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ABSTRACT

Carbon coating has been an effective procedure to tackle the severe structural degradation and poor conductivity during cycling of silicon-based anodes in lithium-
ion batteries (LIBs). However, the traditional coated carbon usually is tight and thus limit the fast-charging rate and high specific capacity. Herein, through in-situ
formation of metal-organic frameworks on the surface, silicon particles were firstly coated by an inside carbon layer. Followed by a solvothermal reaction with the
mixture of sucrose and graphene oxide, the second carbon layer outside the silicon particles was deposited, and simultaneously a highly conductive graphene network
was formed. After a high temperature pyrolysis process, a graphene matrix supported silicon material with inward multi-channel carbon and outward tight activated
carbon was prepared. This unique core/double-layer carbon structure, combined with the highly conductive graphene frameworks, render the material to
demonstrate excellent electrochemical performance as anode materials for LIBs in terms of both lithium storage capacity and cycling stability. Thus, the electrode
materials deliver a high specific capacity of 1528.1 mA h g™! at the current density of 0.1 A g~! and rate capacity retention of 45.5% at 1 A g~ to 0.1 A g%,
Simultaneously, a highly stable reversible capacity of 1182 mAh g~ with 89.5% retention over 240 cycles at a current density of 0.2 A g~ and 484 mAh g~! with
76.8% retention after 450 cycles at 1.0 A g~ ! were obtained. This work can offer an alternative approach for high-energy and low-cost silicon-based anodes for LIBs.

1. Introduction

Lithium-ion batteries (LIBs) with excellent energy density and su-
perior cycling life have become the most important energy storage
technology for electric vehicles, portable electronics and renewable
energy storage [1]. Silicon, owing to its highest theoretical capacity (~
4200 mA h g1), a relatively lower discharge voltage (<0.5 V vs. Li*/Li)
and abundance in nature [2-4], has been considered as one of the most
promising candidates as the anode materials for LIBs. However, silicon
undergoes a huge volume change (>300%) during the repeated char-
ge/discharge cycles. This causes dramatic pulverization of silicon par-
ticles and thus leads to unceasing formation of solid-electrolyte
interphase film on the surface of silicon and rapid capacity attenuation
upon cycling [5,6]. Furthermore, the low intrinsic electrical conduc-
tivity of pristine silicon significantly suppresses its charge/discharge
behaviors. To overcome these obstacles, the strategy of encapsulation of
silicon with conductive carbon coating layers has been well developed
[7,8]. In such carbon coated silicon materials, the carbon shell/sheath
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could work as a protective layer for buffering the volume expansion of
silicon particles, prevent them from directly contacting with the elec-
trolyte, in addition to enhancing the materials’ conductivity [9,10].
Therefore, the carbon encapsulated silicon can provide much improved
mechanical tolerance to achieve better charge/discharge cycling and
rate performance [11,12].

Carbon derived from various precursors, such as pitch [13,14],
pyridine [15], chitosan [16], biomass [17], polymers [18-24], hydro-
carbon gases [25] and so on, have been widely used as the coating
shell/sheath to improve the structural and electrical performance of
such silicon composites. Various metal-organic frameworks (MOFs),
consisting of porous carbon frameworks with metal centers, have
attracted much interests as the precursors for preparing various anode
materials for LIBs due to their diverse morphologies, high porosity and
controllable chemical structures [26-28]. Fabrication of core/sheath
constructures with carbon derived from MOFs encapsulating silicon
nanoparticles provides a new pathway to high-performance LIBs anode
materials. One-layer carbon derived from zeolitic imidazolate
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framework (ZIF) coated silicon composites has been synthesized
through a grinding and subsequently carbonization process by Wang’s
group [29], a high voltage sputtering process by Liu et al. [30], a stirring
with followed carbonization process by Li et al. [31], and growing ZIF-8
on benzoic acid-functionalized nano-Si with subsequent pyrolyzation
process by Song et al. [32]. In addition, Wang et al. constructed a novel
porous silicon microsphere, coated by one-layer carbon derived from
MOFs and consisting of numerous interconnected nanowires, manifested
an enhanced lithium storage performance [33].

Meanwhile, double-layer carbon coated silicon materials as anode
materials have been also investigated. For example, silicon anode ma-
terials with silicon/carbon yolk/shell structure have been fabricated,
where polystyrene was used as the precursor generating pores and inner
carbon sheath, and polyaniline was used as the source for outer carbon
sheath [34]. Amorphous/crystalline dual carbon coated silicon nano-
particles have been synthesized by various methods, including pyro-
lyzing [35,36], ball-milling [37], liquid coating followed by
polymerization process [38], carbonization of MOFs with polymer [39]
and so on. Recently, a multifunctional composite, where silicon nano-
particles embedded in macro-porous carbon and then coated with an
outer amorphous carbon, was prepared through carbon coating,
carbonization, pore-creating, silicon deposition and the outer amor-
phous carbon formation [40]. The inner macro-porous matrix with high
silicon content provides sufficient pores to alleviate the volume change
of silicon, meanwhile, the outer protective carbon layer could endure a
high mechanical pressure, limiting the damage during the charge/di-
scharge process.

Furthermore, owing to the excellent structural and electrical prop-
erties, graphene has also become a promising candidate to encapsulate
silicon nanostructures to construct energetic architectures for high-
performance LIBs anode materials [41]. Graphene sheets have been
deposited on the surface of silicon spheres/wires through various
methods, such as an electrostatic attraction method [1,12], in-situ
growth process by chemical vapor deposition [11,42-45], covalent
linkage immobilization [46,47] mechanical blending [48], solvent ex-
change process [49], steam etching [50], and plasma-assisted milling
[51,52] and so on.

Moreover, ternary complex based on one-layer carbon coated silicon
structures, which were further anchored on high conductive 1D/2D
nanowires/nanosheets [53-57] or 3D carbon nanotube foam [2,58,59],
graphene spongy [60-62], Ni foam [63], graphite [64] and polymer
frameworks [65,66] have been fabricated. Combined with the
outstanding conductive abilities of the nanoscale matrix, the silicon
composites exhibit excellent structural and interfacial stability, as well
as enhanced capacity and cycling stabilities.

While carbon coating and introduction of highly conductive matrix
are popular strategies for improvement of the lithium storage capacity,
nevertheless, less attentions have been given for the carbon layer with
optimal channels for lithium-ion transport. Furthermore, very limited
works have been carried out on the silicon anode materials with a
double-layer carbon coating structure, and no such work with the
introduction of high conductive graphene as the matrix to provide a plat
for silicon nanoparticles has been reported.
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In this work, as shown in Fig. 1, an anode silicon material with a
double-layer carbon coating structure, named as Graphene/IOC@Si,
was fabricated, where the highly conducting graphene was used as the
matrix to anchor the silicon particles which were first encapsulated with
a MOFs derived inward carbon shell, and then sucrose derived outward
carbon layer. Here, ZIF-8 was firstly assembled on the silicon surface to
obtain ZIF-8 encapsulated silicon nanoparticles, denoted as ZIF-8@Si.
Then this ZIF-8@Si was coated with sucrose and deposited on gra-
phene sheets through ball-milling, followed by a solvothermal reaction
and pyrolysis process. With graphene network formed in the sol-
vothermal process, a ternary composite of Graphene/IOC@Si was
fabricated. Different from the traditional coated carbon, the MOFs
derived carbon preserved the unique multi-channel of the framework,
which can not only effectively buffer and accommodate the volume
expansion of silicon, but also greatly promote the infiltration of the
electrolyte ions to the anode. The outward sucrose produced activated
carbon with tight structure acting as the second buffer shell/sheath can
further relax the volume change of the inner particles. Meanwhile, the
graphene matrix associated with interconnected networks can provide
sufficient space to accelerated silicon nanoparticles, along with the
electrolyte ions and simultaneously render an excellent electrical con-
ductivity for the whole anode materials. As consequence, the unique
Graphene/IOC@Si anode materials exhibit a high lithium storage spe-
cific capacity up to 1528.1 mA h g~ at the current density of 0.1 A g1,
as well as enhanced rate capability and excellent cycling stability.

2. Experimental
2.1. Materials synthesis

All the chemicals used in this work are analytical grade and there is
no other treatment. Deionized water was used in all experiments. Gra-
phene oxide (GO) was purchased from Tianjin Plannano Energy Tech-
nologies Co., Ltd.

In-situ growth ZIF-8 on silicon nanoparticles was first performed by a
simply ball milling process with precursors of forming ZIF-8 and silicon
nanoparticles in solvent. Typically, silicon powder (30 mg, Shanghai
Aladdin Biochemical Technology Co., Ltd.) with average diameter of
~60 nm was firstly dispersed in methanol (10 mL) by ultrasonic, and
then was ball-milled for 1 h at 500 rpm. After that, ZnNO3-6H>0 (1.0 g)
solution in methanol (5 mL) and 2-methylimidazole (1.6 g) solution in
methanol (5 mL) were added respectively and continued to ball-mill for
another 1 h at 500 rpm. After this process, the intermediate products
were separated by centrifuge at 1000 rpm for 15 min. The sediments
were collected and thoroughly washed with methanol and then dried in
a vacuum oven at 120 °C for 12 h to generate the ZIF-8 coated silicon
nanoparticles, named ZIF-8@Si. The obtained ZIF-8@Si was then mixed
with GO aqueous solution (3 mg mL™}, 10 mL) and sucrose aqueous
solution (130 mg mL’l, 10 mL) and continued to ball-milling for 3 h at
500 rpm. After another stirring for 12 h at room temperature, the above
dispersion was then applied with a hydrothermal process and followed
carbonization step according to our previous approaches [67,68].
Briefly, the homogeneous mixture was firstly transferred to an autoclave

Sucrose derived outward carbon ZIF-8 derived inward carbon

Zn(NO;), o sucrose  solvothermal
\ 2-methylimidazoles {3', graphene oxide reaction
> 'ﬁiﬁ I > >
ball-milling Q;" ball-milling pyrolysis

Si ZIF-8@Si

Graphene/IOC@Si

Fig. 1. Schematic of the fabrication process of Graphene/IOC@Si. (A colour version of this figure can be viewed online.)
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(100 mL), heated to 200 °C and kept for 12 h. After that, the hydro-
thermal product was vacuum filtered, thoroughly washed with distilled
water, and dried in a vacuum oven at 120 °C for 24 h. Finally, the sample
was collected and placed in a nickel boat and heated to 800 °C at the rate
of 5 °C min~! under Ar/H, atmosphere (5% Hj) in a horizontal tube
furnace, which was kept for 1 h at that temperature and the Graphe-
ne/IOC@Si materials were obtained.

As comparison, the control sample, without ZIF-8, only with sucrose
derived single carbon layer coated silicon nanoparticles dispersed on
graphene sheets (Graphene/C@Si) was also synthesized and compared
at the same conditions as that of Graphene/IOC@Si. Another two con-
trol samples, different loading of GO and sucrose mass were also studied
in the hydrothermal reaction solution, and the products named
Graphene/IOC@Si-2GO (with a doubled GO loading, 6 mg mL~}, 10 mL)
and Graphene/IOC@Si-2Sucrose (with a doubled sucrose loading, 260
mg mL~}, 10 mL), respectively. For further comparison, ZIF-8@Si was
carbonized in a horizontal tube furnace under the same conditions with
at 800 °C under Ar/H; atmosphere (5% Hy) for 1 h, and the product was
named ZIF-8@Si-C as another control sample.

2.2. Characterization

X-ray diffraction (XRD) was performed using a Rigaku D/Max-2500
diffractometer with Cu Ko radiation. Raman spectra were examined with
a Renishaw InVia Raman spectrometer with laser excitation at 514.5
nm. Lorentzian fitting was used to confirm the positions and the full
width at half maximum (FWHM) of the D and G bands. Scanning elec-
tron microscopy (SEM) was carried out on a Phenom Pro SEM (For
Graphene/IOC@Si sample) and Zeiss Gemini SEM 300 (For Graphene/
C@Si sample). Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HR-TEM) images were
obtained on a FEI Tecnai G2 F20 electron microscope with an acceler-
ation voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) anal-
ysis was conducted on an AXIS HIS 165 spectrometer using a
monochromatized Al Ka X-ray source (1486.7 eV). The thermogravi-
metric analysis (TGA) and differential thermal analysis (DTA) were
tested on a TA Q600 apparatus from room temperature to 900 °C at a
heating rate of 10 °C min~! in air. Inductively coupled plasma optical
emission spectroscopy (ICP-OES, Agilent 725) was used to analyze Zn
content in Graphene/IOC@Si sample.

2.3. Fabrication of LIBs and electrochemical measurements

The electrochemical performance of the samples was studied based
on a typical CR2032 coin-type half-cell in an argon-filled glove box. The
working electrode was prepared with 70 wt% active material, 10 wt%
conductivity agent Super P, together with 20 wt% polyvinylidene fluo-
ride dissolved in N-methyl-2-pyrrolidone as a binder. The electrode
materials were well mixed and then coated onto a copper foil. After
dried in a vacuum oven at 180 °C for 6 h, the sheet was punched into
rounded electrodes with 10 mm diameter, and the loading mass of active
materials was 1.0-1.4 mg. Lithium metal foils and Celgard 2325 mem-
brane were used as the counter electrode and separator, respectively.
The electrolyte was the solution of 1 M LiPF¢ dissolved in the mixture of
ethylene carbonate/diethyl carbonate (1:1, v/v) with 5 wt% fluoro-
ethylene carbonate additive, and 60 pL electrolyte was used for each
cell.

All the electrochemical tests were performed at room temperature.
Galvanostatic charge-discharge cycle tests were conducted on a LAND
battery testing system (LAND CT2001A model, Wuhan LAND Elec-
tronics. Ltd.) with a potential range of 0.005-1.5 V (vs. Li*/Li) at various
current densities. Using an electrochemical workstation (P4000,
Princeton, USA), cyclic voltammetry (CV) measurements were recorded
between 0.005 and 1.5 V (vs. Li*/Li), and electrochemical impedance
spectroscopy (EIS) was measured by applying a 10 mV amplitude signal
in the range of 100 kHz to 10 mHz. The galvanostatic intermittent
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titration technique (GITT) measurements were conducted using the
LAND CT2001A battery tester from 0.02 to 1.5 V with a pulse current of
0.1 A g~ ! applied for 10 min and with a 10 min rest interval.

For comparison, the electrochemical performance of the control
samples was also investigated with the same test method.

3. Results and discussion
3.1. Structure and morphology characterization

In order to achieve excellent performance of silicon composites, it is
critical to obtain well dispersed silicon nanoparticles with stable struc-
ture during the charge/discharge process. This requires controlling well
not only the carbon coating but also the dispersibility of the silicon
nanoparticles in the composite. Therefore, ZIF-8 and sucrose were
selected as the inner and outer coating carbon source respectively.
Simultaneously, graphene sheets, with excellent structural properties
and remarkable electrical conductivity, were introduced as a support
matrix of the silicon nanoparticles to enhance the electrochemical
performance.

ZIF-8 was firstly in-situ synthesized on the nano silicon surface
through simple ball milling process, denoted as ZIF-8@Si. As designed
and expected, ZIF-8 framework coating silicon particles were obtained.
As shown in Fig. 2a, the distorted cubic (direction of arrows 1 and 2) and
similar sodalite structural ZIF-8@Si (direction of arrow 3) particles are
clearly presented. Noted that some individual silicon particles were also
observed in the SEM image. For these silicon particles, while the perfect
ZIF-8 frameworks outside might not form, whereas, some precursor-like
of the carbon layer maybe still exist on the surface of these silicon
particles, which could still produce the designed inner carbon layer after
carbonization at high temperature. The XRD results of ZIF-8@Si
(Fig. 2b) demonstrates a typical pattern of crystal structure of ZIF-8
(marked with “#”), which is accordance with the standard XRD of
ZIF-8, indicating that ZIF-8 was formed in the ball milling process.
Simultaneously, the peaks of silicon are obvious in the XRD results of
ZIF-8@Si (marked with “*”). After carbonization at high temperature, a
carbon-coated (derived from ZIF-8) silicon material ZIF-8@Si—-C was
obtained. In the XRD results, the characteristic peaks of ZIF-8 dis-
appeared while the silicon peaks become intensified, indicating the
skeleton of ZIF-8 was collapsed during the pyrolysis process and amor-
phous carbon formed. To obtain the outer carbon layer, sucrose was then
introduced together with the graphene oxide to the ZIF-8@Si dispersed
aqueous solution. After a solvothermal reaction and following carbon-
ization process at high temperature, sucrose formed the outward carbon
layer outside the inner carbon layer on the surface of silicon particles.
Meanwhile, during the process the graphene framework works simul-
taneously as a matrix support to anchor the double-layer carbon coated
silicon nanoparticles. In the XRD pattern of the final product Graphene/
I0C@Si composite (Fig. 2b), after coating with sucrose and depositing
on graphene matrix and then pyrolysis, all the peaks of ZIF-8 phase
disappeared, while the peaks assigned to the crystalline silicon emerged.
The diffraction peaks at 28.7°, 47.5°, and 56.3° indexed to the (111),
(220), and (331) lattice planes of crystalline silicon (JCPDS No.
27-1402), respectively [61,69]. The broad and weak diffraction peak at
about 25° in the XRD patterns of Graphene/IOC@Si are ascribed to the
(002) plane of lower ordering reductive graphene oxide (rGO), formed
in the hydrothermal and pyrolysis process [70]. The characteristics of
the silicon crystal and highly disordered carbon are also manifested by
the Raman results. In Fig. 2c, the characteristic peak of silicon crystal at
515 cm™ ! was observed [69]. Meanwhile, the D band at 1359 cm ! and
G band at 1591 em™!, attributing to the disordered carbon crystallites
and crystalline graphite respectively, were also presented. Based on the
FWHM values of D and G bands (~224 and 81 respectively), a high ratio
of D and G bands (Ip/Ig = 2.76) was obtained, illustrating a high degree
of structural disorder graphene sheets and the aphormaous carbon
derived from ZIF-8 and sucrose.
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Fig. 2. Morphology and structure analyses of the prepared samples. (a) SEM of ZIF-8@Si sample. (b) XRD results of Graphene/IOC@Si, ZIF-8@Si, ZIF-8@Si-C, and
the compared ZIF-8 standard peaks. (c) Raman spectrum of Graphene/IOC@Si sample. (A colour version of this figure can be viewed online.)

The morphology and the microstructure of the final product Gra-
phene/IOC@Si material was also examined through SEM and TEM an-
alyses. As shown in Fig. 3a, the obtained composite has a relatively loose
packed and porous foam structure. At a higher magnification (Fig. 3b),
the graphene layers can be observed on the surface of the composite, in
which silicon nanoparticles are embedded/anchored, forming a gra-
phene matrix supported silicon nanoparticles structure. The TEM image
(Fig. 3c) demonstrates that the sphere-shaped silicon nanoparticles with
a diameter of about 60 nm are uniformly dispersed on the translucent
and wrinkled graphene sheets. As an excellent framework, graphene

sheets not only prevent the silicon nanoparticles from aggregation but
also construct electrically conductive networks, greatly improving the
electrical conductivity of the whole composite. The HR-TEM image
(Fig. 3d) shows the clear (111) planes of crystalline silicon with a d-
spacing of 0.31 nm (inset of Fig. 3d), and the crystalline silicon nano-
particle is coated by amorphous carbon layers. Also, in this final product
Graphene/IOC@Si, an amorphous carbon layer with a thickness of
about 7 nm is clearly exhibited. Based on the carbon layer thickness
estimation of the control sample of Graphene/C@Si (without MOFs
derived inner carbon layer, Fig. S1), the MOFs derived inner carbon

Fig. 3. The morphology and microstructure analyses of Graphene/IOC@Si. (a) SEM image. (b) Magnified SEM image of the rectangle area in (a). (c) TEM image. (d)
HR-TEM image of the nano silicon particles coated with amorphous carbon layer marked with white dash, inset is the lattice fringes of the crystalline silicon

nanoparticle. (A colour version of this figure can be viewed online.)
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layer in Graphene/IOC@Si is estimated with a thickness of about 2 nm.
In addition, the carbon layer thickness of the control sample of ZIF-
8@Si-C is about 2.4 nm (Fig. S2), supporting that the inner carbon layer
with ~2 nm thickness in Graphene/IOC@Si is contributed by MOFs.
This double-layer structure with both inner and outer carbon layers
offers a better tolerance for the expansion of silicon nanoparticles and
thus should improve the structural stability of the electrode materials
during the charge/discharge cycling. Note that, the inner porous carbon
layer derived from ZIF-8 frame provide favorable paths for trans-
portation of the electrolyte ions, and thus increasing the contact be-
tween the inner silicon nanoparticles and the electrolyte ions, desired for
a high capacity and rate performance. Furthermore, the carbon layers
should also serve as a bridge between silicon nanoparticles and gra-
phene sheets, giving rise to a robust electron transfer way in the case of
large volume changes [22].

The chemical composition and surface electronic states of Graphene/
I0C@Si composites were investigated by XPS. As shown in Fig. 4a, the
survey spectrum demonstrates the coexistence of Si, C, O, as well as Zn,
arising from ZIF-8 precursor. The high-resolution Si 2p spectrum
(Fig. 4b) exhibits evident peaks at 99.9 and 103.8 eV, which can be
attributed to the Si-Si and SiOy/Si (x < 2) band, respectively [60,61,71].
The formation of SiOx (x < 2) might be due to the oxidation of silicon
nanoparticles with GO under the hydrothermal and thermal treatment.
The peaks of silicon with higher oxidation states (such as SiO,, at ~ 105
eV) [71] did not appear in Graphene/IOC@Si composites, demon-
strating silicon is well preserved. The high-resolution C 1s scanning
spectrum (Fig. 4c) is split into three peaks of 284.6, 285.4, and 288.3 eV,
which can be assigned to the C-C, C-N and O-C—O0 bands, respectively
[60]. The weaker O-C=O0 peak indicate some oxygen-containing func-
tional groups appeared on the surface of rGO sheets, which is in
accordance with the Raman results. In the high-resolution N 1s spectrum
(Fig. 4d), the peaks at 398.3, 400.8 and 402.5 eV are observed, assigning
to the pyridinic N, pyrrolic N and graphitic N respectively [60]. The N
1s, along with the C-N band in the high-resolution C 1s, are attributed to
the ZIF-8 derived component in the composite. Compared with the final
product Graphene/IOC@Si, the control sample of Graphene/C@Si
shows different chemical compositions, as shown in Fig. 4e and f. In the
survey spectrum, there is no Zn composition due to the absent of ZIF-8 in
the precursors for the control sample of Graphene/C@Si. Noted that, the

(a) (b)
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high-resolution spectrum of Si 2p exhibits the peak of SiO5 at ~105.0 eV,
different from the SiO4/Si (x < 2) in Graphene/IOC@Si sample, indi-
cating more silicon was oxidized. The relatively low degree of oxidation
of silicon in Graphene/IOC@Si can contribute to the introduction of
inner carbon derived from ZIF-8, which prevents the silicon nano-
particles from oxidizing during the preparation process.

For quantifying the content of silicon in Graphene/IOC@Si com-
posite, TGA was carried out from room temperature to 900 °C in air. As
shown in Fig. S3, an abrupt weight loss of about 63.4% occurs between
500 and 700 °C together with a main exothermic peak at about 580 °C,
indicating the oxidation and decomposition of carbon (graphene and
double-layer carbon). At 700 °C, the retention of the mass is 36.6.0%,
being regarded as the oxidation of Zn and Si with formation of ZnO and
SiOg respectively. From the ICP-OES analysis, the Zn content is 3.01%.
Combined with the weight gain from the oxidation of silicon (TGA curve
of pristine silicon is shown in Fig. S4 and the weight gain is 5.5% at
700 °C), thus the content of silicon in Graphene/IOC@Si composites is
calculated to be 31.2 wt%.

3.2. Electrochemical performance

The coin-type half-cell was assembled with Graphene/IOC@Si and
lithium metal foil as the working and counter electrodes respectively,
and the electrochemical performance was studied. The initial five CV
curves of Graphene/IOC@Si electrode are shown in Fig. 5a. In the first
cathodic scan curve, the reduction peaks at 0.3-1.2 V are related to the
formation of solid electrolyte interphase (SEI) films, arising from the
reaction of the lithium ions with electrolytes as well as the decomposi-
tion of electrolytes on the surface of the electrode material. While, this
peak disappears in the subsequent cycles, illustrating that a stable SEI
layer formed. The cathodic peak at about 0.2 V formed in the subsequent
discharge cycles represents the formation process of lithium silicide
alloy phases (LixSi), considered as the lithiation process. In the anodic
scanning process, the wide peaks at 0.3 V describe the reverse electro-
chemical reaction, which is ascribed to the phase transition of Li,Si to
amorphous silicon during delithiation process [22,72]. In the subse-
quent CV cycles, due to the gradual activation of the electrode materials
during the lithiation/delithiation process, the area of the anodic peaks
increases gradually. From the third cycle CV test, the anodic and

(c)
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Fig. 4. XPS spectra of (a) survey scan, and high-resolution spectra of (b) Si 2p, (c) C 1s, (d) N 1s for Graphene/IOC@Si. (e) Survey scan and (f) high-resolution spectra

of Si 2p for Graphene/C@Si. (A colour version of this figure can be viewed online.)
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cathodic peaks become overlapped perfectly on both location and in-
tensity, indicating the excellent stability and superior reversibility of the
anode materials.

The lithiation/delithiation process and rate performance of Gra-
phene/IOC@Si, along with the control sample of Graphene/C@Si elec-
trodes, were tested by the galvanostatic discharge/charge method. As
shown in Fig. 5b, for Graphene/IOC@Si electrode, a slope at 1.20-0.10
V in the first discharge profile was obviously observed, corresponding to
the formation of SEI films [72]. The long typical voltage plateau below
0.1 V corresponds to the lithiation process of silicon, whereas the
plateau at 0.1-0.25 V in the charge process belongs to the delithiation
process. The capacities of 2509.0 and 1520.6 mAh g™! for discharge and
charge in the first profile were achieved respectively, indicating an
initial Coulombic efficiency of 60.6%. After several cycles, the curves
matched, delivering a stable charge/discharge process.

For the rate performance results, as shown in Fig. 5c, Graphene/
IOC@Si materials present average specific discharge capacities of
1528.1, 1106.6, 695.3, 238.8, 62.0 mA h g‘1 at the current densities of
0.1,0.5,1.0,2and 5 A g’l, respectively, which are 1.10-1.63 times as
high as that of the control sample of Graphene/C@Si (Table S1). When
the current density goes back to 0.1 A g7}, the recovered discharge ca-
pacity of Graphene/IOC@Si anode reaches to 1500.8 mA h g’l with a
recovery rate of 98.2%. Moreover, Graphene/IOC@Si composite shows
excellent specific capacity retention performance. The capacity reten-
tion rates of Graphene/IOC@Si electrode reach to 72.4%, 45.5% and
15.6% at the current density of 0.5, 1 and 2 A g! to 0.1 A g™ ! respec-
tively, obviously higher than that of the control sample of Graphene/

200

967

C@Si (71.7%, 36.0% and 11.9%). Compared with previously reported
carbon coated silicon anode materials (Table S2), Graphene/IOC@Si
also demonstrates an overall much better lithium storage capacity per-
formance than most related materials, including the specific capacity
value and the capacity retention value after many cycles. Moreover, for
the lithium storage capacity performance of higher mass of active
electrode material loading up to 2.51 mg (surface density of 3.20 mg
cm™2), a high capacity of 807.8 mAh g~ at the current density of 0.1 A
g’1 could be still achieved (Fig. S5). However, due to the increased ion-
transfer resistance caused by the thickened electrode, the capacity re-
tentions at higher current density become decreased (Table S3). The
outstanding lithium storage capacity and the stable capacity rate per-
formance of Graphene/IOC@Si materials are mainly benefited from the
double-layer carbon and the conductive graphene matrix. Firstly, the
inner carbon layers on the silicon surface derived from ZIF-8 preserve
the unique multi-channels of MOFs framework, which can facilitate the
transportation of the electrons and electrolyte ions. This effect contrib-
utes to the enhanced capacity and the corresponding capacity retention
for Graphene/IOC@Si materials, especially at the low current density.
Secondly, the double-layer carbon can effectively inhibit the volume
expansion and shrinkage of silicon nanoparticles during the charge/
discharge process. Furthermore, graphene frameworks can assemble
high dispersed silicon nanoparticles as well as the electrolyte ions,
delivering an excellent electrical conductivity and fast charge/discharge
abilities [71]. To further evaluate the effects of the carbon layer thick-
ness and graphene matrix, the rate performance of the control samples of
Graphene/IOC@Si-2GO  with double amount of GO and
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Graphene/IOC@Si-2Sucrose with double amount of sucrose were stud-
ied, and the results were shown in Fig. S6 and Table S3. For
Graphene/IOC@Si-2GO sample, a doubled amount of GO was used as
matrix, the thickness of the carbon layers outer silicon nanoparticles was
hardly changed as expected. Thus, the capacity didn’t show much
change as expected. While, due to the possible electrical conductivity
improvement from the increased graphene content, the capacity reten-
tion performance was slightly improved compared with the Graphe-
ne/IOC@Si materials. For the Graphene/IOC@Si-2Sucrose sample, the
capacity and the retention were clearly decreased. This is probably
attributed to the impeded lithium-ion amount transporting to the sur-
face of silicon particles and the unfavorable lithium-ion diffusion ki-
netics, due to the thickened outer carbon layer from the double dosage
of sucrose.

The Nyquist plots of Graphene/IOC@Si and the control sample of
Graphene/C@Si electrodes are obtained from the EIS measurements, as
shown in Fig. 5d. With an appropriate electric equivalent circuit (Inset in
Fig. 5d), the Nyquist plots were fitted and the kinetic parameters were
obtained. In the high-frequency region, both of the electrode materials
exhibit small internal resistance (Rs), indicating an excellent electrical
conductivity [72]. In the medium-frequency range, the much smaller
semicircle of Graphene/IOC@Si electrode indicates a lower
charge-transfer resistance (Rct) than that of the control sample.
Remarkably, in the low-frequency region, the relatively steeper line of
Graphene/IOC@Si material suggests more favorable lithium diffusing
into the silicon particle process [73]. The decreased Rct value and
advantaged lithium diffusion behaviors of Graphene/IOC@Si materials
can be attributed to the inner porous carbon layer on the surface of
silicon nanoparticles. The appropriate channels in the inner carbon layer
provide a convenient pathway for the charge transfer and ion diffusion
during the charge/discharge process, and thus improve the electro-
chemical performance. Meanwhile, the graphene matrix further pro-
motes the electrical conductivity.

The cycling stability of Graphene/IOC@Si materials was evaluated
by galvanostatic charge/discharge at the current density of 0.2 A g~ As
shown in Fig. Se, the specific capacity maintains a stable trend and the

Carbon 201 (2023) 962-971

Coulombic efficiency is close to 100%. Even after 240 cycles, a high
specific capacity with 89.5% as well as nearly perfectly reserved gal-
vanostatic charge/discharge profile (inset in Fig. 5e) indicates an
excellent life time. At a higher current density of 1.0 A g%, the capacity
still remains at 76.8% after 450 cycles (Fig. S7). The structure and
morphology of Graphene/IOC@Si materials after cycling was evaluated.
As shown in Fig. S8, the pristine morphology and microstructure of the
electrode materials after 450 cycles at the current density of 1 A g~ was
well reserved, indicating an excellent stability of the electrode structure.
The effective double-layer carbon coating on the surface of silicon and
the homogeneous dispersion of the nanoparticles in the graphene matrix
is the key factor contributing to the superior cycling stabilities of Gra-
phene/IOC@Si composites.

The lithium storage mechanism and diffusion kinetics were evalu-
ated by CV and GITT analyses, as shown in Fig. 6. The CV curves of
Graphene/IOC@Si anode at scan rates of 0.1-0.5 mV s~! in Fig. 6a show
two group of anodic (Peak A) and cathodic (Peak B) peaks, respectively.
For the lithium storage mechanism, the capacity can be contributed
from capacitive and/or diffusion ones, which can be analyzed based on a
functional relationship between the scan rate (v) and peak current (i)
according to equation (1) [74,75].

b

@

i=av

where a is a constant, and b can be obtained from the slop of the fitting
straight line of log (i) vs. log (v). In general, b = 1 implies a capacitive
contribution process, when b = 0.5 represents a diffusion contribution
process. According to the CV results in Fig. 6a, the b values of peaks A
and B were calculated and was 0.47 and 0.54 respectively (Fig. 6b). The
b values of both peaks A and B are close to 0.5, demonstrating a
diffusion-controlled charge storage kinetics process for the Graphene/
IOC@Si anode.

The lithium-ion diffusion kinetics of Graphene/IOC@Si and the
control sample of Graphene/C@Si materials were evaluated by the GITT
result. As shown in Fig. 6¢, a stable discharging with a consecutive sharp
increase of overpotential process was presented in the profiles for these
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Fig. 6. Kinetic analysis of the lithium-ion storage behaviors. (a) CV curves of Graphene/IOC@Si anode at scan rates of 0.1-0.5 mV s~1. (b) Fitted lines and log (peak
current) vs. log (scan rate) plots at peak A and peak B in (a). (c) GITT potential profiles of Graphene/IOC@Si and Graphene/C@Si anodes during lithiation process.
(d) The calculated lithium-ion diffusion coefficients according to the discharge profiles in (c). (A colour version of this figure can be viewed online.)

968



Y. Lu et al.

two materials. Compared with the diffusivity curves of the control
sample, Graphene/IOC@Si exhibited a relatively smaller overpotential
of ~25 mV, confirming a lower electrochemical reaction resistance,
consistent with the EIS analysis. Furthermore, the lithium-ion diffusion
coefficient (Df;) was calculated according to the potential profiles in
Fig. 6¢ based on equation (2) [75,76]:

4 (mpVi\? (AEN?
*E( MyS ) (AE,)
where t presents the time of the current pulse, and mp, Mg, V) indicates
the mass, molar mass and molar volume of the active material, respec-
tively. S corresponds to the surface area of the electrode. AEs is the
steady-state voltage variation during a single GITT titration. AE; is the
total voltage variation during the current pulse t of a single GITT
titration. The Df; of Graphene/IOC@Si and the control Graphene/C@Si
anode was estimated, as shown in Fig. 6d. Graphene/IOC@Si delivers a
higher lithium-ion diffusion coefficient of 4.63 x 107° - 1.67 x 10712
during the lithiation process, which is higher than that of the control
Graphene/C@Si anode (4.43 x 10710 - 3.98 x 10’13), indicating a
faster lithium-ion storage kinetics.

Based on the diffusion-controlled lithium-ion behavior from the CV
and GITT analyses, the excellent lithium storage capacity performance
of Graphene/IOC@Si can be confirmed. The double carbon layers,
especially the porous inner carbon layer extremely facilitate the diffu-
sion. In addition, the lower of the current density, the more obvious of
the diffusion behavior. This can be verified from the rate performance in
above Fig. 5c. At relatively lower current density of 0.1,0.5and 1 Ag™?,
Graphene/IOC@Si displays obviously higher specific capacity than that
of the control Graphene/C@Si anode, and simultaneously delivering
higher capacity retention from 0.1 to 1 A g™,

DL,‘+

(2)

4. Conclusion

In summary, Graphene/IOC@Si anode material consisting of double-
layer carbon coated silicon nanoparticles dispersed uniformly into gra-
phene frameworks were successfully synthesized. The inner carbon layer
derived from in-situ MOFs provides adequate channels for the electron
and ion transportation. The sucrose derived outer carbon layer restrains
the volumetric effect of silicon nanoparticles. The graphene matrix
provides sufficient space to disperse and anchor silicon nanoparticles,
accelerates the electrolyte ions and simultaneously contribute a stable
conductive network. The analysis on lithium storage mechanism and
diffusion kinetics shows that the designed double-layer carbon, espe-
cially the inner carbon layer, effectively facilitates the lithium-ion
diffusion into silicon surface. Therefore, as a LIBs anode material, Gra-
phene/IOC@Si composite exhibits high specific capacity, outstanding
rate capability and superior cycling stability. The materials and the
preparation method investigated in this work can be easily implemented
for large-scale production of the high-performance silicon-based LIBs
electrode materials.
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