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The nano-Si/graphite nanocomposites are the promising anodes candidates for high-energy lithium-ion
batteries because of their high theoretical capacities and low volume variations. However, the nano-Si
has a severe tendency to separate from the graphite substrate due to the inherently weak bonding
between them, thus leading to the deteriorated cycling performance and low Coulombic efficiency.
Herein, we design a robust nano-Si/graphite nanocomposite structure with strong interfacial adhesion
caused by the Si��Ti and Ti��C covalent bonds. The abundant Si��Ti and Ti��C bonds formed between
nano-Si and graphite greatly enhance the interfacial adhesion force, resulting in the highly stabilized and
integrated electrode structure during battery cycling. Consequently, the as-obtained nano-Si/graphite
anodes deliver a high capacity retention of [27_TD$DIFF]90.0% after 420 cycles at 0.5 C with an average Coulombic
efficiency of 99.5%; moreover, a high initial Coulombic efficiency of [28_TD$DIFF]90.2% is achieved. Significantly, this
work provides a novel strategy to address the poor interfacial adhesion between nano-Si and graphite,
which can be applied to other nano-Si based composites anodes.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Lithium-ion batteries (LIBs) currently are the major power
source for electric vehicles and portable electronics [1–3].With the
traditional graphite anode approaching its theoretical capacity
limit (372 [29_TD$DIFF]mAh/g for LiC6), the development of higher capacity
anodes is urgently requisite to meet the ever-increasing energy
density requirement for next-generation LIBs [4–6]. Among them,
silicon is regarded as the promising anode candidate because of its
high theoretical capacity (3579 [29_TD$DIFF]mAh/g for Li15Si4) and appropriate
operating voltage (�0.4 V vs. Li/Li+) [7,8]. Nevertheless, the huge
volume variations [30_TD$DIFF](�300%) during discharge/charge processes
result in electrode pulverization and uncontrollable solid-electro-
lyte interphase (SEI) layer growth, thus leading to severe capacity
decay and low Coulombic efficiency, which block the practical
applications of high-capacity silicon anode [9–11].

To address these issues, various Si nanocomposites have been
extensively studied, such as nano-Si/carbon composites [12,13].
The high fracture toughness of nano-Si can withstand the large
volume changes without breaking, and the conductive carbon can
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significantly improve the electrical conductivity of nano-Si based
electrodes [12,14–16]. Among them, the nano-Si/graphite compo-
sites anodes are considered to be the most promising due to their
relatively high capacities, low volume variations and high initial
Coulombic efficiency (ICE) [17–20]. Noteworthy, the composites of
nano-Si and graphite are commonly prepared through physical
mechanical blending andmilling [21,22]. However, considering the
tremendous volume change of nano-Si during repeated cycling, the
nano-Si tends to detach from the graphite substrate owing to the
dynamical interface during electrochemical processes combined
with the inherently weak adhesion between Si and sp2 carbon
layers, which would render the destruction of interfacial electron
transfer network [23–25]. This leads to the loss of active silicon and
thus poor cycling stability.

Herein, we design and prepare a robust and stable interface
between nano-Si and graphite enabled by the interfacial covalent
bonds. Abundant Si��Ti and Ti��C bonds are induced through high
temperature treatment. They act as the robust bridge to bond
nano-Si and graphite anodes, leading to the greatly improved
adhesion force between them. The nano-Si stays firmly on the
graphite surface during electrochemical cycling processes without
obvious detachment, resulting in the enormously enhanced
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Schematic illustration of the stabilization mechanism of Si@C@TiO2

electrode with the assistance of Si��Ti and Ti��C covalent bonds during cycling.
(a) Si@C electrode and (b) Si@C@TiO2 electrode. The abundant Si��Ti and Ti��C
bonds formed between nano-Si and graphite greatly enhance the interfacial
adhesion force, accommodating the huge volume changes of nano-Si during battery
cycling, thus resulting in integrated and stabilized electrode structure without
obvious detachment.
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Fig. 2. Microstructure of the raw materials and nanocomposites. (a) SEM image of
graphite. (b) SEM image of Si nanoparticles. (c) SEM image of Si@C nanocomposites.
(d-f) SEM images of Si@C@TiO2 nanocomposites. (e) The magnified image of the
white box in (d). (f) The energy-dispersive X-ray element mappings, the scale bar is
2mm.
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structural integrity and electrical connectivity (Fig. 1). Moreover,
the common agglomeration problem of nano-Si is also effectively
alleviated owing to the strong interfacial adhesion between nano-
Si and graphite. Consequently, the as-obtained anodes (Si@C@-
TiO2) exhibit a good capacity retention of [31_TD$DIFF]90.0% after 420 cycles at
0.5 C and a high ICE of 90.2%.

The synthetic process of nano-Si/graphite nanocomposite
(Si@C@TiO2) was schematically illustrated in Fig. S1 (Supporting
information). First, the nano-sized Si particles were prepared by a
facile high-energy ball-milling technology. Then, the Si nano-
particles and graphite were slowly added to the MXene (Ti3C2Tx)
aqueous solution, and further sonicated to obtain the homoge-
neous dispersion. Note that the MXene aqueous solution was
acquired by etching the MAX (Ti3AlC2) precursor according to the
previous study [26]. After that, the Si@C@MXene composite was
fabricated by the spray drying method. Finally, the Si@C@TiO2

nanocomposite was collected after the heat treatment of
Si@C@MXene precursor in a reducing atmosphere, to form Si��Ti
and Ti��C covalent bonds between Si nanoparticles and graphite.
For comparison, the Si@C composite was also prepared by the
basically similar process without the addition of MXene (Fig. S1 in
Supporting information).

The microstructure of the rawmaterials and nanocomposites is
investigated by scanning electron microscopy (SEM) as revealed in
Fig. 2. Fig. 2a shows the graphite particle has a broad size
distribution (5�10mm) with a relatively smooth surface. Fig. 2b
demonstratesmost of the Si particles are nano-sized and only a few
micro-sized particles can be observed. It needs to be emphasized
that the nanoscale particle-size is essential to maintain the
structural integrity of silicon anodes because of its greatly
improved fracture toughness [16]. [32_TD$DIFF]Figs. 2d and e show the
Si@C@TiO2 nanocomposites have a basically similar size distribu-
tion to the pristine graphite particles, which is favorable for
industrial applications due to the improved processability of
electrode materials [27]. Importantly, nearly no exposed Si
nanoparticles on the graphite surface can be observed ([33_TD$DIFF]Figs. 2d
and e), indicating the intimate and stable interfacial adhesion
between them. Conversely, several Si nanoparticles agglomer-
ations are clearly found outside the graphite particles as shown in
Fig. [34_TD$DIFF] 2c and Fig. S2 (Supporting information). This phenomenon is
mainly attributed to the high surface energy of nano-Si and the
weak adhesion between Si and graphite. Moreover, as shown in
Fig. 2f, the energy-dispersive X-ray element mappings further
testify the uniform and tight adhesion of Si nanoparticles on
graphite microparticles. We also note that element Ti is evenly
decorated on graphite surface (Fig. 2f), promising for formingmore
Si��Ti and Ti��C covalent bonds.

Fig. S3a (Supporting information) shows the X-ray diffraction
(XRD) patterns of the as-obtained samples. The sharp diffraction
peaks located at 28.4�, 47.3�, 56.0� and 69.2� are in good agreement
with the crystal planes of Si (111), (220), (311), (400) [28].
Interestingly, the peaks belong to crystal Si in Si@C@TiO2 nano-
composites are much higher than bare Si nanoparticles, indicating
the improved crystallinity of Si nanoparticles, and the high
crystallinity promises for high ICE. The high crystallinity may be
ascribed to that the high temperature treatment process (1000 �C)
eliminates some of surface and structural defects of Si nano-
particles [29]. The two diffraction peaks at 21.5� and 35.7� can be
assigned to crystal TiO2 [30]. Also, we observe that a new peak
appears at 456.5 eV in Si@C@TiO2 nanocomposites compared with
Si@C sample (Fig. S3b in Supporting information), which can be
attributed to Ti 2p [31]. The mass content of titanium element in
Si@C@TiO2 nanocomposites is calculated to be [35_TD$DIFF]2.75% based on the
XPS data (Table S1 in Supporting information). These two
phenomena together confirm the successful introduction of
TiO2. The other diffraction peaks in XRD patterns are ascribed to
graphite [18], consistent with the SEM results (Fig. 2).

The chemical states and compositions of Si@C@TiO2 nano-
composites are further investigated by XPS as revealed in Fig. 3.
The high-resolution Ti 2p spectrum of Si@C@TiO2 nanocomposites
(Fig. 3a) can be resolved as the sum of Ti��C (455.4 eV), Ti��Si
(456.4 eV), TiO2 (458.0 eV) and Ti3+ (461.9 eV) [31–34]. The
apparent peak located at 461.9 eV confirms the formation of Ti3+

caused by hydrogenation of TiO2 at high temperature (1000 �C) and
reduced atmosphere [35]. It should be stressed that the introduc-
tion of Ti3+ contributes to improving the electrical conductivity of
Si@C@TiO2 nanocomposites because of the decreased band gap of
TiO2 [30]. The high-resolution Si 2p spectrum of Si@C@TiO2

nanocomposites (Fig. 3b) can be deconvoluted into five peaks at
99.9, 100.4, 101.9, 103.9 and 105.5 eV, corresponding to Ti��[36_TD$DIFF]Si,
Si��Si, Si��C, Si3+ and Si��O, respectively [32,36,37]. The two peaks
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Fig. 3. High-resolution XPS spectra of Si@C@TiO2 nanocomposites. (a) Ti 2p. (b) Si
2p.
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located at 456.4 eV (Ti 2p) and 99.9 eV (Si 2p) together indicate the
formation of Ti-Si bonds, the sharp peak located at 455.4 eV (Ti 2p)
confirms the formation of Ti��C bond. These two factors imply the
successful introduction of covalent bonds between nano-Si and
graphite after high temperature treatment, which is crucial to the
structural stability and integrity of Si@C@TiO2 nanocomposites.

The electrochemical reaction of Si@C@TiO2 electrode is initially
investigated by cyclic voltammetry (CV) between 0.01 V and 1.2 V
versus Li/Li+ at a scan rate 0.1mV/s. As shown in Fig. 4a, the small
cathodic peak at 1.14 V in the initial discharge process is related to
the electrolyte decomposition and SEI formation on the electrode
surface [38]. The other two cathodic peaks at 0.2 V and 0.14 V are
ascribed to the lithiation process to form Li-Si alloy and LixC6

(0� x� 1) [18]. The apparent anodic peaks at 0.5 V and 0.29 V are
related to the delithiation process from Li-Si alloy and LixC6 to
amorphous Si and C [17]. We observe that both the anodic and
cathodic peaks become more evident during the initial five CV
cycles, implying the existence of electrochemical activation

[(Fig._4)TD$FIG]

Fig. 4. Electrochemical performances of Si@C@TiO2 and Si@C electrodes. (a) Cyclic
voltammetry profiles of Si@C@TiO2 electrode between 0.01 V and 1.2 V versus Li/Li+

at a scan rate of 0.1mV/s. (b) The initial two cycles galvanostatic charge/discharge
curves of Si@C@TiO2 electrode at 0.2 C (1 C = 700mA/g). (c) Capacity retentions of
Si@C@TiO2 and Si@C electrodes at various current densities (from 0.2 C to 2 C to 0.2
C). (d) Electric conductivities of Si@C@TiO2 and Si@C electrodes. (e) Cycle
performances of Si@C@TiO2 and Si@C electrodes at 0.5 C.
process [39,40]. Fig. 4b shows the initial two cycles galvanostatic
charge/discharge curves of Si@C@TiO2 electrode in the voltage of
0.01–1.2 V versus Li/Li+ at 0.2 C (1 C = 700mA/g). The initial
discharge and charge capacities of Si@C@TiO2 electrode are 646.7 [37_TD$DIFF]

mAh/g and 583.4mAh/g, corresponding the ICE of 90.2%, which is
higher than Si@C electrode [38_TD$DIFF](87.3%) (Fig. S4 in Supporting
information) because of the integrated and stabilized electrode
structure with the help of Si��Ti and Ti��C covalent bonds.
Furthermore, the rate performance of Si@C@TiO2 electrode is
evaluated at various current densities from 0.2 C to 2 C as revealed
in Fig. S5 (Supporting information), the reversible charge capaci-
ties are 604.8 [39_TD$DIFF]mAh/g, 440.4mAh/g, 338.8mAh/g and 233.5mAh/g
at the current densities of 0.2 C, 0.5 C, 1 C and 2 C, respectively.
Furthermore, we observe that the Si@C@TiO2 electrode delivers
more higher capacity retention that of Si@C electrode at each
current density (Fig. 4c), illustrating its good reaction kinetics
mainly due to the greatly improved electrical conductivity
(Fig. 4d). The four-probe measurement exhibits the electrical
conductivity of Si@C@TiO2 electrode is about three times higher
that of Si@C electrode caused by the Ti3+ (Figs. 4d and 3 [40_TD$DIFF]a).
Moreover, the cycling performance of Si@C@TiO2 electrode and
Si@C electrode are evaluated at a current density of 0.5 C as shown
in Fig. 4e. The reversible capacities are 393.8 [41_TD$DIFF]mAh/g and
170.1mAh/g for Si@C@TiO2 electrode and Si@C electrode after
420 cycles and the corresponding capacity retentions are [42_TD$DIFF]90.0% and
40.5% (compared with the 10th[43_TD$DIFF] cycle). For comparison, the cycling
performance of Si@C@MXene electrode is also evaluated (Fig. S6 in
Supporting information), the reversible capacity is 261.9 [29_TD$DIFF]mAh/g
after 250 cycles at 0.5 C and the capacity retention is [44_TD$DIFF]62.1%
(compared with the 10th cycle). The average Coulombic efficiency
of Si@C@TiO2 electrode is as high as [45_TD$DIFF]99.5%, indicating the excellent
cycling performance and structural stability of Si@C@TiO2

electrode induced by the Si��Ti and Ti��C covalent bonds between
Si and graphite.

The Si@C@TiO2 electrode shows better cycling stability than
Si@C electrode (Fig. 4e), which is mainly attributed to the
improved structural stability and integrity. To verify the above-
mentioned assumptions, the morphological evolutions of the
nano-Si/graphite electrodes with and without Si��Ti and Ti��C
covalent bonds are investigated by SEM as revealed in Fig. S7
(Supporting information). Severe cracks and fractures are clearly
observed in the Si@C electrode after 100 cycles at 0.5 C, which is
more evident at higher magnification (Fig. S8 in Supporting
information), and the electrode pulverization phenomenon is
further confirmed by the corresponding digital photo as shown in
Fig. S7c. It should be noted that the gradual electrode degradation
induced by the huge volume changes of Si nanoparticles results in
the continuous loss of active material and destruction of a
conductive network, eventually leading to deteriorated electro-
chemical performance [41]. Conversely, the Si@C@TiO2 electrode
reveals an integrated and compact electrode structure after the
same cycling number (Fig. S7d in Supporting information), which
is similar to the electrode structure before cycling (Fig. S7b), and no
fearful cracks are found even at the high-magnification SEM image
(Fig. S8). Also, the corresponding digital photo demonstrates the
Si@C@TiO2 electrode is intact and unbroken without evident
detachment (Fig. S7d), implying the good structural stability and
integrity of Si@C@TiO2 electrode with the assistance of Si��Ti and
Ti��C covalent bonds. Thereby resulting in good cycling stability
and high Coulombic efficiency.

In summary, a rational design of robust and integrated nano-Si/
graphite nanocomposites enabled by the strong interfacial
bonding is proposed. The abundant Si��Ti and Ti��C covalent
bonds formed at high temperature greatly enhance the adhesion
force between nano-Si and graphite, leading to the stabilized and
integrated electrode structure without severe cracks. Significantly,
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the interfacial electron transfer network between nano-Si and
graphite is also effectively preserved with the assistance of Si��Ti
and Ti��C covalent bonds. These two factors result in the good
cycling stability and high Coulombic efficiency. The as-prepared
Si@C@TiO2 electrodes deliver a high capacity retention of [46_TD$DIFF]90.0%
after 420 cycles with an average Coulombic efficiency of 99.5% and
a high ICE of 90.2%. This work provides a rational interface design
strategy to improve the structural and interfacial stability of nano-
Si/graphite anode, which can be applied to other nano-Si based
composites anodes with poor interfacial adhesion.
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