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Abstract: Binders play a pivotal role in the production and the operation of lithium-ion batteries.
They influence a number of key dispersion characteristics and battery parameters. In the light of
growing interest in additive manufacturing technologies, binders were found to decisively govern
the processability due to the induced complex non-Newtonian behavior. This paper examines the
relevance of various binder derivatives for aqueous graphite dispersions that can be employed in
inkjet printing. Two different carboxymethyl cellulose (CMC) derivatives with strongly deviating
molecular weights were employed. The impact of the inherent polymer characteristics on the
processability and the electrode characteristics were explored. Therefore, miscellaneous studies were
carried out at the dispersion, the electrode, and the cell levels. The results revealed that the CMC
with the lower molecular weight affected most of the studied characteristics more favorably than
the counterpart with a higher molecular weight. In particular, the processability, encompassing drop
formation and drop deposition, the cohesion behavior, and the electrochemical characteristics, were
positively impacted by the low-molecular-weight CMC. The adhesion behavior was enhanced using
the high-molecular-weight CMC. This demonstrates that the selection of a suitable binder derivative
merits close attention.

Keywords: lithium-ion batteries; inkjet printing; electrode processing; water-based dispersions; binders

1. Introduction
1.1. Motivation and Background

A sustainable energy future relies on substantial advances in electrochemical energy
storage devices, such as supercapacitors and batteries [1,2]. While considerable progress
has been made in harnessing novel promising materials [3], less attention has been paid to
the development of capable electrode fabrication routes [4]. Conventionally, electrodes are
generated by various techniques, which provide an efficient material deposition on an in-
dustrial scale [5]. Despite numerous advancements, these techniques have insurmountable
restrictions in governing the geometry [6] and the structure of the electrodes [2]. Over-
coming these restrictions is considered a key solution to realize higher material loadings
without deteriorating the ion diffusion [2,7].

Novel approaches pursue the application of additive manufacturing techniques due
to the unique geometrical design [2,8]. Liquid-based technologies are greatly appealing as
they allow for the processing of electrode dispersions in a similar initial state as required
for traditional processes [4,9]. Particular attention has been paid to piezoelectric inkjet
printing [4], which, according to DIN EN ISO/ASTM 52900 [10], pertains to the material
jetting category. In this process, a dispersion is ejected through a nozzle drop by drop
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and deposited onto a substrate [11]. Due to the predefined overlap, drops merge into a
homogeneous layer structure [11]. To achieve a high printing resolution and reproducibility,
the dispersion needs to meet stringent specifications [12]. First, the dispersion is required
to exhibit a long shelf life to mitigate the formation of agglomerates and sediments. These
instability phenomena endanger nozzle clogging and bridging [13,14]. Second, the disper-
sion properties have to be adjusted to the print head qualities for a stable drop formation
and drop deposition [11,15]. In this context of formulating suitable dispersions, binders
play a key role despite their minor proportion of the total dispersion composition and their
negligible chemical and electrochemical inactivity in the cell setup [16,17].

The core functions of binders are to ensure good cohesion between the particulate
materials and a sufficient adhesion to the current collectors [17,18]. Additionally, they
are paramount for the mechanical integrity of the electrode due to structural expansions
and contractions during cycling [19,20]. However, most typical binders cause a complex
non-Newtonian dispersion behavior. While this usually promotes the shelf life [21] and
drop deposition [22], drop formation is substantially compromised [23,24]. For other
dispersion systems, these effects were found to strongly depend on the content and the
molecular weight of the employed binders [24,25], although the underlying phenomena
are not yet fully understood [15,26]. However, this has not been explored for electrode
dispersions despite binders of various molecular weight being employed in conventional
lithium-ion battery production [17]. In the context of aqueous anode formulations, this
particularly applies for CMC, which in combination with styrene–butadiene rubber (SBR)
represents the most commonly employed state-of-the-art binder compound [17]. Pure
CMC works as a thickening agent for graphite-based dispersions, which considerably
promotes dispersion stability [17]. Additionally, it was reported to positively affect the
electrochemical properties, such as charge transfer resistance and ionic conductivity [27,28],
as well as the battery safety [29]. Although CMC is widely suggested as a promising
binder, its stiffness, brittleness, and low elongation capacity pose challenges for large-scale
applications [17]. Due to these drawbacks, the use of CMC can cause large cracks in the
electrode surface and the coating is likely to be removed from the substrate during assembly
and operation [30,31]. The addition of SBR can combat the disadvantages accredited to
pure CMC and thus results in improved dispersion and electrode characteristics, such as
adequate wetting, less brittleness, higher flexibility, and stronger adhesion to the current
collector foils [32,33]. Apart from the printing conditions, little attention has been directed to
the impact of binder derivatives on the performance characteristics of lithium-ion batteries.

1.2. Approach

This paper explores the role of binder derivatives for water-based graphite dispersions
formulated for application in inkjet printing. We used a dispersion composition as a refer-
ence whose processability we have already demonstrated [34]. Following this procedure,
two different CMC derivatives with strongly varying molecular weights were employed.
They are referred to as low-molecular-weight (l-mw) and high-molecular-weight (h-mw)
CMC. The effects of the intrinsic polymer characteristics on processability and electro-
chemical performance were explored. Various studies were conducted at the dispersion,
the electrode, and the cell levels. At the dispersion level, the rheological behavior was
characterized to gain insight into stability and printability behavior. Drop formation and
drop deposition were evaluated in an in situ and ex situ test setup, respectively. The disper-
sion samples were used to fabricate electrode coatings to further analyze the mechanical
properties. Finally, the electrode samples were subjected to an electrochemical testing at
the cell level. The material behavior was also compared against conventionally fabricated
electrode samples.
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2. Materials and Methods
2.1. Materials

Preparation of the dispersions. The dispersion samples were prepared according to
the procedure outlined in Kolb et al. [34]. The sample composition and the specification of
the constituents are provided in Table 1.

Table 1. Composition of the graphite dispersions; the contents marked with a (*) refer to the amount
of the active material employed.

Component Material Supplier Specification Content in m%

Active material Graphite NG08BE0305, Nanografi, Turkey 2
Dispersant PVP Luvitec K17, BASF, Germany 15 *

Binder 1 CMC l-mw: 419273, Merck, Germany 2, 3, 4, 5, 6, 7, and 8 *
h-mw: Sunrose, Nippon Paper Industries, Japan 2, 3, 4, 5, 6, 7, and 8 *

Binder 2 SBR SBR, Zeon Corporation, Japan 5 *

Polyvinylpyrrolidone (PVP) was used as a dispersant as we have demonstrated its ef-
fectiveness to stabilize graphite in aqueous media in various publications (see,
e.g., [35,36]). A co-binder system was employed, encompassing both CMC and SBR.
This allows for an alignment with recent findings on conventional water-based fabrication
routes [17]. The polymer-specific characteristics of the l-mw and the h-mw CMC are sum-
marized in Table 2. In addition to the molecular weight, the degree of substitution (DS)
significantly impacts the solubility of the CMC in water [37]. The DS of a polymer is defined
as the number of substituents that are bound per base unit [38]. To maintain comparability,
the DS of the l-mw and the h-mw CMC was selected within the same range proposed by Lee
et al. [39] and Wuestenberg [37] to achieve a superior dispersion stability. The molecular
weight was varied by a factor of two, as other research groups have demonstrated that this
difference yields significant results (see e.g., Ishii and Nakamura [40]). The terminology
used throughout this paper to specify the respective samples is as follows: xl-mw and
yh-mw represent dispersion samples with a content of x% l-mw CMC or y% h-mw CMC,
respectively. The content refers to the amount of active material employed.

Table 2. Polymer-specific characteristics of the employed CMC derivatives.

Type Degree of Substitution DS Molecular Weight Mw in g mol−1

l-mw 0.70 9.0 × 104

h-mw 0.94 1.8 × 105

Following the findings of Kolb et al. [34], drop formation was examined using samples
with an altered surface tension. Therefore, a minimal quantity of the surfactant ethoxy-
lated acetylenic diols (Surfynol 440, Evonik, Essen (Germany)) was added to adjust the
surface tension in the target range between 35 and 40 mN m−1 [41]. The modified sam-
ples are referred to as l-mw* and h-mw*. The remaining studies were conducted with
the unmodified surface tension samples to maintain compatibility with previous studies.
This appears to be a reasonable and conservative approach, since no distinct impact on
the rheological properties is to be expected and drop deposition behaves more poorly
without modification.

Electrode fabrication. A tape casting coater (MSK-AFA-III, MTI, Richmond (VA, USA))
was used to coat the dispersions onto the copper current collector foils (Cu-PHC, Schlenk,
Barnsdorf (Germany)) with a thickness of 11 µm. A doctor blade with a gap width of 250 µm
was employed. The as-prepared coating samples were dried at 60 °C in a convection oven
(Mehrzweck-Heissluftofen, Bartscher, Salzkotten (Germany)).

Cell assembly. Half-cells (CR2032, Hohsen, Tokyo (Japan)) were assembled from the
electrode coatings. Therefore, electrode samples with a diameter of 15 mm were cut out of
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the as-prepared coating samples using a handheld punch (00565, Nogami, Hitachiomiya
City (Japan)). The electrodes and the separators were dried in a vacuum oven (B-585, Büchi,
Flawil (Switzerland)) at 60 °C under a vacuum of approx. 50 mbar for 12 h to remove
residual moisture. All half-cells were assembled in a drying room with a dew point of
–60 °C. For each half-cell, a sealing ring, a metal spacer (thickness: 0.5 mm), the lithium foil
(diameter: 14 mm, thickness: 250 µm) (PI-KEM, Wilnecote (UK)) two glass fiber separators
(diameter: 16 mm) (Type 691, VWR, Radnor (PA, USA)), the graphite electrode, another
spacer (thickness: 1.0 mm), and a contact spring were stacked centered in the cell housing.
Each of the coin cells was filled with 110 µL of electrolyte (LP572, BASF, Ludwigshafen
(Germany)) which consists of 1 mol lithium hexafluorophosphate (LiPF6) conducting salt
in a 3:7 mass ratio of ethylene carbonate (EC) and ethyl methyl carbonate (EMC) with 2 m%
vinylene carbonate (VC).

Preparation of the reference electrodes. The graphite (SMG-A5, Hitachi Chemical,
Tokyo (Japan)) was dry mixed with carbon black (C-Nergy Super C65, Imerys, Paris
(France)) in a centrifugal mixer (Speedmixer DAC 1100.2 VAC-P, Hauschild, Hamm (Ger-
many)) at 1400 rpm for 1 min. Concurrently, the binder solution consisting of distilled water
and CMC (CMC, Sigma Aldrich, Darmstadt (Germany)) was blended using a disperser
(Dispermat FM 10, VMA-Getzmann, Reichshof (Germany)) at 200 rpm with a tangential
velocity of 10.47 m s−1 for 40 min. The as-prepared dry mixture was added and dispersed
for another 45 min at 2000 rpm. SBR (SBR BM-451-B, Zeon, Tokyo (Japan)) was added and
the dispersion was mixed for 20 min at 500 rpm with a tangential velocity of 2.62 m s−1.
Lastly, the as-prepared dispersion was degassed in a centrifugal gas mixer at 600 rpm
and 250 mbar for 5 min, resulting in the final dispersion composition containing 94 m%
graphite, 1.0 m% conductive carbon, 2.0 m% CMC, and 3.0 m% SBR.

An industrial roll-to-roll coating machine (BC50, Coatema GmbH, Dormagen (Ger-
many)) equipped with an infrared dryer was employed to doctor-blade coat the reference
electrode dispersions onto the copper current collector foils (Cu-PHC, Schlenk, Barnsdorf
(Germany)) with a thickness of 10 µm. The gap width was 96 µm and the coating speed
was adjusted to 1 m min−1. A total coating loading of 9.79 mg cm−3 was obtained, which
correlated to an active material loading of 9.2 mg cm−3. The coatings were compressed to a
porosity of approx. 30% using a calender (EA 102, Coatema, Dormagen (Germany)) with
a maximum line load of 1000 N mm−2 and a roller diameter of 400 mm. The roller speed
was set to 1 m min−1.

2.2. Characterization

This section outlines the characterization methods employed and the associated pa-
rameters at the respective levels of the analysis.

2.2.1. Dispersions

Rheological behavior. The rheological behavior of the dispersion samples was de-
termined using a rotational rheometer (Kinexus lab+, Netzsch, Selb (Germany)), which
was equipped with a passive solvent trap. A 40 mm plate–plate geometry was employed,
whose gap distance was adjusted to 0.1 mm. Each measurement was conducted at ambient
temperature after an equilibration of 5 min. Shear rate sweeps were performed to examine
the shear-dependent flow behavior and the viscosity at drop ejection ηeject. Therefore, the
viscosity was measured as a function of the shear rate from 100 to the limit of the measuring
range 104 s−1. Considering that the shear rate at drop ejection γ̇eject is of the order of 105

to 106 s−1 for the print head system [34] used, the empirically obtained viscosity values
were extrapolated by applying a fluid dynamic model. Depending on the sample-specific
properties, either the power law or the Herschel–Bulkley model was employed. While the
power law model can be described as [42]

τ = k × γ̇n
eject, (1)
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the Herschel–Bulkley model is defined as [43]

τ = τHB + k × γ̇n
eject, (2)

where k is the consistency index, n the index, and τHB the flow point. For each dispersion
sample, the model type that yielded the higher adjusted coefficient of determination R2

adj
was applied.

Amplitude tests were conducted to determine the yield point and thus the linear
viscoelastic (LVE) range of the dispersion samples. The storage modulus G′ and the
loss modulus G′′ were examined over a shear strain in a range between 10−2 and 102%.
Frequency tests were performed based on the amplitude tests to characterize the material
behavior and the expected stability. In addition, the relaxation time λ was derived. G′ and
G′′ were measured within a frequency range between 10−1 and 102 Hz.

Surface tension. The surface tension of the dispersion samples was examined accord-
ing to the stalagmometric method reported by Traube [44]. For each dispersion sample,
the average weight was determined based on ten drops. Deionized water was used as a
calibration medium. Three measurements were performed per sample.

2.2.2. Electrodes

Adhesion and cohesion behavior. The adhesion and cohesion behavior of the electrode
samples were analyzed using a universal tensile test machine (ProLine Z050, ZwickRoell, Ulm
(Germany)) with an integrated load cell possessing a maximum nominal force of 1 kN (Xforce
HP, ZwickRoell, Ulm (Germany)). The pull-off tests followed the test procedure proposed
by Haselrieder et al. [45]. The electrode samples were fixed to the bottom testing area with
double-sided adhesive tape. The upper testing area was also equipped with a double-sided
adhesive tape. Both the electrode samples and the adhesive tape were cut to form a 9 mm wad
punch (W572, FORMAT, Wuppertal (Germany)), while the testing area on the sample holders
exhibited a diameter of 8 mm. The electrode samples were subjected to a compression phase
and a dwell phase to allow for a proper contact between the tapes and the electrodes before the
pull-off testing. Therefore, the upper sample holder was lowered at 0.75 mm min−1, followed
by a compression period of 30 s and a pull-off at a defined velocity of 100 mm min−1. The
maximum adhesion force Fn and the compression force Fc required for a clean pull-off were
determined with an integrated software program (TestExpertIII, ZwickRoell, Ulm (Germany))
and converted to the respective stresses σn and σc. A sample cross-section of 50.27 mm2 was
considered for the calculations. The total adhesion strength σtotal was determined as a sum
of σn and σc. Three samples of each electrode composition were analyzed. The cohesion
behavior was derived from the present failure mechanism.

2.2.3. Cells

Formation and rate capability tests. The formation was performed at a constant
ambient temperature of 25 °C using a battery cell test system (CTS, BaSyTec, Asselfingen
(Germany)). The half-cell samples underwent a total of three charge and discharge cycles
by applying a constant current of 0.1 C within a voltage range of 0.01 and 1.5 V. After
each charge or discharge, the galvanostatic cycling was paused for 20 min. The C-rates
employed throughout the formation were determined with the theoretical capacities, which
were calculated on the basis of the active material loading and the specific active material
capacity. The weight of the anodes was determined with a precision balance with an
accuracy of 0.001 mg (AX26, Mettler Toledo, Columbus (OH, USA)). The conventionally
produced half-cells with known electrochemical behavior served for the validation of the
testing procedure. Each standard deviation was derived from three half-cell samples.
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2.3. Drop Monitoring
2.3.1. Drop Formation

The test setup described in Lehmann et al. [46] was utilized for the monitoring of the
drop formation. The drops were generated by a piezoelectric print head (Spectra SL-128
AA, Fujifilm, Tokyo (Japan)) with a nozzle diameter of 50 µm. The print head was installed
within a binder jetting setup (VTS128, Voxeljet Technology GmbH, Friedberg (Germany))
that is also capable of inkjet printing. The piezoelectric print head operated with a voltage
of 80 V and a pulse frequency of 1000 Hz. The number of observable drops was adjusted
to 5000.

The drop formation imagery was recorded with a high-speed camera (iSpeed, Olym-
pus, Tokyo (Japan)) that was equipped with a Sigma objective lense with a 105 mm focal
length and 68 mm long extension rings. A high-power LED (M405LP1, Thorlabs, Inc.,
Newton (MA, USA)) was focused behind the print head with a collimator (SM2P50-A,
Thorlabs, Inc., Newton (MA, USA)) and controlled by an LED driver (LEDD1B T-Cube,
Thorlabs, Inc., Newton (MA, USA)). The parameters for drop formation recordings are
given in Table 3.

Table 3. Parameter setting employed for drop formation recording.

Characteristics Value

Aperture f /2.8
Exposure 2.16 µs

Frame rate 2000–20,000 fps

2.3.2. Drop Deposition

The contact angle θ of the dispersion samples was measured according to the sessile
drop method using a drop shape analyzer (DSA25E, Kruess Scientific, Hamburg (Germany))
with an integrated camera. The drops were generated by a standardized syringe with a
tip diameter of 0.5 mm and deposited onto a copper foil that was attached to a glass plate.
Throughout the analyses, the drop rate was held constant at a value of 4 µL/s. To determine
the dynamic contact angle, each drop was recorded for 60 s post the initial impact. An
image was extracted every 10 s and the contact angle was determined using the software
ImageJ 1.53t. The standard deviation was calculated from three dispersion samples.

3. Results and Discussion

For clarity, only selected binder curves are presented for the respective studies.

3.1. Processability
3.1.1. Stability

Determination of the LVE region. The LVE region describes the range in which the
dispersion sample is not irretrievably degraded due to the applied shear strain [42,47].
This range was extracted from the obtained amplitude test data for the storage modulus
G′ and the loss modulus G′′. G′ quantifies the deformation energy that can be stored
within the dispersion sample while subjected to a shear stress, which reflects the elastic
behavior [42]. In contrast, G′′ can be understood as a measure for the deformation energy
that is expended during the structural changes of the dispersion sample under the influence
of a shear stress, which correlates to the viscous behavior [42]. In this light, the LVE region
is characterized by the quasi-constant plateau values for both G′ and G′′ when plotted in a
double logarithmic diagram [47]. The shear rate at which G′ begins to decline marks the
limit of the LVE region. The LVE region data obtained for the l-mw and h-mw dispersion
samples are summarized in Table 4.

The values for the LVE region indicate that there is no clear dependence on the
molecular weight and the binder content. This can be attributed to the high standard
deviations that usually underlie amplitude tests. To assure a non-destructive deformation
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in the frequency sweep, the shear-strain amplitude must be within the LVE region. To
maintain consistency throughout all dispersion samples, a shear-strain amplitude valid
for all dispersion samples was pursued. Accordingly, a shear-strain amplitude of 0.1%
was identified, as this value lies within the particular LVE regions. This concurs with the
studies of Barnes [47], who also pinpointed a shear-strain amplitude of 0.1% as appropriate
to analyze dispersion samples in the frequency sweeps.

Table 4. Values of the empirically determined LVE regions for the l-mw and h-mw dispersion samples.

Binder Content l-mw h-mw
in m% in % in %

2 0.01–7.94 0.01–2
3 0.01–7.95 0.01–0.102
4 0.01–0.198 0.01–0.796
5 0.01–0.795 0.01–10
6 0.01–1.26 0.01–12.6
7 0.01–2 0.01–1
8 0.01–2 0.01–100

Analysis of the material behavior. Frequency tests provide insight into the time-
dependent deformation behavior of a dispersion sample [42,47]. The short-term behavior
can be imitated by high frequencies, while the long-term behavior is simulated by applying
low frequencies [47]. Frequency regions which exhibit G′ curves with predominantly
larger values than those of the G′′ curves indicate an elastic behavior, while the opposite
substantiates a dominant viscous behavior [42,47]. Accordingly, the frequency-dependent
material behavior of the dispersion samples was characterized based on an analysis of the
curve progressions. The evaluation yielded the results condensed in Table 5.

Table 5. Overview of the frequency-dependent material behavior of the l-mw and h-mw disper-
sion samples; the frequency ranges are classified as follows: 10−1 Hz < flow ≤ 5 × 10−1 Hz and
5 × 10−1 Hz < fhigh ≤ 102 Hz.

Sample flow fhigh Sample flow fhigh

2l-mw G′ > G′′ G′ > G′′ 2h-mw G′ > G′′ G′ > G′′

3l-mw G′ > G′′ G′ > G′′ 3h-mw G′ > G′′ G′ > G′′

4l-mw G′ > G′′ G′ > G′′ 4h-mw G′ > G′′ G′ > G′′

5l-mw G′ > G′′ G′ > G′′ 5h-mw G′ > G′′ G′ > G′′

6l-mw G′ > G′′ G′ > G′′ 6h-mw G′ > G′′ G′ > G′′

7l-mw G′ > G′′ G′ > G′′ 7h-mw G′ > G′′ G′′ > G′

8l-mw G′′ > G′ G′ > G′′ 8h-mw G′ > G′′ G′′ > G′

It follows from Table 5 that the majority of the analyzed dispersion samples exhibit
a rather elastic behavior for both the low and high frequency regions. This indicates that
the dispersion samples are able to restore their initial state partially or fully throughout
the observed frequency range [42,47]. Consequently, these dispersion samples exhibit
an appropriate stability [48]. For higher binder contents, a shift in the material can be
recognized for both the l-mw and h-mw dispersion samples. While the 8l-mw dispersion
sample exhibits a viscous long-term behavior, the 7h-mw and the 8h-mw dispersion samples
show a viscous short-term behavior.

This indicates that the oscillatory regions distinguishable for the polymer systems
depend on the molecular weight and the content of the employed polymer, as observed
by Barnes [47] and Mezger [49]. The dominance of the G′′ values at lower frequencies
for the 8l-mw dispersion samples can likely be accredited to more prominent friction
forces. Chain entanglements begin to develop if the polymer content is high enough. These
entanglements become more rigid and inflexible as the frequency is increased. This is
associated with an increased storage of deformation energy and thus a dominant elastic
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behavior. The characteristic prevailing of G′′ over G′ at high frequencies was also reported
by Barnes [47] for polymers with higher molecular weights, such as polydimethylsiloxane,
polystyrene, and poly(methyl methacrylate). Accordingly, the stability behavior of the
h-mw dispersion samples is slightly more distinct.

3.1.2. Printability

Flow behavior. Figure 1 provides the course of the viscosity over the shear rate for
selective l-mw and h-mw dispersion samples. The extrapolation of the measured data
according to the power law or Herschel–Bulkley model is also visualized in the graphs.
The close-ups elucidate the flow behavior at shear rates approaching the measuring limit.
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Figure 1. Viscosity η as a function of the shear rate γ̇ for the (a) l-mw and (b) h-mw dispersion
samples; the measured data were extrapolated by applying the power law or Herschel–Bulkley
model (see Table 6).

Table 6. Overview of the determined parameters of the power law or Herschel–Bulkley equation for
the different dispersion samples

Type Binder
Content

Consistency
Index k Index n Flow Point

τHB

Adjusted
R2

adj

- in m% - - - -

l-mw 2.0 5.68 × 10−3 −1.05 9.37 × 10−4 0.927
5.0 45.63 × 10−3 −1.16 14.03 × 10−4 0.989
8.0 8.34 × 10−3 −2.13 12.90 × 10−4 0.674

h-mw 2.0 9.00 × 10−3 −0.19 1.77 × 10−4 0.996
5.0 34.55 × 10−3 −0.28 - 0.976
8.0 83.48 × 10−3 −0.33 - 0.998

The l-mw dispersion samples show the same characteristic trend for each composition.
At low shear rates, the dispersion samples exhibit comparatively high viscosity values.
With an increasing shear rate, the viscosity curves decrease until a quasi-constant value is
reached. The gradient appears to increase with a rising binder content, although the 8l-mw
dispersion sample is subject to strong variations. This indicates a shear-thinning behavior,
whereby the effect is more pronounced at higher binder contents. Towards the limit of
the measuring range, a slight decrease in the viscosity values and thus a shear-thickening
behavior can be observed in the close-up (see Figure 1a). The h-mw dispersion samples
show a similar trend (see Figure 1b), although the shear-thinning behavior is more distinct
with higher initial viscosity values and lower extrapolated viscosity values. Additionally,
the viscosity values do not reach a constant limit.

These phenomena can be attributed to the polymer–particle network that is formed
between the binder molecules and the graphite particles [50,51]. More specifically, the
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interactions occur between the CMC backbone and the hydrophobic graphite particles [17].
The relatively high viscosity values at low shear rates indicate that both the l-mw and the
h-mw CMC form a viable polymer–particle network with the graphite particles during
the synthesis process. The longer backbone of the h-mw CMC provides more functional
groups that can interact among each other and the graphite particles, yielding a stronger
and likely larger-scale network. This is also reflected in the higher deviation of the viscosity
values for the 8l-mw dispersion sample. The surplus in polymer molecules cannot be
entirely incorporated in the forming network, leading to steric hindrances in the solution.
At higher shear rates, the network structure is progressively destroyed. The prevalent
shear forces cause the particles to realign themselves in a comparably ordered structure
that lies parallel to the applied shear field [9]. The binder molecules and particles are
no longer or only weakly bound to one another, which allows them to slide past each
other more freely [9]. The reaching of constant viscosity values for the l-mw dispersion
samples indicates the complete demolition of the initial polymer–particle network. Due
to the absence of interactions between the polymers and the particles, the viscosity values
approach a Newtonian limit that cannot be exceeded. In contrast, the h-mw CMC offers
more connecting points for potential interactions that require even higher shear stresses
to be overcome. The slight shear-thickening behavior of the l-mw samples can be also
explained by the destruction of the polymer-particle network, which leaves the particles
exposed to substantially more particle collisions. This creates friction, which causes an
increase in the overall viscosity [52,53]. In this context, Ishii and Nakamura [40] further
assumed that the CMC acts as a buffer layer and suppressor for the presence of shear-
thickening behavior as long as it is adsorbed onto the graphite particle surface.

3.2. Drop Monitoring
3.2.1. Drop Formation

According to Wijshoff [11], a stable drop formation refers to the printing condition in
which a single drop is generated in the absence of extra drops. In contrast, the appearance
of these satellite drops is indicative of an inadequate printing regime [54].

The drop formations of the viably processable l-mw* and h-mw* dispersion samples
are displayed in Figure 2. The captured images show the process throughout the filament
ejection, the thinning, and the detachment to the formation of the drop. The black lining
visible at the top of the images represents the cross-section of the print head.

(a) (b)
Figure 2. Drop monitoring images of the (a) l-mw* and (b) h-mw* dispersion samples; the time
interval between two consecutive frames was 50 µs.

The l-mw* dispersion samples could be processed, although only the 2l-mw* and
the 5l-mw* dispersion samples showed a stable drop formation. The 8l-mw* sample
exhibited a receding satellite drop. For the h-mw* dispersion samples, only the 2h-mw*
and the 5h-mw* dispersion samples allowed for processing, but in an unstable regime.
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The respective flight paths of the initial drops were characterized by numerous satellite
drops. Consequently, the original drops were not deposited in an accurate and reproducible
pattern which compromises the printing resolution.

These findings concur with the studies of Xu et al. [23] and Morrison and Harlen [55].
They found that drop formation behavior strongly depends on the content and the molecu-
lar weight of the employed binder. The progression of the l-mw* dispersion samples agrees
well with the findings that drop formation is inhibited at a higher binder content. This was
also noted for the h-mw* dispersion samples, although no stable regime was observed in
between the instable processing and the viscous dissipation. Hoath [50] offered an explana-
tion for the different behavior of the l-mw* and the h-mw* dispersion samples. Accordingly,
the restricting and inhibiting factor for printing is the extensibility of the polymer chains at
higher molecular weights. The rigid rod orientation affects a more distinct jamming that
limits the maximum possible printable polymer content. These investigations demonstrate
that the l-mw CMC facilitates drop formation and allows for a stable processing within a
certain parameter window.

3.2.2. Drop Deposition

Figure 3 displays the course of the contact angle θ over the wetting time t for the l-mw
and h-mw dispersion samples. While the average contact angle values range from 69 to
89◦ for the l-mw dispersion samples, they lie between 79 and 96◦ for the h-mw dispersion
samples. Accordingly, the h-mw dispersion samples exhibit overall larger values than their
l-mw counterparts. In addition, it is discernible that the contact angle values decrease
over time for all investigated dispersion samples. No clear dependence can be recognized
regarding the influence of the binder content among each binder system. This is ascribed
to the large standard deviations that are typical for contact angle measurements. They stem
from the distinct inaccuracies that arise from the positioning of the substrate, variations in
the surface roughness [56,57], and the analysis based on a manual setting of the tangent
line [58,59].
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Figure 3. Contact angle θ between the dispersion and the copper foil as a function of the wetting time
t for selected (a) l-mw and (b) h-mw dispersion samples

These observations can possibly be explained by the coiling effects of the polymers [50].
Accordingly, the compounds strive to restore their stable coil configuration upon ejection.
Intuitively, h-mw polymers are prone to form more extensive coil bundles than l-mw poly-
mers. The differences can thus be attributed to the following phenomena. On the one hand,
the restoration of the stable coil configuration within drop may take longer for the h-mw
dispersion samples than for their l-mw counterparts. This explains the different contact angles
at the same time stamps and, in addition to the solvent evaporation, causes the temporal
decrease of the contact angle values. On the other hand, the extent of the polymer bundles and
their interactions among each other, the solvent, and the particulate phase is stronger within
the l-mw dispersion samples. This indicates that the drop adheres to itself more prominently
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than to the substrate. Billot et al. [60] stated that a sufficient wetting can be expected for contact
angle values below 90◦. Hence, an adequate wetting can be assumed for the l-mw dispersion
samples and the majority of the h-mw dispersion samples.

3.3. Electrode Characteristics
3.3.1. Adhesion and Cohesion Behavior

Figure 4 displays the strength values of the l-mw and h-mw electrode samples. The
samples that are not represented did not exhibit a clean pull-off.
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Figure 4. Adhesion strength values for the (a) l-mw and (b) h-mw electrode samples. σn represents
the adhesion strength, σc the maximum compression strength, and σtotal the sum of σn and σc.; the x
indicates that for the given samples no clean pull-off could be achieved.

For the l-mw electrode samples, no clear correlation appears for σn. The σc values
show a more indicative relationship, such that the compression strength rises slightly with
an increasing binder content. The σtotal values exhibit a more pronounced trend towards
higher values with an increasing binder content. The 6l-mw dispersion sample marks a
minor deviation in this trend, which is likely a measuring inaccuracy. A similar behavior
can be observed for the h-mw electrode samples, although the correlations between σn, σc,
and σtotal and the binder content are more distinct. Additionally, σc and σtotal show a rapid
increase from the 2h-mw to the 3h-mw electrode sample. The comparative analysis reveals
that the values for σn and σc are significantly higher for the h-mw electrode samples than
for their l-mw counterparts. Furthermore, it is obvious that the h-mw electrode samples do
not allow for a clean pull-off already at lower binder contents. For these electrode samples,
a cohesion failure prevailed over a failure in the adhesion interphase. This indicates that
for the h-mw electrode samples cohesion failures occur more prominently.

These peculiarities concur with the observations of Liu et al. [32] and Yoo et al. [61],
who found that the adhesion strength strongly depends on the physical and the chemical
interactions between the particles and the binder with the substrate. In this context, a
paramount impact was attributed to the mechanical strength of the emerging polymer
matrix [45]. Hence, an increase in the binder content leads to more interaction opportunities
between the binder and the substrate and likely enhances the polymer matrix. Haselrieder
et al. [45] postulated that the adhesion strength increases linearly with the molecular weight
of the employed binder, apparently at the expense of the cohesion behavior. This was
attributed to the weaker tendency of long-chain polymers to migrate and segregate upon
drying. As a result, a more homogeneous distribution along the substrate is present, which
causes a polymer matrix with a higher cross-linking. Consequently, the findings corroborate
that the presence of the h-mw CMC favorably increases the adhesion strength, while it
negatively affects the cohesion behavior.
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3.3.2. Electrochemical Characteristics

Voltage profiles. The low mass of the coating samples leads to measurement incon-
sistencies and causes deviations in the calculated theoretical capacity values. To allow for
a comparative analysis of the voltage profiles, the experimental times were standardized
for each half-cell sample. Considering Figure 5, it is apparent that the l-mw and h-mw
half-cell samples show similar curve characteristics. Each voltage curve exhibits an initially
high voltage in the range between approx. 2.0 and 3.0 V (l-mw) and between 2.5 and 3.0 V
(h-mw), which declines at a varying gradient. With increasing time, the voltage curves align
with each other more accurately for each charge and discharge. Additionally, the discharge
voltage curves become less drawn out after the first cycle. No clear differentiating trends
can be identified that indicate a dependence of the voltage curves on the binder content. A
direct comparison of representative half-cell samples (see Figure 6) elucidates that the l-mw
half-cell sample shows shorter charge and discharge times than their h-mw counterpart.
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Figure 5. Voltage profiles of selected (a) l-mw and (b) h-mw half-cell samples.
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Figure 6. Comparison of the voltage profiles of a selected l-mw and h-mw half-cell sample and the
reference half-cell.

The extensive first voltage decline into the set voltage boundaries of 0.01 and 1.50 V
can be attributed to the initial formation of the solid electrolyte interphase (SEI) [62]. Upon
the first discharge, the bulk of the SEI has already been generated, although a certain
number of lithium ions are still utilized for the SEI formation. This also implies that the
amount of lithium ions that can intercalate directly into the graphite host structure is larger,
causing a more rapid decrease in the voltage values. The longer charge and discharge times
of the h-mw half-cell samples can be attributed to the sterically more demanding nature of
the h-mw CMC molecules. As the chain length increases, the accessibility to the graphite
nanoparticle surface decreases. Therefore, the lithium ion pathways likely become more
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extensive. Once the lithium ions have successfully made contact with the nanoparticles, the
SEI is first formed before further intercalation can occur to neutralize the present charges.
This also postpones the approach to 0.01 V.

Considering the voltage profile of the representative half-cell samples against the
reference half-cell (see Figure 6) reveals a noticeably different discharge behavior. These
deviations become particularly apparent during the first discharges. While the depicted
reference half-cell is fully discharged at a standardized time stamp of 0.18, the 5l-mw and
5h-mw half-cell samples require time values of 0.53 and 0.58, respectively. This indicates
more extensive SEI generation, which is ascribed to the significantly larger total surface area
of the nanoscale graphite particles compared to the macrometer-sized reference graphite
particles. Examining the BET surface area of the two materials unveils that the nanosized
type (BET: 195 m2 g−1) exhibits a BET approx. 72 times larger than the conventional
counterpart (BET: 2.7 m2 g−1). The deviance in the peak structure suggests that, unlike
for the reference half-cell, the SEI is not yet fully formed for the l-mw and h-mw half-cell
samples. Furthermore, the shape of the cycling curves differs significantly. This is indicative
of a distinctly different characteristic active material behavior, which is further examined
along with the capacity profiles.

Capacity profiles. The capacity profiles of the first cycle (see Figure 7) reflect the
substantial initial capacity loss that was observed in the voltage profiles (see Figure 5). The
curves signify the extent of the capacity losses which exceed 80% of the initial capacity for
both derivatives. A clear correlation between the binder amount and its derivative and the
associated capacity losses is not indicative in this depiction. However, the curves suggest
that the l-mw half-cell samples exhibit a faster voltage drop during discharge. A direct
comparison of representative half-cell samples (see Figure 8) confirms this observation and
also verifies that the losses are slightly more distinct for the h-mw samples.
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Figure 7. Capacity profiles of selected (a) l-mw and (b) h-mw half-cell samples.
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Figure 8. Comparison of the capacity profiles of a selected l-mw and h-mw half-cell sample and the
reference half-cell.
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The benchmark of the l-mw and h-mw half-cell samples against the reference half-cell
(see Figure 7) corroborates the varying material behavior already indicated by the voltage
profiles. While the voltage curve progression of the l-mw and the h-mw half-cell samples
resembles a typical hard carbon behavior, the reference half-cell mirrors the performance of
a characteristic graphitic material [63]. This is evidenced by the large irreversible capacities
and the pronounced hysteresis between charge and discharge.

Coulombic efficiencies. The massive irreversible capacity losses are also reflected
in the coulombic efficiencies (see Figure 9a). Overall, it appears that the l-mw half-cell
samples tend to have larger CE values than their h-mw counterparts. This correlates with
the observation made for the voltage profiles that the stronger shielding of the graphite
particles owing to the longer chain lengths increases the ionic resistance. By analyzing the
evolution of the coulombic efficiencies in the subsequent cycles (see Figure 9b), it can be
observed that the CE improves significantly. The largest increase occurs between the first
and the second cycle. This corroborates the assumption that the bulk of the SEI is generated
in the first formation cycle, although a minor fraction of lithium ions are still expended for
further SEI growth in the subsequent cycles.
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Figure 9. Evolution of the coulombic efficiencies with (a) initial coulombic efficiency ICE and
(b) coulombic efficiency CE over the first three cycles; 1st, 2nd, and 3rd denote the first, the second,
and the third cycle. l represents the l-mw and h the h-mw samples.

The comparative analysis with the reference half-cell (see Figure 10) elucidates a large
discrepancy in the CE values. The reference half-cell exhibits an initial CE of roughly 90%
and approximates 100% within the second and third cycle. The l-mw and h-mw half-cell
samples, however, show an initial CE lower than 20%. Although the CE improves over
the subsequent cycles, the values do not reach the ones of the reference half-cell. This
reiterates that further cycles are required to attain a stable state after SEI formation and thus
to approach the maximum CE. Furthermore, the CE provides information about the total
irreversible capacity loss. While the reference half-cells lose only 10% of the initial capacity,
it drops by more than 80% for the l-mw and h-mw half-cell samples. This is attributed to
the different active material content, the strongly varying BET surface, and the differing
material behavior [62].
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Figure 10. Comparison of the coulombic efficiency CE of a selected l-mw and h-mw half-cell sample
and the reference half-cell.

4. Conclusions

This paper examines the role of binder derivatives for aqueous graphite dispersions
that were designed for use in inkjet printing. The impact on both the processability and the
electrode characteristics was investigated. Two different CMC derivatives with strongly
varying molecular weights were studied. The major results of this paper are condensed in
Table 7.

Table 7. Comparison of the effects of the investigated CMC derivatives on the processability and the
electrode characteristics; x indicates a comparatively more pronounced suitability.

Characteristic l-mw h-mw

Processability
Drop formation x
Drop deposition x

Electrode characteristics
Adhesion behavior x
Cohesion behavior x

Electrochemical characteristics x

The findings demonstrate that the l-mw CMC affects most of the studied characteristics
more favorably than the h-mw CMC. This proves the crucial function of binders for the
successful production and operation of lithium-ion batteries. Furthermore, this testifies to
the decisive importance of the appropriate selection of particular binder derivatives.

Based on the findings, a more extensive study with additional binder derivatives is pur-
sued to directly correlate the inherent binder characteristics with the features investigated at
the dispersion, electrode, and cell level. Future research will be concerned with the in-depth
interactions between the key dispersion constituents to further increase the processable
graphite content. Additionally, the results provide a motivation for a more extensive inves-
tigation of the leveraging effect of binder derivatives on conventional industrial lithium-ion
battery production. Further research is required to assess the transferability of the results
and their extent to traditional production methods. Apart from binders, further effort is
required to develop nano-sized graphitic materials that are interphase-engineered to reduce
the initial capacity losses.
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