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ABSTRACT: Silicon anodes require polymer binder systems that are both mechanically robust and electrochemically stable, to
accommodate the dramatic volume expansion experienced during cycling operation. Herein, we report the use of a poly(acrylic
acid)-grafted styrene—butadiene rubber (PAA-g-SBR) with 80% partially neutralized Na-PAA as the binder system for silicon-
graphite anodes. The PAA-g-SBR graft copolymer was synthesized by grafting tert-butyl acrylate onto SBR and treating the
intermediate with H;PO,. The PAA-g-SBR/Na-PAA binder system was found to provide superior electrochemical performances to
that of a Na-PAA/SBR system. The Na-PAA/PAA-g-SBR system had a stable capacity retention of 673 mAh g~" for 130 cycles, while
the capacity retention of the Na-PAA/SBR system was found to decline immediately. The Na-PAA/PAA-g-SBR system also
displayed more preferable mechanical properties, with a lower Young’s modulus value and a larger strain at failure compared to that
of the Na-PAA/SBR system. Overall, these findings indicate a promising and robust polymer binder system for the application of
silicon anodes in the next generation of lithium-ion batteries.

KEYWORDS: lithium-ion batteries, silicon electrodes, PAA-g-SBR polymer, tert-butyl acrylate, AC impedance, electrode adhesion,
energy storage application

Bl INTRODUCTION system of poly(vinylidene fluoride) (PVdF) is ineffective for

To meet the future energy demands of electric vehicles, the deployment in silicon anodes.” Primarily, this is due to PVdF

next generation of anodes in lithium-ion batteries (LIBs) only forming weak van der Waals interactions with the surface

should have a minimal specific capacity of 1000 mAh g—l.l of the silicon active material and, as such, is unable to maintain
Silicon is a promising candidate for this, as it has a high specific the electrode’s microstructure during cycling." Alternatives to
capacity of 3579 mAh ¢! and is an abundant element within PVdF include poly(acrylic acid) (PAA) and carboxymethyl
the earth’s crust.” Unfortunately, the commercialization of cellulose (CMC), which both contain carboxylic acid group5.6
silicon-dominant anodes has been hindered, owing to its These groups form strong hydrogen-bonding and covalent
volume ' expansion/contraction of up to 280 vol % when interactions with the surface of the silicon active material,

charged and discharged.” Over the battery’s life cycle, the
electrode’s microstructure becomes cracked and pulverized,

resulting in compromised lifetimes and accelerated capacity —
fades + Received: October 26, 2022 'VENERGVMAYEMLS
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which provides the high adhesion strength required to

Polymer binders are crucial materials in electrodes in order
to maintain the microstructure during cycling, as they provide
the necessary cohesion and adhesion strengths between the
layers of active material, conductive additives, and current
collector.” However, the traditional anode polymer binder
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Figure 1. Propsed reaction scheme of grafting of tert-butyl acrylate on to the SBR seed and then hydrolyzing the tert-butyl acrylate group.

maintain the electrode’s microstructure during cycling.”
However, the use of PAA as the binder system requires the
capacity of the anode to be limited, as PAA is mechanically
brittle and cannot undertake the strain from excessive volume
expansion.8

One strategy to overcome this is to develop a complex self-
healing binder system, as proposed and demonstrated by Hu et
al.” Another more simple strategy is to develop a binder system
with a related or analogous chemistry to that of PAA, so that it
can provide the necessary high adhesion strength. Additionally,
a styrene butadiene rubber latex (SBR) component should also
be incorporated, as this would introduce an element of
flexibility to decrease the dominant rigidity of the PAA.'® SBR
is a water-based elastomer, which has been used to blend with
CMC to improve the flexibility of CMC graphite anodes."'
There have also been reports of CMC/SBR systems bein$ used
as silicon/ %raphite anodes, including work by Hong et al."* and
Lee et al.'> However, the use of PAA with SBR as the binder
system is rarely reported within the literature, and in the rare
cases in which it is, a third polymer is added. This includes the
work by Wang et al.,, who used poly(vinyl alcohol) (PVA) with
PAA and SBR in a ratio of 1:9:1 as the binder system for
silicon anodes,'* as well as the work by Song et al. who used
partially neutralized PAA with CMC and SBR as the binder
system for graphite/silicon anodes."

Unfortunately, SBR and PAA are not chemically compatible
and cannot be simply mixed and used simultaneously for
binder applications.'® External to the battery field, previous
studies have attempted to overcome this issue by developing a
grafted SBR with PAA branches, using toluene and methanol at
60 °C, or through the use of Co-60 y radiation.'”'® Applying
these methods to the battery field is not ideal or practical, as
there are strict environmental protection regulations, which
have highly restricted the use of volatile organic compound
solvents within industry."" In this study, we synthesize a PAA-
g-SBR copolymer, which is then used as part of an integrated
binder system for silicon-graphite anodes. This is achieved
through seeded-core emulsion polymerization, by grafting tert-
butyl acrylate onto SBR and hydrolyzing away the tert-butyl
groups with 85% phosphoric acid at room temperature (Figure
1). tert-Butyl acrylate is a monomer that is commonly used to
produce intermediate products, as the tert-butyl group is
considered to be a more stable leaving group.'” In addition to
this, fert-butyl groups are easily replaced for more desirable
groups, such as a carboxylic acid, through hydrolysis.”” The
resultant PAA-g-SBR graft copolymer is used alongside 80%
partially neutralized (Na-PAA) as a possible binder system in
silicon graphite anodes.

B EXPERIMENTAL METHODS

Syntheses of PAA-g-SBR Graft Copolymer. 10 mL of 43 wt %
SBR (Synthomer) and 1 mL of tert-butyl acrylate (Sigma-Aldrich
containing 10—20 ppm of monomethyl ether hydroquinone as
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inhibitor, 98% 128.17 g mol™") was added to a flask with 15 mL of
distilled water. The mixture was stirred at 100 rpm overnight, before
being purged with nitrogen for an hour to remove the dissolved
oxygen. 0.129 g of K,S,0; (Sigma-Aldrich 270.32 g mol™") initiator
was dissolved in 10 g of distilled water and added to the reaction
vessel. The temperature was increased to 70 °C, and the reaction was
carried out for 7 h, with the mixture being stirred at 300 rpm, before
being transferred to a 100 mL high-density polyethylene (HDPE)
thick-walled jar (Intertreon). The tert-butyl groups were hydrolyzed
off by adding 6.1 g of H;PO, (Chem Lab 97.99 g mol™') to the
reaction mixture and leaving this to stir for 24 h at room temperature.
The excess acid was removed by the addition of 20 mL of 2 M NaOH,
and this was left mixing for a final 24 h.

Characterization of Graft PAA-g-SBR Copolymer. FTIR.
Fourier transform infrared spectroscopy (FTIR) was conducted
using an FTIR Spectrometer (Vertex 70) and was run on the polymer
films of the SBR starting material and the modified SBR before and
after being treated with acid. The resolution setting was 4 cm™" with
80 scans between the wavenumber range of 4500—500 cm™".

NMR. Samples of SBR and modified SBR were dried, cut up, and
dissolved in CDCl, as a solvent with tetramethyl silane (TMS) as an
internal standard. '"H NMR and diffusion-ordered spectroscopy
(DOSY) of the functionalized SBR were done in a Bruker 400
MHz spectrometer. All the obtained spectra were analyzed using
TopspinTM.

Mechanical Testing. Na-PAA/SBR polymer blends were
developed as follows, 7.14 g of 35% Na-PAA solution and S g of
50% SBR were added to produce a final solid ratio of 1:1. The mixture
was initially dispersed with a spatula before being mixed with a
Thinky ARE-250 conditioning planetary mixer (Thinky) for S min at
500 rpm. The resultant Na-PAA/SBR mixes were degassed for 24 h to
remove any air bubbles before being casted into a precut Teflon dish
(Gilbert Curry Industrial Plastics Co Ltd.). Pure SBR and Na-PAA
polymer film samples were developed by pouring 6 mL of 50% SBR or
Na-PAA into the precut Teflon dish. All samples were air-dried for 24
h, before being removed from the Teflon dish, weighed, and then
placed back on the Teflon sheet for further air drying. This process
was repeated until a constant mass was obtained for the films.

Polymer films with a thickness of 0.25—0.45 mm were cut into
tensile specimens according to ASTM D638, with a gauge length of
26 mm and a width of 3.26 mm. Tensile testing was performed using
a 100 kN Instron tensile tester, 1 kN load cell, wedge grips, with a
video extensometer, and at an extension rate of S mm/min. Young’s
modulus was calculated using a chord modulus fitted between 0.7%
and 1.5% offset strain.

Electrode Preparation. 3 g of carbon black (C-4S Timcal C-
NERGY), 15 g of graphite (BTR FC-18), and 4.28 g of 35% of Na-
PAA (Synthomer) were added to 20 mL of water and mixed by hand
with a spatula. The slurry was placed on an overhead high-speed
homodisperser (model 2.5, PRIMIX) at 620 rpm for an hour, before
being placed under an ultrasonicator probe (UP400S, SciMED) at 0.5
cycles, 65% amplitude for 15 min. 9 g of 0.02—2000 ym-sized silicon
powder (E-410 Elkem) was added, and the slurry was placed back on
the ultrasonicator probe at 0.5 cycles, 65% amplitude for a further 3
min. The slurry was then placed back under the overhead high-speed
homodisperser at 1000 rpm for a further hour of mixing. The slurry
was transferred to a Filmix mixing vessel (Filmix model 40-L
PRIMIX) and was subjected to 30 s at 10 ms™" and then 30 s at 25
ms™". The resultant mixture was transferred to a 100 mL high HDPE

https://doi.org/10.1021/acsaem.2c03489
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thick-walled jar. 3 g grams of 50% SBR was added, and the slurry was
placed in a Thinky mixer for S min at 500 rpm for the final stages of
mixing. The resultant slurries were allowed to degas for 30 min.

The electrode slurries were coated onto 11 ym thick copper (Oak
Mitsui, electrodeposited) using a draw-down coater (RK Instruments
Ltd.) at a blade gap of 90 um. Coatings were placed on a hot plate
(Nickel Electro Clifton HP1—1D) at S0 °C for S min to remove most
of the solvent, before being stored in a vacuum oven (Binder - VD 53
Vacuum Drying oven) with integrated vacuum pump system) at S0
°C for a period of 24 h. The above mixing procedure results in an
electrode formulation with a dry mass % composition of 30:50:10:10
(silicon/graphite/conductive additive/binder). Table 1 provides an
overview of the electrode formulations used in this study.

Table 1. Overview of Electrode Formulations

Si Graphite C-45 (Na-PAA) SBR
electrode slurry (%) (%) (%) (%) (%)
Na-PAA 30 S0 10 10 0
Na-PAA/SBR 30 S0 10 S S
Na-PAA/PAA-g- 30 S0 10 S N
SBR

Electrochemical Characterization. CR2032 coin cell compo-
nents (Hohsen Corporation) were used to assemble anode half-cells
versus lithium. Electrode coatings were dried in a vacuum oven
(Binder - VD 53 Vacuum Drying oven with integrated vacuum pump
system) at S0 °C for a period of 24 h. Electrodes were cut out using a
15.0 mm electrode cutter (Supplier Zhengzhou CY Scientific
Instrument Co, Ltd.) and weighed out on a microbalance (Sartorius).
Precut 15.6 X 0.25 mm thick lithium discs (Pi-Kem Limited) were
used as counter electrodes and were stored under vacuum. The
separator used was a trilayer polypropylene—polyethylene—polypro-
pylene (Celgard 2325), which was cut into 19 mm diameter discs. All
cell components were dried in a vacuum oven for 24 h before being
assembled into cells. Commercial RD26S electrolyte (Soulbrain),
containing 1.2 M LiPFy in ethylene carbonate (EC)/ethyl methyl
carbonate (EMC) 1/3 v/v + 3% wt vinyl carbonate (VC) + 15%
fluoroethylene carbonate (FEC), was used for the silicon/graphite
system.

Silicon-graphite anode half-cells (vs Li/Li*) were tested using a
Biologic BSC-805 series potentiostat cycler using a constant current
(CC) method in a 25 °C temperature-controlled oven. For the
formation cycle, the cells were discharged to S mV and then charged
to 1.0 V, at a C/20 rate. Further discharge/charge cycling was carried
out at a C/S rate between these voltage limits.

Potentio Electrochemical Impedance Spectroscopy (PEIS).
Potentio electrochemical impedance spectroscopy (PEIS) was carried
out using a VMP3 potentiostat (Bio-Logic), for measuring the
impedance change as a function of cycle number. The test was
conducted with a voltage amplitude of 10 mV, measured between
frequencies of 500 kHz and 50 mHz at 50% state of charge (SoC) for
each cell. The first measurement was taken after the formation cycle
with an additional 10 min of relaxation time and repeated with every
five cycles. ZView software was used for the impedance fitting
equivalent circuit, which is outlined in Figure 2.

Adhesion-Cohesion Testing. The adhesion/cohesion strength
of electrode coatings was determined by a compression/tensile
adhesion test using a Zwick Roell 0.5 kN Tensile Tester with an
Xforce P load cell, capacity 500 N, and Z-direction tensile test
adaptor. A layer of double-sided polyacrylate tape on a polypropylene
substrate (Teasfix 5696, Tesa) was placed on the lower specimen
carrier. A 2 kg standard manual adhesive test pressure roller was used
to ensure that the tapes were firmly stuck to the specimen. An
electrode coating sample that was slightly larger than the specimen
carrier was placed on top of the layer of tape with the coating side
facing upward (Figure 3). A scalpel blade was used to remove the
excess electrode coating, which was overhung from the specimen
carrier. Electrode coating samples were divided up into 625 mm?
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Figure 2. Equivalent circuit model used for fitting EIS data.
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Figure 3. Specimen setup for the compression/tensile adhesion test.

specimens, following the predetermined cutting guidelines on the
specimen carriers.

Samples of double-sided tape (1.13 cm?) were cut out and placed
on the upper specimen plate. Samples were first compressed at 600
kPa at a velocity of 0.75 mm/min and were held for 30 s. Afterward
the upper plate was pulled off at a velocity of 100 mm/min, and the
maximum tensile strength was recorded at a data acquisition rate of 2
kHz.

Electrolyte Swelling Tests. Polymer film samples of the Na-PAA
and SBRs were prepared by placing a coin cell polypropylene gasket
casing onto a thin aluminum metal strip. The gasket was filled with
1—2 mL of polymer, and the samples were then initially air-dried for
24 h. Afterward, the samples were then placed in an oven at 60 °C
overnight for further drying, after which the aluminum sheet and
gasket casing were carefully removed. The samples were then dried
further and weighed until a constant mass was obtained.

The polymer samples were placed in a 300 mL HDPE thick-walled
jar and dried in an oven at 60 °C overnight. Samples were transferred
to an argon-filled glovebox. Polymer samples were weighed using an
analytical balance, before being immersed in S mL of commercial RD
265 electrolyte for 24 h. After 24 h the polymer/electrolyte system
was filtered, and the polymer samples were removed from the
electrolyte, taped, dried, and reweighed (Figure 4).

Scanning Electron Microscopy (SEM). SEM analysis was
performed using a Carl Zeiss Sigma Field Emission Scanning Electron
Microscope (FE-SEM) to generate the SEM images by applying an
accelerated voltage of 10 kV with aperture size of 60 ym and a
working distance of 7.6 mm. ASE2 detector was used for imaging.
SEM images were taken of electrodes before and after cycling for the
Na-PAA/SBR and Na-PAA/PAA-g-SBR binder systems for compar-
ison.

B RESULTS AND DISCUSSION

Mixing with Na-PAA. To determine if the PAA-g-SBR
could overcome the phase-separation issue, polymer samples of
Na-PAA/SBR and of Na-PAA/PAA-g-SBR were prepared at a
weight ratio of 1:1. Phase separation was observed in the Na-
PAA/SBR sample, with there being clear regions where the
SBR had agglomerated in Figure 5. Meanwhile, this was found
not to be the case for the Na-PAA/PAA-g-SBR sample, with
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Figure 4. Overview of electrolyte polymer swelling tests. (a) Polymer sample initially dried and weighed, (b) polymer sample immersed in
electrolyte for 24 h, (c) polymer sample removed from electrolyte, and (d) polymer samples reweighed.

Figure 5. (a) Mixing SBR with Na-PAA resulting in phase separation. (b) Mixing SBR-g-PAA with Na-PAA results in no phase separation.
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Figure 6. (a) FTIR spectra and (b) '"H NMR spectra of the primary SBR starting material, PtBa-g-SBR intermediate, and the final PAA-g-SBR

copolymer product

there being no obvious sections in which either the SBR or Na-
PAA had agglomerated in Figure Sb. This suggests that the
surface chemistry of the SBR had been modified, making it
more chemically compatible with Na-PAA.

FTIR Charcterazation of PAA-g-SBR Copolymer. FTIR
was performed on the primary SBR starting material, the
poly(tert-butyl acrylate)-g-(styrene butadiene rubber) (Ptba-g-
SBR) intermediate, and the final PAA-g-SBR copolymer
product. In Figure 6a, the pure SBR sample displayed
characteristic bands at 3025 cm™ (aromatic C—H styrene
stretching), 2917/2847 cm ™" (CH, aliphatic C—H stretching),
1601/1493 cm™!, (C=C/C—C stretching in styrene), 1451
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cm™' (aromatic C=C bending in styrene units), 966 cm™

(1,4-trans-butadiene), 755 cm™ (1,4 cis isomers), 910 cm™"
(1,2-vinylbutadiene), and 697 cm™ (styrene C—H bend-
ing).”"*> The spectrum of the Ptba-g-SBR intermediate
displayed similar characteristic bands to that of the SBR
starting material, with additional peaks at 1718 cm™ (C=0
ester stretch) and 1150 cm™ (C—O stretch) from the tert-
butyl acrylate side chains. Finally in the PAA-g-SBR spectrum,
a broad peak appeared at 3394 cm™' (O—H stretching),
indicating that the hydrolysis of the tert-butyl groups was
successful.”’
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NMR Charcterazation of a PAA-g-SBR Copolymer. Pelmmmmmee :
Figure 6b shows the '"H NMR spectra of the SBR starting rri8aa ' @8 Lo e pANSER 1
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CH.” The peaks in this spectrum were found to overlap, and E 00 3 100 200 300 400 500 600

26,27

this agrees with the NMR SBR spectra of previous studies.

The 'H NMR spectrum of PtBa-g-SBR was found to be very
similar to that of the spectrum of the SBR starting material,
with the addition of the singlet at 1.47 ppm (C(CHj);) from
the tert-butyl groups. However, as the 'H NMR did not
confirm if the fert-butyl group was grafted onto the SBR
backbone chain or was present as part of a separate polymer, a
diffusion-ordered spectroscopy NMR spectrum was also
obtained. In Figure 7 the protons belonging to both the SBR
backbone chain and that of the tert-butyl acrylate are aligned in
the same region of the DOSY spectrum. This indicates that
they have the same diffusion coefficients, meaning that the
protons from the tert-butyl group and from the SBR belong to
the same molecule, thus providing strong evidence that the
grafting was a success.”® Finally, the singlet at 1.47 ppm was
not present in the NMR spectrum of the PAA-g-SBR sample,
therefore confirming that the tert-butyl groups had successfully
been hydrolyzed away.”

Uniaxial Tensile Testing of Polymer Films. The
resultant stress/strain curves from the tensile testing of the
different binder systems are provided in Figure 8. The Na-
PAA/SBR system was found to have the highest Young’s
modulus value of 209.25 MPa, which traditionally would have
been viewed as an ideal binder candidate for silicon anodes.
Historically, polymers with a high Young’s modulus were
reported as being able to provide silicon anodes with the
necessary mechanical stability to deal with the volume
expansion.7 However, more recent studies claim that it is
more important for the binder systems to possess a higher
degree of flexibility and a larger tensile strain.’® These
properties should allow for the binder system to more
effectively accommodate the huge strain caused by silicon’s
large volume expansion, and ensure structural stability of the
electrode’s microstructure.”’

Both the stress/strain curves of the Na-PAA/PAA-g-SBR
and Na-PAA systems in Figure 8 demonstrate typical behaviors
associated with elastomer-based polymers.”> The Na-PAA

500

Axial Strain (%)

Figure 8. Stress strain curves of the different binder systems.

system had a strain at failure value of 376.99% and a Young’s
modulus value of 3.75 MPa (Table 2). In the case of the Na-

Table 2. Overview of Polymer Binder Systems Tensile
Testing Properties”

Young’s modulus strain at failure stress at failure

binder system MPa) (%) (MPa)
Na-PAA 375 + 1.74 376.99 + 19.73 1.01 + 0.16
Na-PAA/SBR 209.25 + 17.36 7.55 + 3.08 7.29 + 0.69
Na-PAA/PAA-g- 525 £291 126.51 + 30.48 0.95 + 0.25
SBR
SBR 0.11 + 0.76 517.60 + 19.63 2.15 + 035

“The “+” refers to the standard deviation based on a minimum of four

specimens.

PAA/PAA-g-SBR system these were 126.51% and 5.25 MPa,
respectively. Regarding the Na-PAA/PAA-g-SBR system, this is
a major improvement in stretching capability compared with
the Na-PAA/SBR system, which only had a strain at failure of
7.55%. This is due to the modified SBR being more chemically
compatible with Na-PAA, which allows for a more effective use
of the mechanical properties from both polymer systems.
Owing to these mechanical properties, the Na-PAA/PAA-g-
SBR system should be more effective than the Na-PAA/SBR
system at maintaining the electrode’s microstructure. It is also
important to establish that the electrode formulations contain
50% graphite, in which the graphite is designed to provide
stabilization to the silicon by assisting with the accommodation
of its volume expansion.

Electrochemical Characterization. The voltage profiles
of the first two cycles for all the binder systems are provided in
Figure 9. In the first lithiation cycles, all the systems displayed
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Figure 9. 1st and 2nd cycle voltage profiles of the silicon/graphite anode half cells for (a) Na-PAA/SBR, (b) Na-PAA/PAA-g-SBR, and (c) Na-

PAA.

a decline in the voltage between 1.0 and 0.5 V and then a
plateau at around 0.1 V, which is characteristic behavior of the
alloying reaction between lithium and crystalline silicon.” For
the Na-PAA and Na-PAA/PAA-g-SBR second cycle lithiation
curves, the voltage was found to slope down from 0.3 V
onward, indicating that the alloying reaction was now
occurring between lithium and amorphous silicon.”* However,
in the case of the Na-PAA/SBR system, the second cycle
lithiation curve does not demonstrate this same behavior,
suggesting that the phase conversion from crystalline to
amorphous silicon did not occur. A possible explanation for
this is that the incompatibility of the two polymers caused
them to phase separate out, with their agglomeration into
separate regions of Na-PAA and SBR. Because of this, the
binder system would have not been uniformly distributed
throughout the silicon and graphite particles. This could
potentially lead to the binder system not facilitating the
establishment of an effective microstructure with short and
long-range conductive networks. This would electrically isolate
a significant proportion of the active material, and therefore,
the silicon could not be lithiated sufficiently to undergo phase
conversion.” The delithiation curves for both first and second
cycles show a voltage ramp between 0.2 and 0.6 V, which is a
typical response for the decomposition of the silicon lithium
alloy.*

The longer cycling performances of the binder systems are
provided in Figure 10. The initial capacity of the Na-PAA/SBR
system was 442 mAh g™, before sharply declining to 310 mAh
g~ ! by cycle 2. Meanwhile, the initial capacity of the Na-PAA/
PAA-g-SBR system was 592 mAh g, and then by cycle 2 it
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Figure 10. Longer cycling performances of silicon/graphite anode
half-cells at a capacity of 683 mAh g™".

increased to 671 mAh g~ . This increase in capacity from cycle
1 to cycle 2, for the Na-PAA/PAA-g-SBR, is due to the phase
conversion to amorphous silicon, which is known to be a more
favorable environment for lithium-ion diffusion kinetics.*® By
cycle 20 the capacity of the of Na-PAA/SBR system had
decreased to 130 mAh g~', while after 130 cycles the capacity
of the Na-PAA/PAA-g-SBR system was still stable at 673 mAh
-1

The only difference between the two systems is that the Na-
PAA/PAA-g-SBR contains the modified SBR, while the Na-
PAA/SBR contains the standard SBR and, as such, highlights
the improvements the modified SBR makes. This is most likely
to be due to the PAA-g-SBR system containing similar
functional groups to Na-PAA. This reduces the phase
separation between the two polymer systems and allows for
a better overall microstructure within the electrode coating.
This has improved the electrode’s integrity and a micro-
structure that is more likely to withstand the volume expansion
during cycling.

The dQ/dV versus V plots for cycles 1, 10, and 50 are
provided in Figure 11. All of the binder systems displayed a
distinctive cathodic discharge peak at 0.1 V during their first
cycle, which again confirms that the alloying reactlon has
occurred between lithium ions and crystalline silicon.”* In the
case of the delithiation processes, the peaks occurring between
0.11 and 0.23 V derive from lithium deintercalation with the
graphite (Li,C4 — C4 + aLi* + xe”).>?” Meanwhile the two
peaks at 0.28 and 0.47 V correspond to the phase conversion of
a-Liy Si — a-Li,Si and a-Li,Si — a-Si, respectively.” By cycles
10 and 50, significant differences were observed in the dQ/dV
versus V plots of the different systems. In the case of the
lithiation process for Na-PAA and Na-PAA/PAA-g-SBR
systems, a shoulder peak at 0.30 V and a strong peak at 0.23
V were observed. These peaks are reported to be due to the
phase conversion of a-Si — a-Li,Si and provide a strong
indication that the silicon active material has been converted
from a crystalline to an amorphous state.’® The peak present at
0.08 V is due to the conversion of a-Li,Si — a-Li 3Si.”

Between cycles 10 and S0 in the dQ/dV versus V plots for
the Na-PAA/SBR system, the delithiation peaks in the dQ/dV
plot had essentially merged, and their peak intensity was
significantly lower than that of the Na-PAA or Na-PAA/PAA-
g-SBR system. This type of behavior in dQ/dV plots is known
to be a signal of incomplete lithiation of the silicon, due to
sections of the active material becoming electrically isolated.”
This suggests that the declining cycle performance of the Na-
PAA/SBR system in Figure 10 is partially due to sections of
the silicon active material becoming isolated and losing
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Figure 12. EIS Nyquist plots for S0% SoC at (a) cycle 2, (b) cycle 10, and (c) cycle 40 for all the binder systems.

electrical contact with the current collector. In addition to this
the peaks were found to shift toward lower voltages during the
lithiation process and shift toward higher voltages during the
delithiation process. The shifting pattern relates to the
thickening of the solid—electrolyte interface (SEI) layer,
which results in increased levels of resistance within the
electrodes. This observed polarization causes the charge and
discharge cutoff voltages to be reached earlier, resulting in
incomplete lithiation and delithiation of the active material,
hence the capacity fade.*’

Meanwhile the Na-PAA and Na-PAA/PAA-g-SBR systems
were found to be very stable, with there being no observed
significant shift in the position of the peaks. A high electrical
stability within dQ/dV plots is reported to be a sign of a
favorable environment for lithium ion insertion and extraction
with the silicon active material.* The stability of these dQ/dV
versus V plots at cycle 50 implies that these binder systems can
effectively maintain the electrode microstructure during
cycling, which is essential for providing a favorable environ-
ment for lithium-ion interaction and extraction.

Electrochemical impedance spectroscopy (EIS) was carried
out to investigate the resistances within the cells of the
different binder systems at 50% SoC at regular intervals. Even
though the polymer binder system only contributes to a small
portion of the electrode formulation, it has been well-
established that it plays a vital role in determining the battery’s
overall performance.’”Figure 12 provides the Nyquist plots for
all the binder systems at cycles 2, 10, and 40 respectively. As
explained in the methodology, the first semicircle relates to the
SEI resistance (Rgg;), while the second larger semicircle relates
to the charge transfer resistance (Ror).¥ Meanwhile, the
angled vertical line to the far right of the spectrum is the
Warburg impedance (Zw) and is a result of lithium ions
diffusing into the solid active material.® First, the angle of the
Warburg element of the Na-PAA/SBR system is less than 45°,
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which correlates to a slower lithium-ion diffusion rate, and is
most likely due to the nonuniform distribution of the binder
system throughout the electrode.”® This is because SBR is
reported to be quite electrically resistive and, therefore, will
hinder ion diffusion if it is distributed nonuniformly and
concentrated in one section of the electrode.™ It has also been
established in previous studies that a nonuniform distribution
of the binder system causes sections of the active material to
become inaccessible for lithium-ion intercalation, resulting in
higher levels of resistances being experienced.”

For cycles 10 and 40 of the Na-PAA/SBR system, the angles
of the Warburg elements remained below 45°. However, at
lower frequencies the tails of the Warburg elements change to
a significantly steeper angle. Previous studies have accredited
this type of behavior to lithium ions accumulating within the
graphite section of the active material of the electrode.” This
results in an increase in resistance and decrease in capacity
retention, due to a large fraction of this accumulated lithium
creating a physical barrier. This then prohibits the trans-
portation of lithium ions."” In cycle 40, fluctuations are
observed within the Warburg elements for the Na-PAA/SBR
system, indicating nonideal diffusion behavior within the
electrode.*® This has previously been reported to occur from
irregular spaces throughout the active material and is most
likely caused here by the poor distribution of the PAA/SBR
binder system.*’

In the case of the Na-PAA and Na-PAA/PAA-g-SBR systems
the slopes of the Warburg elements have angles of 45°
indicatin§ faster lithium-ion diffusion rates through these
anodes.*> For the Na-PAA and the Na-PAA/ PAA-g-SBR
systems, the Rcr deceased from 26.55 to 14.76 Q and from
27.29 to 11.94 Q, respectively. This is represented by the
decrease in magnitude of the Rcr semicircles of these systems
between cycles 2 and 10, which is due to the electrode
undergoing an initial activation process, as the silicon is
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Figure 14. SEM images for (a) Na-PAA/PAA-g-SBR pristine, (b) Na-PAA/PAA-g-SBR after 150 cycles, (c) Na-PAA/SBR pristine, and (d) Na-

PAA/SBR after 60 cycles.

converted from a crystalline to an amorphous state.’® The
exception to this is the Na-PAA/SBR system, in which the Ry
increased from 13.28 to 40.04 Q between cycles 2 and 10, with
the Rcr semicircles getting significantly larger. This can be
explained by examining the trends in the R, Rgg;, and Rep as a
function of cycle number for the different binder systems, as
shown in Figure 13.

The R; values are provided in Figure 13 and, as to be
expected, were relatively stable for the Na-PAA and Na-PAA/
PAA-g-SBR systems, which indicates good ohmic contact.’!
Surprisingly, this was also found to be the case for the Na-
PAA/SBR system even though it demonstrated poor capacity
retentions in Figure 10. Typically, electrodes that perform
poorly during cycling also experience an increase in R, values,
as a result of electrolyte degradation and particle cracking.*”
However, increases in R, values are more commonly associated
with pouch and cylindrical cells and not with coin cells as used
within this study.”> This is due to there often being an excess
amount of electrolyte with coin cells and therefore
demonstrating an overall slower electrolyte degradation.”*

However, the trend in Rgg; values in Figure 13b indicate that
the Na-PAA/SBR system produced a significantly less stable
SEI layer compared to those of the Na-PAA/PAA-g-SBR and
Na-PAA systems. First, the Na-PAA/SBR system had a
significantly higher initial Rgg; value, and this is most likely
due to the electrode having a rougher surface area for forming
the SEI layer.”® This can be observed in the pristine Na-PAA/
SBR sample SEM images in Figure 14. Second, the Na-PAA/
SBR system then goes on to experience a large drop in Rgg
between cycles 2 and 10, which previous studies have
attributed to the continuous formation and decomposition of
an unstable SEI layer.’® This arises from the electrode
becoming cracked and pulverized, as a consequence of silicon’s
large volume expansion. During this process, the SEI layer is
also broken down, while a new secondary SEI layer is formed
over the freshly exposed surface area of the silicon particles.
This then agrees with the dramatic capacity retention decline
in Figure 10, as there is a reduction in the available lithium-ion
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inventory, because it is consumed for the reformation of the
SEI layer. This type of behavior is another sign that the binder
system is ineffective at maintaining the electrode’s micro-
structure during cycling.” It also occurs for this system, because
the phase separation between Na-PAA and SBR results in a
nonhomogeneous distribution of silicon, graphite, and binder
throughout the electrode. As such, the graphite is unable to
effectively assist with the buffering of the volume expansion of
the silicon. Third, between cycles 10 and 45, the Na-PAA/SBR
system experienced high Rgg; values compared to the Na-PAA
and PAA-g-SBR systems, indicating that a thicker SEI layer was
present for the Na-PAA/SBR system. This also agrees with the
cycling performances in Figure 10, as electrodes that
experience faster capacity declines are also known to
experience higher Rgg; values.”” Meanwhile, for the Na-PAA/
PAA-g-SBR and Na-PAA systems, the Rgg; values were found
to only slightly increase between cycles 2 and 4S5, suggesting
that a stable SEI layer had been formed for these systems.*®
Between cycles 2 and 10 the Rqp of the Na-PAA/SBR
system rapidly increased between cycles S and 10 and then
only gradually increased between cycles 20 and 40. The huge
increase in Rcr is most likely due to the Na-PAA/SBR
electrode becoming pulverized, which then hinders the lithium
ion diffusion throughout the anode, increasing the electrode’s
tortuosity.® After cycle 20, the Rey of the Na-PAA/SBR system
only gradually increased between cycles 20 and 30, and then it
slightly decreased from cycle 35 to 45. This can be further
explained by taking into consideration the two main steps that
occur during the charge transfer process. In the first step, the
solvated lithium ions within the electrolyte are desolvated, and
then in the second step these desolvated lithium ions are
transported to the surface of the active material to accept an
electron from the electrode.’” The gradual increase in Rcrp
between cycles 20 and 30 is due to the silicon volume
expansion causing the electrode to become cracked, experienc-
ing more formation of the SEI layer, resulting in the
consumption of more lithium ions. Because of this, it means
that there are fewer lithium ions available to reach the surface
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Figure 15. (a) Adhesion strengths of the electrode coatings and (b) polymer swelling tests after a 24 h immersion in electrolyte for 24 h.

of the active material and accept an electron; hence, the Ry
increases. Meanwhile, the decrease in Rqr between cycles 35
and 45 is due to the cracking, resulting in more exposed surface
area of active material. Hence, it is easier for the lithium ions to
accept an electron from the surface of the active material.*®

The Rcr values for both the Na-PAA/PAA-g-SBR and Na-
PAA systems in Figure 13c were found to sharply decline.
Previous studies have acknowledged that this is because a more
densely packed electrode is produced during the formation
cycles, as a result of the internal stresses from silicon’s large
volume expansion.®® The Ry also reduces for these systems,
because the phase conversion of crystalline to amorphous
silicon during the initial cycles produces a more kinetically
favorable environment for lithium-ion insertion.””

Mechanical Properties. SEM images were taken of the
electrodes’ coatings before and after cycling, to investigate
whether the surfaces of the electrodes had experienced
cracking during cycling. Cracking has been established as a
clear indication of a binder system lacking the sufficient
mechanical properties to maintain the electrodes’ cohesive
integrity during cycling.’' Cracking was present in the pristine
Na-PAA/SBR sample (Figure 14c), whereas no cracking was
found to be present in the pristine Na-PAA/PAA-g-SBR
sample (Figure 14a). In pristine electrodes cracking can occur
when there is removal of water from the electrode coating
occurring too quickly during the drying stage. This then causes
the electrode coating to experience large surface tensions
resulting in the formation of cracks.®”

In the postcycled Na-PAA/SBR, sample cracks were found
to be present (Figure 14d), albeit their being smaller in size
compared with the cracks present in the pristine sample. This
is most likely to be due to the cracks constantly closing and
reopenin§, from the lithiation and delithiation processes during
cycling.6 Meanwhile, no cracking was observed in the
postcycled Na-PAA/PAA-g-SBR sample (Figure 14b), indicat-
ing that the binder system was able to maintain the electrode’s
microstructure during cycling, and this correlates with the most
stable electrochemical performance in Figure 10.>° This then
strongly indicates the capacity decline after 140 cycles for the
Na-PAA/PAA-g-SBR system is due to the lithium counter
electrode, as lithium half-cells are known to be unsuitable for
long-term cycling.”” This is because lithium undergoes a
plating/stripping process at the electrode/electrolyte interfaces
during cycling, with lithium ions being electrochemically
reduced/oxidized to Li/Li* and deposited/removed on the
metal surfaces. The plating/stripping reactions results in
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infinite volume changes in the lithium metal, which cause
the SEI layer to become unstable and easily crack. This then
causes massive consumption of lithium and electrolyte needed
to repair the layer, which eventually leads to dramatic capacity
fades. However, half cells were used in this paper because they
offer an easy way to evaluate new battery materials, because
there is a relatively unlimited supply of usable lithium. This
therefore allows for loss of active material from the electrode
being investigated to be easily identified.”’

The adhesion/cohesion strengths of the electrode coatings
are provided in Figure 15a and were obtained following a
method initially developed by Haselrieder following eq 1.1.%°

o = IFt,maxl
" A (1.1)
Here, o, is the adhesion/cohesion strength, F, ... is the

maximum tensile force, and A is the surface area of the
electrode sample. The Na-PAA/SBR system had the lowest
adhesion strength of 71.8 MPa, whereas for the Na-PAA/PAA-
g-SBR system it was 404.6 MPa, and in the case of the Na-PAA
system it was 1194.25 MPa. It is expected that the Na-PAA
system will have the highest adhesion strength, as it contains
double the amount of carboxylate groups compared to the
other systems. It is these carboxylate groups that provide the
strong interactions with the surface of the silicon active
material. The Na-PAA/SBR system had the lowest adhesion
strength, which is probably caused by the Na-PAA and SBR
being chemically incompatible, causing the polymers to phase
separate out and producing an overall poorer quality of
electrode coating. The low adhesion strength of the Na-PAA/
SBR system probably contributed to its poor cycling
performance, as electrodes with lower adhesion strengths are
known to undergo delamination between the active material
and the current collector. This then causes a loss in electrical
contact between the active material and current collector,
resulting in poor cycling performances.’’

Polymer Binder Systems Electrolyte Swelling. Poly-
mer-electrolyte swelling tests were carried out to investigate
the lithium-ion transport efficiencies of the different binder
systems. The swelling factors (SW) are provided in Figure 15b
and were determined by eq 1.2.”

M — M,
SW(%) = ———L % 100
MI

(1.2)

Here, Mg is the mass of the sample following immersion in
electrolyte, and M is the mass of the sample before being
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immersed in electrolyte.”” The pure Na-PAA system had a
relatively low SW value of 5.79%, which is due to the
interactions between the polymer chains being more favorable
than those of the interactions between the polymer chains and
the electrolyte molecules.”> Meanwhile, the pure SBR sample
had a much higher SW value of 18.14%, while the SW values
for the Na-PAA/PAA-g-SBR and Na-PAA/SBR systems were
7.59 and 17.97%, respectively. The Na-PAA/SBR system had
the highest SW value of 17.97% as well as the greatest degree
in variation in the values obtained. This is probably due to the
Na-PAA and SBR polymers, strongly phase separating out and
resulting in a high amount of uneven distribution of the two
polymers between each sample. It is often acknowledged
within the literature that binder systems with a higher degree
of electrolyte uptake are more desirable than binder systems
with a lower degree of electrolyte uptake.”* This is because a
higher degree of electrolyte uptake is reported to improve
lithium-ion transport efficiencies, resulting in electrodes with
better capacities and power performances.”> However, in this
study it is the binder systems with a lower degree of electrolyte
uptake (Na-PAA and Na-PAA/PAA-g-SBR) that performed
best during cycling. This is because polymer binder systems
with a higher degree of electrolyte uptake are more likely to
experience fewer molecular interactions between the polymer
binder and the active material.’® This can result in electrodes
with lower adhesion/cohesion strengths, which then demon-
strate less stable capacity retentions as is the case with the Na-
PAA/SBR system.5

B CONCLUSION

In this study a binder system containing the chemistries of
both PAA and SBR was developed for use in silicon-graphite
anodes. Due to PAA and SBR being chemically incompatible, a
graft PAA-g-SBR copolymer was synthesized, using tert-butyl
acrylate onto SBR in an aqueous medium at 70 °C, before
hydrolyzing away the tert-butyl groups with aqueous-based
H;PO, at room temperature. The resultant PAA-g-SBR
polymer was used alongside Synthomer’s Na-PAA as the
binder system for silicon-graphite anode half cells. The
electrochemical performances of these electrodes were
compared to those using Na-PAA/SBR and of pure Na-PAA
as the binder system. The Na-PAA/PAA-g-SBR system was
found to have a significantly superior capacity retention to that
of the Na-PAA/SBR system. EIS revealed that the Na-PAA/
PAA-g-SBR had lower levels of Rgg; and Rep in comparison to
the Na-PAA/SBR system as well as more stable peaks in the
dQ/dV versus V plots in the Na-PAA/PAA-g-SBR compared to
the Na-PAA/SBR system. This indicates that the Na-PAA/
PAA-g-SBR binder system maintains the electrodes’ micro-
structure more effectively during cycling and provides a more
favorable environment for lithium-ion insertion. With regard to
recommended further work, it is strongly recommended that
focus should be applied not only to optimizing the ratio of the
modified SBR to Na-PAA but also on the electrode
formulation. This would allow for the development of a binder
system and superior anode coating that can generate a silicon-
graphite electrode that possesses the best possible electro-
chemical performance based on physical and chemical
properties.
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