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Abstract

Silicon has emerged as a promising alternative to traditional graphite as an
anode material in battery technology, primarily due to its high theoretical
capacity and abundance. However, its application is hindered by
significant challenges, including severe volume expansion in the active
material (~275%) during cycling, which can lead to a series of electrode
failure issues. Polymer binder plays an essential role in addressing these
challenges as it accommodates silicon's volume expansion and the
rearrangement of particles. This work conducted an analysis of how
different binders influence mechanical and electrochemical properties of
silicon electrodes. Our findings are supported by a series of experiments,
aimed at addressing the challenge of silicon volume expansion and
improving the durability and efficiency of silicon-based anodes.

Water-soluble polyacrylic acid (PAA) has emerged as a promising
binder material for silicon anodes, with lithium hydroxide (LiOH)
frequently added to improve the rheological properties of the slurry.
However, literature presents varying results regarding the electrochemical
performance of batteries incorporating LiOH in PAA binders. In
addressing these discrepancies, our research investigates the role of LiOH
in PAA, defining its impact through two primary factors: lithium-ion
concentration and pH level. Our analysis involved conducting cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) tests,
which confirmed our hypothesis that the addition of Li* ions improves ion
transport. Regarding pH, an optimal middle-ground pH level is identified,
balancing the advantages shown at both lower and higher pH ranges.

Despite the observed benefits of water-soluble PAA binder, such
binders frequently result in uneven carbon distribution in coating,
attributed to the poor wettability of nano-carbon in water. Consequently,
the next portion of this work revisits the use of a traditional NMP (N-
Methyl-2-pyrrolidone) soluble binder, PVDF (polyvinylidene fluoride),
known for its widespread application in battery technology. However,
PVDF-based silicon anodes often exhibit poor cycling performance. To
address this issue and enhance the binder’s flexibility, we attempted to
chemically modify PVDF by incorporating carboxylic acid (-COOH)
groups and reducing the polymer chain length. Despite these efforts, the
experimental results did not show an improvement in cycling performance.
The findings suggest that the deteriorated performance may be due to a
weakened adhesion to the current collector for short-chain polymers.
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We then explore additional binder systems in an attempt to improve Si
electrode performance. Our previous research suggests a trade-off between
flexibility and adhesion in shortened polymers. To further verify this, we
investigate the effect of two commercially available short-chain polymer
binders, namely Jeffamine D-2000 and PAA(2000). Next, in order to
mitigate the adverse effects of short polymer chain lengths on mechanical
performance, we adopt an adhesion layer between the bulk electrode layer
and the current collector. Finally, we evaluate several binders known for
their promising results in other battery systems, including
polyacrylonitrile (PAN), polyvinylidene fluoride-hexafluoropropylene
(PVDF-HFP), and polyimide (PI). A series of mechanical and
electrochemical characteristics of the as-mentioned binders are
investigated. The findings confirm that shorter polymer chain length leads
to a weaker adhesion between the electrode coating and the current
collector. Additionally, we discovered that introducing an adhesion layer
can enhance the cycling stability of silicon anodes.

Keywords: Li-ion battery, silicon anode, polymer, binder, chain length
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4 Evaluating the Performance of Alternative
Binders for Silicon Anodes

4.1 Introduction

In the previous chapters, we investigated modifications to PAA and PVDF
binders to be used in silicon anodes. In the case of the modified PVDF, one
potential cause of the reduced capacity could be the heterogeneous
products of the modification reactions, which likely contributed to the poor
results. Additionally, compromised adhesion between the bulk coating
and the copper current collector, potentially resulting from the shortened
polymer chain length, could have been another factor.

In this chapter, we explore three more binder performance issues. We first
use commercial short-chain PAA and Jeffamine binders to investigate the
chain-length effect and to assure the chemical uniformity of the binders.
We also evaluate the performance of several novel binders that showed
potential in other battery systems. Finally, we adopt an adhesion layer
between the bulk electrode layer and current collector to mitigate the
adverse effects of short polymer chain lengths on mechanical performance.
Through these investigations, we aim to gain more insight into the effect
of polymer chain length and functional groups on silicon anodes without
sacrificing its adhesion ability.

The following binders were used in this study. We selected commercial
polyacrylic acid (PAA) and Jeffamine D-2000, both of which have an
average molecular weight of 2000. Additionally, we investigated
polyvinylidene fluoride-hexafluoropropylene (PVDE-HFP),
polyacrylonitrile (PAN), and polyimide (PI).

PAA (as shown in Figure 4.1) is one of the most widely used binder for
high-capacity silicon anodes. Prior work has claimed an optimal molecular
weight between 250 ~ 1250 kDa for cell performance, as we mentioned in
the previous chapter [52, 54, 70, 71]. However, molecular weights below
this range have not yet been explored. In part of this chapter, we focus on
analyzing PAA with a significantly lower molecular weight,
approximately 2000 Da, to evaluate its impact on both mechanical and
electrochemical performance. This investigation helps us to answer the
question of polymer binder chain length effect on cell performance.

45
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Figure 4.1: Molecular structure of PAA.

Jeffamine binders refer to the class of polyether amines (PEAs), which are
polymers characterized by repeating ether linkages (-O-) and amine
groups (-NH:) in their structure (as shown in Figure 4.2). It has
demonstrated desirable performance in various applications including
polymer electrolytes and LiFePOs cathode binders in mechanical flexibility
and environmental sustainability [72]. The flexibility of Jeffamine’s
backbone is primarily due to its ether linkages, which facilitate rotational
freedom within the polymer chain, thereby reducing intermolecular forces
and lowering its glass transition temperature [73]. However, research on
utilizing Jeffamine as a binder in silicon anodes has not been performed to
our knowledge. This exploration is driven by the hypothesis that
Jeffamine's flexible backbone might effectively accommodate the volume
changes that silicon experiences during cycling.

h ;
NH,—C~CH,—OCH, C—1-NH,
CH, CHs

n
Figure 4.2: Molecular structure of Jeffamine.

PVDF-HFP is a copolymer composed of vinylidene fluoride and
hexafluoropropylene as shown in Figure 4.3. Various research has been
done to understand its functions in graphite, Li-O2, LFP, and aqueous
zinc-manganese batteries, though its application in silicon anodes remains
unexplored. The presence of HFP within the PVDF polymer backbone
introduces irregularities and decreases the crystallinity of the material.
This structural modification reduces the interactions between polymer
chains, making them easier to mobilize under thermal stress [74].
According to Ma et al.’s work, PVDE-HFP exhibits a reduced charge
transfer resistance and suppressed the electrode surface cracks compared
to tradition PVDF [75]. Building on these qualities, we study how PVDEF-
HFP performs in silicon anodes, potentially addressing the limitations of
PVDF performance from the previous chapter.

46
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Figure 4.3: Molecular structure of PVDF-HFP.

PAN is characterized by its functional nitrile groups (as shown in Figure
4.4). Studies have shown that these groups contribute to enhanced ionic
conductivity, increased adhesion strength, and reduced capacity loss due
to its strong polarity from electronegative nitrogen [76, 77]. However,
PAN's high glass transition temperature could also result in increased
hardness and stiffness, potentially detrimental to silicon anodes'
performance. Existing research has mostly focused on the slow-rate cycling
performance of silicon anodes using PAN, where it demonstrated superior
performance compared to PVDEF [76]. Based on these observations, we
argue that conducting more extensive C-rate testing would provide a
deeper understanding of PAN's working mechanisms in silicon anodes.

i
¢-¢
H C=N

n
Figure 4.4: Molecular structure of PAN.

Polyimide (PI) binders, as shown in Figure 4.5, present a robust solution
for silicon anodes in lithium-ion batteries, offering enhanced mechanical
strength and stability [78-80]. This is particularly beneficial in
accommodating the volume expansion and contraction of silicon during
cycling [81]. However, the use of PI binders comes with its own challenges.
Their higher production costs and the complexity associated with
processing such materials pose considerable hurdles for manufacturing. In
this study, we aim to assess the functionality of PI binders within silicon
anodes, serving as a reference for other kinds of binders used in this
chapter.

O O
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n
Figure 4.5: Molecular structure of PL
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While shortening the polymer chain increases the flexibility of the binder
matrix, which can benefit the movement of silicon particles, it might reduce
the adhesion between the coating layer and the current collector. To keep
the benefits while mitigating the drawbacks, an adhesion layer can be
introduced between the bulk material and the current collector, as is shown
in Figure 4.6. This adhesion layer is composed of long-chain polymer
binders and carbon black to enhance adhesion while also maintaining
electrical conductivity.

Bulk layer: binder + Si + CB

Adhesion layer: binder + CB

Figure 4.6: Cross-sectional demonstration of an adhesion layer between
the bulk and copper.

Table 4.1 lists three major parameters for the binders that are tested in this
chapter. Glass transition point is the temperature at which a polymer
transitions from a hard, glassy state to a soft, rubbery state. For example,
at temperatures below the glass transition point, the polymer chains are in
a rigid state, exhibiting very limited mobility. In this state, the material is
rigid and brittle because the molecular chains are locked in place,
preventing them from sliding past one another. This lack of mobility
contributes to the stiffness and brittleness of the material. Similarly, the
melting point of a binder is essential for determining its thermal processing
capabilities and ensuring operational stability, as it marks the temperature
at which the binder transitions from solid to liquid, impacting the
material’s structural integrity and safety under operational conditions.

Table 4.1: Thermo and chemical properties of different binders.

Binder Glass transition Melting Molecular
point (°C) point (°C) weight (kDa)
PAA(2000) 103 116 2
Jeffamine below room T 38 2
PVDE-HFP -35 143 400
PAN 95 300 70
PI 300 350 500
48
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The remainder of this chapter evaluates both electrochemical and
mechanical performance of the binders. The cycling performance was
measured on all the binders mentioned. A peeling test was performed to
give insights on the cycling behavior.

4.2 Experimental and Materials

This part describes the experimental methods, equipment, and materials
used.

Materials and Equipment

Carbon black (C45) was obtained from Timcal. Silicon nanoparticles (~100
nm) were purchased from Nanostructured & Amorphous Materials, Inc.
PAN, PVDF-HFP, Jeffamine D-2000, PAA(2000), and NMP was acquired
from Sigma-Aldrich. PI binder was offered by Argonne National Lab.
Electrolyte (1.0 M LiPF6 in EC and DEC with a volume ratio of 50:50) and
additive fluoroethylene carbonate (FEC) were purchased from Sigma-
Aldrich. Electrochemical tests were conducted using a Maccor 4300 battery
tester.

Electrode Preparation

The fabricated silicon electrodes were composed of 60 wt.% silicon, 30 wt.%
binder, and 10 wt.% C45. To prepare the binder solutions, each binder was
gradually added to NMP or deionized water and mixed using a stir plate
for 6 hours at approximately 22°C. The container was covered with a lid.
Meanwhile, silicon and carbon black were ground in a mortar and pestle
for 20 minutes. The binder solution and ground particles were then mixed
in a sealed jar using a high-speed rotating homogenizer (Algimax GX 300)
for 24 seconds. For the coating process, a7 cm x 9 cm copper sheet was first
cleaned using isopropyl alcohol. The electrode slurry was then coated on
the copper sheet using a bar-type coating applicator with a 75 um thickness
side. The anode was subsequently dried in an oven at 100°C for 6 hours
and calendered to achieve a 50% porosity. To improve the adhesion
between the bulk electrode and the copper current collector, the
PAA on PVDF series current collector was sanded with 600-grit sandpaper.
This was followed by a treatment with 10 wt.% oxalic acid to remove any
potential copper oxide layers.

Peeling Test

Peeling tests were conducted to evaluate the electrode integrity using an
Instron 3343 stress-strain tester to evaluate the adhesion/cohesion of the
binders. The laminate side of the electrode, measuring 30 mm x 54 mm,
was attached to a strip of 2 cm wide aluminum-backed adhesive tape. The
electrode portion underneath the adhesive tape was removed from its

49
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current collector by pulling the tape at constant displacement rate of 500
mm/min as described more fully in Ref. [40]. The applied force was
measured, and load/displacement plots were generated to analyze the
results.

Cell Assembly and Electrochemical Characterization

Half cells were assembled using a silicon composite electrode as the
working electrode, a lithium metal counter electrode, a microporous
polypropylene separator (Celgard 2325) and 1.0 M LiPF6 in EC:DEC:FEC
(45:45:10 by volume) electrolyte. All cells were allowed to soak in the
electrolyte overnight to ensure thorough penetration of the electrodes.
Each cell then underwent 3 formation cycles at C/20 rate, followed by 4
lithiation cycles each at C/10, C/5, C/3, 1C and 2C rates and delithiation rate
at C/3. The voltage window is from 0.05 to 1.5 V. The sequence of cycles is
then repeated a second time, for a total of 44 cycles. All electrochemical
measurements were conducted at 22°C.

4.3 Results and Discussion

4.3.1  Cycling results

For the rest of this chapter, we refer to half-cells by their binder types. For
instance, “PI” means a cell using polyimide binder. Furthermore, for cells
that insert an adhesion layer, we designate them as “A on B,” where “A”
indicates the binders in the bulk layer and “B” refers to the binder in the
adhesion layer. The number in “PAA(2000)” and “Jeffamine D-2000"
specifies the average molecular weight of the binder.

Figure 4.7 shows the capacity of silicon anode half-cells using different
polymer binders. Among these, PI demonstrates superior performance,
maintaining the highest capacity. Notably, PVDF-HFP and short-chain
polymer PAA(2000) and Jeffamine D-2000 show significantly lower
capacities than PI, which may be related to the poorer adhesion properties
which leads to ineffective electronic transport between the current collector
and the coating. In addition, PAN displays high initial capacities but
undergoes a rapid decline as the C-rate increases. This decline could be
attributed to its low molecular weight (70 kDa) leading to a poor adhesion
to the current collector. It is also possible that due to the mechanical
stiffness, PAN cannot accommodate the volume changes of the silicon
during cycling.

To evaluate the impact of adhesion, we tested a mixture of long-chain and
short-chain PAA at a 1:1 weight ratio, applied with and without an
adhesion layer.

50
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Figure 4.7 shows that PAA(2000) + PAA exhibits excellent initial capacities
that is higher than pristine PAA. When combining short and long chain
PAA together, it may offer a synergistic effect where this combination takes
the advantages of flexibility from PAA(2000) and the adhesion capacity
from PAA. However, PAA(2000) + PAA shows a dramatic capacity drop
as the C-rate increases. It could be due to the weak adhesion between the
bulk and the copper, as we further confirmed in the peeling test.

On the other hand, the PAA(2000) + PAA on PAA cell maintains a more
stable capacity performance throughout all the C-rates, though its average
capacity is lower than that of PAA(2000) + PAA.

The lower capacity of PAA(2000) + PAA on PAA could be attributed to its
manufacturing process. As shown in Figure 4.6, an adhesion layer
consisting of PAA and carbon black in water was applied to the copper
surface. This layer was then dried at 100°C for 3 hours to eliminate any
liquid residual. Subsequently, a bulk electrode layer comprising PAA,
silicon, and carbon black in water was coated on the top of the adhesion
layer. This electrode was further dried in an oven at 100°C for 6 hours and
was then ready for use. A challenge arises when the water-soluble bulk
layer is coated on the similarly soluble adhesion layer, leading to blending
of the two layers. This blending can compromise the homogeneity and
integrity of both layers, potentially increasing susceptibility to
delamination and adversely affecting the electronic pathways.

In order to overcome the undesired blending between adhesion and bulk
layers, we modified our method by formulating an adhesion layer using
PVDF binder dissolved in NMP. PVDF is not soluble in water, so when the
subsequent PAA-based layer is added to the adhesion layer, very little
blending will occur. The cycling results show that with this new adhesion
layer, PAA(2000) + PAA on PVDF does show an improved average
capacity (around 500 mAh/g higher) compared to that of PAA(2000) + PAA
on PAA. In fact, at high rates of lithiation, this formulation outperforms all
the others observed in this study.

51
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Figure 4.7: Capacity vs. cycle for Si electrodes made with different binder
formulations. The C-rate is modified from one cycle to the next as
indicated in the text.

4.3.2  Peeling test

Figure 4.8 presents the average peeling force vs. width of all the
above-mentioned electrodes. In addition, we conducted the peeling test on
two kinds of adhesion layer alone, namely PAA and PVDF adhesion layers.
The peeling results indicate the mechanical integrity and adhesive strength
of various binder materials to the copper current collector.
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Figure 4.8: Average peeling force of electrode samples and two additional
adhesion layer samples. Error bars indicate one standard deviation in the
time-resolved sampling.

The peeling force measurements correlate well with the electrochemical
performance shown in Figure 4.7, maintaining a similar pattern of PI
exhibiting higher peeling force, followed by PAN, and comparatively
lower values for the Jeffamine and PVDF-HFP binders. This trend supports
the hypothesis that the inferior performance of certain cells could be
attributed to the weak adhesion between the electrode coating layer and

the copper current collector.

The peeling forces of PAA(2000) + PAA bulk layer with and without
PAA/PVDEF adhesion layer were also examined. PAA(2000) shows a
minimum peeling among these all electrodes, confirming the deleterious
effect of short-chain polymer on coating adhesion. Both PAA and PVDF
adhesion layers show excellent peeling resistance. The PAA adhesion layer
exhibits an average peeling force of 3.5 N/cm. However, when this
adhesion layer was coated with PAA bulk layer, the adhesion dramatically
drops close to that of PAA(2000). This confirms our hypothesis that if the
bulk and adhesion layer use the same solvent to dissolve the kind of binder,
these two layers will dissolve in each other and thus damage the adhesion
coating.

This phenomenon is further overcome by PAA(2000) + PAA on PVDF,
where dissimilar binders and solvents were used for adhesion and bulk
electrode layers. PAA(2000) + PAA on PVDF shows an average peeling
force of 1.5 N/cm, which is much higher than that of PAA(2000) + PAA on
PAA at 0.08 N/cm. This further indicates the success in improving the
adhesion.

4.4 Conclusions

In this chapter, we examined three more binder performance issues
compared to Chapter 2 and 3. We first used commercial short-chain PAA
and Jeffamine binders to investigate the chain-length effect. Both cycling
and peeling results confirm that this shortened polymer chain leads to
deteriorated performance.

We also evaluated the performance of several novel binders that showed
potential in other battery systems. PI shows a satisfactory capacity
throughout all C-rates. However, the tested PVDF-HFP and PAN do not
work sufficiently well for our silicon anode system.
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