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Abstract

Silicon (Si) -based materials have been identified as a potential alternative anode owing to their superior theoretical capacity
compared to conventional graphitic carbon. Nevertheless, the huge volume change (approximately 300%) that occurs while
cycling still hampers this system from 100% practical applications. Silicon-monoxide (SiO,)-based anode materials, on the
other hand, are being explored extensively due to their unique properties such as high theoretical capacity, formation of Li,O
and LiSi0O, during initial lithiation process that act as a natural volume buffer matrix to accommodate volume changes and
formation of a stable solid electrolyte interphase layer, which improves the cyclability and capacity retention. Although poly
(vinylidene fluoride) (PVdF) is widely used as a binder, the weak van der Waals forces between PVdF and silicon-based
particles fail to bind particles effectively, when substantial volume change occurs. Herein, we prepare a series of SiO,-Si-C
electrodes with different binders poly (acrylic acid) (PAA), carboxyl methyl cellulose (CMC) and their blends as binder.
The prepared polymeric blends are subjected to thermal, morphological, mechanical and physico-chemical analyses. The
Li/ SiO,-Si-C cell assembled with 100% PAA as binder delivered a discharge capacity of 1908 mAh g~! on its first cycle
and 724 mAh g~! on its 100th cycle with a fade in capacity of 11.8 mAh g™' per cycle. Upon the incorporation of CMC in
the PAA blend the cycling performance was found to be poor. Among the various investigated compositions, the electrode
with sole poly (acrylic acid) as a binder offers the highest discharge capacity and this is attributed to the high concentration
of the functional (carboxylic) group which forms strong hydrogen bonds with - OH groups on the SiO, or carbon surface.
The interfacial properties of the polymeric binders are thoroughly investigated by spectroscopies and electrochemical tests.

Keywords Silicon anode - Polymeric binders - Poly (acrylic acid) - Electrochemical impedance spectroscopy - Lithium-
Sulfur batteries

Introduction limited energy and power densities impede these systems

from achieving 100% utilization [1-3]. Numerous attempts

Though the switching of internal combustion engine to
hybrid electric vehicles, and the reduction of greenhouse
gas emissions can be facilitated by lithium-ion batteries, the
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have been made to address this challenge by developing
novel electrode and electrolyte materials. Recently, silicon
sub-oxides (SiO,, 0<x<2) are projected as potential anode
materials owing to their abundance on earth’s crust, abil-
ity to operate at lower potentials, low cost, facile synthesis
methods, and environmental friendliness. Additionally, these
materials offer a high theoretical capacity of 2615 mAh g~!
and enhanced cycling capability than silicon with smaller
volume change (~ 160%) while cycling. Despite these advan-
tages the formation of Li,O and LiSiO, during the initial
lithiation process is due to the reaction of lithium ions with
Si0O,, which decreases the specific capacity. Nevertheless,
the formed Li,O and LiSiO, act as buffer matrices and
accommodate volume changes, which promotes the cycla-
bility and capacity retention. Though the formation of Li,O
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and LiSiO, is advantageous to prevent pulverization of SiO,
complexes, several critical issues, such as inadequate rate
capability, low Coulombic efficiency, and an extremely short
cycling life at elevated current rates occur due to the low
electrical conductivity (6.7 X 107*Sem™), and poor lithium
ion diffusion and are to be resolved. To alleviate these issues,
combining SiO, with conductive layers of carbon or carbon
matrix provides high conductivity and can significantly
improve the charge transfer capability. In our earlier report,
a series of electrodes were prepared based on SiO,-Si-C of
different compositions. Silicon nanoparticles could accom-
modate the huge volume change that occurs during lithium
alloying and de-alloying processes. The polymeric binders
play a key role in the electrodes of energy-storage devices;
however, less attention has been paid to increase their perfor-
mances and the available reports are very scanty. In general,
polymeric binders hold critical components of batteries such
as electrode active material, conductive carbon, solid addi-
tives and current collector, while charge/discharge process
is going. The binder plays a significant role in dispersing
critical components homogenously, provides mechanical
integrity by holding the particles together with a current
collector through mechanical, intermolecular, or chemical
forces in addition to electronic contact [4]. The ultrahigh
capacity active materials experience large volume change
during cycling and tend to generate higher stress than graph-
ite and leads for delamination from the electrode surface.
The most commonly used poly (vinylidene fluoride) PVdF, a
linear type- homopolymeric binder though possesses higher
binding capability, good electrochemical stability and bet-
ter wettability (useful to transport lithium ions to the active
material surface) for transporting lithium ions to the active
material surface. However, the weak van der Waals force
between PVdF and active material particles usually fail to
bind particles together strongly during substantial electrode
volume changes, specifically when silicon-based materials
are used [5]. Polymeric materials such as linear, branched,
cross-linked and self-healing polymers have also been exten-
sively studied [6]. In general, the hydrogen bond plays a
vital role in strengthening the adhesive force of a polymeric
binder [7, 8]. The structures of binders greatly affect the
silicon-based anodes through multiple interactions, such
as chemical bonding, conjugate conductivity, mechanical
interlocking, van der Waals forces, and electrostatic forces,
which are mainly determined by the backbone structures and
functional groups of polymeric binders [8, 9]. Recently, the
importance, properties and applications of binders for dif-
ferent electrode materials have been extensively reviewed by
several researchers [10-12]. For example, sodium alginate
binder assists in building a stable solid-electrolyte interphase
(SEI), but the hydroxyl groups that remain after vacuum
annealing at 105 °C represent an issue since they react with
PF; produced from LiPFj salt at elevated temperatures. The
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resulting phosphorous oxyfluoride (OPF;) can lead to the
decomposition of carbonate solvents, which, in turn, cause
rapid degradation of the Si anodes and increased cell imped-
ance [9, 13]. In general, PVdF is known to provide a stable
cycling performance for the electrode with active materials
that do not undergo volume changes (or negligible volume
change). On the contrary, in the case of electrode with sili-
con as active material the PVdF’s weak resistance to defor-
mation is incapable of keeping silicon particles upon defor-
mation. This in turn leads to poor contact among the silicon
particles in the subsequent cycles.

Carboxymethyl cellulose (CMC), a water-soluble sub-
stance, has been extensively studied as an inexpensive and
natural binder [14]. According to Chen’s group, [15, 16]
binder selection is crucial, especially when alloy anodes
are used. Dahn et al. [17] extensively studied the bind-
ing properties of CMC with silicon-based anode materi-
als, and it emerged that brittle binders are able to endure
the extreme volume changes. Additionally, CMC alters
the surface chemistry of silicon particles and reduces the
capacity loss of the cell.

On the other hand, polyacrylic acid (PAA) exhibits
a strong adhesion property through its hydrogen bond-
ing interaction between the carboxyl (-COOH) groups
in PAA with the hydroxyl group (-OH) of carbonaceous
materials and aluminum substrate current collector [18].
Cho and co-workers [19] employed a three dimension-
ally cross-linked PAA and CMC condensation reaction
(dehydration) in which PAA effectively formed a cross-
linked structure through the condensation reaction with
CMC. The resultant binder was used to evaluate the per-
formance of SiO, anode material for lithium-ion batter-
ies (LIBs). Huang et al. [20] prepared a SiO, composite
electrode using three different types of binders: (PVdF),
(PAA), and LA132 (a copolymer with a major chain of
polyacrylonitrile; the electrochemical performances were
systematically investigated for the applications in LIBs.
Numerous reports are available on the electrochemical
and cycling performances of Si/SiO,-based electrode
materials with different binders such as PAA, CMC and
functionalities for the applications in LIBs. Instead, to
the best of our knowledge no reports are available on the
role of polymeric binders for Si/SiO,- based electrode
materials for lithium sulfur (Li-S) batteries. Among the
various compositions examined, the electrode composed
with a ratio of SiO,-Si-C at 70:12.5:12.5 was found to
be optimal in terms of discharge capacity with lithium
half-cell configuration. Therefore, in the present study
a series of Si0,-Si-C-based electrodes with PAA: CMC
binders bearing with different ratios (100:0, 60:40, 50:50,
25:75, 10:90, and 0:100) have been prepared and were
subsequently tested and characterized in terms of charge-
discharge and interfacial properties.
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Experimental procedure
Materials

Poly (acrylic acid) (Mw ~4,000,000, Sigma-Aldrich) and
sodium carboxymethyl cellulose (TCI, Japan) were used as
received without further purification. The battery grade non-
aqueous liquid electrolyte containing LiTFSI 1 M, 1,3 diox-
olane and tetraethylene glycol dimethyl ether (Spectrochem)
ina 1:1 (v/v) ratio, and 5% of fluoroethylene carbonate as an
additive. Silicon suboxide SiO, with a particle size of 5 pm
(Osaka Titanium Corporation, Japan), silicon with particle
size of <10 nm were used as received. Graphitic carbon was
used as a conducting carbon source.

Preparation and electrochemical characterization
of the electrodes

The blends of polymeric binders for different ratios of PAA
and CMC as shown in Table 1; both polymers were mixed
by a kneading machine and subsequently hot pressed in
order to ensure homogeneity. For characterization purposes,
membranes containing 100% PAA, 50% PAA:50% CMC,
25% PAA:75% CMC and 100% CMC were used. SiO,, sili-
con, carbon and the binder (PAA, CMC or PAA and CMC
blends) were mixed with a ratio of 70:12.5:12.5:5 and the
resulting slurries were subsequently prepared with water as a
solvent as this composition was found to be optimal in terms
of high discharge capacity in our earlier study on Li-S bat-
teries [20, 21]. The slurry was spread on a copper current
collector and dried in the air at room temperature for 6 h.
The electrodes were punched into 14 mm diameter disks and
dried in a vacuum oven at 110 °C overnight. The thickness
of the electrode laminates was ~15 pm and the total mass
loading was ~2.20 mg cm™2. Finally, 2032-coin cells were
assembled in an argon filled glove box comprising SiO,-Si-C
as working electrode, a lithium foil as counter electrode, the
electrolyte (100 pL), and a separator (Celgard 2320).

Table1 The composition of polymeric blends of PAA: CMC and
their ionic conductivity data

Sample PAA (%) CMC (%) Tonic con-
ductivity
(x107° S
cm™)

a 100 0.0 8.6

b 60 40 8.2

c 50 50 8.0

d 25 75 6.8

e 10 90 5.4

f 0.0 100 4.8

The thermal stability of the polymeric membranes was
determined by a thermogravimetric analyzer (TGA) in the
temperature range from 30 to 700 °C. The mechanical prop-
erties of the polymeric membranes were characterized using
a tensile analyzer (Tinius Olsen, HSKT) with a cross-head
speed of 10 mm min~!. Fourier transform infrared spectros-
copy (FTIR) was carried out with a Bruker Optik GmbH,
equipment to recognize the functional groups present in the
polymeric binders. With the aim of investigating the swell-
ing property of polymeric binders in the electrolyte the fol-
lowing equation was used to calculate the electrolyte uptake:

Uptake = W, — W,/W, x 100 (1)

where, W, and W are the weight values of the wet and dry
samples, respectively. Electrochemical impedance spectros-
copy (EIS) was performed using a VSP3 Biologic (France)
workstation over a frequency range of 1 MHz to 100 mHz.
The assembled cells were cycled between 0.005 and 2.5 V
at a rate of C/10 using an Arbin BT2000 battery cycler at
25 °C. The rate was calculated on the basis of the theoreti-
cal capacity of silicon, SiO, and carbon. The de-lithiated
electrodes were extracted from cycled cells and were very
carefully washed with 1,3 dioxolane twice in order to remove
residue of the electrolyte: then, they were dried and stored
in a glove box for ex- situ analyses. The change in surface
morphology of electrodes before and after cycling were
examined by field emission scanning electron microscopy
(FESEM, SUPRA 55VP, Germany) with an equipment
working at an accelerating voltage of 5 kV. X-ray photo-
electron spectroscopy (XPS, Thermo Scientific, USA) was
carried out using an Al-Ka X-ray radiation source (photon
energy 1486.7 eV). The electrodes were transferred from the
glove- box using a sealed transfer apparatus without expo-
sure to air and the binding energy was corrected based on
the C 1s of hydrocarbon at 284.2 eV.

Results and discussion

In order to determine the thermal stability of PAA, CMC and
their blends thermo gravimetric analysis was performed in
an N,-atmosphere. The TG traces of PAA, CMC and their
blends are shown in Fig. 1. Regardless the type of polymer,
the observed weight loss below 100 °C is attributed to the
removal of moisture absorbed at the time of loading the sam-
ples. An irreversible weight loss starts at around 218 °C for
pure PAA while for pure CMC it occurs at 250 °C. When
CMC is blended with PAA, the irreversible decomposition
occurs at 233 °C. Upon addition of CMC in the PAA matrix
the thermal stability of the blend is increased that means
higher than that of pure PAA. Typically, the removal of vola-
tile products often happens from the side groups (e.g., OH
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Fig. 1 TG- traces of samples a, ¢, d and f

groups) approximately below 260 °C [22, 23]. The second
degradation can be ascribed to the chemical degradation
from C-C bond scission [22]. For the PAA-CMC blends,
the TG curves are split into two distinct peaks, one close to
PAA and another one is close to PAA, which is a character-
istic feature of immiscible polymers.

The surface morphology of PAA, CMC and their blends
are depicted in Fig. SI-1. The pure PAA membrane shows
a rough morphology with wrinkles while 100% CMC
exhibits a relatively smooth morphology. Upon addition of
CMC in the PAA matrix, the surface morphology becomes
very smooth.

Figure 2 shows the FT-IR spectra of PAA, CMC and
PAA-CMC blend polymeric membranes of different com-
positions. The peak (Fig. 2a) that appears at 1714 cm™" rep-
resents the -C=0 stretching band of -COOH in PAA due to
the ester groups -(COO). The peaks at 1451and 1406 cm™!
represent the asymmetric and symmetric stretching vibra-
tion of the PAA carboxylate (COO-) group. Similarly for
the CMC samples the appearance of peak at 1603, 1422 and
1058 cm™! are due to stretching vibration of C=C bonds,
bending modes in alkane chains, and C-O stretching respec-
tively. Apparently, upon blending PAA and CMC, the inten-
sity of the peaks is significantly altered which indicates the
interaction between the PAA and CMC [24, 25]. The reduc-
tion in the intensity and shift in the peaks are attributed to
the absorption of free carboxylic acid groups are weakened
and the carboxylic groups react with CMC [26]. The XRD
patterns of the samples a ¢ d and f are depicted in Fig. SI-
2. Apparently both PAA and CMC show semi-crystalline
nature and the crystallinity of CMC is reduced upon blend-
ing with PAA. The EDS data is also presented as Fig. SI-3
which represents the presence of their corresponding atoms.
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Fig.2 FTIR spectra of PAA, CMC and their blends

The swelling property of polymeric binders in the electro-
lyte plays a key role in the electrochemical performance of
batteries. The bond strength of the binder is reduced when
the swelling nature of the polymeric material is high causing
the anode materials to get de-laminated from the current col-
lector, which deteriorates the integrity of the electrode struc-
ture and increases the contact resistance and subsequently
the cycling performances.

The swelling test was performed by keeping the mem-
brane was kept in a non-aqueous electrolyte used for charge/
discharge studies for the period of one week and their
digital photographs are displayed in Fig. SI-4. It is quite
obvious from the photographs that the membranes show a
poorer swelling property with respect to PVdF, as reported
by others [27].

The uptake of electrolyte as a function of time for differ-
ent blend was calculated by Eq. 1. with the data shown in
Fig. SI-5. The pure PAA binder showed inferior electrolyte
uptake with respect to the CMC counter-part membrane and
was attributed to the hydrophilic nature of the CMC.
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Fig.3 Digital photographs of SiO,-Si-C coated electrodes with different polymeric binders before coating (a—f using the legend shown in

Table 1) and (g-1, below) after the peel-off test

The digital photographs of SiO,-Si-C electrodes prepared
with different binders before and after the peel-off test are
shown in Fig. 3. The surface of the electrode coated with
pure PAA exhibited superior gluing properties compared
to electrodes coated with other polymeric binders. This
improvement can be attributed to the strong adhesion facili-
tated by hydrogen bonding interaction between the carboxyl
groups in PAA and the hydroxyl group of silicon particles
and current collector [18].

Cyclic voltammetry

The cell, with pure PAA as a binder exhibited two oxida-
tion peaks at 0.32 and 0.47 V in the 3rd, 4th and 5th cycles
(Fig. 4a). During the de-lithiation process from the Si-Li
alloy to silicon, the binder played a crucial role to maintain
the internal resistances and SEI stability. Nevertheless, when
the CMC was introduced in the PAA matrix the two oxida-
tion peaks changed from their peak position and intensities
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Fig.4 Cyclic voltammograms of Li/SiO,-Si-C cells assembled with electrodes having different binders (please refer to the legend shown in

Table 1. The test was carried out at 0.1 mV s 1)
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upon cycling (Fig. 4b—f). This can be attributed to the de-
lithiation process from the Si-Li alloy to silicon, since the
binder loses the connection and delaminations from the
current collector occurs, thus, making it difficult for the
electron to be transported on the alloy surfaces. Instead, the
pure PAA binder has been much stronger, alleviating the
delamination from the current collector.

In the present study, the CMC-added blends and pure
CMC binders also suffer from poor mechanical properties
as evidenced from the tensile measurements (Fig. SI-6).
Indeed, the tensile strength of the polymeric membranes is
reduced when the content of CMC is increased which clearly
demonstrates that PAA- based samples are stronger than
the CMC counterpart, and the PAA-CMC blends provides
mechanical integrity during volume expansion. Moreover,
the presence of the carboxyl groups in PAA play a vital role
to alleviate the volume expansion of the SiO, material; also,
the amorphous PAA not only effectively binds the active
particles together but also envelops each individual SiO,
particle [20].

Charge-discharge studies

Figure 5 illustrates the charge-discharge profiles of Li/
Si0,-Si-C cells assembled with different binders showing the

Ist, 25th, 50th, 75th and 100th cycles. A plateau is visible at
around 0.37 V that represents the formation of lithium oxide
(Li,0O) and lithium silicate [28]. In the case of Li/SiO,-Si-C
cell with CMC and CMC: PAA blend binders the plateau
was observed around at 0.2 V and it was attributed to high
polarization. Figure SI-7 shows the plot of specific capacity
as a function of cycle number at 0.1 C-rate with different
blend ratios of binder. The initial discharge capacity of Li/
Si0,-Si-C cell with four different binders are in the following
order: 100% PAA (1908 mAh g™')>PAA: CMC (50:50, 1444
mAh g7 >PAA: CMC (25:75, 1276 mAh g')>and 100%
CMC (851 mAh g_l) [Table SI-1]. The large irreversible
capacity during its first discharge is attributed to the formation
of Li,O and lithium silicate [29]. Upon cycling the irreversible
loss is significantly reduced. It can be noted that the electrode
with PAA as a binder delivered the highest discharge capac-
ity. After 100 cycles the Li/ SiO,-Si-C cell with pure PAA as
binder delivered a discharge capacity of 682 mAh g~! with
99% Columbic efficiency which is 2-3 times higher than that
of the cells based on CMC and CMC: PAA blends. Finally,
the capacity retention values observed for pure PAA and pure
CMC binders were calculated as 36% and 12% respectively.
According to Dahn and co-workers [30] the irreversible
capacity loss is usually caused by the following: (i) some
electrons and lithium ions can be consumed during the
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Fig.5 Charge —discharge profiles of Li/SiO,-Si-C cells assembled with electrodes having different blends (please refer Table 1 for the descript

of the samples)
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irreversible formation of the SEI layer on the electrode
surface; (ii) trapping of lithium atoms in the silicon par-
ticles and (iii) huge volume expansion of the electrode
during the first lithiation, that makes the particles to lose
their electric contact, which causes permanent capacity
loss and thus the performance of silicon-based electrodes
is mainly influenced by the nature of the binder. The infe-
rior cycling performance of blend-based polymeric binders
can be attributed to the lack of optimal interfacial structure
and poor interaction between the polymeric binders and
electrolytes and also mechanical properties. Also the con-
dition path way for the migration of lithium-ion may be
hindered by the blended polymeric membranes.

Fig. 6 FESEM images of
SiO,-Si-C electrodes with dif-
ferent blend ratios of PAA and
CMC binder before and after
cycling. The letters refer to the
samples list is shown in Table 1

BT = $00%V
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FE-SEM analysis

In order to analyze the surface morphology of the SiO,-Si-C
electrodes prepared with different binders, FESEM analy-
ses were carried out before and after 100 cycles, and are
displayed in Fig. 6. The irregular SiO,, silicon and carbon
particles are homogeneously distributed on the electrode
surface before cycling. Upon 100 cycles (alloying/de-alloy-
ing) the porosity of the electrode is greatly reduced due
to the volume expansion of the silicon particles [20, 31].
Apparently, the SiO,-Si-C cycled with pure PAA exhibited
micro cracks while the electrodes with 50,75 and 100% of
CMC appear with more cracks in the form of islands in
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which the active materials zones are completely separated
among them. The results support the fact that the strength,
ductility and toughness of the polymeric binders are greatly
influenced by the microcrystalline and amorphous regions
of the active materials. The polymeric binders are unable
to sustain the stress induced by the expansion of SiO, par-
ticles and thus the integrity of the electrode is lost. While
comparing the chemical structure of PAA and CMC, the
PAA binder offers better interfacial interaction between the
binder and SiO, particles and stronger adhesion between
the electrolyte layer and the copper substrate. More impor-
tantly, due to the high viscosity of PAA, it may prevent the
sedimentation and aggregation of SiO, and carbon parti-
cles during electrode formulation and this enables uniform
distribution of electrical conducting network [32, 33]. In
general, a very weak binder-electrolyte interaction is con-
sidered as a desirable property, which can facilitate for the
formation of a deformable but stable SEI on the electrode
surface. In the present work, CMC and CMC-added blends
show higher affinity towards the solvents, that results in
higher electrolyte uptake values, as previously discussed.
In PAA, each monomer has carboxyl group that provides
stronger hydrogen bonding interaction between binder and
Si0, as well as higher mechanical properties that synergisti-
cally offer better electrochemical properties than CMC and
CMC-based counterpart.

Electrochemical impedance spectroscopy studies

Electrochemical impedance spectroscopy (EIS) is widely
used to probe the electrode kinetics, rate capability and
other electrode characteristics of batteries. Figure 7 shows
the Nyquist plots of Li/SiO,-Si-C cells prepared with differ-
ent polymeric binders; data refers to cells measured before
charge/discharge test, as well as after 50th and 100th cycles
at 25 °C. The plots have been fitted using the z-fit soft-
ware, and the corresponding values are presented in Table 2.
The intercept at a high frequency region corresponds to R,
ohmic resistance, plots also show a semicircle at medium
frequency region (R, charge -transfer resistance) and an
inclined line at low frequency region (Zs, Warburg imped-
ance) to the real axis respectively. Regardless of the binder
used, all Li/ SiO,-Si-C cells exhibited more or less the same
R, value (5-7 ohms). However, the R, for the Li/ SiO,-Si-C
cell with poly acrylic acid offers a value of 49 ohms which is
lower than that of the Li/ SiO,-Si-C cell with a CMC binder,
indicating a reasonable binder interface for active material
and Li-ion interaction to an enhanced electronic and ionic
conductivity of the PAA binder as shown in Table 1 [34].
According to Aurbach’s groups, the morphology of the
silicon-based anode materials is highly critical and it is very
tedious to interpret the semicircles without any ambigu-
ity [35]. Generally, the high frequency reveals the surface
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Fig.7 Nyquist plots of Li/SiO,-Si-C cells prepared with different binders. Data were collected after different cycles, while letters refer to the

samples list shown in Table 1
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Table 2 Impedance values of

X : N ) Composition R, Rggr Ry

SiO,-Si-C with different blend

ratios of PAA and CMC binder Before 50th 100th Before 50th 100th Before 50th 100th
a 4 10 29 - 11 15 49 27 15
b 4 5 5 - 10 11 22 11 15
c 3 4 5 - 7 10 29 18 22
d 3 4 5 - 7 11 36 13 19
e 3 5 13 - 8 8 39 9 5
f 3 4 3 - 6 6 65 17 11

chemistry of Si-based anodes while low frequency indicates
the diffusion processes such as solid-state diffusion of lithium
ions into silicon materials. At very low frequency, the imped-
ance of the electrodes can represent a capacitive behavior due
to the potential-dependent lithium content in the Li-S alloys.
Upon cycling, a decrease in the gradient is observed, which
shows the diffusion of lithium ions within the SiO,-Si-C
materials [36]. Further, the diameter of the semicircle in the
medium-frequency region represents the resistance value of
the newly formed SEI layer (Rgg) [37]. Regardless of the type
of binder used, the total resistance (R, + R+ Rqgp) of the Li/
Si0,-Si-C cells is reduced after 100th cycles (Table 2). The
reduction in impedance is ascribed to the uniform lithiation
of the Li/SiO,-Si-C electrode.

In general, upon cycling an increase in the values of R
will be observed owing to the pulverization of the silicon par-
ticles and the discontinuity between the electrode materials
when PVdF is used as binder. On the contrary, in the present
study, value of R, is found to be decreased which indicates
that the pulverization of Si particles has been significantly
prevented with the added SiO, particles and the polymeric
blend binders. In the PAA, carboxylic groups are present
with high concentration and the carboxylic polar units can
provide not only better interfacial interaction with SiO, and
Si particles but also stronger adhesion between the electrode
layer and copper substrate. Additionally, the high viscosity of
PAA solution in water could prevent SiO,, silicon and Super
P carbon black from sedimentation and aggregation, upon the
evaporation of the solvent (water) results in the electrode for-
mation of high uniformity. Therefore, the stronger adhesion
between current collector and binders ensures good electrical
contact of the electrode while cycling, and provides more
diffusion paths for ionic transport and electronic conduction
for better electrochemical performances.

XPS studies

X-ray photoelectron spectroscopy is widely used in the bat-
tery field to investigate the chemical composition of elec-
trodes surface, with the aim of determining the elemental
bonding properties. The preliminary overview XPS survey

spectrum showed the presence of carbon, oxygen, silicon
and lithium elements before cycling (Fig. SI 8). In the Cls
spectrum, characteristic peaks at 284.2, 284.9, 285.1, 286.7,
and 288.8 eV correspond to C—C, C-H, C-0O, C=0, and
COOH/COOR, respectively [38, 39]. The O 1s spectra of
the electrode show a peak around 532.7 eV which represents
the formation of C-O. A similar trend has been observed for
all samples irrespective of the type of binders used (samples
¢, d and f). The appearance of the metal carbonate peak at
531.5 eV observed for the blended binders is insignificant
for the samples prepared with pure PAA and pure CMC [39].
In the case of pure PAA (sample a), the peak seen at 532 eV
is assigned to carbonyl or organic C=0 [41]. For the Si 2p
spectra, the electrodes exhibited peaks at 99.7,101.9 and
103.5 eV, corresponding to SiO,, silicon and SiO,, respec-
tively. The Li 1s spectra showed the peak at around 56 eV
corresponding to lithium. Before cycling (Fig. SI 8), no
peaks are seen in the nitrogen, fluorine and sulfur spectra.

In order to analyze the formed SEI layers, the XPS
spectra of the electrodes prepared with different binders
and tested for100 cycles were collected and are shown in
Fig. 8. C 1s spectral region shows peaks at 284.2, 286.1,
287.2, 289.2 and 292.2 eV, corresponding to the C—-C,
C-0, n—n°, C=0 and CF, bonds, respectively. However,
the peaks corresponding to C—C, n—r° and C=0 disap-
pear when pure CMC was used as a binder. For the O 1s
spectra, the electrodes exhibited peaks at 529.6, 530.9 and
532.3 eV, corresponding to metal oxides, metal carbonate
and carbonyl or organic C=0, respectively [40]. Appar-
ently for the pure CMC electrode, metal oxides bond-
ing was not observed. As shown in Fig. 8a, ¢ and d, Li
Is spectra of electrode shows a peak at around 54.7 eV
which is due to the formation of lithium hydroxide [42],
while the Li,COj; signal appears in the electrode prepared
with pure CMC (Fig. 8f). Irrespective of the blend ratios
between PAA and CMC, the appearance of the F 1s peak
at 684 and 687.8 eV is associated with metal fluoride
(LiF) and organic fluorides (C—F bonds), respectively.
Regardless of the binders used, the peaks observed at
398.7 eV and 166.7 eV represents the formation of SizN,
and Li,S0, respectively.
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Fig.8 C 1Is, O Is, Li 1s, F1s, N 1s and S 2p XPS spectra of SiO,-Si-C with different blend ratios of PAA and CMC binder (a, ¢, d and f) after
100 cycles
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Fig. 8 (continued)

Conclusions

In summary, we have prepared different polymeric blend
membranes comprising PAA and CMC by a kneading
machine. The prepared membranes were subjected to
TGA, FE-SEM, FT-IR and tensile characterization meas-
urement. Also, we investigated the electrochemical and
interfacial properties of SiO,-Si-C composite electrodes
before and after being cycled, investigating the effect of
several binder formulations. The electrode coated based on
pure PAA exhibited superior gluing properties compared
to electrodes prepared with other polymeric binders. The
charge — discharge studies revealed that the Li/SiO,-Si-C cell
with pure PAA as a binder offered the highest a maximum
discharge capacity of 682 mAh g~! with 99% Coulombic

174 172 170 168 166 164 162 160

Intensity (a.u)
Intensity (a.u)

174 172 170 168 166 164 162 160
Binding energy (eV)

174 172 170 168 166 164 162 160
Binding energy (eV)

efficiency and it was attributed to the interaction between
carboxyl group of PAA and current collector in addition to
its mechanical integrity, low amount of swollen electrolytes
and lower R value as further substantiated by EIS studies.
The XPS studies further confirmed the formation of reduc-
tive products such as Li,COj;, LiF and C—F. The structural
characteristics of the binder have a major impact on the elec-
trochemical performance of Li-S cells and, therefore, choos-
ing an appropriate binder is a paramount criterion to improve
the cycle life and energy density of SiO,-based anodes.
Further to probe the roles of polymeric binders in the
electrodes, powerful tools such as advanced characteriza-
tions techniques and modeling studies have to be employed
which can improve their surface, electrochemical and
mechanical properties. More importantly, natural and water
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soluble polymers can offer better environmental responsive-
ness for future- generation binder systems.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10965-024-04005-4.

Funding This research was supported by "Regional Innovation Strat-
egy (RIS)" through the National Research Foundation of Korea (NRF)
funded by the Ministry of Education (MOE) (2023RIS-008). Prof.
Federico Bella thanks the Ministero dell’ Universita e della Ricerca
of Italy for granting the project LOTUS under the “FARE Ricerca in
Italia” call.

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Diouf B, Pode R (2015) Potential of lithium-ion batteries in
renewable energy. Renew Energy 76:375-380
2. Goodenough JB, Park K-S (2013) The li-ion rechargeable battery:
a perspective. ] Am Chem Soc 135:1167-1176
3. Chan CK, Peng H, Liu G et al (2008) High-performance lithium
battery anodes using silicon nanowires. Nat Nanotechnol 3:31-35
4. Lestriez B (2010) Functions of polymers in composite electrodes
of lithium ion batteries. C R Chim 13:1341-1350
5. Shim J, Kostecki R, Richardson T, Song X, Striebel KA (2002)
Electrochemical analysis for cycle performance and capacity
fading of a lithium-ion battery cycled at elevated temperature. J
Power Sources 112:222-230
6. ChenH,LingM, HenczL, Ling HY, Li G, LinZ, Liu G, Zhang S (2018)
Exploring chemical, mechanical, and electrical functionalities of bind-
ers for advanced energy-storage devices. Chem Rev 118:8936-8982
7. Kim N, Kim Y, Sung J, Cho J (2023) Issues impeding the com-
mercialization of laboratory innovations for energy-dense Si-
containing lithium-ion batteries. Nat Energy 8:921-933
8. Zheng T, Boles ST (2023) Lithium aluminum alloy anodes in Li-
ion rechargeable batteries: Past developments, recent progress,
and future prospects. Progress in Energy 5:032001
9. Choi N-S, Ha S-Y, Lee Y, Jang JY, Jeong M-H, Shin WC, Ue M
(2015) Recent progress on polymeric binders for silicon anodes
in lithium-ion batteries. J Electrochem Sci Technol 6:35-49
10. Zhao Y-M, Yue F- S, Li S-C, Zhang Y, Tian Z-R, Xu Q, Xin
S, Guo Y-G, (2021) Advances of polymer binders for silicon-
based anodes in high energy density lithium-ion batteries. InfoMat
3:460-501
11. Zhu W, Zhou J, Xiang S, Bian X, Yin J, Jiang J, Yang L (2021)
Progress of binder structures in silicon-based anodes for advanced
lithium-ion batteries: A mini review. Front Chem 9

@ Springer

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Shi Y, Zhou X, Yu G (2017) Material and structural design of
novel binder systems for high- energy, high-power lithium-ion
batteries. Acc Chem Res 50:2642-2652

Yuan H, Huang J-Q, Peng H-J, Titirici M-M, Xiang R, Chen R,
Liu Q, Zhang Q (2018) A review of functional binders in lithium-
sulfur batteries. Adv Energy Mater 8:1802107

Ndour M, Bonnet J-P, Cavalaglio S et al (2022) The formulation of
a CMC binder/silicon composite anode for Li-ion batteries: from
molecular effects of ball milling on polymer chains to consequences
on electrochemical performances. Mater Adv 3:8522-8533

Chen Z, Christensen L, Dahn JR (2003) Large-volume-change
electrodes for Li-ion batteries of amorphous alloy particles held
by elastomeric tethers. Electrochem Commun 5:919-923

Chen Z, Christensen L, Dahn JR (2003) Comparison of PVDF
and PVDF-TFE-P as binders for electrode materials showing
large volume changes in lithium-ion batteries. J Electrochem Soc
150:A1073

LiJ, Lewis RB, Dahn JR (2007) Sodium carboxymethyl cellulose:
a potential binder for si negative electrodes for li-ion batteries.
Electrochem Solid-State Lett 10:A17

Kim HM, Hwang J-Y, Aurbach D, Sun Y-K (2017) Electrochemi-
cal properties of sulfurized-polyacrylonitrile cathode for lithium-
sulfur batteries: effect of polyacrylic acid binder and fluoroethyl-
ene carbonate additive. J Phys Chem Lett 8:5331-5337

Koo B, Kim H, Cho Y, Lee KT, Choi N-S, Cho J (2012) A highly
cross-linked polymeric binder for high-performance silicon
negative electrodes in lithium ion batteries. Angew Chem Int Ed
51:8762-8767

Huang H, Han G, Xie J, Zhang Q (2016) The effect of commer-
cialized binders on silicon oxide anode material for high capacity
lithium ion batteries. Int J Electrochem Sci 11:8697-8708
Sathya S, Yoo DJ, Kim AR, Bella F, Stephan AM. Optimiza-
tion of composition and cycling performance of pre-lithiated
Si0,-Si-C composite anode for lithium-sulfur full cells (under
communication)

Yan X, Cayla A, Salaiin F et al (2020) A green method to fabricate
porous polypropylene fibers: development toward textile products
and mechanical evaluation. Text Res J 90:547-560

Alexy P, Kachova D, Krsiak M et al (2002) Poly (vinyl alcohol)
stabilization in thermoplastic processing. Polym Degrad Stab
78:413-421

Wei L, Chen C, Hou Z, Wei H (2016) Poly (acrylic acid sodium)
grafted carboxymethyl cellulose as a high-performance polymer
binder for silicon anode in lithium-ion batteries. Sci Rep 6:19583
Koo B, Kim H, Cho Y, Lee KT, Choi N-S, Cho J (2012) A highly
cross-linked polymeric binder for high performance silicon
negative electrodes in lithium ion batteries. Angew Chem Int Ed
51:8762-8767

Han Z-J, Yabuuchi N, Hashimoto S et al (2012) Cross-linked poly
(acrylic acid) with polycarbodiimide as advanced binder for Si/
Graphite composite negative electrodes in li-ion batteries. ECS
Electrochem Lett 2:A17-A20

Broniarz MO, Agnieszka M, Majchrzycki L, Sierczynska A (2016)
Influence of polymer binder structure on the properties of the
graphite anode for lithium ion batteries. Eur ] Chem 7:182-186
Chen T, Wu J, Zhang Q, Su X (2017) Recent advancement of SiO,
based anodes for lithium-ion batteries. J Power Sources 363:126-144
Jiao M, Wang Y, Ye C, Wang C, Zhang W, Liang C (2020) High-
capacity SiO, (0<x<2) as promising anode materials for next-
generation lithium- ion batteries. J Alloys Compd 842

LiJ, Le D-B, Ferguson PP, Dahn JR (2010) Lithium polyacrylate
as a binder for tin—cobalt—carbon negative electrodes in lithium-
ion batteries. Electrochim Acta 55:2991-2995

Porcher W, Chazelle S, Boulineau A, Mariage N, Alper JP,
Rompaey TV, Bridel J-S, Haon C (2017) Understanding
polyacrylic acid and lithium polyacrylate binder behavior in


https://doi.org/10.1007/s10965-024-04005-4
http://creativecommons.org/licenses/by/4.0/

Journal of Polymer Research

(2024) 31:205

Page 130f 13 205

32.

33.

34.

35.

36.

37.

38.

silicon based electrodes for Li-ion batteries. J Electrochem Soc
164:A3633-A3640

Magasinski A, Zdyrko B, Kovalenko I, Hertzberg B, Burtovyy
R, Huebner CF, Fuller TF, Luzinov I, Yushin G (2010) Toward
efficient binders for li-ion battery si-based anodes: polyacrylic
acid. ACS Appl Mater Interfaces 2:3004-3010

Kovalenko I, Zdyrko B, Magasinski A, Hertzberg B, Milicev Z,
Burtovyy R, Luzinov I, Yushin G (2011) A major constituent
of brown algae for use in high-capacity Li-ion batteries. Science
334:75-79

Senthil C, Kim S-S, Jung HY (2022) Flame retardant high-power
Li-S flexible batteries enabled by bio-macromolecular binder inte-
grating conformal fractions. Nature Comm 13:145

Etacheri V, Haik O, Goffer Y, Roberts GA, Stefan IC, Fasching
R, Aurbach D (2012) Effect of fluoroethylene carbonate (FEC)
on the performance and surface chemistry of Si-nanowire Li-ion
battery anodes. Langmuir 28:965-976

Ruffo R, Hong SS, Chan CK, Huggins RA, Cui Y (2009) Imped-
ance analysis of silicon nanowire lithium ion battery anodes. J
Phys Chem C 113:11390-11398

Chakrapani V, Rusli F, Filler MA, Kohl PA (2011) Quaternary
ammonium ionic liquid electrolyte for a silicon nanowire-based
lithium ion battery. J Phys Chem C 115:22048-22053

Lv X, Lei T, Wang B, Chen W, Jiao Y, Hu Y, Yan Y, Huang J,
Chu J, Yan C, Wu C, Wang J, Niu X, Xiong J (2019) An efficient

39.

40.

41.

42.

separator with low Li-ion diffusion energy barrier resolving feeble
conductivity for practical lithium-sulfur batteries. Adv Energy
Mater 9:1901800

Chen X, Wang X, Fang D (2020) A review on Cls XPS-spectra
for some kinds of carbon materials. Fuller Nanotub Carbon Nano-
structures 28:1048-1058

Dornbusch M (2018) Corrosion Analysis, Chapter 4. CRC Press,
Taylor and Francis group, New York

Sathya S, Angulakshmi N, Ahn J-H, Kathiresan M, Stephan AM
(2022) 1 Influence of additives on the electrochemical and inter-
facial properties of SiO,-based anode materials for lithium-sulfur
batteries. Langmuir 38:2423-2434

Angulakhsmi N, Bebin A, Sathya S, Kathiresan M, Lingua G, Ferrari
S, Gowd EB, Wang W, Shen C, Elia GA, Gerbaldi C, Stephan AM
(2023) Enhanced electrochemical performance of hybrid solid poly-
mer electrolytes encompassing viologen for all-solid-state lithium
polymer batteries. ACS Mater Au 3(5):528-539

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Cycling performance of SiOx-Si-C composite anode with different blend ratios of PAA-CMC as binder for lithium sulfur batteries
	Abstract
	Introduction
	Experimental procedure
	Materials
	Preparation and electrochemical characterization of the electrodes

	Results and discussion
	Cyclic voltammetry
	Charge-discharge studies
	FE-SEM analysis
	Electrochemical impedance spectroscopy studies
	XPS studies

	Conclusions
	References


