Published on 26 1 2022. Downloaded on 2024-06-02 1:08:31.

¥ ROYAL SOCIETY

Materials OF CHEMISTRY

Horizons -

View Article Online
View Journal | View Issue

REVIEW

Environment tolerant, adaptable and stretchable
organohydrogels: preparation, optimization,

Cite this: Mater. Horiz., 2022, . -

9, 1356 and applications

\ '.) Check for updates ‘

Qiongling Ding,® Zixuan Wu,? Kai Tao,” Yaoming Wei,? Weiyan Wang,® Bo-Ru Yang,®
Xi Xie@®@° and Jin Wu (2*@

Multiple stretchable materials have been successively developed and applied to wearable devices, soft
robotics, and tissue engineering. Organohydrogels are currently being widely studied and formed by
dispersing immiscible hydrophilic/hydrophobic polymer networks or only hydrophilic polymer networks
in an organic/water solvent system. In particular, they can not only inherit and carry forward the merits
of hydrogels, but also have some unique advantageous features, such as anti-freezing and water
retention abilities, solvent resistance, adjustable surface wettability, and shape memory effect, which are
conducive to the wide environmental adaptability and intelligent applications. This review first
summarizes the structure, preparation strategy, and unique advantages of the reported organohydrogels.
Furthermore, organohydrogels can be optimized for electro-mechanical properties or endowed with
various functionalities by adding or modifying various functional components owing to their
modifiability. Correspondingly, different optimization strategies, mechanisms, and advanced

Received 19th November 2021, developments are described in detail, mainly involving the mechanical properties, conductivity, adhesion,

Accepted 25th January 2022 self-healing properties, and antibacterial properties of organohydrogels. Moreover, the applications of
organohydrogels in flexible sensors, energy storage devices, nanogenerators, and biomedicine have
been summarized, confirming their unlimited potential in future development. Finally, the existing

challenges and future prospects of organohydrogels are provided.
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1. Introduction
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Flexible electronics, through the integration of mechanical
flexibility and electrical properties in devices, have been well
developed in the past decade due to their tremendous application
prospects in next-generation portable electronics.' Various
stretchable materials, including elastomers, hydrogels, ionogels,
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and organogels, have been successively developed and used in
practice due to their unique properties. Elastomers, such as
polydimethylsiloxane (PDMS),® ecoflex, polymethyl methacrylate
(PMMA),” thermoplastic polyurethanes (TPU),® and various
rubber materials, are elastic materials based on high molecular
polymer networks and have excellent strength and toughness.
However, most elastomers do not possess high strain capacity and
conductivity, and are usually used as packaging materials and
flexible substrates. Research studies show that dispersing polymer
networks in different dispersion media is beneficial to construct
gel materials with distinct (desired) characteristics. Hydrogels
usually consist of physically and/or chemically crosslinked 3D
polymer networks dispersed in a large amount of water. This
makes the hydrogels display both solid-like mechanical properties
(strength, stretchability, and toughness) and a liquid-like
transport capacity (ions and nutrients).">* The combination of
the unique network structure and composition endows hydrogels
with exceptional stretchability, toughness, biocompatibility, and
high ionic conductivity,’>"* making them potential candidates in
diverse fields, including wearable and implantable electronics,
bionic sensors, actuators, soft robotics, tissue engineering, flexible
energy storage devices, etc."*™"”

Nevertheless, the practical applications of hydrogels are still
limited by many problems. First, compared with natural load-
bearing materials such as tendons, conventional hydrogels
have limited mechanical stiffness and low toughness, which
are caused by the sparse, homogeneous, and microscale 3D
network structure.'®' Second, there has always been a
dilemma of the trade-off between the mechanical performance
and ionic conductivity in conventional hydrogels. Unfortunately,
higher mechanical properties often require a denser network
structure, and this will inhibit ion transport and sacrifice part of
the ionic conductivity.”*>* Then, wide environmental adaptabil-
ity is particularly important for flexible electronic devices for
their applications in different environments, even in sub-zero,
dry, and underwater environments. However, due to the
presence of a large amount of water, the freezing-induced hard-
ening issue at sub-zero temperatures and evaporation-induced
structural dehydration will inevitably occur in the hydrogel,
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which will eventually lead to the loss of its functionality.*>**
Finally, multiple functions, such as self-healing, adhesiveness,
transparency, and antibacterial properties, are rarely achieved
in conventional hydrogels synchronously.?*>” Due to these inevi-
table issues, it is of great practical significance to develop anti-
freezing and anti-drying hydrogels with excellent mechanical
properties and tunable functionalities. Ionogels use ionic liquids
as dispersion media and exhibit outstanding stability and
mechanical characteristics, and have great potential to be used
in flexible electronics, owing to the good ionic conductivity, non-
volatility, non-flammable properties, and electrochemical stability
of ionic liquids.*®**' However, ionic liquids are relatively expensive
and toxic, which are not conducive to applications in biological
tissues and large-scale production. Besides, organogels are obtained
by mixing polymer chains with organic solution and gelators, which
exhibit good viscoelasticity and thermoplasticity.’>** Generally,
various properties of these soft materials can be easily regulated
and implemented by changing their composition, structure,
concentration, etc.

To date, although remarkable progress has been made in the
development of various pristine stretchable materials, their
actual applications are always limited by the intrinsic problems
of a single system. There is an urgent need to develop gel
materials that have excellent mechanical properties, conductivity,
and stability in various environments simultaneously. Taking into
account both advantages and drawbacks of individual
components, the hybrids of these stretchable materials have been
widely utilized and have significant advantages in performance
optimization by integrating the advantages of each component.**
For example, the incorporation of ionic liquids makes hydrogels
not only moderately conductive but also highly stretchable.>?*
Alternatively, compared with pristine hydrogels, the binary system
of hydrogels and elastomers shows higher mechanical strength
and also maintains excellent stretchability.>”*° In addition, due to
the entirely opposite physiochemical properties of organogels and
hydrogels, it is highly desirable to obtain organogel-hydrogel
hybrids with a wealth of unique properties. Correspondingly,
Guo et al. formally proposed the concept of organohydrogels by
gelling cellulose and poly(vinyl alcohol) (PVA) in a mixed solvent
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of dimethylformamide (DMF) and water.*" Interestingly, this
organohydrogel exhibited relatively high stability in various
solvents without dissolution, shrinkage, or swelling, so that
the enzyme electrodes based on it could work in various liquid
media without being limited by the solubility of the analytes.
Over the past few decades, a lot of efforts have been devoted to
the preparation, performance optimization, and application
expansion of organohydrogels. As a consequence, various types
of organohydrogels have been developed, and they are a good
alternative to traditional hydrogels through the elimination of the
electro-mechanical performance deterioration caused by freezing,
dehydration, or swelling of hydrogels under specific harsh
conditions, showing good frost resistance, moisture retention,
and solvent resistance. Based on the incomparable multi-
environmental tolerance of other gel materials, it can be
widely used in soft robotics, tissue engineering, and stretchable
electronics even in harsh environments, such as cold winters, dry
deserts, and liquid environments.">'®*>** In addition, the
thermoplastic organogel domains and the stable hydrogel elastic
network in organohydrogels that feature a binary cooperative
phase result in thermally-induced variable mechanical properties,
which are expected to serve as promising smart materials to suit a
variety of applications.**™*

Beyond this, with the broadened application of flexible
materials, new functional requirements for organohydrogels
have increased sharply, such as self-adhesiveness, self-healing,
antibacterial properties, and transparency. To implement these
goals, functionalized organohydrogels can be achieved through
the modification of specific functional monomers and delicate
composition, and molecular and structural engineering.

View Article Online
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Nevertheless, it remains a great challenge to develop organo-
hydrogels with all these functions simultaneously, owing to some
trade-off dilemma. Herein, a systematic and comprehensive intro-
duction and summary of organohydrogels are presented (Fig. 1).
Firstly, the preparation methods and unique characteristics of two
different types of organohydrogels are introduced in detail,
including heteronetwork and homogeneous organohydrogels.
Then, the research significance and strategies for further optimi-
zation and additional giving of electro-mechanical properties and
various functionalities in organohydrogels reported previously are
summarized and discussed, respectively, which will undoubtedly
play an indispensable role in the development of multifunctional
organohydrogels in the future. Finally, the representative applica-
tions of organohydrogels in different fields are described in detail,
mainly focusing on sensing devices, energy storage devices,
nanogenerators, and biomedicine.

2. Configuration design for
organohydrogels
2.1. Classification and preparation

Organohydrogel is currently a very typical and common gel
material, and its construction generally requires two processes
to occur: a polymerization process in which organic monomers
are interconnected to form long molecular chains and a cross-
linking process in which molecular chains are cross-linked to
form a network. During the gelation of the polymer network,
two cross-linking mechanisms are mainly involved.*® One is
physical cross-linking, and the gel network formed accordingly is
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Fig. 1 Schematic illustration of the classification, preparation, functionalization, and application of organohydrogels.
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mainly cross-linked by non-covalent bonds. To date, the repeated
freezing and thawing process is the most common method to
obtain physically cross-linked hydrogels through the formation of
hydrogen bonds and crystalline domains.***° Representatively,
PVA-based hydrogels can be directly obtained by dissolving PVA
powder in a solvent and then performing several freeze-thaw
cycles, and their mechanical properties can be adjusted by the
number of freeze-thaw cycles.’*>* As for PVA-based organohydro-
gels, only one freeze-thaw cycle can form a stable gel.**> This is
due to the formation of large numbers of hydrogen bonds and the
induction of PVA crystallization after the introduction of organic
agents, thus increasing the cross-linking points, which greatly
improves the production efficiency. Besides, gelatin-based
hydrogels can be obtained by heating the gelatin in a solvent to
dissolve and dissociate into coil-like chains, and then the gelatin
molecules rearrange into triple helix structures through hydrogen
bonding and hydrophobic interaction after cooling down, which
is also another common method to obtain a physically cross-
linked network.>*>* Specifically, the preparation of these polymer
networks is completely green and pollution-free as no polymeriza-
tion reaction occurs.’

Another cross-linking mechanism is called chemical cross-
linking. In this regard, conventional radical polymerization is
deployed to construct a strong covalent cross-linking network
as a typical method, requiring a well-designed polymerization
step. In the polymer precursor solution, the polymer monomer,
initiator, and cross-linker need to be included. In addition, the
occurrence of phase transition requires induction from external
stimuli, such as heat,’® pH,>” light,”*®° or redox.®"*> Among
them, photopolymerization and thermal polymerization are
the most common, and the corresponding photoinitiator
(2-hydroxy-2-methylpropiophenone®®*  and  2,2’-diethoxy-
acetophenone (DEAP)*®) and thermal initiator (ammonium
persulfate (APS)°*®® and 2,2’-azobis(2-methylpropionitrile)
(AIBN)*) are used. Chemical cross-linkers such as N,N-methylene
bisacrylamide (MBA) are the key to gelation, and the gelation of
different polymers often requires different types of cross-linking
agents, which is adverse to the expansion of polymer types in gel
materials.”%>7° Apart from these surfactants, solid materials such
as nanoclays,”* MXenes,”” and silica nanoparticles” have also been
reported as cross-linkers or to accelerate the gelation process.
However, compared to physical cross-linking, the preparation
of these chemical reagents is relatively complicated and costly,
and the residual reagents after polymerization may cause contam-
ination and damage to biological tissues, which is not conducive to
the biocompatibility of the gel materials and their application in
biomedicine.®**>% Beyond this, partial free radical polymerization
generally needs to be carried out under oxygen-free conditions,
and the complex polymerization process limits its large-scale
production and practical application.”*”>

According to the different components in the organohydrogel,
there are mainly two different types of organohydrogels that can
be constructed: one is a heteronetwork organohydrogel, in which
hydrophilic and hydrophobic polymer networks interpenetrate
each other or two immiscible phases are independently
distributed in the matrix at microscale dimensions.”*”” The other

This journal is © The Royal Society of Chemistry 2022
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is a homogeneous organohydrogel containing one or more homo-
geneous hydrophilic polymer networks in a binary-solvent
(organic/water) system. So far, various organic solvents for the
construction of organohydrogels have been developed, mainly
including glycerol (Gly), ethylene glycol (EG), and dimethyl sulf-
oxide (DMSO).

As for heteronetwork organohydrogels, there are mainly
three synthetic methods that have been developed in the past
decade (Fig. 2). For example, Gao et al. firstly proposed a
diffusion strategy to synthesize heteronetwork organohydrogels
in 2017.** More specifically, an organohydrogel is formed by
diffusing an oleophilic polymer dissolved in an amphiphilic
solvent into a partially dehydrated hydrogel scaffold and then
polymerizing it in situ to swell the organogel in the hydrogel,
featuring interpenetrating oleophilic/hydrophilic heteronetworks.
Secondly, emulsion polymerization is currently the most commonly
used strategy for preparing heteronetwork organohydrogels that
feature the binary cooperative phase, which can be applied to
various hydrophilic and oleophilic monomers, and was
proposed by Zhao et al. in 2017.*” In this strategy, the hydro-
philic and oleophilic monomer solutions are vigorously stirred
or sonicated to form an oil-in-water emulsion. An emulsifier,
including various surfactants or small-sized nanoparticles,
should be added to the system to stabilize the emulsion
resulting from the Pickering effect. The resulting emulsion
shows that a large number of oil emulsion droplets with a
diameter of several to tens of um are uniformly distributed
in the continuous water phase. Subsequently, heteronetwork
organohydrogels in which micro-organogel domains are
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Fig. 2 Different preparation strategies of heteronetwork organohydrogels.
(a) Preparation of an organohydrogel by diffusing the oleophilic polymer
into a hydrogel scaffold to form interpenetrating structures. Reproduced
under terms of the CC-BY license.** Copyright 2017, Springer Nature.
(b) Emulsion polymerization. Reproduced with permission.&? Copyright
2021, American Chemical Society. (c) One-step copolymerization of
hydrophilic and hydrophobic monomers in a binary solvent. Reproduced
with permission.%” Copyright 2021, John Wiley and Sons.
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uniformly distributed in a continuous hydrogel network can be
obtained after polymerization.”®®° Due to the thermoplasticity
of the organogels, these organohydrogels show adjustable
mechanical properties at different temperatures. Lastly, in
some cases, heteronetwork organohydrogels can also be pre-
pared through a one-step copolymerization method in which
hydrophilic monomers and hydrophobic monomers are directly
added to the binary solvent system and then copolymerized.***”

Despite the proven effectiveness, these methods are limited by
the complicated polymerization conditions. Given that, other effec-
tive preparation methods have also been explored and further
developments are needed in the future. Representatively, Li et al.
developed a simple “in situ” transformation strategy to prepare
organohydrogels by simply soaking poly(pentafluorophenyl
acrylate) (pPFPA) gel into the blend solution containing both
hydrophilic and oleophilic alkylamines, so that these amines could
react with pPFPA and then convert them into the corresponding
acrylamide polymers based on the aminolysis of pPFPA.*'
Specifically, there are no strict requirements for the solvent in the
ammonolysis process, only the selected amine should get dissolved
in it and should not react. This strategy can not only efficiently
synthesize heteronetwork organohydrogels with outstanding
mechanical properties, but also solve the limitation of interfacial
copolymerization caused by the immiscibility of water and oil in
conventional synthesis methods.

As for homogeneous organohydrogels, there are mainly two
methods that have been developed to construct a homogeneous
network in a binary water/organic dispersion medium (Fig. 3).
Firstly, a facile one-pot sol-gel synthesis method involving
in situ gelation of polymers in a binary solvent is proposed.®
In this strategy, all components including polymer monomers,
initiators, and cross-linking agents are added to the binary
solvent before polymerization takes place. The synthesis
process is simple and has been widely used in the preparation
of various organohydrogels.'>?**7%3% However, the polymer-
ization process is inevitably affected by the solvent environment,
and the addition of organic agents may hinder the gelation
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Fig. 3 Typical fabrication strategies of homogeneous organohydrogels.
(a) A one-pot sol-gel synthesis method. Reproduced with permission.84
Copyright 2017, John Wiley and Sons. (b) The solvent replacement
strategy. Reproduced with permission.®® Copyright 2019, Royal Society
of Chemistry.
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process. Specific synthesis conditions need to be considered
when different monomers are polymerized, which leads to
restrictions on the diversity of organohydrogels. Driven by this,
Zhou et al. first proposed another strategy for preparing organo-
hydrogels containing a binary-solvent system, which is called
solvent replacement.®”> More precisely, a pre-prepared hydrogel is
immersed in a mixture of organic agents and water, and the
organohydrogels are synthesized by replacing part of the free
water in the hydrogel with organic molecules owing to the
osmotic pressure. The solvent replacement process is very free
and does not require additional processing, and can reach
equilibrium in a short time. Correspondingly, this strategy avoids
the complicated designs of polymerization conditions, and
thereby it can be used for various types of organohydrogels.”*
Specifically, the performance of the organohydrogels prepared by
solvent replacement, such as frost resistance, long-term stability,
and mechanical properties, can be easily adjusted by changing the
immersion time, concentration, or the type of organic agent.**®
Based on these advantages, a large number of organohydrogels
constructed by the solvent displacement have been reported in
the past several years,>>%>°%5788

To sum up, we systematically list the advantages and
disadvantages of different preparation strategies for organo-
hydrogels in Table 1. Unfortunately, the development of
organohydrogels is still in its infancy. Not only do the types of
organohydrogels need to be expanded, but it is also necessary to
synthesize organohydrogels with different microstructures, such
as thin films or fibers, which is conducive to their development
in flexible integrated electronics. Driven by this, further devel-
opment and exploration of more effective, low-cost, and simple
preparation methods are still needed, such as three-dimensional
(3D) printing technology.

2.2. Unique advantages

The manifested macroscopic performance is completely determined
by the composition and structure of materials. Due to the combi-
nation of binary solvent or complementary phases, organohydrogels
hybridized by hydrogels and organogels exhibit not only the unique
performances derived from individual gel components but also
some synergistic performances, such as antifreezing and water
retention ability, solvent resistance, and shape memory effect. This
section describes in detail the generation mechanism, research
progress, and application prospects of these unique properties in
organohydrogels.

2.2.1. Anti-freezing and water retention ability. In hydrogels,
high water content is essential for maintaining ionic conductivity
and structural integrity. However, water will inevitably transform
into the ice phase at freezing temperatures, which causes the
hydrogel to become rigid, brittle, opaque, and lose its function-
ality. In general, the optimal design of the composition and
molecular structure of a hydrogel is the key point to improving
its frost resistance. The inhibition of ice nucleation and ice-crystal
growth at lower temperatures is very important for the develop-
ment of hydrogel-based devices that work normally at low tem-
peratures. Inspired from natural phenomena, where remarkable
freezing tolerance in plants and animals is introduced by the

This journal is © The Royal Society of Chemistry 2022
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Table 1 Comparison of the advantages and disadvantages of various methods for preparing organohydrogels

Methods Advantages

Types

Disadvantages

Heteronetwork In situ polymerization of
organohydrogel oleophilic polymer diffused
into the hydrogel scaffold

Less restricted by polymerization conditions due More preparation steps

to separate polymerization process

The resulting organohydrogels both combine the The hydrophilic and oleophilic network may
characteristics of hydrophilic and oleophilic

not fully interpenetrate due to the intrinsic

polymers and exhibit adaptive surface wettability incompatibility of water and oil phase, resulting

Emulsion polymerization

dimensions

Enabling the organohydrogels to display

Resulting in the effective combination of
hydrogel and organogel at micro/nanoscale

in undesirable functionality

Interfacial copolymerization is suppressed to a
certain extent

The use of large amounts of emulsifiers may
increase the toxicity of the system

Interfacial copolymerization is restricted

adjustable mechanical properties

One-step copolymerization of Simple and fast

hydrophilic and hydrophobic

monomers in binary solvent
Homogeneous One-pot sol-gel synthesis
organohydrogel method

Fast and straightforward

The polymerization of different polymers under
the same conditions is limited, resulting in poor
diversity of organohydrogels

Changes in the polymerization conditions of
the polymer limit the successful preparation of
various organohydrogels after the introduction
of organic solvents

Solvent replacement strategy No restrictions on the polymerization conditions More steps than one-pot method
Various properties of the final organohydrogels The conductivity may be decreased
can be easily controlled by the immersion time,
concentration or the type of organic agents

increased quantities of fatty species in biological organisms,
fascinating frost resistance is demonstrated in organohydrogels
by the introduction of organic solvents. Among the reported
organic solvents for organohydrogels, EG is the simplest and
cheapest, and the freezing point of the water/EG binary solution
can be decreased to below —40 °C.* To this end, a PVA/poly(3,4-
ethylenedioxythiophene):polystyrene  sulfonate ~ (PEDOT:PSS)
organohydrogel was reported by using the water/EG binary
solvent, which exhibited stable flexibility and strain-sensitivity
in the temperature range from —55.0 to 44.6 °C.** Gly is also a
well-known, nontoxic anti-freezing agent, and is most commonly
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Fig. 4 The frost resistance performances and mechanism of organohy-
drogels. (a) Photographs showing the flexibility; (b) stress—strain curves;
and (c) conductivity of MMCH (hydrogel) and MMCOH (organohydrogel) at
various temperatures. Organohydrogels maintain excellent mechanical
properties and conductivity at sub-zero temperatures, showing an out-
standing anti-freezing ability. Reproduced with permission.®® Copyright
2021, John Wiley and Sons. (d) Schematics illustrating the anti-freezing
mechanism of organohydrogels. Reproduced with permission.®” Copyright
2021, John Wiley and Sons.
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used in the preparation of organohydrogel because of its good
biocompatibility and better freezing resistance.””®" For instance,
Sun et al. proposed an anti-freezing polyacrylamide (PAM)/mon-
tmorillonite/carbon nanotube (CNT) organohydrogel based on a
water/Gly binary solvent system, and it can maintain mechanical
flexibility and good conductivity over a broad temperature range
(—60 to 60 °C) (Fig. 4a—c).*® Similarly, the gelatin supramolecular
organohydrogel could retain 100% stretchability even at —70 °C,
owing to the use of a water/Gly binary solvent.”®

In particular, DMSO is a very common cryoprotectant and
has been widely applied for cryopreserving cells.”>%® A water/
DMSO binary solvent has also been used for fabricating organo-
hydrogels, and their freezing points are effectively reduced.”
Ye et al reported a cellulose nanofibril (CNF) based organo-
hydrogel by using the water/DMSO binary solvent, which could
remain flexible and well conductive at —70 °C.%" In detail, the
freezing point may reach the lowest temperature of —115 °C by
adjusting the ratio of DMSO/water to a 7:3 molar ratio. In
addition to these, the introduction of other organic agents can
also lead to good frost resistance in organohydrogels. Chen
et al. reported the utilization of sorbitol to fabricate Ca-alginate/
PAM organohydrogels with good mechanical flexibility at
—45 °C.*® Gao et al. exploited water and heptanes as the
dispersion medium of the hydrophilic/oleophilic heteronetwork
organohydrogel, the organohydrogel showed reversible and
stable elasticity even at a temperature as low as —78 °C.**
In general, the proportion of binary solvent is vital for the anti-
freezing properties of organohydrogels. Previous studies have
shown that the freezing point reaches the lowest when the
weight percent of Eg and Gly is 70 and 66%, respectively.***5*

In these cases, the ice inhibition effects in organohydrogels
strongly put down to the formation of strong hydrogen bonds
between the organic agents and the water molecules. There are
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three different states of water in hydrogels: free water, intermediate
water, and strongly bound water.”® The free water can easily freeze
at normal freezing points and exchange rapidly with different
organic solvents. The intermediate water is weakly bound with
polymer chains or other chemicals in the hydrogels, which can
freeze at lower temperatures. In particular, the strongly bound
water can keep it from freezing even when the temperature is below
—100 °C, owing to the formation of more than one hydrogen bond
with the polymer and others. In general, water crystallization is the
formation of an infinite hydrogen bond network of water
molecules.”” The organic solvent in organohydrogels can partially
replace free water and form hydrogen bonds with the surrounding
water molecules, which is beneficial to reduce the fraction of free
water and meanwhile disrupts the hydrogen bonds between water
molecules, thereby enhancing frost resistance (Fig. 4d).*” Thus,
compared with EG-based organohydrogels, the better freezing
resistance in Gly-based organohydrogels can be attributed to the
three hydroxyl groups in Gly that can form bonds with the
surrounding water molecules.

In addition to water crystallization, water evaporation can
also cause detrimental effects on the properties of the hydrogels,
including the weakening of mechanical properties and ionic
conductivity, shape deformation, or generation of cracks. The
excellent water retention ability of hydrogels is necessary to
achieve long-term stability even under arid conditions. In previous
studies, the simplest and most common strategy to reduce water
evaporation is to encapsulate hydrogels with elastomers.”®
However, the encapsulation will cause a sophisticated fabrication
process or even a dragged down mechanical performance, and the
loss of water cannot be completely avoided. Attractively, an
excellent drying tolerance can be achieved in organohydrogels.
Wau et al. reported a MXene nanocomposite organohydrogel with
the water/Gly binary solvent as the dispersion medium, thus
leading to the long-lasting moisture retention of these organo-
hydrogels (10 days) (Fig. 5a and b).”® Lu et al prepared a
conductive organohydrogel by using the water/Gly binary solvent,
and there was no performance degradation even after a long
period of storage (30 days) (Fig. 5c-g).** Consequently, the con-
struction of organohydrogel seems to be a more effective method
to inhibit water evaporation without losing mechanical properties.

In general, the evaporation of water is caused by the lower
vapor pressure of the surrounding environment than that of the
hydrogels. Organic agents generally have a higher boiling point
and can reduce the vapor pressure after mixing with water.
Typically, Gly is a well-known, nontoxic humectant with excellent
hygroscopicity. Compared with similar hygroscopic EG, Gly has a
better water retention ability due to its higher viscosity, higher
boiling point, and lower vapor pressure.”® Consequently, the
outstanding water retention ability in the organohydrogels can
be attributed to the closer vapor pressure between the materials
and surroundings. Additionally, the interaction between organic
molecules and the network also plays an important role in
inhibiting water evaporation such as the ample and strong
hydrogen bonds formed with water molecules.** Considering
the relatively high dissociation energy of these bonds, they can
even exist stably at a higher temperature, resulting in a lower
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Fig. 5 The water retention ability of organohydrogels. Comparison of
flexibility between a MXene nanocomposite organohydrogel and a hydrogel
through (a) twisting and (b) bending after storage for 10 days. Reproduced with
permission.”® Copyright 2020, Royal Society of Chemistry. (c) Photographs of
the GW-hydrogel (organohydrogels) and the W-hydrogel (hydrogels) after
being placed in air for 30 days or after 1 day of freeze drying; (d) The change
curve of the weight of the GW-hydrogel and the W-hydrogel with storage
time; Comparison of (e) compression strength, (f) tensile strength and
(g) maximum tensile strain of the GW-hydrogel and the W-hydrogel in the
initial state or after storage for 30 days at 25 and —20 °C or after freeze-drying,
reflecting the excellent stability of organohydrogels. Reproduced with
permission.®* Copyright 2017, John Wiley and Sons.

drying speed and increased environmental tolerance of the
resulting organohydrogels.

The representative developments of the anti-freezing and
water retention capabilities of organohydrogels are summarized
in Table 2, and obviously their working temperature range and
service life are effectively extended. Generally, at a sub-zero
temperature, in addition to inhibiting the freezing of water
molecules in the bulk phase, the freezing of water molecules
adsorbed on the surface of the organohydrogels also needs to be
prevented. However, the latter is rarely involved. Additionally,
although the loss of water is greatly alleviated in the organo-
hydrogel, dehydration will inevitably occur under extremely arid
environments or after long-term use. Ideally, we urgently hope to
develop a self-regeneration organohydrogel, which can self-
regenerate to its original state for reuse. Recently, a LiCl-based
hydrogel with strong water retention and self-regeneration abilities
was reported. After vacuum drying, the dehydrated hydrogel could
recover to its original state by spontaneously absorbing water
molecules from the surrounding environments because of its
lower vapor pressure.®® As water absorption from moisture has

6485 we believe that self-

also been discovered in organohydrogels,
regeneration of organohydrogels can also be achieved by regulating

the proportion of organic agents and the humidity of the storage
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Table 2 The development of anti-freezing and water retention capabilities of representative organohydrogels

Solvent Freezing Published
Organohydrogel composition Preparation method resistance  Dry resistance year
PVA/PEDOT:PSS Water/EG One-pot sol-gel synthesis —55 °C — 2017
organohydrogel*® method
Hydrophilic/oleophilic hetero- ~ Water/n-decane Diffusion strategy —15 °C — 2017
network organohydrogel** Water/heptanes -78 °C
PDA-CNTs/PAM/PAA Water/Gly One-step copolymerization = —20 °C 90% weight retention after 7 days 2018
organohydrogel®* (60 °C)
Ca-Alginate/PAM Water/Gly Solvent displacement —50 °C 88%, 45%, 75% weight retention 2018
organohydrogel® Water/EG —-70 °C after freeze-drying
Water/sorbitol —45 °C

Gelatin supramolecular Citrate (Cit)/ Solvent displacement —80 °C 90% weight retention after 7 days 2019
organohydrogel® water/Gly (20 °C, 50% RH)
PVA/CNF organohydrogel” Water/DMSO One-pot sol-gel synthesis —70 °C 60% weight retention after 24 h 2020

method (40 °C, 15% RH)
TA@CNF/MXene/PAM Water/Gly One-step copolymerization  —80 °C 80% weight retention after 7 days 2020
organohydrogel* (20 °C, 35% RH)
Alginate/(poly(ethylene glycol) ~ Water/Gly/CaCl,/  Solvent displacement —100 °C 90% weight retention after 10 2020
diacrylate (PEGDA) organohy-  KCl days (20 °C, 45% RH)
drogel fibers’*
PAM/montmorillonite/CNT Water/Gly Solvent displacement —60 °C 90% weight retention after 3 days 2021
organohydrogel®® (25 °C)

77.5% weight retention after 72 h
(60 °C)

Carboxymethyl cellulose Water/DMSO One-step copolymerization  —90 °C 76% weight retention after 15 2021

sodium salt (CMC)/P(AA-MEA)
organohydrogel®’

environment. Moreover, there are other feasible methods to
fabricate anti-freezing and anti-drying hydrogels, such as the
incorporation of inorganic salts (e.g. NaCl, CaCl,, and ZnCl,) and
zwitterionic osmolytes (e.g. betaine or proline), which can also be
used synergistically to further broaden the working environment of
organohydrogels.***%

2.2.2. Solvent resistance. Recently, flexible electronic
devices that can operate in complex liquid environments have
received copious attention. Conventional hydrogels can easily
swell or shrink in their respective good or poor solvents. The
deformation of the hydrogels will be detrimental to their
various performance and functionalities, such as mechanical
strength, toughness, self-adhesion, or conductivity.*>"
Therefore, solvent resistance is a necessary requirement for
the future development of devices that can work normally in
water or organic solvents. Interestingly, heteronetwork organo-
hydrogels formed by mixing hydrophilic/oleophilic networks in
a multi-solvent system can well solve this common problem.
The combination of these binary components with entirely
opposite physiochemical properties can compensate for the
deficiency of a homogeneous single network. When equilibrated
in a certain solvent, the swollen polymer network is always
constrained by the other shrunken polymer network, resulting
in no obvious volume change being found.** Although excellent
solvent resistance is achieved, the diffusion of free ions into the
solvent in an ion-conductive organohydrogel can lead to instability
of conductance due to osmotic pressure. Correspondingly, the
electronic conduction system provides great possibilities for
electronic devices that can work stably in various solvents. Hence,
Liu et al. prepared a graphene-assisted conductive organohydrogel
by copolymerization of a hydrophobic monomer (2-methoxyethyl
acrylate (MEA)) and a hydrophilic monomer (actylic acid (AA)) in a

This journal is © The Royal Society of Chemistry 2022

days (normal temperature)

mixed solvent of water and DMSO,* and the resulting synergistic
hydrophobic and hydrophilic network system endowed the
organohydrogel with excellent solvent resistance (Fig. 6a-d).
Significantly, this organohydrogel could serve as an all-weather
wearable sensor and even achieve accurate and stable mechanical
sensing in diverse solvents.

In particular, owing to the intrinsic immiscibility and the
opposite solvent affinities of the hydrophilic and hydrophobic
networks, the heteronetwork organohydrogels can controllably
and reversibly rearrange their surface structure according to
the different surrounding media, and realize adaptive super-
hydrophilic and superoleophilic transitions.*® In this case, the
organohydrogel exhibits amphiphilic surface properties in dry
air. When the organohydrogel is immersed in water, the hydro-
philic network can absorb water and swell while the hydrophobic
network is squeezed inward, resulting in a hydrogel-dominated
surface reconfiguration and subsequent superhydrophilic
surface properties. In contrast, organohydrogels exhibit super-
oleophilic surface properties in oil due to the occurrence of
organogel-dominated surface reconfiguration (Fig. 6e). To this
end, an organohydrogel with adaptive macroscopic wetting
properties was synthesized by polymerizing an oleophilic
monomer (lauryl methacrylate and n-butyl methacrylate) in a
three-dimensional crosslinked hydrophilic matrix, which has
potential application in smart gating systems, such as on-
demand oil/water separation.**

Furthermore, by taking advantage of the hydrophilic/hydro-
phobic interactions that exist simultaneously in the system,
Wan et al. reported a surface patterning technique that uses
pre-patterned substrates with different wettability regions to
induce patterning of hydrophilic and hydrophobic monomers
at the solid-liquid interface through hydrophilic/hydrophobic
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Fig. 6 The anti-swelling and adaptive wettability of heteronetwork organo-
hydrogels. (a) Photographs of the swelling behavior of organohydrogels after
swelling 20 days in various solvents and the corresponding (b) swelling ratio
change of organohydrogels as a function of swelling time; stable conductivity
of organohydrogels in (c) dodecane and (d) water for strain sensing in various
liquid media. Reproduced with permission.*> Copyright 2020, American
Chemical Society. (e) Schematic diagram of reversible switching between
the hydrogel- and organogel-dominated surface states of the organohydrogel
as the solvent changes. Reproduced with permission.*¢ Copyright 2019, John
Wiley and Sons.

interactions, and then in situ polymerization to fix the patterns
on the organohydrogel surface.®® The surface-patterned
organohydrogels can be well maintained in diverse solvents,
owing to their excellent solvent resistance. Additionally, focusing
on the obvious transparent change of the heteronetwork
organohydrogel resulting from the microphase separation in
poor solvents and low-swelling in suitable solvents, Liu et al
proposed a dynamic information memory device for recording
and encrypting information based on the variable and adjustable
optical properties.®” Similarly, this organohydrogel still exhibits
anti-swelling properties owing to the introduction of the hydro-
phobic and hydrophilic components. Therefore, in combination
with such commendable solvent resistance, heterogeneous
organohydrogels not only exhibit an excellent environmental
tolerance but also can work normally in a variety of water or
oil-based liquid phase environments like water, n-dodecane,
chloroform, and hexane; hence, they have shown great potential
for applications in various fields such as underwater robots,
underwater sensing, implantable bioelectronics, and oil-water
separation.

2.2.3. Shape memory effect. In addition to the above-
mentioned excellent properties, the heteronetwork organohydrogel
prepared by emulsion polymerization also exhibits a shape memory
effect. This refers to a phenomenon in which materials can fix
temporary shapes and return to their original shapes under
external stimuli (e.g., pH, heat, light, chemicals, electrical
stimulation, magnetic stimulation),'®* "% and these smart
materials with the shape memory effect have a wide range of
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potential application in electronics, aerospace, biomedical, and
tissue engineering settings.'®*'® The composition design of
shape memory materials should meet two basic requirements
at the same time. The first is that the materials need to hold
stable netpoints to maintain the permanent shape, and the
other is that they need to contain stimuli-switchable units to fix
the temporary shape.''' Among the typical shape memory
materials reported, solid shape memory polymers (SMPs) based
on glass or melting-crystallization transitions have a high
density of netpoints and low polymer-chain mobility, and thus
suffer from limited strain capacity. Even the highly stretchable
SMPs cannot fully recover from strains over 1000%,*”"'>'*
which severely limits their practical applications. By contrast,
shape memory hydrogels (SMHs) can significantly improve
the strain capacity due to their excellent stretchability, but
the elastic modulus is decreased.’®® Furthermore, the shape
memory effect of most SMHs mainly relies on the reversible
supramolecular interactions or dynamic covalent/non-covalent
bonds as molecular switches, so it is difficult to achieve the
fixation and recovery of elastic deformation.'**™*¢

Given these limitations, a high-strain and tough shape
memory organohydrogel with a binary cooperative phase was
prepared, and its shape memory effect was closely related to the
phase transition of the paraffin composition in the micro-
organogel domains by thermal stimuli.*” As illustrated in
Fig. 7a and b, at room temperature, this organohydrogel
exhibited excellent strength and toughness due to the reinfor-
cement of micro-organogel domains, and the micro-organogel
domains exist in spherical shapes to maintain the lowest energy
of the system. When the organohydrogel is heated above the
melting point (Ty,) of paraffin, the micro-organogel domains
will soften accordingly. Meanwhile, the sample can be more
easily stretched into a specific shape, and the micro-organogel
domains change from spherical to ellipsoidal shapes along the
stretching direction. By reducing the temperature from over T,
to below Ty, the correspondingly frozen paraffin will keep the
micro-organogel domains in the deformed shape and prevent
the elastic deformation of the hydrogel network through
covalent interconnection at the heterophase interfaces, resulting
in a fixed temporary shape of the organohydrogel at the macro-
scale and the energy storage in the system. When the tempera-
ture increases above T, again, the elastic potential energy
in the hydrogel network and the interfacial tension of the
micro-organogel domains drive the organohydrogel to release
energy so as to completely return to its original shape with
the lowest energy. In this case, the organohydrogel is accompa-
nied by energy storage and release during the shape memory
process, which is conducive to the recovery of elastic
deformation.

According to this mechanism, it is anticipated that multiple
shape memory effects can be achieved by combining multiple
noneutectic phase transition components inside microrganogel
inclusions. Subsequently, Zhuo et al. prepared a complex
multiphase organohydrogel by incorporating microrganogel
inclusions containing multiple oleophilic components with
different phase transition temperatures in continuous elastic

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Shape memory effect of the heteronetwork organohydrogels.
(@ and b) Schematic illustration of the shape memory process of the
organohydrogel based on the phase-transition of micro-organogels.
Reproduced with permission.*” Copyright 2017, John Wiley and Sons.
(c and d) Hierarchical shape morphing process. Reproduced with
permission.'” Copyright 2018, John Wiley and Sons.

hydrogel networks.*® For example, assembling C;sHs, and CpgHsg
with significantly different alkyl chain lengths and poly(stearyl
methacrylate) (PSMA) within the microrganogel inclusions
provided the organohydrogel with precisely controllable thermo-
induced triple-switching mechanical properties due to the triple-
phase transitions of the microrganogel inclusions from a fully
crystalline state to a fully melting state as the temperature varies.

Considering the dual-phase heteronetworks in an organo-
hydrogel, Zhao et al. developed a dual-programmable shape-
morphing organohydrogel containing micro-organogel inclusions
and the reversible metallo-supramolecular hydrogel framework,
which can independently respond to different stimuli.'’” On the
one hand, the reversible metal-ligand association/dissociation of
the hydrogel framework realizes the permanent shape memoriza-
tion process via depressing the storage energy of the previous
temporary state. On the other hand, the micro-organogel inclu-
sions with thermoswitchable phase-transition ability dominate
the shape memory process. This hierarchical shape morphing
behavior enables versatile step-wise memorization and program-
ming of geometrically complex structures (Fig. 7c and d).
Specifically, note that this adaptive smart organohydrogel could
adjust the surface topographies and properties simultaneously, a
smart microfluidic device was developed accordingly to enable
on-demand remote programming of unidirectional liquid trans-
port by the integration of photothermal Fe;O, nanoparticles.*®
Nevertheless, although the huge application potential of these
smart organohydrogels has been proven, it is still a long way from
the laboratory to practical applications.

3. Optimal design of organohydrogels

In addition to these inherent excellent properties derived from
the unique components and structure of organohydrogels,
there are still some other properties that need to be included

This journal is © The Royal Society of Chemistry 2022
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or further optimized through additional means to meet the
practical applications of organohydrogels in various fields,
such as mechanical properties, conductivity, self-healing,
adhesion, antibacterial properties, etc. Herein, this section
summarizes the reported optimization strategies for the
various properties of organohydrogels in detail.

3.1. Mechanical properties

Flexible electronic devices usually need to exhibit good mechanical
properties, including strong strength, high stretchability, and good
fatigue resistance, and this is mainly determined by the cross-
linking method and degree between various components of the gel
network.” In general, chemical cross-linking is mainly based on
strong covalent bonds, which can significantly improve the
mechanical strength, but the breaking of these covalent chemical
bonds under large deformation will cause irreversible damage to
the structure, thus leading to poor deformation tolerance and
fatigue resistance.>® Conversely, a purely physical cross-linking
network based on the reversible non-covalent interactions, such
as hydrogen bonds, n-stacking interactions, and van der Waals
interactions, can easily recover and rebuild under deformation.*®
As for traditional hydrogels, they generally exhibit low mechanical
strength due to high water content and loose cross-linking, and are
prone to breakage during mechanical deformations, which is not
conducive to practical applications.” To solve this problem, multi-
ple reversible non-covalent interactions are introduced into the
strong chemical cross-linking network, which can dissipate energy
as sacrificial bonds during the stretching process and reassociate
after the stress is removed, making the hydrogel exhibit both good
mechanical strength and high toughness.*>>

Organohydrogels generally exhibit better mechanical properties
than hydrogels composed of the same polymer network due to
the following two points. First of all, the organic agents in the
organohydrogels will form a large number of hydrogen bonds with
water and polymers in the network, which can increase the cross-
linking density of the polymer network and facilitate the bridging
of polymer chains,***>® resulting in enhanced mechanical
properties. For instance, Fang et al. prepared a gelatin/ferric-ion-
cross-linked polyacrylic acid (PAA) dual dynamic supramolecular
network, which can be toughened by incorporating Gly into the gel
networks because of the significantly increased physical cross-
linking of gelatin and reduced phase separation.®® However, when
the organic solvent is excessive, it will cause rapidly increased cross-
link density of hydrogen bonds and even volume shrinkage, which
is not conducive to the movement of polymer molecular chains,
making the resulting organohydrogels extremely fragile.*® In
general, the mechanical performance of the organohydrogels
largely depends on the proportion of organic solvent in the mixture.

Secondly, organohydrogels exhibit enhanced mechanical
strength without sacrificing much flexibility because the organic
agents in them can induce polymer crystallization.*>®® For
instance, different from other conventional PVA hydrogels
with low mechanical strength, high-strength organohydrogels
combined with the water/EG binary solvent were reported. This
strength enhancement is mainly derived from the crystallization
of PVA after the introduction of EG, and the strength continues
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to increase with the increasing EG concentration due to
the formation of more induced PVA crystalline domains.*’
Furthermore, a highly stretchable, strong, and tough PVA-
based organohydrogel was also fabricated by using the water/
DMSO binary solvent; the excellent mechanical strength was also
ascribed to the crystallization of PVA chains, which was formed
because of the strong intermolecular interaction between DMSO
and water and thus the insufficient solvation of PVA chains.’®
In these cases, the formed crystalline domains not only served
as rigid and high-functionality crosslinkers to strengthen the
network, but also toughened the organohydrogels through the
crack pinning effect,"®*° thereby providing better mechanical
properties compared to hydrogels.

In fact, it is necessary to further improve the mechanical
properties of existing organohydrogels. In a single polymer
network, the low density or irregular distribution of cross-
linking points results in different polymer chain lengths, and
this intrinsic structural inhomogeneity easily causes initial
cracks. Moreover, organohydrogels are prone to rupture due
to the lack of sufficient energy dissipation mechanism to slow
down the propagation of cracks. To address this problem,
tremendous improvements have been made to fabricate strong
and tough organohydrogels by introducing energy dissipation
mechanisms, such as forming a double network (DN),**:63:87:118
adding nanofillers,">*°>""® introducing other dynamic
interactions,®>'**'*! and creating nano-crystalline domains.®®

Above all, the incorporation of a second polymer network is
an effective strategy to strengthen and toughen organohydrogels
and keep other functions from being lost."**'** Generally, the
obtained DN hydrogel is composed of two complementary polymer
networks with different physical natures, either physically (PVA,*
agar,'*® alginate,'** carrageenan,'** gelatin®) or chemically cross-
linked (PAM,*>”**” PAA*>**), During the stretching process of the
materials, the physically crosslinked polymer network is broken
first to dissociate and dissipate energy, resulting in an increase in
toughness. Meanwhile, the chemically cross-linked network
remains intact and stabilizes the deformation to provide the
materials with good mechanical strength. In addition, the inter-
actions between these two polymer networks also dissipate
mechanical energy so as to continue to improve the mechanical
properties of the materials. As a consequence, this incorporation
ultimately results in the combination of relatively high stiffness and
high toughness of the material, which has important advantages
over traditional single-network organohydrogels with weak and
brittle nature.

Secondly, adding nanofillers to the polymer network can
also effectively reinforce the organohydrogels, which have been
widely used in previous studies. So far, many nano-filled
materials have been reported to be incorporated into organo-
hydrogels, such as CNTs,'®*®%* silk nanofibers (SNFs),""
CNFs,>>% graphitic carbon nitride (g-C3N,4),"*° and silica
nanoparticles.”® It is worth noting that the mechanical properties
of the composite organohydrogels are largely determined by the
chemical nature and dispersivity of the fillers.””>"*® The weak
interfacial interactions between the filler and the polymer matrix
are not conducive to an effective load transfer between
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them."*”'?® In order to effectively improve the mechanical proper-
ties of the organohydrogel, the filler added generally has a large
number of functional groups, and the reinforcing effect can be
attributed to the formation of dynamic hydrogen bonds.'?® Very
recently, Bao et al. reported the utilization of soft SNFs and hard
2-C;N, nanosheets to co-reinforce a PVA organohydrogel.'*® The
functional groups on the surface of g-C;N, nanosheets and the
molecular chain of silk nanofibers, such as amide groups,
carboxyl groups, and amino groups, could form reversible
hydrogen bonds with the PVA molecular chains, and thus greatly
improve the tensile strength and toughness of the organohydrogel
(Fig. 8a and b). Driven by this, the chemical nature of the fillers
can be effectively changed by modifying the functional groups to
strengthen interfacial interactions with polymer networks,
which is an effective approach for hydrogel reinforcement."*
For example, Jaiswal et al. proposed a mechanically stiff nano-
composite hydrogel by incorporating nanoparticles functionalized
with nitro-dopamine anchored PEG diacid on the surface, which
resulted in a more than 10-fold increase in mechanical stiffness
and a 20-fold increase in toughness due to the enhanced nano-
particle-polymer interactions."*'

In this strategy, it cannot be ignored that these fillers,
especially for CNTs, are prone to aggregation in the gel due
to their inherent surface hydrophobicity and strong van der
Waals force, which in turn lead to a decrease in the mechanical
properties of the organohydrogels due to the uneven distribution
of the structure. According to previous reports, this can be
properly resolved by adding stabilizers or dispersants to the

(C) Hydrophobic aggregation
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Fig. 8 Structural design and mechanical performance characterization of
tough organohydrogels. (a) Schematic diagram of SNF and g-CsNg4
nanosheet incorporated organohydrogel. (b) Comparison of the stress—
strain curves between a nanocomposite organohydrogel and a pure
organohydrogel. Reproduced with permission > Copyright 2021, Elsevier.
(c) Schematic diagram of a supramolecular organohydrogel prepared in a
citrate water/glycerol mixture solution. (d) Compression performances of
various gelatin gels ((i) hydrogel, (ii) supramolecular hydrogel 1, (iii) supra-
molecular organohydrogel, (iv) organohydrogel, and (v) supramolecular
hydrogel 2), showing the improvement in the mechanical properties by
supramolecular interaction; mechanical performance of a supramolecular
organohydrogel under (e) stretching, (f) knotting and (g) 500 g load.
Reproduced with permission.>> Copyright 2019, American Chemical
Society.
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aqueous solution of CNTs, such as polydopamine (PDA),** tannic
acid (TA),'® and montmorillonite (MMT).**'*®* The good
dispersibility achieved is caused by the repulsion between the
functional groups of the agents attached to CNTs or between
dispersants and CNTs. In particular, the mechanical properties
of these organohydrogels can be further improved due to the
increased interaction between dispersants and the polymer
network.

Thirdly, the addition of ions enables the strengthening of
the organohydrogel by forming ionic interactions with polymer
chains and thereby increasing the cross-linking density.>>%”'>%13>
Particularly, apart from the formed coordination bonds, the
introduced ions can also adjust the mechanical properties by
influencing the aggregation/crystallization of polymer chains, that
is, the Hofmeister effect or ion-specific effect.'® Generally,
some ions can combine with the surrounding hydration water
molecules of the polymer chains and make them polarized,
resulting in the instability of the hydrogen bonds between the
polymer chains and their hydration water molecules, and finally
the water molecules can be discharged from between the polymer
chains (salting-out effect). Meanwhile, the polymer chains
aggregate through the formation of hydrogen bonds between
the hydrophilic groups of the polymer chains, exhibiting a strong
reinforcement effect.’*® For example, a tough gelatin supra-
molecular organohydrogel was prepared by immersing the
pre-hydrogel in concentrated sodium citrate water/Gly
solution.> Its excellent flexibility and mechanical strength can
be attributed to the formation of multiple non-covalent supra-
molecular cross-linking, such as the hydrophobic aggregation
induced by the salting-out effect, ionic interactions between the
-NH;" of gelatin and Cit>~ anions, and quadruple hydrogen
bonding (Fig. 8c-g). Specifically, studies have shown that when
ions are introduced, the improvement of mechanical properties
caused by the formation of induced crystalline domains is more
effective than the traditional strengthening achieved by ionic
cross-linking."**'** Additionally, some ions can directly bond
with the polymer chain and dissociate the hydrogen bonds
between the polymer chains, leading to the increase of polymer
solubility and the softening of the network (salting-in effect). For
instance, Fe(NO;); was found to have a strong salting-in effect on
PVA hydrogels, which can make the tough hydrogels soften
quickly. Inspired by this, a hydrogel that can switch in situ
between the stiff and soft states was proposed, which hopefully
can be used as a neuron probe."** However, organohydrogels with
adjustable mechanical properties have not yet been involved,
which is quite necessary for their future developments.

Even so, these methods mentioned above mainly focus on
composition or molecular engineering, which rarely involve
structural changes. In a single and homogeneous covalent
polymer network, high crack resistance and high elastic
modulus cannot be realized simultaneously.’*® In contrast to
homogeneous tough polymer networks made by molecular engi-
neering methods, creating anisotropic micro/nanostructures in
hydrogel can well resist the growth of a crack, achieving both high
toughness and fatigue resistance. General structural engineering
methods include ice-templating,"®” mechanical stretching,'**"*
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and compositing.'**'*° The ice-templating method can lead to
the formation of micro-alignment structures in the material.
And mechanical stretching can also effectively create anisotropic
micro/nanostructures. The formation of these micro/nanostructures
in a hydrogel will lead to an increase in material density to
strengthen the material, and the increased toughness is attributed
to the increased energy dissipation during fracture. The most
common strategy for compositing methods is to add alien micro/
nanoscale fibre reinforcements to the hydrogel. To better improve
the fatigue resistance of materials, this compositing method needs
to follow the principles that the fibre reinforcements should be
stiffer than the matrix and the interface adhesion should be
strong."*® The soft matrix facilitates the stress transfer in the
network. Ideally, the initial crack will not cause serious stress
concentration in the fibers but spreads to the entire network, and
the crack propagation is also prohibited by the fibers, showing
a crack-blunting ability (Fig. 9a). Consequently, this composite
hydrogel requires more energy to grow the crack and shows a
gradual failure mode featuring stepwise fracture and pull-out of
fibres."*''** Based on this, Ge et al. developed a highly stretchable
PAA organohydrogel by incorporating polyaniline nanofibers (PANI
NFs) into the network, taking advantage of the fiber-reinforced
microstructures.™*

At present, the effective combination of molecular and
structural engineering strategies is an important way to construct
gel materials with better mechanical properties."** Recently,
Hua et al. presented a freezing-assisted salting-out treatment to
produce a hierarchically anisotropic hydrogel, which in turn
formed a mesh-like stretchable nanofibril network on the surface
of the micrometre-scale aligned pore walls, showing a high
toughness value that even surpass natural tendons and spider
webs.'® Concretely, directional freeze-casting causes the hydrogel
to form aligned micropore walls and correspondingly leads to an
increase in material density. The subsequent salting out strongly
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Fig. 9 Structural engineering in organohydrogels. (a) Toughening
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2021, Springer Nature. Schematic design of (b) PVA hydrogels with a
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induces the aggregation and crystalline domains in the nano-
fibrils by phase separation, which can effectively delay the fracture
of individual fibrils by crack-pinning. Similarly, a nanofibrillar
PVA organohydrogel cross-linked by numerous PVA nanocrystal-
lites was formed by freeze-thaw and solvent replacement (Fig. 9b-
g).”> Thanks to the generation of nanoscale PVA crystalline
domains induced by Gly, excellent mechanical properties are
achieved accordingly. However, the PVA hydrogel sample exhibits
microfibrillar morphology in the absence of Gly, and shows a very
low mechanical strength and relatively low elongation at break.

3.2. Conductivity

A good conductivity in organohydrogels is generally required in
most application areas, such as sensors, nanogenerators, and
storage devices. As for hydrogels, the large amount of water
contained facilitates ion transporting within the network and
makes them capable of transmitting electronic signals.'*>'*
Although the conductivity is reduced after the replacement of
free water, the anti-freezing and water retention ability achieved
in organohydrogels can also stabilize their conductivity even
under harsh conditions. Various methods have been developed
to improve the conductivity of organohydrogels. At present, the
simplest and most effective method is to directly introduce
ions into the organohydrogel, which is achieved by using
polyelectrolytes or adding inorganic salts. The polyelectrolyte
network can release large numbers of free-moving ions into the
solvent water, thereby achieving a good ionic conductivity.***
Yang et al. prepared a conductive organohydrogel with sodium
methacrylate (MAANa) and [2-(methacryloyloxy)-ethyl] trimethyl
ammonium chloride (DMC) as monomers, which exhibited a
good conductivity even in low-temperature environments.'®
Moreover, the conductivity of this organohydrogel was not
affected by current frequency and had the potential to be used
as signal transmission materials.

Nowadays, various inorganic salts including KC
NaCl,®®% LiCl,**'*® and AICL;,°*%""'*° have been introduced
into organohydrogels to increase their ionic conductivity. The
addition of salt can be achieved by directly mixing the salt in
the precursor solution or immersing the prepared gel in the salt
solution for the ions to diffuse into the network. Accordingly,
the conductivity will increase with the salt concentration due to
the increased dissociated ion concentration, suggesting the
contribution of the added ions to the conductivity. However,
this increase in conductivity has an upper limit. Ye et al
proposed that excess salt in the organohydrogels will form
ion pairs or clusters rather than existing as dissociated ions,
resulting in no longer increased conductance.” In particular,
as mentioned before, the introduction of ionic polymers or
salts into organohydrogels is also beneficial to the antifreeze
ability of the materials, which can effectively compensate for
the contradiction between conductivity and frost resistance.'®

The conductivity of organohydrogels is not only related to
ion concentration, but also largely depends on the mobility of
ions. Generally, a polymer network with a high degree of cross-
linking is not conducive to ion migration;149 that is, there is a
dilemma between strength and ionic conductivity in hydrogels.

1,63,87,147
)
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Another typical strategy is to introduce a secondary conductive
network into the traditional organohydrogel, such as conductive
polymers,*®**?> CNFs,”> MXene nanosheets,>’° and CNTs,"®%*
which may contribute to the increase in mechanical strength
and conductivity simultaneously. The conductive polymer is a
kind of functional polymer with highly conjugated polymer
chains; it has active n-bonded electrons and can provide
channels for carrier transfer and transition, and has intrinsic
electronic conductivity.">* "> However, conductive hydrogels
based on conductive polymer matrices, such as PANI, polypyrrole,
and PEDOT, tend to have lower strength and flexibility, and thus
they are usually selected to be incorporated into another polymer
matrix.**"'** For example, Rong et al. reported a PVA organohy-
drogel with adjustable conductivity by adding PEDOT: PSS.** As
for CNFs, the negative surface carboxylate groups on them can
attract counter ions and provide more hopping sites for their
migration,’>'**"*° thus leading to an increase in the conductivity.
MXene nanosheets possess superior electrical conductivity,
rich surface functional groups, good hydrophilicity, and
correspondingly good dispersibility, which will undoubtedly show
tremendous potential in the fabrication of organohydrogels
with stable electrical properties.””” ™" For example, Wei et al.
developed a nanocomposite organohydrogel by incorporating
conductive MXene nanosheets and TA@CNFs into the polymer
networks, which demonstrated outstanding flexibility and
electrical conductivity within a wide temperature range.>* Herein,
MXene is connected to the organohydrogel matrix to form a
conductive skeleton, and thus endows the organohydrogel with
high electrical conductivity. Similarly, the introduction of CNTs
with high conductivity and specific surface area can also benefit
the improvement of conductivity,'® but their aggregation problem
needs to be solved first.

3.3. Self-healing ability

As a wearable electronic device, organohydrogels will suffer
unavoidable damage during the repeated stretching and bending,
including cracks, crazing, puncture, and delamination, which will
lead to a sharp degradation in the mechanical and electrical
properties of the device. Therefore, self-healing organohydrogels
that can self-repair some unexpected damages have a wider
application field and longer service life, reducing resource waste.
Mechanical damage of the gel network will cause the polymer
chains to break and slip with each other, and leave active groups
on the broken interfaces.” In general, as seen in Fig. 10, the
intrinsic self-healing process is realized by the diffusion and
rearrangement of molecules and inherently reversible chemical
bonding between molecular chains'®”'®" and controlled by
thermodynamics or reaction kinetics.”® When a break occurs,
the entropy increase of the system and the gradient of the
molecular chain network density will drive the chain to
spread.'® Specifically, the flexibility of the polymer chain will
strongly affect chain diffusion across a fracture surface interface,
and often the polymer chains with a low molecular weight and a
low glass transition temperature show relatively high flexibility
and correspondingly high molecular diffusion speed.'®* When the
driving force of the system is not enough, the healing process of
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Fig. 10 Schematic illustration of the self-healing mechanisms.

the gel needs external energy to proceed, such as high
temperature'®>'® and ultraviolet irradiation.*®”*¢®

The subsequent self-healing process is mainly realized by
dynamic covalent cross-linking and non-covalent cross-linking.*®
Non-covalent cross-links used to achieve self-healing properties
mainly include hydrogen bonding,">'**'’°  host-guest
interaction,”*"”* and metal-ligand coordination."®*"”*'”> Hydro-
gen bond is a common reversible weak bond in polymer networks,
which can automatically re-bond to repair damage even at room
temperature. Hydrogen bond-based self-healing was first
proposed in rubber. It can restore damage with the help of
multiple hydrogen bonds in molecular chains and does not
require any external assistance.'’® Therefore, compared with
hydrogels, the abundant hydrogen bonds formed between organic
molecules and polymer networks make organohydrogels show
better self-healing ability.*>®” The host-guest supramolecular
interactions originate from the complementary guest and host
moieties in polymer networks, such as cyclodextrins and ferrocene
molecules'”" or cyclodextrin and azobenzene molecules,'”” which
can form host-guest inclusion complex due to the high affinity
between them. When damage occurs, the damaged surface
will expose the dangling host and guest molecules, which can
autonomously recognize each other and recombine again to
repair the damaged surface through the dynamic host-guest
interactions. In particular, since the affinity between host and
guest molecules can be controlled by external stimuli, these host-
guest supramolecular hydrogels can be used in switch soft
materials."”* Metal-ligand bonds possess moderate bond energy,
which can dynamically associate or dissociate at room temperature
and thus endow the hydrogel with self-healing properties. Besides
these, other non-covalent supramolecular interactions such as
hydrophobic interactions,"”””'”® electrostatic interactions,"”***°
stacking’®™® and dipole-dipole interaction,'®* which can be
introduced by modifying hydrophobic blocks, charged groups, or
surfactant molecules in polymer networks, have also been reported
to be used in the preparation of self-healing materials. These
reversible breakable bonds can provide an energy dissipation
mechanism to prevent the breaking of the molecular backbone
and realize subsequent self-healing of damaged materials.'®®

T—T
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As for the self-healing mechanism based on covalent cross-
linking, various reversible covalent bondings such as Schiff
bases,®%'%” alkoxyamine,'®® disulfide bonds,*®***°® and borate
ester bonds®>*** have been studied for achieving self-healing
properties. Synergistically, high healing efficiency and speed
can be achieved by combining these two mechanisms. For
example, Wu et al. reported a MXene nanocomposite organo-
hydrogel modified with dopamine (DA) and phenylboronic acid
(PBA), and its good self-healing capability is mainly attributed
to the existence of abundant dynamic hydrogen bonds and
covalent ester bonds.”® The organohydrogel can re-ignite the
LED when the two cut parts are brought together, and the
stretch strain can be restored to 88.75% after self-healing
for 12 h (Fig. 11). For most self-healing organohydrogels,
their self-healing process can mostly be carried out at room
temperature, and the recovery speed of electrical and mechanical
properties is quite different. Generally, their conductivity can be
restored within a few seconds because the physical dynamic
cross-linking at the fracture interface can quickly reform at room
temperature, and the self-healing of mechanical properties is
relatively slow due to the rearrangement of the polymer matrix,
which can be further accelerated by increasing the temperature.
In particular, the healing process of some organohydrogels requires
a heating and cooling cycle. For example, for a carrageenan-based
organohydrogel, the self-healing of its mechanical properties is
largely derived from the dissociation of the double-helical structure
of carrageenan at high temperatures and the reformation at low
temperatures.®>®” Alternatively, when there are crystalline domains
in an organohydrogel, the self-healing also needs to undergo a heat
treatment.”’

Nowadays, the self-healing ability at low temperatures is very
promising, but there are huge challenges to be addressed. The
realization of the self-healing ability at sub-zero temperature is
limited by the slowing down of molecular chain movement and
the retarded reconstruction of interfacial reversible bonds."*>***
Although few antifreeze hydrogels that self-heal through weak
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Fig. 11 The self-healing ability of organohydrogels: (a) the self-healing
process of the mechanical properties for the MXene nanocomposite
organohydrogel after cutting. (b) The green LED connected in series with
the organohydrogel serves as an indicator of the conductivity in the

self-healing process. Reproduced with permission.”® Copyright 2020,
Royal Society of Chemistry.

Mater. Horiz., 2022, 9,1356-1386 | 1369


https://doi.org/10.1039/d1mh01871j

Published on 26 1 2022. Downloaded on 2024-06-02 1:08:31.

Materials Horizons

hydrogen bonding, host-guest structure, or electrostatic inter-
actions at low temperatures have been reported, their self-healing
process is usually time-consuming.****> For organohydrogels,
their polymer chains still have a good fluidity at sub-zero
temperatures, making it possible to self-heal at low
temperatures.**'*> Attractively, Borax chemistry is an effective
method to achieve remarkable self-healing ability. Due to the
incorporation of sufficient, fast-forming, and temperature-
insensitive borate bonding sites, it ensures a high interfacial
bonding density, and thus achieves a fast self-healing process
even at low temperatures.'**'**'** Driven by this, a DN PAA-PVA
organohydrogel combined with a high content of borax displayed
an outstanding self-healing capability even at an ultralow
temperature of —60 °C, and the cut specimens could self-heal
within 1 minute of contact due to the cross-linking of borax with
PVA and EG solvent.*?

3.4. Adhesiveness

The stable contact of an organohydrogel with biological tissues
can make it have the potential to be used in portable and
wearable electronic devices, which means that good cohesion
and adhesion should be displayed in an organohydrogel."*>*¢
The cohesion of the polymer network is related to its mechanical
properties, and the corresponding cohesion strength can be
evaluated by measuring the elastic modulus."®”**® In the past,
hydrogels needed the help of external adhesives to bond on the
substrate, such as bandages, scotch tapes, or 3M adhesives.'**>*
They generally possess good stickiness, but they can’t adapt well
to uneven surfaces and have poor air permeability, which is not
conducive to sticking to the skin for a long time. In particular,
when they are applied to the detection of biological signals such
as electromyography (EMG) and electrocardiography (ECG), the
obvious layered structure will lose the accuracy and durability of
detection to a certain extent. Therefore, there is an important
requirement for the development of organohydrogels with self-
adhesive ability, which requires that the organohydrogels can
easily and strongly adhere to various substrates without requiring
extra agents, so as to achieve high accuracy of information
acquisition.

Nowadays, various strategies have been developed to
prepare self-adhesive organohydrogels by introducing adhesive
components (chitosan, nucleobases, and proteins) or functional
groups in the polymer network.***°'?% These functionalized
organohydrogels can form covalent or non-covalent interactions
with the surrounding surfaces to achieve durable and repeatable
adhesion.'>?%*%356488132 Generally speaking, many adhesions
based on reversible non-covalent interactions can experience
multiple adhesion cycles without damaging the material and
loss of adhesion strength.”®**** For example, Qin et al. proposed
a supramolecular organohydrogel with excellent adhesive
properties at various substrate surfaces, which could be
attributed to the synergetic interactions of hydrogen bonding,
electrostatic interaction, and metal complexation between the
organohydrogel and substrates.>® In particular, it can maintain
such good adhesiveness even at —70 °C due to its good frost
resistance, which is superior to those of current adhesive
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hydrogels and facilitates its practice applications in actual harsh
environments. Also, the adhesiveness at higher temperatures is
indispensable in a specific environment, and it is mainly related
to the thermal stability of the polymer network. In addition, the
adhesion based on covalent interaction is also explored and is
generally stronger due to the high energy of chemical bonds,
such as Schiff bases205 and disulfide bonds.>*® Recently, Niu et al.
reported an environmentally compatible gelatin/poly(AA-N-
hydrosuccinimide ester) (PAA-NHS ester)-based organohydrogel.>””
This organohydrogel demonstrated strong adhesion on the
skin even underwater because of the introduction of multiple
interactions, including hydrogen bonds, electrostatic inter-
actions, and covalent cross-linking between the NHS ester from
the gel and amino groups from human skin (Fig. 12).

To date, new adhesive materials inspired by nature’s biological
adhesion properties have been continuously developed. For
example, inspired by glutinous rice, Zhou et al. developed a
poly(AA-co-AM) organohydrogel by introducing amylopectin (AP)
into the polymer network, which showed outstanding adhesion
properties in a wide working range (—20 to 80 °C) due to the
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Fig. 12 The adhesive performance of organohydrogels: (a) adhesion of an
organohydrogel on the skin surface. (b) The T-peeling test shows the
presence of strong adhesion between the organohydrogel and PDMS.
(c and d) The interfacial adhesion properties between an organohydrogel
and porcine skin under normal and underwater conditions. (e) Schematic
diagram and (f) photographs of the lap-shear test between an organo-
hydrogel and PDMS. (g) Schematic diagram and (h) photographs of 90°
peeling tests between an organohydrogel and a wet human skin.
Reproduced with permission.2%” Copyright 2021, John Wiley and Sons.
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abundant free hydroxyl groups in AP.**® It is worth noting that
underwater adhesion or wet adhesion is the biggest challenge for
hydrogel materials. When liquid is present, a hydration layer
will be formed on the surface of the adhesive material, which
causes the dissolution of the adhesive molecules and prevents
them from bonding with other surface groups, resulting in poor
adhesion.’*>*'® Mussels are aquatic organisms with excellent
adhesion properties. They secrete byssus composed of viscous
proteins so that they can be firmly attached to various surfaces
in dry or even in humid environments.®**'"**> The adhesion
mechanism of mussels mainly involves the secreted viscous
protein rich in dihydroxyphenylalanine (DOPA) residues with
catechol groups, which can form chemical bonds and hydrogen
bonds with polar surfaces to achieve adhesion. Besides, the
catechol group of DOPA tends to be oxidized to reactive quinone
moieties, causing cross-linking between proteins and strong
cohesion.?®*™ Moreover, the oxidized quinone moieties can also
form covalent bonds with the diverse nucleophilic groups (e.g,
amines, thiols, and imidazoles) on biological tissues to establish a
strong adhesion.”’**'® Based on this, several mussel-inspired
adhesive organohydrogels have been developed by incorporating
or modifying additives containing catechol groups in the polymer
network. For example, PDA is often incorporated into organo-
hydrogels to enhance self-adhesiveness due to the abundant
presence of catechol groups.”**'® Han et al. developed a conduc-
tive nanocomposite organohydrogel that exhibited excellent tissue
adhesiveness due to the modification of muscle-inspired PDA on
CNTs.** However, DA is difficult to be oxidized to PDA in a binary
solvent of organohydrogels, and it requires additional oxidation
before gelation, which increases the preparation steps.”’”

The tunicate mimetic adhesive system can also inspire the
preparation of viscous organohydrogels due to the abundant
pyrogallol moiety,***°° which can also form strong interactions
with diverse surfaces and provide strong cohesion for polymer
networks.?*®?'° Natural pyrogallol derivatives, such as gallic
acid and TA, are cheaper than catecholic compounds and have
more abundant reserves.”>*>*> Compared with the catechol
group, the pyrogallol group has a higher binding affinity with
the proteins or metal ions,****** resulting in better adhesion
properties. For example, Wei et al. reported a conductive
nanocomposite organohydrogel incorporating TA modified
CNTs,>® which exhibited an excellent self-adhesiveness with
high adhesive strength applicable to diverse surfaces.
Moreover, there are more adhesion mechanisms inspired by
nature that can continue to be used in the preparation of organo-
hydrogels with excellent adhesion properties. van der Waals forces
and capillary forces are very promising interactions to achieve
adhesion, and the gecko is a good example in nature.®**® There-
fore, in addition to the changes in components that need to be
considered when designing organohydrogels, microstructure
adjustment is also the key to material functionalization.

Taking into account the solvent resistance of heterogeneous
organohydrogels, underwater adhesion can also be achieved
by introducing hydrophobic polymers without modification of
additional surface groups. Liu et al. prepared a solvent-resistant
and non-swellable heteronetwork organohydrogel through the
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copolymerization of MEA and AA in a mixed solvent of H,0/
DMSO.* The organohydrogel exhibited robust adhesion properties
in organic and aqueous solutions due to the synergistic
hydrophobic and hydrophilic components. Specifically, the
hydrophilic segments in the gel can effectively resist the corro-
sion of organic solvents and achieve underoil adhesion. When
the organohydrogel is immersed in water, water molecules can
enter the polymer network by displacing the interior DMSO
molecules. Meanwhile, the corresponding precipitation and
association of the hydrophobic segments can lead to mutual
repulsion between water molecules and the organohydrogel
and simultaneously increase the cohesion for strong under-
water adhesion. Besides, a programmable adaptive adhesion
was achieved by introducing thermoelectric components in the
heterogeneous organohydrogel to reversibly transform to a
more compliant and deformed state to match the rough surface
morphology, due to their thermomechanical performance.®®
Nevertheless, underwater adhesion and programmable
adhesion still need further exploration in the future.

3.5. Others

In addition to the common characteristics mentioned above,
organohydrogels need to be developed with more functional-
ities by modifying some functional molecules to be applied in
specific fields, such as antibacterial activity, biocompatibility,
degradability, thermoplasticity, transparency, fluorescence, etc.

The antibacterial activity appears to be particularly important
when the organohydrogel is in contact with biological tissues,
because the humid environment of the organohydrogel will
inevitably lead to the breeding and growth of a large number
of bacteria. Commonly, various antibacterial substances have
been introduced into the gel material to obtain antibacterial
activity, such as silver nanoparticles,”® antibiotics,**”
fullerene,?*® and AI’".'° However, the release of such anti-
bacterial substances will seriously affect the long-term antibacterial
properties, and even cause metal-ion toxicities and allergic
reactions,”**>*' which is adverse to its application in biological
tissues. In addition to this, antibacterial activity can also be
achieved by changing the surrounding environment of the bacteria,
such as temperature**>>** and pH.>*® For instance, incorporating
photothermal agents in the organohydrogel can cause the dena-
turation of bacterial proteins by converting light into local heating
to impart organohydrogels with an excellent and broad-spectrum
photothermal sterilization ability.”****” Beyond that, positively
charged materials are generally considered to possess good anti-
bacterial properties, such as ionic liquids,* quaternary ammonium
salt,>*® etc., which can be accumulated and adsorbed on the
negatively charged bacterial walls through electrostatic force to
change the charge of the bacterial cell surface and damage
the membrane structure of bacterial cells, thus causing growth
inhibition and death of bacteria.?****> Considering the toxicity of
these substances, some non-toxic and inherently antibacterial
substances containing numerous positively charged chemically
groups, such as chitosan®*® and e-polylysine, also show a
good long-term antibacterial activity and do not cause additional
harm to humans. In particular, biocompatibility is the primary
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consideration for the application of organohydrogels in vivo, which
requires that the materials do not have toxicity or initiate foreign
body responses in biological tissues. However, the initiators, cross-
linkers, organic solvents, and unreacted monomers frequently used
in the preparation of organohydrogels are mostly toxic. Therefore,
organohydrogels with excellent biocompatibility need to avoid free
radical polymerization and are usually based on natural polymers
or FDA-approved polymers.'”

There are millions of tons of e-waste accumulated here every
year, which is contrary to the concept of sustainable development
and causes serious economic and environmental problems.>** In
order to alleviate these problems, on the one hand, degradable
“green” electronic devices need to be developed. Compared with
traditional hydrogels based on chemical cross-linking, many
natural material-based hydrogels or physically cross-linked
hydrogels (agarose, gelatin, alginate, PVA, etc.) can be entirely
degradable without producing any toxic substances.®®**®
Similarly, the hydrogel network formed by other weak bonds
such as metal-ion coordination or electrostatic interactions is
relatively easy to dissociate under certain conditions to achieve
degradability."****>*® Unfortunately, the introduction of the abil-
ity to degradable usually needs to be done at the cost of compro-
mising performance. Degradable hydrogels usually have poor

Table 3 Summary of various functionalities of diverse organohydrogels
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mechanical properties and long-term stability due to weak cross-
linking bonds. To address this problem, Baumgartner et al
reported an organohydrogel based on naturally occurring materials
that can be completely degraded when treated in wastewater.>** Its
mechanical properties can be well maintained for more than one
year under ambient conditions by using hydrophobic biodegrad-
able coating strategies based on shellac resins. The degradation of
the encapsulation layer is triggered in an alkaline solution, which
subsequently leads to the complete degradation of the biogel. This
may open the way for the application of degradable gels in water
or in vivo. It should be noted that the simple dissolution of
polymers cannot reduce environmental problems, and may
cause harm through accumulation in filtration systems such as
the kidneys.>*® On the contrary, a more complete chemical
degradation of a single polymer chain is harmless to the human
body and the environment.*®® On the other hand, reusable
electronics can also be developed to reduce e-waste. Generally,
organohydrogels with good recyclability or thermoplasticity are
composed of reversible non-covalent interactions, which allows
them to reform easily into different shapes as required.”>"*%'**
Unlike degradation, it does not require to destroy the long
molecular chains of the polymer. Inevitably, the mechanical
properties of the remolded gel network will slightly decrease.

Electro-mechanical

properties (maximum Self-healing
strain, tensile strength, Adhesiveness (healing Antibacterial Biocompatibility/ Thermoplasticity
Materials conductivity) (substrate) efficiency) Transparency ability degradability (remoldability)
PVA/carbon black (CB)/ 643.2%, 4.8 MPa, 10° Q — 64.9% (stress) — — — Yes
CNT organohydrogel®’ 60.1% (strain)
PAM/montmorillonite/CNT 4400%, 170 KPa, — — — — — —
organohydrogel®® 10°Sem™!
Gelatin supramolecular 690%, 3 MPa, — 150 KPa 50% (tensile Yes — — Yes
organohydrogel®” (copper) strength)
TA@CNF/MXene/PAM 1500%, 156.5 KPa, 117Nm™'  Yes — — — —
organohydrogel®? 2mScem™? (wood)
PAM/carrageenan DN 950%, 417 KPa, 15 kQ — Yes Yes — — —
organohydrogel®”
Nanofibrillar PVA 390%, 1.4 MPa, — — — 90% — Biocompatibility —
organohydrogel®?
P(MAANa-DMC) 2000%, 56 KPa, 2.5 kg (PTFE) 96% — — — —
organohydrogel® 10*Sem™’ (conductivity)
PAAM-Clay 3310%, 0.25 MPa, — 95% — — — —
organohydrogel®* ~10° Q (conductivity)
PDA-CNTs/PAM/PAA 700%, 70 KPa, 8 S m~' 57 KPa (por- — — — — —
organohydrogel®* cine skin)
PVA/SNF/CN 585.8%, 1.39 MPa, — — — — Yes — Yes
organohydrogel'*®
PVA/CNF organohydrogel®® 660%, 2.1 MPa, — — 90% — — —
328m™*
Alginate/ 400%, 200 KPa, — — Yes — — —
PEGDA organohydrogel 0.765S m ™"
fibers”*
PVA-TA@talc 750%, 550 KPa, — — — Uv-filtering — — —
organohydrogel”*
PVA-borate-TA-CNTs 180%, 450 kPa, — — 98% (strain) — — — Yes
organohydrogel'*°
Gelatin-based biogel®®”  254%, 1.86 MPa, —  Yes Yes — Yes Degradability — —
&-PL-gelatin-PAM 1400%, 300 KPa, — 181.6 KPa — — Yes Biocompatibility —
organohydrogel®? (hogskin)
Poly(AA-co-AM)/AP 1089%, 200 KPa, 2218 KPa  — 90% — — —
organohydrogel**® 02Sm™* (copper)
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When it comes to optical performance, good transparency
can not only realize the visualization of the internal conditions
of the wearable electronic devices and the skin during the
operating process, but also shows great application potential
in military camouflage, optometry products, and display
applications.>>**" In the organohydrogel, the incorporation of
organic agents can well hinder the phase separation of the
polymer or lead to the formation of smaller polymer
crystallites,”>'*" thereby reducing the interference to light
and obtaining higher transparency. Additionally, similar to
hydrogels, a fluorescent organohydrogel can also be developed
by modifying fluorescent monomers on the polymer network,
and it can show a dynamic color or brightness change in
response to external stimuli through appropriate molecular
design.>*>*** For example, Chen et al. developed a heterogeneous
organohydrogel with simultaneous fast morphing and fluorescent
changes in response to temperature by modifying the fluorescent
monomer  N-(4-(1,2,2-triphenylvinyl)phenyl)acrylamide ~ (ATPE)
and the fluorescent ligand 6-acrylamidopicolinic acid (6APA).>*>
Specifically, the fluorescence intensity of ATPE on the hydrophobic
chains can increase sharply when the temperature increases,
showing an aggregation induced emission (AIE) behavior. And
6APA can combine with Eu®* to form the 6APA-Eu®" complex that
can emit red fluorescence, and its coordination degree also changes
with temperature, resulting in a change in fluorescence color.

As demonstrated above, stretchable organohydrogels can be
endowed with abundant functionality through unique functional
monomers and exquisite structural design, leading to the possibility
of their application in various fields. Here we summarize the
various properties of some representative organohydrogels reported
recently and they are displayed in Table 3. Notably, it is difficult for
the existing organohydrogels to achieve a satisfactory balance
among the above-mentioned performance. Thus, there are still
great challenges in realizing multifunctional organohydrogels. More
importantly, in addition to optimizing these properties, some novel
functionalities are also expected to be continuously developed in
organohydrogels by compounding with other functional materials,
such as electromagnetic shielding capabilities, X-ray absorption,
photoelectric conversion capabilities, etc. Impressively, considering
the coexisting hydrophilic and hydrophobic networks of hetero-
geneous organohydrogels, they are easier to modify these additives
with different hydrophilicities and thus can serve as excellent
functional carriers with better manipulation and less restriction.

4. Application for organohydrogels
4.1. Sensors

In the past, sensor research was mainly based on inorganic
nanomaterials, such as metal oxide semiconductors,>*2°® transi-
tion metal dichalcogenides,?”>*° and carbon nanomaterials.?**2%*
Despite achieving excellent sensitivity, their stretchability is limited.
In contrast, a conductive organohydrogel also has the ability
to convert specific external stimuli (such as strain, pressure,
temperature, humidity, gas, etc.) into electrical signals that can be
detected, resulting in a significant change in resistance or
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Fig. 13 Strain sensors for real-time monitoring of various human motions:
recognition of different bending states of (a) fingers, (b) elbows and (c)
knees; (d) walking monitoring; (e) pulse detection; and (f) voice recognition.
Reproduced with permission.’® Copyright 2020, John Wiley and Sons.

capacitance in the macroscopic view. This means that organo-
hydrogel can be widely exploited as a multi-functional wearable
sensory system in human-machine interface, human health
detection, motion detection, and other fields, showing a wide
operating temperature range.

Strain sensor is a very important type of sensor, which can
respond to mechanical deformation and be used for real-time
monitoring of various human motions (Fig. 13).°>'*! So far, a
large number of antifreeze and durable strain sensors based on
organohydrogels have been developed. For ion-conductive
organohydrogels, the change in electrical signal during stretching
is mainly due to the elongated ion transmission pathway.! In
addition, the density of the polymer chain also has an impact on
the transport of ions. When a moderate deformation is applied, the
polymer chain will unfold accordingly to weaken the hindering
effect of the polymer network on ion transportation. However,
when excessive stress is applied, the partial rupture of the polymer
network will hinder the transport of ions, resulting in a decrease
in electrical resistance. For electron-conductive nanofiller incorpo-
rated organohydrogels, electrons are transported by forming
an interconnected three-dimensional conductive pathway in the
polymer network. During the stretching process, the variation of
the electrical signal is closely related to the rearrangement of the
conductive network.*® Under small tensile strains, the distance
between nanofillers will gradually increase, increasing the electrical
resistance. As the strain gradually increases, part of the conductive
components will gradually separate and obviously damage the
conductive channels, leading to a sharp increase in resistance.
For organohydrogels, in which both ions and electrons participate
in conduction, the change in resistance is related to the changes of
both the ion transporting pathway and the electronic conduction
channel during stretching. It is worth noting that the degree of
resistance change caused by stretching under different strain
ranges is different due to the domination of different response
mechanisms. Thus, the response of organohydrogels versus strain
relationship generally shows two or three linear regions.

Nowadays, strain sensors based on conductive organohydro-
gels have two main challenges, including the realization of a
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wide linear strain range and high sensitivity. The detection of a
small strain endows the sensor the ability to detect subtle
human motions, such as pulse, micro-expression, vocalization,
etc.>®* Generally, the polymer network incorporating nanofillers
has better sensitivity under a small strain, because the contact
of rigid nanofillers will be quickly destroyed under tension.>**
Equally important, the detection of moderate and high strains
is also of great significance in practical applications, and a wide
linear strain range is usually achieved by improving the
mechanical properties of the gel. Recently, Sun et al. reported
a conductive nanocomposite organohydrogel as a wearable
strain sensor with good environmental tolerance,®® which
exhibits satisfactory sensitivity and an ultrawide strain sensing
range (0-4196%) due to the remarkable mechanical and
electrical properties (Fig. 14a and b). The sensitivity of an
organohydrogel to strain is evaluated by the gauge factor
(GF), which is calculated from the slope of the relative resis-
tance change ((R — Ro)/R,) versus the applied strain curve.>**®

Generally speaking, higher GF values are obtained by
increasing the original conductivity of organohydrogels, which
results in more excellent signal acquisition capabilities. Based
on this, various salts and conductive nanofillers should be
introduced into the gel to construct conductive channels that
are more easily altered. Representatively, Wu et al. used PAM/
carrageenan/KCl organohydrogels to construct an ultrastretchable
strain sensor with a GF of 6; various human motions can be
detected even at —18 °C or after exposure to ambient air for as
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long as nine months (Fig. 14c-h).*”” Wei et al developed a
nanocomposite organohydrogel based strain sensor with a GF
of 8.5 by introducing a conductive network framework formed by
interconnecting MXene nanosheets,”® while most of the GF values
of hydrogel-based strain sensors reported in the past are only
around 2.%%>2%¢ Attractively, Ge et al. reported a muscle-inspired
organohydrogel-based strain sensor with a high GF of 18.28 by
mimicking the fiber-reinforced laminated nanocomposites and
“sense-transfer-process” pattern,”*> and this superior electro-
mechanical response is attributed to a disconnection mechanism
and tunneling effect in sensors. Moreover, Han et al. prepared an
ultra-sensitive strain sensor (GF = 343) with anti-freezing and anti-
drying ability by introducing tightly cross-linked CNT films on the
surface of organohydrogels; this strategy had great advantages of
combining high sensitivity and a relatively wide detection
range.”®” Inspired by this, the replacement of CNTs with other
conductive one-dimensional nanomaterials such as Ag nanowires
can also lead to an ultra-high response.

Similarly, the compression of organohydrogel will also cause
changes in electrical signals, which means that it can also be
used in practice as a flexible pressure sensor. Distinct from the
traditional electron-conductive metals and inorganic semi-
conductors, a pure ion-conductive organohydrogel exhibits a
smaller change in resistance under compression due to the
limited changes in the ion transport pathway."®”**>%° Hence,
flexible pressure sensors are usually constructed using electron-
conductive nanofiller incorporated organohydrogels to realize
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Fig. 14 The strain sensing performance of an organohydrogel-based sensor:

(a) the relationship between the AR/Rg value and the applied strain and (b)

the schematic diagram of the sensing mechanism for a conductive nanocomposite organohydrogel-based strain sensor. Reproduced with permission.®®
Copyright 2021, John Wiley and Sons. (c) Response—strain curve of the PAM/carrageenan/KCl organohydrogel-based strain sensor at =18 °C. (d and e)
The dynamic response curve of the sensor to different small strains (0.5-2%) or finger tapping on the keyboard at —18 °C. (f) Response—strain curve of the
PAM/carrageenan/KCl organohydrogel-based strain sensor after placing in ambient air for 9 months. (g and h) The dynamic response curve of the sensor
to different strains (45-260%) or elbow joint bending after exposure to ambient air for 9 months, showing an excellent environmental adaptability and
durability. Reproduced with permission.8” Copyright 2019, American Chemical Society.

1374 | Mater. Horiz., 2022, 9, 1356-1386

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1mh01871j

Published on 26 1 2022. Downloaded on 2024-06-02 1:08:31.

Review

higher pressure sensitivity. For instance, Zheng et al. developed
a conductive organohydrogel composed of thioctic acid, borate,
CNTs, and PVA, which presented a high conductive sensitivity
(0.625 KPa* for 0-6 KPa) even at —40 °C."?° To further improve
the pressure sensitivity, piezoelectric materials such as poly-
vinylidene fluoride (PVDF) and BaTiO; nanoparticles,””® can be
incorporated into organohydrogels to obtain additional elec-
trical responses derived from the piezoelectric effect.?’**"2
Structurally, the pressure response of the organohydrogel with
a nanofiber stacking structure is significantly improved
compared to that of the conventional thin-film structure due
to stress concentration.’”>*”* The broad pressure detection
range is also another important performance indicator that
the flexible pressure sensor needs to continuously strive to
achieve. The thought is to build an elastic gel network to
improve the deformation-tolerant performance of the material
50 as to achieve a wide pressure range.*> Moderate compressive
strength and modulus are required to make the material
neither too brittle nor too soft.

Furthermore, there are some other performance indicators
in strain or pressure sensors that need to be optimized,
including response/recovery speeds, reversibility, stability,
and durability. On the one hand, the fast response speed is
conducive to real-time and accurate sensing. However, most of the
existing strain sensors cannot meet this detection requirement due
to the hysteresis, and are unsuitable for continuous monitoring of
high-speed and high-frequency motion. To address this problem,
Song et al. prepared organohydrogel fibers with excellent elasticity
resulting from the predominantly covalently crosslinked network,
which exhibits negligible hysteresis during the tensile test and
can accurately capture high-frequency (4 Hz) and high-speed
(24 cm s™') motion of a simulated engine.”* On the other hand,
the reversible, stable, and long-lasting response of the sensor to
strain/pressure is also the key to considering whether it can be
used in actual production. In general, thanks to the organic solvent
contained in the organohydrogel, the organohydrogel-based
strain/pressure sensors can exhibit good durability and operate
under various harsh conditions.®*”>?>'

Temperature sensor is another essential wearable device
that can be used for real-time monitoring of human physiological
signals.”’>*’® In general, for ion-conductive gels, the variation of
temperature will change ion mobility and correspondingly cause
changes in resistance. Additionally, ion concentration in the
migration pathway will increase with temperature due to the
dissociation of the ion pair bonded on the polymer chain,
resulting in an increase in conductivity.””” Moreover, the thermal
movement of the polymer chain accelerates as the temperature
increases, resulting in a weakened polymer’s hindering effect on
ion transport and can also significantly reduce electrical resis-
tance. Based on these mechanisms, Wu et al first reported a
stretchable temperature sensor based on PAM/carrageenan DN
hydrogel in 2018, which displayed a sensitivity as high as 2.6%/°C
at an extreme tensile strain of 200%.">* Then, they found that the
dehydration treatment of the hydrogel can further improve its
thermal sensing ability, that is, the increased temperature can
lead to a greater resistance change due to the better blocking and
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trapping of ions caused by the dehydrated high-density polymer
network at room temperature.””” Meanwhile, the organohydrogel
thus evolved can also achieve ultra-sensitive temperature
detection (19.6% °C™ ') and a wide detection range (0-102 °C),
which is attributed to the higher initial resistance, smaller heat
capacity, and stronger hydrogen bonds formed between organic
molecules and water molecules in the organohydrogel. Among
various flexible materials, organohydrogels neither freeze at
sub-zero temperatures like hydrogels nor dissolve at higher
temperatures like organogels, which makes them a good material
for manufacturing temperature sensors. In consideration of these,
various flexible temperature sensors based on organohydrogels
have been developed,”'* but their thermal sensitivity still needs
further breakthroughs.

Humidity and gas sensors also have important practical
significance, but they have rarely been reported in flexible
devices made of intrinsically stretchable materials. Humidity
and gas have a standard concentration in the production and
living environment; beyond this range, human health will be
threatened. In addition, they are also important biomarkers in
human exhaled breath and are closely related to human
health.”®®  Therefore, the development of stretchable
organohydrogel-based wearable humidity or gas sensors is of
great significance to medicine. And the real-time monitoring of
humidity and gas can not only prevent but also diagnose
diseases. The response of organohydrogels to humidity is
mainly related to changes in the concentration and mobility of
charge carriers caused by the physical or chemical adsorption of
water molecules in the gel network. Wu et al. fabricated highly
sensitive humidity sensors by using intrinsically ultrastretchable
k-carrageenan/PAM organohydrogels.®® The high response of
this organohydrogel to humidity is attributed to the formation
of hydrogen bonds between water molecules and a large number
of hydrophilic groups in the gel network, including -OH and
SO;~ on k-carrageenan, -NH, on PAM, and abundant -OH on
organic molecules (Fig. 15). Impressively, the incorporation of
organic agents not only boosts the sensitivity by increasing the
adsorption sites, but also improves the long-term stability and
detection range due to the enhanced moisture-holding ability
of the organohydrogel, demonstrating the advantages of
organohydrogels in fabricating stretchable humidity sensors.
Subsequently, Wu et al. showed that this organohydrogel can
also detect NH; and NO, due to the effective adsorption of gas
molecules on the abundant functional groups of the gel
network.>’® This organohydrogel gas sensor exhibited high
sensitivity (8.4 and 1.4 ppm ™' for NO, and NHj, respectively)
and ultralow theoretical limit of detection (91.6 and 3.5 ppb for
NH; and NO,, respectively) at room temperature without
thermal or light activation, which has obvious advantages
compared with other types of traditional gas sensors (such as
graphene, reduced graphene oxide (rGO), MXene, metal oxide,
etc.), resulting in low energy consumption and better safety. The
in-depth gas sensing mechanism of ion-conducting hydrogel/
organohydrogel may also relate to the redox reactions that
occurred at the gel-electrode interface,””®*®°, which requires
further investigation. Considering that humidity and gas sensing
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Fig. 15 The humidity sensing performance and mechanism of an
organohydrogel. (a) Dynamic response curves of the DN hydrogel and
EG/Gly-DN organohydrogels to different humidity ranging from 90% to
24% RH. (b) Dynamic response curves of the Gly-DN organohydrogel
to lower humidity ranging from 24% to 4% RH. (c) Relationship between
the humidity and responses of these sensors. (d) Repeatability test, (e)
response—recovery curve and (f) long-term stability of the Gly-DN
organohydrogel-based sensor to human respiration. (g—i) Schematic
diagram of the sensing mechanism of an organohydrogel to humidity,
the response is mainly related to the formation of hydrogen bonds
between water molecules and the hydrophilic groups on carrageenan
and PAM, promoting moisture adsorption. Reproduced with permission.®®
Copyright 2019, Royal Society of Chemistry.

are mainly related to surface reactions, the development of some
micro/nanostructures with a higher specific surface area (such as
a three-dimensional structure) is an important strategy for
improving the sensitivity of organohydrogels to gas or humidity,
which can be investigated in the near future.

4.2. Energy storage devices

Electrochemical energy storage devices have attracted much
attention due to the energy crisis and the increasing demand
for sustainable energy, mainly including supercapacitors and
metal-ion batteries.>*®' The traditional structure of energy
storage devices mainly includes electrodes, electrolytes, and
current collectors. Metal-ion batteries realize energy storage
and release through the intercalation and de-intercalation
of metal ions between the positive and negative electrodes.
Reversible electrochemical reactions occur on the surface and
inside of the electrodes during the charge and discharge
process,***?% while supercapacitors mainly rely on the electro-
static adsorption and desorption of electrolyte ions on the
electrode surface or the occurrence of reversible redox reactions
to achieve charge storage and release.’®*?*> Nowadays, the
development of flexible energy storage devices is imperative,
which is conducive to reducing their mechanical damage,
increasing their service life and serving as a power supply unit
for wearable devices. Its realization requires the cooperation of
various components. However, traditional electrode materials
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such as activated carbon and transition metal composites>*®
are rigid powders and lack flexibility. New electrode materials,
including CNTs, carbon fibers, graphene, and conductive
polymers,>®’ 2% have both considerable electrochemical
properties and varying degrees of flexibility, making it possible
to realize flexible electrodes.

The traditional liquid electrolyte is volatile, flammable, and
easy to leak under mechanical external force, resulting in poor
safety and unsatisfactory long-term stability of the device.
Therefore, more attention has recently been paid to the
development of solid-state polymer electrolytes. Generally, the
solid-state polymer electrolyte needs to have sufficient
ionic conductivity and good mechanical properties to achieve
flexible energy storage devices with better electrochemical
performance. In some instances, good frost resistance, thermal
stability, and flame retardancy should be achieved in the
solid-state polymer electrolyte to enable it to work in harsh
environments. It is obvious that simple hydrogels cannot meet
these requirements due to their own limitations, and the
addition of ionic liquids to the hydrogels will correspondingly
cause higher costs and toxicity.**8"832°29 gatisfactorily, organo-
hydrogels show great advantages to prepare all-temperature
flexible electrolytes due to their excellent anti-freezing and
moisturizing ability. Nevertheless, the lower ionic conductivity
of the organohydrogel electrolytes compared to that of the liquid
electrolytes will lead to high equivalent series resistance (ESR) and
subsequent low power output, which is not conducive to their
practical applications. Considering this, the ionic conductivity of
the organohydrogel electrolyte is generally improved by adding
some metal salt.

Among various polymers, PVA has good mechanical properties
and hydrophilicity; it is currently the most common polymer for
preparing organohydrogel electrolytes due to its high adsorption
capacity of electrolytes and low commercial price.>**>% For
example, Rong et al. reported a low temperature tolerant PVA-
based organohydrogel electrolyte by using the water/EG binary
solvent.”” The high ionic conductivity (2.38 mS cm ™" at —40 °C) of
the organohydrogel electrolyte was achieved by adding LiCl as the
electrolyte salt. Additionally, Lu and Chen constructed a flexible
supercapacitor with high energy density and long cycling life
based on an anti-freezing and thermally stable montmorillonite
(MMT)/PVA organohydrogel electrolyte.*® This device can not
only deliver a stable energy supply under bending, twisting,
and stretching states, but also exhibit good mechanical and
electrochemical properties under a wide temperature range from
—50 to 90 °C (Fig. 16). Specifically, lamellar structural MMT
materials are not only employed as flame retardants due to the
strong hydrogen bond formation with PVA chains, but also
increase the ionic conductivity by providing oriented channels
in the PVA matrix for more efficient ion migration. Considering
the relatively weak hydrogen bond interaction in PVA gel, Liu et al.
demonstrated a thermally stable and anti-freezing organohydrogel
synthesized by the copolymerization of AM and 2-acrylamido-2-
methylpropane sulfonic acid (AMPS) in a water/DMSO binary
solvent system containing LiCl conductive additives,*®" which is
a promising candidate to be used as an electrolyte for flexible
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Fig. 16 Stability of flexible supercapacitors based on an organohydrogel
electrolyte. Galvanostatic charge—discharge (GCD) curves of the device
(@) under different flexible conditions and (b) under different bending
angles. (c) Bending tests of flexible supercapacitors. (d) lonic conductivity,
(e) cyclic voltammogram (CV) curves and (f) GCD curves of the device
under different operation temperatures. Reproduced with permission.3°
Copyright 2020, American Chemical Society.

supercapacitors with high electrochemical performance and
wide temperature adaptability. Meanwhile, the resulting super-
capacitors also exhibited excellent flexibility and mechanically
bending stability. Likewise, benefiting from the excellent
mechanical properties and exceptional freeze resistance of the
organohydrogel electrolyte, a freeze-resistant flexible zinc
manganese-dioxide battery constructed by sandwiching an EG
based waterborne anionic polyurethane acrylate (EG-waPUA)/PAM
organohydrogel electrolyte containing 2 mol L' ZnSO, and
0.1 mol L™ MnSO, between the fabricated flexible zinc anode
and o-MnO,/CNT cathode was also developed."'® As a result, this
solid-state battery still exhibits good electrochemical performance
at sub-zero temperatures or under various deformations, owing to
the outstanding flexibility and conductive stability.
Furthermore, the undesirable electrochemical performance
of the device can also be attributed to insufficient interface
contact between the electrode material and the gel electrolyte,
and these interfaces may partially detach after long-term
cycling or at low temperatures due to their different thermal
expansion coefficients. To address this problem, Wang et al.
designed an all-in-one supercapacitor by infusing the PVA-KOH
organohydrogel electrolyte into the 3D multiwall carbon nano-
tube (MWCNT) network as electrodes,®® which exhibited
superior capacitive behavior at sub-zero temperatures and
excellent cycling performance due to the stable electrode-
electrolyte interfaces. Also, it showed a good mechanical
performance due to the synergistic effect of flexible electrolytes
and MWCNTSs. Hou et al. reported a flexible solid supercapacitor
by combining the rGO electrode with the PVA-based organo-
hydrogel electrolyte without the usage of binders;148 the excellent
flexibility and good electrochemical performance of the organo-
hydrogel electrolyte even at low temperature enable this device to
be used in harsh environments. The good contact between the
electrode and the organohydrogel electrolyte stems from the
excellent self-adhesiveness of the organohydrogel, ensuring lower
interfacial resistance and better electrochemical stability of this
supercapacitor. Additionally, the flexibility of the rGO electrode is
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greatly increased by heating the GO membranes to form a
honeycomb-like porous microstructure, thereby achieving the
overall flexibility of the device. Although these flexible energy
storage devices have been successfully implemented, their
electrochemical performance is still unsatisfactory when com-
pared with those of the traditional ones, and needs to be
improved in the future.

4.3. Nanogenerator

The self-powered ability is a promising strategy to solve the
current problem of continuous energy supply of wearable and
implantable electronic devices, which shows great practical
significance. Considering the sensing and energy storage
capabilities of organohydrogels, a self-powered sensing system
integrating strain sensors and supercapacitors was proposed by
Huang et al.****%* In these cases, the strain sensor was powered
by the supercapacitor, and the sensing materials and electrolytes
in the system were composed of the same ionic organo-
hydrogel. Although the output voltage of the supercapacitor
and the sensor was gradually decreasing due to the self-
discharge behavior, the resistance change caused by the applied
strain remained unchanged, showing a stable sensor output.
More importantly, thanks to the excellent mechanical flexibility
and wide environmental tolerance of the organohydrogel, this
integrated system can be directly attached to the human body to
detect human movement without external power supply under
various environments. However, the supercapacitor still requires
an additional charging process, which is not conducive to the
sustainable use of the device. In comparison, nanogenerators
can realize continuous energy supply by converting mechanical,
light, heat, and chemical energy into electrical energy, which is
currently the main research focus for constructing self-powered
devices.>*

Nowadays, flexible triboelectric nanogenerator (TENG) based
on the occurrence of triboelectricity between various materials
with different electron affinity and electrostatic induction
(Fig. 17a) is considered to be a promising power supply for
wearable electronics through the harvest of biomechanical
energy.’®® Hydrogels have been widely used in wearable TENG
due to their ultrahigh stretchability, excellent conductivity, good
self-healing capability, and adhesion abilities that can be
imparted, which are conducive to their direct attachment to
organisms and prevent various mechanical impacts during
operation, but they cannot work stably as the environment
changes.”*>*"” In this context, TENG constructed using organo-
hydrogel as the electrode layer shows an excellent environmental
tolerance and stability and has significant advantages in prac-
tical applications. For example, Sun et al. prepared a sustainable
TENG using a conductive nanocomposite organohydrogel as the
electrode material, which could effectively collect mechanical
energy from human activities within a wide temperature range
(—60 to 60 °C), with a maximum output power density of
41.2 mW m 2% The resulting TENG could be connected
with various capacitors to build a self-charging power system
and directly power different portable electronics. Huang et al.
reported a sandwich structured TENG constructed by two
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Fig. 17 The mechanism of an organohydrogel-based nanogenerator
and the corresponding scalable integration method. (a) Schematic diagram
of the structure and electricity generation mechanism of the
organohydrogel-based TENG. Reproduced with permission.>°® Copyright
2021, Elsevier. (b) Schematic diagram of the thermoelectric effect of the
organohydrogel with the addition of Fe>*2* redox ions. (c) Structure
diagram of organic hydrogel under temperature gradient. Reproduced
with permission.**® Copyright 2021, John Wiley and Sons. (d) Schematic
diagram of a sequentially aligned stacking method that integrates nano-
generator units in series. Reproduced with permission.** Copyright 2021,
Springer Nature.

IU-PDMS membranes and a single PAM-clay organohydrogel
layer, which exhibited a maximum output power density of
710 mW m™2.3°® Compared with the hydrogel-based TENG, the
output performance of this obtained TENG was very stable in a
wide temperature range (—30 to 80 °C), thanks to the ultra-fast
self-healing ability and excellent environment tolerance of the
organohydrogel. Since the open-circuit voltage (V,.) of TENG is
related to the contact area between tribomaterials, this TENG
can be exploited as a self-powered sensor to detect different
human motion modes. Notably, the output performance of
TENG is positively related to the ionic conductivity in organo-
hydrogel. To this end, Wu et al. developed a single-electrode
TENG based on DN ionic conductive organohydrogels, which
can maintain a stable output in a broad temperature range from
—50 to 100 °C and after four months of storage, showing
excellent environmental stability.’® These organohydrogels
can maintain a stable charge channel after solvent replacement
because more ions can be bonded to the polymer chains of the
DN through dipole interactions and stronger sodium bonds can
be formed through electrostatic interaction, which subsequently
results in a higher conductivity and output power density (1.02-
1.81 W m™?).

Beyond that, energy harvesting technology that converts the
abundant green energy in nature into electricity is equally
important in the sustainable energy supply. For example,
thermoelectric materials based on the Seebeck effect can realize
the conversion of heat to electricity so as to maintain the
continuous operation of electronic devices.*> Taking into
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account the poor mechanical flexibility of traditional inorganic
thermoelectric materials, organohydrogels added with thermo-
galvanic ions have greater advantages in the preparation of
environmentally tolerant flexible thermoelectric generators.
Gao et al. designed a stretchable organohydrogel thermocell,
which can still maintain relatively good thermoelectric
performance even at sub-zero temperatures and has the potential
to be used in polar and space exploration.*'® In this case, a
relatively high power density (0.1 mW m™> K ) was achieved by
adding the redox couple of Fe*"?" as thermogalvanic ions and
methyl chloride quaternized N,N-dimethylamino ethylacrylate
(DMAEA-Q) as a chaotropic comonomer. As shown in Fig. 17b
and c, the reduction of Fe*" at the high-temperature electrode and
the oxidation of Fe*" at the low-temperature electrode could cause
a difference in the electrode potential on both sides of the
organohydrogel, resulting in a voltage output. Subsequently,
the consumption of iron ions at one electrode can lead to the
diffusion and replenishment of the same ions on the other side,
realizing the continuous power supply of this system. DMAEA-Q
can promote the increase of the entropy difference of redox ions
by combining with Fe*" and thus enhance the thermoelectric
effect. Furthermore, the moist-electric generator also has huge
application potential as an energy supply. He et al utilized
organohydrogels to realize the conversion of ambient moisture
to electricity, with an output voltage of 80 mV under constant
moisture flow.'® In detail, the electrical output is due to the
release of protons produced by the dissociation of the hydroxyl
groups on the side close to the humid air and the movement of
these protons to the other side driven by the concentration
gradient. Equally important, given the small output voltage of
these generators, their scalable integration is essential for the
realization of power supply for electronic devices in practice.
For instance, a sequentially aligned stacking method was devel-
oped to integrate the moist-electric generator unit on various
flexible substrates by laser processing (Fig. 17d).>** The integrated
device formed by 1600 units in series could achieve a high output
voltage of 1000 V, demonstrating the feasibility of nanogenerators
in practice.

4.4. Biomedicine

An organohydrogel is an ideal material for wearable dressing
or wound dressing due to its flexibility and adaptability.
Considering the advantages of good adhesiveness and anti-
freezing ability, an organohydrogel can serve as an excellent
wearable dressing to protect skin from frostbite.** Meanwhile,
imparting ultraviolet (UV)-blocking capabilities to organo-
hydrogel dressings can protect human skin from exposure to
UV radiation that may induce skin cancer,*"® which is also
important in other wearable electronic devices. Therefore, a
PVA-TA@talc organohydrogel with remarkable UV-filtering
capabilities was prepared, owing to the UV reflection of talc
and the UV absorption of TA in the organohydrogel.”" Sun et al.
also prepared a PVA-based organohydrogel with UV blocking
capabilities by adding TA, demonstrating the effectiveness of
TA in absorbing and shielding UV light.”?

This journal is © The Royal Society of Chemistry 2022
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Fig. 18 An organohydrogel for wound dressing. (a) Cell proliferation of
1929 cells in W-PAGL (hydrogel) and G-PAGL (organohydrogel) for differ-
ent days. The therapeutic effects of the phosphate-buffered saline (PBS,
control), PAM-GT hydrogel, and G-PAGL (organohydrogel) on infectious
DFUs: (b) representative photographs and (c) quantification of the wound
residual area at different time points. (d) Characterization of granulation
tissue formation at the wound site by hematoxylin and eosin (H&E)
staining. (e) Characterization of the newly formed collagen deposition in
the regenerated skin tissue by Masson's trichrome staining and (f)
the corresponding quantification of collagen deposition percentage via
measuring the intensity of the blue-stained areas. (g) Characterization of
neovascularization in granulation tissue via CD31 immunohistochemical
staining and (f) the corresponding quantification of blood vessels. The
wound healing process treated with an organohydrogel produces more
granulation tissue, collagen deposition and new blood vessels, showing
better wound healing effectiveness. Reproduced with permission.>* Copyright
2021, American Chemical Society.

Wound dressings are widely used in clinics. At present, the
traditional wound dressings commonly used in the market are
usually gauze, bandages, or sponges, and they usually only have
the function of forming a physical barrier and absorbing tissue
exudate. However, in addition to these basic functions, an ideal
wound dressing also needs to have excellent antibacterial
ability to prevent infection or inflammation and maintain high
humidity at the wound surface to facilitate the regeneration of
wound granulation tissue and epithelial cells and subsequently
promote wound healing.***'® In addition, wound dressing
should exhibit good adaptability to biological tissues and
self-adhesiveness so that it can meet the healing requirements
of different wounds and cannot cause secondary damage to the
wound during the removal process. To date, various
wound dressings based on hydrogels cross-linked by different
biocompatible polymers (such as PVA,>'7?'® pAM,**?'® and
chitosan®*®*>') have been studied. However, the hydrogel is
easy to dry in the air, leading to the loss of various properties
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and even damaging the wound. Significantly, organohydrogels
can mimic biological tissues well due to their high softness,
elasticity, and water content similar to that of tissues, and the
specific functional design can impart them with high self-
adhesiveness, antibacterial properties, and admirable biocom-
patibility. More importantly, the unique moisturizing ability
and frost resistance of organohydrogel can extend the service
life of the corresponding wound dressing and broaden its
application environment, making it more suitable as a wound
dressing material. Note that most organic cryoprotectants are
harmful to organisms, Gly has good biocompatibility and
cannot cause secondary damage to wounds. Driven by this,
Liu et al utilized a water/Gly binary solvent to fabricate
organohydrogels containing PAM, gelatin, and non-biotoxic
antibacterial &-PL chains.>® This organohydrogel exhibited
excellent mechanical properties, high adhesiveness, and good
antibacterial properties in a wide temperature range (—20 to
60 °C), which could efficiently promote the healing of diabetic
foot ulcers (DFUs) by inducing cell proliferation, accelerating
collagen deposition, promoting angiogenesis, and inhibiting
bacterial breed as a wound dressing (Fig. 18).

Based on the above discussion, organohydrogels can be
well used to construct various flexible devices by imparting
corresponding functionality. However, when considering the
application of these devices in practice, the performance and
stability of the devices are the most important, which need to
be continuously optimized in subsequent research studies.
Simultaneously, the application of organohydrogels in some
new fields should be explored.

5. Conclusions and outlook

In this review, we summarized recent developments of
organohydrogels from various aspects, including preparation
strategies, performance optimization, and applications. Owing
to their unique anti-freezing and water retention ability, solvent
resistance, adjustable surface wettability, and shape memory
effect, organohydrogels are ideal candidates for the preparation
of flexible devices that can operate under various harsh
conditions or be used in intelligent systems. In addition,
organohydrogels can be easily endowed with various function-
alities due to the reconfigurable polymer network structure,
which is conducive to more flexible and stable applications.
Considering these excellent electro-mechanical properties and
various functionalities in organohydrogels, they have been widely
applied in sensors, energy storage devices, nanogenerators, and
biomedical fields.

Although great progress has been made in the development
of organohydrogels and related devices, a huge gap still exists
compared with the research history of inorganic materials such
as metals or semiconductors. Many challenges still need to be
addressed in the future research of organohydrogels:

First of all, the current diversity and synthesis techniques of
organohydrogels are still insufficient, mainly limited by the
solubility of organic substances and the elusive polymerization
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conditions; more simple and unrestricted preparation methods
for different organohydrogels need to be developed. In parti-
cular, organohydrogels with different polymer networks
urgently need to be developed so as to achieve some fascinating
intrinsic properties. For example, fluorine-rich polymers can
exist stably in strong acids and alkalis due to the high electro-
negativity of fluorine, so they can be used for developing
organohydrogels with wide pH adaptability. Also, these poly-
mers can impart good self-healing ability to the resulting
organohydrogels.

Secondly, current flexible devices are mainly constructed
based on bulk materials, which limits their large-scale integration.
In particular, the preparation of micro-/nano-sized or microstruc-
tured organohydrogels also plays an important role in the optimiza-
tion of their properties. Furthermore, the miniaturization and
integration of organohydrogels are quite necessary for their
development in flexible integrated electronics, but they are currently
rarely involved due to their poor controllability. Recently, 3D
printing technology has made good progress in patterning and
miniaturization of hydrogels, and it is conceivable that it will also be
dedicated to the development of miniaturized organohydrogels.

Thirdly, although good freezing resistance and moisturizing
ability are realized in organohydrogels, their environmental
tolerance still needs to be further optimized. At sub-zero
temperatures, the crystallization of water molecules in the
organohydrogel is well prevented, but the freezing of water
molecules adsorbed on the surface still occurs. Therefore,
surface hydrophobic treatment becomes indispensable in the
preparation process of an organohydrogel. In addition,
dehydration still inevitably occurs especially after size
reduction due to the exposure of the more specific surface area.

Fourthly, in addition to maintaining structural integrity, it is
equally important and more challenging to achieve functional
stability of organohydrogels in various environments, such as
underwater adhesion and self-healing at sub-zero temperatures.
Thus, more stable adhesion or self-healing mechanisms need to
be developed and used in organohydrogels. Also, the various
properties of the organoydrogels require further optimization.
For example, the decrease in conductivity of organohydrogels
synthesized by solvent replacement needs to be addressed in
the future. Moreover, considering the limited functionality of
current organohydrogels due to the dilemma between some
properties, a prominent organohydrogel with multiple functions
is expected to be developed in the future based on functionality
balance.

Fifthly, although organohydrogels have been proven to be
applied in various fields, device performance and stability still
need to be further improved. Interestingly, some organohydrogels
also show great potential to be developed and applied to smart
materials, oil-water separation, or underwater electronics, and
their feasibility needs further verification. Moreover, lots of efforts
can be put into the full use of organohydrogels and the develop-
ment of multifunctional integrated systems with lower costs.

Finally, the current in situ characterization methods have
made great progress, such as Raman spectroscopy, infrared
spectroscopy, electrochemical impedance spectroscopy, etc.
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Correspondingly, these will enable more in-depth mechanism
exploration of organohydrogels under different behaviors that
are not completely clear.
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