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ABSTRACT
Sodium carboxymethyl cellulose (CMC) and polyacrylic acid (PAA) are state‐of‐the‐art binders in aqueous‐processed anodes for

lithium‐ion batteries. Binders act as dispersing agents and rheology modifiers in aqueous slurries, while also providing

mechanical integrity of dry electrodes during battery fabrication and operation. However, despite their low concentration, they

may have detrimental effects on the conductivity and electrochemical performance of batteries, for example, due to their

adsorption on active material particles, which is supposed to limit Li+ insertion and extraction, but also affect electrode

microstructure and adhesion to the current collector. Here, a commercially available, cross‐linked acrylate binder (Carbopol®

Ultrez10, x‐PAA) with high thickening efficiency is applied for graphite anodes. At lower polymer content, anode slurries based

on x‐PAA exhibit high‐shear viscosities similar to those of the CMC reference and provide a yield stress, which is advantageous

for slurry stability. Furthermore, SBR content could be reduced without loss of adhesion strength compared to the CMC

reference, since x‐PAA does not adsorb onto graphite. Thus, the total binder content could be lowered by about 40% in

comparison to reference anodes comprising CMC. The substantial reduction in total binder amount resulted in slightly lower

long‐term stability compared to the reference cell including CMC. Cells incorporating x‐PAA, however, outperformed

references under fast‐charging conditions (up to 5C) presumably since x‐PAA does not adsorb on graphite, thus enabling more

effective Li+ insertion and extraction. Further refinement of crosslinking microstructure may enable fabrication of electrodes

with higher energy density and higher capacity retention during cycling, irrespective of cycling rate.

1 | Introduction

Aqueous processing represents the state‐of‐the‐art in anode
production for lithium‐ion batteries (LIBs). The primary
advantage of this method is its environmental friendliness and
cost‐effectiveness, as it does not require the use of hazardous
and expensive organic solvents or the subsequent solvent
recovery equipment during electrode manufacturing [1, 2]. To
guarantee the adequate dispersion of all electrode slurry com-
ponents while maintaining suitable flow properties for the

coating process, polymeric binders are incorporated into the
formulation. Additionally, they facilitate the mechanical integ-
rity of electrodes during both fabrication and operation [3–5].

Carboxymethyl cellulose (CMC), polyacrylic acid (PAA), and
styrene butadiene rubber (SBR) are among the most commonly
used water‐based binders for LiB anodes. CMC and PAA
primarily act as dispersing agents and rheology modifiers,
facilitating uniform particle distribution in the slurry and
providing the flow behavior demanded for high‐quality uniform
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coating. At higher molecular weights, these polymers can also
improve cohesion of the electrode layer [6, 7]. According to the
literature, both linear PAA and CMC adsorb onto active mate-
rial particles, and the underlying adsorption mechanisms
depend, among other factors, on the type of active material. For
natural graphite, which possesses a relatively smooth surface,
linear PAA and CMC predominantly adsorb onto the basal
planes through hydrophobic interactions [8–10]. In contrast, for
artificial graphite, natural graphite with defective surfaces, or
silicon, adsorption occurs primarily via interactions of the
polymers' carboxylic groups with surface functionalities of the
active material particles [9–12]. PAA's advantageous properties
as an electrode binder include its higher carboxylic group
density compared to that of CMC, which facilitates enhanced
interaction with active material particles such as silicon, as well
as low swelling in carbonate‐based electrolytes [7, 13, 14].

To increase the energy density of a LIB, it is desirable to min-
imize the binder content, as it constitutes an electrochemically
inactive component of an electrode. However, even more
importantly, despite their low concentration, binders may have
a detrimental effect on the conductivity and electrochemical
performance of battery electrodes. CMC adsorbs onto graphite,
which reduces the adhesion between the anode and the current
collector, and also affects the electrode microstructure
depending on molecular weight and degree of substitution
[6, 15]. Linear PAA poses significant limitations regarding the
control of rheological properties. Specifically, the thickening
efficiency of this polymer at the molecular weights typically
used in LIB applications (250–450 kDa) is poor. Consequently,
elevated binder concentrations are necessary to attain a slurry
with adequate flow properties for coating processes. Moreover,
the viscosity of PAA solutions is highly pH‐dependent [16], in
contrast to CMC, which offers more stable behavior [17]. In
addition, the glass transition temperature of both PAA and
CMC exceeds 100°C [18, 19], which is far above the typical
operating temperature range of LIBs (−20°C to 55°C) [20].
Consequently, these polymers remain brittle under the condi-
tions experienced during battery operation [21]. This brittleness
limits the potential for binder content reduction, as an addi-
tional adhesion promoter is still necessary to ensure adequate
bonding between the electrode layer and the current collector
foil. Accordingly, SBR with a glass temperature typically rang-
ing between −10°C and 10°C is mainly employed as an
adhesion promoter, but also enhances anode cohesion [22].

Numerous examples of the application of linear PAA as a
binder, particularly for silicon‐containing anodes, can be found
in the literature [7, 13, 23, 24]. However, as previously stated,
due to the low viscosity of PAA, it is necessary to employ a
binder amount exceeding 10 wt% or to incorporate an additional
thickener, for example, sodium alginate [25], to achieve the
desired dispersion properties. To enhance the mechanical
properties of PAA and introduce new functionalities such as
ionic and electronic conductivity, next‐generation PAA binders
are designed with two‐dimensional (2D) or three‐dimensional
(3D) architectures [26]. These structures are achieved through
grafting or cross‐linking with other polymers, including car-
boxymethyl cellulose (CMC) [27], poly(vinyl alcohol) (PVA)
[28], chitosan [29, 30], sodium alginate [31], gum arabic [32],
and others.

For example, Preman et al. [33] recently introduced a novel
binder for silicon anodes, x‐PAA/PSUOH, formed by cross-
linking PAA with a synthesized copolymer of poly(sodium
4‐styrenesulfonate‐co‐ureido‐pyrimidinone methacrylate‐co‐
hydroxyethyl methacrylate). Anodes incorporating the x‐PAA/
PSUOH binder exhibit enhanced mechanical integrity and ionic
conductivity, achieving an initial capacity of 3572mAh g–1 and
a capacity retention of 71% over 300 cycles. Jeong et al. [34]
cross‐linked highly elastic poly(urea‐urethane) (PUU) with
rigid PAA and employed the resulting copolymer as an anode
binder for Si electrodes. By combining the distinct mechanical
properties of both polymers, the structural integrity of the Si
anode was maintained despite its large volume expansion dur-
ing cycling. Consequently, the cells exhibited enhanced cycling
performance compared with those using the neat PAA binder.
Similarly, Wang et al. [35] designed a self‐healing PCI binder
through chemical cross‐linking of PAA, polyethyleneimide
(PEI), and citric acid (CA). The binder, rich in carboxyl and
amide groups, strongly interacts with Si nanoparticles and ex-
hibits excellent elasticity along with high adhesive strength. As
another example, Lv et al. [36] synthesized a cross‐linked net-
work binder based on ultraviolet (UV)‐cured waterborne poly-
urethane acrylate (WPA) for Si/C anodes. The high cross‐link
density enhanced mechanical strength and significantly
reduced electrolyte swelling. Combined with the binder's high
electronic and ionic conductivity, this resulted in improved
cycling stability compared with PAA‐based cells.

Despite these promising properties, such modified PAA binders
have not yet reached commercialization. This is primarily due
to the complexity of the synthesis process, which involves
multiple steps, yields limited quantities, finally resulting in high
production costs.

Recently, we demonstrated that polymer adsorption on graphite
and silicon active material impedes strong SBR‐particle bonding,
thereby reducing the overall adhesion of the anode to the copper
current collector [15]. Building on these findings, the present work
explores the application of a commercially available, highly cross‐
linked acrylate thickener Carbopol® Ultrez10, which, in combina-
tion with SBR, forms an efficient binder system for graphite anodes.

Carbopol® Ultrez 10 is a highly cross‐linked polyacrylic acid
polymer (Figure 1) composed of acrylic acid homopolymers and
copolymers with alkyl acrylates, with crosslinking provided by
allyl ether derivatives of polyalcohols. As a commercially
available rheology modifier and thickener, it is widely used, for
example, in cosmetics, pharmaceutical formulations, or coat-
ings [37, 38]. When dispersed in water, Ultrez 10, even at low
concentrations, forms gels with a very high elasticity, which
strongly depends on the pH [39]. At concentrations relevant for
technical applications (0.1%–0.5 wt%), Ultrez 10 exhibits a
highly heterogeneous microstructure composed of agglomerates
of primary gel particles, forming a percolated network in the
neutralized state. The crosslink density of these gel agglomer-
ates is nonuniform, and they are surrounded by loosely asso-
ciated polymer chains that extend outward. A comprehensive
study of the microstructure of Ultrez 10 is provided in [37].

In this study, we demonstrate that graphite electrodes based
on Ultrez 10 and SBR binder exhibit excellent rate capability
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and stable long‐term cycling performance. Moreover, due to
the very high thickening efficiency of Ultrez 10 and the
lack of adsorption on graphite particles, a 38% reduction in
total binder content could be achieved compared to a ref-
erence electrode including a conventional CMC/SBR binder
system.

2 | Experimental

2.1 | Electrode Preparation

The preparation of water‐based anode slurries always began
with the formulation of a binder solution. Three different
polymers were used: highly cross‐linked polyacrylic acid
x‐PAA Carbopol® Ultrez 10 (Lubrizol, USA), linear polyacrylic
acid (l‐PAA) with molecular weight Mw= 250 kDa, Sigma‐
Aldrich, Germany), and sodium carboxymethylcellulose (CMC)
with Mw= 150 kDa and degree of substitution DS = 0.7
(TEXTURECELL CRT 2000PA07, DuPont, USA). x‐PAA, and
CMC were utilized in powder form, while the l‐PAA was
employed as a 35% aqueous solution.

For x‐PAA, the first step of solution preparation was to pro-
duce a stock solution of 1 wt% by gradually introducing the
polymer powder into a beaker containing distilled water, with
continuous gentle agitation applied throughout the process.
Stirring was performed using a propeller with a diameter d of
50 mm, operating at 400 rpm for 30 min, followed by 100 rpm
for an additional 30 min. Subsequently, the polymer solution
was subjected to continuous stirring using a magnetic stirrer
for approximately 12 h. Then, the final binder solution (0.5 wt
% and 0.7 wt%) for a slurry was prepared by first diluting the
stock solution with distilled water and subsequently neutral-
izing it with NaOH. The initial pH of the x‐PAA solution was
approximately 2, and after neutralization, it increased to
around 6.

Similarly, a l‐PAA solution was prepared by first diluting a
specific amount of a 35 wt% aqueous l‐PAA solution with dis-
tilled water, followed by stirring with a 50mm diameter pro-
peller at 1200 rpm for 30min. The initial pH value of the

resulting solution was approximately 2, and was subsequently
modified to a value of about 6 using NaOH.

A CMC solution was prepared by dissolving CMC powder in a
beaker containing distilled water. The components were stirred
using a 50mm diameter propeller at 1200 rpm for 30 min until
complete powder dissolution. The resulting CMC solution had a
pH value of about 7.

All final binder solutions were formulated to contain 95% of the
total amount of distilled water required for slurry preparation.
In the subsequent steps, the powder components were admixed
to the binder solution: carbon black (C‐Nergy Super C65, Im-
erys Graphite & Carbon, Switzerland) was added first, followed
by graphite (SMG A5, Showa Denko Materials Co Ltd., Japan).
The mixture was then stirred using a dissolver (d= 50mm) at
2000 rpm for 5 and 10min, respectively. Next, styrene butadiene
rubber (SBR, BM‐451B, Zeon, Japan) as 40 wt% aqueous dis-
persion was introduced and stirred at 2000 rpm for 5min.
Finally, the remaining 5% of distilled water was added and the
slurry was mixed at 2000 rpm for another 5 min. All slurries
maintained a constant solids content of 42 wt% (corresponding
to 25 vol%).

After the mixing process, slurries were degassed in a desiccator
and subsequently coated on a 10 μm thick copper foil (SE‐Cu,
Schlenk Metallfolien GmbH & Co. KG, Germany) using a
doctor blade (ZUA 2000, Zehntner GmbH, Switzerland). The
coating was performed at a velocity of 10 mm s⁻¹, with a coating
gap of 160 μm for anodes with x‐PAA, and 180 μm for anodes
with CMC and L‐PAA. The thickness of the dried electrodes was
found to range from 69 to 72 μm, with porosity measuring
approximately 60%. Some of the dried anodes were calendered
with a roll‐to‐roll calendar (GKL, Saueressig GmbH, Germany)
with a roll width of 400 mm and a working speed of 1 mmin‐1 to
achieve a target porosity of 40%.

2.2 | Rheological Characterization of Anode
Slurries

The rheological properties of anode slurries were characterized
using a rotational rheometer (Physica, MCR 501, Anton Paar
201 GmbH, Germany) equipped with a plate‐plate measuring
system (PP25TG, diameter d= 25mm, gap height h= 1mm).
Steady shear measurements were performed in a logarithmic
shear stress ramp mode, covering the stress range from 0.01 to
1000 Pa with 10 points per decade and a logarithmic decreasing
measuring time from 60 s to 10 s. Measurements were per-
formed at 20°C.

2.3 | Mechanical Properties of Anodes

Anodes, both before and after the calendering process, as well
as after electrochemical cycling, underwent 90°‐peel tests using
a universal testing machine (Texture Analyser TA.XT plus,
Stable Micro Systems, UK) equipped with a 5 kg load cell. For
testing, anodes were first cut into 2.5 cm wide strips and affixed
to a movable test plate using double‐sided adhesive tape. The

FIGURE 1 | Schematic illustration of the x‐PAA binder micro-

structure. The inset shows a primary particle with a highly cross‐linked
core and dangling ends. Edited from [37]. PAA, polyacrylic acid.
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free end of a sample was attached to the machine arm at a 90°
angle and subsequently peeled off at a constant velocity of
5 mm s–1. To ensure reproducibility, at least 10 samples of each
anode formulation were tested. The peel force was recorded for
each sample, normalized to the sample width, and averaged to
obtain the line load.

Furthermore, to determine the cohesion of anode layers,
degassed slurries were cast into silicone molds and dried at
50°C for approximately 18 h. The dried samples were then
cut and ground into cubes measuring 5 × 5 mm using sand-
paper. These samples were subsequently subjected to com-
pression tests in accordance with the DIN 51104 standard,
employing a universal testing machine (Texture Analyzer
TA.XT plus, Stable Micro Systems, UK) equipped with a
50 kg load cell.

2.4 | Electrochemical Characterization of Anodes

2.4.1 | Pouch Cell Assembly

Calendered anodes with a target capacity of 2.1 mAh cm–2

were punched with size of 5.4 × 5.4 cm and paired with one‐
sided coated commercial NMC111 (LiNi0.33Mn0.33Co0.33O2)
cathodes with an areal capacity of 1.9 mAh cm–2 punched
with size 5.0 × 5.0 cm. Electrodes and 5.9 × 5.9 cm PET‐based
separators with a ceramic coating were dried under vacuum
for 24 h at 130°C and 180°C, respectively. Subsequently, the
assembly of lab‐scale pouch cells was conducted using a
semi‐automated manufacturing line under dry room condi-
tions. The cells were filled with 450 μL electrolyte (1 M LiPF6

in 50/50 (w/w) ethylene carbonate (EC) and dimethyl car-
bonate (DMC) with 3 wt% of vinylene carbonate (VC) as an
additive (already mixed, purchased from Gotion) and sealed
under reduced pressure. Subsequently, the cells were stored
over night at 40°C for sufficient wetting of the separator
and electrodes.

For each anode formulation, two cells were built and after
formation subjected to the rate capability test in discharge
direction, followed by the cycling test including RiDCs.
Additionally, two cells containing CMC anodes and two cells
with x‐PAA anodes were assembled, formatted and tested in the
rate capability test in charging direction.

2.4.2 | Data Acquisition

Electrochemical testing was performed using BaSyTec CTS LAB
instruments while cells were stored in a climate chamber at
25°C (±0.1°C).

2.4.3 | Formation

For the formation step four cycles were applied, where charging
was performed with constant current (CC) at C/10 until a
voltage of 4.2 V was reached with subsequent charging at
constant voltage (CV) until the current dropped below C/20.

The discharge was performed using CC of C/10. Finally, the
cells where charged to 3.7 V using C/10 CC for storage until the
next cell test was performed.

2.4.4 | Rate Capability Test

An asymmetric rate test was performed in probing either
discharge or charge capability. For discharge testing charging
was done with a C‐rate of C/2 CC including a CV phase at 4.2 V
(until I < C/20) and rates in discharge direction were varied
from C/2 to 5C until a cut‐off voltage of 3.0 V. To check for
degradation due to the rate testing C/2 discharge was included
at the end of the test procedure. For each C‐rate two full cycles
were applied.

For charge capability same rates were used, however, now the
discharge current was kept constant applying C/2 CC and
charging was varied from C/2 CC to 5C CC and back to C/2
(each two cycles). All charging steps ended with CV‐phases
(until I < C/20). For the rate testing in charge direction values
from the CC‐charging phase are plotted as they represent the
true power capability of the battery cell.

2.4.5 | Cycling Test Including Direct Current Internal
Resistances (RiDCs)

For long term cycling, all cells were cycled applying 1C CC with
CV until I < C/20 and 1C CC discharge current. The voltage
window was 3.0–4.2 V. “Check‐up cycles” were used every 100
cycles meaning measurements were made at five states of
charge (SOCs), namely 10%, 30%, 50%, 70%, and 90%, based on
the determined cell capacity just before the test. For all SOCs
RiDC were determined by use of current pulses of 1C in dis-
charge direction for 20 s. Applying Ohm's law, the DC internal
resistances were determined using the potential drop
(difference between the potential at the end of the pulse and the
potential in rest state before the pulse) and the applied current
for the respective pulses.

2.5 | Post‐Mortem Analysis

After electrochemical testing, cells were discharged to minimal
voltage of 3.0 V and held for 4 h using a CV‐phase. Under dry‐
room atmosphere pouch bag cells were then opened to examine
the surfaces of the electrodes and separators by optical analysis
using a light microscope (OLYMPUS BX53 M, Japan).

3 | Results and Discussion

3.1 | Slurry Rheology

This section highlights the superior thickening properties of
x‐PAA. The objective was to adjust the flow behavior of the
x‐PAA slurry, particularly at high‐shear rates, which are rele-
vant for the coating process, to that of the CMC reference slurry.

4 of 12 Battery Energy, 2025
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The x‐PAA solutions were neutralized to a pH of approximately
6, that is, close to that of the CMC solution to avoid additional
electrochemical effects. At this point, Carbopol® agglomerates
undergo swelling, resulting in the formation of a sample
spanning network, which is responsible for the observed
superior thickening properties [37] and the gel‐like texture.

Anode slurries with two different x‐PAA concentrations (0.27 vol%
and 0.37 vol%, which correspond to 0.29wt% and 0.40wt%,
respectively) were prepared, and Figure 1 illustrates their viscosity
as a function of shear rate. Due to the network provided by the
x‐PAA binder, these slurries exhibit a yield stress of about 4 Pa and
29 Pa, respectively, and shear thinning behavior at higher stresses.
In contrast, the reference slurry with 0.58 vol% (0.72wt%) CMC
does not exhibit a yield stress and shows shear thinning
throughout the whole investigated shear stress range, as expected
since the CMC itself does not form a gel and, moreover, partially
adsorbs onto the graphite particles thus providing steric stabili-
zation of the dispersed particles. The nonadsorbing CMC fraction,
however, thickens the continuous phase and controls the viscosity
of the slurry [40–42]. Note that, in contrast to CMC and l‐PAA,
x‐PAA does not adsorb onto graphite particles, as confirmed by IR
spectroscopy (Supporting Information: Figure S1), and therefore
cannot contribute to their steric stabilization. The absolute value of
the yield stress is thus determined not only by the strength of the
x‐PAA network, but also by the particle network created due to
prevailing van der Waals attraction. The high shear viscosity of the
slurry containing 0.40wt% x‐PAA closely matches that of the
reference slurry and was thus selected for fabrication and char-
acterization of electrodes, which will be discussed below. This
result demonstrates that equivalent rheological performance can
be achieved with up to 36% less polymer, highlighting the superior
efficiency of the x‐PAA as an anode binder.

Moreover, the x‐PAA slurry exhibits a significant yield stress,
which prevents or slows down sedimentation of graphite
particles in the water‐based slurry, thus providing an extended
shelf‐life, and facilitates efficient pumping [43–46]. It further
enables the formation of well‐defined coating edges [47] and
also reduces crack formation during fast drying of thick elec-
trode layers. Another advantage is that the yield stress sig-
nificantly suppresses binder migration—a major concern
under high‐rate drying conditions that can lead to uneven
binder distribution and, as a consequence, to inferior
mechanical, electrical, and electrochemical properties of the
electrode [48–50].

For comparison, the flow behavior of a second, l‐PAA based
reference slurry was also investigated (see Figure 2). The l‐PAA
slurry comprises 3.10 vol% (3.41 wt%) of polymer, which is
considerably higher than the polymer content in both the CMC
and x‐PAA slurries. Despite its high polymer content, the l‐PAA
slurry exhibits a markedly lower yield stress of only 1.3 ± 0.3 Pa
compared to the x‐PAA slurry including 0.37 vol% polymer.
Beyond this critical stress, the shear viscosity is nearly Newto-
nian (i.e., independent of the applied shear stress) and much
lower than for the CMC and higher concentrated x‐PAA slurry
(0.37 vol%). Consequently, the particles in the l‐PAA slurry are
not sufficiently stabilized over time, which is supposed to result
in detrimental effects during technical scale storage and pro-
cessing operations.

3.2 | Mechanical Properties of Anodes

The second approach to reduce the total binder content is based
on previous investigations demonstrating the fraction of CMC
binder adsorbed on the active material particles diminishes the
adhesion between these particles and the current collector [15].
Accordingly, a non‐adsorbing polymer binder should allow for a
reduced addition of SBR without loss in adhesion.

As expected, using non‐adsorbing x‐PAA as an anode binder,
while maintaining a SBR concentration (2.87 wt% in the dry
anode layer) similar as in the CMC reference anode, results in a
substantial improvement of adhesion strength (Figure 3).
Accordingly, the SBR content in the x‐PAA slurry was reduced
to 1.87 wt% in dry anode layer, the amount at which the line
load of the anode layer prepared from the x‐PAA slurry was
similar to that of the CMC reference. However, the comparison
of the absolute line load values has to be treated carefully. The
pictures of corresponding electrode samples after peeling, reveal
that the CMC‐based electrode exhibits purely adhesive failure,
whereas the presence of numerous particle residues on the
peeled x‐PAA anode samples indicates that in this case cohesive
failure dominates (Supporting Information: Figure S2). Finally,
we have prepared an l‐PAA‐based electrode including 8.28 wt%
linear PAA and 1.87 wt% SBR, which exhibits similar line load
as the CMC‐based electrode.

The lower cohesion of x‐PAA electrodes was confirmed via
compression tests on dry anode layers; corresponding results
are shown in Figure 4. As known from literature, an increased
content of either thickening agent (e.g., CMC or PAA) [6] or
adhesion promoter (e.g., SBR) [22] correlates with elevated
electrode cohesion. Accordingly, the x‐PAA anodes with the

FIGURE 2 | Viscosity η as a function of shear stress σ for graphite

slurries with solids volume fraction φ= 25 vol% and different binders:

CMC/SBR (black squares), l‐PAA/SBR (blue stars), and x‐PAA/SBR
with 0.40 wt% x‐PAA and 0.29 wt% x‐PAA (red closed and open circles,

respectively). PAA, polyacrylic acid; SBR, styrene butadiene rubber.
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lowest total binder content of 2.86 wt% demonstrate the lowest
level of cohesion, whereas the l‐PAA samples with a more than
three times higher binder content of 9.93 wt% exhibit the
highest cohesive strength. Consequently, anodes that employ
CMC as a binder, with a content of 4.62%, show an
intermediate degree of cohesion. The total amount of binder in
the electrode layers directly correlates to their cohesive
strength, which also affects the line load determined in peel
experiments. In conclusion, a non‐adsorbing binder with high
thickening efficiency, such as x‐PAA, allows for a reduction of
the binder content itself, and additionally for the reduction of
SBR without loss of adhesion, but this is limited by the corre-
sponding loss in cohesion.

Based on the rheological and mechanical characterization
described above, we have prepared three slurries for electrode
fabrication, including CMC, x‐PAA, or l‐PAA, as well as SBR as
binders. The composition of the corresponding electrodes is
provided in Table 1.

The dry anode made from the x‐PAA slurry has a total binder
content of 2.86 wt%, which is 38% lower compared to the CMC
reference anode.

3.3 | Anode Performance Within a Full‐Cell
Battery Configuration

To compare the anode performance in a full‐cell configuration,
CMC, x‐PAA, and l‐PAA anodes were paired with commercial
NMC111 cathodes with the areal capacity of 1.9 mAh cm–2. Due

to the full‐cell balancing aspects [51] the target areal capacity of
anodes was approximately 2.1 mAh cm–2. All electrochemical
tests were carried out on two cells for each anode composition.
After formation, which included 4 charging/discharging cycles
with C/10, anodes with CMC and x‐PAA exhibited very similar
practical discharge capacities (4th cycle) of about 44.5 mAh
(Table 2), whereby anodes with l‐PAA showed slightly lower
capacity of 43.1 mAh.

At first, asymmetric discharge rate capability tests of the pouch
cells (delithiation capability of the anode) were performed using
a constant charging rate of C/2, followed by a constant voltage
phase with a current limit of I < C/20. Discharging was carried
out at varying rates ranging from C/2 to 5 C. Figure 5a illus-
trates the results in terms of absolute discharge capacity
retention. The rate performance of anodes containing l‐PAA is
noticeably poor. From 2 C onwards, a significant decrease in
absolute capacity is observed with increasing C‐rate, compared
to CMC and x‐PAA anodes. The retained cell capacity at 3 C is
35.5 mAh (which is 84.5% of the initial capacity), whereas for

FIGURE 3 | Line load of non‐calendered anodes with 0.98 wt%

x‐PAA and various amounts of SBR (red circles). The polymer con-

centrations refer to the dry anode layer. The black square and black

hatched area indicate the line load of the non‐calendered CMC refer-

ence anode. The thickness of all negative electrodes was about 65 μm.

CMC, carboxymethyl cellulose; PAA, polyacrylic acid; SBR, styrene

butadiene rubber.

FIGURE 4 | Compressive strength of thick anode layers comprising

different binders: CMC, x‐PAA, and l‐PAA. Composition of the different

dry anode samples is provided in Table 1. CMC, carboxymethyl cellu-

lose; PAA, polyacrylic acid.

TABLE 1 | Composition of anodes containing CMC, l‐PAA, and
x‐PAA binders selected for electrochemical performance tests. All

concentrations refer to the dry anode layer.

Anode CMC l‐PAA x‐PAA

Graphite, wt% 93.45 84.62 96.01

Carbon Black, wt% 1.93 1.75 1.98

Thickener, wt% 1.75 8.28 0.98

SBR, wt% 2.87 1.65 1.87

Total binder content, wt% 4.62 9.93 2.86

Abbreviations: CMC, carboxymethyl cellulose; PAA, polyacrylic acid; SBR, styrene
butadiene rubber.
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anodes with CMC and x‐PAA 39.0 mAh and 39.8 mAh, which is
90.3% and 91.6% of the initial capacity, respectively. Also, at
higher C‐rates the difference between cells containing anodes
with CMC and x‐PAA becomes apparent. While at 3 C CMC
anodes exhibit 39 mAh and x‐PAA anodes 39.8 mAh, at 4 C the
difference is significant: 36.6 mAh and 38.2 mAh, and at 5 C
32.2 mAh and 35.6 mAh, which is 74.7% and 82.0% of the initial
capacity, respectively. At the last C/2 step cells with CMC and
x‐PAA anodes demonstrate nearly 100% of their initial capacity,
indicating that no irreversible degradation occurred. In the case
of anodes with l‐PAA the retained capacity in the last C/2 step
achieves 41.1 mAh, which is about 98% of the initial capacity.
These results were expected, since anodes with l‐PAA contain
the highest amount of electrochemically inactive binder mate-
rial. This increases the resistance of the anode and consequently
the internal resistance of the cell. Such an increase in internal
resistances leads to voltage limits being reached more rapidly,
which reduces the amount of usable charge during discharge
and ultimately lowers the cell's effective capacity. Anodes
containing x‐PAA have the lowest binder content and thus the
lowest internal resistance, resulting in an overall better rate
capability compared to the CMC and l‐PAA reference anodes.
The correlation between rate capability and anode resistance is
further supported by the shift of the voltage plateau, e.g.,
decrease of voltage values in the discharge direction with
increasing resistance. A plot with selected voltage profiles for
the C‐rates C/2 and 5 C for the CMC, x‐PAA and l‐PAA cells is
shown in the Supporting Information. The same trends, which

can be seen in Figure 5a for rate capabilities, are also evident in
the voltage shifts for all C‐rates, with the most pronounced
difference occurring at 5 C, as expected (Supporting Informa-
tion: Figure S3). Furthermore, direct current internal resist-
ances (RiDC) values, which are presented in Figure 7b and will
be discussed in detail below, support this trend.

In the next step, x‐PAA anodes were compared with CMC an-
odes in terms of rate capability in the charging direction.
Therefore, another set of pristine anodes were assembled in
pouch cells, and an asymmetric rate capability test was per-
formed at a constant discharging rate of C/2 and varying
charging rates ranging from C/2 to 5 C. At lower C‐rates, CMC
and x‐PAA anodes show no differences in capacity retention
(Figure 5b). However, for higher currents starting from 2 C,
CMC anodes exhibit lower absolute constant current (CC)
capacities in comparison to x‐PAA anodes. At 5C the difference
between absolute capacities is the highest, 23.5 mAh and about
19 mAh for x‐PAA and CMC, respectively, which is 58% and
about 45% of the relative capacity of x‐PAA and CMC anodes,
respectively. Also, it can be noted that at 4C and 5C CMC‐based
anode cells show some irreproducible behavior as the repeated
charge test does not retain the capacity of the first cycle. This
might already indicate some degradation. At the final step of the
rate capability test, the cells were charged with C/2 again. It can
be observed that cells with x‐PAA anodes almost completely
recover (99% capacity retention), whereas cells with CMC
anodes lost irreversibly about 3.5% of their initial capacity.

TABLE 2 | Absolute and areal practical capacities of full cells including anodes with CMC, l‐PAA, and x‐PAA binders after the fourth discharge

formation cycle.

Cell properties CMC l‐PAA x‐PAA

Absolute capacity, mAh 44.56 ± 0.13 43.11 ± 0.03 44.45 ± 0.07

Graphite mass loading, mg cm–2 6.0 5.9 5.8

ICE, % 87.4 87.0 85.9

Abbreviations: CMC, carboxymethyl cellulose; ICE, initial coulombic efficiency; PAA, polyacrylic acid.

FIGURE 5 | Absolute discharge (a) and CC‐charge (b) cell capacities as a function of dis‐/charge C‐rate for pouch cells containing CMC, l‐PAA
and x‐PAA anodes. CC, constant current; CMC, carboxymethyl cellulose; PAA, polyacrylic acid.
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The superior charging rate capability of x‐PAA anodes might
originate from the absence of an adsorbed polymer layer on the
graphite particles, which enables direct contact with the elec-
trolyte. This results in minimal interfacial resistance, thereby
facilitating more efficient Li⁺ insertion and extraction as the
graphite surface remains unobstructed [52]. In contrast, CMC
anodes exhibit diminished rate performance, likely due to the
presence of a blocking polymer layer on the graphite surface.

Subsequently, the cells were disassembled in discharged state
(delithiation of anode) and subjected to visual inspection to
assess potential degradation effects. A substantial accumulation
of particle residue can be observed on the separators, particu-
larly in cells incorporating anodes with CMC (Figure 6). In
contrast, separators from cells containing x‐PAA exhibit con-
siderably less residue. Examination under a light microscope
reveals a distinct difference in the nature and extent of the
deposits. Specifically, separators from CMC cells displayed
evidence of lithium plating, characterized by silver‐grey de-
posits [53]. In comparison, separators from x‐PAA cells show no
signs of lithium plating, with only minor particulate graphite
and/or carbon black residue present.

Long‐term cycling was conducted on pouch cells following the
rate capability test in the discharge direction, using a 1 C charge
and 1 C discharge protocol. Every 100 cycles, a check‐up cycle
(C/10) was performed. Figure 7a illustrates the long‐term cy-
cling performance, displaying the capacity evolution over 1000
cycles for two cells of each anode formulation. The CMC anodes
demonstrate superior electrochemical performance in terms of
capacity retention, retaining approximately 92% of their initial
capacity after 1000 cycles at 1 C. In contrast, anodes containing
x‐PAA degrade faster than the CMC reference, exhibiting about

87% of the initial capacity at the same rate and after the same
number of cycles. The initial coulombic efficiencies (ICEs) are
86.2%, 87.0% and 87.1% for cells containing x‐PAA, l‐PAA, and
CMC, respectively. Despite the different molecular structure
and molecular weight of the binders, the ICEs remain very
similar. This is attributed to the fact that ICE is primarily
governed by the active material, and, since both the graphite
and electrolyte are identical in all cells, the ICE is largely
unaffected by the binder. The binder does not alter the intrinsic
electrolyte reduction reactions (SEI formation) but may slightly
modulate the fraction of graphite surface exposed to the elec-
trolyte, contributing to minor variations in ICE [54].

While the adsorbed polymer layer may hinder rate perform-
ance, it plays a beneficial role during prolonged cycling by
shielding the graphite surface. In x‐PAA anodes, the absence of
such surface coverage increases the susceptibility of the active
material to irreversible lithium loss due to ongoing SEI forma-
tion. This phenomenon is likely a contributing factor to the
accelerated capacity degradation observed in x‐PAA cells during
long‐term cycling. Other possible causes of capacity loss include
lithium plating or electrically isolated active material.

Cells incorporating anodes with l‐PAA show a significantly
lower initial capacity, approximately 2 mAh less, than those
utilizing CMC and x‐PAA. Furthermore, these l‐PAA cells ex-
hibit a substantially stronger capacity decay during cycling,
reaching 80% of capacity retention already after 415 cycles at
1 C rate. The data for C/10 (within the check‐up every 100
cycles) (Figure 7a) shows a very similar trend in capacity decay
as the continuous 1 C cycling capacity fade, suggesting that the
capacity decay is a true loss of active lithium and not an effect of
overpotential. The internal resistance measurements are

FIGURE 6 | Anodes (left column) with CMC (a) and x‐PAA (b) binder, and separators (middle and right columns) from the pouch cells

disassembled after rate capability test in charge direction. CMC, carboxymethyl cellulose; PAA, polyacrylic acid.
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presented in Figure 7b at a state of charge (SOC) of 50%. As
expected, the RiDC increases for all cells throughout cycling.
Due to the higher content of inactive materials, anodes with
l‐PAA exhibit the highest absolute internal resistance. In con-
trast, anodes based on x‐PAA, which contain the lowest total
binder content, demonstrate the lowest RiDC values.

To obtain a comprehensive understanding of the slightly
diminished cycle stability in terms of capacity retention of cells
containing x‐PAA anodes compared to CMC reference cells, it is
necessary to analyse the electrochemical data in conjunction
with the post‐mortem analysis data presented below.

After 1000 cycles, all cells were discharged and disassembled.
The anodes and separators were then rinsed with DMC, dried,
and optically inspected. The presence of lithium plating, char-
acterized by silver‐grey surface deposits on the anode surface
and metallic particles on separators, can be identified only
on anodes incorporating l‐PAA (see Supporting Information:
Figure S4). Furthermore, the separators from the cells con-
taining x‐PAA and CMC anodes exhibit only minor differences
in the quantity of black particle residue, with those from the
x‐PAA cells exhibiting slightly higher particle accumulation
than the CMC reference.

Subsequently, cycled and washed anodes were dried overnight
in an oven and subjected to 90°‐peel test. A comparison of the
pre‐ and post‐cycle line loads of the anodes of each formulation
is illustrated in Supporting Information Figure S5. A significant
decline in line load was observed in all electrodes. However,
this effect is more pronounced for the CMC anode than for the
two PAA based anodes. An examination of the peeled foils
again reveals that while the CMC reference indicates clear
adhesive failure, cohesive failure is predominant in the case of
the x‐PAA anodes.

To summarize, electrochemical data obtained from prolonged
cycling, when evaluated in conjunction with post‐mortem

analyses, suggest a consistent mechanism underlying the dis-
tinct long‐term cycling performance of x‐PAA cells compared
with the CMC references. Both, post‐mortem optical inspection
and peel tests indicate that the reduced performance in terms of
capacity retention of x‐PAA anodes may be attributed to
inadequate cohesion of the electrodes. The low amount of non‐
adsorbing x‐PAA binder is unable to fully accommodate the
volume changes of the graphite particles due to de‐/lithiation.
In alignment with the capacity fading being similar at C/10 and
1C, most likely, the greater loss of capacity during long‐term
cycling for x‐PAA containing anodes is due to the electric
contact loss of active material.

4 | Conclusions

In this study, a highly cross‐linked commercial acrylate polymer
x‐PAA Carbopol® Ultrez 10 (Lubrizol, USA) was utilized as a
binder for aqueous‐processed graphite anodes. This allowed a
substantial reduction of polymeric binder concentration in the
anode slurry as well as in the dry electrode layer for two reasons:

i. Due to the high thickening efficiency of this acrylate polymer
with its specific heterogeneous gel structure in neutralized
aqueous slurries [37], the amount of polymer required for
dispersing the active material particles and thickening of the
slurry could be reduced without loss in high‐shear viscosity.
Additionally, x‐PAA provides a significant yield stress, which
is advantageous for both slurry stability and the formation of
well‐defined electrode edges during coating.

ii. In contrast to CMC, this acrylate polymer does not adsorb
on the graphite particles and thus does not disturb the
adhesion between the active material and current collec-
tor foil provided by the additionally included soft SBR
rubber particles [15]. This resulted in similar line load
values as those measured for CMC anode layers but at
significantly lower SBR content.

FIGURE 7 | Discharge capacity over cycles during 1C/1C charge/discharge (dark colors) and C/10 check‐up cycles (light colors) (a); evolution of

internal resistance (RiDC) at 50% SOC (b) for two pouch cells of each anode formulation. Each point in (b) is the average internal resistance value of

two cells with anodes of one formulation. CMC, carboxymethyl cellulose; PAA, polyacrylic acid; SOC, state of charge.
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Based on these approaches, the total binder concentration in
the dry anode layer was reduced by almost 40 wt%. However,
the reduced polymer content leads to a loss of cohesion. As a
result, the failure mode in peel tests is pre‐dominantly cohesive
for the x‐PAA anode, whereas adhesive failure dominates for
CMC‐based anodes, as well as for another reference anode
including a much higher amount of linear polyacrylic acid (l‐
PAA), which was necessary to adjust the processability of the
corresponding slurry.

The performance of graphite anodes utilizing x‐PAA was eval-
uated in comparison to two reference formulations employing
CMC and l‐PAA, respectively.

The x‐PAA anode exhibited a faster capacity fading during
prolonged cycling compared to the CMC reference. After 1000
cycles, cells with x‐PAA demonstrate 87% of their initial
capacity, whereas reference cells with CMC show 92% of
capacity retention. This is attributed to the reduced cohesive
strength of the anode layer. Pouch cells comprising anodes with
l‐PAA demonstrated the highest internal resistance due to
their high binder content, and the worst cycling performance
of all cells, reaching 80% of capacity retention already after 415
cycles. This phenomenon was attributed to the irreversible lithium
loss resulting from plating, as revealed through post‐mortem
analysis.

Furthermore, anodes formulated with x‐PAA binder exhibit
superior charging rate performance, which is attributed to
the absence of an adsorbed polymer layer on the graphite
particles, enabling more effective Li+ insertion and extrac-
tion, unlike in anodes incorporating CMC or l‐PAA. Notably,
CMC‐based negative electrodes displayed significant lithium
plating after the rate capability test in the charging direction,
whereas no lithium deposits were observed in x‐PAA‐based
anodes.

Conclusively, x‐PAA proves to be a highly effective binder for
graphite anodes, enabling significant reduction of inactive
material content. Cells comprising anodes with x‐PAA out-
perform those with CMC and l‐PAA under fast‐charging con-
ditions. However, a trade‐off with long‐term cycling stability
must be considered. The commercial availability of x‐PAA may
facilitate cost reduction and enable rapid scaling up of electrode
production in comparison to costly, synthetically produced, and
non‐commercialized polymers. Future efforts should focus on
tailoring the molecular architecture of the binder system,
including the degree and distribution of crosslinking, as well as
fine‐tuning the mechanical properties of the electrode layer in
terms of adhesion and cohesion. Presumably, the cohesion‐
related deficit of the x‐PAA anode investigated here could be
remedied by using an acrylic acid co‐polymer with optimized
crosslink architecture, providing similar flow behavior at
slightly higher polymer concentration.
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