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Progress of 3D Network Binders in Silicon Anodes for Lithium Ion 
Batteries 
Anjali N. Premana, Hyocheol Leea, Jungwoo Yoob, Il Tae Kimc,*, Tomonori Saitod,*, Suk-kyun Ahna,*

Prompted by its overwhelming benefits, silicon (Si) has evolved as one of the most promising anode materials for high-
capacity lithium-ion batteries (LIBs). However, some of the intrinsic drawbacks such as low ionic conductivity and inevitable 
volume change during the alloying/dealloying process seriously hamper the commercialization of Si-based anodes in LIBs. 
Among the several strategies to overcome the challenges of the Si anode, the development of designed polymeric binders 
is imperative for enabling stable and satisfactory performance. The improved cell performance by designed binders is 
recognized as an economical and practical approach, especially from the industrial perspective. In addition to their 
conventional role as integrating electrode components, binders also play a significant role in alleviating the unfavorable 
phenomenon of volume expansion, and ultimately stabilizing the Si anode and Si-electrolyte interphase. The polymer 
architecture of the binders significantly influences the binder performance, and three-dimensional (3D) network binders are 
generally more effective at coping with the stress resulting from the huge volume change of the Si anode. To develop 
advanced 3D binders, substantial research efforts have been devoted including various crosslinking strategies in the past 
decade. In this review, we focus on the diverse crosslinking methods including chemical-, physical-, and topological-
crosslinking for rationally designed network binders for Si anodes and a glance into dynamic interactions to construct 
healable binders for long-term stability. 
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1. Introduction

The alarming increase in greenhouse gas emissions and global 
warming compelled both governments and industries to 
constantly explore alternatives to fossil fuels. Although wind, 
thermal, and geothermal energy offer renewable energy 
solutions, their minimal energy density is insufficient to satisfy 
the ever-growing energy demands.1,2 Being the largest 
consumer of fossil fuels, the automobile industry holds 
significant influence in revolutionizing the energy landscape of 
the electric power sector. Lithium-ion batteries (LIBs) represent 
an excellent energy storage system by providing high energy 
densities.3-6 Owing to their small size, lithium ions can easily 
travel in the electrolyte between the anode and cathode, 
providing a high voltage, charge storage per unit volume (700 
Wh l–1), and unit mass (260 Wh kg–1).7,8

Apart from powering a range of portable electronic devices, 
such as mobile phones and laptops, LIBs have enabled a radical 

transfiguration of electric vehicles (EV) and hybrid electric 
vehicles (HEV).9 However, the performance of conventional LIBs 
is still limited and cannot satisfy the requisites of vehicle 
electrification on a large scale.4,10 To realize the concept of all-
electric vehicles powered by LIB for long-distance travel (> 500 
km), next-generation LIBs with higher energy densities (> 350 
Wh kg–1 at cell level) must be developed.8,11,12 For this reason, 
researchers have been continuously seeking a new class of 
anode materials such as silicon (Si), which generate a high 
capacity to replace the conventional graphite anodes. Si 
possesses various characteristics that are superior to those of 
graphite and other candidate materials (e.g., S, Sn, and Ge), 
including a high theoretical capacity (3579 mAh g–1 for Li15Si4) 
and low working voltage (~ 0.4 V vs Li/Li+), as well as resource 
abundance (28.2% in earth crust) and harmless nature.13-16

Despite these benefits, Si-based anodes suffer from chronic 
capacity decay, predominantly due to pulverization and 
delamination of the Si particles and continuous growth of the 
solid-electrolyte interlayer (SEI) (Fig. 1a) 10,15,17,18. SEI is an 
electronically passive layer formed by an unavoidable reduction 
of the electrolyte at the surface of the electrode. This thin layer 
allows Li-ions to penetrate back and forth while protecting the 
electrode surface from further exposure to the electrolyte.19,20 
However, this SEI layer continues to grow in the Si-based 
anodes until it becomes hard and eventually collapses.21,22 The 
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main cause of these events is associated with the immense 
volume expansion of Si (≈300%) during the alloying process. 
Unlike the graphite anodes consisting of a layered structure to 
accommodate the Li-ions between the layers (intercalation), Si 
anodes alloy with Li-ions to configure various phases of lithium 
silicates (LixSi).23 Upon initial lithiation, the crystalline Si (c-Si) 
undergoes a phase transition to the amorphous form (a-Si) and 
preserves this phase for the rest of the cycle. Typically, each Si 
atom can store up to 4.4 Li atoms corresponding to a very high 
capacity at the cost of the undesirable volume changes.24,25 Yan 
research group investigated the failure mechanism of the Si 
anode through simulations and real time nanoindentation 
measurements.26 They postulated that the elastic modulus and 
hardness of amorphous Si undergo considerable reduction on 
full lithiation due to the breakdown of strong Si-Si bonds and 
formation of Si-Li and Li-Li bonds that are less directional, weak 
and more inclined to deformation.

To circumvent the consequences of the volume changes in 
Si, several strategies have been developed, such as engineered 
electrode structures by introducing nano,27-29 porous,30-34 and 
3D architectures, which can cope with the stress resulting from 
volume expansion (Fig. 1b). Among them, shape-preserving 
designs such as core-shell, yolk-shell, and pomegranate-
inspired designs have received considerable attention.35-38 The 
most distinctive feature of these designs is the inclusion of 
confined voids for the Si particles to dilate. Nevertheless, high 
cost, reduced tap density, and low areal mass loading limit the 
practice of these design principles.39 

Recently, it has been perceived that properly designed 
binders can substantially contribute to improving the cycle life 
of Si-based LIBs (Fig. 2). Despite used in small doses, binders 
play a decisive role in determining the electrochemical stability 
of the electrode and therefore the lifetime of the cells. 
Conventionally, the binder provides a crucial contribution in 

Fig. 1 (a) Challenges associated with the Si anode and (b) strategies to resolve Si volume change.

Fig. 2 Response of various binders (linear, branched, and crosslinked) to Si volume change.
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bridging the active materials together as well as in preserving 
the Li-ion conduction pathways, particularly at the electrode-
electrolyte interphase.40 In addition to this conventional role, 
polymeric binders in alloy-based LIBs also buffer the stress 
caused by volume expansion. To alleviate the effects of 
undesired events during cycling, binders should possess robust 
cohesion and adhesion properties. Specifically, sturdy 
interactions with both the active materials as well as the current 
collector are critical for the binders to hold the particles in place 
under stress. The electrolyte influences the wetting and 
swelling properties of binder, which affects the electrode 
stability and ion transport. In general, the binders are 
encouraged to show adequate wettability to promote the 
electrolyte diffusion and Li-ion transport, while swelling, on the 
other hand, should be minimal not to hamper the interactions 
between the binder and the electrode components. Strategies 
for designing an efficient binder also include (i) availability and 
economical processing, (ii) chemical stability at elevated 
temperatures and electrochemical stability to satisfy wide 
electrochemical window, (iii) mechanical durability to 
withstand extensive stresses, (iv) self-healing or shape-memory 
properties, and (v) preservation of ionic or electronic 
conduction.1,41

Poly(vinylidene fluoride) (PVDF) is the standard binder for 
LIBs with carbonaceous anodes due to its electrochemical 
stability, binding ability, and enhanced Li-ion transportation. 
However, PVDF is not suitable for alloy-based anodes because 
of the weak interactions with the active materials and the 
current collector, which leads to an unstable electrode during 
drastic volume changes.42 The presence of polar functional 
groups (e.g., -OH, -COOH, -(C=O)NH2) in the polymer is 
important when designing a “better binder” for Si anodes 
because they can strongly interact with the silanol groups on 
the Si surface as well as encourage the dissolution of the binder 
in the solvent for facile processing.43 To this end, several natural 
(e.g., gelatin,44 carboxymethyl cellulose (CMC),45 alginate,46 
pectin47 etc.) and synthetic polymers (e.g., poly(acrylic acid) 
(PAA),48 poly(vinyl alcohol) (PVA),49,50 polyacrylonitrile (PAN)51 
etc.)  have been extensively explored, and found to be effective 
for enhancing  the cyclability of Si,42 Si/C, and Si/Gr composite 
anodes.52,53 However, one-dimensional configuration of these 
binders is fundamentally limited in interaction with the Si 
surface and is insufficient to restrain the swelling in the 
electrolyte.54,55 Branched polysaccharides such as gum arabic ,56 
xanthan gum ,57 and graft copolymers including NaPAA-g-
CMC,58 PAL-NaPAA,59 and PVDF-g-PtBA60 etc. have been also 
investigated to provide more contact points with the active 
materials, which could be beneficial for effective stress-
dissipation. Nonetheless, the slipping of the polymer chains 
during volume expansion still occurs due to the lack of 
interchain connections, which challenges the long-term stability 
of the electrode.

3D polymer networks have been developed to surpass the 
linear and branched polymers.61-63 Network binders offer 
multiple interchain connections that strengthen the mechanical 
integrity to withstand the immense stress generated during 
cycling. The interconnected architecture in the network binders 

can be formed by covalent interactions64,65 as well as non-
covalent interactions (e.g., hydrogen bonding and electrostatic 
interactions).66,67 Covalent crosslinking offers the advantage of 
an in-situ strategy, where the crosslinks result from heat 
treatment or light exposure to the precursor polymers. The 
approach with network polymers possessing supramolecular 
interactions is salient because they not only limit the 
continuous movement of Si particles but also offer a self-healing 
effect.68

Recently, the self-healing properties of the binders have 
received considerable attention for battery applications. Self-
healing is a natural process involving the subsequent formation 
and repair of damage with(out) the utilization of an external 
stimulus.69 Extrinsic healing induced by specific stimuli is often 
difficult to achieve in sophisticated and closed systems, such as 
energy storage devices.70 Therefore, intrinsic self-healing 
through reversible or dynamic bonds is more appealing. Based 
on the nature of the dynamic bonds, the mechanism can be 
physical or chemical self-healing.71 The healing process not only 
replicates the pristine structure of the binder but also intensifies 
the overall efficacy of the cell by re-establishing the conduction 
pathways and mechanical resilience.

Excellent review articles have been published highlighting 
the role of polymeric binders in LIBs68,72 and their classification 
based on source, processing media, etc.73 Although some of 
these articles have briefly discussed the crosslinking 
chemistries, an in-depth investigation of all the strategies (both 
physical and chemical) and bonding chemistries is not available. 
In this review, we present a comprehensive survey of the 
crosslinked binders reported to date and provide insights to a 
variety of crosslinking chemistries, including dynamic 
interactions to realize the self-healing effect. The cited 
literature has been scrutinized to identify the impact of 3D 
networks on the electrochemical stability of Si anodes.

2. Covalently crosslinked binders 
Considering the fact that covalent bonds possess high 
dissociation energies and therefore are not easily broken, 
covalent crosslinking chemistry is well-suited in binder 
technology for the Si anode. Most of the covalently crosslinked 
binders are formed by an in-situ condensation reaction 
between the reactive functional groups of the precursors during 
the electrode drying process. This post-crosslinking approach 
overcomes the problem of low solubility of the crosslinked 
binders and simplifies electrode processing. The majority of the 
prominent binders such as PAA, polyacrylamide (PAAm), PVA, 
and linear and branched polysaccharides have been extensively 
explored for covalent crosslinking to consolidate the Si particles 
under stress. Similarly, several in-situ condensation reactions 
such as esterification and the Schiff-base reaction have been 
successfully employed. For a better understanding, we classify 
the covalently crosslinked binders based on the type of 
crosslinking reactions (Fig. 3 and Table 1).
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Table 1 Summary of covalently crosslinked binders reviewed herein. For the chemical structure of each binder, please see 
the discussion part or the relevant references.

Binder Anode
(mass loading in 

mg cm–2)

Crosslinking reaction Specific 
capacity

(mA h g–1)

Binder 
content
(wt%)

Capacity retention Ref

c-PAA-
CMC

Si = <100 nm
(not mentioned)

In-situ condensation of      
-COOH of PAA and -OH of 

CMC @ 150 ˚C

~2800 20 ~75% after 100 cycles 
at 0.3 A g–1

74

PAA-co-
PVA

Si = ~100 nm
(not mentioned)

In-situ condensation of      
-COOH of PAA and -OH of 

PVA @ 150 ˚C

2153 20 not mentioned 78

PAA-PVA 
Hydrogel

Si = 30-100 nm 
(<1.0)

In-situ condensation of     
 -COOH of PAA and -OH of 

PVA @ 150 ˚C

3616 20 63% after 100 cycles at   
0.4 A g-1

79

PAA-
Pullulan

Si = ~100 nm   
(not mentioned)

In-situ condensation of     
 -COOH of PAA and -OH of 

PVA @ 150 ˚C

2493 20 78% at 200th cycle at  
0.5 C

81

PVTES-
NaPAA

Si = 50-100 nm  
(~0.54)

Hydrolysis followed by 
condensation of ethyl silicate 

groups

2654 20 78.2% after 100 cycles 
at 0.84 A g–1

82

PAA-GL Si (SiO2 coated) 
50-100 nm 

(~0.5)

In-situ condensation of      
-COOH of PAA and -OH of GL 

@ 150 ˚C

~2400 10 82% after 200 cycles at 
1.0 C

83

TBA-co-
TEVS

Si (C coated) 
~150 nm  (~1.0)

In-situ condensation of      
-COOH groups @ 220 ˚C

~2500 15 >2000 mA h g–1  after 
100 cycles at 0.5 A g–1

84

PAA-PCD Si/Gr = 3/5  (Si 
<100 nm,  Gr 3 

µm)   (0.6)

Reaction of PAA and PCD to 
form N-acyl urea linkage @ 

150 ˚C

~1000  at 
0.1 A g–1

10 75% after 30 cycles at   
0.1 A g–1

85

CS-GA Si  = ~100 nm   
(not mentioned)

Condensation between  -NH2 

of chitosan and    -CHO of 
glutaraldehyde

2782  at 
0.5 A g–1

20 71% after 100 cycles 86

CS-CG-GA Si =  <100 nm   
(0.4)

Condensation between -NH2 
of chitosan and -CHO of 

glutaraldehyde

2345 20 91.5% after 100 cycles 87

 c-PVA Si =  ~120 nm   
(not mentioned)

TMM as crosslinker            
(ex-situ)

3335 20 85% after 500 cycles at   
0.8 A g–1

88

PVA-PEI Si =  ~50 nm    
(1.8–2.7)

Condensation between -OH 
of PVA and -NH- of PEI

3073    at 
1.0 A g–1

20 72.2% at 100th cycle 43

DG Si =  ~100 nm   
(0.9)

Glutaraldehyde as crosslinker         
(ex-situ)

3276    at 
0.4 A g–1

20 63% after 50 cycles 90

CMC/PEG Si  = ~50 nm    
(0.4)

PEGDE as crosslinker          
(in-situ)

~2300 10 ~78% from 3rd to 350 
cycles at 1.7 A g–1

91

p(AA-co-
nBA)

Si =  ~50 nm   
(0.55–0.68)

PEGDE as crosslinker (in-situ) 3050 15 40% after 100 cycles at   
0.5 A g–1

92

CE Si = ~100 nm   
(0.6)

Epoxidized natural rubber as 
crosslinker

not 
mentioned

15 62% from 11th to 300th 
cycle at 8 A g–1

93

PEU Si = ~50 nm   
(0.55)

Gallic acid as crosslinker    
(in-situ)

3400    at 
0.2 C

20 71% after 100 cycles 94

CLPAH Si/Gr = 3/5  (Si 
<100 nm,  Gr 3 
µm)  (0.6–1.0)

Di-allyl ether in the 
copolymer act as crosslinker

~1500   at 
0.05   A g–1

10 ~800 mA h g–1 at 0.1 A 
g–1

95

PAA-BP Si  = <100 nm   
(not mentioned)

Photo-crosslinking of PAA 
chains

~1600   at 
0.1 A g–1

20 1400 mA h g–1 after 100 
cycles at   0.2 A g–1

96
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2.1. Esterification 

The condensation of the carboxyl and hydroxyl groups to form 
an ester linkage is a versatile reaction to achieve network 
binders. Most of the well-known binders such as PAA, CMC, 
alginate (Alg), and PVA intrinsically contain these functional 
groups, and therefore can be easily crosslinked by choosing an 
appropriate combination of such binders or employing a 
crosslinker with complementary functional groups.

The scope of crosslinking PAA and CMC by esterification was 
first investigated by Koo et al. (Fig. 3a).74 Both PAA and CMC are 
well-established candidates for the Si anode binder owing to the 
abundance of carboxylic groups that are able to interact 
strongly with the Si surface via hydrogen bonding. Bare PAA for 
binder applications was pioneered by the Yushin group.48 In 
their work, they compared the performances of Si anodes with 
both PAA and CMC binders. Although PAA and CMC have similar 
mechanical properties (high elastic modulus) and swelling 
behavior in carbonate solvents (no or little swelling), the former 
is superior in retaining the capacity for prolonged cycles 
compared to the latter. Initially, it was presumed that this 
superior performance evolved from the relatively higher 
concentration of –COOH functional groups in PAA. A recent 
study by Parikh et al.75 on the role of these binders on SEI 
formation revealed that PAA can promote the complete 
consumption of F– to configure a stable bilayer (inorganic inner 
layer and organic outer layer) at the interphase so that it is 
unavailable for decomposition in the subsequent cycles. This 
stabilization was enabled by the strong intermolecular 
hydrogen bonding of the –COOH functional group with F–.

From a structural perspective, the CMC backbone is more 
rigid or practically brittle due to the β-pyranose linkages, while 
the hydrocarbon backbone in PAA is more flexible. Although 
CMC may not withstand the large stresses caused by volume 
expansion, in contrast to PAA, Dahn and co-workers reported 
that CMC can act as a surface modifier to improve the surface 
properties of Si particles.76 This is the mainstay in integrating 
these polymers to generate a synergistic effect.77 The 
crosslinked network was formed by the thermal condensation 
of –COOH of PAA and –OH of CMC. By controlling the PAA to 
CMC ratio, a sufficient amount of free carboxylic acid groups 
could be retained on the PAA backbone to form hydrogen bonds 

with the Si surface. The co-operative effect of PAA with CMC 
and the robustness of the crosslinked network enabled the PAA-
CMC-Si anode (60 wt% Si, 20 wt% conductive agent, and 20 wt% 
binder) to deliver much higher capacities (>2000 mA h g–1) and 
a good retention capacity (~75%) over 100 cycles at a current 
density of 300 mA g–1.74

Jeena et al. synthesized a crosslinked multifunctional binder 
by covalently linking the –COOH of PAA with the –OH of PVA 
within PAA-co-PVA copolymers (Fig. 3a).78 The Si electrodes 
were prepared with 60 wt% active material, 20 wt% conductive 
agent, and evaluated a series of binders (P1P4; 20 wt%) 
containing different ratios of monomers (PAA:PVA = 33:67 for 
P1, 60:40 for P2, 71:29 for P3, and 75:25 for P4). In this 
copolymer series, PAA was responsible for adhesion, while PVA 
provided flexibility. The crosslinking synergistically improved 
the mechanical properties of the binders. The electrochemical 
characterization of these binders revealed that the P2-Si anode 
exhibited the highest performance among P1P4. P2-Si could 
also deliver sustainable cycling at different current densities 
ranging from 0.110 C with a specific capacity above 1000 mA 
h g–1. This is due to the optimum balance between PAA and PVA 
in P2 that facilitated the binder in achieving the desired 
flexibility and adhesion. The role of the chain networks in 
limiting the deformation of the Si anode was clearly unveiled 
when a PAA/PVA mixture and the linear polymers were 
investigated as controls. The values of specific capacity and 
initial columbic efficiency (ICE) of the Si anodes with these 
binders (2133 mA h g–1; 77% for PAA/PVA, 2000 mA h g–1; 79% 
for PAA, 2133 mA h g–1; 81% for PVA and 927 mA h g–1; 46% for 
PVDF) were comparatively lower than the P2-Si anode (2153 mA 
h g–1; 89%). 

Song et al. developed an interpenetrating gel polymer 
binder to evaluate the potential of PAA-PVA crosslinked 
polymers for Si anodes (Fig. 3a).79 The binder design was 
inspired by the flexible 3D network of superabsorbent resins 
that can normally revert to the original state after losing the 
absorbed solvent.80 Unlike the previous approach, which 
incorporated copolymers consisting of acrylic acid and vinyl 
alcohol, they utilized aqueous solutions of PAA and PVA (9:1) as 
precursors. The crosslinking was achieved by the simple in-situ 
condensation of the acid and alcohol functional groups of the 
precursors. The Si electrode with 60 wt% active material, 20 

Table 1 continued.

Binder Anode
(mass loading in 

mg cm–2)

Crosslinking reaction Specific 
capacity

(mA h g–1)

Binder 
content
(wt%)

Capacity retention Ref

cPA Si = ~2  µm
(not mentioned)

In-situ polymerization of      
acrylic acid  @ 72 ˚C

2542 at 0.2 
A g–1

10 80% after 100 cycles 97

PAM 
Hydrogel

Si = ~50  nm
(~0.6)

In-situ polymerization of      
acrylamide and MBAA 

crosslinker @ 35 ˚C

~2543 at 
0.7 A g–1

20 ~1526 mA h g–1 after 
500 cycles

98

PFA/PVA-
3D-IBN

Si = 100  nm
(2.2)

In-situ polymerization of     
FA with PVA  @ 140 ˚C

2916.5 at 
0.1 A g–1

20 2200 mA h g–1 at 1 A g–1 

at 60th cycle 
99
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wt% conductive agent and 20 wt% PAA-PVA binder exhibited 
good cycling performance, even at high mass loadings (~4.3 mA 
h cm–2

 for 2.4 mg cm–2) and high current densities (1830 mA h 
g–1 corresponding to 68.6% of initial capacity after 300 cycles at 
4 A g–1). The high ICE (83.9%) of PAA-PVA-Si indicated high 
stability of the formed SEI, potentially due to the mechanical 
strength of the interpenetrating gel network. 

Hwang et al. developed an elastic binder by chemically 
crosslinking the carboxylate group in PAA and hydroxyl group in 
pullulan (PAA:Pullulan = 1:1 wt%) (Fig. 3a).81 Unlike other 
polysaccharides such as CMC or alginate that contains β-1,4 
linkages, pullulan contains α-1,6 and α-1,4 linkages, providing 
higher chain flexibility. This flexibility arises from the ability of 
the α-linkages to switch between chair and boat conformations. 
On account of this conformational change and consequent 
flexibility, PAA/Pullulan could reversibly deform to a larger 
extent than PAA/CMC, indicated by the difference in the 
thickness increment of the corresponding Si electrodes after 
lithiation. Moreover, the mechanical integrity of the crosslinked 
network of PAA/Pullulan was sufficient to keep the particles 
together. The Si electrodes fabricated with 20 wt% of both the 
binders (mass loading ~0.8 mg cm–2) exhibited good cyclability 
up to 100 cycles. However, post cycling results demonstrated 
that a stiffer PAA/CMC network could not withstand volume 
changes for a prolonged period, whereas the Si anode 
containing the more flexible PAA/Pullulan binder retained a 
considerable capacity (78%) even after 200 cycles. 

Zeng et al. reported a poly(vinyltriethoxysilane) (PVTES)-
NaPAA binder for the Si nanoparticle (SiNP) anode.82 The 
crosslinked network was formed by the hydrolysis and 
subsequent condensation of the ethyl silicate groups of the 
PVTES-NaPAA copolymer (Fig. 3b). The electrochemical 
performance of the crosslinked binder was evaluated by 
fabricating a Si anode with 60 wt% active material (mass loading 
0.5–1.3 mg cm–2), 20 wt% conductive agent, and 20 wt% binder. 
Galvanostatic cycling tests indicated that the crosslinked binder 
was superior to the un-crosslinked NaPAA and other commonly 
studied binders with a capacity retention of 78.2% over 100 
cycles (37.5% for NaPAA and 57.9% for CMC). Moreover, the 
adhesion strength of the crosslinked binder was much higher 
than those of the control binders as demonstrated by the 180˚ 
peel test. These results suggest that the 3D network and 
multiple contacts with the Si surface are effective in binding the 
active materials and conductive additives under stress.

In a recent study, Sun et al. proposed a facile strategy to 
improve the cycle life of the Si anodes by employing glycerol 
(GL) modified PAA binder along with a SiO2 coating on the 
surface of SiNP (Fig. 3a).83 The crosslinked PAA-glycerol (GL) was 
prepared by the simple condensation of –COOH on PAA and –
OH from glycerol during electrode drying. Compared to 
conventional PAA or CMC binders, the modified PAA-GL 
exhibited a higher modulus and hardness indicating stronger 
mechanical properties. The crosslinked binder also manifested 
superior adhesion with an average peeling force of 6.44 N which 
is nearly four times higher than the force of linear PAA (1.69 N) 
and CMC (1.30 N). For electrochemical measurements, the 
electrodes were fabricated with partially oxidized SiNPs (80 

wt%, mass loading 0.5 mg cm–2), conductive additive (10 wt%), 
and binder (10 wt%). The capacity of the SiO2-coated Si anode 
with the PAA-GL binder after 500 cycles was almost 83% of the 
initial capacity while the same electrode with PAA or CMC 
exhibited a much lower capacity and capacity retention.
2.2. Anhydride formation

After the successful development of the covalently crosslinked 
copolymer binder, Jeena et al. used a similar strategy 
(combining –COOH to afford anhydride crosslinks) to synthesize 
a series of copolymers of t-butyl acrylate and 
triethoxyvinylsilane (TBA-co-TEVS-n) (n = 0, 9, 21, 50 wt%) for 
SiNP anodes.84 The crosslinked binder was prepared by the 
condensation reaction between two adjacent carboxylic acid 
groups, which were formed in-situ as a consequence of t-butyl 
group deprotection upon heating at 220 C (Fig. 3c). Irrespective 
of the weight percentage, all TEVS containing binders exhibited 
a high cycling capacity (> 2300 mA h g–1), which was attributed 
to the stable SEI formation evidenced by XPS results. The low 
intensity of the LiF peak indicated a reduced decomposition of 
the electrolyte. However, the Si anode with TBA-TEVS-21 
showed the best result with a high specific capacity and 
retention. The superior binder performance of TBA-TEVS-21 
after crosslinking was further supported by the 
nanoindentation tests where the modulus (from 2.3 to 7.6 GPa) 
and hardness (from 0.09 to 0.27 GPa) were significantly 
enhanced after crosslinking. 

2.3. N-acylurea linkage

Han et al. examined crosslinked PAA for Si/Gr composite anodes 
(3/5 by weight)  (Fig. 3d).85 In this work, poly(carbodiimide) 
(PCD) was introduced to crosslink the PAA chains by forming N-
acylurea linkages between carboxylic acid and the carbodiimide 
groups. To evaluate the optimum degree of crosslinking, the 
morphology of the electrodes with different amount of PCD 
(01.5 wt%) were evaluated by SEM. The electrodes with an 
appropriate amount of PCD (1.0 wt%) significantly improved the 
slurry condition while a small excess of the crosslinker (1.5 wt%) 
resulted in a non-uniform distribution due to gelation. The 
composite anode with optimally crosslinked PAA (with 1.0 wt% 
PCD) exhibited a high initial capacity (1000 mA h g–1) and 
improved capacity retention (75% at 30 cycles) compared with 
those of the anode containing PAA alone, which further 
improved in the presence of electrolyte additives.
2.4. Schiff-base reaction

Apart from the usual crosslinking chemistries involving the 
carboxylic acid group, Chen et al. prepared a crosslinked binder 
using the Schiff-base reaction to combine chitosan (CS) with 
various amounts of the glutaraldehyde (GA = 1–5 wt%) 
crosslinker (Fig. 3e).86 Si electrodes were prepared with 60 wt% 
active Si, 20 wt% conductive agent, and 20 wt% CS–GA. 
Electrode drying at 80 C induced imine linkages between the 
CS molecules by condensing the amine groups of CS and 
dialdehyde groups of GA. This study opened new avenues for 
the development of novel binders using the Schiff-base 
reaction. The CS–GA network retarded the growth of thick SEI 
by spreading over the Si particles and subsequently blocking the 
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electrolyte from decomposing at the electrode surface. This 
favorable effect was observed until chitosan molecules were 
moderately crosslinked (up to 3%). Further increases in the 
crosslinking density rapidly declined the capacity of the anode 
because an excessive amount of the crosslinker made the 
binder brittle and reduced the fraction of free amine groups to 
bond with the Si surface. 

To advance beyond the previously reported capacity limits, 
Cao et al. functionalized the CS–GA binder with a catechol group 
possessing wetness-resistant adhesion.87 The SiNP anode with 
a catechol-grafted chitosan network (CS–CG+GA) demonstrated 
enhanced capacity (2144 mA h g–1) and capacity retention 
(91.5%) for over 100 cycles. The CG grafting density and the 
degree of crosslinking of GA were optimized at 10% and 6%, 
respectively. The improved capacity retention of the 
functionalized CS–GA network was due to the combined effects 
of the strong adhesion of catechol and the robustness of the 
crosslinked network. The study also demonstrated that both 

catechol grafting and crosslinking resulted in reduced flexibility 
of the polymer backbone for the resultant binder system, and 
identified that the end-to-end distance of the two adjacent 
crosslinking points should be no less than the persistence length 
of the backbone for efficient binding performance.

2.5. Etherification 

PVA has been a well-explored binder for Si anodes owing to the 
capacity of the hydroxyl groups to form strong interactions with 
the active material as well as the current collector. Attempts to 
crosslink PVA with PAA and poly(ethylene imine) (PEI) have 
been reported.43,79 To further enhance the electrode 
performance, Shan et al. crosslinked PVA chains with a 
trimethylol melamine (TMM) crosslinker (0.08 mol%) and 
developed a PVA hydrogel binder (Fig. 3f).88 The TMM 
crosslinker was prepared by the addition of melamine to 
formaldehyde followed by pH control with an appropriate 
amount of NaOH and vigorous agitation at 85 C. The 
crosslinking was established by the condensation of the 

Fig. 3 Chemically crosslinked binders and the corresponding crosslinking chemistry.
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hydroxymethyl groups of TMM with the hydroxyl moieties of 
the PVA chains. The TMM crosslinker contains three 
hydroxymethyl groups which can simultaneously link with three 
hydroxyl groups of PVA, consequently generating a triple 
crosslink junction. The corresponding Si anode (Si:Super 
P:binder = 7:1:2) exhibited high mechanical integrity and 
excellent electrochemical stability (85% capacity retention over 
500 cycles). Compared to the previously reported PVA-based 
electrodes, the Si anode with this unique binder demonstrated 
a high rate capability (3000 mA h g–1 at 20 C). This refinement 
in overall performance can be attributed to the robustness of 
the triple crosslinked network that easily accommodates large 
stresses and the decreased impedance potentially due to 
enhanced ion conduction by the nitrogen groups of the 
crosslinker

2.6. C–N bond formation

Liu et al. reported a crosslinked binder formed by the 
condensation between the hydroxyl groups of PVA and the 
amine groups of PEI (Fig. 3g).43 The PVA-PEI crosslinked network 
binder (8:2 by weight) was mixed with SiNP and a conductive 
agent in a weight ratio of 6:2:2 to evaluate the electrochemical 
performance. The corresponding Si anode (mass loading 1.8–
2.7 mg cm–2) exhibited a high initial capacity (3072.9 mA h g–1) 
corresponding to an ICE of 83.8%. The high initial capacity and 
coulombic efficiency can be attributed to the initial stabilization 
of the SEI as demonstrated by the AFM results. Although it 
showed relatively good capacity retention (72.2%) at the 100th 
cycle, the long-term cycling stability gradually decreased to 
41.3% after 300 cycles, indicating that the PVA-PEI binder 
required further improvement to address the long-term 
stability issue.
2.7. Acetal reaction

GA is also well-known for protein immobilization by crosslinking 
with proteins through a variety of reactions.89 Chen et al. 
exploited the hydroxyl groups of dextrin (a decomposition 
product of starch with better water solubility) and the aldehyde 
groups of GA under acidic conditions to develop a crosslinked 
binder (DG) (Fig. 3h).90 The electrode was fabricated with 60 
wt% SiNP (mass loading 0.9 mg cm–2), 20 wt% conductive agent, 
and 20 wt% binder. Owing to the presence of a large number of 
hydroxyl groups on the dextrin backbone, this natural polymer 
can form abundant interactions with the Si surface. The 
mechanical robustness of the binder-Si scaffold was further 
increased by interchain crosslinking evidenced by the peel test 
results of dextrin-containing Si anodes. The Si anode with the 
crosslinked binder exhibited a high initial capacity (3276 mA h 
g–1 at 0.1 C) and columbic efficiency (89%). However, the 
performance gradually declined for the Si anodes even in the 
presence of electrolyte additives (FEC).
2.8. Epoxide-ether linkage

Lee et al. crosslinked CMC using polyethylene glycol diglycidyl 
ether (PEGDE) to yield a three-dimensionally inter-connected 
CMC network (Fig. 3i).91 During the electrode drying process, 
the carboxylate group of CMC reacted with the epoxide group 
of PEGDE to form ether linkages. The Si electrodes were 

prepared by combining 85 wt% Si (mass loading 0.4 mg cm–2), 5 
wt% conducting agent, 6.4 wt% CMC, 1.6 wt% PEGDE, and 2 
wt% SBR. Despite the low content of PEGDE (25 % compared to 
CMC), the mechanical properties of the crosslinked network 
exhibited a remarkable improvement with good elastic 
recovery, reduced swelling ratio, and enhanced peel strength. 
In addition, the electrochemical tests revealed an enhancement 
of the capacity for the crosslinked CMC anode, as compared to 
the non-crosslinked CMC. The CMC-PEG-Si anode provided 
stable cycling with a high capacity of 2000 mA h g–1 (~78% 
retention) up to 350 cycles. These results clearly point out the 
role of PEG in reducing the stiffness of the CMC backbone by the 
plasticizing effect and in decreasing the charge-transfer 
resistance at the interface, as demonstrated by the 
nanoindentation and EIS results, respectively.
2.9. Epoxide-carboxylic acid addition

Recently, Ahn and coworkers reported a series of random 
copolymer binders consisting of acrylic acid and n-butyl 
acrylate, p(AA-co-nBA), crosslinked by PEGDE (Fig. 3j).92 A 
systematic investigation by varying the composition of n-BA 
(10–70 mol%) and PEGDE crosslinker suggested that p(AA70-co-
nBA30) with 14 wt% crosslinker can effectively alleviate the 
stresses of volume expansion and maintain the integrity of the 
electrode. As demonstrated by the linear viscoelastic 
measurements, the elastic moduli of the crosslinked binders 
gradually decreased with increasing crosslinking densities due 
to an increase in the internal plasticizing effect by the PEGDE 
crosslinker. The galvanostatic cycling test of the Si anodes (70 
wt% SiNPs, mass loading 0.550.68 mg cm–2) with 15 wt% 
binder indicated that moderately crosslinked random 
copolymer binders p(AA70-co-nBA30)-x (x = 514 wt%) exhibited 
superior cyclability compared to the non-crosslinked binder 
with the same composition. At 0.5 C, p(AA70-co-nBA30)-14 
outperformed all the other binders, with a capacity retention of 
40% after 100 cycles. It is noteworthy that the use of PEGDE 
crosslinker effectively improved the Li-ion conduction which is 
evident from the decreased internal resistance in the EIS 
results.
2.10. Epoxide-amine addition 

Lee et al. crosslinked chitosan using natural rubber to introduce 
reversible flexibility to the chitosan scaffold.93 The crosslinking 
chemistry is based on a chemical reaction between the amine 
of chitosan and the oxirane of epoxidized natural rubber (ENR) 
(Fig. 3k). Different ratios of chitosan and ENR (CE73 = 7:3, CE55 
= 5:5, and CE37 = 3:7) were mixed to obtain a desired 
mechanical toughness. As demonstrated by the peel test, CE73 
showed the highest adhesive force while CE37 exhibited the 
lowest modulus in the stress–strain curve. However, the 
galvanostatic cycling test revealed that CE55 exhibited the 
highest capacity retention even at high current densities. The Si 
anode fabricated with 70 wt% SiNP (mass loading 0.6 mg cm–2), 
15 wt% conductive agent, and 15 wt% binder (CE55) exhibited 
a high capacity of 1350 mA h g–1 over 1600 cycles at 8 A g–1. 
When the current density was reduced to 1 A g–1, the capacity 
significantly increased and was maintained above 2000 mA h g–1 

over 500 cycles. This result suggests that high adhesion strength 
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and low modulus of the polymer are not inevitably translated to 
an effective binder performance, rather a delicate balance 
between the two must be considered.
2.11. Carbamation

Kuo et al. prepared an in-situ crosslinked poly(ether urethane) 
(PEU) binder for Si anodes.94 The crosslinking occurred by the 
reaction of the gallic acid (GA) crosslinker with the PEU 
precursors (Fig. 3l). GA contains three hydroxyl groups, which 
can simultaneously react with the diisocyanate groups of PEU 
during electrode drying, establishing a connection between 
three PEU chains. The Si anode was fabricated by mixing 60 wt% 
Si (mass loading 0.55 mg cm–2), 20 wt% conductive agent, and 
20 wt% binder precursors together with the crosslinker. 
Compared to the anode with non-crosslinked PEU, the Si anode 
with crosslinked PEU exhibited better cycling stability. Although 
the initial charge capacity and columbic efficiency of the 
electrodes with both crosslinked and non-crosslinked binders 
were similar, the electrode with the non-crosslinked binder 
declined gradually, while the electrode with the crosslinked 
binder showed a higher retention capacity (71%) over 100 
cycles.
2.12. Copolymerization 

Following the reports of Han et al. (section 2.3), Aoki et al. 
studied crosslinked PAA for a similar system with a different 
crosslinker.95 Instead of carbodiimide, they employed diallyl 
ether crosslinker for ex-situ crosslinking (Fig. 3m). To form 
crosslinked poly(acrylic acid) (CLPAH) binder, acrylic acid was 
polymerized with different amounts of diallyl ether (0–0.7 
mol%). The galvanostatic cycling test of the Si/Gr anodes with 
10 wt% binder showed that moderately crosslinked 10CLPAH 
(0.07 mol% crosslinker) can effectively retain the initial capacity 
due to balanced viscosity and good mechanical durability of the 
crosslinked network. While the densely crosslinked 100CLPAH 
responded poorly to volume changes due to the lack of free 
carboxylic moieties and inadequate fluidity to adhere and cover 
the active material surface. When the crosslinked binders were 
neutralized before testing, the capacity and capacity retention 
of the corresponding anodes were significantly improved. This 
increase might have been evolved from the surface 
modification that gave rise to a stable SEI and stretched 
conformation of the binder due to strong ion-dipole 
interactions.
2.13. Photo-crosslinking 

Park et al. developed a benzophenone (BP)-functionalized PAA 
binder by a photo-crosslinking method (Fig. 3n).96 While most 
research groups have focused on thermal crosslinking, this is 
the first report on employing UV light to generate a network 
binder for the Si anode. The photoreactive BP moiety of PAA-BP 
was irradiated with UV light (365 nm) to generate biradical 
species that can extract a proton from an adjacent PAA 
backbone and form a connection between them. To afford 
crosslinked electrodes, the carbon-coated SiNP electrode with 
80 wt% active materials, 10 wt% conductive agents, and 20 wt% 
PAA-BP was exposed to UV light. The resultant electrode 
exhibited a substantially enhanced capacity retention over 100 
cycles and good rate capability (1420 mA h g–1 at 20 A g–1), as 

compared to the anode with the un-crosslinked PAA-BP. In 
addition, the photo-crosslinked PAA-BP could limit the volume 
expansion to 38% even after full lithiation, while the bare PAA-
BP electrode expanded by 63%. These results demonstrate that 
the photo-crosslinked network is effective in reducing the 
deformation as well as maintaining the electrical contacts. 
However, this method may be limited in thick electrodes due to 
the insufficient penetration depth of UV light. 
2.14. In-situ polymerization

While the pre-synthesized polymers are designed to reinforce 
the adhesive forces with active materials through some 
functional groups, one of the challenges includes agglomeration 
in the solvent, resulting in high viscosity of slurry.97 
Consequently, homogeneous mixing of the electrode slurry may 
be difficult to achieve, which would worsen the interactions 
between binders and active materials. In-situ polymerization 
can be a potential approach to resolve the solubility and 
homogeneity issues.

Wang group proposed a facile approach employing 
‘chemical mixing’ technique.97 The technique involved the one-
pot mixing of starting materials in the slurry including ball milled 
Si: carbon black (CB), binder precursors (i.e., a solution of acrylic 
acid monomer and ammonium peroxide initiator) and 
thickening agent (i.e., alginate) followed by in-situ 
polymerization to afford a homogeneous dispersion of active 
materials embedded in a binder network. The micron-sized Si 
electrode with only 10wt% of the binder exhibited fine 
microstructure and high retention capacity (80%) after several 
cycles compared to similar electrode with pre-formed polymer 
binder. The improved performance of the chemically-mixed 
electrode was attributed to the uniform networks of the PAA 
chains resulting in elevated interactions with the Si particles.

Park et al. further demonstrated this approach to construct 
electrodes containing PAAm hydrogel binder with mesh-like 
structure.98 The Si electrode containing hydrogel binder was 
fabricated by mixing aqueous solutions of acrylamide 
monomer, initiator (ammonium persulfate), catalyst 
(tetramethyl ethylenediamine) and crosslinker (methylene 
bisacrylamide, MBAA) with SiNPs and functionalized CB (f-CB), 
followed by in-situ polymerization. Exploiting the in-situ 
approach mitigated the fabrication problems of gel-polymer 
electrode and was effective for the uniform distribution of 
SiNPs and f-CB in the gel binder without the loss of binder 
functionality. The resultant electrode displayed good cycling 
performance (1526 mA h g-1) even after 500 cycles under 
optimum crosslinking density. 

Liu et al. used a similar in-situ approach to construct a 3D 
interpenetrating binder network (IBN), by first swelling PVA 
with a furfuryl alcohol (FA) monomer, and subsequently 
polymerizing FA in the presence of the electrode components.99 
The IBN network constructed by interweaving hard poly(furfuryl 
alcohol) (PFA) and soft PVA polymers significantly improved the 
mechanical strength of the binder. The corresponding anode 
delivered significantly higher areal capacity (>10 mAh cm-2) and 
demonstrated high energy density (>300 Wh kg-1) in a full cell.
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3. Physically crosslinked binders 
Non-covalent crosslinking through strong supramolecular 
interactions of the polymer chains is one of the ideal strategies 
to realize the concept of simultaneous adhesion and self-
healing of binders. Supramolecular interactions are rather weak 
in comparison to covalent bonds; however, their long-range 
force and inherent reversibility facilitate stronger adhesion and 
bond recovery by dissipating stress. These abilities rely on the 
strength of the supramolecular interactions. While the van der 
Waals interaction of PVDF is insufficient to restore the 
dissociated bonds under mechanical stress,76,100-102 strong 
physical interactions (e.g. hydrogen bonding, ion-dipole 
interaction, and coordination bonding) can recover dissociated 
bonds more effectively.63,103 The binders including physical 
crosslinking interactions are listed in Table 2.
3.1 Ionic crosslinking

Non-metal cation bridges

Cui et al. developed a nanostructured conductive hydrogel 
binder by in-situ oxidative polymerization of polyaniline (PANi) 
and phytic acid.104 The phytic acid contains six phosphoric acid 
groups, which can act as both gelator and crosslinker to connect 
with the aniline chains by protonating the amine groups of PANi 
(Fig. 4). The Si anode fabricated with 70 wt% SiNPs and 30 wt% 
binder (Si mass loading 0.20.3 mg cm–2) retained a stable 
capacity (1600 mA h g–1) over 1000 cycles. The improved cycle 
life of SiNP-PANi can be ascribed to the following reasons: (i) 

Table 2 Summary of physically crosslinked binders reviewed herein. For structures, please see the discussion part or the 
relevant references.

Binder Anode    
(mass loading 

in mg cm–2)

Crosslinking 
interaction

Specific 
capacity 

(mA h g–1)

Binder 
content 
(wt%)

Capacity retention Ref

PANi Si = ~60 nm
(0.20.3)

Ionic crosslinking by 
non-metallic cation

~600 25 91% at 5000th 
cycle at 6 A g–1

104

Na-Alg/Ca2+ Si/C = 8/2,
Si = ~100 nm

(not mentioned)

Electrostatic 
crosslinking using 
divalent cations

2214 29 82.3% after 120 
cycles  at 0.4 A g–1

106

Si = ~200 nm
(1.01.1)

3292 15 86% at 200th cycle 
at  0.4 A g–1

108

Na-Alg/Ni2+ Si = ~100 nm
  (0.45)

~ 3500 15 99.2% at 200th 
cycle at 0.84 A g–1

109

PAA-PBI Si/Gr=3/7   
(0.8)

Reversible acid-base 
interaction

1376.7 10 55% after 100 
cycles  at 0.13 A 
g–1

110

PAA-PEGBI       Si
(0.7–0.91)

~2000 10 61% at 50th cycle 
at    1 A g–1

111

PAA/PANI
/IPN

Si = 200 nm
   (1.0)

Ionic interaction of 
cationic and anionic 
functionalities and 
covalent crosslinking 
using NMBA

~4100 40 2205 mA h g-1 
after 300 cycles at  
0.4 A g–1

112

β-CD/6AD Si = ~50 nm
  (~0.8) Host-guest 

interaction

~1600 20 90% after 150 
cycles  at 1.5 A g–1

113

Fig. 4 Schematic illustration of the phosphoric cation 
bridged polymeric network of PANi. Reprinted with 
permission.104 Copyright 2013, Nature Publishing Group.
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hydrogen bonding between the phosphoric acids in the phytic 
acid with the hydroxyl groups of the Si surface, (ii) electrostatic 
interaction of the negatively-charged Si surface with the 
positively-charged PANi-doped phytic acid, (iii) the nanoporous 
structure of the hydrogel binder that helps the Si anode to 
accommodate severe volume changes and facilitates a 
continuous 3D conduction pathway for electrons.
Metal-cation bridge 

Alginate, a natural polysaccharide has been subjected to 
extensive research in the field of regenerative skins and tissue 
scaffolds.105 The α-L-guluronic acid (G) units of alginate can 
undergo ionic crosslinking with divalent cations such as Ca2+ to 
form an egg-box structure as shown in Fig. 5a. Liu et al. prepared 
an alginate hydrogel binder by crosslinking Na-alginate (Na-Alg) 
with Ca2+ ions for Si/C composite anodes (80:20 by weight).106 
The hydrogel binder was prepared by adding Na-Alg solution to 
a CaCl2 solution. The Si/C composite anode constructed with 53 

Fig. 5 Schematic illustration of structure and mechanical properties of metal cation bridged alginate (Alg) networks. (a) 
Illustration of Alg and crosslinked Ca-Alg hydrogel binder. (b) Stress-strain curves of Ca-Alg and control binders. Reproduced 
with permission.107 Copyright 2014, Royal Society of Chemistry. (c) Effect of crosslinking density on the adhesion strength of 
Si anodes with Ca-Alg binder. Reproduced with permission.108 Copyright 2014, Royal Society of Chemistry. (d) Ionic-radii of 
various metal cations. Ni2+ has a lower ionic radius than Ca2+.
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wt% active material, 18 wt% conductive carbon, and 29 wt% 
hydrogel binder showed superior cycling performance in 
comparison to the Si/Alg anode, with a capacity retention of 
82% over 120 cycles. This was exclusively due to the enhanced 
mechanical strength after crosslinking.

The origin of the mechanical property enhancement of the 
Ca2+ mediated alginate binders (Ca-Alg) was carefully examined 
by Yoon et al.107 They initially evaluated the electrolyte uptake 
of the alginate films along with CMC and PVDF. The Ca-Alg film 
exhibited a much lower adsorption value (~4.2%) than the 
controls (Na-Alg ~8.7%, CMC ~8.8%, and PVDF ~165%). The 
mechanical properties of the binders were also evaluated in the 
presence of electrolytes. The tensile test results of the Na-Alg 
and Ca-Alg films with adsorbed electrolytes showed that the Ca-
Alg film exhibited twice the toughness (13.5 MJ m-3) and four 
times the elastic modulus (510 MPa) compared to those of the 
Na-Alg film. The control experiment using 
ethylenediaminetetraacetic acid (EDTA) treatment revealed 
that the main cause of the superior mechanical strength of the 
Ca-Alg binder is the high un-zipping energy of the egg-box 
crosslinked structure, which is lost as a result of calcium 
captured by EDTA. Due to the robust crosslinked structure, the 
Ca-Alg film also exhibited enhanced strain recovery (~65% at a 
5% loading strain) even after 20 cycles, while the control binders 
failed to pass 3 cycles (Fig. 5b). As a result, the Si anode with 10 
wt% Ca-Alg binder (mass loading 0.40.5 mg cm–2) achieved 
good capacity and rate capability (1029 mA h g–1 at 2 A g–1) and 
maintained 83% capacity over 300 cycles. However, the 
preparation of a homogeneous slurry was challenging due to 
the rapid gelation of Alg and the metal ions.

The mechanical strength of the Ca-Alg hydrogel binder was 
modulated by varying the molar fraction of Ca2+ in the binder as 
reported by Zhang et al.108 The Si anodes were fabricated using 
70 wt% Si sub-microparticles (SiSMPs) (mass loading 1.0–1.1 mg 
cm–2), 15 wt% conductive agent, and 15 wt% Ca-Alg binders 
(Ca2+ molar fraction = 0.05–0.15). The peel test results indicated 
that the adhesion strength of the Ca-Alg binder showed a linear 
dependence with the amount of CaCl2 addition. As 
demonstrated in Fig. 5c, a stronger adhesion was achieved at 
higher Ca2+ contents due to an increase in the crosslinking 
density of the alginate chains. All the Si-Ca-Alg electrodes 
exhibited improved cyclability, and the trend in capacity 
retention was analogous to the peel strength (i.e., Alg-Ca-0.15 
> Alg-Ca-0.1 > Alg-Ca-0.05 > Alg). However, Alg-Ca-0.15 
displayed a lower ICE 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%). 

Electrostatic crosslinking of alginate binders using transition 
metal cations was explored by Gu et al.109 It is well known that 
alginate chains can be easily crosslinked by divalent cations, 
such as Ca2+, Fe2+, Cu2+, and Ni2+. However, the role of these 
cations on the mechanical strength of the crosslinked network 
and formation of SEI are quite different. The cycling stability of 
the Si anode was remarkably high when Cu2+ or Ni2+ bridged 
alginate binders were used. This is due to the difference in 
bonding strength when the alginate chains interact with various 
divalent cations. The Ni2+ ion, being the smallest cation, can 
form strong ionic bonds with Alg, as compared to the rest of the 

cations. Consequently, a more robust network structure 
generated from the Ni-Alg binder provided long-term 
cyclability.70 Despite Ni2+ exhibiting superior performance 
compared to Ca2+ in bridging the alginate chains, Ni2+ bridged 
alginate binders are less appealing for binder applications due 
to the high cost and toxicity.
3.2. Reversible acid-base interaction

Lim et al. exploited reversible acid-base interactions to 
introduce ionic crosslinks between PAA and the 
poly(benzimidazole) (PBI) chains.110 The nitrogen atom in the 
imidazole of PBI can accept protons from the carboxylic acid 
groups of PAA to produce an imidazolium carboxylate pair (Fig. 
6a). The ionic interaction increased the adhesive force of the 
PAA-PBI binder evidenced by the peel test results. As a 
consequence, the Si/Gr (3:7) anode fabricated with 80 wt% 
active material (mass loading 0.8 mg cm–2), 10 wt% conductive 
agent, and 10 wt% PAA-PBI binder exhibited enhanced cycling 
performance compared to Si/Gr-PAA. PAA-PBI-2 (2 wt% PBI) 
showed the highest capacity (1377 mA h g–1) and coulombic 
efficiency (average CE = 99.1%) due to the low polarization, 
reversible bonding, and strong adhesion. However, PAA-PBI 
with 5 wt% PBI crosslinker (PAA-PBI-5) weakened the adhesion 
of the binder to Si and decreased the electrochemical 
performance.

To improve processability and achieve high loading levels, 
the same group modified the PAA-PBI binder by introducing 
poly(ethylene glycol) (PEG) into PBI (PEGPBI) (Fig. 6b).111 
Notably, the anodes with the modified binders exhibited a 
higher initial capacity due to the decreased resistance by the 
ion-conducting PEG group. The Si anode with PAA-PEGPBI-2 (2 
wt% PEGPBI) displayed superior adhesion and cycling capacity 
(1221 mA h g-1 after 50 cycles) compared to PAA and the control 
binders with higher or lower crosslinking density. These results 
indicate that an optimum crosslinking density between PAA and 
modified or unmodified PBI exists because excess crosslinking 

Fig. 6 (a) Schematic representation of ionic crosslink 
between PAA and PBI, and (b) Chemical structure of 
PEGPBI. 
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reduces the number of free carboxylic acid groups for 
interacting with the Si surface. Excellent adhesion to the Si 
surface and ionic interactions between the chains are equally 
important, and PAA-PEGPBI could demonstrate both properties 
through hydrogen bonding and acid-base interactions.

Polymeric binders that can conduct electrons is beneficial 
because the fraction of conductive additives in Si anodes can be 
reduced. Xu et al. developed a PANi incorporated PAA hydrogel 
binder with an interpenetrating network (IPN) and porous 
structure by hydrogelation of acrylic acid using N, N’-methylene 
bisacrylamide (NMBA) followed by in-situ polymerization with 
aniline (Fig. 7).112 During this process, the NH3

+ ions in PANi 
electrostatically interacted with the COO– anions in PAA. The 
mechanical integrity of IPN and its role in adhering the Si 
particles was revealed by the peel test. The Si-PAA/PANi IPN 
electrode demonstrated an initial peel force of ~16 N, which 
was much higher than those of Si-PAA (~7 N) and Si-PVDF (~2 
N). Consequently, Si-PAA/PANi IPN (Si:binder = 60:40) exhibited 
a more stable capacity after 300 cycles, unlike the Si-PAA and 
Si-PVDF binders. This enhanced performance of the Si anode 
with PAA/PANi IPN can be explained by the synergistic effect of 
the binder. While IPN and strong hydrogen-bonding 
interactions with the Si particles promoted the formation of a 
stable SEI film, the conducting property of the PANi chains 
effectively reduced the charge-transfer resistance, and the 
porous structure facilitated effective Li–ion transportation.
3.3. Host–Guest interaction

Kwon et al. introduced a new strategy to develop dynamically 
crosslinked binders for Si anodes based on host-guest 
interactions.113 They demonstrated that hyperbranched 
cyclodextrin polymers (β-CDp) can be strongly and reversibly 
crosslinked by a gallic acid derived dendritic crosslinker 
incorporating six adamantane units (6AD) (Fig. 8). The choice of 
β-CD and AD as the host–guest pair rests on their strong affinity 
and selectivity toward each other. The crosslinking density was 
optimized with the β-CD/6AD ratio at 1:0.5, while an increase or 
decrease of 6AD resulted in an impaired cycling performance 
due to the dead occupancy of either host or guest in the anode. 
Galvanostatic cycling tests of the SiNP anode (mass loading ~0.8 

mg cm–2) with 20 wt% β-CD/6AD exhibited the highest capacity 
retention (90% over 150 cycles) when compared to the 
performance of the controls with other combinations of binder 
(α or γ forms of CD) and crosslinker (6AD or 1AD). The 
enhancement in the cycling performance of Si- β-CDp/6AD was 
attributed to the strong affinity and size compatibility between 
the host-guest pair, the appropriate length of crosslinker, and 
the dynamic nature of crosslinking.

4. Topologically crosslinked binders
Topological polymers such as polyrotaxane (PR) are well known 
for their distinctive mechanical properties due to the presence 
of sliding rings that act as movable crosslinks. PR is a 
supramolecule having a structure similar to a necklace, where, 
for example,  (un)functionalized cyclodextrins (CD) are threaded 
onto a poly(ethylene glycol) chain with bulky molecular 
stoppers at both ends. The ring components of PR are freely 
movable across the axle, proving good stress-relaxing ability. 
Such dynamic feature of the PR has been exploited to create 
unique stimuli responsive materials114,115 and molecular 
machines.116,117

Choi research group integrated the dynamic nature of PR 
into a binder design and developed highly elastic network 
binder by chemically linking PAA and the CDs of PR as shown in 
Fig. 9.118 Although the connection between the polymer entities 
(PR and PAA) are purely covalent, the entire binder network 
demonstrated dynamic features due to the sliding motion of the 
crosslink points. Owing to the molecular pulley effect of PR, the 
stress generated in the binder during cycling could be uniformly 
distributed across the networks rather than concentrating on a 
particular site. Consequently, the PR-PAA binder could 

Fig. 8 Dynamic crosslinking based on host-guest interaction 
between β-CD and AD. Reprinted with permission.113 
Copyright 2015, American Chemical Society.

Fig. 7 Schematic representation of the interpenetrating 
network structure of PAA/PANi hydrogel binder. 
Reprinted with permission.112 Copyright 2015, American 
Chemical Society.
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accommodate larger stresses without breakage, which was 
effective for maintaining the integrity of the SiMP anode by 
preventing the active materials from disintegration and 
detachment from the current collector. The benefit of 
topological crosslinking was clearly demonstrated in the cycling 
performance of the electrode consisting of 80 wt% SiMPs (mass 
loading 1.07 mg cm-2), 10 wt% conductive agents, and 10 wt% 
binder. The unique binder design assisted the SiMP anode to 
exhibit a high areal capacity up to 150 cycles with 91% capacity 
retention. Despite a low binder content (10 wt%), substantial 
capacity retention for prolonged cycles opened a new horizon 
for the binder design.

Recently, the same group utilized PR-PAA supramolecular 
network for carbon-coated SiOx as well.119 In this work, the 
surface of the carbon-coated Si particles was functionalized 
with hydroxylated-pyrene to enable robust interactions with 
the binder as well as the current collector. The complete 
exploitation of the sliding effect of the supramolecular binder 
together with the π-π and hydrogen bonding interactions 
between the electrode components resulted in enhanced 
cycling performance and capacity retention in both half-cell 
(92.6% in 250th cycle) and full cell (82.5% after 150 cycles) 
settings. 

5. Self-healing binders
Self-healing binders are extensively explored to enhance the 
cycling stability of Si anodes. Different types of self-healing 
polymers including covalent and supramolecular interactions 
have been applied to battery technologies (Table 3).
5.1. Self-healing binders based on dynamic crosslinking

The majority of the self-healing binders for LIBs developed so 
far have exploited dynamic non-covalent interactions (i.e., 
supramolecular interactions). Although dynamic covalent 

bonds such as disulfide bridges, alkoxy-amine bonds, Diels-
Alder adducts, hydrazine bonds, and boronic ester linkages can 
be harnessed for the creation of self-healing materials,120 non- 
covalent supramolecular interactions including hydrogen 
bonding, host-guest interactions, metal coordination bonding, 
and electrostatic interactions have been preferred in complex 
engineering systems such as batteries because the formation 
and reformation of non-covalent bonds is an energy-efficient 
process (i.e., easy to dissociate-associate).70,121 The dynamic 
bonds can be formed between the binder and the active 
material and/or between the polymer chains. In this review, we 
focus on the interchain dynamic bonds between the polymer 
chains.
5.1.1 Self-healing based on hydrogen bonding

(i) Single hydrogen-bond 
Among the various non-covalent bonds, hydrogen bonds (H-
bonds) are particularly important due to two reasons: (i) most 
of the binders have polar functional groups, which can act as 
either hydrogen donor or acceptor and (ii) they can repeatedly 
and autonomously heal at relatively low temperatures such as 
room temperature. 

Hu et al. developed a conductive hydrogel binder (ESVCA) 
with fast self-healing ability for SiNP anodes.122 The hydrogel 
binder was prepared by the gelation of a complex solution of 
PEDOT:PSS, PVA, and 4-carboxybenzaldehyde using ammonium 
persulfate (APS) followed by polymerization. APS functioned as 
both complexing and gelation agent to establish an 
interpenetrating network as shown in Fig. 10a. In this system, 
PEDOT:PSS was responsible for electrical conductivity, while 
PVA acted as the hydrogen donor to form dynamic H-bonds 
with the sulfonate groups in the PSS. Fig. 10b and 10c illustrate 
the stress-strain response and self-healing mechanism of the 
conductive hydrogel binder. The SiNP anode (mass loading 0.53 
mg cm–2) with a 40% hydrogel binder exhibited a higher 

Fig. 9 (a) Working principle of moving pulleys, (b) working mechanism of molecular pulley binder, and (c) structural 
representation of PR-PAA. Reproduced with permission.68 Copyright 2018, Royal Society of Chemistry.

Page 14 of 24Journal of Materials Chemistry A



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 15

Please do not adjust margins

Please do not adjust margins

reversible capacity (1242 mAh g–1 at 2 A g–1 for 200 cycles) when 
compared to Si/PEDOT:PSS/PVA (1092 mAh g–1). The results 
highlight the role of the network structure in maintaining the 
integrity of the anode even after expansion. This novel binder 
also exhibited a good rate capability and elevated capacity in 
comparison to non-crosslinked binders.
(ii) Multiple hydrogen-bonds
Multiple hydrogen bonds are prominent in constructing 
supramolecular networks by offering numerous interchain sites 
to establish reversible physical crosslink junctions. Two classes 
of H-bonded binders have been reported so far: urea H-bonded 
binders utilizing urea end-functionalized oligomers and 
quadruple H-bonded binders utilizing 2-ureido-4[1H]-
pyrimidinone (Upy) units.
Urea hydrogen bonding
Polymers with urea end functionalities have been extensively 
investigated to make supramolecular binders through urea H-
bonds. Cordier et al. synthesized a self-healing material 
consisting of multiple urea and amide bonds, which exhibited 
rubber-like properties and self-healing at room temperature.123 
Based on the remarkable self-healing and elastomeric 
properties, Bao and co-workers developed self-healing binders 
for Si microparticle (SiMP) anodes.124 The self-healing polymer 
(SHP) (Fig. 11a) was mixed with CB (43:7 by mass) to form a 
composite. The working electrode was fabricated by 
calendaring the SiMP electrode (mass loading 0.50.7 mg cm–2) 
and SHP/CB film (1:1 by wt%). The tensile tests of the SHP 
binder demonstrated excellent elasticity and resistance to 

stress. The self-healing binder could regenerate the superficial 
coating after dissociation following volume expansion and 
therefore imparted greater stability to the Si anode. The 
SiMP/SHP/CB electrode retained 80% of the initial capacity (at 

Table 3 Summary of self-healing (SH) binders reviewed herein. For structures, please see the discussion part or the relevant 
references.

Binder Anode
(mass loading in 

mg cm–2)

Self-healing strategy Specific 
capacity

(mA h g–1)

Binder 
content
(wt%)

Capacity 
retention

Ref

ESVCA Si = ~50 nm
(0.53)

Single H-bond
1786

40 71.3% after 
200 cycles at 
0.5 A g–1

122

SHP Si = ~3 µm
(0.50.7)

Urea H-bond
2617

43.5 80% after 90 
cycles at   0.4 A 
g–1

124

SHP/PEG Si = 0.8 µm
(0.50.7)

Urea H-bond
~2600

30 80% after 150 
cycles at  ~1.7 
A g–1

127

PAA-UPy Si = 70 nm
(0.40.6)

Quadruple H-bond
4194

20 63% after 110 
cycles at   0.8 A 
g–1 

128

Fe-PDBP Si = ~50 nm
(0.7)

Metal coordination 
bonding

~1500 15 81.9% after 
350 cycles

130

C100 Si
(0.2 mg cm–1)

Electrostatic attraction ~3500 20 51% after 500 
cycles at     3 A 
g–1

131

BCx-g Si = 50 nm
(0.252.1)

Boronic-ester linkage > 2750 at 
0.05 C

10 87.3% after 
100 cycles   at 
0.2 C

132

PAA-P(HEA-
co-DMA)

Si = 0.5-3 µm
(~1)

Dual crosslinking
(covalent and hydrogen 

bonding)

2850 10 93.8% at 220th 
cycle at     1 A g–

1

133

Fig. 10 (a) Interpenetrating network of ESVCA, (b) stress-
strain curve of ESVCA before and after self-healing, and 
(c) schematic illustration of the self-healing process of 
ESVCA. Reprinted with permission.122 Copyright 2020, 
Elsevier.
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0.4 Ag–1) after 90 cycles, which is much higher in comparison to 
the SiMP electrodes with traditional binders (PVDF = 14%, 
NaCMC = 27%, and NaAlg = 47%) at the same current density.

To achieve high areal capacity, the same group performed a 
3D spatial distribution of SHP along with Si particle size 
control.125 Different from the initial approach where SHP was 
coated on the Si particles, the new approach involved a multi-
dimensional distribution of SHP to promote effective self-
healing by increasing the proximity of the binder and the Si 
particles (Fig. 11b). The electrode was fabricated by repeatedly 
blading the SHP/CB composite on the SiMP anode under specific 
conditions (120150 ˚C). Si electrodes with different particle 
sizes (with the same SHP/CB) revealed that particle size control 
was also essential for achieving good cycling performance. 
Compared to SiMPs with larger diameters (3.5 and 1.0 µm), Si 
particles with a diameter of 0.8 µm exhibited decreased 
pulverization and higher specific capacity (2620 mAh g–1) with 
approximately 80% capacity retention even after 500 cycles 

(Fig. 11c). The present system exhibited an areal capacity of 4.1 
mAh cm–2 (mass loading 1.6 mg cm–2), close to the commercial 
requirement.

 In the follow-up study, the crosslinking density was 
revealed as an important parameter in determining the 
stretchability and flow of SHP, and consequently in the cycle life 
of Si anodes.126 The viscoelastic properties of the SHP varied 
with the weight ratio of the trifunctional fatty acid. A higher 
feed ratio of the triacid content resulted in an increased 
crosslinking density and a higher modulus, producing a stiffer 
polymer network. Apparent from the galvanostatic cycling test, 
SHP/SiNP (0.8 µm) with the highest density of crosslinked 
junctions (from 70% triacid) failed to exhibit stable cycling. This 
demonstrated the importance of the viscoelasticity of the 
binder to promote flow to the fractured sites and protect the 
active materials from the electrolytes. The SiNP electrode 
containing SHP with appropriate viscoelasticity and mechanical 

Fig. 11 SHP binders based on urea H-bonding. (a) Molecular structure of self-healing polymers (SHP). Reprinted with 
permission.126 Copyright 2016, American Chemical Society. (b) Different coating methods of SHP, and (c) cycling test of the 
SHP-Si anodes with Si particles of different sizes (between 30 nm and 3.5 µm). Reprinted with permission.125 Copyright 2015, 
Wiley-VCH.

Fig. 12 Illustration of the (a) structure and (b) self-healing mechanism of the SHP-PEG binder. Reproduced with 
permission.127 Copyright 2018, Wiley-VCH. 
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integrity (43% triacid) retained 80% capacity after 178 cycles 
(mass loading 0.75–1.1 mg cm–2).

Ion conducting self-healing elastomeric binders prepared by 
introducing a portion of PEG units to SHP was reported by the 
same group.127 The incorporation of a proper amount of PEG 
units into SHP improved the Li–ion conductivity and adhesion to 
Si while preserving the self-healing capability through dynamic 
H-bonds (Fig. 12). The SiMP/SHP-PEG anode incorporating a 
moderate amount (40 mol%) of oligomeric PEG side chain (MW 
= 750 g mol–1) exhibited excellent capacity (2600 mAh g–1 at 0.5 
C) and prolonged cycling life (up to 150 cycles) with 80% 
capacity retention. However, the SHP-PEG containing a longer 
PEG side chain (MW = 2000 g mol–1) adversely affected its 
adhesion to Si and self-healing ability due to an increase in 
crystallinity and decrease in the number of urea groups.
Quadruple hydrogen-bonding
Taking advantage of the ability of 2-ureido-4[1H]-pyrimidinone 
(UPy) derived units to dimerize in an array of quadruple 
hydrogen bonds, Zhang et al. reported a supramolecular binder 
containing UPy and PAA.128 In contrast to single and double 
hydrogen bonds, quadruple hydrogen bonds have a much 
higher healing efficacy owing to the formation of stable dimers 
(Fig. 13).129 The copolymer binder was synthesized by 
copolymerizing PtBA and UPy-HEA followed by hydrolytic 
cleavage of the t-butyl groups. With the stable yet recoverable 
3D network of hydrogen bonds, the SiNP electrode (mass 
loading 0.40.6 mg cm–2) with 20% binder achieved a specific 
capacity of 2638 mAh g–1 over 110 cycles, which is much higher 
than SiNP/PAA (1734 mAh g–1) and SiNPs with other 
conventional binders.
5.1.2. Self-healing based on metal-ligand coordination bonds

Inspired by the mussel’s byssus cuticle, Choi et al. developed a 
metallopolymer binder with self-healing for SiNP anodes (Fig. 
14).130 In spite of the fact that the metal-ligand coordination 
bond is weaker than the covalent bond, the bond is strong 
enough to reform by the high affinity between metal and ligand. 
The binder was synthesized by adding a FeCl3 solution to a 
copolymer of dopamine methacrylate (DMA, 33 mol%), butyl 
acrylate (BA, 66 mol%), and polyethylene glycol diacrylate 
(PEGDA, 1 mol%), and increasing the pH to 10. Although self-
recovery after fracture evolved from the Fe3+ (tris)-catechol 
coordination crosslinks, the prolonged cycle life of the SiNP 
anode was due to a combined effect of the enhanced wetting 
by BA and permanent crosslinking by PEGDA along with the 
reversible coordination crosslinks. To balance the effect of each 
component to construct a mechanically durable binder, a set of 
copolymers with varying molar ratios of DMA and BA (17:83, 
22:78, 30:70, and 64:36) was prepared. As shown in Fig. 13c, 
Si/Fe-P(DMA30-BA70) exhibited the highest capacity retention 
(74.6%) and was further used to construct Si/Fe-PDBP@pH10.

Fig. 13 Chemical structure and illustration of the self-
healing mechanism of UPy-based binders. 

Fig. 14 (a) Illustration of the structure of the mussel cuticle and the chemical structure of the adhesive component, (b) 
chemical structure of the self-healing binder, and (c) capacity retention for different DMA to BA ratios in the PDBP binders 
without permanent crosslinks. Reprinted with permission.130 Copyright 2019, American Chemical Society.
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5.1.3. Self-healing based on ion-dipole interactions

A systematic study performed by Kwon et al. on Meldrum’s 
acid-based binders revealed the role of supramolecular 
interactions on the self-healing effect, which was closely 
associated with the reversibility of the bonding interaction.131 
Unlike covalent bonds, supramolecular interactions are 
intrinsically reversible and tend to dissociate under an applied 
force rather than rupture (Fig. 15a). Two different polymeric 
binders were synthesized: C100 with supramolecular 
interactions and K100 possessing covalent crosslinks, and their 
performances were compared with a PVDF binder possessing 
only weak van der Waals interactions (Fig. 15b). The 
galvanostatic cycling test of these binders showed distinct 
results in that the SiMP anode with C100 (mass loading 0.2 mg 
cm–1, binder = 20%) had the highest capacity retention (51% 
over 500 cycles) owing to the self-healing effect evolved from 
strong ion-dipole interactions. The capacity of SiMP-PVDF 
rapidly dropped due to weak intermolecular forces while of 
SiMP-K100 gradually declined due to the irreversible nature of 
covalent bonds (Fig. 15d).
5.1.4. Self-healing based on dynamic covalent crosslinking

Ryu et al. used the dynamic covalent chemistry of the boronic 
ester linkages to develop a self-healing binder for both SiNP and 
SiMP anodes.132 Unlike secondary covalent bonds that are less 
likely to re-associate after rupture, the boronic ester bonds 
voluntarily recover at room temperature. Among the several 

polysaccharides, guar gum was chosen for crosslinking because 
of its larger number of hydroxyl groups compared to other 
polysaccharides. The crosslinker in this study was a copolymer 
of vinyl phenylboronic acid and vinyl functionalized 
poly(ethylene oxide) (PEO, MW = 950 g mol–1). The boronic acid 

Fig. 15 (a) Illustration of different bonding interactions between Si and the binder, and the recovery strength. (b) 
Representative binders for each type of interaction. (c) Chemical structure of the copolymer binder. K, S, M, and C represent 
various repeating units in the copolymer with specific functions. (d) Cycling performance of the Si anodes with C100, K100, 
and PVDF. Reprinted with permission.68 Copyright 2018, Royal Society of Chemistry.

Fig. 16 Self-healing binder based on boronic ester 
linkage. (a) various interactions within the electrode (H-
bonding of binder with Si, covalent bonding between the 
binder and crosslinker), (b) chemical structure of the 
crosslinker, and (c) self-healing mechanism. Reprinted 
with permission.132 Copyright 2020, Wiley-VCH.
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in the crosslinker can spontaneously react with the vicinal 
hydroxyl groups of guar gum to generate boronic ester linkage 
at room temperature (Fig. 16). Moreover, the PEO in the 
crosslinker provides water solubility and aids Li-ion conduction. 
The corresponding crosslinked binder (Bc-g) showed good 
mechanical durability and held Si particles during stress 
generation. The Si anode constructed with 80 wt% SiNPs (mass 
loading 0.25-2.1 mg cm–2), 10 wt% conductive agents, and 10 
wt% binder exhibited excellent capacity retention and rate 
capability. Even under severe conditions (i.e., with high mass 
loading or with SiMP), the electrode demonstrated good cycling 
performance compared to the bare Guar electrode.
5.2. Self-healing binders based on dual crosslinking
A dual crosslinked binder displaying excellent cyclability and a 
high areal capacity for the SiMP anode was demonstrated by Xu 
et al.133 The binder was an elastomer formed by an in-situ 
thermal condensation of PAA with a copolymer of hydroxyethyl 
acrylate and dopamine methacrylate P(HEA-co-DMA). The 
crosslinked binder PAA-P(HEA-co-DMA) was modulated by soft 
and rigid domains as shown in Fig. 17a. The binder exhibited 
significant self-healing owing to the multiple network structure
and abundant local H bonds. The dual crosslinked network (i.e., 
covalent crosslinking between the PAA and P(HEA-co-DMA) as 
well as hydrogen bonds at local sites) remarkably improved the 
mechanical strength of the binder while the soft chains 

provided good flexibility. As illustrated in Fig. 17b, PAA-P(HEA-
co-DMA) can be stretched by more than 400%. In this study, a 
SiMP electrode with a 10 wt% PAA-P(HEA-co-DMA) binder 
retained 93.8% of the initial capacity at the 220th cycle (at 1 A g–

1), while the SiMP/PAA electrode failed to cope with the same 
cycling. The reported system exhibited a greater potential for 
practical applications by delivering a high areal capacity of 3.2 
mAh cm–2 and good rate capability (1855 mA h g–1 at 5 A g–1) as 
shown in Fig. 17c.

6. Conclusions and outlook
In this review, various chemical and physical interactions 
involved in the formation of network binders for Si anodes have 
been systematically examined. The chemistry of the polymer 
networks and the impact of the network binders on the 
mechanical properties and electrochemical performance of the 
electrode were highlighted. Although constituting only a small 
part of the electrode composition, binders play a critical role in 
determining the mechanical and adhesion properties of the 
electrode, as well as its electrochemical performance, including 
cycling stability and rate capability. Well-designed polymer 
binders, especially 3D network binders, can address the 
challenges of Si and other conversion-based anodes.

Fig. 17 (a) Chemical structure and interaction of the PAA-P(HEA-co-DMA) binder and the spring expander model of the binder 
complex, (b) tensile tests of PAA-P(HEA-co-DMA) and PAA, and (c)  Cycling performance of Si-PAA-P(HEA-co-DMA) 
demonstrating high areal capacity.. Reproduced with permission.133 Copyright 2018, Elsevier.
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A broad range of polymers with abundant polar functional 
groups (e.g., –OH, –COOH, and -(C=O)NH2) have been explored 
as binders for Si anodes due to the ability of these functional 
groups to form H-bonds and/or covalent crosslinks with the Si 
surface or within the polymer chains. In addition to the 
presence of functional groups in the binders, constructing 3D 
network binders often becomes critical in boosting the 
electrochemical performance and lifetime of Si anodes. 
Compared to linear binders, network binders offer multiple 
interaction points with the active materials, and their 3D 
networks are more effective in keeping the Si particles together 
during massive volume changes upon cycling. To this end, 
numerous crosslinking strategies have been employed to 
connect linear binders, which can be generally categorized as 
covalent-, physical-, and topological-crosslinking.

Covalent crosslinking, which is probably the most viable 
approach for industrial setting, can produce a robust chain 
network, and therefore is helpful for maintaining the integrity 
of electrode during cycling. Moreover, the covalent networks in 
the elastomeric binders allow the deformed polymer chains due 
to volume expansion of Si anode for relaxing back to their 
original states after the strain is released. However, the 
irreversible nature of covalent crosslinks is a major shortcoming 
when larger mechanical stresses are encountered during 
volume expansion. On the other hand, physically- and 
topologically-crosslinked binders, especially involving 
supramolecular interactions, offer different types of elasticity to 
that exhibited by covalently-crosslinked elastomeric binders 
due to the ability of the networks to undergo rearrangement in 
response to stress. Unlike covalent bonds, dynamic nature of 
supramolecular interactions provides reversible interchain 
interactions as well as binding with the Si surface, which can 
offer the ability to self-heal the fracture that occurs in the 
electrode. Although network binders having supramolecular 
interactions are promising to enhance long-term cycling 
stability of Si anodes, the difficulty in scalability and cost-issues 
should be addressed to extend this approach to industry. 

Since the binder does not contribute to storage capacity or 
conductivity, the amount of the binder should be minimized, 
ideally below 5 wt%, just like in commercial graphite 
electrodes.40 However the reduction of binder content for 
conversion-based anodes often leads to a poor performance 
due to inability to provide adequate adhesion, mechanical 
stability, and stable interactions with electrode components. A 
potential solution is to incorporate ion-conducting and/or 
electron-conducting moieties into binders to promote Li-ion 
transport and to preserve electrically conductive network by 
reducing the internal resistance of the cell, respectively.127,134 
Several studies investigated polymer binders with aiming to 
enhance ion-conductivity, however, the impact to the entire cell 
performance remains unclear and needs further investigation. 
On the other hand, electron-conducting polymer binders have 
shown a clear promise since electron-conducting properties can 
be helpful to increase mass loading and a weight ratio of 
“active” materials to “inert” materials in the electrode.135 
However, the enhancement of such properties in binders often 
sacrifice the other properties such as mechanical and adhesion 

properties. Ion-conducting polymers tend to swell in 
electrolytes and most of conducting polymers do not provide 
sufficient flexibility or adhesion due to their brittleness. In 
reality, a single polymer binder cannot meet all the 
requirements of the Si anode, therefore a rational design 
incorporating multiple functionalities would be inevitable. 3D 
network binders can provide a path for such multi-functionality. 
The synthesis of copolymers or polymer blends with tailored 
molecular architecture, compositions, and functionalities to 
form 3D network that can manifest adhesion, mechanical 
strength, flexibility, conductivity, and self-healing in a 
synergistic way will be an ideal strategy.136

Despite considerable advances in the development of 
polymeric binders, the commercialization of Si anodes is 
impeded by various challenges and unmet goals. First, most of 
the binder systems reported to date have been evaluated only 
for half cells, which limits the investigation of the stable voltage 
window to a narrow range. For a critical evaluation of the binder 
and its effect on the cycle life, electrochemical tests must be 
performed in full cells at harsh conditions (temperatures above 
and below room temperature) for longer periods. Second, a 
majority of these binders were associated with SiNP electrodes, 
but further investigations on SiMP or Si/Gr composite 
electrodes need to be performed, which is more practical from 
the industrial perspective. Third, unstable and uncontrollable 
growth of SEI during cycling is detrimental for long-term 
stability of Si anode. Therefore, in-depth analysis of the effect 
of different polymer binders with effectual electrolyte additives 
that could build-up thin and stable SEI layers on interphase 
chemistry of SEI should be established using both ex-situ and in-
situ characterizations coupled with computational analysis. 
Finally, a proper understanding of the rheological properties of 
the slurry is equally important for production and subsequent 
commercialization. Because the viscosity of the binder solution 
strongly influences the ease of mixing, the coating performance, 
and the dispersion quality of the slurry, the properties of the 
binder solution (e.g., concentration and viscosity) must be 
optimized to obtain an electrode with a uniform distribution of 
components. A variety of microscopy can be utilized to examine 
the homogeneity of slurry after coating, uniform crosslinking of 
binders, and surface roughness, etc.

To realize next-generation LIBs based on Si-anodes, 
extensive research in polymer binder is essential from both 
academia and industry. Deviating from the trial-and-error 
approach, future research on the polymer binders should be 
directed to develop multifunctional 3D network binders based 
on the rational design principles. With the advent of data 
science such as machine-learning and artificial intelligence, such 
rational design of polymer binders may be developed in an 
accelerated fashion. Further establishing the structure-property 
relationships of 3D network binder to the mechanical and 
electrochemical performance will pave the path for wide 
utilization of Si-anodes. With the critical comments and the 
comprehensive picture of crosslinking chemistries depicted 
herein, we hope to encourage future research in these 
directions to attain LIBs with high energy densities and 
prolonged lifetimes.
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