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Abstract

Advanced polymeric binders with unique functions such as improvements in the electronic conduction network, mechanical
adhesion, and mechanical durability during cycling have recently gained an increasing amount of attention as a promising
means of creating high-performance silicon (Si) anodes in lithium-ion batteries with high energy density levels. In this
review, we describe the key challenges of Si anodes, particularly highlighting the recent progress in the area of polymeric
binders for Si anodes in cells.
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1. Introduction

Although lithium-ion batteries (LIBs) for portable
electronic devices have been successfully commer-
cialized, a significant improvement in the energy
density of LIBs is required to satisfy the requirements
of high power and/or capacity levels for applications
such as power tools and electric vehicles and for the
efficient use of renewable types of energy [1-5]. To
achieve high-energy-density LIBs, silicon (Si) has
been extensively investigated as a negative-electrode
(anode) material due to its high theoretical specific
capacity of 3580 mAh g”! for Li;sSi; [6-10]. How-
ever, the practical application of Si to LIBs is quite
challenging because Si is associated with significant
volume changes which arise during lithium insertion

and extraction, which can hasten mechanical fracture
of the electrode, cause a loss of electrical conduction
paths, and results in continuous electrolyte decompo-
sition at the active surface when exposed by the
cracking of Si during cycling, as depicted in Fig. 1
[11-14].

Cracking
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Fig. 1. Schematic illustration of the volumetric changes of
(a) Si particles and (b) a Si-based anode during cycling [12].
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To suppress the volume changes of Si-based
anodes, nanostructured anode materials [11,12],
nanocomposites of anode materials, porous structures
to mitigate the disintegration of Si particles due to
colossal volume changes, and a proper electrode
design to optimize structural factors such as the parti-
cle size, space between the particles, and polymeric
binders have been explored to develop anodes that
undergo less of a volume change [15,16]. In particu-
lar, attention has been devoted to the development of
functional polymeric binders, as the polymer binder
is a material that is very important for the binding of
the Si-active materials of the electrodes. The use of a
functional polymeric binder in Si-based anodes is
expected to prevent electrical contact loss between the
Si particles and to accommodate severe volume
changes (ca. 400%) during cycling [17-19]. Recent
results have shown that sodium carboxymethyl cellu-
lose (CMC) and poly(acrylic acid) (PAA) binders
improve the electrochemical performance of Si-based
anodes compared to poly(vinylidene fluoride) (PVDF)
binders [20,21]. It is believed that a robust polymeric
binder is a promising means of inhibiting the mechani-
cal fracturing of Si anodes during cycling.

In this review, we present recent advances in the
development of advanced polymeric binders, includ-
ing linear, branched, crosslinked, and self-healing
polymers, to ensure high-performance Si-based
anodes in LIBs.

2. Polymeric binders in LIBs

In LIBs, a polymeric binder serves an important
role in the formation of an electrode by binding
active materials and ensuring the adherence of the
active materials on metallic current collectors such as
copper or aluminum. Fig. 2(a) shows three possible
binding mechanisms of a polymeric binder in elec-
trodes. The first schematic illustrates the point bind-
ing mechanism, showing a uniform distribution of
the binder and a good electronic conduction net-
work. As depicted in Figs. 2(b) and (c), the second
and third mechanisms are not desirable due to the
poor electronic conduction by localized connections
between the active materials and the electrical con-
ducting agents, and due to an insulating polymer film
which forms on the current collector. To ensure the
electrochemical performance of electrodes, uniform
binding by a polymeric binder is required to be main-
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Fig. 2. Schematic of three possible binding mechanisms of
a polymeric binder in an electrode.

tained after the liquid electrolyte is absorbed into the
binder matrix. Of course, the binder should be insolu-
ble in a liquid electrolyte and should have good
chemical stability against lithium salts and SEI com-
ponents such as Li,CO;, LiF, and LiOH. More impor-
tantly, it was demonstrated that the mechanical
strength of a binder in a dry state can be changed by
the binder-electrolyte interaction [22,23]. This means
that the swellability of the binder in the electrode
with the electrolyte affects the mechanical strength
(binding ability and adhesion property) of the binder.
It is noteworthy that undesirable access of the liquid
electrolyte to the binder-Si interface weakens the
mechanical strength of the binder. Therefore, to
develop the appropriate binders for Si anodes, it is
necessary that the mechanical strength of a binder in
a wet state as well as in a dry state is considered.
More importantly, for rational designs of binders,
their electrochemical stability should be investi-
gated. The primary means of discovering adequate
binders is to calculate the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecu-
lar orbital (LUMO) of the polymers. The oxidation
and reduction tendencies of the binders can be theo-
retically predicted through molecular orbital calcula-
tions, specifically ab initio quantum chemistry
methods, which are computational chemistry meth-
ods based on quantum chemistry without experi-
ments, as shown in Fig. 3. The bottom part of each
bar represents the energy level of the HOMO of a
certain molecule, and the top indicates the energy
level of the LUMO of the same molecule. The
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LUMO of a polyethylene (PE) separator is relatively
high compared to other materials, including the sol-
vent of ethylene carbonate (EC). This implies that PE
is electrochemically stable in a cathodic environ-
ment. Importantly, the HOMO of PE separator is
higher than that of the EC solvent. It should be noted
that a high HOMO energy level indicates that the
compound is easy to oxidize in an anodic environ-
ment. In this regard, it is thought that the PE separa-
tor can scarcely remain stable at high voltages. On
the other hand, the HOMO energies of poly(tetrafluo-
roethylene) (PTFE), PVdF (or PVDF), and polyacry-
lonitrile (PAN) are lower than those of other
polymers. These polymers are expected to be electro-
chemically stable in a cathodic environment and to be
very difficult to remove an electron from at high volt-
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Fig. 3. HOMO and LUMO energies of the EC solvent, PE
separator, and various polymers [24]. PEO : poly (ethylene
oxide), SBR : poly(styrene-co-butadiene), PPO, poly(propyl-
ene oxide), PE : poly(ethylene).

ages. Therefore, these polymers can be used as a
cathode binder. Importantly, the LUMO of PTFE is
very low, as shown in Fig. 3. Because this polymer
readily accepts electrons in a cathodic environment, it
cannot be used as an anode binder. Unlike carbon-
aceous anodes with an acceptable degree of volume
expansion (~10%), Si-based anodes undergo signifi-
cant volume changes; thus, electrode deformation
and external cell expansion take place. To alleviate
the volume changes of Si-based anodes, mechani-
cally robust and/or adhesive polymers have been
studied as a binder because these polymers can
accommodate severe volume changes and maintain a
good electrical conduction network in the electrode.

As shown in Fig. 4, various polymer architectures
of binders for Si-based anodes have been investi-
gated. Poly(vinylene fluoride) (PVDF) is a linear-
type homopolymer binder which is very commonly
used in LIBs with graphite anodes. PVDF as a binder
exhibits good binding ability to active materials/cur-
rent collectors, reasonable electrochemical stability,
and good wettability toward polar electrolyte solu-
tions for facile Li ion transport. However, the PVDF
binder does not endure large volume changes of Si-
based anodes due to its insufficient mechanical
strength [19]. To overcome the mechanical fractur-
ing of electrodes induced by the extreme volumetric
changes of Si, promising approaches to design appro-
priate polymer structures have been reported.

3. Linear-type polymeric binders
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Fig. 4. Polymer architectures for binders in Si-based anodes.
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Fig. 5. Strain vs. stress for PVDF, CMC, and CMC-SBR

films [18].

3.1. Homopolymers

To improve the electrochemical performance of Si-
based anodes, there are several strategies involving
the use of a polymer with a simple linear structure.
The Chen and Liu groups noted that the choice of
binder is very important with regard to the cycling
performance of alloy anodes [25-27]. The work of
the Dahn group showed that the use of a water-solu-
ble binder, carboxymethyl cellulose (CMC), could
lead to an improvement in the electrochemical per-
formance of commercially available Si (~325 mesh)-
based anodes compared to a conventional PVDF
binder [18]. This result suggests that brittle binders
such as CMC may be able to endure the extreme vol-
umetric changes of Si-based anodes. Although CMC
film can be extended by only 5~8% before breaking,
this type of CMC film has demonstrated relatively
high mechanical strength compared to PVDF and
CMC-SBR films, as shown in Fig. 5. The CMC
binder may break during the Li insertion process.

Dahn et al. pointed out that CMC could play the
additional role of modifying the surface chemistry of
Si particles and thus reduce the capacity loss [18]. It
was reported that by varying levels of carboxymethyl
(-OCH,COO'Na") substitution, the adhesion of
active materials to a copper current collector and the
dispersion of the electrode slurry can be controlled
[28]. Munao et al. demonstrated that the aggregation
of PVDF binder and Si particles was more severe
compared to a CMC-Si electrode; thus, the PVDF-Si
electrode loses its electrical conduction network [29].
Although the Si-based anode with the CMC binder
did not maintain its original morphological structure
after the cycling test, the cycling stability of the Si-
based anode was improved through the use of the

Fig. 6. Proposed mechanisms of the CMC binder with Si
nanoparticles: A: covalent bond formation, B: hydrogen
bond formation [29].

CMC binder. Fig. 6 shows the binding mechanisms
of the CMC binder with the Si nanoparticles [29].
Munao et al. noted that a weak bond formation
between the CMC binder and Si nanoparticles by
hydrogen bond interactions is a more favorable
mechanism compared to the formation of a strong
covalent bond between the -COOH of CMC and the -
OH of the SiO, oxide layer covering the Si nanoparti-
cles, as presented in Fig. 6 B. As also shown in Fig.
6, the formation of a hydrogen bond between the
COOH of CMC and the OH of the nanoparticles can
facilitate a self-healing process in Si-based anodes.
Munao et al. demonstrated that this hydrogen bond
interaction can break and reform in the presence of
residual water [30].

Recently, an interesting result related to the interac-
tion between CMC and Si was reported by the Lux
group [31]. At a pH of 7 of the slurry, there are three
possible interactions for a CMC binder and the sur-
face of the SiOy native oxide layer on Si nanoparti-
cles, as shown in Fig. 7(a). First is a repulsive
interaction between the deprotonated functional
group (-RCO;") of the CMC binder and another the
deprotonated functional group of CMC (number 1 in
Fig. 7(a)). Second is a repulsive interaction between
the deprotonated functional group (-RCO;") of the
CMC binder and the negatively charged site on the Si
surface (number 2 in Fig. 7(a)). Third is a hydrogen
bonding interaction between the deprotonated func-
tional group (-RCO,") of CMC and the silanol (-OH)



Recent Progress on Polymeric Binders for Silicon Anodes in Lithium-Ion Batteries 39

group of the SiOy native oxide layer on Si nanoparti-
cles (number 3 in Fig. 7(a)). At a neutral pH value of
the slurry, the more favorable interaction is the
hydrogen bonding interaction between the CMC
binder and the Si nanoparticle [31]. In an acidic envi-
ronment (pH = 1), the functional moieties of CMC
are protonated and the protonated groups on the Si
surface are maintained. Thus, hydrogen bonding
interactions of the CMC binder with another CMC
and Si nanoparticles may occur at low pH values, as
presented in Fig. 7(b). It can be considered that there
is no preference for the two different interactions.
From these mechanisms, it is likely that at high pH
values, the dominant interaction is the hydrogen
bonding interaction between the CMC and the Si
nanoparticle.

Interestingly, Guyomard et al. reported that an
esterification reaction between Si-OH on the Si sur-
face and the COOH of the CMC binder preferentially
occurred at pH = 3 and that this covalent bonding
could remarkably improve the cycling performance
of nano-Si anodes [32]. Oh et al. investigated a poly-
vinyl alcohol (PVA) linear-type polymer with many
hydroxyl groups, showing that it can form hydrogen
bonds with active materials and the current collector
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Fig. 7. Possible interactions of a CMC binder with another
CMC or with the Si nanoparticle surface [31].

as a binder for Si/graphite composite anodes [33].
They found that the PVA binder with a high molecu-
lar weight improves the cycling performance of Si/
graphite anodes compared to PVDF and polyacrylic
acid (PAA) binders, as displayed in Fig. 8.

The work of the Yushin group showed that PAA with
mechanical properties comparable to those of CMC
and containing many carboxylic groups (-COOH) pro-
vides superior electrochemical performance as a
polymeric binder for Si anodes [22]. However, Si
anodes with Na-CMC or PVDF as a binder exhibited
severe capacity fading during cycling. Interestingly,
they explained that the use of a reducible additive,
vinylene carbonate (VC) in this case, supports the
long-term cycling stability of Si anodes. This indi-
cates that a combination of a binder with functional
additives which stabilize the anode surface is very
promising approach for high-performance Si anodes.
It is believed that hydrogen bonding between the car-
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Fig. 8. Discharge capacity retention of Si/graphite anodes
with different polymeric binders [33].

CH, OH
CHZOH
eacetylate
NH—COCH; NH,

sed
C

CHZOCHZCOO
R=H or CH,COOH

Fig. 9. Synthesis of C-chitosan and the C-chitosan bonding
mechanism with a Si nanoparticle [34].
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Fig. 10. Chemical structures of the PVDF, PAA-Na, and CMC-Na binders [35].
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Fig. 11. Li extraction capacity of Si/graphite composite
anodes with (a) 10 wt % PVdF and (b) 10 wt % CMC-Na,
and (c) 10 wt %, (d) 20 wt %, and (e) 30 wt % of PAA-Na
as a binder [35].

boxylic acid group of a polymeric binder such as
CMC and the Si surface is highly effective at reduc-
ing the detrimental effects of a large volume expan-
sion of Si anodes. Recently, carboxymethyl chitosan
(C-chitosan), a water-soluble chitosan derivative pre-
pared by the carboxymethylation of chitosan, was
considered as a binder for Si anodes [34]. An Si
anode with C-chitosan as a binder showed high initial
Coulombic efficiency of 89% and delivered a high
reversible capacity of 950 mAh g'! at a current den-
sity of 500 mA g™ over 50 cycles. The C-chitosan
binder undergoes hydrogen bonding interaction with
the Si surface, as shown in Fig. 9.

Fig. 10 shows the chemical structures of the PVDF,
PAA-Na, and CMC-Na binders [35]. The reversible
capacity of Si/graphite anodes was strongly depen-
dent on the binder species at the initial cycle. The dis-
charge (Li extraction) capacities were 400 and
800 mAh g'! for the PVDF and CMC-Na binders,
respectively. In contrast, the Si/graphite anode with
the PAA-Na binder delivered a relatively high capac-
ity of 1000 mAh g,

It was found that PAA-Na is the most appropriate
polymeric binder to attain superior cycling stability
of Si/graphite anodes (Fig. 11). Additionally, an
increase in the amount of PAA-Na binder from 10
wt% to 30 wt% in the anode led to better cycling per-
formance. Komaba et al. noted that the PAA-Na
binder effectively suppressed the loss of the electrical
conduction network in spite of the severe volumetric
change of Si in the Si/graphite anode and thereby
drastically improved the cycling performance.

3.2. Copolymers

In general, a conventional electrode is composed of
active materials, a conducting agent such as carbon
black, and a nonconductive polymeric binder. Metal-
lic anode materials (Si, Sn, and Ge) undergo severe
volume changes during Li” insertion and extraction
processes, breaking the electrical contact between the
anode particles and the conductive additives. This
mechanical fracture of negative electrodes (anodes)
during cycling results in the isolation of anode parti-
cles from the electrical conducting network in the
anode and degradation of the electrodes. Xun et al.
demonstrated that a conductive polymeric binder per-
forms the unique function of maintaining the elec-
tronic integrity of the anode, as depicted in Figs. 12
(a) and (b) [36]. Conductive additives do not maintain
their electrical connectivity in a metallic anode which
undergoes significant volume expansion during Li
insertion, whereas poly(9,9-dioctylfluorene-co-fluo-
renone-co-methylbenzoic ester) (PFM) with two
functional groups, carbonyl and methylbenzoic ester,
as a conductive binder provides not only good
mechanical binding force but also electrical integrity.
The Liu group attempted to design a polymeric
binder which provided good electrical conductivity,
mechanical adhesion and flexibility with inexhaust-
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ible tolerance against large volume changes, as well as
good compatibility with the electrolyte solution for
high-capacity metallic anodes [37].

Fig. 12(c) shows the chemical structure of
poly(2,7-9,9-dioctylfluorene-co-2,7-9,9-(di(oxy-2,5,8-
trioxadecane))fluorene-co-2,7-fluorenone-co-2,5-1-
methylbenzoate ester) (PEFM), which can maintain
high electrical conductivity (fluorene with octyl side
chains), mechanical adhesion (fluorene with ethylene
oxide side chains and methylbenzoate ester unit), flex-
ibility, and appropriate electrolyte uptake (ethylene
oxide side chains) to ensure proper ionic conductivity.

To understand the effect of a conductive polymeric
binder on the cycling performance of Si electrodes,
the Liu group fabricated conductive polymer/Si elec-
trodes without conductive additives. The PEFM con-
ductive polymer in their study retained a high Li
extraction capacity of 3000 mAh g at room temper-
ature for more than 50 cycles (Fig. 13(a)). Superior
capacity retention of Si was observed in the PEFM as
compared to the PFM binder. This result indicates
that the utilization of Si embedded in the PEFM
binder is much higher than that in the PFM binder.
The PFM binder that does not contain a fluorene unit
and contains a triethylene oxide monomethyl ether
side chain, which exhibits a relatively low Li extrac-
tion capacity at a rate of C/10, while the Si anode
with the PEFM conductive binder delivered nearly
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Fig. 13. (a) Cycling performance of conductive polymer/Si
electrodes without any conductive additive, and (b)
comparison of the rate capability of polymer/Si electrodes
with PEFM (solid) and PFM (dotted) binders [37].

full theoretical capacity (~3500 mAh g!), as shown
in Fig. 13(b). In addition, the Si anode with the
PEFM conductive binder showed superior Li extrac-
tion capacity at a high rate of 2 C compared to the
PFM binder (Fig. 13(b)). This indicates that the
bridges between the PEFM conductive binder and the
Si particles are robust enough to preserve the electri-
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cal conductive network and facilitate the electro-
chemical reaction of Li with Si during the insertion
and extraction of Li at high rates.

In an attempt to overcome the mechanical disinte-
gration of a Si-based anode due to large changes in
the volume during Li" insertion and extraction, our
group found that the mechanical properties of poly-
meric binders are critical factors in the colossal vol-
ume expansion of Si micro-sized particles [19]. Indeed,
polyamide imide (PAI) with a high mechanical strength
drastically improved the electrochemical performance
of micro-Si anodes compared to a commercial PVDF
binder. Although the PAI binder electrochemically
reacted with Li ions and electrons during the first
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Fig. 14. Chemical structure of PAI binder (up) and Li
extraction capacity and Coulombic efficiency of Si-based
anodes in charge-discharge potential window of 70 mV to
2Vand 5mV to2 V versus Li/Li" (bottom) [19].

charge process, the cyclic degradation of the active Si
material could be remarkably reduced by means of the
PAI binder given its high tensile strength.

Recently, a binder that has a positive effect on the
electrochemical performance of Si-based electrodes
was reported [23]. Specifically, a high-modulus natu-
ral polysaccharide extracted from brown algae was
found to yield a substantially stable Si-based anode
compared with polymeric binders such as PVDF,
PAA, and CMC. Unlike the polysaccharides com-
monly found in plants, alginates (alginic acid, com-
monly in a Na salt form) of brown algae have a high
content of carboxyl moiety, which can lead to many
possible bonds with Si particles. Importantly, the car-
boxyl moieties in Na alginate are uniformly distrib-
uted, unlike CMC with a random distribution of
carboxyl groups. It was explained that this uniform
distribution of carboxyl moieties can lead to a more
uniform coverage and more efficient assistance with
the formation of SEI on the Si. The Yushin group
mentioned that the alginate used in their work is a
copolymer of b-D-mannuronic acid and a-L-gulu-
ronic acid (Fig. 15(a)) and that the ratio of M-to-G
monoblocks in the alginates is 1.13. The Na alginate
exhibited greater stiffhess than PVDF films by about
6.7 times in a dry state. This mechanical characteris-
tic may help mitigate the large volume expansion of
Si. They described that the Na alginate binder pro-
vides appropriate binder-electrolyte interactions and
facile access of Li ions to the Si surface and that it
assists in the creation of a stable solid-electrolyte
interphase (SEI) on the Si surface [23]. As shown in
Fig. 15(b), an alginate binder allowed for stable
cycling performance of nano-Si anodes compared to
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Fig. 15. (a) Chemical structure of mannuronic (left) and guluronic (right) acids. (b) Li-extraction capacity of nano-Si anodes
with alginate, CMC, and PVDF binders. The current density was 4200 mA/g (corresponding to a rate of 1C) and Li/Si half
cells were cycled in the potential window of 0.01 to 1 V versus Li/Li* [23].
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PVDF and Na-CMC binders. Although both CMC
and Na alginate show similar mechanical properties,
they suggested that the inferior cycling performance
of Si-CMC electrodes stems from the random distri-
bution of carboxyl groups in the CMC binder. In spite
of the superior performance of Na alginate, its
hydroxyl groups remaining after vacuum annealing
at 105°C are a critical problem; they may react with
the PF5 produced from the LiPF; salt at elevated tem-
peratures [38], and the resulting phosphorous oxyflu-
oride (OPF;) will lead to the decomposition of
carbonate solvents and result in severe degradation of
the Si anodes.

Recently, mussel-inspired adhesive materials with
catechol functional group were investigated as a
binder. The catechol moiety with wetness-resistance
adhesion in a liquid environment was introduced into
PAA and CMC as a side chain, as presented in Fig.
16(a) [39].

The addition of catechol groups into the alginate
binder delivered high Li extraction capacity com-
pared to an alginate binder without catechol groups
(Fig. 16(b)). This result indicates that catechol groups
preserve the electronic network well during cycling
and allow reversible electrochemical reactions of the
Si anode.

The Choi group found that linear-type polymers
have limited interactions with nano-Si particles. To
improve the interactions between nano-Si particles
and a binder, they proposed hyperbranched poly-
meric binders with an increased number of contacts
between the nano-Si particles and the binders, as
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shown in Fig. 17(a) [40]. A B-CDp binder with a
hyperbranched main backbone creates a fractal-like
structure-based network in the Si anode; its various
bulky side groups are physically entangled with each
other via hydrogen bonding and van der Waals force,
as displayed in Fig. 17(b). It was reported that this
polymeric network created by the B-CDp binder
accommodates a large volume expansion of Si during
Li insertion and assists in the recovery of the interac-
tions with Si after it loses contact with the binder at
certain points during the Li extraction processs [40].
In addition, a further improvement of the electro-
chemical performance of Si anodes could be realized

(a) o »

n

B-CD polymer
i i Sl
R T .

Fig. 17. (a) Chemical structure of the b-cyclodextrin polymer
(B-CDp) binder, and (b) schematic illustration of the structural
configuration of Si anode materials with the B-CDp binder
during the Li insertion/extraction process [40].

0 50 100 150 200 250 300 350 400

Cycles

Fig. 16. (a) Catechol conjugated polymer binders (alginate and PAA binders with a catechol group). (b) Cycling
performance of the Si electrodes based on Alg-C, Alg and PVDF binders at a rate of C/2 (2100 mA g''). Si nanoparticles :

Super P : binder = 60:20:20 by weight [39].
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with a hybrid of the hyperbranched B-CDp binder
and a one-dimensional (D) alginate binder. They
noted that the introduction of the 1D alginate binder
into B-CDp reduces the agglomeration of 3-CDp and
leads to a more uniformly distributed polymeric net-
work through the neutralization of electrostatic repul-
sion between the carboxylate groups in 1D alginate
by B-CDp [40].

4. Crosslinked polymeric binders

Our group reported a thermally cured polymeric
binder as an immediate technological solution for Li-
ion batteries with Si-based electrodes [7]. A three-
dimensionally interconnected network of PAA and
sodium carboxymethyl cellulose (Na-CMC) as a
binder was used and a nano-sized silicon anode with
this crosslinked binder displayed a high Li extraction
capacity that exceeded 2000 mAh g™ after 100 cycles
at 30°C. The crosslinked polymeric binder (Fig. 4)
showed high mechanical resistance to strain, particu-
larly non-recoverable deformation because the poly-
mer chains are three-dimensionally linked. This was
the first report which showed chemical crosslinking
between two different polymers for Si anodes, after
which various three-dimensionally crosslinked poly-
meric binders were proposed.

In order to enhance the mechanical properties of a
polymeric binder, a photo-crosslinked polymer sys-
tem was proposed [41]. In that study, a robust PAA
polymer (PAA-BP) which was functionalized with

photo-cross-linkable benzophenone (BP) as a binder
for Si-based anodes was synthesized, as shown in
Fig. 19(a). The Si anode with the crosslinked PAA-
BP binder exhibited lower deformation upon a vol-
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Fig. 19. (a) Preparation of the functionalized PAA-BP
binder. SEM images of Si anodes with (b) non-crosslinked
and (c) cross-linked PAA-BP binder after 60 cycles. The
arrows in the SEM images represent the thickness of the Si
anode [41].
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Fig. 18. Cross-linked PAA-CMC (c-PAA-CMC) binder formed by condensation between PAA and CMC. Because the OH
moieties of the SiO, native layer on the Si surface can react with the COOH groups of PAA in a cross-linked binder,
chemical binding between Si nanoparticles and c-PAA-CMC is produced [7].
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ume change. It was noted that the three-dimension-
ally interconnected structure allows good electrical
contact between the Si nanoparticles and an electrical
conducting additive (carbon black) in the electrode
[42]. This result was supported by ex-situ thickness
measurements of Si anodes after 60 cycles (Figs.
19(b) and (c)). The non-crosslinked PAA-BP binder
showed a more expanded Si anode compared to the
crosslinked PAA-BP. This indicates that the
crosslinked PAA-BP binder effectively accommo-
dates the volume changes of Si anodes upon lithiation
and delithiation.

The Cui group examined an in-situ polymerized
conducting hydrogel system for the conformal coat-
ing of the binder onto Si nanoparticles, as displayed
in Fig. 20(a) [42]. They demonstrated that the result-
ing hierarchical hydrogel framework provides a con-
tinuous electrically conductive polyaniline (PANi)
network, binding with the Si surface via crosslinker
hydrogen bonding with phytic acid or electrostatic
interaction between the positively charged PANi
doped with phytic acid and the negatively charged
surface oxide (-Si-O-) on the Si, with a porous space
for a large volume expansion of the Si nanoparticles.
The Si nanoparticle-PANi hydrogel composite is fab-

Polymer coated on Si NP surface
3D polymer hydrogel formed around Si NPs:
(b)
= 2,000 In-situ polymerized PANi-Si
2 1,600 Wﬁw____“
<
£ 1,200
%’ 800 PANi-Si mixture
4
8§ 400
o PVDF-Si
0
0 200 400 600 800 1,000
Cycle number

Fig. 20. (a) Schematic of 3D porous Si nanoparticle (NP)/
conductive PANi polymer hydrogel composite electrodes.
Each Si NP is covered with a conductive PANi polymer
surface coating and is further connected to a highly porous
hydrogel framework. (b) Comparison of the Li extraction
capacity retention behaviors of in-situ polymerized SiNP-
PANi composite electrodes (red line), the PANi-Si mixture
(blue line), and PVDF-Si (grey line) for a charge/discharge
current density of 1.0 Ag! between 0.01 V and 1.0V
versus Li/Li* [42].

ricated by solution-phase synthesis by mixing Si
nanoparticles with phytic acid and an aniline mono-
mer in water to produce a suspension [43]. The Si-
PANi composite electrode exhibited relatively stable
cycling performance compared to other samples and
delivered a high Li extraction capacity of ~1,200
mAh g after 1,000 cycles (Fig. 20(b)).

Komaba et al. reported crosslinked PAA with poly-
carbodiimide (PCD) as a binder for a Si/graphite
composite anode [43]. They demonstrated the posi-
tive effect of PCD as a crosslinker for a PAA binder
on the electrochemical performance of Si/graphite
anodes. PCD was suggested to modulate the polymer
conformation and rheological properties of the slurry
in a NMP solvent. This cross-link process also
improves the mechanical stability of the composite
electrode against the strain induced by the severe vol-
ume expansion of Si nanoparticles upon Li insertion.
The Si/graphite anode with the crosslinked PAA-1%
PCD delivered more than 1,000 mAh g™! and showed
improved cycling stability compared to PVDF and
PAA binders [43]. Recently, Ryu et al. synthesized
polymers with carboxylic acid (COOH), carboxylate
(COO-), and hydroxyl (OH) groups in a single poly-
mer backbone to develop a new polymeric binder
system for Si anodes in LIBs [44]. This synthesized
poly(acrylic acid-co-vinyl alcohol) random copoly-
mer could lead to the formation of a three-dimension-
ally interconnected network via ester formation
between carboxylic acid and alcohol during the sol-
vent-drying process for the preparation of the elec-
trode. The resulting crosslinked binder led to superior
electrochemical performance of a nano-sized Si
anode.

Zheng et al. proposed a facile strategy to construct
a 3D polymeric network as a binder for Si sub-micro-
particle-based anodes [45]. The 3D polymeric net-
work with a high degree of crosslinking could
improve the mechanical properties of Si-based
anodes through interconnecting alginate chains via a
high concentration of Ca** cations and forming
strong hydrogen bonds between the free carboxylic
groups of alginate and the hydroxylated Si surface, as
depicted in Fig. 21(a). The hydrogen bonding
between the free carboxylic groups of alginate and
the hydroxylated Si surface is considered as one of
the most important parameters affecting the effective
anchoring of the binder onto the Si surface with a
self-healing process (the breaking and reformation of
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Fig. 21. (a) Schematic drawing of the robust coordinate
bonds between alginate chains and calcium cations (region
I) and strong hydrogen bonding between a hydroxylated Si
surface and free alginate carboxylic groups (region II). (b)
Rate capabilities of Si sub-microparticle (~200 nm)-alginate
laminates with a 3D alginate network with dierent degrees
of crosslinking [45].

the bonds upon lithiation and delithiation) [37,46,47].

Fig. 21(b) shows the rate capabilities of Si-based
anodes with alginate of various calcium molar frac-
tions. The Si-Alg-Ca-0.15 anodes exhibited superior
rate capabilities at high C rates compared to the other
samples. This was noted as a drastic improvement in the
rate capability of the Si anodes due to the high mechani-
cal properties of the crosslinked alginate binder.

Very recently, a crosslinked polymeric system very
similar to that in one of our previous reports was
explored as an interpenetrated gel polymer binder for
Si anodes, as shown in Fig. 22(a) [48]. The research-
ers in that study prepared the Si anodes by means of
the in-situ thermal crosslinking of water-soluble PAA
and PVA polymers. A comparison of the cycling per-
formances of Si anodes with PVDF, NaCMC, and
PAA-PVA binders at a current density of 400 mA g’!
is shown in Fig. 22(b).

The cell with the PVDF binder showed severe
capacity fading (only 180 mAh g! after 50 cycles),
while Si anodes with the NaCMC and PAA-PVA
binders exhibited improved cycling stability. Specifi-
cally, the Si anode with the PAA-PVA binder delivered
a very high Li extraction capacity of 3616 mAh g
during the initial cycling, which is nearly 86% of the
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Fig. 22. (a) Illustration of the interaction between

crosslinked PAA-PVA and silicon particles, and (b) cycling
performance of Si electrodes with PAA-PVA, NaCMC, and
PAA binders [48].

theoretical capacity (4200 mAh g™!). It also demon-
strated superior cycling stability, with a capacity of
2283 mAh g'! after 100 cycles (Fig. 22(b)).

5. Self-healing polymeric binders

The Bao group proposed self-healing chemistry to
repair mechanically damaged Si-based electrodes
spontaneously [49]. They noted that the crosslinked
network of self-healing polymers could be stretched
to three times its initial length without breaking,
whereas PVDF and alginate binders could be stretched
only by 10% and 2%, respectively. As shown in Fig.
23(a), it was predicted that the self-healing polymer
would be stretchable and repair spontaneously the
mechanical fracturing of Si-based anodes via hydro-
gen bonding. The cycling stability and rate capability
of Si microparticle anodes were greatly improved [49].
The self-healing Si anodes retained a high Li extrac-
tion capacity of ~2,500 mAh g during 20 cycles.

The Coskun group reported a functional binder
with Meldrum’s acid for Si anodes, as presented in
Fig. 24(a). Their binder could lead to no/weak inter-
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Fig. 24. (a) Chemical structures of polymers and
copolymers incorporating various monomeric units with
distinct functionalities, and (b) cycling performance of Si
anodes containing PVDF, K;sMgs, K;5S4sMyos, Kig, and
C)q binders at 1 C (3000 mA g') for both charge and
discharge processes [50].

actions between polymer chains and Si particles,
reactions with the native silanol groups on the Si sur-
face, and covalent crosslinking. Here, “self-healing”
refers to the capability to recover binder-Si or binder-
binder interactions in situations that may cause a loss
of such interactions due to the large volume changes
of Si-active materials, as depicted in Fig. 24(a).

The Coskun group attempted to identify the most
important factor pertaining to a binder for Si anodes.
The cycling performance of Si anodes was compara-
tively investigated while focusing on the various
chemical properties of binders, i.e., crosslinking,
covalent attachment, stiffness, exibility, and self-
healing. First, the PVDF binder showed the worst
cycling properties, with only weak van der Waals
interactions with Si (Fig. 24(b)). The Li extraction
capacity retention of a K;5S4, sMy, s-containing Si
anode was slightly improved compared to K;5Mgs ;5
M 85, Which suggests that the stiffness introduced by
the S unit provides a minor improvement in the
cycling performance. Importantly, the cycling perfor-
mance of Ko, was greatly improved compared to that
of KM and KSM, indicating that the crosslinking/
covalent attachment is more critical than the stiffness
of the individual polymer chains for improving the
cycling performance.

6. Challenges and perspective

We demonstrated various polymeric binder sys-
tems as promising approaches for the development of
commercially viable Si-based anodes for Li-ion bat-
teries with high energy densities. In general, a poly-
meric binder should provide the proper viscosity of
the slurry to ensure the uniform dispersion of the
active materials and the electrically conducting addi-
tives, while also facilitating good chemical and elec-
trochemical stability against the cell components. In
addition to these requirements, a binder should
accommodate a large volume expansion (ca. 400%)
of Si anode materials upon Li insertion to inhibit the
mechanical fracture of Si anodes during cycling. It
was clearly described that the mechanical properties
of the binder have a significant impact on the Si-
based anode materials when they undergo significant
volume changes during cycling. Among the various
approaches taken to realize high-performance Si-
based anodes, one of the most promising strategies is
to develop mechanically robust binders that can
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inhibit severe volume changes. When polymer chains
are linked together by crosslinking, they lose some of
their ability to move as individual polymer chains
and create a mechanically robust polymer matrix.
The resulting three-dimensionally interconnected
polymeric binder could effectively alleviate the
severe volume expansion of Si anode materials dur-
ing the Li insertion process. Self-healing polymers
based on a three-dimensionally interconnected net-
work are regarded as a highly promising means to
accommodate the large volume changes of Si-based
anodes. Importantly, using electrolyte additives to
build-up a thin and stable artificial SEI layer as well
as Si-active materials with an optimized structure
should be considered to ensure the long-term cycling
stability of Si-based electrodes. In addition, the exist-
ence of an exterior carbon or metal (metal oxide)
shell will support freedom of expansion, improve the
electrical contact, and serve as a physical barrier to
electrolyte decomposition.
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