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Abstract: The silicon-based material exhibits a high theoretical specific capacity and is one of the best anode for the next generation of ad-
vanced lithium-ion batteries (LIBs). However, it is difficult for the silicon-based anode to form a stable solid-state interphase (SEI) during Li
alloy/de-alloy process due to the large volume change (up to 300%) between silicon and Liy 4Si, which seriously limits the cycle life of the
LIBs. Herein, we use strontium fluoride (SrF,) particle to coat the silicon—carbon (Si/C) electrode (SrF,@Si/C) to help forming a stable and
high mechanical strength SEI by spontaneously embedding the SrF, particle into SEI. Meanwhile the formed SEI can inhibit the volume ex-
pansion of the silicon—carbon anode during the cycle. The electrochemical test results show that the cycle performance and the ionic conduct-
ivity of the SrF,@Si/C anode has been significantly improved. The X-ray photoelectron spectroscopy (XPS) analysis reveals that there are few-
er electrolyte decomposition products formed on the surface of the StF,@Si/C anode. This study provides a facile approach to overcome the
problems of Si/C electrode during the electrochemical cycling, which will be beneficial to the industrial application of silicon-based anode ma-

terials.

Keywords: silicon-based anode; volume expansion; strontium fluoride; solid electrolyte interface; cycling stability

1. Introduction

Since the Volta stacks have been invented more than two
hundred years ago, various electrochemical energy storage
devices have continuously emerged to increase the energy
density of the battery systems. Up to date, lithium ion batter-
ies (LIBs) are widely used in many different scenarios, such
as portable electronics, rechargeable vehicles as well as smart
power grid [1-2]. At present, the most advanced LIBs mainly
use graphite carbon with stable cycle performance as the an-
ode. However, the theoretical capacity of the graphite anode
is relatively low (372 mA-h-g") [3], which further limits the
improvement of the discharge capacity and the energy dens-
ity of LIBs. In contrast, silicon has a significantly higher the-
oretical specific capacity (4200 mA-h-g"'), low working
voltage (0.2-0.3 V vs. Li/Li"), and abundant natural reserves.
It is one of the best candidate anode materials for next-gener-
ation high-energy LIBs. However, the application of silicon
anode is facing many challenges. Firstly, the poor electronic
and ionic conductivity of silicon will lead to sluggish elec-
tron and lithium ion transmission; Secondly, the huge volume
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expansion (300%) during Li alloy/dealloy processes will res-
ult in pulverization of the electrode structure and further de-
tach from the current collector; Thirdly, the uncontrollable
solid-state interphase (SEI) layers caused by volume effects
and initially low initial Coulombic efficiency are also the
obstacles of silicon anode commercialization [4—6].

At present, great advances have been made in the explora-
tion of silicon anode, and researchers have adopted many
methods to improve the performance of it. Among them, in-
troducing of carbon materials into silicon-based anode can
effectively restrain volume expansion and enhance the elec-
tronic conductivity of the electrode. In addition, synthesis of
nano-silicon materials, Such as core-shell structures [7-9],
nanoparticles [10—12], nanotubes [13—14], nanowires
[15-16], and nanofibers [17—19], can also mitigate the
volume effect of silicon during charging and discharging.
However, due to the large expansion stress of silicon during
Li dealloy process, the fracture or even the shedding of the
SEI from the anode surface is still inevitable, which will
cause new anode surface to be exposed into the electrolyte
and continue to occur side effects to form new SEI [20]. This
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process will lead to irreversible consumption of electrolyte on
Si/C anode material and seriously affect the cycle perform-
ance of the LIBs. Therefore, a robust and stable SEI is ex-
tremely crucial to the stability of silicon based LIBs life
[20-21].

Increasing the interface energy is conducive to improving
the stability of the SEI, and can promote the uniform diffu-
sion of lithium ions, which is conducive to reducing its inter-
face impedance [22—23]. Strontium fluoride (SrF,) has a
higher interface energy than LiF, Li,O, Li,CO;, etc. It is con-
ducive to improving the mechanical property of the SEI and
can effectively inhibit the uneven deposition of lithium [24].
Previous studies have compared the effects of StF,, CaF,,
AlF;, etc. on the lithium metal interface, and found that the
presence of SrF, particles in the SEI can effectively improve
the cycle stability of the lithium metal batteries. Directly
coating of SrF, on the surface of lithium metal can also ef-
fectively inhibit the growth of lithium dendrites. The inor-
ganic SrF, particles can take part in the formation of the SEI
and be embedded into it, which delivers more excellent
mechanical properties to the organic SEI. Thus the organic-
inorganic hybrid SEI has a better stability to withstand the
volume change of the lithium metal anode when it expands
and contracts [25]. In this work, to further accommodate the
volume effect of Si/C anode, we use the SrF, particle to coat
the Si/C electrode to form the SEI with stronger mechanical
properties. The fundamental mechanism for the SrF, coating
to improve the electrochemical performance of Si/C anode
was systematically investigated and disclosed via employing
analytical techniques.

2. Experimental
2.1. Materials synthesis

The silicon—carbon (Si/C) composite material was pre-
pared by using phenolic resin and nano-silicon powder as the
precursor (phenolic : nano-silicon = 1:1 in weight ratio),
which were mixed in the alcohol, stirred and evaporated to
dry at 80°C. After that, the powder was dried in a vacuum
oven at 80°C for 15 h. Subsequently, it was heated at 350°C
for 5 h in an argon atmosphere, followed by carbonization at
700°C for 1 h to prepare the Si/C composite. The Si/C com-
posite was employed to prepare the electrode containing Si/C
active material, acetylene black, and sodium alginate binder
in weight ratio of 8:1:1 (Si/C electrode). Finally, The Si/C an-
ode was coated with a suspension of SrF, and polyvinylidene
difluoride (PVDF) (9:1 in weight ratio) in N-methyl-
pyrrolidone (NMP), and the coating thickness is about 15 um
(SrF,@Si/C electrode). The SrF, particle was purchased from
Aladdin Biochemical Technology Co., Ltd., China with a
particle size of ~2 pm.

2.2. Materials characterizations

The scanning electron microscopy (SEM) with an energy
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dispersive X-ray spectroscopy (EDX) detector (ZEISS-
EVOMA1S5, Germany) was used to analyze the microstruc-
ture of SrF, particle, the prepared Si/C and SrF,@Si/C elec-
trodes, and the formed solid electrolyte interphases (SEI) on
the electrodes.

2.3. Electrochemical measurements

The electrochemical performances of the bare Si/C and
SrF,@Si/C electrode were tested using the CR2032 coin-type
cell. The cell contains a cathode (Si/C or SrF,@Si/C with
diameter of 14 mm and active loading of 1.6 mg-cm?) and a
Li metal anode (diameter of 16 mm with the thickness of 0.6
mm). The separator is polypropylene membrane (PP) separ-
ator (Celgard 3501, diameter of 18 mm), and the electrolyte
is 1 M LiPFy in ethylene carbonate (EC) : diethyl carbonate
(DEC) : ethyl methyl carbonate (EMC) (1:1:1 in volume ra-
tio) with 10wt% fluoroethylene carbonate (FEC) and 2wt%
vinylene carbonate (VC) as the additives. The coin cells were
assembled in a glove box with both water and oxygen con-
tents less than 1 ppm. The assembled coin-type cells were
tested using a Galvanostatic BTS-5V10mA battery tester
(NEWARE Electronics Co., Ltd., China) within a voltage
range of 0.01-1.5 V vs. Li/Li". The cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) was con-
ducted using CH Instruments CHI660D. Measurement was
performed for the EIS testing at the frequency ranging from
10°to 10 *Hz, withapotential perturbation amplitude of 10mV.

3. Results and discussion

As shown in Fig. 1(a), when the pristine Si/C composite is
cycled in the Li||Si/C half-cell, its first cycle Coulombic effi-
ciency (CE) is 77.5% and its initial discharge specific capa-
city is 1836 mA-h-g™' at a current rate of 300 mA-g™'. After
100 cycles, the discharge specific capacity of Li||Si/C cell de-
cays to only 83 mA-h-g™. In contrast, the initial discharge
specific capacity and the first cycle CE of Li||StF,@Si/C
half-cell are 1549 mA-h-g™ and 76.3% at the same condition.
Although the Li||StF,@Si/C cell shows a slightly lower ini-
tial discharge specific capacity, its discharge capacity retains
at 462 mA-h-g ' after 100 cycles. Besides, Li||StF,@Si/C cell
also displays a more stable CE after initial several cycles of
activation. This indicates that during the beginning of cycles,
the coated SrF, layer on the surface of Si/C electrode may re-
duce the diffusion rate or extend the diffusion path of Li*, but
after several cycles, the SrF, layer will gradually decrease
and uniformly participate in the formation of SEI film. This
process will significantly adjust the distribution of SrF, so
that its porosity is emerged and accelerate the diffusion of
Li". At the same time, the mechanical properties of SEI in
Li||StF,@Si/C cell also be improved and can further buffer
the volume effect of Si/C anode. Therefore, Li||StF,@Si/C
shows a more stable cycle performance and Coulomb effi-
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ciency. Figs. 1(b) and 1(c) are the charging and discharging
profiles of Li||Si/C and Li||SrF,@Si/C cells under different
cycles. After 100 cycles, the discharge specific capacity of
Li||Si/C is 83 mA-h-g™', whereas that of Li||StF,@Si/C is 462
mA-h-g"'. Besides, due to limited diffusion of Li", the Si/C
anode exhibits a lower polarization voltage than SrF,@Si/C
anode before initial several cycles. But hereafter, the polariz-
ation voltage of Si/C anode continuously increases owing to
the large volume variation and brittle SEI during the char-
ging/discharging processes.

Fig. 2 shows the CV curves of the Li||Si/C and Li||StF,
@Si/C cells. It could be observed that the StF, coating does
not affect the Li" inserting/de-inserting processes of Si/C an-
ode composite. Moreover, the potential differences of the
redox peaks also demonstrate that the Li||SrF,@Si/C cell
shows larger polarization than Li||Si/C cell during the first 3
cycles, which should be ascribed to the SrF, coating layer that
limits the Li" diffusion during the initial electrochemical cyc-
ling stage. It is also well corresponding to the first several
charge and discharge profiles of Li||Si/C and Li||StF,@Si/C
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cells in Fig. 1.

Fig. 3 shows the morphologies and element characteriza-
tions of SrF,@Si/C and Si/C anode materials. As shown in
Figs. 3(d) and 3(e), the original Si/C layer on the copper (Cu)
substrate shows a rough surface with a thickness of about 30
pm. After coating by SrF,, the surface of SrF,@Si/C anode
(Fig. 3(g)) becomes flatter. Meanwhile, the Fig. 3(h) (cross
section) further reveals that the thickness of SrF, coating lay-
er is about 15 um, and which also shows a good contact with
Si/C electrode. Figs. 3(j) and 3(m) present the top views of
Si/C and SrF,@Si/C anodes after 100 cycles. It is worth not-
ing that the surface of Si/C anode becomes cracked and pul-
verized, while the surface of SrF,@Si/C remains flat. In addi-
tion, Fig. 3(k) shows that the thickness of the Si/C electrode
becomes significantly thicker after cycling and expands from
the original 30 to 65 pum. For the SrF,@Si/C electrode,
however, the thickness of the Si/C layer is relatively low
(Fig. 3(n)), which is expanded from the original 45 to 65 pm
(including 15 pm SrF, layer), indicating that the coating of
StF, can effectively suppress the volume change of the Si/C
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Fig.2. CYV curves of (a) Li||Si/C and (b) Li||SrF,@Si/C cells at the cut off voltages of 0.01-1.5 V with a scanning rate of 0.1 mV/s.

anode during the electrochemical cycling. Furthermore, en-
ergy dispersive spectrometer (EDS) is employed to analyze
the elemental compositions of the anode surface after cyc-
ling. From the results of EDS analysis in Figs. 3(f), 3(i), 3(1),
and 3(0), a significantly smaller amount of C and O elements,
which are the characteristic elements of electrolyte solvent
decomposition, is detected on the surface of SrF,@Si/C elec-
trode than that of Si/C anode. It indicates that there is less de-
composition of the electrolyte due to the protection of Si/C
electrode by coating SrF, layer on its surface, which con-
duces to form a denser and more mechanically organic—inor-
ganic hybrid SEI film. The formed robust organic-inorganic
hybrid SEI film could protect the Si/C anode from being fur-
ther corroded by the LiPFy based electrolyte, meanwhile the
volume expansion of silicon also being well suppressed,
hence enhancing the electrochemical cycling stability of Si/C
anode.

We further performed the XPS analysis on the anode ma-
terial after the cycle. As show in Fig. 4, the C 1s spectra show
that the SEI on both of Si/C and Si/C@SrF, anodes all con-
tain C—C/C—H (hydrocarbon, ~285.0 eV), C—O (polyether
carbon, ~286.5 e¢V), and C=0/0=C—-O (carbonyl group,
289.0 eV) peaks, while the O 1s spectra all consist of C=O
(carbonyl, ~531.0 eV) peak. But the intensity of all peaks re-
veals the Si/C@SrF, surface has much less C—C/C—H and
C=0 functional groups, indicating that the electrolyte solvent
on the anode surface is less degraded. This mainly benefits
from the establishment of a more robust SEI, which can more
effectively passivate the electrode/electrolyte interface dur-
ing the volume expansion/contraction of the Si/C active ma-
terial. Besides, the SiO, (~103 eV) signal peak appears on the
Si/C anode surface [26], which means that the SEI on the sur-
face of the Si/C anode cannot effectively protect the Si/C act-
ive material. In the Sr 3d spectrum, the signals at 135.8 and
134.0 eV belong to Sr 3ds, and Sr 3ds),, respectively, which
are consistent well with the Sr** state rather than Sr. There is
no characteristic peak of other Sr elements on the surface of
Si/C@SrF, after the cycle, indicating that SrF, did not de-
compose during the whole cycle.

According to the previous reports, increasing the interface
energy of SEI can promote a uniform flow of lithium ions to
a certain extent, thereby reducing the interface impedance
[22]. Therefore, the electrochemical impedance spectro-
scopy (EIS) was used to detect the electrochemical reaction
kinetics. As shown in Fig. 5, the Nyquist plots of the Si/C and
SrF,@Si/C anodes were obtained at different cycles. Among
them, the irregular semicircle in middle high frequency de-
rives from the surface SEI film resistance (Rsg;) of the elec-
trode and the charge transfer resistance (Rct) between elec-
trode and electrolyte interface [27—-28]. The intercept
between the semicircle and the X axis in high frequency rep-
resents the electrolyte resistance (R.) and the low-frequency
tail represents the diffusion of Li" in the anode material
[12,29]. The oblique line in the low frequency region repres-
ents the Warburg impedance (W), which is related to the ion
diffusion limit in the electrode. Table 1 shows the impedance
fitting parameters of the anodes using the equivalent circuit
as inserting in Fig. 5(a) under different cycles. For the Si/C
anode (Fig. 5(a)), the Ry increases rapidly with the increase
of the cycle number, but it increases slightly for the
SrF,@SiC composite material even after 100 cycles (Fig.
5(b)). The Rgg; values of the Si/C anode at the 10th, 50th, and
100th cycles are 2.1, 3.3, and 68.3 Q, respectively. By com-
parison, the Rgg values of the SrF,@Si/C anode under the
same conditions are 1.8, 2.0, and 2.0 Q, respectively. The
significantly smaller Rgg; of StF,@Si/C indicates that the SEI
generated in the composite anode is more stable and condu-
cive to the diffusion of the Li". In addition, the SrF,@Si/C
electrode also exhibits a significantly smaller Rcr. From the
Figs. 3(h) and 3(n), it can be found that the SrF,@Si/C elec-
trode after the electrochemical cycling shows a smaller
volume expansion, thereby inhibiting the destruction of the
internal structure, hence resulting in smaller Rqr value. The
Rer values of the Si/C anode at the 10th, 50th, and 100th
cycle are 27.6, 22.5, 75.0 Q, respectively. By comparison, the
Rer values of the SrF,@Si/C composite anode under the
same conditions are 10.7, 11.3, 13.5 Q, respectively. Figs.
5(c) and 5(d) are the relationships between w2 and Z' from
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Fig. 3. SEM and EDS elements characterizations of fresh SrF, particle, Si/C and SrF,@Si/C anodes: (a, b, c¢) fresh SrF, particles
under different magnifications; top view, cross-section, and surface element content of fresh (d, e, f) Si/C and (g, h, i) SrF,@Si/C an-
odes; top view, cross-section, and surface element content of (j, k, I) Si/C and (m, n, o) SrF,@Si/C anodes after 100 cycles.

Si/C and SrF,@Si/C anodes. It can be inferenced that the dif-
fusion coefficient of Li* (Dy;,) in the Si/C anode after the
10th, 50th, and 100th cycle are 8.18x107", 1.72x10 ", and
1.48x10™" em s, while the Dy;" in SrF,@Si/C composite
anode are 9.19x1072, 1.11x107"%, and 2.71x10"? cm s, re-
spectively. An order of magnitude higher D;;. demonstrates
that the SrF, coating layer can not only contribute to forming
a stable SEI film and inhibiting the volume effect, but also
promote the transport of Li" [24-25].

As shown in Fig. 6, in pure Si/C anode, due to the serious
volume expansion of Si during the Li" alloy/de-alloy process,
it is hard to form a stable SEI film on the Si/C electrode sur-
face. Therefore, the material is easier to pulverize during the
cycle and the LiPFy based electrolyte will continue to cor-
rode the electrode surface, hence resulting in a thicker, crack,
and brittle SEI. This will significantly enhance the electrode
polarization and degrade the electrochemical performances.
Therefore, the anode shows a looser surface after cycling and
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Table 1. Fitting R, Rsg1, Rct, and Dy values for Li|[Si/C and Li||SrF,@Si/C cells under different cycles
Re /Q RSEI /Q RCT /Q DLi+ / (cm_2~s_1)
Cycle number : : : : : : : :
Si/C StF,@Si/C Si/C SrF,@Si/C Si/C StF,@Si/C Si/C SrF,@Si/C
10 6.1 6.0 2.1 1.8 27.6 10.7 8.18 x 107" 9.19x 107
50 6.3 6.2 33 2.0 22.5 11.3 1.72 % 107" L.11x 107"
100 6.3 6.1 68.3 2.0 75.0 13.5 1.48 x 107" 271 x 107"
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o SrF, Particle SEI layer

Fig. 6. Schematic diagram for the SrF, coating layer enhancing the electrochemical performances of Si/C anode.

relatively larger volume expansion (Fig. 3). The pulverizing
Si particle will lose electrical connection with the current col-
lector and cause a rapid capacity decrease (Fig. 1). For
Si/C@SrF, anode, SrF, adheres evenly on the surface of Si/C
electrode before cycling. During the cycle, SrF, with high
electronic insulation and high interface energy will gradually
participate in the formation of SEI and produce a dense and
organic—inorganic hybrid SEI to strengthen the mechanical
properties and the lithium ion conductivity of SEI [25]. This
robust SEI can suppress the further corrosion of the electrode
by the electrolyte and more adapt to the volume change of
Si/C materials, thereby inhibiting the crushing of Si/C mater-
ials to a certain extent. Si/C@SrF, exhibits a smoother sur-
face and smaller volume expansion after cycling. Therefore,
it also reasonably explains why Si/C@SrF, shows better
cycle performance.

4. Conclusion

In this work, we prove that coating of SrF, particle on the
surface of Si/C anode can effectively improve its electro-
chemical performances. The mechanism of this process is at-
tributed to the fact that SrF, can help to form a SEI with bet-
ter mechanical, dense, and ion conductive properties, which
can also effectively prevent the Si/C material from pulveriz-
ing and falling off from the conductive substrate due to the
volume expansion during the electrochemical cycling. Actu-
ally, this work provides a simple and dependable strategy to
form an effective SEI on silicon-based anode electrode to
overcome the problems of the volume expansion, active ma-
terial particle pulverizing, peeling off, electrode polarization,
etc., which would provide some guidance for the industrial
application of silicon-based anodes.
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