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ABSTRACT: The stereospecific design of the interface effects can
optimize the electron/Li-ion migration kinetics for energy-storage
materials. In this study, an electric field was introduced to silicon-
based materials (C-SiOx@Si/rGO) through the rational construction
of multi-heterostructures. This was achieved by manipulating the
physicochemical properties at the atomic level of advanced Li-ion
batteries (LIBs). The experimental and density functional theory
calculations showed that the unbalanced charge distribution
generated a large potential difference, which in turn induced a
large-scale electric-field response with a boosted interfacial charge
transfer in the composite. The as-prepared C-SiOx@Si/rGO anode
showed advanced rate capability (i.e., 1579.0 and 906.5 mAh g−1 at
1000 and 8000 mA g−1, respectively) when the migration paths of the Li-ion/electrons hierarchically optimized the large
electric field. Furthermore, the C-SiOx@Si/rGO composite with a high SiOx@Si mass ratio (73.5 wt %) demonstrated a
significantly enhanced structural stability with a 40% volume expansion. Additionally, when coupled with the
LiNi0.8Co0.1Mn0.1O2 (NCM) cathode, the NCM//C-SiOx@Si/rGO full cell delivers superior Li-ion storage properties with
high reversible capacities of 157.6 and 101.4 mAh g−1 at 500 and 4000 mA g−1, respectively. Therefore, the electric-field
introduction using optimized electrochemical reaction kinetics can assist in the construction of other high-performance LIB
materials.
KEYWORDS: interface effects, electric field, silicon-based materials, charge redistribution, density functional theory,
Li-ion storage properties

A need exists to develop alternative energy-storage
systems because of the continued fossil energy
consumption and resulting environmental deteriora-

tion. Rechargeable lithium-ion batteries (LIBs) are considered
one of the most reliable devices for energy storage and
conversion. Extensive interest in advanced portable electronics
and electric vehicles requires achieving high-rate and very safe
next-generation LIB technology.1 Compared to the traditional
graphite anode, silicon (Si) is abundant in nature and has
several advantages. The theoretical capacity (Li22Si5, 4200
mAh g−1) of Si is approximately 11 times larger than that of
graphite (372 mAh g−1). Furthermore, the volume metric
capacity of Si (2081 mAh cm−3) is significantly higher than
that of graphite (779 mAh cm−3).2 Therefore, it is important to
develop high-performance Si anodes for advanced LIBs.

However, a Si anode is heavily restricted by its intrinsic
defects. The crystalline Si tolerates a significant volume
expansion (>300%) during lithiation−delithiation processes,
which allows for mechanical fracture and structural collapse,
leading to electrical open circuits and a rapid capacity decay.
Furthermore, Si-based materials suffer from sluggish reaction
kinetics because of low conductivity.3 These intrinsic defects
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greatly limit the use of Si materials in energy-storage
applications.
Extensive efforts have been made to address these

challenges, including nanostructure morphology synthesis,4

conductive coating materials,5 and developing binders.6 These
advancements have achieved improved electrochemical per-
formance when compared to bulk Si. An effective strategy for
constructing silicon−carbon (Si−C) nanostructure composites
is to use the carbon matrix to enhance the electrical
conductivity and create an additional buffer space to support
the large volumetric strain. Reduced graphene oxide (rGO) is a
promising carbon matrix used to modify the physicochemical
properties of Si, owing to its advanced electrical conductivity,
high specific area, and mechanical strength.7 Ruoff et al.
fabricated a three-dimensional (3D) electrode through drop-
casting an rGO-coated Si composite onto graphite foam. The
electrode delivered a sufficient reversible capacity of 983 mAh
g−1 at 400 mA g−1 and retained 370 mAh g−1 after 100 cycles.8

Cui et al. encapsulated micro-Si particles using conformal rGO
cages. The Coulombic efficiency and solid electrolyte interface
(SEI) stability were significantly improved owing to the extra
voids combined with graphitic carbon.9 However, the synthesis
processes used in these methods are relatively expensive and
difficult to scale. Furthermore, previous studies have not shown
in-detail investigations regarding the physicochemical behavior
between the different components in the Si-based composite.
This leads to an insufficient utilization of the active material.
Subsequently, the improved performance does not effectively
use the large theoretical capacity of Si. Therefore, a need exists
to effectively solve the Si bottleneck to develop high-rate and
high-energy-density LIBs.
Recent studies have demonstrated that the electrochemical

behavior can be effectively manipulated through regulating the
interfacial interaction in the composite. In our previous work, a
flexible LIB was designed using a gravimetric energy density of
314 Wh kg−1 through establishing the interaction between the
flexible carbon cloth and NiCo2O4.

10 Yu et al. synthesized the

C-doped Co3O4 nanocrystal composite using local electric-field
effects via manipulating an imbalanced charge distribution.
The as-prepared electrode showed an advanced Li-ion storage
property of 950 mAh g−1 after 300 cycles at 0.5 A g−1.11 These
improvements in electrochemical performance meet the Si
anode requirements. When considering the natural defects of
Si, it is important to establish a clear connection between the
different components by combining structural features, to
explore highly efficient Si anodes.
This study successfully applied a large-scale electric field to

Si-based materials using optimized charge-transfer kinetics and
structural stability. SiOx@Si particles were oriented and
encapsulated into a 3D nitrogen (N)- and sulfur (S)-doped
rGO using a supramolecular self-assembly process. The
heterogeneous interface configuration limited the expansion
of Si and created a strong charge interaction between the
different components. A large-scale electric field was
constructed in situ in the regions where SiOx@Si was limited
by rGO. This provided a strong driving force for rapid ion/
electron migration. The as-prepared C-SiOx@Si/rGO anode
showed excellent Li-ion storage properties, which alleviated
volume expansion. When coupled with the Li-
Ni0.8Co0.1Mn0.1O2 (NCM) cathode, the full cell delivers
excellent rate capability. This modulation strategy provides a
promising method to develop high-performance LIBs for
practical applications.

RESULTS AND DISCUSSION
The synthesis process of the C-SiOx@Si/rGO composite is
presented in Figure 1a. According to previous reports, graphite
oxide (GO) and β-cyclodextrin (β-CD) tend to form a
supramolecular self-assembly system after ultrasonic treat-
ment.12 This creates a stable space for the intercalation of Si
into the GO sheets. During the annealing process, ammonium
thiosulfate ((NH4)2S2O3) was used as the foaming agent to
create a loose and adaptable inner 3D structure with abundant
reserved voids for rGO. A proportion of N and S was

Figure 1. (a) Schematic illustration of the preparation of the C-SiOx@Si/rGO composite. (b) Possible structure of β-CD/SiOx. (c−e) SEM
images, (f−j) HAADF images with the corresponding EDX mapping, (k, l) TEM images, (m) HRTEM image, (n) SAED pattern, and (o)
AFM image of the C-SiOx@Si/rGO composite.
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successfully transferred into the internal structure. The Fourier
transform infrared spectroscopy (FTIR) test results (Figure
S1) showed that C−H asymmetric stretching vibrations
appeared at 2920 cm−1 in the β-CD/SiOx@Si composite.
The strength of Si−Hx stretching modes (2100 cm−1) in β-
CD/SiOx@Si was significantly lower than that in SiOx@Si.
This indicates that β-CD was successfully grafted onto the
SiOx surface.13,14 More importantly, the O−H stretching
vibration peak (∼3330 cm−1) in β-CD/SiOx@Si shifted
toward low wave when compared to β-CD and SiOx@Si
(∼3420 cm−1). This suggests that SiO−H was formed between
SiOx and β-CD.15,16 A possible molecular structure is shown in
Figure 1b. Additionally, the resulting SiOx@Si particle surface
has abundant functional groups (i.e., −OH) because pure Si
has been treated using a piranha solution. The functional
groups can form a hydrogen bond with −COOH in GO.6

Therefore, SiOx@Si, β-CD and GO were combined using the
chemical interactions mentioned above. The structure and
morphology of the synthesized samples were characterized
using a field-emission scanning electron microscope (FESEM).
Figure 1c and d show that the SiOx@Si particles were well-
encapsulated by the 3D rGO and created a controllable buffer
void. The 3D morphology of rGO significantly increased the
encapsulation probability of the SiOx@Si particles. Figure 1e
shows that the SiOx@Si was well confined within the 3D rGO
matrix, resulting in a direct contact of each component. The
SiOx@Si particles (∼50 nm) were randomly agglomerated in
the SiOx@Si sample (Figure S2a−c). The SiOx@Si in SiOx@
Si/rGO was exposed because of the absence of β-CD.
Therefore, SiOx@Si simply adhered to the rGO surface
(Figures S2d−f). Energy-dispersive X-ray spectroscopy

(EDX) mapping was performed to examine the distribution
of rGO sheets and SiOx@Si particles. Figure 1g and h show
that a proportion of N (3.81%) and that of S (0.62%) were
successfully doped into the rGO sheets. The distributions of O
and Si were consistent (Figure 1i), indicating that an adequate
oxidation layer (SiOx) covered the Si surface. The distributions
of C and Si are visible (Figure 1j), which substantiates that the
SiOx@Si particles were encapsulated by the 3D rGO.
The transmission electron microscope (TEM) images of the

C-SiOx@Si/rGO composite showed that the SiOx@Si particles
were firmly intertwined by rGO without aggregation (Figure
1k and l). The 0.31 nm lattice fringe of the (111) plane
attributed to Si particles can be clearly observed in high-
resolution TEM (HRTEM, Figure 1m). The amorphous SiOx
layer (∼5 nm) was next to the Si, and the outermost layer of
the fringe band (0.34 nm) was assigned to rGO. Therefore, the
heterostructure containing rGO//SiOx and SiOx//Si hetero-
interfaces was successfully fabricated, which is highly identified
with the SEM results. The interface engineering will be
responsible for the optimized Li-ion transfer properties. The
TEM and HRTEM images of SiOx@Si and SiOx@Si/rGO are
given in Figure S3. The selected-area electron diffraction
(SAED) patterns of SiOx@Si (Figure S3d), SiOx@Si/rGO
(Figure S3h), and C-SiOx@Si/rGO (Figure 1n) confirmed the
obtained samples are composed of crystalline Si. An accurate
rGO thickness measurement of 13.9 nm was obtained (Figure
1o).
The X-ray diffraction (XRD) patterns of the Si-based

materials demonstrated that all characteristic peaks were well-
matched with crystalline Si (JCPDS Card No. 65-1060).
Additionally, a broad peak appeared on the left of the (111)

Figure 2. Structural and compositional characterization of the as-prepared samples. (a) XRD patterns, (b) TGA curves, (c) N2 adsorption/
desorption isotherms, and pore size distribution of the as-prepared materials. (d) High-resolution XPS Si spectrum of the SiOx@Si/rGO
composite. XPS spectra of (e) Si 2p and (f) O 1s of SiOx@Si, SiOx@Si/rGO, and C-SiOx@Si/rGO. (g) C 1s of pure rGO, SiOx@Si/rGO, and
C-SiOx@Si/rGO. (h) Raman spectra of pure rGO, SiOx@Si, SiOx@Si/rGO, and C-SiOx@Si/rGO.
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plane, which is associated with the carbon matrix phase located
in the (002) plane (Figure 2a).17 Thermal gravimetric analysis
(TGA) revealed that the carbon contents in SiOx@Si/rGO
and C-SiOx@Si/rGO composites were 19.1 and 26.5 wt %,
respectively (Figure 2b). The TGA curves of the three samples
increased in the final stage (∼4.0 wt %) owing to the oxidation
of Si. The nitrogen (N2) adsorption/desorption measurement
results suggested that the C-SiOx@Si/rGO composite had the
largest specific surface (218.6 m2 g−1) with a ∼4 nm pore
diameter (Figure 2c). The hierarchically porous structure
primarily resulted from the gas-foaming effect and N and S co-
doping in the 3D rGO. This increased the surface area
available for electrolyte infiltration and allowed the rapid
transfer of Li ions.
X-ray photoelectron spectroscopy (XPS) measurement was

adopted to verify the valence state and composition of the
composites (Figure S4). The Si spectra of C-SiOx@Si/rGO
can be divided into two main parts (Figure 2d). Namely, the
binding energy peaks at approximately 99.8 (Si 2p1/2) and
100.2 eV (Si 2p3/2), which are characteristic peaks of
crystalline Si, and the peaks at 102.8, 103.9, and 104.6 eV,
which are SiOx peaks.18 The SiOx peaks in SiOx@Si/rGO
(Figure S5b) and C-SiOx@Si/rGO were stronger than that in
SiOx@Si (Figure S5a), indicating that thicker SiOx layers were
formed during the thermal treatment process. The detailed
analysis revealed that the binding energies of different elements
experienced various degrees of deviation. For instance, the
crystalline Si and SiOx peaks for SiOx@Si/rGO and C-SiOx@
Si/rGO shifted by 1.0 and 0.9 eV compared to SiOx@Si
(Figure 2e). The O 1s peaks of SiOx@Si/rGO and C-SiOx@
Si/rGO also shifted toward higher binding energy, with a
difference of 0.8 eV (Figure 2f). C-SiOx@Si/rGO became

wider for the C 1s spectra and shifted by 0.2 eV relative to
SiOx@Si and SiOx@Si/rGO (Figure 2g). The shifted binding
energy of the C-SiOx@Si/rGO composite indicates the
occurrence of charge interaction and imbalanced charge
distribution.10,19,20 Furthermore, as shown in Figure 2h,
Raman spectroscopy showed the deviated Si and D peaks
(3.6 and 16.9 cm−1, respectively) of the C-SiOx@Si/rGO
composite with respect to the strong electron interaction.21

The analysis showed that the imbalanced charge distribution of
Si, O, and C occurred in the heterogeneous interfacial charge,
creating an electric field in the C-SiOx@Si/rGO composite.20

The N spectra of SiOx@Si/rGO and C-SiOx@Si/rGO
(Figure S6) can be divided into four primary peaks at 398.7,
400.3, 401.3, and 403.0 eV, assigned to pyridinic N, pyrrolic N,
quaternary N, and N-oxide, respectively.22 The high-resolution
S 2p spectrum suggests three peaks at 163.9, 165.0 (C−S−C),
and 168.7 eV (C−SOx−C), which are covalent bonds between
thiophene-S and different oxidized sulfur bond groups (Figure
S7).23 Ion doping leads to a lopsided charge distribution near
the doping sites and extends the effective range of the electric
field.11 Particularly, the pyrrolic N experiences rapid charge
diffusion and favorable electron donor or acceptor properties,
facilitating effective electron-transfer reactions. The pyridinic
N has a pair of electrons that couple with the p-conjugated
rings, which leads to the excellent electron acceptor/donor
properties and Faradaic pseudocapacitance.24,25 The electron
paramagnetic resonance (EPR) measurement results revealed
that the C-SiOx@Si/rGO composite had abundant oxygen
vacancies with the strongest signal peak at g = 2.0 (Figure
S8).26,27 The addition of 3D rGO increased the bonding
probability of C and O during the thermal process, resulting in
the largest number of oxygen vacancies in the C-SiOx@Si/rGO

Figure 3. Half-cell electrochemical performance of as-prepared electrodes. (a) CV curves of C-SiOx@Si/rGO electrodes at 0.2 mV s−1. (b)
Rate performance. (c) Comparisons between the rate performances of C-SiOx@Si/rGO electrodes and the reported Si-based electrodes. (d)
GITT measurements of SiOx@Si and C-SiOx@Si/rGO electrodes. (e) Cycle performance at 1000 mA g−1. (f) Schematic description of the
electric field in the C-SiOx@Si/rGO composite.
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composite.19 The unsaturated states of the surface O, created
by the amorphous SiOx, modulated the electrical ordering on
the nanoscale and enhanced the electric-field effect. This
provided opportunities to modify the electronic structure and
boost the interfacial charge migration rate for Li-ion storage
capability.
Figure 3a shows the representative cyclic voltammetry (CV)

behavior of the C-SiOx@Si/rGO electrode for the first four
cycles. A broad peak was formed near 0.40 V during the initial
charge process, corresponding to the growth of the SEI film
and the lithiation process of the SiOx layers.6 Increased
scanning generated a pair of oxidation peaks near 0.36 and 0.54
V, attributed to the Li dealloying process of Li−Si phases to Si
domains. The CV curves of SiOx@Si and SiOx@Si/rGO
electrodes are presented in Figure S9. When the scan rate was
increased to 1.6 mV s−1, the redox peak slightly shifted (Δ =
0.06 V), indicating the fast Li-ion diffusion and low
polarization in the C-SiOx@Si/rGO electrode (Figure S10).
The rate performance was evaluated from 300 to 8000 mA g−1

(Figure 3b). The initial discharge capacities for SiOx@Si,
SiOx@Si/rGO, and C-SiOx@Si/rGO at 300 mA g−1 were
2515.4, 1992.4, and 2022.1 mAh g−1, respectively. The initial
Coulombic efficiency (ICE) of the C-SiOx@Si/rGO electrode
was 70.6%, while those of the SiOx@Si and SiOx@Si/rGO
electrodes were 60.9% and 57.5%, respectively. After five cycles
of activation, the capacity of C-SiOx@Si/rGO was stabilized at
1701.4 mAh g−1. The C-SiOx@Si/rGO electrode had an
advanced rate capability with higher capacities of 1684.3,
1579.0, 1404.4, and 1180.2 mAh g−1 at 500, 1000, 2000, and
4000 mA g−1, respectively. Even at 8000 mA g−1, a capacity of
906.5 mAh g−1 could be achieved. When the current density
returned to 500 mA g−1, the capacity are basically recovered.
On the contrary, the SiOx@Si electrode exhibited low kinetics
and had capacity failure at 8000 mA g−1. The rate performance
comparison of this study with other reported Si-based anodes
is shown in Figure 3c,28−38 which indicates that excellent redox
reaction kinetics were achieved in this study. The correspond-

ing galvanostatic charge/discharge profiles of different electro-
des are presented in Figure S11.
Additionally, the galvanostatic intermittent titration techni-

que (GITT) measurement was performed to investigate the
electrochemical reaction kinetics of the C-SiOx@Si/rGO
electrode (Figure 3d). The SiOx@Si and C-SiOx@Si/rGO
electrodes were exposed to continuous lithiation−delithiation
at 300 mA g−1 for 30 min. The batteries were left as an open
circuit for 120 min to achieve an equilibrium potential. The C-
SiOx@Si/rGO electrode had the lowest voltage difference
between the charge/discharge platform, indicating less polar-
ization. The inset in Figure 3d reveals that the SiOx@Si
electrode had a large overpotential (108 mV), which was
significantly higher than that of C-SiOx@Si/rGO (64 mV).
This indicates that the electrochemical reaction resistance of
C-SiOx@Si/rGO was lower than that of the SiOx@Si
electrodes.39 Using the CV measurement results (Figures 3a
and S9a),19 the Li-ion diffusion coefficient of the C-SiOx@Si/
rGO electrode was calculated as 5.4 × 10−9 cm2 s−1. This result
is more than eight times that obtained for SiOx@Si (6.43 ×
10−10 cm2 s−1). The enhanced mobility substantiated that the
electric field facilitated the Li-ion diffusion rate. Consequently,
hierarchically optimizing the ion/electron migratory pathways
accelerated the dynamic redox reaction of the C-SiOx@Si/rGO
electrode.
A higher current density (1000 mA g−1) was applied to the

as-prepared electrodes to verify that the electric field in the
SiOx@Si particles remained robust (Figure 3e). After several
activation cycles at 300 mA g−1, a significant reversible capacity
of 925.4 mAh g−1 was obtained for the C-SiOx@Si/rGO
electrode after 100 cycles. However, SiOx@Si/rGO and SiOx@
Si anodes maintained low capacities of 662.5 and 300.4 mAh
g−1, respectively. The rapid capacity fading suggested that the
SiOx@Si electrode structure experienced severe disintegration
during the Li-ion insertion/extraction processes. All electrodes
showed excellent reversibility for Si, with Coulombic efficiency
above 98% during cycling (Figure S12). Furthermore, an

Figure 4. Theoretical calculations of charge density distribution for the SiOx//Si heterojunction in (a) SiOx@Si and (b) C-SiOx@Si/rGO
models. SiOx//rGO heterojunction in (c) SiOx/rGO and (d) C-SiOx@Si/rGO models (yellow indicates charge accumulation, while green
indicates depletion). The planar-averaged electron density difference Δρ for (e) SiOx//Si and (f) SiOx//rGO. (g) Schematic description of
paths for Li-ion and electron migration at the heterointerfaces in the electric field.
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adequate reversible capacity of 797.4 mAh g−1 could be
obtained at 2 A g−1 after 350 cycles (Figure S13). The
electrochemical impedance spectroscopy (EIS) test results
confirmed that the C-SiOx@Si/rGO electrode had a lower ion-
diffusion resistance, revealing faster Li-ion transfer rates
(Figure S14a). The corresponding EIS fitting line and
equivalent circuit are shown in Figure S14b.
Figure 3f illustrates the electric field in the C-SiOx@Si/rGO

composite. The imbalanced charge distribution among the Si,
SiOx, and rGO interfaces generated an electric-field force,
thereby significantly enhancing the high-rate capability through
boosting the electron and Li-ion mobility between the current
collector and active sites.40,41 The configuration of SiOx@Si
combined with the well-connected 3D N,S-doped rGO
networks activated more active sites and created a short
diffusion pathway for the electron and Li-ion exchange for the
SiOx@Si nanoparticles, thereby accelerating the electron and
Li-ion radial transport along the interlocked rGO, building an
electrical superhighway. Therefore, the elastic rGO coating on
the SiOx@Si particles reduces volume variations and maintains
the durability of the C-SiOx@Si/rGO electrode. Furthermore,
the electric field can guarantee structural integrity between
different components and facilitate the redox reaction kinetics
in the C-SiOx@Si/rGO electrode.
Density functional theory (DFT) calculations were

performed to investigate the unbalanced charge distribution
at the heterogeneous atomic interface. The calculated results of
SiOx@Si revealed the charge density redistribution at the
SiOx//Si heterojunction interface. However, a large percentage
of O atoms remained neutral and were not converted to the
negative region (Figure 4a). After adding rGO to the model
(C-SiOx@Si/rGO), the charge rearranged at the SiOx interface
reappeared. Furthermore, the charge density distribution in the
rGO layer plane was completely reduced. Moreover, the O
atoms in the SiOx layer transformed into a negative center
surrounded by a positively charged region (Figure 4b). The
curve of the planar-averaged electron density difference (Δρ)
in the SiOx//Si heterojunction indicated that the charge
density difference was more apparent and amplified in C-

SiOx@Si/rGO (Figure 4e). This assists in extending the local
built-in electric field.11,42 Only partial charge accumulation and
depletion occurred in the SiOx//rGO heterojunction in the
confined area at the SiOx//rGO heterointerface. This indicates
that a limited electric field exists in the SiOx/rGO model
(Figure 4c). However, when Si atoms were added to the SiOx/
rGO model (C-SiOx@Si/rGO), the charge distribution
changed significantly. The charge density improved in the
SiOx layer plane and reduced on the rGO surface (Figure 4d).
This extensive and structured charge-transfer behavior is
advantageous when generating potential differences, thereby
inducing a large-scale in-plane electric-field effect. The SiOx//
rGO heterojunction with the homogeneous space charge layer
at the interface can significantly accelerate electron/ion-
transfer kinetics.40,43 The charge density variation curve of
SiOx//rGO is shown in Figure 4f. In conclusion, rGO, SiOx,
and Si were necessary to create a large-scale unbalanced charge
distribution in the C-SiOx@Si/rGO composite. This generated
a powerful electric field through the synergistic effect of the
abundant heterogeneous interface. These theoretically calcu-
lated results support those of the XPS and Raman tests.
Figure 4g is a schematic description of the Li-ion and

electron migration paths at various interfaces during the
discharge (insertion) process of the C-SiOx@Si/rGO
composite. The charge accumulation and depletion generated
an extensive electric field with an adventitious strong Coulomb
force. This points from the neutral area to the negatively
charged area, providing the potential driving force for
interfacial electron transport.44 When Li-ions were placed in
the extended electric field, the Li-ion transfer was boosted by
the intense electric-field forces generated by the potential
difference between rGO and SiOx in the rGO//SiOx
heterojunction. After acceleration was sustained, the Li-ion
and electron arrived at the SiOx layer. They were released and
diffused rapidly in different directions through the self-adaptive
local electric field. This continued until they are transferred to
the Si interface and obtained secondary acceleration. After full
lithiation, the electronegative region gradually transformed into
a neutral state. During the charging process, the electric-field

Figure 5. Compositional characterization and morphology of SiOx@Si and C-SiOx@Si/rGO after cycling. SEM images and EDS mapping of
the surface and cross-section of SiOx@Si and C-SiOx@Si/rGO electrodes: (a, c) before cycling, (b, d) after cycling. (e, f) SEM images and
EDS mapping of the C-SiOx@Si/rGO composite. (g) DFT theoretical calculation of the interaction between C-SiOx@Si/rGO and alginic
acid.
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force points from the positive region near the O and C to the
electrically neutral area, facilitating the extraction of Li-ions.42

The poor encapsulation of the SiOx@Si/rGO composite by
the rGO resulted in a reduction in the electric field and limited
the electrochemical performance. To sum up, this flexible self-
adaptive electric field affected the regulation strategy that
assists in promoting the redox reaction of Li-ions in the
electrode.
The different performance results obtained for cycle stability

were investigated using SEM measurements of the SiOx@Si
and C-SiOx@Si/rGO electrodes after cycling. The SEM and
mapping images for the surface and cross-section showed
significant changes in the electrodes before and after cycling.
The surface of the SiOx@Si electrode was rough and had large
cracks (∼5 μm, Figure 5b). Furthermore, the cross-sectional
thickness of the SiOx@Si electrode expanded from 10 μm to
27 μm (170% swelling). In contrast, the C-SiOx@Si/rGO
electrode had a smooth surface with minor cracks (∼1 μm),
and the active materials were not detached from the current
collector. The electrode thickness increased from 10 μm to 14
μm with a 40% volume expansion (Figures 5c and d). The
SiOx@Si particles (∼40 nm) were homogeneously distributed
without significant pulverization and were still imprisoned by
the rGO shell (Figure 5e). The elastic 3D rGO barrier firmly
encapsulated the SiOx@Si grains, protecting the SiOx@Si
particles from agglomeration and pulverization. However, the
SiOx@Si electrode did not perform that well (Figure S15). The
mapping test results displayed that the distribution of Si was
almost identical to that of C, thereby confirming that rGO
effectively reduced the fractures of SiOx@Si (Figure 5f).
Raman test results verified that the Si signal existed in C-
SiOx@Si/rGO, indicating that the crystalline Si had not been
converted to an amorphous state (Figure S16).
Another set of DFT calculations was performed to

investigate the physical origin of the robust structure of the
C-SiOx@Si/rGO electrode. Based on the previous character-
ization results, the rGO sheet and SiOx layer were in direct
contact with sodium alginate. The first step of the electrode
preparation involved dissolving and disassociating the sodium
alginate into Na+ and alginic acid. The optimized theoretical
model is shown in Figure 5g. The calculated results suggested
that alginic acid strongly interacted with C-SiOx@Si/rGO
(−56.19 kcal mol−1) during the mixing process of the electrode
fabrication. The strong interaction energy contributed to the
complete combination of the binder and active materials,
resulting in the structural integrity and prolonged cycling
stability of the as-prepared C-SiOx@Si/rGO electrode.6,45 As
illustrated in Figure S17, after the activation at a low current
density, the SiOx@Si particles became prone to pulverization
during cycling. The SiOx@Si electrodes lacked adaptable
supporters and electric-field effects. Therefore, the SiOx@Si
electrodes incurred severe pulverization after cycling, leading
to the structural collapse and subsequent electrical disconnect.
In contrast, the loose internal structure created by the flexible
rGO buffer layer restricted the significant volume change of
SiOx@Si in the C-SiOx@Si/rGO electrode. In particular, the
presence of the electric-field effect made the electrode
structure more stable with considerable SiOx@Si active
material retained. The above characterization results can be
summarized as follows: the well-established sufficient inner
void regulates the volume expansion and is tolerant to
mechanical stresses during the lithiation process, and the
enlarged electric field is extremely advantageous to the

structural stability of the Si-based electrode, thereby circum-
venting the volume change induced by instability during
cycling.
A real-world application of the C-SiOx@Si/rGO composite

in LIBs was evaluated using a full cell configuration with the
commercialized NCM as the cathode. Figure S18a is a
simplified schematic illustration of the NCM//C-SiOx@Si/
rGO full cell. The corresponding redox reaction equation of
the full cell is shown below:

Li Ni Co Mn O C SiO @Si/rGO

Li Ni Co Mn O Li C SiO @Si/rGOx x x

0.8 0.1 0.1 2 x

1 0.8 0.1 0.1 2

[ ] + [ ‐ ]

[ ] + [ ‐ ]−F
(1)

To make full use of the NCM electrode in the full cell, the
C-SiOx@Si/rGO electrode was first prelithiated with Li foil
(Figure S18b). The rate performance and CV curve of NCM
are shown in Figure S19. The Li-ion storage behavior of the
NCM//C-SiOx@Si/rGO full cell was investigated using CV
measurements from 0.2 to 2.0 mV s−1 with a cutoff voltage
between 2.8 and 4.5 V (Figure 6a). The curves show three

pairs of sharp and strong redox peaks, ascribed to the rapid
kinetics of the Li+ insertion/extraction reaction in the full cell.
Additionally, the redox peaks remained undeformed (Δ = 0.10,
0.06, and 0.07 V) when the scan rate was increased to 2.0 mV
s−1. This indicates that a low polarization and stable reversible
redox reaction occurred in the NCM//C-SiOx@Si/rGO full
cell. As shown in Figure 6b, the full cell maintained an
excellent rate performance similar to that of the half-cell. The
initial charge and discharge capacities of NCM//C-SiOx@Si/
rGO at 300 mA g−1 were 220.5 and 184.5 mAh g−1 with 83.7%
ICE (Figure S20). After a five-cycle activation, a stable

Figure 6. Electrochemical properties of the NCM//C-SiOx@Si/
rGO full cell. (a) CV curves at different scan rates. (b) Rate
performance. (c) Galvanostatic charge/discharge curves. (d)
Comparisons of rate performance of Si-based full cell with
previous studies. (e) Cycle performance.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c01796
ACS Nano 2020, 14, 7066−7076

7072

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01796/suppl_file/nn0c01796_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01796/suppl_file/nn0c01796_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01796/suppl_file/nn0c01796_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01796/suppl_file/nn0c01796_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01796/suppl_file/nn0c01796_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01796/suppl_file/nn0c01796_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01796/suppl_file/nn0c01796_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01796?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01796?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01796?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01796?fig=fig6&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c01796?ref=pdf


discharge capacity of 163.8 mAh g−1 was reached. At rates of
500, 1000, and 2000 mA g−1, the NCM//C-SiOx@Si/rGO full
cell can deliver a high reversible capacity of 157.6, 138.1, and
119.6 mAh g−1, respectively. Furthermore, a capacity of 101.4
mAh g−1 could be maintained at 4000 mA g−1, corresponding
to an energy density of 375.2 Wh kg−1. The full cell recovered
most of its capacity as the current rate returned to 1000 mA
g−1. The admirable rate capability of the full cell may be
attributed to the relatively high capacitive contribution (Figure
S21).46 Moreover, the voltage profile of the NCM//C-SiOx@
Si/rGO full cell had an average voltage value of ∼3.7 V, with
only a 0.03 V voltage platforms shift from 300 to 4000 mA g−1

(Figure 6c). As shown in Figure 6d, the rate performance of Si-
based full cells prepared in this study was superior to that
reported in the literature.32,47−54 This comparison was
facilitated using a current density that was based on the
mass of active materials in the anode. The comparative results
indicated that the introduction of the electric field created an
opportunity to construct advanced electrode materials. The
excellent lithium-storage behavior resulted from the in-plane
self-adaptive electric field, which was essential for boosting the
interfacial charge migration and Li-ion transfer rates in the
electrode. Additionally, the NCM//C-SiOx@Si/rGO full cell
exhibited outstanding cycling stability with a high reversible
capacity of 141.5 mAh g−1 and a maintained a capacity of 76.1
mAh g−1 (281.6 Wh kg−1) after 100 cycles at 1000 mA g−1

(Figure 6e). The Coulomb efficiency exceeded 99.0%
throughout the cycling, highlighting the admirable reversibility
of Li ions. The EIS of NCM//C-SiOx@Si/rGO after cycling is
shown in Figure S22, which nearly corresponds to the half-cell
tests. The relatively low charge-transfer impedance of the
NCM//C-SiOx@Si/rGO full cell resulted in advantageous
electrochemical properties. Figure S23 shows a photographic
image of a screen with 57 LED elements lighted using the
assembled full cell, indicating the potential in the energy-
storage field.

CONCLUSION
This study described a rationally constructed abundant
heterogeneous atomic interface via coupling different compo-
nents in a C-SiOx@Si/rGO composite and applied the electric-
field concept to Si-based anode materials. The ion/electron-
transfer capability was hierarchically boosted during the redox
reaction by manipulating the charge distribution in a specific
multi-interface configuration. As a result, this strategy of
optimizing the charge-transfer kinetics obtained extraordinary
electrochemical properties with excellent rate capability and
structural stability in the half/full cell tests. This study has great
potential for the preparation of other high-efficiency electrodes
for advanced Li-ion storage.

EXPERIMENTS AND METHODS
Preparation of SiOx@Si Nanoparticles. A 0.8 g amount of

commercial Si particles (99.9% metals basis, <50 nm, Macklin) was
dispersed into a 40 mL piranha solution (H2SO4/H2O2 = 7:3 v/v)
and continuously stirred magnetically for 2 h at 80 °C. The modified
products were centrifuged and rinsed using deionized water and
ethanol and then dried in a vacuum oven at 60 °C for 12 h.6

Preparation of the C-SiOx@Si/rGO Composite. The as-
prepared SiOx@Si powder (0.4 g) was dispensed into an ethanol
(40 mL) and deionized water (15 mL) mixture, and then
ultrasonication was performed for 2 h. Subsequently, (NH4)2S2O3
(0.2 g) was added to the as-prepared dispersions with forceful stirring,
and solution A was obtained through sonication sequentially for 3 h.

Graphite oxide powder was prepared from natural graphite powder by
a modified Hummers method.55 The β-CD@GO supramolecular
colloid B was obtained by initially adding GO (0.13 g) to 100 mL of
distilled water. After full sonication, β-CD (0.2 g) was added and kept
at 25 °C while being vigorously stirred for 3 h, to initiate the self-
assembly process.12 Afterward, the as-prepared β-CD@GO colloid B
was added dropwise to solution A and thoroughly stirred for 2 h to
produce a uniform dispersed sol system. The as-prepared mixture was
transferred into a polytetrafluoroethylene-lined autoclave for a
hydrothermal reaction at 180 °C for 12 h. After being cooled to
ambient temperature, the mixture was dried at 90 °C for 18 h to
remove ethanol and water. Finally, the material was transferred into a
tube furnace and calcined at 600 °C for 3 h at a heat rate of 2 °C
min−1 (Ar, 60 mL min−1). Then, 10% hydrofluoric acid (HF) was
used to etch the product for 30 s to obtain a C-SiOx@Si/rGO
composite. The targeted Si content in the composite was 70−80 wt %.
Additionally, the as-prepared sample without β-CD was denoted as
SiOx@Si/rGO.

Material Characterization. The morphology and cross-sectional
properties of the samples were analyzed using an SEM (Gemini 500)
and a TEM (FEI F30). The EDX spectroscopy of the C-SiOx@Si/
rGO composite was observed using a Talos TEM (FEI, Talos
F200X). The XRD was measured using an X-ray generator from 10°
to 80° (Cu Kα radiation, λ = 1.5418 Å). The Raman analysis was
performed with a Renishaw InVia Raman microscope (λ = 633 nm).
The EPR tests were performed on the X-band with a 1.00 G
modulation amplitude. TGA (STA409PC) was performed in an air
atmosphere from 30 to 700 °C. XPS measurements were performed
using an ESCALab250Xi apparatus to analyze the chemical states.
FTIR spectra were recorded on a Nicolet 750 spectrometer. The
thickness of rGO was obtained using atomic force microscopy (SPM-
9500J3). The N2 adsorption/desorption measurements were
evaluated at 77 K (ASAP-2020).

Electrochemical Measurement. The electrochemical properties
of the as-prepared materials were evaluated by assembling CR2032
coin-type half/full cells. The anode electrode was fabricated by mixing
70 wt % active material, 20 wt % sodium alginate, and 10 wt %
acetylene black in deionized water. The resulting slurries were pasted
onto a Cu foil and dried in a vacuum oven at 65 °C overnight. The
working electrodes were obtained by tailoring discs (12 mm) from the
electrode film and pressed (the electrode thickness is ∼10 μm). The
electrolyte solution was 1 M LiPF6 in EC/DMC (v/v = 1:1) with 5 wt
% fluoroethylene carbonate additive. The metallic Li foil and Celgard
2400 membrane were selected as the counter-electrode and separator,
respectively. The mass loading of the active material was 0.4−0.8 mg
cm−2, which is enough to match the capacity of the cathode. The
assembly processes of the cells were conducted in an Ar-filled
glovebox, followed by aging for at least 24 h before performing the
electrochemical performance tests.

The full cells comprised commercial NCM (Kejing Star
Technology Co., Ltd., Shenzhen) as the cathode and C-SiOx@Si/
rGO composite as the anode. The anode was prelithiated by adding a
few drops of electrolyte on the C-SiOx@Si/rGO electrode and
pressing with Li foil for 20 min. The mass ratio of the cathode and
anode was set at 10:1. The specific capacities of the full cell were
calculated based on the total weight of the active materials.

The GITT measurements were conducted on a Land 2001A
battery tester from 0.01 to 2.0 V. The full cell was charged/discharged
over a voltage range of 2.8−4.5 V. CV curves were recorded using a
CHI660E electrochemical workstation from 0.01 to 2.0 V and 2.8 to
4.5 V for a half and full cell, respectively. EIS was measured using the
CHI660E workstation with an applied voltage amplitude of 5 mV
(0.01 Hz to 100 kHz).

Theoretical Calculations. All periodic boundary condition
density functional theory calculations in this study were executed by
employing the Vienna ab initio simulation program package (VASP
version 5.4.1).56−58 The Kohn−Sham equations were solved via a
plane-wave basis set through the projector-augmented wave method.
Pseudopotentials were composed of PAW_PBE C, N, O, S, and Si.
To simplify the calculations and save time, SiO2 was used to replace
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SiOx for all corresponding theoretical simulation calculations.6 The
crystal rGO, Si, and SiO2 are taken as the conventional standards. All
heterostructures were constructed using the VASPKIT package with
the mismatch error within 3%. The K-points were 3 × 3 × 1.59

The corresponding interaction energy (E) was calculated using the
following equation (AA represents alginic acid):

E E E E E(AA rGO SiO ) (AA) (rGO) (SiO )x x= ‐ ‐ − − − (2)

The charge density difference is defined as follows:

For the SiOx@Si model:

(SiO //Si) (SiO @Si) (SiO ) (Si)x x xρ ρ ρΔρ = − − (3)

For the SiOx/rGO model:

(SiO //rGO) (SiO /rGO) (SiO ) (rGO)x x xρ ρ ρΔρ = − −
(4)

For C-SiOx@Si/rGO model: There are two interfaces in the C-
SiOx@Si/rGO composite, namely, Si//SiOx and SiOx//rGO. The
charge difference at the Si//SiOx interface in the composite was built
as an entire model using SiOx and rGO:

(SiO //Si) (C SiO @Si/rGO) (SiO /rGO) (Si)x x xρ ρ ρΔρ = ‐ − −
(5)

Similarly, SiOx and Si were constructed as an entire model to
obtain the charge difference at the SiOx//rGO interface in the
composite, with the corresponding charge density difference formula:

(SiO //rGO) (C SiO @Si/rGO) (SiO @Si)

(rGO)
x x xρ ρ

ρ

Δρ = ‐ −

− (6)
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