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Polydopamine-glutathione (PDG) is mixed with carboxymethyl cellulose (CMC) to synthesize a new functional
CMC-PDG binder. PDG additive significantly improves the mechanical strength, adhesiveness, and elasticity of
the corresponding electrode compared with a pristine CMC binder. This is due to the multiple hydrogen-bonding
groups in PDG, which form strong interactions with Si and CMC, effectively dispersing the internal stress caused
by the volume expansion of Si. The Si electrode containing CMC-PDG binder exhibits greater capacity retention,
and a superior cycle life compared with CMC in both SiOy and Si/C composite electrodes. When applied to SiO,
electrode, the CMC-PDG-based electrode achieves a high capacity retention of 72.6 % after 100 cycles. Density
functional theory and noncovalent interaction simulations confirm that PDG forms hydrogen bonds with Si and
CMC and strengthens n-7 interactions with graphite and styrene-butadiene rubber. In addition, full-cell with
high loading density electrodes shows a high capacity retention of 68.5 % after 300 cycles for the CMC-PDG
electrode. This new binder is a key technology for high-performance Si-based anodes at low cost through a simple
manufacturing process and is expected to accelerate the commercialization of next-generation high-energy-
density lithium-ion batteries.

1. Introduction

Lithium-ion batteries (LIBs) are currently the key driving force
behind advances in the battery market, as their application has extended
beyond small portable devices, such as smartphones and smartwatches,
to electric vehicles, energy storage devices, and other large-scale elec-
tronic systems. However, demand remains high for electric vehicles
capable of long-distance travel and high-speed charging, which require
LIBs with higher energy density. Owing to its high theoretical capacity
(4200 mAh g™ 1), Si can meet such needs, garnering significant attention
as a promising advanced anode material, which is a prerequisite for
high-energy-density LIBs [1-3].

The practical application of Si anodes has been limited by factors

including the severe volume changes that occur in Si during the repeated
charge—discharge of Li* ions, the resulting pulverization of Si particles
and their delamination from the current collector, and the formation of
an unstable solid electrolyte interface (SEI). At the current level of
technology, rather than being solely employed as an anode active ma-
terial, Si is often used in Si/C composites that partially incorporate Si
into graphite, typically with a mix ratio of 10 % or less. These com-
posites may achieve a capacity more than twice that of commercial
graphite anodes; however, they fail to meet the needs of high-energy-
density LIBs. Therefore, it is essential to further increase the Si con-
tent, ultimately even to 100 %. To this end, the high stress generated in
Si during its alloying with Li* ions must be effectively addressed [4-8].

Several researchers have proposed strategies to achieve novel Si
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anodes with improved durability and stability, such as by employing
nanosize Si [9,10], applying an interfacial coating to Si [11,12], and
functionalizing or modifying polymer binders capable of interacting
with Si particles [13,14]. In particular, the application of functional
binders is considered the most affordable and effective strategy for
mitigating the excessive volume changes observed in Si anodes while
maintaining their structural integrity [15,16].

Despite accounting for a relatively small proportion of the total
electrode mass (preferably with a content of no more than 5 %), binders
play a critical role in keeping the active material, conductive material,
and current collector in contact. Among the widely used commercial
polymer binders for Si anodes are poly(acrylic acid) (PAA) [17-19] and
carboxymethyl cellulose (CMC) [20-22]. These binders contain many
polar functional groups, such as -OH and -COOH, which not only help
them effectively interact with Si by forming hydrogen bonds but also
allow them to dissolve easily in water. These characteristics enable an
eco-friendly electrode manufacturing process using water as the solvent.

CMC, along with styrene-butadiene rubber (SBR), is widely used as a
binder for Si anodes. They are often combined to compensate for each
other's limitations. More specifically, while CMC serves as a thickener,
improving mechanical properties such as hardness, SBR enhances
adhesion and elastic properties and facilitates graphite dispersion,
exhibiting remarkable stability in Si/C composite anodes [23,24].
However, even with the application of these binders, excessive volume
expansion remains a problem when the Si content is high or pure Si is
used as an anode, hindering the commercialization of Si-based anodes.

Most functional binders have been developed by enhancing the sta-
bility of a linear polymer with excellent mechanical hardness, such as
CMC or PAA, through chemical or physical crosslinking, to help them
accommodate the volume expansion of Si more effectively [25-27]. In
addition, conductive binders based on novel polymers [28], three-
dimensional network binders [29] and self-healing binders [30] have
also been developed to further enhance electrode performance and long-
term stability. However, while polymer binders enhanced through a
network of crosslinked structures exhibit improved resistance and me-
chanical stability against the volume expansion of Si, they may exces-
sively increase the hardness of the resulting anodes, particularly in
thicker anodes or when Si with a large particle size is used. In this case,
the anode may undergo excessive stress and structural degradation,
resulting in unreliable cell performance under the harsh conditions
required for commercialization.

There is therefore growing demand for advanced binders that
combine mechanical strength with ductility and elasticity, because
elastic polymer binders can more effectively accommodate the volume
expansion of Si while mitigating the internal stress experienced by the Si
anodes during a cycle. These binders are known to operate more reli-
ably, even under the harsh conditions [31-34].

In this study, PDA-GT (PDG), a novel functional binder additive, was
developed by chemically integrating polydopamine (PDA), which con-
tains polar catechol groups, with glutathione (GT), a natural biomole-
cule derived from amino acids that includes multiple hydrogen-bonded
functional groups. PDG was then added to carboxymethyl cellulose
(CMC), one of the most widely used aqueous binders, to obtain
CMC-PDG. The PDG was synthesized through a simple process involving
the in situ polymerization of dopamine (DP), followed by the thiol-
Michael addition reaction between PDA and GT. The resulting PDG in-
teracts with Si and CMC through its multiple hydrogen bonds and polar
functional groups. Moreover, the numerous hydrogen bonds formed
between OH groups on the surface of the additive, CMC, and Si tend to
dissociate in a sequential order based on binding strength during char-
ge—discharge cycles, more effectively mitigating and dissipating the
stress caused by the volume expansion of Si.

Furthermore, the PDG improves the elasticity and adhesion of CMC
and engages in n-7 interactions with graphite and SBR, reliably main-
taining the mechanical properties of the resulting electrode. These
enhanced characteristics demonstrate its high potential for use in Si-
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based composite active materials (including SiO, and Si/C) as a versa-
tile binder for Si anodes (Fig. 1).

In this study, the amount of PDG added was adjusted to optimize the
CMC-PDG binder content. The obtained binders were applied to both
SiO,-based electrodes and Si/C composite electrodes, and their effect on
the mechanical and electrochemical properties of the electrodes was
examined by comparison with CMC, a commercial binder. Additionally,
simulations were conducted to confirm that the additives could interact
with Si, graphite, and SBR in practice. Full-cell evaluations and elec-
trode analyses, particularly at the commercialization level, were also
performed to assess the feasibility of these CMC-PDG binders for
commercialization.

2. Experimental section
2.1. Materials

Dopamine hydrochloride (DA) and potassium hydroxide (KOH) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). GT was purchased
from TCI (Tokyo, Japan). CMC, silicon oxide (SiO,), Si/C, Super C
powder, and the electrolyte were all provided by Hyundai Motor
Company.

2.2. Synthesis of polydopamine-glutathione additive

First, 100 mg of DA and 100 mg of GT were added to 20 mL of pH 8.5
KOH solution, and the solution was stirred for 24 h at room temperature
in the dark, during which it turned brown [35]. The additives synthe-
sized this way were named 11PDG, 21PDG, and 12PDG, depending on
their weight percent ratio of DA to GT.

2.3. Binder solution preparation and electrode fabrication

To prepare a CMC aqueous solution, 2 g of CMC was dissolved in 150
mL of distilled water and mixed with the synthesized PDG solution. This
mixture was stirred at 70 °C for 4 h to obtain the CMC-PDG binder
solution.

For half-cell tests, SiOy, Super C, and a polymer binder (8:1:1 mass
ratio) were dispersed in distilled water. The slurry was cast using the
doctor blade technique, with a mass loading of 1.5 to 2.5 mg cm™2 onto
copper foil. Electrodes containing Si/C were also prepared using the
same procedure, with a loading of 1.5 mg cm 2. The prepared electrodes
were dried for 10 min at 120 °C in an oven before being roll-pressed to
improve the packing density. Subsequently, the electrodes were roll-
pressed to achieve a composite density of 1.1-1.3 g cm™>, punched
into 12 ¢-sized, and further dried at 120 °C for 10 h to remove residual
water. Thereafter, the electrodes were assembled into half-cells using Li
metal as the counter electrode. The cells were aged for 12 h and char-
ged—discharged in the voltage range from 0.01 to 1.6 V, in increments of
0.1C for three cycles and increments of 0.5C and 1.0C.

In assembling the full-cells, the anodes and cathodes were prepared
as follows. Regarding the anode, the mixture of the anode materials
(10.8 g of graphite, 0.6 g of SiO,, and 0.6 g of Si/C in a mass ratio of
9.0:0.5:0.5), Super C, and each binder (mass ratio of 95.8:2.9:1.3) was
dispersed in 12.9 mL of distilled water, and the resulting mixture was
further stirred for 30 min. The well-dispersed anode slurries were then
coated onto the Cu current collector and dried at 80 °C for 10 min. The
loading density and electrode density of the anode were 8.0 mg cm™2
and 1.6 g cm ™3, respectively. Regarding the cathode, 1.8 g of the NCM83
cathode material (LiNig g3C09.12Mng ¢502), 0.1 g of Super C, and 0.1 g of
the polyvinylidene difluoride binder were dispersed in 1.5 mL of N-
methyl pyrrolidone. The mixture was further stirred for 30 min, and the
resulting slurries were coated onto the Al current collector. Subse-
quently, the NCM83 cathode was dried at 120 °C for 3 h and further
dried at 120 °C for 12 h in a vacuum oven. The loading density and
electrode density of the cathode were 17.1 mg cm™2 and 3.0 g cm™3,
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Fig. 1. (a) Chemical structure of synthesized PDG additive. (b) Lithiation/delithiation of Si-based anode with CMC-PDG binder. (c) Functions of CMC-PDG binder.

respectively. In assembling the full-cells, 12 ¢-sized electrodes were
dried at 120 °C for 10 h under vacuum to remove residual water. The
negative-to-positive capacity ratio was fixed at 1.05. The cells were aged
for 12 h and charged/discharged in the voltage range of 3.0 to 4.2 V, in
increments of 0.1C for three cycles and increments of 2.0C for 300 cycles
at 45 °C.

2.4. Characterization and measurement of material properties

Fourier transform infrared spectroscopy (FT-IR) spectra were

acquired using a Spectrum Two FT-IR spectrometer with an attenuated
total reflectance accessory (PerkinElmer) to examine the changes in the
functional groups and bonds. The dispersion of the solution was
measured using a zeta potential analyzer (ELS-Z) with a polymer binder
solution containing 0.001 wt% SiOy, under a voltage range of —100 to
100 mV and a current range of 0 to 50 mA. A rheometer (ARES-G2) was
used to measure the viscoelastic behavior. A dynamic mechanical
analyzer (DMA, DMA7100) was used to measure the glass transition
temperature. The electrodes were prepared with 12-mm 3 M tape used
for the peel test. A universal testing machine (Shimadzu) was used to
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measure the mechanical properties and the adhesion of the silicon and
Super C to the polymeric binder at a constant displacement rate of 20
mm min~!. A nanoindentation test was performed using an iNano
nanoindenter (KLA-instrument). The indenter tip was pressed onto the
specimen surface under a maximum pressing force of 0.8 mN, and the
depth of the resulting indentation was used to determine the hardness of
each electrode. The modulus was determined by measuring the force
required for the specimen to recover to its original shape while removing
the indenter tip.

The fracture toughness was evaluated via a pure shear test. The CMC
and CMC-PDG binders were fabricated with the following dimensions:
width (ag) = 20 mm and thickness (bg) = 0.1 mm. The mechanical work,
denoted as W(H), was calculated as the area under the force-displace-
ment curve. During testing, the samples were subjected to tensile
loading to the point of crack propagation and ultimate failure. The
fracture toughness (I") was subsequently calculated based on the critical
crack extension distance (H,) using the relation I" = W(H.)/agbo.

The morphology of all the electrodes before and after cycling was
analyzed using a field-emission scanning electron microscope (FE-SEM,
IT-800, JEOL). The surface morphology and height variation of the
uncompressed Si/C electrodes were characterized using 3D-surface
confocal laser scanning microscope (3D-LSM, OLS5100). After cycling,
depth profiles of the anodes were collected by time-of-flight secondary
ion mass spectrometry (TOF-SIMS) (TOF-SIMS5, ION TOF) at a 50 pm
raster size (field of view: 50 pm x 50 pm). To monitor the internal
pressure during the discharging step, laboratory-built pressure-potential
cells were assembled using each anode, Li metal, electrolyte, and sepa-
rator. The in situ pressure cells were then discharged from 1.6 V (vs. Li/
Li*) to 0.01 V (vs. Li/Li") at 0.2C and 45 °C, and changes in the internal
pressure were recorded as a function of the discharging time until the
cell potential reached 0.01 V (vs. Li/Li").

2.5. Characterization and measurement of electrochemical properties

A 2032-type coin cell was used to test the electrochemical perfor-
mance in an argon-filled glove box. Porous polyethylene (Celgard 2400)
was used as the separator, and lithium metal disks were used as the
counter and reference electrodes.

Using a CPS-Lab battery cycler (BaSyTec) at 27 °C in a temperature-
controlled chamber, all cells were charged to 0.01 V (vs. Li/Li*) by the
constant-current/constant-voltage technique and discharged to 1.5 V
(vs. Li/Li") by the constant-current method (SiOy, Si/C electrode: 1C =
1400 mAh g_l). Electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV) and galvanostatic intermittent titration technique
(GITT) were performed using an electrochemical potentiostat/galva-
nostat system (VSP, Bio-Logic). EIS spectra were obtained at an AC
amplitude of 10 mV over the frequency range of 100 kHz to 10 MHz, and
CV was conducted at a scanning rate of 0.1 mV/s. GITT tests were
performed in the range of 0.01 V to 1.6 V, with measurements taken
during a 10-min pulse and a 30-min rest period. Lithium diffusion co-
efficients using scan rate were calculated using the equation 1:

2 2
Dy = 4 (anm> (AES) (@)
nT S AE;

where 7 is the galvanic titration time, ny, is the number of mole, Vy, is the
molar volume, S is the electrode area, AEs is total voltage change due to
the pulse, AE; is Voltage change during constant current charging/dis-
charging. Interfacial resistance was measured using an interfacial
resistance analyzer (HIOKI, RM2610). Note that the interfacial resis-
tance analyzer quantitatively evaluates the electrode resistance, which
can vary depending on the electrode materials (active material, binder
materials, and conductive agent), composition, and casting conditions; a
lower value indicates a lower resistance.
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2.6. Simulation information and details

All molecular structures, except for the graphite and SiO, layers,
were initially optimized using the GFN2-xTB method implemented in
the xTB package, a semi-empirical approach well-suited for efficient
electronic structure predictions in large-scale systems. Further geometry
optimizations and electronic energy calculations were carried out at the
CAM-B3LYP-D3(BJ)/6-311 + G(d,p)//CAM-B3LYP-D3(BJ)/6-31G(d,p)
level of theory using the Gaussian16 software. CAM-B3LYP-D3(BJ) is a
range-separated hybrid functional incorporating Grimme's D3(BJ)
dispersion correction for improved treatment of intermolecular disper-
sion interactions.

Non-covalent interactions, including n-n stacking and other weak
interactions, were analyzed using the Multiwfn program. Hydrogen
bond energies were determined via its topology analysis function, while
the visualization of these interactions was achieved through the Non-
Covalent Interaction (NCI) analysis module.

3. Results and discussion
3.1. Characterization of PDA-GT and CMC-PDG

PDG, an additive composed of PDA and GT, was synthesized through
the oxidative self-polymerization of DA, followed by the thiol-Michael
addition reaction between GT and the resulting PDA (Fig. S1). The
weight ratio of DA to GT was fixed at 1:1, and the resulting PDA-GT
additive was named 11PDG. 11PDG was then added to CMC at a content
of 10 wt%, and the resulting binder was named CMC-11PDG-10.

Comparative spectroscopy was performed to examine the structures
of the additive 11PDG and the binder CMC-11PDG-10 based on their FT-
IR spectra and to compare them with those of GT and CMC. In 11PDG,
the -SH stretching vibration peak, which was originally observed at
2525 cm ! in the pristine GT, was absent, demonstrating that the -SH
group of GT had effectively reacted with the PDA [35]. Instead, strong
absorption peaks attributed to the stretching vibrations of the -OH and
-NH functional groups, characteristic of PDA, were detected at
3200-3500 cm !, with the same phenomenon observed in CMC-11PDG-
10. Moreover, the -COO~ peaks (1595 and 1418 cm ™) and C-O-C peak
(1060 cm ™) observed in CMC also appeared in CMC-11PDG-10, con-
firming the successful integration of 11PDG into CMC (Fig. 2a).

As described above, during the synthesis of 11PDG, PDA was first
produced through the oxidative self-polymerization of DA; however, its
material structure is not well understood, making its analysis chal-
lenging. Therefore, in this study, the UV-Vis absorption spectra of
CMC-11PDG-10 were measured from 200 to 800 nm to detect the for-
mation of PDA in the 11PDG additive, and the results were compared
with those obtained for neat CMC. In a solution containing CMC-11PDG-
10 with added 11PDG, the characteristic peak of PDA was observed at
280 nm, unlike in the case of CMC alone, as shown in Fig. 2b [36]. This
observation was attributed to n—n interactions among the aromatic
functional groups of PDA, confirming the self-polymerization of DA
during the synthesis of 11PDG.

Next, the glass transition temperatures (Tg) of CMC-11PDG-10, CMC-
21PDG-10 and CMC were measured using a DMA. Both CMC-11PDG-10
and CMC-21PDG-10 exhibited a significantly lower T, (64.9 °C and
70.8 °C, respectively) than CMC (121.6 °C) (Fig. 2c). This result is due to
hydrogen-bonding functional groups in the PDG additive contributing to
the formation of noncovalent hydrogen bonds with different binding
energies between CMC and PDG. These bonds may weaken the in-
teractions between the polymer chains [37-39]. This implies that PDG
serves as a plasticizer within the polymer structure. Additionally, the T,
values were also determined using the storage modulus (E") from the
DMA analysis, and compared with that of CMC (Fig. S2). Consistent with
the trends observed in the loss modulus (E") results, CMC-11PDG-10 and
CMC-21PDG-10 exhibited lower T; values of 57.9 °C and 69.1 °C,
respectively, compared to CMC (117.4 °C). These findings further
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Fig. 2. (a) FT-IR, (b) UV-Vis, and (c) DMA spectra of CMC-PDG binder; (d-f) stress-strain curves of different binder films; (g-i) peel-off test results of different

binder SiO, electrode.

support that the PDG additive functions as a plasticizer within the
polymer matrix, reducing the glass transition temperature.

Introducing the 11PDG additive reduced the crystallinity of the CMC,
increasing the strain capacity of the resulting CMC-11PDG-10 binder
[40]. To confirm this, CMC-11PDG-10 was processed into a film, then its
stress—strain curve was obtained and compared with that of CMC
(Fig. 2d). The CMC film exhibited a high stress of 83 MPa but lacked
flexibility. In contrast, the CMC-11PDG-10 film, which included the
11PDG additive (with a DA-to-GT weight ratio of 1:1), showed an
approximately 42.9 % increase in strain while maintaining its stress at a
comparable level to that of CMC. This improvement was only achieved
when PDG, the additive composed of DA and GT, was employed. In the
case of the CMC-PDA-10 film, where only PDA was added to CMC with
the same content (10 wt%), the increase in strain was limited to 13.7 %.
These results can be explained by the formation of hydrogen bonds
between 11PDG and CMC through multiphase dissipation mechanisms
[41-43], consistent with the interpretation of the T, data. These data
imply that this enhancement is maximized only when both GT and PDA
are present. In addition, the toughness of the CMC-11PDG-10 binder was
calculated from the stress—strain curves and compared with that of CMC
and CMC-PDA-10 (Fig. S3). The toughness values of CMC and CMC-PDA-
10 were 1.8 and 6.8 MJ-m >, respectively, whereas CMC-11PDG-10
exhibited a markedly enhanced toughness of 20.8 MJ-m™. These re-
sults indicate that the CMC-11PDG-10 binder can effectively

accommodate the mechanical stress associated with the volume
expansion of the silicon active material, helping preserve the structural
integrity of the electrode and, thereby, contributing to improved long-
term battery stability.

Next, SiO, (the active material), CMC-11PDG-10, and Super C were
mixed at an 8:1:1 ratio to fabricate an electrode denoted as (SiOy)
CMC-11PDG-10. The adhesion performance of CMC-PDA-10 as the
binder was evaluated using this electrode, and the results were
compared with those for pristine CMC [denoted as (SiO,)CMC] and
(SiOx)CMC-PDA-10, an electrode fabricated by adding PDA to CMC
under the same experimental conditions (Fig. 2g).

The adhesion increased in the order (SiO,)CMC (1.4 N) < (SiO,)
CMC-PDA-10 (2.0 N) < (SiO,)CMC-11PDG-10 (2.7 N). This result
demonstrates that adding 11PDG, which contains both polar catechol
groups from PDA and hydrogen-bonding sites present in GT, maximized
the interaction between CMC and SiOy, improving the adhesion of the
resulting electrodes [44-48].

The electrochemical performance of (SiO,)CMC-11PDG-10, an
electrode with SiO, as the active material, was analyzed and compared
with those of (SiO,)CMC and (SiO,)CMC-PDA-10, which used CMC and
CMC-PDA-10 as the binder, respectively (Fig. S4a). Even at a high
charge-discharge rate of 1C, (SiO,)CMC-11PDG-10 exhibited remark-
able capacity retention of 85 % after 50 cycles. In contrast, the capacity
retention of (SiO,)CMC-PDA-10, which lacked PDG, was limited to 63
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%, although it was higher than that of (SiO,)CMC (40 %). This difference
is thought to result from the enhanced adhesion through the synergy
between the multiple hydrogen-bonding functional groups of GT in the
PDG additive and the polar catechol groups of PDA. This result confirms
that adding the PDG additive improved the limited flexibility and
adhesion of CMC.

3.2. Mechanical properties and electrochemical performance of
CMC-PDG with different amounts of PDG additive

The mechanical and electrical properties of CMC were improved by
adding 10 wt% PDG. Next, the PDG content was varied to 5, 10, and 20
wt%, yielding three binders with different PDG contents: CMC-11PDG-
5, CMC-11PDG-10, and CMC-11PDG-20. Using these binders, elec-
trodes with different PDG contents, denoted as (SiO,)CMC-11PDG-m
(where m is the PDG content), were fabricated under the same experi-
mental conditions as (SiO,)CMC-11PDG-10. Their mechanical and
electrochemical characteristics were then compared with those of (SiO,)
CMC-11PDG-10 (Fig. 2e, h, and S4b).

The resulting binders with different additive contents were processed
into films, and their stress—strain curves were examined. All binders
containing the 11PDG additive exhibited a higher strain than CMC,
regardless of the 11PDG content. In particular, the strain significantly
increased up to an 11PDG content of 10 wt%. However, CMC-11PDG-
20, with a PDG content of 20 wt%, exhibited lower stress and strain than
CMC-11PDG-10. This was attributed to the excessive amount of PDG
additive, which led to aggregation. This trend in the mechanical prop-
erties of the binders with different additive contents aligned with the
adhesion and cell performances of the SiOy electrodes fabricated using
the same binders (Fig. 2h and S4b). More specifically, the adhesion of
the electrodes increased in the order (SiO,)CMC (1.4 N) < (SiO,)
CMC-11PDG-5 (2.1 N) < (SiO,)CMC-11PDG-20 (2.2 N) < (SiO,)
CMC-11PDG-10 (2.7 N), indicating that the best adhesion performance
was achieved when the PDG11 content was 10 wt% (Fig. 2h).

Moreover, their electrochemical performances showed a similar
trend to the mechanical test results; (Si0,)CMC-11PDG-10 exhibited the
highest capacity retention at 85 %. In contrast, due to the limited
amount of PDG additive, (Si0,)CMC-11PDG-5 exhibited a low capacity
retention of 40 %, comparable to that of (Si0,)CMC, demonstrating its
failure to effectively mitigate the stress caused by the volume expansion
of Si. Meanwhile, (SiO,)CMC-11PDG-20 experienced slurry aggregation
due to its excessive additive content, hindering uniform casting during
electrode fabrication. As a result, its capacity retention was only 53 %
(Fig. S4b).

Overall, (SiO,)CMC-11PDG-10, with an optimal 11PDG binder
content of 10 wt% relative to CMC, achieved the highest adhesion per-
formance and capacity retention. As such, this composition was sub-
jected to further experiments (Fig. 2h and S4b).

3.3. Mechanical properties and electrochemical performance of
CMC-PDG binders with different PDG additive monomer ratios

Next, the ratio of the two monomers, DA and GT, in the PDG additive
was varied while fixing the PDG content relative to CMC at 10 wt% to
determine the optimal composition of the PDG additive (Fig. 2f, i and
S4c). In addition to the previously tested 1:1 ratio, the weight percent
ratio of DA to GT was adjusted to 1:2 and 2:1. The obtained additives
were denoted as 12PDG and 21PDG, respectively. Each additive was
added to CMC at 10 wt% and then processed into a film. The mechanical
characteristics of the two fabricated binders, CMC-12PDG-10 and
CMC-21PDG-10, were analyzed based on their stress—strain curves, and
the results were compared with those for CMC-11PDG-10 (Fig. 2f). In
CMC-12PDG-10, no significant improvement in strain was observed,
indicating that the additive failed to enhance the limited strain perfor-
mance of CMC. This is attributed to the excess GT present, which induces
the DA to engage in the thiol-Michael addition reaction with GT before
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self-polymerizing into PDA. In contrast, in CMC-21PDG-10, the DA
content exceeds that of GT. Consequently, adding polar catechol groups
to the additive improves stress and adhesion, even when compared with
CMC-11PDG-10, although the strain is slightly reduced as a trade-off
(Fig. 2f and 1).

The electrochemical properties of (SiO,)CMC-12PDG-10 and (SiOy)
CMC-21PDG-10, fabricated using the binders CMC-12PDG-10 and
CMC-21PDG-10, respectively, were evaluated, and the results were
compared with those of (Si0,)CMC-11PDG-10, which demonstrated the
best cell performance among the 11PDG-based electrodes (Fig. S4c).
(Si0,)CMC-21PDG-10 exhibited similar behavior to (SiOy)
CMC-11PDG-10 up to the 50th cycle. However, above this number of
cycles, (Si0,)CMC-21PDG-10 exhibited higher capacity retention than
(SiOx)CMC-11PDG-10. This is due to the higher DA content of the
CMC-21PDG-10 binder, which increased the number of polar catechol
groups. Therefore, improved stress and adhesion performance could be
achieved even though the strain remained comparable to that of
CMC-11PDG-10. These results confirm that the best mechanical prop-
erties and cell performance were achieved in (SiO,)CMC-21PDG-10,
which contained 10 wt% CMC-21PDG-10, a binder with the optimal DA:
GT ratio of 2:1.

3.4. Density functional theory simulation of gradient hydrogen bonding

The gradient hydrogen bonding between the PDG (that is composed
of PDA and GT) and CMC and between PDG and SiO, was analyzed using
density functional theory (DFT) [49,50]. For this, PDG was divided into
PDA and GT, which constitute PDG, and the interactions with CMC and
SiO, were calculated, respectively. (Fig. 3, Tables S1-5).

Simple molecular models were established for CMC, PDA, GT, and
SiO, and structurally optimized before calculating the CMC-PDA,
CMC-GT, SiO,—CMC, SiO, -PDA, and SiO, -GT interactions for the
compositions of interest [51]. From the results, the binding energy of the
hydrogen bonds formed between the components of the additive (PDA
or GT) and the active material (CMC or SiO,) was estimated. PDA and GT
formed multiple hydrogen bonds with CMC, such as N---OH, O---NH,
OH---O, O---OH, OH---N, and NH---O, in broad energy ranges of —1.3 to
—16.5 kcal/mol and — 1.3 to —20.0 kcal/mol, respectively (Fig. 3a,
Table S1-2). PDA and GT also formed hydrogen bonds of different
strengths with SiO,, such as OH---N, O---OH, OH---O, and O---NH, in
energy ranges of —1.0 to —10.2 kcal/mol and — 1.9 to —10.1 kcal/mol,
respectively (Fig. 3b, Table S3-4). These results demonstrate that the
PDG additive forms gradient hydrogen bonds in different forms with
CMC and SiOy. Consequently, it achieves greater adhesion, mechanical
strength, and flexibility than CMC, as previously confirmed from the
mechanical test results. By contrast, CMC formed limited types of
hydrogen bonds with SiO, (O-:-OH and OH---O) in a relatively narrow
energy range of —2.3 to —8.5 kcal/mol (Table S5). These results suggest
that adding PDG to CMC increases the number of hydrogen-bonding
sites with varying binding energies, resulting in the sequential dissoci-
ation of hydrogen bonds in order of binding strength and thus mitigating
the stress exerted on the Si anode. Thus, introducing the PDG additive
improves the mechanical properties of the binder and enhances the
interaction between the binder and the active material. This enables
multiphase energy dissipation, mitigating the stress caused by the vol-
ume expansion of Si, as demonstrated in the simulations [52-54].

3.5. Dispersion stability and viscoelastic behavior of CMC-21-PDG-10

The zeta potential of the electrode slurry was measured to assess its
dispersion stability. Generally, an electrode slurry is considered to have
excellent dispersion stability when its zeta potential ranges from —40 to
—60 [55,56]. CMC and CMC-PDG21-10 had zeta potentials of —61.11
and — 58.85 mV, respectively, indicating that PDG disperses well in
CMC without aggregation. The slightly lower absolute value of the zeta
potential of CMC-21PDG-10 than that of CMC further confirms the
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Fig. 3. DFT simulations for analyzing gradient hydrogen bonding of (a) CMC with PDA and CMC with GT and (b) SiO, with PDA and SiO, with GT.

formation of hydrogen bonds between the 21PDG additive and SiOy or
CMC (Fig. 4a).

To further confirm the improved elasticity of the CMC-21PDG-10
binder, rotational rheometer measurements were used to analyze the
changes in storage modulus (G') and loss modulus (G") with frequency
for CMC-21PDG-10, and the results were compared with those for CMC
(Fig. 4b). CMC-21PDG-10 exhibited a G' > G” crossover at a lower
frequency than CMC. In general, the lower the crossover frequency, the
higher the viscoelasticity, and the larger G' becomes than G" at high
frequencies, the more elastic the polymer [57,58]. Thus, the lower
crossover frequency observed for CMC-21PDG-10 indicates its more
elastic behavior. Our results confirm that introducing the 21PDG addi-
tive increases the interaction with CMC and improves its limited
elasticity.

3.6. Mechanical properties and electrochemical performance of (SiOy)
CMC-21PDG-10

Nanoindentation tests were performed on (SiO,)CMC-21PDG-10,
the electrode fabricated using the CMC-21PDG-10 binder, to assess its
mechanical properties. The results were compared with those of (SiO,)
CMC. (SiO,)CMC-21PDG-10 showed greater hardness and a lower
modulus than (SiO,)CMC (Fig. 4c and d). This improvement is due to the
PDA in the 21PDG additive, which enhances the adhesion and me-
chanical strength of the electrode while inducing the sequential disso-
ciation of the numerous hydrogen-bonding sites with varying binding

energies under external stress. This mechanism may enable the electrode
to more effectively accommodate the stress caused by the volume
expansion of Si.

SiO, half-cell tests were conducted on (SiO,)CMC-21PDG-10 and
(SiO4)CMC (Fig. 5). Each electrode was fabricated at a loading level of
1.5 mg em 2, and the measurements were performed at a char-
ge—discharge rate of 0.5C, following the formation cycle at 0.1C (Fig. 5a
and S5).

(Si0,)CMC-21PDG-10 exhibited an initial Coulombic efficiency
(ICE) of 83.9 %, an initial capacity of 1400.3 mAh g~!, and a remarkable
capacity retention of 72.6 % after 100 cycles. In contrast, the ICE and
initial capacity of (SiO,)CMC were 83.5 % and 1307.2 mAh g%,
respectively, and its capacity retention was limited to 43.6 % after 100
cycles. To enhance these differences, the loading level was increased to
2.5 mg cm ™2 and the charge-discharge rate doubled to 1C (Fig. 5b).
Under these harsher conditions, (SiO,)CMC degraded after the first
cycle, failing to maintain its structural integrity. In contrast, (SiO,)
CMC-21PDG-10 exhibited a high capacity retention of 77.6 % even after
50 cycles. This significant difference in performance is attributed to the
21PDG additive, which improves the mechanical properties of CMC
(adhesion, mechanical strength, and elasticity) while increasing the
number of interaction sites. These results suggest that the developed
binder can effectively accommodate the volume changes of SiO, anodes
and improve their electrochemical performance owing to its excellent
mechanical properties.

Additionally, the rate performance of both electrodes was evaluated.
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(Si0,)CMC-21PDG-10 maintained its structural integrity even at a
charge-discharge rate of 3C, demonstrating its high operational stability
(Fig. 5c¢).

Linear sweep voltammetry and CV were conducted to assess the
electrochemical stability of the CMC-21PDG-10 binder (Fig. 5d and e).
The CMC-21PDG-10 binder remained electrochemically stable within
the 0-3.5 V range (vs. Li/Li"), as shown in Fig. 5d. The CV measure-
ments of the binder film also confirmed its reversibility from the first to
the ninth cycle, with no signs of side electrochemical reactions (Fig. 5e).

The electrochemical behavior of the electrodes was further examined
using CV and EIS (Fig. 5f-5i and S6). According to the CV results, both
the (Si0,)CMC-21PDG-10 and (SiO,)CMC electrodes maintained their
structural integrity over the first 10 cycles (Fig. S6a and S6d). At the
tenth cycle, the CV graph of (SiO,)CMC-21PDG-10 encompassed a
larger area than that of (SiO,)CMC, indicating improved ion mobility in
(SiO0,)CMC-21PDG-10 (Fig. 5f). The difference became more pro-
nounced as the scan rate increased from 0.1 to 1.0 mV/s (Fig. S6b and
S6e). As confirmed by the DMA results, this improvement is attributed to
the incorporation of the 21PDG additive, which lowers Ty, along with
the presence of PDA, whose large numbers of catechol and amine
functional groups facilitate the diffusion of lithium ions.

Additionally, EIS was performed on both (SiO,)CMC-21PDG-10 and
(SiO,)CMC (Fig. 5g-5i and S6¢-S6g) [59-61]. After the formation cycle,
(Si0,)CMC-21PDG-10 exhibited lower electrolyte resistance and Rgg;
than (SiO,)CMC (Fig. 5g). Even after 100 cycles, its resistance remained
lower (Fig. 5h). This difference is attributed to the presence of PDA,
which improves adhesion, along with the hydrophilic functional groups,
which increase affinity with the electrolyte. These mechanisms may
reduce the interfacial resistance between the electrode and the elec-
trolyte, contributing to greater stability.

To provide further evidence for the effect of the 21PDG additive on
reducing the resistance and facilitating ion diffusion, the Warburg

impedance slope (c) was calculated from the EIS data (Fig. 5i). The
lower o value in (SiO,)CMC-21PDG-10 than in (SiO,)CMC indicates that
(SiOy)CMC-21PDG-10 has a higher lithium-ion diffusion coefficient.

In addition, interfacial resistance measurements and galvanostatic
intermittent titration technique (GITT) analyses were conducted. As a
result, the (SiO,)CMC-21PDG-10 electrode exhibited a significantly
lower average interfacial resistance value of 0.173 mQ cm? compared
with 0.334 mQ c¢m? for the (SiO4)CMC electrode, corresponding to an
approximate 48 % reduction in resistance (Fig. S7). Furthermore, the
lithium-ion diffusion coefficients obtained from the GITT analysis dur-
ing the lithiation and delithiation processes were compared to evaluate
the average diffusion coefficient (Fig. S8). It was found that the (SiOy)
CMC-21PDG-10 electrode exhibited higher lithium-ion diffusion coeftfi-
cient (Df}) values than the (SiO,)CMC electrode in both charge and
discharge processes, which is consistent with the previous CV and EIS
results. These findings confirm that the introduction of the PDG additive
enhances both the ionic and electronic conductivity of the electrode.

Overall, introducing the 21PDG additive reduced the electro-
de-electrolyte interfacial resistance and enhanced the ion mobility of
CMC-21PDG-10. This improvement is due to the reduced crystallinity in
CMC, along with the effect of its PDA functional groups [46,62,63].
These mechanisms account for the lower electrolyte resistance and SEI
resistance and the improved lithium-ion diffusion coefficient (Dy;;) of
CMC-21PDG-10.

3.7. Morphological analysis of (SiOx)CMC-21PDG-10

The surface and cross section of (SiO,)CMC-21PDG-10 were
analyzed using SEM before and after cycling, and the results were
compared with those for (SiO,)CMC (Fig. 6). Fig. 6a shows the electrode
surface after 50 cycles. Even after 50 cycles, (Si0,)CMC-21PDG-10
exhibited no significant cracks or defects on its surface. Active material
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Fig. 5. (a) Cycling performances of (SiO,)CMC-21PDG-10 and (SiO,)CMC at (a) 0.5C with a loading of 1.5 mg cm 2 and (b) 1C with a loading of 2.5 mg cm 2, (©)
rate performances at 0.1-3C, (d) linear sweep voltammogram, (e) cyclic voltammogram of the CMC-21PDG-10 binder film, (f) comparison of cyclic voltammograms
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cycles, (i) lithium diffusion coefficient (Dy;;) calculated from EIS Warburg impedance analysis.

particles remained visible on the electrode surface at higher magnifi-
cations, confirming the formation of thin and uniform SEI layers. In
contrast, (SiO,)CMC developed large and deep cracks on the surface
after 50 cycles. These cracks could allow continuous permeation of the
electrolyte, potentially causing electrolytic side reactions. Indeed, active
material particles were difficult to discern at higher magnifications, as
they were blanketed with SEI layers.

Cross-sectional morphological analysis was also conducted before
and after cycling to determine the effect of the binder type on the
volumetric expansion ratio of the SiO, electrodes (Fig. 6b). After cycling,
the volumetric expansion ratios of (SiO,)CMC-21PDG-10 and (SiO,)
CMC were approximately 2.1 and 2.4, respectively. Furthermore, (SiO,)
CMC was completely delaminated from the copper current collector
after cycling. The improvements observed in (SiO,)CMC-21PDG-10 are
attributed to the 21PDG additive, which significantly enhanced the
electrochemical performance and structural durability of the Si
electrode.

3.8. Electrochemical performance of (Si/C)CMC-21PDG-10 and its
interaction with SBR

The CMC-21PDG-10 binder has the greatest potential for use in SiOy
active materials. To further assess its applicability, it was tested with
commercial Si/C anodes, where Si is introduced into graphite. Because
CMC-21PDG-10 contains PDA, it is expected to facilitate hydrogen
bonding and the n—r interaction between graphite and SBR. The per-
formance of Si/C anodes based on the CMC-21PDG-10 binder was
evaluated as follows. First, the Si/C active material, binder, and Super C
were combined in a ratio of 8:1:1 for electrode fabrication. The elec-
trochemical performance of the fabricated electrode was then analyzed
at a rate of 1C and compared with that of a CMC binder-based electrode
fabricated under the same conditions.

The dispersion stability of the (Si/C)CMC-21PDG-10/SBR electrode
was evaluated and compared with that of the (Si/C)CMC/SBR electrode.
The (Si/C)CMC-21PDG-10/SBR electrode exhibited a highly uniform
surface morphology, whereas the (Si/C)CMC/SBR electrode showed
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Fig. 6. Morphologies of (SiO,)CMC-21PDG-10 and (SiO,)CMC: (a) Electrode surface images after 50 cycles, and (b) Electrode cross sections after 10 cycles.

noticeable particle agglomeration on the surface (Figs. S9a and b). The
dispersion stability of the electrodes was further analyzed using a 3D
surface confocal laser scanning microscope (3D-LSM). The surface
roughness difference of the (Si/C)CMC-21PDG-10/SBR electrode was
4.9 pm, which is lower and more uniform than that of the (Si/C)CMC/
SBR electrode (6.6 pm). These results demonstrate that the developed
PDG additive not only enhances n-r interactions with graphite but also
strengthens interactions with SBR, improving the dispersion stability
within the composite electrode (Figs. S9c and d).

(Si/C)CMC-21PDG-10 demonstrated a high initial capacity of
1361.3 mAh g~ ! and maintained an excellent capacity retention of 77 %
after 100 cycles. In contrast, (Si/C)CMC had a lower initial capacity of
1232.8 mAh g~! and retained only 38.1 % of its capacity after 100 cy-
cles. This improvement is attributed to the presence of 21PDG in the
CMC-21PDG-10 binder, which significantly mitigates the stress caused
by the volume expansion of Si while facilitating the n—r interactions with
the graphite in the composite electrode. These effects were further
confirmed from the results of the hydrogen-bonding simulation. Thus,
the developed binder has strong potential for use in Si/C electrodes
(Fig. S10a).

In addition, because commercial binders for Si/C anodes typically
contain CMC and SBR, the CMC-21PDG-10 binder was modified to
include SBR, and a new electrode, denoted (Si/C)CMC-21PDG-10/SBR,
was fabricated using the resulting binder. Its cell performance was then
compared with that of (Si/C)CMC/SBR, an electrode fabricated using a
commercial CMC/SBR binder (Fig. S10b).

After 200 cycles, (Si/C)CMC-21PDG-10/SBR exhibited a capacity
retention of 62.0 %, significantly higher than that of (Si/C)CMC/SBR
(26.2 %). To investigate this difference, the two SBR-containing binders
and pure SBR binder (CMC-21PDG-10/SBR, CMC/SBR, and SBR) were
processed into films, and their mechanical properties were compared
using their stress—strain curves. CMC-21PDG-10/SBR exhibited a strain
more than 14 times higher than that of CMC-21PDG-10 without SBR,
whereas the strain of CMC/SBR was only twice that of pristine CMC.
When SBR alone was measured, a relatively low stress was observed. In
contrast, the CMC-21PDG-10/SBR system maintained the inherent
flexibility of SBR while exhibiting enhanced stress due to strong inter-
molecular interactions (Fig. S10c). These findings suggest that, as dis-
cussed above, CMC-21PDG-10 strongly interacts not only with SiOy (via
hydrogen bonding) and graphite (via n—r interactions) but also with SBR
(via n—r interactions).

10

3.9. Noncovalent interaction simulation for n—r interaction analysis of
CMC-21PDG-10

A noncovalent interaction (NCI) simulation was conducted to
investigate the interactions between PDA and graphite and between
PDA and SBR to confirm that the PDA in the 21PDG additive facilitates
n-n interactions between CMC-21PDG-10 and both graphite and SBR
(Fig. 7) [64]. The interaction energies (dE) for graphite-CMC and
graphite-PDA were — 33.0 and — 42.7 kcal/mol, respectively, with
larger absolute values indicating stronger interactions. These results
suggest that PDA interacts more strongly with graphite than CMC does.
In NCI images, stronger NCI interactions are typically indicated by a
more pronounced white semicircle [65]. This feature was more distinct
for graphite-PDA than for graphite-CMC, also suggesting stronger n-1
interactions. Moreover, stronger NCIs correspond to more data points in
the negative region (—0.01 to —0.05) of the reduced density gradient
(RDG) graph. The graphite-PDA graph exhibited a greater density of
points in this region, further indicating the strong n-x interactions be-
tween graphite and PDA.

The interaction between PDA and SBR was also analyzed by NCI
simulation. SBR-PDA exhibited a dE value of —19.4 kcal/mol, which
had a greater absolute value than that of SBR-CMC (—8.4 kcal/mol). The
white semicircle was also larger in the NCI image of SBR-PDA, and the
RDG graph showed a higher concentration of data points in the negative
region [66]. These results demonstrate that PDA interacts with graphite
and SBR through n—x interactions.

3.10. Full-cell performance and SEI analysis of CMC-21PDG-10

The electrochemical compatibility of the PDG binder was evaluated
in full cells with a graphite and silicon-based anode materials and a
lithium nickel-cobalt-manganese oxide cathode materials (Fig. 8a and
b). Although all cells exhibited similar initial capacities regardless of the
binder material used the polydopamine moiety that alleviates cell po-
larization by enhancing the adhesion and cohesion properties at the
current collector and electrode components through hydrogen bonding
and n—r interactions [67]. These properties improve electronic con-
ductivity during cycling, resulting in less polarization than in the CMC
binder.

CMC-21PDG-10 also showed better cycling performance, with a
capacity retention of 68.5 % after 300 cycles, compared with 57.1 % for
CMC. This indicates that CMC-21PDG-10 effectively mitigates the un-
desired pulverization of anode materials by enhancing adhesion and
cohesion. TOF-SIMS analysis of the recovered anodes supports this
assumption (Fig. 8c-8f). The recovered anode with the CMC binder
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Fig. 7. Results of noncovalent interaction (NCI) simulation for n—x interaction analysis: (a) graphite-CMC, (b) graphite-PDA, (c) SBR-CMC, and (d) SBR-PDA.

contained high concentrations of C;HO ™, PO, and LiyF~ species, which
are the adducts from the solvent and lithium salt decomposition [68,69].
This suggests that the parasitic reactions resulting from the pulveriza-
tion of the anode and the subsequent decomposition of the electrolyte
were more severe with the CMC binder than with the CMC-21PDG-10
binder. LiySi~, which indicates the peeled-off anode material, was also
more prominent in the recovered anode with the CMC binder, suggest-
ing more severe deformation. Notably, greater pulverization occurred in
the Si-based anode, which increased the internal pressure of the cell due
to accelerated electrolyte decomposition at the newly exposed interface
resulting from the deformation of the anode materials [70]. To assess the
impact of the binder material on cell safety, internal pressure was
measured during discharge (Fig. 8g). At the end of the initial discharge,
the internal pressure of the cell with the CMC binder increased to 11.38
kPa, whereas that of the cell with CMC-21PDG-10 reached only 9.05
kPa. This indicates that CMC-21PDG-10 not only increases retention by
slowing anode deformation but also enhances cell safety by reducing
electrolyte decomposition.

4. Conclusions

In this study, PDA-GT (PDG), a novel functional binder additive, was
synthesized and added to CMC, a commercial polymer binder, to
develop an advanced CMC-PDG binder. The polar catechol groups in
PDA and the numerous hydrogen-bonding functional groups in GT
enhanced the interaction with Si-based anode active materials while
improving the mechanical stability of the electrode. Additionally, the
multiple hydrogen-bonding functional groups in GSH sequentially
dissociate during silicon anode expansion, improving electrode elastic-
ity and alleviating stress accumulation. As a result, the developed
CMC-PDG binder exhibited significantly improved adhesion and me-
chanical properties (hardness and modulus) compared with CMC alone.

DFT simulations confirmed the ability of PDG to form gradient
hydrogen bonds with both CMC and SiO,, not only mitigating stress
caused by the volume expansion of Si during charge-discharge cycles
but also enhancing the stability of the electrode. The optimal PDG
content in CMC was 10 wt%, and the optimal monomer ratio of DA to GT
for the PDG additive was 2:1. The corresponding (SiO,)CMC-21PDG-10
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electrode exhibited excellent capacity retention of 72.6 % after 100
cycles at 0.5C.

NCI simulations confirmed that PDG interacts with graphite and SBR
through n—7 interactions. Notably, the CMC-21PDG-10 binder helped
maintain the structural integrity of commercial Si/C composite elec-
trodes, ensuring their stable operation. Finally, full cells were fabricated
using the CMC-21PDG-10 binder, and their performance was evaluated
to assess the suitability of the binder for commercialization. A high ca-
pacity retention of 68.5 % after 300 cycles was obtained for the
CMC-21PDG-10 binder-based electrode, compared with 57.1 % for
CMC. The interfacial analysis of each electrode after cycling demon-
strated that the CMC-21PDG-10 binder prevented electrolytic side re-
actions, contributing to the formation of stable and uniform SEI layers
while maintaining the structural integrity of the electrode.

In conclusion, the newly developed CMC-PDG binder exhibits
exceptional mechanical stability and electrochemical performance in Si-
based and Si/C composite anodes. Our findings highlight the CMC-PDG
binder as a cost-effective and scalable approach for developing high-
performance Si-based anodes. By employing a dual-interaction strat-
egy that leverages gradient hydrogen bonding and n—x interactions, this
technology has the potential to accelerate the commercialization of
next-generation high-energy-density lithium-ion batteries.
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