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The emerging era of supramolecular polymeric
binders in silicon anodes

Tae-woo Kwon,? Jang Wook Choi (2 *° and Ali Coskun (2 %3¢

Silicon (Si) anode is among the most promising candidates for the next-generation high-capacity
electrodes in Li-ion batteries owing to its unparalleled theoretical capacity (4200 mA h g2 for Lis4Si) that
is approximately 10 times higher than that of commercialized graphitic anodes (372 mA h g~ for LiCg).
The battery community has witnessed substantial advances in research on new polymeric binders for
silicon anodes mainly due to the shortcomings of conventional binders such as polyvinylidene difluoride
(PVDF) to address problems caused by the massive volume change of Si (300%) upon (de)lithiation. Unlike
conventional battery electrodes, polymeric binders have been shown to play an active role in silicon
anodes to alleviate various capacity decay pathways. While the initial focus in binder research was
primarily to maintain the electrode morphology, it has been recently shown that polymeric binders can in
fact help to stabilize cracked Si microparticles along with the solid—electrolyte-interphase (SEl) layer, thus
substantially improving the electrochemical performance. In this review article, we aim to provide an
in-depth analysis and molecular-level design principles of polymeric binders for silicon anodes in terms of
their chemical structure, superstructure, and supramolecular interactions to achieve good electrochemical
performance. We further highlight that supramolecular chemistry offers practical tools to address
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challenging problems associated with emerging electrode materials in rechargeable batteries.
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sources requires advanced electrochemical energy storage
systems represented by rechargeable batteries. While these
systems could be used at a grid scale," just like a recent example
in South Australia, they are also urgently needed for the timely
advent of advanced portable devices and electric vehicles
(EVs).>® Although rechargeable lithium-ion batteries have
successfully penetrated consumer markets mainly based on
high energy densities and other balanced electrochemical
properties,”” their energy densities available with conventional
electrode materials are close to saturation; graphitic anodes can
store only 1 lithium ion per 6 carbons (LiCs) corresponding to a
gravimetric capacity of 372 mA h g '. In an effort to further
increase the specific capacity, various anode materials® capable
of storing more lithium ions per unit mass or unit volume have
been explored (Fig. 1A). Among the promising candidates,
silicon (Si) holds the advantages of high theoretical capacity
(3579-4200 mA h g~ for Li;sSis~Li, 4Si) as well as low operation
voltage (0.4 versus Li/Li'), abundant resources (the second
largest in the earth’s crust), and environmental benignity
(non-toxic). Furthermore, the semiconductor industry is at the
mature stage, which is beneficial in reducing the cost for
processing Si. Therefore, Si is recognized as one of the most
promising anode materials to replace the existing graphite-
based anode materials in the near future.

Despite all the aforementioned benefits, however, Si anodes
suffer from chronic capacity fading during cycling, which results
from the immense volume change of Si (up to 300%).%°>* The
volume expansion of Si is accompanied by lithium ion insertion
(lithiation) into Si during charging. The volume of Si contracts
upon extracting lithium ions (delithiation) during discharging.
In the given process, a significant volume change of Si is
inevitable, leading to several problems (Fig. 1B).” Firstly, the
repeated volume change of Si loosens the particle-to-particle
contacts, resulting in the electrical isolation of Si particles and
delamination of the electrode from the current collector.

Secondly, an unstable and thick solid electrolyte interphase
(SEI) layer is formed. Under reductive potentials, organic electro-
Iytes are subject to decomposition via charge transfer at the
electrode surface, which leads to the formation of a SEI layer.
The iterative volume change of Si breaks the SEI layer, leading to
the formation of an additional SEI layer on the fresh Si surface.
This process continuously consumes Li ions as well as the
electrolyte, thus impairing the Coulombic efficiency in each cycle
and ultimately exhausting the electrolyte. Lastly, while Si nano-
particles with a diameter below ~150 nm are known to sustain
the mechanical stress due to the size effect, Si (sub)microparticles
cannot do so and are pulverized.>*° These pulverized Si particles
are scattered to become electrically isolated or cause further
growth of SEI layers due to the increased surface area. Although
it appears that the binder alone cannot prevent Si microparticles
from pulverization, well-designed binders can alleviate the side
effects of the pulverization and improve the cell performance
significantly.>®3°

In this review, we aim to present an in-depth analysis of
polymeric binders and provide insights on their design princi-
ples in relation to the electrochemical performance of Si anodes.
In a broader context, we also demonstrate how molecular-level
design of various supramolecular interactions on polymeric
binders can be directly translated into an improved electro-
chemical performance in Si anodes. We begin by discussing
the intermolecular bond strength of polymeric binders, varying
from strong covalent bonding to weak noncovalent interactions.
The critical role of strong supramolecular interactions is high-
lighted in comparison to both weak supramolecular interactions
and covalent crosslinking. Subsequently, we also address the
impact of polymer architectures as well as their superstructures.
In comparison to linear polymers, branched polymers clearly
offer more robust scaffolds to suppress the movement of Si
particles. We also discussed the working principle and advan-
tages of conductive binders. Finally, we introduce the concept of
topological crosslinking that endows binders with high elasticity
and tolerance for the high stress originating from the volume
change of Si microparticles during cycling.

2. Impact of polymer interactions

The basic role of a binder in an electrode is the cohesion of the
electrode components (e.g., active material and conductive
agent) and their adhesion to a current collector during the cell
operation. In this regard, binder is expected to play a pivotal role
in the mechanical stability of Si electrodes and their long-term
cycling performance. In this context, enhancing the adhesion
strength of binders with Si particles would be a good starting
point in the design of polymeric binders.

The adhesion strength of polymers is closely associated
with their chemical nature. The chemical bonds can be divided
into three categories in terms of their reversibility and strength:
weak supramolecular interactions, strong supramolecular inter-
actions including coordination bonds, and covalent bonds
(Fig. 2A). These three categories respond differently to external
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(A) Operating voltages and theoretical capacities of various anode active materials for lithium-ion batteries. (B) Three representative failure

mechanisms of Si anodes: delamination, unstable SEI layer, and pulverization.
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Fig. 2 (A) Classification of chemical bonds and supramolecular interactions and their adhesion behaviors in Si anodes. (B) Three types of representative

polymeric binders for different classes of bonding. (C) Cycling performance of Si anodes with PVDF, Cig0. and Kjgo. The Si anodes were prepared by
containing 60 wt% Si (diameter: ~90 nm, loading: 0.2 mg cm™2), 20 wt% Super P, and 20 wt% binder. The current density was 3000 mA g™*. (D) SEM
images of Cyo—Si after the 1st and 2nd cycle. (C and D) Adapted from ref. 31 with permission from Wiley-VCH Verlag GmbH & Co., copyright 2014.

mechanical stress. Unlike covalent bonds, supramolecular
interactions inherently have a reversible bonding nature; supra-
molecular interactions tend to be dissociated rather than
ruptured under applied stress and the bonds can be recovered
upon the elimination of the stress. Fascinatingly, this rever-
sibility in bonding serves as the basis for realizing the
self-healing effect. The efficiency of bond recovery depends
on the strength of supramolecular interactions. For example,
weak supramolecular interactions (e.g. van der Waals force)
can readily dissociate even under small mechanical stress.
Although this weak bonding leads to high reversibility, the
driving force to recover is also weak. On the other hand, strong
supramolecular interactions (e.g. hydrogen bonding and ion-
dipole interaction) recover dissociated bonds more efficiently
due to their reversibility and stronger bonds. Lastly, covalent
bonds cannot be recovered upon rupture and are thus unable to
self-heal. While the formation of a relatively stiff network
structure through covalent crosslinking can suppress the
detachment of active particles, the irreversible bond breakage

during repeated volume change of Si eventually leads to elec-
trode failure.

The systematic study performed by Kwon et al. revealed how
these three types of chemical bonds affect the performance of
polymeric binders in Si anodes and also identified the key
parameter for binder performance, that is self-healing.*’ They
prepared three polymeric binders: polyvinylidene fluoride
(PVDF), Cy00, and Ky as binders with weak supramolecular
interactions, strong supramolecular interactions, and covalent
crosslinking, respectively (Fig. 2B). It should be noted that Ky
has no strong supramolecular interaction except covalent cross-
linking and covalent attachment to the silicon surface.

The galvanostatic measurements of Si anodes incorporating
these binders (denoted as binder-Si in this review for simpli-
city) showed distinct outcomes in their electrochemical perfor-
mance (Fig. 2C). The capacity of PVDF-Si rapidly dropped within
the early stages of cycling owing to its weak van der Waals
interactions, which are not strong enough to preserve the parti-
cle—particle cohesion under the massive volume change of Si.
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K;00-Si exhibited better cycling performance compared to that
of PVDF-Si, which is attributed to strong covalent crosslinking
that can form a stiff three-dimensional polymer network, effici-
ently suppressing the effect of the volume expansion of Si.
However, its irreversible bonding nature, albeit strong, can be
gradually deteriorated over cycling, resulting in plastic damage.***
On the other hand, C;¢,-Si showed the best cycling performance
due to the self-healing effect originating from ion-dipole interac-
tions even though the bond strength of C,, is weaker than that of
Kioo- This study shows that the balance between the self-healing
effect and bond strength is essential for superior cycling perfor-
mance. Tracing the surface morphology of the electrode (Fig. 2D)
by scanning electron microscopy (SEM) revealed the working
principle of C;00-Si; cracks are formed in cell operation during
the 1st cycle, but the generated cracks (white arrows in Fig. 2D)
spontaneously closed up after the 2nd cycle by virtue of the
reversible ion-dipole interactions of Cjgo.

Combining these results, it can be concluded that increasing
bond strength is desirable up to a certain point as long as the
self-healing ability is not impinged upon. In this regard, poly-
meric binders with weak supramolecular interactions are not
capable of maintaining the physical integrity of Si anodes, but
neither are those with covalent crosslinking, as the bonds are
too strong for the desired self-healing to take effect. Therefore,
the strong supramolecular interactions would be an ideal class
of bonding system suited for Si anodes in that the strong
adhesion and self-healing ability can be realized spontaneously.
The introduced binders in the following section are based on
this principle.

2.1. Sodium carboxymethyl cellulose (CMC)

CMC is a representative binder featuring strong noncovalent
interactions such as ion-dipole and hydrogen bonding inter-
actions. CMC is a linear polysaccharide, a derivative of cellu-
lose, consisting of -linked glucopyranoses with carboxymethyl
substitution (Fig. 3). Prior to Si-based anodes, CMC was first
applied to graphite anodes in order to facilitate the aqueous
processing of graphite particulates in 2005.**** CMC was found
to be a good dispersant for the graphite particles in an aqueous
medium. This phenomenon was attributed to the polymer
structure, that is, the hydrophobic parts of CMC can adsorb
onto the hydrophobic graphite surface whereas the charged
carboxylate groups of the adsorbed CMC layer stabilize the
graphite surface in water (Fig. 3A). Thus, CMC acts like a surfac-
tant. Additionally, it was also found that mixing emulsified styrene
butadiene rubber (SBR) with CMC led to a more homogeneous
and less porous microstructure of Si/graphite anodes, as com-
pared with CMC or SBR alone. This is ascribed to the surface
modification of the graphite particles, in which the mixture of
CMC and SBR at a certain ratio greatly increases the surface
charge of the graphite as demonstrated by the electrokinetic
measurements.*

The idea of using an elastomeric binder to accommo-
date the massive volume change prompted the utilization of
CMC/SBR for carbon-coated Si anodes in 2005.>” In contrast
to PVDF, CMC/SBR showed small modulus, high elasticity,
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Fig. 3 Structural characteristics and interactions of CMC with active
materials: (A) graphite with hydrophobic surface and (B) silicon with hydro-
philic surface.

strong adhesion, and low electrolyte uptake. Such good mecha-
nical properties improved the adhesion and capacity retention
of Si anodes. In 2006, the CMC/SBR binder was further studied
for Si/graphite and exclusive graphite anodes.*® For exclusive
graphite anodes, SBR/CMC-graphite (SBR: CMC = 5: 1 wt%) showed
better cycling performance compared to CMC-graphite and
SBR-graphite. For Si/graphite anodes (Si: Graphite = 10: 90 wt%),
CMC/SBR and CMC apparently increased the specific capacity
in comparison to PVDF, but the cycling efficiencies of CMC/SBR
and CMC were similar unlike the trend in the exclusive graphite
anode. This implies that the effect of binders is quite different
in graphite and Si/graphite anodes, as Si and graphite have
different physical and chemical surface properties (Fig. 3).
Another hybrid binder (CMC/acrylic adhesive LA132) was reported
by Chen et al.*® The CMC/LA132-Si/graphite, where Si and graphite
are embedded in poly(vinyl chloride) (PVC) pyrolyzed carbon,
showed the best cycling performance among PVDF, LA132, and
CMC/LA132 due to the enhanced adhesion strength and lower
solvent uptake.

The CMC binder for pure Si anodes was investigated by Li
et al.*® The key message in the given work was that the capacity
retention of the CMC-Si anode is better than that of the CMC/
SBR-Si counterpart. This result is completely against the pre-
vious understanding that elastomeric binders are ideally suited
for large-volume-change electrodes.***® While they could not
identify the exact mechanism on why stiff CMC shows better
cycle life than that of less stiff CMC/SBR, the tensile test of the
binder films showed that the CMC/SBR was not elastic enough,
giving a partial clue for the unexpected cyclability results. In the
following studies, substantial efforts have been made to elucidate
this phenomenon. Lestrietz et al. attributed the high performance
of CMC to the extended conformation by means of the stiff
cellulose backbone and the electrostatic repulsion of carboxylate
groups.”’ The extended conformation is expected to increase
the number of interaction points between polymers and Si,
which leads to more stable electrode integrity. More viscous
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and homogeneous mixtures of binder/conductive agent were
achieved by using CMC, compared to other flexible binders
tested: PVDF, poly(vinyl pyrrolidone) (PVP)/ethylene glycol
(EG)/TX100, and CMC/poly(ethylene-co-acrylic acid) (PEAA).
Besides, Bridel et al. proposed the self-healing concept of CMC
that contributes to the improvement of cell performance.*” As
shown in Fig. 3B, hydroxyl and carboxylate groups of CMC can
form hydrogen bonding and ion-dipole interactions with the
silanol groups of the native oxide layer formed on the Si surface.
These strong supramolecular interactions can be dissociated
and reformed again, achieving the desired self-healing effect.
They proved the self-healing property by the following methods.
First, they intentionally damaged the CMC-Si by mild hand
milling and confirmed that the electrode performance was fully
recovered after processing in water thanks to the inherent
reversibility of supramolecular interactions. Second, when they
removed the hydroxyl groups from the Si surface by grafting
propyltriethyoxysilane, in which CMC can weakly interact with
nonpolar alkyl chains of Si via only van der Waals forces, the
cell performance clearly deteriorated. These findings suggest
that strong supramolecular interactions between binder and
Si is critical for good cycling performance. Finally, when they
covalently linked CMC and Si surface via peptidic bonds,
this yielded worse cell performance. Therefore, for Si-binder
interaction, as in binder-binder interaction,*! the strong supra-
molecular interaction is more desirable for stable cycling
performance.

The importance of porosity in CMC-Si was unveiled as a
key parameter to accommodate the volume changes of Si.*>*?
Guo et al. prepared a porous CMC scaffold using a slurry spray
technique. The slurry containing aqueous mixture of Si, carbon
black, and CMC was sprayed onto a pre-heated copper current
collector. The water is immediately evaporated from the copper
current collector, generating a porous scaffold structure. Si
particles can expand and contract within the pores and buffer
the mechanical stress, which leads to a more stable cyclability
compared to that of the non-porous counterpart.***® This
strategy is likely to be more effective for stiff/brittle binders
(such as CMC) because they cannot buffer high strain caused by
the massive volume change of Si.

2.2. Poly(acrylic acid) (PAA)

Pure PAA was examined as a binder for Si anodes by Magasinski
et al.*” PAA is composed of carboxylic acids that can form
strong hydrogen bonding interactions between binder-binder
and binder-Si (Fig. 4A). Notably, the mechanical properties of
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the PAA before and after swelling in the electrolyte did not
change much, meaning that the adhesion in the presence of
electrolyte is retained. Although the interactions of PAA and
CMC are analogous, PAA-Si showed better cycling performance
compared to CMC-Si in the given work. They attributed this
phenomenon to the higher density of carboxylic acid moieties
in PAA compared to CMC.

Additionally, PAA was also applied to SiO anodes by Komaba
et al.*® The SiO active material is composed of Si nano-domains
in the SiO, matrix. This material undergoes smaller volume
expansion and enables more stable cyclability in comparison to
bare Si counterpart.”® However, the volume change of SiO is
still quite substantial; thus, the electrochemical performance is
highly dependent on the selection of binders. Compared to PVDF,
CMC, and poly(vinyl alcohol) (PVA), PAA exhibited prolonged cycle
life due to strong adhesion with SiO via hydrogen bonding,
limited swelling in the electrolyte solution, and lower through-
thickness electric resistance.

2.3. Sodium alginate (Alg)

Kovalenko et al. demonstrated that Alg is a promising binder
for Si anodes.’® Alg is a natural polysaccharide, consisting of
B-p-mannuronic acid and a-L-guluronic acid. Analogous to the
structure of CMC, Alg also incorporates carboxylate and hydroxyl
groups (Fig. 4B). These functional groups can form hydrogen
bonding and ion-dipole interactions between polymer chains
and with Si particles. A high density of carboxylic groups in Alg
leads to a strong adhesion by providing rich anchoring points
between polymer chains and Si particles. Due to its strong
adhesion with Si, Alg can remain on the Si surface even after
washing with water as proven by X-ray photoelectron spectro-
scopy (XPS) analysis. Alg-Si anode was composed of 63.75 wt% Si
(diameter = 27 nm, the Si loading amount is not given), 21.25 wt%
conductive agent, and 15 wt% binder. Alg-Si retained 85%
(1700 mA h g~ ") of the original capacity after 100 cycles at a
current density of 4200 mA g~', while CMC-Si and PVDF-Si
suffered from severe capacity fading (lower than 1000 mA h g™*
before 30 cycles).

2.4. Catechol-functionalized binders

In order to further increase the strength of the supramolecular
interactions of PAA and Alg with Si particles, Ryou et al>"
covalently attached a small amount (~3%) of catechol group
to PAA (PAA-C) and Alg (Alg-C) (Fig. 4C). Notably, the binding
mechanism of catechol group is distinct from that of hydroxyl
and carboxylate groups in that the catechol group forms strong

Guar gum

Alg-C oH

Fig. 4 Chemical structures of polymer binders: (A) poly(acrylic acid) (PAA), (B) sodium alginate (Alg), (C) catechol-functionalized PAA (PAA-C) and

alginate (Alg-C), and (D) guar gum (GG).
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coordination bonds with metal oxides and this bond is
reversible.’® It was reported that the bond strength of a single
catechol group with titanium surface is ~ 805 pN (coordination
bonds), which falls between hydrogen bonds (tens of pN) and
covalent bonds (several nN).>> In accordance with this report,
their actual single-molecular mechanical test using atomic
force microscopy (AFM) showed that catechol-Si interaction
is ~750 pN, which is much stronger than hydrogen bonding
and ion-dipole interactions of Alg-Si (~73 pN). Such dual
adhesion mechanism of Alg-C and PAA-C enhanced their
capacities in comparison with the pristine Alg and PAA whereas
their capacity retention was similar. Furthermore, the capacity
increase was also observed for Alg-C-Si/graphite anode, implying
that catecholic interaction is effective for Si/graphite blended
anodes as well.

2.5. Guar gum

Jie Liu et al. reported guar gum (GG),>® composed of a linear
backbone of (1 — 4)-B-p-mannopyroanosyl unit with o-p-galacto-
pyranosyl side groups through (1 — 6) linkages (Fig. 4D), as a
Si anode binder. Due to the large number of hydroxyl moieties
on the pendant groups and the backbone, GG can interact
efficiently with Si surface via hydrogen bonding and facilitate
the lithium ion transfer by engaging the lone-pair electrons of
the oxygen atoms. They prepared a half-cell using 53 wt% Si
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(diameter = 100 nm, Si loading = 0.2-0.3 mg cm ?), 18 wt%
conductive agent (acetylene black), and 29 wt% binder. GG-Si
anode showed high initial capacity (3364 mA h g™') and
Coulombic efficiency (88.3%) when cycled at 2100 mA g~ *
due to fast lithium-ion diffusion, while Alg-Si anode showed
lower initial capacity (2195 mA h g ') and initial Coulombic
efficiency (82.5%) under the same conditions. The superior rate
capability of GG-Si to Alg-Si also supports the excellent lithium
transport capability of GG. GG-Si anode retained 2222 mAh g~*
(capacity retention = 66.05%) after 100 cycles by taking advan-
tage of a high density of polar functional groups of GG. Together
with this study, Kuruba et al. also adopted purified guar gum
(PGG) as a polymeric binder for silicon-carbon composite
electrodes.”*

2.6. Urea-based binder

Wang et al. substantially increased the efficiency of self-healing
effect by using a polymeric binder with a low glass transition
temperature (Ty).*° This self-healing polymer (SHP) was synthe-
sized by the reaction of Empol 1016 (a mixture of diacid and
triacid) with diethylenetriamine and urea (Fig. 5A). They con-
trolled the reaction time to achieve a low T, value below 0 °C,
which allows for the viscous fluidic behavior at room tempera-
ture. When the polymer layer was fractured by the mechanical
stress during the expansion of Si, the viscous flow of SHP helps
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Fig. 5

(A) Chemical structure of self-healing polymer (SHP). (B) Schematic representation of the working principle and SEM images of the SHP-Si anode.

Adapted from ref. 30 with permission from Nature Publishing Group, copyright 2013. (C) Coating methods of SHP. (D) Cycling performance
and Coulombic efficiency (CE) of SHP-Si anode with varying size of Si particle between 30 nm and 3.5 um. The Si anodes consist of 67 wt% Si
(loading: 0.5-0.6 mg cm™2), 4 wt% carbon black, and 29 wt% SHP. (C and D) Adapted from ref. 28 with permission from Wiley-VCH Verlag GmbH & Co.,

copyright 2015.
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close up the cracks via self-healing engaging hydrogen bonding
between urea groups as shown in SEM images (Fig. 5B).
Additionally, a conductive composite of SHP and conductive
agent (carbon black) coated on polydimethylsiloxane as the
resilient substrate showed good electric conductivity with small
hysteresis before and after 100% elongation, although SHP itself
is not resilient.

The efficient self-healing of SHP promoted the long-term
cycling stability of Si microparticle (SiMP) anodes. The SiMP
electrode was prepared by using 50 wt% Si (diameter: 4.2 pm, Si
loading amount: 0.5-0.7 mg cm ?), 7 wt% conductive agent
(carbon black), and 43 wt% binder. The high binder content,
although it seems necessary, is a major drawback for this parti-
cular approach. SHP-SiMP anode delivered 2094 mA h g~ " with
a high retention of 80% at a current density of 400 mA g * after
90 cycles in contrast to those of PVDF-SiMP (14%), CMC-SiMP
(27%), and Alg-SiMP (47%) after 20 cycles. It is worth noting
that relatively strong supramolecular interactions of urea
groups, rather than the mechanical property such as low Ty,
is the key parameter for the stable cycling performance, which
is in good accordance with other reports.**>*® To elaborate
this view point, they also synthesized a low T, polymer with the
same structure but without urea moieties. The SiMP with this
control polymer showed much worse capacity retention, indi-
cating that urea-based hydrogen bonding is essential for the
observed cycling performance.

Chen et al. further improved the electrode performance of
SHP-Si anode through 3D coating of SHP onto Si particles
together with the optimization of Si particle size (Fig. 5C).>® In
the previous study,*® the SHP/carbon black (SHP/CB) was cast
on Si particles through top layer coating, which showed limited
cycling performance for thick Si anodes. They systematically
examined the effect of the size of Si particles on the electro-
chemical performance of SHP-Si anodes. For large Si particles
(Si diameter: 3.5 um), the self-healing efficiency of SHP would
be limited because pulverized small Si particles embedded in
many Si fragments are isolated from the conductive pathways
and SHP/CB is difficult to permeate inside. Lithium-ion diffu-
sion is also slow due to longer diffusion trajectories inside large
particles, which induced high lithiation overpotentials and low
initial capacities (~1100 mA h g™ ') (Fig. 5D). On the other
hand, small sized Si particles (Si diameter: 30 nm) facilitate the
self-healing effect, resulting in far better cycle life (no obvious
capacity decay over 500 cycles). However, the initial Coulombic
efficiency (73%) and specific capacity (~1000 mA h g~') were
lower due to larger electrode-electrolyte interface originating
from increased surface-to-volume ratio. All considered, Si par-
ticles with optimum size in between small and large size is
desired to achieve high specific capacity and stable cycle life.
In the given study, the diameter of 800 nm turned out to be
optimum for SHP-Si anode, showing a high capacity retention
of 80% after 500 cycles. Therefore, the size of Si particles is also an
important parameter to be considered for effective self-healing.
Furthermore, the SHP binder was also used for a stretchable
graphitic carbon/anode,* but it appears that further improve-
ment is needed in terms of cycle life.

3. Impact of polymer architectures

While the strength of a chemical bond determines the extent
of interactions for each anchoring point in the binder-Si and
binder-binder interactions, the polymer architecture also affects
the adhesion by a different mechanism, that is, the applied
mechanical force can be distributed to branched chains and the
force allocated to each anchoring point can then be reduced.
In this section, we address how the polymer architectures affect
the electrochemical performance of Si anodes and highlight the
representative polymeric binders along such perspective.

Based on the architecture, polymers can be classified into
linear and branched ones (Fig. 6A). A linear polymer is a one-
dimensional polymer without any branches other than the
pendant groups of monomers. A branched polymer is a three-
dimensional polymer having branching points connected by
more than two polymer chains; star polymers, graft polymers,
polymer networks, dendrimers, and hyperbranched polymers
belong to this category.

In Si anodes, polymeric binders are desired to continuously
dissipate the mechanical stress from the volume change of
Si during repeated charge and discharge cycles. An anchoring
point has a certain maximum stress limit to endure, beyond
which adhesion is lost. Linear polymers directly receive the
mechanical stress (Fig. 6B), where the anchoring points are sub-
sequently detached under high mechanical stress. Consequently,
linear polymer chains become mobile on the Si surface.’”*®
In contrast, as for branched polymeric binders (Fig. 6C), the
mechanical stress can be distributed to branched chains at the
branching points, which can substantially reduce the stress
applied to each anchoring point. Additionally, the manageable
maximum stress of the anchoring points is increased in a way
that polymer chains cooperatively resist the external force via
intrachain cohesion.”®*® Such multidimensional contacts of
branched polymers render them immobile and strongly adhesive
on the Si surface, restraining the movement of the Si particles
and extending cycle lives (Fig. 6D).

3.1. Hyperbranched polymeric binders

A hyperbranched polymer is one of the representative branched
polymers having repetitively and randomly branched chains.
Jeong et al. demonstrated that hyperbranched B-cyclodextrin
polymer (B-CDp) (Fig. 7) provides a good platform to form
intimate adhesion with Si surface and preserve the mechanical
integrity of the Si electrode, resulting in a stable cycle life.®
Compared to Alg as a linear polymeric binder, a higher amount
of B-CDp remained on the Si surface after washing with water,
reflecting the strong adhesion of f-CDp. 180° peeling test also
proved that hyperbranched B-CDp has strong adhesion due to
its multidimensional contacts with Si particles. The electro-
chemical performance of the Si anodes was examined using
a half-cell consisting of 60 wt% Si (diameter = 120-200 nm,
Si loading = 0.6 mg cm ™), 20 wt% conductive agent (Super P), and
20 wt% binder. B-CDp-Si exhibited good cycling performance of
50.6% retention after 150 cycles at a current density of 4200 mA g%,
while the capacity retention of Alg-Si was only 27.1%. They further
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improved the electrode performance by using a hybrid binder
of B-CDp/Alg that increases the number of contact point with Si
in a way that the electrostatic repulsion of charged Alg and its
interaction with B-CDp extends the neutral aggregated -CDp
polymer network. This result along with the previous literature**
implies that supramolecular interactions are critical not only to
increase the adhesion, but also to control the morphology of the
polymer networks for efficient binder-binder and binder-Si
interactions. The B-CDp/Alg-Si anode achieved 70.6% capacity
retention after 100 cycles.

Murase et al.®' reported the effect of branching density of
polymeric binders on electrochemical performance of Si/gra-
phite anodes by using three crop-derived polysaccharides with
varying branch numbers: amylose (linear polymer), amylo-
pectin (moderately hyperbranched polymer), and glycogen
(highly hyperbranched polymer) (Fig. 7). Among these binders,
moderately hyperbranched polymer (amylopectin) showed higher
specific capacity with better capacity retention in comparison
with PVDF, linear amylose, and highly hyperbranched glycogen.

The unexpected inferior performance of glycogen-Si results from
the thick coverage of glycogen layer on Si surface, hindering
lithium-ion transport and consequently impairing the specific
capacity. This result clearly suggests that there is an optimum
branching density for high-performance binders in Si anodes.

3.2. Graft polymeric binders

A graft polymer is a branched polymer containing pendant
chains. Wei et al. synthesized poly(acrylic acid sodium) grafted
carboxylmethyl cellulose (NaPAA-g-CMC) via grafting-from
method as a binder for Si anodes (Fig. 8).®* NaPAA-g-CMC-Si
can form multidimensional contacts with Si surface via strong
hydrogen bonding and ion-dipole interactions, leading to a
stronger adhesion property of NaPAA-g-CMC-Si anode compared
to that of linear binder-based ones, i.e., CMC-Si and NaPAA-Si.
The electrochemical tests were carried out by a galvanostatic
measurement with a half-cell consisting of 60 wt% silicon
nanoparticle (diameter = 50-100 nm, Si loading = 0.45 mg cm ),
20 wt% conductive agent (Super P), and 20 wt% binder.
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NaPAA-g-CMC-Si exhibited a reversible capacity of 1816 mA h g~*
with a capacity retention of 79.3% after 100 cycles when measured
at 840 mA g !, while CMC-Si, PAA-Si, and NaPAA-mix-CMC-Si
anodes retained 39%, 45.5%, and 43% after 100 cycles, respectively.
This result points to the fact that ion-dipole interactions offer
better cycling stability compared to the hydrogen bonding inter-
actions primarily due to their higher bonding strength. We should,
however, also consider in situ lithiation of hydroxyl moieties, which
could improve the performance of these binders.

Lee et al. also investigated poly(vinylidene difluoride)-graft-
poly(tert-butylacrylate) (PVDF-g-PtBA) as a graft polymeric binder
(Fig. 8).%° Upon heating the electrode at 230 °C under vacuum for
overnight, PtBA of PVDF-g-PtBA was pyrolyzed to poly(acrylic acid)
(PAA) which can form hydrogen bonds and/or covalent bonds
with Si. The electrochemical performance of the Si anodes was
examined using an electrode consisting of 60 wt% Si (3D porous
Si, Si loading = 2 mg cm™?), 20 wt% conductive agent (Super P),
and 20 wt% binder. As compared with PVDF, the porous Si anode
combined with PVDF-g-PtBA exhibited a higher capacity of
1711 mA h g~ " with a capacity retention of 84% after 50 cycles
(current density = 840 mA g~ '). The PVDF-g-PtBA was found to
suppress the electrode swelling upon cycling due to the enhanced
adhesion ability through multidimensional contacts of its graft
polymer architecture. Whereas PVDF-Si showed an enormous
volume change of 213% after 50 cycles, PVDF-g-PtBA(17)-Si
showed only 100% expansion. The full cell of porous Si/natural
graphite coupled with LiNiy sMn; 50, cathode delivered an energy
density of 546 W h kg™ " with a capacity retention of approximately
70% after 50 cycles at a rate of 1C (145 mA g™ %).

Garsuch et al. used Nafion as a binder for Si microparticle
anodes.®* Nafion is a graft polymer composed of polytetrafluoro-
ethylene backbone with side chains of perfluoronated vinyl-
ethers terminated by sulfonic acid group (Fig. 8). They prepared

lithiated Nafion (Li-Nafion) by ion exchange of LiOH with
sulfonic acid groups. The Si anode was prepared by including
80 wt% Si (~325 mesh size, diameter = 5-20 um, loading =
1.5-1.9 mg cm?), 12 wt% conductive agent (Super S), and
8 wt% binder. When cycled at 150 mA g~ ' between 0.17 and
0.9 V (not fully lithiated), Li-Nafion-Si anode delivered
~660 mA h g~ with a capacity retention of 70% after 100 cycles.
While Li-Nafion-Si anode showed much better cycle life than
that of Nafion-Si, other research®>®* for Si nanoparticle anodes
showed that their performance was almost comparable or
Li-Nafion-Si was slightly better.

3.3. Network polymeric binders

A network polymer has an interconnected architecture formed
by covalent crosslinking of polymer chains or polymerizing
multifunctional monomers. Network polymers with supra-
molecular interactions can provide an excellent scaffold to limit
the movement of Si particles and generate the self-healing
effect. While the less crosslinked polymers can be directly used
as binders due to their solubility, highly crosslinked polymers
are limited on account of their poor processability. Hence,
many in situ crosslinking chemistries have been investigated
to form network polymers in electrodes by heating or light
irradiation.

3.3.1. Condensation reaction between -COOH and -OH. The
condensation reaction between carboxyl and hydroxyl groups were
widely used to form network polymeric binders because many
reported good binders such as CMC, PAA, and Alg inherently have
these functional groups. Koo et al developed the crosslinked
poly(acrylic acid)-carboxymethyl cellulose (c-PAA-CMC) as a net-
work polymeric binder (Fig. 9).°® The Si electrodes were prepared
by containing 60 wt% Si (diameter < 100 nm, Si loading was
not given), 20 wt% conductive agent (Super P), and 20 wt%
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binder (PAA: CMC = 10: 10 wt%). While drying the electrode at
150 °C under vacuum, the condensation reaction between
carboxylic acid moieties of PAA and hydroxyl groups of CMC took
place to form ester linkages. The resulting three-dimensionally
crosslinked c-PAA-CMC was effective in suppressing the deforma-
tion of the electrode as confirmed by the smaller change in
electrode thickness (35% in the fully lithiated state) while the PVDF
led to 130% volume change. Beyond the positive effect of the
crosslinked configuration of the polymer network, remaining
hydroxyl and carboxyl groups are expected to form strong supra-
molecular interactions with Si. These synergistic effects enable the
c-PAA-CMC-Si anode to deliver approximately 2140 mA h g~ with
a good capacity retention of ~75% after 100 cycles at a current
density of 300 mA g~ .

Song et al. demonstrated that crosslinked poly(acrylic acid)
(PAA) and polyvinyl alcohol (PVA) (PAA-PVA) showed enhanced
cycle life due to improved mechanical adhesion in comparison
to linear polymers susceptible to slipping upon the continuous
volume change of Si during cycling (Fig. 9).°” They prepared the
electrodes consisting of 60 wt% Si nanoparticle (diameter <
100 nm, Si loading < 1 mg cm2), 20 wt% conductive agent
(Super P), and 20 wt% binder (PAA: PVA =90: 10 wt%). During a
drying step at 150 °C, carboxyl moieties of PAA react with
hydroxyl groups of PVA to form a crosslinked polymer network.
The PAA/PVA-Si anode exhibited a gravimetric capacity of
2283 mA h g~' with 63% capacity retention after 100 cycles at
a current density of 400 mA g~ ', which was higher than that of
CMC-Si (1178 mA h g%, capacity retention: 35.9% after 100 cycles)
and PVDF-Si (180 mA h g™ " after 100 cycles).

Hwang et al. used PAA and pullulan to form a crosslinked
polymeric binder (PAA/pullulan) (Fig. 9).** In the same way as
above, carboxylic acid units of PAA underwent a condensation
reaction with hydroxyl groups of pullulan upon heating the
electrode at 150 °C under vacuum. Pullulan is distinguished
from other stiff polysaccharides containing f-glycosidic link-
age such as alginate and CMC in that pullulan composed of
a-(1 — 6)-linked maltotriose units can change its conformation
from chair to boat in PAA/pullulan, thus rendering PAA/pullulan
highly flexible. Due to this flexibility, the thickness change of
PAA/pullulan-Si electrode was higher than that of crosslinked
PAA/CMC-Si electrode. Nevertheless, the mechanical stability
of PAA/pullulan-Si anode was much better as demonstrated by
macroscopic folding test of electrodes and SEM analyses. For
electrochemical measurements, Si electrodes were fabricated by
containing 60 wt% Si (diameter = 100 nm, Si loading was not
given), 20 wt% conducting agent (Super P), and 20 wt% binder
(PAA: pullulan = 10:10 wt%). The capacity of PAA/pullulan-Si
anode after 200 cycles was approximately 78% of initial capacity
when lithiated at 840 mA g~ " and delithiated at 2100 mA g/,
while both PAA/CMC-Si and PAA-Si anodes failed before
150 cycles.

Jeena et al. synthesized poly(acrylic acid-co-vinyl alcohol)
with varying ratio of monomers (P1, P2, P3, P4 with PAA:PVA =
33:67, 60:40, 71:29, 75:25, respectively) (Fig. 9).°% Si electrodes
were prepared by containing 60 wt% Si (diameter = 100 nm,
Si loading was not given), 20 wt% conductive agent (Super P),
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and 20 wt% binder. While drying the electrodes at 150 °C under
vacuum, the binders P1-P4 underwent a condensation reaction
between -COOH of PAA and -OH of PVA, forming three-
dimensional crosslinked polymer networks. In these P series
polymers, PAA increases the adhesion ability while PVA endows
flexibility. Among P1-P4, P2 showed the best cycling perfor-
mance, which indicates that the optimum balance of PAA and
PVA is required to keep the mechanical integrity of Si anodes.
Also, the P2-Si anode showed the good rate performance at
20 A g~ ' as compared with linear polymers such as PVDF, PVA,
PAA, and mixture of PVA/PAA.

3.3.2. Carbodiimide chemistry between -COOH and
-N=—=C=N-. Han et al. adopted the carbodiimide crosslinking
chemistry to covalently crosslink PAA binders by using poly-
carbodiimide (PCD) as a crosslinker (Fig. 9).*° They mixed various
amounts of PCD with PAA in slurry, in which carboxylic acids of
PAA reacted with carbodiimides of PCD to afford the network
polymeric binder PAA,(PCD), through N-acylurea linkage. Among
PAA,(PCD), where x and y are the weight percentage of PAA and
PCD in the electrode, PAA,(PCD),-Si/graphite anode showed the
most uniform electrode morphology and the best cycling perfor-
mance with a capacity retention of 75% after 30 cycles. The
comparative analysis indicates that the lower crosslinking (below
1 wt% of PCD) leads to less stable electrode whereas the higher
crosslinking (above 1 wt% of PCD) decreases the supramolecular
interactions by consuming carboxylic acids of PAA. These results
further point to the delicate balance between covalent cross-
linking and the availability of functional groups for supra-
molecular interactions.

3.3.3. Schiff base reaction between -NH, and -CHO. Chen
et al. crosslinked chitosan (CS) binder by using various amounts
of glutaraldehyde (GA) as a crosslinker, yielding crosslinked
chitosan polymers (CS-GA, where x is the weight% of GA)
(Fig. 9).”° While drying the cast slurry at 80 °C, amine groups
of CS reacted with aldehydes of CS to form imine linkages. This
report is certainly an interesting application of dynamic covalent
chemistry, which could introduce reversibility to the resulting
binder network. With the increase in the amount of GA cross-
linker, the electrolyte uptake and the swelling of CS-GA films
decreased because the highly crosslinked polymer prevents the
electrolyte from infiltrating into the film due to its dense network
conformation. This property is suitable for maintaining the
adhesion strength in the binder-binder and binder-Si inter-
actions. The Si electrodes were prepared by containing 60 wt%
Si (diameter = 100 nm, Si loading was not given), 20 wt%
conductive agent (Super P), and 20 wt% binder. With the increase
in the amount of GA crosslinker until CS-GA3, the capacity
retention of CS-GA-Si anodes was improved due to the effect of
branched structure. However, CS-GA5-Si anode showed rather
decreased performance compared to that of CS-GA3-Si anode,
which indicates that strong supramolecular interactions are also
necessary for the long-term stabilization by the self-healing effect.
These results equally indicate that blindly increasing crosslinking
density is not the right direction to stabilize Si anodes.

3.3.4. Condensation reaction between -NH, and -OH. Liu
et al. covalently crosslinked poly(ethylene imine) (PEI) (20 w%)
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and poly(vinyl alcohol) (PVA) (80 wt%) by in situ thermal
condensation reaction between amine groups of PEI and
hydroxyl groups of PVA during a drying step at 100-120 °C
(Fig. 9).”* The electrochemical performance of PVA/PEI-Si anodes
was examined by using a coin-type half-cell containing 60 wt% Si
(diameter = 50 nm, Si loading = 1.8-2.7 mg cm 2), 20 Wt%
conductive agent (Super P), and 20 wt% binder. PVA/PEI-Si anode
maintained its reversible capacity of 1060 mA h g~ with capacity
retention of 34.5% after 300 cycles, which was higher than that of
Si anodes with linear binder CMC and PVDF. Nonetheless, the
observed capacity retention of PVA-PEI-Si needs to be improved
further for competition with other available binders.

3.3.5. Photo-cross-linkable polymeric binders. Park et al
reported the photo-crosslinkable poly(acrylic acid) (PAA-BP)
polymer incorporating a photoreactive benzophenone (BP) group
(Fig. 9).”> Upon UV irradiation (365 nm), the benzophenone
moiety generates a biradical species that can abstract hydrogen
from carboxylic acid moieties of PAA to form a C-C bond. For the
electrochemical performance, the Si anodes were prepared by
containing carbon-coated Si (diameter < 100 nm, Si loading
was not given), conductive agent (Super P), and binder in a
weight ratio 8:2:1 (Si:Super P:binder). After that, the photo-
crosslinking reaction was carried out via the exposure of the
electrodes to UV light. The crosslinked PAA-BP-Si anode sub-
stantially improved the capacity retention over 100 cycles as
compared with the bare PAA-BP-Si anode that did not undergo
the UV irradiation. Besides, the crosslinked PAA-BP-Si electrode
showed a good rate performance of 1420 mA h g ' at 20 A g™,
while the specific capacity of the bare PAA-BP-Si electrode
was around 700 mA h g~" at the same current density. This
outstanding electrochemical performance reflects that the
covalently crosslinked PAA-BP can limit the deformation of the
Si anodes, resulting in a smaller change in the electrode thick-
ness. It is also important to recognize that this approach may not
work as effectively for thicker electrodes due to the limited
penetration of light.

3.3.6. Polymerization. Crosslinked polymers can also be
directly obtained from multifunctional monomers. Aoki et al
polymerized the crosslinked acrylic acid-based copolymer
(xCLPAH) by using acrylic acid with various amounts (x = 0, 1,
10, 20, and 100) of diallyl ethers as a crosslinker (Fig. 9).”* The
effect of these binders was examined by preparing the Si/graphite
anodes consisting of 30 wt% Si (diameter < 100 nm), 50 wt%
graphite (particle size = 3 pm), 10 wt% conducting agent

Xanthan Gum (XG) Double Helix

Polymer bundle
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(acetylene black), and 10 wt% binder. Among the series of xCLPAH,
the moderately crosslinked polymer, 10CLPAH, attained the best
capacity retention due to the enhanced mechanical durability along
with strong supramolecular interactions originating from the
remaining carboxylic acid moieties. When the neutralized polymers
(20CLPAH, ,Na, 3) were used as a binder, the corresponding Si
anode exhibited improved performance with regard to the stability
of SEI layer and the cyclability. This is likely due to the increased
ion-dipole interactions and stretched polymer morphology from
electrostatic repulsion of negatively-charged carboxylates.

Lopez et al.”* investigated the crosslinking effect of the urea-
based self-healing binder (SHP) previously developed by Chen
et al.*® They synthesized SHP with different crosslinking densities
by varying the amount of triacid from 16 to 70%. The Si anodes
were prepared by including 55.7 wt% Si (diameter = 800 nm, Si
loading = 0.75-1.1 mg cm %), 5.8 wt% conductive agent (carbon
black), and 38.5 wt% binder. Interestingly, 70% trifunctional
SHP-Si anode exhibited the strongest adhesion among all electro-
des tested, but moderately crosslinked SHP (30-57% triacid)
delivered the best cycling performance. This result suggests that
the adhesion strength evaluated by peeling test or simple tape test
is not necessarily translated to the good electrochemical perfor-
mance of Si anodes. The self-healing efficiency along with the
adhesion strength must be considered at the same time.

3.4. Polymer networks formed by noncovalent/dynamic
crosslinking

Noncovalent/dynamic crosslinking of polymers and/or polymer
networks with strong supramolecular interactions is a good
strategy to realize the synergistic effect of self-healing and adhe-
sion strength. Along this direction, supramolecular crosslinking
can be exploited to form branched polymers. Additionally, their
crosslinking process is spontaneous and reversible, and therefore
the functional groups are not consumed as opposed to covalent
crosslinking. Towards this end, several interesting approaches
have been reported using double helix formation, host-guest
interactions, and ionic bonds.

3.4.1. Double helix formation. Jeong et al.”> demonstrated that
the helical structure of native xanthan gum (native-XG) leads to the
formation of an interconnected polymer network, which enhances
its adhesion ability and consequently electrochemical performance
for Si anodes. The native-XG has a linear backbone of polysaccharide
composed of (1,4)-p-p-glucose unit with trisaccharide side groups
containing two negative carboxylates (Fig. 10). The balance
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Fig. 10 Structural characteristics of xanthan gum from nanoscale to macroscale. Adapted from ref. 75 with permission from The Royal Society of

Chemistry, copyright 2015.
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between attractive force of the intra/intermolecular hydrogen
bonding of the backbones and electrostatic repulsion of side
groups leads to the formation of a double helical structure. The
resultant double helices can be connected end-to-end, consti-
tuting polymer bundles and interconnected network as visua-
lized by the scanning probe microscopy (SPM) in Fig. 10. The
side chains sticking out from the helices can form strong ion-
dipole interactions with Si surface, resulting in strong adhesion
properties. This excellent adhesion property of native-XG was
observed in crack-free electrode morphology. The cell perfor-
mance was investigated using galvanostatic measurement of Si
anodes consisting of 60 wt% Si (diameter = 60 nm, Si loading =
0.3 mg cm™?), 20 wt% conductive agent (Super P), and 20 wt%
binder. In comparison to other polysaccharide binders (cellulose,
amylose, amylopectin, CMC, and Alg), native-XG-Si anode exhi-
bited the best electrochemical performance with a large specific
capacity (2150 mA h g~ ' at the 200th cycle), a good capacity
retention (72.2% after 200 cycles), and decent rate capability at
21 A g~ '. The native-XG also operated well in the Si/graphite
anodes (Si: graphite = 20: 80 wt%).

Similarly, Klamor et al.”® used gellan gum as a binder for
Si/graphite anodes (20 : 60 wt%). Although they did not empha-
size the double helix structure of the gellan gum, it is well known
that gellan gum forms a left-handed helical structure just like
xanthan gum.”” Instead, they attributed the high performance of
gellan gum-Si/graphite anode to the high density of polar func-
tional groups of gellan gum that enables a more efficient cover-
age and interaction with Si particles. While CMC-Si/graphite
anode showed a sudden capacity drop and continuous fading at
60 °C, gellan gum-Si/graphite anode showed enhanced cycling
stability. These results clearly reflect the importance of polymer
superstructure originating from supramolecular interactions
between individual polymer chains and the chemical structures
of the polymer on the resulting electrochemical performance.

3.4.2. Host-guest interactions. Kwon et al’® introduced
the concept of dynamic crosslinking based on the host-guest
interactions to form an interconnected polymeric binder network
(Fig. 11). Among many host-guest pairs, they chose B-cyclodextrin
(B-CD) and adamantane (AD) because their association force is
known to be strong to crosslink B-CD polymer (B-CDp) and quite
reversible.”” By using these features, they demonstrated that
B-CDp binder can be strongly crosslinked in Si anodes by using

a dendritic crosslinker incorporating 6 adamantane units (6AD),
and this crosslinking is self-healable while the corresponding Si
anode undergoes the volume change. Electrochemical measure-
ment was performed by fabricating Si anodes consisting of
60 wt% Si (diameter = 50 nm, Si loading = 0.8 mg cm™>), 20 wt%
conductive agent (Super P), and 20 wt% binder with varying
amounts of 6AD. They tested all combinations of binder (o, f,
and y-CDp) and crosslinker (6AD and 1AD). Among these
electrodes, B-CDp/6AD-Si anode exhibited the best cycling
performance because of the size compatibility between host
and guest as well as the sufficient length of the crosslinker to
facilitate the dynamic crosslinking.

3.4.3. Ionic crosslinking. It is well-known that the two
sequential guluronic acid blocks (GG) of alginate strongly cap-
ture divalent cations such as Ca®>" via the egg-box mechanism
(Fig. 12A). Liu et al.*® applied the calcium-mediated crosslinked
alginate (Alg-Ca) as a binder for carbon-coated Si anodes
(Si:carbon = 80:20 wt%). They prepared the Si/C anodes that
consist of 53 wt% Si/C, 18 wt% conductive agent (carbon black),
and 29 wt% binder. Alg-Ca was prepared by adding 1 wt% CacCl,
aqueous solution to the aqueous Alg solution. The Alg-Ca-Si
anode showed improved cycling performance (1822 mA h g~*
with a capacity retention of 82.3% after 120 cycles) than that of
Alg-Si anode due to the enhanced mechanical property facili-
tated by Ca”*-mediated ionic crosslinking.

Zhang et al.®! investigated the effect of crosslinking density
of Alg—Ca on the electrochemical performance for Si anodes by
varying the molar fraction between Ca®" and Alg residue from
0 to 0.15. They prepared Si electrodes including 70 wt% Si
(diameter = ~ 200 nm, Si loading was 1.0-1.1 mg cm %), 15 wt%
conductive agent (Super P), and 15 wt% binder. With increasing
CaCl,, the peeling force of Alg-Ca-Si anodes increased, imply-
ing that strong adhesion was achieved by ionic crosslinking.
Due to this strong adhesion property, Alg-Ca-0.15-Si anode
exhibited the highest specific capacity of 2837.5 mA h g~ " with
a high capacity retention of 86.2% after 200 cycles among all
Alg-Ca-Si anodes. However, the Alg-Ca-0.15 showed a lower
initial Coulombic efficiency of 80.2% compared to those of
Alg-Ca-0 (86.1%), Alg-Ca-;0.05 (85.9%), and Alg-Ca-0.1 (83.2%).

Yoon et al® also investigated Alg-Ca as a binder for
Si anodes with more emphasis on mechanical properties of
ionic crosslinking. They carried out a tensile test for various
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Fig. 12 lonic crosslinking of polymeric binders.

polymer films; Alg-Ca showed much higher toughness
(13.5 MJ m™?) and stiffness (510 MPa) than those of Alg-Na
(4.8 MJ m ™3, 121 MPa). Given the fact that a control experiment
of Alg—Ca treated with ethylenediaminetetraacetic acid (EDTA,
calcium capture) showed toughness of 3.3 MJ m ™ and stiffness
of 132 MPa, the enhanced properties in those mechanical
parameters are ascribed to the ionic crosslinking. Alg-Ca
also showed better strain recovery of ~65% after 20 stretch-
release cycles at 5% loading strain than Alg-Na and Alg-Ca with
EDTA treatment; both Alg-Na and Alg-Ca with EDTA treatment
were broken before 3 cycles. Also, the mechanical properties of
Alg-Ca are not expected to vary much after the uptake of
electrolyte because Alg-Ca absorbs less electrolyte (~4.2%)
than Alg-Na (~8.7%), PVDF (~165%), and CMC (~ 8.8%).
Owing to these improved mechanical properties, Si anode
with Alg-Ca achieved a good capacity retention (83% after
300 cycles), rate capability (1029 mA h g~" at 2000 mA g ),
and thermal stability. The challenge for these particular studies,
however, is to achieve good dispersion of electrode components
considering the extremely fast gelation kinetics of Alg and
metal ions.

Lim et al.*®* utilized the reversible acid-base interaction for the
ionic crosslinking of polymeric binders for Si/graphite anodes.
As displayed in Fig. 12B, protons are moved from carboxylic
acids of poly(acrylic acid) (PAA) to nitrogen atoms of poly-
(benzimidazole) (PBI) via acid-base reaction, which forms
complementary imidazolium carboxylate pairs. PAA and PBI
are crosslinked via the ion-ion interactions between imid-
azolium and carboxylate moieties, resulting in robust mechanical
properties and consequently enhanced battery performance.
Si/graphite anodes were prepared by containing 80 wt%
Si/graphite (30:70 wt%), 10 wt% conductive agent (Super P),
and 10 wt% binder (PAA, PAA-PBI-2, PAA-PBI-5 where the
number indicates the weight% of PBI). Among these binders,
PAA-PBI-2-Si anode showed the highest Coulombic efficiency
(initial = 87.5%, average = 99.1% over 100 cycles) and the
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highest capacity retention due to the low polarization, reversible
bonding, and strong adhesion with Si.

4. Conductive polymeric binders

Inherently low conductivity of Si necessitates the addition of
conductive agent in the electrode. However, it has been proposed
that such effect can also be realized by using conductive poly-
mers that serve as both binders and conductive agents. In this
scenario, as the contents of conductive agents can be lowered
substantially, the loading of active material (Si) can be further
increased, thus enhancing the specific energy density of the
corresponding cell. Along this direction, it is desired to decrease
the amount of inactive components as they do not contribute to
the electrochemical capacity. In addition, the thick binder layer
can also hinder the transport of lithium ions and electrons, thus
increasing the polarization of the electrode.

Conductive polymeric binders are promising candidates in
overcoming the drawbacks associated with the use of Si owing
to the improved electrical integrity of the electrode (Fig. 13).
When widely adopted carbon powder is used as a conductive
agent, it becomes apart from Si particles during the repeated
volume change of Si (Fig. 13A), interrupting electron flow
throughout the electrode. Basically, the non-adhesive conduc-
tive agents are susceptible to disconnection from Si particles,
leading to rapid capacity fading (Fig. 13A). In contrast, it is
envisaged that conductive binder can remain as a conducting
bridge between Si particles as long as the binder adheres to Si
particles, keeping Si electrochemically active (Fig. 13B). This
strategy, however, can only be effective if the conductive binder
presents both the strong interaction with Si and high electric
conductivity. While this section focuses more on the electric
conductivity, it should be noted that even a highly conductive
binder cannot sustain stable cycling without strong adhesion
ability.®*%°
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Fig. 13 Working principles of (A) conventional Si electrodes using con-
ductive agents and (B) Si electrodes using conductive binders.

Conductive polymers are organic polymers with extended
n-conjugation throughout the polymer backbone, which
enables efficient transport of electrons. In order to endow
conjugated polymers with high electrical conductivity, they
need to be doped by either oxidation (p-doping) or reduc-
tion (n-doping). During p-doping, some of the delocalized
electrons are removed, and positive polarons/bipolarons are
generated.®” The electrons within the resultant partially empty
energy level have high mobility. In the case of n-doped poly-
mers, electrons are injected to the polymer backbone, thus
generating negative polarons/bipolarons with high mobility.®”
Therefore, the doping process is essential to have improved
conductivity.

4.1. P-Type binders without doping

Si anodes are charged under reducing conditions with an
operating voltage in the range of 0-1.5 V versus Li/Li". Whereas
n-type polymers can be electrochemically doped in this voltage
range, p-type polymers cannot. Indeed, several literature reports
on p-type binders for Si anodes such as polyaniline,®® poly-
pyrrole,®>°° and PEDOT:PSS®"® exhibited poor cycling perfor-
mances in comparison to that of the conventional Si electrodes
with conductive carbon agents. Therefore, p-type binders are not
generally desirable for Si anodes.

4.2. Electrochemically n-doped conductive binders

n-Type polymers could be suitable candidates as conductive
binders for Si anodes due to the fact that they can be doped
within the operating voltage range of Si anodes. Unfortunately,
there are much less commercialized n-type conductive poly-
mers compared to the p-type counterparts, which is probably
associated with their limited air stability. For well-fitted n-type
conductive binders for Si anodes, it is necessary to precisely
tailor the energy level of the lowest unoccupied molecular orbital
(LUMO) of the polymers. Electron-poor polymers can be stably
n-doped because they stabilize the negative charge and their low
LUMO level facilitates the reduction of the polymers. As such,
introducing electron withdrawing group into conjugated system
lowers the LUMO level, which facilitates n-doping.

Liu et al.®* developed n-type conductive binders based on
polyfluorene (PF) and lowered the LUMO energy level by intro-
ducing fluorenone monomer containing electron withdrawing
carbonyl groups to facilitate n-doping (Fig. 14A). X-ray absorp-
tion spectroscopy (XAS) revealed that the polymers (PFFO and
PFFOMB) consisting of fluorenone have a new electronic state
at 284.7 eV, which is lower than the LUMO (285.36 eV) of PF
(Fig. 14B). In contrast, p-type polyaniline (PAN) showed much
higher LUMO level, thus implying that n-doping of PAN is
not favourable. The cyclic voltammetry (CV) and impedance
measurements validated that PFFOMB is n-doped at 1.25 and
0.5 V (Li/Li") and its resistivity significantly decreased at 1.0 V
(Li/Li"). In addition, the authors also calculated the lithium
binding energy of PFFO by density functional theory (DFT)
calculations. The binding energies turned out be 2.46, 2.42,
2.0, and 1.0 eV for Li + PFFO, Li + Si, Li + Li, and Li + PAN,
respectively, elucidating that Li ion will first react with the
carbonyl group of PFFO (n-doping) before the lithiation of Si. In
the same line, PAN, which is a p-type polymer, cannot be doped
because the lithium binding energy (1 eV) is much lower than
that (2.0 eV) of lithium plating. The electrochemical perfor-
mances of the conducting binders are found to be in a good
agreement with the trend of electric conductivity (Fig. 14C).
In this study, the Si electrodes were prepared by mixing 66.7 wt%
Si (diameter < 100 nm, Si loading amount is not given) and
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33.3 wt% binder without conductive agent. Si/PVDF showed a
fast capacity decay as the electrons cannot reach Si particles due
to the insulating nature of PVDF. Si/PAN showed very low initial
capacity (<1000 mA h g~ ") and rapid capacity fading due to the
poor conductivity of PAN. Si/PFFO displayed much higher
capacity of approximately 2900 mA h g~ * at the 1st cycle, which
is attributed to the improved conductivity of PFFO. However,
the capacity decayed rapidly afterwards, and eventually the
capacity retention became worse than that of Si/PVDF/acetylene
black. This result represents that high conductivity alone
cannot ensure good cycling performance of Si anodes. Interest-
ingly, when the polar monomer (methyl benzoate) was intro-
duced into the binder, that is, PFFOMB, the cycling stability was
markedly enhanced. The specific capacity of Si/PFFOMB was
2100 mA h g~ " after 650 cycles. Considering that the electronic
structures of PFFOMB and PFFO are not largely different,
the considerable improvement results from the stronger inter-
action between PFFOMB and Si, revealing that the binders for
Si anodes must have strong supramolecular interactions with
the Si surface.

Similar conductive binders based on polyfluorene were
subsequently reported by introducing other side chains such
as triethyleneoxide monomethylester for better electrolyte
uptake capability®® and sodium carboxylic acid for stronger
interactions® by forming noncovalent bonding between con-
ductive binder and Si surface®® and also using calendaring
technique.® Kim et al.°” developed n-type poly(phenanthrene-
quinone) as a conductive binder for Si electrode. Due to the
presence of two electron withdrawing carbonyl groups in
phenanthrenequinone, its n-doping voltage was 0.15-0.18 V,
which is lower than that (0.5 V versus Li/Li") of polyfluorenone-
based polymers.®* Salem et al.’® investigated polythiophenes
functionalized with different lengths of alkyl carboxylate as
conductive binders for Si electrodes, but the specific capacity of
Si/PT-3-LiA without conductive agent dropped rapidly to zero
at the 30th cycle due to its low conductivity even after electro-
chemical n-doping, which indicates that the doping of a conduc-
tive binder does not necessarily warrant sufficient conductivity for
stable cycling of Si anodes.

4.3. Chemically p-doped conductive binders

Wau et al.®® chemically pre-doped p-type polyaniline (PANi) using
phytic acid and used it as a conductive binder for Si anodes.
Phosphoric acid groups in the phytic acid can form strong
hydrogen bonding interactions with SiO, layer on the Si surface,
thus increasing the interaction between Si and binder. The
doped state of PANi was found to be stable between 0.01-1.0 V
(Li/Li*) as shown in the CV analysis of the doped PANi, wherein
there were no distinct redox current peaks. The electrodes were
composed of 75 wt% Si (Si diameter = 60 nm, Si loading =
0.2-0.3 mg cm™ %) and 25 wt% binder. Si/PANi electrode showed
higher capacity than that of Si/PVDF when cycled at a charge/
discharge current of 1000 mA g, but the capacity fading was
severe (Fig. 15). Interestingly, when PANi was in situ polymer-
ized with Si particles, the specific capacity and cycling stability
was greatly improved. After 1000 cycles with a current density
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merized PANi-Si. The charge and discharge current density is 1000 mA g™~
Reprinted from ref. 85 with permission from Nature Publishing Group,
copyright 2013.

of 1.0 A g !, ~1200 mA h g~ ' was still maintained. This
significant improvement was attributed to the intimate surface
coating of PANi on the Si surface, implying that adhesion
between binder and Si surface is important to preserve the
electrical integrity of the electrode, considering that PANi of the
two electrodes is under the same electronic state.

Higgins et al.®® used formic acid as secondary dopant for the
pre-doped PEDOT:PSS binder for Si electrodes (Si diameter =
60 nm). They changed the amount of formic acid from 0 to
20 wt% with respect to PEDOT:PSS. The electrical conductivity
of the electrodes (Si/PEDOT : PSS = 80: 20 wt%) increased up to
10 wt% formic acid and reached a maximum value of 4.2 S cm ™"
(Fig. 16A). Si/LiPAA/carbon black (80:10:10 wt%) showed con-
ductivity value of only 1.1 mS cm ™. With fixed amount of formic
acid (10 wt%), the amount of PEDOT:PSS was also varied from
5 to 30 wt% with respect to Si. The conductivity was further
increased from 0.7 to 19 S ecm™* (Fig. 16B). Detailed electrochemical
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Fig. 16 Electrochemical performance of Si/PEDOT:PSS. (A) Electric con-
ductivity of Si/PEDOT: PSS (80:20 wt%) doped with different amounts of
formic acid. (B) Electric conductivity of Si electrodes with different amounts
of PEDOT:PSS (5-30 wt%). All PEDOT:PSS was doped with 10 wt% of formic
acid with respect to PEDOT:PSS. (C) Areal capacity and (D) specific capacity
of Si/PEDOT : PSS (80:20 wt%, 10 wt% formic acid) with various Si loading
amounts from 0.4 to 1.5 mg cm™2. (E) Specific capacity of Si/PEDOT : PSS
(80:20 wt%, 10 wt% formic acid) cycled at different current density from
0.5 to 10 A g~ Adapted with permission from ref. 99. Copyright 2016
American Chemical Society.
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analysis of Si/PEDOT:PSS (80:20 wt% with 10 wt% formic acid)
revealed its high conductivity. While the specific capacity
generally decreases at the high Si loading due to the increased
polarization, the specific capacities of Si/PEDOT:PSS were con-
sistent regardless of Si loading amount (Fig. 16C and D). Along
with this, excellent rate capability (Fig. 16E) was also achieved
by taking advantage of their high conductivity.

4.4. Side-chain conducting binders

Park et al.®® developed pyrene-based conductive binders (PPy
and PPyE) for Si anodes (Fig. 17A and B). These polymers are
distinct from other conductive binders in that they do not have
conjugated polymer backbones. Instead, pyrene side groups
connected to polyacrylate backbone are self-assembled via n-n
stacking (Fig. 17A and B), allowing the n-cloud delocalization.
Electrons can be transported through this m-channels. The
electron mobility of PPy and PPyE was measured by steady-
state space-charge-limited-current method, showing 1.9 x 10™*
and 8.5 x 10~* cm® V™' 577, respectively. The higher conduc-
tivity of PPyE is ascribed to the more optimized morphology of
PPyE by means of ethylene oxide group due to the fact that
there is no difference between PPy and PPyE in their lowest
energy features as shown (Fig. 17C) by synchron-based X-ray
absorption spectroscopy (sXAS) analysis. The cycling stability
of Si/PPyE (66.7/33.3 wt%, Si diameter < 100 nm) was
excellent at a low Si loading (0.16 mg Si cm™?); the capacity
of ~1500 mA h g~ " was preserved after 1000 cycles at a current
density of 8.4 A g~ for Si/PPyE (Fig. 17D). Zhao et al.*° further
improved the adhesion ability of PPy by introducing methacrylic
acid monomer.

While there are some promising results, further research in
conducting binders is needed to enable their operation at
low binder loadings, as higher conducting binder loadings in
pursuit of higher conductivity result in a loss in energy density.
In addition, there is not much data available to conclude that
these polymers can perform well for electrodes with high Si
mass loadings and also for more challenging electrodes such as
Si microparticles. Moreover, the redox-active nature of these
binders could be problematic for long-term cycling stability.
In addition, high stiffness of these polymers originating from
their conjugated backbone could limit their ability to respond
the changes in the electrode morphology under dynamic
conditions. The undesired aggregation of the polymer chains
should also be considered.

5. Impact of topological crosslinking

The cost reduction in producing Si particles is critical for the
commercial adoption of Si anodes for lithium-ion batteries.
To this end, Si microparticle (SiMP) is advantageous over Si
nanoparticle (SiNP) because of its low production cost and
diverse availability®' such as industrial silicon waste. Neverthe-
less, it is far more challenging to achieve stable cycling perfor-
mance for SIMP electrodes because the pulverization becomes
more severe with increasing the size of Si particles, accompanied
by large stress that ruptures polymeric binders (Fig. 18A). Several
strategies have been proposed to resolve the breakage of binders
on the basis of the self-healing effect. However, these approaches
still pose the limitation for SIMP anodes because pulverized Si
particles can be mobile upon breakage of binders and can be
electrically isolated with an unstable interface.”®

Choi et al?® presented a new strategy that highly elastic
binder layer surrounding Si microparticles keep pulverized Si
particles coalesced during charge/discharge cycling and allow
to retain the conductive pathways to whole Si particles (Fig. 18B).
To realize this concept, the binder must endure the mechanical
stress caused by Si expansion. They were inspired by the working
principle of moving pulleys, where the tension of the rope is
greatly reduced by distributing and equalizing the localized force
(Fig. 18C)."*" In an effort to realize this principle on a molecular
level, they constructed a molecular pulley binder (PR-PAA) by
covalently attaching PAA to the ring components of polyrotaxane
(PR) as represented in Fig. 18D and E. Consistent with the
principle of moving pulleys, the stress applied to the polymer
is greatly reduced by ring sliding, which renders PR-PAA highly
elastic. These unique properties originate from the topological
crosslinking between PAA and PR through the ring molecules,
which is neither fixed nor dissociated. In this regard, topological
crosslinking combines the best of covalent and noncovalent
crosslinking in the form of a mechanical bond embodied in a
polyrotaxane crosslinked with PAA. Importantly, even though it
is covalently crosslinked, the dynamic nature of the polymer
network is still preserved due to the ring-sliding motion of the
ring component.

The mechanical properties of PR-PAA were examined by
tensile test. The PR-PAA showed high elasticity (390%) and less
strain hysteresis during the repeated stretch-recovery cycles.
Its stress-strain curve follows a nonlinear stiffening behavior
while all previously reported polymer binders including PAA
exhibit nonlinear softening behavior. Nonlinear stiffening is
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Fig. 17 Chemical structures and transmission electron microscopy (TEM) images of (A) PPy and (B) PPyE. (C) Carbon k-edge sXAS spectra of PPy and
PPyE. (D) Cycling performance of Si/PPy and Si/PPyE when cycled at 8.4 A g~*. Si: binder = 66.7:33.3 wt%. The Si loading amount is 0.16 mg cm 2.
Adapted with permission from ref. 86. Copyright 2015 American Chemical Society.
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advantageous for Si anodes; the materials with nonlinear
stiffening are highly elastic, accumulate smaller stress with
respect to an increase in strain, and efficiently resist against
crack propagation. Evidently, similar mechanical properties can
be also found in spider silk and arterial walls. They validated that
these mechanical properties of PR-PAA can keep the pulverized
Si particles coalesced and stabilize the SEI layer by SEM analyses.
Importantly, this particular strategy combines covalent cross-
linking, high elasticity and supramolecular interactions in one
structure, which is quite unique and a substantial improvement
compared to earlier reports.

The electrochemical performance of PR-PAA-SiMP anodes
corroborated the effect of topological crosslinking. The
PR-PAA-SIMP anodes were prepared by containing 80 wt%
SiMP (diameter = 2.1 pm, Si loading = 1.04-1.07 mg cm™?),
10 wt% conductive agent (Super P), and 10 wt% binder.
PR-PAA-SiMP anode cycled at 0.624 mA h cm™ > showed a high
areal capacity of 2.43 mA cm ™~ with a good capacity retention of
91% after 150 cycles. The Coulombic efficiency reached 99.82%
at the 22nd cycle. When cycled at a higher current density of
1.248 mA h cm ™2, PR-PAA-SiMP anode retained 85% of the initial
capacity after 370 cycles. Remarkably, the electrode swelling of
PR-PAA-SiMP was only 20-30% of that of PAA-SiMP due to the
high elasticity of PR-PAA binder. In addition, this particular study

17

shows that properly designed polymeric binders can address
issues originating from the pulverization of silicon particles by
keeping them coalesced while stabilizing the SEI layer by limiting
the exposure of fresh electrode surface.

6. Conclusion

As evidenced from various examples in the literature, polymeric
binders play a vital role in Si anodes by preserving the physical
integrity of an electrode, stabilizing the electrode-electrolyte
interface, and mitigating the side effects of the Si pulverization
during the immense volume change of Si. To this end, a large
number of investigations has separately examined various
polymers by focusing on their chemical bonds, mechanical
properties, supramolecular interactions, and electrochemical
properties. However, existing studies are rather sporadic and
case-specific such that it is difficult to establish an overall
design principle of polymeric binders for Si anodes. In this
review, we compiled the important findings from a wide range
of literature examples and provide insights for polymer binder
design in a systematic and organized fashion. First, the
self-healing effect of the strong supramolecular interactions
is considered as inevitable requisites for long-term cycle
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performance of Si anodes because the binder-binder and
binder-Si interactions are continuously challenged by formid-
able mechanical stress of the Si volume expansion. Second,
branched structures strengthen the supramolecular interac-
tions by increasing the number of anchoring points. Although
a single anchoring point of polymeric binders based on strong
supramolecular interactions is still weak, the force distribu-
tion toward branched chains reduces the force applied to each
anchoring point and the cooperative intrachain cohesion
between branched chains reinforces the adhesion strength
of the anchoring points. Lastly, topological crosslinking of
polymers presents a new connection method for branched
structures. The ring-sliding polyrotaxanes greatly lower the
mechanical stress applied to each chain, rendering the poly-
mer highly elastic and endowed with unconventional mecha-
nical properties such as nonlinear stiffening. Importantly,
it has been demonstrated that the impact of polymeric binders
is not limited to morphology control at the particle and
electrode levels, but it could also help to alleviate problems
associated with Si particle pulverization and SEI layer desta-
bilization. Therefore, the three design principles of polymeric
binders for Si anodes will serve as a solid basis for the
Si anodes to advance toward commercially viable technology.
On a broader context, the key is to consider battery cells as
dynamic matrices wherein the various supramolecular inter-
actions can still take place and all these examples show the
promise of supramolecular chemistry and mechanical bonds
in the form of polyrotaxanes in emerging energy storage
applications. It is also very important to decrease the amount
of inactive components because their presence necessarily
sacrifice the energy density. Also, the thick binder layer could
hinder the transport of lithium ions and electrons. In view of a
considerable discrepancy in the binder content between com-
mercial electrodes (<3 wt% binder) and academic level elec-
trodes (>10 wt% binder), the attempt to decrease the binder
content is a ‘must-do’ agenda for successful commercializa-
tion. Further studies should certainly be directed towards
developing binders for Si/graphite blended electrodes, as the
exclusive use of Si is an unlikely option for commercial
products in the near future. Binders targeting Si/graphite
blended electrodes should hold dual functionality capable of
interacting with both Si and graphite simultaneously. More-
over, the binder research should proceed with in situ analyses
to better understand various dynamic physicochemical pro-
cesses of the electrode components. Just like organic reaction
mechanisms, we should aim to establish in-depth mechanistic
understanding for these dynamic processes. With this critical
review article, we hope to stimulate the research in these
directions to further advance Si anodes, particularly toward
increasing the energy densities of LIBs in portable electronics
and EV applications.
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