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expansion, which can effectively improve its cycling stability and rate perfor-
mance. Electrochemical test results show that the PSI@PEDOT-2 composite with
mass ratio of 1.5:1 exhibits the best cycling stability. The initial discharge
capacity is 1338.62 mAh g~ at a current density of 0.5 A g, and the postca-
pacity retention rate is 70.3% after 200 cycles. Further, the preparation method
may be used as an approach for preparing high-performance Si-based anode

materials.
Introduction [1-4]. However, the theoretical specific capacity of
conventional graphite anodes (372 mAh g ') is low
[5, 6], which cannot satisfy the energy density
High energy density has become a critical perfor-  required by large-scale equipment such as the new
mance measure for the global battery industry due to energy vehicles. Therefore, the development of high
the rapid development of lithium-ion (Li-ion) bat-  specific capacity and stable Li-ion anode materials is
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important [7, 8]. Moreover, Si has become the most
promising next-generation anode material for Li-ion
batteries [9, 10] due to its ultrahigh theoretical
specific capacity (4200 mAh g~') [11, 12] and low Li
intercalation potential [13, 14]. However, because of
Si’s poor conductivity and the huge volume changes
[15, 16] that occur during charging and discharging,
the active material smashes, falls off the current col-
lector, and becomes inactive, resulting in poor battery
cycle and rate performances, severely hindering the
industrialization process of Si anode materials. Thus,
effective techniques and approaches to increase the
electrochemical performance of Si-based anode
materials are urgently needed.

Researchers have investigated the electrochemical
characteristics of Si in various ways in an attempt to
tackle the difficulty created by its volume expansion.
(1) Si has a nanosized [17, 18] and porous [19, 20]
structure. Nanoscale Si particles are small in size,
which can reduce their volume effect during charging
and discharging, reduce particle spacing, and
increase the ion transmission rate. After making the
Si particles porous, the pore structures inside the Si
particles can minimize the expansion stresses,
allowing the Si structure to remain stable for a longer
time; (2) the material’s electrochemical performance
can be enhanced to an extent by reducing its size and
porosity, but its electrochemical performance can be
better improved if it is dispersed in a compounding
material that cannot only conduct electricity but also
buffer volume changes [21, 22].

Currently, nanosilicon is the frequently used Si,
which exhibits higher electrochemical performance;
however, its production cost is relatively high, thus
causing difficulty in production expansion [23]. As an
anode material, Si has poor conductivity [24-26].
However, it has recently attracted significant atten-
tion using conductive polymers to polymerize and
improve its conductivity [27, 28]. Common conduc-
tive polymers are polythiophene [29], polyacetylene
[30], polypyrrole [31], polyaniline [32], and many
more. Poly(3,4-ethylenedioxythiophene) (PEDOT),
for example, exhibit significant application value due
to its advantages of high electrical conductivity, high
light transmittance in the visible light region, good
film formability, high stability under light and heat,
and environmental friendliness [33]; thus, Li-ion
batteries have been widely employed. As an elec-
tronic conductive polymer, PEDOT can improve
charge-transfer reactions on the electrode surface and
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prevent excessive Si from continuously forming new
solid electrolyte interphase (SEI) films with the elec-
trolyte [34, 35]. Joseph et al. [36] synthesized Lit-
PEDOT:PSS@CG film with outstanding electrolyte
wettability, ionic conductivity, and interfacial char-
acteristics. Zhang et al. [37] synthesized a ZnFe,O,-
PEDOT composite material with a network of
macroporous channels using PEDOT as the coating
layer, and the cycle and rate performances were
improved. The above results confirm that the use of
PEDOT as a coating layer can improve the electro-
chemical performance of the negative electrode
material. The PEDOT coating layer can be used as an
effective buffer layer to minimize the material’s vol-
ume change during charging and discharging pro-
cesses. In addition, as a conductive medium, PEDOT
promotes the migration of electrons during charging
and discharging, which improves the material’s ion
migration speed as well as the battery’s rate
performance.

Although nanosilicon exhibits good electrochemi-
cal performance, its production cost is high [38, 39].
In this study, commercialized aluminum-silicon (Al-
5i) alloy and 3,4-ethylenedioxythiophene (EDOT) are
prepared via in situ polymerization in an ice-water
bath to synthesize a micron-scale PSi@PEDOT com-
posite material with internal porosity and external
core—shell structural features, which can increase the
passage of ions and electrons while also absorbing
the volume growth of internal Si, thus improving the
material’s structural stability. Further, PEDOT as a
coating layer can reduce the surface of porous silicon
(PSi) in contact with the electrolyte, preventing excess
Si from continuously generating new SEI membranes
with the electrolyte, reducing the irreversible capac-
ity loss caused by it, thus improving the material’s
electrochemical performance.

Materials and methods
Preparation of PSi

Gradually add an appropriate amount of an Al-Si
alloy to a 5% hydrochloric acid solution, stir at room
temperature for 24 h and filter with suction. Further,
wash the filtered cake with deionized water until the
pH of the filtrate is approximately neutral, wash it
three times with ethanol, and then, put it in a 60 °C
vacuum drying oven for 12 h to obtain PSi.
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Preparation of the PSi@PEDOT composite
material

Add EDOT to the deionized water solution of poly-
styrene sulfonate (PSS) and mix it evenly. Transfer it
to an ice-water bath, add PSi, and stir to disperse it
evenly. The pH was changed to 2 by adding a 2-M
HC1 solution to the solution mixture. Then, a certain
amount of initiator, (NH4S,O,;, was dissolved in
10-mL water and slowly added dropwise to the
reaction mixture. After reacting in an ice-water bath
for 6 h, it was transferred to room temperature to
continue the reaction for 18 h, then centrifuged, and
washed three times with deionized water to obtain a
blue-black powdery PSi@PEDOT composite material,
which was further dried in vacuum at 60 °C for 24 h.

Characterization

The morphology and microstructure of the samples
were observed using a ZEISS SIGMA 300 tungsten
filament scanning electron microscope (SEM) and
FEI-TF20 transmission electron microscope (TEM).
A Bruker-D8-Advance X-ray diffractometer (XRD)
was used for the crystal structure test. A NETZSCH
STA2500 thermal analyzer was used to perform
thermogravimetric analysis (TGA) of the samples.
The test conditions were as follows: In an air atmo-
sphere, heating from room temperature (10 °C
min~') to 800 °C. The material’s specific surface and
pore size distribution were investigated using the
Best 3H-2000PS2 specific surface analyzer. To test
and analyze the material’'s surface composition,
Thermo Scientific K-alpha X-ray photoelectron spec-
troscopy (XPS), with an excitation source of Al Ka
rays was used. A Fourier-transform infrared spec-
trometer was used to determine the material’s func-
tional groups. A Raman Thermo DXR microlaser was
used to conduct Raman spectroscopy at an excitation
wavelength of 532 nm to determine the material’s
composition.

Electrochemical measurements

The prepared negative active material, conductive
agent, and binder are weighed and dissolved in a
suitable quantity of water in a mass ratio of 7:1:2,
mixed uniformly, coated with copper foil, and dried
in a vacuum drying oven. Further, the battery is
assembled in a high-purity argon glove box with the
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prepared negative electrode sheet and tested. The
Xinwei BTS-5V10 mA tester is used to conduct a
constant current charging and discharging test on the
battery. Notably, the test temperature is 25 °C; volt-
age range is 0.01-1.5 V (vs. Li/Li"); formation cur-
rent density is 0.1 A g~ '; circulating current density is
05A gfl ; and rate current densities are 0.2, 0.4, 0.8, 1,
2,and 4 A g~ ! and finally back to 0.2 A g~'. Cyclic
voltammetry (CV) and impedance (EIS) tests are
conducted using a multichannel electrochemical
workstation. The CV test scans are performed at a
rate of 0.1 mV s' and voltage range of 0.01-1.5 V.
The EIS test frequency range is 0.01-100,000 Hz, and
the test AC perturbation amplitude is 5 mV.

Results and discussion

Synthesis and structural characterization
of PSi@ePEDOT

Figure 1a is a schematic of the synthesis path of the
PSi@PEDOT composite material. There are mainly
four steps in the whole process. First, use
hydrochloric acid to etch the Al-Si alloy to prepare
PSi and further disperse the EDOT and PSi uniformly
using ultrasonic stirring. Finally, add an initiator to
the mixed solution to initiate in situ polymerization
of EDOT. The concentration and polymerization of
EDOT can be controlled, and the coating thickness
can be adjusted (by varying time). Figure 1b—j shows
the SEM image of the sample PSi, PSi@PEDOT
composite material, and elemental mappings (EDS)
distribution map of PSi@PEDOT; the PSi remained
spherical after being coated with PEDOT. Figure 2b
shows that there are more holes in the spherical PSi.
Figure 2c-d shows the SEM image of PEDOT-coated
PSi. Because of the PEDOT coating, the material’s
surface becomes smoother. Figure 2f—j represents the
distribution map of Si, Al, C, O, and S in the yellow
box (Fig. 2e). These five elements are observed to be
uniformly distributed.

To further analyze the structure of the PSi@PEDOT
composite material, TEM tests were conducted. Fig-
ure 2 shows the TEM image of PSi@PEDOT-2 as well
as its internal structure (Fig. 3c), which is a selected
area electron diffraction (SAED) map of the com-
posite material, corresponding to the Si(111), Si(220),
and Si(311) crystal planes. Figure 3d shows the lattice
fringes of Si. The spacing is approximately 0.31 nm,
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(a) EDOT

Figure 1 a Schematic illustration of synthesis route from PSi to PSi@PEDOT-2; b SEM images of (b) PSi; c—d PSi@PEDOT-2; f-

j elemental mapping of PSi@PEDOT-2 in the yellow box in (e).

corresponding to the (111) crystal plane of the crys-
talline Si. In addition, the interface of PEDOT-coated
Si can be observed, with a coating thickness of
approximately 3—4 nm.

Figure 3a shows the XRD pattern of PSi@PEDOT-2,
PSi, the Al-Si alloy, and PEDOT. The diffraction
peaks of Al and Si (JCPDF77-2018) are observed in
the pattern of the Al-Si alloy, implying that Si in the
Al-Si alloy is crystalline. Only the diffraction peaks of
crystalline Si appear in the spectra of PSi and PSi@-
PEDOT-2, indicating that the Al has been eliminated
after acid treatment and that the crystalline state of
the Si remains unchanged after the PEDOT coating
and no other impurity phases exist. PEDOT has only
a weak broad peak around 26 = 24°, indicating the
amorphous nature of the coated PEDOT. The
diffraction peak of PSi@PEDOT-2 is weaker than that
of PSi, which may be caused by the coating of
amorphous PEDOT.

Fourier-transform infrared spectroscopy (FT-IR)
spectroscopy is used to further understand the
chemical structure of composite materials. Figure 3b
shows the infrared spectra of PSi@PEDOT-2, PSi, the
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Al-Si alloy, and PEDOT. An additional peak at
3448 cm ™' corresponds to the -OH group in the
absorption water at 1643, 1402, and 1337 cm L. The
peaks represent the C=C and C-C stretching vibra-
tions of PEDOT on the thiophene ring. The repre-
sentative peaks at 1200 and 1072 cm ™' are attributed
to C-O-C tensile vibrations. The peak at 984 cm™"
corresponds to the vibration of the C-S bond in the
thiophene ring. In addition, the PEDOT characteristic
peaks can be observed in the PSi@PEDOT-2 com-
posite FT-IR spectrum. These FT-IR results indicate
that PEDOT was successfully polymerized on PSi.
The Si content of PSi@PEDOT composite material
can be estimated based on the mass-loss rate of its
thermogravimetric curve. The PSi@PEDOT-2 com-
posite material has obvious mass loss at 300-500 °C
(Fig. 3c), which is determined by the decomposition
of PEDOT, and after 500 °C, the Si in the composite
material is oxidized to SiOx, resulting in a slight
increase in the composite material’s quality. There-
fore, the mass loss in the composite material may be
attributed to the polymer content, whereas the
remaining quality is almost Si, that is, the content of



J Mater Sci (2022) 57:4323-4333

Figure 2 a, b, and d TEM
images of PSi@PEDOT-2 and
¢ SAED images of
PSi@PEDOT.

(311)
(220) |
(111)1.—'—[

Si in the PSI@PEDOT-2 composite is 77.5%, whereas
that of PEDOT is 22.5%.

To verify the change in the material’s pore struc-
ture before and after the coating, BET tests were
conducted on PSi and PSi@PEDOT-2. Figure 3d
depicts the N, adsorption and desorption isotherms
as well as the pore size distribution curves. The N,
adsorption capacity of PSi abruptly increases when
p/po is 0.8-1.0, resulting in an obvious hysteresis
loop, which indicates numerous narrow crack holes
in the PSi; the pore size is approximately 1-2 nm,
PEDOT may be deposited on the PSi surface,
obstructing some of the surface’s pores and reducing
its specific surface area. It helps prevent more Si from
reacting with the electrolyte to form an SEI film.

Surface characteristics of the PSi@ePEDOT
electrode

The elements on the surface of the PSi@PEDOT-2
composite material were characterized using XPS.
The full spectrum of Fig. 4a shows that there are five
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elements of Si, Al, C, O, and S on the composite
material’s surface. Figure 4b—d corresponds to the
XPS spectra of Si 2p, S 2p, and Al 2p respectively. The
characteristic peak at the binding energy of 98.5 eV
corresponds to the Si-Si bond, and the peak at the
binding energy of 102-104.5 eV is SiO,. The charac-
teristic peak corresponds to the Si-O-Si bond, which
may be because the Si surface of the PSi@PEDOT-2
composite material is slightly oxidized to form SiO,
during the production process. The main peaks with
binding energies of 164.7 and 166.0 eV correspond to
S 2p3/2 and S 2p1/2 of the C-S-C covalent bond,
respectively, whereas the two small peaks at 167.5
and 168.8 eV are attributed to the C-5(0),—C of SOs,.
In addition, the weak characteristic peak of Al 2p is
observed at the binding energy of 74.7 eV, indicating
that there is still a small amount of Al in PSi, and the
presence of a small amount of Al is conducive to
improving the ionic conductivity of the material,
thereby enhancing the reaction kinetics of Li
deintercalation.
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Figure 3 a XRD patterns of PEDOT, Al-Si, PSi, and PSi@PEDOT-2; and d N, adsorption and desorption isotherm of

PSi@PEDOT-2; b FT-IR spectra of PEDOT, Al-Si, PSi, and
PSi@PEDOT-2; ¢ TGA thermogravimetric curves of PSi and

Electrochemical performance
of the PSi@PEDOT electrodes

The PSi@PEDOT-2 composite material’s electro-
chemical performance was studied via CV. Figure 5a
shows that the strong reduction peak between 0 and
0.2 V corresponds to the conversion of crystalline Si
to Li,Si. In the subsequent cycle, the oxidation peak
between 0.3 and 0.6 V corresponds to the Li,Si
delithiation reaction. In the PSi’s second, third, and
fourth CV curves, the reduction and oxidation peaks
gradually increase (Fig. S2a), indicating a low PSi
cycle reversibility. This is because the Si’s structure is
damaged due to expansion, making the damaged Si
unable to insert and release Li. The PSi@PEDOT-2
material’'s CV curve in Fig. 5a increases with the
overlap of the curve as the cycle progresses, indicat-
ing that the material’s cycle performance tends to be
stable.

Figure 5b shows the PSi@PEDOT-2 composite
material’s charge and discharge curve. The first three
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PSi and PSi@PEDOT-2 (the inset: pore size distribution).

circles are the formation charge and discharge curves
(current density is 0.1A g~ '), whereas the remaining
three curves are cycles (0.5A g~ ') of the charge and
discharge curves of different turns, the first discharge
capacity is 2553.5 mAh g ', with initial Coulombic
efficiency of 68.0%, the creation of the SEI film is
indicated on the first discharge (lithiation) curve by
an angled potential plateau between 1.1 and 0.2 V.
The charge and discharge curves gradually overlap
after several cycles, indicating that the cycle perfor-
mance is gradually stable. The PSi@PEDOT com-
posite materials with different Si contents have a
minimal difference in the charge—discharge specific
capacity at the first cycle, but as the reaction pro-
gresses, the capacity-retention rate of PSi@PEDOT-2
is observed to be relatively stable, whereas that of
other materials decreases very quickly (Fig. S3).
Indicating that an appropriate amount of PEDOT
coating can maintain the stability of the material
structure and prevent the reaction of excessive active
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Figure 4 XPS spectra of the PSi@PEDOT-2 primitive electrode. a Elements complete spectra, b Si 2p spectra, ¢ S 2p spectra, and d Al 2p

spectra.

materials with the electrolyte to form an SEI film,
which is a major cause of irreversible capacity loss.
The effects of different raw material ratios on the
PSi@PEDOT composite materials’ cycle performance
were investigated. The cycle performance tests were
conducted on four materials: PSi, PSi@PEDOT-1,
PSi@PEDOT-2, and PSi@PEDOT-3 (Fig. 5¢), and 200
charge-discharge cycles were performed at a current
density of 0.5 A g~'. The specific capacity of the
PSi@PEDOT-2 composite material, among others,
decreases from 1254 to 878 mAh g, the capacity-
retention rate can reach 70%, and the coulombic
efficiency remains above 98.1%. Under the same test
conditions, the specific capacity of PSi decreases from
1199 to 215 mAh g~ ! after 100 cycles and the capac-
ity-retention rate after 200 cycles is only 10.7%. This
can be because the PSI@PEDOT-2 composite material
can effectively buffer Si’s volume expansion and

maintain the overall structure’s stability, thereby
significantly improving the electrochemical cycle’s
stability. The ability to maintain the structural integ-
rity of the conductive network can also be verified by
the better rate of performance of PSi@PEDOT-2.
Figure 5d shows the PSi@PEDOT-2 composite mate-
rial’s charging specific capacity decreases from 1140
to 313 mAh g~ when the current density rises from
0.2 to 4 A g~'. However, when the current density
returns to 0.2 A g, its specific capacity can rapidly
increase to 1104 mAh g'. Although the initial
capacity of PSi at 0.2 A g~ is higher than that of the
PSi@PEDOT-2 composite material, it decreases
rapidly in subsequent cycles. When it reaches 2 A
g™, the specific capacity is only 1 mAh g™, indicat-
ing that Si is under high current density. The dein-
tercalation of Li ions is nearly impossible, the
conductivity of the PEDOT-coated PSi@PEDOT-2

@ Springer
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Figure 5 a Cyclic voltammetry curves of PSi@PEDOT from
cycles 1-4 at a scanning rate 0.1 mV s™'; b charge/discharge
curves of PSi@PEDOT electrodes; ¢ cycle performance of PSi and

composite material is enhanced, and the structure can
remain stable under high current, indicating good
rate performance.

Figure 5e shows the AC impedance diagram of the
PSi and PSi@PEDOT electrodes of different ratios
after 200 cycles. The semicircle diameter in the high-
frequency zone can be used to quantify the charge
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that transfers impedance at the electrode interface.
The semicircle in the high-frequency zone represents
the charge-transfer resistance. Thus, the smaller the
semicircle diameter, the smaller the charge-transfer
resistance. Figure 5e also shows that the diameter of
the PSi@PEDOT-2 electrode high-frequency semicir-
cle is smaller than that of other electrodes after 200
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Figure 6 SEM images of electrode sheet a PSi electrode sheet
before lithium insertion; b PSi electrode sheet after lithium
e PSi@PEDOT-2 electrode sheet before lithium
f PSi@PEDOT-2 sheet after lithium

insertion;

insertion; electrode

cycles, indicating that the PSI@PEDOT-2 electrode’s
charge-transfer resistance is smaller and the ion
conductivity is higher; the conductivity results of the
PSi and PSi@PEDOT electrodes of different ratios can
also be calculated by using the sheet resistance
measured by the four-probe method, as shown in
Table S1, the conductivity of the PSI@PEDQOT elec-
trode is greater than that of the PSi electrode, thus, its
electrochemical performance is better.

SEM images of electrode sheet

In order to prove that the PSi@PEDOT composite
material can maintain the stability of the structure
and inhibit the expansion of porous silicon, the
morphology of the PSi and PSi@PEDOT-2 electrode
sheets before and after lithium insertion and before
and after the cycle were observed by SEM. As shown
in Fig. 6, in the state where the pole pieces are filled
with lithium, the particles of PSi (Fig. 6b) are signif-
icantly larger than those of PSi@PEDOT-2 (Fig. 6f).
After 200 cycles of the PSi pole pieces, the material on
the film has wide cracks caused by expansion
(Fig. 6d), while the material of the PSi@PEDOT-2
pole piece has no obvious cracks, and the morphol-
ogy and structure are maintained well (Fig. 6h). The
above phenomenon shows that PSi@PEDOT com-
posite material can effectively buffer the volume
expansion of silicon.

R

v
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PSi@PEDOT

insertion; ¢ PSi electrode sheet before cycling; d PSi electrode
sheet after 200 cycles; g PSi@PEDOT-2 electrode sheet before
cycling; h PSi@PEDOT-2 electrode sheet after 200 cycles.

Conclusions

We successfully developed a novel approach for
fabricating micron Si-based anodes coated with a
conductive polymer that demonstrates high electro-
chemical performances. It is crucial to understand
that PEDOT can provide a high conductivity channel
for electron transmission and the porous structure of
PSi@PEDOT outer core and shell can effectively
reduce Si's volume-expansion rate. PSi@PEDOT-2
with a Si mass fraction of 77.5% demonstrates the best
cycle stability with a capacity-retention rate of 70%
after 200 cycles at 0.5 A g~'. Thus, PSI@PEDOT will
be a potential alternative for Li-ion Si-based anodes
in the future due to its high electrochemical perfor-
mance and simple economic preparation technique.
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