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1 Introduction

The development of renewable energy technologies is

imperative for sustainable
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Design of functional binders for high-specific-
energy lithium-ion batteries: from molecular
structure to electrode properties

Tian Qin;2® Haoyi Yang,i® Quan Li,*® Xigian Yu @ *2® and Hong Li ®3°

The binder adheres to each component of the electrode to maintain the structural integrity and plays an
irreplaceable role in a battery despite its low content. Polyvinylidene difluoride (PVDF), as the dominant
binder in commercial battery systems (for cathodes), has acceptably balanced properties between
chemical/electrochemical stability and adhesive ability. However, in the pursuit of high-specific-energy
batteries featuring high mass loading, high voltage, and large volume changes, the PVDF binder is unable
to satisfy the versatile electrode demands and extreme operation conditions. Therefore, developing novel
binders with task-specific functionality is of urgent need. Herein, we review the recently developed design
strategies of functional binders from the insight of molecular design. The functions and failure mechanisms
of the binders are elucidated first. Starting from the basic moiety (functional group) of the polymer
molecule, how the constituents, molecular structure, and assembly into a supramolecule will affect the
properties of the binders, and furthermore the performance of the electrodes, is discussed at length.
Finally, we summarize and provide a future outlook on the opportunities and challenges of functional
binders towards future high-specific-energy lithium-ion batteries.

Keywords: Functional binders; Molecular design; High-specific-energy electrodes; Lithium-ion batteries.

intermittent nature of renewable energy necessitates the
corresponding energy storage technology represented by
rechargeable batteries. Renowned for their high energy density,
high power density, and long life, lithium-ion batteries (LIBs)
have been widely used in portable electronic devices, electric
vehicles, and grid-scale energy storage systems.' ™

Increasing the energy density of LIBs remains a critical
bottleneck for broadening the consumer market.* To date,
significant efforts have been focused on the development of

development. However, the
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academic and market scenarios.”” In contrast, the role of
binders is much underestimated, and less effort has been
devoted to improving battery performance via exploring and
developing novel binders, compared to the rapid evolution of
cathode and anode materials. Despite their small amount
(~5 wt%) and inactivity, binders play a pivotal role in
improving the electrochemical performance of batteries.*™?
There are many categories of binders, of which PVDF is
the most widely used. PVDF ((CH,CF,),) is a commonly used
fluorinated plastic in daily life as coatings, binders, etc., and
the major large-scale fabrication methods of PVDF are
emulsion or suspension polymerization with a vinylidene
fluoride monomer, surfactant, and initiator.** Due to partial
substitution of H atoms with F atoms in the vinylidene
fluoride monomer compared with ethylene, PVDF possesses
superior chemical, electrochemical, and thermal stability due
to the higher bond energy of C-F bonds than C-H bonds."
The electrochemical window of PVDF is about 5 V and the
thermal decomposition temperature is up to 400 °C.'°
Meanwhile, the presence of H is beneficial for the formation
of hydrogen bonds (C-H--'F or O-H:-'F). The interaction of
PVDF with intermolecular polymer chains or adherent
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surfaces by van der Waals forces and simultaneous hydrogen
bonds can ensure the mechanical strength (30-70 MPa) of
binders and adhesive strength. In stark contrast, completely
F-substituted polytetrafluoroethylene (PTFE) exhibits weaker
tensile strength (20-35 MPa) and adhesion due to the lack of
intermolecular hydrogen bonds.'”'® Moreover, PVDF has a
swelling behavior (~30%)" and good crystallinity due to its
linear molecular configuration. Thus, PVDF delivers good
ionic conductivity after the uptake of electrolyte.”® In short,
PVDF shows appreciable comprehensive properties in
practical aspects. That is why, when employed as a binder in
LIBs, PVDF exhibits well-balanced performance, and it has
become the most dominant binder (usually in cathodes). The
annual demand for battery-grade PVDF has reached the level
of ten thousand tons in China, which has also brought about
a rapid rise in PVDF prices.

Despite its successful application in conventional battery
systems, such as lithium cobalt oxides (LiCoO,, LCO) (<4.6 V)
or lithium iron phosphate (LiFePO,, LFP)/graphite, PVDF has
not perfectly satisfied the requirements for utilization in high-
specific-energy electrode materials in next-generation battery
systems, e.g., Ni-rich layered oxide cathodes (LiNi,Co,Mn,0, (x
+y +z = 1), NCMxyz),">*" high-voltage LCO (>4.6 V),>* Li-rich
Mn-based oxide (xLi,MnO;-(1 - x)LiMO, (M = Mn, Ni, Co),>>**

LRMO) cathodes, spinel oxide (LiMn,O,;, LMO; and
LiNiysMn; s0,, LNMO) cathodes,” silicon anodes,**™°
31,32 33-35

silicon oxide anodes and lithium metal anodes.
There are some pivotal challenges in next-generation electrode
materials that PVDF does not satisfactorily cover: (1) ultra-high
mass loading. It is a feasible and effective way to increase the
battery energy density by increasing the electrode areal mass
loading,®®*” but with the increase of the loading, higher
requirements are put forward for the adhesive strength of the
binder to maintain the integrity of the electrode.’®**' However,
the electron cloud density and the polarizability of PVDF are
low, so the interaction between PVDF and other molecules
through van der Waals forces is relatively weak, which is
insufficient for ultra-high mass loading electrodes (>20 mg
em?);'”'® (2) large volume variations. This is the most
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common and intractable problem in many high-capacity
cathodes and especially in anode materials, such as LCO
(-11.7%)* and Si (more than 300%).>° For silicon anodes,
repeated volume changes easily lead to the loss of the contact
between particles and conductive additives, as well as between
the electrodes and the current collector. In addition, iterative
volume changes over the cycles break the solid electrolyte
interphase (SEI) and expose the electrode surface to the
electrolyte, which re-generates the new SEI and consumes the
electrolyte. In addition, the mechanical stresses originating
from the volume changes can cause particle pulverization,
which results in detachment of particles from the electrode
surface.” However, PVDF is difficult to adapt to large volume
changes due to a weak adhesive force and poor mechanical
properties. The large volume changes result in binder failures,
such as binder debonding, polymer plastic deformation, and
even fracture.*>**

In addition to the basic need of adhesion, some specific
functions can also be realized via functional binders to boost
the batteries' electrochemical performances significantly,
although it is commonly considered that other electrode
components, such as electrolytes and additives, are primarily
required to realise these functions. These unique functions
that PVDF does not possess are afforded by the binder
molecule design and are as follows. (1) Mitigating interface
degradation: a variety of high-voltage cathodes, such as LCO,
NCM, LMO, LRMO, etc., will release oxygen at high voltage,
of which the aftermaths are surface lattice reconstruction
and transition-metal dissolution into the electrolyte.”>*®
Meanwhile, other active species from the electrolyte, such as
free radicals and HF, can attack the cathode and anode
surfaces and accelerate this process.””®® The by-products
built up on the surface are recognized to result in an
unstable cathode electrolyte interphase (CEI) and SEI. These
effects will reduce the structural stability and impede the
electrode dynamics, further degrading the Dbattery
performance. Concerning this problem, PVDF does not
protect the electrode interface well enough. Owing to the low
electron density of C-F bonding, PVDF is also unable to
capture various active intermediates and thus it is difficult to
inhibit the interface degradation.®® (2) Providing electronic or
ionic conductivity: due to the poor electric and ionic
conductivity of most active materials, additional conductive
materials, such as conductive carbons or electrolytes, are
required in the electrodes, which reduces the overall energy
density of the batteries. Although PVDF can permit ion
diffusion after swelling, it does not conduct electrons, which
also hinders charge transfer and affects battery rate
performance.* (3) Improving thermal stability: As the energy
density increases, the thermal safety of the new electrode
system generally decreases.’>>® Novel high-specific-energy
electrode materials may pose potential thermal safety risks,
but this has not been explored in great detail.* Owing to the
large amount of electrolyte absorbed by PVDF, the thermal
safety of batteries can be compromised.>® (4) Homogeneous
dispersion of the electrode components: particles are prone
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to self-agglomeration as the size decreases, such as Si
nanoparticles.’® The interaction of PVDF with the hydrophilic
surface of the active materials is weak (owing to the low
polarity of C-F bonding) and it is thus difficult to promote
uniform dispersion of the electrodes."® (5) High compatibility
with new manufacturing: for example, in the preparation of
sulfide-based all-solid-state batteries, the solution-based
processing requires the use of a weakly polar solvent to avoid
the reaction of the strong polar solvent with the sulfide
electrolyte, but low-polarity solvents cannot easily dissolve
conventional polar binders such as PVDE.”” Because of the
incompatibility of PVDF with the wet-slurry manufacturing of
sulfide solid electrolytes, new binders suitable for solid-state
electrolyte manufacturing need to be developed.”® In
addition, the chemical and electrochemical compatibilities of
binders with other electrode components also need to be
considered carefully. It is believed that, because there is
partial substitution of hydrogen atoms by fluorine atoms in
PVDF, the strong electron-withdrawing inductive effect of the
fluorine atoms leads to strong acidity of the hydrogen on the
B-carbon, which easily undergoes an alkali- or nucelophile-
induced E2 elimination reaction to eliminate HF.’° The
generated HF and water cause serious damage to the
electrode interface, as demonstrated by previous reports in
the literature.®® In addition, the double bonds generated by
the E2 elimination are prone to cross-linking with other
PVDF molecules to increase the viscosity of the slurry,
resulting in poor fluidity and uneven coatings.®’ The base
usually comes from the residual base on the cathodes and
NMP solvent. Especially with high-nickel cathodes, the gel
phenomenon of the slurry is more intractable. In addition to
upgrading the manufacturing process or neutralizing the
basic environment, the alkali resistance of the binder needs
to be considered when designing the binders. Anyhow, it
should be noted that the prior and basic concern for a binder
is always the adhesion.

Therefore, it is of great importance to develop new
functional binders with careful design. We are expected to deal
with the following challenges for high-specific-energy
electrodes: (1) high mass loading; (2) large volume change; (3)
high voltage; (4) low rate performance; (5) potential thermal
risk; and (6) the compatibility of new manufacturing (e.g,
preparation of solvent-free electrodes or sulfide-based all solid-
state batteries). The binders are expected to possess the
following characteristics: (1) high adhesive and mechanical
strength; (2) high elasticity or self-healing ability; (3) the ability
to mitigate interphase degradation; (4) high electric and ionic
conductivity; (5) the ability to improve thermal safety and wide-
temperature operability; and (6) the ability to promote the
heterogeneous dispersion of each component.

Rational molecular design is highly effective when
developing new  binders for improved  battery
performance.®®®® From the view of the molecular structure,
the binder is a polymer material with multiple molecular
moieties and corresponding properties from micro- to macro-
views, such as molecular weight and molecular weight
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distribution, functional groups and topologic molecular
configurations (linear, branched, hyperbranched and network
cross-linking). The interaction forces can hence be designed
in binder molecules based on the molecular structure, which
includes molecular bonding and intermolecular bonding
(also known as supramolecular interactions)."® Molecular
bonds are mainly covalent bonds between polymeric units.
Intermolecular forces are typified by van der Waals forces
and secondary bond forces (hydrogen bonds, ion-ion,
dipole-dipole, interactions,  coordination  and
hydrophobic interactions). Hydrophobic interactions should
be avoided because they induce binder agglomeration. To
obtain the functional binders, common modification and
synthesis methods for functional polymers include grafting,®*
copolymerization,®® cross-linking,*® and blending.”* Well-
designed polymers with different molecular structures and
interaction forces have been applied to achieve customized
and functional modifications to improve the task-specific
performance of high-specific-energy electrodes.

Common binders used in electrodes include PVDF, PTFE,
poly(acrylic acid) (PAA), styrene-butadiene rubber (SBR),
polyethylene oxide (PEO), sodium carboxymethylcellulose
(CMC), and alginate. The elementary properties of these
binders, including tensile and compressive mechanical
properties, adhesive force, and thermal properties are
summarized in Tables 1, 2, 3 and 4, respectively. Among
them, the tensile parameters, including elastic modulus,
yield elongation, yield strength, ultimate strength, and break
elongation, indicate the resistance for the volume expansion
of the electrodes, while the compressive parameters,
including reduced modulus, and hardness, present the
strength of the electrodes to maintain the structural integrity

-7

Table 1 The tensile mechanical properties of binders
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when pressure is applied. Based on this endeavour, we are
able to compare these seven common binders in terms of
adhesion, tensile strength, elasticity, swelling, ionic
conductivity, thermal stability, and oxidation stability, as
shown in Fig. 1. It is worth noting that the comparison is
semi-quantitative because the collected data is from different
papers under different experimental methods and conditions.
PVDF still has a better comprehensive performance than
other binders."® The fully fluorinated form, PTFE, has
extremely unbalanced performance, whereby its mechanical
properties and oxidation stability are the best, while the
adhesion and conductivity are inferior. PAA, CMC and
alginate, widely used in anodes, appear inferior in terms of
mechanical properties than PVDF, but they are water-soluble
and rich in carboxyl or hydroxy groups contributing to
stronger adhesion.®”*’ SBR has very high elasticity and is
usually blended with CMC to complement each other’s
disadvantages.”® It is well-known that PEO has an
outstanding ionic conductivity but inferior resistance to
oxidation under high voltage.”"

Herein, in this review, we firstly aim to present the
effect of molecular structure on the properties of the
binders and on the macroscopic electrochemical properties
of the electrode. We highlight the versatile influences of
the binders on the mechanical, interfacial, electrical,
thermal and dispersive properties of the electrodes. The
fruitful efforts in binder molecule design are summarized
according to the functionality of the binders, and in each
section we will present the function/failure mechanics of
the binders and the corresponding molecular design
strategies. We hope to provide insight into the function of
binders in various high-specific-energy electrode materials,

Elastic Yield Break Yield
Characteristic modulus elongation elongation strength Ultimate
Category Binders functional groups (MPa) (%) (%) (MPa)  strength (MPa) Reference
Alkane-based PVDF Fluorine 1400 30 30 40 40 16, 32, 43,
44, 72-77
PTFE Fluorine 400-1800 — 50-650 9-30 10-43 78
PAA Carboxyl 450 <5 <5 <10 <10 30, 32, 79,
80
PEO Ether 700 — <10 — 15 16, 32, 74
SBR Alkene, phenyl 1.31 — 385 — 3.33 70
PAA-P(HEA-co-DMA) Hydroxy, carboxyl, 1.6 ~50 >400 0.8 1.2 30
catechol
SHP Ureido >3.6 75 300 0.9 1 81
Anti-aging binder =~ Amino 60 120 280 70 70 72
N-P-LiPN Ionized fragment, ~80 8 >30 4 4 28
carboxyl, sulfonic acid
DPGP-PEI/PVDF Amino, catechol, ether, ~800 5 70 40 40 51
pentafluorophenol
PEO-polycarbonate  Ether, phosphate 0.33 >1000 >1000 >3.5 >3.5 65
group, ester
PR-PAA Carboxyl, hydroxyl, 2 50 400 1 1.6 26
urethane, ether
Polysaccharide-based CMC Carboxyl, hydroxy 1400 — <10 — 40 69, 79, 82
Alginate Carboxyl 1400 — 15 — 30 73, 82, 83
CMC-CNT Carboxyl, hydroxy 1000 ~2 ~2 20 20 84
Inorganic UCFR Ionized fragment 60 5 6 3 3 85
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Reduced
Category Binders Characteristic functional groups modulus (MPa) Hardness (MPa) Reference
Alkane-based PVDF Fluorine 600-4000 25-200 16, 32, 43, 44, 72-77
PAA Carboxyl ~8000 ~200 30, 32, 79, 80
PEO Ether 500-1000 70-82 16, 32, 74
SBR Alkene, phenyl 5.57 0.27 86
HOS-PFM  Fluorene, carbonyl, ester ~9000 ~200 32
N-P-LiPN  Ionized fragment, carboxyl, sulfonic acid group 900 20 28
Mn-COP Mn>"-Loporphyrin, thioureido — 70 44
3F1V Hydroxyl, ether 1500 50 87
Polysaccharide-based XG Hydroxy, ester, ionized fragment 1000 25 66, 82
GG Hydroxyl 1500 24 66, 75
TG Carboxyl, hydroxyl 3500 324 74
N-GG-XG  Hydroxyl, ionized fragment 1500 30 66
Gelatin Hydroxyl 1800 25 66
GG-g-PAM  Hydroxyl, amide 2100 60 75
Table 3 The adhesive forces of binders
Category Binders Characteristic functional groups Adhesion force (N cm™) Reference
Alkane-based PVDF Fluorine ~1 16, 32, 43, 44, 72-77
PAA Carboxyl 1.5 30, 32, 79, 80
PEO Ether <0.5 88, 89
SBR Alkene, phenyl 0.1-0.5 90, 91
C10 Phenyl, carboxyl 0.05 58
Anti-aging binder Amino 8.9 72
DPGP-PEI/PVDF Amino, catechol, ether, pentafluorophenol 0.67 51
PEO-polycarbonate Ether, phosphate group, ester 6 65
Spandex Ether, urethane, ureido 1.66 43
Polysaccharide-based CMC Carboxyl ion 1.1-1.7 69, 79, 82
Alginate Carboxyl ion 2 73, 82, 83
Inorganic APP Phosphate 0.3 92
Table 4 The thermal properties of binders
Category Binders Characteristic functional groups Ty (°C) Tq(°C) Reference
Alkane-based PVDF Fluorine -38 400 16, 32, 43, 44,
72-77
PTFE Fluorine -103 400 78
PAA Carboxyl 115 150 30, 32, 79, 80
PEO Ether =50 350 16, 32, 74
SBR Alkene, phenyl -60 400 93
HOS-PFM Fluorene, carbonyl, ester — >800 32

PAA-P(HEA-co-DMA)  Hydroxy, carboxyl, catechol 83 — 30

PEO-polycarbonate Ether, phosphate group, ester -40 200 65
c-PEO-PEDOT: Amino, ether, sulfonic acid group, ethylene — >200 94
PSS/PEIL dioxythiophene
PVDF-TrFE-g-SPS Fluorine, sulfonic acid group 100 400 95
Spandex Ether, urethane, ureido — 300 43
(Deprotect) TBA-b-BR ~ Carboxyl 210 400 96
Polysaccharide-based CMC Carboxyl ion 55 300 69, 79, 82
Alginate Carboxyl ion 119 200-500 73, 82, 83
TG Carboxyl, hydroxyl — 250 74

2 Functionality of binders in LIBs
2.1 Mechanical properties

especially for the ones that suffer from large volume
changes, mechanical fracture, reactive interfaces or even
poor conductivity. Finally, we provide a future perspective
on the research of binders with regard to advanced
characterization methods and simulations for the next
generation of high-specific-energy electrodes.

2.1.1 Improvement of adhesion and mechanical strength.
Keeping an effective contact between the active materials,
conductive carbons and current collector, and maintaining

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

Ind. Chem. Mater., 2024, 2,191-225 | 195


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3im00089c

Open Access Article. Published on 29 Septemba 2023. Downloaded on 19/04/2026 06:00:14.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review Industrial Chemistry & Materials
PVDF
Adhesion
Oxidation Tensile
stability mmme, | Strength
® .
i Thermal ; .
stability ( Elasticity
lonic
conductivity Swelling
PTFE PAA SBR
n n o n
Adhesion CooH Adhesion Adhesion
Oxidation Tensile Oxidation Tensile Oxidation Tensile
stability strength stability strength stability strength
Thermal : Thermal i Thermal = i
stability Elasticity stability Elasticity stability Elasticity
lonic Ll lonic valli lonic N
conductivity Swelling condugtivity Swelling conductivity Swelling
N
IN: -
o PEO sooos | CMC Alginate
H o o. o
. oH .
n Adhesion O h Adhesion n Adhesion
Oxidation Tensile Oxidation Tensile Oxidation Tensile
stability strength stability strength stability strength
Thermal : o Thermal . Thermal "
stability Elasticity stability Elasticity stability Elasticity
|
lonic . lonic lonic .
conductivity Swelling conductivity Swelling conductivity Swelling
Fig. 1 Comparison of the basic properties of common binders, i.e., PVDF, PTFE, PAA, SBR, PEO, CMC, and alginate.
the integrity of the electrode are the most fundamental and  materials and maintain the structural stability.*>° However,

important functions of binders. Conversely, binding failure
refers to the loss of adhesive force, which leads to the
detachment of electrodes from current collectors and the
delamination of active materials from electrode surfaces.
This structural destruction contributes to the disruption of
ion and electron pathways and the loss of active materials,
which is closely associated with the capacity decay. Therefore,
the binder adhesion is of great importance to normal battery
operation.””®® The adhesion failure mechanisms can be
typically summarized as being due to three reasons: contact
interface destruction, binder rupture and adherend breakage
(Fig. 2a). Interface destruction means adhesive force
disappearance and a loss of contact between the binders and
adherend. Binder rupture refers to the breakdown of
molecular adhesion, and adherend breakage means the
rupture of the adherend (i.e., electrode). Upon increasing the
mass loading of electrodes for high-specific-energy batteries,
stronger adhesion is required to attach to more active

196 | /nd. Chem. Mater., 2024, 2,191-225

the commonly used binder PVDF cannot ideally cover the
aforementioned need. The C-F bonds in PVDF interact with
adherends via weak van der Waals forces and the adhesion is
insufficient to maintain the electrode integrity when the
loading is extremely high. At the same time, PVDF readily
absorbs electrolyte, ie., swelling, which weakens the
adhesion and mechanical strength of the binders and leads
to potential instability of electrode integrity.

Targeted at the failure mechanism, the corresponding
solutions for adhesion failure and binder rupture are the
improvement of interfacial adhesion and binder cohesion.
From the perspective of molecular design, adhesion can be
enhanced by introducing functional groups with stronger
interactions with interfaces, such as hydrogen bonds,*
coulombic attraction®®®* and n-n stacking,*>'°° in place of
van der Waals forces. Inspired by mussels, which can adhere
on stones in water tightly, catechol, abundant in the byssus
of mussels, was demonstrated to have a powerful adhesion

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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Fig. 2 Modification strategies to improve the adhesion and mechanical strength of functional binders. (a) Typical adhesion failure mechanisms of
binders. (b) Optical image of a mussel and the chemical structure of dopamine (inset). (c) Molecular structures of catechol-grafted alginate (Alg-C)
and PAA (PAA-C). (d) Peeling-off test for Si electrodes with alginate-based binders and PVDF. (b)-(d) are reproduced with permission.?° Copyright
2013, Wiley. (e) Schematic illustration of the interaction between charged binders. (f) Zeta potential of Si and Si with the charged binders. (g) The
relationship of the delivered areal capacity and mass loading of a SiO,/graphite anode. (e)-(g) are reproduced with permission.*® Copyright 2023,
Wiley. (h) Chemical structure of xanthan gum (XG). (i) Schematic illustration of double helical structure and multiple short chains of XG. (j) Cycling
performance of Si electrodes with XG-based binders, CMC and alginate at 1 C. (h)-(j) are reproduced with permission.®? Copyright 2015, Royal
Society of Chemistry. (k) Tensile test of PFA and PVA films. (1) Initial charge/discharge profiles for Si electrode with 3F1V, 2F2V and 1F3V; (m) cycling
performance of the Si electrode using 3F1V at different loadings. (k)-(m) are reproduced with permission.®” Copyright 2019, Wiley.
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structure due to strong interaction between the hydroxyl
groups and a hydrophilic surface, such as a Si surface
(Fig. 2b).>° The catechol structures were grafted onto PAA and
sodium alginate as PAA-C and alginate-C (Fig. 2c). Peeling-off
tests indicated that the Si anodes with alginate-C binders
exhibited stronger adhesive forces than the alginate- and
PVDF-based Si anodes (Fig. 2d). Alginate-C/Si and alginate/Si
in half-cell tests exhibited capacities of more than 2000 mA h
g™ and 1500 mA h g™, respectively, both with an average
coulombic efficiency exceeding 99% after 400 cycles. This
strategy of grafting catechol structures onto binder molecules
has also been validated by many other works that report
enhanced adhesion.”>'*'™% Coulombic attraction is also a
powerful option to enhance the adhesion of binders. Han
et al. designed two kinds of copolymer binders with a positive
and negative charge, respectively, derived from a quaternary
ammonium salt and a sulfonate.®®* The coulombic
interactions between positive and negative binders, and
between positive binders with a negatively charged surface of
Si particles, guarantees the cohesion within binders and the
integrity of the particle-binder surface, as shown in Fig. 2e.
Zeta potential tests proved the positively or negatively
charged properties of Si particles, Si/positive binders, Si/
negative binders and Si/positive binders/negative binders
(Fig. 2f). As mentioned above, the tight adhesion is beneficial
to high mass loading. The capacity is evidently reduced when
the areal mass loading of SiO,/graphite anodes with
poly(acrylamide) as binders exceeded 6 mg cm ™. In contrast,
ultra-high-loading electrodes could be fabricated with the
charged binders. The mixture mass loading reached 14 mg
cm™ and the areal capacity reached 10.2 mA h em™ without
capacity loss (Fig. 2g).

Binder molecular strength can be increased by cross-linking,
which can be divided into physical cross-linking and chemical
cross-linking. Physical cross-linking indicates there are strong
intermolecular interactions without chemical bonding, such as
double-helix structures.®®*>'** For example, the Choi group
used xanthan gum (XG) as a binder. The structural formula is
shown in Fig. 2h.%> Attributed to the hydrogen bonding
attraction of the saccharide backbone and the electrostatic
repulsion of the side chains, XG was wrapped in a double helix,
which immensely enhanced its molecular mechanical strength
(Fig. 2i). Meanwhile, analogous to millipedes’ pads, the side
chains interacted with the silicon surface via large quantities of
noncovalent interactions, such as hydrogen bonds and ion-
dipole interactions, further enhancing the adhesion. Compared
to various polysaccharide binders, native-XG exhibited excellent
cycling performance (Fig. 2j). The capacity retentions of Si/
native-XG, Si/alginate and Si/CMC (typically CMC refers to Na-
CMC unless otherwise stated) were 72.2%, 50.3% and 49.7%
after 200 cycles, respectively. It should be noted that Si/
renatured-XG provided a far inferior capacity retention, either
because the double-helix structures were damaged under
heating conditions, or due to possible agglomeration. Chemical
cross-links entail the formation of intermolecular chemical
bonds, which significantly enhance the strength of the binder
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networks compared with physical cross-links.'*>'*  For
instance, the hydroxyl groups of CMC and the carboxylic
groups of PAA can initialize a condensation reaction under
vacuum conditions at 150 °C, and the product demonstrated
improved molecule rigidity allowing it to better adapt to the
large volume change.”® Assisted by ionic cross-linking agents,
Wu et al. utilized Mn?', AI**, Ba®>*, Na', Ca®>" and zZn*' to cross-
link alginate, among which AI**-alginate and Ba**-alginate have
the most obvious effect on the improvement of viscosity and
hardness in a Si electrode.'®” Moreover, Li et al utilized
epichlorohydrin (ECH) to cross-link peach gum (PG), named as
PG-c-ECH, for use as Si anode binders.'”® Nanoindentation
tests demonstrated that Si@PG-c-ECH had larger modules and
hardness. The Si@PG-c-ECH electrodes exhibited a discharge
capacity of 2060 mA h g™ after 200 cycles and a capacity
retention of 88.8% (based on the second cycle). In contrast,
Si@sodium alginate and Si@PG have only 40.4% and 66.5%
capacity retention, respectively.

Apart from electrodes, binders can also be utilized for
solid-state electrolytes. Cao et al. used ethyl cellulose as a
binder in a sulfide-based electrolyte (LigPS;Cl)."*° Benefitting
from the adhesion of the binder, the electrolyte exhibited
superior mechanical strength and integrity. Thinner and
more rigid electrodes can be prepared. The thickness of the
sulfide electrolyte was 47 um and there was no fracturing,
even at 80 MPa compression stress. As the thickness and
mass of the electrolyte decreases, the energy density of the
battery can be increased. Using a cell comprising a LCO/Li3-
InClg cathode (55 um), LigPS;5Cl electrolyte (50 um) and Li-In
anode (30 pm), the all-solid-state battery delivered 175 W h
kg " gravimetric energy density and 670 W h L™ volumetric
energy density.

An ingenious strategy can improve both adhesion and
strength simultaneously, that is, the combination of rigid
and flexible chains in polymeric binders. Rigid chains
provide strength, while soft chains provide adhesion.
Poly(furfuryl alcohol) (PFA) has a high Young's modulus and
high ultimate strength, while polyvinyl alcohol (PVA) has a
large ultimate elongation and low ultimate strength (Fig. 2k).
Therefore, combining soft PFA and rigid PVA via an in situ
polymerization, Lu's group constructed a 3D interpenetrating
binding network for Si anodes.®” Different ratios of PFA and
PVA were utilized including 75:25, 50:50 and 25:75,
denoted as 3F1V, 2F2V and 1F3V, respectively. Initial charge
specific capacities of the Si anodes with 1F3V, 2F2V and 3F1V
binders were 2692.6, 2822.3, and 29165 mA h g,
corresponding to coulombic efficiencies of 67.3%, 78.5%,
and 79.9%, respectively (Fig. 21). 3F1V with superior capacity
fulfillment also showed good cycling performance for Si
electrodes, even at a high mass loading of 4.9 mg cm™
(Fig. 2m). Full batteries were assembled using LRMO
cathodes and Si anodes, and they delivered an areal capacity
of >10 mA h cm™ and an energy density of >300 W h kg .

2.1.2 Volume change accommodation. Many high-specific-
energy electrodes are inevitably confronted with severe
volume changes upon large amounts of Li uptake/release
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during charge and discharge, such as high-voltage oxide
cathodes (LCO (11.7%), Li,MnO; (40.8%)),*> alloy anodes
(silicon anodes (~300%)), conversion electrodes (sulfur
cathodes (~80%), metal oxides (20-100%), metal fluorides
(10-40%), metal sulfides (40-170%)),"***** and even lithium
metal anodes. The problems induced by volume change are
schematically illustrated in Fig. 3a. The repeated volume
fluctuation induces poor contact between the active material
particles and inactive functional components in the electrode
matrix. Delamination is induced as the electrode particles
undergo as little as 7.5% volume change according to the
theoretical prediction."”® This issue actually impairs the
structural integrity and disrupts the charge transport
pathways. Furthermore, vulnerable electrode-electrolyte
interfaces cannot endure severe volume changes, and are
easy to break. In addition, the exposed surface of the active
materials will consume extra electrolyte and Li ions as well as
regenerate thicker interfaces, causing capacity losses and a
large interfacial impedance. Moreover, the stress/strain
resulting from huge volume changes intensifies the particle
pulverization, especially for microparticle silicon (SiMP)
compared to nanoparticle silicon (SiNP), leading to the
exposure of more surface to the electrolyte. Also, dispersed
particles lose the pathways to transfer electrons and ions.
Some strategies are proposed to ameliorate the negative
effects from volume change, such as a special yolk-shell
structure’”® and an elastic binder.*® Although binders are
believed to be an ideal volume buffer inside the electrode
matrix, the binder itself suffers from mechanical failure. The
stress—strain curve of polymers is shown schematically in
Fig. 3b. When the stress arising from volume changes is
within the elastic limit of the polymers, the polymers’
deformation belongs to elastic deformation, which means
that the polymers can recover when the stress is removed.
Therefore, as we expected, the binders can endure repeated
volume changes. But when the stress exceeds the yield
strength, the polymers' deformation belongs to plastic
deformation, meaning that the strain cannot
completely when the stress is removed and residual strain
becomes permanent deformation. The ability of binders to
limit volume change is thus diminished. Furthermore, when
the stress exceeds the ultimate strength, polymers fracture
and the binders fail.

In the face of the large volume change, the stress can be
dissipated through the binder layer to alleviate the particle
damage caused by particle expansion and extrusion. The
molecular design offers effective strategies for binders that
accommodate strong volume changes: (a) dissipate energy via
sacrificial bonds and disperse accumulated stress via the
branched configuration of the binders; (b) buffer the stress
via the deformation and relaxation of highly elastic binders;
and (c) overcome the repeated volume change via the
dynamic bonds of intermolecular interactions to provide self-
healing ability.

A method was proposed by Zhang et al. utilizing PAA and
carboxylated nitrile butadiene rubber (XNBR) with tannic acid

recover
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(TA) as a cross-linker to construct a binder (named PTBR) for
SiMP and SiO, anodes.'™ This has gradient bonding energy
as shown in Fig. 3c. Among these bonds, in addition to a
series of reversible hydrogen bonds with different bonding
energies as sacrificial bonds, covalent bonds are formed by
the amidation reaction between the carboxyl groups of the
binder and the amino groups of amino-functionalized carbon
nanotubes to provide stronger bonding. With the volume
variation of Si anodes, the hydrogen bonds dissociate
successively to dissipate energy and disperse stress
uniformly, which is profitable to reduce damage to the
electrode from large volume expansion. The finite element
modelling validated the conclusion that PTBR binders can
indeed improve the uniform dispersion of stress in Si anodes
during lithiation compared to PT binders (a mixture of PAA
and TA) without XNBR (Fig. 3d). Atomic force microscopy
(AFM) was used to characterize the stress dispersion by the
plastic work of electrodes.”>'™* The average plastic work of
SiMP/PTBR was smaller (0.991 keV) and dispersed even more
than SiMP/PT (2.947 keV). Branched structures of dendrimers
can disperse stresses because the tensile force, F, is dispersed
through n branches, so the force on each branch is reduced
to F/n."® Hyperbranched B-cyclodextrin polymers (B-CDp) can
be used as binders."">''® Jeong et al. showed Si electrode
surfaces with B-CDp had less cracks via scanning electron
microscopy (SEM) compared with linear alginate binders.'"”
In addition, Si anodes with B-CDp demonstrated better long
cycling performance compared to linear binders, such as
alginate and PVDF. The capacity retention of Si/B-CDp was
50.6% compared with Si/alginate (27.1%), whereas the
capacity of Si/PVDF rapidly decayed during 25 cycles.

Owing to their high elasticity and flexibility, binder layers
can buffer the strain/stress via deformation and relaxation.
The Choi group designed a binder with a thread-ring
structure in which polyrotaxane (PR)—comprising of
polyethylene glycol (PEG) threads and a-cyclodextrin (a-CD)
rings—is covalently integrated with PAA, and the binder is
named PR-PAA.*® According to physical principles, the
movable PR is analogous to movable pulleys and can reduce
the tensile force proportionate to the number of PR moieties,
improving the ability to endure extreme stretching stress.
Another feature was that the sliding motion of the molecular
pulleys equalized the strain on the all-polymer chains in
contrast to conventional cross-linking architecture, where the
pressures were locally concentrated on shorter chains
because the cross-linking sites were fixed. As shown in
Fig. 3f, when the strain was small, the PAA chain rearranged
along the load direction to buffer the stress. But with a
further increase in strain, the ring sliding of PR played a
dominant role to release the stress, which allowed PR-PAA
films an astonishing maximum stretch up to 390%, while
only 37% was found for PAA films. At a current density of
0.033 C, the initial discharge capacity of PR-PAA-based SiMP
anodes was 2971 mA h g™' with a coulombic efficiency of
91.22%, while the values are 2579 mA h g and 81.61% for
PAA-based anodes (Fig. 3j). At 0.2 C, PR-PAA-based SiMP
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Fig. 3 Modification strategies to accommodate volume changes of electrodes. (a) Typical problems induced by the electrode volume change.
Reproduced with permission.® Copyright 2018, Royal Society of Chemistry. (b) Schematic representation of the stress-strain curves of polymers. (c)
The gradient cross-linking bonds of PTBR binder. (d) The stress distribution of lithiated Si particles of puSi/PT and uSi/PTBR through the finite
element simulation. (e) The distribution of plastic work on the surface of uSi/PT and uSi/PTBR from AFM. (c)-(e) are reproduced with permission.***
Copyright 2019, Wiley. (f) Comparison of stress-strain curves of PR-PAA with PAA films, and schematic mechanical interaction of PR-PAA. (g) Initial
charge/discharge profiles of the PR-PAA-SiMP and PAA-SiMP electrodes. (h) Discharge areal capacity of the PR-PAA-SiMP and PAA-SiMP
electrodes over cycling. The inset is the coulombic efficiencies of PR-PAA-SIMP. (f)-(h) are reproduced with permission.?® Copyright 2017,
American Association for the Advancement of Science. (i) Chemical structure of the Spandex binder and illustration of hydrogen bonding between
Spandex and Ag particles. (j) Schematic illustration of controlling the large volume change during lithiation and delithiation of the silver-carbon
composite electrodes. (i) and (j) are reproduced with permission.** Copyright 2022, American Chemical Society. (k) Working mechanism of
dynamic cross-linking of B-CDp and 6AD on a silicon surface. (I) Chemical structures of 6AD and 1AD. (m) Comparison of cycling performance
based on different binders in Si electrodes. (k)-(m) are reproduced with permission.?” Copyright 2015, American Chemical Society.
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anodes maintained an areal capacity of 2.43 mA h cm™ after
150 cycles, which is 91% of their initial capacity. In
comparison, after 50 cycles, the PAA-based electrode only
kept 48% of its initial capacity (Fig. 3h). The lithium metal
anode, the ideal next-generation anode, is also faced with a
large volume change during the deposition and dissolution
of lithium. Carbon nanotubes (CNTs) can be employed as a
3D scaffold to guide uniform Li deposition and prevent Li-
dendrite growth but easily suffer ruptures due to a large
tensile stress generated during the lithium uptake-release
cycles. Therefore, based on the same binder molecule, the
Choi group used PR-PAA for lithium metal anodes to
alleviate CNT fracturing and enhance the cycling stability."*®
The LFP-Li full cells with CNTs but without PR-PAA binders
maintained 60% capacity retention after 50 cycles. In
contrast, the cell with CNTs/PR-PAA maintained 65%
capacity retention after 140 cycles. Another molecular design
example is via the deformation of flexible polymer chains to
release the stress. A binder comprised of soft and rigid
chains, known as “Spandex”, was applied to a silver-carbon
composite anode with large volume changes upon lithiation/
delithiation.”® The rigid chains consisting of ureido and
phenyl structures were riveted on the surface of Ag via
hydrogen bonding interactions. And the soft chains
consisting of polyethylene glycol (O-R-O segment) endowed
the binders with elastic adjustment (Fig. 3i). The soft
segment can be stretched during lithiation, but is
unstretched during delithiation, realizing the reversible
change of the binder network structure (Fig. 3j). It has been
demonstrated that the Spandex binders perform well in many
electrode systems, including LFP'*® and NCM cathodes."*°

Apart from anodes, cathode materials also undergo
volume changes,*” which become more severe in solid-state
batteries due to the rigid solid-solid contact. Although a large
pressure (over 50 MPa) is usually necessary in solid-state
battery configurations to inhibit volume changes and retain
the interfacial contact, it can be impractical for
applications.””  Gregory et al synthesized a block
polycarbonate binder to buffer the volume changes of
NCM811 (~6%) in LigPSsCl electrolyte.”® This binder
demonstrated high tensile strain (1000% without breaking),
excellent elastic recovery (~98.3%) and high compression
resistance. Benefitting from the extraordinary elasticity,
under a low pressure of 1 MPa, the solid-state batteries with
the binder showed a capacity retention of over 90% after 80
cycles and over 70% after 500 cycles.

In addition to strong cross-linking (described in section
2.1), there is another type of cross-linking via weak
intermolecular interactions, such as hydrogen bond
interactions,®"#%1227124 (djgulfide bond interactions,'*® host-
guest coordinated interactions,®” ionic interactions,*®'*® etc.
The binding network constructed by strong cross-linking
could be too rigid to sustain a large volume change.
Comparatively, the weak cross-linking due to reversible and
dynamic intermolecular connections endows the polymer
with a self-healing ability. A polymeric binder comprising
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hyperbranched B-CDp and a dendritic gallic acid cross-linker
incorporating six adamantane units (6AD) was applied to
silicon anodes.”” B-CDp adhered on the surface of Si tightly
via hydrogen bonds and was cross-linked by 6AD in which
adamantane reversibly inserted into the cavities of B-CDp
through host-guest interactions (Fig. 3k). In contrast, 1AD
cannot cross-link with B-CDp. The molecular structures of
6AD and 1AD are shown in Fig. 31. Adamantane was extracted
from the cavities of B-CDp when the Si expanded but inserted
into it when the Si contracted, which dynamically adjusted
the network structures. In cycling tests, alginate, PAA and
CMC showed rapid capacity decay, reaching only 21.7%,
25.2%, and 30.5% capacity retention, respectively, after 150
cycles, resulting from the linear structures and poor elastic
properties. However, -CDp/6AD retained capacity retention
up to 90% after the same number of cycle. It is noteworthy
that B-CDp/1AD only has a capacity retention of 23%, which
proves that, despite host-guest interactions, the lack of a
cross-linker cannot preserve the integrity of the electrodes
(Fig. 3m). Polyurea consists of a urea (-NH-C=O-NH-)
structure, where dual hydrogen bonds (N-H---O=—C) are
formed. The abundant hydrogen bonds are sufficient and
powerful enough to provide a self-healing ability and tension
resistance. For example, Bao's group developed binders that
included a urea structure (named as self-healing polymers
(SHPs)) for Si anodes.®™'**'** The strain of an SHP could
reach 300% without breaking, and the self-healing
phenomenon of electrodes with an SHP was observed. The
initial discharge capacity and capacity retention of Si anodes
with an SHP was 2617 mA h g™ at 0.4 A g™' and 80%,
respectively, after 90 cycles.

Although a dynamic architecture through weak cross-
linking is an efficient strategy to overcome volume changes,
reversible bonds are in turn easy to break apart and hence
cannot provide persistent mechanical strength during
prolonged cycling. Lee et al. proposed an interesting concept
of an “adaptive binder”.'*’ Its backbone was polysaccharides
(e.g., hyaluronic acid (HA), CMC or alginate) grafted with
gallol (GA) (1,2,3-trihydroxybenzene) moieties. When the
volume of the SiMP changed in the early cycles, the binder
would reposition and reorient via hydrogen bond cleavage
and regeneration, leaving sufficient space to adapt to volume
variation. Then, when the binder volume changes became
relatively stable in the later cycles, the intermolecular
interactions converted from reversible supramolecular
interactions into irreversible covalent linkages. The fixed
framework largely improved the structural stability of the
electrode over prolonged cycling. Rheological tests showed
the mechanical property of the slurry was obviously enhanced
after 120 hours of aging because of the formation of covalent
bonds. In order to compare the cyclability of HA-GA and HA
as binders, SiMP anodes were tested in a half cell at 1 C. The
HA-GA binder showed 1153 mA h g™ capacity even at the
end of the 600th cycle. But the HA binder exhibited a rapid
decrease of capacity down to ~1000 mA h g™* at the 100th
cycle and 347 mA h g™* at the 600th cycle.
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2.2 Mitigating interfacial degradation

Owing to the thermodynamic instability, a CEI or SEI will be
formed on the contact between electrodes and electrolyte. A
large number of reports have shown that the electrochemical
performance of batteries is starkly related to the properties of
the interphase layers. Therefore, how to construct efficient
and stable CEIs and SEIs is a research focus.

In high-voltage transition-metal (TM) cathodes, there are
particularly severe challenges to be faced with the interface.
The continuous decomposition of the electrolyte at the
cathode surface is considered to be one of the most
important causes of interfacial degradation.'® The electrolyte
readily reacts with the cathode surface to produce the as-
termed CEL'?'° In addition, various reactive intermediates
from the electrolyte, such as HF, free radicals, etc., can
destroy the pristine CEI and trigger more side reactions.
Additionally, the intrinsically unstable crystal structure at the
cathode surface in the high delithiated state undergoes
dissolution of TM ions and release of O,, inducing chemical
crossover with the anode surface. In fact, in addition to the
prevalent approaches of electrolyte design and electrode
coating, the rational molecular design of binders has also
proved to be an efficient strategy to mitigate the interfacial
degradation."®" Binders with a special design can uniformly
coat the cathode surface with strong adhesion as an artificial
CEI, and scavenge/absorb a variety of reactive intermediates
to protect the surface structure and alleviate electrolyte
decomposition to some extent. In addition, it is reported that
the crystal structure of cathodes at the surface can be
stabilized by the binders to inhibit TM-ion dissolution.

Li et al. used polyaniline (PANI) as a binder for ultrahigh-
nickel layered oxide cathodes (LiNij.4C00.060,) at 2.8-4.4 V.'*?
Uniform and stable artificial CEIs were constructed at the
surface of the cathodes. Time-of-flight secondary ion mass
spectrometry (TOF-SIMS) results showed that the CEI of the
PANI samples was regulated to a dual-layer structure consisting
of inorganic (PO, /POF, ) and organic (C,HO") layers, which
were thinner and more homogeneous compared to that of PVDF
(Fig. 4a), and importantly, free of a transition-metal species
layer (NiF; /CoF;'). In contrast, the CEI of the PVDF samples
featured a triple-layer structure, comprising inorganic species in
the exterior layer, organic species in the intermediate layer and
dissolved transition-metal species penetrating into the interior
layer. A thin and stable artificial CEI ensures long-term cycling.
The full cell of graphite/LiNij 94C00,0s0, With PANI as a binder
at C/2 rate and 25 °C exhibited 81% capacity retention after
1000 cycles, while that with PVDF only exhibited 47% capacity
retention. The capture of various reactive intermediates, such as
HF, free radicals and active oxygen, plays a critical role in
stabilizing the cathode interphase. HF from the hydrolysis of
LiPF, usually degrades the CEIL The imine nitrogen in PANI
could be coordinated to F~,"** and the sulfonic anion group in
Nafion could attract H',*> both of which are helpful for
scavenging HF from the decomposition of a lithium salt and
solvents. A photostabilizer (PS) as an anti-aging binder additive
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(shown in Fig. 4b) was proposed by Mu et al, realizing the
capture of free radicals from the electrolyte and active oxygen
from the cathodes at high voltage.”” The author designed
delicate experiments to validate this anti-aging ability. When PS
and PVDF were added to the free-radical detection reagent (1,1-
diphenyl-2-picrylhydrazyl free radical) or to the 'O, indicator
(indocyanine green), the color of the solution became colorless
from purple or green, but the sample but only PVDF did not,
which proved the absorption of free radicals and active oxygen
by the PS. Online differential electrochemical mass
spectrometry (DEMS) results further indicated that the PS
ameliorated the release of O, during operation (Fig. 4b). In
addition, the agent has been demonstrated to have universal
radical-capture abilities in various layered oxide-based cathodes,
including NCM, LRMO, and LCO cathodes, and under different
working conditions (Fig. 4c).

The irreversible migration of TM ions leads to a phase
transition from layer phases to spinel phases or/and a rock-
salt phase, accompanied by the dissolution of TM ions and
release of O,. Jin et al. synthesized a DPGP-PEI/PVDF binder
by cross-linking a functionalized terpolymer named as DPGP
with polyethylenimine (PEI), and mixing with PVDF for use
in NCM811 cathodes at 2.8-4.5 V.”" The polar and electron-
rich functional groups of DPGP-PEI, including catechol and
amide groups, interact with the positive TM ions at the
interfacial lattices, constraining the dissolution of TM ions to
stabilize the surface structure. The high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) results revealed that the surface of the PVDF-based
NCMS811 cathodes consisted of a rock-salt phase in the outer
layer, a thick spinel phase in the intermediate layer and a
layered phase in the bulk. In contrast, only a thin layer of
spinel phase was formed on top of the layered structure of
the DPGP-PEI/PVdF-based NCMS811 cathode without the
presence of the rock-salt phase (Fig. 4d). Furthermore, the
XRD refinement results indicated a lower degree of Li/Ni
cation mixing in the DPGP-PEI/PVdF-based NCM811 cathode.
The working mechanism of DPGP-PEI/PVDF that mitigates
the interfacial and structural degradation is illustrated in
Fig. 4e. The TOF-SIMS showed that the cycled graphite anode
surface with DPGP-PEI/PVDF exhibited lower content of Co,
Mn and Ni ions than that with PVDF, demonstrating that
DPGP-PEI suppresses ion dissolution and cathode-to-anode
crossover. LRMO cathodes with high capacities over 200 mA
h ¢! are more prone to surface degradation of the lattice
structure because of the involved oxygen redox reaction,
where the vacancies left from the released O are easily
captured by TM ions, accelerating the irreversible migration
of TM ions. According to the work of Xu et al,
polyacrylonitrile (PAN) was used as the binder for LRMO
cathodes, which coordinates with positive TM ions at the
surface through CN triple bonds to prevent TM ion
migration.>® Density functional theory calculations showed
the energy barrier of Mn ion migration in delithiated LRMO
cathodes was lower (+2.58 eV) with PAN than that without
PAN (+3.59 eV) (Fig. 4f). Remarkably, the energy barrier of Ni
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ion migration in delithiated LRMO cathodes without PAN is
-0.66 eV, which meant favorable Ni ion migration. However,
the migration barrier of Ni ions rose to +2.28 eV with PAN,
meaning ion migration was inhibited effectively (Fig. 4f).
Huang et al. designed dextran sulfate lithium (DSL) binders
to enhance the interaction with the LCO surface by sulfonic
anion groups, which could suppress the detrimental phase
transition from the O3 phase to the H1-3 phase.”” In situ
Raman spectroscopy showed that the PVDF/LCO electrode
exhibited obvious attenuation in the E, (O-Co-O bending
vibration) and A, (Co-O stretching vibration) peaks, while
the DSL/LCO cathode showed reversible evolution of the E,
and A, peaks during the first cycle from 2.8 V to 4.6 V
(Fig. 4g). This was attributed to the interaction between DSL
and LCO that greatly prevents the irreversible breaking of
Co-O and O-Co-O bonds at the surface, and further
suppresses the deep-going structural collapse during the
high-voltage LCO cycling. Fig. 4h shows the discharge curves
of the first and tenth cycles for high-voltage LCO and Fig. 4i
shows the cycling performance of PVDF/LCO and DSL/LCO at
0.5 C. DSL/LCO retained a higher capacity retention of 93.4%
after 100 cycles compared to PVDF/LCO (61.5%).

There are also many challenges at the anode interphase,
such as large impedance, structural instability, etc. Likewise, an
effective SEI can be constructed using a binder coating to
alleviate the decomposition of electrolyte at the interface.'**™**
A functional binder can modify the SEI composition via an
electrochemical reaction to improve the electrical and
mechanical properties of the SEI, facilitating the
electrochemical performance of batteries.®® Pradhan et al
synthesized a B-bearing caffeic acid-based binder for graphite
anodes.”*® Compared with the solvent and salts, the lower
unoccupied molecular orbital (LUMO) energy level of this
binder could facilitate the preferential reduction to form a
borate-rich SEL The borate-rich SEI decreased SEI resistance
and improved the electrode dynamics. Furthermore, it is
reported by Wang et al. that due to a lower LUMO energy level,
a poly(vinylamine) (PVAm) binder containing amino (-NH,)
and amide (-NH-CHO) groups could also be preferentially
reduced and form an N-rich SEI that is Li-conductive and has
good mechanical properties."®” The Li 1s X-ray photoelectron
spectroscopy (XPS) spectra verified the presence of Li-N at the
Si/PVAm surface. Consequently, it was further proved by the
electrochemical impedance spectroscopy (EIS) that Si/PVAm (52
Q) exhibited lower interfacial impedance in comparison to Si/
PVA (65 Q) and Si/PVDF (123 Q), which is attributed to the
N-rich SEI. A cycling test of the Si anodes was performed to
investigate the influence of PVAm. Si/PVAm delivered 2000 mA
h g™" capacity after 200 cycles, while Si/PVDF and Si/PAA only
delivered 66 and 820 mA h g™ capacity, respectively, after the
same number of cycles.

2.3 Electrical properties

2.3.1 Improvement of electrical conductivity. Low
electrical conductivity is the bottleneck of rate performance
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of the active materials.”*®*"*® Although added conductive
carbons can enhance the electrical conductivity of electrodes,
large volume changes during cycling lead to the loss of
contact between the conductive carbons and the active
materials (Fig. 5a).° If binders are endowed with the ability to
conduct electrons then, benefitting from the flexibility of the
binders, the electrical pathway can always be guaranteed
despite drastic volume changes. The conductive binder
represents a pivotal application scenario to possibly avoid the
use of conductive carbon (Fig. 5a)."*® Generally, electrically
conductive polymers have a conjugate structure with
alternating single and double bonds, and a lower energy gap
between the bonding orbitals and antibonding orbitals than
that of a non-conjugate structure and thus delocalized =
electrons can be transported directionally under an electric
field. The introduction of polarons through redox or doping
can further reduce the energy gap and realize the satisfactory
conductivity of the conducting polymers (Fig. 5b). In contrast,
it is well known that PVDF is electrically insulating due to its
non-conjugated structure.

Conductive polymers are typified by polyfluorene,
polythiophene, polyaniline, polypyrrole, and so on. The most
obvious way to design conductive binders is to imitate these
conductive polymers as molecular backbones that are supposed
to ensure the adhesion property. Liu's group chose poly(9,9-
dioctylfluorene-co-(9H-fluorene)) (HPF) as the baseline and
introduced carbonyl groups into the fluorene units, producing
poly(9,9dioctylfluorene-co-fluorenone) (PF), to regulate HPF's
LUMO energy level. The decreased energy level difference
enhances the electrically conductivity. Based on this method,
they developed a series of n-type polyfluorene-based
multifunctional binders, such as poly(9,9-dioctylfluorene-co-
fluorenone-co-methylbenzoic ester) (PFM) and poly(9,9-di(oxy-
2,5,8-trioxadecane) fluorene-co-(9,9-dioctylfluorene)-co-
methylbenzoic ester) (PEFM) (Fig. 5c).*>'*'%* The high
conductivity (~1 x 10® S em™) of these binders contributes to
the superior electrochemical performance. More importantly,
an inspiring strategy that manipulates the properties of
polymers by producing hierarchically-ordered structures (HOS)
was proposed.®* As we know, proteins achieve advanced
functionality by forming higher-order structures, through
processes such as structural folding and multi-molecule
arrangement, whereas advanced functionality is impossible
with primary structures alone. Similarly, the removal of alkyl or
alkoxy side chains of polyfluorene-based binders by thermal
treatment could enhance the n-n interactions between chain
segments and hence build HOS of the binders. A schematic
diagram of HOS is shown in Fig. 5d. This strategy extended the
ordered range of the microstructure and reduced the
amorphous intercrystallite regions, where carriers are expected
to move more efficiently. Abundant micro-crystal orientations
in HOS-PFM due to n-rn stacking between the aromatic chains
were observed directly by four-dimensional scanning
transmission electron microscopy (4D-STEM) (Fig. 5e). As a
result, this seemingly simple method significantly improved
the mechanical properties, electric (~0.1 S em™) and ionic (a
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Li" diffusion coefficient of 1.2 x 107" ¢m s™) conductivity of
the binders by constructing higher-order structures without
introducing new functional groups. The cycling performance of
the HOS-PFM-based microparticle SiO, (m-SiO,) anodes was
significantly better than PFM despite the lower content of HOS-
PFM (9.6 wt%) (Fig. 5f). The high-loading HOS-PFM-based m-
SiO, (88 wt%, 94 wt% and 99 wt%) still retained high
coulombic efficiency and capacity retention without any
conductive carbons (Fig. 5g). Fig. 5h shows that the
electrochemical performance of polyfluorene-based conductive
binders (HOS-PFM, HOS-PM, HOS-PF and HOS-PEM) can be
significantly improved by the HOS strategy in stark contrast to
the conventional binders (PAA, LiPAA, PI, PVDF and CMC/SBR)
and non-HOS binders (PFM).

Polythiophene, a common conductive polymer, can also
be used as the backbone of multifunctional binders.
Introducing long alkane chains"**™'*® or Li-ionized alkyl

carboxylate groups with various lengths®®'"" into
polythiophene, can increase both ionic and electronic
conductivities. ~ These  binders  exhibit exceptional

electrochemical performances in a wide variety of electrode
systems, such as graphite,'” silicon’*” and Fe;O, (ref. 20)
anodes, as well as V,0; (ref. 144 and 146) and LFP'*
cathodes. Another well-explored thiophene-based polymer,
namely poly(3,4-ethylene dioxythiophene) doped with
poly(styrene sulfonate) (PEDOT:PSS), was also exploited as a
binder. Higgins et al. investigated the effect of formic acid
(FA) doping on the conductivity of PEDOT:PSS and optimized
the content of FA (10%)."*® The cycling tests showed PEDOT:
PSS/SINP with 10% FA has the highest specific capacity of
2681 mA h g in the second cycle and 1950 mA h g™ at the
100th cycle in comparison to CB/LiPAA, PEDOT (no FA) and
PEDOT (5% FA). Because of the enhancement of electrical
conductivity, PEDOT:PSS/SiNP exhibited superior rate
performance compared to other binders.

In situ polymerized PFA as a conductive binder has been
employed in LFP electrodes.'*® The extended conjugated
regions were beneficial to decreasing the energy gap between
the HOMO and LUMO and hence improve the conductivity
(Fig. 5i). From Fig. 5j, it is evident that the PFA binder affords
the LFP electrode a higher energy density and power density
compared to PVDF. Furthermore, the in situ polymerized
PANI cross-linked with phytic acid constructed a 3D
conductive network for Si anodes (Fig. 5k).**° The in situ
PANI/SINP composite electrodes exhibited a relatively stable
reversible capacity of 1600 mA h g™ after 1000 cycles. In
comparison, PVDF/SiNP and the mixed PANI/SiNP have rapid
capacity decay (Fig. 51). Moreover, polypyrrole (PPy) can also
be employed as a conducting binder. The in situ polymerized
and cross-linked PPy formed a conductive gel framework,
which demonstrated superior electrochemical performance
in Si and Fe;0, anodes.'>"1>>

In addition to the use of conducting polymers as the
backbone of binders, the electronic conductivity can also be
improved by grafting large conjugated fragments. For
example, molecules of the polycyclic aromatic hydrocarbon

206 | /Ind. Chem. Mater,, 2024, 2, 191-225

View Article Online

Industrial Chemistry & Materials

pyrene were grafted onto polyacrylate as side chains.’®® The
pyrene groups are close enough together to readily self-
assemble into an ordered structure, which can further
improve the electrical conductivity due to stacking of the
aromatic moieties. Furthermore, an inorganic composite
binder made of carbon nanotubes interwoven in cellulose
was proposed.®® Benefitting from ultra-high electrical
conduction (816 S m™) of the inorganics, electrodes with this
binder possessed superior rate capability. At high current
density (10 mA cm?), LCO with this binder delivered 2.6 mA
h em™ capacity, but LCO with PVDF barely has capacity