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ABSTRACT: The strategy of material modification for improving the stability of
silicon electrodes is laborious and costly, while the conventional binders cannot
withstand the repeated massive volume variability of silicon-based materials. Hence,
there is a demand to settle the silicon-based materials’ problems with green and
straightforward solutions. This paper presents a high-performance silicon anode with
a binder obtained by in situ thermal cross-linking of citric acid (CA) and β-
cyclodextrin (β-CD) during the electrode preparation process. The Si electrode with a
binder synthesized by the one-pot method shows excellent cycling performance. It
maintains a specific capacity of 1696 mAh·g−1 after 200 cycles at a high current of 0.5
C. Furthermore, the carbonylation of β-CD to carbonyl-β-CD (c-β-CD) introduced
better water solubility, and the c-β-CD can generate multidimensional connections
with CA and Si, which significantly enhances the specific capacity to 1941 mAh·g−1 at
0.5 C. The results demonstrate that the prepared integrated electrode facilitates the
formation of a stable and controllable solid electrolyte interface layer of Si and
accommodates Si’s repeated giant volume variations.

1. INTRODUCTION
Lithium-ion batteries, potassium-ion batteries, and so on have
attracted extensive attention due to their high energy density
and low cost. However, they all face the same challenge, that is,
how to further improve the energy density and battery
stability.1,2

In the field of lithium-ion batteries, the abundant and cost-
effective silicon-based material with a theoretical specific
capacity of nearly 4200 mAh·g−1, as one of the most promising
anode materials, can greatly improve the energy density.2

However, this material has a dramatic volume change (300%)
during charge/discharge and is accompanied by challenging
problems, such as electrolyte decomposition and solid
electrolyte interface (SEI) film destabilization caused by the
electrode cracking. All of the above issues lead to a rapid
capacity degradation and shortened cycle lifetime, limiting the
application of silicon in Li-ion batteries.3 In addition to
developing advanced electrolytes to form a stable anodic
passivation layer, there are also two main strategies to improve
the cycling stability of silicon anodes: the modification of the
active substance itself and the adoption of a binder with
healing ability.3,4 The latter utilizes an elastic binder to relieve
the stress of silicon during the charging and discharging
process, making it a highly desirable solution.5

The binder in lithium-ion batteries is a polymer that
enhances the connection between the active mass and the
conductive material, which binds the active mass to the current
collector.6,7 The polymer binder widely commercially available
is mainly polyvinylidene fluoride (PVDF). However, the weak

van der Waals forces between Si and PVDF cannot
accommodate Si’s drastic volume changes and require the
use of a toxic and expensive organic dispersant (N-methyl-2-
pyrrolidone).8−10 The cycle performance of the modified Si/
PVDF electrode, on the other hand, was considered to be
improved and yet still unsatisfactory.8−10 Various low-cost,
simple-to-prepare aqueous adhesives have been investi-
gated.11,12 Polymers such as chitosan (CS),13 carboxymethyl
cellulose salt (CMC),14 polyacrylic acid (PAA),15 and sodium
alginate16 are plentiful in polar groups, which can form
hydrogen bonds and chemical bonds with silicon. The binders
have stronger adhesion to silicon electrodes. These binders
exhibit favorable adhesion and potential self-healing function
in the industrial production of batteries. In addition, composite
binders cross-linked with other binders or modified by metal
ions, such as LixPAA,

17 PFA-TPU,18 etc., also have significant
achievements in enhancing the performance of silicon-based
negative electrodes. In the study of Wu et al., “Hard”
poly(furfuryl alcohol) (PFA) and “soft” thermoplastic polyur-
ethane (TPU) are interweaved into 3D conformation to
confine SiOx particles via in situ polymerization.

18 Choi et al.19
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connected α-cyclodextrin, polyvinyl alcohol, and PAA to form
a mechanical sliding interlocking molecular pulley model. They
found that the steric structure of the cross-linked binder not
only kept the structural integrity of the silicon anode but also
strengthened the electrochemical performance to a certain
extent. Some research has suggested that composite binders
with a three-dimensional network structure can further boost
the bonding force between the binder and the active material
and provide a solid mechanical support for the electrode.20,21

Nevertheless, improving the electrochemical performance of
silicon anodes by the binders mentioned above is not sufficient
to achieve long-term durability because of the loss of electrode
integrity, which is caused by the insufficient mechanical
strength of the binder and the weak connection between the
silicon and the binder.

β-Cyclodextrin (β-CD) is an oligosaccharide containing
seven D(+)-glucose molecules linked to form a conical, circular
structure. β-CD includes seven primary hydroxyl groups and
14 secondary hydroxyl groups at the two ports, which can react
with other functional groups for chemical modification.22

Given the unique cavity structure and abundant hydroxyl
groups, β-CD can be combined with cross-linking materials to
form a mesh structure. The reported effective cross-linking
chemicals are epichlorohydrin,23 citric acid (CA),24 EDTA,25

etc. Recently, many researchers have discovered that β-CD is
also a suitable choice for the binder of lithium-ion batteries.
Jeong et al.23 introduced hyperbranched β-cyclodextrin (β-
CDp) as a novel silicon anode binder in 2014, and produced a
β-CDp/alginate (Alg) binder by fully optimizing the mass
ratio. Then, it was shown that when β-CDp accounted for 87%,
the specific capacity of the electrode remained 70.6% after 100
cycles. This β-CDp hyperbranched network structure exhibits a
powerful bonding effect by multidimensional hydrogen
bonding. The Si particles are less susceptible to detachment
and exhibit better cycling performance.
In the present study, we developed a better binder for silicon

anodes by optimizing electrode preparation. Inspired by
previous research on three-dimensional network binders from
the traditional Chinese cuisine of glutinous rice, researchers
have indicated that the abundant branched polysaccharides
and the numerous carboxyl groups in glutinous rice make it
possess powerful bonding properties. In the past studies,
glutinous rice has been utilized to restore the historic city walls,
giving them better toughness through hydrogen bonding.26

Motivated by the advanced processing of β-CD, a further
product of starch, we designed and prepared silicon-based
integrated electrodes with a simple process. In electrode
fabrication, the environmentally friendly CA was cross-linked
with β-CD. However, the poor water solubility of β-CD leads
to many additional challenges for electrode production. A
carbonylation reaction for β-CD was proceeded to improve the
solubility and promote the esterification with CA. It enables
the introduced carboxyl groups to form lipid-like bonds with
the functional groups on the silicon surface, enhancing the
resistance of the integrated electrode to stress changes.

2. EXPERIMENTAL SECTION
2.1. Preparation of Electrodes. The integrated electrode

preparation procedure is shown in Figure 1a. A percentage of
β-CD (Tianjin Damao Chemical Reagent Factory) and CA
(Aladdin Reagent Co.) was weighed and dissolved in
potassium dihydrogen phosphate to yield a mixed binder
solution. The commercial nano-Si (100 nm, Shanghai ST-

NANO Science & Technology Co.), conductive carbon black,
and binder were sufficient milled in an agate mortar according
to the mass ratio of 6:2:2. The weight of the binder is the sum
of the masses of β-CD and CA. A homogeneous slurry was
acquired by thorough mixing using a high-speed oscillating ball
mill. Then, the slurry was coated uniformly on the copper foil
with a squeegee, and the spacing gap between the squeegee
and the copper foil was 90 μm during the coating operation.
The electrode films were achieved by predrying in an oven at
60 °C for 6 h followed by overnight drying under vacuum at
120 °C to evaporate the solvent completely. The electrodes
were punched into disks (14 mm in diameter) for cell assembly
and electrochemical testing. The β-CD was oxidized by
hydrogen peroxide, as described in Figure 1b. The electrode
preparation process was repeated unless the β-CD was
replaced by c-β-CD.27

2.2. Material Characterization. Scanning electron
microscopy (SEM) was adopted to observe the surface of
electrode poles before and after cycling. A Bruker D8 Advance
X-ray diffractometer from Germany was utilized to test the
samples. The test conditions included Cu-Kα rays at a
wavelength of 1.5406 Å, a tube current of 40 mA, a tube
pressure at 40 kV, with a scan rate of 20 °/min, and a 2θ scan
range from 10 to 80°. The binder’s chemical composition and
functional groups were determined by Fourier transform
infrared spectroscopy (FTIR) in the range of 4000−500
cm−1. The ramp-up rate for thermogravimetric analysis was 10
°C·min−1, from room temperature to 600 °C.

2.3. Electrochemical Test. We fabricated CR2032 coin
cells in a glovebox (Ar gas atmosphere) adopting the Si-based
integrated working electrode and lithium metal as the counter
and reference electrode, which were separated by a
polypropylene membrane (Celgard 2400). Herein, battery-
grade fluorosubstituted ethylene carbonate and lithium
hexafluorophosphate solution (1 M LiPF6 in EC/DEC = 50/
50 (v/v)) were used as the electrolyte. Galvanostatic tests for
the cells were tested on a Neware cell tester between 0.01 and
1.5 V at 25 °C. The cell was activated at 0.1 C for three cycles
before cycling at 0.5 C. The theoretical capacity of Si was
calculated at 4200 mAh·g−1. Cyclic voltammetry (CV) data
were acquired at a scan rate of 0.1 mV·s−1 by a Gamry
Interface 1010E electrochemical workstation, USA. The
electrochemical impedance spectroscopy (EIS) testing fre-
quency was 0.1 Hz−100 kHz, and the AC amplitude was 5
mV.

Figure 1. (a) Electrode preparation process. (b) Carbonylation
modification of β-CD.
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3. RESULTS AND DISCUSSION
3.1. Characterization of Cross-Linked Materials.

Figure 2a,b schematically illustrates the mechanism of action
of this 3D network binder. In the mixing process, the c-β-CD
and CA are wrapped on the surface of Si particles. Under the
effect of high temperature, the hydroxyl group of c-β-CD
undergoes esterification with the carboxyl group of CA to
generate a mesh structure polymer, which coats the Si particles
with a protective layer, as shown in Figure 2a. The particle size
of silicon particles marked in Figure 2b is 150 nm, which is
larger than their original particle size. This proves the existence
of the protective layer constructed by the adhesive. The
carbonyl group in c-β-CD promotes the esterification of
hydroxy l groups to form c-β-CD-CA. Similar to conventional
CMC and PAA, a substantial quantity of reactive carboxyl
groups form lipid-like bonds with Si−OH on the Si surface, as
shown in the red circles in Figure 2a. The abundant hydroxyl
groups on c-β-CD can also constitute multidimensional
hydrogen bonds with Si as the blue circle in Figure 2a. Even
though the volume of Si expands during Si lithiation, the linear
CA molecules are cross-linked with c-β-CD to form a mesh
structure that disperses the significant stresses, avoiding the
separation of the active material, collector, and conductive
carbon black. Figure 2c shows that silicon particles are covered
by a large amount of conductive carbon black without being
exposed after 50 cycles. It confirms that the protective layer
composed of adhesive can effectively prevent the breakage of
silicon particles. However, in the process of de-lithiation, the
volume of the active material decreases, while CA remains
attached to the surface of the Si particles due to covalent
bonding, thereby effectively preventing the SEI layer from
being generated again.28

To determine the bonding of the cross-linked binder, β-CD
(or c-β-CD) and CA were dissolved in a potassium dihydrogen

phosphate solution. Subsequently, the mixture was predried in
an oven at 60 °C for 6 h and dried overnight under vacuum at
120 °C to altogether remove the solvent. The FTIR test results
are shown in Figure 3. In the spectrum of CA, the peak at

about 1729 cm−1 is attributed to the stretching vibration of the
carboxylate C�O. The narrow and sharp peaks of CA in
3450−3610 cm−1 are attributed to the free hydroxyl groups
(no hydrogen bond is formed), and the absorption peaks at
around 3300 cm−1 are owing to the hydroxyl group forming
hydrogen bonds. In the spectra of other substances containing
CA, the disappearance of the free hydroxyl peaks in the range
of 3450−3610 cm−1 is caused by its participation in
esterification or the formation of intermolecular hydrogen
bonds due to the introduction of water. The characteristic

Figure 2. (a) Mechanism of action of the Si/c-β-CD-CA electrode, (b) SEM image of the Si/c-β-CD-CA electrode, (c) transmission electron
microscopy image of the Si/c-β-CD-CA electrode after 50 cycles.

Figure 3. FTIR spectra of individual binders.
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absorption peaks of β-CD at 1025 and 1155 cm−1 are caused
by C−O−C and C−O stretching vibrations in the lumen. The
absorption peak at 2935 cm−1 is induced by C−H stretching
vibrations in the methylene, and the absorption peak at about
3350 cm−1 is owing to O−H stretching vibrations. The β-
cyclodextrin-citric acid polymer (β-CD-CA) shows a new
absorption peak at 1745 cm−1 compared to the β-CD
monomer, which is caused by the C�O stretching vibration
in the ester group. The broadening and blunting bands (C−
O−C/C−O) in 1025−1155 cm−1 are also the symbols of ester
group formation. The change from a single peak to double
peaks near 2900 cm−1 is attributed to the new C−H bond by
the cross-linked CA. These results prove that the hydroxyl
groups outside the β-CD of the cavity were successfully
esterified, and a reticulated polymer was constituted. Likewise,
we perform FTIR tests on the carbonylated sample (c-β-CD).
Compared to the untreated β-CD, the c-β-CD has a new peak
at 1729 cm−1 attributed to the stretching vibration of the
carboxylate C�O. Except for this new peak, the FTIR
spectrum of c-β-CD shows no other significant variations
before and after carbonylation. It suggests that the original ring
structure of β-CD was not destroyed during oxidation.
According to previous studies,27 a hydrogen-bonding band
external to the lumen of β-CD gives the whole β-CD a robust
and rigid structure, resulting in β-CD being insoluble in water
at room temperature. After the oxidizing part of extraluminal
hydroxyl groups to carboxyl groups, the strong hydrogen
bonding network of β-CD is broken, and c-β-CD is preferred
to form intermolecular hydrogen bonds, increasing its
solubility.
Thermogravimetric analysis (TGA) confirms the presence of

cross-linked structures as well. As can be noticed in the TGA
results in Figure 4, the TG curves of the cross-linked samples
tended similarly to the TG curves of β-CD. The pyrolysis
temperature of β-CD itself is 313 °C, and that of CA is 233 °C,
whereas that of β-CD-CA/c-β-CD-CA is 249 °C, which is
between them. Thus, it is clear that cross-linking changes the
pyrolysis temperature of the material.29

To detect the interaction between the binder and active
particles by X-ray diffraction (XRD), the β-CD-CA or c-β-CD-
CA was mixed with Si at 1:1, followed by vacuum drying at 120
°C. As shown in Figure 5, since commercial silicon is applied

directly without any treatment, usually commercial silicon has
a crystalline silicon core and an outside silicon oxide layer.30

However, the oxide layer is too thin for XRD detection. The
plate peak near 20° (2θ) in the XRD pattern is due to the
cross-linked binder. All of the sample peaks after mixing β-CD-
CA with Si and high-temperature treatment are consistent with
the PDF card of Si (PDF#27-1402), suggesting that the
introduction of the binder did not alter the physical phase
structure of Si.
The FTIR results are shown in Figure 6a. The significant

change of the −O−H peak at 3400 cm−1 indicates a new
hydrogen bond interaction between the binder and Si particles.
Meanwhile, because of the presence of hydrogen bonds, the
C�O stretching vibration peaks in the original ester groups
are all shifted to lower wavenumbers, from 1745 cm−1 (Figure
3) to 1716 cm−1 and 1739 cm−1, respectively. Furthermore, it
is worth noting that the absorption peak around 1700 cm−1

splits into two peaks, as shown in the enlarged view in Figure
6b. This is attributed to forming a lipid-like bond between the
binder and Si. The presence of these hydrogen and lipid-like
bonds can adapt to the enormous volume changes of Si and
stabilize the SEI membrane during the cycling process.28

We also fold the Si/β-CD-CA and Si/c-β-CD-CA electrodes.
As visible in the HD digital camera in Figure 7, a small amount
of powder falls out from the center of the β-CD-CA after two

Figure 4. (a) TG curves for individual binders. (b) DTG curves.

Figure 5. XRD patterns of β-CD-CA and Si/β-CD-CA.

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

https://doi.org/10.1021/acsomega.2c07182
ACS Omega 2023, 8, 5683−5691

5686

https://pubs.acs.org/doi/10.1021/acsomega.2c07182?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07182?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07182?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07182?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07182?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07182?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07182?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07182?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


foldings, while Si/c-β-CD-CA can still keep the electrode intact
after two folds without obvious damage or cracks, further
demonstrating the apparent advantage of the c-β-CD-CA
binder in mechanical properties. The peel test data of Figure
S1 confirmed that the introduction of carbonyl groups has a
significant effect on the improvement of the mechanical
properties.

3.2. Electrochemical Tests. Figure 8a−c illustrates the
CV curves of the Si/β-CD-CA, Si/c-β-CD, and Si/c-β-CD-CA
electrodes for the previous four cycles at a scan rate of 0.1 mV·
s−1. From the figure, it is clear that all binders have similar
electrochemical reaction characteristics. During the embedding
of lithium ions, a broad cathodic peak appears at 0.17−0.18 V,
which corresponds to the alloying reaction (Si + xLi+ + xe− →
LixSi). For lithium-ion stripping, two anodic peaks appear near
0.36 and 0.53−0.56 V, corresponding to the de-alloying. These
are in accordance with previously published results regarding
the typical redox peaks of silicon anodes. The intensity of Si’s
alloying and de-alloying peaks is growing in CV tests due to the
activation of Si nanoparticles, which had been reported in
other literature. It is also noteworthy that no significant SEI
formation peaks were observed between the first cathodic
scans. This phenomenon is explained by the fact that this
binder effectively mitigates the formation of an SEI, leading to
the peaks being flat and inconspicuous. To explore the
electrochemical stability of the binder, β-CD-CA(or c-β-CD-
CA) is mixed with acetylene black in a 1:1 homogeneous
mixture and tested for CV.31−33 As presented in Figure S2, the
gentle peak around 0.75 V is generated by the lithium-ion
embedded in acetylene black. There is no apparent redox peak
in the voltage interval of 0−3 V, suggesting that the binder

does not react in the above voltage range, which is relatively
stable and can be applied as a lithium-ion battery binder.
Figure 8d plots the capacity−voltage curves of the first

charge and discharge of the two electrodes of β-CD-CA/c-β-
CD-CA. The initial reversible capacities of the Si/β-CD-CA
and Si/c-β-CD-CA electrodes in the potential range of 0.01−1
V are 3279 and 3555 mAh·g−1, respectively, with first-time
efficiencies of 83.02 and 84.12%. Such a high CE confirms that
the three-dimensional network constructed by the binder can
prevent direct contact between the electrolyte and the Si
particles to a certain extent, alleviating the formation of a SEI.
There is a distinct plateau between 0 and 0.18 V in the first
discharge, and this lithiation process corresponds to the peak at
0.17 V in the CV test. The plateau occurs around 0.3−0.4 and
0.55 V in the initial charging process, and this de-lithiation
process matches the peaks at 0.36 and 0.55 V in the CV test,
respectively.34

For the further study of the cycling performance of each
electrode, charge and discharge tests are performed on each
electrode at a current density of 0.5 C. The loading density of
the electrode materials was 0.55−0.60 mg·cm-2. The β-CD
without any treatment is included as the reference electrode,
and the test results are displayed in Figure 9. All electrodes
have a similar trend of capacity decay. This is in line with many
previously reported findings on 3D binders. By mixing the
active substance Si, binder raw materials, etc. and then cross-
linking them in one pot to form the integrated electrode, the
action between each component of the binder and the binder
is further strengthened, as well as between the binder and the
active substance Si. The cycling performance of the whole
integrated electrode has been significantly improved, sustaining
a high specific capacity of 1696 and 1941 mAh·g−1 after 200
cycles. However, the electrode prepared by commercial
adhesive PVDF only retains the specific capacity of 45.86
mAh·g-1 after 200 cycles. Compared with other literature
studies,35,36 the Si/c-β-CD-CA integrated electrode also has
advantages in capacity and cycling stability at a high current
density of 0.5 C.
The rate performance of different electrodes is shown in

Figure S4. The Si/c-β-CD-CA electrode exhibits high specific
capacities of 3393, 2905, 2471, and 1996mAh/g, respectively at
corresponding rate. In contrast, the Si/β-CD-CA electrode
shows inferior rate performance and delivers little capacity.
More importantly, after multiple charge−discharge cycles at

Figure 6. (a) FTIR spectra of Si/β-CD-CA and Si/c-β-CD-CA. (b) Local magnification of FTIR spectra.

Figure 7. Folded photos of the Si/β-CD-CA electrode sheet and Si/c-
β-CD-CA electrode sheet.
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high current density, a reversible capacity of ∼2844 mAh/g
was recovered when returning to the initial 0.2 C rate.

3.3. Process and Characteristics of SEI Membrane
Formation. To better visualize the changes in the SEI layer of
the integrated electrode before and after cycling, we performed
EIS tests on the electrode in the fully discharged state after the
first cycle and 50 cycles. All data are fitted with the same
equivalent circuit. The test and fitting performance is given in
Figure 10a,b and Table 1. The Rsei is significantly decreased
after 50 cycles. The Si/β-CD-CA electrode had the ability to
hold the Rsei at 14.44 Ω. By carbonylating β-CD, the
mechanical properties of the integrated electrode are
enhanced, and the Rsei is stabilized faster. The Si/c-β-CD-
CA electrode retains the Rsei at 7.53 Ω after 50 cycles.
The CR2032 cells were disassembled before and after 50

cycles, and SEM observed the cracks of the pole pieces. From
Figure 11a−c, the coatings are uniformly distributed on the
copper foil when the charging and discharging are not
performed. The Si/c-β-CD electrode in Figure 11e has large
cracks after cycling, and the integrity of the electrode is
destroyed. With the increase in the quantity of alloying/de-
alloying, the crashes become more significant, and the coating
gradually comes off the collector, causing a rapid drop in
capacity. In comparison with the Si/β-CD-CA electrode in
Figure 11d,f, the surface of the Si/c-β-CD-CA electrode is
flatter and less cracked after cycling. This is facilitated by the

Figure 8. (a) CV curves of Si/β-CD-CA, (b) Si/c-β-CD, and (c) Si/c-β-CD-CA. (d) First charge/discharge curves for Si/β-CD-CA and Si/c-β-
CD-CA electrodes.

Figure 9. Cycling performance of Si/β-CD, Si/β-CD-CA, Si/c-β-CD,
Si/c-β-CD-CA and Si/PVDF at 0.5C.
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reversible intermolecular hydrogen bonding produced by the
carboxyl group enriched in c-β-CD-CA, which repairs the
cracks generated in the lithium-ion embedding-detachment
process through the fracture-recombination process. There-
fore, the three-dimensional structure of c-β-CD-CA in the
integrated electrode prevents Si from falling off the copper foil
by the stress and avoids crack generation.
The morphology derived from the local enlargement of each

electrode is shown in Figure 12. The spherical morphology of
Si is distinctly visible for each electrode before cycling and is
uniformly dispersed throughout the pole piece (e.g., Figure
12a−c). The electrode morphologies show remarkable differ-
ences after 50 cycles. Among them, the Si particles on the Si/c-
β-CD electrode in Figure 12e have been covered by a thick SEI
layer. It means the inability of c-β-CD to control the
volumetric change of Si particles. In addition, the excessive

formation of SEI layers consumes a substantial amount of
electrolyte, making it one of the factors for the decline of
capacity in subsequent cycles. Compared with the Si/c-β-CD
electrode, the cross-linked Si/β-CD-CA electrode in Figure
12d can still clearly distinguish the morphology of individual Si
particles even after 50 cycles. It demonstrates that the cross-
linked network can more effectively alleviate the volume
expansion and yield a relatively stable SEI layer. The Si/c-β-
CD-CA electrode not merely inherits the advantages of the
cross-linked binder but can also better avoid the particles'
agglomeration. The morphology of the 50 cycles is comparable
to that before cycling (Figure 12f. It suggests that the c-β-CD-
CA in the integrated electrode can well buffer the volume
expansion of the encapsulated Si particles.
The cross-sectional thickness provides better visualization of

the role of the binder in controlling the Si volume change, as
can be seen in Figure 13. The cross-sectional SEM comparison
image is in accordance with the trend reflected by the planar
SEM, and there are just a small number of cracks in the Si/β-
CD-CA electrode in Figure 13a. The Si/c-β-CD-CA electrode
in Figure 13c has no apparent crack generation except for some
pore structures. In contrast, the Si/c-β-CD electrode in Figure
13b appears to have severe cracks and even powder shedding.
The thicknesses of the three electrodes after cycling are 26.0,
31.2, and 20.6 μm. In terms of thickness, the cross-linked

Figure 10. (a) Impedance spectrum after the first cycle. (b) Impedance spectrum after 50 cycles.

Table 1. EIS Fitting Data

sample and cycle numbers Rs (n) Rsei (0) Rct (0)

β-CD-CA 1st cycle 1.783 99.76 85.09
50th cycle 5.228 14.44 9.292

c-β-CD 1st cycle 1.614 75.58 127.9
50th cycle 4.112 10.53 2.497

c-β-CD-CA 1st cycle 1.773 128.3 51.16
50th cycle 3.98 7.535 8.219

Figure 11. (a, d) Si/β-CD-CA, (b, e) Si/c-β-CD, and (c, f) Si/c-β-CD-CA SEM images of electrodes before and after 50 cycles.
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binders β-CD-CA and c-β-CD-CA can significantly mitigate
the volume change of Si particles, while the low-molecular-
weight c-β-CD cannot effectively control the growth of
thickness. These results again indicate that the cross-linked
binder is better equipped to buffer the volume change of Si and
maintain the structural integrity of the electrode sheet during
electrochemical cycling, as well as to mitigate the formation of
SEI layers.

4. CONCLUSIONS
In conclusion, we successfully prepared the integrated Si-based
electrodes by in situ thermal cross-linking. The electrode is
simple to prepare and effectively solves the current Si anode
material’s volume expansion. The Si/c-β-CD-CA maintains an
improved specific capacity of 1941 mAh·g−1 after 200 cycles at
a high current of 0.5 C. After introducing carboxyl groups, c-β-
CD can form lipid-like bonds with the functional groups on the
Si surface. The integrated electrode can significantly adapt to
Si’s volume change and mitigate the formation of a SEI
because of lipid-like bonds. Furthermore, the abundant
hydrogen bonds in c-β-CD-CA can also self-heal the cracks
generated by the electrode in the process of cycling, which
effectively preserves the integrity of the integrated electrode.
As a result, the Si integrated electrode prepared by in situ
cross-linking technology provides a promising application.
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