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ABSTRACT: A silicon suboxide−carbon (SiOx/C, 1 ≤ x ≤ 2)
composite anode of lithium-ion batteries (LIBs) with enhanced
performance is prepared using an aqueous multicomponent binder
technology. Considering the adhesive force, electrolyte absorption,
and stability, different binders including sodium alginate (SA),
polyacrylamide gel (PAM), polytetrafluoroethylene (PTFE), and
their composites are evaluated. It is indicated that compared to
other anodes with single- or multicomponent binders, the SiOx/C
composite anode with PAM/SA/PTFE663 (PSAP663) binders
exhibits strong adhesion, moderate electrolyte absorption ability,
and a specific capacity of 427 mA h g−1 charge−discharged at 0.5 A
g−1 after 300 cycles. The improvement of electrochemical
performance is attributed to the comprehensive effects of
composite binders, including the adhesion of active substances, surface protection, solution adsorption, conductive path, and so
on. These results show that the PSAP663 binder has promising potential for application, which not only gives alternative practical
schemes of the green binders for the SiOx/C anodes but also provides ideas to develop a high-performance adhesive technology for
LIBs.

1. INTRODUCTION

With the widespread application and popularity of hybrid
vehicles and portable electronic devices, low-cost and high-
performance lithium-ion batteries (LIBs) have attracted much
attention.1 Compared to commercial graphite anode materi-
als,2−5 silicon (Si), Si-based suboxides (SiOx, 1 ≤ x ≤ 2), and
their composites exhibit higher theoretical specific capacity,
little difference in working potential (≤0.5 V vs Li/Li+), and
are quite rich in resources.6−12 However, the Si-based anode
materials generally reveal low Coulombic efficiency, large
volume expansion and contraction (>300%), and poor
conductivity, which are also major reasons that affect the
commercial application.13−16 Besides the strategies of nano-
sized and functional electrolytes, it has demonstrated that the
functionalized binders can stabilize the performances of LIBs
with Si-based anode materials.17 It is still a challenge to
develop the binder technology to enhance the performances of
Si-based LIBs.
According to the properties of Si-based materials, it is

concluded that the binders used in Si-based anodes should
preferably have the following characteristics. There is an
appropriate elastic capacity to adapt large volume changes; the
functional groups can be used to interact with the hydroxyl
groups on the Si surface to increase the bonding ability.18−21

Thus, the hydrophilic binders with functional groups such as

hydroxyl (−OH), amino (−NH2), carboxyl (−COOH), ester
(−COO), and so forth will be considered as promising
candidates.22 Those polar functional groups of binders also
contribute to the electrolyte absorption, which can make ion
migration happen quickly and improve the rate performance of
LIBs. The plate with excellent bonding strength ensures that
the active material will not fall off the current collector after
repeated expansion and contraction of the electrode, which is
also a prerequisite to ensure the performances of LIBs. Since
binders will be soaked in the electrolyte during the lifespan of
LIBs, the binders must have excellent chemical stability and
antielectrochemical reactions.23 Also, considering the problems
of practical application, the binders must also be green,
pollution-free, safe, and low in price.24

According to the previous reports, sodium alginate (SA) has
a good effect in limiting the expansion of Si-based particles. It
has been gradually used in the anode of LIBs. Hu et al. used
lithified polyacrylic acid (LixPAA) to fill the pores of the SA
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network to form a cross-linked double-composite network
binder (b-Li0.5PAA@SA); the volume change of Si particles
(M-Si) could be effectively buffered through the extensive
interlocking of interfacial ester bonds during the repeated
cycle.25 Based on the excellent electrochemical stability and
corrosion resistance of polytetrafluoroethylene (PTFE) water
emulsion binders, Kang et al. prepared a three-dimensional
SiOx anode with good electrochemical performance by using
CMC/SBR/PTFE binders.26 In addition, it was indicated that
polyacrylamide (PAM) binders could exhibit strong adhesion
in the electrode and resist the penetration of organic
electrolytes. The ions and covalent cross-links in the PAM
binder maintained their inherent good adhesion properties and
further enhanced the diffusion of lithium ions. Gendensuren et
al. improved the electrochemical performance of the adhesive
by introducing double-cross-linked alginate and PAM to
enhance the cycling stability of SiOx/C anodes.27,28 Although
the existing aqueous binder systems have revealed their
advantages to improve the performances of Si-based anodes,
from the perspective of commercial application, it is still
necessary to further optimize the composition and perform-
ance of the aqueous binders. A good binder requires not only
rigidity but also the ability to absorb the electrolyte. This is
difficult to achieve using a single binder, so it needs to be
achieved through the multiple binder strategy.
The above analysis can provide a good idea for the design

and optimization of aqueous additive systems, which can be
used to replace the conventional polyvinylidene fluoride
(PVDF) binder by the green and functionalized aqueous

binders. In this work, SA, PAM gel, and PTFE emulsion have
been used to prepare commercial SiOx−carbon (SiOx/C)
composite anodes with enhanced performances. It is
demonstrated that the SA can connect SiOx/C particles tightly
through chemical bonds, facilitate the formation of a solid−
electrolyte interface (SEI) film, and inhibit the decomposition
of the electrolyte.29 The PAM with rich amide functional
groups not only improves the strain resistance of the plate but
also increases the affinity between SiOx and other compo-
nents.30 The PTFE can form an elastic network in the
electrode matrix.31−33 These results not only give alternative
practical scheme of the green binders for the SiOx/C anodes
but also provide ideas for the further development of high-
performance adhesive technology of Si-based LIBs.

2. RESULTS AND DISCUSSION

2.1. Design and Characterization of the SiOx/C Anode
with a SA Binder. Figure 1 shows the quantification
calculation process of the Si atom by SA. At 0 ps, the alginate
anions were laid flat above the Si surface. At 1 ps after the start
of molecular dynamics, the carboxylic oxygen atoms of alginate
anions stripped of protons directly bonded with Si atoms. The
bond length of the oxygen atom and Si of carboxyl group was
1.721 Å, and the bond angle was 126.654°. From the point of
view of bond length data, it was regarded as chemical
adsorption. During the process, at 2−4 ps, the alginate anion
began to move in the vertical direction due to the increasing
bond force (the bond length increased from 1.716 to 1.754 Å).
At 5 ps, the hydrogen bonding force between the alginate

Figure 1. Snapshots for the AIMD trajectory. In these, 0−6 ps represents the bonding process between alginate anions and SiOx molecules.
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anion and Si atom reached the maximum value. A hydroxyl
oxygen atom adjacent to the carboxyl group also formed a
bond with the Si atom. The hydrogen atoms faced away from
the surface, while the oxygen atoms in the carboxyl group
formed bonds with Si atoms that were 1.745 Å long. Another
Si−oxygen bond was 1.936 Å long. At 6 ps, because the
expansion force of Si particles gradually increased as the
reaction went on, the adjacent hydroxyl group bound to Si
atoms became unsteady (the bond length of the carboxyl
oxygen atom and Si becomes 1.712 Å), which exceeded the
binding on the Si atom. Hence, the alginate anion began to
slowly return to its original position. It can be seen that the
surface of SiOx/C was reconstructed, and the surface
reconstruction was beneficial to reduce the surface energy of
SiOx/C. Therefore, the intermolecular interaction between

alginate anions and SiOx had a strong binding energy. In the
end, the reasons for choosing SA as a base binder are
discussed.
The electrochemical performance of the SiOx/C electrode

using SA as a binder was analyzed. Figure 2a shows that the
SiOx/C shows good stability in the 300 cycles, which may be
due to the strong bonds formed between the ordered carboxyl
functional groups inside SA and the Si atom. It was noteworthy
that the charge-specific capacity in the first five cycles was
greatly attenuated, which was associated with the huge physical
stress caused by the repeated expansion effect of SiOx particles.
Although the SA has abundant hydroxyl and carboxyl groups,
the strength of the bonds formed between the SA and Si atom
is not enough to maintain the structural stability under the
condition of huge volume expansion caused by the insertion/

Figure 2. (a) Cycle stability and Coulombic efficiency of the SiOx/C anodes with SA binders at 0.5 A g−1. (b,c) SEM images of the SiOx/C
electrode using SA as a binder after 300 cycles.

Figure 3. (a) Tension and time curves of SiOx/C anodes with different binders and different PSAP ratios at 100 mm min−1 stripping speed. (b)
Digital photos of the SiOx/C anodes with different binders after the stripping test. (c,d) Average tensile parameters and swelling of the SiOx/C
anodes with different binders and PSAP ratios. (e) Infrared spectroscopy comparison of PTFE, PAM, SA, and PSAP in the SiOx/C anode.
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deinsertion of lithium ions in SiOx (Figure 2b,c). Therefore,
more functional components need to be introduced to improve
SA.
2.2. Characterization of the SiOx/C Anodes with

Different Binders. The bonding strength of different binders
and the capacity of electrolyte adsorption of the SiOx/C
anodes were first evaluated. The bonding strength can reflect
not only the ability to connect the active material and the
collector to each other but also the limiting force to the
repeated expansion of SiOx/C particles. The capacity of
electrolyte absorption is closely related to the speed of lithium-
ion intercalation/deintercalation reaction and the cycling
lifetime of the SiOx/C anodes.
Table S1 shows the ratio of different binders. Figure 3a

shows that the tension and time curve can be clearly obtained;
the average tensile value of PSAP663 under the action of 100
mm/min is much higher than that of SiOx/C electrode pieces
with other binders. As can be seen from left to right in Figure
3b, after peeling the same distance at the same peeling speed,
the amount of active material residues on PSAP663 is the
largest, which indicates that the bond strength of the binder is
the largest among all materials. As can be seen in Table S2 and
Figure 3c, the average tensile force of PSAP663 is 0.475 N.
The average tensile strength is also the largest one among all
the binders, which corresponds to the result shown in Figure
3b. By color contrast, it is clear to the naked eye that the most
active substance remained on PSAP663. Figure 3a−c shows
that PSAP663 performs well in terms of physical viscosity,
which ensures that the active material can be stably bonded
with the collector and prevents the occurrence of material
depowdering.
Figure 3d shows the swelling rate test chart of different water

system binders soaked in the same electrolyte. On the one
hand, it was to test the comparison of absorptive capacity of
different binders to the electrolyte. On the other hand, it was
to show that absorptive capacity of the electrolyte was also an
important factor affecting adhesion. Excessive electrolyte
absorption will affect the bonding effect of the binder on the
material and directly affect the connection effect of the SiOx/C
material and the conductive agent. Too little liquid absorption
will result in incomplete performance of the host. As shown in
Figure 3d, the swelling rate of a single SA binder was 18% after
soaking in the electrolyte for 12 h. The PSA absorbed less
electrolyte than SA, and the PSAP663, PSAP447, and
PSAP2211 absorbed more electrolyte than SA. It is noteworthy
that the electrolyte absorption capacities of PSAP2211 and
PSAP447 were much higher than that of SA, which may greatly
affect the bonding of the two electrodes and then reduce the

stability of the electrochemical performance. Through the test
of bond strength and electrolyte absorption ability, it can be
preliminarily concluded that PSAP663 can effectively inhibit
the volume expansion of SiOx/C particles. Although SA can
form a strong bond force with the Si atom, it did not have
good rigidity and had insufficient electrolyte absorption
capacity. The PAM with rich amide functional groups can
improve the strain resistance of the coating layer. The PTFE
can form an elastic network in the electrode matrix, and its
strong electrolyte absorption capacity can ensure the trans-
mission channel of lithium ions. Therefore, the addition of
PAM and PTFE can make up for the deficiency of SA. In order
to further verify the effect of the binder on the electrochemical
properties of SiOx/C materials, other properties needed to be
further tested.
As can be seen in Figure 3e showing the Fourier transform

infrared (FTIR) spectrum, the characteristic peak of PAM
appears at 3182 and 3338 cm−1, which was caused by the
symmetric and asymmetric stretching vibrations of the polar
functional group −NH2 with rigidity, respectively, while the
peak at 1645 cm−1 corresponds to the vibration of −C
O.34,35 For the FTIR spectrum of SA, there was a wide peak
caused by asymmetric stretching vibration at 1598 cm−1 and a
narrow peak caused by symmetrical stretching vibration at
1410 cm−1, both of which were caused by the O−C−O
(carboxylate) stretching vibration. A wider absorption peak at
1030 cm−1 is due to the C−C−H (and O−C−H) deformation
of the pyranose ring and the asymmetric movement of C−O−
C.36,37 The characteristic peaks of PTFE appear at 1150 and
1206 cm−1, mainly due to the symmetric and asymmetric
stretching motion of −CF.38 From the FTIR spectrum of
PSAP, it can be seen that the characteristic absorption peaks of
PAM, SA, and PTFE all appear well in PSAP, indicating that
the structure and functional groups of these single binders were
well retained in PSAP. However, there was a slight deviation in
the position of some peaks and the peak height was reduced,
which indicated that the hydroxyl aldehyde condensation
reaction of functional groups such as −COOH, −NH2, and
−CO forms a macromolecular chain, which was conducive
to the closer connection between binders and the protection of
the SiOx/C electrode. Furthermore, as shown in Figure S1a, it
can be concluded from these peaks of XRD spectra that
crystalline Si nanoparticles were successfully bonded to
graphite materials. Also, in Raman spectra (Figure S1b), the
intensity of the D band is similar to that of the G band (ID/IG
= 1.101), indicating that the crystallinity of carbon is good.

2.3. Electrochemical Performances. In order to check
the effect of the multicomponent binder, a series of

Figure 4. (a) Cycle stability and Coulombic efficiency of the SiOx/C anodes with different binders at 0.2 A g−1. (b) SiOx/C electrode rate
performance graph using the PSAP663, PSAP447, PSAP2211, PSA, and SA binders. (c) Cyclic performance and Coulombic efficiency diagrams of
the SiOx/C electrodes using PSAP663, PSAP447, PSAP2211, PSA, and SA as binders at 0.5 A g−1.
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electrochemical tests was carried out on the SiOx/C anodes
with different binders. Figure 4a shows the cycling curves of
SiOx/C electrodes with different binders at low current
density. In the first 10 cycles, the specific capacity of all the
SiOx/C electrodes showed a trend of rapid decline. This was
mainly related to the formation of irreversible Li4SiO4 and the
huge volume expansion, indicating that the commercial SiOx/
C materials had inherent instability. After that, all the SiOx/C
electrodes tended to been stable. On account of the carboxyl
group having a more regular arrangement, it could form a
strong bonding force with the surface of the SiOx/C active
material. At the same time, it could relieve the volume
expansion of SiOx/C particles and ensure the integrity of the
electrode structure. Among these, the electrodes using PSAP as
the binder exhibited better cycle stability that SA, indicating
that addition of PAM and PTFE was an effective means to
improve the electrochemical stability of the SiOx/C. A
comparison of the electrochemical performance of SiOx/C
anodes using PSAP binders with different ratios is shown in
Figure 4a. After 250 cycles, the specific capacities of the anodes
using PSAP447 and PSAP2211 were 461 and 441 mA h g−1,
respectively, which were lower than that of PSAP663 (498 mA
h g−1). This was mainly because the PSAP447 and PSAP2211
with a higher PTFE content (7 and 11% respectively) had a
weaker bonding strength than PSAP663.
Figure S2a shows the cyclic voltammetry (CV) test of the

SiOx/C anode with PSAP663. Obviously, the first cathodic
peak appeared at 0.797 V during the first cycle and then
disappeared, mainly due to the formation of the SEI layer. The
new cathode peak appearing in the back cycle was instead
transformed from crystalline Si to amorphous Li4SiO4. The
multiple anodic peaks at 0.25 and 0.285 V can be attributed to
the delithiation reaction of the amorphous Li4SiO4 alloy and
the formation of amorphous Si. Then, the cathode and anode
peaks gradually increased with the increase of cycling times,
indicating that Si was gradually active during lithium insertion/
delithiation.
Figure S2b−d shows the charge/discharge curves of the

SiOx/C anodes with PSAP663, PSA, and SA at cycle 1, cycle

50, cycle 100, cycle 150, cycle 200, cycle 250, and cycle 300,
respectively. In the first-cycle discharge curves of four different
SiOx/C electrodes, there was a long discharge platform
between 0.01 and 0.08 V, reflecting the conversion process
of crystal Si to amorphous Li4SiO4. In the charging platform,
crystal Si was formed due to the dealloying process of the
Li4SiO4 phase. In the first cycle and the 50th cycle, the charge
capacities of four different binders SiOx/C anodes were greatly
reduced, which is the reason for the first 10 cycles in Figure 4a.
During 50−250 cycles, the charge curves almost coincided,
indicating that the delithiation process of SiOx/C electrode
material remained stable. It shows that the repeated expansion
force of Si was effectively limited by the composite binder.
After 250 cycles, PSAP633 remained stable, reflecting its good
electrochemical performance.
Figure 4b shows the rate performance of the SiOx/C anodes

with different binders. The PSAP663 electrode shows the
highest capacity, which can be ascribed to the fact that its good
bonding ability can reduce the shedding of SiOx/C particles.
Besides, the amount of electrolyte absorbed should be paid
attention. It is worth noting that PTFE was not added into
PSA and SA so that the amount of the electrolyte absorbed by
them was not sufficient, which had a negative impact on the
capacity of the SiOx/C. When the current increased to 1.2 A
g−1, the specific capacity of the PSAP663 (238 mA h g−1)
electrode was significantly higher than that of SA (102 mA h
g−1) and PSA (178 mA h g−1). When the current returned to
0.1 A g−1, the specific capacity of the four different electrodes
could be restored to a great extent. Figure 4c shows the
discharge cycle curve of the SiOx/C anodes with different
binders at 0.5 A g−1. After 300 cycles, the specific capacity of
the SiOx/C anode with PSAP663 was 427 mA h g−1. The
specific capacity of the SiOx/C anodes with PSA and SA
decreased from the initial 592 and 491 to 200 and 210 mA h
g−1, respectively. The functional groups in SA like a gripper
could keep the SiOx particles in their original position and
make stable contact with graphite or conductive carbon. With
the decrease of the SA content, the cycle stability of electrode

Figure 5. SEM images of different binders after 300 cycles under 0.2 A g−1. (a−i) SiOx/C anodes with PSAP663, PSA, and SA binders.
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became worse. This also proves the correctness of allowing SA
to account for the high ratio.
2.4. Analysis of the Working Mechanism of the

Binder in the SiOx/C Anode. In order to study the reasons
for the different electrochemical performances of SiOx/C
anodes using different binders, the working mechanism was
deeply analyzed. After 300 cycles at 0.2 A g−1, the SEM images
of the SiOx/C electrodes using different binders (PSAP663,
PSA, and SA) are shown in Figure 5a−i. By comparing the
SEM images of each binder surface, it can be seen that the
PSAP663 electrode surface in Figure 5a remains intact. In
addition a large number of bright white particles were bonded
around the SiOx/C particles (Figure 5b,c), indicating that the
PSAP663 binder had good stability in a long cycle. The PSA
and SA electrodes show obvious uneven pits, indicating that
the binders were peeled off seriously (Figure 5d−i). The SEM
images of PSAP447, PSAP2211, and PSAP663 electrodes are
shown in Figure S3a−d. After 300 cycles, some small pits can
be found on the electrode surface with PSAP2211 and
PSAP447, indicating that the SiOx/C particles were peeled
off from the electrodes.
In order to demonstrate the excellent effect of PSAP663 on

the SiOx/C anode, compared SiOx/C electrodes with different
binders before and after cycling. The images of the cross
section of the SiOx/C anodes with different binders before the
cycling are shown in Figure S4a−e. After 300 cycles (Figure
6a), PSAP663 shows a strong superiority both in terms of the
cross-sectional growth rate and contact with the Cu collector.
It shows that the synergistic effect of rigid PAM and regular
bonding forces in SA limits the expansion of SiOx/C particles
together, and the appropriate amount of the PTFE network
coating effect leads to a complementary effect. For the
PSAP447 material (Figure 6b), although the change in the
cross section after 300 cycles was very small (about 36.4 μm),
the PSAP outside the particle began to peel off the material
surface gradually. This indicated that excessive absorption
electrolyte caused by high PTFE content would cause massive
side effects, which was not conducive to the stable operation of
the battery. However, the overall surface structure remained

intact, so the specific capacity attenuation range was small in
the long cycle performance diagram. After 300 cycles, the size
of the cross sections of PSAP663 and PSAP2211 electrodes
(about 24.2 μm) was the smallest among all the binders. Even
though the volume of PSAP2211 after the cycling process
(Figure 6c) did not change much, the contact between the
active material and the Cu collector became smaller. Although
the surface binder was still firmly bound to the surface of the
material, because the amount of PAM and SA added was too
small, the internal protection of the material was reduced. The
contact with the Cu collector was less, and the conductivity
was reduced, which naturally affected the performance of the
battery under the long cycle. As for the cross-sectional changes
of PSA and SA (Figure 6d,f), large areas of the coating binder
of the two-electrode materials fell off before and after the
cycling process. The bulk SiOx/C material also began to
expand greatly, resulting in uneven pits on the surface of the
material. This is one of the main reasons for the specific
capacity decay of the two materials after 300 cycles.
Based on the above results and analysis, Figure 7 shows the

structural evolution diagram of the limiting effect of different
components of the binder on SiOx/C particles, highlighting the

Figure 6. SEM images for the cutting section of the SiOx/C anodes with different binders. (a−e) Corresponding to the cross-sectional ratio of
PSAP663, PSAP447, PSAP2211, PSA, and SA after 300 cycles of discharge, the thickness of about 9 μm above the material is the cross-sectional
size of the copper collector.

Figure 7. (a−g) Evolution of the SiOx/C particles in the SiOx/C
anodes with SA, PSA, and PSAP663 binders over a long cycle and the
action of the binders.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04544
ACS Omega 2021, 6, 26805−26813

26810

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04544/suppl_file/ao1c04544_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04544/suppl_file/ao1c04544_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04544?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04544?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04544?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04544?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04544?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04544?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04544?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04544?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04544?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


excellent electrochemical performance of PSAP663. In Figure
7a−f, it is obvious that PSAP663, PSA, and SA binder were
uniformly coated on the surface of SiOx/C particles before the
battery cycle begun. In the initial stage, SiOx/C particles were
uniformly dispersed on the surface of the flaky graphite (Figure
7a). After preparing the electrode plates with different binders,
it could be seen that the outer-coating binder of SiOx/C, PSA,
and SA-coated electrode all had more or less defects (Figure
7b,d). Instead, PAP663 was homogeneous and dense (Figure
7f). After 300 cycles, the binder around the SiOx/C particles
containing SA in Figure 7c fell off a lot, the volume of the
central block SiOx/C particles was much larger than that
before the cycle, and many huge cracks appeared on the
surface of the particles. The results indicated that a single SA
binder could not maintain the repeated expansion of SiOx/C
particles for a long time, which led to the SA being peeled off.
Although the binder shedding of SiOx/C particles containing
PSA (Figure 7e) was not very serious, it can be clearly seen
that the volume of SiOx/C changes greatly and the bonding
force formed outside gradually loses its protective effect. This
shows that the rigid force of PAM and the bond force of the
SA law can limit the volume expansion of SiOx/C in a long
period of time. The capacity loss of the battery was serious due
to excessive absorption of the electrolyte and excessive
generation of the lithium salt in an irreversible reaction. For
PSAP663 (Figure 7g), due to the introduction of PTFE, the
amount of the electrolyte absorbed by the SiOx/C electrode
was appropriate, and the network structure of PTFE can match
the defect of insufficient rigidity of PAM. It can limit the huge
physical stress caused by the repeated expansion of SiOx/C
particles in the long cycle. After cycling, the bulk SiOx/C
particle volume did not change, the bond force formed on the
surface acted on the SiOx/C particle regularly and densely, and
the PSAP coated on the surface was very compact and bonded
around the SiOx/C particle. Therefore, the SiOx/C anode with
PSAP663 shows excellent electrochemical performance.

3. CONCLUSIONS

In order to solve the problem of excessive attenuation of
battery performance due to the repeated expansion of SiOx/C
particles, the multifunctional binders of water systems were
used to prepare SiOx/C electrodes. The SiOx/C electrode
using PSAP663 showed good performance both in terms of
electrochemical performance and physical mechanical stress.
The intermolecular interaction between alginate anions and
SiOx is the core element for the electrochemical stability of
SiOx. Like a gripper, it can keep the SiOx particles in their
original position and make stable contact with graphite or
conductive carbon, which ensures the electronic path. The
PAM contains abundant amide functional groups, which not
only improves the strain resistance of the coating layer but also
improves the affinity between SiOx and other components. The
PTFE can form an elastic network in the electrode matrix, and
its strong electrolyte absorption capacity can ensure the
transmission channel of lithium ions. Therefore, based on the
good lithium ion and electron transmission channels, the SiOx/
C anode with PSAP663 shows excellent practical application
prospects. At the same time, it can achieve the dual purpose of
environmental protection and low cost, which can provide a
reference for alleviating the expansion of Si-based materials.

4. EXPERIMENTAL SECTION

4.1. Preparation of the SiOx/C Anodes. The SiOx/C
plates were prepared using a coating method typically used in
the manufacturing factory of LIBs. The raw materials including
PAM (M.W. 10,000), carbon nanotubes (CNTs), PTFE (50%
aqueous solution), and SiOx/C composite were obtained from
Great Power Energy & Technology Co., Ltd. (Guangzhou,
China) and Tinci Advanced Materials Co., Ltd. (Guangzhou,
China). SA (M.W. 400,000) was purchased from Aladdin. The
active slurry consisted of SiOx/C, CNT, and binders at a
weight ratio of 13:4:3. Taking the preparation of the SiOx/C
anode with a binder composition as an example, the PAM, SA,
and PTFE mixed by 6, 6, and 3% of the total active slurry mass,
respectively, were marked PSAP663. Similarly, 4, 4, and 7%
and 2, 2, and 11% of the total active slurry mass were marked
as PSAP447 and PSAP2211, respectively. The conductive
additive CNTs were added into the above mixtures after 6 h of
vigorous magnetic stirring treatment. Then, after another 6 h
of stirring, SiOx/C was added, and the mixture was subjected
to an additional 8 h of stirring. The slurries obtained were
spread onto a copper foil with a doctor blade and then dried
under vacuum at 120 °C for 10 h. The calculated mass loading
of SiOx/C was 0.6−1.0 mg cm−2. Similarly, for the preparation
of PSA and SA active slurry, only the dry weight of different
water binders was needed to be weighed. Then, it was prepared
according to PSAP663. SiOx/C electrode materials with
different binders were obtained.

4.2. Electrochemical Measurements. 2032 coin-type
half-cells with different binder SiOx/C anode materials were
assembled in a glovebox filled with argon, where the
concentrations of water and oxygen were both lower than
0.1 ppm (Microna, Universal 2440/750/900, China). The
SiOx/C pole piece was a disc with a diameter of 12 mm cut
from the SiOx/C electrode pole piece prepared by the
abovementioned traditional process. The counter electrode
was pure lithium metal foil. The polypropylene film (Celgard
2400) was selected as the diaphragm, and 1 M LiPF6 ethylene
carbonate/dimethyl carbonate (EC/DEC/EMC = 1/1/1
volume ratio) and 5 wt % fluoroethylene carbonate was
selected as the electrolyte. The constant current charge and
discharge test and rate performance were carried out in the
voltage range of 0.01−1.5 V through a computer-controlled
battery test system (Neware, China). Both CV and electro-
chemical impedance spectroscopy (EIS) were performed on a
CHI 660B electrochemical workstation (Chenhua, China).

4.3. Analysis and Characterization. A series of electro-
chemical tests was carried out for different water-based binders
by preparing half-cells to ensure the electrochemical perform-
ances of the materials. Rate performance, constant current
charge and discharge test, EIS, and CV were carried out on the
battery test system and the CHI 660B electrochemical
workstation. The frequency range was 0.1 Hz to 100 kHz,
and the voltage range was 0.01−2.0 V. The CV scanning speed
was 0.1 mV s−1. The morphologies were characterized by
scanning electron microscopy (SEM; FEI Quanta 250 FEG). A
Nicolet 6700 (Thermo Nicolet Corporation) device was used
to perform FTIR spectroscopy measurements. A Bruker D8
ADVANCE X-ray diffractometer (Kα Cu, α = 1.54056 Å) was
used to determine the X-ray diffraction patterns. The peeling
test was conducted by an HY-0580 device (Hengyi Testing
Instruments, Shanghai, China) to measure the adhesive
strength of the binders. A cross-sectional laser cutting
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instrument (Guangzhou Tianci) was used to analyze the
bonding degree of the adhesive with the Cu current collector
after charging and discharging. The electrolyte absorption
capacity of the binder was indicated by the swellability of the
electrode. The specific test method was to immerse the dry
electrode in the electrolyte for 12 h to calculate the absorption
of the electrolyte. The mass of the electrode before soaking was
recorded as W1, and the mass of the electrode piece after
soaking and removing excess electrolyte from the surface was
recorded as W2. The swelling (S) calculation formula is S =
(W2 − W1)/W1 × 100%.39

4.4. Computational Methods. Ab initio molecular
dynamics calculation was performed by the CP2K/Quickstep
code.40,41 CP2K/Quickstep employs a hybrid Gaussian and
plane-wave basis set.42 Generalized gradient functional PBE
and Goedecker,43 Teter, and Hutter (GTH)44 pseudopoten-
tials in conjunction with double-zeta polarized basis sets
(DZVP) were used.45 The plane-wave basis set was extended
to a density cutoff of 350 Ry. The model had been equilibrated
for about 6 ps, the simulation step was 1 fs, and the simulation
temperature was 300 K. The supercell parameters were as
follows: a = b = 1.5360 nm, c = 1.9073 nm, and α = β = γ =
90°. The Si(0 0 1) surface was modeled as slabs, which consist
of four atomic layers and were separated by a 20 Å vacuum
region in order to avoid the interaction between the adjacent
images. The bottom two layers of Si atoms were fixed to
simulate the situation of the inner layer of atoms. The alginate
anion was placed on the Si(0 0 1) surface, and there was no
bond between them in the initial configuration.
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