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ABSTRACT: Silicon, an attractive anode material, suffers fast capacity fading due r
to the electrical isolation from massive volumetric expansion upon cycling.
However, it holds a high theoretical capacity and low operation voltage in its
practical application. In this study, a new water-based binder, MXene clay/hollow
core—shell acrylate composite, was synthesized through an in situ emulsion
polymerization technique to alleviate the fast capacity fading of the silicon anode
efficiently. The efficient introduction of conductive MXene clay and the hollow
core—shell structure, favorable to electron and ion transport in silicon-based
electrodes, gives a novel conceptual design of the binder material. Such a strategy
could alleviate electrical isolation after cycling and promises better electrochemical
performance of the high-capacity anodes. The effect of the MXene introduction
and hollow core—shell on the binder performance is thoroughly investigated using
various characterization tools by comparison with no MXene-containing, core—
shell acrylate, and commercial styrene—butadiene latex binders. Consequently, the silicon-based electrode containing the MXene
clay/hollow core—shell acrylate binder exhibits a high capacity retention of 1351 mAh g™' at 0.5C after 100 cycles and good rate
capability of over 1100 mAh g™' at SC.

Cycle number

1. INTRODUCTION has been commercially used in LIBs. However, silicon interacts

Silicon (Si) as an anode material has attracted significant With. the surface by weak van der Wa'f“l.s forces,ll.eading to a poor
attention due to its advantages of high theoretical capacity C)_’Chng performa.nce and _rate cap§b111ty. Additionally, PVdF is
(~4200 mAh/g), low operation potential (<0.5 V vs Li/Li"), dissolved only in a toxic organic solvent (e.g.,N-methyl-2-

and abundant resources.” However, Si anodes suffer from severe pyrrolidone, NMP), which causes environmental concerns
capacity fading during the lithiation/delithiation process, during slurry preparation. Although commercial styrene—
resulting from Si’s massive volumetric expansion (~300%). butadiene latex (SBL) is a water-dispersed binder, its use is
The repetitive volumetric change of Si worsens the particle-to- limited due to its worse effect of suppressing silicon expansion
particle contacts, leading to the electrical and ionic isolation of Si and maintaining electrical paths when used in silicon-based
electrodes and the delamination of the electrode from the electrodes. Above all, apart from better adhesion and environ-
current collector.” Furthermore, the enormous volumetric mental friendliness, the binders in silicon-based anodes are
expansion results in cracks in the solid electrolyte interphase expected to have better functions to address considerable
(SEI) and causes additional SEI layer growth on the surface of expansion and electrical isolation. Various efforts are emerging,
Si.’ These undesirable phenomena have hindered their such as self-healing polymeric binders to alleviate expansion and
application in the energy storage field. In order to alleviate the repair electrical network, grafted binders containing electrical
irreversible expansion and shrinkage of silicon, tremendous and ionic conduction segments to improve conductivity, and
research studies have been conducted on silicon structure multifunctional binders to enhance the comprehensive capa-
design,4_6 electrolyte modification,” ™ and multifunctional bility.12’14_16

binders.'”~"* The binder gives an alternative option that can
effectively suppress the problems due to its facile fabrication
process and low cost.

The fundamental role of a binder in an electrode is to maintain
the conductive network of the electrode through the cohesion of
the electrode components (e.g, active material and conductive
agent) and their adhesion to the current collector during cell
operation."® Thus, the binder plays a significant role in the
mechanical stability of electrodes and their long-term cycling
performance. Organic-based poly(vinylidene fluoride) (PVdF)

Two-dimensional (2D) materials have recently been widely
used in energy storage due to their electronic conduction and
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good mechanical properties. MXene, as a novel 2D nanoma-
terial, has attracted significant attention and has been applied in
a variety of industries, such as catalysis,'”'® wearable
sensors,” " and energy storage,n'22 since it was first discovered
in2011.2 Compared with 2D graphene materials, the MXene is
more hydrophilic and holds wealthy functional groups (e.g., —O,
—F, and —OH) on its surface.”* These outstanding properties
make the MXene implementable in water and allow some
reactions and interactions with other functional groups (e.g.,
—OH, —COOH, or —CN).*® Many researchers reported
MXene/polymer composites such as MXene with ?oly(ethylene
oxide) (PEO),* poly(vinyl alcohol) (PVA),””** polyacryla-
mide (PAAm),”” etc. The MXene interacts with polymers by
hydrogen bonding force, van der Waals attraction, and
electrostatic interaction.”” ' Combining MXene with polymers
can enhance the properties and performances of the composites,
including mechanical properties, solution stability, and
especially electrical conductivity.”

Inspired by the conception, we introduce a conductive
MXene to water-based polymerization and obtain a water-based
MXene/polymer composite binder to compensate for the
shortage of the water-based binder without electrical con-
ductivity. Primarily, a water-based binder with a unique hollow
core—shell structure was synthesized on the surface of the
MXene by in situ emulsion polymerization. Removing core
polymeric components from core—shell-structured polymers
achieved a hollow core—shell structure. Its empty inside allows
Li ions to shuttle during the charge/discharge process. The
removed cores also help the electrode slurry to maintain high
viscosity in the electrode coating process.

On the other hand, the outer shell design has essential binder
properties such as adhesion and mechanical strength, composed
of poly(acrylonitrile-butyl acrylate-styrene). The —CN groups
in acrylonitrile (AN) provide good adhesion in electrodes, the
styrene (St) is typically used to improve mechanical strength,33
and the butyl acrylate (BA) imparts a flexible behavior for the
binder to tolerate the deformation during cell operation.”* The
commercial water-dispersed SBL binder was used as a reference
binder. The structure of the MXene clay/hollow core—shell
composite binder (abbreviated as MC-HCS) was confirmed by
TEM and SEM spectroscopies, and its physical and electro-
chemical characterization is examined through various methods.

2. MATERIALS AND METHODS

2.1. Materials. Methyl methacrylate (MMA), methacrylic
acid (MAA), and butyl acrylate were purchased from Sigma-
Aldrich. Styrene and acrylonitrile were obtained from Samchun
pure Chemical Co., Ltd. (South Korea) and Junsei Chemical
Co., Ltd. (Japan), respectively. Sodium hydroxide powder
(NaOH) was purchased from the OCI Company Ltd.
Ammonium persulfate powder (APS) and sodium dodecylben-
zenesulfonate powder (SDBS) were purchased from Sigma-
Aldrich. All powder products were dissolved into distilled water.
The MXene clays (MCs) were obtained from Suzhou BKnano
Material Co. Ltd. (Suzhou, China) and sonicated before use.

2.2. Synthesis of Core—Shell, Hollow Core—Shell, and
MXene Clay/Hollow Core—Shell Binders. The polymer-
ization is conducted in a four-neck round-bottom reactor with a
vigorous stirrer, reflux condenser, nitrogen gas inlet system, and
feeding devices. The recipes for synthesizing core—shell, hollow
core—shell, and MXene/hollow core—shell binders are listed in
Table SI in the Supporting Information with the reaction
conditions. Seed latex was first polymerized to control the

particle sizes. Multistep emulsion polymerization sequentially
synthesized core and shell polymers in the seed latex. The whole
polymerization for CS latex proceeded for S h to core polymers
and another 4 h to shell polymers with 200 rpm stirring at 80 °C
under a nitrogen atmosphere. Noteworthily, the core-to-shell
mass ratio was fixed at 1—4 to obtain relatively homogenous
latex with a regular round shape. The HCS binder is completed
through the alkalization treatment of the CS latex. The
alkalization process is conducted to remove the inner core
polymers and to form a hollow core—shell structure. The MC-
HCS binder synthesis uses the same procedure as that for the
HCS latex. This water-dispersed MCs solution was used in the
seeding process instead of pure water. The MCs were first
dispersed in distilled water by sonication for 2 h under a nitrogen
atmosphere, and then, seed monomers were added for
subsequent in situ polymerization on MCs. The exact amount
of MCs used at the core polymerization step is given. Figure S1
shows the photographs of the sonicated MC solution and MC-
HCS latex binder, where the binder latex contains 1.67 wt % of
MC.

2.3. Preparation of Binder Films, Electrodes, and Cells.
The mixture of binder solution was composed of 80 wt %
binders and 20 wt % of thickener carboxymethyl cellulose
(CMC, Daicel FineChem Ltd., Japan) and dried overnight in a
convection oven at 40 °C on a Teflon substrate to obtain a
composite binder film. The thickness of the binder films ranged
from 450 to 600 ym. A completely dry binder film is sandwiched
in a stainless-steel cell (SS/binder film/SS).

The slurry is prepared with a silicon (Si, 50—60 nm, KCC Co.
Ltd.) active material, Super P (SP, PHOENIX) conductive
agent, binders, and the thickener CMC. The mass ratio in the
slurry was 60:20:10:10 for Si/SP/CMC/binder. After mixing
well in a planetary ball mill (Pulverisette 7, Fritsch), the slurry
was coated on copper foil with the doctor blade method and
dried in a convection oven for 30 min at 60 °C. The mass loading
of Si electrodes was 0.7—1 mg cm 2. Before the assembly, the
electrodes were dried in a vacuum oven at 70 °C overnight and
fabricated into CR2032-type coin cells in an argon-filled
glovebox. Here, a lithium chip (MTI Korea Co. Ltd.) and 1.15
M LiPF ethylene carbonate/fluoroethylene carbonate/propy-
lene carbonate/diethyl carbonate/ethyl methyl carbonate (EC/
FEC/PC/DEC/EMC = 20:10:5:40:25 in volume) (Soulbrain
Co., Ltd,, Korea) were used as the counter electrode and
electrolyte, respectively. A polypropylene separator (Celgard
LLC) was placed between the working Si and counter Li
electrodes.

2.4. Physical and Electrochemical Characterization of
the Binder Solution, Binder Film, Electrode Sheets, and
Half-Cells. First, Fourier transform infrared (FT-IR) spectros-
copy of polymeric binders is performed through a Nicolet iS5
Thermo Fisher Scientific. Raman spectroscopy is performed
using a DXR Raman microscope (Thermo Fisher Scientific)
under 532 nm laser excitation. Differential scanning calorimetry
(DSC, Q50 of TA Instruments) was used to measure the glass
transition temperature at a heating/cooling rate of 10 °C/min
under a nitrogen atmosphere. Using the same apparatus, the
thermal stability was investigated with a 20 °C/min ramp under
a nitrogen flow. The viscosity tests were performed through a
rheometer (HR20, TA-Instruments) under a shear rate in the
range of 0.1—1000/s. Scanning electron microscopy (FE-SEM,
JSM-600F, JEOL, Japan) and transmission electron microscopy
(FE-TEM) were used to investigate the morphologies of
binders. The wettability and swelling ability are examined
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Figure 1. Synthesis process of the in situ polymerized MC-HCS binder: (a) schematic synthesis and (b) alkalization process and (c) FT-IR spectra.

through the contact angle (Biolin Scientific, Theta Life) and
electrolyte uptake. The contact angle measurement is conducted
at room temperature by dropping the electrolyte solution on the
binder film and recording the angle change for 1 min. The binder
films soak in the electrolyte for 4 h to obtain the uptake ratio
calculated through eq 1
Wi~ "o
electrolyte uptake (%) = ——— X 100%
Wo

(1)

Here, w, and w, are the weights of the binder films before and
after absorption of the electrolyte, respectively.

To calculate the ionic conductivity, electrochemical impe-
dance spectroscopy (EIS, VSP, BioLogic Science Instruments)
was implemented at OCV in the frequency range from 10 Hz to
100 kHz using a stainless-steel cell and eq 2

I
RXA

‘ 2)
where § is the ionic conductivity, | is the thickness of the binder
film, R is the bulk resistance obtained from EIS, and A is the area
of the binder film. The electronic conductivities of HCS and
MC-HCS were measured using the Wagner—Hebb method.
The electrode sheet’s adhesion strength was measured
through a 180° peel force of 2 cm wide strips with a texture
analyzer (TA-Plus, Lloyd Instruments Ltd.) at a propagation
speed of 60 mm min~". The resistance and resistivity of the
electrode sheet were investigated using a 46-multipoint probe
system (RM2610, Hioki Corp., Japan) at room temperature.
Long cycling performance of silicon electrodes in a coin cell
was examined using the charge/discharge process at 0.1C for the
first 2 cycles and 0.5C for the following 100 cycles. Cells were
operated at various current densities for rate efficiency testing
from 0.1C to SC. Both experiments were operated in PNE
solution (PEB0SOI system, Korea) in a voltage window of
0.005—1.5 V. Cyclic voltammetry (CV) and EIS of the cells are

performed using a potentiostat (VSP, BioLogic Science
Instruments). CV scans were carried out with a scanning rate
of 0.5 mV s~ in the voltage range of 0.0—1.5 V. The EIS was
recorded in a frequency range of 0.01 Hz—100 kHz at 0.2 V vs
Li/Li" and with an amplitude voltage of 7 mV.

3. RESULTS AND DISCUSSION

Figure 1(a) shows a schematic synthesis of the MC-HCS binder.
We first synthesized a core—shell structure on the MXene
surface by in situ polymerization. Later, inner core polymers
were dissolved through alkalization treatment to obtain a hollow
core—shell structure. During the alkalization process as shown in
Figure 1(b), the hydroxyl anion (OH") from sodium hydroxide
is easier to penetrate through the outer shell when the
temperature is over the glass transition temperature (T,) and
then reacts with a carboxyl group (COOH) in the core
polymer.” After the alkalization treatment, the core polymers
come out of the core—shell structure and finally dissolve in
aqueous medium. Because the T, of the CS (measured by DSC
in Figure S2) was 13.8 °C, the alkahzatlon occurred at 70 °C,
which is significantly higher than the T, of the CS polymer and it
is easier for OH™ to be transported inside of the shell.

FTIR and Raman spectroscopy were performed to confirm
the successful in situ polymerization and are shown in Figures 1c
and S3. The peak observed at 1452 cm ! is associated with the
phenyl C¢Hg stretching vibration of St,** and there is also a weak
vibration peak at 2276 cm™" contributing to the CN group.’
The vibration at 1162 cm™ has been attributed to the C—O in
R—COO-R of MMA and BA. The intensively strong peak at
1729 cm ™ belongs to C=0 of BA and MMA, and in the case of
CS latex, it also belongs to COOH in MAA of the core
polymer.”” The peak related to COO™ in the dissolved core
polymer P(MMA-BA-MAA)~ can be observed at 1557 cm™..**
On the other hand, the COO™ vibration influences the presence
of the two C=0 peaks at 1653 and 1729 cm™". The COO~
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Figure 3. (a) Electrolyte contact angle change in 60 s, (b) electrolyte uptake for 4 h, (c) ionic conductivity, (d) adhesion strength, and (e) electrical

resistance of the silicon electrodes composed of different binders.

groups exist only in the HCS and MC-HCS binder. The shift of
—COOH to COO™ implies that the inner core polymer was
successfully alkalized. The Raman shift in Figure S3b shows that
the vibrations of Ti—O, C—Ti, and C—F of MCs are observed
only in the MC-HCS binder. Moreover, the viscosity of HCS

49305

and MC-HCS latex shown in Figure S4 is more significant than
that of the CS binder latex, proving that the core polymers have
dissolved into water after alkalization, increasing viscosity. SEM
and TEM further investigated the morphologies of CS, HCS,
and MC-HCS.
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Figure 4. Electrochemical performances of the Si electrodes composed of different binders: (a) CV profiles of the third cycles, (b) EIS spectra of the
100-cycled Si-based electrodes, (c) cycling performance, and (d) rate capability. The EIS spectra and cycling performance of the Si electrodes
fabricated with different amounts of physically mixed MCs (e, f), respectively.

FE-SEM images shown in Figure 2a—d indicate that the
particles of the CS and HCS binder have a spherical structure,
and MCs have a multistorey structure. Figure 2d shows polymer
particles in situ polymerized on the surfaces of the MCs. More
definite morphologies of the CS and HCS are observed using
FE-TEM. Figure 2e demonstrates the structure of the CS binder
in that light outer shells wrap the dark inner core part. In Figure
2f, however, the inner cores of the HCS are lighter when
compared to those of the CS particle. This explains why the
empty-core structure of the HCS forms successfully with the
alkalization process.

The wettability and swelling of the binder film in the organic
electrolyte were examined through the contact angle (CA) and
electrolyte uptake. The results are shown in Figure 3a,b,
respectively. Consistently, the hollow core—shell samples, HCS
and MC-HCS, show a lower electrolyte uptake below 9% (7.1
and 8.9%, respectively) in 4 h, which is close to that of the
conventional SBR binder and is much smaller than that of the
core—shell CS binder of 56.4%. The CS binder film suffers such
a high electrolyte uptake because the hydrophobic segments in
the core polymer of the binder quickly absorb the organic
electrolyte solution.”” As already known, relatively high
electrolyte uptake can improve the interface compatibility
between the electrode and electrolyte. In contrast, massive
electrolyte uptake also decreases the interaction capability
between the binder and other electrode components by the
softening and solvation of the binder.*”*" Besides, an abundance
of electrolyte solution in electrodes deteriorates the ionic and
electric conductions caused by excess electrolyte penetration.*”
Therefore, the relatively small electrolyte uptake of the HCS and
MC-HCS binders can ensure good affinity for the electrolyte
and structural integrity of the electrode. To examine the effect of
the hollow core—shell on lithium ion transport, AC impedance
was performed by sandwiching the polymer film between two
stainless-steel electrodes. Figure SS shows its results. The bulk
resistances were obtained from the spike-like lines on the real
axis in the Nyquist plot using the equivalent circuit inserted in
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the figure.”>™*® As presented in Figure 3c, the ionic

conductivities of the HCS and MC-HCS calculated from the
bulk resistances are 44.3 and 55.8 4S cm ™" at room temperature,
respectively, which are much larger than that of the CS binder of
6.9 uS cm™! and the SBR binder of 5.9 uS cm™". This indicates
that the hollow core is an efficient binder structure facilitating
lithium ion transport compared with the compact core structure
of the CS binder. It is consistent to the result reported by Chen
et al.*’ that the hollow structures with a thin shell facilitate the
transport of ions.

Before the hollow core—shell samples were finally applied in
the binder for Si anodes, their thermal stabilities were
investigated through TGA because the materials are exposed
to high temperatures during electrode drying. Figure S6 shows
the experimental results of an exhibit that the HCS and MC-
HCS binder films begin to decompose at approximately 340 °C.
Although their decomposition occurs earlier than that of the CS
polymer film of 380 °C, the decomposition temperatures of the
HCS and MC-HCS are high enough compared to the electrode
drying temperature, so they are thermally stable as the binder for
the Si electrodes.

The intrinsic hurdle of the high-capacity Si anodes is that the
volumetric expansion and contraction of the Si particles reach
310% during lithium ion insertion and desertion, leading to the
electrical isolation of the electrode. Therefore, the adhesion
ability and resistance of Si electrodes are key factors determining
the electrochemical behavior of the high-capacity anode during
cell operation. Figure 3d shows the results of the adhesion ability
of electrodes with different binders to examinations. The average
adhesion strengths of the electrodes fabricated by the SBR and
CS binders are lower than 0.5 N, whereas the Si electrodes
composed of the HCS and MC-HCS binders show higher
adhesive strengths of 0.952 and 0.692 N, respectively. As shown
in Figure 1 and mentioned, the core polymer coming out and
being dissolved into a binder solution during the alkalization
treatment possesses highly adhesive carboxy anion (COO~)
functional groups. This could improve the adhesion strength of
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the Si electrode. However, the decrease in the adhesion of the
MXene-containing HCS is inevitable due to the increase in the
electrode surface’s ability to adhere.

On the other hand, the Si electrodes’ electrical interface
resistance and volumetric resistivity are improved by the MXene
in the binder, as exhibited in Figure 3e. The volume resistivity
and interface resistance of the Si electrode containing the MC-
HCS binder are 3.97 X 1072 Q cm and 4.93 X 107> Q cm?,
respectively, which are the lowest among those containing the
other binders, including the conventional SBR binder. This
illustrates that introducing a conductive MXene to a water-based
binder can improve the electrode conductivity and adhesion by
the empty-core structure compared with the conventional core—
shell SBR binder.

The electrochemical performances of the Si anodes were
examined using CR2032-type coin half-cells at room temper-
ature. As displayed in Figure S7, all CV curves of the Si
electrodes show similar electrochemical behaviors. Wide
cathodic peaks in the first cycle are observed in the voltage
range of 0.5—1.5 V, which are attributed to electrolyte
decomposition and the SEI layer formation.**™*° However,
the peaks disappear in the following cycles, explaining that the
SEl layer on the surface of active materials has been completed at
the first cathodic sweep. The sharp anodic peaks around 0.58 V
are associated with the delithiation of amorphous Li,Si, and clear
cathodic peaks are also present around 0 V, corresponding to the
lithiation of Si. To compare the electrochemical activity in the
different binders of the Si electrodes, the third CV profiles of the
silicon electrodes containing different binders are selected and
are redrawn in Figure 4a. Despite the improvement in the ionic
conductivity by the hollow core—shell structure, there is no
distinguishable change in the CV profiles between the CS- and
HCS-containing electrodes. It must be caused by intrinsic low
ionic conduction of polymeric binders, compared to the liquid
electrolyte. However, the MC-HCS-containing Si electrode
exhibits distinct redox peak intensities resulting from lithiation
and delithiation of Si, whereas the other electrodes show
sluggish CV profiles. In addition, the difference in the redox peak
potentials is smaller than that of any other electrodes. Therefore,
introducing MCs facilitates redox reactivity due to its high
electronic conductivity.”'

The electrochemical impedance of the 100-cycled cells
operates at 0.2 V with an amplitude of 7 mV. The Nyquist
plots shown in Figure 4b consist of three main regions: two
compressed semicircles corresponding to the solid interfacial
resistance (R,;) in the high-frequency range and the charge
transfer resistance (R,) in the middle-frequency range and a
straight line in the low-frequency range belonging to the
diffusion of lithium ions.”® As shown in the inset in Figure 4b,
the Ry; values of SBR-, CS-, HCS-, and MC-HCS-containing Si
electrodes are 12.8, 7.9, 2.7, and 0.6 €, respectively. Compared
to the CS electrode, the HCS and MC-HCS electrodes have
much smaller R,;, implying that MXenes in electrodes can keep
an integrated electrical network and prevent the formation of a
thick SEI layer on the surface of silicon particles. A thick SEI
layer is unstable and cannot tolerate volumetric expansion
during lithiation and delithiation.”” The electrode fabricated
with an HCS binder shows a lower charge transfer resistance of
21.8 Q compared to that of SBR of 123 € and CS 50.3 Q,
attributed to the good ionic conductivity and high adhesive
strength of the HCS in Figure 3c,d, respectively.”””"
Furthermore, the R value of 5.9 Q of the MC-HCS electrode
becomes smaller than that of the HCS electrode. Such a low

charge transfer resistance must be influenced by high ionic
conductivity and low resistance in Figure 3ce.'**>*° In
summary, the hollow core—shell structure is facile for ions to
be transported in the Si electrode, and the existence of MC is
helpful in constructing the electrical network of the Si
electrodes.

Figure 4c,d shows the cycling performance and rate capability
of Si-based electrodes with different binders. All electrodes were
charged/discharged at 0.1C for the first two cycles and 0.5C for
the subsequent 100 cycles. Stable coulombic efficiency is an
essential parameter for long cycling performance.”” The
electrodes with the MC-HCS binder display ascending
coulombic efficiency (more than 95% since the third cycle and
keep around 98% after SO cycles), while others show low
ascending coulombic efficiency (lower than 90% at the third
cycle and lower than 95% after the cycles). As a result, the MC-
HCS electrode shows a superior capacity retention of 1351
mAg ™" at 0.5C after 100 cycles. In contrast, the HCS electrode is
713 mAh g, and the CS and SBR electrodes are only 203 mAh
g " left. The electrodes without MC exhibit rapid capacity fading
during 100 cycles, often detected when cracks in the high-
capacity electrode lead to electrical isolation. On the other hand,
the MC-HCS electrode shows a more stable cycling capacity,
indicating that the conductive MC in the binder maintains
electrical networks even in the cracked electrode. These
phenomena were observed in the rate capability test shown in
Figure 4d. The MC-HCS electrode provides a better rate
capability than that of others. The capacity drop of the MC-HCS
is much smaller than that of the others, even at a high current
density of 5C, and the electrode maintains a capacity retention
of 1100 mAh g_l. On the contrary, the capacities of HCS, CS,
and SBR electrodes decrease rapidly as the current density
increases. Also, at SC, it dramatically drops to 750 mAh g™ for
the HCS and less than 250 mAh g™ for the CS and SBR. The Si
electrode containing the MC-HCS binder recovers its potential
very well when the current drops to 0.1C. It should be noticed
that the contribution of the MC to the capacity is negligible
because its amount is 0.167 wt % in the electrode and the
theorseétical capacity of bare MCs is relatively small (320 mAh
g )

Different amounts of MCs were physically mixed with the
HCS binder during the slurry preparation process to further
investigate the effects of the in situ polymerized binder on MCs.
Regardless of the physically mixed MC amount, the binder
content, including MCs, remains 10 wt % in electrodes. Thus,
the HCS/MC-0.5, -1, and -2% samples contain HCS and MCs of
9.5:0.5%, 9:1%, and 8:2% in the electrodes, respectively. The
electrochemical performances are exhibited in Figure 4ef. As
expected, the increase in the amount of physically mixed MCs
decreases the impedance of the Si electrode, as shown in Figure
4e. However, their R; and R, are much larger than those of the
Si electrode fabricated by the in-site polymerized MC-HCS
binder (Figure 4b). Moreover, the cycling performance test
results are much worse regardless of the amount of the physically
mixed MCs compared to the MC-HCS-containing Si electrode,
as shown in Figure 4f. These indicate that the physically mixed
MC could not prevent the loss of reversible storage sites due to
the electrical isolation.’” As seen in Figure S8, MCs are not
homogenously dispersed in the HCS binder solution and are
rather sedimented. On the contrary, the in situ polymerized MC-
HCS binder is well dispersed and looks stable in the solution, as
shown in Figure S1. Above all, the homogenous dispersion of the
MC-HCS binder could maintain the electrical network even
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Figure 5. Top-view SEM images of the Si electrodes with (a) SBR, (b) CS, (c) HCS, and (d) MC-HCS before cycling and (e) SBR, (f) CS, (g) HCS,
and (h) MC-HCS after 50 cycles. The cross-sectional images of the Si electrodes with (i) SBR, (j) CS, (k) HCS, and (1) MC-HCS before cycling and

(m) SBR, (n) CS, (o) HCS, and (p) MC-HCS after 50 cycles.

during the charge/discharge process of Si accompanying huge
volume change.

SEM images and digital photographs were taken to better
investigate the morphological evolution during cycling.
According to the top-viewed SEM images shown in Figure
Sa—h, all electrodes with different binders exhibit unbroken and
smooth surfaces before the charge/discharge cycle. However,
after 50 cycles, the electrodes with the SBR, CS and HCS show
serious cracks. In contrast, the electrodes fabricated using the
MC-HCS binder maintain the structure integral and crack-free
morphology. The volume expansion rate of electrodes was
calculated from cross-sectional SEM analysis shown in Figure
Si—p. The thickness changes of Si electrodes containing the
SBR, CS, HCS, and MC-HCS are 13.51, 15.30, 10.27, and 5.15
pum, respectively. Thus, the MC-HCS electrodes demonstrate
the lowest volume expansion rate of 36% compared with the
electrodes of SBR (100%), CS (124%), and HCS (68%)
electrodes. Such phenomena indicate that the MC-HCS binder
could enable silicon surface stability by providing a complete
electrical network and alleviating thick SEI layer formation,
together with avoiding silicon particle breaking and structure
collapse. This is also confirmed from the digital photos shown in
Figure S9. The electrodes composed of SBR, CS, and HCS
binders experience partial delamination around their edges after
cycling, whereas the MC-HCS containing the electrode
maintains its original shape without electrode delamination.

4. CONCLUSIONS

We have successfully developed an MXene clay/water-based
acrylate composite binder for the silicon anode. The addition of
MXene clay alleviates the electrical isolation of silicon electrodes
after the huge volumetric change, and the hollow core—shell
structure of the polymer could improve the ionic conductivity.
Moreover, the in situ polymerized MC-HCS binder makes the
MXene clay and acrylate binder connect strongly and
homogenously rather than providing a weak connection through

physical blending. These ensure that the MC-HCS binder is
appropriate for electrolyte affinity and better ionic conductivity
and guarantees excellent electrochemical performance in a high-
capacity silicon anode. The high capacity retention, 1351 mAh
g after 100 cycles at 0.5C, of silicon electrodes containing the
MC-HCS binder is approximately 2 times greater than that
containing the HCS with no MCs, which is much larger than
those containing the CS with no MCs and no hollow core as well
as the commercial SBR binder. The in situ acrylate polymer-
ization with MCs is much more favorable to the electrochemical
performance of the binder when compared to the physical
mixing of MCs with the acrylate binder. The novel strategy of
combining a conductive MXene and adhesive water-dispersed
acrylate binder by in situ emulsion polymerization provides a
new way to design and synthesize an ecofriendly water-based
binder for high-capacity silicon anodes.
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