 2a.
As can be seen in these spectra, the SiG exhibits quite strong
adsorption at ~3400 cm�1 that corresponds to the stretching vi-
bration ofeOH groups. Indeed, SiG is rich in surface oxygen groups.
In CC-SiG, the eOH absorption becomes much weaker suggesting
the elimination of eOH surface groups during high-temperature
pyrolysis. The characteristic absorption of epoxy groups was



Fig. 5. SEM and EDS analysis on post-cycled electrodes of SiG(a-c), CC-SiG(d-f), and SCC-SiG (gei). (a, d, g) Cross-section SEM images of post-cycled electrodes of SiG (a), CC-SiG (d),
and SCC-SiG (g), Arþ ionic mill was employed to process the electrodes' cross-section; (b, e, h) Top-down SEM images of post-cycled electrodes of SiG (b), CC-SiG (e) and SCC-SiG (h);
c, f, and i are higher magnification images and corresponding EDS Si and C elemental maps of framed area in b, e, and h, respectively. (A colour version of this figure can be viewed
online.)
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observed in SCC-SiG at ~908 cm�1, indicating the formation of an
epoxy-rich reactive surface. This is further verified in TG results as a
notable weight loss at 350 �C in SCC-SiG, which corresponds to the
removal of attached g-EPS modifiers (Fig. S3). The eOH absorption
at ~3400 cm�1 in SCC-SiG was attributed to the residual water/
ethanol after a deliberate mild reaction (80 �C at 1.5 h) of SCC-SiG
with g-EPS. We here underline the elaborate implementation of
reaction-drying temperature (80 �C) as higher temperatures make
the reactive epoxy groups unstable. Annealing of SCC-SiG elec-
trodes at 120 �C under vacuum (detailed in experimental section)
could trigger epoxy-binder bridging reactions and thoroughly
remove remnant H2O and ethanol molecules. Fig. 2 b, c, and
d display the XPS C 1s spectra of SiG, CC-SiG, and SCC-SiG respec-
tively. The C 1s spectrum of SiG exhibits a major peak at 284.1 eV
that is typical for sp2 hybridized CeC bonds in expanded graphene
layers. The CeO group peak at 285.6 eV is minor in SiG [37e39].
Both XPS C 1s spectra and Raman results point to the fact that the
oxygen groups predominantly exist on the Si surface while being
minimal on the expanded graphitic carbon host. While the CC-SiG
shows C 1s spectra similar to SiG with predominant sp2 CeC and
CeO-R peaks, the SCC-SiG displays rather noticeable peaks at
284.8 eV and 287.2 eV that are ascribable to sp3 CeC/CeH (alkyl
chains) and epoxy groups, respectively [40,41]. These peaks are
evidence of the existence of attached g-EPS molecules on the sur-
face. Fig. 2 e, f, and g schematically illustrate the surface structures
of SiG, CC-SiG, and SCC-SiG and the associated interfacial in-
teractions between active materials and polymer binder molecules,
respectively. Neat SiG is rich in surface hydroxyl groups that can
interact with polymer binder molecules via hydrogen bonding
(Fig. 2e). In CC-SiG, the surface hydroxyl groups were replaced with
a layer of carbon coating, generating surfaces that only have
physical interaction with the polymer binder (Fig. 2f). Conversely,
SCC-SiG can form covalent bridges with polymer binder molecules
via epoxy ring-opening reaction (Fig. 2g). Hereinafter, SiG, CC-SiG,
and SCC-SiG will be utilized to elucidate the role of surface
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chemistry in determining battery performances.
CV curves of SCC-SiG, CC-SiG, and SiG are shown in Fig. 3 a, b,

and c respectively. In the initial sweep of SiG, we observed quite
discernible cathodic peaks at 800 and 500 mV vs. Li/Liþ in SiG,
which were assigned to the electrolyte decomposition on the SiG
surface to form SEI film. It may be concluded that the protogenic
surface of SiG catalyzes electrolyte decomposition which leads to
excessive SEI formation that causes electrolyte consumption and
loss of active lithium. In CC-SiG and SCC-SiG, these SEI-related
signals are indiscernible. As surface coating imposes little changes
to materials’ surface area, we believe the surface area of the three
groups should be on-pair. Therefore, an intrinsic isolation-
passivation effect can be confirmed from carbon and “sticky car-
bon” coated surfaces in CC-SiG and SCC-SiG. In SiG, the overgrowth
of SEI is indicative of unremitting parasitic side reactions of elec-
trolyte on the electrode surface, leading to gas formation and
continuous polarization growth. The differing electrolyte side re-
actions are usually associated with initial cycle capacity loss
[21e23]. The galvanostatic charge-discharge performances of SiG,
CC-SiG, and SCC-SiG were compared with standard electrode mass
loadings of ~1.0mg/cm2 as shown in Fig. S4. All three groups exhibit
stable lithiation/de-lithiation voltage profiles at 0.06 mA/cm2. SiG
exhibits the most severe initial cycle loss among all samples, being
~600 mAh/g, much higher than that of CC-SiG and SCC-SiG (both
~350 mAh/h). These results reverberate with the CV results shown
in Fig. 3 a-c, indicating severe electrolyte decomposition and
excessive SEI formation on the protic surface of SiG. Here we
demonstrate that modifying the materials with either carbon or
“sticky carbon” layer are both effective in stabilizing the SEI inter-
face in the initial lithiation step. Examining repeated lithiation/de-
lithiation cycles of 20 cycles (Fig. S4 d, e, and f), SCC-SiG exhibits
capacity of 1051.0 mAh/g with a capacity retentions of 94.7%,
slightly higher than that in CC-SiG (~846.4 mAh/g and 80.3%
retention) and SiG (~979.7 mAh/g and 83.6% retention). These
values correspond to area capacities of ~1.3, ~1.0, and ~1.1 mAh/



Fig. 6. Schematic summary of surface structure and its critical role in affecting electrochemical performances of SiG with hydroxyl surface (a), CC-SiG with simplex carbon coating
(b), and SCC-SiG with “stick” carbon coating (c). During cycling, the hydroxyl surface promotes electrolyte decomposition and electrode cracking; carbon coating isolates electrolyte
side reactions however electrode cracking persists due to lack of particle-binder adhesion; “sticky” carbon layer reinforces active material e binder interactions and promotes the
formation of an SEI with superior stability. (A colour version of this figure can be viewed online.)
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cm2, respectively. The slightly higher capacity in SiG can be
attributed to its oxygen groups serving as extra lithium storage
sites. However, given the lowmass loading level of active materials
(~1 mg/cm2), the ample supply of active Li and electrolyte may
mask the interfacial instability issue in SiG, leading to seemingly
on-pair capacity fading rates of SiG and CC-SiG. In contrast, SCC-SiG
achieved relatively higher capacity retention than its counterparts.
It can be proposed that the electrochemical performances in lower
mass loading electrodes are somewhat elusive and the key factors
may only be captured by increasing the mass loading levels of
electrodes.

The electrode area capacity in commercial Li-ion cells ranges
from 3 to 5 mAh/cm2. Accordingly, we examined the electro-
chemical behaviors in electrodes with higher mass loading levels
(~5.0 mg/cm2). Fig. 3 d, e, and f show the initial charge-discharge
profile of high-mass-loading electrodes of SCC-SiG, CC-SiG, and
SiG, displaying area capacities of 4.7, 4.9, and 6.1 mAh/cm2 at the
current density of 0.3 mA/cm2, respectively. The slightly higher
capacity in SiG is consistent with previous studies that the oxygen
groups can act as additional lithium storage sites [42,43]. Moreover,
the remarkable difference lies in SEI-related initial capacity loss.We
observed initial capacity loss of 1.7, 1.6, and 2.5 mAh/cm2 for SCC-
SiG, CC-SiG, and SiG, respectively. This phenomenon demon-
strates the tremendous impact of surface chemistry on SEI-related
capacity loss. Considering the fact that for all tested groups the Si-
carbon content and active material fraction are identical, the SEI
formation propensity and the associated early cycle capacity loss
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can be directly ascribed to the differing surface moieties on tested
samples. In Fig. 3 g-i the extended cycling performances at an
elevated current density of 0.6 mA/cm2 are shown after three
activation cycles. Electrode capacities were all normalized accor-
dingto their initial capacities at identical current densities. It is
generally perceived that the cycle stability of Si-based anodes is
predominately affected by its capability to endure the ~300% vol-
ume change and particle pulverization. As can be observed in
Fig. 3i, SiG exhibits the most severe capacity decay among studied
samples. SiG retained only 31.1% of its capacity after 50 cycles. In
CC-SiG, cycle stability was improved in the initial 20 cycles, how-
ever, fast capacity decay (a “rollover” type failure) emerged in the
following cycles. After 50 cycles, capacity retention of 43.9% was
maintained (Fig. 3h). This “rollover” type capacity failure was pre-
viously identified to be associated with accelerated SEI build-up
and electrolyte dry-out [44]. We suspect that after repeated vol-
ume expansion, electrode disintegration and particle cracking in
CC-SiG may have led to the exposure of larger areas of fresh surface
that further accelerates capacity fade. Conversely, SCC-SiG exhibits
much-improved cycling behavior, delivering 71.5% capacity reten-
tion at the 50th cycle.

It may also be noticed that the SiG, CC-SiG, and SCC-SiG exhibit
somewhat on-pair cycle performances in low-mass electrodes.
However, their electrochemical performances in high-mass elec-
trodes diverge substantially. We deduce that the differing electro-
chemical behavior in high-mass electrodes can be attributed to
both surface instabilities and durability against volume change, as



Fig. 7. Full cell performances adopting SCC-SiG anode and NCM 811 cathode. (a) cyclic voltammetry (CV) curves ranging from 2.8e4.3 V at 0.2 mV/s, showing 4 highly reversible
redox peak pairs. (b) Full cell charge-discharge voltage profiles at various C-rate conditions. (c) Device capacity and CE as a function of C rate. (d) Extended cycling profile of full cell,
highlighting stable area capacity and CE during extended cycling. 1C ¼ 1.2 mA/cm.2.
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electrode disintegration and electrolyte consumption can be
greatly amplified at higher mass loading conditions. At lower mass
electrodes, these influences might be masked by the relatively
ample supply of electrolyte and active Li. SCC-SiG electrodes
simultaneously exhibit improved surface stability and adhesion
with the binder. Hence, SCC-SiG electrodes can deliver stable ca-
pacities of 1.4, 2.1, and 5.0 mAh/cm2 upon increasing the mass
loading level from 1.2 to 2.5 and 5.7 mg/cm2, respectively (Fig. 3j).
The 1.2 and 2.5 mg/cm2 electrodes deliver capacity retention of
85.5% (0.9 mAh/cm2) and 69.1% (1.3 mAh/cm2) after 100 cycles at
elevated current densities. We found that for higher mass loading
electrodes the capacity was affected by the Li-metal counter elec-
trode. As shown in Fig. S5, cycling at high-capacity conditions
greatly promotes dendrites and “dead” Li formation on the Li metal
side. After replacing Li metal counter electrode, the capacity of
5.7 mg/cm2 SCC-SiG recovered to 3.4 mAh/cm2 at 0.3 mA/cm2 at
cycle 51st (68% retention) and gave rise to another stable 50 cycles
at 0.9 mA/cm2. The strong particle-binder connection as well as a
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stabilized electrode surface in SCC-SiG prevented pre-mature fail-
ure that is prevalent in SiG and CC-SiG and enabled superior cycle
life of electrodes at commercial level area capacities.

Fig. 4 presents the XPS analysis of post-cycled electrodes in their
de-lithiated state. Fig. 4 a, c, and e compares the C 1s spectra for the
post cycled SiG, CC-SiG, and SCC-SiG electrodes, respectively.
Several SEI components are identified from C 1s spectra in SiG and
CC-SiG; mainly Li2CO3 (289.8 eV), CeF/ROCO2Li (288.4 eV), and
CeO (285.6 eV) species. A profound peak at 291 eV emerged in the
SCC-SiG sample. This peak corresponds to oligomer/polymeric
(CHFeOCO2) n/(CFx-CH2)n species and is found in neither SiG nor
CC-SiG. Based on the F 1s spectra shown in Fig. 4 b, d, and f, SEI
components of LixPFy (687.1 eV), CeF (686.1 eV), and LiF (684.4 eV)
are identified in post-cycled SiG and CC-SiG electrodes. Conversely,
a profound (CHFeOCO2) n/(CFx-CH2)n peak at 688.3 eV showed up
in post-cycled SCC-SiG. From the F 1s spectra of post-cycled SiG and
CC-SiG, the F-containing polymeric SEI component in 688.3eV is
absent.
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Fig. 4g depicts the surface passivation reactions of the organic
electrolyte on the electrode surface, resulting in the formation of
various SEI compounds. FEC, as a key electrolyte component used in
the current study, has a relatively higher LUMO (lowest unoccupied
molecular orbital) compared to that of EC, DEC, and EMC, etc.
Hence, FEC has the strongest reactivity toward reduction and will
firstly decompose on the electrode surface via ring-opening and
decarboxylation reaction routes, resulting in the formation of LiF
and F-containing organic CeF compounds (e.g. CHFeCH2, eCHF-
OCO2-). Further ripening of these products gives rise to highly
elastic and chemically stable polymeric species such as
(CHFeOCO2) n and (CFx-CH2)n [45,46]. In general, LiPF6 and car-
bonate solvents (EC/DEC/EMC) start to decompose after FEC
decomposition, generating SEI layer which consists of LixPFy, LiF,
RO-Li, ROCO2Li and Li2CO3, etc. It is known that lithium alkoxide
(ROLi) and lithium oxydate alkyl carbonates (ROCO2Li) are mainly
the decomposition products of carbonate solvents [47,48]. There-
fore, the relatively higher content of ROLi and ROCO2Li in SiG points
to the catalyzed decomposition of carbonate electrolyte solvents in
SiG. Accordingly, the general pattern of SEI formation on the
varying surfaces may be qualitatively concluded as: (1) the proto-
genic hydroxyl-rich surface in SiG is catalytic towards carbonate
solvent (FEC and EC/DEC/EMC) decomposition, generating an SEI
layer rich in ROCO2Li, Li2CO3, and CeF species. The unremitting
decomposition of electrolytes hinders the polymerizing and
crosslinking reactions hence elastic and stable F-polymeric species
could not form; (2) the carbon coating layer in CC-SiG suppresses
decomposition of carbonates, leading to higher content of LixPFy
and LiF species from LiPF6 decomposition; (3) In SCC-SiG, the
“sticky” carbon coating layer with g-EPS groups on the topmost
surface suppresses decomposition of both EC/DEC/EMC carbonates
and LiPF6 salt, promoting the generation of an F-rich SEI layer. This
SEI layer mainly consists of LiF, polycarbonates (CHFeOCO2)n and
polyfluorovinylene (CFx-CH2)n and is formed predominately by
accumulation and later-on ripening of FEC decomposition products
[49e51].

It is known that the polymeric compounds are desirable SEI
components for Si anodes, offering excellent flexibility that helps to
accommodate volume changes [45]. Moreover, these polymers can
further de-fluorinate and generate interior radicals to produce a
cross-linked network. The formation of such a cross-linked
network further stabilizes the SEI layer to maintain its chemical
and structural attributes during prolonged cycling [50]. The rela-
tively higher content of (CHFeOCO2)n, (CFx-CH2)n and CeF species
in the SEI of SCC-SiG plays a key role in establishing a stable
electrode-electrolyte interface. Conversely, the enrichment of
LixPFy, ROCO2Li, and Li2CO3 in the SEI layer of SiG and CC-SiG sug-
gests that the interface was not stable and follow-up decomposi-
tion of carbonate electrolyte (LiPF6þEC/DEC/EMC) occurred in later
stage cycling. We concluded that “sticky” carbon surface in SCC-SiG
promotes the formation and crosslinking of polymeric SEI compo-
nents in the early cycles. The crosslinking of polycarbonates and
polyfluorovinylene in FEC-derived SEI is in consistent with prior
reports [49,50,52]. Being resistant against prolonged cycling, this
polymeric SEI layer in SCC-SiG is associated with by far the most
stable lithiaion/de-lithiation behaviors.

The cycle stability of the silicon-carbon composite electrodes is
strongly dependent on the capability to endure electrode disinte-
gration and pulverization that result from ~300% volume expan-
sion/contraction from Si4Li15Si4 reaction. Fig. 5 a, d, and g
compare the cross-section SEM images of the post-cycled elec-
trodes with high mass loading (5 mg/cm2). The role of carbon
coating and “sticky” carbon coating in improving electrode dura-
bility versus cycling may be understood by comparing the cross-
section morphologies of SiG (Fig. 5a) with that of CC-SiG (Fig. 5d)
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and SCC-SiG (Fig. 5g). The fresh electrodes were 200 mm in thick-
ness before cycling. It may be observed that cycle-induced elec-
trode swelling and cracking is most severe in SiG, showing ~180%
thickness expansion with respect to its original state. For CC-SiG
and SCC-SiG, the cycled electrodes displayed alleviated thickness
expansion of ~130% and ~110%, respectively. SCC-SiG showed more
compact electrode cross-section structure as compared to the other
two counterparts. This is further supported by careful examination
of the electrodes’ cross-section with higher magnification (Fig. S6).

The top-down SEM morphologies and corresponding EDS
analysis of post-cycled SiG, CC-SiG, and, SCC-SiG are shown in Fig. 5
b-c, e-f, and h-i, respectively. The cycling-induced electrode
disintegrationwas most severe in SiG. Higher magnification images
and EDS elemental mapping (Fig. 5 c) reveal that the cracking had
led to “peel-off” of active material. This phenomenon explains the
electrochemical behavior of SiG, as both excessive SEI formation
and disconnection of electrical contact account for fast capacity
decay and polarization growth. There could also be a vicious loop: a
catalytic surface promoting SEI instabilities and gas formation
could exacerbate electrode mud-cracking, which generates more
fresh SEI interface to grow in return. Post cycled CC-SiG displayed
suppressed electrode disintegration (Fig. 5e). However, in enlarged
SEM images and EDS elemental mapping (Fig. 5f), prevailing Si
aggregations may be observed. We suggest that the rupture of
particle-binder adhesion under volume changes leads to disloca-
tion and agglomeration of Si nanoparticles during cycling. In the
lack of proper binding force to anchor the active materials, the Si
particles are inclined to migrate and aggregate in response to vol-
ume changes. The observed cycle-induced aggregation and
cracking are in agreement with previous studies on large-volume-
expansion anodes [53,54]. Concomitant electrolyte drying and in-
crease of ion-diffusion barrier can be expected in high-mass CC-SiG,
explaining the rollover failure of capacity fade. In contrast, the post-
cycled SCC-SiG showed an intact electrode structure that is free of
fracture, as can be seen in Fig. 5 h-i. Based on the EDS mapping
analysis shown in Fig. 5i, the uniform distribution of Si and C ele-
ments on post-cycled SCC-SiG depicts an intact electrode structure
that is agglomerate-free. These results highlight the key role of
covalent bonding between the active material and polymer binder
in suppressing particle pulverization and electrode disintegration.
The reactive epoxy groups on the surface of SCC-SiG chemically
react with the hydroxyl groups in PAA/CMC binder via epoxy ring-
opening reaction during electrode drying, generating SieOeSieC
chemical bridges between the active material and binder mole-
cules. As chemical bonds (200e400 kJ/mol) have orders of
magnitude higher bonding energy than physical bonds (<10 kJ/
mol) and hydrogen bonds (20e40 kJ/mol), active material immo-
bilization and improved tenacity against mechanical cracking can
be expected in SCC-SiG over CC-SiG and SiG.

Fig. 6 schematically summarizes the role of surface moieties in
affecting the structural responses of the electrodes to cycling. The
hydrogen bonds between SiG and binder molecules are prone to
breaking under the cycle-induced strain. Hydrogen bonds could
also “dissolve” during lithiation [25,55]. As schematized in Fig. 6a,
the unrecoverable breaking of the hydrogen bonding network leads
to severe electrode disintegration, exposing fresh catalytic surfaces
and exacerbating SEI overgrowth which in return promotes further
cracking. The pitch carbon coating in CC-SiG isolates the active
materials from electrolyte corrosion, thus decomposition of car-
bonate electrolyte is inhibited. However, with a lack of proper
“anchoring” force with the polymer binder, the prolonged
expansion-contraction cycling gives rise to agglomeration and
cracking. This is depicted in Fig. 6b. Causing accelerated electrolyte
exhaustion and further build-up of SEI, this is extremely detri-
mental in high mass loading electrodes. Conversely, in SCC-SiG, the
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positive role of “sticky” carbon surface could be understood as two-
fold: it promotes the formation of F-polymer and LiF rich SEI layer
with superior durability, and it also forms strong chemical bonding
with the polymer binders to immobilize the active materials
against cycle induced cracking/agglomerating, all of which are
demonstrated in Fig. 6c. The chemically and mechanically stable
surface of SCC-SiG plays a predominant role in enabling superior
lithiation/de-lithiation cycling. In high mass loading electrodes, the
above discussed mechanical-electrochemical surface interactions
are further amplified, leading to more diverging electrochemical
performances.

Fig. 7a shows the CV curves of a full cell pairing SCC-SiG anode
against nickel-rich layered oxide cathode (LiNi0.8Co0.1Mn0.1O2,
NCM811). Cathode mass loading was ~6.5 mg/cm2 with N:P ratio of
~1.3. A pre-lithiation step was adopted for SCC-SiG to form a stable
SEI and compensate for the possible initial capacity loss [56]. In
Fig. 7a, four anodic/cathodic peak pairs can be observed at 4.20/
4.12 V, 4.03/3.98 V, 3.80/3.73 V, and 3.64/3.52 V. These anodic/
cathodic peak pairs are denoted as peak pair I, II, III, and IV,
respectively. It is well known that the NCM811 cathode undergoes
two groups of reactions during lithium insertion and de-insertion:
Co3þ/Co4þ redox reaction at ~4.3V vs. Li/Liþ, and Ni2þ/Ni3þ/Ni4þ at
~3.8 V vs. Li/Liþ [57]. Hence, the peak pairs of I, II, III, and IV can be
attributed to the reversible Li-ion shuttling reaction pairs of Co3þ/
Co4þ||C/LiCx, Co3þ/Co4þ||Si/LixSiy, Ni2þ/Ni3þ/Ni4þ||C/LiCx, and Ni2þ/
Ni3þ/Ni4þ||Si/LixSiy, respectively. The low potential polarization
between oxidation and reduction peaks, i.e. ~79, 50, 70, 120 mV for
peak pair I, II, III, and IV, respectively, are indicative of the reversible
electrochemical process on both anode and cathode sides.

Fig. 7b overlays the full cell galvanostatic charge-discharge
voltage profile at various current densities. At these current den-
sity conditions, averagedworking potentials of 3.79, 3.77, 3.73, 3.68,
and 3.59 Vwere observed. As shown in Fig. 7c, the full cell delivered
a reversible capacity of 200.1, 183.8,165.7, 152.8, and 133.1mAh/g at
0.1, 0.2, 0.4, 0.6, and 1C, respectively. The corresponding specific
energy densities were 571, 520, 466, 417, and 357 Wh/kg, respec-
tively (based on the total weight of SCC-SiG and NCM811). Fig. 7d
depicts the extended cycling performance of the full cell at 0.2C
charge and 0.4C discharge working conditions. The battery charge
current density was kept at a lower current density of 0.2C to
suppress any possibility of transition metal dissolution [58]. After
100 cycles, an area capacity of 0.823 mAh/cm2 was retained, which
corresponds to a capacity retention of 83%. The high capacity
retention and indiscernible polarization growth (Fig. S7) indicate
the reversible electrochemical reaction in SCC-SiG||NCM811 full
cell. Further improvements are expected via optimizing the full cell
with proper electrolyte/electrode formula and N/P ratio.

4. Conclusion

In summary, a series of Si-graphitic carbon (SiG) hybrids with
various surface moieties were synthesized and comparatively
studied as lithium-ion battery anodes. Featuring uniform embed-
ment of Si nanoparticles in between expanded graphene layers, SiG
material displays differing lithium cycling performance with
respect to its tuned surface groups. In comparisonwith the carbon-
coating, we found that a “sticky” carbon coating, i.e. epoxy-silane
moieties attached to the carbon coating layer, gives rise to supe-
rior SEI stability and improved capacity retention.

These profound impacts were examined at high mass loading
electrodes and full cells. The sticky carbon-coated SiG (SCC-SiG)
demonstrates stable performances in high-area capacity half cells
and full cells. Electrode mud-cracking and disintegration were
inhibited by the aprotic “sticky” surface coating. Post-cycled elec-
trode analysis identified a fluoro-polymer-rich SEI that may be
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exceptionally favorable with respect to conventional SEI compo-
nents. A novel conclusion emerged is that aprotic “sticky” surface
groups are the unrecognized key for Si-based anodes. We believe
that the unraveled critical role of surface chemistry in determining
cycle performances sheds light on the rational design of Si-based
anodes for commercial LIBs applications.
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