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With the continual increase in CO2 levels and toward a sustainable society, developing high-performance lithium-ion batteries (LIBs)
is crucial. A suitable electrode design is the key to enhancing the quality of battery cells (e.g., cycle retention characteristics and rate
capabilities), and the binder plays an important role in providing sufficient adhesion between the active material, conductive agent,
and current collector. Despite significant advances in the development of novel binder materials and solutions that can be
employed as anode and cathode materials, careful investigations and summaries of the assessment methods for binder materials
remain lacking. In this review, we examine the different analyses used to assess the quality of binder materials and how they help
in assessing the quality of the electrode design. In addition, future perspectives on binder assessment are presented, which can be
applied to future research directed toward binder development for advanced LIBs or post-LIBs.

1. Introduction

Lithium-ion batteries (LIBs) have dominated the market for
consumer electronic power sources for decades because of
their high energy density, high efficiency, light weight,
and portability [1–3]. There are still significant efforts by
academia and industry to enhance LIB performance to sup-
port the large-scale energy storage requirements in applica-
tions like all-electric vehicles, the military, and aerospace
[4–6]. LIBs have become ubiquitous in the energy storage
industry because they can be used to power handheld devices,
automobiles, and power grids. The efficiency of LIBs is deter-

mined by the strength and consistency of the electrode com-
ponents, including the active materials, conductive additives,
and binders. The binder is one of these components, and
preserving the mechanical stability and structural integrity
of the electrode during repeated charge-discharge cycles is
extremely important [7, 8].

Considering they significantly influence the overall bat-
tery performance, understanding the structural and mecha-
nistic characteristics of binders in LIB electrodes has
garnered considerable attention in recent years. The binder
material, which acts as a glue to hold the active material
and conductive additive, can affect the electrochemical
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performance, cycling stability, and safety of batteries. LIB
electrode creation has frequently utilized various binder sub-
stances, including sodium alginate, carboxymethyl cellulose,
polyacrylic acid (PAA), and polyvinylidene fluoride (PVDF)
[9–11]. However, choosing and optimizing a suitable binder
material requires a thorough knowledge of its mechanical
and structural characteristics.

Battery performance is significantly influenced by the
binder materials used, especially when the battery operates
at high cut-off voltages [12]. The stability of the electrode
structures and the overall battery efficiency can be signifi-
cantly influenced by the binder choice. If an incorrect binder
is used under high-voltage conditions, the electrode mate-
rials may degrade, reducing their capacity and ability to store
energy and ultimately shortening the lifespan of the battery
[13]. A decrease in battery performance can result from
the degradation of the binder, which can harm the electrodes
and compromise their structural integrity, thus making it
crucial to choose an appropriate binder material to ensure
a stable electrode structure, reduce potential negative effects
on battery performance, and ultimately increase the overall
dependability and longevity of the battery [14].

Wang et al. [15] studied the adhesive properties of
organic polyvinylidene fluoride (PVDF) binders and the elec-
trochemical performance of CuO electrodes handled with
various binders. Shi et al. [16] discussed the progress in novel
binder systems in terms of material and structural design.
Owing to their potent ability to bind to active particles, non-
conductive polymers with abundant carboxylic groups have
been used as binders to stabilize ultrahigh-capacity inorganic
electrodes that undergo significant volume or structural
changes during charging/discharging.

Recent research on binders has provided insight into
how lithium alloying reactions improve the reversibility
of composite electrodes. The cycling stability of the Si elec-
trodes was significantly enhanced by a binder made of car-
boxymethyl cellulose (CMC). According to Hochgatterer
et al., effective binding and improved performance are sig-
nificantly aided by the covalent chemical bonds that form
between the CMC and Si particles [17–20]. Moreover, var-
ious analytical techniques have been utilized to evaluate
the properties and behavior of binders in LIB electrodes,
such as nuclear magnetic resonance spectroscopy (NMR)
[21–24], X-ray diffraction (XRD) [25–28], and scanning
electron microscopy (SEM) [29–32]. Additionally, molecu-
lar dynamics simulations have been used to investigate the
binding-ion interactions in LIB electrodes [33].

This review is aimed at presenting a thorough overview
of the function of binders in improving the performance of
LIBs, specifically in the context of electrode materials. This
study explores the mechanical, compositional, and structural
characteristics of the binders used in LIB electrodes. The
increasing need for reliable LIBs—widely used in various
applications, including portable electronics, electric vehicles,
and renewable energy storage—is the main driving force for
undertaking this review. Binders are essential to the perfor-
mance of LIBs to maintain the integrity of the electrode
structure, prevent electrolyte leakage, and ensure good adhe-
sion between the active material and the current collector.

Hence, a deeper understanding of the mechanical, composi-
tional, and structural aspects of binders in electrode mate-
rials is crucial to developing more effective and long-lasting
LIBs. Hence, this article aims to present a thorough under-
standing of the role of binders in LIB performance, including
their influence on mechanical and electrochemical stability,
adhesion to active materials, resistance to electrolyte degra-
dation, and overall battery durability. By providing a deeper
understanding of the crucial role of binders in electrode
performance, this study is aimed at contributing to the
development of more effective and long-lasting LIBs.

2. Role of Binder in LIBs

Binders play a significant role in binding active materials,
conductive agents, and current collectors together in an
electrode. Particularly for LIBs, the presence of a binder is
necessary for the wet-coating process; as a result, significant
work has focused on resolving some of the production issues
that arise from the use of binders [34]. In general, binders
can be divided into two categories: 1-methyl-2-pyrrolidi-
none- (NMP-) soluble and water-soluble. The former refers
to the conventional binder system initially employed together
with polyvinylidene difluoride (PVDF) [35–37], whereas the
latter refers to recent research attempts to replace toxic,
environmentally unfriendly, and high-cost NMP with green,
environmentally friendly, and low-cost water. In some studies
[38–40], water-soluble binders exhibited enhanced electro-
chemical performance compared to NMP-PVdF-based sys-
tems. Previous studies have demonstrated that water-soluble
binders exhibit superior electrochemical performances com-
pared to systems based on NMP-PVdF. Salian et al. [41]
investigated the effect of water-soluble binders, CMC, and
sodium alginate (SA) on the electrochemical performance
of a high-voltage lithium nickel manganese oxide (LNMO)
cathode and found that LNMO cathodes prepared with
aqueous binders exhibited greater cycling stability. Li et al.
[42] successfully synthesized a water-soluble bifunctional
binder by combining a conductive polythiophene polymer
(PED) with the highly adhesive PAA. This novel binder for-
mulation demonstrated remarkable performance in Si-based
anodes, exhibiting high reversible capacity, excellent cycle
stability, and impressive high-rate capacity. Li et al. [43] con-
ducted an experiment in which they established that using a
water-soluble polyamide acid (WS-PAA) binder featuring
ionic bonds yielded satisfactory mechanical strength for SiOx
anodes, which, in turn, leads to enhanced cycling perfor-
mance and rate capability. Zheng et al. [44] synthesized a
water-soluble PAAS–CDp–PAA binder with enhanced adhe-
sion, Li+ diffusion, and structural integrity, resulting in
increased specific capacity and capacity retention for Si elec-
trodes. Jang et al. [45] investigated whether water-soluble
lambda carrageenan (CGN) could be used as a binder for
SiNPs. They discovered that CGN binders exhibited excellent
mechanical characteristics and improved the cycling and rate
performances of the silicon anodes. The electrochemical per-
formance and stability of a silicon (Si) anode were significantly
enhanced by utilizing a water-soluble conductive binder,
specifically a polyvinyl pyrrolidone/polyaniline (PVP/PANI)
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copolymer, as demonstrated in a study conducted by Zheng
et al. [46]. This improvement was observed in comparison
to conventional binders such as polyvinylidene fluoride
(PVDF). A separate investigation conducted by Yang et al.
[47] examined a hybrid water-soluble binder composed of
humic substances and CMC. This study revealed that this
binder exhibited the ability to improve the electrochemical
performance and cycling stability of cathode materials for
LIBs, specifically LiFePO4. To improve the electrochemical
stability of Sb2O3 anodes, Liu et al. [48] developed a cross-
linked polymeric binder via an esterification reaction between
sodium CMC and fumaric acid (FA). Li et al. [49] studied
ZnMn2O4/C microsphere anodes using a water-soluble
sodium carboxymethyl cellulose binder. The results of their
investigation demonstrated notable characteristics, such as a
high reversible capacity and extended cycle life.

Figure 1(a) shows the chemical structure of the PVDF
binder. PVDF, a synthetic and organic-soluble binder, is
widely used in the LIB industry owing to its good binding
ability and chemical and electrochemical stability [50–53].
NMP is generally used as an organic solvent to dissolve
PVDF binders. In combination with the search for new poly-
mers that can be employed as water-soluble binders, more
analytical/evaluation tools have been developed to further
understand the role of binders in the electrode, even after
the charge-discharge process. The following sections provide
detailed information on different aspects of the binder in
electrodes and the importance of defining the role of the
binder in the electrode.

To address the issue of using toxic and volatile solvents
and replacing PVDF with weak van der Waals, aqueous-
based binders have been investigated because water-soluble
binders are more cost-effective and harmless than PVDF
binders. Furthermore, LIBs using water-soluble binders
exhibit outstanding performance compared to batteries with
PVDF because most water-soluble binders have functional
groups such as hydroxyl groups (OH) and carboxylic acid
groups (COOH), which can connect the components via
hydrogen and chemical bonding [54–56]. There are various
types of water-soluble binders, including CMC [57], PAA
[57], chitosan [58], and alginate [58], among others [53,
59–62]. CMC is a water-soluble and bioderived binder from
cellulose. As CMC is a natural binder, it is more biodegrad-
able and cost-effective than PVDF. Moreover, CMC is con-
sidered an alternative candidate for PVDF binders because
of its solubility in water. In general, CMC is used in the
sodium salt form [63–65]. Figure 1(b) shows the chemical
structure of CMC, which contains carboxymethyl and
hydroxyl groups. As such, CMC has good mechanical and
adhesive properties, leading to strong interactions with the
active material and current collector [51].

PAA is a widely used synthetic binder with many carbox-
ylic acid groups on its backbone, as shown in Figure 1(c).
Compared to the PVDF system, the high density of carbox-
ylic acid groups in the PAA backbone indicates the possibility
of strong interactions between the active materials and the
current collector. In addition to PVDF, CMC, and PAA,
other types of water-soluble binders exist, such as chitosan-
based binders [33] (Figure 1(d)) and alginate-based binders

[33] (Figure 1(e)), among others [32, 50–54], which also have
attractive options for enhancing the mechanical properties of
electrodes in LIB.

When assessing the suitability of binders, particularly
alternative polymers such as alginate and chitosan, for
battery applications, functional groups must be carefully
considered. The functional groups of these polymers deter-
mine whether they are compatible with the materials used
for the electrodes, electrolyte, and overall electrochemical
performance of the battery. The following analysis provides
an overview of the functional groups found in alginate and
chitosan and their significance in battery applications. Algi-
nate, a polysaccharide obtained from brown algae, is biocom-
patible and can undergo gelation. Incorporating carboxylic
acid functional groups into batteries has been reported to
positively affect multiple aspects of battery performance,
such as ion conductivity, adhesion, and compatibility with
electrolytes. The carboxylic acid groups present in alginate
facilitate strong interactions with active materials, current
collectors, and electrolyte components. This results in
improved structural integrity and reduced formation of pas-
sivation layers [66–68]. Chitosan, a biopolymer made from
chitin, has shown promise in the field of battery technology.
The amino groups of the material improve the ionic interac-
tion, adhesive strength, and flexibility, which enhances
lithium-ion mobility and protects the integrity of the elec-
trode while reducing the rate at which the electrolyte
degrades. As a result, these advancements have aided in
improving the overall battery stability [69–71]. In Table 1,
we summarized the key parameters of LIBs employing
water-based and nonwater-based binders during electrode
fabrication.

3. Assessment of Binder in Electrode

3.1. Structural/Morphological Assessment. The structural or
morphological evaluation of various binders in electrodes
for LIBs is an essential consideration that must be consid-
ered when developing high-performance batteries. Anodes,
cathodes, electrolytes, and binders are the various compo-
nents that have entered the construction of LIBs. The binder,
an essential component, is responsible for enhancing the
adhesion of the electrode materials to the current collector
and for holding the mixture together. During the charging
and discharging cycles, the binder helps maintain the struc-
tural integrity of the electrode.

By holding the active components and conductive addi-
tives together, upholding their structural integrity, and
enhancing the mechanical strength of the electrodes, binders
play a significant role in the production of electrodes. The
performance of LIBs, including their capacity, cycling stabil-
ity, and rate capability, can be significantly affected by the
choice of the binder, thus making it crucial to assess the
structural and morphological traits of various binders and
their impact on electrode properties.

Kim et al. [97] synthesized highly interconnected Si
nanoparticles using extremely thin cellulose nanofibers as a
carbon source to enhance the cycling and rate performance
of Si anodes in LIBs. After 500 cycles at a high current
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density of 2Ag-1, the material produced exhibited a reversible
capacity of 808mAhg−1 with a coulombic efficiency of 99.8%
and a high reversible discharge capacity of 464mAhg−1 even
at a high current density of 8Ag−1. As a promising material
for LIB applications, the highly interconnected carbon net-
work prevents the formation of brittle electrodes with
water-based binders. They postulated that ultrathin cellulose
nanofibers serve as a binder to connect the silicon nanoparti-
cles. Binders, such as those made of silicon nanoparticles, are
only useful if they interact with the host material [98, 99].

The direct analysis of CMC and styrene-butadiene rub-
ber (SBR), two binders that play crucial roles in graphite
electrodes for Li-ion batteries, remains challenging, espe-
cially at very low concentrations, such as those found in
actual graphite anodes. The behaviors of CMC and SBR
binders and their distributions in graphite electrodes were
examined by Chang et al. [100] using various analytical tech-
niques. They discovered that the amount of crosslinking in
the binder-graphite networks, influenced by the surface
characteristics of the graphite and CMC materials, deter-
mines how much CMC migrates toward the surface during
the drying process. This study also showed that the SBR

and CMC have different vertical distributions. Binder migra-
tion in the electrode films is common.

Further analysis of the cross-section is required to
understand how this occurs and how the gradient between
the potential extrema changes. We examined thicker cross-
sections of approximately 400m because the standard thick-
ness of an electrode film is relatively thin compared with the
graphite particle size. Figure 2 displays the findings for sam-
ples A400-94-C (high drying rate) and A400-73-C (low dry-
ing rate). The copper foil was removed before ion milling to
prevent the cross-section from being coated with copper. For
thicker samples, the size of the energy-dispersive X-ray spec-
troscopy (EDS) maps increases [101].

SEM and EDS evaluations, as depicted in Figure 3, pro-
vide insights into the distribution and interaction of mate-
rials in various anodes. In the Si/HBPEI anode, the Si
nanoparticles and HBPEI were unevenly dispersed, leading
to regions where these elements did not overlap well, as
shown by EDX mapping, indicating a tendency for HBPEI,
with its low viscosity, to self-aggregate, thus failing to
completely cover the Si nanoparticles. In contrast, the
anodes with the Alg or Alg-Ca binders showed no significant
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Figure 1: Chemical structure of (a) PVDF, (b) CMC, (c) PAA, (d) chitosan, and (e) alginate.

Table 1: Concise tabular representation comparing key parameters of LIBs employing water-based and nonwater-based binders during
electrode fabrication.

Parameter Water-based binder Nonwater-based binder

Binder type Water-based binder [72–75] Nonwater-based binder [76, 77]

Advantages

(i) Environmentally friendly [78] (i) Enhanced mechanical strength [79]

(ii) Better compatibility with some electrode
materials [80]

(ii) Improved electrochemical performance [81]

(iii) Wide range of material compatibility [82]

Disadvantages

(i) Lower mechanical strength compared to
nonwater-based binders [83]

(i) Potential solvent compatibility issues [84]

(ii) Limited compatibility with some electrode
materials [80]

(ii) Higher cost [83]

(iii) Potential environmental concerns [77]

Mechanical properties Moderate mechanical strength [85] Improved mechanical stability [79]

Electrochemical (i) Slightly lower capacity [86] (i) Potential for higher capacity [87]

Performance
(i) Good cycle life [88] (i) Improved cycle life [88]

(ii) Moderate rate capability [89] (ii) Enhanced rate capability [90]

Compatibility
Works well with specific electrode materials
and electrolytes [91]

Versatile compatibility with various electrode
materials and electrolytes [92]

Cost Generally lower cost [93] Generally higher cost [94]

Environmental impact Generally lower environmental impact [95]
Potential environmental impact related
to solvent use [96]
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aggregation of Si or Alg, and the distributions of Si and Na
were more congruent. However, some regions were predom-
inantly Na, indicating only rough coverage of Si nanoparti-
cles by Alg. The Si/Alg-HBPEI anode exhibited a network
structure, with the distributions of Si, Na, and N mainly
overlapping, suggesting that free HBPEI chains diffused
and gathered in the Alg-rich regions owing to strong electro-
static attraction and hydrogen bonding. A more uniform
and denser 3D network structure was observed for the Si/
Alg-Ca-HBPEI anode, where the addition of Ca2+ led to
rapid ionic crosslinking with Alg, forming a network that
restricted the migration of HBPEI, thus resulting in a more
homogeneous distribution of N, Na, and Ca, with HBPEI
anchored more evenly on the Alg-Ca frame owing to the
interaction of its amino-rich hyperbranched chains with
the nearby Alg chains [102].

The SEM and EDS evaluations (Figure 4) revealed signif-
icant insights into the distribution and interaction of the
components in the different anode samples. In the Si/HBPEI
anode, the Si nanoparticles and HBPEI were unevenly dis-
persed, and the elements Si and N from HBPEI did not over-

lap well, indicating that the low-viscosity HBPEI tended to
self-aggregate and failed to completely cover the Si nanopar-
ticles. Conversely, in the Si/CMC anode, no significant
aggregation of Si or CMC was observed. While the distribu-
tions of Si and O largely overlapped, there were areas con-
taining only O, suggesting that CMC could only roughly
cover the Si nanoparticles. The most notable observation
was made for the Si/CMC-HBPEI sample: the FE-SEM
image showed a uniform and dense 3D network structure.
This anode exhibited a more even distribution of Si, O,
and N than the other samples, indicating effective interac-
tions such as hydrogen bonds, ion bonds, and covalent
bonds between CMC and HBPEI, which improved their
compatibility and coverage with the Si nanoparticles. In this
matrix, the Si nanoparticles were well dispersed and effec-
tively covered with HBPEI [103].

Hu et al. [104] studied the surface morphologies of
Si@CGG and Si@SA electrodes using scanning electron
microscopy (SEM) before and after 200 cycles (Figure 5).
While both electrodes had smooth surfaces before cycling,
the SEM images revealed that the Si@SA electrode developed

100 �m

(a) (b)

1.

5.

10.

(c) (d)

Figure 2: (a–d) Cross-sectional SEM images and F-concentration maps of HDR and LDR samples (A400-94-C and A400-73-C) [101].
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significant cracks, as opposed to the Si@CGG electrode,
which had microcracks and integrated surface morphology.
The stress caused by the volume expansion of Si materials
during charge-discharge cycling is attributed to cracks.
According to the study, the CGG binder outperformed the
SA binder in maintaining mechanical integrity and accom-
modating changes in the Si electrode volume.

To improve battery performance, Wang et al. [105] dis-
cuss how crucial the importance of creating advanced lith-
ium batteries and comprehending the basic mechanisms of
electrode deterioration. Atomic force microscopy (AFM), a
perfect tool for providing localized morphological, chemical,
and physical information at the nanoscale, has been used
among other advanced material characterization techniques.

10 �m 10 �m 10 �m 10 �m

10 �m 10 �m 10 �m 10 �m

10 �m 10 �m 10 �m 10 �m

10 �m 10 �m
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10 �m 10 �m
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Figure 3: FESEM and EDXmapping images of (a1–a4) Si/HBPEI, (b1–b4) Si/Alg, (c1–c4) Si/Alg-Ca, (d1–d5) Si/HBPEI, and (e1–e5) Si/Alg-
Ca-HBPEI anodes [102].
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Atomic force microscopy was used to analyze graphite, sili-
con, layered metal oxides, and other representative electrode
materials. We also reviewed the recent developments in the
development and application of AFM in high-performance
LIBs. Along with the remaining difficulties and potential
solutions for future growth, the significance of AFM in
studying the Li-S and Li-O2 storms of the next generation
is also emphasized. They examined the use of AFM to
understand the components of LIBs and other types of LIBs.
Several modes of atomic force microscopy (AFM) have been
used to ascertain the morphology and the mechanical and
electrical properties of electrodes, including a variety of
anodes and cathodes. They can also monitor the evolution
of real-time interfaces. This new understanding can be
applied to failure, ion transport, and electrode material
phase transformations.

In addition, they help optimize the electrolyte, guide the
structural modification of electrode materials, discuss the
importance of creating advanced lithium batteries, and

understand the mechanisms of electrode deterioration to
improve battery performance. Atomic force microscopy
(AFM) is a valuable tool for studying electrode materials,
and recent developments in AFM have been reviewed for
their use in LIBs. This article emphasizes the significance
of AFM in learning about the next generation of Li-S and
Li-O2 batteries. AFM can be used to examine the morphol-
ogy and properties of electrodes and monitor the real-time
interface evolution. This understanding can be applied to
failure, ion transport, electrode material phase transforma-
tion, electrolyte optimization, and guiding the structural
modification of electrode materials [105].

According to Oishi et al. [106], Figure 6 presents scan-
ning transmission electron microscopy (STEM) images
and EDS elemental mappings of LiNi0.5Mn1.5O4 (LNMO)
electrodes after 50 cycles using different binders, including
sulfated alginate (SO3-ALG). The STEM images show that
the lattice fringes on the surface of the LNMO particles are
less distinct than those in the bulk, indicating structural

(a1) (a2) (a3) (a4)

(b1) (b2) (b3) (b4)

(c1)
(c2)

(c5)

(c3) (c4)

Figure 4: FESEM and element mapping images of Si/HBPEI (a1–a4), Si/CMC (b1–b4), and Si/CMC-HBPEI (c1–c5) anodes [103].
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After 200 cycles
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(a) (b)

(c) (d)

Figure 5: SEM images of Si electrodes treated with CGG (a, b) and SA (c, d) before (left) and after 200 cycles [104].

5 nm
100 nm

(a)

5 nm
100 nm

(b)

5 nm
100 nm

(c)

50 nm

(d)

Figure 6: LNMO particles in 50-fold cycled electrodes with (a) PVdF, (b) ALG, and (c) SO3-ALG are shown in FIB-STEM images. (d) EDS
mappings for Mn, P, and S of the SO3-ALG electrode after 50 cycles [106].

8 International Journal of Energy Research



degradation at the electrode/electrolyte interface, attributed
to the reaction of the electrolyte’s LiPF6 component with
water, leading to the leaching of Mn2+ and Ni2+ from LNMO,
causing surface degradation. The thickness of the degraded
area exceeded 10 nm for the poly(vinylidene fluoride)
(PVDF) electrode. However, it was approximately 5 nm for
the ALG and SO3-ALG electrodes, suggesting that the algi-
nate binders better preserved the electrode structure near
the surface. In particular, the SO3-ALG electrode, which
shows the best cycling performance, is uniformly coated with
a sulfur-containing layer approximately 10 nm thick, indicat-
ing adequate coverage of the LNMO particles by the SO3-
ALG binder, which acts as a protective layer [106].

Akshay et al. [107] included Figure 7, which illustrates
the TEM analysis. The TEM images at different magnifica-
tions (Figures 7(d) and 7(e)) confirm the size and mor-
phology of the r-CuO particles. High-resolution TEM (HR-
TEM) images distinctly display lattice fringes with a spacing
of 0.23 nm, correlating to the (111) plane of r-CuO
(Figure 7(f)). The selected area electron diffraction (SAED)
pattern indicated the polycrystalline nature of the r-CuO
particles (Figure 7(g)), and the STEM image, along with
EDS mapping (Figures 7(h)–7(j)), illustrated the elemental
distribution within the r-CuO particles. This comprehensive

TEM analysis is critical for understanding the microstruc-
tural characteristics of r-CuO particles—vital for developing
efficient Li-ion capacitors [107].

3.2. Mechanical Assessment. The outstanding mechanical
properties of the electrodes for LIBs are an essential factor
in maintaining the performance of the battery without rapid
capacity loss during the charge/discharge procedure owing
to the repeated intercalation and deintercalation of lithium
ions, which causes volume expansion, cracks, and pulveriza-
tion [16, 52, 53, 59, 108–110]. Furthermore, in the
manufacturing process, external stress is applied to the elec-
trode, resulting in delamination of the main components
from the current collector. Therefore, the binder is a key
candidate for achieving excellent electrode mechanical
properties because the fundamental role of the binder is to
tightly adhere to the active material, conductive additive,
and current collector [56, 111–114]. Therefore, in this sec-
tion, owing to the importance of the electrode’s integrity,
we focus on the effect of binders on the mechanical proper-
ties of the electrode and the correlation between the
mechanical properties and the electrochemical performance
stability of LIBs and review various strategies to enhance the
integrity. First, we introduce an analytical method for

Figure 7: (a–c) Field-emission scanning electron microscope (FE-SEM) images of r-CuO at different magnifications, (d, e) TEM images at
two magnifications, (f) HR-TEM image, (g) SAED pattern, (h) HAADF image, and (i, j) EDS elemental mapping [107].
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investigating the mechanical strength of the electrode. The
evaluation methods for a binder system include the peeling-
off test [114–117], scratch test [118–121], surface and interfa-
cial cutting analysis system (SAICAS) [122–124], and tensile
test [125–128]. The peeling-off test has been widely used to
analyze the adhesion strength between the electrode material

and current collector because this method is simple and
convenient. After attaching the adhesive tape to the fabri-
cated electrode, the adhesion strength is the force required
to peel off the tape from the electrode at a constant rate
and angle. In the widely used scratch test, the tip or
indenter scratches the surface of the electrode, and the load
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Figure 8: Schematic of the tests for the adhesive property of the electrodes: (a) scratch test [138], (b) SAICAS method [123], and (c) tensile
test [139].
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applied to the indenter increases gradually until the elec-
trode material is delaminated from the current collector
(Figure 8(a)). In addition to the two commonly used
methods for studying the adhesive strength of binders, a
new technique called SAICAS was used to analyze the adhe-
sion force of electrodes. As shown in Figure 8(b), the adhe-
sion force of the electrodes was simultaneously investigated
in the horizontal and vertical directions using a V-shaped
microblade [123]. There were two modes of action: cutting
and peeling. The depth of the interface between the electrode
materials and the current collector can be determined
through the cutting mode, and the adhesion force at the
interface can be measured through the peeling mode. There-
fore, the adhesion force between interfaces can be measured
more accurately than in the conventional peeling-off test.
Furthermore, the adhesion properties at a specific depth
could be evaluated because the blade position could be
adjusted. Therefore, SAICAS is a more accurate analysis
method for the battery industry. In addition to the adhesion
property of the electrode, a flexible and stretchable binder
has been researched to deal with repeated volume variations
of active materials during the charge-discharge process
[129–131]. Moreover, with the advent of wearable devices,
LIBs must maintain their integrity even under various
deformations [51, 132, 133]. In general, the flexibility or
stretchability of a binder is investigated via tensile tests,
widely used to determine the tensile strength and elongation
of materials, including films and composites [134–137].
Figure 8(c) shows the tensile test machine. Through tensile
tests, we determined the strength required to break or strain
a material under a tension-based force. The mechanical
properties of the binder film and electrode were determined
using this method. In this section, we discuss the literature
on the improvement in the integrity of the electrode
depending on the type of binder.

In LIBs, various types of binders have been used to
enhance the mechanical properties of electrodes, including
PVDF [140–143], CMC [99, 144–146], and PAA [98, 147,
148], among others [58, 60, 134, 149, 150]. Polyvinylidene
fluoride (PVDF) is the most widely used traditional binder,
and various studies have been conducted on the strength
of the electrode based on the molecular weight or amount
of PVDF. Byun et al. [122] investigated the effect of the
molecular weight of PVDF on the adhesion strength of LIB
electrodes using SAICAS to analyze the adhesion properties
of the electrodes. They utilized three types of PVDF with
different molecular weights (500 k, 630 k, and 1,000 k) and
cast the slurry onto an Al foil as a current collector. The
adhesion strengths of the electrodes with different PVDF
binders were proportional to the molecular weight of PVDF
at all depths. Especially at a depth of 10μm, the LiCoO2-
based electrode with a molecular weight of 1,000 k showed
the highest adhesion strength (0.1469 kN/m). In contrast,
those of the electrodes with molecular weights of 500 k
and 630 k were 0.0998 and 0.1175 kN/m, respectively, as
shown in Figure 9(a). Figure 9(b) shows the cycle stability
at 60°C, depending on the molecular weight of PVDF. The
electrode with 1,000 k PVDF retained approximately 80%
of its initial capacity after 160 cycles, followed by the elec-
trode with 630 k and 500 k PVDF. These results indicate
that the use of higher-molecular-weight PVDF has a posi-
tive effect on the adhesion properties and cycle stability
because of the higher degree of chain entanglement and
higher crystallinity. Loghavi et al. [151] reported on the
effect of the crystalline microstructure of PVDF as a cathode
binder on the mechanical properties and electrochemical
properties of LiNi0.8Co0.15Al0.05O2-based electrode. After
casting the slurry onto the Al foil, the cast foil was dried
for 24 h at different temperatures (20, 40, 60, 80, 100, and
120°C), influencing the crystalline structure of PVDF.
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Figure 9: (a) Adhesion strength of LiCoO2-based electrodes, according to the molecular weight of PVDF, and (b) cycling performance,
depending on the molecular weight of PVDF [122]; (c) adhesion strength of LiNi0.8Co0.15Al0.05O2-based electrodes, as a function of
preparation temperatures, and (d) cycle stability of the electrodes with various drying temperature [151], and the adhesion strength of
the electrodes, according to the PVDF with different (e) contents and (f) molecular weight [154].
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Generally, PVDF has different physical and electrical prop-
erties depending on its crystalline phase [152, 153]. The
XRD patterns of the samples were measured at various dry-
ing temperatures to evaluate the crystalline structure of
PVDF. PVDF prepared at 20°C did not exhibit any specific
phase. However, the PVDF dried at 60 and 120°C showed β
phase and α phase, respectively. They utilized double-sided
adhesive tape to measure the adhesion strength of the elec-
trodes. The electrode prepared at 60°C showed the highest
adhesion strength (599 kPa), followed by the electrodes
dried at 120 and 20°C (Figure 9(c)). They indicated the
PVDF with β phase was the most stable and had a most
polar nature, leading to the strongest intermolecular inter-
actions between the PVDF chains. Furthermore, they inves-
tigated the electrochemical properties, including cycle
stability, rate capability, and EIS measurements. As shown
in Figure 9(d), the electrode with 60°C showed the highest
initial specific capacity (185mAh/g) and most stable cycle
retention (93%), compared to others. Although there are
many factors that enhance the electrochemical performance,
outstanding mechanical integrity is important for achieving
desirable LIBs. Haselrieder et al. [154] utilized PVDF with
different contents and molecular weights for graphite-
based anodes of LIBs. A pull-off test machine was used to
determine the adhesion strengths of the electrodes. In the
pull-off test machine, an electrode was placed between two
plane plates and fixed using double-sided adhesive tape.
The plate on one side was moved upward at a defined veloc-
ity, and the maximum tensile strength was characterized at
the point of adhesion failure. Figures 9(e) and 9(f) show the
adhesion strength of the electrode as a function of the PVDF
content and molecular weight, respectively. In Figure 9(e),
the adhesion strength of the electrodes is proportional to
the PVDF content because an increased amount of PVDF
can interact with the components of the electrode. Further-
more, the adhesion strength of the electrode increased with
increasing PVDFmolecular weight (Figure 9(f)). They attrib-
uted the enhanced adhesion strength to the uniform binder
distribution during the drying process because of the lower
trend for migration, leading to a higher binder content in
the anode and a higher possibility of interactions among
the components.

Although PVDF has been widely used as a binder for
both the cathode and anode in LIB, some limitations remain,
including a restricted soluble solvent and weak van derWaals
forces—inappropriate for ecofriendly aspects, even for elec-
trochemical aspects (such as high voltage and large volume
expansion system). In addition, PVDF can react with lithium
metal or lithiated graphite during the charge/discharge pro-
cess, resulting in stable lithium fluoride (LiF) [52]. As a result,
lithium ions were consumed, and the amount of intercalated
and deintercalated lithium ions was reduced. Therefore,
novel binders with strong bonding strength are required to
maintain electrode integrity and maximize the performance
of LIB.

To solve the problems associated with PVDF, CMC has
been considered as an alternative candidate owing to its
water solubility and functional groups, such as carboxy-
methyl and hydroxyl groups, which can enhance strong

adhesion with active materials and current collectors via
hydrogen bonding. Zhang et al. [155] compared the adhesive
properties of a Li1.2Ni0.13Co0.13Mn0.54O2 cathode for LIBs
based on the type of binder, including PVDF, CMC, and
polyacrylonitrile (PAN), which is a synthetic binder. To
evaluate the adhesion properties of the electrode, a peeling
test was performed at an angle of 90° with a constant
50mm/min. As shown in Figure 10(a), regardless of the
CMC content, the electrodes with CMC as the binder exhib-
ited enhanced adhesion strength compared to the electrodes
using PVDF and PAN. Furthermore, the strength of the
electrodes increased with increasing CMC content. To inves-
tigate the effect of the binder type on the electrochemical sta-
bility of the electrode, the cycle performance and mid-point
discharge voltage (MPV) fading were investigated, as shown
in Figures 10(b) and 10(c), respectively. The cycling stability
and MPV fading of the electrodes exhibited the same trend
as the mechanical strength of the electrodes in the order of
CMC, PAN, and PVDF. The cycle retentions of the elec-
trodes with CMC, PAN, and PVDF were 109%, 62%, and
57%, respectively. Moreover, for MPV fading, the electrode
with CMC showed 88% of the initial value, representing
the most stable result compared with those of PAN (76%)
and PVDF (74%). In the case of electrodes using CMC, the
electrode material was tightly attached to the current collec-
tor, positively affecting the mechanical strength and electro-
chemical stability of the electrodes. Gordon et al. [156]
utilized CMC for graphite-based anodes and measured the
mechanical properties of electrodes with different binder
contents, molecular weights, and degrees of substitution
(DS), i.e., the average number of hydroxyl groups substituted
by carboxymethyl groups. For the adhesive strength of the
electrode, a 90° peeling-off test was conducted at a constant
peeling rate of 5mm/s. Figures 10(d) and 10(e) show the
adhesive strength profiles with different concentrations of
CMC as a function of DS at the same molecular weight
(250 kDa) and as a function of molecular weight at the same
DS (0.9). As shown in Figures 10(d) and 10(e), although the
adhesion strength of the electrode seemed to increase with
increasing binder content, there were large error bars and
negligible differences in the adhesion strength regardless of
the factors. All the investigated samples showed adhesion
strength between 0.6 and 1.8N/m. Thus, in their experi-
ment, they explained that the adhesive strength of the
graphite-based anode with CMC was not significantly
dependent on the molecular weight and DS; thus, stronger
types of binders were required to enhance the integrity of
the electrode. In order to enhance the adhesion strength,
they added an elastomeric styrene-butadiene rubber (SBR)
as a secondary binder, a synthetic rubber with high binding
ability, mechanical property, and flexibility [157, 158]. They
investigated the effect of SBR on the anode with fixed CMC
contents (2.5 vol%), molecular weight (700 kDa), and DS
(0.9). As shown in Figure 10(f), the adhesion strength of
the electrode increased significantly with the addition of
SBR, and the strength of the electrode increased with
increasing SBR concentration, thus indicating that the use
of SBR and CMC together is an attractive combination for
enhancing adhesion to the current collector. Although the
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electrode integrity increased with the addition of SBR, the
electrical conductivity decreased with increasing SBR con-
tent owing to the insulating property of SBR. Considering
this situation is inevitable, an effort to optimize the tradeoff
is required (Figure 10(g)). Son et al. [123] analyzed the
adhesion properties of a graphite-based anode using a com-
bination of CMC and SBR as binders. The binder content
was varied with fixed ratios of SBR and CMC of 40wt%
and 2wt%, respectively. As the result of the 180° peeling
off test with a rate of 100μm/s, the adhesion properties of
the electrode with 2wt%, 4wt%, and 6wt% of the binder
increased and the values were 0.066, 0.095, and 0.104 kN/
m, respectively (Figure 10(h)). Jagau et al. [159] investigated
the adhesion strength of a graphite-based anode with the
same SBR and several types of CMC with different molecu-

lar weights and DS. CMC-D, CMC-A, and CMC-S are
CMC with molecular weights of 224, 700, and 355 kg/mol,
respectively, and DS of 0.9, 0.9, and 0.67, respectively. As
shown in Figure 10(i), the adhesion strength of the anode
increased with increasing molecular weight and decreasing
DS of the CMC because of the increased binder entangle-
ments [160, 161].

In addition to the SBR binder, other types of polymers
have been utilized to achieve a synergistic effect through
combination with CMC for applications in Si-based anodes
[23, 125, 162–164]. The Si-based anode has been investigated
exclusively because the Si has a higher theoretical lithium
storage capacity than the graphite-based anode [165–168].
However, the large volume expansion of Si during the
charge/discharge process is a critical issue that can destroy
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the electrode and cause electrical contact loss between active
materials, leading to poor cycling stability [169–172].
Research has proceeded dramatically to buffer and deal with
repeated volume changes in Si and to enhance the mechani-
cal properties of the electrode. Ma et al. [162] reported the
synergistic effect of polydopamine (PDA) and CMC as a
binder, and the synthesized CMC-PDA binder showed
strong interactions between each Si particle and the interface
of the active materials and current collector via hydrogen and
covalent bonding (Figure 11(a)). PDA is widely used to
enhance the adhesive strength of composites. Thus, in the
peeling-off test, the electrode with the CMC-PDA binder
showed a higher and more uniform adhesion strength than
the electrode with only CMC as a binder, as shown in
Figure 11(b). Figure 11(c) shows the cycle performance of
the electrode with CMC and CMC-PDA as binders at 1 C.
Because of the higher adhesion ability of CMC-PDA, the
electrode with CMC-PDA showed a more stable cycle perfor-
mance than the electrode with only CMC. Tang et al. [125]
also prepared a CMC-PDA (CP) binder for application to a
Si-based anode and investigated the mechanical properties
of the electrode and the effect of the binder type on the elec-
trochemical performance. As shown in Figure 11(d), the
adhesion strength of the electrode with CP increased dramat-
ically from 1.6N (only CMC) to 10.5N. Because of the
increased electrode integrity, a higher cycling stability of the
electrode with CP (80%) was achieved compared to that with
only CMC (58.9%) (Figures 11(e) and 11(f)). These results
show that adding PDA to CMC is an effective method to
enhance the adhesion properties of the electrode and the
stretchability of the binder, implying that the volume expan-
sion of Si is well suppressed. Lee et al. [163] synthesized a
CMC-polyethylene glycol (CMC-PEG) binder and applied
it to a Si-based anode. The chemical structure of the cross-
linked CMC-PEG is shown in Figure 11(g). PEG is an eco-
friendly and water-soluble material. For the fabrication of
anodes, they prepared a slurry with Si powder, a conducting
agent, SBR, and different binders (CMC or CMC-PEG
binder) and then cast the obtained slurry onto a copper cur-
rent collector. As shown in Figure 11(h), because the func-
tional groups of the CMC-PEG binder were abundant, the
electrode with CMC-PEG showed a higher peeling strength
(~2 gf/mm) than the electrode with CMC (~1.1 gf/mm). Fur-
thermore, the PEG had a positive effect on the cycling perfor-
mance of the electrode, as shown in Figure 11(i).

In addition to CMC as an alternative candidate for
PVDF, PAA is an excellent candidate because it is water sol-
uble and enhances the ability of CMC to interact with active
materials and current collectors through carboxylic acid
groups. Unlike natural binders such as CMC, PAA is a syn-
thetic binder that is beneficial for large-scale production and
is easy to design depending on the requirements of the elec-
trodes. Therefore, synthetic and water-soluble PAA with
high adhesion properties have been extensively investigated.
Zhang et al. [173] investigated the effect of a PAA binder on
a LiFePO4 cathode and compared the strength and electro-
chemical performance of the electrode with those of a PVDF
binder. The average strength of the electrode with the PAA
binder was 5.6N/cm, higher than that of the electrode with

PVDF (0.2N/cm). The cycling performances of both elec-
trodes are shown in Figure 12(a). PAA exhibited better
cycling stability than PVDF. Although NMP was used as
the solvent in this study, a positive effect was observed when
PAA was used as the binder. In addition to its solubility in
NMP, PAA is soluble in water and ethanol—an attractive
advantage for ecofriendly systems. Zhang et al. [174] used
a peeling-off test to compare the adhesion strengths of
LiMn2O4 electrodes with PVDF, CMC, and PAA as binders.
The adhesion properties of PVDF and PAA were compared
in an NMP solvent system, and those of CMC and PAA were
compared in a water solvent system. The LiMn2O4 cathode
with PVDF and CMC showed an adhesion strength of
0.32N/cm and 1.5N/cm, respectively. However, the adhe-
sion strength of the electrode with PAA was 3.26N/cm in
the NMP solvent system and 1.57N/cm in the water solvent
system. These results prove that the PAA binder has a posi-
tive effect on both the NMP and water systems, enhancing
the adhesion properties. Therefore, PAA is widely used as
an LIB binder. Sun et al. [175] compared the adhesion prop-
erties of a LiFePO4/C cathode using PAA or poly(vinyl alco-
hol) (PVA) as the binder. Figures 12(b) and 12(c) show
images of the electrodes after the peeling-off test. Although
the adhesion properties were compared, the electrode with
PAA clearly showed a smaller amount of delaminated elec-
trode material than the electrode with PVA. Shin et al.
[176] investigated the effect of PAA on the adhesion strength
and electrochemical performance of a graphite-based elec-
trode by comparing an electrode with only CMC and one
with cross-linked PAA-CMC as a binder. The slurry was
prepared with a ratio of 97.5 : 1.0 : 1.5, corresponding to
graphite, binder, and SBR. They fixed the weight of the
binder and changed only the types, such as CMC and
PAA-CMC. The fabricated electrodes were then subjected
to a peeling-off test. Consequently, the adhesion strength
of the electrode with PAA-CMC (~2.86 gf/mm) was almost
twice that of the electrode with CMC, as shown in
Figure 12(d). Figure 12(e) shows the cycling stabilities of
the PAA-CMC and CMC, respectively. PAA-CMC showed
a more stable electrochemical performance than CMC. Lee
et al. [177] also analyzed the adhesion strength of a
graphite-based anode in the presence of PAA in a CMC/
SBR system. The strength values were ~14.496mN/mm
and ~4.705mN/mm for the electrodes with and without
PAA, respectively. Niu et al. [178] fixed the CMC content
of graphite-based anodes and investigated the effect of the
type of binder added, such as PAA or SBR, on the adhesion
strength. As shown in Figure 12(f), for the electrode with
natural graphite (NG) as the active material, the electrode
with PAA showed a much higher adhesion strength than
the electrode with SBR. They explained that the reason for
the enhanced strength of the electrode was that aqueous-
based PAA can cover a larger area of the electrode than an
emulsion-type SBR.

With lithium hydroxide (LiOH) or sodium hydroxide
(NaOH), PAA becomes neutral, further enhancing its adhe-
sion ability [50, 53, 138, 179, 180]. In general, PAA is weakly
acidic. In water, undissociated carboxylic groups bind to each
other via hydrogen bonding, resulting in the aggregation of
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Figure 11: (a) Schematic of interactions between CMC-PDA as a binder and Si particles for Si-based anode. (b) The results of the peeling-off
test of the electrodes with CMC and CMC-PDA. (c) Cycling stability of the electrodes with CMC and CMC-PDA [162]. (d) Profile of the
adhesion test of the electrodes with CP and CMC and cycling performance of the electrodes with (e) CP and (f) CMC [125]. (g) The
chemical structure of the CMC-PEG, (h) the adhesion strength of the electrodes with CMC and CMC-PEG, and (i) the cycling
performance of the electrodes, depending on the binder types [163].
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Figure 12: (a) Cycling performance of the electrodes with PVDF and PAA binder [173]. Images of the electrode with (b) PAA and (c) PVA
after the peeling-off test [175]. (d) Adhesion strength and (e) cycling performance of the electrodes, according to the addition of PAA [176].
(f) Adhesion profiles of the electrode with different types of graphite and binder [178].
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PAA. However, upon neutralization of PAA, the carboxylic
groups become fully dissociated, resulting in electrostatic
repulsion between the carboxylic groups, which blocks the
aggregation of each PAA and enhances its adhesion ability
with active materials. Dang et al. [138] utilized LiOH as the
neutralization agent of PAA and analyzed the adhesion prop-
erties of Si-based anodes with different degrees of PAA neu-
tralization (Figure 13(a)). The samples were named PAA-0Li,
PAA-0.25Li, PAA-0.75Li, and PAA-1Li according to the
degree of neutralization. They conducted the scratch test
with a scratch distance of 2500μm, scratch rate of 10μm/s,
maximum normal load of 100mN, and loading rate of
0.5mN/s. In the range of the scratch distance between 1500
and 2000μm, they calculated the average fracture toughness
[138]. As shown in Figure 13(b), the calculated fracture
toughness of the electrodes was ~0.91, ~1.33, ~1.56, ~2.15,
and ~2.67MPam1/2, corresponding to the PAA-1Li, PAA-
0Li, PAA-0.25Li, PAA-0.5Li, and PAA-0.75Li, respectively.

The average fracture toughness increased with an increase
in the degree of neutralization of PAA, except for PAA-1Li,
because PAA-1Li could not cover the Si-based active mate-
rial, and there were a number of cracks in the electrode even
without the scratch test. The cycling performance of the elec-
trodes was measured over 100 cycles to investigate the effect
of PAA neutralization on the electrochemical stability. As
shown in Figure 13(c), similar to the trend in the mechanical
properties, the cycling stability also increased with increasing
neutralization degree of PAA-Li, indicating that the neutral-
ization of PAA with LiOH had a positive effect on the
mechanical and electrochemical properties. In a study by Su
et al. [180], they also used lithium polyacrylic acid (LiPAA)
as a binder for the Li3V2(PO4)3 cathode to improve the
mechanical properties and electrochemical stability of the
battery. To dissolve LiPAA, water was used, and NMP was
utilized as the solvent for the PVDF binder. As shown in
Figure 13(d), the strength of the electrode with LiPAA
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Figure 13: (a) Schematic illustration of interactions between PAA-Li and Si particles, (b) comparison of the fracture toughness of electrodes
with different types of binder, and (c) cycling stability of the electrodes, according to the neutralization degree of PAA-Li [138]. (d) The
peeling-off test profile and (e) cycling stability of electrodes with LiPAA and PVDF [180]. (f) Adhesion strengths of the electrode with
PAH with different neutralization degrees [181].
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(2.4N/cm) was higher than that of the electrode with PVDF
(0.9N/cm), because the PVDF bind the active material with
weak van der Waals bonding; however, the LiPAA can link
the active material and current collector with stronger hydro-
gen bonding than van der Waals. The long-term cycle stabil-
ity at 10C was also enhanced by using LiPAA as a binder
compared to the electrode with the PVDF binder. These
results clearly indicate that the LiPAA binder is more suitable
than the PVDF binder for achieving a higher battery perfor-
mance (Figure 13(e)). Han et al. [181] reported that the adhe-
sion strength of Si/graphite-based anodes depends on the
degree of PAA neutralization. They used different amounts
of NaOH to increase the pH of the PAA. The degrees of
neutralization were as follows: PAH (PAA in this study),
PAH0.4Na0.6, PAH0.2Na0.8, and PANa. The results of the
peeling test showed that the adhesion strength was propor-
tional to the degree of PAA neutralization (Figure 13(f)).
The strength values were approximately 85, 78, and 10N/
cm for PANa, PAH0.2Na0.8, and PAH, respectively.

In addition to neutralization methods, PAA can be
grafted with other types of polymers to enhance the mechan-
ical properties and electrochemical stability of electrodes
[182–188]. Niu et al. [182] fabricated a three-dimensional
(3D) polyurethane- (PU-) PAA binder via a simple heating
and stirring method in DI water and applied a 3D structured
binder to a Si-based anode (Figure 14(a)). There was a neu-
tralization interaction between the acid of PAA and the base
of PU because PAA has a high density of -COOH groups,
and PU has -NH groups. Furthermore, the carboxylic groups
of PAA can interact with Si particles via hydrogen bonding,
which improves mechanical strength. Depending on the
weight ratio of PU to PAA, the binders were named PU-
PAA-21, PU-PAA-11, and PU-PAA12. Because the electrode
with PU-PAA12 showed the best electrochemical perfor-
mance in terms of cycling stability, they chose an electrode
with the PU-PAA12 binder to compare the adhesion strength
and electrochemical stability with those of PAA. As shown in
Figure 14(b), the average strength of the electrode with PU-
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Figure 14: (a) Illustration of interactions between Si particles and PU-PAA; (b) the peeling-off test results of PAA and PU-PAA electrodes;
(c) cycle performance of the electrodes with PU, PAA, and PU-PAA12 [182]; (d) the adhesion force of the electrodes with PAA and PAA-
GA; and (e) cycle performance of the electrodes with CMC, PAA, and PAA-GA [183].
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PAA12 was 8.0N and that of the electrode with only PAA
was 6.3N because the 3D-structured PU-PAA binder can
adhere to the components more tightly than the PAA binder.
Furthermore, they compared the cycling stability of the elec-
trodes with those of PU, PAA, and PU-PAA12, as shown in
Figure 14(c). When PU and PAA were used as binders, the
cycling stability decreased dramatically, and the stability of
the electrode with PU decreased, indicating that the individ-
ual utilization of PU or PAA was insufficient to block the vol-
ume expansion of the Si material during the charge/discharge
process. In contrast, the electrode with PU-PAA12 showed a
significantly improved cycling performance owing to its
strong adhesion stability. Li et al. [183] also synthesized a
novel binder by modifying PAA with glycinamide (GA). A
PAA-GA binder with a number of carboxylic groups and
double amide groups was used as the Si-based anode. The

Si particles can be connected to the binder via hydrogen
bonding, and the double amide groups of the binder form a
double hydrogen bond, causing the binder to behave in a
supramolecular manner. They performed a peeling-off test
of the electrodes with PAA-GA and PAA. As shown in
Figure 14(d), the maximum and average adhesion strengths
of the electrode with PAA-GA were 1.43 and 1.3N, respec-
tively, while those of the electrode with only PAA were 1.18
and 0.9N. To demonstrate the advantage of PAA-GA in
the electrochemical property, they compared the cycling sta-
bility of the electrodes with CMC, PAA, and PAA-GA. The
electrode with PAA-GA had a capacity retention of 81%,
whereas that with PAA was 69.6%. The capacity retention
of CMC was more severe than that of PAA and PAA-GA
(Figure 14(e)). The results indicated that the binder fabri-
cated by modifying PAA with GA enhanced the adhesion

0
0.0

0.5

1.0

Fo
rc

e (
N

)

1.5

2.0

5 10
Displacement (mm)

15 20 25 30

PAA@Si
PAA/Lys@Si

(e)

0

1000

Ca
pa

ci
ty

 (m
A

h 
g−

1 )

2000

3000

4000

50 100 150
Cycle number

2000 250
0

20

Co
ul

om
bi

c e
ffi

ci
en

cy
 (%

)

40

80

60

100

PAA
PAA/Lys

2 A g−1

(f)

Figure 15: (a) Illustration of the binding mechanism of PAA-PEO binder, (b) stress-strain curve of PAA-PEO binder films with different
ratios, and (c) cycling stability result of the electrodes with PAA and PAA-PEO binder [184]. (d) Schematic of the binding mechanism of the
cross-linked PAA-Lys binder, (e) adhesion profile of the electrodes with PAA and PAA-Lys binder, and (f) cycling performance of the Si-
based electrodes with PAA and PAA-Lys binder at 2 A/g [185].
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strength and electrochemical cycling owing to functional
groups such as carboxylic and double amide groups, which
can interact with the Si particles efficiently.

Luo et al. [184] introduced a stretchable composite as a
binder to buffer volume expansion and enhance the cycle
stability of Si-based anodes. Therefore, a composite of PAA
and polyethylene glycol (PEO) (PAA-PEO) was prepared
and bonded via hydrogen bonding (Figure 15(a)). In the
composite unit, PAA acts as a hard part to obtain mechani-
cal strength, and PEO acts as a soft segment that provides
flexibility to the composite. Using a tensile test machine at
a strain rate of 2min/mm, they investigated the tensile
strengths of composite films with different mass ratios of
PAA and PEO to determine the stretchability of the binder
film, i.e., the ability to alleviate the volume expansion of Si.
As shown in Figure 15(b), PAA exhibited the highest tensile
strength (9.42MPa) but the lowest strain value (94%), attrib-
uted to the rigid properties of PAA. However, the strain
increased dramatically with the introduction of PEO. PAA-
PEO with a mass ratio of 1 : 1 exhibited a strain value of
3170% and an insufficient tensile strength of 0.34MPa.
Therefore, the PAA content was increased to obtain an
appropriate tensile strength for the Si-based electrode. They
determined that a PAA-PEO binder with a ratio of 4 : 1 was
suitable, and the composite showed a tensile strength
(1.03MPa) and strain value (840%). Furthermore, as
expected, the Si-based electrode with PAA-PEO exhibited
enhanced cycle stability compared to the electrode with
PAA as the binder (Figure 15(c)), indicating that the PAA-
PEO binder with high stretchability was effective in alleviat-
ing the volume expansion of the Si-based electrode. Zhang
et al. [185] constructed a cross-linked PAA-based binder

called PAA-lysine (PAA-Lys). The PAA-Lys binder contains
many functional groups, such as carboxyl and amino groups,
in its units, as shown in Figure 15(d). The abundant func-
tional groups of PAA-Lys help the binder tightly connect
the active material and current collector via hydrogen bond-
ing. To evaluate the effect of Lys on the mechanical properties
of the binder film and electrode, they conducted a peeling-off
test with PAA and PAA-Lys, as well as tensile tests with the
binder films. As expected, the PAA-Lys binder film exhibited
a higher strain value of >400%, whereas the PAA binder film
exhibited a strain of only 1.8%. Furthermore, the electrode
with PAA-Lys had average and maximum adhesion forces
of 1.03N and 1.25N, corresponding average and maximum
value, respectively. In contrast, the case with PAA as the
binder had lower average (0.76N) and maximum (0.94N)
adhesion strengths (Figure 15(e)). In addition to the
enhanced mechanical properties of the electrode via tight
hydrogen bonding by PAA-Lys, PAA-Lys also had a positive
effect on electrochemical stability. As shown in Figure 15(f),
the PAA-Lys showed a capacity of 1008mAh/g after 250
cycles. However, the use of only PAA in the electrode yielded
only 292mAh/g under the same test conditions. Thus, these
results indicate that the synergistic effect of PAA and Lys is
helpful for enhancing mechanical and electrochemical
performance.

In addition to the widely used binders, including PVDF,
CMC, and PAA, in the LIB industry, novel types of water-
soluble materials have been designed as binders to further
enhance the integrity of electrodes for a wide range of appli-
cations. The mechanical strengths of electrodes with other
types of water-soluble binders are reviewed. Chitosan (CTS
or CS) derived from crab shells has received attention
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Figure 16: (a) Average adhesion strength of electrodes with PVDF, O-CCTS, and O, N-CCTS and (b) cycle stability of the electrodes with
PVDF, O-CCTS, and O, N-CCTS [191]. (c) Load profiles of the CCTS- and CN-CCTS-based electrodes and (d) cycling performance of the
electrodes, according to types of binders [190]. (e) Average adhesion strength and (f) cycling stability of electrodes, according to the types of
binder [192].
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because of the high density of functional groups, such as
hydroxyl and amine groups, in its structure. Therefore, using
a binder to enhance the adhesion of the electrode compo-
nents is possible. Furthermore, because chitosan is a natural
polymer, it is considered an ecofriendly and sustainable
material for the green system industry. In general, chitosan
itself is not soluble in water but can become water-soluble
via the carboxymethylation of chitosan, called carboxy-
methyl chitosan (CCTS) [189, 190]. Yu et al. [191] fabricated
a LiNi0.5Mn1.5O4 cathode for LIBs using CCTS. They
substituted chitosan by adding a NaOH solution and classi-
fied the types of CCTS by the degree of substitution of
carboxymethyl groups as O-CCTS and O, N-CCTS. The
degree of substitution of O-CCTS was 0.690, and that of O
and N-CCTS was 1.413. To investigate the properties of the
obtained binder, the adhesion properties of the electrodes
with PVDF, O-CCTS, and O, N-CCTS were measured using
a peeling-off test, showing the average adhesion strength
according to binder type. The average strength decreased in
the following order: O-CCTS, O, and PVDF, attributed to
the strong hydrogen bonding between the active materials
and CCTS (Figure 16(a)). To determine the electrochemical
properties, the cycling stabilities of the electrodes with these
binders were measured. As shown in Figure 16(b), the cycling

stability of the electrode with O-CCTS was enhanced owing
to the -COOH and -OH groups in the O-CCTS binder. The
cycle retention of the electrodes after 100 cycles at a 0.2C rate
was 97.7%, 95.5%, and 91.6% of the initial capacity, corre-
sponding to O-CCTS, O, and PVDF, respectively. This trend
is the same as that of the mechanical strength of the elec-
trodes. He et al. [190] also investigated water-soluble CCTS
for LiFePO4 cathodes. They synthesized cyanoethylated
CCTS (CN-CCTS) by adding NaOH and acrylonitrile and
compared the performance of the cathode with that of CN-
CCTS and CCTS. As shown in Figure 16(c), the adhesion
ability of the electrode using CN-CCTS (0.047N/cm) was
enhanced compared to that of the electrode with CCTS
(0.013N/cm), because -CN is a strong polar group that can
tightly adhere to the active materials. Thus, because of the
enhanced electrode integrity, the cycling performance of the
electrode with CN-CCTS was also enhanced compared to
those of CCTS, PVDF, and CMC—all commercial binders
in LIBs (Figure 16(d)). Rajeev et al. [192] grafted chitosan
and gallic acid (GA) as binders to Si-based anodes. GA is also
a natural material that can be extracted from chestnuts and
gallnuts [192–194]. They used GA to enhance the water
solubility of chitosan and its adhesion to the active materials
via hydrogen bonding. The binders were named CS-GA-50
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Figure 17: (a) Comparison of adhesion force and (b) cycling retention of the electrodes with different types of binder [199]. (c) The profiles
of the peeling-off test and (d) cycle stability of the electrodes with PVDF and SA [200].
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(1 : 0.5) and CS-GA-100 (1 : 1), according to the ratio of
repeated units of CS to GA. They also examined the adhesion
strength of the electrodes by measuring a 180° peeling-off test
at a rate of 30mm/min. Figure 16(e) compares the average
adhesion strengths of the electrodes according to the binders.
As shown in Figure 16(e), the Si-based anode with PVDF
exhibited the worst performance, and the addition of GA to
CS was an effective method to enhance the adhesion property
compared to the case with only CS as a binder. To demon-
strate the ability of the CS-GA binder to alleviate the volume
expansion of Si, they investigated the cycle stability of the
electrodes with various binders for 350 cycles at a 0.5C rate
(Figure 16(f)). As a result, CS-GA showed the most stable
cycling performance compared to the other binders, indicat-
ing that the enhanced mechanical stability of the electrode is
important for preventing the volume expansion of Si and for
the electrochemical stability of LIBs.

In addition to chitosan-based binders, alginate is a
water-soluble and natural polymer extracted from brown
seaweeds. This material contains carboxylic groups in its
units that enable hydrogen bonding with the components
of the electrode. Therefore, alginate is considered a candi-
date binder for LIBs [60, 149, 195, 196]. Generally, alginate
is used as a binder in the form of sodium alginate (SA), a
water-soluble material [197, 198]. Rao et al. [199] applied
SA as a binder to a thick LiNi0.5Mn1.5O4 cathode and inves-
tigated the effect of SA on the adhesion strength of elec-
trodes with PVDF, LiPAA, and a mixture of LiPAA and

SA at different mass ratios. The binders were labeled LPx,
where x is the ratio of LiPAA; thus, LP100 and LP0 were
only LiPAA and SA, respectively. A 180° peeling-off test
was conducted at the rate of 0.025 ins/s. Consequently, the
electrode with LP0 showed a higher peeling force than the
electrodes with PVDF and LP100 (Figure 17(a)). Further-
more, the peeling force of the electrode increased with the
addition of SA to LiPAA. They explained that these results
were due to the hydroxyl groups in SA showing higher adhe-
sion ability to the Al current collector than the carboxylic
groups in LiPAA under neutral and mildly acidic conditions.
Figure 17(b) shows the capacity retention of the electrodes
depending on the type of binder used. As shown in
Figure 17(b), the capacity retention trend followed the trend
of electrode integrity. These results indicate that the
mechanical integrity of the electrodes is an important factor
for enhancing electrochemical stability. Hu et al. [200] uti-
lized SA as a binder and applied it to Si-based anodes. They
demonstrated the positive effect of SA on the adhesion prop-
erties of the electrode via a peeling-off test, as shown in
Figure 17(c). The values of the strength were ~8.7 and
~78.3N/m, corresponding to the electrode with PVDF and
SA, respectively. As shown in Figure 17(d), the electrode
with the PVDF binder showed a rapid decrease in discharge
capacity, whereas the electrode with the SA binder exhibited
enhanced cycling stability.

In this section, we introduce various analytical methods
for investigating the integrity of electrodes in LIBs, including
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Figure 18: XPS spectra of a composite electrode with various polymer binders added: (a) Si 2p3/2 of PVDF composite, (b) Si 2p3/2, (c) O 1s,
and (d) C 1s of PAA composite, respectively [201].
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Figure 19: (a) X-ray photoelectron spectra of PAM, GG, and GG-g-PAM. (b) C 1s XPS spectrum of GG-g-PAM at high resolution. (c)
Spectra of PAM, GG, and GG-g-PAM obtained using Fourier transform infrared spectroscopy. (d) Spectra of PAM, GG, and GG-g-PAM
in 1H NMR from liquid samples. (e) Measurements of the shear viscosity of 1% GG and GG-g-PAM solutions. (f) Infrared (IR) spectra
of Si@GG-g-PAM taken with an FTIR spectrometer [204].
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peeling-off, scratching, SAICAS, and tensile tests. Various
methods can be used to determine the effect of the binder
on electrode integrity. However, because different parame-
ters are applied, even if the same measurement is utilized,
understanding the trend of the binder effect if the parame-
ters are standardized may be beneficial. In addition, the
established parameters are helpful in selecting a suitable
binder for LIB electrodes of LIBs, and the advancement of
LIBs may be accelerated.

3.3. Compositional Assessment. When comparing traditional
PVDF, poly(vinyl alcohol) (PVA), and CMC-Na polymeric
binders, Komaba et al. [201] found that a SiO composite elec-
trode made with a polyacrylate binder performed the best.
Based on X-ray photoelectron spectroscopy (XPS) analysis,
unlike PVDF, the polyacrylate used as a binder completely
coats the graphite particles, creating a uniform polyacrylate
layer that acts as an artificial solid-electrolyte interphase
and functionally modifies the interface between the graphite
and electrolyte (SEI) [202, 203]. Figure 18 summarizes the
XPS profiles of the SiO-PVDF and SiO-PAA composite elec-
trodes prepared using various binders.

Li et al. [204] created GG-g-PAM by free-radical grafting
of acrylamide (AM) onto the guar gum (GG) backbone to

create a stress-distribution binder with high ionic conductiv-
ity. A grafted GG-g-PAM binder was created using ceric
ammonium nitrate as the initiator and GG and AM as the
precursors in a free-radical reaction. X-ray photoelectron
spectroscopy (XPS) and Fourier-transform infrared spec-
trometry (FTIR) (Figure 19) were used to validate GG-g-
PAM synthesis. While the XPS spectrum of GG only con-
firms the presence of C and O, the sharp and powerful 1s
peaks in the GG-g-PAM spectrum at 284, 399, and 531 eV
provide direct evidence of elemental C, N, and O, respec-
tively (Figure 19(a)). Three peaks of C-C and C-H at
284.7 eV, C-O at 286.3 eV, and N-C=O at 287.9 eV are visi-
ble in the deconvoluted high-resolution C 1s spectra of
GG-g-PAM (Figure 19(b)).

For the first time, Liu et al. [205] used the biopolymer
guar gum (GG) as a binder for a silicon nanoparticle
(SiNP) anode of LIB. Fourier transform infrared (FTIR)
spectra were obtained to examine the formation of polar
hydrogen bonds between the active Si material and GG.
Wang et al. [206] suggested using calcium oxide (CaO) as
a reaction medium to reduce the thermal decomposition
of PVDF in LIB cathodes. The F content was monitored
by SEM-EDAX, F species conversion by XPS, and the
PVDF decomposition temperature by TG-DSC. The F 1s
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Figure 20: High-resolution X-ray photoelectron spectra of various spent LIB samples: (a) preheating F 1s spectra of the cathode electrode,
(b) cathode electrode F 1s spectra after 30 minutes of heating in CaO at 300°C, (c) cathode electrode C 1s spectra prior to heating treatment,
and (d) the cathode electrode’s C 1s spectra after 30min at 300°C in CaO [206].
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and C 1s binding energy changes in the spent LIB samples
were examined using high-resolution XPS. Figure 20(a)
shows that some F reacted with the highly active lithium
during battery charging and discharging because the pre-
heat treatment XPS high-resolution spectra of F 1s matched
the characteristic binding energy peaks of LiF (685.2 eV)
and PVDF (687.7 eV). After heating in CaO at 300°C, the
binding energy peak intensity of F on the cathode electrode
surface was significantly reduced, and the characteristic
peaks of PVDF binding disappeared, leaving only a small
amount of the characteristic peak of LiF (Figure 20(b)). At
300°C, PVDF decomposes. The high-resolution XPS spec-
trum (Figure 20(c)) of the cathode before heating showed
that PVDF’s binding energy peaked at 290.7 eV. The high-
resolution XPS spectra (Figure 20(d)) of the cathode elec-
trode after 300°C heating showed that PVDF’s binding
energy characteristic peak had disappeared.

Müller et al. [101] studied EDS to evaluate its applicabil-
ity in revealing the binder distribution in LIB electrode films.
To better understand the binder distribution in the LIB elec-
trode films, EDS was performed under various conditions.
Solvent removal involves subjecting graphite anodes made
of carbon black and a PVDF binder to varying degrees of

drying to control the binder distributions. PVDF is detected
in the presence of fluorine.

Ghahramani et al. [207] synthesized a sulfonated PVDF
copolymer as an ion-conductive binder via an atom transfer
radical polymerization (ATRP) procedure. Figure 21(a)
shows the FTIR spectra of PVDF and sulfonated PVDF.
The C-F family was assigned the peak at 1403 cm-1. Accord-
ing to Qiu et al. [208], the 1187 cm-1 peak is associated with
the -CF2- (stretching) subgroup. The -CH2 stretching was
correlated with the characteristic absorption peaks of PVDF
and sulfonated PVDF, located at 2923 and 3023 cm-1, respec-
tively. We detected the unique vibrations of single bond C at
841 cm-1, vinylidene groups at 879 cm-1, and -CH2 rocking
bonds at 1071 cm-1. Following the dehydrofluorination stage,
the wide peaks at approximately 1652 cm-1 in sulfonated
PVDF were indicative of PSSA grafted.

The strong bonding between C-chitosan and Si nanoparti-
cles, as demonstrated by the XPS measurements (Figure 22),
was discussed by Yue et al. [209]. Despite repeated washing,
a significant amount of C-chitosan remained on the surfaces
of the Si nanoparticles. The authors proposed a strong
hydrogen bonding mechanism between the carboxylic and
amino groups of C-chitosan and the hydroxylated Si surface.

4000 3500 3000 2000

PVDF

Sulfonated PVDF

Wavenumber (cm−1)
1500 1000 500

Tr
an

sm
itt

an
ce

(a)

0
20

30

40

50

60

70

80

90

100

100

W
ei

gh
t l

os
s (

%
)

200 300
Temperature (°C)

400 500 600

70%PVDF
H

C C

F

H F n

700

dT
G

A
 (°

C−
1 )

−0.018
−0.016
−0.014
−0.012
−0.010
−0.008
−0.006
−0.004
−0.002
0.000
0.002

(b)

0

30

40

50

60

70

80

90

100

100

W
ei

gh
t l

os
s (

%
)

200 300
Temperature (°C)

400 500 600 700

dT
G

A
 (°

C−
1 )

−0.007

−0.006

−0.005

−0.004

−0.003

−0.002

−0.001

0.000

PVDF

SO3

H2O

−

(c)

Figure 21: (a) PVDF and sulfonated PVDF’s Fourier transform infrared (FTIR) spectra. TGA and dTGA curves for (b) polyvinylidene
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Hydrogen bonding between the binder and Si is critical for the
cycling performance of Si-based electrodes.

4. Conclusions and Future Perspectives

With at least several decades of development of novel binder
materials for LIB electrodes, various structural, morphological,
mechanical, and compositional analyses have been performed.
Many of these analyses have been employed to investigate the
role of binder materials in detail, and significant progress has
been made in this regard. For further analyses, the following
aspects should be considered to more carefully examine the
role of binder materials in electrode materials.

(1) The combination of various analyses (spectroscopy,
microscopy, and mechanical tests) is integral to bet-
ter understanding novel binder materials in electrode
design because each analysis has distinct advantages
and disadvantages, thus making careful examination
necessary

(2) Assessment of the role of binder materials in elec-
trodes at elevated temperatures (e.g., 25~55°C) and/
or descending temperatures (e.g., -10~25°C) is
important because it enables a more comprehensive
understanding of binders in practical commercial
batteries exposed to actual conditions with varying
temperatures

(3) Real-time (in situ) characterization of binder mate-
rials in the electrode during the charging and dischar-
ging processes, if visualized correctly, can further
help to understand the practicality of the binder used
for a particular electrode

The above considerations are expected to result in signif-
icant advances in binder materials for electrode design, thus
leading to the development of more advanced electrode
designs in the near future.
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