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Lithium-ion batteries have emerged as the leading energy storage technology for electric vehicles and

devices due to their high energy density and rechargeability. Although binders constitute less than 5 wt%

of the electrode composition and contribute minimally to the overall LIB cost (<2%), they have

a significant impact on battery performance, particularly on cycling stability. Poly(vinylidene fluoride)

remains the most widely used binder in LIB cathodes, but it is typically processed using N-methyl-2-

pyrrolidone, a flammable and harmful solvent. Consequently, these limitations have stimulated the

research and development of environmentally sustainable and economically viable alternatives, referred

to as aqueous binders. While aqueous binders have been extensively investigated for anode fabrication,

their use in cathode materials is more challenging due to the higher reactivity of the cathode materials

with water than that of anodes. This review presents an overview of commonly employed aqueous

binders for LIB cathodes, with particular focus on carboxymethyl cellulose, poly(acrylic acid), and

chitosan. Their electrochemical performances are critically evaluated in comparison with the

conventional PVDF binder. The aqueous binders enhance cathode performance through improved

dispersion, adhesion, and interfacial stability. They also exhibit reduced charge-transfer resistance and

better Li+ transport due to strong ionic interactions and compact electrode formation. In addition, the

challenges inherent in aqueous binder systems such as crack formation, lithium leaching and Al current

collectors are examined. pH control using weak acids such as phosphoric acid and carbon-coated

aluminum collectors mitigates Al corrosion and crack formation during aqueous processing. The

industrial perspective of aqueous binder implementation in LIB cathode fabrication is also discussed.
Sustainability spotlight

The conventional cathode binder, poly(vinylidene uoride), requires the use of the toxic N-methyl-2-pyrrolidone, which raises safety and environmental
concerns. Consequently, these limitations have stimulated the research and development of environmentally sustainable and economically viable alternatives,
referred to as aqueous binders. While aqueous binders are widely adopted in anodes, cathode applications remain challenging due to water reactivity. This
review highlights aqueous binders as sustainable and promising alternatives to poly(vinylidene uoride) in lithium-ion battery cathodes. These binders improve
adhesion, dispersion, and Li+ transport, while pH control and carbon-coated Al collectors mitigate corrosion issues. Industrial perspectives on aqueous binder
integration for greener cathode manufacturing are critically discussed.
1 Introduction

Global warming and environmental pollution pose critical
challenges for contemporary society. The development and
implementation of clean energy systems are vital for di-
minishing reliance on fossil fuels and alleviating the associated
ecological impacts. Transitioning to renewable energy sources
s (ICES), College of Science Engineering

ca, Johannesburg, Florida 1709, South

al Engineering, University of Nottingham

sity, P.M.B. 1023, Ota, Nigeria

y the Royal Society of Chemistry
is imperative for reducing greenhouse gas emissions and
fostering sustainable environmental practices.1 Energy storage
devices, such as secondary batteries, fuel cells, and super-
capacitors, have garnered a lot of interest due to their high
efficiency in converting chemical energy into electrical energy.
Among these, LIBs are widely utilized in electric vehicles and
devices owing to their high energy density and recharge-
ability.1,2 However, in comparison to conventional combustion
engines, their energy density and cycling performance need to
be improved for electric vehicles.3 To address these limitations,
research efforts are increasingly focused on the synthesis of
novel electrode materials with enhanced capacity and
stability.1,4
RSC Sustainability
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Fig. 1 Schematic of the potential of aqueous binders.
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Studies have shown that the materials, structure, and
method of fabrication of an LIB have a signicant impact on its
electrochemical characteristics.1 The conductive additive,
binder, and active material are combined on the current
collector to form the electrode composite.1

The binder helps maintain adhesion by attaching the active
material and the conductive additive to the current collector.
The conductive additive improves electron transport between
the active material and the current collector. Additionally, the
active material determines the overall energy density of the
electrode.1 The binder is essential to the operation of the
battery, particularly for maintaining cycling performance, even
though it is used in very small quantities (less than 5 weight%)
and contributes less than 2% to the total cost of the LIBs.
Without the use of a binder, the active components on a stan-
dard electrode will progressively lose their electrical and phys-
ical contact with the foil or current collector.1,5

Thus, a perfect binder for LIBs should possess a combina-
tion of critical properties, including mechanical exibility, high
thermal stability (electrochemical and chemical), nominal
swelling, electrolyte insolubility, adequate adhesive strength,
efficient electronic and ionic conductivity, and the capacity to
form a homogeneous slurry for the uniform coating of active
materials on foil or current collectors. Additionally, cost-
effectiveness and environmental sustainability are essential
for practical and commercial viability.6

The most widely used binder for preparing LIB electrodes is
polyvinylidene uoride (PVDF), which is typically processed
using the toxic and ammable solvent N-Methyl-2-pyrrolidone
(NMP). Beyond its high cost, PVDF poses safety concerns;
under elevated temperatures, it undergoes exothermic reactions
with lithium metal or lithiated graphite, generating lithium
uoride (LiF) and unsaturated uorinated compounds, thereby
contributing to thermal runaway in LIBs.6

PVDF binder can undergo decomposition under certain
conditions, leading to the release of hydrogen uoride (HF),
which reacts exothermically with lithium salts, generating heat
within the cell. Additionally, although PVDF melts at about
177 °C, it can soen and lose adhesion under thermal abuse or
elevated operating temperatures. This compromises the struc-
tural integrity of the electrode and speeds up the degradation of
the LIB's capacity.6 Also, the high boiling point of NMP signif-
icantly increases the energy demand for solvent removal during
electrode preparation, thereby hindering the cost-effectiveness
and environmental sustainability of LIB production. Conse-
quently, the development and implementation of green alter-
natives to PVDF are essential for advancing more economical
and eco-friendly electrode manufacturing processes.5–7

It is noteworthy that aqueous binders have been more
extensively applied and have attracted greater attention in the
fabrication of LIB anodes than cathodes, primarily due to the
higher reactivity of cathode materials with water. However,
signicant recent efforts have focused on extending the appli-
cation of aqueous binders to cathode materials to enable more
cost-effective and environmentally sustainable electrode pro-
cessing in LIBs. Also, studies have highlighted the role of
aqueous binders in LIB cathode fabrication, emphasizing their
RSC Sustainability
advantages in improving electrode cohesion, enhancing adhe-
sion to current collectors, and acting as rheological modiers to
stabilize slurry dispersion and regulate viscosity during
processing.5–7

This review presents a concise overview of various cathode
materials for LIBs, with an emphasis on the different types and
applications of aqueous binders (Fig. 1). Particular emphasis is
placed on the use of CMC, PAA, and chitosan (CTS) as alterna-
tive binders. The electrochemical performance of aqueous
binders is critically evaluated and compared with that of the
conventional PVDF binder. In addition, the discussion high-
lights their sustainability considerations and elucidates how
the functional groups of these binders inuence the electro-
chemical performance of cathode materials. Furthermore, the
challenges associated with aqueous binder systems are di-
scussed. This work also provides the rst comprehensive
discussion on the industrial perspective of aqueous binder
applications in LIB cathode fabrication.
2 Different types of cathode materials
used in LIBs

The advancement of LIBs critically depends on the synthesis of
novel cathode materials and a comprehensive understanding of
the relationships among their structure, composition, and
electrochemical performance, particularly in terms of energy
density and cost effectiveness.6 The commercial LIB cathode
materials are generally classied into three main categories:
layered oxides, spinel structures, and olivine compounds.6

These materials are predominantly based on transition metal
oxides or phosphates.6,8–11 The layered transition metal oxides
represent the most promising category of cathode materials for
LIBs. Examples include LiCoO2, LiNiO2, and LiMnO2, all of
which have been extensively studied. However, the key limita-
tion of these materials is their capacity fade over long cycling.
Thus, the synthesis of mixed transition metal (TM) oxides, such
© 2026 The Author(s). Published by the Royal Society of Chemistry
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as LiNi1−a−bCoaMnbO2 and LiNi1−a−bCoaAlbO2, was proposed to
enhance the structural stability and electrochemical perfor-
mance of layered oxides.6,12–15 Spinel oxides (LiMn2O4) and
olivine phosphates (LiFePO4) are two alternative classes of
cathode materials to layered oxides.6,16–18 However, these mate-
rials possess relatively low energy densities, which constrain
their practical applications in commercial LIBs.

Researchers have worked hard to investigate new high-
capacity (greater than 200 mAh g−1) and high-voltage (>4.0 V
vs. Li+/Li) cathodes to signicantly enhance the LIBs energy
density. Metal-rich layered oxides have emerged as highly
promising candidates for next-generation LIBs, owing to their
exceptional energy storage capabilities.6,19,20 Notable examples
include LiNi0.8Co0.1Mn0.1O2 and LiNi0.8Co0.15Al0.05O2, which
exhibit high gravimetric and volumetric capacities around 200
mAh g−1 and 932 mAh cm−3 for LiNi0.8Co0.1Mn0.1O2, and 220
mAh g−1 and 980 mAh cm−3 for LiNi0.8Co0.15Al0.05O2.6,21 Addi-
tionally, LiNi0.5Mn1.5O4 operates at 4.7 V versus Li+/Li and offers
a gravimetric capacity of 147 mAh g−1 and a volumetric capacity
of 626 mAh cm−3.6,22 Recently, Li-rich layered oxides, [(xLi2-
MnO3$(1 − x)LiTMO2, TM = Mn, Co, Ni)], were reported as
promising cathodes with high practical capacities of about 280
mAh g-1 at 2.0–4.8 V.23–30
3 Overview of aqueous binders for
LIBS

The word “green” is frequently used to describe environmen-
tally friendly materials and methods, but the context in which it
is used can greatly alter its meaning.31 Green alternatives for
polymeric binders could be classied based on natural avail-
ability, chemical composition, and processability as presented
Fig. 2 Classification of the aqueous binders. Reproduced with permissio

© 2026 The Author(s). Published by the Royal Society of Chemistry
in Fig. 2. Binders that are soluble/dissolve in environmentally
benign solvents, like ethanol or water, can be categorized as
green substitutes based on their processability. Poly(-
tetrauoroethylene) (PTFE) is a very hydrophobic polymer that
is characterized by strong C–C and C–F bonds. It offers high
chemical and mechanical stability properties and is thus widely
utilized in the fabrication of highly durable coatings and
membranes.31,32 The ability of PTFE to form a dispersion in
water and be stabilized by wetting agents enables its use in
electrode processing. However, wetting agents like carboxylic
acids containing uorine are harmful to the environment and/
or to life. Therefore, this binder is not particularly environ-
mentally friendly based solely on the possibility of aqueous
processing.31

Fluorinated acrylate polymer latex is another water binder
commercialized by JSR Corporation (Japan).33,34 It offers low
interfacial resistance, long cycle life and higher bonding to the
foil/current collector.31 It is noteworthy that uoropolymers are
more difficult to get rid of at the end of the battery's life, in spite
of their water processability that lessens the environmental
impact of electrode fabrication. Notably, aside from a few
expensive and hazardous solvents such as N,N-di-
methylformamide (DMF), N,N-dimethylacetamide (DMA), NMP,
and dimethyl sulfoxide (DMS), uoropolymers are generally
insoluble in most common solvents. It is difficult to isolate the
uorinated binding agents from the electrode active materials.
Thus, it requires thermal treatment for removal, leading to the
release of highly toxic and ozone-depleting uorinated decom-
position products. Consequently, there is a need for uorine
free binders for electrode coating for LIBs.31

Various polymers, such as polyacrylates (PAA), polystyrene
(PS) and polyethylene (PE), have been projected as alternative
n from ref. 31. Copyright 2018, The Royal Society of Chemistry.
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Fig. 3 Advantages of the aqueous binders.
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binders for LIBs electrode processing. The so and rubbery
properties of these materials typically exhibit low glass transi-
tion temperatures (Tg), facilitating processing and enhancing
the mechanical stability of electrodes, thereby potentially
improving cycling performance. However, the electrode fabri-
cation using these polymers depends on non-renewable mate-
rials. Thus, a more sustainable alternative is the use of
biopolymers and their derivatives.31

Polysaccharides, a class of naturally occurring polymers, can
be extracted from various non-edible sources. While they are
generally composed of glucose monomers, their distinct
Fig. 4 Illustration of the battery manufacturing process and the advanta
from ref. 31. Copyright 2018, The Royal Society of Chemistry.

RSC Sustainability
physicochemical properties arise from variations in glycosidic
linkages and substitutions on the pyranose ring, as exemplied
by cellulose, alginate, and starch.31

Carboxymethyl cellulose (CMC), a bio-derived polymer, in
combination with styrene-butadiene rubber (SBR), is among the
most widely employed binder systems in the advanced fabri-
cation of LIB electrodes.31 While its main role in electrode
processing is as a rheology modier that stabilizes the slurry
and adjusts its viscosity,31 it also contributes to electrode
cohesion and binding. Its water solubility is achieved by
partially substituting hydroxyl groups with carboxymethyl (–
CH2COOH) functional groups.31

Generally, aqueous-based binders offer advantages such as
greater tolerance to air and humidity during processing, cost-
effectiveness, and environmental friendliness (Fig. 3).35

Notably, their sustainability is particularly highlighted by the
avoidance of NMP solvents. As illustrated in Fig. 4, aqueous-
based binders offer several benets over their non-aqueous
counterparts (PVDF binder) in electrode fabrication. These
include rapid solvent evaporation, lower binder content (∼5%),
which contributes to higher cell energy density, and reduced
swelling in carbonate-based electrolytes. Furthermore, aqueous
binders are more cost-effective due to their lower material cost
and simplied processing requirements.35,36
4 Common aqueous binders used in
the preparation of LIB cathode material
4.1 Carboxymethyl cellulose

CMC is a linear polymeric cellulose derivative made up of b-
linked glucopyranose skeleton units with different degrees of
carboxymethyl group substitution.6 In cathode fabrication,
ges of employing water rather than NMP. Reproduced with permission

© 2026 The Author(s). Published by the Royal Society of Chemistry
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CMC functions as a thickening agent and is mostly utilized in
mixtures with SBR to lessen active material sedimentation.37

CMC has been widely used in aqueous processed cathode
fabrication. Guer et al.38 combined CMC and water-soluble
elastomer binder in a 1 : 1 ratio for the LiFePO4 cathode. The
elastomer made contact with a small portion of the LiFePO4

particle surface, resulting in excellent mechanical elasticity and
enhanced adhesion with the aluminum foil. The resulting CMC-
based cathode gave a superior rst discharge capacity of 157
mAh g−1, in comparison to 148 mAh g−1 for a conventional
PVDF-based LiFePO4. Also, the resulting CMC-based LiFePO4

gave a superior electrode density of 1.7 g cm−3, compared to
1.5 g cm−3 for a conventional PVDF-based cathode, thereby
enhancing the volumetric energy density of the CMC-based
cathode.38 Compared to the PVDF-based cathode, the CMC-
based cathode exhibits greater compactness, enabling a reduc-
tion in post-preparation treatment, which lowers processing
time and costs. Lux et al. enhanced the rate capability and
capacity retention of the LiFePO4 cathode using CMC binder
compared to the conventional PVDF-based binder.39

Studies have shown that CMC has minimal inuence on
electron transport within the electrode due to its electro-
chemical inertness.6 Thus, incorporating electronically
conductive polymers into CMC enables the formation of
a conductive binder medium, thereby improving the electrode's
electrochemical properties.6,40 Yang et al.40 reported the effect of
a humics/CMC (HAC) binder on the LiFePO4 cathode. Humic
substances are characterized by aromatic rings and polar
functional groups that create a conductive network via p–p

conjugation, effectively linking cathode components and aiding
electron transport. The electrochemical results show that the
Fig. 5 (a) Cycling performance. (b) Rate capability of LiFePO4 with the hu
ref. 40. Copyright 2019, Elsevier. (c) Effects of pH at different discharge r
46. Copyright 2017, Springer.

© 2026 The Author(s). Published by the Royal Society of Chemistry
humics/CMC binder greatly enhanced the LiFePO4 cathode
performance compared to the PVDF and CMC binders. The
humics/CMC binder-based LiFePO4 cathode delivered the best
discharge capacity (152.3 mAh g−1), capacity retention (99.2%)
aer 100 cycles, and the best rate capability compared to CMC
binder- and PVDF binder-based LiFePO4 cathodes (Fig. 5a and
b).40

Kim et al.41 reported a benign and environmentally friendly
LIB cell incorporating Na-CMC binder in a cell containing
a LiFePO4 cathode, Li4Ti5O12 anode and N-butyl-N-methyl-
pyrrolidinium bis(uorosulfonyl)imide electrolyte. At 25 °C, the
cell gave a specic capacity of 140 mAh g−1 and maintained
a stable performance over 150 cycles. Qiu et al.42 employed
CMC-Li as a binder for LiFePO4, in place of the conventional
PVDF binder. Their ndings showed that the CMC-Li-based
LiFePO4 displayed a reversible capacity of 175 mAh g−1 aer
200 cycles, with minimal capacity fade and superior cycling
stability compared to the PDVF-based counterpart.42 The
enhanced electrochemical performance was attributed to the
ability of CMC-Li to facilitate an efficient conductive network
within the LiFePO4 structure.7,42 Eliseeva et al.43 investigated the
inuence of a composite conducting binder, PEDOT:PSS/CMC,
on C–LiFePO4 cathodes. In this composite, CMC acted as
a supplementary binder and thickener with strong ionic
conductivity, while PEDOT:PSS served as a conductive binder
additive. The resulting cathode delivered a discharge capacity of
126 mAh g−1 at 5 C, along with excellent cycling stability and
rate capability. Thus, the conductive composite binder
enhanced the electrochemical performance of the C–LiFePO4

cathode.7,43
mics/CMC, PDVF and CMC binders. Reproduced with permission from
ates for the LiCoO2/Li half-cells. Reproduced with permission from ref.

RSC Sustainability
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Zheng et al.44 employed a CMC–NH4 binder for the fabrica-
tion of LiFePO4 cathodes and reported superior electrochemical
performance compared to conventional PVDF-based systems.
The CMC–NH4-based cathode demonstrated a capacity reten-
tion of 86.6% aer 400 cycles at 1 C, which is signicantly
higher than the 60.7% observed for the PVDF-based counter-
part. The enhanced performance was credited to the existence
of amino groups, which improved interfacial bonding with the
cathodematerial and increased electrolyte affinity. Additionally,
these functional groups provided more adsorption sites for Li+

ions, thereby enhancing ionic conductivity and overall electro-
chemical performance.44

Li et al.45 investigated how the SBR and Na-CMC blending
ratio affected the dispersion behaviour and electrochemical
performance of the LiCoO2 cathode. Their results revealed that
the lower the SBR fraction, the better the slurry dispersion,
which led to less uniform binder spreading in the dried elec-
trode, subsequently resulting in higher surface resistance and
lower electrode adhesion strength. It is worth noting that the
pH of an aqueous slurry has a signicant impact on its
dispersion properties and cell performance.45

Li et al.46 investigated the relationships between dispersion
behavior and the pH of LiCoO2-based aqueous slurries con-
taining Na-CMC (0.64 wt%) and SBR (0.96 wt%) binders. Their
ndings showed that the aqueous slurry formed a homoge-
neous electrode at the initial equilibrium pH of 11.6. Never-
theless, at elevated pH levels, the slurries react extensively with
the aluminum foil/current collector, causing damage to the
microstructure of the LiCoO2 cathode and impairing cell
performance. Optimal adhesion strength and electrochemical
performance were observed at pH 9.3 for LiCoO2 (Fig. 5c), and it
was attributed to enhanced dispersion uniformity and
improved electron transport at the electrode–current collector
interface.46

Chen et al.47 developed a Na-CMC binder for high-voltage
LiCoO2 (4.6 V) cathodes using a thermal pulse sintering
method to modify the molecular structure of CMC at various
temperatures. This treatment induces an open-ring reaction,
leading to the formation of ether linkages through the electro-
chemical decomposition of active carboxyl groups, thereby
creating additional Li+ transport pathways on the cathode
surface. Furthermore, the process promotes uniform binder
coating, forming a robust protective layer that mitigates inter-
facial side reactions. The Na-CMC-based LiCoO2 cathode
demonstrated excellent cycling stability, achieving 93% capacity
retention aer 200 cycles.47

Xu et al.48 compared the electrochemical performances of
synthesized NMC111 cathodes using Na-CMC, alginate, and
PVDF binders. While the CMC-based cathode exhibited the
lowest rst discharge capacity, it demonstrated superior cycling
stability and rate capability compared to PVDF and alginate-
based cathodes (Fig. 6a–c). The CMC, PVDF and alginate-
based cathodes delivered discharge capacities of 107.9, 8, and
76.8 mAh g−1, respectively, aer 100 cycles at 5 C. The superior
performance of the CMC-based cathode is credited to lower
charge transfer resistance and lesser activation energy, which
eases Li+ ion transport during cycling.48
RSC Sustainability
Doberdò et al.49 prepared NMC111 cathodes using a Na-CMC
binder in aqueous media, employing carbon-coated (C)
aluminum foil as the current collector to mitigate corrosion of
the aluminum substrate during electrode processing. The Na-
CMC-based electrode with a 5 mm carbon coating on
aluminum foil delivered a 126 mAh g−1 discharge capacity aer
50 cycles at 1 C. While its initial discharge capacity was slightly
lower than that of the PVDF-based counterpart, it demonstrated
superior capacity retention with minimal fading over cycling.49

Loeffler et al.50 investigated the effects of various calendering
forces on CMC-based NMC111. They discovered that calen-
dering has a signicant inuence on the morphology of the
cathode, and so adhesion has a positive effect on cycle
performance.50

Kukay et al.51 studied the effects of phosphoric acid (PA)
addition on NMC 811 cathodes treated with CMC-uorinated
acrylic hybrid latex binders in a 1 : 4 ratio. The use of phos-
phoric acid reduced crack formation and corrosion in the
cathode, thus improving its discharge capacity, rate perfor-
mance and capacity retention. Furthermore, PA modied the
rheological properties of the cathode slurry due to the elec-
trode's surface and increased gravitational force.51

Demiryürek et al.52 investigated the applicability of CMC/SBR
and CMC/poly(ethylene oxide) (PEO) mixed binders in NMC 532
materials. They utilized a multilayer coating approach to ach-
ieve high active material loading while maintaining crack-free
electrodes. Both mixed binder-based cathodes exhibited
electrochemical properties similar to those of PVDF-based
cathodes. Furthermore, they used this approach in pouch
cells through a roll-to-roll pilot-scale production line, high-
lighting the commercial viability of the approach. Aer 1000
cycles, the CMC/PEO-based cathode and graphite anode
retained 89% of their capacity at a 1 C rate.52

Zhu and coworkers53 reported the electrochemical perfor-
mance of NMC622 cathodes prepared using Na-CMC and TRD
202A binders. During slurry preparation, acetic acid was intro-
duced to adjust the pH within the range of 7.4 to 12.1. Their
ndings revealed that the slurry without acetic acid or pH
modication corroded the Al current collector, resulting in the
creation of huge holes on the cathodes upon drying; however,
a slurry with a pH less than 10 yielded a uniform cathode lm
with no structural defects. Interestingly, cyclic voltammetry
revealed that the addition of acetic acid had no impact on the
electrochemical behavior of the cathode during cycling
processes. An ultrafast laser structuring was applied to fabricate
thick electrodes, resulting in a 40 mAh g−1 increase in capacity
compared to the unstructured counterpart, thus improving
electrochemical performance. Furthermore, the rate capability
results revealed that slurries with higher pH values exhibited
greater discharge capacities at rates over C/5.53

Chen and coworkers54 reported a comparative study on the
performance of NMC442 cathodes using Na-CMC and PVDF
binders. The Na-CMC-based cathode exhibited a higher
electrochemical performance compared to PVDF-based cath-
odes. The Na-CMC-based cathode showed a homogeneous
distribution of active carbon particles and NMC nanobars,
which improved particle adherence to the foil and considerably
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Initial charge–discharge curves of the NMC111 cathodes at varying rates using various binders (CMC, alginate and PDVF). Reproduced
with permission from ref. 48. Copyright 2012, Elsevier B.V.
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reduced the creation of cracks in the electrode during frequent
lithiation/delithiation operations. The CMC-based cathode
exhibited lithium-ion diffusion coefficients approximately twice
those of the PVDF-based cathode during both delithiation and
lithiation processes, resulting in signicantly improved rate
capability.

Varshni andMurugan55 developed a CMC-SBR binder system
for LiNi0.7Mn0.25Al0.05O2 (NMA) cathodes, incorporating lithium
phytate (LP) as an additive to enhance interfacial stability,
structural cohesion, and suppress electrolyte decomposition
and the H2-to-H3 phase transition. The resulting CMC-SBR-LP-
based NMA cathode demonstrated improved electrochemical
performance, achieving 84.2% capacity retention aer 200
cycles at 0.5 C and a rate capability of 140.9 mAh g−1 at 1 C.55

Giorgio and coworkers56 evaluated the performance of spinel
(LiNi0.5Mn1.5O4) cathodes using PVDF and CMC binders. The
CMC-based cathode demonstrated superior cycling stability,
retaining 83% of its capacity aer 400 cycles, compared to 62%
for the PVDF-based counterpart. This improved performance is
credited to the CMC binder's ability to form a more stable and
compact electrode surface, effectively suppressing side reac-
tions at high voltages and thereby enhancing cycle life.56

Pace and coworkers57 reported the electrochemical behav-
iour of binder systems, such as acrylonitrile multi-copolymer
(LA133) + CMC, SBR + CMC, and polytetrauoroethylene
(PTFE) + CMC, in LiMn2O4 cathode fabrication with an aqueous
electrolyte. The results showed that the PTFE + CMC binder
system exhibited the best rate performance, attributed to the
mechanical robustness of PTFE and the electrolyte swelling
capability of CMC.57
© 2026 The Author(s). Published by the Royal Society of Chemistry
Dienwiebel and coworkers58 examined the inuence of
lithium-based additives (LiOH, LiNO3, and LiTFSI) on the
performance of spinel cathodes using CMC-SBR binders. The
incorporation of these additives during cathode fabrication
effectively suppressed manganese dissolution. Among them,
LiTFSI additives showed the most promising results due to their
high solubility in the electrolyte, and functioned as conductive
salts, enabling electrochemical performance comparable to
nonaqueous-based electrodes over 1000 cycles.58

Wang and coworkers59 employed a CMC-based binder for
LiNi0.4Mn1.6O4 cathodes, achieving a low self-discharge of 8.8%
aer three days of rest and a reversible capacity of 139 mAh g−1,
approaching the theoretical capacity of 146 mAh g−1.59

Li et al.60 substituted PVDF with a CMC-based binder for
Li1.2Mn0.56Ni0.16Co0.08O2 cathode fabrication. They reported
that the CMC binder enhanced the cycling stability with
capacity fading of less than 0.1% per cycle of Li1.2Mn0.56Ni0.16-
Co0.08O2, compared to 0.2% for the PVDF-based counterpart.
The improved performance is attributed to the mitigation of the
layered-to-spinel phase transformation.60

Zhao and coworkers61 studied the inuence of Na ions in
CMC binders on the electrochemical behaviour of Li1.2Ni0.2-
Mn0.6O2 cathodes. The Na+ ions from the binder were inserted
into the Li1.2Ni0.2Mn0.6O2 during cycling. Interestingly, Na

+ ions
occupied Li+ sites during discharge, leading to an expansion of
the interlayer spacing (Fig. 7a). This facilitated Li+ diffusion and
mitigated structural collapse, thereby enhancing cycling
stability and rate performance. Furthermore, Zhao et al. re-
ported that the use of CMC as a binder enhanced the cyclability
and rate capability of Li1.2Ni0.13Co0.13Mn0.54O2 cathodes (Fig. 7b
RSC Sustainability
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Fig. 7 (a) Schematic showing themechanism of the first charge–discharge of the CMC-based Li1.2Ni0.2Mn0.6O2, (b) the discharge voltage, (c) and
the rate capabilities of the PVDF and CMC-based cathodes. Reproduced with permission from ref. 61. Copyright 2019, Elsevier B.V.
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and c). It also improved electrode integrity by promoting
durable adhesion to active materials, reducing cracks and
minimizing electrode delamination from the current
collector.61

Zhang et al.62 studied the electrochemical properties of
Li1.2Ni0.13Co0.13Mn0.54O2 cathodes fabricated with PVDF, Na-
CMC, and polyacrylonitrile (PAN) binders. Both PAN and
PVDF-based cathodes exhibited higher initial discharge capac-
ities; however, the CMC-based cathode exhibited higher long-
term cyclability. This is attributed to the strong adhesion
provided by CMC, which maintains electrical contact and
prevents detachment of electrode components from the
aluminum foil.62 X-ray diffraction (XRD) analysis revealed that
Na+ ions from the CMC binder occupy Li+ vacancies during
cycling, inhibiting TM ion migration into lithium layers and
thereby mitigating the layered-to-spinel phase transition during
cycling. Additionally, Transmission Electron Microscopy (TEM)
studies conrmed that the CMC binder signicantly reduces
the dissolution of TM ions, contributing to the better structural
and electrochemical stability of the cathode.62

Kazzazi and coworkers63 studied the inuence of three
aqueous binders (Na-CMC, sodium alginate (SA), and
commercial TRD202A) on the electrochemical performance of
Li1.2Ni0.16Mn0.56Co0.08O2 cathodes. Phosphoric acid was intro-
duced during electrode fabrication to suppress aluminum foil
corrosion and stabilize the cathode/electrolyte interface. Their
ndings showed that while the TRD202A binder-based cathode
exhibited a slightly higher initial discharge capacity compared
RSC Sustainability
to CMC and SA-binder-based cathodes, it experienced more
pronounced capacity fading over cycling, indicating inferior
long-term stability (Fig. 8a and b). The addition of PA enhanced
both the initial capacity and cycling stability across all binder
systems.63

Ding and coworkers64 compared Na-CMC and conventional
PVDF binders in Li-rich disordered rock-salt oxide cathodes for
LIBs. The Na-CMC-based cathode exhibited reduced volume
change and improved O2− reversibility during cycling, indi-
cating enhanced structural stability and Li+ ion kinetics. These
factors contributed to superior electrochemical performance
relative to the PVDF-based counterpart. Additionally, strong Li+/
Na+ interactions between the carboxyl groups in CMC and the
active material surface improved adhesion, minimizing cathode
delamination from the aluminum foil/current collector and
promoting the formation of efficient electronic conduction
networks.64

Su and coworkers65 developed a high-performance ionic
conductive binder by integrating CMC with poly(ethylene oxide)
(PEO) via hydrogen bonding and incorporating penta-
uorophenylboronic acid (PFPBA) in situ to form the CPPFPBA
binder, which was stable up to 5.35 V. Applied to Li-rich layered
oxide (LRMO) cathodes, the CPPFPBA binder exhibited
enhanced cohesion through hydrogen bonding between its
hydroxyl and carboxyl groups and the LRMO surface, resulting
in more uniform binder distribution compared to CMC alone
and CMC:PE (CP) binders, respectively. TEM analysis showed
a consistent lattice spacing of 0.24 nm, corresponding to the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 CMC, ALG, and TRD binders with and without PA (in black and colored): (a) first charge–discharge capacity and (b) cycling performance.
Reproduced with permission from ref. 63. Copyright 2018, the American Chemical Society.
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(101) plane, in both CMC- and CPPFPBA-based LRMO (Fig. 9a
and b). The CPPFPBA-based cathode delivered superior
electrochemical performance, including a reversible capacity of
220 mAh g−1 aer 300 cycles at 200 mA g−1, 102% capacity
retention, and enhanced rate capability (Fig. 9c and d). These
improvements were attributed to the formation of a uniform
uorine-rich surface layer, which effectively suppressed transi-
tion metal dissolution, mitigated side reactions, and reduced
voltage decay.65

Akhilash et al.66 conducted a comparative study on the
Li1.5Ni0.25Mn0.75O2.5 cathodes using a CMC–acrylic binder
system and a conventional PVDF binder. To optimize slurry pH,
a small amount of PA was added during the preparation of the
CMC–acrylic binder-based electrode. The initial discharge
capacities were 224.94 mAh g−1 and 237.7 mAh g−1 for the
CMC–acrylic and PVDF-based electrodes, respectively. Aer 100
cycles at a C/10 rate, the CMC–acrylic system retained 219.5
mAh g−1 compared to 226.6 mAh g−1 for the PVDF counterpart.
Notably, the CMC–acrylic binder-based cathode demonstrated
superior rate capability at higher current rates (1 C and 2 C),
indicating enhanced high-rate performance.66 Table 1 presents
a comparative summary of the electrochemical performance of
cathodes utilizing CMC-based aqueous binders relative to their
PVDF-based counterparts.
© 2026 The Author(s). Published by the Royal Society of Chemistry
4.2 Poly(acrylic acid) (PAA)

PAA is a polymeric binder consisting of carboxylic groups,
which form weak hydrogen bonds with surface hydroxyl groups
on cathode materials, thereby creating a conductive ionic
layer.6,35 PAA offers several advantages, including strong adhe-
sion, high mechanical strength, favorable swelling behavior,
and uniform particle distribution within the electrode
matrix.67,68 The properties of PAA (electrical) improve with the
increase in molecular weight and higher concentrations of Li+,
enhancing its overall electrochemical performance.69,70 It is
worth noting that higher pH values promote better dispersion
of electrode particles, but they concurrently compromise the
mechanical stability of the PAA binder.6,35

The use of PAA as a binder for LiFePO4 cathodes has been
extensively investigated.35 Cai et al.71 demonstrated that the PAA
binder-based LiFePO4 cathode exhibited enhanced reversibility
compared to those using the PVDF binder counterpart. This was
credited to solid electrolyte interphase (SEI) formation with
lower resistance and improved Li+ ion exchange kinetics. The
PAA-based LiFePO4 cathode exhibited a higher specic capacity
of 134.4 mAh g−1, outperforming the PVDF-based counterpart,
which achieved 125.6 mAh g−1. Also, the PAA-based LiFePO4

cathode exhibited superior cycling stability, retaining approxi-
mately 98.8% of its initial capacity aer 50 cycles, compared to
94.9% for the PVDF counterpart.71 Zhang et al.72 reported that
RSC Sustainability
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Fig. 9 TEM images of (a) LRMO-CMC and (b) LRMO-CPPFPBA. (c) Rate performance of the electrodes. (d) Cycling performance of the elec-
trodes at 200 mA g−1. Reproduced with permission from ref. 65. Copyright 2025, the American Chemical Society.
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the adhesive properties of the PAA binder resulted in the
formation of a protective layer around the LiFePO4 cathode,
effectively suppressing Fe dissolution and enhancing electro-
chemical performance at elevated temperatures. Chong et al.73

demonstrated that tuning the mechanical and chemical prop-
erties of the binder by blending PAA with SBR enhanced the
performance of LiFePO4/graphite cells. The composite binder
improved capacity retention to 70% aer 850 cycles, while the
capacity increased from 147 mAh g−1 to 155 mAh g−1 due to
lowered electrode fracturing associated with the incorporation
of SBR.73 Sun et al.74 developed a LiFePO4 cathode using a PAA
binder. The presence of hydroxyl and carboxylic functional
groups facilitated the formation of an interconnected network,
enhancing binder coverage on the cathode active material
surface and improving electrode adhesion. The resulting
cathode delivered excellent cycling stability with 100% capacity
retention aer 300 cycles at 5 C, along with a high-rate perfor-
mance of 130.1 mAh g−1 at 5 C.74 Wu et al. developed a water-
soluble polymer binder with a permeating network structure
for LiFePO4 cathodes, synthesized via high-temperature esteri-
cation of lithiated sulfosuccinic acid (LPPS), PVA, and PAA.
The resulting gel-like binder reduced interfacial resistance and
exhibited strong adhesion to the LiFePO4 cathodes. The
LiFePO4/C electrodes demonstrated a specic capacity of 170
mAh g−1 and maintained a coulombic efficiency of ∼99% aer
200 cycles at a 1 C rate.75

Vo et al.76 evaluated the electrochemical performance of
LiFePO4 cathodes prepared with PVDF and PAA binders at mass
ratios of 5%, 10%, and 15%. At 10% binder content, both PAA-
and PVDF-based electrodes exhibited mechanical integrity
without peeling. However, the PAA-based LiFePO4 cathode
achieved a higher discharge capacity (148.9 mAh g−1) and
superior coulombic efficiency (97.27%) compared to its PVDF
RSC Sustainability
counterpart. Additionally, the 10% PAA-based graphite//
LiFePO4 cell demonstrated improved capacity retention and
overall performance over 30 cycles.76

Shen et al.77 employed a bifunctional PAA binder and coating
agent for LiMn2O4 cathodes, effectively suppressing electrolyte-
induced side reactions and Mn dissolution. The PAA-based
cathode exhibited 94.1% capacity retention aer 1000 cycles
at 25 °C and 92.0% aer 200 cycles at 60 °C. In 18 650-type cells
stored at 60 °C for 25 days in a fully charged state, the voltage
drop was limited to 0.1 V with a resistance increase of only 1.25
mU, signicantly lower than that of the PVDF-based cell. The
recovered capacity retention reached 92.2%, outperforming the
PVDF counterpart (81.8%).77

He et al.78 introduced a terpene resin (TS) emulsion as
a tackier to improve the mechanical integrity of PAALi-based
LiFePO4 cathodes. The optimized TS–PAALi (1 : 1) binder
exhibited superior exibility, enhanced adhesion strength
(0.170 N cm−1), and improved electrochemical performance,
delivering 156.18 mAh g−1 with 97.47% capacity retention aer
100 cycles and excellent thermal stability at 60 °C, out-
performing CMC and PVDF-based electrodes.78

PAA shows limited effectiveness in high mass-loading
lithium nickel manganese oxide (LNMO) cathodes due to high
initial internal resistance arising from contact resistance, non-
uniform binder distribution, and inadequate electrolyte
wetting. These challenges, particularly agglomeration and pore
clogging, can be mitigated through polymer chemistry modi-
cations. Copolymerizing PAA with functional groups enhances
adhesion, surface interactions, and electrolyte uptake, thereby
improving its suitability for LNMO systems.79

Pieczonka et al.80 evaluated LiPAA and PVDF binders for
LiMn1.5Ni0.5O4 spinel cathodes. The LiPAA-based cathode
exhibited lower impedance, superior cycling stability, and was
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparative electrochemical performances of CMC-based cathodes and their PVDF counterpartsa

Cathode Binder IDC mAh g−1 RC mAh g−1 CR (%) Ref.

LiFePO4 CMC 157 (C/24) 120 (10 C) 100 (200 cycles at C/1) 38
PVDF 148 (C/24) N/A N/A 38

LiFePO4 CMC 140 (1 C) 130 (5 C) 100 (50 cycles) 39
75 (1000 cycles at 1 C)

PVDF 152 (1 C) 70 (5 C) 90 (50 cycles at 1 C) 39
LiFePO4 HAC N/A 105.4 (8 C) 75.9 (100 cycles at 0.5 C) 40

CMC N/A 75 (8 C) 67.7 (100 cycles at 0.5 C) 40
PVDF N/A 24.1 (8 C) 37.6 (100 cycles at 0.5 C) 40

LiFePO4 Li-CMC 181 (0.1 C) 95 (5 C) 96.69 (200 cycles at 0.1 C) 42
PVDF 146 (0.1 C) 50 (5 C) 80.6 (200 cycles at 0.1 C) 42

LiFePO4 PEDOT:PSS/CMC 148 (0.2 C) 126 (5 C) 99 (100 cycles at 0.2 C) 43
PVDF 129 (0.2 C) 101 (5 C) 99 (100 cycles at 0.2 C) 43

LiFePO4 CMC–NH4 N/A 104 (5 C) 86.6 (400 cycles at 1 C) 44
PVDF N/A 104 (5 C) 60.7 (400 cycles at 1 C) 44

LiCoO2 SBR and Na-CMC 111.3 (0.2 C) N/A N/A 45
LiCoO2 Na-CMC 215 (0.1 C) 152 (4 C) 93% (200 cycles at 1 C) 47

PVDF N/A N/A 90% (200 cycles at 0.2 C) 47
NMC111 Na-CMC 155 (0.5 C) 107.9 (5 C) 90.1% (100 cycles at 0.5 C) 48

Alginate 150 (0.5 C) 76.8 (5 C) 89.2 (100 cycles at 0.5 C) 48
PVDF 130 (0.5 C) 8 (5 C) 86.3 (100 cycles at 1 C) 48

NMC111 Na-CMC 126 (1 C) 60 (10 C) N/A 49
PVDF 128 (1 C) 68 (10 C) N/A 49

NMC 532 CMC/PEO N/A N/A 89 (1000 cycles at 1 C) 52
PVDF N/A N/A 90 (1000 cycles at 1 C) 52

NMC442 CMC 161.1 (0.1 C) 78.4 (10 C) 99 (100 cycles at 1 C) 54
PVDF 166.2 (0.1 C) 70.5 (10 C) 80.6 (100 cycles at 1 C) 54

NMA CMC-SBR/Li-phytate 230.6 (0.1 C) 140.9 (1 C) 97 (200 cycles at 0.2 C) 55
PVDF 220.69 (0.1 C) 82.95 (1 C) 69 (200 cycles at 0.2 C) 55

LiNi0.5Mn1.5O4 CMC N/A 45 (10 C) 83 (400 cycles at 1 C) 56
PVDF N/A 20 (10 C) 62 (400 cycles at 1 C) 56

LiNi0.4Mn1.6O4 CMC 139 (1 C) N/A 89 (100 cycles at 1 C) 59
PVDF 127.9 (1 C) N/A 95 (100 cycles at 1 C) 59

Li1.2Mn0.56Ni0.16Co0.08O2 CMC 255.4 (0.2 C) N/A 82.7 (200 cycles at 1 C) 60
PVDF 266.8 (0.2 C) N/A 60.4 (200 cycles at 1 C) 60

Li1.2Ni0.2Mn0.6O2 CMC 210.4 (0.1 C) N/A 119.49 (80 cycles at 0.1 C) 61
PVDF 219.9 (0.1 C) N/A 23.33 (80 cycles at 0.1 C) 61

Li1.2Ni0.13Co0.13Mn0.54O2 CMC 247 (20 mAg−1) N/A 83 (500 cycles at 200 mAg−1) 62
PAN 306 (20 mA g−1) N/A 37 (500 cycles at 200 mAg−1) 62
PDVF 297 (20 mA g−1) N/A 40 (500 cycles at 200 mAg−1) 62

Li1.2Ni0.16Mn0.56Co0.08O2 CMC PA 214.3 (0.1 C) N/A 93 (100 cycles at 0.1 C) 63
ALG 213.2 (0.1 C) N/A 93 (100 cycles at 0.1 C) 63
TRD 226.6 (0.1 C) N/A 83 (100 cycles at 0.1 C) 63

Li1.3Mn0.4Ti0.3O1.7F0.3 CMC 186.9 (0.1 C) 80.4 (1 C) 94.5 (30 cycles at 0.1 C) 64
PVDF 184.4 (0.1 C) 74 (1 C) 80.9 (30 cycles at 0.1 C) 64

Li1.2Ni0.13Co0.13Mn0.54O2 CPPFPBA 297 (0.1 C) 105.72 (10 C) 102(300 cycles at 1 C) 65
Li1.5Ni0.25Mn0.75O2.5 CMC–acrylic 224.94 (C/10) 98 (2 C) 97.5 (100 cycles at C/10) 66

PVDF 237.7 (C/10) 55 (2 C) 95.4 (100 cycles at C/10) 66

a IDC-initial discharge capacity; RC-rate capability; CR-capacity retention; N/A-not available; and C-rate and number of cycles are given in
parentheses.
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resistant to delamination due to stable cathode electrolyte
interphase (CEI) formation (Fig. 10a and b). Additionally, LiPAA
acted as a lithium-ion reservoir and proton scavenger. The study
highlighted LiPAA's improved adhesion, environmental
compatibility, and cost-effectiveness over PVDF.80

Wang et al.81 developed a multifunctional binder by cross-
linking sodium phytate (PN) with PAA for high-voltage NCM811
cathodes. The PAA–PN binder exhibited superior capacity
retention of 95.1% at 25 °C and 84.7% at 45 °C aer 100 cycles at
4.6 V, outperforming PVDF-based counterparts. This
© 2026 The Author(s). Published by the Royal Society of Chemistry
improvement was attributed to the dual protective layers
formed by PAA–PN, which suppressed electrolyte decomposi-
tion, transition metal dissolution, and intergranular cracking.81

Li et al.82 investigated a carbon-modied lithium-rich
cathode (C-LRM) using Li-PAA binder (C-LRM-PAA) and
compared it with C-LRM using PVDF (C-LRM-PVDF) and
a pristine PVDF-based sample (P-LRM-PVDF). The strong
hydrogen bonding between Li-PAA's carboxyl groups and the
hydroxyl groups of C-LRM ensured tight electrode integration,
preventing electrode cracking, while the carbon layer mitigated
RSC Sustainability
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Fig. 10 Capacity retention at 0.5 C-rate at (a) 30 and (b) 45 °C. Reproduced with permission from ref. 80. Copyright 2015, WILEY-VCH.
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particle fracture (Fig. 11a). This synergistic effect enhanced Li+

diffusion, suppressed transition metal dissolution, and reduced
charge transfer impedance. Aer 200 cycles, C-LRM-PAA deliv-
ered a discharge capacity of 134.9 mAh g−1, outperforming C-
LRM-PVDF (119.8 mAh g−1) and P-LRM-PVDF (71.2 mAh g−1)
as presented in Fig. 11b. Additionally, C-LRM-PAA exhibited
reduced voltage decay (2.135 mV per cycle vs. 2.925 mV per
cycle) and superior rate capability (Fig. 11c).82

Zhao et al.83 employed a LiPAA binder for LRMO, Li[Li0.2-
Co0.13Ni0.13Mn0.54]O2) cathodes. The carboxyl groups in LiPAA
formed strong hydrogen bonds with oxygen atoms on the active
Fig. 11 (a) Schematic of the three-electrode morphology after cycling. (
and (c) their rate performances. Reproduced with permission from ref. 8

RSC Sustainability
material surface, enhancing structural stability. The LiPAA-
based electrode exhibited a reduced voltage drop of 117 mV
aer 50 cycles, outperforming the PVDF-based counterpart.83

Yu et al.84 utilized a LiPAA binder for Li1.15Ni0.17Co0.11-
Mn0.57O2 cathodes, enhancing cathode particle and current
collector adhesion, thus suppressing spinel phase formation
during cycling. The LiPAA-based electrode delivered 254.7 mAh
g−1 with 90.77% capacity retention aer 200 cycles at 0.1 C,
outperforming the PVDF-based counterpart (223.6 mAh g−1,
76.21% retention).84
b) Charge–discharge curves of the three electrodes at different cycles
2. Copyright 2024, Elsevier.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) Cycling performances of the LRMO-PAA and LRMO-PVDF cathodes. (b) Multifunctional protection of the PAA binder for the LRMO
cathode. Reproduced with permission from ref. 85. Copyright 2020 WILEY-VCH.
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Yang et al.85 demonstrated that a partially protonated PAA
binder effectively suppresses voltage fade and capacity degra-
dation in LRMO cathodes. The PAA-modied LRMO exhibited
88% capacity retention over 500 cycles at 200 mA g−1 (Fig. 12a)
and a reduced voltage fade of 104 mV aer 100 cycles. The
improved performance was credited to the synergistic surface
modication effect of the PAA binder (Fig. 12b) compared to the
PVDF-based counterpart.85 Table 2 presents a comparative
summary of the electrochemical performances of cathodes
utilizing PAA-based aqueous binders relative to their PVDF-
based counterparts.
Table 2 Comparative electrochemical performance of PAA-based cath

Cathode Binder IDC mAh g−

LiFePO4 PAA 134.4
PVDF 125.6

LiFePO4 PAA 144.9 (0.5 C)
PVDF 139.5 (0.5 C)

LiFePO4 2% PAA/1% PVA 161.6 (0.2 C)
PVA 143 (0.2 C)

LiFePO4 LPPS/PVA/PAA 170 (1 C)
PVDF 142 (1 C)

LiFePO4 PAA 148.09 (0.1 C
PVDF 154.8 (0.1 C)

LiMn2O4 PAA 108.1 (0.1 C)
PVDF 109.4 (0.1 C)

LiFePO4 TS–PAALi 156.18 (0.2 C
PVDF 151.62 (0.2 C

LiMn1.5Ni0.5O4 LiPAA N/A
PVDF N/A

NCM811 PAA–PN 229.9 (0.1 C)
PVDF 230.2 (0.1 C)

Li1.2Mn0.6Ni0.2O2 PAA 221.9 (0.1 C)
PVDF 226.4 (0.1 C)

Li1.15Ni0.17Co0.11Mn0.57O2 LiPAA 254.7 (0.1 C)
PVDF 223.6 (0.1 C)

Li1.2Ni0.13Co0.13Mn0.54O2 PAA 244 (0.1 C)
PVDF 283 (0.1 C)

a IDC-initial discharge capacity; RC-rate capability; CR-capacity retentio
parentheses.

© 2026 The Author(s). Published by the Royal Society of Chemistry
4.3 Chitosan (CTS)

Chitosan (CTS) is a naturally occurring carbohydrate-based
polymer, made up of 1,4-linked glucosamine units, and ob-
tained from the deacetylation of chitin.6

Chitin shares a structural similarity to cellulose, differing in
the substitution of hydroxyl groups with acetamide groups.86

Upon deacetylation, the resulting chitosan becomes soluble in
dilute acetic acid due to the protonation of glucosamine units
(R–NH2 to R–NH3

+).87,88 Owing to its amino and hydroxyl func-
tional groups, chitosan serves as an effective aqueous-soluble
odes and their PVDF counterpartsa

1 RC mAh g−1 CR (%) Ref.

N/A 98.8 (50 cycles) 71
N/A 94.9 (50 cycles) 71
N/A 99.4 (100 cycles at 0.5 C) 72
N/A 94.9 (100 cycles at 0.5 C) 72
130.1 (5 C) 100 (300 cycles at 5 C) 74
77.1 (5 C) 82 (300 cycles at 5 C) 74
140 (5 C) 99 (200 cycles at 1 C) 75
110 (5 C) 63 (200 cycles at 1 C) 75

) 113.4 (1 C) 97.27 (25 cycles at 0.1 C) 76
49 (1 C) 76
N/A 94.1 (1000 cycles at 1 C) 77
N/A 71.4 (550 cycles at 1 C) 77

) 105.76 (5 C) 97.47 (100 cycles at 0.2 C) 78
) N/A 92.82 (100 cycles at 0.2 C) 78

N/A 90 (80 cycles at 0.1 C) 80
N/A 50 (80 cycles at 0.1 C) 80
167.9 (6 C) 90.41 (200 cycles at 0.5 C) 81
153.8 (6 C) 55.61 (200 cycles at 0.5 C) 81
105.5 (5 C) 75.5 (200 cycles at 1 C) 82
100 (5 C) 70.4 (200 cycles at 1 C) 82
N/A 90.77 (200 cycles at 0.1 C) 84
N/A 76.21 (200 cycles at 0.1 C) 84
N/A 88 (500 cycles at 4 C) 85
N/A 58 (500 cycles at 5 C) 85

n; N/A-not available; and C-rate and number of cycles are given in

RSC Sustainability
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Fig. 13 Morphology of the C-CTS-based LiFePO4 cathode (a) before 200 cycles and (b) after 200 cycles. (c) Cycling performance and (d) rate
performance of the LiFePO4 cathode. Reproduced with permission from ref. 89. Copyright 2014, Elsevier.
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binder for various cathode materials and can be readily copo-
lymerized or hybridized with functional polymers.35

The applicability of chitosan as an aqueous binder for
diverse cathode materials is governed by its degree of acetyla-
tion (DA) and degree of polymerization (DP), which inuence its
functional group content and molecular structure. These char-
acteristics enhance its compatibility for copolymerization with
other functional polymers.35,36

Sun et al. rst reported the use of carboxymethyl chitosan (C-
CTS), an aqueous chitosan derivative, as a binder for LiFePO4

cathodes. The C-CTS-based LiFePO4 retained its structural
integrity aer 200 cycles, demonstrating its effectiveness
(Fig. 13a and b). Although it exhibited slightly lower specic
capacity, it outperformed its PVDF counterpart in rate capability
and showed comparable cycling stability to PVDF and CMC
counterparts (Fig. 13c and d).89

Prasanna et al.90 investigated a chitosan-based biopolymer
binder for LiFePO4 cathodes in LIBs, comparing its perfor-
mance to that of conventional PVDF-based cathodes. The
chitosan-based electrode exhibited higher ionic conductivity
and lower charge transfer resistance, resulting in superior
electrochemical performance. Specically, it gave a capacity of
159.4 mAh g−1 with 98.38% capacity retention, compared to
127.9 mAh g−1 and 85.13% retention for the PVDF-based
counterpart.90

Zhong et al.91 employed a C-CTS/PEDOT:PSS composite
conductive binder for LiFePO4 cathodes in LIBs. The resulting
half-prismatic cell (10 Ah) retained 89.7% capacity at 1 C/2 C
over 1000 cycles and exhibited comparable cycling performance
to PVDF-based electrodes. Additionally, it showed superior rate
capability, maintaining 98% of its 1 C capacity at 7 C, compared
to 95.4% for PVDF-based LiFePO4.91
RSC Sustainability
He et al.92 enhanced the adhesion strength of carboxymethyl
chitosan (C-CTS) by graing acrylonitrile to introduce cyano
groups, forming cyanoethylated C-CTS (CN-CCTS). The CN-
CCTS-based LiFePO4 cathode demonstrated superior electro-
chemical performance, retaining 56.3% of its capacity at 5 C,
outperforming its CMC (48.4%) and PVDF (32.8%)
counterparts.

Künne et al.93 investigated chitosan binders with varying DP
and DA for LiMn2O4 cathodes in LIBs. Cathodes utilizing low-
DP chitosan exhibited twice the adhesion strength of PVDF-
based counterparts, enabling reduced binder content and
improved specic energy. Chitosan with DA <16% delivered
higher capacities than both PVDF and DA >16% formulations.
Citric acid cross-linking further enhanced discharge capacity at
a 10 C charge rate.93

Zhong and coworkers94 reported that a LiNi0.5Mn1.5O4

cathode employing a carboxymethyl chitosan (C-CTS) binder on
carbon-coated aluminum foil exhibited superior electro-
chemical performance to its PVDF-based counterpart. Aer 100
cycles, the C-CTS-based electrode retained 95.8% of its capacity,
outperforming the PVDF-based electrode (92.9%). At a high rate
of 10 C, it delivered a specic capacity of 95.8 mAh g−1,
compared to 87.6 mAh g−1 for the PVDF-based cathode. The
improved performance was attributed to reduced aluminum
current collector corrosion, enhanced binder adhesion, and
improved lithium-ion diffusion kinetics.94

Zhong et al.95 studied the effects of varying mass ratios of
a carboxymethyl chitosan/poly(ethylene oxide) (CCTS/PEO)
composite binder on the electrochemical performance of 5 V
LiNi0.5Mn1.5O4 cathodes. The optimized CCTS/PEO (85 : 15, w/
w) binder-based cathode demonstrated superior cycling
stability, retaining 81.4% of its initial capacity aer 200 cycles at
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparative electrochemical performances of CTS-based cathodes and their PVDF counterpartsa

Cathode Binder IDC mAh g−1 RC mAh g−1 CR (%) Ref.

LiFePO4 C-CTS NA 105 (5 C) N/A 89
PVDF NA 105 (5 C) N/A 89

LiFePO4 CTS 98.30 (1 C) 64.24 (2 C) 90.13 (100 cycles at 0.1 C) 90
PVDF 68.53 (1 C) 47.83 (2 C) 77.92 (100 cycles at 0.1 C) 90

LiFePO4 CN-CCTS 159.2 (0.2 C) 90 (5 C) 99.2 (100 cycles at 0.2 C) 92
PVDF 163.4 (0.2 C) 52.2 (5 C) 92.8 (100 cycles at 0.2 C) 92

LiNi0.5Mn1.5O4 CCTS N/A 95.8 (10 C) 95.8 (100 cycles at 0.2 C) 94
PVDF N/A 87.6 (10 C) 92.9 (100 cycles at 0.2 C) 94

LiNi0.5Mn1.5O4 CCTS/PEO 125 (0.2 C) 75 (2 C) 81.4 (200 cycles at 0.5 C) 95
PVDF 127 (0.2 C) 29 (2 C) 79.8 (200 cycles at 0.5 C) 95

LiNi0.5Mn1.5O4 O-CCTS 121.5 (0.2 C) 95 (3 C) 97.7 (100 cycles at 0.2 C) 97
O,N-CCTS 112.4 (0.2 C) 85 (3 C) 95.5 (100 cycles at 0.2 C) 97
PVDF 115.6 (0.2 C) 70 (3 C) 91.6 (100 cycles at 0.2 C) 97

a IDC-initial discharge capacity; RC-rate capability; CR-capacity retention; N/A-not available; and C-rate and number of cycles are given in
parentheses.
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0.5 C, compared to 79.8% for the PVDF-based counterpart.
Additionally, the CCTS/PEO-based electrode exhibited
enhanced rate capability.95

Kuenzel et al.96 evaluated three chitosan grades with varying
molecular weights and degrees of deacetylation as aqueous
binders for LiNi0.5Mn1.5O4 cathodes. With the incorporation of
low molecular weight chitosan (Chi-85 and Chi-99), LiNi0.5-
Mn1.5O4 exhibited inferior capacity and cycling stability due to
inadequate electrode densication and mechanical strength. In
contrast, high molecular weight chitosan (Chi-77) enabled
improved electrochemical performance. Additionally, citric acid
(CA) cross-linking enhanced both rate capability and cycling
stability. Co-cross-linking with guar gum further enhanced
mechanical integrity and exibility, enabling high mass loading
electrodes with stable specic capacities exceeding 131mAh g−1

at C/3 and 123 mAh g−1 at 1 C.96

Yu et al.97 studied the electrochemical performance of the
LiNi0.5Mn1.5O4 cathode using C-CTS binders with different DS
(O-CCTS and O,N-CCTS). The O-CCTS-based LNMO exhibited
the highest initial discharge capacity of 123.2 mAh g−1, followed
by PVDF (115.7 mAh g−1) and O,N-CCTS (112.9 mAh g−1). Aer
100 cycles at 0.2 C, O-CCTS retained 97.7% of its capacity, O,N-
CCTS retained 95.5%, and PVDF retained 91.6%. Despite its
slightly lower capacity, O,N-CCTS-based LiNi0.5Mn1.5O4

demonstrated improved electrochemical performance, likely
due to abundant hydrogen bonding facilitating lower imped-
ance and enhanced interfacial stability.97

It is noteworthy that although numerous aqueous-based
binders have been explored for lithium-ion battery cathode
materials, binders such as polytetrauoroethylene (PTFE),
polyvinyl alcohol (PVA), guar gum, xanthan gum, and carra-
geenan were not discussed in this study due to their limited
application in cathode systems. Instead, this work focuses
exclusively on the application of CMC, PAA, and CTS-based
aqueous binders, which exhibit signicant potential for the
commercial implementation of lithium-ion battery cathodes.
Table 3 presents a comparative summary of the electrochemical
performance of cathodes utilizing CTS-based aqueous binders
relative to their PVDF-based counterparts.
© 2026 The Author(s). Published by the Royal Society of Chemistry
It is noteworthy that the electrochemical performance of an
aqueous-based cathode is largely inuenced by the functional
groups present in the aqueous binders. Functional groups such
as hydroxyl, amine, and carboxyl in CMC, CTS, and PAA play
a critical role in modulating electrode–binder interactions,
including TM ion coordination and hydrogen bonding at the
cathode surface. These interactions promote robust particle
cohesion, strong interfacial adhesion, mechanical exibility,
and improved ionic conductivity, thereby maintaining struc-
tural integrity during electrochemical cycling. Consequently,
they facilitate efficient Li+ transport, enhance electrode stability,
reduce polarization, and improve both capacity retention and
coulombic efficiency.
4.4 Other aqueous binders

Sodium alginate (SA), a biopolymer extracted from brown algae,
exhibits strong adhesive properties due to its rich carboxylic
groups and polymer backbone, which enhance contact with
active materials and improve adhesion strength. Also, the
coordination of metal cations into an “egg-box” structure
enables the chelation of TM ions, thereby mitigating their
dissolution from the active material into the electrolyte.36,98 Bi-
goni et al.99 utilized SA as a binder for LiNi0.5Mn1.5O4 cathodes
and it exhibited superior performance, delivering a specic
capacity of 150 mAh g−1, compared to 110mAh g−1 for its PVDF-
based counterpart at 2 C. Long-term cycling studies revealed
that the alginate-based cathode retained approximately 86% of
its initial capacity aer 200 cycles, while the PVDF-based
counterpart maintained 89% aer only 85 cycles. Electro-
chemical Impedance Spectroscopy (EIS) further conrmed
signicantly lower charge transfer resistance in the SA binder-
based cathode, indicating enhanced interfacial charge trans-
port.99 Guar gum (GG) and xanthan gum (XG) are aqueous-
soluble polysaccharides that are widely used in the food
industry, and have attracted attention as potential binders for
LIB electrodes. Their highly branched structures, rich in polar
functional groups, confer advantageous properties such as
rheological properties, mechanical robustness, effective coor-
dination with TM ions, and ease of Li+ transport within the
RSC Sustainability
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electrode matrix.36,98 Carvalho and coworkers100 employed GG as
a binder in LiNi0.33Mn0.33Co0.33O2 cathodes, which demon-
strated excellent electrochemical performance, delivering
a specic capacity of 100 mAh g−1 at a high rate of 5 C and
retaining 85% of its initial capacity aer 200 cycles.100 He and
coworkers101 reported that the XG binder-based LiFePO4

cathode exhibited a stable cycling prole, retaining 96.9% of its
initial capacity aer 100 cycles.101

Overall, it is important to highlight the sustainability aspect
of the reported CMC, PAA, CTS, SA, XG, and GG aqueous
binders compared to the conventional PVDF binders used in
LIB cathode materials. These binders are derived from renew-
able and bio-based sources, thereby reducing dependence on
petroleum-based feedstocks and promoting a circular economy.
Moreover, the use of aqueous binders eliminates toxic organic
solvents, mitigating greenhouse gas emissions and hazardous
waste disposal concerns. Their energy-efficient processing
further lowers the overall production cost of LIB cathodes. The
adoption of aqueous binders would enhance the safety,
sustainability, and circularity of LIB cathode manufacturing
while aligning with Sustainable Development Goal 7 (Affordable
and Clean Energy).

5 Challenges of aqueous binders

Despite the signicant potential of aqueous binder-based elec-
trodes in LIB cathode fabrication, their electrochemical
performance is still hindered by challenges such as crack
formation, current collector corrosion, and lithium-ion
leaching.6

The primary challenge associated with the aqueous pro-
cessing method is the low colloidal stability of the electrode
slurry, which signicantly hampers the subsequent coating
process. This instability arises from strong electrostatic inter-
actions and hydrogen bonding between water molecules and
the cathode components. During drying, particularly in thick
cathodes required for high energy density applications, these
effects promote crack formation within the electrode structure.6

The primary limitation of the aqueous-based processing
approach lies in the reduced colloidal stability of the electrode
slurry, which poses signicant challenges during the coating
process. This instability is primarily attributed to strong elec-
trostatic interactions and hydrogen bonding between water
molecules and the electrode constituents. Consequently, when
such colloidal dispersions are employed, crack formation
during the drying stage becomes prominent, especially in thick
electrodes, which are essential for achieving high energy
density.6,102

To meet the required high energy density demands of LIBs,
thick cathodes (100–200 mm) are typically required. The drying
pressure of wet-coated cathodes increases with both coating
thickness and mass loading. Notably, an aqueous-processed
NMC cathode with an areal loading of ∼12.5 mg cm−2

remains crack-free. However, slight microcracks begin to
appear at ∼15 mg cm−2, and further increases in mass loading
lead to crack propagation and eventual delamination from the
foil because of its reduced interfacial adhesion.6,103
RSC Sustainability
Rollag et al. investigated the inuence of drying temperature
and electrode thickness on crack formation in NMC cathodes
using SBR binder. Cathodes with areal loadings of 11, 15, and
23 mg cm−2 were dried at 20, 45, and 70 °C. Increased drying
temperatures (45 and 70 °C) led to the formation of more pores
and microcracks due to rapid solvent evaporation and capillary
stress. These effects are attributed to enhanced particle sedi-
mentation and limited diffusion during the drying process,
particularly in thick electrodes, highlighting the critical role of
drying temperature in crack formation.6,103

Furthermore, the reaction of metal oxide-based cathode
materials with water in LIBs signicantly increases the pH of
the aqueous slurry due to the formation of hydroxide species.
This alkalinity promotes corrosion of the aluminum foil, which
typically derives its corrosion resistance from a native
aluminum oxide layer (∼2 nm thick). This protective layer is
robust, self-healing, and stable within a pH range of 4.5–8.5. At
higher pH levels, however, the oxide layer undergoes dissolu-
tion via specic chemical pathways, thereby exposing the
underlying aluminum to corrosive attack and impairing its self-
passivating capability.6,104

The corrosion of the aluminum foil can lead to signicant
issues, including the generation of hydrogen gas, which
becomes trapped within the cathode coating, causing void
formation, cracking, and reduced adhesion to the current
collector.105 Additionally, aqueous corrosion products formed at
high pH may contaminate the electrolyte and react with the
cathode's active material, increasing interfacial resistance. To
mitigate these effects, two primary strategies have been
employed, one of which involves introducing a weak acid into
the slurry prior to coating to lower the pH.6 To mitigate slurry-
induced aluminum corrosion, researchers have traditionally
employed two approaches. The rst involves the use of weak
acids, such as phosphoric acid and formic acid, to reduce the
pH of the aqueous slurry.63,106 The second strategy entails
applying a carbon coating (CC) to the aluminum foil to prevent
direct contact with the corrosive slurry. For instance, Doberdo
et al. introduced a carbon interlayer between the active material
and the aluminum current collector, which effectively improved
interfacial stability, reduced charge transfer resistance, and
enhanced the overall cathode performance.49

Lithium-ion leaching is also a critical issue arising from the
interaction between water and cathode active materials, leading
to reduced accessible capacity and the loss of cyclable lithium.
Recent studies have demonstrated that phosphoric acid can
mitigate these effects in NMC-based cathodes. PA promotes the
formation of a protective metal phosphate layer on the NMC
particle surface, thereby stabilizing the electrode–electrolyte
interface and suppressing lithium and TM dissolution.6,63
6 The industrial perspective of
aqueous binders

The increasing demand for LIBs in applications such as grid
storage, electric vehicles, and portable electronics is driving
rapid growth in the binder market. From an industrial
© 2026 The Author(s). Published by the Royal Society of Chemistry
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perspective, the cost contribution of binders in various battery
chemistries is a critical factor in evaluating economic feasi-
bility. Notably, the choice of binder signicantly inuences the
overall cost structure of battery technologies. The cathode
binders contribute approximately 1.4–1.65% of the total cost in
ternary cathode LIBs and 2.2–2.5% in LiFePO4 batteries. For
instance, the production of a single GWh LiFePO4-based battery
typically consumes 2200–2500 tons of cathode material and
requires approximately 33–37 tons of imported PVDF binder in
China, amounting to a cost of $2.26–2.58 million. Thus, battery
commercialization depends heavily on their cost-effectiveness,
performance, and safety. These factors are crucial for guiding
manufacturers, investors, and researchers in selecting and
developing viable battery systems.107

Interestingly, aqueous binders offer a promising solution to
meet the increasing demand for sustainable energy storage
systems. Given concerns over the potential reproductive toxicity
of PVDF, aqueous binders are emerging as viable alternatives
due to their lower environmental impact and cost. Conse-
quently, battery and materials manufacturers are actively
developing cost-effective and eco-friendly aqueous binders with
comparable performance to PVDF. Notably, PAA is signicantly
more affordable than PVDF in single GWh-scale battery
production, promoting its adoption. Aqueous binders are
therefore particularly well-suited for LiFePO4-based batteries
and large-scale energy storage applications.107

Furthermore, the advancement of aqueous cathode binder
technologies is poised to signicantly inuence the energy
storage industry. Projections estimate that the market value of
next-generation aqueous binder technologies could reach
approximately $50 million by 2025. Based on recent develop-
ments, the production volume of aqueous binders is expected to
range from 1500 to 14 500 tons between 2023 and 2025, corre-
sponding to a market value between $57.29 million and $438
million. Moreover, the demand for Chinese-sourced binder
materials such as CMC and SBR is anticipated to exceed $400
million, highlighting the substantial commercial potential of
aqueous binder systems.107

It is important to emphasize that, at present, Chinese
companies such as Sumitomo Seika Chemicals Co., Ltd, Shan-
dong Gelon LIB Co., Ltd, and Zeon Corporation are among the
major suppliers of commercial aqueous binders for cathode
materials. However, the large-scale commercial adoption of
aqueous-based binders for LIB cathodes remains in its early
stages. To the best of our knowledge, the utilization of aqueous
binders by commercial cell manufacturers is still limited.

7 Conclusion and outlook

The rapid expansion of the LIB market, driven by increasing
demand for energy storage in consumer electronics and electric
vehicles, has intensied research on LIBs. Binders are among
the critical components inuencing LIB electrochemical
performance. Consequently, the development of high-
performance binders for both cathodes and anodes has
garnered signicant attention. While aqueous binders have
been widely explored for anode fabrication, their application in
© 2026 The Author(s). Published by the Royal Society of Chemistry
cathodes remains challenged by several material-specic issues.
Nevertheless, the adoption of aqueous binders for cathode
processing represents a signicant step toward cost-effective
and environmentally sustainable LIB manufacturing.6,98

This review comprehensively summarizes recent advance-
ments in the application of aqueous binders for cathode
materials in LIBs, with a particular focus on their overview,
practical applications (particularly CMC, PAA and CTS binders)
and the industrial perspective. Traditionally, cathode fabrica-
tion employs PVDF as the binder in conjunction with NMP as
the organic solvent to ensure mechanical and electrochemical
stability. However, the high cost of uorinated PVDF and the
toxic, teratogenic nature of NMP, which requires complex and
costly solvent recovery systems, have prompted increasing
interest in environmentally benign, cost-effective aqueous
alternatives.

Thus, the exploration of aqueous binders has provided
valuable insights into improving the sustainability of LIB
cathode manufacturing. LiFePO4 is regarded as the most suit-
able cathode material for aqueous processing due to its rela-
tively low reactivity with water compared to other conventional
cathodes. The superior performance of aqueous binder-based
LiFePO4 electrodes is attributed to their well-maintained
microstructure, enhanced lithium intercalation/
deintercalation kinetics, and reduced swelling of the binder in
organic electrolytes. However, the fabrication of high-capacity,
high-voltage cathode materials using aqueous binders
remains challenging due to their increased sensitivity to
moisture.

Water adversely affects the performance of high-voltage
cathode materials by promoting lithium leaching via cation
exchange (Li+/H+), leading to elevated slurry pH and the
subsequent corrosion of the aluminum current collector. This
corrosion induces hydrogen gas evolution and bubble forma-
tion within the slurry, ultimately causing electrode cracking
during drying. The resulting surface ssures reduce interpar-
ticle cohesion, compromising the electrode's structural integ-
rity and electrical connectivity.

To mitigate cracking and lithium ion leaching during the
fabrication of high-voltage cathode materials such as NMC,
spinel and LRLO, several challenges must be overcome. Binders
enriched with carboxylic acid functional groups have demon-
strated superior electrochemical performance in Li-rich cath-
odes. This highlights the potential of exploring naturally
derived polymers with high carboxyl group content as prom-
ising binder candidates for such cathode systems.

The mitigation of aluminum corrosion during aqueous
processing includes pH adjustment of the slurry using mild
acids (e.g., phosphoric acid), or applying a carbon coating (CC)
to the aluminum foil. The latter also facilitates the formation of
a lithium phosphate layer on cathode particles, suppressing TM
dissolution. Still, the impacts of trace acid additives on lithium
leaching in NMC and LRMOmaterials remain inconclusive and
warrant further investigation. Therefore, in the optimization of
the slurry pH, the interactions between acid additives and
specic cathode chemistries must be considered since the
RSC Sustainability
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optimal additive concentration is closely linked to the structural
properties of the active material.

From a commercial perspective, reducing the binder content
to #3 wt% without compromising mechanical integrity and
adhesion is critical for scalable production. Future research
should prioritize the industrial-scale implementation of
aqueous processing methods for cathode materials. The
successful transition from the laboratory to the large-scale
manufacturing of water-soluble binder-based LIBs hinges on
overcoming challenges such as slurry stability over time and
ensuring consistent reproducibility across production batches.
In addition, aqueous binders should be developed for next-
generation solid-state and Li–S battery cathode materials.
Aqueous binders obtained from bio-derived polymers are
another area of interest in the future application of these
materials in LIBs. Aqueous processing of cathode materials
presents promising opportunities to revolutionize cathode
fabrication, contributing signicantly to the sustainability and
efficiency of LIB technologies.
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49 I. Doberdò, N. Löffler, N. Laszczynski, D. Cericola,
N. Penazzi, S. Bodoardo, G.-T. Kim and S. Passerini, J.
Power Sources, 2014, 248, 1000–1006.

50 N. Loeffler, J. von Zamory, N. Laszczynski, I. Doberdo,
G.-T. Kim and S. Passerini, J. Power Sources, 2014, 248,
915–922.

51 A. Kukay, R. Sahore, A. Parejiya, W. B. Hawley, J. Li and
D. L. Wood III, J. Colloid Interface Sci., 2021, 581, 635–643.

52 R. Demiryürek, N. Gürbüz, G. Hatipoglu, M. Er, H. Malkoc,
O. Guleryuz, G. Uyar, D. Uzun and M. N. Ateş, Int. J. Energy
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