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Abstract—The modification of pectin polysaccharide through grafting with polyacrylamide and crosslinking is newly
proposed as a powerful candidate for a water-soluble binder of high-capacity Si anodes in lithium ion batteries. The
grafting of pectin with polyacrylamide enhances adhesion in the electrode and contributes to the good wettability of
the carbonate electrolyte. Herein, dual-crosslinking of pectin-g-polyacrylamide was achieved by the ionic crosslinking
of pectin with divalent calcium ions and the chemical crosslinking of polyacrylamide with a bisacrylamide. As a result,
the dual-crosslinked binder improves further the cycling performance of the Si/C composite anode with a 1.2 mg cm™
loading, which retains a specific capacity of 729 mAh g after 300 cycles. In contrast, the Si/C electrode containing
dual-crosslinked alginate with polyacrylamide shows a specific capacity of 515 mAh g ' after 300 cycles.
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INTRODUCTION

The development of new electrode materials with high energy
and power densities for lithium ion batteries (LIBs) has attracted
considerable attention over the last 20 years [1-3]. A binder mate-
rial, in particular, which provides integrity to composite electrodes
consisting of active materials and conducting agents, has received
increasing attention recently because it greatly influences the long-
term cycling stability, rate capability;, and irreversible capacity loss
of the electrodes. The breakthrough for high capacity anodes expe-
riencing large volume changes, such as silicon, depends strongly on
the appropriate choice of polymeric binder. Polyvinylidene difluo-
ride (PVdF) is the most common binder used in commercial LIBs.
On the other hand, the Si electrode comprised of PVAF binder
showed rapid capacity fading at less than twenty cycles because of
its poor adhesion strength to the current collector [4,5]. Moreover,
it dissolves only in toxic and expensive organic solvents, e.g., m-
methyl-2-pyrrolidone, leading to environmental issues for the elec-
trode manufacturing process.

To replace the organic solvent, environmentally friendly water
soluble polymers, such as polyacrylic acid (PAA) [6], polyvinyl alco-
hol (PVA) [7], carboxymethyl cellulose (CMC) [8], and sodium algi-
nate (Alg) [9-11], have been applied to high capacity Si-based anodes.
They have shown excellent binder performance compared to the
conventional PVAF binder, owing to their robust adhesion to the
active material and current collector and low electrolyte swelling,
which maintains the mechanical properties of the binder. Recently,
the grafting and/or the crosslinked network in a binder composed
of three water soluble polymers was reported to be more favor-
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able in Si anodes. PAA-g-CMC, which is PAA grafted with CMC,
enhanced the electrochemical performance for Si electrodes, hav-
ing a high mass loading because of the good adhesion to current
collector and the formation of a stable solid electrolyte interface
(SEI) layer on the Si surface by the branched structure of PAA-g-
CMC, compared to the sole use of a linear polymeric binder, PAA
or CMC [12]. Zhang et al. [13] and Liu et al. [14] reported that the
fonic crosslinking of Alg by divalent Ca** ions improved the mechan-
ical strength, recovery effect, and cycling stability of Si-based anodes.
Kim et al. [15] developed a renatured DNA-Alg crosslinked binder
for Si based anodes to facilitate homogeneous distribution of elec-
trode materials due to the amphiphilicity of the DNA. Other types
of polysaccharides and their modification, such as chitosan and
starch, have been applied to the binder for high capacity anodes
[16,17]. Such linear polysaccharides have been studied extensively,
whereas research on the application of branched polysaccharides
to the LIB binder is still required.

Pectin (Pec) material is the linear polysaccharide applied most
recently to LIBs. Yoon et al. [18] reported that Pec composed of o-
glycosidic bonds with -COOH functional groups resulted in supe-
rior cycling ability and rate capability of silicon anodes to CMC of
Sglycosidic bonds with -COOH, and amylose of a-glycosidic bonds
without -COOH. On the other hand, the modification of Pec by
grafting and crosslinking has been suggested to cope with these
limitations because of the low chemical resistance and poor com-
pact ability of Pec [19]. Similar to alginate, Pec contains numerous
carboxyl and hydroxyl groups on chain-chain association and eas-
ily forms a physical crosslink with divalent cations, such as Ca™*
[20]. On the other hand, the crosslinked Pec network was more
elastic than the crosslinked alginate network when they were linked
with divalent calcium cations [20,21]. In practice, the elastic prop-
erty might be more beneficial to high capacity anodes experienc-
ing large volume changes during cycling. Zhu et al. [22] reported
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that a highly stretchable crosslinked polyacrylamide (PAAm) had
high strain resistance for the expansion of silicon electrodes as well
as strong affinity to bonding with the nano-Si surface, leading to
remarkable cycling performance of the silicon electrode. Recently,
the dual-crosslinked binder of alginate with PAAm was reported
to be effective in improving the electrochemical performance of
silicon/graphite electrodes owing to the intrinsic good binding prop-
erty, enhanced lithium ion transport, and extremely low volume
expansion [23].

In this study, a dual-crosslinked binder of Pec with PAAm was
newly constructed for high capacity silicon/graphite anodes. Pec
was first grafted with PAAm, and ionic and chemical crosslinking
were then performed to complete the dual-crosslinking in the grafted
polymer. A variety of characterization tools were used to examine
the electrochemical performance of the electrodes containing the
Pec-PAAm dual-crosslinking binder system, which was compared
with that of the alginate-PAAm binder system.

EXPERIMENTAL

1. Synthesis of Pectin Grafted/Crosslinked with Polyacrylamide

One-step free thermal polymerization was used to produce Pec-
g-PAAm, ie, pectin grafted with polyacrylamide. A solution con-
taining 2.8 g of Pec and 10 g of acrylamide monomer (AAm) in
50 ml water was placed in a three-necked flask with a mechanical
stirrer for 24 h. Before a free radical initiator was added, nitrogen
bubbling was performed to eliminate the oxygen in the solution for
one hour because oxygen easily inhibits the free radical polymer-
ization. Ammonium persulfate (APS, 0.06 g in 5ml H,O) as a radi-
cal initiator and tetramethyl-ethylenediamine (TEMED, 0.055 g) as
a reaction accelerator were added to the mixed solution followed
by heating to 50 °C. The solution was well mixed and maintained
at that temperature for 3 h under nitrogen atmosphere to complete
the grafting of Pec with PAAm, Pec-g-PAAm. The resulting vis-
cous solution was precipitated using acetone and washed with the
mixture of ethyl alcohol and water several times to remove unre-
acted monomers including small molecules. All chemicals used
were purchased from Sigma-Aldrich Co. Ltd. More details on the
grafting procedure are described in a previous study [23]. For the
physical crosslinking of Pec by divalent cations, c-Pec, a small amount
of 2wt% CaCl, was added to a 5wt% aqueous Pec solution and
stirred for 30 min under a nitrogen atmosphere, leading to a high
viscosity reaction mixture. The reaction mixture was kept overnight
in a convection oven at 70 °C. The physical crosslink of Pec in the
Pec-g-PAAm was also achieved using CaCl,, and N,N-methylen-
ebis(acrylamide) (MBAA) was used for chemical crosslinking of
PAAm chains in the Pec-g-PAAm. This dual-crosslinked sample is
called c-Pec-g-PAAm.
2. Preparation of Electrodes and Cells

For slurry preparation, silicon (30-50 nm, KCC Co. Ltd.)/graph-
ite (MAGD, D50=21 pm, Hitachi) with a weight ratio of 1/3, 5 wt%
water-dispersed carbon nanotubes as a conducting agent, and 5 wt%
water-based binders (Pec or Pec-g-PAAm) were mixed in water
with a weight ratio of 76 : 9: 15. The well-mixed slurry was cast onto
copper foil using the doctor-blade method, dried in a convection
oven at 70 °C for 30 min, and then dried continuously in a vac-

uum oven at 70 °C overnight. To crosslink the binder either physi-
cally or physically-chemically, a small amount of CaCl, or CaCl,
and MBAA with APS was added to the slurry composed of sili-
con/graphite: conducting agent: binder at the same weight ratio of
76:9:15, and the same procedure mentioned above was performed
to dry the electrodes. The mass loading of the Si/C electrodes was
1.9+0.1 mg cm . CR2032 coin-half cells were assembled in an
argon-filled glove-box using the Si/C working electrode, and Li foil
as the counter and reference electrodes. The electrolyte was 1.15M
LiPF in ethylene carbonate (EC) : diethyl carbonate (DEC) : dimethyl
carbonate (DMC) 3:5:2 by volume with additives (5 wt% fluoro-
ethylene, 2 wt% vinylene carbonate and 0.4 wt% LiBF,) (Enchem
Co. Ltd.), and polypropylene film (Celgard LLC) was used as a sep-
arator.

3. Physical Characterization of the Polymers

All polymeric binder samples for characterization were prepared
by a solution casting method and then dried overnight in a vac-
uum oven at 70 °C. The Pec-based polymers were analyzed by
Fourier-transform infrared (FT-IR, Thermo Scientific Nicolet iS5)
spectroscopy over the range, 4,000-400 cm ™. Thermogravimetric
analysis (TGA, Q50, TA Instruments) of the polymer binders was
performed in a nitrogen atmosphere. For TGA, 15 mg of the sam-
ple was placed in a platinum pan and heated from room tempera-
ture to 600 °C at 10 °C min™". The electrolyte uptake of the binder
was measured by immersing the dried polymer film into 20 ml of
mixed carbonates, a mixture of ethylene carbonate (EC): diethyl-
carbonate (DEC) : dimethyl carbonate (DMC) at 1:1: 1 vol%. The
films were taken out after 48 h and wiped to remove the excess
carbonate adsorbed on the surface. The swelling ratio was calcu-
lated from the difference in the weight of the films before and after
electrolyte soaking.

The binder films were elongated at room temperature using a
texture analyzer (TA-PLUS, Lloyd Instruments Ltd.). To prepare the
test samples, grafted copolymer was first dissolved in distilled water
at room temperature, and 30 wt% glycerol to polymer as a plasti-
cizer was added to the solution. After stirring for 15 min, the physi-
cal and chemical agents were added to the mixture followed by 10
min stirring. The solution was then poured into a petri dish and
dried overnight in a convection oven at 50 °C. Subsequently the film
was cut into strips (10x50 cm) and mounted between the abra-
sive papers. The tension speed of the film strips was 5 mm min™".
4. Physical and Electrochemical Characterizations of Electrodes

Using a texture analyzer, the adhesion strength of the Si/C elec-
trode was obtained by measuring the 180° peeling force of the
electrode strips with a peeling speed of 20 mm min™". For a more
realistic situation, all the samples were soaked in carbonate electro-
lyte medium for one day, immersed into DMC solvent to remove
the surface electrolyte, and finally dried at room temperature for
20 min before being peeled. A video-connected device (Theta Lite
100, KSV Instrument Ltd.) was used to measure the contact angles
of the Si/C electrodes. The galvanostatic charge/discharge of the
coin-half cells was performed between 5mV and 1.5V at a current
rate of 0.1 C for the first two cycles and at 0.5 C for the following
100 cycles. Electrochemical impedance spectroscopy (EIS) over the
frequency range, 100 kHz to 0.01 Hz, and cyclic voltammetry (CV)
of the coin-half cells were performed using a BioLogic Science
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Instrument.
RESULTS AND DISCUSSION

1. Polymeric Binder Characterization

The dual-crosslink between Pec and PAAm was performed in
an aqueous medium using a two-step method. First, the Pec-g-
PAAm binder was synthesized by grafting PAAm onto Pec using
a redox initiator system, APS/TEMED, and then the graft copoly-
mer was linked with a physical crosslinker (CaCl,) and chemical
crosslinker (MBAA). Coordinate bonds of the hydroxyl and car-
boxyl groups with Ca’* ions were formed in the main chain of Pec
and the PAAm side chains in the graft copolymer were bonded
covalently with MBAA. Fig. S1 presents the synthesis scheme with
the chemical structures, including the dual-crosslinked c-Pec-g-
PAAm.

Successful formation of the Pec-g-PAAm polymer was first con-
firmed by FT-IR spectroscopy, as shown in Fig. 1(a). The FT-IR
spectrum of Pec showed several peaks: a broad peak at 3,410 cm™"
for the -OH group, a peak at 2,940 cm ™" for the -CH, group of alkane,
two sharp peaks at 1,748 and 1,632 cm™' for -COOH groups, and
a peak at 1,444 cm™ for the -CH, of the secondary alcohol. The
stretching vibration of C-O as complex bands, which resulted from
an ether (C-O-C) and cydlic alcohol (CH-OH) in the saccharide
chain, was also observed at 1,000 to 1,300 cm™": two peaks at 1,266
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and 1,102 cm™" for the C-O stretching band in the cyclic alcohol,
and two peaks at 1,147 and 1,014 cm™" for the C-O stretching vibra-
tion in the ether [19]. Owing to the formation of ether bonds be-
tween the hydroxyl group placed in anhydroglucose C2 and the p
band of PAAm, the adsorption peaks at 1,266 cm™' (C-O stretch-
ing) and 632 cm™ (C-OH bending) were almost absent in the spec-
trum of Pec-g-PAAm. In contrast, the overlapped peaks attributed
to the ether and cyclic alcohol still remained in the range, 1,150 to
1,000 cm™, but their intensities were lower. On the other hand, the
adsorption peaks related to PAAm [24], the anti-symmetric and
symmetric stretching vibrations of NH, at 3,480 and 3,180 cm™’,
an overlapped band from C=O stretching vibration and NH, de-
formation band around 1,651 cm™, and the C-N stretching band at
1,413 cm™, were observed in the FT-IR spectrum of Pec-g-PAAm,
but all peaks were shifted compared to the original PAAm spec-
trum. This suggests that a graft reaction between Pec and AAm
monomers had occurred. Fig. 1(a) presents the FT-IR spectrum of
c-Pec-g-PAAm. The adsorption bands of the graft Pec-g-PAAm
copolymer at 3,480 cm™ (-OH) and 1,651 cm™ (asymmetric COO-)
were shifted in the dual-crosslinked c-Pec-g-PAAm. This was at-
tributed to the strong coordination bonds between Ca’" ions and
Pec in the graft copolymer [13,14]. In the next, the spectrum of c-
Pec-g-PAAm showed sharp peaks at 1,452, 1,112, and 603 cm™’,
which were associated with N-H bending, C-N stretching, and N-
C=0 bending in the amide groups of the chemical crosslinker
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Fig. 1. (a) FT-IR spectra of as-synthesized PAAm, natural Pec, Pec grafted with PAAm (Pec-g-PAAm), and dual-crosslinked c-Pec-g-PAAm,
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Fig. 2. (a) Adhesion strength of Si/C electrodes containing different binders measured using the 180° peel test, and (b) electrolyte uptake of
polymer films immersed in the electrolyte solvent (EC: DMC: EMC) at 25 °C for 48 h.

MBAA, respectively [24]. This was attributed to the presence of addi-
tional amide groups in MBAA as well as the amides in the graft
polymer.

To confirm the formation of dual-crosslinked network of the
binder in the presence of Si active materials, silicon active materi-
als were added to an appropriate amount of Pec-g-PAAm solution
and mixed with or without the crosslinking agents. As shown in
Fig. S2, the slurry sample with the crosslinkers formed a gel-like
phase, indicating the possibility of crosslinking. This was also clari-
fied from a comparison of the FT-IR spectra of the slurry samples
(Fig. 1(b)). As mentioned above, the peak at 1,656 cm™" in the spec-
trum of the Si/c-Pec-g-PAAm sample indicated the formation of
the ionic crosslinking between the carboxyl groups and Ca*. In
addition, the peak at 1,741 cm™ attributed to C=O stretching in the
carboxylic acid was weakened by limiting the stretching due to
ionic crosslinking. The sharp peaks at 1,401 and 585cm™' were
assigned to C-N stretching and N-C=0 bending bands of the sec-
ondary amide in the chemical crosslinker, MBAA [25]. On the
other hand, the strong peaks at 1,114 and 868 cm™" were assigned
to an ester-like bond between the binder and Si particles, which is
a strong covalent bond produced from a reaction between the car-
boxyl groups in the binder and silanol groups (Si-OH) at the sur-
face of the Si particles [26,27]. Overall, the grafted Pec-g-PAAm
and its dual-crosslinked c-Pec-g-PAAm had been successfully syn-
thesized.

TGA of the polymers was also performed and the result is pre-
sented in Fig. 1(c). The main thermal degradation of pure Pec, corre-
sponding to a weight loss of 48.8%, occurred over the temperature
range of 200-320 °C. As-synthesized PAAm has two thermal deg-
radation steps with the exception of the low temperature weight
loss below 150 °C caused by water evaporation. From 230 to 340 °C,
14.1% weight loss was observed, which was attributed to the deg-
radation of amino groups [28]. A major weight loss of 50.2% was
noted in the range of 380-520 °C, attributed to decomposition of
the backbone chain to carbon dioxide and hydrocarbons. For Pec-
g-PAAm, the thermal stability was characterized as improved com-
pared to pure Pec but no better than pure PAAm. Two thermal
decomposition peaks related to Pec chains and acrylamide chains

were observed between 220-310 °C with a weight loss of 21.4%.
The third decomposition occurred over a relatively broad tempera-
ture range between 320 °C and 520 °C with a large weight loss of
37.0% due to decomposition of the polymer backbone. In contrast,
the dual-crosslinked c-Pec-g-PAAm sample was resistive to the
high temperature decomposition of the polymer backbone above
320°C. This suggests that the chemical crosslinking caused by
MBAA also helps improve the thermal resistance of the PAAm
backbone chain.

2. Slurry Characterization

An increase in the interaction between polymeric binders and
hydroxyl groups on the Si surface through hydrogen or covalent
bonds leads to an improvement in the adhesion of the Si-based
anode [29,30]. The adhesion capability of the binder in the Si/C elec-
trodes was estimated using a 180° peel test, as illustrated in Fig. 2(a).
All modified Pec samples with grafting and/or crosslinking showed
significantly higher adhesion than natural Pec. In particular, the
grafted copolymers showed much higher adhesion than the physi-
cal blend between Pec and PAAm. This was attributed to the mul-
tipoint functional groups in the grafted structure for Pec-g-PAAm,
which form a more flocculated structure with strong hydrogen
bonds in the electrode [12]. On the other hand, the dual-crosslink-
ing by Ca®" and MBAA increases the interconnection among the
polymer chains in the Pec-g-PAAm. This decreases the number of
functional groups of the binder, which are normally connected to
the active materials. This may explain the slight decrease in the
180° peel strength of the dual-crosslinked c-Pec-g-PAAm (829 N
load force), compared to the grafted Pec-g-PAAm binder (1048 N
load force).

The adhesion sustainability of the polymeric binder in the elec-
trode is affected by the amount of solvent uptake causing swelling
of the binder, ultimately leading to a weakened interaction between
the active materials and current collector [30,31]. Fig. 2(b) pres-
ents the electrolyte uptake of all binder samples. Pec showed an
approximately 13% electrolyte uptake, which is relatively larger
than that of the other modified Pec samples. The poor adhesion of
the Pec binder in Fig. 2(a) may be due partially to the large elec-
trolyte uptake. A previous study [23] reported that PAAm was quite
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resistant to carbonate electrolyte swelling with an uptake of less
than 2%, even though it will be shown later that PAAm has affin-
ity to carbonate due to the presence of carbonyl dipoles in the amide
groups. Therefore, the modified Pec samples containing PAAm have
much lower electrolyte uptake, which helps maintain the integrity
of the Si/C electrodes during long-term cycling.
3. Electrochemical Characterizations

The effects of modifying the Pec binder on the electrochemical
properties of Si/C anodes were investigated by CV, EIS, and galva-
nostatic cycle tests. Fig. 3(a) shows the CV profiles of the Si/C fresh
electrodes obtained in the voltage range of 0 to 1.5V (vs. Li'/Li)
with a scan rate of 02mV s, All fresh electrodes displayed two
pairs of redox peaks: two cathodic peaks at approximately 0.0 and
0.2V for Li insertion and two anodic peaks at approximately 0.4
and 0.5V for Li extraction. The Si/C electrodes containing the
PAAm modified-Pec binders exhibited higher redox currents than
that containing the natural Pec binder. This might be due to the
superior electrolyte wettability of the PAAm modified-Pec to the
Pec binder. The strong carbonyl dipole (C=0) in an amide must
have an affinity for the carbonyl groups in the carbonate structure
so that the Si/C electrodes containing the PAAm form consider-
ably low contact angles with the electrolyte, as shown in Fig. S3.
This indicates rapid penetration of electrolyte into the electrode,
which leads to a broader available active area for the CV experi-
ment. Thus, the PAAm-containing binder helps provide good con-
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tact of the electrode particles to the carbonate electrolyte, resulting
in more lithium ion movement through the electrode. In particu-
lar; the significant increase in the redox CV peaks of the Si/C elec-
trode with the c-Pec-g-PAAm binder could be attributed to the
effective integration of the electrode and an improvement in ion
transport caused by dual-crosslinking.

This was confirmed by EIS, as shown in Fig. 3(b). EIS of the Si/
C electrodes was performed at 0.2V after two precycling steps at
0.1 C followed by two more cycles at 0.5 C. The semicircle at the
middle frequency range indicated the charge transfer resistance of
the electrochemical reaction occurring at the interface, which is
closely related to the ion and electron transport characteristics.
PAAm-containing binders, in particular, the dual crosslinked c-
Pec-g-PAAm binder, lead to the lowest charge transfer resistance.
In addition, the low frequency Warburg region of the EIS enables
a calculation of the diffusion coefficients of lithium ions using the
following equation:

D:O.S( RT )2 (1)

AF'6,C

where A, E C, R, and T are the surface area, Faraday constant, con-
centration of lithium ions in the solid, gas constant, and tempera-
ture, respectively [32]. o, indicates the slope of the real part of the
impedance versus @ ° (angular frequency in the Warburg region).
Based on the slope shown in Fig. S4, the diffusion coefficients cal-
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culated using the above equation were 5.0x10%, 3.5x10"%, 17.7x
107", and 14.0x10™" cm’ s~ for the Pec, c-Pec, Pec-g-PAAm, and
c-Pec-g-PAAm electrodes, respectively. In summary, the dual-cross-
linked binder improves the charge transfer kinetics and mass trans-
port in the electrode compared to the other binders.

From the cyclic performance test shown in Fig. 3(c), the Si/C
electrodes with Pec and c-Pec experienced a severe drop in dis-
charge capacity to below 500 mAh g™ during the first 20 cycles, fol-
lowed by stable capacity of approximately 415 mAh g™'. This initial
severe drop must be responsible for the weak binding strength to
endure huge volume change in the Si component, as shown in Fig.
2(a). On the other hand, the reversible capacity of the Si/C elec-
trode remained around 540 mAh g at 100 cycles when the Pec
binder was grafted with PAAm with a much slower decay in the
capacity for the first tens of cycles. The target Si/C electrode con-
struct with dual crosslinking in the binder, c-Pec-g-PAAm, pro-
vided further improvement in the cycling capacity; it was 625
mAh g ' at the 100™ cycle. A comparison of the average discharge
capacities within 100 cycles revealed the ¢-Pec-g-PAAm-contain-
ing electrode to have the highest value of 861 mAh g', followed in
order by 732, 463, and 451 mAh g ' for Pec-g-PAAm, Pec, and ¢-
Pec, respectively. Grafting with PAAm helps improve the mechan-
ical stability of the electrode due to the numerous multipoint func-
tional groups [23], as observed from the strong adhesion of Pec-g-
PAAm (Fig. 2(a)). The chemical crosslinking in PAAm and physi-
cal crosslinking in Pec improved the robustness of the network
against significant strain in the Si/C electrode [22,23]. On the other
hand, a decrease in the Si/C mass loading from 1.9 to 0.9 mg cm™
greatly increased the capacity retention, as calculated by the ratio
of the capacity at the 100" cycle to that at the second cycle, from
45% to 68% (Fig. S5). The average discharge capacity within 100

Fig. 4. Top-view SEM-images of the Si/C electrodes after 100 cycles.

cycles was 868 mAh g ', which is much larger than that with a
1.9 mg cm > mass loading.

The effects of the binder on the rate capability of the Si/C elec-
trodes were also examined through various current densities in
the range, 0.1 C to 10 C, as shown in Fig. 3(d). The Si/C electrode
containing the dual crosslinked c-Pec-g-PAAm binder exhibited
overwhelmingly superior rate performance to the other electrodes
except at the highest current density, 10 C. The Si/C with c-Pec-g-
PAAm retained 79.9% capacity at a 0.2 C current at a 5 C rate and
maintained more than 786 mAh g, whereas the capacities of the
other electrodes were less than 425 mAh g™ at 5 C and their capac-
ity retention at 5C over 0.2 C were 16.7%, 43.2%, and 74.8% for
Pec, Pec-g-PAAm, and c-Pec, respectively. Although the dual-cross-
linked Si/C had an unexpectedly low capacity of 311.3mAh g at
the highest current density of 10 C, the capacity was restored rap-
idly to 8224 mAh g™' when the current was returned to 0.1 C.

The surface morphology of 100-cycled Si/C electrodes was char-
acterized by plan view field-emission scanning electron micros-
copy (FE-SEM Jeol, JSM-6500F) to determine the mechanical
stability of the electrode film. As shown in Fig. 4, all electrodes
except for the dual-crosslinked electrode exhibited distinct cracks
caused by severe volume changes. The Si/C electrode containing
the ¢-Pec-g-PAAm binder showed no obvious cracks and the dual-
crosslinking network formed by the binder plays an important
role in the long-term cycling stability. This can be supported by
the change in electrode thickness between the fresh and 10-cycled
electrodes, as shown in Fig. S6. The changes in thickness of the Si/
C electrode after 10 cycles were 55.8 pm (131%) from 42.6 um for
the Pec-containing electrode, 53.8 pm (124%) from 43.3 pm for
the c-Pec-containing electrode, 35.8 um (84%) from 42.6 um for
the Pec-g-PAAm-containing electrode, and 32.8 pm (74%) from

' '8i/C-Pec-g-PAAm

10 am

Pec-g-PAAM:
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Fig. 5. (a) Elongation at break of Alg and Pec-based dual-crosslinked binder films, (b) adhesion strength measured according to 180° peel
strength, (c) initial charge/discharge profiles, and (d) cyclic performance of the Si/C electrodes with c-Alg-g-PAAm and c-Pec-g-PAAm.

444 pm for the c-Pec-g-PAAm electrode. Therefore, the strong
dual-crosslinking network is effective in reducing the extra vol-
ume expansion during the cycle and may help improve the cycling
ability and rate-capacity retention of the Si/C electrode containing
c-Pec-g-PAAm.

The crosslinked Pec network, c-Pec, is more elastic than cross-
linked alginate, c-Alg, in biochemical applications when they are
crosslinked physically with Ca* [21]. Therefore, it is important to
compare the dual-crosslinked c-Pec-g-PAAm with the dual-cross-
linked c-Alg-g-PAAm as a binder for the Si/C anode. A previous
study [23] reported that c-Alg-g-PAAm was an effective binder for
Si/C electrodes. Herein, a comparative study of the cyclic perfor-
mance of high capacity Si/C electrodes was conducted using algi-
nate and Pec-based dual-crosslinked binders, as shown in Fig. 5.
The elongation characterization of the dual-crosslinked polymeric
film containing 30 wt% glycerol plasticizer suggests that c-Alg-g-
PAAm is more brittle with higher stress and lower strain at break
than c-Pec-g-PAAm. Silva et al. [20] also reported that the tensile
strength of alginate-based samples was randomly higher with a
low elongation than Pec and its composite film. This was attributed
to the difference in ionic crosslinking. Pectin forms a flexible dot-
ionic crosslinking in the presence of Ca®, whereas alginate forms
a semi-flexible network by a zip-ionic crosslink with the divalent
ions [21,33]. Before comparing their electrochemical performance,
the 74% volume expansion of the Si/C-c-Pec-g-PAAm electrode

February, 2020

shown in Fig. S6 was relatively larger than the 4% expansion of the
Si/C-c-Alg-g-PAAm electrode (Fig. 7 in [23]). This was attributed
to the difference in their elastic moduli.

The Si/C anode with c-Pec-g-PAAm showed slightly higher
adhesion ability with an average value of 6.59 N in the 180° peel
strength of the anode film, as shown in Fig. 5(b). With the same
loading of 1.2 mg cm™, the c-Pec-g-PAAm-containing Si/C elec-
trode exhibited higher reversible capacity under cycling at 0.1 than
the c-Alg-g-PAAm-containing electrode. Furthermore, as shown
in Fig. 5(d), the cycle performance test cycled up to 300 cycles at
0.5 C revealed the c-Pec-g-PAAm binder to produce superior cyclic
capacity over the c-Alg-g-PAAm binder. The Si/C-c-Pec-g-PAAmM
electrode retained 729 mAh g (59% capacity retention) after 300
cycles, whereas the Si/C-c-Alg-g-PAAm electrode retained only
516 mAh g (57% capacity retention). Consequently, Pec can form
a more favorable dual-crosslinked network in a high capacity anode
than alginate.

CONCLUSIONS

The modification of a polysaccharide polymer, pectin, through
grafting and crosslinking with polyacrylamide was quite effective
as an adhesive water-soluble binder in high capacity silicon anodes
to endure the huge volume changes of Si/graphite composite elec-
trodes. The pectin grafted with polyacrylamide, Pec-g-PAAm, poly-
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meric binder was synthesized by an in-situ polymerization method
using a redox initiator in an aqueous medium. The dual-cross-
linked polymer, c-Pec-g-PAAm, was prepared from the graft copo-
lymer in the presence of two crosslinking agents, CaCl,, as an
ionic crosslinker, and MBAA, as a chemical crosslinker, during the
preparation process of the electrode slurry. The PAAm in the graft
copolymer improved the mechanical strength of the electrodes
through strong adhesion and facilitated electrolyte-penetration
with low electrolyte swelling, leading to good mechanical stability
and lithium ion movement through the Si/C electrode. Moreover,
the dual-crosslinking in the target binder contributed to the effi-
cient integration of the electrode and a further decrease in polar-
ization resistance. As a result, the dual-crosslinking network prevents
severe volume expansion of the high capacity Si/C electrode during
the cycling and maintains good cycling ability and rate-capacity
retention. Compared to the dual-crosslinked alginate with PAAm
(c-Alg-g-PAAm), c-Pec-g-PAAm forms a more flexible network
and is more beneficial to the cycling performance of high capacity
anodes.

Consequently, pectin polysaccharide is also a good choice to
form a dual-crosslinked network with PAAm in high capacity anodes,
ultimately resulting in long-term stability with high capacity.
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