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Abstract

As an indispensable part of the lithium-ion battery (LIB), a binder takes a small share of less than 3% (by weight) in the cell;
however, it plays multiple roles. The binder is decisive in the slurry rheology, thus influencing the coating process and the
resultant porous structures of electrodes. Usually, binders are considered to be inert in conventional LIBs. In the pursuit of
higher energy density, many new binders are being developed for specific targets, such as the high-voltage (typically,>4.5 V)
cathodes, conversion/alloy-type cathodes/anodes with large volume effect, and solid-state batteries (SSBs), in which these
binders demonstrate their various functions. They may influence the solid electrolyte interface component, ensure the elec-
trode/electrolyte interfacial stability, transport ions/electrons in the electrodes, provide adhesion and flexibility to solid-state
electrolyte (SSE) films, etc. Here in this review, we try to summarize the advances on binders, among which the ones for high-
voltage cathode materials, thick electrodes, micro-sized silicon particles, SSEs and SSBs are highlighted. We believe that
the advanced functional binders would play decisive roles in the future development of high-energy—density LIBs and SSBs.
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1 Introduction

The ever-developing society and economics call for
advanced energy storage devices with higher energy/
power density, better safety, longer service life, low CO,
emission, environmental benignity, and lower cost. As
the leading electrochemical energy storage technology,
lithium-ion batteries (LIBs) are currently widely adopted
in consumer electronics, transportation, aviation, and
large-scale energy storage. State-of-the-art (SOA) LIBs
are composed of active materials (AMs) and conductive
agents (CAs) jointed by binders that are coated on current
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collectors to form electrodes. The electrodes are separated
by polyolefin membranes and enclosed in package mate-
rials. Electrolytes are injected so that ions can be trans-
ported across the whole cell [1]. Generally, we believe
that the percolated ion and electron passages in the cell/
electrodes are formed by the electrolytes, CAs and cur-
rent collectors, respectively. While going to the details,
the tiny interfaces such as the solid electrolyte interface
(SED), Li* solvation sheath, and even the binder, may play
indispensable roles. Intensive efforts have been devoted on
SEI and electrolyte studies in the past decade to make full
use of the advanced AMs including silicon (Si)- and tin
(Sn)-based alloy-type anodes [2—-8], metal lithium [9-16],
nickel-rich cathodes [17-21], sulfur (S) [22-26], etc. On
contrast, insufficient attention was put on the binders until
people realized that the electrode integrity of Si anodes
cannot be guaranteed by traditional ones [27—42]. There-
fore, functional binders with higher mechanical strength,
self-healing ability, and electronic/ionic conductivity were
started to be developed. However, the dominant binders
in current LIB industry are still the ones from the very
beginning, i.e., polyvinylidene fluoride (PVDF) for cath-
odes, styrene-butadiene rubber (SBR) and carboxymethyl
cellulose sodium (CMC) for anodes.
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Fig. 1 Scheme illustrating the
ideal connection state between
the binders, AM and CA
particles in a porous electrode,
where the AM should be either
encapsulated by lamellar bind-
ers or linked by fibrous binders,
and the electrolytes (liquid or
solid) should fill the pores
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Most binders realize the cohesion by physical interlock-
ing [e.g., PVDF, SBR, and polytetrafluoroethylene (PTFE)]
or chemical bonding [e.g., CMC and alginate (Alg)] [43].
Adhesion is a complicated process that is influenced by
the bulk composition, surface chemistry (e.g., functional
groups such as —OH), and the morphology (e.g., the size,
aspect ratio, and surface roughness) of both binders and
the materials to be cohered. Moreover, the environmental
temperature and humidity also affect the adhesion forces
and even the mechanisms, which makes the process more
intricate. One most typical example is dopamine (dopa)
and its derivatives, which are the most widely stud-
ied binder family. The catechol group is believed to be
capable of interacting with almost all surfaces including
metals, oxides and polymers via different mechanisms.
Using chemically modified Si;N, atomic force micros-
copy (AFM) cantilevers, Messersmith’s group studied the
interactions between dopa and various surfaces [44]. They
found that dopa is capable of forming high-strength yet
reversible bonds with both organic and inorganic surfaces
via the adjustment of its own oxidation states. Latterly,
they developed a facile surface modification approach, in
which a self-polymerization of dopa produced an adher-
ent coating on a wide variety of surfaces [45], where the
wettability, processibility and many other characteristics
of the materials could be highly changed. Later, inspired
by mussels and geckos, the same group realized a highly
reversible nanostructured adhesive, which could be even
applied under water [46]. Their work highlights the combi-
nation of physics and chemistry, which has inspired many
later works [31, 47, 48]. Another example commonly used
in LIBs is CMC. CMC is believed to act as a surfactant to
enhance the dispersity of the hydrophobic graphite. SBR
contributes most of the adhesion forces in electrodes by
physical interlocking [49]. In Si-based electrodes, it is the
carboxyl groups in CMC that form dynamic H-bonds and
covalent bonds with the hydroxyl groups on the Si surfaces
[50]. That is to say, the same binder may work in differ-
ent ways when used in different systems. Therefore, it is
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necessary to understand the properties of AMs in batteries
to develop binders with better performance.

In a typical electrode, the AM particles and CAs are
closely packed and adhesive to the current collector by
the binder. As the most inert material within the cell, the
binder should not only keep the electrode integrity and be
electrochemically stable but also be easy to be processed,
environmentally friendly and cost effective. Because of the
low percentage, small size and radio sensitive nature, the
binder is usually mixed with the CAs and forms the so-called
carbon binder domain (CBD) that is difficult to be distin-
guished or located in the electrode. As illustrated in Fig. 1, it
is widely accepted that the binder either covers the AM par-
ticles to form an amorphous coating layer with a thickness
of 2-35 nm or becomes fibrous to connect the particles due
to the capillary forces [51]. The electrolyte diffuses into the
pores of the electrode when being injected, and the binder
becomes the first to contact with it in the electrode. There-
fore, the binder must keep a low swelling ratio and strong
adhesion to the electrolyte so that the electrode integrity
can be ensured.

PVDF, CMC and SBR fulfill most of the requirements
until some novel AMs with large volume expansion during
the lithiation process were developed, such as the alloy-type
Si and Sn, the conversion-type sulfur, and their derivatives.
Typically, the volume changes of the alloy- and conversion-
type AMs during lithiation are higher than that of graphite
(about 10%), sometimes accompanied with particle frac-
ture. Therefore, these electrodes usually surfer from larger
mechanical stress during the charge/discharge process [52],
where binders with more functions are required. Besides,
the pursuit of higher energy density also raises new require-
ments to the binders, e.g., the high-voltage cathodes such
as the Li-rich layered oxides (LLOs) need better electro-
chemical stability as they work at high potential up to 4.8 V.
Increasing the thickness of the electrode is a universal way to
enhance the battery energy density. However, routine bind-
ers usually limit the coating layer to a certain thickness due
to the surface tension in the drying process. Therefore, new
binders and processing techniques (e.g., the drying method
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Fig.2 Typical binders and their functions toward specific applica-
tions. Relevant reports were discussed in the corresponding sections
as labeled, and the subfigure for the eco-friendly binder, the carbon

[53]) are requisite. Solid-state electrolytes (SSEs) are also
drawing more and more attention as they play indispensable
roles in solid-state batteries (SSBs), where binders are also
necessary for the fabrication of thin SSE films. With these
considerations, many natural/artificial polymers and their
complex and even inorganic binders with more functions
have been developed, as shown in Fig. 2. Considering mul-
tiple high-quality review papers focusing on Si [49, 54-59]
and S [60, 61] have been published in the past several years,
we focus on the state-of-the-art development of binders from
the whole cell level. Binders for specific applications, e.g.,
high-voltage cathodes, thick electrodes and SSBs, are high-
lighted. We hope to shed some light on the future explora-
tion of new binders in new chemistries.

2 Binders for State-of-the-Art LIB Industry

Currently, the industrial production process of LIB elec-
trodes is mainly slurry-coating including four steps: (1)
slurry preparation; (2) coating on metal films; (3) dry-
ing; and (4) calendering. Typical electrode slurries are

nanotube-modified net-like cellulose, was reprinted with permission
from Ref. [62]. Copyright © 2021, Wiley. “SSE” is for solid-state
electrolyte and “PS” is for polysulfide

non-Newtonian complex mixtures which consist of AMs,
CAs, binders and solvents. Herein, the binder is the deci-
sive factor for the slurry’s rheological properties (RPs) and
processability. The solvent, which is usually ignored as it is
removed during the drying process, may also influence the
battery performance. Madec’s group [63] prepared NbSnSd
alloy electrodes with polyacrylic acid (PAA) as the bind-
ers dissolved in H,O and n-methyl-2-pyrrolidone (NMP),
respectively. They found that the electrode with PAA/H,O
showed higher reversible capacity and lower resistance
during the charge/discharge cycles. X-ray photoelectron
spectroscopy (XPS) results demonstrated that a thin and
continuing SEI was formed in the PAA/H,0 system. Gas
chromatography coupled with electron impact mass spec-
trometry (GC/MS) test further proved that less additives
[vinylene carbonate (VC) and fluoroethylene carbonate
(FEC)] were consumed in this electrode. Their work also
demonstrated the possibility of PAA working as an artificial
SEI on the electrode, which is well worth of further study.
Electrodes can be considered as a kind of composite
material, in which AMs are connected and wrapped around
binders and CAs. It is not only that the binder needs to be
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electrochemically stable within the cell working potential
range [64], and maintains the integrity and mechanical sta-
bility of the coating to ensure that the final electrode com-
position is evenly distributed, but also that the dissolution,
migration and rearrangement of the binder always exist in
the electrode manufacturing process to affect the stability
and processability of the slurry. Considering the significant
influence of the electrode microstructure on cell perfor-
mance, tracking the evolution of binders is of significance
in guiding the LIB production.

2.1 Working Mechanisms of Binders in Electrode
Processing

The coating process in SOA battery industry requires slurry
with certain RPs so that AMs and CAs can be distributed
uniformly on the current collector (CC), wherein the binder
is the main component to adjust the RPs [65, 66]. It is mainly
PVDF for cathodes in oil-based and CMC/SBR for anodes in
water-based slurries in SOA LIB production, because they
show different influences on the slurry RPs. Multiple forces,
e.g., the steric hindrance, chemical bonding and bridging,
exist in the slurry owing to the interactions between AMs,
CAs and binders, because of which different microstruc-
tures can be formed. Li et al. [67] studied the dispersion
mechanisms of SBR and CMC in LiFePO, (LFP) aqueous
slurry. They found that SBR just provides steric hindrance
to the mixture because of its nonpolar property, while CMC
simultaneously exhibits steric and electrostatic repulsions,
which are effective for the dispersion of LFP. Notably, it was
found that SBR shows a higher priority than CMC to LFP;
however, the CAs preferentially interact with CMC. Lee’s
group [68] also confirmed the priority of CMC to graphite.
They systematically analyzed the RPs and concentration of
CMC/SBR in graphite anode slurry. It was concluded that
CMC plays a leading role in forming microstructures of the
slurry. Despite the outstanding dispersion and thickening
functions, CMC demonstrates an obvious disadvantage of
being relatively brittle. If CMC is used as a sole binder, the
graphite electrode will easily collapse during the pressing
process and suffer from severe powder loss.

The influence of PVDF on RPs is relatively complicated
and still controversial. One theory is that PVDF can hardly
adhere to the particle surfaces because of its poor affinity
to LiNi,Co,Mn,_,_, (NCM) and CAs; its function in the
slurry is mainly to increase the viscosity without affecting
the microstructures formed by CAs and NCM [69]. Another
theory is that PVDF tends to chemically bond or physically
adsorb to form a coating layer on the AM and CA particles’
surfaces. Liu et al. [30] proved that PVDF could form fixed
layers on LiNi, 3Coy ;5Al; 95O, (NCA) and acetylene black
(AB) with thicknesses of 32 and 9.5 nm, respectively. Abso-
lutely, these thick binder layers on the AM and CA surfaces
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increase the electrical resistance as the binder is usually
ionic and electric insulated [70]. Therefore, it is important to
form electron percolate passages in the electrode before the
binders cover. Kim et al. [71] studied the slurry viscosity and
electrode characteristics by varying the mixing sequence.
The lowest viscosity of the slurry was obtained by adding the
pre-mixed solid ingredients of LiCoO, (LCO) and CA into
the binder solution. The best electrochemical performance
was also observed with this mixing sequence. However, a
different conclusion was drawn by Meyer’s group [72]. By
varying the NMP content, the casting gap and speed, and the
mixing sequence, they studied the NCM111 slurry prepara-
tion method in details. It was found that although mixing the
CA and AM dry powders could enhance the adhesion forces,
a dense CB/PVDF layer could form on the NMC surfaces
and block the ion transport, thus decreasing the electronic
connection and reducing the C-rate capability. Therefore, the
electrochemical performance of the cells could be influenced
by multiple factors in different time and space scales. There
might be some trade-offs among them, which must be care-
fully considered.

2.2 Binder Migration in Drying Process

Electrode drying is an intricate top-down process which
includes the diffusion of binders and the sedimentation of
particles controlled by the solvent evaporation rate. These
parameters are hard to directly measure, therefore, research-
ers take in-situ analysis of electrode morphology [73, 74]
including Raman spectroscopy [73] and real-time fluores-
cence microscopy [74], and perform model validation analy-
sis [75] to examine them.

Schabel et al. [76] described various component migra-
tion processes, as shown in Fig. 3a. In the initial state, all
components are distributed evenly on the CC. As the volatile
solvent evaporates, the distances between particles decrease
with the film shrinking and the menisci forming. The capil-
lary force and gravity enrich the polymer binders and the
conductive agents in the upper part of the coating. When sol-
vent is depleted, the film shrinkage stops and a porous elec-
trode is left. The concentration gradient from the electrode
substrate to the surface was found to increase for CMC and
PVDF binders, while that for AM particles is contrary. This
phenomenon highly relies on the drying temperature and
the solid content [77]. A fast drying rate can accelerate the
migration of the inactive components (the binder and CA).
As binder is enriched on the surface of the electrode, the
adhesion between the coatings and CC becomes worse, and
the electrode may be susceptible to exfoliation and sticky
roll. Wang et al. [78] also came to a similar conclusion that
the organic material-based LCO electrode film has much
higher non-uniformity, weaker adhesion and electrical resist-
ance than the water-based one due to the binder distribution,
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Fig.3 a Scheme of an electrode film at different drying states. In
the initial state (¢ = t;), C, CB, SBR, CMC and the solvent (H,0)
are equally distributed in the film. During drying (¢t > ¢,), a consoli-
dated layer forms and the concentration gradients of the components
develop, which remains in the dried film until # = 7,,4. Reprinted with
permission from Ref. [76]. Copyright © 2016, Taylor & Francis. b

which can be attributed to the lower evaporation rate of NMP
and the longer migration time of PVDF. To ensure the per-
formance of electrodes, the drying temperature should not
be too high. However, a low drying temperature can reduce
the production efficiency and increase the cost. Therefore, a
multi-temperature gradient drying method has been adopted
in the actual production process to get a trade-off.

Stress is usually generated due to the shrinkage of the
coating layer during the drying process, which causes
defects in the films such as cracks, curls and delamination.
Ahn’s group [79] investigated the stress development in
graphite (the diameter of which is~8.11 pm) slurry. The
processing window map is shown in Fig. 3b. They found
that SBR in a graphite/SBR slurry filled the voids among the
graphite particles, while CMC was inclined to be adsorbed
onto the graphite particle surfaces. The mechanical strength
of the film enhances as the concentration of CMC or SBR
increases. It provides a guidance that with a proper concen-
tration of CMC or SBR, a film with superior mechanical
strength can be obtained.

2.3 CBD Analysis and Influence on Battery
Performance

Electrodes require elaborate structural design to ensure
LIBs with high electrochemical performance. Although the
binder content is quite low in SOA battery industry, it plays
a vital role in electrodes [80]. As shown in Fig. 4, binders
and nanosized CAs are often mixed with each other to form
a so-called CBD in the electrodes, which is filled among the
AM particles [81, 82]. The distribution and microstructure
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Processing window map for the dried film of CMC/SBR/graphite
slurry, in which “X” indicates poor mechanical strength, “A” indi-
cates less mechanical strength, and “O” indicates good mechanical
strength of the film. Reprinted with permission from Ref. [79]. Copy-
right © 2015, American Chemical Society

of CBD have vital influences on battery performance as they
not only maintain the integrity of the electrode structure but
also form the electron passages between AM and CC. More
importantly, the micropores in the CBD in fact accommo-
date most of the electrolytes where Li* ions pass through.
As testified in Mehdi’s work, a decreased capacity was found
in blocking CBDs as the Li" transport was hindered [83].
However, a fully open CBD may be harmful to long-term
stability as the side reactions between the electrode and elec-
trolyte accumulate.

Generally, the distribution of the carbon-binder is ignored
in the electrochemical simulation and the mesoscopic struc-
ture model of electrodes. The macroscopic conductivity is
used to describe the electrode electronic conductivity. How-
ever, many researches show that the content and morphol-
ogy of CBD greatly change the transport properties of ions
and electrons. Thus, the CBD cannot be ignored. Miranda
et al. [84] further simulated and optimized the propor-
tions of binders and CAs considering the conductivity and
mechanical stability of the electrodes. They found that for
both nanosized LFP and micro-sized LiMn,0, (LMO), the
optimal slurry formulation depends on the ratio between the
binders and CAs, which should be less than 4. Thiele et al.
[85] firstly used a 3D reconstruction of synchrotron X-ray
tomography to realize virtual design of electrodes with AM
particles, CBD and pores filled with electrolytes. They found
that the structure of CBD has a significant influence on both
ionic and electric conductivity, especially when the elec-
trode is under a discharged state. A fibrous CBD, i.e., with
low tortuosity, is in favor of higher conductivity. Vogel’s
work [86] came to a similar conclusion after they studied
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Segmentation

Fig.4 Schematic diagram of a 3D reconstruction process: a taking a
series of cross-sectional FIB-SEM images; b image segmentation; ¢
an overview of the reconstructed 3D cathode structure; d, e 3D struc-

the local conductivity of a commercial NCM electrode using
nano-scale four-line probes. They correlated the result with
the microstructure characteristics of the electrode, and high-
lighted that the heterogeneity of the electrode structure may
lead to different ion/electron transport efficiency, and thus
local SOC differences.

The distribution of CBD in the electrode depends on
the raw material properties and the processing conditions.
Meanwhile, it also affects the battery performance [87, 88].
In Lee’s work [88], the binder (PVDF) was dissolved in a
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)/ethyl-
ene carbonate (EC) + propylene carbonate (PC) electrolyte
at 150 °C other than NMP at room temperature. The thermal
induced phase separation leads to a bicontinuous network
of ion and electron in the electrode, with which the areal
capacities of both LTO and LFP electrodes are as high as 10
mAh cm~2. Therefore, high-performance LIBs need more
detailed electrode microstructure designs. The optimization
of electrode and CBD microstructures is an effective way to
improve battery performance.

@ Springer

tures of active material (AM) and CBD, respectively. Reprinted with
permission from Ref. [82]. Copyright © 2016, Elsevier

3 Novel Binders for LIBs

PVDF and CMC + SBR are the most commonly used
binders in SOA battery industry for cathodes and anodes,
respectively. The crosstalk between cathode and anode
draws plenty of interest as the transition metal (TM) ions
may dissolve into the electrolytes, shuttle to the anode,
and poison the SEI. However, the influence of binders has
been long underestimated. Rago et al. prepared 1.5 Ah
NCMS523llgraphite full cells with different binders and
studied the overcharge process in details [89, 90]. In one
case, 5% and 6% (both by weight ratio) PVDF were used
as the binders for the cathode and anode, respectively [89],
which was sorted as the NMP system. As a comparison, 4%
PVDF+ 1% CMC and 4.8% SBR + 1.2% CMC were used
[90] and sorted as the aqueous one. They found that the
TM ions shuttle to the anodes when the cells were over-
charged in both cases; however, the ion loss in the NMP
system is more serious especially when the state of charge
(SOC) is higher than 160%. Moreover, the dendrite on the
anode is prominent in the NMP system. They believed that
the better stability of the aqueous system is attributed to
the higher adhesion force, which leads to a uniform electric



Electrochemical Energy Reviews (2023) 6:36

Page7of 44 36

field, thus the material failure is reduced. Although the influ-
ence of the cathode binders was not discussed, their work
still highlights the importance of binders, not only for the
cycle performance but also for the safety in use. Therefore,
we briefly summarize the recent advances on the binders for
LIBs, then go to other fields such as solid-state and lithium
metal batteries.

3.1 Binders for Cathode Materials

PVDF is the most widely used binder for cathodes owing to
its excellent chemical and thermal stability and the accept-
able mechanical strength to encapsulate AM particles. How-
ever, it has many drawbacks as summarized in Zhang’s work
[91], such as the weak interaction with AM particles, the
loss of mechanical strength due to the swollen of liquid elec-
trolytes at elevated temperatures, low electronic and ion con-
ductivity, the inconvenience of recycle, and the environmen-
tal issues for the use of NMP as the solvent for processing.
Moreover, the development of novel high-energy—density
cathodes, such as the high-voltage ones [e.g., LLO, spinel
LiNi, sMn, 0, (LNMO)] and the conversion-type metal
fluorides (MF,), and new requirements including better elec-
trochemical stability, volume adaptability, eco-friendliness
[92] and ionic/electronic conductivity are also issues for
advanced binders.

3.1.1 High-Voltage Binders

High-voltage cathode materials such as Ni-rich NCM, spi-
nel LNMO, and LLO [representing xLi,MnO;-(1 —x)LiMO,,
M =Mn, Ni, Co] are critically important for LIBs to achieve
higher energy density. However, for high-voltage operations,
the unstable cathode-electrolyte interfaces (CEIs), oxidative
decomposition of electrolytes and the dissolution of transi-
tion metals (TMs) can lead to sharp capacity declines. Uti-
lizing novel binders is an effective way to enhance the cycle
stability as they can either form a stable CEI or scavenge the
free radicals generated by the cathode materials under high
SOC, thus suppressing the parasitic reactions. Recent bind-
ers focusing on high-voltage cathode materials are briefly
summarized in Table 1. The semi-crystalline structured
PVDF was classified as a linear binder in Duh’s [93] and
Liao’s [94] work, and it shows limited contact area with
AMs. They believed that the amorphous polymers such as
CMC and sodium alginate (SA) have better contact with
AMs and can be classified as steric binders. Latterly, many
other polymers including the guar gum (GG) [95], fluori-
nated polyimide (FPI) [96], PAA [97], etc., were found to
be effective toward LNMO and LLO. These polymer binders
can not only form protective coating layers on the AM parti-
cles thus interrupting the direct contact of AMs and electro-
lytes, but also sometimes interact with the AMs to keep their

structures stable in long-term cycles. Cao’s group proved
that PAA could form a uniform coating layer with a thick-
ness of ~ 10 nm on LLO; moreover, as depicted in Fig. 5a, a
H-Li exchange reaction took place between the binder and
LLO and the proton increased the TM ion migration energy
barrier, which finally led to better structural stability [97].
Chen et al. found that the Na* in CMC and SA can partially
penetrate into the LLO lattice and work as a pillar to enhance
the structural stability, thus endowing the battery with better
cycle performance and reduced voltage decay [98].

Other than LLO, the LNMO suffers from less struc-
tural change but has a higher working potential. The
serious electrolyte oxidation and TM ion loss caused by
Jahn-Teller effect restrict it from commercial applica-
tions. Duh’s group found that CMC/SA could form a thin
but effective protecting layer on LNMO particle surfaces,
thus hindering the dissolution of TM and improving its
high-temperature cycle stability [93]. Natural fibers are
no doubt a great treasure for binder applications due to
their natural abundance, rich functional groups, and easy
processibility [99, 100]. Sericin was applied by Chen’s
group in LNMO electrodes [99]. It can not only well
interlock the AM particles and form a thin CEI, but also
have good affinity to electrolytes via the -NH and -C=0
groups, as shown in Fig. 5b, thus enhancing the rate
capability. The cell still works even under a high current
density of 20 C. The full cell also shows a high capac-
ity retention of more than 80% after 1 000 cycles. Cui’s
group found that the phenol group on lignin can scavenge
the free radicals generated on the electrode/electrolyte
interfaces thus restricting the electrolyte oxidation [100].

3.1.2 Conductive Binders

The percolated ion transportation within the cell and the
electron passages among the electrodes are the essential pre-
requisites for batteries to work. Generally, the ion passages
are constructed by the electrolytes permeating in both elec-
trodes and separator, and the electron conductive network by
CA, AM and CC. The binders, usually the first layer coating
on AMs and being insulate, may reduce the overall conduc-
tivity especially when used with large quantities [30]. As
mentioned in Chen’s work [99], the binders form a resistant
layer and energy barrier for the Li* before the intercalation/
conversion reactions take place. A space charge layer and a
small voltage hysteresis may exist on the AM/binder inter-
faces, which could further influence the self-discharge rate
due to their insulating nature. A conductive binder (either
electronic or ionic) may alter this phenomenon. On the one
hand, the conductive binder could work as a buffer layer
between the AMs and electrolytes, altering the structure of
the inner Helmholtz layer [106], thus influencing the com-
ponent of SEI/CEI On the other hand, the conductive binder
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Table 1 Binders for high-voltage cathode materials in recent literature

Binder

Electrode/voltage range Function mechanism

Rate/retention

Ref.

PAALi
CMC and SA

PVDF and P(BMA-AN-St)

Sericin

Lignin

P(MVE-LMA)

GG

FPI

PAA

CMC and SA

XG

PAA

SPDX

LNMO/3.00-4.95 V
LNMO

LNMO/3.5-49V

LNMO

LNMO/3.5-5.0 V

LNMO/3.5-50V

LLO/2.0-4.7V

LLO/2.5-4.7V

LLO/2.0-4.8 V

LLO/2.0-4.8 V

LLO/2.0-4.8 V

NCM811/2.7-43 V

NCMS811/3.0-4.3 V

Coating, wetting, and extra Li source

Serve as a protective film to inhibit
the serious Ni and Mn dissolution
at elevated temperatures

Possess better adhesion force, build
the conductive network structure,
the nitrile group has better electro-
chemical compatibility

Stabilize the CEI layer and suppress
the self-discharge

Scavenge the free radicals thus pre-
venting the electrolyte from being
oxidized

Form CEI, suppress the oxidative
decomposition of electrolytes and
stabilize the lattice structure of
LNMO

GG could coat tightly on the surface
of AM particles, hindering the
side reactions and corrosion of the
electrode

Form an amorphous robust surface
layer, suppress metal dissolution
and cathode degradation with the
CEI

React with oxygen species to form a
uniform and tightly coated film

Na* ions in CMC and SA can occupy
lithium vacancies during cycling
and act as a pillar to stabilize the
crystal structure

The double helix structure and abun-
dant carboxyl groups reduce the
TM ion loss

React with the residual Li to form an
ion conductive protection layer

Form a strong but flexible protecting

layer on AM particles and reduce
the TM loss

More than 110 mAh g~! under 20 C

1 C/CMC: 94.1%; SA: 98.1% after
100 cycles, 55 °C

1 C/92% @300 cycles

80% retention after 1 000 cycles,
full cell

1 C/94.1% @1 000 cycles

1 C/92% @400 cycles

100 mA g71/95.2% @250 cycles

LMNC//graphite full cells 0.2 C,
89% @100 cycles, 55 °C

200 mA g~'/88.5% @500 cycles

0.1 C, 80 cycles, no capacity decay

0.1 C, 200 cycles, 98.4%

1 C, 300 cycles, 66.6%

Full cell, 250 cycles, 96.9%

[101]
(93]

[94]

[99]

[21]

[102]

[95]

[96]

[97]

[98]

[103]

[104]

[105]

Note: The data in Table 1 are extracted from different references, thus exhibiting different significant digits

is meaningful for thick electrodes (especially for those with
AMs with large volume variations during the lithiation pro-
cess such as Si and S, which will be discussed later) in which
the electrons have longer ways to travel during the charge/
discharge process. The extra Li*T and ion passages may
reduce the local concentration polarization, thus enhancing
the battery kinetics. Therefore, there are lots of publications
in the past few years focusing on this area.

Ionic conductive binders have long time been ignored
until the recent intensive study on SSBs. This is mainly

@ Springer

due to that the liquid electrolytes form the ionic percola-
tion in LIBs. Hence, it calls for new passages in SSBs. For
SSBs, polyethylene oxide (PEO) [107] and its derivatives/
composites [108—110] are the most commonly used bind-
ers. It has been widely accepted that the EO group can both
dissociate and transport Li* by the chain motions. The per-
formance of the PEO family is largely influenced by the salt
content (or the ratio between Li and EO), liquid electrolyte
(PEO reacts with LiPF,, especially under high tempera-
tures [111]), and the working potential of the cathode (PEO
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Fig.5 a Schematic diagram of the function between PAA and LLO,
a HY/Li* exchange process takes place between them, and the pro-
ton increases the energy barrier for the TM ions to migrate to the Li
position. Reproduced with permission from Ref. [97]. Copyright ©
2020, Wiley-VCH. b The rich functional groups on sericin not only

usually suffers from oxidation beyond 4.0 V). Otherwise,
intrinsic ionic conductive polymers and single-ion conduc-
tors (SICs) may solve the above issues as they contain Li*
in their molecular structures [112] and are less sensitive to
the additional electrolytes. Figure 6 shows the molecular
structures of typical Li* ion conductive polymer binders.
Generally, the main chains encapsulate the AM particles,
and the side chains not only provide stronger interactions
with the AM particles via the polar functional groups but
also transport the Li* by its motion under the electric field.
Bouchet and coworkers reported the first single-ion BAB
triblock copolymer, in which the block B is poly(styrene
trifluoromethanesulfonylimide of lithium) P(STFSILi) and A
is PEO [112], shorted as P(STFSILi)-b-PEO-b-P(STFSILi)
as shown in Fig. 6a. The block B enables it with ionic con-
ductivity and high electrochemical stability, and A endows
it with water solubility and good flexibility; thus, the poly-
mer can work as not only the electrolyte but also the binder
for LFP electrodes. The SSB works stably under 80 °C. In
fact, some other SIC binders have already been studied in
previous works. Creager’s group [113] used a short-side-
chain analog of lithiated Nafion (having a PTFE-like back-
bone and simpler —-OCF,CF,SO;Li pendant side chains, as
shown in Fig. 6e) as the binder for an LFP electrode and
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endow it with strong elasticity and hardness but also enhance its rate
capability when it is applied as a binder for LNMO. Reproduced with
permission from Ref. [99]. Copyright © 2017, Wiley-VCH. All rights
are reserved

tested it in LFPIILTO full cells. As a result, the cell with
SIC binder showed similar reversible capacity to that with
PVDF under lower C rates (0.2 C and 1 C). When the cur-
rent density further increases, the SIC one demonstrated its
advantages. It is worth noting that the authors also tested the
cells with a low concentration electrolyte with merely 0.1 M
(1M=1molL™ LiPFg, in which the SIC further illustrated
its superiority.

Latterly, researchers continued the structure optimiza-
tion work of SIC binders. He et al. [114] adopted lithium
polyacrylate (PAALI, Fig. 6b) with terpene resin as a tacki-
fier for LFP cathodes, which guaranteed rapid Li* trans-
portation channels among the LFP particles. Yuan et al.
[115] used a waterborne lithiated ionomer binder (PSBA-
Li, Fig. 6d) in LFP electrodes. They found that with a low
dosage of merely 1.5%, the cell showed satisfying perfor-
mance, which is much better than the counterpart with the
same quantity of PVDF. They attributed the enhanced rate
capability to the functionality of the Li* attached to the
molecule chains. Considering the weak adhesion forces of
most SICs, Ji et al. [116] designed a 3D hierarchical walnut
kernel shaped conducting polymer binder (CPB, Fig. 6¢).
The nitrile and ether groups of the CPB endow superior
bonding strength and the —SO;~ provides efficient Li*
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Fig.6 Molecular structures of typical Lit* ion conductive polymer
binders. a P(STFSILi)-b-PEO-b-P(STFSILi). Reproduced with per-
mission from Ref. [112]. Copyright © 2013, The Author(s), under
exclusive license to Springer Nature. b PAALI. Reproduced with per-
mission from Ref. [114]. Copyright © 2017, Wiley-VCH. ¢ 3D hierar-
chical walnut kernel shaped conducting polymer binder. Reproduced
with permission from Ref. [116]. Copyright © 2018, Elsevier B.V.

pathways. With these features, the CPB-based LFP electrode
revealed excellent electrochemical performance compared
to the PVDF-based system. Xue et al. [117] synthesized
lithiated poly(perfluoroalkylsulfonyl)imide (PFSILi) and
mixed it with PVDF as the binder for an LFP cathode and
achieved satisfactory performance at high rates. The PFSILi
added interconnected ion channels to the electrode owing
to the charge delocalization over sulfonimide backbone.
Besides, massive Li* were held owing to the high cation
exchange capacity. At the same time, PVDF was introduced
to hinder the polymer crystallinity and enhance the adhe-
sion strength of the composite binder. As a result, the LFP
electrode demonstrated a high and stable reversible capac-
ity> 100 mAh g~! under a 5 C rate and 60 °C, while the
PVDF counterpart showed a sharp decline.

Anion-type ionic conductive binder was also developed
recently. Chen and coworkers prepared a copolymer binder
with acrylic acid (AA), 2-hydroxyethyl acrylate (HA) and
1-vinyl-3-ethylimidazolium hexafluorophosphate (VEH)
[118]. The authors believed that the AA-HA-VEH binder

@ Springer

d Waterborne lithiated ionomer binder (PSBA-Li). Reproduced with
permission from Ref. [115]. Copyright © 2018, American Chemi-
cal Society. e A (PTFE)-like backbone and simpler -OCF,CF,SOsLi
pendant side chains. Reproduced with permission from Ref. [113].
Copyright © 2010, IOP Publishing Ltd. f Lithiated fluorinated sulfonic
groups (SPEEK-FSI-Li). Reproduced with permission from Ref.
[119]. Copyright © 2014, Elsevier Ltd. All rights are reserved

could prevent the diffusion concentration gradient dur-
ing lithiation and promote the Li* transportation from the
electrolyte to the LFP particle centers. Meanwhile, it also
showed high adhesive ability, low resistance and polariza-
tion, and long-term cycle stability (with 3% AA-HA-VEH,
it kept 97.01% of its capacity after 400 cycles at 0.5 C) when
applied in LFP electrodes.

Another important direction for conductive binders is
electronic or mixed (both ionic and electronic) conductors.
Conducting polymers (CPs), such as polyaniline (PANI)
and polypyrrole (PPy), usually possess conjugated & elec-
tron structures, which endow them with strong backbones,
substantial conductivity, low solubility (difficult in handling)
and high melting points. Therefore, although they have early
been developed, they were only recently be trailed when
alloy-type anodes, such as Si and Sn that need binders with
higher stress to ensure the percolated electron passages even
on volume variation, were studied [120-124]. CPs are also
meaningful for the cathodes with limited volume effects
especially for those with low conductivity such as LFP [125,
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Fig.7 Chemical structures of the polythiophene binder family. The
PEDOT:PSS and the commonly described microstructure of CP
system a synthesis onto PSS template, b formation of colloidal gel
particles in dispersion and c¢ resulting film with PEDOT:PSS-rich
(blue) and PSS-rich (gray) phases. d Aggregates/crystallites sup-

126], LiFe Mn,_ PO, (LFMP) [127] and LiMn,0O, (LMO)
[128, 129], as they can enhance the electron transport by
working as a conductive coating layer. The biggest hurdle
in applying CPs as binders lies on their solubility and pro-
cessability. Polythiophene family is the most widely studied
CPs working as binders due to their adjustable solubility by
substitution. As a typical solvable CP, poly-3,4-ethylenedi-
oxythiophene/polystyrene sulfonate (PEDOT:PSS, Fig. 7a
[130]) was successfully used as a binder for LFP and LFMP
in Vorobeva’s work [126, 127] due to its mechanical robust-
ness, good electrochemical stability and impressive electri-
cal conductivity. The same group further extended the work
to LMO materials [129] by using PEDOT:PSS and CMC,
resulting in a 5 times higher electronic conductivity (0.50
vs. 0.11 S cm™!) than that of PVDF. Benefiting from the
CP binder, LMO particles kept good electrical connections
with the CC, thus revealing a significant decrease of inter-
facial resistance, good rate capability (75 mAh g~! at 10 C
discharge) and excellent cycling stability at 1 C (less than
5% decay after 200 cycles). Zhang and coworkers used it
together with carboxymethyl chitosan (CTS)/SBR and com-
pared the pouch cells’ performance, which is much closer to
the application level [131]. They optimized the ratio between
PEDOT:PSS and AB (1:1, in weight ratio) in coin cells by
measuring electric conductivity, peeling strength and com-
paction density of the electrode sheets. They reduced the
dosage of each to 1% in the pouch cells and the LFP ratio
was improved to 94%. Additionally, 4% CTS/SBR was
used as a stronger adhesive. The resultant 10 Ah pouch cell
showed similar cycle stability to that with PVDF [89.7%
vs. 90% retention after 1 000 cycles at 1 C/2 C (charge/dis-
charge)], and enhanced rate performance at a 7 C rate (98%
vs. 95.4% to that of 1 C) owning to the conductive nature of
PEDOT:PSS. Moreover, this binder system is water soluble,

(CH2)sCH3

port enhanced electronic transport [130]. Structures of e P3HT and
f PProDOT-HXx,. (e) Reprinted (adapted) with permission from Ref.
[132]. Copyright © 2018, American Chemical Society. (f) Reprinted
(adapted) with permission from Ref. [133]. Copyright © 2020. Amer-
ican Chemical Society

where NMP is not needed. Furthermore, PEDOT:PSS is a
mixed conductor rather than being just electronic conductive
[130]. Not only can the PSS chain enhance the dispersity
of PEDOT and realize its doping, where electrons can be
swiftly transported by the n—r stacking electron cloud, but
also the —SO;H group could interact with the ions in the
electrolytes thus enhancing the ion transport, as shown in
Fig. 7b—d. Therefore, there might be more spaces to explore
the function mechanisms of PEDOT:PSS binders.

Other mixed conductors were also reported. Bruce et al.
[132, 133] examined poly(3-hexylthiophene-2,5-diyl)
(P3HT) (Fig. 7e) and dihexyl-substituted poly(3,4-propyl-
enedioxythiophene) (PProDOT-Hx,) (Fig. 7f) in their work.
They found that P3HT can be electrochemically doped in
the potential range where NCA is electrochemically active,
thus providing high electronic and ionic conductivity. The
resultant NCA electrode demonstrated not only high rate
performance (110 mAh g~!' @16 C) but also long-term cycle
stability (80% @1 000th cycle, 16 C). However, the use of a
high polar solvent (1,2-dichlorobenzene) in this work as the
processibility of P3HT is yet to be enhanced. Therefore, the
same group further developed PProDOT-HXx, and tested it
in a high-loading NCA electrode. With a low weight ratio
of 4%, the NCA electrode with 11 mg cm™2 demonstrated a
high discharge capacity of ~110 mAh g~! under a 2 C rate,
while that of PVDF is only ~74 mAh g!, which highlighted
the importance of bicontinuous electron and ion passages.

To summarize, SIC and CP binders could reduce the
polarity and enhance the rate performance by supply-
ing additional ion and electron passages in the electrode.
Some of them are water soluble, which may reduce the
electrode preparation cost. For SIC binders, similar to SIC
electrolytes, their ionic conductivity is still quite limited
(1077-107° S cm~! under room temperature). Although this
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Fig.8 Performance degrade mechanism at high temperatures and
typical binder solutions. a Two major capacity loss reasons: TM loss
and particle/electrode clasp. Reprinted with permission from Ref.
[134]. Copyright © 2013, The Royal Society of Chemistry. Reprinted
with permission from Ref. [96]. Copyright © 2017, Wiley-VCH. b
The “egg box” effect of SA. Reprinted with permission from Ref.

limited ionic conductivity is enough for binders as nanome-
ter-scale thin coating layers are formed and the areal resist-
ance is low enough for batteries to work, higher conductivity
definitely further increases the performance. As to the CP
ones, because the conductivity of most CPs highly relies on
the doping state (which is susceptible to SOC of the elec-
trode), a proper CP selection is of vital importance. Besides,
the working mechanisms of these binders are still yet to be
explored. Therefore, the key to use these polymers as binders
lies on several aspects: (1) to enhance the processibility and
reduce the film thickness; (2) to increase the conductivity
and electrochemical stability; and (3) high adhesive force is
indispensable for binders.

3.1.3 Thermal Resistant Binders

High-temperature (= 55 °C) working stability is a chal-
lenge for LIBs, not only due to that the accelerated parasitic
reactions between electrolytes and electrodes lead to transi-
tion metal ion loss and SEI destruction [134, 135], but also
because that the adhesion forces of conventional binders
decrease remarkably in high-temperature environments [96,

@ Springer

[134]. Copyright © 2013, The Royal Society of Chemistry. ¢ The
interaction between P(AN-MA) and NCA particles. Reprinted with
permission from Ref. [139]. Copyright © 2021, Science Press and
Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. and Science Press. All rights are reserved.
d Chemical structure of FPI [96]. Copyright © 2017, Wiley-VCH

136, 137], where the electrode integrity cannot be assured,
and as a consequence, LIBs show declined CE and cycle life
[138] (Fig. 8a). Binders are unquestionably one of the most
convenient methods to elevate the hurdles. On the one hand,
the thin layer formed by binders can be an artificial CEI/
SEI to capture the dissolved TM ions [134] or HF; on the
other hand, stronger adhesion can also be achieved by binder
optimization [137]. SA is currently famous for working as
binders for Si, as reported by Yushin’s group [28]. SA can
also be used in cathodes such as LMO to decrease the Mn
ion loss due to its “egg box” effect [134]. Choi’s group found
that SA has a strong Mn?* trapping ability, thus easing the
poison risk of the SEI by the TM ions, as shown in Fig. 8b.
Therefore, the batteries with SA binders showed enhanced
cycle stability under both room temperature and 55 °C. Song
et al. used fluorinated polyimide (FPI, Fig. 8d) as a mul-
tifunctional binder for Li; ,Nij ;3,Mng 5,C0 130, (LNMC)
even though the cut-off voltage is 4.8 V. They found that the
LNMC interacts with FPI via the carboxyl group, on which
the TM ion loss and phase change are greatly suppressed.
They attributed the enhanced thermal stability of FPI to
the imide benzene rings. As a result, the LNMC electrode
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demonstrated an enhanced capacity retention of 89% after
100 cycles under 0.2 C and 55 °C.

Polyacrylonitrile (PAN) is well acknowledged with its
excellent thermal stability due to the presence of -C=N
groups, which also exhibits a wide electrochemical window
and high melting point [140]. Song et al. [139] reported a
multifunctional binder through a typical free radical copoly-
merization of acrylonitrile (AN) and methyl acrylate (MA)
for an NCA cathode operating at 55 °C. The PAN endows the
binder with enhanced interfacial stability via -C=N---Ni**
coordination, and the polymethyl acrylate (PMA) improves
the processability of the binder (Fig. 8c). The two segments
work together and provide superior thermal stability and
adhesive ability to the electrode, thus the electrode delivered
81.5% capacity retention after 100 cycles at 55 °C.

The above section has summarized functional binders
contrapose to different cathode materials. Each cathode
material has its own characteristics, with which different
requirements for binder properties are issued. For high-
voltage materials, such as LNMO, LCO, LLO and Ni-rich
NCM cathodes, more attention should be put on the cathode/
electrolyte interfacial stability, including the yield of free
radicals, and the voltage and capacity decays which result
in poor cycle stability. MIC binders should be considered
for poor conductive cathode materials, e.g., LFP, LiMnPO,
and LMO. To enhance the cycle stability under elevated
temperatures, thermal stable binders can make a potential
contribution.

3.2 Binders for Anode Materials
3.2.1 Advanced Binders for Insertion-Type Anode Materials

Most SOA commercial anode materials, such as graphite
and LTO, are insertion type with limited volume effect on
lithiation (10% and 0, respectively). Moreover, they are
more conductive and less oxidative than cathodes, hence,
there are more candidates for anode binders. CMC is a 2D
linear polymeric derivative of cellulose, and is made up of
B-1,4-linked glucopyranose residues with varying levels of
carboxymethyl group (-OCH,COOH) substitution. Drofenik
et al. reported CMC as the earliest water-soluble binder in
2003 [141]. They found the electrochemical performance of
CMC is at least as good as that of PVDF for graphite anodes.
However, it is very stiff and has a small elongation at break
[142]. Afterward, Lee et al. reported an emulsified mixed
binder (CMC/SBR) [143], with which the graphite slurry
exhibited improved dispersion stability and homogeneity
when compared to that with only CMC. Moreover, CMC/
SBR is helpful to forming denser but less brittle coatings,
with which the electrode exhibited high initial discharge
capacity and stable cycle performance. In fact, CMC/SBR
is almost the only choice of binders in battery industry for

graphite anodes in the past decade. Its dosage in SOA jelly
rolls is usually less than 4% and well fits the water treatment
process, which makes it quite challenging to develop other
new binders. Although researchers have carried out some
studies on new binders such as PAAX (X=Li, Na and K)
[144], bio-derived Alg, chitosan, xanthan gum (XG) [145],
and poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV)
[146]; however, it seems that CMC/SBR will still dominate
this area.

Spinel LTO was popular for its zero strain on lithiation,
outstanding low-temperature and long-term cycle perfor-
mance, and SEI free property. Moreover, LTO is compat-
ible with both Cu and Al current collectors. However, it has
a theoretical capacity of 175 mAh g~! and a high lithiation
potential of 1.55 V (vs. Li/Li*), which limits its energy den-
sity and thus wide applications. Binh et al. introduced a high
molecular binder by a copolymerization of poly(ethylene
glycol) methyl ether methacrylate (PEGMA), methyl meth-
acrylate (MMA), isobutyl vinyl ether (IBVE), and poly(PEG-
co-MMA-co-IBVE). It possesses high adhesion and elasto-
meric properties and good Li* conductivity. The electrode
exhibited a high active mass loading of 28 mg cm™ and an
areal capacity of 4.2 mAh cm™ at 0.5 C [147]. Other poly-
mer binders, such as CMC [148], galactomannan gum [149]
and XG [150], have also been investigated. However, similar
to the case as in graphite, the challenge for LTO binders is
also limited but for those thick electrodes.

3.2.2 Binders for Alloying-Type Anode Materials

Alloying-type anode materials (e.g., Si and Sn) are recog-
nized as promising anodes for LIBs, due to their much higher
specific capacity than graphite, moderate operating voltage,
and abundant natural resources [151, 152]. However, the
severe capacity fading, ascribing to the dramatic volume
changes (such as for Si, up to 300%) during the alloying/
dealloying process, limits their practical applications [153].
Silicon has a high theoretical capacity of 3 580 mAh g~! on
lithiation (Li,5Si,); however, the large stress in the alloy-
ing process may pulverize the particles, break down the
conductive networks, destroy the SEI and finally lead to
active material loss [80, 154]. Although these issues can be
relieved by preparing nanostructured or composite materials
such as Si/graphite (Si/C), local volume changes still hin-
der their development. The typical commercial Si/C anode
contains only 5%—15% (by weight) Si. Binders are believed
to be the most convenient method to promote the advance of
high-capacity Si-based anodes, as they are capable of keep-
ing the electrode integrity, working as the flexible artificial
SEI and adjusting the SEI component [155, 156], and even
transporting the electrons. Therefore, tremendous efforts
have been paid on relevant researches, especially on nano-
sized Si particles and their composites. Typical bio-material
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Fig.9 Development process of bio-inspired polymer binders for Si electrodes

derived and nature inspired binders are shown in Fig. 9 [7,
28, 29, 31, 32, 34-36, 38-40, 124, 157-168]. Meanwhile,
several high-quality review papers have also been published
summarizing these advances from different angles [80, 155,
169-172], such as self-healing binders, conductive binders,
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multifunctional binders, etc. Therefore, we will simply ana-
lyze the status of quo and highlight several works on micro-
sized Si particles (p-Si), which may be more suitable for
future applications.
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permission from Ref. [32]. Copyright © 2013, Nature. Reproduced
with permission from Ref. [36]. Copyright © 2015, Wiley-VCH. b
Groups endow the SHP with fast healing ability with short relaxa-

Most efforts on Si-based anodes have been devoted to
nanosized materials in the past ten years, since it has been
found that there is a critical size for Si to fracture, which
is about 150 nm for particles [173] and 240-360 nm for
nanopillars [174]. Integrated nanoparticles unquestionably
bring about many advantages such as a longer cycle life,
impressive rate performance, and even high areal capacity.
However, these superiorities are usually at the cost of high
binder/CA ratios and high electrolyte usage [3, 175], which
may lead to reduced energy density on the cell level. In fact,
there are only limited publications including the electrolyte
quantity, which has made it difficult to evaluate the perfor-
mance in practical applications. Most SOA Si/C anodes just

...................... = P(DMA-co-HEA) I = Super P
—— =SEl < =Covalent bond = Microcrack

tion time. Reproduced with permission from Ref. [178]. Copyright
© 2016, American Chemical Society. ¢ Typical structure of an ionic
conductive SHP and the healing group. Reproduced with permission
from Ref. [180]. Copyright © 2018, Wiley-VCH. d, e Functional
groups of the PAA-P(HEA-co-DMA) binder and their working mech-
anisms in p-Si. Reproduced with permission from Ref. [40]. Copy-
right © 2018, Elsevier

get the specific capacity of 450650 mAh g~! [176, 177],
corresponding to a Si content of ~ 10%. Moreover, the nano-
particles need to be encapsulated by graphite to avoid con-
tinuous SEI breaking/regeneration, which not only consumes
the active Li and electrolytes but also leads to poor battery
kinetics. Recently, some groups started to trial p-Si in their
research and some promising results were obtained. Here,
we highlight these works.

The p-Si has been long ignored in the first decade of
this century due to its inevitable volume change during the
charge/discharge process, even though it is much cheaper
than the nanosized counterparts. Besides, although p-Si has
a relatively small surface area, the fracture or pulverization
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caused by expansion may lead to fresh Si exposure and fur-
ther electrolyte consumption [36], where the key issues are
still there. Self-healing binders (SHBs) [32, 36, 40, 178-180]
and SSBs [181] bring about possible solutions. Cui and
Bao’s group prepared a series of SHBs with the same H-bind
healing sites and main chains with both bidentate and triden-
tate groups (as shown in Fig. 10) [32, 36, 178, 180], which
endow the binders with either fast healing or ionic conduc-
tive ability. They reported the first SHB for p-Si in 2013.
This polymer is composed of the healing groups linked by
the structures as shown in Fig. 10a. Low-cost metallurgi-
cal Si and a composite binder (SHB:CB =20:3, in weight
ratio) were used by a weight ratio of 1:1, then an electrode
with an areal capacity of 1.5-2.1 mAh cm™ was prepared.
Although the cell only showed 25 cycles (80 cycles in the
rate test), it is still impressive since this is the first time for
p-Si to demonstrate its possibility. Latterly, the same group
further optimized the electrode composition, including the
particle size (~0.8 pm) [36], electrode preparation method
(drop casting the AM and polymer composite one by one),
binder ratio, and the areal capacity, after which a promis-
ing rate and cycle life were achieved. They even reported a
binder that has a short relaxation time less than 10 s, which
allows it to realize on-site level fast healing [178]. However,
the binder ratio is still higher than that in SOA electrode
architectures, for SHBs need fully percolated networks and
certain thicknesses to realize their healing [182]. Moreover,
as discussed in their work, the electrical healing of the elec-
trodes was based on the CB distributed in the SHBs. Upon
repeatedly stretching and relaxation, the CB particles may
slowly form aggregates in the polymer matrix. As a result,
the conductivity decreases and the capacity loses [36]. The
ion and electron bicontinuous passage is still the bottle neck
for p-Si electrodes. Binders with stronger adhesive forces
and electronic conductivity are needed. Considering the
strong cohesive ability and low surface selectivity of the
dopa group [46], Xu et al. prepared a water-soluble SHB (the
functional groups are shown in Fig. 10d), the poly(acrylic
acid)-poly(2-hydroxyethyl acrylate-co-dopamine meth-
acrylate) [PAA-P(HEA-co-DMA)]. The binder is so strong
that it could well encapsulate the Si particles even on its
expansion or cracking states. With a low dosage of 10%, the
electrode can achieve an areal capacity of 4.2 mAh cm™>
under a current density of 0.5 A g!. They also tested the
binder in full cells with an NCM111 counter electrode and
the cells demonstrated a life more than 120 cycles. There are
several other reports on SHBs using p-Si [179, 183, 184].
However, hurdles still remain to settle, such as reducing the
binder ratio and enhancing the rate capability.

Inspired by the sliding chains where the stress can be
effectively dissipated, Choi’s group developed a composite
binder composed of polyrotaxane (PR) comprising polyeth-
ylene glycol (PEG) threads and a-cyclodextrin (a-CD) rings
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functionalized with 2-hydroxypropyl moieties covalently
integrated with PAA, namely, PR-PAA (as shown in Figs. 9
and 18c) [38, 185]. PR-PAA showed less stress but higher
strain (390%, larger than the theoretical expansion ratio of
Si which is 300%) than PAA. Meanwhile, it kept its original
shape after 10 stretch-recovery cycles even the strain is up to
200%, which allowed it well adaptive to p-Si electrodes. The
resultant Si anode (~3 mAh cm™2) with 10% PR-PAA could
work for more than 400 cycles with a Li counter electrode.
Full cells with NCA cathodes also demonstrated satisfying
performance.

In general, those efforts on p-Si have attained great suc-
cess in the past decade. The binder ratio has been reduced
to about 10%; the areal capacity has been approaching the
commercial level; and the cycle life has also been enhanced
to hundreds of times. However, we can also note that there
is still a big issue to be addressed: the volume expansion
inevitably brings about cracks/fractures, and an SEI can still
be generated on the fresh electrode surface and consumes the
liquid electrolyte and the active Li* (as shown in Fig. 11a)
[38]. Prelithiation [186—189] can largely compensate the
active Li* loss, however, only in the initial cycles. SSBs
might be a solution. Meng’s group believed that the SEI
in SSBs only forms on the Si/electrolyte interface without
propagation in the long-term cycles (Fig. 11b). Moreover,
considering the semi-conductor nature of Si and Si-Li alloy,
they believed that both Li* and electrons can be transported
in the electrode, thus the least binder or conductive agent
is needed. In fact, only 0.1% PVDF was used in their work.
A high areal capacity (~ 13.3 mAh cm™2 in theory) elec-
trode with 3.8 mg cm™2 Si was prepared with a thickness
of 27.2 pm and approximately 40% porosity. Interestingly,
a shrinkage in porosity was observed during the charge/dis-
charge process. As illustrated in Fig. 11b, the lithiation of
Si caused the particle expansion and the electrode densifica-
tion, which makes the ion/electron transport between adja-
cent particles possible. Figure 11c further shows the cycle
performance of the as-prepared SilNCM811 full cell under
a 1 Crate and room temperature. Clearly, it exhibited good
stability and a little bit low reversible capacity (~40% of its
theoretical value). Although the binder made little contribu-
tion in this work, when considering the cell was tested under
certain pressure where the electrode integrity was guaran-
teed, and when it goes without these physical barriers, strong
binders are still needed. Huang et al. adopted SA as the
binder for a micro-Si@Li;PO,@C electrode, and used it as
the counter electrode of NCM111 in SSBs with CPEs based
on PVDF, PVDF-HFP, LiTFS], Li;La;Zr,0,, (LLZO), and
PC (3D-PPLLP-CPEs) [190]. The cell showed good cycle
stability and satisfying rate capability, with no capacity
decay after 100 cycles (0.2 C). At the same time, the Si@
Li,PO,@C anode also kept a high reversible capacity more
than 1 000 mAh g~! after 200 cycles under a current density
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Fig. 11 a Although PR-PAA can largely prevent the p-Si from frac-
ture compared to PAA, the particle size still shrinks and new surfaces
are exposed. Reproduced with permission from Ref. [38]. Copyright
© 2017, The American Association for the Advancement of Science.
b SSBs might be a solution to the continuous propagation of SEI on

of 0.6 A g~! when the test was conducted within liquid elec-
trolytes. In general, there is a large space for the exploration
of p-Si to be utilized in solid-state batteries.
Nanostructured Si is no doubt one of the most popular
anode materials in the past decade. Meanwhile, the raise of
p-Si also provides a new approach to realizing higher energy
density and longer cycle life. However, there are still some
challenges to be settled, such as the SEI accumulation and

p-Si. ¢ Solid-state full cells showed a long cycle life about 500 cycles,
with about 40% capacity delivered. Reproduced with permission from
Ref. [181]. Copyright © 2021, The American Association for the
Advancement of Science

active material loss, electrolyte and active Li* consumption,
and thickness change on the cell level. Therefore, it may still
have a long way for p-Si to be commercially used.

3.3 Binders in Thick Electrodes

Increasing the coating thickness or areal capacity of LIB
electrodes is one direct and effective approach to enhancing

@ Springer



36 Page 180of 44

Electrochemical Energy Reviews (2023) 6:36

Inter spacing

~
1
A

(b)

Pressure ——

3

/ VAPOR

Temperature =—

Cu foil

Lamella

(c)

(d)ao P (e) 45
Ex
o & =
=
- 4.0
20+ 1 @
£ >
= >
] o E =35}
)
N o .
D 10} = § 49|
. g 3.0F 4
| —=—Lamella thickness i = 0.
-o—Inter-lamellar spacing ©
[+ 2 T T S S T S S T A S © 25 L
4 5 6 7 8 9 10 n 0 2 4

(h)

Fig.12 a, b Schematic diagram of ice templating. Both lamella and
inter-spacing are illustrated in (b). Reproduced with permission
from Ref. [198]. Copyright © 2018, American Chemical Society. ¢
Typical cross-sectional morphology of the freeze casting LTO elec-
trode [199]. Copyright © 2017, The Author(s). d The influence of
cooling rate on the sizes of lamella and inter-spacing of NCA elec-
trodes [191]. Copyright © 2018, The Author(s). e Hybrid pulse power
characterization (HPPC) result of a thick NCA electrode obtained by
freeze casting, the areal capacity of which is more than 12 mAh cm™

the energy density by minimizing the inactive component
ratio at the cell level [88, 191, 192]. However, thick elec-
trode design goes along two major challenges: the coating
layer cracking due to the surface tension in the drying pro-
cess and the degrading rate performance due to the longer
ion/electron diffusion pathways. The critical thickness (%,
the thickness without cracking) can be calculated by Eq. (1)
[193, 194], where G is the shear modulus of the particles,

M is the coordination number, Brep is the particle volume
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[191]. Copyright © 2018, The Author(s). f Freeze casting is also fea-
sible for thick sulfur electrodes, the thickness of which is as much as
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Copyright © 2021, The Author(s). g Microstructure of a CNT seg-
regated p-Si electrode. Reproduced with permission from Ref. [203].
Copyright © 2019, Springer Nature. h Function mechanisms of CNT,
XG and KG in thick electrodes obtained by IT method. Reproduced
with permission from Ref. [192]. Copyright © 2021, Wiley

fraction at random close packing, R is the particle radius, y is
the solvent-air interfacial tension, and P, is the maximum
attainable capillary pressure. Most of these parameters are
highly decided by the shapes and sizes of the AM particles,
and the solvent adopted under certain drying temperatures.
Therefore, P,,,,, which depends on the channel geometry,
becomes the key for the preparation of thick electrodes when
the binder-aided-coating method is used. Meanwhile, cer-
tain channel geometries such as the vertical porous structure
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[191, 195-202] can also facilitate the electrolyte infiltration,
promote the ion transport, and enhance the electrochemical
performance of thick electrodes. Thus, researchers have paid
much intention on this area.
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Freeze casting or ice templating (IT) is a convenient and
versatile method for the preparation of electrodes with verti-
cal pores. It can be used for various AMs such as LTO [199]
(as shown in Fig. 12¢), NCA [191], LCO [197], LFP [200],
graphite [198], and even sulfur [201]. Water sublimation in
cold soil is inclined to form the so-called needle ice with
particular shapes and sizes (the lamella and inter-spacing,
respectively), occurring via capillary action under certain
circumstances (as illustrated in Fig. 12a, b). Taking advan-
tage of this property, Chiang’s group reported a method to
prepare thick NCA electrodes, with 1% PEG-300 as the
surfactant and 1% Darvan 7N and Aquazol polymer as the
binder. A paralleled porous structure was formed under the
freezing rates of 5-10 °C min™' after sintering to remove
the extra binder and surfactant. They found that both the
lamella thickness and the inter-spacing can be controlled by
the freezing rate, and that these parameters further influence
the electrochemical performance of the electrodes. With a
thickness of ~330 um, the NCA electrode delivered a high
discharge capacity of ~12 mAh cm~2 under the hybrid pulse
power characterization mode, which manifested the feasi-
bility of this method for the preparation of thick electrodes
(Fig. 12e). Latterly, Huang’s work further highlighted the
importance of the freezing direction [197]. With 3.7% CMC
as the binder, they prepared LCO electrodes with a thickness
of 900 pm via both isotropic ice templating (II'T, uniform
freezing from all directions) and directional ice templating
(DIT). It proved that IIT is incapable of forming the vertical
porous structures. Meanwhile, they found that sintering is
not necessary, which makes the process more facile. They
also believed that the avoidance of sintering could retain the
sub-micron pores and promote a relatively high electrode/
electrolyte interfacial area thus enhancing the reaction kinet-
ics. As a result, the coral-like LCO electrode demonstrated
outstanding rate performance, and the areal capacity was
higher than 8 mAh cm™ even under 5 C rate.

Thick electrodes can also be obtained without using tra-
ditional polymer binders. Nicolosi and coworkers reported
a segregated CNT network (Fig. 12g) strategy to construct
thick electrodes with microsized AM particles, where the
CNT works as both electron passages and physical binders
[203]. With the thicknesses up to 800 pm, the areal capacity
of the p-Si electrode is as high as 45 mAh cm™2. Pan’s group
combined this strategy with the IT method as illustrated in

Fig. 12h [192]. Due to the templating effect of ice, much less
CNT is needed to form the parallel structure; meanwhile,
the XG and KG copolymer binder reinforced the contact
between the AM particles and the conductive networks. As
a result, with the AM ratio > 95%, the areal loading of the
NCMS811 electrode is up to 217.6 mg cm™2 with a capacity
of 30 mAh cm™2,

The IT strategy is also feasible for SSBs. Sun’s group pre-
pared an LFP electrode using PEO/LiTFSI (EO:Li=16:1) as
both the binder and the Li* passages by the IT method with
AN and water as the solvent (1:9, in volume ratio) [200]. The
parallel pores not only decreased the ion transport distances
and enhanced the rate performance but also balanced the
Li* flux thus reducing the dendrite risk. As a result, the LFP
SSB with an areal loading of 10.5 mg cm™ delivered a high
areal capacity of 1.52 mAh cm™2.

IT is no doubt an effective method to prepare thick elec-
trodes with high areal capacity and good rate performance.
Although the function of binders has not yet been deeply
studied, considering their effectiveness on slurry rheology,
surface tension and capillary force, we believe that it is well
worthy of being explored.

Thick electrodes can also be obtained by a simple binder
optimization. Schappacher’s group studied the perfor-
mance of 3 water-soluble binders (CMC, PAA and PEO)
in NCM111 electrodes [204]. They found that with octanol
added, the assembly of CMC, PAA and PEO (1:1:1) could
reduce the slurry viscosity thus increasing the solid content
to 65%. Electrodes with an areal loading of 60 mg cm™
were prepared, however, the rate performance is yet to be
enhanced. They also found that higher solid contents would
lead to smaller pore sizes in the electrodes and inferior bat-
tery kinetics. Therefore, it is of vital importance to take
the process conditions into account in new binder devel-
opment, as it is not only the adhesion force but also the
functional groups and slurry rheology that decide the final
performance.

3.4 Binders for Advanced Separators

Separators have significant influences on the cell perfor-
mance, such as the rate capability, energy density, and even
the safety in use [205-208], because the thermal runaway of
batteries usually starts from an inner short circuit, i.e., the
penetration, shrinking or melting of the separator. Several
high-quality reviews [209-211] have already summarized
the requirements on separators, such as chemically and
electrochemically stable within the working potential of the
cells, highly porous, mechanically robust, thermally stable
in certain temperature range, etc. Therefore, here we will
omit this part and just simply review the binders applied in
separator modification that aims to fulfill these requirements.
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Fig. 13 Two ways of using PDA as the binder for separators. a The coating method [213]. Copyright © 2016, The Author(s). b The binding
method. Reproduced with permission from Ref. [221]. Copyright © 2020, Elsevier

Coating is unquestionably the most convenient solution that
is easy to realize mass production, where binder is indispen-
sable. Currently, most of the power batteries for EVs adopted
ceramic powder (mostly Al,O5) coated polyolefin membranes,
where PVDF or PVDF-HFP was used as the binder. With sin-
gle or both sides coated, although only a thickness of about 1-5
pm, these separators are stabler on thermal shock [212-214],
crash or even nail penetration [215]. Generally speaking, the
coatings inevitably lead to lower porosity and less electrolyte
uptake of the separators [216, 217], as the coating material,
especially the fluid binder solution, could fill into some of the
pores. Therefore, strong adhesive forces (to reduce the binder
dose) and high thermal stability are required on the binders for
separator coating applications. In these considerations, some
polymers with high melting temperatures such as CMC [212,
215, 217-219], polydopamine (PDA) [213, 220, 221], PAALIi
[222], and some thermoset polymers like polyethylene tere-
phthalate (PET) [223] and polyimide (PI) [214], are applied.
Zhao’s group prepared a PE-SiO, @PDA composite membrane
[213] as shown in Fig. 13a, where PDA not only worked as
a binder but also formed a self-supporting film throughout
the PE network and ceramic layer, thus providing an extra
backbone for the separator. The membrane could maintain its
physical strength up to 200 °C, which is much higher than
that of PE or the one simply using CMC-SBR as the binder
(the intermediate product in Fig. 13a). Moreover, the pouch
cell using this PE-SiO, @PDA membrane did not short cir-
cuit even after 170 °C high-temperature standing for 100 h,
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which demonstrated its enhanced safety. Due to the continuous
pursuit of high energy density in LIBs, thinner separators are
still urgently needed. Considering the relatively high density
of ceramics, traditional coating process may add too much
weight to the separators. In-situ polymerization might be a
good way to control the binder and ceramic quantity. Xiao’s
group prepared a silica coated expanded polytetrafluoroethyl-
ene (ePTFE) separator with PDA as the binder (ePTFE-PDA-
SiO,) [221], as shown in Fig. 13b. By simply immersing the
ePTFE matrix into dopamine solution with the pH controlled
for 10 h, 3.7% PDA can be polymerized onto the matrix and
worked as binders. The composite separator containing 3.3%
silica not only is nonflammable but also exhibits good thermal
stability, high electrolyte uptake, and thus better rate capability
and cycle stability when used in batteries. These two works
demonstrated two distinct methods to use PDA, either as a
coating layer or as a binder. Both showed great potential to
future applications.

Binders are also used in inorganic separators. A 37-pm
thick Al,O; separator was reported in Xiang’s work [224].
With SBR as the binder and PEG as the pore-former, the mem-
brane is flexible and nonflammable. Moreover, it showed better
affinity to the electrolyte than PE, where the electrolyte contact
angle is 0°. Applied in an NCM111lIgraphite coin-type full
cell, it delivered a high discharge capacity of 128 mAh g™!
under an 8 C rate, where that of the cell with PE separator is
only 105 mAh g™,
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Considering the indispensable role of the separator in LIB
industry and its significant influence on cell performance,
lighter and more reliable separators are yet to be developed.
In view of the rapid development of binders for silicon
anodes and high-voltage cathodes, those advanced multifunc-
tional binders may provide new solutions for the separator
modification.

4 Binders for Lithium Metal and Solid-State
Batteries

Considering the high flammability of organic liquid elec-
trolytes and the low energy density of LIBs, solid-state bat-
teries (SSBs) especially the solid-state lithium metal batter-
ies (SSLMBs) with nonflammable SEs and high-capacity
electrodes are good choices for energy storage systems
[225, 226]. In recent years, relevant researches have mainly
focused on binder-free SSBs with quite thick SEs for the
ease of manufacture and investigation. However, the electro-
lyte needs to be thin enough (< 50 pm) to achieve practical
energy density [227, 228], where a certain amount of binder
is necessary to compensate for the brittleness of inorganic
solid electrolytes (ISEs) [229]. Moreover, binder-free SSBs
produced by dry methods (e.g., cold or hot pressing) can
only be used on the laboratory scale, hence more attention
has been focused on wet methods which are applicable to
the well-established roll-to-roll processes to produce LIBs
on a larger scale [230, 231]. The choices of binders should
be carried out with great care to ensure the compatibility
with solvents (only in wet methods) and solid electrolytes
[232]. Moreover, most polymeric binders are ion- and elec-
tron-insulating, which leads to the reduction of ionic con-
ductivity and thus jeopardizes the cell performance [231].
Therefore, suitable binders are still a big challenge in SSBs’
preparation. In this part, we summarized the materials and
the relevant techniques for the preparation of ISE films and
electrodes, and tried to shed some light on the design and
development of advanced SSBs.

4.1 Binders for Solid-State Electrolytes

Solid polymer electrolytes (SPEs) can form flexible thin
films through the interlocked polymer chains, where no extra
binders are needed. Therefore, we mainly discuss the binders
for inorganic electrolyte films. ISEs, especially the sulfides,
have ionic conductivity as high as 107> S cm™! at room tem-
perature, which is comparable to or even higher than that of
liquid electrolytes [233, 234]. However, ISEs are brittle and
difficult to form intimate contact among particles. Mixing
ISEs with polymeric binders is a promising method to obtain
homogeneous and highly-processible SE films, for which the
wet method (with solvent) is most commonly used. Sulfide

ISEs are highly sensitive to common solvents, such as water
and some polar solvents, e.g., NMP, DMF (N,N-dimethyl-
formamide), AN (acetonitrile), DMC (dimethyl carbonate),
and so forth [235-237]. According to the hard and soft acids
and bases (HSAB) theory, electrophilic species of sulfides
can trap lone-pair electrons in highly electronegative ele-
ments such as the O and N of high polarity solvents [238].
For example, the glass—ceramic Li,P;S,,, which is well
known for its ultra-high room-temperature ionic conductiv-
ity, is ready to react with AN and DMC to form insulate
PS,*~ and P,S¢*", resulting in reduced ionic conductivity
[236]. Therefore, the compatibility of the binder, electrolyte
and solvent has become the primary factor to be consid-
ered. Nonpolar or less polar solvents came into the public
sight and were screened for the preparation of stable sulfide
ISE slurry. A wide range of solvents and polymer binders
have been investigated to match with the sulfide electro-
lyte 75Li,S-25P,S5 in Choi’s work [239]. After comparing
the physical properties of eight common solvents (with the
polarity index P ranging within 0.1-6.7), especially the
polarity and vapor pressure which are the two most critical
parameters to be considered, they found that solvents with
high P values (>4.0) would react with the SSE, while hep-
tane (P=0.1), toluene (P =2.4) and para-xylene (p-xylene,
P=2.5) with low P values were relatively stable. Then two
choicest polymeric binders [polybutadiene and acrylonitrile
butadiene rubber (NBR)] were used to prepare slurry with
the three selected solvents. After the tests of conductivity
and adhesion, p-xylene and NBR were considered to be the
suitable solvent and binder, respectively. Latterly, Riphaus’s
group studied the binder influence on Li,,SnP,S,, (LSPS)
SSE film preparation [240]. Five polymer binders [poly-
isobutene (PIB), SBR, PMMA, poly(ethylene vinyl acetate)
(PEVA) and hydrogenated nitrile butadiene rubber (HNBR)]
with the average molecular weight (M,,) ranging between
1.9% 10° and 3.1 x 10° were used in their study with toluene
as the solvent, and the binder ratio was controlled between
2.5% and 10% (by weight). All binders showed good com-
patibility toward LSPS; however, freestanding films could
be formed when PMMA was used as the binder due to its
too rich functional groups. As to the other binders, it was
found that all of them influence the Li* diffusion according
to the NMR results. Less binder with appropriate M, and
polar functional groups such as 2.5% HNBR seems to be the
optimal binder for this system.

Although less polarity solvents are conducive to meeting
the compatibility requirements of sulfide ISEs, the limited
grain boundary conductivity still hinders their practical
applications. Extra Li* passways are needed between the ISE
particles. Jung’s group did a series of work in this respect
[238, 241-243]. Taking advantage of the HSAB theory, they
found that the solvated ionic liquid (SIL), LiG3 [a complex
between LiTFSI and triethylene glycol dimethyl ether (G3),
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Fig. 14 Schematic diagrams illustrating the interactions between sol-
vents, salts and ISE in SSBs. a Functions between LiTFSI, different
amounts of G3, and LGPS. Reproduced with permission from Ref.
[238]. Copyright © 2015, Wiley. b Co-solvent effect on LiTFSI and
NBR binders. Reproduced with permission from Ref. [242]. Copy-
right © 2021, Wiley. ¢ Lewis-acid solvent with bulky hydrocarbon

with a molar ratio of 1:1], is stable toward LGPS, as shown
in Fig. 14a [238]. The SIL could not only provide additional
ion passages but also largely reduce the SE/electrode poros-
ity. The resultant LFP SSBs could work at 30 °C and deliver
a high reversible capacity of 144 mAh g~!. As no binder was
included in this work, both electrodes and SEs were prepared
by the hot process and showed limited flexibility. Therefore,
the same group developed wet methods to fabricate SE films
and electrodes. They found that a co-solvent composed of
less-polar dibromomethane (DBM) and more-polar hexyl
butyrate (HB) is compatible with LigPSsCl, sBr, s (LPSX)
and able to well dissolve the NBR binder and LiTFSI (the
sketch map is shown in Fig. 14b). Slurry-processable sol-
vents with different DBM/HB proportions were prepared
to explore the dispersion of NBR and the performance of
ASSBs. Excellent cycle performance of NCM/Gr ASSBs
was obtained when the ratio of the DBM/HB co-solvent was
set to 2:8 (volume ratio) with 1% LiTFSI. A 15 mm X 20 mm

@ Springer

3,0 1('10 1‘20 14’0 1;0 180
Capacity/(mAh g™')

Capacity/(mAh g™')

is compatible with the sulfide ISE. d The NA-LiTFSI couple could
compensate the ion passways between LPSX particles and buffer
the stress between NCM and LPSX. e GITT profiles of NCM SSBs
with different binders. f Charge/discharge profiles of graphite SSBs
with different binders. Reproduced with permission from Ref. [243].
Copyright © 2021, Elsevier

pouch-type full cell was prepared based on this concept and
tested under 30 °C. A capacity close to the theoretical value
was delivered. The nitrile group on NBR could dissociate
lithium salts and thus work as a Li* transport site. There-
fore, the NBR-LiTFSI system not only physically binds the
AM and SE together but also chemically realizes the ion
transport. Recently, they further optimized the binder and
solvent system to achieve better thermal stability and less
environmental concerns [243]. An NA-LiTFSI composite
binder including NBR, poly(1,4-butylene adipate) (PBA)
and LiTFSI was used for both NCM electrodes and LPSX
SE films with benzyl acetate (BA) as the solvent. Compar-
ing with HB and ethyl acetate, the bulky benzyl group on
BA (Fig. 14c) reduces its reactivity toward the sulfide SE by
its steric hindrance effect while still keeping the ability to
dissociate the lithium salt, where a higher reversible capac-
ity is achieved when LiTFSI is added (Fig. 14e, f). Mean-
while, it also enhances the binder’s thermal stability and the
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Fig.15 a Schematic diagram of a cylindrical solid-state battery.
b Calculated gravimetric energy density of all-solid-state batter-
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5 to 100 pm. Reproduced with permission from Ref. [246]. Copy-
right © 2022, American Chemical Society. d Molecular structure of
the thermoset self-healing polymers and schematic diagram of the

compatibility with the graphite anodes. Figure 14d shows
the overall function mechanism of the composite binder:
transporting Li*, buffering the volume change of NCM, and
linking AM and SE particles together. It is worth noting that
the areal AM loadings of the electrodes in Fig. 14e, f are 14
and 7.5 mg cm~2, respectively, quite close to the SOA LIB
level. However, the SE contents in the electrodes are still a
little bit high (24.5%-47.5%, in weight percentage), where
more research efforts are deserved.
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Copyright © 2015, Wiley. e Structural changes of poly(tert-butyl
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(TBA-b-BR) after thermal deprotection. f Lithium-ion conductivity
of the LPSCI solid electrolyte composite films containing (depro-
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ers. LPSCl:binder=97.5:2.5 by weight. Reproduced with permission
from Ref. [251]. Copyright © 2020, Wiley

Leaving aside the compatibility between binder, elec-
trolyte and solvent, the insulated polymeric binders can
reduce the conductivity and lead to poor cell performance,
which is also a major challenge. Inada et al. investigated
the ionic conductivity and morphology of composite SSEs
including ISEs and organic polymers used as binders pre-
pared by both dry and wet methods [244, 245]. The ISEs
adopted in their work are 0.01Li,P0,-0.63Li,S-0.36SiS, and
Li; »5Geg 5P 7554 SBR and silicone rubber were used as the
binders. The electrolytes prepared by the dry process showed
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good contact between SBR granular domains and ISEs,
which resulted in high ionic conduction. However, when
the wet process was adopted, the insulated SBR covers on
the surfaces of ISEs and reduces the conductivity dramati-
cally. For this reason, they developed a liquid silicone as a
binder. The ionic conductivity of the composite can stay in
the order of 10™*'S cm™, even if the silicone content is as
high as 10% (volumetric percentage).

Reducing the SE membrane thickness can effectively
enhance the energy density of the cells, as depicted in
Fig. 15a—c [246]. Although the density of the ISEs is differ-
ent, it is hard for the SSBs with similar electrode configura-
tions to get comparable energy density (280 Wh kg™!) with
SOA LIBs unless the ISE thickness could be reduced to 11,
22 and 35 pm for LLZO, Li;InClg and LigPSsCl (LPSCI),
respectively. Accordingly, these thin ISEs render an energy
density of ~400 Wh kg~! in LMBs using an NCM811 cath-
ode. Therefore, it is of vital importance to develop tech-
niques for preparing thin SE membranes [247]. Currently,
the dry method still dominates as it avoids the influences of
solvents. Taking advantage of the malleable and thermo-
set properties of several self-healing polymers (as shown in
Fig. 15d), Lee and Zhang’s group developed a new method
for preparing solid electrolyte in-polymer matrix (SEPM)
[248]. With about 20 wt% (Wt% means the weight percent-
age) polymers filling between the sulfide electrolyte parti-
cles, the SEPM showed enhanced ionic conductivity and
relative density; impressively, the thickness of the electrolyte
membrane decreased from 1 mm to 64 pm, which is benefi-
cial for the energy density enhancement of the SSBs.

PTFE is the most widely used binder in active carbon
electrode (for supercapacitors) fabrication. It forms elastic
fibrous structure networks, which makes it show little side
effect on electron transport. Recently, it was used as a binder
for multiple ISEs in Yao’s [249] and Sun’s [246] work as it
can interweave the ISE particles to form flexible membranes
with reduced thicknesses of about 15-30 pm. It is notewor-
thy that the PTFE doses are quite low in these reports, only
0.2% and 0.5%, respectively, which makes the mixing pro-
cess quite important.

The wet method was also used in thin ISE membrane
fabrications. Zhang’s group prepared a 60-pm freestand-
ing argyrodite membrane using a cellulose (CEL) skeleton
[250]. LPSCI was coated onto the CEL with silicone rubber
as the binder and chloroform as the dispersant. Because the
strong action between the CEL and SSE particles, LPSC1
prefers to interact with the CEL fiber rather than themselves.
Thus, the thickness of the SSE film shows a special self-lim-
ited phenomenon. Considering the incompatible polarity of
the binders, solvents, and sulfide electrolytes, Choi’s group
proposed a novel binder concept of “protection-deprotection
chemistry” and its function mechanism was illustrated in
Fig. 15e [251]. Poly(tert-butyl acrylate) (TBA) and its block
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copolymer poly(tert-butyl acrylate)-b-poly(1,4-butadiene)
(TBA-b-BR) with nonpolar terz-butyl (¢-butyl) groups can
protect the polar groups from side reactions with the sulfide
ISE and LPSCl in the slurry mixing process. Then the bind-
ers could be deprotected by heat treatment during the dry-
ing process to cleave the 7-butyl groups to ensure their high
adhesion. It can be noted in Fig. 15f that the deprotected
films show enhanced ionic conductivity when compared to
the protected counterparts or the one with butadiene rubber
as the binder. However, the thickness of the film still needs
to be reduced.

In summary, as the core component of SSBs, SE
films should not only have enough ionic conductivity
(>107* S cm™! at room temperature), high lithium-ion
transference numbers and wide electrochemical stability
windows to fulfill the electrochemical requirements of a
battery [252], but also be thin (<30 pm) and flexible so that
the high energy density LMB is possible. Currently, some
inert binders could support the thin ISE film preparation.
However, the process is still a bit complicated and inevitably
reduces the ionic conductivity. As discussed in the former
part, some intrinsic ionic conductive polymer binders may
provide new chances here, as they can potentially reduce
the space charge layer between ISE particles and diminish
the electrode/electrolyte interfacial resistance. However, it is
noteworthy that different SEs have different requirements for
the binder/solvent and their percentage. Proper optimization
of the system is still challenging. Meanwhile, new process-
ing techniques should also be developed so that large scale
production is possible.

4.2 Binders for Insertion-Type Cathodes of SSBs

Different to LIB electrodes where the ions can be conducted
by the liquid electrolytes infiltrated in the electrode pores,
the ion passages in SSBs are constructed by AM particles
and SEs (or the binders). Most SOA cathodes prepared
by either hot or cold press usually include 20%—40% SE.
Although demonstrating satisfying electrochemical perfor-
mance, the energy density is very limited even on the elec-
trode level [253-257]. Therefore, the electrode design is of
vital importance for the development of high-energy—density
SSBs. Considering that lithium metal is usually adopted as
anodes, the challenge mainly lies on the porous cathodes.
Slurry casting is no doubt the most mature and convenient
method for the preparation of electrodes. Adding a certain
amount of polymer binders can not only promote the uniform
dispersion of the particles [258] thus reducing the dose of
SSE, but also adjust the slurry rheology and make the higher
AM loadings possible [232]. The relevant works on binders
for SEs can certainly afford us lessons that the additional
issues such as the electron transport and AM particle volume
change should also be considered. Different to the cases in
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SEs, some special binders with extra properties, such as the
PAALIi [259] that is able to stabilize the CEI, reduce the
interfacial resistance and enhance the battery kinetics, are
being trialed in electrode designs for SSBs. Here, we classify
them according to the functional groups, including PEO and
its derivatives, carboxyl-rich polymers, other ionic conduc-
tive binders, and the none-conductive ones.

4.2.1 PEO and Its Derivatives

As the earliest and most widely studied polymer host, PEO
can not only transport the Li* by chain motions but also
show certain adhesion ability by physical interlocking the
AM particles, which makes it a promising binder candidate
in SSBs [260-264]. Zhang et al. added 2% LiFSI into a
composite of SIC, lithium poly[(4-styrenesulfonyl)(trifluo-
romethanesulfonyl) imide] (LiPSTFSI) and PEO (where the
EO:Li ratio was set to 20:1), and used it as both the binder
and the electrolyte for solid-state LFP cells [265]. Although
its ionic conductivity is lower than that of the PEO:LiTFSI
counterpart with the same EO:Li ratio, the cell showed
enhanced cycle stability due to the enhanced dendrite sup-
pression. Note that the lithium salt (e.g., LiTFSI and LiFSI)
is inevitable even in the binder while the EO:Li ratio is rela-
tively higher (typically, 16:1 or 20:1) than that in SPEs, the
major consideration may lie on ensuring the stiffness and
thus the electrode structure integrity. However, the PEO-
based binders confront with two challenges. Firstly, the low
ionic conductivity PEO (~ 107> S cm™!)-based binders may
bring about large bulk resistance to the cell and thus influ-
ence the kinetics. In fact, most SSBs adopting PEO-based
binders can only work under relatively high-temperature
environments. Secondly, PEO is generally believed to easily
fail when the potential is higher than 4.0 V (vs. Li/Li*) (the
underlying mechanism is still controversial [266-269]). It is
hard to be used in those 4.0-V class cathodes such as LCO
and NCM without any additional treatment.

Some derivatives and composites of PEO are prepared
to conquer these issues. Abraham et al. systematically stud-
ied the mixture of LiTFSI, oligomeric poly(ethylene glycol)
dimethyl ether (PEGDME) [a low molecular weight (M)
analog of PEO, the M, ranges in 250-500] and PVDF-HFP,
and tries to use the composite as both the electrolyte and
binder for a LiMn,0O, battery working within 3.0-4.5 V
[270]. The authors believed that the PEGDME provides ion
carriers and transport sites, acts as a plasticizer for PVDF-
HFP. The PVDF-HFP not only strengthened the composite
but also somewhat cross-linked with PEGDME via the lith-
ium bond, O-Li-F. The resultant composites showed high
ionic conductivity > 10~ S cm™! and wide electrochemical
stability windows up to 4.5 V. A semi-interpenetrating solid
polymer (semi-IPN) was prepared in Kang’s work via the
polymerization of bisphenol A ethoxylate diacrylate in the

mixture of LiTFSI and PEGDME (M,, = 500) with an EO:Li
ratio of 20:1 [271]. The LCO cathode with the semi-IPN
binder showed stable cycle performance within the volt-
age range of 3.0-4.3 V, which demonstrated its enhanced
electrochemical stability compared to that of PEO. How-
ever, no direct comparison was given in this work. Latterly,
Sun’s group studied the influence of the terminal group on
PEO, although the study was carried out on SPE rather than
binder [269]. They found that replacing the terminal —-OH
group with the stabler -OCH; (such as PEGDME) group
could broaden the electrochemical stability window of SPE
from 4.05 to 4.30 V, and the SPE could support the long-
term work of NCM523 SSBs. Recently, Kim’s group grafted
poly(ethylene glycol) (PEG) (M,,=2 000 or 4 000 g mol™!,
—OH as terminal group) onto poly(arylene ether sulfone)
(PAES) and obtained a PAES-g-PEG copolymer. They
further blended it with LiTFSI or an electrolyte of 0.5 M
LiTFSI in 1-butyl-1-methylpyrrollidum bis(fluoromethane
sulfonyl) (Pyr14TFS]I) ionic liquid (IL) to enhance the ionic
transportation [272]. These composites were used as binders
(with salt) for NCM622, LCO and sulfur cathodes, and solid
electrolytes (with the electrolyte), respectively. It proves that
the composites not only show enough adhesive force and
high ionic conductivity (> 107* S cm™") that could sup-
port the room temperature work of SSBs, but also largely
suppress the oxidation of PEG with the PAES backbone.
Recently, Jeong and coworkers found that although neither
Pyr14TFSI nor PEO is miscible in xylene, the mixture of
Pyr14TFSI, LiTFSI and PEO could form a glue-like solu-
tion (namely, LCBIM) [273]. They used the LCBIM as the
binder for both LGPS SE and NCM electrodes and compared
the SSB performance to that of NBR binder. It was found
that the LCBIM ensured close contact between particles,
where higher ionic conductivity (0.54 vs. 0.46 mS dem™)
and reversible capacity (166 mAh g~!) were obtained for the
SE film and the SSB, respectively.

By far, the studies on PEO and its derivatives are rela-
tively limited. However, all these works came to a similar
conclusion that it may not be the EO group that is vulnerable
to be oxidized. It means that there is still a large space for
exploration, such as that whether they can be used in more
electrode systems, what on earth leads to the PEO-based
SSBs’ failure, and so forth.

4.2.2 Carbonate or Carboxyl-Rich Polymer Binders

In-situ polymerization is a facile way to reduce the interfa-
cial resistance and is currently widely studied in semi-solid-
state batteries [33, 274-276]. Cui and coworkers further
implemented this strategy into electrode preparation [277].
A poly(vinyl carbonate)-based binder, PVCA, was synthe-
sized by a free radical polymerization of 1 M LiDFOB/
vinyl carbonate electrolyte, and it was utilized in an LCO
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Fig.16 a Solubility of various binders in solvents with different
polarity. b Synthesis of the click binder using the click (thiol-ene)
reaction between SBS and mercaptocarboxylic acid, and its work-
ing mechanism in the electrode. ¢ The 180° peeling tests for the
electrodes using the click binders and PVDF. P-xylene and NMP
were used as the solvents for the dissolution of the click binders and

electrode. The same electrolyte was injected into the cell
and in-situ polymerized to form the SSB. It was found that
LiDFOB can be dissociated in PVAC and Li* interacts with
the oxygen on carbonate group, thus providing a comparable
room temperature ionic conductivity (2.23x 107> S cm™!) to
that of PEO. The resultant SSB demonstrated a high revers-
ible capacity of 146 mAh g~! at 50 °C and a 0.1 C rate, and
a high capacity retention of 84.2% after 150 cycles between
3.0and 4.3 V.

Compared to PEO and its derivatives, carboxyl-rich
polymers such as PAA and PAALI have saturated polyole-
fine main chains, which endow them with wider electro-
chemical windows, better thermal stability, higher adhesive
force [278], higher glass transition temperatures and melt-
ing points. PAA and PAALIi were widely used in Si anodes
[279-282], LIB cathodes [101, 114, 283], separators [222,
284], and cathodes for SSBs [259]. Lu et al. used PAALIi
as the binder for both the LNMO cathode and RuO, anode
[259]. Comparing with the counterpart using the PVDF
binder that delivered no capacity under room temperature
(23.8 °C), the SSB using the PAALi binder showed a low
reversible capacity in the initial cycles; however, the revers-
ible capacity gradually increased to about 87.5 mAh g~!
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Ref. [286]. Copyright © 2020, Wiley-VCH

after 80 cycles at a 0.2 C rate, which was attributed to the
Li* conductive nature of PAALI.

Just like the case in sulfide SEs, there is a trade-off among
the three parameters in SSB cathode preparation, chemical
compatibility with SEs, slurry dispersion and the adhesion
of electrodes, as illustrated in Fig. 16a [285]. The compat-
ibility of the SEs with solvents is indicated in blue (com-
patible) and yellow (incompatible) regions. Those binders
with low polarity, such as butadiene rubber (BR), SBR and
NBR that could disperse in heptane and p-xylene, usually
suffer from low adhesive forces, which may in turn result
in the loss of contact during the charge/discharge cycles
thus increasing the cell resistance. Choi and coworkers
developed a series of graft polymer binders through the
reaction between polystyrene-block-polybutadiene-block-
polystyrene (SBS) rubber and 3-mercaptocarboxylic acid
(3-MPA) via a photolysis reaction with the aid of phenylbis
(2,4,6-trimethylbenzoyl)-phosphine oxide (BAPO) ini-
tiator, as shown in Fig. 16b. The as-prepared binders were
named after the molar ratios between SBS and 3-MPA (C4
for 100:4, C10 for 100:10, and C40 for 100:40). Although
the carboxyl group on 3-MPA leads to better adhesion, too
much 3-MPA results in higher reactivity toward the LPSCI
SE. C10 was chosen as the optimal, which not only showed
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comparable adhesion to that of PVDF (Fig. 16¢) but also
satisfied the ionic conductivity (1.9 mS cm™") when used
as a binder for the SE. The SSB demonstrated better cycle
stability than that with the BR binder.

As discussed above, binders with more carboxyl groups
could provide better adhesion due to the H-bonding with the
AM particles [285]. Sun’s group further studied this phe-
nomenon by utilizing four different binders (PEO, PVDF,
CMC and Alg) in LCO electrodes [286]. They calculated
the adsorption energy between these binders with LCO, as
shown in Fig. 16d. Obviously, the CRP ones have stronger
interactions. O K-edge XAS test was further carried out
(Fig. 16e). It can be noted that the PEO brought about some
changes to the spectrum. The authors attributed this to that
the PEO flew down to the bottom of the electrode, and thus
could not effectively cover the AM particles. By contrast, the
CMC and Alg could cover the LCO surfaces effectively and
render better adhesion and longer cycle life to the SSBs. It
is noteworthy that no SE was used in the electrode, although
the authors did not mention the areal capacity while it should
be limited. It is important to study the underneath fundamen-
tal mechanisms. In addition, more attention should be paid
on those ways toward practical applications.

4.2.3 None-Conductive Binders

None-conductive binders such as PVDF were also used in
many SSB works. Considering their poor lithium salt dis-
sociation power and thus the low conductivity, none-conduc-
tive binders may be only suitable for those electrodes with
low areal capacity or the ones work under high temperatures
[287]. Jung’s group developed a novel infiltration method,
where the solution of SSEs (e.g., the LPSCI in ethanol,
and 0.4Lil-0.6Li,SnS, in methanol) was infiltrated into the
porous LCO (with PVDF binder) or the graphite electrode
by the dip-coating process followed by cold-pressing [288].
With an area capacity of 1.4 mAh cm™, both electrodes
showed satisfying rates and wide temperature working abil-
ity (30-100 °C). Moreover, the work also highlighted the
importance of percolated ion and electron passages via the
variation of CA and binder quantities. The insulating nature
of PVDF would affect the charge transfer in electrodes and
thus the battery rate capability. They found that the LCO
electrode with less (1%) PVDF and enough (2%) SP dem-
onstrated the highest reversible capacity under all studied
current densities, as the graphite with 5% binders.

Some insulating polymers with high thermal stability
were also used in SSB electrodes prepared by thermal-
pressing to ensure the structure integrity and flexibility.
Poly(ethylene-co-propylene-co-5-methylene-2-norbornene)
(PEP-MNB) was adopted as the binder for NCM622 elec-
trodes due to its heptane solubility, good electrochemical
stability toward cathodes, lithium metal anodes and the

LPSCI1 SSEs [289]. Most importantly, it has a high melting
point up to 350 °C, which could endure the post-annealing
treatment after the slurry casting process. Ha’s work proved
that the annealing process enhanced the ionic transport in
the electrode, and thus lower resistance and better rate capa-
bility could be achieved. Similarly, taking advantage of the
high thermal stability of PTFE (softening point 320-330
°C), Hippauf et al. adopted a dry film approach to prepare
a free-standing NCM electrode with a high areal loading of
6.5 mAh cm™2 [232]. Although it has been widely accepted
that the binders may block the conduction passways, a
reduced charge transfer impedance was found for the elec-
trodes using 0.1% and 0.3% binders compared to the one
without binders. The authors attributed this to the reduced
cathode surface area due to the binder coverage, which leads
to less parasitic reactions between the LPSCI SE and NCM.

Polymer binder has a significant influence on the slurry
rheology and thus the dispersion of SE among AM particles.
Uchimoto et al. [258] prepared NCM111 electrodes with
different binders [SBR dissolved in anisole, and styrene-
ethylene-butylene-styrene (SEBS) in heptane] and then ana-
lyzed the SE [75Li,S-25P,S5 (LPS)] dispersion using the
2D-imaging X-ray absorption spectroscopy. It was found that
the SBR led to a uniform distribution of SE in the electrode
and reduced the local SOC difference.

4.3 Binders for Solid-State Lithium-Sulfur Batteries

Compared to those insertion-type cathodes, conversion-
type cathodes, such as sulfur (S), have higher theoretical
capacity (1 675 mAh g!) but lower electronic conductiv-
ity and larger volume changes (~80%) on lithiation, which
makes the binder design more challenging as it needs to
ensure the electrode integrity just like in the Si electrodes.
The binder for S is the second most widely studied object
after that for Si [109, 250, 274, 283, 290-324]. These bind-
ers demonstrated different functions such as self-healing,
conducting, reducing the shuttle effect, and unquestionably,
greatly enhancing the cycle stability and areal loading of
Li-S batteries. Considering the multiple high-quality review
papers published in the past few years [60, 325-330], here
we simply focus on the binders for solid-state Li-S cells.
The shuttle phenomenon is the most prominent challenge
for Li-S batteries, even though a little Li,S is in favor for
stable lithium deposition [331]. Compared with those Li-S
cells with liquid electrolytes, SEs could largely decrease the
shuttle due to the limited solubility of PS species. It was
proved that the shuttle phenomenon still exists when PEO
or its derivatives are used [22, 332]. Wen and coworkers
prepared solid-state Li-S batteries (SSLSBs) with PVDF
(dissolved in NMP) as the cathode binder and 60% [PEO-
LiTFSI] (EO:Li=20:1)+40% LLZTO as the composite
electrolyte [22]. Via the real-time optical microscope and
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ex-situ XPS and Raman observation, they found that the
reaction mechanism under high temperatures (>T,, of PEO)
in this SSLSB is similar to that of Li-S cells with liquid
electrolytes. That is, a solid—liquid—solid process where the
soluble Li,S, (x=4-8) could shuttle to the anode and forms
Li,S, was proved by the XRD patterns. It is noteworthy that,
as proved by Nan’s group [333], PVDF suffers from par-
tial HF loss on contact with LLZTO in Lewis bases, which
might also be the reason responsible for the poor cycle per-
formance of the SSLSB under high temperatures.
Goodenough’s work also came to the similar conclu-
sion that the shuttle effect happens in SSLSBs [332]. The
complex of PEO/PVDF with LiTFSI (3:2 by weight) was
adopted as the binder for S composite cathodes, and a PEO-
LiTFSI+15% Al,05 (EO:Li=10:1) composite electrolyte
was used in their work. Figure 17a, b shows the typical GITT
curves of SSLSBs using different binders. Obviously, the
one using the PEO binder showed higher discharge capac-
ity, however, with prominent shuttle phenomenon. As to the
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PVDF case, although it did not show high-voltage plateaux
(~2.4 V) and the specific capacity is low, limited shuttle
effect was demonstrated. The authors attributed this to the
low solubility of PVDF to the long chain polysulfides, which
changed the reaction to a solid—solid mechanism as shown
in Fig. 17c.

Ionic conductivity is another essential feature of bind-
ers for SSLSBs, as they could work as the supplement
of SE, thus potentially, reduce the SE quantity demand
for percolating ion passage formation. This is also an
important reason why the PEO-LiTFSI binder was used
in the up-mentioned work [332]. Kim et al. prepared a
poly[diallyldimethylammonium bis(trifluoromethylsulfonyl)
imide] (PDATFSI)-ionic liquid (IL) composite binder and
used it in quasi-solid-state Li-S batteries [334]. It showed
not only a high Li* conductivity of 0.45 mS cm™" and good
thermal stability but also sustainable nonflammability and
desirable flexibility. Besides, the rich anions enhanced the Li
deposition stability. Compared with the counterpart PVDF,
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the PDATFSI binder greatly enhanced the rate and cycle
stability of the battery. After 200 cycles at 0.2 C, it still
showed a reversible capacity of more than 1 000 mAh g™,
almost 2 times that of PVDF. Note that a large quantity of
IL was used in both binders and electrolytes in this work,
which makes the battery a quasi-solid-state one. However,
it is still inspiring considering the limited reports on SSLSB
electrode designs.

Besides, other binders applicable to sulfide SEs, such as
PTFE [335-337] and silicone rubber [338], are also being
adopted in SSLSBs, since sulfides were usually used for
their high ionic conductivity. As most of the relevant mate-
rials such as sulfur, carbon, and sulfide SEs are vulnerable to
stress, more studies chose a binder free approach. Ball mill-
ing and hot/cold press are enough to form free-standing elec-
trodes with satisfying areal loadings. Moreover, the addition
of binders sometimes leads to higher tortuosity, which is
harmful to the ion and electron transportation [339]. How-
ever, considering the high specific area of S-based AMs
(usually tens to hundred times that of LIBs), more SEs (up
to 40%—50% [339-341]) are needed to form percolated ion
passages in the electrode, which seriously affects the bat-
tery energy density. Proper binders may greatly reduce the
SE requirement thus promoting the advance of SSBs. Fur-
thermore, it is worth noting that some sulfides are not sta-
ble within the potential range where the cell works [342].
Special attention should be paid on this kind of systems in
data analysis.

To summarize, SSLSB is a fast-developing direction
and its exploration is just beginning [343]. Similar to those
using liquid electrolytes, the sulfur species also suffer from
volume changes, low ion/electron conductivity and even
shuttle effect. The challenge is even huger for the construc-
tion of practical SSLSBs. Many fundamental issues, such
as the construction of percolating ion/electron passages,
self-adaption of electrode/electrolyte interfaces on charge/
discharge, and the volume changes on the cell level, are
yet to be studied. Although binder only takes a quite small
share in SSLSBs, it may play more vital roles in the future
applications.

4.4 Binders for Anode Electrodes of SSBs and LMBs

The research on binders for anodes of SSBs is rare, since
most SSBs adopted Li foil, Li-In alloy or 3D Li anodes
prepared by a fused method as the anodes. For the develop-
ment of SSBs, it was found that they usually need to work
under certain pressure because of the volume changes of
both electrodes during the charge/discharge processes, where
it is hard for the cathode and the anode to compensate each
other. In this consideration, anode structures with certain
porosity might be necessary, where binders are needed.

Similar to that in SEs, compatibility is the first factor
to be considered in the binder choice for anodes. Jung and
coworkers prepared all-solid-state NCM622lIsulfide
SEllgraphite (Gra.) LIBs using a single step wet method.
NBR and PVC were used as the binders with THF as the
solvent [344]. They found that PVC might be reduced by
the sulfide SE, for C=C bonds were found in the Raman
spectrum of the mixture. Moreover, the SE-PVC composite
also showed the lowest ionic conductivity. On the contrary,
NBR can be used in both NCM622 and Gra. electrodes.
The as-prepared electrodes showed satisfying rate perfor-
mance, especially that the anode delivered a high capacity of
265 mAh g~! even under a 1 C rate and 30 °C. The full cell
can even work under a high rate of 50 C at 100 °C, which is
beyond most of the SOA LIBs. Considering the low theo-
retical capacity of Gra., Lee’s group studied the possibility
of Sn to be used in SSBs [345]. Polyacrylonitrile (PAN)
was used as the binder due to its strong adhesive force and
the special pyrolytic characters: an ion and electron mixed
conducting polymer was formed when it was heat treated
between 250 and 350 °C, which is of vital importance in
electrodes. The authors prepared Sn electrodes with differ-
ent binder contents and treated them under 270 °C for 3 h.
An optimal binder content of 5% was found, with which the
electrode demonstrated not only the highest ICE of 87.5%
but also the best specific capacity and cycle stability. Via an
ideal spherical model, the authors calculated the PAN thick-
ness on the Sn particles to be ~5.9 nm. They supposed that
less binder could not provide enough toughness to ensure
the electrode integrity, while a higher binder content may
influence the ion/electron transportation. It is noteworthy
that no CA and SE were used in this electrode and the AM
areal loading is ~2.55 mg (corresponding to the areal capac-
ity of ~2 mAh cm™2), which makes it a promising method.

In respect of the high electronic conductivity, satisfying
Li* diffusion coefficient, and the mechanically deformable
nature of Gra., Kim and coworkers proposed a more con-
venient method to prepare electrodes for SSBs [346]. It was
found that the lithiation of the Gra. electrode is a diffusion-
dependent process, and Li* could hop between adjacent
Gra. particles when they were close enough, as illustrated
in Fig. 18a. Using 2 wt% PVDF binders, wet coating and
the following 550 MPa compress, seamless interfaces could
be formed in the electrode, which makes the SE free thick
electrode possible. Although the diffusion-dependent elec-
trode showed inferior rate performance to that of composite
electrode (with SBR binders and a ratio between Gra. and
LPS of 6:4) with similar areal capacity, much better volume
energy density was achieved as no SE was used. Moreover,
as illustrated in Fig. 18b, it delivered high capacity close to
the theoretical value when the areal loading is less than 7.5
mg cm™2 under a constant current (CC) mode. When a CC/
CV (constant voltage) mode was used, this value is as much
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as 15.2 mg cm~2 (>5 mAh cm™2), which is even higher than
that of SOA LIBs.

In pursuit of high-energy—density SSBs, metal Li anodes
are indispensable. PRPAA (as shown in Fig. 18c) was pre-
pared by Choi and coworkers to integrate with carboxylic
acid functionalized CNT (fCNT) networks to regulate the
Li deposition process [347]. After the first Li deposition
process of 1 mAh cm2, it can be seen that the CNT net-
works were still loosely packed and some cracks occurred
on the surface due to the stress generated during Li deposi-
tion (Fig. 18d1). The 5% PRPAA meditated f{CNT (fCNT-
PRPAA) shows a compact cross-section with no cracks
(Fig. 18d2), demonstrating the stress dissipation and keeping
the network interconnected effect of PRPAA. They proved
that the {CNT-PRPAA network could withstand a large
amount of Li deposition of 6 Ah g~! at current densities up
to 6 mA cm~2 (18 A g~! CNT), which could effectively sup-
port the quick charge of LMBs. Although the authors did not
use this concept in SSBs, it is a common sense that the EO
groups on PR and PAA are Li* conductive. Meanwhile, the
CNT endows the system with high electronic conduction.
Therefore, the f{CNT-PRPAA network may also be suitable
for the solid configuration.

To summarize, after a decade of fast development, some
high-quality SE materials are readily produced currently,
which lets us see the dawn of SSBs. However, issues also
come, e.g., the designs of thin SE films and high-loading
electrodes, their interfacial stability, the compatibility with
SOA LIB equipment, the volume/thickness changes on the
cell level, etc. Although binders only take a very small share
in cells, they can link the particles, endow the electrode/
separator with certain flexibility, and sometimes, suppress
the parasitic reactions and even buffer the volume changes
on lithiation/delithiation. This makes the relevant research
meaningful and important for the SSBs, both in science and
technology.

5 Inorganic Binders

All aforementioned binders are organic polymers. They
realize their adhesive function by physical interlocking
or chemical binding, and in most cases, by both of them.
Some inorganics could also work as binders, e.g., the MgO,
Al,O; and SiO, in thermal battery electrolytes [348, 349],
waterglass in high-temperature refractory adhesives [350],
etc. Compared with organics, inorganics usually have bet-
ter thermal stability and higher ionic conductivity due to
the delocalized ion cloud, which, however, may also bring
about more parasitic reactions especially in the electric field.
Therefore, the research on inorganic binders only started few
years ago along with the increasing requirements on battery
safety [350-352]. In fact, many relevant patents have been

granted in this field. Their applications can be tracked back
to more than a decade ago, and the assignees include large
companies such as Dow, Samsung, CATL and LG Chem.,
[353-356].

Ammonium polyphosphate (APP, as shown in Fig. 19a)
was adopted as a binder for sulfur cathodes in Cui’s work
due to its moderate binding strength, flame retardant and
water-soluble properties. Moreover, it can also promote the
transport of Li* thus enhancing the battery kinetics as evi-
denced by the improved rate performance [351]. Compared
to PVDF, APP has stronger affinity to Li,S, via the interac-
tion between Li and the multiple O atoms on the molecular
chains (Fig. 19b); thus, the shuttle effect was suppressed.
Meanwhile, the cell with the APP binder showed little self-
discharge within a month, while the open circuit voltage
(OCV) of the cell with the PVDF binder dropped from 2.42
to 2.29 V. In a long-term cycling test, APP also demon-
strated its feasibility with 640 mAh g~! retained after 400
cycles at 0.5 C. As a contrast, it was 329 mAh g~! for the
one with PVDF.

Waterglass (sodium silicate as the main component, as
shown in Fig. 19c) is a water-soluble earth-abundant inor-
ganic compound that binds to a diverse range of materials
with high-adhesion strength and exhibits extreme chemical
and thermal stability. Structural ceramic batteries (SCBs)
are capable of acting as an electrochemical energy storage
system (i.e., batteries) while possessing mechanical integrity
[357], thus having higher requirements on electrode modu-
lus, which is usually beyond the capability of polymer bind-
ers. Ransil and Belcher trailed the waterglass in SCBs as the
binders for LFP electrodes [350]. Impressively, it showed
high Young’s moduli of 75-85 GPa under both dry and wet
(by electrolyte) conditions. XRD tests proved that the mix-
ture of LFP and waterglass is stable even when heated to
600 °C, which greatly enhances the battery safety in use.
Paring with a mesoporous carbon microbead (MCMB)
anode and a silica modified separator (high-density ultra-thin
fiberglass) using the same binder, a full cell was prepared.
It demonstrated a satisfying tensile modulus of 1.4 GPa and
a much higher energy density of 93.9 Wh kg~! than that in
previous works on SCBs.

Both APP and waterglass are polymers, thus it is reason-
able for them to show high adhesive ability toward other
materials either by physical interlocking or chemical bond-
ing (such as H-bond and Li-bond). Recently, Obrovac and
Wei used three kinds of salts [the sodium polyphosphate
(SPP), lithium polysilicate (Li,SisO,, Fig. 19d) and lith-
ium phosphate monobasic (LiH,PO,, Fig. 19¢)] for Si and
Gra. anodes [352]. Surprisingly, all these binders could
form good coating layers on Si alloys when the dosage
is 10% and show good cycle stability similar to that with
PAALI binders. The authors proposed that there might be
a hydrolysis-polymerization process between Li,Si5O,,/
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LiH,PO, and —OH groups on the Si particles. As a contrast,
the binders (10%) form poor coating layers when being used
in graphite due to the lacking of functional groups. Increas-
ing the binder content to 20% could also improve the coat-
ing quality, although no reason was given in the paper. The
cross-sectional SEM images and EDS mapping illustrated
that Li,SisO,, takes a larger volume fraction of ~30% in the
graphite electrode, 3 times the theoretical value or that of
other binders, for which the authors inferred that its hydrate
process may form an open structure like sol-gel. Consider-
ing the areal capacity of the Si-alloy anode (2.4 mAh cm™2),
which is close to the commercial level, these inorganic bind-
ers especially the small molecular ones (e.g., Li,SisO,; and
LiH,PO,) may be good choices in the future applications.

Unlike the organic binders’ adhesion that usually resulted
from direct chemical reactions, hydrogen bonding or
mechanical interlocking [43], the adhesion theory between
inorganics in batteries is still lacking of intensive study and
far from mature. Although organic binders can fulfill most of
the requirements of SOA LIBs, in some special applications
such as the ultra-low/-high-temperature operations, struc-
tural batteries and space explorations where the irradiation
may influence the organic stability, inorganic binders may
provide good chances.

6 Conclusion and Prospective

As a small but indispensable part in cells (usually <3% in
SOA battery industry), binders not only influence the slurry
rheology on the coating process and quality, but also keep
the electrode integrity during the whole battery life. Most
binders in LIB industry form a coating layer on the AM
particles and thus influence the SEI components. For the
development of conversion-type electrode materials and
SSBs, binders with more functions such as self-healing,
ionic/electronic conductive, and forming special shapes
(e.g., fibrous PTFE), are required. Although so many bind-
ers have been developed and showed enhanced performance
within specific systems in the past years, as the binders are
difficult to be distinguished from the CA in the CBD, their
detailed working mechanisms are yet to be clarified. There-
fore, future works should emphasize on the following points.

(1) The development of high-energy LIBs calls for system-
atic and standardized research on binders. Binder and
conductive agent fractions as well as the areal capac-
ity of electrodes have significant influences on the cell
energy density. Although some binders demonstrated
outstanding cycle stability and rate performance, 10%
or even 20% binders and relatively low-loading active
materials are typically used, which in fact results in
quite limited energy density even at the electrode level.
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3)

Therefore, it is of vital importance to test the bind-
ers’ performance under restricted fractions and areal
AM loadings, so that their feasibility in mass produc-
tion could be exhibited. Besides, most anode materials
including graphite, silicon [181] and their composites
have enough electronic conductivity, which could sup-
port the CA free design especially when conductive
binders are used. In fact, 5% conductive binders could
support the batteries working as reported in several
papers. Systematic studies on these binders may pro-
mote the applications of high-capacity anode materials.
Meanwhile, the environmental influences of binders
should be considered along with the fast development
of battery industry and the relevant recycle process.
Although the binder can be removed by simply wash-
ing or sintering the coating layer, the bio-derived and
water-soluble binders might be better choices.

Novel binders are essential for SSBs. As previously
discussed, SSBs are coming to the dawn before appli-
cations, and intensive efforts are now being devoted
on electrode (particularly, the cathode) and electrode/
electrolyte interface design and optimization. Func-
tional binders can not only form percolating ion and
electron passages and targeted porous structures in the
electrodes thus reducing the cell volume changes, but
also potentially construct integrated interfaces (e.g.,
using the PEO-based binder when PEO SE is adopted)
thus diminishing the space charge layer and enhancing
the interfacial stability, which is quite important as the
inner resistance of SSBs is usually much larger than
that in LIBs. Considering the trade-off between ionic
conductivity, electrochemical stability and mechanical
processability, organic/inorganic composite binders
with higher degrees of freedom might be good choices.
Besides, special techniques such as dip coating might
be useful here.

Multiscale and in-situ research on the interactions
among binders, CAs, AMs, and electrolytes, espe-
cially when they work under the electric field (during
the charge/discharge process), is urgently required.
Most binders are polymers composed of C, H, O, F,
and sometimes, some alkalis such as Li and Na. They
usually mix with CA and form the CBD in the electrode
and are difficult to be differentiated. Most binders were
considered to be inert even in the battery working pro-
cesses. Along with the development of high-voltage
LIBs and functional binders such as the self-healing
ones and the conductive ones, more and more works
proved that some binders are reactive, either partici-
pating in the formation of SEI/CEI or changing their
conduction with voltage variations. Therefore, more
attention is deserved for the advanced characterization
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methods of monitoring this small but essential part, so
that better battery techniques could be achieved.

In conclusion, we have good reasons to believe that bind-
ers could work much more than being adhesive. As predicted
in Schmidt’s work, LIBs will be the most cost-effective elec-
tricity storage technology as of 2030 [358]. Furthermore, the
exploration of higher energy density would bring lithium
batteries to wider markets beyond electric vehicles, such as
drones and electric airplanes [359]. Thus, we have good rea-
sons to believe that novel binders may provide new choices
to the battery industry.
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