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Abstract

Novel alginate-based binders containing either catechol (d-Alg) or sulfonate (s-Alg) functional groups were developed
and characterized to improve the capacity decay performance and better stability of Li-ion batteries. The electrochemical
performance of silicon—graphite (Si/Gr) anode with alginate-based binders were compared to the commonly used CMC/
SBR binder. The active material in the anodes was the ball-milled Si/Gr (20:80 wt%) powder mixture. A comprehensive
electrochemical study was carried out through rate capability test, cycle test, differential capacity analysis (dQ/dV), and elec-
trochemical impedance spectroscopy (EIS). The functionalized s-Alg binder showed the lowest electrolyte uptake (11.5%)
and the highest tensile strength (97 MPa). Anodes with s-Alg exhibited high initial capacity (1250 mAh g~!) and improved
decay performance (580 mAh g~! at 0.2 C), by ~65% higher compared to CMC/SBR binder. The influence of pH value of
s-Alg binder preparation showed that anodes prepared at pH 3 of s-Alg exhibit better performance, reaching 800 and 750 mAh
g 1 at 0.1 and 0.2 C, respectively, due to the stronger bonding formation and compactness of anode layer which providing
low charge transfer and solid electrolyte interface resistance.
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1 Introduction

Lithium-ion batteries (LIBs) are the premier choice for
clean and efficient energy storage for portable devices and
electric vehicles with a drawback of low energy density.
Silicon (Si)-containing anodes have been reported to pro-
vide specific capacities up to 4200 mAh g~! compared
to only 372 mAh g~! of graphite anodes [1-5]. Although
silicon has an advantage over graphite in terms of capacity,
the huge volume change during alloying and de-alloying
(AV>300%) generates large stresses and strains on the sil-
icon particles [1, 2]. This leads to morphological changes
of anode, pulverization of silicon, and worse electrical
contact. After severe Si particle pulverization by cycling,
the freshly exposed surface consumes more electrolyte [3,
4]. The formation of unstable and excessive solid-electro-
lyte interphase (SEI) increases the internal resistance of
the cell and causes the loss of electrical contact [5]. The
SEI layers with a thickness between 10 and 35 nm usually
crack during each cycle [6], and the exposed fresh elec-
trode surface tends to form a new and thicker SEI layer.
All of these structural problems result in capacity fading
and limited cycle life [4, 7]. Therefore, polymer binders
are necessary to hold together the particulate components
in the anode, which is critical for the stable electrochemi-
cal performance of the battery.

The main characteristics, which determine the appli-
cability of the best binder system for the high-capacity
anodes composed of Si, are as the following: (i) adhesion
of the anode to the current collector, (ii) mechanical prop-
erties of the binder, and (iii) chemical structure and bond-
ing mechanism with active material. Strong electrode-col-
lector adhesion is required, because it should withstand the
high stresses caused by the substantial volumetric change
of Si during the charge/discharge processes to maintain
the electron flux [8]. The commonly used poly(vinylidene
fluoride) (PVDF) in graphite anodes cannot accommodate
the huge volume expansion of the silicon anodes due to
the low tensile strength and weak van der Waals binding
forces [9] owing to the non-functionalized linear chain
structure [10]. Such polymer chains tend to slide from the
Si surface during cycling, and the connection to the con-
ductive matrix can be broken. Therefore, the traditional
binders have been replaced by functional binders, such as
carboxymethyl cellulose (CMC), styrene butadiene rub-
ber (SBR), poly(acrylic acid) (PAA), or alginates (Alg) to
improve the adhesion [9, 11, 12]. Quite often a mixture of
binders is used, e.g., the combination of elastomeric SBR
with stiff CMC provides balanced rigidity [12]. CMC/SBR
binder mixtures are currently widely used for the anodes
in LIBs owing to their good stability in the potential range
in which the anodes are operating. However, the cost of
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these binders is still a significant concern. In addition,
it should be noted that the mechanical properties of the
binders are also essential for overall anode performance
[13]. Not only the poor strength, but even a high rigid-
ity of binder can also be harmful and limit the volume
changes, consequently causing crack formation [14]. The
cracks can be repaired by self-healing mechanism through
hydrogen bonding and the application of self-healing bind-
ers can be a good option for Si-based anodes. This is due
to their ability to work at room temperature without the
need of any stimulating conditions and their mechanical
and electrical healing capabilities of cracks formed during
battery cycling. Besides improving the physical proper-
ties of electrodes, multiplication of the contact points is
another route to avoid capacity reduction. An increased
number of contacts between the binders and active materi-
als, particularly with Si particles, leads to enhanced bind-
ing ability [7] and could be a beneficial strategy to increase
the decay performance of LIBs with Si-based anode. For
these purposes, alginate has been used as binders in dif-
ferent studies. Gu et al. used alginate and divalent cations
to form three-dimensional conductive networks that were
able to tolerate the volume change of silicon and enhanced
electrochemical performance [15]. Likewise, coordinating
alginate molecule chains with different cations was studied
[16]. Li et al. provided 3D networks based on alginate and
sodium borate that could maintain the structural stabil-
ity of the silicon anode in long cycle life [17]. Genden-
suren et al. investigated a dual-crosslinked alginate with
polyacrylamide networks to provide ionic and covalent
crosslinkings in the Si anode binder [18]. It is worth noting
that the investigated binders are based on the modification
or usage of COOH functional groups. However, the effect
of increasing the contact points of inexpensive alginate
binder by modifying OH groups has not been studied yet.
The main aim of this work is to investigate the effect of
the alginate-based binder chemistry by introducing differ-
ent functional groups promoting multiple hydrogen bonding
sites to enhance the binding and the electrochemical perfor-
mance of silicon—graphite (Si/Gr) anode. Various charac-
terization techniques were performed to analyze the binder
systems and their interactions with active materials.

2 Experimental
2.1 Materials

Sodium alginate (BOS FOOD, Germany), cyanogen bromide
(Merck, Czech Republic), dopamine hydrochloride (Sigma-
Aldrich, Germany), and ethyl alcohol and acetone (Mikro-
chem, Slovakia) were used without further purification.
Taurine (2-aminoethanesulfonic acid, H,NCH,CH,SOH,
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> 99%) was purchased from Merck, Germany. Silicon pow-
der was provided by SicoMill, Vesta Ceramics, Sweden.
Graphite was purchased from Imerys Graphite & Carbon,
Switzerland, and carbon black (Vulcan PF Carbon Black)
from Cabot GmbH, Germany. Citric acid, sodium hydroxide,
carboxymethyl cellulose (CMC), ethanol, LiPFg, ethylene
carbonate (EC), and ethyl methyl carbonate (EMC) were
purchased from Sigma-Aldrich, Germany. Styrene butadiene
rubber (SBR) was purchased from Nanografi, Tiirkiye, and
lithium metal (0.75 mm thick ribbon, 99.9% purity) from
Alfa Aesar, Germany.

2.2 Preparation of active material

Si/Gr active material was prepared by mixing silicon (2 C
grade, ds;<11 pm, SicoMill) and graphite (ds, <6 pm,
Imerys Graphite & Carbon) powders in a weight ratio of
20:80 (total 5 gr mixture) using planetary mill (Retsch
PM100) in 50-ml tungsten carbide (WC) jar with ¢2-mm
WC balls applying milling speed of 400 rpm for 12 h. Eth-
anol (1 g powder / 4 mL ethanol) was used as a milling
medium to create a thin oxide layer on the silicon surface
with hydroxyl groups.

2.3 Characterization of active material

X-ray diffraction (XRD) analysis (Bruker AXS D8 Discover,
Cu Ka radiation, 40 mA, 45 kV, 26=20°- 80°) was per-
formed to identify the major (C, Si) and minor crystalline
residual phases. Scherrer equation was used to calculate the
average crystallite size of the milled active material. X-ray
photoelectron spectroscopy (XPS) analysis was applied to
provide quantitative elemental information from the surface
of the powder mixture after ball milling. XPS signals were
recorded using a Thermo Scientific K-alpha XPS system
(Thermo Fisher Scientific, UK) equipped with a micro-
focused, monochromatic Al Ko X-ray source (1486.68 eV).

2.4 Synthesis of sodium alginate-based binders

Commonly, sodium alginate derivatives are synthesized
using coupling reactions consuming the carboxylic groups
in the polymer chains to obtain amide covalent bonds.
Unlikely, in this work, the hydroxyl groups of the alginate
polymer chains are activated by reacting with a mediator,
cyanogen bromide, to introduce nitrile functional groups
that react with the amino groups of dopamine or taurine. In
typical procedure, sodium alginate was dissolved in distilled
water (1 g/100 mL) for 2 h at 60 °C until clear solution was
obtained. Solution was cooled down to room temperature
and pH was adjusted to 10-11. Cyanogen bromide (1.177 g,
2.2 mol) was added to the solution (1-g alginate/100-mL
H,0) and left on moderate stirring for 24 h. Dopamine

hydrochloride (2.4 g, 2.2 mol) or taurine (2.77 g, 2.2 mol)
was dissolved in 10 mL of distilled water and added gradu-
ally to the cyanate alginate solution, prepared above, over
2 h. The mixture was stirred at 1000 rpm at room tempera-
ture for 3 days and afterward precipitated in acetone and
washed thoroughly with acetone several times. Samples
were dried on air and stored in the fridge till further use.
The schematic of the synthesis of dopamine alginate
(d-Alg) and sulfonated alginate (s-Alg) is shown in Fig. 1.

2.5 Characterization of binders
2.5.1 FTIR analyses

The FTIR measurements were performed using Nicolet 8700
FTIR spectrometer (Thermo Scientific, UK) having the hori-
zontal single-reflection ATR accessory equipped with a Ge
crystal. The spectra were obtained using Globar source, deu-
terated triglycine sulfate (DTGS) detector and KBr beam-
splitter to provide spectra in the 4000—400 cm™' wavenum-
bers range. Software was setup to scan the background and
samples at 64 scans and resolution 4 cm™!. A purging time
of ca. 15 min with dry air was applied to attain a spectrum
without moisture and carbon dioxide impurities [19].

2.5.2 Electrolyte uptake

Electrolyte uptake test was conducted to quantify the swell-
ing behavior of the binders. The prepared CMC/SBR, d-Alg,
and s-Alg binder films were weighed (W, .4,..) and immersed
into the LiPF, in EC/EMC (1:1 vol%) electrolyte for 12 h in
the glove box under argon atmosphere. Wet samples were
weighed after removing the excess electrolyte (W) from
the surface. Electrolyte uptake was calculated using the for-
mula: (Wyger Woetore) Whetore) X 100 [20]. The measurements
were performed three times.

2.5.3 Mechanical properties

The tensile tests of alginate samples were performed at
room temperature using a Dynamometer Instron 4301 uni-
versal tester (Instron Co., Norwood, MA, USA) following
the ASTM D638 standard for testing the tensile strength of
plastics and other resin materials. Seven testing strips for
each composition were cut from the cast films and dipped
into EC/EMC (1:1 vol%) solution for 12 h. Dimensions of
the tested strip area were 15X 100 mm with a thickness
of approximately 0.04 mm and the gripping distance was
50 mm. A testing rate of 0.1 mm/min was applied until
0.5% deformation was reached, then the rate was increased
to 0.5 mm/min. The average values of the tensile strength
(o,), elongation/strain at break (¢g,), and Young's modulus
(E) were determined from the stress—strain curves using the
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Fig. 1 Synthesis of sodium alginate derivatives containing catechol (dopamine) or sulfonated (taurine) functional groups

equation E =¢/e. The mean values and standard deviations
were calculated from 3 specimens for all parameters.

2.5.4 Electrochemical measurements

The milled Si/Gr (20:80 wt%) active material, carbon
black (Vulcan PF), and the newly synthesized alginate-
based binders (s-Alg and d-Alg) were mixed in deion-
ized water (DI). CMC/SBR binders (1:1) were dissolved
in DI:ethanol (30:70) solution. The composition of
active material:binder:conductive carbon was adjusted
to 80:10:10 in wt%. The anode with only 4-wt% CMC/
SBR binder mixture was also prepared to investigate the
capacity decay behavior at lower binder content. Apart
from the influence of binder content also the influence
of pH on the rate performance and cycle life was stud-
ied. Therefore, three different s-Alg binder solutions were
prepared by dissolving the s-Alg in citric acid, in DI and
in the solution of NaOH in DI to adjust the pH value to 3,
7, and 11, respectively. The resulting slurries with ~25%
solid content were cast onto Cu foil (thickness 6 pm, MTI)
using the Zehntner ZAA 2300 automatic tape caster and
ZUA 2000.60 universal applicator (Zehntner GmbH Test-
ing Instruments). Films were dried at room temperature
for 2 h and afterward in a vacuum dryer at 100 °C for
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24 h. Disks with a diameter of 18 mm were punched from
the tapes before being transferred into an argon-filled
JACOMEX glove box (O, and H,O content <0.5 ppm).
The prepared anodes (1 mg cm™ active material mass
loading) were dried at 120 °C in a glove box together with
PAT-CELL parts and Whatman® glass microfiber (grade
GF/A) separators for overnight before assembling. Lithium
metal was used as a counter electrode and 100-ul LiPF¢ in
EC/EMC (50:50 vol%) commercial electrolyte was added.
The galvanostatic charge—discharge tests were performed
at 25 °C using the 8X-PAT Channel device and EL-CELL
software. Initially, the formation cycle with a CCCV pro-
cedure between 0.01 and 1.5 V vs. Li/Li™ was applied
to all cells using 0.05 C-rate (~0.05 mA cm~2). For the
subsequent cycles, 0.2 C-rate (~0.2 mA cm™2) was used
without a constant voltage step. The rate capability tests
were performed at 0.1/0.2/0.5/1/2 C-rates, after the CCCV
formation procedure. The differential capacity data (dQ/
dV) were collected during cycling. Cyclic voltammetry
was performed at scanning rates of 0.1 mV s™! between 0
and 1 V vs. Li/Li*. The electrochemical impedance spec-
troscopy (EIS) measurements were carried out within a
frequency range from 100 kHz to 0.1 Hz after rate test and
long cycle test. All electrochemical tests were performed
at 25 °C.
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2.5.5 Morphology of anodes

The cross-sections of the electrodes were investigated using
the scanning electron microscope (SEM) JSM Jeol 6610
(JEOL, Tokyo, Japan). The sample morphologies were
obtained using 15-kV accelerating voltage [21]. Layer thick-
nesses were measured by ImageJ software and the standard
deviations were calculated from 20 measurements.

3 Results and discussion
3.1 Characterization of active material

The XRD analysis of active material showed that the major
diffraction peaks belong to silicon (28.4°, 47.3°, 56.1°,
corresponding to (111), (220), (311) planes) and graphite
(26.5°, 42.3°, 44.5°, 54.5°, corresponding to (002), (110),
(101), (004) planes), Fig. 2a. A few weak diffraction peaks
of tungsten carbide impurity were also observed at 35.6° and
48.3°, respectively. WC contamination could originate from
tungsten carbide jar and balls used in the milling process.
The average crystallite size of the milled Si/Gr powder was
24 +2 nm, calculated from the full-width at half-maximum
(FWHM) of diffraction peaks using the Scherrer’s equation.

The powders were further characterized to check for
WC and oxygen contamination using XPS and elemental
analyses. The results of XPS analysis showed that there was
no signal neither for tungsten (W4f at 32-33 eV) nor for
carbide (Cls at 282 eV) [22]. Therefore, the WC content
in the milled powders should be very low, either below the
detection limit of XPS or randomly distributed WC particles
resulting in no detection in the analyzed areas. Cls signal
showed a peak at 284.4 eV, which is typical for sp2 carbon
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(Fig. S1), [23]. Silicon was oxidized only partially and a
weak peak of silicon oxide at ~104 eV was observed except
of the stronger peak of silicon at 99 eV in Si 2p region
(Fig. 2b) [24]. All the used characterization methods of
active material confirmed that the powder mixture was only
slightly contaminated with oxygen and WC.

3.2 Characterization of the alginate-based binders
3.2.1 FTIR analysis

The new binders were synthesized by chemical modifica-
tion of sodium alginate, an anionic natural polymer, via
bonding catechol (1,2-dihydroxybenzene) or sulfonate
(—=S(=0),—0") functional groups. The functionalization was
achieved by chemical modification of the hydroxyl groups
in the alginate backbone instead of blocking the carboxylic
groups as commonly reported [25]. The functionalized algi-
nate derivatives were obtained via the reaction of primary
amines (dopamine and taurine) with the cyanated alginate.
The latter, intermediate derivative, was prepared using one-
pot procedure for direct transformation of the hydroxyl
groups into nitriles using cyanogen bromide. The chemical
modifications of alginate by dopamine or taurine were iden-
tified by FTIR spectroscopy as shown in Fig. 3.

In the FTIR spectrum of dopamine-modified alginate
(d-Alg in Fig. 3a), the peak at 1286 cm™! could be attrib-
uted to C—N stretching frequency. The characteristic peaks
for dopamine such as O-H of phenol stretching peak at
3210 cm™!, alkyl C-H stretching at 2966 cm~!, and aro-
matic C—H stretching at 3050 cm™! could be observed as a
broad peak [26]. The strong aromatic C=C stretching peak
observed at 1502 cm™" in dopamine was clearly visible with
lower intensity at 1528 cm™' in the modified alginate. The

(b)
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Binding enegy (eV)

Fig.2 XRD pattern (a) and Si2p XPS spectrum (b) of milled Si/Gr active material
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appearance of new peak at 1730 cm™! belonging to the isou-
rea linking group (Alginate-O—C(=NH)-NH-Dopamine)
also clearly proved successful modification of the alginate by
dopamine [27]. The other characteristic peaks of the alginate
observed at 1605 cm™! and 1430 cm™' for C=0 stretching
did not change after modification of alginate with dopamine
(Fig. 3a). However, the peak of the amidine groups, formed
from the nucleophilic attack of amines on the nitrile groups
[28], could be overlapped at 1604 cm™! with the carbonyl
groups.

Similar to previous derivative, the chemical modifica-
tion of sulfonated alginate (s-Alg in Fig. 3b) was proved
by the appearance of new peak in the FTIR spectrum from
isourea linking group (Alginate-O—C(=NH)—NH-Taurine)
at 1735 cm™.

3.2.2 Electrolyte uptake

Electrolyte uptake determines the swelling behavior of the
binder, which is essential for the electrode stability during
the charging/discharging process when the expansion and
shrinkage of Si takes place. It is well known that electro-
lyte solvation in the binder weakens the molecular interac-
tion strength [14]. The electrolyte uptake in the CMC/SBR
binder was up to 39% (Fig. 4), meaning that the functional
groups were solvated considerably by LiPF; in EC/EMC
electrolyte solution. Excessive absorption may also represent
a high electrolyte consumption, which is one of the main
reasons for the low Coulombic efficiency and fast capacity
decay together with the low adhesion strength. Furthermore,
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Fig.4 Electrolyte uptakes of the CMC/SBR, d-Alg, and s-Alg binder
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swelling of the binders may increase stresses on electrode
particle surfaces and cause delamination of both active mate-
rials and current collector in perpendicular dimension even
before the test [29]. Contrarily, the uptake of the newly syn-
thesized binders was limited and remained at only 15.2% and
11.5% for d-Alg and s-Alg, respectively. This can be attrib-
uted to the higher hydrophilicity of the alginate derivatives
resulting in a weak electrolyte interaction, thereby, providing
a stronger binding, longer stability, and lower delamination
between particles.
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3.2.3 Mechanical properties of binders

Besides electrolyte uptake also the mechanical properties of
the binders significantly influence the performance of LIBs.
Recent studies confirmed that the stabilization of Si-based
anode mainly depends on the tensile strength (o,), Young's
modulus (E), elasticity (strain €), where ¢, = Ee¢, and adhe-
sion ability of the polymeric binders [30]. Binder should be
strong enough to compensate the silicon volume changes,
but also it should be able to swell enough to prevent crack
formation [14]. Here, important parameter is mechanical
properties of binders in wet condition because binders oper-
ate in anode in liquid electrolyte medium. The tensile tests
(Table 1) revealed that Young's modulus of s-Alg and d-Alg
binders are close to 4 GPa, while for CMC/SBR binder, it is
only 0.7 GPa. Moreover, CMC/SBR has the lowest tensile
strength of 14.3 +5.2 MPa. On the other hand, s-Alg and
d-Alg films are relatively stiff, with a higher tensile strength
0f 97.0+2.6 MPa and 73.0 + 7.5 MPa, respectively (Fig. 5).
According to the results, 98.7% negative correlation was
detected between the tensile strength and electrolyte uptake
(Table 1), which can be attributed to the weakening of the
intermolecular interaction by the electrolyte.

3.3 Electrochemical properties

3.3.1 Influence of binders on the electrochemical
performance

The electrochemical performance of all samples was evalu-
ated in half-cell configuration in the potential range of
0.01-1.5 V vs. Li/Li*. The capacity decay performances
of the anodes prepared with CMC/SBR, d-Alg, and s-Alg

—S_A|g
-.=-d-Alg

120

Stress (MPa)

0 T T —— T T T T
0 2 4 6 8 10

Strain (%)

Fig.5 Tensile stress/strain curves of the CMC/SBR, d-Alg, and s-Alg
binder films

Table 1 Mechanical properties and electrolyte uptakes of CMC/SBR,
d-Alg, and s-Alg binder films

Binder E o, € Electrolyte

(GPa) (MPa) (%) uptake (%)
CMC/SBR 0.7+0.1 14.3+£5.2 4622 39.1+£5.6
d-Alg 42403 73.0+£7.5 43+1.7 152445
s-Alg 4.0+0.1 97.0+2.6 74+03 11.5+3.3

binders were investigated by galvanostatic charge—discharge
test at 0.2 C-rate, followed by 0.05 C-rate formation cycle
and are shown in Fig. 6. The anode with 4-wt% CMC/SBR
binder content showed an initial discharge capacity of 1000
mAh g~!, with low initial columbic efficiency (ICE =63%)
and a sharp decay in the first cycles. Generally, the initial
capacities are linked to the active material utilization, mainly
to silicon in Si/Gr anodes [31]. The results indicate that some
of the silicon particles remained electronically isolated even
during the first cycles. Moreover, the capacity was barely
stabilized after 10 cycles and decreased to 200 mAh g™,
which is lower than that of graphite anode [32]. Therefore,
lower initial capacity and higher irreversible capacity loss
can be explained by insufficient binder ratio, low mechanical
properties, and high swelling behavior of the binder [33],
resulting in morphological changes, cracking of silicon
particles, and pulverization of the anode [4]. Similarly, the
sample with 10% CMC/SBR binder showed poor decay per-
formance. However, the initial capacity was relatively higher
(1150 mAh g~!) than that for the 4% CMC/SBR sample and
decreased to 336 mAh g~! after 20 cycles. These results
suggest that at least 10-wt% CMC/SBR binder should be
used in Si/Gr (20:80)-blended composite anode to ensure

1400
— ] _ o,
~ R @ s-Alg 10%
é 1200 - : m  d-Alg 10%
< | :: A CMC/SBR 10%
< 10004 ‘,.‘ v CMC/SBR 4%
FR
2 w0l
g 801
Y
s 1 vo.. Q__ _0_9. 2. ~9-9-g g ~
I R A
-

é v\a*...!-:-l-...ll-l-.-I'I'l'l'.'.
2 400 v AA‘AAAAAAAAAA
e vy
= Vv Y.y
g 201 TYEVYYyvyy

0 - . ' ' ' ' ' I

: : 10 15 20

Cycle number

Fig.6 Capacity decay performances of the anodes prepared with
CMC/SBR, d-Alg, and s-Alg binders at 0.2 C-rate
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a sufficient amount of binding with active materials and to
avoid further pulverization of Si, which is essential for main-
taining a good electrical contact during cycling. In contrast,
samples with d-Alg and s-Alg binder exhibited enhanced
performance with higher initial capacities, 1175 mAh g™
and 1250 mAh g™, respectively. ICE reached ~70% for both
anodes. After a few cycles, the capacities became stable on
the level of 465 mAh g~ and 590 mAh g™, respectively, up
to 20 cycles (Fig. 6). Detailed voltage/time evolution and CE
values of all anodes are given in Figs. S2,S3 to provide more
detailed data about the charge efficiency of each cycle. These
results show that the molecular-level interaction between
the binder and the Si surface is one of the most critical fac-
tors and the setup of the chemical bonds determines the
strength of the Si-based anodes. The OH — groups on the
silicon surface and current collector surface interact with
the functional groups of the binders via different mecha-
nisms [14], such as weak van der Waals bonds, hydrogen
bonding, or covalent bonding. In this study, the function-
alized alginate-based binders with higher elastic modulus
and relatively high tensile strength have an increased num-
ber of hydrogen bonding sites, which provide self-healing
properties (Fig. S4) and better long-term integrity of silicon
particles [2, 34], contrary to the insufficient bonding with
the linear structure of CMC/SBR binder; thus, fitted lines
(R2adj =0.99) showed that anodes with alginate derivatives
have stable cycle performance at low C-rate. The sample
with s-Alg had better performance because s-Alg has dou-
ble anionic functional groups on the alginate backbone with
more possible hydrogen bonding sites than that of d-Alg. It
can be said that the more contact points on a binder provide
better electronic network and electrode stability. However,
it should be pointed out that the type of functional groups
is as vital as the number of binding sites for anode perfor-
mance because they mainly determine the system’s swelling
mechanism, mechanical strength, adhesion force, and fatigue
behavior during repeated cycles. Poor properties with higher
contact points cannot withstand the enormous expansion/
shrinkage; thus, decay is inevitable.

Additional investigations at different C-rates (0.1, 0.2,
0.5, 1, and 2 C) were carried out to evaluate the rate capabil-
ity performance of the binders. Similar to the previous tests,
the CC-CV charging method was applied for the forma-
tion cycle to fully activate the silicon particles. The C-rate
increased gradually from 0.1 to 2 C and returned down to
0.2 C. The results showed that the anode with s-Alg exhib-
ited better performance (725 mAh g~ at 0.1 C) than the
d-Alg, particularly at lower current densities, as shown in
Fig. 7. The capacities of both branched structure alginate
derivatives dropped to the same level after 0.5 C. The sam-
ple with linear CMC/SBR binder showed the lowest rate
performance in all C-rates. The stabilization of the anode
took more cycles, and the capacity decreased to 372 mAh
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Fig. 7 Rate performances of the Si/Gr anodes containing CMC/SBR,
d-Alg, and s-Alg binders

g !at 0.2 C and almost disappeared at 2 C for the anode with
CMC/SBR binder. Despite the dramatic loss of capacity at
2 C-rate, the capacity could recover to 354 mAh g~! at 0.2 C.
On the contrary, the anodes prepared with the newly syn-
thesized s-Alg and d-Alg binders demonstrated high revers-
ibility and the capacities remained at 445 mAh g~! and 580
mAh g™, respectively, at 0.2 C after 30 cycles.

Outputs of the rate test is also used to determine the Peu-
kert’s constant which provides numerical analysis of the rate
performance of Li-ion batteries using reformulated equation
as follows [35]:

1-k
—c(L
C—Ca<] ) ; ey

o

where k is the Peukert’s constant, which is unitless, C and
C, are the discharge capacities measured at current densities
of I and I, respectively, and /I stands for charging current
rate. When k=1, the discharge capacity remains constant
regardless of the applied current. However, if k> 1, the dis-
charge capacity decreases with an increase in the applied
current. Peukert’s constants were calculated as 2.05, 1.48
and 1.40 using min-max C-rates (0.1 C/2 C) [36] for CMC/
SBR, d-Alg and s-Alg, respectively. Furthermore, potential
impact of current density ratio on k value was also investi-
gated [37] and detailed calculation was given in supplemen-
tary data (Table S1, Fig. S5). Decrease in the capacity as the
C-rate increases can be explained by several factors, such
as active material degradation, incomplete redox reactions,
limited ion diffusion rate, or increased polarization. It is also
known that capacity loss at higher k value is more serious
due to the severe reaction polarization and k is mainly deter-
mined by charge transfer resistance (R.,) [38]. According to
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calculated & values, it can be mentioned that the anodes pre-
pared by newly synthesized Alg binders have lower resist-
ance, hence they provide higher capacity at all C-rates.

Differential capacity (dQ/dV) data were collected during
the rate test to understand the electrochemical activity and
degradation behavior of the anodes. In more detail, the first
cycles at 0.1 C-rate were investigated, when mainly the anode
stabilization and capacity decay take place. The results are
shown in Fig. S6. The lithiation of Si/Gr anode appears mainly
in two steps regarding to the alloying/de-alloying reactions
of silicon and intercalation/deintercalation of graphite. It is
known that while graphite intercalation mechanisms are active
below 0.2V, silicon reactions predominantly take place above
0.2 V [39, 40]. In our composition, silicon provides 70% of
the total theoretical anode capacity [41], therefore, a higher
attention should be paid to the intensities of redox peaks above
0.2 V, which demonstrate the main contribution to the capac-
ity diversity [42]. The dQ/dV measurements indicated the SEI
formation at ~0.86 V in the first cycle for all samples (Fig. S7).
The Si alloying reaction takes place between 0.31and0.24 V,
followed by a strong peak at 0.1 V, corresponding to a-Si —
a-Li,Si and a-Li,Si — a-Li; sSi conversions, respectively.
There is a small peak around 0.05 V, representing recrystal-
lization of a-Li; sSi phase to c-Lis 455i. It should be noted that
Si and Gr redox peaks may overlap each other below 0.2 V.
The de-alloying reactions occur at higher potentials, specifi-
cally at 0.26 V,0.43 V, and 0.46 V, corresponding to c-Lis ;5Si
— a-Li; 551, a-Li; 5Si— a-Li,S1, and a-Li,Si — a-Si structural
transformations, respectively [43, 44]. The graphite intercala-
tion peaks were detected at 0.2 V and below, at about 0.12 and
0.14 V, corresponding to the formation of Li C. The charac-
teristic alloying peaks of Si became invisible for CMC/SBR
binder during the first formation cycles in differential capacity
analysis, while the alginate derivative binders show a steady
behavior (Figs. S6b,c).

The cyclic voltammetry test of samples after 30 cycles
(Fig. 8) also revealed that the silicon redox peaks (alloy-
ing between 0.31and 0.20 V, de-alloying between 0.26 and
0.49 V) are clearly visible in samples with s-Alg binder,
while only partially visible in d-Alg sample and faded for
anode with CMC/SBR binder system, indicating that there
is no more silicon activation. The results showed that even
after high currents, the anodes with s-Alg binder maintained
a good binding between the silicon particles and conductive
matrix due to the increased number of the anionic func-
tional groups, lower interaction with electrolyte, and better
mechanical properties (tensile strength).

3.3.2 Effect of pH on the electrochemical performance
of s-Alg containing electrode

As the anodes with the s-Alg binder exhibited the best
results, additional tests were performed to assess the

Current (mA)

: After 30 cycles
GriSi 0.1mV s

0.0 l 0.2 l 054 ‘ 0?6 I 0?8 I 1.0
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Fig.8 Cyclic voltammogram of the Si/Gr anodes containing CMC/
SBR, d-Alg, and s-Alg binders

influence of the pH of the s-Alg binder during the prepa-
ration process on the electrochemical performance of the
anodes were carried out. There are limited studies on the
effect of buffer solutions (carboxyl groups) on the capacity
retention of Si-based anodes. Mazouzi et al. [45] showed
that lower pH (pH < 3) provides covalent bonding through
esterification reaction upon drying between the neutralized
SiOH/C(O)OH groups and the strong bonding improves the
cycle performance. Similarly, Andersen et al. [46] reported
the beneficial effect of lower pH on capacity retention. It was
also shown that the pH values of slurry during the prepara-
tion also affects the electrode integrity due to the progress
of acidic catalyzed, exothermic condensation reactions [34].
However, all the above-mentioned studies were performed
at lower C-rate (~0.1 C).

In this work, the effect of pH level on the anionic groups
was investigated in the range of 0.05-2 C-rates and the
results are shown in Fig. 9. All the anodes had an initial
discharge capacity of 1250 mAh g~! with an ICE of ~70%.
Anode with s-Alg binder prepared at pH 3 showed 800 mAh
g~ ! capacity at 0.1 C-rate and 650 mAh g~! at 0.2 C-rate
after 30 cycles. The capacity at 0.2 C-rate increased by 24%,
and 12% compared to the anodes with s-Alg pH12 and s-Alg
pH7 binder. The results obtained for 0.1 and 0.2 C-rates are
coherent with studies on the influence of pH on the perfor-
mance of Si-based anodes [38—41]. It is also showed that
the acidic medium for anionic binder systems has beneficial
contribution to higher current density performance such as
1 and 2 C-rates for limited cycle number.

SEM images in Fig. 10 revealed that stronger hydrogen
bonding (with a possibility of formation also strong cova-
lent binding) between the SiOH and SO,0OH groups have
been established at pH 3; therefore, the structural integrity

@ Springer



Journal of Applied Electrochemistry

1400

10.05C

—o— s-Alg pH7
—&o— s-Alg pH12

1200
1000 —
800 —
600 —
400

200

Specific discharge capacity (mAh g™

Cycle number

Fig.9 Rate performances of the Si/Gr anodes prepared by s-Alg
binder dissolved in different pH solutions

is maintained even after 30 cycles. The Zeta potential of
the negatively charged active materials and anionic binder
is close to zero in an acidic medium [47]. Therefore, neu-
tralization of the surface charges takes place [48]. It can be
claimed that the higher obtained capacity at all C-rates was
due to the compact layer, a better electrically conductive
network, and faster diffusion kinetics. Li-ion diffusion is the
rate-limiting factor at higher current rates by contrast with
low current reactions, which considerably depends on the
electrolyte, SEI, or electrode thickness [49]. It is well known
that Li-ion diffusion enhances with shorter ionic pathways
[13] and thinner SEI. Here, more potent bonding mechanism
prevents extra Si cracks, excessive electrolyte depletion, and
further SEI formation. Hence, better integrity and shorter
distance for diffusion were provided.

The presence of partially ionized SiO™ and SO,0™ groups
at pH 7 led to moderate hydrogen bonding and allowed
limited swelling. Therefore, a slightly higher capacity was
obtained for s-Alg pH7 sample at higher currents (0.5-2 C)

SEl  15kV

SEl 16KV
Ph3 Ph7

compared to s-Alg pH12. The full ionization of SiO™ and
SO,0™ groups at pH 12 is unfavorable for high-strength
binding because of repelling the negative charges [50] and
the structural changes in s-Alg pH12 sample resulted in
partial loss of electronical contacts in more porous/thicker
layer. The layer thicknesses of samples after 30 cycles were
17.3+0.9 pm, 22.2+2.3 pm, and 25.2 +2.4 pm for sam-
ples s-Alg pH3, s-Alg pH7, and s-Alg pH12, respectively.
(Detachment of layer seen in Fig. 10c is because of handling
during SEM sample preparation). The results indicate that
the pH value of the binder solution is as essential as the
binder type, because it affects the electrode integrity during
the cycling, depending on the binding strength. Neverthe-
less, it should be noticed that all s-Alg binders showed supe-
rior performance than d-Alg and CMC/SBR, particularly at
low C-rate.

Enhanced capacity can also be explained from a different
perspective, as given in Fig. 11. Peak shifting to lower volt-
age during reduction and higher voltage during oxidation
was observed in differential capacity analysis for CMC/SBR,
representing higher polarization existence in the cell [51].
All voltage values of redox reaction are given in Table S2.
For instance, while a-Li,Si transformation takes place
around 0.3 and 0.24 V for the anodes prepared by all pH
level s-Alg binders, the first peak shifted to 0.28 V in CMS/
SBR (second reduction peak was not even visible). It is not
only for Si alloying, but also the same case for graphite inter-
calation potential range. Another critical output that can be
driven from dQ/dV plot is the loss of active materials infor-
mation from peak intensity. Dramatic differences in peak
intensities, especially in the silicon region, were observed in
the 30. cycle between anodes similar to cyclic voltammetry
results. It is verified that compact anode morphology due
to a stronger bonding mechanism in acidic solution (s-Alg
pH3) provided higher Si activity after short-term high C-rate
exposure.

Electrochemical impedance spectra (EIS) were per-
formed after rate capability (Fig. 12a, b) and long cycle test
(Fig. 12c, d) in order to analyze the all results inclusively

SEI  15kV x1,500
Ph12

x1,500 10Um —

10pm  —

Fig. 10 Cross-sections of the delithiated anodes prepared by s-Alg binder dissolved in different pH solutions a pH 3, b pH 7, and ¢ pH 12 after

rate test
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and summarize them clearly. All measurements were col-
lected after relaxation state. Nyquist plots are composed of
solution resistance region R,, two semicircles (one semi-
circle in high-frequency region representing SEI resistance
Rgg;, one semicircle in middle-frequency region representing
charge transfer resistance R), and Warburg element [52].
Impedance results confirmed that anode prepared by s-Alg
pH3 has lowest R, due to compact layer resulting strong
bonding performance, as seen in SEM images. Rgg; values
for pH3 and pH7 are statistically same but meaningful differ-
ence can be seen for pH12 and CMC/SBR system. It proves
that binder properties have impact on structural deforma-
tions and SEI formation mechanism. Weak binder systems
cannot alleviate huge volumetric expansion/shrinkage, cause
pulverization of active materials, and form a thicker SEI
layer that influences charge transfer kinetic. EIS results are
also compatible with Peukert’s constants, dQ/dV analysis,
and the correlation between the redox peaks shifting shown
in Fig. 11 and real impedance data were displayed.
Current density has also strong influence on binder
decomposition, active material loss, and resistance, as
mentioned in [29] and shown our EIS results. Cycle test
was carried out to investigate the effect of high C-rate on
long-term stability. Figure 13 reveals that faster charging/
discharging resulted in excessive deviation of capacity for
CMC/SBR due to its poor performance. Sharp decay and
recovery can be explained by rearrangement of the active

Potential (V)

material and conductive network during cycling in the anode
which decreases charge transfer resistance. This behavior
can be also supported by dQ/dV analysis (Fig. S8a). Nor-
mally, reduction peaks shift toward lower, while oxidation
peaks shift to higher voltage in repeated cycles depending
on increased resistance as expected and explained in Figs. 11
and 12. Surprisingly here, dQ/dV plots revealed that redox
peaks have lower lithiation voltage in the first high-C-rate
cycle than 50 and 100 cycles for CMC/SBR anode. High
polarization caused non-completed intercalation (LiC, to
LiC¢) and deintercalation (LiCq to LiC,) reactions in the
beginning of 1 C test. Although some recovery was pro-
vided later on with the help of better reaction kinetics, no
silicon activation was observed during test because of unfa-
vorable properties of the CMC/SBR binder. It should be
also noted that redox peak positions were notably different
comparing to anode prepared by s-Alg binders, so it means
overall resistance of the system was higher. Moreover, elec-
trochemical impedance test results confirmed that Rgg; and
R, values almost doubled at 100. cycle. Thus, capacity was
recorded quite low throughout the cycle life test. On the
other hand, systematic decrease in capacity can be seen for
s-Alg pH3, pH7, and pH12. Both peak shifting and decreas-
ing of peak intensities (especially in Si region) were noticed
in dQ/dV plots (Fig. S8b,c,d). In comparison with CMC/
SBR, decay occurred gradually with the help of stronger
binder performance and better volumetric compensation.
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Fig. 13 Long cycle performance of the Si/Gr anodes at 1 C-rate
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Even if s-Alg has stable performance at 0.2 C-rate (Fig. 6),
results indicate that just binder performance is not enough
to keep cell integrity longer at drastic charging conditions
(1 C-rate). Nevertheless, s-Alg pH3 exhibited 400 mAh g~!
at 50th cycle and 265 mAh g~! at 100th cycle, respectively
(65% and 37% higher than CMC/SBR) due to lower overall
resistance and leastwise partially silicon activation. On the
other hand, extra effort should be made to improve cycling
performance and obtain better stability at higher C-rates for
longer term. In addition, electrolyte and binder systems can
be improved together to achieve superior performance.

4 Conclusion

In this study, the low-contaminated Si/Gr active material
(20:80 wt%) was prepared from cheap starting powders via
optimized ball milling conditions in WC pot and balls. An
innovative water-soluble, eco-friendly functionalized alg-
inate-based binders were developed for high-performance
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anode in LIBs. The results showed that the binder struc-
tures, mechanical properties, and the number of possible
connection points with silicon particles have a strong
influence on the obtained capacity, SEI stabilization,
and decay performance of the anode. Sulfonated alginate
(s-Alg), which has lowest electrolyte interaction and rela-
tively good tensile strength, exhibited strong and sustain-
able binding ability with Si surface and current collector
due to its low hydrophilicity and higher number of hydro-
gen bonding sites. Anode with s-Alg binder provided bet-
ter decay performance and higher discharge capacity with
lower Peukert’s constant value (k=1.40), particularly at
lower C-rates (725 mAh g_1 at 0.1 C) where the electronic
conduction is a limiting factor. The investigation of the pH
of the alginate-based binder solution on specific capacity
showed an enhanced performance for s-Alg binder solu-
tion at lower pH values, close to 800 mAh g~ at 0.1 C
due to stronger intermolecular interaction of neutralized
OH-SiO groups. Polarization and loss of active material
phenomenon were also shown using dQ/dV plots and a
good correlation was built with electrochemical imped-
ance spectroscopy data. In addition, it was seen that the
binder system is also effective in SEI formation and passi-
vation mechanism by providing structural integrity. Lower
SEI and charge transfer resistance were obtained with the
s-Alg binder. Overall resistance dramatically increased
with insufficient CMC/SBR binder after repeated cycles.
According to all results, it can be concluded that the binder
type and pH level of the binder solution has an appar-
ent effect on the electrochemical performance. The novel
water-soluble s-Alg binder offers advantages for Si/Gr-
based anodes in LIBs.
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