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Abstract

Conductive cellulose-based hydrogels have attracted much research interests owing to their high
conductivity, biocompatibility, cost-effectiveness, environmental sustainability, flexibility,
excellent mechanical properties, Chemical or physical properties of conductive cellulosic hydrogel
can be designed to change in response to external stimuli. The combination of such unique features
makes them promising candidates for different practical applications, including electronic devices

and gas sensors.

In the present work, a novel multi-functional hybrid hydrogel was fabricated via a facile two-step
process. The flexible, self-healing, and electro-conductive hydrogels were successfully prepared
by incorporating conductive nanomaterials (Graphene oxide or Reduced graphene oxide) into
carboxymethyl cellulose networks crosslinked by citric acid. The chemical structure and
morphology of the resulting conductive nanocomposite hydrogels were characterized using FTIR
and SEM. The effect of the conductive nanomaterial contents on the mechanical, rheological, and
electrical properties of the hybrid hydrogels was studied. The self-healing efficiency of the
prepared hydrogels was evaluated by comparing tensile strength, breaking stress, and storage

modulus of the original and healed samples.

The FTIR finding confirmed that the 3D CMC conductive hydrogels are formed as a result of intra-
and inter-molecular hydrogen bonding among their constituents. Morphological studies
demonstrate highly porous interconnected hydrogels with pore sizes of 100-200 um. It was found
that the mechanical strengths of the CMC hydrogels are significantly enhanced by the

incorporation of GO/RGO into the hydrogel network. The tensile strength of CMC-GO and



CMC/RGO hydrogels are up to 2.3 times and 2.15 times stronger than the CMC hydrogels (85
KPa), respectively. Rheological results show a more stable hydrogel network with dominant elastic

behavior.

In addition, the multi-functional hydrogels exhibit excellent self-healing ability, with about 91.2
%, 94%, and 93% healing efficiency in tensile strength, tensile strain, and storage moduli,
respectively. The self-healing capacity of the hydrogels is endowed by the reversible hydrogen
bonds in the abundant oxygen-containing functional groups and ionic interactions between
oxygen-containing functional groups existing in both CMC and the conductive agents. The CMC-
RGO hydrogels show maximum electrical conductivity of 4.4 x 10 S/cm and about 68% recovery
of the electrical properties after self-healing. CMC-RGO hydrogel sensors demonstrate high
sensitivity and desirable stability upon exposure to ammonia gas. With the combination of such
superior features, the developed conductive CMC-RGO hydrogels have great potential for

practical applications in gas sensors.



Chapter 1. Introduction



1.1 General overview

Nowadays, the production and emission of toxic, explosive, or flammable gases are increasingly
growing due to their relevance in a wide variety of industries, including food and agriculture,
automotive, and pharmaceuticals [1,2]. Ammonia (NHz) is one of the most common and harmful
air pollutants that may cause respiratory tract irritation at a low concentration from 50 to 100
ppm[3,4]. The development of highly sensitive, reusable, portable, and cost-effective gas sensor
devices that enable the effective monitoring of environmental pollutants and the detection of trace
chemicals is of great importance for a broad spectrum of applications, including industrial
hazardous gas monitoring, food quality/safety monitoring, and healthcare monitoring[1,5].
Various materials, including metal oxide semiconductors, conjugated polymers, carbon-based
nanomaterials, and conductive hydrogels, have been research and developed as gas sensing

elements|[6].

Hydrogels have highly hydrated and three-dimensional (3D) crosslinked networks that entrap
substantial water, saline, or physiological solutions [1]. The hydrogels possess their unique
physical characteristics, such as hydrophilicity, large specific surface area, and tissue-like
structure. These 3D-networks have drawn tremendous attention in the various potential
applications, including supercapacitors[2], energy storage devices[3], biosensors[4], tissue

engineering[5], drug delivery and wound dressing [6-8], and gas detectors[9].

The gas sensor is a sensing device that enables monitoring of environmental pollutants, and the
detection of trace chemicals is essential for both industrial and civilian purposes[10,11]. An ideal
gas sensor device is usually expected to be highly sensitive, selective and stable, cost-effective,
and able to work at room temperature[12]. Numerous sensing materials for gas detection have been

used. It includes metal oxide semiconductors (Tin dioxide, titanium dioxide), conjugated polymers
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(Polyaniline, polypyrrole), and carbon-based nanomaterials (Graphene, Carbon nanotubes)[13].
But there are still some main challenges that limit their use for practical application. The high
working temperature of metal oxide, expensive doping modification process of conductive
polymers, and the inability to produce carbon-based nanomaterials with desired quality and
uniformity restrain the application for gas detectors[14]. The development of a new smart gas
sensor able to combine many features has gained great attention. An alternative approach for these
disadvantages is designing and utilizing new gas-sensitive materials based on hybrid inorganic—
inorganic [11], organic—organic [12], and inorganic-organic materials. For example, Hu et al. [15]
fabricated the SnO2/RGO-based sensor demonstrated a noticeably enhanced sensitivity compared
with the responses of pure SnO2- or RGO-based sensors toward H,S at room temperature. It is
well known that the electrical conductivity of conducting polymers is affected by exposure to a
diverse gas analyte. For instance, Graphene can be incorporated into the PANI matrix to form a
hybrid thin film that possesses enhanced, reversible, and stable ammonia gas sensing performance
[16]. Among hybrid sensing materials, Conductive Hydrogels are becoming attractive alternative
materials for sensor devices as they can be endowed with such unique properties as high elasticity,

self-healing, and conductivity.

1.2 Problem Definition

Conductive hydrogels have gained much attention as an advanced electronic platform for sensors
by synergizing the advantageous features of soft materials and organic conductors[17]. Electrically
conductive hydrogels (ECHSs) can be produced by combining a hydrophilic matrix with electrically
conductive fillers, such as metallic nanoparticles, conductive polymers (CPs), or carbon-based

materials[18]. The nature of the conductive hydrogel structure, including the high surface-to-
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volume ratio and porous structure, results in the fast adsorption and diffusion of gas molecules
onto the hydrogel's surface and rapid electrical response to external stimuli. It is worth noting that
the chemical or physical properties of conductive hydrogel can be significantly changed in
response to external stimuli (such as temperature, pH, stress, moisture, electric fields, magnetic
fields, light, chemical compounds, etc.)[19]. Among Conductive polymers, polypyrrole (PPy) and
polyaniline (PANI) are commonly used to fabricate conductive hydrogels-based sensors.
However, conductive polymer-based hydrogels showed weak mechanical strength, and the
electrical conductivity of pure conductive polymer is too low to function as gas sensing
materials[17]. Hence, Conductive carbon-based nanomaterials have been used in conductive
hydrogel fabrication to meet the needs for numerous applications owing to their distinct properties.
The introduction of carbon-based materials such as carbon nanotubes (CNT), graphene, and
graphite into the hydrogel network enhances mechanical strength and significantly affects the
electrical conductivity of hydrogels[20]. However, the development of conductive hydrogels with
superior eco-friendliness, self-healing ability, and easy-to-fabricate processes is still a challenge.
Another problem is that the uniform dispersion of carbon-based materials into the hydrogel matrix

is difficult.

1.3 Objective

To date, demands for environmentally friendly and conductive hydrogel-based products with
specific competent properties are considerably growing. However, particular unpredicted
challenges often emerge in the case of sensor application, such as low conductivity, weak
mechanical performance, lack of self-healing ability, non-sustainability, which cannot satisfy the

actual needs.



The objective of this current study was to develop multifunctional cellulose-based hydrogels that
exhibit excellent mechanical properties, high conductivity, self-healing capacity, and gas-sensing
efficiency toward ammonia gas. In particular, a novel conductive hydrogel with self-healing ability
and superb mechanical performance will be fabricated using a sustainable resource of cellulose.
Reduced graphene oxide and Graphene oxide nanoparticles will be integrated into the hydrogels
via a facile two-step method to impart both conductivity and self-healing capacity. This work may

open a new door for the fabrication of multi-functional ammonia gas sensors.



Chapter 2: Literature review



2.1. Introduction

Hydrogel, as a kind of soft material with a three-dimensional structure, can be prepared through
the crosslinking of natural or/and synthetic polymers. Unique features of hydrogels such as a high
surface-to-volume ratio and porous structure provide sufficient surface areas and defects for
ammonia gas adsorption, making them suitable as ammonia gas sensor devices[19]. Various
synthetic polymers have been used for the fabrication of hydrogels. Polyvinyl alcohol (PVA) [21],
polypyrrole (PPY) [22], polyethylene glycol (PEG) [23], polyoxazoline[24], polyacrylamide
(PAM) [25], and their copolymers [26,27] are the most popular synthetic polymers for hydrogel
preparation. Although they allow easy control of hydrogel structure and mechanical
characteristics, their low biocompatibility and non-degradability confine their usage for various
industrial/clinical purposes. Researchers address these challenges by employing natural polymer-
based hydrogels by taking advantage of their excellent hydrophilicity, biocompatibility,
biodegradability, and availability from renewable resources[28]. In recent years, structured
hydrogels made of natural polysaccharides, such as chitosan, alginate, and cellulose, have been
intensively explored for food packaging, wastewater treatment, gas sensing, and energy storage,
and biomedical applications[29]. However, weak mechanical properties, brittleness, and reduced

flexibility of most polysaccharides hinder their further practical applications [30].

Nevertheless, cellulose and its derivatives have been shown as promising alternatives to synthetic
polymers due to their reproducibility, cost-effectiveness, and sustainability [31,32]. Cellulose-
based materials also benefit from their abundance of reactive hydroxyl groups. It not only enables
the formation of hydrogels via either non-covalent or covalent crosslinking but also offers several
opportunities for new modifications, leading to the development of unique functional materials for

advanced applications[33,34].



However, cellulose-based hydrogels may still have challenges to be used for specific applications
where high mechanical performance is required. There has always been a rising demand for
environmentally friendly and biocompatible hydrogel-based products with specific competent
properties[35]. Hence, an eco-friendly nano-scale material isolated from native cellulose, known
as nanocellulose, has gained much attention to be used as a building block of hydrogels during the
last two decades[36,37]. The exceptional characteristics of nanocellulosic hydrogels include low
density, excellent mechanical performance, flexibility, renewability, and biocompatibility. These
unique features make them promising materials for diverse high-performance applications[38].
Based on source and processing conditions, the nanocellulose family is categorized into three
different groups, namely cellulose nanocrystals (CNCs), cellulose nanofibrils (CNFs), and

bacterial cellulose (BC) [39,40].

The hydrogels can facilitate the transport of electrons and ions[41]. Hence, remarkable progress
has recently been obtained to fabricate advanced hydrogel composed of cellulose and conductive
agents. Conductive materials like conductive polymers, carbon-based nanomaterials, and metal
particles have been used in conductive hydrogel fabrication to meet the requirements for numerous
applications owing to their distinct electrical properties[42,43]. Such conductive hydrogels (CHs)
have been broadly employed in the areas of small electronic devices, biomedicine, and

supercapacitors [18].

This chapter will, therefore, summarize significant features of the nanocellulose family, including
CNF, CNC, and BC, and explore recent advances in the application of conductive nanocellulose
hydrogels in the past ten years. The use and impact of each kind of conductive nanocellulose based
hydrogel in different areas, including biomedical, energy, and electronics, will be discussed. In

addition, conductive hydrogels based on cellulose and cellulose derivative will also be briefly
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introduced as their developing methods may be adapted to the development of nanocellulose based
conductive hydrogels. Finally, future perspectives, limitations, and possible research potentials on

the new applications of these sustainable and conductive hydrogels will be proposed.

HO
H 0 0O N
H
OH H
H
H OH

Figure 2. 1 Chemical structure of cellulose

2.2. Cellulose and its derivative

Cellulose is well-known as an oxygen-rich polysaccharide resource in nature. It is found as the
primary ingredient of green plants and natural fibers[44]. Cellulose content ranges from 40 to 50%
in dry wood, 90% in cotton, and around 60 % in hemp[45,46]. Cellulose fiber has exceptional
physicochemical properties, including the possibility for incorporating different chelating groups
into the polymeric networks, excellent mechanical performance, sustainability, and low cost,
which make them promising materials for various industrial applications[47]. The efficient
extraction of high-purified cellulose fibers obtained through the removal of the lignin,
hemicellulose, and other impurities as much as possible. Various methods have been adopted for
the isolation of cellulose from plant tissue using chemical, mechanical, or combined treatment
[48]. The conventional techniques for isolating cellulose fiber include fibers treatment with
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alkaline sulfate and acid sulfite, steam, carbon dioxide, and ammonia explosion [49,50]. These
methods have also been applied as a pre-treatment to help the hydrolysis procedure to generate

nanocellulose materials [51,52].

Cellulose is insoluble in water and common organic solvents owing to extensive intra- and
intermolecular hydrogen bonding between its hydroxyl groups [53]. However, the free hydroxyl
groups distributed along the cellulose backbone provide possible sites for various chemical
modifications [54]. The chemical structure of cellulose is illustrated in Figure 1. By etherification
or esterification of the hydroxyl groups on the cellulose backbone, cellulose derivatives such as
cellulose acetate (CA), carboxymethylcellulose (CMC), methylcellulose (MC) can be produced
[47]. Cellulose ether such as methylcellulose (MC), hydroxypropyl cellulose (HPC),
hydroxyethylcellulose (HEC), and carboxymethyl cellulose (CMC) are promising resources for
hydrogel preparation, with many applications in the food, pharmaceutical, and cosmetics products
since most of them are water-soluble and cost-effective [55]. Most cellulose esters are water-
insoluble polymers. Among them, cellulose acetate (CA) and cellulose acetate propionate (CAP)
are widely used as stabilizers, thickeners, and viscosity modifiers in many industries, including

pharmaceutical controlled release preparations, construction, paper, adhesives, and textiles [47].

2.2.1 Cellulose nanofibers

Cellulose nanofibers (CNF) (Fig. 1c) are also termed nanofibrillated cellulose (NFC),
microfibrillated cellulose (MFC), or cellulose nanofibrils. They generally consist of alternating
crystalline and amorphous cellulose chains with a diameter varying from several nanometers to
100 nm and a length of a few micrometers. Such flexible CNFs are often isolated from wood

sources via high energy mechanical disintegration[56]. To effectively facilitate delamination of
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individual nanofibrils from cellulosic fibers, pre-or/and post-treatments including enzymatic
hydrolysis of macroscopic fibers 2,2,6,6,-tetramethylpiperidine-1-oxyl (TEMPO)-mediated
oxidation or other surface treatments (e.g., carboxymethylation[57], carboxylation[58],

quaternization,[59] are required[36].

As a naturally occurring nanomaterial, cellulose nanofibers (CNFs) display excellent mechanical
strength and stiffness, low density, and tunable surface chemical reactivity [60]. Also, these
physicochemical features of CNF have enabled their use as building blocks or reinforcing agents
of hydrogels[36]. Some key characteristics have been imparted to the CNF hydrogel to enhance
the performance of the final products. It has been reported that taking full advantage of the
exceptional properties of CNF and conductive materials in the form of the hydrogel may provide
great opportunities for different functional applications like electronic devices, battery storages,

tissue engineering, sensors, and drug delivery[61].

2.2.2 Cellulose nanocrystal

Cellulose nanocrystal (CNCs), also known as nanowhiskers and microcrystals, are one-
dimensional rigid crystalline nanorods. They are isolated from semi-crystalline cellulose through
acid hydrolysis of cellulose fibers[62]. The geometrical dimensions of CNC are different in length
depending on the cellulosic sources, with a diameter ranging from 5-30nm [63-65]. The type of
mineral acids used for the hydrolysis influences the surface characteristics of the nanocrystals[66].
For instance, crystals produced via hydrochloric acid have poor dispersibility. In contrast,
hydrolysis with sulfuric acid improves the durability of cellulose crystals due to electrostatic
repulsive force within the negatively charged sulfate ester groups on the surface [67]. The excellent

features of CNCs, including sustainability, non-toxicity, high rigidity, excellent colloidal stability,
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and ease of surface modification because of the abundance of surface hydroxyl groups, have made

them promising as a reinforcing agent or building blocks of hydrogels for various applications.

2.2.3 Bacterial cellulose

Bacterial cellulose (BC) is a kind of cellulose generated by microorganisms[68]. It is generated by
a primary metabolism process of several genera, such as Acetobacter, Agrobacterium,
Achromobacter, Aerobacter, Azotobacter, Sarcinaventriculi, Salmonella, Escherichia, and
Rhizobium [69]. Compared to plant cellulose, BC benefited from its higher chemical purity and
crystallinity, excellent biocompatibility, and biodegradability[70]. BC nanofibers are usually
randomly distributed in fibrous layers, with some fibers act as cross-linkers to entangle the fibrous
layers, resulting in the formation of a multi-layered structure [71]. These features have made them
attractive materials for a variety of practical applications such as foods, electronics, specialty
paper, cosmetics, and healthcare[72]. Most importantly, BC, as a biopolymeric hydrogel,

possessed 3D networks with high water retention properties.

2.3 Conductive cellulosic hydrogels

2.3.1 Conductive cellulose hydrogels

Conductive cellulose hydrogels can be prepared through blending, coating, or by doping the
conductive materials into/onto the cellulosic matrix[33]. Fang et al. [73] synthesized conductive
composite hydrogels using oxidative polymerization of pyrrole monomers in the presence of
cellulose. They reported that the conductivity of the hydrogel is dependent on the amount of

oxidants in the conductive hydrogels. They also found that using dopants with smaller steric
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hindrance can effectively increase hydrogel conductivity. Shi et al.[74] prepared a conductive
hydrogel from cellulose and Polyaniline (PANI) via the entanglements between PANI chains and
crosslinked cellulose networks. The hydrogels demonstrated electromechanical actuation under a
low applied electric field. In another work, Xu et al. [75] constructed a hierarchical hydrogel
network containing cellulose and PANI. They employed cellulose hydrogel as a template to
support in-situ limited interfacial polymerization of PANI, resulting in single-sided conductive
hydrogels. As the PANI polymerization process progressed, the electrical conductivity improved
due to the contribution of PANI chains, which homogeneously dispersed into the cellulose
network. Sun et al. [76] synthesized electroactive conductive hydrogels by co-doping various
conductive materials into the cellulose matrix. The obtained hydrogels made of cellulose, carbon

nanotube (CNT), MnOg4, and PANI showed a conductivity of 0.083 mS/cm.

Hydrogels based on cellulose derivatives have been considered as promising materials for different
practical applications because of their low-cost production, bio-compatibility, and sustainability
[33]. George et al. [77] fabricated flexible and conductive biosensors for the acidity level of body
fluid. The dispersion of CMC and Graphene sheets were prepared via 3D printing for PH sensors,
and Chitosan hydrogels were cast on 3D printed electrodes. Heat-treatment before hydrogel
coating was reported to increase the conductivity up to 2.5 times. Hussain et al. [78] designed self-
healable and conductive HEC-based hydrogels through interactions among HEC, poly(acrylic
acid-co-acrylamide), and ionic crosslinker Fe3*. It was shown that the hydrogen and ionic
coordination interactions within the hydrogel network changed the electrical properties of the
healed hydrogels. Li et al. [79] successfully constructed conductive composite hydrogels
composed of sodium CMC, PANI, and glycerol diglycidyl ether as a biocompatible crosslinker.

Their findings demonstrated that increasing concentrations of crosslinker and CMC resulted in a
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decrease in conductivity. It might be attributed to the reduction of free space in the hydrogels
network that disadvantaged PANI absorption and the formation of an interpenetrating network
structure of CMC and PANI. Barras et al.[80] printed conductive flexible hydrogel composed of
CMC and carbon fiber (CFs). It was found that the introduction of the conductive component into
the printed patterns implied that the electrical conduction was controlled not only by the inherent
properties of CFs but also allowing charge transfer through the CMC matrix between adjacent
fibers, and therefore improving the conductivity. Rastin et al. [81] developed 3D printed
conductive hydrogel bio-inks composed of methylcellulose (MC), kappa-carrageenan, and
conducting polymers poly(3,4-ethylene dioxythiophene): poly(styrene sulfonate) (PEDOT: PSS)
for tissue engineering applications. The electrical conductivity of products can be varied by tuning
the amounts of conducting polymers. The prepared hydrogel bio-inks were also found to be

biocompatible and suitable for biomedical applications.

Table 2. 1 Summary of reports on Cellulosic conductive hydrogel

Material components Features Swelling Electrical Mechanical Application Ref
Matrix Conductive porosity properties properties
component(s) Density(p)
Cellulose PPY Controllable mechanical/| N/R 9.18x10°® CS~26.25MPa Drug delivery and [73]
conductive properties Slcm artificial muscle
Cellulose PANI Electromechanical N/R 7x1072 S/cm CS~0.48 MPa Biomimetic [74]
actuation materials
Cellulose PANI Hierarchical micro- | SR~92% 0.49 S/cm TS~2.71 MPa Nerve [75]
nano structure, Regeneration
biocompatible
Cellulose MnO2/PANI/ Bioinspired, fast 0.083 TS~2.8 MPa Artificial muscles [76]
CNT/RGO response (actuator) P~87% mS/cm.
CMC Graphene Flexible, pH- | N/R N/R N/R Patch antennas for | [77]
sensitive, wireless
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HEC/PAA- Fe3+ Self-healing, super | N/R 2.4x1073 TS~3.50 MPa Smart device [78]
PAM mechanical strength, S/cm. CS~ 32 MPa
moldability
CMC PANI Non-toxic SR~104% 6.31x10° S/ | CS~0.448 MPa | electro-stimulated [79]
crosslinking agent cm controlled drug
release, sensors
CMC carbon fibers Printability N/R 300 Q/cm N/R Flexible and printed [80]
electronics
MC/kappa- PEDOT: PSS Printability N/R 3000 pS/cm N/R Tissue engineering [81]
carrageenan
TEMPO- PPY Self-healing, 2.4-4.2 S/m TS~0.6 MPa. Wearable [82]
CNF/ PAA stretchable P~85% CS~1.65 MPa. electronics
PAM/CNF CNT Improved  mechanical | SR~710% 8.5x10* TS~0.32 MPa. Biomedical and [83]
property Slem TM~0.26 electronic devices.
MPa.
Carboxymet SWCNTs 3D printability N/R 3.8 x 10! S/ | N/IR Neural tissue | [84]
hyl CNF cm engineering
PVA/Borax, Graphene Self-healing, SR~97% 3.55S/m CS~0.148MPa Wearable sensing | [85]
CNF Stretchable p~1.6 TS~0.008MPa devices.
g.cm?3
PVA, Borax, | PPY Rapid self-healing, | SR~ 95% 3.65S/m TS~0.06MPa Flexible [86]
CNF pH sensitivity p~1.21 CS~2 MPa bioelectronics
g.cm?3
Agarose, PPY/Fe304 Reversible N/R 6.22x102 N/R Electronic skin and | [87]
CNF restorability Slem electrochemical
display devices
PVA, CNF PANI/MnFe; Dual conductive and | N/R 8.15x 102 | N/R Multi-functional [88]
O4 magnetic properties Slcm applications
SA, TEMPO- PPY Conductive SR~26g/g 89 x 10% | CS~1.27 MPa Biomaterial [89]
MFC P~95.40% | S/cm CM~2.34 MPa applications
p~0.17
g.cm?
MFC PPY lon-exchange N/R 1.5S/em N/R Energy storage | [90]
devices
TEMPO- CNT 3D printability N/R 216.7 S/lcm TS~ 247 MPa. Wearable [91]
CNF electronic devices
CNF CNT 3D printability N/R ~0.1-001 S| N/R Biomedical [92]
/cm application
CNF/ SWCNTSs 3D printability N/R 2.132 S /em N/R Neural tissue | [93]
Alginate engineering
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CNC PPY High water retention SR~ 8.8x1073 CS~13.8 MPa catalyst supports, | [94]
910% S/cm CM~4.16MPa nerve regeneration,
and carbon capture
Cellulose PPY Good Sw ~560 7.8x1073 CS~26.2MPa. [95]
electrica_l . s/em
conductivity
CNC Silver 3D printability, N/R 1-50Q N/R Electronics [96]
CNC MWCNT 3D printability N/R N/R N/R Microfluidic [97]
devices
CNC/ PANI/RGO Self-healing, flexible N/R 5.67Q TS~ 0.017MPa Energy storage | [98]
TM~0.004 devices
Gelatin MPa
PtNPs/ Good N/R 0.587 S/lcm N/R Implantable [99]
BC MWCNTSs biocompatibility glucose fuel cell
BC PPY Good conductive and | N/R N/R N/R Microbial Fuel | [10
catalytic activity Cells 0]
BC PANI Electroconductive N/R 108-10 N/R Diverse [10
Slem applications 1]
BC c-MWCNTSs Highly stretchable, | N/R N/R TS~189.5 MPa Bio-based sensors [10
good cycling stability TM~ 4.5 MPa 2]
BC/PVA/ c-MWCNTS, Stretchable and | N/R N/R TS~1 MPa Wearable device [10
Alginate Carbon black durable CS~0.337 3]
MPa

Abbreviations:

N/R: Not Reported;
CM: Compressive Modulus; CS: Compressive Strength; P: Porosity; TM: Tensile Modulus;
SR: Swelling Ratio; TS: Tensile Strength;

BC: Bacterial Cellulose;

CMC: Carboxymethyl Cellulose; CNT: Carbon Nanotube; CNF: Cellulose Nanofiber;
MC: Methyl Cellulose; MFC: Microfibrillated Cellulose; MWCNT: Multi-Walled Carbon Nanotube;
RGO: Reduced Graphene Oxide
PAA: Polyacrylic Acid; PAM: Polyacrylamide; PANI: Polyaniline; PPY: Polypyrrole; PVA: Polyvinyl Alcohol;
PEDOT:PSS: Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
PtNP: Platinum Nanoparticle;

SWCNT: Single-Walled Carbon Nanotube;

2.3.2 Conductive Hydrogels containing CNF

Conductive CNF based hydrogels have attracted lots of attention in electronic devices. CNFs

derived from trees have fascinating piezoelectric characteristics and a powerful dipole, making
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them aligned using an electric field [104]. Conductive polymeric hydrogels are restricted in
practical usage because of their weak processability, biocompatibility, mechanical properties, and
non-renewable resources. Hence, mixing them with CNFs alleviate these limitations and lead to
hydrogels with tunable conductivity and better mechanical properties. The high surface area of
CNFs and their network structure decrease the percolation threshold of conductive materials [105].
Hence, with their large surface areas, flexibility, and ability to reinforce matrices, conductive CNF
hydrogels can be developed for sensors, electronics, energy storage, composites, and biomedicine
applications. Chen et al. [82] produced self-healable and stretchable conductive hydrogels for
damage-free wearable electronics. They prepared uniform dispersion of TEMPO-oxidized CNF
into polyacrylic acid hydrogels crosslinked by ferric salts, and the conductive hydrogel was
obtained by in-situ polymerization of pyrrole monomers into the hydrogel matrix. A combination
of synergistic properties of TEMPO-oxidized cellulose nanofibers (TOCNFs), PAA, and PPy
endowed the prepared hydrogels with high tensile strength and fracture strain, conductivity, and
self-healing efficiency. The conductivity of hydrogels was almost doubled as Pyrrole

polymerization progressed.

Recently, Carbon nanotubes (CNTs)/nanocellulose have been studied for flexible electronic
usages. Chen et al.[83] developed conductive hydrogels with good mechanical and electrical
properties. The conductive hydrogels were obtained through the polymerization of acrylamide in
a CNF /CNT dispersion. The addition of CNT, along with CNF, improved the conductivity of
hydrogels up to 8.5 x10* S/cm, which is two-fold higher than the polyacrylamide/ CNT. It may
be caused by CNF who improved the dispersion of CNT into the acrylamide solution. The resulting
hydrogels can be applied in the fields of tissue engineering and biomedical sensors. Li et al. [91]

fabricated carbon nanotube/nanofbrillated cellulose composite microfiber via a 3D-printing
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technique. The adjustment of both CNT and CNF in microfibers and the uniform distribution of
CNT and CNF improved electrical conductivity. The final conductive products can be employed
in smart wearable electronic and energy storage devices. Hakansson et al. [92] printed a
Carboxymethylated CNF and CNT hydrogel-based ink. The physical properties and structural
integrity of composite can be controlled by the solidification process. 4-point and 2-point probe
methods were applied to measure dry- and wet-state conductivity of the hydrogel composite
material, ranging from 0.1 (dry) and 0.01 S/cm (wet). Bordoni et al. [93] fabricated conductive
neural scaffolds through 3d-printing CNF/ alginate/single-walled carbon nanotubes hydrogel inks.
The highest conductivity of the scaffold was around 2.13 S/cm. They showed that the conductivity

of hydrogels significantly contributed to neural cell differentiation.

Volodymyr et al. [84] synthesized printable conductive CNF scaffolds for neural cell proliferation
and adhesion. CNF functionalized with carboxymethyl groups was mixed with carboxylated
SWCNTSs at the pH of 8.5 to prepare ink for 3D printed conductive hydrogel with a conductivity
of 3.8 x 1071 S cm™ when CNT concentration was about 20%. The Carboxymethylated CNFs
were entangled with themselves and CNTSs to build robust hydrogel ink with suitable rheological
properties. Zheng et al.[85] fabricated conductive hydrogels that are highly stretchable and self-
healing. The final composite hydrogels were formed by hydrogen bonding system and polymer
chain entanglements among borax crosslinker, PVA, and Graphene-CNF nanocomposite. CNF, as
ananocarrier, improved the dispersion of graphene into the polymer matrix to make 3D conducting
pathways inside the hydrogels. It was reported that the conductivity of 3.55 S-m™* was achieved at
a Graphene content of 0.7 wt%. It is reported that the conductivity of hydrogels remained relatively

stable under frequent cutting/healing cycles[85].
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Ding et al. [86] developed hybrid conductive hydrogels composed of PVA and borax (PB) as a
hydrogel matrix and nanostructured CNFs—PPY complexes as both reinforcing and conductive
agents. The strong hydrogen and reversible ionic interaction among hydrogel components, as well
as chain entanglement, resulted in the formation of a hierarchical 3D structure. The conductivity
of the hydrogels enhanced up to 4.8 S m™, with the addition of pyrrole concentration. It was
reported that the efficient dispersion of the PPY-CNF complex within the PB provided a

continuous porous conductive network.

In recent years, lots of research efforts have been concentrated on the integration of several
advanced functions into a conductive hydrogel for the development of multi-functional hydrogels.
For example, the conventional method of mixing conductive and magnetic materials may cause
agglomeration within hydrogels. Hence, the fabrication of conductive and magnetic hydrogels has
been a big challenge[106]. Recently, Liu et al. [87] synthesized a nanocomposite conductive
hydrogel made of agarose, nanofibrillated cellulose, PPY, and Fe3Oa4. Using TEMPO-oxidized
CNF as templates not only provided a large surface area to load significant amounts of
nanoparticles but also prevented the FesOs4 NPs and PPY from agglomeration in the
nanocomposites owing to the network structure and the electrostatic repulsion induced by CNF.
The conductivity of the hydrogels varied from 3.39 x 102 to 6.22 x 102 S cm™ with increasing

content of the conductive polymer.

The self-healing feature can be a key feature for multi-functional conductive hydrogels. Liu et
al.[88] fabricated self-healable polyvinyl alcohol (PVA) hydrogels containing CNF with both
conductive and magnetic functionalities. PANI and MnFe2O4 nanoparticles were first incorporated
onto the modified CNF through in situ polymerization and chemical co-precipitation process,

respectively, to form CNF/PANI/MnFe204 nanocomposites. They were subsequently blended with
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the PVA hydrogels with the highest saturation magnetization and conductance of about 5.22
emu-g ! and 8.15 x 103 S-cm™%, respectively. The evenly distribution of the conductive PANI-
coated CNF into the PVA hydrogel matrix to provide a continuous electron transport pathway may

contribute to the good conductivity of the hydrogel.

Cellulose nanofiber (CNF) has been known to possess appropriate interaction with PPY through
plenty of hydroxyl groups on its backbone. Lin et al. [89] investigated the introduction of modified-
nanofibrillated cellulose into the sodium alginate hydrogel along with the in-situ pyrrole
polymerization. TEMPO-modified CNF can not only act as the strengthening agent but also played
a vital role in the formation of the crosslinked networks. It was indicated that the conductivity of
the composite hydrogels was significantly improved with a higher amount of functionalized CNF.
In another work, Nystro et al. [90] prepared the conductive CNF-PPY nanocomposite hydrogels
with a high surface area. The prepared hydrogels in a dry state exhibited a highly porous structure,
desirable conductivity, and high ion-exchange ability, making them a great candidate for ion-

exchange and energy storage applications.

2.3.3 Conductive Hydrogels containing CNC

As CNCs can form stable hydrogels with more than 98% water content, such hydrogels allow the
incorporation of functional components such as conductive materials via electrostatic or hydrogen
bonding through the many hydroxyl moieties on the surface of CNC[37]. Thus, the design and
fabrication of conductive hydrogels containing CNC have gained attention due to their potentials

in a wide variety of applications[29].
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Li et al. [94] focused on the fabrication of a conductive composite hydrogel through the
incorporation of pyrrole into a 3D matrix of acrylic acid-grafted CNC hydrogel with Fe3* as an
oxidant. With the addition of PPy into the transparent hydrogel, the conductivity increased to 1.3
x 10 S/cm, which is comparable to those of semiconductors. The conductivity of the prepared
hydrogel can be considerably improved when doped with sodium p-toluenesulfonate (TsONa).
Liang et al. [95] synthesized Conductive hydrogel formed by microcrystalline cellulose (MCC)
and PPY. The conductivity of the hydrogel varied when the TsONa content was increased. The
resulting hydrogels demonstrated conductivity of 7.83 x 10-2 S/cm. It was reported that that the

hydrogel reached the maximum conductivity at the TSONa content of 0.75 mol/L.

Alizadehgiashi et al. [97] used a 3D-printed microfluidic extruder to prepare the MWCNT/CNC
hydrogel-based sheets. In another work, Hoeng et al.[96] fabricated hydrogels from a CNC-based
printing solution incorporated with conductive silver particles for electronic applications. The
silver nanoparticles and annealing treatment improved the electrical conductivity of the obtained
hydrogels. The large surface area of CNC provides a substrate for silver nanoparticles to make a
conductive network, leading to a decline in the percolation threshold. Helen et al. [98] synthesized
self-healing and conductive hydrogels through a simple two-step process. They first made the self-
healing and double network hydrogels through multiple hydrogen-bonding interactions among
CNC, Tannic acid, and Gelatin methacrylate. To make the hydrogel conductive, RGO and PANI
were coated on the hydrogel surface through in-situ polymerization. The incorporation of
RGO/PANI nanocomposite coating into the hydrogels could improve the conductivity. The

prepared hydrogels exhibited the lowest resistance after coating with PANI/RGO.
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2.3.4 BC Conductive hydrogels

BC-based conductive hydrogels have held great promise to be used for different functional
applications due to a combination of their ionic and electrical conductivity. Liu et al.[99]
synthesized PtNPS/MWCNTSs/BC conductive hydrogels to fabricate electrode materials, taking
advantage of the diffusion restriction of the bacterial cellulose, the catalytic activity of platinum
nanoparticles(PtNPs), and conductivity of MWCNTSs. There was a three-fold increase in the
conductivity of the hydrogel when both CNTs and PtNPs were embedded. In another study,
Mashkour et al. [100] fabricated a conductive hydrogel anode made of BC and PPY for microbial
fuel cells. The obtained hydrogels show surface conductivity and outstanding features as a

microbial scaffold, which provides enhanced microbial fuel cells' performance.

The use of BC with conductive materials for the fabrication of conductive hydrogels has got much
attention. Shi et al. [101] integrated PANI into BC hydrogels. It was shown that the conductivity
of the composite hydrogels was enhanced by doping with different protonic acids. It was suggested
that resulting bacterial cellulose—PANI hydrogels can be used in different areas, such as flexible
stimulation electrodes and biosensors. Huang et al. [102] fabricated highly flexible conductive
hydrogels made of carboxylic multi-wall carbon nanotubes and BC cellulose. The obtained
hydrogels showed 70% elongation and excellent cycling stability, providing potentials for
biomedical applications. Huang et al. [103] fabricated flexible and wearable hydrogel-based
sensors for detecting human motions. Conductive hydrogels were fabricated via loading modified
MWCNTSs and carbon black into Polyvinyl alcohol/sodium alginate/bacterial cellulose matrix. The
prepared hydrogels possessed comparable synchronization between strain and electrical signal,

proper stability, cycling repeatability, and durability. It was reported that the stretching of the
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hydrogel leads to a decrease in conductivity, and the piezoresistive features of the hydrogels were

due to their gradually closing pores and the path of ionic transport.

2.4 Advanced functions of conductive cellulose hydrogels

2.4.1 3D Printability

Three-dimensional (3D) printing has gained much researcher's attention because of its ability to
generate intricate and delicate 3D structures. 3D printing, a cost-efficient approach to fabricate
materials or structures with complex geometry, have been widely used for fabricating both organic
and inorganic materials for various applications[107]. These unique features of 3D printing have
significantly increased their potential applications in a vast range of industries, including
cosmetics, food packaging, healthcare, agriculture, textile, and aircraft[108-110]. 3D printable
hydrogels are usually fabricated from pre-gel solutions or known as 3D printing inks. Many factors
can influence the printability of hydrogel inks, including rheological parameters, gelation
behaviors, and printing parameters like extrusion temperature, feed rate, and printing distance.
[111]. Among them, rheological properties (including viscosity, shear-thinning, fluid flow, and
gelation behavior) of the ink are the most important parameters for the 3D printing of
hydrogels[112]. However, the low mechanical strength of printed parts remains a challenge to the
extended use of 3D printed products for various applications[113]. With the emergence of 3D
printing technology, scientists have made more efforts to achieve conductive, flexible, and
environmentally-friendly printed products using plant resource-based ink [114-116]. For
example, cellulose and its derivatives have become promising “inks” for 3D printing, offering a

fascinating pathway that could simplify the fabrication of sustainable structures for various
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applications[117]. 3D printing provides a versatile tool to incorporate conductive components into
cellulosic ink that can be used for fabricating functional 3D printed materials [91,118]. Knopf et
al. [77] printed a flexible pH-sensitive hydrogel composed of graphene-cellulose composites
coated with chitosan hydrogel for biosensor applications. In another work, Barras et al. [80]
prepared ink through mixing carbon fibers and low-cost and eco-friendly cellulose derivative,
CMC. Hadi et al.[81] developed conductive bio-ink composed of conductive polymers
PEDOT/PSS and MC/ kappa-carrageenan for 3D printed hydrogels. The results showed that the
kappa-carrageenan played a key role in stabilizing printed products, and that it intensified the
thixotropic behavior of the bio-ink through the synergistic interaction of MC and kappa-

carrageenan.

There have been only a few research works on conductive CNF 3D printing. For example,
Kuzmenko et al.[84] printed conductive hydrogel inks containing carboxymethylated CNF and
carboxylated SWCNTs for neural guidelines. Hakansson et al.[92] fabricated a 3D network via
bioprinting of hydrogel-based ink composed of 2% CNF. The resulting 3D printed structure can
collapse or retain via controlling the solidification process. Bordoni et al. [93] fabricated 3D
bioprinted hydrogels from conductive inks composed of CNF, alginate, and SWCNTSs. The
hydrogels containing 10% SWCNTs were found to possess suitable conductivity to promote the

maturation and differentiation of SH-SY5Y cells.

The utilization of CNC in 3D printing is becoming attractive because of the excellent hydrogel
formation ability of CNC, its biocompatibility, and unique mechanical characteristics[119]. These
3D printed structures can be potentially used in implants, electronic devices, tissue engineering

materials, where complex porous structures are required. Recently, 3D printing of CNC with
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conductive materials has been explored as a viable route to produce next-generation
materials[120]. Hoeng et al.[96] prepared printable CNC/silver particle ink for electronics
applications. The nano-size CNC and their unique dispersing and stability eased the production of
a conductive 3D printable ink. The use of CNC as a scaffold offers a greenway towards renewable

and sustainable electronics.

2.4.2 Self-healing capability

Self-healing is an intrinsic capacity of an organism to automatically repair its damage and restore
its function as a mechanism to enhance its chances of survival. Recently there have been extensive
efforts to imitating such a natural phenomenon to endow self-healing capacity to non-viable
materials as a mechanism to enhance their service life. Fabrication of conductive hydrogels
possessing self-healing capability and robust mechanical performance has been a challenge [121].
Hussain et al. [78] fabricated a double network hydrogel based on hydroxyethyl cellulose, which
presents around 98% self-healing efficiency. This healing capability of the hydrogel resulted from
the diffusion of Fe** ions along with reconstructing the hydrogen bonding interactions at their cut

interface.

Chen et al. [82] demonstrated that TOCNF/PAA-PPy hydrogel benefited from a high self-healing
efficiency of 98.3% at room temperature after 6 hours. It was related to the dynamically reversible
bonds between ferric ions with PPy and carboxylic groups on TEMPO-oxidized cellulose
nanofibers (TOCNFs) and PAA chains, plus the hydrogen bonding between PPy and TEMPO-
oxidized CNFs. Zheng et al. [85] demonstrated that the high self-healing efficiency of Graphene-

CNF/PVA-borax hydrogels could be attributed to the hydrogen bonding interaction, the multi-

27



complexation among hydroxyl groups of hydrogel components. In recent work, Ding et al. [86]
studied the self-healing mechanism of conductive CNF—PPy/PB hydrogels. They reported that the
hydrogel possessed a self-healing efficiency of around 97% and 87% in air and water environment,
respectively. It was related to the hydrogen bonding interaction and formation of the reversible
network via different borax-based complexes with the nanocellulose and the diffusion of borate in
water. Liu et al. [87] reported the blending of nanofibrillated cellulose/PPY/Fez04 hanocomposites
into the agarose hydrogel matrix, which endowed the hydrogels self-healing under the thermal
stimuli. The healing efficiency was related to the thermoplasticity of the agarose hydrogel under
the thermal stimuli. Liu et al. [88] fabricated self-healable hydrogel containing CNF with both
conductive and magnetic functionality. Based on the rheological studies, the self-healing
mechanisms include the cross-linking reaction between borax-PVA, the hydrogen bonds between
the hydroxyl group of PVA-PVA and PVA-CNF. Helen et al. [98] constructed the conductive
hydrogels with proper self-healing capacity. It was reported that the autonomous self-healing
caused by multipoint hydrogen bonding and hydrophobic interactions among CNC, gelatin

methacrylate, and Tannic acid. The healing efficiency for mechanical strength was around 96%.

2.4.3 High Mechanical Properties

compared with those of solid polymers, the relatively weak mechanical performance of hydrogel
has limited their further industrial applications[122]. As a result, there has been extensive

development focus on hydrogels with outstanding mechanical properties.

Conductive cellulose hydrogels are usually composite materials. The conductive components

sometimes can serve as both conductive fillers and reinforcement to enhance the mechanical
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properties of the hydrogels. Fang et al. [73] used a facile method to fabricate conductive cellulose-
based hydrogels with compressive strength of 26.25MPa. They showed that mechanical features
could be adjusted by varying concentrations of the oxidant and dopants. The PPY was
homogeneously distributed in the MCC hydrogel. It was reported that the polymer chain length of
PPY played a leading role in the mechanical performance of the as-prepared hydrogel. Shi et al.
[74] reported that the incorporation of PANI enhanced the compressive strength of a cellulose
hydrogel, with a maximum compressive strength of 0.48 MPa with 15% PANI. Xu et al. [75]
investigated the impact of the PANI polymerization progress on the mechanical behavior of the
cellulose-based hydrogels. They found that after two hours of PANI polymerization reaction time,
the composite hydrogels had higher tensile strength than cellulose hydrogels. Hussain et al. [78]
fabricated HEC cellulose-based conductive hydrogels that exhibited tensile stress of 3.50 MPa and
stretchability of 1245%, along with a compression strength of 32 MPa. This improvement in the
tensile strength was because of the rise in the hydrogen bonding interaction among functional
groups of hydrogel components. They reported that the addition of HEC up to 4 wt.% led to around
435% improvement in the toughness of hydrogel. Li et al. [79] showed that the compressive stress
and modulus of composite hydrogels enhanced as CMC content in PANI/CMC hydrogels
increased. Although the modulus of the PANI/CMC hydrogels improved with more cross-linking
agent incorporated, the compressive strength decreased when the crosslinking degree was too high.
Huang et al. [102] fabricated highly stretchable hydrogels c-MWCNT/ bovine serum
albumin(BSA) /BC hydrogel. They showed that incorporation c-MWCNTSs into the BSA-coated

BC membrane significantly improved mechanical strength.

Chen et al. [82] incorporated TEMPO-oxidized CNFs and PPy into the polyacrylic acid (PAA)

hydrogel network. They reported that combining homogeneous modified CNF into PAA caused a
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significant increase in tensile stress and elongation at break. It was due to the uniform distribution
of CNF and their chain entanglement with PAA, and the hydrogen bonding system between PPy

and TEMPO-oxidized CNFs, plus the ionic interactions between PPy and PAA chains.

Imparting synergistic properties of conductivity and high mechanical integrity remains a challenge
in the development of cellulose-based conductive hydrogels. Zheng et al. [85] showed that both
tensile and compressive stresses of PVA/CNF hydrogels were considerably enhanced via the
incorporation of graphene. The non-covalent and ionic interaction among hydrogel components
helped to distribute the load from the polymer matrix to Graphene-CNF nanocomplexes, therefore
suppressing the growth of microcracks. Ding et al. [86] synthesized CNF/PPY nanostructured
complex and incorporated them into polyvinyl alcohol/borax (PB) hydrogel matrix to fabricate a
conductive hydrogel with high mechanical performance. They reported that enhancement of
mechanical strength was caused by the hydrogen and ionic interaction via the complexation of
borate ions acting as a crosslinker among hydrogel components. Lin et al. [89] demonstrated that
introduction of 5% modified cellulose nanofiber into alginate-based hydrogel followed by in situ
polymerizations of pyrrole significantly increased the mechanical characteristics of the obtained
hydrogels. TEMPO-CNF not only acted as reinforcement in the hydrogel matrix but also provided
excellent affinity with PPY/alginate hydrogel to form a strong and crosslinked network structure.
Li et al. [91] constructed a highly aligned CNT/CNF composite microfiber through a 3D-printing
technique. They reported that the dual alignment of both acid-modified CNT and CNF in
microfibers, hydrogen bonding, and hydrophobic interactions of functionalized CNT and CNF led

to excellent mechanical performance.
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Sensors

Figure 2. 2 Applications of conductive cellulose-based hydrogels

2.5 Application of cellulosic conductive hydrogels

Nanocellulose or cellulose-based conductive hydrogels have been extensively studied and
developed and are finding applications in a wide variety of areas (Figure 2). They represent
promising new materials in these areas because of their combination of excellent biocompatibility,

biostability, environmental sustainability, and versatility.

2.5.1 Biomedical application

Conductive hydrogels containing cellulose and its derivatives have recently been used for a vast
range of biomedical applications because of their superb biocompatibility, mechanical and

conductive features.
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Conductive hydrogels have been used in biomimetic/tissue engineering scaffolds. For example,
Shi et al.[74] prepared polyaniline—cellulose hydrogels with a rapid electrical response to be used
in the field of biomimetic materials. Lin et al.[89] showed that a Polypyrrole (PPY)/sodium
alginate/TEMPO- microfibril cellulose composite hydrogels demonstrated high mechanical,
conductive properties, tunable swelling behavior, and excellent biocompatibility. These features
make them emerging materials for the use of biomimetic tissue scaffolds. Xu et al.[75] constructed
a single-sided conductive micro-nano structured PANI incorporated cellulose hydrogel for
applications in nerve regeneration. The in vivo results exhibited that the developed conductive
hydrogels accelerated the healing processes of the injured nerve at three months after surgery. Sun
et al. [76] constructed highly sensitive nanocomposite hydrogels through the co-doping treatment
of cellulose hydrogels with CNT, MnO4, and PANI. It was reported that the resulting hydrogels

have great potential for accelerating the actuation performance of artificial muscles.

It has been found that the conductivity of some stretchable conductive hydrogels can vary with
their strains, making them good candidates for developing strain/motion sensors. Chen et al.[82]
designed strain sensitive CNF/PAA hydrogels to detect small/large-scale human motions and
physiological signals. The results showed that massive resistance changes occurred during
stretching. For example, when a finger was bent at various angles, a gradual decrease in the current
occurred because of the increased resistance of the hydrogel sensor attached to the finger.
Volodymyr et al. [84] 3d-printed CNF/SWCNTSs hydrogels ink. They Showed that the nanosized
structure and conductivity of 3d-printed scaffolds played a key role in cell behavior. This low-cost
and 3D printable cellulose-based hydrogel ink can be applied in tissue engineering fields. Zheng

et al. [85] fabricated a strain-sensitive hydrogel-based sensor that had great potential to be used for
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monitoring the movements of the finger, arm, and leg. Graphene-CNF/PVA hydrogel was
embedded in a closed circuit equipped with a light bulb. The illumination of the light varied with
applied strain, which increases the space between the conducting particles inside the hydrogel,
leading to enhanced hydrogel resistance. Huang et al. [102] worked on the fabrication of highly
stretchable and environmentally-friendly hydrogel strain sensors composed of modified MWCNTSs
and BC. They demonstrated that the as-prepared hydrogel strain sensor exhibited proper accuracy
and signal repeatability during large-scale deformation. Based on the obtained results, the
renewable substrate can be used for monitoring large-scale human motions like finger and knee
joint movements. Huang et al. [103] fabricated dual-mode wearable sensors by introducing BC
and carbon materials into hybrid hydrogels. It was attributed to quickly piezoresistive strain and

capacitive pressure responses of the final hydrogels to the motions.

2.5.2 Sensors, energy storage, and electronics device

The sustainability, high strength, and flexibility of cellulose and nanocellulose based hydrogels
are of interest in smart sensing systems. Hussain et al.[78] constructed self-healing and conductive
hydrogels via Fe** ion coordination among HEC and P(AA-co-AAm). The multi-functional
hydrogel with re-shape capability, conductivity, excellent mechanical properties is useful for
intelligent electronic devices. Barras et al.[80] fabricated 3D printed and flexible electronic paper
made of water-soluble CMC cellulose and carbon fiber. They found that the conductive 3D printed
constructs were sensitive to temperature and humidity. Ding et al.[86] fabricated multi-functional
CNF-PPy/PB hybrid hydrogels that have fast self-healing capacity, high water content,
biocompatibility, and pH sensitivity, which may be promising for flexible bio-electronic devices.

Knopf et al. [77] fabricated an interdigitated capacitive biosensor composed of graphene/ CMC
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via 3D printing and then coated it with pH-sensitive chitosan. Results showed that the hydrogel
could swell/de-swell in response to changes in pH over the interdigitated electrodes causing a
measurable difference in circuit. Li et al. [91] used a scalable 3D-printing technique to fabricate
CNT-CNF composite as promising smart materials for wearable electronic products. Hoeng et
al.[96] found that 3D printing of nanocellulose-silver hydrogels onto nanocellulose coated

cardboard offered new, low-cost, and sustainable materials for the development of electronics.

The design and development of stable cellulosic hydrogel with both conductive and magnetic
characteristics to be used for electronic devices remained a challenge. Liu et al.[87] took the
advantages of magnetic and conductive properties plus reversible restorability of the
nanofibrillated cellulose/PPY/FesOs loaded agarose hydrogels for diverse applications like
electrochemical device and electronic skin. In another research[88], both conductive and magnetic
functionalities  were introduced into  self-healable =~ PVA  hydrogels containing
NFC/PANI/MnFe2Oa. It is expected that such hydrogels are promising materials for a broad
spectrum of applications, such as smart electronic devices and electromagnetic interference

shielding.

There are also a few developments on cellulose hydrogels for energy storage devices. Nystro et
al.[90] constructed conductive PPY/CNF hydrogels via PPY polymerization on CNF hydrogels to
be used for paper-based energy storage devices. Hsu et al.[98] constructed a self-healable
conductive GelMA-CNC hydrogel coated with PANI/RGO for the development of all-in-one
supercapacitors. The hydrogel-based supercapacitor demonstrated good mechanical and

electrochemical performance, showing its promise in sustainable energy storage devices.

BC is a naturally biocompatible nanocellulose and has found its applications in biomedical

applications, including fuel cells. Liu et al.[99] designed a conductive BC/CNTs hydrogel
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electrode with excellent biocompatibility and selective glucose oxidation ability. They showed that
the prepared hydrogel electrode exhibited a fuel cell performance of 2.24pW/cm?. Based on the

obtained results, it holds a promise for applications in implantable glucose fuel cells.

2.5.3 Composites and coatings

Quite a few conductive agents are found to enhance the composite hydrogels both mechanically
and electrically. Fang et al. [73] fabricated conductive composite hydrogels made of PPY and
cellulose. They showed that the electrical and mechanical properties of hydrogels could be
controlled by altering oxidant and dopant contents. Li et al. [79] constructed CMC/PANI
composite hydrogels by using glycerol diglycidyl ether (GDE) as the biocompatible crosslinker.
Chen et al. [83] generated the CNF-reinforced polyacrylamide/ CNT composite hydrogels via in
situ polymerization. They suggested the composite hydrogels can be applied for a broad range of
practical applications. Hakansson et al. [92] constructed 3D-printed hydrogels composed of CNT
and CNF. The sustainable 3D structure can be suitable candidates for packaging, textiles,
biomedical devices, and furniture with conductive parts. Li et al. [94] synthesized conductive
composite hydrogels through in-situ polymerization of pyrrole monomer into a 3D matrix acrylic
acid grafted nano crystal cellulose hydrogel. It was reported the prepared sustainable hydrogels
could be promising materials for various applications. Liang et al. [95] incorporated natural
biomass into the conductive polymer to fabricate CNC/PPy composite hydrogels using for various
applications. Alizadehgiashi et al. [97] 3D-printed the CNT/CNC hydrogel-based sheets. It was
suggested that the patterned composite hydrogel has the potential for the growth of stem cells,
sensors, and functional tattoo printing. Shi et al. [101] synthesized the composite hydrogels made

of BC and PANI, which potentially be used for different applications. Mashkour et al.[100]
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fabricated conductive BC/PPY nanocomposite hydrogels as anodes in a dual-chamber microbial
fuel cell device. They indicated that the PPY coating could significantly improve the capacitance
and electrochemical properties of BC. It was comparable to those unmodified BC and commercial

ones.

2.6 Ammonia gas sensors

Significant growth of industry and agriculture has led to the production and emission of poisonous
and harmful gases (NOx, Os, SO, CO, and NHs), which threaten human health and the ecosystem
in the long term [9]. Among them, Ammonia gas is considered a colorless, corrosive gas with a
pungent smell. It is a prevalent chemical owing to its widespread use and existence in household
cleaners and (most abundantly) industrial fertilizers. Exposure to ammonia gas at one ppm may
lead to slight irritation. In comparison, concentration levels of more than 25 ppm may cause severe
skin burns and hurt the respiratory system. Acute exposure to a high level of ammonia may cause
death[123]. As a result, it is essential to develop cost-effective sensors for ammonia detection.
Low sensitivity and high working temperature restrain the application of metal-oxide-based gas
detectors [19]. Hence, there have been increasing demands for the development of cost-effective
sensors with high sensitivity for environmental air pollutants and chemicals for both industrial and
civilian purposes. Conductive hydrogels have emerged as an advanced platform for gas sensors
by combining the advantageous properties of both hydrogels and conductors. The critical function
of conductive hydrogel-based gas sensors is fast responses to gas molecules with a corresponding
change in the electrical signal output. The porous nanostructures of conductive hydrogels with
high surface areas provide more sites for gas molecule adsorption and reaction, leading to a fast

response to external stimuli [124].
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For instance, Wu et al. [10] prepared 3D reduced graphene oxide hydrogel that could monitor
nitrogen dioxide and ammonia at low concentrations of 200 ppb and 20 ppm, respectively. They
employed a local micro heater to enhance gas-sensing performance. They showed that the
miniaturized microheater was placed in the hydrogel-based gas detector to evaluate temperature

effect on gas sensing performance[10].

Wang et al.[125] fabricated a room-temperature ammonia gas sensor including Cerium(IV) oxide
(CeO2) nanoparticles conformally coated by cross-linked phytic-acid-doped PANI hydrogel. They
showed the hybrid hydrogel sensor exhibited a proper gas sensitivity and long-term stability. It
was due to the doping and crosslinking effects on the PANI polymer chains. Wang et al.[126]
constructed wearable hydrogel sensor for ammonia gas detection. The PAA-rGO—Ca?* hydrogel
was able to respond to a much lower ammonia gas concentration and has the potential to be used
as an artificial electronic nose for ammonia gas that communicates with a smartphone to display

the detection via wireless connections.

Although much research has been done on using conductive materials for the gas
detector[126,127], there have been very few attempts to utilize cellulose-based conductive
hydrogels for the development of the gas sensor. There has been an increasing demand for
developing sensing platforms using cellulose-based substrates due to their cost-effectiveness,
excellent mechanical strength, stiffness, ease of surface modification, non-toxicity, and
sustainability [50,128]. Aldalbahi et al. [7] constructed a hydrogel-based gas sensor for detecting
methane. They first prepared the magnetic nanocomposites by the reaction of FezOs NPs
containing carboxymethyl cellulose with polyvinyl alcohol. Then, the conductivity of the
magnetic nanocomposites was enhanced by adding conducting materials such as MWCNTSs and

PANI. The gas sensing findings showed the hydrogels containing MWCNTSs, and FesOs
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responded to the methane gas at the lowest concentration detected, five ppm. They also reported
that higher sensitivity was achieved at a slightly high operating temperature. To the best of our
knowledge, there has been no research on using conductive cellulose hydrogels for ammonia gas
detection. In this work, we report a self-healing and flexible reduced graphene oxide embedded-
carboxymethyl cellulose hydrogel capable of detection of ammonia gas in ambient temperature
with very high sensitivity and low detection limit. This method of fabricating 3D conductive
cellulose-based gas sensor is facile, cost-effective, and simple compared to previously reported
strategies for traditional sensor. The electrical resistance changes at different test conditions (such
as vapour concentrations and conductive agent concentration in hydrogel) are analyzed. The

sensitivity and reusability of these materials as vapour sensors are investigated.

2.7 Summary

Cellulosic conductive hydrogels benefit from a combination of superior properties such as non-
toxicity, biodegradability, sustainability, cost-effectiveness, and superb mechanical strength. They
show great promises for a wide range of industrial applications, where environmental
sustainability, toxicity, and mechanical performance issues are concerned. Integration of novel
functionalities to the conductive hydrogels, such as high mechanical properties, 3D printability,
and self-healing capacity, opened new opportunities for conductive cellulose hydrogels to be used
as a matrix for various applications, including those for ammonia gas sensors. Key challenges to
practical applications of ammonia gas sensors still reside in the requirement for cost-effective
sensors with high sensitivity at room temperature. Mechanical properties and such advanced
functions as self-healing also play key roles in extending all types of gas sensors to wearable

devices.
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Therefore, in the current study, we developed an innovative type of flexible, cost-effective, self-
responsive, and conductive cellulose hydrogels with desirable mechanical performance, enhanced
conductivity (fast response), and self-healing efficiency (91.2% in tensile stress), which was highly
sensitive to ammonia gas at room temperature. It is expected that the research on cellulosic
conductive hydrogels will continue for the development of new, ultra-strong, highly conductive,

and lightweight materials with exceptional features for practical ammonia gas sensors.
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Chapter 3: Materials and Methods
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3.1 Materials

Sodium Carboxymethyl cellulose (CMC, M.W. 700,000, D.S. = 0.9, 2500-4500 mPa s) was
supplied by Sigma-Aldrich in a powder form and used as received. Citric acid was obtained from
Sigma-Aldrich. Graphene oxide powders were provided by Wuxi Chemical Company. An aqueous
solution of Ammonia (28 —30% (w/w), Sigma Aldrich) was used as a source solution for ammonia
vapor generation. Citric acid, Sodium hydroxide, and sodium borohydride were obtained from

VWR and used without further purification.

3.2 Choice of Materials

A vital step in developing ammonia gas sensors is the choice of the sensing materials that display
changes in their chemical or physical properties upon exposure to ammonia vapor [129].
Conductive hydrogels stand out as an advanced platform for various sensor technologies via
synergizing the features of soft materials and organic conductors [19,130]. The nature of the
conductive hydrogels, such as the ultra-high surface-to-volume ratio and porous structure, water
content, results in the fast adsorption of gas molecules onto the hydrogel's surface and further
diffusion into the hydrogel structures. Also, their conductivity makes them highly sensitive to the
gas analyte at room temperature[19]. Conductive materials like conductive polymers, carbon-
based nanomaterials, and metal particles have been used in conductive hydrogel fabrication to
meet gas sensors' requirements due to their distinct properties[131]. Among them, graphene oxide
(GO) and reduced graphene oxide (RGO) have recently attracted a great deal of attention in gas

sensing, because of their atom-thick two-dimensional conjugated structures, ultra-high surface

areas, low electrical noise, high conductivity, and outstanding electronic properties[10,132].

However, the development of ammonia gas detectors with superior eco-sustainability,

mechanical strength and facile fabrication processes is still a challenge[133]. There is an increasing
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demand for fabricating sensing platforms using cellulose-based substrates due to their cost-
effectiveness, excellent mechanical strength, stiffness, ease of surface modification, non-toxicity,
and sustainability[50,128]. We, therefore, employed a RGO-incorporated carboxy methyl
cellulose hydrogel to fabricate the conductive hydrogel that contains RGO to fabricate self-healing,

flexible, and sensitive NHz gas sensors.

3.3 Synthesis of Reduced graphene Oxide (RGO)

RGO was synthesized according to a previously reported method [134]. Briefly, 70 mg of GO
was dispersed into distilled water and sonicated for two h to achieve well-homogeneous dispersion.
Sodium hydroxide (1 M) and sodium borohydride (0.1 M) was added into a resulting graphene
oxide mixture and stirred for two hrs followed by heating for one hr at 90 C. The obtained
dispersion was then rinsed with distilled water and filtered through a 0.45um nylon membrane
filter using a sintered glass filtration system. To eliminate the excess water, the obtained wet
reduced graphene oxide was subsequently kept in the oven at 40 °C overnight. The overall

procedure of RGO synthesis is shown in Figure 3.1.

42



-4 sodium borohydride
Sodium hydroxide

S

| 2-hour Stirring
One-hour heating At 90 ° C

)

Filtration and rinsing

2hr sonication "
(T o

After (right)and before
(left) reducing

Figure 3. 1 Preparation scheme of RGO.

3.4 Preparation of RGO-CMC hydrogels

Conductive CMC hydrogel was prepared at ambient temperature through a straightforward
second-step procedure according to the literature[135]. Firstly, different amount of RGO was
redispersed in water by ultrasonication to make a homogeneous 1,2 and 3 mg/mL aqueous
dispersion of RGO. Then, the dry Na-CMC powder was gradually added to as-prepared RGO
dispersion with a CMC concentration of 20% and stirred as the CMC paste. The CMC content is
defined as the weight of dry Na-CMC powder over the weight of CMC/RGO paste. The obtained
black paste was placed into a mold, pressed to remove air bubbles, and molded into the desired
shape. At this stage, the CMC polymer chains were uncross-linked. In the second step, the black

paste was immersed into a citric acid solution at the concentration of 8 mol/L for 9 hours, and then



the as-prepared CMC/RGO hydrogel was made. The CMC hydrogels with the desired shape were
formed through physical cross-linking in the second step along with the formation of hydrogen
bonds among the CMC and RGO chains. Additionally, the same procedure was applied to prepare
GO (0,1,2 and 3mg/ml)- loaded CMC hydrogels as reference samples. Finally, the hydrogels were
kept in distilled water for two days to remove any residue and air-bubbles. The fabrication method

of CMC hydrogel and Conductive CMC hydrogels were presented in Figures 3.2 and 3.3.

CMC powder

@ @% Step 1

i ( ) g Step 2
Q& Mixing with | ) Immersion
© DW, Molding A /) into citric acid
\ and then / solution
pressing to
remove air
bubbles

Figure 3. 2 Overall procedure of CMC hydrogel fabrication
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Figure 3. 3 Schematic of preparation of electrically conductive CMC hydrogels

3.5 Characterization of the conductive cellulosic hydrogels

3.5.1 Scanning electron microscopy (SEM) characterization

The morphology of the hydrogel microstructure was characterized using a scanning electron
microscope operating (SEM; JEOL, JSM-5900LV) at an accelerating voltage of 10 kV. All hydrogel
samples were freeze-dried. For the SEM observation, all hydrogel specimens sputtered with a thin
layer of gold and then loaded onto a metal holder for examination under the microscope. The
average pore sizes were also measured using the Image J software (National Institutes of Health

(NIH), http://imagej.nih.gov.uml.idm.oclc.org/ij).
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3.5.2 Fourier-transform infrared (FTIR) spectral characterization

The FTIR spectra were used to characterize the chemical bonds within the hydrogels. The FTIR
analysis of the samples was performed using a Fourier transform infrared spectrophotometer
(Nexus 670, Nicolet, United States) in the scan range of 4000-400 cm™* with a spectra resolution

of 4.0cm™™.

3.5.3 Mechanical properties: tensile behavior

The tensile tests were conducted on a 3366 Electronic Universal Testing Machine with 10 mm/min
speed of crosshead to obtain the stress—strain curves (Figure 3.4). The sample sizes for tensile tests
were 30 mm in length, 5mm in width, and 2mm in thickness. All samples were tested at a crosshead
speed of 10mm/min at room temperature[136]. The tensile stress (o) was calculated as ¢ =
F/(W*T), where F represents the load, W and T represent the original width and thickness of the
tested specimen. The tensile strain (€) was defined as the ratio of the change in length L-Lo to the
original length Lo, or e= (L-Lo)/Lo. Average values and standard deviations for all sample groups

were calculated for statistical analysis.
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Figure 3. 4 Schematic of tensile Test (a), and tensile machine (b)

3.5.4 Self-healing evaluation

Each freshly prepared strip-shaped and disk-shaped hydrogel were cut into halves. Immediately,
two separate semicircles were put together and contacted along with their cut interfaces and put in
a covered Petri dish to prevent water evaporation. The self-healing process was carried out at room
temperature for nine hrs without any external stimulus. Digital photographs were taken to record

the self-healing behaviors of hydrogels.

3.5.5 Rheological measurements

Rheological studies of the composite hydrogels were carried out with a TA HR-1 rheometer
equipped with an 8 mm parallel plate system. The cylindrical samples were prepared with a

diameter of 8 mm and a thickness of 1mm. Hydrogel samples with different GO (0%, 1%, 2% and
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3%) and RGO contents (0%, 1%, 2% and 3%) were prepared for optimizing the parameters.
Dynamic viscoelastic parameters such as the storage modulus G’ and loss modulus G” as a
function of the oscillatory strain, was measured through an oscillatory strain sweep at a fixed strain
amplitude of 0.5%. The storage modulus (G’) represents the hydrogel's capacity to store energy
elastically, while the loss modulus (G") is the amount of energy dissipated under the oscillatory
stress. All rheological data were obtained at a changing angular frequency ranging from 0.1 to 100
rad s . Oscillation torque was ranging from 0.86- 29.68 uN.m. To quantitatively assess self-
healing ability, the rheology evaluation was carried out after a specific time of the healing process.
The self-healing efficiency in storage modulus was measured by comparing the modulus of the
healed hydrogels with the pristine one. The percent self-healing efficiency in the storage modulus

was calculated by the following equation [87]:

Stress healing efficiency = ;r_lz x 100 (3.1)

T, and T1 were defined as the ultimate storage modulus of healed hydrogel and the original one,

respectively.

3.5.6 Conductivity of hydrogels

The electrical conductivity of the original and healed samples was obtained by measuring the

resistance of hydrogels via a Digital Multimeter (Victor 86E, China). The samples were cut into a
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rectangular shape of 10 mm (length) x 5 mm (width) with a thickness of 0.2 mm. The electrical
conductivity was calculated using the following equation [137]:

1

5 =
t XR

(3.2)

Where t represents the thickness of the hydrogel, and R (Ohm, 'Q) is the sheet resistance of the

hydrogel. The hydrogel conductivity (S/cm) was measured at room temperatures.

3.5.7 Ammonia detector

The gas-sensing performance of the conductive hydrogel-based sensors was measured within a
sealed gas sensing chamber containing ammonia vapor and evaluated by monitoring the relative
resistance change via a multimeter at room temperature as presented in Figure 3.4. The hydrogel
sensors were placed on the glass slide, and two copper wires were fixed on both ends of the sensors
using conductive copper foil tapes. The hydrogel sensors were exposed to different concentrations
(7.5, 15, and 30 ppm) of the ammonia solution. For each concentration, the sensor was placed over
ammonia vapor for approximately 20 minutes until the conductivity changes reached a steady

level, which usually lasted for an additional 10 minutes.

A digital multimeter (Victor 86E, China) having a measurement range from 107 to 10°'Q was
used to monitor the electrical resistance change of the specimens. Resistance values were collected
every 1 s. To measure the sensing properties of samples independently of their initial resistance,

the relative electrical resistance change (Rrer) was calculated in the following equation[126]:
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Rrel = Rt;RO x 100 (3.3)

where Ro is the initial resistance of the specimen in dry air; R is the transient resistance upon
exposure to vapor at time t. The samples were tested at 25°C. In each group, the concentrations of
gaseous NHs were calculated according to the volume of the evaporated ammonia solution, the
concentration of ammonia in the solution, and the volume of the sensing chamber. When
calculating the vapor concentrations, the pressure of 1 atm and a temperature of 25 °C was adopted,
and ammonia was assumed to be an ideal gas[126,138]. The Ammonia gas concentration was

calculated based on the Raoult's law., following equation[139]:

Yi. P = X;. PiSat (3.4)

P =total pressure, F’is’at = saturated pressure of ammonia solution at the room temperature, and X;

and Yij = concentration in the liquid and gas phase.

We also investigated the gas sensing performance when hydrogels contacted with air at

atmospheric conditions.
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Figure 3. 5 CMC/RGO-2 gas sensor (a) Sealed system of Ammonia detector (b)
3.5.8 Statistics
The measurements were carried out three times for each sample. Values in this study are reported
as mean and standard deviation (SD). Statistical analysis was performed using the one-way

ANOVA test, with p < 0.05 considered as being statistically significant.
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Chapter 4: Results and Discussion
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4.1 Preparation of RGO

sodium borohydride
Sodium hydroxide

Reduced GO

N

mixing and Filtration

Sonication heating at 90° C

Figure 4. 1 Preparation scheme of RGO.

The graphene-like characteristics of RGO, such as excellent conductive properties, low electrical
signal noise, great electron mobility, and cost-effective and scalable production, make them a
highly desirable material for a wide range of applications [140,141]. The procedure for producing
RGO is shown in Figure 1. The conversion of GO into RGO can be recognized by its color changes
from brownish-yellow to black. Pictures of GO and RGO suspensions in the water at a
concentration of 3 mg/ml was shown in Figure 2. The color change is a visible characteristic of
reduction and suggests the formation of reduced GO. According to the literature [142,143], the
amounts of oxygen-containing functional groups located on the GO carbon plane decreased after

the reduction.
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Figure 4. 2 Pictures of GO and RGO suspensions in water

4.2. Mechanism of CMC conductive hydrogel

The conductive hydrogel-based sensors were prepared by a straight-forward two-step method. The

preparation methods for CMC/GO and CMC/RGO hydrogels are illustrated in Figure. 3.

The CMC/RGO hydrogels were made from RGO dispersion, Na-CMC, and citric acid via a facile
two-step method. In the first step (molding process), a Na-CMC/RGO paste was obtained by
mixing Na-CMC powder with RGO dispersion (Figure. 1a) and then filling the mixture into plastic
molds with desired shapes. The next step is an acidification process, in which the CMC/RGO
hydrogels were obtained by immersing the pre-shaped CMC/RGO pastes into a citric acid solution
for 9 hrs. During the acidification step, the sodium carboxylate (-COONa) groups on the polymer
backbones were gradually replaced by H*, which diffused into the Na-CMC paste from the outside.
The 3D hydrogel network was constructed through physical crosslinking of multiple hydrogen
bonds between the neighboring CMC polymer chains and RGO. As shown in figure 3b, the same

procedure was applied for preparing CMC/GO hydrogels.
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4.3 Morphology of Conductive hydrogels

A RGO-CMC hydrogels with different RGO concentrations were prepared and denoted by RGO1-
CMC, RGO2-CMC, and RGO3-CMC, corresponding to 1, 2, and 3 mg/ml RGO content,
respectively. The highly porous morphology of the developed hydrogels contributes to the rapid
gas adsorption onto the hydrogel surface and diffusion into the inner structure [144]. To
characterize the surface morphology of the hydrogels, the samples were freeze-dried and
monitored using the scanning electron microscopy (SEM). SEM images of the hydrogels are
demonstrated at different scales in Figure. 4. As illustrated, all hydrogels showed porous 3D
structures with pore sizes ranging from 40 pum to 350 um. As shown in the SEM image of the
CMC hydrogel (Figure. 4a), the surface morphology exhibited a rough structure and some
wrinkles. Figure. 4b and ¢ show that incorporating RGO into the CMC hydrogel matrix leads to a
densely crosslinked network with smaller pores. It may be caused by the non-covalent crosslinking
effect of intercalated RGO sheets with the backbone of CMC (hydrophobic interactions) and its
hydrogen bonding interactions with functional groups of CMC, which can reduce the expansion
of the gel matrixes, resulting in a decrease in the pore sizes [145]. An uniformly interconnected
structure with pore sizes ranging from 100-200 um indicates that the CMC was miscible with
RGO. As can be seen from Figure 4 b and c, the RGO sheets in the CMC hydrogels cannot be
distinguished easily from the cellulose matrix, which may be related to the ultralow loading of
RGO and strong interactions between RGO sheets and CMC matrix. Further addition of RGO up
to 3mg/ml resulted in a significant reduction in the specific surface area and average pore sizes of
the obtained hydrogel, as shown in Figure 4d. One possible explanation was that the existence of

RGO sheets on the surface and inner structures of RGO3/CMC hydrogel leading to the blocking

56



of some pore structures [146]. Another possible reason may be the aggregation of the RGO sheets

[147].

The surface morphology of the CMC-GO hydrogels was also investigated as a reference sample.
SEM results of CMC/GO hydrogel (Figure. 4e) showed a porous 3D structure, similar to those of

RGO/CMC hydrogels. It proved that the hydrogels possessed good miscibility.
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4.4 FTIR analysis of conductive CMC hydrogels
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Figure 4. 5 FTIR spectra of CMC powder, CMC hydrogel, CMC/ GO hydrogel and

CMC/RGO hydrogel

Figure 5 showed the FTIR spectra of CMC powder, CMC hydrogel, CMC/GO, and CMC/RGO

hydrogels. The FTIR spectra for all samples showed the presence of sodium carboxylate (-

COONa) as represented by its characteristic peak at 1589 cm™ [148]. For the hydrogel samples,

the -COO™ the asymmetric stretching band was shifted to a lower frequency, and the absorption

intensity for the sodium carboxylate group decreased. It was because there were still some —

COONa groups in the CMC hydrogel after the acidification process. Compared to the CMC

powder spectrum, the new and strong peak at 1706 cm™* appeared in the FTIR spectrum of CMC
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hydrogels, corresponding to the stretching vibration of the formed carboxylic acid groups, which
confirms the success of the acidification step [135,148]. The dominant absorption peaks for
CMC/GO hydrogel were identified at 1592, 1687, 1720, and 1750 cm™ % which correspond to —
COONa, carboxylic group of CMC, C=0 in carboxylic acid and carbonyl moieties on GO,
respectively [135,145]. As shown in Figure. 5, the characteristic peaks for hydrogels containing
RGO were at 1690, 1710 cm™ L. The intensities of the above-peaks corresponding to oxygen-
containing functional groups in RGO/CMC hydrogels were decreased compared to their intensities
in GO/CMC hydrogels, and C=0 peak at 1755 cm~ ! was disappeared. So the FTIR results

confirmed the successful reduction of GO [149,150].

Based on the FTIR results, the main mechanisms of hydrogel formation could be described as
follows: First, some free segments of CMC entangle with each other after the CMC powder is
dissolved into water[151]. The addition of RGO or GO dispersion caused the viscosity increased,
and the flowability decreases, leading to less-effective dispersion of conductive agents in the CMC
matrix at higher concentrations[152]. The conductive nanomaterials are trapped among free
polymer chains. Hydrogen bonds can be formed among the carboxyl and hydroxyl groups of
conductive nanomaterials and polymer chains, and hydrophobic interactions between the basal
planes of conductive components (RGO/GO) and hydrophobic regions of CMC can also occur.
The second step is the acidification process. After immersing the conductive black paste into an 8
mol/L citric acid solution, the—-COONa groups attached to Na-CMC polymer backbones are
converted into -COOH groups, thus the CMC polymer chains carry more —COOH groups to allow
the formation of more hydrogen bonds and finally leading to 3D cross-linked hydrogel networks

[135].
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4.6. Macroscopic self-healing test

The self-healing capacities of the hydrogel samples were evaluated by a cut and heal experiment.
The two cut pieces were then put together to allow the reconnection of the two cut surfaces in a
Petri dish for 9 hours to heal at room temperature. After that, the samples were taken out. The
samples were found to restore their original shape with no trace of cut (as shown in Figures 6 and
7). The healed samples also demonstrate sufficient mechanical integrity to withstand bending into

a U-shape or semicircular shape, as depicted in Figure. 8.

y -

Figure 4. 6 Self-healing ability for CMC hydrogel incorporated with different contents of RGO
(0,1, 2, and 3 mg/ml)
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Figure 4. 7 Self-healing ability for CMC/GO hydrogel incorporated with different contents of
GO (1, 2, and 3 mg/ml)
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Figure 4. 8 Bending of self-healed CMC, CMC-GO2, and CMC-RGO2 hydrogels.

4.7 Tensile Behaviors and Self-Healing Ability
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Figure 4. 9 Tensile stress—strain curves of CMC, CMC-GO2, and CMC-RGO2 hydrogels
before the cut
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Figure 4. 10 Tensile stress—strain curves of CMC, CMC-GO2, and CMC-RGO2 hydrogels
after the self-healing.

Mechanical characteristics are important for practical applications of hydrogel-based sensors.
Hence, we evaluated the mechanical properties of the obtained hydrogels using a tensile test

machine, with the crosshead rate being set at 10 mm/min. The representative tensile stress-strain
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curves for hydrogels are shown in Figure.9. Obviously, the pristine CMC hydrogel possessed a
poor tensile strength of around 85 kPa. It is clear from Figure. 9 that the incorporation of GO and
RGO with the concentration of 2mg/ml into the CMC hydrogel network significantly enhanced
the tensile stresses to 195 kPa and 183.3 kPa, respectively. The tensile strength of CMC-GO2
hydrogel is almost 2.3 times greater than that of the pristine hydrogel, and the tensile strength of
CMC-RGO2 was 2.15-fold greater than that of the original hydrogel. These results strongly
suggested that Both GO and RGO can act as reinforcement nanomaterials. The remarkable
enhancement in the mechanical properties was attributed to the excellent dispersion of the above-
mentioned nanomaterials into CMC hydrogel. Another cause of the significant improvement in the
tensile strength is the increase in the number of hydrogen bonds formed among the oxygen-
containing functional groups of GO or RGO with the hydroxyl groups of CMC[150]. As can be
seen from Figure 9, the elongation at break for pristine CMC hydrogel reached around 170%, while
the elongation at break was gradually decreased to 101% and 94% with the addition of GO and
RGO, respectively. The decrease of elongation at break may result from the increased interaction

between CMC chains and nanomaterials, which hindered the migration of the CMC chains[85].

65



250

200 -
2
= 150 -
gn = Original
£ 100 -
w
P
% 50 '- = Healed
=

0 -

CMC-GO2 CMC-RGO2

Figure 4. 11 Comparison of tensile strengths of hydrogels before and after healing, with p
value < 0.05

Tensile tests of the self-healed samples were also carried out with the same tensile machine used
for the original samples at the same crosshead speed. The results are shown in Figures 10 and 11.
The self-healing efficiencies (HE) in breaking stress and strain were obtained by comparing the
breaking stress and strain of the healed hydrogels with the original one, shown in equation 4.1 and

4.2.

Breaking Tensile Stress healing efficiency = = x 100 (4.1)

Breaking Tensile strain healing efficiency = g %X 100 4.2)
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Where S; and Sy are as the breaking tensile stresses of the healed hydrogel and the original one,

respectively; E> and E; are the breaking tensile strain after and before self-healing, respectively.

Figure 10 illustrates the tensile stress—strain curves of hydrogel samples after self-healing in air.
The breaking tensile stress and elongation for the self-healed CMC hydrogel were 53.11 kPa and
111%, respectively. The hydrogels exhibited 63% healing efficiency in breaking stress and 65%
recovery in breaking strain. After healing, CMC-GO2 hydrogels showed a breaking tensile stress
of 178KPa and a breaking tensile strain of 94.3%. As shown in Figure 12, with the addition of GO
into the CMC matrix, the hydrogels showed excellent self-healing efficiency in the breaking tensile
stress and tensile strain with 91.2 % and 94.05% recovery, respectively. As shown in Figure.10,
when RGO was loaded, tensile strength and rapture strain of the healed CMC-RGO2 hydrogels
reached 163 kPa and 82%, respectively. The HE in stress was 88.7%, and HE in strain was around
86% for CMC-RGO2. Compared with the hydrogels containing nanomaterials, CMC hydrogels
presented a lower self-healing efficiency. This may be due to the formation of less hydrogen bonds
in a CMC hydrogel network than CMC-RGO and CMC-GO hydrogel samples. When the hydrogel
is damaged, the broken Na-CMC polymer chains can generate a mobile phase in or around the
cracks, and H* ions from un-crosslinked polymer chains substitute Na* ions of the CMC polymer
chains, which cure the broken networks via the formation of new hydrogen bonds, which fill and

bridge the damaged area to heal the hydrogel [78,135].
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4.8 Rheological study

The rheological study is of primary importance for the characterization of mechanical properties
of hydrogels because it is quick, sensitive, and it requires small samples. The rheology test is also
conducted to reveal the details of the gelation processes and to provide information on the hydrogel
structures and mechanical property changes during gelation[153]. Two important parameters, the
storage modulus (G') and the loss modulus (G"), are monitored in the rheology test for a hydrogel
sample. A high storage modulus indicates a tough hydrogel network, which may be achieved by
an increased crosslinking density [154]. The loss modulus G” exhibited weak dependence on the
applied frequency. The value of G” is gently increased with increase in frequency due to a gradual

increase in relaxation of CMC chains at a higher frequency[155,156].
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The storage modulus (G’) and loss modulus (G") of the original and the healed CMC hydrogels
were recorded, and the results were shown in Figure. 13. Rheological results show that both
original and healed CMC hydrogels have high storage modulus (G") and exhibit elastic behavior
at w = 0.1~100 rad s™* (G’ is substantially higher than G"). The higher storage modulus resulted
from a more tightly crosslinked hydrogel[157]. After the cutting/healing operation, the G’ and G”
values of the healed hydrogels declined, and Storage modulus decreased from 2307 Pa to 1020 Pa.
It implies that less crosslinking density occurred after self-healing compared to the original
hydrogel. It was due to the formation of fewer hydrogen bonds during the self-healing process.

However, the self-healed CMC hydrogel still shows solid-like behavior as G’ is much higher than

G"[158].
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Figure 4. 13 Rheological measurements of CMC hydrogels before and after cut and healing
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Figure.14 illustrates the storage and loss moduli of CMC hydrogels containing different amounts
of RGO in the strain amplitude sweep test. Over the entire o range, the G’ values of all hydrogels
were always higher than their corresponding G” values, which indicated that a permanent elastic
network was formed in the solid-like hydrogels[159]. It is obvious that G’ and G” increased
significantly when a low dose of the RGO was added. The reason may be that the RGO
nanoparticles might affect the crosslinking of the CMC. As shown in Figure 14a, the storage
moduli of CMC-RGO1 was about 3906 KPa and 3404 Pa before and after self-healing. The CMC-
RGOL1 exhibited loss moduli of 557.8 Pa originally 509.14 Pa after self-healing. The healing
efficiency in storage moduli of CMC-RGO1 was approximately 87.2% (Figure 14). As shown in
Figure 14.b, the G’ and G" values increased with the further increase of the RGO content at
2mg/ml. It may be caused by the entanglement and crosslinking of CMC in the RGO-CMC
hydrogels. Among all samples containing RGO, CMC-RGO2 exhibited the highest storage moduli
of 5246.15 Pa and loss modulus of 759.4 Pa. After the cut and healing process, the storage modulus
of the CMC-RGO2 hydrogel shows a recovery to 93% of the original hydrogel. This finding agrees
with the self-healing efficiency in tensile tests for the CMC-RGO2 hydrogel. Figure 14c
demonstrates a slight decrease in storage and loss moduli when the RGO content reached 3mg/ml.
It may be caused by excessive nanoparticle contents, which might hinder the formation of the 3D
network within the hydrogel, leading to a decline in G’ value. Results also showed that the CMC-

RGO3 hydrogel shows a recovery to 76% of its original storage modulus after self-healing.
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Figure 4. 14 Rheological properties of CMC hydrogels with different RGO contents before
and after the cut and healing.

Figure 15 shows the rheological properties of CMC hydrogel incorporated with various contents
of GO. Figure 15a presents that adding a small amount of GO to the hydrogel network considerably
enhanced both storage (9488 Pa) and loss moduli (1175.4 Pa). Among all CMC-GO hydrogels,
the CMC-GO2 had the highest G’ (~11449 Pa) and G” (~1105 Pa) values, as shown in Figure 15b,
indicating strong interaction and entanglement between the CMC chain and the GO that lead to a
more stable and higher crosslink. Compared with the other hydrogels, storage moduli of CMC-
GO2 (11449 Pa) was almost 2.1 times higher than that of the CMC-RGO2 hydrogel (Gmax ' =
5203 Pa) and 5.5 times greater than that of the pristine CMC hydrogel (Gmax '~ 2307 Pa). Figure
15¢ shows that the storage and loss moduli of hydrogels containing 3mg/ml GO gently declined
compared to CMC-GO2. G’ values of the healed hydrogels show recoveries to about 97% (CMC-
GO1), 94% (CMC-GO02), and 92% (CMC-GO3) of that of the original hydrogels, indicating that
the nanocomposite hydrogels possess reversible restorability. Storage modulus (G’) of all obtained
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hydrogels remain much higher than loss modulus (G”) over the whole frequency range,

demonstrating a more stable hydrogel network with dominant elastic behavior [98].

The major contribution to the high self-healing efficiencies in both CMC/RGO and CMC/GO
hydrogels may be the massive hydrogen bonding interactions among the neighboring CMC
polymer chains and GO/RGO[126]. After the cutting surfaces were allowed to get into contact, the
Na-CMC polymer chains can generate a mobile phase in or around cracks, and the -COONa
groups can be converted into —-COOH on the CMC polymer chains, which heal the broken
networks by reforming of the supramolecular interactions at their points of contact to fill and
bridge the damaged zone [78]. Hydrophobic bonds should also be taken into consideration due to
interactions between the basal planes of conductive components (RGO/GO) and the hydrophobic
regions of CMC [160]. The difference in HE of the hydrogels with different conductive
components may be due to the difference in mobility of the free polymer chains and number of
oxygen-containing groups in the network, such as carboxyl groups and hydroxyl groups that
leading to the formation of new hydrogen bonds[135]. Therefore, the formation of new hydrogen
bonds and hydrophobic interactions among CMC and conductive nanoparticles at the cut interface
of the hydrogels led to the repairing and recovery of hydrogel along with restoring the mechanical

strength to the hydrogel networks.
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Figure 4. 15 Rheological properties of CMC hydrogels with different GO concentrations
before and after the cut and healing

4.9 Electrical properties of the prepared conductive hydrogels
Conductivity is one of the most critical parameters that make the developed hydrogels promising
candidates for sensors [161]. As reported previously [85], cellulosic hydrogels can endow ion and

electron transportation pathways with the incorporation of conductive materials.

Table 4.1 shows the electrical conductivity of the hydrogels containing various amounts of GO
and RGO measured at room temperature through the two-point probe resistivity measurements, in
which the two probes of a multimeter were connected to two points (at a fixed distance of 1cm) on
a sample via copper wires. The electrical conductivity of CMC was around 7 x 10° S/cm, which
suggests a non-conducting material. The electrical conductivities for the hydrogels generally rise
as the nanomaterials (GO or RGO) amount increased because of the contributions from the

conductive components.
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As can be seen, the electrical conductivity of the CMC-GO1 hydrogel is about 2.1 x 10 S/cm,
which shows that the incorporation of GO improved the electrical conductivity of CMC. The
addition of more GO caused a further increase in conductivity up to 5.8 x 10-S/cm for CMC-GO2,
which was about 2.7-fold higher than that of CMC-GO1 and 82-times higher than that of CMC
hydrogels. Due to an improvement in the sheet-to-sheet contact of GO, it eventually promotes the
formation of a continuous 3D network of the conductive particles[162]. The conductivity was

slightly increased to 7.1 x 10 S/cm at 3mg/ml loading (CMC-GO3).

Furthermore, the effect of the RGO concentrations on the electrical conductivity of the composite
hydrogels was also explored. Results demonstrated that the electrical conductivities of the
hydrogels were significantly enhanced when RGO was incorporated. The CMC-RGOL1 hydrogel
possesses a conductivity of 1.1 x 10 S/cm, which was approximately 5.2 times greater than that
of CMC-GO1 and 157 times greater than that of CMC hydrogel. CMC-RGO2 achieved the
maximum electrical conductivity at 4.4 x 10 S/cm. It can be attributed to an increase in the contact
between two neighboring RGO layers and the homogeneous distribution and penetration of RGO,
leading to an ideal 3D interconnected conducting network[82]. The electrical test results illustrated
that with higher contents of RGO (>2 mg/ml), more RGO agglomerations occurred in the RGO
solution during the preparation process due to van der Waals interactions among RGO neighboring
nanosheets[140]. It caused a slight decrease in conductivity. The agglomeration and poor
distribution of RGO at higher content may prevent the completion of an intimate contacting

network of RGO in the CMC networks [163].

The conductivity test findings presented that the electrical conductivities of hydrogels containing
RGO are much greater than those hydrogels containing GO. It may be related to the abundant

oxygen-containing groups, such as hydroxyl, carboxyl, and epoxy, on the surface of GO.

76



Consequently, the conjugated structure of the graphene may be disrupted, and the resistance

enlarges[163].

It was also interesting to note that the self-healed CMC-RGO2 hydrogel showed the highest
conductivity of about 2.9 x 102 S/cm. It was shown that a 9 h healing time resulted in a nearly full
restoration of the electrical properties, which verified the self-healing process. Other healed
samples also exhibited electrical conductivities ranging from 1.6x 10*S/cm to 0.621 x 1072 S/cm.
It reveals that the developed hydrogels can not only repair their mechanical damages but also
restore their electrical conductivity to a certain level. These results demonstrated their great

potential for practical applications such as self-healing electronics and sensors.

Table 4. 1. The electrical conductivity of hydrogel samples

Samples Conductivity (S/cm) Conductivity S/cm (After
Cut
CMC-GO1 2.1x10° 1.6x 1)0'4
CMC-GO2 5.8 x 103 2.9x10*
CMC-GO3 7.1x103 6.3x 10*
CMC-RGO1 1.1 x 10 0.16 x 102
CMC-RGO2 4.4 %107 2.9 x 1072
CMC-RGO3 1.8 x 1072 0.621 x 1072

4.10 Ammonia gas sensing tests

The capability of the developed hydrogels to detect ammonia gas was explored. The prepared
conductive hydrogel-based sensor and the ammonia gas detecting system are presented in Figure

16.
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The results were shown in Figure 17. Before exposure to the target gas, the resistance of a sample
was monitored for 100 s in the air to get a stable initial resistance value (R0). Then, the conductive

hydrogel sample was exposed to the testing gas.

As shown in Figure 17, the CMC-RGO sensors displayed good sensitivity to NHs. It can be seen
that, upon exposure of the CMC-RGO hydrogels to ammonia gas, an instant sharp increase in
relative resistance variation can be observed. When CMC-RGO1 was exposed to the ammonia gas
at 30 ppm, the Ry value of the CMC-RGOL reached about 73% after 18 min. The value remained
steady for the next 10 minutes, indicating that the hydrogel sensor absorbed saturated ammonia
gas. It can be seen that the Ryl value decreases with the decline in ammonia gas concentration. The
resistance change was obtained at 46% and 20% for the gas content of 15 ppm and 7.5 ppm,

respectively, after 20 min.

As shown in Figure 18, when the CMC-RGO2 hydrogel sensor was exposed to ammonia vapor of
7.5 ppm, the sensor's resistance variation increased and peaked at 40%. It took the sensor 8 min to
reach a stable signal when it was exposed to 15 ppm ammonia gas. The Ryl of CMC-RGO2 reached
88% after 6.6 min when the sensor was exposed to 30ppm ammonia gas. As shown in Figure 18c,
the response resistance variance increases from 25% to 78%, with the NH3 concentration increased
from 7.5 ppm to 30 ppm. Among all CMC- RGO sensors, CMC-RGO2 exhibited the fastest
sensing responses, as shown by the sharp increase in resistance variance upon exposure to
ammonia gas and reaching a stable value within 6.6 min. It indicates that the CMC-RGO2 hydrogel

IS maximum sensitivity of 88% to ammonia gas.

The mechanism of the hydrogel sensors can be explained as follows: The resistance change of
RGO-CMC hydrogels may be due to charge transfer between RGO and adsorbed gas elements

[10]. The positive charge transfer between RGO-CMC hydrogels and NH3z leads to decreased
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carrier (hole) concentration in the hydrogel sensors and increases the resistance of the sensors
[164]. The oxygen-containing groups such as residual carboxylic and epoxide groups are electron-
withdrawing and produce some holes in the conduction band, making RGO behave as a p-type
semiconductor[165]. Besides, the excellent sensitivity in ammonia gas detection is related to the
formation of hydrogen bonds between these gas molecules and a large number of oxygenated
functional groups, including hydroxyl and carboxylic on the polymer chains of CMC and RGO.
The formation of hydrogen bonds promoted the adsorption of gaseous ammonia on the

hydrogels[9].

Ammonia gas sensoring tests were also performed on CMC-GO hydrogels. As shown in Figure
19a, it took almost 16 min for the CMC-GO1 hydrogel to reach a stable resistance variance upon
exposure to ammonia gas. Compared to CMC-RGO hydrogels, CMC-GO hydrogel sensors
showed a much slower response. It may be caused by the declined oxygen functional groups on
GO after being reduced to RGO. The less defective sites on RGO act as active regions to adsorb
gas molecules, boosting the gas sensitivity[164,166]. The most critical challenge of GO sensing
stability is the existence of more oxygen-containing functional groups, which adsorb analyte gas
molecules[167]. The oxygen functional groups of GO render it too electrically insulating for
conductance-based sensors[168]. The gas sensing results for CMC-GO showed lots of fluctuation
on the value of resistance variation for GO2 and GO3. It may be attributed to increased hydroxyl
and carboxyl groups when GO content increased[169]. The stability is important for the accuracy

of a practical gas sensor.

It is known that ammonia gas is poor solvents for cellulose. Therefore, the cellulose matrix has no
noticeable swelling upon exposure to ammonia gas [170]. The water evaporation induced

instability is a common concern for many hydrogel-based devices. Results showed a very small
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increase in resistance variation after 30 min upon exposure to air (Figure 17a). Therefore, water
evaporation of hydrogels did not affect the sensitivity of the hydrogel sensors. However, to further
remove the low influence of humidity, the prepared hydrogel gas sensor may be encapsulated by

a porous and hydrophobic membrane in future work.

Figure 4. 16 The CMC/RGO-2 gas sensor (a) and the sealed system of the ammonia detector
(b)
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gas contents.
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Figure 4. 19 Resistance variance of CMC-GO sensors upon exposure to ammonia gas
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4.11 Summary

A novel flexible, self-healable, and conductive hydrogel-based gas sensor was successfully
fabricated by a simple two-step method. Conductive nanomaterials of RGO/Or GO were loaded
into a cost-effective and non-toxic CMC hydrogel network, which make the hydrogels very
sensitive upon exposure to ammonia gas. The prepared CMC-RGO hydrogels benefited from
superior mechanical and electrical properties, exceptional self-healing ability, and highly gas-
sensing performance, cost-effectiveness, and sustainability, making them promising materials for

practical gas sensor applications.
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Chapter 5: Conclusion and Future Work
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In the present study, we developed a novel flexible, self-healable, and conductive hybrid hydrogel
that is highly sensitive to ammonia gas at ambient temperature. Electro-conductive CMC
hydrogels were fabricated via a facile and green approach by incorporating the conductive RGO/or
GO into a cost-effective and non-toxic CMC matrix using citric acid as a cross-linker. The
chemistry and morphology of the resulting hydrogels were characterized using FTIR and SEM.

Mechanical, rheological, and conductivity tests were conducted to evaluate the hydrogels.

The 3D CMC hydrogel network was formed as a result of intra- and inter-molecular hydrogen
bondings among constituents and hydrophobic interactions between the basal planes of conductive
components (RGO/GO) and hydrophobic regions of CMC. Although all components are
negatively charged, hydrogen bondings and hydrophobic interactions overcome the electrostatic
repulsions and yield a physically cross-linked hydrogel with tunable mechanical properties.
Morphological studies showed both CMC-RGO and CMC-GO hydrogels possess a homogeneous
microporous and interconnected structure with pore sizes in the range of 100-200 pm. It
demonstrated a well-dispersion and good miscibility of these conductive nanomaterials in the
CMC network. The mechanical properties of both CMC-GO and CMC-RGO hydrogels are

significantly improved due to the incorporation of GO and RGO, respectively.

With the incorporation of GO at a low ratio of 2mg/ml, the tensile strength of the composite
hydrogels was dramatically enhanced by about 130% compared to those of pristine CMC
hydrogels. Also, the maximum tensile fracture stress of CMC-rGO2 was almost 2.15 times greater
than that of the pristine CMC hydrogel. The remarkable enhancement in the mechanical strength
was endowed by GO and RGO nanosheets that acted as reinforcing nanofillers for the composite
hydrogels. Rheological tests on the hydrogels demonstrate a more stable hydrogel network with

dominant elastic behavior. The addition of GO or RGO endows the cellulose hydrogel an
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outstanding self-healing ability without the need for external stimuli. The self-healing process can
be achieved by physical entanglement and hydrogen bonding among CMC and the conductive
components. The effect of conductive agents on self-healing capacity was investigated. The CMC
hydrogels showed 63% healing efficiency in stress and 65% recovery in tensile strain. For CMC-
GO2 hydrogel, these values considerably increased, with a healing efficiency of 91.2 % in the
tensile stress and 94% in the tensile strain. When RGO was loaded, the obtained hydrogels showed
88.7% healing efficiency in stress and 86% recovery in tensile strain. The rheology tests further
proved the excellent self-healing performance of the prepared hydrogels. The healing efficiency
in storage moduli ranged from 76% to 93% by varying the RGO loading. The electrical properties
can be tuned by altering the ratios of the nanomaterials. The prepared conductive CMC hydrogels
showed superb conductivity, with CMC-RGO2 achieved the highest electrical conductivity at 4.4

x 102 S/cm.

Interestingly, the hydrogels showed sufficient restoration of the electrical properties after the self-
healing process. CMC-RGO hydrogel sensors exhibit high sensitivity and desirable stability to
ammonia gas. Upon exposure of CMC-RGO2 hydrogel to ammonia gas, the sensor response
increases sharply and reaches a steady-state in about 6.6 min. The excellent sensitivity in ammonia
gas detection is due to charge transfer between RGO and adsorbed gas elements and the formation
of hydrogen bonds between the ammonia gas and many oxygenated functional groups on
hydrogels' surface. The room-temperature sensing operation brings low energy consumption and
thermal safety. The most critical challenge of GO-CMC hydrogel is the degree of functionalization
with oxygenous functional groups, which deteriorates sensing stability. The oxygen functional

groups of GO render it too electrically insulating for conductance-based sensors.
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In short, we developed a flexible, self-healable, and conductive RGO-CMC hydrogel, which
demonstrates excellent mechanical properties and remarkable self-healing capacity and gas-
sensing performance, making it promising for practical applications in ammonia gas sensors. The
unique advantages of the developed hydrogels include exceptional mechanical and electrical
properties, remarkable self-healing capacity and highly gas-sensing performance, cost-effective

and environmental friendliness,

A novel hydrogel-based wearable electronic biosensor is becoming a great alternative to traditional
biosensors to monitor and manage human health. The RGO-CMC hydrogel can be developed into
wearable biosensors to be used as electronic noses to precisely detect ammonia, which is a
notorious toxic industrial pollutant and has serious adverse effects on human well-being. Also, the
gas sensor's reusability will be investigated in future work to lower the cost of production.
Integration of several vital features into a hydrogel has been a trend to broaden their practical
application. Imparting 3D printability, conductivity, and eco-friendly and intrinsic self-healing
ability will expand their service life and lower production costs. To fabricate the conductive gas
sensor with a complex structure, the 3D printability of the conductive hydrogels can be explored
by manipulating the various parameters, such as CMC concentrations. These efforts can be the

focus of future research and development of the current work.
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