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lithium-ion battery anodest

Jin Niu, Su Zhang, Yue Niu, Huaihe Song*, Xiaohong Chen, Jisheng Zhou and Bin Cao

NH,-termitated Si nanoparticles with an ultrathin silica shell have been efficiently obtained by one-step reaction in

ammonia-water-ethanol solution. Graphene nanosheets encapsulated Si @ ultrathin SiO, have been fabricated by self-

assembly and thermal treatment. Because of the uniform utrathin SiO, shell and superior GNSs encapsulation structure,

this material shows a reversible capacity of 2391.3 mAh g, maintaining 1844.9 mAh g™ after 50 cycles at the current

density of 200 mA g, and good rate and long cycle performance (~700 mAh g'1 at 2000 mA g™ after 350 cycles) as well.

1 Introduction

Si is one of the most promising high-capacity anode materials
for Lithium-ion batteries (LIBs). It has the highest theoretical
specific capacity (4200 mAh g'l) which is 10 times higher than
that of graphite.l’2 But severe volume change(>300%) during
lithiation/delithiation results in the structural destruction, and
further leads to the loss of electrical contact between active
materials themselves or active materials and the current
collectors.>” Moreover, new solid electrolyte interphase (SEl)
continuously forms on the new surface of Si. All of these
problems cause the poor cycling and rate performance for Si-
based anode materials.®”

Recent studies have shown that the internal stress of Si
induced during lithiation can be accommodated by using

. . . . . 10, 11
special nanostructured Si including nanoparticles,

. 12,13 . 2,14 15, 16 17,
nanofilms, nanowires, nanotubes, hollow spheres

18 .19-22

and porous Si designing of
nanostructures cannot overcome the issue of unstable SEI.
One attractive strategy to stablize the SEl is to encapsulate Si
with void-containing
carbon. Some advanced matrices have been presented, such
as Si yolk-carbon sheII,23' 2% Si nanowire core-void-carbon
shell® and Si core-nanoporous carbon shell®. Encapsulation of

However, novel

nanostructures self-supporting and

Si nanoparticles by graphene nanosheets (GNSs) is another
way with obvious advantages: flexible GNSs coatings can
enhance the conductivity of the electrode materials and
accommodate large volume change of the Si nanoparticles,
and avoiding direct contact between the electrolyte and Si can
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prevent the continuous deposition of SE|.% 2730

Simply mixing graphene oxide (GO) and Si nanoparticles in
water and further treated by thermal annealing is a common
route to synthesize Si nanoparticles-graphene nanosheets
composites (Si—GNSs).gl'33 However, Si nanoparticles are not
well encapsulated by GNSs because of their poor dispersability
in water and very weak interaction between Si nanoparticles
and GNSs. Self-assembly through electrostatic interaction (or
covalent interaction) is an efficient route to obtain good
encapsulation structure and enhance the synergistic effect
between modified material and GNSs.>***® GO is naturally
negatively charged when dispersed in water.>”*® When
electropositive surface property is achieved by modification, Si
nanoparticles can not only well dispersed in water but also
well encapsulated by graphene oxide®*?  with opposite
charges through electrostatic interaction. However,
pretreatment must be taken to modify the inert surface of
si.2% 3 Typically, Zhu et al. used Piranha solution
(H,S0,4/H,0,) to activate the surface of Si nanowires, then
rendered the treated Si nanowires positively charged by
aminopropyltriethoxysilane (APTES) in toluene for 24 h.” sun
et al. used hydrochloride solution (37%) to hydroxylate Si
nanoparticles and then aminated them in dry toluene at 110 °C
for 24h.”® In other works, Si nanoparticles with a native oxide
layer are employed for
modification. These pretreatments, however, are not only
hard to control but environmental-unfriendly as well.
Moreover, the treatments will also cause formation of silica
shell (2 nm-7 nm) on Si surface; and the silica shell limits the
electrochemical activity and reduces the specific capacity of
electrode material.*® Therefore, additional HF etching is
required to remove the silica shell.”® * Instead of using Si
nanoparticles with an oxide layer, Li et al. used diazonium
functionalized Si nanoparticles in their work and then modified
the functionalized Si by situ polymerization of aniline on the
surface. The PANI-grafted Si nanoparticles can be wrapped by

because of oxidization in air
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Fig. 1 (a) Schematic description for the amination of Si nanoparticles; photographic images of (b) Si nanoparticles, (c) Si@u-SiO,-NH,, (d) GO and (e) Si@u-SiOx@GO in water.

GO via m-Tt interaction and electrostatic attraction.”* Ye et al. Subsequently, 2 ml of the concentrated ammonia solution
modified Si nanoparticles with benzoyl acid. The Si-COOH can (14.5 M) and 10 ml of water was slowly added into the
self-assembly with positively charged graphene (graphene- dispersion and then 0.1 ml of APTES was added immediately.
modified protic ionic liquid) through electrostatic attraction.* The reaction was carried out at room temperature with
Herein, we presented a new route to fabricate GNSs magnetic stirring. After 1 h, Si@u-SiO,-NH, were separated by
encapsulated Si nanoparticles. Firstly, NH,-termitated ultrathin  centrifugation, removing ammonia and unreacted APTES using
silica shell/Si core nanoparticles (Si@u-SiO,-NH,) were directly ethanol, and dried at 40 °C.
obtained by grafting amino silane on the surface of the Si Preparation of Si@t-SiO,-NH,. We used two-step method to
nanoparticles in ammonia-water-ethanol solution through prepare Si@t-SiO,-NH,. (1) 100 mg of the Si nanoparticles
etching-deposition and simultaneous hydrolyzation- powder were firstly dispersed in to 120 ml of ethanol by water
polycondensation process (Fig. 1). Si nanoparticles can be bath sonication. Subsequently, 2 ml of the concentrated
easily hydroxylated by this weakly alkaline solution (molarity of ammonia solution (14.5 M) and 10 ml of water was slowly
ammonia is ~0.2M) through etching-deposition process.46 The added into the dispersion. The reaction was carried out at
alkaline solution here not only plays as an etching agent but room temperature with magnetic stirring. After 1 h, Si
also a catalyst47 so that APTES can be grafted on Si nanoparticles with thick SiO, shell (Si@t-SiO,) were obtained
nanoparticles in a short time. Then, Si@u-SiO,@GNSs were through an etching-deposition process46 and then separated
obtained by self-assembly in water solution and further by centrifugation, removing ammonia using ethanol, and dried
thermal reduction. Due to the thinner SiO, on the Si at 40 °C. (2) As-prepared Si@t-SiO, were dispersed into 50 ml
nanoparticles and fine GNSs encapsulation structure, Si@u- of water by sonication, followed by adding 0.1 ml of APTES
SiO,@GNSs exhibit higher specific capacity and better rate into the dispersion. The reaction was also carried out at room
performance than GNSs encapsulated Si nanoparticles with temperature with magnetic stirring. After 24 h, the Si@t-SiO,-
thick SiO, shell (Si@t-SiO,@GNSs). What’s more, no additional NH, were obtained through a hydrolytic polycondensation
toxic reagents and extra energy were needed in this route. We process and then separated by centrifugation, removing
provided an environment-friendly approach to preparation of unreacted APTES using ethanol, and dried at 40 °C.
high performance Si-GNSs anode materials for LIBs. Preparation of GO.GO was prepared from natural graphite by a
modified Hummers’method.”®*° The obtained GO was diluted
. . with water and centrifugated at 4000 rpm for 20 min to
2 ExPer'mental Section remove the unexfoliated GO, and then dried by vacuum
2.1 Sample Preparation freeze-drying.
Preparation of Si@u-SiO,@GNSs, Si@t-SiO,@GNSs and Si/GNSs.
To prepare Si@u-SiO,@GNSs and Si@t-SiO,@GNSs. 80 mg GO
was dispersed in 400ml| water by ultrasonic treatment. 80 mg

Preparation of Si@u-SiO,-NH,.To prepare Si@u-SiO,-NH,, 100
mg of the Si nanoparticles powder (Shanghai ST-Nano Science

& Technology Co., Ltd; Particle size: 20-160 nm) were firstly
dispersed in to 120 ml of ethanol by water bath sonication. Si@Uu-SiOx-NH, or Si@t-SiO,-NH, were also dispersed in 400 ml

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 2
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water and then slowly dropped into the diluted GO aqueous
solution. After 0.5 h, the precipitates were freeze dried,
followed by reduction at 750 °C for 2 h under Ar atmosphere
to obtain Si@u-SiO,@GNSs or Si@t-SiO,@GNSs (heating rate 2
°C min’l). Si nanoparticles/graphene nanosheets composites
(Si/GNSs) were prepared by simply mixing of Si nanoparticles
and GO aqueous solution, being dried and reduced under the
same conditions.

2.2 Characterizations and Electrochemical Measurements

The obtained samples were characterized by X-ray diffraction
(XRD, Rigaku D/max-2500B2+/PCX, Cu Ko, A=1.54056 A),
scanning electron microscopy (SEM, ZEISS SUPRATM 55),
transmission electron microscopy (TEM, HT-800, Hitachi), high
resolution transmission electron microscopy (HRTEM, JEOL
3010, JEOL), thermogravimetric analysis (TGA, STA449 Jupiter,
NETZSCH from room temperature to 750 °C at a heating rate of
10 °C min™ in air ambience) and X-ray photoelectron
spectroscopy (XPS, ESCALAB 250 with monochromatic Al K X-
ray sources of 30 eV pass energy in 0.5 eV step over an area of
650 um x 650 um). Zeta potential measurements were
performed using a Zetasizer Nano Series (Malvern, samples
were dispersed in water with a concentration of 0.2 mg ml'l).

ARTICLE
The electrochemical measurements were tested with
CR2032 coin-type cell. For preparing working electrodes, active
sample, PolyVinylidene DiFluoride (PVDF) or sodium alginate
(SA) and acetylene black at a weight ratio of 80 : 10 : 10 were
coated on the circular foam nickel plates (the area of nickel
plate is ~1.54 cmz, the loading weight of active material is 2-3
mg for each plate). 1 M LiPFg solution in the mixture of
ethylene carbonate, diethyl carbonate and fluoroethylene
carbonate (v/v/v, 1:1:0.05) was employed as electrolyte. After
assembling, the cells were charged and discharged in Land
CT2001A system at various current densities in the voltage
range from 0.01 to 2.5 V. The cyclic voltammetry and
electrochemical impedance spectral (EIS) measurements were
carried out on a ZENNIUM (Zahner) electrochemical working
station. For the cyclic voltammetric measurements, the sweep
rate was 0.1 mV s and the potential range was 0.01 to 2.5 V.
For the EIS measurements, the frequency range was from 100
kHz to 10 mHz.

3 Results and Discussion

The preparation method of Si@t-SiO, were similar to the
reported one by our group46, Si@t-SiO, with plenty of hydroxyl

(111)
0.31hm SI

5nm

Fig. 2 (a) HRTEM image of Si@t-SiOy, (b) HRTEM image of Si@u-SiO«-NH,, (c) SEM image of Si/GNSs; (d1) SEM, (d2) TEM and (d3)HRTEM images of Si@t-SiOx@GNSs; (el) SEM, (e2)

TEM and (e3)HRTEM images of Si@u-SiOx@GNSs.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a) TGA curves of Si@u-SiO,@GNSs and Si@t-SiO,@GNSs; (b) XRD patterns of the Si@u-SiOx@GNSs, Si@t-SiOx@GNSs and GNSs.

were obtained through a continuously etching-deposition
process, the thickness of the silica shell could be controlled as
3-5 nm (Fig. 2a). For Si@u-SiO,-NH,, however, when APTES
was added into this system, rapid hydrolysis and uniform
grafting of the APTES on newly formed silica shell protected
the Si core from further etching, resulting in the formation of
ultrathin NH,-terminated silica shells with the thickness less
than 1 nm (Fig. 2b) which was almost unchanged even the
reaction time extends to 24h (Fig. S1). Zeta potential analysis
was used to examine the surface modification effects of Si
nanoparticles. The zeta potential of Si@t-SiO,, Si@u-SiO,-NH,
and Si@t-SiO,-NH, are -32.2 mV, 46.8 mV and 37.0 mV,
respectively. All of them can be well dispersed in water.
Because positively charged Si@u-SiO,-NH, or Si@t-SiO,-NH,
are successfully obtained in ammonia-water-ethanol solution
using APTES, Self-assembly can take place when they are
mixed with the negatively charged GO (zeta potential: -55.4
mV) in water.”> > The precipitates (Fig. 1e) were freeze-dried,
followed by a thermal reduction at 750 °C to obtain Si@u-
SiO,@GNSs or Si@t-SiO,@GNSs. Si/GNSs were also
synthesized by simply mixing of Si nanoparticles and GO, being
dried and reduced under the same conditions. From the SEM
image of Si/GNSs, we can see that some of the Si nanoparticles
are exposed without GNSs cover (Fig. 2c). But for Si@t-
SiO,@GNSs (Fig. 2d1 and 2d2) and Si@u-SiO,@GNSs (Fig. 2el
and 2e2), almost all of the nanoparticles are well encapsulated
by crumpled GNSs. The difference of the SiO, coatings can also
be seen from the HRTEM images of Si@t-SiO,@GNSs (Fig. 2d3)
and Si@u-SiO,@GNSs (Fig. 2e3) and the thickness of the GNSs
shell (7-8 graphene layers) is ~5 nm. All these indicate that
effective self-assembly is achieved by surface modified Si
nanoparticles.

Fig. 3a shows the TGA curves of Si@u-SiO,@GNSs and
Si@t-SiO,@GNSs. The weight loss recorded at ~550°C is due to

This journal is © The Royal Society of Chemistry 20xx

the combustion of GNSs shells in air’® and the gradually
regained mass above 550°C is attributed to the oxidation of Si
nanoparticles.43 Therefore, the percentages of GNSs in Si@u-
SiO,@GNSs and Si@t-SiO,@GNSs are calculated as 23.7% and
27.8%, respectively. Fig. 3b shows the X-ray diffraction (XRD)
patterns of Si@u-SiO,@GNSs, Si@t-SiO,@GNSs and GNSs. For
Si@u-SiO,@GNSs and Si@t-SiO,@GNSs, the peaks at around
28.5°, 47.2°, 56° correspond to the characteristic diffraction of
Si. The peak at around 26° which can also be seen from the
patterns of GNSs confirms the existence of GNSs in both Si@u-
SiO,@GNSs and Si@t-SiO,@GNSs and the different diffraction
intensity of this peak can be explained by the different GNSs
and Si content in these two composites. Besides, a broad and
weak diffraction peak at ~20° is only observed from the
pattern of Si@t-SiO,@GNSs which is the characteristic peak of
sio,.”!

The survey XPS spectra of Si nanoparticles, Si@u-SiO,-NH,
and Si@t-SiO,-NH, are shown in Fig. 4. The Si 2p spectra of Si
nanoparticles and Si@u-SiO,-NH, show distinct peaks centered
at 98.4 eV. However, no peak can be observed here for Si@t-
SiO,-NH,. As we know, the XPS surface analysis depth is ~2 nm.
This indicates that the thickness of SiO, shell in the Si@u-SiO,-
NH, is less than 2 nm, which is thinner than that of the Si@t-
SiO,-NH,. Moreover, the Si@t-SiO,-NH, has a wider and
stronger peak at 130.0 eV than that of the Si@u-SiO,-NH, This
peak is ascribed to SiO, (Fig. 4a), indicating the formation of
thicker SiO, shell in Si@t-SiO,-NH, than that of the Si@u-SiO,-
NH,. Obvious N 1s peaks in spectra of Si@u-SiO,-NH, and Si@t-
SiO,-NH, indicate the effective grafting of APTES with reactive
silica shells (Fig. 4b1). The core level peaks can be split into
two components (Fig. 4b2 and 4b3): signals at 399.5 eV
correspond to amino originated from APTES, and signals at
401.4 eV are assigned to hydrogen-bonded amino or

J. Name., 2013, 00, 1-3 | 4
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Fig. 4 (a) XPS Si 2p spectra of Si nanoparticles, Si@u-SiO,-NH, and Si@t-SiO,-NH,; (b1) XPS N 1s spectra of (b2) Si@u-SiOx-NH; and (b3) Si@t-SiO-NH,.

protonated amino, also suggesting that we successfully grafted
APTES on the surface of Si nanoparticles.52

Fig. 5a shows first three cyclic voltammetry (CV) curves of
Si@u-SiO,@GNSs. The first discharge process shows a sharp
reduction peak at 0.05V, corresponding to the insertion of
lithium ions into crystalline Si. In the subsequent cycles, a
cathodic peak at 0.21V gradually evolves, resulting from the
higher-voltage lithiation of amorphous Si*3. The enhancement
of this peak with increase of the scan times can be attributed
to the activation process during the insertion/extraction.53'54
Moreover, this appeared peak of Si@u-SiO,@ GNSs in the
second cycle becomes stronger than those of Si@t-SiO,@
GNSs and Si/GNSs (Fig. S2a and S2b), suggesting that the Li
extraction kinetics of former is better than those of latter two.
The anodic part displays two peaks, at 0.31V and 0.5V, which
can be attributed to the de-alloying of the Li-Si alloys. The
results are consistent with the previous reports.38' 3 The
cycling stabilities of Si nanoparticles, Si/GNSs, Si@u-
SiO,@GNSs and Si@t-SiO,@GNSs during charge-discharge
between 0.01V-2.5V vs Li/Li" at the current density of 200 mA
g'1 are shown in Fig. 5c and 5d. All the specific capacity is
calculated based on the total mass of Si nanoparticles and

This journal is © The Royal Society of Chemistry 20xx

GNSs. The initial discharge capacity of Si/GNSs is only 1350.4
mAh g'1 and capacity fading to 519 mAh g'1 after 50 cycles with
a capacity retention ratio of 38.4%. The Si@t-SiO,@GNSs show
an initial discharge capacity of 1186.2 mAh g'1 but a high
reversible capacity of 1092.2 mAh g'1 even after 50 cycles.
Si@u-SiO,@GNSs show the best -capacitive and cyclic
performance of all. The first discharge capacity of Si@u-
SiO,@GNSs is 2933.1 mAh g'1 with a high initial coulombic
efficiency of 81.5% (Fig. 5b and 5c). The first charge capacity is
as high as 2391.3 mAh g'1 and the capacitance retention is
1844.9 mAh g'1 after 50 cycles (77.2% of the first cycle
capacity). After the first few cycles, the Coulombic efficiency is
increased and stabilizes over 98%.

The large difference of cycle performance can be explained
by their different structures and electrochemical mechanisms.
The bad performance of Si/GNSs is attributed to that
unmodified Si nanoparticles cannot be well encapsulated by
GNSs because of the poor dispersibility in water and the weak
interaction between Si nanoparticles and GO; For Si@t-
SiO,@GNSs and Si@u-SiO,@GNSs, different thickness of SiO,
results in the different cycle performance, which can be
explained essentially by the electrochemical mechanisms of Si

J. Name., 2013, 00, 1-3 | 5
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Fig. 5 (a) CV curves and (b) charge-discharge processes of Si@u-SiOx@GNSs as anode materials for LIBs; (c) Cycling performance of Si@u-SiOx@GNSs, Si@t-SiO,@GNSs and Si/GNSs

at the current density of 200 mA g'1 and (d) Rate capabilities.

and SiO,. As shown in Equation (1), the charge-discharge
process of Si can happen by direct delithiation and lithiation.
At ambient temperature, maximum of x is 3.75 and the
corresponding maximum theoretical specific capacity is 3579
mAh g'l >3 For SiO,, however, the electrochemical mechanism
is very complex. As show in Equation (2-4),55 lithium ions firstly
insert into Si to form LiO, lithium silicate and Si. Then
produced Si subsequently react with lithium ions according to
the Equation (1). The lithium silicate are mainly Li4SiO456’57 and
Li25i20558’59. Li,O and lithium silicate can buffer the volume

This journal is © The Royal Society of Chemistry 20xx

expansion of Si*%® 5o Si@t-SiO,@GNSs show better stability

than Si@u-SiO,@GNSs. However, the formations of Li,O and
Li,SiO, are irreversible, resulting in low reversible capacity.62
What is worse, Li,O and lithium silicate are ionically poor
conductor and decrease the cycle performance and rate
capability.63 Therefore, Si@u-SiO,@GNSs show much higher
reversible capacity than Si@t-SiO,@GNSs.

Si + xLi* + xe~=Li,Si (1)
SiOy + 2xLi* + 2xe~ — xLi;O + Si (2)
SiOy + xLi* + xe~ — 0.25xLi,Si0, + (1 — 0.25x)Si 3)

J. Name., 2013, 00, 1-3 | 6
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Table 1 The specific capacity (the unit is mAh g?) and capacity retention ratio of Si@u-SiO,@GNSs, Si@t-SiO,@GNSs and Si/GNSs at current densities of 200 mA g”, 500 mA g™,

1000 mA g™ and 2000 mA g™

200mAg"! 500mAg” 1000 mA g™ 2000 mAg"
Si@u-Si0,@GNSs 1991.3 1673.2 (84.0%) 1296.7 (65.1%) 928.5 (46.6%)
Si@t-SiOx@GNSs 1200.6 972.9 (81.0%) 702.4 (58.5%) 436.7 (36.4%)
Si/GNSs 617.0 467.0 (75.7%) 315.0 (51.1) 176.9 (28.7%)
SiOy + 0.4xLi* + 0.4xe™ = 0.2xLi,Si, 05 + (1 — 0.4x)Si (4) (SA) has been reported to markedly improve the
Considering about the different percent of GNSs in Si@u- electrochemical performance of silicon anodes.*”** %" It shows

SiO,@GNSs and Si@t-SiO,@GNSs, the capacity calculated
based on the weight of Si@u-SiO, and Si@t-SiO, alone by
Equation (5) below are shown in Fig. S3:

Csi = (Csj—g — wg X Cg)/ (1 — wg) (5)
Where Cs;¢ is the measured capacity of Si@u-SiO,@GNSs or
Si@t-SiO,@GNSs, Cg is the measured capacity of GNSs, wg is
the percent of GNSs in the composites. It can be calculated
that the first discharge capacity of Si@u-SiO, alone in Si@u-
SiO,@GNSs is as high as 3574.8 mAh g'1 which approximate
the theoretical capacity of Si at room temperature, and the
first reversible capacity is high as 3004.2 mAh g'l. The
calculated charge capacity after 50 cycles is 2148.6 mAh g'l,
and the calculated reversible capacity of Si@t-SiO, alone in
Si@t-SiO,@GNSs after 50 cycles is 1178.9 mAh g'1 which is
much lower than that of the Si@u-SiO,. All the good
electrochemical performance demonstrates that the ultrathin
SiO, shell and good GNSs encapsulation structure can
observably improve the capacity and cyclic
performance of Si-GNSs composites. To further prove this
efficient framework, we also study the influences on cycle
performance of Si@u-SiO,@GNSs by different binders (seeing
in the electronic supplementary information). Sodium alginate

reversible

that cycle performance shown by Si@u-SiO,@GNSs with SA
binder is similar to that with PVDF binder (Fig. S4).
Si@u-SiO,@GNSs also exhibit good rate capability. As
shown in Fig. 5 d and Table 1, the Si@u-SiO,@GNSs show
discharge capacities of 1991.3, 1673.2, 1296.7 and 928.5 mAh
g'l, at a current density of 200, 500, 1000 and 2000 mA g'l,
respectively. When the current density is back to 200 mA g'l,
the discharge capacity can reach to 1740.7 mAh g'l. The
capacities of the Si@u-SiO,@GNSs under different current
density are much higher than those of the Si@t-SiO,@GNSs
and Si/GNSs. The capacity retention ratio of the Si@u-
SiO,@GNSs, Si@t-SiO,@GNSs and Si/GNSs were calculated by
Cca/Co00, Where Cq is the capacity at different current density,
C,00 is the capacity at the current density of 200 mA g'1 after
first 20 cycles. It is clear to see that the capacity retention ratio
of Si@u-SiO,@GNSs is highest of all, especially under large
current density (Table 1). Retention ratio of the Si@t-
SiO,@GNSs is lower than that of Si@u-SiO,@GNSs for 10.2%
even though the GNSs percent of Si@t-SiO,@GNSs is higher
than that in the Si@u-SiO,@GNSs. To obtain long cycling
results, charge/discharge tests at a current density of 2000 mA
g'1 (200 mA g'1 for initial two cycles) were also carried out,

—_—
< 3500
,m g PR S sttt i 100 ~
= i ISi@u-SiO“@GNSs X
< 3000 —
= 200 mA g1 ——Si@u-Si0, @GNSs (discharge) —e—Si@t-Si0 @GNSs (discharge) %0
: 2500 4 —+—Si@u-Si0 @GNSs (charge) ——Si@t-Si0 @GNSs (charge) Q
b 160 ©
8 ] = -
o T ¥ ¥
g 1000 2000mA g (40 ©
o ﬂ " £
:‘5 500 t20 O
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Fig. 6 Long cycle performance of Si@u-SiO,@GNSs at a current density of 2000 mA g'l(ZOO mA g'1 for initial two cycles).
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Fi?. 7 (a) EIS curves of the Si nanoparticles, Si/GNSs, Si@u-SiOx@GNSs, and Si@t-SiOx@GNSs after 3 cycles; (b) EIS curves of the Si@u-SiO,@GNSs after different cycles;
c

Randles equivalent circuit model of the lithium-ion batteries.

shown in Fig. 6. Even after 350 cycles, reversible capacity of
Si@u-SiO,@GNSs still maintain ~700 mAh g’l, which
corresponds 67% of the third charge capacity. But for Si@t-
SiOX@GNSs, only 240 mAh g’1 is left after 350 cycles (51% of
the third charge capacity).

We summarized some typical works in recent years about
fabrications and electrochemical performance of Si-GNSs
anode materials for LIBs through electrostatic self-assembly
method (seeing in the electronic supplementary information,
Table S1). It shows that the Si@u-SiO,@GNSs not only have
high 1st charge capacity and reversible capacity after 50 cycles
but also a high Coulombic efficiency even though we used
PVDF binders which is widely considered not suitable for Si-
based anode material. Moreover, the Si@u-SiO,@GNSs also
show excellent rate capability when compared with other Si-
GNSs anode materials. What’s more, the preparation route
presented by us is more efficient and environmental friendly
than others.

To investigate the kinetics of the electrochemical process,
electrochemical impedance spectroscopy (EIS) were carried
out at the cell voltage of 2.0 V. As shown in Fig. 7a and 7b, all
the Nyquist plots include two depressed semicircle in the
middle and high frequency region, and a sloped line in the low
frequency region. The high frequency semicircle is assigned to

This journal is © The Royal Society of Chemistry 20xx

the SElI film and contact resistance, the middle frequency
semicircle can be attributed to the charge-transfer impedance
on the interface of the electrolyte and active material, while
the linear region corresponds to the lithium ions diffusion in
the electrodes.®®°® These Nyquist plots were plotted with the
equivalent circuit shown in Fig 7c. R, is the electrolyte
impedance, and R; and C; are the resistance and capacitance of
the SEI layer formed on the surface of the electrodes,
respectively. R and Cgy are the charge-transfer resistance and
double-layer capacitance. Z,, is the Warburg impedance
related to the diffusion of lithium ions in the electrodes.®” %
The simulation results of the kinetic parameters are presented
in Table 2.
It can be clearly seen that the R; value of Si nanoparticles,

Table 2 Simulation results of the kinetic parameters of Si nanoparticles, Si/GNSs, Si@t-
SiOx@GNSs after 3 cycles, and Si@u-SiO,@GNSs after different cycles.

Re(Q) R¢(Q) Rt (Q)

Si nanoparticles (3rd) 2.65 6.09 14.80
Si/GNSs (3rd) 4.09 4.84 12.01
Si@t-SiO,@GNSs (3rd) 2.13 3.97 13.05
Si@u-SiOx@GNSs (3rd) 2.27 1.26 3.12
Si@u-SiO,@GNSs (30th) 2.64 1.60 2.13
Si@u-SiOx@GNSs (50th) 4.33 1.84 2.01

J. Name., 2013, 00, 1-3 | 8
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Si@u-Si0,@GNSs L /Si@t-Si0,@GNSs
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Graphene nanosheets encapsulated Si nanoparticles with ultrathin silica shell have been
fabricated by an environmentally friendly and effective amination method.



