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Bollard-Anchored Binder System for High-Loading Cathodes
Fabricated via Dry Electrode Process for Li-Ion Batteries

Jihyeon Kang, Hojong Eom, Seohyeon Jang, Doehyeob Yoo, Hyeonha Lee, Minju Kim,
Myeong-Lok Seol, Jeong Woo Han,* Inho Nam,* and Hannah Song*

The dry battery electrode (DBE) process offers significant advantages over
conventional wet-coating methods for electrode fabrication. Unlike traditional
processes that rely on toxic solvents such as N-methyl-2-pyrrolidone (NMP),
the DBE technique uses solvent-free methods, reducing environmental
impact and production costs while enhancing compatibility and performance.
However, polytetrafluoroethylene (PTFE), the only binder currently used for
large-scale DBE fabrication (binder fibrillation), faces potential regulatory
restrictions under Polyfluoroalkyl Substances (PFAS) guidelines and limits
Li-ion conductivity, elastomeric properties, and particle adhesion. This study
explores a novel dual-binder system, termed the “bollard hitch” model,
designed to overcome these limitations as the first PTFE-less binder for binder
fibrillation. Poly(acrylic acid)-grafted sodium carboxymethyl cellulose (PC) acts
as the “bollard,” strongly attaching to the PTFE “anchor.” This binder system
reduces PTFE usage by over 70% and enables the fabrication of high-mass
loading cathodes (up to 90 mg cm−2, 15.6 mAh cm−2) with superior
performance. It enhances ionic conductivity and mechanical strength, making
it suitable for high-voltage applications and offering great potential to
revolutionize the manufacturing of high-performance, durable energy storage
systems.

1. Introduction

The design of next-generation batteries with enhanced safety,
cost reduction, and eco-friendly manufacturing processes rep-
resents a new frontier in societal development and economic
growth. Recently, the dry battery electrode (DBE) technique,
originally developed for supercapacitor manufacturing,[1–4]
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has emerged as a promising method
in the battery industry due to its dis-
tinct advantages over conventional wet-
coating methods. This technique utilizes
solvent-free processes that are environ-
mentally friendly, reduce costs, improve
compatibility and production efficiency,
and enhance electrode performance.[5]

The DBE technique innovates electrode
manufacturing routes, especially for cath-
ode manufacturing, by shifting from the
conventional “powder-slurry-film” method
to a more concise “powder-film” method.[6]

The conventional cathode “powder-slurry-
film” processes have included the use of
N-methyl-2-pyrrolidone (NMP) as a sol-
vent for slurry production.[7,8] However,
the high cost and toxicity of NMP require
solvent recovery facilities for the collec-
tion of the evaporated NMP during the
drying of the electrode. Consequently, the
EU imposed regulations on the use of
NMP in May 2020;[9] therefore, innova-
tive steps are now required in the wet-
coating processes for cathode production.
The DBE method offers fundamen-

tal benefits by simplifying manufacturing
processes and reducing production costs (Figure S1, Support-
ing Information).[6,10,11] It also enables the production of high-
mass loading electrodes—traditionally limited to under 20 mg
cm−2 in the “powder-slurry-film” method—thereby enhancing
overall battery module performance.[12,13] In this context, the
DBE technique also offers significant advantages in the aerospace
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sector.[14–17] NASA’s upcoming Artemis program aims to estab-
lish a base camp to support extended expeditions on the Moon’s
surface as part of broader space exploration efforts. A key as-
pect of the program is the simplification of battery manufactur-
ing, achieved by reducing dependence on Earth-based supplies
and utilizing in situ resource utilization (ISRU)materials.[18] The
DBE technique facilitates this by minimizing the need for sol-
vents and heating processes, which cannot be sourced from the
Moon’s surface.
DBE approach uses specialized fabrication methods, includ-

ing powder compression, vapor deposition, powder spraying,
and binder fibrillation. Among them, however, binder fibril-
lation is the only method that can fabricate large-area elec-
trode sheets with precise control and at relatively low costs (see
Note S1, Supporting Information).[19–25] To date, polytetraflu-
oroethylene (PTFE) has been also considered the only binder
that can be used in the binder fibrillation method during DBE
manufacturing.[26,27] PTFE exhibits relatively weak van der Waals
attraction between its molecular chains because the high elec-
tronegativity of F draws electrons toward theC─F bond andweak-
ens transient shifts in electron density.[28–30] This weak inter-
molecular attraction allows the polymer chains to readily unravel
from PTFE particles like a “skein”, forming what are referred to
as “fibrils”. Under shear force, the fibrils can connect electrode
particles and spontaneously form electrode textiles or sheets.
Our previous study used binder fibrillationwith PTFE and sup-

plemented modified single-walled carbon nanotubes (CNTs) as
conductive agents in the NMC as the cathode. This fabricated
Li-ion batteries with a superior performance to those previously
produced using DBE processes.[31] Ryu et al. also used CNT con-
ductive materials to improve the electrical conductivity and me-
chanical strength of the cathode based on binder fibrillation.[32]

However, these approaches are still impractical due to the high
cost of conductive agents and the complexity of the modification
processes, such as controlled ozone treatments.[33–36] These pre-
vious studies are very important, but there is a concern that it
might overshadow other, potentially more critical, problems of
PTFE itself.
The fibrillated PTFE binder used in the DBE method has sev-

eral limitations,making it rarely practical for certain applications.
Most notably, PTFE is likely to face regulation as a perfluoroalkyl
substance (PFAS), similar to NMP, under strict environmen-
tal policies. The U.S. government has already designated some
PFAS as hazardous under the Comprehensive Environmen-
tal Response, Compensation, and Liability Act (CERCLA).[37,38]

Additionally, some EU nations are developing regulations that
will ban the use of all PFAS, which includes fluoropolymers
such as PTFE.[39] In response, many industries have already
begun reducing their PTFE usage in anticipation of these re-
strictions. However, to the best of our knowledge, the de-
velopment of PTFE-free or PTFE-less binders has not been
widely recognized as a critical issue in the binder fibrillation
process.
Using PTFE as a cathode binder also has technical drawbacks:

1) PTFE is prone to particle agglomeration, leading to inhomoge-
neous distribution of the active material, conductive agents, and
binder; 2) its fully fluorinated main chain, combined with the
absence of intermolecular hydrogen bonds, reduces ionic con-
ductivity and particle adhesion;[40–42] 3) the low electron density

of C─F bonds increase their susceptibility to interfacial degrada-
tion as they cannot effectively capture various active intermedi-
ates; and 4) its reactivity with the electrolyte leads to the forma-
tion of a thick solid-electrolyte interphase (SEI) layer.[43–48] Recent
studies have also focused on enhancing anode stability using the
binder fibrillation DBE method.[49,50] PTFE’s low lowest unoccu-
piedmolecular orbital (LUMO) allows it to easily accept electrons,
making stability issues when used in anodes.[51,52] Given these
limitations and increasing regulatory pressures on substances
like NMP and PFAS, the development of new PTFE-less or PTFE-
free binders is urgently needed.[53,54]

In this study, we explore an optimal dual-binder system for
cathode fibrillation to offset the drawbacks of the PTFE binder.
To overcome the industrial costs and regulatory constraints, our
focus shifted toward developing a DBE-specific PTFE-less binder
that plays a significant role in dispersion control and compati-
bility with conventional conductive agents. Efficient binder addi-
tives were selected using the following criteria:[40] 1) high ionic
conductivity; 2) strong adhesion between the electrode and cur-
rent collector; and 3) electrochemical stability at high voltages.
While the criteria are prevalent in Li-ion batteries that utilize con-
ventional wet-coating methods, their application in the DBE pro-
cess is relatively unexplored.
Our approach involves developing “micro bollards” to anchor

PTFE fibrils, significantly reducing PTFE usage in NMC cath-
odes. Unlike the sheet-like connections formed by polyvinylidene
fluoride (PVdF) binders in wet processes (Figure 1a,d), PTFE in
dry processes forms bridge-like connections within the electrode
(Figure 1b,e,g). The bollards, composed of poly(acrylic acid)-
grafted sodium carboxymethyl cellulose (PAA-grafted CMC, also
referred as PC), tightly adsorb onto the NMC surface through
physicochemical interactions and anchor PTFE fibrils, enhanc-
ing the bonding between cathode materials (Figure 1c,f,h). The
term “dual-binder”, in this study, refer to the distinct interactions
between PTFE and PC binders within the electrode. The PAA and
CMC used in PC condensation reaction contain abundant polar
functional groups, such as –OH and ─COOH, which enhance
ionic conductivity by facilitating the transfer of Li+ ions between
adjacent polar sites.[55–57] The PC forms strong chemical inter-
actions with the oxide layer of NMC and the F atoms of PTFE,
thereby improving adhesion between the active materials. This
suppresses the detachment of PTFE and increases the durabil-
ity of intermolecular interactions. As a result, the use of PTFE is
minimized by its stronger connection to the bollard compared to
its direct attachment to the NMC surface. This binder system, re-
ferred to as the “bollard hitch” model, is also investigated using
deep-learning-based molecular dynamics (MD) simulations.
By using the PC structure as a “micro bollard,” we demon-

strated that stable electrode sheets can be formed via fibrilla-
tion, even with more than a 70% reduction in PTFE content (0.6
wt.% in the electrode). With an optimal PC:PTFE ratio of 7:3
(PC_PTFE73), we achieved a high mass loading of 30 mg cm−2

for the NMC 622 cathode, delivering a superior capacity of 4.0
mAh cm−2 at a high C-rate (2 C). This performance surpassed
that of a PTFE-only cathode which required three times more
PTFE binder (2 wt.% in the electrode). Additionally, an ultra-
high loading cathode (90 mg cm−2, 15.6 mAh cm−2) was pro-
duced, outperforming previous studies (Tables S1 and S2, Sup-
porting Information).[58–70] A full cell was successfully fabricated
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Figure 1. Schematic images of each binder in the cathode electrode: a) PVdF binder from the wet process, b) PTFE binder from the dry process, and c)
PC_PTFE binder from the dry process. The binding mechanisms of each binder to electrode materials: d) PVdF binder, e) PTFE binder, and f) PC_PTFE
binder. The actual behavior of binders as observed through FE-SEM: g) PTFE binder, and h) PC_PTFE binder in cathode mixture; The PTFE and PC_PTFE
binders are indicated with arrows within the yellow dashed boxes.

using a solvent-free process for both the cathode and anode. The
PC_PTFE73-equipped full cell showed a high-capacity retention
of 84% after 50 cycles at 0.5 C, attributed to its enhanced ionic
conductivity and stability at high voltage. Furthermore, the full
cell with a slurry-cast graphite anode exhibited an 86% capacity
retention over 100 cycles, an improvement over the PTFE-only
cathode full cell. These findings can significantly impact the de-
velopment of high-performance, durable energy storage systems,
potentially revolutionizing the battery manufacturing industry.

2. Results and Discussion

2.1. Optimization of the Dry Electrode Process Based on the
PTFE Binder

The operating mechanisms of two binders—PVdF and PTFE—
are shown in Figure 1a,b,d,e. The first binder, PVdF, was used
to create a sheet-like connection between the components in
the electrode via the conventional wet-processing method. How-
ever, this connection restricted the Li+ ion and electron transport,
thereby reducing the efficiency of the kinetics of the electrode.
This is not a major concern when the electrode is thin; however,
its effect on the performance of a thick electrode is significant.

The second binder, PTFE, was used to generate a bridge-like con-
nection between the electrode constituents via the dry method
(Figure 1b,e,g). The bridge-like connection provided by the fib-
rillated binder is a more desirable structure for facilitating the
movement of the Li+ ions and electrons in the cathode. The ben-
efits of the bridge-like connections were observed in the specific-
capacity data. PTFE exhibited a higher capacity than that of PVdF
at all C-rates, with electrodes in the range of 15–30 mg cm−2

(Figure 2a–i).
In the dry mixing process, increasing electrode loading with-

out a solvent can result in the aggregation of cathode particles
owing to electrostatic and van der Waals interactions, particu-
larly when mixing is vigorous or prolonged. Also, precise con-
trol of mixing time and shear force is critical to prevent excessive
fibrillation of PTFE, which may adversely affect the electrode’s
mechanical properties. The resulting mixture is inhomogeneous
and exhibits a high standard deviation (STD) in cell capacity at
high C-rates. The capacity of a 30 mg cm−2 loading electrode was
103.65 mAh g−1 (3.1 mAh cm−2) ± 16.52 mAh g−1 (± STD) at 2 C
(Figure S2, Supporting Information). This STD was higher than
that of the PVdF electrode (88.12 mAh g−1, 2.6 mAh cm−2; STD
= 11.37 mAh g−1; Figure 2g). Therefore, two common mixing
methods[71]—planetary mixing and ball milling—were assessed
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Figure 2. The capacity deviation wasmeasured at varying C-rates (0.1 C, 1/3 C, 1 C, and 2 C) for a-c) the PVdF-based wet process and d–f) the PTFE-based
solvent-free process loading amount from 15 to 30 mg cm−2 (mixing was performed three times using a ball mill mixer). Capacity deviation at a 30 mg
cm−2 under different mixing processes for g) PVdF-based wet process, h) the PTFE-based solvent-free process with one-time mixing using a planetary
mixer, and i) the PTFE-based solvent-free process with three-time mixing using a ball mill mixer.

to identify a suitablemethod for reducing the performance degra-
dation caused by uneven dispersion during the dry process of
cathode fabrication (for more details, see Note S2, Supporting In-
formation). The planetary mixing method resulted in a capacity
of 118.22 mAh g−1 ± 5.59 mAh g−1 (Figure 2h), whereas a capac-
ity of 127.67 mAh g−1 ± 4.28 mAh g−1 was observed when the
ball mill method was applied (Figure 2i). Both mixers exhibited
improved performances and lower STDs than half of the values
attained using PVdF. Consequently, mixing in triplicate using a
ball mill was selected and used in subsequent experiments.

2.2. Identifying the Binder Additive for Improved Performance of
Dry Battery Electrodes

The mechanical properties of the binder additive were exam-
ined and compared with those of a PTFE binder (selected as
the control sample), thereby investigating its potential use as a
cathode binder additive. PTFE consists solely of F atoms bonded

to the carbon main chain.[40–42] This structure lacks the ability
to form intermolecular hydrogen bonds, which results in re-
duced ionic conductivity and particle adhesion. Therefore, the
additional binder should be compatible with the existing com-
ponents, which also exhibit high ionic and electrical conduc-
tivity, mechanical stability, and strong adhesive properties. To
meet these requirements, introducing binder additives with po-
lar functional groups, such as ─OH and ─COOH, were consid-
ered. 1) These functional groups increase the ionic conductiv-
ity by facilitating the transfer of Li+ ions between adjacent po-
lar functional groups.[55–57] 2) They enhance adhesion between
active materials and the current collector by forming strong hy-
drogen bonds.[72,73] 3) Binderswith functional groups can provide
robust electrostatic forces and form durable intramolecular inter-
actions with neighboring polymer chains, acting as mechanical
net points. This effect facilitates the diffusion of Li+ ions within
the ionomer by reducing the Li+ transport distance.[74] There-
fore, promising binder additives with polar functional groups
were selected, including poly(acrylic acid) (PAA),[75–77] sodium
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Figure 3. Performances of different properties were conducted to identify the optimal additive binder for the dry process. PVdF_PTFE (blue), CMC_PTFE
(green), PC_PTFE (pink), PAA_PTFE (orange), and PTFE (purple) were compared. a) Ionic conductivity, b) resistivity, c) electrical conductivity, d) Swelling
ratio, e) Young’s modulus, and f) Strain (%) of each binder additive sheet formulated with PTFE. g) Radar chart summarizing the overall performance of
binders across key parameters, as derived from the evaluations in (a–f). h) Specific capacity of the sheet-type cathodes with different binder additives.
i) Rate performances for varying CMC:PC ratios. j) Rate capabilities based on varying PC:PTFE ratios at various C-rates (0.1 C, 1/3 C, 1 C, and 2 C).

carboxymethyl cellulose (Na-CMC),[78,79] and poly(acrylic acid)-
grafted sodium carboxymethyl cellulose (PAA-CMC).[80,81]

The ionic conductivity of the binder influences the perfor-
mance of the thick electrode. To study the interactions between
the binder additives and PTFE, binder films were fabricated by
mixing the binder additives and PTFE in a 1:1 weight ratio,
which is essential for forming a sheet electrode. The ionic con-
ductivity of each binder film was investigated using the bulk
resistance from electrochemical impedance spectroscopy (EIS)
spectra (Figure S3, Supporting Information). The ionic conduc-
tivity of the PTFE binder was 4.88 × 10−6 S cm−1, which was
lower than that of the other binders (Figure 3a). With the intro-

duction of the binder additives, the conductivity of the binder
films increased. The ionic conductivities of the PVdF_PTFE,
CMC_PTFE, PAA-CMC(PC)_PTFE, and PAA_PTFE samples
were 2.55× 10−4, 1.78× 10−4, 1.31× 10−4, and 1.27× 10−4 S cm−1,
respectively. The ionic conductivity exhibited by the PVdF_PTFE
binder was higher than those of the other binders.
The electrical conductivity of each cathode was evaluated using

a 4-probe measurement. Due to the inherent insulating nature
of binders, the electrical conductivity of the cathode was evalu-
ated after the integration of each binder. Each cathode was mixed
with the binder additives and PTFE in a 1:1 weight ratio. The
average sheet resistance of PVdF_PTFE, CMC_PTFE, PC_PTFE,

Adv. Mater. 2025, 37, 2416872 2416872 (5 of 14) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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PAA_PTFE, and PTFE were 540.1, 374.6, 77.2, 494.0, and 173.8
Ω cm−2, respectively (Figure 3b). The sheet resistances of all cath-
odes fabricated using the dry process were lower than those of the
cathodes fabricated using the wet process with PVdF (2259.3 Ω
cm−2, Figure S4a, Supporting Information). Using these sheet
resistance measurements, the electronic conductivity for each
cathode was determined. The cathode with PC_PTFE binder ex-
hibited the highest electrical conductivity (1.30 S cm−1), while
PVdF_PTFE, CMC_PTFE, PAA_PTFE, and PTFE exhibited val-
ues of 0.19, 0.27, 0.20, and 0.58 S cm−1, respectively (Figure 3c).
These values were higher than observed for the wet process PVdF
cathode (0.04 S cm−1, Figure S4b, Supporting Information). The
improved electrical conductivity of the cathode using the PC-
PTFE binder is attributed to its ability to maintain a uniform
distribution of electrode particles and form a three-dimensional
network structure. This network increases the direct contact area
between electrode materials, optimizes conductive pathways and
facilitates more efficient electron transport between the electrode
particles.
The extent of volume expansion depends significantly on the

properties of the binders. During the charge/discharge cycles,
active particles cause only 4% of volume expansion, whereas
the binders can expand by >50%.[82] The increased expansion
weakens the adhesive force during cell operation and expels
the electrolytes in the electrodes. This results in the destruc-
tion of the conductive network, which causes a loss of cycling
performance.[83,84] However, low swelling prevents Li+ ions from
accessing different regions of the electrode composite, increas-
ing electrical resistance. Therefore, moderate swelling values are
preferred to facilitate Li+ ion transport within the conductive car-
bon and binder.[85] A swelling test was performed to identify the
optimal binder additive for the sheet-type electrode. The varia-
tion in swelling conditions is shown in Figure S5 (Supporting
Information). The swelling ratios of each binder film after soak-
ing in the electrolyte for 120 h is shown in Figure 3d. After 120 h,
the PVdF_PTFE, CMC_PTFE, PC_PTFE, PAA_PTFE, and PTFE
films expanded by 1.45-, 1.23-, 1.13-, 0.99-, and 1.01-fold, respec-
tively. PC_PTFE was likely an adaptive binder additive with a
moderate swelling ratio.
Themechanical properties of the binder film,whichwere iden-

tified using a universal testing machine (UTM), are shown in
Figure 3e,f. The synergistic effect of the binder additive and PTFE
was investigated via tensile tests. When the PTFE and binder ad-
ditives were mixed, some films were reinforced for flexibility and
strength. The PC_PTFE film experienced breakage until 21.9%
strain owing to the soft PC binders, whereas PTFE resisted a
lower strain of 6.0%. A significant synergistic effect was observed
on the mechanical properties of the binders between PTFE and
the soft PC. As summarized in Figure 3g, PC_PTFE showed the
best performance among the binders for sheet-type electrodes,
owing to its 1) high ionic and electrical conductivity, 2) moderate
swelling, and 3) elastomeric properties.
The adhesion performance of the binder additives on the NMC

622 cathode was quantitatively evaluated via a 180° peel-off test
using a UTM. Fabricated electrodes of equal thickness were pre-
pared as rectangular shapes and attached to the 3 M tape (12 mm
width). The adhesive force was measured by pulling the tape at
a constant displacement rate (6 mm min−1). The optical images
obtained after the peeling test indicated that there were differ-

ences among the electrodes (Figure S6a, Supporting Informa-
tion). In addition to a moderate swelling ratio, PC_PTFE exhib-
ited a stronger adhesive force (0.9615 N cm−1) with the Al cur-
rent collector than that of PTFE (0.5733 N cm−1) (Figure S6b,
Supporting Information). This result highlighted the structural
characteristics of the three-dimensional interconnected network
of the PC binder. PTFE exhibited weak van der Waals forces ow-
ing to C─F bonds.[28–30] The PC binder was synthesized through
a dehydration-condensation reaction, resulting in a crosslinked
mesh structure.[80]

Half-cells consisting of a binder additive-incorporated compos-
ite cathode and a Li metal counter electrode were assembled to
evaluate the effects of the binder additives on the electrochem-
ical performance. The composite cathode contained NMC 622
(LiNi0.6 Mn0.2Co0.2O2)/Super P/PTFE/binder additive (93:5:1:1 by
weight) on an Al current collector. The effects of various binder
additives on the rate performance (under a fixed areal mass load-
ing of 18 mg cm−2) were evaluated at dynamic C-rates of 0.1 C,
1/3 C, 1 C, and 2 C (Figure 3h; Figure S7, Supporting Informa-
tion). The specific discharge capacities of the different binder
additive-incorporated composite cathodes exhibited similar val-
ues, even at 1 C. The specific discharge capacities at 2 C of the
PVdF_PTFE, CMC_PTFE, PC_PTFE, PAA_PTFE, and normal
PTFE cathodes were 131.83, 141.52, 149.22, 130.22, and 144.26
mAh g−1, respectively. The cathode with PC_PTFE exhibited a
higher discharge capacity at 2 C than that of the other cathodes.
The rate capability followed the same trend as that of the adhe-
sive strength, which showed that the mechanical robustness of
the electrode was a key factor affecting cycling performance.
To identify the optimal composition point of the PC, cath-

odes with identical active loadings were prepared with varying
PAA:CMC weight ratios—9:1, 8:2, 7:3, 6:4, 5:5, 4:6, and 3:7—
denoted as PC91, PC82, PC73, PC64, PC55, PC46, and PC37,
respectively. After graft polymerization and the crosslinking re-
action, the intensity of the sharp peak at ≈1690 cm−1 was sub-
stantially reduced depending on the binder ratio (Figure S8, Sup-
porting Information). This peak corresponded to the carboxylic
group (─COOH) of PAA.[81] The effect of PC ratio on the rate
performance was evaluated using a PC:PTFE ratio of 1:1 at the
same C-rate. At a high current rate (2 C), the PC55_PTFE cells
delivered 149.2 mAh g−1 (Figure 3i). Among the various mixing
ratios of PAA to CMC, the PC55 cell was selected as the optimal
point (subsequently referred to as PC) because it exhibited the
highest capacity retention (87.5%) at 2 C (Figure S9, Supporting
Information).
The performance of PC electrodes prepared using varying

PTFE ratios was investigated. The PC:PTFE ratio was set to 9:1,
8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, and 1:9, and the corresponding
samples were labeled PC_PTFE91, PC_PTFE82, PC_PTFE73,
PC_PTFE64, PC_PTFE55, PC_PTFE46, PC_PTFE37,
PC_PTFE28, and PC_PTFE19, respectively (Figure 3i). Some
disadvantages were observed when the PTFE binder was incor-
porated in the DBE process: 1) precise control was required (as
already observed in Figure 2; Figures S1 and S2, Supporting
Information), and 2) binder decomposition[86] (additional expla-
nation, see Figure S28, Supporting Information). The process
sensitivity of DBE was mainly caused by PTFE fibrillation. PTFE
fibrillation is essential for the dough of the dry electrode; how-
ever, fibrillation occurs even at low shear forces.[87–89] Therefore,
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the PTFE binder undergoes excessive fibrillation when mixing is
not stringently controlled, complicating the production of free-
standing electrodes.[90] To prevent challenges when mixing and
binder decomposition during subsequential cycling, the binder
additive ratio was increased. The PC_PTFE91 cell exhibited a
high capacity (147.9 mAh g−1 at 2 C); however, the fabrication
of a dough-type electrode was challenging owing to the low
quantity of PTFE binder (Figure S10, Supporting Information).
Compared with the other electrodes composed of varying binder
contents, the cathode with the PC_PTFE73 binder exhibited
the highest capacity (148.3 mAh g−1 at 2 C) and was a stable
dough-type electrode (Figure 3j).

2.3. Elucidating the Role of the PC Binder

The properties of polymers are highly dependent on their struc-
ture. The chemistry and connections of the polymer chain cre-
ate an internal entropy, which affects the entire system. Molecu-
lar dynamics simulations are used to estimate this internal en-
tropy. The polymer structures and morphologies are analyzed
before the construction of atomic scale electrode systems. The
PC binder was synthesized, and its structure characterized using
Fourier transform infrared (FTIR) spectroscopy. In addition to
FTIR, X-ray photoelectron spectroscopy (XPS) and X-ray diffrac-
tion (XRD) analyses were performed to identify the structural
changes in PC after the condensation reaction (Figures S11 and
S12, Supporting Information). XPS C 1s spectra of PC showed
peaks at 284.1, 285.7, 287.2, and 288.1, corresponding to C─C,
C─O, COO─, and COOH, respectively, confirming the forma-
tion of ester bonds within PC. Additionally, XRD analysis re-
vealed noticeable changes in the peak at 20°, indicating a re-
duction in crystallinity after polymerization. Electrode materi-
als were not used in the preparation of the PAA, CMC, and
PC polymer films (Figure 4a). Every polymer exhibited a ─CH
stretch band and a broad band for the ─OH stretch band in the
range of 2500–3700 cm−1. The C═O carboxylic acid stretch in
PAA was observed as an intense band at 1710 cm−1. The CMC
exhibited two main peaks at 1590 and 1021 cm−1, which were
assigned to the carboxylate (COO–) and ether (C–O–C) stretch
bands. The main peaks of PAA and CMC were retained in the
PC spectrum, highlighting the condensation reaction between
PAA and CMC (Figure 4b).[84,91] The corresponding peaks were
verified by using the density functional theory to calculate the
IR spectra. The CMC monomer, PAA dimer, and PAA dimer
grafted CMCmonomer (PC) were used in the calculation (Figure
S13, Supporting Information). The PC binder was uniformly at-
tached to the NMC particles after it was ground in a ball mill
(Figure 4c; Figure S14, Supporting Information). EDS analysis
showed that Na elements remained within the molecular struc-
ture of PC and were evenly distributed on the surface of NMC.
When only PTFE is present, the fibrous PTFE chain adheres
to the NMC surface, but it binds the particles together solely
through PTFE’s adhesive force, without anchoring to specific ar-
eas (Figure 1b,e,g). In contrast, when PTFE is additionally mixed
with the PC binder, the fibrous PTFE chain entangles around the
PC which work as bollard, securing and holding the individual
particles (Figure 1c,f,h).

Two types of electrode systems were constructed: 1) NMCwith
a PTFE binder only, and 2) NMC with a PC_PTFE binder. To in-
vestigate the impact of the PC binder on the electrode with PTFE,
all other settings remained identical except for the presence of
the PC binder in the second system. First, the optimal adsorption
point of the PC binder on the NMC surface was identified using
machine learning potential based density functional theory cal-
culations. Following the construction of the NMC surface model,
the PCmolecule was rotated through 15 different configurations,
and the corresponding adsorption energies were calculated. The
adsorption states were classified into three primary categories:
1) two Na atoms from PC adsorbed onto the O atoms of the
NMC surface (referred to as PC_2Na), 2) one Na atom adsorbed
(PC_1Na), and 3) long distance interactions between the surface
and functional groups (–OH, –COOH) of PC instead of Na atoms
(PC_0Na). The inset images in Figure 4e show the representative
images of each adsorption state. The average adsorption energy
values for each of the corresponding adsorption states were cal-
culated and used for further analysis (Figure S15, Supporting In-
formation). A strong interaction betweenNa fromPC andO from
NMCwere observed using computational analysis. When two Na
atoms participated in the bonding, the average adsorption energy
was≈−2.24 eV, indicating robust adsorption. The involvement of
only one Na atom resulted in an adsorption energy of ≈−1.12 eV,
approximately half the value observed for two Na atoms. In cases
where the interactions involved ─OH and ─COOH functional
groups rather than Na atoms, the adsorption energies were sig-
nificantly lower (−0.37 eV), which were attributed to the stabiliza-
tion energy from long-range dipole-dipole interactions. The sub-
stantial variance observed when the –COOH functional group
participated in the interaction was attributed to differences in the
number of functional groups participating in the interactions.
PTFE exhibited the highest adsorption energy (−0.09 eV) because
of the electrostatic repulsion between O from NMC and F from
PTFE. This results in their inherently low adsorption (Figure 4c).
NVT-MD simulations were performed using the Langevin

heat bath method for 10 ps after reaching 400 K.[92,93] To guaran-
tee sufficient binder dynamics, MD was performed at high tem-
peratures. The binder gradually detached from the electrode sur-
face over time after reaching 400 K in the system only contain-
ing the PTFE binder (Figure 4d; Figure S16a, Supporting Infor-
mation). The average distance of the F atoms in PTFE near the
surface was calculated over time, showing a sharp increase from
an initial 4.2 Å to 6.6 Å (Figure 4f). In contrast, in the PC_2Na
system, the PC binder physically held the PTFE in place, pre-
venting it from detaching from the surface (Figure 4e; Figure
S16b, Supporting Information). Additionally, the structure of the
PC binder did not collapse or decompose. This was likely due
to the mitigation of the structural strain or stress by the migra-
tion of the adsorbed Na atoms across the O layer of the elec-
trode surface (Movies S1–S3, Supporting Information). The free
Na site in the PC_1Na system strongly interacted with the F
atoms of the detached PTFE (Red arrow in Figure S16c,d, Sup-
porting Information). The interaction energy between Na and
F was −0.35 eV, which was a 2 to 4.5 times stronger interac-
tion than that of the interaction between PTFE and the NMC
surface. Furthermore, when a large number of Na─F bonds
are formed, the electrochemical stress applied to the system is
likely to be distributed across the entire bonding network. This
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Figure 4. a) FTIR spectra of binder powders (PAA, CMC, and PC). b) schematic of the PC formation (carbon: dark brown, hydrogen: pale pink, oxygen:
red, sodium: yellow). c) Adsorption energy of PC monomers and PTFE dimers on the NMC surface (carbon: dark brown, hydrogen: pale pink, oxygen:
red, sodium: yellow, fluorine: blue, nickel: gray, manganese: pink); d) PTFE, and e) PC_2Na with PTFE on the NMC surface after running MD simulations
at 400 K for 10 ps. The same length of the PTFE binder was used in both calculations (carbon: dark brown, hydrogen: pale pink, oxygen: red, sodium:
yellow, NMC surface: light gray). f) Average change in distance of the PTFE binder with and without PC on the NMC surface. For distance calculation,
the C and F atoms in dark brown and blue from (d) and (e) were only considered.

increases the total energy required to weaken or disrupt the
PTFE-PC binding network. Experimentally, the Na-F interaction
was verified through XPS analysis (see Note S3 and Figure S17,
Supporting Information), where distinct peaks corresponding to
Na─F bonding were observed. Furthermore, the deconvolution
of the F 1s peak revealed that the peak area corresponding to
Na─F bonds is larger than that of C─F bonds. Based on this re-
sult, it can be argued that the abundant chemical interactions
involving Na─F bonds contribute to strengthening the PTFE’s
adhesion within the PC network. This interaction helped stabi-
lize the PTFEwithin the structure through chemical interactions.
As shown in Figure 4f, the PTFE did not completely detach in
both systems (PC_2Na and PC_1Na with PTFE); however, its dis-
tance fluctuated between 4.5 and 4.9 Å. The PAA polymer formed

a branched structure with the PC binder after grafting. This
branching physically entangled PTFE with the PAA branches.
This indicates that the PC binder behaved as the “bollards”, phys-
ically and chemically anchoring PTFE, thereby preventing its de-
tachment from the surface. This resulted in the high mechani-
cal resistance to strain of PC_PTFE observed in the experimental
results (Figure 3e,f).

2.4. Morphological Analysis to Compare the Effects of Different
Binders on Porosity

The morphological characteristics of each binder in the high-
loading electrode were measured (Figure S18, Supporting
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Information) by examining their cross-sections. A previous study
showed that the PVdF electrode exhibited mechanical cracks and
separation from the substrate, which occurred during nonuni-
form binder mixing, solvent evaporation, and compression at
high loading (Figure S19, Supporting Information).[94] The me-
chanical cracks rendered parts of the material inactive with
insufficient conductive pathways, which reduced the reaction
surface area and complicated the Li+ ion diffusion pathway. Con-
sequently, capacity loss occurred, and the severity of performance
degradation was higher at higher C-rates. In contrast, the PTFE
and PC_PTFE73 electrodes were dense, and exhibited favorable
adhesion to the substrate and uniform binder dispersion, as
indicated by energy-dispersive X-ray spectroscopy (EDS) map-
ping data. The results indicate that the dry electrode process was
more suitable for manufacturing high-loading electrodes than
that of the wet film process. The dispersion of NMC 622, Su-
per P, and the binder was assessed using a 3D X-ray tomogra-
phy microscope (XRM) system (Figure S20, Supporting Infor-
mation). When X-rays were used for tomography characteriza-
tion, the conductive carbon and binder components were trans-
parent; therefore, the NMC 622 particles were only discernible
in Figure S20a,d (Supporting Information). The cyan areas rep-
resent the conductive carbon and binder components (Figure
S20b,e, Supporting Information). The optimized drying process
was achieved uniform dispersion even under high-loading con-
ditions, as confirmed by the XRM results of the PC_PTFE cath-
ode (30 mg cm−2) and PVdF-based wet cathode (15 mg cm−2)
(Figure S20c,f, Supporting Information). However, differences
in porosity were observed between the two electrodes. Although
both electrodes had the same density of 3.0 g cm−3, differences in
the tap density of the binders influenced the calculated porosity
values. The PC_PTFE73 electrode exhibited 25.9% higher poros-
ity than that of the PVdF wet electrode (17.7%) (refer to Table
S3, Supporting Information for details). Higher porosity could
be achieved within the same electrode density due to the struc-
ture of the binder. Furthermore, the tortuosity of each cathode
was calculated based on cross-sectional SEM images. The tortu-
osity of the PC_PTFE73-based cathode was 1.30, whereas that
of the PTFE-based cathode was 1.40. These characteristics are
advantageous in high-loading thick electrodes. As the electrode
thickness increases, the distance electrons must travel from the
current collector to the active material becomes longer, and the
diffusion distance for Li-ions through the electrode pores also
increases.[95–97] This results in poor transport characteristics and
slow reaction kinetics. The high porosity of the PC_PTFE73-
based cathode improves the contact area between the electrolyte
and the active material, effectively reducing the lithium-ion dif-
fusion distance. Its low tortuosity further shortens the electron
transport pathways.[98,99] Consequently, the PC_PTFE73-based
cathode positively influenced electrolyte conductivity, lithium dif-
fusion coefficient enhancement and high electrical conductivity
due to its higher porosity and lower tortuosity.

2.5. Enhanced High-Loading Cathode Performance with the
PC_PTFE73 Binder

The effect of the binder in the electrochemical evaluations was
observed when the areal active-material loading was increased

to 30 mg cm−2. A comparison of the electrochemical charac-
teristics of NMC 622 cathode via the dry and the conventional
slurry-cast electrode (PVdF) was performed. The galvanostatic
charge/discharge (GCD) profiles at 0.1 C and 2 C are shown in
Figure 5a,b, respectively. The galvanostatic curves followed simi-
lar trends at 0.1 C (Figure 5a); however, the increase in the overpo-
tentials of the PVdF and PTFE electrodes was higher than that of
the overpotential of the PC_PTFE electrode at 2 C (Figure 5b), in-
dicating that the interfacial resistance of the electrode comprising
PC_PTFEwas lower than those of the other electrodes. The lower
capacities of the PVdF and PTFE electrodes can be explained by
the increased IR drops. Consequently, the PC_PTFE73 electrode
with a relatively lower overpotential exhibited an improved rate
capability (Figure 5c). In particular, the PC_PTFE73 electrode ex-
hibited a specific discharge capacity of 168.5 mAh g−1 (5.0 mAh
cm−2) at 1/3 C, which was higher than that of the PVdF elec-
trode. At 1 C, PC_PTFE73 delivered a specific discharge capac-
ity of 159.5 mAh g−1 (4.8 mAh cm−2), outperforming the PTFE
and PVdF electrodes. The disparity in discharge capacity was ob-
served at 2 C, with the PC_PTFE73, PTFE, and PVdF electrodes
exhibiting 133.2 mAh g−1 (4.0 mAh cm−2), 108.1 mAh g−1 (3.2
mAh cm−2), and 76.5 mAh g−1 (2.3 mAh cm−2), respectively.
The long-term cycling performance was evaluated using a

GCD test at a mass loading of 25 mg cm−2 (Figure 5d).
PC_PTFE73 exhibited a capacity of 139.2 mAh g−1 after 100 cy-
cles at 1/3 C, retaining 83% of its initial capacity. In contrast, the
PTFE-dried film (84.0 mAh g−1) and PVdF wet electrodes (77.6
mAh g−1) exhibited lower capacities after 100 cycles, correspond-
ing to capacity retentions of 51% and 47%, respectively. The PTFE
and PVdF electrodes underwent rapid capacity decay after ≈70
cycles which was caused by increased resistance due to charge
transfer and lithium-ion diffusion limitations in thick electrodes.
Compared to regions near the electrolyte, the regions closer to the
current collector become less active in the reaction, resulting in
selective reactions. Consequently, only certain regions of active
materials continue to react, accelerating degradation.[68,70,100–103]

The PC_PTFE73-based cathode demonstrated higher porosity
and lower tortuosity at the same loading and density compared
to electrodes using other binders. (Table S3, Supporting Informa-
tion) This higher porosity facilitates easier penetration of the elec-
trolyte into the electrode, reducing lithium diffusion distances,
while the lower tortuosity shortens the electron transport path-
ways within the electrode.[99,104] These characteristics prevent
degradation in thick electrodes, distinguishing the PC_PTFE73
cathode from the others.
To further understand the difference in cycling stability, the

electrodemorphology after 100 cycles using FE-SEM (Figure S21,
Supporting Information). The FE-SEM images revealed distinct
differences in the cathode depending on the binder. The cath-
ode with the PC_PTFE73 binder (Figure S21a, Supporting Infor-
mation) exhibited a smoother and uniform surface without visi-
ble cracks in the NMC particles, indicating enhanced structural
stability. In contrast, the cathode with the PTFE binder (Figure
S21b, Supporting Information) showed secondary NMC parti-
cles fractured into smaller parts (remarked with white circles),
demonstrating poor structural stability after cycling. The struc-
tural changes in the cathodes after 100 cycles were further ex-
amined using XRD analysis (Figure S22, Supporting Informa-
tion). These results indicate that the PC_PTFE73 binder played a
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Figure 5. Galvanostatic charge/discharge profiles of different binders between 2.5 and 4.25 V at a) 0.1 C and b) 2 C. c) Rate capability at rates ranging
from 0.1 C to 2 C for a 30 mg cm−2 electrode. d) Cycle performance of each binder at 1/3 C for a 25 mg cm−2. e) Nyquist plot and corresponding fitted
lines for the PTFE and PC_PTFE electrodes after 10 cycles and 100 cycles. f) Changes in the interfacial resistances of PC_PTFE and PTFE during cycling.
g) Galvanostatic charge/discharge profiles of ultra-high loading (90 mg cm−2) at 0.1 C. h) Cycle performance of 90 mg cm−2 at 0.1 C. i) Performance of
the areal density and energy density of this study and previous studies on the DBE cathode half-cell at 1 C.

critical role in improving the structural stability and electro-
chemical performance of the electrode. This improved perfor-
mance may have occurred because of the synergistic effect of the
PC binder and the introduction of the PTFE binder. The syn-
ergistic effect enhanced ionic conductivity and adhesive force.
The stable performance of the PC_PTFE73 binder in NMC elec-
trodes suggests its potential for high-voltage systems, such as
LiMn1.5Ni0.5O4 cathodes operating at 4.9 V. CV and LSV analy-
sis from 2.5 V to 5.0 V showed that, the binder maintained sta-
bility (Figure S23, Supporting Information). This indicates the
binder’s suitability for both NMC and future high-voltage cath-
ode materials.[105–107]

EIS measurements were performed on the NMC-Li asymmet-
ric configurations after 10 and 100 cycles to assess the distinct
cycling performance (Figure 5e; Figure S24, Supporting Informa-
tion). The semicircle observed in the mid to low-frequency (101–
104 Hz) represents the interfacial resistance, which is the resis-
tance encountered at the electrode/electrolyte interface and pri-

marily includes the charge transfer resistance (Rct).
[108,109] After

ten cycles, the electrodes using the PC_PTFE73 binder exhibited
an interfacial resistance of 39.01 Ω, which was 1.76 times lower
than that of the electrodes using PTFE (68.65 Ω). After 100 cy-
cles, the interfacial resistance of PC_PTFE73 increased to 48.08
Ω, whereas that of PTFE increased to 91.52 Ω (Figure 5f). The
lower increase in the interfacial resistance of PC_PTFE73 was
attributed to the effect of PC_PTFE, which comprised a net-like
structure. This resulted in the enhancement of particle-to-particle
cohesion and electrode-to-current collector adhesion, as well as
interfacial properties. The effect of PC_PTFE was confirmed by
the Li ion diffusion coefficient (DLi+) of each electrode, which was
measured after 10 cycles (Figure S25, Supporting Information).
After 10 cycles, the DLi+ of PC_PTFE73 was 5.09 e−14 m2 s−1,
which was 20 times higher than that of the electrode using PTFE
(2.53 e−15 m2 s−1).
The cycling performance of the PC_PTFE73 cells compris-

ing various mass loadings was assessed (Figure S26, Supporting
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Information). Complementary studies were conducted to evalu-
ate the cell performance of PC_PTFE73when the cathode loading
exceeded 30mg cm−2 (Figure S27, Supporting Information). Rea-
sonable gravimetric performances were observed. To assess the
performance under ultrahigh loading conditions, the cycling sta-
bility of the electrode was evaluated at 90 mg cm−2 (Figure 5g,h).
The electrode exhibited 15.6mAh cm−2 and its operation was sta-
ble over 50 cycles. The use of the PC_PTFE73 binder enables the
fabrication of cathodes under ultrahigh loading conditions while
maintaining satisfactory performance.
The capacity density of the PC_PTFE73 electrode was supe-

rior to that observed in previous studies (Tables S1 and S2, Sup-
porting Information). Regarding DBE, previous studies utilizing
active materials with high Ni contents or special conductive ma-
terials have shown higher areal capacities and energy densities
at 0.1 C. However, exponential degradations in capacity were ob-
served at C-rates of 1 C in these studies; additionally, the values
were significantly lower at 2 C. Compared with high-loading wet
processes, conventional wet processes did not exceed 50mg cm−2

and exhibited lower energy density values at higher C-rates under
the same loading conditions. However, a significant quantity of
capacity was maintained as the C-rate increased (1 C), represent-
ing the best performance among dry cathode and high-loading
wet studies to date (Figure 5i).

2.6. Role of Binders in CEI Composition: XPS Analysis of
PC_PTFE73 and PTFE Cathodes

To analyze the chemical composition of the outer cathode elec-
trolyte interphase (CEI) species, the coin cells subjected to 100
cycles at 1 C were disassembled and analyzed using X-ray pho-
toelectron spectroscopy (XPS) (Figure S28, Supporting Informa-
tion). In addition, XPS depth profiling with different sputtering
times (10, 20, 30 s) was further studied (Figures S29–S31, Sup-
porting Information). It shows the C 1s, O 1s, and F 1s XPS pro-
files of the cathodes cycled with PC_PTFE73 and PTFE. Peaks
corresponding to the C─C, C─O, C═O, ROCO2Li, Li2CO3, and
CF2 bonds were observed in the C 1s spectra of the PC_PTFE73
and PTFE electrodes (Figures S28a,d and S29, Supporting Infor-
mation). A lower intensity peak corresponding to the CF2 bonds
(291.7 eV) was observed for the cathode comprising PC_PTFE73
because of the reduced PTFE content. As the carbonate elec-
trolyte solvent decomposed, the C─O and C═O peaks corre-
sponded to ROCO2Li and Li2CO3, respectively.

[27] Comparedwith
the PTFE cathode, lower peak intensities of the C─O, C═O, and
ROCO2Li bonds were observed for the PC_PTFE73 cathode, sug-
gesting reduced carbonate solvent decomposition on the CEI
film. The peaks at 533.5, 532.0, and 530.0 eV in the O 1s spec-
tra were attributed to ROCO2Li, Li2CO3, and M–O (M = Ni, Co,
or Mn), respectively.[110] The intensity of the ROCO2Li peak on
the PC_PTFE73 cathode surface was lower than that of PTFE,
indicating that the PC binder suppressed the decomposition of
carbonate solvents (Figures S28b,e, and S30, Supporting Infor-
mation). In addition, the difference between the F 1s spectral
peaks of PC_PTFE73 and PTFE in the CEI composite occurred
because of the ratio of LiF (685.0 eV) to LixPOyFz (687 eV).

[111–113]

The CEI of PC_PTFE73 comprised 29.8% LiF, whereas the PTFE
exhibited a higher LiF content (37.4%) (Figure S28c,f, Support-

ing Information). The LiF formation on the cathode surface is
known to enhance CEI stability and cyclability.[114–116] However,
the increased LiF on the CEI of the PTFE cathode was attributed
to the additional decomposition of the PTFE binder alongside the
electrolyte during cycling. Tao et al. demonstrated that PTFE dis-
sociates on the cathode side forming LiF in the presence of the
LiClO4 electrolyte, where PTFE is the only F source.[86] The de-
composition of the binder results in challenges, such as reduced
electrode integrity and increased resistance. Furthermore, XPS
depth profiling revealed that the high LiF concentration on the
surface drops significantly with depth for the PTFE cathode, in-
dicating a non-uniform LiF distribution due to PTFE decomposi-
tion. In contrast, for PC_PTFE73 cathode, the change in LiF con-
centrationwith depth is less pronounced (Figure S31, Supporting
Information). This result suggests that PC_PTFE73 cathode pos-
sess a more stable and uniform CEI interface.[117] Consequently,
the decomposition of PTFE significantly reduces cycle stability
and increases resistance compared with those of the PC_PTFE73
electrode (Figure 5d,f).
A solvent-free dry electrode process was used to fabricate

coin-cell-type full cells for the evaluation of the potential util-
ity of the PC_PTFE73 cathode in practical batteries. These
full cells consisted of a NMC 622@PC_PTFE73 cathode and a
Graphite@CMC wet process anode/ Graphite@PTFE dry pro-
cess anode, respectively.[118] The performance details of the
Graphite half-cells were delineated in Figure S32 (Supporting
Information). The full cells were assessed between 2.5 and
4.25 V. The GCD profiles of the NMC 622@PC_PTFE73//
Graphite@PTFE full cell from 1/3 C to 2 C at 25 °C are shown
in Figure S33a (Supporting Information). The rate capability of
the NMC 622@PC_PTFE73//Graphite@PTFE full cell is shown
in Figure S33b (Supporting Information). The cell was cycled af-
ter one activation cycle at 0.1 C. The cell retained a discharge
capacity of 119.8 mAh g−1 after the C-rate was increased to 2
C. A capacity of 120.0 mAh g−1 was maintained at 0.5 C when
the full cell was subjected to 50 cycles, corresponding to a ca-
pacity retention of 84% (Figure S34, Supporting Information).
At the Graphite@PTFE operational voltage, the low LUMO of
PTFE resulted in susceptibility to binder degradation, result-
ing in decreased adhesion properties and exponential capac-
ity reduction.[26,50] Therefore, further development of the anode
binder is required for the enhancement of the cycling perfor-
mance of larger cells. To eliminate the performance degrada-
tion caused by unstable anodes, other full cell tests were con-
ducted using anodes manufactured through the conventional
wet process. After 100 cycles, the full cell retained a capacity of
134.4 mAh g−1 at 0.2 C, resulting in a capacity retention of 86%
(Figure S35, Supporting Information). The issues associated with
Graphite@PTFE were resolved, and the PC_PTFE73 binder per-
formed effectively at the cathode. Therefore, the advantage of us-
ing the PC_PTFE73 binder on the NMC 622 cathode was demon-
strated by its high-rate capability. Pouch cells were fabricated us-
ing PTFE and PC_PTFE73 binders, respectively (Figure S36a,
Supporting Information). A commercial graphite electrode (den-
sity, 1.5 g cm−3) was used as the anode. The pouch cell with the
PC_PTFE73 binder achieved a higher areal capacity of 8 mAh
cm−2 at 0.5 C compared to the PTFE-based pouch cell, confirming
that PC_PTFE73 operates effectively in pouch cell as well (Figure
S36b,c, Supporting Information).

Adv. Mater. 2025, 37, 2416872 2416872 (11 of 14) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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3. Conclusion

Using an optimal solvent-free mixing process, a novel binder ad-
ditive strategy for developing high-mass-loading cathodes with-
out capacity loss that satisfy the following requirements was
developed: 1) high ionic conductivity; 2) strong adhesion be-
tween the electrode and current collector; and 3) electrochemical
stability at high voltages. Unlike PTFE alone, the PC_PTFE73
binder demonstrated an ability to enhance both ion conductiv-
ity and adhesion properties by acting as “bollards”, physically and
chemically anchoring PTFE to the electrode surface. The drymix-
ing process, under optimized mechanical conditions, eliminates
the need for solvents, reducing environmental impact and sim-
plifying the electrode manufacturing process. This makes it at-
tractive for sustainable, cost-efficient production. However, scal-
ing up this process presents challenges such as achieving uni-
formmaterial distribution in large batches and controlling shear
force to prevent excessive PTFE fibrillation. While laboratory-
scale equipment may require significant adjustments for indus-
trial use, ongoing advancements in mixing technologies offer
promising solutions, and pursuing these advancements will be
our future work. The PC binder, especially in the presence of
Na atoms, forms strong interactions with NMC, stabilizing the
system and preventing the detachment of PTFE, as evidenced
by the deep-learning-based MD simulations. This behavior ex-
plains the superior mechanical resistance and strain tolerance of
the PC_PTFE system observed in experiments. The battery per-
formance of NMC 622 with the PC_PTFE73 binder was supe-
rior to that of PTFE, achieving 133.2 mAh g−1 (4.0 mAh cm−2)
when tested at a high C-rate (2 C) and loading (30 mg cm−2). Ow-
ing to its high ionic conductivity and stability at high voltages,
the NMC 622 battery with PC_PTFE73 delivered a high capacity
of 139.2 mAh g−1 at 1/3 C with 83% retention after 100 cycles,
which was significantly higher than that of the PTFE (84.0 mAh
g−1 and 51%) and PVdF (77.6 mAh g−1 and 47%) cells. Even at
ultra-high loading (90 mg cm−2), the cathode exhibited a capac-
ity of 15.6 mAh cm−2. These performances were better than that
of previous DBE methodologies using the same cathode. By par-
tially replacing the PTFE binder with PC, LiF formation wasmiti-
gated owing to binder decomposition; additionally, the formation
of a thick CEI layer was prevented, thereby reducing the rate of
capacity reduction, even during long-term cycling.
A full cell was fabricated for the anode and cathode using a

solvent-free process. This cell exhibited a high capacity (119.8
mAh g−1 at 2 C) and maintained 84% capacity retention over 50
cycles (120.0 mAh g−1 at 0.5 C). Upon addressing the limitations
of PTFE at the anode, the capacity of the full cell was 134.4 mAh
g−1 at 0.2 C, which was retained at 86% after 100 cycles. The
binder additive strategy for tailoring high ionic conductivity is
likely universal and can be extended to other systems. This work
represents a significant advancement in simplifying the fabrica-
tion of high-energy-density Li-ion batteries by eliminating the use
of solvents with a binder design.
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