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ABSTRACT

Si-based materials have been extensively studied because of their high theoretical capacity, low work-
ing potential, and abundant reserves, but serious initial irreversible capacity loss and poor cyclic perfor-
mance resulting from large volume change of Si during lithiation and delithiation processes restrict their
widespread application. Herein, we report the preparation of multi-shell coated Si (DS-Si) nanocompos-
ites by in-situ electroless deposition method using Si granules as the active materials and copper sulfate
as Cu sources. The ratio of Si and Cu was readily tuned by varying the concentration of copper sulfate.
The multi-shell (Cu@Cu,Si/SiO,) coating on Si surface promotes the formation of robust and dense SEI
films and the transportation of electron. Thus, the obtained DS-Si composites exhibit an initial coulombic
efficiency of 86.2%, a capacity of 1636 mAh g-! after 100 discharge-charge cycles at 840 mA g-!, and an
average charge capacity of 1493 mAh g-! at 4200 mA g~'. This study provides a low-cost and large-scale
approach to the preparation of nanostructured Si-metal composites anodes with good electrochemical

performance for lithium ion batteries.

© 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by Elsevier B.V. and Science Press. All rights reserved.

1. Introduction

Developing high-energy lithium ion batteries is imperative to
satisfy the demand in electric vehicles, energy storage, artificial
intelligence, and 5G technology [1,2]. Among well-studied anode
materials, Si is considered as a promising anode material result-
ing from its high theoretical specific capacity (4200 mAh g, 10
times higher than graphite) and low working potential [3,4]. How-
ever, the large volume change (>300%) during Li-Si alloying and
dealloying processes causes electrode cracks and pulverization and
destroys SEI films on the surface of Si, resulting in the separation
of Si with the current collector, the low coulombic efficiency, and
the poor cyclability [5-7]. These disadvantages restrict the applica-
tion of Si as lithium ion battery anodes.
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Many pioneering works demonstrated that the nanostructured
core-shell Si/C composites are regarded as an effective method to
solve the above challenges [8,9], in which nanostructured Si can
hold the mechanical stress from volume change and carbon can fa-
cilitate electronic transmission and improve interface stability be-
tween electrode and electrolyte [10-13]. Nevertheless, the carbon
coating layer suffers from its inherent stress limit and weak inter-
action with Si when the electrode is subjected to long-term cy-
cling process [14]. The continuous volume change from the re-
peated Li-Si lithiation/delithiation processes eventually result in
the crack of the coating layer and the separation of Si with con-
ductive carbon, which leads to the continuous formation of ex-
cess SEI films, thus deteriorating ultimately the cycling perfor-
mance. To address this issue, the metal coated layer with high
conductivity and excellent ductility has been developed for im-
proving both the conductivity and cyclability of Si-based electrodes
[15-17]. For example, Yin et al. prepared nanostructured Si@Ag
composites via directly mixing Si and Ag nanoparticles through ul-
trasonication in ethanol and drying processes, which exhibited sta-
ble electrode integrality and cycling performance compared with Si
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Scheme 2. The formation process of hydrogen-passivation Si nanoparticles.

[18]. Cheng et al. reported core-shell Si@Ni nanocomposites within
graphene nanosheets by oxidation-reduction reaction, graphene
oxide reduction, and amino-modification methods, which could
reach 2005 mAh g! reversible capacity after 50 cycles [19]. Au et
al. fabricated aligned Si@Cu nanorod arrays through oblique angle
(co)deposition methods, exhibiting the capacity of 500 mAh g~!
after 100 cycles for Si@Cu (3:7) composites [20]. Cetinkaya et al.
produced core-shell Si@Cu composite powders using Si powders
with 1-20 pm diameters in size through sensitizing with SnCl,
and HCI solution, then activating in a solution containing PdCl,
and HCI, and coating with Cu derived from CuSO,4 solution using
an electroless process [21]. The Si@Cu composite electrodes pos-
sessed the capacity retention with approximately 240 mAh g—1 af-
ter 20 cycles. Miroshnikov et al. confirmed that the metal coated-
layer could enhance the interconnectivity of the Si particles by
almost 50% which increased the ratio of electroactive Si and en-
hanced the cyclability of Si-based anode materials [15]. However,
the reported synthetic method possesses complex preparation pro-
cesses and expensive instruments and raw materials. Importantly,
the Si@metal composites prepared by physical mixing or chemical
covering exist the weak interaction of Si with metal coated-layers,
leading to the fall-off of the coated layer during the long-term cy-
cling processes.

In this work, we developed an in-situ electroless deposi-
tion method for the preparation of multi-shell coated Si (DS-Si)
nanocomposites where conductive multi-shell layer was homoge-
neously distributed on the surface and junction of Si nanoparticles
bound by a Cu,Si alloy through directly reacting Si nanoparticles
with copper sulfate aqueous solution and heat treatment, which
enables a good electrochemical performance owing to its supe-
rior electrical conductivity, the excellent metal ductility, the sta-
ble electrode/electrolyte interface, and the high utilization of Si.
Furthermore, the ratios of Si and Cu were readily tuned by vary-
ing the concentration of copper sulfate. The as-synthesized core-
multi shell structure promoted the formation of robust and dense
SEI films and the transportation of electron on the surface of Si

nanoparticles, which exhibited improved initial coulomb efficiency,
high reversible capacity, and good rate performance. This low-cost,
simple and easy scale-up preparation method for DS-Si composite
anodes with good electrochemical performance should contribute
to the practical application of Si-based anodes in lithium ion bat-
teries.

2. Experimental
2.1. Material synthesis

The multi-shell coated Si (DS-Si) nanocomposites were synthe-
sized through an in-situ electroless deposition method. First, Si
nanoparticles (SiNPs, average size of 50 nm, Alfa Aesar) were dis-
persed in hydrofluoric acid (5%) etching solution to eliminate sur-
face oxidation layer of SiOx and form hydrogen termination SiNPs
(SiHNPs). After magnetic stirring for 15 min, the solution was fil-
trated and washed with de-ionized water. The obtained SiHNPs
were dispersed in copper sulfate (CuSO4-5H,0, Sinopharm) solu-
tion with different concentrations (0.5, 1, 10, and 50 mmol L-1)
for 4 h. The resulting Cu@SiO,-deposited Si (DS-Si) powders were
filtered and washed with de-ionized water to remove the resid-
ual solution, and then dried in a vacuum oven at 100 °C for 10 h,
denoted as DS-Si-1, DS-Si-2, DS-Si-3, and DS-Si-4. To increase the
contact of Si and the coated layer, the obtained DS-Si-2 composites
were sintered at 500 °C for 2 h, denoted as DS-Si-2-500.

2.2. Characterization

X-ray diffraction patterns (XRD) were carried out using a PANa-
lytical X'Pert PRO MPD using the K, radiation of Cu (A = 1.5418 A).
The microscopic features of the samples were observed using scan-
ning electron microscopy (SEM, Hitachi S-4800) with energy dis-
persive X-ray (EDX) spectroscopy, transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) (JEOL JEM-2100). Ra-
man spectrum (XploRA, HORIBA) was recorded to collect the
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Fig. 1. SEM images of SiHNPs (a), DS-Si-1 (b), DS-Si-2 (c), DS-Si-3 (d), DS-Si-4 (e), and DS-Si-2-500 (f) (inserts are their EDX spectra and elemental mapping images).

detailed structure information. X-ray photoelectron spectroscopy
(XPS) measurements were applied using PHI Quantum-2000 appa-
ratus to analyze the surface elemental information.

2.3. Electrochemical measurement

The working electrodes were fabricated by mixing Si-based ac-
tive materials, acetylene black conductive additives, and alginic
acid sodium salt binder with a weight ratio of 50%:25%:25% with
water as a solvent. The as-prepared slurries were cast onto the
copper foil current collectors, dried at 40 °C for 24 h which
was cut into 12 mm disks and then further dried at 100 °C
in vacuum for 10 h. The mass loading of the active materials
was around 0.7 mg cm~2. CR2016 coin-type cells were assem-
bled in an argon-filled glove box with polypropylene macrop-
orous film (Celgard 2400) as the separator and lithium foil as
the counter electrode. The liquid electrolyte consisted of LiPFg
(1 mol L~1) in the mixture of ethylene carbonate, diethyl carbonate
and dimethyl carbonate (with a volume ratio of 1:1:1) with the ad-
dition of vinylene carbonate (2 wt%) and fluoroethylene carbonate
(10 wt%). The galvanostatic charge and discharge measurements
were recorded by the Land battery test system (Wuhan, China) be-
tween 0.01 and 1.2 V at different current densities. Electrochemical

impedance spectroscopy (EIS) tests were carried out using CHIG60E
electrochemical workstation with the frequency range from
100 kHz to 10 mHz at an ac-oscillation of 5 mV.

3. Results and discussion

The mechanism for the formation of the multi-shell coated Si
(DS-Si) composites is depicted in Scheme 1, illustrating the pre-
treatment and deposition process. Firstly, Si nanoparticles (SiNPs)
(Scheme 1a) were pretreated by hydrofluoric acid (HF) solution
(5%) to eliminate surface oxidation layer of SiOyx and form surface
hydrogen passivation layer. The Si-F bonds on the surface of SiNPs
are formed during the reaction of SiOx and HF, but the high elec-
tronegativity of F leads to the instability of Si-Si bonds. Thus, the
Si atoms bonded with F atoms on the surface of SiNPs will be re-
acted with HF acid step by step, which produced the solid (SiH-
NPs) and gas (SiF4) residues. The formation mechanism of SiHNPs
is shown in Scheme 2 [22,23]. SiHNPs (Scheme 1b) were collected
after filtration and washing. After pretreatment, SiHNPs were dis-
persed in the solution of copper sulfate (CuSO4) with different con-
centration. The Cu?* jon were electroless reduced on the surface
of SiHNPs and meanwhile generated H, gas and Cu@SiO, layer, as
shown in Scheme 1(c) [24-26]. After filtration, washing and dry-
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Fig. 2. TEM images of SiHNPs (a), DS-Si-1 (b), DS-Si-2 (c), DS-Si-3 (e), and DS-Si-4 (f), and (g) DS-Si-2-500; HRTEM images of DS-Si-2 (d) and DS-Si-2-500 (h and i).

ing, DS-Si composites (Scheme 1d) were obtained. To increase the
contact of Si and Cu, the DS-Si-500 composites (Scheme 1e) were
prepared after calcination of DS-Si composites at 500 °C and the
Cu,Si alloy were formed on the interface between Si and Cu, be-
cause the high reactivity between Si and Cu made Cu easy diffuse
from SiO,-based dielectrics under thermal annealing to react with
Si [27,28].

Fig. 1 presents the SEM images of SiHNPs and the obtained DS-
Si composites. The SiHNPs present smooth surfaces and an aver-
age diameter of 50 nm, as shown in Fig. 1(a). One could see from
Fig. 1(b-e) that as-synthesized DS-Si composites are assemblies of
well-dispersed SiHNPs coated and bonded by Cu@SiO, gelatinoids.
The EDX measurement reveals that the mass ratios of Cu in DS-
Si composites are ~2.5% for DS-Si-1, ~3.4% for DS-Si-2, ~0.5% for
DS-Si-3, and ~0.1% for DS-Si-4, indicating that the content of Cu
decreases along with increasing the concentration of CuSO4 so-
lution, probably because the electrostatic repulsive force of Cu®*
would avoid the reduction of Cu?* on the surface of pretreated
SiHNPs. The highest content of Cu for DS-Si-2 indicates the opti-
mal concentration of CuSO4 benefits to the formation of Cu@SiO,
layer on the surface and junction of Si. To improve the contact be-
tween Si and Cu, DS-Si composites were sintered at 500 °C. As sup-

ported in Fig. 1(f) for DS-Si-2-500, the gelatinoids layer disappears
deriving from the improvement of crystallinity of Cu and the for-
mation of Cu,Si. The element mapping images (insert in Fig. 1(c)
and (f)) of DS-Si-2 and DS-Si-2-500 reveal that the Si and Cu are
uniform distributed in DS-Si composites. The well distributed and
balanced Cu@Cu,Si/SiO, coated layer on the surface and junction
of Si are expected to improve the electron transportation and the
interface stability between the electrode and the electrolyte, main-
tain the electrode structural integrity, and increase the utilization
of Si during the alloying and dealloying of Si, which would be fur-
ther addressed in latter sections.

The TEM and HRTEM techniques were used to observe the for-
mation of multi-coated layer on the surface and junction of SiH-
NPs. Fig. 2(a) reveals that SiHNPs are smooth nanospheres with
an average diameter of 50 nm. Shown by the TEM image of DS-Si
composites in Fig. 2(b, ¢, e, and f), some Cu nanoparticles coated
layer (about 3 nm) are anchored on the surface of SiHNPs after
electroless deposition, which could help to improve electron trans-
portation and electrode/electrolyte interface stability. Compared
with DS-Si-1, DS-Si-3, and DS-Si-4, DS-Si-2 possesses the more Cu
nanoparticles, consistent with the SEM and EDX results, indicating
that the optimal concentration of CuSO4 promotes the formation of
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Fig. 3. XRD patterns (a), Raman spectra (b), and XPS spectra of Cu 2p (c) and Si 2p (d) of SiHNPs and DS-Si composites.

Cu nanoparticles. The HRTEM images of DS-Si-2 (Fig. 2(d)) clearly
show the well resolved Si (111) lattice planes (0.313 nm) corre-
sponding to the Si crystal and the well distributed Cu nanoparti-
cles on the surface of SiHNPs. The Cu content is obviously less than
that measured by EDX, due to the fall-off of Cu nanoparticles dur-
ing the process of ultrasonic for the TEM measurement, indicating
that the poor cohesiveness between Si and Cu. After calcination
of DS-Si composites at 500 °C, for DS-Si-2-500 (Fig. 2(g)), more
Cu particles are distributed on the surface and junction of Si com-
pared with that of DS-Si-2, indicating that the process of calcina-
tion can avoid the fall-off of Cu granules and improve the contact
between Si and Cu. The corresponding HRTEM image (Fig. 2(h) and
(i)) further confirms the formation of the well distributed Cu gran-
ules layer (Cu(111), 0.209 nm) and Cu,Si/SiO, interface layer on the
surface of SiHNPs (Si(111), 0.313 nm). This core-multi shell DS-Si
structure can enhance the electrochemical stability as it produces
a stable electrode/electrolyte interface and increases the conductiv-
ity and mechanical property, which can efficiently withstand the
volume change of Si during the repeated swelling and shrinking
processes.

Fig. 3(a) shows the XRD patterns of SiHNPs and DS-Si com-
posites. The distinct diffraction peaks of all the samples are cor-
responding to that of the crystal Si phase (JCPDS no. 27-1402)
[29,30]. It is seen that the new reflection peaks at 20 values of
42° and 50° were observed after coating, which corresponds to the
FCC Cu crystal structure [21]. Besides, the CuxO phase at 20 value
of 37° may be formed during the electroless deposition period or
be derived from the oxidation of Cu particles by air [31]. Compared
with DS-Si-1, DS-Si-3, and DS-Si-4, DS-Si-2 exhibits stronger char-
acteristic peaks for Cu and CuyO, consistent with SEM and TEM ob-
servation, indicating that the more Cu coated layer are formed us-
ing the optimal concentration of CuSQ4. After calcination at 500 °C,
the formation of Cu-Si alloy leads to the emerging of several weak
diffraction peaks located at 43°-45°, indicating the alloying reac-

tion with Si core derived from the Cu diffusion from SiO,-based
dielectrics under thermal annealing to react with Si [27,28,31,32].
The XRD patterns of DS-Si composites evidently confirm that the
coated-layer is formed in the DS-Si composites, which can improve
the conductivity and electrode/electrolyte interface stability of Si
nanoparticles.

Fig. 3(b) presents the Raman spectra of SiNPs, SiHNPs, and
DS-Si composites. Two peaks at ~517 and ~958 cm~! for all
the samples confirm the existence of the crystalline Si [11].
Besides, for SiHNPs, Si-H local vibrational modes peaks at ~2111
and ~2257 cm~! can be seen obviously after HF acid treatment
of SiNPs, which further confirm the above-mentioned mechanism
[33,34]. After in-situ electroless deposition of Cu, the character-
istic peaks of Si-H disappear and the peak intensity of SiO, at
~300 cm~! increase, demonstrating the occurrence of the reac-
tion between SiHNPs and CuSO,4. X-ray photoelectron spectroscopy
(XPS) is measured to analyze the surface elemental composition
and valence states of the SiHNPs and DS-Si composites. The nar-
row XPS spectra of Cu 2p are presented in Fig. 3(c). It is seen for
DS-Si-2 and DS-Si-2-500 samples that there are the main peaks
at ~933 eV and ~952 eV, corresponding to two asymmetric peaks
of 2p3; and 2p;, for Cu-Cu and Cu-O, respectively, indicating
the formation of Cu and Cu oxides on the surface of Si nanopar-
ticles. However, for SiHNPs, there is no peak between ~925 eV
and ~960 eV, suggesting the inexistence of Cu. The Si 2p spectra
in Fig. 3(d) show that there are two main peaks at ~99 eV and
~103 eV consistent with Si-Si and Si-O peaks, respectively. The rel-
ative intensity of SiO,:Si rise after in-situ electroless deposition and
thermal treatment, signifying that the formation of more SiO, on
Si surface for DS-Si composites, which further confirm the above-
mentioned mechanism.

Fig. 4(a) presents the 1%t discharge/charge curves of SiHNPs and
DS-Si composites at 420 mA g~ between 0.01 and 1.2 V. The lithi-
ation voltage plateaus at 0.05-0.08 V in initial discharge curve and
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Fig. 4. Electrochemical performance of SiHNPs and DS-Si composite anodes: (a) the 15 discharge/charge curves at 420 mA g~!
(c) electrochemical impedance spectra before cycling (insert is their equivalent circuits); (d) rate performance at different current densities, and (e) cycling

of 0.2 mV s71;
performance and corresponding coulombic efficiency at 840 mA g—'.

the delithiation voltage plateau at 0.25-0.65 V in initial charge
curve are corresponding to the Si-Li alloying and dealloying pro-
cesses, respectively [35]. The DS-Si-2 sample possesses high initial
coulombic efficiency (85.7%), indicating that the optimal Cu@SiO,
coated-layers can avoid the electrolyte decomposition clearly and
form the stable SEI films [36]. Besides, the higher initial coulombic
efficiency of DS-Si-2-500 (86.2%) than other DS-Si samples is asso-
ciated with the formation of CuySi alloy for improving the contact
between Si nanoparticles and Cu coated-layer.

The cyclic voltammetry (CV) curves are measured between
0.01 V and 2.0 V with a scanning rate of 0.2 mV s~! for the 1t
cycle, as shown in Fig. 4(b). During the first cathodic process, be-
sides the peaks prominent at 0.16 V and 0.04 V related to the
phase transition between Si and Li-Si alloys, there is an obvious
peak at ~1.2 V corresponding the formation of SEI films resulting
from the reduction of fluoroethylene carbonate in the electrolyte.
The peak areas decrease after multi-shell coating on Si surface, in-
dicating that the coated layer can avoid the formation of more SEI
films. But for SiHNPs, the irreversible peak at 0.4-0.6 V related to

40Cycle numbe?o

; (b) CV curves for the 1t cycle at a scan rate

the decomposition of carbonate solvents in the electrolyte is also
presented, probably because the swell of bare SiHNPs leads to the
contact between fresh Si surface and the electrolyte to form more
SEI films. The anodic peaks of all the samples appear at 0.30 and
0.51 V, which correspond to the phase transition from amorphous
LixSi to amorphous Si.

Fig. 4(c) presents the electrochemical impedance spectra of Si-
HNPs and DS-Si composites before cycling. The equivalent circuit
is inserted in Fig. 4(c), which represents the electrochemical pro-
cess roughly by a single R2 (charge transfer resistance) with CPE1
and Warburg element (W) for the diffusion of lithium ions. The
semicircles (R2) of all samples are different in this order: SiHNPs
(194 Q) > DS-Si-4 (89 ) > DS-Si-3 (84 2) > DS-Si-1 (56 Q2) >
DS-Si-2 (50 ) > DS-Si-2-500 (40 €2). The diameters of the de-
pressed semicircle of DS-Si composites are obviously less than that
of SiHNPs, because the conductive multi-shell layer on the surface
and junction of Si in the former one could increase the conductiv-
ity of electrode materials, as well as benefiting to the transporta-
tion of electrons. The resistance of DS-Si-2-500 is less than other
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Fig. 5. SEM images of the cycled DS-Si-1 (a), DS-Si-2 (b), DS-Si-3 (c), DS-Si-4 (d), and DS-Si-2-500 (e and f) electrode disks after 100 discharge-charge cycles at 840 mA g~'.

DS-Si composites, indicating the high-temperature calcination can
increase the contact between Si and Cu through the formation of
Cu,Si which further facilitates the transportation of electrons.

The rate performance of DS-Si composites in Fig. 4(d) shows
that the capacity of DS-Si-2 is higher than that of other DS-Si
composites due to the conductive multi-shell layer on the sur-
face and junction of Si promote the electronic transmission. At the
higher current densities (2100 mA g-! and 4200 mA g~ 1), DS-
Si-2-500 possesses the highest capacity, indicating that the high-
temperature calcination can increase the contact between Si and
Cu which further facilitates the improvement of rate performance.
The cycling performance and corresponding coulombic efficiency of
DS-Si composites measured at 840 mA g~! between 0.01 and 1.2V,
as shown in Fig. 4(e). The better cycling performance of DS-Si com-
posites than that of SiHNPs suggests that the Cu@SiO, layers dis-
tributed on the surface and junction of Si promote the formation
of stable electrode/electrolyte interface and maintain the electrode
structural integrity during the alloying and dealloying of Si. After
calcination at 500 °C, the improved cycling performance DS-Si-2-
500 than other DS-Si samples is associated with the close contact
between Si and Cu through the formation of Cu,Si/SiO, interface
layer.

Fig. 5 presents the surface SEM images of the cycled DS-Si com-
posites electrode disks after 100 cycles at 840 mA g~'. Fig. 5(a, ¢
and d) shows that there are obvious cracks and SEI films on the
surface of the cycled DS-Si-1, DS-Si-3, and DS-Si-4 electrode disks.
However, the cycled DS-Si-2 electrode disks (Fig. 5(b)) still main-
tains the structural integrity without cracks and possesses less SEI

films compared with other DS-Si composites, suggesting that the
optimal of Cu@SiO, coated-layer contributes to maintain the elec-
trode structure integrity and stabilize the interface between elec-
trode and electrolyte. After calcination at 500 °C, it can be seen
from Fig. 5(e and f) that there are clear porous structure with no
cracks for the cycled DS-Si-2-500 electrode disks, which maintains
the original surface morphology, indicating the strong contact be-
tween Si and Cu after the high-temperature calcination benefits to
alleviate electrode deformation stress deriving from volume change
during the repeated swelling/shrinking processes, which improves
their electrochemical performance.

XPS spectra of SiHNPs and DS-Si composites after 15t cycle at
420 mA g~! were collected to investigate the influence of multi
coated-layer on the formation of SEI films. The XPS spectra of C
1s (Fig. 6(a)) shows that the peak at ~290 eV is inexistent for
DS-Si composites comparing with the bare SiHNPs, demonstrating
that multi-shell coating can suppress the production of Li,CO3; and
avoid the formation of excess SEI films on Si surface, which pro-
motes the improvement of initial coulomb efficiency [37]. Fig. 6(b)
presents the Cu 2p spectra of SiHNPs and DS-Si composites, in-
dicating that there are two main peaks at ~932 eV and ~952 eV,
corresponding to the 2p3, and 2p,;, asymmetric peaks for Cu-Cu
and Cu-0. The presence of Cu on cycled Si surface demonstrates
that the SEI films cannot form on Cu surface, which assists elec-
tron transport to maintain the utilization of Si active materials. The
weak peak of Si-Si and Si-O (Fig. 6(c)) for cycled DS-Si compos-
ites confirms the formation of robust and dense SEI films result-
ing from the multi-shell structure on Si surface [38]. Nevertheless,
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Fig. 6. XPS spectra of C 1s (a), Cu 2p (b), Si 2p (c), and F 1s (d) of SiHNPs and DS-Si composites after 1st cycle at 420 mA g~'.
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Scheme 3. The schematic visualization of electroless deposition and lithiation/delithiation processes of DS-Si composites (a) and the contact modes of DS-Si composites (b)

and Si nanoparticles (c).

the obvious Si peaks for cycled SiHNPs after discharge-charge cycle
indicate that the fresh Si surface exposes to the electrolyte to con-
tinuous form SEI films. The F 1s spectra demonstrate the more LiF
for cycled DS-Si composites comparing with cycled SiHNPs, which
promotes the production of stable SEI layers, as shown in Fig. 6(d)
[39].

The obtained nanostructured DS-Si composites show high
initial coulombic efficiency (86.2%), stable cycling performance
(1636 mAh g1 after 100 cycles) and good rate capability
(1493 mAh g~ at 4200 mA g—!), resulting from their special struc-
ture, as shown in Scheme 3. On the one hand, the well distributed

and balanced Cu@Cu,Si/SiO, assemblies are formed on the surface
and junction of Si by electroless deposition and heat treatment.
Scheme 3(a) reveals that the core-multi shell DS-Si structure can
promote the electrode/electrolyte interface stability and the main-
tenance of electrode integrity during the Si-Li alloying and dealloy-
ing processes. On the other hand, the presence of Cu@Cu,Si/SiO,
multi coated-layer on Si surface implements the face-to-face con-
tact between Si and conductive coated-layer. Scheme 3(b) shows
that the face-to-face contact structure induce the transportation of
Li* and e~ on all Si surface, comparing with the point-to-point
contact (Scheme 3c) between Si nanoparticles and acetylene black
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(AB) conductive additives. These advantages promote the enhance-
ment of the overall electrochemical performance of Si-based an-
odes.

4. Conclusions

In summary, we have successfully fabricated nanostructured
core-multi shell DS-Si composites by an in-situ electroless depo-
sition method. The initial coulombic efficiency of DS-Si composites
is 86.2%, higher than that of many reported Si-based anodes, indi-
cating that Cu@Cu,Si/SiO, multi shell on Si surface can avoid the
electrolyte decomposition obviously and form stable SEI films. DS-
Si composite electrodes deliver a charge capacity of 1636 mAh g~!
after 100 discharge-charge cycles at 840 mA g~! and an aver-
age charge capacity of 1493 mAh g~! at 4200 mA g~ !, suggesting
that the Cu@Cu,Si/SiO, multi shell distributed on the surface and
junction of Si nanoparticles would benefits to the improvement of
electrical conductivity, the electrode/electrolyte interface stability,
the mechanical property, and the utilization of Si during the al-
loying and dealloying of Si. This low-cost, simple and easy scale-
up preparation methods for the preparation of nanostructured Si-
metal composites with good electrochemical performance should
promote the practical application of Si-based anodes in lithium ion
batteries.
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