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The rising interest in wearable devices has galvanized research into the development of flexible electronics.
Flexible iontronics, devices that employ ions as charge carriers, have been accessed by employing ionic
conductive hydrogels. While petroleum-based polymers have dominated this field, recently there is
a drive towards renewable alternatives to develop more sustainable alternatives. This review focuses on
the use of cellulose in ionic conductive hydrogels (IHCs) and their application in fabricating iontronics.
The general structure and properties of cellulose and its derivatives are described, highlighting the
inherent properties of the material that can be utilized to enhance the performance of IHCs.
Subsequently, the basic theory behind ionic conduction is discussed, providing to the reader a brief
overview of the origin, process and factors that influence ionic conduction. Thereafter, a discussion is
presented on the major factors that influence the performance of ICHs and how the inherent properties
of cellulose have been employed to improve the properties of these material. Finally, we discuss
examples of devices in which the properties of the ionic conductor are enhanced by the presence of
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Sustainability spotlight

Currently, over 50 million metric tons of electronic waste is generated worldwide, and a less than 20% of this waste is recycled. As society advances towards more
sustainable practices, material selection is critical in the development of new technology such as flexible and stretchable electronics. Material choice is
important in the development of soft robotics, artificial electronic skin, medical-healthcare systems and human-machine interface units. Most of the work done
in this field has made use of industrial, petrochemically-derived polymers, leading to growing concerns about the accumulation of plastic waste and envi-
ronmental harm. Biopolymers such as cellulose are alternatives in a variety of applications that require the use of ionic conducting hydrogels.

1 Introduction: biobased polyme rs in bioelectronic devices has led to the development of iontronics:

. . electronics with hybrid circuits that employ both ionic and
lontronics electronic conduction.®* Iontronics transmit signals at the
interface between an ionic conductor and an electric conductor,
differentiating them from a purely electric or ionic conductor.
Hybrid circuits have been employed in the development of
devices such as diodes,* capacitors,® batteries,® super capaci-
tors,” and transistors.?

Flexible iontronics can be manufactured by employing ionic
conductive hydrogels (ICHs). Hydrogels are three dimensional
polymeric networks capable of absorbing large amounts of
water into their matrix.” ICHs are made by incorporating salts or
by using charged functional groups in the polymer chain,
endowing the hydrogel with ionic conductivity. The mechanical
properties of hydrogels can be tuned to obtain Young's moduli
in the range between 1 Pa to 0.1 GPa. As such, gels can be used
to design electronics with matching properties to biological
tissues (Young's moduli between 0.5-500 kPa), which would
“Dept. of Chemistry, University of British Columbia, Vancouver, BC, Canada. E-mail: reduce sca.rrlr.lg.m In adfh_tlon’ the hlgh water content enables
mehr@chem.ubc.ca enhanced ionic conductivity necessary for good performance of
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Advancement in technology has sparked interest in wearable
devices; as a result, there has been increased research and
development of flexible and stretchable electronics. The bene-
fits of wearable electronics include access to devices that are
potentially cheaper, more portable, bio-integrateble, shape
adaptive, and recyclable." These attractive properties have seen
flexible and stretchable electronics being used in the develop-
ment of soft robotics, artificial electronic skin,> medical-
healthcare systems and human-machine interface units.

A major branch of flexible devices is ionic conductive bio-
electronics that are at the interface between biological systems
and electronics. Biological systems use ions to conduct signals,
while machines use electrons. The use of ionic conduction in
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elasticity, corrosion resistance and durability of hydrogels make
them ideal materials for the development of flexible electronics.

Most of the work done in the field of iontronics has made use
of industrial, petrochemically-derived polymers. Some exam-
ples of polymers used to make hydrogels for electronics include
polyvinyl alcohol (PVA), polyethylene glycol (PEG), poly(acrylic
acid) (PAA), poly(methacrylic acid) (PMA), poly(acrylamide)
(PAAm), poly(diallyldimethylammonium chloride) (pDADMAC),
a polyanion, and poly(2-acrylamido-2-methyl-1-propanesulfonic
acid) (pAMPSA), a polycation."* Several excellent reviews have
been published on using these polymers in bioelectronics.”
Despite having advantages in the design of flexible electronics,
there are growing concerns about the use of non-renewable
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petrochemical-based materials that would result in accumula-
tion of plastic waste and environmental harm.™

Currently, over 50 million metric tons of electronic waste is
generated worldwide annually; less than 20% of this waste is
recycled."* As society advances towards more sustainable prac-
tices, material selection is critical in the development of new
technology. The new generation of materials should ideally
dissolve, breakdown into smaller fragments or decompose into
environmentally benign products under physiological condi-
tions.*® Consequently, biodegradable and bio-sourced polymers
have become increasingly popular as possible replacements for
traditional petrochemical-based materials."®

Biopolymers are attractive for applications in electronics due
to their biocompatibility, biodegradability, natural abundance,
mechanical flexibility, and lightweight nature.'” The properties
possessed by biopolymers are ideal for development of flexible,
wearable, implantable electronics. As a result, biopolymers have
been used in a variety of applications in ionic conducting
electronics that include, flexible sensors and portable energy
storage systems, actuators, nanofluidic, flexible nano-
generators.'® The polymers that have been explored for these
applications include cellulose, chitosan, lignin, proteins and
starch.”

This review aims to serve as an introductory tutorial to the
field of cellulose-based iontronics (Fig. 1). For a detailed, thor-
ough review on applications of biopolymer ionic conductive
hydrogels in flexible wearable sensors and energy devices, see
a recent review by Cui and coworkers.*” For a comprehensive
overview on biopolymer-based hydrogel electrolytes for flexible
energy storage and conversion devices, see the work of Xu and
coworkers.”® For a more specific review on cellulose, Zhao and
coworkers describe the use of various nanostructures and forms
of cellulose as flexible, functional materials in electronics.”
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Fig. 1 Factors influencing the performance of ionic conductive
hydrogels and the benefits of incorporating cellulose.

In our contribution, we will focus on the role of cellulose in
ionic conductive hydrogels (ICHs) and on the application of
ICHs in iontronics. In Section 2, the general structure and
properties of cellulose and its derivatives are described, high-
lighting the inherent properties of the material that can be
utilized to enhance the performance of ICHs. In Section 3, the
basic theory behind ionic conduction is described, giving the
reader a brief overview of its origin, function and factors that
influence ionic conduction. In Section 4, a discussion of the
major factors that influence the performance of ICHs, and how
the inherent properties of cellulose have been employed to
improve properties of ICHs, is presented. Finally in Section 5,
we present examples of devices in which the properties of the
ionic conductor are enhanced by the presence of cellulose.

2. Cellulose: structure and properties

Biopolymers are derived from living organisms such as animals,
plants, marine, and microbial sources. Biopolymers can be
classified into natural, originating from living organisms, or
synthetic biopolymers, manufactured chemically from bio-
sourced monomers.”” Synthetic biopolymers can be biode-
gradable e.g. poly(e-caprolactone) (PCL) and poly(lactic acid)
(PLA) or they can be non-biodegradable e.g. poly(ethylene tere-
phthalate) (PET).> Natural biopolymers are biodegradable and
can be mineralized into carbon dioxide and water by microor-
ganisms under physiological conditions.>* Due to the advance-
ment of extraction methods, natural polysaccharides can be
produced at low cost and on a large scale.”

Cellulose, the main structural component of plant cell walls,
is the most abundant renewable biopolymer with an annual
production in the range of giga tons.*® It is a linear homo-
polysaccharide composed of B-p-glucopyranose repeat units
that are connected through glycosidic bonds (Fig. 2).*” The
polymer chain end of cellulose is an anomeric carbon bonding
via a glycosidic bond and is the nonreducing end. The opposite
end of the polymer has a p-glucopyranose unit with a hemi-
acetal and is the reducing end.”® Due to the presence of three

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

non-reducing end reducing end

Fig. 2 Chemical structure of cellulose biopolymer.

hydroxyl groups on each of the monomers, the chains can
associate through hydrogen bonding. The extensive hydrogen
bonding and attractive van der Waals forces promote parallel
stacking of the cellulose chains. This stacking results in
formation of fibrillar and semicrystalline packing in the hier-
archical structure.

Individual cellulose chains associate in an ordered parallel
layered fashion to form elementary fibrils. Each of these fibrils
is made of alternating ordered crystalline regions and disor-
dered amorphous regions. These further interact to form
microfibrils that are 5-50 nm in diameter and up to several
microns in length which, in turn, assemble into cellulose fibers
(Fig. 3). The hydroxyl groups on the surface of cellulose nano-
materials impart chemical reactivity, enabling moderately easy
surface modification. Some of the functional groups grafted on
cellulose include sulfate, carboxyl, aldehyde, phosphate, amino,
and urethane groups.”® Since modification can target surface
hydroxyl groups, the desired functionality can be achieved
without adversely affecting the intrinsic chemical and physical
properties of the material. This ability to retain its properties
while being easily modified, is crucial in expanding the possible
functionality of cellulose, enabling access to properties that are
beneficial for ICH.

The chemical derivatization of cellulose to obtain specialized
cellulose polymers is often achieved using etherification and
esterification. The derivatives vary in terms of surface chemical
structure, moisture sorption, water interaction, surface activity,
and solubility.*® The structure of some common or commer-
cially available derivatives are shown in Fig. 4. Cellulose ethers
are a class of industrially relevant materials and are usually
water soluble.** For example, methyl cellulose (MC) is used as
a thickener in the food industry, as an admixture for concrete in
construction, and in controlled drug delivery applications in the
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Fig. 4 Chemical structures of selected cellulose derivatives.

pharmaceutical industry.** Hydroxyethyl cellulose (HEC) is used
in a wide range of industries including food, oil recovery,
cosmetics, pharmaceuticals, adhesives, printing, textile,
construction, paper, and agriculture.*® Carboxymethyl cellulose
(CMC) is a water-soluble ether derivative in which some of the
hydroxyl groups have been replaced with carboxymethyl groups
and has been used as a detergent and food additive.** In addi-
tion, it has been used as a supporting material in electronics
such battery electrodes.*

2.1. Properties of cellulose

Nanocelluloses such as cellulose nanofibrils (CNF), also
referred to as microfibrillated cellulose, and cellulose nano-
crystals (CNCs) prepared from wood and other plant celluloses,
have emerged as important cellulose derivatives with a wide
range of applications in composites, packaging, coatings,
biomedical, construction, and electronics to name a few.?*3¢
Due to the versatile properties that can be accessed through
modification, cellulose has potential use in ionic conductive
hydrogels for flexible electronics. The properties of cellulosic
material can differ depending on the treatment of the fibers
during the extraction process (Fig. 5). Mechanical shearing
results in a fibrous material referred to as cellulose nanofibrils
(CNF), whereas chemical treatment with acid will result in
highly crystalline rod like material called cellulose nanocrystals
(CNC).*”

2.1.1. Mechanical properties. The inherent stiffness and
strength of the various forms of cellulose endows the material
with exceptional mechanical properties, making it highly
attractive for bioelectronics where high mechanical perfor-
mance is required. Cellulose nanofibrils (CNF) are formed
through the chemical pretreatment of cellulose fibers with
reagents such as a (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO) and/or enzymatic pretreatments, followed by
substantial mechanical shearing.*®* CNF has alternating highly
ordered regions (crystalline phase) and disordered regions
(amorphous phase). This structure imparts CNF with high
aspect ratios of between 10-100 (10-100 nm wide. 0,5-10 um in
length) and elastic modulus (~150 GPa in the longitudinal and
~18-50 GPa in the transverse direction).*

In contrast, sulfuric acid mediated selective hydrolysis of the
amorphous regions of the cellulose fibers results in rod like
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Fig. 5 Isolation of cellulose nanocrystals and cellulose nanofibrils via
of sulfuric hydrolysis and mechanical fibrillation of cellulose fibers,
respectively.

particles called cellulose nanocrystals (CNC). These have aspect
ratios ranging from 5-20 (3-5 nm wide, 50-500 nm in length)
and are highly crystalline (54-88%).2*"*** The high strength
and dimensional anisotropy of CNC's has made them excellent
candidates for exploration as reinforcing agent in hydrogels.**

2.1.2. Solubility. The hydrophilic nature of cellulose allows
for effective dispersion in aqueous based systems. Conse-
quently, since cellulose is homogeneously dispersed, it can
interact with the components of the gel through electrostatic or
hydrogen bonding. The added interactions allow the fine tuning
of swelling and mechanical properties of hydrogels.

Despite its hydrophilicity, cellulose is insoluble in water and
other common solvents due to the strong intra- and intermolec-
ular hydrogen bonds, as well as hydrophobic interactions between
the cellulose chains.*” Despite this, different cellulose forms can
be dispersed in solutions, enabling the material to transfer
desired properties to the hydrogel. However, this dispersion poses
a challenge to fabrication of bioelectronics that require the
material to be transparent. Therefore, there has been develop-
ment of solvents that are capable of dissolving cellulose under
mild conditions. Ionic liquids such as 1-butyl-3-
methylimidazolium formate (BMIMFmO), 1-butyl-3-
methylimidazolium chloride (BmimCl), N,N-dimethylacetamide/
lithium chloride (DMAc/LiCl), NaOH/thiourea, LiOH/urea, and
NaOH/urea have been employed to dissolve cellulose.** Dissolu-
tion of cellulose enables the expansion of potential benefits in
fabricating ionic conducting hydrogels for bioelectronics.

2.1.3. Hygroscopicity. Cellulose is a hygroscopic material
due to is tendency to hydrogen bond with water through the
abundant hydroxyl groups on the surface.** The interaction of
cellulose and water enables aqueous processing of cellulose
into composite materials such as hydrogels.*® Understanding
the interaction of water with the surface of cellulose is impor-
tant; these interactions can influence the properties of ionic
conductors as ionic conductivity is dependent on water content.

The number of surface accessible hydroxyl groups might be
dependent on the degree of crystallinity of the cellulose,* or by
the size of cellulose crystallites.” Water molecules can

© 2023 The Author(s). Published by the Royal Society of Chemistry
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penetrate the structure of cellulose in the disordered region
more readily compared to the crystalline regions,*® suggesting
that the more amorphous the cellulose the higher the water
absorption will be. Another factor that influences water uptake
is the presence of charged group on the surface of functional-
ized cellulose. These functional groups contribute to the
osmotic pressure within the hydrogel. The higher the charge
density on the surface of the material, the higher the osmotic
pressure which in turn increases water absorption.*®

3. Theory of ionic conductivity

As highlighted above, contrary to electronic conductors, ionic
conductors employ positive and negative ions as charge carriers.
This mode of conduction is similar to that of living organisms
and designing efficient iontronics opens up avenues for bio-
interfaced devices. To modulate the performance of ionic
conductors, a brief background of ionic conduction is necessary.

Ionic conduction is a result of ionic drift under an applied
electric field. In biological systems, ionic transport is generated
by ion pumps or ion channels, while in synthetic devices it is
generated by electric fields.” The general set up of a circuit
containing an ionic conductor is two electronic conducting
electrodes sandwiching the ionic conductor. If the voltage
applied across the electrode-ionic conductor interphase is
small, electrons and ions do not cross the interface and no
electrochemical reaction occurs. Instead, there is formation of
an electrical double layer and so the interface between the
electrode and the ionic conductor behaves as a capacitor.® As
a result, impedance spectroscopy is commonly used to deter-
mine the mobility and charge density in ionic conductors and
can be used to calculate conductivity.* The magnitude of ionic
conductivity is dependent on the sum of charge carriers
according to eqn (1) (ref. 52)

g = EiZieniui (1)

where ¢ is the sum of the ionic conductivity contributed by each
mobile ion (i), where Z; is the absolute value of the ion charge
(valency), e is the fundamental charge, n; is the charge carrier
density, and y; is the mobility for each ion. The ionic conduc-
tivity is dependent on both the property of the ionic conductor,
such as the charge carrier density, and the property of the
charged species, such as their mobility.>*

The mobility (u) of different ions is dependent on the
temperature of the system (7), the diffusion coefficient (D),
charge of the ion (g), and the Boltzmann constant (K) as shown
in eqn (2).

Dq

hE T (2)

In a porous network, the diffusion coefficient of ions is smaller
than the diffusion coefficient for the same ion in water and
needs to be adjusted for the size and topography of the pores as
shown in eqn (3)

€
Dy = Do; (3)
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where D.g is the effective diffusion coefficient in a porous
network, D, is the diffusion coefficient in liquid, ¢ is the
porosity, and 7 is the tortuosity, which describes the non-linear
path from one side of the membrane to the other. Tuning
charge carrier density, water content, and microstructure
during hydrogel synthesis can optimize the ionic conductivity of
the hydrogel.

In ionic conduction, cations and anions correspond to holes
and electrons in electronic conduction. Ionic conductors can be
categorized as nonrestrictive and restrictive ionic conductors.
In nonrestrictive ionic conduction both cations and anions can
migrate under an applied electric field, while in restrictive ionic
conduction only one type of ion migrates.*

4. Factors influencing ionic
conductivity in hydrogels

Ionic conducting hydrogels are composed of a polymer network
and a liquid phase.* The charged ions can be introduced into the
matrix by employing charged monomers in the polymer network
or by dissolving ionic salts into the hydrogel solutions."* The
performance and application of these hydrogels is dependent on
several factors. Here, we highlight the factors that influence ionic
conductivity and discuss how cellulose materials have been used
to tune these factors to improve the performance.

4.1. Water content

Stretchable ionic conductors are constructed from hydrogels
which are composed mainly of water. The absorption and
evaporation of water from the hydrogels would significantly
influence performance and the long-term practical application
of these ionic conductors in devices. Therefore, it becomes
important to modulate the water absorption and evaporation
from ionic conductive hydrogels. The ability of the hydrogel to
absorb water is defined as water uptake or swelling ratio and
plays an important role in affecting ionic conductivity in
hydrogels.>® Higher water content increases the ionic conduc-
tivity of polyelectrolytes since the increased number of water
molecules not involved in hydration shells enhances the u and
D¢ leading to higher conductivity.®® With an increase in water
content, the activation barrier for the ion transport is lowered
and ionic dynamics accelerate.>” Due to the presence of hydroxyl
groups on cellulose, this material can form hydrogen bonds
with water and in the process influence the water content of the
hydrogel greatly (Fig. 6). The amount of water a hydrogel holds
is dependent on its ability to absorb water into the polymer
matrix and how well the polymer matrix can interact with water
molecules to prevent evaporation. Thus, Sections 4.1.1 and 4.1.2
highlight the role of cellulose on water absorption and water
retention, respectively.

4.1.1. Water absorption. Water absorption can be modu-
lated by increasing the fraction of the charged monomer and by
employing hydrophilic crosslinkers. Using a higher fraction of
the charged monomer when making the hydrogel will increase
the swelling ratio. The increase in quantity of ions in the system
results in higher osmotic pressure and absorption of more

RSC Sustainability, 2023, 1,1369-1385 | 1373
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Fig. 6 Schematic representation of the interaction of cellulose with
water.

water. In addition, utilizing hydrophilic chemical or physical
crosslinkers increases the capacity of the hydrogel to absorb
water due to increased interaction with water molecules.
Cellulose has been employed as a physical crosslinker and filler
in ionic conducting hydrogel systems.

Due to the presence of hydroxyl groups on cellulose, it can
form hydrogen bonds with water, in the process enabling the
water absorption properties of the hydrogel to be improved. Li
and coworkers made a poly(acrylic acid) (PAA) ionic conductive
hydrogel reinforced by cellulose nanofibrils (CNF) (Fig. 7a).*®
They investigated the alkaline absorption property of the
hydrogel with varying CNF content. The final equilibrium-
swelling ratio increased with increasing CNF content; the final
swelling ratio of the PAA hydrogel with 3 wt% CNF was ~2100%,

Fig.7

View Article Online

Tutorial Review

which was higher compared to the PAA hydrogel without CNF
which had a swelling ratio of 1600%. The rate of water
absorption was also enhanced by the presence of CNF. It was
postulated that the hydroxyl groups of CNF resulted in more
pathways for ions and water to move and thus increased the
number of sites for ion incorporation, which resulted in higher
solution content and faster absorption. The increase in water
content increased the ionic conductivity as well, increasing
from ~0.07 S cm™ " at a swelling ratio of 50% to ~0.3 S cm™ " at
a swelling ratio of 300%.

Dimensional change of ionic conducting hydrogels due to
water absorption poses a challenge as excessive change in
dimensions results in lowered mechanical properties. Li and
coworkers noted that CNF could aid in controlling the extent of
dimensional change and thus maintain the attractive properties
of the composite ionic conductor.® As the content of CNF
increased, the changes in length and width decreased but the
changes in height increased. PAA is a flexible polymer that can
swell as the polymer chains straighten, whereas CNF is a rigid
polymer that cannot. In the composite ionic conductor hydro-
gel, the CNF chains are intertwined with PAA chains through
hydrogen bonding and physical entanglement in the polymer
system. Consequently, the over swelling was suppressed by the
rigid CNF (Fig. 7b).

4.1.2. Water retention. Water retention, the length of time
that the hydrogels can retain water content, is closely tied to
their ability to absorb water. Under practical use, gels will be

. Swelling \ I
X J =—rm 4 T .

Interwinding Hydrogen bonding

(a) Schematic of polymerization and swelling of the cellulose nanofibrils (CNF)/poly(acrylic acid) (PAA) IC hydrogel (b) schematic picture of

the mechanism of CNF/PAAs gel electrolyte and PAA electrolyte swelling in KOH in same swelling ratio. Reprinted with permission from Li et al.>®

Copyright 2018 Elsevier.
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subjected to dry conditions and heat and are prone to lose their
functionality with time. The strategies that can be employed to
prevent evaporation include using a coating or adding hydro-
scopic matter such as sugars, glycerol, and cellulose. The
surface hydroxide groups on cellulose that can hydrogen bond
with water molecules achieve this function.

The advantage of adding cellulose to a hydrogel system was
clearly demonstrated by Yao and coworkers.*® They designed an
ionic conductive hydrogel from the polymerization of acrylamide
and phenylboronic acid-ionic liquid (PBA-IL) in the presence of
TEMPO-oxidized CNFs (Fig. 8a). The resulting polymer network
was polyacrylamide (PAM)/poly(phenylboronic acid-ionic liquid)
(PBA-IL)/cellulose nanofibrils (CNF) i.e., PAM/PBA-IL/CNF. They
observed that the pure PAM hydrogel loses water at a fast rate,
losing ~70% original weight after 14 days at 25 °C and 40%
relative humidity. In contrast, the PAM/PBA-IL/CNF hydrogel
maintained ~85% of its initial weight under the same condi-
tions. Low-field nuclear magnetic resonance (LF-NMR) was used
to show that the amount of bound water was higher, and the
mobility of water molecules was reduced in PAM/PBA-IL/CNF
hydrogel. To support this observation, the authors employed
density functional theory (DFT) to quantify the interaction energy
between the different components of the hydrogel individually
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(Fig. 8b). They determined that water interacts more favorably
with CNF compared to the other components. This study clearly
indicates that the surface properties of cellulose are beneficial in
reducing water loss in ionic conductive hydrogels.

4.2. Microstructure

The microstructure of the hydrogel has been shown to influence
the ionic conductivity.*® The easier it is for the ions to migrate in
the hydrogel, the higher the conductivity. Cellulose can
enhance movement of ions through two mechanisms. Hydroxyl
groups and charged groups such as the carboxyl and sulfonate
groups on the surface of cellulose provide coordination and
hopping sites for ions (Fig. 9a).** Additionally, the hierarchical
nature of cellulose materials enables formation of a porous
network (Fig. 9b). This porous structure has a larger surface area
and provides more room for ions to migrate.®*>*

In general, ionic conductivity increases in the presence of
cellulose. Mittal and coworkers designed a sodium ion battery
that employed a mixture of cellulose nanocrystals and cellulose
nanofibers (Fig. 10a) to prepare a gel polymer electrolyte that
offers a high liquid electrolyte uptake of 2985% and an ionic
conductivity of 2.32 mS em™".®> The role of nanocellulose in

N e— O SE— W ES——— O SES— F S Y S § SE—— F S—— O S— O S—— O S—,

=~ Boronic ester bond

s Hydrogen bond

.

—.—.—.—.—.—.—.—.—.—._./

() i . .t . ettt % et

.

0000
ezOowgm

) Br

M

H,0—H,0

E, =-2.84 Kcal mol'
N~

Fig. 8

/ M»@r;

PBA-IL—H,0
.= -3.00 Kcal mol”! E, =-4.72 Kcal mnl‘ .

CNF—H,0

(a) Fabrication mechanism and hierarchical dynamic networks in the construction of the polyacrylamide (PAM)/phenylboronic acid-ionic

liquid (PBA-IL)/cellulose nanofibril (CNF) hydrogel. (b) DFT analysis of the interaction energy between PBA-IL, CNF, and water. Reprinted with

permission from Yao et al.*® Copyright 2022 Wiley.
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(b)

Fig. 9
archical structure that increases porosity.

enhancing ionic conductivity in the gel electrolyte (ionic
conductive hydrogel) was discussed. All the cellulose containing
gels had good ionic conductivity which was attributed to the
presence of hydroxyl groups on the surface of CNF and CNC that
provided coordination sites for the mobile Na' ions (Fig. 10b).
In addition, they observed the ionic conductivity increases from
1.467 t0 2.323 mS cm ™ ' by increasing CNF fraction from 20 to 50
weight%. This increase in conductivity suggested that the
presence of sodium carboxylate (-COONa) groups on the CNFs
enhanced the counterion mobility. They concluded that the
presence of cellulose enhanced ionic conductivity. The same
justification has been provided by several authors® and high-
lights the importance of incorporating cellulose in ionic
conductive hydrogels.
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Fig. 10 (a) Schematic representation of the nanocellulose gel elec-
trolyte fabrication. (b) Schematic illustration of the proposed Na*
conduction mechanism across the nanocellulose Gel Polymer Elec-
trolytes (GPE). Reprinted with permission from Mittal et al.®> Copyright
2022 Wiley.
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Soluble cellulose derivatives can also achieve enhanced ionic
conductivity. Gan and coworkers describe a hydroxyl propyl
cellulose which enhances ionic conductivity in a polyvinyl
alcohol-hydroxyl propyl -cellulose-sodium alginate-calcium
(PVA-HPCT/SA-Ca) ionic conductive double network hydrogel.**
As the HPC content of hydrogel increased from 0 to 6.67 wt%,
the ionic conductivity increased from 2.17 Sm™ ' t0 3.39 Sm™ .
In this case, the authors suggested that the increase in
conductivity was due to an increase in porosity as the HPC
content increased. More pores would result in higher absorp-
tion of the conductive ions and reduce the resistance to ion
migration by providing ion coordination sites. As such, by
taking advantage of the hierarchical structure of cellulosic
material, the porosity of ionic conductors can be fine-tuned to
enhance ionic conductivity of ICHs.

4.3. Mechanical properties

Conventional hydrogels have attractive characteristics such as
being flexible and transparent.®> However, they are usually very
brittle, making them difficult to apply in functional and durable
devices.*® Improving the mechanical properties (e.g., toughness,
stretchability, adhesiveness, and self-healing properties) of
hydrogels has enabled the application of hydrogels in ionic
devices.

The strength of hydrogels can be impacted by crack forma-
tion and the resulting propagation.®” The occurrence of fracture
in hydrogel systems is due to the inhomogeneous nature of the
polymer network. This non uniform arrangement results in
stress being concentrated in certain parts of the network, and
once a fracture appears, it can propagate to the rest of the
network.®® To suppress the appearance and propagation of
cracks, it is necessary to introduce energy dissipation mecha-
nisms into the hydrogel to reduce stress concentration. There
are several mechanisms that have been reported for improving
the mechanical properties of hydrogels (Fig. 11).*” The
mechanical properties of these hydrogels are evaluated in terms
of tensile strength and modulus, compression strength and
modulus, fracture stress and strain, fracture energy, as well as
storage and loss moduli.

Cellulose-only hydrogels usually display less desirable
mechanical properties, which impact their use in bioelectronics

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Schematic representation of strategies used to formulate
tough hydrogels.

negatively. In some cases, chemical crosslinking strategies have
been employed in cellulose-only hydrogels to obtain good
performance in ionic conductors. For instance, Tong and
coworkers reported a cellulose ionic conductive hydrogel made
by dissolving allyl cellulose in a NaOH/urea aqueous solution
then chemically cross-linking through free radical polymeriza-
tion (Fig. 12a).** The mechanical properties of the hydrogel were
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strongly influenced by the extent of crosslinking. The resulting
tensile, compression, and conductivity properties were satis-
factory for a self-supporting cellulose only hydrogel (Fig. 12b-d).
After optimization, the resulting hydrogels exhibited good
stretchability (tensile strain ~ 126%) and compressibility
(compression strain ~ 80%) properties and maintained good
ionic conductivity of ~0.16 mS cm ™.

Despite the relatively good mechanical properties achieved
by Tong and coworkers, the mechanical properties of hydrogels
should be significantly enhanced for utility in functional
devices. The various strategies to do this include formation of
double network (DN) gels, topological gels, and nanocomposite
gels. DN hydrogels have been effectively formed using cellulose
as one of the components. A DN hydrogel consists of at least two
components that are intertwined and crosslinked. This results
in hydrogels with better mechanical performance. The strength
and toughness can be tuned by manipulating the inter/
intramolecular interactions and the structures of the compo-
nents of the hydrogel. Thus, DN hydrogels enable the develop-
ment of extremely tough and yet well-hydrated materials.” This
strategy has been employed to make cellulose containing ionic
conductive hydrogels with very good mechanical properties.

Ma and coworkers reported an alkaline-tolerant dual-network
hydrogel electrolyte-based sodium polyacrylate (PANa) and cellu-
lose which had an optimal conductivity of 0.28 S ecm™".”* The
resulting PANa-cellulose dual-network ionic conductive hydrogel
was physically and chemically cross-linked (Fig. 13a). The hydro-
gel matrix had cross-linking between PANa and MBAA and phys-
ical cross-linking due to hydrogen bonding and chain
entanglements between PANa and cellulose chains. The elonga-
tion at break and tensile strength were enhanced by the

=

Force released immediately  After force released 2 min

i Hydrogen bonding

Fig. 12

Crystallite hydrates of cellulose II

(a) Schematic illustration of synthesis of cellulose hydrogels. Desirable properties include (b) compressibility, (c) stretchability, (d) ionic

conductivity and transparency. Reprinted with permission from Tong et al.*® Copyright 2019 American Chemical Society.
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introduction of cellulose. The PANa-cellulose hydrogel stretched
to over 1000% strain, which was a significant improvement
compared to the pure PANa (300% maximum strain). In addition,
the hydrogel exhibited good flexibility; it could be rolled, folded,
twisted, and crumpled without any mechanical failure or visible
cracks. The superior stretchability and softness were attributed to
the celluloses and MBAA-assisted toughening and hydrogen bond
cross-linking mechanism (Fig. 13b). The semi rigid cellulose
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chains were uniformly dispersed in the intrinsically flexible PANa
polymer networks. The intertwining of the cellulose chains with
the PANa chains endowed extraordinary flexibility. Also, hydrogen
bonding could behave as dynamic crosslinks that could break and
re-form to dissipate mechanical energy during strain. These
combined factors resulted in enhancement of mechanical prop-
erties, highlighting the benefits of having cellulose as the addi-
tional component in double network ionic conductive hydrogels.
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(a) Synthetic procedure of the PANa-cellulose hydrogel electrolyte using MBAA (cross-linker), acrylate (AA, main monomer) and

cellulose (enhancer). (b) Schematic illustration for origin of ultra-stretchability and structure of PANa-cellulose hydrogel showing entrapped KOH
and water via hydrogen bond interactions. Reprinted with permission from Ma et al.”* Copyright 2019 Wiley.
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4.4. Self-healing and adhesiveness
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cellulose has a large number of hydroxyl groups on the surface,

these can directly enhance the hydrogen bonding to access self-
healing properties. In addition, these hydroxyl groups can be
modified to attach different functional groups that can enable
both covalent and non-covalently crosslinked hydrogels.”*7

Shao and coworkers designed an ionic conductive hydrogel
that retained good mechanical strength along with good self-
healing, and self-adhesive properties. The designed gel
employed multiple coordination bonds between tannic acid-
coated cellulose nanocrystals (TA@CNCs), poly(acrylic acid)
chains, and metal ions in a covalent polymer network
(Fig. 15a).” The researchers took advantage of the facile modi-
fication of cellulose to attach tannic acid onto the surface. The
resulting ionic conductive hydrogels had good mechanical
properties, and these could be tailored by controlling the
TA@CNC content. Notably, the hydrogel exhibited elasticity and
had an elongation at break of 2900% without fracture.

To expand the applicability of ionic conductive hydrogels, the
mechanical properties can be enhanced even further to include
properties such as self-healing and adhesiveness. However, to
obtain these properties, the mechanical properties usually
suffer. To obtain self-healing and adhesiveness, dynamic
crosslinks must be used which inherently compromises the
mechanical strength.

Self-healing in hydrogels can be achieved by employing
covalent or noncovalent crosslinking (Fig. 14). Covalent self-
healing hydrogels employ dynamic covalent bonds such as
disulfide bonds, borate ester bonds, imine bonds (Schiff base),
Diels-Alder reactions, hydrazone bonds and reversible free
radical reaction.”” In contrast, noncovalent self-healing hydro-
gels are accessed by employing intermolecular interactions that
include hydrogen bonds, host-guest interactions, metal coor-
dination, w- stack, and hydrophobic associations.” Given that
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Fig. 15 (a) Schematic illustration of ionic gel synthetic process that includes the in situ polymerization to form nanocomposite hydrogels and
then immersion in AI* solution to produce ionic coordination. (b) Possible coordination modes among TAQCNC, PAA, and A®*: () metal-
phenolic coordination between TAQCNC:s; (Il) metal-carboxylate coordination between PAA chains; (lll) hybrid bridging between TA@QCNCs and
PAA chains. Possible coordination modes. (c) Self-healing properties of the TAQCNC ionic gels at 25 °C. lonic gel is cut into two pieces and
recombined. Then the fractured gel can self-healed automatically into a complete gel and sustain stretching without failure after 30 min healing.
(d) Adhesive properties of the TA@QCNC ionic gels. lonic gel can adhere to fingers without the assistance of additional adhesive tapes and
withstand the recoverable stretch of 200%. Reprinted with permission from Shao et al.”* Copyright 2018 American Chemical Society.
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The hydrogel also demonstrated self-healing behavior; fresh
cut pieces of the hydrogel could recombine without applied
stress (Fig. 15c¢). The hydrogel regained its tensile properties
with increased healing time. Additionally, the efficiency of the
healing increased as the content of TA@CNC increased, high-
lighting the importance of the TA@CNC to self-healing process.
The TA@CNC motifs associated by coordination bonds
(Fig. 15b) which prevented crack propagation, enhancing the
stability of the network and allowing for greater mechanical
strength and energy dissipation during deformation (imparting

Potassium persulfate(KPS) J
N,N’ = Methylene bisacrylamide(MBA)

PAM @3 Hydrogen ions |
pA @ Acrylamide

I
Covalent interaction |
I

View Article Online

Tutorial Review

adhesiveness to different surfaces including polytetrafluoro-
ethylene, glass slides, rubbers, wood, and carnelian. Remark-
ably, the hydrogel was adhesive enough to adhere to fingers and
withstand the recoverable stretch of 200% (Fig. 15d).

5. Applications of ionic conductive
hydrogels containing cellulose
As described above, cellulose offers unique features of biode-

gradability, biocompatibility, low production cost, abundance,
nontoxicity, and excellent mechanical properties. We have also

\
Hydrogen bondingl

good recovery). Finally, this gel exhibited good self-
I
I
I
| Y Yo
. NG wweee
| - el
N\ e bamboo 1 K
corn | JE R,
(b) =
(e illm
[ 5. {
* 10
4
I AD 5 10 15 20 25 30:
. | ———
I
I
I
I
ié
I 0
\ ’ .o “f::(l) “ e
Fig. 16

20

Time(s)

ARR(%)

o 5 10 15 20
Time(s)

(a) lllustration showing the formation of the biomass-reinforced hydrogels (b) variation of AR/Rq of the hydrogel at room temperature

during palm movement, smiling and talking, arm movement, finger bending, walking, and running. Information delivery using the hydrogel as
a strain sensor via Morse codes. Reprinted with permission from Wang et al.”* Copyright 2022 Elsevier.
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described how these properties can be utilized to enhance the
performance of ionic conductive hydrogels. We now describe
a few examples in which ionic conductive hydrogels have been
employed to fabricate functional electronics.

5.1. Strain sensor

Strain sensors transduce external mechanical stimuli into
electrical signals. They are particularly interesting due to their
potential applications in personalized health-monitoring,
human motion detection, human-machine interfaces, and
soft robotics.” Wang and coworkers reported a polyacrylamide
(PAAm), cellulose nanocrystal (CNC) and phytic acid (PA)
biocompatible hydrogel that had satisfactory mechanical
properties and ionic conductivity well below zero degrees
Celsius (Fig. 16a).” The inclusion of cellulose nanocrystals into
the hydrogel aided energy dissipation, increasing the strength
of the hydrogel. Also, the CNC and PA enabled good retention of
water due to increased hydrogen bonding in the system.
Consequently, since the ionic conducting hydrogel could retain
all these attractive properties under harsh conditions, it
enabled the hydrogel to be used to fabricate a strain sensor. The
gauge factor (GF) is used as an index to judge the strain sensi-
tivity of hydrogels, the higher the GF the greater the resistance
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to change when a strain is applied. The GF can be determined
by the change in relative resistance (AR/R,) in linear strain. The
GF of the PAAm-PA-CNC hydrogel increased as the strain
increased and reached a maximum GF of 4.1. As such, the
hydrogel shows high sensitivity under both small and large
deformations. In addition, the response was frequency depen-
dent. These properties indicate that the hydrogel is a good
candidate for strain sensing applications.

As a proof-of-concept demonstration, Wang and coworkers
applied the hydrogel as a wearable strain sensor to detect
human body movement (Fig. 16b). The sensor could detect large
strains such as straightening and bending of the wrist, walking,
and running. In addition, it could detect small strains from as
smiling, chewing, talking. These results show that the ionic
conductive hydrogels containing cellulose can be applied to
fabricate sensing and communication devices.

5.2. Humidity sensor

A humidity sensor is an electronic device capable of responding
to the presence of moisture and converting the response into an
electrical signal. Yu and coworkers fabricated a CNF-reinforced
and ionic conductive organogel with enhanced, mechanical,
anti-freezing and anti-dehydration properties and utilized it to

.

(a)/ \
| |
APS T
I HzN)v + w IR
MBA
l AM CNF -
- .
\ > e — e — e — e — e — ) — S — e — — e —
(b).——.—.—.—.—.—-—.—.—-—.—.—--\
) coor WO oH .
I 0, —> CNF
By : |
. wo, oM o, Hydrogen
| @, g
5, Hg
® o— H,0 |
I £ o ——> PAM
@, |
Mouth breath =
deeply 201 215s I
. Mouth breath =
I lightly Nose breath &3 -
deeply o«
M}\ - l
| A\A\A\ N
0 5 10 15 20 25 30 0 1 2 3 ,
Time (s) Time (s)

Fig.17

.

(a) Schematic illustration of the fabrication of the PAM-CNF NC gel via in situ radical polymerization (b) schematic illustrating the humidity

sensing mechanism of the CS—NC gel, the formation of hydrogen bonds between water and CNF, as well as water and PAM, schematic diagram
of breath monitoring and resulting relative resistance changes of CS—NC sensors under different breath conditions. Reprinted with permission

from Yu et al.”” Copyright 2022 American Chemical Society.

© 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Sustainability, 2023, 1, 1369-1385 | 1381


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3su00139c

Open Access Article. Published on 21 July 2023. Downloaded on 1/18/2026 5:51:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

make a humidity sensor.”” The gel was synthesized in a two-step
process as illustrated in Fig. 17a. The inclusion of a rigid CNF as
a dynamic hydrogen bonding component bestowed the orga-
nogels with a hierarchical honeycomb-like cellular structure,
leading to enhanced mechanical properties. The one-pot
solvent displacement method was utilized to introduce
sorbitol and CacCl, into the hydrogel, leading to anti-freezing
tolerance, anti-dehydration ability, and ionic conductivity.

The CaCl,/sorbitol (CS)-CNF nanocomposite (NC) gel was
assembled into a humidity sensor to detect the relative
humidity (RH) of the environment. The sensing performances
of the CS-NC humidity sensors were evaluated by monitoring
their resistance change under varying RH (Fig. 17b). The
humidity response is defined as relative resistance change (AR/
Ry), where AR is the resistance change with respect to its initial
resistance under dry air. When the sensors absorbed moisture
from the surrounding environment it led to an increase in
resistance change. Once the sample was dried, the resistance
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decreased, indicating that the changed resistance in humid
conditions was due to the dynamic absorption of water mole-
cules. The high sensitivity of the CS-NC humidity sensor was
attributed to the generated hydrogen bonds between the water
molecules and a preponderance of hydrophilic groups in the
organohydrogels. This demonstrates how one can take advan-
tage of the surface functionality of cellulose to obtain a func-
tional device where the formation of hydrogen bonds promotes
the adsorption and condensation of water molecules.

5.3. Ionic diode

Single ion conductors are another class of ionic conductors that
can be used to make functional devices. In these polyelectrolyte
hydrogels, a polymer with a fixed positive charge with negative
counterions that can migrate is referred to as an n-type ionic
conductor. Conversely, if the hydrogel has a fixed negative charge
and free positive counterions that are free to migrate it is referred
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to as a p-type ionic conductor. These ionic conductors have been
used in complex devices such as ionic diodes. In an ionic diode,
the device permits unidirectional flow of current i.e., rectifica-
tion. Rectification is achieved when there is an anisotropic
distribution of counterions at the interface between the two gels
having a p-type ionic conductor on one side and a n-type ionic
conductor on the other.*” Polymers with high fixed charge
densities, such as cationic poly(diallyldimethylammonium chlo-
ride) (PDAC) and anionic poly(styrene sulfonate) (PSS), have been
used in conjunction with hydrogels to construct ionic diodes.

An alternative approach was previously employed to fabri-
cate an ionic diode paper made from two oppositely charged
microfibrillated cellulose (MFC) layers. The MFC diode used up
to 50% cellulose and achieved a rectification ratio of ~15. To
improve on these results, Nyamayaro and coworkers employed
cellulose nanocrystals (CNCs), a highly crystalline form of
cellulose with nanoscale dimensions, exceptional mechanical
properties, large surface areas, and tremendous rigidity. Due to
the higher surface area, they achieved a rectification ratio of
~70 (Fig. 18).*»"® These examples demonstrate the potential of
cellulose as the active component of complex biodegradable
ionic devices.

6. Conclusions

The rising interest in wearable electronic devices has led to
increased research into the development of flexible electronics.
As such, there is need for renewable and environmentally
friendly alternatives to move towards more sustainable elec-
tronics. Cellulose and its composites have been shown to
degrade under environmental, composting, and marine condi-
tions, opening a pathway to biodegradable electronics.” This
review introduces cellulose as a good alternative material with
attractive properties for inclusion in iontronics. From the
general principles of ionic conductivity, we summarized how
water microstructure, absorption and retention properties of
a hydrogel influence ionic conductivity. In addition, it was seen
that for long term performance of iontronics, the mechanical
properties of the hydrogel are important.

The ability of cellulose to tailor the water retention and
absorption properties was discussed. It has been seen that due
to the hydroxyl group present on the surface of cellulose, the
hydrogen bonding capability of the material endows hydrogels
with good water absorption and retention of water due to
increased interaction. Cellulose has also been employed to
increase ionic conductivity by influencing the microstructure of
the hydrogel. Firstly, by influencing assembly of polymer
chains, cellulose increases the porosity of a hydrogel, enabling
easier movement of ions. Also, due to the different possible
functionality on cellulose, the material can provide coordina-
tion site that can enhance ionic conductivity through ion hop-
ing. In addition, the presence of cellulose in composite ICHs
enables the enhancement of mechanical properties such as
stretchability by inhibiting crack propagation. Lastly, by
manipulating the surface chemistry of cellulose incorporated
into ICHs, the hydrogels could be imparted with adhesive and
self-healing properties.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Despite the above-mentioned advantages of employing
cellulose materials in ICHs, there are still some challenges that
must be overcome to increase the applicability of cellulose in
iontronics. Although cellulosic material can be regarded as non-
toxic, biocompatible, and biodegradable, these materials are
usually used for ICHs in conjunction with other components
that are non-degradable and toxic. As such, it is important to
develop further strategies to make mechanically robust and
highly conductive cellulose only hydrogels. In addition, the
processes occurring at the interface between the hydrogel and
electrode have to be studied in order to better understand the
efficiency of signal transmission between the electrical
conductor into the ionic conductor. Despite having some
drawbacks, cellulose has proven to be an exciting prospect for
the design of high functioning, sustainable and biodegradable
ICHs for iontronics.
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