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Biomass-Derived Polymeric Binders in Silicon Anodes for Battery
Energy Storage Applications

Omer S. Taskin®®, Dion Hubble?, Tianyu Zhu?, Gao Liu®*

The demand for portable electronic devices has increased rapidly during past decade, which has driven a concordant growth
in battery production. Since their development as a commercial energy storage solution in 1990s, lithium-ion batteries (LIBs)
have attracted significant attention from both science and industry due to their long cycle life, high energy density, low self-
discharge rate, and high working voltage. Production of LIBs requires large amounts of polymeric binder — commonly
polyvinylidene difluoride (PVDF) — for processing and performance purposes. However, since this material is
petrochemically-derived, it is far from “green” or sustainable. On the other hand, polymers and their building blocks are
found widely throughout nature and can be renewably sourced from biomass at low cost; therefore, replacing PVDF with
biomass-derived binders is a promising approach to reduce the environmental footprint of LIBs. Additionally, polymer
binders play a critical role in next-generation battery performance. For instance, silicon (Si) is a promising high-capacity
anode material for LIBs because of its high theoretical capacity (4200 mAhg?), low working potential, and high abundance
in Earth’s crust. However, its huge volume change during charge/discharge tends to result in shortened cycle life, since
conventional binders interact only weakly with silicon’s native surface and cannot maintain long-term integrity of the
electrode. Naturally-derived polymers have found better success in this role due to their high structural advantages. In this
review, we summarize recent developments in silicon anode binders derived from various biomass sources, with a focus on
polymer properties and their effect on battery performance. We propose various perspectives based on our own assessment

of these works, and provide brief commentary on the future outlook of the field.

Introduction

The past decade has seen rapid growth in the demand for
cheap, portable energy, while at the same time demonstrating
the destructive potential of unchecked, non-renewable energy
production 1 2. Undeniably, one of the most significant
challenges of our time is to develop clean, greener, sustainable
and safe energy sources. Lithium-ion batteries have been widely
deployed in portable electronics such as smart phones and
laptops thanks to their light weight and superior properties.
Advances in battery research also benefit the electrical vehicle
market, as traditional petroleum systems are expected to be
phased out in the near future. Therefore, in recent years,
scientific and industrial research on lithium-ion batteries has
gained great importance in order to meet the increasing need *
3-6_ LIBs are constructed from several major components: an
anode, a cathode, an electrolyte allowing the transport of Li*
ions, a separator to prevent internal short-circuit, and current
collectors for conducting electricity between the interior and
exterior of the cell 712, Notably, each electrode consists of a
redox-active material along with conductive additives and a
polymer binder for cohesion between discrete particles.
Generally, the performance of these devices is highly
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dependent on the characteristics of individual components, and
more importantly, the synergistic effects of the whole
composites 10 13-18 Various materials for anodes, cathodes,
separators, electrolytes, and especially binders have been
designed and produced to enhance the performance of LIBs.
However, due to the high cost and non-renewable origin of
many such materials, investigation of alternative material
resources such as biomass has gained special importance in
recent years. In order to achieve a truly “green” energy
economy using LIBs, there must not only be a transition to
environmentally-friendly energy sources, but also to renewable
materials of manufacture for the devices themselves.

A typical LIB contains two active materials: graphite at the anode and
a lithium-containing ceramic at the cathode. Energy storage is
achieved by shuttling electrons between these two materials,
accompanied by internal migration of lithium ions to balance charge.
Although graphite has been a cornerstone of LIB design since its
commercialization, silicon (Si) has attracted great interest from the
battery community over the past decade as an alternative active
material. Si is seen as a much better anode than graphite due to its
high theoretical capacity (4200 mAh/gs; vs. 372 mAh/gg,) at very low
potential values (<1V vs. Li/Li*). In other words, one equivalent of
silicon can alloy with up to 4.4 equivalents of lithium (Li 4Si / Li»,Sis),
while graphite can only accommodate one lithium atom for each six
carbon atoms. However, silicon has a major drawback: it suffers rapid
capacity loss due to high volume change (up to 400%) during
charge/discharge cycling. This volume change produces cracks in the
electrodes and may break the crucial solid-electrolyte interphase
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(SEI) layer, causing a gradual increase of internal resistance and
depletion of the electrolyte?®.

Altogether, these effects usually cause Si anodes to suffer from low
cycle life, which has prevented their rapid commercialization.
However, great research efforts have been made to avoid these
capacity losses, with high-performance binder development being
one of the most successful strategies. The main function of electrode
binders are as inactive materials to assist in electrode fabrication and
preservation of its structure during operation. Hence — especially for
Si anodes — binders play a key role in maintaining structural stability
and contributing to extended cycle life?.

Biomass can be broadly defined as living organisms and their
byproduct matter.
obtained raw materials and energy from biological sources such

Throughout human history, we have
as animal waste and various terrestrial or aquatic plants; this
type of energy is called biomass energy 2123, For example, the
oldest-known biomass energy sources are firewood, charcoal
and animal manure. More recently, it has become possible to
generate advanced materials from agricultural products, urban
wastes, and agricultural industry wastes 2326, One emerging use
of such biomass-derived materials is to change the
unsustainable parts of electrochemical devices such as binders,
active materials, and separators in energy storage systems. In
recent years, a number of studies have been carried out on the
development of biomass-derived materials for LIBs, and some
important review papers have been presented - 10 21, 27-30_ Cyj
et al. showed a bio-based flexible electronic device based on
nanomaterials 3. Nyholm et al. investigated a flexible cellulose-
based polymer as a binder for energy storage systems 32,
Furthermore, Jabbour et al. reported the development of
cellulose-based binders for LIBs 33. Other
demonstrated energy-storage applications for a wide variety of
natural polymers (lignin, alginate and its derivatives, etc.) 3437,

studies have

In the following review, we provide a brief primer on the role
and processing of binders for LIB applications, as well as
materials production from biomass. We then give an overview
of research, focusing on the latest advances in biomass-derived
polymer binders and their effects on battery performance.
Finally, we summarize these results and provide perspective on
the current outlook of this field.

LIB Binder Basics for Silicon Anodes

Polymeric binders are critical to LIB design, and they can exert
significant effects on electrode stability and capacity loss according
to recent studies. Binder formulation plays an active role in balancing
charge-discharge cycling performance, especially in regards to
resisting electrode disintegration due to volume changes over time
3843 Many novel (synthetic) binders have been proposed in the
scientific literature which are often block or graft copolymers 4454,
particularly those that are electrochemically inactive and designed to
give mechanical reinforcement to the active materials. In general,
the role of the binder is to maintain the mechanical integrity of the
electrode i.e. promote continuous contact between active material,
conductive additives, and the current collector. In order to design
optimum polymer binders for LIBs, a given polymer must be
considerably resistant to dimensional changes during charge-
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discharge cycles, be electrochemically stable, and require only small
amounts to preserve cohesion in order to maintain overall energy
density % 3561, LIB electrodes are prepared by dispersing solid
particles in a solvent solution of the binder, and both the
homogeneity and viscosity of the resulting slurries are crucial.

LIB electrodes are porous composites containing active material
particles and conductive carbon additives, which form an electron
percolation network. This network must remain intact for the battery
to function and therefore an adhesive component i.e. binder is
required.

Binders for LIBs in particular, the following features are desirable:

(i) The binder material should contain polar functional groups such
as -OH, -COOH, -O(CO)R, -SO3H, -CN, etc. to promote strong adhesion
of particles to the current collector metal foil and each other, so that
a charge percolation network is maintained °.

(ii) The binder must remain chemically and physically stable in
contact with an electrolyte, such as ethylene carbonate, propylene
carbonate, etc.3°.

(iii) The binder must have high electrochemical stability at low
potential values®.

(iv) The binder should not have a negative effect on cell impedance,
whether by hindrance of Li* diffusion to the electroactive interface
or in terms of redox reaction kinetics.

(v) The binder must be thoroughly soluble in solvent prepared with
the active material and the conductive additives to produce a paint-
like viscosity. Additionally, it needs to be uniformly dispersed for
better interaction with the materials >°.

(vi) The binder should be low-cost, eco-friendly, and non-hazardous.

Additionally, the solvents required for slurry preparation necessitate
further delineation between organic-solvent-based or water-based
binders.

Interactions between binders and active materials at their interface
are critical to many of the above characteristics. Binders may be
divided into three types based on their interaction mode: 2162

1) Point-surface contact binders (such as

polytetrafluoroethylene [PTFE], SBR, polyacrylate latexes)

2) Segment-surface contact binders (PVDF, PAA, CMC, PVA,
and PAN, etc.)

3) Network-surface contact binders, such as three-

dimensional (3D) networks used as a cross-linked binder 3¢
57, 63-66

Organic solvents are more expensive and more harmful to the
environment because of their flammability, toxicity and contribution
to volatile organic compound (VOC) content in Earth’s atmosphere.
As a result of their environmental and cost advantages, water-based
binders have gained a great interest over the last decade °7- 63 66-70,

As an example of an organic-solvent-based binder, polyvinylidene
difluoride (PVDF) is the conventional choice for preparation of
commercial LIB electrodes due to its electrochemical stability and
excellent bonding strength with active materials such as graphite 62.
However, although polyvinylidene difluoride (PVDF) is widely used in
traditional designs, it is not appropriate for Si anodes with high

This journal is © The Royal Society of Chemistry 20xx
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capacity due to its poor interaction with Si particles. Its relatively
weak van der Waals forces cannot stand the large volume expansion
during the lithium insertion’’. PVDF also has other drawbacks,
starting with its solubility properties: PVDF is poorly soluble in most
solvents and requires use of N-methylpyrrolidone (NMP) for
processing. This solvent, like PVDF itself, is petroleum-derived, and
also a known reproductive toxin. Therefore, much recent effort has
been dedicated to replacing NMP with less-harmful solvents, like
water, which necessitates replacement of the binder as well.
Additionally, when PVDF is used along with lithium salts, Li may
directly react with the PVDF binder. Because of the formation of LiF
during their reaction with lithium and electrolyte precursors can
easily decline the charge-discharge cycle of LIBs 72. Finally, the
reaction between Li and fluorinated polymers is exothermic and may
initiate thermal leakage and self-heating reactions, contributing to
LIB safety concerns. Altogether, these drawbacks have incentivized
new research into eco-friendly and low-cost binders to replace PVDF.

Biomass Materials

Since biomass is a vast resource and can be obtained nearly
anywhere, it may be seen as an appropriate and significant
source of energy and materials when harvested sustainably. Its
utilization can also help the socio-economic development of
rural areas, which tend to possess it in abundance’3. Plants such
as corn, wheat, herbs, and algae, maritime wastes, animal feces,
fertilizer, industrial wastes, etc. can all be viewed as a source of
biomass materials, in addition to the organic wastes discharged
from households such as fruit and vegetable residues. Another
advantage of biomass materials is that their usage costs are low
due to their high abundance in nature’. Approximate costs of
biopolymers that can be used as binders in LIBs are given in
Table 1. Thanks to these advantages, the use of biomass is
becoming increasingly important to solve global energy
problems due to the limited fossil fuel resources 3% 7577,

Biomass is used for different purposes in various fields, and the
application type depends on its chemical and physical
properties. For instance, the polysaccharide cellulose, which
forms the skeletal structure of plants, is an important polymeric
raw material due to its chemical structure. Cellulose consists of
pyranose D-glucose molecules connected linearly through B-
(1,4) linkages, and it has a versatile, semi-crystalline fibrous
morphological structure. Cellulose nanocrystals are rod-shaped
particles with high crystallinity and are obtained from
lignocellulosic raw material sources 7882, In recent years, the
production of cellulose nanocrystals from roots, stems, straw,
leaves, and shells, etc. has significantly increased. Therefore,
the use of plant waste as a source of lignocellulosic raw
materials has accelerated due to its economic and
environmental benefits. Cellulose-based nanomaterials are
divided into two classes according to their extraction method
and fiber dimensions; (i) cellulose nanocrystals, cellulose
nanocrystallites or nanocrystalline cellulose; (ii) cellulose
nanofibrils, microfibrillated cellulose or nanofibrillated
cellulose. The latter material is made directly from wood 83 84;
micro-fibril cellulose obtained from wood fiber tracheid has a
multi-channel, mesoporous which

intracellular  transport of mineral

structure enables

water and salts.

This journal is © The Royal Society of Chemistry 20xx
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Microfibrillated cellulose is produced by delaminating the wood
pulp with mechanical pressure before chemical or enzymatic
treatment. Plants and microorganisms can form cellulose
macromolecules with different conformation and
polymerization degrees; extraction from wood, bacteria or
Cladophora algae can produce materials with different

crystallographic forms and degrees of crystallinity (Figure 1) 7%
83

CMC, alginate and chitin are a few examples of water-soluble
binders. Derived from abundant biomass such as plants and bacteria
CMC has received significant attention as a water-soluble,
inexpensive, green chemical that can avoid disposal problems 33. 83,
85 8, Chitin is also a biopolymer, formed by the linkage of 2-
acetamido-2-deoxy-B-D-glucose monomers through -(1,4) bonding.
Chitin is characterized by a polysaccharide structure with a large
number of polar organic moieties, and it is the second-most-common
biopolymer in nature after cellulose, being readily found in marine
life, fungi, and arthropods 36 8790 Carboxylic acid functional
biopolymers such as CMC, alginic acid, etc. are generally modified
with a base solution to make their salt form (CMC-Na, sodium
alginate, etc.) which will be more water-soluble. Natural biological
polymers are generally abundant in biomass and are easily accessible
from a range of sources, such as forest products, grasses, tunicates,
crustacea, and stalks®?.

Besides cellulose, many polysaccharides like alginate,
carrageenan, agar or chitin can be isolated from various marine
source such as algae, arthropods or corals. Since these
organisms live in different marine environments, they can be
used in a high range of applications such as bioengineering,
pharmaceutical, chemical industries, and food technology.
Other useful polysaccharides include amylopectin, a highly-
branched polymer commonly found in plants, and pB-
cyclodextrin, a cyclic molecule formed by enzymatic treatment
of starch. Many researchers have also produced novel
polymeric materials based on dopamine, a catechol-bearing
amino acid found in bioadhesive proteins.

Among all synthetic binders from the petrogenic sources, PVDF
has a high electrochemical stability and is commercially
employed as binder for LIBs. However, limitation remains.
Primarily, PVDF is expensive due to complicated synthesis
process. Furthermore, NMP is generally used as solvent to
dissolve PVDF, that increases the cost and contaminate the
environment. Lastly, PVDF solution is quite delicate to humidity
in air that affect the viscosity, this seems same as few biomass-
based polymers. Hence, the improvement of cheaper, greener,
and better performance binders is significant for battery
technology. Concordantly, some natural polymers or their
derivatives, such as alginate, CMC, polycatechols, amylopectin,
B-CD and polydopamine have been discovered to provide as
green and vigorous binders to overcome the above mentioned
deficiencies of PVDF or huge volume change of Si-based
materials.

All of the above materials have been investigated as LIB binders.
The advantages/disadvantages of some typical biomass-derived
binders and the comparisons between them are presented in

J. Name., 2013, 00, 1-3 | 3
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Table 1. Natural polymers such as CMC, alginate, polycatechols,
amylopectin, B-CD and polydopamine share the common
advantages of being eco-friendly and abundant. Cells using
these “green” binders typically display long cycle life, high
energy density, and/or better safety compared to conventional
designs, not to mention the low cost and inherently-sustainable
production of these materials. Additionally, many biomass-
based polymers can be engineered to be water soluble and
support electrode aqueous processing, which can lower
fabrication cost and reduce the safety/environmental impact of
manufacturing.

A final advantage of using biomass-derived binders in
comparison to PVDF is their stronger adhesion to silicon
surfaces thanks to carboxylic acid and hydroxyl functionality. In
other words, higher performance can potentially be achieved by
using less binder, which means a higher ratio of active material.
Like PVDF, the majority of biomass polymers mentioned here
fall into the category of segment-surface contact binders: after
coating, the polymer segments adhere to the surface of the
active materials. In some cases, these polymers may be cross-
linked network through chemical or thermal processes to
produce three-dimensional (3D) networks. Although 3D
network binders lead to high adherence, they are more difficult
to manufacture while maintaining overall flexibility®2.

Recently-Reported Biomass-Derived Binders

Carboxymethylcellulose. Carboxymethylcellulose (CMC) is a
synthetic, water-soluble cellulose ether derivative that is white-
to-yellowish in color and fibrous. This polymer and its salts are
commonly used as viscosity enhancers, emulsion stabilizers,
and thickeners in food, pharmaceutical and cosmetic products
33,36,93, CMC is soluble in hot and cold water, insoluble in most
organic solvents, and compatible with water/alcohol systems. It
increases aqueous solution viscosity without gelling, but it can
also be cross-linked very easily. CMC is stiffer than PVDF: the
Young's moduli of CMC and PVDF are 4100 and 650 MPa,
respectively 2°.

Electrodes made using CMC often show higher performance
than PVDF?®3. In fact, the sodium carboxylate salt of this material
(NaCMC) is very commonly studied as a binder for Li-ion
negative electrodes, especially those based on Si. As an
illustrative study, two NaCMCs with different degrees of
carboxymethyl substitution DS = 0.6 and DS = 1.27 were
compared as binders by Li et al. 82. In another study, Lee et al.
discovered that NaCMC (DS = 0.6) provides better adhesion of
the electrode to current collector and more uniform dispersion
of the electrode slurry than DS = 1.27 7°. Curiously, little
difference between initial coulombic efficiency was observed,
which the authors explained by proposing that the -OH groups
are not involved in irreversible reactions with Li. Drofenik et al.
demonstrated that increasing the amount of NaCMC did not
increase the capacity of Si electrodes, meaning the number of -
OH groups had no effect on the irreversible capacity loss °3. In
this study, NaCMC binder produced better performance than
other polymers when electrodes were cycled between 0.18 and

4| J. Name., 2012, 00, 1-3

0.9 V. More than 1100 mAh g discharge capacity was observed
after 66 cycles in a cell at 0.1 C (Figure 2).

Alginate. Alginic acid, a copolymer of B-(1-4)-D-mannuronic
acid and a-(1-4)-L-guluronic acid in varying ratios (Figure 3A), is
a major constituent of brown algae (Phaeophyta). Alginates are
hydrophilic colloidal substances which, in recent years, have
been widely studied for biochemistry and Li-ion battery
applications. One of the best examples comes from Kovalenko
and colleagues, who obtained high-performance Si anodes for
Li-ion batteries using sodium alginate as a binder ?4. Compared
to the commercially available PVDF, the alginate binder
(structurally characterized by NMR (Figure 3B)) showed much
better cell performance and mechanical strength. Importantly,
the Young’s modulus of PVDF was severely reduced when
swelled with electrolyte, but no change in the hardness of the
alginate is observed. The mechanical robustness of alginate is
considered to be one of the main factors that enables long cycle
life in Si anodes, due to its tolerance of large volume changes
from the active material. Although alginate shares many
structural features with CMC, carboxylate groups on the
polymer chain provides great advantages, especially for Li* ion
transport with the formation of lithium carboxylate through the
binder layer. In addition, carboxylates are known to provide
specific binding interactions with the Si surface, forming
covalent and/or hydrogen bonds with naturally-present silanol
groups °% %, Due to this critical blend of characteristics, the
alginate along with Si nanopowder was able to reversibly store
1200 mAh g discharge capacity for more than 1300 cycles at
1.2 A g (Figure 3C). When fully charged/discharged at a high
rate of 4.2 A g (Figure 3D), the reversible capacity of such an
anode was much higher than that of cells produced with the
other binders such as PVDF and CMC, even for the 100t cycle
%, Notably, the observed capacity was ~5x higher than the
theoretical limit of graphite, and 9-13x higher than its
experimentally-observed capacity at such high rate.

B-Cyclodextrin. Propounded first in 1891 by French chemist
Villier,
cyclodextrins(CDs) are oligosaccharides consisting of six or
more glucopyranose units bound by a-1,4 glycosidic bonds.
They are produced from an intermolecular transglycosylation of

who observed crystals in waste alcohols,

starch, aided by the glycosyltransferase enzyme %78, In the so-
called B-CD molecule, consisting of 7 repeat units, each
glucopyranose can form hydrogen bonds with neighboring
hydroxyl groups. With the help of these bonds, a secondary
structure forms in the molecule to give the B-CD a very robust
shape. In fact, B-CD has poor solubility in water due to
intramolecular hydrogen bonding, since these bonds reduce the
ability of B-CD to interact with water molecules in the
environment. However, B-CD is the still most widely used and
preferred type of CD due to its low cost.

Although its low solubility restricts its applications, chemical
modification of B-CD enables uses of the derivatives as binders.
Choi and colleagues have demonstrated that a B-CD-based (B-
CDp) binder is very effective for Si nanoparticle anodes in
lithium cells because it reduces the decomposition rate in
silicon during the lithiation-delithiation process 8. In this study,

This journal is © The Royal Society of Chemistry 20xx
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it was found that pristine B-CDp aggregated promptly due to
intramolecular hydrogen bonding, which weakened the overall
mechanical durability of the Si electrode. However, when
combined into a hybrid complex with alginate, B-CDp lent
ductility to the network structure owing to its interaction with
carboxylate groups (COO") (Figure 4A); such interactions have

This journal is © The Royal Society of Chemistry 20xx
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the ability to repair damaged structures 4L 99 100 Thys,
compared to the pristine B-CDp, it was observed that the hybrid
complex produces better capacity and retention (Figure 4B).
The low cost and ease of modification for B-CD makes it a
promising choice for lithium-ion electrode binders.

J. Name., 2013, 00, 1-3 | 5
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Table 1. Comparison of typical biomass-derived binders with PVDF.

Cost

Binder Scope Advantages Disadvantages ($/ke) Structure Performance Ref.
g
Cathode Expensive/ sensitive 'TI I|: 260 mAh gt
PVDF s, Si Electrochemical stability to moisture/ low 25-32 <|3—(|3 after 50 cycles 101-104
anodes cycling capacity H Fl, at0.1C
Carbon
High source/ high viscosity/ Low flexibility/ 0
based ) ) . ; B ol 1200 mAh gt
. little required/ cheap/ variable chemical i. f Y % P B 82, 84,105,
CMC-Na and Si, . . . . 2-4 ls; o L= ¥ after 80 cycles
environmentally-friendly/ structure/ viscosity on o 106
Sn, Ge ! o Y at0.2¢C
stiff can be limiting e
anodes
. High stiffness electrolyte/ Variable molecular
Siand L o w | 1200 mAh g
. Algae sources/ low ionic structure/ AR i\ 34, 94,107,
Alginate Sn - . 11-15 Ren opl ~ after 1250
impedance/ evenly unpredictable slurry b e 108
anodes L . . oo cycles at 1C
distributed carboxyl groups viscosity
i HO. 1500 mAh gt
i
B-CD 4 Starch sources/ eco-friendly Low viscosity 3-5 on DO after 50 cycles ~ 97.98109
anodes
on I, at0.2C
OH 2100 mAh gt
Si High source/ cheap/ . . €
Polycatechols . . Low viscosity 2-3 o o}  after 400 87,110-113
anodes environmentally-friendly n
OH cycles at 0.5C
Siand é@ 800 mAh g
X . Easily degraded/ JERUNE &
Amylopectin Ge Eco-friendly/ starch sources e 5-8 S Q ) after 50 cycles 114,115
low viscosity e &
anodes e at 0.4C
need to use another 7 e 1074 mAh gt
3 Si Eco-friendly/ obtained from . &
Polydopamine . precursor/ variable 4-7 after 300 116-120
anodes plant and animals/ cheap . .
slurry viscosity " " cycles at 0.5C
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Figure 2. Cycling performance of cells each having
Si80/SS12/CMC8, Si80/SS12/SBR4ACMC4, and Si80/SS12/
PVDF8 electrodes. Copyright 1997, Electrochemical Society

Polycatechols. Mussels are marine bivalves composed of
double shells interlocked with very strong bonds. These
creatures firmly anchor themselves on all kinds of surfaces
such as pier posts, dock walls, and rocks using bio-adhesive
byssus fibers; a medium-sized mussel has approximately 150
of them 110 111  Different studies have shown that these
protein fibers owe their adhesion to surface catechol groups,
which has led to the development of bio-inspired materials

from this functionality 63121, Park et al. investigated the use
of a catechol-functionalized-alginate complex as a binder In
2013 (Figure 5A) '1 Si and catechol-alginate interaction
enabled better electrochemical performance compared to
the electrodes with alginate alone (Figure 5C). Importantly,
the catechol molecular group can be easily attached to
different functional substrates via dopamine to achieve
stronger secondary interactions, resulting in improved
adhesion and mechanical strength against the volumetric
changes of Si 110, 111, 122 For jnstance, Zhao et al. have
synthesized a conductive adhesive using mussel-inspired
catechol (Figure 5B) 119, This polymer was incorporated as a
Si-anode binder, providing both conductivity and strong
mechanical integrity. The biomimetic conductive polymer
binder with Si active material enabled very stable cycling
performance of a thick electrode >3 mAh cm-2 (1000 mAh g
1) at 0.1C (Figure 5D) 110,

Amylopectin. Amylopectin has a branched polysaccharide
structure, where each branch consists of 20-30 glucose units.
The branched and linear regions of this structure are
connected to each other by a-(1,6) and a-(1,4) bonds,
respectively. Amylopectin is the major essential component
of nearly all starches found in nature. It is considered one of
the most important biomass resources in terms of its
functional properties.

HO7——
HO /

HOOC
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0.2+
0.0+

Intensity (a.u.) o

(c)
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= 2000 100 o
= Fu insertion at 1200 mAh g\ =]
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Figure 3. Alginate, a natural polysaccharide extracted from brown algae (A). Specific capacity and coulombic efficiency of alginate based
silicon anode (B). 'H NMR spectrum of alginate (C). Comparison of reversible capacity of alginate binder with CMC, PVDF (D) #. Copyright ©

2011, American Association for the Advancement of Science
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Figure 4. lllustration of B-CDp-and-alginate-based binder structure (A) Cycling performance of Si electrodes based on a hybrid binder
approach employing different ratios of B-CDp and Alg. (B) Copyright (2014) American Chemical Society.

The chain distribution of amylopectin, which varies based on
source, is the major determinant of its characteristics 114 123,
124 Although amylopectin has not been reported much in the
literature as a silicon anode binder in LIBs, a couple of studies
have been published. Recently, Komaba et al. have examined
the use of amylopectin as a binder in silicon anode Li-ion
batteries and demonstrated Si-based electrodes with much-
higher capacity and better cycling performance compared to

PVDF binder (800 mAh g after 50 cycles) (Figure 6). The
most important factor in amylopectin’s binder performance
is its degree of branching '4; however, its reduced adhesion
and smaller number of hydroxyl groups compared to other
biomass-derived binders may limit its potential in this area.
We suggest that it may find better use as a minor component
of polymer composites, perhaps functioning as a branched
cross-linker.
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Figure 5. Mussel-inspired catechol polymer binder (A) The cycling performance of the Si electrodes based on the Alg-C, Alg and PVDF binders
measured at C/2 (B) A catechol and pyrene-based conductive polymer backbone (C) Electrochemical performance of PPy-Cat-C-Si anode (D).
(A-B) Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, (C-D) Copyright 2018 American Chemical Society
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Figure 7. Schematic illustration of the synthetic procedure for polydopamine-Si based nanomaterials (A) Specific capacity of a silicon anode
using polydopamine based binder (B). Copyright 2014 American Chemical Society.

Dopamine. Dopamine is a naturally produced chemical in the
body. In the brain, it acts as a neurotransmitter by activating
dopamine receptors. Various plants can produce dopamine and
the maximum concentrations of dopamine have been found in
bananas which is about 40 to 50 ppm. Broccoli, potatoes, and
avocado can contain at levels of 1 ppm or more; tomatoes,
orange, beans, spinach have concentrations of less than 1 ppm.
Polydopamines have been used for variety of applications
including silicon anode material for LIBs. Chen et al. reported that
a polydopamine-based nanocomposite (Figure 7A) shows 1074
mAh g specific discharge capacity after 300 cycles and good
cycling stability as an anode material for LIBs (Figure 7B)*16,

Conclusions

In this review, we introduced several of the most popular biomass
resources — cellulose and its derivatives, alginates, cyclodextrins,
polycatechols, amylopectins, and polydopamines - and

summarized their application as electrode binders for silicon
anodes in Li-ion batteries. According to existing research on next-
generation LIBs, polymer binders play a significant role in device
performance, and biomass-derived binders pose a promising
alternative to the conventional ones used in lithium-ion batteries.
However, biomass-derived binders have several critical
disadvantages which must be overcome such as low adhesion to
nonpolar (i.e. carbon) surfaces, high moisture uptake, varying
quality, and stiffness.

Biomass-based materials are expected to find wider use, not only
for silicon anodes, but also in Li-S or Li-air batteries within the
coming years. Additionally, many such materials can be sourced
from existing biomass waste streams. In other words, eco-
friendly, low-cost, sustainable, recyclable and reusable biomass-
derived polymers may enable the development of more
environmentally-friendly, cost-effective, and higher-performing
battery systems. Note that biomass-derived binders supported
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with certain other functional materials may improve adhesion
and flexibility on the current collector. In the future, other
biomass materials with different functional properties such as
lignin, melanin, marine-environment polysaccharides, and
biomass from environmental wastes, etc. can potentially find use
in battery systems. The reusability of biomass waste for battery
production provides a low-cost and eco-friendly path to meet the
energy needs of the 215t century.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

Omer S. Taskin is grateful for the financial support from the
Scientific and Technological Research Council of Turkey
(TUBITAK, BIDEB-2219 International Postdoctoral Research
Scholarship Program).

Notes and references

1. F. Yu, S. Li, W. Chen, T. Wu and C. Peng, ENERGY &
ENVIRONMENTAL MATERIALS, 2019, 2, 55-67.

2. M. Ling, J. X. Qiu, S. Li, H. Zhao, G. Liu and S. Q. Zhang,
J. Mater. Chem. A, 2013, 1, 11543-11547.

3. S. Srivastava, J. L. Schaefer, Z. Yang, Z. Tu and L. A.
Archer, Advanced Materials, 2014, 26, 201-234.

4, M. Armand and J. M. Tarascon, Nature, 2008, 451, 652-
657.

5. Z.H.Li,J. P.Ji,Q. Wu, D. Wei, S. Y. Li, T. F. Liu, Y. He, Z.
Lin, M. Ling and C. D. Liang, Nano Energy, 2020, 67.

6. H. D. Yuan, T. F. Liu, Y. J. Liu, J. W. Nai, Y. Wang, W. K.
Zhang and X. Y. Tao, Chemical Science, 2019, 10, 7484-
7495.

7. L. F. Li, J. M. Chang, L. P. Cai and S. Q. Shi, Bioresources,
2017, 12, 7975-7985.

8. G. Wang, N. Chandrasekhar, B. P. Biswal, D. Becker, S.

Paasch, E. Brunner, M. Addicoat, M. H. Yu, R. Berger and
X. L. Feng, Advanced Materials, 2019, 31.

9. J. Li, L. Christensen, M. N. Obrovac, K. C. Hewitt and J.
R. Dahn, Journal of the Electrochemical Society, 2008,
155, A234-A238.

10. T.D. Dao, J. E. Hong, K. S. Ryu and H. M. Jeong, Chemical
Engineering Journal, 2014, 250, 257-266.

11. J. Guo, X. Chen and C. Wang, Journal of Materials
Chemistry, 2010, 20, 5035-5040.

12. J. Song, D. S. Jensen, D. N. Hutchison, B. Turner, T.

Wood, A. Dadson, M. A. Vail, M. R. Linford, R. R.
Vanfleet and R. C. Davis, Advanced Functional
Materials, 2011, 21, 1132-1139.

13. G. Z. Zhang, Y. Yang, T. Zhang, D. W. Xu, Z. W. Lei, C. Y.
Wang, G. Liu and Y. H. Deng, Energy Storage Materials,
2020, 24, 432-438.

14. D. Kai, M. J. Tan, P. L. Chee, Y. K. Chua, Y. L. Yap and X.
J. Loh, Green Chem., 2016, 18, 1175-1200.
15. M. N. Collins, M. Nechifor, F. Tanasa, M. Zanoaga, A.

McLoughlin, M. A. Strozyk, M. Culebras and C. A. Teaca,
Int. J. Biol. Macromol., 2019, 131, 828-849.

10 | J. Name., 2012, 00, 1-3

16.

17.

18.

19.

20.

21.

22.

23.

24,
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 10 of 12

H. Gwon, J. Hong, H. Kim, D. H. Seo, S. Jeon and K. Kang,
Energy & Environmental Science, 2014, 7, 538-551.

E. Foreman, W. Zakri, M. H. Sanatimoghaddam, A.
Modjtahedi, S. Pathak, A. G. Kashkooli, N. G. Garafolo
and S. Farhad, Advanced Sustainable Systems, 2017, 1.
H. Zhang, M. Armand and T. Rojo, Journal of the
Electrochemical Society, 2019, 166, A679-A686.

A. Casimir, H. Zhang, O. Ogoke, J. C. Amine, J. Lu and G.
Wu, Nano Energy, 2016, 27, 359-376.

C. Luo, L. Du, W. Wu, H. Xu, G. Zhang, S. Li, C. Wang, Z.
Lu and Y. Deng, ACS Sustain. Chem. Eng., 2018, 6,
12621-12629.

L. Zhang, Z. Liu, G. Cui and L. Chen, Progress in Polymer
Science, 2015, 43, 136-164.

X. Y. Niu, J. Q. Zhou, T. Qian, M. F. Wang and C. L. Yan,
Nanotechnology, 2017, 28.

X. Hu, K. Nango, L. Bao, T. T. Li, M. D. M. Hasan and C. Z.
Li, Green Chem., 2019, 21, 1128-1140.

H. R. Wan and X. F. Hu, Solid State lon., 2019, 341, 8.
M. J. Yuan, X. T. Guo, Y. Liu and H. Pang, J. Mater. Chem.
A, 2019, 7, 22123-22147.

G. Y. Zhao, D. F. Yu, H. Zhang, F. F. Sun, J. W. Li, L. Zhu,
L. Sun, M. Yu, F. Besenbacher and Y. Sun, Nano Energy,
2020, 67, 10.

M. Eguchi, M. Momotake, F. Inoue, T. Oshima, K. Maeda
and M. Higuchi, ACS Applied Materials & Interfaces,
2017, 9, 35498-35503.

R. Guterman, V. Molinari and E. Josef, Angew. Chem.-
Int. Edit., 2019, 58, 13044-13050.

N. L. Wu, Y. T. Weng, F.S. Li, N. H. Yang, C. L. Kuo and D.
S. Li, Progress in Natural Science-Materials
International, 2015, 25, 563-571.

H. Choi, P. No, Y. J. Lee and J. H. Choi, Journal of Applied
Electrochemistry, 2017, 47, 1127-1136.

L. F. Cui, Y. Yang, C. M. Hsu and Y. Cui, Nano. Lett., 2009,
9, 3370-3374.

L. Nyholm, G. Nystrom, A. Mihranyan and M. Strgmme,
Advanced Materials, 2011, 23, 3751-3769.

L. Jabbour, R. Bongiovanni, D. Chaussy, C. Gerbaldi and
D. Beneventi, Cellulose, 2013, 20, 1523-1545.

J. Liu, Q. Zhang, Z.-Y. Wu, J.-H. Wu, J.-T. Li, L. Huang and
S.-G. Sun, A high-performance alginate hydrogel binder
for the Si/C anode of a Li-ion battery, 2014.

H. Li, D. Yuan, C. H. Tang, S. X. Wang, J. T. Sun, Z. B. Li,
T. Tang, F. K. Wang, H. Gong and C. B. He, Carbon, 2016,
100, 151-157.

T. C. Nirmale, B. B. Kale and A. J. Varma, Int. J. Biol.
Macromol., 2017, 103, 1032-1043.

J. D. Zhu, C. Y. Yan, X. Zhang, C. Yang, M. J. Jiang and X.
W. Zhang, Progress in Energy and Combustion Science,
2020, 76.

G. G. Eshetu and E. Figgemeier, Chemsuschem, 2019,
12, 2515-2539.

L. J. Kong, S. H. Tian, Z. H. Li, R. S. Luo, D. S. Chen, Y. T.
Tu and Y. Xiong, Renewable Energy, 2013, 60, 559-565.
L. M. Wei and Z. Y. Hou, J. Mater. Chem. A, 2017, 5,
22156-22162.

C. K. Chan, H. L. Peng, G. Liu, K. Mcllwrath, X. F. Zhang,
R. A. Huggins and Y. Cui, Nature Nanotechnology, 2008,
3, 31-35.

Y. Wang, D. Dang, D. Li, J. Hu and Y.-T. Cheng, Journal of
Power Sources, 2019, 425, 170-178.

This journal is © The Royal Society of Chemistry 20xx



Page 11 of 12

43.

44,

45.

46.
47.
48.
49.

50.

51.
52.
53.
54.
55.
56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

Green Chemistry

A. Magasinski, B. Zdyrko, |. Kovalenko, B. Hertzberg, R.
Burtovyy, C. F. Huebner, T. F. Fuller, I. Luzinov and G.
Yushin, ACS Applied Materials & Interfaces, 2010, 2,
3004-3010.

N. Yuca, M. E. Cetintasoglu, M. F. Dogdu, H. Akbulut, S.
Tabanli, U. Colak and O. S. Taskin, International Journal
of Energy Research, 2018, 42, 1148-1157.

O. S. Taskin, B. Kiskan, J. Weber and Y. Yagci,
Macromolecular Materials and Engineering, 2015, 300,
1116-1122.

N. Yuca, O. S. Taskin and E. Arici, Energy Storage, n/a,
e94.

Y. Zhao, Y. Q. Kang, Y. H. Jin, L. Wang, G. Y. Tian and X.
M. He, Progress in Chemistry, 2019, 31, 613-630.

0. S. Taskin, B. A. Temel, M. A. Tasdelen and Y. Yagci,
Eur. Polym. J., 2015, 62, 304-311.

S. Y. Jang and S. H. Han, Journal of Nanoscience and
Nanotechnology, 2019, 19, 6617-6624.

Q. Li, D. N. Li, H. D. Wang, H. G. Wang, Y. H. Li, Z. J. Si
and Q. Duan, Acs Applied Materials & Interfaces, 2019,
11, 28801-28808.

in Dyes and Chromophores in Polymer Science, DOI:
10.1002/9781119006671.ch3.

E. Bulut, E. Gizel, N. Yuca and O. S. Taskin, Journal of
Applied Polymer Science, 2020, 137, 48303.

0. S. Taskin, B. Kiskan, A. Aksu, N. Balkis, J. Weber and
Y. Yagci, Chem. Eur. J., 2014, 20, 10953-10958.

J. H. Zhao, T. Kang, Y. L. Chu, P. Chen, F. Jin, Y. B. Shen
and L. W. Chen, Nano Research, 2019, 12, 1355-1360.
H. Zhao, Y. Wei, R. Qiao, C. Zhu, Z. Zheng, M. Ling, Z. Jia,
Y. Bai, Y. Fu, J. Lei, X. Song, V. S. Battaglia, W. Yang, P. B.
Messersmith and G. Liu, Nano Letters, 2015, 15, 7927-
7932.

J. Dominguez-Robles, R. Sanchez, P. Diaz-Carrasco, E.
Espinosa, M. T. Garcia-Dominguez and A. Rodriguez, Int.
J. Biol. Macromol., 2017, 104, 909-918.

S. Lim, H. Chu, K. Lee, T. Yim, Y. J. Kim, J. Mun and T. H.
Kim, Acs Applied Materials & Interfaces, 2015, 7, 23545-
23553.

A. Urbanski, A. Omar, J. Guo, A. Janke, U. Reuter, M.
Malanin, F. Schmidt, D. Jehnichen, M. Holzschuh, F.
Simon, K. J. Eichhorn, L. Giebeler and P. Uhlmann,
Journal of the Electrochemical Society, 2019, 166,
A5275-A5286.

Z. Wang, P. Tammela, P. Zhang, J. Huo, F. Ericson, M.
Strgmme and L. Nyholm, Nanoscale, 2014, 6, 13068-
13075.

Y. Shi, X. Zhou and G. Yu, Accounts of Chemical
Research, 2017, 50, 2642-2652.

P.-F. Cao, G. Yang, B. Li, Y. Zhang, S. Zhao, S. Zhang, A.
Erwin, Z. Zhang, A. P. Sokolov, J. Nanda and T. Saito, ACS
Energy Letters, 2019, 4, 1171-1180.

D. Liu, Y. Zhao, R. Tan, L. L. Tian, Y. D. Liu, H. B. Chen and
F. Pan, Nano Energy, 2017, 36, 206-212.

H. Lee, B. P. Lee and P. B. Messersmith, Nature, 2007,
448, 338-341.

J. Ryuy, S. Kim, J. Kim, S. Park, S. Lee, S. Yoo, J. Kim, N. S.
Choi, J. H. Ryu and S. Park, Advanced Functional
Materials, DOI: 10.1002/adfm.201908433.

X. H. Yu, H. Y. Yang, H. W. Meng, Y. L. Sun, J. Zheng, D.
Q. Ma and X. H. Xu, Acs Applied Materials & Interfaces,
2015, 7, 15961-15967.

This journal is © The Royal Society of Chemistry 20xx

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

M. D. Zheng, C. X. Wang, Y. L. Xu, K. Q. Li and D. Liu,
Electrochimica Acta, 2019, 305, 555-562.

M. Raja, B. Sadhasivam, R. J. Naik, R. Dhamodharan and
K. Ramanujam, Sustain. Energ. Fuels, 2019, 3, 760-773.
M. Ling, Y. N. Xu, H. Zhao, X. X. Gu, J. X. Qiu, S. Li, M. Y.
Wu, X. Y. Song, C. Yan, G. Liu and S. Q. Zhang, Nano
Energy, 2015, 12, 178-185.

H. Zhao, Z. Wang, P. Lu, M. lJiang, F. Shi, X. Song, Z.
Zheng, X. Zhou, Y. Fu, G. Abdelbast, X. Xiao, Z. Liu, V. S.
Battaglia, K. Zaghib and G. Liu, Nano Letters, 2014, 14,
6704-6710.

C. B. Farinha, J. de Brito, R. Veiga, J. M. Fernandez, J. R.
Jimenez and A. R. Esquinas, Materials, 2018, 11, 27.

J. Liu, H. Yuan, X. Tao, Y. Liang, S. J. Yang, J.-Q. Huang,
T.-Q. Yuan, M.-M. Titirici and Q. Zhang, EcoMat, 2020,
2,e12019.

X. Zhao, S. Niketic, C.-H. Yim, J. Zhou, J. Wang and Y.
Abu-Lebdeh, ACS Omega, 2018, 3, 11684-11690.

M. M. Tun, D. Juchelkova, M. M. Win, A. M. Thu and T.
Puchor, Resources, 2019, 8, 81.

S. A. Bhawani, A. H. Bhat, F. B. Ahmad and M. N. M.
Ibrahim, in Polymer-based Nanocomposites for Energy
and Environmental Applications, eds. M. Jawaid and M.
M. Khan, Woodhead Publishing, 2018, DOI:
https://doi.org/10.1016/B978-0-08-102262-7.00023-4,
pp. 617-633.

J. La Nasa, F. Di Marco, L. Bernazzani, C. Duce, A. Spepi,
V. Ubaldi, I. Degano, S. Orsini, S. Legnaioli, M. R. Tine, D.
De Luca and F. Modugno, Polymer Degradation and
Stability, 2017, 144, 508-519.

T.Y. Zheng, T. Zhang, M. S. de la Fuente and G. Liu, Eur.
Polym. J., 2019, 114, 265-270.

Y. Wu, E. Rahm and R. Holze, J. Power Sources, 2003,
114, 228-236.

S. Zhou, L. Nyholm, M. Stremme and Z. Wang, Accounts
of Chemical Research, 2019, 52, 2232-2243.

D. Lee, H. Park, A. Goliaszewski, Y. K. Byeun, T. Song and
U. Paik, Industrial & Engineering Chemistry Research,
2019, 58, 8123-8130.

S. M. Cao, X. Feng, Y. Y. Song, X. Xue, H. J. Liu, M. Miao,
J. H. Fang and L. Y. Shi, Acs Applied Materials &
Interfaces, 2015, 7, 10695-10701.

C. Wang, M. M. Tian, Y. Xin, X. Zhang and X. W. Yang,
Cellulose, 2019, 26, 8025-8036.

J. Li, R. Lewis and J. Dahn, Electrochemical and Solid
State Letters, 2007, 10, A17-A20.

A. F. Turbak, F. W. Snyder and K. R. Sandberg,
Microfibrillated cellulose, a new cellulose product:
properties, uses, and commercial potential, ; ITT
Rayonier Inc., Shelton, WA, 1983.

L. M. Wei, C. X. Chen, Z. Y. Hou and H. Wei, Scientific
Reports, 2016, 6.

C. Chen and L. Hu, Accounts of Chemical Research,
2018, 51, 3154-3165.

J. Jeon, J. K. Yoo, S. Yim, K. Jeon, G. H. Lee, J. H. Yun, D.
K. Kim and Y. S. Jung, ACS Sustain. Chem. Eng., 2019, 7,
17580-17586.

N. Patil, A. Aqil, F. Ouhib, S. Admassie, O. Inganas, C.
Jerome and C. Detrembleur, Advanced Materials, 2017,
29.

G. G. Park, Y. K. Park, J. K. Park and J. W. Lee, Rsc
Advances, 2017, 7, 16244-16252.

J. Name., 2013, 00, 1-3 | 11



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Green Chemistry

X. W. Peng, L. Zhang, Z. X. Chen, L. X. Zhong, D. K. Zhao,
X. Chi, X. X. Zhao, L. G. Li, X. H. Lu, K. Leng, C. B. Liu, W.
Liu, W. Tang and K. P. Loh, Advanced Materials, 2019,
31.

Y. K. Park, G. G. Park, J. G. Park and J. W. Lee,
Electrochimica Acta, 2017, 247, 371-380.

Z.Zhen, T. F. Xi and Y. F. Zheng, in Surface Modification
of Magnesium and its Alloys for Biomedical
Applications, eds. T. S. N. S. Narayanan, |.-S. Park and
M.-H. Lee, Woodhead Publishing, 2015, DOl:
https://doi.org/10.1016/B978-1-78242-078-1.00011-6,
pp. 301-333.

A. N. Preman, H. Lee, J. Yoo, I. T. Kim, T. Saito and S.-k.
Ahn, J. Mater. Chem. A, 2020, 8, 25548-25570.

J. Drofenik, M. Gaberscek, R. Dominko, F. Poulsen, M.
Mogensen, S. Pejovnik and J. Jamnik, Electrochimica
Acta, 2003, 48, 883-889.

I. Kovalenko, B. Zdyrko, A. Magasinski, B. Hertzberg, Z.
Milicev, R. Burtovyy, |. Luzinov and G. Yushin, Science,
2011, 334, 75-79.

I. S. Chuang and G. E. Maciel, The Journal of Physical
Chemistry B, 1997, 101, 3052-3064.

D. Ngo, H. Liu, Z. Chen, H. Kaya, T. J. Zimudzi, S. Gin, T.
Mahadevan, J. Du and S. H. Kim, npj Materials
Degradation, 2020, 4, 1.

Y.J. Ma, L. Li, L. L. Ma, N. A. Qaisrani, S. T. Gong, P. Y. Li,
F. X. Zhang and G. H. He, Journal of Membrane Science,
2019, 586, 98-105.

Y. K. Jeong, T.-w. Kwon, I. Lee, T.-S. Kim, A. Coskun and
J. W. Choi, Nano Letters, 2014, 14, 864-870.

Y. J. Cai, Y. Y. Li, B. Y. Jin, A. Ali, M. Ling, D. G. Cheng, J.
G. Ly, Y. Hou, Q. G. He, X. L. Zhan, F. Q. Chen and Q. H.
Zhang, Acs Applied Materials & Interfaces, 2019, 11,
46800-46807.

M. Y. Wuy, X. C. Xiao, N. Vukmirovic, S. D. Xun, P. K. Das,
X. Y. Song, P. Olalde-Velasco, D. D. Wang, A. Z. Weber,
L. W. Wang, V. S. Battaglia, W. L. Yang and G. Liu, J. Am.
Chem. Soc., 2013, 135, 12048-12056.

E. Markevich, G. Salitra and D. Aurbach,
Electrochemistry Communications, 2005, 7, 1298-1304.
J. K. Papp, J. D. Forster, C. M. Burke, H. W. Kim, A. C.
Luntz, R. M. Shelby, J. J. Urban and B. D. McCloskey, The
Journal of Physical Chemistry Letters, 2017, 8, 1169-
1174.

Y. Xu, G. Yin, Y. Ma, P. Zuo and X. Cheng, Journal of
Power Sources, 2010, 195, 2069-2073.

A. Guerfi, M. Kaneko, M. Petitclerc, M. Mori and K.
Zaghib, Journal of Power Sources, 2007, 163, 1047-
1052.

12 | J. Name., 2012, 00, 1-3

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Page 12 of 12

B. Lestriez, S. Bahri, I. Sandu, L. Roué and D. Guyomard,
Electrochemistry Communications, 2007, 9, 2801-2806.
L. Wei, C. Chen, Z. Hou and H. Wei, Scientific Reports,
2016, 6, 19583.

A. Miranda, K. Sarang, B. Gendensuren, E.-S. Oh, J.
Lutkenhaus and R. Verduzco, Molecular Systems Design
& Engineering, 2020, DOI: 10.1039/COME00162).

J. Liu, Q. Zhang, Z.-Y. Wu, J.-H. Wu, J.-T. Li, L. Huang and
S.-G. Sun, Chemical Communications, 2014, 50, 6386-
6389.

T.-w. Kwon, Y. K. Jeong, E. Deniz, S. Y. AlQaradawi, J. W.
Choi and A. Coskun, ACS Nano, 2015, 9, 11317-11324.
H. Zhao, Y. Wei, C. Wang, R. M. Qiao, W. L. Yang, P. B.
Messersmith and G. Liu, Acs Applied Materials &
Interfaces, 2018, 10, 5440-5446.

M.-H. Ryou, J. Kim, I. Lee, S. Kim, Y. K. Jeong, S. Hong, J.
H. Ryu, T.-S. Kim, J.-K. Park, H. Lee and J. W. Choi,
Advanced Materials, 2013, 25, 1571-1576.

C. X. Wang, A. Braendle, M. S. Menyo, C. W. Pester, E.
E. Perl, I. Arias, C. J. Hawker and D. Klinger, Soft Matter,
2015, 11, 6173-6178.

D. Ruiz-Molina, j. Poseu, F. Busqué, F. Nador and J.
Mancebo-Aracil, Angewandte Chemie, 2018, DOI:
10.1002/ange.201801063.

M. Murase, N. Yabuuchi, Z.-J. Han, J.-Y. Son, Y.-T. Cui, H.
Oji and S. Komaba, ChemSusChem, 2012, 5, 2307-2311.
J.-T. Li, Z.-Y.Wu, Y.-Q. Ly, Y. Zhou, Q.-S. Huang, L. Huang
and S.-G. Sun, Advanced Energy Materials, 2017, 7,
1701185.

C. Fang, Y. Deng, Y. Xie, J. Su and G. Chen, The Journal
of Physical Chemistry C, 2015, 119, 1720-1728.

L. Q. Xu, W. J. Yang, K.-G. Neoh, E.-T. Kang and G. D. Fu,
Macromolecules, 2010, 43, 8336-8339.

R. Tang, L. Ma, Y. Zhang, X. Zheng, Y. Shi, X. Zeng, X.
Wang and L. Wei, ChemElectroChem, n/a.

K. Lee, S. Lim and T.-H. Kim, Bulletin of the Korean
Chemical Society, 2018, 39, 873-878.

K. Lee, S. Lim, N. Go, J. Kim, J. Mun and T.-H. Kim,
Scientific Reports, 2018, 8, 11322.

C. R. Matos-Pérez, J. D. White and J. J. Wilker, J. Am.
Chem. Soc., 2012, 134, 9498-9505.

H. Lee, S. M. Dellatore, W. M. Miller and P. B.
Messersmith, Science, 2007, 318, 426-430.

A. Molina, N. Patil, E. Ventosa, M. Liras, J. Palma and R.
Marcilla, Advanced Functional Materials, nfa, 1908074.
Y.T. Bie, J. Yang, Y. N. Nuli and J. L. Wang, Rsc Advances,
2016, 6, 97084-97088.

This journal is © The Royal Society of Chemistry 20xx



