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Abstract

Due to its adsorption on graphite and superior thickening properties, carboxymethylcellulose (CMC) is widely used
as a dispersant and rheology modifier in water-based anode slurries for lithium-ion batteries. CMC also provides
cohesion to the dry anode layer but exhibits poor adhesion to the copper foil necessitating the addition of
styrene-butadiene rubber (SBR) as an adhesion promoter. High adhesion between the electrode layer and the
current collector is crucial in electrode fabrication, especially for electrodes with higher mass loadings. In this work,
we investigate how a polymeric binder, originally intended as a thickening and dispersing agent, can significantly
affect the adhesive strength between the anode layer and the current collector. Our results reveal that CMC, by
adsorbing onto active material particles (graphite, micro-silicon or nano-silicon), indirectly influences the anode
adhesion. The adsorbed CMC layer hinders the direct binding of SBR to the active material particles, thereby
creating the weakest link between the active layer and the current collector. This effect is more pronounced the
higher the CMC molecular weight. Moreover, we could show that graphite-nano-silicon composite anodes exhibit a
significantly reduced adhesion to the copper foil despite a low adsorption of CMC on nano-silicon, since a large
fraction of SBR particles are trapped in the porous, micron-sized nano-silicon aggregates. Our findings highlight the
importance of considering thickener adsorption on active material particles within electrode design, as a factor that
exerts an indirect, albeit significant, influence on anode adhesion.
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INTRODUCTION

By the year 2035, more than one in four vehicles is expected to be electric”. The leading battery energy
storage technology for electric vehicles is currently the lithium-ion battery (LIB)". Although this technology
has been described as the key to green transformation, there are still some environmental concerns
associated with the use of rare earth metals, energy-intensive production, and unresolved recycling issues.
In terms of sustainability and production efficiency improvements, aqueous processing represents the
state-of-the-art in anode manufacturing. Using water as a non-toxic solvent is more environmentally
friendly, reduces energy consumption during the drying process, and consequently lowers manufacturing
costs compared to conventional anodes formulated with organic solvents*.

The most commonly used polymeric binder in water-based anode slurries is sodium carboxymethylcellulose
(CMC), an anionic water-soluble polyelectrolyte derived from cellulose. It consists of p-glucopyranose
monomers, with some hydroxyl groups replaced by carboxymethyl groups. The average number of
substituted hydroxyl groups per glucose unit is defined as the degree of substitution (DS) and typically
ranges from 0.6 to 1.2. A higher DS generally improves the water solubility of CMC'*”. CMC adsorbs onto
graphite and acts as a dispersant, sterically stabilizing the active material particles®®’. Due to the superior
thickening properties in aqueous solutions, CMC allows modulation of slurry viscosity across a wide range
at relatively low concentrations, compared to other binders such as linear polyacrylic acid (PAA).
Furthermore, depending on the shape of the active material particles, CMC can promote their alignment in
a single direction, thereby enhancing the cohesion of the dry anode layers"”. However, poor adhesion of
CMC to the copper current collector necessitates the addition of a second polymer, most commonly
styrene-butadiene rubber (SBR), which acts as an adhesion promoter, thereby ensuring a robust connection
between the anode active layer and the current collector.

In an aqueous environment, such as a water-based electrode slurry, polymers may either exist as free chains
dissolved in a liquid phase or undergo adsorption onto the surface of dispersed particles. In the case of
unbound binders, an unfavorable migration phenomenon may occur during the drying process, resulting in
binder segregation®'*", which, in turn, directly affects the mechanical (adhesion and cohesion) and
electrochemical properties of electrodes!?..

There are many theories describing the phenomenon of adhesion but the most common are mechanical
interlocking, adsorption theory, and chemical bonding mechanisms*'?. Mechanical bonding is typical for
porous materials and relies on the binder embedding into the pores of the substrate"”. Furthermore,
according to adsorption theory, adhesion occurs due to molecular contact and the resulting van der Waals
forces between adhesive molecules and the substrate. Additionally, in some cases, adhesive reacts with the
substrate, forming chemical bonds"*.

In our previous study!”, we demonstrated that a stable electrode layer that strongly adheres to the current
collector foil and maintains high cohesion between particles plays a vital role in the electrode fabrication
process, especially at higher mass loadings. This is because such anodes can withstand the stresses that occur
during manufacturing steps such as winding, bending, and cutting or punching. However, the impact of
adhesion on electrochemical performance is less significant, as even low adhesion levels are sufficient to
maintain mechanical and electrical integrity during cell cycling. Therefore, optimizing a binder system is
challenging, as it requires a comprehensive understanding of the interactions between the binder and the
particles, as well as between the binders themselves.
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In recent years, a significant amount of scientific effort has been dedicated to the development of
multifunctional polymeric binders, particularly for silicon anodes"**'. These polymers have been shown to
facilitate robust connection between active material particles and the current collector, while at the same
time providing a flexible bond between the silicon particles. The self-healing properties of these binders
enable silicon-containing anodes to withstand substantial volume changes during cycling"*, thereby
contributing to their superior electrochemical performance. Xiang et al.”” recently introduced a
three-dimensional (3D) AGE binder, synthesized from guar gum (GG), gum arabic (GA) and
epichlorohydrin (ECH). The formation of hydrogen bonds between the GG, GA and silicon particles
strengthens the bond between the binder and the silicon active material. In addition, the spiderweb-like
structure of the binder reinforces the electrode, providing structural stability and preventing degradation
during cycling. Meanwhile, alternative approaches, such as multilayer coatings, are being developed to
facilitate the production of electrodes with superior mechanical and electrochemical properties™?. This
method enhances the effective utilization of polymeric binders, simultaneously enabling a reduction in their
content. The present study investigates the combination of commercially available CMC and SBR binders,
which, with their distinct functionalities, represent a state-of-the-art binder system for aqueous-processed
graphite and silicon-containing anodes.

It has been demonstrated that CMC is incapable of enhancing electrode adhesion. Gordon et al."” showed
that for graphite electrodes with CMC as binder only, the adhesion strength is weak, independent of CMC
concentration, DS, and molecular weight (M,). There are studies in the literature investigating the
adsorption behavior of CMC on both graphite®** and silicon”*" active materials. Several groups have
reported a correlation between the amount of CMC adsorbed on active material particles and the adhesion
strength of anodes. Kim et al.”” in their investigation into the use of different binders for silicon anode
slurries demonstrate that there is an inverse correlation between the polymer adsorption and adhesion
strength of anodes prepared with CMC and SBR at pH 7. Haberzettl et al.” examined the impact of the
energy input within the mixing process of silicon-graphite anode slurries. Similarly, it was observed that
corresponding electrodes with the highest amount of CMC adsorbed on the active material particles
exhibited the lowest adhesion. Nevertheless, neither study attempted to provide an explanation for this
phenomenon.

In this work, we elucidate how a polymeric binder, originally intended as a thickening and dispersing agent,
can have a significant impact on the strength of electrode adhesion. The main objective of this study is to
understand how the adsorption behavior of CMC on active material particles affects the adhesive strength
of aqueous-processed LIB anodes. This investigation is conducted for graphite and silicon-graphite
electrodes to identify potential formulation improvements, ultimately contributing to more efficient and
durable energy storage solutions.

EXPERIMENTAL

Materials

Surface-modified natural graphite (Gr, SMG As, Showa Denko Materials Co, Ltd., Japan) and two different
types of silicon powder: micron-sized crystalline silicon (Silgrain® e-Si 410, Elkem, Norway) and nano-sized
polycrystalline silicon (Nanostructured & Amorphous Materials Inc., USA) were used as anode active
materials (AMs) in this study [Supplementary Figure 1]. A volume-based average diameter and a
Brunauer-Emmett-Teller (BET) surface area are 17.8 pm and 3.0 m’g™ for graphite, 3.3 pm and 3.2 m’g™ for
micro-silicon, 100 nm and 56.4 m°g" for nano-silicon. Carbon black (CB, C-Nergy Super Cé5, Imerys
Graphite & Carbon, Switzerland) with an average primary particle size of 32 nm was used as a conductive
additive in anode slurries. Both nano-Si and CB particles in aqueous suspensions tend to form agglomerates


https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202504/em40281-SupplementaryMaterials.pdf

Page 4 of 15 Hofmann et al. Energy Mater. 2025, 5, 500092 | https://dx.doi.org/10.20517/energymater.2024.281

with an average size of approximately 5 pm.

Three polymers were used for the study: sodium CMC (TEXTURECEL, DuPont, USA) with a DS of 0.7 and
three different M, of about 150 kDa, 700 kDa and 1200 kDa, polyethylene oxide (PEO, Sigma Aldrich,
Germany) with a M,, of 1000 kDa, and styrene butadiene rubber (SBR) in the form of 48 wt% (TRD 2001,
JSR, Japan) aqueous dispersion of nanoparticles.

Sample preparation

SBR adhesion

The adhesion of SBR to four different substrates was examined. For this purpose, a polished graphite plate
with the dimensions of 100 x 50 x 10 mm (EXC, Graphite24.com GbR, Germany) and a polished quartz
glass plate measuring 139 x 102 x 3 mm (EN08NB, GVB GmbH, Germany) were used as equivalent surfaces
for the carbon-based anode components and silicon active material, respectively. Three-dimensional-
printed frames (40 x 80 mm) were attached to the substrates using double-sided adhesive tape.
Subsequently, SBR suspension was poured in and left to dry at room temperature for at least 14 days. Once
the samples were dry, the frames were removed. To suppress the elongation of the polymer film during the
peel test, duct tape (4615, tesa SE, Germany) was applied to the SBR surface and the samples were cut to a
width of 25 mm. To determine the adhesion between SBR and CMC, SBR suspension was poured onto glass
plates with 3D-printed frames (125 x 60 mm) and left to dry at room temperature for approximately
14 days. The dry SBR film was then cut into samples of 29 mm in width and removed from the glass plate.
In the next step, a 2.4 wt% CMC solution (700 kDa) was poured onto glass plates with 3D-printed frames
(125 x 60 mm) and dried in an oven at 40 °C for approximately three days. Lastly, when the CMC film was
only slightly damp, the cut SBR film was positioned on top of the CMC film and weighed down. The sample
was then left to dry at room temperature until it was completely dry according to gravimetric verification.
Finally, the duct tape was applied to the SBR surface and the sample was then cut to a width of 25 mm. In
order to ascertain the adhesive strength between SBR and copper foil, an SBR emulsion was coated with a
doctor blade (ZUA 2000, Zehntner GmbH, Switzerland) on a copper foil with a thickness of 10 pm. The
coating gap was set at 300 pm resulting in a dry SBR film of about 120 um thickness. The samples were
allowed to dry for approximately four days at room temperature.

CMC adsorption

The CMC powder was dissolved in distilled water by stirring with a propeller at 800 rpm for 30 min to
prepare CMC solutions. The particle suspensions were prepared by dispersing an appropriate quantity of
AM powder in 0.1 vol% CMC solution. Graphite and micro-Si particles were dispersed using a SpeedMixer
(DAC 150.1 FVZ, Hauschild, Germany) at 2000 rpm for 2 min, followed by a further 10 min in an
ultrasonic bath (RK106, Bandelin Electronics, Germany). As the nano-Si particles could not be sufficiently
dispersed using the aforementioned method, a dissolver stirrer was applied at 1200 rpm for 10 min. The pH
of the CMC/particle suspensions was observed to range from 7 to 8. After about 30 min, the samples were
centrifuged (Eppendorf 5430, Germany) until a transparent supernatant was obtained. In addition, a blank
sample was included for each CMC/particle combination to assess whether the sample preparation,
including mixing and centrifugation, influenced the properties of the CMC solution (e.g., potential breaking
of polymer chains). Following centrifugation, a transparent supernatant was carefully separated from the
sediment and taken for further investigation.

Anode preparation
In the first step, a CMC or PEO solution was prepared by dissolving CMC or PEO powder in 95% of the
total amount of distilled water by stirring with a propeller (55 mm in diameter) at 1200 rpm for 30 min. The
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final concentrations of CMC and PEO solutions were 1.2 wt% (0.8 vol%) and 2.9 wt% (2.6 vol%),
respectively. In the subsequent step, the propeller was replaced with a dissolver (50 mm in diameter) and
CB was added to the polymer solution. Subsequently, the mixture was stirred at 2000 rpm for 5 min. In the
case of silicon-containing slurries in which 20% of the mass of graphite was replaced with silicon, the silicon
was added initially, followed by the graphite. The mixture was then stirred for 5 min for each component.
For slurries comprising solely graphite, the graphite powder was stirred for 10 min, thus ensuring
uniformity in the total stirring time across all slurries. Subsequently, the SBR suspension was introduced,
followed by the addition of the remaining 5% of distilled water and stirred for 5 min each. All slurries had a
solids content of 42 wt% (25 vol%). Following the mixing process, the slurries were degassed in a desiccator
and coated on a 10 um thick copper foil (SE-Cu, Schlenk Metallfolien GmbH & Co. KG, Germany) using a
doctor blade (ZUA 2000, Zehntner GmbH, Switzerland). The coating velocity was set at 10 mm s and the
coating gap at 100 um. Subsequently, the anodes were subjected to a drying process at 70 °C for 30 minutes.
The dry electrodes, comprising CMC/SBR, contain 93.5 wt% of active material, 1.9 wt% CB, 1.7 wt% CMC
and 2.9 wt% SBR. The dry electrodes comprising PEO consist of 91 wt% active material, 1.9 wt% CB, 4 wt%
PEO and 2.8 wt% SBR. The anode thickness after drying was approximately 65 + 2 pm.

Methods

CMC adsorption

A rheological approach was employed to investigate the adsorption of CMC on three distinct types of active
material across a series of volume ratios (R) of AM to CMC (R =1, 3, 5, 7, 10, 15). The initial CMC
concentration was maintained at 0.1 vol% for all suspensions, while the particle amount was varied. Initially,
the zero-shear viscosities of CMC solutions with volume concentrations of 0.01 vol%, 0.02 vol%, 0.04 vol%,
0.06 vol%, 0.08 vol%, and 0.10 vol% were determined to establish calibration curves, illustrating the
relationship between zero-shear viscosity and CMC concentration for each M, of CMC. Subsequently, the
zero-shear viscosities of the mother CMC solutions used to prepare the polymer-particle suspensions, and
CMC solutions after adsorption (supernatants) were determined. This enabled the calculation of
corresponding CMC concentrations. By comparing the CMC concentration before and after adsorption, the
volume of adsorbed CMC was quantified. The flow curves were measured with a stress-controlled rotational
rheometer (Physica, MCR 501, Anton Paar GmbH, Germany) with a concentric cylinder geometry
(C-CC27/ T200/SS) in a logarithmic shear rate ramp (10 points per decade) in the range y = 1 - 1000 s™ and
in a logarithmic time scale f = 30 - 10 s. All measurements were conducted at a constant temperature of
20 °C.

Adhesion

We performed 90°-peel tests to determine the adhesive strength of electrode samples (prepared as described
in the section “Anode preparation”) and SBR films coated on various substrates (prepared as described in
the section “SBR adhesion”). A universal testing machine (Texture Analyser TA.XT plus, Stable Micro
Systems, UK) with a load cell of 5 kg (for electrode samples) and 50 kg (for SBR films-substrate samples)
was utilized. The specimens were affixed to the movable plate using a double-sided adhesive tape and peeled
off at a constant velocity of 5 mm s”. The recorded force was normalized to the sample width to obtain the
line load, which was used as a measure of adhesion. At least ten electrode samples of a single formulation
and three SBR-substrate samples for each combination were tested. The measured forces for each set of
samples were then averaged, and the resulting mean and the standard deviation were calculated. These latter
values were then represented graphically as error bars.

Determination of the amount of SBR residue in Si sediment
Nano-Si and micro-Si powders were added to a dilute SBR emulsion and dispersed in an ultrasonic bath for
15 min. The suspensions with a particle concentration of 1.6 wt% and a silicon-to-SBR mass ratio of 5 were
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subjected to centrifugation. The sediment was then washed three times with distilled water and dried at
60 °C until it was completely dry according to gravimetric verification. The same procedure was carried out
on silicon suspensions without SBR to estimate the mass of the oxidation layer. The dried sediments were
weighed and the percentage of SBR retained in the sediment was calculated.

RESULTS AND DISCUSSION

Adhesion of SBR films to anode components

This section presents an examination of the adhesive strength between SBR films and substrates
representing anode components. The results were obtained from 90°-peel tests conducted on samples of
bulk materials. For this purpose, a quartz glass plate served as an equivalent surface for the silicon active
material, whereas a graphite plate represented the carbon-based anode components, including both graphite
and CB.

Figure 1 illustrates that SBR adheres with varying strengths to different materials, exhibiting the highest
adhesion to graphite (SBR@Gr: 7738 + 781 Nm™) and quartz glass (SBR@SiO,: 1963 + 466 Nm™) surface.
The lowest interfacial strength, by far, occurs between SBR and CMC at just 291 + 86 Nm™, which is
approximately 37% of the adhesion strength between SBR and copper foil (SBR@Cu: 819 + 47 Nm™).

The results of the peel tests can be interpreted considering the surface energy of the involved materials.
Adhesion failure is governed by the energy per unit area required to create a new surface and hence induce
separation”. The low adhesion between SBR and CMC is attributed to the significantly lower surface
energies of polymers, typically ranging between 20 mJ/m* and 40 mJ/m?, in comparison to the considerably
higher values exhibited by copper (1,360 mJ/m?), graphite (1,250 mJ/m?®), and quartz glass (980 mJ/m*)*>*.
Consequently, a substantially lower peel force is required to remove the SBR film from a CMC surface
compared to the other high-energy surfaces analyzed in this study.

Despite the highest surface energy values of copper of all substrates tested, the adhesion of SBR to copper is
lower than to graphite and quartz glass. This finding may presumably be ascribed to the porosity of the
graphite plate, which allows additional mechanical interlocking of the SBR molecules, resulting in high
adhesion values. Whereas, the lower SBR adhesion to copper than to quartz glass may be attributed to
possible impurities present on the surface of copper foil and lowering its surface energy"”.

The implementation of these results at the electrode level reveals two key insights. Firstly, adding SBR is
essential for ensuring a strong connection between the anode active layer and the current collector, since
CMC exhibits even two orders of magnitude lower adhesion to the copper foil (2.3 = 0.7 Nm™""*) compared
to SBR. Secondly, given that the interfacial strength between SBR and CMC is significantly inferior to that of
the bond between SBR and copper foil, it is highly probable that delamination of the anode layer will occur
at the SBR-CMC interface. The data from the existing literature demonstrate that the CMC adsorbs on both
graphite”*”** and silicon"* surfaces. Given the poor bonding between CMC and SBR, we postulate that
the adsorbed CMC layer on active material particles may act as a barrier, thereby reducing the overall
electrode adhesion.

CMC adsorption on active materials
To further investigate the impact of the adsorbed CMC layer on the electrode adhesive strength,
measurements were conducted to characterize the CMC adsorption behavior on the AM.
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Figure 1. Line load as a measure of adhesion strength for SBR film on CMC film (SBR@CMC), copper foil (SBR@Cu), quartz glass
(SBR@SIO,), and graphite plate (SBR@Gr). Error bars in black represent the standard deviation calculated from measurements with at
least three SBR-substrate samples. SBR: Styrene-butadiene rubber; CMC: carboxymethylcellulose.

The polymer adsorption from a solution depends on a multitude of variables, including the concentration
and chemical composition of both the polymer and adsorbent, the conformation and M,, of the polymer
chains, temperature, or pH and ionic strength™. Since the viscosity of a polymer solution is highly sensitive
to even slight variations in polymer concentration [Supplementary Figure 2], a rheological approach was
employed in order to assess the CMC adsorption capacities of two different silicon materials in comparison
to graphite. The active material particles were dispersed in a polymer solution of a known concentration,
subjected to centrifugation, and the viscosity of the resulting supernatant was measured in order to
determine the concentration of the CMC solution after adsorption. In commercial anodes, CMC with M,,
ranging from 150 to 700 kDa is typically utilized. In the present study, the scope of adsorption investigations
on active material particles was broadened by extending this range to include CMC with a M,, of 1200 Da to
show the influence of this additive more clearly. Industry-relevant silicon-to-CMC volume ratios were
investigated. Given the laboratory-scale volumes, the concentration of polymer mother solutions was set at
0.1 vol% (based on water), while the particle concentration was varied. The amount of CMC adsorbed from
the solution is expected to increase as more particles are added to the AM/CMC suspension, due to the
corresponding rise in the adsorbent’s surface area. Consequently, as the R of AM to CMC increases, the
viscosity of the supernatants converges towards the viscosity of water. This trend is observed to varying
degrees for all active materials investigated in this study [Supplementary Figure 3]. In order to facilitate a
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comparison of the adsorption data obtained for particles differing in surface area, the adsorbed volume of
CMC was calculated and related to the area of AM, as follows:

v - ((pCMC,U - (pCMC) . Vsalvent (1)
ads Sm My

where v, represents the specific volume of adsorbed CMC, ¢y, and ¢¢yc are volume concentrations of
CMC (based on solvent) before and after adsorption, V., is the volume of water in CMC solution, and
my,, and S, are mass and specific surface area (BET) of the active material.

Figure 2A-C depicts the specific adsorption volumes of CMC plotted against the R of active material to
CMC. It should be noted that the adsorption data were obtained in dilute polymer solutions, and thus may
not precisely reflect the quantity of CMC adsorbed in a concentrated regime, as would occur in an anode
slurry. Nevertheless, as all adsorption experiments were performed in the same polymer concentration
regime (dilute), the adsorption capacities of the active materials can be compared. This allows qualitative
conclusions to be drawn about the adsorption behavior that would be observed in a concentrated regime.

The adsorbed amount of CMC is shown to be dependent on its M,, the type of active material, and the
particle-to-polymer R. All active materials exhibit similar trends in CMC adsorption. First, as R increases,
the specific amount of adsorbed CMC decreases exponentially, until it reaches a plateau. This outcome was
expected as an increase in R correlates with an increased surface area of the adsorbent. Consequently, while
the total amount of adsorbed CMC grows, the polymer density on the surface area decreases. The second
trend observed is that an increase in CMC M, correlates with a greater amount of adsorbed polymer, which
was anticipated since a monolayer of absorbed molecules has a higher mass at a higher M,. Furthermore,
the results indicate that CMC exhibits a greater affinity for the micro-Si surface than for graphite. This can
be attributed to the variations in surface properties of the active materials, which have a predominant
influence on the adsorption mechanism and, consequently, on the quantity of adsorbed polymer. The CMC
adsorption on graphite is due to the hydrophobic attraction between the cyclic structure of CMC and the
hydrophobic graphite basal planes”*. However, on a silicon surface covered by a partially hydrolyzed
native silicon oxide layer™, adsorption can occur through either covalent or hydrogen bonding, depending
on the pH™®***| This process occurs via the interaction of the carboxyl groups of the CMC and the silanol
groups present on the silicon surface.

Interestingly, while CMC exhibits the strongest affinity for micro-Si among all the materials studied, its
interaction with nano-Si is notably poor, irrespective of the CMC M, and R.The additional
thermogravimetric analysis (TGA) [Supplementary Figure 4] of the powders reveals a greater mass loss of
the nano-Si sample compared to micro-Si, which may be attributed to the presence of a greater quantity of
surface modifiers on the nano-Si particles. Further confirmation of the differences in surface properties of
the silicon powders could be obtained through zeta potential measurements [Supplementary Figure 5]. The
zeta potential of both materials displays the typical trend characteristic of silicon powders. The oxidized
silicon surface undergoes hydrolysis in water, forming silanol (SiOH) groups'*. As the pH rises, the SiOH
groups on the silicon surface undergo deprotonation, resulting in a surface dominated by SiO’, causing the
zeta potential to decrease. However, in aqueous media with a pH below 4, the SIOH groups interact with
H", forming SiOH,", which leads to an increase in zeta potential®”. The overall higher zeta potential of
nano-Si can be ascribed to the lower number of SiOH groups. Since these sites function as centers for CMC
adsorption', their reduced quantity may result in significantly lower polymer adsorption.


https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202504/em40281-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202504/em40281-SupplementaryMaterials.pdf

Hofmann et al. Energy Mater. 2025, 5, 500092 | https://dx.doi.org/10.20517/energymater.2024.281 Page 9 of 15

Vags / M
e A Gr
CMC 150 kDa " e 4 S CMC 700 kDa CMC 1200 kDa
10?4 = e A nSiy E 3
e L.
104 4 . L F ..o + i‘-! 0 < 1
L] ° e b 2 ; g |
: . b .
1004 ! l F + + A i 4
A A a -
A
el A & 4 4 A A
107" 5 . A ¥ ¥ 3
T s -
A B

0 2 4 6 8 10 12 14 160 2 4 6 8 10 12 14 160 2 4 6 8 10 12 14 16
R=VayViue!/ - R=VauVue! - R =V Viue! -

Figure 2. Adsorbed amounts of CMC of 150 kDa (A), 700 kDa (B), and 1200 kDa (C) on three anode active materials: graphite (Gr),
micro- (uSi) and nano- (nSi) silicon as a function of the volume ratio R of active material to CMC. Error bars represent the standard
deviation calculated from measurements with at least three supernatant samples of one formulation. CMC: Carboxymethylcellulose.

We did not consider the adsorption of CMC on CB here, since the fraction of CB is much smaller than that
of the active materials and hence does not contribute significantly to the adhesion of anode layers to the
current collector.

Adhesion of anodes

The active anode layer is bonded to the copper current collector via polymeric binders. A series of negative
electrode samples were produced and subjected to a 90°-peel test to investigate how the adhesion between
SBR and three potential attachment surfaces on the electrode active layer side (active material particles, CB,
and CMC) affects the adhesive strength between the anode layer and copper current collector. While the
peel area in macroscopic adhesion experiments (as described in the Results and Discussion section,
“Adhesion of SBR films to anode components”) is larger than the particle/particle or particle/current
collector contact area in electrodes, the surface energy governing adhesion failure remains a material
constant. Therefore, the findings from macroscopic adhesion experiments can be applied to point-like
adhesion present in electrodes.

As illustrated in Figure 3, the line load of the graphite anodes exhibits a decline with an increase in CMC
M, Given that higher M, corresponds to a greater uptake of CMC onto the particle surface, as
demonstrated in Figure 2, the adsorbed CMC layer may act as a barrier, inhibiting direct and significantly
stronger SBR-particle bonding, thereby reducing the overall adhesion of the anode layer to the current
collector. To verify this hypothesis, graphite electrodes with a non-adsorbing PEO binder'* were fabricated,
both with and without the addition of SBR. In contrast to anodes with CMC, the use of PEO ensures that
graphite particles are free from adsorbed polymeric thickener layers, thereby eliminating its negative effect
on anode adhesion. Consequently, the line load of the PEO anodes [Supplementary Figure 6] is
approximately twice as high as the adhesive force of the graphite anodes with adsorbing CMC and the same
concentration of SBR. As PEO does not contribute to the adhesion strength of the anodes [Supplementary
Figure 6], it becomes evident that when SBR can directly dock to the active particle surface, the adhesion
strength significantly increases. Nevertheless, even with a non-adsorbing thickener ensuring direct contact
between SBR molecules and particles, the measured line loads are found to be significantly lower than those
observed between bulk materials [Figure 1]. This discrepancy is attributed to the higher contact surface area
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Figure 3. Line loads of graphite anodes prepared with CMC of varying molecular weights of 150 kDa, 700 kDa and 1200 kDa. Error bars
represent the standard deviation calculated from measurements with at least ten electrode samples. CMC: Carboxymethylcellulose.

between SBR films and substrates in comparison to a single-point interface between anode components,
which is a characteristic of SBR as a point-to-surface contact binder™*”.

Thus, the line load can be considered as a function of the amount of polymeric thickener adsorbed on the
particle surface. This correlation is depicted for graphite and graphite-silicon composite anodes in Figure 4.
In composite anodes, 20 wt% of graphite was substituted with micro-Si or nano-Si, and the active material
to polymer R was 39 and 7 for graphite and silicon, respectively. The adsorbed polymer amount refers to the
amount of polymer (CMC or PEO) adsorbed on graphite or silicon active material, and it varies due to
CMC M,,. Graphite anodes with non-adsorbing PEO demonstrate the highest adhesion to the copper foil. In
the case of anodes comprising an adsorbing polymeric thickener, it was found that the adhesion strength
declines with increasing amount of adsorbed polymer. This suggests that the likelihood of SBR directly
adhering to active material particles is reduced when a greater quantity of polymer is adsorbed. As the
SBR-CMC bond is the weakest, as demonstrated in the Results and Discussion section, “Adhesion of SBR
films to anode components”, it can be concluded that the electrode adhesion to the copper foil is directly
affected by the adsorbed CMC layer.

Notably, the line load of nano-Si-graphite anodes is significantly reduced compared to the other
investigated electrodes, although the CMC adsorption on nano-Si is more than an order of magnitude lower
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Figure 4. Line loads of graphite and graphite-silicon anodes prepared with CMC/SBR or PEO/SBR binder system as a function of
specific volume of adsorbed polymeric thickener (CMC or PEO). The adsorbed polymer amount refers to the data obtained from the
adsorption measurements conducted with particles dispersed in a dilute polymer solution [Figure 2].Error bars represent the standard
deviation calculated from measurements with at least ten electrode samples. SBR: Styrene-butadiene rubber; CMC:
carboxymethylcellulose; PEO: polyethylene oxide.

than on graphite or micro-Si. This phenomenon can be attributed to structural effects. In an aqueous
environment, silicon nanoparticles tend to agglomerate. The diameter of these agglomerates ranges from
0.77 um (x
to 170 nm are capable of diffusing into the porous structure of these nano-Si agglomerates

10) to 22 pm (x,,,) with an average value of 5.55 pm (x,,,). SBR molecules with a diameter of up
[Figure 5A and B] and becoming trapped. As a result, a markedly reduced amount of SBR is able to come
into contact with the copper interface and bond the particles to the current collector foil, thereby reducing
the overall adhesion strength of the electrode. This hypothesis could be confirmed through a simple
experimental procedure involving the preparation of a nano-Si/water/SBR suspension, followed by
centrifugation. Subsequently, the mass increase of the dry sediment due to the oxidation of the silicon
surface, and the remaining SBR within the silicon agglomerates was determined. The results demonstrated
that 40.3 + 7.3% of the initial quantity of SBR was trapped in the nano-Si sediment. For comparison, the
same experiment was conducted with micro-Si particles, which yielded a considerably lower percentage of
the initial SBR quantity of 9.1 + 3.6% remaining in the sediment. These findings indicate that while using
nanoparticles as an active material, electrode adhesion is influenced by both thickener adsorption and the
structural effect described above. The latter leads to a reduction in the overall amount of SBR available to
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Figure 5. SEM images of a nano-Si agglomerate at magnifications 100,000x (A) and 200,000x (B) (Zeiss Leo 1530, 10 kV). SEM:
scanning electron microscope.

bond with the copper foil, thus exerting a pronounced negative impact on the anode adhesion.

CONCLUSIONS

In summary, the present study investigates how the adsorption of CMC on active material particles exerts a
negative impact on the adhesion of graphite and graphite-silicon anodes, despite the fact that, in the absence
of SBR, it does not affect electrode adhesion and is added to the anode slurries as a thickener and stabilizer.
As SBR represents the component of the slurry responsible for maintaining the robust connection between
the copper current collector and the anode layer constituents (active material particles, CB, CMC), we
conducted 90°-peel tests to ascertain the adhesion strength between the SBR films and the individual anode
components. The results demonstrate that the highest interfacial strength is observed between SBR and
graphite, followed by adhesion between SBR and quartz glass (served as an equivalent surface for the silicon
active material). The weakest bonding occurs between SBR and CMC, and given that this adhesion value is
significantly lower than the adhesion between SBR and copper foil, delamination of the anode active layer
from the copper current collector will occur most probably at the SBR-CMC interface. Therefore, we
proposed that the adsorbed CMC layer may act as a barrier, impeding the strong adhesion of the active
material particles to the copper foil. Furthermore, the CMC adsorption behavior was determined as a
function of molecular mass for three different AMs: graphite, micro- and nano-silicon. The results indicate
that CMC exhibits the highest affinity for the micro-silicon surface, followed by graphite, and the lowest
affinity for the nano-silicon. In the last section, we demonstrate how the adhesion between the SBR and
individual anode components is reflected in the complex polymer/particle system that constitutes the
anode. An increase in CMC M,, corresponding to greater uptake of the polymer on the active material
surface, has been observed to result in a decline in the line load of the graphite and graphite-micro-Si
composite anodes. Moreover, the utilization of a non-adsorbing polymer as a thickener has been shown to
significantly enhance the adhesion of the graphite anode, which can be attributed to the direct
interconnection between the particle and the SBR polymer. In addition, the adhesion of electrodes can be
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affected by the structure of the active materials. We showed that SBR particles can diffuse inside
nano-silicon agglomerates and become trapped. Consequently, graphite-nano-silicon composite anodes
exhibit markedly low adhesion even though the nano-silicon particles adsorb only a very low amount of
CMC.

As demonstrated in our previous research!”, sufficiently high adhesion of the anodes is crucial for their
manufacturing process. At the same time, considering that high SBR content impedes electrochemical cell
performance and reduces cyclic stability, high adhesion and cohesion with low SBR amount is desired to
improve LIB quality and lifespan. This can be achieved by implementing the findings of the present study.
For optimizing a commercial CMC/SBR binder system, choosing appropriate CMC grades with lower M,
or DS to reduce adsorption can enhance the mechanical performance of anodes.

Moreover, other potential strategies to mitigate the negative effects of binder adsorption on anode adhesion
can include surface modifications of active material particles to ensure particle stabilization without
thickener adsorption, or the use of binders with strong thickening properties but minimal or no adsorption
on active material particles. The investigation of the latter approach is the focus of our ongoing research.
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