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Abstract: Carbon-based materials, including graphene, single walled carbon nanotubes (SWCNTs),
and multi walled carbon nanotubes (MWCNTs), are very promising materials for developing
future-generation electronic devices. Their efficient physical, chemical, and electrical properties,
such as high conductivity, efficient thermal and electrochemical stability, and high specific surface
area, enable them to fulfill the requirements of modern electronic industries. In this review article,
we discuss the synthetic methods of different functionalized carbon materials based on graphene
oxide (GO), SWCNTs, MWCNTs, carbon fibers (CFs), and activated carbon (AC). Furthermore, we
highlight the recent developments and applications of functionalized carbon materials in energy
storage devices (supercapacitors), inkjet printing appliances, self-powered automatic sensing devices
(biosensors, gas sensors, pressure sensors), and stretchable/flexible wearable electronic devices.

Keywords: carbon nanotubes; graphene; carbon fibres; functionalization; supercapacitors; sensors;
inkjet printer inks; flexible wearable devices; electronics

1. Introduction

Carbon is a crucial element, as it is considered the sixth most abundant element in the universe,
fourth most ordinary species in the planetary system, as well as the seventeenth most dominant
component in the earth’s crust [1]. The overall assessed relative abundance of carbon is 180–270 ppm [2].
The existence of some carbon allotropes, such as graphene, fullerenes (C60), carbon nanotubes (CNTs),
amorphous carbon, diamonds (NDs), and londsaleite [3], has attracted the interest of scientists in
recent years due to their brilliant properties. These include wide specific surface area, good electrical
conductance, high electro-chemical stabilization ability, good thermal conductivity, and high mechanical
resistance, which can fulfill the energy-storing needs in electronic-based industries [4–8]. A brief
outline of carbon allotropes, their essential physio-chemical properties, and applications in various
fields are mentioned in Figure 1.

The progress in electronic industries has reorganized expertise in electro-communications,
automation, and computational industries, all of which have a tremendous influence on various
aspects of human lives [9]. Previously, the silicon industry was established to develop more effective,
compressed, dense, rapid, and stable electronic devices [10]. These advances in silicon technology were
synchronized with the simultaneous minimization of electronic devices in order to make them more
effective. Despite this progress in silicon-based devices, further advancement is inadequate to satisfy
the various scientific and technical aspects for electronic devices because of resource limitations [11].
Recently, researchers have found that carbon-based materials are an alternative to silicon technology
and have proven to be very effective to fabricate electronic devices with superior performance.

Micromachines 2019, 10, 234; doi:10.3390/mi10040234 www.mdpi.com/journal/micromachines

http://www.mdpi.com/journal/micromachines
http://www.mdpi.com
http://dx.doi.org/10.3390/mi10040234
http://www.mdpi.com/journal/micromachines
https://www.mdpi.com/2072-666X/10/4/234?type=check_update&version=2


Micromachines 2019, 10, 234 2 of 25
Micromachines 2019, 10, 234 2 of 26 

 

 

Figure 1. Brief description of various carbon allotropes, their electronic properties and applications in 

electronic industries. 

The progress in electronic industries has reorganized expertise in electro-communications, 

automation, and computational industries, all of which have a tremendous influence on various 

aspects of human lives [9]. Previously, the silicon industry was established to develop more effective, 

compressed, dense, rapid, and stable electronic devices [10]. These advances in silicon technology 

were synchronized with the simultaneous minimization of electronic devices in order to make them 

more effective. Despite this progress in silicon-based devices, further advancement is inadequate to 

satisfy the various scientific and technical aspects for electronic devices because of resource 

limitations [11]. Recently, researchers have found that carbon-based materials are an alternative to 

silicon technology and have proven to be very effective to fabricate electronic devices with superior 

performance. 

The importance of carbon-based materials in electrical devices is due to their tremendous 

properties. Graphene exhibits low weight, efficient electric as well as thermal conductivity, high 

specific tunable surface area (up to 2675 m2∙g−1), superior mechanical properties, with a Young’s 

modulus (YMs) of almost 1 TPa, and high chemical stability [12–14]. CNTs exhibit efficient 

mechanical characteristics, with a YMs in the range of 0.27–1 TPa and high mechanical strength (11–

130 GPa) [15,16]. A literature survey indicated that CNTs possessed thermal and electrical 

conductance up to 3,000 Wm∙K−1 [17] and 1800 S∙cm−1 [18], respectively. NDs exhibit sp2 and sp3 

carbon layers, which contribute to their high durability [19,20]. These tremendous properties of 

carbon-based materials result in various applications in an electronic devices, energy production (Li-

ion batteries, solar-fuel cells) [21], energy storage devices, and environment-protection-related 

appliances [22–34]. Therefore, the utilization of carbon-based materials instead of silicon provides an 

innovative and new technological platform in the electronic industry. Recently, graphene, CNTs, 

fullerene derivatives (FDs), carbon nanofibers (CFs), NDs, 2D graphene layers, and carbon foams, 

have been widely used in electronics; their applications include supercapacitors, thermosets, 

molecular electronics, organic photovoltaics, gas-sensor, biosensors, 2D or 3D printers, flexible 

electronic wearable electronics, wireless telecommunication systems, electromagnetic-wave (EM) 

absorber materials in reverberation chambers, fillers in EM shielding cementitious materials, EM 

wave propagating tuner materials [35–54]. However, the direct use of carbon-based materials without 

any modification and functionalization lead to frequent aggregation, and insolublilization sometimes 

limits their industrial applications. Therefore, from a practical perspective for industrial applications, 

it is extremely necessary to fabricate functionalized materials with tuneable physio-chemical surface 

properties in order to improve their performance. For this purpose, many methodologies have been 

proposed to produce doped and functionalized carbon-based materials for energy and electronic 

applications [55–57]. 

Figure 1. Brief description of various carbon allotropes, their electronic properties and applications in
electronic industries.

The importance of carbon-based materials in electrical devices is due to their tremendous properties.
Graphene exhibits low weight, efficient electric as well as thermal conductivity, high specific tunable
surface area (up to 2675 m2

·g−1), superior mechanical properties, with a Young’s modulus (YMs) of
almost 1 TPa, and high chemical stability [12–14]. CNTs exhibit efficient mechanical characteristics,
with a YMs in the range of 0.27–1 TPa and high mechanical strength (11–130 GPa) [15,16]. A literature
survey indicated that CNTs possessed thermal and electrical conductance up to 3,000 Wm·K−1 [17] and
1800 S·cm−1 [18], respectively. NDs exhibit sp2 and sp3 carbon layers, which contribute to their high
durability [19,20]. These tremendous properties of carbon-based materials result in various applications
in an electronic devices, energy production (Li-ion batteries, solar-fuel cells) [21], energy storage devices,
and environment-protection-related appliances [22–34]. Therefore, the utilization of carbon-based
materials instead of silicon provides an innovative and new technological platform in the electronic
industry. Recently, graphene, CNTs, fullerene derivatives (FDs), carbon nanofibers (CFs), NDs, 2D
graphene layers, and carbon foams, have been widely used in electronics; their applications include
supercapacitors, thermosets, molecular electronics, organic photovoltaics, gas-sensor, biosensors,
2D or 3D printers, flexible electronic wearable electronics, wireless telecommunication systems,
electromagnetic-wave (EM) absorber materials in reverberation chambers, fillers in EM shielding
cementitious materials, EM wave propagating tuner materials [35–54]. However, the direct use of
carbon-based materials without any modification and functionalization lead to frequent aggregation,
and insolublilization sometimes limits their industrial applications. Therefore, from a practical
perspective for industrial applications, it is extremely necessary to fabricate functionalized materials
with tuneable physio-chemical surface properties in order to improve their performance. For this
purpose, many methodologies have been proposed to produce doped and functionalized carbon-based
materials for energy and electronic applications [55–57].

Herein, we focused on the strategies of functionalization or modification of carbon-based materials
and highlighted their applications in electronic devices, including supercapacitors, inks, inkjet/3D
printing appliances, biosensors, gas sensors, and flexible electronics wearable.

2. Methodology

2.1. Functionalized Carbon-Based Electrode Materials

2.1.1. Activation Method

A carbon-based electrode hybrid material is obtained by polymer functionalization, metal oxide
(MO) doping, or by activation with activating agents. The polymer-based functionalization of activated
carbon (AC) for supercapacitor electrodes has been reported in literature. Lee et al. [58] synthesized
tubular polypyrrole-(T-Ppy) functionalized pitch-based AC to obtain a hybrid composite material
(AC/Ppy) for a supercapacitor electrode; the synthetic layout is mentioned in Figure 2a. Different
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contents ratios (1:0.5, 1:1, 1:2, 1:4) of T-Ppy were loaded onto AC [59,60]. The electrode was prepared
by dipping a small nickel piece in a slurry of 80% Ppy/AC hybrid composite and 10% conductive
material, with 10% (PVDF:NMP) as a binder solvent. Vighnesha et al. [61] fabricated activated AC
(the AC was derived from coconut shell) and functionalized by polyaniline. KOH-activated AC was
obtained by polymerization of aniline [62]. A hybrid electrode was prepared by mechanical mixing
of AC and PANi with various ratios and N-methyl pyrrolidone and PVDF as a binder, followed by
loading on a current-collector steel.

2.1.2. Electrospinning Technology

Polypyrrole (Ppy) and polyacrylonitrile (PAN) have also been used to functionalize CFs. In this
regard, Tao et al. [63] fabricated a composite hybrid material for flexible supercapacitors by in-situ
growth followed by conductive wrapping. The fabrication steps included the electrodeposition of
MnO2 nanoparticles on cleaned CFs, which was followed by the wrapping of a conductive Ppy
layer. The supercapacitor electrode was prepared by fixing the as-synthesized hybrid material
(Ppy-MnO2-CFs) to a supercapacitor in a sandwich structure, with PVA/H3PO4 as the membrane
as well as an electrolyte solution between the electrodes. Furthermore, electrospinning technology
was used to prepare PAN-functionalized CFs (APCFs) [64], as mentioned in Figure 2b. The pristine
PAN-CFs material was chemically activated by KOH at different temperatures (600–1000 ◦C) under N2

atmosphere. The capacitance test was performed in a 1.0 M Na2SO4 electrolyte and the coated working
electrode was prepared in the same way as mentioned in Ref. [58].

2.1.3. Greener and Rotational Hydrothermal Method

Recently, Cakici et al. [65] utilized carbon fiber fabric (CFF) to prepare a hybrid composite with
MnO2, named CFF-MnO2. A greener hydrothermal approach was used for the doping of MnO2

nanoparticles on CFF. Briefly, the polymer sizing on CFF was first eliminated by annealing at a
specified temperature under Ar atmosphere. Fine CFF was then autoclaved with a 6 mM KMnO4

solution at 175 ◦C. Different samples were prepared under same conditions with varying times.
The electrochemical test was obtained using a 3-electrode electrochemical cell system, with a 1 M
Na2SO4 electrolyte, Ag/AgCl as a reference electrode, and the prepared fabric material (CFF/MnO2)
itself as a working electrode.

Graphene-based modified hybrid electrode materials have also been reported. Ke et al. [66]
demonstrated different approaches for fabricating a reduced graphene oxide (rGO)-doped Fe3O4

nanocomposite electrode material based on strong electrostatic interactions between oppositely charged
graphene oxide (GO) and Fe3O4 via a rotational hydrothermal approach with some modifications.
A modified Hummers’ process was used to convert graphite into GO. However, Li et al. [67] fabricated
a hydrothermally reduced graphene-(HRG) decorated MnO2 composite on the basis of previous
reports [68–72] via a hydrothermal approach. In this case, GO was prepared by a modified Hummers’
method [73,74]. The influence of polyaniline-functionalized graphene sheets (GS) doped with various
MO (RuO2, TiO2, and Fe3O4) on the supercapacitance was also studied [75]. The graphite was converted
into graphitic oxide by Hummers’ method. Hydrogen thermal exfoliation of graphitic oxide lead to the
formation of hydrogen-exfoliated graphene sheet (HEG), which was further functionalized by HNO3.
Sawangphruk et al. [76] invented a hybrid pseudo-supercapacitor based on double layer graphene
functionalized with polyaniline and doped with silver nanoparticles deposited on flexile type CFs paper.
Wang et al. [77] successfully fabricated q hybrid material containing Ni(OH)2, GS, and GO; GS was
obtained by an exfoliation-expansion method and GO was obtained by a modified Hummers’ method.
GO/DMF and GS/DMF were identically mixed with a Ni(Ac)2 solution for hydrothermal autoclave
treatment at 80 ◦C for 10 h and coated on a pseudo-capacitive electrode. The composite material
was dispersed in an ethanol-PTFE solution and hydrated into nickel foam through compression at
80 ◦C. Electrochemical measurements were conducted on the foam sample. Similarly, Zhang et al. [78]
produced GO nanofibers (GONFs) and GO nanoribbons (GONRs) from carbon nanofibers (CNFs)
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using Hummers’ method. The growth of crystalline Ni(OH)2 nanoplates and reduction of prepared
GONFs and GONRs were obtained via a hydrothermal approach. Specifically, the electrode composite
material was synthesized by mixing N2H4·H2O (35%), NH3·H2O (28 wt%), and Ni(NO3)2 (0.4 M) with
2 mg·mL–1 aqueous solution containing either GONF, CNF, or GONR. After sonication, the mixture
was hydrothermally annealed under certain conditions. The composites were named rGONF/Ni(OH)2,

rGONR/Ni(OH)2, and CNF/Ni(OH)2. The general schematic layout and morphology of the composites
are mentioned in Figure 2c.
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Figure 2. (a) Schematic layout of synthesis of activated carbon/polypyrrole (AC-PPy) composites,
reproduced with permission from [58], published by Elsevier, 2018; (b) synthetic scheme of porous
polymer-based carbon fibers (PPCFs) preparation process by electrospinning technique, reproduced with
permission from [64], published by Elsevier, 2019; and (c) general synthetic layout for rGONF/Ni(OH)2

fabrication, reproduced with permission from [78], published by ACS Publications, 2016.

2.2. Functionalized Carbon-Based Inks and Inkjet Printer Materials

Solvent Exfoliated Method

According to a literature survey, carbon allotropes are used in formation of various inks and
hybrid materials within inkjet printing devices [79,80]. For this purpose, Secor et al. [81] formulated ink
from graphene by using the solvent exfoliated method [82]. Briefly, graphene was dispersed efficiently
in ethanol with a stabilizing polymer, ethyl cellulose (EC). The obtained pure graphene-EC powder
was mixed with terpineol to improve the dispersion and obtain smooth printing. The formulated
graphene-based ink was utilized for gravure printing by using a flooding doctoring printing system.
Similarly, Torrisi et al. [83] formulated a graphene-based printable ink by ultrasonic exfoliation of
graphite flakes in an NMP solvent; the obtained mixture was centrifuged to eliminate graphite flakes.
A pristine GS-based ink was formulated by Gao et al. [84] through the exfoliation of graphite flakes
in a mixture of EC and cyclohexane through ultrasonication under supercritical CO2. On the other
hand, CNTs are also used to synthesize inks. Homenick et al. [85] fabricated an ink from SWCNTs,
which was used in the formation of a SWCNT transistor on a test chip. The scintillation vial was
charged by ultrasonication with IsoSol-S100 and toluene. The polymer (PFDD) and SWCNTs were
mixed in appropriate ratios and the obtained ink was deposited on a silicon chip through optimized
print waveform (20 µm) fitted in an inkjet printer. Multiple layers of the SWCNT-functionalized ink
were printed by rinsing the chip several time with toluene within the inkjet printer. In the same way, a
SWCNT transistor was prepared on SiO2 wafers. The easiest approach for this, using a water-based
ink, was reported by Han et al. [86], with a mixture of SWCNTs and sodium dodecyl-benzene sulfonate
(SDBS). The SWCNTs and SDBS surfactant with ratio of 1:2 were mixed in 10% distilled water by
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ultrasonication and probe sonication for 2 h. The fabricated inks were put in a cartridge for a month to
obtain a well-dispersed ink. The writing efficiency of the water-based SWCNTs ink was checked on a
paper and on a curved cup, as shown in Figure 3a. The primary resistivity of the SWCNTs-ink-coated
filter paper was under 20 kV·cm−1.

Further improvements on three-dimensional (3D) printed designs were obtained by Foster et al. [87].
They invented a 3D printed design with the help of a Rep-Rap printer by utilizing a graphene/PLA
filament named “black magic”, as shown in Figure 3b; this filament possessed a conductance of
2.13 S·cm−1. The electrochemical test was conducted using a 3-electrode-based system with a printed
3D graphene/PLA anode as the working electrode and calomel and platinum electrodes as the reference
electrodes. You et al. [88] fabricated a well-dispersed graphene-based ink for 3D printers. This ink was
prepared by ultrasonication of graphene with EGB to achieve a homogenized graphene dispersion,
which was further mixed with a solution of DBP and PVB in ethanol medium (2.5:1 ratio), followed by
volatilization of ethanol to obtained 3D slurry inks for printing. They also prepared graphene-based
filaments, which were used as primary blocks for 3D structures. The different 3D morphological
structures with the graphene filaments were prepared via a 3-axis robocasting system and are mentioned
in Figure 3e,f. Sarapuk et al. [89] investigated the influence of dispersing agents on the properties
of inks. Graphene nanoplates were added into a mixture of glycol and ethanol (1:1) followed by
sonication. A functional polymer (AKM-0531) was then added as a dispersing agent to improve the
effectiveness of the prepared inks.Micromachines 2019, 10, 234 6 of 26 
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Figure 3. (a) Water-based carbon nanotubes ink dispersion in cartridges after 7 days, and direct
writing above paper and cup using fountain pen, reproduced with permission from [86], published by
Elsevier, 2014; (b) 3D printable graphene/PLA, (c) 3D printing process, (d) various printed 3D electrodes,
reproduced with permission from [87], published by Nature, 2017; (e) morphology, (f) and FESEM
images of different 3D graphene-based structure, reproduced with permission from [88], published by
Elsevier, 2018.

2.3. Functionalized Carbon Hybrids for Sensors

2.3.1. Immobilization, Direct and In-Situ Methods

Li et al. [90] fabricated a composite material for biosensor electrodes through a facile method.
The GO was produced from graphite and reduced to rGO using NaOH (Hummers’ method) [91].
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The rGO/Pd hybrid was obtained by mutual sonication of the rGO suspension and palladium
acetate [92]. The immobilization of lacasse was realized through self-polymerization of dopamine,
leading to poly-dopamine, and subsequently, the formation of a PDA-Lac-rGO-Pd hybrid composite.
The modified biosensor electrode was developed by polishing a glass carbon electrode (GCE) with
alumina and coating the GCE with the PDA-Lac-rGO-Pd hybrid material. Hassan et al. [93] also
prepared a functionalized graphene-based glucose sensor through the immobilization method. The GO
was prepared by a modified Hummers’ method using graphite flakes, while the functionalization and
reduction of GO were performed by adding PIL and hydrazine [94]. The obtained GO sheet was coated
on a hot Pt wire by dipping [95,96]. The glucose oxidase (GOD) enzyme was electrostatically introduced
above the GO-metal wire. The electrochemical test of the prepared GOD-graphene biosensor was
conducted with Ag/AgCl as a reference electrode.

Hemanth et al. [97] fabricated a bio-functionalized graphene 3D carbon electrode biosensor.
The reduction and functionalization of Hummers-modified GO was obtained by treatment with
branched polyethylenimine (PEI) in a single reaction [98]. Further modification and induction of
biosensor ability in PEI-GO was carried out by adding ferrocene carboxylic acid; after combing with a
biosensing enzyme, the hybrid material was coated on an electrode. A brief schematic layout is shown
in Figure 4a, where the biosensor is prepared by coating WE area of 2D and 3D micro-electrodes chip
with a solution of the hybrid material (ferrocene-modified RGO-PEI). A similar method was used to
prepare a glucose-based biosensing electrode with a GOD (glucose oxidase) enzyme solution. In the
case of carbon-based gas sensors, Liu et al. [99] investigated a ZnO-rGO hybrid material for NO2

gas sensors. The rGO was prepared from graphite flakes powder by Hummers’ method, and was
in-situ decorated with ZnO nanoparticles. The hybrid ZnO-rGO composite material was reduced by
hydrazine hydrate. The composite hybrid was mixed with DMF suspension to obtain a DMF-ZnO-rGO
hybrid suspension, which was then coated on ceramic substrate electrodes; this was used to test the
NO2 gas-sensing properties with a static test system.

2.3.2. Thermal Annealing and Hydrothermal Methods

Novikov et al. [100] used graphene films to fabricate a NO2-based gas sensor. The graphene film
was grown by annealing a 4H-SiC crystal under Ar atmosphere at 1700 ◦C. Laser photolithography
was used to form a bar-shaped design on the graphene surface. The minimum and suitable resistance
contacts were obtained via double step metallization, which was carried out by e-beam evaporation
and lift-off photolithography [101]. The prepared graphene-based sensor chip was placed in a
prototype portable device i.e., above a holder having a platinum resistor as a heater (platinum
was chosen due to its minimum thermal inertia). The sample was subjected to rapid thermal
cycling, as mentioned in Figure 4b, and the NO2 gas adsorption was monitored. Huang and
Hu [102] also investigated a rGO-based polyaniline hybrid (rGO-PANI) for the detection of ammonia
(NH3). A single layer of GO was obtained by ultra-sonication of GO paper in distilled water. The
monomer for aniline polymerization (GO-MnO2) was prepared by direct reaction with KMnO4 and
thermal annealing [103,104]. The electrodes for the sensor device were synthesized via a standard
microfabrication approach, in which a micro syringe was utilized for the deposition of a rGO-PANI
hybrid ethanol solution within the electrode gap, generating a rGO-PANI bridge. Ye and Tai [105]
successfully invented a novel rGO-based TiO2 thin-film sensor; the brief schematic layout is shown in
Figure 4c. The hybrid reduced graphene oxide based TiO2 composite (rGO-TiO2) was prepared by
ultrasonic dispersion of rGO and TiO2 with a ratio of 1:96 in a hydrothermally treated mixture of TIP,
HCl, and DI water. The prepared rGO-TiO2 composite material was deposited on a micro-electrode.
This rGO-TiO2 thin-film sensor was applied for the detection of NH3.
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2.4. Carbon-Based Materials for Wearables Electronics

2.4.1. Impregination, Thermal Annealing, and Spray Deposition Methods

The applications of carbon allotropes in the field of wearable, flexible, and stretchable electronics
are noteworthy. Previously, SWCNT-tissue-paper-based flexible wearable pressure sensor was
synthesized by impregnation and thermal annealing [106]. The fabrication procedure involved the
mixing of a SWCNT suspension with tissue paper, evaporating the water, and coating the dried tissue
paper/SWCNTs solid on a substrate to obtain a resistance of up to 12.6 kΩ. Then, a prepared PDMS
layer was poured onto a glass slide and cured by heating. The PDMS layer (300 µm) was deposited
on a PI-coated Ti/Au electrode via metal shadow masking. The pressure sensor device was prepared
by coating the active SWCNTs/tissue paper on the PDMS/PI surface deposited on an alumina wire;
this was connected to an electrode pad with Ag epoxy for electric networking. On the other hand,
Wang and Loh [107] synthesized a type of nanocomposite sensing material based on MWCNTs. A thin
film was prepared via airbrushing; this technique has been reported in literature [108,109]. Briefly, the
dispersion (MWCNTs:distilled water) and Poly(sodium 4-styrenesulfonate):N-Methyl-2-pyrrolidone
(PSS:NMP) were mixed to obtain a latex solution. This ink solution was sprayed onto a glass
microscopic slide and annealed at a specified temperature to improve its electrical and mechanical
characteristics. The annealed thin film was sandwiched among layers of two-sided Fe on an adhesive
fabric and pressed by an iron heat presser. The prepared MWCNTs-sensor was cut into small pieces
for electrochemical experimental tests. Li et al. [110] invented a multifunctional wristband fabricated
from flexible carbon-sponge polydimethylsiloxane composites (CS/PDMS). The brief synthetic outline
is clearly mentioned in Figure 5a, the CS conductive material was synthesized from tissue paper waste
through ultrasonication in distilled water followed by freeze-drying and pyrolytic heat treatment.
A polydimethylsiloxane resin and curing agent were mixed with the prepared CS. After mixing and
vacuum drying, the CS was cut into sheets and coated with aluminum foil and silver paste to obtained
conductive electrodes, which were then encapsulated by PDMS elastomers. The sensors were finally
fixed on wristbands and sports shoes to detect their performance.

2.4.2. In-Situ Chemical Reduction and Full-Solution Methods

Karim et al. [111] fabricated a rGO-based wearable e-textile device. The brief synthetic protocol is
presented in Figure 5c. The in-situ chemical reduction method was used to reduce GO; it involved
the addition of PSS in a GO suspension followed by stirring. The prepared mixture was transferred
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to a round-bottom flask that was fixed in an oil bath, then ammonia and Na2S2O4 were added
for the reduction of GO. A dispersion of rGO ink was formed with distilled water. The e-textile
wearable device was prepared by the pad-drying method, where the textile fabric is dipped/padded
several times (1 to 10) in the rGO suspension (pick-up was 80% of textile fabric) in order to improve
the electrical conductance of the graphene-based textile fiber. Wu et al. [112] also synthesized a
smart e-textile wearable electronic generator based on polyester/Ag nanowires/graphene core-shell
nanocomposites via a full-solution process. Plasma-treated textiles were strained with a tension of
approximately 20 N. Then, a Ag nanowire solution was pipetted and a blade was used to coat the textile
surface via a bottom-up approach. After that, the textile-Ag nanowire was coated with a dispersed
GO (prepared by modified Hummers’ method) solution. The prepared e-textile was then treated
with hydrazine-hydrated vapor for the reduction of the coated GO. For the tribo-electric generator
formation, a PMMA/chloroform suspension was blade-coated onto the textile. Similarly, a PI/e-textile
was prepared and annealed under Ar atmosphere for the polymerization of polyamic acid within the
layers. The PDMS film was obtained by solidification of the e-textile/PDMS.

Micromachines 2019, 10, 234 9 of 26 

 

 

Figure 5. (a) Schematic illustration of fabrication of multifunctional wrist band made of CS/PDMS 

composite, (b) SEM images of carbon sponge prepared from paper waste at different magnifications, 

reproduced with permission from [110], published by ACS Publications, 2016; and (c) schematic 

illustration of scalable formation of reduced graphene oxide-based wearable e-textile, reproduced 

with permission from [111], published by ACS Publications, 2017. 

3. Results and Discussion 

3.1. Supercapacitors 

Supercapacitors play a very important role in applications of energy storage devices, for 

example, in energy storage chips, implantable electronic devices, wire free electronic-sensors, and 

many others [113–117]. The different electrode configurations of mini-supercapacitors include 

sandwich, roll-shaped, as well as inter-digital [118]. The tremendous merits of supercapacitors are its 

higher power density, lengthy life cycle, and inexpensiveness. For commercial applications of 

supercapacitor, the electrodes are required to exhibit high ionic sorption ability at solid liquid 

interfaces and rapid charge transfer. For this purpose, scientists have explored various carbon-based 

materials (AC, CFs, graphene etc). 

Lee et al. [58] prepared an AC/Ppy hybrid composite for a supercapacitor electrode. The 

prepared AC/Ppy composite had a maximum specific capacitance of 82.3 F∙g−1, determined by 

performing a charge/discharge galvanostatic test. The primary stability loss was observed after 1000 

cycles due to the instable nature of Ppy. In comparison, Vighnesha et al. [61] fabricated an AC-PANi 

composite electrode material; the maximum specific capacitance recorded for this composite at 0.5 m 

A∙g-1 was 99.6 F∙g−1 by a charge-/discharge test, which was higher than the previously reported value 

by Lee et al. [58]. A flexible hybrid electrode composite, Ppy-MnO2-CFs, displayed a specific 

capacitance of 69.3 F∙cm3 at 0.1 A∙cm3 with an energy density (ED) of 0.00616 Wh∙cm3, obtained via 

cyclic voltammetry and a charge/discharge galvanostatic testing system using a PVA/H3PO4 

electrolyte. It shows electro-chemical stability up-to 1000 cycles [63]. Furthermore, the influence of 

the specific surface area and pore size on a composite material was studied by Heo et al. [64]. In this 

work, a CF-based composite activated at 1000 °C had a high specific surface area (1886 m2∙g−1) and 

reliable pore size (0.021–1.196 cm3∙g−1). The APCFs-1000 sample showed a specific capacitance of 103 

F∙g−1 (1 A∙g−1) in a 1 M Na2SO4 electrolyte with stability up to 3000 cycles. This enhanced 

supercapacitance occurred due to the high specific surface area, suitability of pore size, and effect of 

heteroatoms among the enhanced double layers. Further improvements in the specific capacitance 

Figure 5. (a) Schematic illustration of fabrication of multifunctional wrist band made of CS/PDMS
composite, (b) SEM images of carbon sponge prepared from paper waste at different magnifications,
reproduced with permission from [110], published by ACS Publications, 2016; and (c) schematic
illustration of scalable formation of reduced graphene oxide-based wearable e-textile, reproduced with
permission from [111], published by ACS Publications, 2017.

3. Results and Discussion

3.1. Supercapacitors

Supercapacitors play a very important role in applications of energy storage devices, for
example, in energy storage chips, implantable electronic devices, wire free electronic-sensors, and
many others [113–117]. The different electrode configurations of mini-supercapacitors include sandwich,
roll-shaped, as well as inter-digital [118]. The tremendous merits of supercapacitors are its higher power
density, lengthy life cycle, and inexpensiveness. For commercial applications of supercapacitor, the
electrodes are required to exhibit high ionic sorption ability at solid liquid interfaces and rapid charge
transfer. For this purpose, scientists have explored various carbon-based materials (AC, CFs, graphene etc).

Lee et al. [58] prepared an AC/Ppy hybrid composite for a supercapacitor electrode. The prepared
AC/Ppy composite had a maximum specific capacitance of 82.3 F·g−1, determined by performing a
charge/discharge galvanostatic test. The primary stability loss was observed after 1000 cycles due to
the instable nature of Ppy. In comparison, Vighnesha et al. [61] fabricated an AC-PANi composite
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electrode material; the maximum specific capacitance recorded for this composite at 0.5 m A·g−1

was 99.6 F·g−1 by a charge-/discharge test, which was higher than the previously reported value by
Lee et al. [58]. A flexible hybrid electrode composite, Ppy-MnO2-CFs, displayed a specific capacitance
of 69.3 F·cm3 at 0.1 A·cm3 with an energy density (ED) of 0.00616 Wh·cm3, obtained via cyclic
voltammetry and a charge/discharge galvanostatic testing system using a PVA/H3PO4 electrolyte.
It shows electro-chemical stability up-to 1000 cycles [63]. Furthermore, the influence of the specific
surface area and pore size on a composite material was studied by Heo et al. [64]. In this work, a
CF-based composite activated at 1000 ◦C had a high specific surface area (1886 m2

·g−1) and reliable
pore size (0.021–1.196 cm3

·g−1). The APCFs-1000 sample showed a specific capacitance of 103 F·g−1

(1 A·g−1) in a 1 M Na2SO4 electrolyte with stability up to 3000 cycles. This enhanced supercapacitance
occurred due to the high specific surface area, suitability of pore size, and effect of heteroatoms
among the enhanced double layers. Further improvements in the specific capacitance properties of
an electrode material was reported by Cakici and their co-workers for a CFF/MnO2 composite that
acted as a flexible electrode in a supercapacitor. Three tests were used to verify the electrochemical
performance: cyclic voltammetry, charge/discharge galvanostatic test, and electro-chemical impedance
spectroscopy. The cyclic voltammetry analysis showed that the prepared materials had a significantly
efficient specific capacitance, with a value of 467 F·g−1 (1 A·g−1). The materials also exhibited high
electro-chemical stability after 5000 cycles. Additionally, the as-synthesized device showed a very high
energy density (approximately 20 Wh·kg−1) at 0.176 kWh·kg−1. This means that this carbon-based
composite hybrid material can be used as a potential electrode for commercial energy-saving devices
with supercapacitors [65].

Many researchers have worked on synthesizing graphene-based materials for supercapacitor
electrodes. Ke et al. [66] fabricated a Fe3O4-rGO nanocomposite electrode material that exhibits a
specific supercapacitance of 169 F·g−1 at 1 A·g−1 (obtained by cyclic voltammeter and galvanostatic
charge/discharge tests). The electrode material showed a capacitance retention of above 88% after
100 cycles. In contrast, Li et al. [67] fabricated GO-decorated MnO2 (GO/MnO2). The supercapacitor
fabricated with the GO/MnO2 composite showed a specific capacitance of 211.5 F·g−1 at 2 mV·s−1.
The charge/discharge studies showed that 75% capacitance stability was maintained after 1000 cycles
by utilizing 1 M Na2SO4 as an electrolytic solution. Further improvements in hybrid materials with
high-specific capacitance has been achieved by developing various MO-doped (RuO2, TiO2, and
Fe3O4) and polyaniline-functionalized GS. The highest specific capacitance recorded was 375 F·g−1

with 1 M sulphuric acid (as an electrolytic solution) and a sweep-voltage speed range of 10–100 Mv·S−1.
Despite the high voltage rate, 85% of the capacitance was maintained, proving that this composite
material can be used as an excellent supercapacitor [75]. Sawangphruk et al. [76] invented a hybrid
pseudo-supercapacitor (AgNP/PANI-Graphene-CFP) that showed a high specific capacitance in a 1 M
Na2SO4 electrolyte, approximately 828 F·g−1 at 1.5 A·g−1 with a capacitive stability up to 97% after
3000 cycles, obtained via a charge-discharge test.

It is known that exfoliated GO sheets exhibit a wider specific surface area and that they need
to be restacked. In order to increase the efficiency of GO sheets, a famous approach is to decorate
GO layers using oxide- or hydroxide-based nanomaterials. This technique enables the prepared
materials to have enhanced functional applications, for example, increased pseudo-capacitance and
also act as a spacer among the GO layers. In this regard, Wang et al. [77] fabricated a hybrid electrode
based on Ni(OH)2 nanoplates deposited on graphene. The maximum specific capacitance of the
Ni(OH)2/graphene electrode, as shown in Figure 6a, is approximately 1335 F·g−1 with a 2.8 A·g−1

current density. The capacitance was stable after 2000 charge/discharge cycles at the highest current
density tested (28.6 A·g−1), as shown in Figure 6b. A literature survey showed that so far, the most
efficient pseudo-capacitive hybrid electrode composite was invented by Zhang et al. [78], named
rGONF/Ni(OH)2. This composite has the highest recorded specific supercapacitance (1433 F·g−1) at
5 mV·s−1 and maintained approximately 90% of the capacitance after 2000 cycles; this is clearly shown
in Figure 6c,d.
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Figure 6. (a) Average specific capacitance (SC) at different charge-discharge current densities of
28.6 A·g−1, (b) capacitance stability versus cycle number of Ni(OH)2/GS, reproduced with permission
from [77], published by ACS Publications, 2010; (c) SC of rGONF/Ni(OH)2 hybrid electrode composites
and (d) cycling retention of rGONF/Ni(OH)2 material, reproduced with permission from [78], published
by ACS Publications, 2016.

The rGONF/Ni(OH)2 hybrid exhibited efficient energy density, and can be utilized at an industrial
level for supercapacitor applications. Besides these reported works, as mentioned in Table 1, different
modified carbon-based composites have also been studied for supercap, the acitor applications.

Table 1. Different carbon forms, their modification and application in supercapcitors. GNS: graphene
nanosheet, KTP: Korean traditional paper, pErGO: porous electrochemically reduced graphene oxide,
Cuf; copper foil, AC; activated carbon.

Carbon Forms Functionalization Specific Capacitance (F/g) Electrolyte (M) Retention Cycle References

MWCNTs PANI (20%) 670 H2SO4 (1) - [119]
MWCNTs Ppy 427 Na2SO4 (1) - [120]

CNTs M-PANI 1030 H2SO4 (1) 5000 [121]
MCNTs PEDOT 120 H2SO4 (1) 20000 [122]

Graphene PANI(80%) 320 H2SO4 (2) - [123]
Graphene PANI 1126 H2SO4 (1) 1000 [124]

GNS PANI 1130 H2SO4 (1) 1000 [125]
pErGO Cuf/Cu wire 81 PVA/H3PO4 5000 [126]

AC Fe3O4 37.9 KOH (6) 500 [127]
CNTs RuO2-TiO2 50 KOH (1) 1000 [128]

Carbon black Fe3O4 5.3 Na2SO4 (1) 10000 [129]
3D GO PANI 1341 H2SO4 (1) 5000 [130]

N-doped-rGO PANI 610 H2SO4 (1) 1000 [131]
rGO PANI-Co3O4 1063 KOH (6) 2500 [132]
rGO PANI, ZrO2 1360 H2SO4 (1) 1000 [133]

B-doped rGO PANI 406 H2SO4 (1) 10000 [134]
MWCNT Ni3S2 55.8 KOH (2) 5000 [135]
graphene MoS2 268 Na2SO4 (1) 1000 [136]

CNTs CuS 112 KOH (2) 1000 [137]
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3.2. Inks and Inkjet Printing Devices

In the previous decades, electronics related to the printing technology have attracted increasing
attraction due to the potential of manufacturing inexpensive and large-scale electronic circuits. It is
necessary to develop reliable functionalized inks, highly mobile printable semiconductors, conducting
inks that consume less energy, and higher-magnification and uniform printing tools, in contrast to
conventional techniques [138]. The first work related to the production of conductive inks for inkjet
printing based on graphene was conducted by Torrisi and Coleman [139]. They obtained a large amount
of GS rapidly by liquid-phase exfoliation in easily printable solvents, including water and other organic
liquids. The resulting ink showed stability and easy processability at room temperature and exhibited
high batch reproducibility with efficient rheological characteristics for printing. Secor et al. [81] reported
on gravure printing of graphene to rapidly form conductive patterns on a stretchable substrate; they
fabricated reliable inks and presented printing parameters permitting the synthesis of patterns under
magnifications up to 30 µm. The inclusion of a mild heating process resulted in conductive lines with
high regularity. These results provide an effective approach for the integration of graphene into large
printed areas as well as in flexible electronics. Torrisi et al. [83] investigated a feasible approach for
broad-scale synthesis of graphene-based devices with inkjet printing. The researchers successfully
prepared graphene-contained inks, which were formed by liquid-based exfoliation of graphite powder
with N-methyl-pyrrolidine. These functional inks were used to print thin-film transistors which had a
mobility of approximately 95 cm2

·V·s−1. The transmittance of these inks was approximately 80% of the
transmittance of graphene and the resistance was approximately 30 kΩ·cm−2. These inventions paved
the way for the fabrication of printed, flexible, and transparent graphene-based electronics on a uniform
substrate. Pristine GO ink was found to exhibit stability above 9 months at a 1 mg·mL−1 concentration,
with well-suited fluidic properties for effective and viable ink-jet printing devices [84]. A conductance
of 9.24 × 103 S·m−1 was obtained after 30 printing stages at 300 ◦C. The resistance of the electrode
printed on a flexible substrate was raised by < 5% after 1000 bending cycles and by 5.3% under a 180◦

bending angle. This reported technique for developing inks and conductive electrodes has proven
to be promising for applications related to graphene-based flexible electronics. Homenick et al. [85]
formulated a SWCNT-based ink via hybrid extraction-adsorption. The SWCNTs concentration, amount
of ink incorporated, and comparative ratio of the polymer to SWCNTs were controlled using the
SWCNTs’ network density. The optimized inkjet printing parameters were identified on Si/SiO2,
where an ink with a polymer: SWCNTs ratio of 6:1 and 50 mg·L−1 SWCNTs concentration printed at
drops spaced 20 µm apart leads to a mobility of thin film transistor of approximately 25 cm2

·V·s−1

with on-off voltage ratios greater than 105. The mentioned conditions produced an efficient network
regularity and was utilized in an additive process to synthesize TFT on a PET substrate, with motilities
greater than 5 cm2

·V·s−1. The ink-jet printing encapsulation layer effectively resulted in a TFT sample
with a mobility of more than 1 cm2

·V·s−1
; the use of inverter circuits resulted in stable and efficient

operation conditions. Han et al. [86] reported the fabrication of a water-based conductive SWCNTs
ink with sodium dodecyl-benzene sulfonate (surfactant). Direct writing on a paper with the prepared
ink was performed with an off-the-shelf nib as well as a cartridge in the jet pen handwriting device.
The lighter weight and moveable nature of the device meant that writing on a curved substrate was
possible. The paper was obtained by a wetting approach. Double-sided and many-layered paper circuit
boards were established via direct writing. The printed writing showed regularity and renewability.
The extraordinary adhesion of SWCNTs on the cellulose paper showed efficient robustness against
different mechanical loads or stress.

Additionally, Foster et al. [87] reported on using graphene-based polylactic acid filaments to print
3D disc electrodes with a Rep-Rep FDM 3-D printer. The prepared 3D electrodes were characterized
electrochemically and physiochemically. The prepared 3D electrode was applied as freestanding
anodes in a Li+ battery and used in hydrogen generation via H-evolution reaction and exhibited
tremendous catalytic activity. The results suggested that 3D printing of graphene-based conductive
filaments enables the facile synthesis of energy storage devices. Recently, You et al. [88] demonstrated
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a direct ink-writing technique by preparing a 3D structure with stacked layers based on light-mass
cellular interlinked networks. A homogenized graphene dispersion was formed via ultrasonication
in ethanol. The speed of the printer and nozzle size were organized in such a way as to form 3D
graphene; the material exhibited morphological stability, with 50% of the graphene contents in the
filament, as mentioned in Figure 7a–c, and maintained the tremendous properties of graphene. This
material was utilized as a 3D material in 3D printers. For the purpose of improving the printing
properties, Sarapuk et al. [89] worked on the properties of graphene ink (including viscosity, strain, and
shear ink rate) and presented the results via model-based calculations for an inkjet printer nozzle. The
experimental study was conducted by preparing inks with or without a dispersing agent to validate
the model. The results showed that the dispersing agent played a valuable role in improving the
viscosity, printing power, and path with minimum resistivity, as shown in Figure 7d–f. Furthermore,
stable graphene-based inks with a dispersing agent can produce effective prints.
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Figure 7. (a) Macrograph of 3D printed individual graphene filament, (b) electrical resistance of
flexible circuit with 50 wt.% graphene content at various bending radius, and (c) typical stress strain
curves of printed structure of 50 wt.% graphene loading, reproduced with permission from [88],
published by Elsevier, 2018; (d) viscosity curves of graphene based ink with dispersing agent at 15 ◦C
temperatures, (e) graphene ink with dispersing agent viscosity curves with fitted Carreau Model curve,
and (f) graphene printed paths produced with or without dispersing agent graphene ink were printed
via piezoelectric inkjet printer at following parameters, nozzle diameter (50 m), 40–50 V, pulse length
(150–200 s), reproduced with permission from [89], published by MDPI, 2018.

3.3. Biosensors

A biosensor is a machine that can detect molecules with a specific transducer to produce a
detectable signal from the sample [140,141]. The schematic illustration is shown in Figure 8, indicating
a general platform and the interface between a bio-receptor and a transducer.
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Figure 8. General layout of a typical biosensors system, and use of carbon materials in various
sensors applications.

The electrochemical-based biosensor contains 2–3 electrodes in a cell that are responsible for the
transformation of a biological condition to electrochemical signals. It mostly contains biomolecules
on an electrode that interact with analytes and lead to the generation of electrochemical signals [142].
Li et al. [90] fabricated a PDA-Lac-rGO-Pd composite for use as a sensing material. An electrochemical
biosensor was prepared using composite to detect catechol. Under optimum conditions, the prepared
electrochemical biosensor exhibited linearity in the range of 0.1–263 µM, with a sensitivity of
18.4 µAm·M−1 at the minimum detection range of 0.03 µM. Furthermore, the electrochemical sensor
possessed efficient repeatability, renewability, as well as stability. An identical electrochemical
biosensor containing Lac exhibited the ability to detect minute amounts of catechol in unique water
conditions. On the other hand, Hassan et al. [93] investigated a unique, effective glucose biosensor
above functionalized rGO. This biosensor had a glucose-dependent electro-chemical behavior with
Ag-AgCl as the standard electrode. This graphene-based biosensor with an enzyme possessed a very
wide range of detection of glucose concentrations (up to 100 Mm), with sensitiveness of 5.59 µA·D−1.
These types of biosensors can be used as an efficient indicator of sugar level for biological diagnoses.
Hemanth et al. [97] also reported an enzyme-focused electro-chemical biosensor. This biosensor
was fabricated using a 3D pyrolytic carbon micro-electrode that was deposited with biologically
functionalized rGO. The glucose-sensing properties of the 3D rGO-based biosensor were compared
with those of 2D electrodes using cyclic voltammetry. The results showed that the 3D biosensor
exhibited twice the sensing ability of the 2D electrodes i.e., with a value of 23.56 µAm·(M·cm2)−1 instead
of 10.19 µAm·(Mcm2)−1. The stability analysis of the enzyme above 3D rGO presented renewable
results above 1 week. The prepared biosensor showed higher glucose selectivity over uric/ascorbic
acid and cholesterol.

Furthermore, CNT-based electrochemical biosensors also proved to be very efficient in sensing
applications because of their tremendous merits, including great sensitiveness, rapid responsivity,
ease of handling, and reliable transportability. A literature survey [143,144] indicated that CNT-based
electrochemical biosensors have been investigated for the detection of biologically essential analytes
by electro-chemical reaction catalyzed via different bio-enzymes [145], including glucose oxidases
(GODs) [146], horse radish peroxidases [147], lactases [148], and malate dehydrogenases [149].
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3.4. Gas Sensors

Gas sensors are very important components to sense the nature and amount of gas. A gas sensor
can alter gas components and concentrations to obtain information based on the electric measurements
of gas [150]. In 2014, a hybrid composite with rGO coated with ZnO nanomaterials was fabricated
through a redox reaction [99]. The gas-sensing activities indicated that the response of the hybrid
composites towards 5 ppm NO2 gas was 25.6% with a speed of 165 s and a reproducible time of 499 s.
Furthermore, Liu et al. [151] reported on gas sensors with bimetallic nanoparticles (SnO2, ZnO) above
graphene having a 3D porous morphology (pore size of 3–10 nm). This G/SnO2/ZnO composite gas
sensor showed rapid and efficient NO2 gas adsorption response at various concentrations, with a
response time of <1 min and efficient reproducibility (within 1 min). Similarly, Novikov et al. [100]
successfully fabricated the cheapest ultrasensitive gas sensor based on an epitaxial graphene/silicon
carbide composite. This sensor was functional under minimum operating concentrations (<1 ppb)
with high sensitivity towards NO2 in an air mixture. A prototype of a replaceable electronic device
to check surrounding levels of NO2 that uses a mixture of gases at ambient temperature was built.
The prepared sensor can be recovered at room temperature and resulted in very rapid and reproducible
analysis of NO2 (5–50 ppb).

On the other hand, Huang and Hu [102] reported on the use of a graphene-doped polyaniline
composite as a NH3 gas sensor. They found that the prepared hybrid sensor was capable of NH3

sensing with a response of 59.2% at 50 ppm concentration. The sensor also possessed an effective
response towards H2, which was investigated by Zou et al. [152]. A tres of 20 s and trec of 50 s were
found when the prepared PANi-GO-based sensor was exposed to 1% (by volume) of H2 at ambient
temperature. Recently, a hybrid composite was prepared with TiO2 (due to its high specific surface
area and inexpensiveness) and graphene. This type of composite sensor proved to be very efficient to
sense NH3 due to the existence of a large number of active adsorption sites [105]. A detailed literature
survey on carbon-based composites and their functionalization for biosensors, gas sensors, and many
other sensors are summarized in Table 2.

Table 2. Carbon-based hybrids, their functionalization/modification as sensors.

Carbon Material Modification Analyte Detection Limit References

MWCNTs COOH O2 0.3% [153]
MWCNTs maleic acid, acetylene NH3 10 ppm [154]
SWCNTs Pd doping/sputtering H2 0.5% [155]
SWCNTs LaFeO3 methanol 1 ppm [156]
SWCNTs Pd nanoparticles glucose 0.2 mM [157]
MWCNTs Pt nanoparticles glucose 1 × 10−5 mol/L [158]

Multi-layered
graphene

Poly(vinylpyrrolidone),
glucose oxidase glucose 2 mM [159]

rGO Sulfophenyl, ethylenediamine NO2 3.6 ppm [160]

rGO Au-Pt alloy, chitosan-glucose
oxidase glucose 5 mM [161]

Graphene foam α-Fe2O3 NO2 0.12 mM [162]
GO poly(3,4-ethylenedioxythiophene) dopamine 0.33 mM [163]
rGO PNF-AgNPs H2O2 10.4 µM. [164]
GO peptide-AgNPs H2O2 0.13 mM [165]

Graphene foam CuO nanoflower ascorbic acid 0.43 mM [166]
rGO CeO2/GCE NO2 9.6 nM [167]
rGO AuFe3O4/Pt H2O2 0.1 nM [168]
GO Au@Pt@Au NPs H2O2 0.02 nM [169]

3.5. Wearable Electronic Devices

There are broad varieties of flexible and stretchable materials available for utilization in different
wearable appliances, including replaceable sensors and flexible electrodes and circuits. In the
healthcare sector, wearable electronics have proven to be very efficient to check human health,
movements, and thermo-therapy. Dinh et al. [170] designed CNT-based thermal sensors as wearable
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electronics for humans by utilizing lightweight high-strength stretchable CNT yarns as a heating
wire, a graphitic pencil as an electrode, and minimum weight, durable, and bio-recyclable paper as a
stretchable substrate. This CNT-based device was used as a sensor by fixing on human skin to monitor
real-time respiration rates and to detect respiratory-related diseases. In addition, they also fixed a
temperature detector within a similar sensor to analyze human body temperature in a contactless
mode. This invention paved the way for the utilization of CNT yarns for the development of a broad
range of eco-friendly, inexpensive, and lighter weight stretchable and wearable electronics related to
temperature and breathing detectors. Zhan et al. [106] reported an identical, inexpensive SWCNT-tissue
paper based stretchable wearable pressure sensor. This wearable pressure sensor showed tremendous
performance and various advantages, such as greater sensitiveness for a wide range of pressures
with minimum energy utilization (6–10 W), with real-time monitoring of various physical muscle
activities. Additionally, the application of this pressure sensor to detect the response of force and
pressure under synthetic robotic skin was also investigated. Wearable devices related to the detection
of human movements and physical actions of athletes have also been developed. In this regard, Wang
and Loh [107] fabricated multi-functional wearable sensors with a CNT-based fabric for monitoring the
bending movements of human fingers in order to detect the commercial strain-sensing capability of
the sensors. In addition, the CNT-fabric based sensor was fixed on a chest band to monitor the human
breathing rate. This invented CNT-fabric-based sensor exhibited several merits, including flexibility,
facile synthetic approach, low weight, inexpensiveness, and reliability for human use. Li et al. [110]
fabricated a multi-functional wearable wristband prepared from CS/PDMS composites that exhibited
high flexibility, confirmed by stress-strain curve as shown in Figure 9a. This wristband could act as a
heater for thermotherapy, a biosensor for human blood pulse, and a breathing (shown in Figure 9c)
and movements detector. The wristband could act as a heater below 15 V with a constant temperature
variation of 20 ◦C. As a strain sensor, it exhibited rapid, reproducible response and efficient stability
within a strain range of 0–20% and an employed frequency range of 0.01 to 10 Hz. The efficient
flexibility, intermediate conductivity, efficient strain-sensing ability, and inexpensive nature make the
multifunctional wearable CS/PDMS band a potential candidate for healthcare devices.

rGO-based e-textile wearables exhibit a wide range of benefits over conventional metal-based
approaches. These conventional methods are complex and unsuitable for a wide range of practical
applications. Therefore, Karim et al. [111] reported a facile, inexpensive technique to fabricate
rGO-doped wearable devices through a facile pad-dry approach. This technique enabled the
efficient manufacturing of conductive rGO e-textiles at an industrial fabrication rate of approximately
150 m·min−1. The rGO-based e-textile electronic wearable devices possessed reliable softness, stability,
and washability. The use of rGO increased the flexible nature and tensile strength of cotton fabrics by
increasing the percentage of strain at the highest weight. The activity of the prepared rGO e-textile
sensor was monitored by human wrist upward-downward motions and the results are shown in
Figure 9d.

This invented rGO e-textile wearable device was tested as a commercial sensor and heating
appliance. The wearable tribo-electric sensor was compatible with an intelligent setup. However,
the low conductivity, stability, and compatibility of e-textile electronics prohibited the fabrication of
reliable incorporated generators for human clothing. To overcome these drawbacks, Wu et al. [112]
fabricated wearable electronic generators based on polyester/Ag nanowires/graphene core-shell hybrids
impregnated on an efficient, opaque, and smart e-textile via an eco-friendly full solution technique.
The prepared smart e-textile device showed tremendous conductivity under a 20 Ω square and was
efficient, flexible, stretchable, bendable, and washable. It can act as an electrode and wearable device,
however due to its wearability, the smart e-textile generator was easily fitted in gloves to demonstrated
the mechanical power produced by movements of fingers. The maximum recorded power by a single
generator-based glove due to finger movement was 7 nW·cm−2. The properties of this composite-based
smart e-textile prove that it as an efficient candidate for practical wearable clothing.
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Figure 9. (a) Typical tensile strain-stress curve of CS/PDMS composite, (b) Infrared images of
multifunctional wrist band worn by a volunteer as a wearable heater at on and off modes, (c) relative
change of resistance (RCR) response of the wrist band to blood pulse of an adult volunteer; monitoring
of the breathing, reproduced with permission from [110], published by ACS Publications, 2016; and
(d) the upward/downward motion of wrist recorded by rGO-based cotton fabric sensors, and inset
shows the magnified version of blue box in image (d) in the time range of 57–77 s, reproduced with
permission from [111], published by ACS Publications, 2017.

4. Conclusions

In this review, we have summarized a large number of research papers related to the fabrication
of nanocomposites materials based on chemically functionalized GO/rGO/GS, SWCNTs, MWCNTs,
AC, and CFs. The outstanding properties of these functionalized carbon allotrope-based composites,
including high specific surface area, high durability, high thermal and electrical conductivity, high
resistivity, and elastic flexibility, have resulted in remarkable applications in the electronic industry.
MO-doped, hybrids, and composites of carbon materials have improved the electronic properties
of devices. This review also elaborated the recent development of carbon allotrope composites
and their applications in energy storage devices, supercapacitors, ink formulation, inkjet-printing
devices, bio-gas and pressure sensors, as well as stretchable/flexible wearable electronics. Overall, the
results indicated that the properties of carbon allotropes can be improved and polished by fabricating
composites and hybrids, which broaden their applications in the commercial electronic industry.

5. Future Outlooks

As mentioned in the literature survey, different hybrid materials, methodologies, and techniques
have been applied to produce energy storage electronics that exhibit high specific capacitance,
energy density, and power density. It is well known that carbon-based hybrids are an efficient
contender for electrodes in supercapacitors; however, they require supportive dynamic materials
to increase their efficiency. The surface modification of electrodes by carbon allotropes (CNTs,
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AC, CFs, and rGO) functionalized by conducting materials, such as polymers, MO, and magnetic
nanoparticles, significantly enhances the power and energy density, specific capacitance, and
reusability of supercapacitor electrodes. If further research efforts are devoted to this field, then
functionalized carbon allotrope-based supercapacitors can be expected to be a novel innovation in the
field of electronics.

On the other hand, important developments have been made in inkjet 3D printing by using
graphene- and SWCNT-based inks. Many newly designed inkjet 3D printers exhibit performance
superior to that of earlier-generation printers. Conventional approaches have not been frequently
adopted by a large number of industries because of practical issues related to efficiency, price, and
reliability of bulk material formation. For solvent-based direct-writing techniques in inkjet printers,
the rheology of inks is essential. In order to manufacture reliable inks, adequate filler contents with a
homogeneous dispersion are mandatory. Furthermore, a small concentration of graphene-based inks
has been utilized to prepare 3D graphene-based tools, but has recently been deemed inappropriate
for broad-range production because of its harsh print settings. Therefore, the proper selection of
printing technique and materials are still existing issues. The use of carbon-based inks still requires
optimized conditions in order to improve the homogeneity, stabilization, and fine-printing ability at an
industrial level.

Furthermore, electrodes functionalized with SWCNTs, MWCNTs, or different graphene forms
with changeable band-gaps seem to be more reliable for the fabrication of biosensors. These sensors
are able to sense different biological components, including protein, glucose, and enzymes, with great
sensitivity because of their high flexibility and specific surface area. These carbon-based sensors also
have the ability of detecting gases (O2, N2, NH3, and H2). However, a facile approach for controlled
fabrication and easy handling of graphene should be an important research topic in the upcoming
years. Recent chemical methodologies to functionalize graphene with biological compounds have
proven to be efficient in enhancing the detecting efficiency of the targeted components, although the
refining of the detecting surface material is required in order to restrict the adsorption of non-relevant
species during the sensing performance. In addition, miniaturized compact-type biosensor devices
having high durability, accuracy, sensitivity, and cost efficiency are highly demanded for the detection
of viruses and bacteria to monitor the human health situation.

A large number of applications of functionalized carbon-based stretchable devices for the
monitoring of human health and body movements have been developed. This includes the observation
of nerve pulse, respiratory rate, and body heat. The development of multifunctional wearable electronics
remains limited and should be given greater consideration. In the near future, the simultaneous use of
functionalized carbon-based composites and biocompatible components for efficient wearable devices
may be possible. Smart electronic devices have also attracted attention recently. In the near future,
more progress in advanced carbon-based stretchable devices will highly contribute to the development
of more efficient devices for the health-care and medical improvement sectors.

Author Contributions: U.K. as first author conducted the literature search. All four authors were involved in
writing and editing the review manuscript.

Acknowledgments: This work was supported by the Technological Innovation R&D Program (S2460853) funded
by the Small and Medium Business Administration (SMBA, Korea) and the Commercialization Promotion
Agency for R&D Outcomes (COMPA) funded by the Ministry of Science and ICT (MSIT) [2018_RND_002_0064,
Development of 800 mA·h·g−1 pitch carbon coating material].

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhang, Y.; Yin, Q.-Z. Carbon and other light element contents in the earth’s core based on first-principles
molecular dynamics. Proc. Natl. Acad. Sci. USA 2012, 109, 19579–19583. [CrossRef] [PubMed]

2. Allègre, C.J.; Poirier, J.-P.; Humler, E.; Hofmann, A.W. The chemical composition of the earth, earth planet.
Sci. Lett. 1995, 134, 515–526.

http://dx.doi.org/10.1073/pnas.1203826109
http://www.ncbi.nlm.nih.gov/pubmed/23150591


Micromachines 2019, 10, 234 18 of 25

3. Karthik, P.S.; Himaja, A.L.; Singh, S.P. Carbon-allotropes: Synthesis methods, applications and future
perspectives. Carbon Lett. 2014, 15, 219–237. [CrossRef]

4. Shin, H.K.; Rhee, K.Y.; Park, S.J. Effects of exfoliated graphite on the thermal properties of erythritol-based
composites used as phase-change materials. Compos. Part B Eng. 2016, 96, 350–353. [CrossRef]

5. Zhang, Y.; Park, S.J. In situ shear-induced mercapto group-activated graphite nanoplatelets for fabricating
mechanically strong and thermally conductive elastomer composites for thermal management applications.
Compos. Part A Appl. Sci. Manuf. 2018, 112, 40–48. [CrossRef]

6. Zhang, Y.; Park, S.J. Imidazolium-optimized conductive interfaces in multilayer graphene nanoplatelet/epoxy
composites for thermal management applications and electroactive devices. Polym. J. 2019, 168, 23–60.
[CrossRef]

7. Zhang, Y.; Heo, Y.J.; Son, Y.R.; In, I.; An, K.H.; Kim, B.J.; Park, S.J. Recent advanced thermal interfacial
materials: A review of conducting mechanisms and parameters of carbon materials. Carbon 2018, 142,
445–460. [CrossRef]

8. Zhang, Y.; Choi, J.R.; Park, S.J. Interlayer polymerization in amine-terminated macromolecular chain-grafted
expanded graphite for fabricating highly thermal conductive and physically strong thermoset composites
for thermal management applications. Compos. Part A Appl. Sci. Manuf. 2018, 109, 498–506. [CrossRef]

9. Mowery, D.C.; Nelson, R.R. Sources of Industrial Leadership; Cambridge University Press: Cambridge, UK,
1999.

10. Walsh, S.T.; Boylan, R.L.; McDermott, C.; Paulson, A. The semiconductor silicon industry roadmap: Epochs
driven by the dynamics between disruptive technologies and core competencies. Technol. Forecast. Soc. Chang.
2005, 72, 213–236. [CrossRef]

11. Schulz, M. The end of the road for silicon? Nature 1999, 399, 729–730. [CrossRef]
12. Lee, J.H.; Marroquin, J.; Rhee, K.Y.; Park, S.J.; Hui, D. Cryomilling application of graphene to improve

material properties of graphene/chitosan nanocomposites. Comp. Part B-Eng. 2013, 45, 682–687. [CrossRef]
13. Mittal, G.; Rhee, K.Y.; Park, S.J.; Hui, D. Generation of the pores on graphene surface and their reinforcement

effects on the thermal and mechanical properties of chitosan-based composites. Comp. Part B Eng. 2017, 114,
348–355. [CrossRef]

14. Kalosakas, G.; Lathiotakis, N.N.; Galiotis, C.; Papagelis, K. In-plane force fields and elastic properties of
graphene. J. Appl. Phys. 2013, 113, 134307. [CrossRef]

15. Yu, M.-F.; Lourie, O.; Dyer, M.J.; Moloni, K.; Kelly, T.F.; Ruoff, R.S. Strength and breaking mechanism of
multiwalled carbon nanotubes under tensile load. Science 2000, 287, 637–640. [CrossRef] [PubMed]

16. Lee, C.; Wei, X.; Kysar, J.W.; Hone, J. Measurement of the elastic properties and intrinsic strength of monolayer
graphene. Science 2008, 321, 385–388. [CrossRef] [PubMed]

17. Kim, P.; Shi, L.; Majumdar, A.; McEuen, P. Thermal transport measurements of individual multiwalled
nanotubes. Phys. Rev. Lett. 2001, 87, 215502. [CrossRef] [PubMed]

18. Ando, Y.; Zhao, X.; Shimoyama, H.; Sakai, G.; Kaneto, K. Physical properties of multiwalled carbon nanotubes.
Int. J. Inorg. Mater. 1999, 1, 77–82. [CrossRef]

19. Mochalin, V.N.; Shenderova, O.; Ho, D.; Gogotsi, Y. The properties and applications of nanodiamonds.
Nat. Nanotechnol. 2012, 7, 11–23. [CrossRef]

20. Osswald, S.; Yushin, G.; Mochalin, V.; Kucheyev, S.O.; Gogotsi, Y. Control of sp2/sp3 carbon ratio and surface
chemistry of nanodiamond powders by selective oxidation in air. J. Am. Chem. Soc. 2006, 128, 11635–11642.
[CrossRef]

21. Simon, P.; Gogotsi, Y. Materials for electrochemical capacitors. Nat. Mater. 2008, 7, 845–854. [CrossRef]
22. Liang, J.J.; Huang, Y.; Zhang, L.; Wang, Y.; Ma, Y.F.; Guo, T.Y.; Chen, Y. Molecular level dispersion of graphene

into poly (vinyl alcohol) and effective reinforcement of their nanocomposites. Adv. Funct. Mater. 2009, 19,
2297–2302. [CrossRef]

23. Zhang, Y.; Rhee, K.Y.; Hui, D.; Park, S.J. A critical review of nanodiamond based nanocomposites: Synthesis,
properties and applications. Comp. Part B-Eng. 2018, 143, 19–27. [CrossRef]

24. Zhang, Y.; Park, S.J. Influence of the nanoscaled hybrid based on nanodiamond@ graphene oxide architecture
on the rheological and thermo-physical performances of carboxylated-polymeric composites. Compos. Part A
Appl. Sci. Manuf. 2018, 112, 356–364. [CrossRef]

25. Zhang, Y.; Rhee, K.Y.; Park, S.J. Nanodiamond nanocluster-decorated graphene oxide/epoxy nanocomposites
with enhanced mechanical behavior and thermal stability. Compos. Part B-Eng. 2017, 114, 111–120. [CrossRef]

http://dx.doi.org/10.5714/CL.2014.15.4.219
http://dx.doi.org/10.1016/j.compositesb.2016.04.033
http://dx.doi.org/10.1016/j.compositesa.2018.06.004
http://dx.doi.org/10.1016/j.polymer.2019.01.086
http://dx.doi.org/10.1016/j.carbon.2018.10.077
http://dx.doi.org/10.1016/j.compositesa.2018.04.001
http://dx.doi.org/10.1016/S0040-1625(03)00066-0
http://dx.doi.org/10.1038/21526
http://dx.doi.org/10.1016/j.compositesb.2012.05.011
http://dx.doi.org/10.1016/j.compositesb.2017.02.018
http://dx.doi.org/10.1063/1.4798384
http://dx.doi.org/10.1126/science.287.5453.637
http://www.ncbi.nlm.nih.gov/pubmed/10649994
http://dx.doi.org/10.1126/science.1157996
http://www.ncbi.nlm.nih.gov/pubmed/18635798
http://dx.doi.org/10.1103/PhysRevLett.87.215502
http://www.ncbi.nlm.nih.gov/pubmed/11736348
http://dx.doi.org/10.1016/S1463-0176(99)00012-5
http://dx.doi.org/10.1038/nnano.2011.209
http://dx.doi.org/10.1021/ja063303n
http://dx.doi.org/10.1038/nmat2297
http://dx.doi.org/10.1002/adfm.200801776
http://dx.doi.org/10.1016/j.compositesb.2018.01.028
http://dx.doi.org/10.1016/j.compositesa.2018.06.020
http://dx.doi.org/10.1016/j.compositesb.2017.01.051


Micromachines 2019, 10, 234 19 of 25

26. Schedin, F.; Geim, A.K.; Morozov, S.V.; Hill, E.W.; Blake, P.; Katsnelson, M.I.; Novoselov, K.S. Detection of
individual gas molecules adsorbed on graphene. Nat. Mater. 2007, 6, 652–655. [CrossRef]

27. He, Q.Y.; Sudibya, H.G.; Yin, Z.Y.; Wu, S.X.; Li, H.; Boey, F.; Huang, W.; Chen, P.; Zhang, H. Centimeter
long and large-scale micro patterns of reduced graphene oxide films: Fabrication and sensing applications.
ACS Nano 2010, 4, 3201–3208. [CrossRef]

28. Liang, J.J.; Xu, Y.F.; Huang, Y.; Zhang, L.; Wang, Y.; Ma, Y.F.; Ma, Y.; Li, F.; Guo, T.; Chen, Y. Infrared-triggered
actuators from graphene-based nanocomposites. J. Phys. Chem. C 2009, 113, 9921–9927. [CrossRef]

29. Park, S.; An, J.; Suk, J.W.; Ruoff, R.S. Graphene-based actuators. Small 2010, 6, 210–212. [CrossRef]
30. Xie, X.J.; Qu, L.T.; Zhou, C.; Li, Y.; Zhu, J.; Bai, H.; Shi, G.; Dai, L. An asymmetrically surface-modified

graphene film electrochemical actuator. ACS Nano 2010, 4, 6050–6054. [CrossRef]
31. Liang, J.J.; Huang, Y.; Oh, J.; Kozlov, M.; Sui, D.; Fang, S.; Baughman, R.H.; Ma, Y.; Chen, Y. Electromechanical

actuators based on graphene and graphene/Fe3O4 hybrid paper. Adv. Funct. Mater. 2011, 21, 3778–3784.
[CrossRef]

32. Becerril, H.A.; Mao, J.; Liu, Z.; Stoltenberg, R.M.; Bao, Z.; Chen, Y. Evaluation of solution-processed reduced
graphene oxide films as transparent conductors. ACS Nano 2008, 2, 463–470. [CrossRef] [PubMed]

33. Brownson, D.A.; Kampouris, D.K.; Banks, C.E. An overview of graphene in energy production and storage
applications. J. Phys. Chem. C 2011, 196, 4873–4885. [CrossRef]

34. Allen, M.J.; Tung, V.C.; Kaner, R.B. Honeycomb carbon: A review of graphene. Chem. Rev. 2010, 110, 132–145.
[CrossRef] [PubMed]

35. Kim, K.S.; Park, S.J. Influence of multi-walled carbon nanotubes on the electrochemical performance of
graphene nanocomposites for supercapacitor electrodes. Electrochim. Acta. 2011, 56, 1629–1635. [CrossRef]

36. Seo, M.K.; Park, S.J. Electrical resistivity and rheological behaviors of carbon nanotubes-filled polypropylene
composites. Chem. Phys. Lett. 2004, 395, 44–48. [CrossRef]

37. Lee, S.Y.; Park, S.J. Isothermal exfoliation of graphene oxide by a new carbon dioxide pressure swing method.
Carbon 2014, 68, 112–117. [CrossRef]

38. Akaike, K.; Kumai, T.; Nakano, K.; Abdullah, S.; Ouchi, S.; Uemura, Y.; Ito, Y.; Onishi, A.; Yoshida, H.;
Tajima, K.; et al. Effects of molecular orientation of a fullerene derivative at the donor/acceptor interface on
the device performance of organic photovoltaics. Chem. Mater. 2018, 30, 8233–8243. [CrossRef]

39. Zhang, Y.; Park, S.J. Incorporation of RuO2 into charcoal-derived carbon with controllable microporosity by
CO2 activation for high-performance supercapacitor. Carbon 2017, 122, 287–297. [CrossRef]

40. Zhang, Y.; Park, S.J. Enhanced interfacial interaction by grafting carboxylated-macromolecular chains on
nanodiamond surfaces for epoxy-based thermosets. J. Polym. Sci. B 2017, 55, 1890–1898. [CrossRef]

41. Elhaes, H.; Fakhry, A.; Ibrahim, M. Carbon nano materials as gas sensors. Mater Today Proc. 2016, 3, 2483–2492.
[CrossRef]

42. Rabti, A.; Raouafi, N.; Merkoçi, A. Bio (sensing) devices based on ferrocene–functionalized graphene and
carbon nanotubes. Carbon 2016, 108, 481–514. [CrossRef]

43. Kim, K.; Park, J.; Suh, J.H.; Kim, M.; Jeong, Y.; Park, I. 3D printing of multiaxial force sensors using carbon
nanotube (CNT)/thermoplastic polyurethane (TPU) filaments. Sens. Actuator B-Chem. 2017, 263, 493–500.
[CrossRef]

44. Shin, S.R.; Farzad, R.; Tamayol, A.; Manoharan, V.; Mostafalu, P.; Zhang, Y.S.; Akbari, M.; Jung, S.M.; Kim, D.;
Comotto, M.; et al. A bioactive carbon nanotube-based ink for printing 2D and 3D flexible electronics.
Adv. Mater. 2016, 28, 3280–3289. [CrossRef]

45. Liu, L.; Ye, D.; Yu, Y.; Liu, L.; Wu, Y. Carbon-based flexible micro-supercapacitor fabrication via mask-free
ambient micro-plasma-jet etching. Carbon 2017, 111, 121–127. [CrossRef]

46. Huang, G.; Zhang, Y.; Wang, L.; Sheng, P.; Peng, H. Fiber-based MnO2/carbon nanotube/polyimide asymmetric
supercapacitor. Carbon 2017, 125, 595–604. [CrossRef]

47. Paulo, S.; Palomares, E.; Martinez-Ferrero, E. Graphene and carbon quantum dot-based materials in
photovoltaic devices: From synthesis to applications. Nanomaterials 2016, 6, 157. [CrossRef]

48. Chen, L.; Liu, X.; Wang, C.; Lv, S.; Chen, C. Amperometric nitrite sensor based on a glassy carbon electrode
modified with electrodeposited poly (3,4-ethylenedioxythiophene) doped with a polyacenic semiconductor.
Microchim. Acta 2017, 184, 2073–2079. [CrossRef]

49. Sarma, S.D.; Adam, S.; Hwang, E.H.; Rossi, E. Electronic transport in two-dimensional graphene.
Rev. Mod. Phys. 2011, 83, 407. [CrossRef]

http://dx.doi.org/10.1038/nmat1967
http://dx.doi.org/10.1021/nn100780v
http://dx.doi.org/10.1021/jp901284d
http://dx.doi.org/10.1002/smll.200901877
http://dx.doi.org/10.1021/nn101563x
http://dx.doi.org/10.1002/adfm.201101072
http://dx.doi.org/10.1021/nn700375n
http://www.ncbi.nlm.nih.gov/pubmed/19206571
http://dx.doi.org/10.1016/j.jpowsour.2011.02.022
http://dx.doi.org/10.1021/cr900070d
http://www.ncbi.nlm.nih.gov/pubmed/19610631
http://dx.doi.org/10.1016/j.electacta.2010.10.043
http://dx.doi.org/10.1016/j.cplett.2004.07.047
http://dx.doi.org/10.1016/j.carbon.2013.10.068
http://dx.doi.org/10.1021/acs.chemmater.8b03659
http://dx.doi.org/10.1016/j.carbon.2017.06.085
http://dx.doi.org/10.1002/polb.24522
http://dx.doi.org/10.1016/j.matpr.2016.04.166
http://dx.doi.org/10.1016/j.carbon.2016.07.043
http://dx.doi.org/10.1016/j.sna.2017.07.020
http://dx.doi.org/10.1002/adma.201506420
http://dx.doi.org/10.1016/j.carbon.2016.09.037
http://dx.doi.org/10.1016/j.carbon.2017.09.103
http://dx.doi.org/10.3390/nano6090157
http://dx.doi.org/10.1007/s00604-017-2189-0
http://dx.doi.org/10.1103/RevModPhys.83.407


Micromachines 2019, 10, 234 20 of 25

50. Kim, H.J.; Lee, S.Y.; Yeo, C.S.; Son, Y.R.; Cho, K.R.; Song, Y.; Ju, S.; Shin, M.K.; Park, S.J.; Park, S. Maximizing
volumetric energy density of all-graphene-oxide-supercapacitors and their potential applications for energy
harvest. J. Power Sources 2017, 346, 113–119. [CrossRef]

51. Pastore, R.; Delfini, A.; Micheli, D.; Vricella, A.; Marchetti, M.; Santoni, F.; Piergentili, F. Carbon foam
electromagnetic mm-wave absorption in reverberation chamber. Carbon 2019, 144, 63–71. [CrossRef]

52. Micheli, D.; Vricella, A.; Pastore, R.; Delfini, A.; Morles, R.B.; Marchetti, M.; Santoni, F.; Bastianelli, L.;
Moglie, F.; Primiani, V.M.; Corinaldesi, V. Electromagnetic properties of carbon nanotube reinforced concrete
composites for frequency selective shielding structures. Constr. Build. Mater. 2017, 131, 267–277. [CrossRef]

53. Mazzoli, A.; Corinaldesi, V.; Donnini, J.; Di Perna, C.; Micheli, D.; Vricella, A.; Pastore, R.; Bastianelli, L.;
Moglie, F.; Primiani, V.M. Effect of graphene oxide and metallic fibers on the electromagnetic shielding effect
of engineered cementitious composites. J. Build. Eng. 2018, 18, 33–39. [CrossRef]

54. Micheli, D.; Pastore, R.; Vricella, A.; Marchetti, M. Matter’s electromagnetic signature reproduction by
graded-dielectric multilayer assembly. IEEE Trans. Microw. Theory Tech. 2017, 65, 2801–2809. [CrossRef]

55. Cheng, J.; Wang, B.; Xin, H.L.; Kim, C.; Nie, F.; Li, X.; Yang, G.; Huang, H. Conformal coating of TiO2

nanorods on a 3-D CNT scaffold by using a CNT film as a nanoreactor: A free-standing and binder-free
Li-ion anode. J. Mater. Chem. A 2014, 2, 2701–2707. [CrossRef]

56. Cheng, J.; Wang, B.; Park, C.M.; Wu, Y.; Huang, H.; Nie, F. CNT@ Fe3O4@ C coaxial nanocables: One-pot,
additive-free synthesis and remarkable lithium storage behavior. Chem. Eur. J. 2013, 19, 9866–9874. [CrossRef]
[PubMed]

57. Takenaka, S.; Miyamoto, H.; Utsunomiya, Y.; Matsune, H.; Kishida, M. Catalytic activity of highly durable
Pt/CNT catalysts covered with hydrophobic silica layers for the oxygen reduction reaction in PEFCs. J. Phys.
Chem. C 2014, 118, 774–783. [CrossRef]

58. Lee, J.W.; Lee, H.I.; Park, S.J. Facile synthesis of petroleum-based activated carbons/tubular
polypyrrole composites with enhanced electrochemical performance as supercapacitor electrode materials.
Electrochim. Acta 2018, 263, 447–453. [CrossRef]

59. Zhang, X.; Jin, B.; Li, L.; Cheng, T.; Wang, H.; Xin, P.; Jiang, Q. (De) Lithiation of tubular polypyrrole-derived
carbon/sulfur composite in lithium-sulfurbatteries. J. Electroanal. Chem. 2016, 780, 26–31. [CrossRef]

60. Choi, J.Y.; Park, S.J. Effect of manganese dioxide on supercapacitive behaviors of petroleum pitch-based
carbons. J. Ind. Eng. Chem. 2015, 29, 408–413. [CrossRef]

61. Vighnesha, K.M.; Sangeetha, D.N.; Selvakumar, M. Synthesis and characterization of activated
carbon/conducting polymer composite electrode for supercapacitor applications. J. Mater. Sci. Mater. Electron.
2018, 29, 914–921. [CrossRef]

62. Sudhakar, Y.N.; Hemant, H.; Nitinkumar, S.S.; Poornesh, P.; Selvakumar, M. Green synthesis and
electrochemical characterization of rGO–CuO nanocomposites for supercapacitor applications. Ionics
2017, 23, 1267–1276. [CrossRef]

63. Tao, J.; Liu, N.; Ma, W.; Ding, L.; Li, L.; Su, J.; Gao, Y. Solid-state high performance flexible supercapacitors
based on polypyrrole-MnO2-carbon fiber hybrid structure. Sci. Rep. 2017, 3, 2286. [CrossRef] [PubMed]

64. Heo, Y.J.; Lee, H.I.; Lee, J.W.; Park, M.; Rhee, K.Y.; Park, S.J. Optimization of the pore structure of PAN-based
carbon fibers for enhanced supercapacitor performances via electrospinning. Compos. B Eng. 2019, 161,
10–17. [CrossRef]

65. Cakici, M.; Kakarla, R.R.; Alonso-Marroquin, F. Advanced electrochemical energy storage supercapacitors
based on the flexible carbon fiber fabric-coated with uniform coral-like MnO2 structured electrodes.
J. Chem. Eng. 2017, 309, 151–158. [CrossRef]

66. Ke, Q.; Tang, C.; Liu, Y.; Liu, H.; Wang, J. Intercalating graphene with clusters of Fe3O4 nanocrystals for
electrochemical supercapacitors. Mater. Res. Express 2014, 1, 025015. [CrossRef]

67. Li, Z.; Wang, J.; Liu, S.; Liu, X.; Yang, S. Synthesis of hydrothermally reduced graphene/MnO2 composites
and their electrochemical properties as supercapacitors. J. Power Sources 2011, 196, 8160–8165. [CrossRef]

68. Cheng, C.; Wen, Y.; Xu, X.; Gu, H. Tunable synthesis of carboxyl-functionalized magnetite nanocrystal
clusters with uniform size. J. Mater. Chem. 2009, 19, 8782–8788. [CrossRef]

69. Chen, S.; Zhu, J.; Wu, X.; Han, Q.; Wang, X. Graphene oxide-MnO2 nanocomposites for supercapacitors.
ACS Nano 2010, 4, 2822–2830. [CrossRef]

70. Wu, Z.S.; Ren, W.; Wang, D.W.; Li, F.; Liu, B.; Cheng, H.M. High-energy MnO2 nanowire/graphene and
graphene asymmetric electrochemical capacitors. ACS Nano 2010, 4, 5835–5842. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jpowsour.2017.02.040
http://dx.doi.org/10.1016/j.carbon.2018.12.026
http://dx.doi.org/10.1016/j.conbuildmat.2016.11.078
http://dx.doi.org/10.1016/j.jobe.2018.02.019
http://dx.doi.org/10.1109/TMTT.2017.2679749
http://dx.doi.org/10.1039/c3ta14120a
http://dx.doi.org/10.1002/chem.201300037
http://www.ncbi.nlm.nih.gov/pubmed/23852958
http://dx.doi.org/10.1021/jp407928m
http://dx.doi.org/10.1016/j.electacta.2018.01.071
http://dx.doi.org/10.1016/j.jelechem.2016.08.034
http://dx.doi.org/10.1016/j.jiec.2015.04.022
http://dx.doi.org/10.1007/s10854-017-7988-x
http://dx.doi.org/10.1007/s11581-016-1923-7
http://dx.doi.org/10.1038/srep02286
http://www.ncbi.nlm.nih.gov/pubmed/23884478
http://dx.doi.org/10.1016/j.compositesb.2018.10.026
http://dx.doi.org/10.1016/j.cej.2016.10.012
http://dx.doi.org/10.1088/2053-1591/1/2/025015
http://dx.doi.org/10.1016/j.jpowsour.2011.05.036
http://dx.doi.org/10.1039/b910832g
http://dx.doi.org/10.1021/nn901311t
http://dx.doi.org/10.1021/nn101754k
http://www.ncbi.nlm.nih.gov/pubmed/20857919


Micromachines 2019, 10, 234 21 of 25

71. Chen, S.; Zhu, J.; Wang, X. From graphene to metal oxide nanolamellas: Aphenomenon of morphology
transmission. ACS Nano 2010, 4, 6212–6218. [CrossRef] [PubMed]

72. Yan, J.; Fan, Z.; Wei, T.; Qian, W.; Zhang, M.; Wei, F. Fast and reversiblesurface redox reaction of
graphene-MnO2 composites as supercapacitor electrodes. Carbon 2010, 48, 3825–3833. [CrossRef]

73. Hummers, W.S.; Offeman, R.E. Preparation of graphitic oxide. J. Am. Chem. Soc. 1958, 80, 1339. [CrossRef]
74. Liu, S.; Wang, J.; Zeng, J.; Ou, J.; Li, Z.; Liu, X.; Yang, S. “Green” electrochemical synthesis of Pt/graphene

sheet nanocomposite film and its electrocatalytic property. J. Power Sources 2010, 195, 4628–4633. [CrossRef]
75. Mishra, A.K.; Ramaprabhu, S. Functionalized graphene-based nanocomposites for supercapacitor application.

J. Phys. Chem. C 2011, 115, 14006–14013. [CrossRef]
76. Sawangphruk, M.; Suksomboon, M.; Kongsupornsak, K.; Khuntilo, J.; Srimuk, P.; Sanguansak, Y.;

Klunbud, P.; Suktha, P.; Chiochan, P. High-performance supercapacitors based on silver
nanoparticle–polyaniline–graphene nanocomposites coated on flexible carbon fiber paper. J. Mater. Chem. A
2013, 1, 9630–9636. [CrossRef]

77. Wang, H.; Casalongue, H.S.; Liang, Y.; Dai, H. Ni(OH)2 nanoplates grownon graphene as advanced
electrochemical pseudocapacitor materials. J. Am. Chem. Soc. 2010, 132, 7472–7477. [CrossRef] [PubMed]

78. Zhang, C.; Chen, Q.; Zhan, H. Supercapacitors based on reduced graphene oxide nanofibers supported
Ni (OH)2 nanoplates with enhanced electrochemical performance. ACS Appl. Mater. Interfaces 2016, 8,
22977–22987. [CrossRef]

79. O’Mahony, C.; Haq, E.U.; Sillien, C.; Tofail, S.A. Rheological issues in carbon-based inks for additive
manufacturing. Micromachines 2019, 10, 99. [CrossRef]

80. Hu, G.; Kang, J.; Ng, L.W.; Zhu, X.; Howe, R.C.; Jones, C.G.; Hersam, M.C.; Hasan, T. Functional inks and
printing of two-dimensional materials. Chem. Soc. Rev. 2018, 47, 3265–3300. [CrossRef]

81. Secor, E.B.; Lim, S.; Zhang, H.; Frisbie, C.D.; Francis, L.F.; Hersam, M.C. Gravure printing of graphene for
large-area flexible electronics. Adv. Mater. 2014, 26, 4533–4538. [CrossRef]

82. Secor, E.B.; Prabhumirashi, P.L.; Puntambekar, K.; Geier, M.L.; Hersam, M.C. Inkjet printing of high
conductivity, flexible graphene patterns. J. Phys. Chem. Lett. 2013, 4, 1347–1351. [CrossRef]

83. Torrisi, F.; Hasan, T.; Wu, W.; Sun, Z.; Lombardo, A.; Kulmala, T.S.; Hsieh, G.W.; Jung, S.; Bonaccorso, F.;
Paul, P.J.; et al. Inkjet-printed graphene electronics. ACS Nano 2012, 6, 2992–3006. [CrossRef]

84. Gao, Y.; Shi, W.; Wang, W.; Leng, Y.; Zhao, Y. Inkjet printing patterns of highly conductive pristine graphene
on flexible substrates. Ind. Eng. Chem. Res. 2014, 53, 16777–16784. [CrossRef]

85. Homenick, C.M.; James, R.; Lopinski, G.P.; Dunford, J.; Sun, J.; Park, H.; Jung, Y.; Cho, G.; Malenfant, P.R.
Fully printed and encapsulated SWCNT-based thin film transistors via a combination of R2R gravure and
inkjet printing. ACS Appl. Mater. Interfaces 2016, 8, 27900–27910. [CrossRef]

86. Han, J.W.; Kim, B.; Li, J.; Meyyappan, M. Carbon nanotube ink for writing on cellulose paper. Mater. Res. Bull.
2014, 50, 249–253. [CrossRef]

87. Foster, C.W.; Down, M.P.; Zhang, Y.; Ji, X.; Rowley-Neale, S.J.; Smith, G.C.; Kelly, P.J.; Banks, C.E. 3D printed
graphene based energy storage devices. Sci. Rep. 2017, 7, 42233. [CrossRef]

88. You, X.; Yang, J.; Feng, Q.; Huang, K.; Zhou, H.; Hu, J.; Dong, S. Three-dimensional graphene-based materials
by direct ink writing method for lightweight application. Int. J. Lightweight Mater. Manuf. 2018, 1, 96–101.
[CrossRef]

89. Dybowska-Sarapuk, L.; Kielbasinski, K.; Arazna, A.; Futera, K.; Skalski, A.; Janczak, D.; Sloma, M.;
Jakubowska, M. Efficient inkjet printing of graphene-based elements: Influence of dispersing agent on ink
viscosity. Nanomaterials 2018, 8, 602. [CrossRef]

90. Li, D.W.; Luo, L.; Lv, P.F.; Wang, Q.Q.; Lu, K.Y.; Wei, A.F.; Wei, Q.F. Synthesis of polydopamine functionalized
reduced graphene oxide-palladium nanocomposite for laccase based biosensor. Bioinorg. Chem. Appl. 2016,
2016, 5360361. [CrossRef]

91. Fan, X.; Peng, W.; Li, Y.; Li, X.; Wang, S.; Zhang, G.; Zhang, F. Deoxygenation of exfoliated graphite
oxide under alkaline conditions: A green route to graphene preparation. Adv. Mater. 2008, 20, 4490–4493.
[CrossRef]

92. Karousis, N.; Tsotsou, G.-E.; Evangelista, F.; Rudolf, P.; Ragoussis, N.; Tagmatarchis, N. Carbon nanotubes
decorated with palladium nanoparticles: Synthesis, characterization, and catalytic activity. J. Phys. Chem. C
2008, 112, 13463–13469. [CrossRef]

http://dx.doi.org/10.1021/nn101857y
http://www.ncbi.nlm.nih.gov/pubmed/20828185
http://dx.doi.org/10.1016/j.carbon.2010.06.047
http://dx.doi.org/10.1021/ja01539a017
http://dx.doi.org/10.1016/j.jpowsour.2010.02.024
http://dx.doi.org/10.1021/jp201673e
http://dx.doi.org/10.1039/c3ta12194a
http://dx.doi.org/10.1021/ja102267j
http://www.ncbi.nlm.nih.gov/pubmed/20443559
http://dx.doi.org/10.1021/acsami.6b05255
http://dx.doi.org/10.3390/mi10020099
http://dx.doi.org/10.1039/C8CS00084K
http://dx.doi.org/10.1002/adma.201401052
http://dx.doi.org/10.1021/jz400644c
http://dx.doi.org/10.1021/nn2044609
http://dx.doi.org/10.1021/ie502675z
http://dx.doi.org/10.1021/acsami.6b06838
http://dx.doi.org/10.1016/j.materresbull.2013.10.048
http://dx.doi.org/10.1038/srep42233
http://dx.doi.org/10.1016/j.ijlmm.2018.05.003
http://dx.doi.org/10.3390/nano8080602
http://dx.doi.org/10.1155/2016/5360361
http://dx.doi.org/10.1002/adma.200801306
http://dx.doi.org/10.1021/jp802920k


Micromachines 2019, 10, 234 22 of 25

93. Ul Hasan, K.; Asif, M.H.; Nur, O.; Willander, M. Needle-type glucose sensor based on functionalized
graphene. J. Biosens. Bioelectron. 2012, 3, 114. [CrossRef]

94. Ul Hasan, K.; Sandberg, M.; Nur, O.; Willander, M. Polycation stabilization of graphene suspensions.
Nanoscale Res. Lett. 2011, 6, 493. [CrossRef] [PubMed]

95. Penicaud, A.; Valles, C. Graphene Solutions; Centre National De La Recherche Scientifique—CNRS: Paris,
France, 2011.

96. Zhou, H.; Wang, X.; Yu, P.; Chen, X.; Mao, L. Sensitive and selective voltammetric measurement of Hg2+ by
rational covalent functionalization of graphene oxide with cysteamine. Analyst 2011, 137, 305–308. [CrossRef]
[PubMed]

97. Hemanth, S.; Halder, A.; Caviglia, C.; Chi, Q.; Keller, S. 3D Carbon microelectrodes with bio-functionalized
graphene for electrochemical biosensing. Biosensors 2018, 8, 70. [CrossRef] [PubMed]

98. Chi, Q.; Han, S.; Halder, A.; Zhu, N.; Ulstrup, J. Graphene-Polymer-Enzyme Hybrid Nanomaterials for
Biosensors. WIPO Patent 2016083204, 6 February 2016.

99. Liu, S.; Yu, B. Enhancing NO2, gas sensing performances at room temperature based on reduced graphene
oxide-ZnO nanoparticles hybrids. Sens. Actuators B Chem. 2014, 202, 272–278. [CrossRef]

100. Novikov, S.; Lebedeva, N.; Satrapinski, A.; Walden, J.; Davydov, V.; Lebedev, A. Graphene based sensor for
environmental monitoring of NO2. Sens. Actuator B-Chem. 2016, 236, 1054–1060. [CrossRef]

101. Novikov, S.; Hämäläinen, J.; Walden, J.; Iisakka, I.; Lebedeva, N.; Atrapinski, A. Characterization of epitaxial
and CVD graphene with double metal-graphene contacts for gas sensing. In Proceedings of the 16th
International Congress of Metrology, Paris, France, 7–10 October 2013; p. 13003.

102. Huang, X.; Hu, N. Reduced graphene oxide–polyaniline hybrid: Preparation, characterization and its
applications for ammonia gas sensing. J. Mater. Chem. 2012, 22, 22488–22495. [CrossRef]

103. Sathish, M.; Mitani, S.; Tomai, T.; Honma, I. MnO2 assisted oxidative polymerization of aniline on graphene
sheets: Superior nanocomposite electrodes for electrochemical supercapacitors. J. Mater. Chem. A 2011, 21,
16216–16222. [CrossRef]

104. Pan, L.J.; Pu, L.; Shi, Y.; Song, S.Y.; Xu, Z.; Zhang, R.; Zheng, Y.D. Synthesis of polyaniline nanotubes with a
reactive template of manganese oxide. Adv. Mater. 2007, 19, 461–464. [CrossRef]

105. Ye, Z.; Tai, H. Excellent ammonia sensing performance of gas sensor based on graphene/titanium
dioxidehybrid with improved morphology. Appl. Surf. Sci. 2017, 419, 84–90. [CrossRef]

106. Zhan, Z.; Lin, R.; Tran, V.T.; An, J.; Wei, Y.; Du, H.; Tran, T.; Lu, W. Paper/carbon nanotube-based wearable
pressure sensor for physiological signal acquisition and soft robotic skin. ACS Appl. Mater. Interfaces 2017, 9,
37921–37928. [CrossRef]

107. Wang, L.; Loh, K.J. Wearable carbon nanotube-based fabric sensors for monitoring human physiological
performance. Smart Mater. Struct. 2017, 26, 055018. [CrossRef]

108. Wang, L.; Loh, K.J. Spray-coated carbon nanotube-latex strain sensors. Sci. Lett. J. 2016, 5, 234.
109. Wang, L.; Loh, K.J.; Brely, L.; Bosia, F.; Pugno, N.M. An experimental and numerical study on the mechanical

properties of carbon nanotube-latex thin films. J. Eur. Ceram. Soc. 2016, 36, 2255–2262. [CrossRef]
110. Li, Y.Q.; Zhu, W.B.; Yu, X.G.; Huang, P.; Fu, S.Y.; Hu, N.; Liao, K. Multifunctional wearable device based on

flexible and conductive carbon sponge/polydimethylsiloxane composite. ACS Appl. Mater. Interfaces 2016, 8,
33189–33196. [CrossRef] [PubMed]

111. Karim, N.; Afroj, S.; Tan, S.; He, P.; Fernando, A.; Carr, C.; Novoselov, K.S. Scalable production of
graphene-based wearable e-textiles. ACS Nano 2017, 11, 12266–12275. [CrossRef] [PubMed]

112. Wu, C.; Kim, T.W.; Li, F.; Guo, T. Wearable electricity generators fabricated utilizing transparent electronic
textiles based on polyester/Ag nanowires/graphene core–shell nanocomposites. ACS Nano 2016, 10, 6449–6457.
[CrossRef]

113. Beidaghi, M.; Wang, C. Micro-supercapacitors based on interdigital electrodes of reduced graphene oxide
and carbon nanotube composites with ultrahigh power handling performance. Adv. Funct. Mater. 2012, 22,
4501–4510. [CrossRef]

114. Liu, C.; Yu, Z.; Neff, D.; Zhamu, A.; Jang, B.Z. Graphene-based supercapacitor with an ultrahigh energy
density. Nano Lett. 2010, 12, 4863–4868. [CrossRef]

115. El-Kady, M.F.; Kaner, R.B. Scalable fabrication of high-power graphene micro-supercapacitors for flexible
and on-chip energy storage. Nat. Commun. 2013, 4, 1475. [CrossRef] [PubMed]

http://dx.doi.org/10.4172/2155-6210.1000114
http://dx.doi.org/10.1186/1556-276X-6-493
http://www.ncbi.nlm.nih.gov/pubmed/21846382
http://dx.doi.org/10.1039/C1AN15793K
http://www.ncbi.nlm.nih.gov/pubmed/22059229
http://dx.doi.org/10.3390/bios8030070
http://www.ncbi.nlm.nih.gov/pubmed/30029481
http://dx.doi.org/10.1016/j.snb.2014.05.086
http://dx.doi.org/10.1016/j.snb.2016.05.114
http://dx.doi.org/10.1039/c2jm34340a
http://dx.doi.org/10.1039/c1jm12946e
http://dx.doi.org/10.1002/adma.200602073
http://dx.doi.org/10.1016/j.apsusc.2017.03.251
http://dx.doi.org/10.1021/acsami.7b10820
http://dx.doi.org/10.1088/1361-665X/aa6849
http://dx.doi.org/10.1016/j.jeurceramsoc.2015.12.052
http://dx.doi.org/10.1021/acsami.6b11196
http://www.ncbi.nlm.nih.gov/pubmed/27934197
http://dx.doi.org/10.1021/acsnano.7b05921
http://www.ncbi.nlm.nih.gov/pubmed/29185706
http://dx.doi.org/10.1021/acsnano.5b08137
http://dx.doi.org/10.1002/adfm.201201292
http://dx.doi.org/10.1021/nl102661q
http://dx.doi.org/10.1038/ncomms2446
http://www.ncbi.nlm.nih.gov/pubmed/23403576


Micromachines 2019, 10, 234 23 of 25

116. Salanne, M.; Rotenberg, B.; Naoi, K.; Kaneko, K.; Taberna, P.L.; Grey, C.P.; Dunn, B.; Simon, P. Efficient storage
mechanisms for building better supercapacitors. Nat. Energy 2016, 1, 16070. [CrossRef]

117. Zhong, C.; Deng, Y.; Hu, W.; Qiao, J.; Zhang, L.; Zhang, J. A review of electrolyte materials and compositions
for electrochemical supercapacitors. Chem. Soc. Rev. 2015, 44, 7484–7539. [CrossRef] [PubMed]

118. Shen, C.; Wang, X.; Zhang, W.; Kang, F. A high-performancethree-dimensional micro supercapacitor based
on self-supporting composite materials. J. Power Sources 2011, 196, 10465–10471. [CrossRef]

119. Khomenko, V.; Frackowiak, E.; Beguin, F. Determination of the specific capacitance of conducting
polymer/nanotubes composite electrodes using different cell configurations. Electrochim. Acta 2005, 50,
2499–2506. [CrossRef]

120. Fang, Y.; Liu, J.; Yu, D.J.; Wicksted, J.P.; Kalkan, K.; Topal, C.O.; Flanders, B.N.; Wu, J.; Li, J.
Self-supported supercapacitor membranes: Polypyrrole-coated carbon nanotube networks enabled by
pulsed electrodeposition. J. Power Sources 2010, 195, 674–679. [CrossRef]

121. Zhang, H.; Cao, G.; Wang, Z.; Yang, Y.; Shi, Z.; Gu, Z. Tube-covering-tube nanostructured polyaniline/carbon
nanotube array composite electrode with high capacitance and superior rate performance as well as good
cycling stability. Electrochem. Commun. 2008, 10, 1056–1059. [CrossRef]

122. Lota, K.; Khomenko, V.; Frackowiak, E. Capacitance properties of poly (3,4-ethylenedioxythiophene)/carbon
nanotubes composites. J. Phys. Chem. Solids 2004, 65, 295–301. [CrossRef]

123. Heo, Y.J.; Lee, J.W.; Son, Y.R.; Lee, J.H.; Yeo, C.S.; Lam, T.D.; Park, S.Y.; Park, S.J.; Sinh, L.H.; Shin, M.K.
Large-scale conductive yarns based on twistable korean traditional paper (Hanji) for supercapacitor
applications: Toward high-performance paper supercapacitors. Adv. Energy Mater. 2018, 8, 1801–1854.
[CrossRef]

124. Wang, H.; Hao, Q.; Yang, X.; Lu, L.; Wang, X. A nanostructured graphene/polyaniline hybrid material for
supercapacitors. Nanoscale 2010, 2, 2164–2170. [CrossRef]

125. Li, J.; Xie, H.; Li, Y.; Liu, J.; Li, Z. Electrochemical properties of graphene nanosheets/polyaniline nanofibers
composites as electrode for supercapacitors. J. Power Sources 2011, 196, 10775–10781. [CrossRef]

126. Purkait, T.; Singh, G.; Kumar, D.; Singh, M.; Dey, R.S. High-performance flexible supercapacitors based
on electrochemically tailored three-dimensional reduced graphene oxide networks. Sci. Rep. 2018, 8, 640.
[CrossRef]

127. Wang, S.Y.; Wu, N.L. Operating characteristics of aqueous magnetite electrochemical capacitors.
J. Appl. Electrochem. 2003, 33, 345–348. [CrossRef]

128. Wang, Y.G.; Wang, Z.D.; Xia, Y.Y. An asymmetric supercapacitor using RuO2/TiO2 nanotube composite and
activated carbon electrodes. Electrochim. Acta 2005, 50, 5641–5646. [CrossRef]

129. Du, X.; Wang, C.; Chen, M.; Jiao, Y.; Wang, J. Electrochemical performances of nanoparticle Fe3O4/activated
carbon supercapacitor using KOH electrolyte solution. J. Phys. Chem. C 2009, 113, 2643–2646. [CrossRef]

130. Yu, M.; Huang, Y.; Li, C.; Zeng, Y.; Wang, W.; Li, Y.; Fang, P.; Lu, X.; Tong, Y. Building three-dimensional
graphene frameworks for energy storage and catalysis. Adv. Funct. Mater. 2015, 25, 324–330. [CrossRef]

131. Luo, J.; Zhong, W.; Zou, Y.; Xiong, C.; Yang, W. Preparation of morphology-controllable polyaniline and
polyaniline/graphene hydrogels for high performance binder-free supercapacitor electrodes. J. Power Sources
2016, 319, 73–81. [CrossRef]

132. Li, S.; Wu, D.; Cheng, C.; Wang, J.; Zhang, F.; Su, Y.; Feng, X. Polyaniline-coupled multifunctional 2D metal
oxide/hydroxide graphene nanohybrids. Angew. Chem. Int. Ed. 2013, 52, 12105–12109. [CrossRef]

133. Giri, S.; Ghosh, D.; Das, C.K. Growth of vertically aligned tunable polyaniline on graphene/ZrO2

nanocomposites for supercapacitor energy-storage application. Adv. Funct. Mater. 2014, 24, 1312–1324.
[CrossRef]

134. Hao, Q.; Xia, X.; Lei, W.; Wang, W.; Qiu, J. Facile synthesis of sandwich-like polyaniline/boron-doped
graphene nano hybrid for supercapacitors. Carbon 2015, 81, 552–563. [CrossRef]

135. Dai, C.S.; Chien, P.Y.; Lin, J.Y.; Chou, S.W.; Kai Wu, W.; Li, P.H.; Wu, K.Y.; Lin, T.W. Hierarchically structured
Ni3S2/carbon nanotube composites as high performance cathode materials for asymmetric supercapacitors.
ACS Appl. Mater. Interfaces 2013, 5, 12168–12174. [CrossRef]

136. Zhu, T.; Xia, B.; Zhou, L.; Lou, X.W.D. Arrays of ultrafine CuS nanoneedles supported on a CNT backbone
for application in supercapacitors. J. Mater. Chem. A 2012, 22, 7851–7855. [CrossRef]

137. Yang, M.; Jeong, J.M.; Huh, Y.S.; Choi, B.G. High-performance supercapacitor based on three-dimensional
MoS2/graphene aerogel composites. Comp. Sci. Technol. 2015, 121, 123–128. [CrossRef]

http://dx.doi.org/10.1038/nenergy.2016.70
http://dx.doi.org/10.1039/C5CS00303B
http://www.ncbi.nlm.nih.gov/pubmed/26050756
http://dx.doi.org/10.1016/j.jpowsour.2011.08.007
http://dx.doi.org/10.1016/j.electacta.2004.10.078
http://dx.doi.org/10.1016/j.jpowsour.2009.07.033
http://dx.doi.org/10.1016/j.elecom.2008.05.007
http://dx.doi.org/10.1016/j.jpcs.2003.10.051
http://dx.doi.org/10.1002/aenm.201801854
http://dx.doi.org/10.1039/c0nr00224k
http://dx.doi.org/10.1016/j.jpowsour.2011.08.105
http://dx.doi.org/10.1038/s41598-017-18593-3
http://dx.doi.org/10.1023/A:1024193028297
http://dx.doi.org/10.1016/j.electacta.2005.03.042
http://dx.doi.org/10.1021/jp8088269
http://dx.doi.org/10.1002/adfm.201402964
http://dx.doi.org/10.1016/j.jpowsour.2016.04.004
http://dx.doi.org/10.1002/anie.201306871
http://dx.doi.org/10.1002/adfm.201302158
http://dx.doi.org/10.1016/j.carbon.2014.09.090
http://dx.doi.org/10.1021/am404196s
http://dx.doi.org/10.1039/c2jm30437f
http://dx.doi.org/10.1016/j.compscitech.2015.11.004


Micromachines 2019, 10, 234 24 of 25

138. Baeg, K.J.; Caironi, M.; Noh, Y.Y. Toward printed integrated circuits based on unipolar or ambi polar polymer
semiconductors. Adv. Mater. 2013, 25, 4210–4244. [CrossRef]

139. Torrisi, F.; Coleman, J.N. Electrifying inks with 2D materials. Nat. Nanotechnol. 2014, 9, 738–739. [CrossRef]
140. Touhami, A. Biosensors and nanobiosensors design and applications. In Nanomedicine; One Central Press

(OCP): Cheshire, UK, 2014; pp. 374–403.
141. Turner, A.P. Biosensors: Sense and sensibility. Chem. Soc. Rev. 2013, 42, 3184–3196. [CrossRef]
142. Gan, N.; Jin, H.; Li, T.; Zheng, L. Fe(3)O(4)/Au magnetic nanoparticle amplification strategies for ultrasensitive

electrochemical immunoassay of alfa-fetoprotein. Int. J. Nanomed. 2011, 6, 3259–3269. [CrossRef]
143. Sireesha, M.; Jagadeesh Babu, V.; Kranthi Kiran, A.S.; Ramakrishna, S. A review on carbon nanotubes in

biosensor devices and their applications in medicine. Nanocomposites 2018, 4, 36–57. [CrossRef]
144. Gupta, S.; Murthy, C.N.; Prabha, C.R. Recent advances in carbon nanotube based electrochemical biosensors.

Int. J. Biol. Macromol. 2018, 108, 687–703. [CrossRef]
145. Pandey, P.; Datta, M.; Malhotra, B.D. Prospects of nanomaterials in biosensors. Anal. Lett. 2008, 41, 159–209.

[CrossRef]
146. Cai, C.; Chen, J. Direct electron transfer of glucose oxidase promoted by carbon nanotubes. Anal. Biochem.

2004, 332, 75–83. [CrossRef]
147. Lee, Y.M.; Kwon, O.Y.; Yoon, Y.J.; Ryu, K. Immobilization of horse radish peroxidase on multi-wall carbon

nanotubes and its electrochemical properties. Biotechnol. Lett. 2006, 28, 39–43. [CrossRef] [PubMed]
148. Rubianes, M.D.; Rivas, G.A. Enzymatic biosensors based on carbon nanotubes paste electrodes. Electroynalysis

2005, 17, 73–78. [CrossRef]
149. Ruhal, A.; Rana, J.S.; Kumar, S.; Kumar, A. Immobilization of malate dehydrogenase on carbon nanotubes

for development of malate biosensor. Cell. Mol. Biol. 2012, 58, 15–20. [PubMed]
150. Zhang, X.; Wang, Y. Research and development of gas sensors based on nanomaterials. Sens. Microsyst. 2013,

32, 1–5.
151. Liu, S.; Wang, Z. A Resistive Gas Sensor Based on Graphene/Tin Dioxide/Zinc Oxide Composite, Its preparation

and Application. Patent CN105891271A, 24 August 2016.
152. Zou, Y.; Wang, Q. Doping composite of polyaniline and reduced graphene oxide with palladium nanoparticles

for room-temperature hydrogen-gas sensing. Int. J. Hydrogen Energy 2016, 41, 5396–5404. [CrossRef]
153. Rajavel, K.; Lalitha, M.; Radhakrishnan, J.K.; Senthilkumar, L.; Thangavelu, R.; Kumar, R. Multiwalled carbon

nanotube oxygen sensor: Enhanced oxygen sensitivity at room temperature and mechanism of sensing.
ACS Appl. Mater. Interfaces 2015, 7, 23857–23865. [CrossRef]

154. Bannov, A.G.; Jašek, O.; Manakhov, A.; Márik, M.; Neˇcas, D.; Zajíˇcková, L. High-performance ammonia
gas sensors based on plasma treated carbon nanostructures. IEEE Trans. Plasma Sci. 2017, 17, 1964–1970.
[CrossRef]

155. Sayago, I.; Terrado, E.; Lafuente, E.; Horrillo, M.C.; Maser, W.K.; Benito, A.M.; Navarro, R.; Urriolabeitia, E.P.;
Martinez, M.T.; Gutierrez, J. Hydrogen sensors based on carbon nanotubes thin films. Synth. Met. 2005, 148,
15–19. [CrossRef]

156. Zhang, J.; Zhu, Q.; Zhang, Y.; Zhu, Z.; Liu, Q. Methanol gas-sensing properties of SWCNT-MIP composites.
Nanoscale Res. Lett. 2016, 11, 522. [CrossRef]

157. Meng, L.; Jin, J.; Yang, G.; Lu, T.; Zhang, H.; Cai, C. Non enzymatic electrochemical detection of glucose
based on palladium-single-walled carbon nanotube hybrid nanostructures. Anal. Chem. 2009, 81, 7271–7280.
[CrossRef] [PubMed]

158. Zhao, K.; Zhuang, S.; Chang, Z.; Songm, H.; Dai, L.; He, P.; Fang, Y. Amperometric glucose biosensor based
on platinum nanoparticles combined aligned carbon nanotubes electrode. Electroanalysis 2007, 19, 1069–1074.
[CrossRef]

159. Shan, C.; Yang, H.; Song, J.; Han, D.; Ivaska, A.; Niu, L. Direct electrochemistry of glucose oxidase and
biosensing for glucose based on graphene. Anal. Chem. 2009, 81, 2378–2382. [CrossRef]

160. Yuan, W.; Liu, A.; Huang, L.; Li, C.; Shi, G. High-performance NO2 Sensors Based on Chemically Modified
graphene. Adv. Mater. 2013, 25, 766–771. [CrossRef]

161. Xuan, X.; Yoon, H.S.; Park, J.Y. A wearable electrochemical glucose sensor based on simple and low-cost
fabrication supported micro-patterned reduced graphene oxide nanocomposite electrode on flexible substrate.
Biosens. Bioelectron. 2018, 109, 75–82. [CrossRef]

http://dx.doi.org/10.1002/adma.201205361
http://dx.doi.org/10.1038/nnano.2014.218
http://dx.doi.org/10.1039/c3cs35528d
http://dx.doi.org/10.2147/IJN.S26212
http://dx.doi.org/10.1080/20550324.2018.1478765
http://dx.doi.org/10.1016/j.ijbiomac.2017.12.038
http://dx.doi.org/10.1080/00032710701792620
http://dx.doi.org/10.1016/j.ab.2004.05.057
http://dx.doi.org/10.1007/s10529-005-9685-8
http://www.ncbi.nlm.nih.gov/pubmed/16369873
http://dx.doi.org/10.1002/elan.200403121
http://www.ncbi.nlm.nih.gov/pubmed/23273186
http://dx.doi.org/10.1016/j.ijhydene.2016.02.023
http://dx.doi.org/10.1021/acsami.5b04869
http://dx.doi.org/10.1109/JSEN.2017.2656122
http://dx.doi.org/10.1016/j.synthmet.2004.09.013
http://dx.doi.org/10.1186/s11671-016-1675-3
http://dx.doi.org/10.1021/ac901005p
http://www.ncbi.nlm.nih.gov/pubmed/19715358
http://dx.doi.org/10.1002/elan.200603823
http://dx.doi.org/10.1021/ac802193c
http://dx.doi.org/10.1002/adma.201203172
http://dx.doi.org/10.1016/j.bios.2018.02.054


Micromachines 2019, 10, 234 25 of 25

162. Ma, Y.; Song, X.; Ge, X.; Zhang, H.; Wang, G.; Zhang, Y.; Zhao, H. In situ growth of Fe2O3 nanorod arrays on
3D carbon foam as an efficient binder-free electrode for highly sensitive and specific determination of nitrite.
J. Mater. Chem. A 2017, 5, 4726–4736. [CrossRef]

163. Xu, G.; Jarjes, Z.A.; Desprez, V.; Kilmartin, P.A.; Travas-Sejdic, J. Sensitive, selective, disposable electrochemical
dopamine sensor based on PEDOT-modified laser scribed graphene. Biosens. Bioelectron. 2018, 107, 184–191.
[CrossRef]

164. Wang, H.; Zhao, X.J.; Li, J.F.; Kuang, X.; Fan, Y.Q.; Wei, G.; Su, Z. Electrostatic assembly of peptide
nanofiber-biomimetic silver nanowires onto graphene for electrochemical sensors. ACS Macro Lett. 2014, 3,
529–533. [CrossRef]

165. Wang, L.; Lin, J. Phenylalanine-rich peptide mediated binding with graphene oxide and bioinspired synthesis
of silver nanoparticles for electrochemical sensing. Appl. Sci. 2017, 7, 160. [CrossRef]

166. Ma, Y.; Zhao, M.; Cai, B.; Wang, W.; Ye, Z.; Huang, J. 3D graphene foams decorated by CuO nanoflowers for
ultrasensitive ascorbic acid detection. Biosens. Bioelectron. 2014, 59, 384–388. [CrossRef]

167. Hu, F.X.; Xie, J.L.; Bao, S.J.; Yu, L.; Li, C.M. Shape-controlled ceria-reduced graphene oxide nanocomposites
toward high sensitivein situ detection of nitric oxide. Biosens. Bioelectron. 2015, 70, 310–317. [CrossRef]
[PubMed]

168. Wang, L.; Zhang, Y.; Cheng, C.; Liu, X.; Jiang, H.; Wang, X. Highly sensitive electrochemical biosensor for
evaluation of oxidative stress based on the nano interface of graphene nanocomposites blended with gold,
Fe3O4, and platinum nanoparticles. ACS Appl. Mater. Interfaces 2015, 7, 18441–18449. [CrossRef] [PubMed]

169. Li, X.; Xu, M.; Chen, H.; Xu, J. Bimetallic Au@Pt@Au core–shell nanoparticles on graphene oxide nanosheets
for high performance H2O2 bi-directional sensing. J. Mater. Chem. B 2015, 3, 4355–4362. [CrossRef]

170. Dinh, T.; Phan, H.P.; Nguyen, T.K.; Qamar, A.; Foisal, A.R.M.; Viet, T.N.; Tran, C.D.; Zhu, Y.; Nguyen, N.T.;
Dao, D.V. Environment-friendly carbon nanotube based flexible electronics for noninvasive and wearable
healthcare. J. Mater. Chem. C 2016, 4, 10061–10068. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/C6TA10744C
http://dx.doi.org/10.1016/j.bios.2018.02.031
http://dx.doi.org/10.1021/mz500213w
http://dx.doi.org/10.3390/app7020160
http://dx.doi.org/10.1016/j.bios.2014.03.064
http://dx.doi.org/10.1016/j.bios.2015.03.056
http://www.ncbi.nlm.nih.gov/pubmed/25840016
http://dx.doi.org/10.1021/acsami.5b04553
http://www.ncbi.nlm.nih.gov/pubmed/26238430
http://dx.doi.org/10.1039/C5TB00312A
http://dx.doi.org/10.1039/C6TC02708C
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methodology 
	Functionalized Carbon-Based Electrode Materials 
	Activation Method 
	Electrospinning Technology 
	Greener and Rotational Hydrothermal Method 

	Functionalized Carbon-Based Inks and Inkjet Printer Materials 
	Functionalized Carbon Hybrids for Sensors 
	Immobilization, Direct and In-Situ Methods 
	Thermal Annealing and Hydrothermal Methods 

	Carbon-Based Materials for Wearables Electronics 
	Impregination, Thermal Annealing, and Spray Deposition Methods 
	In-Situ Chemical Reduction and Full-Solution Methods 


	Results and Discussion 
	Supercapacitors 
	Inks and Inkjet Printing Devices 
	Biosensors 
	Gas Sensors 
	Wearable Electronic Devices 

	Conclusions 
	Future Outlooks 
	References

