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Abstract

Silicon (Si) is a promising high-capacity anode material for high-energy-density lithium-ion
batteries. However, the drastic volumetric changes of Si upon lithiation/delithiation hinder the
practical use of Si anodes. Although adhesive polymeric binders, such as poly(acrylic acid) (PAA),
mitigate this issue, the cycling performance of the fabricated Si anodes is still far from meeting
the criteria of practical applications. Herein, we present a novel polymeric binder system for Si
anodes consisting of PAA, a chemical switch (ammonia, NH3), and a crosslinker (branched
polyethylenimine, PEI). The crosslinking between PAA and PEI is switched off in slurry, which
can then be turned on during electrode drying. Interestingly, the crosslinking reaction consists of
two stages: ionic cross-linking (PAA-PEI-i) and covalent crosslinking (PAA-PEI-c) at a higher
temperature (e.g., 130 °C). In half-cells, Si anodes fabricated using the PAA-PEI-c binder show a
67% increase in capacity retention compared to PAA anodes over 150 cycles at C/3 rate. The PAA-
PEI-c binder also outperforms PAA in full cells. In addition, the chemical switch controlled
crosslinking binder system also facilitates the slurry making process by avoiding early
crosslinking. This system requires no additional steps compared to conventional electrode

lamination process, showing enormous potential for direct adoption in large-scale manufacturing.
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1. Introduction

While lithium-ion batteries (LIBs) have been recognized as the most used energy storage devices
for a broad range of applications,! improving the energy density of LIBs is a crucial task to meet
the ever-growing power demand for consumer electronics and electric vehicles.? The graphite-
based anode materials are widely used in commercial LIBs, but they suffer from relatively low
theoretical capacity (372 mAh/g based on LiCs) limited by the crystallographic sites for storing Li
ions.> 3 Silicon (Si), on the other hand, emerges as one of the most promising anode materials due
to its impressive theoretical capacity (3579 mAh/g based on Li;5Si4), high abundance, and low
operating potential.*” However, while the alloying process of Si enables accommodation of up to
four Li atoms per Si atom, accounting for the extraordinary capacity, the same process also leads
to dramatic volume expansions of Si upon lithiation (up to 400%).7-° This intrinsic feature of Si
results in deleterious consequences of the fabricated electrodes, such as particle pulverization, loss
of conductivity, and unstable electrode-electrolyte interfaces, consequently leading to rapid
capacity loss.!% ! Polymers with polar functional groups have been extensively studied as binders

to mitigate the undesirable behavior from Si volume changes.

The major function of binders is to provide strong adhesion/cohesion between Si particles,
conductive additives, and current collector to maintain the integrity of the electrode matrix during
charge/discharge processes, keeping these critical components in electronic contact for sustainable
cycling performance.'?'4 In addition, polymeric binders also act as thickening agents in the
electrode slurry, which facilitates the mixing process and ensures a homogeneous distribution of
electrode materials.!3> The polyvinylidene fluoride (PVDF) binder has been widely utilized in
graphite-based electrodes, but due to the poor adhesion and low stiffness, it fails to accommodate
the drastic volume changes associated with Si.'> Hydroxy-containing polymers such as poly(vinyl
alcohol),'¢ polysaccharides,!”?! poly(acrylic acid)?*? (PAA), and polymerized cyclodextrin?® have
been demonstrated to provide promising cycling performance for Si anodes. These polymers
appear to have strong binding strength possibly due to the formation of hydrogen bonding or even
covalent bonding via siloxyl groups (Si-OH) that are often exist on the surface of Si particles.!3 14

24 Among these binders, PAA is particularly attractive due to its low cost, facile synthesis, and
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excellent adhesion strength.?? 25-27 However, the performance of PAA binder in Si electrodes still

needs significant improvement in order to meet the criteria of practical applications.

Engineering PAA binders with tailored properties has been an effective approach for improving
the accommodation of the Si anode, and many examples have demonstrated much improved
performance by re-designing the binder systems such as incorporation of host—guest interaction,?®
copolymerization,?’ graft polymerization,3* 3! side chain modification,3? 33 cross-linking,3#-4! and
surface coating.*> While those examples are taking various angles, they all aim to enhance certain
properties such as adhesion, cohesion, and mechanical strength of binders. Moreover, the
processing conditions are another critical yet overlooked topic that dramatically impact Si anode

performance.?3- 26

Constructing a crosslinking network is effective to improve the adhesive strength and tune the
mechanical properties of PAA binders.?” The 3D network formed by crosslinking is more
mechanically robust than linear polymers and firmly holds the electrode components together and
improves cycle life.#!> 4 There are two types of crosslinking reactions reported to construct
crosslinked networks of PAA: (1) physical crosslinking via hydrogen bonding or ionic bonding;3”
38,41 and (2) covalent crosslinking between PAA and small molecular®® or polymeric
crosslinkers.3#-36:40 Although crosslinked PAA binders provide desired mechanical improvements,
it is challenging to handle such materials as they are mostly either insoluble in common solvents
or less processable, hindering the slurry making process of electrode fabrication or even making it
impractical. Therefore, designing a crosslinking binder system for practical uses requires control
of the crosslinking reactions during the slurry making process, posing challenges for implementing

such a concept in real battery fabrications.

In this work, we attempt to construct an autonomous two-stage crosslinking binder system by
manipulating the crosslinking processes of PAA, which enables enhanced mechanical properties
in fabricated electrodes without sacrificing processability during the slurry making process. Three
chemicals are involved in this system, namely PAA, ammonia (NH;), and branched
polyethylenimine (PEI). While PAA and PEI are the building block components for the

crosslinking networks, NH; functions as both a neutralization agent to promote rheology properties
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and a chemical switch to shut off crosslinking reactions of PAA acid groups and PEI amine groups
during the slurry making process. Due to the restorable nature, this switch can be removed during
electrode drying at elevated temperatures to re-enable the crosslinking between PAA and PEI after
the lamination has been made.** Interestingly, the PAA-PEI crosslinking undergoes an
autonomous two-stage process, including an ionic crosslinking (PAA-PEI-i) at relatively low
temperature and a covalent crosslinking (PAA-PEI-c) at higher temperature. By fine tuning the
restorable neutralization between PAA and NHj; as well as the crosslinking between PAA and PEI,
we successfully established an autonomous two-stage binder system regulated by a chemical
switch and drying temperatures for Si anodes that affords much improved rheological and
mechanical properties without changing slurry making process, representing an interesting and
promising methodology that may lead to stable cycling of Si anodes and enormous potential for

direct adoption in large-scale manufacturing.

2. Results and Discussion

Scheme 1 illustrates chemical processes of the chemical switch enabled autonomous two-stage
crosslinking binder system and the role of each component at different stages, including slurry
making and electrode drying. In our initial design, PAA and PEI are directly used to construct the
crosslinking binder network. PEI is chosen due to its branched architecture and abundant amine
groups that can effectively form ionic bonding with acids. However, while PAA and PEI are both
soluble in water, upon mixing them together, precipitates form immediately (Figure S1),
suggesting a crosslinked network forms through the acid-base reaction. Such immediate changes
make directly using PAA and PEI as binders impossible as they need to remain soluble for slurry-
based fabrication processes. To this end, we decided to introduce a recent discovered restorable
neutralization agent, NH3.** By adding NH; solution (NH4OH) to PAA solution, the acid groups
can be effectively neutralized (PAA-NH;), inhibiting crosslinking reactions and preserving

uniform solution with PEI (PAA-NH;-PEI Figure S1).

While NHj functions as a chemical switch and shuts off the crosslinking between PAA and PEI,
the PAA-NH;-PEI solution also brings in desirable rheological enhancements. The rheological
properties, such as viscosity and shear thinning effects, are beneficial to slurry stability and

processing.?® Figure 1 compares the rheology behavior of the PAA-NH;-PEI solution with that of
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the PAA solution (details can be found in experimental section). PAA-NH;3-PEI solution has much
enhanced viscosity compared to straight PAA solution by more than one order of magnitude at
low shear rates. As the shear rate increases, the viscosity of PAA-NH;-PEI solution decreases
significantly, indicating strong shear-thinning behavior. For instance, the viscosity of PAA-NHj5-
PEI solution is 7.89 Pa-s at 0.2/s, more than 30 times higher than that of PAA solution (0.25 Pas
at 0.2/s) and decreases about 90% to 0.83 Pa-s at 1626/s. A binder solution with high viscosity can
slow down sedimentation and coalescence of the suspended particles, which enhances the stability
of electrode slurries.*> The shear thinning behavior of a binder solution improves the distribution
of electrode materials in the slurry by facilitating the mixing process, affording better quality of
the fabricated electrode laminates.?® In our previous report, we also compared PAA-NH; to the
lithiated PAA (PAA-Li) binder.** While they both improve the rheology properties, PAA-NH;
prevails in maintaining lower pH of the electrode slurry, affording better Si preservation and

cycling performance.



Journal of Materials Chemistry A Page 6 of 21

/(/I NH,OH /(’I’n PEI si, C
n — 5 g —>
0~ "OH chemical swtich 0” 'O @ nocrosslinking mixing

NH,4 » p
PAA PAA-NH;, %AA-NH:,,-PEI slurry

uniform solution
PEI crosslinking coating

—
—— /kj:)’n /kjrn ;
PN 1309 O o©  Drying @80 °C
N
HN
ES

precipitate forms
PAA-PEl-c PAA-PEI-i NH3

chemical swtich removal

covalent crosslinking ionic crosslinking

Two-stage crosslinking

(\NHz (\N/\/NHﬁI .

PEI NS SN N, N
H
¢ £
HNT NSNS,

Scheme 1. Chemical processes of the two-stage crosslinking binder system.

As the solution crosslinking is inhibited by the NH; switch, we need to re-activate it after the
lamination is completed. Fortunately, as we previously reported,** the ammonium carboxylate
groups in PAA-NH; can cleave during the drying process, removing NH; and reactivating the
crosslinking function (Scheme 1, chemical switch removal). Such a restorable process is due to
the thermal instability of the ammonium salts of carboxylic acids. For instance, the analogue of

the repeat unit of PAA-NHj3, ammonium acetate, can decompose to acetic acid and ammonia at 53
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°C.% Therefore, it is reasonable to expect that PAA-NH; undergoes a similar thermal
decomposition during the electrode dying at 80 °C or higher to regenerate PAA and re-activate the
crosslinking with PEI. A detailed study of PAA-NHj; is reported separately, confirming the
restorable process is indeed occurring.** Although NHj is released during the drying process of
the fabricated electrodes, the amount of NH; used is minimum compared to the amount of
processing solvents. Compared to the widely used toxic organic processing solvent (e.g., N-
methyl-2-pyrrolidone), this water-based slurry processing system is much more environmentally

friendly.

Once the chemical switch (NH;) is removed, crosslinking reactions between PAA and PEI occur.
A typical crosslinking reaction between polycarboxylic acids and polyamines is via ionic bonding
(i.e., physical crosslinking), which can be reversibly dissociated and recombined under certain
conditions.*’ On the other hand, carboxylic acids and amines are known to directly form amides
at 110 °C in the absence of catalyst,*® and a second stage of crosslinking may take place and afford

a covalent bonding network when the drying temperature is higher than 110 °C.
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Figure 1. Plots of apparent viscosity vs. shear rate for 10 wt% aqueous solutions of PAA and PAA-

NH;-PEL

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy is used to
monitor and validate the two-stage crosslinking processes. Figure 2 summarizes the ATR-FTIR
spectra of polymer samples of PAA, PEI, PAA-PEI-i (dried at 80 °C) and PAA-PEI-c (dried at
130 °C). The carbonyl (C=0) stretching of PAA is a characteristic peak that shows at 1700 cm!
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and can be observed in all samples except PEL.>¢ The N-H bending peak of PEI appears at 1592
cmL. ¥ A new peak at 1545 cm! was observed for PAA-PEI-i that is similar to the carboxylate
peak of PAA-Li (1562 cm™),?¢ indicating the formation of ionic crosslinking between PAA and
PEL This peak reduced significantly in PAA-PEI-c, while a new peak emerged at 1653 cm™! as a
shoulder next to the carbonyl peak. This new peak is consistent with the C=O stretching of
polyamide.>® The combination of the reduced ionic bonding and emerged covalent bonding peaks
evidence the conversion of ionic crosslinking to covalent crosslinking as proposed, but the
remaining ionic peaks as well as the still existing peak of carbonyl (C=0) stretching of PAA imply

this conversion is not 100% and coexistence of both ionic and covalent crosslinks.
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Figure 2. ATR-FTIR spectra of PAA, PEI, PAA-PEI-i film dried at 80 °C, and PAA-PEI-c film
dried at 130 °C.

Solubility tests of PAA-PEI-i and PPA-PEI-c films in 1 M lithium hydroxide (LiOH) solution
further show this conversion. As shown in Figure S2 in the Supporting Information, PAA-PEI-i
film deformed immediately upon immersion in LiOH solution and almost completely dissolved
after 10 min, indicating the dissociation of ionic crosslinking bonds. On the contrary, PAA-PEI-c
film only swelled in LiOH solution and remained insoluble for at least a whole week, suggesting

much better chemical resistance and a resilient crosslinking network.
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While the conversion from ionic crosslinking to covalent crosslinking is not 100%, the covalent
bonding really helps to strengthen the mechanical properties and even chemical stability. However,
since highly crosslinked binders may not always benefit the cycling performance of silicon
anode,® tuning the combination of ionic and covalent crosslinking may serve as a handle for

further optimizations.

Peeling tests were conducted to verify the mechanical changes. Figure 3 summarizes the
Load/width results of Si electrode laminates fabricated using PAA, PAA-PEI-i (dried at 80 °C),
and PAA-PEI-c (dried at 130 °C) binders.?¢ Details regarding the electrode fabrication and testing
procedure can be found in the Experimental Section. The load/width values reflects the adhesive
strength of binders used in the electrodes.’! The average load/width value of PAA electrode (1.73
N/cm) is significantly lower than that of PAA-PEI-i sample (2.03 N/cm) and PAA-PEI-c sample
(2.19 N/cm) as expected. While the enhanced adhesive strength of PAA-PEI-i sample can be
attributed to the ionic crosslinking, the further increased cohesive strength for PAA-PEI-c

electrode is consistent with theory of the formation of covalent crosslinking.
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Figure 3. The 180° peeling tests for Si electrodes fabricated using PAA, PAA-PEI-i and PAA-
PET-c binders (left). The averaged load/width ratios over a range of 40 mm for these electrodes
(right).

The cycling performance of Si electrodes fabricated using PAA, PAA-PEI-i and PAA-PEI-c
binders was evaluated in half-cells (see Experimental Section for details regarding cell assembly).

Electrodes fabricated using PAA-PEI-i and PAA-PEI-c binders were dried at 80 °C and 130 °C
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before cell assembly, respectively. The cells were subjected to three formation cycles between
0.01 V and 1.50 V at C/20 rate followed by 150 cycles at C/3 rate. The cycling performance of
these electrodes over 150 cycles are summarized in Figure 4 (see Table S1 in Supporting
Information for key parameters regarding the cycling performance). The specific capacity of each
electrode was calculated based on the weight of Si particles in the electrode. As expected, the PAA
electrode showed the worst overall performance with initial capacity of 2356 mAh/g and only 10%
capacity retention. The PAA-PEI-i electrode showed a slightly lower initial capacity (2224 mAh/g)
but improved capacity retention (25%). The lower initial capacity can be attributed to the pH-
related side reactions of Si particles, which are commonly seen in the preparation of PAA-based
electrode slurries involving a neutralization process.?® The PAA-PEI-c electrode delivered similar
initial capacity (2350 mAh/g) compared to that of PAA electrode, the capacity retention was
dramatically improved to 77% for 150 cycles. The Coulombic efficiency (CE) also reflects the
cycling performance of cells by showing capacity discrepancy between charge and discharge
processes. All of the electrodes showed comparable initial CE with PAA electrode being the lowest
(94.4%) and PAA-PEI-c electrode being the highest (95.4%). However, the CE of PAA and PAA-
PEI-i electrodes both decreased significantly during extended cycling. Such decreases are
indicative of irreversible capacity loss related to poor binding performance. The excellent capacity
retention and high CE from PAA-PEI-c cell suggest that the dual cross-linked network indeed

mitigates the issues caused by the volume changes of Si particles.
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Figure 4. Cycling profiles of specific delithiation capacity (left axis) and Coulombic efficiency
(right axis) of Li half-cells containing Si electrodes fabricated using PAA, PAA-PEI-i, and PAA-
PEI-c binders.

The surface morphology evaluation of the fabricated Si electrodes during cycling was investigated
using scanning electron microscopy (SEM). All electrodes were fully delithiated before harvested.
As shown in Figure 5.1, before 150 cycles, the morphology of all electrodes looked similar and
demonstrated good integrity of laminates. However, after the extended cycling, the morphology
started to differ. Cracks emerged on the surface of both the PAA and PAA-PEI-i electrodes, while
the cracking is much reduced on the latter. The PAA-PEI-c electrode exhibited the most preserved
morphology as no noticeable changes were seen. This difference was further shown by the cross-
sectional profiles. As shown Figure 5.2, the cracking after 150 cycles clearly decreased from PAA
to PAA-PEI-i and PAA-PEI-c. In addition, the PAA electrode exhibits a dramatic increase in
thickness (128%) after cycling, while PAA-PEI-i and PAA-PEI-c only showed 44% and 10%
increase, respectively. The much better observation from PAA-PEI-c electrode indicates the design
of dual crosslinking binders may lead to a better mitigation of the volume expansion issue of Si

anodes.

11
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Figure 5. (1) Surface SEM images of Si electrodes fabricated using PAA, PAA-PEI-i, or PAA-
PEI-c binder before and after 150 cycles (100 times magnification). (2) Cross-sectional SEM
images of these electrodes before and after 150 cycles (500 to 700 times magnification except

PAA-PEI-c after cycle at 1000 times magnification).

The surface evolution of the cycled Si electrodes fabricated using PAA or PAA-PEI-c binder was
investigated using X-ray photoelectron spectroscopy (XPS). Figure 6 shows the F 1s and Si 2p
spectra of the fabricated Si electrodes after 150 cycles (see Figure S3 for the C 1s, Li 1s, and P 2p
XPS spectra). Both the PAA and PAA-PEI-c electrodes show the presence of LiF and P-F
(Li,POyF,) bonds. However, the LiF content in PAA-PEI-c electrode is higher than that of PAA
electrode. LiF is considered as a critical component for robust SEI on Si anode.>? In addition, PAA
electrode shows no obvious peaks in Si 2p spectrum. On the contrary, PAA-PEI-c electrode shows

the peaks of Si® and Si** (Li,SiOy), indicating a thinner SEI was formed on PAA-PEI-c electrode

12
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and the Si particles were better preserved in PAA-PEI-c electrode after extended cycling. The N
content was below the testing limit of our instrument, implying the PAA-PEI-c binder may not be

present in the SEI.
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Figure 6. F 1s and Si 2p XPS spectra of the PAA and PAA-PEI-c electrodes after 150 cycles.

Finally, the best-performing binder, PAA-PEI-c was evaluated in full cells by pairing Si electrodes
with LiNig ¢Mng,Cog,0, (NMC622) cathodes. The full cells were cycled between 3.0 V and 4.2
V using a standard cycling protocol including three formation cycles at C/20 rate, a Hybrid Pulse
Power Characterization (HPPC), 92 cycles at C/3 rate, another HPPC, and finally three cycles at
C/20 rate. The specific discharge capacity, Coulombic efficiency (CE), and area specific
impedance (ASI) results are summarized in Figure 7. More details regarding the cycling measures
are summarized in Table S2 in Supporting Information. As expected, the PAA-PEI-c cell
outperformed PAA cell by delivering higher average capacity, CE, and capacity retention. For
instance, the PAA-PEI-c cell delivered a 73% capacity retention that is 14% improved compared
to PAA cell (59%). While both cells showed comparable capacities at the beginning of C/3 cycling,

the capacity of the PAA cell decreased at a much faster rate as the cycling continued. The results

13
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are consistent with the ones from half-cells, further convincing the superior performance of the
PAA-PEI-c binder. As for the ASI data, both cells showed almost identical values before C/3
cycling. However, the impedance of PAA cell increased significantly more than that of PAA-PEI-¢
cell after extended cycling, implying a more stable interface between the electrode and electrolyte

in the PAA-PEI-c cell.
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Figure 7. The capacity and Coulombic efficiency profiles (left) and HPPC results (right) of PAA
and PAA-PEI-c full cells.

3. Conclusion

In this study, we developed a novel chemical switch enabled autonomous two stage crosslinking
polymeric binder system that not only enhances the electrode integrity by bringing in crosslinking
architecture of the polymer binders but also bypasses the difficulty of the laminating processing
by chemically switching off the crosslinking during the slurry making process. Three components
were carefully introduced, including PAA as the backbone binder, NH; as the chemical switch,
and branched PEI as the crosslinker. PAA was firstly neutralized by the addition of NH;, which
not only improved the rheology of the binder solutions by forming the ionic PAA-NH; but also
switched off the ionic crosslinking reaction between PAA and PEI. This switch can be removed
during electrode drying as carboxylate ammonium bonds undergo a thermal decomposition to
restore the acid groups, leading to in situ crosslinking between PAA and PEIL Interestingly, the
crosslinking reaction of PAA and PEI is temperature dependent and consists of two stages: ionic
cross-linking of PAA-PEI-i and covalent crosslinking of PAA-PEI-c triggered by temperature
higher than 110 °C. By fully characterizing the PAA-PEI-i and PAA-PEI-c binders and electrodes,

14
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we observe very different properties, including chemical resistance, mechanical resilience, and
binding strength. Si anodes fabricated using the PAA-PEI-c binder (electrodes were dried at 130
°C) delivered much improved cycling performance. The PAA-PEI-c half-cell shows 77% capacity
retention over 150 cycles at C/3 rate, affording a 67% increase compared to that of PAA half-cell.
In full cells, the PAA-PEI-c cell also outperforms the PAA cell in terms of average capacity,
Coulombic efficiency, capacity retention, and impedance. By elegantly utilizing the restoration
feature of PAA-NH; and thermal triggered crosslinking reactions between PAA and PEI, we
developed a novel two stage autonomous crosslinking binder system, PAA-PEI-c, that not only
dramatically improves cycling performance of the fabricated Si anodes but also facilitates the
slurry making process by avoiding early crosslinking. This carefully designed system controls the
property enhancing crosslinking reactions over the whole electrode fabrication process and
requires no additional steps compared to conventional electrode lamination process, demonstrating

enormous potential for direct adoption in large-scale manufacturing of Si electrodes.

4. Experimental Section

Materials

Poly(acrylic acid) (PAA, M, = 130,000), branched polyethylenimine (PEI, M, = 10,000), lithium
hydroxide, and ammonium hydroxide solution (28% ammonia in water) were purchased from
Sigma-Aldrich. Silicon nanoparticles (150 nm) were purchased from Paraclete Energy, Inc.
Conductive carbon particles (C45, 50-60 nm) were purchased from Timcal. The fabricated Si
electrodes contain 70 wt% silicon, 20 wt% binder, and 10 wt% C45. NMC622 positive electrodes
that contain 90 wt% LiNigsMng,C0¢,0,, 5 wt% C45, and 5 wt% PVDF binder were produced by
the Cell Analysis, Modeling, and Prototyping (CAMP) facility of Argonne National Laboratory.
Gen 2 electrolyte (1.2 M LiPFg in ethylene carbonate and ethyl methyl carbonate with weight ratio
of 3:7) was purchased from Tomiyama Pure Chemical Industries. Fluoroethylene carbonate (FEC)

was purchased from Solvay, dried, and distilled before use.

Preparation of PAA-NH;-PEI solution
PAA (1.0 g) and deionized water (8.0 g) were added to a 50 mL round bottom flask equipped with
a magnetic stir bar. Ammonium hydroxide solution (1.0 g) was then added to neutralize PAA.

After stirring at room temperature for 2 h, PEI solution (0.1 g, 10 wt% PEI in deionized water)

15
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was added dropwise. The resulting mixture was stirred at room temperature for 8 h to yield a
homogenous PAA-NH;-PEI solution. The weight ratio between PAA and PEI is 100:1 in the PAA-
NH;-PEI solution.

Rheological Measurements

Rheological characterization of binder solutions was conducted at 25 °C using a TA Instruments
model Discovery HR-3 rheometer equipped with a cone-plate geometry that has a cone diameter
of 20 mm and an angle of 2° (truncation 52 pm). To minimize water evaporation, a solvent trap
cover was used during the tests. The apparent viscosity at different shear rates was measured in a

flow ramp.

Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) Spectroscopy
ATR-FTIR spectra of binder samples were collected using a PerkinElmer Spectrum 100 FT-IR

Spectrometer equipped with a universal ATR sampling accessory.

Peeling Tests

Peeling tests of Si electrodes were conducted using an Instron 3343 universal tester to evaluate the
adhesive strength of the binders. The laminate side of the electrode (30 mm % 90 mm) was attached
to 3M 600 Scotch tape (1 inch in width). The electrode was peeled by pulling the tape at an angle
of 180° and a constant displacement rate of 20 mm/min. The applied force was measured to

produce the load/width vs displacement plots.

Cell Assembly and Electrochemical Characterization

The Si electrode laminates were coated on a copper foil current collector using a doctor blade from
a thoroughly mixed electrode slurry containing 70 wt% Si nanoparticles, 20 wt% binder, and 10
wt% C45. The fabricated electrodes were dried at 80 °C for 12 h, calendared, punched into 1.5
cm? disks, and further dried in a vacuum oven at 80 °C or 130 °C for 8 h before assembling into
2032-type stainless steel coin cells. For half-cell evaluation, the cells were configured with a
lithium metal counter electrode, a microporous polypropylene separator (Celgard 2325), a Si
electrode, and Gen 2 electrolyte containing 10 wt% FEC (25 puL). The cells were subjected to three
formation cycles at C/20 rate followed by 150 cycles at C/3 rate with the voltage window between
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0.01 and 1.5 V. The electrochemical performance of each binder was determined by the average
of two parallel cells. The fabricated electrodes show excellent reproducible cycling performance
among different batches (see Figure S4 in Supporting Information). For full cell evaluation, the Si
anodes were paired with NMC622 cathodes with a N/P ratio of 1.1. The cycling voltage was
maintained between 3.0 V and 4.2 V with a cell testing protocol consisting of (i) three formation
cycles at C/20 rate, (ii) a hybrid pulse power characterization (HPPC) sequence to measure area
specific impedance (ASI) at different depths of discharge (DOD), (iii) 92 cycles at C/3 rate, (iv)
another HPPC sequence, and (v) three final cycles at C/20 rate to measure capacity retention. In
the HPPC test, the cells were charged at C/3 rate to 4.2 V, discharged at C/3 rate to 10% DOD,
rested at the open circuit voltage for 1 h, and then subjected to hybrid pulse sequence. The hybrid
pulse sequence includes a discharge pulse at 3C rate for 10 s, a rest for 40 s, a charge pulse at
2.25C rate for 10 s, and another rest for 60 s. The impedance was calculated by using the applied

current and the voltage differences before and after pulses.

Scanning Electron Microscope (SEM) Measurements

The cycled coin cells were disassembled in an argon-filled glovebox. The harvested Si electrodes
were rinsed with anhydrous dimethyl carbonate and dried. The surface morphology and cross-
sectional thickness of the pristine and cycled electrodes were investigated using a JEOL JCM-

6000Plus scanning electron microscope (SEM).

X-ray photoelectron spectroscopy (XPS)

The Si anodes after cycling was washed with DMC and dried before moving to the XPS chamber.
XPS data were acquired using PHI 5000 VersaProbe II system (Physical Electronics) that attached
to an argon-atmosphere glovebox to avoid any contamination of moisture and air. The X-ray
source was operating at 25 W equipped with monochromatic Al Ka radiation (hv = 1486.6 e¢V)
which was set at Ar+-ion and electron beam sample neutralization, fixed analyzer transmission
mode. The base pressure in the XPS chamber was ~1 x 1078 torr. The spectra of all samples were
collected at a pass energy of 23.50 eV and electron escape angle of 45° to the sample plane. The
spot size for X-ray beam was set to 100 um. C-C peak at 284.8 eV was used to calibrate the spectra.

The Shirly background data were subjected from all spectra.
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