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The Use of TEMPO-oxidized Nanofibrillated Cellulose as
Anode Binder for Lithium-ion Batteries
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Expansion of the anode coating layer during lithium-ion battery charging
and discharging is of significant concern because it can delaminate or
break the coating layer, thus critically affecting battery lifespan and the
efficiency, especially in silicon-based electrodes. Therefore, control of
expansion and improvement of the mechanical properties of the anode
layer are essential. Nanofibrillated cellulose (NFC) exhibits excellent
network-forming and mechanical properties and have been extensively
researched in terms of high-value applications. This study aims to
enhance the rheological and mechanical properties of conventional anode
layers by using TEMPO-oxidized NFC (TNFC) as the binder. Anode
coating processability was investigated through rheological properties,
and the interaction mechanisms between TNFC and electrode graphite
were explored. Performance changes were examined using tensile and
peel tests to assess adhesion between the electrode and copper foil. The
tensile properties of an anode with TNFC improved dramatically. The use
of TNFC alone as binder reduced the electrode abrasion resistance to
copper foil, but this can be countered by combining TNFC with a traditional
SBR binder. This study thus highlights the potential of TNFC as novel
renewable binders for anodes.
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INTRODUCTION

Lithium-ion batteries (LIBs), which are chemical batteries, are competitive
renewable energy storage systems not only for electric vehicles (EVs) but also for various
electronics, including laptops and smartphones, among others (ElI Kharbachi et al. 2020;
Wassiliadis et al. 2021). The demand for safe and efficient EV batteries has greatly
increased and will continue to do so, but significant limitations include battery safety and
lifespan, which cause consumer concern.

A typical LIB has four main components: cathodic and anodic electrodes,
electrolytes, and a separator membrane. During charging, lithium ions move from the
cathode through the separator membrane and then become attached to the anode. The ions
move back to the cathode during discharge. Therefore, electrode structures and properties
that facilitate efficient lithiation and delithiation are critical in terms of battery efficiency
and lifespan. The properties of electrodes are ultimately determined by the interactions
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among components in anode slurries and the microstructures formed during manufacturing,
i.e., from the dispersion of raw materials to drying and calendaring (Lim et al. 2015;
Gordon et al. 2020a; Dufficy et al. 2021; Kitamura et al. 2022). Thus, both the raw material
properties and manufacturing control must be considered to improve LIBs.

Anodes are typically composed of anodic materials, such as graphite, and binders,
such as styrene—butadiene rubber (SBR) and carboxymethyl cellulose (CMC). Binders play
crucial roles in anode structure maintenance and prevention of layer failures. Binders
ensure adhesion between individual anodic materials, and between anodic materials and
foils. During charging and discharging, the anode layer inevitably expands and contracts
with lithiation and delithiation (Lee et al. 2003; Nitta et al. 2015; Schweidler et al. 2018).
Such expansion can damage the layer and trigger local layer detachment from the copper
foil, reducing long-term battery efficiency and stability. Hence, improving binder
performance to reduce the dimensional stress caused by charging and discharging, to make
the system better tolerate expansion, and to maintain the anode’s structural integrity is
essential to make LIBs more efficient and stable. Additionally, achieving a uniform
structure with an even distribution of graphite particles is critical for minimizing
volumetric expansion (Park et al. 2019).

CMC, a typical binder, is a cellulose derivative with carboxymethyl functional
groups. When used in combination with SBR, CMC can enhance the mechanical stability
and conductivity of the electrode compared to an SBR-only binder system (Buga et al.
2006). The behavior of anode slurries and the electrode properties differ depending on the
CMC molecular weight (MW) and degree of substitution (DS). For example, high-MW,
low-DS CMC enhances anode slurry dispersion by improving absorption to graphite
particles (Gordon et al. 2020b), whereas high-MW, high-DS CMC can improve the cycling
performance of the electrode (Hochgatterer et al. 2008). While CMC’s stiffness and strong
interaction with anode materials contribute to the mechanical stability of the battery (Sen
and Mitra 2013; Qiu et al. 2014), these same properties can also reduce the flexibility of
the electrode layer (Qian et al. 2012)

Nanofibrillated cellulose (NFC; also called cellulose nanofibril), which are
mechanically and/or chemically fibrillated cellulose, have higher aspect ratios and larger
specific surface areas similar to high-MW/low-DS CMC, and may thus interact better with
anode materials. NFC generally exhibits high moduli and superior mechanical properties
(lwamoto et al. 2009). Superior performance of NFC in slurries, similar to that in anodic
slurries, has been reported (Dimic-Misic et al. 2013; Rautkoski et al. 2015; Salo et al. 2015;
Oh et al. 2017). Recently, a limited number of studies have explored the application of
NFC as binders in LIBs, showing improved cycling and mechanical performance compared
to conventional binder systems, such as polyvinylidene fluoride (PVDF) or CMC/SBR
binder systems (Lu et al. 2017; Nirmale et al. 2017; Frangon et al. 2022). In most studies,
TEMPO- oxidized nanofibrillated cellulose (TNFC) has been selected as the NFC binder.
Its higher surface charge, resulting from the TEMPO oxidation process, demonstrates
promising properties as an electrode binder. For example, Lu et al. (2017) highlighted the
potential of TNFC as a binder for flexible LiFePOa electrodes, illustrating the impact of
the manufacturing process and TNFC charge density on mechanical and electrochemical
properties. However, the electrodes in this study were fabricated using a filtration process
to create paper-based electrodes, differing from the conventional coating processes
typically used in electrode manufacturing. Another study investigated the positive effects
of TNFC in an anode slurry coating system compared to the CMC/SBR binder system,
confirming improvements in shear stress and specific capacities (Frangon et al. 2022).
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Nevertheless, further investigation is needed into the bonding properties and mechanical
behavior of free-standing composites to fully understand the potential of NFC-based
electrodes. Moreover, comprehensive rheological tests would be beneficial for
understanding NFC behavior as a binder in anode slurries.

Therefore, this study investigated the effects of replacing the SBR/CMC binder
system with TNFC on the rheological properties of anode slurries and the mechanical
properties, including adhesion of the anode layer to the copper surface and the tensile
properties of anodes with TNFC binders. Advantages of NFC as an anode binder were
highlighted, suggesting future research directions and practical applications.

EXPERIMENTAL

Materials

Graphite (SG-BHS8; Ito Graphite Co. Ltd., Japan) served as the anode material. This
natural graphite has a D50 diameter of 8.7 um (Fig. 1 (a-hb)).
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Fig. 1. Sample morphologies: (a) SEM image of graphite, (b) graphite particle size distribution,
(c) SEM image of TNFC, (d) AFM image of TNFC, and (e) fiber length of TNFC from (c)
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Conventional SBR latex was provided by LG Energy Solution (Korea) and used as
a reference binder. CMC (MW 250 kDa, DS 0.9) was purchased from Sigma-Aldrich
(USA). TEMPO-oxidized NFC (TNFC) was supplied by Hansol Paper Co. (Korea). The
average fiber width and length were 2.8 and 364.7 nm, respectively. The fiber width was
measured via atomic force microscopy (AFM) in non-contact mode (XE-100, PSIA,
Korea), and the fiber length was obtained via scanning electron microscopy (SEM; JEM-
2100PLUS; JEOL, Japan) (Fig. 1 (c-¢)).

Preparation of anode slurries

The compositions of all slurries are shown in Table 1. All slurries were prepared
using the same method: graphite and TNFC were added to deionized water and dispersed
with a homogenizer for 5 min, followed by 10 min of stirring.

Table 1. Anode Slurry Composition by TNFC Content

Ref. | TNFC | TNFC | TNFC | TNFC | TNFC | TNFC | TNFC | TNFC | TNFC | TNFC
| 0% |005% | 0.1% | 0.15% | 0.2% | 0.5% | 1.0% | 1.5% | 2.0% | 2.5%
Solids
content 50
(%)
Grz,%"te 97 | 100 | 99.95 | 99.9 | 99.85 | 99.8 | 995 | 99 | 985 | 98 | 975
NFC 005 | 01 | 015 | 02 | 05 1.0 15 | 20 | 25
(%)
cMC L
(%)
SBR
(%) 2

Sample preparation for 90° peel tests

Anode layers for peel tests were coated onto copper foil using an automatic coater
(KP-3000V, Kipae, Korea) and an applicator with a 400-um gap (Fig. 2). After coating, each
layer was dried at 60 °C for 30 min.

Free-standing composites for tensile tests

Free-standing composites for tensile tests were manufactured using the mold
casting method shown in Fig. 3. The mold (60 x 80 x 0.8 mm) was placed on glass with a
release film to facilitate easy composite separation from the mold. All specimens were then
cut to 10 x 50 mm using a paper guillotine cutter. The specimen thickness was 0.4 to 0.6

pm.

Characterization
Rheological properties of anode slurries

The rheological properties of anode slurries were investigated using a rotational
rheometer (MCR 302e Modular Compact Rheometer; Anton Paar, Austria) with a Couette
geometry (CC27; working gap 5.7 mm). All measurements were conducted at room
temperature (25 °C). Viscosity was measured over a shear rate range from 0.01 to 1,000
s™! in shear rate-controlled mode. Oscillatory tests, including amplitude and frequency
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sweep measurements, were performed to analyze the viscoelastic properties. The storage
(G’) and loss (G ") moduli were measured as functions of the shear strain (0.001 to 1,000%)
and frequency (0.1 to 100 rad/s). Binder distributions within slurries were explored using
an optical microscope (BX51; Olympus, Japan).

Mechanical tests

The 90° peel test analyzed adhesion of the anode layer to the copper foil; a
Universal Testing Machine (UTM; 594; Instron, USA) (Fig. 2) was employed along with
a 50-N load cell. The anode layer was pulled vertically from the copper foil at 100 mm/min
commencing at a grip distance of 30 mm. After the peel test, the residual anode layer on
the copper foil was examined both visually and under an optical microscope.

The strength of anode free-standing composites was determined via tensile testing
using the instrument employed for the peel test. A 1-kN load cell was used; the test speed
was 0.1 mm/min, and the test span was 20 mm.

Fig. 2. Preparation of an anode layer for the 90° peel strength test and the UTM setup
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Fig. 3. Preparation of free-standing composites for the tensile test employing the UTM

RESULTS AND DISCUSSION

In the current study, the effect of TNFC as an anode binder on anode slurry and
composite was investigated. Rheological and mechanical properties were examined to
determine whether TNFC improved processability and anode binder performance.
Additionally, the interaction between TNFC and graphite in the anode slurries was
considered based on rheological analysis and optical microscopy.

Rheological Properties of Anode Slurries with NFC

The effect of TNFC on anode slurry viscosity was investigated using 10 TNFC
concentrations (Table 1). The viscosities of slurries with different TNFC and CMC levels
were measured for comparison (Fig. 4). All slurries exhibited shear-thinning behavior, but
the anode slurries with TNFC showed higher viscosities compared to those with CMC,
consistent with previous findings (Francon et al. 2022). Given that the viscosity of cellulose
nanofibers is positively correlated with their aspect ratio (Iwamoto et al. 2014), the higher
aspect ratio of TNFC compared to CMC makes TNFC more effective as thickeners. The
viscosities of anode slurries decreased on addition of low TNFC levels but began to
increase at a TNFC concentration of 0.1% (Fig. 4(a) and (b)). It is difficult to disperse
hydrophobic graphite particles in aqueous phase without a dispersion agent. However,
TNFC in a certain crystal phase are amphiphilic and can thus be used to disperse graphite.
Indeed, due to their amphiphilic nature, NFC have been used as stabilizers for various
hydrophobic particles in previous studies (Olivier et al. 2012; Koga et al. 2013; Hamedi et
al. 2014; Zhang et al. 2017).

Initially, TNFC interact with the graphite surfaces, improving dispersion and
decreasing the viscosity. However, beyond a certain level, unattached TNFC in a slurry
form a TNFC network and acts as a thickener, increasing viscosity. Although the viscosity
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was lowest at a TNFC concentration of 0.1%, this does not indicate that particle dispersion
was optimal. Figure 4(e) shows the enhanced particle dispersion with the addition of TNFC,
and the further improvement in dispersion at higher TNFC concentrations (1.5%).
Therefore, initially, TNFC were primarily absorbed to graphite surfaces via hydrophobic
interactions, but with the addition of more TNFC, TNFC in the slurry and those attached
to graphite surfaces interact to form a network, as reported previously (Oh et al. 2021).
This ultimately improves particle dispersion and increases the slurry viscosity.

Achieving uniform particle dispersion is critical for forming a homogeneous
structure with uniform pore distribution in the anode layer. The uniformity of the structure
not only influences the mechanical strength of the layer but is also strongly correlated with
battery swelling and volumetric expansion. A consistent pore size and distribution within
the electrode can effectively mitigate the stress generated during charging and discharging
cycles, acting as a buffer against volume change (Yi et al. 2013a,b; Tian et al. 2015; Park
et al. 2019; Lee et al. 2020). Thus, the improved dispersion facilitated by the introduction
of TNFC as binders is expected to enhance battery performance by better controlling
volume expansion. A similar trend was observed in CMC—graphite anode slurries. The
viscosity initially decreased with CMC addition, but it began to increase after the CMC
concentration reached 0.2%, as seen with the TNFC—graphite anode slurries. However, the
viscosity increases of CMC-containing slurries were much lower than those of slurries with
TNFC; the thickening mechanisms were quite different. A more detail discussion is
provided through the observation of viscoelastic behavior of anode slurries.

The viscoelastic behaviors of anode slurries with TNFC were investigated using
oscillatory tests (Fig. 5). The storage modulus (G ) indicates the solid-like elastic behavior
of a slurry, and the loss modulus (G”) indicates liquid-like viscous behavior. In the
amplitude tests, the slurries exhibited linear viscoelastic regions until the yield strains were
reached, at which time G’ began to decrease; this indicated the beginning of structural
breakdown (Fig. 5(a) and (c)). Compared to slurries with TNFC, those with CMC exhibited
higher yield strains and less variation among different binder concentrations. However, G’
was higher in slurries with TNFC, suggesting that the structures were more solid-like. This
suggestion was supported by comparison of G’ and G”; slurries with CMC exhibited a
higher G than G, with slurries having TNFC showing the reverse.

The frequency sweep test at fixed strain also revealed different tendencies between
TNFC and CMC anode slurries (Fig. 5(b) and (d)). The G’ and G~ of TNFC anode slurries
did not change significantly as the frequency increased, whereas those of CMC anode
slurries gradually increased; this indicated that TNFC formed stronger structures than CMC
with the different mechanisms of slurry—binder interactions and structure formation.

Excess CMC molecules that are not adsorbed onto graphite increase the viscosity
of an anode slurry via CMC molecular entanglement. This entanglement of CMC
molecules does not cause flocculation of graphite particles, resulting in the slurry behaving
like liquid (Lim et al. 2015). In contrast, TNFC exhibit higher aspect ratios and more
accessible hydrophobic backbones than CMCs with carboxymethyl substitutes (Moon et
al. 2011; Medronho et al. 2012; Lindman et al. 2017), but TNFC have fewer functional
groups that induce electrostatic repulsion, as only C6 position is functionalized during
TEMPO-oxidation (Isogai et al. 2011). Thus, TNFC could form stronger structures than
CMC:s by interacting with graphite and creating rigid, solid-like network structures even at
higher TNFC concentrations.

Kwon et al. (2025). “Li-ion battery anode binder,” BioResources 20(2), 3732-3748. 3738



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

—
Q0
—
A
A

= CNFO0% b o
3] 84 e CNFO0.1% ( ) 40 — Viscosity at 1/s
1077 Pagte, A CNFO05%
v. B v CNF 1.0%
NG L P ® CNF1.5%
102 “alv, gy ie, < CNF25% =30
—_ 5% -
H ‘Axx'v Y .44' 3
V. L2 < q
£ ] venn, Il Z
2 Sas, Evvyy Yo, g 220
] °® 1 Yy *o, %4 @
o L Sagmaling e, Ya, o
g 10° 4 o.. AAA I.'=:“44“1 8
s . Ap, " “4qq S0k
®e A ::v
° YW 44
107 4 o0, Asalty
e
L]
...""°..O-ooo 0+
2]
10 r T T T T T 1 : 1 1 1 1 4 ¢
102 107 10° 10! 102 10° 0.0 0.5 1.0 1.5 2.0 25
Shear Rate [1/s] CNF contents (%)
10° 1.6
(C) L ® cmco% (d)
., u CMCO0.1% —=—1/s
[ 22 ® CMC0.3% 14|
A CMC0.5%
10% .o‘ v CMC1.0% iy
° @ CMC1.5% © 1.2+
: o
— L]
" L ] —
‘ 1 L 1.0
g 0 e *e, 2
Vv
B ol aan Trereeveltagsyee g0
L N 2
2 YVvvy P94L 06
S o.lu.. i Yvvy ”. 8
AAA
107 ':o.. “‘A“AAAA“A g 04
s "‘0.0... Adddssaa Ay
"~ ocoo............ > 0.2
L] .2 -
swel - ..'....-....IIIIII
! ! L L L 00k 1 L ! 1 L L L ! L
107 107 10° 10 10 100 00 02 04 06 08 1.0 12 14 1.6
Shear Rate [1/s 5
is] CMC concentration [%]
(e) Graphite 100% TCNF 0.1% TCNF 1.5%

-

5
13
’

“"!”:"I

Agglomeration Dispersion

Fig. 4. The viscosities of anode slurries with TNFC (a, b) and CMC (c, d) and optical micrographs
of the slurries (e). (a) and (c): Viscosities of anode slurries as a function of shear rate. (b) and (d):
Viscosities of anode slurries as a function of TNFC and CMC contents. (e): Anode slurries with
different TNFC concentrations. These slurries were diluted 30-fold from the original slurries with
50% solid content. Images were taken 60 s after dropping, and particle stability was evaluated.
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Fig. 5. Storage (G”) and loss (G”) moduli of anode slurries with TNFC (a, b) and CMC (c, d). (a)
and (c): Moduli measured using amplitude sweep tests (G’ and G” versus shear strain (%); Solid
symbols: G’; hollow symbols: G”). (b) and (d): Moduli measured using frequency sweep tests (G’
and G” versus angular frequency (rad/s); Solid symbols: G’; hollow symbols: G”).

The solid-like structure is beneficial to the structural stability during the electrode
fabrication process and performance. The higher storage modulus (G") indicate that they
behave more like solids, which means they can better maintain their structure under stress
during processes such as coating and drying (Nardo and Fare 2017; Chung 2019; Ansari et
al. 2021). This solid-like behavior helps prevent particle aggregation and settling, leading
to more uniform layers with consistent pore distribution (Bao et al. 2024). Additionally,
solid-like behavior can improve the mechanical strength of the electrode, making it more
resilient to cracking or deformation during manufacturing process, thus enhancing the
overall durability and performance of the battery. The fact that slurries with TNFC
exhibited more solid-like behavior suggests that the TNFC contributed to the formation of
amore robust, stable structure that can better withstand the mechanical and electrochemical
stresses encountered during battery operation.

Mechanical Properties of Anode Layers with TNFC

The effects of TNFC on mechanical properties were investigated in terms of anode
adhesion to a layer of copper foil and the tensile strength of anode free-standing composites.
Adhesion was reflected by the layer peel strength in the 90° peel test (Fig. 2). Anode layers
with conventional SBR and CMC binders were also evaluated as references (Table 1).
Figure 6 shows the results. The average peel strength was calculated based on
measurements obtained at peel distances of 5 to 30 mm (Table 2). Overall, compared to
the references, the peel strength fell significantly when TNFC served as the anode binders,
although increased TNFC concentrations slightly improved the peel strength.
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Table 2. Average Peel Strength of Anode Layers Derived from Measurements
Obtained at Peel Distances of 5 to 30 mm (Fig. 6)

Condition Peel Strength (N/m)
Reference 5.26  +0.30
TNFC 1.0% 0.28 +0.07
TNFC 1.5% 0.64 +0.10
TNFC 2.0% 0.65 +0.10
TNFC 2.5% 0.80 +0.10

Note: The values are means + standard deviations.

The adhesion of anode layers to foil was further analyzed by examining the foil
after the peel test (Fig. 7). The surfaces of reference layers (anodes with SBR and CMC)
were dark black after the test, but that of the anode layer with the TNFC binders showed
the copper surface; little of the black graphite anode remained, indicating reduced adhesion
of the anode layer. Optical microscopy revealed fewer graphite particles on the copper
surface when TNFC were used. Such low adhesion of anode layers with TNFC must be
improved for practical applications.

The lower adhesion of anode layers with TNFC might be attributed to their
hydrophilic nature. Although TNFC exhibit partial amphiphilic properties with
hydrophobic planes, they still possess abundant hydroxyl groups, making the layer more
polar. In contrast, SBR contains styrene and butadiene components that interact more
effectively with non-polar surfaces like copper, and its lower surface energy enhances its
ability to spread across the copper surface (Martin-Martinez 2002; Zempel 2006; Sisanth
et al. 2017). Indeed, in the SBR/CMC binder system, it was reported that anodes without
SBR exhibited very low adhesion (Hofmann et al. 2024), underscoring the crucial role of
SBR in adhesion to copper. To improve the adhesion of TNFC binders to copper, the
incorporation of SBR with TNFC, or other adhesion-enhancing materials such as
poly(acrylic acid) (Lee et al. 2006), or surface treatments of copper foil, such as wet
chemical and plasma treatments, could be considered (Turunen and Kivilahti 2003; Borges
et al. 2009). These approaches warrant further study to optimize the use of TNFC as a
binder.
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Fig. 7. Copper foil surface analysis after the peel test. (a): The copper foils after the test and (b):
microscopic images of the copper foil surfaces after the peel test
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TNFC binders greatly improved the tensile stress of anode composites, despite the
fact that adhesion decreased (Fig. 8 and Table 3). When TNFC were added up to 1.5%, the
tensile stress and strain at yield were lower than those of the reference samples. However,
beginning at 2.0% TNFC, the tensile stress of the anode composite improved significantly
to surpass those of the references, aligning with previous findings on improved shear
strength (Francon et al. 2022). While in the previous study the TNFC content in the slurry
was 5%, and the reference condition for SBR/CMC was 2.5%/2.5%, the current study used
a lower binder content in the TNFC samples compared to the reference, yet still achieved
higher tensile stress. Specifically, TNFC at 2.0% was associated with a strain at yield
comparable to those of the references, but also with improved tensile stress; this was
attributed to enhanced graphite particle dispersity and network formation between free and
particle-attached TNFC, yielding uniform structures that reduced failure at weak points
within layers. Such networks would be expected to enhance anode dimensional stability by
minimizing anode expansion during discharging and charging.

Strain at break is a crucial parameter for anode materials, as it reflects the material’s
ability to withstand deformation under mechanical stress without fracturing. A higher strain
at break indicates that the anode material can better accommodate the mechanical strains
that occur during battery cycling, thereby enhancing its durability and extending its
operational lifespan. In this study, the reference material demonstrated the highest strain at
break, highlighting its inherent flexibility despite its lower tensile strength. Given the
higher elongation of CMC films compared to TNFC films, the reduction in elongation with
TNFC is reasonable (Oun and Rhim 2015; Francon et al. 2022). In contrast, TNFC-
reinforced composites at concentrations of 2.0% and 2.5% exhibited significantly increased
tensile strength. Notably, the 2.0% TNFC sample maintained a strain at break comparable
to that of the reference, indicating that this concentration strikes an optimal balance. This
balance between tensile strength and strain at break at 2.0% TNFC suggests that the
material is sufficiently reinforced to improve mechanical properties while retaining enough
flexibility to avoid brittle failure.

Toughness, representing the total energy absorbed by the material before fracture,
further supports this conclusion. The 2.0% TNFC sample achieved the highest toughness
of 12,200 J/m3, reflecting its ability to combine tensile strength with strain at break
effectively. Although the 2.5% TNFC sample showed a higher tensile strength, its
toughness decreased slightly to 9,700 J/m3, indicating increased brittleness at this
concentration. These findings highlight the finding that the 2.0% TNFC concentration not

Kwon et al. (2025). “Li-ion battery anode binder,” BioResources 20(2), 3732-3748. 3742



bioresources.cnr.ncsu.edu

PEER-REVIEWED ARTICLE

only optimizes tensile strength and strain at break but also maximizes toughness, making
it the most promising candidate for enhancing the mechanical durability of anode materials.
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Fig. 8. Tensile stress of anode free-standing composites

Table 3. Average Tensile Stress and Strain at Yield of Anode Free-standing
Composites

Condition Tensile stress (MPa) Strain at break (%) Toughness (J/m?3)
Reference 0.72+0.04 2.19+0.28 10,200
TNFC 1.0% 0.42 + 0.06 1.10+0.44 2,900
TNFC 1.5% 0.56 + 0.09 0.61 +0.28 1,700
TNFC 2.0% 0.86 +0.11 1.91+£0.26 12,200
TNFC 2.5% 0.95+0.16 1.18 £ 0.45 9,700

Note: The tensile tests were conducted five times, and means with standard deviations were
calculated.

This study explored the potential of TNFC as an anode binder through its impact
on the rheological and mechanical properties of anode slurries and the electrode layer.
TNFC, with better mechanical properties and network-forming capacity than conventional
binders such as SBR and CMC, may be valuable as future anode binders. However, in
practical terms, the low level of TNFC adhesion to copper foil must be improved.
Combining TNFC with SBR or pretreating the copper surface may solve this issue; further
study is required. Future research will also focus on anode layer stability after
discharging/charging, i.e., dimensional changes and the extent of defect generation, to
optimize TNFC as anode binders.

CONCLUSIONS

1. TEMPO-oxidized nanofibrillated cellulose (TNFC), a renewable and environmentally
friendly material, can serve as a new anode binder that address failures associated with
volumetric expansion during the charging/discharging of lithium-ion batteries.

2. The TNFC binder mechanism differs from that of conventional carboxymethyl
cellulose (CMC) binders, resulting in stronger and more elastic structures. TNFC

Kwon et al. (2025). “Li-ion battery anode binder,” BioResources 20(2), 3732-3748. 3743



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

particles interact directly with graphite and form networks between graphite-attached
and free TNFC.

3. TNFC was found to enhance the mechanical properties of conventional anode
composites by improving graphite particle dispersion and by serving as a thickener that
created uniform anode structures.

4. An anode slurry with 2.0% TNFC content demonstrated superior tensile stress and
elongation, thereby improving the toughness of the anode layer.
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